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The work by Cheung and colleagues, in this issue of Cancer Cell, demonstrates another example of how
lineage-specific transcriptional regulators of differentiation, GATA6 and HOPX, can control the fate of lung
adenocarcinoma progression.
Lineage-specific transcriptional regula-

tors govern differentiation status during

normal lung development as well as in

lung adenocarcinoma. Aberrant activa-

tion or inactivation of transcriptional reg-

ulators important for lineage commit-

ment have been frequently observed in

hematopoietic malignancies such as

PAX5 deletion and TAL1 translocation in

acute lymphocytic leukemia and RUNX1

and RARA translocations in acute mye-

logenous leukemia. There has been

emerging evidence that tissue-specific

differentiation programs also become

dysregulated during cancer evolution in

solid tumors. ETS family members are

frequently translocated in prostate can-

cer, and a lineage-restricted genomic

amplification of developmental trans-

cription factors occurs frequently in solid

tumors, as exemplified by MITF in mela-

noma, NKX2-1 in lung adenocarcinoma,

and SOX2 in lung and esophageal squa-

mous cell carcinomas.

In the orderly development of tissues,

temporally and spatially controlled mito-

genic signaling directs cell lineages to

proliferate and/or migrate. However, over

the course of cancer evolution, cells

accumulate genomic and/or epigenomic

alterations to adapt their lineage identity

to support persistent oncogenic signal

activation. These adapted differentiation

states often predict the fate of cancer

progression. For example, poorly differen-

tiated lung adenocarcinomas, the most

divergent differentiation state from the

normal respiratory unit, generally have

the worst prognosis, whereas, for sub-

types of lung adenocarcinoma that more
closely resemble normal progenitors, the

prognosis varies among subtypes classi-

fied based on architectural patterns that

resemble normal differentiation status

(Yoshizawa et al., 2011) (Figure 1).

Studies using animal models of lung

adenocarcinoma have shown that tu-

mors with dysregulated developmental

transcriptional regulators indeed present

with differential biological properties. In

the case of NKX2-1, the most well-char-

acterized example of a transcriptional

regulator of lung adenocarcinoma dif-

ferentiation, stochastic loss of mouse

Nkx2-1 promotes de-differentiation and

metastasis in a model of Kras-driven

lung adenocarcinoma (Winslow et al.,

2011), while discrete Nkx2-1 deletion in-

duces endodermal trans-differentiation

and increases tumor initiation and pro-

gression (Maeda et al., 2012; Snyder

et al., 2013). However, the consequences

of an altered differentiation program are

context-dependent, as shown by Maeda

et al. (2012), where haplo-insufficiency of

Nkx2-1 conversely decreased the inci-

dence and progression of Egfr-driven

lung adenocarcinomas. These results

are consistent with the heterogeneity of

human lung adenocarcinomas where tu-

mors with low NKX2-1 expression have

generally worse prognoses while onco-

genic amplification of NKX2-1 is also

found in a subset of the disease.

Another developmental pathway, WNT/

TCF signaling, has also been shown to

mediate lung adenocarcinoma progres-

sion and metastasis. The TCF4 transcrip-

tional signature is associated with human

lung adenocarcinoma recurrence, and
Cancer Cell
maintenance of TCF4 activity through its

downstream effectors, including LEF1

and HOXB9, in metastatic derivatives of

lung adenocarcinoma cell lines is required

for metastatic potential in a xenograft

model (Nguyen et al., 2009). In highly met-

astatic Lkb1-deficient Kras-driven lung

tumors, progression to metastasis is

associated with signatures of b-catenin

activity, epithelial-mesenchymal transi-

tion (EMT), and focal adhesion (Carretero

et al., 2010). In addition, in a transgenic

mouse model, constitutively active b-cat-

enin cooperates with oncogenic Kras to

enhance tumor development and de-dif-

ferentiation to an immature distal epithe-

lial lineage through increased expression

of Id2 and Sox9 and a decreased expres-

sion of Hopx (Pacheco-Pinedo et al.,

2011). Thus, there seems to be interplay

between WNT/TCF signaling and tran-

scriptional regulators of differentiation in

the lung.

The study by Cheung et al. (2013) in this

issue of Cancer Cell describes an ‘‘alve-

olar’’ gene signature compiled from the

published transcriptomic data of several

experimental alveolar differentiation phe-

notypes, which further anti-correlates

with an embryonic stem cell signature

and can cluster lung adenocarcinomas

into two subgroups: ‘‘alveolar-like’’ and

‘‘distal airway stem cell-like’’. The ‘‘alve-

olar-like’’ subgroup represents histologi-

cally more differentiated lung adenocar-

cinomas with decreased incidence of

metastasis. The alveolar-like subgroup

was characterized by increased expres-

sion levels of NKX2-1, GATA6, and their

known interactor HOPX, consistent with
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Figure 1. Metastatic Potential Varies among Subtypes of Lung Cancer Defined by
Transcriptional Regulation of Cell Lineages
Transcriptional regulators active in different cell lineages are shaded in green (WNT/TCF), yellow (SOX2),
orange (FOXA1), red (NKX2-1), and blue (GATA6/HOPX). Arrows indicate differentiation. Curved arrows
indicate malignant transformation.
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the findings in nonmetastatic primary

murine Kras-driven lung adenocarci-

nomas (Winslow et al., 2011).

Cheung et al. (2013) further demon-

strate that GATA6 and HOPX coopera-

tively suppress in vitro invasion and

metastatic potential in xenograft models

using human lung adenocarcinoma cell

lines. GATA6, another key transcrip-

tional regulator in lung morphogenesis,

is essential for the maturation of alveolar

type I epithelial cells. Furthermore, HOPX

has been shown to regulate alveolar cell

maturation in vivo by suppressing surfac-

tant protein production downstream of

NKX2-1 and GATA6 activity in the devel-

oping airway (Yin et al., 2006). Therefore,

it is plausible that the cooperative func-

tion of GATA6 and HOPX is to direct a

subpopulation of alveolar type II cells

toward a more mature state, which will

then terminally differentiate into alveolar

type I cells. Furthermore, it suggests that

the repression of this pro-differentiation

function confers a more invasive and

metastatic lung adenocarcinoma pheno-

type (Figure 1).

Interestingly, Cheung et al. (2013)

found these effects were not mediated

through b-catenin activity or EMT, but
708 Cancer Cell 23, June 10, 2013 ª2013 Els
rather by suppression of squamoid

differentiation, the gene signature of

which includes expression of KRT6A

and KRT6B. While GATA6 has been

shown to suppress expansion of bron-

chiolar epithelial cells through inhibition

of the b-catenin pathway in developing

and regenerating lungs, Gata6 is not

required for the earliest stages of lung

branching, but is expressed throughout

the developing foregut endoderm (Zhang

et al., 2008). In the esophagus, where

stratified squamous epithelium is native,

GATA6 serves as an amplified lineage

oncogene in metaplastic adenocarci-

nomas (Lin et al., 2012). Therefore, the

role of GATA6 may generally be to

suppress differentiation to the stratified

squamous epithelial lineage.

Another interesting finding of the

Cheung et al. (2013) study is that, unlike

Nkx2-1 in mouse models of lung cancer,

the genotypes of the major driver onco-

genes, KRAS and EGFR, in the two lung

adenocarcinoma cell lines primarily used

in this study did not have differential

effects on metastatic phenotype. Consis-

tent with this result, the ‘‘alveolar’’ sub-

group is not associated with particular

genotypes of KRAS, EGFR, STK11, and
evier Inc.
TP53. However, the high level of genomic

complexity in human cancer cell lines

makes it difficult to interpret the influence

of a single genotype, and it would be of

interest to test whether these observa-

tions are genotype-specific within genet-

ically defined autochthonous in vivo

models.

The work by Cheung et al. (2013)

provides mechanistic insight into how

lineage factors play roles in maintaining

cellular identity within tumors: in some

cases deleterious for cancer fitness,

invasion, and/or metastasis while advan-

tageous in other cases. Cancer cells

are typically characterized by reduced

developmental plasticity or fixation at a

particular developmental point within a

lineage, which are ordinarily tightly regu-

lated in tissue development in part

through the accumulation of genomic

alterations. Whereas studies of genomic

alterations that lead to activation or inac-

tivation of signaling molecules in lung

adenocarcinoma have been fruitful, the

molecular regulators of lung adenocar-

cinoma differentiation, and indeed of

differentiation in normal lung alveolar

epithelium, remain poorly understood.

Therefore, further investigation of dysre-

gulated transcriptional networks in solid

tumors may provide clues to the stages

of normal lung epithelial development

as well as identify additional important

tumor vulnerabilities.
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Epigenetic reprogramming is a feature of many human cancers. In this issue of Cancer Cell, Letouzé and
colleagues describe DNA hypermethylation in paragangliomas harboring mutations in succinate dehydroge-
nase genes. These tumors accumulate succinate, which inhibits 2-oxoglutarate-dependent histone and DNA
demethylase enzymes, resulting in epigenetic silencing that affects neuroendocrine differentiation.
Metabolic rewiring has long been re-

garded as a consequence of malignant

transformation driven by abnormal signal

transduction mediated by oncogenes

and tumor suppressors. The identification

that the metabolite (R)-2-hydroxygluta-

rate [(R)-2HG] plays an oncogenic role in

subsets of gliomas and acute myeloge-

nous leukemia with mutations in isoforms

of isocitrate dehydrogenase (IDH) has

provided direct evidence linking altered

metabolism and cancer and founded the

notion of the ‘‘oncometabolite’’ (Ward

et al., 2010). (R)-2HG is a product of the

neomorphic activities of mutant IDH1/2

and accumulates to millimolar concentra-

tions in IDH-associated gliomas (Dang

et al., 2010). Due to the structural similar-

ity to 2-oxoglutarate (2OG), (R)-2HG

competitively inhibits the 2OG-utilizing

Jumonji C (JmjC)-domain containing his-

tone lysine demethylases and the TET

family of 5-methylcytosine (5mC) hydrox-

ylases, leading to DNA hypermethylation

at CpG islands in promoter regions of

genes involved in cell differentiation (Kim

and DeBerardinis, 2013).

The Krebs cycle enzymes succinate

dehydrogenase (SDH) and fumarate

hydratase (FH) are tumor suppressors

whose loss-of-function mutations predis-

pose to familial cancer syndromes (Frezza
et al., 2011). SDH and FH inactivation

results in a blockade of Krebs cycle,

impaired respiration, and abnormal accu-

mulation of their substrates succinate and

fumarate, respectively. Both metabolites

are also inhibitors of 2OG-dependent

dioxygenases, particularly the hydroxy-

lases for the transcription factor hypoxia-

inducible factor (HIF), resulting in

HIF-dependent activation of a ‘‘pseudo-

hypoxic’’ response characterized by

enhanced angiogenesis and increased

anaerobic metabolism (Frezza et al.,

2011). In the case of fumarate, the metab-

olite is also an endogenous electrophile

and can chemically modify cysteine

residues in Kelch-like ECH-associated

protein 1, leading to constitutive (and

potentially oncogenic) activation of tran-

scription factor nuclear factor erythroid

2-related factor 2 (Adam et al., 2011; Ooi

et al., 2011). Until recently, HIF activation

by fumarate and succinate has been the

only mechanistic link to oncogenesis that

hasbeendescribed inFH andSDHmutant

cancer models (Pollard et al., 2007; Selak

et al., 2005). However, at least in the

context of FH-deficiency, a causal role

for HIF in tumorigenesis is questionable

(Adamet al., 2011), and the quest for other

oncogenic drivers inSDH- andFH-associ-

ated malignancy continues. Recent re-
ports by Killian et al. (2013) and Letouzé

et al. (2013; in this issue of Cancer Cell)

both demonstrate that, similarly to (R)-

2HG, succinate can also remodel the epi-

genome and alter gene expression.

SDH mutations occur frequently in par-

aganglioma (PGL), pheochromocytoma

(PCC), gastrointestinal stromal tumor

(GIST), as well as in renal carcinoma (Kill-

ian et al., 2013). GIST tumors can alterna-

tively be driven by mutations in signal

transduction kinases. Killian et al. (2013)

compared the methylation profiles of

GISTs with mutations in either SDH or

KIT tyrosine kinase and uncovered

marked global hypermethylation in the

SDH versus KIT mutant subgroup.

Further examination of a PGL/PCC cohort

showed a similar hypermethylation phe-

notype in SDH mutant tumors compared

to SDH-wild-type reference tissues.

Bioinformatic analyses of methylomes

from developmentally distinct tumors

including GIST, PGL, PCC, and gliomas

revealed comparable methylation signa-

tures in those harboring SDH and IDH

mutations (Killian et al., 2013).

Letouzé et al. (2013) classified a

large PGL/PCC cohort based on DNA

methylation and obtained three stable

clusters. Strikingly, a distinct subgroup

characterized by the presence of a
23, June 10, 2013 ª2013 Elsevier Inc. 709
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Figure 1. Epigenetic Reprogramming by Oncometabolites
Mutations in the metabolic enzymes isocitrate dehydrogenase (IDH)-1 and -2, succinate dehydrogenase (SDH), and fumarate hydratase (FH) lead to abnormal
accumulation of (R)-2-hydroxyglutarate [(R)-2HG], succinate, and fumarate, respectively. Their accumulation inhibits the activities of 2-oxoglutarate (2OG)-depen-
dent dioxygenases, including the TET family of DNAmodifying enzymes and the JmjCdomain-containing histone lysine demethylases (KDMs). Subsequent epige-
netic alterations result in cell differentiation arrest and promotemalignant transformation. Thus, epigenetic modification, through the action of oncometabolites, is
a shared feature among IDH-, SDH-, and FH-associated cancers. SUCC, succinate; FUM, fumarate; Mal, malate; mIDH1/2, mutant IDH1/2; Me, methyl group.
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hypermethylator phenotype contained 16

of 17 samples that harbor SDHmutations.

The prevailing model is that accumulation

of succinate in these tumors inhibits 2OG-

dependent oxidative demethylation in a

manner analogous to the action of (R)-

2HG, giving rise to DNA hypermethyla-

tion. Integration of methylation and gene

expression data revealed, whereas most

hypermethylated CpG sites had no func-

tional consequences, there were 191

genes that showed correlated levels of

hypermethylation and downregulation

(Letouzé et al., 2013).

SDH- and VHL-related tumors share

some similar features in gene expression

profiles, possibly due to activation of

HIF-orchestrated hypoxia-related genes.

Nonetheless, SDH- and VHL-associated

PGL/PCC from the cohort studied were

clustered as two distinct gene-expres-

sion subgroups, suggesting that epige-

netic remodelling plays a major role in

the transcriptional divergence of these

two tumor subclasses. Intriguingly, the

only tumor sample in the hypermethy-

lated PGL/PCC subgroup without SDH

mutations was shown to harbor germ-

line inactivating FH mutations. This

finding corroborates recent evidence

demonstrating that fumarate-mediated

inhibition of TET and KDM enzymes

alters histone and DNA methylation pat-
710 Cancer Cell 23, June 10, 2013 ª2013 Els
terns (Xiao et al., 2012) and raises the

necessity to test FH-associated neo-

plasms for epigenetic abnormalities in

future studies.

Consistent with the findings by Killian

et al. (2013), Letouzé et al. (2013)

compared the CpG methylator pheno-

types between SDH/FH mutant PGL/

PCC and IDH mutant gliomas and identi-

fied significant overlap in hypermethy-

lated CpG sites. Particularly, 17 genes

were concordantly hypermethylated and

downregulated in both tumor groups.

The connection in methylation profiles

between the SDH, FH, and IDH mutant

tumors may reflect a similar inhibitory

role for succinate, fumarate, and (R)-

2HG (see Figure 1), whereas the differ-

ences may partly be attributed to the

variable susceptibilities of the panoply of

2OG-dependent oxygenases to the three

oncometabolites.

All of the SDH mutant PGL/PCC in this

study exhibited low 5-hydroxymethylcy-

tosine (5hmC) levels by immunohisto-

chemistry analyses, and the majority

also showed elevated histonemethylation

at H3K27, supporting the hypothesis

that succinate inhibits TET- and KDM-

mediated demethylations. Consistently,

Sdhb�/� mouse chromaffin cells dis-

played higher 5mC/5hmC ratios com-

pared to wild-type cells, which could be
evier Inc.
reversed by the addition of exogenous

2OG to the culture medium. Importantly,

the hypermethylated genes detected in

these cells significantly overlapped with

those identified in SDH mutant PGL/PCC.

The SDH enzyme complex comprises

four subunits (SDHA, SDHB, SDHC, and

SDHD). Although mutations in all subunits

occur in cancer, tumors harboring muta-

tions in the catalytic subunit SDHB are

particularly malignant and associated

with a higher risk of metastasis (Frezza

et al., 2011). Letouzé et al. (2013) showed

that the mean methylation levels across

all CpG sites are higher in SDHB-mutated

PGL/PCC than other SDH mutant PGL/

PCC. It is possible that the loss of SDHB

function results in bona fide inactivation

of the SDH complex, whereas reductions

of enzyme activity through mutations in

other subunits are not as complete.

Consequently, there might be higher

succinate accumulation and stronger in-

hibition of demethylation in SDHB mutant

tumors. Although the differences in succi-

nate levels could not be demonstrated

from the SDH mutant PGL/PCC cohort,

the heterogeneity of tumor samples may

preclude accurate analyses and further

investigations employing cell culture

models could be more informative. Two

of the most significantly silenced

genes in the hypermethylated subgroup,
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PNMT and KRT19, are respectively

involved in neuroendocrine differentiation

and epithelial-to-mesenchymal transition

(EMT). Interestingly, despite exhibiting a

decreased growth rate similar to the

Fh1�/� mouse embryonic fibroblasts, the

Sdhb�/� chromaffin cells showed mark-

edly increased migratory capacities,

potentially reflecting epigenetic deregula-

tion of EMT genes and the aggressive

nature of SDHB-related PCC/PGL.

Recently, inhibitors that specifically

target mutant IDH1 and IDH2 have been

reported. Such inhibitors could reverse

(R)-2HG-mediated epigenetic deregula-

tion, induce cell differentiation, and sup-

press the growth of IDH mutant tumor

cells (Kim and DeBerardinis, 2013).

Letouzé et al. (2013) showed that tran-

sient treatment with a DNA methyltrans-

ferase inhibitor repressed the migration

capacities of Sdhb�/� cells, implicating

the possibility of epigenetic targeting in

SDH-related tumors. However, succinate

and fumarate accumulation exert various
nonepigenetic cellular impacts, and, to

achieve therapeutic efficacy, a synergistic

lethality approach is probably desired.

Nonetheless, the emergence of epigenet-

ically silenced gene sets may serve as

useful biomarkers for early detection of

cancers characterized by Krebs cycle

defects.
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Activated STAT3 and increased expression of the histone methyltransferase EZH2 are independently asso-
ciated with the most malignant subset of gliomas. In this issue of Cancer Cell, Kim and colleagues discover
that EZH2 enhances STAT3 activation by trimethylating lysine180 in STAT3 and does so preferentially in
glioma stem-like cells.
Presuming that cancer stem cells are

responsible for therapeutic resistance in

cancer patients, the discovery of the

molecular differences that drive cancer

stem cell phenotypes holds significant

value for improving therapy. More valu-

able still would be the ability to selectively

inhibit these molecular drivers of stem-

ness. In this issue of Cancer Cell, Kim

et al. (2013) employ cultures of glioma

stem-like cells (GSCs) and their isogenic

bulk tumor cells along with intracranial

xenografts and come one step closer to

achieving this ambitious goal.
Mutation or overexpression of en-

hancer of Zeste homolog 2 (EZH2) can

drive the clonal expansion of leukemias

and the growth of solid cancers, though

individual EZH2 alterations follow diver-

gent paths toward malignancy. EZH2 is

most known as an enzymatically active

component of the Polycomb repressive

complex 2 (PRC2), which is responsible

for depositing methyl groups onto lysine

27 (K27) of histone H3 (H3K27). EZH2

plays an important role in maintaining

stem cell function. The most common

EZH2 mutations in cancer occur within
the SET domain at Y641, which result in

increased trimethylation activity, leading

to an increase in global H3K27me3 levels

in B cell lymphomas (Yap et al., 2011). In

contrast, in breast cancer cells, AKT-

mediated phosphorylation of S21 reduces

EZH2 interaction with histone H3, leading

to a decrease in global H3K27me3 levels

(Cha et al., 2005). In addition, in pediatric

brain tumors, recurrent somatic mutation

of K27 on histone H3 variant H3F3A may

deplete H3K27me3 on canonical H3

indirectly because of increased interac-

tion between mutant H3F3A and EZH2.
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Figure 1. pS21-EZH2 Enhances STAT3 Activation through K180 Trimethylation in Glioma
Stem-like Cells
In GSCs, AKT phosphorylates S21 on EZH2, switching its substrate preference from H3K27 to STAT3 and
potentially other nonhistone proteins. K180 trimethylation of STAT3 results in increased STAT3 activation
via increased phosphorylation of Y705 by JAKs, promoting tumor growth. In bulk tumor cells, AKT-medi-
ated phosphorylation of EZH2 is diminished; EZH2with unphosphorylated S21 preferentially binds and tri-
methylates H3K27. Inhibitors such as GSK126 or EPZ005687 selectively target the methyltransferase
domain ofEZH2and, thus, canblockboth histone- andnon-histone-mediated routes forGBMprogression.
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However, this occurs concurrently with

increased H3K27me3 colocalized with

EZH2 at specific genes associated

with tumorigenesis (Chan et al., 2013;

Lewis et al., 2013). These and other

studies suggest altered EZH2 function

contributes to tumor development by

promoting aberrant expression of cellular

oncogenes and tumor suppressor genes

via cancer-associated changes in H3K27

methylation.

Although not appreciated until

recently, EZH2 also methylates nonhis-

tone proteins. EZH2 monomethylates

transcription factors GATA4 and RORa

at lysines, resulting in a reduction in their

ability to activate transcription (He et al.,

2012; Lee et al., 2012). EZH2 also func-

tions in a PRC2-independent manner

as a transcriptional coactivator with

androgen receptor in castration-resistant

prostate cancer cells (Xu et al., 2012).

This raises the important questions of

whether EZH2 methylation of nonhistone

proteins may contribute to tumori-

genesis and how the balance of histone

and nonhistone methylation activity is

determined.

Kim et al. (2013) addressed these ques-

tions by first demonstrating that EZH2,

along with multiple members of the

PRC2 complex, interacts with STAT3.

Importantly, this interaction exists prefer-

entially in stem cells—specifically human

neural progenitor cells and GSCs, but
712 Cancer Cell 23, June 10, 2013 ª2013 Els
neither in their differentiated isogenic

progeny nor in established glioma cell

lines grown in serum. STAT3 has a well

characterized role in cancer progression,

and its activation in glioblastoma multi-

forme (GBM) is associated with the

aggressive mesenchymal subtype and

poor overall survival (Carro et al., 2010).

The activation of STAT3 is dependent on

phosphorylation of Y705 by the Janus

kinases (JAKs), but STAT3 can also be

dimethylated at K140 by SET9, leading

to a decrease in activated STAT3 (Yang

et al., 2010). As with EZH2, STAT3 also

plays an important role in the mainte-

nance of GSCs. Therefore, the newly

discovered interaction between EZH2

and STAT3 might underlie a shared func-

tion in the maintenance of GSC pheno-

types. Inhibiting either of these proteins

could potentially help eradicate the GSC

pool within a GBM.

As a consequence of their interaction,

EZH2 trimethylatesSTAT3onK180,which

Kim et al. (2013) found to be essential for

STAT3 activation inGSCs andGBMxeno-

grafts. This is in contrast to EZH2-medi-

ated methylation of RORa or GATA4 or

SET9-mediated STAT3 K140 dimethyla-

tion, because these methyl group modifi-

cations result in a decrease in transcrip-

tional activity of the modified protein. The

exact mechanism by which trimethylation

at K180 contributes to STAT3 activation

and how this might synergize with Y705
evier Inc.
phosphorylation are not yet known.

Methylation at K140 on STAT3 can be

removed by LSD1 (Yang et al., 2010), but

it is unknown at this point which, if any,

protein(s) might be involved with the de-

methylation of K180. Temporal examina-

tion of the changing interaction and

posttranslational modifications during dif-

ferentiation of GSCs into non-stem cells

could provide insight into the relative

ordering of phosphorylation and methyl-

ation, the dynamics of EZH2-STAT3 inter-

action, and whether the loss of interaction

is a driving force or a consequence of dif-

ferentiation. It is also not yet clear if the

EZH2-STAT3 interaction leads to robust

STAT3 K180 methylation in normal neural

progenitor cells and if this is important

for neural progenitor function. It should

be noted that GSCs are specifically

enriched and maintained by culturing in

EGF, which prior studies show is a potent

inducer of STAT3 phosphorylation and

activation.

Kim et al. (2013) show that AKT phos-

phorylates EZH2 at S21 in GSCs and, as

shown for breast cancer cells, may enable

EZH2 to bind substrates other than

H3K27. In fact, approximately 90% of

primary GBMs have AKT activation. In

GSCs, AKT-induced phosphorylation of

EZH2 increased activation of STAT3 via

K180 trimethylation and decreased the

survival of mice bearing xenografts of

GSCs. These results underscore the

importance of AKT activation in GBM

and establish a pathway by which EZH2

can contribute to tumor growth indepen-

dent of, or in addition to, gain or loss of

H3K27me3 (Figure 1). However, in pri-

mary tumors, AKT is presumably active

in both GSC and bulk tumor cell popula-

tions. Therefore, it will be important to

determine why AKT-mediated S21 phos-

phorylation of EZH2 and subsequent

K180 methylation on STAT3 occurs pref-

erentially in GSCs.

Selective inhibition of STAT3 has

been difficult to achieve in patients with

cancer. The data from this new study

suggested that it might be possible

to decrease STAT3 activation by inhibit-

ing EZH2. Emerging selective small

molecule inhibitors of EZH2 (GSK126,

GSK343, GSK503, and EPZ005687) sup-

press the growth of lymphoma cell

lines and xenografts that have activat-

ing EZH2 mutations. Kim et al. (2013)

found that GSK126 decreased levels
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of phosphorylated STAT3 in GSCs. Sub-

stantial additional research is required to

determine if this early experimental suc-

cess will translate into notable clinical

response.

The findings of Kim et al. (2013) are

important, because they establish an

H3K27-independent role for EZH2 in

GBM through K180 trimethylation of

STAT3, which appears to be involved in

the aggressiveness of high-grade glioma

(Figure 1). Furthermore, the results pro-

vide a new understanding of regulatory

pathways that drive GSC phenotypes. If

these findings are relevant to cancer

stem cells in patients, STAT3 and/or

EZH2 will become even more attractive

targets for improving therapeutic re-

sponse and patient survival.
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There is much interest in defining the nutrient dependencies of cancer cells and their mechanisms of adap-
tation to nutrient depletion. In a recent issue of Cell, Leprivier and colleagues demonstrate that eEF2K, which
can inhibit translation elongation acutely during protein synthesis, is a critical switch in the survival versus
death fate of starved cancer cells.
Cells and organisms have evolved exqui-

site mechanisms to acutely adapt to

fluctuations in nutrient availability. Star-

vation impinges on highly conserved

nutrient-sensing pathways, resulting in

an integrated and adaptive response

that includes an abrupt halt to

anabolic processes that consume nutri-

ents and energy. The mammalian target

of rapamycin complex 1 (mTORC1),

general amino acid control nonderepres-

sible 2 (GCN2), and AMP-dependent

protein kinase (AMPK) are the best

characterized of these nutrient sensors

(Yuan et al., 2013), all of which exert

acute control over protein synthesis

(Figure 1A), perhaps the most nutrient-
and energy-costly of cellular processes.

It is now evident that cancer cells can

drive anabolic processes that promote

cell growth and proliferation in a manner

largely independent of normal growth

signals (Cantor and Sabatini, 2012).

Importantly, oncogenic events that

disconnect anabolic processes from

normal control mechanisms are likely

to render tumor cells more vulnerable

to the loss of specific nutrients. In a

recent study published in Cell, Leprivier

et al. (2013) find that the adaptation of

tumor cells to nutrient deprivation is

dependent on their ability to acutely

block translation elongation during pro-

tein synthesis.
In an isogenic fibroblast model, Lepriv-

ier et al. (2013) found that oncogene-

transformed cells were much more

sensitive to severe nutrient depletion in

the form of complete removal of glucose,

amino acids, and serum. Surprisingly,

this susceptibility was not due to in-

creased ATP consumption as, unlike

nontransformed cells, the oncogene-

expressing cells somehow sustained

their ATP levels in the absence of nutri-

ents. This difference was also reflected

in a lack of activation of AMPK, which

is normally stimulated in response to

energy stress (defined as an increase

in the ratio of cellular AMP or ADP to

ATP) and plays a critical role in
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There is much interest in defining the nutrient dependencies of cancer cells and their mechanisms of adap-
tation to nutrient depletion. In a recent issue of Cell, Leprivier and colleagues demonstrate that eEF2K, which
can inhibit translation elongation acutely during protein synthesis, is a critical switch in the survival versus
death fate of starved cancer cells.
Cells and organisms have evolved exqui-

site mechanisms to acutely adapt to

fluctuations in nutrient availability. Star-

vation impinges on highly conserved

nutrient-sensing pathways, resulting in

an integrated and adaptive response

that includes an abrupt halt to

anabolic processes that consume nutri-

ents and energy. The mammalian target

of rapamycin complex 1 (mTORC1),

general amino acid control nonderepres-

sible 2 (GCN2), and AMP-dependent

protein kinase (AMPK) are the best

characterized of these nutrient sensors

(Yuan et al., 2013), all of which exert

acute control over protein synthesis

(Figure 1A), perhaps the most nutrient-
and energy-costly of cellular processes.

It is now evident that cancer cells can

drive anabolic processes that promote

cell growth and proliferation in a manner

largely independent of normal growth

signals (Cantor and Sabatini, 2012).

Importantly, oncogenic events that

disconnect anabolic processes from

normal control mechanisms are likely

to render tumor cells more vulnerable

to the loss of specific nutrients. In a

recent study published in Cell, Leprivier

et al. (2013) find that the adaptation of

tumor cells to nutrient deprivation is

dependent on their ability to acutely

block translation elongation during pro-

tein synthesis.
In an isogenic fibroblast model, Lepriv-

ier et al. (2013) found that oncogene-

transformed cells were much more

sensitive to severe nutrient depletion in

the form of complete removal of glucose,

amino acids, and serum. Surprisingly,

this susceptibility was not due to in-

creased ATP consumption as, unlike

nontransformed cells, the oncogene-

expressing cells somehow sustained

their ATP levels in the absence of nutri-

ents. This difference was also reflected

in a lack of activation of AMPK, which

is normally stimulated in response to

energy stress (defined as an increase

in the ratio of cellular AMP or ADP to

ATP) and plays a critical role in
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Figure 1. Model of the Adaptive Regulation of mRNA Translation in
Response to Starvation in Normal and Transformed Cells
(A) Starvation regulates downstream kinases to acutely inhibit mRNA transla-
tion initiation and elongation. In response to starvation, GCN2 is activated to
inhibit eIF2a, and mTORC1 and S6K are inhibited to block their promotion
of translation initiation through downstream targets, including those that affect
assembly of the eIF4F complex. Starvation also activates AMPK, which in-
hibits mTORC1 and activates eEF2K, which inhibits translation elongation
by blocking the function of eEF2. Translation elongation consumes amino
acids (AA) and ATP.
(B) Oncogenic transformation can attenuate AMPK activation or lead to
other events, resulting in a defect in the proper activation of eEF2K in
response to starvation. This defect results in sustained translation elongation
under starvation conditions, which triggers cell death through an unknown
mechanism.
(C) Restoring the response of eEF2K to starvation results in inhibition of eEF2,
thereby stalling the translating ribosome and blocking elongation. This acute
adaptive response protects cells from starvation-induced death.
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adaptation to nutrient deple-

tion (Shackelford and Shaw,

2009). AMPK phosphorylates

numerous targets aimed at

alleviating energy stress by

promoting catabolic pro-

cesses and inhibiting

anabolic processes. A major

mechanism of AMPK-medi-

ated inhibition of anabolic

processes is to block

mTORC1 signaling, which is

also inhibited by starvation

through AMPK-independent

pathways (Yuan et al.,

2013). mTORC1 stimulates

protein synthesis, primarily

at the level of translation initi-

ation, and an inability to

inhibit mTORC1 can sensitize

cells to nutrient starvation

(Choo et al., 2010). However,

Leprivier et al. (2013) found

that mTORC1 signaling is

properly attenuated under

starvation in both normal

and transformed cells in their

system, reflected in blocked

mRNA translation initiation

and decreased global protein

synthesis.

In contrast to mTORC1,

another downstream target

of AMPK that regulates

mRNA translation the eukary-

otic elongation factor 2 (eEF2)

kinase (eEF2K) was found to

be differentially regulated in

normal and transformed cells

(Leprivier et al., 2013). AMPK

is thought to activate eEF2K

by direct phosphorylation of

S398 (Browne et al., 2004),

which lies within an atypi-

cal AMPK phosphorylation

sequence (Shackelford and
Shaw, 2009). Activated eEF2K

phosphorylates eEF2 on T56 to inhibit

its function in translation elongation

(Figure 1A). Importantly, Leprivier et al.

(2013) found a pronounced difference in

the inhibitory phosphorylation of eEF2-

T56 in response to nutrient deprivation

in the normal and transformed cells,

with the latter displaying greatly reduced

levels. Despite blocked translation initia-

tion in both settings, loss of proper

control over eEF2 in transformed cells

resulted in continued elongation on
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mRNAs that had already initiated trans-

lation, with ribosomes ultimately running

off of those transcripts (Figure 1B). In

contrast, normal cells, and transformed

cells adapted to starvation, display

proper eEF2K activation and eEF2 inhibi-

tion, resulting in an acute block in transla-

tion elongation in response to starvation,

reflected in stalled ribosomes on bound

transcripts (Figure 1C).

Acute inhibition of translation elonga-

tion by AMPK-mediated eEF2K activa-

tion was found to be essential for the
evier Inc.
survival of both normal and

transformed cells in response

to nutrient deprivation (Lep-

rivier et al., 2013). A defect in

triggering this adaptive

response appears to be ama-

jor mechanism by which

some cancer cells display

enhanced sensitivity to star-

vation (Figures 1B and 1C).

Cancer cells with defects in

AMPK activation will be

particularly susceptible to

nutrient deprivation. The

most frequent genetic event

in human cancers known to

lead to strong attenuation

of AMPK signaling is the

loss of the tumor sup-

pressor LKB1, which acti-

vates AMPK in response to

energy stress (Shackelford

and Shaw, 2009). Interest-

ingly, LKB1-deficient tumors

are sensitized to energy

stress-inducing agents (e.g.,

phenformin) (Shackelford

et al., 2013), suggesting that

loss of control over eEF2K

along with other established

AMPK targets might underlie

this susceptibility. In the

study by Leprivier et al.

(2013), oncogene introduc-

tion yielded transformed cells

where nutrient deprivation

failed to cause the type of

energy stress that normally

activates AMPK. How ATP

levels are sustained under

starvation conditions in these

transformed cells is a key

question for understanding

the nature of this adaptive

response. Also, transforming

events leading to aberrant
activation of mTORC1 or ERK signaling

could chronically block eEF2K function

independent of effects on AMPK,

because the respective downstream ki-

nases S6K and RSK can phosphorylate

and inhibit eEF2K (Proud, 2007).

Upon starvation, eEF2K is transcrip-

tionally upregulated in mammalian cells

and Caenorhabditis elegans, and there is

an evolutionarily conserved requirement

for eEF2K for survival under such condi-

tions (Leprivier et al., 2013). Elevated

eEF2K transcript levels correlated with
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increased tumor grade and decreased

patient survival in glioma, suggesting

that increased eEF2K might promote tu-

mor cell survival, perhaps by providing

protection from nutrient deprivation.

While still a poorly defined area of tumor

biology, tumor cells are believed to expe-

rience intermittent availability of specific

nutrients during the course of tumor pro-

gression due to insufficient or aberrant

vasculature feeding the tumor. Therefore,

the observed increase in eEF2K expres-

sion in glioma may be an adaptive

response to fluctuating nutrients in the tu-

mor microenvironment, especially in

advanced tumors. Another question is

whether the tumor microenvironment

ever experiences extreme levels of

nutrient starvation approaching those

levels typically used in cell culture experi-

ments. Interestingly, Leprivier et al. (2013)

demonstrate that xenograft tumors from

cells overexpressing eEF2K, while greatly

reduced in size, are resistant to the

growth inhibitory effects of calorie restric-

tion. Reciprocally, eEF2K null tumors dis-

played increased necrosis and apoptosis

under calorie restriction, whereas their

growth was indistinguishable from wild-

type tumors in mice fed a normal diet.

Therefore, these findings provide another

example whereby tumor cell-intrinsic
nutrient-sensing pathways act in concert

with the nutritional status of the host to in-

fluence tumor growth (Kalaany and Saba-

tini, 2009). However, as circulating

glucose levels are only marginally

affected by calorie restriction, this

response is likely to reflect changes in

both local and systemic (insulin and

IGF1) nutrient signals.

Other key questions remain. How does

sustained translation elongation kill

nutrient-deprived cells when translation

initiation is appropriately inhibited? The

signal stimulating cell death must

emanate from a specific form of stress,

or perhaps a selected class of proteins,

produced by sustained translation elon-

gation in the absence of exogenous nutri-

ents. Would pharmacological inhibitors to

eEF2K, alone or in combination with other

compounds, be effective cancer treat-

ments? Intriguingly, reducing eEF2K

expression has been shown to sensitize

glioma cells to the glucose analog 2-de-

oxyglucose (Wu et al., 2009). Whereas

the dependence on eEF2K under

nutrient-deplete conditions is not specific

to tumor cells, it might be particularly

important in the context of the tumor

microenvironment. eEF2K joins a growing

list of adaptive responses to starvation

(including the regulation of AMPK,
Cancer Cell
mTORC1, and autophagy), which, due to

defective control in tumor cells, could

represent a vulnerability and a therapeutic

opportunity.
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The scaffold protein IQGAP1 regulates cell signaling through the RAF/MEK/ERK pathway. Recent data show
that cancer cells in which the RAF/MEK/ERK pathway is activated are particularly sensitive to the disruption
of IQGAP1 function. IQGAP drugs may be particularly effective in tumors that develop resistance to existing
pathway drugs.
The receptor tyrosine kinase (RTK)/RAS/

RAF/MEK/ERK pathway drives prolifera-

tion, survival, invasion, and metastasis in

human cancer. Antibodies that bind to

the extracellular domains of RTKs or small

molecule inhibitors that block RTK kinase

activity are effective in a variety of cancers
if the patients are appropriately selected.

More recently, it has been shown that

drugs that target BRAF and MEK are

effective in melanoma patients whose tu-

mors carry BRAF mutations (Catalanotti

et al., 2013; Chapman et al., 2011; Falc-

hook et al., 2012; Flaherty et al., 2010,
2012; Hauschild et al., 2012). Thus, this

pathway is a validated therapeutic target

in cancer, and its protein kinases, in

particular, have been shown to be trac-

table therapeutic targets.

In contrast to kinases, the RAS small

G-proteins appear to be intractable
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increased tumor grade and decreased

patient survival in glioma, suggesting

that increased eEF2K might promote tu-

mor cell survival, perhaps by providing

protection from nutrient deprivation.

While still a poorly defined area of tumor

biology, tumor cells are believed to expe-

rience intermittent availability of specific

nutrients during the course of tumor pro-

gression due to insufficient or aberrant

vasculature feeding the tumor. Therefore,

the observed increase in eEF2K expres-

sion in glioma may be an adaptive

response to fluctuating nutrients in the tu-

mor microenvironment, especially in

advanced tumors. Another question is

whether the tumor microenvironment

ever experiences extreme levels of

nutrient starvation approaching those

levels typically used in cell culture experi-

ments. Interestingly, Leprivier et al. (2013)

demonstrate that xenograft tumors from

cells overexpressing eEF2K, while greatly
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growth inhibitory effects of calorie restric-

tion. Reciprocally, eEF2K null tumors dis-

played increased necrosis and apoptosis

under calorie restriction, whereas their

growth was indistinguishable from wild-

type tumors in mice fed a normal diet.

Therefore, these findings provide another

example whereby tumor cell-intrinsic
nutrient-sensing pathways act in concert

with the nutritional status of the host to in-

fluence tumor growth (Kalaany and Saba-

tini, 2009). However, as circulating

glucose levels are only marginally

affected by calorie restriction, this

response is likely to reflect changes in

both local and systemic (insulin and

IGF1) nutrient signals.

Other key questions remain. How does

sustained translation elongation kill

nutrient-deprived cells when translation

initiation is appropriately inhibited? The

signal stimulating cell death must

emanate from a specific form of stress,

or perhaps a selected class of proteins,

produced by sustained translation elon-

gation in the absence of exogenous nutri-

ents. Would pharmacological inhibitors to

eEF2K, alone or in combination with other

compounds, be effective cancer treat-

ments? Intriguingly, reducing eEF2K

expression has been shown to sensitize

glioma cells to the glucose analog 2-de-

oxyglucose (Wu et al., 2009). Whereas

the dependence on eEF2K under

nutrient-deplete conditions is not specific

to tumor cells, it might be particularly

important in the context of the tumor

microenvironment. eEF2K joins a growing

list of adaptive responses to starvation

(including the regulation of AMPK,
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mTORC1, and autophagy), which, due to

defective control in tumor cells, could

represent a vulnerability and a therapeutic

opportunity.
REFERENCES

Browne, G.J., Finn, S.G., and Proud, C.G. (2004).
J. Biol. Chem. 279, 12220–12231.

Cantor, J.R., and Sabatini, D.M. (2012). Cancer
Discov. 2, 881–898.

Choo, A.Y., Kim, S.G., Vander Heiden, M.G., Ma-
honey, S.J., Vu, H., Yoon, S.O., Cantley, L.C.,
and Blenis, J. (2010). Mol. Cell 38, 487–499.

Kalaany, N.Y., and Sabatini, D.M. (2009). Nature
458, 725–731.

Leprivier, G., Remke, M., Rotblat, B., Dubuc, A.,
Mateo, A.-R.F., Kool, M., Agnihotri, S., El-Naggar,
A., Yu, B., Somasekharan, S.P., et al. (2013). Cell
153, 1064–1079.

Proud, C.G. (2007). Biochem. J. 403, 217–234.

Shackelford, D.B., and Shaw, R.J. (2009). Nat. Rev.
Cancer 9, 563–575.

Shackelford, D.B., Abt, E., Gerken, L., Vasquez,
D.S., Seki, A., Leblanc, M., Wei, L., Fishbein,
M.C., Czernin, J., Mischel, P.S., and Shaw, R.J.
(2013). Cancer Cell 23, 143–158.

Wu, H., Zhu, H., Liu, D.X., Niu, T.K., Ren, X., Patel,
R., Hait, W.N., and Yang, J.M. (2009). Cancer Res.
69, 2453–2460.

Yuan, H.X., Xiong, Y., and Guan, K.L. (2013). Mol.
Cell 49, 379–387.
Mind the IQGAP
Berta Sanchez-Laorden,1 Amaya Viros,1 and Richard Marais1,*
1Molecular Oncology Group, The Paterson Institute for Cancer Research, Manchester M20 4, UK
*Correspondence: rmarais@picr.man.ac.uk
http://dx.doi.org/10.1016/j.ccr.2013.05.017

The scaffold protein IQGAP1 regulates cell signaling through the RAF/MEK/ERK pathway. Recent data show
that cancer cells in which the RAF/MEK/ERK pathway is activated are particularly sensitive to the disruption
of IQGAP1 function. IQGAP drugs may be particularly effective in tumors that develop resistance to existing
pathway drugs.
The receptor tyrosine kinase (RTK)/RAS/
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molecule inhibitors that block RTK kinase

activity are effective in a variety of cancers
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Figure 1. IQGAP1 Is a Therapeutic Target in ERK-Pathway-Driven Cancer Cells
(A) IQGAP1 forms a signaling complex with RAF, MEK, and ERK. Mutant RAS (*RAS) or BRAF (*BRAF) hyperactivates ERK signaling and promotes tumor cell
proliferation and survival. Delivery of exogenous WW peptide (WW PEPT) prevents ERK binding to IQGAP1 through its WW domain (WW) and suppresses
ERK activity, thereby blocking proliferation in cancer cells that are addicted to the ERK pathway.
(B) The scaffold function of IQGAP1 within the ERK pathway is dispensable in normal cell differentiation, growth, and survival.
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therapeutic targets. This is frustrating,

because collectively the RAS genes

(HRAS, KRAS, and NRAS) are the

most commonly mutated oncogenes in

human cancer. Oncogenic RAS thus is

an important but untapped therapeutic

target. One way to resolve this problem

is to target downstream kinases on

the pathway, such as MEK and AKT.

Recently, it was suggested that the scaf-

fold protein IQGAP1 may be another

Achilles’ heel downstream of RAS that

can also be targeted (Jameson et al.,

2013).

Scaffold proteins regulate cell biology

by binding to and organizing the compo-

nents of a signaling pathway into com-

plexes. This improves signaling efficiency

by tethering proteins to each other to in-

crease signal flux between them. It also

improves fidelity by confining signaling

to the proteins within the complexes.

IQGAP1 is a multifunctional scaffold pro-

tein that binds to almost 100 other pro-

teins. Although IQGAP1 has two closely

related family proteins (IQGAP2 and

IQGAP3) that serve distinct functions,
716 Cancer Cell 23, June 10, 2013 ª2013 Els
IQGAP1 is the more widely expressed

protein and the only one reported as upre-

gulated in cancer. IQGAP1 is implicated in

cytoskeletal reorganization and regulation

of cell-cell adhesion, polarity, and migra-

tion (Johnson et al., 2009). IQGAP1 also

binds to RAF and MEK through the IQ

domain and to ERK through the proline-

rich WW domain to regulate RAF/MEK/

ERK signaling.

Starting with the premise that IQGAP

regulates tumorigenesis through the

RAF/MEK/ERK pathway, Jameson et al.

(2013) demonstrated that Iqgap null

mice were resistant to Hras-driven chem-

ical carcinogenesis, depletion of IQGAP

reduced in vitro invasion of RAS-driven

cancer cells, and IQGAP1 is highly ex-

pressed in human cutaneous squamous

cell carcinoma. They found that depletion

of IQGAP suppressed ERK activity and

that this could be rescued by IQGAP re-

expression unless the WW domain was

mutated to prevent ERK binding. Further-

more, expression of the WW domain

using lentiviruses or introduction of the

peptide into cells using cell-permeable
evier Inc.
signals blocked ERK activity in EGFR

and RAS-driven cancer cells. It also sup-

pressed growth and invasion of these

cells in vitro and inhibited the growth of

tumor xenografts in immunocompro-

mised mice. Notably, no such effects

were seen in cells when the RAS/RAF/

MEK/ERK pathway was not hyperacti-

vated, demonstrating the specificity of

this response. To assess the conse-

quences of long-term WW peptide treat-

ment, the authors used a transgenic

pancreatic cancer model driven by onco-

genic Ras and loss of Tp53. They found

that the WW peptide extended the life

of these animals with a notable lack of

toxicity when compared to animals

treated with gemcitabine.

Markedly, Jameson et al. (2013) exam-

ined the potency of WWpeptides in BRAF

drug-resistant melanoma cells. Unfortu-

nately, although BRAF drugs can achieve

impressive responses in BRAF mutant

melanoma patients, after a few months

of disease control, most patients fail on

therapy, highlighting an urgent need to

improve effectiveness of the existing
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drugs or to develop second line treat-

ments for relapsed patients. Resistance

generally occurs through pathway reacti-

vation brought about by a variety of mech-

anisms including upregulation of RTK

signaling, acquisition of mutations in

NRAS or MEK, amplification of themutant

BRAF gene, or expression of truncated

forms of the BRAF oncoprotein. Jameson

et al. (2013) showed that the WW peptide

was effective against cell lines whose

resistance was mediated by PDGFR or

IGFR1 upregulation, mutant NRAS, or

overexpression of the MEK kinase COT.

Thus, theWWpeptide suppressed ERK

activity and blocked in vitro and in vivo

growth of cells that were addicted to the

ERK pathway (Figure 1A), establishing

that the IQGAP1 scaffold function is

essential in ERK-pathway-driven cancer

cells and validating IQGAP1 as a thera-

peutic target. What is remarkable is that

the WW peptide was relatively nontoxic.

It is known that IQGAP1 function is not

essential, because Iqgap null mice are

viable, fertile, and apparently normal,

suggesting that the scaffold function of

IQGAP within the ERK pathway is not

required in normal cells (Figure 1B). It

seems unlikely that IQGAP2 or IQGAP3

compensate for the loss of IQGAP1 scaf-

fold function in normal cells in the pres-

ence of the WW peptide, because the

WWdomain is conserved, so all three iso-

forms are likely to be equally sensitive to

disruption by the WW peptide. This sug-

gests that ERK-driven cancer cells are

particularly sensitive to both the levels

and fidelity of ERK signaling and that

IQGAP plays a key role in ensuring that

signaling is maintained at optimal levels.

Perhaps this is why these cells are so
sensitive to peptides that disrupt ERK

binding, begging the question of whether

these cells would be equally sensitive to

peptides that disrupt RAF and/or MEK

binding to the IQ domain.

An exciting aspect of this study is that

the WW peptide also targets cells that

are resistant to BRAF drugs. Unfortu-

nately, the WW peptide did not synergize

with BRAF drugs to suppress the growth

of sensitive cells, but it would neverthe-

less be interesting to determine if it

delayed the onset of resistance, as

when BRAF and MEK inhibitors are

combined. It would also be interesting to

determine the mechanisms by which cells

can develop resistance to IQGAP1 drugs.

Scaffold proteins need to be expressed

within a narrow concentration range; too

little and productive signaling complexes

cannot form, but too much and the

pathway components are diluted into

incomplete and unproductive complexes.

Resistance may, therefore, arise by

manipulating the expression of the

pathway components or of IQGAP itself.

To this end, it would be interesting to

know how effective WW peptides are

when BRAF drug resistance is mediated

by the amplification of oncogenic BRAF,

expression of truncated BRAF oncopro-

teins, or mutations in MEK. It would also

be intriguing to know if IQGAP itself can

mediate resistance to BRAF drugs, and

it would be important to validate IQGAP

as a therapeutic target in BRAF mutant

colorectal cancer and thyroid carcinoma,

which typically display intrinsic resistance

to BRAF drugs (Corcoran et al., 2012;

Montero-Conde et al., 2013).

This is an important study that

validates IQGAP as a therapeutic target
Cancer Cell
for first- and second-line treatments in

ERK-driven cancers. Now we need to

determine if it will prove to be a tractable

target like a kinase or a frustrating target

like RAS.
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Emerging evidence indicates that NKX2-1, a homeobox-containing transcription factor also known as TTF-1,
plays a role as a ‘‘lineage-survival’’ oncogene in lung adenocarcinomas. In T cell acute lymphoblastic
leukemia, gene rearrangements lead to aberrant expression of NKX2-1/TTF-1. Despite accumulating
evidence supporting its oncogenic role, it has become apparent that NKX2-1/TTF-1 expression also has
biological and clinical functions in the opposite direction that act against tumor progression. Herein, we
review recent findings showing these enigmatic double-edged characteristics, with special attention given
to the roles of NKX2-1/TTF-1 in lung development and carcinogenesis.
Oncogenic Involvement of NKX2-1/TTF-1
Emerging evidence suggests that ‘‘lineage-specific addiction’’ to

survival mechanisms that are programmed for developmental

roles in normal progenitor cells of particular lineages may exist

in cancer cells. The transcription factor MITF in melanoma is

considered to be an archetypal prototype (Garraway and Sellers,

2006), whereas survival of lung cancers with neuroendocrine

(NE) features such as small-cell lung cancer (SCLC) is dependent

on continued expression of ASH1, a transcription factor indis-

pensable for pulmonary NE cell development (Nishikawa et al.,

2011; Osada et al., 2005, 2008). Thyroid transcription factor 1

(TTF-1), also known as NKX2-1, is a homeobox-containing tran-

scription factor essential for the development of the lung and

thyroid as well as a restricted part of the brain (Stanfel et al.,

2005), and a series of peripheral lung cells defined as the terminal

respiratory unit (TRU) is under the control of this master regu-

lator. About 70% of adenocarcinomas express NKX2-1/TTF-1

independent of disease stage and retain features of the TRU to

a certain extent (Yatabe et al., 2002). These TRU-type adenocar-

cinomas exhibit a distinctively higher prevalence of EGFR

mutations, disproportionately high occurrence in females and

nonsmokers, and characteristic expression profiles; in fact,

p53 and KRAS mutations are inversely associated with NKX2-

1/TTF-1 expression (Takeuchi et al., 2006; Yatabe et al., 2005).

We and others have previously found that NKX2-1/TTF-1-posi-

tive lung adenocarcinomas are dependent on sustained expres-

sion of NKX2-1/TTF-1 and sometimes even exhibit focal copy-

number increases (Figure 1; Table 1) (Kendall et al., 2007; Kwei

et al., 2008; Tanaka et al., 2007; Weir et al., 2007). Intriguingly,

Nkx2-1/Ttf-1 transgenic mice exhibit hyperplasia of type II alve-

olar cells (Wert et al., 2002). In addition, NKX2-1/TTF-1 is prom-

inently expressed in lung epithelial cells undergoing regeneration

(Stahlman et al., 1996). Furthermore, haploinsufficiency of Nkx2-

1/Ttf-1was recently reported to reduce tumor formation in trans-

genic mice expressing mutant EGFR (Maeda et al., 2012).

Several lines of evidence suggest possible oncogenic involve-

ment of NKX2-1/TTF-1 in other types of cancers. In addition to
718 Cancer Cell 23, June 10, 2013 ª2013 Elsevier Inc.
the lung, the thyroid is another organ that expresses NKX2-1/

TTF-1. A germline missense mutation of NKX2-1/TTF-1 that

results in a valine substitution for alanine at codon 339 has

been identified in families affected by multinodular goiter and

papillary thyroid carcinoma (Ngan et al., 2009). It is of note

that the SNP rs944289, which maps close to NKX2-1/TTF-1,

was shown to be significantly associated with increased risk of

thyroid cancer (Gudmundsson et al., 2009), although the mech-

anistic link remains to be elucidated. Rearrangements of

NKX2-1/TTF-1 with T cell receptor or immunoglobulin heavy-

chain loci were recently identified in T cell acute lymphoblastic

leukemia (T-ALL), suggesting a role in the pathogenesis of

hematopoietic malignancies (Homminga et al., 2011). Rear-

rangements and ectopic expression of NKX2-2 and NKX2-5,

both homeobox-containing transcription factors closely related

to NKX2-1/TTF-1, have also been reported in a subset of

T-ALL (Homminga et al., 2011; Nagel et al., 2003). These data

strongly suggest an oncogenic role for NKX2-1/TTF-1 as well

as other members of the NK2 family, not only in lung and thyroid

cancers but also in hematopoietic malignancies. On the other

hand, NKX2-8, residing in close proximity to NKX2-1, exhibits

loss of heterozygosity and reduced expression in lung squa-

mous cell carcinomas (Harris et al., 2011), suggesting distinct

modes of involvement.

Enigma Surrounding NKX2-1/TTF-1 in Tumor Biology
Despite its role as a lineage-survival oncogene in lung adenocar-

cinomas, NKX2-1/TTF-1 expression is also known to be associ-

ated with favorable prognosis in affected patients (Anagnostou

et al., 2009). Evidence to explain this paradox has recently

emerged (Figure 2). For example, we found that MYBPH is

directly transactivated by NKX2-1/TTF-1 and inhibits phosphor-

ylation of the myosin regulatory light chain via direct interaction

with ROCK1, which is a prerequisite process for acquisition of

assembly competence (Hosono et al., 2012b). In addition,

MYBPH directly binds to and inhibits assembly of nonmuscle

myosin heavy chain IIA (Hosono et al., 2012a), thereby conferring

mailto:tak@med.nagoya-u.ac.jp
http://dx.doi.org/10.1016/j.ccr.2013.04.002
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.ccr.2013.04.002&domain=pdf


Figure 1. Double-Edged Characteristic of NKX2-1/TTF-1
NKX2-1/TTF-1 has shown both oncogenic and inhibitory activities in cancer
development and progression.

Cancer Cell

Minireview
firm inhibition of actomyosin assembly by two distinct mecha-

nisms and consequently reducing cell motility, invasion, and

metastasis. These apparently deleterious effects in lung adeno-

carcinoma progression appear to be negated by frequent pro-

moter DNA methylation of MYBPH. The epithelial tight-junction

protein OCLN as well as two other epithelial tight-junction pro-

teins, CLDN1 and CLDN18, were also shown to be transcription-

ally activated by NKX2-1/TTF-1 (Niimi et al., 2001; Runkle et al.,

2012). These findings indicate that genes implicated in regulation

of cytoskeletal and cell-cell organization are prime transcrip-

tional targets of TTF-1, which negatively affects cell motility, in-

vasion, and metastasis and is also conceivably involved in lung

morphogenesis and regeneration after lung injury. In addition,

downregulation ofNkx2-1/Ttf-1 has been shown to lead to even-

tual derepression of Hmga2 and acquisition of metastatic ability

in a mouse model of lung adenocarcinoma with conditionally

activated Kras and loss-of-function p53 mutant alleles (Snyder

et al., 2013; Winslow et al., 2011). Interestingly, haploinsuffi-

ciency or conditional knockout of Nkx2-1/Ttf-1 was recently re-

ported to enhance development of invasive Kras-driven

mucinous lung adenocarcinoma (Maeda et al., 2012; Snyder

et al., 2013), in contrast to suppressing Egfr-driven lung tumori-

genesis (Maeda et al., 2012). Loss of Nkx2-1/Ttf-1 appears to

induce the mucin-producing phenotype through consequential

release of Foxa1/Foxa2, transcription factors known to physi-

cally interact and cooperate with Nkx2-1/Ttf-1, onto de novo
Table 1. Alterations of the NK2 Family in Human Cancers

NK2 Family Aberrations Organ Sites

NKX2-1 amplification lung

amplification lung

amplification lung

amplification lung

germline mutation thyroid

rearrangement hematopoietic

NKX2-2 rearrangement hematopoietic

NKX2-5 rearrangement hematopoietic

NKX2-8 loss of heterozygosity lung
binding sites near gastrointestinal differentiation-related genes

including Hnf4a, which critically regulates the differentiation pro-

gram (Snyder et al., 2013). Along this line, it is notable that human

invasive mucinous adenocarcinomas of the lung almost invari-

ably express HNF4a, and have exhibited a significant associa-

tion with negative TTF-1 expression and positive KRASmutation

status (Kunii et al., 2011). Although epithelial-to-mesenchymal

transition (EMT) is linked with cancer progression, NKX2-1/

TTF-1 represses TGF-b-induced EMT by alleviating TGF-

b-mediated induction of Snail and Slug, as well as by reducing

TGF-b production (Saito et al., 2009). Conversely, TGF-b re-

presses NKX2-1/TTF-1 by induction of miR-365 (Qi et al.,

2012). Thus, accumulated evidence points to the notion that

NKX2-1/TTF-1 plays a double-edged role in cancer.

NKX2-1/TTF-1-Mediated Lineage-Survival Signaling
Despite the requirement for sustained NKX2-1/TTF-1 expression

in the survival of lung adenocarcinoma cells, NKX2-1/TTF-1 itself

cannot be considered as a molecular target for treating this

devastating cancer because of its indispensable roles in normal

lung physiology, such as the production and secretion of surfac-

tant proteins. Thus, elucidation of how NKX2-1/TTF-1 mediates

survival signals has long been anticipated. In this regard, we

recently found that NKX2-1/TTF-1 directly transactivates the

receptor tyrosine kinase ROR1, which in turn sustains a favor-

able balance between prosurvival PI3K-AKT and proapoptotic

p38 signaling, in part through ROR1 kinase-dependent c-Src

activation as well as kinase activity-independent sustainment

of EGFR-ERBB3 association, ERBB3 phosphorylation, and

consequential PI3K activation (Yamaguchi et al., 2012). These

findings may underlie themolecular basis for the functional inter-

relationship between NKX2-1/TTF-1 and EGFR. Consistently,

NKX2-1/TTF-1 expression is significantly associated with

EGFR mutations in lung cancer tissues (Takeuchi et al., 2006;

Yatabe et al., 2005), and Nkx2-1/Ttf-1 haploinsufficiency re-

duces mutant Egfr-driven lung tumorigenesis (Maeda et al.,

2012). It is also of particular interest from a clinical point of

view that ROR1 inhibition appears to be effective for treatment

of lung adenocarcinomas carrying various gefitinib-resistance

mechanisms, such as secondary EGFR mutations and HGF

overexpression, because the existence of such diverse mecha-

nisms makes it difficult to predict which should be targeted

to prevent expansion of resistant clones. This molecule with

possible druggability, namely a cell-surface receptor with a
Cancer Types References

adenocarcinoma Tanaka et al., 2007

adenocarcinoma Kendall et al., 2007

adenocarcinoma Weir et al., 2007

adenocarcinoma Kwei et al., 2008

multinodular goiter, papillary

adenocarcinoma

Ngan et al., 2009

T cell acute lymphoblastic leukemia Homminga et al., 2011

T cell acute lymphoblastic leukemia Homminga et al., 2011

T cell acute lymphoblastic leukemia Nagel et al., 2003

squamous cell carcinoma Harris et al., 2011
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Figure 2. NKX2-1/TTF-1-Mediated
Transcriptional Regulation and
Consequences in Normal and Cancer Cells
of the Lung
NKX2-1/TTF-1 is required for maintenance of
physiological lung functions in addition to its
developmental roles. The oncogene plays a role as
a lineage-survival oncogene in lung adenocarci-
nomas, whereas it also inhibits invasion, metas-
tasis, and progression, paradoxically conferring
better prognosis. Solid and dashed lines represent
direct and indirect regulation, respectively.
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tyrosine kinase domain, may thus be considered to be an

‘‘Achilles’ heel’’ in lung adenocarcinomas, and future develop-

ment of therapeutic means is greatly anticipated to reduce the

intolerable death toll from currently ‘‘hard-to-cure’’ lung adeno-

carcinomas. In addition to ROR1, LMO3, a paralog of the

LMO1 and LMO2 oncogenes in T-ALL, was recently identified

as an additional direct transcriptional target for mediating sur-

vival signals (Watanabe et al., 2013). NKX2-1/TTF-1 appears to

cooperatively transactivate LMO3 together with FOXA1,

whereas LMO3 knockdown induced apoptosis in a lung adeno-

carcinoma cell line. However, ectopic overexpression of LMO3

failed to overcome NKX2-1/TTF-1 knockdown-induced apo-

ptosis, suggesting the existence of additional crucial targets

for lineage-survival signaling in lung adenocarcinoma cells.

Developmental Roles of NKX2-1/TTF-1 in Relation
to Cancer Biology
During embryonic lung development, temporal-spatial expres-

sion of NKX2-1/TTF-1 is tightly regulated. NKX2-1/TTF-1

expression is first detected in the ventral foregut endoderm dur-

ing a very early stage and then becomes abundantly expressed

in virtually all cells in the progenitor of the trachea arising from the

lung primordium. As subsequent branching morphogenesis pro-

ceeds, NKX2-1/TTF-1 expression is progressively restricted to

distal airway cells and finally confined to epithelial cells in the

TRU (Stahlman et al., 1996; Yatabe et al., 2002). A lung rudiment

in Nkx2-1/Ttf-1 knockout mice exhibited proximal, albeit

abnormal, airway characteristics, suggesting its dispensable

nature in specification of the lung primordium and proximal

lung morphogenesis (Minoo et al., 1999). In contrast, this onco-

gene was shown to be strictly required for distal lung morpho-
720 Cancer Cell 23, June 10, 2013 ª2013 Elsevier Inc.
genesis (Yuan et al., 2000). NKX2-1/

TTF-1 critically translates instructive mor-

phogenic signals from the surrounding

mesenchyme into transcriptional regula-

tion of its targets, which are mediated

by factors including fibroblast growth

factors, Sonic hedgehog, and bone

morphogenetic proteins. In humans,

NKX2-1/TTF-1 haploinsufficiency confers

the rare autosomal-dominant disorder

benign hereditary chorea as well as

brain-lung-thyroid syndrome, which is

manifested by chorea, hypothyroidism,

and infantile respiratory distress (Inzel-

berg et al., 2011). Human NKX2-1/TTF-1

haploinsufficiency might be associated
with lung tumorigenesis in context-dependent and subtype-

specific manners, as reported in mice (Maeda et al., 2012;

Snyder et al., 2013). Unfortunately, no comprehensive epidemi-

ologic data on the predisposition to lung cancers in affected

individuals have been presented.

In addition to lung adenocarcinoma, it is interesting to note

that NKX2-1/TTF-1 is frequently detected in SCLCs, which

usually arise in the proximal airway, a region that normally lacks

NKX2-1/TTF-1 expression. Because NKX2-1/TTF-1 expression

is seen in the lung primordium, this phenomenon may reflect

an atavistic, yet committed, state of SCLCs, which is consistent

with its lack of expression in small-cell carcinomas arising from

other organs, despite the similar characteristics of small and

round morphology and NE properties. Future study comparing

NKX2-1/TTF-1 target gene regulation between adenocarci-

nomas and those in small-cell carcinomas of various organs,

including the adult and developing fetal lungs, would likely

shed light on both similarities and distinctions with regard to its

functional roles.

Regulation of NKX2-1/TTF-1 and Context Dependence
The 42 kD major isoform is encoded by mRNAs harboring exons

2 and 3, whereas the 44 kDminor isoform is encoded by all three

exons (Figure 3). The proximal major promoter contains a TATA-

like element andbinding sites for FOXA1 (also knownasHNF-3a),

FOXA2 (HNF-3b), and GATA6, all of which are known to be

crucially involved in lung development (Costa et al., 2001). The

minor distal promoter is regulated by SP1 and SP3. NKX2-1/

TTF-1 directly transactivates multiple genes implicated to have

physiological lung functions, including SP-A, SP-B, SP-C,

CCSP (also known as CC10, uteroglobin, or secretoglobin),



Figure 3. Regulatory Mechanisms of NKX2-1/TTF-1
NKX2-1/TTF-1 is transcribed from two distinct promoters under the influence
of various transcription factors. Its transcriptional regulatory activities are
modulated in a context-dependent manner, possibly by cooperating tran-
scription factors as well as protein modifications. Ac, acetylation; P, phos-
phorylation.
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UGRP1, and ABCA3. NKX2-1/TTF-1 also transactivates the

functions of HOP, an HDAC-dependent negative regulator of

NKX2-1/TTF-1 (Yin et al., 2006), as well as T1a, a type I

pneumocyte-specific marker (Ramirez et al., 1997). CLDN18

and OCLN tight-junction proteins MYBPH, LMO3, and ROR1

have recently been identified as targets for their roles in cancer,

as discussed above. Transcription factors that interact and

cooperate with NKX2-1/TTF-1 include FOXA2 (Minoo et al.,

2007), FOXP2 (Zhou et al., 2008), GATA6 (Liu et al., 2002),

STAT3 (Yan et al., 2002), andRAR (Yan et al., 2001). Furthermore,

Smad3 and TAZ modulate the transcriptional activity of NKX2-1/

TTF-1 via their binding in a negative and positive manner,

respectively (Li et al., 2002; Park et al., 2004). Posttranslational

modifications are also important as a regulatory mechanism

of NKX2-1/TTF-1 functions. Multiple nuclear coactivators,

including ACTR, p160 steroid receptor coactivators, and p300/

CBP, acetylate NKX2-1/TTF-1 (Yang et al., 2004), whereas

NKX2-1/TTF-1 is also regulated through its phosphorylation,

positively by PKA (Yan and Whitsett, 1997) and negatively by

ERK (Missero et al., 2000). In addition, Smad3 physically inter-

acts with NKX2-1/TTF-1 and inhibits NKX2-1/TTF-1-mediated

transcription from the SP-B promoter lacking a Smad binding

site (Li et al., 2002).
Recent ChIP-seq and ChIP-chip analyses have revealed a

large number of additional potential transcriptional targets of

NKX2-1/TTF-1 (Maeda et al., 2012; Tagne et al., 2012;Watanabe

et al., 2013), with experimental validation of the induction of

LMO3, E2F3, and cyclins B1 and B2, as well as repression of

MUC5A, FGFR1, and MET. It is notable that NKX2-1/TTF-1

appears to be associated with and affect promoters via not

only its canonical binding sites but also by the AP-1, forkhead,

and nuclear hormone receptor-binding motifs. Therefore, down-

stream targets appear to be regulated by NKX2-1/TTF-1 in a

context-dependent manner, possibly reflecting the expression

of its cofactors.

Accumulating evidence, as noted above, implicates opposing

roles of NKX2-1/TTF-1 in lung cancer development, which may

also be the case in thyroid tumors and hematopoietic malig-

nancies. NKX2-1/TTF-1 expression is absolutely required for

peripheral lung development and differentiation, whereas its

level in lung adenocarcinoma is associated with but not deter-

ministic of differentiated morphologies (Takeuchi et al., 2006;

Yatabe et al., 2002). It would be interesting to investigate

whether any similarities and/or distinctions exist in the regulation

of downstream targets by this enigmatic oncogene in cancer

cells as well as in normal development, with special attention

given to context dependence.
Conclusions and Future Perspectives
NKX2-1/TTF-1 has long been a focus of research in the field of

lung and thyroid physiology, whereas emerging evidence has

called attention to its roles in cancer. This oncogene appears

to function as a double-edged sword in the pathogenesis of

lung adenocarcinoma and possibly in other tumors as well. A

future rigorous search for additional downstream molecules is

warranted to gain a more complete picture of NKX2-1/TTF-1-

centered regulatory networks in order to take advantage of its

Jekyll-and-Hyde characteristics. It should also be kept in mind

that current understanding of the regulatory web surrounding

this enigmatic transcription factor may be oversimplified, as

the same architecture may not exist in normal and cancerous

states, or even among individual tumors. For example, a sizable

fraction of NKX2-1/TTF-1-positive human lung adenocarci-

nomas are negative for surfactant proteins, which are authentic

targets for transcriptional activation in normal lungs, and/or

positive for HMGA2, a target for transcriptional repression.

Opposing effects of Nkx2-1/Ttf-1 haploinsufficiency in trans-

genic mice carrying mutant Kras and Egfr also suggest its multi-

faceted nature. Thus, the NKX2-1/TTF-1 regulatory networks

present in cells in both normal and cancerous conditions may

well be quite complex and context dependent, and likely require

a radically different approach to elucidate. Along this line, a

cancer systems biology approach with the aid of ever-increasing

computing power may help to reveal a path to resolve this chal-

lenge, ultimately allowing an opportunity to take advantage of

the double-edged characteristics of NKX2-1/TTF-1 in patients

affected by cancer.
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SUMMARY
Molecular programs that mediate normal cell differentiation are required for oncogenesis and tumor cell sur-
vival in certain cancers. How cell-lineage-restricted genes specifically influencemetastasis is poorly defined.
In lung cancers, we uncovered a transcriptional program that is preferentially associated with distal airway
epithelial differentiation and lung adenocarcinoma (ADC) progression. This program is regulated in part by
the lineage transcription factors GATA6 and HOPX. These factors can cooperatively limit the metastatic
competence of ADC cells, by modulating overlapping alveolar differentiation and invasogenic target genes.
Thus, GATA6 and HOPX are critical nodes in a lineage-selective pathway that directly links effectors of airway
epithelial specification to the inhibition of metastasis in the lung ADC subtype.
INTRODUCTION

Aberrant activation of cell-lineage-restricted pathways is

required for oncogenic transformation in certain malignancies

(Garraway and Sellers, 2006). In contrast, the role of cell differen-

tiation programs in constraining tumor progression and metas-

tasis is poorly defined. Understanding how the molecular deter-

minants of cell fate affect metastasis is particularly relevant

in nonsmall cell lung cancers (NSCLC). NSCLC encompass

therapeutically intractable and biologically diverse subtypes of

tumors, including adenocarcinomas (ADC), squamous cell carci-

nomas (SCC), and large cell carcinomas (LCC) (Gabrielson,

2006). Each subtype harbors different genetic alterations,

exhibits unique histological features, and contains epithelial cells

of distinct lineages, portending major challenges in predicting

their clinical outcome.
Significance

Lung adenocarcinoma (ADC) is a deadly and heterogeneous su
sion, the emergence of alternate cell lineage traits in primary t
anisms and biological consequences of these phenomena ar
identified two lineage transcription factors, GATA6 and HOPX
their expression in a subset of ADCs correlates with aberrant
eratively restrict the metastatic potential of ADC cells, by modu
lial differentiation and malignant invasion. Our findings demon
determinant of metastasis in specific lung cancers.
Multipotent cells from the primary lung buds differentiate into

epithelial bronchiolar or alveolar progenitors of the proximal and

distal airway, respectively (Morrisey and Hogan, 2010). In post-

natal lungs, these cells may arise from regional stem cells in

the trachea or distal airways. Bronchiolar lineages include ciliated

and secretory cell types, whereas alveolar stem or progenitors

specify intoalveolar type I or type II pneumocytes that are required

for proper gas exchange. Lung epithelial differentiation is coordi-

nated by a complex network of transcription factors (TFs) whose

expression and activity are lineage specific (Maeda et al., 2007).

Significantly, SCC cells resemble proximal basal progenitors

of the trachea and bronchi (Eramo et al., 2010). Conversely,

ADCs form in the distal airways and can arise from alveolar

progenitors, including alveolar type II (AT2) cells (Xu et al.,

2012). The distinct pathways that maintain pulmonary epithelial

lineagesmay therefore also influence the biology of lung cancers.
btype of nonsmall cell lung cancer. During lung ADCprogres-
umors correlates with poor outcome. The underlying mech-
e poorly understood. Through an integrated approach, we
, as inhibitors of metastatic progression. Downregulation of
tumor differentiation and relapses. GATA6 and HOPX coop-
lating converging transcriptional programs of airway epithe-
strate that perturbation of intrinsic cell lineage pathways is a
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Figure 1. Expression of an Alveolar-like Gene Module Correlates with Lung ADC Patient Outcome

(A) Hierarchical clustering was performed on primary ADCs from the NCI Director’s Challenge Cohort (DCC; n = 442) based on 249 genes that mark AT2 cell

differentiation and airway homeostasis. The heatmap represents tumors clustered into ‘‘DASC-like’’ or ‘‘alveolar-like’’ subsets.

(B) Gene set enrichment analysis (GSEA) showing the similarities between activated genes in ‘‘DASC-like’’ tumors and distal airway stem cells. NES, normalized

enrichment score.

(C) Frequency of poorly, moderately, or well-differentiated stage I tumors within the ‘‘alveolar-like’’ and ‘‘DASC-like’’ groups.

(D) Normalized log2 expression values of epithelial lineagemarkers in stage I ADCs in DCC tumors. Data presented as a Box-whisker plot (5%–95%). The p values

were calculated by Student’s t test with Bonferroni correction. ns, not significant.

(E) Kaplan-Meier curves for the overall survival of DCC patients classified as in (A). The p values were calculated by log rank test.

(F) NSCLCs from the DukeMedical Center were classified as in (A), and survival is plotted for patients with ADC (green and red curves) versus SCC (black and gray

curves). The p values were calculated by log rank test.

See also Figure S1 and Table S1.
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Lineage Selective Genes in Lung Cancer Metastasis
Lung ADC is the most frequently diagnosed thoracic malig-

nancy with a high incidence of metastasis and death (Jemal

et al., 2008). To date, many somaticmutations have been discov-

ered in ADCs, with most being predicted oncogenes (Weir et al.,

2007). Several of these mutations are required for the survival of

well-differentiated cancer cells (Singh et al., 2009; Weir et al.,

2007), which can maintain features of alveolar cells (Hecht

et al., 2001). However, during its clinical course, ADC can also

adopt mixed histological and molecular features of squamous

(Wilkerson et al., 2012) and small cell lung cancers (Alam et al.,

2010), which expressmarkers of basal and neuroendocrine cells,

respectively. The appearance of these alternate lineage traits in

ADCs correlates with therapeutic resistance and poor prognosis,

but their underlying causes and influence on metastasis are

unknown.

Primary lung ADCs are biologically heterogeneous and can be

classified by gene expression profiles (Bhattacharjee et al., 2001;

Wilkerson et al., 2012). Given that ADCs arise in the peripheral

lungs, we hypothesized that a comprehensive analysis of genes

involved in airway and/or alveolar differentiation would reveal

mechanisms of ADC heterogeneity and metastasis. In the pre-

sent study, we examined the molecular relationship between
726 Cancer Cell 23, 725–738, June 10, 2013 ª2013 Elsevier Inc.
cell differentiation states, lung cancer subtypes, and clinical

outcome, to discover a role for lineage-restricted genes in the

pathogenesis of lung ADC.

RESULTS

Identification of an Alveolar-like Differentiation Gene
Module that Correlates with Lung ADC Outcome
To stratify ADCs into biologically informative subsets, we first

compiled transcriptomic alterations observed in activated

embryonic stem cells (Ben-Porath et al., 2008; Wong et al.,

2008), human AT2 cells differentiated from embryonic cells

(Ballard et al., 2010; Gonzales et al., 2002), and mouse models

of airway homeostasis (Xu et al., 2010). These gene expression

patterns were analyzed across multiple cohorts of resected

primary human ADCs (Figure S1A available online). From

this, we identified a module of 249 airway and/or alveolar-

like differentiation genes (Table S1) that stratifies two distinc-

tive molecular classes of ADCs (Figure 1A). We refer to these

groups here as the ‘‘distal airway stem cell (DASC)-like’’ subtype

and the ‘‘alveolar-like’’ subtype, based on a number of

observations.
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Lineage Selective Genes in Lung Cancer Metastasis
First, according to the recent characterization of human

airway stem or progenitor cells (Kumar et al., 2011), the molec-

ular features of ‘‘DASC-like’’ tumors are more akin to undifferen-

tiated distal airway stem cells (DASCs) as opposed to proximal

tracheal airway stem cells (TASCs) (Figures 1B and S1B). Sec-

ond, many poorly differentiated ADCs are grouped in the

DASC-like subset, while most well-differentiated tumors classify

as alveolar-like (Figure 1C). Notably, even within early-stage

tumors, the expression of prototypical AT2 lineage markers

were decreased in the DASC-like tumors, including surfactant

proteins encoded by SFTPB-D (Morrisey and Hogan, 2010)

and the protease that cleaves their immature form encoded by

PGC (Gerson et al., 2008) (Figures 1D and S1C). These tumors

also expressed lower levels of SCGB1A1 (Figure S1C), which

is expressed in cells of the proximal lung and bronchioalveolar

junctions. However, the expression of the marker of multipotent

lung progenitors ID2 (Rawlins et al., 2009) and the epithelial

marker CDH1 (E-cadherin) were unchanged (Figure 1D). As

such, the bulk of DASC-like tumors is partially dedifferentiated

relative to known airway lineages but retains features of an

epithelial cell type. In DASC-like tumors, the expression of

WNT inhibitory factor 1 (WIF1), an antagonist of the canonical

WNT pathway (Clevers, 2006), was suppressed (Figure S1C),

consistent with hyperactive WNT/TCF signaling being a medi-

ator of lung ADC progression and metastasis (Nguyen et al.,

2009; Pacheco-Pinedo et al., 2011). Patients harboring DASC-

like tumors tended to have decreased five-year survival rates

and increased incidence of metastasis or recurrence (Figures

1E and 1F; Figures S1D and S1E, red versus green subsets).

These observations were conserved across seven independent

ADC data sets (664 tumors) and are significant based on random

permutation tests (p < 0.0001). However, in two SCC cohorts,

this gene module was not linked to outcome (Figures 1F and

S1E, gray versus black subsets). The transcriptional control of

alveolar differentiation in NSCLCs is therefore preferentially

associated with ADC metastatic progression.

Expression of the Lineage Transcription Factors GATA6
and HOPX Is Linked to Metastatic Competence in Lung
ADC
The transcriptome of DASC-like ADCs may reflect the activity of

a molecular pathway linked to alveolar differentiation. Frequent

ADC mutations include the mutants EGFR, KRAS, STK11, and

TP53. However, the presence of these mutations by themselves

did not correlate with the lineage classification (Figure S2A). To

identify mediators of this putative metastasis program, we

focused on TF expression and activity, because several classes

of TFs are known to balance pluripotency and pulmonary cell

fate (Morrisey and Hogan, 2010). Global TF activity can be

inferred from the relative enrichment of known TF binding motifs

within the promoters of a given gene set. We cross-validated two

independent algorithms for TF cis motif analysis across four

major ADC cohorts. Motifs for 57 TFs were enriched in the tran-

scriptome of DASC-like ADCs (Figure 2A; Table S2). The over-

represented motifs were mainly for E2F family members and

MYC (Figure 2A; orange), consistent with previous reports

showing activation of their target genes in aggressive cancers

(Rhodes et al., 2005; Sinha et al., 2008). In contrast, the under-

represented motifs were targets for less-well-characterized
TFs that are tissue specific. This included several conserved

GATA family binding sites (Figure 2A; blue).

GATAs can either activate or repress transcription and have

redundant or specific target genes depending on the biological

context (Molkentin, 2000). Of the six known family members,

GATA6 is essential for endodermal differentiation and distal

airway homeostasis (Keijzer et al., 2001; Liu et al., 2002a; Yang

et al., 2002). It maintains proper alveolar gene expression in

cooperation with other known lineage TFs, including HOPX

(Yin et al., 2006) and NKX2-1 (Liu et al., 2002b; Zhang et al.,

2007). Interestingly, GATA6, HOPX, and NKX2-1 were part of

the lineage signature (Table S1), and their expression was gener-

ally reduced in poor prognosis tumors (Figures 2B and S2B). The

expression of otherGATAs varied less across human ADCs (Fig-

ure S2B). HOPX lacks a DNA binding domain (Chen et al., 2002;

Shin et al., 2002), explaining why it did not score in our cis motif

analysis. NKX2-1 targets annotated in this analysis were not

broadly over- or underrepresented. Based on recent ADC rese-

quencing efforts, copy number variations and somatic mutations

in GATA6 and HOPX were rare (Figure S2C), suggesting that

perturbation of these TFs occurs at the level of their expression.

To further ascertain the correlation of these lineage TFs with

metastasis, we compared their expression in several models of

ADC metastatic progression. ADC metastasis can be generated

via in vivo selection of metastatic cell subpopulations (BrM3

cells) from the human lung ADC cell lines H2030 and PC9, which

carry KRAS and EGFR mutations, respectively. Following trans-

plantation in mice, BrM3 cells have enhanced metastatic predi-

lections when compared to their parental cells (Nguyen et al.,

2009). Messenger RNA (mRNA) levels of GATA members were

generally reduced in BrM3 cells (Figure S2D). Suppression of

GATA6 and known HOPX isoforms was not entirely associated

with DNA methylation (Figures S2E and S2F). Still, GATA6

expression was notably decreased in the metastatic H2030-

BrM3 cells as compared to their indolent parental cells, whereas

HOPX was undetectable in both H2030 populations (Figures 2C

and 2D). GATA6 expression varied less in the PC9-BrM3 sub-

population, but these cells express significantly lower levels of

HOPX (Figures 2C and 2D). Although NKX2-1 is a prognostic

marker (Barletta et al., 2009), its inhibition may occur indepen-

dently because its expression was already low to undetectable

in these human cells and did not further correlate with their met-

astatic predilection (Figure S2G). Murine ADC cell lines have

been isolated from genetically engineered mice with NSCLC

initiated by Kras and p53 mutations (Winslow et al., 2011). In

this model, aggressive primary tumor cells (TMet) with low

Nkx2-1 and their clonally derived metastatic cells (Met) also

tend to express decreased levels of Gata6 and Hopx as

compared to cells fromnonmetastatic ADCs (TnonMet) (Figure 2E).

Altogether, the suppression of alveolar lineage TFs in a subset of

primary tumors is linked to the selection of metastatic ADCs. In

particular, low levels of both GATA6 and HOPX in ADCs corre-

lated with poor outcome, even when accounting for patient

smoking status, sex, and tumor stage (Figure 2F).

GATA6 and HOPX Limit Multiorgan Metastasis
To test the functions of GATA6 and HOPX in human ADC cells,

we reduced their levels via inducible small hairpin RNAs

(shRNAs) in the less aggressive H2030 and PC9 parental cells.
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Figure 2. TF Activity and Expression in DASC-like Tumors and Metastatic ADC Cells

(A) Annotated cis TF motifs from TRANSFAC database were computed for enrichment in the transcriptome of ADC subsets. The heatmap depicts motifs that are

significantly over- (orange) or underrepresented (blue) in ‘‘DASC-like’’ ADCs from four independent patient cohorts. Enrichment scores were reported based

on -log10(p value) from GSEA.

(B) Normalized log2 values for GATA6 and HOPX expression in DCC. The p values were calculated by Student’s t test with Bonferroni correction.

(C) GATA6 and HOPX were measured in the indicated cell lines via quantitative real-time PCR. U.D., undetected. Bar charts represent the mean ± SEM.

(D) Western blot of GATA6 and HOPX in the indicated cell lines.

(E) Normalized log2 values ofGata6 andHopx expression in nonmetastatic primary (TnonMet; n = 7), metastatic primary (Tmet; n = 7) andmetastases (Met; n = 9) cell

lines derived from a KrasLSL-G12D/+;p53flox/flox lung ADC mouse model. The p values were calculated by Student’s t test with Bonferroni correction.

(F) Survival of DCC patients based on the median expression ofGATA6 and HOPX in their primary tumors. The p values were calculated by log rank test. Hazard

ratio (HR) and confidence interval were calculated using patient sex, smoking status, and tumor stage as covariates.

See also Figure S2 and Table S2.
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We confirmed that doxycycline (DOX) treatment caused efficient

and sustained induction of hairpin expression in disseminated

tumor cells in an immunocompromised mouse model (Fig-

ure S3A). Our functional results were validated using indepen-

dent hairpins (shRNAs a and b) and small interfering RNA

(siRNAs) against each gene where indicated.

Based on the alveolar-like signature, H2030 cells were less

differentiated than PC9 cells (data not shown) and already

express low amounts of HOPX (see Figure 2D). Accordingly,

we reduced GATA6 in parental H2030 cells (Figure 3A) and

injected them at different dilutions into the arterial circulation of

mice that were either treated with DOX or control feed. Knock-

down of GATA6 in parental H2030 cells was sufficient to

enhance their metastatic capabilities (Figure 3B) but had only a

modest effect on subcutaneous tumorigenesis (Figure S3B).

On the other hand, overexpression of GATA6 and/or HOPX in

the highly metastatic H2030-BrM3 cells, which express low
728 Cancer Cell 23, 725–738, June 10, 2013 ª2013 Elsevier Inc.
endogenous levels of both TFs (Figure S3C), inhibited their met-

astatic potential (Figure 3C). We then decreased the expression

of GATA6 and HOPX individually or in combination in the more

differentiated PC9 cells, which express high levels of both TFs,

and achieved 71% knockdown of GATA6 and over 90% knock-

down ofHOPX (Figures 3D and S3D). Although HOPX is a down-

stream target of GATA6 in AT2 cells (Yin et al., 2006), their

expressions were not interdependent in PC9 cells (Figure 3D).

Knockdown of GATA6, together with HOPX, enhanced the pro-

portion of animals with high metastatic burden, which could be

rescued by ectopic expression of shRNA-resistant complemen-

tary DNAs (cDNAs) (Figure 3E; Figures S3E and S3F). When

injected into circulation at lower cell numbers, GATA6 and

HOPX knockdown increased the incidence of multiorgan metas-

tasis (Figure 3F). Metastases were confirmed in brain, bone, and

lungs (Figure 3G). GATA6 and HOPX did not significantly alter

the proportion of PC9 cells expressing CD133 (Figure S3G), a
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Figure 3. The Lineage TFs GATA6 and HOPX Limit Metastatic Colonization

(A) H2030 cells stably expressing two separate doxycycline (DOX)-inducible shRNAs, (a) or (b), againstGATA6were cultured in the absence or presence of DOX.

GATA6 level was measured by quantitative real-time PCR.

(B) H2030 cells from (A) were injected at indicated cell numbers into the arterial circulation of mice fed with regular (�DOX) or DOX (+DOX) diet. Metastatic burden

was measured by bioluminescent imaging. The bar chart shows the whole-body bioluminescent units (BLU) collected at day 36 [shGATA6(a)] or day 40
(legend continued on next page)
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putative tumor-initiating cell marker, and did not affect tumori-

genic potential (Figure 3H). We conclude that these TFs can

cooperatively limit themetastatic competence of ADC cells inde-

pendent of tumor growth.

GATA6 and HOPX Constrain Invasogenic Outgrowth
Given the metastasis inhibitory functions of GATA6 and HOPX

in vivo, we ascertained the cell biological mechanism of their

action. Under two-dimensional (2D) growing conditions, knock-

down of GATA6 in H2030 cells did not affect cell survival even

when deprived of growth factors, whereas KRAS knockdown

caused a significant decrease in their viability (Figures 4A and

S4A). In PC9 cells, loss of GATA6 and/or HOPX did not alter

cell growth (Figure 4B), whereas reduction of GATA2 and

EGFR inhibited cell viability as previously reported (Figure 4C;

Figures S4B and S4C) (Kumar et al., 2012; Rothenberg et al.,

2008). Thus, in these ADC cells, GATA6 and HOPX are not line-

age survival genes.

To study metastatic cellular phenotypes in the more differenti-

ated PC9 cells, we optimized a three-dimensional (3D) culture

model for tumor organoid formation in extracellular matrix.

Under these conditions, PC9 parental cells formed solid orga-

noids (Figure 5A; inset). Suppression of HOPX caused an

outgrowth of these organoids, and this effect was enhanced in

combination with GATA6 knockdown (Figures 5A and 5B; Fig-

ures S5A and S5B). GATA6 and/or HOPX knockdown did not

alter the overall number of organoids (Figure 5C, top), even

when single cells were seeded (Figure S5C), but significantly

changed the morphologies of these organoids. Extending on

prior characterization (Kenny et al., 2007), we termed these

mass, grape-like or expansive organoids. Mass organoids main-

tained spherical appearance, whereas grape-like and expansive

organoids were disorganized. The expansive organoids were the

largest multicellular structures, and they correlated with an

increase in PC9 cell outgrowth. Knockdown of GATA6 or

HOPX augmented the proportion of grape-like organoids (Fig-

ure 5C, teal). HOPX suppression also moderately increased

the amount of expansive organoids (Figure 5C, red). Double

GATA6 and HOPX knockdown greatly increased the proportion

of expansive organoids (Figure 5C), which was prevented by

rescue of GATA6 and HOPX expression (Figure S5D). Moreover,

GATA6 and HOPX reinduction in pre-established organoids by

DOX withdrawal delayed their expansion (Figure 5D).

The morphology of the grape-like and expansive organoids

suggests that they are highly invasive. To test this directly, we

dissociated cells from the organoids and compared their invasive
[shGATA6(b)] and normalized to day 0. Right: representative images of mice inject

the Mann-Whitney test.

(C) H2030-BrM3 cells overexpressingGATA6,HOPX, or both were injected (53 10

The p values were calculated using the Mann-Whitney test.

(D) GATA6 and HOPX levels in PC9 cells expressing the indicated shRNAs. shCo

(E) PC9 cells expressing the indicated shRNAs were injected intracardially into D

burden at day 48. Bottom: representative images of mice with metastases. The

(F) Kaplan-Meier curve showing the metastasis-free survival of mice inoculate

PC9-shGATA6/shHOPX(b) cells that coexpress GATA6 and HOPX cDNAs (+Res

(G) Hematoxylin and eosin staining of metastases in the (a) brain, (b) bone, and (

(H) Volumes of subcutaneous tumors formed by PC9-shGATA6/shHOPX(a) cells

significant.

Bar charts represent the mean ± SEM. See also Figure S3.
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potential through Matrigel. Cells from the grape-like and/or

expansive organoids were more invasive than those from the

masses (Figure 5E). GATA6 and HOPX also cooperatively limit

the invasion of PC9 cells cultured directly from monolayer (Fig-

ure 5F). The effect of double knockdown was consistent across

four additional ADC cell lines that express high levels of these

TFs and encompass different genetic backgrounds and tumor

stages (Figures 5G and S5E). In contrast, invasion was not

affected by knockdown in two high GATA6/HOPX expressing

non-ADC cell lines (1 SCC and 1 LCC) that we tested (Figures

S5F and S5G). GATA6 reduction was sufficient to promote inva-

sion of the parental H2030 cells (Figure 5G, yellow), consistent

with low levels of HOPX in these ADC cells. This effect was

partially rescued by re-expression of HOPX (Figures S5H and

S5I), confirming its cooperativity with GATA6. Restoration of

GATA6 and HOPX in the metastatic H2030-BrM3 ADC subpop-

ulation inhibited its invasion, whereas overexpression of these

TFs in the low GATA6/HOPX-expressing SCC cell line H520 did

not alter itsmodest baseline invasiveness (Figures S5J and S5K).

Activation of Specific Proinvasive Pathways following
GATA6 and HOPX Reduction
Having defined a cellular function for GATA6 and HOPX in lung

ADC cells, we examined if these TFs affect pathways reported

to mediate lung cancer invasion (Carretero et al., 2010; Nguyen

et al., 2009; Roman et al., 2010; Saito et al., 2009). We analyzed

PC9 cells with GATA6 and/or HOPX knockdown because the

greatest phenotypic alterations were observed in this model.

Surprisingly, the levels of epithelial-mesenchymal transition

(EMT) markers, ZEB1/2, TWIST1, E-cadherin, and vimentin,

were not affected (Figures 6A and S6A). Activation of the canon-

ical WNT pathway was only marginally regulated downstream of

these TFs (Figures 6B and S6B). On the other hand, reduction of

GATA6 andHOPX cooperatively increased Src activation but not

focal adhesion kinase (FAK) (Figure 6C). Finally, we examined the

steady-state levels of several integrin subunits and found that

GATA6 and/or HOPX knockdown led to a marked increase in

integrin a5 but did not consistently affect others (Figure 6C;

data not shown). Thus, GATA6 and HOPX can repress Src activ-

ity and integrin a5 expression in poorly metastatic cells.

GATA6 and HOPX Regulate a Set of Common Genes
Involved in Epithelial Differentiation and Metastasis
To comprehensively understand howGATA6 and HOPX link line-

age fate to metastatic competence, we identified their down-

stream target genes using genome-wide RNA sequencing.
ed with H2030-shGATA6(a) cells on day 36. The p values were calculated using

4 cells/mouse) as in (B). The scatterplot shows themetastatic burden at day 42.

n, a control shRNA.

OX-treated mice (5 3 104 cells/mouse). The scatterplot shows the metastatic

p values were calculated using the Mann-Whitney test.

d with 2.5 3 104 PC9-shGATA6/shHOPX(b) cells as in (B) or injected with

cue). The p values were calculated using the log rank test.

c) lung of mice harvested from (E). Scale bars, 100 mm.

. Mean ± SEM; the p values were calculated using the Student’s t test. ns, not
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Figure 4. GATA6 and HOPX Do Not Affect Tumor Cell Survival

(A) H2030 cells with the indicated shRNAs were cultured in media containing

0.2% fetal bovine serum (FBS). Cell viability was measured at 72 hr after DOX

treatment.

(B) The viability of PC9 cells with the indicated shRNAs wasmeasured inmedia

supplemented with 10% or 0.2% FBS as in (A).

(C) The indicated PC9 cell lines were transfected with siRNA targeting GATA2

(siGATA2). Cell viability was measured in 0.2% FBS at day 5 posttransfection.

Bar charts represent the mean ± SEM. See also Figure S4.
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Knockdown of both TFs in PC9 cells caused transcriptomic

alterations that resemble those of human DASC-like tumors (Fig-

ure 7A, orange labels). These changes also inversely correlate

with the transcriptome of AT2 cells differentiated in vitro and

broadly resemble those of DASCs, but not TASCs (Figure S7A).

To determine if the perturbation of these TFs contributes to rele-
vant molecular and histopathological classes of human ADCs,

we examined the relationship between GATA6/HOPX-regulated

genes and three major ADC subgroups, including bronchioid,

magnoid, and squamoid cancers (Wilkerson et al., 2012). The

gene expression profiles of GATA6/HOPX knockdown cells

correlated most with the squamoid subtype (Figure 7A, cyan

labels), which includes highly invasive tumors with mixed

adenosquamous features (Wilkerson et al., 2012).

By filtering the list of coding transcripts based on genes simi-

larly expressed in human tumors, we identified 426 relevant

mRNAs that were differentially regulated by GATA6/HOPX (Fig-

ure 7B; Table S3). We confirmed that many of these genes

were redundantly or cooperatively modulated by GATA6 and

HOPX (Figure 7B, gray and red rectangles), whereas an addi-

tional gene set was only altered by HOPX (Figure 7B, blue

rectangles). The alveolar markers SFTPD and PGC were down-

regulated after reduction of these TFs (Figures 7C and S7B).

Surprisingly, the loss of AT2 identity in tumor cells was accompa-

nied by an increase in the expression of cytokeratins 6A (KRT6A)

and 6B (KRT6B) (Figures 7C and S7B), which are normally

expressed in basal cells and putative DASCs (Kumar et al.,

2011). The expression of secretogranin II (SCG2), a marker of

neuroendocrine cells (Feldman and Eiden, 2003), was also acti-

vated. Consistent with an epithelial lineage switch controlled by

these TFs, GATA6/HOPX expression significantly correlated

with AT2 markers and inversely correlated with KRT6A/B levels

in a proportion of resected human ADCs (Figure S7C).

We also identified a number of target genes that are known

mediators of metastatic colonization (Figures 7D and S7B). For

instance, reduction of GATA6 and/or HOPX led to increased

expression of IL1B, IL11, and EREG, which encode for

secreted factors associated with organotropic metastasis (Bos

et al., 2009; Gupta et al., 2007; Kang et al., 2003). Vascular

and ECM remodeling genes (VEGFA and PLAU) that promote

metastatic progression (Blanco et al., 2012; Weis et al., 2004)

were also activated. Some of the described transcriptional

changes were observed in other ADC cell lines, with KRT6A/B

induction being the most consistent response (Figures S7D

and S7E). Consequently, inhibition of GATA6 and HOPX may

activate a multigenic program that enhances dissemination as

well as distant organ colonization.

GATA6 and HOPX Lineage Target Genes Control
Malignant Cell Invasion
Given that GATA6/HOPX-regulated genes include markers of

lung differentiation and metastasis, the repression of certain

metastatic functions may be intrinsic to the lineage-specifying

activity of these TFs. Moreover, we found that the formation of

tumor organoids from 2D culture upregulates the expression of

the alveolar-like genes HOPX and PGC but represses KRT6A

expression (Figure 8A). Hence, this organoid system recapitu-

lates extracellular conditions that enforce alveolar fate at the

expense of other lineages. The expression pattern of these

markers was reversed in the invasive organoids after GATA6/

HOPX knockdown (Figure 8A), suggesting that this particular dif-

ferentiation program may directly constrain tumor cell invasion.

To test this possibility, we focused on the function of putative

epithelial lineage markers that were aberrantly activated upon

GATA6 and HOPX repression, including KRT6A, KRT6B (Moll
Cancer Cell 23, 725–738, June 10, 2013 ª2013 Elsevier Inc. 731
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Figure 5. GATA6 and HOPX Constrain Cell Invasion

(A) PC9 cells expressing the indicated shRNAs were cultured in low attachment plates with media containing Matrigel and DOX. Phase contrast images were

captured after 14 days of culture. The inset shows a cross-section of a DAPI-stained organoid. Scale bars, 200 mm (25 mm in insert).

(B) Organoids from (A) were harvested, and cell outgrowth was measured as a function of luciferase activity.

(C) The bar chart shows the percentage of mass (black), grape-like (teal), and expansive (red) organoids. The numbers at the top of graph show the overall

numbers (± SEM) of tumor organoids formed at day 8. Representative images of indicated organoids are shown at right. Scale bars, 100 mm.

(D) After 14 days of 3D culture in the presence of DOX, PC9-shGATA6/shHOPX(b) organoids were replated inMatrigel with (+DOX) or without DOX (off-Dox) for an

additional 18–24 days. Tumor cell growth wasmeasured at days 32 and 38 as in (B). Representative images at day 32 are shown. The red fluorescent protein (RFP)

signal indicates shRNA expression. Scale bars, 200 mm.

(E) At day 14, PC9-shGATA6/shHOPX(b) organoids formed in Matrigel in the presence or absence of DOXwere disaggregated and subjected to invasion assay in

Boyden chambers.

(F) PC9 cells expressing the indicated shRNAs were grown in monolayer with DOX for 5 days and then directly subjected to an invasion assay as in (E).

Quantification was normalized to the invasion of cells expressing shCon.

(G) Invasion of additional ADC lines was determined as in (F).

Bar charts represent the mean ± SEM; the p values were calculated using Student’s t test. See also Figure S5.
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et al., 1982), STEAP1 (Gomes et al., 2012), and GPR87 (Glatt

et al., 2008) (Figure 8A). We successfully inhibited their activation

by shRNA or siRNAs in double GATA6/HOPX knockdown cells

(Figures 8B and S8A; data not shown). Surprisingly, reduction
732 Cancer Cell 23, 725–738, June 10, 2013 ª2013 Elsevier Inc.
of both KRT6A and KRT6B partially restored the expression of

the alveolar marker PGC (Figure 8B). This partial alveologenic

rescue diminished the induction of several prometastatic genes

(Figure 8B) and integrin a5 expression (Figure 8C). Functionally,
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Figure 6. Src and Integrin a5 Are Sup-

pressed by GATA6 and HOPX

(A–C) PC9 cells with the indicated shRNAs tar-

geting GATA6 and/or HOPX were cultured in

monolayer. After 5 days of DOX treatment, cells

were harvested for western blot analysis for (A)

epithelial (E-cadherin) andmesenchymal (vimentin

and N-cadherin) markers, (B) canonical WNT

signaling pathway components, b-catenin and

LEF1, and (C) Src, FAK, and integrin a5. Lysate

from MDA-MB-231 cells serves as a control for

vimentin.

See also Figure S6.
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reduction of both KRT6A and KRT6B, but not STEAP1 and

GPR87, attenuated the organoid outgrowth initiated by GATA6/

HOPX knockdown (Figures 8D and S8B; data not shown).

KRT6A/B knockdown also diminished the invasion of most of

the ADC lines tested (Figures 8E and 8F), suggesting that airway

lineage markers can directly control pathways of lung cancer

cell invasion. Collectively, our data identify GATA6 and HOPX

as context and lineage-selective inhibitors of metastatic

competence.

DISCUSSION

Lineage Markers and ADC Progression
Although several genomic aberrations are associated with lung

cancer progression, our understanding of the metastatic pro-

cess remains incomplete. Emerging evidence indicates that

the transcriptional pathways that are critical for lungmorphogen-

esis can be disrupted or reused during chronic diseases of the

airways (Whitsett et al., 2011). Differentiation and regeneration

of the lung epithelium is dictated by many cooperating transcrip-

tional effectors. Our integrated approach uncovered a transcrip-

tional network that is preferentially active in committed airway

epithelial cells and is inhibited in a subset of metastatic cancers

arising from the distal lungs. Within this network, we found that

the cooperative action of at least two TFs, GATA6 and HOPX,

links the molecular determinants of alveologenesis to metastatic

competence in the lung ADC subtype.

Lung ADCs can arise from AT2 cells, and expression of alve-

olar markers is employed to discriminate lung ADCs from other

thoracic malignancies. However, epithelial transdifferentiation

may occur in ADCs. Notably, some ADCs express markers of

squamous (Wilkerson et al., 2012) or small cell lung cancers

(Alam et al., 2010), and distinct histological subgroups correlate

with relapse (Travis et al., 2011). These observations imply that

the cellular composition and/ormolecular determinants of airway

specification vary during ADC progression and can influence

clinical outcome. We found that a gene signature modulated in

part by GATA6 and HOPX repression correlates with classifiers

of poor prognosis. Importantly, this lineage classification is asso-

ciated with metastasis in patients with ADC, but not SCC.
Cancer Cell 23, 725–7
GATA6 and HOPX as Inhibitors
of Metastasis
We discovered that GATA6 and HOPX

expression and activity are reduced in a
subset of high-grade ADCs and metastatic cells. Suppression

of both TFs can enhance the invasion of lung ADC cell lines

with different mutations, but this did not have the same effect

in SCC cell lines tested here. Although GATA6with HOPX prefer-

entially limits ADC metastatic competence, it remains to be

determined under which genetic/epigenetic context(s) this activ-

ity is enforced and whether these TFs have alternate roles in

other NSCLCs with particular molecular aberrations or tumor

stages. In various cancers, GATA members may promote (Bela-

guli et al., 2010; Collisson et al., 2011; Lin et al., 2012; Yang et al.,

2011) or inhibit (Cai et al., 2009; Kouros-Mehr et al., 2008; Lind-

holm et al., 2009) cancer. This is analogous to another important

TF in NSCLC, NKX2-1, which can function as an oncogene (Weir

et al., 2007) or tumor suppressor (Maeda et al., 2012; Snyder

et al., 2013; Winslow et al., 2011). HOPX levels inversely corre-

late with tumorigenesis (Chen et al., 2007; Ooki et al., 2010),

but its mechanism of action has been unknown. The biological

activity of such lineage factors likely depends on their integration

within a TF network that is unique to particular cellular contexts.

The lung buds are derived from the endoderm, which is spec-

ified byGATA6 (Morrisey andHogan, 2010). GATA6 also restricts

the expansion of progenitor cells in the adult airways, where it is

abundantly expressed (Morrisey et al., 1996; Zhang et al., 2008).

To maintain AT2 homeostasis, at least two other TFs, NKX2-1

and HOPX, can synergize with or are regulated by GATA6 (Liu

et al., 2002b; Yin et al., 2006; Zhang et al., 2007). Our data, along

with the aforementioned studies, support a model in which sup-

pression of this TF node and divergent alveologenesis directly

influence ADC progression. These findings further suggest that

inhibition of HOPX together with GATA6 in transformed ADC

cells is an important determinant of invasion andmetastasis initi-

ation. This does not inherently exclude the possibility that metas-

tasis could also originate from progenitors with low GATA6 and

HOPX activity. Although we found that GATA6 and HOPX could

further limit ADC metastatic colonization, overt metastasis likely

requires multiple physiological or molecular perturbations and

other lineage genes may be involved. Additional insight into the

diverse pathogenesis of NSCLCs will be uncovered by studying

the timing, cellular context, and mechanisms by which combina-

tions of lineage TFs are deregulated.
38, June 10, 2013 ª2013 Elsevier Inc. 733



* 

C 

R
el

at
iv

e 
m

R
N

A 

KRT6A KRT6B SFTPD PGC 
0 

1 

2 

3 

4 

5 

6 

0 

0.2 

0.4 

0.6 

0.8 

1 

1.2 

1.4 

B 
shCon 

shGATA6/
shHOPX 

-2 2 
Z-score 

IL1B 
EREG 
KRT6B 
KRT6A 
IL1R2 
INHBE 
SCG2 
IL11 
TNFRSF9 
DDIT3 
STEAP1 
ASNS 
FOSL1 
TNFSF4 
MARK1 
B4GALT6 
TRPC1 
FOXD1 
LIF 
CRISPLD2 
GADD45A 
HMGA2 
CHGB 
IL2RB 
PHLDA1 
DYSF 
TMEM22 
ENOX1 
GARS 
SERPINB8 
PSAT1 
LAMC2 
YARS 
UPP1 
STC2 
ZBED2 
IER3 
ABCA12 
SERPINE2 
VEGFA 
EIF4EBP1 
PLAU 
GRB10 
GPR87 
SNAI2 
RAB3B 
RRM2 
DDIT4 
SLC7A1  
SLC4A7 

HLA-DMB 
TPPP3 
BTG2 
PALM 
SPDEF 
WISP2 
FLT3 
VWA5A 
SLURP1 
CCDC46 
ALDH1A2 
SH2D3C 
STEAP4 
PGC 
C10orf10 
OPN1SW 
LBH 
SELPLG 
EMID1 
C4orf34 
SPEF1 
ZMYND10 
GGTLC1 
GPM6A 
SFTPD 
KCNJ13 
CCDC33 
FOXJ1 
PROS1 
SLCO2B1 
HPN 
AATK 
PLEKHA4 
WNT6 
LZTFL1 
GATA6 
ALPPL2 
LTB 
MMP7 
CIITA 
NRG2 
HLA-DPA1 
ALDH1A1 
AICDA 
CD4 
AR 
GRRP1 
CES1 
FLG 
HOPX 

HOPX regulated 
Redundantly regulated  
Cooperatively regulated 

A 

GATA6/HOPX signature vs. DCC (n=442) 0.2 

0.1 

0 

-0.1 

-0.2 

(p<2-16)
(p=1.6-28) Alveolar-like  DASC-like 

Squamoid Magnoid Bronchoid 

G
en

e 
se

t 
 c

or
re

la
tio

n 
sc

or
e 

0 

1 

2 

3 

4 

5 

6 

7 

D 

PLAU IL1B IL11 VEGFA EREG 
0 

0.5 

1 

1.5 

2 

2.5 

3 

3.5 

shHOPX(b) shGATA6(b) shGATA6/shHOPX(b) shCon 

0 

0.5 

1 

1.5 

2 

2.5 

3 

SCG2 

shHOPX(b) shGATA6(b) shGATA6/shHOPX(b) shCon 

Alveolar Basal Neuroendocrine 

* 

R
el

at
iv

e 
m

R
N

A 

Figure 7. Common Regulation of Airway Differentiation and Metastasis Gene Sets

(A) Pearson correlation coefficients were calculated for each DCC tumor by comparing its mRNA transcriptome to the shGATA6/shHOPX knockdown signature

generated by RNA sequencing of PC9 cells. DCC tumors were ordered from lowest to highest correlation with shGATA6/shHOPX knockdown cells (top). His-

tological andmolecular subtypes are annotated in the middle and bottom rows for comparisons. DASC-like samples have a higher correlation withGATA6/HOPX

knockdown cells than with alveolar-like tumors (middle row; p value by Student’s t test). Squamoid andmagnoid tumors have a higher correlation than bronchioid

tumors (bottom row; p value by ANOVA).

(B) Left: the heatmap depicts 426 genes that are commonly upregulated (red) or downregulated (green) in shGATA6/shHOPX knockdown cells and DCC tumors.

Right: top 50 up- and downregulated genes. Genes that were validated by quantitative real-time PCR are denoted with rectangles. Blue, controlled by HOPX;

gray, redundantly controlled by GATA6 and HOPX; red, cooperatively controlled by GATA6 and HOPX; *, confirmation of HOPX and GATA6 knockdown.

(C) Quantitative real-time PCR measurement of alveolar (SFTPD and PGC), basal (KRT6A and KRT6B), and neuroendocrine (SCG2) marker expression in DOX-

treated PC9 cells with the indicated shRNAs.

(D) Expression of known metastasis genes as in (C).

For quantitative real-time PCR data, expression was normalized to PC9-shCon cells and presented as the mean ± SEM. See also Figure S7 and Table S3.
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GATA6 and HOPX Directly Link Metastatic Invasion
to Airway Cell Fate
GATA6 and HOPX modulated the transcription of overlap-

ping genes, some of which were cooperatively activated or
734 Cancer Cell 23, 725–738, June 10, 2013 ª2013 Elsevier Inc.
repressed. Because HOPX lacks a DNA binding domain, it

must interact with other sequence-specific TFs to account

for its effects. Certain GATA6/HOPX-regulated genes encode

for cellular functions that link airway epithelial differentiation
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Figure 8. GATA6 and HOPX Link Epithelial Identity with Invasion through KRT6A and KRT6B

(A) PC9 cells with the indicated shRNAswere cultured inmonolayer (2D) orMatrigel suspension (3D) for 5 days as in Figure 5. Expression of the indicated epithelial

markers was detected by quantitative real-time PCR.

(B) PC9-shGATA6/shHOPX(b) knockdown cells were super-infected with lentiviruses encoding shCon or shRNAs against KRT6A and KRT6B. Expression of the

indicated GATA6/HOPX target genes upon KRT6A/B suppression was detected as in (A).

(C) Western blot showing integrin a5 protein levels in the indicated cell lines.

(D) PC9-shGATA6/shHOPX(b) cells were transfected with the indicated siRNAs and cultured in 3D. Tumor cell outgrowth was quantified and representative

images captured at day 10. Scale bar, 200 mm.

(E) PC9-shGATA6/shHOPX(b) cells were transfected with a control siRNA (siCon) or siRNAs against KRT6A and KRT6B. At 48 hr posttransfection, cells were

subjected to an invasion assay.

(F) Invasion assay was performed using indicated ADC lines with the indicated shRNAs/siRNAs.

Bar charts represent the mean ± SEM; p values were calculated using Student’s t test. See also Figure S8.
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to metastasis. Indeed, suppression of these TFs in ADC

cells decreased AT2 differentiation. This was not sufficient

to induce EMT but caused transformed cells to display charac-

teristics of basal epithelial cells, including KRT6A/B expres-

sion. Concomitantly, these TFs inhibited proinvasive pathways,

such as Src activity and integrin a5 induction, while also
controlling known metastasis genes. Surprisingly, KRT6A/B

themselves partially mediated alveolar gene expression and

ADC cell invasion. KRT6A/B are activated in epithelial tissue

during wound healing (Wojcik et al., 2000) and in putative stem

cells of the distal lung following infections (Kumar et al.,

2011). Hence, this switch in lineage markers may represent a
Cancer Cell 23, 725–738, June 10, 2013 ª2013 Elsevier Inc. 735
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transdifferentiating or dedifferentiating event, enabling aggres-

sive ADC cells to adopt traits normally required for airway

regeneration.

Our study highlights the distinct mechanisms of metastatic

competence in different types of lung cancers. In particular, we

have demonstrated that the TFs, GATA6 and HOPX, can inhibit

metastasis in the lung ADC subtype. These factors and their

target genes directly link programs of airway specification to

the pathogenesis of NSCLC. Consequently, certain facets of

this lineage pathway may be explored to more effectively treat

patients with metastatic lung cancers.

EXPERIMENTAL PROCEDURES

Additional details about the experimental procedures are provided in the

Supplemental Experimental Procedures.

Cell Culture, Viability, and Invasion Assays

Cell lines were cultured as recommended by the American Type Culture

Collection (ATCC). Cell viability and invasion were assayed as previously

mentioned (Nguyen et al., 2009). For 3D outgrowth, cells were grown in media

with 5% Matrigel in ultra-low attachment plates (Corning, Tewksbury, MA,

USA) at 37�C for 8–14 days. Organoids were categorized as previously

described (Kenny et al., 2007). Expansive organoids are a subset of

grape-like organoids with diameter >200 mm. To quantify outgrowth,

cells stably expressing firefly luciferase were harvested, and luciferase

activity was measured by Dual-Luciferase Reporter Assay (Promega,

Madison, WI).

Gene Knockdown, Quantitative Real-Time PCR, and Western Blot

shRNA sequences, inducible lentiviral vectors, primers, and antibodies are

listed in the Supplemental Experimental Procedures.

Animal Studies

Studies using athymic nu/nu male mice (NCI) aged between 5–7 weeks were

conducted in compliance with U.S. guidelines for the care and use of labora-

tory animals andwere approved by the Institutional Animal Care andUseCom-

mittee of Yale University. DOX was administered in chow (625 mg/kg). An IVIS

Spectrum was used for bioluminescence imaging.

Microarray Data Analysis

Data sets for primary lung cancers, AT2/airway genes, and airway stem cells,

as well as derivation of an ‘‘alveolar-like’’ signature, are listed in the Supple-

mental Experimental Procedures and Table S1. Differential gene expression

and hierarchical clustering were performed in Partek and R.

RNA Sequencing

RNA sampleswere sequenced on a HiSeq 2000 (Illumina, San Diego, CA, USA)

and analyzed using Tophat and EdgeR.

Statistical Analysis

Experimental data are presented as mean ± SEM. The p values for in vitro data

and tumor volume are calculated by two-tailed Student’s t test. Survival curves

and metastatic burden were analyzed by log rank test and Mann-Whitney test,

respectively.

ACCESSION NUMBERS

The GEO accession number for the RNA sequencing reported in this paper is

GSE39121.

SUPPLEMENTAL INFORMATION

Supplemental Information includes eight figures, three tables, and Supple-

mental Experimental Procedures and can be found with this article online at

http://dx.doi.org/10.1016/j.ccr.2013.04.009.
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Genes that mediate breast cancer metastasis to the brain. Nature 459, 1005–

1009.

Cai, K.Q., Caslini, C., Capo-chichi, C.D., Slater, C., Smith, E.R., Wu, H., Klein-

Szanto, A.J., Godwin, A.K., and Xu, X.X. (2009). Loss of GATA4 and GATA6

expression specifies ovarian cancer histological subtypes and precedes

neoplastic transformation of ovarian surface epithelia. PLoS ONE 4, e6454.

Carretero, J., Shimamura, T., Rikova, K., Jackson, A.L., Wilkerson, M.D.,

Borgman, C.L., Buttarazzi, M.S., Sanofsky, B.A., McNamara, K.L.,

Brandstetter, K.A., et al. (2010). Integrative genomic and proteomic analyses

identify targets for Lkb1-deficient metastatic lung tumors. Cancer Cell 17,

547–559.

Chen, F., Kook, H., Milewski, R., Gitler, A.D., Lu, M.M., Li, J., Nazarian, R.,

Schnepp, R., Jen, K., Biben, C., et al. (2002). Hop is an unusual homeobox

gene that modulates cardiac development. Cell 110, 713–723.

Chen, Y., Pacyna-Gengelbach, M., Deutschmann, N., Niesporek, S., and

Petersen, I. (2007). Homeobox gene HOP has a potential tumor suppressive

activity in human lung cancer. Int. J. Cancer 121, 1021–1027.

Clevers, H. (2006). Wnt/beta-catenin signaling in development and disease.

Cell 127, 469–480.

http://dx.doi.org/10.1016/j.ccr.2013.04.009


Cancer Cell

Lineage Selective Genes in Lung Cancer Metastasis
Collisson, E.A., Sadanandam, A., Olson, P., Gibb, W.J., Truitt, M., Gu, S.,

Cooc, J., Weinkle, J., Kim, G.E., Jakkula, L., et al. (2011). Subtypes of pancre-

atic ductal adenocarcinoma and their differing responses to therapy. Nat.

Med. 17, 500–503.

Eramo, A., Haas, T.L., and De Maria, R. (2010). Lung cancer stem cells: tools

and targets to fight lung cancer. Oncogene 29, 4625–4635.

Feldman, S.A., and Eiden, L.E. (2003). The chromogranins: their roles in secre-

tion from neuroendocrine cells and as markers for neuroendocrine neoplasia.

Endocr. Pathol. 14, 3–23.

Gabrielson, E. (2006). Worldwide trends in lung cancer pathology. Respirology

11, 533–538.

Garraway, L.A., and Sellers, W.R. (2006). Lineage dependency and lineage-

survival oncogenes in human cancer. Nat. Rev. Cancer 6, 593–602.

Gerson, K.D., Foster, C.D., Zhang, P., Zhang, Z., Rosenblatt, M.M., and

Guttentag, S.H. (2008). PepsinogenC proteolytic processing of surfactant pro-

tein B. J. Biol. Chem. 283, 10330–10338.

Glatt, S., Halbauer, D., Heindl, S., Wernitznig, A., Kozina, D., Su, K.C., Puri, C.,

Garin-Chesa, P., and Sommergruber, W. (2008). hGPR87 contributes to

viability of human tumor cells. Int. J. Cancer 122, 2008–2016.

Gomes, I.M., Maia, C.J., and Santos, C.R. (2012). STEAP proteins: from struc-

ture to applications in cancer therapy. Mol. Cancer Res. 10, 573–587.

Gonzales, L.W., Guttentag, S.H., Wade, K.C., Postle, A.D., and Ballard, P.L.

(2002). Differentiation of human pulmonary type II cells in vitro by glucocorti-

coid plus cAMP. Am. J. Physiol. Lung Cell. Mol. Physiol. 283, L940–L951.

Gupta, G.P., Nguyen, D.X., Chiang, A.C., Bos, P.D., Kim, J.Y., Nadal, C.,

Gomis, R.R., Manova-Todorova, K., and Massagué, J. (2007). Mediators of
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C., Guise, T.A., and Massagué, J. (2003). A multigenic program mediating

breast cancer metastasis to bone. Cancer Cell 3, 537–549.

Keijzer, R., van Tuyl, M., Meijers, C., Post, M., Tibboel, D., Grosveld, F., and

Koutsourakis, M. (2001). The transcription factor GATA6 is essential for

branching morphogenesis and epithelial cell differentiation during fetal pulmo-

nary development. Development 128, 503–511.

Kenny, P.A., Lee, G.Y., Myers, C.A., Neve, R.M., Semeiks, J.R., Spellman,

P.T., Lorenz, K., Lee, E.H., Barcellos-Hoff, M.H., Petersen, O.W., et al.

(2007). The morphologies of breast cancer cell lines in three-dimensional

assays correlate with their profiles of gene expression. Mol. Oncol. 1, 84–96.

Kouros-Mehr, H., Bechis, S.K., Slorach, E.M., Littlepage, L.E., Egeblad, M.,

Ewald, A.J., Pai, S.Y., Ho, I.C., and Werb, Z. (2008). GATA-3 links tumor differ-

entiation and dissemination in a luminal breast cancer model. Cancer Cell 13,

141–152.

Kumar, P.A., Hu, Y., Yamamoto, Y., Hoe, N.B., Wei, T.S., Mu, D., Sun, Y., Joo,

L.S., Dagher, R., Zielonka, E.M., et al. (2011). Distal airway stem cells yield

alveoli in vitro and during lung regeneration following H1N1 influenza infection.

Cell 147, 525–538.

Kumar, M.S., Hancock, D.C., Molina-Arcas, M., Steckel, M., East, P.,

Diefenbacher, M., Armenteros-Monterroso, E., Lassailly, F., Matthews, N.,

Nye, E., et al. (2012). The GATA2 transcriptional network is requisite for RAS

oncogene-driven non-small cell lung cancer. Cell 149, 642–655.

Lin, L., Bass, A.J., Lockwood, W.W., Wang, Z., Silvers, A.L., Thomas, D.G.,

Chang, A.C., Lin, J., Orringer, M.B., Li, W., et al. (2012). Activation of GATA

binding protein 6 (GATA6) sustains oncogenic lineage-survival in esophageal

adenocarcinoma. Proc. Natl. Acad. Sci. USA 109, 4251–4256.

Lindholm, P.M., Soini, Y., Myllärniemi, M., Knuutila, S., Heikinheimo, M.,

Kinnula, V.L., and Salmenkivi, K. (2009). Expression of GATA-6 transcription
factor in pleural malignantmesothelioma andmetastatic pulmonary adenocar-

cinoma. J. Clin. Pathol. 62, 339–344.

Liu, C., Morrisey, E.E., andWhitsett, J.A. (2002a). GATA-6 is required for matu-

ration of the lung in late gestation. Am. J. Physiol. Lung Cell. Mol. Physiol. 283,

L468–L475.

Liu, C., Glasser, S.W., Wan, H., andWhitsett, J.A. (2002b). GATA-6 and thyroid

transcription factor-1 directly interact and regulate surfactant protein-C gene

expression. J. Biol. Chem. 277, 4519–4525.
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3Faculté de Médecine, Université Paris Descartes, 75006 Paris, France
4Service de Génétique
5Service d’Hypertension Artérielle
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SUMMARY
Paragangliomas are neuroendocrine tumors frequently associatedwithmutations inRET,NF1, VHL, and suc-
cinate dehydrogenase (SDHx) genes. Methylome analysis of a large paraganglioma cohort identified three
stable clusters, associated with distinct clinical features and mutational status. SDHx-related tumors
displayed a hypermethylator phenotype, associated with downregulation of key genes involved in neuroen-
docrine differentiation. Succinate accumulation in SDH-deficient mouse chromaffin cells led to DNA hyper-
methylation by inhibition of 2-OG-dependent histone and DNA demethylases and established a migratory
phenotype reversed by decitabine treatment. Epigenetic silencing was particularly severe in SDHB-mutated
tumors, potentially explaining their malignancy. Finally, inactivating FH mutations were identified in the only
hypermethylated tumor without SDHxmutations. These findings emphasize the interplay between the Krebs
cycle, epigenomic changes, and cancer.
INTRODUCTION

Paragangliomas (PGL) are neural crest-derived tumors that arise

from parasympathetic ganglia of the head and neck region or
Significance

Unexpected links between epigenetic and genetic alteration
mutations impair DNA demethylation in gliomas. Mutations affe
acid cycle enzyme, have been identified in several cancers
genome-wide analysis of DNAmethylation changes in a large p
ularly SDHB-relatedmetastatic tumors, display a hypermethyla
implicated in chromaffin cell differentiation. These findings ex
siveness of SDHB-mutated tumors and raise the possibility of i
agents for these cancers.
from sympathetic ganglia located in the thorax, abdomen, or

pelvis. These tumors may develop in the adrenal medulla, in

which case they are called pheochromocytomas (PCC) (Lenders

et al., 2005). There has been extensive genetic characterization
s were recently identified with the demonstration that IDH
cting succinate dehydrogenase (SDH), another tricarboxylic
and are particularly frequent in paragangliomas. With this
araganglioma cohort, we demonstrate thatSDHx, and partic-
tor phenotype, associatedwith downregulation of key genes
plain the oncogenic effect of SDH inactivation and the inva-
nnovative epigenetic therapies involving DNA demethylating
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of PGL/PCC. At least 30%of patients harbor a germlinemutation

in one of the ten identified susceptibility genes (Gimenez-Roque-

plo et al., 2012): RET, NF1, VHL, SDHAF2, TMEM127, or MAX,

and in genes encoding the four subunits of succinate dehydroge-

nase (SDHA, SDHB, SDHC, or SDHD, referred to as SDHx

genes). Integrated genomic analysis of the largest available

cohort of PGL/PCC, recruited by the French COMETE network,

identified homogeneous molecular subgroups associated with

susceptibility genes (Burnichon et al., 2011) and showed that a

large proportion of sporadic PGL/PCC carry a somatic mutation

in VHL, RET, NF1,MAX, or HIF2A genes (Burnichon et al., 2011,

2012a, 2012b; Favier et al., 2012). Overall, 60%of cases harbor a

somatic or germline mutation in a known predisposing gene.

Various important issues remain to be unraveled, including the

oncogenic role of SDHx mutations. Succinate dehydrogenase

was the first mitochondrial enzyme to be identified as a tumor

suppressor in familial PGL (Baysal et al., 2000). Its inactivation

also predisposes to renal cell carcinoma (Ricketts et al., 2008)

and gastrointestinal stromal tumors (Janeway et al., 2011). To

date, the only mechanism linking SDH to cancer involves

hypoxia-inducible factors (HIFs) (Dahia et al., 2005; Gimenez-

Roqueplo et al., 2001). SDH dysfunction results in the accumula-

tion of succinate (Pollard et al., 2005), its tricarboxylic acid cycle

(TCA) substrate, which acts as a competitive inhibitor of the

2-oxoglutarate (2-OG)-dependent HIF prolyl-hydroxylases (Bri-

ère et al., 2005; Selak et al., 2005). This stabilizes HIF-alpha

and activates genes that facilitate angiogenesis and anaerobic

metabolism. However, the exact role of HIFs in oncogenesis

remains unclear (Young and Simon, 2012). Understanding

SDH-related tumorigenesis is crucial, because the presence of

a germline mutation in the SDHB gene is a major risk factor of

malignancy and of poor prognosis. Around 40% of all patients

with a metastatic form of the disease harbor an SDHB mutation

(Pasini and Stratakis, 2009). SDHB-mutation carriers have a

19-fold higher risk of developing a metastatic disease (Gime-

nez-Roqueplo et al., 2003) and shorter survival than patients

with a malignant PGL/PCC but without SDHB mutations (Amar

et al., 2007).

DNA methylation changes are hallmarks of human cancers

(Hanahan and Weinberg, 2011). Cancer cells often display over-

all DNA hypomethylation and hypermethylation of promoter CpG

islands, resulting in the transcriptional silencing of tumor sup-

pressor genes (Jones and Baylin, 2007). Unlike genetic muta-

tions, DNA methylation is a reversible process and is thus a

promising target for drug development (Rodrı́guez-Paredes

and Esteller, 2011). These epigenetic features are also useful

as biomarkers for early detection of cancer in blood samples,

for prognosis, or for prediction of response to treatment (Laird,

2003). Genome-scale DNA methylation profiling has allowed

the identification of epigenetic subtypes in several cancers

(Hinoue et al., 2012; Noushmehr et al., 2010). A CpG islandmeth-

ylator phenotype (CIMP), characterized by the concerted hyper-

methylation of a large number of genes, was initially described in

colorectal cancer (Toyota et al., 1999) andwas recently identified

in glioma (G-CIMP; Noushmehr et al., 2010). In glioma, the

G-CIMP phenotype is associated with gain-of-function muta-

tions in IDH1 and IDH2 that confer to these enzymes a neomor-

phic capacity to convert a-ketoglutarate (a-KG, or 2-OG) into

the oncometabolite 2-hydroxyglutarate (2-HG). 2-HG acts as a
740 Cancer Cell 23, 739–752, June 10, 2013 ª2013 Elsevier Inc.
competitive inhibitor of 2-OG-dependent dioxygenases, includ-

ing histone demethylases and the TET family of 5-methyl-

cytosine (5-mC) hydroxylases, leading to genome-wide DNA

methylation alterations (Xu et al., 2011). Succinate also can

inhibit these enzymes in vitro, suggesting that SDH-related

tumorigenesis may involve epigenetic alterations (Xiao et al.,

2012). However, DNAmethylation changes of only a limited num-

ber of genes have been investigated so far in PGL/PCC (Geli

et al., 2008) and have not been compared with expression data

or mutational status.

Here, we report the genome-scale methylome and transcrip-

tome profiling of the well-annotated COMETE cohort and inves-

tigate the relationship betweenSDHxmutations andDNAmethyl-

ation changes in a mouse model of SDH-related paraganglioma.

RESULTS

DNA Methylation-Based Classification of
Pheochromocytomas and Paragangliomas
We determined DNAmethylation profiles of 145 pheochromocy-

tomas and paragangliomas using the Illumina Infinium HM27

DNA methylation assay, which assesses the degree of methyl-

ation of 27,578 CpG sites in promoter regions of 14,495 pro-

tein-coding genes (Bibikova et al., 2009). Gene expression was

previously characterized in most of these samples (Burnichon

et al., 2011), and the mutation status of the main genes predis-

posing to PGL/PCC (SDHx, VHL, NF1, RET, TMEM127, and

MAX) was analyzed (Table S1 available online). As previously

described (Hinoue et al., 2012), we excluded probes that might

be unreliable and probes designed for sequences on sex chro-

mosomes. We selected the 10%most variant probes, according

to the standard deviation of the beta values, and performed

consensus clustering (Monti et al., 2003) to identify DNA methyl-

ation clusters. The optimal classification defined three tumor

subgroups (Figure 1A; Figure S1). Tumors of the M1 cluster dis-

played concerted hypermethylation at a large number of loci

(Figure 1B), reminiscent of the CpG island methylator pheno-

types described in colorectal cancer and glioblastoma.

For comparison, we applied a second clustering approach,

the recursively partitioned mixture model (RPMM; Houseman

et al., 2008), to our data set. Cluster assignments using

consensus clustering and RPMM were strongly correlated (p =

9.73 10�39), with the twomethods agreeing on cluster member-

ship for 90% (130/145) of the tumors (Figure S1F). In particular,

the M1 cluster was similarly identified by the RPMM approach,

with only 1/17 samples misclassified. We based our subsequent

analyses on the consensus clusters, which showed better asso-

ciation with clinical criteria.

We next sought to characterize DNA methylation changes in

each cluster. We analyzed probes located within and outside

CpG islands separately (Takai and Jones, 2002). Most CpGs

within CpG islands are demethylated in normal tissues and

undergo hypermethylation in tumors (Jones and Baylin, 2007),

whereas CpGs outside CpG islands are mostly highly methyl-

ated in normal tissues and undergo loss of DNA methylation in

cancers (Feinberg and Vogelstein, 1983). Because of the diffi-

culty in obtaining samples of normal adrenal medulla, only three

normal controls were available, hence the comparison with

tumor clusters had limited power. After FDR adjustment,
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Figure 1. Genome-wide DNA Methylation Profiling of PGL/PCC Identifies a Hypermethylator Phenotype Associated with SDHx Mutations
(A) Unsupervised classification of 145 PGL/PCC samples (see Table S1) identifies three stable DNA methylation clusters. The consensus matrix represents the

similarity between tumors. Consensus index values range from zero (highly dissimilar profiles, white) to one (highly similar profiles, dark blue). Samples are

ordered on the x and y axes by the consensus clustering, which is depicted atop the heatmap. See also Figure S1.

(B) Heatmap representation of DNAmethylation profiles. The degree of DNAmethylation (beta value) for each probe (row) in each sample (column) is represented

with a color scale (dark blue, nonmethylated; yellow, methylated). Tumors are ordered by methylation cluster. Probes are arranged by similarity, as assessed by

hierarchical cluster analysis. The mutation status of the main genes predisposing to PGL/PCC (SDHx, VHL, NF1, and RET) is indicated above the heatmap,

together with expression cluster memberships as determined in a previous study (Burnichon et al., 2011).

(C) Scatterplots comparing methylation levels between tumor subgroups and normal adrenal medulla controls are shown for probes located within (top) or

outside (bottom) CpG islands (Takai-Jones definition [Takai and Jones, 2002]). Probes significantly hyper- or hypomethylated in tumors (p < 0.01) are indicated in

red and green, respectively. See also Table S2.

(D) Kaplan-Meier curves for metastasis-free survival and overall survival.
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Hypermethylator Phenotype in SDH-Related PGL/PCC
significant methylation differences between tumors and normal

controls were only detected in cluster M1 (1,015 probes with

FDR-adjusted p < 0.05). However, the number of significant tests

(p < 0.01) was substantially higher than expected by chance in

each cluster (8.7%, 4.8%, and 6.4% in M1, M2, and M3, respec-

tively). Cluster M1 tumors displayed a hypermethylator pheno-

type, characterized by high methylation levels at a large number

of CpG sites, both within (7.2% of probes, p < 0.01; Figure 1C;

Table S2) and outside (7.0%) CpG islands. Clusters M2 and
M3 did not display substantial hypermethylation within CpG

islands, but a strong hypomethylation outside CpG islands was

observed in both clusters, particularly in cluster M3 (5.9% of

probes hypomethylated in M2, 9.6% in M3).

Association with Genomic and Clinical Features
DNAmethylation clusters were highly associated withmutational

status (p = 3.33 10�33) and gene expression clusters (p = 1.33

10�41) (Figure 1B; Table 1). In particular, the hypermethylator
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Table 1. Clinical and Genomic Characteristics of DNA Methylation Consensus Clusters

Overall (n = 145) Cluster M1 (n = 17) Cluster M2 (n = 14) Cluster M3 (n = 114) p Value

Gender

Female 93 (64%) 11 (65%) 6 (43%) 76 (67%) 0.22

Male 52 (36%) 6 (35%) 8 (57%) 38 (33%)

Age

Median 44 32 25.5 47 1.80 3 10�7

Range 7–82 10–63 10–49 7–82

Histologya

Paraganglioma 15 (10%) 9 (56%) 1 (7%) 5 (4%) 1.51 3 10�9

Pheochromocytoma 129 (90%) 7 (44%) 13 (93%) 109 (96%)

Mutational Status

SDHx 17 (12%) 16 (94%) 0 1 (1%) 3.32 3 10�33

VHL 21 (14%) 0 13 (93%) 8 (7%)

NF1 30 (21%) 0 0 30 (26%)

RET 13 (9%) 0 0 13 (11%)

Other 64 (44%) 1 (6%) 1 (7%) 62 (54%)

Expression Clustera

C1A 16 (12%) 16 (100%) 0 0 1.33 3 10�41

C1B 22 (16%) 0 14 (100%) 8 (8%)

C2A 67 (50%) 0 0 67 (64%)

C2B 22 (16%) 0 0 22 (21%)

C2C 7 (5%) 0 0 7 (7%)

Clinical and genomic features are indicated for each DNA methylation cluster, in absolute numbers and as a percentage of each group size. p values

are obtained by chi-square tests for qualitative variables and ANOVA for age.
aHistology could not be determined for one patient with both abdominal paraganglioma and adrenal pheochromocytoma at first presentation. Gene

expression data were available for 134 samples.
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phenotype was strongly associated with SDHx mutations.

In cluster M1, 16/17 tumors were SDH-related (1 SDHA,

11 SDHB, 1 SDHC, and 3 SDHD germline mutations), and one

was sporadic. Cluster M2 included 13/21 VHL-related tumors

and one sporadic tumor. All RET and NF1-related samples

were members of cluster M3, together with the remaining spo-

radic and VHL-mutated samples. Clusters M1 and M2 corre-

sponded to the previously described C1A (SDHx-related) and

C1B (VHL-related) expression clusters (Burnichon et al., 2011),

and the M3 cluster comprised all tumors of the C2 (RET/NF1-

related) expression cluster, plus eight tumors from the C1B

group. Age at diagnosis and histology, which are known to be

associated with mutational status (Amar et al., 2005; Neumann

et al., 2002), differed significantly between DNA methylation

clusters (p = 1.8 3 10�7 and p = 1.5 3 10�9, respectively). The

median age at diagnosis was younger for clusters M1 (32 years)

andM2 (25.5 years) than for clusterM3 (47 years), and clusterM1

was enriched in paragangliomas (56% versus % 7% in clusters

M2 and M3). Note that only SDH-related paragangliomas dis-

played a hypermethylator phenotype. Hypermethylation is thus

specifically associated with SDHxmutations, rather than a char-

acteristic of extra-adrenal tumors. Methylation clusters were

significantly associated with both metastasis-free survival

(MFS, p = 6.2 3 10�8) and overall survival (OS, p = 0.0013),

with the prognosis being much worse for M1 tumors than M2

and M3 tumors (Figure 1D). However, the presence of an

SDHB mutation predicted prognosis more significantly than
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methylation cluster membership in our series (p = 8.9 3 10�10

and p = 8.2 3 10�6 for MFS and OS, respectively).

Sdhb Knockout in Mouse Chromaffin Cells Establishes
a Hypermethylator Phenotype and Promotes Cell
Migration
To investigate the mechanisms linking SDH deficiency with

methylation, we generated an immortalized mouse chromaffin

cell (imCC) line harboring a complete defect in SDH. We created

genetically modified mice in which the endogenous Sdhb exon 2

is flanked by LoxP sites, isolated chromaffin cells from their

adrenal medulla, and deletedSdhb byCre-mediated recombina-

tion (Figure 2A). Suppression of exon 2 leads to a premature stop

codon and to the predicted translation of a truncated 33 amino-

acids protein, instead of the 283 amino-acids wild-type (WT)

SDHB protein. Two independent Sdhb�/� clones were studied

(c6 and c8). As previously reported for human tumors (Favier

et al., 2009; van Nederveen et al., 2009), Sdhb-deficient cells

completely lost SDHB protein production but had normal

SDHA levels (Figure S2A). They displayed a selective loss of

SDH/succinate cytochrome c reductase (SCCR) activity (Figures

2B, S2B, and S2C), accompanied by large increases in both

intracellular (Figure 2C) and secreted (Figure S2D) succinate

levels and abnormally small amounts of the following organic

acids (fumarate andmalate) produced by the TCA cycle. Expres-

sion and nuclear translocation of HIF2a were also higher than in

controls (Figures S2E).
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We used reduced representation bisulfite sequencing (RRBS)

(Meissner et al., 2005) to examine base-pair resolution DNA

methylation patterns in two samples of WT cells and in both

Sdhb�/� clones. We obtained more than 15 million high-quality

aligned reads per sample, yielding quantitative DNA methylation

data for 1,530,785 CpG dinucleotides (coverage R 10 reads in

each sample). Hierarchical clustering identified two clusters

corresponding to WT and Sdhb�/� cells (Figure 2D). Like

SDHx-related tumors, Sdhb-deficient cells displayed a wide-

spread hypermethylation both within and outside CpG islands

(Figure 2E). We obtained DNA methylation rates with more

than ten individual CpG measurements for 78% of CpG islands

(n = 12,503). CpG islandmethylation rates were highly correlated

between the two WT samples and between the two Sdhb�/�
clones (Figure S2F). By contrast, 3,357 CpG islands were

significantly hypermethylated, and 242 were significantly hypo-

methylated in Sdhb�/� clones as compared to WT cells (FDR-

adjusted p < 0.05 and absolute methylation difference > 5%)

(Figure S2G). Genes hypermethylated in Sdhb-deficient imCCs

significantly overlapped those hypermethylated in SDH-related

PGL/PCC (p = 3.2 3 10�170), with 1,014 genes in common (Fig-

ure 2F; Table S3).

Although SDH-deficiency led to a mean 2-fold decrease in

growth rate (Figure S2H), Sdhb�/� cells had marked increased

migration capacities as assessed in a wound healing scratch

assay (Figure 2G). These characteristics are consistent with

the known specificities of SDHB-related PGL/PCC, which are

not associated with increased proliferation but are associated

with invasiveness. To investigate the role of DNA methylation in

this phenotype, we treated Sdhb�/� cells for 72hr with low

(10 nM) or higher (5 mM) doses of 5-Aza-20-deoxycytidine (deci-

tabine or DAC), an epigenetic modifier that inhibits DNA methyl-

transferase activity. High doses induced cytotoxicity in all cell

types (from 10% to 25% of cell death after 3 days), which was

markedly reduced at low doses (cell death <8%). After drugwith-

drawal, the effect of DAC was assessed on cell proliferation and

migration. We observed a dose-dependant blockade of cell

growth in both WT and Sdhb�/� cells (Figure S2H). In contrast,

an inhibition of collective cell migration was specifically

observed in SDH-deficient cells, but not in WT cells (Figure 2H).

SDH-Deficient Chromaffin Cells Display Increased
5-mC/5-hmC Ratio and Histone Methylation
Tet-mediated conversion of 5-mC to 5-hmC was evaluated by

flow cytometry and immunofluorescence analyses: there was

more 5-mC in Sdhb�/� than the WT imCCs (Figures 3A and

3B). This effect was reversed by the addition of 2-OG to the cul-

ture medium, which also led to an increase in 5-hmC staining of

Sdhb�/� cells (Figure S3A). The methylation of lysines 9 and 27

of histone 3 was then assessed by western blotting. Loss of

Sdhb increased H3K9me3, H3K27me2, and H3K27me3 levels

(Figure 3C, quantified in Figure S3B). As both H3K9 and H3K27

methylation are closely linked with DNA methylation (Cedar

and Bergman, 2009), these effects on histone methylation may

contribute to the establishment of the hypermethylator

phenotype.

To confirm the inhibition of oxidative demethylation by succi-

nate in human PGL/PCC, we first measured succinate and fuma-

rate concentrations in a subset of tumor samples and confirmed
a mean 100-fold increase in succinate levels in SDHx- versus

non-SDHx-mutated PGL/PCC (Table S4). We next used immu-

nohistochemistry to quantify 5-mC and 5-hmC, as well as

H3K9me3 and H3K27me3, in 39 paraffin-embedded tumor sam-

ples with various genetic backgrounds. All (16/16) SDHx-

mutated tumors had low 5-hmC levels, whereas 70% (16/23)

of non-SDH samples had high levels of 5-hmC (Figure 3D; Table

S5). Similarly, 81% of SDH-related PGL/PCC displayed abun-

dant H3K27me3, whereas 43% of non-SDH tumors displayed

low H3K27me3 levels (Figure 3E; Table S5). Succinate inhibition

of oxidative demethylation by TET proteins and Jumonji domain-

containing histone demethylases may thus be the mechanism

responsible for the accumulation of DNA methylation in SDH-

deficient tumors.

Transcriptional Changes Associated with
the Hypermethylator Phenotype
To better understand the impact of DNA hypermethylation in

tumors of the M1 cluster, we examined the relationship between

methylation and expression changes in these tumors. Principal

component analysis indicated that the transcriptome differed

between the DNAmethylation subgroups (Figure 4A), consistent

with the strong association between methylation and expression

clusters. Of the 7,136 CpG sites that were differently methylated

in M1 and non-M1 tumors (FDR-adjusted p < 0.05), 6,850 (96%)

were hypermethylated in M1 tumors, resulting in a highly asym-

metric volcano plot (Figure 4B). The transcriptome data, avail-

able for 134/145 samples, revealed a similar asymmetry

(Figure 4C), with 623 genes significantly downregulated (FDR-

adjusted p < 0.05) and 356 genes significantly upregulated in

cluster M1 (Table S6). Integrated transcriptome and methylome

analysis revealed that 11.5% of genes with significant hyperme-

thylation in M1 tumors (FDR-adjusted p < 0.05 and beta value

difference >0.1) also showed more than a 2-fold reduction in

gene expression and that the mean shift in expression values

correlated with the amplitude of the methylation difference (Fig-

ure 4D). To gain a more comprehensive view of DNAmethylation

changes in M1 tumors, we reanalyzed 22 tumors (ten M1, two

M2, and ten M3) using the Illumina Infinium 450K assay, which

assesses the methylation levels of more than 485,000 CpG sites.

Using probes present on both the 27K and 450K arrays, we veri-

fied that the beta value differences between M1 and non-M1

tumors were consistent in the two data sets (mean absolute dif-

ference = 0.023). Overall, we identified 4,663 genes with signifi-

cant hypermethylation of their promoter CpG islands (Table S7).

The overlap between the lists of hypermethylated and downre-

gulated genes was highly significant (p = 1.5 3 10�7), with 191

genes showing both significant CpG island hypermethylation

and significant downregulation in M1 tumors (Table S8). Gene

ontology analysis of this set of genes showed a significant

enrichment in terms associated with neuroendocrine differentia-

tion (Table S9). Several genes are associated with catechol-

amine metabolic process [PNMT (Figure S4), DRD2, and

SULT1A1], transport (SLC6A2), or secretion (NPY); RET and

NRP2 are implicated in the differentiation of neural-crest cells.

RBP1 is a tumor suppressor known to be epigenetically silenced

in several cancers (Esteller et al., 2002). Downregulation of

SPOCK2, an inhibitor of matrix-metalloproteases, of KRT19 (Fig-

ure S4), a key marker of the epithelial-to-mesenchymal transition
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Figure 2. Generation and Characterization of Sdhb-Deficient Mouse Chromaffin Cells

(A) Strategy used for the generation of Sdhb knockout in mouse. The targeting vector comprises mouse Sdhb exon 2 locus flanked with LoxP sites and followed

by a Neomycin (neo) resistance cassette flanked with Frt sites, which is removed after Flip-mediated recombination between the Frt sites. Primers for genotyping

(arrows) are indicated below their target sequences.

(B) SDH activity in WT cells (black) measured by 2,6-dichlorophenol-indophenol reduction (in the presence of rotenone, inhibitor of complex I, and cyanide,

inhibitor of complex IV) is triggered by succinate addition and subsequently inhibited by adding malonate, a specific SDH inhibitor. The subsequent addition of

glycerol-3P triggers the activity of the mitochondrial glycerol-3P dehydrogenase in the same sample. Similar assays were carried out on Sdhb�/� c6 (light red)

and c8 (dark red) imCCs. Numbers along the traces are nmol/min per mg protein.

(C) Gas chromatography-mass spectrometry analysis of organic acids revealing a substantial accumulation of succinate and the depletion of fumarate in

Sdhb�/� cells relative to controls.

(D) Hierarchical clustering analysis of DNA methylation profiles from four mouse chromaffin cell samples, with (c6 and c8 clones) or without (WT1 and WT2) a

knockout of Sdhb gene, analyzed by reduced representation bisulfite sequencing (RRBS). A heatmap indicates the degree of methylation of the 500 most variant

CpG sites in each sample (dark blue, nonmethylated; yellow, methylated).

(E) Smoothed color density representation of the scatterplots representing DNAmethylation changes betweenWT and Sdhb�/� imCCs, within (left) and outside

(right) CpG islands. Only CpG sites showing significantly different methylation rates between WT and Sdhb�/� cells are represented.

(F) Comparison of DNAmethylation changes in SDH-related human PGL/PCC and Sdhb�/� imCCs. CpG islandmethylation rates were calculated for all mouse/

human gene homologs represented in Illumina methylation arrays and RRBS data. Each point represents a gene, with the CpG island methylation difference

(legend continued on next page)
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Figure 3. Functional Consequences of SDH Inactivation on Oxidative Demethylation

(A) Immunofluorescence showing a larger number of 5-mC-positive nuclei in Sdhb�/� clones. Addition of 2-OG to the culture medium reversed this phenotype.

Scale bar = 10 mm.

(B) Fluorescence-activated cell sorting (FACS) analysis also showed that Sdhb knockout leads to an increase in 5-mC in imCCs.

(C) Histone lysine methylation levels were assessed by western blotting with specific antibodies. Total H3 was used as a loading control.

(D) 5-hmC levels were studied on human PGL/PCCwith various genetic backgrounds. Strong immunostaining of endothelial cell nuclei was observed in all tumor

types, whereas the tumor cell staining was weaker in SDHx-mutated tumors. Scale bar = 50 mm.

(E) H3K27me3 levels are shown for tumors with various genetic backgrounds. Scale bar: 100 mm; SPO: sporadic tumor. See also Figure S3 and Tables S4 and S5.

Scale bar = 50 mm.
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(EMT) and of DNAJA4, recently shown to be a metastasis sup-

pressor gene (Pencheva et al., 2012), may participate to the inva-

sive phenotype of SDH-deficient cells. These findings indicate

that methylome remodeling results in major transcriptional

abnormalities in SDH-related tumors, directly associated with

their phenotypic characteristics.

ExomeSequencing of theOnly Hypermethylated Sample
without SDHxMutation Identified InactivatingMutations
in the FH Gene
A single tumor in our data set (HS_121) carried noSDHxmutation

but displayed a hypermethylator phenotype (Figure 1B) as well

as both low 5-hmCand high H3K9 andH3K27methylation (Table

S5). This tumor, which also belonged to the C1A (SDH-related)

expression cluster was a local recurrence of an adrenal pheo-
betweenSdhb�/� andWT imCCs along the y axis and the CpG islandmethylation

Genes significantly hypermethylated in both human tumors and mouse chromaf

(G) Cell migration is shown in a wound scratch assay after 10 hr, in standard med

(H) Reversion of the migratory phenotype by decitabine treatment. Data are mea

See also Figure S2 and Table S3.
chromocytoma resected from a 63-year-old female presenting

a high level of urinary normetanephrines. To explain this ‘‘SDH-

like’’ phenotype, we performed the whole-exome sequencing

of tumor and matched blood DNA. We identified 21 nonsynony-

mous somatic mutations effecting exons or splice sites in this

tumor, 16 of which were predicted to have functional conse-

quences (Table S10). In particular, a somatic mutation was iden-

tified in exon 7 of the fumarate hydratase (FH) gene (c.1043G >C,

p.Gly348Ala). This patient also carried a germline mutation in

exon 3 of FH (c.349G > C, p.Ala117Pro). Both mutations were

verified by Sanger sequencing (Figure 5A). The p.Ala117Pro

mutation has been described previously in patients with multiple

leiomyomatosis and/or renal cancer, displaying reduced FH

activity. Interestingly, the patient’s clinical record revealed that

she had benefited from a total hysterectomy at 35 years old for
difference betweenSDHx-related PGL/PCC and other tumors along the x axis.

fin cells are indicated in red.

ium or following 72 hr of DAC treatment at 10 nM or 5 mM. Scale bar = 100 mm.

n ± SEM.
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Figure 4. Transcriptional Changes Associ-

ated with the Hypermethylator Phenotype

in SDH-Related PGL/PCC

(A) Principal component analysis of methylation

(left) and expression (right) profiles of PGL/PCC.

Tumor samples are plotted in three dimensions

using their projections onto the first three principal

components (PC). Methylation cluster member-

ship is represented by a color code as described in

the legend.

(B) Volcano plot analysis of differentially methyl-

ated CpG sites in tumors displaying a hyper-

methylator phenotype (cluster M1). The beta

value difference in DNA methylation between M1

and non-M1 tumors is plotted on the x axis, and

the false-discovery rate (FDR)-adjusted signifi-

cance is plotted on the y axis (�log10 scale). Red

indicates probes differing significantly between

groups.

(C) Volcano plot analysis of genes differentially

expressed between M1 and non-M1 tumors.

(D) Integrated analysis of promoter DNA methyl-

ation and gene expression differences between

M1 and non-M1 tumors. The starburst plot (left)

represents the DNA methylation (x axis) and gene

expression (y axis) differences between M1 and

non-M1 tumors. Genes that are hypermethylated

with a beta value difference >0.1 and have a more

than 2-fold decrease in expression levels in M1

tumors are shown as red data points. The pie

chart (top right) shows the proportion of hyper-

methylated genes (FDR adjusted p < 0.05 and

beta value difference >0.1) that are significantly

up- and downregulated in M1 tumors (gene

expression difference >1 and <�1, respectively).

The histogram (bottom right) shows the mean

difference in gene expression levels between M1

and non-M1 tumors as a function of the amplitude

of DNA methylation beta value differences. See

also Figure S4 and Tables S6, S7, S8, and S9.
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hemorrhagic fibromas. The p.Gly348Ala mutation has not been

described previously and was predicted to be ‘‘probably

damaging’’ by Polyphen software. Tumor HS_121 displayed a

selective loss of FH activity (Figure 5B), accompanied by an

increase in fumarate concentrations (Figure 5C). Fumarate, like

succinate, is a competitive inhibitor of 2-OG-dependent dioxy-

genases (Xiao et al., 2012), so these findings strongly suggest

that FH inactivation causes PGL/PCC by establishing a hyper-

methylator phenotype.

DNA Hypermethylation and Associated Gene Silencing
Are Stronger in SDHB-Mutated Tumors
SDHB-mutated PGL/PCC tend to be more malignant than

tumors harboring mutations in other SDH subunits (Amar

et al., 2005; Pasini and Stratakis, 2009). To determine whether

this aggressive behavior is associated with a more severe hy-

permethylator phenotype, we calculated the mean methylation

level across all the CpG sites significantly hypermethylated in
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M1 tumors and located within CpG

islands. This methylation level was, as

expected, higher in all M1 tumors than
in M2 and M3 tumors (Figure 6A); but, SDHB-mutated tumors

displayed stronger hypermethylation than other M1 tumors

(1 SDHA-, 1 SDHC-, 3 SDHD-, and 1 FH-mutated tumors)

(p = 0.0071). We examined the transcriptional consequences

of these differences by calculating the mean expression level

of the 191 genes significantly hypermethylated and downregu-

lated in M1 tumors (Table S8). Although these genes were

downregulated in all M1 tumors as compared to M2 and M3

tumors, their expression was significantly lower in SDHB-

mutated tumors than in other M1 tumors (p = 0.0055, Fig-

ure 6B). The levels of hypermethylation and downregulation of

target genes were highly correlated (Pearson’s r = �0.93,

p = 7.0 3 10�59; Figure 6C), suggesting that DNA methylation

finely regulates the expression of these genes in PGL/PCC.

These findings support the idea that a stronger hypermethylator

phenotype, associated with a stronger downregulation of target

genes, may participate to the metastatic phenotype of SDHB-

mutated tumors.



Figure 5. Inactivating FH Mutations in the Only Hypermethylated

Tumor without SDHx Mutation

(A) Sanger sequencing of FH gene in DNA extracted from peripheral blood and

frozen tumor from patient HS_121 identifies a heterozygous germline mutation

(c.349G > C, p.Ala117Pro) in exon 3 and a heterozygous somatic mutation

(c.1043G > C, p.Gly348Ala) in exon 7.

(B) Enzymatic activity, assayed spectrophotometrically for the forward

(fumarate to malate, left traces) and backward (malate to fumarate, right

traces) directions, reveals a severe fumarase deficiency in HS_121 (red) rela-

tive to control (black) PGL/PCC samples.

(C) Loss of fumarase activity is associated with a higher fumarate concentra-

tion in tumor HS_121 than that in control PGL/PCC (n = 6). For controls, data

are mean ± SEM. See also Table S10.
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Comparisonwith the CpG IslandMethylator Phenotypes
Identified in Colorectal Cancer and Glioblastoma
We investigated whether the hypermethylator phenotype identi-

fied in PGL/PCC showed similarities with previously described

CIMP phenotypes. We analyzed publicly available data concern-

ing colorectal cancers (Hinoue et al., 2012) and glioblastomas

(Noushmehr et al., 2010), obtained with the same Illumina Infin-

ium HM27 methylation array used in this study. For each CpG

site, we calculated the mean beta value difference between

tumors with and without a hypermethylator phenotype (CIMP-

high in colorectal cancer, G-CIMP in glioblastoma). Although

we found a significant overlap between hypermethylated loci in

the three cancers, the patterns of hypermethylation were partic-

ularly similar between PGL/PCC and G-CIMP glioblastomas

(Figure 7A). Of 2,241 CpG sites hypermethylated in PGL/PCC

of the M1 subgroup (mean beta value difference >0.2 as

compared to non-M1 tumors), 847 (38%) were also hypermethy-

lated in G-CIMP glioblastomas, whereas only 279 (12%) were

hypermethylated in CIMP-high-colorectal tumors (Figure 7B).

Gene set enrichment analysis (GSEA) confirmed that the set

of genes hypermethylated in PGL/PCC was more significantly
enriched in genes hypermethylated in G-CIMP glioblastomas

(enrichment score = 0.75) than genes hypermethylated in

CIMP-high-colorectal cancers (enrichment score = 0.47) (Fig-

ure S5). Seventeen of the 191 genes epigenetically silenced in

PGL/PCC were significantly hypermethylated and downregu-

lated in glioblastoma (including PNMT and RBP1); 21 were

hypermethylated but without significant downregulation (like

KRT19); and 119, like NPY, were not found to be hypermethy-

lated in glioblastoma (Table S8). The similarity between PGL/

PCC and glioblastoma hypermethylator phenotypes may reflect

the preferential activities of the 2-OG-dependent demethylases

inhibited in these two cancers.

DISCUSSION

Metabolic reprogramming in cancer has long been regarded as

an indirect response to cell proliferation, but recent evidence

has shown that metabolites themselves can be oncogenic by

altering several cellular processes (Ward and Thompson,

2012). The oncometabolite 2-HG, produced by mutated IDH

enzymes, establishes the G-CIMP phenotype in glioma by inhib-

iting DNA and histone demethylases (Xu et al., 2011). Succinate

and fumarate can activate the oncogenic HIF pathway by inhib-

iting HIF prolyl-hydroxylases (Brière et al., 2005; Selak et al.,

2005). Here, we demonstrate that succinate accumulation in

SDH-deficient PGL/PCC establishes a hypermethylator pheno-

type, by inhibiting 2-OG-dependent oxidative demethylation.

Besides, we describe a specific model of SDH-related PGL/

PCC, generated by knocking out Sdhb gene in chromaffin cells.

In the past, the lack of an appropriate cellular model has

opposed severe limitations to the understanding of SDH-related

oncogenesis. Ourmodel displays a complete inactivation of SDH

activity, which cannot be achieved by siRNA-mediated gene

silencing, and will be a crucial tool for deciphering the conse-

quences of SDH inactivation in these cells. Our study also led

to the identification of a case of FH germline mutation in an

apparently sporadic PCC displaying a hypermethylator pheno-

type. FH mutations are known to predispose to hereditary leio-

myomatosis and renal cell cancer (Tomlinson et al., 2002) but

have never been described in PGL/PCC. Altogether, these find-

ings shed light on a novel pathway explaining the tumor-sup-

pressive role of SDH and FH and, echoing the role of IDH

mutation in glioma, emphasize the link between TCA cycle

dysfunction and epigenomic alterations in cancer. Gastrointes-

tinal stromal tumors, renal cancer, and leiomyomas harboring

SDH or FH mutations may also display epigenetic reprogram-

ming, which should be assessed in future DNA methylation

studies.

Many cancer-specific hypermethylation events occur in pro-

moter regions of genes that are not normally expressed and

are therefore not affected by DNAmethylation changes (Widsch-

wendter et al., 2007). To distinguish DNA methylation events of

potential functional significance (‘‘driver events’’) from these

‘‘passenger events’’, we integrated the DNA methylation data

with gene expression profiles of the same tumors. Only 11.5%

of genes with significant promoter hypermethylation in PGL/

PCC of the M1 subgroup were underexpressed in these tumors.

This is consistent with previous reports in colorectal cancer

(7.3%; Hinoue et al., 2012) and glioblastoma (17%; Noushmehr
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Figure 6. The Hypermethylator Phenotype Is Particularly Severe in SDHB-Mutated Tumors

(A) Mean methylation of all CpG island probes significantly hypermethylated in M1 tumors, according to tumor subgroup. Box-and-whisker plots show the

distribution of mean beta values relative to each DNA methylation subgroup. M1 tumors are separated into SDHB-mutated and SDHB-wild-type tumors. The

middle bar, median; box, interquartile range; bars extend to 1.5 times the interquartile range.

(B) Mean expression of genes significantly hypermethylated and downregulated in M1 tumors, according to tumor subgroup.

(C) Distribution of mean expression levels of target genes relative to the mean methylation levels of CpG sites hypermethylated in M1 tumors. Tumor subgroups

are represented with a color code, and the mutations of non-SDHB-mutated M1 tumors are indicated next to each dot.
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et al., 2010). Thus,most hypermethylated CpG sites appear to be

silent consequences of the inhibition of DNA demethylases, with

no evident functional impact. We were however able to show an

overall correlation between the level of hypermethylation and

downregulation of gene expression. In particular, we identified

191 genes that showed significant hypermethylation and down-

regulation in M1 tumors and whose expression was closely

correlated with the degree of DNA methylation.

Two of the genes showing the strongest evidence for epige-

netic silencing in hypermethylated PGL/PCC are, respectively,

involved in the differentiation of chromaffin cells (PNMT;

Eisenhofer et al., 2011) and the epithelial-to-mesenchymal tran-

sition (KRT19; Moreno-Bueno et al., 2006), which was recently

identified as the first mechanistic clue to explain the particularly

invasive phenotype of SDHB-related tumors (Loriot et al., 2012).

The PNMT gene encodes the phenyl-ethanolamine-N-methyl-

transferase, a key enzyme of chromaffin cell metabolism, which

catalyzes the conversion of noradrenaline to adrenaline.

Reduced PNMT expression has been reported in SDH-related

tumors, leading to an immature catecholamine secretory profile

with predominant secretion of noradrenaline or dopamine (Burni-

chon et al., 2012b; Eisenhofer et al., 2001). Our findings reveal

that PNMT is hypermethylated in SDH-related tumors, together

with four other genes implicated in catecholamine metabolism

(DRD2, SULT1A1, SLC6A2, and NPY). Epigenetic regulation is

thus a previously unsuspected mechanism explaining the dedif-

ferentiated phenotype of this subgroup of PGL/PCC. Another

target of the PGL/PCC hypermethylator phenotype, RBP1, is

also epigenetically silenced in G-CIMP gliomas (Noushmehr

et al., 2010) and several cancer cell lines and primary tumors

(Esteller et al., 2002). RBP1 is involved in retinoic acid signaling,

leading to loss of cell differentiation and tumor progression

(Farias et al., 2005) and may thus have a tumor-suppressive

role in PGL/PCC. Studies aimed at elucidating the functional

consequences of epigenetic gene silencing will undoubtedly

improve our understanding of the role of DNA hypermethylation

in PGL/PCC tumorigenesis.
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SDH- and VHL-related tumors were previously shown to have

similar gene expression features, like the activation of hypoxia-

related genes (Dahia et al., 2005). In the COMETE cohort, we

showed that, although close, these tumors were classified in

two separate gene expression clusters (C1A and C1B) (Burni-

chon et al., 2011). Here, we found that 150 out of 344 genes

(44%) significantly downregulated in SDH- as compared to

VHL-tumors were hypermethylated (data not shown). Epigenetic

remodeling thus explains a significant part of transcriptional

differences between SDH- and VHL-related tumors.

SDHB mutations confer a much worse prognosis than muta-

tions in other SDHx genes (Amar et al., 2007). No mechanism

has been proposed to explain these differences. We found

that although all SDHx-mutated tumors displayed a hyper-

methylator phenotype, the level of hypermethylation was

significantly higher, and the expression of target genes was

significantly lower in SDHB-mutated tumors. As target genes

include genes implicated in neuroendocrine differentiation and

epithelial-to-mesenchymal transition (EMT), this may explain

the particular malignancy of SDHB-mutated tumors. SDHB

encodes a catalytic subunit of SDH (Rutter et al., 2010). We

hypothesize that SDH inactivation may be more complete in

SDHB-mutated tumors than in tumors harboring mutations in

other subunits, leading to a higher succinate accumulation

and hence to a stronger inhibition of 2-OG-dependent demethy-

lation. However, we were not able to detect significant differ-

ences in succinate concentrations between SDHB-mutated

and other SDH-related tumors. Future studies will be needed

to dissect the functional impact of mutations affecting different

SDH subunits.

There have recently been several promising findings for epige-

netic cancer therapy. Notably, Tsai et al. (2012) demonstrated

that low doses of the DNA demethylating agents, DAC and

azacitidine, had durable antitumor effects on hematological and

epithelial tumor cells. Thus, low doses may help avoid the

extreme toxicities of these agents at high dose that have pre-

vented the investigation of the true clinical responses. We show



Figure 7. Comparison of Hypermethylator

Phenotypes in PGL/PCC, Colorectal

Cancer, and Glioblastoma

(A) Correlation between CIMP-specific hyper-

methylation patterns in the three cancers. The

mean beta value difference between CIMP and

non-CIMP tumors was calculated for all CpG sites

in each cancer type. Each scatterplot represents

the correlation of beta value differences between

two cancers. Red dots indicate CpG sites hyper-

methylated in the CIMP subgroups of both can-

cers (beta value difference >0.2 between CIMP

and non-CIMP tumors).

(B) Venn diagram showing hypermethylated loci

shared by the PGL/PCC hypermethylator pheno-

type, the colorectal cancer CIMP-high phenotype,

and the glioblastoma G-CIMP phenotype. See

also Figure S5.
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that the increasedmigratory capacities ofSdhb�/�mouse chro-

maffin cells are repressed by transient DAC treatment, even at a

10 nMconcentration, which led tominor cytotoxicity. The precise

molecular changes associated with these treatments will have to

be deciphered in future studies, both in vitro and in vivo. In viewof

these findings, the reversal of promoter DNA hypermethylation

and associated gene silencing may rise as an attractive alterna-

tive approach to surgery for SDHx- and FH-mutated PGL/PCC.

NPY, which shows the strongest transcriptional silencing in

M1 tumors, may be a good marker. NPY levels were shown to

be increased in the plasma and tumors of patients with

PCC and to be significantly lower in extra-adrenal tumors (deS

Senanayake et al., 1995). A comprehensive study of candidate

markers in a large independent cohort will be useful to determine

the best marker of this aggressive subgroup.

In summary, our analysis indicates that PGL/PCC can be clas-

sified into three distinct subgroups according to genome-scale

DNA methylation changes. The identification of a hypermethyla-

tor phenotype in SDHx- and FH-mutated tumors helps in

explaining both the tumor-suppressive role of these genes and

some of the phenotypic characteristics of these tumors. The

malignancy of SDHB-mutated PGL/PCCmay be due to a severe

epigenetic silencing of genes involved in cell differentiation and

EMT. These findings have clinical implications for PGL/PCC

diagnosis and may lead to targeted epigenetic treatment for

patients with TCA cycle alterations.

EXPERIMENTAL PROCEDURES

Collection and Processing of PGL/PCC and Normal Tissue Samples

A total of 145 tumor samples from 145 different patients recruited in

the COMETE network from 1993 to 2008 were included in the study. Ethical

approval for the study was obtained from the institutional review board
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(CPP Paris-Cochin, January 2007). All patients

provided written informed consent for the

collection of samples and subsequent analyzes.

Three adrenal medulla samples from healthy

individuals were also included as controls. Germ-

line DNA was extracted from leukocytes using

standard protocols. Tumor and normal medulla

samples were powdered in liquid nitrogen

(30–50 mg), and DNA was extracted using a
QIAamp DNA Mini Kit or an AllPrep Kit (QIAGEN, Hilden, Germany). For

details, see the Supplemental Experimental Procedures.

DNA Methylation Arrays

Whole-genome DNA methylation was analyzed in 145 PGL or PCC and three

normal adrenal medulla samples using the Illumina Infinium HumanMethyla-

tion27 assay (Bibikova et al., 2009). Twenty-four samples were later reana-

lyzed using the more comprehensive Illumina Infinium HumanMethylation450

Beadchips. Microarray experiments were performed by Integragen SA (Evry,

France). In brief, genomic DNA was bisulfite-converted using the EZ-96 DNA

Methylation Kit (Zymo Research, Irvine, CA, USA), whole-genome amplified,

enzymatically fragmented, and hybridized to the BeadChip arrays in accor-

dance with the manufacturer’s instructions. The beta value DNA methylation

scores for each locus were extracted together with detection p values from

Illumina GenomeStudio software. As described elsewhere (Hinoue et al.,

2012), we replaced data points with a detection p value >0.05 by ‘‘NA’’ values,

and we masked data points as ‘‘NA’’ for 4,484 probes that contain single-

nucleotide polymorphisms or overlap with a repetitive element that are not

uniquely aligned to the human genome (NCBI build 36/Hg18) or that overlap

with regions of insertions and deletions in the human genome. Probes were

considered to be in a promoter CpG island if they were located within a

CpG island (UCSC database) and less than 1,500 bp away from a transcrip-

tion start site.

DNA Methylation-Based Classification of Pheochromocytomas

and Paragangliomas

We used consensus clustering (Monti et al., 2003) to identify PGL/PCC sub-

groups on the basis of their DNA methylation profiles. We selected the 10%

most variant probes (n = 2,152) among those that did not contain any «NA»-

masked data point. We then established consensus partitions of the data

set in K clusters (for K = 2, 3, ., 8), based on 1,000 resampling iterations of

hierarchical clustering, with Pearson’s dissimilarity as the distance metric

and Ward’s method for linkage analysis. We used the cumulative distribution

functions (CDF) of the consensus matrices to determine the optimal number

of clusters, considering both the shape of the functions and the area under

the CDF curves (Figure S1). The Bioconductor ConsensusClusterPlus pack-

age was used for consensus clustering analysis.
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Reduced Representation Bisulphite Sequencing Analysis of Mouse

Chromaffin Cells

RRBS was performed by Integragen SA (Evry, France), as described else-

where (Gu et al., 2011; Smallwood and Kelsey, 2012). In brief, 300 ng of

mouse genomic DNA were digested with 14 units of MspI (NEB). After

end-repair, A-tailing, and ligation to methylated Illumina adapters, the library

fragments of 40–220 bp were gel isolated, subjected to a double bisulfite

conversion with the EpiTect Bisulfite kit from QIAGEN, PCR amplified, and

sequenced on an Illumina HiSeq2000 sequencer as paired-end 75 bp reads.

We used Trim Galore! (http://www.bioinformatics.babraham.ac.uk/projects/

trim_galore) to filter out the adaptor sequences. Bisulfite mapping and

methylation calling were performed in a single step using the bismark soft-

ware (Krueger and Andrews, 2011). Only reads uniquely aligned to the

mm9 assembly of the mouse genome were retained, and we required a

coverage of at least ten reads to call methylation score for a CpG site. We

downloaded the list of Mouse CpG islands from the UCSC genome browser,

and we inferred a DNA methylation rate to each CpG island with more than

ten individual CpG measurements and more than 100 total reads. To identify

differentially methylated CpG sites or CpG islands, we compared the number

of methylated and unmethylated observations in WT and Sdhb�/� cells

using Fisher’s exact test. CpG islands with an FDR-adjusted p value <0.05

and absolute methylation difference >5% were considered differentially

methylated. Human and mouse orthologs were downloaded from the Mouse

Genome Database (Eppig et al., 2012).

Generation of Sdhb–/– Immortalized Mouse Chromaffin Cells

Sdhb-floxed mice were generated at the Mouse Clinical Institute (Illkrich,

France). A targeting vector containing Sdhb exon 2 flanked by LoxP sites

followed by a neomycin (neo) selection cassette flanked by Frt sites (Fig-

ure 2A) was introduced into P1 (129 S2/SvPas) ES cells by electroporation.

Two positive embryonic stem clones were injected into C57BL/6J blasto-

cysts, and the resulting male chimeras gave germline transmission. These

mice were mated to Flipase-expressing mice to delete the Neo cassette.

Sdhb+/lox mice were intercrossed to obtain Sdhblox/lox mice, and mouse

chromaffin cells (mCCs) were isolated from the adrenal medulla of these

Sdhblox/lox as described elsewhere (Kolski-Andreaco et al., 2007). All studies

were performed in accordance with the relevant guidelines of the French

Ministry of Agriculture (Authorization Executive Order A751532) for scientific

experimentation on animals, European Communities Council Directive, and

international ethical standards. Cells were cultured at 37�C, under 5% CO2

in a standard medium containing Dulbecco’s modified Eagle’s medium

with glutamine and a high glucose concentration (DMEM glutaMAX, GIBCO,

Life Technologies, Saint Aubin, France) supplemented with 10% fetal bovine

serum (GIBCO) and 1% penicillin-streptomycin (GIBCO). The cultures

remained quiescent for 6 months, after which some started to grow sponta-

neously from mCCs clusters. These immortalized cells were isolated

and infected with 107 plaque-forming units (pfu)/ml of an adenovirus

expressing Cre-recombinase (Ad5CMV-Cre, Cell BioLabs, San Diego). A

clonal approach by limiting dilution cloning assay was used to obtain homog-

enous Sdhb�� immortalized mCCs clones (imCC clones 6 and 8). Sdhb�/�

and Sdhblox/lox (referred to as WT) imCCs were maintained in standard

medium with or without 2.5 mM dimethyl 2-oxoglutarate (Sigma-Aldrich,

St. Louis).

ACCESSION NUMBERS

Methylation array data from the 148 human samples and RRBS

data from the four mouse cell lines analyzed in this study have been

deposited in NCBI’s Gene Expression Omnibus (http://www.ncbi.nlm.nih.

gov/geo) and are accessible through the GEO series accession number

GSE43298.

SUPPLEMENTAL INFORMATION

Supplemental Information includes ten tables, five figures, and Supplemental
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SUMMARY
Breast cancer is a heterogeneous disease and can be classified based on gene expression profiles that
reflect distinct epithelial subtypes.We identify prostate-derived ETS factor (PDEF) as amediator ofmammary
luminal epithelial lineage-specific gene expression and as a factor required for tumorigenesis in a subset of
breast cancers. PDEF levels strongly correlate with estrogen receptor (ER)-positive luminal breast cancer,
and PDEF transcription is inversely regulated by ER and GATA3. Furthermore, PDEF is essential for luminal
breast cancer cell survival and is required in models of endocrine resistance. These results offer insights into
the function of this ETS factor that are clinically relevant and may be of therapeutic value for patients with
breast cancer treated with endocrine therapy.
INTRODUCTION

Human breast cancer can be clustered into subtypes including

basal, luminal, and ERBB2+ tumors (among others) based on

gene expression profiling (Sørlie et al., 2001). Basal-like breast

cancer is characterized by the absence of estrogen receptor

(ER), progesterone receptor (PR), and ERBB2/HER2 and is

commonly more aggressive and invasive, whereas luminal

breast cancer is typically ER+ and is generally associated with

a better prognosis. ER regulates gene expression in cooperation

with coactivator or corepressor proteins and drives breast

cancer cell survival and growth. This dependence is the basis

for the treatment of ER+ luminal tumors with endocrine therapies

including aromatase inhibitors that reduce estrogen levels and

direct ER antagonists such as tamoxifen and fulvestrant

(Osborne and Schiff, 2011). However, the long-term efficacy of
Significance

ER is the defining transcription factor of luminal breast tumor
standards of care in breast cancer. However, intrinsic and acqu
highlighting the need to identify additional pathways critical fo
evidence that prostate-derived ETS factor (PDEF) can drive
regulate the survival of luminal tumor cells, and contribute to e
PDEF expression may play a role in tumor recurrence followin
the treatment of patients with luminal breast cancer.
these treatments is diminished by recurrence of resistant tumors

that have lost dependence on estrogen for growth. Although

some of the mechanisms underlying this acquired resistance

have been identified, including altered ER regulation and

increased HER2 activity, identification of other pathways is

essential to inform the design of additional therapies for these

patients.

The gene expression differences between basal and luminal

breast cancers represent distinctions in the expression of

lineage markers identified in the two types of normal mammary

epithelial cells: basal myoepithelial cells surrounding the

branching ductal structures, and ductal luminal epithelial cells

that generate milk-producing alveolar cells during pregnancy.

These cells arise from a common multipotent stem/progenitor

cell through a process of lineage commitment (Stingl et al.,

2005). Altered regulation of developmental pathways has been
s, and endocrine agents that target ER are well-established
ired resistance limit the success of this therapeutic strategy,
r luminal tumor growth and recurrence. Our findings provide
luminal differentiation of basal mammary epithelial cells,
ndocrine resistance. These findings suggest that increased
g endocrine therapy and may be a clinically useful target for
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Figure 1. PDEF Induces a Luminal Lineage-Specific Gene Expression Profile in Non-Transformed Mammary Epithelial Cells

(A) Heatmap generated frommicroarray analysis of triplicate samples ofMCF-10A cells expressing either vector control (pBabe) or PDEF. Differentially expressed

mammary epithelial marker genes are shown. These expression changes were statistically significant (p = 4.14 3 10�14 by Fisher’s exact test).

(B) Western blot analysis of vector control or PDEF-expressing MCF-10A cells (*NS band).

(C) Immunofluorescent staining for keratins 8 and 14 inMCF-10A cells. Representative images of vector control and PDEF-expressing cells are shown. Scale bars

represent 100 mM. Quantitation is shown in graph. Data represent mean ± SEM (***p < 0.0007).

(D) Western blot confirming PDEF overexpression in HMECs.

(E) Real-time PCR analysis of luminal (left) and basal (right) marker gene expression in HMECs overexpressing PDEF. Results were normalized to the

housekeeping gene RPLP0 and are presented as mean fold change ± SD (*p < 0.05, **p < 0.008).

(legend continued on next page)
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proposed to play an important role in tumorigenesis and to

contribute to the observed heterogeneity in breast cancer (Dontu

et al., 2003). Identification of other factors that regulate mam-

mary gland differentiation is important for understanding the

mechanisms of breast cancer initiation and progression and for

developing targeted treatments for each tumor subtype. Several

transcription factors involved in both mammary development

and breast cancer progression have been identified, including

GATA3, which promotes luminal epithelial differentiation and

exerts a tumor-suppressive function by sustaining differentiation

and inhibiting metastasis (Asselin-Labat et al., 2007; Kouros-

Mehr et al., 2008).

Members of the ETS family, such as ELF3, ELF5, and ETV4,

have also been implicated in mammary development (Shepherd

and Hassell, 2001) and are overexpressed in breast cancer,

supporting a role in epithelial tumorigenesis (Galang et al.,

2004; Kalyuga et al., 2012). Unlike most ETS proteins, the

expression of prostate-derived ETS factor (PDEF/SPDEF), which

was first identified as an activator of prostate specific antigen,

(Oettgen et al., 2000) is largely restricted to epithelial tissues

including the lung, stomach, colon, and hormone-regulated

epithelia such as the prostate, breast, and ovary. In these

tissues, PDEF mediates epithelial cell fate decisions and secre-

tory cell differentiation (Gregorieff et al., 2009; Park et al.,

2007); however, it is unclear whether PDEF functions similarly

in the mammary gland. There is also little known about the regu-

lation of PDEF expression apart frommiRNA-mediated suppres-

sion in basal breast cancer cell lines (Findlay et al., 2008).

PDEF also appears to play a role in regulating tumor growth

and loss of PDEF is associated with a more aggressive pheno-

type in prostate and colon cancer (Gu et al., 2007; Moussa

et al., 2009). However, the role of PDEF in breast cancer is

controversial, as several studies have demonstrated that

PDEF expression is lost in invasive basal breast cancer cell

lines, and that its re-expression inhibits the growth and migra-

tion of these cells, supporting a tumor-suppressive function

(Feldman et al., 2003; Turner et al., 2007). In contrast, PDEF

cooperates with known oncogenes to stimulate MCF-10A cell

transformation (Gunawardane et al., 2005) and is one of the

most highly overexpressed genes in human and mouse mam-

mary tumors and in lymph node metastases (Galang et al.,

2004; Ghadersohi and Sood, 2001). Furthermore, PDEF expres-

sion is enriched in luminal tumors and correlates with poor over-

all survival in ER+ breast cancer patients, suggesting instead a
(F) Flow cytometry surface marker analysis of HMECs using antibodies for th

experiment is shown; similar results were obtained in two independent experime

(G) PDEF overexpression in COMMA-1D murine mammary epithelial cells was de

PCR (bottom); two independent shRNAs (PDEF KD: KnockDown #1 and #2) wer

housekeeping gene RPLP0 and are presented as mean fold change ± SEM (*p <

(H) COMMA-1D cells infected with lentivirus to modulate PDEF expression were p

Colonies were scored based on K8 (red) and K14 (green) staining and categorized

colonies. Representative images of each type of colony are shown (left), scale bars

and PDEF-downregulated cells (right, ± SD) are shown as the average fold change

cells (*p < 0.05, **p < 0.006, ***p < 0.0001).

(I) Box plot displaying PDEFmRNA levels in MaSC, luminal progenitors, mature lu

human mammary epithelial subpopulations (Lim et al., 2009).

(J) RelativemRNA expression levels of luminal (left) andmyoepithelial (right) marke

shRNA. Cells were harvested 5 days after infection. Bars represent fold change

See also Figure S1 and Table S1.
possible oncogenic role (Sood et al., 2007, 2009; Gunawardane

et al., 2005).

In this study we sought to investigate and clarify the role of

PDEF in both normal mammary gland development and breast

cancer. We hypothesize that PDEF may be important for the

differentiation of normal mammary luminal cells and that this

transcription factor may function differentially in luminal versus

basal breast tumors.

RESULTS

PDEF Induces a Luminal Epithelial Gene Expression
Program in Mammary Epithelial Cells
To investigate PDEF function in the mammary gland, we exam-

ined the effect of this transcription factor on gene expression

using microarray-based profiling of MCF-10A cells. These cells

are nontransformed mammary epithelial cells that express pro-

tein and gene expression programs of basal epithelial cells

(Neve et al., 2006) and undetectable levels of endogenous

PDEF (Gunawardane et al., 2005). Bioinformatics analysis of

the genes induced or repressed by PDEF overexpression in

MCF-10A cells revealed a striking effect on expression of luminal

andmyoepithelial cell markers. The heat map in Figure 1A shows

the effects of PDEF overexpression on genes previously identi-

fied to be most specifically expressed in purified populations

of primary luminal (left column, yellow) or myoepithelial cells

(left column, blue) (Allinen et al., 2004; Jones et al., 2004).

PDEF overexpression induced a switch in gene expression,

resulting in the induction of luminal markers such as ERBB3,

MUC1, and AZGP1 and the concomitant suppression of

myoepithelial marker genes, including KRT14, CAV1, and

DCN. A complete list of the significantly regulated genes from

the microarray is shown in Table S1 (available online).

These results were validated in MCF-10A cells at the mRNA

level using quantitative real-time PCR (Figures S1A and S1B)

and at the protein level by western blot (Figure 1B). Expression

of PDEF also resulted in a shift to a luminal, EpCAM+CD10�

phenotype (76.5% versus 45.9% in vector control cells) as deter-

mined by flow cytometry surface marker analysis (Figure S1C),

as well as a significant increase in luminal keratin-8+ (K8) cells

with a simultaneous decrease in the percentage of myoepithelial

keratin-14+ (K14) cells (Figure 1C). In addition, PDEF expression

in a second, independent cell line, non-transformed human

mammary epithelial cells (HMECs) (Figure 1D), also resulted in
e luminal gene EpCAM and the myoepithelial gene CD10. A representative

nts.

tected by western blot (top). PDEF downregulation was detected by real-time

e used and compared to a NS shRNA control. Results were normalized to the

0.02, ***p < 0.0005).

lated on a layer of irradiated fibroblast feeder cells for colony formation assays.

into three types of colonies: K8+ luminal, K14+myoepithelial, or K8+K14+mixed

represent 100 mM.Quantitation of PDEF-overexpressing cells (middle, ± SEM)

in colony number across three experiments compared to vector or NS control

minal cells, and stromal cells derived from gene expression analysis of purified

rs in luminal progenitor cells transducedwith PDEF-targeting shRNA (KD) or NS

± SD of two independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001).
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induction of luminal gene expression and inhibition of myoepi-

thelial marker genes (Figure 1E) and a shift to a luminal, EpCAM+

CD10� phenotype (83.4% versus 4.71% in vector control cells)

(Figure 1F).

To further validate the possibility that PDEF regulates luminal

differentiation, we examined the effect of modulating PDEF

expression in a murine mammary epithelial cell line, COMMA-

1D cells. These cells are derived from a mid-pregnant mouse

and contain a population of stem/progenitor cells that are

capable of both in vitro differentiation andmammary gland repo-

pulation in transplantation assays (Danielson et al., 1984).

Endogenous PDEF levels in these cells are low but can be

detected using real-time PCR (Figure 1G). COMMA-1D cells

were infected with lentiviral vectors expressing either PDEF

cDNA or shRNAs targeting PDEF and then assayed for colony

formation and scored for K8 and K14 staining (Figure 1H, left).

PDEF mRNA was efficiently downregulated with each of two in-

dependent shRNAs (PDEF KnockDown #1 and #2) compared to

a nonspecific (NS) shRNA control. Similar to the effects of PDEF

on keratin expression in MCF-10A cells, PDEF overexpression in

COMMA-1D cells led to enhanced formation of K8+ luminal

colonies and a reduction in K14+ colonies (Figure 1H, middle).

In contrast, downregulation of PDEF expression decreased the

formation of K8+ luminal colonies and resulted in an increased

proportion of K8+K14+ mixed colonies (Figure 1H, right), sug-

gesting a block in luminal differentiation and the accumulation

of bipotent double-positive colonies in the absence of PDEF.

In addition, gene expression analysis of FACS-sorted primary

human breast epithelial subpopulations (Lim et al., 2009)

revealed that PDEF mRNA levels are enriched in the CD49f+

EpCAM+ luminal progenitor cell population and are further

enriched in CD49f-EpCAM+ mature luminal cells, as compared

to the basal/mammary stem cell-enriched (Basal/MaSC) and

stromal fibroblast populations (Figure 1I). To determine whether

PDEF regulates the expression of luminal and myoepithelial

differentiation markers, we used this same FACS-sorting

approach to purify mammary epithelial subpopulations from a

reduction mastectomy specimen (Figures S1D and S1E).

Although sorted mature luminal cells could not be cultured, we

were able to successfully grow luminal progenitor cells in vitro

and evaluated the expression of several luminal and myoepi-

thelial markers after PDEF silencing in these cells (Figure 1J).

Interestingly, PDEF knockdown significantly decreased the

expression of multiple luminal markers, whereas myoepithelial

marker expression was not significantly affected. These results

further support a role for PDEF in driving the expression of

luminal-specific genes and promoting the differentiation of this

subset of mammary epithelial cells.

PDEF Is Co-Expressed with ER and Is Regulated by
ER-Cooperating Factors GATA3 and FOXA1
PDEF mRNA is significantly overexpressed in ERBB2+ and

luminal A and B tumors in two independent data sets, as

compared to basal-like tumors (Figure 2A). This correlation

with the luminal subtype was also confirmed in breast cancer

cell lines (Figure 2B). Because ER expression is themajor molec-

ular determinant of luminal tumors (Perou et al., 2000), PDEF is

significantly overexpressed in ER+ tumors (Figure 2C). Interest-

ingly, PDEF is the only ETS transcription factor displaying a
756 Cancer Cell 23, 753–767, June 10, 2013 ª2013 Elsevier Inc.
positive correlation with ER expression among the 28 members

of the family (Figure 2D). This correlation suggests that ER may

regulate PDEF transcription.

To determine if ER regulates PDEF expression, we analyzed a

previously established ER cistrome data set (Carroll et al., 2006)

and found three ER-binding regions located in the PDEF gene

locus (Figure 3A). Two enhancers (1 and 2) are located within

the first intron of the gene and the third one (3) is located after

the 30-end of the gene. Direct ER chromatin immunoprecipitation

(ChIP) in MCF7 cells showed an estradiol (E2)-induced recruit-

ment of ER at these three enhancers, thus confirming PDEF as

a direct ER target.

However, a time course analysis of MCF7 cells treated with

increasing E2 doses did not reveal PDEF mRNA induction, in

contrast with the strong increase of PR mRNA, a known direct

ER target (Figure 3B). Direct RNA polymerase II (Pol2) ChIP

corroborated the absence of PDEF induction by E2. Pol2

recruitment at the PDEF promoter was not increased after E2

treatment, whereas its recruitment at the PR promoter was

strongly induced (Figure 3C). We investigated whether the three

enhancers could be responsible for the activation of the genes

adjacent to PDEF (PACSIN1 and c6orf106, Figure S2A). How-

ever, neither of these neighboring genes demonstrated a corre-

lation with ER expression in breast carcinomas (Figure S2B), and

E2 stimulation did not induce their expression (Figure S2C). The

absence of PDEFmRNA induction by E2 was further validated in

another ER+ breast cancer cell line (T47D, Figure S2D). In addi-

tion, ER downregulation in MCF7 cells did not affect PDEF

mRNA levels (Figure 3D), further confirming the absence of reg-

ulatory activity, despite direct ER recruitment at the PDEF gene

locus in an E2-dependent manner.

These results suggested that a potential repressor prevents

transactivation of the PDEF gene by ER. Therefore, we examined

the roles of the known ER-cooperating factors FOXA1 (Lupien

et al., 2008) and GATA3 (Theodorou et al., 2013) as potential reg-

ulators of PDEF expression. FOXA1 downregulation in MCF7

cells led to a decrease in PDEF mRNA and protein levels, indi-

cating a positive role of FOXA1 in the regulation of PDEF expres-

sion (Figure 3D). FOXA1 downregulation in another luminal cell

line (SKBR3) also decreased PDEF mRNA levels (Figure S2E).

In contrast, GATA3 downregulation in MCF7 cells triggered an

increase of PDEF mRNA and protein levels (Figure 3D), demon-

strating a negative role of GATA3 in the regulation of PDEF

expression. Additionally, GATA3 overexpression in two luminal

cell lines expressing low endogenous GATA3 levels resulted in

decreased PDEF expression (Figure S2F). These regulatory

effects occur through direct recruitment of FOXA1 and GATA3

at the PDEF locus in MCF7 cells because direct ChIP-qPCR

revealed FOXA1 recruitment at the PDEF promoter and

enhancer 3, whereas GATA3 was recruited at the most proximal

enhancer (Figure 3E). These data suggest that PDEF is a down-

stream target of ER, FOXA1, and GATA3. As a control, we

verified that PDEF downregulation did not affect the expression

of ER, FOXA1, or GATA3, indicating that there is no reciprocal

regulatory loop between these genes (Figure S2G).

GATA3 Prevents ER-Mediated Induction of PDEF
As a direct PDEF repressor, GATA3 could be responsible for the

absence of E2-mediated induction of PDEF mRNA. To test this
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Figure 2. PDEF Is Enriched in Luminal Tumors and Strongly Correlates with ER Expression

(A and B) Box plots displaying PDEFmRNA levels between Basal-like, ERBB2+, and Luminal (Lum) subtypes of breast cancer (A) and breast cancer cell lines (B)

using published microarray data sets (Lu et al., 2008; Perou et al., 2000; Neve et al., 2006).

(C) Box plots displaying PDEF mRNA levels between ER- and ER+ breast carcinoma (F.C., fold change) in published microarray data sets (Chin et al., 2006;

Richardson et al., 2006; Wang et al., 2005).

(D) Heatmap displaying the relative expression levels of the 28 ETS transcription factors in ER� and ER+ breast cancer subtypes (Wang et al., 2005; Richardson

et al., 2006; Chin et al., 2006) (N.D., not determined).
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hypothesis, we compared the effect of E2 treatment in the pres-

ence or absence of GATA3 expression (Figure 4A). As expected,

PDEF mRNA levels were unchanged in MCF7 cells transfected

with a non-specific siRNA (NS). In contrast, GATA3 knockdown

enabled the induction of PDEF mRNA (Figure 4A) and protein

(Figure 4B) by E2 treatment. We then examined whether modu-

lation of GATA3 expression affected the recruitment of various

transcriptional regulators to the PDEF promoter and enhancer

regions using ChIP in E2-treated MCF7 cells (Figure 4C). Indeed,

Pol2 displayed a higher recruitment level at thePDEF promoter in

GATA3-knockdown conditions, whereas the promoter of the ER
target gene MYC did not show differential Pol2 recruitment. ER

recruitment to the three enhancers was also increased upon

GATA3 depletion, with a more pronounced increase at enhancer

1, in contrast to the ER-recruiting enhancer located upstream of

theMYC gene, which did not show differential ER recruitment. In

the absence of estrogen stimulation (vehicle condition), ER

recruitment at the PDEF enhancers was close to background

level, and modulation of GATA3 expression did not affect ER

recruitment (Figure S3). Furthermore, the transcriptional coacti-

vator p300, known to associate with ligand-bound ER and to

augment ligand-dependent activation by ER (Hanstein et al.,
Cancer Cell 23, 753–767, June 10, 2013 ª2013 Elsevier Inc. 757



Figure 3. PDEF Is Not Directly Regulated by ER, but Is Activated by FOXA1 and Repressed by GATA3

(A) Left: Schematic diagram of the ER-binding regions within the PDEF gene locus as defined by ER ChIP on chip in MCF7 cells (Carroll et al., 2006). Enh.,

enhancer. Right: direct ER chromatin immunoprecipitation (ChIP) followed by qPCR after treatment of MCF7 cells with vehicle (black bars) or 10 nM estradiol

(E2, white bars). Data represent means ± SD.

(B) PDEF and PRmRNA levels were determined by real-time PCR after MCF7 cells were treated with increasing E2 doses for 6 hr (left), 12 hr (middle), and 24 hr

(right). mRNA levels are presented as means ± SD and normalized to the housekeeping gene GAPDH.

(legend continued on next page)
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Pol2 ChIP Figure 4. GATA3 Prevents PDEF Induction

by ER

(A) GATA3 (upper) and PDEF (lower) mRNA levels

were determined by RT-qPCR after MCF7 cells

were transfected with a NS or GATA3-targeting

(KD, KnockDown) siRNAs and challenged with

10 nM estradiol (E2). Data represent means ± SD.

(B) Western blot lysates from MCF7 cells trans-

fected with NS or GATA3-targeting (KD) siRNAs,

and challenged with 10 nM estradiol.

(C) Direct RNA polymerase II (Pol2), ER, p300,

acetylated histone H3K18, and H4K12 ChIPs fol-

lowed by real-time PCR after MCF7 cells were

transfected with NS or GATA3-targeting (KD)

siRNAs, and challenged with 10 nM E2. Data

represent means ± SD. Enh., enhancer.

See also Figure S3.
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1996), also displayed a stronger recruitment in GATA3-knock-

down conditions, specifically at enhancer 1. Consistent with

the histone acetyltransferase activity of p300 (McManus and

Hendzel, 2003), we found higher levels of the active histone

marks acetylated-H3K18 and -H4K12 at PDEF enhancer

1. Collectively, these data demonstrate that the loss of GATA3

allows for ER-mediated PDEF induction.

To evaluate the repressive effect of GATA3 on PDEF expres-

sion in other cell lines, we examined the mRNA levels of these

transcription factors in a subset of ER+ breast cancer cell lines

(Neve et al., 2006). Clustering analysis revealed a clear distinc-

tion between [GATA3]high [PDEF, FOXA1]low and [GATA3]low

[PDEF, FOXA1]high cell lines (Figure 5A). Pairwise correlation
(C) Direct RNA polymerase II (Pol2) ChIP followed by qPCR after treatment of MCF7 cells with vehicle or 10 nM

and PR promoter (right). Data represent means ± SD.

(D) PDEF, ESR1, FOXA1, and GATA3 mRNA and protein levels were determined by RT-qPCR (left panels) o

transfected with a NS or two independent siRNAs targeting ESR1/FOXA1/GATA3 (KD, KnockDown). Data re

(E) Direct FOXA1 (upper) and GATA3 (lower ) ChIPs followed by qPCR after treatment of MCF7 cells with veh

Data represent means ± SD.

See also Figure S2.

Cancer Cell 23, 753–7
analysis showed a statistically significant

inverse correlation between PDEF and

GATA3. Conversely, PDEF and FOXA1

levels were positively correlated, further

confirming the positive regulation of

PDEF expression by FOXA1. Validation

of the negative correlation between

PDEF and GATA3 expression was also

performed in four ER+ breast cancer cell

lines (Figure 5B).

PDEF Is Required for the Growth of
ER+ Breast Cancers
To investigate the role of PDEF in breast

cancer progression, we first analyzed

gene expression profiling and clinical

outcome data from published studies for

correlations between PDEF/GATA3 ex-

pression levels and overall survival (Fig-

ure 5C). Due to the strong association

between PDEF and ER expression, only
ER+ breast tumors were included in this analysis. Patients were

divided into two equal groups, high and low, based on the

median PDEF expression level. Kaplan-Meier survival analyses

in three independent data sets demonstrated that high PDEF

expression is associated with worse overall survival for patients

with ER+ breast cancer. We found that PDEF is a significant pre-

dictor of survival when treated as a continuous variable in Cox

regression models (Chin p = 0.0102, Ivshina p = 3.74 3 10�3,

Desmedt p = 0.0476), consistent with a previous report (Sood

et al., 2009). In contrast, GATA3 is not a significant predictor of

survival in the ER+ breast samples in these three studies when

tumors are classified based on the median GATA3 expression

or when GATA3 expression is treated as a continuous variable
E2 using primers flanking the PDEF promoter (left)

r western blot (right panels) after MCF7 cells were

present means ± SD.

icle or 10 nM E2. Enh., enhancer; Prom., promoter.

67, June 10, 2013 ª2013 Elsevier Inc. 759
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Figure 5. PDEF andGATA3Are Inversely Correlated in ER+ Luminal TumorCell Lines, and Their Expression Levels Are of Prognostic Value for

ER+ Breast Carcinoma Patient Survival

(A) Heatmap displaying GATA3, PDEF, and FOXA1 mRNA levels in eight ER+ breast cancer cell lines (Neve et al., 2006) with pairwise correlation analysis.

Scale: +1, perfect positive correlation; 0, no correlation; �1: perfect inverse correlation.

(B) GATA3 (upper) and PDEF (lower) mRNA levels were determined by real-time PCR in four ER+ breast cancer cell lines. Data represent means ± SD.

(C) Kaplan-Meier survival analysis of patients with ER+ breast carcinoma (Chin et al., 2006; Ivshina et al., 2006; Desmedt et al., 2007). Patients were stratified on

the median value for each marker. The log-rank test p values are shown.
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(data not shown). Interestingly, further stratification of patient

groups based on inverse GATA3/PDEF expression improves

the predictive capability of PDEF (Figure 5C). The significant

correlation between high PDEF expression and poor overall

survival strongly supports a potential role for PDEF in ER+ breast

tumorigenesis.

To assess this hypothesis, we next investigated the biologic

effects of PDEF knockdown on luminal breast cancer cell

growth. PDEF downregulation by transient transfection with

two independent siRNAs (Figure 6A) triggered a growth defect

in MCF7 cells subjected to hormone starvation prior to E2 stim-

ulation (Figure 6B). This growth defect was rescued by the

expression of a mutant PDEF protein harboring a silent mutation

preventing siRNA-mediated downregulation (Figures S4A and

S4B). Stable PDEF knockdown by transduction of MCF7 cells
760 Cancer Cell 23, 753–767, June 10, 2013 ª2013 Elsevier Inc.
with lentiviral PDEF-targeting shRNAs also induced a growth

defect in conditions of hormone depletion followed by E2 stimu-

lation (Figures S4C and S4D).

Flow cytometry analysis did not reveal any obvious cell-cycle

progression defect in PDEF knockdown cells subjected to hor-

mone starvation and E2 induction. However, PDEF knockdown

followed by treatment with nocodazole prevented a significant

proportion of cells from entering mitotic arrest, suggesting that

PDEF silencing does induce a subtle G0/G1 arrest (Figure S4E).

In addition, PDEF knockdown cells subjected to hormone deple-

tion displayed decreased viability with a statistically significant

increase in apoptotic cells (Figure 6C). Based on this finding,

we examined the effect of the ER antagonists tamoxifen and

fulvestrant in cells expressing PDEF siRNA (Figure 6D).

Increasing doses of anti-estrogens resulted in more pronounced
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cytotoxicity in PDEF knockdown conditions. In addition,

caspase 8 activity was also increased in MCF7 cells expressing

PDEF-targeting shRNAs and subjected to hormone depletion or

fulvestrant treatment (Figure S4F), further confirming a role for

PDEF in mediating luminal tumor cell survival in response to

hormone-related stress.

We also examined the effect of PDEF loss on luminal tumor cell

survival in anchorage-independent conditions. Soft agar colony

formation was markedly decreased in MCF7 cells expressing

PDEF shRNA, suggesting that this ETS factor is essential for

the transformation of luminal tumor cells (Figure 6E). Consistent

with this notion, PDEF downregulation in three other luminal

cancer cell lines, T47D, BT474, and SKBR3 (Figure S4G),

resulted in similar decreases in cell growth (Figures S4H–S4J)

and significantly impaired colony formation in soft agar assays

(Figures S4K and S4L). As a control, we demonstrated that re-

introduction of PDEF in the basal tumor cell line SUM159, which

lacks endogenous PDEF expression, inhibited anchorage-

independent growth and survival (Figure S4M), confirming the

reported role of PDEF as a tumor suppressor in basal-like breast

cancer (Feldman et al., 2003; Turner et al., 2007). To further test

the role of PDEF in luminal tumor formation, NS control or PDEF

knockdown MCF7 cells were injected in the inguinal mammary

fat pads of NOD-SCID mice that had previously been implanted

with an estrogen pellet (Figure 6F). In line with the observed

in vitro growth defect, PDEF downregulation reduced tumor

growth, with a 40% decrease in final tumor weight compared

to tumors formed by control MCF7 cells. Interestingly, histolog-

ical sections of PDEF knockdown tumors displayed a frag-

mented appearance and decreased cellularity, in contrast to

the suppressive role of PDEF in basal SUM159 cells, because

expression of PDEF in these cells diminished tumor formation

in vivo (Figure S4N). Western blot analysis of lysates from

PDEF knockdown tumors revealed increased detection of

cleaved caspase 8, whereas the proliferation marker PCNA

was not differentially expressed (Figure 6G), indicating that the

reduced tumor size of PDEF knockdown xenograft tumors is

predominantly due to increased apoptosis rather than a prolifer-

ation defect. TUNEL cell death detection in tumor sections also

clearly showed increased cell death in PDEF knockdown tumors

(Figure 6H). Collectively, these data support a critical prosurvival

role of PDEF in ER+ breast cancer cells. Conversely, we

confirmed a tumor-suppressive function for GATA3 (Asselin-

Labat et al., 2007; Kouros-Mehr et al., 2008), because GATA3

silencing promoted soft agar colony formation in MCF7 cells

(Figures S4O and S4P).

PDEF Is Involved in Endocrine Resistance
To better understand the mechanisms underlying acquired

endocrine resistance, in vitro models of hormone-independent

growth were previously developed through long-term culture of

MCF7 cells in media devoid of any estrogens or in the presence

of tamoxifen (Ariazi et al., 2011). We hypothesized that PDEF

might play a functional role in this hormone-refractory phenotype

based on our finding that PDEF downregulation sensitizedMCF7

cells to hormone depletion and anti-estrogens. To evaluate this

hypothesis, we analyzed two long-term estrogen-deprived

clones (MCF7 2A and 5C) (Ariazi et al., 2011) and tamoxifen-

resistant cells (TAM-R) isolated from parental MCF7 cells.
PDEF mRNA levels were higher in estrogen-deprived 2A and

5C cells relative to the parental controls (WS8), whereas the

levels of GATA3 mRNA were lower (Figure 7A). The inverse cor-

relation between PDEF and GATA3 was confirmed in this model

at the protein level (Figure 7B). Similarly, TAM-R cells also dis-

played higher PDEF levels, concomitant with undetectable levels

of GATA3 mRNA and protein (Figures 7A and 7B). To determine

whether the higher PDEF expression observed in these models

was functionally relevant, we assessed the survival of MCF7

5C cells after PDEF downregulation. PDEF knockdown induced

increased cell death and a reduction in soft agar colony forma-

tion, suggesting that hormone-refractory cells are partially

dependent on PDEF for survival (Figure 7C). In addition, PDEF

downregulation in MCF7 TAM-R cells triggered a dramatic

decrease in soft agar colony formation (Figure 7D). Interestingly,

tamoxifen significantly increased colony numbers of TAM-R cells

transduced with a NS shRNA (compare white bars), indicating

that tamoxifen functions in TAM-R cells as an agonist to promote

anchorage-independent cell growth. In fact, PDEF silencing

resulted in a greater fold-reduction in colony formation in the

presence of tamoxifen compared to the vehicle condition. These

results support the conclusion that PDEF plays an important role

in endocrine resistance.

PDEF Gene Expression Signature Reflects a Prosurvival
Role and Identifies Cell Death Receptor FAS as an
Important Target
Microarray gene expression analysis was performed in MCF7

cells transduced with NS or PDEF-targeting shRNAs after sub-

jection to hormone depletion for 48 hr. Analyses of differentially

expressed genes combined with gene ontology revealed a

downregulation of cell cycle-related genes and an upregulation

of apoptosis-related genes in PDEF knockdown cells (Figure 8A).

A complete list of PDEF-regulated genes from this microarray

analysis is shown in Table S2. These target genes constitute

potential effectors of the prosurvival role of PDEF.

We next examined whether PDEF-regulated genes have

prognostic value for survival of patients with ER+ breast carci-

noma (Figure 8B). A semisupervised principal component

method was implemented using the PDEF-regulated genes in

MCF7 cells; we did not include the PDEF probe because it

is prognostic as a single predictor. Using this approach, a

130-probe PDEF signature that is able to predict patient

outcome in the Ivshina data set was identified (Figure 8B; Table

S3). Importantly, this signature is also significant when applied to

independent cohorts of ER+ tumors (Figure S5A). Because

increased expression of cell cycle genes is a hallmark of cancer,

it was necessary to define whether cell cycle genes solely

contribute to the prognostic value of the PDEF signature.

Survival analysis using a PDEF signature where cell cycle-asso-

ciated genes were eliminated revealed that non-cell cycle PDEF-

regulated genes are prognostic (Figure S5B, left panel). A PDEF

signature restricted to genes implicated in response to stress

and apoptosis is also prognostic (Figure S5B, right panel).

To further define the clinical relevance of PDEF target genes,

we analyzed the overlap between the PDEF signature and exist-

ing breast carcinoma gene expression data sets. A large pro-

portion of genes upregulated in PDEF knockdown MCF7 cells

were significantly downregulated in tumors versus normal
Cancer Cell 23, 753–767, June 10, 2013 ª2013 Elsevier Inc. 761



Figure 6. PDEF Knockdown Sensitizes MCF7 Cells to Hormone-Related Stress and Decreases Their Tumorigenic Properties

(A)PDEFmRNA levels were determined by real-time PCR inMCF7 cells transfected with NS or two independent PDEF-targeting (PDEF KD, KnockDown) siRNAs,

and then grown for 3 days in hormone-depleted medium with 10 nM E2. Data represent means ± SD.

(B) Growth curves of MCF7 cells transfected with NS or PDEF-targeting (KD) siRNAs in hormone-depleted medium with 10 nM E2. Data represent means ± SD.

(C) AnnexinV/Propidium Iodide cell viability measurement of MCF7 cells transfected with NS or PDEF-targeting (KD) siRNAs, then grown for 24 hr in hormone-

depleted medium. Data represent means ± SD.

(D) Measurement of cytotoxicity after transfection of MCF7 cells with NS or PDEF-targeting (KD) siRNAs, followed by treatment for 48 hr with increasing doses of

tamoxifen (left) or fulvestrant (right). Data represent means ± SD.

(E) Soft agar colony formation assay of MCF7 cells infected with NS or PDEF-targeting (KD) shRNAs. The average fold change ± SEM in colony number compared

to control NS cells across three independent experiments is shown (*p < 0.02, ***p < 0.0001).

(F) Measurement of MCF7 xenograft tumor weight. Mammary fat pads of NOD/SCID mice were injected with NS or PDEF-targeting shRNA (KD

#1 and #2) MCF7 cells. Estradiol release pellets were implanted subcutaneously 2–3 days prior to surgery. Tumors were harvested and weighed

after 8 weeks of growth. Data represent mean ± SEM, *p < 0.04. Tumor sections were analyzed with hematoxylin and eosin staining. Scale bars represent

50 mM.

(G) Western blots of MCF7 xenograft tumor lysates. Tumors expressing either NS or PDEF-targeting (KD) shRNAs were analyzed.

(legend continued on next page)
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Figure 7. PDEF Expression Is Increased in

Long-Term Estrogen-Deprived Cells and

Tamoxifen-Resistant Cells Derived from

MCF7 Cells

(A and B) PDEF and GATA3 mRNA and protein

levels were determined by real-time PCR (A) or

western blot (B) in parental MCF7 cells (WS8),

clones 2A and 5C (upper panels), and tamoxifen-

resistant (TAM-R) cells (lower panels). mRNA

levels are presented as means ± SD and normal-

ized to the housekeeping gene GAPDH.

(C) Left: PDEF mRNA levels were determined in

MCF7 5C cells by real-time PCR after transfection

of NS or PDEF-targeting (PDEF KD, KnockDown)

siRNAs. Middle: measurement of MCF7 5C cell

mortality (**p < 0.005, data represent mean ±SD).

Right: soft agar colony formation assay of MCF7

5C cells infected with NS or PDEF-targeting (KD)

shRNAs. Data represent the average fold change ±

SEM in colony number compared to control NS

cells, *p < 0.02.

(D) Left: PDEF mRNA levels were determined in

MCF7 TAM-R cells by real-time PCR 7 days after

transduction of NS or PDEF-targeting (KD)

shRNAs in the presence of 10�7 M tamoxifen or

vehicle (EtOH). Right: soft agar colony formation

assay of MCF7 TAM-R cells infected with NS

control shRNA or PDEF-targeting shRNA (KD)

in the presence of 10�7 M tamoxifen or vehicle

(EtOH) (***p < 0.001, *p < 0.05). Data represent

means ± SD.
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samples, whereas the genes downregulated in PDEF knock-

down MCF7 cells were overexpressed in tumors compared to

normal samples (Figure S5C). These findings demonstrate that

PDEF knockdown triggers a gene expression program that

switches cells toward a less tumorigenic phenotype.

In addition, we further analyzed these microarray results to

identify potential mediators of the pro-apoptotic phenotype

induced by PDEF loss. The cell death receptor FASwas selected

as a candidate effector because FASmRNA was overexpressed

in MCF7 cells with PDEF knockdown under hormone-depleted

conditions (Figures 8C and 8D), suggesting that PDEF acts as

a repressor of FAS expression. Furthermore, analysis of a previ-

ously published PDEF cistrome established in VCaP prostate

cancer cells (Wei et al., 2010) revealed the presence of a PDEF
(H) Tumor sections were subjected to TUNEL cell death staining (red). Nuclei were stained with DAPI (blue). T

(NS, PDEF KD#1 and #2) and five fields were photographed for each section. Representative images for each

The ratio of TUNEL signal to the total number of nuclei is shown in the histogram. Data represent means ± S

See also Figure S4.
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binding region located upstream of the

FAS gene locus. Direct PDEF ChIP in

MCF7 cells confirmed PDEF recruitment

to this binding region (Figure 8E). This

result indicates that PDEF directly re-

presses FAS expression and that this

inhibition may promote the survival of

MCF7 cells in hormone-depleted media.

Interestingly, an inverse correlation

between FAS and PDEF mRNA levels
was observed in multiple ER+ breast carcinoma data sets (Fig-

ure S5D), thus confirming that PDEF-mediated repression of

FAS expression is also relevant clinically.

To determine if FAS plays a functional role in the pro-

apoptotic phenotype, we treated PDEF knockdown MCF7 cells

with an anti-FAS Ligand (FasL) neutralizing antibody under

hormone-depleted conditions (Figure 8F). FasL neutralizing

antibody was sufficient to partially rescue the apoptotic pheno-

type in PDEF knockdown cells as compared to a negative

control NS antibody. Moreover, FAS mRNA and protein

expression were enhanced in both MCF7 2A and 5C clones

upon PDEF downregulation (Figures 8G and 8H). Based on

these findings, we hypothesize that increased PDEF levels pro-

mote the acquired endocrine resistance of estrogen-deprived
hree different tumors were stained for each shRNA

tumor type are shown. Scale bars represent 20 mM.

D (***p < 0.001).
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Figure 8. PDEF Promotes a Pro-Survival Gene Expression Program in Hormone-Depleted Conditions and Represses Pro-Apoptotic Death

Domain FAS Receptor Expression

(A) Heatmap of a selection of differentially expressed genes generated from microarray analysis of MCF7 cells infected with NS or PDEF-targeting (PDEF KD,

KnockDown) shRNAs, then subjected to hormone depletion for 48 hr. These expression changes were statistically significant.

(B) Kaplan-Meier survival analysis of the relationship between survival time and the PDEF signature. The PDEF signature was trained and tested on the Ivshina

data set (Ivshina et al., 2006). The log-rank p-value is an indicator of significant differences in patient outcomewhen patients are dichotomized at themedian of the

predictor. The Cox p value treats the predictor as a continuous variable.

(C and D) PDEF and FASmRNA and protein levels were determined by real-time PCR (C) or western blot (D) inMCF7 cells infectedwith NS or PDEF-targeting (KD)

shRNAs, and grown for 48 hr (C) or 72 hr (D) in hormone-depleted medium. mRNA levels are presented as means ± SD and normalized to the housekeeping gene

GAPDH.

(E) Upper: schematic diagram of the PDEF binding region (indicated by arrow) upstream of the FAS gene locus as defined by PDEF ChIP sequencing in VCaP cells

(Wei et al., 2010). Lower: direct PDEF ChIP followed by qPCR after culture of MCF7 cells in hormone-depleted medium for 48 hr. Data represent means ± SD.

(legend continued on next page)
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cells by inhibiting the expression of pro-apoptotic genes

including FAS.

DISCUSSION

In this study, we demonstrated that PDEF is a downstream

target of the ER/FOXA1/GATA3 network. In addition to its

critical function as a lineage-specific regulator of ER+ breast

cancer cell survival, PDEF also induces luminal differentiation

of nontransformed basal epithelial cells (summarized in Figures

8I–8K).

Gene expression analyses revealed distinct PDEF signatures

in two different contexts. PDEF overexpression in nontrans-

formed MCF-10A mammary basal epithelial cells induced a

striking luminal differentiation program, whereas PDEF knock-

down in transformed luminal MCF7 cells subjected to hormone

depletion induced a growth arrest and cell death program. The

lack of significant overlap in these signatures suggests distinct

roles for PDEF in the context of normal morphogenesis and

tumorigenesis. Defining PDEF binding sites in the genome in

these two contexts may reveal differential sets of direct target

genes and cooperating factors. However, the role of PDEF in

promoting survival is likely more important than its role in regu-

lating differentiation in transformed cells because preliminary

data suggest that PDEF knockdown induces changes in a subset

of differentiation markers in luminal breast cancer cells, but does

not appear to result in the generation of bipotent cells as

observed in nontransformed COMMA-1D cells.

The dichotomous functions of PDEF in the context of normal

and tumor cells distinguish it from other prodifferentiation factors

that function as tumor suppressors. For example, GATA3 is

required for luminal cell differentiation (Asselin-Labat et al.,

2007); however, GATA3 downregulation enhances invasive

activity and tumor cell dissemination to the lung, whereas

GATA3 overexpression suppresses metastasis (Kouros-Mehr

et al., 2008). In addition, GATA3 is mutated in 17.7% of ER+

breast carcinoma samples (Stephens et al., 2012). Interestingly,

GATA3 silencing increased ER-binding intensity in a high

proportion of recruiting regions (Theodorou et al., 2013). We hy-

pothesize that PDEF could be an important target of the tumor-

suppressive action of GATA3. The analysis of estrogen-deprived

or tamoxifen-resistant cells provides supportive evidence for an

inverse correlation between PDEF andGATA3, whichmay repre-

sent a marker of hormone-refractory breast cancers.

Studies of PDEF function in different cancers, including pros-

tate and ovarian tumors, suggests a context-dependent role in

tumorigenesis (Johnson et al., 2010; Sood et al., 2007; Ghader-

sohi et al., 2008; Rodabaugh et al., 2007). In breast cancer, PDEF

cooperates with the oncogenes ERBB2 and CSF1R to promote

cell motility, invasion, and anchorage-independent growth of

mammary epithelial cells (Gunawardane et al., 2005). In contrast,
(F) Measurement of caspase 8 activity in MCF7 cells transfected with NS or PD

presence of a negative control antibody or anti-Fas Ligand antibody (FasL, 5 ng

(G and H) PDEF and FASmRNA and protein levels were determined by real-time P

targeting (KD) shRNAs. mRNA levels are presented as means ± SD and normaliz

(I) PDEF belongs to a network of ER-associated factors and is positively regulate

(J) Mechanism of GATA3-mediated repression of PDEF.

(K) Physiologic and pathologic functions of PDEF.

See also Figure S5 and Tables S2 and S3.
other studies showed that ectopic expression of PDEF in highly

malignant, ER�, basal-like breast tumor cell lines (Feldman et al.,

2003; Turner et al., 2007) resulted in reduced proliferation,

motility, and invasiveness, suggestive of a tumor suppressor

role. However, the relevance of ectopic expression in tumor

cell lineages in which PDEF is not normally expressed is difficult

to interpret. Exogenous expression of ER in ER� cells led to

similar paradoxical results, in which ER appeared to function

as a tumor suppressor (Levenson and Jordan, 1994). Luminal

epithelial-specific transcription factors, such as ER and PDEF,

may reduce the mesenchymal properties of these cell lines,

rendering them less invasive andmigratory. Thus, loss of expres-

sion studies in ER+ cells represents a more appropriate context

to examine the role of PDEF in tumorigenesis. Our data support a

role for PDEF in breast cancer progression, at least in part by

maintaining a proliferative state and enabling a prosurvival

gene expression program.

Our results identify the FAS receptor, a member of the tumor

necrosis family involved in the extrinsic apoptosis pathway

(Peter and Krammer, 2003), as a direct PDEF transcriptional

target. Nontransformed mammary epithelial cell lines express

high levels of FAS, and its expression is decreased in several

breast cancer cell lines (Keane et al., 1996). In addition, dis-

ease-free survival was significantly longer in patients with

FAS-positive breast tumors compared to those with FAS-

negative tumors (Mottolese et al., 2000). PDEF represses FAS

gene expression, specifically under stress conditions such as

hormone depletion. Several other ETS factors also display tran-

scriptional-repressive activities, including Net, Yan, ERF, and

Tel (Mavrothalassitis and Ghysdael, 2000). The mechanism of

PDEF-mediated repression is not yet elucidated, and the iden-

tification of potential coregulators will provide new insights into

its transcriptional activity.

Taken together, this study identifies PDEF not only as an

essential factor within the ER-associated transcriptional

network, but also as a potential therapeutic target for patients

with ER+ breast carcinoma.

EXPERIMENTAL PROCEDURES

Reagents, Cells, and Tissue Culture Conditions

The antibodies, siRNAs, primers, and cells and tissue culture conditions are

listed in the Supplemental Experimental Procedures. Reduction mastectomy

tissues were collected from patients who have provided informed consent

under the DFCI IRB approved protocol 93-085. See the Supplemental

Experimental Procedures for more details.

Gene Expression Microarray Analysis

Total RNA was isolated either from MCF-10A cells expressing pBabe/pBabe-

PDEF or from MCF7 expressing NS/PDEF-targeting shRNA and subjected to

reverse transcription, labeling, and hybridization to hgu133plus2 gene chip

arrays (Affymetrix). See the Supplemental Experimental Procedures for more

details.
EF-targeting (KD) siRNAs, then subjected to hormone depletion (48 hr) in the

/ml). Data represent means ± SD.

CR (G) or western blot (H) in MCF7 2A and 5C clones infected with NS or PDEF-

ed to the housekeeping gene GAPDH.

d by ER and FOXA1, whereas GATA3 acts as a repressor of PDEF expression.
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Lentiviral Infection and siRNA Transfection

Lentivirus was produced in 293T cells and retrovirus in 293GPG cells. For

luminal progenitor cells, PDEF-targeting lentiviral particles were obtained

fromSanta Cruz Biotechnology (sc-45845-V). For PDEF overexpression, either

the retroviral pBabe or lentiviral pBob vectors containing human or murine

PDEF cDNA were used. See the Supplemental Experimental Procedures for

more details.

Chromatin Immunoprecipitation

ChIP was performed as previously described (Carroll et al., 2006). See Supple-

mental Experimental Procedures for more details.

Growth Curves and Cytotoxicity Assay

Growth of MCF7 cells and cytotoxicity of tamoxifen and fulvestrant were

measured using the cell proliferation WST-1 assay (Roche). See the Supple-

mental Experimental Procedures for more details.

Annexin V Analysis of Apoptosis and Caspase 8 Activity Assay

The Vybrant annexin V Kit #3 and the ApoTarget Caspase 8 colorimetric assay

(Invitrogen) were used. See the Supplemental Experimental Procedures for

more details.

Immunofluorescence

MCF-10A cells were stained with antibodies against cytokeratin-8 (Covance

HK-8) and keratin-14 (Covance AF64). COMMA-1D colony assays were

stained with antibodies against murine cytokeratin-8 (DSHB, University of

Iowa; TROMA-I) and keratin-14 (Covance AF641). See the Supplemental

Experimental Procedures for more details.

Flow Cytometry Analyses

MCF-10A and HMEC cells were trypsinized and resuspended in flow buffer

(PBS containing 1% BSA, 2 mM EDTA, and 5% FBS) for 10 min. Cells were

stained for 30 min with antibodies for PE-conjugated EpCAM and APC-conju-

gated CD10 (both eBioscience). Analysis was performed on a FACS Calibur

machine (BD).

Soft Agar Assays

Six-well plates were coated with an underlay of 0.5% agarose (Sigma, type VII

low melting). Cells were then plated in 0.35% agarose. Colonies were allowed

to form for approximately 2 weeks. See the Supplemental Experimental

Procedures for more details.

Fat Pad Tumor Assays

All animal studies were performed with the approval of the IACUC of Harvard

Medical School. Eight-week-old female NOD/SCID mice were implanted with

estrogen pellets (Innovative Research of America; 0.72 mg, 60 day release)

prior to injection to support tumor growth; 23 106MCF7 cells (expressing con-

trol or PDEF-targeting shRNAs, resuspended inMatrigel) were injected into the

number 4 fat pad. Tumors were harvested after 8 weeks of growth. See the

Supplemental Experimental Procedures for more details.

Survival Analysis

Breast tumor data sets were downloaded from http://www.ncbi.nlm.nih.gov/

geo (Ivhsina; GSE4922), (Desmedt; GSE7390) and http://www.ebi.ac.uk/

arrayexpress (Chin; E-TABM-158). See the Supplemental Experimental

Procedures for more details.

ACCESSION NUMBERS

The GEO accession number for the raw and processed microarray data pre-

sented in this paper is GSE40987.

SUPPLEMENTAL INFORMATION

Supplemental information includes Supplemental Experimental Procedures,

five figures, and three tables and can be found with this article online at

http://dx.doi.org/10.1016/j.ccr.2013.04.026.
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SUMMARY
Gene expression profiling has uncovered the transcription factor Sox4 with upregulated activity during TGF-
b-induced epithelial-mesenchymal transition (EMT) in normal and cancerous breast epithelial cells. Sox4 is
indispensable for EMT and cell survival in vitro and for primary tumor growth and metastasis in vivo. Among
several EMT-relevant genes, Sox4 directly regulates the expression of Ezh2, encoding the Polycomb group
histone methyltransferase that trimethylates histone 3 lysine 27 (H3K27me3) for gene repression. Ablation of
Ezh2 expression prevents EMT, whereas forced expression of Ezh2 restores EMT in Sox4-deficient cells.
Ezh2-mediated H3K27me3 marks associate with key EMT genes, representing an epigenetic EMT signature
that predicts patient survival. Our results identify Sox4 as amaster regulator of EMT by governing the expres-
sion of the epigenetic modifier Ezh2.
INTRODUCTION

Epithelial-mesenchymal transition (EMT) is a cellular mechanism

known to constitute the core of normal embryonic development

(Hanahan and Weinberg, 2011; Kalluri, 2009; Kalluri and Wein-

berg, 2009; Nieto, 2010; Polyak and Weinberg, 2009; Thiery

and Sleeman, 2006). Similar, yet pathophysiological transitions

occur during the progression of epithelial tumors, endowing

cancer cells with increased motility and invasiveness to seed

metastasis and, sometimes, after metastatic dissemination to

redifferentiate into epithelial structures by mesenchymal-epithe-

lial transition (Kang and Massagué, 2004; Thiery and Morgan,

2004). Multiple oncogenic events and signaling pathways, medi-

ated, for example, by transforming growth factor b (TGF-b),

hepatocyte growth factor (HGF), Wnt and Notch signaling, or
Significance

An epithelial-mesenchymal transition (EMT) is a key process du
lial tumors tometastatic cancers. Here, we identify the transcrip
to act highly upstream in the epistatic hierarchy of EMT regulati
Ezh2. Conversely, Ezh2 is able to functionally replace Sox4
EMT-associated genes. Ezh2 thus represents one critical Sox4
interplay between transcriptional and epigenetic control durin
attractive avenue for the therapeutic intervention of malignant
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oncogenic Src or Ras activation, are implicated in the induction

of EMT (Hanahan and Weinberg, 2011; Kalluri, 2009; Kalluri and

Weinberg, 2009; Nieto, 2010; Polyak andWeinberg, 2009; Thiery

and Sleeman, 2006).

Sox4 is a member of the Sox (SRY-related HMG-box) family of

transcription factorswith acritical role in embryonic development

and in cell-fate determination during organogenesis of the heart

(Restivo et al., 2006; Schilham et al., 1996), pancreas (Lioubinski

et al., 2003; Wilson et al., 2005), and brain (Cheung et al., 2000;

HongandSaint-Jeannet, 2005), and inBandT lymphocyte differ-

entiation (Cheung et al., 2000; Hong and Saint-Jeannet, 2005;

Lioubinski et al., 2003; Schilham et al., 1996, 1997; van deWeter-

ing et al., 1993; Wilson et al., 2005). Sox4 gene expression is

upregulated in many cancer types, and increased Sox4 activity

contributes to cellular transformation (Liu et al., 2006; Shin
ring organismal development and the progression of epithe-
tion factor Sox4 as amaster regulator of EMT. Sox4 appears
on. It controls a number of EMT-relevant genes in addition to
during EMT and regulates the expression of a number of
target gene during EMT. The results exemplify an important
g EMT and suggest that the inhibition of Ezh2 could be an
tumor progression.
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et al., 2004), cell survival (Aaboe et al., 2006; Ahn et al., 2002; Liu

et al., 2006; Pramoonjago et al., 2006), andmetastasis (Liao et al.,

2008; Tavazoie et al., 2008). For example, restoration of miR-335

expression suppresses lung and bone metastasis in human

cancer cells by interfering with the expression of Sox4 (Tavazoie

et al., 2008). Interestingly, Sox4 also directly modulates key

cellular regulators, including the genes encoding for epidermal

growth factor receptor (EGFR), tenascin-C, heat shock protein

70 (Hsp70), frizzled homolog 5 (Fzd5), Delta-like 1 (Dll1), and

Patched-1 (Ptch1), the transcriptional regulators Mll, Foxa1,

Znf281, and Nkx3-1, and components of the RNAi machinery,

including Dicer, Argonaute 1, and RNA helicase A (Scharer

et al., 2009). Finally, Sox4 regulates Wnt signaling by directly

binding to b-catenin and Tcf family members (Sinner et al.,

2007). Most recently, Sox4 has been reported to induce EMT

and to cooperate with oncogenic Ras in breast cancer progres-

sion (Zhang et al., 2012); however, its direct transcriptional target

genes during EMT have remained elusive. Here, we demonstrate

a central role of Sox4 in EMT as well as in primary tumor growth

andmetastasis by directly regulating the expression of a number

of genes with critical functions in EMT, including Ezh2.

The histonemethyltransferase Ezh2 (Enhancer of Zeste homo-

log 2) is a component of the Polycomb (PcG) repressive complex

2 (PRC2), which epigenetically regulates genes involved in cell

fate decisions. Ezh2 specifically trimethylates nucleosomal his-

tone H3 at lysine 27 (H3K27me3), an epigenetic modification

associated with gene silencing (Sparmann and van Lohuizen,

2006). A conditional knockout of the Ezh2 gene in basal keratino-

cytes leads a precocious acquisition of an epidermal barrier

function in the embryo (Ezhkova et al., 2009), while a conditional

knockout of Ezh2 in B-lymphocytes results in improper IgH

rearrangements (Su et al., 2003), suggesting a role for Ezh2

methyltransferase in cell differentiation and maturation. Ezh2 is

found to be highly expressed in a variety of cancer types where

the genomic loss of miR-101 leads to increased expression of

Ezh2 and concomitant deregulation of epigenetic pathways,

altogether resulting in cancer progression (Varambally et al.,

2008). Furthermore, Ezh2 can induce EMT and increase the

metastatic potential of prostate cancer cells by downregulation

of DAB2IP, a tumor-suppressive Ras GTPase-activating protein

(RasGAP) (Chen et al., 2005; Min et al., 2010). Finally, low Ezh2

expression levels correlate with metastasis-free survival in

breast cancer (Cao et al., 2008; Kleer et al., 2003). However,

whether and how Ezh2-mediated epigenetic mechanisms

contribute to the transcriptional reprogramming that accom-

panies EMT is still poorly understood.

RESULTS

Sox4 Is Required for EMT
To identify critical genes underlying early, intermediate, and late

stages of EMT, we induced EMT in the untransformed normal

murine mammary gland (NMuMG) cell line by treatment with

TGF-b for 0, 1, 4, 7, 10, and 20 days (data not shown). During

this time course, the cells underwent progressive EMT and

acquired a complete mesenchymal morphology (Lehembre

et al., 2008). Motif activity response analysis (MARA) (Suzuki

et al., 2009) of gene expression data derived from the EMT

time course predicted several transcription factor binding motifs
to be important regulators of the EMT expression dynamics,

including a motif bound by Sox transcription factors (Figure S1A

available online). Gene expression profiling and quantitative RT-

PCR experiments revealed that Sox4 and Sox9 were the only

Sox family members significantly upregulated in their expression

during TGF-b-induced EMT in NMuMG cells (Figures S1B–S1D).

Sox4 expression was also robustly induced during EMT in a

number of other cellular EMT systems, including TGF-b-induced

EMT in Py2T murine breast cancer cells derived from a tumor

of MMTV-PyMT transgenic mice (Waldmeier et al., 2012), in

MCF10A human breast epithelial cells, in EpRas murine mam-

mary epithelial cells (Figures S1D–S1G), and in humanmammary

epithelial cells (Kloeker et al., 2004). Sox4 expression was also

increased in MCF7 human breast cancer cells that exert full

EMT upon shRNA-mediated knockdown of E-cadherin expres-

sion (Lehembre et al., 2008; Figure S1H).

To directly assess the role of Sox4 and Sox9 in EMT, NMuMG

cells were transfected with a pool of two different siRNAs against

Sox4 (siSox4) and Sox9 (siSox9), as well as siSox4 and siSox9

together, to transiently ablate the expression of Sox4 and Sox9

in the absence and presence of TGF-b, resulting in an efficient

repression of Sox4 and Sox9 expression (Figures 1A; Figures

S1I and S1J). As reported recently (Zhang et al., 2012), Sox4-

ablated NMuMG cells were not able to undergo EMT and

largely retained their epithelial morphology during TGF-b treat-

ment, whereas cells transfected with control-siRNA (siControl)

changed to amesenchymal, fibroblastoid phenotype (Figure 1B).

In contrast, the single ablation of Sox9 did not have any effect on

TGF-b-induced EMT, while the concomitant ablation of Sox4

and Sox9 mimicked the single ablation of Sox4 (Figures S1K

and S1L). Immunofluorescence staining revealed that Sox4

depletion in the absence of TGF-b did not substantially affect

the epithelial morphology of NMuMG cells (Figure 1C). In the

presence of TGF-b, Sox4-depleted cells maintained the epithe-

lial markers E-cadherin and ZO-1 at the cell membrane, and

the expression of the mesenchymal marker N-cadherin was

decreased compared to that observed for TGF-b-treated

siControl cells (Figure 1C). Moreover, TGF-b-mediated remodel-

ing of the cytoskeleton from cortical actin to stress fibers, as

determined by phalloidin staining, and focal adhesion formation,

as determined by paxillin staining, were significantly reduced in

siSox4 cells (Figure 1C; Figure S1M). The failure to lose epithelial

and gain mesenchymal marker expression in TGF-b-treated,

Sox4-depleted cells was further confirmed by immunoblotting

analysis (Figure 1D). Notably, Sox4 depletion in NMuMG cells

treated previously with TGF-b for 15 days caused these mesen-

chymal cells to revert to an epithelial phenotype (Figure 1E).

Similar to NMuMG cells, shRNA-mediated stable knockdown

of Sox4 in Py2T cells markedly delayed TGF-b-induced EMT

(Figures S1N–S1P). Together, these results demonstrate that

Sox4, but not Sox9, is required for the induction and mainte-

nance of TGF-b-induced EMT in murine mammary epithelial

cells.

Sox4 Is Required and Sufficient for Cell Survival and Cell
Migration
Sox4 has been implicated in cell survival in a variety of cancers

(Hur et al., 2010; Pramoonjago et al., 2006; Shen et al., 2010).

Indeed, Sox4-depleted NMuMG and Py2T cells also showed a
Cancer Cell 23, 768–783, June 10, 2013 ª2013 Elsevier Inc. 769



Figure 1. Sox4 Is Required for EMT

(A) Sox4 mRNA levels were determined by quantitative RT-PCR in NMuMG cells transfected with either control siRNA (siControl) or with siRNA against

Sox4 (siSox4) in the absence or presence of TGF-b for 2 days. Fold changes are relative to those of cells transfected with control siRNA in the absence

of TGF-b.

(B) NMuMG cells transfected with either siControl or siSox4 were treated with TGF-b for the number of days indicated, and their morphology was evaluated by

phase-contrast microscopy. Scale bar, 100 mm.

(C) Immunoflorescence microscopy analysis of changes in the localization and expression levels of marker proteins during EMT. NMuMG cells transfected with

either siControl or siSox4 were left untreated or treated with TGF-b for 2 days and were stained with antibodies against the epithelial markers E-cadherin and

ZO-1, against the mesenchymal marker N-cadherin, against paxillin to detect focal adhesion plaques, and with phalloidin to visualize the actin cytoskeleton.

Scale bar, 50 mm.

(legend continued on next page)
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Figure 2. Sox4 Is Required for Cell Sur-

vival and Cell Migration during TGF-

b-Induced EMT

(A and B) siRNA or shRNA-mediated ablation of

Sox4 expression (siSox4 and shSox4, respectively)

during TGF-b treatment of NMuMG (A) and Py2T (B)

cells results in a significant decrease in cell numbers

compared to transfection with control siRNA or

shRNA (siControl and shControl, respectively).

(C and D) NMuMG cells (C) or Py2T cells (D) trans-

fected with either siControl and shControl or siSox4

and shSox4 were treated with TGF-b for the days

indicated (d0 to d4). Cells were stained with propi-

dium iodide (PI), and the percentages of cells in

G0/G1 and S-G2/M phases of the cell cycle were

determined by flow cytometry.

(E) NMuMG cells transfected with either siControl or

siSox4 were treated with TGF-b for the days indi-

cated, and the rates of apoptosis were determined

by Annexin-V staining and flow cytometry.

(F) shSox4-expressing and shControl-expressing

Py2T murine breast cancer cells were treated for

15 days with TGF-b, and cell migration was deter-

mined in a modified Boyden chamber migration

assay 20 hr after seeding and using 20% FBS as a

chemoattractant.

Statistical values were calculated using an unpaired,

two-tailed t test. *p% 0.05; **p% 0.01; ***p% 0.001.

Error bars indicate the mean ± SD.
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significant reduction in cell growth in comparison to control cells

and displayed a discernable sensitivity toward TGF-b-mediated

growth inhibition (Figures 2A and 2B). Propidium iodide staining

followed by flow-cytometry-based cell cycle analysis revealed a

G0/G1 cell cycle arrest after Sox4 depletion (Figures 2C and 2D).

Annexin-V staining demonstrated amarked increase in the levels

of apoptosis in siSox4-transfected NMuMG cells (Figure 2E), but
(D) Expression of E-cadherin, N-cadherin, and fibronectin was determined by immunoblotting during TGF-b

siSox4 or siControl. Immunoblotting for actin was used as a loading control.

(E) Morphology of long-term TGF-b-treated NMuMG (NMuMG-LT) cells transfected with either siControl or

Scale bar, 100 mm.

Statistical values were calculated using a paired, two-tailed t test. **p % 0.01; ***p % 0.001. Error bars ind

See also Figure S1.

Cancer Cell 23, 768
not in Py2T cells (data not shown). These

results indicate that Sox4 is required for

cell survival and proliferation during TGF-

b-induced EMT and that the prosurvival

function of Sox4 only becomes critical in

nontransformed cells. Cell migration is a

characteristic feature of EMT and metas-

tasis (Brabletz et al., 2005; Christofori,

2006; Grünert et al., 2003; Huber et al.,

2005; Thiery and Sleeman, 2006). Trans-

well migration assays with the apoptosis-

resistant Py2T breast cancer cells revealed

that shSox4 Py2T cells migrated signifi-

cantly less than shControl cells after long-

term treatment with TGF-b (Figure 2F).

We next asked whether Sox4 was suffi-

cient to induce EMT. Transient expression
of HA-tagged Sox4 in NMuMGcells at the levels observed during

TGF-b-induced EMT increased filopodia formation and cell

scattering (Figure 3A) accompanied by the gain of the mesen-

chymal markers N-cadherin and fibronectin (Figures 3B

and 3C). Although its mRNA and protein levels were not appar-

ently affected, E-cadherin was displaced at the cell junctions

of HA-Sox4-expressing cells (Figure 3D). Stable expression of
-induced EMT in NMuMGcells transfected with either

siSox4, as evaluated by phase-contrast microscopy.

icate the mean ± SD.
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Figure 3. Ectopic Expression of Sox4 Promotes EMT and Cell Migration

(A) NMuMG cells were transiently transfected with pcDNA3-HA and pcDNA3-HA-Sox4 constructs, and cellular morphology was evaluated. Note the formation of

filopodia and the cell dispersal upon Sox4 expression (HA-Sox4) as compared to empty vector control (Empty). Scale bar, 100 mm.

(B) The expression of E-cadherin (Ecad), N-cadherin (Ncad), fibronectin (Fn1), Ezh2, and Sox4 was determined by quantitative RT-PCR in NMuMG cells

transiently transfected with HA-Sox4 or with empty vector (Empty) in the absence of TGF-b. Fold changes are relative to those in cells transfected with empty

vector.

(legend continued on next page)
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HA-tagged Sox4 in Py2T cells also induced mesenchymal cell

morphology in the absence of TGF-b, with a moderate loss of

E-cadherin expression but a marked gain in N-cadherin and

fibronectin expression (Figures 3E–3G). Furthermore, the forced

expression of Sox4 promoted Py2T cell migration (Figure 3H).

These results suggest that Sox4 is not only required but also suf-

ficient for the induction of an EMT.
Sox4 Is Required for Tumorigenesis and Metastatic
Spread
The critical role of Sox4 in EMT raised the question of whether

Sox4 contributes to malignant tumor progression and metas-

tasis. First, computational analysis revealed a significant correla-

tion between high Sox4 expression and poor metastasis-free

survival in the ‘‘Schmidt’’ database of 200 early-stage, lymph-

node-negative breast cancer patients (Schmidt et al., 2008) (Fig-

ure 4A). The analysis of databases assembled of late-stage

breast cancer patient data did not reveal a significant prognostic

value for Sox4 expression (data not shown), suggesting that

Sox4 may play a critical role in the early stages of the malignant

progression of breast cancer.

Next,we investigated the functional contribution of Sox4 topri-

mary tumor growth and metastasis formation in vivo. Py2T cells

stably expressing an shRNA against Sox4 (shSox4) and con-

trol-transfected cells (shControl), both expressing the firefly lucif-

erase gene, were orthotopically implanted into mammary fat

pads of nude mice, and tumor growth and metastasis in lymph

nodes, lungs, and livers were quantified. Quantitative RT-PCR

(Figure S2A) and immunostaining of histological tumor sections

(Figure 4B) documentedanefficient depletionof Sox4expression

in the cultured cell line before implantation and in primary tumors,

respectively. Ablation of Sox4 expression in Py2T cells lead to a

significant reduction in primary tumor growth (Figure 4C). Lucif-

erase activity levels representing the presence of tumor cells in

distant organswere found to bedecreased in axillary and inguinal

lymph nodes and in lungs and livers of mice transplanted with

shSox4 Py2T cells as compared to shControl Py2T cells (Fig-

ure S2B), even when the luciferase activities were normalized to

the decreased primary tumor sizes observed with shSox4 Py2T

cells (metastatic index; Figure 4D). The reduced ability of shSox4

Py2T cells to grow as primary tumors was also observed upon

subcutaneous implantation into nude mice (Figure 4E).

We next addressed whether Sox4 is required for metastasis

formation in other cancer types. Similar to NMuMG cells, in

B16-F10 melanoma cells Sox4 expression was increased upon
(C) The expression of E-cadherin, N-cadherin, fibronectin, Ezh2, andHA-tagged S

with empty vector or with HA-Sox4. Actin was used as the loading control.

(D) The localization of E-cadherin was determined by immunofluorescence st

HA-Sox4. The cells marked with an arrow express Sox4 (HA) and have lost E-ca

(E) Cell scattering and mesenchymal morphology are observed even in the absen

compared to empty-vector-transfected control cells (Empty). Scale bar, 100 mm

(F) The expression of E-cadherin (Ecad), N-cadherin (Ncad), fibronectin (Fn1), a

transfected with either HA-Sox4 (Clones 3 and 5) or control vector (Empty) in the ab

control vector.

(G) Immunoblotting analysis of E-cadherin, N-cadherin, fibronectin, Ezh2, and

transfected with HA-Sox4 (Clones 3 and 5) or with empty control vector (Empty)

(H) Cell migration of Py2T cell clones stably transfected with HA-Sox4 (Clones 3

migration assay in the absence of TGF-b after 20 hr of cell seeding with 20% FB

Statistical values were calculated using an unpaired, two-tailed t test. *p % 0.05
TGF-b treatment (Figure S2C). Sox4 expression was then abla-

ted in B16-F10 melanoma cells by stable expression of shRNA

targeting Sox4 (shSox4; Figure S2D), and the cells were injected

into the tail vein of C57Bl/6 mice. Quantification of lung

metastasis showed that Sox4-depleted B16-F10 cells were

significantly impaired in lung colonization as compared to

shControl-expressing B16-F10 cells (Figures S2E and S2F).

Taken together, these results indicate that the transcription fac-

tor Sox4 exerts a critical function in primary tumor growth and

metastasis formation.
Ezh2 Is a Direct Transcriptional Target of Sox4
The critical role of Sox4 in EMT and tumor progressionmotivated

us to identify the genes that were directly regulated by Sox4. We

first compared the genome-wide gene expression profiles of

siControl and siSox4 NMuMG cells in the absence and presence

of TGF-b. Genes found to be differentially expressed in depen-

dence on Sox4 function were further analyzed for Sox4 binding

motifs within one kilobase of their transcription start sites (Fig-

ure S1A). Of the 189 genes fulfilling these criteria (Table S1),

106 also changed in their expression levels during TGF-

b-induced EMT. Gene ontology analysis revealed that 32 of

these genes have been previously implicated in processes rele-

vant to tumor progression (Table S2). In order to identify the

genes directly regulated by Sox4, we assessed the occupancy

of Sox4 at the promoters of these 32 genes. NMuMG cells tran-

siently expressing an HA-tagged version of Sox4 (HA-Sox4)

were subjected to chromatin immunoprecipitation (ChIP) with

HA-specific antibodies followed by quantitative PCR using

primers specific for the region spanning the Sox4 motif found

in the promoter of these genes. Of the 32 genes analyzed, the

promoters of 28 genes—16 in NMuMG cells and 12 in Py2T

cells—were directly bound by Sox4, including the key EMT

genes Spred1, Edn1, Palld, Cyr61, Ereg, and Areg (Figures

S3A–S3H; data not shown). Genes that were not immunoprecip-

itated by HA-antibody, as well as an intergenic region, served as

negative controls (Figure S3I).

Snail, Zeb, and Twist family transcriptional repressors of

E-cadherin gene expression are known to play critical roles in

the induction of EMT. Hence, we assessed whether Sox4 is

epistatic to the expression of these EMT inducers or whether

they are regulating Sox4 expression during EMT. Ablation of

Sox4 expression in NMuMGcells resulted in the reduced expres-

sion of Snail2, Zeb2, and Twist1, but not Snail1 and Zeb1,

whereas in Py2T cells the expression of all five repressors was
ox4was determined by immunoblotting of NMuMGcells transiently transfected

aining in NMuMG cells transiently transfected with empty-vector control or

dherin at their cell membranes. Scale bar, 50 mm.

ce of TGF-b in Py2T cell clones stably expressing HA-Sox4 (Clones 3 and 5), as

.

nd Sox4 was determined by quantitative RT-PCR in Py2T cell clones stably

sence of TGF-b. Fold changes are relative to those of cells transfected with the

HA-Sox4 (HA) during TGF-b-induced EMT in Py2T cell clones either stably

in the absence of TGF-b. Vinculin was used as loading control.

and 5) or transfected with control vector (Empty) was analyzed in a transwell

S as a chemoattractant.

; **p % 0.01; ***p % 0.001. Error bars indicate the mean ± SD.
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Figure 4. Sox4 Is Critical for Breast Carcino-

genesis and Metastasis

(A) Correlation of the levels of Sox4 expression and

prognosis in the ‘‘Schmidt’’ array data set of

lymph-node-negative breast cancers (Schmidt

et al., 2008). Shown is a Kaplan-Meier plot with

survival curves for patient samples classified as

having high Sox4 expression and those classified

as having low Sox4 expression to assess metas-

tasis-free survival.

(B) shSox4-expressing and shControl-expressing

Py2T murine breast cancer cells were injected into

the mammary fat pads of nude mice, and the

resulting tumors were analyzed by immunohisto-

chemistry for Sox4 expression. High magnifica-

tion, as indicated by boxed areas, shows that

shControl-transfected cells localize Sox4 primarily

in the nucleus and exhibit spindle-like cell

morphology, whereas shSox4-expressing cells

lack significant Sox4 expression and exhibit a

more differentiated morphology.

(C) shSox4-expressing and shControl-expressing

Py2T cells were injected into the mammary fat

pads of nude mice, and tumor growth in individual

mice was measured over time (top). Tumor weight

(bottom) was assessed after sacrificing the tumor-

bearing mice 23 days after injection.

(D) Metastatic spread of firefly luciferase-

expressing Py2T cells from the primary tumors

analyzed in (C) was determined by measuring

luciferase activity in extracts of lymph nodes (LN),

lungs, and livers of transplanted mice. Luciferase

activity levels in the various organs were divided by

the primary tumor weights within the same mice to

establish the metastatic index. Numbers indicate

the fold differences between Sox4-expressing

(shControl) and Sox4-depleted (shSox4) Py2T

cells. Error bars indicate the mean ± SE.

(E) Primary tumor growth of shControl and shSox4

Py2T cells upon subcutaneous injection into nude

mice (left). Tumor weight was assessed 27 days

after implantation (right).

Statistical values were calculated using an

unpaired, two-tailed t test. *p % 0.05; **p % 0.01;

***p% 0.001. Error bars indicate the mean ± SEM.

See also Figure S2.
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reduced upon Sox4 depletion (Figures S3J–S3N and S3P–S3T).

Conversely, when the five repressors were transiently expressed

in NMuMG and Py2T cells, the levels of Sox4 mRNA were not

affected (Figures S3O and S3U). Together, the data indicate

that Sox4 acts upstream of the EMT inducers during EMT,

most likely in an indirect manner, since none of the EMT inducers

have been detected as a direct transcriptional target of Sox4.

Interestingly, the Sox4-dependent gene expression profiling

and ChIP experiments also revealed the promoter of the Ezh2

gene to be directly bound and regulated by Sox4 in NMuMG

and Py2T cells (Figures 5A and 5B). Quantitative RT-PCR and

immunoblotting showed that Sox4 depletion led to significantly

reduced Ezh2 expression and a global reduction in H3K27me3

levels in the presence of TGF-b in NMuMG and Py2T cells (Fig-

ure 5C). Moreover, the forced expression of Sox4 moderately

increased Ezh2 mRNA and protein levels (Figures 3B, 3C, and

3G). Finally, Ezh2 promoter activity was reduced upon Sox4

depletion in NMuMG cells in the presence of TGF-b, as deter-
774 Cancer Cell 23, 768–783, June 10, 2013 ª2013 Elsevier Inc.
mined by Ezh2 promoter luciferase reporter assay (Figure 5D).

These results indicate that Sox4 is required for Ezh2 expression

during EMT. However, it should be noted that Ezh2 expression

levels were already substantial in epithelial cells, where Sox4

expression was low and did not markedly change with the

increasing levels of Sox4 during TGF-b-induced EMT (Figures

5E, 5F, and 6B). Hence, Sox4 is required for the efficient expres-

sion of Ezh2 during TGF-b-induced EMT, but not in epithelial

cells in the absence of TGF-b, suggesting that factors other

than Sox4 are critical for Ezh2 gene expression in the epithelial

state of the cells. Consistent with this notion, the dependence

of Ezh2 expression on Sox4 became already apparent between

2 and 8 hr of TGF-b stimulation in NMuMG and Py2T cells (Fig-

ures 5E and 5F).

Loss of Ezh2 Function Impairs EMT and Metastasis
Based on the pleiotropic functions of Ezh2 in mediating the

H3K27me3 repressive mark, we speculated whether a major



Figure 5. Sox4 Directly Regulates Ezh2

Gene Expression

(A and B) NMuMG cells (A) and Py2T cells (B) were

transiently transfected with a construct encoding

HA-Sox4 or empty vector and used for ChIP in the

absence and presence of TGF-b for 2 days using

HA-specific antibodies. Precipitated DNA frag-

ments corresponding toEzh2promoter sequences

were detected by quantitative PCR to assess Sox4

occupancy at this region. Fold changes are relative

to those observed for a PCR reaction with primers

specific for an intergenic region.

(C) Levels of Ezh2 mRNA were determined by

quantitative RT-PCR in NMuMG cells or Py2T

cells transfected with control siRNA (siControl) or

siRNA against Sox4 (siSox4) in the presence of

TGF-b for 2 days. Fold changes are relative to

those in siControl-transfected cells (top). Global

H3K27me3 levels were determined by immuno-

blotting in NMuMG cells or Py2T cells transfected

with siControl or siSox4 and treated with TGF-b

for 2 days. Total histone H3 was used as a loading

control (bottom).

(D) Sox4 regulates Ezh2 promoter activity.

NMuMG cells were transiently transfected with

siControl or siSox4 and with a pGL3 luciferase

reporter plasmid containing a 1.9 kb fragment of

the Ezh2 promoter controlling the expression of

firefly luciferase and then treated with or without

TGF-b for 2 days. Firefly luciferase activity was

normalized to cotransfected renilla luciferase

activity (relative luminescence).

(E and F) Sox4 and Ezh2 expression levels were

determined by quantitative RT-PCR after transient

transfection of NMuMG (E) and Py2T cells (F) with

siControl or siSox4 during the first hours of TGF-b

treatment (0, 2, 4, and 8 hr).

Statistical values were calculated using a paired,

two-tailed t test. *p % 0.05; **p % 0.01; ***p %

0.001. Error bars indicate the mean ± SD.

See also Figure S3 and Tables S1 and S2.
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aspect of EMT regulation by Sox4 was dependent on its regula-

tion of Ezh2 gene expression. Indeed, similar to the ablation of

Sox4, siRNA-mediated knockdown of Ezh2 (siEzh2) in NMuMG

cells led to an efficient downregulation of Ezh2 and retention of

the epithelial phenotype of NMuMGcells upon TGF-b stimulation

(Figure 6A; Figure S4A). Immunoblotting and immunofluores-

cence microscopy analysis demonstrated a failure to lose

E-cadherin and ZO-1 expression as well as a reduced gain in

the expression of fibronectin and impaired formation of actin

stress fibers and focal adhesions in Ezh2-depleted cells

compared to siControl-treated cells (Figures 6B and 6C). These

effects became even more apparent in NMuMG cells when

both methyltransferases, Ezh1 and Ezh2, were concomitantly

depleted (Figures 6A and 6C; Figures S4B–S4F). Similar to

NMuMG cells, shRNA-mediated stable codepletion of Ezh1

and Ezh2 in Py2T cells also delayed EMT (Figures S4G–S4I).

Comparable to the ablation of Sox4 expression, Ezh2-depleted

NMuMG cells showed significantly increased apoptosis, a block

in G0/G1, and a substantial attenuation in their proliferation dur-

ing TGF-b-induced EMT (Figures 6D–6F). Finally, similar to the

depletion of Sox4 in B16-F10 melanoma cells, shRNA-mediated

ablation of Ezh2 or Ezh1/2 together resulted in a significantly
reduced ability of these cells to form lung metastasis upon intra-

venous injection (Figure S4J). Notably, the concomitant high

expression of Ezh2 and Sox4 significantly correlated with poor

metastasis-free survival of early-stage, lymph-node-negative

breast cancer patients (Schmidt et al., 2008; Figure 6G).

To directly assess whether Ezh2 is the major transcriptional

target of Sox4 required for its EMT-inducing function, we tran-

siently ablated Sox4 in NMuMG and Py2T cells and concomi-

tantly expressed Ezh2 by transient transfection of an Ezh2

expression plasmid. Notably, the forced expression of Ezh2

overcame the reduced expression of endogenous Ezh2 upon

Sox4 depletion and restored TGF-b-induced EMT and changes

in marker expression that otherwise were repressed by Sox4

ablation in NMuMG and in Py2T cells (Figures 7A–7C; Figures

S5A and S5B). These results indicate that Ezh2 is one critical

target of Sox4 transcriptional regulation during EMT and metas-

tasis formation.

Ezh2 Regulates EMT Genes via H3K27me3 Modification
of Their Promoters
To identify the target genes that are modified by Ezh2-mediated

H3K27me3 epigenetic imprint and regulated in their expression
Cancer Cell 23, 768–783, June 10, 2013 ª2013 Elsevier Inc. 775



Figure 6. Depletion of Ezh2 Phenocopies the Ablation of Sox4 during TGF-b-Induced EMT

(A) NMuMG cells transfected with either control siRNA (siControl) or with siRNAs against Ezh2 or Ezh1 and Ezh2 together (siEzh1/2) were treated with TGF-b for

the days indicated, and their morphology was evaluated by phase-contrast microscopy. Scale bar, 100 mm.

(B) Expression of E-cadherin, N-cadherin, ZO-1, and Ezh2 was determined by immunoblotting analysis during TGF-b-induced EMT in NMuMG cells transfected

either with siEzh2 or siControl. Immunoblotting for actin was used as a loading control.

(legend continued on next page)
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Figure 7. Forced Expression of Ezh2 Overcomes the Lack of Sox4 and Restores TGF-b-Induced EMT

(A) Although ablation of Sox4 expression (siSox4) repressed the TGF-b-induced mesenchymal morphology of NMuMG cells observed in siControl-transfected

cells, transient expression of Ezh2 in Sox4-ablated cells (siSox4 + Ezh2) restored EMT and mesenchymal cell morphology. Cells were treated with TGF-b for the

indicated times. Scale bar, 100 mm.

(B and C) mRNA expression levels of E-cadherin (C) and fibronectin (D) were determined after Ezh2 overexpression (+Ezh2) in control (shControl) and Sox4-

ablated (shSox4) Py2T cells.

Statistical values were calculated using an unpaired, two-tailed t test. *p % 0.05; **p % 0.01; ***p % 0.001.

See also Figure S5.
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during EMT, we performed chromatin immunoprecipitation

using an H3K27me3-specific antibody upon TGF-b treatment

in NMuMG cells for 0, 1, 4, 7, 10, and 20 days followed by

next-generation sequencing (ChIP-Seq) in combination with

gene expression profiling. Whole-genome scanning revealed

970 regions corresponding to 301 genes with high variance in

H3K27me3 levels during EMT and high reproducibility in the

biological replicates (Figure 8A). Among the 301 genes,
(C) Immunoflorescencemicroscopy analysis of NMuMG cells transfected with eith

and stained with antibodies against E-cadherin, ZO-1, and fibronectin, and with

(D) NMuMG cells transfected with either siControl or siEzh2 were treated with T

Annexin-V staining and flow cytometry.

(E) siControl- and siEzh2-transfected NMuMG cells were treated with TGF-b fo

percentages of cells in G0/G1 and S-G2/M phases of the cell cycle were determ

(F) siRNA-mediated ablation of Ezh2 expression during TGF-b treatment of NMu

fection with control siRNA.

(G) Kaplan-Meier survival curve for patient samples of the ‘‘Schmidt’’ data set of l

concomitant low Sox4 and Ezh2 expression and high Sox4 and Ezh2 expression

Statistical values were calculated using an unpaired, two-tailed t test. *p % 0.05

See also Figure S4.
genome-wide gene expression analysis identified 46 genes

that were transcriptionally upregulated during EMT and lost their

H3K27me3 marks and three genes that were transcriptionally

downregulated during EMT and gained H3K27me3 marks (Fig-

ure S6A). We validated the changes in H3K27me3 levels at target

gene promoters such as Mcam, Pdgfrb, Itga5, Col4a1, and

St6galnac4 in NMuMG and Py2T cells (Figures 8B and 8C; Fig-

ure S6B) by ChIP followed by quantitative PCR for the promoter
er siControl or with siEzh2 or siEzh1/2. Cells were treated with TGF-b for 7 days

phalloidin to visualize the actin cytoskeleton. Scale bar, 50 mm.

GF-b for the days indicated, and the rates of apoptosis were determined by

r the days indicated. Cells were stained with propidium iodide (PI), and the

ined by flow cytometry.

MG cells results in a significant decrease in cell numbers compared to trans-

ymph-node-negative breast cancers (Schmidt et al., 2008) classified as having

, to assess metastasis-free survival.

; **p % 0.01; ***p % 0.001. Error bars indicate the mean ± SD.
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Figure 8. TGF-b-Induced EMT Accompanies Genome-wide Reprogramming of the Polycomb-Associated Mark H3K27me3

(A) TGF-b-induced EMT accompanies genome-wide reprogramming of the Polycomb-associated mark H3K27me3. Genome-wide H3K27me3 enrichment

above background was calculated for 2-kb-wide windows overlapping by 1 kb. To extract those H3K27me3-regions that are most relevant for EMT dynamics, for

each region both the variance in H3K27me3 levels during the progressive stages of EMT (horizontal axis) and the reproducibility of the H3K27me3 dynamics

across biological replicates (vertical axis) were calculated, and 970 genes with high variance and high reproducibility were selected. Comparison of these regions

with RefSeq transcripts show that they fall within 1 kb upstream and downstream of 301 distinct target genes.

(legend continued on next page)
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regions of the genes. The expression of these target genes

appeared highly dependent on the presence of Ezh1/2 and the

H3K27me3 repressive imprint. For example, the promoters of

the Mcam, Pdgfrb, and Itag5 genes were found to be highly en-

riched in H3K27me3marks in untreated NMuMG cells. Depletion

of Ezh1/2 led to a loss of global H3K27me3 levels (Figure S6C)

and of H3K27me3 at the promoters of the Mcam, Pdgfrb, and

Itag5 genes (Figure 8D; Figure S6D), with a concomitant increase

in the expression of these genes (Figures 8E and 8F; Figures S6E

and S6F) in NMuMG and Py2T cells. Conversely, the Sgsh gene

gained H3K27me3 at its promoter during TGF-b-induced EMT,

with a concomitant repression of its expression, and upon

Ezh1/2 depletion, the lack of H3K27me3 marks on the Sgsh pro-

moter during TGF-b-treatment resulted in increased Sgsh gene

expression (Figure 8G). In addition, we validated a subset of

other H3K27me3-enriched genes that changed in their expres-

sion profile upon depletion of Ezh1/2 (Figure 8H). Gene ontology

analysis revealed a prominent enrichment for gene functions

implicated in EMT, malignant tumor progression, andmetastasis

(Figure S6G). Furthermore, analysis of the ‘‘Minn’’ database of

breast cancer (Minn et al., 2005) revealed that the 49 genes

signature correlated with reduced bone-metastasis-free survival

of patients in highly malignant breast cancers lacking estrogen

receptor expression (ER�) or lacking estrogen receptor, proges-

terone receptor, and ErbB2 expression (triple-negative [TN];

Figures S6H–S6K). Moreover, in the ‘‘Schmidt’’ database of

early-stage breast cancer (Schmidt et al., 2008), the 49 genes

signature correlated with the probability to develop distant

metastasis (Figure S6L). In line with these findings, transwell

migration assays revealed significantly lower chemotactic

migration of NMuMG and Py2T cells depleted of both Ezh1

and Ezh2 (Ezh1/2) as compared to siControl-transfected cells

upon treatment with TGF-b (Figure S6M). Together, these data

indicate that Sox4 regulates Ezh2 gene expression, that Ezh2-

mediated H3K27me3 marks are critically involved in the tran-

scriptomic reprogramming of cells undergoing EMT, and that

an epigenetic EMT gene signature correlates with survival in

breast cancer patients.

DISCUSSION

EMT is accompanied by massive changes in cell morphology

and behavior, and transcription factors play a pivotal role in con-

trolling the various cellular functions during EMT, such as cell

proliferation, cell survival, cell differentiation, cell migration,
(B and C) ChIP was performed using an H3K27me3-specific antibody in NMuMG

the promoters of the Mcam, Pdgfrb, and Sgsh genes during TGF-b-induced EM

absence of TGF-b (C). Average enrichments from independent assays are plotted

further normalized to the Gapdh housekeeping gene promoter.

(D) ChIP was performed using an H3K27me3-specific antibody in NMuMG cells

(siEzh1/2), and quantitative PCR was performed using promoter-specific primers

Itga5 promoters and normalized to the Gapdh housekeeping gene promoter.

(E–G) NMuMG cells transiently transfected with control siRNA (siControl) or siRN

themRNA expression levels ofMcam (E) andPdgfrb (F), which already carry high H

of Sgsh (G), which gains this mark upon TGF-b treatment for 1, 4, 7, and 10 day

(H) Validation of selected genes enriched in H3K27me3 marks and their transc

of TGF-b.

Statistical values were calculated using a paired, two-tailed t test. *p % 0.05; **p

See also Figure S6 and Tables S1 and S2.
and cell adhesion. (Hanahan and Weinberg, 2011; Kalluri,

2009; Kalluri and Weinberg, 2009; Nieto, 2010; Polyak and

Weinberg, 2009; Thiery and Sleeman, 2006). In this study, the

transcription factor Sox4 was found to be upregulated in its

expression and transcriptional activity during EMT in a number

of murine and human nontransformed mammary gland epithelial

cells and breast cancer cells. The upregulated expression of

Sox4 during TGF-b-induced EMT in NMuMG cells was indepen-

dent of canonical TGF-b signaling, since shRNA-mediated abla-

tion of Smad4 did not substantially affect Sox4 expression (data

not shown). Moreover, treatment of NMuMG and Py2T cells with

inhibitors against various signaling pathways revealed that the

inhibition of TGF-b receptor and Notch signaling and the activa-

tion of Wnt signaling interfered with TGF-b-induced Sox4

expression, whereas the inhibition of EGF receptor increased

Sox4 mRNA levels (data not shown). These observations sug-

gest a complex gene regulatory network that drives the

increased expression of Sox4 during the early phases of TGF-

b-induced EMT, perspectives that warrant further investigation.

We show that Sox4 is required not only for the initiation of EMT

but also for its maintenance. Furthermore, Sox4 is crucial for pri-

mary tumor growth andmetastatic spread of Py2T breast cancer

and B16-F10 melanoma cells. Finally, we find a significant pos-

itive correlation between increased Sox4 expression and the

metastatic potential of early-stage, lymph-node-negative breast

cancer in patients. These results are consistent with a recent

report demonstrating that Sox4 is critical for EMT and tumor

growth of human breast cancer cells and that Sox4 correlates

with poor prognosis in cancer patients (Zhang et al., 2012).

Despite the recent implications of Sox4 in EMT, its direct tran-

scriptional target genes have remained elusive. Here, we show

that Sox4 exerts its central function in EMT and tumor progres-

sion by directly regulating the expression of a number of genes

implicated in EMT, cell cycle regulation, cell survival, and cell

migration. Notably, one of the direct targets of Sox4 transcrip-

tional control is Ezh2, and ablation of Ezh2 function phenocopies

the loss of Sox4 during TGF-b-induced EMT. Moreover, the

forced expression of Ezh2 overcomes the failure of Sox4-defi-

cient cells to undergo EMT. These results indicate that Ezh2 is

a critical downstream effector of Sox4 and that Sox4 mediates

epigenetic reprogramming by regulating the expression of epige-

netic modulators during EMT. Consistent with this notion, the

concomitant high expression of Sox4 and Ezh2 correlates with

poor prognosis in a subset of breast cancer patients. These find-

ingsare indeedhighly relevant, since theyunravel acombinatorial
cells and the enrichment of H3K27me3 was determined by quantitative PCR at

T (B) and at the promoters of the Itga5, Col1a1, and St6galnac4 genes in the

on the y axis as the ratio of precipitated DNA relative to the total input DNA and

transiently transfected with control siRNA (siControl) or siRNA against Ezh1/2

as indicated to determine enrichment of H3K27me3 at theMcam, Pdgfrb, and

A against Ezh1/2 (siEzh1/2) were analyzed by quantitative RT-PCR analysis for

3K27me3marks in untreated NMuMGcells and lose thismark during EMT, and

s.

riptional derepression after Ezh1/2 ablation in NMuMG cells in the absence

% 0.01; ***p % 0.001. Error bars indicate the mean ± SD.
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action of key transcription factors and epigenetic regulators in

driving the transcriptional reprogramming underlying cell-fate

changes during morphogenic processes such as EMT.

The methyltransferase Ezh2 is the best-studied component of

the Polycomb repressor complex 2 (PRC2). Increased expres-

sion or activity of Ezh2 is a marker of advanced and metastatic

disease in many solid tumors, including prostate and breast

cancer (Chase and Cross, 2011). Our genome-wide study of

Ezh2-associated H3K27me3 marks during EMT revealed

dynamic changes at a number of genes, of which a subset also

show corresponding changes in transcriptional state. We further

show that Ezh1 and Ezh2 together determine global as well as

promoter-specific H3K27me3 levels. This activity modulates

the transcriptional state of target genes, including a number of

EMT-relevant genes, and it is a prerequisite for EMT. Notably,

this epigenetic EMT signature significantly correlates with poor

clinical outcome in patients with highly aggressive and metasta-

tic ER� and triple-negative breast cancer. Thus, Polycomb-

mediated transcriptional regulation is a critical contributor to

the maintenance of epithelial differentiation and to transcrip-

tomic reprogramming during EMT.

Previously, single-gene studies have suggested a role for Ezh2

in EMT regulation. For example, the PRC2 complex is recruited

to the promoter of the Cdh1 gene for its repression (Cao et al.,

2008; Rhodes et al., 2003), and Snail1-mediated repression of

Cdh1 during stem cell differentiation is PRC2-dependent (Her-

ranz et al., 2008). Notably, Ezh2 forms a corepressor complex

with HDAC1, HDAC2, and Snail to repress Cdh1 expression

and to promote nasopharyngeal carcinoma malignancy (Tong

et al., 2012). Moreover, the loss of integrin b4 expression during

EMT correlates with a decrease in the activating histone modifi-

cations H3K9Ac and H3K4me3 and an increase in the repressive

histone modification H3K27me3 at its promoter (Yang et al.,

2009). Thus, previous single-gene studies have clearly demon-

strated a role of PcG-mediated mechanisms in carcinogenesis

(Mills, 2010; Sauvageau and Sauvageau, 2010; Sparmann and

van Lohuizen, 2006). By identifying genome-wide targets of the

PcG machinery during the stepwise progression of EMT and

showing a direct role of Ezh1 and Ezh2 in the transcriptional

regulation of key EMT genes, our study establishes awidespread

and crucial role for PcG in EMT. We show that the transcription

factor Sox4 acts upstream of epigenetic reprogramming events

during EMT by directly regulating expression of the chromatin

regulator Ezh2. Once expressed, Ezh2 and its accompanying

chromatin regulators need to be recruited to specific target

genes during EMT. It is surprising that we have not identified

the EMT inducers Snail1/2, Twist1/2, and Zeb1/2 as direct tar-

gets of PcG-mediated regulation or Sox4 transcriptional control.

Yet, given the critical role of Snail1/2, Twist1/2, and Zeb1/2 in

regulating EMT and in associating with chromatin regulators, it

will be important to further delineate the crosstalk of these pro-

teins with the epigenetic machinery and to assess whether and

how they are targeting epigenetic regulators to specific target

genes.

Sox4 has been linked to the etiology of certain cancer types

(Penzo-Méndez, 2010). Interestingly, the closely related family

member Sox2 is one of the transcriptional factors required to

reprogram somatic cells into induced pluripotent stem (iPS) cells

(Takahashi and Yamanaka, 2006). In glioma-initiating cells, a
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crosstalk between Sox4 and Sox2 has been implicated in main-

taining the tumorigenicity of the cells by Sox4 binding to theSox2

gene enhancer region (Ikushima et al., 2009). Together with pre-

vious reports that EMT increases the tumor-initiating (cancer

stem cell) potential of cancer cells (Mani et al., 2008; Morel

et al., 2008), our observation that Sox4 is required for EMT and

for metastasis make Sox4 an exciting target for further investiga-

tion. Our experimental results indicate that Sox4 exerts its critical

regulatory functions upstream of the Snail, Zeb, and Twist family

transcriptional inducers of EMT, but without directly affecting

their expression. The promoters of the known EMT regulators

such as Snail1/2, Zeb1/2, or Twist1/2 also did not show any

changes in H3K27me3 levels during EMT and were not affected

following Ezh1/2 depletion (data not shown), suggesting that

different regulatory pathways may underlie their expression

dynamics during EMT. This suggests that independent regula-

tory pathways converge to control genes that drive EMT. These

findings support our efforts to comprehensively understand the

gene regulatory networks that underlie EMT. A recent report

demonstrated that Sox9 cooperates with Snail2 to determine

mammary stem cells and to promote malignant tumor progres-

sion (Guo et al., 2012), yet our study did not find a requirement

of Sox9 for TGF-b-induced EMT in NMuMG and Py2T cells. In

contrast, another Sox family member, Sox3, was shown to coun-

teract the expression of the EMT-inducer Snail1, and conversely,

Snail1 represses Sox3 gene expression during gastrulation and

in human breast cancer cells (Acloque et al., 2011). We can

only speculate that the differences between these findings may

be based on the functional variety of Sox family members, which

are classified into subgroups by the differences in their protein

moieties outside of the HMG DNA binding domains and their

varying biological functions (Chew and Gallo, 2009).

In summary, the data presented here provide critical insights

into the regulatory networks by which one transcription factor,

Sox4, regulates an important cell-fate determination event,

namely, EMT. Notably, the observation that Sox4 regulates a

number of EMT-relevant genes and Ezh2, and that Ezh2modifies

the expression of a number of genes known to be critical for

EMT, exemplifies a critical interplay between transcriptional

and epigenetic control during EMT. Our data suggest that the

inhibition of Ezh2 function could be an attractive alternative for

therapeutic intervention during malignant tumor progression.

Indeed, early results with the Ezh2 inhibitor 3-deazaneplanocin

(DZNep) are encouraging (Crea et al., 2011), and first results

from clinical trials are impatiently awaited.

EXPERIMENTAL PROCEDURES

For more details see Supplemental Information.

Cell Lines

A subclone of NMuMG cells (NMuMG/E9, hereafter NMuMG) and MCF7-

shControl and MCF7-shEcad have been described previously (Lehembre

et al., 2008; Maeda et al., 2005). B16-F10 melanoma cells, EpRas, and

MCF10A cells were commercially available. Py2T cells were derived from a

breast tumor of MMTV-PyMT transgenic mice (Waldmeier et al., 2012).

Chromatin Immunoprecipitation

ChIP experiments were performed as previously described (Weber

et al., 2005). In brief, crosslinked chromatin was sonicated to achieve an

average fragment size of 500 bp. Starting with 100 mg of chromatin and 5 mg
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of anti-HA antibody or anti-H3K27me3 antibody, 1 ml of ChIP material and 1 ml

of input material were used for quantitative real-time PCR using specific

primers covering the motif of Sox4 in the promoter of target genes or covering

the 1000 bp promoter region from the transcription start site. Primers covering

an intergenic region were used as a control. The efficiencies of PCR amplifica-

tion were normalized to the PCR product of the intergenic region. Primer

sequences are listed in the Supplemental Information.

Next-Generation Sequencing Analysis

The reads were mapped to the mouse genome assembly NCBI37/mm9 using

the bowtie algorithm (Langmead et al., 2009), which allows up to two mis-

matches within the 36-bp-long sequence. Reads that mapped to more than

100 loci were discarded from the subsequent analysis. In total, 24–34 million

reads were mapped to the genome in the first replicate and 95–106 million

reads to the genome in the second replicate. The mean DNA fragment size

was estimated from the mapping profile on both chromosome strands, and

the reads were shifted by the half of the size toward themiddle of the fragment.

These data were exported to wiggle tracks for manual inspection in the UCSC

genome browser and served as an input for the enrichment analysis. The

genome was tiled with 2 kb windows overlapping by 1 kb, and each window

was summarized by the numbers of reads in both replicates at every stage

and the number of reads in the input DNA. The H3K27me3-enrichment was

calculated assuming binomial statistics of the read counts,

z=

PS
i = 1

fi
S
� fbffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPS

i = 1

fi 3 ð1� fiÞ
S2Ni

+
fb 3 ð1� fbÞ

Nb

s ;

where fi = ni=Ni is the frequency in the 2 kb window calculated from the

number of reads in the window, ni, and the total number of reads, Ni , in

sample i, and S = 12 is the number of samples in both replicates. The back-

ground frequencies, fb, are calculated analogously. Neighboring windows

with zR5 and nb%50 were merged and intersected with RefSeq loci extended

by 1 kb upstream and 1 kb downstream. From the list of 96,224 such enriched

regions a subset was selected by requiring dynamic (mean variance log-

frequencies >0.2) and consistent (Pearson correlation coefficient of log fre-

quencies >0.5) methylation changes. The resulting 970 regions lie within

1 kb of the loci of 301 genes.

Animal Experimentation

All studies involving mice have been approved by the Swiss Federal Veterinary

Office (SFVO) and the regulations of the Cantonal Veterinary Office of Basel

Stadt (licenses 1878, 1907, and 1908).

Statistical Analysis

Statistical analysis and graphs were generated using theGraphPad Prism soft-

ware (GraphPad Software, San Diego, CA). All statistical analysis was done by

unpaired/paired, two-sided t test.

ACCESSION NUMBERS

Gene expression data for Sox4 knockdown cells in the presence and absence

of TGF-b in NMuMG cells and ChIP-seq data of H3K27me3 imprints during

TGF-b-induced EMT in NMuMG cells are deposited in the Gene Expression

Omnibus (GSE44050 and GSE45579, respectively).
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M., Hernandez-Muñoz, I., Di Croce, L., Helin, K., et al. (2008). Polycomb com-

plex 2 is required for E-cadherin repression by the Snail1 transcription factor.

Mol. Cell. Biol. 28, 4772–4781.

Hong, C.S., and Saint-Jeannet, J.P. (2005). Sox proteins and neural crest

development. Semin. Cell Dev. Biol. 16, 694–703.

Huber, M.A., Kraut, N., and Beug, H. (2005). Molecular requirements for

epithelial-mesenchymal transition during tumor progression. Curr. Opin. Cell

Biol. 17, 548–558.

Hur, W., Rhim, H., Jung, C.K., Kim, J.D., Bae, S.H., Jang, J.W., Yang, J.M., Oh,

S.T., Kim, D.G., Wang, H.J., et al. (2010). SOX4 overexpression regulates the

p53-mediated apoptosis in hepatocellular carcinoma: clinical implication and

functional analysis in vitro. Carcinogenesis 31, 1298–1307.

Ikushima, H., Todo, T., Ino, Y., Takahashi, M., Miyazawa, K., and Miyazono, K.

(2009). Autocrine TGF-beta signaling maintains tumorigenicity of glioma-initi-

ating cells through Sry-related HMG-box factors. Cell Stem Cell 5, 504–514.

Kalluri, R. (2009). EMT: when epithelial cells decide to become mesenchymal-

like cells. J. Clin. Invest. 119, 1417–1419.

Kalluri, R., and Weinberg, R.A. (2009). The basics of epithelial-mesenchymal

transition. J. Clin. Invest. 119, 1420–1428.
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SUMMARY
The incidence of cholangiocellular carcinoma (CCC) is increasing worldwide. Using a transgenic mouse
model, we found that expression of the intracellular domain of Notch 1 (NICD) in mouse livers results in the
formation of intrahepatic CCCs. These tumors display features of bipotential hepatic progenitor cells, indi-
cating that intrahepaticCCCcan originate from this cell type.We show that human andmouseCCCsare char-
acterized by high expression of the cyclin E protein and identified the cyclin E gene as a direct transcriptional
target of the Notch signaling pathway. Intriguingly, blocking g-secretase activity in human CCC xenotrans-
plants results in downregulation of cyclin E expression, induction of apoptosis, and tumor remission in vivo.
INTRODUCTION

Cholangiocellular carcinoma (CCC) is a primary liver cancer with

biliary differentiation (Patel, 2006). Several recent studies

describe a significant increase in the incidence of this tumor in

Europe and the United States; the reasons for this increase are

not understood (El-Serag et al., 2009; von Hahn et al., 2011;

West et al., 2006). Even though CCC accounts for up to 15%

of all liver cancers, the molecular alterations that lead to this

disease are mostly unknown. Predisposing conditions such as

primary sclerosing cholangitis, chronic infection with liver flukes,

or biliary stones led to the hypothesis that chronic inflammation

of the biliary epithelium might be a prerequisite for the formation

of CCC. However, no uniform genetic alteration has been identi-

fied that is responsible for the formation of CCC. In addition, only

very few mouse models of CCC are currently available. Recently

Xu and colleagues showed that liver-specific disruption of the

SMAD4 and PTEN genes leads to the formation of CCC (Xu

et al., 2006). NF2 knockout mice were shown to develop hepato-
Significance

Overactivation of the Notch signaling pathway leads to a dysreg
CCC. Inhibition of Notch activity in CCC blocks tumor cell prolif
shed light on the pathogenesis of CCC and pinpoint Notch inh

784 Cancer Cell 23, 784–795, June 10, 2013 ª2013 Elsevier Inc.
cellular carcinomas and CCCs from a common progenitor cell

(Benhamouche et al., 2010), supporting the hypothesis that

CCC may arise from undifferentiated hepatic precursor cells.

A number of studies showed that the Notch signaling pathway

is of central importance for embryonic development of the biliary

tree. For example, loss of the Notch ligand jagged1 or the Notch

2 gene results in congenital hypoplasia of the biliary system,

called the Alagille syndrome (Geisler et al., 2008; Lorent et al.,

2004; Ryan et al., 2008). Analysis of mice after liver-specific inac-

tivation of RBP-Jk, a common transcriptional mediator of Notch

signaling, revealed a reduced number of biliary cells differenti-

ating from hepatoblasts (Zong et al., 2009). Notch levels are

regulated by ubiquitylation-dependent protein turnover, which

is controlled by the SCFFbw7 E3-ubiquitin ligase (Welcker and

Clurman, 2008). The F-Box component of this E3-ligase, the

Fbw7 protein, was found to be frequently mutated in human

CCC (Akhoondi et al., 2007). However, it is unknown whether

Notch dysregulation is involved in the initiation and progression

of CCC.
ulation of the oncogene cyclin E, resulting in the formation of
eration and induces apoptosis in vitro and in vivo. Our results
ibition as a promising treatment option.
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http://crossmark.dyndns.org/dialog/?doi=10.1016/j.ccr.2013.04.019&domain=pdf
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Figure 1. NotchIC::AlbCre Mice Show Reduced Body and Liver Weights

(A–C) Analysis of liver and body weight and liver-to-body weight ratio of theNotchIC::AlbCremice compared to littermates (A and B: 10 weeks of age; C: 6 weeks

of age).

(D) Hematoxylin and eosin (H&E) stained liver sections ofNotchIC::AlbCremice. Immunohistochemical staining ofNotchIC::AlbCre livers using antibodies against

Hes1 (103 and 603 magnification) and NICD in 6-week-old mice.

(E) Western blot analysis of liver tissue from twoNotchIC::AlbCre mice and two wild-type littermates using an antibody against HES1, a downstream target of the

Notch pathway in 6-week-old mice. Scale bars represent mean values ± SEM. *p < 0.05; **p < 0.001.

See also Figure S1.

Cancer Cell

Notch Induces Cholangiocellular Carcinoma
In this study, we set out to explore the function of Notch

signaling in the formation of liver cancers. We used a transgenic

mouse line that allows the liver-specific expression of the intra-

cellular domain of Notch receptor 1 (NICD).

RESULTS

Expression of Notch ICD in Mouse Liver Interferes with
Hepatocyte Proliferation
To directly test the consequences of constitutive Notch expres-

sion in liver tissue, we crossed a transgenic mouse line that

allows for tissue-specific overexpression of the intracellular
domain of Notch 1 (Rosa26Notch1IC) (Murtaugh et al., 2003) to

a mouse line that expresses cre-recombinase under the control

of the albumin regulatory elements and the alpha-fetoprotein

enhancers (AlbCre) (Kellendonk et al., 2000). Use of this cre-

line results in the expression of NICD in the vast majority of

all hepatocytes and biliary epithelial cells during the forma-

tion of the second ductal layer (E16.5) (Zong et al., 2009).

NotchIC::AlbCre mice were born at normal Mendelian ratios,

but showed proportionally reduced body and liver weights (Fig-

ures 1A–1C) and up to 25% reduced body size (Figure S1A [age,

7 months] available online) compared to wild-type control litter-

mates. To show liver-specific activation of the NICD transgene,
Cancer Cell 23, 784–795, June 10, 2013 ª2013 Elsevier Inc. 785
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Figure 2. Notch Signaling Leads to Dysregulated Expression of Cyclin E and Genetic Instability

(A) b-catenin staining (for the detection of cell size) was performed on liver sections from wild-type and NotchIC::AlbCre mice at 12 weeks of age.

(B) Quantification of cell size in the indicatedmouse strains was done after b-catenin staining to visualize the cell surface at 12 weeks of age. Five hundred cells on

average were analyzed using a photometric system.

(C) Three hundred visual fields were counted on average to determine the number of hepatocytes in the livers of the indicated mouse strains at the age of

12 weeks.

(D) The DNA content of hepatocytes of the indicated mouse strains was determined by microphotometry analysis of Feulgen-stained liver sections at the age of

11 weeks.

(E and F) Quantification of the number of BrdU and phospho-Histone-H3-positive hepatocytes after induction of liver regeneration in wild-type and

NotchIC::AlbCre double transgenicmice at the age of 10weeks. For BrdU staining, an average of 900–2000 cells, and for HH3 staining at least 700 cells from up to

(legend continued on next page)
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we prepared extracts from different mouse tissues and deter-

mined the expression of the green fluorescent (GFP) protein,

which is co-expressed with the NICD transgene after cre-recom-

binase-mediated activation of transcription. As shown in Fig-

ure S1B, only the liver expressed detectable amounts of GFP,

while in all other tested organs the transgene was not activated.

To ensure expression and activity of the intracellular domain of

Notch in cholangiocytes and hepatocytes, we performed immu-

nostainings on mouse liver tissue from NotchIC::AlbCre mice

and wild-type controls, using antibodies specific for the cleaved

form of Notch. As shown in Figure 1D, NICD expression was

detected in both cell types in the transgenic animals but not in

wild-type liver controls. In line with a constitutive activation of

Notch signaling, we also detected strong expression of HES1,

a transcriptional target of the Notch pathway in Notch IC::AlbCre

livers (Figure 1D) and in liver lysates (Figure 1E).

Given the expression of Notch ICD in hepatocytes and the

biliary compartments of the liver, we first set out to analyze the

functional consequences of Notch expression in hepatocytes.

Upon histologic examination of theNotchIC::AlbCre liver tissues,

we detected a significant increase in the cell size of the NICD-

positive hepatocytes as well as variations in nuclear size in trans-

genic livers compared to wild-type controls (Figure 2A). Serum

transaminases and different liver metabolites were also changed

in NotchIC::AlbCre mice compared to wild-type controls (Fig-

ure S1C). To measure the size of individual hepatocytes, we

stained liver sections with a specific antibody against beta

catenin (Kossatz et al., 2004) and quantified the differences

between NotchIC::AlbCre and wild-type controls (Figures 2A

and 2B). In accordance with an increase in cell size, we also

noticed a reduction in the number of hepatocytes per visual field

in the NotchIC::AlbCre compared to wild-type livers (Figure 2C).

Because an increase in hepatocyte size can be the result of a

change in the nuclear-to-cytoplasmic ratio, we determined

nuclear sizes and DNA content in NotchIC::AlbCre mice and

wild-type control mice. As shown in Figure 2A, the nuclei of

hepatocytes in NotchIC::AlbCre mice are significantly larger

than those in control mice. To analyze if these changes were

paralleled by an increase in the amount of nuclear DNA, we

performed Feulgen staining and measured the DNA content of

single nuclei by cytometry. As shown in Figure 2D, we found

that the nuclei of hepatocytes in the NotchIC::AlbCre mice are

not only enlarged but also contain significantly more DNA than

the nuclei of nontransgenic control livers. Nuclear enlargement

and an increase in DNA content are often the result of endoredu-

plication cycles in which the cell undergoes continuous rounds of

DNA replication without cytokinesis (Kossatz et al., 2004). To test

whether the NotchIC::AlbCre livers also display alterations with

regard to cellular proliferation, we performed partial (two-thirds)

hepatectomies in NotchIC::AlbCre transgenic animals and

compared their regenerative potential with that of wild-type

organs. As shown in Figure 2E, expression of NotchIC::AlbCre

leads to an almost complete loss of regeneration potential in
six mice per time point were counted. The average number of HH3-positive cells

NotchIC::AlbCre mice is displayed relative to the number of HH3-positive cells in

(G) Analysis of the expression levels of cyclin A, cyclin E, p27, and actin in liver tiss

indicated mouse strains at the age of 10 weeks.

Scale bars represent mean values ± SEM. *p < 0.05; **p < 0.001.
transgenic livers of 10-week-old mice as shown by a reduction

of BrdU uptake after partial hepatectomy and a concomitant

reduction in cells entering mitosis as measured by histone H3

phosphorylation (Figure 2F). This lack of proliferation was

accompanied by a significant increase in hepatocyte cell size

and a reduction in cell number after partial hepatectomy, thereby

indicating that the NotchIC::AlbCre mice regenerated their liver

mass through cellular hypertrophy of the remaining hepatocytes

(Figure S1D). At themolecular level we found that wild-type livers

downregulate the cyclin kinase inhibitor p27kip1 and started to

express S phase cyclins E and A after induction of cell cycle pro-

gression by partial hepatectomy (Figure 2G). Importantly and in

contrast to wild-type livers, we detected elevated levels of cyclin

E and cyclin A even before partial hepatectomies were per-

formed in NotchIC::AlbCre expressing livers. Together these

results suggest that the expression of the intracellular domain

of Notch in hepatocytes results in the induction of endoredupli-

cation cycles and a severe impairment of cellular proliferation.

Expression of Notch ICD in Mouse Livers Leads to the
Formation of Progenitor Cell Derived Cholangiocellular
Carcinomas
To understand the long-term consequences of NICD overex-

pression, we followed a cohort of mice for up to 15 months. In

7-month-old mouse livers, we observed areas with clusters of

small cells with an epithelial appearance (Figure 3A) that also

formed gland-like structures. To determine the origin of these

cells, we stained liver sections with antibodies specific for the

biliary tract (CK7, CK17, and CK19), hepatocytic markers

(CK8/18), and the stem cell marker CD34. As shown in Figure 3A,

the small epithelial cells stained positive for biliary-hepatocytic

as well as stem cell markers, a finding which is typical for cells

that show characteristics of hepatocytic and cholangiocytic dif-

ferentiation. Such cells often arise through the transformation of

bipotential hepatic progenitor cells (Kim et al., 2004), which are

located in the canals of Hering.

Importantly, as early as 8 months after birth we started to

observe changes in nuclear morphology in primary liver tissues

from NotchIC::AlbCre mice. To test whether the observed cells

were indeed tumor cells, we transplanted primary tissue from

NotchIC::AlbCre mouse livers subcutaneously on the flanks of

immunodeficient mice. All implantations resulted in the formation

of tumors. Figure 3B shows the growth curve of the subcutane-

ous tumors that arose after cell transplantation. Histopathologic

analysis revealed that these tumors show many features of

human CCCs (Figure 3C), including the expression of CK7 and

CK17 and a typical desmoid reaction of the surrounding tissue.

Liver tissue from Alb-Cre mice was used as a control and did

not give rise to tumors (Figure S2G). These results suggested

that intrahepatic expression of NICD in hepatic progenitor cells

can induce differentiation of these cells toward the biliary lineage

and that, over time, NICD expression induces malignant trans-

formation of these cells. To directly test this hypothesis, we
in the wild-type mouse was set as 100%. The number of HH3-positive cells in

the wild-type mice.

ue lysates at the indicated time points after induction of liver regeneration in the
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(A) H&E stained liver sections of NICD:AlbCre mice. Immunohistochemical staining of NotchIC::AlbCre livers at the age of nine months using antibodies against
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(B) NotchIC::Alb Cre livers at the age of 9 months were minced and injected subcutaneously into nude mice. The growth of the resulting tumors was monitored.

(C) H&E and immunohistochemical analysis of the explanted tumor tissue using CK7 and CK17 antibodies 3 weeks after implantation of tumor cells.
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See also Figure S2.
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infected previously described mouse bipotential liver progenitor

cells (Zender et al., 2006) with retroviral vectors to stably overex-

press the intracellular domain of Notch. Vector-infected cells

served as controls. Figure S2A shows the expression levels of

NICD in such cells compared to empty vector-infected cells.

Cells stably expressing NICD were subcutaneously injected

into nude mice and tumor growth was analyzed over time. While

control vector-transduced cells did not give rise to tumors,

NICD-overexpressing cells formed subcutaneous tumors (Fig-

ure 3D) in all transplantation experiments. These tumors

showed all features of CCCs (Figure 3E). Interestingly, tumors

arising from progenitor cells stably transduced with c-Myc and

a constitutive active form of Akt showed a different histopathol-

ogy and were classified as undifferentiated hepatocellular carci-

nomas/hepatoblastomas (Figure 3E). These results indicate that

expression of the intracellular domain of Notch leads to tumor

formation in all transgenic mice and can transform hepatic pro-

genitor cells thereby leading to the development of CCCs.

Notch Signaling Leads to Dysregulated Expression
of Cyclin E and Genetic Instability
To understand the molecular pathogenesis of Notch-dependent

CCC formation, we focused our analysis on the function of the

cyclin E protein. As shown in Figure 2G, cyclin E is highly ex-

pressed in NotchIC::AlbCre-derived liver tissue even before the

onset of liver regeneration (time point 0). In line with this finding,

we detected high levels of cyclin E protein within the CCCs

derived from NotchIC::AlbCremice (Figure 4A). Previous studies

on the oncogenic function of cyclin E suggested that cyclin E in-

duces DNA damage, thus resulting in genetic instability and

contributing to the formation of malignant tumors (Spruck

et al., 1999). We therefore tested if cyclin E-overexpressing chol-

angiocellular tumors might show signs of DNA damage by stain-

ing primary mouse CCC tissues derived from NotchIC::AlbCre

mice with antibodies specific for the phosphorylated form of

Ser-139 of histone H2AX (gH2AX), a marker for DNA double-

strand breaks. As shown in Figure 4B, we found that more

than 70% of all cells in these CCCs show signs of DNA damage

as compared to wild-type liver tissue. Similarly, tumor tissues

derived from nude mice transplanted with primary tumor cells

fromNotchIC::AlbCre also showed high levels of cyclin E expres-

sion and stained positive for gH2AX (Figure 4C). Mice expressing

only cre-recombinase do not show any signs of genetic insta-

bility as measured by gH2AX staining (Kossatz et al., 2010).

We then determined whether a reduction in cyclin E expression

would reduce the number of gH2AX-positive cells. Figure 4D

shows that transfection of human MzChA1 cholangiocarcinoma

cells with siRNAs against cyclins E1 and E2 (Figure S2B) led to a

significant reduction in the number of gH2AX-positive cells.

Based on these results, we speculated that Notch signaling

might be directly involved in the regulation of the cyclin E pro-

moter and thus in the induction of genetic instability and CCC

initiation and progression. Interestingly, the cyclin E1 promoter

contains several Rbpjk binding sites that could be involved in

the regulation of the promoter by NICD signaling. We used a pre-

viously described cyclin E1 promoter luciferase reporter

construct (Geng et al., 1996) to measure promoter activity in

the CCC cell with or without NICD overexpression. To determine

the activity of the cyclin E gene, we transfected the CycE-Luc
promoter construct into CCC cells (MzChA1, TFK1) and

measured luciferase expression in these cells as compared to

that in hepatocellular carcinoma cell lines (Hep3B, HepG2). As

shown in Figure 4E, we found higher basal levels of cyclin E pro-

moter activity in the CCC cell lines as compared to levels in liver

cancer cells (Hep3B) or hepatoblastoma cells (HepG2). Next, we

determined whether NICD was able to induce the activation of

the cyclin E promoter. Cotransfection of NICD with the CycE-

Luc reporter construct resulted in a more than 10-fold induction

of the cyclin E promoter (Figure 4E). Moreover, cotransfection of

NICD with an expression plasmid for the dominant-negative

co-activator Mastermind prevented the activation of the cyclin

E promoter by NICD, indicating that the activation of the cyclin

E promoter was a direct consequence of NICD activity.

Given the importance of cyclin E expression for the generation

of genetically unstable CCC cells, we next tested whether the

induction of cyclin E is required for the observed oncogenic

transformation of bipotential hepatic progenitors. For this

purpose, we transduced NICD-expressing liver progenitor cells

with retroviruses for stable expression of two different shRNAs

against cyclin E. After selection, we measured the knockdown

level of cyclin E in these cell populations (Figures S2C and S2D)

and transplanted these cells subcutaneously into immunodefi-

cient mice. As shown in Figure 3D, compared to ICN-expressing

cells that were transduced with control shRNAs, there was a

strong inhibition of tumor development from cells with stable

expression of cyclin E shRNAs together with ICN. Overall, only

one mice developed tumors (mouse 1a,1b). Western blot anal-

ysis of the tumor tissue showedprofound cyclin E protein expres-

sion (Figure S2E), indicating a selection against RNAi-mediated

cyclin E knockdown in these particular tumors. Our results sug-

gest that expression of NICD results in the activation of the cyclin

E promoter and increased cyclin E expressionwhich, through the

induction of genetic instability, leads to the formation of CCCs.

Notch 1 and 3 Are Overexpressed in Human
Cholangiocellular Carcinoma
Prompted by these results, we next tested whether the Notch

pathway is also active in human CCC cells and tissues. We first

determined the expression and activity of the Notch signaling

pathway in three established human CCC cell lines (TFK1,

MzChA1, and EgI1) and also in a primary cell line that we derived

from a CCC tumor specimen (SZ1). As shown in Figure 5A, all

CCC cell lines expressed the Notch1 receptor as well as the

Notch ligand jagged while hepatocellular or colon carcinoma

cell lines did not show an activation of this pathway (Figure S2F).

To determine whether the Notch signaling pathway is active in

CCC cells, we used an antibody that recognizes the cleaved

form of Notch 1 (Notch val 1744) and the downstream target

gene Hes1. As shown in Figure 5A, all CCC cell lines expressed

the activated form of the Notch receptor and the HES1 protein,

indicating that the Notch signaling pathway is active in these

tumor cells but not in HeLa cells, which we used as a control.

To ensure that the NICD transgenic mouse line is an adequate

model system, we compared the expression levels of NICD in

the CCCs that arose in our transgenic animals to the levels ex-

pressed in the human CCC cell lines. As shown in Figure 5B,

mouse tissue and human CCC lines express comparable levels

of cleaved Notch and HES1 protein. Finally, we tested whether
Cancer Cell 23, 784–795, June 10, 2013 ª2013 Elsevier Inc. 789
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Figure 4. Notch Signaling Leads to the Transformation of Bipotential Hepatic Progenitors through Dysregulation of Cyclin E Expression

(A) Immunohistochemical staining of wild-type and NotchIC::AlbCre livers at the age of 9 months using a cyclin E antibody.

(B) Livers from wild-type controls or tumor tissue derived from 9-month-old NotchIC::AlbCremice were stained with a gH2AX antibody to determine the number

of nuclei that showed signs of DNA damage. The plot shows the staining results of at least 300 cells per mouse strain. An example of NotchIC::AlbCre and wild-

type nuclei is shown in a 4003 magnification on the right side.

(C) Representative examples of gH2AX and cyclin E stained transplanted mouse CCCs and wild-type liver control.

(D) Statistical analysis of gH2AX foci in MzChA1 cells and after depletion of cyclin E expression through siRNA-mediated knockdown of cyclin E1, cyclin E2,

or both.

(E) MzChA1, TFK1, Hep3B, and HepG2 cells were transfected with the indicated plasmids and relative luciferase activity was measured after 48 hr. Scale bars

represent mean values ± SEM. *p < 0.05; **p < 0.001.

Cancer Cell

Notch Induces Cholangiocellular Carcinoma
the activation of the Notch pathway is involved in the pathogen-

esis of human CCC. We determined the expression levels of the

Notch receptors (Notch 1, 2, 3, and 4) in 56 primary CCC tumor

tissues (see Table S1 for details) with immunohistochemical

staining. As shown in Figure 5C and in the diagram in Figure 5D,

we found that the majority of all CCCs overexpress the Notch 1

receptor. Additionally, we found a strong overexpression of the
790 Cancer Cell 23, 784–795, June 10, 2013 ª2013 Elsevier Inc.
Notch 3 receptor in primary tumor tissue as compared to that in

wild-type liver tissue. For both types of receptors, we detected

a predominant nuclear staining, whereas normal liver tissue did

not stain positive for either receptor (Figures S3A and S3B).

Finally, we tested the expression of the cyclin E protein in our

collection of primary human CCC tissues. As shown in Figures

5E and S3C, we found a strong or very strong expression of the
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(A) TFK1, MzChA1, EGI1 cells, a CCC primary

culture (SZ1), and HeLa cells were lysed and the

expression levels of Notch 1, cleaved Notch,

Jagged 1 and HES1 were analyzed by western

blotting.

(B) Comparison of cleaved Notch and HES1 levels

in human CCC cell lines and tumor tissue derived

from NotchIC::AlbCre mice. Actin and GAPDH

were used as loading controls.

(C) Fifty-six different human CCCs were screened

for Notch 1, 2, 3, or 4 expression using a tissue

microarray.

(D) Analysis of the staining intensities of the tissue

microarray displayed is the percentage of tumors

that express the Notch receptors 1–4 in the cyto-

plasm as well as in the nucleus in the 56 CCC

samples tested.

(E) Immunohistochemical analysis of 56 human

CCCs shows a strong expression of cyclin E1

compared to wild-type livers.

See also Figure S3 and Table S1.
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cyclin E protein in the majority of all CCC samples tested.

Because our analysis of the cyclin E promoter suggested that

cyclin E is a transcriptional target of Notch signaling, we tested

whether Notch and cyclin E expression correlate in primary

CCC tissues. Using the Kendall tau-b rank test, we found that

cyclin E1 and Notch 1 showed a highly significant (p < 0.001)

co-expression in the CCC tissues tested. These results suggest

that overexpression of Notch promotes the expression of the

cyclin E gene through activation of the cyclin E promoter, which

results in the formation of DNA double-strand breaks in human

CCC cells.

Notch Signaling as a Therapeutic Target in CCC
Our analysis of primary CCC tissues and the observation that

NICD transgenic mice develop CCCs point toward a central

role of the Notch signaling pathway in the formation of these

tumors. To test whether the expression of Notch was also

required for CCC maintenance, we transfected the cells with

siRNAs specific for Notch 1. As shown in Figure 6A, loss of Notch

1 expression led to a reduction in HES1 and cyclin E expression

while p53, p27, and p21were strongly induced. Forty-eight hours
Cancer Cell 23, 784–7
after the transfection of Notch 1 siRNA,

approximately 50% of all MzChA1 cells

had undergone apoptosis (Figure 6B).

Combined ablation of Notch 1 and 3 by

siRNA led to an even more pronounced

effect, indicating that signaling through

both receptors is required for CCC main-

tenance (Figures S4A and S4B).

Notch signaling depends on g-secre-

tase-mediated generation of NICD, which

translocates to the nucleus to induce a

cell type-specific transcriptional pro-

gram. To test whether g-secretase inhibi-

tion of Notch signaling might constitute a

treatment option against CCC,we treated
these cells with the g-secretase inhibitor N-[N-(3,5-difluoro-

phenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT). As

shown in Figure 6C, DAPT treatment resulted in a time-depen-

dent decrease in the expression of the cleaved form of the Notch

receptor and theNotch target geneHes1. Similar resultswere ob-

tained with other CCC cell lines (Figure S4C). In line with our

observation that Notch controls cyclin E transcription, DAPT

treatment also led to adecrease in cyclin Eexpression inMzChA1

cells as determined by RT-PCR (Figure S4D). To determine the

functional consequences of Notch inhibition, we determined

the number of apoptotic MzChA1 cells after treatment with

DAPT. As shown in Figure 6D, DAPT treatment of MzChA1 cells

resulted in a significant increase in the number of apoptotic cells

asmeasuredby the activation of caspases 3and7. This decrease

in viability was accompanied by a significant reduction of BrdU

uptake (FigureS4E) and a strong increase in the expression levels

of the cyclin kinase inhibitors p21 and p27 as well as the tumor

suppressor protein p53 (Figure S4F). Similar results were found

in the other CCC lines (EGI-1, TFK-1) (data not shown).

Finally, we tested whether inhibition of Notch signaling would

also affect the growth of xenotransplanted human CCCs. To this
95, June 10, 2013 ª2013 Elsevier Inc. 791
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Figure 6. Notch Signaling as a Therapeutic

Target in CCC

(A) Western blot expression analysis of Notch 1,

HES1, cyclin E, p21, p53, and p27 after siRNA-

mediated knockdown of Notch 1 in MzChA1 cells.

(B) Determination of cell death (sub G1 fraction) by

FACS scan analysis in MzChA1 cells in which

Notch1 expression was reduced through siRNA-

mediated knockdown.

(C) MzChA1 cells were treated with DAPT (10 mM)

for the indicated periods of time. At different time

points cells were lysed and the expression levels of

Notch 1, cleavedNotch 1, andHES1were analyzed

by western blotting.

(D) Caspase 3/7 activity in DAPT-treated MzChA1

cells at the indicated time points. The y-axis de-

scribes the relative caspase activity in percentages

as compared to the DMSO control treated cells.

(E) Primary human CCC cells (SZ1) were trans-

planted under the skin of nu/nu mice (ten mice for

each group). When the tumors reached a size of

approximately 150–200 mm3, mice were treated

with DAPT at a concentration of 50 mg/kg every

72 hr or with DMSO, which was used to dissolve

DAPT (control).

(F) Western blot analysis of the expression levels of

cyclin E1, p21, p27, p53, and actin in tumor tissue

lysates fromDAPT treated or untreatedmice. Scale

bars represent mean values ± SEM.

See also Figure S4.
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end, we established primary CCC cell lines from human CCCs

that were resected at our institution. Cells derived from cell line

SZ1 were mixed with Matrigel and injected subcutaneously

into immunodeficient mice. When the tumors reached a size of

approximately 150–200 mm3, mice were treated with DAPT at

a concentration of 50 mg/kg every 72 hr. As shown in Figure 6E

and Figure S4G, inhibition of g-secretase resulted in a significant

inhibition of tumor growth as compared to untreated controls.

This inhibition of tumor growth was accompanied by the induc-

tion of p21, p27, and p53 and a downregulation of cyclin E

expression in the primary tumor tissues (Figure 6F). Histologic

examination of these tumors revealed, in accordance with the

results we had obtained using CCC cell lines, that treatment

with DAPT resulted in the induction of apoptosis in the xeno-

transplanted tumors as shown by TUNEL staining of the primary

tissues (Figure S4H).

DISCUSSION

The pathogenesis of CCC is only incompletely understood. A

number of genetic and epigenetic changes as well as alterations
792 Cancer Cell 23, 784–795, June 10, 2013 ª2013 Elsevier Inc.
in growth factor signaling have been

described. Nevertheless, treatment op-

tions are still sparse and given the lack of

a detailed understanding of the underlying

pathogenesis, targeted therapies are diffi-

cult to implement. In this study, we used a

transgenic mouse line that expresses the

intracellular domain of the Notch 1 recep-

tor in liver cells starting at day 9.5.
Our phenotypic andmolecular analysis of theNotchIC::AlbCre

mice revealed opposite roles for Notch signaling in the hepatic

and cholangiocytic compartments. We found that NICD-overex-

pressing hepatocytes undergo endoreduplication cycles that

result in the formation of polyploid liver cells. This defect in

mitotic cell division is also apparent in liver regeneration experi-

ments that show that NICD-expressing hepatocytes fail to re-

enter the cell cycle after a partial hepatectomy. In line with our

findings Croquelois and colleagues showed that loss of Notch

1 in hepatocytes led to the overproliferation of hepatocytes,

which caused the formation of regenerative nodules (Croquelois

et al., 2005). Together, these results suggest that Notch signaling

in hepatocytes is primarily antiproliferative and prevents uncon-

trolled proliferation of liver cells.

We found that overexpression of NICD results in the formation

of CCCs, implicating this signaling pathway in the pathogenesis

of this tumor. Zong and colleagues convincingly showed that

ectopic Notch expression led to the formation of biliary epithelial

cells in the hepatic lobule (Zong et al., 2009). Moreover, expres-

sion of Notch in livers of 6-day-old mice led to the formation of

ectopic biliary structures within the liver. Their experiments
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therefore argue for the ability of Notch signaling to induce a fate

decision in hepatoblasts or even terminally differentiated hepa-

tocytes that allows them to differentiate toward the biliary

lineage. The ability of hepatocytes to change their fate decision

under the influence of AKT and Notch signaling or under condi-

tions of chemically induced carcinogenesis has been shown

recently (Fan et al., 2012; Sekiya and Suzuki, 2012). These

studies provided evidence that hepatocytes localized around

the central vein can be transformed into biliary cancers. While

a growing body of evidence supports the hypothesis that human

CCC is derived from intrahepatic stem cell compartments

(Cardinale et al., 2012; Nakanuma et al., 2010), it needs to be

shownwhether a change in cellular differentiation can contribute

to human CCC pathogenesis. Recent data in other systems indi-

cate that Notch signaling drives intestinal cell fate determination

of progenitor cells, for example, those lining the intestinal crypts,

and blockade of Notch signaling via gamma secretase inhibition

forces intestinal progenitor cells to differentiate into goblet cells

(van Es et al., 2005; Zecchini et al., 2005). This pathologic profile

is reminiscent of that seen inHes-1 deficientmice, a downstream

Notch target gene (Kodama et al., 2004). Our analysis showed

that expression of NICD in mouse liver cells results in the forma-

tion of CCCs, which in addition to cholangiocytic features, also

express surface markers associated with stem cells thereby

indicating that NICD expression in undifferentiated liver progen-

itor cells might have transformed those cells into tumor cells. It is

not known how the expression of Notch ICD in differentiated

cholangiocytes may also result in the formation of cancers.

The finding that NICD expression in hepatic progenitors

results in the formation of CCCs was further substantiated by

the fact that cells isolated from these primary tumors led to the

formation of CCC after transplantation into nude mice. Given

the high plasticity of these cells, we cannot exclude that Notch

signaling might lead to the formation of tumors that resemble

features of hepatocellular carcinoma or even mixed phenotypes

(Villanueva et al., 2012). We therefore set out to directly prove

that aberrant Notch signaling in bipotential liver progenitor cells

causes the formation of CCC. To this end, we created progenitor

cell lines that stably express NICD and found that these cells did

indeed start to form tumors that show all characteristics of CCCs

after transplantation into mice. These tumors also showed

elevated levels of cyclin E expression and a high degree of

genetic instability. We therefore concluded that liver progenitor

cells can act as the cells of origin in the formation of CCCs in

response to Notch signaling.

A central question that arose out of these findings is how the

expression of NICD can lead to the formation of CCC. In this

work, we found that cyclin E protein levels are greatly increased

not only in CCCs derived from NotchIC::AlbCre mice, but also

in primary human CCC tissues. Several mouse models have

demonstrated that deregulated cyclin E expression is causally

associated with tumorigenesis in vivo. Overexpression of human

cyclin E in mammary or thymic tissues, or prevention of cyclin E

degradation throughmutation of the T380 phosphorylation site in

mouse cyclin E, resulted in the formation of tumors (Hwang and

Clurman, 2005; Loeb et al., 2005). The oncogenic function of

cyclin E is coupled to its ability to induce double-strand breaks

that ultimately result in the formation of genetically unstable

cells. Using gH2AX as a marker for double-strand breaks, we
showed that the tumors derived from NotchIC::AlbCre mice as

well as tumors derived from NICD-expressing bipotential pro-

genitors show high levels of DNA double-strand breaks and

that reduction of cyclin E expression ameliorates this phenotype.

Interestingly the dysregulation of cyclin E expression is caused

by an increased transcription of the cyclin E promoter in

response to NICD expression a finding that defines cyclin E as

a direct transcriptional target of the Notch signaling pathway.

Given that suppression of cyclin E expression by shRNA treat-

ment results in a complete suppression of tumor formation in

NICD-expressing liver progenitors, we conclude that cyclin E is

indeed a critical downstream effector of Notch signaling-

induced tumor formation.

Our observations together with the data provided by Zong and

Stanger therefore suggest that Notch signaling can induce a

biliary differentiation program in hepatocytes or hepatic progen-

itor cells, which together with the aberrant expression of the

cyclin E protein results in the formation of intrahepatic CCCs. It

is currently unknown why the Notch 1 and 3 receptors are upre-

gulated in CCC cells. T cell acute lymphoblastic leukemia, breast

cancer, and other tumors or cell lines derived from such cancers

show genetic alterations that affect the expression of different

components of the Notch signaling pathway (Koch and Radtke,

2007).

Recently, Fbw7, the F-Box protein that controls the turnover of

Notch 1 as part of a SCFFbw7 ubiquitin ligase, was shown to be

mutated in up to 35% of all CCCs examined (Akhoondi et al.,

2007). This result points to a defect in Notch turnover that might

contribute to the increase in protein levels. Interestingly the

SCFFbw7 complex also ubiquitylates the cyclin E1 and E2 pro-

teins and loss or mutation of the Fbw7 protein results in

increased cyclin E expression (Koepp et al., 2001; Welcker

et al., 2003). We have shown that overexpression of the Notch

ICD in mouse livers leads to an increase in cyclin E expression

and that Notch ICD can directly transactivate the cyclin E1 pro-

moter. Loss of Fbw7 might therefore cause an increase in cyclin

E levels not only through a reduction of cyclin E ubiquitylation

and turnover, but also through an increased transcription of

the Cyclin E gene through the Notch signaling pathway.

CCCs frequently arise under conditions of chronic inflamma-

tion. The interleukin-6 (IL-6)/gp130 signaling system constitutes

an important component of the inflammatory response in the

liver and was shown to be involved in the pathogenesis of

CCCs. This aberrant overexpression of IL-6 is a consequence

of the epigenetic silencing of the suppressor of cytokine

signaling 3 (SOCS-3) (Isomoto et al., 2007). Intriguingly IL-6 is

able to induce a Notch-3–dependent transcriptional activation

of the jagged gene in breast cancer cells (Sansone et al.,

2007). Dysregulation of Notch signaling might therefore be a

result of alterations in its proteolytic turnover and exogenous

factors like the stimulation of jagged transcription by IL-6. While

this hypothesis awaits experimental proof, our experiments

using isolated NICD-expressing progenitors show that transfor-

mation of these cells does not require additional inflammation.

To date, no specific treatment exists for patients with CCCs

that are not eligible for surgery. We therefore set out to test

whether inhibition of Notch signaling would interfere with the

proliferation and survival of CCC cells. Loss of Notch signaling

either by inhibition of g-secretase or by suppressing Notch
Cancer Cell 23, 784–795, June 10, 2013 ª2013 Elsevier Inc. 793
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activity through siRNA-mediated ablation of Notch 1 and 3

expression resulted in the induction of cell cycle arrest and

apoptosis. Notch inhibition also led to the regression of estab-

lished xenotransplant tumors derived from CCC cell lines in vivo.

Inhibition of g-secretase activity might therefore constitute a

molecular target that interferes with the dysregulated expression

of cyclin E.

In this study we found that NotchIC::AlbCre mice not only

formed ectopic biliary structures, but also intrahepatic CCCs.

Together with the observation that Notch can induce a biliary

cell fate in bipotential progenitors lead to the idea that the path-

ogenesis of intrahepatic CCCs might differ significantly from the

formation of biliary tumors that arise primarily from the bile ducts

(i.e., Klatskin carcinoma). Our data suggest that intrahepatic

CCC might constitute a tumor that forms as a result of aberrant

Notch signaling in hepatic progenitors that transform into tumor

cells. Moreover we show that inhibition of Notch signaling consti-

tutes an attractive target for future clinical trials in patients with

intrahepatic CCCs.

EXPERIMENTAL PROCEDURES

Animals and Partial Hepatectomy Procedures

ROSA26 NICD mice (Murtaugh et al., 2003) were crossed with AlbCre mice

(Kellendonk et al., 2000) to generate mice with a liver-specific overexpression

of the activated form of the Notch 1 receptor. All genotyping was performed as

described (Murtaugh et al., 2003). In all experiments, 8- to 10-week-old wild-

type and double transgenic littermates were used. Mice were killed at the

indicated time points after surgery, and the number of mice analyzed ranged

from five to six per time point. Partial hepatectomy was performed as

described (Satyanarayana et al., 2003). All animal experiments were per-

formed after review and approval by the Niedersächsische Landesamt für

Verbraucherschutz und Lebensmittelsicherheit, Lower Saxony, Germany.

Immunohistochemical Staining of Mouse and Human Tissues

Immunohistochemical staining of mouse and human tissue was performed as

described previously (Kossatz et al., 2004). Surgical specimens were taken for

diagnostic and scientific purposes permitted by the Ethics Committee of the

University of Bern, Switzerland. Informed consent was obtained from all

patients.

Feulgen Staining

To determine the DNA content, 3 mm sections were Feulgen-stained using the

Feulgen Staining Kit (Merck). Ploidy analysis was performed with the Ahrens

ICM, Cytometric System. Statistical analysis was done using the Dunnett

t test (DNA ploidy) and the mixed models analysis of variance (nuclear size

analysis).

RT-PCR

RNA extraction was done as described (Satyanarayana et al., 2003). For cDNA

synthesis, 2 mg of RNA were used. The RT reaction was carried out using

SuperScript-II RNase H reverse transcriptase (Invitrogen). For semiquantitive

RT-PCR, 1 ml cDNA was amplified using the following cycles: denaturation

94�C for 30 s, annealing 57�C for 1 min, and extension 72�C for 45 s using

RedTaq (Sigma) for 35 cycles. Actin was used as a control.

siRNA

siRNA knockdownwas performed using FuGene6 transfection reagent. Trans-

fectionswere performed using siRNA at a concentration of 20 nM for Notch 1 si

RNA; sc-36095 and Notch 3 siRNA; sc-37135 from Santa Cruz. siRNA in a

concentration of 40 nM was used for cyclin E1 and cyclin E2 knockdown.

DAPT Treatment In Vitro

Five milligrams of DAPT were dissolved in 1 ml dimethyl sulfoxide. Cells were

plated in six-well plates. When the cells reached 60% confluency, they were
794 Cancer Cell 23, 784–795, June 10, 2013 ª2013 Elsevier Inc.
treated with 38.7 mM DAPT. Cells were collected after 12, 24, 36, and 48 hr

for protein extraction and analyzed by western blot.

Western Blot

Antibodies included cleaved Notch 1 (Val1744, Cell signaling); Hes-1 (Santa

Cruz Biotechnology); Notch 1: C-20; sc 6014 (Santa Cruz), Notch 3: (M-134);

sc5593 (Santa Cruz); Jagged 1:C-20, sc-6011 (Santa Cruz); p27: Cat 610242

(BD Transduction), p21 C-19; sc397 (Santa Cruz), p53 FL-393, sc6243 (Santa

Cruz); and cyclin E: C19 (Delta Biolabs). Western blots were performed as

described (Malek et al., 2001).

Generation of Immortalized Bipotential Liver Progenitor Cells,

Retroviral Transduction, and Subcutaneous Injection of Cells

Bipotential liver progenitor cells were isolated from C57Bl6 embryonic mouse

livers as described recently (Zender et al., 2006). For additional information,

please refer to the Supplemental Experimental Procedures.

Statistical Analysis

Statistical analysis was carried out using Microsoft Excel software. Unless

stated otherwise, all data are presented as mean ± SD; error bars represent

SD in all figures. Intergroup comparisons were performed by two-tailed

Student’s t test. A p value <0.05 was considered to be statistically significant.

Caspase 3/7 Assay and TUNEL Staining

For detection of apoptosis, we used theCaspase-Glo 3/7 Assay fromPromega

that measures caspase-3 and -7 activities because these members of the

caspase family play important roles in apoptosis in mammalian cells. Themea-

surements were done as described in the manufacturer manual. We used the

In Situ Cell Death Detection Kit (Roche) according to the manufacturer’s

manual for TUNEL staining.

Luciferase Assay

MzChA1 cells were transiently transfected with a cyclin E promotor luciferase

reporter construct, a NICD expression construct, and phRL-TK (Promega) for

normalization using FUGENE. After 48 hr, luciferase activity was measured

using the ‘‘dual-luciferase reporter assay system’’ (Promega) following the

manufacturer’s instructions. In brief, cells were lysed in 13 passive lysis buffer;

after 10 min, cells were scraped off the dishes and incubated for 5 min on ice.

After centrifugation, 20 ml of cleared lysateswere used for analysis of luciferase

activity. The 96-well plate reader ‘‘Glomax-integrated luciferase technologies’’

(TURNER Biosystems) was used to quantify luciferase activity. Firefly lucif-

erase activity was normalized to cotransfected Renilla luciferase activity

(phRLTK).

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures, one table, and Supplemental

Experimental Procedures and can be found with this article online at http://dx.

doi.org/10.1016/j.ccr.2013.04.019.
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SUMMARY
Epidermal growth factor receptor (EGFR) initiates a signaling cascade that leads to DNA synthesis and cell
proliferation, but its role in regulating DNA replication licensing is unclear. Here, we show that activated
EGFR phosphorylates the p56 isoform of Lyn, p56Lyn, at Y32, which then phosphorylates MCM7, a licensing
factor critical for DNA replication, at Y600 to increase its association with other minichromosome mainte-
nance complex proteins, thereby promoting DNA synthesis complex assembly and cell proliferation. Both
p56Lyn Y32 andMCM7 Y600 phosphorylation are enhanced in proliferating cells and correlated with poor sur-
vival of breast cancer patients. These results establish a signaling cascade in which EGFR enhances MCM7
phosphorylation and DNA replication through Lyn phosphorylation in human cancer cells.
INTRODUCTION

MCM7 is amember of theminichromosomemaintenance (MCM)

proteins, which were originally identified through a yeast genetic

screen aimed to identify mutants defective in MCM (Maine et al.,

1984). The MCM proteins were subsequently found to be

expressed in all eukaryotic organisms and are critical for

licensing DNA replication in proliferating cells (Tye, 1999).

MCM proteins 2–7 are highly conserved from yeast to humans

and form a hexameric complex during the G1 phase, which is

then loaded onto the replication origin to form a prereplication

complex (pre-RC) that is indispensable for initiation of DNA repli-
Significance

Overexpression of MCM7 is associated with various human
mechanisms that regulate its function remain unclear. Here, w
phosphorylation, which potentiates the downstream MCM7 Y
somemaintenance complex assembly and cancer cell prolifera
namely EGFR / phospho-p56Lyn Y32/ phospho-MCM7 Y60
tion licensing in human cancers. This finding links a cell-surfac
DNA replication licensing, which is an important step for initia
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cation (Lei and Tye, 2001). Assembly of the MCM protein com-

plex is essential for cell survival and proliferation, and sup-

pressing expression of individual MCM proteins resulted in

compromised DNA replication (Shi et al., 2010; Tsuji et al.,

2006), possibly due to lack of stable hexameric MCM complex.

In addition to its role in initiation of replication, theMCM complex

has been shown to serve as a putative replication fork helicase,

melting DNA origins in preparation for replication (Ishimi, 1997;

Labib et al., 2000; Lee and Hurwitz, 2001; Yan et al., 1993).

Recent studies suggest that MCM2–MCM7 complex interacts

with cell division cycle 45 (CDC45) and GINS to form the

CDC45-MCM-GINS complex (Moyer et al., 2006), which is
cancers and correlated with poor prognosis; however, the
e showed that EGFR enhances p56Lyn activity through Y32
600 phosphorylation and positively modulates minichromo-
tion. We thus identified a tyrosine phosphorylation cascade,
0, that links EGFR and Lyn in MCM7-mediated DNA replica-
e receptor, EGFR, and a nonreceptor tyrosine kinase, Lyn, to
ting cell proliferation.
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required for the activation of DNA helicase (Dang and Li, 2011;

Kang et al., 2012). MCM2–MCM7 also forms a double-hexame-

ric complex during pre-RC formation, which may be potentially

required for the initiation of bidirectional replication forks in S

phase (Evrin et al., 2009; Gambus et al., 2011).

Deregulation of DNA replication machinery components

causes chromosome instability and tumorigenesis (Bergoglio

et al., 2002; Rajagopalan et al., 2004), and the oncogenic poten-

tial of MCM7deregulation has beenwell described (Luo, 2011). A

transgenic mouse model demonstrates that expression of exog-

enous MCM7 in the epidermis accelerates squamous cell carci-

noma development upon carcinogen challenge (Honeycutt et al.,

2006). Additionally, increased MCM7 copy number and protein

level are associated with prostate cancer relapse and metas-

tasis, and a prostate cancer cell line ectopically expressing

MCM7 exhibits increased proliferation and invasiveness (Ren

et al., 2006). Similarly, MCM7 serves as a proliferation marker

and is associated with tumorigenesis in various human cancers,

including oral squamous cell carcinoma, colorectal cancer,

ovarian cancer, glioblastoma, and esophageal carcinoma

(Facoetti et al., 2006; Feng et al., 2008; Kan et al., 2009; Nishihara

et al., 2008; Ota et al., 2011). MCM7 has recently been demon-

strated as a prognostic marker that predicts poor cancer patient

survival and a therapeutic target of non-small cell lung carci-

nomas (Toyokawa et al., 2011). Interestingly, MCM7 protein is

a critical target of some oncogenic (e.g., androgen receptor;

Shi et al., 2008) and tumor suppressor (e.g., integrin a7 and reti-

noblastoma; Han et al., 2010; Sterner et al., 1998) signaling path-

ways, implying that multiple layers of regulation may be involved

in MCM7 biology and its oncogenic properties.

Epidermal growth factor receptor (EGFR) initiates a signaling

cascade that leads to DNA synthesis and cell proliferation

upon activation, and EGFR pathways are frequently deregulated

in human cancers (Paez et al., 2004; Yarden, 2001). Previously,

our mass spectrum analysis detected members of MCM hex-

americ ring complex in the EGFR immunoprecipitates from

A431 cancer cells (Huo et al., 2010), thereby raising the possibil-

ity that EGFR signaling is functionally involved in DNA replication

licensing. Since MCM7 is critical in DNA replication and involved

in oncogenic signaling pathways, we set out to determine

whether MCM7 is a downstream target of EGFR signaling.

RESULTS

MCM7 Is Tyr Phosphorylated by Lyn Kinase
We first validated the interaction between EGFR and MCM pro-

teins by immunoprecipitation (IP)-western analysis and detected

MCM5 and MCM7 in the EGFR immunoprecipitates (Figure S1A

available online). Interestingly, the amount of MCM7 but not

MCM5 in the EGFR immunoprecipitates was increased with

EGF stimulation and decreased with the Tyr kinase inhibitor

gefitinib treatment (Figure S1B), suggesting that the association

between EGFR and MCM7 was dependent on EGFR kinase

activity and MCM7 might be a kinase substrate of EGFR or

EGFR downstream kinases.

Because Tyr phosphorylation carries significant biological

functions and it is unclear whether Tyr phosphorylation is

involved in MCM7 function in DNA replication licensing, we

investigated whether MCM7 is regulated by this posttransla-
tional modification in proliferating cells. We examined MCM7

Tyr phosphorylation in a panel of cancer cell lines stimulated

with EGF using an anti-phosphoTyr antibody (4G10) and found

that MCM7 was Tyr phosphorylated to various degrees in all of

them except in MDA-MB-231 cells (Figures 1A and S1C). The

weaker MCM7 Tyr phosphorylation observed in Du145

compared with H266 cells is likely due to their lower EGFR

expression level (Figure S1C). Since MCM7 is functionally

involved in DNA synthesis and cell proliferation, the failure to

observe EGF-induced MCM7 Tyr phosphorylation in MDA-MB-

231 cells is consistent with the literature that MDA-MB-231 cells

lack proliferative response to EGF (Price et al., 1999). We then

asked whether MCM7’s phosphorylation status affects its ability

to associate with other MCM proteins. Interestingly, the kinetics

between MCM7 Tyr phosphorylation and its association with

MCM2 and MCM3 but not MCM4 were positively correlated

upon EGF stimulation (Figure 1B). In the absence of EGF, we

did not observe MCM7 Tyr phosphorylation or increased

MCM2 andMCM3 association (Figure S1D). These data suggest

that EGF-mediated Tyr phosphorylation of MCM7 regulates its

association with other MCM members.

Although MCM7 was detected in the EGFR immunoprecipi-

tates, MCM7 failed to be Tyr phosphorylated by recombinant

EGFR in an in vitro kinase assay (data not shown). To identify

the kinase that phosphorylates MCM7, we immunoprecipitated

MCM7 and subjected the complex to mass spectrometry anal-

ysis. Among 94 MCM7-interacting proteins identified, Lyn was

the only Tyr kinase (Table S1). The interaction between Lyn and

MCM7 was validated by reciprocal immunoprecipitation, and

Lyn was able to Tyr phosphorylate MCM7 when both proteins

are ectopically expressed (Figure 1C). EGF stimulation

increased the amount of endogenous MCM7 detected in Lyn

immunoprecipitates, which could be reduced by the Lyn kinase

inhibitor PP2, suggesting that the kinase activity of Lyn

enhances its interaction with MCM7 (Figure 1D, top). Further-

more, EGF-stimulated MCM7 Tyr phosphorylation was then

abolished by PP2 (Figure 1D, bottom), supporting Lyn as the

Tyr kinase for MCM7. Indeed, purified recombinant Lyn

kinase phosphorylated glutathione S-transferase (GST)-fused

MCM7 in vitro (Figure 1E). To verify whether Lyn phosphory-

lates MCM7 in vivo, we knocked down Lyn expression using

short interfering RNAs (siRNAs) and examined MCM7 Tyr

phosphorylation in response to EGF. Upon EGF stimulation,

siRNA targeting the 30 UTR of Lyn but not other members of

Src family kinases (Src, Yes, and Fyn) diminished MCM7 Tyr

phosphorylation, which was rescued by reintroduction of a

siRNA-resistant Flag-p56Lyn (Figure 1F). Small hairpin RNA

targeting the protein coding region of Lyn also diminished the

MCM7 Tyr phosphorylation (Figure S1E), and MCM7 was

detected in the Lyn but not Src, Fyn, or Yes immunoprecipi-

tates (Figure S1F). Lyn exists as two isoforms, p53Lyn and

p56Lyn (Yamanashi et al., 1991). Although both p56Lyn and

p53Lyn interacted with MCM7 (Figure S1G), the kinase activity

of p56Lyn but not p53Lyn toward MCM7 was potentiated upon

EGF stimulation (Figure S1H), suggesting p56Lyn is the likely

physiological Tyr kinase for MCM7 in response to EGF treat-

ment in vivo. Taken together, these results demonstrate that

Lyn Tyr phosphorylates MCM7 in vivo and that this event is

EGF dependent.
Cancer Cell 23, 796–810, June 10, 2013 ª2013 Elsevier Inc. 797
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Figure 1. MCM7 Is Tyr phosphorylated by Lyn Kinase
(A) Immunoprecipitates of endogenous MCM7 were analyzed by western blotting using 4G10 antibody for detecting Tyr phosphorylation in various cancer cell

lines stimulated with EGF for 1 hr.

(B)Western blot of endogenousMCM2,MCM3, andMCM4 in anti-MCM7 immunoprecipitates fromA431 cells stimulatedwith EGF at various time points. The cell

lysate fromA431 cells treatedwith EGF for 2 hr was used for both the anti-MCM7 and control immunoglobulin G (IgG) immunoprecipitation. The right graph shows

quantified densities of bands at different time points, and the band’s density in control lane (i.e., EGF 0 hr) was set as 1.

(C) Cell lysates from 293T cells expressing exogenous Myc-MCM7 and Flag-p56Lyn were subjected to immunoprecipitation and immunoblotting with indicated

antibodies.

(D) A431 cell lysates with different treatments were subjected to immunoprecipitation and immunoblotting with indicated antibodies to detect the association of

endogenous MCM7 with Lyn and MCM7 Tyr phosphorylation.

(E) Western blot of Tyr phosphorylation of GST-MCM7 by recombinant p56Lyn (top) and phosphorylation of p56Lyn itself (middle) using 4G10 antibody. Bottom:

Coomassie Blue staining of the GST-MCM7 input.

(F) Western blot of endogenous MCM7 Tyr phosphorylation in A431 cells with or without EGF stimulation (lanes 3 and 2). Endogenous Lyn was knocked down by

siRNA (targeting 30 UTR; lane 4) and rescued with a siRNA-resistant Flag-Lyn (lane 5).

See also Figure S1 and Table S1.

Cancer Cell

EGFR Potentiates MCM7 Function through Lyn Kinase
Lyn Phosphorylates MCM7 at Y600
To further validate the MCM7 Tyr phosphorylation and identify

corresponding site(s), we used mass spectrometry to analyze

endogenous MCM7 immunopurified from EGF-stimulated

A431 cells and identified a peptide containing phosphorylated

Y600 of MCM7 (Figure 2A). The MCM7 Y600 sequence matched

the consensus sequence phosphorylated by Src family kinases

(Olsen et al., 2006), and Lyn was predicted as the putative kinase
798 Cancer Cell 23, 796–810, June 10, 2013 ª2013 Elsevier Inc.
that phosphorylates MCM7 at Y600 (NetworKIN). Indeed, an

in vivo Tyr phosphorylation assay demonstrated that it was not

EGFR but Lyn that enhanced Tyr phosphorylation of MCM7

(Figure 2B, lanes 1–3). In the presence of EGFR, p56Lyn-medi-

ated MCM7 phosphorylation was significantly augmented,

suggesting that EGFR signaling potentiates p56Lyn kinase

activity for MCM7 phosphorylation. Importantly, a kinase-dead

(KD) p56Lyn mutant (Kasahara et al., 2004) was unable to
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phosphorylate MCM7 (lane 4 versus lane 6) and p56Lyn did not

phosphorylate the MCM7 Y600F mutant (lane 4 versus lane 5).

Similarly, purified recombinant p56Lyn kinase phosphorylated

GST-MCM7 but not the GST-MCM7 Y600F (Figure 2C), indi-

cating that Lyn phosphorylates MCM7 at Y600.

To facilitate the detection of MCM7 Y600 phosphorylation, we

generated a polyclonal antibody that recognized Y600-phos-

phorylated MCM7. This antibody recognized ectopic MCM7

coexpressed with p56Lyn but not MCM7 alone or MCM7 Y600F

coexpressed with p56Lyn in 293T cells (Figure S2A) and was

used to verify MCM7 Y600 phosphorylation in vivo. In A431 cells,

EGF induced phosphorylation of MCM7 Y600 (Figure 2D, lane 3

versus lane 2). Knockdown of endogenous Lyn protein by siRNA

diminished MCM7 Y600 phosphorylation (lane 4), which was

rescued by reintroduction of a siRNA-resistant Flag-p56Lyn

(lane 5), supporting that Lyn phosphorylates MCM7 at Y600

upon EGF stimulation. We also observed EGF-induced MCM7

Y600 phosphorylation in six other cancer cell lines (Figure S2B).

Because MCM7 is important for licensing DNA replication and

Lyn phosphorylates MCM7 upon EGF stimulation, we examined

whether Lyn regulated MCM7 function in DNA replication

licensing upon EGF stimulation. Indeed, knockdown of the

endogenous Lyn protein by two different siRNAs compromised

the EGF-induced loading of MCM2, MCM3, and MCM7 onto

the chromatin (Figures 2E and S2C) and the replication origins

in the LMNB2 (lamin B2) and MCM4 locus measured by chro-

matin IP (ChIP)–quantitative PCR (qPCR) analysis (Figures 2F

and S2D). These evidences suggest that Lyn-mediated Y600

phosphorylation may regulate MCM7 function in DNA replication

licensing.

MCM7 Y600 Phosphorylation Enhances MCM Complex
Assembly and Cancer Cell Proliferation
We then examined if MCM7 Y600 was also involved in cancer

cell proliferation and generated MDA-MB-468 breast cancer

cells expressing Myc-tagged MCM7 (468-MCM7), MCM7

Y600F (468-Y600F), or control vector (468-vector) for functional

studies. MDA-MB-468 cells were chosen because Lyn was

required for MCM7 phosphorylation (Figure S1E) and Lyn knock-

down significantly compromised their proliferation (Figure S3A).

Consistent with a previous study (Ren et al., 2006), ectopic

expression of MCM7 enhanced cell proliferation and DNA syn-

thesis rate of MDA-MB-468 cells (Figures 3A and 3B, lane 2

versus lane 1). Comparedwith 468-MCM7cells, 468-Y600F cells

showed decreased cell proliferation andDNA synthesis rate (Fig-

ure 3A and 3B, lane 3 versus lane 2). In addition, cell proliferation

(Figure 3A, lane 4 versus lane 2) and DNA synthesis rate (Fig-

ure 3B, lane 4 versus lane 2) were decreased in 468-MCM7 cells

treated with PP2. Furthermore, in an orthotopic breast cancer

mouse model, 468-Y600F mammary tumor grew slower than

did 468-MCM7 tumors (Figure 3C). MCM7 also enhanced the

proliferation of H226 and A431 cells more significantly than did

MCM7 Y600F (Figure S3B). Collectively, these results suggest

that Y600 phosphorylation is involved in the MCM7-mediated

DNA replication and cancer cell proliferation.

We further examined whether phosphorylation of Y600

enhances MCM7 interaction with other MCMmembers. Indeed,

EGF stimulation enhanced association of Myc-MCM7 with

MCM2, MCM3, and MCM5, which was decreased in cells
treated with PP2 (Figures 3D and S3C). In contrast, Myc-

MCM7 Y600F exhibited a much weaker interaction with other

MCM proteins (Figure 3D). It should be mentioned that, similar

to the endogenous MCM7 (Figure 1B), Myc-MCM7 interacted

with MCM2 without EGF (Figure S3D). We in addition used a

phosphomimetic mutant MCM7 Y600E to determine whether

the requirement of Lyn in MCM7 interaction with other MCM

members could be bypassed. Indeed, in cells cultured in a

low-serum medium to prevent EGFR activation, MCM7 Y600E

interacted with other MCM members stronger than did MCM7

andMCM7Y600F (Figure S3E). Furthermore, ectopic expression

ofMCM7Y600E but notMCM7Y600F rescued the EGF-induced

DNA synthesis compromised by Lyn knockdown (Figure S3F).

These data suggest that MCM7 Y600 phosphorylation is critical

for the MCM complex assembly and DNA synthesis initiated by

the EGFR-Lyn signaling axis.

Assembled MCM complex loads onto the replication origins

on the chromatin to license DNA replication. Therefore, we

examined whether the association of MCM members on the

chromatin was enhanced upon EGF stimulation. Indeed, EGF

stimulation increased chromatin loading of MCM7 together

with MCM2, MCM3, and MCM5; however, EGF-induced chro-

matin loading ofMCM7Y600Fwas barely detectable (Figure 3E).

We then performed ChIP–qPCR analysis of MCM7 or MCM7

Y600F binding to the DNA replication origins in the MCM4 and

LMNB2 loci upon EGF stimulation to determine the functional

important of MCM7 Y600 in DNA replication licensing. Indeed,

Y600 phosphorylation enhanced MCM7-mediated DNA replica-

tion licensing, where EGF induced the loading of theMyc-MCM7

but not Myc-MCM7 Y600F onto the DNA replication origins (Fig-

ure 3F). Neither MCM7 nor MCM7 Y600F mutant exhibited

increased binding to a control locus that did not contain a repli-

cation origin (2 kb downstream of LMNB2 locus) upon EGF stim-

ulation (Figure 3F). Consistently, EGF induced the loading of the

endogenous MCM2, MCM3, and MCM7 onto the DNA repli-

cation origins much more significantly in cells expressing

Myc-MCM7 than those expressing MCM7 Y600F (Figure S3G),

suggesting that Y600 phosphorylation aids in complex assembly

at the DNA replication origins upon EGF stimulation.

To determinewhether Y600phosphorylation is critical for EGF-

induced DNA synthesis, we used a siRNA to knockdown endog-

enousMCM7 in cells expressing the siRNA-resistantMyc-MCM7

or Myc-MCM7 Y600F and examined their responses to EGF-

induced DNA synthesis and cell cycle progression. Consistently,

EGF-induced DNA synthesis was higher in cells expressing

Myc-MCM7 than in cells expressing Myc-MCM7 Y600F (Fig-

ure 3G). Furthermore, 12 hr of EGF treatment allowed 20%

(45%–25%) of Myc-MCM7-expressing cells but only 8%

(34%–26%) of Myc-MCM7 Y600F-expressing cells to progress

through G1 phase (Figure 3H). We also used untagged MCM7

and MCM7 Y600F to perform the DNA synthesis assay in cells

with endogenous MCM7 knockdown, and consistently, the

EGF-induced DNA synthesis was much more significant in cells

expressing MCM7 than cells expressing MCM7 Y600F (Fig-

ure S3H). A bromodeoxyuridine (BrdU) pulse-chase approach

was also used to evaluate the cell cycle progression of MCM7

andMCM7 Y600F cells. After BrdU labeling in S phase, the num-

ber of BrdU+ cells in G1 phase for MCM7 cells was increased

more significantly thanMCM7Y600F cells at 9 hr and 12 hr chase
Cancer Cell 23, 796–810, June 10, 2013 ª2013 Elsevier Inc. 799
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Figure 2. Lyn Phosphorylates MCM7 at Y600

(A) Mass spectrometry analysis of endogenous MCM7 immunopurified from A431 cells.

(B) Western blot of Tyr phosphorylation of MCM7 or MCM7 Y600F from 293T cells transfected with EGFR, Flag-p56Lyn, and Myc-MCM7, as indicated. The

number under each band is quantified relative density, with lane 3 being set as 1.

(C) Western blot analysis of Tyr phosphorylation of GST-MCM7 and GST-MCM7 Y600F by recombinant p56Lyn kinase (top) and phosphorylation of p56Lyn using

4G10 antibody (middle). Bottom: Coomassie Blue staining of the GST fusion protein input.

(D) Western blot of phosphorylation of the endogenous MCM7 Y600 in A431 cells with or without EGF stimulation (lanes 3 and 2). Endogenous Lyn was knocked

down by siRNA (targeting 30 UTR; lane 4) and rescued with a siRNA-resistant Flag-p56Lyn (lane 5). The number under each band is quantified relative density, with

lane 3 being set as 1.

(legend continued on next page)
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time points, suggesting that MCM7 cells have a shorter cell cycle

time than MCM7 Y600F cells (Figures S3I and S3J). Taken

together, these observations suggest a pathway in which phos-

phorylation of MCM7 Y600 by Lyn kinase enhances MCM com-

plex assembly andDNA replication licensing in proliferating cells.

EGFR Phosphorylates p56Lyn at Y32
To identify potential regulators of Lyn activation after EGF stim-

ulation, endogenous Lyn was immunoprecipitated and the 4G10

antibody was used to detect Tyr-phosphorylated Lyn-associ-

ated proteins. A single 175 kDa Lyn-interacting protein, for which

the Tyr phosphorylation relied on EGF stimulation, was detected

(starred, Figure 4A). Since EGFR itself is 175 kDa, we examined

whether EGFR interacts with Lyn in response to EGF stimulation.

Indeed, coimmunoprecipitation analyses in A431 cells detected

EGFR in the Lyn immunoprecipitates, which increased with EGF

and decreased with two different EGFR kinase inhibitors,

AG1478 and gefitinib (Figure 4B), suggesting that Lyn interacted

with activated EGFR.

To further investigate how EGFR regulates Lyn, EGFR was

immunoprecipitated and both p56Lyn and p53Lyn were detected.

Moreover, EGF stimulation significantly increased the amount of

p56Lyn (Figure 4C). Interestingly, EGFR kinase inhibitors dimin-

ished the amount of p56Lyn but not p53Lyn in the EGFR immuno-

precipitates (Figure 4C). The interaction between EGFR and

p56Lyn but not p53Lyn was dependent on EGFR kinase activity,

suggesting that p56Lyn is a kinase substrate for EGFR. Indeed,

purified recombinant EGFR phosphorylated a GST fusion of

the domain unique to p56Lyn that contained only one Tyr residue,

Y32 (Figure 4D, lower left panel), and substitution of Y32with Phe

abolished the EGFR-mediated phosphorylation (Figure 4D,

lower right panel). Furthermore, recombinant EGFR phosphory-

lated kinase-dead GST-p56Lyn but not kinase-dead GST-p56Lyn

Y32F (Figure 4E). Since Y32 does not exist in p53Lyn (Figure 4D,

upper panel; Yamanashi et al., 1991), this result is consistent with

our observation that EGFR kinase inhibitors diminished the asso-

ciation of EGFR with p56Lyn but not p53Lyn (Figure 4C). To facil-

itate detection of p56Lyn Y32 phosphorylation, we generated a

polyclonal antibody that specifically recognizes Y32-phos-

phorylated p56Lyn. This antibody recognized ectopic p56Lyn

coexpressed with EGFR but not p56Lyn alone or p56Lyn Y32F

coexpressed with EGFR in 293T cells (Figure S4). Thus, we

used this antibody to detect p56Lyn Y32 phosphorylation in vivo.

Phosphorylation of p56Lyn Y32 was significantly increased upon

EGF stimulation but diminished by EGFR kinase inhibitors (Fig-

ure 4F). These results indicate that EGFR phosphorylates

p56Lyn at Y32 in response to EGF stimulation.

Phosphorylation of Y32 Enhances p56Lyn-Mediated
MCM7 Tyr Phosphorylation and Cell Proliferation
Next, we investigated whether phosphorylation at p56Lyn Y32 is

important for DNA synthesis and cancer cell proliferation. MDA-
(E) Cell lysates from A431 cells transfected with the indicated siRNA with or wit

MCM2, MCM3, and MCM7 in the soluble fraction or chromatin fraction.

(F) ChIP analysis of endogenous MCM2, MCM3, and MCM7 binding to the D

downstream of LMNB2 locus) in A431 cells transfected with the indicated siRNA

cells without EGF stimulation (n = 3). Error bars show ±SD.

See also Figure S2.
MB-468 cells stably expressing p56Lyn Y32F (468-Y32F)

exhibited decreased cell proliferation (Figure 5A) and DNA syn-

thesis rate (Figure 5B) compared with those expressing p56Lyn

(468-Lyn), and these results are similar to MDA-MB-468 cells

expressing MCM7 Y600F (Figures 3A and 3B). When treated

with gefitinib or AG1478, which abolished the Lyn Y32 phosphor-

ylation (Figure 4F), 468-Lyn cells exhibited compromised cell

growth and DNA synthesis similar to 468-Y32F cells (Figures

5A and 5B). In an orthotopic breast cancer mouse model, 468-

Y32F-induced mammary tumor grew slower than did 468-Lyn

cells (Figure 5C), which is comparable to the 468-MCM7

Y600F cells (Figure 3C). These results collectively suggest that

Y32 phosphorylation is critical for the p56Lyn function. In support

of this notion, EGF-induced Lyn Y397 phosphorylation, which

has been shown to enhance Lyn’s kinase activity (Ingley, 2012;

Figure 5D, top), and MCM7 Y600 phosphorylation (Figure 5D,

middle) were clearly observed after 60 min EGF stimulation in

p56Lyn cells, while barely detectable in p56Lyn Y32Fmutant cells.

Similarly, immunofluorescence analysis using confocal micro-

scopy demonstrated that p56Lyn is associated with more robust

Lyn Y397 phosphorylation compared with p56Lyn Y32F mutant

(Figure S5A).

To show that Y32 phosphorylation is critical for p56Lyn function

in MCM7 phosphorylation, we used a phosphomimetic mutant

p56Lyn Y32E to determine whether the requirement of EGFR acti-

vation in Lyn-dependent MCM7 phosphorylation could be

bypassed. Indeed, in cells cultured with a low-serum medium

to prevent EGFR activation (Figure S5B, right), ectopic expres-

sion of p56Lyn Y32E but not p56Lyn significantly induced MCM7

Tyr phosphorylation that was associated with increased interac-

tion with other MCM members (Figure S5B, left). Interestingly,

p56Lyn Y32E interacted with MCM7 much more significantly

than p56Lyn (Figure S5B, left). Collectively, these data suggest

a cascade in which EGFR-mediated p56Lyn Y32 phosphorylation

regulates the downstream MCM7 Y600 phosphorylation and

DNA synthesis.

p56Lyn Y32 andMCM7 Y600 Phosphorylation Correlates
with Physiological Proliferation
To investigate the biological importance of the EGFR/p56Lyn/

MCM7/DNA replication licensing cascade in cells with physio-

logical EGFR level, we first examined these events in regenerat-

ing liver. Liver regeneration is a well-established physiological

model for DNA synthesis and cell proliferation and requires

EGFR (Bucher, 1991; Natarajan et al., 2007). After a partial hep-

atectomy, robust DNA replication indicated by increased prolif-

erating cell nuclear antigen and MCM7 protein expression

ensued within 24 hr (Figure 6A, bottom). The increase in the

MCM7 level was associated with prominent Y600 Tyr phosphor-

ylation, suggesting that Lyn was activated in regenerating liver.

Similarly, phosphorylation of p56Lyn Y32 as well as association

of p56Lyn with MCM7 was increased in the regenerating liver
hout EGF stimulation were subjected to western blot analysis of endogenous

NA replication origins in LMNB2 (lamin B2), MCM4, and control locus (2 kb

and stimulated with or without EGF for 7 hr. Results are normalized to levels in
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Figure 3. MCM7 Y600 Phosphorylation Enhances MCM Complex Assembly and Cancer Cell Proliferation

(A) MDA-MB-468 (13 104) cells carrying the indicated constructs were seeded in the presence or absence of 1 mMPP2, and cell number was determined at day 7

(n = 3).

(B) MDA-MB-468 cells were treated as (A), and DNA synthesis rate was assayed at day 5 by detection of BrdU incorporation (n = 3).

(C) In vivo tumor growth of orthotopically transplanted MDA-MB-468 cells (n = 5).

(D)Western blot of endogenousMCM2,MCM3, andMCM5 in the anti-Myc-MCM7 immunoprecipitates from the soluble fraction of A431 cells with or without EGF

stimulation.

(legend continued on next page)
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(Figure 6A, top). We in addition examined whether this cascade

is associated with proliferation of normal mammary epithelial

cells expressing physiological level of EGF, using MCF-10A cells

as a model. It is well established that the survival and prolifera-

tion of MCF-10A cells relies on EGF and that EGF induces cell

cycle progression of MCF-10A cells synchronized at G0 phase

(LeVea et al., 2004; Figure S6A). Upon EGF stimulation, phos-

phorylation of EGFR Y1173, p56Lyn Y32, and MCM7 Y600

were simultaneously induced and the level of p56Lyn Y32 and

MCM7 Y600 phosphorylation persisted from 8 to 24 hr (Fig-

ure 6B). Since MCM7 Y600 phosphorylation is involved in its

association with other MCMmembers, these results are consis-

tent with the current model that MCM complex assembly begins

during the G1 phase (Lei and Tye, 2001). As expected, we found

that Lyn and MCM7 associate upon EGF stimulation (Figure 6C)

and EGFR or Lyn kinase activity is required for the EGF-induced

MCF-10A cell proliferation (Figure 6D). EGF also induced prolif-

eration of human cancer cell line NCI-H226 and triggered

p56Lyn Y32 and MCM7 Y600 phosphorylation (Figure 6E). It

has been shown that, when A431 cells are seeded at low density,

lower concentrations (3–100 pM) rather than higher concentra-

tions of EGF induce their proliferation (Kawamoto et al.,

1983). Consistently, we found 100 pM EGF enhanced A431 cell

proliferation and triggered Lyn Y32 and MCM7 Y600 phosphor-

ylation (Figure S6B). Taken together, our findings demonstrate a

biological importance for phosphorylation of p56Lyn Y32 and

MCM7 Y600 in cell proliferation.

p56Lyn Y32 and MCM7 Y600 Phosphorylation Correlate
with EGFR Status in Human Tumor Samples and Poor
Survival of Breast Cancer Patients
To determine the pathological relevance of this signal pathway in

human cancers, we analyzed the relationship between EGFR,

phosphorylation of p56Lyn Y32, and MCM7 Y600 in human

breast tumor samples using immunohistochemistry (IHC) stain-

ing. Specificity of the antiphosphorylation antibodies for IHC

staining was verified by demonstrating that the anti-phospho

p56Lyn Y32 or anti-phosphoMCM7Y600 staining can be neutral-

ized with the corresponding tyrosine-phosphorylated peptide

but not with the nonphosphorylated peptide (Figure S7A). Signif-

icantly, EGFR expression level was associated with Tyr phos-

phorylation level of p56Lyn Y32 and MCM7 Y600 (Figures 7A

and 7B). Additionally, Tyr phosphorylation level of MCM7 Y600

was correlated with the level of proliferation marker Ki-67. In

the tumors with low (�/+) p-MCM7 level, only 44% (35/79) of

them were identified as having the highest Ki-67 level (+++). In

the tumors with higher p-MCM7 level (++ and +++), the samples

identified as the highest Ki-67 level (+++) were significantly

increased to 71% (10/14) and 75% (6/8), respectively (Figures
(E) Same as (D), except binding of MCM7 with other MCM members in chromati

(F) ChIP analysis of Myc-MCM7 or Myc-MCM7 Y600F binding to the DNA replicat

LMNB2 locus) in A431 cells stimulated with EGF for 7 hr. Results are normalized

(G) Top: HeLa cells expressing siRNA-resistant Myc-MCM7 orMyc-MCM7Y600F

indicated. After 3 days, cells were lysed and subjected to western blot analysis u

were seeded in the presence or absence of 10 ng/ml EGF, and DNA synthesis ra

(H) HeLa cells expressing siRNA-resistant Myc-MCM7 or Myc-MCM7 Y600F we

48 hr of serum starvation and then stimulated with EGF for 12 hr. Cell cycle prog

Error bars show ±SD.

See also Figure S3.
7C and 7D). These data suggested that MCM7 Y600 phos-

phorylation was pathologically associated with cancer cell

proliferation. We also observed that Lyn and MCM7 protein

levels were correlated with Ki-67 expression, suggesting their

potential contributions to cell proliferation in breast tumors

(Figure S7B).

To determine the pathological relevance of p56Lyn activation

and MCM7 Y600 phosphorylation, we analyzed the relationship

between phosphorylation of p56Lyn Y32 and MCM7 Y600 in

human breast tumor samples and lung cancer tissue arrays

using IHC staining. Significantly, phosphorylation of p56Lyn Y32

was correlated with phosphorylation of MCM7 Y600 in human

breast (p < 0.02) (Table S2) and lung cancers (p = 0.003) (Table

S3). To verify Lyn is the Tyr kinase that phosphorylates MCM7

at Y600 in human tumor samples, we performed IHC staining

in tissue microarrays of human lung and breast cancers. Expres-

sion of Lyn but not other Src family kinases (Src, Yes, Fyn, and

Lck) was significantly correlated with the phosphorylation level

of MCM7 Y600 in both human lung tumor tissues (p < 0.001)

(Table S4; Figure S7C) and breast tumor tissues (p = 0.002)

(Table S5).

We next sought to determine whether the levels of phospho-

Lyn Y32 and phospho-MCM7 Y600 expression correlated with

survival of breast cancer patients. We found that the overall sur-

vival of breast cancer patients whose cancers had high level of

phospho-Lyn Y32 was worse than patients whose cancers had

low level of phospho-Lyn Y32 (p = 0.037; Figure 7E). Similarly,

overall survival of breast cancer patients whose cancers had

high level of phospho-MCM7 Y600 was worse than patients

whose cancers had low level of phospho-MCM7 Y600 (p =

0.035; Figure 7F). Multivariate survival analysis using Cox’s

regression model suggested that both phospho-Lyn Y32 and

phospho-MCM7 Y600 were independently correlated with over-

all survival in the breast cancer patients (Figure S7D). Addition-

ally, overall survival of the breast cancer patients whose cancers

had high levels of both phospho-Lyn Y32 and phospho-MCM7

Y600 was much worse than patients in all other categories (p =

0.003; Figure S7E). Taken together, these findings provide a sig-

nificant pathological relevance for phosphorylation of p56Lyn Y32

and MCM7 Y600 in human cancers.

DISCUSSION

Deregulated MCM7 expression can increase cancer cell prolifer-

ation and contribute to tumorigenesis; however, how specific

oncogenic pathways regulate MCM7 functions is not well under-

stood. Here, we show that Lyn-mediated MCM7 Y600 phos-

phorylation increases MCM7’s association with other MCM

members, consequently enhancing DNA synthesis and cell
n fraction was assessed.

ion origins in LMNB2 (lamin B2),MCM4, and control locus (2 kb downstream of

to levels in cells without EGF stimulation (n = 5).

were transfectedwith a control siRNA or a siRNA targeting 30 UTR ofMCM7, as

sing the indicated antibodies. Bottom: after siRNA transfection, 1 3 104 cells

te was assayed at day 3 by detection of BrdU incorporation (n = 3).

re transected with siRNA targeting MCM7 30 UTR. Cells were synchronized by

ression was analyzed by PI staining using fluorescence-activated cell sorting.
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Figure 4. EGFR Phosphorylates p56Lyn Y32

(A) Anti-Lyn immunoprecipitates from A431 cells with or without EGF stimulation were analyzed by western blotting using 4G10 antibody. The asterisk indicates

the protein phosphorylated by EGF stimulation in the anti-Lyn immunoprecipitates.

(B) Western blot of endogenous EGFR and phospho-EGFR Y1173 (EGFR p-Y1173) in the anti-Lyn immunoprecipitates from A431 cells with indicated treatments.

(C) Western blot of endogenous Lyn in the anti-EGFR immunoprecipitates from A431 cells with different treatments. The number above (for p56Lyn) or under (for

p53Lyn and EGFR) each band is quantified relative density, with lane 2 being set as 1.

(legend continued on next page)
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Figure 5. Phosphorylation of Y32 Enhances p56Lyn-Mediated MCM7 Tyr Phosphorylation and Cancer Cell Proliferation

(A) MDA-MB-468 cells (13 104) carrying indicated constructs were seeded in the presence or absence of 500 nM inhibitors. Cell number was determined at day 7

(n = 3).

(B) DNA synthesis rate of MDA-MB-468 cells treated as (A) was assayed at day 5 by detection of BrdU incorporation (n = 3).

(C) In vivo tumor growth of orthotopically transplanted MDA-MB-468 cells (n = 5).

(D) Western blot of p56Lyn Y397 andMCM7 Y600 phosphorylation in Lyn knockdown A431 cells expressing Flag-p56Lyn Y32F or Flag-p56Lyn stimulated with EGF

at indicated time point. Error bars show ±SD.

See also Figure S5.
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proliferation. Furthermore, the activity of p56Lyn is upregulated

via Y32 phosphorylation by EGFR, resulting in potentiation of

MCM7 Y600 phosphorylation. In human breast cancer, phos-

phorylation of both p56Lyn Y32 and MCM7 Y600 correlate with

EGFR expression level in tumor samples and with poor survival

of patients. Thus, we propose a Tyr phosphorylation cascade

triggered by EGFR for licensing DNA replication in proliferating

cells, which is augmented in cancer cells with deregulated

EGFR activity. These findings suggest that Lyn may be a critical

EGFR downstream mediator in licensing DNA replication and
(D) Western blot detection of Tyr phosphorylation of GST fused various domains o

each blot. A schematic representation of Lyn isoforms with the 21-amino acid pre

domain; U/Y32F, the U domain with Y32F mutation.

(E)Western blot of Tyr phosphorylation of GST-p56Lyn KD andGST-p56Lyn KD/Y32

4G10 antibody. Bottom: GST-p56Lyn KD and GST-p56Lyn KD/Y32F detected by

(F) Cell lysates of A431 cells with different treatments were subjected to anti-Lyn

(p56Lyn p-Y32) antibody.

See also Figure S4.
therefore may be a promising therapeutic target in treating

EGFR-activated cancers.

Although the therapeutic efficacy of pan-Src family kinase

inhibitors is currently being evaluated in the clinic, the Lyn-spe-

cific inhibitor is not yet available for treatment of human cancers.

Together with the previous reports in prostate cancer (Golden-

berg-Furmanov et al., 2004; Park et al., 2008), this study further

identifies Lyn as a therapeutic target in breast and lung cancers.

It is worthwhile to mention that EGFR Tyr kinase inhibitors (TKIs),

such as erlotinib and gefitinib, are well-established therapeutics
f p56Lyn by recombinant EGFR in vitro. Coomassie blue staining is shown below

sented in p56Lyn but not in p53Lyn indicated is shown at the top. U, the unique

F by recombinant EGFR (middle) and phosphorylation of EGFR itself (top) using

western blot using an anti-GST antibody.

immunoprecipitation and then immunoblotted with the phospho-p56Lyn Y32

Cancer Cell 23, 796–810, June 10, 2013 ª2013 Elsevier Inc. 805
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Figure 6. Phosphorylation of p56Lyn Y32 and MCM7 Y600 Correlate

Physiological Proliferation

(A) Tyr phosphorylation of p56Lyn Y32 andMCM7 Y600 in regenerating liver. N,

normal liver; R, regenerating liver 24 hr after partial hepatectomy.

(B) MCF-10A cells were serum starved for 48 hr and then stimulated with EGF

at the indicated time points. Lysates were immunoblotted with indicated

antibodies. The number under each band of anti-phospho MCM7 Y600

(MCM7 p-Y600) blot is quantified relative density, with the lane 1 (0 hr) being

set as 1.

(C) Lysates of MCF-10A cell treated with EGF for 8 hr were subjected to Lyn

immunoprecipitation and immunoblotting with indicated antibodies.

(D) MCF-10A cells were serum starving for 48 hr and then stimulated with EGF

in the presence of indicated inhibitors. Cell number was determined 48 hr after

EGF stimulation (n = 3).

(E) In the top panel, 1 3 104 NCI-H226 cells were seeded in the presence or

absence of 50 ng/ml EGF in medium with 0.5% calf serum, and cell number

was determined at day 5 (n = 3). In the bottom panel, NCI-H226 cells were

untreated or treated with 50 ng/ml EGF for 4 hr, and the lysates were

immunoblotted with the indicated antibodies. Error bars show ±SD; **,

p < 0.01.

See also Figure S6.
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for treating human cancers with deregulated EGFR, yet patients

frequently develop resistance (Balak et al., 2006). Several onco-

genic pathways have been shown to be involved in TKI resis-

tance, but the detailed mechanisms are not yet completed.

The current study also raises an interesting possibility that the
806 Cancer Cell 23, 796–810, June 10, 2013 ª2013 Elsevier Inc.
identified Lyn/ MCM7/DNA replication licensing pathway is

one of the underlying mechanisms contributing to the TKIs resis-

tance, and therefore, the Lyn-specific inhibitor may be effective

against the EGFR activating human cancers that have developed

TKI resistance and is worthy of further development.

Several posttranslational modifications have been identified in

other MCM family members and shown to be functionally impor-

tant in initiating DNA replication. Specifically, phosphorylation of

MCM2 at Ser27, Ser41, and Ser139 by CDC7/DBF4 kinase dur-

ing G1/S phase enhances the ATPase activity of MCM complex

and is essential for initiating DNA replication (Tsuji et al., 2006),

whereas phosphorylation of MCM2 at Ser5 by CDC7/DBF4

kinase promotes chromatin loading of MCM2 and MCM com-

plex assembly (Chuang et al., 2009). Additionally, cyclin-depen-

dent kinase 1 (CDK1)-dependent MCM3 phosphorylation at

Ser112 regulates its incorporation into the MCM2–MCM7 com-

plex (Lin et al., 2008) and CDK2-dependent MCM3 phosphoryla-

tion at Thr722 regulates its loading onto chromatin inmammalian

cells (Li et al., 2011). While Y600 phosphorylation that enhances

MCM7 interaction with other MCM members contributes to the

cancer cell proliferation triggered by the EGFR-Lyn signaling

axis, the nonphosphorylatable mutant MCM7 Y600F still main-

tains its basal interaction with other MCMmembers, suggesting

that MCM7 Y600F is a mutant insensitive to EGF stimulation

rather than a dominant negative mutant. Thus, the EGFR/Lyn-

mediated-MCM7 Y600 phosphorylation plays a positive regula-

tory role but not an indispensable role in the MCM7 functions.

Besides, MCM7 regulates other biological processes indepen-

dent of its DNA replication licensing function (Hubbi et al.,

2011) and other posttranslational modifications of MCM7 could

also regulate MCM7 functions in response to different mitogenic

stimuli. Further investigation would be necessary to elucidate

their biological functions.

Lyn is overexpressed in prostate cancer cells, and inhibition of

Lyn expression suppresses prostate cancer cell proliferation

(Goldenberg-Furmanov et al., 2004; Park et al., 2008). Intrigu-

ingly, while siRNA-mediated inhibition of Lyn suppresses cellular

proliferation, siRNA inhibition of Src suppresses primarily cell

migration in prostate cancer cells (Park et al., 2008). These

observations indicate that Lyn and Src may not be functionally

redundant and may regulate a different subset of substrates in

cancer cells. In the present study, we found that Lyn is necessary

for the MCM7 Y600 phosphorylation, and the expression of Lyn

but not other Src family kinases correlated significantly with the

phosphorylation level of MCM7 Y600 in both human lung tumor

tissues and breast tumor tissues, suggesting that Lyn is the pre-

dominant Src family kinase to phosphorylate MCM7 Y600. The

identification of Lyn-specific substrate, MCM7, provides ratio-

nale for the Lyn-associated cell proliferation and implies the

existence of other Lyn kinase substrates involved in cancer cell

proliferation. We predict that further elucidation of the Lyn kinase

substrates and their Tyr phosphorylation status would help us to

understand the oncogenic functions of Lyn.

An important observation in our current study is that the

activity of Lyn in MCM7 phosphorylation and cancer cell prolifer-

ation is directly regulated by EGFR-mediated Tyr phosphoryla-

tion, which suggests that Lyn may be indispensable for the

cancer cells that rely on EGFR signaling to proliferate. In sup-

port of this notion, we and others have shown that Lyn
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Figure 7. Phosphorylation of p56Lyn Y32 andMCM7 Y600 Correlate with the EGFR Protein Level of Human Tumor Samples and Poor Survival

of Breast Cancer Patients

(A) IHC staining of EGFR level and Tyr phosphorylation of p56Lyn Y32 and MCM7 Y600 of representative human breast tumor samples with high and low EGFR.

Scale bar, 25 mm.

(B) Relationship between expression of EGFR, phospho-p56Lyn Y32 (p56Lyn p-Y32), phospho-MCM7 Y600 (MCM7 p-Y600), Lyn, and MCM7 in human breast

cancer tissues.

(C) IHC staining of phospho-MCM7 Y600 and Ki-67 of representative human breast tumor samples. Scale bar, 25 mm.

(D) Relationship between expression of phospho-MCM7 Y600 and Ki-67 in human breast cancer samples.

(E) The Kaplan-Meier analysis of overall survival of breast cancer patients according to the phospho-Lyn Y32 level in their breast cancer.

(F) The Kaplan-Meier analysis of overall survival of breast cancer patients according to the phospho-MCM7 Y600 level in their breast cancer.

See also Figure S7 and Tables S2–S5.
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knockdown significantly compromised the proliferation of Du145

and MDA-MB-468 cells (Goldenberg-Furmanov et al., 2004),

both of which rely on EGFR signaling to proliferate (Matar

et al., 2004). In contrast, Lyn knockdown had no growth inhibi-

tory effect on certain cancer cell lines, including HCC1954, BT-

549, and MDA-MB-231 (Hochgräfe et al., 2010), that are less

dependent on EGFR signaling for their proliferation (Hochgräfe

et al., 2010; Krol et al., 2007; Sahin et al., 2009). Taken together,

the oncogenic activity of Lyn in DNA synthesis and cell prolifer-

ation is potentiated in cancer cells that depend on EGFR

signaling for their survival and targeting Lyn may demonstrate

synergistic efficacy with EGFR TKIs for treatment of this subset

of cancer cells. Given that MCM7 deregulation is frequently

associated with human cancers and tumorigenesis, these obser-

vations also provide clinical implications for the treatment of hu-

man cancers with deregulated MCM7 status using EGFR and

Lyn kinase inhibitors.
EXPERIMENTAL PROCEDURES

Cell Lysates and Immunoprecipitation

Cells were collected at the indicated time, washed with ice-cold PBS, and sol-

ubilized in lysis buffer containing 1%NP-40, 25 mMNaF, 2 mMNa3VO4, 5 mM

phenylmethylsulfonyl fluoride, and 0.15 U/ml aprotinin followed by sonication.

Cell lysates were clarified by centrifugation at 16,0003 g for 20min at 4�C, and
total protein concentration was determined by Bio-Rad protein assay kit using

BSA as a standard. The chromatin fraction of cell lysates was isolated

following a protocol described previously (Méndez and Stillman, 2000). For

each immunoprecipitation assay, 2 mg cell lysates were used and 2 mg anti-

body was added for each reaction. The reaction was rotating at 4�C overnight

followed by addition of 50 ml of 50% protein A or G sepharose slurry and

rotating for 4 hr. Beads were collected and washed with PBS buffer containing

1% NP-40 three times. Immunoprecipitates were resolved by SDS-PAGE and

analyzed by immunoblotting. Free software ImageJ was used for quantifica-

tion analysis of the band density of target proteins in western blot assays.

DNA Synthesis Assay

The DNA synthesis rate was measured using the BrdU (colorimetric) ELISA kit

obtained from Roche following the manufacturer’s instructions.

Mouse Model for Tumorigenesis

In vivo cell growth was analyzed using an orthotopic breast cancer mouse

model that has been described previously (Chang et al., 1997). Briefly, 2 3

106MDA-MB-468 cells infected with lentivirus carrying the wild-type or mutant

constructs were mixed with the Matrigel (BD Biosciences) and PBS and

injected into the mammary fat pads of female nude mice. The length (L) and

width (W) of each tumor mass were measured by calipers once a week. Tumor

volume (TV) was calculated by the formula (TV = 0.53 L3W2) (Yaguchi et al.,

2006). All animal procedures were conducted under regulations of Division of

Laboratory Animal Medicine at The University of Texas MD Anderson Cancer

Center. Animal protocols (number 06-87-06139) were reviewed and approved

by the Institutional Animal Care and Use Committee at The University of Texas

MD Anderson Cancer Center.

Human Tissues

The 150 cases of surgically resected human breast cancer specimens for

immunohistochemistry and survival analysis were obtained retrospectively

from patients undergoing surgical resection of breast cancer as primary treat-

ment at The University of Texas MD Anderson Cancer Center (MDACC)

between 2000 and 2006. The specimen collection and use of human tissue

samples were conducted in accordance with the protocols approved by the

Institutional Review Board at MDACC. Written informed consent was obtained

frompatients in all cases at time of enrollment. Tissuemicroarrays of 228 cases

of breast cancer (BRC2281) and tissuemicroarrays of 228 cases of lung cancer
808 Cancer Cell 23, 796–810, June 10, 2013 ª2013 Elsevier Inc.
(LUC2281) were obtained from Pantomics. Tissue microarrays of 98 cases of

lung cancer (TMA IMH-305 and IMH-358) were obtained from Imgenex.

Liver Regeneration Assay

The experiment was performed using male Fisher 344 rats according to the

procedure described previously (Marti and Hug, 1995). In brief, 2/3 of rats’

livers were removed by hepatectomy under anesthesia and were sacrificed

24 hr after the operation. Both regenerated and normal liver tissues were

washed with PBS, and tissues were homogenized. The homogenized tissue

was then lysed with radioimmunoprecipitation assay buffer, and the protein

was extracted by centrifuge and used for western blot assay.

Statistical Analyses

Data were analyzed by the Student’s t test, Pearson chi-square analysis, and

Cox’s regression analysis, except Kaplan-Meier analyses on survival rates. A

p value <0.05 was considered statistically significant.

The remaining experimental procedures can be found in Supplemental

Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and five tables and can be found with this article online at

http://dx.doi.org/10.1016/j.ccr.2013.04.027.
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SUMMARY
Despite success with BRAFV600E inhibitors, therapeutic responses in patients with metastatic melanoma
are short-lived because of the acquisition of drug resistance.We identified amechanismof intrinsicmultidrug
resistance based on the survival of a tumor cell subpopulation. Treatment with various drugs, including
cisplatin and vemurafenib, uniformly leads to enrichment of slow-cycling, long-term tumor-maintaining mel-
anoma cells expressing the H3K4-demethylase JARID1B/KDM5B/PLU-1. Proteome-profiling revealed an
upregulation in enzymes of mitochondrial oxidative-ATP-synthesis (oxidative phosphorylation) in this sub-
population. Inhibition of mitochondrial respiration blocked the emergence of the JARID1Bhigh subpopulation
and sensitized melanoma cells to therapy, independent of their genotype. Our findings support a two-tiered
approach combining anticancer agents that eliminate rapidly proliferating melanoma cells with inhibitors of
the drug-resistant slow-cycling subpopulation.
INTRODUCTION

Malignant melanoma is a heterogeneous tumor of neuroectoder-

mal origin that can be cured if excised at an early stage; however,

once disseminated to distant organs, the median survival of

patients drops below 9 months. All major cancer therapies
Significance

Metastatic melanoma is a heterogeneous tumor of neuroecto
chemotherapies, immunotherapies, and radiotherapies have
aging response rates following BRAFV600E targeting, relapses
anoma cells acquire multiple resistance mechanisms. Howev
tumors, common and intrinsic mechanisms exist that support
cytotoxic agents. We have identified a subpopulation of slow
phenotypic resistance to various therapies, irrespective of the
could increase the efficacy of current treatment regimens and
have failed to persistently increase melanoma patients’ survival

rates. This failure is attributed to different resistance mecha-

nisms, including increased DNA repair and overexpression of

antiapoptotic proteins, such as BCL-2, and drug efflux pumps,

such as ABCB5 (Chen et al., 2009). Despite encouraging

response rates seen with the BRAF inhibitor vemurafenib in
dermal origin with a median survival less than 9 months. All
failed to persistently increase survival. Despite the encour-
occur after a median duration of �5 months, because mel-

er, even among functionally and genetically heterogeneous
the immediate survival of certain cells against the attack of
-cycling, tumor-maintaining melanoma cells with intrinsic

ir mode of action. Targeting the slow-cycling subpopulation
reduce relapses.
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Inhibition of Slow-Cycling Melanoma Cells
BRAFV600E-positive individuals, relapses occur after a median

duration of �5 months following initial tumor shrinkage (Sosman

et al., 2012). Several groups have identified various mechanisms

of acquired therapy resistance in BRAF-targeted melanomas.

Surviving melanomas reactivate pivotal networks, such as the

mitogen-activated protein kinase (MAPK) and phosphoinositide

3-kinase (PI3K) pathways (e.g., through activation of platelet-

derived growth factor receptor b, cRAF-1 kinase, and insulin

growth factor receptor 1 [Nazarian et al., 2010; Villanueva et al.,

2010], dimerization of aberrantly spliced BRAF isoforms [Pouli-

kakos et al., 2011], or by secondary genetic events, such as

genomic amplification of COT, NRAS mutations, or the

MEK1C121S mutation [Johannessen et al., 2010; Wagle et al.,

2011]). However, even among functionally and genetically het-

erogeneous tumors, common and intrinsic survival mechanisms

exist. Cytotoxic agents, including conventional chemotherapy,

targeted therapy, or radiation, most effectively eliminate rapidly

dividing cells (Blagosklonny, 2005). This concept is gainingprom-

inence in the field of cancer research, with several studies

reporting the enrichment of quiescent cancer stem cells after

chemotherapy. For example, slow-cycling glioblastoma cells

survive temozolomide treatment (Chen et al., 2012). Accordingly,

if cell subpopulations can act as major drivers for tumor mainte-

nance andmediate universal therapeutic resistance, approaches

that target this phenotype could increase the efficacy of treat-

ment regimens and reduce the risk of melanoma relapses.

We have recently demonstrated that, even within highly prolif-

erative melanomas, there is a slow-cycling cell subpopulation

that is identifiable by the expression of the histone 3K4 demethy-

lase JARID1B (Roesch et al., 2005, 2010). JARID1B (KDM5B/

PLU-1/RBP2-H1) is a member of the highly conserved family of

jumonji/ARID1 H3K4 demethylases, which are involved in tissue

development, cancer, and stem cell biology (Christensen et al.,

2007; Dey et al., 2008; Yamane et al., 2007). The JARID1Bhigh

slow-cycling subpopulation is required for the continuous tumor

growth of melanoma; however, it does not follow a unidirectional

cancer stem cell hierarchy. The JARID1Bhigh phenotype is

temporarily distinct, dynamic, and can be acquired depending

on the microenvironmental context (Roesch et al., 2010). In this

respect, another study indicates that other types of cancers,

such as breast or lung cancer, also harbor populations of quies-

cent cells that are drug resistant and whose phenotypes can

switch dynamically (Sharma et al., 2010). Interestingly, in the

latter study, slow-cycling cells were characterized by the expres-

sion of the chromatin-remodeling factor JARID1A, a homolog of

JARID1B.

Considering JARID1B’s role in continuous tumor maintenance

(Roesch et al., 2010), we asked (1) whether the subpopulation of

JARID1Bhigh slow-cycling melanoma cells displays lower drug

susceptibility compared to the bulk of tumor cells and (2) whether

this resistant phenotype can be pharmacologically eradicated.

RESULTS

Cytotoxic Treatment of Melanoma Cells Results in the
Enrichment of a Surviving JARID1Bhigh Slow-Cycling
Subpopulation
To assess whether slow-cycling melanoma cells show differ-

ences in the therapeutic response compared to the rapidly prolif-
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erating bulk, we treated melanoma cultures with various

anticancer drugs. To discriminate between slowly and rapidly

cycling subpopulations, we used a JARID1B- promoter-EGFP-

reporter construct, as previously described (Roesch et al.,

2010). This fluorescence-based model allows both the detection

of slow-cycling melanoma cells based on their expression of

JARID1B and monitoring of the dynamic nature of the JARID1B

phenotype while cells are alive and interacting with their micro-

environment. Prior in vitro and in vivo expression studies

confirmed the correlation between the endogenous expression

of JARID1B and the JARID1B promoter-induced expression of

EGFP (J/EGFP) using an analytical threshold set to themaximum

5% of the fluorescence signal (Figure S1A available online;

Roesch et al., 2010). Cells with an EGFP signal above this

threshold show the highest endogenous JARID1B levels and,

thus, can be reliably selected and analyzed. Two genetically

different melanoma cell lines, WM3734 and 1205Lu, were

stably transduced with this reporter construct and named

WM3734JARID1Bprom-EGFP and 1205Lu JARID1Bprom-EGFP.

When the cell lines were treated with cisplatin at a highly toxic

concentration (20 mM) for 24, 48, and 72 hr, a gradual separation

of the total population emerged into live, 7-aminoactinomycin

(7AAD)� and dead, 7AAD+ subpopulations (Figure 1A). With

increasing incubation time, 7AAD� cells were incrementally

enriched for J/EGFPhigh cells, whereas 7AAD+ cells were rela-

tively J/EGFPlow. Control cells stably expressing a cytomegalo-

virus (CMV)-promoter-EGFP-reporter construct failed to show

such a separation/enrichment pattern. While the total number

of cells was constantly decreasing with rising cisplatin doses,

the relative number of J/EGFPhigh cells was significantly

increasing in the drug-resistant population (Figures 1B and

S1B). For example, up to 30.2% J/EGFPhigh cells were seen

following 20 mM of cisplatin addition, compared to the 5%

seen in vehicle controls. Immunoblotting confirmed an �3-fold

enrichment for endogenous JARID1B protein after densitometric

normalization to glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) (Figure 1C). Vemurafenib also failed to eradicate all

melanoma cells and enriched for J/EGFPhigh cells, however, to

a lesser extent than seen for cisplatin (Figure 1D). Interestingly,

even when high concentrations of vemurafenib were applied, a

distinct subpopulation of cells remained alive (7AAD�) and dis-

played an �3-fold higher fluorescence intensity for J/EGFP

(GMean = 25.55) than the population of vemurafenib-sensitive

(7AAD+) cells (GMean = 8.54; Figure 1D). The surviving mela-

noma cells did not change in their mutational status of BRAF,

as confirmed by DNA sequencing before and after treatment

(data not shown). In a previous publication, we excluded the

acquisition of secondary mutations for a large panel of diverse

melanoma cell lines rendered resistant to BRAF inhibitors. We

have tested 451Lu, Mel1617, WM983B, WM902B, and SKMel28

(parental and resistant pairs; several passages) for mutations in

BRAF, NRAS, TP53, PTEN, KIT, MEK1, MEK2, AKT1, CDKN2A,

and CDK4 (Villanueva et al., 2010).

Interestingly, similar results were observed for other anti-

cancer drugs, such as bortezomib and temozolomide (Fig-

ure 2A). We also note that a number of cells with relatively

low J/EGFP expression can survive various drug treatments,

indicating other potential operating mechanisms of phenotypic

resistance. In contrast to its proposed effect on cancer stem



Figure 1. Cytotoxic Treatment Results in the Relative Enrichment of Therapy-Resistant JARID1Bhigh Melanoma Cells

(A) WM3734 melanoma cells were persistently treated with cisplatin and analyzed for J/EGFP expression by flow cytometry at the indicated time points (left).

Dead cells were detected by 7AAD staining. Control cells were analyzed for C/EGFP expression (right). Depicted is one representative of at least three

independently performed experiments.

(B) MTT cytotoxicity assay of WM3734 cells treated with increasing concentrations of cisplatin (left). Relative percentage of the J/EGFPhigh subpopulation under

escalating cisplatin treatment (right). Both panels show results from 72 hr of treatment.

(C) Immunoblot of JARID1B protein expression in pre- and postcisplatin-treated WM3734 cells at the indicated time points.

(D) Cytotoxicity assay and quantitation of the J/EGFPhigh subpopulation after treatment of WM3734 cells for 72 hr with escalating vemurafenib concentrations

(left and middle). Comparison of the J/EGFP expression levels of 7AAD+ and 7AAD� cells (right). Error bars in the cytotoxicity assays represent SD.

See also Figure S1.
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Figure 2. The JARID1Bhigh Subpopulation of Melanoma Cells Is Resistant to a Broad Panel of Anticancer Drugs

(A) Cytotoxicity assays ofWM3734 cells after 72 hr of treatment with the indicated anticancer drugs (left). Flow cytometric determination of the relative percentage

of the J/EGFPhigh subpopulation under these treatments (middle). Typical examples for the corresponding drug-associated distribution of 7AAD and J/EGFP

signals (right).

(B) Frequency of J/EGFPhigh WM3734 cells as measured by flow cytometry after incubation with the indicated compounds over 72 hr. Error bars represent SD.

See also Figure S2.
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cells (Gupta et al., 2009), the potassium ionophore salinomycin

also showed a strong enrichment of J/EGFPhigh cells. To rule

out an unspecific bias in our model, we tested vitamin D3 as
814 Cancer Cell 23, 811–825, June 10, 2013 ª2013 Elsevier Inc.
a compound with a different anticancer mechanism (prodiffer-

entiation; Figure 2B). Here, no significant change in J/EGFPhigh

cells was seen. Next, we tested compounds that are expected



Figure 3. The JARID1Bhigh Subpopulation Is

Enriched in Melanomas Resisting Therapy, and

Knockdown of JARID1B Leads to Increased Drug

Sensitivity

(A) NSG mice xenografted with WM3734 melanoma cells

were treated with vemurafenib or vehicle (n = 7). Tumor

weights were assessed after 11 days of treatment (left).

Tumor residues were immunostained for JARID1B expres-

sion (middle), and nuclear-staining signals of each tumor

were scored at 40X magnification in three representative

fields of vision (right, two-sided Wilcoxon two-sample test).

(B) Immunostaining of JARID1B in matched pairs of mela-

noma samples before and relapse under vemurafenib

treatment from three melanoma patients.

(C) Two different JARID1B knockdown clones

(sh_JARID1B_58 and 62) of WM35 melanoma cells and

the sh_scrambled control were starved for 4 days at 0%

FCS and subsequently stimulated by 10% FCS for 8 hr. The

bar graph shows one example of five independent experi-

ments of propidium iodide-based cell cycle analysis (left).

The immunoblot shows pRB phosphorylation (right).

(D) NSG mice were xenotransplanted with WM3734

melanoma cells stably knocked down for JARID1B

(sh_JARID1B) or with control cells (sh_scrambled). Each

mouse received 104 cells (n = 8). After tumors reached an

average volume of �200 mm3, mice were treated with

bortezomib (left, BOR), vemurafenib (right, VEM), or vehicle

(PBS). Tumor volumes were measured at the indicated time

points. Error bars represent SD.

See also Figure S3.
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to diminish the slow-cycling phenotype, such as the histone

deacetylase inhibitor trichostatin A (Sharma et al., 2010) or

the Sp1 inhibitor mithramycin A (Sp1-binding sites within the

JARID1B promoter are indicative of a possible regulatory

potential); however, both compounds failed to reduce the

J/EGFPhigh subpopulation (Figure 2B). Similarly, leflunomide,

which was suggested to interfere with developmental pro-

cesses in melanocytes and melanoma growth (White et al.,
Cancer Cell 2
2011), did not reduce the J/EGFPhigh subpopu-

lation in our model (Figure S2).

The in vivo relevance of our observations was

confirmed in WM3734 cells xenografted to

NOD/LtSscidIL2Rgnull (NSG) mice and treated

with vemurafenib (Figure 3A). While tumors

decreased in size due to treatment, the number

and staining intensity of resistant JARID1Bhigh

cells significantly increased. Importantly, a clear

increase in JARID1B-expressing cells could be

observed in three out of four matched pairs of

patients’ melanomas that relapsed under vemur-

afenib (Figure 3B). Together, these data indicate

a universal resistance of the slow-cycling

JARID1Bhigh melanoma subpopulation against

various anticancer agents.

Knockdown of JARID1B Leads
to Increased In Vivo Sensitivity
to Antimelanoma Treatment
Previous studies suggested that the abrogation

of the slow-cycling phenotype by JARID1B-
specific knockdown leads in vitro and in vivo to increased cell

proliferation followed by melanoma exhaustion (Roesch et al.,

2010). To quantify the shifts in cell-cycle progression, depending

on the presence or absence of JARID1B, we performed cell-

cycle experiments in WM35 melanoma cells stably knocked

down for JARID1B (Figures 3C and S3). WM35 was chosen

because changes in cell cycle of this low tumorigenic cell line

could be better assessed compared to lines with high doubling
3, 811–825, June 10, 2013 ª2013 Elsevier Inc. 815
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rate. Influences of cell densities and growth factors were consid-

ered. Cells were seeded at different densities and serum-starved

at 0% fetal calf serum (FCS) for 4 days to synchronize the cell

cycles. Under these conditions, knockdown of JARID1B led to

an increase in S phase cells when compared to the control.

Following stimulation with 2%, 5%, and 10% FCS over 4, 8,

16, and 24 hr, JARID1B knockdown cells shifted to G2/M. The

most consistent changes in the cell cycle were seen after 8 hr

of 10% FCS stimulation. Across five independently performed

experiments, we saw an average decrease in G1 phase cells in

JARID1B knocked down cells by �20% (ranging from �5% to

40%; the latter experiment is depicted in Figure 3C), while

S phase cells increased by �6% (�2%–12%), and G2/M phase

cells by �14% (�1%–31%). As predicted by previous studies

showing JARID1B/retinoblastoma protein (pRB)-dependent

cell cycle control (Roesch et al., 2006), JARID1B knockdown

was accompanied by an increase in pRB phosphorylation at

the JARID1B-specific phosphorylation site Ser795 (Figure 3C).

Consequently, we asked if the inhibition of JARID1B could affect

the therapeutic responsiveness of melanoma cells to anticancer

drugs while releasing them from their slow-cycling phenotype.

Indeed, stable knockdown of JARID1B in WM3734 melanoma

cells xenografted to NSG mice led to increased cell proliferation

accompanied by a significant sensitization to different treat-

ments (Figure 3D). JARID1B knockdown plus bortezomib

showed an additive effect, improving the moderate antimela-

noma effect of bortezomib to an almost complete stasis of tumor

growth. When we combined JARID1B knockdown with vemura-

fenib, which by itself dramatically prevents melanoma growth,

we still observed a decrease in the average tumor volume below

that of the treatment-starting volume. Because of the biological

variability of tumor sizes, this effect was not significant in the

multivariance analysis of variance (MANOVA), but an analysis

of the change in the logarithm of volume per unit time by t test

had significantly different rates. In sum, these results support

the hypothesis that targeting the slow-cycling cell phenotype

can sensitize melanoma to anticancer approaches, including

chemotherapeutics and molecular-targeted drugs.

Dynamics of the Therapy-Resistant JARID1Bhigh

Phenotype
According to our previous observations, the progeny of both

J/EGFPhigh and J/EGFPlow cells can dynamically interconvert

into the opposing phenotype, indicating a flexible system that

is dependent on the microenvironmental context (Roesch

et al., 2010). Thus, we asked (1) if the newly developing proge-

nies of initially sorted J/EGFPhigh or J/EGFPlow cells show a dif-

ferential drug response and (2) if the observed enrichment of

J/EGFPhigh cells after anticancer treatment results from selection

of J/EGFPhigh cells or induction of J/EGFPhigh expression. In reg-

ular culture, spontaneous phenotype interconversion usually

becomes visible within a few days after fluorescence-activated

cell sorting (FACS) of the two populations. For example, 69.9%

of FACS-sorted J/EGFPhigh cells turned negative 72 hr after sep-

aration (Figure 4Ac, upper left plus lower left quadrant), while in

total, 3.5% of the progeny of sorted J/EGFPlow cells became

J/EGFPhigh (Figure 4Ae). When sorted cells were treated with

20 mM cisplatin for 72 hr, we saw no substantial enrichment for

J/EGFPhigh cells in the progeny of initially J/EGFPhigh cells, indi-
816 Cancer Cell 23, 811–825, June 10, 2013 ª2013 Elsevier Inc.
cating that no additional JARID1B-expression cells were

induced (summarized upper and lower right quadrants; Fig-

ure 4Ac versus Figure 4Ad). Interestingly, most newly developed

J/EGFPlow cells became 7AAD+ under cisplatin treatment (Fig-

ure 4Ac versus Figure 4Ad, upper and lower left quadrants).

The apparent preference for JARID1B induction in the progeny

of J/EGFPlow cells (Figure 4Ae versus Figure 4Af) was counter-

acted by an increased rate of cisplatin-induced cell death in cells

derived from the J/EGFPlow population. Manual counts revealed

a significantly lower number of surviving cells in the progeny of

sorted J/EGFPlow cells compared to the progeny of J/EGFPhigh

cells (p < 0.05 for 5 mM and 10 mM cisplatin; data not shown).

Together with the results from consecutive measurements of

JARID1B messenger RNA (mRNA) under cisplatin treatment

that did not show transcriptional upregulation (Figure 4A), we

concluded that the major mechanism for the enrichment of

J/EGFPhigh cells following therapy is a selection of pre-existent

JARID1Bhigh slow-cycling cells. However, to a lesser extent,

JARID1B induction may also occur (e.g., shifting cells with inter-

mediate JARID1B expression to higher levels).

When cells were long-term challenged with cisplatin, the

J/EGFPhigh subpopulation remained constantly elevated over

several weeks in a dose-dependent manner. The cisplatin-

induced elevation of J/EGFPhigh cells was fully reversible

following drug withdrawal (Figure 4B). In line with the concept

of dynamic phenotype switching (Roesch et al., 2010), drug-

resistant cells that are enriched for JARID1B can regain the

original cell distribution and J/EGFP ratios after drug removal.

Moreover, cisplatin-surviving JARID1B-enriched cells gave rise

to fewer but significantly larger (i.e., rapidly growing) three-

dimensional (3D) colonies in soft agar compared to untreated

cells (Figure 4C). This observation is reminiscent of earlier clono-

genicity and single-cell dilution assays showing that untreated

FACS-isolated J/EGFPhigh cells give rise to a rapidly proliferating

progeny with elevated repopulation capacity when compared to

JARID1Blow cells (Roesch et al., 2010).

Bioenergetic Metabolism Plays an Important Role
in the Survival of Slow-Cycling Melanoma Cells
We next designed experiments to unravel druggable targets that

are specifically activated in slow-cycling melanoma cells. Since

global gene expression screening with complementary DNA

microarrays did not provide significant hit candidates in FACS-

sorted J/EGFPhigh versus J/EGFPlow or JARID1B knockdown

versus control cells (data not shown), we performed quantitative

proteome profiling. Following our established protocols for isola-

tion of slow-cycling melanoma cells (Roesch et al., 2010), we

costained WM3734JARID1Bprom-EGFP cells with the PKH26 dye

and then FACS-isolated the label-retaining and J/EGFPhigh sub-

population versus nonlabel-retaining J/EGFPlow cells after a

period of 4 weeks of cell divisions. Prior to sorting, the cells

were grown as melanospheres to attain a more stringent

J/EGFP phenotype, as previously reported (Roesch et al.,

2010). Tryptic digests of the cell lysates were analyzed by liquid

chromatography-mass spectrometry/mass spectrometry.

Label-free computational quantitation identified 423 proteins

with significant expression changes between label-retaining

J/EGFPhigh cells and nonlabel-retaining J/EGFPlow cells with a

p value < 0.001. Unexpectedly, neither common cancer target



Figure 4. Dynamics of the Therapy-Resistant JARID1Bhigh Phenotype

(A) WM3734JARID1Bprom-EGFP cells were FACS-sorted according to their J/EGFP expression, and the isolated subfractions were cultured as adherent monolayers

overnight. After subsequent treatment for 72 hr, the frequencies of J/EGFPhigh and J/EGFPlow cells were again quantified by flow cytometry. Dead cells were

detected by 7AAD staining. JARID1B mRNA expression was quantified by quantitative PCR.

(B) Flow cytometric detection of J/EGFPhigh WM3734 cells after prolonged incubation with different concentrations of cisplatin and after drug recovery.

(C)Colony-forming assay ofWM3734 cells that underwent cytotoxic pulse treatment prior to seeding. Cellswere treated for 72 hrwith cisplatin or vehicle. Surviving

cells were subsequently embedded into soft agar (2,000 cells/well). Colony sizes and numbers were digitally quantified and color-coded, with dark blue colonies

representing large colonies above 1,000 pixels. Shown are results from two independent experiments, each performed in triplicate. Error bars represent SD.
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nor drug resistance-related protein could be detected by this

approach. Instead, we found a differential regulation of a number

of mitochondrial proteins with particular functions in bioener-
getic metabolism (Table S1). Many of the upregulated proteins

play a major role in cell respiratory electron transport (oxidative

phosphorylation [OXPHOS]), such as nicotinamide adenine
Cancer Cell 23, 811–825, June 10, 2013 ª2013 Elsevier Inc. 817



Figure 5. Elevated Mitochondrial Bioenergy

Metabolism in the JARID1Bhigh Subpopu-

lation

(A) Immunoblotting of mitochondrial respi-

ratory enzymes in FACS-sorted J/EGFPhigh and

J/EGFPlow WM3734 cells. Fold changes were

normalized to GAPDH.

(B) Relative mitochondrial ATP levels in control

(CTRL) or JARID1B-transfected WM3734 cells

were measured using the ATP sensor protein

ATEAM. Representative ATEAM ratio images (top) and

summarized ATEAM ratio values in control (n = 72)

and JARID1B-transfected (n = 47) cells (bottom).

(C) Mean oxygen consumption of control- (black) or

JARID1B-transfected (red) WM3734 cells pre-

sented as decline of trityl radical intensity per

minute per 106 cells (left). Mean oxygen concen-

tration in presence of control or JARID1B-trans-

fected WM3734 cells presented as trityl intensity

per 106 cells. Each data point is an average of

seven independent experiments.

(D) Relative H2O2 levels were measured in

JARID1B-transfected WM3734 cells using the

H2O2 sensor protein Hyper. Columns represent

averaged Hyper ratio values of control- (black,

n = 71) or JARID1B-transfected cells (red, n = 48).

To test the role of mitochondria as source of H2O2,

cells were treated with 1 mM oligomycin (dark gray)

or 1 mM rotenone (light gray). Numbers of cells

averaged were: CTRL plus oligomycin (n = 50),

CTRL plus rotenone (n = 42), JARID1B plus oligo-

mycin (n = 45), and JARID1B plus rotenone (n = 52).

In a confirmation experiment with WM3734 cells

transfected with pCAGGS-JARID1B-IRES-RFP

(right), positively transfected cells were selected for

analysis based on the expression of red fluorescent

protein (RFP). Error bars represent SEM.

See also Table S1.
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dinucleotide (NADH) dehydrogenase (complex I of themitochon-

drial electron transport chain), ubiquinol cytochrome c reductase

(complex III), cytochrome c oxidase (complex IV), and ATP

synthase. In contrast, glycolytic hexokinase I and II were down-

regulated. Immunoblotting of lysates from J/EGFP-sorted cells

confirmed upregulation of ATP synthase, NADHdehydrogenase,

ubiquinol-cyctochrome C reductase-binding protein, and

cytochrome c oxidase in J/EGFPhigh cells (Figure 5A). WM3734

cells transiently overexpressing JARID1B had a higher mito-

chondrial energy production compared to the mock control (Fig-

ure 5B). Accordingly, JARID1B-overexpressing WM3734 cells

consumed �50% more oxygen than control cells (Figure 5C).

Treatment with different concentrations of oligomycin and rote-

none severely reduced the oxygen consumption by up to 94%,

indicating a major role for mitochondria in this process (data

not shown). Because highmitochondrial electron transfer activity

can lead to increase in superoxide and hydrogen peroxide (H2O2)

production, we analyzed the H2O2 level. JARID1B-overexpress-

ing cells generated 76% more H2O2 than control cells 60–72 hr

after transfection (Figure 5D). The H2O2 increase was completely

abolished by treatment with oligomycin or rotenone. These

results suggest that redox signaling may play an important role
818 Cancer Cell 23, 811–825, June 10, 2013 ª2013 Elsevier Inc.
for JARID1Bhigh cells. Furthermore, high oxygen consumption

can ultimately lead to hypoxic conditions, which is known to

favor the JARID1Bhigh slow-cycling phenotype (Xia et al., 2009;

Roesch et al., 2010).

Targeting the Mitochondrial Respiratory Chain Inhibits
the JARID1Bhigh Subpopulation and Reveals Long-Term
Effects against Melanoma Cells
Inhibition of the mitochondrial respiratory chain has been

reported to exert tumor-suppressive effects in different types

of cancers, including neuroectodermal glioblastoma cells (Hao

et al., 2010). Since enzymes of almost all respiratory chain

complexes were found differentially regulated in slow-cycling

J/EGFPhigh cells (Table S1), we explored representative inhibi-

tory tool compounds, such as (1) the ATP-synthase inhibitors

oligomycin and Bz-423, (2) the NADH dehydrogenase

(complex I) inhibitors rotenone and phenformin, and (3)

antimycin A, which inhibits the ubiquinol cytochrome c reduc-

tase in a series of preliminary cytotoxicity assays (data not

shown). Here, ATP-synthase and complex I inhibitors revealed

the most prominent results; thus, these were selected for subse-

quent studies. High concentrations of oligomycin were reported
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to exert unspecific effects in eukaryotes, due to the uncoupling

of the respiratory chain (Charton et al., 2004). Therefore, MTT

assayswere used to estimate theminimal concentration of oligo-

mycin that could cause mitochondrial uncoupling in our cell

lines, since reduction of the tetrazolium compound MTT is

dependent on intact mitochondrial electron transport (Grazette

et al., 2004). We observed an abrupt decrease in MTT reduction

above an oligomycin concentration of 2.5–5 mg/ml, independent

of the incubation time and the genetic background of all cell lines

tested (Figure 6A; depicted are WM3734 as an example). These

results are in line with oligomycin concentrations that were

reported by others to specifically block oxidative phosphoryla-

tion (Hao et al., 2010). Thus, we considered oligomycin concen-

trations less than 2.5 mg/ml to work through the specific inhibition

of the ATP-synthase and not through mitochondrial uncoupling.

We next asserted that low-dose oligomycin still leads to func-

tional and significantly measurable effects, such as a decrease in

ATP production or increase in lactate secretion in WM3734 cells

(Figure 6B), and subsequently confirmed this for a panel of

genetically different melanoma lines under normoxic and hypox-

ic conditions (Figure 6C). The detected changes in ATP and

lactate were comparable to those measured by others for a

number of different cell types (Hao et al., 2010). Interestingly,

ATP-synthase inhibition was accompanied by a complete loss

of endogenously expressed JARID1B protein after 72 hr of

oligomycin treatment (Figure 6D). Also, the enrichment of

JARID1Bhigh cells usually seen after hypoxic treatment was

inhibited by low-dose oligomycin.

Due to the evolutionary link between nonproliferative and

OXPHOS-dependent cell phenotypes (Berridge et al., 2010;

Jose et al., 2011; Vander Heiden et al., 2009), we next asked if

inhibition of mitochondrial ATP production also influences the

cell cycle of melanoma cells. In fact, even very low doses of

oligomycin (0.01 mg/ml) caused a measurable decrease in the

percentage of cells in G1/0 phase and an increase in the percent-

age of cells in S- and G2/M-phase compared to vehicle controls.

To optimize the readout, cells were serum-starved for 4 days and

subsequently stimulated with FCS for 8 and 16 hr (Figure 6E).

After 24 hr, cell cycle phases were again equal in oligomycin

and vehicle control-treated cell groups (data not shown). Despite

the increase in proliferative cell cycle phases, we found a relative

decrease in overall cell numbers after oligomycin treatment

compared to controls (Figure 6F). A likely explanation for this

paradox is that simultaneously to (or after) the acceleration of

the cell cycle, a considerable portion of the cells is undergoing

cell death, as indicated by independently performed 7AAD stain-

ing and subsequent flow cytometric analysis (e.g., �20% dead

cells after 72 hr of 0.1 mg/ml oligomycin; Figure S4A). Short-

term analysis of oligomycin’s effect on total cell numbers

showed that the cell population slightly expands at low doses

(Figure 6F, left panel), whereas high doses starting from

5 mg/ml caused persisting or decreasing cell numbers, possibly

due to highly toxic mitochondrial uncoupling. The full effect of

the antitumor potential of low-dose oligomycin became visible

in long-term colony formation assays. Here, a significant reduc-

tion in colony growth was seen after 3 weeks of treatment (Fig-

ure 6F, right panel), which is reminiscent of the results previously

reported for JARID1B knockdown (Roesch et al., 2010). Short-

term treatment of WM3734 cells with the ATP-synthase inhibitor
Bz-423 and the complex I inhibitors rotenone and phenformin

confirmed these findings (Figures S4B–S4D). In conclusion,

this suggests that pharmacological targeting of the mitochon-

drial respiratory chain can inhibit the JARID1Bhigh slow-cycling

subpopulation and reveal long-term suppressive effects in mel-

anoma cells.

Inhibition of the Mitochondrial Respiratory Chain
Overcomes Intrinsic Multidrug Resistance of Melanoma
We asked if inhibition of the mitochondrial respiration could

counteract the intrinsic multidrug resistance mediated by slow-

cycling melanoma cells. Flow cytometric quantitation of

J/EGFP levels in WM3734 cells (Figure 7A) and 1205LU cells

(Figure S5A) revealed a significant blockade of the JARID1Bhigh

subpopulation when cells were treated with the combination of

cisplatin plus oligomycin. Similar results were seen for Bz-423,

which also acts as an ATP-synthase inhibitor (Figure S5B).

Even treatment with extremely low doses of oligomycin

(0.001 mg/ml; Figure S5C) still blocked the enrichment of

J/EGFPhigh cells. At 0.001 mg/ml, single-agent oligomycin did

not induce substantial cell death, as measured by 7AAD flow

cytometry in WM3734 cells (Figure S4A); however, when com-

bined with cisplatin, the overall number of dead cells strongly

increased (Figure S5C). Immunoblots revealed a complete loss

of endogenous JARID1B under oligomycin cotreatment, over-

coming the cisplatin-induced enrichment of JARID1B protein

after 24, 48, and 72 hr (Figure 7A). Cytotoxicity assays confirmed

that the combination with oligomycin sensitizes melanoma cells

to cisplatin treatment, but depending on the cell line used, the

contribution of single-agent oligomycin to cell killing can vary

(Figure 7B). MeWo cells, the melanoma cell line with the lowest

oligomycin response in lactate secretion (Figure 6C), were not

sensitized to cisplatin, indicating that the combination with oligo-

mycin is not universally cytotoxic, but instead, responses match

our mitochondrial activity-based hypothesis. The tumor sup-

pressive potential of combinatorial ATP-synthase inhibition

was further demonstrated in 3D collagen-embedded spheroids

of 1205Lu cells, a model which more readily mimics the mela-

noma microenvironment. The combination of oligomycin plus

vemurafenib more potently inhibited cell invasion into collagen

than each drug alone (Figure 7C; p < 0.0003). Notably, treatment

of WM3734 cells with a single pulse of low-dose oligomycin plus

cisplatin over 72 hr substantially reduced long-term growth in

soft agar and the number of 3D colonies remained at almost

undetectable levels, even after 5 weeks of culture in drug-free

medium (Figure 7D). This effect reached statistical significance

with p < 0.02 when large colonies above a diameter of 10 mm

were counted. Consistent with the observation that significantly

larger colonies grew from cisplatin pretreated cells (that were

enriched for the J/EGFPhigh subpopulation; Figure 4C), these

results indicate that (1) adding mitochondrial inhibitors to com-

mon anticancer treatment significantly diminishes the number

of cells with high repopulation and invasion potential and (2)

that even a relatively short-term treatment can yield a sustained

antitumor effect.

Mitochondrial inhibition as a combinatorial strategy against

cancer drug-induced enrichment of slow-cycling JARID1Bhigh

melanoma cells was further confirmed for the complex I inhibi-

tors rotenone and phenformin. Phenformin is used in the clinics
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Figure 6. Inhibition of the Mitochondrial ATP Synthase Inhibits the JARID1Bhigh Subpopulation and Reveals Long-Term Melanoma

Cell-Suppressive Effects

(A) MTT reduction curve of regularly cultured WM3734 melanoma cells after oligomycin treatment.

(B) Total cellular ATP levels were luminometrically determined in WM3734 cells after 24 hr of treatment with oligomycin at the indicated concentrations (left).

Lactate production was measured in WM3734 cell culture supernatants after 24 hr of oligomycin. Ethanol (EtOH, diluted 1:1000) was used as vehicle control.

Shown are means of three independently performed experiments.

(C) Lactate measurement in a panel of genetically diverse melanoma cell lines under normoxic versus hypoxic culture conditions after 24 hr of treatment.

(D) Immunoblot of JARID1B protein expression in WM3734 cells treated with oligomycin for 72 hr at the indicated concentrations (top). Frequency of J/EGFPhigh

WM3734 cells under 72 hr of hypoxia versus hypoxia plus oligomycin (oligo) treatment as determined by flow cytometry (middle). Immunoblots of endogenous

JARID1B expression in MelJuSo and SKMel5 melanoma cells under hypoxia and hypoxia plus oligomycin treatment (bottom).

(legend continued on next page)
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Figure 7. The Combination of Anticancer Agents plus Inhibition of the Mitochondrial ATP-Synthase Overcomes the Enrichment of the

JARID1Bhigh Subpopulation In Vitro

(A) Relative percentage of the J/EGFPhigh subpopulation under combinatorial treatment of WM3734 cells for 72 hr with cisplatin (cis) and oligomycin as deter-

mined by flow cytometry (left). Ethanol (EtOH) was used as vehicle control. Immunoblots of the endogenous JARID1B protein expression of WM3734 cells under

cotreatment with oligomycin at the indicated time points (right).

(B) Cytotoxicity assays of melanoma cell lines after 72 hr of cotreatment with cisplatin (cis) and oligomycin (oligo).

(C) Three-dimensional growth/invasion/survival assay of 1205Lu cells treated with vemurafenib (vem) and oligomycin (oligo) for 96 hr. Colony sizes were

quantified digitally based on the relative number of pixels. Scale bar represents 500 mm.

(D) Soft agar colony-forming assay of WM3734 cells after 72 hr pulse treatment with oligomycin (left) and oligomycin plus cisplatin (right). Colonies were counted

manually after 5 weeks of growth. Results shown are from one of two independent experiments. Error bars represent SD.

See also Figure S5.
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as an antidiabetic drug. Both compounds potently blocked the

emergence of JARID1Bhigh cells during antimelanoma treatment

(Figures 8A and S6A–S6D). Immunoblots and immunohisto-

chemistry of phenformin-treated cells confirmed that complex I

inhibition affects the endogenous JARID1B phenotype in vitro

and in vivo (Figures S6C and S6D). Similar to the combinations

of bortezomib or vemurafenib with JARID1B gene knockdown

shown in Figure 3D, the mitochondrial inhibition by phenformin

improved the tumor-suppressive potential of vemurafenib in

xenotransplanted melanomas in vivo (Figures 8B and S6D). Sta-
(E) WM3734 cells were starved at 0%FCS and then released by 10% FCS for 8 an

propidium iodide-based cell cycle analysis. Dead cells (SubG1) were gated out.

(F) Short-term effects of increasing concentrations of oligomycin on total WM373

reduction as measured by 3D soft agar colony formation assays (bidaily treatme

See also Figure S4.
tistical overall significance was shown by MANOVA (p = 0.0263).

Significant differences between the combination and single

treatments were seen after adjusting for multiple hypothesis

testing (combination versus vemurafenib was p = 0.022, versus

phenformin p = 0.010, and versus control p = 0.010). Altogether,

these findings suggest that multiresistant, slow-cycling mela-

noma cells are susceptible to the inhibition of the mitochondrial

respiratory chain and that the oxidative energymetabolism could

be a prime target to overcome intrinsic drug resistance in

melanoma.
d 16 hr. The bar graph shows one example of three independent experiments of

4 cell numbers as determined by crystal violet assays (left). Long-term growth

nt, right). Error bars represent SD.
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Figure 8. The Effect of Anticancer Agents Is Increased In Vitro and In Vivo by the Combination with Complex I Inhibitors

(A) Flow cytometric pattern of 7AAD and J/EGFP signals in cultured WM3734 cells after 72 hr of treatment with cisplatin and rotenone.

(B) SCID beige mice were xenotransplanted with 105 SKMel28 human melanoma cells (left, n = 7 per treatment group, n = 6 in vehicle group), NSG mice with

53 104WM3734 cells (right, n = 8 per group). SKMel28 tumors were treated when an average volume of�120mm3 was reached, WM3734 tumors at an average

volume of 200 mm3. Tumor volumes were assessed every other day. Groups marked with # were terminated earlier due to excessive tumor growth. Error bars

represent SEM.

See also Figure S6.
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DISCUSSION

Despite recent discoveries in the area of therapy resistance in

melanoma, we do not fully know how therapeutic escape arises

and if it is the result of an evolutionary process under treatment,

from the selection of pre-existing resistant subpopulations, or a

combination of both. Likely, even among functionally and genet-

ically heterogeneous tumors, common mechanisms may exist

that allow cells to survive in harsh conditions in general. Based

on our experience with vemurafenib-resistant clones in vitro,

we observed that functionally acquired resistance in cell lines

that are initially vemurafenib-sensitive takes time to develop

but eventually leads to reactivation of the MAPK and PI3K path-

ways (Villanueva et al., 2010). Intrinsic resistance conferred by

the slow-cycling cell phenotype could represent an additional

and universal protection mechanism that helps cells survive

the very first contact with various cytotoxic agents and provides

cells with added survival time to establish longer-lasting second-

ary resistance mechanisms. A major challenge for successful

therapy is that these slow-cycling cells can be present at any

stage of the disease and that this phenotype can be dynamically

acquired by other melanoma cells, depending on the microenvi-

ronmental context, thus representing a ‘‘moving target’’ (Roesch

et al., 2005, 2010).

Our findings indicate that the slow-cycling phenotype reflects

a metabolic state that is characterized by high expression of

mitochondrial bioenergetic enzymes relative to the rapidly prolif-

erating tumor bulk population. Otto Warburg predicted that

cancer cells generally rely on an increase in glucose uptake,
822 Cancer Cell 23, 811–825, June 10, 2013 ª2013 Elsevier Inc.
the enhancement of glycolysis and lactate production, along

with the absence of oxidative respiration, despite the presence

of sufficient oxygen concentrations (Warburg et al., 1924). He

erroneously suggested defective mitochondria as a possible

cause. However, it is becoming clear now that mitochondria in

cancer cells are mostly intact and may play an important role

in tumor growth (Caro et al., 2012; Weinberg et al., 2010). The

cells’ decision to employ glycolysis or oxidative phosphorylation

for their energy supply depends onmultiple factors, including the

cancer type and stage, the sequence of oncogenes activated,

which can directly influence mitochondrial metabolism, the cur-

rent microenvironmental context, and also the rate of cell prolif-

eration (Berridge et al., 2010; Jose et al., 2011; Vander Heiden

et al., 2009). Our results support the general hypothesis that

slow-cycling cells rely more on oxidative phosphorylation,

whereas rapidly growing cells are characterized by high glycol-

ysis (Berridge et al., 2010; Jose et al., 2011; Vander Heiden

et al., 2009). As previously shown by others, the blockage of

glycolysis by bromopyruvate treatment is only efficient on rapidly

growing cells and barely useful to decrease the growth rate of

tumor cells with slow proliferation (Jose et al., 2011). This obser-

vation together with ours indicates that cell cycling and energy

metabolism represent interwoven biologic processes that holis-

tically contribute to the phenotype of tumor cell subpopulations.

With regard to intrinsic drug susceptibility, we found that the

JARID1Bhigh slow-cycling phenotype is not responding to exog-

enous cell cycle influences, such as serum starvation (data not

shown). Since depletion of JARID1B does affect cell cycle

phases, we would consider JARID1B expression to be a ‘‘driver’’
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of the slow-cycling phenotype rather than a ‘‘passenger.’’ Treat-

ment with the multi-cyclin-dependent kinase (CDK) inhibitor

dinaciclib resulted in massive cell death rather than in prolifera-

tion arrest and thus passively selected for JARID1Bhigh cells,

as seen before for other anticancer agents (data not shown).

We further suggest that consideration of single biologic features,

such as cell cycling, without the metabolic contribution may not

be sufficient to predict therapeutic response. For example,

MeWo cells, which are known to have a high ability to metabolize

glutamine in the (reversed) tricarboxylic acid (TCA) cycle as an

alternative energy source (Scott et al., 2011), responded least

to cytotoxic killing and mitochondrial inhibition, although having

a rather high proliferation rate (and low endogenous JARID1B

expression; data not shown).

We cannot exclude the possibility that our initial proteome

profiling strategy may have missed additional important factors

contributing to the biology of slow-cycling cells. Therefore, we

analyzed common molecular players of melanoma tumorigen-

esis by immunoblotting of sorted J/EGFPhigh versus J/EGFPlow

cells. We found no difference in MAPK activation (measured by

pMEK and pERK levels) nor in the expression of the apoptosis

markers BCL-2, MCL-1, and BIM or the cell-cycle regulators

CDK2, CDK4, and CDK9 (data not shown). Interestingly, we

found an increase in pAKT in J/EGFPhigh cells that correlates

well with our previous finding that reactivation of PI3K signaling

can overcome vemurafenib’s cytotoxicity in melanoma cells (Vil-

lanueva et al., 2010). The relevance of this finding with regard to

therapeutic strategies comprising combinatorial inhibition of

PI3K in slow-cycling cells will be the subject of future studies.

Considering the heterogeneity of melanoma, we are currently

delineating additional molecular mechanisms underlying resis-

tance of the JARID1Bhigh slow-cycling phenotype. However,

non-JARID1B-related phenotypic resistance is likely to occur,

and all potential resistance mechanisms could contribute to

melanoma recurrence.

Our data confirm that slow-cycling melanoma cells of different

genetic backgrounds are intrinsically resistant to various anti-

cancer drugs and are characterized by the presence of several

key enzymes of oxidative energy metabolism. Depletion of the

JARID1Bhigh slow-cycling phenotype either by gene knockdown

or by targeting of its bioenergetic metabolism sensitizes mela-

noma for amore pronounced and long-lasting therapeutic effect.

Selective targeting of the slow-cycling subpopulation in combi-

nation with conventional tumor ‘‘debulking’’ strategies could

help to eliminate a dramatically higher percentage of melanoma

cells and significantly prolong the therapeutic response in

patients with malignant melanoma.
EXPERIMENTAL PROCEDURES

Melanoma Cell Lines, Tissue, and Vector Constructs

Establishment and studying of noncommercial melanoma cell lines from

human tumor samples was approved by the Internal Review Boards of the

University of Pennsylvania School of Medicine and TheWistar Institute. Immu-

nohistochemical staining of human melanoma samples was approved by the

ethics committees of the University of Frankfurt and the Saarland University.

Informed consents were obtained from all participating subjects. For details

on cell culture techniques, see Supplemental Experimental Procedures. The

consistency of cellular genotypes was confirmed by DNA fingerprinting at the

Department of Human Genetics of The Saarland University Hospital. The lenti-
viral vector constructs for stable knockdown of JARID1Bwere purchased from

Sigma. Details on lentiviral pLU-JARID1Bprom-EGFP-Blast, pLU-CMVprom-

EGFP-Blast, and transient transfection with pBIND-RBP2H1(JARID1B) were

previously described (Roesch et al., 2008, 2010).

Detection of JARID1B and Flow Cytometry of J/EGFP Signals

For immunoblotting and immunostaining, rabbit polyclonal anti-JARID1B anti-

bodies (Novus NB100-97821 and 22260002) were used, following established

protocols (Roesch et al., 2010). Quantitative real time RT-PCR was performed

on a StepOnePlus instrument (Applied Biosystems) using self-designed

primers or primers from the Harvard primer bank as described earlier (Roesch

et al., 2010). Flow cytometric detection of JARID1B promoter-driven EGFP sig-

nals was performed using a FACSCanto II (BDBiosciences) as described in the

supplements. Dead cells were excluded by staining for 7AAD. Fluorescence-

activated cell sorting was done on a Cytomation MoFlo (DakoCytomation) or a

FACSAriaIII (BD Biosciences) instrument.

Cell Proliferation and Three-Dimensional Growth/Invasion/Survival

Assays

Cell proliferation was quantified by MTT and crystal violet assays according to

standard protocols. Anchorage-independent colony formation was measured

in 0.35% soft agar assays and quantified manually or digitally as described

before using Image Pro Plus 7.0 (Roesch et al., 2010). Collagen-embedded,

three-dimensional melanoma spheroids were prepared and treated with inhib-

itors at the designated concentrations for 72 hr, as previously described

(Smalley et al., 2006). Following treatment, spheroids were imaged using a

Nikon-300 inverted fluorescence microscope. To quantitate invasion into the

matrix, borders were established around the invasive edge based on an

ImageJ-defined cell density parameter, and the same parameters were

applied to all images.

Measurement of ATP and Lactate

Total cellular ATP was measured using the ATP-based CellTiter-Glo kit (Prom-

ega) according to the manufacturer’s instructions. Each well on a 96 well plate

was seeded with 2,000 cells, which were incubated with compounds at desig-

nated concentrations over varying time points (1, 2, 4, and 24 hr). Lumines-

cence was measured on a Tecan M200 Infinite plate reader. Mitochondrial

ATP levels were determined using the mitochondrial ATP sensor protein ATEAM

as reported (Imamura et al., 2009) and described in the Supplemental Informa-

tion. For lactate measurement, 105 cells were plated per well on a six well plate

and treated with compounds over 6, 24, or 72 hr. Cell culture supernatant

(500 ml) was collected and centrifuged to remove any cellular debris. Subse-

quently, an aliquot of 100 ml was analyzed using Roche’s automated Modular

Analytics system.

In Vivo Melanoma Models

All animal experiments were performed in accordance with institutional and

national guidelines and regulations. The protocols have been approved by

the Wistar IACUC or the Saarland Veterinary Administration. NSG and severe

combined immunodeficiency (SCID) beige mice were used for xenotransplan-

tation. WM3734 or SKMel28 human melanoma cells were subcutaneously

injected at a Matrigel/culture medium ratio of 1:1. Mice were treated with (1)

bortezomib every other day (20 mg per intraperitoneal injection), (2) with

vemurafenib every 12 hr (100 mg/kg per oral gavage), or (3) for combination

studies with vemurafenib (15 mg/kg) plus phenformin (150 mg/kg; Appleyard

et al., 2012) every 12 hr. Buffered saline or 0.1% Tween 80/0.5% methylcellu-

lose served as vehicle controls. Treatment started at an average tumor volume

of �120–200 mm3. Tumor growth was measured every 2 or 3 days

using a caliper. Tumor volumes were calculated according to the formula

V = WxDxH [mm3].

Statistics

MANOVA was used to evaluate differences between treatment groups; the

change in the natural logarithm of volume over time was estimated for each

animal from a linear regression, and mean slopes were compared using a

t test. For the SKMel28 animal study, p values were adjusted according to

Hochberg (1988). The two-sided Wilcoxon two-sample test was used when

assumptions for the t test were violated (Figure 3A); otherwise, the Student’s
Cancer Cell 23, 811–825, June 10, 2013 ª2013 Elsevier Inc. 823
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t test was used. Box plots show the sampleminimum (lower whisker), the lower

quartile (bottom of the box), the median (line inside the box), the upper quartile

(top of the box), and the sample maximum (upper whisker). A p value of less

than 0.05 was considered significant. As software tools, SAS version 9.2 using

Proc GLM and Microsoft Excel were used.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

six figures, and one table and can be found with this article online at http://

dx.doi.org/10.1016/j.ccr.2013.05.003.
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SUMMARY
B cell receptor (BCR) signaling pathway components represent promising treatment targets in diffuse large
B cell lymphoma (DLBCL) and additional B cell tumors. BCR signaling activates spleen tyrosine kinase (SYK)
and downstream pathways including PI3K/AKT and NF-kB. In previous studies, chemical SYK blockade
selectively decreased BCR signaling and induced apoptosis of BCR-dependent DLBCLs. Herein, we charac-
terize distinct SYK/PI3K-dependent survival pathways in DLBCLs with high or low baseline NF-kB activity
including selective repression of the pro-apoptotic HRK protein in NF-kB-low tumors. We also define SYK/
PI3K-dependent cholesterol biosynthesis as a feed-forward mechanism of maintaining the integrity of
BCRs in lipid rafts in DLBCLs with low or high NF-kB. In addition, SYK amplification and PTEN deletion
are identified as selective genetic alterations in primary ‘‘BCR’’-type DLBCLs.
INTRODUCTION

Several lines of evidence support the role of B cell receptor

(BCR)-mediated survival signals in certain B cell malignancies

(Chen et al., 2008; Gupta and DeFranco, 2007; Küppers, 2005;

Young et al., 2009). The BCR complex includes membrane-

bound immunoglobulin and the disulfide-linked heterodimer,

immunoglobulin-a (Iga) and Igb (also termed CD79A and

CD79B, respectively). BCR signaling induces receptor oligomer-
Significance

Chemical inhibitors of SYK and additional proximal BCR pathw
and additional B cell malignancies. However, the BCR-depend
ponents such as SYK and PI3K and distal NF-kB signaling rem
apoptotic, and metabolic pathways perturbed by chemical inh
tional genetic bases for enhanced BCR signaling in DLBCLs
dependent DLBCLs and provide a framework for analyzing
components of the BCR signaling pathway in these tumors.
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ization and phosphorylation of Iga and Igb immunoreceptor tyro-

sine-based activation motifs (ITAMS) by Src family kinases.

Following ITAM phosphorylation, the spleen tyrosine kinase

(SYK) is recruited and activated, engaging additional adaptor

proteins and initiating downstream signaling through phosphati-

dylinositol-3-kinase (PI3K), NF-kB, extracellular signal-related

kinase (ERK)-mitogen-activated protein kinase (MAPK), and

NFAT pathways. After ligand binding, BCRs cluster and rapidly

associate with cholesterol-enriched membrane microdomains
ay components are in clinical trials in patients with DLBCL
ent survival pathways and respective roles of proximal com-
ain to be defined. We delineate the downstream signaling,

ibition or molecular depletion of SYK/PI3K and identify addi-
. These functional and genetic studies further define BCR-
targeted inhibition of SYK, PI3K, and additional proximal
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termed lipid rafts (Dykstra et al., 2003; Gupta and DeFranco,

2007). SYK is recruited to BCR clusters associatedwith lipid rafts

and protein tyrosine phosphorylation is enhanced in these

regions (Gupta and DeFranco, 2007).

In addition to ligand-induced receptor aggregation and activa-

tion, normal mature B cells rely upon ‘‘tonic’’ BCR-dependent

survival signals (Kraus et al., 2004; Monroe, 2006; Srinivasan

et al., 2009; Torres et al., 1996). Tonic BCR signaling was initially

defined in murine models in which BCR ablation or Iga mutation

triggered the apoptosis of normal mature B cells (Kraus et al.,

2004; Lam et al., 1997). In follow-up studies, BCR ablation was

combined with activation of specific BCR-dependent signaling

cascades to delineate the nature of tonic BCR survival signals

(Srinivasan et al., 2009). PI3K/AKT signaling, but not NF-kB or

MAPK kinase activation, rescued the survival of BCR-deficient

B cells (Srinivasan et al., 2009). These studies defined important

differences between PI3K/AKT-dependent tonic BCR survival

signals and those resulting from activation of additional down-

stream pathways following BCR engagement (Srinivasan et al.,

2009).

Diffuse large B cell lymphomas (DLBCLs) are clinically and

genetically heterogeneous disorders in which subsets of tumors

share certain molecular features. In the cell-of-origin (COO) clas-

sification, groups of DLBCLs share components of their tran-

scriptional profiles with normal B cell subtypes, including

germinal center B cells (GC) and activated B cells (ABC) (Wright

et al., 2003). In comparison to GC DLBCLs, ABC tumors more

frequently exhibit constitutive activation of NF-kB and genetic

alterations of several NF-kB pathway components (Compagno

et al., 2009; Davis et al., 2001; Rosenwald et al., 2002). This

group of DLBCLs is also reported to have more frequent somatic

mutations of the Iga or Igb subunits and altered BCR surface

expression, a process termed ‘‘chronic active BCR signaling’’

(Davis et al., 2010). Certain BCR-dependent ‘‘ABC’’ DLBCL cell

lines also exhibit constitutive PI3K activation, which modulates

downstream NF-kB signaling (Kloo et al., 2011).

Using an alternative approach to define DLBCLs with shared

molecular features, we previously applied consensus clustering

methods to the transcriptional profiles of primary DLBCLs and

identified three highly reproducible tumor groups: BCR, OxPhos

(oxidative phosphorylation), and HR (host response) (Monti et al.,

2005). ‘‘BCR’’ DLBCLs had increased expression of multiple

components of the BCR signaling pathway including SYK (Monti

et al., 2005) prompting speculation that these lymphomas relied

upon SYK/BCR-mediated survival signals (Chen et al., 2008).

This hypothesis was of additional interest given the known role

of SYK in tonic BCR signaling (Monroe, 2006) and malignant

B cell survival (Chen et al., 2006).

For these reasons, we previously assessed the in vitro efficacy

of an ATP-competitive inhibitor of SYK525/526 phosphorylation

and activation, R406, in DLBCL cell lines and primary tumors

(Chen et al., 2008). Chemical SYK blockade selectively

decreased the proliferation and induced apoptosis of surface

sIg+ DLBCL cell lines with intact BCR signaling (Chen et al.,

2008). In R406-sensitive DLBCL cell lines, the compound specif-

ically inhibited both baseline- and ligand-induced autophos-

phorylation of SYK525/526 and SYK-dependent phosphoryla-

tion of BCR signaling components such as B cell linker protein

BLNK (Chen et al., 2008). The majority of examined sIg+ primary
DLBCLs also exhibited baseline and ligand-induced BCR activ-

ity. In these primary tumors, BCR signaling, as reflected by intra-

cellular phospho-BLNK (p-BLNK) expression, was also inhibited

by R406 (Chen et al., 2008).

We subsequently performed a clinical trial of the oral SYK

inhibitor, fostamatinib (R788), of which R406 is a prodrug, in

patients with recurrent B cell non-Hodgkin lymphoma (B-NHL)

and found that 22% of patients with DLBCL and 50% of patients

with small lymphocytic lymphoma/chronic lymphocytic leukemia

responded to treatment (Friedberg et al., 2010). Other investiga-

tors also demonstrated the efficacy of chemical inhibition or

molecular depletion of SYK in BCR-dependent DLBCL cell lines

and in vivo murine lymphomamodels (Cheng et al., 2011; Rinaldi

et al., 2011; Young et al., 2009). We also recently defined

distinct fuel utilization programs in BCR-dependent and BCR-

independent/OxPhos DLBCLs (Caro et al., 2012).

Although BCR signaling is an attractive rational therapeutic

target and chemical inhibitors of SYK and additional proximal

BCR-pathway components have demonstrated efficacy in early

clinical trials (Friedberg et al., 2010; Hendriks, 2011; Herman

et al., 2011; Lannutti et al., 2011; Robertson et al., 2007),

subtype-specific effector pathways and underlying genetic

mechanisms are incompletely understood. In addition, the

consequences of inhibiting BCR signaling in tumors assigned

to different transcriptional subtypes require further definition.

Herein, we characterize the downstream signaling, apoptotic,

and metabolic pathways altered by chemical or molecular SYK

inhibition and identify additional genetic bases for enhanced

BCR signaling in DLBCLs.

RESULTS

SYK Depletion Selectively Inhibits the Proliferation
of BCR-Dependent DLBCL Cell Lines
To further characterize SYK as a potential target, we depleted

SYK with multiple independent shRNAs, then assessed cellular

proliferation in a panel of DLBCL cell lines that captured known

functional distinctions: BCR dependence versus independence

and ABC versus GC transcriptional subtype. The panel included

BCR-dependent/GC lines (DHL4 and LY7), BCR-dependent/

ABC lines (HBL-1 and U-2932), and BCR-independent lines

(K422 and LY4, otherwise classified as ‘‘OxPhos’’) (Caro et al.,

2012; Chen et al., 2008; Figures S1A–S1E available online).

SYK knockdown significantly decreased the proliferation of all

BCR-dependent lines but had little effect on the growth of

BCR-independent lines (Figures 1A and 1B; Figure S1F). The

selectivity of molecular SYK depletion for BCR-dependent

DLBCLs closely mirrors that of the chemical SYK inhibitor,

R406 (Figure 1B; Figures S1D–S1F; Chen et al., 2008).

SYK- and PI3K-Dependent BCR Signaling in DLBCLs
with High Baseline NF-kB
A subset of DLBCL primary tumors and cell lines exhibits high

baseline NF-kB activity and multiple genetic alterations of

NF-kB pathway components (Compagno et al., 2009; Davis

et al., 2001; Lenz et al., 2008). We therefore characterized

signaling pathways affected by SYK inhibition in DLBCLs with

high versus low baseline NF-kB activity. First, we assessed the

baseline NF-kB activity in a panel of eight DLBCL cell lines,
Cancer Cell 23, 826–838, June 10, 2013 ª2013 Elsevier Inc. 827



Figure 1. Cellular Proliferation of DLBCL Cell Lines following SYK

Depletion

(A) The SYK protein level in cell lysates prepared from the indicated cell lines

transduced with a negative control (NC) shRNA or the indicated SYK shRNAs

was assessed by immunoblotting. b-actin, loading control.

(B) Cellular proliferation of SYK-depleted DLBCL cell lines wasmeasured 72 hr

after puromycin selection by MTS assay. The proliferation of SYK-depleted

cells is relative to that of NC cells. Error bars represent SD of three independent

assays from a representative experiment. The p values for NC versus

each SYK shRNA were determined with a one-sided Welch t test. ***p %

0.0001; **p % 0.001.

See also Figure S1.
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including the six used above and an additional BCR-depend-

ent/GC line (DHL6) and another BCR-independent (Toledo) line

(Chen et al., 2008; Caro et al., 2012). As expected, baseline

NF-kB activity was higher in the BCR-dependent/ABC lines

than in the BCR-dependent/GC lines (Figure 2A; Davis et al.,

2001). R406 treatment significantly decreased the high baseline

NF-kB activity in HBL-1 and U-2932 and also reduced the low

baseline activity in DHL4, DHL6, and LY7, but had no effect on

the BCR-independent lines (Figure 2A).

To further characterize the consequences of chemical SYK

inhibition in the BCR-dependent DLBCL cell lines with high or

low baseline NF-kB activity, we performed transcriptional

profiling of all five lines at baseline and following 6 and 24 hr

treatment with R406 or DMSO (vehicle). At each time point, the

genes that were differentially expressed between the vehicle

and R406-treated samples (FDR-corrected q-values % 0.01

and fold changes R 1.53 ) were analyzed for pathway enrich-

ment (Figures S2A–S2C; Table S1).

In contrast to the NF-kB-low lines, NF-kB-high lines exhibited

significant downregulation of TNF, TNFR2, NF-kB, CD40, and

RELA pathway components including multiple common NF-kB

target genes (Figures S2B and S2C; Table S1). Independently,

we also performed gene set enrichment analysis (GSEA) of

vehicle- versus R406-treated cell lines using functionally defined

series of NF-kB target genes (Davis et al., 2010; Schreiber et al.,

2006). With this approach, we identified statistically significant,

concordant downregulation of multiple functionally validated
828 Cancer Cell 23, 826–838, June 10, 2013 ª2013 Elsevier Inc.
NF-kB target genes in the NF-kB-high DLBCL cell lines following

R406 treatment (Figures 2B and 2C). In contrast, GSEA revealed

no significant modulation of NF-kB target gene sets in the

NF-kB-low DLBCL cell lines (data not shown). We further

assessed the transcript abundance of 4 of these NF-kB targets

(BCL2A1 [also known as BFL-1/A1], TNF, CD40, and TRAF1;

Figure 2C) in the full series of eight DLBCL lines treated with

vehicle or R406 using qRT-PCR. All four NF-kB targets were

selectively and significantly downregulated in the BCR-depen-

dent NF-kB-high DLBCL cell lines (Figure 2D; Figure S2D).

Given the demonstrated role of the NF-kB target, BCL2A1, in

B cell survival and resistance to apoptosis (Lee et al., 1999;

Ottina et al., 2012; Zong et al., 1999), we also evaluated

BCL2A1 protein expression in DLBCLs treated with vehicle or

R406. The two BCR-dependent NF-kB-high lines, HBL-1 and

U-2932, had abundant baseline BCL2A1 protein expression

that decreased following R406 treatment whereas BCR-depen-

dent NF-kB-low lines (DHL4, DHL6, and LY7) and BCR-indepen-

dent lines (K422, Toledo, and LY4) had much lower BCL2A1

expression (Figure 2E).We also depleted SYKwithmultiple inde-

pendent shRNAs and evaluated BCL2A1 transcript abundance

in two BCR-dependent NF-kB-high DLBCL lines (HBL-1 and

U-2932) and a BCR-dependent NF-kB-low line (DHL4). SYK

knockdown significantly decreased BCL2A1 transcript abun-

dance in the NF-kB-high lines and also reduced the modest

BCL2A1 expression in the NF-kB-low line (Figure 2F).

Given the recently described role of PI3K signaling in modu-

lating NF-kB activity in certain DLBCL cell lines (Kloo et al.,

2011), we next treated BCR-dependent lines with PI3K inhibitor,

LY294002, and evaluated NF-kB activity and BCL2A1 expres-

sion. In DLBCL cell lines with high baseline NF-kB (HBL-1 and

U-2932), PI3K inhibition significantly decreased NF-kB activity

and BCL2A1 abundance (Figures 2G and 2H). Together, these

data confirm that NF-kB activity is modulated by BCR-depen-

dent SYK and PI3K signaling in certain ‘‘ABC’’ DLBCL cell lines.

SYK- and PI3K-Dependent BCR Signaling in DLBCLs
with Low Baseline NF-kB
Previous murine models of tonic BCR signaling implicated PI3K/

AKT activation and FOXO1 modulation in normal B cell survival,

independent of NF-kB (Srinivasan et al., 2009). These data

prompted us to evaluate the role of PI3K/AKT in BCR-dependent

DLBCLs with low baseline NF-kB activity.

Representative BCR-dependent DLBCL cell lines with low

baseline NF-kB activity, DHL4, DHL6 and LY7, were infected

with either a pMIG empty vector or the pMIG-mAKT1-IRES-

GFP (mAKT) vector which encodes constitutively active AKT1.

GFP+ cells were sorted by flow cytometry, treated with R406

or vehicle control and analyzed for p-AKT expression and cellular

proliferation. All three BCR-dependent DLBCL cell lines infected

with the control pMIG vector exhibited baseline AKT phosphor-

ylation that was inhibited by R406 (Figure 3A). As expected,

expression of mAKT increased the level of p-AKT, which was

not significantly affected by R406 (Figure 3A). Expression of

mAKT largely protected these BCR-dependent DLBCLs from

chemical SYK inhibition (Figure 3B). Although mAKT may signal

to a larger series of targets than endogenous AKT, these studies

nonetheless highlight the role of PI3K/AKT in SYK-dependent

survival signals.



Figure 2. SYK- and PI3K-Dependent BCR Signaling in DLBCLs with High Baseline NF-kB
(A) NF-kB (p65) activity was determined in vehicle and R406-treated DLBCL cell lines. Pos. Ctrl., manufacturer’s positive control. BCR-dependent NF-kB-low

lines, purple; BCR-dependent NF-kB-high lines, blue; BCR-independent OxPhos lines, green.

(B) GSEA of NF-kB targets was performed in vehicle- versus R406-treated DLBCL cell lines with high-baseline NF-kB activity (HBL-1 andU-2932). The 19K genes

in the genome were sorted from highest (left, red) to lowest (right, blue) relative expression in vehicle- versus R406-treated lines (horizontal axis). Note that the

positions of the NF-kB targets (set #1, Davis et al., 2010; and set #2, Schreiber et al., 2006) were significantly skewed toward the right end of the sorted list,

reflecting their statistically significant downregulation in R406-treated lines.

(C) Relative abundance of NF-kB target genes in vehicle- versus R406-treated DLBCL cell lines with high baseline NF-kB activity was displayed with a colometric

scale. NF-kB target genes derived from the GSEA leading edge, set #1 (Davis et al., 2010).

(D) BCL2A1 transcript abundance in DLBCL cell lines treated with vehicle or R406 (24 hr) was determined by qRT-PCR relative to PPIA.

(E) BCL2A1 protein abundance in vehicle- and R406-treated DLBCL cell lines was assessed by immunoblotting. b-actin, loading control.

(F) BCL2A1 transcript abundance in SYK-depleted DLBCL cell lines (72 hr following completion of puromycin selection) was determined by qRT-PCR relative

to PPIA.

(G) NF-kB (p65) activity was determined in DLBCL cell lines treated with the PI3K inhibitor LY294002 or vehicle.

(H) BCL2A1 transcript abundance in DLBCL cell lines treated with LY294002, R406, or vehicle (24 hr) was assessed by qRT-PCR relative to PPIA.

In (A), (D), and (F)–(H), p values for control versus treated were determined with a one-sidedWelch t test. ***p < 0.0001; **p < 0.001; *p < 0.01. Error bars represent

the SD of three independent assays in a representative experiment.

See also Figure S2 and Table S1.
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PI3K/AKT signaling phosphorylates the FOXO1 transcription

factor resulting in its nuclear exclusion and degradation and

decreased FOXO1 activity (Fu and Tindall, 2008; Srinivasan

et al., 2009). Given the role of PI3K/AKT in mediating SYK/BCR

survival signals, we assessed nuclear FOXO1 expression in
R406-treated BCR-dependent DLBCLs. In addition to directly

visualizing FOXO1 by immunofluorescence (Figure 3C, left),

nuclear FOXO1 staining was quantified (Figure 3C, right). In

each of the BCR-dependent DLBCL cell lines, chemical SYK/

BCR inhibition significantly increased the nuclear localization of
Cancer Cell 23, 826–838, June 10, 2013 ª2013 Elsevier Inc. 829



Figure 3. SYK and PI3K-Dependent Signaling in DLBCLs with Low Baseline NF-kB

(A and B) DHL4, DHL6, and LY7 cell lines were retrovirally transduced with mAKT or pMIG vector, FACS-sorted for GFP expression, treated for 24 hr with R406 or

vehicle, then analyzed for p-AKT(S473) and total AKT by immunoblotting (A) and for proliferation (B).

(C) DLBCL cell lines were incubated with R406 or vehicle for 1 hr, BCR cross-linked (BCR) or left untreated, fixed, then stained with DAPI (blue) and with

Cy3-conjugated anti-FOXO1 antibody (red) (left). Scale bar represents 10 mm. The mean nuclear staining intensity of Cy3-conjugated-FOXO1 was quantified for

each cell and plotted against its mean DAPI staining intensity (right).

(D) The transcript abundance of FOXO1 target genes, p27 and BIM, in DLBCL cell lines treatedwith R406 or vehicle for 24 hr was assessed by qRT-PCR relative to

PPIA. The p values for mAKT versus pMIG (control) at each time point (B) and for vehicle versus R406 (D) were determined with a one-sided Welch t test. ***p%

0.0001; **p % 0.001. Error bars represent the SD of three independent assays in a representative experiment.

See also Figure S3.
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FOXO1 at baseline and following BCR crosslinking (Figure 3C).

Similar results were obtained in additional BCR-dependent, but

not BCR-independent, DLBCL cell lines (Figures S3A and

S3B). Consistent with these observations, R406 treatment selec-

tively induced expression of the FOXO1 target genes, BIM and

p27, in BCR-dependent, but not BCR-independent, DLBCL

cell lines (Figure 3D; Figure S3C).

SYK Inhibition Induces the Pro-Apoptotic BCL2 Family
Member, HRK
We next assessed the transcriptional profiles of R406-treated

BCR-dependent NF-kB-low DLBCLs for potential selective

apoptotic mechanisms. Differential analysis revealed selective

upregulation of the pro-apoptotic BCL2 family member, HRK,

in NF-kB-low DLBCLs following chemical SYK inhibition (Fig-

ure S4A). Although little is known about the role of HRK in

lymphoid cells, this BH3-only protein is specifically induced by

growth factor withdrawal in hematopoietic progenitors, leading

to cell death (Nakamura et al., 2008; Sanz et al., 2000). For this

reason, HRK induction was also evaluated by qRT-PCR in the

full panel of BCR-dependent and -independent DLBCL cell lines

treated with R406. Chemical SYK inhibition selectively induced

HRK in BCR-dependent NF-kB-low cell lines (DHL4, DHL6,
830 Cancer Cell 23, 826–838, June 10, 2013 ª2013 Elsevier Inc.
and LY7); in contrast, HRK was not comparably upregulated in

BCR-dependent NF-kB-high cell lines (HBL-1 and U-2932) or

BCR-independent cell lines (K422, LY4, Toledo) (Figure 4A).

SYK depletion also selectively induced HRK expression

in BCR-dependent DLBCL cell lines with low baseline NF-kB

activity (Figure 4B).

Given the role of PI3K/AKT inmediating SYK/BCR survival sig-

nals in these DLBCLs (Figure 3B), we asked whether PI3K/AKT

also modulated HRK expression. In the BCR-dependent

NF-kB-low DLBCL lines, DHL4, DHL6, and LY7, chemical PI3K

inhibition (LY294002) was as effective as R406 treatment in

inducing HRK (Figure 4C). In each of these lines, expression of

mAKT abrogated HRK induction by R406 (Figure 4D). Therefore,

BCR signaling actively repressesHRK expression via a SYK- and

PI3K/AKT-mediated mechanism in BCR-dependent DLBCLs

with low baseline NF-kB.

We next assessed the role of HRK in the apoptosis of BCR-

dependent NF-kB-low DLBCLs using stable HRK knockdown

clones. In these HRK-depleted cells, R406 still inhibited proximal

components of the BCR signaling cascade (Figure S4B), but

failed to induce HRK (Figure 4E; Figure S4C). Most importantly,

R406 did not trigger the apoptosis of HRK-depleted DLBCLs

(Figure 4F; Figure S4D). These data directly implicate this



Figure 4. HRK Induction in DLBCL Cell Lines following SYK or PI3K Inhibition

(A) HRK transcript abundance in DLBCL cell lines following R406 treatment (24 hr) was determined by qRT-PCR.

(B) HRK expression in SYK-depleted DLBCL cell lines was assessed by qRT-PCR.

(C) HRK expression in the indicated cell lines following treatment with R406, LY294002, or vehicle for 24 hr assessed by qRT-PCR.

(D) HRK transcript abundance in DLBCL lines transduced with mAKT or pMIG, FACS-sorted, then treated with R406 or vehicle for 24 hr was analyzed by

qRT-PCR.

(E) DHL4 cells stably transduced with the indicated HRK siRNA or negative control siRNA (NC) were treated with R406 or vehicle for 24 hr and analyzed for HRK

transcript abundance by qRT-PCR.

(F) Apoptosis of DHL4 cells transduced with HRK siRNA or negative control siRNA (NC) and treated with vehicle or R406 for 72 hr was assessed by Annexin V/PI

staining.

(G and H) Viable DLBCL tumor cells isolated from cryopreserved primary patient samples were analyzed for cell surface Ig expression (G) or for HRK and BCL2A1

transcript abundance after treatment with R406 or vehicle for 24 hr by qRT-PCR (H). The p values for vehicle versus R406 (A and H), vehicle versus R406 or

LY29004 (C), NC versus shSYK (B), and pMIG +R406 versus mAKT +R406 (D) were determined with a one-sided Welch t test. ***p% 0.0001; **p% 0.001; *p%

0.01. Error bars represent the SD of three independent assays in a representative experiment.

See also Figure S4.
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BH3-only protein in R406-induced apoptosis of NF-kB-low

DLBCLs and indicate that BCR-dependent survival signals

include active HRK repression.

Modulation of Survival Pathways in Primary DLBCLs
After defining distinct viability pathways in BCR-dependent

DLBCL cell lines with low or high baseline NF-kB activity, we

evaluated the same parameters in primary DLBCLs. Viable pri-

mary tumor cell suspensions were prepared and aliquots were

evaluated for cell-surface Ig or treated with vehicle or R406

and harvested for qRT-PCR analysis of HRK and BCL2A1 tran-
scripts. We identified primary DLBCLs with high surface Ig

(P1–P4) or lower/undetectable surface Ig (P5 and P6) (Figure 4G),

as previously described (Chen et al., 2008), and assessed p65

nuclear staining in the associated P1-P4 fixed biopsy speci-

mens. Primary tumors P3 and P4 had significantly higher p65 nu-

clear staining than P1 and P2, indicating that P3 and P4 had

higher baseline NF-kB activity (Figures S4E and S2F). In primary

DLBCLs with higher baseline NF-kB activity (P3 and P4), R406

treatment significantly decreased BCL2A1 abundance; in

contrast, chemical SYK inhibition significantly increased HRK

abundance in DLBCLs with lower baseline p65 NF-kB activity
Cancer Cell 23, 826–838, June 10, 2013 ª2013 Elsevier Inc. 831



Figure 5. SYK Expression following Chemi-

cal SYK Inhibition and FOXO1 Depletion

(A) SYK transcript abundance in DLBCL cell lines

was assessed by qRT-PCR following 24 hr of

treatment with R406 or vehicle.

(B) SYK transcript abundance in DLBCL cell lines

treated with R406 or vehicle for 24 hr following

transduction with indicated shRNA was analyzed

by qRT-PCR. The p values for vehicle versus R406

were determined with a one-sided Welch t test.

***p% 0.0001; **p% 0.001; *p% 0.01, #, p% 0.05.

Error bars represent the SD of three independent

assays in a representative experiment.

See also Figure S5.
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(P1 and P2) (Figure 4H). R406 treatment did not alter HRK or

BCL2A1 levels in primary DLBCLs with low or no surface Ig (P5

and P6; Figure 4H). Similar results were obtained in additional

viable primary tumor cell suspensions (Figures S4G and S4H).

Therefore, the distinct survival pathways defined in representa-

tive BCR-dependent DLBCL cell lines—SYK- and PI3K-modu-

lated NF-kB signaling or HRK repression—were also operative

in primary tumors.

Chemical SYK Inhibition Induces the FOXO1-Dependent
Transcriptional Upregulation of SYK
After characterizing distinct viability pathways in BCR-depen-

dent DLBCLs with low- or high-baseline NF-kB, we evaluated

the transcription profiles of all five R406-treated BCR-dependent

cell lines for potential common features. Pathway analyses

revealed transcriptional upregulation of proximal BCR signaling

pathway components including CD79B and SYK itself following

chemical SYK inhibition (Table S1; Figure S5A). We confirmed

the selective upregulation of SYK transcripts and protein in

BCR-dependent DLBCLs using the full panel of R406-treated

cell lines, qRT-PCR, and intracellular flow cytometry (Figure 5A;

Figure S5B). Although R406 treatment increased SYK transcript

and total protein abundance, phosphorylation of the down-

stream BCR signaling component BLNK was inhibited (Fig-

ure 5A; Figure S5B). The data suggest that the transcriptional

upregulation of certain proximal BCR signaling components

may be an attempted, but ineffective, compensatory response

to chemical SYK inhibition.

Chemical SYK inhibition increases the nuclear localization

of FOXO1 and FOXO1 activity (Figures 3C and 3D; Figures

S3A–S3C) and SYK is a recently described FOXO1 target
832 Cancer Cell 23, 826–838, June 10, 2013 ª2013 Elsevier Inc.
(Ochiai et al., 2012). For these reasons,

we assessed the role of FOXO1 in SYK

expression. FOXO1 was depleted with

two independent shRNAs (Figure S5C)

and SYK transcript abundance was

assessed by qRT-PCR following vehicle

or R406 treatment. In the BCR-depen-

dent DLBCL lines (DHL4, LY7, and

HBL-1), the R406-associated induction

of SYK was abrogated by FOXO1

knockdown (Figure 5B). Therefore, in

BCR-dependent DLBCLs, the attemp-

ted compensatory response to chemical
SYK inhibition includes FOXO1-mediated transcriptional upre-

gulation of SYK.

SYK/BCR Inhibition Decreases the Abundance
of Cholesterol Biosynthesis Pathway Components
Pathway analyses of the five profiled BCR-dependent DLBCL

cell lines suggested that chemical SYK inhibition also had impor-

tant metabolic consequences. R406 treatment downregulated

multiple components of the cholesterol biosynthesis pathway,

including HMGCS1 (Figure 6A; Table S1; Reed et al., 2008). In

the full DLBCL cell line panel, chemical SYK inhibition selectively

decreased HMGCS1 protein abundance in BCR-dependent

DLBCLs but had no effect on BCR-independent tumors (Fig-

ure 6B). SYK depletion similarly decreased HMGCS1 expression

in representative BCR-dependent DLBCL cell lines with low or

high baseline NF-kB (Figure 6C).

Because cholesterol biosynthesis can be regulated by growth

factor- and hormone-induced PI3K/AKT signaling (Krycer et al.,

2010; Liu et al., 2009), we assessed the role of PI3K/AKT in

R406-mediated downregulation of HMGCS1. In a representative

BCR-dependent DLBCL cell line (DHL4), R406 and LY294002

treatment similarly decreased HMGCS1 expression (Figure 6D).

In addition, expression of mAKT completely abrogated R406-

mediated downregulation of HMGCS1 (Figure 6E). Together,

these data indicate that SYK/BCR inhibition modulates sterol

biosynthesis via PI3K/AKT.

Each of the SYK/BCR-responsive cholesterol pathway com-

ponents (Figure 6A) is a known target of SREBP, a PI3K/AKT-

dependent transcription factor and master regulator of choles-

terol biosynthesis (Krycer et al., 2010; Reed et al., 2008). PI3K/

AKT regulation of SREBP occurs at multiple levels, including
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FOXO1-mediated repression of SREBP transcripts (Liu et al.,

2009; Zhang et al., 2006) and mTORC1 and S6K1-dependent

processing of SREBP1 to its active nuclear form (Düvel et al.,

2010). In BCR-dependent DLBCLs, R406 treatment also

decreased the processing of SREBP1 (Figure S6A).

SYK Blockade Decreases Membrane Cholesterol
Content and Inhibits BCR Capping
To assess the functional consequences of SYK/PI3K-dependent

cholesterol biosynthesis in DLBCLs, we treated the full panel of

DLBCL cell lines with R406 and evaluated cholesterol membrane

content. Following R406 or vehicle treatment, DLBCL cell lines

were stained with filipin, which forms a fluorescent complex

with cholesterol (Gimpl and Gehrig-Burger, 2007; Karnell et al.,

2005). Then, filipin flow cytometry was used to quantify and visu-

alize the cellular distribution of cholesterol. SYK/BCR inhibition

clearly decreased cholesterol membrane content in BCR-

dependent DLBCLs but had no effect on BCR-independent

DLBCLs (Figure 6F).

To determine the functional consequences of decreased

cholesterol membrane content, we characterized ligand (anti-

IgG)-induced BCR redistribution in filipin-stained DLBCLs

(Karnell et al., 2005). In BCR-dependent NF-kB-low DLBCLs,

filipin-stained cholesterol-enriched membrane domains colocal-

ized with the BCR following anti-Ig induced capping (Fig-

ure 6G, +BCR). In contrast, BCR capping and the colocalization

of BCR and filipin/cholesterol were markedly decreased

following R406 treatment (Figure 6G, +R406/+BCR). Similar

results were obtained in two high-NF-kB cell lines, HBL-1 and

U-2932 (Figure S6B). These studies indicate that in BCR-depen-

dent DLBCLs, chemical SYK inhibition perturbs the integrity of

cholesterol-rich lipid rafts and the association of BCR clusters

with these regions.

Genetic Bases for Enhanced BCR Signaling
in BCR-Dependent DLBCLs
After defining a role for SYK and PI3K/AKT in the survival of BCR-

dependent DLBCL cell lines and primary tumors, we assessed

potential genetic bases for the enhanced BCR signaling. Using

a well-annotated series of primary DLBCLs with available tran-

scription profiles and high-resolution copy number data (Monti

et al., 2012), we evaluated proximal BCR signaling components

including SYK and the negative regulator of PI3K/AKT signaling,

PTEN. In this primary DLBCL series, there were recurrent single

copy gains of SYK and monoallelic chromosome 10q23/PTEN

deletions with associated highly significant changes in transcript

abundance (Figure 7A; Figures S7A and S7B; Table S2). These

genetic alterations were largely mutually exclusive and signifi-

cantly more abundant in primary DLBCLs defined as ‘‘BCR-

type’’ by transcriptional profiling (Figure 7B; Figures S7A and

S7B). Consistent with these findings, PTEN depletion protected

one of the three BCR-dependent DLBCL cell lines from chemical

SYK inhibition (Figures S7C and S7D).

DISCUSSION

In this study, we characterize distinct SYK/PI3K/AKT-dependent

BCR viability pathways in DLBCL cell lines and primary

tumors with high- and low-baseline NF-kB activity and define
SYK/PI3K/AKT-dependent repression of the pro-apoptotic

HRK protein as an important survival mechanism in BCR-depen-

dent NF-kB low DLBCLs (Figure 8A). In addition, we identify

SYK/PI3K/AKT-dependent cholesterol biosynthesis as a feed-

forward mechanism of preserving the integrity of BCRs in lipid

rafts in DLBCLs with low- or high-baseline NF-kB (Figure 8B).

Consistent with the roles of SYK and PI3K/AKT as important

mediators of BCR survival signals in primary DLBCLs, we also

identify SYK amplification and PTEN deletion as selective and

largely mutually exclusive genetic alterations in ‘‘BCR’’-type

tumors.

Our studies highlight the important role of PI3/AKT in the BCR-

dependent survival of DLBCLs with high- or low-baseline NF-kB

activity. In DLBCLs with high-baseline NF-kB activity, genetic

alterations of multiple NF-kB pathway components have been

described (Compagno et al., 2009; Lenz et al., 2008; Ngo

et al., 2011) and additional CD79A and CD79B mutations have

been reported (Davis et al., 2010). However, the sensitivity of

DLBCLs with high baseline NF-kB activity to inhibition of

upstream BCR signals was incompletely defined. In this study,

chemical SYK blockade and molecular SYK depletion

decreased NF-kB activity and target gene expression in DLBCL

primary tumors and cell lines with high-baseline NF-kB, including

lines with wild-type CARD11 and either wild-type CD79B

(U-2932) or CD79B missense mutations (HBL-1) (Davis et al.,

2010). Chemical PI3K inhibition had similar effects. Taken

together, these studies indicate that DLBCLs with high-baseline

NF-kB activity remain sensitive to inhibition of proximal SYK/

PI3K signals.

In BCR-dependent DLBCL cell lines and primary tumors with

low-baseline NF-kB activity, both the chemical inhibition and

molecular depletion of SYK induced the pro-apoptotic HRK pro-

tein via a PI3K/AKT-dependent mechanism. HRK depletion

abrogated R406-induced cytotoxicity in these cells. These data

highlight the previously unappreciated role of this BH3-only pro-

tein in DLBCL apoptosis and indicate that BCR-dependent sur-

vival signals include active HRK repression. These observations

are consistent with earlier studies in which HRK was actively

repressed at baseline and specifically induced following growth

factor withdrawal in hematopoietic progenitors and neuronal

cells (Nakamura et al., 2008; Sanz et al., 2001; Towers et al.,

2009). In these experimental settings, HRK induction led to rapid

cell death, as in our study. Additional genetic bases of HRK

repression, such as hypermethylation and allelic loss, have

been described in certain cancers including primary central ner-

vous system lymphomas (Nakamura et al., 2008).

In our studies, molecular SYK depletion phenocopies chemi-

cal SYK inhibition in a panel of BCR-dependent and -indepen-

dent DLBCL cell lines. Similar results were recently described

in an overlapping series of DLBCL cell lines (Cheng et al.,

2011). In BCR-dependent DLBCLs, R406 treatment induces

FOXO1-mediated transcriptional upregulation of SYK, indicating

that SYK is a tightly regulated component of the BCR signaling

and survival pathway.

Chemical SYK inhibition also selectively decreased multiple

components of the cholesterol biosynthesis pathway. SYK/

BCR inhibition modulated cholesterol biosynthesis via PI3K/

AKT and implicated the PI3K/AKT-dependent transcription

factor and master regulator of cholesterol biosynthesis, SREBP
Cancer Cell 23, 826–838, June 10, 2013 ª2013 Elsevier Inc. 833
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Figure 7. SYK and PTEN Copy Number Alterations in Primary

DLBCLs

(A)SYK andPTEN copy numbers were assessed and associated with SYK and

PTEN transcript levels in primary DLBCLs (n = 169). SYK and PTEN copy

numbers and transcript abundance were derived from (Monti et al., 2012). The

p values were determined with a one-sided t test. Box plot (median, line; 25%

and 75% quartile, box; whiskers, maximum to minimum).

(B) Relative frequency of SYKAMP and PTENDEL was assessed in transcrip-

tionally defined ‘‘BCR’’ type versus other primary DLBCLs (n = 147; tumors

with high confidence classification into CCC categories) (Monti et al., 2012).

The p values were determined with a two-sided Fisher exact test.

See also Figure S7 and Table S2.
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(Bengoechea-Alonso and Ericsson, 2007; Krycer et al., 2010;

Porstmann et al., 2008). In BCR-dependent DLBCLs, R406-

treatment also decreased cholesterol membrane content and

perturbed the integrity of cholesterol-rich lipid rafts and the asso-

ciation of BCR clusters with these membrane domains (Gupta

and DeFranco, 2007). Therefore, in addition to directly modu-

lating downstream apoptotic pathways, chemical SYK inhibition

alters cholesterol biosynthesis, with associated adverse conse-

quences for cell membrane integrity and the assembly of BCR

clusters.

The modulation of cholesterol biosynthesis by SYK is of addi-

tional interest given the recently described distinct metabolic

profiles in BCR-dependent and BCR-independent/OxPhos

DLBCLs (Caro et al., 2012). In BCR-dependent DLBCLs, SYK

signaling limits the mitochondrial oxidation of fatty acids (Caro
Figure 6. Cholesterol Biosynthesis in DLBCLs following SYK or PI3K I
(A) Components of the cholesterol biosynthesis pathway modulated by R406 tre

(B) HMGCS1 protein abundance in R406- or vehicle-treated DLBCL cell lines wa

(C) HMGCS1 transcript abundance in DLBCL cell lines transduced with indicated

determined with a one-sided Welch t test. ***p % 0.0001; *p % 0.01; #, p % 0.02

experiment.

(D) HMGCS1 protein abundance in DHL4 following treatment with R406 or LY29

(E) HMGCS1 and p-AKT(S473) in parental DHL4 cells and DHL4 cells transduced

b-actin, loading control.

(F) Membrane cholesterol content in DLBCL cell lines treated with vehicle (black)

filipin flow cytometry. Unstained controls in gray. (G) DHL4 and LY7 cells were in

with anti-Ig for 10 min (+BCR). The cells were fixed, stained with filipin (green)

microscopy. Scale bar represents 25 mm.

See also Figure S6.
et al., 2012), which likely ensures the availability of metabolic

intermediates such as acetyl CoA for HMGCS1-mediated

cholesterol biosynthesis. In comparison, acetyl-CoA derived

from fatty acid enters the tricarboxylic acid cycle in BCR-inde-

pendent/OxPhos DLBCLs that exhibit increased mitochondrial

fatty acid oxidation (Caro et al., 2012). These findings further

define molecular subsets of DLBCLs with distinct metabolic

features that are linked to the functional state of upstream

BCR signaling components.

We previously found that BCR-dependent DLBCL cell lines

and primary tumors with low baseline NF-kB activity also

responded to SYK/BCR inhibition (Chen et al., 2008). However,

it was unclear whether these DLBCLs had uncharacterized

genetic alterations of BCR signaling pathway components or

preserved reliance on physiologic ‘‘tonic’’ BCR survival signals.

In the current analysis of an extensive series of newly diagnosed

primary DLBCLs, SYK amplification and PTEN deletion were

identified as largelymutually exclusive genetic alterations in tran-

scriptionally-defined ‘‘BCR-type’’ DLBCLs. Given the role of

PI3K/AKT in SYK/BCR-dependent survival signals in DLBCLs,

these data suggest additional genetic bases for increased BCR

pathway activity in these tumors.

Taken together, these functional and genetic studies provide a

framework for analyzing targeted inhibition of SYK, PI3K and

additional proximal components of the BCR signaling pathway

in BCR-dependent DLBCLs and set the stage for further clinical

analysis of promising candidate inhibitors.
EXPERIMENTAL PROCEDURES

Cell lines and culture conditions are in Supplemental Experimental Proce-

dures. BCR crosslinking was performed as previously described (Chen

et al., 2008).
Primary Tumor Specimens

Cryopreserved viable primary DLBCL samples were obtained according to

Institutional Review Board (IRB)-approved protocols from Mayo Clinic, Brig-

ham and Women’s Hospital and the Dana-Farber Cancer Institute. These

anonymous primary tumor specimens were considered discarded tissues

that did not require informed consent.
Chemical Inhibition with R406 or LY294002

For immediate inhibition, cells were incubated with 1 mMR406 or vehicle alone

(in PBS) in a 37�C water bath for 1 hr. For long-term inhibition, compounds

(R406 [1 mM or 4 mM] or LY29004 [10 mM]) were added to cell culture medium

at the final indicated concentration and cells were maintained in a 37�C
nhibition
atment (red) were identified by pathway analyses of the profiled cell lines.

s assessed by immunoblotting. b-actin, loading control.

shRNA was assessed by qRT-PCR. The p values for NC versus shSYK were

. Error bars represent the SD of three independent assays in a representative

4002 was assessed by immunoblotting. b-actin, loading control.

with mAKT or pMIG and treated with R406 was determined by immunoblotting.

or R406 (red) for 2 days and fixed with 4% paraformaldehyde was assessed by

cubated with vehicle or R406 for 48 hr and left untreated (�BCR) or stimulated

and the indicated Cy3-conjugated anti-Ig (red), and assessed with confocal
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Figure 8. SYK and PI3K-Dependent Viability Pathways in DLBCLs

(A) SYK- and PI3K-dependent anti-apoptotic pathways in BCR-dependent

DLBCLs. In BCR-dependent DLBCLswith low-baseline NF-kB activity, SYK or

PI3K inhibition relieve BCR-dependent repression of the pro-apoptotic BH3

molecule, HRK. In BCR-dependent DLBCLswith high-baseline NF-kB activity,

SYK or PI3K inhibition decreases the abundance of the anti-apoptotic NF-kB

targets such as BCL2A1.

(B) SYK- and PI3K-dependent regulation of cholesterol biosynthesis and

associated integrity of BCRs in lipid rafts in BCR-dependent DLBCLs.
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incubator for 24 or 48 hr. Details are provided in the Supplemental Experi-

mental Procedures.

RNA Interference

Cells were infected with lentivirus containing either negative control (vector

pLKO.1-emptyT, TRCN0000208001, Broad Institute, MA) or specific SYK,

FOXO1, or PTEN shRNAs, puromycin-selected for 48 hr and analyzed for

knockdown efficacy and cellular proliferation thereafter. HRK-specific oligonu-

cleotides or negative control (NC) oligonucleotides were ligated into the linear-

ized pSIREN-RetroQ retroviral vector (Clontech, Mountain View, CA). After

retroviral infection and puromycin selection, cells were subcloned by limiting

dilution. Selected subclones were treated with R406 or vehicle and efficient

HRK knockdown (>75%) was confirmed by qRT-PCR. Details are provided

in the Supplemental Experimental Procedures.

Intracellular Flow

Intracellular flowcytometry for p-SYK352, p-BLNK84, total SYK, andPTEN (BD

Biosciences, CA) was performed as previously described (Chen et al., 2008).

Immunofluorescence

DLBCL cell lines that were treated with vehicle or R406, with or without subse-

quent BCR crosslinking, were formalin-fixed, paraffin-embedded, and

analyzed for FOXO1 expression and subcellular localization using a rabbit

monoclonal anti-FOXO1 antibody (Cell Signaling Technology) and anti-rabbit

Cy3-conjugated antibody solution (Invitrogen). The FOXO1-Cy3 stained slides

were scanned with a digital FACS imaging system (TissueGnostics, Vienna,

Austria) and analyzed with TissueQuest (Tissuegnostics, Vienna, Austria).

Details are provided in the Supplemental Experimental Procedures.

Analyses of cellular proliferation and apoptosis, immunoblotting, qRT-PCR,

transcriptional profiling and transduction with mAKT are provided in the Sup-

plemental Experimental Procedures.

NF-kB Activity Assay

DLBCL cell lines that were treated with vehicle, R406 or LY294002 were har-

vested, nuclear extracts were prepared and NF-kB activity was assessed

using a TransAM NF-kB family kit and the manufacturer’s positive control

(ActiveMotif, Carlsbad, CA). This colorimetric assay detects binding of nuclear

(activated) p65 (RELA) to immobilized NF-kB target consensus oligonucleotide

sequences as described (Feuerhake et al., 2005).
836 Cancer Cell 23, 826–838, June 10, 2013 ª2013 Elsevier Inc.
Filipin Staining

After fixation in 4% paraformaldehyde (1 hr at room temperature) and washes

in PBS, cells were incubated in 1 ml PBS-glycine (1.5 mg/ml; 10 min at room

temperature) to quench the paraformaldehyde. Thereafter, cells were stained

with 1ml PBS containing 50 mg/ml filipin (1 hr at room temperature) and directly

analyzed on a flow cytometer (FACS Canto II, BD Biosciences).

Confocal Microscopy

DLBCL lines (5 3 106 cells) treated with 1 mM R406 or vehicle were harvested

and resuspended in 0.5 ml PBS and incubated at 37�C water bath for 20 min.

Thereafter, cells were stimulated with Cy3-conjugated AffiniPure F(ab0)2 Frag-
ment Goat anti-human IgG or IgM for 10 min, and the reaction was stopped by

the addition of cold PBS/0.1% bovine serum albumin/0.02% azide. The cells

were fixed in 4% paraformaldehyde/0.1% glutaraldehyde, followed by

washing and resuspension in 0.5 mg/ml sodium borohydride to stop fixation.

For untreated DLBCL lines that were not BCR crosslinked, cells were fixed

with paraformaldehyde before staining with Cy3-conjugated AffiniPure

F(ab0)2 fragment rabbit anti-goat IgG or IgM. Thereafter, all samples were incu-

bated in PBS containing 50 mg/ml filipin for 1 hr. The cells were adhered to

glass slides by centrifugation at 1,200 rpmusing cytospin centrifuge (Shandon)

andmounted with Prolong Gold anti-fade agent (Invitrogen, Oregon). The cells

were visualized using Leica SP53 confocal microscope. Images were

captured and analyzed using LAS AF software (Leica Microsystems CMS

GmbH).

Analysis of SYK and PTEN Somatic Copy Number Changes and

Transcript Abundance in Primary DLBCLs

SYK and PTEN loci copy numbers were assessed and associated with respec-

tive SYK and PTEN transcript levels in 169 newly diagnosed DLBCLs (HD-SNP

array data and transcriptional profiles fromMonti et al., 2012; Gene Expression

Omnibus accession number GSE34171). In tumors with SYKAMP versus

SYKnonAMP or PTENDEL versus PTENnonDEL, respective SYK or PTEN transcript

levels were visualized with a box plot and evaluated with a Fisher exact test

(Dawson-Saunders and Trapp, 1994). The distribution of SYK and PTEN

copy number alterations in BCR versus Other CCC categories was evaluated

with a Fisher exact test. Visualization and statistical testing were performed

using GraphPad Prism version 5.04 for Windows, GraphPad Software, San

Diego, CA, http://www.graphpad.com.

ACCESSION NUMBER

The Gene Expression Omnibus accession number for the gene expression

data reported in this paper is GSE43510.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and two tables and can be found with this article online at

http://dx.doi.org/10.1016/j.ccr.2013.05.002.
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SUMMARY
Glioblastoma multiforme (GBM) displays cellular hierarchies harboring a subpopulation of stem-like cells
(GSCs). Enhancer of Zeste Homolog 2 (EZH2), the lysine methyltransferase of Polycomb repressive complex
2, mediates transcriptional repression of prodifferentiation genes in both normal and neoplastic stem cells.
An oncogenic role of EZH2 as a transcriptional silencer is well established; however, additional functions of
EZH2 are incompletely understood. Here, we show that EZH2 binds to and methylates STAT3, leading to
enhanced STAT3 activity by increased tyrosine phosphorylation of STAT3. The EZH2-STAT3 interaction pref-
erentially occurs in GSCs relative to non-stem bulk tumor cells, and it requires a specific phosphorylation of
EZH2. Inhibition of EZH2 reverses the silencing of Polycomb target genes and diminishes STAT3 activity,
suggesting therapeutic strategies.
INTRODUCTION

Glioblastoma multiforme (GBM) is the most common and most

lethal primary brain cancer (Louis et al., 2007). The current stan-

dard of care for patients with GBM provides only palliation with a

median survival of about 15 months (Furnari et al., 2007; Stupp

et al., 2005).

Cancer stem/propagating cells (CSCs) are functionally defined

by the enriched capacity to propagate tumors in vivo, and have

characteristics of normal stem cells such as self-renewal and dif-

ferentiation potential to establish cellular hierarchy and hetero-

geneity (Dirks, 2010; Reya et al., 2001). While some cancers

may not follow the CSC model, numerous studies support that
Significance

Elucidation of the regulatory pathways operating in stem-like c
primary human tumors and may help lead to better therapies. W
silencing but also contributes to the activation of STAT3, a key
(pS21 EZH2) by AKT signaling facilitates STAT3 methylation b
histone methylation-independent EZH2-STAT3 signaling decre
these data suggest that the AKT-EZH2-STAT3 axis is a positive
promising therapeutic target for GBM.
GBMs harbor a subpopulation of highly tumorigenic, stem-like

cells (GSCs) (Dirks, 2010; Hemmati et al., 2003; Singh et al.,

2004), and that GSCs are responsible for glioma propagation,

resistance to conventional therapy, and tumor recurrence (Bao

et al., 2006; Chen et al., 2012; Gilbert and Ross, 2009; Zhou

et al., 2009). Therefore, it may be crucial to identify the mecha-

nisms involved in GSC maintenance.

Polycomb group (PcG) proteins are important epigenetic reg-

ulators of embryonic development and cell fate decision (Mar-

gueron and Reinberg, 2011; Richly et al., 2011; Sparmann and

van Lohuizen, 2006). They execute transcriptional repression in

two multiprotein complexes named Polycomb repressive com-

plexes 1 and 2 (PRC1 and PRC2). Core components of PRC2
ancer cells will be critical to understand the pathogenesis of
e demonstrate that EZH2 not only mediates transcriptional
GSC signaling node. Phosphorylation of EZH2 at serine 21
y EZH2 and enhances STAT3 activity. Selective blocking of
ases tumor growth in an orthotopic animal model. Together,
regulator of GSC self-renewal and tumor malignancy, and a
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include EZH2 (enhancer of Zeste homolog 2), Suz12 (suppressor

of Zeste 12), and EED (embryonic ectoderm development) (Spar-

mann and van Lohuizen, 2006). EZH2 functions as a lysine

methyl transferase and EZH2-containing PRC2 catalyzes trime-

thylation of histone 3 at lysine 27 (H3K27me3) (Cao et al., 2002).

PRC1 in turn recognizes the H3K27me3 mark and maintains

gene silencing (Shao et al., 1999; Sparmann and van Lohuizen,

2006).

Many of the PRC2 target genes in embryonic and tissue-spe-

cific stem cells are lineage-committed prodifferentiation genes,

supporting Polycomb-mediated maintenance of stem cells

(Boyer et al., 2006; Lee et al., 2006b; Mikkelsen et al., 2007).

Several genome-wide integrative studies have revealed that a

significant subset of PRC2 target genes is repressed in various

tumors, some of which are further silenced by promoter hyper-

methylation, implying crucial roles of the Polycomb pathway in

cancer initiation and progression (Schlesinger et al., 2007; Viré

et al., 2006; Widschwendter et al., 2007). In a wide range of

cancers including GBM, EZH2 is highly expressed and its

expression positively correlates with tumormalignancy and inva-

siveness (Crea et al., 2010; Kleer et al., 2003; Varambally et al.,

2002). We and others have previously shown that EZH2 is a

critical regulator for GSC maintenance and GBM propagation

(Abdouh et al., 2009; Lee et al., 2008; Suvà et al., 2009).

The reported roles of EZH2 have been attributed to its ability to

drive transcriptional repression via a repressive histone mark,

especially H3K27 trimethylation (Esteller, 2008; Morey and Helin,

2010; Simon and Kingston, 2009; Simon and Lange, 2008). How-

ever, emerging evidence suggests the presence of additional

downstream effectors of EZH2 signaling (Cha et al., 2005; He

et al., 2012; Lee et al., 2011; Wei et al., 2008; Xu et al., 2012).

Consistent with this hypothesis, recent studies reported that

EZH2 interacts with various transcription factors including

androgen receptor (AR), GATA4, and RORa (He et al., 2012;

Lee et al., 2012; Xu et al., 2012). A series of reports showed

that histone methyltransferases such as SET7/9 can regulate

signaling pathways through direct methylation of p53, NF-kB,

and STAT3 (Huang et al., 2006; Lu et al., 2010; Stark et al.,

2011; Yang et al., 2010), raising the possibility that EZH2 might

have such a property. Based on this background, we investi-

gated the histone methylation-independent role of EZH2 in

GSC self-renewal and GBM propagation.

RESULTS

EZH2 Interacts with STAT3 in GSCs
To identify proteins that interact with EZH2, we performed co-

immunoprecipitation (IP) experiments using an anti-EZH2 anti-

body and characterized proteins that coprecipitate with EZH2

by mass spectrometry (data not shown). GBM cells prospec-

tively enriched by the putative GSC enrichment markers

CD133 and/or CD15 (Singh et al., 2004; Son et al., 2009) were

isolated from surgical specimens of GBM patients or their deriv-

ative xenograft tumors and functionally validated in assays of

self-renewal and tumor propagation (Joo et al., 2013; Lee

et al., 2008; Pastrana et al., 2011; Pollard et al., 2009). We found

that EZH2 coprecipitated with STAT3 in protein lysates isolated

from CD133 and/or CD15-enriched GSCs (Figure 1A). Co-IP

experiments using an anti-STAT3 antibody in the same lysates
840 Cancer Cell 23, 839–852, June 10, 2013 ª2013 Elsevier Inc.
revealed that STAT3 coprecipitated with EZH2 as well as

SUZ12 and EED, other core components of PRC2, suggesting

that STAT3 and PRC2 may interact in GSCs (Figure 1B).

Because EZH2 is implicated in the maintenance of normal

and neoplastic stem cells, we assessed whether the EZH2-

STAT3 interaction is affected by the differentiation states of

these cells. The addition of serum or the removal of epidermal

growth factor (EGF) and fibroblast growth factor 2 (FGF2) in

culture media decreased expression of stem-cell-associated

markers such as SOX2 and concurrently increased an astroglial

marker expression (e.g., GFAP), consistent with a ‘‘differenti-

ated’’ phenotype (Galli et al., 2004; Lee et al., 2006a; Piccirillo

et al., 2006; Zheng et al., 2010). We determined the relative

abundance of the EZH2-STAT3 complex in two pairs of

GSCs and their differentiated progenies by co-IP assays. An

association between EZH2 and STAT3 was prominent in

GSCs, but lost in the cells cultured in the presence of serum

or the absence of growth factors (Figure 1C; Figure S1 available

online), providing an initial link between the EZH2-STAT3 inter-

action and GSC maintenance. Because GSCs share many

characteristics with normal human neural stem/progenitor cells

(NPCs), we assessed whether the EZH2-STAT3 association is

present in NPCs derived from fetal brain tissues. Similar to

GSCs, EZH2 and STAT3 were co-immunoprecipitated in

NPCs but not in differentiated cells (Figure 1C). Collectively,

these data demonstrate an interaction between EZH2 and

STAT3 in GSCs.

We performed additional co-IP experiments to determine the

EZH2-STAT3 interaction in GSC-derived GBM xenografts or

other glioma cell lines. U87 and U251 are two most widely

used, established glioma cell lines. EZH2 and STAT3 proteins

were expressed in these cells at comparable levels. While the

EZH2-STAT3 coprecipitation was abundant in GSCs and GBM

xenografts, it was barely detectable in lysates isolated from

U87 and U251 (Figure 1D).

EZH2 Targeting Decreases STAT3 Activation in GSCs
Because an association between EZH2 and STAT3 is abundant

in GSCs, and STAT3 is a key signaling node in GSCs (Cao et al.,

2010; Sherry et al., 2009; Yang et al., 2012), we hypothesized

that EZH2 may positively regulate STAT3 signaling in GSCs.

To investigate the role of EZH2 in STAT3 activation, we targeted

EZH2 expression by lentiviral-mediated short hairpin RNA

(shRNA) directed against EZH2 (shEZH2) and measured

STAT3 activation in GSCs (Figure 2A). Some GSCs appear

to have a constitutively active STAT3 signaling, evidenced

by a high basal level of tyrosine phosphorylated STAT3 at the

705 residue (pY-STAT3) (Cao et al., 2010). As expected, EZH2

knockdown greatly decreased global levels of H3K27

trimethylation in GSCs. EZH2 knockdown in two different

GSCs also reduced the levels of pY-STAT3 to �30% of those

in nontargeting shRNA-transduced GSCs (Figures 2A and 2B).

We complemented these findings using a prototype EZH2 inhib-

itor (3-deazaneplanocin A, DZNep) (Tan et al., 2007) and a highly

selective EZH2 inhibitor GSK126 (McCabe et al., 2012). pY-

STAT3 in GSCs was rapidly decreased by treatment with either

DZNep or GSK126 (Figure 2C). In contrast, the levels of phos-

phorylated AKT and ERK in GSCs were not changed within

4 hr of drug treatment (Figure 2C).
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Figure 1. EZH2 Protein Interacts with STAT3

in GSCs

(A and B) Co-immunoprecipitation (Co-IP) of EZH2

and STAT3 in GSCs (827 and 387). IgG represents a

control antibody used for IPs. For IP-immunoblot-

ting data, antibodies used for IP and western blot-

ting were labeled as red and blue, respectively. Two

hundred micrograms of lysates were used for each

IP reaction and total lysates (20 mg) were used as

input controls.

(C) Co-IP and immunoblot analysis of EZH2 and

STAT3 in GSCs and NPCs versus differentiated

progenies. Differentiation was induced by culturing

these cells in serum (10%)-containing media for

3 days. The EZH2-STAT3 complex was analyzed by

co-IP, followed by immunoblot analysis. Protein

levels of EZH2, SOX2 (a GSC-specific transcription

factor), and GFAP (an astroglial differentiation

marker) were examined. b-actin was used as a

loading control.

(D) Co-IP and immunoblots of the EZH2-STAT3

complexes in various cells. A 293T cell line (derived

from human embryonic kidney cells) was used as a

reference.

See also Figure S1.
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Because STAT3 functions as a transcription factor, we deter-

mined the functional effects of decreased STAT3 activity in

GSCs after EZH2 inhibition. We performed real-time RT-PCR

analysis to measure mRNA expression of validated STAT3 tran-

scriptional target genes including STAT3, SOCS3, and c-MYC

(Figure 2D) in EZH2-inhibited cells (Frank, 2007). Messenger

RNA levels of these genes were significantly decreased in

GSCs treated with DZNep or EZH2 knockdown cells compared

to the control (Figure 2D and data not shown). In addition, we

determined STAT3 transcriptional activity by STAT3 responsive

promoter reporter assays in which a luciferase reporter was

driven by a STAT3 DNA-binding sequence-containing promoter.

STAT3 transcriptional activity was substantially lower in cells

treated with DZNep or EZH2 knockdown cells than in the con-

trols (Figure 2E and data not shown). Together, these data sup-

port that EZH2 may directly regulate STAT3 activity in GSCs.

STAT3 Is Methylated by EZH2 in GSCs
BecauseEZH2methylates specific lysine residuesof histonepro-

teins andEZH2 interactswith STAT3,we hypothesized that EZH2

methylates STAT3. By immnuoprecipitation with an anti-STAT3

antibody followed by immunoblotting using a pan-methyl lysine

antibody,we found that STAT3 ismethylated inGSCs (Figure 3A).

To interrogate the role of EZH2 inSTAT3methylation,we targeted

EZH2 genetically (shRNA-mediated knockdown) or pharmaco-

logically (with DZNep), and then assessed the methylation status
Cancer Cell 23, 839–
of STAT3 protein in GSCs. In both cases,

STAT3 methylation was markedly de-

creased (Figures 3A and 3B). To determine

whether a methyltransferase activity of

EZH2 is required for STAT3 methylation,

we overexpressed a methyltransferase-

inactive EZH2 H689A mutant (Kuzmichev

et al., 2002) in GSCs via lentiviral transduc-
tion and assessed the level of STAT3 methylation (Figure 3C).

Ectopic expression of EZH2H689Amutant decreasedH3K27 tri-

methylation and reversed transcriptional repression of Dickkopf-

1 (Dkk1), aWntantagonist andPolycomb targetgene (Götzeet al.,

2010; Hussain et al., 2009), suggesting that this mutant functions

as a dominant-negative form (Figures 3C and 3D). Compared to

the GFP-transduced cells or the wild-type EZH2-transduced

cells, EZH2 H689A mutant-transduced cells showed decreased

STAT3 methylation (Figure 3C). Collectively, these data support

that STAT3 methylation in GSCs is mediated by EZH2.

EZH2 Inhibition Decreases STAT3 Methylation and
Activity in GBM Xenografts
Because EZH2-STAT3 interaction is prominent in GSCs in vitro,

we determined STAT3 methylation status in GBM xenografts.

Protein lysates of GBM xenograft tumors derived from four

different GSCs were interrogated by reciprocal co-IP experi-

ments using anti-STAT3 and methylated lysine-specific anti-

bodies. Methylated STAT3 was present in lysates from all tumors

tested (Figure 3E). Next, we determined whether EZH2 inhibition

could affect STAT3 methylation and STAT3 activity in GBM

in vivo by using two complementary approaches. First, we

implanted GSCs expressing either EZH2 shRNA or control

shRNA into the brains of immunocompromised mice. Second,

we generated GSC-derived xenograft tumors and treated the

animals with DZNep after tumors were established. EZH2
852, June 10, 2013 ª2013 Elsevier Inc. 841
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Figure 2. EZH2 Targeting Decreases STAT3

Activation in GSCs

(A) Immunoblots of EZH2, H3K27me3, pY-STAT3

(Y705) and total STAT3 in GSCs transduced with

shEZH2-I, shEZH2-II, or nontargeting (NT) control

shRNA.

(B) Quantification of protein intensities in immu-

noblots including the one shown in (A) was per-

formed by densitometry.

(C) Immunoblots of pY-STAT3 and total STAT3 in

GSCs treated with EZH2 inhibitors DZNep (2 mM)

or GSK-126 (2 mM) for the indicated times (0 hr to

4 hr). Representative blots using 827 cells were

shown.

(D) Semiquantitative real-time RT-PCR analysis to

determine mRNA expression of STAT3 target

genes in GSCs (827 and 387) treated with DZNep

for 1 day. Expression levels of these genes were

normalized and compared to those of the un-

treated control cells. Data are means ± SD (n = 3).

(E) Determination of STAT3 transcription activity by

STAT3-responsive luciferase reporter assays.

Luciferase activities in GSCs treated with DZNep

were compared to those of the untreated control.

Cells treated with cucurbitacin (a STAT3 inhibitor)

were used as a positive control. Error bar repre-

sents SD. *p < 0.01.
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knockdown (Figures 3F and 3G) or DZNep treatment (Figures 3H

and 3I) decreased the growth of xenograft tumors. Tumors ob-

tained from both experiments were dissected and processed

for western blot analysis and co-IP experiments. Compared to

the controls, tumors treated with DZNep or tumors expressing

EZH2 shRNA showed low levels of STAT3 methylation and pY-

STAT3 (Figures 3F–3J). Furthermore, immunohistochemcial

analyses on tumor sections showed the decreased number of

pY-STAT3 positive cells in tumors treatedwith DZNep compared

to the control (Figure 3K). Taken together, these data demon-

strate that targeting EZH2 effectively inhibits H3K27methylation,

STAT3 methylation, and STAT3 activation in GBM xenografts.

STAT3 Methylation Positively Regulates STAT3 Activity
in GSCs
To analyze the methylation status of STAT3 protein, we overex-

pressed Flag-tagged STAT3 (Flag-STAT3) in GSCs and gener-
842 Cancer Cell 23, 839–852, June 10, 2013 ª2013 Elsevier Inc.
ated xenograft tumors using these cells.

The tagged STAT3 was phosphorylated

normally in response to EGF and inter-

leukin-6 (IL-6), potent inducers for pY-

STAT3 (Zhong et al., 1994). Flag-STAT3

protein was purified from GSC-derived

xenograft tumors and analyzed by mass

spectrometry (MS). A mass shift of +42

was observed for a STAT3 peptide,

consistent with trimethyl modifications

(Figure S2A). The previously reported

lysine 140 methylation of STAT3 was not

detected in these tumors with MS anal-

ysis (Yang et al., 2010) (data not shown).

Because the methylation was in a peptide

that includes residues 178 to 197, and
tandem MS analysis localized the site to lysine 180 (K180) (Fig-

ure S2A), we generated lentiviruses expressing STAT3 mutants

in which a K180 residue of STAT3 protein was replaced by

alanine (A) or arginine (R). We overexpressed these STAT3

mutants in GSCs and performed co-IP experiments to assess

the methylation status of these proteins and the interaction

with EZH2 (Figure 4). While exogenous wild-type STAT3 was

methylated, both K180A and K180R mutants showed little or

no methylation (Figure 4A). Similarly, STAT3 K180 mutants

were unable to immunoprecipitate with EZH2 in contrast to the

wild-type STAT3 (Figure 4A). These data support K180 of

STAT3 as a key residue required for the EZH2-STAT3 interaction

and EZH2-mediated STAT3 methylation.

Because pY-STAT3 is an important indicator of STAT3 activ-

ity, we performed IP experiments to determine the phosphoryla-

tion status of exogenous STAT3 proteins. While wild-type STAT3

was phosphorylated at tyrosine 705, both K180A and K180R
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Figure 3. EZH2 Methylates STAT3 Protein

in GSCs

(A and B) Co-IP and immunoblots of the methyl-

ated STAT3 in GSCs. Either EZH2 knockdown (A)

or treatment with DZNep (B) decreased methyl-

ated STAT3 in GSCs. Methyl K represents an

antibody recognizing the methylated lysine.

(C) Co-IP and immunoblots of the methylated

STAT3 in GSCs that expressGFP, wild-type EZH2,

and EZH2 H689A. Arrows indicate protein bands

of endogenous EZH2 (endo) and exogenous EZH2

transgenes (exo).

(D) Expression levels of DKK1, a PRC2 target

gene, in GSCs expressing EZH2 transgenes were

determined by real-time RT-PCR analysis. Data

are means ± SD (n = 3). *p < 0.01.

(E) IP and immunoblots of methylated STAT3 in

various GSC-derived GBM tumors.

(F) Kaplan-Meier survival curves of mice ortho-

topically implanted with 211 GSCs transduced

with either control or EZH2 shRNA expressing

lentivirus (n = 7). p < 0.01.

(G) Immunoblots of pY-STAT3 and H3K27me3 in

xenograft tumors (F). Human tumor cells were

harvested 3 months after intracranial implantation

and processed for immunoblot analysis.

(H–J) Measurement of subcutaneous xenograft

tumor size after treatment with DZNep. Error bar

represents SD (n = 5). **p < 0.01. GSC-derived

xenograft tumors were treated with DZNep

(1 mg/kg body weight twice a week via intraperi-

toneal injection) for 2 weeks, harvested, and pro-

cessed for immunoblots and co-IP analysis (I) and

(J) and IF staining (K).

(K) IF staining of pY-STAT3 (green) on the frozen

sections of GBM xenografts treated with vehicle or

DZNep. Nuclei were stained with DAPI. Bar rep-

resents 10 microns.
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mutants showed little or no phosphorylation (Figure 4A). To

further investigate the effects of K180 mutation on STAT3

function, we overexpressed wild-type STAT3 and STAT3 K180

mutants in PC3, a STAT3 null prostate cancer cell line. After

treatment with IL-6, activating tyrosine phosphorylation of

STAT3 was evident in the wild-type STAT3-PC3 cells but not in

STAT3 K180 mutant-PC3 cells (Figures S2B and S2C). Consis-

tent with this, overexpression of K180 STAT3 mutant in PC3

failed to increase STAT3 transcriptional activity responding to

IL-6. To interrogate the role of these STAT3 mutants in GSCs,

we performed similar experiments in GSCs in which endogenous

STAT3 signaling is active. Luciferase reporter assays to monitor

STAT3 transcriptional activation revealed that STAT3 K180

mutant-expressing cells were impaired in the ability to activate

STAT3, in contrast to the wild-type STAT3-expressing GSCs

(Figure 4B). Unlike wild-type STAT3, overexpression of STAT3

K180A in GSCs did not increase transcription of STAT3 target

genes, such as SOCS3 and c-MYC (Figure 4C). Because nuclear
Cancer Cell 23, 839–8
accumulation of pY-STAT3 is another in-

dicator of STAT3 activation, we assessed

the levels of nuclear pY-STAT3 in STAT3

mutant-expressing GSCs. pY-STAT3

was highly accumulated after IL-6 chal-
lenge in empty vector control GSCs or the wild-type STAT3-ex-

pressing GSCs but not in STAT3 K180 mutant-expressing cells

(Figure 4D and data not shown). In GSCs, STAT3 signaling pro-

motes activation of stem cell-associated transcriptional factors

including Olig2, Sox2, and Nanog (Guryanova et al., 2011). Over-

expression of wild-type STAT3 but not STAT3 K180A mutant

induced transcription of these genes (Figure 4E). We then

assessed the effect of STAT3 mutants on the growth of GSCs.

Compared to the wild-type STAT3-expressing cells, STAT3

K180 mutant-expressing cells were less proliferative (Figures

4F–4H). Clonogenic growth as a form of sphere is an in vitro

indicator of GSC self-renewal. To determine the role of STAT3

K180 mutants on clonogenic growth of GSCs, we performed

neurosphere formation limiting dilution assays. Tumor cells

were plated into 96-well plates with various seeding densities

and allowed to grow. Compared to the empty vector control

and the wild-type STAT3, ectopic expression of STAT3 K180

mutants reduced the efficiency of sphere formation (Figure 4I).
52, June 10, 2013 ª2013 Elsevier Inc. 843



Figure 4. Effects of STAT3 Methylation on STAT3 Activity and GSC Self-Renewal

(A) Co-IP analyses of methylated STAT3, pY-STAT3 and the EZH2-STAT3 complex in 131 GSCs expressing STAT3 K180 mutants. V5 is a protein tag fused with

STAT3. Methyl K denotes an antibody recognizing either di- or trimethylated lysine.

(B) STAT3 transcriptional activity in response to IL-6 in 131 GSCs expressing the empty vector control, wild-type STAT3, or the STAT3 K180 mutants.

*p < 0.01.

(C) Real-time RT-PCR analysis to determine mRNA levels of SOCS3 and c-MYC in GSCs (827 and 131) expressing either wild-type or STAT3 K180A mutant.

Messenger RNA levels of SOCS3 and c-MYC in STAT3 K180 expressing cells were compared to those in wild-type STAT3 expressing cells (set to 1). Data are

means ± SD (n = 3). *p < 0.01.

(D) IF staining of pY-STAT3 (green) on GSCs expressing the wild-type STAT3 and STAT3 K180 mutants in response to IL-6 (50ng/ml). V5 (red) was used to stain

exogenous STAT3 and DAPI (blue) was used to stain nuclei.

(E) Real-time RT-PCR analysis to determine mRNA expression of stem cell associated transcription factors (OLIG2, SOX2, and NANOG) in GSCs (827 and 131)

expressing STAT3 mutants. Data are means ± SD (n = 3). *p < 0.01.

(F–I) Effects of STAT3 K180 mutant overexpression on proliferation and clonogenic growth of GSCs. 50-ethynyl-20-deoxyuridine (EdU)-positive cells (stained

green) were counted in three random fields and plotted (in F and G). *p < 0.01. Cell counts of STAT3 mutant-expressing GSCs after 6 days of culture (H) and

limiting dilution assay results (I) were shown. Error bars represent SD. Bars (in D and F) represent 10 microns. See also Figure S2.
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Figure 5. AKT Signaling Is Essential for the

EZH2-STAT3 Interaction in GSCs and AKT

Inhibition Decreases STAT3 Activity in GBM

Xenografts

(A) Immunoblot analysis of AKT, pS473 AKT,

EZH2, pS21 EZH2, and trimethylated H3K27 in

GSCs treated with a PI3K/AKT pathway inhibitor

LY294002.

(B and C) Co-IP analysis of methylated STAT3 and

the EZH2-STAT3 complex in GSCs treated with

LY294002 for 1 day.

(D) Tumor growth of 827 GSC-derived xenografts

treated with an AKT inhibitor perifosine (30 mg/kg

body weight). Twenty-three days after tumor

implantation in mice, perifosine was administered

by intraperitoneal injection (daily for 5 days). Error

bars represent SD. Five mice per group, *p < 0.01.

(E) Immunoblot analysis of pY-STAT3, EZH2, AKT,

and trimethylated H3K27 in lysates from xenograft

tumors in (D).

(F) Co-IP analysis of methylated STAT3 in GBM

xenograft tumors treated with perifosine.

(G) IF staining of pS21 EZH2 and pY-STAT3 on the

frozen sections of GBM xenografts treated with

vehicle or perifosine. Nuclei were stained with

DAPI. Bar represents 10 microns.
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Together, these data are consistent with the possibility that

EZH2 methylates STAT3 at K180 and this methylation enhances

STAT3 activation and promotes clonogenic growth of GSCs.

AKT Signaling Is Essential for the EZH2-STAT3
Interaction in GSCs
Because our data indicate that the EZH2-STAT3 interaction

leads to STAT3 activation, we investigated a potential upstream

effector(s) to facilitate this interaction. An initial clue came from a

previous study in which the authors reported that EZH2 is phos-

phorylated at serine residue 21 (pS21 EZH2) by AKT (Cha et al.,

2005). Cha et al. showed that phosphorylation of EZH2 at S21

significantly decreased H3K27 trimethylation leading to the

derepression of PRC2 target genes (Cha et al., 2005). However,

breast cancer cells overexpressing EZH2S21D (phosphorylation

mimetic mutant of pS21 EZH2) showed increased proliferation

and invasiveness. H3K27 trimethylation and PRC2-mediated

transcriptional repression are generally associated with tumor

malignancy, thus an oncogenic role of EZH2 phosphorylation

appears to be counterintuitive. A potential explanation for this

discrepancy is that S21 phosphorylation of EZH2 may exert pro-
Cancer Cell 23, 839–
tumorigenic functions in H3K27 in a trime-

thylation-independent manner, as sug-

gested in a recent report (Xu et al., 2012).

Because EZH2 interacts with and

methylates STAT3, we hypothesized that

STAT3 is one such molecule to exert pro-

tumorigenic functions in GSCs. PI3K/AKT

signaling is highly active in about 90% of

GBM specimens (Fan et al., 2006; Fan

and Weiss, 2010; Cancer Genome Atlas

Research Network, 2008; Verhaak et al.,

2010) and all of GSCs we tested have a
high level of activating phosphorylation of AKT (Figure 2C and

data not shown). In agreement with the previous reports (Cha

et al., 2005; Costa et al., 2010), treatment with LY294002

(a PI3K-AKT inhibitor) or perifosine (an AKT inhibitor) blocked

S21 phosphorylation of EZH2 but increased global levels of

H3K27 trimethylation in GSCs (Figure 5A). In GSCs treated

with these inhibitors, levels of EZH2-STAT3 complexes and

methylated STAT3 were markedly reduced compared to con-

trols (Figures 5B and 5C). Overexpression of a dominant-nega-

tive AKT in GSCs showed similar results (data not shown).

Together, these data suggest that AKT signaling is required for

the EZH2-STAT3 interaction and STAT3 methylation in GSCs.

AKT Inhibition Decreases Methylation and Activation of
STAT3 in GBM Xenografts
To address the relevance of the above findings in vivo, we estab-

lished GSC-derived xenograft tumors and evaluated the effects

of AKT inhibition on STAT3 activity and tumor growth (Figure 5).

Animals treated with perifosine for 5 days displayed reduced tu-

mor size relative to those treated with vehicle control (Figure 5D).

One day after the final injection of perifosine, we dissected
852, June 10, 2013 ª2013 Elsevier Inc. 845



E F 

p-EZH2 

EZH2 

387 322 308 1228 

-Actin 

A  B  131  387 827  U87 U251 293T

IP : Methyl K 
WB : STAT3 

p-EZH2 

-Actin 

EZH2 

C 

GFP 
EZH2 
WT 

EZH2 
S21A 

EZH2 
S21D 

EZH2 
H689A 

IP: STAT3 
WB: Methyl K 

IP: STAT3 
WB: STAT3 

131 

Flag 

-Actin 

D 

G  

H  

Figure 6. Phosphorylation of EZH2 at Serine
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(A) Co-IP and Immunoblot analysis of pS21 EZH2

and methylated STAT3.

(B) Immunoblot analysis of pS21 EZH2 in GSC-

enriched or GSC-depleted GBM cells (CD133+

or � and CD15+ or �).

(C) Co-IP and immunoblot analyses of methylated

STAT3 in GSCs transduced with various EZH2

mutants. EZH2 transgenes were detected by

Flag tag.

(D) Quantification of methylated STAT3 shown in

(C). Protein amounts were estimated by densi-

tometry of immunoblots. Error bars represent SD.

*p < 0.01.

(E and F) Real-time RT-PCR analysis to determine

mRNA expression of STAT3 and SOCS3 in 131

GSCs expressing various EZH2 mutants. Data are

means ± SD (n = 3). *p < 0.01.

(G) Determination of STAT3 transcription activity

by reporter promoter assays. Luciferase activity in

GSCs expressing various EZH2 constructs was

compared to that of the GFP-expressing control

cells. Error bars represent SD. *p < 0.01.

(H) Effects of ectopic expression of various EZH2

constructs on GSC tumorsphere formation. GSC

cells (131) transduced with lentivirus expressing

various EZH2 transgenes were cultured for limiting

dilution assays. Frequency of stem-like clonogenic

cells was determined by aweb-based tool ‘‘ELDA’’

(extreme limiting dilution analysis, available on

http://bioinf.wehi.edu.au/software/elda/) and rep-

resented as a box plot. Boxes indicate the upper

and lower confidence intervals, and the lines

denote the estimated values. *p < 0.01.

See also Figure S3.
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tumors for immunoblot analysis and co-IP experiments.

Compared to the control, tumors treated with perifosine showed

low levels of phosphorylated AKT and EZH2 phosphorylation

(Figure 5E). Consistent with in vitro results, AKT inhibition in vivo

decreased STAT3 methylation and pY-STAT3, but increased

global levels of H3K27 trimethylation (Figures 5E and 5F). Immu-

nofluorescence analyses on tumor sections further confirmed

that perifosine treatment decreased pS21 EZH2 and nuclear

PY-STAT3 (Figure 5G). Together, these data suggest that AKT

regulates STAT3 signaling in part via EZH2 phosphorylation

and STAT3 methylation.

GSCs Have a High Level of EZH2 Phosphorylation at
Serine 21
Because phosphorylation of EZH2 at S21 appears to be an

important signal node between AKT signaling and STAT3

methylation in GSCs, we determined the levels of pS21 EZH2

and STAT3 methylation in various GBM cells. Immunoblot anal-
846 Cancer Cell 23, 839–852, June 10, 2013 ª2013 Elsevier Inc.
ysis showed that pS21 EZH2 is highly ex-

pressed in GSCs but not in U87 and U251

glioma cell lines (Figure 6A). Similarly,

STAT3 methylation was abundant in

GSCs but much lower in glioma cell lines

(Figure 6A). This trend is entirely consis-
tent with the level of the EZH2-STAT3 complex in these cells (Fig-

ure 1D). To further examine preferential expression of pS21

EZH2 in GSCs, we used four additional GBM cells with prospec-

tive sorting for CD133 and/or CD15. CD133- and/or CD15-

positive GSCs have higher level of pS21 EZH2 compared to

CD133- and/or CD15-negative cells (Figure 6B). Together, these

data show that pS21 EZH2 is preferentially expressed in GSCs

and suggest that pS21 EZH2 is required for the EZH2-STAT3

interaction and STAT3 methylation in GSCs.

EZH2 Phosphorylation at Serine 21 Enhances STAT3
Methylation and Activation
To interrogate the role of pS21 EZH2 in regulating STAT3, we

overexpressed a phosphorylation-defective or phosphorylation

mimetic EZH2 mutant in GSCs and examined the effects on

STAT3 methylation and STAT3 activity (Figures 6C–6G). Expres-

sion of the EZH2 S21A mutant markedly decreased STAT3

methylation similar to a catalytic activity-dead EZH2 H689A

http://bioinf.wehi.edu.au/software/elda/
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mutant. In sharp contrast, expression of EZH2 S21D mutant

significantly increased STAT3 methylation (Figures 6C and 6D).

These data prompted us to test whether a low level of STAT3

methylation in U87 glioma cells is due to the low expression of

pS21 EZH2. Exogenous expression of EZH2 S21Dmutant signif-

icantly increased STAT3 methylation and STAT3 activity in U87

cells and NPCs, similar to GSCs (Figure S3 and data not shown).

Furthermore, STAT3 target gene expression (e.g., STAT3 and

SOCS3) and luciferase-based STAT3 transcriptional activity

were significantly high in EZH2 S21D mutant-expressing cells

but low in EZH2 S21A mutant-expressing cells compared to

the control (Figures 6E–6G). Together, these data support the

notion that STAT3 methylation and activation are mediated by

pS21 EZH2.

To interrogate the role of pS21 EZH2 in GSC growth, we over-

expressed various EZH2 constructs in GSCs via lentiviral trans-

duction and determined the effects on clonogenic growth of

GSCs (Figure 6H). Limiting dilution assays were performed and

the frequencies of sphere-forming clonogenic cells were esti-

mated. The frequencies of sphere-forming clonogenic cells

were approximately one out of five cells in the control or wild-

type EZH2 expressing cells. In contrast, most of EZH2 H689A-

expressing cells failed to generate colonies. Ectopic expression

of EZH2 S21A also significantly reduced the number of clono-

genic cells to less than 10% of the controls (Figure 6H).

STAT3 Signaling Is a Crucial Downstream Effector of
EZH2 Signaling in GBM
To interrogate the role of pS21 EZH2, we further analyzed the

effects of EZH2 S21A overexpression in GSCs. Ectopic expres-

sion of a catalytic activity-dead EZH2 H689A mutant in GSCs

decreased methylation of both H3K27 and STAT3 (Figure 3C).

In contrast, expression of EZH2 S21A mutant significantly

decreased STAT3 methylation but increased global levels of

H3K27 trimethylation in GSCs (Figure 7A). Overexpression of

EZH2 S21A mutant in GSCs did not change the level of Dkk1

mRNA expression, suggesting that PRC2-mediated silencing is

unaffected by EZH2 S21A (data not shown). However, EZH2

S21A mutant was unable to immunoprecipitate with STAT3 in

contrast to the wild-type EZH2 (Figure 7B) and pY-STAT3 was

significantly low in EZH2 S21A-expressing cells compared to

the controls (Figure 7A). Because EZH2 S21A mutant-express-

ing cells show the decreased STAT3 activity, we then deter-

mined whether forced activation of STAT3 could rescue the

reduced clonogenic growth in these cells (Figures 7C–7E). We

overexpressed a constitutively active STAT3 mutant (STAT3C)

in EZH2 S21A-expressing GSCs and determined their clono-

genic growth by limiting dilution assays. In the control and

STAT3C-expressing cells, the numbers of clonogenic cells are

similar. Expression of STAT3C in EZH2 S21A mutant cells signif-

icantly increased the number of clonogenic cells (Figure 7E),

suggesting that STAT3 signaling is a crucial downstream effector

of EZH2 signaling in GBM.

To interrogate the role of EZH2 in tumor growth in vivo, we

overexpressed EZH2 H689A or EZH2 S21A proteins in GSCs

and implanted these cells into the brains of SCID mice (50,000

cells per mouse, n = 10 per each group). While animals bearing

control cells died within 2 months (median survival: 47 days),

animals injected with EZH2 H689A-expressing cells survived
significantly longer (median survival: 75 days; p < 0.001). Median

survival of the mice bearing EZH2 S21A-expressing cells was

67 days (p < 0.001), which is significantly longer than that of

the controls (Figure 7F). Kaplan-Meier curves showed the in-

crease in survival of mice bearing EZH2 S21A- and EZH2

H689A-expressing tumor (p < 0.001 compared to the control).

These in vivo data demonstrate that the selective blocking of a

STAT3-related arm of EZH2 function can increase the survival

of tumor-bearing mice. Our findings, therefore, support that

EZH2 contributes to GBM tumor growth by both H3K27 trime-

thylation-dependent and STAT3-dependent pathways.

Our data obtained in the models of various patient-derived

GSCs and GBM xenografts in vitro and in vivo suggest that

EZH2 phosphorylation has protumorigenic roles in part via

STAT3 activation. To assess the in vivo relevance of the EZH2-

STAT3 axis, we determined the expression of pS21 EZH2 and

pY-STAT3 in protein lysates from the patient-derived GBM

specimens (Figure S4). The correlation between the expression

of EZH2 and pS21 EZH2 is not always linear; however, there

appears to be a potentially positive correlation between pS21

EZH2 and pY-STAT3 (Figure S4). To determine whether pS21

EZH2 is associated with survival in patients with GBM, we

performed immunohistochemical analysis using the tissue

microarray (TMA) sections containing 87 GBM specimens from

the patients (Figure S4). Expression of pS21 EZH2 displayed in-

ter- and intratumoral heterogeneity. A high frequency of cells

positive for pS21 EZH2 in GBM specimens was positively corre-

lated with the shorter overall survival of the patients (p < 0.001 by

log rank analysis).

Collectively, these data support a model in which EZH2 not

only mediates transcriptional silencing, but also contributes to

the activation of STAT3 signaling in GBM (Figure 7G). We pro-

pose that the molecular mechanism through which EZH2 acti-

vates STAT3 involves a specific EZH2 phosphorylation and

STAT3 methylation.

DISCUSSION

Altered profile of histone modification is a major epigenetic

mechanism, deregulation of which leads to tumor initiation and

propagation (Margueron and Reinberg, 2011; Schlesinger

et al., 2007; Widschwendter et al., 2007). Polycomb-mediated

transcriptional silencing plays a critical role in the maintenance

of the stem cell status in both normal and malignant stem cells.

In this study, we demonstrate that EZH2methylates STAT3 lead-

ing to the enhanced STAT3 activity.

Our data indicate that EZH2 not only mediates transcriptional

silencing, but also contributes to the activation of STAT3

signaling in stem-like GBM cells. As supporting evidence, we

found that the EZH2-STAT3 interaction and EZH2 S21 phos-

phorylation preferentially occur in GSCs relative to non-stem

tumor cells. Overexpression of EZH2 S21D induced STAT3

methylation and enhanced STAT3 activity, suggesting that

EZH2 S21 phosphorylation is a molecular switch that facilitates

STAT3 methylation. We do not know the underlying molecular

mechanism by which the EZH2 S21 phosphorylation is more

prominent in stem-like cells. One possibility is that a cofactor

of PRC2 component preferentially expressed in stem cell popu-

lation (Simon and Kingston, 2009) might facilitate the AKT-EZH2
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Figure 7. EZH2 Contributes to GBM Tumor Growth by both H3K27 Trimethylation-Dependent and STAT3-Dependent Pathways

(A and B) Immunoblot and Co-IP analysis of methylated STAT3 and H3K27me3 in GSCs that express GFP, wild-type EZH2, or EZH2 S21A.

(C) Immunoblots of exogenous EZH2 S21A and STAT3-C proteins in 131 GSCs.

(D) Representative images of 131 GSCs expressing EZH2 S21A and STAT3-C protein. Bar represent 50 microns.

(E) Effects of ectopic expression of EZH2 S21A and STAT3-C protein on GSC tumorsphere formation. From limiting dilution assays, frequencies of stem-like

clonogenic cells were calculated using ELDA and presented as a box plot. *p < 0.01.

(F) Kaplan-Meier survival curves of mice (n = 10 for each group) intracranially implanted with 131 GSCs expressing control, EZH2 689A, or EZH2 S21A proteins

(control versus EZH2 H689A, p < 0.0001; control versus EZH2 S21A, p < 0.0001; EZH2 H689A versus EZH2 S21A, p = 0.015 by log rank analysis).

(G) A schematic model that illustrates two functional arms of EZH2. P and Me represent phosphorylation and methylation, respectively.

See also Figure S4.
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interaction and subsequent interaction with STAT3. It is also

possible that EZH2 S21 phosphorylation is regulated by differen-

tial AKT or AKT-related downstream effects which may not

be directly associated with stem-like characteristics. Further
848 Cancer Cell 23, 839–852, June 10, 2013 ª2013 Elsevier Inc.
studies to decipher underlying molecular mechanisms are war-

ranted as a recent study reported EZH2 S21 phosphorylation

as a critical modification for EZH2 to function as a transcriptional

co-activator with androgen receptor (Xu et al., 2012).
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Our data support that EZH2-mediated STAT3 methylation is a

critical modification that leads to STAT3 activation, although the

precise molecular events that link STAT3 methylation to STAT3

activation are unknown. STAT3 activation involves a series of

sequential events including tyrosine phosphorylation, dimeriza-

tion, nuclear import, DNA binding, serine phosphorylation, nu-

clear retention, and binding to protein partners (Akira et al.,

1994; Yang and Stark, 2008; Zhong et al., 1994). It is possible

that K180methylation of STAT3 enhances its tyrosine phosphor-

ylation by protecting it from dephosphorylation, as supported by

K180 STAT3 mutant data. It has been proposed that K140

methylation of STAT3 destabilizes STAT3 tyrosine phosphoryla-

tion, thereby negatively affecting STAT3-dependent transcrip-

tion (Yang et al., 2010). In contrast to K180 STAT3 methylation

by EZH2, K140 methylation can be viewed as a negative event

for STAT3 signaling cascade. By analogy with the cases in P53

and NFkB, specific lysine site and the degree of methylation

will likely determine STAT3 activity. Although K140 methylation

of STAT3 was not detected in our studies, these findings may

suggest a critical role of methylation in STAT3 signaling cascade

in various cancers. In addition to K180 methylation, we also

found K709 dimethylation of STAT3 by MS analysis (data not

shown), suggesting that theremight be additional lysine residues

of STAT3 that could be methylated by EZH2. Further studies are

required to precisely define when lysine methylation of STAT3

occurs during the STAT3 signaling cascade and interrogate the

role of STAT3 methylation in STAT3 activation.

Despite these caveats, there are important biological and clin-

ical implications derived from our findings. First, the EZH2 and

STAT3 signaling pathways are critical therapeutic targets for

GBMs, and our findings suggest that EZH2 targeting may effec-

tively inhibit oncogenic activities of both pathways. Significant

research efforts have been aimed at developing therapeutic

agents targeted for EZH2 because highly specific EZH2 inhibi-

tors have been reported recently (Knutson et al., 2012; McCabe

et al., 2012; Qi et al., 2012). Our findings may lead to accelerated

development of Polycomb/EZH2 targeting agents and provide a

potential biomarker for evaluating therapeutic efficacy.

Second, STAT3 signaling is hyperactive in various cancers

including GBMs and is an important therapeutic target; however,

the specific inactivation of STAT3 has been challenging (Gurya-

nova et al., 2011; Yue and Turkson, 2009). Our finding adds

EZH2 to a growing list of upstream pathways leading to the

STAT3 activation in GSCs, including IL-6, Notch, PI3K, LIF,

BMX, and various receptor tyrosine kinases (epidermal growth

factor receptor, platelet-derived growth factor, and MET) (Brom-

berg et al., 1999; Fan et al., 2010; Guryanova et al., 2011). It will

be highly desirable if EZH2 targeting achieves the effective inhi-

bition of both transcriptional silencing and STAT3 activity in a

clinical setting.

A recent study reported that STAT3 signaling is a master regu-

lator of mesenchymal transformation of gliomas, and that STAT3

downstream genes are highly expressed in the mesenchymal

GBM subtype (Carro et al., 2010; Verhaak et al., 2010). Further

studies aim to identify the subset of tumors in which the EZH2-

STAT3 axis is particularly active, and to demonstrate the mech-

anistic correlations between these pathways. It is enticing to

propose that EZH2 targeting agents may be particularly useful

for patients harboring high levels of phosphorylated EZH2.
Inhibition of AKT signaling decreases STAT3 activity via EZH2

phosphorylation, implying that PI3K/AKT signaling is an up-

streammediator of the EZH2-STAT3 interaction in GSCs. Activa-

tion of the PI3K/AKT pathway in glioma is associated with an

adverse clinical outcome and various PI3K/AKT inhibitors are

being tested in clinical trials (Fan et al., 2006; Fan and Weiss,

2010; Cancer Genome Atlas Research Network, 2008; Verhaak

et al., 2010). Our data indicate that EZH2 S21 phosphorylation

is required for the EZH2-STAT3 interaction and the enhanced

STAT3 activity, and AKT inhibition in vivo effectively abolished

pS21 EZH2. Therefore, it would be interesting to examine

pS21 EZH2 expression as a biomarker to predict therapeutic

responses to PI3K/AKT targeted therapies.

In conclusion, we demonstrate that EZH2 binds to and meth-

ylates STAT3, thereby enhancing STAT3 activity in GSCs. EZH2

phosphorylation by AKT is critical for the EZH2-STAT3 interac-

tion. By utilizing EZH2 constructs that allow the dissection of

two distinct functions of EZH2, we showed the role of STAT3-

dependent EZH2 function in GBMs. We propose that two arms

of EZH2 function, namely a histone methylation- dependent

transcriptional silencing and STAT3 activation by direct pro-

tein-protein interaction, can cooperatively contribute to GSC

self-renewal and GBM malignancy. These data suggest that

functional disruption of EZH2 may attenuate multiple key signals

involved in GSC self-renewal and survival, and further support

that EZH2 is a promising therapeutic target for GBM.
EXPERIMENTAL PROCEDURES

Human GBM Specimens and Derivative GSCs

Following informed consent, glioblastoma specimens were obtained from

patients undergoing surgery at the Samsung Medical Center in accordance

with the Institutional ReviewBoards.Within hours after surgical removal, tumor

specimens were enzymatically dissociated into single cells, following the pro-

cedures previously reported (Lee et al., 2006a; Son et al., 2009). For short-term

in vitro expansion of GSCs, tumor cells were cultured in Neurobasalmedia with

N2 and B27 supplements (0.53 each; Invitrogen), human recombinant basic

fibroblast growth factor and epidermal growth factor (25 ng/ml each; R&D sys-

tems). HumanNPCswere purchased from Lonza and cultured similar to GSCs.

For differentiation of GSCs and NPCs, cells were cultured in the absence of

growth factors or in the presence of 10% fetal bovine serum (Cellgro).

Intracranial Tumor Cell Injection

All mice experiments were performed according to the guidelines of the Animal

Use and Care Committees at Samsung Medical Center. GBM cells were

dissociated, resuspended in 2 ml of HBSS, and injected intracranially into the

striatum of adult nude mice by using a stereotactic device (Kopf instruments)

(coordinates: 2 mm anterior, 2 mm lateral, 2.5 mm depth from the dura). Mice

with neurologic signs were killed for the analysis of tumor histology and immu-

nohistochemistry. Brains were perfused with 4% paraformaldehyde by car-

diac perfusion and further fixed at 4�C overnight.

Chemicals and Antibodies

3-Deazaneplanocin A (DZNep) was kindly provided from Dr. Victor Marquez

(National Cancer Institute). GSK126was purchased from Xcessbio. Cucurbita-

cin and perifosine were purchased from Tocris and Selleckchem, respectively.

The following antibodies were used as primary antibodies: EZH2 (BD Trans-

duction Laboratories; 1:4,000); phospho-EZH2 (Bethyl Laboratories; 1:500);

methylated lysine (Enzo Life Science and Abcam; 1:500); STAT3, phospho-

STAT3 (Y705), histone H3, AKT, and phospho-AKT (S473) (Cell Signaling;

1:2,000); SOX2 and OLIG2 (R&D Systems; 1:2000 for western blotting and

1:400 for IF); trimethylated histone H3K27 and SUZ12 (Millipore; 1:1,000);

GFAP (Dako; 1:1,000); b-actin (Sigma-Aldrich; 1:5,000).
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Immunoprecipitation

Cells were collected and lysed in lysis buffer supplemented with protease

inhibitors, incubated on ice for 15 min, and cleared by centrifugation at

13,200 rpm at 4�C for 15 min. Total protein lysate (500 mg) was subjected to

immunoprecipitation with the agarose-immobilized antibody (1 mg of anti-

STAT3, EZH2, methylated lysine antibody, or isotype control antibodies) for

overnight at 4�C.

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures and Supplemental Experi-

mental Procedures and can be found with this article online at http://dx.doi.

org/10.1016/j.ccr.2013.04.008.
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