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Hepatocellular carcinoma is the outcome of ongoing cycles of cell death and regeneration in chronic liver
disease. In this issue of Cancer Cell, Nikolaou et al. show that the deubiquitinating enzyme CYLD is critical
for controlling the balance between hepatocyte loss, regeneration, and malignant progression.
The liver is the quintessential regenerative

organ in mammals as first documented in

the Greek mythology. It has been molded

through evolution to endure extreme chal-

lenges by environmental pollutants, toxic

metabolites, infections, and all kinds of

cellular stress. The liver is equipped with

an astonishing capacity for cellular repo-

pulation even after massive cell death.

Despite the obvious benefits of these

regenerative properties, they come at a

high cost. Chronic liver injury and the sus-

tained regeneration it induces provide the

perfect breeding grounds for one of the

deadliest cancers, hepatocellular carci-

noma (HCC). Chronic liver disease is

supported and sustained by unresolved

fibrotic and inflammatory responses. It is

in this context where NF-kB signaling

has acquired a title role in the liver cancer

field despite its Janus-like character.

NF-kB signaling in Kupffer cells and

other immune cell types is critical in

propagation of liver inflammation. How-

ever, hepatocyte-specific NF-kB defi-

ciency caused by ablation of either IkB

kinase b (IKKb) or its regulatory subunit

IKKg/NEMO can either augment chemi-

cally induced liver carcinogenesis (Maeda

et al., 2005) or lead to spontaneous liver

damage, inflammation, and tumorigen-

esis (Luedde et al., 2007). Inactivation of

hepatocyte NF-kB results in critical over-

activation of JNK and ablation of Jnk1 in

IkkbDhep mice prevents enhanced sus-

ceptibility to hepatic carcinogens (Sakurai

et al., 2006). In addition, defective expres-

sion of IKKg/NEMO and TAK1 also results

in spontaneous tumorigenesis with per-

sistent JNK activation (Luedde et al.,

2007; Inokuchi et al., 2010; Bettermann

et al., 2010). Treatment of IkkbDhep and

Ikkg/NemoDhep mice with an antioxidant
or ablation of TnfrI in Tak1Dhep mice sup-

pressed JNK over-activation and HCC

formation. These results underscore that

HCC formation in these mice is caused

mainly by compensatory hepatocyte pro-

liferation following massive hepatocyte

death with enhanced reactive oxygen

species production and JNK activation

due to TNF over-production combined

with loss of protective NF-kB activity

and expression of antioxidant proteins.

Paradoxically, however, NF-kB is a key

driver of spontaneous HCC development

in Mdr2�/� mice. Indeed, inhibition of

NF-kB or titration of TNF in these mice in-

hibited HCC development (Pikarsky et al.,

2004). In this issueofCancerCell, Nikolaou

et al. (2012) show that specific deletion of

the cylindromatosis tumor suppressor

gene (Cyld) in hepatocytes results in

HCC formation. Surprisingly, the authors

found a procarcinogenic effect for TAK1,

NF-kB, and JNK in CyldDhep mice.

Nikolaou et al. (2012) deleted Cyld

specifically in hepatocytes to analyze its

effects on the liver. CYLD is a negative

regulator of NF-kB signaling, being a key

deubiquitinase that removes K63-linked

ubiquitin chains from several key effectors

of the pathway, including TAK1 and IKKg/

NEMO. Since some of these effectors

control the activation of MAP kinases

(MAPK), the absence of CYLD also results

in upregulation of MAPKs, including JNK.

When CyldDhep mice are born, their liver

appears normal. However after 25 days

of age, periportal hepatocytes start dying.

The authors demonstrate that this sponta-

neous cell death is due to prolonged JNK

activation. This finding prompted Niko-

laou and colleagues (2012) to identify the

upstream effector responsible for JNK

activation. Because TAK1 activation re-
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quires K63-linked ubiquitination and

CYLD counteracts this modification in

CYLD-deficient livers, TAK1 is spontane-

ously activated. Although previous re-

ports showed that deletion of TAK1 in

hepatocytes also results in spontaneous

cell death, chronic TAK1 activation leads

to sustained JNK activation which eventu-

ally promotes cell death even in the

presence of NF-kB. To better investigate

this point, the authors generated Cyld

and Tak1 double knockout mice. These

animals exhibit a complete reversion of

periportal hepatocyte death accompa-

nied by a reduction in fibrosis and JNK

activity, similar to those found in Tak1Dhep

single mutants. Remarkably, periportal

cell death and fibrosis in CyldDhep mice,

with time, are extended toward the central

vein region. This is accompanied by

increased infiltration of inflammatory cells

and TNF production on postnatal day 45

when hepatic NF-kB activation becomes

detectable. This result prompted the

authors to hypothesize that there are

two different phases in the life of the

CYLD-deficient liver. Initially, CYLD-

devoid periportal hepatocytes suffer

spontaneous cell death, provoking a

second phase of injury expansion medi-

ated by immune cells through TNF-medi-

ated death receptor signaling. Ablation of

the Tnfr1 gene in CyldDhep mice demon-

strated that expansion of the damage is

TNF-dependent, but the persistent peri-

portal damage pinpoints the TNF-inde-

pendent nature of the initial defect.

Progressive and sustained liver injury

and fibrosis eventually lead to develop-

ment of HCC after 12 months of age.

The work of Nikolaou et al. (2012) offers

novel insights into the role of NF-kB

signaling in liver homeostasis and
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disease. So far, most of our knowledge of

NF-kB signaling in liver pathophysiology

is derived from studies in which NF-kB

activation or activity is inhibited. The

authors used the opposite approach

trying to activate NF-kB by removing

CYLD. Surprisingly, only hepatocytes in

close vicinity to the portal triad suffer

spontaneous apoptosis but only after

postnatal day 10, arguing against a cell

autonomous promotion of cell death in

the absence of CYLD. If this is the case,

what triggers the periportal cell death

from postnatal day 10 onward? Perti-

nently, the authors point to commensal

bacteria in the gut. During embryogenesis

and shortly after birth, the gut is sterile and

thus, the portal circulation to the liver is

free of bacteria or microbial products.

However, after the first postnatal days,

the microflora start colonizing the gut,

and an influx of microbial components,

such as lipopolysaccharide (LPS) reaches

the liver. At this point, if the hepatocytes

are devoid of CYLD, an important attenu-

ator of NF-kB signaling, they misinterpret

the amount of LPS and other TLR agonists

to which they are exposed. Invariably,

this would lead to programmed cell death

in hepatocytes that overreact to TLR

agonists. Of note, CYLD is expressed in

a gradient, being higher in the periportal
712 Cancer Cell 21, June 12, 2012 ª2012 Els
region and lower close to the central

vein, supporting an important role for

CYLD in signal fine-tuning in the area

where TLR agonist concentration can

fluctuate the most. New investigations

using germ-free CyldDhep mice would

provide an important test of this hypoth-

esis. After this initial trigger, the CYLD-

deficient liver starts on a self-destruction

spiral. The initial death of periportal hepa-

tocytes triggers an inflammatory re-

sponse mediated by Kupffer cells. These

cells produce TNF and other death cyto-

kines that act on hyper-responsive hepa-

tocytes, causing more cell death and

more inflammation, eventually enhancing

compensatory proliferation. Interestingly,

Dapito et al. (2012) recently reported that

HCC promotion is affected by intestinal

microbiota through TLR4 signaling in the

liver. Considering that in several human

liver diseases there is an increase in intes-

tinal permeability and consequently an

increase of microbial components in the

portal circulation, the studies of Nikolaou

et al. (2012) and Dapito et al. (2012) estab-

lish a new paradigm in liver disease in

which intestinal microbiota can determine

hepatocyte cellular survival and death.

Thus, the intestinal barrier and com-

mensal microflora further influence the

NF-kB-JNK interplay that is already
evier Inc.
known to play a central role in the control

of liver pathophysiology.
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Data from human tumors and mouse models suggest that tetraploidy, one example of polyploidy, can pro-
mote tumorigenesis. In this issue of Cancer Cell, Davoli and De Lange make important connections between
tetraploidy, tumorigenesis, and telomere crisis—a common event during the development of human cancers.
Organism-level polyploidy-increasedcom-

plete sets of chromosomes are very

frequent in plants and are often found in
insects, fish, and amphibians. Genome

doublings are less common in metazoans,

but at least two tetraploidization events
are thought to have occurred during the

evolution of vertebrates. Although still

debated, it has been proposed that during
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evolution, the extra chromosomes coming

from a genome doubling could provide

fodder for evolutionary experimentation,

with the extra chromosomes being mu-

tated, broken, and rearranged while via-

bility ismaintainedby the setof intact chro-

mosomes (Otto, 2007).This isanappealing

idea that could be relevant to tumorigen-

esis. Indeed, tetraploid cells lacking the

p53 tumor suppressor, generated by cyto-

kinesis failure, are tumorigenic, and the

resulting tumors display markedly altered

genomes (Fujiwara et al., 2005).

The role of polyploidy in certain cell

lineages during development is inter-

esting but even more poorly understood.

Polyploidy occurs in many metabolically

active cells—hepatocytes, cardiomyo-

cytes, trophoblast giant cells, and retinal

pigment epithelial cells, to name a few

(Davoli and de Lange, 2011). The correla-

tion between polyploidy and metabolic

activity has led to the speculation that

polyploidy might confer a metabolic

benefit, but the nature of this postulated

benefit is entirely mysterious. Perhaps

these poorly understood benefits drive

polyploidization during the development

of some cancers.

Although in special circumstances

polyploidy may confer some benefits, it

is not always a good deal. Newly-

generated tetraploid cells, in organisms

as diverse as yeasts and humans, exhibit

mitotic defects and very high rates of

whole chromosome aneuploidy (Davoli

and de Lange, 2011). In mammals, most

if not all of the chromosomal instability

that accompanies tetraploidy is due to

the presence of extra centrosomes. For

example, it has been possible to isolate

tetraploid cells in vitro that have sponta-

neously lost their extra centrosomes,

and these cells exhibit normal genetic

stability (Ganem et al., 2009). Indeed,

most polyploid cells inmammalian tissues

do not divide or only rarely divide, pre-

sumably because of the genetic instability

that results from cell division of polyploid

cells. When dividing cells do accidentally

become tetraploid, a stress response is

triggered that, with variable penetrance,

can activates p53 and limit cell prolifera-

tion (Margolis et al., 2003).

Even though most mammalian cells are

not programmed to become tetraploid,

tetraploidy can occur as a consequence

of a variety of pathological events. Errors

in DNA replication or mitosis can lead to
chromatin trapped in the cleavage furrow,

eventually causing cytokinesis failure and

tetraploidization. After a prolonged mito-

tic arrest, due to the activation of the

spindle checkpoint, cells can undergo

‘‘mitotic slippage’’ and become tetra-

ploid. Tetraploidization may also occur

by cell fusion, for example, induced by

viruses (Davoli and de Lange, 2011).

More recently, a surprising newmecha-

nism to induce tetraploidy was uncov-

ered: the endoreduplication of chromo-

somes (the absence of mitosis between

two rounds of DNA replication) in the

face of a persistent DNA damage signal,

either from unprotected telomeres or

from DNA damaging agents (Davoli

et al., 2010). Deprotected telomeres are

of particular interest because telomeres

have been found to shorten during the

early stages of many epithelial cancers.

When p53-deficient cells suffer persistent

DNA damage, DNA damage response

kinases are activated. Among other

substrates, these kinases phosphorylate

and inactivate the Cdc25 phosphatases,

thus blocking CyclinB/Cdk1 activity and

preventing mitotic entry. However, Davoli

and de Lange (2012), in this issue of

Cancer Cell, found unexpectedly that the

cell cycle does not halt, but rather flips

between the G2 and the G1 phase without

nuclear envelope breakdown or mitosis.

During these endocycles, the origins of

DNA replication are first licensed in G1,

cells then enter S phase and complete

DNA synthesis, but after a period of time

in G2, geminin, a key inhibitor of DNA re-

replication, is eventually degraded, allow-

ing the entire cycle noted above to be

repeated if the cells lack p53 (Davoli

et al., 2010).

The new paper from Davoli and de

Lange (2012) goes more deeply into the

underlyingmechanism and directly estab-

lishes that these events can promote

tumorigenesis. In their previous work,

Davoli and de Lange had induced telo-

mere crisis in mouse cells somewhat arti-

ficially by genetic ablation of Pot1, which

encodes a key protein required for telo-

mere protection (Davoli et al., 2010).

Here, they show that endoreduplica-

tion occurs in cells undergoing a more

‘‘physiological’’ telomere crisis, using

late passage telomerase-negative cells.

In a variety of human cell types, tetra-

ploidization occurs either by endoredu-

plication, as described above, or by cyto-
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kinesis failure, with different proportions

of these events observed in different cell

types (Figure 1). The development of large

numbers of tetraploid cells not only

requires loss of p53, but also loss of the

Rb tumor suppressor. Loss of Rb pre-

vents a G1 arrest that would otherwise

be imposed by activation of the CDK

inhibitor p16. Finally, after transiently

inactivating telomere protection in p53-

deficient mouse embryo fibroblasts,

diploid and tetraplopid cells were sepa-

rated by FACS-sorting and tested for

their transforming potential. Satisfyingly,

the tetraploid cells exhibited significantly

greater tumorigenic activity than the

diploid cells carried through the same

isolation procedure. Analysis of tumor

karyotypes showed that the tumor

genomes had evolved a subtetraploid

chromosome content. The generation of

unstable tetraploid cells, followed by

evolution to a subtetraploid genome may

occur in human tumors, as was recently

inferred from genomic analysis of metas-

tases from a renal carcinoma (Gerlinger

et al., 2012).

Altogether, these findings show that

telomere attrition is a double whammy.

It is already known that critical telo-

mere shortening can lead to chromosome

breaks and rearrangements via breakage-

fusion-bridge cycles. The new findings

reveal that tetraploidy adds further fuel

to the fire. Importantly, both sources of

instability are potentially reversible. After

telomere crisis, breakage-fusion-bridge

cycles are short-circuited by reexpression

of telomerase. Likewise, the transformed

tetraploid cells generated by Davoli and

de Lange (2012) evolved to presumably

more stable subtetraploid genomes (Fig-

ure 1). Transient genetic instability may

be beneficial to a developing cancer cell;

it increases the chances of obtaining

transforming mutations but obviates the

need to pay the fitness cost of ongoing

instability.

This work raises a host of interesting

biological and mechanistic questions.

First: if nascent tumor cells go through

a genome doubling, at what point in

tumor development does that occur?

Recent work by Carter et al. (2012) took

a computational approach to analyze

DNA copy number data from a huge

number of tumors. This study confirms

that genome doublings and near-tetra-

ploid genomes are remarkably common.
21, June 12, 2012 ª2012 Elsevier Inc. 713



Figure 1. Telomere Dysfunction Promotes Tetraploidy
(A) Endoreduplication after prolonged DNA damage of p53 deficient cells. Telomere dysfunction, or other persistent DNA damage, generates a DNA damage
response that arrests p53 deficient cells in theG2 phase of the cell cycle. After a prolonged arrest, diploid (2N) cells degrade the DNA replication inhibitor geminin,
license DNA replication origins, and start a new round of DNA synthesis without enteringmitosis. The resultant tetraploid cells survive and proliferate if telomerase
is re-expressed. This tetraploid clone can promote tumorigenesis and often evolves to a subtetraploid karyotype.
(B) Tetraploidization after cytokinesis failure. In the setting of deprotected telomeres, cells can develop telomere end-to-end fusions. This generates dicentric
chromosomes and initiates chromosome breakage-fusion-bridge cycles. The dicentric chromosomes generated by this mechanism can result in chromatin trap-
ped at the cleavage furrow and subsequent failure of cytokinesis. Both mechanisms of tetraploidization result in centrosome amplification and additional chro-
mosomal instability.
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However, their data suggest that genome

doublings often occur relatively late, after

the acquisition of other chromosome

aneuploidies. This is perhaps not that

surprising given the need for p53 loss

to enable the proliferation of polyploid

cells. Also, polyploidy need not always

be integral to tumor development; in

some circumstances, it may be con-

sequence rather than cause. Second:

what is the mechanism by which poly-

ploidy accelerates oncogenesis? Recent

work has revealed that errors in mitotis

can cause DNA damage and thus poten-

tially produce cancer-causing mutations

(Crasta et al., 2012; Janssen et al.,

2011). Given that centrosome ampli-

fication is instrumental in driving the

instability of tetraploid cells (Ganem
714 Cancer Cell 21, June 12, 2012 ª2012 Els
et al., 2009), a parsimonious hypothesis

is that genome doublings may drive

tumor development in the old-fashioned

way—by generating mutations that acti-

vate oncogenes and inactivate tumor

suppressors.
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Pancreatic cancers are characterized by high levels of inflammatory cells and profound immune suppression.
In this issue of Cancer Cell, Bayne et al. and Pylayeva-Gupta et al. show that KRAS-driven, tumor cell-
secreted GM-CSF recruits myeloid-derived suppressor cells to the stroma to abrogate tumor cell immune
clearance by killer T lymphocytes.
Soldiers in the army of immune surveil-

lance may fight on the side of the host or

may be be co-opted to fight on the side

of the tumor. Host immune surveillance

is thought to be important to limit both

cancer development and cancer pro-

gression (Schreiber et al., 2011), whereas

failure may be due to a countervailing

local immunosuppression mediated by

the tumor.

Pancreatic ductal adenocarcinomas

(PDA or PDAC) are among the deadliest

cancers, notable for their aggressive-

ness, profound immunosuppression,

and remarkable degree of desmoplasia

surrounding the nests of ductal epithelial

cells (Clark et al., 2007). Tumor cells are

encased in a high-pressure, fibrous

stromal mass composed of a dense

extracellular matrix and of fibroblasts,

pancreatic stellate cells, endothelial cells,

nerve cells, and large numbers of inflam-

matory cells, especially of immature

myeloid lineages. This intricate stromal

remodeling in PDAC is also distinguished

by the conspicuous absence of T

lymphocytes.

Inflammation leading to PDAC desmo-

plasia depends on paracrine signals

produced by neoplastic epithelial cells,

a process largely driven by oncogenic

KRAS, which is mutated in essentially all

human PDAC (Jones et al., 2008). Indeed,

acute loss of mutant KRAS in established

pancreatic tumors results in rapid quies-

cence and involution of pancreatic tumor

stroma (Collins et al., 2012). Hedgehog

signaling is known to promote fibroblast

proliferation in pancreatic tumors, but

the signals for other cell types have not
been well established. Two new studies

provide some answers to this critical

question.

In this issue of Cancer Cell, Bayne et al.

(2012) sought to determine which signals

lead to the accumulation in PDAC

of myeloid-derived suppressor cells

(MDSCs), the immature myeloid cells

that are characterized by Gr1+CD11b+

markers and are thought to play a key

immunosuppressive role in this tumor

type (Ostrand-Rosenberg and Sinha,

2009). Pylayeva-Gupta et al. (2012), also

in this issue of Cancer Cell, asked which

early changes in pancreata harboring

oncogenically mutated KRAS drive

initiation of the desmoplastic stromal

response. Both groups of researchers

have applied neutralizing antibodies and

short hairpin (sh) RNAs to systematically

test the requirements for candidates

in PDAC stromal responses, using cell

culture, mouse models, and human

PDAC samples. Their investigations led

to the identification of a paracrine circuit

in PDAC, based on the pro-inflammatory

cytokine GM-CSF secreted by tumor

cells, that engages stromal myeloid cells

to exert an immunosuppressive effect on

local killer T cells (Figure 1) (Bayne et al.,

2012; Pylayeva-Gupta et al., 2012).

Several themes emerged from these

investigations: (1) a key role for KRAS

in driving the inflammatory tumor micro-

environment, beginning early in pancre-

atic intraepithelial neoplasia (PanIN)

development and continuing through

frank carcinoma; (2) the critical and sur-

prisingly specific importance of GM-

CSF; (3) the dependence of both
Cancer Cell
emerging and established PDAC on GM-

CSF-responsive MDSCs recruited to the

pancreatic stroma; and (4) the failure of

CD8 cytotoxic T cell immunity unless

either GM-CSF or MDSCs was disrupted.

An important strength of these com-

plementary reports is their use of geneti-

cally engineered mouse strains that

express the oncogenic KRASG12D from

the endogenous KRAS locus specifically

in the pancreas (Hingorani et al., 2005).

Pylayeva-Gupta et al. (2012) isolated

primary pancreatic ductal epithelial cells

(PDECs) from such mice and compared

the secretion of cytokines before and

after the expression of KRASG12D

in vitro. They also generated orthotopic

allografts by injecting KRASG12D or

wild-type PDECs into the pancreata of

syngeneic hosts. This model is particu-

larly suitable for studying the early

pancreatic lesions known as PanINs,

and this group used it to interrogate

how initial immune responses to KRAS

activation enable nascent tumors to

proliferate and survive. In contrast, Bayne

et al. (2012) allowed tumor formation to

occur spontaneously in the ‘‘KPC’’ mouse

model, in which both KRASG12D and the

p53 mutant Tp53R172H were expressed

(Hingorani et al., 2005). This model faith-

fully recapitulates the pathophysiological

characteristics of different stages of

human PDAC. Bayne et al. (2012) used

this model to identify inflammatory cyto-

kines upregulated during tumor pro-

gression and to determine the origin

of MDSCs and their importance in nega-

tive regulation of local T cell immunity

in established PDAC tumors. Crucially,
21, June 12, 2012 ª2012 Elsevier Inc. 715
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Figure 1. Tumor Cell-Derived GM-CSF Drives Immune Suppression
in Pancreatic Cancer
Oncogenically activated KRAS (*KRAS) expressed in pancreatic ductal epithe-
lial cells (PDECs) reprograms the tumor microenvironment by directing tran-
scription of the inflammatory cytokine GM-CSF. Tumor-derived GM-CSF
promotes recruitment of myeloid progenitor cells to the surrounding stroma
and subsequent differentiation into myeloid-derived suppressor cells
(MDSCs). MDSCs suppress the immune surveillance function of CD8+ killer
T cells, preventing them from recognizing and clearing transformed PDECs.
Arg, arginase; iNOS, inducible nitric oxide synthase. Both Arg and iNOS
have been linked with immunosuppressive capabilities of MDSCs.
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both approaches maintain

an intact immune system,

without which these studies

would not have been

possible.

Which inflammatory cyto-

kines are secreted in KRAS-

driven PDAC? Surprisingly,

only GM-CSF was consis-

tently upregulated in tumor

cells and tumors from both

KRAS-driven models, but

not in PDEC that lacked

KRASG12D or in normal pan-

creatic duct cells. GM-CSF

was also upregulated in con-

ditioned medium from KPC-

derived PDAC and in human

tumor samples, where its

expression was detected

by immunohistochemistry in

the vast majority of PanINs

and PDAC. Lineage marking

of the pancreatic epithelial

compartment in KPC mice

demonstrated conclusively
that cells of epithelial but not stromal

origin elaborated GM-CSF (Bayne et al.,

2012). Near-complete abrogation of

GM-CSF mRNA upon pharmacological

inhibition of MEK or PI3K in KRAS-

PDEC demonstrated that the Ras/MAPK

and PI3K effector pathways regulate

GM-CSF in these cells at the level

of transcription (Pylayeva-Gupta et al.,

2012).

How do we know that KRAS-mediated

escape from T cell immunity is impor-

tant? First, no CD8 T cells were present

in nascent orthotopic tumors established

from KRASG12D-PDECs, whereas tumors

established from shKRASG12D-PDECs

displayed a CD8 cell infiltrate and under-

went apoptosis at 2 weeks after implant

(Pylayeva-Gupta et al., 2012). These

results suggest that CD8 cytotoxic

T cells can recognize and clear incipient

PDAC tumors, but that KRAS signaling

is able to overcome that clearance.

The extensive secretion of GM-CSF

suggested that this cytokine plays a

central role: disrupting GM-CSF se-

cretion or neutralizing its activity in-

hibited tumor growth and maintenance.

Conversely, depleting CD8 could res-

cue tumor growth impaired by loss of

GM-CSF.

What are the origins of myeloid-derived

immune suppressor cells in PDAC? The
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growth of KPC-derived PDAC was

dependent upon Gr1+CD11b+ cells,

which showed hallmarks of MDSCs,

namely increased levels of arginase

and iNOS (Bayne et al., 2012). iNOS

played an important role in suppressing

antigen-specific proliferation of T cells.

The MDSCs were derived from c-kit+

splenic precursors (Bayne et al., 2012),

which proliferated and differentiated

in response to conditioned medium

from PDAC cells or to GM-CSF. Their

maturation from bone marrow-derived

Gr1�CD11b� cells, recruitment, and

immune-suppressing ability required

GM-CSF. Collectively, these results

support the existence and importance of

a GM-CSF-driven paracrine immune

suppression circuit in PDAC.

Many complexities remain to be

unraveled. Which subcategory of Gr1+

CD11b+ MDSCs are these? How do

MDSCs block CD8+ cell activity? What

antigen(s) do the successful CD8+ killer

cells recognize on pancreatic precursor

lesions and carcinomas? What dictates

the selective upregulation and impor-

tance of GM-CSF seen here? GM-CSF

is sufficient to elicit CD8 suppression by

Gr1+CD11b+ MDSCs in a non-PDAC

context (Bronte et al., 1999), yet KRAS

induction of other important growth

factors and inflammatory cytokines
evier Inc.
such as VEGF, IL-6, and IL-

1beta also can regulate these

cells. In what context does

the GM-CSF axis interact

with other KRAS-driven

inflammatory pathways such

as STAT3/MMP7 or PI3K/

STAT3/SOCS? Should GM-

CSF be used for KRAS

vaccines in PDAC (Abou-

Alfa et al., 2011)? How can

KRAS-driven GM-CSF be

downregulated? Are trans-

plant recipients with chronic

pancreatitis or cancer pa-

tients on chemotherapy at

greater risk for PDAC if they

also receive GM-CSF?

The great Yogi Berra

famously said, ‘‘When you

come to a fork in the road,

take it.’’ The winning side of

the war on pancreatic cancer

may be determined in part

by fork control: whether

CD8 soldiers are battling for
the host or are run off the battlefield by

the tumor.
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In an effort to identify the consequences of complete DICER1 loss in tumorigenesis, in this issue of
Cancer Cell, Ravi et al. characterize the effects of homozygous deletion of Dicer1. Using an in vivo mouse
model, they show that genetic deletion of Dicer1 does not preclude tumor formation.
MicroRNAs (miRNAs) are small non-

coding RNAs that inhibit gene expression

at the posttranscriptional level. miRNAs

are synthesized in the nucleus by RNA

polymerase II as long primary transcripts,

termed primary miRNAs (pri-miRNAs).

They are subsequently cleaved by

DROSHA to release hairpin-shaped pre-

cursors of 70–90 nucleotides (nt) in length

(pre-miRNAs). These are transported by

Ran-GTP/EXPORTIN-5 (XPO5) to the

cytoplasm, where DICER1 processes

them to yield a 19–22 nt-long duplex.

One strand of the duplex is loaded into

the RNA-induced silencing complex

(RISC), which delivers mature miRNAs to

their mRNA targets. TARBP2, an RNA-

binding protein that forms a complex

with DICER, acts as a biosensor selecting

the miRNA to be loaded into the RISC

complex. It has been predicted that miR-

NAs regulate the translation rate of about

half of all protein-coding genes, so their

role in most biological processes, includ-

ing development, metabolism, cell prolif-

eration, differentiation, and apoptosis,

is now well-recognized. For this reason,

it is not surprising that deregulation of

miRNA levels has been associated with

tumorigenesis.

Although both tumor suppressor and

oncogenic miRNAs have been described,

the global downregulation of miRNAs

is emerging as a common hallmark of

cancer. Recent studies have highlighted

possible mechanisms, including epige-

netic and genetic events, which could

explain this decrease in miRNAs in

tumors. In the same way as previously

described for protein-coding genes, sev-

eral studies have identified CpG island

promoter hypermethylation-associated
epigenetic silencing as a common mech-

anism for miRNA repression in cancer

(Saito et al., 2006; Lujambio et al., 2007;

Davalos et al., 2012).

On the other hand, tumor-specific

genetic defects in genes encoding mem-

bers of themiRNA-processingmachinery,

such as TARBP2, XPO5, and DICER1,

have been described. Truncating muta-

tions in TARBP2, associated with destabi-

lization of the DICER1 protein and conse-

quent impairment of miRNA processing,

have been identified in sporadic and

hereditary carcinomas with microsatellite

instability (MSI) (Melo et al., 2009). Also,

in a subset of human tumors with MSI,

XPO5-inactivating mutations that cause

trapping of pre-miRNAs in the nucleus

and impair the production of mature

miRNAs have been detected in cancer

cells (Melo et al., 2010). In the case of

DICER1, heterozygous germline trun-

cating mutations have been identified

in families with the pleuropulmonary

blastoma-inherited cancer syndrome (Hill

et al., 2009) and hypomorphic somatic

missense mutations have been detected

in non-epithelial ovarian tumors (Heravi-

Moussavi et al., 2012). However, the

complete loss of DICER1 has not been

reported. This fact and evidence from

mouse models have led to the suggestion

that total DICER1 depletion could be

deleterious to tumor development.

In an effort to identify the conse-

quences of complete DICER1 loss in

tumorigenesis, Ravi et al. (2012 [in this

issue of Cancer Cell]) characterize the

effects of homozygous deletion of Dicer1

using two cellular models:Dicer1 null cells

derived from a mouse sarcoma and those

established from murine mesenchymal
Cancer Cell
stem cells (MSCs) (Figure 1). To ensure

accurate assessment, while preventing

competition from cells that retain Dicer1,

clonal isolation of Dicer1�/� cells was

compulsory in both cases, since pre-

ferential outgrowth of heterozygous

DICER1-expressing cells was detected

after multiple passages. In comparison

with parental heterozygous Dicerf/- cells,

monoclonal homozygous Dicer1�/� cells

derived from both models exhibited a

global loss of mature miRNAs, a concom-

itant accumulation of precursors, dere-

pression of miRNA luciferase reporters,

proliferative lag, delayed exit from G1

phase of the cell cycle, and higher levels

of basal apoptosis.

Having confirmed the tolerance of

Dicer1 depletion in vitro, to address the

main issue at hand—the role of DICER1

in tumorigenesis—Ravi and coworkers

developed an in vivo mouse model.

Dicer1�/� sarcoma cells were injected

into both immune-compromised and

immunocompetent mice. In view of the

growth disadvantage of Dicer1 null cells

relative to those retaining Dicer1 expres-

sion detected in vitro, the authors accu-

rately confirmed that the tumors were

composed predominantly of Dicer1�/�

cells. Strikingly, the experiments revealed

that genetic ablation of DICER1 impaired

but did not preclude tumor formation.

Dicer1�/� sarcoma cells did retain their

in vivo tumorigenicity, albeit at lower rates

than Dicer1f/-.

Considering previous publications and

the apparently contrasting results ob-

tained from other mouse models, one of

the main findings of this study is the

detection of the selective growth advan-

tage of Dicer1-expressing cells over
21, June 12, 2012 ª2012 Elsevier Inc. 717
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Figure 1. Characterization of the Effects of Homozygous Deletion of Dicer1 Using a Murine Sarcoma Model
Dicer1-heterozygous sarcoma tumors were generated after hindlimb injection of Adeno-cre virus inKrasLSL-G12D/+;Trp53f/f;Dicer1f/fmice. Sarcoma cell lines were
established and clones were isolated following Cre-ER integration and tamoxifen treatment. In comparison with parental heterozygous Dicerf/- cells, monoclonal
homozygousDicer1�/� cells exhibited a global loss of maturemiRNAswith concomitant accumulation of precursors, proliferative lag, delayed exit fromG1 phase
of the cell cycle, and higher levels of basal apoptosis. Next, Dicerf/- or Dicer1�/� sarcoma cells were injected in the flanks of immunocompromised and immu-
nocompetent mice. Although at slower rates relative to Dicer1f/-, Dicer1�/� sarcoma cells retained their tumorigenicity in vivo.
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Dicer1 null cells. A significant advance in

our knowledge about DICER1’s role in

cancer has been achieved through the

use of clonally isolated Dicer1�/� cells in

the experiments described in this study.

Thus, the interpretations of previous

results, including those involving analyses

of tumor samples, should be reconsid-

ered since it is possible that subpopula-

tions exist with different proliferative rates

and because of the preferential outgrowth

of cells expressing Dicer1. Ravi et al.

(2012) present convincing evidence that

Dicer1�/� cells are able to survive, prolif-

erate without recovery of miRNA process-

ing, and form tumors in mice. However,

the occurrence of homozygous mutations

in nature remains to be demonstrated, so

the conclusions drawn from Dicer1�/�

models must be considered cautiously.

In addition, the experiments of Ravi

et al. (2012) are limited to mesenchymal

settings (sarcoma and MSCs), so their
718 Cancer Cell 21, June 12, 2012 ª2012 Els
confirmation in other cell models is imper-

ative, especially given the epithelial origin

of most human tumors.

Certainly, however, the experimental

models developed by Ravi et al. (2012)

are a valuable tool for expanding our

knowledge about the function of the

miRNA processing pathway in the context

of cancer. Consistent with previous find-

ings from other genes of the miRNA

pathway that show cancer-related loss-

of-function mutations (Melo et al., 2009,

2010), as well as the well-recognized

global downregulation of miRNAs in

tumors, this study firmly supports the

tumor suppressor role of the miRNA

machinery. In this scenario, restoration of

normalmiRNA levels represents an attrac-

tive approach in cancer therapy. A new

‘‘miRNAome-based’’ strategy has been

suggested, involving the use of the small

molecule enoxacin. Proof-of-principle

studies in human cancer cell lines and
evier Inc.
xenografted primary tumors have shown

the powerful cancer-specific growth-

inhibitory effect of this drug, mediated by

the TARBP2-dependent restoration of the

expression of tumor suppressor miRNAs

(Melo et al., 2011). The global activation

of miRNA processing by DICER1 stabili-

zation with enoxacin has also been con-

firmed in neurons (Huang et al., 2012). The

tumor suppressor role of miRNAs them-

selves and genes encoding members of

the miRNA processing machinery war-

rants intensive research addressing the

pharmacological approaches required to

restore the global miRNAome in cancer.
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Recently reporting in Nature, Barber et al. demonstrated that SIRT7 maintains critical features that define
cancer cells by removing the acetylation mark on lysine 18 of histone H3. Interestingly, hypoacetylation of
H3K18 has been described as a general marker of tumor prognosis and oncoviral transformation.
Sirtuins are NAD+-dependent deacety-

lases that target histone and non-histone

proteins and are major factors in the

response to oxidative, metabolic, and

genotoxic stresses. Their responses are

global and occur at many different levels;

consequently, Sirtuins are at the cross-

roads among the foremost pathways

that control cellular fate, including those

for survival, genomic stability, apoptosis,

and energy or metabolic adaptation. The

importance of Sirtuins is reflected by

their implication in several major human

pathologies, including cancer, diabetes,

cardiovascular diseases and neurode-

generative diseases (Bosch-Presegué

and Vaquero, 2011).

Mammals have seven Sirtuins (denoted

SIRT1–7) that have considerably different

functions and catalytic activities. SIRT7

has been one of the most puzzling

Sirtuins. Although researchers had clearly

identified SIRT7 in chromatin, they had

not found any clear catalytic activity or

target specificity for it. The only target

that had been proposed for SIRT7 was

p53, but this is currently under debate.

Evidence has supported a crucial role
for SIRT7 in oxidative and genotoxic

stress response. Homozygous knockout

of Sirt7 in mice causes diminished life-

span and leads to heart hypertrophy

and inflammatory cardiopathy. Cardio-

myocytes derived from these mice show

increased apoptosis as well as hyper-

sensitivity to oxidative and genotoxic

stress. However, other than an ill-defined

functional relationship between SIRT7

and p53 activity, no clear molecular ex-

planation has been determined for these

phenomena (Vakhrusheva et al., 2008b).

Another reported role for SIRT7 is in

the control of ribosomal RNA (rRNA)

expression. SIRT7 localizes mainly in the

nucleolus, where it binds to the rRNA

genes (rDNA) and participates in activa-

tion of RNA-polymerase I (pol-I) transcrip-

tion (Figure 1A). Although this function

apparently depends on SIRT7 having an

intact ‘‘catalytic domain’’ (defined by

homology to other Sirtuins), no mecha-

nism has been described (Ford et al.,

2006). However, some evidence suggests

that this SIRT7 function may be specific

to certain cell types (Vakhrusheva et al.,

2008b; Barber et al., 2012). Interestingly,
SIRT7 is relevant for the reactivation of

rDNA transcription at the end of mitosis.

Although the exact mechanism of SIRT7

action here is unknown, its interactions

with the poI-I cofactors UBF and chro-

matin remodeling complex B-WICH have

been described (Grob et al., 2009). Based

on these findings and that SIRT7 is more

abundant in highly proliferative tissues

than in lowly proliferative tissues, a role

for SIRT7 as a principal activator of prolif-

eration has been proposed. On the

contrary, other findings have suggested

that SIRT7 may inhibit proliferation (Ford

et al., 2006; Vakhrusheva et al., 2008a).

This discrepancy has been a subject of

controversy until now.

A recent report in Nature by Barber

et al. (2012) represents a major break-

through in SIRT7 research and redefines

our view on the role of Sirtuins in cancer.

The authors discovered a specific target

of SIRT7 and identified a crucial role for

SIRT7 in the maintenance of cancer

phenotype and transformation. They

found that SIRT7 is specific for a single

histone mark, acetylated lysine 18 in

histone H3 (H3K18Ac), directly linked to
21, June 12, 2012 ª2012 Elsevier Inc. 719
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Figure 1. SIRT7 Modulates Protein Biosynthesis and Maintains Tumor Phenotype through
H3K18Ac Deacetylation
(A) SIRT7 is involved in the transcription of rDNA by RNA-polymerase I (pol-I) through its catalytical activity
of an undescribed substrate. For this function, SIRT7 has been shown to interact with the pol-I cofactor
UBF and the UBF-binding chromatin remodeling complex B-WICH.
(B) SIRT7 represses the transcription of 241 genes, many of which are involved in protein synthesis,
through deacetylation of H3K18Ac in these promoters.
(C) SIRT7 is responsible for tumor phenotype maintenance and proliferation through deacetylation of
H3K18Ac. Depletion of SIRT7 inhibits tumor growth in vivo.
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control of gene expression. Interestingly,

H3K18Ac is mainly present in a sharp

peak around the transcription start site

of genes and has been linked to activa-

tion of nuclear hormone receptors

(Wang et al., 2008). Moreover, H3K18

hypoacetylation has been reported as

a marker of malignancy in various human

cancers (Seligson et al., 2009) and has

been linked to the ability of the adeno-

virus small early region 1a (e1a) protein

to trigger oncogenic transformation (Fer-

rari et al., 2008; Horwitz et al., 2008).
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Barber et al. (2012) performed ChIP

sequencing experiments and identified

276 binding sites for SIRT7 in the

genome, corresponding to 241 protein-

coding genes. In 74% of these genes,

SIRT7 was mainly present in the pro-

moter proximal regions where it directly

regulated the H3K18Ac level. Among

the most represented genes regulated

by SIRT7 through H3K18 deacetylation

were those involved in different stages

of regulation of protein biosynthesis,

including RNA processing and protein
evier Inc.
translation (Figure 1B). Interestingly,

the expression of many of these genes

is deregulated in various cancers. A limi-

tation of this study is that binding of

SIRT7 to rDNA sites was not determined

in this approach, as repetitive DNA

sequences are not easily processed in

ChIP-seq analysis. Sequence analysis

of SIRT7-occupied promoters led to

identification of ELK4, a MAPK-signaling

dependent ETS transcription factor,

as a partner of SIRT7. Almost 60% of

the SIRT7-binding sites contain ELK4-

binding motifs, and ELK4 depletion

decreases the binding of SIRT7 at these

promoters.

How this repressive regulatory func-

tion of SIRT7 in protein biosynthesis

reconciles with a proactive role in

rDNA transcription activation should be

determined in the future; the mechanism

involved in rDNA transcription is likely

distinct to that of H3K18Ac deacetylation.

Whether both events occur simulta-

neously or under different physiological

conditions (e.g., stress or tumorigenesis)

also remains to be addressed.

The ChIP-seq results of Barber et al.

(2012) and the previously known link

between H3K18Ac and cancer together

corroborate an important role for SIRT7

in tumorigenesis. Consistent with this

premise, SIRT7 has been reported to be

upregulated in breast and thyroid

cancers (Bosch-Presegué and Vaquero,

2011). Based on these findings, Barber

et al. (2012) show that SIRT7 enzymatic

activity is responsible for maintaining

some of the most important features

of human cancer cells, such as

anchorage-independent growth, growth

in low serum, and loss of contact inhi-

bition. Importantly, depletion of SIRT7

inhibited the growth of human cancer

cells as tumor xenografts in mice

(Figure 1C). Interestingly, SIRT7 is also

required for transformation by e1a and

is responsible for the H3K18 hypoacety-

lation observed upon transformation.

Given the limited number of SIRT7-regu-

lated genes, it is possible that a small

pool of genes is involved in the pro-

tumorigenic function of SIRT7. In the

case of e1a transformation, SIRT7 may

undergo specific relocalization. Future

studies should be able to clarify this

issue and identify these genes.

The work of Barber et al. (2012)

is a significant advance toward
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understanding the implication of Sirtuins

in cancer, a rather complicated subject.

To date, Sirtuins have only been linked

to cancer as collateral factors, rather

than as direct effectors. They may help

modulate various pathways that could

favor or disfavor tumor development ac-

cording to physiological context. Inter-

estingly, SIRT7 is not actively involved

in establishing cancer phenotype, but it

is fundamental for maintaining this

phenotype (Barber et al., 2012). Thus, it

would be interesting to determine

whether Sirt7 knockout mice are more

resistant to tumorigenesis. Whether this

function stems from a specific role of

SIRT7 in promoting tumor proliferation

or is related to the functions of other

Sirtuins, remains an open question. The

relationship of this SIRT7 function to

stress response and the context of this

relationship are also unknown. The

answer probably lies in the control of

protein biosynthesis, as metabolic and
energetic stress induce blockage of ribo-

some production and alterations in these

processes are linked to tumorigenesis

and aging.

In the light of the report by Barber

et al. (2012), we speculate that develop-

ment of specific modulators of SIRT7

may be crucial for helping control tumor

progression or even for reversing cancer

phenotype. Answering these questions

should prove to be an exciting challenge

in the future. Regardless, this work has

made it clear that when it comes to

cancer, Sirtuins are here to stay.
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SUMMARY
Knowledge of oncogenic mutations can inspire therapeutic strategies that are synthetically lethal, affecting
cancer cells while sparing normal cells. Lenalidomide is an active agent in the activated B cell-like (ABC)
subtype of diffuse large B cell lymphoma (DLBCL), but its mechanism of action is unknown. Lenalidomide
kills ABC DLBCL cells by augmenting interferon b (IFNb) production, owing to the oncogenic MYD88 muta-
tions in these lymphomas. In a cereblon-dependent fashion, lenalidomide downregulates IRF4 and SPIB,
transcription factors that together prevent IFNb production by repressing IRF7 and amplify prosurvival
NF-kB signaling by transactivating CARD11. Blockade of B cell receptor signaling using the BTK inhibitor
ibrutinib also downregulates IRF4 and consequently synergizes with lenalidomide in killing ABC DLBCLs,
suggesting attractive therapeutic strategies.
INTRODUCTION

The activated B cell-like (ABC) subtype of diffuse large B cell

lymphoma (DLBCL) is much less curable than the other common

DLBCL subtypes—germinal center B cell-like (GCB DLBCL) and

primary mediastinal B cell lymphoma (PMBL)—necessitating

new therapeutic strategies (Alizadeh et al., 2000; Lenz et al.,

2008b; Rosenwald et al., 2002, 2003). ABC DLBCL tumors

have constitutive NF-kB activity, which maintains their viability

(Davis et al., 2001). Additionally, NF-kB induces expression of

IRF4 (Davis et al., 2001; Saito et al., 2007), a key transcription

factor in B cell differentiation and activation (Shaffer et al.,
Significance

New therapies are needed for the activated B cell-like (ABC) s
refractory subtype of this lymphoma. Oncogenic mutations
engaging NF-kB and IFNb signaling. Lenalidomide, a drug sh
inducing IFNb and blocking NF-kB. Lenalidomide antagoniz
transcription factors IRF4 and SPIB, which together suppres
to NF-kB induces IRF4 expression in ABC DLBCL. Inhibition
lenalidomide to block IRF4 and kill ABC DLBCL cells, supporti
2009). IRF4 binds to a 10-base-pair motif, termed the ETS/IRF

composite element (EICE) (Kanno et al., 2005; Marecki and

Fenton, 2000), in conjunction with one of two highly homologous

ETS-family transcription factors, PU.1 and SPIB (Brass et al.,

1996; Eisenbeis et al., 1995; Shaffer et al., 1997). SPIB is required

for the survival of ABC DLBCL lines and is recurrently amplified

and occasionally translocated in ABC DLBCL, suggesting an

oncogenic function (Lenz et al., 2007, 2008c). IRF4 is required

for the survival of multiple myeloma cells, but its role in ABC

DLBCL has not been addressed (Shaffer et al., 2008).

The molecular basis for constitutive NF-kB activation in ABC

DLBCLwas elucidated using functional and structural genomics.
ubtype of diffuse large B cell lymphoma (DLBCL), the most
activate the BCR and MYD88 pathways in ABC DLBCL,
owing clinical activity against DLBCL, kills ABC DLBCLs by
es a central regulatory hub in ABC DLBCL governed by
s IFNb while augmenting NF-kB. Oncogenic BCR signaling
of BCR signaling with the drug ibrutinib synergizes with

ng clinical trials of this synthetically lethal drug combination.
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Figure 1. Lenalidomide Induces a Toxic Type I Interferon Response in ABC DLBCL

(A) Viability (MTS assay) of ABC and GCB DLBCL cell lines treated with lenalidomide for 4 days. Error bars show the SEM of triplicates.

(B) Relative expression of interferon signature genes over a time course of lenalidomide (10 mM) treatment. Gene-expression changes induced by lenalidomide

are depicted according to the color scale shown. Average relative expression of interferon signature genes is at the bottom. Yellow bars, genes with overlapping

IRF4/SPIB ChIP-seq peaks.
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Following BCR engagement, the signaling adaptor CARD11

coordinates the activation of IkB kinase (IKK), a key regulator

of NF-kB signaling (Thome et al., 2010). CARD11 is required

for NF-kB activity and viability of ABC DLBCL lines (Ngo et al.,

2006), and in �10% of ABC DLBCLs, CARD11 acquires onco-

genic mutations leading to spontaneous IKK and NF-kB activity

(Lenz et al., 2008a). In other DLBCLs, BCR signaling engages

wild-type CARD11 to activate NF-kB, a phenomenon termed

chronic active BCR signaling (Davis et al., 2010). More than

20% of ABC DLBCL tumors have mutant forms of the CD79B

and CD79A subunits of the BCR that augment receptor

signaling, establishing the pathogenetic importance of the BCR

pathway in ABC DLBCL (Davis et al., 2010).

The survival of ABC DLBCL lines also depends upon MYD88,

a key adaptor in Toll-like receptor signaling (Ngo et al., 2011).

Oncogenic gain-of-function mutations in MYD88 are among

the most recurrent genetic aberrations in ABC DLBCL (Ngo

et al., 2011). MYD88 promotes NF-kB and JAK/STAT3 signaling,

thereby sustaining ABC DLBCL viability. Additionally, MYD88

mutants induce interferon b (IFNb) production and autocrine

type I interferon signaling, which paradoxically promotes cell-

cycle arrest and apoptosis (Stark et al., 1998).

New therapeutic strategies are being devised to exploit the

separate oncogenic mechanisms in the DLBCL subtypes. A

recent phase 2 clinical trial revealed that lenalidomide is an

active agent in relapsed/refractory DLBCL (Hernandez-Ilizaliturri

et al., 2011). Retrospective analysis showed a 55% response

rate in non-GCB DLBCL (including ABC DLBCL cases) com-

pared with a 9% response rate in GCB DLBCL. More than half

of the responses in non-GCB DLBCL were complete, extending

the progression-free survival of this cohort, although overall

survival remained unchanged. In the present study, we investi-

gated the molecular mechanisms underlying the toxicity of

lenalidomide for ABC DLBCL cells in order to design rational

strategies to optimize its therapeutic effect.

RESULTS

Lenalidomide Induces a Lethal Type I Interferon
Response in ABC DLBCL
To understand the molecular basis for the efficacy and speci-

ficity of lenalidomide in treating lymphoma, we assessed its

effect on the viability of cell line models of DLBCL. Lenalidomide

treatment was toxic to most ABC DLBCL cell lines, whereas

most GCB DLBCL lines were unaffected (Figure 1A). To in-

vestigate the mechanisms of this toxicity, we profiled gene-

expression changes in ABC DLBCL lines upon exposure to

lenalidomide (Figure 1B). Lenalidomide increased the expression
(C and D) IFNb mRNA expression and secretion in lenalidomide-treated (10 mM)

(E) Activity of an ISRE-driven luciferase reporter in cells treated with lenalidomide

SEM of triplicates.

(F) Western blot analysis of the indicated proteins in lenalidomide-treated (10 mM

(G) Viability (MTS assay) of DLBCL cells treated with the indicated amount of hu

(H) Measurement of viability (MTS assay; right) and apoptosis (PARP cleavage an

compounds (DMSO or isotype-matched antibody), lenalidomide (1 mM), or lenalid

show the SEM of triplicates.

(I) Viability (MTS assay) of OCI-Ly10 ABC DLBCL cells in which the indicated shR

indicated, for 4 days. Error bars show the SEM of triplicates.

See also Figure S1 and Table S1.
of 476 genes and reduced the expression of 272 genes (Tables

S1F and S1G, available online). To gain biological insight into

these lenalidomide-responsive genes, we used a database of

gene-expression signatures that reflect signaling and regulatory

processes in normal and malignant cells (Shaffer et al., 2006).

The most consistent signatures upregulated by lenalidomide

were those associated with the type I interferon response

(Table S1A; Figure 1B). Conversely, signatures of NF-kB, JAK,

and MYD88 signaling were downregulated by lenalidomide

(Table S1B), suggesting that blockade of these prosurvival path-

ways contributes to lenalidomide toxicity (see below).

Lenalidomide increased interferon b (IFNb) mRNA expression

and protein secretion in themajority of ABC DLBCL lines, but not

in most other DLBCL lines (Figures 1B–1D). In ABC DLBCL lines,

lenalidomide activated a reporter gene driven by an interferon-

stimulated response element (ISRE), which did not occur in

GCB DLBCL lines, even though they respond to exogenously

added interferon (Figures 1E and S1B). Moreover, the drug

induced phosphorylation of TYK2, a JAK-family kinase associ-

ated with the type I interferon receptor, and STAT1, a transcrip-

tion factor that is phosphorylated by TYK2 (Figure 1F).

Addition of IFNb to cultures of ABC DLBCL lines induced cell

death, with a potency that paralleled the effect of lenalidomide,

suggesting that IFNb might contribute to lenalidomide toxicity

(Figures 1G and S1A). Indeed, antibodies against the interferon

a/b receptor chain 2 (anti-IFNAR2) or IFNb inhibited lenalido-

mide-induced death (Figure 1H). Likewise, silencing of the

interferon a/b receptor chain 1 (IFNAR1) or TYK2 by RNA interfer-

ence reduced lenalidomide toxicity (Figures 1I, S1C, and S1I).

Moreover, lenalidomide-induced STAT1 phosphorylation was

blunted by anti-IFNAR2 antibodies or by IFNAR1 knockdown

(Figure S1D).

Apoptosis induced by interferon is associatedwith induction of

TRAIL (Oshima et al., 2001; Ucur et al., 2003). TRAIL (TNFSF10)

mRNA and protein levels were increased by lenalidomide in ABC

DLBCL cells and anti-IFNAR2 antibodies blocked this induction

(Figures 1B and S1E–S1G). Anti-TRAIL antibodies partially

rescued ABC DLBCL cells from lenalidomide-induced death

(Figure S1H), suggesting that TRAIL induction contributes to

lenalidomide toxicity but is not the only cell-death mechanism

involved (see below).

The IRF4 and SPIB Regulatory Network in ABC DLBCL
In a separate initiative, we defined the gene network controlled

by the transcription factor IRF4, allowing us to appreciate

an unexpected regulatory connection between IRF4 and lenali-

domide. IRF4 expression is a hallmark of ABC DLBCL, sec-

ondary to the constitutive NF-kB activation and plasmacytic
cells. Error bars show the SEM of triplicates.

(10 mM) or vehicle control (DMSO) at the indicated times. Error bars show the

) ABC DLBCL cells.

man recombinant IFNb for 4 days. Error bars show the SEM of triplicates.

d caspase-3 activation by FACS; left) in ABC DLBCL cells treated with control

omide plus the indicated blocking antibodies (2.5 mg/ml) for 4 days. Error bars

NAs were induced for 2 days before treatment with DMSO or lenalidomide, as
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Figure 2. IRF4 and SPIB Are Required for ABC DLBCL Viability

(A) Toxicity of an IRF4 shRNA in a loss-of-function RNA interference screen of the indicated cell lines. Shown are the log2 ratios of shRNA abundance before

induction (uninduced d0) versus abundance after 21 days in culture (induced d21). shRPS13 targets ribosomal protein S13, an essential gene in all cell types. Error

bars show the SEM for quadriplicates.

(B) Viability of shIRF4+ (GFP+) cells over time after induction as a percentage of live shIRF4+ cells following shIRF4 induction relative to day 0. The number of

replicate infections is shown in parentheses. Error bars represent the SEM of replicates.

(C) Overlap of IRF4 ChIP-Seq peaks in ABCDLBCL andmultiple myeloma, based on all peaks (left), genes with an IRF4 peak within ±2 kb of the TSS (middle), and

genes with an IRF4 peak in a region encompassing the gene body and 10 kb upstream of the TSS (right).

(D) Motif discovery using theWeeder andMEME algorithms based on the top 1,000 ABC DLBCL IRF4 ChIP-Seq peaks by sequence tag abundance. The highest

scoring motif is shown with core recognition motifs indicated.
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differentiation that characterizes this subtype (Alizadeh et al.,

2000; Lam et al., 2005; Saito et al., 2007; Wright et al., 2003).

Previously, we demonstrated that all multiple myeloma cell lines

depend on IRF4 for survival (Shaffer et al., 2008). In a focused

RNA interference screen, we observed that IRF4 knockdown

was toxic to both ABC DLBCL and multiple myeloma lines, but

not to a variety of other lymphoma and leukemia lines (Figure 2A;

Table S2A). However, all cell lines were killed comparably when

ribosomal or proteasomal proteins were knocked down. In

confirmatory experiments, induction of an IRF4 shRNA killed

ABC DLBCL and multiple myeloma cells in a time-dependent

fashion, but GCB DLBCL lines were not affected (Figure 2B; Fig-

ure S2H). The toxicity of the IRF4 shRNA was reversed by

ectopic expression of an IRF4 cDNA, confirming its specificity

(Figure S2A). IRF4 mRNA and protein levels were reduced by

�40%–60% by this shRNA, indicating that the ABC DLBCL lines

are sensitive to partial IRF4 knockdown (Figure S2B). The cell

cycle was not affected by IRF4 knockdown, but an increase in

cells with sub-G1 DNA content was evident, indicating cell death

(Figure S2C). IRF4 knockdown activated caspase-3, suggesting

that apoptosis was initiated (Figures S2D and S2E), but a

caspase inhibitor did not alter the kinetics of ABC DLBCL cell

death (Figures S2F and S2G), suggesting that nonapoptotic

cell-death mechanisms are also invoked (Shaffer et al., 2008).

To identify genes directly regulated by IRF4, we per-

formed chromatin immunoprecipitation (ChIP) followed by high

throughput DNA sequencing (ChIP-seq) in cell line models of

ABC DLBCL (HBL1) and multiple myeloma (KMS12), as well as

in a GCB DLBCL line that does not express IRF4 (OCI-Ly19).

We identified significant binding events (‘‘peaks’’; see Supple-

mental Experimental Procedures) in HBL1 and KMS12 that

were not present in OCI-Ly19 (Figure 2C), and observed that

IRF4 peaks were enriched near transcription start sites (TSSs)

of protein-coding genes (Figure S2I). We confirmed the presence

of 10 IRF4 binding sites in ABC DLBCL by conventional ChIP

(Figure S2J).

Among IRF4 peaks in the ABC DLBCL line, 3,673 (11%) coin-

cided with IRF4 peaks in the multiple myeloma line (Figure 2C).

We defined a ‘‘whole gene’’ window from �10kb relative to the

TSS and extending through the body of the gene, and observed

that 2,112 genes had IRF4 peaks within this window in both ABC

DLBCL and multiple myeloma (Figure 2C; Tables S2B and S2C).

However, a substantial fraction (>60%) of the IRF4 target genes

in these ABC DLBCL and multiple myeloma cell lines were

unique to each tumor. For example, we previously identified

a positive feedback loop between IRF4 and MYC in multiple

myeloma cells whereby each factor binds the other’s promoter

and drives expression (Shaffer et al., 2008). The IRF4 ChIP-Seq
(E) Enrichment for the EICEmotif in promoter-proximal peaks (±2 kb from the TSS)

a function of peak percentile, ranked by sequencing tag abundance.

(F) Overlap of IRF4 and SPIB ChIP-seq peaks in ABC DLBCL, as in (C).

(G) Crystal structure of the mouse IRF4 and PU.1 DNA binding domains interactin

IRF4 and SPIB.

(H) Rescue experiment showing the viability of the indicated cell lines bearing em

fraction of shIRF4+ (GFP+) cells at times following shIRF4 induction relative to d

(I) Rescue experiment as in (H) with cells bearing the indicated SPIB expression

(J) Viability (FACS for live cells) of the indicated cell lines expressing an induc

repressor+ cells relative to empty vector-bearing control cells, at various times f

See also Figure S2 and Table S2.
data confirmed IRF4 binding to the MYC locus in multiple

myeloma but not ABC DLBCL (Figure S2K), despite high MYC

expression in ABC DLBCL (Shaffer et al., 2006). IRF4 was itself

an IRF4 target gene in multiple myeloma, suggesting positive

autoregulation, but not in ABC DLBCL (Figure S2K). Conversely,

many genes, such as CD44 and CD40, were bound by IRF4 in

ABC DLBCL but not in multiple myeloma (Figure S2K). These

data suggest distinct IRF4 regulatory networks in these two

malignancies, but analysis of more cell lines will be needed to

fully elucidate these differences.

Using de novo DNA motif discovery algorithms, the most

common sequence in ABC DLBCL IRF4 peaks was an exact

match to the EICE motif (Figure 2D; Table S2D). IRF4 peaks in

multiple myeloma were enriched not for this motif but rather

for a direct repeat of an IRF binding site (GAAT(G/C)GAAT;

Table S2D). Among promoter-proximal peaks, EICE enrichment

steadily increased as a function of IRF4 peak intensity in ABC

DLBCL (p = 1.81E-24) and was located near the point of highest

ChIP-seq intensity within each peak (Figures 2E and S2L). These

data imply that IRF4 binds with an ETS family member to the

EICE motif in ABC DLBCL but relies on other mechanisms to

interact with its target genes in multiple myeloma.

IRF4 binds to the EICE motif with either PU.1 or SPIB, neither

of which is expressed inmyeloma cells. SPIB is characteristically

expressed in ABC DLBCL and can be further upregulated by

amplification or translocation of its genomic locus (Lenz et al.,

2007, 2008c). Given that ABC DLBCL lines require SPIB for

survival (Lenz et al., 2008c), we suspected that SPIB was the

relevant IRF4 binding partner in these cells. To perform ChIP-

seq for SPIB, we engineered the HBL1 ABC DLBCL line to

express biotinylated SPIB (SPIB biotag; see Experimental

Procedures). SPIB peaks were found preferentially near TSSs

in ABC DLBCL (Figure S2M), and were enriched for the ETS-

family DNA-binding motif (GGAA; Table S2D). SPIB and IRF4

peaks in ABC DLBCL overlapped 4.3-fold more often than ex-

pected by chance (p < 10E-300) (Figure 2F, Tables S2E and

S2F). EICE motifs within IRF4 and SPIB binding peaks were

enriched near TSSs (p = 1.91E-135) and their frequency

increased as a function of peak intensity (Figures 2E, S2L, and

S2M). Overlapping IRF4-SPIB peakswere present at 3610 genes

in ABC DLBCL, with 33% of those peaks containing at least one

EICE (Table S2F).

The dependence of ABC DLBCLs on IRF4 and SPIB predicted

that disruption of the IRF4-SPIB interaction would be deleterious

to ABC DLBCL viability. A crystal structure of the mouse IRF4

and PU.1 DNA binding domains bound to an EICE motif allowed

us to model the human IRF4-SPIB interaction (Escalante et al.,

2002a, 2002b). IRF4 contacts PU.1 across the DNA minor
based on IRF4 and SPIBChIP-Seq data in ABCDLBCL ormultiplemyeloma, as

g with an EICE, showing the interacting charged residues conserved in human

pty vector, wild-type IRF4, or mutant IRF4 expression vectors, plotted as the

ay 0.

vectors and an inducible SPIB-30UTR-targeted shRNA.

ible IRF4-SPIB chimeric repressor, plotted as a percentage of live chimeric

ollowing chimeric repressor induction.
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Figure 3. IRF4 Controls Essential Gene-Expression Programs in ABC DLBCL

(A) IRF4 direct target genes grouped according to gene-expression signatures (Shaffer et al., 2006). Signatures with significant enrichment for IRF4 targets were

grouped by function (Table S3A). Genes that are induced or repressed by IRF4 are indicated in green and red, respectively. Asterisks indicate genes with an

overlapping IRF4-SPIB ChIP-seq peak.

(B) ISRE-driven luciferase reporter activity in ABC DLBCL lines with control or IRF4 shRNAs after 2 days of induction and subsequent addition of IFNb (1,000 U).

Error bars show the SEM of triplicates.

See also Figure S3 and Table S3.
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groove via charged residues that are conserved in human

IRF4 (aspartic acid 117) and human SPIB (arginine 219 and

lysine 220) (Figure 2G). We generated IRF4 and SPIB mutants

to test whether this protein-protein interface is essential for

ABC DLBCL survival. As expected, ectopic expression of the

wild-type IRF4 coding region rescued ABC DLBCL and multiple

myeloma lines from the toxicity of a 30UTR-directed IRF4

shRNA, whereas an IRF4 DNA-binding mutant was inactive (Fig-

ure 2H). IRF4 interaction mutants with histidine or alanine at

position 117 were expressed as efficiently as wild-type IRF4

and were not toxic (data not shown), but did not sustain ABC

DLBCL viability (Figure 2H). By contrast, these mutants did

rescue multiple myeloma cells from IRF4 shRNA toxicity,

demonstrating that they are functional in this context. Wild-

type SPIB was able to rescue ABC DLBCL cells from SPIB

knockdown, but SPIB interaction mutants with alanine or glycine

substitutions at positions 219 and 220 were ineffective, while

being equivalently expressed and nontoxic (Figure 2I; data not

shown).

This mutational analysis indicated that the IRF4-SPIB interac-

tion is critical for ABC DLBCL viability. To test this further, we

created a fusion protein between the DNA binding domains of

IRF4 and SPIB based on previous work showing that an IRF4-

PU.1 fusion functions as a sequence-specific transcriptional

repressor (Brass et al., 1999). The IRF4-SPIB chimeric protein
728 Cancer Cell 21, 723–737, June 12, 2012 ª2012 Elsevier Inc.
was acutely toxic to ABC DLBCL but not to GCB DLBCL lines

(Figure 2J, and see below). This chimeric repressor was not toxic

to IRF4-dependent multiple myeloma lines, suggesting that it

specifically represses genes that require both IRF4 and SPIB

for expression.

Pathways Regulated by IRF4-SPIB in ABC DLBCL
To determine the nature of the genes and pathways controlled by

IRF4 and SPIB in ABC DLBCL, we profiled gene-expression

changes upon IRF4 knockdown, allowing us to define a set of

genes that were consistently downregulated (n = 435) or upregu-

lated (n = 410) (Tables S3G and S3H; Figure S3A). Many of these

genes were similarly regulated by SPIB and the chimeric IRF4-

SPIB repressor (Tables S3I, S3J, and S3K). For example, among

the downregulated genes, 46% and 42% also decreased in

expression following SPIB knockdown and IRF4-SPIB chimeric

repressor induction, respectively. Among IRF4-regulated genes,

we defined ‘‘direct targets’’ as those that had an IRF4 binding

peak within the whole-gene window specified above (Figure 2C).

Many IRF4 direct targets had overlapping IRF4-SPIB peaks

(Figure 3A).

Gene-expression signatures that were enriched among IRF4

targets were those that distinguish the DLBCL subtypes, charac-

terize hematopoietic differentiation states, or are regulated by

signaling pathways active in ABC DLBCL (Figure 3A; Table S3).
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Figure 4. Lenalidomide Toxicity in ABC DLBCL is Opposed by IRF4 and SPIB

(A and C) Western blot of IRF4, SPIB, and b-actin proteins in ABC DLBCL cell lines treated with lenalidomide (10 mM) over time.

(B and D) IRF4 and SPIBmRNA expression quantified byQ-PCR, normalized to b2-microglobulin (B2M) expression, in the ABCDLBCL line OCI-Ly10 treatedwith

lenalidomide (10 mM). Error bars show the SEM of triplicates.

(E and F) IFNbmRNA expression and protein secretion in the OCI-Ly10 ABCDLBCL line induced for IRF4 or control shRNA expression for 2 days and treated with

lenalidomide (10 mM). Error bars represent the SEM of triplicates.
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Among IRF4 upregulated genes, a signature of genes more

highly expressed in ABC DLBCL than GCB DLBCL was the

most enriched (ABCDLBCL-4, p = 1.18E-18). Represented are

genes that specify the cell-surface phenotype of ABC DLBCL

(CD44, ENTPD1, IL10RA), as well as genes encoding important

regulatory proteins, notably CARD11 (see below). Conversely,

among IRF4 downregulated genes, a signature of genes more

highly expressed in GCB DLBCL than ABC DLBCL was enriched

(GCBDLBCL-3, p = 3.84E-5). IRF4 upregulated genes also

included genes more highly expressed in plasma cells than in

mature B cells (PC-2, p = 2.33E-08), in keeping with the essential

role of IRF4 in plasmacytic differentiation (Klein et al., 2006;

Sciammas et al., 2006). A signature of plasmacytoid dendritic

cells was also enriched among IRF4 upregulated genes (DC-4,

p = 1.53E-08), consonant with the role of IRF4 in the dif-

ferentiation of this lineage (Lehtonen et al., 2005; Schotte et al.,

2003; Tamura et al., 2005).

Prominent among IRF4 direct targets were genes regulated by

key ABC DLBCL signaling pathways. A signature of NF-kB acti-

vation was enriched among genes that were upregulated by IRF4

(NFKB-10, p = 1.38E-17; Figure 3A). As discussed above, this

NF-kB signature was downregulated by the treatment of ABC

DLBCLs with lenalidomide (Table S1). Signatures that reflect

autocrine IL-10 and/or IL-6 signaling in ABC DLBCL cells were

enriched among genes that were repressed by IRF4, suggesting

that IRF4 dampens JAK/STAT3 signaling in ABC DLBCL

(IL10Up-1, p = 1.83E-15; IL6Up-4, p = 2.23E-11; Figure 3A;

Table S3) (Lam et al., 2008). Finally, a signature of type I inter-

feron signaling was significantly represented among IRF4-

repressed target genes (IFN-3, p = 5.80E-06; Figure 3A, Table

S3). These interferon signature genes were induced by lenalido-

mide treatment of ABC DLBCL cells, and many of these induced

genes had IRF4-SPIB intersection peaks (Figure 1B). Accord-

ingly, IRF4 knockdown in ABC DLBCL lines increased their

response to exogenous IFNb, as measured by an ISRE reporter

(Figures 3B and S3B).
(G) Western blot of the indicated proteins in OCI-Ly10 following induction of IRF4

indicated times.

(H) ISRE-driven luciferase reporter activity in OCI-Ly10 with control or IRF4 shR

triplicates.

(I) TRAIL mRNA quantified by Q-PCR, normalized to B2M, in OCI-Ly10 cells with s

times. Error bars show the SEM of triplicates.

(J) Western blot analysis of the indicated proteins in OCI-Ly10 cells transduced wit

48 hr, then treated with lenalidomide (10 mM) for the indicated times. The lower IRF

(K) Viability of ABC DLBCL lines induced to express control, IRF4, or SPIB shR

induction. See text for details.

(L) Viability of OCI-Ly10 cells transduced with an IRF4 expression or empty vector,

bars represent the SEM of triplicates.

(M) Viability (MTS assay) of OCI-Ly10 cells induced to express the indicated shRN

4 days. ctrl.,control. Error bars show the SEM of triplicates.

(N) IFNb mRNA expression, measured by Q-PCR, in OCI-Ly10 cells induced to e

indicated times. Error bars show the SEM of triplicates.

(O) TMD8 ABC DLBCL cells expressing an IkBa-luciferase fusion protein were

lenalidomide at the indicated concentrations or DMSO for 2 days. Luciferase activi

with the IKKb inhibitor MLN120B (10 mM) for 2 days. Error bars show the SEM o

(P) IRF4 and SPIB mRNA expression, quantified by Q-PCR, in TMD8 cells trans

followed by lenalidomide treatment (10 mM) for 24 hr. Error bars show the SEM o

(Q) Western blot for the indicated proteins in TMD8 cells induced to express CRBN

for 24 hr.

See also Figure S4.

730 Cancer Cell 21, 723–737, June 12, 2012 ª2012 Elsevier Inc.
Lenalidomide Toxicity in ABCDLBCL IsOpposed by IRF4
and SPIB
This signature analysis suggested that IRF4 and SPIB cooperate

to modulate type I interferon and NF-kB signaling in ABC DLBCL

in a manner opposite to their regulation by lenalidomide. We

therefore wondered if lenalidomide might have a direct effect

on IRF4 or SPIB expression in ABC DLBCL. Indeed, IRF4 and

SPIB mRNA and protein levels dropped rapidly upon lenalido-

mide treatment of ABC DLBCL cells (Figures 4A–4D), suggesting

that lenalidomide affects the expression of IRF4 and SPIB target

genes by decreasing the levels of both factors.

Given that lenalidomide only reduced IRF4 expression

partially, we tested whether further silencing of IRF4 by RNA

interference would enhance the interferon response in ABC

DLBCL cells. Induction of IFNb mRNA expression and secretion

by lenalidomide was augmented by IRF4 knockdown (Figures 4E

and 4F). IRF4 knockdown also increased lenalidomide-induced

STAT1 phosphorylation, ISRE promoter activity, and TRAIL

upregulation (Figures 4G–4I). Conversely, ectopic expression

of IRF4 suppressed lenalidomide-induced STAT1 phosphoryla-

tion (Figure 4J).

We next tested whether expression of IRF4 and SPIB in ABC

DLBCL interferes with the toxicity of lenalidomide. We infected

cells with vectors that expressed IRF4 or SPIB shRNAs along

with green fluorescent protein (GFP), allowing us to visualize

the subpopulation of cells that had been transduced with the

shRNA. By comparing the viability of shRNA-transduced

(GFP+) and shRNA-nontransduced (GFP–) cells, which were

equally exposed to lenalidomide, we could discern how IRF4 or

SPIB knockdown influenced lenalidomide toxicity. In the

absence of lenalidomide, knockdown of IRF4 or SPIB alone

was toxic for ABC DLBCLs, as expected (Figure 4K). The

addition of lenalidomide accelerated the loss of cells bearing

IRF4 and SPIB shRNAs relative to those bearing a control

shRNA (Figure 4K). Conversely, ectopic expression of IRF4 coun-

teracted lenalidomide toxicity in ABC DLBCL (Figure 4L). Also,
or control shRNAs for 2 days and treatment with lenalidomide (10 mM) for the

NAs after lenalidomide (10 mM) treatment. Error bars represent the SEM of

hRNA induction for 2 days and lenalidomide (10 mM) treatment for the indicated

h a flag epitope-tagged IRF4 expression vector or an empty vector, induced for

4 band is endogenous IRF4; the upper band is FLAG-tagged exogenous IRF4.

NAs and treated with DMSO or lenalidomide (10 mM) over a time course of

induced for 24 hr, and then treated with DMSO or lenalidomide for 4 days. Error

As for 2 days and treated with lenalidomide at the indicated concentrations for

xpress CRBN shRNAs for 2 days and treated with lenalidomide (10 mM) for the

induced to express control or CRBN shRNAs for 2 days, then treated with

ty was normalized to the DMSO control. As a positive control, cells were treated

f triplicates.

duced with the indicated shRNAs. shRNA expression was induced for 2 days

f triplicates.

or control shRNAs for 2 days, followed by treatment with lenalidomide (10 mM)
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Figure 5. IRF4-SPIB Block Interferon Signaling by Repressing IRF7

(A) UCSCbrowser depiction of ChIP-seq data fromHBL1ABCDLBCL cells showing IRF4 and SPIB-biotag binding at the IRF7 promoter. Arrow indicates the TSS.

(B) IRF4 binding at the IRF7 locus by ChIP in OCI-Ly10 ABC DLBCL cells treated with DMSO (–) or lenalidomide (10 mM) for 24 hr. Error bars show SEM of

triplicates.

(C) Q-PCR quantification of IRF7 mRNA levels, normalized to B2M, in OCI-Ly10 cells with control (ctrl.) or IRF4 shRNAs, treated with lenalidomide (10 mM) or

DMSO. Error bars show SEM of triplicates.

(D) Western blot of the indicated proteins in cells from (C).

(E) Viability (MTS assay) of OCI-Ly10 cells induced to express the indicated shRNAs for 2 days and then treated with DMSO or lenalidomide (10 mM) for 4 days.

Error bars show SEM of triplicates.

(F) Western blot of the indicated proteins in ABC DLBCL lines induced to express control or IRF7 shRNAs for 2 days and then treated with DMSO or lenalidomide

(10 mM) for the indicated times.

(G and H) Q-PCR analysis, normalized to B2M, of IFNb (G) or TRAIL (H) mRNA levels in OCI-Ly10 cells induced to express control or IRF7 shRNAs for 2 days and

treated with DMSO (–) or lenalidomide (10 mM; +) for 24 hr. Error bars show SEM of triplicates.
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the IRF4-SPIB chimeric repressor potentiated lenalidomide-

induced IFNb expression and increased lenalidomide toxicity

(Figures S5F and S5G). Hence, IRF4 and SPIB regulate

lenalidomide-induced interferon responses and toxicity in ABC

DLBCL.

Cereblon Mediates the Toxic Effect of Lenalidomide
in ABC DLBCL
Recent studies have demonstrated that the activity of thalido-

mide and lenalidomide is mediated by cereblon (CRBN), a

component of a ubiquitin-ligase complex (Ito et al., 2010; Zhu

et al., 2011). To address whether CRBN is required for the toxic

effects of lenalidomide in ABC DLBCL, we identified three

shRNAs that reduced CRBN mRNA expression by �50% (Fig-

ure S4A). CRBN knockdown was moderately toxic for ABC

DLBCL cells (Figure S4C), an effect that was reversed by ectopic

expression of CRBN. CRBN depletion substantially reduced the

toxicity of lenalidomide for ABC DLBCL cells (Figures 4M, S4B,

and S4C) and interfered with the ability of lenalidomide to induce

an interferon response and block NF-kB signaling (Figures 4N,

4O, S4D, and S4E). CRBN depletion lowered IRF4 mRNA and

protein levels in ABCDLBCL cells and reduced the effect of lena-

lidomide on IRF4 levels (Figures 4P, 4Q, and S4F). Similarly, SPIB

mRNA and protein levels were also diminished upon CRBN
knockdown (Figures 4P and 4Q). Thus, CRBN is required to

maintain IRF4 and SPIB levels in ABC DLBCL, accounting for

the toxicity of CRBNdepletion. Moreover, these findings suggest

that CRBN mediates most of the effects of lenalidomide in ABC

DLBCL.

IRF4 Represses the Interferon Pathway by Inhibiting
IRF7 Expression
We noted that three IRF family member genes that regulate the

type I interferon responses—IRF2, IRF7, and IRF9—were bound

by IRF4 and SPIB (Table S3F). We focused on a strong IRF4-

SPIB peak in the promoter of the IRF7 gene (Figure 5A), since

it is a master regulator of interferon responses that is strongly

induced by IFNb as part of a positive-feedback loop (Honda

et al., 2005; Marié et al., 1998; Sato et al., 1998). Binding of

IRF4 to the IRF7 promoter was confirmed by an independent

ChIP assay, and lenalidomide reduced this binding (Figure 5B).

IRF7mRNA and protein were specifically induced in ABCDLBCL

by lenalidomide and were further induced by knocking down

IRF4 (Figures 5C and 5D). Together, these results suggest that

IRF7 is negatively regulated by IRF4 and SPIB, and that lenalido-

mide can blunt this negative regulation.

We next examined whether IRF7 expression is important

for the toxicity of lenalidomide in ABC DLBCL cells. IRF7
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Figure 6. IRF4-SPIB and CARD11 Form an Essential Oncogenic Loop in ABC DLBCL

(A) UCSC browser depiction of ChIP-seq data from the HBL1 ABC DLBCL line showing IRF4 (in triplicate) and SPIB-biotag binding at the CARD11 locus, with an

evolutionarily conserved EICE binding motif indicated. Control (IRF4): OCI-Ly19 (IRF4-). Control (SPIB): HBL1 with empty biotag vector. Arrow indicates the TSS.

(B) ChIP analysis in HBL1 cells for IRF4 and SPIB binding at the CARD11 peak identified in (A) or at a negative control (ctrl.) locus. IRF4 or control shRNAs were

induced for 4 days. GCB DLBCL line: OCI-Ly19 (IRF4-) is IRF4-negative. Error bars show SEM of triplicates.

(C) Relative CARD11 mRNA expression, depicted according to the color scale shown, from gene-expression profiling of ABC DLBCL lines after induction of

shIRF4 or the IRF4-SPIB chimeric repressor for 4 days.

(D) IKK activity measured by an IkBa-luciferase reporter in TMD8 (ABC DLBCL) after induction of various shRNAs for 3 days (left) or the IRF4-SPIB chimeric

repressor for 1 day (right). Also shown is the effect of 1 day exposure to an IKKb inhibitor (MLN120B) or DMSO. Error bars show SD of triplicates.

(E) Western blot analysis of the indicated proteins following treatment of OCI-Ly10 cells with lenalidomide (10 mM) for the indicated times.

(F) IKK activity measured by an IkBa-luciferase reporter after treatment of TMD8 cells with lenalidomide at the indicated concentrations for 48 hr. Error bars show

the SEM of triplicates.

See also Figure S5.

Cancer Cell

Synthetic Lethal Therapy of ABC DLBCL
knockdown attenuated the toxicity of lenalidomide in ABC

DLBCL cells (Figure 5E). IRF7 depletion additionally impaired

lenalidomide-induced STAT1 phosphorylation, IFNb expression,

and TRAIL mRNA induction (Figures 5F–5H). Hence, IRF7 pro-

motes lenalidomide toxicity by facillitating lenalidomide-induced

IFNb secretion and signaling.

IRF4-SPIB and CARD11 Form an Essential Oncogenic
Loop in ABC DLBCL
While treatment with lenalidomide induces a toxic interferon

response in ABC DLBCLs, blocking interferon signaling did not

fully rescue the cells. We therefore wondered if there might be

other mechanisms by which lenalidomide kills these lymphoma

cells. Given that ABC DLBCL cells depend upon the NF-kB

pathway for survival (Davis et al., 2001; Lam et al., 2005) and

that lenalidomide suppressed the NF-kB gene-expression

signature (Table S1), we hypothesized that decreased NF-kB
732 Cancer Cell 21, 723–737, June 12, 2012 ª2012 Elsevier Inc.
signaling contributes to the toxicity of lenalidomide in ABC

DLBCL cells.

Since lenalidomide downregulates IRF4 and SPIB (Figures 4A

and 4B), we were intrigued that CARD11 was a direct IRF4 and

SPIB target (Figure 3A, Tables S2B, S2E, and S2F). CARD11

plays an essential role in the constitutive NF-kB activity that

maintains ABC DLBCL viability (Davis et al., 2001; Lam et al.,

2005; Ngo et al., 2006). The CARD11 locus had prominent,

overlapping IRF4 and SPIB binding peaks located +705 bp rela-

tive to the TSS, coinciding with an evolutionarily conserved

EICE motif (Figure 6A). IRF4 and SPIB binding was confirmed

by independent ChIP assays, and IRF4 knockdown diminished

this binding (Figure 6B). Gene-expression profiling and quanti-

tative PCR analysis showed that CARD11 mRNA levels are

diminished by knockdown of IRF4 or SPIB, as well as by ex-

pression of the IRF4-SPIB chimeric repressor (Figures 6C

and S5A). CARD11 protein levels were also reduced after
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IRF4 knockdown or chimeric repressor induction (Figure S5B

and S5C).

Since CARD11 coordinates the activation of IKK (Thome,

2004), the key regulatory kinase in the classical NF-kB pathway,

we assessed IKK function using an ABC DLBCL reporter line

engineered to express a fusion protein between luciferase and

the IKK substrate IkBa (Lam et al., 2005). Phosphorylation of

this fusion protein by IKK promotes its degradation, and thus

IKK inhibition increases luciferase activity. Knockdown of either

IRF4 or SPIB reduced IKK activity in the ABC DLBCL line TMD8,

as did CARD11 knockdown or treatment with a small molecule

IKK inhibitor, but two other toxic shRNAs targeting MYC and

RPL6 did not (Lam et al., 2005) (Figure 6D). Moreover, induction

of the chimeric IRF4-SPIB repressor also inhibited IKK activity

(Figure 6D). Similar results were observed in an ABC DLBCL

line, OCI-Ly3, that relies on an oncogenically active CARD11

mutant for survival (Lenz et al., 2008a), in keeping with an effect

of IRF4 and SPIB on CARD11 transcription (Figure S5H). In

accord with these functional experiments, knockdown of IRF4

decreased IKKb phosphorylation, a modification associated

with IKK activation downstream of CARD11 (Figure S5E). The

effect of IRF4 on the NF-kB pathway was confirmed using an

independent ABC DLBCL reporter system in which luciferase

is driven by an NF-kB-dependent promoter (Figure S5D).

Lenalidomide treatment of an ABC DLBCL line reduced

CARD11 expression and IKKb phosphorylation, and inhibited

IKK activity (Figures 6E and 6F). Together, these data suggest

that IRF4 and SPIB act together to amplify NF-kB signaling in

ABC DLBCL by transactivating CARD11 and that lenalidomide

inhibits NF-kB by downregulating IRF4 and SPIB, breaking this

positive feed-forward loop.

Synergism between Lenalidomide and NF-kB Pathway
Inhibitors
Since lenalidomide only partially inhibits IRF4 and SPIB expres-

sion (Figures 4A–4D), we speculated that we could achieve

greater toxicity by additionally blocking IKK, thereby further

reducing NF-kB-dependent IRF4 expression. The IKKb inhibitor

MLN120B selectively kills ABC DLBCL cells, as does ibrutinib,

a BTK kinase inhibitor that blocks signaling from the BCR to

IKK (Davis et al., 2010; Lam et al., 2005). Treatment of ABC

DLBCL cells with either MLN120B or ibrutinib alone decreased

IRF4 protein levels, but when these agents were combined

with lenalidomide, IRF4 became undetectable (Figure 7A). The

combination of ibrutinib and lenalidomide induced a stronger

interferon response than lenalidomide alone, as measured by

ISRE reporter activity and STAT1 phosphorylation (Figures 7A

and 7B). These two drugs also cooperated in blocking IKK

activity (Figure 7C).

To test for synergistic toxicity, an ABC DLBCL line was treated

with the MLN120B at a range of doses that were only modestly

toxic, in the presence or absence of low dose lenalidomide.

The ABCDLBCL cells were killedmore efficiently with the combi-

nation of these drugs than with either drug alone (Figure 7D).

Similarly, synergistic toxicity was observed in ABC DLBCL lines

when lenalidomide and ibrutinib were combined, but no toxicity

was observed in GCB DLBCL lines that lack oncogenic activa-

tion of the BCR and MYD88 pathways (Figures 7E and S6A). A

formal mathematical algorithm (Greco et al., 1990) confirmed
the strong synergism between ibrutinib and lenalidomide in

killing three ABC DLBCL lines (Figure S6B). Finally, we tested

this drug combination in a xenograft mouse model created using

the OCI-Ly10 ABC DLBCL cell line (Figures 7F and S6C). At the

concentrations of lenalidomide and ibrutinib chosen, both drugs

had little effect on the growth of the xenografts as single agents

(Figures 7F and S6C) but were quite effective in combination in

arresting the growth of established tumors.

DISCUSSION

New treatments for ABC DLBCL should ideally exploit emerging

insights into oncogenic pathways, which create opportunities for

synthetic lethal interactions with drugs that target these path-

ways (Figure 8). The BCR and MYD88 signaling pathways

promote ABCDLBCL viability by inducingNF-kB, and both path-

ways are affected by recurrent oncogenic mutations in ABC

DLBCL.However, thepenalty that ABCDLBCLspayby acquiring

oncogenic MYD88 mutations is the production of IFNb (Ngo

et al., 2011), which is toxic to these tumors. The present study

revealed that IRF4 places a brake on IFNb expression by repres-

sing IRF7, allowing ABC DLBCLs with MYD88 mutations to

survive and proliferate. Additionally, IRF4 sustains ABC DLBCL

survival by transactivating CARD11 and potentiating NF-kB

signaling. IRF4 emerges from these studies as a central regula-

tory hub in ABC DLBCL, making it an attractive therapeutic

target. IRF4 and its regulatory partner SPIB were downregulated

by treatment of ABC DLBCL lines with lenalidomide, a drug that

has shown preferential activity against this lymphoma subtype

in early-phase clinical trials (Hernandez-Ilizaliturri et al., 2011).

Lenalidomide toxicity for ABC DLBCL was associated with

heightened IFNb production and diminished NF-kB activity.

Hence, lenalidomide toxicity in ABCDLBCL relies upon itsmodu-

lation of oncogenically activated signaling pathways, and there-

fore is an instance of ‘‘synthetic lethality’’ (Kaelin, 2005).

This study highlights the central role of IRF4-SPIB hetero-

dimers in ABC DLBCL biology, particularly in amplifying NF-kB

signaling while blocking type I interferon signaling. In addition,

IRF4 directly upregulates a large number of genes that distin-

guish ABC DLBCL from other lymphoma subtypes, many of

which may contribute to viability or other attributes of these

lymphoma cells. Remarkably, survival of ABC DLBCL cells

depended on a single amino acid in IRF4 that mediates its inter-

action with SPIB on composite EICE motifs. IRF4 is clearly

central to the action of lenalidomide in ABC DLBCL, since en-

forced overexpression of IRF4 blocked the toxic effect of this

drug, presumably by driving IRF4-SPIB interactions by mass

action. IRF4 is similarly downregulated by lenalidomide in

multiple myeloma (Li et al., 2011; Lopez-Girona et al., 2011;

Zhu et al., 2011). In both ABC DLBCL and multiple myeloma,

IRF4 levels are maintained by CRBN, a subunit of a ubiquitin

ligase complex. We discovered that CRBN also controls SPIB

levels in ABC DLBCL, which is not relevant to multiple myeloma,

as these cells do not express SPIB. Thalidomide, a chemically

related cousin of lenalidomide, physically interacts with CRBN

and blocks the ability of this ubiquitin ligase complex to autoubi-

quitinate (Ito et al., 2010). Further investigation is needed to

discern how this ubiquitin ligase might control IRF4 and SPIB

expression, apparently at the level of transcription.
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Figure 7. Synergy between Lenalidomide and NF-kB Pathway Inhibitors in ABC DLBCL

(A) Western blot of the indicated proteins in OCI-Ly10 cells treated with lenalidomide (5 mM) alone or with MLN120B (10 mM), ibrutinib (5nM), or DMSO for the

indicated times.

(B) ISRE-driven luciferase activity in OCI-Ly10 cells treated with lenalidomide (5 mM) ± ibrutinib (5 nM) for the indicated times. Error bars show the SEM of

triplicates.

(C) IKK activity measured by an IkBa-luciferase reporter in TMD8 cells treated with ibrutinib at the indicated concentrations ± lenalidomide (1 mM) for 48 hr. Error

bars show the SEM of triplicates.

(D) Viability (MTS assay) of OCI-Ly10 treated with MLN120B at the indicated concentrations ± lenalidomide (1 mM) for 4 days relative to DMSO-treated cells. Error

bars show the SEM of triplicates.

(E) Viability (MTS assay) of DLBCL lines treated with ibrutinib, lenalidomide, or both for 4 days at the concentrations indicated. Error bars show the SEM of

triplicates.

(F) OCI-Ly10 ABC DLBCL cells were established as a subcutaneous tumor (average 80 mm3) in immunodeficient mice, and then treated daily for 20 days with

DMSO, lenalidomide (10 mg/kg), ibrutinib (3 mg/kg), or lenalidomide plus ibrutinib by intraperitoneal injection. Tumor progression was monitored as a function of

tumor volume. Error bars show the SEM of 5 mice per group.

See also Figure S6.
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Our findings provide a sound mechanistic basis for clinical

trials in ABC DLBCL that rationally combine lenalidomide with

other drugs that modulate NF-kB signaling. Drugs targeting

NF-kB hold promise in cancer therapy, despite some concerns

about long-term suppression of this pathway (Baud and Karin,

2009; Gupta et al., 2010). In ABC DLBCL, NF-kB activity relies

upon chronic active BCR signaling, which can be blocked by

several drugs that are currently in clinical trials, including ibrutinib

(targeting BTK) (Davis et al., 2010), fostamatinib (targeting SYK)

(Friedberg et al., 2009), and CAL-101 [targeting PI(3) kinase d]
734 Cancer Cell 21, 723–737, June 12, 2012 ª2012 Elsevier Inc.
(Herman et al., 2010; Hoellenriegel et al., 2011). Additionally,

NF-kB signaling can be inhibited by interfering with IkBa degra-

dation, which can be achieved with the proteasome inhibitor

bortezomib (Dunleavy et al., 2009) or the neddylation inhibitor

MLN4924 (Milhollen et al., 2010). As a single agent, the BTK

inhibitor ibrutinib is highly active against ABC DLBCL cells

in vitro (Davis et al., 2010), and is showing clinical activity in a

subset of patients with relapsed/refractory ABC DLBCL (L.M.S.,

unpublished data). We observed striking synergy between ibru-

tinib and lenalidomide in blocking IRF4 expression, increasing
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Figure 8. Exploiting Synthetic Lethality for

the Therapy of ABC DLBCL

Recurrent oncogenic mutations in ABC DLBCL

activate both the BCR and MYD88 pathways

to drive prosurvival NF-kB signaling. However,

MYD88 signaling also induces IFNb, which is

detrimental to ABC DLBCL survival. IRF4 and

SPIB lie at the nexus of both pathways, promoting

ABC DLBCL survival by repressing IRF7, thereby

blocking IFNb, and transactivating CARD11,

thereby increasing NF-kB signaling. NF-kB factors

transactivate IRF4, creating a positive feedback

oncogenic loop. Lenalidomide targets this circuitry

by downmodulating IRF4 and SPIB, thereby

increasing toxic IFNb secretion and decreasing

NF-kB activity.
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IFNb production, and killing ABC DLBCL cells in vitro and in vivo,

supporting clinical evaluation of this treatment regimen.

The effectiveness of this drug combination in ABC DLBCL

capitalizes on recurrent genetic alterations in ABC DLBCL in

two ways. First, the MYD88 L265P mutant promotes the

abnormal synthesis and secretion of IFNb. Second, mutations

in the BCR subunits CD79A and CD79B promote chronic active

BCR signaling, which activates NF-kBand induces IRF4, thereby

dampening the toxic type I interferon responsewhile augmenting

the prosurvival NF-kB response. Hence, these recurrent onco-

genic mutations in ABC DLBCL and the constitutive signaling

pathways that they engage place IRF4 in a central regulatory

position (Figure 8). Indeed, one reason that CD79B mutations

often coexist with the MYD88 L265P mutation in ABC DLBCL

tumors (Ngo et al., 2011) may be that the production of IRF4 in

response to chronic active BCR signaling is necessary for the

tumor to dampen the interferon response caused by the

MYD88 L265P mutation. The rational therapeutic combinations

proposed herein act in a synthetic lethal fashion to exploit this

IRF4 addiction.

EXPERIMENTAL PROCEDURES

(See Supplemental Experimental Procedures for details.)

Cell Culture and Constructs

Methods for cell culture, plasmid transfection, retroviral transduction, and

plasmid constructs were described previously (Lenz et al., 2008c; Ngo et al.,

2006; Shaffer et al., 2008).

Chromatin Immunoprecipitation

Chromatin immunoprecipitations (ChIP) were performed as described (Shaffer

et al., 2008). Such ChIP-enriched DNA was either used in region-specific

assessment of antibody binding by real-time PCR, or made into libraries for

ChIP sequencing on a Genome Analyzer II (GAII, Illumina, Inc.) according to

manufacturer’s recommendations. See Supplemental Experimental Proce-

dures for details.

Gene Expression: Q-RTPCR and Profiling

Unless otherwise described, Q-RTPCR was performed on cDNA as previously

described in Sciammas et al. (2006) and Shaffer et al. (2004, 2008), using pre-
Cancer Cell 21, 723–7
tested Assay-on-demand probe/primer sets from

Applied Biosystems or primers designed for use

with SYBR green using an ABI 7700 Taqman

machine for 40 cycles with an annealing tempera-

ture of 60�C. Gene expression was normalized to
the expression of beta-2-microglobulin for all samples. Gene-expression

profiling was performed using two-color human Agilent 4x44K gene-

expression arrays, exactly as described by the manufacturer, comparing

signal from control cells (Cy3) and experimentally manipulated cells (Cy5).

Array elements were filtered for those meeting confidence thresholds for

spot size, architecture, and level above local background. These criteria are

a feature of the Agilent gene-expression software package for Agilent 4x44k

arrays.

Cell Viability—MTS—Assay

Cells were plated in triplicate at a density of 15,000 cells per well in 96-well

plates. Cell viability after indicated treatments was assayed by adding

3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulphophenyl)-

2H tetrazolium and an electron coupling reagent (phenazine methosulphate;

Promega), incubated for 3 hr and measured by the amount of 490 nm absor-

bance using a 96-well plate reader. The background was subtracted using

a media-only control.

NF-kB Reporter Assays

The assay for IkB kinase activity using the IkBalpha-photinus luciferase

reporter has been described (Lenz et al., 2008a), as has use of the IkB kinase

inhibitor (Lam et al., 2005). In addition, cell lines were created with an NF-kB

transcriptional reporter by transduction with lentiviral particles containing an

inducible NF-kB -responsive luciferase reporter construct (SA Biosciences)

and selected with puromycin. Luciferase activity was measured using the

Dual-Luciferase Reporter Assay System (Promega) on a Microtiter Plate

Luminometer (Dyn-Ex Technologies).

ISRE Reporter Assay

Cell lines were transduced with lentiviral particles containing an inducible

ISRE-responsive luciferase reporter construct (SA Biosciences) and selected

with puromycin. Luciferase activity was measured using the Dual-Luciferase

Reporter Assay System (Promega) on a Microtiter Plate Luminometer (Dyn-

Ex Technologies).

IFNb ELISA

Human IFNb was measured using ELISA kits from PBL InterferonSource. The

results were normalized to live cell numbers.

Tumor Model and Therapy Study

The xenograft tumor model of human ABC DLBCL lymphoma was established

by subcutaneous (s.c.) injection of cells into nonobese diabetic/severe

combined immunodeficient (NOD/SCID) mice (NCI-Frederick, Frederick,

MD). Tumor growth was monitored by measuring tumor size in two
37, June 12, 2012 ª2012 Elsevier Inc. 735
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orthogonal dimensions. See Supplemental Experimental Procedures

for details. All animal experiments were approved by the National Cancer

Institute Animal Care and Use Committee (NCI ACUC) and were performed

in accordance with NCI ACUC guidelines.
ACCESSION NUMBERS

Gene-expression data has been deposited under accession numbers

GSE32456 and GSE33012. All ChIP-Seq data can be found under accession

SRA025850.
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Supplemental Information includes six figures, three tables, and Supplemental

Experimental Procedures and can be found with this article online at

doi:10.1016/j.ccr.2012.05.024.
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SUMMARY
The tumor suppressor cylindromatosis (CYLD) inhibits the NFkB and mitogen-activated protein kinase
(MAPK) activation pathways by deubiquitinating upstream regulatory factors. Here we show that liver-
specific disruption of CYLD triggers hepatocyte cell death in the periportal area via spontaneous and chronic
activation of TGF-b activated kinase 1 (TAK1) and c-Jun N-terminal kinase (JNK). This is followed by hepatic
stellate cell and Kupffer cell activation, which promotes progressive fibrosis, inflammation, tumor necrosis
factor (TNF) production, and expansion of hepatocyte apoptosis toward the central veins. At later stages,
compensatory proliferation results in the development of cancer foci featuring re-expression of oncofetal
hepatic and stem cell-specific genes. The results demonstrate that, in the liver, CYLD acts as an important
regulator of hepatocyte homeostasis, protecting cells from spontaneous apoptosis by preventing uncon-
trolled TAK1 and JNK activation.
INTRODUCTION

The nuclear factor (NF)-kB signaling pathway regulates multiple

physiological and pathological processes, including immune

responses and carcinogenesis (Vallabhapurapu and Karin,

2009). The principal regulatory step of NFkB-mediated signal

transduction is the activation of IkB kinase (IKK), which phos-

phorylates members of the IkB family of inhibitory proteins that

keep NFkB transcription factors inactive in the cytoplasm. The

IKK complex consists of two catalytic subunits (IKK1 and IKK2)

and the regulatory subunit (NEMO/IKKg). It is interesting and

pertinent to function that IKK activation by different receptor

signals involves conjugation of K63-linked ubiquitin chains to

several upstream regulatory components of the signaling

cascade. These include the TNF receptor associated factors

TRAF2 and TRAF6, the TGFb-activated kinase TAK1, the

receptor interacting protein RIP1 and NEMO (Sun, 2008; Chen,

2005). K63-linked poly-ubiquitin chains serve as interaction
Significance

Previous studies have revealed protumorigenic effects of gene
IKKb, suggesting that the NFkB signaling pathway plays a ce
(HCC). The results presented here provide further insights into
to expectations, we found that liver-specific inactivation of CY
gers a multistep mechanism that mimics the major hallmarks o
The data suggest that controlling TAK1-induced downstream s
ical for the maintenance of physiological liver homeostasis, as
pathway is cancer.

738 Cancer Cell 21, 738–750, June 12, 2012 ª2012 Elsevier Inc.
surfaces to facilitate the formation of stable TNFR1 core

signaling complexes and/or act as modulators of the enzymatic

activities of the modified factors (Chen, 2005; Sun, 2010). For

example, poly-ubiquitination of TAK1 is required for its activity

to phosphorylate IKK1 and IKK2 in their activation loops and

trigger IkBa phosphorylation (Rincón and Davis, 2009; Sun,

2010).

The recent finding that K63-linked ubiquitination is a reversible

reaction provides a strong indication that this modification

represents an important layer of regulation in the process. The

major enzyme that removes K63-linked polyubiquitin chains

from NFkB pathway effectors is the cylindromatosis tumor

suppressor CYLD (Trompouki et al., 2003; Brummelkamp

et al., 2003; Kovalenko et al., 2003; Wright et al., 2007). Overex-

pression of CYLD in mammalian cells results in deubiquitination

of NEMO and several upstream regulators like TRAF2, TRAF6, or

TAK1 (Trompouki et al., 2003; Brummelkamp et al., 2003; Kova-

lenko et al., 2003; Yoshida et al., 2005). In addition, knockdown
tic ablation of TAK1, NFkB essential modulator (NEMO), and
ntral role in the pathogenesis of hepatocellular carcinoma
the mechanisms that link inflammation to cancer. In contrast
LD leads to the development of HCC. CYLD deficiency trig-
f human HCC: hepatocyte death, inflammation, and fibrosis.
ignaling cascades by the enzymatic activity of CYLD is crit-
the final outcome of either inactivation or activation of the

mailto:talianidis@fleming.gr
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or knockout of CYLD in different cell types leads to increased

ubiquitination of these factors (Reiley et al., 2005; Zhang et al.,

2006; Reiley et al., 2007). Together, these findings have estab-

lished the view that CYLD is primarily a negative regulator of

NFkB signaling.

CYLDwas initially identified as a genemutated in familial cylin-

dromatosis that predisposes patients to the development of skin

appendage tumors (Bignell et al., 2000). The broad role of CYLD

in the regulation of cell survival and proliferation is highlighted by

the downregulation of CYLD expression in several other types

of human cancer, including colon cancer, lung cancer, multiple

myeloma, and hepatocellular carcinoma (Zhong et al., 2007; An-

nunziata et al., 2007; Keats et al., 2007; Hellerbrand et al., 2007).

Hepatocellular carcinoma (HCC) is the most common type of

liver cancer, which in most cases develops in conjunction with

chronic hepatitis or cirrhosis. Previous studies have revealed

a major role of the NFkB signaling pathway in the mechanisms

that link chronic inflammation to the pathogenesis of HCC

(Maeda et al., 2005; Luedde et al., 2007; Bettermann et al.,

2010; Luedde and Schwabe, 2011). Impediment of NFkB activa-

tion by disruption of IKKb in the liver sensitized mice to diethylni-

trosamine-induced hepatocarcinogenesis, while its deletion in

both hepatocytes and Kupffer cells had the opposite effect

(Maeda et al., 2005). Similarly, hepatocyte specific deletion of

NEMO or TAK1 in mice resulted in spontaneous development

of hepatocellular carcinoma (Luedde et al., 2007; Inokuchi

et al., 2010; Bettermann et al., 2010). As NFkB in most cancer

types is activated to provide important survival signals that

prevent apoptosis, the above, unexpected findings pointed to

the operation of a more complex process in inflammation-medi-

ated hepatocarcinogenesis, in which mediators of the NFkB

activation pathway have tumor suppressor roles (Luedde and

Schwabe, 2011).

Because TAK1 and NEMO are subject to regulation by CYLD-

mediated deubiquitination, we investigated the potential role of

CYLD in liver cancer.

RESULTS

SpontaneousHepatocyte Apoptosis and Liver Fibrosis in
CYLDLD/D Mice
To study the role of CYLD in the liver, we generatedmice carrying

liver-specific homozygous deletion of CYLD exon 9 (designated

CYLDLD/D), by crossing mice carrying CYLD with floxed exon 9

(Trompouki et al., 2009) with ALFP-Cre transgenic mice (Kellen-

donk et al., 2000). Exon 9 deletion results in the expression of

a deubiquitinase-deficient form of CYLD that mimics oncogenic

mutations described in humans (Trompouki et al., 2009). Poly-

merase chain reaction (PCR) analysis of hepatocytes from

newborn mice confirmed that excision of exon 9 was complete

during embryonic life (data not shown). In adult stages,

CYLDLD/D mice display hepatomegaly and perceptible stiffness

(Figure 1A; Table S1 available online). Western blot analyses

and immunostainings using an antibody recognizing the

C-terminal epitope of CYLD revealed loss of detectable signals

in all hepatocytes, but not in biliary epithelial cells and other

smaller non-hepatocyte cells (Figures 1A and 1B), suggesting

that ALFP-Cre-driven excision of CYLD exon 9 in embryonic

life is hepatocyte-specific and occurs after hepatoblasts have
differentiated into hepatocytes. Interestingly, CYLD exhibits

a partially zonal expression pattern in wild-type livers, with higher

levels of expression in periportal hepatocytes and reduced levels

in hepatocytes surrounding the central veins (Figure 1B). Hema-

toxylin eosin staining of CYLDLD/D liver sections revealed disor-

ganized regions around the portal veins containing cells with

smaller nuclei as early as postnatal day 35 (P35). At later stages

of postnatal development (P45 to P120), the number of these

cells was dramatically increased, resulting in a staining pattern

that highly resembles fibrotic livers (Figure 1C). Indeed, we could

detect fibrillar collagen deposition by Sirius red staining initially

around portal veins, which was gradually enhanced at later

time points, resulting in a massively fibrotic liver at postnatal

day 60 (P60) and postnatal day 120 (P120) (Figures 1D and

1E). This correlated with the appearance and expansion of

activated hepatic stellate cells (HSCs) visualized by a smooth

muscle actin (aSMA) staining (Figure S1A).

Liver damage and associated hepatocyte death is a prerequi-

site for stellate cell activation. In line with this, TUNEL assays

detected substantial cell death around the portal veins of

CYLDLD/D livers, as early as P25 (Figures 2A and 2B). The number

of TUNEL positive apoptotic cells was greatly increased during

the period between P25 and P120, which correlated with

increasing levels of cleaved caspase 3 and parallel elevation of

serum ALT levels (Figures 2A–2D). These results also indicate

that apoptosis is the main pathway of cell death in CYLDLD/D

livers. Supporting this notion, only a negligible increase in the

levels of the necrosis marker RIP3 protein was detected in

CYLDLD/D livers (Figure S1B).

To understand the mechanism by which CYLD inactivation

leads to cell death, we first analyzed the activation of Jun

N-terminal kinase (JNK), which is known to trigger apoptosis in

several cell types when its activity is sustained for long periods

of time (Kamata et al., 2005; Schwabe andBrenner, 2006). Spon-

taneous activation of JNK was observed in CYLDLD/D livers from

P25 day onward (Figure 2E). The enhanced intensity of the phos-

pho-JNK signal in western blots of extracts from P35, P45, and

P60 CYLDLD/D livers correlated with an increased number of

phospho-JNK positive hepatocytes detected by immunohisto-

chemistry (Figure 2F). Double staining with HNF4 antibody

revealed that more than 90% of p-JNK positive cells were hepa-

tocytes at P25 and P35 days, while at later time points hepato-

cytes corresponded to about two-thirds of the pJNK positive

cell population (Figure 2G). Importantly, phospho-JNK positive

hepatocytes were initially observed only around portal veins,

while at later time points, cells in the surrounding area toward

the central veins also stained positively (Figure 2F). Activation

of JNK was confirmed by a similar time-dependent induction

of c-JUN phosphorylation (Figure 2H) and by the induction of

expression of downstream target genes DR5 and PUMA

(Figure S2A).

Further evidence for the role of sustained JNK activation in

hepatocyte death in CYLDLD/D livers was provided by experi-

ments using the JNK inhibitor compound SP600125. Apoptosis

and fibrosis were dramatically reduced in mice that were treated

twice daily with SP600125 between P30 and P60 compared to

those treated with vehicle only (Figures S2B–S2F). In addition,

we could detect phosphorylated JNK in primary hepatocytes

from CYLDLD/D livers, whose levels increased after treatment
Cancer Cell 21, 738–750, June 12, 2012 ª2012 Elsevier Inc. 739
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Figure 1. Loss of CYLD Causes Hepatomegaly, Histological Alterations, and Progressive Fibrosis in the Liver
(A) Western blot analysis of whole liver protein extracts from 45-day-old (P45)CYLDlox/lox/ALFP-Cre (CYLDLD/D) mice and control littermates (WT) using antibodies

recognizing the C-terminal part of CYLD or TFIIB. Lower panel: Macroscopic appearance of P60 CYLDLD/D and WT livers.

(B) Representative immunohistological staining of liver sections from 45-day-old CYLDLD/D mice and control littermates (WT) with aCYLD antibody.

(C) Hematoxylin and Eosin staining of liver sections from postnatal 25-day-old (P25), 35-day-old (P35), 45-day-old (P45), 60-day-old (P60), and 120-day-old

(P120) CYLDLD/D mice and control littermates (WT).

(D) Sirius Red staining of liver sections from mice indicated as in (C).

(E) Quantitation of Sirius red positive areas. Bars represent percentages of Sirius red positive areas compared to total areas and standard errors of the mean

(SEM) from data obtained by examination of nine whole sections from three different animals.

See also Figure S1 and Table S1.
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with TNFa (Figure S2G). In wild-type hepatocytes, TNFa-medi-

ated JNK activation was transient but could be prolonged by

priming with cycloheximide (CHX). In contrast, prolonged JNK
740 Cancer Cell 21, 738–750, June 12, 2012 ª2012 Elsevier Inc.
activation without CHX was readily detected in CYLDLD/D hepa-

tocytes (Figure S2I). The length of JNK activation correlated

with the extent of cell death mediated by TNFa: significant
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TNFa-induced cell death could be observed in CYLDLD/D hepa-

tocytes, without concomitant CHX treatment, while in the case

of wild-type cells, it was detected only after CHX priming

(Figure S2H). Importantly, inhibition of JNK activation by

SP600125 greatly prevented death in both cases (Figure S2H).

Collectively, the above results indicate that CYLD inactivation

causes spontaneous hepatocyte death via prolonged activation

of JNK. In turn, hepatocyte damage triggers the activation and

proliferation of hepatic stellate cells, which produce ECM

proteins generating progressively expanding fibrotic lesions.

Constitutive Hyperactivation of TAK1 in CYLDLD/D Mice
The mechanism of prolonged JNK activation-mediated

apoptosis in our mouse model is likely to involve upstream sig-

naling enzymes, which are direct enzymatic targets of CYLD.

In agreement with this, western blot analysis using phospho-

specific TAK1 antibodies detected spontaneous activation of

TAK1 in CYLDLD/D livers and in primary hepatocyte extracts

(Figures 3A and S3A). Phospho-TAK1 induction in CYLDLD/D

livers positively correlated with increased K63-linked ubiquitina-

tion of endogenous TAK1 (Figure 3C). The amount of phos-

phorylated TAK1 was further elevated upon LPS treatment

(Figure 3B). Importantly, high phospho-TAK1 levels were sus-

tained for at least 2 hr following LPS treatment inCYLDLD/D livers,

as opposed to wild-type livers in which TAK1 phosphorylation

declined after 1 hr (Figure 3B).

To obtain direct evidence into the role of TAK1 hyperactivation

in the phenotype of CYLDLD/D mice, we generated liver-specific

CYLDLD/D/TAK1LD/D double knockout mice. In agreement with

previous reports (Bettermann et al., 2010; Inokuchi et al.,

2010), TAK1LD/Dmice developed early liver tumors as evidenced

by macroscopically visible nodules in the liver, and, by the

observation of cellular dysplasia, lost portal tracts and the

appearance of cells with enlarged and hyperchromatic nuclei

(Figures 3D and 3E). Serum ALT levels were dramatically

induced, reaching levels that were four times higher than those

detected in CYLDLD/D mice (Figure 3K). TAK1-deficient mice

also displayed liver fibrosis and apoptosis, albeit at much

lower levels compared to those observed in CYLDLD/D mice

(Figures 3E–3I).

The phenotype of 2-month-old CYLDLD/D/TAK1LD/D double

knockout mice greatly differed from that observed in

CYLDLD/D mice and very much resembled that of TAK1LD/D

mice. Double knockout mice did not develop hepatomegaly,

as was seen in CYLDLD/D mice. Instead, cancerous nodules

were observed, as was seen in TAK1LD/D mice. Hepatic

fibrosis and apoptosis and pJNK levels were dramatically

reduced in double knockout mice while serum ALT levels

were increased, reaching a level comparable to TAK1LD/D

mice (Figures 3D–3K and Table S1). Importantly, the few

apoptotic cells observed in different fields were scattered

throughout the liver parenchyma in the CYLDLD/D/TAK1LD/D

double knockout mice as opposed to their periportal zonation

in CYLDLD/D mice (Figures 3G and 2A). Likewise, the relatively

minor fibrotic lesions in the CYLDLD/D/TAK1LD/D double

knockout mice appeared around both central and portal areas,

a distribution that clearly differed from the strict periportal

pattern observed in CYLDLD/D mice (Figure 3E). These quanti-

tative and qualitative differences suggest that induction of cell
death is achieved via different mechanisms in TAK1 and

CYLD-deficient mice. Nevertheless, we can conclude that

TAK1 activation is required for the initiation of periportal cell

death and fibrosis in CYLDLD/D mice, as these early phenotypic

changes were not observed in CYLDLD/D/TAK1LD/D double

knockout mice.

Constitutively active TAK1 can fully explain the observed long-

term activation of JNK in CYLDLD/D hepatocytes, as it acts

upstream of JNK. However, other mechanisms, including reac-

tive oxygen species (ROS) accumulation, may also contribute

to it (Kamata et al., 2005; He et al., 2010). To explore this possi-

bility, ROS production was evaluated by staining liver sections

with the H2O2-sensitive fluorescent dye CM-H2DCFDA. As

shown in Figure S3B, a few positive signals can be specifically

detected in CYLDLD/D liver sections as early as P35, which

greatly expand at P60 and 1 year of age. Similar to previous find-

ings in IKKb-deficient mice (He et al., 2010), ROS production

resulted in the activation of STAT3 in CYLDLD/D mice (Fig-

ure S4A). No significant differences were detected in activated

p38 levels, which also acts downstream of TAK1 (Figure S4B).

Thus, we conclude that, apart from constitutively active TAK1,

the accumulation of ROS, especially at later stages, can play

a significant role in sustaining JNK activation and the consequent

hepatocyte death.

Expansion of Cell Death in CYLDLD/D Livers Requires
TNF Receptor Signaling
As described above, initially (at P25) only few apoptotic cells

could be detected in the periportal region of CYLDLD/D livers,

whose number gradually increased over time and expanded

toward central veins. A possible explanation for this phenom-

enon could be that the initial, periportally restricted sponta-

neous hepatocyte injury could trigger inflammation and the

consequent inflammation-mediated death receptor signaling

may induce more widespread hepatocyte apoptosis. To

explore this hypothesis, we first analyzed Kupffer cell activation

using the F4/80 and CD68 macrophage markers. As shown in

Figure 4A and Figure S4C, we could detect an increasing

number of F4/80 and CD68 positive cells in CYLDLD/D livers

from day P35 and onward. Using the CD45 marker, we also

observed the appearance and expansion of other inflammatory

cells in a similar time-dependent manner (Figure 4B). A parallel

increase in hepatic TNFa mRNA levels was detected (Fig-

ure 4C). NFkB activation was evaluated by electrophoretic

mobility shift assays and immunostaining. After LPS treatment,

activated NFkB signal in CYLDLD/D livers occurred earlier than

in wild-type livers, suggesting that loss of CYLD sensitizes

hepatocytes to LPS-mediated NFkB activation (Figure 4D).

TNFa-mediated activation of NFkB was more pronounced in

CYLDLD/D primary hepatocytes, but unlike JNK activation, the

induction of NFkB was transient, displaying a similar time-

dependent decline in wild-type and CYLD-deficient cells

(Figure S4D).

Unexpectedly, the earliest time point when activation of NFkB

could be detected in vivo was only at P45 (Figure 4D). This coin-

cides with the timing of first detection of elevated levels of

hepatic TNFa mRNA (Figure 4C). Potential technical concerns

in the sensitivity of the assay were eliminated by examining the

expression of NFkB target cellular FLICE-like inhibitory protein
Cancer Cell 21, 738–750, June 12, 2012 ª2012 Elsevier Inc. 741
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Figure 2. Liver-Specific Ablation of CYLD Leads to Spontaneous and Persistent Activation of JNK and Hepatocyte Apoptosis

(A) TUNEL staining of apoptotic cells in sections from livers of CYLDLD/D mice and control littermates (WT) between 25 and 120 days.

(B) Quantitation of TUNEL positive cells. Bars represent mean numbers of TUNEL positive cells per high power field (HPF) and SEM in 10 HPFs of three different

animals.

(C)Western blot analysis of extracts from individual livers of 25- to 60-day-oldCYLDLD/Dmice and control littermates (WT) using an antibody specifically detecting

cleaved caspase 3 (upper panel) or TFIIB (lower panel).

(D) Serum alanine aminotransferase levels (ALT) in 25- to 120-day-old CYLDLD/D mice and control littermates (WT). Bars represent mean values and SEM from

samples of five individual mice.

(E) Western blot analysis of extracts from individual livers using antibody recognizing the Thr183/Tyr185-phosphorylated form of JNK (p-JNK) or total

JNK (JNK).

(F) Immunohistological staining of liver sections from mice indicated as in (B) using phospho-JNK and HNF4 antibody.
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C Figure 3. Spontaneous Activation of TAK1

Is Required for Apoptosis and Fibrosis in

Liver-Specific CYLD-Deficient Mice

(A) Western blot analysis of extracts from indi-

vidual livers of P25 to P60 CYLDLD/D mice and

control littermates (WT) using an antibody specif-

ically detecting the Thr184/187-phosphorylated

form of TAK1 (p-TAK1) and total TAK1 (TAK1).

(B) Western blot analysis of extracts from the livers

P60 CYLDLD/D mice and control littermates (WT)

prepared at the indicated time points after intra-

peritoneal injection with 5 mg/kg LPS.

(C) Detection of K63-linked polyubiquitination of

TAK1 in liver extracts from animals indicated as in

(A) by immunoprecipitation with aTAK1 antibody

followed by western blot analysis using aK63-Ub

antibody. The amounts of total TAK1 in the

immunoprecipitates were detected by western

blot using aTAK1 antibody (bottom panel).

(D) Macroscopic appearance of 60-day-old

TAK1lox/lox/ALFP-Cre (TAK1LD/D), CYLDLD/D,

and CYLDlox/lox/TAK1lox/lox/ALFP-Cre (CYLDLD/D /

TAK1LD/D) livers. The number of tumor foci, tumor

sizes, and areas were evaluated in five mice at

2 months of age.

(E) Hematoxylin-eosin and Sirius red staining of

liver sections from P60 CYLDLD/D, CYLDLD/D/

TAK1LD/D, and TAK1LD/D mice.

(F) Quantitation of Sirius red positive areas.

(G and H) TUNEL assays in liver sections and

quantitations in P60 mice indicated as in (E).

(I) Western blot assay detecting cleaved caspase 3

in P60 mice indicated as in (E).

(J) Western blot assay detecting p-JNK in P60

mice indicated as in (E).

(K) Serum ALT levels in mice indicated as in (E).

Bars represent mean values and SEM from

samples of five individual mice.

See also Figure S3.
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(cFLIP) and by immunohistochemical assays detecting the distri-

bution of NFkB between the nucleus and the cytoplasm.

Increased cFLIP protein levels were detected in P45 and P60

CYLDLD/D livers, but not at earlier time points (Figure S4E).

Despite examining a large number of fields, we could not identify

cells with nuclear NFkB staining at P25 and P35 (Figure 4E and

data not shown). In contrast, our immunohistochemical assays

indicate that the source of the observed NFkB DNA binding

signal at P60 must be, at least in part, hepatocytes, as we de-
(G) Quantitation of pJNK positive hepatocytes. Bars represent mean numbers per HPF and SEM of JNK pos

non-hepatic cells (JNK+/HNF4-) in 10 HPFs of three different mice.

(H) Western blot analysis of extracts from individual livers using antibody recognizing Ser63-phosphorylated

See also Figure S2.
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tected nuclear localization of NFkB-p65

in several hepatocytes of P60 CYLDLD/D

livers (Figure 4E).

Compelling evidence for the require-

ment of TNF receptor signaling in the
expansion of hepatocyte apoptosis was provided by the data

obtained with CYLDLD/D/TNFR1�/� double knockout mice.

Genetic ablation of p55-TNFR1 in CYLD-deficient mice pre-

vented the development of hepatomegaly (Figure 5A and Table

S1). Sirius red and TUNEL staining was limited to the periportal

area in 2-month-old mice, without expansion to the neighboring

areas (Figures 5B–5E). In agreement with the reduced number of

TUNEL positive cells, we detected smaller amounts of cleaved

caspase 3 and serum alanine transaminase (ALT) levels in
itive hepatocytes (JNK+/HNF4+) and JNK positive

form of c-JUN (p-JUN) or total JUN (JUN).
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Figure 4. Spontaneous and Progressive Kupffer Cell Activation, Inflammatory Cell Infiltration, TNF Production, and NFkB Activation in the

Livers of CYLD-Deficient Mice

(A and B) Immunohistological staining of liver sections from P25 to P60 CYLDLD/D mice and control littermates (WT) with F4/80 and CD45 antibody.

(C) TNFa mRNA levels from RT-qPCR assays in the livers of mice as indicated in (A). Bars represent mean values of TNFa mRNA levels normalized to glycer-

aldehyde-3-phosphate dehydrogenase (GAPDH) mRNA and SEM from samples of four individual mice.

(D) Electrophoretic mobility shift assays were performed using radioactive double stranded oligonucleotide containing NFkB binding site sequence and extracts

from the livers of indicated mice. Where indicated, mice were injected intraperitoneally with 5 mg/kg LPS.

(E) Representative immunohistological staining detects cytoplasmic and nuclear NFkB-p65 in P35 and P60 CYLDLD/D mice and control littermate (WT).

See also Figure S4.
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CYLDLD/D/TNFR1�/� mice compared to CYLDLD/D mice (Figures

5F and 5G).

These data suggest that after the initial spontaneous

apoptosis of periportal hepatocytes, inflammatory cells are re-
744 Cancer Cell 21, 738–750, June 12, 2012 ª2012 Elsevier Inc.
cruited to the liver, in parallel with proliferation and activation

of resident Kupffer cells. They produce inflammatory cytokines,

such as TNFa, which, in turn, induce apoptosis in neighboring

cells via the TNFR1-dependent signaling cascade.
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Figure 5. TNF Receptor 1 Is Required for

the Expansion of Apoptosis and Fibrosis in

Liver-Specific CYLD-Deficient Mice

(A) Macroscopic appearance of P60 CYLDLD/D

and CYLDLD/D /TNFR1�/� livers.

(B) Hematoxylin-eosin and Sirius red staining of

liver sections from P60 CYLDLD/D, CYLDLD/D/

TNFR1�/�, and TNFR1�/� livers mice.

(C) Quantitation of Sirius red positive areas.

(D and E) TUNEL assays and quantitation of P60

livers indicated as in (B).

(F) Western blot analysis of extracts from indi-

vidual livers of P60 mice indicated as in (B) using

an antibody specifically detecting cleaved cas-

pase 3 (upper panel) or TFIIB (lower panel).

(G) Serum ALT levels in mice indicated as in (B).

Bars represent mean values and SEM from

samples of 5 individual mice.
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LateOnset Development of Hepatocellular Carcinoma in
CYLDLD/D Mice
Examination of 12-month-old CYLDLD/D livers revealed the pres-

ence of numerous cancerous foci of different sizes (Figure 6A).

Microscopically, we could detect several histopathological

features of hepatocellular carcinoma, including nuclear atypia,

frequent pleomorphism, irregular trabeculae, obliteration of

portal tracts, mitotic figures, and the presence of cells with

increased eosinophilic inclusions or cytoplasmic clearance

(Figure 6B).

Genome-wide comparative genomic hybridization (CGH)

analysis revealed a large number of amplifications and deletions

ranging from0.62MB to 14.8MB in all chromosomes (Figure S5).
Cancer Cell 21, 738–7
Notably, several of the amplifications or

deletions were detected in foci derived

from different animals, pointing to the

existence of common signatures gener-

ated by CYLD-dependent signals that

affect chromosomal integrity. In addition,

the expression of several known onco-

genes and tumor suppressor genes was

upregulated (38 genes) or downregulated

(9 genes) in 1-year-old CYLDLD/D livers

(Table S2).

Malignant tumor formation was further

confirmed by the detection of prolifer-

ating cells using BrdU and Ki67 staining

and by the detection of increased Cyclin

D1 expression inCYLDLD/D livers (Figures

6D and 7A). Excessive inflammation and

liver damage in CYLDLD/D mice was also

evident from the massive infiltration of

CD45 positive cells and the highly

elevated serum ALT levels (Figures 6C

and 6D). Importantly, we observed posi-

tive staining and/or increased RNA levels

of several oncofetal HCC marker genes,

such as alpha-fetoprotein (AFP), H19,

insulin-like growth factor 2 (IGF2), as

well as hepatic stem cell marker genes
like glypican 3 (GPC-3), CD133, or the oval cell-specific A6

(Figures 6D, 7A, and 7B). Interestingly, we could detect activa-

tion ofNANOG, SOX2, and KLF4, which are involved in themain-

tenance of pluripotency of embryonic stem cells (Figure 7C).

Within the tumor area, about 25% of HNF4 positive cells stained

positively for SOX2 and all SOX2 positive cells co-stained for

HNF4 (Figure 7D).

The mRNA and protein levels of b-catenin were signifi-

cantly increased in CYLDLD/D livers. However, the observed

increase was due to the accumulation of non-hepatic cells with

elevated b-catenin expression (Figure S6). Of note, in both

wild-type and CYLDLD/D livers, we could detect only

the membrane-associated form of the protein, which argues
50, June 12, 2012 ª2012 Elsevier Inc. 745
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Figure 6. Spontaneous, Late-Onset Devel-

opment of Hepatocellular Carcinoma in

Liver-Specific CYLD-Deficient Mice

(A) Macroscopic appearance of 1-year-old

CYLDLD/D mice and their control littermate (WT).

The numbers of tumor foci, tumor sizes, and areas

were evaluated in 11 mice at 1 year of age.

(B) Representative hematoxylin-eosin staining of

liver sections of 1-year-old CYLDLD/D mice and

their control littermate (WT).

(C) Serum ALT levels in 1-year-old mice. Bars

represent mean values and SEM from samples of

five individual mice.

(D) Representative immunohistochemical staining

of liver sections of 1-year-old CYLDLD/D mice and

control littermates (WT) with combinations of

antibodies indicated at the bottom of the images.

See also Figure S5.
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against the involvement of Wnt signaling in the process of

tumorigenesis.

The expression of other cancer marker genes, including

connective tissue growth factor (CTGF) and EpCAM, was

also increased in CYLDLD/D livers (Figures 6D and 7A). Counter-

staining of the sections with the hepatocyte markers HNF4

or albumin showed that all of the AFP positive cells and a

large number of Ki-67, EpCAM, or A6 positive cells are hepato-

cytes. Positive staining for EpCAM and A6, which besides

cancerous hepatocytes also mark biliary epithelial cells in

normal liver, was observed in a significant number of non-

hepatic cells. These cells may correspond to proliferating

cholangiocytes (Figure 6D). The observed mixed pattern of

EpCAM and A6 expression, together with the expression of

oncofetal and stem cell marker genes, suggests that the

tumors developing in CYLDLD/D livers resemble highly aggres-
746 Cancer Cell 21, 738–750, June 12, 2012 ª2012 Elsevier Inc.
sive hepatocellular carcinoma, possibly

combined with cholangiocarcinoma.

DISCUSSION

Previous studies have established that

CYLD is a negative regulator of NFkB

activation (Trompouki et al., 2003; Brum-

melkamp et al., 2003; Kovalenko et al.,

2003). Because NFkB is a key regulator

of cell survival and plays a protective

role against programmed hepatocyte

death (Ghosh and Karin, 2002; Pikarsky

et al., 2004; Schwabe and Brenner,

2006), its inhibition was assumed to

contribute to the known tumor sup-

pressor function of CYLD, at least in

some malignancies (Espinosa et al.,

2010; Sun, 2010). Contrasting this view,

the results of the present study demon-

strate that loss of CYLD in hepatocytes

causes spontaneous apoptosis. Initial

hepatocyte death triggers inflammation,

fibrosis, and late onset carcinogenesis,
pointing to the crucial role of CYLD in the control of hepatocyte

homeostasis. Phenotypic and molecular-level analyses of liver-

specific CYLD-deficient mice revealed at least three temporally

distinct events schematically presented in Figure 7E.

The first observable phenotypic change in CYLDLD/D livers is

spontaneous apoptosis of periportal hepatocytes (Figure 7E,

left panel). This coincides with spontaneous activation of TAK1

and JNK. The well-known proapototic function of sustained

JNK activation (Kamata et al., 2005; Sakurai et al., 2006;

Schwabe and Brenner, 2006; Hui et al., 2008) provides a mecha-

nistic explanation for the observed occurrence of cell death. JNK

is a downstream substrate of the TAK1-induced kinase cascade,

suggesting that the initial triggering event of cell death must be

the spontaneous hyperactivation of TAK1. In agreement with

this, periportally restricted apoptosis was not observed in

CYLDLD/D/TAK1LD/D double knockout mice.
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Figure 7. Hepatic Tumors Developed in

CYLDLD/D Mice Express Oncofetal and

Stem Cell-Specific Genes

(A–C) RT-qPCR assays in total liver RNA from

1-year-old CYLDLD/D mice and control littermates

(WT) with primers amplifying the mRNAs of cancer

and stem cell markers indicated at the bottom of

the graphs. Bars represent mean mRNA levels

normalized to GAPDH mRNA and SEM from

samples of four individual mice. The data are

presented either as a fold over wild-type values (A)

for Cyclin D1, CTGF, GPC-3, and CD133 mRNAs,

or as percent of the values obtained with embry-

onic day 18.5 (E18) mouse livers (B) for AFP, IGF2,

and H19 mRNAs or as a percent of the values

obtained with RNAs prepared from pluripotent

mouse embryonic stem cells (C) NANOG, SOX2,

and KLF4 mRNAs.

(D) Representative immunohistochemical staining

of liver sections of 1-year-old CYLDLD/D mice with

SOX2 and HNF4 antibodies.

(E) Schematic presentation of the temporal order

of molecular and phenotypic changes in liver-

specific CYLD-deficient mice.

See also Table S2 and Figure S6.
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How is TAK1 activated in the periportal hepatocytes of

CYLDLD/D mice without external administration of signaling

molecules? The most straightforward and simplest explanation

is that the lack of CYLD-mediated cleavage of polyubiquitin

chains increases K63-linked ubiquitination of TAK1, which stim-

ulates TAK1 enzymatic activity independently of receptor

signaling. An alternative, but conceptually related, mechanism

is also suggested by our finding that CYLD-deficient hepato-

cytes, due to lack of deubiquitination-mediated control, are

more sensitive to activate TAK1 in response to low amounts of

LPS. Mice that are not kept under germ-free conditions are

constantly challenged with small doses of lipopolysaccharide

(LPS) produced by the intestinal bacterial flora, which can reach

the liver via the portal tract and induce cytokine production by

resident Kupffer cells (Enomoto et al., 2002). Thus, due to sensi-

tization, hepatocytes in the periportal area of CYLDLD/D mice

may respond to the locally available low amounts of LPS by acti-

vating TAK1 via death receptor signaling. Supporting this

scenario is the time frame of apoptotic cell appearance: although

CYLD is lost from hepatocytes before birth, apoptotic cells are

first detected about 10 days after weaning (at P25), when the

physiological bacterial flora of the gut is fully formed. Interest-

ingly, CYLD is expressed at higher levels in periportal hepato-

cytes, compared to those in the pericentral area. We speculate

that this partial zonal expression pattern may reflect an
Cancer Cell 21, 738–7
increased demand for CYLD-mediated

control in the periportal area to protect

hepatocytes from apoptosis induced by

locally accumulating death-signaling

molecules.

Following the initial apoptosis of peri-

portal hepatocytes in CYLDLD/D mice,

hepatic stellate cells and Kupffer cells

are activated, leading to progressive
fibrosis, inflammation, and TNFR1 signaling-dependent propa-

gation of cell death into an expanded area of the liver (Figure 7E,

middle panel). Dying hepatocytes release various mediators that

induce transdifferentiation of hepatic stellate cells into

myofibroblasts, which proliferate and produce a network of

extracellular matrix, the hallmark of a fibrotic scar (Bataller and

Brenner, 2005; Friedman, 2008). The resulting fibrosis acts as

a precursor of cirrhosis during chronic liver damage-induced

inflammation, in which excessive extracellular matrix deposition

disrupts liver cytoarchitecture (Bataller and Brenner, 2005).

Similar to human fibrotic livers, hepatocyte death in CYLDLD/D

mice is also associated with Kupffer cell activation and invasion

of inflammatory cells parallel to stellate cell activation. Kupffer

cells are resident macrophages in the liver and produce various

inflammatory cytokines (Gao et al., 2008). In CYLDLD/D livers, the

proliferation of Kupffer cells and the infiltration of other CD45

positive inflammatory cells correlated with the gradual increase

of TNFamRNA and phospho-JNK levels. This provides a mech-

anistic clue for the observed expansion of hepatocyte death

toward the central vein areas, as locally elevated levels of

TNFa could induce apoptosis in neighboring cells via the

TNFR1-dependent signaling cascade. Evidence for this was

provided by experiments in mice lacking both CYLD and p55-

TNFR1. Apoptotic hepatocytes and fibrotic lesions in the double

knockout mice were limited to the periportal areas even after
50, June 12, 2012 ª2012 Elsevier Inc. 747
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P60, suggesting that TNFR1 is required for the propagation of

liver damage in CYLDLD/D mice.

We also noted that the expression of DR5 was highly

increased in CYLDLD/D mice at P60, suggesting that signaling

through DR5 may also contribute to the observed phenotype.

However, such an effect should involve cooperation with

TNFR-1, as the latter was absolutely required for the propaga-

tion and expansion of cell death in CYLD-deficient mice.

Of particular interest is the timing of NFkB activation in

CYLDLD/Dmice. As CYLD is known to act as a negative regulator

of NFkB activation, it was surprising that we could not detect

NFkB-p65 stimulation up until P45. The levels of activated

NFkB-p65 peaked at P60, when massive cell death and inflam-

mation was evident, but long after complete CYLD inactivation

(embryonic life) or the first detection of apoptotic hepatocytes

and TAK1 hyperactivation (P25). Although the mechanism

behind this phenomenon is not understood, it is possible

that the TAK1-NFkB activation cascade requires more robust

signals that are available only at P45–P60 in CYLDLD/D livers.

Thus, TAK1 activation does not always lead to NFkB induction.

A similar lack of correlation between TAK1 and NFkB activa-

tion has also been observed in LPS-stimulated bone marrow-

derived macrophages (Tseng et al., 2010). The observed

preferential induction and chronic persistence of TAK1-JNK

phosphorylation cascade over NFkB activation are in agreement

with the observed cell death phenotype at the ‘‘early’’ stage.

Induction of NFkB-p65 at later stages (at P60) cannot reverse

cell death progression, suggesting that the dominance of the

TAK1-JNK cascade, which persists for a long period of time,

disrupts the balance between death signaling and compensa-

tory survival pathways.

Loss of CYLD has been described in human hepatocellular

carcinomas (Hellerbrand et al., 2007). The large majority of

hepatocellular carcinomas are detected in patients with hepatic

fibrosis or cirrhosis (Okuda, 2000). They develop in a setting of

chronic hepatocyte injury and inflammation, similar to that

observed in CYLDLD/D mice. In accordance with the above,

we found that CYLDLD/D mice spontaneously developed

hepatocellular carcinoma at the age of 12 months, pointing

to a potential causative and mechanistic relationship between

CYLD expression and the development of HCC. The preceding

massive cell death and the late appearance of carcinoma in

CYLDLD/D mice suggests that, similar to other HCC models

generated by genetic ablation of NFkB regulators (Maeda

et al., 2005; Luedde et al., 2007; Inokuchi et al., 2010; Better-

mann et al., 2010), the mechanism of carcinogenesis involves

compensatory cell proliferation (Figure 7E, right panel). Of

interest is that the hepatocellular carcinoma in CYLDLD/D mice

associates with the reactivation of oncofetal hepatic genes

(AFP, H19, IGF2), with the expression of cancer stem cell

(CSC) related genes (GPC-3, CD133), and with genes involved

in maintenance of embryonic stem cells (NANOG, SOX2,

KLF4). Activation of these latter genes has been implicated in

highly aggressive epithelial tumors, with very poor prognosis

(Ben-Porath et al., 2008). The above features demonstrate

that tumors developing in CYLDLD/D livers highly resemble

human hepatocellular carcinomas, whose expression profiles

are enriched in stem cell traits (Marquardt et al., 2011). The

activation of the oncofetal and ‘‘stem cell signature’’ genes
748 Cancer Cell 21, 738–750, June 12, 2012 ª2012 Elsevier Inc.
may arise from the high degree of dedifferentiation of hepato-

cytes that enter the cell cycle via G0-G1 transition or from

the proliferation of resident hepatic ‘‘stem cells,’’ or both. The

available data do not allow discrimination between these

possibilities.

Compensatory cell growth could be initiated by ROS accumu-

lation-mediated activation of the oncogenic transcription factor

STAT3 (He et al., 2010). The high levels of STAT3 activation in

CYLDLD/D mice from P60 and onward and the correlation of

STAT3 activation with the levels of ROS accumulation provide

a strong indication for its involvement in the process.

Both NEMO and TAK1 are subject to negative regulation by

CYLD-mediated deubiquitination (Kovalenko et al., 2003; Reiley

et al., 2007). Thus, it was surprising to see that several of the

phenotypic characteristics CYLDLD/D mice resemble those re-

ported in liver-specific NEMO and TAK1-deficient mice (Luedde

et al., 2007; Inokuchi et al., 2010; Bettermann et al., 2010). The

similar phenotypic features include: hepatocyte death, fibrosis,

inflammation and cancer. The similarities between CYLDLD/D

and TAK1LD/D mice are of particular concern, since TAK1 hyper-

activation represents the earliest triggering event in the patho-

genesis of liver damage observed in the CYLDLD/D mice.

While our analysis of TAK1LD/D mice confirmed the findings of

previous reports, it also revealed significant differences between

CYLDLD/D and TAK1LD/Dmice in terms of timing, localization, and

the severity of cell death, fibrosis, and cancer phenotypes.

TAK1LD/D mice, generated by crossing TAK1lox with ALFP-Cre

(this study and Bettermann et al., 2010), developed full-blown

HCC at 1.5 months of age, as opposed to CYLDLD/Dmice, which

develop cancer at 10–12 months of age. In contrast to the

massive hepatocyte death and liver fibrosis of CYLDLD/D mice,

TAK1-deficient livers display only a few TUNEL positive cells

and much milder fibrotic lesions. An additional significant differ-

ence between CYLDLD/D and TAK1LD/Dmice is the different local

distribution of apoptotic hepatocytes and fibrotic lesions. Hepa-

tocyte death and fibrosis are initially limited and later expand to

an extended periportal zone in CYLDLD/D mice, while in TAK1-

deficient mice, the small number of apoptotic cells and milder

fibrotic lesions are uniformly distributed between central vein

and portal vein areas.

Despite these qualitative and quantitative differences, the end

result of both constitutive activation or inactivation of TAK1 is

spontaneously developing inflammation and cancer. Thus, either

aberrant increase or decrease of TAK1 activity is detrimental to

hepatocyte function. Our results highlight the role of CYLD in

keeping TAK1 activity in equilibrium, protecting the liver from

spontaneous damage. Therefore, we propose that CYLD acts

as a master regulator of TAK1-induced signaling cascades and

plays a critical role in the maintenance of physiological liver

homeostasis.

EXPERIMENTAL PROCEDURES

Animal Models

CYLDloxp mice carrying floxed exon 9 alleles of CYLD have been described

previously (Trompouki et al., 2009). To obtain liver-specific inactivation of

CYLD, we crossed CYLDloxp mice with ALFP-Cre transgenic mice (Kellen-

donk et al., 2000). CYLDloxp littermates without Cre transgene were used

as wild-type controls. For the generation of conditional TAK1-deficient

mice, we crossed mice containing floxed TAK1 exon 2 allele (Eftychi et al.,
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2012) with ALFP-Cre transgenic mice. TNFR1�/� mice have been described

previously (Rothe et al., 1993). All animals were in C57Bl6 background. Mice

were maintained in grouped cages in a temperature-controlled, specific-

pathogen-free facility on a 12-hr light/dark cycle and fed by a standard

chow diet (Altromin 1324; 19% protein, 5% fat) and water ad libitum. All

animal experiments were approved by the Prefecture of Attica and were per-

formed in accordance with the respective national and European Union

regulations.

Histological Analysis

Histological assays were performed in paraffin-embedded or frozen tissue

sections as described previously (Boulias et al., 2005; Kyrmizi et al., 2006).

Briefly, livers were dissected, fixed in 4% paraformaldehyde, and embedded

in paraffin. Liver sections (5–6 mm thick) were boiled in 10 mM Na-citrate for

20 min and, after washings with PBS, were blocked with normal goat serum

in PBS and used for staining with aSMA antibody. For immunohistochemistry

with all of the other antibodies, cryosections were used. Freshly isolated liver

tissues were embedded in optimal cutting temperature (OCT) embedding

medium without fixation and samples were frozen in liquid nitrogen. Frozen

sections were air-dried before fixation in 4% formaldehyde for 15 min at

room temperature. Blocking was performed in 1% BSA/0,1% Triton X-100

for 1 hr and then incubated with primary antibodies at room temperature

for 2 hr or at 4�C overnight. After incubation with AlexaFluor 568, 555, or

488 (Molecular Probes) secondary antibodies for 1 hr at room temperature

and counterstaining with DAPI, fluorescence images were observed using

a Zeiss Axioscope 2 Plus microscope. Paraffin-embedded tissue sections

were used for staining with 0.1% Sirius red dissolved in saturated picric acid

or with hematoxylin and eosin (H&E). Sirius-red positive areas were quanti-

tated using NIH Image-J software. TUNEL assays were performed using the

Fluorescein cell death detection kit (Roche). To detect proliferating cells,

mice were injected intraperitonelly with 1 mg/kg 50-Bromo-20-deoxyuridine
(Sigma) twice, in 12-hr intervals. Incorporated BrdU was detected in cryosec-

tions using mouse monoclonal aBrdU antibody (Sigma).

Accumulation of reactive oxygen species (ROS) was measured by staining

frozen liver sections with 2 mM of 5-(and-6)-chloromethyl-20,70-dichlorodihy-
drofluorescein diacetate, acetyl ester (CM-H2DCFDA) for 30 min at 37�C.
Cell survival in primary hepatocyte cultures was evaluated by MTT

assays using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,

as described previously (Kontaki and Talianidis, 2010).

Biochemical Analysis

Blood was collected and centrifuged at 1000 g for 10 min. Freshly isolated

supernatant plasma fractions were used for measuring alanine aminotrans-

ferase (ALT) activity with the Dyasis assay kit.

Preparation of nuclear and whole cell extracts, immunoprecipitations, and

western blot assays were performed as described (Tatarakis et al., 2008; Mar-

tinez-Jimenez et al., 2010; Kontaki and Talianidis, 2010). For electrophoretic

mobility shift assays, double-stranded oligonucleotide was radiolabeled by

filling in with Klenow enzyme in the presence of a32P-dCTP. The oligonucleo-

tide used represents an NFkB consensus sequence: sense: 50-GGG TTG AGG

GGA CTT TCC CAG G; antisense: 50-GGG CCT GGG AAA CTC CCC TCA A.

Binding reactions were performed in 15 ml volume containing 20 mM HEPES

pH 7.9, 50 mM KCl, 2 mM MgCl2, 4 mM spermidine, 0.02 mM Zn-acetate,

0.1 mg/ml bovine serum albumin, 10% glycerol, 0.5 mM dithiotreitol, 2 mg

poly (dI-dC), and 5 mg nuclear extracts. After incubation in ice for 30 min, the

protein/DNA complexes were resolved in 5% native polyacrylamide gels and

visualized by autoradiography.

RNA Analysis

Total RNA was prepared by the Trizol extraction. After digestion with DNase I,

1 mg of total RNAwas used for first strand cDNA synthesis usingMMLV reverse

transcriptase. Quantitative PCR analyses were carried out in CHROMO4 Real

time PCR detection system by using SYBR Green reagent, as described

before (Kyrmizi et al., 2006). The nucleotide sequences of primer sets are

shown in Supplementary Information. For global gene expression, profiling

total RNAs from the whole livers of 1-year-old CYLDLD/D mice were analyzed

using Affimetrix GeneChIP Exon 1.0 ST Arrays, as described previously (Tatar-

akis et al., 2008).
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SUMMARY
Germline mutations in LKB1 (STK11) are associated with the Peutz-Jeghers syndrome (PJS), which includes
aberrant mucocutaneous pigmentation, and somatic LKB1mutations occur in 10% of cutaneous melanoma.
By somatically inactivating Lkb1 with K-Ras activation (±p53 loss) in murine melanocytes, we observed var-
iably pigmented and highly metastatic melanoma with 100% penetrance. LKB1 deficiency resulted in
increased phosphorylation of the SRC family kinase (SFK) YES, increased expression of WNT target
genes, and expansion of a CD24+ cell population, which showed increased metastatic behavior in vitro
and in vivo relative to isogenic CD24� cells. These results suggest that LKB1 inactivation in the context of
RAS activation facilitates metastasis by inducing an SFK-dependent expansion of a prometastatic, CD24+

tumor subpopulation.
INTRODUCTION

The LKB1 (or STK11) gene encodes a serine/threonine kinase

that phosphorylates and activates several targets, including

AMPK and the AMPK-related kinases (Alessi et al., 2006). LKB1

regulates cancer-relevant cell biologic phenotypes, including

migration, invasion, metabolism, and polarity (Alessi et al.,

2006; Shah et al., 2008). Germline mutations in LKB1 cause the

Peutz-Jeghers syndrome (PJS; OMIM 175200), an autosomal,
Significance

Although LKB1 loss has been linked to metastasis in epithelia
noma, the role of LKB1 inactivation in melanoma progression
Lkb1 loss and K-Ras activation develop highly penetrant mela
tion revealed that LKB1 loss leads to expansion of a highly inv
ing high levels of CD24, a modulator of metastasis and mar
subpopulation in response to LKB1 inactivation requires the
a mechanism whereby LKB1 regulates metastasis and ident
melanoma.
dominant disorder characterized by hamartomatous polyps of

the gastrointestinal tract and increased mucocutaneous

pigmentation (Jeghers et al., 1949). Patients with PJS are tumor

prone, demonstrating a significantly increased risk for several

cancers (e.g., of colon, pancreas, breast, ovary, and testis)

(Giardiello et al., 2000; Lim et al., 2004; Sanchez-Cespedes,

2007). Somatic LKB1 mutations also are common in sporadic

cancers: most notably lung adenocarcinoma (�30%; Ji et al.,

2007; Weir et al., 2007), cervical carcinoma (�15%; Forbes
l cancers, and LKB1 compromise occurs frequently in mela-
and metastasis is unknown. Here, we show that mice with
nomas that are extraordinarily metastatic. Further investiga-
asive and tumor-clonogenic subpopulation of cells express-
ker of stem-progenitor cells. The expansion of the CD24+

activity of the YES SRC family kinase. These data suggest
ify a promising therapeutic target, YES, in LKB1-deficient
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et al., 2011; Wingo et al., 2009), and melanoma (�10%; Forbes

et al., 2011; Guldberg et al., 1999; Rowan et al., 1999).

In addition to the finding of frequent somatic inactivation in

melanoma, several lines of evidence suggest that LKB1 plays

an important role in melanocyte biology and limits melanocyte

transformation. Patients with PJS demonstrate hyperpigmenta-

tion of the lips, oral mucosa, hands, and feet, which are

comprised of atypical epidermal melanocytes. Although patho-

gnomonic for PJS, the pathologic basis for thesemacular lesions

is unknown. Moreover, recent reports have suggested that LKB1

is functionally inactivated by activating mutations of B-RAF

(Esteve-Puig et al., 2009; Zheng et al., 2009), which are found

in approximately 50% of human melanoma, suggesting that

functional compromise of LKB1 is common in melanoma.

A role for LKB1 in regulating tumor differentiation and metas-

tasis has been suggested in epithelial cancers. For example

somatic inactivation of Lkb1 combined with activation of K-Ras

in genetically engineered murine models (GEMMs) of lung

cancer results in tumors with an expanded spectrum of differen-

tiation and considerably augmented metastasis compared to

K-Ras-driven tumors lacking p53 or Ink4a/Arf (Ji et al., 2007).

LKB1 mutation is associated with advanced stage and metas-

tasis in human patients with aerodigestive carcinomas (Guervos

et al., 2007; Matsumoto et al., 2007). Loss of LKB1 has been

reported to promote metastatic behaviors (e.g., resistance to

anoikis, increased invasiveness) in a variety of epithelial cell

types in vitro through diverse mechanisms including inhibition

of SIK1 (Cheng et al., 2009) or AMPK (Taliaferro-Smith et al.,

2009) as well as activation of EMT, focal adhesion, and SRC

family kinases (SFKs) (Carretero et al., 2010). Given these obser-

vations suggesting a role for LKB1 in melanocyte biology and

transformation, we sought to determine the effects of LKB1 inac-

tivation in human cell lines and GEMMs of melanoma.

RESULTS

Lkb1 Deletion in Melanocytes In Vitro and In Vivo
We intercrossed an established 4-hydroxytamoxifen (4-OHT)-

inducible melanocyte-specific CRE allele (Tyr-CRE-ERT2, abbre-

viated ‘‘T’’; Bosenberg et al., 2006) and three conditional alleles:

Lox-Stop-Lox-(LSL)-KrasG12D (abbreviated ‘‘K’’; Johnson et al.,

2001); Lkb1L/L (Bardeesy et al., 2002); and p53L/L (Jonkers

et al., 2001). To investigate the effect of Lkb1 on melanocyte

growth and proliferation, we isolated murine melanocytes from

neonatal mice of these defined genotypes. Melanocytic origin

of the cells was confirmed by immunofluorescence staining for

the expression of tyrosinase and tyrosinase-related protein 1

(see Figure S1A available online). Cells were treated with

4-OHT in vitro to allow CRE activation and induce allelic

recombination, which was confirmed by PCR (data not shown).

Although wild-type (WT), TK, TLkb1L/L, and 4-OHT-untreated

control melanocytes grew poorly in vitro, 4-OHT-treated,

primary melanocytes from TKLkb1L/L and TKp53L/L; Lkb1L/L

mice demonstrated robust in vitro proliferation without growth

arrest over 2 months (Figure 1A; data not shown). Given that

Ink4a/Arf-deficient melanocytes are immortal in culture (Svider-

skaya et al., 2002), we assessed Ink4a/Arf expression in cultured

melanocytes with and without Lkb1. In accord with prior studies

by Bardeesy et al. (2002) and Ji et al. (2007), Ink4a/Arf expression
752 Cancer Cell 21, 751–764, June 12, 2012 ª2012 Elsevier Inc.
was significantly attenuated in TKLkb1L/L versus TKmelanocytes

(Figure S1B). These findings suggest that Lkb1 loss leads to

melanocyte immortalization by compromising Ras-mediated

Ink4a/Arf activation.

To examine the role of Lkb1 in melanocytes in vivo, neonatal

mice were topically treated with 4-OHT to activate CRE and

induce recombination as previously described by Bosenberg

et al. (2006) and Monahan et al. (2010). Within 4 weeks of

4-OHT treatment, mice from K-Ras-expressing cohorts (TK,

TKLkb1L/L, TKp53L/L, and TKp53L/L; Lkb1L/L) developed melano-

cytic hyperproliferation and exhibited pigmented cutaneous

macules not seen in WT or 4-OHT-untreated littermates (Fig-

ure 1B; data not shown). These effects were stronger in

TKLkb1L/L and TKp53L/L cohorts than in the TK cohort, and the

most pronounced effects were observed in TKp53L/L; Lkb1L/L

mice. Accompanying the obviousmelanocytic hyperproliferation

in the tails and paws, coat color was more heterogeneous and

darker when K-Ras activation was combinedwith Lkb1 loss (Fig-

ure 1C; data not shown). Interestingly, the skin and coat color

from K-RasWT cohorts (TLkb1L/L, Tp53L/L, and Tp53L/L; Lkb1L/L)

appeared normal (Figure 1B). In aggregate these in vitro and

in vivo data show that homozygous Lkb1 inactivation is not suffi-

cient to induce melanocytic hyperproliferation in isolation but

potently cooperates with somatic K-Ras activation in this regard.

Lkb1 Loss Promotes Melanoma Formation
and Metastasis
We next followed these cohorts for melanoma formation. In

accord with our prior results, tumors were not observed in TK

mice, or in animals of any genotype without K-Ras activation

(TLkb1L/L, Tp53L/L, or Tp53L/L; Lkb1L/L) when followed to

70 weeks (Figure 2A). Combined somatic Lkb1 loss and K-Ras

activation, however, led to melanoma formation with 100%

penetrance and latencies ranging from 24 to 56 weeks (median

of 38.5). As previously reported by Monahan et al. (2010),

concomitant somatic p53 deletion combined with K-Ras activa-

tion also potently facilitated tumorigenesis, with a penetrance

and latency similar to that seen in the TKLkb1L/L mice. Despite

suggestions that Lkb1 loss compromises p53 function (Jones

et al., 2005; Karuman et al., 2001), we nonetheless noted strong

cooperation between deletion of Lkb1 and p53 in the context of

K-Ras activation (TKp53L/L; Lkb1L/L), with a sharp reduction of

median tumor latency to 11 weeks. Therefore, Lkb1 and p53

independently restrain Ras-mediated melanomagenesis.

Although metastasis is seen with multicopy N-Ras and c-Met

transgenic alleles (Ackermann et al., 2005; Scott et al., 2011),

metastasis is not a feature ofmelanomamodels driven by amulti-

copyH-Ras transgenic allele (Chin et al., 1997; Scott et al., 2011)

or endogenous expression of mutant K-Ras (Monahan et al.,

2010). Likewise, we have not observed hematogenous or lymph

node metastases in K-Ras-driven melanoma models with intact

Lkb1 function, including TKp16L/L, TKp53L/L, and TKp53L/L;

p16L/L mice (Table S1; see also Monahan et al., 2010). Against

this prior experience, we were surprised to note high-volume

metastasis in 100% of tumor-bearing mice with somatic K-Ras

activation and Lkb1 loss (TKLkb1L/L and TKp53L/L; Lkb1L/L). In

these mice, metastases were found in lymph node, lung, liver,

and spleen, but not in kidney or brain (Figures 2B and 2C; Table

S1). Because we do not observe metastasis in Lkb1-intact



Figure 1. Lkb1 Restrains Melanocytic Hyperprolif-

eration Induced by K-Ras Activation

(A) Growth curves of primary melanocyte cultures from

mice of indicated genotypes are illustrated. Cells were

treated with or without 4-OHT at 20 days postisolation to

activate CRE recombinase, and cell numbers were

counted during serial passage. At least three primary lines

were generated for each group, and representative results

are shown. Error bars show SD.

(B) Changes in pigmentation of representative 8-week-old

adult mice of the indicated melanocyte-specific geno-

types are shown. Mice without K-Ras activation exhibit

normal pigmentation, whereas K-Ras-expressing cohorts

showed pigmented macules on the paws and tails, with

increasing hyperpigmentation noted with concomitant

Lkb1 and/or p53 loss.

(C) Representative mice with melanocyte-specific loss of

Lkb1 and K-Ras activation show increased and hetero-

geneous coat color pigmentation compared to Lkb1-

intact mice.

See also Figure S1.
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tumors induced by activated H- or K-Ras (e.g., with combined

Ink4a/Arf or p53 loss), we concluded that the strong enhance-

ment of metastasis in this model resulted from Lkb1 inactivation.

Although the primary melanomas in both TKLkb1L/L and

TKp53L/L; Lkb1L/L mice were unpigmented or hypopigmented,

metastases found in lymph node, lung, liver, and spleen con-

tained both unpigmented and deeply pigmented lesions (Figures

2B and 2C). These results are reminiscent of prior findings in lung

cancer by Ji et al. (2007), where Lkb1 loss both promotedmetas-

tasis as well as an extended spectrum of tumor differentiation

(e.g., adenocarcinoma versus squamous carcinoma). Therefore,

loss of Lkb1 appears to promote melanoma metastasis in the

context of increased differentiation potential, consistent with

an effect of Lkb1 on a tumor-initiating compartment with

augmented multipotency.

The YES SRC Family Kinase Is Activated by LKB1 Loss
and Results in Enhanced Metastatic Properties
In order to understand the mechanism whereby Lkb1 regulates

metastasis, we studied the effects of Lkb1 on cell migration
Cancer Cell 21,
and invasion in vitro. Toward that end, we

generated tumor cell lines from mice of defined

genotypes with and without Lkb1. We observed

a strong effect of Lkb1 loss on the in vitro wound

healing or scratch assay. Compared to mela-

noma cells with WT Lkb1, including TKp53L/L;

p16L/L and Tyr-Ras; Ink4a/Arf�/� (‘‘TRIA’’; Chin

et al., 1997) cells, Lkb1-deficient melanoma

cells migrated more rapidly to fill an in vitro

wound (Figure 3A; Movies S1 and S2). Likewise,

loss of Lkb1 increased tumor invasiveness as

quantified using the Matrigel invasion assay

(Figure 3B), whereas proliferation in 2D culture

or soft agar was not influenced by Lkb1 status

(Figure S3). To confirm that these effects re-

flected Lkb1 function, Lkb1 null melanoma cells

were transduced with WT Lkb1 or kinase-dead
Lkb1 (Lkb1-KD), and Lkb1 expression was knocked down in

Lkb1 intact melanoma cell lines by transducing a small hairpin

RNA (shRNA) targeting Lkb1 (Figure 3C). In scratch assays and

Matrigel invasion, Lkb1 restoration in Lkb1 null tumor cells

inhibited cell migration and invasion, which was dependent

on the kinase activity of Lkb1. Likewise, partial knockdown of

Lkb1 in TKp53L/L; p16L/L cell lines significantly promoted cell

migration and invasion (Figures 3D and 3E). These data demon-

strate that loss of Lkb1 promotes melanoma cell migration and

invasion in vitro.

Unbiased proteomic analysis has revealed that Lkb1 loss acti-

vates SFKs in lung tumors (Carretero et al., 2010), and therefore,

we examined the effect of Lkb1 function on SFK phosphoryla-

tion, which correlates with SFK activation, in melanoma cells.

Lkb1 knockdown led to increased phosphorylation of SFKs

in murine TKp53L/L; p16L/L melanoma cells using a pan-SFK

phospho-specific antibody (Figure 4A). We further examined

the phosphorylation states of individual SFK members that

are abundantly expressed in melanoma, including Src, Fyn,

and Yes, by immunoprecipitation of each protein with an
751–764, June 12, 2012 ª2012 Elsevier Inc. 753



Figure 2. Lkb1 Inactivation Promotes Melanoma Formation and Metastasis

(A) Kaplan-Meier analysis of melanoma-free survival of cohorts of indicated genotypes is presented.

(B and C) Representative primary tumors and metastases exhibiting variable pigmentation from TKLkb1L/L (B) and TKp53L/L; Lkb1L/L (C) mice are shown. L.N.,

lymph node. Arrow in (B) indicates a hypopigmented lung metastasis.

See also Table S1 and Figure S2.
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SFK-specific antibody followed by immunoblotting with an anti-

body to a shared phospho-tyrosine site (Y416). Although Src and

Fyn phosphorylation was not significantly changed by Lkb1

knockdown, Yes phosphorylation was significantly increased

by Lkb1 knockdown (Figure 4A). These results suggest that

Yes activity, at least in part, reflects Lkb1 function in melanoma.

To test whether increased SFK activity is involved in the effect

of Lkb1 loss on melanoma cells, we treated the TKp53L/L; p16L/L

melanoma cells with or without Lkb1 knockdown with the pan-

SFK inhibitor dasatinib. Dasatinib treatment inhibited melanoma

cell proliferation (Figure S4A); however, this effect was indepen-

dent of Lkb1 knockdown. In contrast whereas treatment with

dasatinib resulted in a modest decrease (14%) in cell migration

in Lkb1-intact cells, the effect was enhanced (27%) in melanoma

cells with Lkb1 knockdown (Figure 4B). A similar Lkb1-depen-

dent effect of dasatinib on cell invasion was noted in Matrigel

invasion (Figure 4C). These observations suggest that the activa-

tion of SFKs due to Lkb1 loss contributes to melanoma cell

migration and invasion, but not proliferation.

To confirm the effects of LKB1 loss and SFK activity across

species, we turned to the study of human melanoma cell lines.

We examined LKB1 expression in a panel of human melanoma

cell lines by western analysis and immunohistochemistry on

a cell line tissue microarray (TMA). LKB1 expression was hetero-
754 Cancer Cell 21, 751–764, June 12, 2012 ª2012 Elsevier Inc.
geneous in these human melanoma cell lines, with an �30-fold

range of expression observed (Figures 4D and S4B). Two lines

with heterozygous LKB1 mutations (A2058 and PMWK) demon-

strated lowest expression of functional protein. No correlation

between LKB1 expression and RAS/RAF status was observed

(Figures 4D and S4B). Further examination revealed that phos-

pho-YES level anticorrelated with LKB1 expression in these

human melanoma cell lines (Figures 4E and 4F). To investigate

cell motility, invasion, and dasatinib sensitivity in these cells,

we focused on lines SKMel23, SKMel63, and A2058 with high,

medium, and low LKB1 expression, respectively. As shown

in Figures 4G and 4H, LKB1 expression anticorrelated with

cell motility, invasion, and sensitivity to dasatinib treatment. In

accord with prior studies showing a potent effect of Lkb1

haploinsufficiency on tumorigenesis (Ji et al., 2007), these data

show that complete loss of LKB1 is not required to promote

malignant growth because even reduced levels of functional

LKB1 protein promote phospho-YES expression and invasive

behavior in vitro.

To study the relationship of LKB1 and SFK activity in isogenic

lines, we knocked down LKB1 expression in A2058 cells (Fig-

ure S5A) and analyzed the phosphorylation status of all SFKs

using an 8-plex Luminex assay. In accord with the murine results

(Figure 4A), LKB1 knockdown in human A2058 cells resulted in



Figure 3. Loss of Lkb1 Promotes Melanoma Cell Migration and Invasion In Vitro

(A) Cells of indicated genotypes were subjected to in vitro wound healing or scratch assay. Representative photomicrographs of TKLkb1L/L cells and TKp53L/L;

p16L/L are shown on the left. Mean closure index, determined as described in the Supplemental Experimental Procedures, is graphed by genotype on the right

(n = 3 replicates per genotype).

(B) Cells of indicated genotypes were subjected to Matrigel invasion assay. Representative photomicrographs of cells that have invaded through Matrigel are

shown on the left and mean values graphed for cells of indicated genotypes on the right (n = 3 replicates per genotype).

(C) Western analysis of TKp53L/L; Lkb1L/L cells transduced with nonfunctional Lkb1-KD (‘‘kinase dead’’) or Lkb1, and TKp53L/L; p16L/L cells transduced with

nonspecific shRNA (NS) or shRNA targeting Lkb1 (shLkb1) is presented. U, untreated.

(D and E) Isogenic cells with and without Lkb1 as indicated were subjected to in vitro scratch assay (D) and Matrigel invasion assay (E) as in (A) and (B),

respectively. Error bars show SD. *p < 0.05; **p < 0.01.

See also Movies S1 and S2, and Figure S3.
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an increase in YES phosphorylation as well as a more modest

but significant effect on FYN phosphorylation (Figure 5A). The

activity of all the other SFK members was not changed by

LKB1 knockdown (Figure 5A). To assess the role of individual

SFKs in mediating the effects of LKB1 loss, we knocked down

the expression of individual SFK members by transfecting

A2058 cells with siRNAs specifically targeting SRC, FYN, or

YES (Figure 5B). We noted that LKB1 knockdown in A2058 cells

had a similar effect on wound healing and Matrigel invasion to

that seen in murine melanoma (Figures 5C and 5D). This effect

of LKB1 inactivation was reverted by knockdown of YES, but

not FYN or SRC (Figures 5C and 5D). Of note the proliferation

of these cells was not affected by knockdown of YES (Fig-

ure S5B). The effect of LKB1 inactivation on YES phosphoryla-

tion, cell motility, and invasion was also observed in a second

humanmelanoma cell line, SKMel28, with relatively high expres-

sion of LKB1 (Figures S5C–S5F). Therefore, as opposed to lung

cancer where greater effect of LKB1 loss is on SRC (Carretero

et al., 2010), the effects of increased SFK activity on cell migra-
tion and invasion associated with LKB1 loss in melanoma cells

are predominantly mediated by YES.

To determine the role of Yes activity in metastasis of Lkb1-

deficient melanoma in vivo, we employed the tail vein metastasis

assay. Targeting of Yes by shRNA was used to knock down

expression in TKp53L/L; Lkb1L/L melanoma cells (Figure S5G),

which did not affect cellular proliferation (Figure S5H). Cells

with or without Yes knockdown were injected into nude mice

via the tail vein, and lung metastases were examined 3 weeks

later. As shown in Figures 5E and 5F, TKp53L/L; Lkb1L/L mela-

noma cells were highly metastatic in vivo, whereas knockdown

of Yes resulted in a 7-fold decrease of tumor metastasis. In

contrast, dasatinib treatment (50 mg/kg/day orally) did not

significantly inhibit tumor metastasis in vivo (Figures S5I and

S5J). This result is in contrast to the in vitro effects of dasatinib

treatment (Figures 4B and 4C) as well as previous studies in

lung cancermodels by Carretero et al. (2010). Given this discrep-

ancy, we investigated the potency of dasatinib in cell-based

assays against SFKs. In accord with previous in vitro kinase
Cancer Cell 21, 751–764, June 12, 2012 ª2012 Elsevier Inc. 755



Figure 4. Lkb1 Loss Results in SFK Activation

(A) Representative western analysis of TKp53L/L; p16L/L cells with or without Lkb1 knockdown is shown. Cell lysates were either directly immunoblotted (IB) with

antibody against p-SFKs (Y416) or immunoprecipitated (IP) first with indicated antibodies against Src, Fyn, or Yes. NS, nonspecific shRNA.

(B) TKp53L/L; p16L/L melanoma cells with or without LKB1 knockdown were grown in media containing vehicle (DMSO) or dasatinib (30 nM). Closure index was

measured 12 hr after wounding.

(C) TKp53L/L; p16L/L melanoma cells with or without LKB1 knockdown were subjected to Matrigel invasion assay with and without treatment with pan-SFK

inhibitor, dasatinib (30 nM).

(D) Representative western analysis of indicated human melanoma cells with LKB1 quantification by LICOR analysis is shown.

(E) YES phosphorylation in indicated human melanoma cells with phospho-YES level quantification by LICOR analysis is presented. Cells were labeled with the

same number as in (D).

(F) Correlation analysis of LKB1 and phospho-YES expression in human melanoma cells is illustrated. Cells were labeled with the same number as in (D).

(G and H) SKMel23, SKMel63, and A2058 cells were treated with DMSO or 30 nM dasatinib and subjected to in vitro scratch assay (G) or Matrigel invasion

assay (H).

Error bars show SD. *p < 0.05; **p < 0.01; ***p < 0.001.

See also Figure S4.
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and cell-based assays by Deguchi et al. (2008) and Konecny

et al. (2009), Src and Fyn were inhibited by lower doses of dasa-

tinib than those needed to inhibit Yes (Figure S5K, �10-fold

difference in the EC50 for Src versus Yes). Therefore, whereas

dasatinib is adequately potent for in vitro studies (Figures 4B,

4C, 4G, and 4H), in vivo inhibition of Yes activity appears to

require greater doses of dasatinib than those needed to inhibit

SRC, the more important SFK in LKB1-deficient lung cancer.

These data suggest that an SFK inhibitor with greater potency
756 Cancer Cell 21, 751–764, June 12, 2012 ª2012 Elsevier Inc.
against YES may exhibit better antimelanoma efficacy in

humans.

Microarray Analysis of Lkb1-Regulated Transcript
To provide a mechanistic understanding of how LKB1 loss

promotes melanomametastasis, we performed RNA expression

profiling on 20 melanoma cell lines and 9 primary tumors with or

without functional Lkb1. The transcriptional effects of Lkb1 inac-

tivation were large: a total of 2,767 and 15,795 genes were



Figure 5. The Effects of LKB1 Loss on Melanoma Cells Are Mediated by the YES Kinase

(A) Tyrosine phosphorylation status of SFKmembers in A2058 cells with or without LKB1 knockdown is illustrated. Mean values of three replicates per kinase are

graphed. MFI, median fluorescence intensity. NS, nonspecific shRNA.

(B) A2058 cells expressing shLKB1were transfectedwith scrambled control siRNAs or siRNAs targeting SRC, FYN, or YES. Cell lysates were immunoblotted with

indicated antibodies 48 hr after transfection. U, untreated.

(C and D) A2058 cells with or without LKB1 knockdown were transfected with indicated SFK siRNAs. Cells were subjected to in vitro scratch assay (C) or Matrigel

invasion assay (D) 48 hr after siRNA transfection.

(E and F) Luciferase-expressing TKp53L/L; Lkb1L/Lmelanoma cells with or without Yes knockdown were injected into nudemice via tail vein. Mice were examined

by luciferase imaging (E) and dissection (F). Luminescence was quantified (E).

Error bars show SD. **p < 0.01; ***p < 0.001.

See also Figure S5.
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differentially associated with Lkb1 competence in cell lines and

primary tumors, respectively (false discovery rate [FDR] <5%)

(Table S2). To better understand pathways regulated by Lkb1

in melanoma cells, we constructed an ‘‘overlap’’ list of tran-

scripts that were differentially regulated by Lkb1 inactivation in

both melanoma cell lines and primary tumors. Toward that

end, we picked the top 1,000 upregulated and downregulated

transcripts associated with Lkb1 loss in cell lines and primary

tumors and identified all transcripts appearing on both lists.

This winnowed overlap list contained 55 upregulated genes,

and 55 downregulated genes (Figures S6A and S6B). Gene Set

Enrichment Analysis (GSEA) of this overlap list indicated a

significant enrichment for several pathways (Table S3), with

targets of mir27 and Lef1 being particularly highly represented

(Figures S6A and S6B). Lef1 is a critical transcriptional activator

responsive to WNT/b-catenin, and this observation is consistent

with recent work suggesting that mir27 expression promotes

metastasis via activation of b-catenin signaling (Zhang et al.,

2011). Moreover, we noted amore than 2-fold increased expres-

sion of other validated WNT targets (Axin2, Nkd1, Lgr5, and

Bmp4, FDR <1%) in Lkb1-deficient tumors. Therefore, these
transcriptional analyses suggest that increased expression of

targets of mir27 andWnt/b-catenin is associated with melanoma

metastasis.

LKB1 Inactivation Induces an SFK-Dependent
Expansion of a Prometastatic, CD24+ Tumor
Subpopulation
The association of Lkb1 loss with increased Lef1 expression has

been previously noted in lung cancer by Ji et al. (2007), and

therefore, we looked for other transcripts associated with Lkb1

loss in both tissues. Although we also noted increased expres-

sion of Nedd9 and Vegf-c in both tumor types (data not shown),

the most reliably upregulated gene associated with LKB1 loss in

cell lines and primary tumors from both tumor types was CD24

(‘‘CD24a’’ in the mouse, Figure S6A; Ji et al., 2007). We consid-

ered this protein of interest for further study given its role as

a known modulator of advanced disease and metastasis

(Baumann et al., 2005; Kristiansen et al., 2003; Lee et al., 2011;

Senner et al., 1999) and marker of stem-progenitor cells in

several tumor types (Al-Hajj et al., 2003; Gao et al., 2010; Lee

et al., 2011). Prior work has demonstrated heterogeneous
Cancer Cell 21, 751–764, June 12, 2012 ª2012 Elsevier Inc. 757



Figure 6. Lkb1 Loss Expands a Prometastatic CD24+ Cell Population
(A) CD24 expression of melanoma cells of indicated genotypes was examined by flow cytometry.

(B) TKp53L/L; Lkb1L/L cells were transduced with Lkb1-KD or Lkb1. TKp53L/L; p16L/L cells were transduced with NS or shLkb1. Cells with and without Lkb1

function as indicated were examined for CD24 expression by flow cytometry.

(C and D) CD24+ cells and CD24� cells were isolated from TKp53L/L; Lkb1L/L cells by FACS. Sorted cells were subjected to scratch assay (C) andMatrigel invasion

assay (D).

(E) CD24+ and CD24� cells were isolated from TKp53L/L; Lkb1L/L and TKp53L/L; p16L/L cells. Cell lysates were subjected to direct immunoblotting or immuno-

blotting following immunoprecipitation as indicated.

Error bars show SD. **p < 0.01; ***p < 0.001.

See also Figure S6 and Tables S2 and S3.
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expression of CD24 in human melanoma (Shields et al., 2007;

Stuelten et al., 2010), and expression is not uniform on all cells

within a given cell line. Instead, consistent with its ability to

mark tumor-initiating fractions, CD24 expression is noted on

a tumor subfraction, with expression ranging from <1% to

13% of cells in melanoma lines.

We therefore investigated the relationship of Lkb1 status and

CD24 expression. Cell lines derived from murine melanomas

with intact Lkb1 function exhibited a low fraction (<3%) of

CD24+ cells. Remarkably, inactivation of Lkb1 was associated

with a marked expansion of the CD24+ population ranging from

10% to more than 30% of cells (Figures 6A, 6B, S6C, and S6D).

Correspondingly, restored expression of Lkb1 in Lkb1 null

melanoma cells suppressed CD24 expression within 6 days of

transduction, which was dependent on the kinase activity of

Lkb1 (Figures 6B and S6E). Likewise, Lkb1 null (TKLkb1L/L)

tumors contained an increased CD24+ subpopulation compared
758 Cancer Cell 21, 751–764, June 12, 2012 ª2012 Elsevier Inc.
to Lkb1-competent (TRIA) tumors in vivo (Figure S6F). These

data demonstrate a highly dynamic, 3- to 10-fold effect of

Lkb1-kinase activity on expression of cell surfaceCD24, a known

facilitator of metastasis.

Given that CD24 expression (both increased and decreased)

has been associated with functional heterogeneity and tumor-

initiating cells in other cancer types, we examined the in vitro

properties of CD24+ versus CD24� cells in melanoma cell lines.

CD24+ and CD24� cells were isolated from TKp53L/L; Lkb1L/L

cells by fluorescence-activated cell sorting (FACS) (Figure S6G),

and the separated populations were assessed for proliferation,

migration, and invasion. Although no difference was observed

in the proliferation of CD24+ versus CD24� cells (Figure S6H),

CD24+ cells showed significantly increased cell migration and

invasion (Figures 6C and 6D). Correspondingly, Yes phosphory-

lation was higher in CD24+ cells than in CD24� cells from both

Lkb1-competent and -deficient cell lines (Figure 6E). These



Figure 7. Expansion of the CD24+ Fraction in Response to LKB1 Inactivation Requires YES Kinase

(A) Percentage of CD24+ cells in indicated human melanoma cells determined by flow cytometry is illustrated.

(B) Correlation analysis of LKB1 and CD24 expression in human melanoma cells is presented. LKB1 expression was quantified in Figure 4D. Cells were labeled

with the same number as in (A) and Figure 4D.

(C) CD24 expression in A2058 human melanoma cells increases with LKB1 knockdown (shLKB1). U, untreated. NS, nonspecific shRNA.

(D and E) A2058 cells with LKB1 knockdown were treated with the indicated concentrations of dasatinib and harvested for analysis at the indicated times. The

expression of CD24 mRNA (D) was measured by quantitative RT-PCR and calculated as relative expression to A2058 cells with NS-shRNA. The expression of

CD24 protein (E) was measured by flow cytometry (n = 3 replicates).

(F) A2058 cells with LKB1 knockdownwere transfectedwith indicated SFK siRNAs. CD24 expressionwasmeasured by flow cytometry 72 hr after the transfection

(n = 3 replicates).

Error bars show SD. *p < 0.05; **p < 0.01; ***p < 0.001.

See also Figure S7.
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results suggest that CD24 expression is associated with

increased metastatic behavior in vitro as well as Yes phosphor-

ylation and that increased Yes activation is a common feature

of the CD24+ subpopulation regardless of Lkb1 status in

melanoma.

To confirm the effects of LKB1 loss on CD24 expression in

human cells, we examined CD24 expression in a large panel of

human melanoma cell lines. CD24 expression varied over a

28-fold range and anticorrelated with LKB1 expression (Figures

7A and 7B). In A2058 cells, shRNA targeting of LKB1 led to

a marked and rapid increase in CD24 expression (from 4% to

36% with LKB1 knockdown) (Figure 7C), and a similar effect

was also observed in SKMel28 cells (Figure S7A). Expression

of CD44, another commonly used ‘‘tumor stem cell’’ marker,

was not modulated by LKB1 knockdown within this time frame

(Figure S7B). As in murine cells, the activity of YES and total

SFKs was predominantly observed in CD24+ compared to

CD24� cells (Figures S7C and S7D). Moreover, the level of phos-

pho-ERKwas also increased by LKB1 knockdown,with a greater
effect in CD24+ versus CD24� cells, whereas no effect of LKB1

knockdown was noted on phospho-AKT levels (Figure S7E).

The increase in CD24 mRNA and protein expression due to

LKB1 loss was suppressed in a dose-dependent fashion by tran-

siently treating cells with dasatinib in both human and murine

melanoma cells (Figures 7D, 7E, and S7F), with CD24 mRNA

sharply decreasing with as little as 12 hr of dasatinib treatment.

In accordwith the in vitromotility and invasion results (Figures 5C

and 5D), the effect of LKB1 loss on CD24 expression was

rescued by siRNA to YES, but not SRC or FYN (Figure 7F). These

data show that the ability of LKB1 loss to induce expansion of the

prometastatic CD24+ compartment requires the activity of YES

kinase.

We next performed an analysis of the relationship between

CD24 expression and tumor formation. More colony-forming

cells (CFCs) were noted in the CD24+ fraction from both Lkb1-

deficient (TKp53L/L; Lkb1L/L) and Lkb1-competent (TKp53L/L;

p16L/L) cell lines (Figure S8A). We investigated the in vivo tumor

growth of isolated CD24+ and CD24� cells (Figure S8B) by
Cancer Cell 21, 751–764, June 12, 2012 ª2012 Elsevier Inc. 759



Figure 8. CD24+ Cells Exhibit Higher Metastatic Potential than CD24– Cells In Vivo

(A–F) CD24+ and CD24� cells were isolated from luciferase-expressing Lkb1-deficient (TKp53L/L; Lkb1L/L, A–C) and Lkb1-competent (TKp53L/L; p16L/L, D–F)

melanoma cells and injected into nudemice via tail vein (n = 6mice for each group). Threeweeks after tail vein injection, micewere examined by luciferase imaging

(A and D) and dissection (B and E). Luminescence was quantified, and statistical analysis was performed. Error bars showSD. **p < 0.01; ***p < 0.001. Tumor cells

were examined by flow cytometry for CD24 expression (C and F) prior to tail vein injection (parental) or 3 weeks later after metastatic growth in the lung

(metastasis). No metastasis sample was retrievable from the CD24� fraction of TKp53L/L; p16L/L cells. See also Figure S8.
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xenograft transplantation. Although all mice developed tumors,

CD24+ cells grew more rapidly whether they were derived from

Lkb1-defective or -competent melanomas (Figure S8C). FACS-

sorted CD24+ and CD24� cells were injected into nude mice

via tail vein, with in vivo metastases examined 3 weeks later.

CD24+ cells from both Lkb1-deficient and Lkb1-competent

melanomas exhibited greater metastatic ability than CD24� cells

(Figure 8). Examination of CD24 expression detected both

CD24+ and CD24� cells in tumor metastases formed by either

CD24+ or CD24� cells (Figures 8C and 8F). Yes knockdown

significantly attenuated the size of the CD24+ subpopulation in

metastases formed after tail vein injection of TKp53L/L; Lkb1L/L

(Figure S8D). These data indicate that CD24+ melanoma cells

exhibit a qualitative increase in metastatic propensity regardless

of Lkb1 status and suggest that Lkb1 inactivation predominantly

promotes tumor progression by leading to a marked expansion

of this CD24+ fraction.

DISCUSSION

In this work we show that mice with melanocyte-specific Lkb1

loss andK-Ras activation develop highly metastatic melanomas.

Lkb1-deficient melanoma cells increased invasive behavior
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in vitro compared to isogenic Lkb1-competent melanoma cells.

Further investigation revealed that LKB1 deficiency resulted in

activation of SFKs, particularly YES, and expansion of a CD24+

cell population that showed increased invasive behavior in vitro

and in vivo. Inhibition of YES activity suppressed CD24 expres-

sion and decreased metastatic behavior. Collectively, these

results demonstrate that LKB1 functions as a strong suppressor

of melanomametastasis by regulating YES activity, which deter-

mines the size of a prometastatic CD24+ tumor subpopulation.

Of interest with regard to the phenotypic expression of PJS,

we showed that combined melanocyte-specific Lkb1 loss and

K-Ras activation results in increased melanocyte proliferation

and in vivo hyperpigmentation. The excess melanocytic prolifer-

ation in TKLkb1L/L (and TKLkb1L/+), but not in TLkb1L/L, mice,

suggests that melanocytic hyperproliferation seen in patients

with PJS may reflect sporadic secondary events that activate

regulators of proliferation (e.g., RAS) rather than loss of the

second copy of LKB1. Therefore, TKLkb1L/L mice serve as

a model to study this poorly understood feature of PJS. A weak-

ness of this model is the reliance on K-RAS mutation, which

is �10-fold less common than that of N-RAS in human mela-

noma. To date, we have not been able to generate tumors with

an N-RasLSL allele featuring a codon 12 mutation (Haigis et al.,
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2008), even when combined with inactivation of several different

tumor suppressor genes. The explanation for this difference in

the melanoma-promoting effects of the various RAS isoforms

is an area of active ongoing investigation.

In addition to altered pigmentation, TKLkb1L/L and TKp53L/L;

Lkb1L/L mice exhibited highly metastatic melanoma. Although

metastasis has been reported in a small number of autochtho-

nous murine tumor models (Ackermann et al., 2005; Guy et al.,

1992; Scott et al., 2011), these models feature lower volumes

of metastatic disease with variable penetrance and rely on

supraphysiologic expression of oncogenes. In contrast the

present model couples melanocyte-specific, somatic single-

copy K-Ras activation under the control of its endogenous

promoter with homozygous Lkb1 deletion to produce 100%

penetrance of metastasis with a high burden of metastatic

disease. For example several tumor-bearing TKLkb1L/L and

TKp53L/L; Lkb1L/L mice exhibited >50% involvement of the liver,

lung, and/or spleen with multifocal metastasis (Figures 2B, 2C,

and S2). We believe that the high burden and penetrance of

metastases in this model address a significant unmet need in

cancer research for experimentally tractable, highly metastatic,

autochthonous tumor models. Moreover, in murine models of

both lung cancer (Carretero et al., 2010; Ji et al., 2007) and

melanoma, Lkb1-deficient tumors demonstrate increased histo-

morphometric heterogeneity and more frequent metastasis

compared to tumors lacking p53 or Ink4a/Arf. Because metas-

tasis is not noted in TKp53L/L, TKp16L/L, or TRIA mice (Table

S1; Monahan et al., 2010), the effects of Lkb1 loss on metastasis

are not explained by the effects of Lkb1 on expression of

p16INK4a, Arf, or p53.

Of interest, Dankort et al. have recently reported melanoma

metastasis, albeit with lower tumor burdens, in 4-OHT-treated

Tyr-CRE-ERT2B-RafLSL/+PtenL/L mice (Dankort et al., 2009).

This result is consistent with the notion that B-Raf mutation

(Esteve-Puig et al., 2009; Zheng et al., 2009) induces a partial

compromise of Lkb1 function. More recently, this group has

shown that WNT/b-catenin activation strongly enhances metas-

tasis in this model (Damsky et al., 2011), which matches our

findings of increased expression of b-catenin/Lef1 targets in

Lkb1-deficient tumors (Figures S6A and S6B). It is not clear

from our data if the YES-dependent expansion of the prometa-

static, CD24+ melanoma subfraction requires expression of

b-catenin/LEF1 targets, but both events appear to result from

LKB1 inactivation.

SFK activity has been shown to closely associate with mela-

noma metastasis (Homsi et al., 2009; Putnam et al., 2009), and

prior work in particular has suggested a prominent role for YES

among the SFKs in melanoma pathogenesis. For example the

kinase activity of YES, but not SRC, is significantly higher in

most melanoma cell lines than in melanocytes (Loganzo et al.,

1993). Likewise, activation of YES, but not FYN or SRC, appears

essential to mediate the increased invasiveness of human

melanoma cells in response to stimulation with gangliosides or

neurotrophins (Hamamura et al., 2011; Marchetti et al., 1998).

Although the mechanism whereby loss of LKB1 kinase activity

induces YES activation is not clear, the present data suggest

YES as a promising therapeutic target in melanoma lacking

LKB1 function. Dasatinib exhibits modest antimelanoma activity

in human patients (Kluger et al., 2011). Because we and others
(Deguchi et al., 2008; Konecny et al., 2009) have noted an

�10-fold decrease in the potency of dasatinib for YES compared

to SRC and other SFKs, these results suggest that an SFK inhib-

itor with greater potency against YES inhibitor would exhibit

greater in vivo antimelanoma efficacy.

Increased YES activity in turn leads to an expansion of a tumor

subpopulation that is characterized by increased cell motility and

invasion, as well as CD24+ expression. Surprisingly, although

LKB1 function is inhibited in most or all of the cells, the activation

of YES and expression of CD24 in response to LKB1 inactivation

is limited to a minority (�10%–30%) of cells, which exhibit

enhanced metastatic properties. A CD24+ population of cells is

present, albeit at lower frequency, in LKB1-competent mela-

noma cells, and loss of LKB1 kinase activity appears to induce

an expansion of this prometastatic fraction. The prometastatic

properties of CD24+ cells were increased relative to isogenic

CD24� cells regardless of whether the CD24+ cells were derived

from LKB1-deficient or -competent cell lines. This observation is

consistent with evidence that CD24 expression is associated

with advanced disease and increased metastasis in glioma

and epithelial cancers (Baumann et al., 2005; Kristiansen et al.,

2003; Lee et al., 2011; Senner et al., 1999). Therefore, our data

are most consistent with the model that the principal effect of

LKB1 inactivation with regard to metastasis is to markedly

increase the frequency of this prometastatic subpopulation.

Importantly, whereas CD24 expression appears to play

a direct role in facilitating tumor metastasis, it has also been

observed to mark heterogeneous subpopulations (e.g., ‘‘tumor

stem cells’’) of a variety of cancers (Al-Hajj et al., 2003; Gao

et al., 2010; Lee et al., 2011). Therefore, our data are consistent

with the model that CD24 expression directly facilitates mela-

noma metastasis but also that CD24 expression merely serves

as a marker of a tumor subpopulation with increased metastatic

properties. With regard to the latter possibility, LKB1 loss led to

an increase in a tumor subfraction with increased colony-forming

activity and expanded tumor differentiation potential in vivo (as

reflected by the variable degree of tumor pigmentation), which

are properties of ‘‘tumor stem cells.’’ Although the concept of

a tumor stem cell in melanoma is controversial, our results are

compatible with the possibility that the increased tumor hetero-

geneity noted in the setting of LKB1 inactivation reflects an

augmented tumor stem cell fraction.

In summary this work shows a prominent role for LKB1

in melanocyte biology and the suppression of melanoma

metastasis. We observed that a principal effect of LKB1 loss

on metastasis required expansion of a CD24+ prometastatic

tumor subfraction that exhibited some properties of a tumor

stem cell. Expansion of this compartment required the activity

of YES kinase. These data suggest that a determination of

LKB1 mutational status in patients with advanced melanoma

will contribute to prognosis prediction and identify promising

therapeutic targets (YES and CD24) in melanoma with compro-

mised LKB1 function.
EXPERIMENTAL PROCEDURES

Mouse Colony

Mice were housed and treated in accordance with protocols approved by the

institutional care and use committee for animal research at the University of
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North Carolina. Animals were generated and genotyped as previously

described: T (Bosenberg et al., 2006); K-RasL/L (or ‘‘K’’; Johnson et al., 2001);

Lkb1L/L (Bardeesy et al., 2002); p53L/L (Jonkers et al., 2001); and TRIA (Chin

et al., 1997). All cohorts reported in Figures 1 and 2 (TK, TLkb1L/L, Tp53L/L,

Tp53L/L; Lkb1L/L, TKLkb1L/L, TKp53L/L, TKp53L/L; Lkb1L/L) were newly gener-

ated and contemporaneously housed for this work. Data from the TKp16L/L

and TKp53L/L; p16L/L cohorts shown in Table S1 are a historical comparison

from a prior study by Monahan et al. (2010). All cohorts were N1 in C57BL/6

and, where possible, compared to littermate controls. To induceCRE recombi-

nase in vivo, pups were treated with 4-OHT as described by Dankort et al.

(2009) and Monahan et al. (2010). In tumor survival cohorts, mice were moni-

tored for tumors three times per week and sacrificed for tumor size (>1.3 cm)

or morbidity (ulceration, weight loss). All sacrificed animals were analyzed for

metastasis by necropsy. H&E of tumors after formalin fixation and paraffin

embedding was performed, with analysis showing spindle-shaped melanoma

with variable pigmentation (Figure S2). Melanocytic lineage was further con-

firmed by staining for melanocytic markers (Figure S2). Kaplan-Meier analysis

of melanoma-free survival was determined using GraphPad Prism software.

Cell Lines and Cell Culture

Primary melanocyte cultures and murine tumor cell lines were generated as

described by Bennett et al. (1989) and Sharpless et al. (2002). Human mela-

noma cells studied were immortalized cell lines and were IRB exempt. To

induce CRE recombinase in vitro, primary melanocyte cultures were treated

with 4-OHT at 20 days postisolation for 48 hr. Melanoma cells weremaintained

in DMEM containing 10% FBS. Dasatinib was from LC Laboratories (D-3307).

Immunoprecipitation, immunoblotting, immunofluorescence, SFK 8-Plex, and

quantitative RT-PCR assays are described in the Supplemental Experimental

Procedures.

Cell Migration and Invasion Assays

The in vitro scratch (wound healing) assay was performed as described previ-

ously by Carretero et al. (2010). Matrigel invasion was determined using

invasion chambers obtained from BD Biosciences, with assays performed

according to the manufacturer’s instructions. See Supplemental Experimental

Procedures.

Flow Cytometric Analysis and FACS

Cells were labeled with indicated antibodies, washed, resuspended, and

strained (40 mm). Data were recorded with a CyAn ADP flow cytometer

(Dako Cytomation) and analyzed by FlowJo software. Antibodies used were

Anti-Human APC-CD24 (eBioscience), Anti-Mouse FITC-CD24 (eBioscience),

Anti-Mouse PE-Cy5-CD24 (eBioscience), and Anti-Human FITC-CD44 (BD

Biosciences). For CFC assay, single cells were FACS-sorted into individual

wells of 96-well plates. CFCswere counted after culturing the cells for 3weeks.

Tail Vein Metastasis Assay

Five to 6-week-old female nu/nu mice were maintained under pathogen-free

conditions. Cells were transducedwith a luciferase reporter gene prior to injec-

tion. CD24+ cells and CD24� cells were separated by FACS. A total of 0.5 3

105 cells were injected into nu/nu mice via tail vein (n = 6 per experimental

group). Three weeks after the injection, mice were subjected to luciferase

imaging and necropsy to determine lung metastasis. Luminescence was

quantified using Living Image software (Caliper Life Sciences).

shRNA, siRNA, and Lentiviruses

shRNA constructs used for knocking down LKB1 expression in A2058 cells

were described previously by Carretero et al. (2010). shRNA targeting Yes

was from Thermo Scientific. For suppression of Src, Fyn, and Yes expression,

cells were transfected with the appropriate antisense oligonucleotides using

Lipofectamine RNAiMAX (Invitrogen). Src siRNA (sc-29228), Fyn siRNA

(sc-29321), Yes siRNA (sc-29860), and scrambled control siRNA (sc-37007)

were from Santa Cruz Biotechnology.

ACCESSION NUMBERS

Microarray data have been deposited at GEO with the accession number

GSE34866.
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SUMMARY
Human cancers with a subtetraploid karyotype are thought to originate from tetraploid precursors, but the
cause of tetraploidization is unknown. We previously documented endoreduplication in mouse cells with
persistent telomere dysfunction or genome-wide DNA damage. We now report that endoreduplication and
mitotic failure occur during telomere crisis in human fibroblasts and mammary epithelial cells and document
the role of p53 and Rb in repressing tetraploidization. Using an inducible system to generate transient telo-
mere damage, we show that telomere-driven tetraploidization enhances the tumorigenic transformation of
mouse cells. Similar to human solid cancers, the resulting tumors evolved subtetraploid karyotypes. These
data establish that telomere-driven tetraploidization is induced by critically short telomeres and has the
potential to promote tumorigenesis in early cancerous lesions.
INTRODUCTION

Aneuploidy is a general feature of human solid tumors. An impor-

tant source of aneuploidy is an elevated rate of chromosome

mis-segregation (Lengauer et al., 1997). However, a substantial

fraction of tumors have very high chromosome numbers, ranging

from hypertriploid to subtetraploid, making it unlikely that

nondisjunction of individual chromosomes is the sole mecha-

nism responsible for their abnormal karyotypes (reviewed in

Ganem et al., 2007; Storchova and Kuffer, 2008; Davoli and

de Lange, 2011). More likely, these tumors arise from an initial

tetraploidization event that is followed by frequent chromosome

loss (Shackney et al., 1989). Indeed, tetraploid nuclei and super-

numerary centrosomes have been noted in the early stages of

some solid tumors (Reid et al., 1996; Kirkland et al., 1967). Impor-

tantly, tetraploidization after chemically induced cytokinesis

failure has been shown to promote tumorigenesis in p53-

deficient mouse mammary epithelial cells (Fujiwara et al., 2005).

Potential sources of tetraploidization in cancer are mutations

in the tumor suppressor Adenomatous Polyposis Coli or dereg-

ulation of mitotic factors such as Mad2, Emi1, LATS1, and

AuroraA (Davoli and de Lange, 2011). An additional mechanism
Significance

Tetraploidization can occur early in tumorigenesis and is thoug
karyotypes with high chromosome numbers. Here, we show tha
blasts and mammary epithelial cells enter telomere crisis. Mou
tion have an increased transformation potential. These finding
and point to the importance of telomere dysfunction in shapin
for the duplication of cancer genomes was suggested by the

frequent tetraploidization in mouse cells experiencing telomere

dysfunction (de Lange, 2005; Hockemeyer et al., 2006; Davoli

et al., 2010; Kibe et al., 2010). In these experiments, telomere

dysfunction was induced by removing the shelterin proteins

POT1a and POT1b from the telomeres of p53-deficient mouse

embryo fibrobloasts (MEFs). The resulting ataxia telangiectasia-

and Rad3-related (ATR) signaling forestalls the activation of

Cdk1/CyclinB, blocking entry into mitosis. However, after a pro-

longed period in G2, the replication inhibitor geminin is degraded

and the licensing factor Cdt1 is re-expressed allowing the cells to

re-enter S phase, resulting in endoreduplication. Endoreduplica-

tion and tetraploidy are also induced by continuous treatment of

p53-deficient MEFs with genotoxic drugs, indicating that the en-

docycles are due to the persistence of the DNA damage signal

rather than its origin.

We have proposed that the telomere-dependent pathway for

tetraploidization is relevant to human cancer because telomere

attrition is widespread during tumorigenesis (de Lange et al.,

1990; Hastie et al., 1990; Meeker et al., 2002, 2004; van Heek

et al., 2002; Meeker and Argani, 2004). Due to the absence of

telomerase (Kim et al., 1994), telomeres shorten with cell
ht to be responsible for the emergence of aneuploid cancer
t tetraploidy is inducedwhen human p53/Rb-deficient fibro-
se cells that have become tetraploid after telomere dysfunc-
s can explain how tetraploidization occurs in human cancer
g cancer genomes.
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divisions in most human somatic cells, including cells under-

going the first stages of tumorigenic transformation. After exten-

sive proliferation, dysfunctional short telomeres are recognized

as sites of DNA damage by the ATM and ATR kinases and induce

p53/Rb-mediated senescence or apoptosis (d’Adda di Fagagna

et al., 2003; Herbig et al., 2004). In the absence of p53 and Rb

function, cells continue to proliferate despite the presence of

dysfunctional telomeres (Wright and Shay, 1992; Shay and

Wright, 2005). Eventually, the cells enter telomere crisis, a stage

in which the rampant genome instability associated with lack of

telomere function curbs cell proliferation and survival (Wright and

Shay, 1992; Shay et al., 1993; Shay and Wright, 2005; Counter

et al., 1992).

There is mounting evidence that prior to the activation of

telomerase, developing cancers can experience a period of

telomere crisis (Meeker et al., 2004; de Lange, 2005). Molecular

analysis of chronic lymphocytic leukemia has revealed evidence

for telomere fusions, a product of telomere crisis (Lin et al., 2010).

Furthermore, telomere crisis was inferred to occur in the ductal

carcinoma in situ (DCIS) stage of breast cancer based on the

presence of short telomeres and an abrupt rise in genome

instability before telomerase is activated (Chin et al., 2004).

Modeling in the mouse has provided evidence that the genome

instability arising in telomere crisis can promote tumorigenesis

in a permissive setting (Artandi and DePinho, 2010; Artandi

et al., 2000).

Here, we investigate the frequency and mechanism of

tetraploidization in human fibroblasts and epithelial cells under-

going telomere crisis. FUCCI imaging for geminin and Cdt1 re-

vealed that tetraploidization was due to both mitotic failure and

endoreduplication. Moreover, using mouse cells we show that

tetraploidization-induced by telomere dysfunction can promote

tumorigenesis, as is the case for tetraploidization induced by

cytokinesis inhibitors (Fujiwara et al., 2005). The resulting tumors

have a chromosome complement reminiscent of the subtetra-

ploid karyotypes of human solid tumors. These data are con-

sistent with a role for telomere dysfunction in the induction of

tetraploidy in the early stages of human tumor development.

RESULTS

Tetraploidization in Telomere Crisis
To generate cells in telomere crisis, telomerase-negative human

IMR90 and BJ fibroblasts were rendered p53- and Rb-deficient

through expression of SV40 large T antigen (SV40-LT). As ex-

pected, the telomeres shortened progressively in these cultures

(Figure 1A), resulting in telomere crisis at population doubling

(PD) 80–90 for IMR90-SV40LT and at PD 105–110 for BJ-

SV40LT. Telomere crisis was evident from the plateau in the

growth curve (Figure 1B), the increased number of 53BP1 DNA

damage foci (Figure 1C), and the phosphorylation of Chk1 and

Chk2 (Figure 1D). Fluorescence-activated cell sorting (FACS)

analysis showed that the fraction of tetraploid cells (estimated

based on the fraction of cells with a DNA content >4N) progres-

sively increased from 2%–3% at early PDs to 30%–35% at the

time of telomere crisis (Figure 1E). Similarly, BJ fibroblasts trans-

formed by HPV E6 and E7 displayed hallmarks of telomere crisis

and accompanying tetraploidization at PD 90–100 (Figures

S1A–S1D available online).
766 Cancer Cell 21, 765–776, June 12, 2012 ª2012 Elsevier Inc.
Telomere crisis was also induced in two telomerase-negative

human mammary epithelial cell strains (hMECs), 184B-GSE22

and 48RS-GSE22, which lack a functional Rb pathway and

express the p53 inhibitory peptide GSE22 (Romanov et al.,

2001; Garbe et al., 2007). When these cells divide beyond senes-

cence, they continue to erode their telomeres and enter a telo-

mere crisis that is accompanied by genome instability (Romanov

et al., 2001). The p53-proficient 184B and 48RS precursors were

used as controls. The 184B-GSE22 and 48RS-GSE22 cultures

entered telomere crisis at passage 18-20 and passage 28-32,

respectively, showing shortened telomeres, an increase in the

frequency of 53BP1 foci, and phosphorylation of Chk1 and

Chk2 (Figures 2A and 2B; Figures S2A and S2B). FACS analysis

showed an increase in the fraction of cells with >4N DNA content

upon entry into telomere crisis in the two p53/Rb-negative

hMEC cultures, whereas the parallel p53-proficient counterparts

showed a G1/S arrest without tetraploidization (Figures 2C

and 2D). Tetraploidization in telomere crisis was confirmed by

analyzing the chromosome numbers of metaphase spreads (Fig-

ureS2C). TheGSE-22expressing hMECs, but not their p53-profi-

cient counterparts, showed evidence for tetraploidization when

precrisis cultures were treated with zeocin for 96 hr (Figures 2E

and 2F).

Thus, in epithelial cells as well as in fibroblasts, telomere crisis

and prolonged genome-wide DNA damage is accompanied by

polyploidization resulting in tetraploid cells. While the formation

of tetraploid cells is readily demonstrable, we note that the 8N

peak in the FACS profiles of cells in crisis could represent octo-

ploid cells in G1 as well as tetraploid cells in G2. As two succes-

sive aberrant cell cycles are required to generate octoploid cells,

octoploidization might be too infrequent to result in a clear 16N

peak in the FACS profiles.

Endoreduplication and Mitotic Failure in Telomere
Crisis
The increased ploidy of cells in telomere crisis could be due to

either endoreduplication or a failure in the late stages of mitosis,

since dicentrics formed by telomere fusions (Figure S2D) hinder

the completion of cytokinesis. To distinguish between these

events, we performed live-cell imaging using the FUCCI system

(Sakaue-Sawano et al., 2008), which previously demonstrated

endoreduplication in POT1a/b DKO cells (Davoli et al., 2010).

FUCCI is based on the cell cycle dependent expression of fluo-

rescently tagged fragments of Cdt1 and geminin. The licensing

factor Cdt1, which mediates the formation of prereplication

complexes, is expressed in G1 and degraded upon entry into

S phase in a process that is coupled to DNA replication (Arias

and Walter, 2005; Remus and Diffley, 2009). Cdt1 is further in-

hibited by geminin, which is expressed in S/G2. In a normal

mitotic cycle, geminin is degraded during mitosis, thereby re-

establishing a state that is permissive to origin licensing in the

daughter cells. However, in cells undergoing telomere-driven en-

doreduplication, geminin degradation takes place in the absence

of mitosis, allowing cells to enter a G1-like state in which Cdt1

can mediate a second round of DNA replication. Thus, mitosis-

independent geminin degradation is an indicator for endoredu-

plication (Figures 3A and 3B; Movie S1). In addition, FUCCI

imaging can be used to detectmitotic failure based on the break-

down of the nuclear envelope that signifies entry into mitosis and



Figure 1. Tetraploidization of BJ-SV40 and IMR90-SV40 in Telomere Crisis

(A) Genomic blot for telomere restriction fragments of SV40-LT transformed IMR90 and BJ human fibroblasts at the indicated PD.

(B) Growth curve of IMR90-SV40 and BJ-SV40 from PD 20 or 38, respectively, until crisis (105–110 PDs for BJ-SV40 cells and at 80–90 for IMR90-SV40).

(C) IF analysis of 53BP1 foci in the cells at the indicated PDs. The average number of 53BP1 foci per cell and the percentage of cells with more than three foci are

shown with SD. Scale bar = 5 mm.

(D) Immunoblots for P-Chk1 and P-Chk2 in the BJ-SV40 and IMR90-SV40 cells at the indicated PD.

(E) FACS profiles (PI staining) of IMR90-SV40 and BJ-SV40 cells indicated PD. The percentage of cells with >4N DNA content is indicated.

See also Figure S1.
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the binucleated ormultinucleated cells that result from a failure in

cytokinesis (Figures 3A and 3B; Movie S1).

As expected, FUCCI imaging at early PDs (PD < 50) of BJ-

SV40 and BJ-E6/E7 fibroblasts showed that in most cells gemi-

nin degradation coincided withmitosis, whereas endocycles and

mitotic failure were rare (<5%) (Figures 3A–3C; Movie S1).

However, at the late PDs when the cells entered telomere crisis,

the fraction of BJ-SV40, BJ-E6E7 and IMR90-SV40 cells under-

going geminin degradation in the absence of mitosis increased

to 12%–17% (Figures 3A–3C; Figure S3; Movies S1 and S2).

After loss of geminin, most of these cells expressed Cdt1 and

entered a second S phase as deduced from the degradation of

Cdt1 and reappearance of geminin. During these endocycles
there was no evidence of nuclear envelope breakdown. The

BJ-SV40 fibroblasts in telomere crisis also displayed aprolonged

S/G2 phase whereas G1 was only minimally affected (Fig-

ure 3D; Movie S1). In addition, the cells showed occasional

metaphase spreads with diplochromosomes, a characteristic

consequence of endoreduplication representing duplicated

sister chromatids that are held together by the centromeric co-

hesin (Figure S2D).

In addition to endoreduplication, fibroblasts in telomere crisis

showed a considerable level of mitotic failure (Figures 3A–3C;

Figure S3; Movies S1 and S2). Their aberrant mitosis was

presumably due to the dicentric chromosomes resulting from

telomere fusions (Figure S2D). The cells attempted mitosis as
Cancer Cell 21, 765–776, June 12, 2012 ª2012 Elsevier Inc. 767



Figure 2. Tetraploidization of hMECs in Telomere Crisis

(A) IF for 53BP1 foci in 184B-GSE22 and 48RS-GSE22 hMECs at the indicated passage. The average number of 53BP1 foci per nucleus and the percentage of

cells with more than three foci are given with standard deviation. Scale bar = 5 mm.

(B) Immunoblots for Chk1 and Chk2 phosphorylation in 48RS-GSE22 and 184B-GSE22 at the indicated passage and after zeocin treatment.

(C and D) FACS analysis of the indicated hMECs at the indicated passage. The percentage of cells with DNA content >4N is indicated. Quantification of averages

of two or three independent experiments is shown in (D).

(E and F) FACS analysis of 184B-GSE22 and 48RS-GSE22 at the indicated (early) passage treated with zeocin. The percentage of cells with a DNA content >4N is

indicated. Quantification of three independent experiments is shown in (F).

See also Figure S2.
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evidenced by their rounding up and breakdown of the nuclear

envelope leading to the presence of geminin throughout

the cells. However, the execution of cytokinesis appeared to

fail, resulting in binucleated or multinucleated cells (Movies S1

and S2).

Endoreduplication and mitotic failure was also observed in the

hMEC lines 48RS-GSE22 and 184B-GSE22 in telomere crisis

and upon continuous treatment with zeocin (Figures 4A and

4B; Movie S3). Mitotic failure appeared to be more frequent in

the hMECs compared to the BJ and IMR90 fibroblasts. For

instance, in the presence of zeocin, BJ-SV40 fibroblasts pre-

dominantly show endoreduplication, whereas hMECs also

show mitotic failure events (Figures 4A and 4B; Movie S3; Davoli

et al., 2010; data not shown).
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Role of Rb in Blocking Telomere-Driven
Tetraploidization
In human cells, activation of the Rb pathway contributes to the

cell cycle arrest in response to a genome-wide or telomere-

derived DNA damage signal (Jacobs and de Lange, 2004;

Shay et al., 1991; Smogorzewska and de Lange, 2002; Shay

andWright, 2005). In order to determine whether the Rb pathway

can block tetraploidization, we analyzed telomerase-negative BJ

fibroblasts with an unaltered Rb pathway. The p53 dominant-

negative allele (p53 dn, p53175H) was used to abrogate the

p53 response to DNA damage (p53 dn, Baker et al., 1990;

Jacobs and de Lange, 2004).

To measure their propensity for tetraploidization, the BJ-p53

dn cells were either subjected to continuous zeocin treatment



Figure 3. Endoreduplication and Mitotic Failure in Telomere Crisis

(A and B) FUCCI live-cell imaging of BJ-SV40 cells at PD45 and PD105 analyzed by time-lapse every 20 min for 96 hr. (A) Enlarged images exemplifying

endoreduplication and mitotic failure. (B) Selected time points from Movie S1. Arrows with the same orientation highlight the same cell over time. In BJ-SV40 PD

45, the arrow highlights one cell progressing through a normal cell cycle. In BJ-SV40 cells PD 105, the white arrows highlight two cells undergoing endor-

eduplication; the black arrow highlights mitotic failure. Scale bar = 20 mm.

(C) Table summarizing the data derived from FUCCI imaging as in (B) (Movies S1 and S2) and FACS of BJ-SV40, IMR90-SV40, and BJ-E6E7. The average and SD

obtained from three independent experiments is given (n is the total number of cells analyzed in each case).

(D) BJ-SV40 cells at the indicated PDswere imaged as in (A). The indicated number of cells was followed during the imaging session and the duration (hours) of the

presence of geminin and Cdt1 was analyzed (average values are indicated).

See also Figure S3 and Movies S1 and S2.
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or extensive replicative telomere shortening (PD 70–80; Figures

5A–5C; Figures S4A–S4C). As compared to PD 30, at PD 70–80

the BJ-p53 dn cells showed a small increase in the fraction of

tetraploid cells (<1% to �7%) (Figures 5A and 5B). The DNA

damage response was active in BJ-p53 dn cells at PD 70–80,

as shown by Chk1 phosphorylation and an increased number
of 53BP1 foci compared to earlier PDs (Figure 5C; Figure S4C).

FACS analysis indicated that BJ-p53dn showed fewer tetraploid

cells and a lower fraction of cells in G2 compared to BJ-SV40 at

the same PD (Figures 1E, 5A, and 5B). Furthermore, after 96 hr of

zeocin treatment, only �9% of BJ-p53dn cells had a DNA

content >4N (Figures 5A and 5B), whereas 20%–25% of
Cancer Cell 21, 765–776, June 12, 2012 ª2012 Elsevier Inc. 769



Figure 4. Endoreduplication and Mitotic Failure in hMECs in Telomere Crisis

(A) FUCCI imaging (as in Figures 3A and 3B) of 48RS-GSE22 at the indicated passages with or without zeocin treatment. Indicated time points are fromMovie S3.

Arrows with the same orientation highlight the same cell over time. In 48RS-GSE22 p32 and p20+zeocin, the white arrows highlight cells showing endor-

eduplication and the black arrows highlight cells undergoing mitotic failure. Scale bar = 20 mm.

(B) Table summarizing data derived from FUCCI imaging (Movie S3) and FACS (as in Figure 3C).

See also Figure S2 and Movie S3.
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BJ-SV40 became tetraploid after zeocin treatment (Figures 5A

and 5B; Davoli et al., 2010). Similar data were obtained using

IMR90 and RPE (retinal pigment epithelial) cells lacking p53

function (Figures S4D and S4E and data not shown), whereas

tetraploidy was not induced in primary RPE and BJ cells, which

arrested in G1/S (Figures S4D and S4E and data not shown).

Consistent with a role of the Rb pathway in mediating a

G1/S arrest in response to telomere and genome-wide DNA

damage, the level of p16 increased at increasing PDs and after

zeocin treatment (Figure 5C). These data suggest that the activa-
770 Cancer Cell 21, 765–776, June 12, 2012 ª2012 Elsevier Inc.
tion of the Rb/p16 pathway contributes to the repression of

tetraploidization in cells experiencing a persistent DNA damage

response.

The low level of residual tetraploidization in the Rb-proficient

cells could be explained if the Rb pathway led to a block in G1

but not in G2. We therefore isolated FACS-sorted G1 and S/G2

cells, subjected them to zeocin treatment soon after plating,

and then used FUCCI imaging to determine their tendency to

undergo cell cycle progression and/or tetraploidization. Approx-

imately 60% of the G1-sorted BJ-p53dn cells treated with



Figure 5. Rb-MediatedG1Arrest Represses

Tetraploidization

(A) FACS analysis of BJ cells expressing p53175H

(p53 dn) or SV40-LT at the indicated PD with or

without treatment with zeocin.

(B) Quantification of the FACS data in (A) (as in

Figure 2D).

(C) Immunoblot for Chk1 phosphorylation and

p16 expression in BJ-p53 dn at the indicated PDor

after treatment with zeocin.

(D) FUCCI imaging of BJ-p53 dnPD 35 and BJ-

SV40 PD 40 cells that were first FACS sorted for

G1 (Cdt1, red) or S/G2 (geminin, green) and then

imaged in the presence of zeocin (Movies S4 and

S5). Selected time points are shown. Quantifica-

tion of the movies is shown below the images. The

number of cells that remain arrested in G1/S (red/

yellow color) throughout the imaging session and

the cells showing geminin degradation in the

absence of mitosis were scored in the indicated

cases. Average numbers obtained in two experi-

ments are shown.

See also Figure S4 and Movies S4 and S5. Scale

bar = 20 mm.
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zeocin remained in G1/S phase of the cell cycle (red or yellow)

throughout the 96 hr imaging session (Figure 5D; Movie S4)

whereas only 25%–30% of G1-sorted BJ-SV40 cells arrested
Cancer Cell 21, 765–7
in G1/S after zeocin treatment (Figure 5D;

Movie S4). In contrast, approximately

75% of the BJ-p53dn S/G2 cells

underwent endoreduplication, showing

mitosis-independent geminin degrada-

tion and re-entry into G1 and S-phase

(Figure 5D; Movie S5). BJ-SV40 cells in

S/G2 showed the same percentage of en-

doreduplication, indicating that Rb status

does not affect tetraploidization of cells

experiencing prolonged DNA damage in

S/G2. Although we cannot exclude other

aspects of SV40 large T antigen expres-

sion, these data suggest that activation

of the Rb/p16 pathway blocks entry into

S phase in cells that experience a DNA

damage signal in G1, thereby limiting

the occurrence of tetraploidization. In

contrast, the Rb/p16 pathway alone is

not capable of preventing endoreduplica-

tion when the DNA damage takes place

in G2.

Telomere-Driven Tetraploidization
Promotes Transformation in Mouse
Cells
To address the tumorigenic potential of

tetraploidization, we used an inducible

system to elicit transient telomere

dysfunction, mimicking the temporary

loss of telomere protection that is thought

to occur early in tumorigenesis before
telomerase activation. We employed the previously established

tet-OFF inducible system for POT1a expression in MEFs ex-

pressing SV40-LT (Davoli et al., 2010). Two POT1a-tetOFF cell
76, June 12, 2012 ª2012 Elsevier Inc. 771



Figure 6. Telomere-Driven Tetraploidy

Promotes Cellular Transformation in Mouse

Cells

(A) Immunoblot for Chk1 phosphorylation and

POT1a in POT1a-tetOFF-19 and -26 cells (SV40-

LT expressing MEFs) at the indicated time after

treatment with doxycycline and after release of the

FACS-sorted diploid and tetraploid cells. POT1a-

tetOFF clones 19 and 26 (Davoli et al., 2010) were

treated with doxycycline for 10 days, FACS sorted

after Hoechst 33342 staining, and cultured in the

absence of doxycycline.

(B) FACS analysis of POT1a-tetOFF-19 and -26

treated as in (A). The percentage of cells with >4N

DNA content is indicated.

(C) POT1a-tetOFF-19 and -26 with or without

pBabe-Myc-ER were treated as in (A). FACS sor-

ted diploid and tetraploid cells were expanded for

2 weeks or for 6–8 weeks and plated in soft-agar.

The colonies were counted after 4–6 weeks. Myc-

ER was induced with 0.5 mM OHT. The average

number of colonies per well and SD obtained after

3 or 4 independent experiments is shown. Stars

indicate statistically significant difference (p < 0.05

after paired Student’s t test, Prism 5 software).

(D) Tumorigenicity assay in nudemice. Diploid and

tetraploid descendants of POT1a-tetOFF-19 and-

26 were expanded for 2 weeks or for 5–6 weeks in

culture in the absence of doxycycline subcutane-

ously injected in nude mice (2.5 or 5 10^5 cells

injected on each side; the number of injected mice

is shown). The average frequencies of tumor

formation and latencies are indicated with stan-

dard deviation (three or four experiments, five or

ten mice per experiment). Stars indicate a statisti-

cally significant difference (p < 0.05 after paired

Student’s t test).

See also Figure S5.
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lines were derived (POT1atetOFF-19 and -26) in which treatment

with doxycycline transiently depletes POT1a. As expected from

previous data, the loss of POT1a was accompanied by the accu-

mulation of 53BP1 at telomeres, phosphorylation of Chk1

(Figures 6A and 6B; Figure S5A) and tetraploidization as

measured by FACS (Figure 6B). Tetraploidization was also

evident in these cells from the supernumerary centrosomes

and telomere clustering in interphase which are consistent with

chromosome reduplication without chromosome segregation

(Hockemeyer et al., 2006; Figures S5A and S5B). After doxycy-

cline treatment, POT1a-tetOFF-19 and -26 cells were FACS-

sorted based on Hoechst-staining for DNA content to derive

tetraploid and diploid cells (Figure S5C). The diploid and tetra-

ploid cells were cultured for either 2 or 5–6 weeks in the absence

of doxycycline, allowing POT1a re-expression (Figure 6A). The

results at these two time points were essentially the same.
772 Cancer Cell 21, 765–776, June 12, 2012 ª2012 Elsevier Inc.
The resulting diploid and tetraploid

cultures were then tested for their ability

to form colonies in soft-agar and tumors

in nude mice (Figures 6C and 6D). For

both POT1a-tetOFF-19 and -26, the tetra-

ploid descendants were more trans-

formed based on both assays. The trans-
formation efficiency after long-term culture (5–6 weeks) was

slightly higher than the one after short-term culture (2 weeks).

Overexpression of c-Myc further enhanced the transformation

of diploid and tetraploid POT1a-tetOFF cells but even without

this oncogene, the greater tumorigenic potential of the tetraploid

population was significant (Figures 6C and 6D). POT1atetOFF

control cells not treated with doxycycline transformed at a rate

similar to the sorted diploid cells (not shown). The increased

transformation potential in the tetraploid cells was not due to

increased proliferation rate, since the tetraploid cells grew slower

than their diploid counterparts (Figure S5D).

Evolution of Subtetraploid Karyotypes
In order to monitor the karyotypic changes during tumor

outgrowth, we established cell lines from tumors formed upon

injection of diploid and tetraploid mouse cells. Prior to injection



Figure 7. Evolution of Subtetraploid Karyotypes

(A and B) Graphs indicating the number of chromosomes/metaphase in cells

derived from tumors formed by diploid and tetraploid POT1a-tetOFF-19

and -26 cells (as in Figure 6D). Cell lines were derived from tumors and

metaphase spreads were analyzed after 7–10 days. The distribution of the

chromosome number of POT1a-tetOFF diploid and tetraploid cells before

injection and of cell lines derived from the indicated tumors derived from

injected diploid or tetraploid cells is shown.

(C) Graphs indicating the number of chromosomes/metaphase in cells derived

from soft-agar colonies formed POT1a-tetOFF-26 (as in Figure 6D).

Cancer Cell

Telomere Crisis Induces Tetraploidization
into nudemice, the cells were infectedwith the histone H2B-GFP

construct allowing separation of tumor cells from host-derived

cells present in the tumor mass. GFP-positive cells of tumors

derived from injected tetraploid cells showed a tetraploid-like

profile, consistent with their cells of origin (Figures S5E and

S5F). As expected, the host-derived GFP-negative cells showed

a diploid-like profile. A total of eight GFP-positive cell lines were

derived from tumors formed by the POT1a-tetOFF-19 and -26

tetraploid cells. Their chromosome numbers, determined after

propagation of the cells for 7–10 days in culture revealed subte-

traploid karyotypes, with the exception of one line which was

hyper-tetraploid (chromosome number �120, Figures 7A and

7B). Evolution of subtetraploid karyotypes had also occurred in

three of four cell lines derived from soft-agar colonies formed

by tetraploid POT1a-tetOFF-26 cells (Figure 7C). As a control,

cell lines established from a soft-agar colony and a tumor formed

by diploid cells had a near-diploid karyotype (Figures 7B and 7C).

These results indicate that tetraploid cells generated through

telomere dysfunction have a high rate of chromosome loss.

DISCUSSION

Here, we show that telomere crisis induces tetraploidization in

human fibroblasts and mammary epithelial cells, lending further

credence to the role of telomeres in shaping cancer genomes.

Telomere dysfunction has long been held responsible for the

initiation of breakage-fusion-bridge cycles and their accompa-

nying rearrangements, including nonreciprocal translocations,

regional amplifications, and segmental deletions. The finding

that tetraploidization is an additional corollary of unmitigated

telomere attrition adds to this inventory of telomere-related

genome instability and provides a framework for the genesis of

human tumors carrying heavily rearranged subtetraploid ge-

nomes. Among the potentially pervasive sources of genome

instability in cancer, which include rearrangements originating

from common fragile sites, chromothrypsis, and deficiencies in

double-strand break repair (Durkin and Glover, 2007; Harper

and Elledge, 2007; Negrini et al., 2010; Stephens et al., 2011),

an episode of telomere dysfunction stands out, however, due

its potential aggregate effect. Upon activation of telomerase,

the cells emerging from telomere crisis could potentially com-

bine the mutator phenotype of breakage-fusion-bridge cycles,

the mutational robustness of a tetraploid genome, and the high

chromosome missegregation rate associated with supernumary

centrosomes.

Althoughwe had previously usedmouse embryo fibroblasts to

document endoreduplication after removal of POT1a from

mouse telomeres, it was unclear whether the resulting telomere

dysfunction resembles the molecular events at telomeres that

have become too short after prolonged attrition. For instance,

removal of POT1a from mouse telomeres exposes the single-

stranded DNA and permanently activates the ATR kinase path-

way whereas critically shortened telomeres may be expected

to lose several (or all) shelterin proteins rather than POT1 alone

and are known to activate both ATM and ATR signaling

(d’Adda di Fagagna et al., 2003). It is also unlikely that all telo-

meres in crisis cells become dysfunctional at the same time so

that the overall level of the DNA damage signal elicited by telo-

mere crisis might be less than in the POT1a knockout cells.
Cancer Cell 21, 765–776, June 12, 2012 ª2012 Elsevier Inc. 773
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Furthermore, rather than the irreparable damage at all telomeres

generated by POT1a deletion, critically shortened telomeres are

repaired by NHEJ and the resulting damage signal at each

telomere is therefore transient. The current data now clarify

these issues and demonstrate that endoreduplication can be

induced by the DNA damage response to shortened telomeres

as they occur in cells in crisis. Furthermore, the data argue

that this pathway is similar in human and mouse cells, despite

the distinctions in their telomere damage response pathways

(Smogorzewska and de Lange, 2002; Jacobs and de Lange,

2004), and demonstrate the relevance of telomere-driven tetra-

ploidization in epithelial cells, which are a cancer relevant

cell type.

The data indicate that tetraploid mouse cells generated

telomere-driven tetraploidization are more tumorigenic than

their diploid counterparts. This result is consistent with prior

work showing a higher tumorigenic potential of tetraploid cells

generated through the use of a cytokinesis inhibitor (Fujiwara

et al., 2005). In the case of telomere-driven tetraploidization

there is no prolonged arrest in mitosis, no binucleate inter-

mediate is formed, and there is no reorganization of the two

chromosome sets into a tetraploid genome in the next mitosis.

Our findings therefore indicate that the tetraploidization per se

is the most likely source of the greater tumorigenic potential of

the cells.

Order of Events
Telomere-dependent tetraploidization requires a precise se-

quence of events during tumorigenesis. Specifically, both the

p53 and Rb pathways have to be inactivated and the telomeres

have to become sufficiently short to induce telomere crisis

before telomerase is activated. Loss of p53 is required for the

by-pass of telomere-driven senescence and is well-established

as a prerequisite for the proliferation of tetraploid cells (Margolis

et al., 2003; Ganem et al., 2007). The Rb pathway also blocks cell

cycle progression in response to telomere dysfunction and

thereby curbs the emergence and proliferation of tetraploid

descendants (Jacobs and de Lange, 2004). For most human

tumors, there is limited information of the exact order of events

relevant to telomere-driven tetraploidization. In particular, no

prior study has examined indices of tetraploidization, changes

in the status of p53/Rb, and telomerase expression in the

same set of pathological specimen representing different stages

in tumorigenesis. However, for a number of tumor types, it is

known that tetraploidization arises at a stage when both p53

and Rb become inactivated and telomerase is not yet active

(Davoli and de Lange, 2011). Examples include HPV induced

cervical carcinoma, bladder cancer, lung cancer, breast cancer,

and colon cancer. Breast cancer represents a particularly inter-

esting case because there is good evidence for loss of Rb and

p53, telomere crisis, and tetraploidization in DCIS before telome-

rase is activated (Shay and Bacchetti, 1997; Chin et al., 2004;

Ottesen, 2003; Shackney and Silverman, 2003). On the other

hand, there are also several tumor types that express high levels

of telomerase at an early stage (e.g., certain leukemias and

lymphomas) and are therefore unlikely to experience telomere

crisis. Perhaps not surprisingly, these tumors lack the frequent

rearrangements that scar the genomes of solid human tumors

and are mostly near diploid.
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Collectively, these data suggest a general mechanism for tet-

raploidization in the early stages of human tumorigenesis. When

the p53 and Rb pathway are inactive, extreme telomere short-

ening can induce tetraploidization through endoreduplication

or mitotic failure in precancerous lesions. Reactivation of telo-

merase (or other mechanisms of telomere maintenance) will

allow the tetraploid clone to expand and evolve into a fully trans-

formed cancerous state. The chromosome instability due to

prior telomere dysfunction and the inherent high rate of chro-

mosome mis-segregation of tetraploid cells may then foster

the evolution of a profoundly rearranged subtetraploid cancer

karyotype.

EXPERIMENTAL PROCEDURES

Cell Culture Procedure and Viral Gene Delivery

BJ (ATCC#: CRL2522) and IMR90 (ATCC#: CCl186) human fibroblasts were

transduced with retroviral vectors expressing SV40-LT, HPV-E6/E7, or

p53175H (p53 dn) as described in (Karlseder et al., 2002; Jacobs and de

Lange, 2004). RPE human retinal pigment epithelial cells were purchased

from ATCC (ATCC#: 2302) and retrovirally infected with pLPC-Puro-SV40-LT

or pRetro-Super-Hygro-p53sh vectors. Human mammary epithelial cell lines

184B and 48RS (Romanov et al., 2001), expressing or not the GSE22 peptide

(GSE), acting as a p53 dominant negative (Garbe et al., 2007) were kindly

provided by Dr. Martha Stampfer. POT1a-tetOFF MEFs cell lines 19 and 26

were derived as described elsewhere (Davoli et al., 2010). POT1a-tetOFF

MEFs, IMR90, BJ, and RPE cells were grown in DMEM (containing 10% of

Medium 199 in the case of BJ cells) supplemented with 10% FBS, 100 U peni-

cillin, 0.1 mg/ml streptomycin, 2 mM L-glutamine. hMEC cells were grown in

MEMG (Lonza) supplemented with isoproterenol (10 mM) and transferrin

(5 mg/ml). Human cells were transduced with FUCCI lentiviral vectors express-

ing mKO2-hCdt1 (red) and mAG-hGeminin (green) (Sakaue-Sawano et al.,

2008), generously provided by Dr. Atsushi Miyawaki. Dr. Pier Giuseppe Pelicci

provided pBabe-Puro-MycER. For retroviral and lentiviral infections, phoenix

cells (retro) or 293T (lenti) cells were transfected with 10–20 mg of the trans-

gene-expressing plasmid (in addition to lentiviral packaging vectors in the

case of 293T). Supernatants were used for two to four infections of 4–6 hr

were performed starting 36 hr after transfection with addition of 2–4 mg/ml of

polybrene. Cells were selected for 4–6 days in the presence of 500 ng/ml of

puromycin or 200 mg/ml of hygromycin. Zeocin (Invitrogen, 100 mg/ml final

concentration) and doxycycline (1–2 mg/ml) were added to the cell culture

medium every 2–3 days.

FACS Analysis and FACS Sorting

DNA content was analyzed by FACS in ethanol-fixed after staining with propi-

dium iodide (PI), using standard procedures. Flow cytometry was performed

using the FACScalibur (Becton Dickinson) and data were analyzed using

FlowJo 8.7.1 software. To calculate the percentage of polyploid cells (DNA

content >4N), cell doublets and sub-G1 apoptotic cells were excluded. Diploid

and tetraploid cells were isolated by sorting for a G1 diploid DNA content or

a G2 tetraploid DNA content using an BD FACSAria-2 cell sorter (BD Bio-

sciences) after incubation with Hoechst 33342 (10 mM, AnaSpec, Inc.) for

30 min. GFP-positive cells expressing H2B-GFP were sorted using the same

instrument.

In Vitro and In Vivo Transformation Assay

For in vitro soft-agar colony forming assay, a bottom layer of 2 ml 0.9% agar in

mediumwas prepared and allow to solidify and cells were seeded in a top layer

of 0.45% agar in medium at a density of 104 cells per well in 6-well dishes (trip-

licates were made for each cell line in each experiment). Cells were incubated

at 37�C (mediumwas added periodically) and colonies formed after 4–6 weeks

were scored. In the indicated cases, 0.5 nM 4-hydroxytamoxifen (4-OHT,

Sigma) was added to the top layer. In vivo tumorigenic assay was performed

by subcutaneous injection in nude mice. Diploid or tetraploid POT1a-tetOFF-

19 or -26 cells (53 105) were resuspended in PBS and injected into the contra-

lateral sides of NCR-Foxn1nu/nu femalemice (Taconic). The recipient micewere
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checked once or twice a week for tumor formation and euthanized when

tumors reached 1 cm diameter, in accordance with institutional procedures.

Tumors were dissociated into single cells by treatment with collagenase A at

250 units/ml in DMEM for 3 hr at 37�C. Cells were then washed repeatedly

and plated in 10 cm dishes. All experiments involving mice were performed

in accordance with institutional regulations and ethical guidelines, and have

been authorized by the Institutional Animal Care and Use Committee at

Rockefeller University.

Immunofluorescence, Fluorescence In Situ Hybridization-

Immunofluorescence, and Immunoblotting

Immunofluorescence (IF) and fluorescence in situ hybridization (FISH)-IF on

coverslips and telomeric FISH on metaphase spreads were performed as

described previously (Celli and de Lange, 2005). Briefly, after fixation, cells

on coverslips were blocked in for 30 min in blocking solution (PBS with

0.1% Triton X-100, 1 mM EDTA, 3% goat serum, and 1 mg/ml BSA). Cells

were then incubated for 1 hr with primary antibody diluted in blocking solution

(anti-53BP1, 100-304-A, Novus Biologicals; anti-centrin2, sc-27793-R, Santa

Cruz), washed three times in PBS and incubated with Rhodamine Red-X or

Alexa Fluor 488 conjugated secondary antibody. Finally cells were washed

in PBS and the DNA was counterstained with DAPI. In the case of IF-FISH or

FISH onmetaphase spreads, cells or slides with metaphases were dehydrated

in ethanol and hybridized with PNA-probe FITC-OO-(AATCCC)3 (Applied

Biosystems) in hybridizing solution (70% formamide, 10 mM Tris-HCl

[pH 7.2], 1 mg/ml blocking reagent [Roche]). After denaturation (10 min at

80�C), hybridization was performed at room temperature for 2 hr, followed

by two washes for 15 min with washing solution (70% formamide, 10 mM

Tris-HCl [pH 7.2]). Finally cells or metaphase spreads were washed in PBS

and DNA was then counterstained with DAPI. Digital images were captured

with a Zeiss Axioplan II microscope using Improvision OpenLab software.

Immunoblotting was performed as described in (Celli and de Lange, 2005)

with the following antibodies were used: Chk2 (611570, BD Biosciences);

Chk1, P-S317 (A300-163A, Bethyl) for human cells; Chk1 pS345 (#2348, Cell

Signaling Technology) for mouse cells; b-actin (I-19) (sc-1616, Santa Cruz);

p16 (C-20) (Santa Cruz); POT1a (1221).

Telomere Length Analysis

For genomic blotting, cells were harvested at the indicated PD, DNA was iso-

lated as described (de Lange et al., 1990), digested with AluI and MboI, size-

fractionated on a 0.7% agarose gel and transferred to a Hybond membrane

for hybridization using an 800 bp telomeric DNA probe from pSP73Sty11

labeled with [CCCTAA]3-primed Klenow polymerase and 32P-alpha-dCTP.

Blots were exposed to a phosphorimaging screen and analyzed using Image-

Quant software.

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures and five movies and can be

found with this article online at doi:10.1016/j.ccr.2012.03.044.
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SUMMARY
There is increasing evidence that some cancers are hierarchically organized, sustained by a relatively rare
population of cancer-initiating cells (C-ICs). Although the capacity to initiate tumors upon serial transplanta-
tion is a hallmark of all C-ICs, little is known about the genes that control this process. Here, we establish that
ID1 and ID3 function together to govern colon cancer-initiating cell (CC-IC) self-renewal through cell-cycle
restriction driven by the cell-cycle inhibitor p21. Regulation of p21 by ID1 and ID3 is a central mechanism
preventing the accumulation of excess DNA damage and subsequent functional exhaustion of CC-ICs. Addi-
tionally, silencing of ID1 and ID3 increases sensitivity of CC-ICs to the chemotherapeutic agent oxaliplatin,
linking tumor initiation function with chemotherapy resistance.
INTRODUCTION

There is increasing experimental evidence from cell fractionation

experiments that many, but perhaps not all, tumors are orga-

nized as a cellular hierarchy sustained by a so-called cancer-

initiating cell (C-IC) or cancer stem cell (CSC) (Al-Hajj and Clarke,

2004; Dick, 2008; O’Brien et al., 2009). Several attributes distin-

guish C-ICs from the remaining cells of a tumor, including ability

to initiate cancer growth in xenotransplantation assays, restora-

tion of the tumor hierarchy by generating non-C-ICs, and

capacity for long-term self-renewal (Dick, 2003). It is becoming

evident that the acquisition of dysregulated self-renewal mecha-

nisms represents a key step in the generation of C-ICs (Morrison

and Kimble, 2006; He et al., 2009). The strongest evidence for

C-ICs has come from clonal serial xenotransplantation assays

and lentiviral-tracking studies carried out in leukemia by Bonnet

and Dick (1997) and Hope et al. (2004). Experimental data are

now accumulating that several solid tumors, including breast
Significance

There is emerging evidence that the capacity for self-renewal is
also possess properties that make them resistant to chemothe
together to govern self-renewal of colon cancer-initiating cells
DNA damage accumulation. These components of the tumo
chemotherapy resistance at the stem cell level, opening the w
self-renewal as a means to potentiate chemotherapeutic drug
(Al-Hajj et al., 2003), brain (Singh et al., 2004), and colon (O’Brien

et al., 2007; Ricci-Vitiani et al., 2007), adhere to the hierarchical

model and contain C-ICs. The focus of our study is on colon

C-ICs (CC-ICs), which typically represent a small subset of the

total colon cancer cell population and can be prospectively

isolated based on the expression of specific cell surface (i.e.,

CD133 [O’Brien et al., 2007; Ricci-Vitiani et al., 2007], CD44

[Dalerba et al., 2007], CD166 [Dalerba et al., 2007]) or functional

(aldehyde dehydrogenase-1; Dylla et al., 2008; Huang et al.,

2009) markers. Evidence is also emerging that the C-ICs from

several cancers possess properties that make them resistant

to chemotherapy and radiation, including expression of drug

efflux pumps, altered DNA damage response, or cellular quies-

cence (Bao et al., 2006; Todaro et al., 2008; Hermann et al.,

2007; Schatton et al., 2008; Viale et al., 2009). Collectively, little

is known of the molecular regulation of solid tumor C-ICs and

whether intrinsic stem cell properties are directly linked to

survival mechanisms and therapeutic resistance.
dysregulated in cancer-initiating cells (C-ICs) and that C-ICs
rapy and radiation. We found that ID1, ID3, and p21 function
(CC-ICs) through cell-cycle restriction and protection from
r-initiating machinery of human CC-ICs are also linked to
ay for stem cell-based therapeutic strategies to manipulate
combinations.
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As a first step to uncover specific factors that govern the

maintenance of CC-ICs, we focused on genes that have been

implicated in self-renewal properties of somatic or embryonic

stem cells, narrowed the list to those that were dysregulated in

cancer, and finally to those implicated in human colon cancer

specifically. One family of proteins that satisfies these criteria

are the inhibitor of DNA binding proteins (IDs), a family of homol-

ogous helix-loop-helix (HLH) transcriptional regulatory factors

(Gray et al., 2008) (ID1–ID4) with recognized roles in develop-

ment, senescence, differentiation, angiogenesis, and migration

(Fong et al., 2004). The ability of ID proteins to drive self-renewal

is well established in embryonic stem cells, where the upregula-

tion of IDs by bone morphogenic protein 4 (BMP4) is required to

maintain self-renewal and pluripotency (Hollnagel et al., 1999;

Ruzinova and Benezra, 2003). Studies in a murine model of

hematopoiesis revealed that Id1�/� whole-bone marrow

displayed impaired self-renewal capacity relative to wild-type

controls (Perry et al., 2007). Similar results were observed in

murine cortical neural stem cells where overexpression of Id1

increased self-renewal capacity (Nam and Benezra, 2009).

Evidence suggesting that IDs play a role in cancer comes from

studies demonstrating increased expression in a variety of solid

tumors, including pancreatic (Kleeff et al., 1998), cervical

(Schindl et al., 2001), ovarian (Schindl et al., 2003) prostate

(Ouyang et al., 2002), breast (Lin et al., 2000; Fong et al.,

2003), and colon (Meteoglu et al., 2008; Gray et al., 2008).

ID upregulation correlates with both poor prognosis and chemo-

resistance (Cheung et al., 2004; Hu et al., 2009; Li et al., 2007).

Furthermore, studies from Gupta et al. using murine models of

breast cancer demonstrated a role for Id1/Id3 in the initiation

of metastases, a process that may be closely related to the

concept of C-ICs (Gupta et al., 2007). Considering the overall

importance of IDs in cancer biology and their role in embryonic

and somatic stem cell self-renewal, they represent prime candi-

dates to evaluate in CC-ICs.

In some systems, ID1 functions to maintain self-renewal

through repressive effects on expression of the cell-cycle inhib-

itor, p21/cip1/waf1 (p21) (Ciarrocchi et al., 2007; Jankovic et al.,

2007). However, p21 has also been linked to maintenance of

self-renewal capacity in leukemic and normal hematopoietic

stem cells, indicating that cellular context can impact on func-

tional properties of these regulators (Cheng et al., 2000; Viale

et al., 2009). Although, to our knowledge, there are no reports

on a role for p21 in CC-IC self-renewal, p21 has a well-estab-

lished role in protecting colon cancer cells against a variety of

stress stimuli, including exposure to radiation and chemotherapy

(Mahyar-Roemer and Roemer, 2001; Bene andChambers, 2009;

Gorospe et al., 1996; Sharma et al., 2005; Tian et al., 2000).

These studies point to the plausibility that therapy resistance

may be linked to tumor initiation and maintenance mechanisms

and that pathways driving self-renewal may also function to

protect CC-ICs when exposed to environmental stress.

Mechanistic studies on properties governing tumor initiation

require large numbers of CC-ICs to carry out functional genomic

experiments aimed at identifying the key players in CC-IC func-

tion. However, this has proved difficult because CC-ICs are

typically rare in primary human cancers, and culture systems

that permit genetic studies as well as the production of large

numbers of CC-ICs are not well established. Here, we de-
778 Cancer Cell 21, 777–792, June 12, 2012 ª2012 Elsevier Inc.
veloped a robust culture system that enabled the expansion

and genetic manipulation of CC-ICs. Utilizing this system, we

interrogated the role of ID1 and ID3 in driving CC-IC self-renewal

capacity, aswell as their role in determining response to oxalipla-

tin, a commonly used chemotherapeutic agent in colon cancer

(Alberts and Wagman, 2008).

RESULTS

Enrichment of CC-ICs in Primary Human Colon Cancer
Cultures
In colon cancer the C-IC fraction is typically small, rendering

these cells difficult to identify and making molecular studies

aimed atmanipulating tumor initiation programs very challenging

(O’Brien et al., 2007). We characterized a commercially available

cell line, LS174T, and determined that xenografts from this cell

line can be initiated with a high frequency (Figure 1A; see Table

S2 available online). Furthermore, xenografts derived from

LS174T injections were hierarchically organized based on

CD44 expression (Figure 1D; Table S3). To determine if the

culture conditions could be applied to primary samples, three

colon cancers were obtained at the time of surgical resection

and established as sphere cultures in serum-free media (Kreso

and O’Brien, 2008). There was approximately a 200-fold

increase in CC-IC activity in the sphere-cultured cells as

compared to in vivo-limiting dilution assay (LDA) results using

xenograft cells derived from the same tumor (Figure 1A; Tables

S1 and S2).

To establish that the primary cultures retained their ability

to reestablish a cellular hierarchy, they were transplanted into

mice, and expression of known CC-IC surface markers, CD133

and CD44, was assessed. Sample 3 did not express either

marker but contained CC-ICs based on in vivo serial passage

LDA (Figures 1A–1C). For sample 2, CD44 and CD133 expres-

sion during in vitro culture closely resembled the expression

from xenograft-derived cells (Figures 1B and 1C). Sample 1

displayed yet a different pattern where CD133 was expressed

on a subset of cells in vitro, whereas CD44 was expressed on

most cells. However, when sample 1 cells were obtained from

xenografts, no CD44 expression was identified, and the CD133

subset remained relatively stable (Figures 1B and 1C). Similar

results were observed with LS174T where in vitro culture

resulted in expression of CD44 on the majority of cells (Fig-

ure 1B), whereas only approximately 50% of xenograft-derived

cells expressed CD44 (Figure 1C). To ensure that there was no

contamination, each colon cancer sample was checked for

nonmalignant cells, including endothelial, hematopoietic, and

murine cells (Figure S1).

To determine whether the cell surface phenotype correlated

with CC-IC function, CD133+ and CD44+ subsets were tested

using both in vitro and in vivo LDAs and found to be enriched

for CC-IC activity (Figure 1D; Table S3), with two exceptions.

CD44 expression in LS174T and sample 1 did not enrich from

in vitro culture, indicating that CD44 is an unreliable marker of

CC-IC activity for these samples under in vitro conditions

(Figures 1B and 1D). In contrast, serial transplantation of

CD44+ and CD44� LS174T xenograft-derived cells demon-

strated that CD44+ cells possessed increased CC-IC capacity

as compared to the CD44� fraction (Figure 1D; Table S3).



Sample CC-IC frequency of 

xenograft cells in vivo

CC-IC frequency of 

sphere cells in vivo

SFU frequency 

in vitro

CFU frequncy in 

vitro

1 1 in 11498 (18301-7224) 1 in 54 (93-31) 1 in 20 (26-16) 1 in 1.6 (2.1-1.3)

2 1 in 32162 (46614-22191) 1 in 118 (218-64) 1 in 22 (28-17) 1 in 2.4 (2.8-1.9)

3 1 in 57636 (83861-39612) 1 in 580 (1067-317) 1 in 39 (49-31) 1 in 2.7 (3.3-2.1)

LS174T 1 in 111 (156-76) 1 in 40 (72-26) 1 in 2 (2.6-1.6)

A

B

C

D

Sample 1                             Sample 2                            Sample  3                            LS174T

Sphere LDA Xenograft LDA

Colon cancer 

sample 

Cell subset 

injected

CC-IC frequency 1 in x CC-IC frequency 1 in x

Lower Estimate Upper Lower Estimate Upper

Sample 2

CD133+ 97 62 39 247 121 60

CD133- 22,439 13,295 7,878 119,974 38,826 12,565

Sample 2

CD44+ 173 86 43 674 355 187

CD44- 7,448 3959 2,105 128,409 40,764 12,941

LS174T

CD44+ 358 190 100

CD44- 14,866 8,748 5,148

in
v
it
ro

in
 v

iv
o

 

Figure 1. In Vitro Expansion and Xenograft Generation of Human Colon Cancer Cells

(A) Comparison of in vivo xenograft formation with in vitro sphere and colony formation at limiting dilution is shown. All data are represented as the frequency of

CC-IC, SFU, or CFU; 95% CI is shown in parentheses.

(B) Representative flow cytometric profiles of CD44 and CD133 expression in vitro (n = 5).

(C) Flow cytometric profiles of xenograft-derived cells (n = 5).

(D) Fractionation of CC-IC activity based on CC-ICmarker expression. All data are represented as the CC-IC (95%CI). CC-IC frequency 1 in x (x, number of colon

cancer cells).

See also Figure S1 and Tables S1, S2, S3, S4, and S5.
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Collectively, these findings demonstrate the importance of func-

tionally validating each sample in the context of the system being

studied because a change in phenotypic expression does not

necessarily correlate to function. Thus, by robust functional

criteria we can conclude that the culture conditions we devel-

oped resulted in highly enriched CC-ICs that retain their capacity

to generate a tumor hierarchy. Recently, a more immune-

deficient mouse strain has become available, NOD/SCID g

(NSG), that results in a dramatic enhancement in the detection

of C-ICs in some tumors, such as melanoma (Quintana et al.,

2008). We observed similar CC-IC frequencies in NOD/SCID

versus NSG recipients (Table S4), suggesting that the wide vari-

ation observed in melanoma does not necessarily apply to all

types of cancer, including the colon cancer samples employed

in this study.

Comparison of the Frequency of Cells Capable of In Vitro
Sphere and Colony Formation with CC-IC Activity
The gold standard test for enumerating the frequency of C-ICs

is in vivo serial transplantation of single C-ICs. However,

recently, many groups have commenced utilizing sphere

(serum-free media) or colony-forming (10% serum media)

assays as attractive surrogates (Todaro et al., 2008; Korkaya

et al., 2009). To determine whether these in vitro assays consti-

tute valid surrogates for themeasurement of C-IC capacity, each

culture was subjected to a detailed quantitative analysis to deter-

mine the frequency of colony-forming cells, sphere-forming

cells, and in vivo C-ICs. The frequency of sphere and colony-

forming cells was 6- and 88-fold greater than in vivo CC-IC

frequencies, respectively (Figure 1A). Therefore, it was evident

that the number of colon cancer cells capable of forming

colonies in vitro was significantly greater than those capable of

forming spheres. To determine if colony-forming cells and

sphere-forming cells still possessed CC-IC activity, cells from

each assay were injected into NOD/SCID mice using LDA. Inter-

estingly, the exact opposite was seen when these cells were

injected in vivo: the tumor-initiating capacity was significantly

less in the cells cultured in the colony-forming media versus

the same cells cultured under sphere conditions. For example

when injected in vivo, the LS174T CC-IC frequencies were 1 in

111 in sphere media (Figure 1A) versus 1 in 15,166 in the

colony-forming media containing serum (Table S5). This experi-

ment was repeated with a tumor sample taken at the time of

surgical resection, and similar results were obtained (Table S5).

These results indicate that the sphere assay more closely

reflects the in vivo CC-IC frequencies.

Knockdown of ID1/ID3 Expression Reduces Tumor
Growth In Vivo
Protein expression of ID1 and ID3 was determined for each of

the samples (Figure S2A). To investigate a possible role for

ID1 and ID3 in maintaining the CC-IC fraction, the level of

expression in CC-IC-enriched and non-enriched fractions was

determined by qPCR. There was a trend for ID1 mRNA expres-

sion levels to be higher in the CD133+ and CD44+ fractions, as

compared to the negative counterparts (Figure 2A). ID3 expres-

sion levels were similar in both fractions (Figure 2B). To deter-

mine the functional significance of ID1 and ID3 expression,

we utilized retrovirus-mediated silencing in CC-IC cultures
780 Cancer Cell 21, 777–792, June 12, 2012 ª2012 Elsevier Inc.
using control (PRS), ID1 knockdown (ID1KD), ID3KD, or

combined ID1 and ID3 KD (ID1/ID3KD). To account for potential

off-target effects, two independently designed hairpins for ID1

and ID3 were tested (Figure S2B). The two sets of hairpins

yielded very similar in vitro results, and the set of hairpins we

utilized was previously validated by Gupta et al. (2007). Western

blot analysis demonstrated >50% reduction of ID1 and ID3

protein in ID1/ID3KD cells as compared to control cells, indi-

cating efficient KD. However, both ID1 and ID3 are not

completely eliminated at the protein level; nevertheless, we

will continue to use the nomenclature of ID1/ID3KD to denote

this partial KD situation (Figure 2C). Following transduction

and selection, colon cancer cells were injected subcutaneously

(s.c.) into NOD/SCID mice. The KD of ID1 or ID3 protein expres-

sion individually resulted in partial inhibition of tumor growth.

However, ID1/ID3KD resulted in a profound decrease in the

ability of these cells to form colon cancer xenografts in the

LS174T cells (Figures 2D and 2H). There was a complete loss

of tumor formation in the ID1/ID3KD group for samples 1, 2,

and 3 (Figures 2E–2G).

Because the role of ID1 in vasculogenesis is well established

by Lyden et al. (1999), we investigated whether the drastic differ-

ence in tumor size was due to poor vascularization at the site of

injection. Control and ID1/ID3KD-transduced LS174T cells were

injected into the spleen, a well-vascularized site. A significant

reduction in tumor growth and metastatic burden was observed

(Figures S2E–2H), suggesting that the effect of ID1/ID3KD was

not solely due to effects on vasculogenesis.

ID1/ID3KD Affects Proliferation and Xenograft
Microvessel Formation
To elucidate the mechanism of action of ID1/ID3KD, the xeno-

grafts generated from each experimental group were examined

for microvessel density (MVD), apoptosis, necrosis, and prolifer-

ation.MVDwas significantly decreased by 50% in the ID1/ID3KD

group as compared to control (Figure 3A). This result was

anticipated because previous studies have recognized the

importance of ID1 expression in vasculogenesis both in endo-

thelial and cancer cells (Lyden et al., 1999; Ling et al., 2005;

Swarbrick et al., 2008). There was no significant difference

between the experimental and control groups with respect

to apoptosis, proliferative index, or percent necrosis (Figures

3B–3E). In contrast to the xenograft results, the in vitro prolifera-

tive capacity was 2-fold lower in all three KD groups as

compared to control (Figure 3F). Anothermeasure of proliferative

capacity is sphere diameter, which showed no significant differ-

ence among the three KD groups (Figure S3A). The modest

decrease in proliferation observed in vitro could partially explain

the significantly smaller xenografts in the ID1KD and ID3KD

groups as compared to controls but could not explain the

profound decrease in xenograft growth observed in the

ID1/ID3KD group. Another mechanism known to be affected

by ID proteins is senescence (Swarbrick et al., 2008); however,

no differences in the b-galactosidase senescence marker were

seen between KD and control groups (data not shown).

The IDs have a well-established role in the inhibition of differ-

entiation in a variety of cell types (Fong et al., 2004). To determine

whether ID1/ID3KD was inducing differentiation, the LS174T

control and KD xenografts were stained for known colon cancer



Figure 2. ID1/ID3KD Reduces Tumor Growth

In Vivo

(A and B) qPCR for ID1 (A) and ID3 (B) expression in the

CD133 and CD44 subsets is presented.

(C) Western blot of ID1 and ID3 is illustrated.

(D) Mean tumor weights for LS174T following s.c.

injection of PRS, ID1KD, ID3KD, or ID1/ID3KD cells

(n = 32 tumors per group) are shown.

(E) Mean tumor weights for sample 1 are presented; no

tumors were observed in the ID1/ID3KD group.

(F) Mean tumor weights for sample 2 are shown.

(G) Mean tumor weights for sample 3 are presented;

no tumors were observed in the ID1/ID3KD group.

(H) Photographs of excised tumors from mice injected

with either ID1/ID3KD or PRS cells are shown.

For (E)–(G) n = 20 tumors/group. Error bars represent ±

SD. ***p < 0.0001, **p < 0.001, *p < 0.01.

See also Figure S2.
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Figure 3. Effect of ID1/ID3KD on Xenograft Histology

(A–D) Quantification of MVD by CD31 staining (A), apoptosis by M30 staining (B), proliferation index by MIB1 staining (C), and percent necrosis (D) are shown.

(E) Histological depiction of the staining (magnification 2003) is illustrated; scale bars represent 50 mm.

(F) Proliferative activity of the PRS and ID1/ID3KD cells for LS174T, sample 1 and 3, is presented.

(G and H) Quantification of CK20 (G) and MUC2 (H) staining is shown.

The histological data are displayed as the mean per high-power field, with ten high-power fields counted per slide, and all error bars represent ± SEM. ***p <

0.0001, **p < 0.001, *p < 0.01. n.s., not significant.

See also Figure S3.
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differentiation markers: Muc2 (van de Wetering et al., 2002), and

cytokeratin 20 (CK20) (Vermeulen et al., 2008). There was

increased expression of differentiation markers in the ID1/
782 Cancer Cell 21, 777–792, June 12, 2012 ª2012 Elsevier Inc.
ID3KD xenografts, which was not seen in the individual KD or

control groups (Figures 3G, 3H, and S3B). This implies that the

induction of differentiation is a potential mechanism through



Figure 4. ID1/ID3KD Impairs CC-IC Self-

Renewal

(A) Comparison of the sphere-replating frequency

(SRF) for PRS, ID1KD, ID3KD, and ID1/ID3KD, as

determined by in vitro LDAs, is shown; 95% CI is

shown in parentheses.

(B) In vivo serial transplantation assays of LS174T

cells derived from PRS, ID1KD, ID3KD, or ID1/

ID3KD xenografts are presented.

(C) Comparison of the sphere-replating frequency

(SRF) for the PKH26+ and PKH26� subsets of PRS

and ID1/ID3KD cells is shown; in parentheses is

the 95% CI.

(D) Confocal images of symmetric and asymmetric

division in PKH26+ cells derived from sample 1 are

presented: gray scale overlay, DAPI, Numb, and

merge (magnification 603); scale bars represent

10 mm.

(E) Determination of percent asymmetric, sym-

metric, and ambiguous cell divisions in the PRS

and ID1/ID3KD groups (n = 100 cells counted: 50

cells per sample with 2 samples analyzed) is

illustrated.

Error bars represent 95% CI. See also Figure S4.
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which ID1/ID3KD is exerting its effect (Nam and Benezra, 2009;

Anido et al., 2010).

ID1/ID3KD Impairs CC-IC Tumor-Initiating Capacity
To determine whether ID1/ID3KD was affecting the capacity of

serial sphere formation, experiments were undertaken where

clonally derived primary cells were replated at limiting dilution

into secondary sphere-forming assays. The mean sphere-form-

ing capacity decreased on average 300-fold in the ID1/ID3KD

versus the other groups (Figures 4A and S4A). These results

suggested that ID1 and ID3 together play an essential role in

the ability of CC-ICs to sustain propagation through a self-

renewal-like mechanism. Despite showing a functional loss
Cancer Cell 21, 777–7
of serial sphere formation in the ID1/

ID3KD group, we did not identify a

significant change in the CD133 or

CD44 expression status either in vitro or

in vivo (data not shown). Thus, serial

sphere formation remains a functional

definition, which may or may not be

reflected in the phenotypic profile.

To conclusively establish that ID1 and

ID3 were affecting the capacity for serial

tumor initiation of CC-ICs at the clonal

level, in vivo secondary and tertiary trans-

plantation studies were carried out (Fig-

ures 4B and S4B). This work could only

be carried out using LS174T because

the remaining samples did not yield

primary tumors in the ID1/ID3KD group

(Figures 2E–2G). There was a 200-fold

decrease in tumor reinitiation capacity in

the ID1/ID3KD group, a difference that

was maintained upon multiple passages

(Figure 4B). To ensure that KD was main-
tained, westerns were carried out on the ID1/ID3KD xenograft

cells prior to passage (Figure S2C). The decreased capacity for

serial tumor initiation was only observed in the ID1/ID3KD group

(Figure 4B). Because the in vitro proliferative capacity was

equally reduced in all three experimental groups (Figure 3F),

our results suggest that the major effect of ID1/ID3KD is not

through impaired proliferation but rather through inhibition of

the serial tumor initiation capacity of CC-ICs.

ID1/ID3KD Influences Asymmetric Cell Division
The profound loss of CC-ICs and the direct effects we observed

on tumor initiation prompted us to determine whether ID1 and

ID3 were influencing the asymmetric versus symmetric fates of
92, June 12, 2012 ª2012 Elsevier Inc. 783
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the daughter cells derived when CC-ICs divided. However, the

ability to address this question was dependent on finding

a method to purify the CC-IC fraction. The CC-IC-enriched

cultures were labeled with PKH26, a lipophilic fluorescent dye,

which labels relatively quiescent cells within a bulk population

(Cicalese et al., 2009; Pece et al., 2010). We found that human

colon cancer contains a small population of slowly dividing cells

that retain the PKH26 dye and are enriched for CC-ICs, whereas

the majority of the cells that progressively lose the dye through

proliferation are depleted of CC-IC function. The PKH26+ popu-

lation was significantly higher in the control (4.5%± 1.7%) versus

ID1/ID3KD (0.5% ± 0.3%) group, suggesting that there were

fewer label-retaining cells in the ID1/ID3KD group (Figure S4C).

To determine if this correlated with the frequency of sphere-

forming cells, in vitro serial-replating LDAswere carried out using

flow-sorted PKH26+ and PKH26� cell subsets for both control

and ID1/ID3KD cells. For the control group the sphere-initiating

frequency was 1 in 1.2–1.4 in the PKH26+ cells, representing

a significant enrichment over bulk cultures, much better than

established cell surface markers (CD133 and CD44). The

frequency of sphere-initiating cells in the PKH26� fraction was

significantly lower (1 in 265–417) than the PKH26+ fraction. In

the ID1/ID3KD group, sphere-initiating cells were only detected

in the PKH26+ subset with a frequency of approximately 1 in

2.4–3.9 (Figure 4C). There were no sphere-initiating cells de-

tected in the ID1/ID3KD PKH26� subset for sample 1; however,

in LS174T therewere very rare (1 in 75,876) sphere-initiating cells

at (Figure 4C).

We hypothesized that the difference in the initiating capacity

and PKH26 labeling in the ID1/ID3KD versus control group was

related to a shift in the proportion of symmetric versus asym-

metric cell divisions. To further investigate this possibility,

Numb was utilized as a marker of asymmetric cell division

(Cicalese et al., 2009; Pece et al., 2010; Kharas et al., 2010).

PKH26+ cells from each group were stained for Numb expres-

sion to determine the dominant mode of cell division (Figure 4D).

The control cells underwent both asymmetric and symmetric

divisions at a frequency of 24% and 56%, respectively. In

contrast in the ID1/ID3KD group approximately 70% of dividing

cells displayed equal distribution of Numb, with 30% of the cell

divisions being ambiguous (Figure 4E). In the cells undergoing

symmetric division, approximately 90% of the daughter cells

expressed CK20 (Figure S4D), amarker of colon cancer differen-

tiation; in the remaining 10% approximately half was weakly

positive, and the remainder was negative. This result suggests

that the majority of cell divisions that the ID1/ID3KD cells

undergo are symmetric giving rise to two differentiated progeny.

Collectively, this work along with our functional serial tumor

initiation experiments provide strong support that ID1/ID3 is

governing CC-IC stem cell functions.

ID1/ID3KD Increases Sensitivity to Oxaliplatin
The chemoresistance of C-ICs has emerged as an important

cellular property that enables tumors to regrow following initial

cytoreductive therapy. Prior literature has identified a potential

role for ID1 in maintaining the chemoresistance of cancer cells

in a variety of solid tumors; however, to our knowledge, no

such data exist for colon cancer (Cheung et al., 2004). Oxaliplatin

is a chemotherapeutic agent commonly used in colon cancer
784 Cancer Cell 21, 777–792, June 12, 2012 ª2012 Elsevier Inc.
therapy. In LS174T the IC50 for the control cells was approxi-

mately 200 mM oxaliplatin versus 50 mM in the ID1/ID3KD group;

similar results were obtained with sample 2 (Figures 5A and 5B).

The enhanced chemosensitivity was also reflected in the

approximate 2-fold increase in apoptotic cells following oxalipla-

tin exposure (IC50), as determined by both annexinV and cleaved

caspase-3 staining (Figures 5C–5E). To determine whether

oxaliplatin had any effect on in vitro propagation of CC-ICs,

sphere-replating assays were carried out in the presence of

oxaliplatin. In vitro treatment of the control transduced cells

with oxaliplatin (IC50) did not significantly change sphere-

replating capacity. In contrast the ID1/ID3KD cells displayed a

further 5-fold decrease in sphere-replating capacity following

treatment (Table 1; Figure 5F). To determine if this result could

be translated to an in vivo model, xenograft studies were carried

out with ongoing oxaliplatin treatment to transplanted mice

(LS174T). Despite a highly significant decrease in tumor growth

in the ID1/ID3KD versus control groups, the addition of oxalipla-

tin led to a further significant decrease in mean tumor weight

(Figure 5G). There was no significant difference in the tumor

weights in the oxaliplatin versus vehicle-treated control groups.

This was likely related to the dose of oxaliplatin; however, due

to toxicity in immune-deficient mice. we were unable to increase

the dose. Nevertheless, even in the absence of an objective

tumor response in the control group, our results demonstrated

a further decrease in xenograft formation in the ID1/ID3KD

oxaliplatin-treated group as compared to the vehicle-treated

ID1/ID3KD group, indicating that ID1/ID3KD was potentiating

tumor cell killing.

ID1/ID3KD Decreases Tumor-Initiating Capacity
through Downregulation of p21
To further delineate the molecular machinery by which ID1/ID3

affects tumor-initiating capacity, we investigated a known target,

p21. ID1-mediated repression of p21 represents amechanism to

preserve self-renewal capacity in endothelial progenitor cells

(Ciarrocchi et al., 2007). Our interest was to determine whether

p21, a cell-cycle inhibitor, was playing a similar role in CC-ICs.

Interestingly, western blot analysis in the CC-IC lines revealed

that p21 expression levels in vitro were high in the parental and

control transduced cells but undetectable in the ID1/ID3KD cells

(Figure 6A); the exact opposite of the pattern reported in endo-

thelial progenitor cells (Ciarrocchi et al., 2007). Examination of

p21 expression by qPCR revealed a trend toward increased

expression in the CD133+ versus CD133� subsets; however,

this did not reach statistical significance. No difference was

detected in the level of p21 mRNA expression in the CD44+

and CD44� fractions (Figure 6B). Evaluation of p21 protein

expression using immunohistochemistry revealed clearly higher

levels in both the CD133+ and CD44+ fractions, as compared to

their negative counterparts (Figure 6C). From these results we

can infer that the effect of ID1/ID3 on p21 is likely through

stabilization of the protein as opposed to regulation at a tran-

scriptional level.

In contrast to endothelial progenitor cells, silencing of p21 in

leukemic and normal hematopoietic cells impairs stem cell

self-renewal (Cheng et al., 2000; Viale et al., 2009), although, to

our knowledge, no studies have explored lowered p21 expres-

sion in the context of ID1/ID3KD. To determine whether the



Figure 5. ID1/ID3KD Increases the Sensitivity of CC-ICs to Oxaliplatin

(A and B) Proliferation analysis following a 48 hr oxaliplatin exposure for LS174T and sample 2 (mean ± SEM) is illustrated.

(C) Percent apoptotic cells as measured by annexin V analysis (mean ± SEM) is shown.

(D) Cleaved caspase-3 staining (mean ± SEM) is presented.

(E) Cleaved caspase-3 FACS plots of oxaliplatin-treated ID1/ID3KD and PRS cells from sample 1 and 2 (C–E n = 10 per group) is illustrated.

(F) LDA analysis of SFUs after exposing ID1/ID3KD cells to oxaliplatin (IC50) is shown; error bars represent 95% CI.

(G) Tumor weight following oxaliplatin treatment is presented. PRS or ID1/ID3KD LS174T cells were injected s.c. and the tumors allowed to grow until 0.5 cm3;

mice were then treated with oxaliplatin (mean ± SD).

***p < 0.0001, **p < 0.001, *p < 0.01.
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Table 1. Comparison of the SRF for the Control versus ID1/ID3KD Cells in the Presence and Absence of Oxaliplatin

CC-IC-Enriched Cultures PRS SRF In Vitro LDA

PRS with Oxaliplatin SRF

In Vitro LDA ID1/ID3KD SRF In Vitro LDA

ID1/ID3KD with Oxaliplatin

SRF In Vitro LDA

Sample 1 1 in 40 (19–53) 1 in 32 (11–43) 1 in 12,392 (9,048–20,810) 1 in 52,379 (30,007–75,228)

Sample 2 1 in 27 (15–39) 1 in 34 (13–41) 1 in 14,740 (8,660–29,105) 1 in 64,399 (49,583–79,332)

LS174T 1 in 39 (24–70) 1 in 30 (17–45) 1 in 3,493 (2,400–6,930) 1 in 19,215 (13,901–28,985)

All data are represented as the SRF for each group; the 95% CI is shown in parentheses.
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decreased expression of p21 observed in the ID1/ID3KD group

was playing a functional role in maintaining tumor-initiating

capacity, a genetic rescue experiment was designed to reintro-

duce p21 into the ID1/ID3KD cells. Sample 2 and LS174T were

tested by in vivo xenograft formation; ID1/ID3KD/p21 overex-

pressing (OE) xenografts were significantly larger than those

generated by injection of ID1/ID3KD cells alone, although they

remained significantly smaller than controls (Figures 6D and

6E). This partial rescue of tumor formation indicated that the

decreased expression of p21 in the ID1/ID3KD cells was

functionally important for tumor initiation and maintenance.

Secondary LDA experiments revealed a sustained increase in

CC-IC frequency in the ID1/ID3KD/p21OE cells as compared

to ID1/ID3KD alone (Figure 6F), establishing that CC-IC sustain-

ability is affected by p21. Our preliminary data suggest that

one possible mechanism by which ID1/ID3 may influence p21

protein stability is through inhibitory effects on phosphatase

and tensin homolog (PTEN). Genetic KD of ID1/ID3 in our model

system results in the re-expression of PTEN at the protein level

(Figure S2D). Our results lend additional support to the notion

that the ID/p21 regulatory axis is important in tumor initiation

and warrants further investigation, including confirmation of

the role of PTEN.

Effect of ID1/ID3KD on Cell Cycle and Accumulation
of DNA Damage-Induced Foci
It is well established that p21 inhibits cell-cycle progression

by binding to G1 cyclin/CDK complexes (Abbas and Dutta,

2009). Because p21 protein expression was decreased

following ID1/ID3KD, it was important to determine whether

this reflected a change in cell-cycle distribution. The mean

proportion of cells in G0/G1 was significantly higher in the

control versus ID1/ID3KD cells, whereas the opposite was

observed for cells in S phase. There was no significant differ-

ence between the two groups in the proportion of cells in

G2/M; however, there was a trend toward ID1/ID3KD having

more cells in G2/M (Figure 7A). In support of the cell-cycle

results, BrdU incorporation experiments demonstrated that

the ID1/ID3KD group exhibited a 2- to 3-fold increase in BrdU

incorporation, as compared to the control cells (Figures 7B

and 7C). p21 has previously been shown to play a critical role

in leukemia stem cell (LSC) maintenance, where it imposes

a cell-cycle restriction that in turn acts to limit the accumulation

of DNA damage in LSCs (Viale et al., 2009). In our samples

there was an approximate 2-fold increase in gH2AX foci in

the ID1/ID3KD versus control cells (Figures 7D and 7E). These

results suggest that the reduced levels of p21 and the subse-

quent lack of cell-cycle restriction resulted in an accumulation

of DNA damage leading to CC-IC exhaustion.
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DISCUSSION

Our findings establish that ID1 and ID3 govern self-renewal

of CC-ICs derived from primary colon cancer samples. Silencing

both genes together resulted in a dramatic loss of tumor-

initiating potential. Second, we found that ID1/ID3 orchestrate

their regulation of CC-ICs via p21, providing a linkage of the

ID1/ID3-p21 regulatory axis with maintenance of tumor initiation

capacity in any solid tumor C-IC. Finally, we show that in the

presence of oxaliplatin, a commonly used chemotherapeutic

agent, ID1/ID3 functions to protect the tumor-initiating capacity

of CC-ICs. Following ID1/ID3KD, exposure to oxaliplatin re-

sulted in a further decrease in tumor-initiating capacity. Thus,

our study connects the capacity for serial propagation of

tumor-initiating cells with CC-IC chemoresistance, knowledge

that could be exploited in future therapeutic strategies.

ID1/ID3 Govern Self-Renewal
As expected from studies of ID family proteins in other model

systems, we observed effects on proliferation and angiogenesis

upon silencing of ID1 and ID3 individually or together. However,

these effects alone could not explain the drastic decrease in

xenograft growth observed in the ID1/ID3KD group. The ID

proteins have a central role in maintaining cells in an immature

state; in keeping with this the ID1/ID3KD group displayed

increased expression of markers of intestinal cell differentiation,

a finding that correlates with a decrease in self-renewal potential.

Emerging data indicate that the ID genes play an important role in

maintaining C-ICs in a variety of solid tumors (Hollnagel et al.,

1999; Nam and Benezra, 2009; Perry et al., 2007). Most recently,

Andio et al. reported that TGF-b-induced inhibition of CD44+

glioblastoma-initiating cells was due to repression of ID1 and

ID3, pointing to a potential link between ID genes and C-IC

self-renewal (Anido et al., 2010). Our data support this prior

work by providing direct evidence that ID1/ID3 govern CC-IC

maintenance.

Moreover, we demonstrate that ID1/ID3KD dramatically alters

the ratio of asymmetric and symmetric cell divisions in the CC-IC

fraction. This provides another line of evidence linking ID1/ID3

with canonical stem cell properties. Numb staining of PKH26+

control cells suggested that these cells normally undergo both

asymmetric and symmetric cell divisions. In contrast following

ID1/ID3KD the majority of divisions became symmetric, giving

rise to two daughter cells both displaying evidence of differenti-

ation, as demonstrated by increased CK20 staining. These

results are in keeping with prior studies in normal neural stem

cells where high ID1 expression drove self-renewal by promoting

asymmetric cell division (Nam and Benezra, 2009). They found

that ID1 was expressed as a gradient with the highest levels in



Figure 6. ID1/ID3KD Decreased the Self-Renewal Capacity of CC-IC through p21 Downregulation

(A) Western blot analysis of p21 protein levels in PRS versus ID1/ID3KD cells is presented. Displayed are LS174T, samples 1 and 2, and LS174T transduced with

second set of ID1/ID3KD hairpins. GAPDH was utilized as the housekeeping gene.

(B) p21 mRNA expression in CC-IC-enriched and nonenriched fractions (n = 3 replicates) is shown; error bars indicate ± SEM.

(C) Immunohistochemical staining for p21 on CD44+ and CD44� cell subsets is illustrated. Top scale bars (1003) represent 100 mm; bottom scale bars (4003)

represent 50 mm.

(D and E) Tumor weights for LS174T and sample 2, and three groups, PRS, ID1/ID3KD, and ID1/ID3KD with p21 overexpression (ID1/ID3KDp21OE), are

presented. In both samples expression of p21 partially rescued the effect of ID1/ID3KD on xenograft growth; mean ± SD is shown (n = 20 injections per group).

(F) In vivo secondary transplantation LDA with LS174T.

Error bars represent 95% CI. ***p < 0.0001, **p < 0.001.
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Figure 7. Effect of ID1/ID3KD on Cell Cycle and DNA Damage
(A) Cell-cycle distribution was determined by flow cytometry (n = 3 replicates).

(B and C) BrdU incorporation analysis (n = 3 replicates) is illustrated.

(D) Quantification of gH2AX staining (n = 100 cells counted) is shown.

(E) Confocal images of gH2AX staining (360) are presented; scale bars represent 10 mm.

For bar graphs, mean ± SEM is shown; ***p < 0.0001, **p < 0.001, *p < 0.01. ns, not significant.
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self-renewing neural stem cells and the lower levels in non-stem

cells correlating with increased expression of markers of neural

cell differentiation (Nam and Benezra, 2009). Similarly, CC-IC

confocal imaging of ID1 and ID3 in our PKH26+ and PKH26�

colon cancer cells demonstrated ID1/ID3 staining in both

subsets; however, the expression level appeared higher in the

PKH26+ cells, as compared to the PKH26� cells (data not

shown). It is possible that, similar to neural stem cells (Nam

and Benezra, 2009), ID expression may be on a continuum

where colon cancer cells expressing the highest combined

levels have the capacity to initiate tumors. Our work, as well as

that of others, clearly indicates that ID1/ID3 play a central role

in both normal stem cell and C-ICmaintenance, making it essen-
788 Cancer Cell 21, 777–792, June 12, 2012 ª2012 Elsevier Inc.
tial that the molecular mechanisms driving this process are

better understood.

ID1/ID3 Function through Effects on p21
We initially hypothesized that the mechanism by which

ID1/ID3KD was decreasing tumor-initiating capacity may be

similar to the effect observed in endothelial progenitor cells

where ID1KD resulted in increased p21 levels and a subsequent

decrease in self-renewal capacity (Ciarrocchi et al., 2007). Unex-

pectedly, we observed the exact opposite: p21 was highly

expressed in the parental and control transduced cells, whereas

the ID1/ID3KD cells displayed an almost complete loss of p21

expression in all samples tested. Moreover, CD133+ and
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CD44+ CC-IC-enriched fractions expressed significantly higher

p21 protein levels as compared to their negative counterparts.

This result suggests that in the context of CC-ICs, p21

may function to maintain ID1/ID3-dependent tumor-initiating

potential.

Interestingly, an association between ID1 overexpression

and high levels of p21 was initially identified in a mouse

mammary carcinoma model that showed ID1 overexpression

resulted in tumors that continued to proliferate despite high

levels of p21 (Swarbrick et al., 2008). These authors hypothe-

sized that ID1 must act downstream of p21, rendering cells

refractory to p21-dependent cell-cycle arrest. However, this

was not the case in our colon cancer samples because the

reintroduction of p21 resulted in a partial rescue of the ID1/

ID3KD-induced tumor-initiating defect, providing strong genetic

evidence that p21 plays a functional role in maintaining CC-ICs.

One possible explanation for the rescue only being partial is that

the effect of ID1/ID3 on proliferation is independent of their

combined effects on p21 and self-renewal. Each of the ID1KD,

ID3KD, and ID1/ID3KD groups exhibited an approximate 2-fold

decrease in proliferative capacity, yet the effect on self-renewal

was only seen in the ID1/ID3KD cells. Alternatively, ID1/ID3KD

may have influenced other downstream pathways in addition

to p21 that are involved in the maintenance of CC-ICs. Studies

of a variety of normal and neoplastic stem cell systems are point-

ing to the integrated functioning of multiple genetic and epige-

netic components working together to maintain self-renewal

potential (Morrison and Spradling, 2008; Shackleton et al.,

2009; He et al., 2009).

One possible mechanism by which ID1/ID3 may regulate p21

is through inhibition of PTEN. Lee et al. have previously shown

that ID1 can negatively regulate PTEN at a transcriptional level

in MCF7 human breast cancer cells (Lee et al., 2009). Further-

more, attenuation of PTEN has been shown to increase p21

levels through stabilization of the protein (Lin et al., 2007). Our

preliminary data also show that ID1/ID3KD results in the re-

expression of PTEN. In renal cell carcinoma, p21 stabilization

is one of the key mechanisms by which PTEN-deficient tumors

escape chemotherapy-induced cell death (Lin et al., 2007). The

notion that p21, a cell-cycle inhibitor, is maintaining self-renewal

seems counterintuitive. However, there is strong evidence from

murine models of normal hematopoietic and leukemic stem cells

that p21 is an important regulator of self-renewal. In the absence

of p21, hematopoietic and leukemic stem cells underwent func-

tional exhaustion and were unable to maintain the clone (Cheng

et al., 2000; Viale et al., 2009).

Our results support a role for p21 in the prevention of CC-IC

exhaustion through cell-cycle restriction and the resulting accu-

mulation of DNA damage as shown by increased gH2AX foci.

These results are consistent with a number of publications

over the past 20 years that have recognized a role for p21 in

the protection of cancer cells from stress and DNA damage (Ma-

hyar-Roemer and Roemer, 2001; Bene and Chambers, 2009;

Gorospe et al., 1996; Sharma et al., 2005; Tian et al., 2000).

Bunz et al. (1998) were the first to demonstrate that p21�/� colon

cancer cells treated with a DNA-damaging agent undergo

aberrant progression through S and M phases of the cell-

cycle-triggering apoptosis. Also in support of our findings, there

are numerous reports linking p21 expression with protection of
colon cancer cells from apoptosis induced by a wide range

of insults, including exposure to radiation (Tian et al., 2000),

chemotherapeutic agents (Mahyar-Roemer and Roemer, 2001;

Bene and Chambers, 2009), and cryotherapy (Sharma et al.,

2005). Finally, clinical trial data from patients with rectal tumors

undergoing neoadjuvant chemoradiation show association

between increased p21 expression and the development of

resistance resulting in decreased disease-specific survival

(Kuremsky et al., 2009; Rau et al., 2003). Taken together, these

observations support the clinical relevance of our findings and

extend the functional roles of p21 to include preservation of

CC-IC self-renewal.

Role of ID1/ID3 in Chemoresistance
Our studies also provide a direct link between the capacity of

CC-ICs for serial tumor initiation and chemoresistance. Although

existing literature supports a role for ID1 and p21 in maintaining

chemoresistance in some solid tumors (Cheung et al., 2004;

Hu et al., 2009; Li et al., 2007), to our knowledge, the effect of

ID1/ID3KD on colon cancer cells and their response to treatment

with oxaliplatin has not been investigated. We found that the

dose of oxaliplatin that reduced overall cell proliferation did not

inhibit the sphere-replating capacity of control transduced cells.

This finding may in part explain clinical observations related to

oxaliplatin treatment. When oxaliplatin is used in the adjuvant

setting with 5-fluorouracil (5-FU), the tumor response rates are

in the range of 40%–50%,whereas the actual survival advantage

conferred is on average less than 10% (Alberts and Wagman,

2008; Chau and Cunningham, 2009). This suggests that the

response rates may actually be monitoring decreased prolifera-

tive capacity of the bulk cancer cells; however, if there are

CC-ICs surviving despite oxaliplatin treatment, the drug may

not affect their function. In contrast, oxaliplatin treatment of

ID1/ID3KD cells decreased tumor initiation capacity, which

warrants further investigation of the linkage between CC-ICs

and chemoresistance. If this linkage is universally important,

then understanding themechanisms that drive C-IC self-renewal

will lead to the development of therapeutic agents that target this

essential aspect of tumor maintenance and may potentiate the

efficacy of chemotherapies.

In conclusion our study demonstrates the feasibility of utilizing

primary human cancer cells to enrich for CC-IC activity thereby

providing a powerful tool to carry out genetic approaches to

unravel the molecular pathways sustaining tumor growth. Our

findings point to the central role that ID1/ID3 and p21 play in

regulating the tumor-initiating program of CC-ICs and in govern-

ing their response to chemotherapy. Collectively, our findings

put forth self-renewal pathways as potential targets for the

development of effective therapies to eradicate CC-ICs.

EXPERIMENTAL PROCEDURES

Culture and Xenografting of Colon Cancer Cells

Human colon cancer specimens were obtained with informed patient consent

as approved by the Research Ethics Board (University Health Network,

Toronto). Cells were isolated and cultured in DMEM/F-12 with EGF and

bFGF as previously described by Kreso and O’Brien (2008). Unless otherwise

noted, tumor cells were injected s.c. into NOD/SCID mice using procedures

that conform to the standards approved by the Animal Care Committee

(Ontario Cancer Institute, Toronto).
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Viral Vectors

Short hairpins to ID1 and ID3 were obtained from Dr. J. Massague (Memorial

Sloan-Kettering Cancer Center) (Gupta et al., 2007). Dr. J. Moffat (University

of Toronto) provided a second set of hairpins to ensure that the effects were

not off target. For combined KD, cells were sequentially infected and puro-

mycin selected. For p21 overexpression a pBabe construct (Dr. G. Peters)

was utilized for both overexpression and control viruses.

LDAs

Viable cells were diluted, and defined cell doses were (i) injected into mice

to assess CC-IC frequency in vivo and (ii) plated in 96-well plates to assess

the number of sphere-forming units (SFUs) in vitro. The ELDA website was

used to determine the estimated cell frequency (http://bioinf.wehi.edu.au/

software/elda/index.html). For in vitro LDAs a number of cell doses were

tested, and the lowest cell dose was one cell per well, all plated in a fixed

volume of 200 ml per well. Any well with one or more spheres was considered

positive for ELDA. To assess the number of colony-forming units (CFUs),

similar methods were used, but cells were plated in medium containing

10% serum.

Statistical Analysis

PRISM software was used to analyze results; values are reported as mean ±

SD unless otherwise indicated. The limiting dilution function (http://bioinf.

wehi.edu.au/software/elda/index.html) was used to calculate the estimated

cell frequencies for LDAs; 95% confidence intervals (CIs) are reported for

each frequency.

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures, five tables, and Supplemental

Experimental Procedures and can be found with this article online at

doi:10.1016/j.ccr.2012.04.036.
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SUMMARY
Studies on the role of TP53 mutation in breast cancer response to chemotherapy are conflicting. Here, we
show that, contrary to dogma, MMTV-Wnt1 mammary tumors with mutant p53 exhibited a superior clinical
response compared to tumors with wild-type p53. Doxorubicin-treated p53 mutant tumors failed to arrest
proliferation, leading to abnormal mitoses and cell death, whereas p53 wild-type tumors arrested, avoiding
mitotic catastrophe. Senescent tumor cells persisted, secreting senescence-associated cytokines exhibiting
autocrine/paracrine activity and mitogenic potential. Wild-type p53 still mediated arrest and inhibited drug
response even in the context of heterozygous p53 point mutations or absence of p21. Thus, we show that
wild-type p53 activity hinders chemotherapy response and demonstrate the need to reassess the paradigm
for p53 in cancer therapy.
INTRODUCTION

The tumor suppressor TP53 is mutated or inactivated in the

majority of cancers (Soussi and Lozano, 2005). p53 exerts its

effects by binding specific promoter sequences following

cellular stress and activating transcription of genes involved in

cell-cycle arrest, senescence, and apoptosis (Riley et al.,

2008). DNA damage, such as that induced by radiation or

chemotherapy drugs, is a potent activator of p53.

Classic studies using mouse models have demonstrated an

in vivo role for p53 in the induction of apoptosis following DNA

damage (Jackson et al., 2011). Thymocytes from p53 null mice

do not undergo apoptosis after radiation (Clarke et al., 1993;

Lowe et al., 1993b), and the embryonic neural tube in p53 null
Significance

Approximately one-third of human breast cancers harbormutat
digm that wild-type p53 mediates apoptosis resulting in a favo
because many reports conflict, including some suggesting tha
Here, we show that wild-type p53 activity is paradoxically det
p53 tumors, p53wild-type tumors can avoid aberrantmitoses b
kines in senescent cells that can stimulate cell proliferation an
order to accurately predict clinical response of TP53-mutated
mice is similarly resistant (Lang et al., 2004; Liu et al., 2004).

p53 also contributes to response after exposure to DNA-

damaging drugs by inducing apoptosis in E1A/Ras-transformed

mouse embryo fibroblasts (Lowe et al., 1993a, 1994).

Interestingly, studies examining the paradigm that wild-type

p53 activity improves drug response are lacking in tumors arising

from epithelial tissues (Brown and Attardi, 2005). This deficiency

is exemplified in breast cancer. Some reports on the response of

breast cancer with or without TP53 mutation to chemotherapy

drugs have been inconclusive (Bonnefoi et al., 2011; Makris

et al., 1995; Mathieu et al., 1995), whereas others show that

wild-type TP53 activity is beneficial to response (Aas et al.,

1996; Berns et al., 2000; Kröger et al., 2006; Rahko et al.,

2003). Intriguingly, still other reports have shown that TP53
ions in the tumor suppressor gene TP53. The long-held para-
rable chemotherapy response is less clear in breast cancer
t tumors harboring TP53mutations respond more favorably.
rimental to chemotherapy response because, unlike mutant
y undergoing arrest, which is followed by expression of cyto-
d tumor relapse. Furthermore, our data demonstrate that in
tumors, the status of the second allele must be determined.

Cancer Cell 21, 793–806, June 12, 2012 ª2012 Elsevier Inc. 793

mailto:gglozano@mdanderson.org
http://dx.doi.org/10.1016/j.ccr.2012.04.027


Cancer Cell

Wild-type p53 Activity Impairs Drug Response
mutant tumors respond better (Bertheau et al., 2002, 2007;

Mathieu et al., 1995). It is unclear why these reports reached

different conclusions, and importantly, the notion that wild-

type TP53 activity would hinder response, given its known

apoptotic and tumor suppressive functions, is controversial

and lacks a mechanistic explanation. Thus, it is desirable to

have a controlled setting to examine if wild-type p53 activity is

beneficial in breast cancer response, and if not, as some have

suggested (Bertheau et al., 2008), then why?

RESULTS

Superior Response of p53 Mutant Mammary Tumors
to Doxorubicin Treatment
In order to address the role of the p53 response in breast cancer,

we bred MMTV-Wnt1 (Tsukamoto et al., 1988) mice into p53

wild-type as well as p53�/� (Jacks et al., 1994) and p53R172H

(Lang et al., 2004) (‘‘p53 mutant’’ herein) backgrounds.

p53R172H is a structurally defective mutant that cannot bind

DNA, and mice that are homozygous or heterozygous for this

mutation are identical to p53�/� or p53+/� mice, respectively,

in survival (Lang et al., 2004) and for results presented here.

After mammary tumors formed, mice were treated with doxoru-

bicin and monitored. We found that, despite heterogeneity of

responses (see Figure S1A available online), tumors from mice

in the wild-type p53 background generally underwent minimal

tumor regression, stabilized for several days, and quickly

relapsed (Figures 1A and 1E).

We next examined p53 mutant MMTV-Wnt1 mammary

tumors. In most human tumors, biallelic point mutations or

deletions of p53 are relatively rare. More typically, a p53 point

mutation is acquired in a single allele, and the other allele is

subsequently retained or lost. Thus, we treated MMTV-Wnt1

p53 heterozygous mutant mice (p53R172H/+ genotype) bearing

tumors, of which approximately 40% undergo loss of heterozy-

gosity (LOH) for the wild-type p53 allele (Donehower et al.,

1995). Surprisingly, we found that tumors in p53R172H/+ MMTV-

Wnt1 mice that lost the wild-type allele (rendering the tumor

p53R172H/0 and functionally null) showed greater tumor regres-

sion and longer time to relapse (Figures 1B, 1E, and S1B).

Also to our surprise, we found that as long as tumors from

p53R172H/+ mice retained the wild-type p53 allele, they exhibited

a response typical of p53wild-type tumors (Figures 1C and S1C),

despite the presence of a mutant allele with reported dominant-

negative activity (Lang et al., 2004; Willis et al., 2004). We also

observed dramatic tumor volume reductions in MMTV-Wnt1

mammary tumors from treated p53 homozygous mutant mice

(Figures 1D and S1D), although these mice were typically har-

vested within 1 week following the final doxorubicin treatment

(Figure 1D) due to gastrointestinal syndrome (Komarova et al.,

2004). Use of the p53 homozygous mutant mice was also limited

by the difficulty of acquiring females in the cohort (Sah et al.,

1995). In sum although tumors of all genotypes eventually

relapsed, treated tumors lacking all p53 activity, whether homo-

zygous null or heterozygous mutant with LOH, had significantly

greater decrease in tumor volume and significantly longer time

to relapse compared to tumors retaining p53 activity (Figure 1E).

To assess the acute biochemical response to treatment, we

examined p53 function in MMTV-Wnt1 tumors 24 hr after the
794 Cancer Cell 21, 793–806, June 12, 2012 ª2012 Elsevier Inc.
final doxorubicin dose. p53 target genes p21, Puma, and

Ccng1 were induced 4- to 6-fold compared to untreated tumors

(Figure 1F), demonstrating retention of wild-type p53 in MMTV-

Wnt1 tumors from p53+/+ mice, as others have shown (Done-

hower et al., 1995). Predictably, p53 homozygousmutant tumors

did not induce target genes (Figure 1F). Noxa levels, however,

were elevated in some tumors in a p53-independent fashion.

p53 heterozygous mutant MMTV-Wnt1 tumors that retained

the wild-type allele also induced p53 target genes, in contrast

to tumors with p53 LOH (Figure 1G).

To address the mechanism of response in p53 wild-type

versus mutant tumors, we examined growth arrest and

apoptosis in tumors 24 hr after doxorubicin treatment. Exam-

ining proliferation, we found that untreated tumors of all geno-

types were highly positive for Ki67, a marker of cells outside

G0 of the cell cycle. Following treatment, only p53 wild-type

MMTV-Wnt1 tumors had large areas that were Ki67 negative

or sparsely positive, demonstrating cell-cycle exit, whereas

p53 mutant tumors remained positive for Ki67 (Figure 2A).

Furthermore, tumors from parallel orthotopic transplants of

a p53 wild-type MMTV-Wnt1 tumor ceased incorporating

bromodeoxyuridine (BrdU) following treatment, whereas trans-

planted p53 mutant tumors continued to enter S phase (Fig-

ure 2B). This failure to arrest in the presence of DNA damage

resulted in aberrant mitoses, as evidenced by anaphase bridges,

in treated p53 mutant tumors, whereas p53 wild-type tumors

arrested and, thus, were not mitotic (Figures 2C–2E). The p53

mutant MMTV-Wnt1 tumors also showed a significant increase

in both cleaved caspase-3 and terminal deoxynucleotidyl trans-

ferase dUTP nick end labeling (TUNEL)-positive cells after doxo-

rubicin treatment (Figure 2F). p53wild-type tumors, however, did

not undergo apoptosis following treatment (Figure 2F). Taken

together, our data show that despite induction of apoptotic

genes such as Puma and Noxa, growth arrest, not apoptosis,

was acutely induced in p53 wild-type tumors following doxoru-

bicin treatment, and lack of arrest in mutant tumors resulted in

aberrant mitoses, cell death, and ultimately, a superior clinical

response.

Doxorubicin Induces a Senescent-like Phenotype in p53

Wild-type Mammary Tumors
To further address the mechanism responsible for the subop-

timal response in p53 wild-type tumors, we harvested p53

wild-type or heterozygous MMTV-Wnt1 tumors 5–7 days post-

treatment (Figures S2A–S2C) and examined them for markers

of senescence. We quantitatively determined that many markers

of senescence (p21, Dcr2, p16, p15, Dec1, and Pml) (Collado

et al., 2005; te Poele et al., 2002) were elevated in many stably

arrested MMTV-Wnt1 tumors that were p53 wild-type or hetero-

zygous with retention of the wild-type allele, when compared to

untreated tumors (Figures 3A, 3B, and 3D). Treated and har-

vested p53 mutant tumors (Figure S2C) exhibited heterogeneity

in expression levels of several senescence markers, although

only Pml was consistently elevated to a degree similar to that

observed in p53 wild-type tumors 5 days following treatment

(Figure 3C). Dcr2 was induced slightly following treatment in

p53R172H/0 tumors, possibly attributable to stromal cells within

the tumor that still have the p53 wild-type allele. We used ortho-

topic transplants of p53 wild-type and mutant MMTV-Wnt1



Figure 1. Superior Response of p53 Mutant MMTV-Wnt1 Mammary Tumors to Doxorubicin Treatment
(A–D) MMTV-Wnt1 mice bearing spontaneous, measurable, growing mammary tumors of approximately 500 mm3 were injected once daily with 4 mg/kg

doxorubicin for 5 consecutive days as indicated by arrowheads in graphs. Tumors with p53 wild-type (p53+/+) (A), heterozygous mutant that lost the wild-type

allele (p53R172H/0) (B), or retained the wild-type allele (p53R172H/+) (C), and homozygous mutant (p53�/�) (D) were measured regularly, and tumor volume was

calculated. Shown are two representative mice for each genotype. LOH was determined by sequencing DNA from tumors across the region of the knockin point

mutation. The double peak observed in (C) shows p53 heterozygous status, whereas the single peak observed in (B) indicates LOH.

(E) Summary of responses for MMTV-Wnt1 tumors with wild-type p53 or p53R172H/+ that retained the wild-type allele (n = 22 and n = 15, respectively, for tumor

volume, total = 37; and n = 21 and n = 15, respectively, for relapse, total = 36) (‘‘p53 wild-type’’) versus tumors homozygous mutant or p53R172H/+ that underwent

LOH (n = 2 and n = 8, respectively, for tumor volume, total = 10; and n = 1 and n = 4, respectively, for relapse, total = 5) (‘‘p53 mutant’’). Tumors showing primary

resistance (�20%) were not included in analysis of response. Time to relapse is the number of days posttreatment by which tumor exceeded maximum tumor

volume. Values shown are ± SEM.

(F) Tomeasure p53 activity, tumors were harvested 24 hr after the fifth and final doxorubicin injection (‘‘Rx’’), or from untreated control mice (‘‘C’’) in p53wild-type

(WT) or homozygous mutant (Mut) backgrounds. Relative mRNA levels determined by real-time RT-PCR are shown for indicated genes, with mean of WT C set

to 1. Horizontal line is the mean.

(G) Tumors from p53R172H/+ mice either retaining (Ret) or having lost (LOH) the wild-type allele were harvested 24 hr after the final doxorubicin treatment (‘‘Rx’’) or

from untreated control mice (‘‘C’’), and mRNA levels for indicated genes were determined as in (F). Horizontal line is the mean.

See also Figure S1.
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tumors to further validate these findings. Parallel transplants of

a p53 wild-type tumor showed increased expression of senes-

cence genes p21 and Dcr2 in cohorts that were treated and har-

vested 2 or 5 days following the final treatment compared to

untreated or relapsed tumors, whereas induction of Dec1 and

Pml showedmore variation among individual tumors (Figure 3E).

A transplanted p53 mutant tumor did not express markers of
senescence following treatment at levels near the p53 wild-

type tumor, although a low-level induction of p21 was observed,

possibly attributable to p53 wild-type stromal cells from the

recipient (Figure 3F). We next examined senescence-associated

b-galactosidase (SAbGal) staining in untreated versus treated

MMTV-Wnt1 tumor transplants. We found clearly positive

SAbGal staining in gross tumor specimens from treated p53
Cancer Cell 21, 793–806, June 12, 2012 ª2012 Elsevier Inc. 795



Figure 2. Failure to Arrest Leads to Aber-

rant Mitoses and Cell Death in Doxoru-

bicin-Treated p53 Mutant MMTV-Wnt1

Tumors

(A) p53 homozygous mutant and p53 wild-type

MMTV-Wnt1 spontaneous tumors were harvested

24 hr following final treatment as in Figure 1F,

and formalin-fixed, paraffin-embedded sections

were stained for Ki67. Shown are representative

images of five tumors from each group. Scale bar,

50 mM.

(B) An MMTV-Wnt1 p53 wild-type tumor and

mutant (p53R172H/0) tumor were harvested and

processed to single-cell suspension by mincing

and trypsinizing, and then 4 3 106 cells were

injected into the abdominal mammary fat

pads of recipient female C57BL6 mice. Tumors

that formed were left untreated or given the

usual five treatments of doxorubicin, followed

by 2 BrdU injections 24 and 44 hr later,

and then harvest 4 hr later (48 hr after final

doxorubicin treatment). Formalin-fixed, paraffin-

embedded sections were stained for BrdU. Scale

bar, 50 mM.

(C and D) H&E sections from transplanted tumors

in (B) were examined for anaphases and scored for

bridges. Shown are three representative images

from the p53 wild-type tumor (C) and mutant

(p53R172H/0) tumor (D). Scale bars, 10 mM. Bridges

are indicated by yellow arrows.

(E) Quantitation of anaphase bridges. ‘‘Clear’’

indicates no bridge observed.

(F) p53 wild-type and p53 homozygous mutant

MMTV-Wnt1 spontaneous tumors were harvested

24 hr following final treatment as in (A), and

formalin-fixed, paraffin-embedded sections were

stained for cleaved caspase-3 antibody or TUNEL

as indicated in the figure. At least four random 2003 high-powered fields per tumor were counted, averaged, and plotted, with mean ± SEM shown as line with

error bars. The one p53 wild-type tumor with a very high number of TUNEL-positive cells was also the only p53 wild-type tumor that regressed during the

treatment period (data not shown).
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wild-type or p53R172H/+ tumors, but not untreated tumors or

transplanted p53R172H/0 tumors that were treated (Figure S2D).

Likewise, histological sections of only the treated p53 wild-

type or p53R172H/+ tumors, but not p53R172H/0 tumors, were posi-

tive for SAbGal (Figure 3G; data not shown). In sumwe found that

three out of three different p53wild-type tumors and three out of

three different p53R172H/+ tumor transplants were positive for

SAbGal only after doxorubicin treatment, whereas histological

sections of transplants from two different p53R172H/0 tumors

were negative, and gross specimens showed only faint staining

in <10% of the tumor surface area. Together with the analysis

of mRNA markers in Figures 3A–3C, our data show that

transplanted and spontaneous tumors that retain a wild-type

p53 allele undergo cellular senescence following doxorubicin

treatment.

The Role of p21 in the Wild-type p53-Mediated Arrest
Response to Doxorubicin
p21 is a major mediator of p53-dependent cell-cycle arrest and

senescence and was strongly induced in the arrested p53 wild-

type tumors. Previous studies show that cells deficient for p21

fail to arrest following DNA damage and fail to undergo senes-
796 Cancer Cell 21, 793–806, June 12, 2012 ª2012 Elsevier Inc.
cence (Brown et al., 1997; Brugarolas et al., 1995; Bunz et al.,

1998; Chang et al., 1999; Deng et al., 1995; Waldman et al.,

1995), similar to the treated p53 mutant MMTV-Wnt1 tumors in

this study. Thus, we hypothesized that p21 null MMTV-Wnt1

tumors would respond similarly to p53 mutant tumors. To our

surprise, we found that the p21 null MMTV-Wnt1 tumors ex-

hibited on average a response intermediate between p53 wild-

type and mutant tumors (Figures 4A and S3A), with a significant

subset showing a muted response similar to wild-type tumors

(Figure 4A, upper chart) in addition to tumors that responded

like p53 mutant tumors (Figure 4A, lower chart). However, all

p21 null tumors examined were Ki67 positive (Figure 4B), sug-

gesting that these tumors failed to arrest in G0. To further

examine the p21 null phenotypes, we used the amenable system

of parallel orthotopic transplants of p21 null MMTV-Wnt1

tumors. We found examples of p21 null MMTV-Wnt1 tumors

that arrested following treatment, ceased incorporating BrdU,

and halted mitotic activity (transplant #1, Figure 4C), as well as

p21 null tumor transplants that failed to arrest, continued to

incorporate BrdU, and underwent aberrant mitoses following

treatment (Figures 4D, S3B, and S3C). In order to expand our

examination of the arrest phenotype in p21 null MMTV-Wnt1
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tumors beyond these parallel transplants, we quantitated mitotic

activity in ten spontaneous p21 null MMTV-Wnt1 tumors 24 hr

following treatment to assess the fraction of these tumors that

undergo arrest following treatment, compared to p53 wild-type

and mutant tumors. We found that six of ten tumors were essen-

tially in mitotic arrest 24 hr following treatment, similar to five out

of five p53 wild-type-treated tumors (Figure 4E). However,

mitotic activity persisted in four of ten treated tumors at a level

similar to untreated tumors (Figure 4E). p53 mutant MMTV-

Wnt1 tumors failed to arrest in all cases examined because

mitotic figures were abundant in all eight treated spontaneous

tumors. These data show that p53 can mediate arrest in the

absence of p21 in a subset of tumors, providing a plausible

explanation for the observation that some p21 null tumors

respond like p53 wild-type tumors that arrest, and some like

mutant tumors that fail to arrest.

The aforementioned results show that some p21 null MMTV-

Wnt1 tumors arrested mitotic activity and cease incorporating

BrdU after treatment, but all treated tumors examined were

Ki67 positive (Figure 4B). This suggests that tumor cells were

arrested somewhere in the cell cycle other than in G0. Indeed,

FACS analysis revealed that orthotopic transplants of the

BrdU-negative p21 null tumor in Figure 4C arrested with 4n

DNA content after treatment, consistent with a G2 arrest (Fig-

ure 5B), whereas the p21/p53 wild-type transplanted MMTV-

Wnt1 tumor responded to treatment by a predominantly G1

arrest (Figure 5A). DNA content histograms of proliferating,

relapsed tumors resembled those of proliferating untreated

tumors (Figures 5A and 5B).

To address the mechanism of the G2 arrest in the two types of

p21 null responses, we examined G2 regulators. The p21 null

transplanted tumor that ceased DNA synthesis and mitosis (Fig-

ure 4C) had reduced levels of G2 regulators such as Cyclin B,

Cdc2, and Stathmin1 (Figure 5C, upper chart, transplant #1). In

contrast, p21 null tumors that were BrdU positive after treatment

and had aberrant mitoses (Figure 4D) failed to downregulate

genes that promote transition through mitosis (Figure 5C, middle

chart, transplant #2; Figure S4), similar to a transplanted p53

mutant tumor (Figure 5C, lower chart). Thus, p53, in the absence

of the cyclin-dependent kinase inhibitor p21, can still direct a G2

cell-cycle arrest in treated tumors, preventing the mitotic catas-

trophes associated with the superior response of p53 mutant

tumors. Although we were able to perform the extensive analysis

using parallel orthotopic transplants of p21 null tumors in only

a limited number of tumors, our finding that even the p21 null

spontaneous tumors that lacked mitotic figures remained Ki67

positive suggests that these tumors likewise arrested outside

of G0.

Senescence-Associated Cytokines Are Expressed
in Doxorubicin-Treated Mammary Tumors
To further address the reason for early relapse in the arrested,

senescent, p53 wild-type MMTV-Wnt1 tumors, we examined

an array of cytokines and their receptors and cofactors that

others have shown to be produced by normal cells made senes-

cent after oncogenic stress (Acosta et al., 2008; Coppé et al.,

2008; Kuilman et al., 2008; Wajapeyee et al., 2008). We found

that our stably arrested, senescent MMTV-Wnt1 tumors, either

p53 wild-type or heterozygous with retention of the wild-type
allele (from Figures 3A and 3B), expressed elevated levels of

a cytokine signaling network that included ligands and receptors

(Figures 6A and 6B). Most tumors with mutant p53 did not

have significantly elevated levels of cytokines following treat-

ment, with the exception of Rantes and Tnfa, although some

approached significance (Figure 6C).

The senescent, cytokine-producing cells of the treated p53

wild-type tumors did not undergo apoptosis, and the tumors

did not lose significant volume as did p53mutant tumors (Figures

1 and 2). Therefore, we next tested whether the cytokines

produced by the persistent senescent tumor cells could be de-

tected in the sera of treated mice. Interestingly, we found no

changes in serum levels of cytokines in treated p53 wild-type

mice with and without MMTV-Wnt1 tumors at various stages

before and following treatment (Figures S5A–S5D). This led us

to test whether the expressed cytokines in treated tumors might

be acting in a paracrine/autocrine manner. Stat transcription

factors are activated by many of the cytokines elevated in

treated, senescent, p53 wild-type tumors and are important

mediators of cytokine signaling (Clevenger, 2004; Novakova

et al., 2010). Staining serial tumor sections, we found that

untreated tumors were largely phospho-Stat3 negative, or

showed only light nuclear staining, but were highly positive for

the proliferation marker Ki67 (Figures S5E and S5F). Treated

tumors, however, had regions of intense nuclear phospho-

Stat3 staining that were Ki67 negative (Figures 6D, S5G, and

S5H). Conversely, some regions in treated tumors were phos-

pho-Stat3 negative, and Ki67 positive (Figure 6E). In fact many

tumors had adjacent regions in the same field of view with this

inverse phospho-Stat3/Ki67 staining (Figures 6F, 6G, S5I, and

S5J). Interestingly, we also observed small areas within treated

tumors that contained a mixed population of phospho-Stat3

and Ki67-positive cells along the borders of the inversely staining

areas (Figure 6F, red outline; Figures S5K and S5L). This sug-

gested the possibility that cytokines secreted by senescent cells

could induce proliferation in neighboring, nonsenescent cells.

Indeed, we found that Eotaxin and, to a lesser extent, Cxcl5

and Rantes could induce proliferation in cultured MMTV-Wnt1

mammary tumor cells (Figure 6H, stimulation by knownmitogens

epidermal growth factor plus insulin is shown for comparison),

suggesting a functional role for the cytokines produced by

senescent cells in promoting tumor cell proliferation leading to

clinical relapse.

To determine the role of p21 in the induction of the senes-

cence-associated cytokines, we examined treated, p21 null

MMTV-Wnt1 tumors for expression of these genes. Treated

spontaneous tumors did not show a clear induction of senes-

cence markers, including cytokines and chemokines, when

compared to untreated tumors (Figures S5M and S5N). It is

possible that combining p21 null MMTV-Wnt1 tumors that arrest

with those that continue proliferation following treatment could

confound the interpretation of results in the spontaneous tumors.

Therefore, we examined three parallel orthotopic transplants.

We found that the p21 null tumor that arrested following treat-

ment (transplant #1) induced some senescent markers and cyto-

kines following treatment (Figures S5O and S5P). Of the two

tumors that failed to arrest following treatment, we found that

one failed to induce any senescent markers or cytokines (Figures

S5S and S5T), whereas the other strongly induced several
Cancer Cell 21, 793–806, June 12, 2012 ª2012 Elsevier Inc. 797



Figure 3. Wild-type p53 Mediates Senescence following Doxorubicin Treatment of MMTV-Wnt1 Tumors

(A–C) Spontaneous tumors were harvested from untreated mice or from mice 5–7 days following final doxorubicin treatment (‘‘Stable’’), and mRNA levels for

senescence genes indicated in the figure were determined for p53 wild-type MMTV-Wnt1 tumors (p53+/+) (A), p53 heterozygous mutant tumors that retained the
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senescence-associated cytokines (Figures S5Q and S5R). The

fact that some treated p21 null MMTV-Wnt1 tumors retain the

ability to induce senescence-associated cytokines following

treatment could be a contributing factor in their early relapse.

Wild-type p53-Mediated Arrest Impairs Doxorubicin
Response in Human Breast Cancer Cell Lines
We next investigated p53-p21-mediated response to doxoru-

bicin in human breast cancer cells in culture. We found that

MCF-7 and ZR-75.1 cells (TP53 wild-type) treated with doxoru-

bicin were positive for SAbGal activity, and induced cytokines

following treatment that led to phosphorylation of STAT3

(Figures 7A–7C and S6A–S6C). Both cell lines also induced

p53 and p21, ceased incorporating BrdU, and adopted a flat-

tened morphology following doxorubicin treatment (Figures

7D–7F, S6D, and S6E), as previously described by Jackson

and Pereira-Smith (2006). However, similar to the treated

MMTV-Wnt1 tumors lacking functional p53, MCF-7 and ZR-

75.1 cells with TP53 knockdown failed to arrest, adopted

a rounded morphology consistent with cell death, and had fewer

viable cells present following treatment than Si control-trans-

fected, treated cells that adopted a senescent-like phenotype

(Figures 7D–7G and S6D–S6F). Also consistent with our results

in p53 wild-type and mutant MMTV-Wnt1 tumors, both cell lines

exhibited numerous aberrant mitoses, including anaphase

bridges, and stark evidence of cell death such as micronuclei

and condensed nuclei when treated after TP53 or p21 knock-

down (Figures 7H and S6G). The response of MCF-7 and ZR-

75.1 cells with p21 knockdown was consistent with the subset

of p21 null MMTV-Wnt1 tumors that continued to proliferate

and enter mitosis following treatment. These data in breast

cancer cell lines are similar to observations in other cell lines,

such as the isogenic variants of the HCT-116 colon cancer cell

line that lack p53 or p21 (Bunz et al., 1999;Waldman et al., 1997).

DISCUSSION

In this study we show that a robust response of breast cancer to

chemotherapy is highly dependent on the absence of p53-medi-

ated arrest. Functional p53 activated a cell-cycle arrest/senes-

cence program, preventing mitosis in the presence of DNA

strand breaks. Treated tumors with mutant p53 proceeded

through the cell cycle and into aberrant mitoses. Another recent

study observed that a p53 mutant xenografted cell line showed
wild-type allele (p53R172H/+) (B), or lost the wild-type allele (p53R172H/0) (C). p16 is

graphs in (A)–(C) are relative to the mean of untreated p53wild-type tumors set to

treatment (5 day Rx) (the time point when p53 wild-type tumors express senesce

nonsignificant comparisons are shown above the gene symbol. Horizontal line is

(D) p21 protein levels in six of the tumors from (A) compared to growing, relapsed

Student’s t test of densitometric analysis of the two groups, p = 0.0045.

(E and F) Parallel transplanted tumors as in Figure 2B were untreated (‘‘C’’) or doxo

followed until relapse (‘‘Rel’’). mRNA levels for senescence genes indicated in the fi

in at least four tumors for each treatment group. Values in mutant tumors in (F) are

can be discerned. *p < 0.05 by ANOVA and Newman-Keuls posttest for compar

(G) SAbGal staining in histological sections of untreated and treated orthotopic

donor and two different p53R172H/+ donors, with and without doxorubicin treatme

three out of three p53R172H/+-transplanted tumors. Insets shown in bottom-right co

the image. Scale bar, 50 mM.

See also Figure S2.
an increase in aberrant mitotic figures after chemotherapy treat-

ment, whereas a p53 wild-type xenograft had increased SAbGal

staining; however, outcome was not examined in this study

(Varna et al., 2009).

Our data are consistent with retrospective human breast

cancer studies showing that tumors with functional p53 respond

worse to dose-dense doxorubicin-based chemotherapy than

tumors with nonfunctional p53 (Bertheau et al., 2002, 2007).

The delivery of a high dose of DNA-damaging agent is critical

for this effect (Lehmann-Che et al., 2010). In addition to differing

dose regimens used in conflicting studies, none of these reports

stratified responses by LOH status of TP53. Our data presented

here show that determining LOH status is critical for predicting

response. We found that MMTV-Wnt1 p53R172H/+ tumors that

retained the wild-type allele, despite the presence of the ‘‘domi-

nant negative’’ point mutant (Lang et al., 2004; Willis et al., 2004),

exhibited minimal tumor regression and had a transcriptional

profile very similar to p53 wild-type MMTV-Wnt1 tumors, with

acute expression of p53 targets and long-term expression of

senescence markers. This finding has important clinical implica-

tions for using TP53 status to risk stratify patients with breast

cancer, where the wild-type allele is often retained (Mazars

et al., 1992). Thus, identifying a TP53mutation without assessing

LOH is a confounding factor likely responsible for the contradic-

tory results observed in multiple studies analyzing the role of

TP53 mutational status in breast cancer response (Aas et al.,

1996; Berns et al., 2000; Bertheau et al., 2002, 2007, 2008;

Kröger et al., 2006; Makris et al., 1995; Mathieu et al., 1995).

Furthermore, our results suggest that TP53mutations that occur

in basal-like breast cancers contribute to the relatively high rate

of complete responses observed in this subset (Carey et al.,

2007; Straver et al., 2010) and also imply that these tumors are

likely to undergo LOH. Conversely, in the luminal subtypes of

breast cancer, which are mostly TP53 wild-type, p53 activity

could contribute to the lower frequency of complete remissions

(Carey et al., 2007; Straver et al., 2010), and in instances where

a TP53 mutation is present in this subtype, the wild-type allele

is likely to be retained. It will also be interesting to determine if

the p53-mediated arrest phenotype we describe here is also

predictive of poor chemotherapy response in other cancers.

Cells induced by doxorubicin to undergo senescence

evidently persisted and likely contributed to the relapse. Our

immunohistochemical analysis suggests that the cytokines

secreted by senescent tumors operate in an autocrine or
shown on a separate axis due to the aberrantly high values in some tumors. All

a value of 1. For p53mutant tumors, responding tumors harvested 5 days after

nce markers) were used. **p < 0.005; *p < 0.05 by Student’s t test; p values of

the mean.

tumors as determined by western blot, with Vinculin (Vinc) used as a control.

rubicin treated (‘‘Rx’’) and harvested 48 hr or 5 days after the final treatment, or

gure were determined for p53wild-type (E) andmutant (F) transplanted tumors,

relative to untreated tumors in (E) and shown on a smaller scale so differences

ison to untreated. Error bars are ± SEM.

tumor transplants. Shown are representative sections from one p53 wild-type

nt. Similar results were observed in a total of three out of three wild-type and

rner are higher-magnification images of the area shown outlined in black within
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Figure 4. Dichotomous Responses in Doxorubicin-Treated p21 null MMTV-Wnt1Mice: Subsets of Tumors Retain Arrest Capability, whereas

Others Continue Proliferation

(A) p21 null MMTV-Wnt1 mice bearing spontaneous, measurable, growing mammary tumors of approximately 500 mm3 were injected once daily with 4 mg/kg

doxorubicin for 5 consecutive days as indicated by red arrowheads in graphs. Shown are representative charts frommice with poor (top) and favorable (bottom)

responses, and mean tumor regression ± SEM.

(B) Ki67 IHC staining of untreated (‘‘C’’) and treated (‘‘Rx’’) p21 null MMTV-Wnt1 tumors harvested 24 hr following the final treatment is presented. Shown are

representative images from seven treated and six untreated or relapsed tumors. Scale bar, 50 mM.

(C and D) Two different p21 null MMTV-Wnt1 tumors were transplanted, treated in parallel, and BrdU incorporation was determined as in Figure 2B. Shown are

representative images of BrdU staining (scale bar, 50 mM), the corresponding tumor volume charts for parallel transplanted tumors that were followed (blue arrow

indicates the 48 hr time point when parallel transplants were harvested for analysis), representative anaphases (scale bar, 5 mM), and a table quantitating the

anaphase data.

(E) H&E sections from untreated (‘‘C’’) and treated (‘‘Rx’’) tumors of the indicated genotypes were quantitated for mitotic figures. Each data point represents the

average count of mitotic figures in ten 4003 high-power field views. p21 null MMTV-Wnt1-treated tumors were separated into arrested (open circles) and mitotic

(open triangles) groups. Mean (horizontal line) with error bars (SEM) is shown.

See also Figure S3.
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Figure 5. G2 Arrest with Downregulated

G2-M Regulators in Nonproliferating p21

Null MMTV-Wnt1-Treated Tumors

(A and B) p53 wild-type and p21 null MMTV-Wnt1

tumorswere transplanted and treated in parallel as

in Figure 2B and harvested. Tumors as indicated in

the figure were processed to single-cell suspen-

sion by mincing and trypsinizing, followed by

fixation and staining for DNA content with propi-

dium iodide (PI). Unt, untreated; Rx, doxorubicin

treated; Rel, relapsed.

(C) mRNA levels for G2-M regulatory genes as

indicated in the figure were determined for

untreated tumors (‘‘C’’) or tumors harvested 48 hr

after final treatment (‘‘Rx’’); at least three tumors

were analyzed per treatment group. Error bars

are ± SEM. **p < 0.005, *p < 0.05 by Student’s

t test. p Values of nonsignificant comparisons and

comparisons where treated tumors were higher

are shown above the gene symbol.

See also Figure S4.
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paracrine fashion, reinforcing the dormant state (Kuilman et al.,

2008). However, we also found Ki67 and phospho-Stat3

double-positive regions in treated tumors that were nearing the

time at which they typically relapse. Because cytokines promote

the proliferation of nonsenescent mammary tumor cells, this

suggests that neighboring, nonsenescent cells within the tumor

could be stimulated to proliferate by cytokines produced by

senescent cells. Of note the cytokines we tested for growth

stimulation represent just three of many potentially mitogenic

cytokines expressed in the senescent tumor cells. Also, it is

not known what additive or synergistic growth effects the array

of cytokines expressed by tumor cells would have within the

natural environment of the tumor. Indeed, others have shown

various cytokines elevated in our tumors to have protumorigenic

properties in different cellular contexts (Begley et al., 2008;

Dhawan and Richmond, 2002; Pirianov and Colston, 2001;

Takamori et al., 2000; Yang et al., 2006). Furthermore, it is also

possible that the cytokines promote other phenotypes such as

metastasis and cell survival (Clevenger, 2004; Karnoub and

Weinberg, 2006-2007; Krtolica et al., 2001). The finding that

some p53 mutant tumors also expressed selected cytokines

following treatment underscores the importance of apoptosis

in these tumors. Apoptosis likely eliminated the damaged p53

mutant tumor cells that expressedmitogenic cytokines, whereas

cytokine producing cells in a p53 wild-type tumor persisted in a

senescent state.

Our work also suggests that pharmacological inhibition of

arrest and/or senescence, by inactivating p53, could improve

chemotherapy response by redirecting cells toward apoptosis.

However, it is important to note that complete loss of p21

in the MMTV-Wnt1 tumors was insufficient to bypass the
Cancer Cell 21, 793–8
p53-mediated arrest phenotype in a

subset of tumors. p21 null MMTV-

Wnt1 tumors showed a dichotomy of

responses, resulting in an intermediate

mean tumor regression following treat-

ment. This is consistent with these tumors

having both a ‘‘p53 wild-type like’’
response, where treated tumors do not enter S phase or mitosis,

arresting in G2, and a ‘‘p53mutant-like’’ response, where treated

tumors continued through S phase and mitosis. This effect has

not been observed in several in vitro studies of a p21 null cell

line. Using isogenic variants of the colon cancer cell line HCT-

116, Waldman et al. observed a superior response to radiation

in p21 null xenografts, as compared to the parental cell line

(Waldman et al., 1997). These data, from a single xenografted

cell line, are consistent with the fraction of tumors in our study

that failed to arrest following treatment (Waldman et al., 1997).

In summary we have modeled chemotherapy response in

mice, showing that p53 activity induces p21-dependent

and -independent growth arrest and cellular senescence instead

of cell death, resulting in minimal tumor regression and early

relapse. Bypassing senescence, via p53 deletion/mutation, initi-

ated p53-independent cell death and improved tumor response.

These results provide a compelling explanation for previous

studies that showed improved patient response to anthracy-

cline-based chemotherapy in TP53mutant human breast tumors

(Bertheau et al., 2002, 2007).
EXPERIMENTAL PROCEDURES

Mice

All experiments were approved by the MD Anderson Cancer Center Institu-

tional Animal Care and Use Committee, Protocol ID# 079906634, and con-

formed to the guidelines of the United States Animal Welfare Act and the

National Institutes of Health. MMTV-Wnt1, p53R172H/R172H, p53�/�, and

p21�/� mice have been described by Brugarolas et al. (1995), Jacks et al.

(1994), Lang et al. (2004), and Tsukamoto et al. (1988). Breeders were back-

crossed into C57Bl6J background (The Jackson Laboratory, Bar Harbor,

ME, USA) until >90% C57Bl6J as determined by polymorphic allele analysis
06, June 12, 2012 ª2012 Elsevier Inc. 801



Figure 6. Senescence-Associated Cytokines Are Expressed in Treated MMTV-Wnt1 Mammary Tumors

(A–C) p53 wild-type tumors (A), p53 heterozygous mutant tumors that retained the wild-type allele (B), or lost the wild-type allele (C), corresponding to spon-

taneous tumors from Figures 3A–3C, were harvested, and mRNA levels for genes indicated in the figure were determined. All graphs in (A)–(C) are relative to the

mean of untreated p53wild-type tumors set to a value of 1. **p < 0.005, *p < 0.05 by Student’s t test. p Values of nonsignificant comparisons are shown above the

gene symbol. Horizontal line is the mean.
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by the Research Animal Support Facility-Smithville, Genetic Services.

Subsequent breedings produced MMTV-Wnt1 mice in p53 wild-type,

p53R172H/R172H, p53�/�, p53R172H/+, and p21�/� backgrounds. Homozygous

p53 mutant mice, particularly females, were not born at Mendelian ratio,

consistent with other reports by Sah et al. (1995), and were thus difficult to

acquire in the cohort. Mammary tumors formed in MMTV-Wnt1 mice in

our study with median latency of 185 days. p53R172H/R172H, p53�/� and

p53R172H/+mice hadmedian latencies of 108, 111, and 173 days, respectively.

Mice were monitored frequently for tumor formation and tumors measured

regularly using digital calipers: tumor volume in mm3 = (width2 3 length)/2

(Bearss et al., 2000). Histologically, all of the MMTV-Wnt1 tumors were ductal

carcinomas, generally of solid, cystic, or mixed subtypes. p53 wild-type,

p53R172H/+, p21�/� were all 68%–79% mixed, whereas p53R172H/R172H and

p53R172H/0 were 61% solid. When tumors reached a volume of �500 mm3

and were growing, 4 mg/kg doxorubicin (Sigma-Aldrich, St. Louis) in PBS

was injected intraperitoneally once daily for 5 consecutive days. Treatments

were well tolerated in p53 wild-type and heterozygous mutant mice as well

as p21�/� mice, with minimal (less than 10%) or no weight loss during or after

treatment. p53 homozygous mutant mice, however, did show signs of toxicity,

primarily weight loss �4 days after treatment, likely due to GI syndrome, as

previously described in p53 mutant mice by Komarova et al. (2004). This

toxicity did not appear to contribute to tumor regression because p53 hetero-

zygous mutant mice with LOH in the tumor had no toxicity and had similar

tumor regression as the homozygous mutant mice. At the defined endpoint

for each mouse, tumors were harvested, and portions were fixed in formalin

for 48 hr and paraffin embedded (FFPE), and also flash frozen for biochemical

analysis. LOH analysis was performed exactly as previously described by Post

et al. (2010).

Real-Time RT-PCR

RNA was extracted from frozen, pulverized tumors using TRIzol reagent

(Invitrogen, Carlsbad, CA,USA), subjected to DNase treatment (Roche, Indian-

apolis, IN, USA), and then reverse transcribed using a kit (GE Healthcare,

Piscataway, NJ, USA). Real-time PCR using Sybr green (BioRad, Valencia,

CA, USA) was performed as previously described by Jackson and Pereira-

Smith (2006). Expression was normalized to Gapdh and verified with Rplp0.

Primer sequences are available on request.

Immunohistochemistry

Cleaved caspase staining was performed as previously described by Post

et al. (2010), and staining for phospho-Stat3 polyclonal antibody (1:100; Cell

Signaling, Danvers, MA, USA) and Ki67 (1:100; Leica, Newcastle Upon

Tyne, UK, Ki67-MM1) were performed similarly. For phospho-Stat3 mono-

clonal, antigen retrieval was in Tris EDTA buffer (pH 9). For detecting incorpo-

ration of BrdU, tumor-bearing mice were injected with BrdU (Invitrogen)

according to manufacturer’s instructions, 24 and 4 hr before harvest, followed

by standard fixation and processing. Denaturation was in 2 N HCl for 90 min,

followed by neutralization in 0.1 M Na2B4O7, standard processing, and then

incubation with anti-BrdU (BD Immunocytometry Systems, San Jose, CA,

USA) at 1:40 for 1 hr (McGinley et al., 2000). Antigen detection for immunohis-

tochemistry (IHC) was performed using a VECTASTAIN kit and ABC (Vector

Laboratories, Burlingame, CA, USA). Images were acquired on a Nikon 80i

microscope equipped with a Nikon DS-Fi1 color camera using the 103/0.45

objective and Nikon Elements software. Some images were processed

minimally in Adobe Photoshop only by histogram stretching and gamma

adjustment. At least four random fields were manually counted for cleaved
(D–G) Phospho-Stat3 and Ki67 staining in treated, senescent tumors. Serial sectio

for Ki67 (upper panels) or phosphoTyr705-Stat3 (antibody clone D3A7) (lower pa

phospho-Stat3 (antibody clone D3A7) and Ki67 from treated tumors. (F) Inverse st

positivity marked by red dashed line. (G) Similar staining results with a second p

positive/Ki67-negative areas (indicated by black arrows) and less intense phospho

(H) Tumor cells isolated from an MMTV-Wnt1 mammary tumor and cultured we

changed to serum-free media (SFM), or 100 ng/ml cytokine. EGF and insulin, know

number was determined at day 4 by MTT assay. Error bars are ± SEM. For compa

Cxcl5, and Rantes, p < 0.005 by ANOVA and Newman-Keuls.

See also Figure S5.
caspase-3 experiments. Number of positive cells was averaged for the four

fields.

TUNEL staining was performed using the FragEL DNA fragmentation detec-

tion kit (Calbiochem, Darmstadt, Germany) and quantitated as above. SAbGal

assay was performed essentially as described by Dimri et al. (1995) for in vitro

and in vivo experiments. Tumor segments�1mm thick were fixed in 2% form-

aldehyde, 0.2% glutaraldehyde in PBS, stained for SAbGal, cut to 6 mm

sections, and counterstained with Nuclear Fast Red (Vector Laboratories).

These results were verified by staining of frozen sections in parallel.

Western Blotting

Frozen pulverized tumors were lysed and separated by SDS-PAGE as previ-

ously described by Pant et al. (2011). Antibodies and dilutions were p21 (for

mouse p21 detection), 1:1,000, #556431 (BD PharMingen, San Jose, CA,

USA); Vinculin, 1:1,000, #V-9131 (Sigma-Aldrich); p21 (for human p21 detec-

tion), 1:200, SC6246 (Santa Cruz Biotechnology, Santa Cruz, CA, USA);

and mouse monoclonal p53, 1:200, OP09 (EMD Biosciences, Darmstadt,

Germany).

Statistical Analysis

Two-tailed Student’s t tests and ANOVA using Newman-Keuls posttest were

performed using GraphPad Prism software (La Jolla, CA, USA).

Anaphase Bridges and Mitotic Activity

H&EMMTV-Wnt1 tumor sections were scanned on amicroscope at 4003, and

cells in anaphase were photographed. Two different observers identified the

presence or absence of bridges. For mitotic figures, ten random, 4003,

high-powered fields for each tumor were selected, and mitotic figures were

identified and counted by two different observers.

Flow Cytometry

Tumors were harvested and processed as for transplants (above). After

filtering, cells were washed in PBS, then fixed in 70% ethanol for at least

24 hr at �20�C. Propidium iodide staining was performed as previously

described by Jackson and Pereira-Smith (2006).

Transplants

Primary MMTV-Wnt1 tumors were removed from euthanized mice, minced

thoroughly with a scalpel blade, and then trypsinized for 10 min at 37�C.
Trypsin was inactivated with DMEM plus 10% fetal calf serum, followed by

passage through a 40 mM filter. After PBS washing, cells were resuspended

in Matrigel/PBS (BD Biosciences) at a concentration of 4 3 106/50 ml. The

50 ml solution was injected into each abdominal mammary fat pad of recipient

C57Bl6 mice using a 30G needle. Tumors were detectable at �2 weeks,

typically.
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Figure 7. p53 or p21 Knockdown Improves Doxorubicin Response in p53 Wild-type MCF-7 Breast Cancer Cells

(A) MCF-7 human breast cancer cells untreated or treated with 200 nM doxorubicin for 24 hr and harvested 8 days later were fixed and stained for SAbGal. Scale

bar, 500 mM.

(B) mRNA levels for cytokines indicated in the figure were determined for MCF-7 cells that were serum starved for 72 hr (Q), growing in log phase (Log), or treated

with doxorubicin as in (A) and harvested 1 or 8 days later.
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TP53 on response of advanced breast cancers to high-dose chemotherapy.

Lancet 360, 852–854.

Bertheau, P., Turpin, E., Rickman, D.S., Espié, M., de Reyniès, A., Feugeas,
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SUMMARY
Wehave recently demonstrated that human pediatric mesenchymal stem cells can be reprogrammed toward
a Ewing sarcoma family tumor (ESFT) cancer stem cell (CSC) phenotype by mechanisms that implicate
microRNAs (miRNAs). Here, we show that themiRNA profile of ESFT CSCs is shared by embryonic stem cells
and CSCs from divergent tumor types. We also provide evidence that the miRNA profile of ESFT CSCs is the
result of reversible disruption of TARBP2-dependent miRNAmaturation. Restoration of TARBP2 activity and
systemic delivery of synthetic forms of either of two of its targets, miRNA-143 or miRNA-145, inhibited ESFT
CSC clonogenicity and tumor growth in vivo. Our observations suggest that CSC self-renewal and tumor
maintenance may depend on deregulation of TARBP2-dependent miRNA expression.
INTRODUCTION

Cancer development is a multistep process that relies primarily

on alterations in the form of mutation, deletion, or translocation

of genes that control cell growth, proliferation, and survival.

Mounting evidence suggests that, despite originating from

a single transformed cell, a tumor may adopt a hierarchical

cellular organization, the apex of which is occupied by poorly

differentiated cells that acquire or retain at least a subset of

stem cell properties, including the capacity for self-renewal

and differentiation (Clarke et al., 2006; Clevers, 2011; Frank

et al., 2010; Visvader, 2011). These cells, termed cancer stem

cells (CSCs), have the ability to generate proliferating cell pools

that repopulate tumors and to differentiate into nontumorigenic

progeny that contributes to the phenotypic heterogeneity char-

acteristic of most tumor types. CSCs have therefore been advo-

cated to constitute the sustaining force of a tumor. This notion

has led to the view that CSC-directed therapeutic approaches
Significance

Mechanisms that generate cancer stem cells (CSCs), whi
malignancies, are poorly understood.We show that Ewing sarc
in microRNA (miRNA) maturation stemming from reversible rep
in stabilizing the miRNA processing machinery. The resulting
whose expression changes underlie ESFT pathogenesis. Rec
miRNAs blunts ESFT CSC tumor-forming capacity and offers a
pediatric malignancies.
may provide an attractive alternative in malignancies that are

resistant to conventional chemotherapy aimed at indiscriminate

elimination of the tumor bulk (Frank et al., 2010).

Exactly how CSCs emerge remains unclear but possible

mechanisms include transformation of primary stem cells or

acquisition of stem cell properties by more differentiated cells

as a result of transformation-associated genetic reprogramming

(Liu et al., 2009; Marión et al., 2009). Subsequent maintenance

of stem cell features may be ensured, in part, by the genetic

alterations responsible for transformation itself and, in part, by

posttranscriptional events, including regulation of gene expres-

sion by microRNAs (miRNAs).

miRNAs are noncoding transcripts capable of recognizing

complementary sequences within the 30 untranslated regions,

introns, and even exons of a wide range of genes (Bartel,

2009). Human tumors display broad miRNA downregulation

that appears to be responsible, at least in part, for their malig-

nancy and stems from defects in their production, intracellular
ch are believed to constitute the driving force of many
oma family tumor (ESFT) CSCs emerge as a result of a defect
ression of the gene encoding TARBP2, a protein implicated
miRNA expression repertoire regulates networks of genes
onstitution of TARBP2 function or expression of its target
n attractive therapeutic option for one of themost aggressive
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transport, and/or maturation (Kumar et al., 2007; Melo and Estel-

ler, 2011; Ventura and Jacks, 2009). miRNA biogenesis is a

multistep process initiated by RNA polymerase II-mediated tran-

scription to generate a primary miRNA (pri-miRNA) (Newman

and Hammond, 2010; Winter et al., 2009). Pri-miRNAs are pro-

cessed by the multiprotein microprocessor complex that

includes Drosha, an RNaseIII enzyme, and DGCR8, a double-

stranded RNA-binding domain protein, to produce a �70 nt

precursor miRNAs (pre-miRNAs). Pre-miRNAs are exported

from the nucleus to the cytoplasm by Exportin-5 by a Ran-

GTP-dependent mechanism and are further processed by the

multiprotein Dicer complex to generate mature 21–23 nt oligo-

mers. The two miRNA strands are then separated, and one is

loaded onto the RNA-induced silencing complex (RISC) by

binding to an Argonaute (Ago) protein, whereas the carrier

strand is degraded (Newman and Hammond, 2010; Winter

et al., 2009). The miRNA guides RISC to its complementary

sequences within target transcripts to silence their expression

by either facilitating corresponding mRNA degradation or block-

ing its translation. Because complementary sequences to any

given miRNA are found in numerous genes, a restricted number

of miRNAs can regulate expression of large gene repertoires

implicated in the control of key cell functions. Increasing

evidence indicates miRNA involvement in stem cell generation,

maintenance, and differentiation, as well as in tumor initiation

and progression, consistent with the possibility that miRNAs

may play a key role in CSC establishment. As active participants

in the orchestration of tumor development, miRNAs may also

provide potentially attractive therapeutic targets and/or reagents

in cancer.

Work from our own laboratory has shown that miRNAs are

implicated in the emergence of CSCs in Ewing sarcoma family

tumors (ESFT), the second most common bone malignancy in

children and young adults (Riggi et al., 2010). ESFTs are charac-

terized by unique chromosomal translocations that give rise to

fusion genes composed of EWS and one of several ets family

members of transcription factors (Riggi et al., 2007). The most

common fusion gene, EWS-FLI1, arises as a result of the chro-

mosomal translocation t(11;22)(q24;q12) and is expressed in

85%–90% of ESFTs. The EWS-FLI-1 fusion protein is believed

to provide the key oncogenic event in ESFT by inducing and

repressing target genes that lead to transformation of permissive

primary cells. Mesenchymal stem cells (MSCs) have been shown

to provide permissiveness for EWS-FLI-1 expression and onco-

genicity (Riggi et al., 2005, 2008) and are currently considered to

be the most likely cell of origin of ESFT. Human pediatric MSCs

(hpMSCs) transduced with EWS-FLI-1 (hpMSCEWS-FLI-1) adopt

a transcriptome that resembles that of ESFT more closely

than any other primary or immortalized cell type tested (Riggi

et al., 2010). Remarkably, expression of EWS-FLI-1 in hpMSCs

cultured in serum-free conditions generates a subpopulation of

cells that express the CD133 marker characteristic of CSCs in

a variety of malignancies and in ESFT in particular (Suvà et al.,

2009). These cells constitute no more than 5%–8% of the bulk

hpMSCEWS-FLI-1 population and display upregulation of the

embryonic stem cell-associated genes OCT4 and NANOG

(Suvà et al., 2009) and repression of miRNA-145, a master regu-

lator of ESCdifferentiation that acts by suppressingOCT4,KLF4,

and SOX2 expression (Xu et al., 2009). On the basis of these
808 Cancer Cell 21, 807–821, June 12, 2012 ª2012 Elsevier Inc.
observations, we assessed miRNA implication in ESFT CSC

development using reprogrammed hpMSCEWS-FLI-1 cells, ESFT

cell lines, and primary CSCs and addressed the mechanisms

that underlie miRNA deregulation in CSCs.

RESULTS

The ESFT CSC Subpopulation Displays Repression of
a Broad Range of miRNAs that Is Shared by the CD133+

Fraction of hpMSCEWS-FLI-1, Human Embryonic Stem
Cells, Induced Pluripotent Stem Cells, and CSC
from Diverse Carcinomas
To identify miRNAs thatmay be relevant to ESFTCSCgeneration

and maintenance, we performed miRNA microarray expression

profiling of the CD133+ and CD133� subpopulations derived

from primary ESFT, hpMSCEWS-FLI-1, and the ESFT STA-ET-8.2

cell line. A total of four primary ESFT tumors were used, two of

which (ESFT1 and 2) have been described previously (Suvà

et al., 2009), whereas two others (ESFT3 and 4) were obtained

more recently (Table S1 available online). All tumors displayed

a poorly differentiated small round cell phenotype and harbored

a subpopulation of CD133+ cells ranging between 6.5% and

15.2%. Tumors 1 and 2 were used for initial miRNA profiling

and qRT-PCR validation of miRNA expression, whereas tumors

3 and 4, whose CD133+ subpopulations displayed features

comparable to those of tumors 1 and 2 in terms of miRNA

expression profiles, were used for all subsequent functional

experiments. ESFT CD133+ (corresponding to CSC) and

CD133� cells were isolated from primary tumors, whereas

CD133+ and CD133� hpMSCEWS-FLI-1 were generated by retro-

virally mediated introduction of EWS-FLI-1 into hpMSCs grown

in serum-free stem cell medium, as previously reported (Riggi

et al., 2010). Expression profile analysis revealed broad miRNA

repression in CD133+ hpMSCEWS-FLI-1 and ESFT cells, and

cluster analysis showed that CD133+ and CD133� cells derived

from different primary ESFT cluster together, respectively (Fig-

ure 1A). The total number of miRNAs detected in ESFT samples

1 and 2was 205 and 182, respectively. In CD133+ cells of sample

1, 122 miRNAs (60%) were downregulated, whereas 29 (14%)

were upregulated. In sample two, the corresponding numbers

for CD133+ cells were 102 (56%) and 4 (2%). Not surprisingly,

a highly significant number of downregulated miRNAs was

shared by CD133+ ESFT and hpMSCEWS-FLI1 cells (Figure 1B).

miRNA repertoire distinction between CD133+ and CD133�

hpMSCEWS-FLI-1 was found to resemble that between their

respective primary ESFT CD133+ and CD133� counterparts,

as shown by the highly significant overlap between the lists of

differentially expressed miRNAs (Figure 1B). Real-time PCR

(qRT-PCR) assessment of the miRNA profile of CD133+ and

CD133� cell fractions derived from ESFT 1 and 2 and three dis-

tinct hpMSCEWS-FLI-1 populations validated the microarray re-

sults, consistent with the notion that CD133+ hpMSCEWS-FLI-1

bear molecular resemblance to ESFT CSCs.

The above analysis was repeated using the ESFT cell line STA-

ET-8.2, which has recently been suggested to mirror the CSC

model (Jiang et al., 2010). However, microarray profiling of

STA-ET-8.2-derived CD133+ and CD133� subpopulations, as

well as the corresponding qRT-PCR data validation, failed to

show any difference in their miRNA repertoire, and no similarity



Figure 1. Mature miRNA Expression in ESFT

(A) Clustering of CD133+ and CD133� hpMSCEWS-FLI1, primary ESFT cells, and STA-ET-8.2 cells.

(B) Venn diagrams indicating shared repressed (top left) and induced (top right) miRNAs between primary CD133+ cells from different ESFT samples, and shared

repressed miRNAs between primary CD133+ ESFT and hpMSCEWS-FLI-1 cells (lower left). Principle of component analysis of the eight samples used is shown

(lower right).

(C) Real-time PCR analysis of the expression of selected mature miRNAs in CD133+ and CD133� primary ESFT cells (left) and hpMSCEWS-FLI1 (right). Real-time

PCR experiments were normalized to SNORD49a and were done in triplicate. Error bars represent the SD of three independent determinations.

See also Figure S1 and Tables S1, S2, S3, S4, and S5.

Cancer Cell

TARBP2-Dependent miRNAs Control ESFT Development
was observed with either primary ESFT CSC or hpMSCEWS-FLI-1

CD133+ cells (Figure 1A and Figure S1A). Established cell lines

may therefore not be representative of CSCs, having adapted

to in vitro culture conditions. Comparison of CD133+ CSC and

hpMSCEWS-FLI-1 miRNA signatures to recently published miRNA

expression profiles of normal human embryonic stem cells

(hESCs), induced pluripotent stem cells (iPSCs), and fibroblasts

(Wilson et al., 2009) showed that both CD133+ populations share

a significant portion of their miRNA repertoire with hESCs and

iPSCs but not with fibroblasts (Table S2). Moreover, comparative
analysis of ESFT CSCs and currently publicly available solid

tumor miRNA CSC profiles, including those of hepatocellular

(Ma et al., 2010b) (Table S3), prostate (Liu et al., 2011) (Table

S4), and breast (Iliopoulos et al., 2011) (Table S5) carcinomas,

revealed significant similarity. Thus, there appears to be marked

molecular resemblance between ESFT CSCs, hESC/iPSCs,

and CSCs from diverse tumor types, suggesting that the in-

trinsic stemness shared by these cells may rely on a common

miRNA expression profile that overrides the differences in their

ontogeny.
Cancer Cell 21, 807–821, June 12, 2012 ª2012 Elsevier Inc. 809



Figure 2. Tarbp2 Is Repressed in ESFT CSC

(A) Real-time PCR analysis of primary (pri-) miRNA

expression (left) and primary and precursor (pre-) miRNA

expression (right) in primary CD133+ and CD133� ESFT

cells.

(B) Left: Real-time PCR analysis of the expression of key

components of the miRNA maturation machinery in

primary CD133+ and CD133� ESFT cells. Right: Western

blot analysis of Tarbp2 and Dicer expression in primary

ESFT CD133� and CD133+ cells.

(C) Real-time PCR analysis of TARBP2 expression in

CD133+ and CD133� ESFT cells after the first round of

sorting from tumor samples and after ESFT sphere

formation (second round of sorting).

(D) Real-time PCR analysis in primary CD133+ and

CD133� ESFT cells of the expression of primary (left) and

mature (right) miRNAs that are regulated by Tarbp2 in both

ESFT CSCs and colon cancer cells. Expression of the

Tarbp2-independent miRNA-451 is included as an internal

control.

(E) Real-time PCR analysis of TARBP2 expression after

5 days of treatment with 5-AzaC (20 mM) and/or DZNep

(10 mM). Real-time PCR experiments were normalized to

18S formRNAor SNORD49a formiRNAs andwere done in

triplicate. Error bars represent the SD of three independent

determinations. *p<0.05.

See also Figure S2.
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ESFT CSCs Display Decreased TARBP2 Expression
Studies on Dicer KO mice showed that global reduction in

miRNA processing and expression augments the tumorigenic

potential of transformed cells (Kumar et al., 2007). Subsequent

work suggested that defective miRNA biogenesis, resulting in

a reduction in the amounts of their mature 21–23 nt form, is

responsible for the repressed miRNA signature observed in

cancer cells (Kumar et al., 2009). We hypothesized that the

miRNA expression profile of CSC may reflect intrinsic deregula-

tion of miRNA maturation, which could explain, at least in part,

their phenotype and tumorigenic potential.

Expression of a panel of relevant pri-miRNAs, whose cor-

responding mature form was found to be repressed (Fig-

ure 1C), was assessed by qRT-PCR in CD133+ and CD133�

hpMSCEWS-FLI-1, as well as in freshly isolated primary cells from

ESFT 3 and 4. With the exception of the miRNA 143-145 cluster,

which is known to be transcriptionally repressed by Oct-4, (Xu
810 Cancer Cell 21, 807–821, June 12, 2012 ª2012 Elsevier Inc.
et al., 2009) no decrease in the tested pri-miRNA

transcriptswas observed in either of theCD133+

populations (Figure 2A, left, and Figure S2A,

left), indicating that, for most of the repressed

mature miRNAs, the initial transcription step is

not affected. Expression of combined pri-

and pre-forms of each of a selected panel of

miRNAs was assessed according to recently

described methods (Shan et al., 2008) to

exclude a possible blockade in the pri- to pre-

miRNA maturation step. With the exception of

let-7a, combined pri- and pre-miRNA levels

were found to be increased in CD133+ com-

pared to CD133� cells (Figure 2A, right, and Fig-

ure S2A, right) for all species tested, consistent
with pre-miRNA accumulation and a late miRNA maturation

defect in CSCs. The strong decrease in combined let-7a pri-

and pre-miRNA may be attributed to elevated expression of

Lin28B in ESFT CSCs (De Vito et al., 2011), reported to act

primarily on pre-let-7a (Piskounova et al., 2011).

Because CD133� cells are derived from their CD133+ counter-

parts (Suvà et al., 2009), we reasoned that anymiRNAmaturation

defect responsible for CSC development should be reversible.

A putative underlying mechanism may therefore include altered

transcriptional regulation of molecules implicated in miRNA bio-

genesis. Accordingly, we assessed the expression of DROSHA,

DGCR8, DICER, TARBP2, AGO1-4, and EXPORTIN5 by qRT-

PCR in primary ESFT cells and hpMSCEWS-FLI-1. Interestingly,

the TARBP2 transcript (Figure 2B, left), as well as the corre-

sponding protein (Figure 2B, right), were significantly repressed

in CD133+ ESFT cells. The TARBP2 transcript was also re-

pressed in hpMSCEWS-FLI-1 (Figure S2B), albeit less markedly



Table 1. Downregulated miRNAs Common to CD133+ ESFT Cells

and CD133+ hpMSCEWS-FLI-1 that Are Modulated in Colon Cancer-

Bearing Mutated TARBP2

ESFT CD133

pos #1

ESFT CD133

pos #2

hpMSCEWS-FLI-1 CD133

pos

hsa-miR-181a hsa-miR-26a hsa-miR-26a

hsa-miR-99a hsa-miR-99a hsa-miR-125b

hsa-let-7f hsa-miR-181a hsa-miR-100

hsa-miR-26a hsa-miR-125b Hsa-let-7f

hsa-miR-125b hsa-let-7f

hsa-miR-196a hsa-miR-10a

hsa-miR-100 hsa-miR-100

p = 0.0063 p = 0.0022 p = 0.024
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so than in primary CD133+ ESFT cells, whereas no difference in

TARBP2 expression was observed between STA-ET-8.2-

derived CD133+ and CD133� fractions (data not shown). Among

the other genes implicated in miRNA biogenesis tested, only

XPO5 was observed to be modestly repressed in CD133+

ESFT cells, prompting us to focus on TARBP2.

ESFT CSCs Display a TARBP2 Expression-Dependent
Defect in miRNA Maturation
The TARBP2 gene encodes an integral component of a Dicer1-

containing complex whose mutation has recently been reported

to participate in the pathogenesis of sporadic and hereditary

colon carcinomas with microsatellite instability (Melo et al.,

2009). The observed frameshift mutations cause a decrease in

Tarbp2 protein expression, which leads to a broad defect in

miRNA maturation, possibly as a result of Dicer1 protein desta-

bilization (Melo et al., 2009). To exclude the possibility that

TARBP2 downregulation in our CSC model might be due to

mutation, primary ESFT TARBP2 cDNA was sequenced and

found to be wild-type (data not shown). Interestingly, Dicer1

expression was unaltered at the protein level in primary ESFT

CD133+ fractions (Figure 2B left), suggesting that the reduced

Tarbp2 levels may suffice to maintain Dicer protein stability but

not to ensure full Dicer complex function.

As previously observed (Suvà et al., 2009), only CD133+

ESFT cells were able to generate spheres, which contain both

CD133+ and CD133� cell fractions. Similar to freshly isolated

CD133+ cells, sphere-derived CD133+ cells displayed de-

creased TARBP2 expression compared to their CD133� deriva-

tives, highlighting the reversibility of TARBP2 repression in CSC

(Figure 2C).

The ESFT CSC miRNA signature revealed significant overlap

with that observed upon TARBP2 mutation in colon cancer cell

lines (Melo et al., 2009) (Table 1), suggesting that the partial

TARBP2 repression identified in ESFT CSCs may underlie their

defective miRNA maturation. qRT-PCR assessment of a panel

of pri- and mature miRNAs, including miRNAs 100, 181a, 26a,

99a, and let-7f, reported to be part of the TARBP2miRNA profile

in colon cancer cells, validated the molecular similarity sug-

gested by array analysis, further supporting a putative implica-

tion of Tarbp2 in the generation of the ESFT CSC miRNA profile

(Figure 2D). To verify that repression of miRNAs in ESFT CSCs

results, at least in part, from a Tarbp2/Dicer-dependent matura-
tion blockade, we measured by qRT-PCR the expression of

miRNA-451, which has been shown to be processed in a

Dicer-independent manner (Yang et al., 2010). No difference in

miRNA-451 expression was observed between ESFT CD133+

and CD133� cells (Figure 2D).

Given the reversibility of TARBP2 repression in CD133+

ESFT cells and preclusion of detailed promoter methylation

analysis by the paucity of CD133+ cells, we addressed pos-

sible epigenetic mechanisms that may underlie the observed

TARBP2 repression using a pharmacological approach. CD133+

ESFT cells were subjected to treatment with 20 mM 5-Aza-2-

deoxycytidine (5-AzaC), to block CpG island methylation in

the TARBP2 promoter, and with 10 mM of the S-adenosyl homo-

cysteine hydrolase inhibitor 3-Deazaneplanocin A (DZNep), to

block histone H3K27 and H3K9 methylation (Tan et al., 2007).

The two reagents were applied alone or in combination for

5 days, and corresponding changes in TARBP2 expression

were assessed by qRT-PCR. Although neither reagent alone

altered expression significantly, the combination of both resulted

in a 2-fold increase in expression, de facto restoring expression

to the level observed in CD133� cells (Figure 2E).

Interestingly, several miRNAs that are downregulated in ESFT

CSCs are also repressed in relapsing tumors (Nakatani et al.,

2012), including miRNA-34a, 224, 376a, and 26a (Figure S2).

TARBP2-Depleted ESFT Cell Lines Mimic ESFT CSC
Behavior
To address its role in generating the miRNA expression profile

observed in ESFT CSCs, as well as its involvement in their

tumorigenic potential, TARBP2 was depleted in three different

ESFT cell lines using an shRNAapproach. A 52%–60% reduction

in TARBP2mRNA and protein expression, as assessed by qRT-

PCR (Figure 3A, left) and western blot (Figure 3A, right) analysis,

respectively, was obtained that corresponds to the difference

in Tarbp2 expression levels observed between freshly isolated

CD133+ and CD133� ESFT cells. Similar to primary ESFT, Dicer

protein expression was unaltered upon Tarbp2 depletion (Fig-

ure 3A). miRNA expression analysis of control vector-infected

andshTARBP2-expressingcells revealed thatTARBP2-depleted

cells acquire a miRNA profile that is remarkably similar to that of

CD133+ hpMSCEWS-FLI-1 and ESFTCSCs (Figure 3B). Consistent

with this observation, qRT-PCR analysis confirmed that expres-

sion of a panel of mature miRNAs regulated by Tarbp2 in both

ESFT CSCs and colon cancer cells was repressed in TARBP2-

depleted ESFT cell lines, without decreasing transcription of their

corresponding pri-miRNA forms (Figure 3C, Figure S3A, and data

not shown). miRNAs that were upregulated in CD133+ cells were

also upregulated in shTARBP2-expressing cells, suggesting that

the same or related internal regulatory pathways are modified

in ESFT CSCs and ESFT cell lines upon TARBP2 depletion.

Because TARBP2-depleted ESFT cell lines display a miRNA

expression profile reminiscent of that of ESFT CSCs, we

assessed the effect of TARBP2 depletion on ESFT cell line prolif-

eration and tumorigenicity. Although there was no significant

difference in ESFT cell proliferation in vitro (Figure S3B), subcu-

taneous injection of control vector- and shTARBP2-infected

A673, TC252, and STA-ET-8.2 cells into six NOD-SCID mice

each revealed accelerated tumor emergence from TARBP2-

depleted cells (Figure 3D). The decreased TARBP2 expression
Cancer Cell 21, 807–821, June 12, 2012 ª2012 Elsevier Inc. 811



Figure 3. Depletion of Tarbp2 in ESFT Cells Leads to an ESFT CSC miRNA Profile and Increases Tumorigenicity

(A) Real-time PCR (left) and western blot (right) analysis of TARBP2 depletion in A673, TC252, and STA-ET-8.2 ESFT cell lines.

(B) Comparison of miRNA profiles between ESFT cell lines depleted of TARBP2, CD133+ ESFT cells, and CD133+ hpMSCEWS-FLI1. N indicates the number of

shared miRNAs by each cell population pair. The number of expected shared miRNAs is shown in brackets, and the p value is indicated. Statistically significant

similarities are highlighted in yellow.

(C) Real-time PCR comparison of mature miRNA expression in TARBP2-depleted and control shRNA-treated ESFT cell lines.

(D) Growth curve of TC252 STA-ET-8.2 and A673 tumors depleted or not of TARBP2. Real-time PCR experiments were normalized to 18S for mRNA or

SNORD49a for miRNAs and were done in triplicate. Error bars represent the SD of three independent determinations. Student’s t test was used for statistical

analysis.

See also Figure S3.
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observed in ESFT CSCs may therefore be implicated in their

tumorigenic potential.

To compare the effect of depleting DICER to that of depleting

TARBP2 on ESFT tumorigenicity, DICER-specific shRNA was

stably expressed in the ESFT cell lines A673 and TC71 and

resulted in a 42%–43% depletion of Dicer protein (Figure S3C).

Neither cell viability nor proliferation (Figure S3D) was affected.

However, xenografts of the cells in immunocompromised mice

displayed a significant increase in tumorigenicity (Figure S3E)

and downregulation of a panel of Tarbp2/Dicer-dependent

miRNAs (Figure S3F).
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Enoxacin Inhibits Tumor Development from ESFT Cell
Lines
To address the potential effectiveness of restoring miRNA

expression in inhibiting tumor growth, we explored methods of

augmenting Tarbp2 function that may be applicable to therapy.

The possibility to specifically enhance Tarbp2 activity, without

affecting its expression level, has been recently demonstrated

using enoxacin, an antibacterial agent of the fluoroquinolone

family (Melo et al., 2011; Shan et al., 2008). We therefore as-

sessed the effect of enoxacin on ESFT cell line miRNA expres-

sion in vitro and tumorigenesis in vivo. ESFT cell lines TC252,



Figure 4. Enoxacin Blocks ESFT Cell Line

Growth In Vivo

(A) Real-time PCR analysis of expression of

a panel of mature Tarbp2-dependent miRNAs

upon DMSO or 40 mg/ml enoxacin treatment of

A673, TC252, and STA-ET-8.2 cells.

(B) MTT assay in DMSO- or enoxacin-treated

(40 mg/ml) ESFT cells for 72 hr.

(C) Growth curves of established TC252 and

A673 tumors in mice receiving daily i.p. enoxacin

(10 mg/kg) or DMSO injections.

(D) Real-time PCR analysis of mature miRNA

expression in DMSO- or enoxacin-treated tumors

at autopsy. Real-time PCR experiments were

normalized to SNORD49a and were done in trip-

licate. Error bars represent the SD of three inde-

pendent determinations. Student’s t test was used

for statistical analysis.

See also Figure S4.
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STA-ET-8.2, and A673 treated for 72 hr with enoxacin (40 mg/ml)

showed an increase in Tarbp2-dependent miRNA expression

(Figure 4A), without alteration of Tarbp2 expression itself (Fig-

ure S4). They also displayed significant reduction in their

in vitro proliferation, as assessed by MTT assays (Figure 4B).

TC252 and A673 cells were injected subcutaneously into

12 NOD-SCID mice, and daily intraperitoneal treatment with

enoxacin (n = 6) or solvent (DMSO, n = 6) was initiated at a

dose of 10 mg/kg for a total of 10 days, once tumor volume

reached 60 mm3. Tumor growth was significantly inhibited in

enoxacin-treated compared to DMSO-treated animals (Fig-

ure 4C). As expected, upregulation of Tarbp2-dependent

miRNAs in enoxacin-treated tumors was observed (Figure 4D),

consistent with the notion that enoxacin enhances endogenous

Tarbp2 activity, which leads to increased miRNA maturation

and inhibition of ESFT tumor growth.

Reconstitution of TARBP2 Expression and Function in
ESFT CSC Impairs Their Self-Renewal In Vitro and
Tumorigenic Potential In Vivo
We next addressed the effect of enoxacin on primary ESFT

spheres. ESFT CSCs cultured as spheres in serum free con-
Cancer Cell 21, 807–8
ditions were treated with enoxacin

(40 mg/ml) or solvent (DMSO) for 3 days,

following which their clonogenic

capacity, miRNA expression profile, and

stem cell protein expression levels were

assessed. Clonogenic assays revealed

a 50% reduction in sphere formation

by enoxacin-treated CSCs (Figure 5A).

Enoxacin-treated spheres also displayed

increased expression of a panel of

Tarbp2/Dicer-dependent miRNAs (Fig-

ure 5B) and decreased expression of

Oct-4, Nanog, and Sox-2 proteins (Fig-

ure 5C). To validate the notion that the

effect of enoxacin was due to enhance-

ment of Tarbp2 activity, we assessed

the effect of TARBP2 overexpression on
ESFT spheres. Lentivirus-mediated introduction of TARBP2

into primary ESFT spheres resulted in a marked decrease in their

clonogenicity (Figure 5D) and a concomitant increase in the

expression of a panel of Tarbp2-dependent miRNAs, including

miRNAs 100, 181a, 26a, 99a, Let-7f, 143, and 145 (Figure 5E).

Partial repression of Oct-4, Nanog, and Sox-2 (Figure 5F),

comparable to that observed upon enoxacin treatment, was

also noted. These observations indicate that enoxacin mimics

the effect of exogenous TARBP2 introduction and that enhanced

Tarbp2 activity impairs ESFT CSC self-renewal.

To address the effect of restoring Tarbp2 activity on primary

tumor growth and CSC population maintenance, 200,000 ESFT

cells freshly isolated from ESFT 3, of which 15% were CD133+,

were injected beneath the renal capsule of 12 immunocompro-

mised mice each. After 3 weeks of growth, six of the mice

were treated with vehicle (DMSO) only, whereas the remaining

six received daily injections of enoxacin at 10 mg/kg for

10 days. The mice were then sacrificed and tumors examined

for size, morphology, and CD133+ cell content. Although tumor

size was comparable in control and enoxacin-treated animals

(Figure 5G, left), control tumors were firm with little or no

necrosis, whereas tumors from enoxacin-treated animals were
21, June 12, 2012 ª2012 Elsevier Inc. 813



Figure 5. Enoxacin Treatment Inhibits ESFT CSC Self-Renewal In Vitro and Depletes CSC Populations In Vivo

(A) Clonogenic assay of DMSO- or enoxacin-treated primary ESFTs as assessed by sphere formation from single cell cultures. Sphere formation (inset) was

scored after 30 days; 40 mg/ml of enoxacin was added to the cultures every 5 days.

(B) Real-time PCR analysis of expression of a panel of mature miRNAs in primary ESFT spheres treated with DMSO or enoxacin (40 mg/ml) for 5 days.

(C) Western blot analysis of Oct-4, Nanog, and Sox-2 proteins in primary ESFT spheres treated with DMSO or enoxacin (40 mg/ml) for 5 days.

(D) Clonogenic assay of primary ESFT cells overexpressing exogenous TARBP2, as assessed by sphere formation from single cell cultures. Sphere formationwas

scored after 30 days.

(E) Real-time PCR analysis of expression of a panel of mature miRNAs in primary control ESFT cells and ESFT cells overexpressing exogenous TARBP2.

(F) Western blot analysis of the expression of Tarbp2 and Oct-4, Nanog, and Sox-2 proteins in primary ESFT spheres infected with TARBP2 cDNA-containing

lentivirus.

(G) Left panel: weight of primary ESFT xenografts grown under the renal capsule for 3 weeks prior to daily i.p. injections of enoxacin (10mg/kg) for 10 days. Middle

panel: histology of DMSO- and enoxacin-treated tumors. The asterisk indicates necrosis. Scale bar = 100 mm.Right panel: fraction of viable cells fromDMSO- and

enoxacin-treated tumors expressing CD133. Real-time PCR experiments were normalized to SNORD49a and were done in triplicate. Error bars represent the SD

of three independent determinations. **p < 0.005.
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soft and hemorrhagic with extensive necrosis (Figure 5G,

middle). Importantly, the CD133+ cell subpopulation was

reduced from 15% to 7% (Figure 5G, right).

miRNA-143 and miRNA-145 Control ESFT CSC Self-
Renewal and Tumorigenicity
ESFT spheres cultured in the presence of serum for 1 week

become adherent, acquire an elongated MSC-like phenotype,

and lose their tumorigenic potential (Figure 6A). We therefore

compared the miRNA expression profile of spheres and their

adherent cell counterparts from two different ESFTs (Figure 6B).

Similar to ESFT CD133+ and CD133� cells, PCA analysis

showed that spheres and adherent cells from the two popula-

tions cluster together, respectively (Figure S5). Compared to

their adherent counterparts, ESFT spheres displayed upregula-

tion of the known oncogenic 17-92a miRNA cluster (Figure 6B
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and C), whereas the TARBP2-dependent miR-143/miR-145

cluster (Melo et al., 2011) was among their most strongly

repressed miRNAs (Figure 6B and C). miRNA expression profile

differences between spheres and adherent cells were not iden-

tical to those observed between primary CD133+ and CD133�

ESFT cells, because spheres are composed of both CD133+

and CD133� cells. Moreover, comparison of spheres and

adherent cells highlights serum-induced differences in differenti-

ation and tumorigenicity, whereas comparison between CD133+

and CD133� cells underscores differences in stemness. miRNAs

that show similar expression differences in the two comparisons

are therefore likely to be relevant to CSC constitution and

maintenance.

Having previously shown that miRNA-145 plays an important

role in the generation of ESFT CSCs and in ESFT tumorigenicity

(Riggi et al., 2010), we addressed the function of the miRNA



Cancer Cell

TARBP2-Dependent miRNAs Control ESFT Development
143-145 cluster in ESFT CSC self-renewal. By introducing the

cluster into primary ESFT spheres using a lentiviral system, we

obtained a 260- and 220-fold expression of miRNA-143 and

miRNA-145, respectively (Figure 6D).Clonogenic assays showed

that both miRNA-143- and miRNA-145-overexpressing-

ESFT spheres have lower self-renewal capacity (Figure 6E) that

correlates with suppression of OCT4 and NANOG but not

SOX2 transcripts (Figure 6F). Although SOX2 is a target of

miRNA-145, its response to changes in miRNA-145 expression

may occur at the transcriptional or translational level and may

vary according to cell type (Xu et al., 2009). Downregulation of

the miRNA 143-145 cluster therefore appears to play an impor-

tant role in ESFT CSC self-renewal.

Because bothmiRNA-143 andmiRNA-145 impair in vitro ESFT

CSC self-renewal, we assessed whether, similar to miRNA-145,

miRNA-143 could inhibit ESFT tumorigenicity. The introduction

of miRNA-143 into ESFT cell lines A673 and TC252 resulted in

a 150- to 200-fold increase in its expression, respectively (Fig-

ure 7A). Although proliferation was only minimally affected (Fig-

ure 7B), subcutaneous injection of control vector-infected or

miRNA-143-overexpressing ESFT cells into six NOD-SCID

mice each revealed that miRNA-143 overexpression significantly

reduced ESFT tumor growth in vivo (Figure 7C). Because exog-

enous miRNA administration has been shown to effectively

control tumor growth in experimental models (Ma et al., 2010a;

Wiggins et al., 2010), we asked whether systemic injection of

synthetic miRNAs can block or reverse growth of established

tumors. Similar to in vivo treatment using enoxacin, miRNA-

based treatment was initiated once the tumor reached a volume

of 60 mm3. Tail vein injection of 30 mg of synthetic miRNA-143 or

miRNA-145 was administrated on days 11, 14, and 18. Mice

treated with either miRNA-143 or miRNA-145 showed significant

reduction of tumor volume compared to control-treated animals

(Figure 7D). To verify that synthetic miRNAs had reached the

tumors, total RNA was extracted from the tumors, and expres-

sion of miRNA-143 and miRNA-145 were assessed by qRT-

PCR (Figure 7E), along with the expression level of the known

miRNA-145 target genes OCT4 and KLF4 (Figure 7F). A 2-fold

increase in miRNA-143 and miRNA-145 expression, along with

a significant decrease in of OCT4 and KLF4 expression levels,

were found in the treated tumors.

DISCUSSION

A Common miRNA Signature and Functionally Related
miRNAs May Underlie and Sustain the CSC Phenotype
Although broad miRNA repression is a well-established feature

of malignant cells, there has been little evidence of shared

miRNA profiles among different cancer types. The present study

demonstrates that the miRNA profile of CD133+ ESFT CSC and

hpMSCEWS-FLI-1 populations is at least partially shared by hESCs

and iPSCs, but not by terminally differentiated fibroblasts,

consistent with the notion that their stem cell properties reflect

a common intrinsic molecular profile. Greater similarity was

observed between miRNA expression profiles of ESFT CSCs

and hepatocellular, breast, and prostate carcinoma CSCs than

between those of CD133+ hpMSCEWS-FLI1 and the different

carcinomas. This may reflect the distinction between cells of

origin of a tumor that incur the initial transforming events to
become tumor initiating cells (TICs) and CSCs that represent

the self-renewing and tumor-sustaining population in the

established tumor (Visvader, 2011). The observed miRNA

expression profile similarity between CD133+ hpMSCEWS-FLI-1

and ESFT CSCs suggests that CD133+ hpMSCEWS-FLI-1 may

represent early stages of ESFT TIC generation that retain traces

of the miRNA expression profile of the cell of origin. These traces

may be diluted in established CSCs, whose miRNA profile more

strongly reflects their transformed stem-cell-like properties.

Our observations indicate that miRNA expression signatures

shared by CSCs from highly divergent tumor types not only

resemble those of ESCs and iPSCs but may underlie and help

sustain their phenotype and functional properties. Several

studies have shown that an ESC-like transcriptional signature

is associated with the most aggressive and undifferentiated

form of cancers of diverse origin, suggesting the existence of

a shared core pluripotency gene network. This putative network

is composed of the target gene repertoire of a limited group of

stem cell-related transcription factors, namely the Core, Poly-

comb, and c-Myc modules (Ben-Porath et al., 2008; Kim et al.,

2010; Wong et al., 2008).

The core module is composed of target genes regulated by,

among others, Oct-4, Nanog, Klf-4, Sox-2, and Lin-28; whereas

the PRC module comprises Suz12, Ezh1/2, and Eed; and the

c-Myc module includes Max and Rex1 (Wong et al., 2008).

Each of these genes or group of genes is silenced by miRNAs

found to be repressed in ESFT CSC. Thus, miRNA-145 re-

presses OCT4, KLF4, and SOX2 (Xu et al., 2009); let-7a silences

MYC and LIN28 (Kim et al., 2009) and is itself silenced by LIN28

(Viswanathan et al., 2008); miRNA-26a controls MYC and EZH2

(Sander et al., 2008); and miRNA-101 represses EZH2 (Varam-

bally et al., 2008). Furthermore, miRNA-145 is repressed in

breast (Iorio et al., 2005) and colorectal cancer (Schepeler

et al., 2008), miRNA-26a expression is reduced in hepatocellular

carcinoma (Chen et al., 2011), let-7 repression is associated with

lung cancer development (Trang et al., 2010), whereas miRNA-

101 is downregulated in prostate (Varambally et al., 2008), liver

(Su et al., 2009), and bladder cancer (Friedman et al., 2009). A

plausible scenario may therefore be that deregulation of

a restricted set of ESC-related miRNAs may govern expression

of different transcription modules, which help generate and

sustain the CSC population. The miRNA signatures, however,

need not be identical. Because expression of numerous tran-

scripts can be regulated by different miRNAs, it is conceivable

that CSC derived from diverse tumor types, and therefore gener-

ated by distinct oncogenic events, may exploit different miRNAs

tomodulate expression of an identical set of transcription factors

that are required for their survival. For example, ESFT- and

breast cancer-derived CSC appear to share the same let-7a-

mediated regulation of c-myc (Yu et al., 2007), whereas for the

Polycomb group proteins, they use miRNA-26a/101 (Sander

et al., 2008; Varambally et al., 2008) and miRNA-200 (Shimono

et al., 2009), respectively.

Reversible Deregulation of TARBP2 Expression
Determines CSC miRNA Profiles and Tumor Growth
Mutations in TARBP2 have been identified in colon cancer

associated with microsatellite instability (Melo et al., 2009). The

resulting decrease in Trbp expression is associated with Dicer1
Cancer Cell 21, 807–821, June 12, 2012 ª2012 Elsevier Inc. 815



Figure 6. miRNA-143 and miRNA-145 Are Repressed in ESFT Spheres

(A) Upper left panel: ESFT sphere and adherent cell cultures are shown. Lower left panel: Tumor development following subcapsular kidney injection of primary

ESFT spheres and adherent cells. The number of cells injected and the number ofmice that developed tumors are indicated. Cells from three independent primary

ESFTs were used. Right panel: Flow cytometry analysis of CD133 expression in ESFT spheres and adherent cell cultures.

(B) Clustering of primary ESFT spheres and adherent ESFT cells.

(C) Real-time PCR comparison of the expression of a panel of mature miRNAs in primary ESFT spheres and adherent ESFT cells.
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Figure 7. Synthetic miRNA-143 and miRNA-145 Inhibit ESFT Tumor Growth

(A) miRNA-143 overexpression in TC252 and A673 ESFT cells following retroviral introduction.

(B) Curve growth of control and miR-143 overexpressing A673 and TC252 cells.

(C) Tumor growth curves in six mice each from miRNA-143 and empty vector-infected A673 and TC252 cells.

(D) Growth curves of established A673 tumors in mice treated by tail vein injection of 30 mg of synthetic miRNA-143 or miRNA-145. miRNA-143 or miRNA145 was

administered on days 11, 14, and 17 following subcutaneous A673 cell injection. Mice were sacrificed on day 20, and tumor size was assessed.

(E) Real-time PCR analysis of miRNA-143 and miRNA-145 expression in A673 tumors from miRNA-treated or control mice.

(F) Real-time PCR analysis of OCT4 and KLF4 expression in tumors from miRNA-145 treated or control mice. Real-time PCR experiments were normalized to

SNORD49a for miRNA or 18S for mRNA and were done in triplicate. Error bars represent the SD of three independent determinations. Student’s t test was used

for statistical analysis.
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protein instability or Dicer complex dysfunction that leads to

defective miRNA processing (Chendrimada et al., 2005). Inter-

estingly, the degree of reduction in Trbp expression observed

in colon cancer cells corresponds to the 50% lower expression

in CD133+ ESFT CSCs compared to CD133� cells seen here.

The notion that partial TARBP2 repression may underlie the

miRNA expression profile in ESFT CSCs is supported by the

observation that shRNA-mediated depletion, by roughly 50%,

of TARBP2 in ESFT cell lines results in a miRNA expression

profile that is highly reminiscent of that of ESFT CSCs, along
(D) Expression of miRNA-143 and miRNA-145 following lentiviral vector-mediate

(E) Clonogenic assay showing reduced self-renewal of miRNA-143- and miRNA-

(F) Real-time PCR analysis of OCT4, NANOG, and SOX2 in empty vector-infe

Real-time PCR experiments were normalized to 18S for mRNA or SNORD49a

independent determinations.

See also Figure S5.
with an increase in their tumorigenic potential. Furthermore,

both introduction of exogenous TARBP2 and enhancement of

endogenous Tarbp2 activity by enoxacin resulted in reexpres-

sion of the broad panel of repressed miRNAs in ESFT CSCs, in

addition to decreased clonogenicity. After 10 days of enoxacin

treatment, CSC-derived tumors displayed massive necrosis,

hemorrhage, and, most importantly, a roughly 50% decrease

in the CD133+ cell population. The extent of the necrosis

observed is consistent with the notion that, in addition to

promoting CSC differentiation, reconstitution of Tarbp2 activity
d introduction into primary ESFT cells.

145-overexpressing-ESFT cells.

cted and miRNA-143 or miRNA-145 overexpressing primary ESFT spheres.

for miRNAs and were done in triplicate. Error bars represent the SD of three
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drives a substantial proportion of the cells that constitute the

tumor bulk toward death. One among several possible mecha-

nisms may be downregulation of EWS-FLI-1 expression by

miRNA-145 (Riggi et al., 2010), which could reduce the onco-

genic driving force in both CSC and non-CSC populations,

resulting in impairment of their growth and survival. Consistent

with this view, the effect of enoxacin on cell line-derived tumors,

which may at least partially mimic the tumor bulk, was to inhibit

their growth.

Our observations suggest that partial inhibition of Tarbp2

function may constitute a key component of the mechanism

that underlies defectivemiRNAmaturation required for the emer-

gence andmaintenance of the CSC phenotype. Interestingly, the

observed repression of TARBP2 was not accompanied by Dicer

protein instability, as assessed by western blot analysis, sug-

gesting that partial TARBP2 repressionmay deregulate the func-

tion of the Dicer complex without augmenting Dicer degradation

itself. Alternatively, there may be a Tarbp2 repression range

within which effects on miRNA expression are Tarbp2 specific.

As expected, Dicer depletion by shRNA resulted in augmented

tumorigenicity of ESFT cell lines, similar to the effect of Tarbp2

depletion, underscoring the importance of miRNA biogenesis

in determining the tumorigenic potential of ESFT independently

of the mechanisms that underlie initial transformation.

Robust upregulation of repressed Tarbp2-dependent miRNAs

upon exposure of CSCs to serum indicates that the mechanisms

underlying the defect in TARBP2 expression are reversible.

Consistent with this notion, we found that TARBP2 expression

could be restored by treating CD133+ ESFT cells with a combina-

tion of 5-AzaC and DZNep, which suggests that TARBP2 repres-

sion in these cells is likely due to a combination of DNA and

histone methylation. Modulation of miRNA maturation as a

means of altering expression of a broad panel of genes that

orchestrate the full spectrum of CSC properties may provide

tumor cells with a relatively simple way to acquire or lose the

CSC phenotype. Epigenetic regulation of TARBP2 expression

may therefore constitute an important molecular switch that

allows tumor cells to gain or relinquish CSC status in response

to intrinsic or microenvironmental signals. Such regulation

could maintain CSC as dynamic rather than fixed populations

and account for their temporal and intertumor type size

variability.

The similarities we have uncovered between miRNAs that are

repressed in CSCs and in relapsing ESFT patients are consistent

with the notion that CSCs constitute the population that is resis-

tant to current chemotherapeutic agents and whose survival

upon treatment is likely to be responsible for tumor relapse.

The recent identification of miRNA-34a, the most robust event-

free predictor miRNA in ESFT (Nakatani et al., 2012), as a p53

downstream target whose repression enhances somatic cell re-

programming and iPSC generation (Choi et al., 2011) further

supports a potentially important mechanistic link between

Tarbp2-dependent miRNA expression, CSC maintenance, and

resistance to therapy in human tumors.

Targeting of Selected miRNAs Provides a Means
to Control ESFT Growth
The miRNA 143-145 cluster has been observed to display tumor

suppressor properties and to be downregulated in a broad range
818 Cancer Cell 21, 807–821, June 12, 2012 ª2012 Elsevier Inc.
of tumor types (Tong and Nemunaitis, 2008). Moreover, we have

previously shown the involvement of miRNA-145 in the genera-

tion of a CD133+ subpopulation of hpMSCEWS-FLI-1 that display

CSC features (Riggi et al., 2010). Here, we demonstrate that

both miRNA-145 and miRNA-143 are strongly repressed in

ESFT CSCs and that their reexpression impairs self-renewal.

miRNA-145 induction upon ESFT sphere exposure to serum

may result in OCT4 and SOX2 repression, thereby inducing

CSC differentiation and leading to loss of their tumor-initiating

and -sustaining properties. In addition, miRNA-145 can repress

EWS-FLI-1 expression (Riggi et al., 2010), neutralizing ESFT

CSCs by at least two mechanisms: induction of differentiation

on the one hand and silencing of the key oncogene on the other.

Taken together, our observations provide a plausible scenario

for the emergence of CSCs in ESFTs. Expression of EWS-FLI-1

in appropriate primary host cells suppresses themiRNA 143-145

cluster, leading to genetic reprogramming that induces expres-

sion of OCT4, NANOG, and SOX2. The resulting network of

induced target genes may modify the epigenetic landscape of

EWS-FLI-1-expressing cells, leading to partial TARBP2 sup-

pression, which results in defective maturation of a host of

miRNAs and the acquisition of the full-blown CSC phenotype.

Depending on microenvironmental conditions, these cells may

reexpress TARBP2 and lose their tumorigenic potential, whereas

others that are nontumorigenic may undergo partial TARBP2

depletion and acquire or regain CSC features. Given the power

of miRNA-driven gene expression to override the oncogenic

effect of genetic mutations, restoration of relevant miRNA

expression by systemic administration of synthetic miRNAs or

correction of the underlying transient maturation defect may

provide a potential means to control malignant growth. Effective

therapy for any malignancy that harbors CSCs should simulta-

neously target the CSC population, to hamper tumor progres-

sion, as well as the bulk of the tumor to avoid the possibility

that differentiated cells become reprogrammed toward the

CSC phenotype. Increasing Tarbp2 activity by enoxacin may

force ESFT CSCs to differentiate, while abrogating the opportu-

nity for differentiated tumor cells to modulate their miRNA reper-

toire and to revert their phenotype to that of CSCs.

EXPERIMENTAL PROCEDURES

Cell Culture, Retroviral and Lentiviral Infection, and Tarbp2

Construct

Human pediatric mesenchymal stem cells (hpMSCs) were isolated and

cultured as previously described (Riggi et al., 2010). A673 (ATCC), TC252

(kindly provided by Dr. T. Triche), STA-ET-8.2 (kindly provided by Dr. H. Kovar),

and TC71 (kindly provided by Dr. E. De Alava) ESFT cells lines were cultured in

RPMI (GIBCO) supplemented with 10% FCS (GIBCO). HpMSC, A673, TC252,

STA-ET-8.2, and TC71 cells were infected as previously described (Riggi et al.,

2010). MiR-143 vector was kindly provided by Dr. R. Agami. For stable knock-

down of Tarbp2 (V3LHS_300582), pGIPZ lentiviral system from Open Biosys-

tems was used. For stable knock-down of Dicer pSicoR sh dicer#1 (Addgene

plasmid 14763) was used. Primary ESFT samples were obtained at surgery

with approval of the ethics committee of the Canton de Vaud. All human

samples were deidentified prior to analysis and were exempt from informed

consent in accordance with the law of the Canton de Vaud. Spheres were

cultured in IMDM (GIBCO), supplemented with 20% KO serum (GIBCO),

10 mg/ml LIF (Millipore), 10 ng/ml recombinant human epidermal growth factor

(Invitrogen), and 10 ng/ml recombinant human basic fibroblast growth factor

(Invitrogen). Single ESFT cell suspensions were infected using lentivirus-

expressing miRNA control and mir-143-RFP (Biosettia) or miRNA-control
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and mir-145-GFP (System Biosciences). TARBP2was amplified from cDNA of

A673 cells and cloned into pLiV lentiviral vector.

RNA Isolation and Real-Time PCR

Total RNA was isolated using Trifast (Peqlab) according to the manufacturer’s

recommendations. Real-time PCR was performed as previously described

(Riggi et al., 2010). TaqMan probes included 18S, OCT4, NANOG, DROSHA,

DICER, pri-mir-138-1, and pri-mir-17 (Applied Biosystems). Primer sequences

for SYBR Green gene expression quantification are listed in Supplemental

Experimental Procedures. For microRNA quantification, 30 ng of total RNA

was amplified using miRCURY LNA Universal RT microRNA PCR kit (Exiqon,

DK) according to the manufacturer’s recommendations. LNA PCR primers

from Exiqon were used for RT-PCR amplification, and snord49a provided

the endogenous control.

MicroRNA Array Profiling

Total RNA quality was verified by an Agilent 2100 Bioanalyzer profile. Total

sample and reference RNA was labeled with Hy3 and Hy5 fluorescent label,

respectively, using the miRCURY LNA Array power labeling kit (Exiqon,

Denmark) according to the manufacturer’s recommendations. Hy3-labeled

samples and a Hy5-labeled reference RNA sample were mixed pairwise and

hybridized to the miRCURY LNA array version sixth generation (Exiqon,

Denmark), which contains capture probes targeting all miRNAs for human,

mouse, or rat registered in the miRBASE version 16.0 at the Sanger Institute.

Hybridization was performed according to the miRCURY LNA array manual

using a Tecan HS4800 hybridization station (Tecan, Austria). The miRCURY

LNA array microarray slides were scanned using the Agilent G2565BA Micro-

array Scanner System (Agilent Technologies, Inc., USA) and image analysis

was performed using the ImaGene 9.0 software (BioDiscovery, Inc., USA).

The quantified signals were background corrected and normalized using the

global Lowess (LOcally WEighted Scatterplot Smoothing) regression

algorithm.

Analysis of Microarray Data

Normalization of the microarray data was performed with the global Lowess

regression algorithm. MicroRNAs showing expression fold-change greater

than 2 (1.5 for the TARBP2-silenced cell lines) were considered differentially

expressed. Clustering analysis was performed using average-linkage hierar-

chical clustering based on Pearson correlation coefficient. The statistical

significance of the overlap between our microRNA lists and published ones

was established in all cases using a one-sided exact Fisher test and Bonferroni

correction for multiple testing.

Western Blots and Chemical Compounds

Western blots were performed according to standard procedures. Antibodies

used for the study were anti-Tarbp2 (Abnova), anti-Dicer (Santa Cruz),

anti-OCT-4 (Santa Cruz), anti-Nanog (R&D), anti-Sox2 (Chemicon Millipore),

and anti-b-actin (Sigma). Quantification of bands was performed using imageJ

Software. ESFT spheres were treated with 5-AzaC 20 mM (Sigma) and/or

3-Deazaneplanocin A (DZnep) 10 mM for 5 days.

Tumorigenicity Assays

Six NOD/SCID IL2 receptor common g-chain knockout mice were anesthe-

tized, and sphere-derived or adherent ESFT cells were injected beneath the

renal capsule. All mice were sacrificed 3 months later, and the kidneys were

removed at autopsy for histological analysis.

For assessment of the tumorigenic potential of TARBP2 depletion and

miRNA-143-overexpression ESFT cells, NOD-SCID mice were anesthetized,

and 1 3 106, 2 3 106, or 3 3 106 A673, TC252, or STA-ET-8.2 cells, respec-

tively, were injected subcutaneously into six mice each. For assessment of

the tumorigenic potential of Dicer depletion, NOD-SCID mice were anesthe-

tized, and 1 3 106 or 4 3 106 A673 or TC71 cells, respectively, were injected

subcutaneously into six mice each. The animals were sacrificed 4 weeks after

injection. All tumors were removed at autopsy and sectioned for histological

analysis. For in vivo treatment assays, 30 mg of miScript microRNA mimic

(QIAGEN) were formulated with MaxSuppressor in vivo RNALancerII (BIOO

Scientific, Inc), according to the manufacturer’s recommendations. miRNAs

were administrated intravenously by tail vein injection on days 11, 14, and
18. Tumor volume was measured as previously described (Esquela-Kerscher

et al., 2008). Experimental protocols involving mice were approved by the Etat

de Vaud, Service Vétérinaire, authorization number VD1942.1.

Cell Growth, Magnetic Cell Sorting, and FACS Analysis

ESFT cell lines were plated in triplicate wells and total cell counts and

cell viability determined using trypan blue. The MTT assay was performed

according to standard procedures. Magnetic cell sorting and FACS analysis

were performed as previously described (Suvà et al., 2009).

Clonogenic Assays

Empty vector-infected, miRNA-143-RFP- or miRNA-145-GFP-expressing

ESFT cells were plated as single cells in four 96-well plates and were cultured

for 30 days in IMDM, 20% KO serum, LIF, EGF, and FGF. Sphere formation

was scored 30 days later.
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Riggi, N., Cironi, L., Suvà, M.L., and Stamenkovic, I. (2007). Sarcomas:

genetics, signalling, and cellular origins. Part 1: The fellowship of TET.

J. Pathol. 213, 4–20.

Riggi, N., Suvà, M.L., Suvà, D., Cironi, L., Provero, P., Tercier, S., Joseph, J.M.,

Stehle, J.C., Baumer, K., Kindler, V., and Stamenkovic, I. (2008). EWS-FLI-1

expression triggers a Ewing’s sarcoma initiation program in primary human

mesenchymal stem cells. Cancer Res. 68, 2176–2185.
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SUMMARY
Cancer-associated inflammation is thought to be a barrier to immune surveillance, particularly in pancreatic
ductal adenocarcinoma (PDA). Gr-1+ CD11b+ cells are a key feature of cancer inflammation in PDA, but
remain poorly understood. Using a genetically engineeredmousemodel of PDA, we show that tumor-derived
granulocyte-macrophage colony-stimulating factor (GM-CSF) is necessary and sufficient to drive the devel-
opment of Gr-1+ CD11b+ cells that suppressed antigen-specific T cells. In vivo, abrogation of tumor-derived
GM-CSF inhibited the recruitment of Gr-1+ CD11b+ cells to the tumor microenvironment and blocked tumor
development—a finding that was dependent on CD8+ T cells. In humans, PDA tumor cells prominently ex-
pressedGM-CSF in vivo. Thus, tumor-derivedGM-CSF is an important regulator of inflammation and immune
suppression within the tumor microenvironment.
INTRODUCTION

Host inflammatory responses often accompany and even

promote tumor development. Although the prevailing theory of

immunosurveillance holds that the adaptive arm of the immune

system can mount productive anti-tumor responses that elimi-

nate malignant cells (Schreiber et al., 2011), the developing

tumor will often co-opt the host immune system for its own

tumor-promoting purposes. This phenomenon is particularly

notable in the development of pancreatic ductal adenocarci-

noma (PDA), a highly lethal malignancy associated with a striking

desmoplastic reaction and a marked infiltration of leukocytes

into the stromal compartment (Clark et al., 2007). Leukocytes

infiltrating PDA lesions are predominantly derived from the innate

immune system and coordinate a network of local immune
Significance

PDA carries a dire prognosis for which novel therapeutic stra
stromal reaction is characteristic of PDA and likely contributes
model of PDA, we demonstrate that tumor-derived GM-CSF dr
of the cancer-associated inflammatory reaction, which in turn s
cells prominently expressed GM-CSF in vivo. Our findings s
between tumor cells and the immune system by targeting
differentiation.

822 Cancer Cell 21, 822–835, June 12, 2012 ª2012 Elsevier Inc.
suppression (Clark et al., 2007, 2009). Nevertheless, these

immunosuppressive cells exhibit dynamic motility and function,

such that a detailed understanding of inflammatory cellular

mechanisms in this disease has revealed therapeutic targets

that can be translated to clinical success in patients (Beatty

et al., 2011).

Although multiple mechanisms are thought to contribute to

immune suppression in tumor-bearing hosts, tumor-associated

changes in myelopoiesis that result in an abnormal accumulation

of immature myeloid cells in the tumor are thought to play a crit-

ical immunosuppressive role (Gabrilovich and Nagaraj, 2009;

Ostrand-Rosenberg and Sinha, 2009; Peranzoni et al., 2010).

In mice, these immature myeloid cells, often called myeloid-

derived suppressor cells (MDSC), co-express the markers Gr-1

and CD11b and represent a heterogeneous population of cells
tegies are urgently needed. An inflammatory desmoplastic
to disease progression. Here, using a spontaneous murine
ives the accumulation of Gr-1+ CD11b+ myeloid cells as part
uppresses antitumor T cell immunity. In humans, PDA tumor
uggest a therapeutic potential for disrupting the crosstalk
Gr-1+ CD11b+ cells or the cytokines that regulate their
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comprised of precursors to macrophages, dendritic cells, and

granulocytes at earlier stages of differentiation (Gabrilovich and

Nagaraj, 2009; Ostrand-Rosenberg and Sinha, 2009; Peranzoni

et al., 2010). Normal mouse bone marrow contains 20%–30%

of Gr-1+ CD11b+ cells, although these cells only comprise 2%–

4% of spleen cells and are virtually absent from the lymph nodes

(Gabrilovich and Nagaraj, 2009). Numerous studies have

reported the expansion of Gr-1+ CD11b+ cells in a variety of

implantable tumor models and have demonstrated the ability

of these myeloid cells to impair T cell responses in vitro (Bronte

et al., 2003; Kusmartsev et al., 2004; Sinha et al., 2005). In genet-

ically defined mouse models of cancer—which more closely

recapitulate the tumor microenvironments observed in patients

with the same disease—the role of these cells remains contro-

versial particularly with regard to the in vivo relevance of the

T cell suppressive qualities that are typically demonstrated

in vitro (Andreu et al., 2010; Clark et al., 2007; Melani et al.,

2003; Stairs et al., 2011). Moreover, the soluble factors that drive

the accumulation of Gr-1+ CD11b+ cells in genetically defined

models of cancer, particularly in PDA, remain largely unknown.

To understand the role of Gr-1+ CD11b+ cells in PDA, we

focused on the KPCmouse model of spontaneous PDA in which

expression of oncogenic KrasG12D and mutant p53R172H is tar-

geted to the pancreas by Cre recombinase under the control of

the pancreatic specific promoter Pdx-1 (Hingorani et al., 2005).

This model is fully penetrant with regard to tumor formation,

and KPC mice develop primary PDA lesions that faithfully reca-

pitulate the salient clinical, histopathological, and molecular

features of the human disease, including progression from prein-

vasive pancreatic intraepithelial neoplasia (PanIN) to invasive

cancer to metastatic disease (Hingorani et al., 2005). Using the

KPC model, we evaluate a mechanism of tumor-induced

immune modulation that is critical to maintaining the local

immune suppressive network characteristic of PDA.

RESULTS

The dense desmoplasia and leukocytic infiltration classically

observed in the tumor stroma of patients with PDA is reproduced

with high fidelity in the KPC murine model of the disease (Beatty

et al., 2011; Clark et al., 2009; Hingorani et al., 2005). In tumor-

bearing KPC mice, we found that Gr-1+ CD11b+ cells promi-

nently accumulated in both the tumor and the spleen compared

to normal controls, comprising 20%–30% of all leukocytes in

these tissues (Figure 1A). By immunohistochemistry, Gr-1+

CD11b+ cells were evident in close proximity to tumor cells (Fig-

ure 1B). Gr-1+ CD11b+ cells were also prominently associated

with metastatic lesions in this model, but were not found in other

tissues that lacked metastases (Figure 1C). Sorted Gr-1+

CD11b+ leukocytes from the spleen or tumor of KPC mice

comprised a heterogeneous population of myeloid cells

including myelocytes, metamyelocytes, band and segmented

neutrophils, and monocytoid cells (Figure 1D), consistent with

previous observations of cancer-associated Gr-1+ CD11b+ cells

(Andreu et al., 2010; Bronte et al., 2000; Stairs et al., 2011).

Various terms have been used in the literature to describe

Gr-1+ CD11b+ cells, including immature myeloid cells (Kusmart-

sev and Gabrilovich, 2006) or myeloid derived suppressor cells

(MDSC) (Gabrilovich et al., 2007). Because the latter term
suggests that Gr-1+ CD11b+ cells act to suppress T cell activa-

tion, we sought to understand the potential immunosuppressive

function of Gr-1+ CD11b+ cells in the KPC model. We therefore

evaluated the capacity of highly enriched or sorted Gr-1+

CD11b+ cells from tumor-bearingmice to suppress in vitro prolif-

eration of ovalbumin-specific CD8+ T cells from OT-1 transgenic

mice in response to cognate peptide antigen. We found that

Gr-1+ CD11b+ cells isolated from either the spleen or pancreas

of tumor-bearing KPC mice potently suppressed proliferation

(Figure 2A; Figure S1 available online) as well as interferon-

gamma (IFN-g) production by OT-1 cells (Figure 2B). Gr-1+

CD11b+ cells from tumor-bearing KPC mice also suppressed

the proliferation of splenic T cells from normal mice stimulated

polyclonally with anti-CD3 plus anti-CD28 antibodies (Figure S1).

Moreover, Gr-1+ CD11b+ cells exhibited high levels of arginase

activity (Figure 2C) and produced high levels of nitrite upon

culture (Figure 2D), suggesting expression of inducible nitric

oxide synthase (iNOS); both arginase and iNOS have been previ-

ously linked to immunosuppression by Gr-1+ CD11b+ cells in

tumor-bearing mice (Bronte and Zanovello, 2005; Ma et al.,

2011). We found that inhibition of iNOS and, to a lesser extent,

arginase abrogated the capacity of Gr-1+ CD11b+ cells to

suppress T cell proliferation (Figure 2E). This set of properties

of Gr-1+ CD11b+ cells in KPC mice is consistent with described

properties of MDSC (Gabrilovich et al., 2007).

We then examined the potential origin of Gr-1+ CD11b+ cells.

We noted that unlike normal controls, tumor-bearing KPC mice

developed splenomegaly as a result of extramedullary hemato-

poiesis (Figures 3A and 3B) and concomitant to accumulation

of Gr-1+ CD11b+ cells in the spleen (Figure 1A). Splenocytes

from tumor-bearing KPC mice exhibited a distinct c-kit+ popula-

tion, higher in percentage than found in splenocytes from normal

mice and similar to the percentage of c-kit+ precursors found in

bone marrow (Figure 3B). Given the link between the tumor

microenvironment and accumulation of functional Gr-1+

CD11b+ cells in the KPC model, we hypothesized that a tumor-

derived factor might drive the generation of Gr-1+ CD11b+ cells

from c-kit+ cells in the spleen. We therefore isolated c-kit+

Gr-1� CD11b� lineage� cells from the spleens of tumor-bearing

KPC mice and incubated them with conditioned media obtained

from cultured PDA tumor cells that had been previously isolated.

Conditioned media from tumor cells, but not control media,

triggered proliferation of c-kit+ splenocytes, as evidenced by

carboxyfluorescein diacetate succinimidyl ester (CFSE) dilution

(Figure 3C) or bromodeoxyuridine (BrdU) incorporation (Fig-

ure S2). In contrast, Gr-1+ CD11b+ splenocytes isolated from

the samemice did not proliferate in response to tumor cell condi-

tioned media (Figure 3C). Importantly, after 5 days of co-culture,

c-kit+ cells expressed high levels of Gr-1 and CD11b (Figure 3C),

exhibited arginase and iNOS activity (Figure 3D), and potently

suppressed T cell proliferation in the OT-1 T cell suppression

assay (Figure 3E).

To identify tumor-derived soluble factors contributing to the

generation of Gr-1+ CD11b+ cells from c-kit+ precursors, we

measured a set of secreted proteins in conditioned media from

a panel of PDA tumor cell lines and compared the results to those

for conditioned media from benign pancreatic ductal cells from

normal control mice. Conditioned media from every PDA line

supported proliferation of c-kit+ cells into Gr-1+ CD11b+ cells
Cancer Cell 21, 822–835, June 12, 2012 ª2012 Elsevier Inc. 823
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Figure 1. Gr-1+ CD11b+ Cells Accumulate in the Spleen and Tumor of PDA-Bearing KPC Mice

(A) Gr-1+ CD11b+ cells from the spleen and pancreas of tumor-bearing KPC mice versus normal control mice were evaluated by flow cytometry. Representative

flow plots for onemouse in each category (left) and summary data (right) are shown. Cells were gated for CD45 expression and then analyzed. Numbers in top right

corner of the plots represent the percentage of Gr-1+ CD11b+ cells among total CD45+ cells. For summary data, each symbol represents an individual mouse:

spleen (light gray), pancreas (dark gray), normal mice (triangles) and PDA mice (diamonds). Black horizontal bars represent the mean for each group (n = 10

for normal spleen, n = 15 for PDA spleen, n = 3 for normal pancreas, and n = 13 for PDA pancreas). Nml, normal. ***p < 0.001 for the comparisons shown.

(B) H&E stain (left) and immunohistochemistry for CD45 (middle) or Gr-1 (right) on a representative PDA lesion. Scale bars, 50 mM.Highermagnification images are

shown in the top right corner of each panel.

(C) Metastatic lesions on the liver and diaphragm of a representative KPCmouse were evaluated by flow cytometry for Gr-1+ CD11b+ cells (after gating for CD45

expression), compared to salivary gland cells as a control.

(D) Diff-Quick stain of cytospin preparation of sorted CD45+ Gr-1+ CD11b+ cells from the spleen of a tumor-bearing KPC mouse. Scale bar, 20 mM.
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Figure 2. Gr-1+ CD11b+ Cells Isolated

from Tumor-Bearing KPC Mice Suppress

Antigen-Specific T Cell Responses In Vitro

(A) Gr-1+ CD11b+ cells isolated from either the

spleen (light gray bars) or pancreas (dark gray

bars) of tumor-bearing KPC mice were cocultured

with peptide-stimulated OT-1 splenocytes and

proliferation was evaluated by 3[H]-thymidine

incorporation. Assay was performed in triplicate;

data are mean ± SD, representative of 5–10 inde-

pendent experiments. **p < 0.01, ***p < 0.001,

compared to OT-1 alone.

(B) IFN-g in supernatant from co-culture of Gr-1+

CD11b+ cells with OT-1 splenocytes (1:1 ratio) was

measured by cytokine bead array. Data are

representative of two independent experiments.

(C) Arginase activity was evaluated in the Gr-1+

fraction of normal spleens and tumor-bearing KPC

spleens. Assay was performed in triplicate; data

are mean ± SD, representative of two independent

experiments. *** indicates p < 0.001.

(D) Nitrite concentration in supernatant from

coculture of Gr-1+ CD11b+ cells with OT-1 sple-

nocytes (1:1 ratio) was measured by the Griess

reaction as an indicator of iNOS activity. Data are

mean ± SD, representative of 3 independent

experiments. *** indicates p < 0.001.

(E) Small molecule inhibition of iNOS relieves

antigen-specific suppression of T cell proliferation

mediated by Gr-1+ CD11b+ cells. Proliferation

assay was performed in triplicate at 1:1 ratio of

Gr-1+ CD11b+ cells to OT-1 cells; data are

mean ± SD nor-NOHA (arginase inhibitor), Nu-

hydroxy-nor-L-arginine; L-NMMA (iNOS inhibitor),

NG-monomethyl-L-arginine. **p < 0.01, compared

to OT-1 alone.

See also Figure S1.

Cancer Cell

Tumor GM-CSF and Myeloid Cells in Pancreas Cancer
whereas media from none of the normal pancreatic ductal cells

supported c-kit+ cell proliferation (Figure 4A). Among 11 proteins

examined, only granulocyte-macrophage colony-stimulating

factor (GM-CSF) was expressed at high levels by every PDA

line but not by any of the normal pancreatic ductal lines (Fig-

ure 4A), suggesting that tumor-derived GM-CSF might be linked

to Gr-1+ CD11b+ cell generation. We therefore tested recombi-

nant GM-CSF in our in vitro assays and found that GM-CSF

drove proliferation and differentiation of c-kit+ Gr-1� CD11b�

splenocytes isolated from tumor-bearing mice into functional

MDSC (Figure 4B). Proliferation and differentiation of c-kit+

Gr-1� CD11b� splenocytes was not observed with recombinant

vascular endothelial cell growth factor (VEGF) or stem cell factor

(SCF, also known as c-kit ligand) and only minimally with
Cancer Cell 21, 822–8
interleukin-6 (IL-6) (Figure S3). Interme-

diate proliferation was observed with

only high concentrations of recombinant

macrophage colony-stimulating factor

(M-CSF). In each case, neutralization of

GM-CSF in tumor cell conditioned media

by the addition of anti-GM-CSF mAb

completely abrogated generation of

Gr-1+ CD11b+ cells from c-kit+ precur-

sors (Figure 4C and Figure S3). Neutral-
izing antibodies to other cytokines such as anti-SCF, anti-IL-6,

or anti-interleukin-1b (IL-1b) had no effect (Figure S3), suggest-

ing that GM-CSF is both necessary and sufficient for in vitro

generation of functional, immunosuppressive Gr-1+ CD11b+

cells.

To understand the relevanceof tumor-derivedGM-CSF in vivo,

first we isolated fresh pancreatic tissue from tumor-bearing KPC

mice versus normal controls and measured GM-CSF concentra-

tions in tissue supernatant. Higher amounts of GM-CSF (>1 log)

per gram of tissue were detected in pancreata from tumor-

bearing KPC mice relative to pancreata from normal mice (Fig-

ure 5A). (Chemokines KC and CCL2 were also elevated in tumor

tissue, consistent with the cell line cytokine data.) To determine

which cells produce GM-CSF within tumors from genetically
35, June 12, 2012 ª2012 Elsevier Inc. 825



Figure 3. c-kit+ Lineage– Splenocytes Are Highly Proliferative Precursors of Gr-1+ CD11b+ Cells and Are Driven to Proliferate via Tumor-

Derived Factors

(A) Tumor-bearing KPCmice exhibit splenomegaly as indicated by spleen size of normal mice and tumor-bearing KPCmice (left) and spleen weight of normal and

KPC mice (right). Black horizontal bars represent the mean for each group (n = 5 for normal mice, n = 12 for KPC mice). Nml, normal. **p < 0.01.

(B) H&E of tumor-bearing KPC spleen (left) reveals marked disruption of normal splenic architecture and classic findings of extramedullary hematopoiesis. Note

the abundance of megakaryocytes (white arrow) and areas of erythropoiesis (black arrow). Scale bars, 50 mM. Spleen and bone marrow from normal and tumor-

bearing KPC mice (right) were evaluated by flow cytometry for c-kit+ cells.

(C) c-kit+ Gr-1� CD11b� cells (top) and Gr-1+ CD11b+ cells (bottom) from the spleens of tumor-bearing KPC mice were labeled with CFSE and cultured in the

presence of either unconditioned control media (No CM) or PDA conditioned culture media from KPC tumor lines (+ CM). Gr-1+ CD11b+ phenotype is shown at

baseline post-isolation (left). Flow cytometric analysis of CFSE dilution on day 5 (middle) demonstrates that Gr-1� CD11b� c-kit+ cells proliferate in response to

tumor conditioned media, but not control media, whereas freshly isolated Gr-1+ CD11b+ MDSC do not proliferate in either condition. Black horizontal bars

indicate undiluted CFSE intensity on day 5. The day 5 output of the proliferative Gr-1� CD11b� c-kit+ culture was evaluated by flow cytometry for surface

expression of Gr-1 and CD11b (far right). Data are representative of 5–10 independent experiments.

(D) The Gr-1+ CD11b+ cells generated from c-kit+ cells after 5 days with CM were evaluated for arginase (left) and iNOS (right) activity. Data are mean ± SD from

one of two independent experiments; **p < 0.01, ***p < 0.001.

(E) Suppressive capacity of the Gr-1+ CD11b+ cells generated from c-kit+ cells after 5 days with CM was assessed in the OT-1 T cell suppression assay, per-

formed in triplicate. Data are mean ± SD. **p < 0.01, ***p < 0.001, compared to OT-1 alone.

See also Figure S2.

Cancer Cell

Tumor GM-CSF and Myeloid Cells in Pancreas Cancer
engineered mice, we utilized a lineage marking approach (Fig-

ure 5B). A conditional Rosa26-Lox-STOP-Lox-YFP (RosaYFP)

allele was bred onto the KrasG12D; p53fl/+; Pdx-1-Cre back-

ground to permanently label the pancreatic epithelial compart-

ment during embryonic development. This approach led to

sensitive (>95% of all pancreatic epithelial cells) and specific

labeling of pancreas epithelial-derived cells, with no stromal cells

labeled (Rhim et al., 2012). Tumors from these mice and normal

pancreata from lineage labeled wild-type mice (Pdx-1-Cre;

RosaYFP) were harvested, dissociated, and single cells were

directly sorted based on YFP fluorescence. Subsequent tran-

scriptional analysis revealed that YFP+ cells from tumor-bearing
826 Cancer Cell 21, 822–835, June 12, 2012 ª2012 Elsevier Inc.
mice expressed high levels of GM-CSF mRNA compared to

YFP� cells from the same mice (Figure 5B). GM-CSF mRNA

was undetectable in either YFP+ or YFP� cells from control

mice. To investigate GM-CSF expression by human tumors

in vivo, we performed immunohistochemistry for GM-CSF on

20 PDA tumor samples obtained from patients who had under-

gone surgical resection of a primary PDA tumor. In 19 of these

cases, tumor cells prominently expressed GM-CSF (>50% of

tumor cells positive) (Figure 5C). For the positive samples, the

percentage of tumor cells that expressed GM-CSF was

84.2% ± 13.8% (mean ± SD). Tumor cells that lacked GM-CSF

expression were observed scattered throughout the tumor



Figure 4. Tumor-Derived GM-CSF Induces Proliferation and Differentiation of c-kit+ Lineage– Precursors into Functional MDSC

(A) Cytokines produced by primary PDA lines derived from KPC tumors and normal pancreatic ductal cell lines are compared in a heat map. Color scale and

corresponding cytokine values (pg/ml) are shown below. Last column indicates whether conditioned media from that cell line was found to drive proliferation of

c-kit+ lineage� cells in a CFSE proliferation assay. Nml, normal; nd, not determined.

(B) Recombinant GM-CSF is sufficient to induce proliferation and differentiation of c-kit+ lineage� cells into MDSC. Day 5 FACS analysis (left) was performed

to evaluate Gr-1 and CD11b expression on c-kit+ lineage� splenocytes cultured with control media (No CM), CM from PDA lines (+ PDA CM), or recombinant

GM-CSF (200 pg/ml). Suppressive capacity of culture outputs (right) was evaluated in the OT-1 T cell suppression assay. Data are representative of at least three

independent experiments.

(C) CFSE dilution of c-kit+ lineage� cultures is shown for day 5. Neutralization of GM-CSF by anti-GM-CSF mAb (100 mg/ml) in PDA-1 conditioned media blocks

proliferation of c-kit+ lineage� cells. Black horizontal bars indicate undiluted CFSE intensity on day 5. Data are representative of independent experiments using

conditioned media from 3 different PDA cell lines. As a control, the neutralizing capability of this anti-GM-CSF mAb was shown by its effect on recombinant

GM-CSF in this assay.

See also Figure S3.
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Figure 5. PDA Cells Produce GM-CSF and Other Factors In Vivo in KPC Mice

(A) Cytokines in fresh PDA supernatant (directly ex vivo) versus normal pancreas supernatant were compared by cytokine bead array. y-Axes are on log scales;

each symbol represents an individualmouse: normal mice (light gray diamonds) and PDAmice (dark gray diamonds). Black horizontal bars represent themean for

each group (n = 3 for normal mice, n = 7 for PDA mice). **p < 0.01.

(B) Transcriptional analysis was used to evaluate GM-CSFmRNA expression of YFP+ (epithelial) cells versus YFP� (stromal) cells sorted from tumors of KrasG12D;

p53fl/+; Pdx-1-Cre; RosaYFPmice (n = 3) or normal pancreata from lineage labeled wild-type mice (Pdx-1-Cre; RosaYFP) (n = 3). Data are mean ± SD. *p < 0.05,

***p < 0.001.

(C) Immunohistochemistry for GM-CSF was performed on surgical pancreas samples from 20 patients with PDA. PDA tumors from three representative patients

are shown (upper left, upper right, lower left), and adjacent pancreatic tissue without invasive tumor is shown for one patient (lower right). The lower left panel is

shown at higher power magnification. Scale bars, 50 mM.
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without any association to tumor grade and were only occasion-

ally found as clusters of cells.

We then studied the role of GM-CSF on tumor growth and

inflammation in vivo. PDA tumor cells that secreted GM-CSF

(cell line PDA-1) were injected subcutaneously in a matrigel

plug containing neutralizing anti-GM-CSF mAb (versus purified

rat IgG2a as a control) into the flanks of normal control mice.

This matrigel subcutaneous assay was developed to allow for

GM-CSF neutralization within the local tumor microenvironment

given that systemic administration of anti-GM-CSF antibody was

unable to achieve sufficient concentrations within the tumor

microenvironment to neutralize GM-CSF effectively (data not

shown). Six days after implantation, PDA-1 cells injected with

IgG2a established tumors, but PDA-1 cells injected with anti-

GM-CSF failed to grow and the injected plugs, upon resection,

weighed statistically significantly less (Figure 6A). Histologically,

PDA-1 cells injected with anti-GM-CSF mAb appeared necrotic

after 6 days compared to viable tumor cell nests in the control
828 Cancer Cell 21, 822–835, June 12, 2012 ª2012 Elsevier Inc.
(Figure 6A). Moreover, the infiltration of CD45+ Gr-1+ CD11b+

cells observed in control tumors was reduced in tumor cells

implanted with anti-GM-CSF mAb (Figures 6B and 6C). Weight,

histology, and leukocyte infiltration on day 6 was the same for

PDA-1 cells injected with anti-GM-CSFmAb as for lethally irradi-

ated (10 Gy) PDA-1 cells injected with anti-GM-CSF mAb

(Figures 6A and 6C).

To determine whether the GM-CSF that was required for

tumor formation in this assay was tumor-derived, we knocked

down GM-CSF expression in PDA-1 cells using short-hairpin

RNA (shRNA) technology. Compared to vector only (mock

PDA-1 cells), shGM-CSF PDA-1 cells expressed > 90% less

GM-CSF, whereas expression of other cytokines such as

VEGF and KC was not affected (Figure S5). shGM-CSF

PDA-1 cells or mock PDA-1 cells were then implanted subcuta-

neously in matrigel into the flanks of normal control mice and

observed for 6 days. Similar to the experiments with anti-

GM-CSF, mock PDA-1 cells established tumors in vivo, but



Figure 6. GM-CSF Neutralization with Anti-GM-CSF Antibody Limits Tumor Growth and Recruitment of Gr-1+ CD11b+ Cells In Vivo

(A) Normal control mice (6–14 weeks) were implanted subcutaneously with the GM-CSF-producing cell line PDA-1 in matrigel with either a neutralizing anti-GM-

CSF mAb (aGM) or isotype control antibody, with or without tumor cell irradiation (IR), and with or without intraperitoneal administration of a depleting CD8 mAb.

On day 6, tumor growth was evaluated by H&E (top; images of one representative mouse per group are shown) and tumor weight (bottom; data are mean ± SD).

n = 3–11 mice per group. Scale bars, 50 mM. **p < 0.01, ***p < 0.001.

(B) The immune infiltrate was evaluated by immunohistochemistry (left) and immunofluorescence (right) for CD45 and Gr-1. Images of one representative mouse

per group are shown (3–11 mice per group). Scale bars, 50 mM.

(C) Absolute numbers of CD45+ cells (left) andGr-1+ CD11b+ cells (right) were quantified by flow cytometry. Data aremean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figure S4.
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shGM-CSF PDA-1 cells failed to grow and the resected plugs

weighed significantly less (Figure 7A). Histologically, shGM-

CSF PDA-1 cells appeared necrotic after 6 days compared to

viable tumor cell nests in the control (Figure 7A). There was

a significant reduction in the inflammatory infiltrate in experi-

ments with shGM-CSF PDA-1 cells, including fewer Gr-1+

CD11b+ cells (Figures 7B and 7C). Weight, histology, and leuko-

cyte infiltration on day 6 was the same for shGM-CSF PDA-1

cells as these parameters were for lethally irradiated (10 Gy)

shGM-CSF PDA-1 cells (Figures 7A and 7C).

We also examined the effect of GM-CSF blockade and

knockdown on Gr-1� CD11b+ monocytes/macrophages in the

implanted tumor model. In each experimental system (i.e., anti-

GM-CSF antibody or shGM-CSF), we observed a statistically

significant decrease in tumor infiltrating Gr-1� CD11b+ cells

compared to control tumors (Figure S4). Importantly, a major

subset of Gr-1+ CD11b+ cells were found to express high levels

of Ly6C, and among this population, > 90% expressed the

macrophage marker F4/80 (data not shown), underscoring

a potential biological continuum of monocytes, macrophages,

and immature myeloid cells. We were unable to identify an

adequate method of depleting macrophages without impacting

Gr-1+ CD11b+ cells in our mice. For example, we found that

administration of clodronate encapsulated liposomes (CEL)
depleted Gr-1� CD11b+ F4/80+ macrophages as well as

Ly6Chigh Gr-1+ CD11b+ cells (data not shown). We therefore

repeated our tumor implantation experiments with anti-Gr-1

antibody versus isotype control and found that administration

of anti-Gr-1 antibody depletes Gr-1+ CD11b+ myeloid cells but

not Gr-1� CD11b+ macrophages (Figure S4). Importantly, coin-

jection of anti-Gr-1 antibody with PDA-1 cells recapitulated our

findings with anti-GM-CSF such that tumor implants failed to

grow (Figure S4). Thus, depletion of Gr-1+ CD11b+ cells alone

is sufficient for impaired tumor growth in this model.

We hypothesized that GM-CSF produced by tumor cells may

drive the generation of Gr-1+ CD11b+ cells, which suppress anti-

tumor T cell immunity. We therefore examined whether tumor

rejection observed in the setting of GM-CSF neutralization or

genetic knockdown was mediated by CD8+ T cells. We repeated

the 6 day implantation experiments in the setting of in vivo

CD8 depletion (Figure S4). Strikingly, CD8 depletion restored

tumor growth for both PDA-1 cells implanted with anti-GM-

CSF and shGM-CSF PDA-1 cells (Figures 6A and 7A), linking

tumor-derived GM-CSF to Gr-1+ CD11b+ cell accumulation

and CD8+ T cell suppression. To confirm this, we used a genetic

approach and repeated experiments in Rag2�/� mice. We

found that shGM-CSF PDA-1 tumor cells grew vigorously in

Rag2�/� mice, even though they failed to grow in T cell replete
Cancer Cell 21, 822–835, June 12, 2012 ª2012 Elsevier Inc. 829



Figure 7. Genetic Knockdown of GM-CSF Demonstrates that Tumor-Derived GM-CSF Regulates Tumor Growth and Recruitment of Gr-1+

CD11b+ Cells In Vivo

(A) Normal control mice or Rag2�/� mice (6–14 weeks) were implanted subcutaneously with either shGM-CSF PDA-1 cells (shGM) or vector only PDA-1 cells

(Mock) inmatrigel with or without tumor cell irradiation (IR), andwith or without intraperitoneal administration of a depleting CD8mAb. On day 6, tumor growthwas

evaluated by H&E (top; images of one representative mouse per group are shown) and tumor weight (bottom; data are mean ± SD). n = 3 to 7 mice per group.

Scale bars, 50 mM. *p < 0.05, **p < 0.01, ***p < 0.001.

(B) The immune infiltrate was evaluated by immunohistochemistry (left) and immunofluorescence (right) for CD45 and Gr-1. Images of one representative mouse

per group are shown (3–7 mice per group). Scale bars, 50 mM.

(C) Absolute numbers of CD45+ cells (left) andGr-1+ CD11b+ cells (right) were quantified by flow cytometry. Data aremean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figure S5.
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mice (Figure 7A). In addition, we found that CD8+ T cells infil-

trated tumors more vigorously after GM-CSF knockdown. This

finding was demonstrated by immunofluorescence for CD8

expression and quantified by flow cytometry (Figure S5). To

understand if CD8+ T cells from GM-CSF knockdown tumors

exhibited effector functions, we evaluated tumor-infiltrating

CD8+ T cells for their capacity to secrete IFN-g and mobilize

CD107a, the latter serving as a biomarker of lytic function

(Betts et al., 2003). We found that compared to CD8+ T cells

from mock PDA-1 tumors, CD8+ T cells from shGM-CSF

PDA-1 tumors exhibited a higher percentage of IFN-g+ CD107a+

cells (Figure S5). Importantly, CD8 depletion did not rescue

infiltration of Gr-1+ CD11b+ cells into shGM-CSF PDA-1 tumors,

suggesting that PDA-1 tumor cells can grow in the setting of

minimal Gr-1+ CD11b+ cells, provided CD8+ T cells are absent

(Figure 7).
830 Cancer Cell 21, 822–835, June 12, 2012 ª2012 Elsevier Inc.
DISCUSSION

It has become widely appreciated that tumor-associated inflam-

mation is an enabling characteristic of cancer and contributes

to tumor escape from immune destruction (Hanahan and

Weinberg, 2011). Here, focusing on PDA in mice as a model of

the human disease, we demonstrate that tumor cell-derived

GM-CSF can orchestrate an immunosuppressive crosstalk

between Gr-1+ CD11b+ immature myeloid cells and CD8+

T cells. Overall, our data support a model in which myeloid

inflammatory cells negatively regulate CD8+ T cells via tumor-

derived GM-CSF (Figure 8).

Although GM-CSF clearly regulates hematopoiesis as

a growth factor, its role as an immunomodulatory cytokine has

become increasingly appreciated. Depending on the setting,

these effects can either promote or suppress cellular immune
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responses. In studies of implantable tumormodels, GM-CSF has

been linked to the generation of Gr-1+ CD11b+ cells with immu-

nosuppressive features (Bronte et al., 1999; Dolcetti et al., 2010;

Morales et al., 2010; Serafini et al., 2004). For example, GM-

CSF-transducedmelanoma cells induce the systemic expansion

of Gr-1+ CD11b+ cells and inhibit memory CD8+ T cells (Bronte

et al., 1999). Knockdown of GM-CSF in tumor cell lines has

been shown to alter the subset distribution of Gr-1+ CD11b+

myeloid cells following implantation in mice, primarily reducing

the Gr-1low and Gr-1int populations which are the most suppres-

sive in these models (Dolcetti et al., 2010). Here, we show that

GM-CSF is produced in vivo in a spontaneous tumor that is char-

acterized by prominent infiltration of suppressive Gr-1+ CD11b+

cells. We also demonstrate that human pancreatic tumors cells

express GM-CSF in vivo; therefore, these findings are signifi-

cantly relevant to understanding the human disease.

GM-CSF may not be critical for the development of Gr-1+

CD11b+ cells in every tumor model or histology. In mice with

combined loss of IFN-g, IL-3, and GM-CSF, lung carcinomas

develop at a high frequency and exhibit an infiltrate of Gr-1+

CD11b+ leukocytes (Dougan et al., 2011). Moreover, cytokines

and growth factors other than GM-CSF have been implicated

in the pathophysiology of Gr-1+ CD11b+ leukocytes in other

mouse models—including IL-1b, IL-6, and VEGF (Melani et al.,

2003)—but none of these factors explains the effects we

observed regarding the generation of suppressive Gr-1+

CD11b+ cells in the PDA model. For example, the pro-inflamma-

tory cytokine IL-1b has been implicated in MDSC pathophysi-

ology such that fibrosarcoma or 4T1 mammary carcinoma cell

lines engineered to secrete IL-1b grow more rapidly than control

tumors upon implantation due to enhanced accumulation of

Gr-1+ CD11b+ and concomitant T cell suppression (Bunt et al.,

2006; Song et al., 2005). Mice lacking the IL-1 receptor exhibit

delayed accumulation of MDSC and slower progression of

implanted 4T1 mammary tumors and interestingly, these effects

are partially restored by exogenous administration of IL-6,

indicating that IL-6 may contribute independently to MDSC

expansion (Bunt et al., 2007). Stomach-specific expression of

human IL-1b in transgenic mice leads to spontaneous gastric

inflammation, invasive cancer, and mobilization of MDSC (Tu

et al., 2008). In the KPC model of PDA, however, we observed

accumulation of Gr-1+ CD11b+ cells in the spleen and tumor

despite the observations that (1) PDA tumor cells did not secrete
IL-1b, and (2) the addition of neutralizing anti-IL-1b antibody to

PDA-conditioned media failed to attenuate the proliferation

and induction of MDSC from precursor cells. Although recombi-

nant IL-6 did trigger low level proliferation of c-kit+ splenocytes,

PDA tumors cells (with one exception) did not produce IL-6 and

the addition of neutralizing anti-IL-6 antibody to PDA-condi-

tioned media had no effect in these assays. More likely in PDA,

tumor-associated macrophages release IL-6 that directly affects

the epithelium and promotes PanIN progression and PDA devel-

opment in vivo (Beatty et al., 2011; Lesina et al., 2011). Indeed,

our data are consistent with those of previous studies demon-

strating IL-6 production primarily by stromal cells, not the tumor,

in mouse models (Lesina et al., 2011) as well as human PDA

(Bellone et al., 2006; Lesina et al., 2011). In mice, IL-6 production

can be induced in PDA tumor cells, or in pancreas epithelium

harboring mutant Kras, but only after an acute inflammatory

insult (Fukuda et al., 2011). IL-6 production has been reported

in some, but not all, human PDA cell lines (e.g., Bellone et al.,

2006). In addition, IL-6 expression in tumors may be silenced

by DNA methylation (Dandrea et al., 2009). For IL-1b, variable

expression by human PDA cell lines has been described (Bellone

et al., 2006), and in mice, IL-1b can be induced in pancreas

epithelium harboring mutant Kras, but only after an acute inflam-

matory insult (Fukuda et al., 2011). Overexpression of IL-1b in the

mouse pancreas results in pancreatitis but interestingly, not

PanIN or PDA (Marrache et al., 2008).

To understand whether GM-CSF production is an early event

in oncogenesis, we generated PanIN epithelial cell lines from

PanIN-only-bearing KPC mice and found low level production

of GM-CSF. Supernatant from PanIN lines supported the prolif-

eration of c-kit+ splenocytes into Gr-1+ CD11b+ cells, but not to

the extent of supernatant from PDA lines (data not shown). This

proliferation, however, could be fully blocked by anti-GM-CSF

antibody. A caveat from our studies is that we cannot determine

the grade of the PanIN lesions fromwhich the lines were derived.

Importantly, our results are consistent with data described by

Pylayeva-Gupta et al. (Pylayeva-Gupta et al., 2012).

VEGF and granulocyte colony-stimulating factor (G-CSF) have

also been implicated in MDSC development (Gabrilovich et al.,

1998; Huang et al., 2007; Roland et al., 2009; Dolcetti et al.,

2010). In our model of PDA, however, recombinant VEGF had

little or no effect on the generation of Gr-1+ CD11b+myeloid cells

from precursor cells isolated from PDA-bearing KPC mice even

though our PDA lines produce high levels of VEGF. Furthermore,

normal pancreatic ductal cells also secreted VEGF (albeit some-

what less so than PDA cells) yet Gr-1+ CD11b+ cells did not

accumulate around normal ducts in vivo and conditioned media

from normal ductal cells failed to support proliferation of c-kit+

splenocytes intoMDSC.We found thatmost PDA lines produced

G-CSF; however, supernatant from a G-CSF negative line sup-

ported proliferation of c-kit+ splenocytes. Some of the normal

ductal cell lines also produced G-CSF yet supernatant from

these normal lines did not support c-kit+ cell expansion.

Recent studies have also linked the chemokine CCL21 to the

appearance ofMDSC in the B16-F10 implantablemodel of mela-

noma (Shields et al., 2010), and other investigators have uncov-

ered that IL-25 elicits a multipotent progenitor cell population in

mucosal tissue that can differentiate into cells of various myeloid

lineages (Saenz et al., 2010), but neither CCL21 nor IL-25 is
Cancer Cell 21, 822–835, June 12, 2012 ª2012 Elsevier Inc. 831
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produced by PDA in our model. Because all PDA lines produce

high levels of CCL2 and KC, we also evaluated these factors in

our in vitro assays, but neither supported the proliferation of

precursors into MDSC, and moreover, these factors were

produced by normal pancreatic epithelial cells. Rather, GM-CSF

was the only factor that met all the criteria of a tumor-associated

driving factor for MDSC generation in our experimental system

(i.e., secreted by PDA, not secreted by normal pancreatic epithe-

lial cells, and contributed necessarily to the generation of

suppressive MDSC from c-kit+ splenocytes).

Disruption of CD8 immunity by elements of the tumormicroen-

vironment is thought to be a major mechanism of tumor immune

escape (Schreiber et al., 2011). Our data demonstrate the critical

role Gr-1+ CD11b+ cells play in suppressing T cell immune

responses in vitro and in vivo in PDA. In particular, abrogation

of tumor-derived GM-CSF reduced Gr-1+ CD11b+ cell infiltration

and implanted tumors failed to grow; however, CD8+ T cell

depletion fully rescued tumor growth, even though Gr-1+

CD11b+ cell infiltration was not completely restored. These

data suggest that Gr-1+ CD11b+ cells can play a primary immune

suppressive role. Other potential roles of Gr-1+ CD11b+ cells in

regulating tumor growth (Yang et al., 2004, 2008, 2011) appear

therefore to be secondary or noncontributory to tumor growth,

at least in this assay. This may explain our previous observation

that in genetically engineered murine models of PDA, the infiltra-

tion of CD8+ T cells and Gr-1+ CD11b+ cells is mutually exclu-

sive (Clark et al., 2007).

In summary, we propose that the secretion of GM-CSF by

transformed pancreatic epithelial cells is critically involved in

the regulation of inflammation associated with PDA. A major

component of this inflammation is the generation of Gr-1+

CD11b+ immature myeloid cells from c-kit+ lineage� precursor

cells. We show that these myeloid cells can suppress antitumor

T cell immunity as a primary function and suggest that MDSC

contribute to the failure of T cell immunosurveillance in PDA-

bearing hosts. In patients, nearly every tumor studied had high

GM-CSF expression so that it was not practical to correlate

levels of tumor GM-CSF with Kras mutational status. Our find-

ings carry important implications for the design of novel

therapies for patients with PDA and highlight the potential for dis-

rupting the crosstalk of tumor cells with the immune system by

targeting Gr-1+ CD11b+ cells or the cytokines that regulate their

differentiation.

EXPERIMENTAL PROCEDURES

Mice

All animal protocols were reviewed and approved by the Institutional Animal

Care and Use Committee of the University of Pennsylvania. KrasLSL-G12D/+,

Trp53LSL-R172H/+, Pdx1-Cre (KPC) mice have been previously described

(Hingorani et al., 2005). Normal healthy Trp53LSL-R172H/+, Pdx1-Cre mice or

Pdx1-Cre mice were used as controls or hosts for implantable tumor studies.

Rag2�/� mice were used as hosts in some implantable tumor studies.

KrasG12D; p53fl/+; Pdx1-Cre; RosaYFP and Pdx1-Cre; RosaYFP mice (Rhim

et al., 2012) were used for lineage tracing studies.

Collection of Tissue Samples from Mice

The entire pancreas containing tumor, peripancreatic lymph nodes, and

normal pancreas tissue was washed in PBS, minced into small fragments,

and incubated in collagenase solution (1 mg/ml collagenase V in RPMI-

1640) at 37�C for 45 min. Dissociated cells were passed through a 70 mM
832 Cancer Cell 21, 822–835, June 12, 2012 ª2012 Elsevier Inc.
cell strainer and washed three times in RPMI-1640 supplemented with 10%

FCS and 0.05 mM 2-mercaptoethanol, gentamicin and L-glutamine (complete

media). Spleens were homogenized and passed through a 70 mM cell strainer

to achieve single cell suspensions. Red blood cells were lysed using ACK Lysis

Buffer (Cambrex/BioWhittaker).

Antibodies

The following monoclonal antibodies were used in flow cytometry: anti-CD45

(30-F11; PE, PE-Cy7, APC), anti-Gr-1 (RB6-8C5; APC-Cy7), anti-CD11b (M1/

70; PE, PerCP-Cy5.5), anti-CD3 (145-2C11; FITC), anti-CD8 (Ly-2; PE-Cy7,

APC-Cy7), anti-CD4 (RM4-5; PerCP-Cy5.5), anti-CD19 (1D3; PerCP-Cy5.5),

CD107a (1D4B; FITC), IFN-g (XMG1.2; PE) (all from BD Biosciences), and

anti-CD11c (eBioscience; N418; PerCP-Cy5.5). The viability marker 7-amino-

actinomycin D (7-AAD) was from BD Biosciences. For in vivo studies,

endotoxin-free antibodies were used: anti-GM-CSF (Biolegend; MP1-22E9),

anti-CD8 (BioXcell; 2.43), anti-Gr-1 (BioXcell; RB6-8C5), isotype control rat

IgG2a (BioXcell; 2A3), and isotype control rat IgG2b (BioXcell; LTF-2).

Flow Cytometry

Single cell suspensions were stained with fluorochrome-labeled antibodies at

4�C for 15 min in PBS/1% FCS. Cells were analyzed on a FACSCanto flow

cytometer (BD Biosciences) using BD FACSDiva software (BD Biosciences

Immunocytochemistry).

Cytology of Gr-1+ CD11b+ Cells

CD45+ Gr-1+ CD11b+ cells were sorted (>98%) from spleens and pancreata of

tumor-bearing KPCmice using a BD FACSAria flow cytometer. Cytospin prep-

arations were stainedwith Diff-Quickmodified Giemsa reagent (Polysciences).

Isolation of Gr-1+ CD11b+ Cells and Functional T Cell

Suppression Assay

Gr-1+ CD11b+ cells were isolated from the spleen and pancreas of KPC mice

by cell sorting or by high-gradient magnetic cell separation (MACS; Miltenyi

Biotec, Bergisch-Gladbach, Germany). For magnetic separation, single cell

suspensions were incubated with Gr-1 biotinylated mAb (RB6-8C5) followed

by anti-biotin mAb coupled to magnetic beads (Miltenyi Biotec) and sorted

using MS MACS columns and the MidiMACS system (Miltenyi Biotec)

(>90%Gr-1+ CD11b+ cells by flow cytometry). Antigen-specific and polyclonal

suppression of CD8+ T cells was evaluated in a co-culture assay in which sple-

nocytes from either OT-1 transgenic mice (antigen-specific assay) or normal

mice (polyclonal assay) were seeded in triplicates in 96-well round bottom

plates (83 105/well). Splenocytes were cultured in the presence of increasing

ratios of Gr-1+ CD11b+ cells and stimulated with either cognate antigen, OVA-

derived peptide SIINFEKL (1 mg/ml; New England Peptide) (antigen-specific

assay), or anti-CD3 (0.5 mg/ml; BD Biosciences; 145-2C11) and anti-CD28

(1 mg/ml; BDBiosciences; 37.51) (polyclonal assay). On day 3 of the co-culture,

cells were pulsed with 3[H]-thymidine (1 mCi per well; Amersham Biosciences)

and 18 hr later 3[H]-thymidine incorporation was assessed. In some experi-

ments, the OT-1 splenocytes were labeled with CFSE. OT-1 CD8+ T cells

were evaluated on day 3 by flow cytometry for CFSE dilution.

CFSE Labeling of Mouse Cells

Cells were resuspended at 10-20x106 per mL in a minimum volume of 500 ml

PBS and incubated with CFSE (0.5 mM) at RT for 8 min with constant swirling.

The reaction was then quenched with media containing 10% FCS.

Arginase Production

Gr-1+ CD11b+ cells (106) were isolated, resuspended in 50 ml lysis buffer (0.1%

Triton X-100 with 100 mg/ml Pepstatin A, Aprotinin, and Antipain), and shaken

for 30min at 37�C. Following lysis, 50 ml of 50 mM Tris-HCl / 10 mMMnCl2 was

added and the mixture was heated for 10 min at 56�C. The lysate was incu-

bated with 100 ml of 0.5 M L-arginine for 120 min at 37�C. The reaction was

stopped with 800 ml of H2SO4 (96%) / H3PO4 (85%) / H20 (1:3:7 by volume).

Subsequently, 40 ml of 9% (by weight) a-isonitrosopropiophenone (ISPF) in

100% ethanol was added, followed by heating at 95�C for 30 min. After

10min in the dark, urea concentration wasmeasured at 540 nm and compared

to a standard curve generated by serial dilution of 750 mg/ml urea. Arginase

activity (units) was determined by the amount of urea (mg) formed per minute.
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Nitric Oxide Production

Nitric oxide production by Gr-1+ CD11b+ cells was evaluated in culture super-

natant from the OT-1 T cell suppression assay using the Griess Reagent

System (Promega). Equal volumes of supernatant (40 ml) and 1% sulfanilamide

in 5%phosphoric acid were incubated at RT for 10min, followed by addition of

0.1% N-1-naphthylethylenediamine dihydrochloride in water. After 10 min at

RT, absorbance at 550 nm was measured. Nitrite concentrations were deter-

mined by comparing absorbance values to a standard curve generated by

serial dilution of 0.1 mM sodium nitrite.

BrdU Labeling and Analysis

c-kit+ lineage� cells on day 4 of culture were labeled with BrdU (BD Biosci-

ences; 10 mM) for 2 hr at 37�C and prepared for flow cytometric analysis

according to the FITC BrdU Flow Kit (BD Biosciences).

Cell Lines

PDA cell lines from KPC mice were derived by from single cell suspensions of

PDA tissue. Dissociated cells were plated in a 6-well dish with serum free

DMEM. After 2 weeks, media was changed to DMEM + 10% FCS. After 3–6

passages, cells were used in experiments. Cell lines established from PDA

tumors of KPC mice with confirmed genotypes were injected into normal

mice to confirm tumorigenicity. At necropsy, transplanted tumors were

inspected pathologically by H&E staining and invasive carcinoma was

confirmed.

Fresh Tumor Supernatant Collection

Tumors were excised, washed in PBS, weighed, and minced into small frag-

ments with sterile scissors. Tissue supernatant was harvested by adding

400 ml complete media and compressing tumor fragments with the plunger

of a 3 ml syringe. The tumor tissue solution was centrifuged at 13,000 rpm 3

10 min, and the supernatant carefully collected.

Cytokine Analysis

Cytometric bead array (BD Biosciences) and ELISA (R&D systems) were used

to quantify cytokines in supernatant from PDA lines and wild-type pancreatic

ductal cell lines cultured in DMEM + 10% FCS and in supernatant harvested

from freshly isolated KPC tumors. For both methods, quantification of cyto-

kines was determined by reference to recombinant murine standards.

Pancreas Cell Sorting and Transcriptional Analysis

Single pancreas cells from tumor-bearingKrasG12D; p53fl/+;Pdx1-Cre; RosaYFP

mice and non-tumor-bearing Pdx1-Cre; RosaYFP control mice were sorted

based on YFP fluorescence into tubes with chilled RLT buffer (QIAGEN). The

sorted YFP+ and YFP� populations are referred to as pancreatic epithelial

and stromal compartments, respectively. RNA was extracted from samples

using the RNEasy kit (QIAGEN). First strand cDNA was synthesized using

SuperScript III (Invitrogen). qPCR was performed using Taqman probes for

GAPDH and GM-CSF (Applied Biosystems). Relative expression was deter-

mined after adjusting for GAPDH.

shRNA Knockdown of GM-CSF in PDA-1 Cells

GIPZ lentiviral shRNAmir targeting GM-CSF (Clone ID: V2LMM_64126) and

GIPZ nonsilencing control viral particles (Catalog # RHS4348) were purchased

from OpenBiosystems. PDA-1 cells were infected with high-titer concentrated

lentiviral suspensions and selected with 10 mg/ml Puromycin. GFP-positive

single cells were sorted using a MoFlo cell sorter and clonal PDA-1 cell lines

were derived. In vitro growth kinetics for shGM-CSF PDA-1 cells or mock

PDA-1 cells did not differ from the parental PDA-1 cell line.

Short-Term PDA Implantation Studies

PDA-1 tumor cells (106) were injected subcutaneously with anti-GM-CSFmAb

(BioLegend; 250 mg) or purified rat IgG2a (BioXcell; 250 mg) imbedded as plugs

with matrigel matrix (Collaborative Biomedical Products) into the flanks of

normal control mice for 6 days. For GM-CSF knockdown studies, mock

PDA-1 cells (106) or shGM-CSF PDA-1 cells (106) were injected subcutane-

ously with matrigel matrix for 6 days. In some experiments, tumor cells were

lethally gamma-irradiated (10 Gy) prior to implantation. For depletion of

CD8+ T cells or Gr-1+ cells, anti-CD8 mAb (BioXcell; 200 mg), anti-Gr-1 mAb
(BioXcell; 500 mg), or as a control purified isotype control rat IgG2b (BioXcell;

200 mg) was injected intraperitoneally on days �1, 0, 1, and 3 with respect

to tumor cell inoculation.

Immunohistochemistry and Histopathology

Immunohistochemistry and histopathology were performed on frozen tissue

sections. Sections were fixed in 3% formaldehyde for analysis of CD45 (BD

Biosciences; 3-F11; 1:50) and Gr-1 (BioXCell; RB6-8C5; 15 mg/ml). Endoge-

nous peroxidases were quenched in 0.3% H2O2 in water for 10 min. Sections

were blocked with 10% goat serum in PBS + 0.1% Tween-20 for 30 min

followed by labeling with primary antibody overnight at 4�C. Sections

were washed and incubatedwith goat anti-rat biotinylated secondary antibody

(BD Biosciences; 1:200) for 1 hr at RT. Remaining steps were performed

using Vectastain ABC kits (Vector Labs). Slides were counterstained with

hematoxylin.

Human surgical material was obtained after informed consent using an Insti-

tutional Review Board approved protocol. Formalin-fixed paraffin-embedded

tissues were sectioned for immunohistochemistry. After rehydration, sections

were incubated in 1% hydrogen peroxide/methanol then with 10 mM sodium

citrate/0.05% Tween-20 (pH 6.0) in a microwave oven for antigen retrieval.

Sections were then blocked with 10% serum/1% BSA/0.5% Tween-20 for

1 hr at RT, then incubated with rabbit anti-GM-CSF (Novus Biologicals) over-

night at 4�C. Secondary antibody was biotinylated goat anti-rabbit IgG (Vector

Laboratories).

Immunofluorescence

Immunofluorescence was performed on frozen tissue sections. Section were

fixed in 3% formaldehyde for analysis of CD45 (BD Biosciences; 3-F11;

1:50) or �20�C methanol for analysis of Gr-1 (BioXCell; RB6-8C5; 15 mg/ml)

and CD8 (BioXCell; 2.43; 15 mg/ml). Sections were blocked with 10% goat

serum in PBS + 0.1% Tween-20 for 30 min followed by labeling with primary

antibody overnight at 4�C. Sections were washed and incubated with Alexa

Fluor 568 goat anti-rat secondary antibody (Invitrogen; 1:500) along with

DAPI (Invitrogen; 1:1000) for 1 hr at RT protected from the light. Sections

were mounted with Aqua-Poly/Mount (Polysciences).

CD8+ T Cell IFN-g/CD107a Analysis

Single cell suspensions of matrigel tumor plugs were mixed with anti-CD107a

FITC (1:100) and plated in a 96-well round bottom plate with GolgiStop protein

transport inhibitor (containing monensin) (BD Biosciences) and complete

media or media containing anti-CD3 (0.5 mg/ml) and anti-CD28 (1 mg/ml) as

a positive control. Cells were incubated at 37�C for 5 hr, then were washed

and stained for surface molecules. Cells were fixed and permeabilized

(eBiosciences) followed by intracellular cytokine staining with anti-IFN-g PE

(1:50; BD Biosciences) prepared in permeabilization buffer for 20 min at 4�C.
Cells were washed and analyzed on a FACSCanto flow cytometer (BD Biosci-

ences) for IFN-g and CD107a expression on CD45+ CD8+ CD11b� CD11c�

CD4� CD19� cells.

Statistical Analyses

All statistical analyses were determined by Student’s t test using GraphPad

Prism software.
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SUMMARY
Stromal responses elicited by early stage neoplastic lesions can promote tumor growth. However, themolec-
ularmechanisms that underlie the early recruitment of stromal cells to sites of neoplasia remain poorly under-
stood. Here, we demonstrate an oncogenic KrasG12D-dependent upregulation of GM-CSF in mouse pancre-
atic ductal epithelial cells (PDECs). An enhanced GM-CSF production is also observed in human PanIN
lesions. KrasG12D-dependent production of GM-CSF in vivo is required for the recruitment of Gr1+CD11b+

myeloid cells. The suppression of GM-CSF production inhibits the in vivo growth of KrasG12D-PDECs, and,
consistent with the role of GM-CSF in Gr1+CD11b+mobilization, this effect ismediated byCD8+ T cells. These
results identify a pathway that links oncogenic activation to the evasion of antitumor immunity.
INTRODUCTION

Pancreatic ductal adenocarcinoma (PDA) is a highly aggressive

malignancy with a dismal long-term prognosis. Indeed, the

disease exhibits a median survival of less than 6 months and

a 5-year survival rate of 3%–5% (Kern et al., 2011; Maitra and

Hruban, 2008). PDA evolves through a series of histopatholog-

ical changes, referred to as pancreatic intraepithelial neoplasia

(PanIN), accompanied by a recurrent pattern of genetic lesions,

the earliest and most ubiquitous of which is oncogenic activa-

tion of Kras (Hong et al., 2011; Maitra and Hruban, 2008;

Shi et al., 2008). The essential role of oncogenic Kras in the

pathogenesis of PDA is indicated by several genetically

engineered mouse models, wherein the conditional expression

of the mutated allele of Kras in the pancreas is necessary and/

or sufficient to drive disease progression from the early preinva-

sive to a malignant stage (Hingorani et al., 2003; Seidler et al.,

2008). Though the mechanisms by which oncogenic Kras
Significance
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contributes to the genesis and progression of PDA have not

been fully elucidated, the proliferative and survival advantages

conferred on epithelial cells by the expression of endogenous

oncogenic Kras have been clearly implicated (Pylayeva-Gupta

et al., 2011).

In addition to the well-documented molecular and histological

alterations exhibited by the tumor cells themselves, as well as

by their preneoplastic precursors, a hallmark of PDA is an exten-

sive stromal remodeling, the most prominent features of which

are the recruitment of inflammatory and mesenchymal cells as

well as fibrotic replacement of the pancreatic parenchyma

(Chu et al., 2007; Kleeff et al., 2007; Maitra and Hruban, 2008).

Strikingly, histological assessment of pancreata of human

patients afflicted with PDA or mice engineered to express onco-

genic Kras in the epithelial compartment of the pancreas reveals

that even early stages of PanIN development are associated with

a stromal reaction, which is characterized by a robust desmo-

plastic response and recruitment of immune cells (Chu et al.,
malignancy currently ranked as the fourth-leading cause of
ent is accompanied by pronounced changes in stromal
e mechanisms that contribute to these changes have not
tional activation of Kras in pancreatic ductal cells triggers
ansion of immunosuppressive Gr1+CD11b+ myeloid cells,
ity. Our findings implicate oncogenic Kras in restraining the
arriers for designing effective immunotherapeutic strategies
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2007; Clark et al., 2007). However, the precise role played by the

PanIN-associated stroma in PDA development has not been es-

tablished. On the basis of the composition of the immune

infiltrates surrounding the PanINs, it has been proposed that

the stromal constituents around PanINs form an inflammatory

and immune suppressive environment, thereby allowing the

precursor lesions to escape immune surveillance (Clark et al.,

2009). Consistent with this idea, studies in both humans and

mice have demonstrated a dampened adaptive immune

response accompanying the formation of oncogenic Ras-driven

cancers (Clark et al., 2009; DuPage et al., 2011; Fossum et al.,

1995; Gjertsen and Gaudernack, 1998; Kubuschok et al., 2006;

Qin et al., 1995; Weijzen et al., 1999). Moreover, there is growing

evidence that targeting the tumor immune microenvironment

may provide an effective therapeutic strategy (Quezada et al.,

2011).

To explore the functional interactions between PanINs and

their microenvironment, we sought to identify the mechanisms

by which precursor lesions harboring oncogenic Kras instigate

a stromal response.

RESULTS

To investigate the role of oncogenic Kras in modulating the host

immune response during PanIN evolution, we established an

orthotopic allograft system in which primary ductal epithelial

cells (PDECs) isolated from LSL-KrasG12D knock-in mice were

injected into the pancreata of syngeneic C57Bl/6 mice. The

expression of the KrasG12D allele in these cells was induced prior

to implantation by Cre-mediated recombination, as previously

described (Lee and Bar-Sagi, 2010); for the purpose of their

in situ identification, the cells were engineered to express green

fluorescent protein (GFP). Unless otherwise specified, these

cells are referred to throughout the article as GFP-KrasG12D-

PDECs. To minimize the possibility of a genetic drift, PDECs

were propagated in culture only for a limited number of passages

(<16). As illustrated in Figure 1A, implanted GFP-KrasG12D-

PDECs formed ductal structures of heterogeneous size and

architecture mostly resembling early PanIN lesions and reactive

ducts. Notably, the grafts were characterized by a pronounced

localized desmoplasia (Trichrome staining, Figure 1A) and the

overt presence of CD45+ immune cells (Figure 1B). The same

results were obtained using five independent PDEC isolates,

indicating that GFP-KrasG12D-PDEC implants possess an

intrinsic capacity to invoke a robust stromal response. Sham

injections had no apparent effect on the pancreatic parenchyma

(data not shown), ruling out the contribution of injury-induced

inflammation to the observed immune response. GFP-labeled

wild-type PDECs (GFP-WT-PDECs) failed to engraft (Figure S1A

available online) consistent with their previously reported survival

disadvantage relative to KrasG12D-PDEC (Lee and Bar-Sagi,

2010).

To ascertain whether the immunologic reaction evoked by

KrasG12D-PDECs in the orthogenic system is physiologically

relevant, we compared by flow cytometry analysis the overall

abundance and subtype distribution of immune cells in pan-

creata containing GFP-KrasG12D-PDEC grafts and pancreata

from p48-Cre;LSL-KrasG12D mice (Hingorani et al., 2003). At

8 weeks after implantation, the abundance of CD45+ cells in
GFP-KrasG12D-PDEC pancreata was similar to that observed in

pancreata from 12-week-old p48-Cre;LSL-KrasG12D mice (Fig-

ure S1B), which, at this stage, typically display early PanIN

lesions that are scattered throughout the organ (Hingorani

et al., 2003). By and large, the distribution of the major immune

cell subtypes was similar in both models (Figure 1C). In addition,

both models displayed an increased intrapancreatic as well

as splenic accumulation of Gr1+CD11b+ myeloid cells and

CD4+Foxp3+CD25+ regulatory T cells (Tregs), compared with

normal pancreas and spleen (Figure 1D and Figures S1C and

S1D) and in agreement with the reported increase in the abun-

dance of these putative immunosuppressive cell populations

during early pancreatic neoplasia (Clark et al., 2007). Together,

these observations credential the use of KrasG12D-PDECs to

elucidate the interaction of the neoplastic epithelium with the

host immune system and suggest that oncogenic activation of

Kras may be sufficient to instigate immune responses that

contribute to disease progression.

To further test this idea, we sought to identify mechanisms

by which the expression of oncogenic Kras in PDECs could

modulate an immune reaction. Given the documented effect of

oncogenic forms of Ras on the expression of immune mediators

(Ancrile et al., 2008; Coppé et al., 2008), we began by analyzing

the supernatants of wild-type and GFP-KrasG12D-PDECs for

cytokine production using the Milliplex cytokine bead panel

(Figure 2A and Figure S2A). Of the 32 cytokines represented

in this panel, GM-CSF was most robustly upregulated in GFP-

KrasG12D-PDECs (Figure 2A and Figure S2A). The increase in

GM-CSF protein levels was corroborated by an increase in the

levels of GM-CSF transcripts, suggesting a role for KrasG12D in

the transcriptional upregulation ofGM-CSF (Figure 2A). Pharma-

cological inhibition of either PI-3K or MAPK pathways resulted in

abrogation of GM-CSF expression in GFP-KrasG12D-PDECs,

indicating that the regulation of GM-CSF expression by onco-

genic Kras is mediated by multiple effector pathways (Figure 2B

and Figure S2B).

To examine whether increased GM-CSF expression is also

a feature of pancreatic neoplasia in vivo, we first used ELISA

analysis of tissue supernatants to measure the production of

GM-CSF in GFP-KrasG12D-PDEC and p48-Cre;LSL-KrasG12D

pancreata in comparison to that from normal pancreatic

tissues. In both model systems, GM-CSF levels were found to

be significantly upregulated (Figure 2C). Next, we evaluated

the production of GM-CSF in human PDA by immunohisto-

chemical staining of tissue sections. At least 75% of all PanINs

within a section had to exhibit 50% or more GM-CSF-stained

cells per lesion to be considered positive. Using this criterion,

14 of the 16 PDA patient samples were positive for GM-CSF

staining of PanIN lesions (Figure 2D). Invasive PDA lesions

were also positive for GM-CSF expression, indicating that

GM-CSF upregulation persists through disease progression

(Figure 2D). Of note, compared to PDA-associated PanIN

lesions, pancreatic lesions from four non-PDA cases (chronic

pancreatitis, pancreatic dermoid cyst, pancreatic endocrine

neoplasm, and serous cystadenoma) had no detectable GM-

CSF expression (Figure S2C and data not shown). Because

these diseases typically are not associated with mutations

in the Kras allele, the absence of GM-CSF expression is con-

sistent with a role for oncogenic Kras signaling in GM-CSF
Cancer Cell 21, 836–847, June 12, 2012 ª2012 Elsevier Inc. 837



Figure 1. Orthotopic Implantation of KrasG12D-PDECs Generates a Robust Immune Response

(A) Sections from orthotopic pancreatic grafts formed by GFP-KrasG12D-PDECs at 4 weeks after implantation were stained with hematoxylin and eosin (H&E;

scale bar, 500 mm; inset scale bar, 25 mm), anti-GFP antibody (scale bar, 50 mm), and Trichrome blue (scale bar, 100 mm).White arrowheads indicate GFP-positive

neoplastic pancreatic ducts; black asterisk indicates neoplastic ducts; Ac stands for acinar compartment.

(B) Immunofluorescence staining for CD45 and CK19 in pancreata of normal sham-injected control and orthotopic GFP-KrasG12D-PDEC animals (4 weeks after

implantation). CK19 was used to identify ductal epithelia, CD45 was used to identify immune cells, and nuclei were counterstained with DAPI. White asterisk

indicates pancreatic ductal structures (left panel) and grafted ductal structures (right panel); white arrowheads indicate CD45+ cells. Scale bar, 100 mm.

(C) Percentage of immune cell types in pancreata was determined by flow cytometry of pancreatic tissue and quantified. After gating on the CD45+ population,

cells were analyzed for the presence of respective lineage markers (percentage of each immune cell subtype out of total number of live cells sorted from the

pancreas is shown). Error bars indicate SD (n = 3–8 mice per group).

(D) Flow cytometry analysis of pancreatic tissue for the presence of Gr1+CD11b+ myeloid and Foxp3+CD25+ Tregs. After gating on the CD45+ population (top),

cells were analyzed for the presence of Gr1+CD11b+ subpopulation. The graph shows the percentage of Gr1+CD11b+ cells out of the total number of live cells

sorted from the pancreas. After gating on CD45+CD3+ T cells (bottom), cells were gated on CD4+ to examine intracellular Foxp3 versus surface CD25 staining.

The graph shows the percentage of Tregs out of the total number of CD4+ T cells. Representative flow cytometry plots are shown. Error bars indicate SD; INS,

insufficient number of cells for analysis (n = 4–8 mice per group).

*p < 0.05; **p < 0.01; NS, not significant. See also Figure S1.
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upregulation. Together, these results suggest that heightened

tumor cell-derived GM-CSF levels represent an early KrasG12D-

dependent facet of pancreatic neoplasia that is sustained over

the course of malignant transformation.
838 Cancer Cell 21, 836–847, June 12, 2012 ª2012 Elsevier Inc.
GM-CSF plays a versatile role in the development of immuno-

logical responses and has been implicated in the regulation of

proliferation and maturation of multiple immune cell lineages,

including monocyte, granulocyte, dendritic cells, and putative
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Figure 2. GM-CSF Is Upregulated in KrasG12D-PDECs as Well as PanIN-Harboring Mouse and Human Pancreata

(A) Levels ofGM-CSFmRNA (black bar) and protein (gray bar) in GFP-KrasG12D-PDEC were assessed by quantitative RT-PCR and ELISA, respectively. Data are

presented as an average fold induction over values from isogenic GFP-WT-PDECs. Error bars indicate SD (n = 3).

(B) Normalized expression of GM-CSF mRNA in GFP-KrasG12D-PDECs (black bars) after 24 hr of treatment with DMSO, MAPK inhibitor U0126 (2 mM), or PI3K

inhibitor LY294002 (10 mM) was analyzed by quantitative RT-PCR. Error bars indicate SD (n = 3).

(C) Levels of GM-CSF protein in pancreata grafted withGFP-KrasG12D-PDECs or pancreata from p48;LSL-KrasG12Dmice. Data are presented as an average fold

induction over values from normal pancreatic tissue. Error bars indicate SD (n = 3).

(D) Immunohistochemical staining for GM-CSF protein in representative samples of human pancreatic cancer containing PanIN lesions (a, normal duct

from adjacent nonmalignant tissue; b and c, PanIN lesions; d, invasive PDA). White arrowheads indicate pancreatic duct (a), PanIN (b and c), and PDA (d). Scale

bar, 50 mm.

See also Figure S2.
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immunosuppressive Gr1+CD11b+ myeloid cells (Barreda et al.,

2004). Because Gr1+CD11b+ cell accumulation is consistently

observed in GFP-KrasG12D-PDEC and p48-Cre;LSL-KrasG12D

pancreata (Figure 1D), we sought to determine whether the

GM-CSF produced by GFP-KrasG12D-PDEC can induce the

differentiation of progenitor Gr1�CD11b� cells to Gr1+CD11b+.

As illustrated in Figure 3A, the coculturing of bone marrow-

derived LinnegCD34+ hematopoietic progenitor cells (HPCs)

with GFP-KrasG12D-PDECs that were seeded on Transwell

inserts, induced an accumulation of Gr1+CD11b+ cells. Re-

combinant GM-CSF alone was used as a positive control (Fig-

ure 3A). The addition of neutralizing anti-GM-CSF monoclonal

antibody MP1-22E9 (a-GM) (Schön et al., 2000) significantly

attenuated the expansion of Gr1+CD11b+ cells, indicating

that their generation is largely dependent on GFP-KrasG12D-

PDEC-derived GM-CSF (Figure 3A). To establish whether these

Gr1+CD11b+ cells display suppressive activity, the coculture-

derived, sorted, double-positive population was incubated with

splenic T cells, and the CD3/CD28-induced proliferation of

CD3+ T cells was assessed by BrdU incorporation. Proliferation

of CD3+ cells was inhibited in the presence of Gr1+CD11b+ cells,

indicating that GM-CSF produced by KrasG12D-PDEC can drive
the generation of differentiated Gr1+CD11b+ myeloid cells

with immunosuppressive potential (Figure 3B). Significantly,

Gr1+CD11b+ double-positive cells but not Gr1�CD11b+ single-

positive cells isolated from GFP-KrasG12D-PDEC grafted pan-

creata suppressed proliferation of splenic T cells (Figure 3C),

indicating that the accumulation of Gr1+CD11b+ cells at the sites

of pancreatic neoplasia could contribute to the induction of a

tolerogenic immune state. Because we have observed that the

numbers of Gr1+CD11b+ cells were augmented in the spleens

of orthotopically injected animals, we sought to determine

whether there was a systemic increase in the levels of GM-CSF

following engraftment of GFP-KrasG12D-PDECs. We found that

the levels of circulating GM-CSF in mice with GFP-KrasG12D-

PDEC lesions were significantly elevated as compared to control

animals (Figure 3D), suggesting that, in addition to its localized

intrapancreatic effect, GM-CSF production by KrasG12D-PDECs

may affect hematopoietic processes in secondary lymphoid

organs.

To establish whether the upregulation of GM-CSF in KrasG12D-

PDECs is responsible for the accumulation of Gr1+CD11b+

in vivo, we utilized short hairpin RNAi to stably knock down

GM-CSF expression in GFP-KrasG12D-PDECs. A significant
Cancer Cell 21, 836–847, June 12, 2012 ª2012 Elsevier Inc. 839
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Figure 3. KrasG12D-PDECs Promote Accumulation of Immunosuppressive Gr1+CD11b+ Cells in a GM-CSF-Dependent Manner

(A) Flow cytometry analysis of LinnegCD34+ hematopoietic progenitor cells for the surface markers CD11b and Gr1 following coculture with GM-CSF or GFP-

KrasG12D-PDECs with or without a-GM-CSF antibody (a-GM). Representative flow cytometry plots and a graph indicating percentage of the Gr1+CD11b+ cells

out of the total number of live cells are shown. Error bars indicate SD (n = 3).
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reduction of GM-CSF at the level of both mRNA and protein was

achieved using two independent hairpin sequences (Figure 3E).

GM-CSF knock-down did not produce an adverse effect on the

growth of GFP-KrasG12D-PDEC in culture (Figure 3F), consistent

with our findings that these cells do not express the GM-CSF

receptor beta chain CD131 (data not shown). We next analyzed

the composition of leukocytic infiltrates in pancreata grafted

with GFP-KrasG12D-PDECs expressing scrambled (scr-GFP-

KrasG12D-PDEC) or GM-CSF shRNAs (GM-sh1- and GM-sh2-

GFP-KrasG12D-PDEC). Among all CD45+ cells found in the

pancreas, GM-CSF knock-down led to a specific reduction in

the abundance of Gr1+CD11b+ cells but not Gr1�CD11b+ cells

(Figures 3G and 3H), indicating that the production of GM-CSF

by ductal cells harboring the KrasG12D allele is necessary to

promote local accumulation of immune cells of the Gr1+CD11b+

lineage.

Because Gr1+CD11b+ myeloid cells have been implicated in

tumor-induced immune tolerance (Gabrilovich and Nagaraj,

2009), we reasoned that the KrasG12D-PDEC-mediated produc-

tion of GM-CSF and the resulting accumulation of Gr1+CD11b+

cells could be critical for the establishment of an immunosup-

pressive environment that is growth permissive. To investigate

this possibility, we have characterized the engraftment of GFP-

KrasG12D-PDEC in relation to GM-CSF production. As illustrated

in Figure 4A, the implantation frequency of GM-sh-GFP-

KrasG12D-PDECs was significantly reduced as compared to

scr-GFP-KrasG12D-PDECs, and the average size of the knock-

down lesions was significantly decreased. To gain insight into

the process underlying compromised engraftment of GM-sh-

GFP-KrasG12D-PDECs, we analyzed the fate of the grafts at

different time points after implantation by immunohistochemical

staining against GFP. At 1 week after implantation, grafts

generated from scr- and GM-sh-GFP-KrasG12D-PDECs were

essentially indistinguishable with respect to size, histological

appearance, and cell number (Figure 4B and Figure S3). Thus,

it appears that GM-CSF deficiency has no adverse effect on

the initial growth and survival capabilities of KrasG12D-PDEC

in vivo. However, at 2 weeks after implantation, although scr-

GFP-KrasG12D-PDEC grafts displayed a sizable expansion and

the characteristic elaboration of ductal structures, graft areas

in pancreata that were implanted with GM-sh-GFP-KrasG12D-

PDECs were virtually devoid of GFP-positive cells (Figure 4B

and Figure S3). These observations are consistent with the
(B) Quantification of BrdU+CD3+ T cells treated as indicated. T cells and Gr1+CD

(C) Representative quantification of BrdU+CD3+ T cells cocultured with either Gr

injection withGFP-KrasG12D-PDECs. For proliferation assays, myeloid cells and T

aCD3-coated wells and in the presence of aCD28 serve as control. Error bars in

(D) Expression of mouse GM-CSF in the sera of either uninjected mice (control, n

was measured using ELISA. Each symbol represents a mouse, and mean values

(E) Relative expression ofGM-CSFmRNA (gray bars, left axis) and protein (black

containing either scrambled shRNA (scr) or GM-CSF shRNAs (GM-sh1, GM-sh2) w

(F) Growth analysis of scr (circles), GM-sh1 (squares), and GM-sh2 GFP-Kr

SD (n = 3).

(G) Representative flow cytometry plots of pancreatic immune cells for the surfac

GM-sh1-, and GM-sh2 GFP-KrasG12D-PDEC. After gating on the CD45+ populat

(H) Quantification of relative abundance of Gr1+CD11b+ and Gr1�CD11b+ cell

Gr1�CD11b+ cells (black bars) and double-positive Gr1+CD11b+ population (gray

per group).

**p < 0.01; ***p < 0.001; NS, not significant.
postulate that the production of GM-CSF enables KrasG12D-

PDEC to engage host-dependent responses that favor their

maintenance and expansion.

Recent studies have indicated that Gr1+CD11b+ cells may

contribute to tumor immune evasion by restraining the activity

of CD8+ T cells (Gabrilovich and Nagaraj, 2009; Marigo et al.,

2008). To examine the relevance of this mechanism to the

engraftment potential of KrasG12D-PDECs, the accumulation of

CD8+ T cells was analyzed by immunohistochemistry. The

pancreatic parenchyma associated with grafts from scr-GFP-

KrasG12D-PDECs was devoid of CD8+ T cells both at 1 and

2 weeks after implantation (Figure 5A and Figure S4A). In

contrast, a pronounced accumulation of CD8+ T cells in the

parenchyma of GM-sh-GFP-KrasG12D-PDEC grafts was de-

tected at 2 weeks after implantation (Figure 5A). A similar pattern

of CD8+ cell accumulation was observed when control or

GM-sh-KrasG12D-PDEC lacking GFP expression were injected

into the pancreas, indicating that the CD8+ T cell response was

not instigated by ectopically expressed GFP, but was elicited

by the transformed epithelium (Figure S4B). Significantly no

infiltration of CD8+ cells was observed at 1 week after implanta-

tion in GM-sh-GFP-KrasG12D-PDEC grafts (Figure S4A), consis-

tent with the time requirement associated with the priming of

the adaptive immune responses. Of note, at later time points

after implantation (�4 weeks), some of the CD8+ T cells were

found in clusters that contain B cells, likely signifying the for-

mation of secondary lymphoid tissue, which is indicative of a

persisting immune response (Carragher et al., 2008) (Figure 5B).

Coincident with the accumulation of CD8+ T cells, we have

observed an increase in the frequency of apoptosis within the

GM-CSF knock-down grafts only at 2 weeks after implantation

(Figure 5A and Figure S4A). These results suggest that, in the

absence of GM-CSF, the cytotoxic activity of CD8+ T cells at

the site of engraftment may be responsible for the clearance of

implanted GFP-KrasG12D-PDECs. A prediction borne by this

interpretation is that the growth defect of GM-sh KrasG12D-

PDECs would be rescued by CD8+ T cell depletion. To test this

prediction, we performed orthotopic implantations in animals

depleted of CD8+ T cells by intraperitoneal administration of

anti-CD8 antibody over a period of 2 weeks. This regiment

resulted in >90% depletion of CD3+CD8+ T cells (Figure S5). At

2 weeks after implantation, no GM-sh-GFP-KrasG12D-PDECs

were detected in pancreata animals injected with control
11b+ cells were cocultured at a 1:1 ratio. Error bars indicate SD (n = 3).

1�CD11b+ or Gr1+CD11b+ cells isolated from mouse pancreata 8 weeks after

cells were cultured at ratios of 1:1, 1:5, or 1:10 respectively. T cells incubated in

dicate SD (n = 3).

= 4) or mice with GFP-KrasG12D-PDEC grafts 8 weeks after implantation (n = 5)

for each group are represented by black lines.

bars, right axis) in GFP-KrasG12D-PDECs 4 days after infection with lentiviruses

as assessed by quantitative RT-PCR and ELISA. Error bars indicate SD (n = 3).

asG12D-PDEC (triangles) was assessed by MTT assay. Error bars indicate

e expression of Gr1 and CD11b markers at 4 weeks after implantation of scr-,

ion, cells were analyzed for the presence of CD11b+ and Gr1+ populations.

populations is presented as a percentage change in CD45+ single-positive

bars) relative to scr GFP-KrasG12D-PDECs. Error bars indicate SD (n = 6 mice
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Figure 4. Functional Consequence of Ablating GM-CSF on Growth of KrasG12D-PDECs In Vivo

(A) Gross anatomical view of scr- and GM-sh GFP-KrasG12D-PDEC grafts (top, dotted outlines and arrows) at 8 weeks after implantation. Scale bar, 5 mm.

Quantification of the graft size at 8 weeks after implantation (gray bars, left axis) and percentage of overall lesion frequency (black bars, right axis) is indicated in

the graph. Error bars indicate SD (n = 3). Sections from pancreata containing scr- and GM-shGFP-KrasG12D-PDEC orthotopic grafts at 4 weeks after implantation

were stained with H&E (bottom, lesions are delineated by dotted outlines). Scale bar, 500 mm.

(B) Immunohistochemical staining for GFP on sections of scr- and GM-sh GFP-KrasG12D-PDEC orthotopic grafts at 1 and 2 weeks after implantation. Red

asterisks indicate engrafted area. Scale bar, 100 mm.

*p < 0.05. See also Figure S3.
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antibody (Figure 6), and the implanted area displayed many

apoptotic cells (data not shown). In contrast, the injection of

anti-CD8 antibody was sufficient to permit the establishment of

GM-sh-GFP-KrasG12D-PDEC grafts that were indistinguishable

in size and overall appearance from scr-GFP-KrasG12D-PDEC

grafts (Figure 6), indicating that CD8+ T cells are the primary

immune cell type responsible for mounting and executing the

immune response against KrasG12D-PDEC.

DISCUSSION

The critical role of host immunity in regulating tumorigenesis is

undisputed (Grivennikov et al., 2010). Furthermore, it is

becoming increasingly evident that immune cells in the tumor

microenvironment fail to mount an effective antitumor immune

response (Ruffell et al., 2010). However, the underlying mecha-

nisms that allow tumors to escape immune surveillance have

not been fully characterized. In the present study, we implicate

oncogenic Kras in restraining the antitumor immune response
842 Cancer Cell 21, 836–847, June 12, 2012 ª2012 Elsevier Inc.
through the production of GM-CSF and the subsequent

suppression of T cell immunity. This immune evasion strategy

may contribute to immunotherapeutic resistance in oncogenic

Kras-driven cancers.

The progression of pancreatic neoplasia is accompanied by

cellular and molecular alterations in both the parenchymal and

stromal compartments of the pancreas (Kleeff et al., 2007). The

parenchymal component gives rise to PanINs, and the con-

tribution of oncogenic Kras to this transition has been amply

documented using genetically engineered mouse models

(Hingorani et al., 2003, 2005). In contrast, little is known about

the stroma-modulating capabilities of oncogenic Kras during

the early stages of pancreatic cancer. The demonstration that

GM-CSF production in response to activation of Kras modulates

the immune reaction to pancreatic precursor lesions thus

provides insights into how this oncogenic event could lead to

the reprogramming of the microenvironment from the very

beginning of the disease. The recent demonstration of the role

of pancreas-specific oncogenic activation of Kras in generating
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Figure 5. Engraftment of GM-CSF Knock-Down KrasG12D-PDEC Is Accompanied by an Increase in Infiltrating CD8+ T Cells

(A) Immunohistochemical staining and quantification of CD8 and cleaved caspase 3 staining on sections of scr- and GM-sh GFP-KrasG12D-PDEC orthotopic

grafts at 2 weeks after implantation. CD8+ or cleaved caspase3-positive cells within the boundaries of orthotopic grafts were counted per field of view (FOV) at

203magnification. White arrowheads indicate CD8+ cells; black arrowheads indicate caspase-3-positive cells. Scale bars, 50 mm. Error bars indicate SD (n = 4

mice per group, 4 FOV per mouse).

(B) Immunohistochemical staining for CD8 and B220 on consecutive sections of scr- and GM-sh GFP-KrasG12D-PDEC orthotopic grafts at 4 weeks after

implantation. Numbers of CD8+ cells were counted per FOV at 203magnification and are shown in the graph. Arrows indicate coaggregation of CD8+ cells and

B220+ cells. Scale bar, 100 mm. Error bars indicate SD (n = 3 mice per group, 5 FOV per mouse).

***p < 0.001. See also Figure S4.
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a protumorigenic inflammatory microenvironment (Fukuda et al.,

2011; Lesina et al., 2011) further underscores the crucial con-

tribution of non-cell-autonomous mechanisms to pancreatic

tumor initiation and progression.

The identification of GM-CSF as a transcriptional target of

oncogenic Kras in PDECs is consistent with the existence of

Ras-regulated transcription factor-binding sites, such as AP-1

and ETS, in the GM-CSF promoter region (Osborne et al.,

1995). The pathophysiological relevance of the activation of

this transcriptional program is indicated by the increased levels

of GM-CSF we have observed in human PanIN lesions. It is

possible that a similar Kras-mediated mechanism of GM-CSF

upregulation is responsible for the enhanced serum levels of

GM-CSF detected in patients with pancreatic cancer (Mroczko

et al., 2005). Our initial analysis suggests that the upregulation

of GM-CSF in response to oncogenic Kras is mediated by the

concerted action of multiple effector pathways, including Erk

and PI-3K (Figure 2B). Because these pathways are frequently

activated in various malignancies, the induction of GM-CSF
might not be restricted to oncogenic Kras-driven cancers and/

or the pancreas. This idea is supported by studies demonstrating

the overexpression of GM-CSF in several human cancer lines,

including those of breast, bladder, and melanoma origin (Bronte

et al., 1999; Dolcetti et al., 2010; Steube et al., 1998). Thus, the

functional significance of GM-CSF upregulation might have

broader implications.

Under normal physiological conditions, GM-CSF serves as

a bona fide growth factor for hematopoietic cells, promoting

the proliferation and maturation of multiple myeloid cell lineages

in a concentration-dependent manner (Barreda et al., 2004). In

neoplastic settings, GM-CSF has been shown to be endowed

with the potential to exert both pro- and antitumorigenic effects

by suppressing or enhancing tumor immunity, respectively

(Hamilton, 2008). Our findings demonstrate that, in pancreatic

ductal cells harboring oncogenic Kras, GM-CSF production is

linked to the expansion of Gr1+CD11b+ myeloid cells. A similar

consequential relationship between GM-CSF generation and

Gr1+CD11b+ cell expansion has been documented in other
Cancer Cell 21, 836–847, June 12, 2012 ª2012 Elsevier Inc. 843
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Figure 6. CD8+ T Cells Are Instrumental in the Clearance of GM-CSF Knock-Down KrasG12D-PDECs

(A) Orthotopic grafts formed by scr- or GM-sh GFP-KrasG12D-PDECs implanted into either mock-depleted (IgG) or CD8-depleted animals were analyzed at

2 weeks after implantation by H&E. Black arrowheads indicate pancreatic ductal structures. Scale bar, 100 mm.

(B) The extent of colonization of the grafted areas by scr- or GM-sh GFP-KrasG12D-PDECs in mock-depleted (IgG) or CD8-depleted animals at 2 weeks after

implantation was analyzed by immunohistochemistry for GFP. Scale bar, 100 mm.

(C) Graph depicts quantification of the data from (B) and indicates the fraction of GFP+ area per total area of the graft. Error bars indicate SD (n = 4mice per group,

5 FOV per mouse).

***p < 0.001; NS, not significant. See also Figure S5.
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tumor models (Dolcetti et al., 2010; Marigo et al., 2010; Morales

et al., 2010). However, in the mouse, Gr1+CD11b+ double-posi-

tive cells represent a heterogeneous population composed of

myeloid derived suppressor cells, monocytes, and immature

myeloid cells (Ostrand-Rosenberg and Sinha, 2009). Several

lines of evidence suggest that the Gr1+CD11b+ cells that

accumulate in response to GM-CSF production by pancreatic

precursor lesions are immunosuppressive in nature. First,

when isolated from pancreata grafted with GFP-KrasG12D-

PDECs, the Gr1+CD11b+ cells displayed a suppressive effect

in a T cell proliferation assay. Second, the reduction in the

abundance of Gr1+CD11b+ cells following the suppression of

GM-CSF expression in vivo was accompanied by the infiltration

of CD8+ T cells. Third, the immune response-mediated elimina-

tion of orthotopic GFP-KrasG12D-PDEC lesions observed under

these conditions could be fully rescued by CD8+ T cell depletion,

indicating a principal role for Gr1+CD11b+ cells in disrupting

T cell immune surveillance during the early stages of pancreatic

neoplasia. The potential relevance of this immune modulatory

mechanism to more advanced stages of pancreatic cancer is

suggested by the reciprocal relationship between CD8+ T and

Gr1+CD11b+ cell infiltrates observed in pancreatic tumors from

the p48-Cre;LSL-KrasG12D mice (Clark et al., 2007).

GM-CSF is not unique in its ability to promote the expansion

and tumor mobilization of Gr1+CD11b+ immunosuppressive

cells. For example, IL1-b, IL-6, and VEGF have been shown to

induce the accumulation of Gr1+CD11b+ myeloid cells and the

concomitant suppression of T cell immune response in a variety

of mouse tumor models (Bunt et al., 2007; Melani et al., 2003;
844 Cancer Cell 21, 836–847, June 12, 2012 ª2012 Elsevier Inc.
Pilon-Thomas et al., 2011; Tu et al., 2008). Significantly, IL1-b,

IL-6, and VEGF are targets of oncogenic Ras signaling, and their

production by cancer cells harboring oncogenic Ras has been

implicated in various protumorigenic processes, such as

inflammation, angiogenesis, and metastasis (Ancrile et al.,

2008; Coppé et al., 2008; Kranenburg et al., 2004). Because

the expression of IL1-b, IL-6, and VEGF inGFP-KrasG12D-PDECs

is not elevated relative to the levels measured in wild-type

PDECs (Figure S2A) and the suppression of GM-CSF production

is accompanied by a decrease in Gr1+CD11b+ cells, we

conclude that the production of GM-CSF by the precursor

lesions formed by these cells is necessary and sufficient to

induce the observed increase in Gr1+CD11b+ cells and the

impaired response of CD8+ T cells. The molecular mechanisms

responsible for the selective upregulation of GM-CSF observed

in KrasG12D-PDECs remain to be defined. Differences in genetic

profile, cellular background, and levels of Ras expression

between the experimental system described in this study and

those used in other reports could be important contributors.

Moreover, our findings do not rule out the possibility that IL1-b,

IL-6, and VEGF as well as potentially other secreted factors

can participate in establishing an immunosuppressive environ-

ment in oncogenic Ras-driven cancers. The existence of

such redundancy in the mechanism by which oncogenic Ras

can invoke tumor-induced tolerance may serve to secure the

sustenance of this mechanism at various stages of tumor

development.

Our studies reinforce the role of intrinsic immune surveillance

in restraining tumor initiation and support the idea that the
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evolution of pancreatic neoplasia is critically dependent on the

subversion of T cell responses against antigens that are ex-

pressed by pancreatic tumor cells. Although the specific antigen

recognized by the CD8+ cells in our experimental system

remains to be identified, it is of relevance to note that a T cell

response against oncogenic Ras has been documented in

a significant proportion of patients with PDA (Gedde-Dahl

et al., 1994; Kubuschok et al., 2006; Linard et al., 2002; Weijzen

et al., 1999). Given the ubiquitous occurrence of oncogenic Kras

mutations in pancreatic adenocarcinomas, the disruption of

mechanisms that induce T cell tolerance might offer a broadly

applicable strategy for the targeting of immune escape in

pancreatic cancer.

EXPERIMENTAL PROCEDURES

Animal Models

The LSL-KrasG12D and p48-Cre strains have been described previously

(Jackson et al., 2001; Kawaguchi et al., 2002). C57BL/6 mice were obtained

from The Charles River Laboratories. For orthotopic implantation of PDECs,

mice were anesthetized using a ketamine/xylazine cocktail, and a small

(7 mm) left abdominal side incision was made. PDECs (1 3 106 cells/mouse)

were suspended in Matrigel (Becton Dickinson) diluted 1:1 with cold PBS (total

volume of 50 ml) and were injected into the tail region of the pancreas using

a 26-gauge needle. A successful injection was verified by the appearance of

a fluid bubble without intraperitoneal leakage. The abdominal wall was closed

with absorbable Vicryl RAPIDE sutures (Ethicon), and the skin was closed with

wound clips (Roboz). Mice were sacrificed at the indicated time points, and

grafts were measured and processed for histology or flow cytometry. All

animal care and procedures were approved by the Institutional Animal Care

and Use Committee at NYU School of Medicine.

Isolation, Culture, and Infection of PDECs

Isolation, culture, and adenoviral infection of PDECs were performed as

previously described (Agbunag et al., 2006; Lee and Bar-Sagi, 2010). Lentiviral

vectors containing shRNAs directed against the GM-CSF gene (GM-sh1 and

GM-sh2; clone ID TRCN0000054618 and TRCN0000054620) and control

scrambled shRNA (scr) were obtained from Open Biosystems (pLKO.1, TRC

Consortium). Lentiviral vector encoding GFP (pLVTHM-GFP) was a kind gift

from Dr. F. Giancotti. To generate lentiviral particles, HEK293T cells were

cotransfected with the vector, the packaging construct (pHR-CMV-dR8.2),

and the envelope plasmid (pCMV-VSVG). Viral stocks were collected for

2 days, filtered through a 0.45 mm filter, and concentrated using 100MWCO

Amicon Ultra centrifugal filters (Millipore). A multiplicity of infection of 15 was

used for lentiviral infection of WT- or KrasG12D-PDECs in the presence of

10 mg/ml Polybrene (Chemicon).

Immunoblot Analysis

Cells were lysed in 1% Triton-X buffer (50 mM HEPES [pH 7.4], 1% Triton

X-100, 150 mM NaCl, 10% glycerol, 1 mM EGTA, 1 mM EDTA, 25 mM NaF,

1 mM Na vanadate, 1 mM phenylmethanesulfonyl fluoride [PMSF] and pro-

tease inhibitors). The following primary antibodies were used: mouse anti-

HA (12CA5), mouse anti-vinculin (Sigma-Aldrich), rabbit anti-phospho-ERK

(Cell Signaling), mouse anti-ERK (Cell Signaling), rabbit anti-phospho-AKT

(S473, Cell Signaling), and rabbit anti-AKT (Cell Signaling). After incubation

with either the secondary IRDye Alexa Fluor 680 goat anti-mouse antibody

or 800 goat anti-rabbit antibody (Molecular Probes), the membranes were

visualized with the Odyssey Infrared Imaging System (Li-Cor).

Quantitative RT-PCR

Extraction and reverse transcription of total RNA from PDECs was performed

using RNeasy mini kit (QIAGEN) and QuantiTect reverse transcription kit

(QIAGEN), respectively. SYBR Green PCR Master Mix (USB) was used

for amplification, and the samples were run on the Stratagene Mx 3005P.

Expression levels were normalized by GAPDH.
Human Pancreas Specimens

The use of human tissue was reviewed and approved by the Institutional

Review Board of NYU School of Medicine, and samples (provided by the

Tissue Acquisition and Biorepository Service) were obtained after informed

consent. Sections (5 mm) were cut from formalin-fixed paraffin-embedded

samples for the purpose of immunohistochemistry. A total of 16 pancreatic

adenocarcinoma, one chronic pancreatitis, one benign pancreatic cyst, one

serous cystadenoma, and one intraductal papillary mucinous neoplasm

samples were analyzed.

Histology and Immunohistochemistry

Mouse pancreata were fixed overnight in 10% formalin (Fisher) and were pro-

cessed for paraffin embedding. For histology, deparaffinized sections (6 mm)

were stained with Harris hematoxylin and eosin (both from Sigma-Aldrich)

followed by an alcohol dehydration series and mounting (Permount, Fisher).

Trichrome staining was performed at NYU School of Medicine Histopathology

Core Facility. For immunohistochemistry, deparaffinized sections (6 mm) were

rehydrated and quenched in 1% hydrogen peroxide/methanol for 15 min, and

antigen retrieval was performed in 10mM sodium citrate and 0.05% Tween-20

(pH 6.0) for 15 min in a microwave oven. Blocking was done in 10% serum, 1%

BSA, and 0.5% Tween-20 for 1 hr at room temperature, followed by incubation

with the primary antibodies diluted in 2% BSA overnight at 4�C. The following

primary antibodies were used: rabbit anti-GFP (Cell Signaling), rabbit anti-

GM-CSF (Novus Biologicals), rat anti-CD8 (53-6.7, BD Biosciences), rabbit

anti-cleaved caspase-3 (Cell Signaling), and rat anti-B220 (BD Biosciences).

After incubating with secondary biotinylated antibodies and ABC solution

(both from Vector Laboratories), sections were developed with 3,30-diamino-

benzidine tetrahydrochloride (Sigma-Aldrich). After counterstaining with

Harris hematoxylin (Sigma), slides were subjected to an alcohol dehydration

series and mounted with Permount (Fisher). Slides were examined on a Nikon

Eclipse 80i microscope.

Immunofluorescence

Mouse pancreata were embedded in OCT compound (Tissue-Tek) by snap

freezing OCT-covered tissues in liquid nitrogen, and 8 mm sections were cut

on a Leica microtome. After fixing the sections in 4% paraformaldehyde for

10 min on ice and permeabilizing with 0.25% Triton X-100 for 10 min on ice,

sections were blocked with 10% serum, 2% BSA, and 0.1% Tween-20 for

1 hr at room temperature. Incubation with primary antibodies diluted in 2%

BSA and 0.5% Tween-20 was performed overnight at 4�C. The following

antibodies were used: rat anti-CD45 (BD Biosciences) and rat anti-CK19

(Troma III, developed by R. Kemler, made available by Developmental Studies

Hybridoma Bank under the auspices of the NICHD). After incubating with

Alexa Fluor-labeled secondary antibodies (Invitrogen) diluted in 1% BSA for

1 hr at room temperature, sections were stained with DAPI and mounted using

polyvinyl alcohol mounting media with DABCO (Fluka). Slides were examined

on a Zeiss Axiovert 200M microscope.

Flow Cytometry

Cellular suspensions from the tissues were prepared as follows: spleens were

mechanically disrupted, suspended in 1% FBS and PBS, passed through

a 70 mm strainer, and treated with RBC lysis buffer (eBioscience). Pancreata

were minced using sterile razor blades and were incubated in 1.25 mg/ml

collagenase type IV and 0.1% soybean trypsin inhibitor (Sigma-Aldrich) in

RPMI for 15 min at 37�C. Cells were suspended in 1% FBS and PBS, were

passed through a 70 mm strainer, and were treated with RBC lysis buffer.

Single-cell suspensions from spleens and pancreata were blocked with anti-

CD16/CD32 antibody (Fc Block, BD Biosciences) for 5 min on ice and were

labeled with the following antibodies: anti-CD45.2 (104), anti-CD3ε (500A2),

anti-CD4 (RM4-5), anti-CD8a (53-6.7), anti-CD45R/B220 (RA3-6B2), anti-

CD19 (1D3), anti-CD11b (M1/70), anti-Gr1 (RB6-8C5), and anti-CD25

(PC61.5) (all from BD Biosciences). Staining for intracellular Foxp3 was per-

formed using Mouse Regulatory T Cell Staining Kit (FJK-16, eBioscience).

Dead cells were excluded by staining with propidium iodine (Sigma-Aldrich).

Flow cytometry was performed on FACScan (BD Biosciences) at NYU School

of Medicine Flow Cytometry Core Facility, and data were analyzed using

FlowJo software.
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Supernatant Collection and Cytokine Analysis

For cytokine analysis of PDEC cultures, cells were cultured in complete

medium at a concentration of 1 3 106 cells/ml for 24 hr before supernatant

harvest. For cytokine analysis of mouse pancreata, the tissues were har-

vested, weighed, minced with a sterile razor blade, and incubated in 500 ml

of complete media for 24 hr before supernatant collection. Analysis of the

cytokines was done with Milliplex Map Immunoassay (Millipore) and the

Luminex 200 system (Luminex) according to the manufacturer’s instructions.

Where indicated, mouse GM-CSF protein levels were determined by Mouse

GM-CSF Quantikine ELISA Kit (mean MDD = 1.8 pg/ml; R&D Systems). For

analysis of GM-CSF levels in mouse sera, blood samples were collected

retro-orbitally, and the samples were processed according to the manufac-

turer of the ELISA kit.

Culture of Sorted HPCs

Bone marrow cells were isolated from C57Bl/6 mice, and HPCs were sorted

using Mouse Hematopoietic Stem and Progenitor Cell Isolation Kit (BD

Biosciences), according to the manufacturer’s instructions. Isolated HPCs

were cultured in 6-well plates (1 3 105 cells/well) for a total of 6 days. On

day 0, either GM-CSF (10 ng/ml, Monoclonal Antibody Core Facility at

Memorial Sloan-Kettering Cancer Center) or a 24 mm Transwell insert with

a 0.4 mm pore size (Corning Life Sciences) containing KrasG12D-PDEC (2 3

105 cells/insert) were added to the HPCs. On day 3, fresh cytokine or inserts

with cells were added. Where indicated, HPC cultures were supplemented

with either control IgG2a antibody (1 mg/ml, eBioscience) or anti-GM-CSF

antibody (1 mg/ml MP1-22E9, eBioscience). For T cell proliferation assays,

Gr1+CD11b+ cells were sorted on day 6 of culture. Cellular purity was greater

than 90%.

Proliferation and Viability Assays

For in vitro T cell proliferation assays, splenic T cells suspended in complete

RPMI mediumwere added to 96-well plates precoated with anti-CD3 antibody

(BD Biosciences) at a density of 53 104 cells/well. Anti-CD28 antibody (37.51,

eBioscience) was added to T cells at a concentration of 1 mg/ml. Autologous

Gr1+CD11b+ cells derived from coculture of KrasG12D-PDEC and HPC were

irradiated and added in triplicates directly to T cells (5 3 104 Gr1+CD11b+

cells/well) 24 hr before adding BrdU reagent. Pancreas-associated myeloid

Gr1�CD11b+ or Gr1+CD11b+ cells were sorted from KrasG12D-PDEC-grafted

pancreata at 8 weeks after implantation and were added in triplicates and at

indicated ratios directly to T cells 24 hr before adding BrdU reagent (Sigma-

Aldrich). T cells were labeled by adding BrdU to the culture medium at a final

concentration of 10 mM for 48 hr. Staining for BrdU was achieved using APC

BrdU Flow Kit (BD Biosciences). The percentage of BrdU-positive T cells

was determined by FACS analysis of CD3+BrdU+ cells.

For KrasG12D-PDEC growth assays, cells were seeded at a density of 2,000

cells/well in a 96-well plate. At indicated time points, cell culture medium was

aspirated, the wells were washed with RPMI (without phenol red, BioWhit-

taker), and 0.5 mg/ml 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium

bromide (MTT; Sigma-Aldrich) was added for 2 hr at 37�C. The reagent was

aspirated, and 100 ml of DMSO was added to each well for 20 min at room

temperature. Plates were read at an absorbance of 570 nmusing a VERSAmax

microplate reader (Molecular Devices). For the day 0 time point, cells were

treated with MTT reagent 2 hr after plating.

CD8 Depletion

Mice were depleted of CD8+ T cells via intraperitoneal injection of control rat

IgG antibody (eBioscience) or anti-CD8a antibody at a concentration of

0.2 mg/mouse (53-6.72, Monoclonal Antibody Core Facility at Memorial

Sloan-Kettering Cancer Center). Injections were administered every day for

3 days prior to orthotopic injection, and twice a week thereafter until the

experimental endpoint. The efficiency of CD8+ T cell depletion was assessed

by FACS of splenic tissues using anti-CD3 and anti-CD8 antibodies.

Statistical Analyses

Data are presented as means ± standard deviations (SD). Quantification of

GFP positivity was performed using ImageJ analysis. Data were analyzed by

the Microsoft Excel or GraphPad Prism built-in t test (unpaired, two-tailed),

and results were considered significant at p < 0.05.
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SUMMARY
MicroRNAs are a class of short �22 nucleotide RNAs predicted to regulate nearly half of all protein coding
genes, including many involved in basal cellular processes and organismal development. Although a global
reduction in miRNAs is commonly observed in various human tumors, complete loss has not been
documented, suggesting an essential function for miRNAs in tumorigenesis. Here we present the finding
that transformed or immortalized Dicer1 null somatic cells can be isolated readily in vitro, maintain the
characteristics of DICER1-expressing controls and remain stably proliferative. Furthermore, Dicer1 null
cells from a sarcoma cell line, though depleted of miRNAs, are competent for tumor formation. Hence,
miRNA levels in cancer may be maintained in vivo by a complex stabilizing selection in the intratumoral
environment.
INTRODUCTION

MicroRNAs (miRNAs) are short �22 nucleotide RNAs that

comprise an essential class of regulators predicted to repress

over half of all genes posttranscriptionally (Bartel, 2009; Fried-

man et al., 2009). Consistent with computational predictions of

widespread targeting, they have been implicated experimentally

in a variety of fundamental cellular processes such as cell cycle

(Wang et al., 2008), apoptosis (Chivukula and Mendell, 2008),

and differentiation (Herranz and Cohen, 2010; Stefani and Slack,

2008). Given these broad roles, the relationship between

miRNAs and cancer is understandably complex. At the level of

individual miRNAs, either gains or losses may promote tumor

formation. However, analysis of global miRNA levels in tumors
Significance

The nearly global decrease in miRNAs observed across a range
may have a valuable therapeutic role. Here we report that som
tumors under certain conditions. However, the failure to detec
site approach, namely a further decrease in these levels, may
a well-characterized sarcoma model, demonstrating that miRN
reduced proliferation and increased cell death. These findin
elements, particularly DICER1, may be a potential therapy for
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suggests a surprisingly unidirectional relationship, with multiple

human tumors showing decreased miRNA content (Gaur et al.,

2007; Lu et al., 2005). In some cases, this downregulation may

be directly achieved by decreased expression of DICER1 and

DROSHA, key processing enzymes of miRNA production (Lin

et al., 2010; Martello et al., 2010; Torres et al., 2011) or mutations

in their binding partners (Melo et al., 2009).

Despite these trends toward decreased miRNA expression,

a number of observations suggest that miRNAs may in fact

be important for a variety of tumor types. For instance,

although heterozygous somatic mutations in DICER1 can be

found in tumor genotyping atlases, homozygous loss has not

been reported in these databases (Kumar et al., 2009). Simi-

larly, in rare cases of heterozygous germline DICER1 mutations,
of human tumors suggests that restoration of miRNA levels
e tumor cells devoid of miRNA activity are viable and form
t human tumors with complete loss suggests that the oppo-
surprisingly also be beneficial. We explore this alternative in
A depletion can indeed inhibit tumor growth rates through

gs suggest that the targeted inhibition of miRNA pathway
the treatment of cancer.
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Figure 1. Characterization of KrasG12D;

Trp53–/–;Dicer1–/– Sarcoma Cells

(A) Derivation scheme forDicer1�/� sarcoma cells.

Hindlimb injection of Adeno-Cre generates

KrasG12D; Trp53�/�;Dicer1f/� tumors. Clones iso-

lated following Cre-ER integration and tamoxifen

treatment were genotyped by PCR to identify

Dicer1�/� clones.

(B) miRNA expression (copies per cell). Per cell

calculations are based on relative representation

of each miRNA in Dicer1f/� and Dicer1�/� small

RNA-seq libraries, normalized to quantitative

northern blot of miR-22 in Dicer1f/� cells (shown in

Figure S1C). miR-21, miR-22, and let-7 family

members are indicated.

(C) Northern analysis for precursor and mature

miRNAs. Glutamine tRNA was used to control for

loading, and a dilution series of Dicer1f/� RNA (1:1

to 1:16) is provided for quantitation.

(D) Luciferase reporter assays for abundant miR-

NAs. The Renilla luciferase reporter contains six

bulged sites for the let-7 family, and two perfect

sites for miR-16 and miR-17. Targeted Renilla

luciferase reporters were normalized to non-

targeted firefly luciferase reporters. Renilla/firefly

luciferase expression was normalized to expres-

sion in the Dicer1f/� sarcoma cell line.

(E) Proliferation assay.

(F) Cell cycle distribution determined by BrdU

labeling.

(G) Apoptosis determined by caspase-3 cleavage

assay.

All error bars represent the SEM (D–G). See also

Figure S1 and Table S1.
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the pleuropulmonary blastomas to which patients are predis-

posed retain an intact DICER1 allele in tumor tissue (Hill

et al., 2009). Somatic point mutations in DICER1 associated

with nonepithelial ovarian cancers are hypomorphic, likely re-

sulting in expression of a full-length protein but in loss of

some specific miRNAs and retention of others, further suggest-

ing a requirement for DICER1 and miRNA expression in tumors

(Heravi-Moussavi et al., 2012). Mouse models of Dicer1 loss in

cancer also suggest an advantage of retaining miRNA regula-

tion. In a mouse model of Dicer1 deletion in the liver, tumors

emerge several months after deletion following a period of

hepatic repopulation by Dicer1-intact ‘‘escapers’’ (Sekine

et al., 2009). In Dicer1-conditional mouse models of either

soft tissue sarcoma or lung adenocarcinoma, haploinsuffi-

ciency of Dicer1 promotes tumor development but homozy-

gous loss of Dicer1 is not observed (Kumar et al., 2009).

Similarly, in both an Em-myc lymphoma model and a retinoblas-

toma model, viable tumors could not be identified following

homozygous Dicer1 deletion (Arrate et al., 2010; Lambertz

et al., 2010). These studies suggest that complete Dicer1 loss

and the subsequent misregulation of gene expression are

highly deleterious to tumor development.
Cancer Cell 21, 848–8
To better understand how cancer cells

respond to loss of miRNA expression,

we characterized the effects of homo-

zygous deletion of Dicer1-conditional

alleles on the tumorigenicity of an estab-
lished line of murine sarcoma cells and on the cellular phenotype

of immortalized murine mesenchymal stem cells (MSCs).

RESULTS

Dicer1 Null Cells Derived from a Mouse Sarcoma
Proliferate Indefinitely In Vitro
Previously, we generated Dicer1-heterozygous tumors by

injection of Adeno-Cre virus into the hindlimbs of KrasLSL-G12D;

Trp53f/f;Dicer1f/f mice. The resultant tumors always retained at

least one conditional Dicer1 allele (Kumar et al., 2009). From

these KrasG12D;Trp53�/�;Dicer1f/� tumors, we established

sarcoma cell lines and deleted the remaining allele of Dicer1

by transducing the cells with a retroviral construct encoding

MSCV.CreERT2.puro and then activating recombination in vitro

with tamoxifen treatment (Figure 1A). A genotyping time course

indicated efficient homozygous recombination (Figure S1A

available online). After multiple passages, however, genotyping

PCR indicated the outgrowth of heterozygous cells, consistent

with previous findings in both this sarcoma model and an

Em-myc/Dicer1 lymphoma model (Arrate et al., 2010; Kumar

et al., 2009).
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Cancer Cell

Tumor Formation in the Absence of MicroRNAs
To prevent the preferential outgrowth of DICER1-expressing

cells, we isolated monoclonal populations by plating low-density

cultures immediately after a 24 hr treatment with tamoxifen.

The resulting clones appeared at comparable frequencies in

tamoxifen-treated and control cultures, and were also morpho-

logically similar to the parental cell lines. Genotyping PCR

indicated that the majority of isolated clones had deleted the

second allele of Dicer1 (Figure 1A). We also confirmed recom-

bination of the conditional Dicer1 allele at the protein level by

western blot against DICER1 (Figure S1B). Once a KrasG12D;

Trp53�/�;Dicer1�/� clonal line was established, we did not

observe outgrowth of KrasG12D;Trp53�/�;Dicer1f/� cells, even

after several months of continual passage. Hereafter, we will

refer to the monoclonal homozygous KrasG12D;Trp53�/�;
Dicer1�/� line as Dicer1�/� cells and the parental heterozygous

KrasG12D;Trp53�/�;Dicer1f/� cell line as Dicer1f/� cells. These

results suggest that sarcoma cells survive after homozygous

Dicer1 deletion but have a growth disadvantage relative to cells

retaining Dicer1 expression. To prevent outgrowth of Dicer1f/�

sarcoma cells, all subsequent experiments were carried out

with monoclonal Dicer1�/� sarcoma cell lines.

To determine whether Dicer1�/� clones lacked miRNAs, we

carried out massively parallel sequencing of small RNAs (small

RNA-seq), �15–50 nucleotides in length, from Dicer1f/� and

Dicer1�/� sarcoma cells. Both libraries contained comparable

sequencing depths at 9.3 and 9.6 million reads, respectively.

However, due to miRNA loss, sequence complexity was greater

in Dicer1�/� cells, which contained 830,000 unique sequences,

relative to 190,000 unique sequences in Dicer1f/� cells. Of

all reads mapping to the genome with 0 or 1 mismatch, 58%

correspond to mature miRNAs in Dicer1f/� cells in comparison

to 0.8% in Dicer1�/� cells. Approximately 48% of mature

miRNAs detected in Dicer1f/� cells became undetectable in

Dicer1�/� cells, whereas the remainder of miRNAs underwent

a median decrease of 111-fold, confirming the global loss of

mature miRNAs with homozygous Dicer1 loss. By quantitative

northern blot, miR-22 was present at �4,000 copies per cell in

Dicer1f/� sarcoma cells (Figure S1C). Based on the ratio of

miRNA reads in the Dicer1f/� to Dicer1�/� small RNA-seq

libraries normalized to the copy number of miR-22 in Dicer1f/�

sarcoma cells, miR-22 is present at fewer than 10 copies per

Dicer1�/� sarcoma cell. Similarly, based on normalization to

miR-22, other abundant miRNAs such as individual let-7 family

members are also expressed at fewer than ten copies per cell

in Dicer1�/� cells, as compared to several thousand in Dicer1f/�

cells (Figure 1B). miR-451, a DICER1-independent miRNA pro-

cessed by Ago2 and expressed abundantly in red blood cells,

is not detectable in Dicer1f/� sarcoma cells and is present at

extremely low levels (0.4 copies/cell) in Dicer1�/� sarcoma cells

(Cheloufi et al., 2010; Cifuentes et al., 2010). These results indi-

cate near-complete loss of miRNAs upon Dicer1 deletion.

InDicer1f/� cells, the fivemost abundantmiRNAsweremiR-22

(13%), let-7f (7%), let-7a (7%), let-7c (7%), and miR-21 (6%)

(Table S1). CollapsingmiRNAs by seeds, the dominant heptamer

seed sequence corresponds to let-7, accounting for 31.6% of

all miRNA reads. Let-7 dominance has been observed in other

somatic tissues, such as embryonic fibroblasts and neural

precursors (Marson et al., 2008). In addition, we observed

miRNAs associated with tissue-specific expression and func-
850 Cancer Cell 21, 848–855, June 12, 2012 ª2012 Elsevier Inc.
tion, such as kidney-specific miR-196a and -196b (1.2% com-

bined) (Landgraf et al., 2007) and miR-96 (2.2%), implicated in

progressive hearing loss (Lewis et al., 2009), suggesting broader

regulatory roles for these short RNAs. Reads from the miR-290-

295 cluster, specific to embryonic stem cells, were negligible in

number, distinguishing these cells as somatic. In total, our

results establish let-7 as the dominant seed inDicer1f/� sarcoma

cells and confirm the loss of mature miRNAs following Dicer1

deletion.

As a confirmation of these sequencing results, we performed

northern analysis for let-7g, miR-16, and miR-17, all detected

abundantly in our Dicer1f/� sequencing library. In contrast to

Dicer1f/� cells, Dicer1�/� cells showed an absence of mature

miRNAs and concomitant accumulation of precursors (Fig-

ure 1C). Luciferase reporters containing six bulged sites for

let-7g or one perfect site for either miR-16 or miR-17 were also

derepressed 3- to 6-fold, consistent with functional loss (Fig-

ure 1D). To evaluate proliferative differences, we measured

doubling times for each genotype (Figure 1E). Dicer1�/� cells

divided more slowly (�15 hr) than the Dicer1f/� controls

(�12 hr), but without obvious senescence or onset of crisis.

Dicer1�/� sarcoma cells exhibited a delay in G1 phase relative

to Dicer1f/� sarcoma cells (Figure 1F). Additionally, the

Dicer1�/� sarcoma cells exhibited elevated levels of apoptosis

(Figure 1G).

Dicer1–/– Sarcoma Cells Retain Tumorigenicity In Vivo
Our findings indicate that genetic ablation of Dicer1 is tolerated

in mouse sarcoma cells in vitro. However, in vivo mouse models

and human patient data suggest that homozygous deletion of

Dicer1 is not tolerated in tumors. To test whether proliferative

defects in homozygous Dicer1-deleted tumors, and subsequent

loss through competition in vivo by DICER1-expressing cells,

account for these differences, we carried out tumor formation

assays. Upon subcutaneous injection of 1 3 106 cells into the

flanks of immune-compromised mice, Dicer1�/� cells were

indeed tumorigenic, forming tumors at 7/18 sites within

24 days, as compared to 4/8 sites by day 14 for the original

Dicer1f/� strain. To better evaluate the difference in tumor for-

mation kinetics, we repeated this injection experiment with

2.5 3 104 cells. At this lower cell number, Dicer1�/� sarcoma

cells began to develop tumors in �45 days, as compared to

22 days for the parental Dicer1f/� sarcoma cell line (Figure 2A).

Pathologic analysis of either Dicer1�/� or Dicer1f/� tumors iden-

tified both as high grade sarcomas with pleomorphic nuclei and

abnormal mitoses, consistent with previous reports of KRAS-

driven sarcoma models (Figure 2B) (Kirsch et al., 2007; Kumar

et al., 2007). Sample genotypes could not be readily distin-

guished in a blinded analysis.

We also performed syngeneic injections into immunocompe-

tent C57Bl6/SV129 F1 mice. As before, the rate was slower

than the parental Dicer1f/� line, with the first tumors appearing

7 days after injection of the Dicer1f/� cells and 21 days after

injection of the Dicer1�/� cells (Figure S2). Thus, the absence

of DICER1 impairs but does not preclude tumor formation,

even in an immunocompetent background.

Although the sarcoma cells at the time of the injection were

Dicer1�/�, it is possible that in vivo selection resulted in

outgrowth of contaminating Dicer1f/� cells. Therefore, we



Figure 2. Tumorigenesis of KrasG12D;

Trp53–/–;Dicer1–/– Sarcoma Cells in Trans-

plant Assays

(A) Injection of 2.5 3 104 Dicer1f/� and Dicer1�/�

sarcoma cells into the flanks of nude mice. Error

bars represent the SEM.

(B) Hematoxylin and eosin section ofDicer1f/� and

Dicer1�/� tumors. In (C–F) each lane represents an

independent tumor derived from one injection of

the indicated Dicer1�/� sarcoma cell line. Scale

bar represents 100 mm.

(C) PCR genotyping of Dicer1�/� tumors. Re-

combined and floxed bands are derived from the

injected tumor cells, whereas wild-type bands

derive from host tissue.

(D) Northern analysis of tumor tissue derived from

sarcoma injections.

(E and F) PCR (E) and northern (F) analysis

following one round of in vitro passage of

secondary tumors. In (C–F), each sample ID

contains a prefix identifying the injected sarcoma

cell clone followed by a suffix identifying the tumor

replicate (e.g., sample 1-3 corresponds to clone 1

and tumor replicate 3).

See also Figure S2.
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genotyped DNA prepared from primary tumor tissue and

confirmed a significant recombined band corresponding to the

injected Dicer1�/� cells with an accompanying background

wild-type band contributed by contaminating host tissue (Fig-

ure 2C). Northern analysis of primary tumors revealed accumula-

tion of precursors as well as significant but incomplete depletion

of mature miRNAs (Figure 2D).

To test if the residual miRNAs were a result of contaminating

wild-type tissue, we generated cell lines from these tumors.

PCR genotyping confirmed a depletion of the wild-type tissue

during this process (Figure 2E). By northern blotting, the level

of mature miRNAs was lower than the detection limit of the

blot, and this was again accompanied by enrichment in the

pre-miRNA (Figure 2F). The residual mature miRNA observed

is likely due to host tissue contamination, as evidenced by the

greatest miRNA signal in the tumor sample showing the greatest

wild-type contaminant band by PCR (Figures 2E and 2F). Thus,

injected Dicer1�/� cells survived and proliferated in vivo without

recovery of miRNA processing. The earlier in vitro results extend

to an in vivo setting, with sarcoma cells retaining the capacity to

form phenotypically similar tumors, albeit more slowly, in the

absence of DICER1 and miRNAs.
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Mesenchymal Stem Cells Were
Generated as an Alternative Model
of Somatic Dicer1 Deletion
The viability of Dicer1 null sarcoma cells,

which lack TRP53 and express onco-

genic KRAS, may be a function of the

strong oncogenic background required

for rapid in vivo growth or may require

additional genetic alterations that occur

during tumor formation. Therefore, we

tested whether Dicer1 loss could be

tolerated in a defined immortalized cell
model. Because sarcomas are thought to be mesenchymal in

origin (Clark et al., 2005), we turned to mesenchymal stem

cells (MSCs), a multipotent population of cells that can differen-

tiate into osteoblasts, chondrocytes, adipocytes, or myocytes

(Pittenger et al., 1999).

From a 1-year-old adult Dicer1f/f mouse, we prepared

a primary culture of MSCs that was then immortalized with

a retroviral vector encoding SV40 large T-antigen (Figure 3A).

Individual clones were isolated and analyzed by flow cytometry

to confirm the expression of CD49e and CD106 (Figure 3B, left

panels), surface markers associated with MSCs (Pittenger,

2008), and the absence of CD31, specific to endothelial cells,

and CD45, a marker of hematopoietic stem cells (data not

shown).

To delete Dicer1, we carried out Adeno-Cre-GFP infection

and sorted the infected cells by GFP. This protocol enriched

for Dicer1�/� cells, as seen by the predominance of the dele-

tion-specific PCR product 6 days after sorting (Figure S3A).

This signal was accompanied by loss of DICER1 protein (Fig-

ure S3B), as well as a decrease in mature miRNA levels by

qPCR (Figure S3C) and northern blot at day 7 (Figure S3D).

However, as observed for the sarcoma cells, additional passage
55, June 12, 2012 ª2012 Elsevier Inc. 851



Figure 3. Derivation and Characterization of Dicer1–/– Mesenchymal Stem Cells

(A) Schematic of MSC preparation. Primary MSC cultures were prepared from the tibia, femur, and pelvic bones of a 1-year-oldDicer1f/fmouse. The primary cells

were then infected with retrovirus encoding SV40 large T-antigen. Monoclonal cultures were then isolated, infected with Adeno-Cre-GFP, sorted by FACS for

GFP-positive cells, and plated at low density to isolate Dicer1-recombined clones.

(B) Cell surfacemarker expression inDicer1f/f (left) andDicer1�/� (right) MSCs. Cells were analyzed by flow cytometry with antibodies against CD49e and CD106.

(C) PCR genotyping of clonally isolated Dicer1f/f or Dicer1�/� MSCs. Clones 6.8 and 6.9 (lanes 3, 4) were derived from parental clone 6 (lane 2), and clones 12.2

and 12.4 (lanes 6, 7) were derived from parental clone 12 (lane 5). PCR genotyping of a Dicer1f/� sarcoma cell line was used as a heterozygous control (lane 1).

(D) Expression of miRNAs in Dicer1f/f and Dicer1�/� MSCs. Total RNA was analyzed with a QIAGEN miScript qPCR assay for let-7a, miR-24, -26, and -31. A

representative qPCR experiment is shown. Error bars represent standard deviation.

(E) Luciferase reporter assay for let-7g. The reporter contains six bulged sites. Targeted Renilla luciferase reporters were normalized to nontargeted firefly

luciferase reporters. Renilla/firefly luciferase expression was normalized to expression in the Dicer1f/f MSC line.

(F) Proliferation assay.

(G) Cell cycle distribution determined by BrdU labeling.

(H) Apoptosis determined by caspase-3 cleavage assay.

Error bars represent SEM (E–H). See also Figure S3.
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led to a decrease in the deletion-specific PCR band (Figure S3A),

suggesting outgrowth of DICER1-expressing cells.

To prevent competition by cells retaining Dicer1, we repeated

the strategy used for the sarcoma cell lines and isolated clones.

MSCswere infectedwith Adeno-Cre-GFP, sorted for GFP 2 days

later, then plated at low-density after an additional 10 days.

Clones were then isolated, expanded, and PCR genotyped to

confirm recombination (Figure 3C). Of these clones, a majority

(55%) had undergone homozygous deletion of Dicer1, indicating

that immortalized MSCs can readily tolerate loss of Dicer1.

Dicer1�/� clones were stably proliferative and remained Dicer1

null after multiple passages (>3 months) as determined by PCR

genotyping (data not shown). All subsequent experiments

were carried out with a monoclonal Dicer1�/� MSC line.

Following loss of Dicer1, we observed an �100-fold reduction

of miRNA expression by qPCR analysis of abundant miRNAs

(let-7a, miR-24, -26, and -31) (Figure 3D). We also observed

�5-fold derepression of a let-7g luciferase reporter in Dicer1�/�

cells (Figure 3E). Dicer1�/� MSCs exhibited a proliferative lag,

with a doubling time of�20 hr relative to�14 hr for Dicer1f/f cells

(Figure 3F). Dicer1�/� MSCs also exhibited a G1 delay in cell

cycle (Figure 3G) and elevated levels of basal apoptosis (Fig-

ure 3H). Notably, Dicer1�/� MSCs remained positive for CD49e

and CD106 (Figure 3B, right panels) and negative for CD31 and

CD45 (data not shown), suggesting a retention of cell identity

in the absence of miRNAs.
DISCUSSION

We have carried out homozygous Dicer1 deletion in a Dicer1-

conditional KRAS-activated, Trp53 null sarcoma cell line and

observed resultant loss of miRNA expression by small RNA

sequencing. Relative to Dicer1f/� sarcoma cells, these

miRNA-depleted cells proliferate more slowly, exhibit a cell

cycle delay in G1 phase, and have a higher level of basal

apoptosis. Additionally, we have generated a second in vitro

model of homozygous Dicer1-deletion in murine mesenchymal

stem cells, related in cell type to sarcomas, established from

an adult Dicer1f/f mouse and immortalized in vitro. Similar to

the sarcoma model, MSCs that had undergone homozygous

Dicer1 deletion were readily isolatable but exhibited a reduction

in proliferation, a delay in G1, and an increase in basal

apoptosis.

Strikingly, Dicer1�/� sarcoma cells retain the ability, upon

transplant, to form tumors in both immunocompromised and

immunocompetent recipient mice, albeit at slower rates relative

to Dicer1f/- sarcoma cells. We present three compelling lines

of evidence excluding the possibility that these tumors arose

from contaminating Dicer1f/� cells:

(1) Clonal Dicer1�/� sarcoma cells were used for the tumor

injection studies to preclude the possibility of Dicer1f/�

outgrowth.

(2) Tumors derived from Dicer1�/� injections exhibit strong

PCR genotyping bands for (1) recombined Dicer1, and

(2) wild-type Dicer1, derived from host wild-type tissue

associated with the tumors. In contrast, the control tumor

derived from Dicer1f/- cells exhibits a third PCR band,

representing unrecombined floxed Dicer1. This stark
difference in genotype demonstrates that the tumors

that arose from Dicer1�/� injections are composed

predominantly of Dicer1�/� cells.

(3) In vitro passage of cells derived from Dicer1�/� tumors

resulted in depletion of wild-type primary host tissue

and outgrowth of Dicer1�/� cells, as determined by PCR

genotyping, and concomitant depletion in miRNA signal

by northern blot. Furthermore, in most tumor samples,

miRNAs were present at levels less than one-sixteenth

of the Dicer1f/� control, likely an overestimate given the

low level of contaminating host-derived cells.

Our results stand in stark contrast to many published reports.

The failure to observeDicer1 null tumors fromDicer1-conditional

in vivo mouse models of cancer have been interpreted to

suggest that DICER1 and miRNAs are essential for tumor forma-

tion and, furthermore, may be required for tumor cell survival.

Contrary to these observations, our results indicate that miRNAs

are not essential for in vitro survival or proliferation. In vivo,

Dicer1 null sarcoma cells, though depleted of miRNAs, are

competent for tumor development. Furthermore, our observa-

tion of tumor growth in an immunocompetent background

demonstrates that miRNAs are not essential for escape from

immune surveillance. In addition, the histological resemblance

of Dicer1�/� sarcomas to Dicer1f/� sarcomas, as well as the

retention of cell type-specific cell surface markers in Dicer1�/�

MSCs, suggest that cellular identity is largely retained despite

loss of miRNAs. Given the high frequency with which Dicer1

null cells can be isolated in both the sarcoma and MSC models,

secondary mutational or other low frequency events beyond

the initial immortalization are likely not necessary to tolerate

DICER1 loss.

Based on the outgrowth of DICER1-expressing cells in vitro

relative to Dicer1�/� cells, and the proliferative delay observed

in monoclonal Dicer1�/� cells, we conclude that the absence

of Dicer1 null cells in previously characterized mouse models

of cancer is due in part to the preferential outgrowth, in vivo, of

cells expressing DICER1. Notably, tumor genotyping analyses

in published studies have typically been carried out in whole

tumor samples and, as such, do not exclude the possibility

that Dicer1 null cells comprise a subpopulation of the samples.

Furthermore, factors additional to proliferative capacity may

contribute to the preferential outgrowth of DICER1-expressing

cells in vivo. The viability of Dicer1 null transformed cells in our

study indicates that total miRNA loss itself, and resultant genetic

misregulation, is not intrinsically catastrophic, but rather triggers

secondary signals that initiate changes in proliferation or cell

death. Numerous studies have reported that miRNAs mediate

stress responses (Hermeking, 2007; Leung and Sharp, 2010;

Leung et al., 2011a) and loss of DICER1 in embryonic stem cells

results in increased sensitivity to stress (Zheng et al., 2011). Simi-

larly, we have observed that sarcoma cells and MSCs that

lack DICER1 exhibit increased apoptosis. Given the intrinsically

stressful nature of the in vivo tumor environment, the retention of

a miRNA-mediated stress response may provide an additional

growth advantage to tumor cells that retain at least one copy

of Dicer1.

Notably, inactivation of TRP53 is a common feature in both the

sarcoma and MSC models presented here and may facilitate or
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be required for viability in the absence of DICER1. This possibility

is consistent with the observation that TRP53 loss allows primary

MEFs to bypass an immediate senescence phenotype induced

by DICER1 loss (Mudhasani et al., 2008). However, TRP53 loss

alone only prolongs proliferative capacity of Dicer1�/� MEFs

for a few additional passages (S.N. Jones, personal communica-

tion), suggesting that other events, such as activation of onco-

genes or inactivation of additional tumor suppressor genes, are

required.

In addition to expanding our understanding of DICER1 in

tumorigenesis, the cell lines reported here may complement

existing models such as the hypomorphic DICER1 HCT116

line, a human colorectal cancer line containing homozygous

deletion of exon 5 in the DICER1 gene (Cummins et al., 2006).

The availability of Dicer1�/� cancer cells will permit further

characterization of somatic miRNA families through miRNA

transfection and ‘‘add-back’’ cell culture experiments. Finally,

the observations that DICER1 loss leads to a negative selective

pressure in vitro and in vivo suggests that DICER1 activity could

be a therapeutic target.

EXPERIMENTAL PROCEDURES

Animal Work

All animal studies were performed with protocols approved by the NIH and

the Massachusetts Institute of Technology Committee for Animal Care, and

were consistent with the Guide for Care and Use of Laboratory Animals,

National Research Council, 1996 (Institutional Animal Welfare Assurance

No. A-3125-01).

Cell Culture

Sarcoma cells were generated from hindlimb injection of Adeno-Cre into

KrasLSL-G12D;Trp53f/f;Dicer1f/f mice as described previously (Kirsch et al.,

2007). Sarcoma cells infected with MSCV.CreERT2.puro were treated with

250 nM 4-hydroxy tamoxifen for 24 hr to recombine the floxed Dicer1 allele

and plated at clonal density. Primary MSC cultures were prepared from an

adult Dicer1f/f mouse using a previously described protocol (Mukherjee

et al., 2008), immortalized with SV40 large T-antigen, and infected with

Adeno-Cre-GFP to recombine the floxed alleles. Cells were genotyped as

described previously (Calabrese et al., 2007).

Histology

Tumor-bearing animals were sacrificed with CO2 asphyxiation. Tumors were

isolated, fixed in 4% paraformaldehyde, transferred to 70% ethanol, and

embedded in paraffin. Tumors were then sectioned and stained with hematox-

ylin and eosin.

Tumor Injection

A total of 2.53 104, 105, or 106KrasG12D;Trp53�/� sarcoma cells ofDicer1f/� or

Dicer1�/� genotype were suspended in PBS and subcutaneously injected into

the flanks of Rag2�/� or C57Bl6/SV129 F1 mice. Tumors were measured over

time by calipers and volumes were assessed as described previously (Sage

et al., 2000). DNA, RNA, and histological sections were prepared from tumors.

Some tumors were trypsinized and replated for the development of secondary

cell lines as described above.

Small RNA Northerns and Cloning

Small RNA northern blots were performed using 20 mg total RNA on a 15%

denaturing polyacrylamide gel. Following semi-dry transfer to a Hybond-N+

membrane, a DNA oligo probe for glutamine tRNA or LNA probes for let-7,

mir-16, and mir-17 were used for visualization. Small RNA sequencing from

sarcoma lines was carried out as described previously (Leung et al., 2011b).

The sequencing data are available under Gene ExpressionOmnibus accession

GSE34825.
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Following the publication of this paper, the authors discovered that the list of genes shown in Table S5 as ‘‘KIMMYCCOREMODULE

HUMANORTHOLOGS’’ was in fact the set of murine genes prior to conversion to their human orthologs. This error does not affect the

conclusions, but the authors apologize for the mistake. The online Table S5 has been corrected.
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