


Cancer Cell

Previews
Genomic Analysis Drives Tailored Therapy
in Poor Risk Childhood Leukemia
Christine J. Harrison1,*
1Northern Institute for Cancer Research, Newcastle University, Newcastle upon Tyne NE2 4HH, UK
*Correspondence: christine.harrison@newcastle.ac.uk
http://dx.doi.org/10.1016/j.ccr.2012.07.012

Ph-like acute lymphoblastic leukemia (ALL) is a novel subgroup of high-risk childhood ALL. In this issue of
Cancer Cell, Roberts et al. describe the identification of genetic alterations that lead to activated kinase
and cytokine receptor signaling in Ph-like ALL and demonstrate that this aberrant signaling can be inhibited
effectively.
The improving survival rate for children

with acute lymphoblastic leukemia (ALL)

is one of the greatest success stories of

cancer treatment. However, a small pro-

portion of patients will relapse; relapsed

disease has a poor response to current

therapy, resulting in reduced survival.

Thus, to ensure optimum treatment, it

is essential that patients at high-risk of

relapse are identified at the time of

diagnosis.

The prognostic relevance of specific

chromosomal abnormalities in B-lineage

ALL has been known for some time. To

date, this information remains an impor-

tant factor in risk stratification of these

patients for treatment (Moorman et al.,

2010). Inparticular, patientswith the trans-

location, t(9;22)(q34;q11.2), resulting in

the BCR-ABL1 fusion, known as Philadel-

phia chromosome (Ph)-positive ALL, with

rearrangements of the MLL gene, or with

hypodiploidy (<40 chromosomes) are

stratified as high-risk and treated on inten-

sive therapy. More recently, using fluores-

cence in situ hybridization and genomic

approaches, novel genetic aberrations

have been identified, including those

leading to dysregulated expression of

CRLF2 or those targeting genes involved

in transcriptional regulation of lymphoid

development (Mullighan et al., 2007,

2009a; Russell et al., 2009). It was noted

that alterations of one of these genes,

IZKF1, was strongly associated not only

with the poor-riskPh-positiveALL but also

with poor-risk among Ph-negative ALL.

Many of these Ph-negative cases show a

gene expression profile similar to that of

the Ph-positive ALL and share the same

high-risk of relapse and poor outcome.

These cases of ALL were defined as

BCR-ABL1-like or Ph-like (Den Boer
et al., 2009; Mullighan et al., 2009b) and

account for �10% of childhood B-ALL. A

pattern of genetic aberrations was begin-

ning to emerge among these Ph-like ALL

to facilitate their identification in the

manystudygroups forwhichgeneexpres-

sion profiling is not available. In addition to

the high incidence of IKZF1 deletions,

another genomic pointer of Ph-like ALL

so far identified is dysregulated CRLF2

expression. This abnormality is present in

�50% of Ph-like cases, of which �50%

also harbor Janus kinase (JAK) mutations.

However, in the remaining cases, the

genetic alterations were unknown.

In the paper by Roberts and colleagues

in this issue of Cancer Cell (Roberts et al.,

2012), the authors provide a comprehen-

sive genomic definition of Ph-like ALL

with genetic alterations of a range of

kinase and cytokine receptors. Initially,

transcriptome and whole genome se-

quencing approaches were used to inter-

rogate the genomes of 15 Ph-like cases.

The altered genes discovered from this

analysis included previously reported,

albeit rarely, and novel fusions and muta-

tions: for example ABL1, including the

NUP214-ABL1 fusion that had been previ-

ously shown to be amplified in T-ALL,

EPOR, JAK2,PDGFRb, EBF1, FLT3, IL7R,

and SH2B3. Largely, these genes facili-

tate leukemic transformation by inducing

constitutive kinase activation and signal-

ing through the Ras and JAK/STAT5 path-

ways. All 15 cases showed at least one of

these abnormalities (Figures 1A and 1B),

indicating that more extensive screening

would be required to determine a more

accurate incidence as well as the distribu-

tion of these alterations. A range of tech-

niques was then applied to screen an

extended high-risk cohort from the
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Children’s Oncology Group. The same

types of aberrations were identified, and

their estimated incidence is shown in

Figure 1C.

Although a range of aberrations were

identified in Ph-like ALL, the activation of

ABL1 and/or JAK/STAT signaling path-

ways was the common mechanism for

transformation. An exciting observation

was that the transformation induced by

these alterations was attenuated by tyro-

sine kinase inhibitors (TKI). The basal level

of substrate phosphorylation as deter-

mined by phosphoflow cytometry was

reduced by several TKI in two primary

patient samples harboring the NUP214-

ABL1 fusion and by a JAK2 inhibitor in

two JAK2 rearranged samples. In addi-

tion, the therapeutic efficacy of the JAK2

inhibitor, ruxolitinib, was demonstrated

in a xenograft model of a JAK2 rearranged

primary ALL sample. Another xenograft

model of a human B-ALL harboring both

an IL7R activating mutation and deletion

of SH2B3 responded to ruxolitinib. Also

of interest was that a NUP214-ABL1 ALL

xenograft model responded to the ABL1

inhibitor, dasatinib, confirming that cells

expressing NUP214-ABL1 are sensitive

to TKI within both T- and B-lineage ALL.

TKI treatment in addition to chemo-

therapy has led to dramatic improvements

in outcome for Ph-positive ALL patients

(Schultz et al., 2009). Patients with

PDGFRb rearrangements show complete

hematological and molecular response to

imatinib (Apperley et al., 2002). It had

been shown previously that B-ALL cells

harboring CRLF2 rearrangements have

enhanced signaling through oncogenic

pathways that can be targeted with JAK

or P13K inhibitors (Tasian et al., 2012).

The Roberts et al. (2012) study now shows
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Figure 1. Distribution of Rearrangements, Mutations,
and Deletions Affecting Kinase and Cytokine Signaling
(A and B) Distribution of rearrangements (A), mutations, and
deletions (B) among the 15 discovery Ph-like ALL patients
described in Roberts et al. (2012). The rearrangements of
ABL1 include two cases of NUP214-ABL1. The IKZF1 cate-
gory includes deletions and mutations; two mutations
occurred along with deletions. The CDKN2A/CDKN2B cate-
gory includes deletions only. The remaining aberrations are
mutations. The distribution is an estimate as some patients
harbored more than one of these aberrations.
(C) Estimated distribution of aberrations among Ph-like
ALL calculated from Children’s Oncology Group high-risk
cohorts. In these high-risk cohorts 15%–20% of patients
were classified as Ph-like according to their gene expression
signature. In total, �50% of cases had CRLF2 high expres-
sion, of which �30% have JAK2 mutations. The ‘‘Other’’
category includes an estimated incidence of ABL1, JAK2,
PDGFRb, and other kinase rearrangements and sequence
mutations.
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that Ph-like leukemic cells are sensi-

tive to currently available TKI. Thus,

taken together, these observations

indicate that screening at diagnosis

to identify those Ph-like patients

who may benefit from the addition

of TKI to their current treatment

regimen would be a feasible

proposition.

At present, gene expression

profiling, next generation sequenc-

ing, as well as the range of complex

molecular techniques required to

reliably identify the specific genetic

alterations described in the Roberts

et al. (2012) paper are not routinely

available in most diagnostic labora-

tories and will no doubt preclude

widespread screening for these

cases in the near future. However,

with the rising implementation of

flow cytometry in the diagnostic

arena and the increased application

of phosphoflow cytometry world-

wide, it may be possible to integrate

flow cytometric phosphosignaling

analysis for activated kinase path-

ways in conjunction with flow cyto-

metric detection of CRLF2 overex-

pression as a diagnostic test to

identify Ph-like cases.

Alternatively, bymaking use of the

distinctive gene expression profile

of Ph-like ALL, it may become

possible to design customized tar-

geted low density gene expression

arrays suitable for routine diagnostic

use. Such arrays would serve as the

initial screen for Ph-like ALL, fol-

lowed by testing for the specific

alterations in kinase and cytokine

receptors. These patients could

then be considered for treatment

combining chemotherapy with ap-

propriate TKI, thus improving the

outcome for another group of high-

risk childhood ALL patients.
140 Cancer Cell 22, August 14, 2012 ª2012 Elsevier Inc.
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Chromosomal translocations causing deregulated c-MYC expression are detectable in most Burkitt
lymphoma cases. However, little is known about the additional lesions necessary for lymphomagenesis.
Now, two independent studies, one of which was performed by Sander et al. in this issue of Cancer Cell,
identify constitutive PI3K signaling and CyclinD3mutations as cooperating lesions in both mice and humans.
The results have directly actionable therapeutic implications.
Burkitt lymphoma (BL) arises from the

malignant transformation of germinal

center (GC) B cells and displays heteroge-

neous epidemiological features (Magrath,

2012). Although BL can occur sporadi-

cally in any population (sporadic BL

[sBL]), it is endemic in several equatorial

regions typically in Africa (endemic BL

[eBL]) and can also develop at significant

frequency in HIV-infected individuals

(hivBL) (Magrath, 2012). The etiology of

BL is associated with Epstein-Barr virus

(EBV) infection, and in the case of eBL,

with malaria, although the pathogenic

significance of these associations is still

unclear. For instance, EBV infection of

tumor cells is detectable in all eBL but is

detectable in only 30% of sBL and hivBL

cases. Moreover, most EBV transforming

genes are not expressed in the tumor cells

(Magrath, 2012). Intensive chemothera-

peutic regimens can cure the majority of

BL cases but cannot be used in devel-

oping countries due to their toxicity and

limited availability.

BL has garnered intense attention

because of its unusual epidemiological

distribution, which suggests complex

biological interactions with the host and

the environment (Magrath, 2012). Further-

more, it represents a landmark in tumor

biology research, being among the first

tumors for which a genetic alteration

of clear pathogenic significance was

discovered (Dalla-Favera et al., 1982;

Taub et al., 1982). In fact, chromosomal

translocations that involve the c-MYC

(MYC) proto-oncogene and the immu-

noglobulin loci and lead to deregulated

MYCexpression are detectable in virtually

all BL cases. Substantial evidence

indicates that MYC deregulation elicits

a range of cancer-causing effects

that include aberrant cell proliferation,
metabolic reprogramming, and genomic

instability.

As for most cancer types, BL is likely to

develop through multiple genetic alter-

ations. Numerous studies have estab-

lished that MYC deregulation is not

sufficient for malignant transformation

but that additional lesions are required.

Yet, except for inactivation of p53, which

is detectable at variable frequencies in

the different BL subtypes (Gaidano et al.,

1991), little is known about the cooperat-

ing lesions that lead to BL development.

Now, however, two independent studies

(Sander et al., 2012 [in this issue ofCancer

Cell]; Schmitz et al., 2012), remarkably

complementary in their findings in mice

and humans, provide fundamental in-

sights into the pathogenesis of BL with

important and directly actionable thera-

peutic implications.

In this issue of Cancer Cell, researchers

in the laboratory of Klaus Rajewsky, in

collaboration with long-standing BL

experts in Europe, have identified novel

genetic lesions that cooperate with MYC

deregulation in generating BL in the

mouse (Sander et al., 2012). Based on

their previous work implicating the PI3K

pathway in the survival of mature B cells

(Srinivasan et al., 2009), Sander et al.

(2012) engineered mice expressing

deregulated MYC and constitutively-

active PI3K specifically in GC B cells, the

putative BL cell of origin. These mice

develop lymphoid malignancies strikingly

similar to human BL, indicating that PI3K

signaling can cooperate with MYC in the

development of BL. Compared with pre-

vious attempts to model human BL in

mice, the present one stands out for

its faithful recapitulation of BL in terms

of the activating pathways commonly

deregulated in this lymphoma, the site
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of activation of these lesions (GC), and

the resulting tumor phenotype, which

displays all the characteristics of human

BL in terms of histology, cell surface

markers, expression of key transcription

factors, and immunological history

(Sander et al., 2012). Furthermore, co-

activation of MYC-PI3K often selects for

stabilizing mutations in cyclin D3, a key

regulator of cell cycle progression in

GC B cells (Peled et al., 2010). Impor-

tantly, similar mutations are reported in

a small survey of human BL, further con-

firming this mouse model as an accurate

phenocopy of human BL.

While the synergy between PI3K

signaling and MYC deregulation was sus-

pected based on normal B cell biology

(Kumar et al., 2006) and confirmed by

the phenotype of the new BL mouse

model, it remained unclear whether and

how the PI3K pathway contributes to

human BL. However, an independent

team led by Louis Staudt has now

resolved this issue and determined the

essential regulatory pathways that coop-

erate with MYC in BL pathogenesis

(Schmitz et al., 2012). By comprehensive

high-throughput RNA sequencing, they

identified a cadre of somatic coding

mutations in a large panel of BL cases

and then examined which of the mutated

genes/pathways was required to maintain

the BL phenotype. Remarkably, they

found that 70% of sBL display constitu-

tive activation of PI3K signaling caused

by mutations that either deregulate the

activity of the transcription factor TCF3

(E2A) or inactivate its negative regulator

ID3. The E2A/PI3K association in BL is

especially intriguing in light of recent

reports that this ‘‘module’’ has essential

functions in B cell fate and GC biology

(Kwon et al., 2008; Lin et al., 2010).
, August 14, 2012 ª2012 Elsevier Inc. 141
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Furthermore, as observed in the mouse

model above, a sizable fraction of human

BLs carried somatic mutations that

increase the stability of the E2A direct

target cyclin D3, probably driving cell

cycle progression. Pharmacological or

genetic inactivation of either PI3K sig-

naling or cyclin D3 function is toxic to BL

cells, indicating that these lesions are

required for tumor cell viability (Schmitz

et al., 2012). Overall, these results

demonstrate that the synergy between

deregulated MYC, PI3K and cyclin D3

experimentally observed in mice is a

naturally occurring pathway of BL lym-

phomagenesis in humans.

These new results raise a number of

intriguing questions and opportunities.

The transcriptome analysis of human BL

samples clearly indicate that a substantial

number of additional, recurrent, genetic

lesions of potential functional significance

are present in the coding genome of

human BL (Schmitz et al., 2012). No

doubt, additional analyses will be neces-

sary to ascertain which of these are more

relevant and/or required for full transfor-

mation. Given its remarkable mechanistic

similarity to human BL, the new mouse

model (Sander et al., 2012) should facili-

tate a systematic evaluation of these

lesions in BL development. In addition,

the initial analysis of human BL suggests

that the eBL subtype may carry at least

partially distinct lesions from sBL and

hivBL (e.g., a much lower frequency of cy-

clin D3 mutation). Although this observa-

tion is still preliminary due to the limited

number of eBL cases examined, it would

be consistent with the distinctive features
142 Cancer Cell 22, August 14, 2012 ª2012 E
of eBL, including different chromosomal

breakpoints and a much higher frequency

of EBV infection of tumor cells. As such,

eBL may arise from pathogenic pathways

that are partially distinct from those

driving sBL and hivBL. Finally, both the

mouse and human tumors conclusively

show that BL is a genetically distinct entity

from other aggressive B cell lymphomas,

especially diffuse large B cell lymphoma.

These findings may therefore help in

their differential diagnosis in cases in

which the histologic pattern is not clearly

discriminating.

Despite more than three decades of

research, no effective drugs have yet

been developed to counter the oncogenic

consequences of MYC deregulation.

Thus, a particularly welcome outcome of

the new studies is their identification of

feasible targets for BL therapy. Indeed,

several approved drugs are already

available to either inactivate PI3K sig-

naling or cyclin D3 function, and prelimi-

nary results show that some of these are

active against BL. If validated in appro-

priate clinical trials, these drugs would

be far less toxic than currently available

chemotherapeutic regimens for BL. If

confirmed, these therapeutic develop-

ments could improve the already high

rate of cure of sBL. But more importantly,

they could change the still ominous

clinical history of eBL and hivBL in devel-

oping countries. The availability of a

faithful preclinical model of the disease,

clearly identified targets, and continu-

ously emerging new drugs suggest that

important changes in the diagnostic,

prognostic, and therapeutic management
lsevier Inc.
of BL may appear in the textbooks in the

not so distant future.
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Enhancing therapeutic activity against cancer cells and minimizing toxic effects on normal cells are critical
elements in chemotherapy. In this issue of Cancer Cell, Leite de Oliveira and colleagues reveal a previously
unrecognized role of a prolyl hydroxylase domain in promoting drug delivery to tumors and reducing toxicity
in normal organs.
Chemotherapy using cytotoxic agents,

such as doxorubicin and cisplatin, to

damage cancer cells and inhibit tumor

growth remains a major therapeutic mo-

dality in cancer treatment. The low selec-

tivity of cytotoxic agents in killing cancer

cells over normal cells has been a major

challenge and significantly limits the

application of these drugs for cancer

treatment. This problem is further com-

pounded by the fact that tumors usually

have blood vessels that seem to be

leaky and tend to cause high interstitial

fluid pressure. This abnormal vasculature

limits drug delivery to cancer cells and,

therefore, reduces the effectiveness of

systemic chemotherapy (Carmeliet and

Jain, 2011; Heldin et al., 2004). In most

cases, the administration of higher drug

doses to increase drug concentrations in

tumor tissues is not a practical option

due to the risk of severe side effects.

Although local administration by injecting

cytotoxic agents into the tumor or the

main blood vessels feeding the tumor

may enhance anticancer activity and re-

duce systemic toxicity, such approaches

may only be applied to a small subset

of tumors at certain anatomic locations.

Clearly, new therapeutic approaches, in-

cluding novel strategies to normalize the

aberrant tumor vessels and developing

tumor-specific agents, are needed to im-

prove cancer treatment outcome.

Recent studies suggest that targeting

the prolyl hydroxylase domain-containing

protein 2 (PHD2) may lead to normaliza-

tion of blood vessels in tumors (Mazzone

et al., 2009) and prevent oxygen-induced

microvascular obliteration in the retina

(Duan et al., 2011) through HIF-depen-

dent mechanisms. Prolyl hydroxylases

are a family of enzymes that catalyze the
hydroxylation of proline residues in a

variety of proteins and affect multiple

biological functions including collagen

formation, oxygen sensing, RNA tran-

scription, and NF-kB signaling (Gorres

and Raines, 2010). Among the prolyl hy-

droxylases, PHD2 seems to play a major

role in oxygen sensing and blood vessel

formation and significantly affects can-

cer oxygenation and metastasis. It was

recently shown that heterozygous dele-

tion of Phd2 in mice caused an increased

expression of HIF-1a and HIF-2a in endo-

thelial cells, leading to the transition of

endothelial tip cells to a more quiescent

stage and normalization of the endothelial

lining of tumor vasculatures (Mazzone

et al., 2009). The profound effect of

PHD2 on the structure of tumor blood

vessel provides the intriguing possibility

of targeting this molecule to normalize

blood flow in tumor tissues and to in-

crease drug delivery to cancer cells.

In this issue ofCancer Cell, Leite de Oli-

veira et al. (2012) report that reduced

PHD2 expression by heterozygous gene

deletion could significantly enhance the

therapeutic activity of doxorubicin and

cisplatin in mice and substantially reduce

the toxic side effects of the drugs in

normal organs, such as the heart and

kidneys. These striking effects seem to

be mediated by two separate mecha-

nisms, both linked to the activation of

hypoxia inducible factors (Figure 1). First,

the decrease in PHD2 activity caused a

significant increase in HIF-1a and HIF-2a

protein levels in endothelial cells, leading

to a normalization of the endothelial lining

of blood vessels within tumor tissues.

This, in turn, improved blood circulation

and reduced interstitial fluid pressure in

the tumor, resulting in an increase in the
Cancer Cell 22
delivery of anticancer agents to the tumor.

The authors suggest that this mechanism

wasmainly mediated through the oxygen-

sensing function of PDH2 via HIF-2. In

contrast, the blood circulation in normal

organs seemed not to be affected by

heterozygous deletion of Phd2, and there

was no increase in drug concentrations

in the normal tissues. Importantly, Phd2

deficiency in normal cells led to HIF-

mediated upregulation of several key anti-

oxidant enzymes, including superoxide

dismutases, catalase, and glutathione

peroxidase-1, which enhanced the anti-

oxidant capacity of normal cells and

increased their ability to tolerate the

production of reactive oxygen species

(ROS) induced by anticancer drugs. The

authors showed that the protection of

normal organs by Phd2 heterozygous

deletion was likely due to activation of

the ROS-sensing mechanism of HIF-1

and HIF-2, which upregulate the expres-

sion of antioxidant enzymes.

The significant in vivo antitumor activity

of doxorubicin and cisplatin observed

in Phd2+/� mice suggests that targeting

PDH2 is a potentially promising strategy

to improve the overall therapeutic out-

come for cancer patients and that the

local drug concentrations in tumor tissues

may play a major role in determining

in vivo drug response. However, other

mechanisms, in addition to increased

local drug concentrations, could con-

tribute to the striking inhibition of tumor

growth by doxorubicin and cisplatin in

Phd2+/� mice. For instance, Phd2 dele-

tion might, through the activation of

HIF-1 and HIF-2, affect the energy me-

tabolism and redox regulation in tumor

stroma and, thus, potentially impair

stromal support for the tumor cells.
, August 14, 2012 ª2012 Elsevier Inc. 143
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Figure 1. PHD2 Deficiency Increases the Therapeutic Activity of
Anticancer Agents and Decreases Side-Toxicity
In mice with wild-type Phd2, the blood vessels in tumor tissue have abnormal
endothelial lining, are leaky, and often cause high interstitial fluid pressure
(IFP), leading to a decrease in drug distribution to cancer cells (upper panel).
Heterozygous deletion of Phd2 promotes normalization of the tumor vascula-
ture and enhances drug delivery to cancer cells (lower panel). A decrease in
PHD2 activity also leads to elevated HIF-1a and HIF-2a, resulting in an upre-
gulation of antioxidant enzymes in normal tissue cells, thus, enhancing their
antioxidant capacity to detoxify ROS induced by anticancer agents.
PHD2, prolyl hydroxylase domain-2; HIF, hypoxia inducible factor; WT, wild-
type; AOC, antioxidant capacity; ROS, reactive oxygen species; EC, endothe-
lial cells; IFP, interstitial fluid pressure.
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Indeed, recent studies sug-

gest that the tumor-stromal

cell interaction plays a major

role in affecting the ROS

status in cancer cells and

their drug sensitivity (Zhang

et al., 2012; Nakasone et al.,

2012). Thus, testing the po-

tential role of PHD2 in modu-

lating tumor-stroma interac-

tion would be an interesting

area of future investigation.

It is important to note that

the normalization of tumor

blood vasculature in Phd2+/�

mice seem to be mediated,

at least in part, by the

HIF-driven upregulation of

VEGFR1 and VE-cadherin

(Mazzone et al., 2009). Thus,

suppression of the VEGF

pathway might potentially

have an opposite and per-

haps unfavorable effect. In-

deed, inhibition of angio-

genesis by blocking VEGF

using the humanized mono-

clonal antibody bevacizumab

has been shown to cause a

decrease in the delivery of

anticancer drugs to the tumor

tissues (Van der Veldt et al.,

2012). These observations to-

gether suggest that caution

should be exercised in con-

sidering combination of VEGF

blocking drugs and tradition-

al chemotherapeutic agents.

The proper timing of drug

administration would be im-

portant in avoiding potential

antagonist effect.

The two major conse-

quences of Phd2 deletion,

namely normalization of tu-

mor vasculature and en-
hancement of antioxidant and detoxifica-

tion capacity in normal organs, suggest

that pharmacological inhibition of PHD2

may be an effective strategy to increase

the therapeutic activity and reduce the

toxic side-effect of traditional chemo-

therapeutic agents. However, systemic

administration of PHD2 inhibitors might

potentially cause an increase in HIF-1
144 Cancer Cell 22, August 14, 2012 ª2012 E
and HIF-2 in cancer cells and, in turn, up-

regulation of detoxification enzymes and

drug resistance. However, the observa-

tion by Leite de Oliveira et al. (2012) that

silencing of Phd2 in tumor cells did not

significantly alter their expression of anti-

oxidant enzymes and drug response

seem to ease this potential concern,

although the mechanisms responsible for
lsevier Inc.
the major difference between

normal cells and cancer cells

in their response to PHD2

abrogation remain largely un-

clear. This is obviously an im-

portant area for future study.

Furthermore, since there are

multiple prolyl hydroxylases

that affect many important

biological functions, develop-

ment of specific inhibitors of

PHD2 is important for suc-

cessful pharmacological tar-

geting. In summary, the study

by Leite de Oliveira et al.

(2012) suggests that PHD2 is

a promising therapeutic target

and warrants further in vitro

and in vivo studies in terms

of mechanisms and clinical

applications.
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Semaphorins are mainly known as guidance signals in development, acting through receptors called Plexins.
However, their role in cancer is rapidly emerging in the regulation of tumor angiogenesis, tumor growth, cancer
cell invasiveness, andmetastatic spreading. Intriguingly, activated plexins can transactivate receptor tyrosine
kinases, suchasMET,VEGFR2,FGFR2,andERBB2,and lead todistinctiveeffects inacell-context-dependent
manner. Moreover, certain semaphorins concomitantly target endothelial and cancer cells, and can achieve
remarkable inhibition of angiogenesis and tumor growth, associated with anti-metastatic activity. Altogether,
these data validate the identification of semaphorin signals as promising therapeutic targets in cancer.
Introduction
Semaphorins

There are around 20 semaphorin genes in vertebrates that can

be subdivided intomultiple subclasses based on common struc-

tural features (Kolodkin et al., 1993; Semaphorin Nomenclature

Committee, 1999). Members of subclass 3 are secreted, while

the others are membrane-bound and, under certain circum-

stances, can be shed upon cleavage. All semaphorins have in

common a sema domain, characterized by a seven-blade beta

propeller structure, which contains sites for semaphorin dimer-

ization and receptor binding (Liu et al., 2010; Nogi et al., 2010;

Janssen et al., 2010).

Semaphorin Receptors

Main receptors for semaphorins are the plexins, a family com-

prising nine members in vertebrates (reviewed by Tamagnone

and Comoglio, 2000). The extracellular domain of plexins also

includes a sema domain that is putatively involved in ligand

binding. A subset of the secreted semaphorins cannot interact

with plexins alone, but require the presence of obligate corecep-

tor molecules called neuropilins (Nrp1/Nrp2) (Tamagnone et al.,

1999; Takahashi et al., 1999), providing additional binding sites

for ligands (see Figure 1) (for general reviews, see Kruger et al.,

2005; Zhou et al., 2008; Neufeld and Kessler, 2008). Notably,

neuropilins are also well-known coreceptors for vascular endo-

thelial growth factors (VEGFs).

Semaphorin Signaling

Plexins are responsible for most known intracellular pathways

triggered by semaphorins, while the short cytoplasmic tail of

neuropilins is apparently devoid of signaling functions. The

intracellular domain of plexins is largely conserved in the

family and carries an unconventional split domain with

GTPase-activating protein (GAP) activity for R-Ras, M-Ras,

and Rap (Oinuma et al., 2004; Wang et al., 2012). Moreover,

the cytoplasmic domain of different plexins was found to asso-

ciate with other putative effector proteins, such as p190Rho-

GAP, PDZ-RhoGEFs, MICALs, FARP2 (reviewed by Zhou

et al., 2008), and 14.3.3 proteins (Yang and Terman, 2012).
Typical outcomes of plexin activation are inhibition of integrin-

mediated cell-substrate adhesion and cytoskeletal remodeling.

In experimental models, this leads to retraction of pseudopodia,

and eventually to cell rounding, or to the typical ‘‘collapse’’ of

axonal growth cone processes. In physiology, these mecha-

nisms are thought to mediate semaphorin-dependent guidance

of axonal extension and directional cell migration (Tran et al.,

2007). Notably, semaphorin and plexinmouse knock-out models

display defects in axon guidance, cardiovascular development

(sometimes lethal), bone homeostasis, and immune response.

Additional Interactors and Signaling Pathways

Certain semaphorins were found to interact with additional mole-

cules on the cell surface beyond their plexin receptors (see

Figure 1), thereby mediating alternative signaling pathways in

specific cellular settings. For instance, in lymphocytes, Sema-

phorin4D (Sema4D) can bind CD72 (Kumanogoh et al., 2000),

and Sema4A the membrane receptor Tim-2 (Kumanogoh et al.,

2002). Sema7A can engage integrin-beta1 through an RGDmotif

included in its amino acid sequence and trigger Focal Adhesion

Kinase-dependent pathway (Pasterkamp et al., 2003). More-

over, other signaling receptors have been found in association

with plexins and neuropilins on the cell surface; these include

the adhesion molecule L1-CAM (Castellani et al., 2002) and

the receptor tyrosine kinases (RTKs) OTK/PTK7, MET, RON,

VEGFR2, and ERBB2 (reviewed by Franco and Tamagnone,

2008). In particular, it was shown that semaphorins can trans-

activate plexin-associated RTKs and promote cell growth and

invasion, as opposed to the usual pathways leading to inhibition

of migration. Thus, semaphorins can trigger multiple signaling

cascades and often distinctive functions in a cell-context-

dependent manner.

Semaphorins Are Versatile and Multifaceted Regulatory
Signals in the Tumor Context
Accumulating evidence indicates that semaphorin signals can

play a major role in the tumor context, beyond their established

role in development (reviewed by Capparuccia and Tamagnone,
Cancer Cell 22, August 14, 2012 ª2012 Elsevier Inc. 145
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Figure 1. Schematic Representation of Main Semaphorin-Plexin
Interactions
Plexins and plexin-associated molecules are indicated in ovals, while other
putative semaphorin receptors are shown in green boxes.
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2009). Cancer cells typically express both semaphorins and

their receptors, and experimental data show that these signals

can either promote, or inhibit, tumor cell migration, growth,

and survival. Thereby, semaphorin functions in the tumor context

may be partly due to a direct (‘‘autocrine’’ or paracrine) regulation

of cancer cells; a few specific examples will be discussed in this

review. Notably, the expression of semaphorins and their recep-

tors in tumors has been found up- or downregulated compared

to normal tissues. The molecular mechanisms responsible for

this regulation are largely unknown, but certain transcription

factors and miRNAs have been implicated (e.g., Clarhaut et al.,

2009; Coma et al., 2011; Urbich et al., 2012). On the other

hand, mutations or other alterations of semaphorin or sema-

phorin receptor genes are rarely seen in human tumors (Balak-

rishnan et al., 2009), with the exception of PlexinB1 mutations

reported in prostate cancer (Wong et al., 2007).

In addition to cancer cells, semaphorins and their receptors

are expressed in normal cells of the tumor microenvironment.

In particular, several semaphorins have been found to regulate

endothelial cell function, either as inhibitors or promoters of

angiogenesis (reviewed by Neufeld et al., 2012), and a number

of them were recently shown to control tumor vasculature

(diffusely discussed below). Certain semaphorins are further-

more importantly involved in the regulation of immune response

(for a review see Takamatsu and Kumanogoh, 2012). For in-

stance, Sema4D signaling was found to promote B lymphocyte

activation, while Sema4A and Sema6D were implicated in T

lymphocytes function. In one study, Sema3A promoted the

cytokine storm induced by inflammatory signals (Wen et al.,

2010), whereas others reported that Sema3A signaling inhibits

T-cell function (Catalano et al., 2006; Lepelletier et al., 2006;

Yamamoto et al., 2008). A recent report indicated that Sema4A

is a chemoattractant for monocyte-macrophages (Meda et al.,

2012); in addition, both Sema4A and Sema7A were found to

induce monocytes to release pro-inflammatory and pro-angio-

genic molecules (Meda et al., 2012; Holmes et al., 2002; Suzuki

et al., 2007). Thus, specific semaphorins could have a role in

controlling the recruitment of leucocytes into the tumor microen-

vironment, and their immuno-modulatory activity could have an

impact on tumor progression; however, these potential functions

have not been carefully investigated as yet.
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A further semaphorin function potentially relevant to cancer

is linked to their emerging role in bone homeostasis. In fact,

signaling cascades triggered by Sema6D/PlexinA1, Sema4D/

PlexinB1, and Sema3A/Nrp1 have been shown to play a crucial

role in the regulation of osteoclast and osteoblast differentiation

and the balance between osteolysis and osteodeposition (Take-

gahara et al., 2006; Negishi-Koga et al., 2011; Hayashi et al.,

2012). As tumor cells can release all of the above signals within

the tumor microenvironment, this could be relevant with respect

to the development of bone metastatic sites.

Due to their versatile activity and wide receptor distribution in

different cell types, semaphorin signals couldmediate an intense

cross-talk between cancer cells and the microenvironment, and

play multiple concomitant functions potentially relevant to tumor

progression. This complex scenario has been investigated for

few family members by experiments in vivo, in mouse models.

This review will mainly focus on recent studies that highlighted

certain semaphorin signaling pathways as major modifiers of

cancer progression and potential therapeutic targets relevant

in translational perspective.

Semaphorins Are Potent Regulators of Tumor
Angiogenesis In Vivo
Growing tumors can release strong and diverse pro-angiogenic

stimuli and usually they become dependent on angiogenesis for

growth and survival; this explains why anti-VEGF drugs, for

example, can dramatically induce tumor shrinkage. However,

refractoriness to drugs blocking individual pro-angiogenic fac-

tors may eventually arise due to the increased production of

alternative signals sustaining tumor vessel development (Carme-

liet and Jain, 2011). A further worrying aspect of VEGF-targeted

drugs is the reported risk of inducing tumor invasion and meta-

static spreading. Although the mechanisms underlying this pro-

cess are still controversial, this seems to involve hypoxia-driven

induction of tumor invasiveness (Semenza, 2012), and it is pres-

ently addressed by combined treatment with drugs directly tar-

geting cancer cells.

Multiple semaphorins have been associated with the regula-

tion of tumor vasculature, including Sema3A, Sema3E, Sema3F,

and Sema3G (as inhibitory signals); Sema4D (as pro-angiogenic

factor); and others (reviewed by Neufeld et al., 2012). These

semaphorins may be released by cancer cells, as well as

by stromal cells in the tumor microenvironment. Furthermore,

endothelial cells themselves produce semaphorins controlling

angiogenesis in autocrine manner. Importantly, the expression

of certain semaphorins (and receptors) seems to be regulated

in response to tissue hypoxia, including upon the ‘‘angiogenic

switch’’ of growing tumors, as part of a balanced set of antago-

nistic signals controlling the development of new vessels (Coma

et al., 2011; Moriya et al., 2010; Sun et al., 2009; Maione et al.,

2009). However, this physiologic function of semaphorins seems

to be distorted in cancer progression. For instance, the levels

of anti-angiogenic factors Sema3A and Sema3F are often down-

regulated in advanced tumors (Maione et al., 2009; Bielenberg

et al., 2004), while the pro-angiogenic Sema4D is typically in-

creased (Basile et al., 2006). It was furthermore reported that

Sema4D levels are induced by VEGF and inflammatory cytokines

(Smith et al., 2011). Notably, in addition to being produced

by cancer cells, Sema4D may be released into the tumor



Figure 2. Semaphorins: A Novel Type of Anti-Angiogenic Factors Inhibiting Cancer Progression
(A) Unlike in normal tissues, the balanced activity of antagonistic signals controlling new vessel development is often distorted in tumors, which are characterized
by predominance of pro-angiogenic signals (including VEGF, Sema4D, and others).
(B) Upon treatment with drugs blocking pro-angiogenic factors, tumors undergo hypoxia and shrinkage; but eventually they may become resistant by exploiting
alternative pro-angiogenic signals. Moreover, tumor hypoxia may induce cancer cell invasiveness and metastatic spreading.
(C) Anti-angiogenic molecules directly targeting endothelial cells (such as Sema3A or Uncl-Sema3E) may be able to overcome these problems. Moreover, by
directly inhibiting tumor cell invasiveness (with Sema3A, Uncl-Sema3E, but also anti-PlexinB1 antibodies), the metastatic spreading associated with tumor
hypoxia could be prevented.
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microenvironment by inflammatory cells, tumor-associated

macrophages (Sierra et al., 2008) and, potentially, platelets

(Zhu et al., 2007). Although genetic deletion in mice demon-

strated that Sema4D is not required for developmental angio-

genesis, experiments in vivo indicated that this semaphorin

has a strong pro-angiogenic activity in tumor models (Sierra

et al., 2008). While Sema4D loss or functional blockade in the

microenviroment inhibited tumor growth and progression, this

effect does not seem to rely exclusively on the main Sema4D-

receptor PlexinB1, potentially implicating the alternative homo-

log PlexinB2 (Fazzari et al., 2007). Notably, Sema4D can control

cancer cells in addition to tumor vasculature (discussed below),

sustaining invasion and metastasis.

As an alternative to blocking the activity of pro-angiogenic

factors, the direct targeting of endothelial cells by treatment

with inhibitory semaphorins was assayed in preclinical tumor

models in mice (see Figure 2). Sema3F was in fact the first sem-

aphorin shown to have an anti-angiogenic activity in tumor

models in mice (Bielenberg et al., 2004; Kessler et al., 2004).
Sema3F binds to the coreceptor molecule Neuropilin-2 (Nrp2),

which—in addition to interacting with plexins—is typically found

in endothelial and lympho-endothelial cells in association with

VEGFR2 and VEGFR3 (Kärpänen et al., 2006; Caunt et al.,

2008). Intriguingly, derivatives of neural crest cells, including

melanoma, also express Nrp2; and the forced overexpression

of Sema3F in melanoma cells transplanted in mice blocked

tumor angiogenesis, tumor growth, and metastatic spreading

(Bielenberg et al., 2004). These data demonstrated that Sema3F

is capable of inhibiting tumor angiogenesis and lympho-angio-

genesis in vivo, and suggested that it may regulate a subset of

cancer cells via Nrp2. Later studies have reported Nrp2 overex-

pression in human tumors (e.g., Dallas et al., 2008) and linked it

with cancer progression; however, the implicated signaling path-

ways have not been clearly elucidated and they might reflect

semaphorin-independent functions.

Recent reports highlighted other semaphorin molecules that

potently inhibit tumor angiogenesis in vivo, independent of

VEGF blockade, and concomitantly control invasive/metastatic
Cancer Cell 22, August 14, 2012 ª2012 Elsevier Inc. 147
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progression. Sema3A was actually the first semaphorin found to

inhibit endothelial cells (Miao et al., 1999). This was initially asso-

ciated with the fact that Sema3A coreceptor Neuropilin-1 (Nrp1)

also binds VEGF and mediates its pro-angiogenic activity. It was

later shown that Sema3A- and VEGF-binding sites on Nrp1 are

largely independent (Appleton et al., 2007); moreover, the antag-

onistic activity of these signals in endothelial cells seems to

implicate distinct signaling pathways, rather than binding com-

petition to Nrp1. Sema3A-receptor complexes are thought to

include plexins of A-subfamily, beyondNrp1, especially PlexinA4

and/or PlexinA1. Notably, a recent report (discussed below) sug-

gests that these plexins may play a role in the regulation of both

endothelial and cancer cells (Kigel et al., 2011). Sema3A was

found to inhibit integrin-mediated adhesion to the extracellular

matrix, which is crucially required for endothelial cell migration

and survival (Serini et al., 2003; Casazza et al., 2011). Upon

delivery in different preclinical tumor models in mice, Sema3A

displayed a strong anti-angiogenic effect associated with inhibi-

tion of cancer cell motility and metastatic spreading in different

tumor models (Maione et al., 2009, 2012; Casazza et al., 2011;

Chakraborty et al., 2012). According to one study, the treatment

with Sema3A can achieve ‘‘normalization’’ of the tumor vascula-

ture in spontaneous tumor models in mice, possibly by pruning

aberrant tumor vessels (Maione et al., 2009). In another study,

the sustained treatment with Sema3A resulted in extensive

vessel disruption and hypoxia in transplanted tumors (Casazza

et al., 2011), suggesting that vessel normalization may be ob-

tained in a specific therapeutic window. Moreover, Sema3A

directly inhibited cancer cell invasiveness dependent on Nrp1

expression (Casazza et al., 2011). Importantly, Nrp1 levels are

typically higher in tumors compared to respective normal tis-

sues, and Nrp1 expression seems to confer a selective advan-

tage in tumor progression (reviewed by (Rizzolio and Tamag-

none, 2011), which may implicate fewer risks of developing

resistance to Sema3A-mediated inhibition. Of note, combined

treatment with Sema3A could prevent the metastatic spreading

induced by VEGF-blocking drugs in a spontaneous tumor model

in mice (Maione et al., 2012).

Another secreted semaphorin found to inhibit tumor angiogen-

esis is Sema3E. The role of Sema3E in developmental angiogen-

esis is well established, even if multiple signaling cascades have

been implicated (reviewed by Tamagnone and Mazzone, 2011).

Importantly, Sema3E signaling in endothelial cells does not

require neuropilins, but rather depends on the specific receptor

PlexinD1 (Gu et al., 2005). PlexinD1 is expressed at high levels in

developing vessels, especially in the endothelial ‘‘tip’’ cells that

lead vascular sprouts. In the adult, PlexinD1 expression is mainly

found in sites of neo-angiogenesis, including tissues recover-

ing from ischemic insults, and growing tumors (Roodink et al.,

2005; Moriya et al., 2010; Fukushima et al., 2011). Intriguingly,

Sema3E-PlexinD1 signaling was found to trigger VEGFR2 acti-

vation in certain neurons (Bellon et al., 2010). Instead, PlexinD1

activation in endothelial cells inhibits their migration and restricts

sprouting angiogenesis, antagonizing pro-angiogenic signals; in

fact, during development, Sema3E is strictly localized in order to

define permissive and non-permissive areas for vascularization

(Gu et al., 2005). Recent studies implicated ARF6 activation by

PlexinD1 in the negative regulation of integrin function mediated

by Sema3E in endothelial cells (Sakurai et al., 2010, 2011).
148 Cancer Cell 22, August 14, 2012 ª2012 Elsevier Inc.
Notably, forced Sema3E overexpression in experimental tumor

models resulted in a dramatic anti-angiogenic effect, associated

with strong suppression of tumor growth (Casazza et al., 2010).

Sema3E Is a Dual-Activity Factor Independently
Controlling Endothelial and Cancer Cells
Importantly, in addition to inhibiting endothelial cells, Sema3E

was found to control the behavior of cancer cells through an

independent signaling cascade. In fact, this secreted sema-

phorin is proteolytically converted into a fragment, known as

p61-Sema3E, which plays a distinctive autocrine function in

cancer cells by driving invasion and metastasis without sig-

nificantly impinging tumor growth (Casazza et al., 2010). This

activity is strictly dependent on the transactivation of the onco-

genic tyrosine kinase ERBB2, associated with PlexinD1, in

response to p61-Sema3E stimulation. By expression profiling

analysis, it was found that higher Sema3E expression in primary

tumors (colorectal and melanoma) correlates with increased

metastatic progression (Casazza et al., 2010). Notably, another

group reported that Sema3E-PlexinD1 signaling induces epithe-

lial-to-mesenchymal transition in ovarian endometrioid cancer

cells (Tseng et al., 2011).

In a recent study, it was shown that a mutated non-process-

able version of Sema3E (Uncl-Sema3E) is unable to elicit

ERBB2 transactivation and pro-metastatic signaling in cancer

cells (Casazza et al., 2012). Yet, Uncl-Sema3E remains fully

competent for binding PlexinD1 and triggering its inhibitory

activity in endothelial cells, which leads to decreased angiogen-

esis and tumor growth in mice. Moreover, the same molecule

‘‘competed out’’ the autocrine signaling of endogenous p61-

Sema3E in cancer cells and blocked their invasive and meta-

static behavior (Casazza et al., 2012). Uncl-Sema3E was effec-

tive in multiple tumor models in mice, including spontaneous

RipTag2 pancreatic tumors, and transplanted LLC tumors

nonresponsive to VEGF blockade. This is consistent with the

idea that these semaphorins exert a direct anti-angiogenic

activity on endothelial cells, rather than interfering with pro-

angiogenic signals (Figure 2). Moreover, a concomitant direct

inhibitory effect of Uncl-Sema3E in cancer cells was implicated

to prevent hypoxia-driven invasion and metastasis. Together

with the examples discussed in the previous section, these data

highlight the relevance of anti-angiogenic semaphorins that can

directly target endothelial cells and potently suppress tumor

growth inmousemodels without promoting cancer invasiveness,

and even concomitantly reducing metastatic spreading. An open

question concerns the possibility of developing functional anti-

bodies or small molecules, alternative to the large recombinant

semaphorin proteins tested so far in mouse models, in order

to trigger plexin-mediated inhibitory signals or block signaling

pathways elicited by endogenous semaphorins.

PlexinB1 Plays Tumor-Type-Specific Functions in
Cancer Progression
PlexinB1 is another familymember coupledwith RTKs on the cell

surface, in particular withMET (Giordano et al., 2002) and ERBB2

(Swiercz et al., 2004). These interactions have a major role in

Sema4D-PlexinB1 signaling, as they can mediate distinctive

and sometimes divergent pathways in a cell-context-dependent

manner, for instance leading to opposite regulation of RhoA
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activity (Swiercz et al., 2008). This possibly explains the contro-

versial literature related to the functional role of PlexinB1 in

human tumors. In fact, in addition to its pro-angiogenic activity

in endothelial cells, a number of studies reported pro-invasive

functions of Sema4D-PlexinB1 signaling in a variety of cancer

cell types (Giordano et al., 2002; Swiercz et al., 2008; Sierra

et al., 2008; Binmadi et al., 2012; Ye et al., 2010; Qiang et al.,

2011). Moreover PlexinB1 is overexpressed and frequently

mutated in prostatic cancer, and some of these genetic changes

were associated with a ‘‘switch’’ of receptor signaling accompa-

nied by increased invasiveness and metastasis (Wong et al.,

2007). On the other hand, in melanoma, oncogenic signaling

by mutated constitutively active BRAF was found instead to

suppress PlexinB1 expression (Argast et al., 2009); furthermore,

experimental evidence indicated a tumor suppressor function of

overexpressed PlexinB1 in melanoma cells (Argast et al., 2009;

Stevens et al., 2010). One group recently addressed this issue

in vivo by breeding an ERBB2-driven mouse breast carcinoma

model in a PlexinB1 null background (Worzfeld et al., 2012). It

emerged that PlexinB1 expression in vivo is not required for

tumor growth or tumor angiogenesis, consistent with previous

data, but it has a major role in promoting metastatic spreading.

The specific role of Sema4D was not elucidated in this study;

however, in vitro experiments suggested that PlexinB1 expres-

sion in cancer cells is required to mediate RhoA/RhoC activation

elicited by overexpressed and constitutively active ERBB2

kinase (Worzfeld et al., 2012). Notably, low levels of PlexinB1

in ERBB2-overexpressing human breast tumors significantly

correlated with better patient prognosis. Moreover, interfering

with PlexinB1 was proposed as complementary therapeutic

approach to block invasion and metastasis of ERBB2-positive

tumors. Beyond the analysis of gene-deficient mouse models

and RNAi approaches in vitro, this conclusion was based on

the application of PlexinB1-blocking antibodies to cultured cells

(Worzfeld et al., 2012). In fact, the use of interfering antibodies

in vivo to manipulate Sema4D/PlexinB1 function in tumors

has not been tested as yet. Interestingly, in a previous study,

co-expression of PlexinB1 and MET tyrosine kinase in human

breast and ovarian cancers was similarly found to correlate

with metastatic progression (Valente et al., 2009). On the other

hand, another group reported opposite prognostic significance

of PlexinB1 expression in a subset of patients with estrogen

receptor-positive breast cancer, indicating better survival in

PlexinB1-expressing tumors and poor prognosis upon PlexinB1

loss (Rody et al., 2009). Thus, depending on the tumor type,

PlexinB1 expression may be considered as a negative or a

positive prognostic factor. Emerging data seem to suggest

a similar scenario of tumor context-dependence for the homolo-

gous receptor PlexinB3, interacting with Sema5A (Artigiani et al.,

2004). For instance, it was reported that an increased expression

of Sema5A and PlexinB3 significantly correlates with invasion

and metastasis in human gastric and pancreatic tumors (Pan

et al., 2009; Sadanandam et al., 2010). On the other hand,

another group found that Sema5A-PlexinB3 signaling inhibits

the migration of human glioma cells and leads to inactivation of

the pro-invasive protein fascin (Li et al., 2012). Further studies

are required to elucidate whether this reflects the involvement

of distinct receptor complexes and alternative signaling path-

ways, as seen for PlexinB1.
PlexinA4 Is Involved in Multiple Semaphorin Receptor
Complexes, Responsible for Different Functions in
Cancer and Endothelial Cells
In a recent study, PlexinA4 was reported to associate with

RTKs VEGFR2 and FGFR2, and thereby promote signaling path-

ways leading to increased viability of endothelial and tumor cells

(Kigel et al., 2011). Similar effects were observed upon overex-

pression of PlexinA4-ligand Sema6B, potentially suggesting

that elevated Sema6B and/or PlexinA4 levels in tumors may

correlate with progression. Intriguingly, it was proposed that

PlexinA4-RTK receptor complexes may be functionally alterna-

tive to PlexinA4-PlexinA1 heterodimers responsible for Sema3A

anti-angiogenic signals (Kigel et al., 2011). Thereby PlexinA4

might mediate opposite biological functions depending on the

implicated semaphorin ligand and plexin-associated signal

transducers. Based on these data, it could be envisaged that

cancer treatment with Sema3A (or related molecules) could

lead not only to direct inhibition of tumor cell migration and

angiogenesis, but also prevent stimulatory signaling cascades

by titrating out the bivalent receptor component PlexinA4.

Conclusions
In summary, inhibitory semaphorins that restrict cell migration

and angiogenesis during development are often downregulated

in advanced tumors, and proved to be effective tumor sup-

pressor molecules in preclinical mouse models. Other sema-

phorins and plexins, such as Sema4D, PlexinB1, Sema3E and

PlexinD1, are frequently upregulated in tumors as they support

cancer progression and metastatic spreading. They have been

proposed as prognostic predictors and recombinant molecular

tools capable of blocking these pathways and effectively

reducing tumor angiogenesis and metastatic spreading in

preclinical trials in mice. Because the network of semaphorin

signals is rather complex and cell-context-dependent, further

studies may help to establish the relevance of individual family

members as prognostic predictors and therapeutic targets for

specific tumor types in humans. Moreover, biotechnological

studies will aid in the development of improved molecular tools

interfering with plexin activation and applicable for use in clinical

trials.
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SUMMARY
Genomic profiling has identified a subtype of high-risk B-progenitor acute lymphoblastic leukemia (B-ALL)
with alteration of IKZF1, a gene expression profile similar to BCR-ABL1-positive ALL and poor outcome
(Ph-like ALL). The genetic alterations that activate kinase signaling in Ph-like ALL are poorly understood.
We performed transcriptome and whole genome sequencing on 15 cases of Ph-like ALL and identified
Significance

Ph-like ALL patients comprise up to 15% of childhood ALL, exhibit a high risk of relapse and have a poor outcome. Using
next-generation sequencing, we have shown that genetic alterations activating kinase or cytokine receptor signaling are
a hallmark of this subtype and that a number of these lesions are sensitive to tyrosine kinase inhibitors (TKIs). Thus, our find-
ings support screening at diagnosis to identify Ph-like ALL patients that may benefit from the addition of TKI treatment to
current chemotherapeutic regimens. Furthermore, this study illustrates how genomic analysis can be used to drive tailored
therapy for cancer patients.
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rearrangements involving ABL1, JAK2, PDGFRB, CRLF2, and EPOR, activating mutations of IL7R and FLT3,
and deletion of SH2B3, which encodes the JAK2-negative regulator LNK. Importantly, several of these alter-
ations induce transformation that is attenuated with tyrosine kinase inhibitors, suggesting the treatment
outcome of these patients may be improved with targeted therapy.
INTRODUCTION

Acute lymphoblastic leukemia (ALL) is the most common pedi-

atric malignancy, and relapsed B-lineage ALL remains a leading

cause of cancer death in young people (Pui et al., 2008).

B-progenitor acute lymphoblastic leukemia (B-ALL) is charac-

terized by recurring chromosomal abnormalities, including aneu-

ploidy, chromosomal rearrangements (e.g., ETV6-RUNX1, BCR-

ABL1, and TCF3-PBX1), and rearrangements ofMLL andCRLF2

(Pui et al., 2008; Mullighan et al., 2009a; Russell et al., 2009a;

Harvey et al., 2010a; Yoda et al., 2010). However, leukemic cells

from many patients with relapsed B-ALL lack known chromo-

somal alterations. Therefore, identifying the full repertoire of

genetic lesions in high-risk ALL is essential to improve the treat-

ment outcome of this disease.

Genome-wide analyses have identified genetic alterations

targeting transcriptional regulators of lymphoid development

(PAX5, EBF1, and IKZF1) in over 60% of B-ALL patients (Kuiper

et al., 2007; Mullighan et al., 2007, 2009b). IZKF1 alteration is

a hallmark of Philadelphia chromosome (Ph+) ALL with BCR-

ABL1 fusion (Mullighan et al., 2008; Iacobucci et al., 2009) and

is also associated with poor outcome in both BCR-ABL1-

positive and BCR-ABL1-negative ALL (Den Boer et al., 2009;

Martinelli et al., 2009; Mullighan et al., 2009b). Notably, IKZF1-

mutated, BCR-ABL1-negative cases commonly exhibit a gene

expression profile similar to BCR-ABL1-positive ALL, and these

cases are referred to as ‘‘Ph-like ALL’’ (Den Boer et al., 2009;

Mullighan et al., 2009b). Ph-like ALL comprises up to 15% of

pediatric B-ALL, and these patients have a higher risk of

relapse compared to other BCR-ABL1-negative patients, with

5-year event-free survival rates of 63% and 86%, respectively

(our unpublished data). Approximately 50% of Ph-like patients

harbor rearrangements of CRLF2 (CRLF2r) (Harvey et al.,

2010a), with concomitant Janus kinase (JAK) mutations de-

tected in approximately 50% of CRLF2r cases (Mullighan et al.,

2009a; Russell et al., 2009a; Harvey et al., 2010a; Yoda et al.,

2010). However, the genetic alterations responsible for activated

kinase signaling in the remaining Ph-like cases are unknown.

To identify the genetic basis of this subtype, we performed

transcriptome and whole genome sequencing on tumor and

matched normal material from 15 patients with Ph-like ALL.

RESULTS

Chromosomal Rearrangements in Ph-like ALL
To identify genetic alterations in Ph-like ALL, we performed

paired-end messenger RNA sequencing (mRNA-seq) on 15

B-ALL cases that were identified as Ph-like using prediction

analysis of microarrays (PAM; Table 1; Table S1 available online)

(Tibshirani et al., 2002) and Recognition of Outliers by Sampling

Ends (ROSE) (Harvey et al., 2010b). Importantly, the gene

expression profile of Ph-like ALL determined by limma (Linear

Models for Microarray Analysis; Table S2) (Smyth, 2004) ex-
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hibited highly significant enrichment for the previously described

signature of high-risk, IKZF1-deleted ALL (Mullighan et al.,

2009b) (data not shown). Whole genome sequencing (WGS) of

tumor DNA was also performed for two cases lacking kinase-

activating rearrangements on analysis of mRNA-seq data. We

used multiple complementary analysis pipelines, including

deFuse (McPherson et al., 2011), Mosaik (Marth, 2010), CREST

(Wang et al., 2011), CONSERTING (Zhang et al., 2012), and

Trans-ABySS (Robertson et al., 2010) to identify rearrange-

ments, structural variations, and sequence mutations. Putative

somatic sequence variants were identified by comparing tumor

data to WGS data of matched normal DNA and were validated

using orthogonal sequencing methods. Overviews of method-

ology and findings are provided in Figure 1 and Figure S1.

Strikingly, we identified alteration of genes encoding cytokine

receptors and regulators of kinase signaling in all 15 cases

studied (Table 1). Putative rearrangements were validated by

reverse transcription followed by polymerase chain reaction

(RT-PCR) and Sanger sequencing (Figure 2), with an average of

1.9 rearrangements identified per case (range 0–5; Table S3

and Figure S2). The rearrangements included two cases with

NUP214-ABL1, one case with insertion of the erythropoietin

receptor gene (EPOR) into the immunoglobulin heavy chain locus

(IGH@-EPOR), and one case each with the in-frame fusions

EBF1-PDGFRB, BCR-JAK2, STRN3-JAK2, PAX5-JAK2, ETV6-

ABL1, RANBP2-ABL1, and RCSD1-ABL1. These rearrange-

ments were either cryptic on cytogenetic analysis or the fusion

partners could not be identified on examination of karyotypic

data alone (Table 1). In each case multiple paired-end reads

mapped to the partner genes, and split reads mapping across

the fusion were identified (Figure 3A and Figure S3A). Additional

putative fusion transcripts were identified for each case (Fig-

ure S2 and Table S3); however, these commonly showed a

low level of read support, did not encode an open-reading

frame (SEMA6A-FEM1C, OAZ1-KLF2, and ZNF292-SYNCRIP),

or involved intronic fusion break points (DOCK8-CBWD2 and

TSHZ2-SLC35A1), suggesting they do not contribute to leuke-

mogenesis. We also identified an inversion involving PAX5 and

the adjacent gene ZCCHC7, resulting in a reciprocal fusion that

disrupts the open reading frame of PAX5 (Figure S2H). Deletions,

translocations, and sequence mutations of PAX5 are detected in

approximately 30% of B-ALL patients (Mullighan et al., 2007),

and this inversion represents another mechanism for PAX5

inactivation.

CRLF2 is overexpressed in up to 7% of B-ALL, including over

50% of ALL cases in children with Down syndrome, and occurs

via multiple mechanisms involving either a cryptic translocation

that juxtaposes CRLF2 to the regulatory elements of the immu-

noglobulin heavy chain locus (IGH@-CRLF2) (Mullighan et al.,

2009a; Russell et al., 2009a) or an interstitial deletion of the

pseudoautosomal region one (PAR1) centromeric to CRLF2

resulting in the P2RY8-CRLF2 rearrangement (Mullighan et al.,

2009a). Less frequently, the point mutation affecting codon



Table 1. Chromosomal Rearrangements Detected in High-Risk B-Lineage ALL

Sample ID Cohort Rearrangement Sex

Age

(Years) WCC 3 109/l Key Lesions Karyotype

PAKTAL P9906 STRN3-JAK2a Female 12.2 478 IKZF1 deletion and

p.Leu117fs mutation

N/A

PAKKCA P9906 EBF1-PDGFRBa Male 11.7 236.4 IKZF1 (IK6); EBF1 deletion; PAX5

inversiona; CDKN2A/CDKN2B

deletion

46,XY,del(6)(q13q23),del(9)

(p22)[20]

PAKVKK P9906 NUP214-ABL1a Male 14.4 220.7 IKZF1 p.Ser402fs mutation; PAX5

deletion; CDKN2A/CDKN2B

deletion

N/A

PALIBN P9906 IGH@-EPORa Male 14.3 29.9 IKZF1 e1-5 deletion;

CDKN2A/CDKN2B deletion

N/A

PAKYEP P9906 BCR-JAK2a Male 2.7 958.8 IKZF1 (IK6); EBF1 deletion; PAX5

deletion and p.Gly24Arg mutation;

CDKN2A/CDKN2B deletion

47,XY,+2,del(2)(p23),t(3;22;9)

(p12;q11.2;p24) [10]/46,XY[2]

PAMDRM P9906 IGH@-CRLF2b Male 7.9 351.3 JAK2 p.Ile682_Arg683insGlyProa;

IKZF1 deletion e1-e6; EBF1

deletion; PAX5 p.Val319fs;

CDKN2A/CDKN2B deletion

46,XY[20]

PAKKXB P9906 IGH@-CRLF2b Female 14.5 92.7 IKZF1 (IK6); CDKN2A/CDKN2B

deletion; FLT3 p.Asn609ins23aac
46,XX[21]

PALETF P9906 None Female 7.6 105.7 EBF1 deletion; FLT3

p.Leu604ins23aaa
47,XX,+10[3]/46,XX,+10,

�21[7]/46,XX[8]

PAKHZT P9906 IGH@-CRLF2b Male 13.9 307 JAK2 p.Arg867Gln;

CDKN2A/CDKN2B deletion

N/A

PALJDL P9906 None Male 3.2 156 PAX5 deletion; CDKN2A/CDKN2B

deletion; IL7R

p.L242_L243insFPGVC mutationd;

SH2B3 e1–2 deletiond

N/A

PANNGL AALL0232 PAX5-JAK2a Female 12.9 15.8 IKZF1 deletion 47,XX,r(7)(p12q31),+9[14]/

46,XX[6]

PANSFD AALL0232 ETV6-ABL1a Male 5.4 83 IKZF1 (IK6); PAX5 deletion;

CDKN2A/CDKN2B deletion

46,XY,ins(12;9)(p13;

q34q34)[20]

PANEHF AALL0232 RCSD1-ABL1a Male 15.7 47.8 N/A N/A

SJBALL085 Total XV NUP214-ABL1a Male 16.3 135.6 IKZF1 (IK6) and p.Ala79fs mutationa 46,XY

SJBALL010 Total XVI RANBP2-ABL1a Male 15 121 PAX5 deletiona 46,XY,t(2;9)(q21;q34)[14]/

46, XY[6]

Chromosomal rearrangements affecting kinase and cytokine receptor signaling identified bymRNA-seq in 15 Ph-like cases. Genetic lesions disrupting

B cell development (IKZF1, EBF1, and PAX5) and JAK2-activating mutations are also shown. IK6 refers to the deletion of IKZF1 exons 4–7 (coding

exons 3–6), which results in the expression of a dominant negative IKZF1 isoform that lacks the N-terminal DNA-binding zinc fingers. All cases

were of B-precursor immunophenotype and did not exhibit expression of T-lineage markers. Frame shifts (fs) are designated using the short nomen-

clature as outlined by the Human Genome Variation Society. aa, amino acid; e, exon; ITD, internal tandem duplication; N/A, not available; WCC, white

cell count (3 109/l).
aIdentified by RNA-seq analysis.
bPreviously known (Harvey et al., 2010a).
cPreviously known (Zhang et al., 2011).
dIdentified by whole genome sequencing. See Tables S1, S2, S3, S4, S5, S6, S7, S8, and S9.
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232 (p.Phe232Cys) has also been identified (Yoda et al., 2010;

Chapiro et al., 2010). Mutations activating JAK are present in

approximately 50% of CRLF2r cases (Mullighan et al., 2009a;

Russell et al., 2009a; Harvey et al., 2010a; Hertzberg et al.,

2010; Yoda et al., 2010); however, the nature of kinase-activating

mutations in CRLF2r cases lacking JAK mutations is unknown.

Three cases in the discovery cohort were known to have the

IGH@-CRLF2 translocation, and one of these harbored a known

JAK2mutation (p.Arg867Gln) (Mullighan et al., 2009c). Two addi-
tional CRLF2r cases lacking known JAK mutations were

sequenced, one of which harbored a FLT3 internal tandem dupli-

cation (ITD; p.Asn609ins23aa) (Zhang et al., 2011), and the other

harbored a complex JAK2 mutation (p.Ile682_Arg683insGlyPro

in case PAMDRM) that was not identified by previous Sanger

sequencing (Mullighan et al., 2009c). No additional kinase-acti-

vating lesions were identified in the CRLF2r cases. A full listing

of somatic single nucleotide variants (SNVs) and insertions/dele-

tions identified by mRNA-seq are provided in Table S4.
Cancer Cell 22, 153–166, August 14, 2012 ª2012 Elsevier Inc. 155



Figure 1. Flow Chart of Methodology

(A) Fifteen Ph-like high-risk (HR) ALL cases were

subjected to mRNA-seq, with matched normal

DNA subjected to whole genome sequencing

(WGS). Two cases also had WGS of tumor DNA.

(B) For recurrence testing of ABL1, JAK2, and

PDGFRB fusions, cases with available RNA from

AALL0232 were screened by RT-PCR. The two

NUP214-ABL1 cases identified in P9906 showed

gain of 9q34 between NUP214 and ABL1 on SNP

array analysis, and the presence ofNUP214-ABL1

was confirmed by RT-PCR. Whole genome

amplified (WGA) leukemic DNA was used for

recurrence of IL7R and SH2B3 mutations. FLT3

mutations were reported previously (Zhang et al.,

2011).

See also Figure S1.
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Case PAKKCA harbored the previously unknown EBF1-

PDGFRB fusion that was present in the predominant leukemic

clone, as confirmed by fluorescence in situ hybridization (FISH)

(Figure S3). mRNA-seq coverage analysis for this case showed

a sharp increase in read depth at intron 10 of PDGFRB that

corresponds to the genomic break point (Figure 3B). Both genes

are located on chromosome 5q, and analysis of DNA copy

number data revealed a deletion between the two break points

(Figure 3C). Genomic PCR identified the break point 0.5 kb

downstream of EBF1 exon 15 and 2.3 kb upstream of PDGFRB

exon 11 in the index case (Figure 3D). Several copy number

alterations and rearrangements in B-ALL arise from aberrant

recombination-activating gene (RAG) activity (Mullighan et al.,

2007, 2009a); however, analysis of the sequences adjacent to

the genomic break points of EBF1 and PDGFRB showed no

evidence of RAG-mediated activity in this case.

The NUP214-ABL1 rearrangement has not previously been

reported in B-ALL but is present in 5% of T-lineage ALL and

commonly accompanies episomal amplification of 9q34 (Graux

et al., 2004). Notably, both NUP214-ABL1 cases had pre-B-

ALL immunophenotype with no expression of T-lineagemarkers,

and in contrast to T-ALL, did not show high-level episomal

amplification by FISH analysis (data not shown). Instead, we

observed gain of only one copy of DNA between the two partner

genes at 9q34 (Figure S2I). The ABL1 break points correspond

to those observed in NUP214-ABL1 T-ALL (De Braekeleer

et al., 2011) and Ph+ chronic myeloid leukemia or B-ALL (Melo,

1996), which retain the SH2, SH3, and kinase domains of ABL1.

Case PAKYEP harbored the BCR-JAK2 fusion, which has

previously been identified in myeloid leukemia (Griesinger

et al., 2005; Cirmena et al., 2008) but not in B-ALL. Visualization

of mRNA-seq split-reads using Bambino (Edmonson et al., 2011)

identified two BCR-JAK2 fusion transcripts in this case involving

exon 1 of BCR fused to either exon 15 or 17 of JAK2, both of

which were validated by RT-PCR and sequencing (Figure S4A).
156 Cancer Cell 22, 153–166, August 14, 2012 ª2012 Elsevier Inc.
Using Bambino, we also mapped the

genomic break point at intron 1 of BCR,

located within the minor break point

cluster region, to intron 14 of JAK2 (Fig-

ure S4B). Notably, all JAK2 fusions

identified in this study are in-frame and
disrupt the pseudokinase domain of JAK2, which is thought to

relieve autoinhibition of the kinase domain, thus resulting in a

constitutively active fusion protein.

The IGH@-EPOR rearrangement arising from a reciprocal

t(14;19)(q32;p13) translocation has been documented in B cell

precursor ALL (Russell et al., 2009b). However, FISH for the

t(14;19) rearrangement in case PALIBN was negative. Detailed

analysis of mRNA-seq data and genomic mapping demon-

strated that the rearrangement involved a 7.5 kb insertion of

EPOR into the immunoglobulin heavy chain locus downstream

of the IgH enhancer domain with similar cytogenetic break

points as the previously identified translocation, thus identifying

another mechanism of IGH@-EPOR rearrangement (Figure 4).

Sequence Mutations and Deletions in Ph-like ALL
WGS of tumor and normal DNA was performed on two Ph-like

cases for which a kinase-activating rearrangement was not

identified by mRNA-seq. Case PALJDL harbored two alterations

predicted to activate tyrosine kinase signaling, the first being an

in-frame insertion in the transmembrane domain of the inter-

leukin 7 receptor, IL7R (p.Leu242_Leu243insFPGVC; Figure 5A).

Using the mRNA-seq mutant allele read counts, we estimated

the IL7R mutation to be expressed in approximately 93.4% of

cells in the sample sequenced. Similar activating mutations in

IL7R have recently been described in pediatric B and T-lineage

ALL (Shochat et al., 2011; Zenatti et al., 2011; Zhang et al.,

2012). Interestingly, case PALJDL also harbored a focal homozy-

gous deletion removing the first two exons of SH2B3 that was

not evident by SNP array analysis, with a concomitant absence

of SH2B3 expression by mRNA-seq analysis (Figures 5B and

5C). By comparing the coverage in the region of homozygous

deletion (1.153) to that of the undeleted region downstream on

the same chromosome (30.863), we estimate this deletion to

be in at least 96% of cells in the sample sequenced. SH2B3

encodes the protein LNK, which is a negative regulator of



Figure 2. Rearrangements in Ph-like ALL

(A) Predicted domain structure of the in-frame fusions EBF1-PDGFRB (E/P), BCR-JAK2 (B/J), STRN3-JAK2 (S/J), PAX5-JAK2 (P/J), NUP214-ABL1 (N/A), ETV6-

ABL1 (E/A), RANBP2-ABL1 (R/A), and RCSD1-ABL1 (RC/A) identified by mRNA-seq in eight Ph-like ALL cases. Confirmation of predicted fusions by RT-PCR (B)

and Sanger sequencing (C). The two bands for BCR-JAK2 correspond to two different fusion break points within JAK2 (exon 15 and 17), both of which were

confirmed by Sanger sequencing. IPT/TIG, immunoglobulin-like fold, plexins, transcription factors/transcription factor immunoglobulin; FG, phenylalanine and

glycine; SH, Src homology domain.

See also Figure S2.
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Figure 3. mRNA-seq Data, Recurrence

Screening, and Genomic Mapping of the

EBF1-PDGFRB Fusion

(A) Split readsmapping across the EBF1-PDGFRB

fusion point for case PAKKCA. Amino acid sub-

stitution from wild-type PDGFRB (Ser > Ala) is

highlighted in green.

(B) Coverage depth for all mRNA-seq reads at

the EBF1 and PDGFRB locus in case PAKKCA,

showing expression across the EBF1 locus and

increased expression of PDGFRB at intron 10

(arrowed). The vertical height of the red bar indi-

cates the number of reads covering the site.

(C) SNP 6.0 microarray log2 ratio DNA copy

number heatmap showing deletion (blue) between

EBF1 and PDGFRB for two EBF1-PDGFRB cases

(PANJJE and PANNKX) and four non-rearranged

cases with focal EBF1 deletions (left).

(D) Genomic mapping of the EBF1-PDGFRB

rearrangement break point by PCR (top) and

sequencing (bottom), showing juxtaposition of

EBF1 intron 15 (chr5:158067136) to PDGFRB

intron 10 (chr5:149488649), with the addition of

nontemplate nucleotides between the break

points.

(E) RT-PCR confirmation of EBF1-PDGFRB fusion

in four high-risk B-ALL cases with exon 14 (bottom

band) or exon 15 (top band) of EBF1 fused to exon

11 of PDGFRB.

See also Figure S3.
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JAK2 signaling (Tong et al., 2005), and inactivating mutations

within exon 2 have been identified in JAK2 p.Val617Phe-negative

myeloproliferative neoplasms (MPN) (Oh et al., 2010; Pardanani

et al., 2010) and early T cell precursor ALL (Zhang et al., 2012).

Case PALETF was found to harbor an in-frame ITD within

the FLT3 juxtamembrane domain (p.Leu604ins23aa; Table S4).

FLT3 ITDs and increased expression of wild-type FLT3 are also

present in high-risk acute myeloid and lymphoblastic leukemia

(Schnittger et al., 2002; Armstrong et al., 2003; Paietta et al.,

2004; Zhang et al., 2012). Similar to PDGFRB and JAK2 rear-

rangements, FLT3 mutations facilitate leukemic transformation

by inducing constitutive kinase activation and signaling through

the Ras and JAK/STAT5 pathways (Mizuki et al., 2000). Addi-

tional SNVs and structural variations identified by WGS of

PALJDL and PALETF are provided in Tables S5, S6 and, S7

and Figure S5.

Recurrence of Genetic Alterations in Ph-like B-ALL
We next performed recurrence screening of extended cohorts

of high-risk B-ALL to determine the frequency of these

genetic alterations (Figure 1). RT-PCR for the EBF1-PDGFRB,
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BCR-JAK2, STRN3-JAK2, PAX5-JAK2,

NUP214-ABL1, ETV6-ABL1, RANBP2-

ABL1, and RCSD1-ABL1 fusions was

performed for 231 cases from a separate

consecutively recruited cohort of high-

risk B-progenitor ALL obtained from

the Children’s Oncology Group (COG)

AALL0232 study. Screening for these

fusions in the COG P9906 discovery
cohort was not possible because of a lack of RNA for many

cases.We investigated the presence of IL7R andSH2B3 variants

in both the P9906 and AALL0232 cohorts by Sanger sequencing

of tumor DNA and SNP array analysis of tumor and matched

nontumor DNA. CRLF2 rearrangements, JAK mutations and

amplification between NUP214 and ABL1 were examined in

both P9906 and AALL0232 cohorts by SNP array analysis,

genomic PCR and sequencing, and FISH for cases with 9q34

amplification. We also performed RT-PCR for the fusions and

genomic sequencing for IL7R in other hematopoietic malignan-

cies, including 23 MPN cases lacking JAK2 or MPL mutations,

25 chronic myelomonocytic leukemia (CMML) cases and 44

childhood acute myeloid leukemia (AML) cases, including 34

that lacked recurring chromosomal rearrangements.

Forty of 231 cases (14%) of the AALL0232 cohort were identi-

fied as Ph-like (Table S8). Twenty-five cases (8.8%) had high

CRLF2 expression, 19 of which were Ph-like and 6 non-Ph-

like. JAK mutations were present in ten cases with high CRLF2

expression, all of which were Ph-like (Table S9). The EBF1-

PDGFRB fusion was detected in three additional Ph-like patients

(8% of Ph-like ALL), in which exon 15 (n = 2) or exon 14 (n = 1) of
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EBF1 was fused to exon 11 of PDGFRB (Figure 3E). Each of the

EBF1-PDGFRB cases showed an increase in PDGFRB expres-

sion by gene expression profiling and two of these patients

(PANJJE and PANNKX) had an interstitial deletion between the

partner gene break points (Figure 3C).

No additional cases with the ABL1 or JAK2 rearrangements

identified in the discovery cohort were observed in the

AALL0232 cohort. Analysis of SNP array data identified two

cases in P9906 (PAMBWU and PALFBA, one Ph-like) with

a single copy gain of DNAbetweenNUP214 andABL1 (Figure 2I).

The presence of the NUP214-ABL1 rearrangement was con-

firmed by RT-PCR and Sanger sequencing (Figure 2J), indicating

that this fusion is also recurrent in B-ALL. No ABL1, JAK2, or

PDGFRB rearrangements were identified in the MPN, CMML,

and AML cohorts and have not been detected in other childhood

B-ALL subtypes studied by WGS and mRNA-seq (Downing

et al., 2012), indicating these genetic lesions are highly enriched

in the Ph-like subtype.

Mutations within the transmembrane domain of IL7R were

found in eight additional cases from P9906, five of which were

Ph-like (12.5% of Ph-like ALL) (Figure 5A). An additional Ph-like

case from the AALL0232 cohort (PANKMB) had a focal homo-

zygous deletion removing exons 1–2 of SH2B3 that was identi-

fied using the higher resolution SNP 6.0 microarray, and subse-

quently confirmed by PCR (data not shown). Interestingly, this

case harbors a P2RY8-CRLF2 rearrangement but lacks a JAK

mutation, suggesting that removal of JAK2 regulation by LNK

augments JAK signaling in this case. No additional somatic

SH2B3 mutations or deletions were identified in this study.

Sanger sequencing of FLT3 in the P9906 cohort reported muta-

tions in 12 cases, 4 of which were Ph-like (Table S9) (Zhang et al.,

2011).

Rearrangements Are Transforming and Sensitive to
Tyrosine Kinase Inhibitors
Recent phosphoflow cytometry studies have shown that B-ALL

leukemic cells harboring CRLF2 rearrangements (with or without

concomitant JAK mutations) have enhanced signaling through

oncogenic pathways that can be targeted with JAK or PI3K

inhibitors (Tasian et al., 2012). To determine if the genetic alter-

ations we identified in Ph-like ALL activate kinase signaling

and respond to TKIs, we performed flow cytometric phos-

phosignaling analysis on four primary leukemic samples (two

cases with the NUP214-ABL1 fusion, one case with the BCR-

JAK2 fusion, and one case with the STRN3-JAK2 fusion). All

cases demonstrated activation of downstream signaling path-

ways, with phosphorylation of the ABL1 substrate CRKL in the

NUP214-ABL1 cases and tyrosine phosphorylation in the cases

with BCR-JAK2 and STRN3-JAK2 fusions (Figure 6). Impor-

tantly, this basal level of phosphorylation was reduced with ima-

tinib, dasatinib, and XL228 in samples harboring the ABL1

fusion, and the JAK2 inhibitor, XL019, in the JAK2-rearranged

samples (Figure 6). Notably, XL019 had no effect on CRKL

phosphorylation in ABL1-positive cases; however, we did

observe slight inhibition of tyrosine phosphorylation with dasati-

nib in the JAK2-cases. Five non-Ph-like B-ALL cases were also

assessed by phosphoflow and showed minimal activation of

signaling pathways compared to Ph-like ALL, with no response

to ABL1 or JAK2 inhibitors (Figure S6).
To evaluate the transforming potential of the EBF1-PDGFRB

fusion, we assessed the ability of murine Ba/F3 and Arf�/�

pre-B cells (Williams et al., 2006) expressing EBF1-PDGFRB

to proliferate in the absence of exogenous cytokines. EBF1-

PDGFRB expression (Figure 7A) conferred growth factor inde-

pendence and resulted in significantly faster proliferation com-

pared to Ba/F3 cells expressing the most common PDGFRB

rearrangement, ETV6-PDGFRB (Figures 7B and 7C). Impor-

tantly, cytokine-independent proliferation was inhibited by

imatinib (Figures 7B and 7C) and the multikinase inhibitors

dasatinib and dovitinib (Figure S7A). Accordingly, imatinib treat-

ment reduced phosphorylation of the PDGFRB receptor, with no

change in total PDGFRB expression (Figure S7B). Several onco-

genic pathways were constitutively activated by EBF1-PDGFRB

in pre-B cells, demonstrated by elevated levels of pSTAT5,

pAKT, and pERK1/2. Notably, this signaling was also inhibited

with dasatinib (Figures 7B, 7C, and S7C). In addition, we also

have evidence of a patient with EBF1-PDGFRB+ B-ALL refrac-

tory to induction chemotherapy entering remission with the

addition of imatinib (data not shown).

We next investigated the therapeutic efficacy of the JAK2

inhibitor, ruxolitinib, in a xenograft model of BCR-JAK2-rear-

ranged ALL (case PAKYEP). In this model cryopreserved BCR-

JAK2+ cells were injected into NOD.Cg-Prkdcscid l2rgtm1Wjl/Szj

(NSG) mice, and continuous infusion of ruxolitinib or vehicle

was commenced once engraftment exceeded 5% of peripheral

blood leukocytes (determined by measuring human CD19+/45+

cells). The presence of the fusion in xenografted cells was

confirmed by RT-PCR (data not shown). We observed a striking

decrease in leukemic burden after 4 weeks of ruxolitinib treat-

ment compared to vehicle-treated controls, as measured by

reduced peripheral blood (p < 0.001; Figure 7D) and spleen

blast counts (data not shown). Furthermore, a xenograft model

of NUP214-ABL1 ALL responded to dasatinib up to 8 weeks

of treatment (Figure 7D), confirming that cells expressing

NUP214-ABL1 are sensitive to TKIs (Quintás-Cardama et al.,

2008; Deenik et al., 2009). In addition, ruxolitinib significantly

decreased peripheral blood and spleen blast counts in a xeno-

graft model of case PALJDL, which harbors both an IL7R

activating mutation and a somatic SH2B3 (LNK) deletion (data

not shown). Together, these data indicate that EBF1-PDGFRB,

BCR-JAK2, andNUP214-ABL1 fusions and sequencemutations

in IL7R/SH2B3 are transforming, and represent excellent candi-

dates for therapy with currently available TKIs.

DISCUSSION

Ph-like ALL represents approximately 10% of childhood B-ALL

and 15% of high-risk B-ALL and is three to four times more

common than Ph+ ALL. Among a large cohort of patients with

high-risk B-ALL treated on COG AALL0232, the Ph-like pheno-

type is associated with older age (12.4 versus 9.5 years, p <

0.0001) and significantly inferior 5-year event-free survival

compared to non-Ph-like patients (our unpublished data).

Using next-generation sequencing, we have shown that rear-

rangements and sequence mutations activating tyrosine kinase

and cytokine receptor signaling are a hallmark of Ph-like

ALL. Moreover, each of the cases studied harbored genomic

lesions affecting lymphoid transcription factors (most commonly
Cancer Cell 22, 153–166, August 14, 2012 ª2012 Elsevier Inc. 159



Figure 4. Schematic of the IGH@-EPOR Rearrangement

(A) Plot of read depth obtained frommRNA-seq data showing increased read depth across the EPOR locus. The arrows correspond to the genomic break points

identified by genomic PCR and sequencing.

(B) Bambino viewer of mRNA-seq reads showing IGHJ5 with 40 bp of inserted sequence joined to �1.3 kb upstream of EPOR 50 untranslated region (UTR) on

chromosome 19. Bottom view shows split reads spanning exon 8 of EPOR adjacent to IGHV4.
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Figure 5. IL7R-Activating Mutations and

SH2B3 Deletion

(A) Protein domain structure of IL7R with location

of sequence mutations identified in the trans-

membrane domain of nine B-ALL cases.

(B) Copy number variant analysis of PALDJL

comparing tumor and matched nontumor DNA at

the SH2B3 locus.

(C) Transcript read depth data from mRNA-seq

analysis comparing three cases with normal

expression of SH2B3 to PALJDL. The vertical

height of the red bar indicates the number of

reads covering the site.

(D) Sanger sequencing confirming the deletion

from chr12:110325422 (first arrow) to chr12:

110361365 (second arrow).

See also Figure S5.
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deletions and/or mutations of IKZF1), suggesting that perturba-

tion of these two pathways cooperate to induce B-lineage ALL

and drive the Ph-like gene expression profile.

Chromosomal rearrangements resulting in activated tyrosine

kinase signaling are recognized as driver lesions in a number of

hematopoietic malignancies, the prototype being BCR-ABL1 in

CML (Melo, 1996) and Ph+ B-ALL (De Braekeleer et al., 2011).

Here, we report five fusions that, to our knowledge, have not

been reported in B-ALL (EBF1-PDGFRB, NUP214-ABL1, BCR-

JAK2, STRN3-JAK2, and RANBP2-ABL1) and several that

have been reported in very few patients, including IGH@-EPOR

(Russell et al., 2009b), PAX5-JAK2 (Nebral et al., 2009), ETV6-

ABL1, and RCSD1-ABL1 (De Braekeleer et al., 2011).
(C) IGH@ contains an IGHM domain, enhancer (En), J domains (J1–J6) and the downstream IGHV4 gene seg

adjacent to the J5 domain and the 30 end is within the IGHV4 gene segment.

(D) Sanger sequencing confirming the rearrangement at IGHJ5 (chr14:105401115) to nontemplate sequence (l

(chr14:105549154).

See also Figure S4.
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Rearrangements involving thePDGFRB

receptor are present at low frequency

in Ph-negative myeloid neoplasms (Go-

lub et al., 1994; Cross and Reiter,

2008). The identification of a PDGFRB

fusion is of clinical importance, as

patients with chronic myeloproliferative

disease and activating PDGFRB rear-

rangements show complete hemato-

logic and molecular responses to imati-

nib treatment (Apperley et al., 2002).

For EBF1-PDGFRB, the coding region of

EBF1 is juxtaposed to the C-terminal

region of PDGFRB, preserving the trans-

membrane and kinase domains. It is

predicted that the EBF1 helix-loop-

helix domain mediates homodimerization

(Hagman et al., 1995) and facilitates

constitutive activation of PDGFRB as is

observed with ETV6-PDGFRB (Carroll

et al., 1996). Furthermore, EBF1 is a

transcription factor that plays a major
role in regulating B cell differentiation (Hagman and Lukin,

2006), and deletions that abolish normal EBF1 function have

been reported inB-lineageALL (Mullighanet al., 2007). The fusion

of EBF1 to PDGFRB is also likely to impair the normal function

of EBF1 and represents a mechanism resulting in PDGFRB

overexpression.

We also identified RANBP2 as a fusion partner for ABL1.

RANBP2 (or NUP358) localizes to the cytoplasmic side of the

nuclear pore complex via interaction with NUP88 and forms

a subcomplex with NUP214 (Bernad et al., 2004). The structural

features of RANBP2 retained in the fusion protein include the

leucine zipper, which is predicted to mediate homodimerization

of RANBP2-ABL1, as observed with RANBP2-ALK in atypical
ment. The EPOR locus is inverted so the 50 end is

eft) and exon 8 ofEPOR (chr19:11349946) to IGHV4

, August 14, 2012 ª2012 Elsevier Inc. 161



Figure 6. Phosphosignaling Analysis of Primary Leukemic Blasts Harboring NUP214-ABL1, BCR-JAK2, and STRN3-JAK2 Rearrangements

Cells were untreated or treated with indicated tyrosine kinase inhibitors for 1 hr, and levels of phosphorylated CRKL or tyrosine were assessed by phosphoflow

cytometric analysis. Viable (P1) and single cells (P2) were gated by expression of CD10 and CD19 (P3). Das, dasatinib. Control is secondary antibody alone.

See also Figure S6.
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myeloproliferative leukemia (Röttgers et al., 2010). Furthermore,

localization of NUP214-ABL1 to the nuclear pore complex and

interaction with additional nuclear pore proteins is required for

ABL1 kinase activity of this fusion protein (De Keersmaecker

et al., 2008). Thus, we hypothesize that RANBP2-ABL1 may be

activated in a similar manner.

Although a diverse range of kinase lesions are present in Ph-

like ALL, activation of ABL1 and/or JAK/STAT signaling path-

ways is a common mechanism for transformation. The dramatic

improvement in outcome observed in Ph+ B-ALL patients treated

with chemotherapy and imatinib (Schultz et al., 2009) and our

demonstration that Ph-like leukemic cells are sensitive to

currently available TKIs provide a strong rationale to test chemo-

therapy plus TKI treatment in Ph-like ALL patients. At present,

next-generation sequencing is not widely available in diagnostic

laboratories. However, our results indicate that flow cytometric

phosphosignaling analysis can identify Ph-like caseswith activa-

tion of kinase pathways, and in conjunction with flow-cytometric

detection of CRLF2 overexpression (Mullighan et al., 2009a),

may be implemented as a routine diagnostic test. In addition,

the gene expression profile of Ph-like ALL can be used to

design targeted low-density gene expression arrays suitable

for diagnostic use. Although the majority of Ph-like patients do

not harbor known recurring chromosomal rearrangements, initial

screeningmay be performed on all ALL cases. Patients identified

as Ph-like can then undergo additional testing for known genetic

lesions associated with this subtype and be directed to treat-

ment that combines chemotherapy with ABL1, PDGFRB, or
162 Cancer Cell 22, 153–166, August 14, 2012 ª2012 Elsevier Inc.
JAK inhibitors. It is important to note that rare non-Ph-like

patients that harbor kinase alterations (e.g., NUP214-ABL1)

may also benefit from the addition of TKI therapy.

In summary, this study illustrates how the use of genomic

analysis can identify rationale therapeutic targets that drive

tailored treatment and provides a model that can be applied

to a wide range of cancer subtypes to benefit patients with

high-risk disease.

EXPERIMENTAL PROCEDURES

Patients and Samples

Ten Ph-like ALL cases from the COG P9906 high-risk B-ALL study (Bowman

et al., 2011), three cases enrolled on the high-risk COG AALL0232 study

(http://ClinicalTrials.gov Identifier NCT00075725), and two cases treated on

the St. Jude Children’s Research Hospital Total XV (Pui et al., 2009) and

Total XVI protocols (http://ClinicalTrials.gov Identifiers NCT00137111 and

NCT00549848, respectively) were selected for mRNA-seq based on a similar

gene expression profile to BCR-ABL1 ALL, as determined by ROSE clustering

(Harvey et al., 2010b), PAM (Tibshirani et al., 2002), and the availability of

suitable genomic material. All samples were obtained with patient or parent/

guardian provided informed consent under protocols approved by the Institu-

tional Review Board at each COG institution and St. Jude Children’s Research

Hospital. Details on case selection and recurrence are outlined in the Supple-

mental Experimental Procedures.

mRNA-seq and Whole Genome Sequencing

mRNA-seq was performed using amethod similar to that previously described

(Morin et al., 2010). For WGS, Illumina paired-end whole genome shotgun

libraries were prepared from 1 mg of genomic DNA as described (Shah et al.,

2009). Sequencing was performed on the Illumina Genome Analyzer GAIIx

http://ClinicalTrials.gov
http://ClinicalTrials.gov


Figure 7. Kinase-Activating Fusions Induce Growth Factor-Independence and Show Response to Tyrosine Kinase Inhibitors

(A) Immunoblot of c-ABL1 and PDGFRB in Ba/F3 (B3) and Arf�/� pre-B cells expressing empty vector (MIG), EBF1-PDGFRB, ETV6-PDGFRB, or NUP214-ABL1.

(B and C) Transduced Ba/F3 (B) or Arf�/� pre-B cells (C) were grown in the absence of cytokine and cell number was recorded as indicated (left). Ba/F3 or Arf�/�

pre-B cells were grown in increasing concentrations of imatinib (middle). No cytokine (solid line) or cytokine (dotted line). Error bars represent mean ± SD of three

independent experiments. Cells were untreated or treated with dasatinib for 1 hr, and levels of phosphorylated STAT5 were assessed by phosphoflow cytometric

analysis (right).

(D) Xenograft model of BCR-JAK2 and NUP214-ABL1. Mice were randomized to receive vehicle (40% dimethyl acetamide, 60% propylene glycol; n = 5),

ruxolitinib (30 mg/kg/day; n = 7) or dasatinib (20 mg/kg/day; n = 5). Error bars represent mean ± SEM. **p < 0.001; ***p < 0.0001.

See also Figure S7.

Cancer Cell

Kinase-Activating Alterations in High-Risk ALL
or HiSeq 2000 platforms. Methods for library preparation, sequencing and

detection of rearrangements, DNA copy number alterations, and sequence

variations are provided in the Supplemental Experimental Procedures.

RT-PCR, Genomic Mapping, and Sequencing

Putative rearrangements identified by mRNA-seq were validated by RT-PCR

and Sanger sequencing. Leukemic cell RNA was reverse-transcribed using

Superscript III (Life Technologies, Carlsbad, CA, USA) and fusion products
amplified with Phusion HF polymerase (New England Biolabs, Ipswich, MA,

USA). Genomicmapping of theEBF1-PDGFRB andBCR-JAK2 rearrangement

break points was performed using whole genome amplified (Qiagen, Hilden,

Germany) leukemic cell DNA.

Retroviral Constructs, Infection, and Cell Proliferation Assays

The full-length EBF1-PDGFRB fusion was amplified from leukemic cell

cDNA, cloned into pGEM-T-Easy (Promega), and then subcloned into the
Cancer Cell 22, 153–166, August 14, 2012 ª2012 Elsevier Inc. 163
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MSCV-IRES-GFP retroviral vector. Retroviral supernatants containing MSCV-

EBF1-PDGFRB-IRES-GFP, MSCV-ETV6-PDGFRB-IRES-GFP (Carroll et al.,

1996), MSCV-NUP214-ABL1-IRES-GFP (De Keersmaecker et al., 2008), or

MSCV-BCR-ABL1-IRES-GFP (p185) (Williams et al., 2006) were produced

using the ecotropic Phoenix packaging cell line and used to infect murine

hematopoietic progenitor Ba/F3 or primary Arf�/� pre-B cells (Williams et al.,

2006). To evaluate factor-independent growth, cells were washed three times,

seeded in triplicate without cytokine, and the cell number was recorded daily

using a Vicell cell counter (Beckman Coulter, Fullerton, CA, USA). Proliferation

rates of each cell line were compared using a linear mixed-effect model with

order-1 autoregressive covariance structure for longitudinal data in the SAS

package (SAS Inc, Cary, NC, USA). Drug sensitivity was assessed using the

CellTiter-Blue Cell Viability Assay (Promega. Madison, WI, USA) in accordance

with the manufacturer’s instructions, and IC50 was determined using nonlinear

regression (GraphPad Prism, La Jolla, CA). Each experiment was performed

three times.

Phosphoflow Analysis and Immunoblotting

To assess signaling within leukemic samples and cell lines, intracellular phos-

phoflow cytometric analysis were performed as previously described (Kotecha

et al., 2008). Briefly, cryopreserved patient samples were thawed, or cells in

culture were harvested at 1 3 106 cells per tube and treated with the TKIs

imatinib (Novartis, Basel, Switzerland), dasatinib (Bristol Myers Squibb,

New York, NY, USA), XL228, or XL019 (Exelixis, South San Francisco, CA,

USA) for 1 hr. Cells were fixed, permeabilized, and stained with either anti-

phospho-tyrosine-4G10 (Upstate, now EMD Millipore Corporation, Billerica,

MA, USA), anti-pAKT (S573), anti-pCRKL (Y207), anti-pERK1/2 (T202/Y204),

or anti-pSTAT5 (Y694; Cell Signaling Technology, Danvers, MA, USA) and

then Alexa Fluor 647 conjugated anti-rabbit or Pacific Blue conjugated anti-

mouse IgG secondary antibodies (Life Technologies, Carlsbad, CA, USA).

Cellular fluorescence data were collected on an LSR II flow cytometer (BD

Biosciences, Franklin Lakes, NJ, USA) using DIVA software (BD Biosciences)

and analyzed with FlowJo (Tree Star, Ashland, OR, USA). For immunoblotting,

cells were lysed in RIPA buffer, subjected to SDS-PAGE, and probed with anti-

phospho-tyrosine-4G10 (Upstate [now EMD Millipore Corporation]), anti-

c-ABL, anti-PDGFRB, and anti-Actin (Santa Cruz Biotechnology, Santa

Cruz, CA, USA).

Xenograft Models

Xenograft models of case PAKYEP (BCR-JAK2) and PAKVKK (NUP214-

ABL1) were established as previously described with modifications (Teachey

et al., 2006). Primary leukemia cells from bone marrow were intravenously

injected into the tail vein of NSG mice (107 cells/mouse). Following engraft-

ment (>5% human CD19+/45+ blasts in peripheral blood), BCR-JAK2 mice

were randomized to receive ruxolitinib (30 mg/kg/day; Incyte, Wilmington,

DE, USA) or vehicle (40% dimethyl acetamide, 60% propylene glycol) by

continuous subcutaneous infusion using implanted mini-osmotic pumps

(Alzet). For NUP214-ABL1 mice, dasatinib (20 mg/kg; Bristol Myers Squibb)

or vehicle (10% citric acid in 80 mM sodium citrate) was given 5 days a week

by oral gavage. Disease burden was assessed weekly by flow cytometric

determination of human CD19+/45+ blast count in peripheral blood, using

CountBright beads (Invitrogen, Carlsbad, CA, USA). Deaths within 72 hr of

pump placement were considered secondary to anesthesia or surgery, and

these mice were censored at the time of death. All experiments were con-

ducted on protocols approved by the Institutional Animal Care and Use

Committee and Institutional Review Board of The Children’s Hospital of

Philadelphia.

ACCESSION NUMBERS

The sequence data and SNP microarray data have been deposited in the

database of genotypes and phenotypes (dbGAP, http://www.ncbi.nlm.nih.

gov/gap) database under the accession number phs000218.v1.p1. The

gene expression data for COG P9906 has been deposited at the National

Center for Biotechnology Information (NCBI) Gene Expression Omnibus

(GEO), accession GSE11877. The gene expression data without metadata

for COG AALL0232 is deposited at the National Cancer Institute caArray site

(https://array.nci.nih.gov/caarray/project/EXP-578). The NCBI Genbank data-
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base accession number for the EBF1-PDGFRB sequence reported in this

paper is JN003579.

SUPPLEMENTAL INFORMATION

Supplemental information includes seven figures, nine tables, Supplemental

Experimental Procedures, and Supplemental References and can be found

with this article online at http://dx.doi.org/10.1016/j.ccr.2012.06.005.
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SUMMARY
In Burkitt lymphoma (BL), a germinal center B-cell-derived tumor, the pro-apoptotic properties of c-MYC
must be counterbalanced. Predicting that survival signals would be delivered by phosphoinositide-3-kinase
(PI3K), a major survival determinant in mature B cells, we indeed found that combining constitutive c-MYC
expression and PI3K activity in germinal center B cells of the mouse led to BL-like tumors, which fully pheno-
copy human BLwith regard to histology, surface and other markers, and gene expression profile. The tumors
also accumulate tertiary mutational events, some of which are recurrent in the human disease. These results
and our finding of recurrent PI3K pathway activation in human BL indicate that deregulated c-MYC and PI3K
activity cooperate in BL pathogenesis.
INTRODUCTION

While c-MYC (MYC) deregulation is a hallmark of BL (Jaffe and

Pittaluga, 2011), an aggressive germinal center (GC)-derived

B cell lymphoma characterized by immunoglobulin (IG)-MYC

translocations, cooperating transforming events in BL are still

poorly understood, despite the existence of MYC-induced

murine lymphoma models (Adams and Cory, 1985; Kovalchuk

et al., 2000; Park et al., 2005). MYC expression promotes malig-

nancies by inhibiting cell differentiation and inducing prolifera-

tion, but also makes the cells prone to apoptosis. Since unlike

other lymphoma entities BL typically do not exhibit constitutive

activity of the pro-survival factor NF-kB (Dave et al., 2006;

Klapproth et al., 2009), we considered a possible involvement

of the PI3K pathway when we had identified PI3K signaling as

the B cell receptor (BCR)-mediated survival signal in mature

B cells (Srinivasan et al., 2009): MYC deregulation in BL is due

to translocation of theMYC gene into one of the immunoglobulin
Significance

We describe a mouse model of a human lymphoma through ta
tumor pathogenesis together with the activation of a suspect
origin. The resulting tumors faithfully model their human coun
clear perspectives for an assessment of their clinical relevance
ogenesis by identifying PI3K pathway activation as a key elem
germinal center B cells and highlight this pathway as a potent
loci of the cell, but exclusively non-productively rearranged

immunoglobulin loci are affected, indicating that the cells are

selected for BCR expression (Küppers et al., 1999). There is

also evidence for a role of BCR signaling in MYC-driven lympho-

magenesis from a transgenic mouse model in which the B cells

express a BCR with specificity for a concomitantly expressed

transgenic protein antigen (Refaeli et al., 2008). Although the

polyclonal B cell proliferation seen in this model was in clear

contrast to human BL and it remained unclear from which

B cell differentiation stage it originated, we felt encouraged by

the available evidence to try to better model BL pathogenesis.

RESULTS

Impact of MYC Overexpression and Constitutive PI3K
Activation on the GC Reaction
To determine the impact of MYC expression and PI3K pathway

activation on GC B cells and lymphomagenesis, we generated
rgeting expression of an oncogene known to be involved in
ed pathogenic signaling pathway into the presumed cell of
terparts and accumulate additional genetic alterations, with
. Our data establish a framework of Burkitt lymphoma path-
ent for the malignant transformation of c-MYC-expressing
ial therapeutic target.
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Figure 1. MYC and P110* Co-Expression Results in Increased GC B Cell Formation

(A) Representative FACS analysis of PP isolated from Cg1-cre, R26StopFLeYFP (YFP); Cg1-cre, R26StopFLP110*(P110*); Cg1-cre, R26StopFLMYC (MYC) and

Cg1-cre, R26StopFLMYC, R26StopFLP110* (MYC+P110*) animals. The sequential gating strategy is shown on top of each column.

(B) Representative FACS analysis in Rag2cgKO animals reconstituted with BM of the various genotypes and immunized with SRBC 10 days before analysis. The

gating was performed according to (A). The histograms show expression of classical GC B cell markers in reporter (double) positive cells (red) and non-GCB cells

(blue).
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A Pre-Clinical Burkitt Lymphoma Model
mice expressing MYC and a constitutively active form of PI3K,

here referred to as P110* (Srinivasan et al., 2009), specifically

in B cells undergoing the GC reaction (Cg1-cre,R26StopFL

MYC,R26StopFLP110*; Figure S1 available online). Ten days

after sheep red blood cell (SRBC) immunization, Peyer’s patches

(PP) and spleens of transgenic mice were analyzed for reporter

positive cells and their expression of GC B cell markers (Figures

1A and 1B). Transgenic expression of MYC and P110* was

compatible with the formation of GCs. An increased proportion

of GC B cells (CD38low, FAShigh) in the PP and the spleen of

MYC and P110* co-expressing animals was detectable, accom-

panied by an increased proportion of reporter double-positive

cells in comparison to the controls (Figures 1C and 1D). In addi-

tion to CD38 and FAS expression, MYC and P110* co-express-

ing GC B cells expressed less surface IgD than non-GC cells, at

levels comparable to the controls (Figure 1B). The GC markers

GL7 and PNA were also detectable on these cells although at

lower levels than on GC B cells derived fromCg1-cre,R26StopFL

eYFP animals (Figure 1B). Class switch recombination (CSR)was

impaired in MYC and P110* co-expressing cells (Figure 1A),

presumably because of PI3K activation (Omori et al., 2006).

MYC and P110* Cooperate in Tumorigenesis
In order to obtain meaningful numbers of experimental animals in

a timely fashion, bonemarrow (BM) of individual triple transgenic

animals (Cg1-cre,R26StopFLMYC,R26StopFLP110*) and the cor-

responding controls was transferred to Rag2cgKO animals (Fig-

ure 2A). These animals lack a lymphatic system due to deficiency

of the recombinase Rag2 and the cytokine receptor common

subunit gamma (DiSanto et al., 1995; Shinkai et al., 1992). After

BM transfer, the recipient mice generate lymphocytes that are

genotypically identical to the donor BM cells. Blood analyses

performed before and after a single boost of GC formation by

SRBC demonstrated a steady increase of the percentage of

lymphocytes co-expressing MYC and P110* over time, more

so than in the case of lymphocytes expressing either transgene

alone (Figure 2B). This correlated with lymphoma development

and a reduced life span of the animals reconstituted with triple

transgenic BM (median survival 227 days) (Figure 2C). In recon-

stituted animals expressing either MYC or P110* alone, tumor

development was not detected within the period of observation.

Macroscopically the animals reconstituted with triple trans-

genic BM displayed large tumors originating from the PP of the

small intestine (12/21 tumors) or other lymphoid organs (spleen,

lymph nodes) and infiltrating the liver and other nonlymphoid

organs (e.g., kidney, lung) at an advanced stage (Figure 2D;

Table S1). Histologic analysis revealed a characteristic BL mor-

phology defined by the monotonous infiltration with medium-

sized cells carrying uniform nuclei, prominent basophilic

nucleoli, and frequent mitotic figures (Figure 2E). Like in human

BL, the tumors displayed the typical ‘‘starry sky’’ pattern due

to invading tissue macrophages that clear apoptotic tumor cells.

In accordance with the diagnostic criteria of human BL, Ki67
(C) Mean percentage (±SEM) of GC B cells (CD38low, FAShigh) and reporter (double

per genotype were analyzed.

(D) Mean percentage (±SEM) of GC B cells (CD38low, FAShigh) and reporter (doubl

reconstituted animals per genotype were analyzed.

See also Figure S1.
staining demonstrated a proliferative index of nearly 100% in

the tumors (Figure 2F).

The analysis of immunoglobulin heavy chain (IgH) gene rear-

rangements by Southern blot in the tumors and affected organs

showed that the tumors were monoclonal (Figure 2G). The

finding of distinct, unique VDJ rearrangements in B cell tumors

of different recipient animals transferred with BM from a single

donor argues against a transfer of tumor cells from the donor

(Figure 2G). In three tumors derived from different recipient

animals reconstituted with the same donor BM sequencing of

the rearranged IgH variable (V) region genes confirmed unique

VDJ rearrangements in the tumors (data not shown).

MYC and P110* Co-Expressing Tumors Originate from
GC B Cells
In accordance with our intention to generate a GC-derived

MYC and PI3K induced tumor model, the tumor cells expressed

both transgenes (GFPpos, hCD2pos) as well as mature GC B cell

markers (B220pos, CD19pos, AA4.1low, CD38low, FAShigh,

CD138neg, CD23neg, CD43neg, CD5neg; Figure 3A; Figure S2A).

Similar to human BL, the tumors arose from non-switched GC

B cells expressing surface IgM (Figure 3A). In addition, immuno-

histochemical analyses revealed expression of the GC B cell

markers BCL6 and GL7 in the mouse tumors (Figures 3B and

3C) while PNA binding was not detectable in the tumors (Fig-

ure S2B). The latter might reflect its impaired binding on GC B

cells upon P110* expression (see Figure 1B). The lack of IRF4/

MUM1 expression, denoting B cell maturation toward plasma

cells during late GC B cell differentiation, might indicate that

the tumors arise fromB cells at an early phase of the GC reaction

(Figure 3D).

The finding of extensive ongoing somatic hypermutation

(SHM) in the rearranged IgH-V region genes of the tumor

cells (mean mutation frequency 508x10�4) confirmed the GC

cell origin of the tumors (Figures 4A and 4B; Figure S3A). In

agreement with this observation the tumors expressed cytidine

deaminase AID at comparable transcript levels as GC and

in vitro stimulated B cells (Figure 4C).

The GC cell origin of the B cell tumors was also evident

from gene expression profiling (GEP) data of purified MYC and

P110* co-expressing tumor cells which we compared with pub-

lishedGEP data sets of various B cell subpopulations andmouse

lymphomamodels. Our tumors expressed a prominent GCB cell

signature (Figures 4D and S3B), which was less pronounced in

murine lymphomas resulting from transgenic expression of the

GC B cell-specific transcriptional repressor BCL6 either alone

or in combination with MYC (Green et al., 2011).

The Mouse Tumors Resemble Human BL
GC markers are typically associated with human BL, but are

shared by a major subgroup of diffuse large cell B cell lym-

phomas (Alizadeh et al., 2000). We therefore performed a

supervised comparison of global gene expression patterns
) positive cells within PP of mice analyzed according to (A). At least six animals

e) positive cells within spleens of mice analyzed according to (B). At least 4 BM
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Figure 2. MYC and PI3K Pathway Activation Cooperate in Tumorigenesis

(A) Experimental protocol. Sublethally irradiated (day �1) Rag2cgKO mice were reconstituted with donor BM (from Cg1-cre, R26StopFLeYFP; Cg1-cre,

R26StopFLP110*; Cg1-cre, R26StopFLMYC; or Cg1-cre, R26StopFLMYC, R26StopFLP110* animals) on day 0. Per genotype three individual BM donors were

used. Transgene expressionwas enforced by a single SRBC immunization at day 140. Blood analyseswere performed at days 50, 100, and 200 after BM transfer.

(B) Blood analysis of Rag2cgKO animals reconstituted with BM of the indicated genotypes. FACS analyses were performed at days 50, 100, and 200 after BM

transfer. Mean percentage (±SEM) of reporter (double) positive lymphocytes is shown.

(C) Tumor-free survival of reconstituted Rag2cgKO animals. The total number of BM recipients is shown in parentheses. The ticks indicate non-tumor-related

deaths.

(D) 12/21 tumors originated from the PP in the small intestine of MYC and P110* co-expressing animals (left). In 17/21 animals tumors disseminated to the liver

(right).

(E) Representative HE staining in tumor no. 7. The asterisks mark mitotic figures within dividing cells. The arrowheads point to histiocytes clearing apoptotic cells.

In total seven tumors were analyzed.

(F) Representative immunohistochemical staining for Ki67 in tumor no. 7. Interspersed nonmalignant (arrowhead) and dead cells (asterisk) are Ki67 negative. In

total seven tumors were analyzed.

(G) Southern blot analysis for IgH gene rearrangements in PP derived tumors and potentially infiltrated organs using a JH4 probe. Monoclonal B cell expansion

was seen in the PP, but not in the spleens of diseased animals (with exception of animal no. 11 showing expansion of an additional B cell clone in the spleen).

See also Table S1.
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established from MYC and P110* co-expressing tumors and

BCL6 driven lymphomas, a mouse model recapitulating the

pathogenesis of human DLBCL (Cattoretti et al., 2005), and iden-

tified a total of 2407 genes that were differentially expressed

between these tumor entities (Figure 5A). We then looked among

those genes for two sets of BL signature genes that had been

identified in the human as differentially expressed between BL

and DLBCL (Dave et al., 2006; Hummel et al., 2006). Comparing
170 Cancer Cell 22, 167–179, August 14, 2012 ª2012 Elsevier Inc.
the expression of these BL signature genes between the two

mouse lymphoma models, a clear positive association was

detected between the MYC and P110* co-expressing mouse

tumors and human BL (Figure 5B).

To further distinguish our BL-like tumors from DLBCL we

determined BL-typical proteins by immunohistochemistry,

western blot, and immunofluorescence (Figures 5C–5E). Typi-

cally, human BL show elevated MYC levels due to translocations
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Figure 3. Lymphomas Arising upon MYC and PI3K Activation Express GC B-Cell-Specific Markers

(A) Representative FACS analysis of GC B cell markers (B220, CD38, FAS, sIgD) and sIgM expression on tumor cells (defined as GFPpos and hCD2pos cells). The

sequential gating strategy is indicated by arrows. Upper histogram: B220 expression on tumor cells (red) and normal splenic B cells (blue) in comparison to non-B

cells (black). Lower histogram: Kappa light chain expression on tumor cells (red) and normal GC B cells (blue) in comparison to non-B cells (black) and normal

follicular B cells (green).

(B–D) Representative immunohistochemical stainings for BCL6 (B), GL7 (C) and IRF4/MUM1 (D) in tumor no. 7 and control spleen (derived from a Cg1-cre,

R26StopFLeYFP animal 10 days after SRBC immunization). Per staining seven tumors were analyzed.

See also Figure S2.
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and mutations of the MYC gene. Similarly, MYC transgene

expression in our tumormodel resulted in abundant MYC protein

as it is seen in primary BL samples and BL cell lines (Figures 5C

and 5D). Besides MYC expression, histologic features and the

high proliferation rate (Ki67 >95%), human BL cells as well as

the mouse tumor cells are positive for BCL6 (Figure 3B) and

lack BCL2 expression (Figure 5E).

The MYC and P110* induced tumors did not only express BL

characteristic markers and exhibit a GEP signature resembling

that of human BL, but also displayed genomic aberrations

reminiscent of aberrations previously reported in human BL
(Mitelman et al., 2012). Overall SNP array analysis revealed

a simple karyotype of the mouse tumors: beside the B cell

specific rearrangements of the Ig loci the tumors displayed 1.8

aberrations per case (Figure 6A). The most frequent (4/6 tumors)

DNA copy number alteration was a gain of chromosome 6,

which comprises genomic regions gained in human BL such

as 7q21.1qter and 12p13 (Figure 6B) (Boerma et al., 2009;

Scholtysik et al., 2012). Exome sequencing of five murine MYC

and P110* co-expressing lymphomas and the respective

germline DNA revealed additional candidate oncogenic events

(Table S2). In total, we observed on average 103 missense
Cancer Cell 22, 167–179, August 14, 2012 ª2012 Elsevier Inc. 171
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Figure 4. MYC and P110* Co-Expressing Tumors Show Ongoing SHM and Express GC B-Cell-Specific Genes

(A) Mutation frequency in rearranged IgH-V region genes of non-GC B cells, GC B cells, and MYC+P110* co-expressing tumors (n = 3).

(B) SHM analysis in tumor no. 7. The rearranged IgH-V region genes of individual tumor cells were aligned to the JH2 reference sequence (n = 23). Mutations are

labeled in red. The box marks a mutation shared by all sequences of this particular tumor.

(C) Aicda expression in stimulated B cells, GC B cells and MYC+P110* co-expressing tumors (n = 8) was analyzed by qRT-PCR. The ratio Aicda/Actb in non-

stimulated cells was arbitrary defined as 1 and the values of the other samples were normalized to it. The mean expression from triplicate measurements (±SEM)

was used for the calculations.

(D) Hierarchical cluster analysis based on relative transcript levels of 233 genes comprised in aGCBcell signature (Green et al., 2011) in normal B cell populations,

MYC and P110* co-expressing tumor samples (n = 6) as well as other mouse lymphomas (ImHABcl6 (n = 4) and ImHABcl6/lMyc (n = 3); mean-centered log2 gene

expression ratios are depicted by color scale). The meta-analysis was based on GEP data from Green et al. (GEO26408) and own experiments (GEO35219).

Additional information is provided in the Supplemental Experimental Procedures.

See also Figure S3.
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and/or nonsense mutations per murine BL tumor (Fig-

ure 6C). Although AID expression was clearly detectable in the

tumor cells at the mRNA level, the mutations rarely coincided

with classical AID hotspots (WRCY or the inverse RGYW;

Figure S4).

Some of these additional mutations have recently also been

identified in a parallel analysis of a large collection of human
172 Cancer Cell 22, 167–179, August 14, 2012 ª2012 Elsevier Inc.
BL in the laboratory of L. Staudt (Schmitz et al., 2012). An

example is the heterozygous mutation of cyclin D3 (Ccnd3) at

codon 283 (A1129G) encoding a threonine residue which regu-

lates cyclin D3 stability through phosphorylation (Figure 6D;

Casanovas et al., 2004). An essential role of cyclin D3 in the

control of GC B cell proliferation was recently reported (Cato

et al., 2011; Peled et al., 2010).
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Figure 5. MYC and P110* Co-Expressing Tumors Resemble Human BL

(A) Heat map showing relative transcript levels of the top 100 up- and downregulated genes distinguishing MYC and P110* co-expressing tumors (n = 6) from

ImHABcl6 induced lymphomas (n = 4) as determined by SAM analysis (FDR < 0.05).

(B) p-values for the positive association of two human BL signatures (Dave et al., 2006; Hummel et al., 2006) with the MYC + P110* tumor signature as defined by

SAM analysis.

(C) Representative immunohistochemical staining for MYC in tumor no. 7, primary human BL no. 363 and control spleen (derived from aCg1-cre, R26StopFLeYFP

animal 10 days after SRBC immunization). In total seven mouse tumors and nine primary human BL were analyzed.

(D) Western blot analysis for MYC expression in five primary mouse tumors (tumor nos. 6, 7, 11, 19, and 84), one cell line derived frommouse tumor no. 19 (tumor

no. 19 [cell line]), four human BL cell lines (BL60, Namalwa, Raji, Ramos), and splenic B cells. Beta-actin served as loading control. *Empty lane.

(E) Representative immunofluorescence analysis for BCL2 (red), B220 (blue), and IgD (green) in two tumors (tumor no. 78 and tumor no. 20) and control spleen

(derived from a C57BL/6 animal 10 days after SRBC immunization).
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To determine the incidence of Ccnd3 mutations in a larger

tumor cohort we sequenced the 30 end of the gene in 10 addi-

tional MYC and P110* co-expressing mouse tumors and identi-
fied two additional Ccnd3 mutations: a non-synonymous muta-

tion at codon 239 (T997G) and a frameshift caused by a single

base pair insertion (1087insC).
Cancer Cell 22, 167–179, August 14, 2012 ª2012 Elsevier Inc. 173
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Figure 6. Lymphomas Originating from MYC and P110* Co-Expressing GC B Cells Display Genetic Aberrations Commonly Found in

Human BL

(A) Summary of genomic aberrations detected by SNP microarray analysis in 6 MYC and P110* co-expressing tumors.

(B) Schematic view of mouse chromosome 6 and its syntenic regions in human (based on Ensembl genome browser 65). Syntenic regions that have been

described as gained in human BL (Boerma et al., 2009; Scholtysik et al., 2012) are marked in red.

(C) Number and classification of somatically acquired mutations based on exome sequencing in MYC and P110* co-expressing tumors (n = 5).

(D) Sanger sequencing of theCcnd3mutation (A1129G) in mouse tumor no. 19 and the corresponding germline DNA (upper andmiddle panel). In human BL no. 4

the CCND3 mutation (C1013T) affects the same codon as detected in the mouse tumor (lower panel).

(E) Summary of CCND3 mutations detected by Sanger Sequencing in 29 primary BL samples. Positions that are also affected in the mouse tumors are marked

in red.

See also Figure S4 and Table S2.
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We also confirmed that cyclin D3 is recurrently mutated in

human BL. Sequencing a 346-bp amplicon comprising part of

CCND3 exon 5 in 29 primary BL samples, we found mutations

in seven of the cases (Figure 6E). Strikingly, the mutation at
174 Cancer Cell 22, 167–179, August 14, 2012 ª2012 Elsevier Inc.
codon 283 (C1013T) and the frameshift mutations at positions

970 and 971 (970insC, 971 delC) affected the very same

conserved codons mutated in the mouse tumors (Figures 6D

and 6E).
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Figure 7. PI3K Pathway Activation in Human BL

(A) Scatter plot of the PI3K pathway activity (Gustafson et al., 2010) index against theMYC activation index (Bild et al., 2006) in human BL (GEO accession number

GSE35219) (Hummel et al., 2006). Samples classified as molecular BL (mBL), intermediate, and non-mBL in the original study are shown as red, gray, and blue

dots, respectively.

(B) Western blot analysis for Phospho-AKT (Ser473), AKT, phospho-S6 kinase (Thr389), and S6 kinase expression in five human BL cell lines (BJAB, BL60,

Namalwa, Raji, Ramos). Cells were either treated with LY-294002 (+) or DMSO (�) 1 hr before protein extraction. *unspecific band.

(C) Representative immunohistochemical staining for MYC, phospho-AKT (Ser473), phospho-S6 (Ser235/236) in two primary human BL (human BL nos. 420 and

889). In total nine human BL were analyzed.
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PI3K Pathway Activation in Human BL
The present mouse model predicts PI3K pathway activation in

human BL. To directly address this issue, we performed a bioin-

formatic analysis of GEP data of primary BL in comparison to

other human lymphoma entities (Hummel et al., 2006), which re-

vealed accompanying MYC activation (p < 2.2�16) and PI3K

pathway activation (p = 2.3�8) in human BL (Figure 7A). In addi-

tion, western blot analysis indicated activation of the PI3K

pathway as determined by phosphorylation of AKT at serine

473 and p70S6 kinase at threonine 389 in 5 human BL cell lines

(Figure 7B). Phosphorylation of both kinaseswas reversible upon

treatment with the PI3K inhibitor LY-294002 (Figure 7B). Finally,

immunohistochemistry of nine primary humanBL revealed phos-
phorylation of AKT and S6 in six of nine analyzed patients (Fig-

ure 7C), suggesting PI3K pathway inhibition as a therapeutic

option in human BL.

DISCUSSION

The present work describes the construction of a clinically rele-

vantmousemodel of a life-threatening human tumor by targeting

constitutive expression of an oncogene known to be involved in

tumor pathogenesis together with the activation of a suspected

pathogenic signaling pathway specifically into the presumed

cell of origin. The resulting tumors faithfully phenocopy their

human counterparts, including strikingly similar gene expression
Cancer Cell 22, 167–179, August 14, 2012 ª2012 Elsevier Inc. 175
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profiles, expression of BL-typical markers like BCL6 andMYC at

the protein level and tertiary transforming events, as discussed

further below. The similarities between human BL and themouse

tumors also include histologic peculiarities like starry sky

appearance, high proliferative activity with homogeneous Ki67

staining, and the conspicuous absence of the pro-survival

protein BCL2, whose expression is observed in many other

classes of B cell lymphomas. Like in human BL, the tumors

predominantly originated from the PP (which are enriched in

the ileocecal region in humanwhere BL frequently arises), exhibit

ongoing somatic hypermutation, and their monoclonality indi-

cates a multistep pathogenesis with MYC and PI3K activation

as initiating events. Consistent with the latter notion and under-

lining the relevance of the mouse model for the human disease

we find PI3K pathway activation in human BL lines and a major

fraction of primary Burkitt tumors.

While MYC deregulation is an established hallmark of human

BL and was the basis of previous mouse models (Adams and

Cory, 1985; Kovalchuk et al., 2000; Park et al., 2005), PI3K

signaling had not been recognized as a critical element of BL

pathogenesis. Although PI3K signaling can support MYC activity

by blocking its degradation (Kumar et al., 2006) and inducing the

degradation of the MYC antagonist MAD1 (Zhu et al., 2008), and

MYC-mediated miR17-92 induction can increase PI3K signaling

by targeting PTEN (Mu et al., 2009; Olive et al., 2009), combined

MYC and PI3K pathway activation does not necessarily lead to

malignant transformation of the targeted cells (Radziszewska

et al., 2009).

Our initial motivation to study PI3K pathway activation in

concert with MYC deregulation in GC B cells came from our

previous identification of PI3K signaling as the ‘‘tonic’’ survival

signal in B cells downstream of the BCR, for whose expression

normal B cells as well as BL cells are known to be positively

selected (Küppers et al., 1999; Srinivasan et al., 2009). Indeed,

the present results indicate significant PI3K pathway activation

in human BL, contrasting with the absence in these tumors of

survival signals through the NF-kB pathway (Dave et al., 2006).

Consistent with these data, recurrent mutations promoting

PI3K signaling have recently been identified in human BL

(Schmitz et al., 2012). The efficiency of MYC-PI3K cooperation

in promoting the transformation of GC B cells to give rise to

BL-like tumors in the mouse model indicates that these two

factors indeed play a functional role in BL pathogenesis.

The induction of PI3K activation by the P110* transgene re-

presents a limitation of the present mouse model in that the

tumors arising in the mice cannot be expected to be selected

for mutations promoting PI3K signaling. A similar argument can

be made for mutations of tumor suppressor genes like TP53

or CDKN2A (recurrently mutated in human BL) (Bhatia et al.,

1992; Sánchez-Beato et al., 2001), whose inactivation is consid-

ered to be an early event in tumorigenesis (Barrett et al., 1999)

and may thus be upstream of the mutations deliberately intro-

duced into the mouse model. The situation is different, however,

for the tertiary mutations that are required for lymphomagenesis

in the mice in addition to deregulated MYC and PI3K activity.

Strikingly, these mutations include several genetic alterations

that are recurrently seen in human BL. Thus, apart from shared

copy number gains, the gene encoding cyclin D3, a critical cell

cycle regulator in GC B cells, was mutated in both human BL
176 Cancer Cell 22, 167–179, August 14, 2012 ª2012 Elsevier Inc.
and the mouse tumors. In both cases a point mutation affected

a conserved codon critical for cyclin D3 stability, and frameshift

mutations were found in the 30 region of the gene. This further

validates the mutant mice as a preclinical BL model, assigns

functional significance to the mutations shared between the

mouse and human tumors, and opens theway to in vivo analyses

of their clinical relevance.

Taken together, we show that targeting MYC expression

together with PI3K pathway activation into mouse GC B cells

generates a faithful mouse model of human BL. The mouse

tumors accumulate tertiary mutations at least some of which

are recapitulated in the human disease; others may reflect

genetic or epigenetic alterations that have not yet been uncov-

ered in BL. The significance of the tertiary mutations for tumor

progression can be assessed in the mouse model in functional

terms, with clear perspectives for new therapeutic approaches.

Already at this point the PI3K pathway has emerged as a prom-

ising therapeutic target in BL.
EXPERIMENTAL PROCEDURES

Mice, Immunization, and Tumor Cohorts

Cg1-cre; R26StopFLP110*; and R26StopFLeYFP alleles have been described

(Calado et al., 2010; Casola et al., 2006; Srinivasan et al., 2009). The

R26StopFLMYC allele was generated following a strategy previously devel-

oped (Sasaki et al., 2006). Briefly, the ROSA26 allele was targeted with

a construct containing human c-MYC cDNA preceded by a loxP flanked

STOP cassette and marked by a signaling deficient truncated version of

hCD2 under the control of an internal ribosomal entry site (IRES) downstream

of the inserted cDNA. Transgene transcription is controlled by the CAG

promoter. A detailed description of the mice will be given elsewhere (D.P.C.,

unpublished data).

Rag2cgKO animals were bred in our mouse colony or purchased from

Taconic. 1 3 106 viable total BM cells were intravenously injected into suble-

thally irradiated (600 rad) 9- to 11-week-oldRag2cgKO animals. For each geno-

type BM of three different donor animals was individually transferred to at least

five (or three in the case of Cg1-cre, R26StopFLeYFP BM) recipients. At day

140 after BM transfer, mice were immunized once by i.v. injection of 1 3 109

sheep red blood cells (SRBCs; Cedarlane). Mouse cohorts were monitored

twice a week for tumor development and euthanized if signs of tumor develop-

ment were seen. All animal care and procedures were approved by the Institu-

tional Animal Care and Use Committee (IACUC 03341) of Harvard University

and the Immune Disease Institute as well as the governmental review board

(Landesamt für Gesundheit und Soziales Berlin, LaGeSo G0273/11).

Flow Cytometry and Cell Sorting

Single-cell suspensions were stained with PNA (Vector Laboratories) and

the following monoclonal antibodies from BD Biosciences, Biolegends or

eBioscience: aCD19(ID3), aB220(RA3-6B2), aCD95(Jo2), aCD138(281-2),

aCD38(90), ahCD2(TS1/8), aCD93(AA4.1), aIgM(FAB), aIgD(11-26c.2a),

aIgG1(A85-1), aIgA(mA-6E1), aIgkappa(187.1), aCD23(B3B4), aCD43(S7),

aCD5(53-7.3), aGL7(GL7). Topro3 or PI (Invitrogen) was used to exclude

dead cells. Samples were acquired on a FACSCantoII (BD Biosciences), and

analyzed using FlowJo software (Tree star). Viable (Topro3neg) GFP and

hCD2 co-expressing tumor cells and GC B cells (CD19pos, CD38low, FAShigh,

YFPpos) of Cg1-cre, R26StopFLeYFP animals were sorted on a FACSAriaII

(BD Biosciences) and used for RNA and DNA preparation.

Real-Time RT-PCR

Total RNA from sorted cells was extracted using the AllPrep DNA/RNA Kit

(QIAGEN) and cDNA was synthesized using the Thermoscript RT-PCR system

(Invitrogen). For qRT-PCR, we used Power SYBR Green, followed by analysis

with the StepOnePlus system (Applied Biosystems). Samples were assayed in

triplicate and messenger abundance was normalized to that of Actb.
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Analysis of Tumor Clonality by Southern Blot

EcoRI digested genomic DNA from tumor bearing mice and normal splenic

B cells (C57BL/6 animal) was probed with a JH probe spanning the JH4 exon

and part of the downstream intronic sequence.

Histology and Immunohistochemistry

Tissues were fixed with 10% formalin (Sigma) and paraffin embedded sections

were stained with H&E (Sigma), Ki67 (SP6; Vector Laboratories), PNA (Vector

Laboratories), aGL7 (eBioscience), aMYC (N-terminal, Epitomics), aBCL6

(D65C10; Cell signaling), apAKT (Ser473; D9E; Cell signaling), apS6 (Ser235/

236; D57.2.2E; Cell signaling), and aIRF4 (MUM1; Santa Cruz).

Immunofluorescence

Tissues were frozen in OCT (Sakura Finetek) in liquid nitrogen and staining was

performed as described previously (Srinivasan et al., 2009) using B220-APC,

IgD-FITC, and BCL2-PE (BD Biosciences) antibodies.

In Vitro Cell Culture of Splenic B Cells

Splenic B cells of C57BL/6 mice were purified by CD43 depletion

(Miltenyi). Cells were cultured in the presence of 1 mg/ml of aCD40 (HM40-3,

eBioscience) or 20 mg/ml of LPS (Sigma) and 25 ng/ml of IL-4 (R&D Systems)

for 3 days. RNA was isolated using the RNeasy kit (QIAGEN) and cDNA was

synthesized using the Thermoscript RT-PCR system (Invitrogen).

IgH Somatic Mutation Analysis

Genomic DNA was prepared from sorted tumor cells or GC B cells of Cg1-cre,

R26StopFLeYFP animals. IgH-V gene rearrangements were PCR amplified

using the Expand High fidelity PCR system (Roche) combined with forward

primers VHA, VHE, or VHG (Ehlich et al., 1994) and a reverse primer in the JH4

intron (50-CTCCACCAGACCTCTCTAGACAGC-30). Fragments were cloned,

sequenced, and blasted against the NCBI database (http://www.ncbi.nlm.

nih.gov/igblast/). Germline polymorphisms were excluded by blasting against

the database of sequences generated in our laboratory.

Gene Expression Profiling and Data Analysis

GEP was performed on tumor samples and purified GC B cells and non-GC

B cells from immunized Cg1-cre, R26StopFLeYFP animals using Affymetrix

GeneChip Mouse Genome 430 2.0 Arrays according to the manufacturer’s

recommendations (Affymetrix). The complete microarray data are available

at the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/projects/geo;

accession number GSE35219). Further information is provided in Supple-

mental Experimental Procedures.

Pathway Activation Indices

The method to compute pathway activation indices is an extension of our

previously published strategy (Läuter et al., 2009). Based on gene expression,

we generated 50 clusters of highly correlated genes in the data set of Hummel

et al. (GSE4475) (Hummel et al., 2006). We then mapped these clusters to

interventional data sets from experiments in which either MYC (GSE3151)

(Bild et al., 2006) or PI3K (GSE12815) (Gustafson et al., 2010) were activated.

In all data sets, we summarized the clusters to 50 metagenes. To obtain an

index of the relative activity of a pathway in a tumor sample, we computed

the sum of the values of the 50 metagenes in this sample weighted by the

correlations of the metagenes with the activation of this pathway in the cor-

responding interventional data set. We used preprocessed data as available

at the Gene Expression Omnibus. Further information is provided in Supple-

mental Experimental Procedures.

SNP Microarray Analysis

For genomic profiling we used Affymetrix Mouse Diversity Genotyping Arrays

according to the manufacturer’s recommendations (Affymetrix). After genera-

tion of the raw data (CEL-files) using Command_Console software (Affymetrix)

paired analysis of tumor and respective germline DNA samples was per-

formed. Using R version 2.12.1 (http://www.r-project.org/), data were normal-

ized using the aroma.affymetrix R package (Bengtsson et al., 2008) in com-

bination with the R package DNAcopy (Olshen et al., 2004) for segmentation

and detection of copy number aberrations. The complete SNP array data

are available at the Gene Expression Omnibus (accession number GSE35219).
Exome Sequencing

Nonamplified genomic DNA (1mg) from sortedmurine tumor cells andmatched

germline tissue (mouse tail) were used for exome sequencing using Illumina

technology. Further information is provided in Supplemental Experimental

Procedures.

Human BL Cell Lines

Human BL cell lines were cultured in RPMI medium 1640 with 10% fetal

calf serum, 1% penicillin/streptomycin, 1% L-glutamine, 1% nonessential

amino acids, and 0.1% beta-mercaptoethanol. For detection of PI3K pathway

activation cell lines were treated with either 25 mM LY-294002 (Sigma) or

DMSO for 1 hr.

Patient Samples

Primary BL samples [9 peripheral blood/BM (B cell acute lymphoblastic

leukemia, B-ALL), 27 lymph node (BL), 1 jaw (BL), and 1 parotid gland (BL)

specimens; all cases were translocation t(8;14) positive] were provided by

the Department of Pathology, Brigham and Women’s Hospital (n = 9), and

the Department of Internal Medicine III, University Hospital of Ulm (n = 29)

with patient informed consent and institutional review board approval from

all participating centers. One case represents endemic BL (1/38) whereas

the others belong to the sporadic/HIV-associated subgroup (37/38). Sanger

Sequencing was performed with genomic DNA obtained from frozen lymphoid

tissue blocks (n = 20) andmononuclear cells isolated from the peripheral blood

or BM (n = 9).

Cyclin D3 Mutation Analysis in Primary Human BL and Mouse

Tumors

Genomic DNA of primary human BL samples (n = 29) was prepared using the

QIAGENDNeasy blood and tissue kit (QIAGEN). A 346bp amplicon within exon

5 of human CCND3 was PCR amplified (forward primer: 50-GAAGCTGCACTC

AGGGAGAG; reverse primer: 50-AGCTTGACTAGCCACCGAAA) and se-

quenced (Sanger Sequencing). The 30 end of Ccnd3 was amplified in genomic

DNA of MYC and P110* co-expressing mouse tumors (n = 15) using 50-
CACCTGCTTGCTGTCAGTGCTGTGAG as forward primer and 50- GCATGG

ATTGTTCTAGAGGCAGGGA as reverse primer.

Western Blot Analysis

RIPA extracts were fractionated on 10% sodium dodecyl sulfate poly-

acrylamide gels, electroblotted to polyvinylidene difluoride membranes and

reacted with a-MYC (N-terminal, Epitomics), a-pAKT (Ser473) (D9E), a-AKT

(5G3), a-pS6 kinase (Thr389) (108D2), a-S6 kinase (Cat #9202) (Cell Signal-

ing), and a-beta-actin (Cat #A5316, Sigma) antibodies. Immunoreactivity

was determined using the enhanced chemiluminescence method (Pierce

Chemical).

Statistical Analysis

Data were analyzed using unpaired two-tailed Student’s t test and Fisher’s

exact test, a p value % 0.05 was considered significant. Survival curves

were compared using the Logrank test. Data in text and figures are repre-

sented as mean ± SEM (standard error of the mean).

ACCESSION NUMBERS

The Gene Expression Omnibus accession number for the microarray data is

GSE35219. The exome sequencing data are available at the Sequence Read

Archive (SRA055727).

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures, two tables, Supplemental

Experimental Procedures, and Supplemental References and can be found

with this article online at http://dx.doi.org/10.1016/j.ccr.2012.06.012.
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SUMMARY
Recurrent somatic ASXL1 mutations occur in patients with myelodysplastic syndrome, myeloproliferative
neoplasms, and acute myeloid leukemia, and are associated with adverse outcome. Despite the genetic
and clinical data implicating ASXL1 mutations in myeloid malignancies, the mechanisms of transformation
by ASXL1 mutations are not understood. Here, we identify that ASXL1 mutations result in loss of polycomb
repressive complex 2 (PRC2)-mediated histone H3 lysine 27 (H3K27) tri-methylation. Through integration of
microarray data with genome-wide histonemodification ChIP-Seq data, we identify targets of ASXL1 repres-
sion, including the posterior HOXA cluster that is known to contribute to myeloid transformation. We demon-
strate that ASXL1 associates with the PRC2, and that loss of ASXL1 in vivo collaborates with NRASG12D to
promote myeloid leukemogenesis.
INTRODUCTION

Recent genome-wide and candidate-gene discovery efforts

have identified a series of novel somatic genetic alterations in

patients with myeloid malignancies with relevance to pathogen-
Significance

Mutations in genes involved in modification of chromatin have
malignancies. Here, we demonstrate a specific role for ASXL1,
malignancies, in polycomb repressive complex 2 (PRC2)-media
loss-of-function mutations in myeloid malignancies result in lo
genic target genes. Our data provide insight into how ASXL1 m
regulation of Polycomb-mediated gene silencing. This approac
can be used to elucidate the function of mutations in epigenet
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esis, prognostication, and/or therapy. Notably, these include

mutations in genes with known or putative roles in the epigenetic

regulation of gene transcription. One such example is the muta-

tions in the gene Addition of sex combs-like 1 (ASXL1), which

is mutated in z15%–25% of patients with myelodysplastic
recently been identified in patients with leukemias and other
a putative epigenetic modifier frequently mutated in myeloid
ted transcriptional repression in hematopoietic cells.ASXL1
ss of PRC2-mediated gene repression of known leukemo-
utations contribute to myeloid transformation through dys-
h also demonstrates how epigenomic and functional studies
ic modifiers in malignant transformation.
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syndrome and z10%–15% of patients with myeloproliferative

neoplasms and acute myeloid leukemia (Abdel-Wahab et al.,

2011; Bejar et al., 2011; Gelsi-Boyer et al., 2009). Clinical studies

have consistently indicated that mutations in ASXL1 are associ-

ated with adverse survival in myelodysplastic syndrome and

acute myeloid leukemia (Bejar et al., 2011; Metzeler et al.,

2011; Pratcorona et al., 2012; Thol et al., 2011).

ASXL1 is the human homolog of Drosophila Additional sex

combs (Asx). Asx deletion results in a homeotic phenotype char-

acteristic of both Polycomb (PcG) and Trithorax group (TxG)

gene deletions (Gaebler et al., 1999), which led to the hypothesis

that Asx has dual functions in silencing and activation of

homeotic gene expression. In addition, functional studies in

Drosophila suggested that Asx encodes a chromatin-associated

protein with similarities to PcG proteins (Sinclair et al., 1998).

More recently, it was demonstrated that Drosophila Asx forms

a complex with the chromatin deubiquitinase Calypso to form

the Polycomb-repressive deubiquitinase (PR-DUB) complex,

which removes monoubiquitin from histone H2A at lysine 119.

The mammalian homolog of Calypso, BAP1, directly associates

with ASXL1, and the mammalian BAP1-ASXL1 complex was

shown to possess deubiquitinase activity in vitro (Scheuermann

et al., 2010).

The mechanisms by which ASXL1 mutations contribute to

myeloid transformation have not been delineated. A series of

in vitro studies in non-hematopoietic cells have suggested

a variety of activities for ASXL1, including physical cooperativity

with HP1a and LSD1 to repress retinoic acid-receptor activity

and interaction with peroxisome proliferator-activated receptor

gamma (PPARg) to suppress lipogenesis (Cho et al., 2006; Lee

et al., 2010; Park et al., 2011). In addition, a recent study using a

gene-trap model reported that constitutive disruption of Asxl1

results in significant perinatal lethality; however, the authors

did not note alterations in stem/progenitor numbers in surviving

Asxl1 gene trap mice (Fisher et al., 2010a, 2010b). Importantly,

the majority of mutations in ASXL1 occur as nonsense mutations

and insertions/deletions proximal or within the last exon prior

to the highly conserved plant homeo domain. It is currently

unknown whether mutations in ASXL1 might confer a gain-of-

function due to expression of a truncated protein, or whether

somatic loss of ASXL1 in hematopoietic cells leads to specific

changes in epigenetic state, gene expression, or hematopoietic

functional output. The goals of this study were to determine the

effects of ASXL1 mutations on ASXL1 expression as well as the

transcriptional and biological effects of perturbations in ASXL1

which might contribute toward myeloid transformation.

RESULTS

ASXL1 Mutations Result in Loss of ASXL1 Expression
ASXL1 mutations in patients with myeloproliferative neoplasms,

myelodysplastic syndrome, and acute myeloid leukemia most

commonly occur as somatic nonsense mutations and inser-

tion/deletion mutations in a clustered region adjacent to the

highly conserved PHD domain (Abdel-Wahab et al., 2011;

Gelsi-Boyer et al., 2009). To assess whether these mutations

result in loss of ASXL1 protein expression or in expression of

a truncated isoform, we performed western blots using N- and

C-terminal anti-ASXL1 antibodies in a panel of human myeloid
leukemia cell lines and primary acute myeloid leukemia samples,

which are wild-type or mutant for ASXL1. We found that myeloid

leukemia cells with homozygous frameshift/nonsense mutations

inASXL1 (NOMO1 and KBM5) have no detectable ASXL1 protein

expression (Figure 1A). Similarly, leukemia cells with heterozy-

gous ASXL1 mutations have reduced or absent ASXL1 protein

expression. Western blot analysis of ASXL1 using an N-terminal

anti-ASXL1 antibody in primary acute myeloid leukemia samples

wild-type and mutant for ASXL1 revealed reduced/absent full-

length ASXL1 expression in samples with ASXL1 mutations

compared to ASXL1 wild-type samples (Figure S1A available

online). Importantly, we did not identify truncated ASXL1 protein

products in mutant samples using N- or C-terminal directed anti-

bodies in primary acute myeloid leukemia samples or leukemia

cell lines. Moreover, expression of wild-type ASXL1 cDNA or

cDNA constructs bearing leukemia-associated mutant forms of

ASXL1 revealed reduced stability of mutant forms of ASXL1 rela-

tive to wild-type ASXL1, with more rapid degradation of mutant

ASXL1 isoforms following cycloheximide exposure (Figure S1B).

These data are consistent with ASXL1 functioning as a tumor

suppressor with loss of ASXL1 protein expression in leukemia

cells with mutant ASXL1 alleles.

ASXL1 Knockdown in Hematopoietic Cells Results
in Upregulated HOXA Gene Expression
Given that ASXL1 mutations result in loss of ASXL1 expression,

we investigated the effects of ASXL1 knockdown in primary

hematopoietic cells. We used a pool of small interfering RNAs

(siRNA) to perform knockdown of ASXL1 in primary human

CD34+ cells isolated from umbilical cord blood. ASXL1 knock-

down was performed in triplicate and confirmed by qRT-PCR

analysis (Figure 1B), followed by gene-expression microarray

analysis. Gene-set enrichment analysis (GSEA) of thismicroarray

data revealed a significant enrichment of genes found in a previ-

ously described gene expression signature of leukemic cells

from bone marrow of MLL-AF9 knock-in mice (Kumar et al.,

2009), as well as highly significant enrichment of a gene signa-

ture found in primary human cord blood CD34+ cells expressing

NUP98-HOXA9 (Figure S1C and Table S1) (Takeda et al., 2006).

Specifically, we found that ASXL1 knockdown in human primary

CD34+ cells resulted in increased expression of 145 genes out of

the 279 genes, which are overexpressed in the MLL-AF9 gene

expression signature (p < 0.05, FDR < 0.05). These gene expres-

sion signatures are characterized by increased expression of

posterior HOXA cluster genes, including HOXA5-9.

In order to ascertain whether loss of ASXL1 was associated

with similar transcriptional effects in leukemia cells, we per-

formed short hairpin RNA (shRNA)-mediated stable knockdown

of ASXL1 in the ASXL1-wild-type human leukemia cell lines

UKE1 (Figures 1C and 1D) and SET2 (Figure 1D) followed by

microarray and qRT-PCR analysis. Gene expression analysis in

UKE-1 cells expressing ASXL1 shRNA compared to control cells

revealed significant enrichment of the same HOXA gene expres-

sion signatures as were seen with ASXL1 knockdown in CD34+

cells (Figure 1C and Table S2). Upregulation of 50 HOXA genes

was confirmed by qRT-PCR in UKE1 (Figure 1D) cells and by

western blot analysis (Figure 1D) in SET2 cells expressing

ASXL1 shRNA compared to control. Quantitative mRNA profiling

(Nanostring nCounter) of the entire HOXA cluster revealed
Cancer Cell 22, 180–193, August 14, 2012 ª2012 Elsevier Inc. 181



Figure 1. Leukemogenic ASXL1Mutations Are Loss-of-Function Mutations and ASXL1 Loss Is Associated with Upregulation of HOXA Gene
Expression

(A) Characterization of ASXL1 expression in leukemia cells with nonsense mutations in ASXL1 reveals loss of ASXL1 expression at the protein level in cells with

homozygous ASXL1 mutations as shown by western blotting using N- and C-terminal anti-ASXL1 antibodies.

(B) Displayed are the ASXL1-mutant cell line lines NOMO1 (homozygous ASXL1 R639X), K562 (heterozygous ASXL1 Y591Y/X), and KBM5 (homozygous ASXL1

G710X) and a panel ofASXL1-wild-type cell lines.ASXL1 siRNA in human primary CD34+ cells form cord blood results in upregulation ofHOXA5 andHOXA9with

ASXL1 knockdown (KD) as revealed by quantitative real-time PCR (qRT-PCR) analysis.

(C and D) Stable KD of ASXL1 in ASXL1-wild-type transformed human myeloid leukemia UKE1 cells (as shown by western blot) followed by GSEA reveals

significant enrichment of gene sets characterized by upregulation of 50 HOXA genes (C) as was confirmed by qRT-PCR (D). Statistical significance is indicated in

(D) by the p value and false-discovery rate (FDR). Similar upregulation of HOXA9 is seen by the western blot following stable ASXL1 KD in the ASXL1-wild-type

human leukemia SET2 cells.

Error bars represent standard deviation of expression relative to control. See also Figure S1 and Tables S1 and S2.
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upregulation of multiple HOXAmembers, including HOXA5, 7, 9,

and 10, in SET2 cells with ASXL1 knockdown compared to

control cells (Figure S1D). These results indicate consistent

upregulation of HOXA gene expression following ASXL1 loss in

multiple hematopoietic contexts.

ASXL1 Forms a Complex with BAP1 in Leukemia Cells,
but BAP1 Loss Does Not Upregulate HoxA Gene
Expression in Hematopoietic Cells
Mammalian ASXL1 forms a protein complex in vitro with the

chromatin deubiquitinase BAP1, which removes monoubiquitin

from histone H2A at lysine 119 (H2AK119) (Scheuermann et al.,

2010). In Drosophila loss of either Asx or Calypso resulted in

similar effects on genome-wide H2AK119 ubiquitin levels and

on target gene expression. Recent studies have revealed recur-

rent germline and somatic loss-of-function BAP1 mutations in

mesothelioma and uveal melanoma (Bott et al., 2011; Harbour

et al., 2010; Testa et al., 2011). However, we have not identified

BAP1mutations in patients with myeloproliferative neoplasms or
182 Cancer Cell 22, 180–193, August 14, 2012 ª2012 Elsevier Inc.
acute myeloid leukemia (O.A.-W., J.P.P., and R.L.L., unpub-

lished data). Co-immunopreciptation studies revealed an asso-

ciation between ASXL1 and BAP1 in human myeloid leukemia

cells wild-type for ASXL1 but not in those cells mutant for

ASXL1 due to reduced/absent ASXL1 expression (Figure 2A).

Immunoprecipitation of FLAG-tagged wild-type ASXL1 and

FLAG-tagged leukemia-associated mutant forms of ASXL1 re-

vealed reduced interaction between mutant forms of ASXL1

and endogenous BAP1 (Figure S2A). Despite these findings,

BAP1 knockdown did not result in upregulation of HOXA5 and

HOXA9 in UKE1 cells, although a similar extent of ASXL1 knock-

down in the same cells reproducibly increased HOXA5 and

HOXA9 expression (Figure 2B). We obtained similar results

with knockdown of Asxl1 or Bap1 in the Ba/F3 murine hemato-

poietic cell line (Figure 2C). In Ba/F3 cells, knockdown of Asxl1

resulted in upregulated Hoxa9 gene expression commensurate

with the level of Asxl1 downregulation, whereas knockdown of

Bap1 does not impact Hoxa expression (Figure 2C). ASXL1

knockdown in SET-2 cells failed to reveal an effect of ASXL1



Figure 2. ASXL1 and BAP1 Physically

Interact in Human Hematopoietic Cells but

BAP1 Loss Does Not Result in Increased

HoxA Gene Expression

(A) Immunoprecipitation of BAP1 in a panel of

ASXL1-wild-type and mutant human myeloid

leukemia cells reveals co-association of ASXL1

and BAP1.

(B) Cells with heterozygous or homozygous

mutations inASXL1with reduced or absent ASXL1

expression have minimal interaction with BAP1

in vitro. BAP1 knockdown in the ASXL1/BAP1

wild-type human leukemia cell line UKE1 fails to

alter HOXA gene expression. In contrast, stable

knockdown of ASXL1 in the same cell type results

in a significant upregulation of HOXA9.

(C) Similar results are seen with knockdown of

Asxl1 or Bap1 in murine precursor-B lymphoid Ba/

F3 cells.

Error bars represent standard deviation of ex-

pression relative to control. See also Figure S2.
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loss on H2AK119Ub levels as assessed by western blot of puri-

fied histones from shRNA control and ASXL1 knockdown cells

(Figure S2B). By contrast, SET2 cells treated with MG132

(25 mM) had a marked decrease in H2AK119Ub, as has been

previously described (Dantuma et al., 2006). These data suggest

that ASXL1 loss contributes to myeloid transformation through

a BAP1-independent mechanism.

Loss of ASXL1 Is Associated with Global Loss
of H3K27me3
The results described above led us to hypothesize that ASXL1

loss leads to BAP1-independent effects on chromatin state

and on target gene expression. To assess the genome-wide

effects of ASXL1 loss on chromatin state, we performed chro-
Cancer Cell 22, 180–193
matin immunoprecipitation followed by

next generation sequencing (ChIP-seq)

for histone modifications known to be

associated with PcG [histone H3 lysine

27 trimethylation (H3K27me3)] or TxG

activity [histone H3 lysine 4 trimethylation

(H3K4me3)] in UKE1 cells expressing

empty vector or two independent vali-

dated shRNAs for ASXL1. ChIP-Seq data

analysis revealed a significant reduction

in genome-wide H3K27me3 transcrip-

tional start site occupancy with ASXL1

knockdown compared to empty vector

(p = 2.2 3 10�16; Figure 3A). Approxi-

mately 20% of genes (n = 4,686) were

initially marked by H3K27me3 in their

promoter regions (defined as 1.5 kb

downstream and 0.5 kb upstream of

the transcriptional start site). Among

these genes, �27% had a 2-fold reduc-

tion in H3K27me3 (n = 1,309) and

�66% had a 1.5-fold reduction in

H3K27me3 (n = 3,092), respectively,

upon ASXL1 knockdown. No significant
effect was seen on H3K4me3 transcriptional start site occu-

pancy with ASXL1 depletion (Figure 3A). We next evaluated

whether loss of ASXL1 might be associated with loss of

H3K27me3 globally by performing western blot analysis on

purified histones from UKE1 cells transduced with empty

vector or shRNAs for ASXL1 knockdown. This analysis revealed

a significant decrease in global H3K27me3 with ASXL1 loss

(Figure 3B), despite preserved expression of the core poly-

comb repressive complex 2 (PRC2) members EZH2, SUZ12,

and EED. Similar effects on total H3K27me3 levels were

seen following Asxl1 knockdown in Ba/F3 cells (Figure S3A).

These results demonstrate that ASXL1 depletion leads to a

marked reduction in genome-wide H3K27me3 in hematopoietic

cells.
, August 14, 2012 ª2012 Elsevier Inc. 183



Figure 3. ASXL1 Loss Is Associated with Loss of H3K27me3 and with Increased Expression of Genes Poised for Transcription

(A) ASXL1 loss is associated with a significant genome-wide decrease in H3K27me3 as illustrated by box plot showing the 25th, 50th, and 75th percentiles for

H3K27me3 and H3K4me3 enrichment at transcription start sites in UKE1 cells treated with an empty vector or shRNAs directed against ASXL1. The whiskers

indicate the most extreme data point less than 1.5 interquartile range from box and the red bar represents the median.

(B) Loss of ASXL1 is associated with a global loss of H3K27me3without affecting PRC2 component expression as shown bywestern blot of purified histones from

cells with UKE1 knockdown and western blot for core PRC2 component in whole cell lysates from ASXL1 knockdown UKE1 cells.
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Detailed analysis of ChIP-seq data revealed that genomic

regions marked by large H3K27me3 domains in control cells

displayed more profound loss of H3K27me3 upon loss of

ASXL1. Genome-wide analysis of the ChIP-Seq data from

control and ASXL1 shRNA treated cells revealed that the sites

that lose H3K27me3 in the ASXL1 knockdown cells were on

average �6.6 kb in length, while the sites that maintained

H3K27me3 were on average �3.1 kb in length (p < 10�16) (Fig-

ure S3B). This is visually illustrated by the reduction in

H3K27me3 at the posterior HOXA cluster (Figure 3C) and at

the HOXB and HOXC loci (Figure S3C). The association of

ASXL1 loss with loss of H3K27me3 abundance at the HOXA

locus was confirmed by ChIP for H3K27me3 in control and

ASXL1 knockdown cells followed by qPCR (ChIP-qPCR) across

the HOXA locus (Figure 3D). ChIP-qPCR in control and knock-

down cells revealed a modest increase in H2AK119Ub with

ASXL1 loss at the HOXA locus (Figure 3D), in contrast to the

more significant reduction in H3K27me3. In contrast to the

large decrease in H3K27me3 levels at the HOXA locus with

ASXL1 knockdown, a subset of loci had much less significant

reduction in H3K27me3, in particular at loci whose promoters

were marked by sharp peaks of H3K27me3 (Figure S3D). Inter-

section of gene expression and ChIP-Seq data revealed that

genes overexpressed in ASXL1 knockdown cells were simulta-

neously marked with both activating (H3K4me3) and repressive

(H3K27me3) domains in control cells (Figures 3E and 3F). This

finding suggests that the transcriptional repression mediated

by ASXL1 in myeloid cells is most apparent at loci poised for

transcription with bivalent chromatin domains. Indeed, the

effects of ASXL1 loss on H3K27me3 occupancy were most

apparent at genes whose promoters were marked by the dual

presence of H3K27me3 and H3K4me3 (Figure 3F). We cannot

exclude the possibility that H3K4me3 and H3K27me3 exist in

different populations within the homogeneous cell lines being

studied, but the chromatin and gene expression data are

consistent with an effect of ASXL1 loss on loci with bivalent

chromatin domains (Bernstein et al., 2006; Mikkelsen et al.,

2007).
Enforced Expression of ASXL1 in Leukemic Cells
Results in Suppression of HOXA Gene Expression,
a Global Increase in H3K27me3, and Growth
Suppression
We next investigated whether reintroduction of wild-type

ASXL1 protein could restore H3K27me3 levels in ASXL1

mutant leukemia cells. We stably expressed wild-type ASXL1

in NOMO1 and KBM5 cells, homozygous ASXL1 mutant human
(C) Loss of H3K27me3 is evident at the HOXA locus as shown by ChIP-Seq prom

shRNA knockdown of ASXL1.

(D) H3K27me3ChIP-Seq promoter track signals fromHOXA5 toHOXA13 in UKE1

primers used in ChIP-quantitative PCR (ChIP-qPCR) validation. ChIP for H3K27

ASXL1 knockdown confirms a significant decrease in H3K27me3 at the HOXA

H2AK119Ub levels at the same primer locations.

(E) Integrating gene-expression data with H3K27me3/H3K4me3ChIP-Seq identifi

in gene expression following ASXL1 loss at loci normally marked by the simultan

(F) Loss of H3K27me3 is seen at promoters normally marked by the presence of H

the control state.

See also Figure S3.
leukemia cell lines, which do not express ASXL1 protein

(Figure 4A and Figure S4A). ASXL1 expression resulted in a

global increase in H3K27me3 as assessed by histone western

blot analysis (Figure 4A). Liquid chromotography/mass spec-

trometry of purified histones in NOMO1 cells expressing

ASXL1 confirmed a �2.5-fold increase in trimethylated H3K27

peptide and significant increases in dimethylated H3K27 in

NOMO1 cells expressing ASXL1 compared to empty vector

control (Figure 4B). ASXL1 add-back resulted in growth sup-

pression (Figure 4C) and in decreased HOXA gene expression

in NOMO1 cells (Figure 4D). ASXL1 add-back similarly resulted

in decreased expression of HOXA target genes in KBM5 cells

(Figures S4A and S4B). ChIP-qPCR revealed a strong enrich-

ment in ASXL1 binding at the HOXA locus in NOMO1 cells

expressing ASXL1, demonstrating that the HOXA locus is

a direct target of ASXL1 in hematopoietic cells (Figure 4E).
ASXL1 Loss Leads to Exclusion of H3K27me3 and EZH2
from the HoxA Cluster Consistent with a Direct Effect of
ASXL1 on PRC2 Recruitment
We next investigated whether the effects of ASXL1 loss on

H3K27me3 was due to inhibition of PRC2 recruitment to

specific target loci. ChIP-qPCR for H3K27me3 in SET2

cells with ASXL1 knockdown or control revealed a loss of

H3K27me3 enrichment at the posterior HoxA locus with

ASXL1 knockdown (Figures 5A and 5B). We observed a

modest, variable increase in H3K4me3 enrichment at the

HOXA locus with ASXL1 depletion in SET2 cells (Figure 5C).

We similarly assessed H3K27me3 enrichment in primary bone

marrow leukemic cells from acute myeloid leukemia patients,

wild-type and mutant for ASXL1, which likewise revealed de-

creased H3K27me3 enrichment across the HOXA cluster in

primary acute myeloid leukemia samples with ASXL1

mutations compared to ASXL1-wild-type acute myeloid leu-

kemia samples (Figure 5D).

Given the consistent effects of ASXL1 depletion on

H3K27me3 abundance at the HOXA locus, we then evaluated

the occupancy of EZH2, a core PRC2 member, at the HoxA

locus. ChIP-Seq for H3K27me3 in native SET2 and UKE1 cells

identified that H3K27me3 is present with a dome-like enrich-

ment pattern at the 50 end of the posterior HOXA cluster (Fig-

ure 5A); ChIP-qPCR revealed that EZH2 is prominently enriched

in this same region in parental SET2 cells (Figure 5E). Impor-

tantly, ASXL1 depletion resulted in loss of EZH2 enrichment at

the HOXA locus (Figure 5E), suggesting that ASXL1 is required

for EZH2 occupancy and for PRC2-mediated repression of the

posterior HOXA locus.
oter track signals across the HOXA locus in UKE1 cells treated with an EV or

cells treatedwith shRNA control or one of 2 anti-ASXL1 shRNAswith location of

me3 and H2AK119Ub followed by ChIP-qPCR in cells treated with control or

locus with ASXL1 knockdown but minimal effects of ASXL1 knockdown on

es a significant correlation between alterations in chromatin state and increases

eous presence of H3K27me3 and H3K4me3 in control cells.

3K27me3 alone or at promoters co-occupied by H3K27me3 and H3K4me3 in

Cancer Cell 22, 180–193, August 14, 2012 ª2012 Elsevier Inc. 185



Figure 4. Expression of ASXL1 in ASXL1-Null Leukemic Cells Results in Global Increase in H3K27me2/3, Growth Suppression, and Suppres-

sion of HoxA Gene Expression
(A and B) ASXL1 expression in ASXL1 null NOMO1 cells is associated with a global increase in H3K27me3 as detected by western blot of purified histones (A) as

well as by quantitative liquid-chromatography/mass spectrometry of H3 peptides from amino acids 18–40 (B) (arrows indicate quantification of H3K27me1/2/3).

(C) ASXL1 overexpression results in growth suppression in 7-day growth assay performed in triplicate.

(D) Overexpression of ASXL1 was associated with a decrement in posteriorHoxA gene expression in NOMO1 cells as shown by qRT-PCR forHOXA5, 6, 7, and 9.

(E) This downregulation in HOXA gene expression was concomitant with a strong enrichment of ASXL1 at the loci of these genes as shown by chromatin

immunoprecipitation of ASXL1 followed by quantitative PCR with BCRRP1 as a control locus.

Error bars represent standard deviation of target gene expression relative to control. See also Figure S4.
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ASXL1 Physically Interacts with Members of the PRC2
in Human Myeloid Leukemic Cells
Given that ASXL1 localizes to PRC2 target loci and ASXL1 deple-

tion leads to loss of PRC2 occupancy and H3K27me2, we inves-

tigated whether ASXL1 might physically interact with the

PRC2 complex in hematopoietic cells. Co-immunoprecipitation

studies using an anti-FLAG antibody in HEK293T cells express-

ing empty vector, hASXL1-FLAG alone, or hASXL1-FLAG

plus hEZH2 cDNA revealed a clear co-immunoprecipitation of

FLAG-ASXL1 with endogenous EZH2 and with ectopically ex-

pressed EZH2 (Figure 6A). Similarly, co-immuniprecipitation of

FLAG-ASXL1 revealed physical association between ASXL1

and endogenous SUZ12 in 293T cells (Figure 6A). Immunopre-

cipitations were performed in the presence of benzonase to

ensure that the protein-protein interactions observed were

DNA-independent (Figure 6B) (Muntean et al., 2010).We then as-

sessed whether endogenous ASXL1 formed a complex with
186 Cancer Cell 22, 180–193, August 14, 2012 ª2012 Elsevier Inc.
PRC2 members in hematopoietic cells. We performed IP for

EZH2 or ASXL1 followed by western blotting for partner proteins

in SET2 and UKE1 cells, which are wild-type for ASXL1, SUZ12,

EZH2, and EED. These co-immunoprecipitation assays all re-

vealed a physical association between ASXL1 and EZH2 in

SET2 (Figure 6B) and UKE1 cells (Figure S5). By contrast, immu-

noprecipitation of endogenous ASXL1 did not reveal evidence

of protein-protein interactions between ASXL1 and BMI1 (Fig-

ure S5). Likewise, immunoprecipitation of BMI1 enriched for

PRC1 member RING1A, but failed to enrich for ASXL1, suggest-

ing a lack of interaction between ASXL1 and the PRC1 repressive

complex (Figure 6C).

ASXL1 Loss Collaborates with NRasG12D In Vivo
We and others previously reported that ASXL1 mutations are

most common in chronic myelomonocytic leukemia and

frequently co-occur with N/K-Ras mutations in chronic



Figure 5. ASXL1 Loss Is Associated with

Loss of PRC2 Recruitment at the HOXA

Locus

(A) Chromatin-immunoprecipitation (ChIP) for

H3K27me3 and H3K4me3 followed by next-

generation sequencing reveals the abundance

and localization of H3K27me3 and H3K4me3 at

the HoxA locus in SET2 cells.

(B and C) ChIP for H3K27me3 (B) and H3K4me3

(C) followed by quantitative PCR (qPCR) across

the 50 HOXA locus in SET2 cells treated with an

empty vector or stable knockdown of ASXL1

reveals a consistent downregulation of H3K27me3

across the 50 HOXA locus following ASXL1 loss

and a modest increase in H3K4me3 at the

promoters of 50 HOXA genes with ASXL1 loss

[primer locations are shown in (A)].

(D) Similar ChIP for H3K27me3 followed by

qPCR across the HOXA locus in primary leu-

kemic blasts from two patients with ASXL1

mutations versus two without ASXL1 mutations

reveals H3K27me3 loss across the HOXA locus

in ASXL1 mutant cells.

(E) ChIP for EZH2 followed by qPCR at the 50 end
of HOXA locus in SET2 cells reveals loss of EZH2

enrichment with ASXL1 loss in SET2 cells. CHIP-

qPCR was performed in biologic duplicates and

ChIP-qPCR data is displayed as enrichment

relative to input. qPCR at the gene body of RRP1,

a region devoid of H3K4me3 or H3K27me3, is

utilized as a control locus.

The error bars represent standard deviation.
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myelomonocytic leukemia (Abdel-Wahab et al., 2011; Patel et al.,

2010). We therefore investigated the effects of combined

NRasG12D expression and Asxl1 loss in vivo. To do this, we

expressed NRasG12D in combination with an empty vector

expressing GFP alone or one of two different Asxl1 shRNA

constructs in whole bone marrow cells and transplanted these
Cancer Cell 22, 180–193
cells into lethally irradiated recipient

mice. We validated our ability to effec-

tively knock down ASXL1 in vivo by per-

forming qRT-PCR in hematopoietic cells

from recipient mice (Figure 7A and Fig-

ure S6A). Consistent with our in vitro

data implicating the HoxA cluster as an

ASXL1 target locus, we noted a marked

increase in HoxA9 and HoxA10 expres-

sion in bone marrow nucleated cells

from mice expressing NRasG12D in

combinationwith Asxl1 shRNAcompared

to mice expressing NRasG12D alone

(Figure 7B).

Expression of oncogenic NRasG12D

and an empty shRNA vector control led

to a progressive myeloproliferative

disorder as previously described (MacK-

enzie et al., 1999). In contrast, expression

of NRasG12D in combination with vali-

dated mASXL1 knockdown vectors re-
sulted in accelerated myeloproliferation and impaired survival

compared with mice transplanted with NRasG12D/EV (median

survival 0.8 month for ASXL1 shRNA versus 3 months for control

shRNA vector: p < 0.005; Figure 7C) We also noted impaired

survival with an independent mASXL1 shRNA construct (p <

0.01; Figure S6B) Mice transplanted with NRasG12D/Asxl1
, August 14, 2012 ª2012 Elsevier Inc. 187



Figure 6. ASXL1 Interacts with the PRC2 in Hematopoietic Cells

(A) Physical interaction between ASXL1 and EZH2 is demonstrated by transient transfection of HEK293T cells with FLAG-hASXL1 cDNA with or without hEZH2

cDNA followed by immunoprecipitation (IP) of FLAG epitope and western blotting for EZH2 and ASXL1.

(B) HEK293T cells were transiently transfected with FLAG-hASXL1 cDNA followed by IP of FLAG epitope and western blotting for SUZ12 and ASXL1. Endog-

enous interaction of ASXL1 with PRC2members was also demonstrated by IP of endogenous EZH2 and ASXL1 followed by western blotting of the other proteins

in whole cell lysates from SET2 cells.

(C) Lysates from the experiment shown in (B) were treated with benzonase to ensure nucleic acid free conditions in the lysates prior to IP as shown by ethidium

bromide staining of an agarose gel before and after benzonase treatment. IP of endogenous EZH2 and embryonic ectoderm development (EED) in a panel of

ASXL1-wild-type and mutant human leukemia cells reveals a specific interaction between ASXL1 and PRC2 members in ASXL1-wildype human myeloid

leukemia cells. In contrast, IP of the PRC1 member BMI1 failed to pull down ASXL1.

See also Figure S5.
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shRNA had increased splenomegaly and hepatomegaly

compared with NRasG12D/EV transplanted mice (Figures 7D

and 7E; Figure S6C). Histological analysis revealed a significant

increase in myeloid infiltration of the spleen and livers of

mice transplanted with NRasG12D/Asxl1 shRNA (Figure S6D).

Mice transplanted with NRasG12D/Asxl1 shRNA, but not

NRasG12D/EV, experienced progressive, severe anemia (Fig-

ure 7F). It has previously been identified that expression of onco-

genic K/N-Ras in multiple models of human/murine hematopoi-

etic systems results in alterations in the erythroid compartment

(Braun et al., 2006; Darley et al., 1997; Zhang et al., 2003). We

noted an expansion of CD71high/Ter119high erythroblasts in the

bonemarrow ofmice transplantedwithNRasG12D/Asxl1 shRNA

compared with NRasG12D/EV mice (Figure S6E). We also noted

increased granulocytic expansion in mice engrafted with

NRasG12D/Asxl1 shRNA positive cells, as shown by the pres-

ence of increased neutrophils in the peripheral blood (FigureS6D)

and the expansion of Gr1/Mac1 double-positive cells in the bone

marrow by flow cytometry (Figure S6F).

Previous studies have shown that hematopoietic cells from

mice expressing oncogenic Ras alleles or other mutations that

activate kinase signaling pathways do not exhibit increased

self-renewal in colony replating assays (Braun et al., 2004;

MacKenzie et al., 1999). This is in contrast to the immortalization

of hematopoietic cells in vitro seen with expression of MLL-AF9
188 Cancer Cell 22, 180–193, August 14, 2012 ª2012 Elsevier Inc.
(Somervaille and Cleary, 2006) or deletion of Tet2 (Moran-Crusio

et al., 2011). Bone marrow cells from mice with combined over-

expression of NRasG12D plus Asxl1 knockdown had increased

serial replating (to five passages) compared to bone marrow

cells from mice engrafted with NRasG12D/EV cells (Figure 7G).

These studies demonstrate that Asxl1 loss cooperates with

oncogenic NRasG12D in vivo.

DISCUSSION

The data presented here identify that ASXL1 loss in hematopoi-

etic cells results in reduced H3K27me3 occupancy through inhi-

bition of PRC2 recruitment to specific oncogenic target loci.

Recent studies have demonstrated that genetic alterations in

the PRC2 complex occur in a spectrum of human malignancies

(Bracken and Helin, 2009; Margueron and Reinberg, 2011;

Sauvageau and Sauvageau, 2010). Activating mutations and

overexpression of EZH2 occur most commonly in epithelial

malignancies and in lymphoid malignancies (Morin et al., 2010;

Varambally et al., 2002). However, there are increasing genetic

data implicatingmutations that impair PRC2 function in the path-

ogenesis of myeloid malignancies. These include the loss-of-

function mutations in EZH2 (Abdel-Wahab et al., 2011; Ernst

et al., 2010; Nikoloski et al., 2010) and less common somatic

loss-of-function mutations in SUZ12, EED, and JARID2 (Score



Figure 7. Asxl1 Silencing Cooperates with

NRasG12D In Vivo

(A) Retroviral bone marrow transplantation of

NRasG12D with or without an shRNA for Asxl1

resulted in decreased Asxl1 mRNA expression as

shown by qRT-PCR results in nucleated peripheral

blood cells from transplanted mice at 14 days

following transplant.

(B) qRT-PCR revealed an increased expression

of HOXA9 and HOXA10 but not MEIS1 in the

bone marrow of mice sacrificed 19 days following

transplantation.

(C) Transplantation of bone marrow cells bear-

ing overexpression of NRasG12D in combination

with downregulation of Asxl1 led to a significant

hastening of death compared to mice transplanted

with NRasG12D/EV.

(D–F) Mice transplanted with NRasG12D/ASXL1

shRNA experienced increased splenomegaly (D)

and hepatomegaly (E), and progressive anemia

(F) compared with mice transplanted with

NRasG12D + an empty vector (EV).

(G) Bone marrow cells from mice with combined

NRasG12D overexpression/Asxl1 knockdown re-

vealed increased serial replating compared with

cells from NRasG12D/EV mice. Error bars repre-

sent standard deviation relative to control. Asterisk

indicates p < 0.05 (two-tailed, Mann Whitney

U test).

See also Figure S6.
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et al., 2012) in patients with myeloproliferative neoplasms, mye-

lodysplastic syndrome, and chronic myelomonocytic leukemia.

The data from genetically-engineered mice also support this

concept with Ezh2 overexpression models, revealing evidence

of promotion of malignant transformation (Herrera-Merchan

et al., 2012), and recent studies demonstrate a role for Ezh2

loss in leukemogenesis (Simon et al., 2012). Thus, it appears

that alterations in normal PRC2 activity and/or H3K27me3 abun-

dance in either direction may promote malignant transformation.

Our data implicate ASXL1 mutations as an additional genetic

alteration that leads to impaired PRC2 function in patients with
Cancer Cell 22, 180–19
myeloid malignancies. In many cases,

patients present with concomitant

heterozygous mutations in multiple

PRC2 members or in EZH2 and ASXL1;

these data suggest that haploinsuffi-

ciency for multiple genes that regulate

PRC2 function can cooperate in hemato-

poietic transformation through additive

alterations in PRC2 function.

Many studies have investigated how

mammalian PcG proteins are recruited

to chromatin in order to repress gene

transcription and specify cell fate in

different tissue contexts. Recent in silico

analysis suggested that ASXL proteins

found in animals contain a number of

domains that likely serve in the recruit-

ment of chromatin modulators and tran-

scriptional effectors to DNA (Aravind and
Iyer, 2012). Data from ChIP and co-immunoprecipita-

tion experiments presented here suggest a specific role for

ASXL1 in epigenetic regulation of gene expression by facilitating

PRC2-mediated transcriptional repression of known leukemic

oncogenes. Thus, ASXL1may serve as a scaffold for recruitment

of the PRC2 complex to specific loci in hematopoietic cells, as

has been demonstrated for JARID2 in embryonic stem cells

(Landeira et al., 2010; Pasini et al., 2010; Peng et al., 2009;

Shen et al., 2009).

Recent data suggested that ASXL1 might interact with BAP1

to form a H2AK119 deubiquitanase (Scheuermann et al., 2010).
3, August 14, 2012 ª2012 Elsevier Inc. 189
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However, our data suggest that ASXL1 loss leads to BAP1-

independent alterations in chromatin state and gene expression

in hematopoietic cells. These data are consonant with recent

genetic studies, which have shown that germline loss of BAP1

increases susceptibility to uveal melanoma and mesothelioma

(Testa et al., 2011; Wiesner et al., 2011). In contrast, germline

loss of ASXL1 is seen in the developmental disorder Bohring-

Opitz Syndrome (Hoischen et al., 2011), but has not, to date,

been observed as a germline solid tumor susceptibility locus.

Whether alterations in H2AK119 deubiquitanase function due

to alterations in BAP1 and/or ASXL1 can contribute to leukemo-

genesis or to the pathogenesis of other malignancies remains to

be determined.

Integration of gene expression and chromatin state data

following ASXL1 loss identified specific loci with a known role

in leukemogenesis that are altered in the setting of ASXL1muta-

tions. These include the posterior HOXA cluster, including

HOXA9, which has a known role in hematopoietic transforma-

tion. We demonstrate that ASXL1 normally serves to tightly regu-

late HOXA gene expression in hematopoietic cells, and that loss

of ASXL1 leads to disorderedHOXA gene expression in vitro and

in vivo. Overexpression of 50 HOXA genes is a well-described

oncogenic event in hematopoietic malignancies (Lawrence

et al., 1996), and previous studies have shown thatHOXA9 over-

expression leads to transformation in vitro and in vivo when

co-expressed with MEIS1 (Kroon et al., 1998). Interestingly,

ASXL1 loss was not associated with an increase in MEIS1

expression, suggesting that transformation by ASXL1mutations

requires the co-occurrence of oncogenic disease alleles which

dysregulate additional target loci. These data and our in vivo

studies suggest that ASXL1 loss, in combination with co-occurr-

ing oncogenes, can lead to hematopoietic transformation and

increased self-renewal. Further studies in mice expressing

ASXL1 shRNA or with conditional deletion of Asxl1 alone and

in concert with leukemogeneic disease alleles will provide addi-

tional insight into the role of ASXL1 loss in hematopoietic stem/

progenitor function and in leukemogenesis.

Given that somatic mutations in chromatin modifying enzymes

(Dalgliesh et al., 2010), DNAmethyltransferases (Ley et al., 2010),

and other genes implicated in epigenetic regulation occur

commonly in human cancers, it will be important to use epige-

nomic platforms to elucidate how these disease alleles con-

tribute to oncogenesis in different contexts. The data here

demonstrate how integrated epigenetic and functional studies

can be used to elucidate the function of somatic mutations in

epigenetic modifiers. In addition, it is likely that many known

oncogenes and tumor suppressors contribute, at least in part,

to transformation through direct or indirect alterations in the

epigenetic state (Dawson et al., 2009). Subsequent epigenomic

studies of human malignancies will likely uncover novel routes

to malignant transformation in different malignancies, and thera-

peutic strategies that reverse epigenetic alterations may be of

specific benefit in patientswithmutations in epigeneticmodifiers.
EXPERIMENTAL PROCEDURES

Cell Culture

HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)

supplemented with 10% fetal bovine serum (FBS) and nonessential amino
190 Cancer Cell 22, 180–193, August 14, 2012 ª2012 Elsevier Inc.
acids. Human leukemia cell lines were cultured in RPMI-1640 medium supple-

mented with 10% FBS+1 mM hydrocortisone+10% horse serum (UKE1 cells),

RPMI-1640 supplemented with 10% FBS (K562, MOLM13, KCL22, KU812

cells), RPMI-1640 supplemented with 20% FBS (SET2, NOMO1, Monomac-6

cells), or IMDM+20%FBS (KBM5 cells). For proliferation studies, 13 103 cells

were seeded in 1ml volume of media in triplicate and cell number was counted

manually daily for 7 days by Trypan blue exclusion.

Plasmid Constructs, Mutagenesis Protocol, Short Hairpin RNA, and

Small Interfering RNA

See Supplemental Information.

Primary Acute Myeloid Leukemia Patient Samples and ASXL1,

BAP1, EZH2, SUZ12, and EED Genomic DNA Sequencing Analysis

Approval was obtained from the institutional review boards at Memorial Sloan-

Kettering Cancer Center and at the Hospital of the University of Pennsylvania

for these studies, and informed consent was provided according to the Decla-

ration of Helsinki. Please see Supplemental Information for details on DNA

sequence analysis.

Western Blot and Immunoprecipitation Analysis

Western blots were carried out using the following antibodies: ASXL1 (Clone

N-13; Santa Cruz (sc-85283); N-terminus directed), ASXL1 (Clone 2049C2a;

Santa Cruz (sc-81053); C terminus directed), BAP1 [clone 3C11; Santa Cruz

(sc-13576)], BMI1 (Abcam ab14389), EED (Abcam ab4469), EZH2 (Active

Motif 39933 or Millipore 07-689), FLAG (M2 FLAG; Sigma A2220), Histone

H3 lysine 27 trimethyl (Abcam ab6002), Histone H2A Antibody II (Cell

Signaling Technologies 2578), Ubiquityl-Histone H2AK119 (Clone D27C4;

Cell Signaling Technologies 8240), RING1A (Abcam ab32807), SUZ12 (Abcam

ab12073), and total histone H3 (Abcam ab1791), and tubulin (Sigma, T9026).

Antibodies different from the above used for immunoprecipitation include:

ASXL1 [clone H105X; Santa Cruz (sc-98302)], FLAG (Novus Biological

Products; NBP1-06712), and EZH2 (Active Motif 39901). Immunoprecipitation

and pull-down reactions were performed in an immunoprecipitation buffer

(150 mM NaCl, 20 mM Tris (pH 7.4–7.5), 5 mM EDTA, 1% Triton, 100 mM

sodium orthovanadate, protease arrest (Genotec), 1 mM PMSF, and phenyl-

arsene oxide). To ensure nuclease-free immunoprecipitation conditions,

immunoprecipitations were also performed using the following methodology

(Muntean et al., 2010): cells were lysed in BC-300 buffer (20 mM Tris-

HCl (pH 7.4), 10% glycerol, 300 mM KCl, 0.1% NP-40) and the cleared lysate

was separated from the insoluble pellet and treated with MgCl2 to 2.5 mM and

benzonase (Emanuel Merck, Darmstadt) at a concentration of 1,250 U/ml. The

lysate was then incubated for 1–1.5 hr at 4�. The reaction was then stopped

with addition of 5 mM EDTA. DNA digestion is confirmed on an ethidium

bromide agarose gel. We then set up our immunoprecipitation by incubating

our lysate overnight at 4�.

Histone Extraction and Histone LC/MS Analysis

See Supplemental Information.

Gene Expression Analysis

Total RNA was extracted from cells using QIAGEN’s RNeasy Plus Mini kit

(Valencia, CA, USA). cDNA synthesis, labeling, hybridization, and quality

control were carried out as previously described (Figueroa et al., 2008). Ten

micrograms of RNA was then used for generation of labeled cRNA according

to the manufacturer’s instructions (Affymetrix, Santa Clara, CA, USA). Hybrid-

ization of the labeled cRNA fragments and washing, staining, and scanning of

the arrays were carried out as per instructions of the manufacturer. Labeled

cRNA from CD34+ cells treated with either ASXL1 siRNA or controls were

analyzed using the Affymetrix HG-U133-Plus2.0 platform and from UKE1 cells

using the Illumina Href8 array. All expression profile experiments were carried

out using biological duplicates. ‘‘Present’’ calls in R80% of samples were

captured and quantile normalized across all samples on a per-chip basis.

Raw expression values generated by Genome Studio (Illumina) were filtered

to exclude probesets having expression values below negative background

in R80% of samples. Probesets remaining after background filtering were

log-2 transformed and quantile normalized on a per-chip basis. qRT-PCR

was performed on cDNA using SYBR green quantification in an ABI 7500
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sequence detection system. The sequences of all qRT-PCR primers are listed

in the Supplemental Information.

Chromatin Immunoprecipitation and Antibodies

ChIP experiments for H3K4me3, H3K27me3, and H3K36me3 were carried

out as described previously (Bernstein et al., 2006; Mikkelsen et al., 2007).

Cells were cross-linked in 1% formaldehyde, lysed, and sonicated with

a Branson 250 Sonifier to obtain chromatin fragments in a size range

between 200 and 700 bp. Solubilized chromatin was diluted in ChIP dilution

buffer (1:10) and incubated with antibody overnight at 4�C. Protein A

sepharose beads (Sigma) were used to capture the antibody-chromatin

complex and washed with low salt, LiCl, as well as TE (pH 8.0) wash

buffers. Enriched chromatin fragments were eluted at 65�C for 10 min, sub-

jected to cross-link reversal at 65�C for 5 hr, and treated with Proteinase K

(1 mg/ml), before being extracted by phenol-chloroform-isoamyl alcohol, and

ethanol precipitated. ChIP DNA was then quantified by QuantiT Picogreen

dsDNA Assay kit (Invitrogen). ChIP experiments for ASXL1 were carried

out on nuclear preps. Cross-linked cells were incubated in swelling buffer

(0.1 M Tris pH 7.6, 10 mM KOAc, 15 mM MgOAc, 1% NP40), on ice for

20 minutes, passed through a 16G needle 20 times and centrifuged to

collect nuclei. Isolated nuclei were then lysed, sonicated, and immu-

noprecipitated as described above. Antibodies used for ChIP include

anti-H3K4me3 (Abcam ab8580), anti-H3K27me3 (Upstate 07-449), anti-

H3K36me3 (Abcam ab9050), and anti-ASXL1 [clone H105X; Santa Cruz

(sc-98302)], and Ubiquityl-Histone H2AK119 (Clone D27C4; Cell Signaling

Technologies 8240).

Sequencing Library Preparation, Illumina/Solexa Sequencing, and

Read Alignment and Generation of Density Maps

See Supplemental Information.

HOXA Nanostring nCounter Gene Expression CodeSet

Direct digital mRNA analysis of HOXA cluster gene expression was performed

using a Custom CodeSet including each HOXA gene (NanoString Technolo-

gies). Synthesis of the oligonucleotides was done by NanoString Technolo-

gies, and hybridization and analysis were done using the Prep Station and

Digital Analyzer purchased from the company.

Animal Use, Retroviral Bone Marrow Transplantation, Flow

Cytometry, and Colony Assays

Animal care was in strict compliance with institutional guidelines established

by the Memorial Sloan-Kettering Cancer Center, the National Academy

of Sciences Guide for the Care and Use of Laboratory Animals, and the

Association for Assessment and Accreditation of Laboratory Animal Care

International. All animal procedures were approved by the Institutional

Animal Care and Use Committee (IACUC) at Memorial Sloan-Kettering

Cancer Center. See Supplemental Information for more details on animal

experiments.

Statistical Analysis

Statistical significance was determined by the Mann-Whitney U test and

Fisher’s exact test using Prism GraphPad software. Significance of survival

differences was calculated using Log-rank (Mantel-Cox) test. p < 0.05 was

considered statistically significant. Normalized expression data from CD34+

cord blood was used as a Gene Set Enrichment Analysis query of the C2 data-

base (MSig DB) where 1,000 permutations of the genes was used to generate

a null distribution. A pre-ranked gene list, containing genes upregulated at

least log2 0.5-fold, in which the highest ranked genes corresponds to the

genes, with the largest fold-difference between Asxl1 hairpin-treated UKE1

cells and those treated with empty vector, was used to query the C2 MSig

DB as described above.

ACCESSION NUMBERS

All microarray data used in this manuscript are deposited in Gene Expression

Omnibus (http://www.ncbi.nlm.nih.gov/geo/) under GEO accession number

GSE38692. The ChIP-Seq data are deposited under GEO accession number

GSE38861.
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Supplemental Information includes six figures, two tables, and Supplemental

Experimental Procedures and can be found with this article online at http://
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SUMMARY
Homeobox domain-containing transcription factors are important regulators of hematopoiesis. Here, we
report that increased levels of nonclustered H2.0-like homeobox (HLX) lead to loss of functional hematopoi-
etic stem cells and formation of aberrant progenitors with unlimited serial clonogenicity and blocked
differentiation. Inhibition of HLX reduces proliferation and clonogenicity of leukemia cells, overcomes the
differentiation block, and leads to prolonged survival. HLX regulates a transcriptional program, including
PAK1 and BTG1, that controls cellular differentiation and proliferation. HLX is overexpressed in 87% of
patients with acute myeloid leukemia (AML) and independently correlates with inferior overall survival
(n = 601, p = 2.33 10�6). Our study identifies HLX as a key regulator in immature hematopoietic and leukemia
cells and as a prognostic marker and therapeutic target in AML.
INTRODUCTION

Transcription factors are critical for the regulation of normal

hematopoiesis as well as leukemogenesis (Friedman, 2007;

Laiosa et al., 2006; Tenen, 2003). Several members of the Hox

(class I homeobox genes) family of transcription factors, which

contain a conserved homeobox domain and are organized into

four major gene clusters in humans, have been implicated in

the functioning of hematopoietic stem and progenitor cells

(HSPC) as well as in leukemic transformation and the generation

of leukemia-initiating cells (Argiropoulos and Humphries, 2007;

Krumlauf, 1994; Sitwala et al., 2008). Less is known about the

role of nonclustered (class II) homeobox genes in hematopoiesis

and leukemia. Members of the CDX family, for instance, have

been found to be overexpressed in acute leukemias and to regu-
Significance

AML is a heterogeneous disease with poor clinical outcome. Le
current treatment regimens, and prognostication and risk strat
targets are desired for more effective therapeutic intervention
regulator in immature hematopoietic and leukemia cells. HLX
high levels ofHLX correlate with inferior survival. Inhibition of H
survival in an in vivo model. As a key factor controlling maligna
and therapeutic target in AML and possibly other types of can
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lateHox gene expression (Bansal et al., 2006; Scholl et al., 2007).

Transcriptional analysis of purified stem and progenitor popula-

tions has recently been utilized as a powerful tool to identify

critical regulators of stem and progenitor cell function and

transformation to leukemia-initiating cells (Krivtsov et al., 2006;

Majeti et al., 2009; Passegué et al., 2004; Saito et al., 2010;

Somervaille and Cleary, 2006; Steidl et al., 2006, 2007). Our anal-

ysis of preleukemic HSPC in amurinemodel of AML revealed the

nonclustered H2.0-like homeobox (Hlx) gene to be 4-fold upre-

gulated compared to wild-type (WT) HSPC (Steidl et al., 2006;

data not shown), suggesting that Hlx may be involved in malig-

nant transformation. HLX is the highly conserved human-murine

homolog of the homeobox gene H2.0, which shows tissue-

specific expression throughout development in Drosophila

melanogaster (Allen et al., 1991; Hentsch et al., 1996). Additional
ss than one third of patients achieve durable remission with
ification of individual patients is challenging. New molecular
. We identify the nonclustered homeobox gene Hlx as a key
is overexpressed in the majority of patients with AML, and
LX overcomes the differentiation block of AML and prolongs
nt cell growth and differentiation, HLX may be a prognostic
cer.
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studies two decades ago detected HLX expression in hemato-

poietic progenitors and in leukemic blasts of patients with

AML, and a study of HLX-deficient fetal liver cells suggested

a decrease of colony-formation capacity (Deguchi and Kehrl,

1991; Deguchi et al., 1992). However, the precise function of

HLX in HSPC and its role in leukemia have not been studied,

which was the objective of the present study. AML is a heteroge-

neous diseasewith overall poor clinical outcome (Marcucci et al.,

2011). Less than one third of patients with AML achieve durable

remission with current treatment regimens. Furthermore, prog-

nostication and risk stratification of individual patients remains

very challenging, in particular in favorable and standard risk

groups. New targets need to be identified for effective and indi-

vidualized therapeutic intervention.

RESULTS

HLX Overexpression Impairs Hematopoietic
Reconstitution and Leads to a Decrease in Long-Term
Hematopoietic Stem Cells and Persistence of a Small
Progenitor Population
To examine the functional consequences of elevated HLX levels

on hematopoiesis, we sorted lineage-negative (Lin�), Kit+ bone

marrow (BM) cells from Ly5.2(CD45.2)+ WT mice, transduced

them with a lentivirus expressing HLX and GFP, or GFP alone

as a control (Figures 1A and 1B), and transplanted them into

lethally irradiated congenic Ly5.1(CD45.1)+ recipient mice.

Transduction efficiency of control lentivirus and Hlx lentivirus

was comparable, with both at approximately 50% (see Fig-

ure S1A available online). Twenty-four hours after transplanta-

tion, both control and HLX-overexpressing GFP+ Ly5.2+ donor

cells were detected in the BM at similar frequencies (42.8%

and 41.6%, respectively) (Figure 1C), indicating equal homing

of the transplanted cells. Twelve weeks after transplantation,

we evaluated hematopoietic multilineage reconstitution in the

peripheral blood. Both groups engrafted robustly with an

average donor chimerism of Ly5.2 cells of 80% (SD: 10%) and

85% (SD: 9%) in the control and Hlx groups, respectively.

However, although mice transplanted with control cells showed

35% (SD: 17%) GFP+ cells in the peripheral blood 12 weeks after

transplantation, mice transplanted with Hlx-transduced cells

displayed drastically fewer GFP+ cells, with only 0.07% (SD:

0.06%), demonstrating a severe defect of HLX-overexpressing

cells in hematopoietic reconstitution (Figure 1D). To determine

the cellular compartments in which HLX was effective, we

analyzed stem and progenitor cells in recipient BM. No GFP+

long-term hematopoietic stem cells (LT-HSC; Thy1loFlk2-LSK

[Lin�Sca1+Kit+]) in mice transplanted with HLX-expressing cells

were detected, whereas control mice displayed, on average,

42% (SD: 20%) GFP+ LT-HSC (Figure 1E). Furthermore, in

contrast to control animals, we could not find any GFP+ HLX-

expressing short-term HSC (ST-HSCs; Thy1loFlk2+LSK), multi-

potent progenitors (MPP; Thy1� Flk2+LSK), common myeloid

progenitors (CMP; Lin�Kit+Sca-1�FcgRII/IIIloCD34lo), granulo-

cyte-monocyte progenitors (GMP; Lin�Kit+Sca-1�FcgRII/III+

CD34+). or megakaryocyte-erythrocyte progenitors (MEP;

Lin�Kit+Sca-1�FcgRII/III-CD34�), indicating that HLX acts at

the level of the earliest hematopoietic stem cells (Figure S1B).

When we analyzed Hlx-GFP-transduced Lin�Kit+ (KL) cells by
AnnexinV/DAPI staining, both control and HLX-overexpressing

cells displayed the same low percentage of apoptotic-necrotic

cells (Figure S1C), indicating that HLX acts by a mechanism

other than induction of apoptosis or necrosis. Further analysis

for donor-derived cell populations persisting upon HLX overex-

pression revealed a small population of GFP+, CD45.2(Ly.5.2)+,

Lin�, CD34�, and Kit� cells, which were still present in the BM

12weeks after transplantation (Figure 1F). Analysis for additional

surface markers revealed that these cells were characterized by

intermediate expression of CD11b, as well as high expression

of CD49b and CD44 (Figure 1G, left panel), which is consistent

with the surface phenotype of myeloid precursor cells slightly

past the GMP stage (Novershtern et al., 2011). This CD45+

CD11bmidCD49b+CD44+ cell population was 16-fold expanded

upon HLX expression in comparison to control (p = 1.1 3 10�5)

(Figure 1G, right panel).

HLX Confers Unlimited Serial Clonogenicity
to CD34–Kit– Hematopoietic Cells
Next, we performed in vitro colony formation assays of trans-

duced LSK cells. Hlx-transduced LSK cells formed slightly fewer

and smaller colonies than did control-transduced LSK cells in the

initial plating (Figure 2A, left panel, and Figure S2A). To evaluate

long-term clonogenic potential of HLX-overexpressing cells, we

performed serial-replating assays. LSK cells overexpressing

HLX showed greater clonogenic capacity in the second to fifth

plating, in comparison to control-transduced cells, and main-

tained serial replating capacity through the sixth to ninth plating

(Figure 2A, right panel), showing a de facto immortalization of this

clonogenic progenitor population by HLX. In addition, colonies

were noticeably larger in size after five platings compared to

control (Figure 2B). Analysis of cells isolated from the initial

plating revealed that HLX overexpression led to a decrease of

Kit+ cells, similar to the in vivo phenotype, and an increased

proportion of phenotypically more mature CD34�Kit� cells in

comparison to control-transduced cells (Figure 2C). To further

characterize this persisting population, we examined a panel of

cell surface markers. Although the CD34�Kit� cells were nega-

tive for CD11c, CD25, FcgRII/III, CD61, CD115, and CD150 (Fig-

ure S2B; and data not shown), they expressedCD49b andCD44,

as well as intermediate levels of CD11b (Figure S2B), similar to

our observations in vivo (Figure 1G). To determine which cellular

subpopulation conferred the increased clonogenic capacity,

we sorted equal numbers of CD34+Kit+ cells, CD34+Kit� cells,

CD34�Kit+ cells, and CD34�Kit� cells from the first plating (pop-

ulations I–IV, see Figure 2C), and subjected each individual pop-

ulation to colony formation assays. Only CD34�Kit� cells derived

from HLX-overexpressing cells formed a larger number of colo-

nies in comparison to control cells, whereas all other populations

did not display significant clonogenicity (Figure 2D). Further-

more, the HLX-overexpressing GFP+CD34�Kit� cells showed

serial replating capacity through four rounds, whereas all other

populations exhausted significantly earlier (Figure 2E). Finally,

when we injected HLX-overexpressing GFP+CD34�Kit� cells

from the fourth, sixth, or eighth plating into irradiated NOD-

SCID-IL2Rgamma null (NSG) mice, GFP+ cells were detectable

after 7 weeks in the peripheral blood (Figure S2C; and data not

shown). These data indicate that increased levels of HLX confer

long-term clonogenicity to a population of CD34�Kit� cells.
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Figure 1. HLX Overexpression Impairs Hematopoietic Reconstitution and Leads to a Decrease in Long-Term Hematopoietic Stem Cells and

Persistence of a Small Progenitor Population

(A) Schematics of lentiviral vectors.

(B) Increased protein expression of HLX in Lin�Kit+ cells after transduction with HLX-expressing lentivirus and sorting of GFP+ cells.

(C) Homing is not affected by HLX overexpression. Lentivirus-transduced Lin�Kit+ cells (8 3 104) from WT C57BL/6 mice (Ly5.2) were transplanted into lethally

irradiated congenicWT recipients (Ly5.1). Bonemarrowmononuclear cells from recipients were analyzed 24 hr after transplantation. The frequency of GFP+ cells

in the donor population (Ly5.1�Ly5.2+) was assessed, and averages ± SD are shown (n = 3).

(D and E) Control- or Hlx-IRES-GFP-transduced Lin-Kit+ cells (Ly5.2) together with spleen cells from congenic WT mice (Ly5.1) were transplanted into lethally

irradiated congenic WT recipients (Ly5.1) (n = 7) and analyzed 12 weeks after transplantation. Total GFP+ cells in peripheral blood (D) and Lin�Kit+Sca+

Thy1loFlk2� LT-HSC in bone marrow (E) are shown. Detailed gating scheme and additional analyses are shown in Figure S1. Means are indicated by horizontal

lines in the panels on the right.

(F) Analysis of GFP+ cells in total bonemarrow cells from recipients transplanted withHlx-transduced Lin�Kit+ cells after 12 weeks. Relative percentages of GFP+,

Lin�, as well as CD34�Kit� donor cells are indicated.

(G) CD49b, CD11b, and CD44 expression on donor Ly5.2+GFP+Lin�Kit� cells from recipients transplanted withHlx- or control-transduced Lin�Kit+ cells 6 weeks

after transplantation. Representative histogram plots are shown on the left. Percentage of Ly5.2+GFP+Lin�Kit� cells that coexpress CD49b+, CD11bmid, and

CD44+ are displayed for the control and Hlx groups in the right panel (n = 4/condition).
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Figure 2. HLX Overexpression Confers Serial Replating Capacity to Lin–CD34–Kit– Cells

(A) Primary colony formation assay (left panel) and serial replating assay (right panel) of Lin�Kit+Sca1+ cells after transduction with control lentivirus or Hlx

lentivirus. GFP+ colonies derived from control cells (white bars) and HLX-overexpressing cells (black bars) ± SD are shown. Statistical significance is indicated

(*p < 0.05, and **p < 0.005, n = 3).

(B) Photograph of entire tissue culture dishes after fifth plating shows enlarged size of colonies derived from the Hlx-transduced cells. Scale bar

indicates 1 cm.

(C) HLX overexpression leads to a decrease of CD34+Kit+ cells and increases the CD34�Kit� population. Representative FACS plots are shown in the upper

panel. The lower panel shows the frequency of each population within total GFP+ cells (I = CD34+Kit+, II = CD34+Kit�, III = CD34�Kit+, and IV = CD34�Kit�). Means

of control cells (white bars) and HLX-overexpressing cells (black bars) (± SD) are shown. Statistical significance is indicated (*p < 0.05, n = 3).

(D) Whole plate photographs of colonies derived from sorted cells from each population (I, II, III, and IV). Scale bars indicate 1 cm.

(E) Serial replating assay of each sorted population (I, II, III, and IV). Colony numbers (± SD) after second plating (white bars), third plating (gray bars), and fourth

plating (black bars) are shown (n = 3). Statistical significance is indicated (*p = 0.013; **p = 0.0015; ***p = 0.0004). Additional data on the aberrant clonogenic

population is shown in Figure S2.
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HLX Induces a Myelomonocytic Differentiation Block
To investigate the effect of HLX overexpression on differentiation

capacity, we analyzed the clonogenic GFP+CD34�Kit� cells

from the first colony assay for the expression of additional cell

surface markers. The proportions of Gr1+Mac1+-, Gr1�Mac1+-,

and F4/80+Mac1+-expressing cells were significantly reduced

(Gr1+Mac1+: from 29.7% [control] [SD: 6.6%] to 16.2% [Hlx]

[SD: 1.9%], p = 0.026; Gr1�Mac1+: from 30.7% [SD: 4.5%]

to 11.2% [SD: 2.6%], p = 0.003; F4/80+Mac1+: from 31.6%

[SD: 4.9%] to 8.9% [SD: 2.8%], p = 0.002; n = 3), indicative of

a defect in myelomonocytic differentiation (Figure 3A). Expres-

sion of erythroid, B-lymphoid, and T-lymphoid markers was

unchanged. Furthermore, almost half of the HLX-overexpressing

GFP+CD34�Kit� population (47.6% [SD: 2.8%]) was lineage-

negative, in contrast to only 17% (SD: 1.2%) of GFP+CD34�Kit�

control-transduced cells (p = 0.005) (Figure 3A). Sorted, HLX-

overexpressing GFP+Lin�CD34�Kit� cells also showed a

significant increase in clonogenicity compared with control-

transduced cells (Figure S3), indicating that HLX acts at the level

of Lin�CD34�Kit� cells. To specifically test myelomonocytic

differentiation, we carried out colony-formation assays with

GM-CSF or M-CSF stimulation (Figures 3B–3E). Hlx-transduced

cells gave rise to lower numbers of Gr1�Mac1+ and F4/

80+Mac1+ cells, compared to control-transduced cells, upon

either GM-CSF or M-CSF stimulation (Figures 3B and 3D). Cyto-

morphological evaluation of cells after stimulation showed an

increased percentage of Hlx-transduced cells with immature

progenitor morphology, in stark contrast to control-transduced

cells which predominantly displayed mature monocytic

morphology (Figures 3C and 3E). Taken together, our findings

show that HLX not only enhances clonogenicity of an increased

population of Lin�CD34�Kit� cells, but also confers a partial

myelomonocytic differentiation block.

HLX Downregulation Inhibits AML
To test whether HLX overexpression is functionally important for

AML, we targeted Hlx by RNA interference. We transduced

leukemia cells derived from the PU.1 URED/D AML model (URE

cells) as well as human AML cells with lentiviral constructs ex-

pressing either Hlx-directed (sh Hlx) or control shRNA (sh

control). Knockdown of HLX by 80% led to significantly reduced

cell proliferation in suspension culture, as well as reduced forma-

tion of colonies of URE cells in methylcellulose assays in

comparison to control cells (p < 0.00001) (Figures 4A–4C). Like-

wise, human KG1a, THP1, and MOLM13 AML cells showed

40%–60% reduced growth (p = 0.003, p = 0.001, and p =

0.015, respectively) in suspension culture, as well as significantly

diminished clonogenicity (p = 0.02, p = 0.038, and p = 0.004,

respectively) (Figure 4D). To test the antileukemic effect of

HLX suppression in vivo, we performed murine transplanta-

tion assays. We found that reduction of HLX levels in trans-

planted URE cells significantly prolonged recipient survival in

comparison to mice transplanted with control shRNA-trans-

duced cells (p = 0.0012, and p = 0.0041) (Figure 4E). Taken

together, our findings demonstrate that HLX is functionally

important for AML cells and that targeting HLX can inhibit cellular

growth, decrease clonogenicity, and lead to improved survival in

a murine AML transplantation model. Of note, Hlx heterozygous

mice, which show a 50% reduction of HLX protein levels in BM
198 Cancer Cell 22, 194–208, August 14, 2012 ª2012 Elsevier Inc.
cells, did not show any noticeable effects on normal hematopoi-

esis, including hematopoietic stem cell functions, such as

capacity for hematopoietic reconstitution and serial transplant-

ability (Figure S4).

Inhibition of HLX Leads to Decreased Cell Cycling,
Increased Cell Death, and Differentiation of AML Cells
and Causes Significant Changes in Gene Expression
To obtain insight into the mechanism of action of HLX inhibition,

we studied the cell biological and molecular consequences of

knockdown of HLX in leukemia cells. We found that HLX down-

regulation in URE cells led to a decrease in viable cells and to

an increase in necrotic cells (Figure 5A). This was accompanied

by a lower number of cells in S phase (p = 0.027) and a higher

number of cells in G0/G1 phase of cell cycle (p = 0.002) (Fig-

ure 5B). In addition, reduction of HLX led to an increased

population of cells expressing lower levels of Kit and higher

levels of Gr-1 and Mac1, indicative of myeloid differentiation

(Figures 5C and 5D). Stimulation with GM-CSF further increased

the number of Mac1- and Gr-1-expressing cells and led to

increased differentiation of AML cells upon sh Hlx treatment in

comparison to control-treated cells, which retained an imma-

ture, leukemic morphology (Figure 5E). This observation shows

that inhibition of HLX can overcome the myeloid differentiation

block of AML cells.

To gain insight into the molecular effects caused by HLX inhi-

bition, we measured gene expression profiles of sh Hlx-trans-

duced URE cells and control shRNA-transduced cells. Leukemia

cells treated with Hlx-directed shRNAs displayed an altered

gene expression pattern, with 392 genes being significantly

differentially expressed (mean difference > 0.5 [log2], p < 0.05)

(Figure 5F). Gene set enrichment analysis (GSEA) showed that

‘‘leukocyte differentiation,’’ ‘‘cell activation,’’ and ‘‘cell prolifera-

tion’’ were among the most significantly affected cellular func-

tions (Figure 5G), which is consistent with the leukemia-inhibitory

effect of HLX reduction in URE cells. We specifically found that

several key genes involved in the regulation of cell cycle and

proliferation, cell death, and myeloid differentiation, were signif-

icantly changed upon HLX downregulation (Figure 5H). We

confirmed differential expression of several genes—namely,

Btg1, FoxO4, Fyn, Gadd45a, RhoB, Trp63, Zfp36l1, Hdac7,

and Pak1—by qRT-PCR (Figure 5I and Figure S5A). We also

found enrichment of genes involved in pathways of other cellular

functions (Figure S5B). Furthermore, we utilized GSEA to

compare the Hlx knockdown data with the molecular signatures

database (MSigDB) (Mootha et al., 2003; Subramanian et al.,

2005) and found negative enrichment of several known

leukemia- and stem cell-related gene signatures (Table S1).

Taken together, these data are consistent with a model that

HLX overexpression leads to activation of a specific transcrip-

tional program in leukemia cells, which affects processes critical

for leukemogenesis such as cell differentiation and proliferation,

and which can at least partially be reversed by inhibition of HLX.

We focused on two downstream genes modulated upon HLX

inhibition in AML cells, Pak1 and Btg1, which have previously

been implicated in the regulation of cell cycle and malignant

proliferation (Ong et al., 2011; Kuo et al., 2003). Knockdown of

PAK1 in KG1a AML cells led to a significant inhibition of cell

proliferation (p < 0.05) and clonogenicity (p < 0.03) (Figure 5J
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Figure 3. HLX Induces a Myelomonocytic Differentiation Block

(A) Representative FACS analysis of GFP+CD34�Kit� cells after the primary colony-forming assay. Relative percentages of cells in the indicated gates are given

and show a reduction of mature myelomonocytic cells derived from the cells overexpressing HLX.

(B) FACS analysis of cells derived from control-transduced or Hlx-transduced LSK cells after culture in methylcellulose with 25 ng/ml GM-CSF. Relative

percentages of cells are given for each gate and show a lower number of cells expressing mature myelomonocytic markers.

(C) Representative morphology of cells from (B). Cells with immature morphology can be found in the colonies derived from cells transduced with Hlx (indicated

by arrows).

(D) FACS analysis of cells derived from control-transduced or Hlx-transduced LSK cells after culture in methylcellulose with 100 ng/ml M-CSF.

(E) Representative morphology of cells from (D), which confirms a monocytic differentiation block. Cells with immature morphology are indicated by arrows. See

also Figure S3 for additional data.
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Figure 4. HLX Downregulation Inhibits AML

Lentiviruses expressing short hairpins directed against Hlx (sh Hlx) or a control (sh control) were used to downregulate HLX in mouse AML cells (panels A–C) and

human AML cells (sh HLX) (panel D).

(A) Western blotting shows a >80% reduction of HLX protein by shRNA.

(B) Cell proliferation kinetics were determined bymanual cell counts using trypan blue exclusion (n = 3) in sh control cells (white bars) and sh Hlx cells (black bars).

Different time points (days) are indicated. Error bars indicate SD.

(C) Clonogenic assay of URE cells treated with sh control or sh Hlx; 1,000 cells each were cultured inmethylcellulose, andGFP+ colonies were counted. Error bars

indicate SD (n = 3).
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and Figure S5C), mimicking the effects we had observed by

knockdown of HLX. Similarly, ectopic expression of BTG1 led

to a significant inhibition of cell growth (p < 0.01) and colony-

forming capacity (p < 0.008) of KG1a cells (Figure 5K and Fig-

ure S5D). These findings suggest that downregulation of PAK1

and upregulation of BTG1 are functionally relevant for mediating

the leukemia-inhibitory effects of HLX knockdown.

HLX Is Overexpressed in Patients with AML
To examine whether HLX overexpression plays a role in human

leukemia, we analyzed gene expression data of 354 patients

with AML (Figueroa et al., 2010; Wouters et al., 2009). HLX

was overexpressed in 87% of patients with AML in comparison

to CD34+ cells of healthy donors (Figure 6A). On average,

HLX expression was 2.03-fold higher in patients with AML

(p = 1.9 3 10�9; Figure 6B). Fifty-four percent (190 of 354) of

patients with AML overexpressed HLX more than 2-fold, with

the range extending up to 6.8-fold overexpression. These results

demonstrate that HLX overexpression is a common feature in

patients with AML. HLX overexpression was found across

different French-American-British (FAB) classification subsets

of AML (Table S2). Of note, highHLX expression was significantly

more frequent in AML with myelomonocytic (M4) and mono-

blastic (M5) morphology, which is consistent with the observed

myelomonocytic differentiation block caused by HLX overex-

pression in vitro.

Increased HLX Expression Correlates with Inferior
Survival
We further sought to examine whether HLX expression levels in

patients were associated with known clinical or molecular

parameters. We analyzed four published data sets of patients

with AML, of whom gene expression and time-to-event data

were available (NCBI GEO accession numbers GSE10358,

GSE12417 [U133A], GSE12417 [U133plus2], and GSE14468)

(Metzeler et al., 2008; Tomasson et al., 2008; Wouters et al.,

2009). Because the lower 25% of patients had HLX expression

levels very similar to CD34+ cells of healthy donors (Figure 6B),

we decided to use the 25th percentile to dichotomize patients

into ‘‘HLX high’’ and ‘‘HLX low’’ expressers. We compared

the overall survival of patients with AML with low versus high

HLX, and observed that in each of the four different data sets,

high HLX expression was associated with inferior overall

survival (Figures S6A–S6D). Overall survival (irrespective of

HLX status) in data sets GSE12417 (U133plus2.0), GSE14468,

and GSE10358 was very similar, with superimposable survival

curves (p = 0.4636, log-rank test; Figure S6E), suggesting that

these cohorts and their clinical outcomes could be combined

for further analyses. The GSE12417 (U133A) data set showed

a worse overall survival outcome compared with the other data

sets (Figure S6F) andwas therefore not included in the combined

analysis. Consistent with the analyses of the individual data
(D) Cell proliferation kinetics in suspension culture (top panel) and clonogenicit

MOLM13, right panel). Time points (days) are indicated. Error bars (SD) and stat

(E) Transplantation of URE cells transducedwith sh control or sh Hlx into NSGmice

into NSG mice after sublethal irradiation (250 cGy). Kaplan-Meier curves of overa

also Figure S4 for additional data.
sets, the evaluation of the combined set of patients from the

GSE10358, GSE12417 (U133plus2.0), and GSE14468 data

sets (n = 601 total) confirmed that highHLX levels are associated

with inferior overall survival (p = 2.336 3 10�6 [log-rank]; hazard

ratio [HR] = 0.57 [95% CI: 0.046–0.71]; median survival:

17.05 months [HLX high], ‘‘not reached’’ [HLX low]; 5-year

survival rate: 32.95% [HLX high], 55.85% [HLX low]) (Figure 6C).

To assess whether the impact of HLX expression on overall

survival is independent of known prognostic factors for AML,

we performed multivariate analysis based on the data of the

GSE14468 data set (Figueroa et al., 2010; Wouters et al.,

2009), using a Cox regression model. In this analysis, high HLX

status remained an independent prognostic factor (p = 0.0416;

HR, 1.521) along with FLT3 mutation status (p = 0.0003; HR,

1.925), NPM1 mutation status (p = 0.0006; HR, 0.518), CEBPA

mutation status (p = 0.0371; HR, 0.693), and cytogenetic risk

group (p = 0.0109; HR, 1.382). Of note, the relative blast

percentage in the bone marrow was not correlated with HLX

expression or overall survival (Figures S6G–S6I). The indepen-

dent prognostic role of HLX status led us to hypothesize that it

may provide additional prognostic information for patients who

belong to previously established, molecularly defined subtypes

of AML. We indeed observed that, among patients with FLT3

WT, NPM1 mutations, or CEBPA mutations, high HLX expres-

sion was associated with inferior overall survival (p = 0.0175,

p = 0.0407 and p = 0.0306, respectively) (Figures 6D–6F).
An HLX-Dependent Transcriptional Signature Is
Functionally Relevant in Patients with AML
To obtain insight into the molecular consequences of elevated

HLX levels, we overexpressed HLX in sorted murine LSK cells

and performed genomewide transcriptional analysis. We found

that 195 genes were significantly changed, resulting in a clearly

distinguishable expression signature induced by HLX overex-

pression (Figure S6J). Using GSEA, we found enrichment of

known leukemia- and stem cell-related gene signatures, consis-

tent with our previous findings (Table S3).

Next, we tested whether this mouse LSK HLX overexpression

gene set correlated with HLX expression in human patients with

AML. Specifically, we compared the human orthologs of the

mouse gene set to HLX expression levels of patients with AML

in the different cohorts using globaltest (Goeman et al., 2004).

We found a highly significant correlation between the mouse

gene signature and HLX expression in human AML samples

(p = 7.43 3 10�23 for GSE14468, p = 2.13 3 10�08 for

GSE10358, p = 2.31 3 10�06 for GSE12417 [U133plus2.0], and

p = 5.01 3 10�10 for GSE12417 [U133A]). Furthermore, we

intersected differentially expressed genes from the HLX overex-

pression or inhibition studies with analogously differentially ex-

pressed genes in ‘‘HLX high’’ versus ‘‘HLX low’’ patients of the

GSE14468 data set, and analyzed these genes for association

with survival. Thereby, wewere able to define anHLX-dependent
y (bottom panel) of human AML cells (KG1a, left panel; THP1, middle panel;

istical significance is indicated (t test, n = 4).

. Onemillion (left panel) or 5million cells (right panel) were retroorbitally injected

ll survival of recipient mice are displayed. p values (log-rank) are indicated. See
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Figure 5. Inhibition of HLX Leads to Decreased Cell Cycling, Increased Cell Death, and Differentiation of AML Cells and Causes Significant

Changes in Gene Expression

(A) Relative percentages (± SD) of viable cells (DAPI-negative/Annexin V-negative), apoptotic cells (DAPI-negative/AnnexinV-positive), and necrotic cells (entire

DAPI-positive) in sh control cells (white bars) and sh Hlx cells (black bars). p values are indicated (n = 3).

(B) Cell cycle status of sh control and sh Hlx leukemia cells. Percentages of cells in G0/G1 (white bars), S (gray bars), and G2/M (black bars) phase of cell cycle are

displayed. Statistical significance is indicated (n = 3).

(C and D) Cell surface marker analysis after suspension culture for 3 days. Relative percentages of cells in the indicated gates are given and show a decrease of

immature Kit+ cells and an increase of Kit�Gr1+ cells (C), and an increase of Mac1+ cells (D).

(E) Morphology of cells after treatment with 100 ng/ml recombinant GM-CSF for 3 days. Cells with maturation signs are indicated by arrows.
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core set of 17 genes (referred to as ‘‘HLX signature’’) correlating

with HLX expression status in patients with AML (Figure 6G).

When we dichotomized patients into ‘‘HLX signature high’’

versus ‘‘HLX signature low’’ patients (defined by the genes

of the signature, excluding HLX), we found that ‘‘HLX signa-

ture high’’ patients had significantly inferior overall survival

(p = 0.0089 [log-rank]; HR, 0.66 [95% CI: 0.48–0.90]; median

survival: 17.22 months for HLX signature high, ‘‘not reached’’

for HLX signature low; 5-year survival rate: 34.5% for HLX signa-

ture high, 53.9% for HLX signature low) (Figure 6H).

We subsequently validated the HLX signature in an indepen-

dent cohort of patients, the GSE10358 data set, and found that

the signature correlated strongly (p = 7.8 3 10�11) with ‘‘HLX

high’’ versus ‘‘HLX low’’ expression status in these patients

with AML as well (Figure 6I). Furthermore, ‘‘HLX signature

high’’ patients showed a strikingly inferior overall survival (p =

1.89 3 10�05 [log-rank]; HR, 0.42 [95% CI: 0.28–0.62]; median

survival: 18.3 months [HLX signature high], ‘‘not reached’’ [HLX

signature low]; 5-year survival rate: 29.0% [HLX signature

high], 67.0% [HLX signature low]) (Figure 6J). Taken together,

these data suggest that elevated HLX levels cause a specific,

functionally critical gene expression signature in human AML.

Interestingly, PAK1 was part of the HLX-induced prognostic

signature. Given our finding that PAK1 mediates the leukemia-

inhibitory effects of HLX knockdown in AML cells (Figure 5J),

we asked whether PAK1 expression levels alone may be func-

tionally relevant in patients with AML. We dichotomized patients

with AML into ‘‘PAK1 high’’ and ‘‘PAK1 low’’ expressers and

analyzed clinical outcome. ‘‘PAK1 high’’ patients showed signif-

icantly inferior overall survival (p = 0.00014 [log-rank]) than did

‘‘PAK1 low’’ patients (median: 17.7 months [PAK1 high] versus

109.1 months [PAK1 low]; 5-year survival rate: 34.0% [PAK1

high] versus 50.5% [PAK1 low]) (Figure S6K). Of note, high

PAK1 expression was associated with inferior overall survival

only in patients of the ‘‘HLX high’’ group (p = 0.0005 [log-rank];

HR, 0.62 (95% CI: 0.48–0.81)); median survival: 15.8 months

[PAK1 high], 42.0 months [PAK1 low]; 5-year survival rate:

29.7% [PAK1 high], 48.1% [PAK1 low]), but not in ‘‘HLX low’’

patients (p = 0.77 ([og-rank]; HR, 1.08 (95% CI: 0.65–1.78]);

5-year survival rate: 55.0% [PAK1 high], 55.0% [PAK1 low])

(Figures S6L and S6M). In addition, PAK1 expression levels

were on average 1.5-fold higher (p = 2.2 3 10�16) in ‘‘HLX

high’’ patients compared to ‘‘HLX low’’ patients (Figure S6N),

and HLX and PAK1 expression levels in individual patients

were also significantly correlated (p = 8.83 10�15, R = 0.31; Fig-
(F) Hierarchical clustering of genes differentially expressed in URE leukemia cells

(G) Enrichment map representation of cellular processes perturbed in leukemia c

circles) connected by edges (green links) denoting the degree of gene set overlap

edge thickness represents the number of genes that overlap between gene s

enrichment of a particular gene set. Groups of functionally related gene sets are c

Figure S5. See Table S1 for additional information.

(H) Select genes altered by HLX inhibition in URE leukemia cells. Upregulated

involvement in regulation of cell cycle-proliferation, cell death, and myeloid diffe

(I) Validation of differential mRNA expression of Btg1 and Pak1. Fold changes (±

qRT-PCR validation is shown in Figure S5.

(J) Short hairpin (shPAK1) or a control (sh control) were used to downregulate HLX

and clonogenicity (right panel) are shown. Error bars indicate SD (n = 4).

(K) Effect of BTG1 overexpression on KG1a proliferation (left panel) and colony fo

PAK1 knockdown and BTG1 overexpression are shown in Figures S5C and S5D
ure S6O). Furthermore, experimental overexpression of HLX in

LSK cells led to a significant increase in Pak1 mRNA expression

(1.9-fold, p = 0.017; Figure S6P).

DISCUSSION

Utilizing bothmouse and humanmodel systems, we have shown

that the class II homeobox protein HLX affects hematopoietic

stem cell function, as well as clonogenicity and differentiation

of immature hematopoietic progenitor cells. We found that HLX

is significantly overexpressed in the majority of patients with

AML and that high HLX expression levels are independently

associated with inferior clinical outcome. Thereby, our study

identifies HLX as a class II homeobox gene which is critically

involved in the pathogenesis of AML. Our finding that increased

HLX expression correlates with more aggressive disease,

combined with the observation that HLX knockdown results in

an inhibition of growth and clonogenicity of leukemia cells,

further suggest that HLX may be a promising prognostic and

therapeutic target. Future studies evaluating HLX in the context

of different therapies will be required to determine whether

HLX also has predictive relevance.

Many clustered (class I, or HOX) homeobox genes have been

implicated in normal hematopoiesis as well as leukemia, but

much less is known about the role of nonclustered (class II)

homeobox transcription factors (for review, see Argiropoulos

and Humphries, 2007). Several HOX genes are expressed at

high levels in subtypes of AML (Alcalay et al., 2005; Ayton and

Cleary, 2003; Bullinger et al., 2004; Horton et al., 2005). Impor-

tant roles in leukemic transformation have been demonstrated

specifically for several members of the HOX-A and the HOX-B

cluster (Fischbach et al., 2005; Krivtsov et al., 2006; Kroon

et al., 1998; Sauvageau et al., 1997; Somervaille and Cleary,

2006; Thorsteinsdottir et al., 1997). Also, the nonclustered

homeobox gene CDX2 was recently reported to be implicated

in leukemogenesis (Scholl et al., 2007). However, the clinical

significance of these known HOX genes is largely unclear.

Here, we report that expression levels of a homeobox gene are

strongly associated with inferior overall survival in several large,

independent cohorts of patients with AML. Furthermore, the

prognostic value of HLX is a broad phenomenon across several

molecular subsets of patients, and HLX holds up as an indepen-

dent prognostic factor in a multivariate model. Gene expression

analyses upon experimental overexpression and inhibition of

HLX demonstrated that HLX regulates the expression of
upon HLX knockdown. Expression levels are color-coded.

ells upon HLX knockdown. Enriched gene sets are represented as nodes (red

. The node size is proportional to the number of genes in the gene set and the

ets. The color intensity of the nodes indicates the statistical significance of

ircled in gray and labeled. A more comprehensive enrichment map is shown in

genes are shown in red, and downregulated genes are shown in blue. Their

rentiation is indicated.

SD) upon HLX knockdown are shown. (*p < 0.05; **p < 0.01, n = 3). Additional

downstream target PAK1 in human AML cell line KG1a. Proliferation (left panel)

rmation capacity (right panel). Error bars indicate SD (n = 4). Quantification of

.
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Figure 6. HLX Is Overexpressed in Patients with AML and Correlates with Poor Overall Survival

(A) Waterfall plot of relative expression (log2) of HLX of 354 patients with AML in comparison to CD34-enriched bone marrow cells from 11 healthy donors.

(B) Box plot summary of the HLX expression data shown in (A). HLX expression is significantly higher in patients with AML in comparison to CD34+ cells from

healthy donors (p = 1.9 3 10�9). The median expression values (bold lines), 25th and 75th percentile (bottom and top of box), and the minimum and maximum

(lower and upper whiskers) of both groups are shown. See Table S2 for additional information.

(C) Kaplan-Meier survival plots of overall survival (OS) of patients with high versus low HLX expression in a combined data set of 601 patients with AML

(GSE10358, GSE12417 (U133plus2.0) and GSE14468). Patients with high expression ofHLX show drastically inferior clinical outcome. The p value (log-rank test)

is indicated. Kaplan-Meier plots for all individual data sets are shown in Figures S6A–S6F.

(D–F) Kaplan-Meier survival plots comparing overall survival (OS) of patients with high versus low HLX expression in molecularly defined subsets of AML. High

expression of HLX is associated with significantly inferior clinical outcome in all subsets. p values (log-rank test) are given.
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a specific subset of genes, and that part of this ‘‘HLX signature’’

is also detectable in patients with AML and discriminates

between patients with poor and favorable clinical outcome.

Taken together, these observations suggest that HLX is a key

regulator of a gene subset critical for AML pathogenesis and

that it may define a previously unrecognized molecular subtype

of AML with distinct biological features and clinical outcome.

We identified PAK1 and BTG1 as two genes downstream of

HLX inmyeloid cells and show thatPAK1 andBTG1 are function-

ally relevant in AML cells. Notably, PAK1 is upregulated in

human patients with AML with high HLX expression, and it is

also part of the HLX-induced core signature that independently

predicts overall survival in patients with AML. Interestingly,

high PAK1 expression itself is associated with inferior overall

survival, but only in patients with highHLX expression, indicating

that there is an interaction of HLX and PAK1with respect to their

impact on overall survival. The correlation of HLX and PAK1

expression levels in the murine HLX knockdown model and in

patients with AML, together with the observed induction of

Pak1 expression upon HLX overexpression in stem cells,

strongly suggest that Pak1 is a downstream target of HLX and

critically mediates, at least in part, the leukemia-promoting

effects of HLX in patients in vivo. Further studies will be required

to determine the exact nature of this regulation, and whether it is

direct or indirect.

Several HOX genes, such as HOXB4, have been reported to

be stimulators of HSC function and expansion (Antonchuk

et al., 2002; Sauvageau et al., 1995). Our data show that HLX

suppresses the function of normal immature HSC and progeni-

tors, but leads to an increase of clonogenicity, as well as

a differentiation block at the level of phenotypically more

mature progenitors. Because the loss of HSC does not seem

to be mediated by induction of apoptosis or necrosis, one may

speculate that HLX exerts this dual role by triggering initial differ-

entiation of HSC and suppression of terminal differentiation at

a more committed progenitor level. Further studies will be

required to understand the molecular basis of this effect.

Although overexpression of HLX led to the formation of myeloid

progenitors with unlimited serial clonogenicity, we so far did not

observe development of leukemia upon transplantation, sug-

gesting that HLX elevation alone may not be sufficient for full

transformation. Like other homeobox genes, Hlx may function

in concert with cofactors (Moens and Selleri, 2006; Pineault

et al., 2004). Such cofactors could confer cell type specificity

to the effects of HLX overexpression and also contribute to

leukemic transformation. It is also possible that increase of

HLX plays a role in leukemia maintenance rather than leukemia

induction.
(D) Patients with AML with no detectable mutations of the FLT3 gene.

(E) Patients with AML with mutant NPM1.

(F) Patients with AML with mutant CEBPA.

(G) Heat map of log2-normalized, median-centered gene expression of a 17-gene

status is indicated. Relative gene expression is color-coded (red: high, blue: low

(H) Kaplan-Meier plot comparing overall survival (OS) of ‘‘HLX signature high’’ ve

(log-rank) is indicated.

(I) Heat map of log2-normalized, median-centered gene expression of the ‘‘HLX

(J) Kaplan-Meier survival plot comparing overall survival (OS) of ‘‘HLX signature

The p value (log-rank) is indicated. See also Figure S6 and Table S3 for addition
Several transcription factors that govern normal hematopoi-

etic differentiation have been implicated in leukemogenesis by

blocking differentiation and promoting self-renewal and clono-

genicity (for review, see Rosenbauer and Tenen, 2007). HLX

may act similar to those factors by establishing a specific gene

expression program in early HSPC, which results in increased

long-term clonogenicity and a differentiation arrest, contributing

to poor clinical outcome. Thus, HLX expression levels may be

utilized to predict clinical outcome and improve risk stratifica-

tion. Finally, inhibition of HLX may be a promising strategy for

treatment of patients with AML.

EXPERIMENTAL PROCEDURES

Mice and Cells

FVB/nJ mice (Ly5.1), C57BL/6J (Ly5.2) mice, and B6.SJL-Ptprca Pepcb/BoyJ

(Pep boy, Ly5.1) and NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice were

used for in vitro assays and in vivo transplantation assays. Mice with targeted

disruption of the upstream regulatory element (URE) of the PU.1 gene have

been previously described (Rosenbauer et al., 2004). All animal experiments

were approved by the Institutional Animal Care and Use Committee of the

Albert Einstein College of Medicine (protocol # 20080109). URE cells were

established and maintained as described previously (Steidl et al., 2006).

Human AML cell lines THP1, MOLM13, and KG1a were cultured under stan-

dard conditions.

Flow Cytometric Analysis and Sorting

Mononuclear cells were purified by lysis of erythrocytes. For analysis and

sorting, we used antibodies directed against CD4[GK1.5], CD8a[53-6.7],

CD19[eBio1D3], Gr-1[RB6-8C5], B220[RA3-6B2], F4/80[BM8], c-kit[ACK2],

Sca-1[D7], CD34[RAM34], CD16/32[93], Flk-2[A2F10], Mac1[M1/70], Ter119

[TER-119], and Thy-1.2[53-2-1]. To distinguish donor from host cells in trans-

planted mice, cells were additionally stained with anti-CD45.1[A20] and

CD45.2[104]. Analysis and sorting were performed using a FACSAria II Special

Order System (BD Biosciences, San Jose, CA). See Supplemental Experi-

mental Procedures for more details.

Lentiviral Vectors and Transduction

For overexpression studies, we introduced the mouse Hlx coding sequence

into the EcoRI site of a pCAD-IRES-GFP lentiviral construct (Steidl et al.,

2007). For BTG1 overexpression, we introduced the human BTG1 coding

sequence into the EcoRI site of the pCAD-IRES-GFP construct. For murine

knockdown studies, we inserted shRNA template oligonucleotides (target

sense strand-loop-target antisense strand-TTTTT) into the pSIH1-H1-copGFP

shRNA vector (System Biosciences, Mountain View, CA). For human

knockdown studies, we utilized the pGIPZ system from Open Biosystems

(Huntsville, AL). See Supplemental Experimental Procedures for sequence

information. For knockdown of PAK1, we utilized the plko.1-puro vector

system (Sigma) with nonsilencing control or human PAK1 target. Lentiviral

particles were produced utilizing 293T cells and were concentrated by

ultracentrifugation. For overexpression studies, we treated sorted Lin�Kit+

cells fromWT C57BL/6J (Ly5.2) BM (for in vivo assays) or Lin�Kit+Sca-1+ cells
from WT FVB/nJ BM (for in vitro assays) with control virus or Hlx virus. In brief,
‘‘HLX signature’’ in patients with AML of the GSE14468 cohort.HLX expression

).

rsus ‘‘HLX signature low’’ AML patients of the GSE14468 cohort. The p value

signature’’ in AML patients of the GSE10358 cohort.

high’’ versus ‘‘HLX signature low’’ patients with AML of the GSE10358 cohort.

al information.
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sorted cells were cultured with lentiviral supernatants in the presence of

8 mg/ml polybrene. Twenty-four hours after transduction, cells were washed

with PBS and then used for experiments. After 40 hr, transduction efficiency

was determined by flow cytometry. For knockdown studies, cells were incu-

bated with short-hairpin-containing lentivirus for 24 hr. GFP+ cells were sorted

using a FACS Aria II sorter (BD Biosciences) and used for experiments.

Quantitative Real-Time PCR

We extracted total RNA from FACS-sorted cells or cultured cells using RNeasy

Micro kit (QIAGEN, Valencia, CA) and synthesized cDNA by Superscript II

reverse transcriptase (Invitrogen, Carlsbad, CA). We performed real-time

PCR using an iQ5 real-time PCR detection system (BIO-RAD, Hercules, CA)

with 1 cycle of 50�C (2 min) and 95�C (10 min) followed by 40 cycles of 95�C
(15 sec) and 60�C (1 min) using Power SYBR Green PCR master mix

(AB, Carlsbad, CA) (see Supplemental Experimental Procedures for primer

sequences).

Western Blotting

See Supplemental Experimental Procedures.

Cell Proliferation, Cell Cycle, and Apoptosis Assays

See Supplemental Experimental Procedures.

Colony Formation Assays and Serial Replating Assays

Assays were performed in MethoCult M3434 (Stem Cell Technologies,

Vancouver, BC) containing IL-3, IL-6, SCF, and EPO or in MethoCult M3234

supplemented with M-CSF or GM-CSF as previously described (Higuchi

et al., 2002; Huntly et al., 2004; Will et al., 2009). GFP+ colonies were scored

8–10 days after plating using an AXIOVERT 200M microscope (Zeiss, Maple

Grove, MN). After scoring, we resorted GFP+ cells after each round and then

proceeded with serial replating assays. Cells were replated and colonies

were again scored after 10–14 days.

Transplantation Assays

For HLX overexpression studies, 5 3 104 lentivirus-transduced Lin�Kit+ cells

(Ly5.2) together with 2.5 3 105 spleen cells from congenic WT recipients

(Ly5.1) were transplanted into lethally irradiated age-matched congenic WT

recipients (Ly5.1) by retroorbital vein injection. Total body irradiation was

delivered in a single dose of 950 cGy using a Shepherd 6810 sealed-source
137Cs irradiator.

Micorarray Experiments and Analysis

RNA was extracted from sorted GFP+ cells utilizing the RNeasy Micro Kit

(QIAGEN). After evaluation of the quality of RNA with an Agilent2100

Bioanalyzer, total RNA was used for amplification utilizing the Nugen Ovation

pico WTA system according to the manufacturer’s instructions. After labeling

with the GeneChip WT terminal labeling kit (Affymetrix), labeled cRNA of each

individual sample was hybridized to AffymetrixMouse Gene 1.0STmicroarrays

(Affymetrix), stained, and scanned by GeneChip Scanner 3000 7G system

(Affymetrix) according to standard protocols. For data analysis, we utilized

Multiple Experiment Viewer v.4 pilot2 (Saeed et al., 2006), DAVID bioinfor-

matics tool (Huang et al., 2009a, 2009b), Enrichment Map Cytoscape plugin

(Cline et al., 2007; Merico et al., 2010), and Gene Set Enrichment Analysis

v2.0 (GSEA) (Mootha et al., 2003; Subramanian et al., 2005). See Supplemental

Experimental Procedures for details.

Data Sets and Statistical Analysis

We analyzed the publicly available gene expression data sets with accession

numbers GSE12417 (training set U133A and U133B; test set U133plus2.0),

GSE14468, and GSE10358 (http://www.ncbi.nlm.nih.gov/geo/). Clinical out-

come and mutational data for the GSE10358 data set were obtained from

a recent study of the same group (Ley et al., 2010). Analyses of the gene

expression profiles from GSE14468, GSE12417 training set, and GSE10358

were performed based on published (Gentles et al., 2010) and publicly avail-

able MAS5 files (GSE24006) with reanalyzed data. For analysis of the test

set of the GSE12417 data set, CEL files were processed using GenePattern

(Broad Institute, Cambridge MA) for normalization (ExpressionFileCreator

algorithm). We utilized GraphPad Prism 5.0, R/Bioconductor sva package
206 Cancer Cell 22, 194–208, August 14, 2012 ª2012 Elsevier Inc.
(R package version 3.2.0) (Leek et al., 2012), and SPSS 18.0 statistical

package for further analyses. See Supplemental Experimental Procedures

for details.

Signature Generation and Calculation of Signature Scores

We utilized dChip (http://biosun1.harvard.edu/complab/dchip/), SAM (signifi-

cance analysis of microarrays), as well as R/Bioconductor globaltest (Goeman

et al., 2004) for signature identification, followed by calculation of signature

scores. See Supplemental Experimental Procedures for details.

ACCESSION NUMBER

Complete array data are available in the Gene Expression Omnibus (GEO) of

NCBI (Edgar et al., 2002), accession number GSE27947.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures, three tables, and Supplemental

Experimental Procedures and can be found with this article online at http://dx.

doi.org/10.1016/j.ccr.2012.06.027.
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Wouters, B.J., Löwenberg, B., Erpelinck-Verschueren, C.A., van Putten, W.L.,

Valk, P.J., and Delwel, R. (2009). Double CEBPA mutations, but not single

CEBPAmutations, define a subgroup of acutemyeloid leukemia with a distinc-

tive gene expression profile that is uniquely associated with a favorable

outcome. Blood 113, 3088–3091.



Cancer Cell

Article
Core Transcriptional Regulatory Circuit
Controlled by the TAL1 Complex
in Human T Cell Acute Lymphoblastic Leukemia
Takaomi Sanda,1,9 Lee N. Lawton,2,9 M. Inmaculada Barrasa,2 Zi Peng Fan,2,3 Holger Kohlhammer,5

Alejandro Gutierrez,1,6 Wenxue Ma,7 Jessica Tatarek,8 Yebin Ahn,1 Michelle A. Kelliher,7 Catriona H.M. Jamieson,7

Louis M. Staudt,5 Richard A. Young,2,4 and A. Thomas Look1,6,*
1Department of Pediatric Oncology, Dana-Farber Cancer Institute, Harvard Medical School, Boston, MA 02215, USA
2Whitehead Institute for Biomedical Research, Cambridge, MA 02142, USA
3Computational and Systems Biology Program
4Department of Biology

Massachusetts Institute of Technology, Cambridge, MA 02142, USA
5Metabolism Branch, National Cancer Institute, Bethesda, MD 20892, USA
6Division of Hematology/Oncology, Children’s Hospital, Boston, MA 02115, USA
7Department of Medicine and Moores Cancer Center, University of California, San Diego, La Jolla, CA 92093, USA
8Department of Cancer Biology, University of Massachusetts Medical School, Worcester, MA 01605, USA
9These authors contributed equally to this work.

*Correspondence: thomas_look@dfci.harvard.edu

http://dx.doi.org/10.1016/j.ccr.2012.06.007
SUMMARY
The oncogenic transcription factor TAL1/SCL is aberrantly expressed in over 40% of cases of human T cell
acute lymphoblastic leukemia (T-ALL), emphasizing its importance in the molecular pathogenesis of T-ALL.
Herewe identify the core transcriptional regulatory circuit controlled by TAL1 and its regulatory partners HEB,
E2A, LMO1/2, GATA3, and RUNX1. We show that TAL1 forms a positive interconnected autoregulatory loop
with GATA3 and RUNX1 and that the TAL1 complex directly activates theMYB oncogene, forming a positive
feed-forward regulatory loop that reinforces and stabilizes the TAL1-regulated oncogenic program. One of
the critical downstream targets in this circuitry is the TRIB2 gene, which is oppositely regulated by TAL1
and E2A/HEB and is essential for the survival of T-ALL cells.
INTRODUCTION

In human T cell acute lymphoblastic leukemia (T-ALL), the

normalmolecular events contributing to thymocyte development

are interrupted by genetic lesions that induce arrested differen-

tiation, dysregulated proliferation, and aberrant survival, leading

to clonal expansion of the fully transformed leukemic cells (Arm-

strong and Look, 2005; Look, 1997). TAL1/SCL, one of the most

prevalent oncogenic transcription factors in T-ALL, is overex-

pressed in 40%–60% of T-ALL cases, owing to chromosomal

translocations, an activating interstitial deletion (SIL-TAL1 dele-
Significance

Studies in embryonic stem cells have revealed ‘‘core’’ transcri
renewal, raising the possibility that similar mechanisms might
dissect a core transcriptional regulatory circuit controlled by t
demonstrate that TAL1 and its binding partners GATA3 and
a feed-forward mechanism involving the MYB oncoprotein, w
the malignant state in thymocytes. Moreover, we implicate T
and required for T-ALL cell survival.
tion), or undefined trans-acting mechanisms (Brown et al.,

1990; Ferrando and Look, 2000; Ferrando et al., 2002). Results

from gene expression analysis have demonstrated that TAL1

overexpression is associated with a differentiation block at the

CD4+CD8+ double-positive (DP) stage of thymocytes in both

human tumors and murine models (Ferrando et al., 2002; Larson

et al., 1996; Tremblay et al., 2010).

TAL1 is a class II basic helix-loop-helix (bHLH) transcription

factor that forms an obligate heterodimer with the class I bHLH

E-proteins, which include TCF3/E2A and TCF12/HEB (Hsu

et al., 1991, 1994). In hematopoietic cells, TAL1 regulates the
ptional regulatory circuits that control pluripotency and self-
contribute to malignant transformation. Here we identify and
he aberrant expression of TAL1 in T-ALL cells. Our findings
RUNX1 form a positive autoregulatory loop, reinforced by
hich likely contributes to the initiation and maintenance of
RIB2, which is oppositely regulated by TAL1 and E2A/HEB
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transcription of its target genes by binding to E-box motifs and

nucleating a large complex that includes the E-proteins, GATA

family members, and several non-DNA-binding LMO proteins

(Lécuyer et al., 2002; Wadman et al., 1997; Xu et al., 2003).

TAL1 expression is normally silenced during early thymocyte

development (Herblot et al., 2000); thus, its expression and the

regulatory complex it recruits to its direct target genes are clearly

aberrant in DP thymocytes. By contrast, E-proteins act as homo-

or heterodimers to regulate gene expression (Kee, 2009) and are

required for thymocyte development in a stage-specific manner

(Bernard et al., 1998; Herblot et al., 2000). A number of genes

have been implicated as direct targets of TAL1 and its regulatory

partners in human T-ALL (Bernard et al., 1998; Herblot et al.,

2000; Ono et al., 1998; Palii et al., 2011b; Palomero et al.,

2006). Studies in murine models have shown that E2a and Heb

are highly dosage dependent, in that haplo-insufficiency for

either gene accelerates the onset of TAL1-induced T-ALL

(O’Neil et al., 2004). Hence, although E2A and HEB are critical

for the formation of the TAL1 transcriptional complex, a change

in the relative dosage of each member can affect the onset and

severity of leukemia, through mechanisms that remain to be

elucidated.

Recently, several groups have identified high-level expression

of genes encoding multiple transcription factors in the TAL1-

overexpressing T-ALL subgroup, including RUNX1, MYB,

NKX3-1, and ETS family members, such as ERG and ETS1

(Clappier et al., 2007; Kusy et al., 2010; Lahortiga et al., 2007;

O’Neil et al., 2007; Thoms et al., 2011). However, it has been diffi-

cult to integrate them into a unified network of altered gene regu-

lation that promotes thymocyte transformation. The present

study was designed to elucidate the role of TAL1 in this aberrant

transcriptional circuitry.

RESULTS

TAL1 Binding Is Highly Overlapping in Multiple T-ALL
Cell Lines and Primary T-ALL Cells
We generated high-resolution maps of the genomewide occu-

pancy of TAL1 by chromatin immunoprecipitation coupled to

massively parallel DNA sequencing (ChIP-seq; Table S1 avail-

able online). Multiple TAL1-expressing T-ALL samples were

analyzed, which included two cell lines (Jurkat and CCRF-

CEM; Figures S1A and 1B) and two ‘‘primagraft’’ samples

(‘‘Prima 2’’ and ‘‘Prima 5’’) derived from primary T-ALL cells

expanded in immunocompromised mice without any exposure

to in vitro culture. Aberrant expression of TAL1 in both prima-

grafts and the CCRF-CEM cell line is due to an �90-kb SIL-TAL

deletion. The activity of the TAL1 antibody usedwas validated by

ChIP followed by western blot analysis with a different specific

antibody (Figure S1C). Of note, TAL1 was enriched in chromatin

precipitated with anti-HEB and anti-E2A antibodies (Figure S1C)

that do not cross-react (Figure S1D), consistent with its ability to

heterodimerize with each of these E-proteins.

We first examined the results for known TAL1 target genes,

including CD69, TCRA enhancer, and NKX3-1 (Bernard et al.,

1998; Kusy et al., 2010; Palii et al., 2011b), and detected TAL1

binding at sites in the regulatory regions of each gene (Figure 1A).

Our results agree with previously reported TAL1 binding sites

except for NKX3-1 (Kusy et al., 2010), where we found that
210 Cancer Cell 22, 209–221, August 14, 2012 ª2012 Elsevier Inc.
TAL1 occupied a region consistent with a candidate distal

enhancer in each of the four T-ALL samples but not the previ-

ously identified promoter region (Figure 1A, right). We then inves-

tigated the relative overlap of high-confidence TAL1-bound

regions across all four T-ALL samples. Pairwise comparisons

of the top 200 TAL1-bound regions showed a high degree of

agreement, compared with the results for NRSF-bound regions

in Jurkat cells as a negative control (Figure 1B). Nearest neighbor

analysis confirmed this result (Figure 1C). When we compared

the relative distribution of TAL1-bound regions with the locations

of protein-coding genes, the majority of the bound regions were

within the gene body and intergenic regions of known protein-

coding genes, consistent with the location of enhancer

elements, as opposed to sites in the proximal or distal promoter

(Figure 1D). Hence, the TAL1-binding sites identified in multiple

T-ALL cell samples overlapped substantially at known and

candidate regulatory elements.

We next sought to identify DNA motifs that were statistically

overrepresented within 200 base pairs (bp) of the peak of TAL1

binding in each T-ALL sample. Four transcription factor binding

motifs were enriched in TAL1-bound regions, including E-box

(50-CAG[CG]TG-30), GATA (50-AGATAA-30), RUNX (50-TGTGG

TC-30), and motifs recognized by the ETS family of transcription

factors (50-GGAA-30) (Figure 1E). This complement of motifs is

highly similar to the TAL1motifs identified by ChIP-seq in normal

murine hematopoietic progenitors and red cells (Kassouf et al.,

2010; Wilson et al., 2010) and in human hematopoietic cells

(Novershtern et al., 2011; Palii et al., 2011b; Tijssen et al.,

2011). We expect that TAL1 is likely coregulating its target genes

in T-ALL in a complex analogous to that identified in normal

hematopoietic cells.

TAL1 Complex Controls Genes Involved in T Cell
Homeostasis
To identify the regulatory network controlled by the TAL1 tran-

scriptional complex in human T-ALL cells, we performed ChIP-

seq analysis for TAL1 and its regulatory partners HEB, E2A,

GATA3, RUNX1, and LMO1/2 in Jurkat and CCRF-CEM cells,

which express high levels of LMO1 and LMO2, respectively

(Figures S1A–S1C). The genomic sites occupied in T-ALL

samples showed remarkable concordance for TAL1, its regula-

tory partners, and the transcriptional coactivator CBP, as illus-

trated for a known TAL1 complex target, the TCRA enhancer

(Bernard et al., 1998; Hollenhorst et al., 2007) (Figure 2A). The

E2A-bound regions we identified included a number of E2A

target genes reported in murine thymocytes, including PTCRA,

NOTCH3, RAG1, RAG2, and GFI1 (Miyazaki et al., 2011).

Examination of the overlap among regions enriched for TAL1,

HEB, E2A, LMO1/2, GATA3, or RUNX1 revealed that TAL1 binds

to the majority of HEB- and E2A-enriched regions, which

frequently overlap with the LMO1/2-, GATA3-, and RUNX1-

enriched regions (Figures 2B and S2A). We next investigated

the relative binding overlap of these factors within high-confi-

dence enriched regions (Table S2), identifying three different

classes of regulatory elements in both Jurkat (Figure 2C) and

CCRF-CEM cells (Figure S2B). One showed concordant enrich-

ment for multiple TAL1 complex members (Group 1), a second

was predominantly occupied by GATA3 alone (Group 2), and

a third was mainly occupied by RUNX1 alone (Group 3).



A

D

26 -

Prima 5
32 -

CCRF-CEM
187 -

Jurkat
169 -

CD69

10 kb

E

B

2.2e-33 to 7.4e-207

2.1 e-21 to 1.7e-616

4.7e-20 to 1.6e-641

2.4 e-75 to 3.3e-274

Prima 2

10 kb
11 -

16 -

133 -

NKX3-1

Distal  Proximal    Intron Exon      Intergenic

Promoter

-10           -1     >10 kb

Gene

0% 20% 40% 60% 80% 100% 

MYC K562 
NRSF Jurkat 

SRF Jurkat 
Prima 5 
Prima 2 

CCRF-CEM 
Jurkat 

Percentage of Regions 

TA
L1

 
TA

L1
 

TCRA

20 kb
15 -

18 -

27 -

26 -

E-box

GATA

RUNX

ETS

C

49 -

TAL1

Jurkat CEM Prima2 Prima5

NRSF

1.00 0.98 0.60 0.93 0.08
1.00 0.60 0.95 0.08

1.00 0.68 0.08
1.00 0.07

1.00
0

50

100

150

200

25 50 10
0

25
0

50
0

10
00

25
00

50
00

10
00

0
25

00
0

<5
00

00

TAL1 Jurkat
TAL1 CCRF-CEM
TAL1 Prima 2
NRSF Jurkat
SRF Jurkat

Distance from Center of Region (bp)

Jurkat
Jurkat
CEM
Prima2
Prima5
Jurkat

TAL1

NRSF

DAD1

TA
L1

 B
ou

nd
 R

eg
io

ns

Figure 1. TAL1Occupancy Is Highly Consis-

tent across T-ALL Cell Lines and Primagraft

Samples

(A) Gene tracks represent binding of TAL1 in T-ALL

primagrafts (Prima 2 and Prima 5) and cell lines

(CCRF-CEM and Jurkat) at the CD69, TCRA, and

NKX3-1 loci. The x axis indicates the linear

sequence of genomic DNA, and the y axis the total

number of mapped reads. The black horizontal bar

above each gene example indicates the genomic

scale in kilobases (kb). Black boxes in the gene

map represent exons, and arrows indicate the

location and direction of the transcriptional start

site. Arrowheads denote regions bound by TAL1.

(B) Pairwise comparison of the TAL1-bound

regions found in T-ALL primagrafts and cell lines.

Fractions of the top 200 TAL1-bound regions in

each cell type (rows) that were occupied by TAL1

in the other cell types (columns) are shown as a

matrix. Regions occupied by the unrelated tran-

scription factor NRSF in Jurkat served as a nega-

tive control.

(C) Distances from the center of the TAL1-bound

region (top 200) in Prima 5 to the center of the

nearest bound region of the indicated transcription

factors were determined and grouped into bins (x

axis); the heights of bars represent the sum of the

bound regions in each bin (y axis).

(D) Each region bound by TAL1 wasmapped to the

closest Refseq gene: distal (blue) and proximal

(red) promoters, exon (green), intron (violet), and

intergenic regions (light blue) more than 10 kb from

the gene.

(E) The representative position weight matrix for

each motif enriched in TAL1 by ChIP-seq and the

range of E-values found across different T-ALL cell

types are shown.

See also Figure S1 and Table S1.
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Several groups have reported that the TAL1 complex

frequently contains ETS family members (e.g., ETS1) in multiple

hematopoietic cell types (Palii et al., 2011b; Soler et al., 2010;

Wilson et al., 2010). By comparing the ChIP-seq binding profiles

for TAL1 complex members determined in our study with those

described by three other groups (Hollenhorst et al., 2009; Palii

et al., 2011b; Valouev et al., 2008), we determined that ETS1

occupancy correlates with the binding of other members of the

TAL1 complex, as compared with two non-ETS transcription

factors, SRF and NRSF (Figure S2C). ERG, an ETS family

member, is also highly expressed and regulated by the TAL1

complex in human T-ALL cells (Thoms et al., 2011).

Analysis by the de novo motif discovery method, based

on regions we have segregated into three groups, identified

E-box, GATA, and RUNX motifs, as well as known motifs for

the ETS family of transcription factors in Group 1, GATA and

ETSmotifs in Group 2, and RUNX, ETS, and SP1motifs in Group

3 (Figure 2D). The distribution of consensus motifs for E-box,

GATA, RUNX, and ETS motifs was centered under the peak of

ChIP-seq enrichment within these three groups (Figure S2D).

Moreover, the majority of enriched regions in Group 1 contained

at least one E-box or one GATA motif within 200 bp of the center

(n = 8,245/12,748 in Jurkat and n = 9,005/14,745 in CCRF-CEM).

Many of the motifs enriched in E2A-bound regions had been

identified in murine lymphocytes (Lin et al., 2010), where
they also were frequently associated with ETS and RUNX

binding sites.

To determine the dominant functions of the genes occupied

by the TAL1 complex, we compared target genes (Table S3) to

identify overrepresented functional groups (Figures S2E–S2G

and Table S4). TAL1 complex targets were enriched in molecular

pathways that regulate cell development, growth, and death, as

well as those known to contribute to cancer and to hematological

and immune diseases (Figures S2E and S2F). It is important to

note that enriched genes include those regulating T cell develop-

ment, differentiation, morphology, cell number, and activation

(Figure S2G). These observations indicate that, in transformed

thymocytes, the TAL1 complex sits at the apex of a network

that drives aberrant proliferation, differentiation, and survival.

TAL1, GATA3, and RUNX1 Form a Positive
Interconnected Autoregulatory Loop
It is important to note that we found that members of the TAL1

complex frequently occupy known and candidate regulatory

regions of their own and each other’s genes (Figure 3A). For

example, members of the TAL1 complex co-occupy enhancers

that have been identified by others in normal hematopoietic cells,

including the GATA3 30 T cell-specific enhancer (Hosoya-

Ohmura et al., 2011), the RUNX1 +23 enhancer (Nottingham

et al., 2007) (Figure 3A), and the LMO2 �24 enhancer (Landry
Cancer Cell 22, 209–221, August 14, 2012 ª2012 Elsevier Inc. 211
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Figure 2. TAL1 Co-Occupies Genomic Sites

with HEB, E2A, LMO1/2, GATA3, and RUNX1

in T-ALL Cells

(A) Gene tracks represent binding of TAL1, HEB,

E2A, LMO1 or LMO2, GATA3, and RUNX1 at the

TCRA locus in human T-ALL cell lines. See Fig-

ure 1A legend for details.

(B) Pairwise comparison of transcription factor-

bound regions in Jurkat cells. Fraction of the top

200 bound regions for each transcription factor

(rows) co-occupied by the all bound regions of the

other transcription factors (columns) are shown as

a matrix.

(C) Distributions of TAL1, HEB, E2A, LMO1,

GATA3, and RUNX1 in regions bound by these

transcription factors in Jurkat cells: Group 1

(bound by TAL1, HEB, E2A, LMO1, GATA3, or

RUNX1), Group 2 (bound by GATA3 alone), or

Group 3 (bound by RUNX1 alone). For each region

(y axis), the sequence density centered at 0 indi-

cates overlapping bound regions.

(D) DREME-based motif analysis of the regions

shown in Figure 2C. The results are presented as

position-weight matrices with the E-value signifi-

cance and the name of the motif family within

searched sequences.

See also Figure S2 and Tables S2, S3, and S4.
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et al., 2009). A candidate enhancer 12 kb upstream of the TAL1

gene, which is within the region between SIL and TAL1 that is

frequently deleted in TAL1-positive T-ALL cases and is distinct

from the regulatory elements previously described for normal

hematopoietic cells (Göttgens et al., 2010), is co-occupied by

TAL1 complex members and CBP in Jurkat cells (Figure 3A,

left). Using ChIP-PCR, we found that these known and candidate

regulatory elements for the TAL1, RUNX1, and GATA3 loci are

also frequently co-occupied by TAL1 complex members in

primary T-ALL cases (Figure 3B).

To further dissect the function of the TAL1 complex, we

used two independent short-hairpin RNAs (shRNAs) to knock-

down the level of TAL1 expression in T-ALL cell lines (Fig-

ure S3A). In this context, there was significant downregulation

of a known target gene, ALDH1A2 (Ono et al., 1998), which

was rescued by re-expression of the TAL1 cDNA (Figure S3B).

Several cell surface markers related to T cell activation (CD69

and CD84) or cell survival in vivo (CD47) were also down-

regulated upon TAL1 knockdown (Figure S3C and Table S5).

Analysis of gene expression changes after TAL1 knockdown in

Jurkat cells showed that GATA3 and RUNX1 were significantly

downregulated (Figure 3C). Similarly, knockdown of GATA3 or

RUNX1 (Figure S3A) resulted in the coordinate downregulation

of expression of each of these factors (Figure 3C). We observed

the same relationships in CCRF-CEM cells (Figure S3D), except

that knockdown of GATA3 or RUNX1 did not affect the levels of

TAL1 expression, which was expected because in this cell line

TAL1 expression is controlled by the SIL promoter. These

alterations in expression after gene knockdown demonstrate
212 Cancer Cell 22, 209–221, August 14, 2012 ª2012 Elsevier Inc.
the presence of a positive interconnected autoregulatory

loop involving TAL1, GATA3, and RUNX1 and support the critical

role of TAL1 overexpression in initiating the formation of the loop.

The knockdown of TAL1 in Jurkat cells reduced the growth

rate of these cells (Figures 3D and S3E), consistent with our

previous study using TAL1 shRNA #2 (Palomero et al., 2006)

and published results of Palii and coworkers (Palii et al.,

2011b). TAL1 shRNA #1 induced similar growth inhibition of

multiple T-ALL cell lines expressing TAL1 (Figure S3F and Table

S5). We also detected increased fractions of apoptotic cells after

transductionwith shRNA#1, but not with shRNA #2 (Figure S3G),

indicating that higher levels of TAL1 knockdown are needed to

detect cell death. Of note, knockdown of GATA3 and RUNX1

also inhibited cell growth and induced apoptosis (Figure 3D),

indicating that each of these three components of the autoregu-

latory loop is required for cell growth and survival. Taken

together, our results indicate that components of the TAL1

complex positively regulate each other in T-ALL and act to

promote the growth and survival of T-ALL cells (Figure 3E),

underscoring the importance of this positive interconnected au-

toregulatory loop in maintaining the malignant state.

Expression Levels of High-Confidence TAL1 Targets
Classify T-ALL Subtypes
We next performed microarray gene expression analysis after

knockdown of each transcription factor gene in Jurkat cells

(Table S6). Gene set enrichment analysis (GSEA) revealed that

genes enriched for TAL1 binding by ChIP-seq analysis were

more likely to be downregulated upon TAL1 knockdown than
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Figure 3. TAL1, GATA3, and RUNX1 Form a Positive Interconnected Autoregulatory Loop

(A) Gene tracks represent binding of TAL1, GATA3, RUNX1, and CBP at the TAL1 (right), RUNX1 (middle), and GATA3 (left) loci in Jurkat cells. See

Figure 1A legend for details.

(B) Co-occupancy by TAL1, GATA3, and RUNX1 at the TAL1, RUNX1, and GATA3 gene loci in multiple T-ALL cells. Enrichment of regions indicated in panel A

(TAL1 enhancer, RUNX1 +23, and GATA3 +280) in four T-ALL cell samples (Jurkat, CCRF-CEM, Prima 2, and Prima 5) was analyzed by ChIP-PCR. The NANOG

promoter was used as a negative control. The error bars represent the SD of the fold enrichment. The red line represents the 2-fold enrichment detection for the

negative control.

(C) mRNA (left) and protein (right) levels of TAL1, GATA3, and RUNX1 after knockdown (KD) of each of these factors in Jurkat cells. The data are means ± SD of

duplicate experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 by two-sample, two-tailed t test.

(D) Growth inhibition and apoptosis induction after knockdown of TAL1, GATA3, and RUNX1 in Jurkat cells. Cell viability was measured after 3 and 7 days

of lentivirus infection. The growth rate (Day 7/Day 3) is reported as means ± SD percentage of that for control shRNAs (GFP and Luc) in triplicate experiments.
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Figure 4. Expression of High-Confidence

TAL1 Target GenesClassify T-ALL Subtypes

(A) GSEA to determine the correlation of DNA

binding with gene expression change upon KD of

TAL1. GSEA plot indicates the degree to which

TAL1 targets are overrepresented at the extreme

left (downregulated by KD) or right (upregulated by

KD) of the entire ranked list. Solid bars represent

bound genes.

(B) Heatmap images representing the relative

expression levels of high-confidence TAL1 targets

in Jurkat cells with or without KD of TAL1. Two

independent shRNAs targeting TAL1 as well as

two control shRNAs (GFP and Luc) were trans-

duced in Jurkat cells. Each row corresponds to

a gene and is normalized across the row.

(C) TAL1 binding to high-confidence target

genes (n = 302) in four T-ALL cell samples (Jurkat,

CCRF-CEM, Prima 2, and Prima 5). The percent-

ages of high-confidence TAL1 targets bound in

Jurkat only (n = 1) or multiple T-ALL samples

(n = 2–4) are indicated.

(D) Gene expression changes of TAL1 targets

upon TAL1 KD in CCRF-CEM and RPMI-8402

cells. Relative expression values (TAL1, TOX,

STAT5A, ALDH1A2, NKX3-1, ARID5B, ETV6, and

MYB) compared to GAPDH were calculated,

normalized for each row, and shown as a heatmap.

For all genes, the changes were significant at

p < 0.05 by two-sample, two-tailed t test.

(E) Principal-component analysis of 75 primary

T-ALL samples and seven BM samples based on

the expression profile of high-confidence TAL1

target genes. Primary T-ALL samples were classi-

fied into three groups (TAL/LMO, TLX, and HOXA)

based on the genetic alterations reported in the

original article (Homminga et al., 2011). The anal-

ysis was performedwith a set of 238 genes that are

bound by TAL1 and significantly downregulated

after TAL1 knockdown (see Figure 4B, left).

See also Figure S4 and Tables S6 and S7.

Cancer Cell

Transcriptional Regulatory Circuit in T-ALL
genes lacking TAL1 occupancy (Figure 4A). This difference

was statistically significant (p < 2.2E-16 by the Kolmogorov–

Smirnov test), indicating that TAL1 acts predominantly as

a positive regulator of the expression of its direct target genes

in T-ALL.

Further analyses were based on high-confidence TAL1 target

genes (n = 302) that showed TAL1 binding and significant alter-

ations in expression (p < 0.05 with an absolute log2-fold change

R 0.24) upon TAL1 knockdown (Figure 4B and Table S7). Since

the TAL1 gene was reduced by 1.89-fold, we were expecting

modest but consistent expression changes in other target

genes. The distribution of expression changes of genes selected

was statistically different when compared to all genes (p <

2.2E-16; see also Figures S4A–S4C for details). The percentage

of genes within the high-confidence targets occupied by TAL1

across the four T-ALL cells (Jurkat, CCRF-CEM, Prima 2, and
Apoptosis was analyzed at Day 4 after lentiviral infection by flow cytometric analy

are means ± SD of duplicate experiments. Asterisks denote p values as describe

(E) Positive interconnected autoregulatory loop formed by TAL1, GATA3, and R

by ovals.

See also Figure S3 and Table S5.
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Prima 5) showed that 90% of genes occupied in Jurkat cells

were occupied by TAL1 in at least one of the other T-ALL

samples (Figure 4C). To address whether the target genes that

are directly regulated by TAL1 in Jurkat cells are similarly regu-

lated in TAL1-positive T-ALL cells, we analyzed gene expression

profiles in other TAL1-positive T-ALL cell lines and primary T-ALL

samples. We observed consistent downregulation of selected

TAL1 target genes upon TAL1 knockdown in two additional

T-ALL cell lines (CCRF-CEM and RPMI-8402; Figure 4D).

Principal-component analysis of gene expression levels in 75

primary T-ALL samples with well-defined genetic alterations as

well as seven normal bone marrow (BM) samples (Homminga

et al., 2011), based on expression levels of the positively regu-

lated high-confidence target genes (n = 238; Figure 4B, left),

clearly distinguished the TAL/LMO-positive T-ALL subgroup

from other subgroups (TLX- or HOXA-positive) and BM samples
sis of cells stained with AnnexinV-fluorescein isothiocyanate (FITC). The values

d for (C).

UNX1. Genes are represented by rectangles, and proteins are represented
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Figure 5. TAL1 Positively Regulates Target

Genes with GATA3 and RUNX1 in Jurkat

Cells

(A and B) GSEA to determine the correlation of

DNA binding with gene expression changes upon

knockdown (KD) of GATA3 or RUNX1, respec-

tively. See Figure 4A legend for details.

(C) Heatmap images representing the relative

expression levels of high-confidence TAL1 targets

in Jurkat cells with or without knockdown of TAL1

(left), GATA3 (middle), or RUNX1 (right). See Fig-

ure 4B legend for details.

(D and E) GSEA of expression changes of high-

confidence TAL1 targets upon KD of GATA3

or RUNX1, respectively. TAL1 target genes (n =

238) that were significantly downregulated by

TAL1 knockdown (Figure 4B, left) were used as a

gene set.
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(Figure 4E), confirming the importance of these TAL1 target

genes in TAL1-positive T-ALL cases. High levels of expression

of the TAL1 targets were observed in primary TAL1-positive

T-ALL samples (Figure S4D).

TAL1 Positively Regulates Target Henes in Concert
with GATA3 and RUNX1
An important question in this study was whether GATA3

and RUNX1 coordinately regulate gene expression with TAL1

in T-ALL cells. When genes enriched for GATA3 binding were

analyzed by GSEA, most of them were downregulated after

GATA3 knockdown (Figure 5A), implicating GATA3 as a positive

regulator of their expressions in T-ALL. By contrast, direct

targets of RUNX1 were equally likely to be up- or downregulated

when RUNX1 was depleted (Figure 5B).

Interrogation of the effects of GATA3 or RUNX1 depletion on

the expression of the 238 high-confidence TAL1 target genes

revealed that the genes downregulated upon loss of TAL1

expression were generally also downregulated by the loss of

GATA3 or RUNX1 expression (Figures 5C–5E), indicating that

TAL1 acts in concert with GATA3 and RUNX1 to positively regu-

late the majority of its direct target genes in T-ALL.

MYB Oncogene Coordinately Regulates TAL1
Target Henes
MYB overexpression, mediated in part through gene duplication,

is commonly found in T-ALL (Clappier et al., 2007; Lahortiga

et al., 2007; O’Neil et al., 2007) (Figure S5A). Interrogation of
Cancer Cell 22, 209–221
ChIP-seq data across the MYB locus

indicated thatMYBwas a common target

of the TAL1 complex in TAL1-positive

T-ALL cell lines (Figure 6A), indicating

that it is directly upregulated by the

TAL1 complex due to the aberrant

expression of TAL1. The TAL1-occupied

regions included the known locus control

region located 77 kb upstream of Myb in

mice (Ramsay and Gonda, 2008) and

a candidate regulatory element within

intron 8 (+14) co-occupied by the TAL1
complex in T-ALL cells (Figure 6A). Co-occupancy of the TAL1

complex was observed at this candidate regulatory element in

T-ALL primagrafts and cell lines by ChIP-PCR (Figure 6B). In all

cases, MYB gene expression was sensitive to the reduction of

multiple TAL1 complex members in Jurkat and CCRF-CEM cells

(Figures 6C and S5B).

Since MYB is a known transcriptional regulator of normal and

malignant hematopoiesis (Ramsay and Gonda, 2008), a reduc-

tion of its expression could indicate the transcriptional relation-

ship between the TAL1 complex and this gene in T-ALL. We

therefore performed knockdown analysis of MYB (Figure S5C),

followed by microarray gene expression analysis. The result

showed that many TAL1 targets were also significantly downre-

gulated by MYB knockdown (Figures 6D and S5D), indicating

that MYB not only is induced by TAL1 but also acts to coordi-

nately upregulate overlapping sets of target genes controlled

by TAL1. Thus, the MYB oncogene appears to reinforce the

activities of the TAL1-regulated oncogenic network through

a feed-forward circuit that maintains the gene expression

program in T-ALL cells (Figure 6E).

HEB and E2A Oppose Positive Regulation by TAL1
at Critical Target Genes
Several groups have postulated that the ectopic expression

of TAL1 in normal thymocytes may antagonize the physiologic

activities of E2A or HEB in thymocyte development by recruiting

them into the TAL1 complex, where they could deregulate

key target genes (Bain et al., 1997; Herblot et al., 2000; O’Neil
, August 14, 2012 ª2012 Elsevier Inc. 215
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Figure 6. TAL1 Positively Regulates the

MYB Oncogene, which Coordinately Regu-

lates TAL1 Target Genes

(A) Gene tracks represent binding of TAL1, HEB,

E2A, LMO1, GATA3, RUNX1, and CBP at theMYB

gene locus in Jurkat cells. See Figure 1A legend for

details.

(B) Co-occupancy by the TAL1 complex at the

MYB gene in multiple T-ALL cell samples by ChIP-

PCR. See Figure 3B legend for details.

(C) mRNA (top) and protein (bottom) levels ofMYB

after knockdown (KD) of TAL1, GATA3, and

RUNX1 in Jurkat cells. The data are means ± SD of

duplicate experiments. *p < 0.05 and **p < 0.01 by

two-sample, two-tailed t test.

(D) GSEA of expression changes of high-confi-

dence TAL1 targets upon MYB knockdown. TAL1

target genes (n = 238) that were significantly

downregulated by TAL1 KD were used as a gene

set. See Figure 4A legend for details.

(E) Positive feed-forward loop formed by the TAL1

complex and MYB that controls the gene expres-

sion program of T-ALL cells. MYB is bound and

activated by the TAL1 complex and, in turn,

regulates the same set of genes.

See also Figure S5.
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et al., 2004). Hence, we next interrogated the effects of HEB and

E2A knockdown (Figure S6) on the expression of their direct

target genes. GSEA revealed that genes enriched for HEB or

E2A binding by ChIP-seq analysis could be either down- or up-

regulated after knockdown of each gene (Figures 7A and 7B).

As expected, 40% of the TAL1 target genes that were

downregulated after TAL1 knockdown were also downregulated

by the knockdown of either E2A or HEB (Figures 7C–7E, left).

By contrast, 25% of the TAL1 target genes that were down-

regulated by TAL1 knockdown were upregulated by the loss of

either E2A or HEB expression (Figures 7C–7E, right), indicating

that they can act to repress gene expression in the absence

of TAL1. Only 50 of the 238 genes that were downregulated

after TAL1 knockdown were significantly upregulated after

knockdown of HEB and/or E2A, and an even smaller group of

seven TAL1 target genes showed the inverse relationship

(Table S8).

TRIB2 Is a Critical Target of TAL1 and Is Required
for the Survival of T-ALL Cells
We also conducted an inducible RNA interference screen (Ngo

et al., 2006) in two TAL1-positive T-ALL cell lines (Jurkat and

CCRF-CEM) and identified four genes that were required for

T-ALL growth among the high-confidence targets: STAT5A,

TNFSF4, PI3KC2B, and TRIB2 (Table S9). An especially attrac-
216 Cancer Cell 22, 209–221, August 14, 2012 ª2012 Elsevier Inc.
tive candidate target of the TAL1 complex

is TRIB2 (Figure 8A), whose expression

was downregulated by TAL1 knockdown

and upregulated by E2A knockdown in

multiple TAL1-positive T-ALL cell lines

(Figure 8B). After 3 weeks of culture,

Jurkat or CCRF-CEM cells expressing

two different shRNAs targeting TRIB2
were depleted (Figure 8C). This result was validated by knock-

down of TRIB2 using another shRNA (Figure 8D), which was

partially rescued by the ectopic expression of the TRIB2 cDNA

(Figure 8E). TRIB2 knockdown inhibited the growth of additional

TAL1-positive T-ALL cell lines (Figure 8F) and induced apoptosis

in each cell line (Figure 8G) but did not affect the cell cycle phase

distribution (Figure S7), indicating that this factor is required for

the survival of T-ALL cells. A reasonable hypothesis is that

TRIB2 is transcriptionally repressed by E-proteins and the aber-

rant expression of TAL1 by translocation or intrachromosomal

rearrangement upregulates TRIB2 expression by heterodimeriz-

ing with E2A and HEB, thus actively opposing their repressive

effects on the TRIB2 locus (Figure 8H).

DISCUSSION

We have identified a set of transcriptional regulators that collab-

orate with TAL1 to generate a ‘‘core’’ regulatory circuit that

contributes to the initiation and maintenance of human T-ALL.

Critically, we found that TAL1, GATA3, and RUNX1 co-occupy

elements of their own and each other’s genes, forming a positive

interconnected autoregulatory loop. This network structure

provides the means by which aberrant expression of a single

oncogenic transcription factor can have sustained effects on

an entire program of gene expression that contributes to
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Figure 7. TAL1 Positively Regulates the

Expression of a Specific Subset of Genes

that Are Negatively Regulated by HEB

and E2A

(A and B) GSEA to determine the correlation of

DNA binding with gene expression changes upon

knockdown (KD) of HEB or E2A, respectively. See

Figure 4A legend for details.

(C and D) GSEA of expression changes of high-

confidence TAL1 targets upon KD of HEB or E2A,

respectively. TAL1 target genes (n = 238) that were

significantly downregulated by TAL1 KD (see Fig-

ure 4B, left) were used as a gene set.

(E) Heatmap image representing expression

levels of the responsive TAL1 targets in Jurkat cells

upon KD of TAL1, HEB, or E2A. Relative gene

expression levels normalized for each gene are

illustrated.

See also Figure S6 and Table S8.
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malignant transformation. Indeed, such regulatory structures

have been shown to reinforce and increase the stability of

gene expression programs (Alon, 2007), which, in turn, act to

establish and maintain critical cell states, such as pluripotency

in embryonic stem cells (Young, 2011).

Expression of GATA3 and RUNX1 is required in normal

T-lineage commitment to CD4 or CD8 single-positive cells,

respectively (Collins et al., 2009; Ho et al., 2009). TAL1-sustained

upregulation of GATA3 and RUNX1 may therefore contribute to

the differentiation block at the DP stage. Thus, overexpression

of RUNX1 appears to contribute to thymocyte transformation

in TAL1-positive T-ALL, in marked contrast to its role as a tumor

suppressor whose loss of function promotes the onset of

acute myeloid leukemia (AML) and myelodysplastic syndromes.

Two groups have also recently reported inactivating RUNX1

mutations in the early thymocyte precursor (ETP) subgroup of

T-ALL (Della Gatta et al., 2012; Grossmann et al., 2011).

ETP leukemia is distinct from TAL1-positive T-ALL, which gener-

ally shows a block at the DP stage of thymocyte development

and involves different aberrant molecular pathways leading to

transformation (Coustan-Smith et al., 2009; Gutierrez et al.,

2010; Zhang et al., 2012). Thus, despite the presence of inacti-

vating RUNX1 mutations in ETP T-ALL, our data show that,

in T-ALLs blocked in a later DP stage of thymocyte development,

RUNX1 serves as a key member of an interconnected autoregu-

latory loop involved in reinforcing and stabilizing the malignant

cell state.

We also identified an oncogenic transcription factor gene,

MYB, as a direct target of TAL1 that is expressed at high levels
Cancer Cell 22, 209–221
in TAL1-positive T-ALL cases. It inte-

grates with the TAL1-controlled tran-

scriptional network through a positive

feed-forward loop that likely acts to stabi-

lize the TAL1 oncogenic program, similar

to mechanisms first identified in model

organisms (Alon, 2007). The Myb gene

was reported as a Tal1 target in murine

hematopoietic progenitor cells (Wilson

et al., 2009), which may reflect an impor-
tant regulatory module shared by leukemic and normal stem

cells. MYB has recently been implicated in the control of aberrant

self-renewal programs in AML (Zuber et al., 2011), reinforcing its

potential importance as the target of a feed-forward regulatory

motif mediated by the TAL1 complex in T-ALL. This transcrip-

tional regulatory circuit is also implicated in normal hematopoi-

esis (Novershtern et al., 2011) and presumably contributes to

the establishment and stability of the transformed state in

TAL1-overexpressing thymocytes.

It will be important to confirm and extend our results with

shRNA knockdown as we have done with ChIP-seq analysis in

primary T-ALL cells. Several groups have reported success

with shRNA gene knockdown in primary T-ALL cells (Gerby

et al., 2010; Kusy et al., 2010; Palii et al., 2011a, 2011b). These

procedures involve both improved lentivirus production using

the new-generation plasmids (Palii et al., 2011a, 2011b) and

the new pseudotyping vector, resulting in interleukin 7 (IL-7)-dis-

playing lentiviral vectors that promote efficient gene transfer into

primary T cells (Gerby et al., 2010; Kusy et al., 2010; Verhoeyen

et al., 2003). We are now attempting to optimize these proce-

dures for shRNA transduction into primary T-ALL cells explanted

from our primagraft models. When established, this approach

should be helpful in tracing the regulatory circuits in de novo

T-ALL leukemias.

We also present a comprehensive analysis of the gene set

that is differentially regulated by TAL1 and its partners, HEB

and E2A. Many of the direct targets of these three interacting

proteins are coordinately upregulated as a consequence of

binding to key regulatory regions. Only a small subset of these
, August 14, 2012 ª2012 Elsevier Inc. 217
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Figure 8. TRIB2 Gene Is Required for the

Survival of T-ALL Cells

(A) Gene tracks represent binding of TAL1, HEB,

E2A, LMO1, GATA3, RUNX1, and CBP at the

TRIB2 gene locus in Jurkat cells. See Figure 1A

legend for details.

(B) Comparison of mRNA expression of TRIB2

gene in three TAL1-positive T-ALL cell lines trans-

duced with shRNAs targeting TAL1, E2A or control

shRNAs and analyzed by qRT-PCR. Mean fold-

changes (knockdown/controls, log2) are shown.

(C) shRNA screen with 12,500 inducible shRNAs

that target 1,050 genes, performed on two TAL1-

positive T-ALL cell lines (Jurkat and CCRF-CEM).

Depletion of TRIB2 shRNAs from the cell pop-

ulation was calculated as uninduced/induced,

log2, and shown as the mean ± SE of the mean of

four independent experiments.

(D) Growth inhibition by TRIB2 knockdown in Ju-

rkat cells. Cell viability was measured after 3, 5, 7,

and 9 days of lentivirus infection with control (GFP)

and TRIB2 shRNA. The growth rate (fold-change)

compared to Day 3 is indicated. Values are given

as mean ± SD of triplicate experiments.

(E) cDNA containing the wild-type TRIB2 coding

region was transduced by retroviral infection of

Jurkat cells, followed by lentivirus-mediated

transduction of infected cells with control GFP or

TRIB2 shRNA. The growth rate (Day 7/Day 3) after

lentivirus infection was assessed for TRIB2 shRNA

relative toGFP shRNA and is shown as the mean ±

SD of triplicate experiments. **p < 0.01 and ***p <

0.001 by two-sample, two-tailed t test.

(F) Growth rate (Day 7/Day 3) was assessed for

each TRIB2 shRNA relative to control GFP shRNA

in each cell line (Jurkat, RPMI-8402, PF-382, or

MOLT-4) and is reported as the mean ± SD of

triplicate experiments.

(G) Apoptosis was measured in four T–ALL cell

lines after 4 days of lentiviral infection by flow

cytometric analysis of cells stained with AnnexinV-

FITC. The values are given as mean ± SD of trip-

licate experiments.

(H) Model of differential regulation of E-protein

(HEB and E2A) targets in normal versus malignant

T cells. TRIB2 that is repressed by HEB and E2A in

normal cells (left) is upregulated by the TAL1

complex in T-ALL (right).

See also Figure S7 and Table S9.
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direct targets are differentially regulated physiologically when

E2A and HEB are coexpressed compared to the cell state at-

tained when TAL1 is aberrantly overexpressed. This aspect of

our study is crucial to understanding T-ALL pathogenesis,

because it directly addresses in vivo data indicating that

haplo-insufficiency for either E2a or Heb markedly accelerates

the onset of T-ALL in Tal1-transgenic mice (O’Neil et al.,

2004). Among the relatively small set of genes directly targeted

by TAL1 in T-ALL cells, only those activated by TAL1 but

repressed by E2A and HEB would produce this phenotype.

Some of these genes are likely inconsequential in terms of

a contribution to the malignant phenotype, such as those nor-

mally expressed only in activated mature T cells (e.g., CD28

and GMZA) as well as genes that are not associated at all with

the T cell lineage (e.g., KRT1 and KRT2).
218 Cancer Cell 22, 209–221, August 14, 2012 ª2012 Elsevier Inc.
Mammalian genes of the Tribbles family (TRIB1, TRIB2, and

TRIB3) encode proteins that contain pseudokinase domains

that are unable to directly phosphorylate target proteins but

rather appear to act as adaptors that negatively regulate key

cellular signaling pathways (Yokoyama and Nakamura, 2011).

Overexpression of TRIB2 by retroviral transduction in murine

hematopoietic stem cells identified it as an oncogene that

contributes to AML (Keeshan et al., 2006). Our data indicate

that TRIB2 is required for the survival of T-ALL cells. Until our

analysis, there had been no evidence implicating TRIB2 in

T-ALL pathogenesis, although this role was not entirely unex-

pected given the expression of TRIB2 in a specific subset of

AML cases that shared characteristics with T cells and the status

of this gene as a target of NOTCH1 (Wouters et al., 2007). Since

TRIB2 is a direct target for upregulation by both the NOTCH1
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and TAL1 transcription factors, our data suggest that a progres-

sive increase in its expression levels contribute to the collabora-

tion between aberrant TAL1 expression and mutationally acti-

vated NOTCH1 in the pathogenesis of T-ALL.
EXPERIMENTAL PROCEDURES

T-ALL Cell Samples

Human T-ALL cell lines were maintained in RPMI-1640 medium (Invitrogen,

Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Sigma-

Aldrich, St Louis, MO, USA), L-glutamine, and penicillin/streptomycin (Invitro-

gen). Diagnostic T-ALL samples were obtained with informed consent and

institutional review board (IRB) approval from children treated in Dana-Farber

Cancer Institute Study 05-01 and were used with existing IRB approval by the

University of California, San Diego (UCSD), Human Research Protections

Program, titled ‘‘Protocol 070678: Permission to Collect Blood and/or Bone

Specimens and/or Tumor Samples and/or Saliva from Patients with Hema-

tology Problems for Research (Adult).’’ Human CD34+ T-ALL cells were trans-

planted into Rag2�/�gc�/� mice to propagate the cells as ‘‘primagrafts.’’ This

study was carried out in strict accordance with the recommendations of the

Institutional Animal Care and Use Committee at the UCSD. The protocol

was approved by the Committee Under Animal Use Protocol Number

S06015. Human leukemia cells were isolated from these primagrafts and

used in TAL1 ChIP-seq analysis.

ChIP

ChIP was performed according to previously described methods (Lee et al.,

2006). The antibodies and detailed ChIP conditions can be found in the

Supplemental Experimental Procedures. For ChIP-seq analysis, Solexa/Illu-

mina sequencing and analysis were conducted according to the protocol

described by Marson et al. (2008).

shRNA Knockdown Analysis

shRNA sequences were cloned into the lentiviral vector pLKO.1-puro. Each

construct was cotransfected into 293T cells with delta 8.9 and VSV-G using

FuGENE 6 reagent (Roche, Indianapolis, IN, USA). Supernatants containing

the lentivirus were collected, filtered, and added to T-ALL cell lines in the pres-

ence of polybrene. The level of knockdown was verified by qRT-PCR for RNA

or by western blot.

RNA Extraction, cDNA, and Expression Analysis

We extracted mRNA by Trizol (Invitrogen) followed by column purification

using the RNeasy Mini Kit (QIAGEN, Valencia, CA, USA). Purified RNA was

reverse-transcribed using QuantiTect (QIAGEN). Quantitative real-time

qPCR was performed on the AB7300 Detection System (Applied Biosystems,

Foster City, CA, USA) using gene-specific primers and Power SYBR Green

PCR Master Mix (Applied Biosystems).

Microarray Expression Analysis

Total RNA samples from two biological replicates performed in Jurkat cells

were used to assess gene expression change for two target shRNAs per tran-

scription factor versus two control shRNA performed in duplicate on Affymetrix

HG U133 2.0 plus microarrays. The detailed analysis can be found in the

Supplemental Experimental Procedures. GSEA (Broad Institute, Cambridge,

MA, USA) was performed for direct targets identified by ChIP-seq by

comparing control samples with knockdown samples. The genes, which are

direct TAL1 targets identified by ChIP-seq based on a significant gene expres-

sion change upon shRNA knockdown (absolute log2-fold change R 0.24; p <

0.05), were defined as the high-confidence TAL1 targets and used as a

gene set.
ACCESSION NUMBERS

Expression data and ChIP-seq can be found at http://www.ncbi.nlm.nih.gov/

geo/ under superseries accession number GSE29181.
SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures, nine tables, and Supple-

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

http://dx.doi.org/10.1016/j.ccr.2012.06.007.
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SUMMARY
Here, we have investigated the role of the Notch pathway in the generation and maintenance of KrasG12V-
driven non-small cell lung carcinomas (NSCLCs). We demonstrate by genetic means that g-secretase and
RBPJ are essential for the formation of NSCLCs. Of importance, pharmacologic treatment of mice carrying
autochthonousNSCLCswith a g-secretase inhibitor (GSI) blocks cancer growth. Treated carcinomas present
reduced HES1 levels and reduced phosphorylated ERK without changes in phosphorylated MEK. Mechanis-
tically, we show that HES1 directly binds to and represses the promoter ofDUSP1, encoding a dual phospha-
tase that is active against phospho-ERK. Accordingly, GSI treatment upregulates DUSP1 and decreases
phospho-ERK. These data provide proof of the in vivo therapeutic potential of GSIs in primary NSCLCs.
INTRODUCTION

Lung cancer is the leading cause of cancer-related deaths in the

world. A major challenge in treating lung cancer is to find novel

therapeutic targets that can complement current chemotherapy.

The Notch pathway is highly complex and regulates various

processes, such as embryonic development, cell fate decisions,
Significance

NOTCH1 oncogenic mutations have been found in T cell leukem
activates AKT and NFkB through HES1-mediated transcripti
known, however, about how the Notch pathway participates in
either genetically or pharmacologically, hampers primary Kra
demonstrate that HES1 directly represses the promoter of D
activity against phospho-ERK. Treatment with GSIs induces D
phosphorylation, a critical player in NSCLCs. These results
NSCLCs.
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and tissue homeostasis, and it has been implicated in a variety of

human diseases, including cancer (Chiba, 2006; Demarest et al.,

2008; Ferrando, 2009; Hass et al., 2009; Roy et al., 2007). Briefly,

this pathway involves a total of five activatory ligands, four

NOTCH receptors, sequential proteolytic processing of the

ligand-bound receptors to generate active Notch intracellular

domains (NICDs), and formation of DNA-binding complexes
ias and lung cancer. In T cell leukemias, the Notch pathway
onal repression of PTEN and CYLD, respectively. Little is
lung cancer. Here, we show that Notch pathway inhibition,

sG12V-driven non-small cell lung carcinomas (NSCLCs). We
USP1, which encodes a dual-specificity phosphatase with
USP1 expression, and this is associated with loss of ERK

validate the potential of GSIs for the treatment of primary
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Figure 1. Activity of the Notch Pathway in Murine KrasG12V-Driven

NSCLC

(A) Analysis of g-secretase activity by detection of PSEN1-CTF, and analysis of

NOTCH1 activity by detection of NICD and HES1 by immunoblotting (normal

lung: each lane corresponds to a different control WT mouse; adenocarci-

nomas: each lane corresponds to a grade 4 tumor from a different mouse).

(B) Detection of HES1 in murine KrasG12V lung tumors. Representative

examples of grade 2 (adenoma) and grade 4 (adenocarcinoma) tumors stained

with hematoxylin and eosin (H&E, left) and HES1 (middle and right) at low

magnification (middle) or high magnification (right). Bars in the four leftmost

panels correspond to 100 mm. Bars in the two rightmost panels correspond

to 50 mm.

(C) Quantification of HES1 during lung tumorigenesis. The graph depicts the

percentage of HES1-positive nuclei (detected by IHC as in B) within tumors of

different grades (n = 5 for each tumor grade).

(D) Levels of Numb mRNA measured by qRT-PCR in WT mouse lungs (n = 4)

and grade 4 tumors (n = 4).

Values correspond to the average ± SEM. Statistical significance was deter-

mined by a two-tailed Student’s t test: *p < 0.05; **p < 0.01; ***p < 0.001.

See also Figure S1.
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with a number of DNA-binding partners, with RBPJ being the

most important and the one that defines the so-called ‘‘canon-

ical’’ Notch pathway (Chiba, 2006; Demarest et al., 2008;

Ferrando, 2009; Heitzler, 2010; Roy et al., 2007). In turn, NICD-

containing complexes activate the expression of a number of

effectors, including the transcriptional repressor HES1 (Sang

et al., 2010).

The g-secretase complex is essential for the Notch pathway

because it is responsible for the activation of NOTCH receptors

by proteolytic cleavage (Hass et al., 2009). This complex is

formed by the assembly of four protein subunits, namely, a pre-

senilin subunit (PSEN1 or PSEN2), nicastrin (NCSTN), APH1, and

PSNEN (Fraering, 2007). The proteolytic activity of the g-secre-

tase complex occurs within the PSEN subunit; however, each

of the four subunits is essential for the formation of a functional

g-secretase complex (Fraering, 2007). In this regard, we have

demonstrated that the combined deletion of the PSEN genes

Psen1 and Psen2 results in ablation of NOTCH1 activation in

T cells (Maraver et al., 2007). Additionally, small-molecule inhib-

itors that target the g-secretase complex (known as g-secretase

inhibitors [GSIs]) (Wolfe, 2009) phenocopy Notch pathway inhibi-

tion in mouse models (van Es et al., 2005; Wong et al., 2004).

The oncogenic role of the Notch pathway is well established in

T cell acute lymphoblastic leukemias (T-ALL), and NOTCH1 is

oncogenically mutated in �60% of leukemias (Ferrando, 2009).

Investigators have reported a number of alterations in the Notch

pathway in human non-small cell lung carcinomas (NSCLCs),

including NOTCH3 overexpression (Haruki et al., 2005); loss of

expression of NUMB (Westhoff et al., 2009), a negative regulator

of the Notch pathway; and activating mutations in NOTCH1

(Westhoff et al., 2009). Previous reports have demonstrated

that GSIs induce apoptosis in human lung cancer cells grown

in vitro (Chen et al., 2007; Eliasz et al., 2010; Westhoff et al.,

2009) and slow the growth of subcutaneous xenografts formed

by human lung cancer cells (Konishi et al., 2007; Luistro et al.,

2009; Paris et al., 2005). However, little is known about the

activity of GSIs in primary autochthonous NSCLCs in their

natural environment, or about the mechanisms by which GSIs

could exert their antitumoral effect on NSCLCs.

In mice, inducible genetic activation of a latent Kras onco-

genic allele in the lung initiates a stepwise tumorigenic process

that culminates in NSCLCs very similar to those found in hu-

mans, sharing a common histology (Guerra et al., 2003; Jackson

et al., 2001) and a common transcriptional profile (Sweet-

Cordero et al., 2005). Therefore, we used this mouse model to

analyze the effect of the Notch pathway on the development of

NSCLCs.

RESULTS

The Notch Pathway Is Hyperactive in Murine
KrasG12V-Driven NSCLC
The Notch pathway is hyperactive in a subset of human NSCLCs

(Westhoff et al., 2009). Therefore, we wanted to know whether

this is also the case for murineKrasG12V-driven adenocarcinoma,

which is a common type of NSCLC (Guerra et al., 2003). All of the

analyzedmurine NSCLCs presented significantly higher levels of

NICD and HES1 compared with normal lung (Figure 1A). To eval-

uate the levels of g-secretase, we measured the abundance of
the active forms of PSEN1 and NCSTN. In the case of PSEN1,

assembly into the g-secretase complex is associated with

proteolytic cleavage (Fraering, 2007). We observed higher levels

of the carboxy-terminal fragment of PSEN1 (PSEN1-CTF)

in murine NSCLCs compared with normal lung (Figure 1A),

whereas the levels of Psen1mRNAwere unchanged (Figure S1A

available online). These results agree with a previous study using

human fibroblasts cultured in vitro, in which ectopic overexpres-

sion of oncogenic HRAS was found to increase PSEN1 protein

levels without affecting its mRNA levels (Weijzen et al., 2002).

In the case of NCSTN, its assembly into the g-secretase complex

is associated with glycosylation and slower electrophoretic

mobility (Edbauer et al., 2002). As in the case of PSEN1, we

also observed higher levels of mature NCSTN in murine NSCLCs
Cancer Cell 22, 222–234, August 14, 2012 ª2012 Elsevier Inc. 223
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Figure 2. PSEN1 and PSEN2 Are Needed for the Generation of

KrasG12V-Driven NSCLC

(A) Graph depicting the number and grade of tumors per animal. Lungs

from KrasV12/WT and KrasV12/PSKO mice were pathologically analyzed

5.5–7.5 months after adeno-Cre delivery. For each genotype, n = 9 mice.

(B) Percentage of mice carrying grade 4 (adenocarcinoma) tumors. For each

genotype, n = 9 mice.

Values correspond to the average ± SEM. Statistical significance was deter-

mined by a two-tailed Student’s t test (A) or by Fisher’s exact test (B): *p < 0.05.
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(Figure S1B). These observations indicate higher levels of func-

tional g-secretase complex in murine KrasG12V-driven NSCLCs.

To define the kinetics of Notch pathway activation during lung

tumorigenesis, we tested the expression of HES1 by immunohis-

tochemistry (IHC) in murine lesions at different stages, from

grade 1 to grade 4 (with grades 1–3 corresponding to adenomas,

and grade 4 to adenocarcinomas) (Jackson et al., 2005). We

observed a direct association between tumor grade and HES1

nuclear signal, which reached its maximum in grade 4 lesions

(adenocarcinomas; Figures 1B and 1C, and Figure S1C). As an

internal control, we also observed strong nuclear expression of

HES1 in murine bronchioles (Collins et al., 2004; Ito et al.,

2000; Morimoto et al., 2010; Tsao et al., 2009) (Figure S1C).

Finally, we found lower levels of expression ofNumbmRNA (Fig-

ure 1D), a negative regulator of the Notch pathway whose ex-

pression is also diminished in human NSCLCs (Westhoff et al.,

2009). Together, these data indicate that murine KrasG12V-driven

NSCLCs faithfully recapitulate the activation of the Notch path-

way reported in human NSCLCs, validating that this mouse

lung cancer model is appropriate for analyzing therapeutic strat-

egies and mechanisms related to the Notch pathway.

The g-SecretaseComplex Is Needed forKrasG12V-Driven
NSCLCs
To evaluate the relevance of the Notch pathway in lung tumori-

genesis, we combined a Cre-inducible KrasG12V oncogenic allele

(KrasLSLG12Vgeo) (Guerra et al., 2003) and Psen1f/f;Psen2�/�

alleles (i.e., Psen1 flanked by loxP sites excisable by Cre recom-

binase, and Psen2 null) (Saura et al., 2004), thus generating

compound Kras+/LSLG12Vgeo;Psen1f/f;Psen2�/� animals. Mice

were treated with intratracheal delivery of adeno-Cre (for brevity,

we refer to the resulting lungs as KrasV12/PSKO). Control mice

(Kras+/LSLG12Vgeo;Psen1+/+;Psen2+/+) were derived from the

same set of crosses as the Kras+/LSLG12Vgeo;Psen1f/f;Psen2�/�

mice [for brevity, we refer to the adeno-Cre treated lungs as

KrasV12/wild-type (WT) lungs]. Mice were killed between 5.5

and 7.5 months post-adeno-Cre delivery, and lung tumors

were graded and quantified (Figure 2A). Most tumors in control

KrasV12/WT lungs had progressed to grades 3 and 4; however,

in the case of KrasV12/PSKO lungs, there was no progression

beyond grade 1 (Figure 2A). We also measured the percentage

of animals with at least one grade 4 tumor (i.e., adenocarci-

noma). Of importance, whereas 44% of KrasV12/WT lungs

presented adenocarcinomas, none of the KrasV12/PSKO lungs

developed NSCLCs (Figure 2B).

The Canonical Notch Pathway Is Needed
for KrasG12V-Driven NSCLCs
Having established the requirement of the g-secretase com-

plex for generating KrasG12V-driven NSCLCs, we wanted to test

directly the role of the canonical Notch pathway in this process.

To that end, we generated compound mice carrying the Cre-

inducible KrasG12V oncogenic allele in combination with a floxed

allele of Rbpj, Rbpjf/f (Tanigaki et al., 2002). These mice and their

corresponding controls (for brevity, termed KrasV12/RbpjKO

and KrasV12/WT, respectively) were treated by intratracheal

delivery of adeno-Cre. It should be noted that in this experiment,

the batch of adeno-Cre was more active than in the previous

experiment (see Experimental Procedures), and thus yielded
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a higher number of tumors per mouse. As was the case for the

KrasV12/PSKO mice, in the KrasV12/RbpjKO mice, grade 4

tumors (adenocarcinomas) were absent 5.5–7.5 months post-

adeno-Cre delivery (Figures 3A and 3B). We wondered whether

the grade 3 tumors present in KrasV12/RbpjKO mice had actu-

ally deleted the Rbpj gene or, alternatively, were nondeleted

Rbpj-floxed tumors (‘‘escapers’’). To address this issue, we

microdissected grade 3 tumors (n = 3), and we observed that

all of themwere escapers (Figure S2). Taken together, the results

of our genetic analyses indicate that the Notch pathway is essen-

tial for NSCLC formation driven by KrasG12V.

Pharmacological Inhibition of g-Secretase Arrests
KrasG12V-Driven NSCLCs
Having demonstrated that g-secretase is highly relevant for lung

tumorigenesis, and that the Notch pathway is strongly active in

lung cancer, we conducted a preclinical assay to test the impact

of g-secretase inhibition on primary NSCLCs. Previous reports

demonstrated that small-molecule inhibitors of the g-secretase

pathway (generally known as GSIs) induce apoptosis in lung

cancer cells grown in vitro (Chen et al., 2007; Eliasz et al.,

2010; Westhoff et al., 2009) and slow the growth of subcuta-

neous xenografts formed by lung cancer cells (Konishi et al.,

2007; Luistro et al., 2009; Paris et al., 2005). However, nothing

is known about the impact of GSIs on autochthonous primary

NSCLCs, i.e., in their natural microenvironment. For this assay,

we used compound LSN-411575 (Wong et al., 2004). This

compound has been well validated in rodents (Best et al.,

2005; Wong et al., 2004) and is one of the most potent GSIs

(Wolfe, 2009). To test the therapeutic potential of LSN-411575

in NSCLCs, we used mice carrying the above-mentioned Cre-

inducible KrasG12V oncogenic allele (KrasLSLG12Vgeo) together

with a tamoxifen-inducible Cre systemically expressed under

the RNA polymerase II promoter (Guerra et al., 2003). These

mice develop a mixture of lung adenomas (grades 1–3) and

adenocarcinomas (grade 4) upon induction with tamoxifen. After
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Figure 3. The Canonical Notch Pathway Is Needed for the Genera-

tion of KrasG12V-Driven NSCLC

(A) Graph depicting the number and grade of tumors per animal. Lungs from

KrasV12/WT and KrasV12/RbpjKO mice were pathologically analyzed 5.5–

7.5 months after adeno-Cre delivery. For each genotype, n = 7 mice.

(B) Percentage of mice carrying grade 4 (adenocarcinoma) tumors. For each

genotype, n = 7 mice.

Values correspond to the average ± SEM. Statistical significance was deter-

mined by a two-tailed Student’s t test (A) or Fisher’s exact test (B): #p < 0.1;

*p < 0.05; ***p < 0.001.

See also Figure S2.
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6–8 months of the tamoxifen induction, we analyzed changes in

tumor size and tumor metabolism by X-ray computed tomog-

raphy (CT) and positron emission tomography (PET), respec-

tively. Tumors greater than 0.5 mm in diameter were detectable

by CT, but only those of grade 4 (i.e. adenocarcinomas) were

PET positive (Figures S3A–S3C). Again, this recapitulates the

human pathology, in which only malignant tumors are PET posi-

tive (Fischer et al., 2001; Gould et al., 2001). Mice carrying

KrasG12V-driven tumors periodically underwent PET/CT scans,

and those carrying at least one PET-positive tumor were

randomly allocated into two groups that were treated daily

by gavage with vehicle for 15 days or with 3 mg/kg of LSN-

411575 for 15 or 22 days.

Previous investigators reported deleterious side effects asso-

ciated with the use of GSIs, especially in the gut (van Es et al.,

2005; Wong et al., 2004). In the case of LSN-411575, it was

reported that a dose of 10 mg/kg administered for 15 days in

mice produced toxicity in the intestine and weight loss, whereas

a dose of 1 mg/kg had no detectable effects and the animals did

not lose weight (Wong et al., 2004). In our current study, mice

maintained their normal weight after 15 days of treatment with

3 mg/kg, suggesting the absence of deleterious side effects

(Figure S3D).

We obtained PET/CT scans of the same mice before and after

15 or 22 days of treatment (Figure 4A). Quantification of the size

of the tumors by CT (regardless of whether they were PET

positive or negative) revealed that the vehicle-treated tumors

increased in size (3.7-fold) after 15 days, whereas the LSN-

411575-treated ones grew significantly less than the vehicle-

treated controls (1.7-fold after 15 days and 1.2-fold after

22 days; Figure 4B). It is important to note that some of the

animals presented atelectasis, which prevents detection by

CT. Given the fact that CT cannot discriminate between nonma-

lignant and malignant tumors, we selectively focused on the
response of PET-positive tumors (i.e. adenocarcinomas) and

quantified their total 18F-fluor-deoxyglucose (FDG) uptake pre-

and post-treatment. In the case of vehicle-treated mice, PET-

positive tumors increased their total FDG uptake an average of

2.2-fold during the 15 days of treatment (Figure 4C). In the

case of LSN-411575-treated mice, the average change was

0.7-fold after 15 days and 1.0-fold after 22 days (Figure 4C).

These results indicate that LSN-411575 has a significant inhibi-

tory effect on the growth of autochthonous murine KrasG12V-

driven NSCLCs.

Pharmacological Inhibition of g-Secretase Interferes
with ERK Phosphorylation in KrasG12V-Driven NSCLCs
Treated KrasG12V-driven NSCLCs (see Figure 4C) were analyzed

by IHC (samples were obtained 4–8 hr after the last treatment).

Our first goal was to evaluate whether the GSI treatment had

reached its target, and to that end we used the levels of HES1

as a surrogate marker of g-secretase activity. In accordance

with our previous observations (see Figure 1), the vehicle-treated

NSCLCs were strongly positive for HES1 (Figure 5A). In contrast,

NSCLCs treated with LSN-411575 for 15 days showed a clear

reduction in HES1 levels, confirming that the drug was actually

reaching its target within the tumors and at their natural localiza-

tion (Figure 5A). Also, in agreement with the robust increase in

FDG uptake observed during the 15-day interval (Figure 4C),

these tumors were highly proliferative (Ki67 staining) and had

a low level of apoptosis (activated caspase-3 staining; Figure 5A).

NSCLCs treated with LSN-411575 for 15 days presented

decreased levels of Ki67-positive cells and a higher frequency

of apoptotic cells compared with vehicle-treated tumors (Fig-

ure 5A). Of note, these tumors, except for their loss of mitotic

cells, retained all other histological features of grade 4 tumors

(characteristically defined by the presence of enlarged pleomor-

phic nuclei exhibiting a high degree of nuclear atypia and multi-

nucleated giant cells) (Jackson et al., 2005). These observations

strongly suggest that LSN-411575 arrests cancer growth by in-

hibiting proliferation and increasing apoptosis.

In an effort to understand the antitumoral effect of LSN-

411575, we explored a number of key players in lung cancer,

such as ERK (Engelman et al., 2008), AKT (Yang et al., 2008),

S6K (Liang et al., 2010), and NFkB (Meylan et al., 2009). In the

case of AKT (phospho-Ser473-AKT1), S6K (phospho-Thr389-

S6K1), andNFkB (nuclear p65), we could not find any differences

between NSCLCs treated for 15 days with vehicle or with LSN-

411575 (Figure S4A). However, we did find a remarkable effect

on the activity of ERK. In particular, vehicle-treated NSCLCs

were strongly positive for pERK1/pERK2 (phospho-Thr202/

Tyr204-ERK1 and phospho-Thr185/Tyr187-ERK2), whereas

LSN-411575-treated NSCLCs were significantly less positive

for pERK (Figure 5A). The results obtained by IHC were

confirmed by immunoblotting of tumor extracts. Specifically,

we observed lower levels of HES1 and pERK1/pERK2 in LSN-

411575-treated (15 days) NSCLCs compared with the corre-

sponding vehicle-treated tumors (Figures 5B and S4B). We

wondered whether the lower levels of pERK1/pERK2 were asso-

ciated with lower levels of its activating kinase, MEK; however,

the levels of pMEK1/2 (phospho-Ser217/Ser221-MEK1/2) re-

mained similar in vehicle- and LSN-411575-treated NSCLCs

(Figures 5B and S4B), suggesting that the inhibition of pERK
Cancer Cell 22, 222–234, August 14, 2012 ª2012 Elsevier Inc. 225
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Figure 4. Pharmacological Inhibition of g-

Secretase Arrests KrasG12V-Driven NSCLCs

(A) Representative examples of PET/CT analyses

of a single KrasG12V mouse at the beginning (pre)

and end (post) of 15 days of treatment with vehicle

(left) or LSN-411575 (right). Images correspond

to sagittal (left), coronal (middle), and transverse

(right) views. The positions of the PET-positive

tumor (t) and the heart (h) are labeled.

(B) Change in total tumor size detected by CT after

15 days of treatment with vehicle, and after 15 or

22 days of treatment with LSN-411575.

(C) Change in total 18F-FDG uptake of PET-

positive tumors after 15 days of treatment with

vehicle, and after 15 or 22 days of treatment with

LSN-411575.

Values correspond to the relative change of each

individual tumor from the day before initiation of

treatment to the last day of treatment. Bars cor-

respond to the average ± SEM. Top of graph: A

two-tailed Student’s t test (*p < 0.05; ***p < 0.001)

was used for statistical analysis.

See also Figure S3.
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exerted by LSN-411575 is independent of MEK activity. Finally,

we wanted to test whether the key observed changes in HES1

and pERKwere early events upon initiation of LSN-411575 treat-

ment. We treated mice for 4 days with LSN-411575, and found

that the levels of HES1 and pERK in NSCLCs were already lower

than in vehicle-treated tumors and similar to those observed in

tumors treated with the drug for 15 days (Figure 5C). Collectively,

these observations indicate that treatment with LSN-411575

arrests KrasG12V-driven NSCLCs in association with inhibition

of HES1 expression and ERK phosphorylation.

Inhibition of g-Secretase Increases DUSP1 in Human
and Murine Oncogenic-Kras NSCLCs
Previous investigators reported that the Notch pathway upregu-

lates pERK levels in cultured cells in vitro (Kim et al., 2005;

Konishi et al., 2007; Michie et al., 2007). However, the mecha-

nisms involved remained unexplored. In an effort to understand

the link between the Notch pathway and pERK in the context of

lung cancer cells, we focused on the human NSCLC cell line

H358, which carries an oncogenic KRAS allele (KRASG12C) and

requires the activity of the oncogene for its viability (Singh

et al., 2009). H358 cells were treated with the GSI DAPT, which

is a widely used GSI for assays with in vitro cultured cells (Wolfe,

2009). Recapitulating the results obtained in our lung mouse

model, DAPT-treated H358 cells also showed lower levels of

pERK (Figure 6A). We also explored two other human KRAS-
226 Cancer Cell 22, 222–234, August 14, 2012 ª2012 Elsevier Inc.
mutated NSCLC cell lines, namely, A549

and H23, which carry KRASG12S and

KRASG12C alleles, respectively (Blanco

et al., 2009), but whose growth is inde-

pendent of KRAS activity (Singh et al.,

2009). These cell lines also showed de-

creased levels of pERK upon DAPT treat-

ment (Figure S5A), but the magnitude of

the effect was not as pronounced as in

KRAS-dependent H358 cells.
To gain insight into the mechanism by which inhibition of the

Notch pathway interferes with ERK phosphorylation, we per-

formed RNA microarray analyses to compare GSI-treated and

nontreated H358 cells (Table S1). As expected, among the genes

that were significantly downregulated by DAPT [false discovery

rate (FDR) p < 0.05; magnitude log2 fold change % 0.5-fold],

we identified HES1. Among the genes that showed significant

upregulation by DAPT (FDR p < 0.05;magnitude log2 fold change

R 0.5-fold), we noticed the dual-specificity phosphatases

DUSP1 and DUSP6, which are well-known negative regulators

of MAP kinases, including ERK (Patterson et al., 2009). Of

interest, DUSP1 is repressed by the Notch pathway in a NSCLC

cell line (Haruki et al., 2005); however, we are not aware of

a similar link for DUSP6. Validation by quantitative RT-PCR

(qRT-PCR) confirmed that both the DUSP1 and DUSP6 mRNAs

were upregulated after treatment of H358 cells with DAPT,

whereas HES1 mRNA levels were downregulated (Figure 6B

and Figure S5B). We confirmed that these changes in HES1

and DUSP1 mRNA levels correlated with similar changes in the

corresponding proteins (Figure 6C). In the case of A549 and

H23 cells, both showed a decrease in HES1 and an upregulation

of DUSP1 upon DAPT treatment; however, only A549 cells pre-

sented an upregulation of DUSP6 (Figures S5B and S5C). In an

effort to extrapolate these findings to a different type of Notch-

dependent cancer, we performed g-secretase inhibition of

a panel of human T-ALL cell lines. We observed DUSP1 mRNA



pERK

ERK

pMEK

HES1

-actin

vehicle (15 d.) LSN-411575 (15 d.)

MEK

B

A

pERK

ERK

HES1

-actin

vehicle LSN-411575

4 d. 15 d.

C

15 d.

H&E HES1 Ki67 C3A pERK

LS
N

-4
11

57
5 

(1
5 

da
ys

)
ve

hi
cl

e

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

Vehicle LY-411,575

0

0,005

0,01

0,015

0,02

0,025

Vehicle LY-411,575

2.5
2.0
1.5
1.0
0.5

0

0,05

0,1

0,15

0,2

0,25

0,3

0,35

0,4

0,45

Vehicle LY-411,575

45
35
25
15
5

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

Vehicle LY-411,575

vehicle

LSN-411575

po
si

tiv
e 

ce
lls

 % *** * * 90
70
50
30
10

**90
70
50
30
10

mouse 

#1

#2

#3

#4

#5

#6

Figure 5. Pharmacological Inhibition of

g-Secretase Diminishes HES1 and pERK in

KrasG12V-Driven NSCLCs

(A) IHC analyses of NSCLCs after 15 days of

treatment with vehicle or LSN-411575. Rows

correspond to serial sections of the same tumor.

Three examples of vehicle-treated tumors and

LSN-411575-treated tumors, each from a different

mouse, are shown. All pictures are at the same

magnification. The bar in the lower-right panel

corresponds to 100 mm. The quantifications shown

at the bottom correspond to all of the analyzed

NSCLCs: vehicle, 11 tumors (n = 11) present in 6

mice; LSN-411575, 12 tumors (n = 12) present in 6

mice. For each staining, two separate fields at 203

magnification were counted and an average of

1,500 cells were scored per tumor. Values corre-

spond to the average ± SEM. Statistical signifi-

cance was determined by a two-tailed Student’s

t test: *p < 0.05; **p < 0.01; ***p < 0.001.

(B) Immunoblotting of the indicated proteins in

PET-positive NSCLCs treated for 15 days with

vehicle or LSN-411575. Each lane corresponds to

a different tumor from a different mouse.

(C) Immunoblotting of the indicated proteins in

PET-positive NSCLCs treated with vehicle or LSN-

411575 for the indicated periods of time (4 days or

15 days). Each lane corresponds to a different

tumor from a different mouse.

See also Figure S4.
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upregulation in all of the cell lines, albeit of variable magnitude

(Figure S5D), whereas DUSP6 had an erratic behavior (Fig-

ure S5D). These results suggest that the upregulation of

DUSP1 is a general feature of g-secretase inhibition in cancer.

DUSP1 has been implicated in the dephosphorylation of ERK,

JNK, and p38 (Patterson et al., 2009). However, treatment with

DAPT resulted in reduced levels of pERK (see Figure 6A) but

did not affect the levels of phospho-JNK or phospho-p38 (Fig-

ure S5E). We wanted to confirm that DUSP1 was dephosphory-

lating pERK in our experimental system, and to that end,

we ectopically overexpressed a GFP-DUSP1 fusion (Wu et al.,

2005) and measured the levels of pERK by immunofluorescence

in the GFP-positive cells. Of interest, we observed that H358

cells expressing GFP-DUSP1 had very low levels of pERK

upon serum stimulation (10 min), whereas GFP control cells

had high levels of pERK under the same conditions (Figures 6D

and 6E). Again, we obtained similar results in A549 and H23 cells
Cancer Cell 22, 222–234
(Figure S5F). We then performed loss-of-

function studies. After testing a total of 12

different interfering RNAs (four siRNAs

and eight shRNAs) against DUSP1, we

observed only a rather modest effect

from combining two shRNAs (sh2+sh3;

Figure S5G). Despite the partial decrease

in DUSP1 levels, expression of the two

shRNAs (sh2+sh3) increased the levels

of pERK in transfected H358 compared

with a scrambled shRNA (shSC; Fig-

ure 6F). Moreover, expression of sh2+sh3

abolished the inhibitory effect of DAPT
on pERK (Figure 6G), suggesting that the effects of DAPT on

pERK are mediated by DUSP1. We also wondered whether

DAPT treatment affected the levels of pMEK in H358 cells. We

did not observe any changes in pMEK induced by DAPT (Fig-

ure S5H), in agreement with our previous observations in GSI-

treated tumors (Figures 5B and S4B). These results support

the concept that GSI treatment inhibits KRAS signaling through

DUSP1 by decreasing the levels of pERK, and without affecting

the activity of MEK.

To validate the above data in vivo, we compared the levels of

Dusp1 and Dusp6 mRNAs in primary murine KrasG12V-driven

NSCLCs treated for 15 days with LSN-411575 or with vehicle.

Of importance, adenocarcinomas from mice treated with LSN-

411575 presented increased levels of Dusp1/DUSP1 (Figures

6H and 6I) and decreased levels of Hes1/HES1 (Figures 5B

and 6H) mRNA and protein compared with vehicle-treated

adenocarcinomas. In contrast, we did not observe any changes
, August 14, 2012 ª2012 Elsevier Inc. 227
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Figure 6. Inhibition of g-Secretase Increases

DUSP1 in Human and Mouse NSCLCs

(A) Analysis of pERK in H358 cells treated with 5 mMDAPT

or with vehicle. Cells were treated for 48 hr (36 hr in the

presence of serum and then 12 hr in the absence of serum)

and then stimulated with serum for the indicated times (in

minutes).

(B) Analysis of DUSP1 and HES1 expression by qRT-PCR

in nontreated (vehicle, n = 3) or DAPT-treated (5 mMDAPT,

n = 3) H358 cells. Cells were treated for 48 hr (36 hr in the

presence of serum and then 12 hr in the absence of

serum).

(C) Analysis of HES1 and DUSP1 in H358 cells treated with

5 mM DAPT or with vehicle. Cells were treated for 48 hr

(36 hr in the presence of serum and then 12 hr in the

absence of serum) and then stimulated with serum for the

indicated times (in minutes).

(D) Fluorescence detection of GFP and phospho-ERK in

H358 cells transfected with GFP alone or with a GFP-

DUSP1 fusion. Cells were starved and serum stimulated

for 10 min. GFP-positive cells are marked with a white line.

All images are at the same magnification. The bar in the

lower right panel corresponds to 20 mm.

(E) Quantification of the experiment shown in (D). GFP-

positive cells (n = 75) were quantified with an automatic

software for each transfection (GFPalone, orGFP-DUSP1).

(F) Fluorescence detection of GFP and quantification of

phospho-ERK in H358 cells transfected with pGIPZ

scramble (shSC), with pGIPZ anti-DUSP1 shRNAs (sh2,

sh3, and sh2+sh3). Thirty-six hours after transfection, cells

were starved for 12 hr and then serum stimulated for

10 min. GFP-positive cells (n = 120) were quantified with

automatic software for each transfection.

(G) Cells were transfected as in (F), and 6 hr after trans-

fection the cells were treated with vehicle or with DAPT

(5 mM) for 48 hr (36 hr in the presence of serum and then

12 hr in the absence of serum) and then stimulated with

serum for 10 min. GFP-positive cells (n = 120) were

quantified with automatic software for each transfection.

(H) Analysis ofHes1 and Dusp1 expression by qRT-PCR in

PET-positive KrasG12V-driven NSCLCs treated with LSN-

411575 (n = 4) or vehicle (n = 4) for 15 days.

(I) Immunoblotting of the indicated proteins in PET-posi-

tive KrasG12V-driven NSCLCs treated for 15 days with

vehicle or LSN-411575. Each lane corresponds to

a different adenocarcinoma from a different mouse. These

adenocarcinomas are the same ones analyzed in Fig-

ure 5B and were loaded in the same order.

Values correspond to the average ± SEM. Statistical

significance was determined by a two-tailed Student’s

t test: *p < 0.05; ***p < 0.001.

See also Figure S5 and Table S1.
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inDusp6 (Figure S5I). Taken together, these data establish a tight

association between HES1 downregulation and DUSP1 induc-

tion upon GSI treatment in cancer.

HES1 Directly Binds and Represses the DUSP1

Promoter
The transcriptional repressor HES1 is a critical mediator of

NOTCH1-driven cancer (Wendorff et al., 2010). On the basis of

this finding and our above data, we hypothesized that HES1

can repressDUSP1. To explore this possibility, we began by per-

forming DUSP1 promoter assays using a luciferase reporter. Of

note, treatment of H358 cells with DAPT induced the DUSP1
228 Cancer Cell 22, 222–234, August 14, 2012 ª2012 Elsevier Inc.
promoter, and this was canceled when HES1 was cotransfected

(Figure 7A). These results further reinforce our previous obser-

vations that g-secretase inhibition upregulates the expression

of DUSP1 by downregulating HES1. Additionally, the basal

activity of theDUSP1 promoter was decreased by HES1 expres-

sion (Figures 7A and 7B). Also, as a marginal note, treatment

of cells with a pharmacological MEK inhibitor (PD0325901)

decreased the activity of the DUSP1 promoter (Figure 7B), in

accordance with the known role of MEK as a positive regulator

of DUSP1 expression (Brondello et al., 1997), again suggesting

that g-secretase inhibition exerts its actions in a MEK-indepen-

dent manner.
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Figure 7. HES1 Directly Binds and Represses the DUSP1 Promoter

(A) Luciferase activity of H358 cells transfected with a DUSP1-luc reporter

together with a plasmid expressing HES1 or its corresponding empty control.

Cells were treated for 48 hr with 5 mM DAPT or its vehicle in the presence of

complete medium.

(B) Luciferase activity of H358 cells transfected with a DUSP1-luc reporter

together with a plasmid expressing HES1 or its corresponding empty control.

Cells were treated for 48 hr with a MEK inhibitor (PD0325901) or its vehicle in

the presence of complete medium.

(C) ChIP analysis of the DUSP1 promoter using two different HES1 antibodies

[Ab1, 4H1 (Novus Biologicals) and Ab2, H140 (Santa Cruz Biotechnology)] in

H358 cells. Four different DNA regions were analyzed by qPCR: two from the

DUSP1 promoter (see Figure S5), an intronic region fromDUSP1 (intron 3), and

the promoter of DELTEX1. Cells were treated with 5 mM DAPT or vehicle

(ETOH) for 48 hr. Data correspond to three independent biological replicates.

(D) Levels of HES1 and DUSP1 expression measured by qRT-PCR in H358

cells treated with siHES1 (HES1 siRNA, n = 3) or nontargeting siRNA (siNT,
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Having observed that HES1 has the ability to repress the

DUSP1 promoter, we sought to determine whether HES1

directly binds to the DUSP1 promoter. HES1 binds two similar

sequence motifs, known as class C sites and N-boxes (Iso

et al., 2003), and an examination of the human and murine

DUSP1/Dusp1 promoters revealed the presence of several

putative HES1 binding sites (Figure S6). We tested whether

HES1 directly binds to the human DUSP1 promoter by chro-

matin immunoprecipitation (ChIP) using two different anti-

bodies against HES1 in H358 cells. Of interest, HES1 immuno-

precipitation with two different antibodies resulted in significant

enrichment of two regions of the DUSP1 promoter compared

with a control IgG immunoprecipitation (Figure 7C). In contrast,

no enrichment was observed when a DUSP1 intronic region

was amplified or when cells were treated with DAPT (Fig-

ure 7C). As a positive control, we used the DELTEX1 promoter,

which is directly repressed by HES1 (Zhang et al., 2010). As

expected, binding of HES1 to the DELTEX1 promoter was

observed in the absence of DAPT, but not in its presence

(Figure 7C).

We wanted to test the effect of HES1 inhibition on DUSP1

levels and ERK phosphorylation. Treatment of H358 cells with

a pool of siRNAs targeting HES1 mRNA (siHES1) effectively

reduced HES1 mRNA and protein levels (Figures 7D and 7E),

and, of importance, this resulted in significant upregulation of

DUSP1 mRNA and protein levels (Figures 7D and 7E). We pre-

viously demonstrated that DUSP1 dephosphorylates pERK

(Figures 6D and 6E), and in agreement with this, siHES1 reduced

the levels of phosphorylated ERK (Figures 7E and 7F). Finally,

previous reports showed that GSIs can prevent the growth of

human cancer cell lines (Chen et al., 2007; Eliasz et al., 2010;

Westhoff et al., 2009), and we wondered whether this could

also be the case for siHES1. Indeed, cells treated with siHES1

had an impaired proliferative capacity (Figure 7G). All together,

these findings show that inhibition of HES1 in NSCLCs cells

recapitulates the effect of DAPT treatment on DUSP1 expres-

sion, ERK phosphorylation, and cell proliferation.

High HES1 and Low DUSP1 Levels Are Associated with
Poor Clinical Outcome in Patients with NSCLC
Previous investigators reported that subsets of patients with

NSCLC have a hyperactivated Notch pathway (Haruki et al.,

2005; Westhoff et al., 2009), which correlates with a poor clinical

outcome (Westhoff et al., 2009). In the light of our above results,

we wanted to extend this observation to HES1 and examine its

relation to DUSP1. We examined the levels of HES1 in a series
n = 3) for 48 hr (36 hr in the presence of serum and then 12 hr in the absence of

serum).

(E) Protein levels of DUSP1, HES1, pERK, and total ERK in H358 cells treated

as in (D).

(F) Phosphorylation of ERK in H358 cells treated with siHES1 (HES1 siRNA) or

siNT for 48 hr (36 hr in the presence of serum and then 12 hr in the absence of

serum) and then stimulated with serum for the indicated times (in minutes).

(G) H358 cells were treatedwith siHES1 (HES1 siRNA, n = 3) or siNT (n = 3), and

cell numbers were counted at the indicated time points after siRNA trans-

fection.

Values correspond to the average ± SEM. Statistical significance was deter-

mined by a two-tailed Student’s t test: #p < 0.1; *p < 0.05; **p < 0.01.

See also Figure S6.
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Figure 8. High HES1 and Low DUSP1 Levels Are Associated with

Poor Clinical Outcome in Primary Human NSCLCs

(A) Kaplan-Meier curve indicating that patients with NSCLCs with high

expression of nuclear HES1 present shorter overall survival (p = 0.045). High

nuclear HES1 expression corresponds to tumors in which at least 40% of their

neoplastic cells are positive for HES1.

(B) Kaplan-Meier curve indicating that patients with NSCLCs with low

expression of cytoplasmic DUSP1 present poorer overall survival (p = 0.048).

Low cytoplasmic DUSP1 expression corresponds to tumors in which <70% of

their neoplastic cells are positive for DUSP1.

(C) Summary of the data presented in this work. See Discussion for a detailed

explanation.

A logrank test was used to determine statistical significance.

See also Figure S7.
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of NSCLCs (n = 82), and observed that tumors with high levels

of nuclear HES1 were associated with a shorter overall sur-

vival (logrank, p = 0.045; Figure 8A and Figure S7A). Previous

investigators found a positive correlation between DUSP1 levels

and survival in human NSCLCs (Vicent et al., 2004). We

confirmed this result in our NSCLC series, in which we obtained

a positive correlation between DUSP1 cytoplasmic expression

and better overall survival (logrank, p = 0.048; Figure 8B and Fig-

ure S7A). Moreover, when patients were stratified according to

HES1 and DUSP1, those who showed a combination of high

HES1 intensity and low DUSP1 expression had the poorest

outcome compared with the other three possible combinations

(logrank test, p = 0.09; Figure S7B). Finally, there was a negative

correlation between HES1 intensity and DUSP1 expression

(correlation coefficient �0.219; Kendall Tau-b test, p = 0.07).

Collectively, these observations support the relevance of HES1

in human NSCLCs and reinforce the concept that HES1 re-

presses DUSP1.
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DISCUSSION

In this work, we investigated the role of the Notch pathway in

the generation and maintenance of primary KrasG12V-driven

NSCLCs.

Previous studies showed that a significant proportion of

patients with NSCLC have a hyperactive Notch pathway (Haruki

et al., 2005; Westhoff et al., 2009), but did not examine the role of

the Notch pathway in the development of NSCLCs. To address

this question, we used a mouse model with a latent Kras onco-

gene that faithfully recapitulates the development of human

NSCLCs (Guerra et al., 2003; Jackson et al., 2001; Sweet-

Cordero et al., 2005). First, we validated our mouse model by

observing that, as in humans, the Notch pathway is hyperactive

in murine KrasG12V-driven NSCLCs compared with normal lung.

This is evidenced by higher levels of active g-secretase complex,

increased levels of NICD (the activated form of NOTCH1),

decreased Numb mRNA (a negative regulator of the Notch

pathway), and increased HES1 protein (a downstream target of

the Notch pathway). HES1 protein levels increased in parallel

with the degree of malignization, suggesting a requirement of

Notch pathway activity during this process. Of note, genetic

elimination of either the g-secretase complex (upstream of the

Notch pathway) or Rbpj (encoding the canonical DNA-binding

partner of NICDs) abolished the formation of KrasG12V-driven

NSCLCs. These results indicate that the generation of NSCLCs

by oncogenic Kras requires the activation of the Notch pathway.

On the basis of the above findings, we hypothesized that

Notch activity may also be required for the maintenance of

primary KrasG12V-driven NSCLCs. Previous reports in this direc-

tion showed that g-secretase inhibition slows the growth of

subcutaneous xenografts formed by lung cancer cells (Konishi

et al., 2007; Luistro et al., 2009; Paris et al., 2005). Xenografts,

despite their utility, do not recapitulate the microenvironment

of the natural primary tumors, and this may have a critical impact

on therapeutic activity, as was elegantly illustrated in the case of

pancreatic cancer (Olive et al., 2009). Only a handful of studies

have evaluated the efficacy of chemotherapy for primary murine

lung tumors (Engelman et al., 2008; Ji et al., 2007; Yang

et al., 2008). These studies were largely based on MRI or CT,

which cannot discriminate nonmalignant tumors from malignant

ones. Here, in an effort to recapitulate a human clinical setting,

we also evaluated therapeutic responses by using PET, thus

focusing exclusively on malignant tumors. Of importance, mice

treated with the pharmacologically active GSI LSN-411575

showed a complete blockade of cancer growth. These results

demonstrate that GSIs are therapeutically effective for primary

autochthonous KrasG12V-driven NSCLCs in mice.

Analyses of LSN-411575-treated, KrasG12V-driven NSCLCs

indicated a significant reduction in the levels of HES1 as soon

as 4 days after treatment, thus confirming that the GSI reached

its target. In addition, treated NSCLCs presented decreased

proliferation and increased apoptosis. Among a number of key

candidate proteins that could be affected by GSI treatment, we

selectively detected an effect on the phosphorylation of ERK,

which was dramatically reduced after treatment. This obser-

vation is in accordance with previous data obtained in in vitro

cultured cells, which showed that the Notch pathway upregu-

lates the levels of ERK phosphorylation (Kim et al., 2005; Konishi
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et al., 2007; Michie et al., 2007). The role of ERK phosphorylation

in Kras-driven NSCLCs was recently highlighted by the demon-

stration that ERK activity is essential for Kras-driven lung tumor-

igenesis (Blasco et al., 2011; Feldser et al., 2010; Junttila et al.,

2010). Because MEK is the critical kinase responsible for ERK

phosphorylation, we also examined the levels of phosphorylated

MEK in GSI-treated NSCLCs; however, in contrast to phospho-

ERK, the levels of phospho-MEKwere not affected by the GSI. In

summary, we found that GSI treatment of primary autochtho-

nous KrasG12V-driven NSCLCs impinges on the phosphorylation

of ERK without affecting MEK activity.

To dissect the mechanism that links g-secretase inhibition

with dephosphorylation of ERK, we analyzed the transcriptional

changes induced by GSI. In particular, we used a human NSCLC

cell line, H358, which is addicted to oncogenic KRAS (Singh

et al., 2009). These cells, as we have shown here, dephosphor-

ylate ERK in response to GSI treatment without affecting

phospho-MEK, thus recapitulating the behavior of primary

KrasG12V-driven NSCLCs. Among the set of genes whose ex-

pression was induced by GSI treatment, we focused our atten-

tion on the dual-specificity phosphatase DUSP1 because

previous data obtained in human NSCLC cells indicate that

this phosphatase is regulated by the Notch pathway (Haruki

et al., 2005) and dephosphorylates ERK (Lin et al., 2003; Patter-

son et al., 2009). Indeed, using both gain- and loss-of-function

experiments, we confirmed the concept that DUSP1 affects

ERK phosphorylation in human H358 cells. Moreover, the induc-

tion of DUSP1 after GSI treatment was confirmed in another two

human NSCLC cell lines and in six human T-ALL cell lines, thus

giving more general validity to our findings. Finally, we observed

Dusp1 upregulation in GSI-treated murine primary KrasG12V-

driven NSCLCs. Therefore, the observed association between

GSI treatment and DUSP1 upregulation occurs in the context

of primary NSCLCs, and could explain the reduction in ERK

phosphorylation upon GSI treatment.

HES1 is a well known transcriptional repressor of multiple

genes (Iso et al., 2003; Sang et al., 2010), including genes that

are relevant for T-ALL, such as PTEN (Palomero et al., 2007)

and CYLD (Espinosa et al., 2010), which activate AKT and

NFkB, respectively. Furthermore, it was recently demonstrated

that HES1 plays a critical role in the maintenance of NOTCH1-

driven murine T-ALL (Wendorff et al., 2010). Based on our obser-

vation that HES1 levels increase in associationwithmalignization

and decrease upon GSI treatment of KrasG12V-driven NSCLCs,

we hypothesized that GSI-induced dephosphorylation of ERK

could be mediated by HES1-mediated repression of DUSP1.

Indeed, luciferase reporter assays supported the concept that

HES1 is a negative regulator of DUSP1. Furthermore, ChIP

showed that HES1 directly binds to and represses DUSP1, and

that this process can be reverted by GSI treatment. In addition,

treatment of H358 cells with siHES1 promoted a phenotype

very similar to that obtained by GSI treatment in terms of ERK

phosphorylation, DUSP1 upregulation, and cell growth arrest.

Finally, we checked the status of HES1 and DUSP1 in primary

human NSCLCs. We found that low DUSP1 is associated with

poor survival, which is in agreement with previous data (Vicent

et al., 2004). In support of our proposed mechanism, we found

that high HES1 levels are also associated with poor survival.

Moreover, we also observed a suggestive negative correlation
between HES1 intensity and DUSP1 expression. These ob-

servations support the relevance of HES1 in human NSCLCs

and reinforce the concept that HES1 represses DUSP1.

Collectively, our observations establish a direct causal link

among g-secretase inhibition, HES1 downregulation, DUSP1

derepression, and ERK dephosphorylation (Figure 8C). As

mentioned above, high ERK activity is crucial for the develop-

ment of Kras-driven NSCLCs (Blasco et al., 2011; Feldser

et al., 2010; Junttila et al., 2010), and, in this regard, we propose

that our observation that the Notch pathway is required for

NSCLC formation is related to the capacity of HES1 to increase

ERK activity through repression of Dusp1. Although our current

data point to HES1 and DUSP1 as relevant mediators of the

effects of GSI treatment on the KRAS signaling pathway, we

cannot exclude the possibility that other members of the HES1

family or DUSP1 family, or other unrelated mechanisms, may

also participate in mediating the effects of GSI treatment.

The results presented in this work support the therapeutic

potential of targeting g-secretase in NSCLC. We show that GSI

treatment inhibits ERK without affecting MEK, and hence we

envision a synergistic effect of MEK inhibitors and GSIs on

KRAS-driven NSCLCs. Of importance, GSIs have been shown

to be pharmacologically active in humans (Bateman et al.,

2009) and have been tested in clinical trials for Alzheimer disease

(Fleisher et al., 2008; Panza et al., 2009; Wolfe, 2009), which

could facilitate the evaluation of these compounds for the treat-

ment of human lung cancer, the leading cause of cancer-related

deaths in the world.
EXPERIMENTAL PROCEDURES

Mice

Mice were generated by crossing Kras+/LSLG12Vgeo mice (Guerra et al., 2003)

with Psen1f/f;Psen2�/� (Saura et al., 2004) or Rbpjf/f (Tanigaki et al., 2002)

mice. All animal procedures were performed according to protocols approved

by the National Cancer Research Center-Instituto de Salud Carlos III (CNIO-

ISCIII) Ethics Committee for Research and Animal Welfare.

DNA, RNA, and Protein Analyses

Details regarding the PCR primers, antibodies, and other standard molecular

biology methods used in this work are provided in Supplemental Experimental

Procedures.

Micro-PET/CT

Imaging was done essentially as described previously (Mulero et al., 2011).

See the summary in Supplemental Experimental Procedures.

Treatment with LSN-411575

The LSN-411575 compound was kindly provided by Eli Lilly and Company and

formulated in 1% carboxymethyl cellulose, 0.25% Tween 80. The compound

was given orally by gavage early in the morning, at a dose of 3 mg/kg/day

for the indicated number of days. Control mice were treated with the vehicle

following an identical procedure. On the last day of treatment, PET was

performed within 2–6 hr after gavage (vehicle- and compound-treated mice

were in alternate order for the analysis). Mice were killed within 4–8 hr after

gavage, and samples were obtained for pathological and IHC analyses.

Cellular Treatments

H358 humanNSCLC cells were purchased fromATCC. Cells were treatedwith

5 mM DAPT (Calbiochem) for 36 hr in the presence of serum. The cells were

then serum starved for 12 hr in the presence of DAPT or vehicle, as indicated

in the corresponding figures. When noted, cells were serum stimulated for the
Cancer Cell 22, 222–234, August 14, 2012 ª2012 Elsevier Inc. 231
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indicated time. For additional details, see Supplemental Experimental

Procedures.

Human Samples

Primary lung tumorswere collected and handled anonymously at collaborating

institutions (Instituto Angel H. Roffo andHospital Britanico) with the approval of

their institutional review boards and following standard ethical and legal

protection guidelines regarding human subjects, including informed consent.

Statistical Analysis

Unless otherwise specified, data are presented as mean ± SEM. Student’s

t test was used to assess the significance of expression levels by both qRT-

PCR and IHC. Student’s t test was also used to determine the differences

among groups for changes in tumor size or animal weight. Associations of

protein expression patterns in human TMA of HES1 and DUSP1 were evalu-

ated using the Kendall tau test. Survival curves were tested by logrank test.

ACCESSION NUMBERS

Microarray data were deposited in the National Center for Biotechnology Infor-

mation’s Gene Expression Omnibus (accession number GSE38054).

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures, one table, and Supple-

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

http://dx.doi.org/10.1016/j.ccr.2012.06.014.
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SUMMARY
We show that R-Ras, a small GTPase of the Ras family, is essential for the establishment ofmature, functional
blood vessels in tumors. The genetic disruption of R-Ras severely impaired the maturation processes of
tumor vessels in mice. Conversely, the gain of function of R-Ras improved vessel structure and blood perfu-
sion and blocked plasma leakage by enhanced endothelial barrier function and pericyte association with
nascent blood vessels. Thus, R-Ras promotes normalization of the tumor vasculature. These findings identify
R-Ras as a critical regulator of vessel integrity and function during tumor vascularization.
INTRODUCTION

Tumor vasculature is structurally and functionally abnormal

(Jain, 2005). These vessels are highly permeable, tortuous,

dilated, and saccular, and are poorly covered by mural cells

(pericytes). These properties, which are mainly attributed to the

impaired maturation process of the tumor vessels, cause inade-

quate blood circulation and poor oxygenation of the tumors.

Although this could slow down tumor growth, it also reduces

the sensitivity of the tumors to ionizing radiation and impedes

the delivery of chemotherapeutic agents, allowing the tumors

to become resistant to cytotoxic therapies (Jain, 2005). The

plasma leakage from tumor vessels elevates the interstitial fluid

pressure within the tumor and significantly reduces the diffusion

of therapeutic agents (Jain, 2005). Cerebral edema caused by

leaky vessels is a serious complication in brain cancer. The

vessel leakiness also allows invasive tumor cells to penetrate

into circulation and facilitates distant metastasis (Weis et al.,

2004). Therefore, the functionality of tumor blood vessels criti-
Significance

Newly formed blood vessels in tumors fail to mature into fully fu
vironment. The functional impairment of these vessels hamper
therapies. Excessive vessel permeability associated with tumo
in brain cancer patients. Therefore, the ability to control vesse
tunity. This study revealed a key role for R-Ras in promoting tum
role, R-Ras expressed in endothelial cells and in pericytes bot
suggests R-Ras as a potential target for controlling blood circ
cally impacts tumor progression and tumors responses to ther-

apeutic regimens (Bergers and Hanahan, 2008; Carmeliet and

Jain, 2011b).

Previous studies suggested that vascular endothelial growth

factor (VEGF)-targeted cancer therapies lead not only to inhibi-

tion of tumor angiogenesis but also to transient maturation and

normalization of tumor vasculature, thereby improving the

delivery of chemotherapeutic compounds, enhancing the effi-

cacy of chemotherapy (Carmeliet and Jain, 2011b). However,

recent reports have demonstrated that VEGF-targeted therapies

also result in increased tumor invasiveness and distant metas-

tasis in mice, potentially explaining the lack of lasting clinical

responses to the current antiangiogenic treatments (Ebos

et al., 2009; Pàez-Ribes et al., 2009). These studies highlight

the importance of a better understanding of the biology of

tumor angiogenesis and its implications in tumor malignancy

and therapies. The molecular and cellular mechanisms that

govern vessel maturation, especially in tumor vasculature,

remain elusive at present. The currently held view is that the
nctional vessels due to the chronically angiogenic microen-
s drug delivery, thereby diminishing the efficacy of antitumor
rs also causes clinical complications such as cerebral edema
l maturity in tumors provides a potential therapeutic oppor-
or vessel maturation and normalization. Consistent with this
h contribute individually to the vessel regulation. This study
ulation and vascular permeability in solid tumors.
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processes of vessel formation and maturation are regulated by

the balance between pro-angiogenic and antiangiogenic signals

(Carmeliet and Jain, 2011a; Darland and D’Amore, 1999).

Previously, we identified an antiangiogenic activity of a small

GTPase, R-Ras (Komatsu and Ruoslahti, 2005). R-Ras is

strongly expressed in fully differentiated, quiescent vascular

smooth muscle cells and endothelial cells of normal adult vascu-

lature. Unlike the prototypic Ras oncoproteins such as K-Ras

and H-Ras, R-Ras inhibits vascular cell proliferation and inva-

sion, and promotes vascular quiescence via yet unidentified

pathways. Challenging R-Ras knockout mice with arterial injury

or tumor implantation induced exaggerated neointimal thick-

ening and increased angiogenesis in the tumors. Thus, R-Ras

signaling primarily affects vessel remodeling and regeneration

by counterbalancing the vessel activation. However, the effect

of R-Ras is distinct from the effect of classic antiangiogenic

agents: R-Ras does not induce endothelial cell death. Instead,

it induces quiescence of endothelial cells while supporting their

survival—activities that promote vessel maturation. R-Ras

expression level correlates with the maturation status of the

vessels, suggesting a role of R-Ras in the cellular processes

essential for the vessel maturation. Little expression of R-Ras

was detected in the developmentally growing or pathologically

regenerating vessels such as angiogenic vessels in the tumor

and hyperplastic neointimal lesion in acute arterial injury in

mice. In comparison, abundant expression was found in mature

functional vessels of normal adult tissues and in dormant arterial

lesions (Komatsu and Ruoslahti, 2005). Based on these observa-

tions, we hypothesized that R-Ras promotes maturation of

regenerating adult vasculature and that chronically reduced

R-Ras expression in tumor vessels causes the immaturity and

poor functionality of these vessels. In the present study, we

tested this hypothesis by analyzing the effect of R-Ras defi-

ciency or upregulation on the structural and functional integrity

of tumor vessels.

RESULTS

R-Ras Deficiency Severely Impairs Maturation Process
of Tumor Blood Vessels
Close interaction between nascent endothelium and pericytes is

crucial for vessel maturation, and tumor vasculature is charac-

terized by insufficient pericyte association (Jain, 2003). Using

a computer-assisted three-dimensional (3D) image reconstruc-

tion (MoviesS1AandS1Bavailable online), we founda significant

reduction of the direct physical contact between pericytes and

the endothelium of blood vessels developed in subcutaneous

tumor implants in R-Ras knockout mice (Figures 1A and 1B).

A similar 3D analysis of these vessels revealed severely impaired

coverage by collagen IV, a major constituent of normal endothe-

lial basementmembrane (Figures 1C and 1D). Reflecting aweak-

ened pericyte and basement membrane support, these vessels

were often found to be more dilated or saccular, and their endo-

thelium exhibited more severe deformations compared with

that of the wild-type tumor vessels (Figures 1E–1H). Our analysis

suggests that the vessel deformity caused by the R-Ras defi-

ciency is also linked to the abnormality in the VE-cadherin-

mediated vessel stabilization. VE-cadherin is essential for the

structural integrity of blood vessels, and its genetic disruption
236 Cancer Cell 22, 235–249, August 14, 2012 ª2012 Elsevier Inc.
leads to leaky vessels, hemorrhaging, and prenatal lethality

(Crosby et al., 2005; Gory-Fauré et al., 1999). The intensity of

VE-cadherin immunostaining was diminished in the R-Ras-defi-

cient vessels (Figure 1E), suggesting that the endothelial adhe-

rens junctions of the tumor vessels are disrupted or unstable in

the absence of R-Ras. Taken together, these results indicate

an important role of R-Ras in establishing close endothelial

cell-pericyte interaction, basement membrane formation, and

endothelial integrity, which are essential for the maturation of

blood vessels. Consequently, the R-Ras deficiency greatly exac-

erbates the tumor-associated immature and abnormal charac-

teristics of blood vessels.

R-Ras Dictates Blood Vessel Phenotype in Tumors
To further evaluate the ability of R-Ras to regulate blood vessel

maturation in the tumor microenvironment, we determined the

expression status of VEGF receptor 2 (VEGFR2), a molecular

marker highly expressed by the endothelium of growing, imma-

ture vessels (Heidenreich et al., 2000; Kappel et al., 1999).

VEGFR2 and R-Ras show opposite temporal expression

patterns during mouse development: developing prenatal

vessels are VEGFR2high, R-Rasundetected, whereas quiescent

adult vessels are VEGFR2low, R-Rashigh (Heidenreich et al.,

2000; Kappel et al., 1999; Komatsu and Ruoslahti, 2005). In the

present study, using B16F10 melanoma implants, tumor vascu-

lature in wild-type control mice contained a mixed population of

vessels expressing high to low levels of VEGFR2, with the

majority of the vessel population being VEGFR2high (Figures 2A

and 2B). This result reflects the fact that tumor vessels are

generally immature, while containing a small subpopulation of

relatively mature vessels formed by VEGFR2low endothelium

(Heidenreich et al., 2000; Mancuso et al., 2006) (Figure 2B).

These relatively established vessels are a minority, but function-

ally important, because they can deliver blood and drugs more

efficiently to the tumor than immature vessels and are resistant

to antiangiogenic treatment by VEGF blockade (Helfrich et al.,

2010; Jain, 2005; Mancuso et al., 2006). In R-Ras knockout

mice, this VEGFR2low subpopulation was absent from the tumor

vasculature. Instead, the vessel population has largely shifted to

VEGFR2high, immature phenotype (Figure 2B) demonstrating

that R-Ras is required for maturation of tumor blood vessels.

Analysis of the angiogenic ECmarker, av integrin subunit expres-

sion (Stupack and Cheresh, 2002), also demonstrated a major

shift of vessel populations to a highly angiogenic av integrin
high

phenotype in the R-Ras-deficient vasculature (Figure 2C), again

indicating a state of unattenuated vessel activation, consistent

with their failure to mature. Similar results were obtained in

subcutaneous implants of Lewis lung carcinoma (LLC) tumors

(Figure S1).

Malfunctions of Tumor Vessels Are Augmented by the
R-Ras Deficiency
The defects in pericyte support, aberrant basement membrane,

and structural deformity of blood vessels are associated with

poor functionality of the vasculature (Jain, 2005). Consistent

with this notion, tumors in the R-Ras knockout mice showed

increased vessel permeability and plasma leakage, as indicated

by elevated levels of provisional matrix (fibrinogen/fibrin) deposi-

tion around the tumor vessels (Figures 3A and 3B). Further
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Figure 1. Pronounced Structural Abnormalities of Tumor Vessels Caused by the R-Ras Deficiency

(A) Endothelium and associated pericytes were visualized by CD31 (red) and NG2 (green) immunofluorescence staining of B16F10 tumor implants. Represen-

tative images of wild-type (WT) and R-Ras knockout (KO) tumor vessels are shown. See also Movies S1A and S1B.

(B) Pericyte coverage was quantified by calculating the percent fraction of vessel surface (CD31) area that overlapped with NG2 staining in the 3D image of the

vessels to determine direct contact between the two cell types. *p = 0.001, ± SEM.

(C and D) A 3D analysis of collagen IV coverage. CD31, red; collagen IV, green. *p = 4 3 10�13.

(E) Double staining of Lewis lung carcinoma cells (LLC) tumors for CD31 (red) and VE-cadherin (green).

(F) CD31-staining of LLC and B16F10 tumor sections.

Scale bars, 100 mm (A, C, F), 50 mm (E).

(G and H) The perimeter and thickness of the endothelium (assessed by average CD31+ area per vessel) of tumor vessels were increased in R-Ras KO mice,

reflecting the augmented vessel deformations. *p = 0.01, **p < 0.001, ***p < 1 3 10�4.
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indicating abnormal permeability, extensive leakage of intrave-

nously administered fluorescein isothiocyanate (FITC)-dextran

was found in these tumors (Figures 3C and 3D). The increased
permeability of the R-Ras-deficient tumor vessels is consistent

with the reduced immunoreactivity to VE-cadherin of these

vessels (Figure 1E), suggesting that the disruption of R-Ras
Cancer Cell 22, 235–249, August 14, 2012 ª2012 Elsevier Inc. 237
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Figure 2. R-Ras Regulates Tumor Vessel Phenotype

(A) Immunostaining of B16F10 tumor implants for CD31 (red) and VEGFR2

(green). Yellow, double-stained area.

(B) The VEGFR2 expression status of the tumor vasculature was assessed by

the fraction of VEGFR2-expressing vessel area (VEGFR2+CD31+ double-

positive) as a percentage of the total vessel area (total CD31). Each dot

represents the average of several vessels found in a micrograph. Fifteen

micrographs were obtained randomly frommultiple tumor sections. Eight wild-

type and five R-Ras KO mice were examined. *p = 1 3 10�5, ± SEM.

(C) A similar analysis with av integrin staining as a marker for angiogenic

vessels. Scale bar, 100 mm. **p = 2 3 10�11.

See also Figure S1.
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destabilizes endothelial adherent junctions of tumor vessels

increasing their permeability. Supporting the role of R-Ras in

endothelial integrity, ultrastructural analysis of the tumor vessels

revealed significantly increased presence of disrupted endothe-

lial cell-cell junctions in the R-Ras knockout mice, causing

spatial gaps between adjacent endothelial cells (Figure 3E).

Disruption of endothelial adherens junctions allows increased

penetration of tumor cells into the circulation (Weis et al., 2004).

Pericyte coverage of tumor vessels is also critical for limiting

blood-borne metastasis (Gerhardt and Semb, 2008). In our

study, tumor cells were rarely detected by PCR in the peripheral

blood of control mice bearing subcutaneous tumors. In contrast,

circulating tumor cells were readily detectable in the R-Ras

knockout mice bearing primary tumors of similar sizes, suggest-

ing that significantly increased number of tumor cells escaped

into the blood circulation in the knockout mice (Table S1). This

finding is consistent with the impaired endothelial barrier func-

tion and poor pericyte support of the R-Ras-deficient tumor

vasculature. Interestingly, we found a 4-fold increase in meta-
238 Cancer Cell 22, 235–249, August 14, 2012 ª2012 Elsevier Inc.
static foci counts in the lungs of knockout mice after tail vein

injection of tumor cells, suggesting that R-Ras may also regulate

the penetration of circulating tumor cells or tumor establishment

at secondary target tissues (Figure S2A).

We next determined the efficiency of blood perfusion through

the tumor vasculature by intravenously injecting biotin-labeled

tomato lectin, which highlights vessel lumens. Vessel perfusion

was markedly reduced in tumors growing in R-Ras knockout

mice compared to tumors in wild-type mice (Figures 3F, 3G,

and S2B). Furthermore, a contrast-enhanced ultrasonography

study showed delayed time to peak intensity of the contrast

perfusion in tumors in the knockout mice (Figures 3H and 3I),

an observation consistent with more irregular and deformed

vascular structure (Kersting et al., 2009). The reduced tumor

vessel perfusion coincided with elevated levels of tumor hypoxia

in R-Ras knockout mice (Figure 3J) despite a significant increase

in the vessel density in these tumors (Figure 3K). In addition, the

tumor size was not increased in R-Ras knockout mice despite

the increased vascularization (Figure 3L). These observations

indicate that the new vessels are immature to an extent that

renders them functionally defective. Importantly, in wild-type

mice, R-Ras was expressed at a 10-fold higher level by the

blood-perfused tumor vessel population than the nonperfused,

nonfunctional vessels (Figures 3M and 3N). A correlation

between increased R-Ras expression and vessel perfusion

was also found in human prostate tumor xenografts grown in

nude mice (Figure S2C). Thus, R-Ras expression is associated

with better blood flow in tumors, further reinforcing the link

between R-Ras expression and tumor vessel functions.

Since poor vascular function in tumors could lessen the

effectiveness of radiation treatments, we tested how R-Ras

deficiency affects the efficacy of local irradiation to the subcuta-

neous Lewis lung carcinoma tumor implants. In the wild-type

control group, a single dose of irradiation (12 Gy) resulted in

59% tumor volume reduction compared with the volume of

untreated group at 7 days post irradiation. In comparison, only

41% reduction was observed in the R-Ras knockout mice (Fig-

ure 3O). A similar decrease in the treatment effect was demon-

strated by in vivo bioluminescence intensity measurement,

which quantifies the amount of live tumor cell mass (Figures 3P

and 3R). Accordingly, the tumor growth delay by irradiation

was reduced in R-Ras knockout mice compared with wild-type

mice (Figure 3Q). These results indicate that R-Ras deficiency

negatively affects the effectiveness of radiotherapy. This finding

was consistent with the poor vessel function and elevated

hypoxia level in tumors of the R-Ras knockout mice (Figures

3A–3J).

Next, we examined the effect of VEGF blockade on R-Ras-

deficient tumor vessels. A single dose DC101 (anti-VEGFR2)

antibody treatment resulted in 50% reduction in the tumor vessel

density in the knockout mice while the same treatment had

minimal effect in wild-type mice at 3 days post treatment (Fig-

ure S2D). Because R-Ras deficiency exacerbates immaturity of

tumor vessels (Figures 1, 2, and S1), our result is consistent

with the previous findings indicating that immature vessels are

vulnerable to VEGF blockade (Benjamin et al., 1999). At the

dosage and treatment schedule we used, DC101 had little effect

on the growth of Lewis lung carcinoma tumors in wild-type or

R-Ras knockout mice (Figure S2E).
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R-Ras Is Downregulated in Human Tumor Vasculature
In mice, R-Ras is highly expressed in mature functional vessels

of normal tissues while it is downregulated to a level undetect-

able by immunofluorescence in the majority of tumor vessels

(Komatsu and Ruoslahti, 2005), except for the blood-perfused

functional vessels (Figures 3M and 3N). Notably, significant

downregulation of R-Ras was also observed in tumor vessels

in themajority of human breast cancers we examined, compared

with blood vessels in normal breast tissue (Figures 4A and 4B;

Table S2). This result corroborates the previous finding in gene

expression profiling study, which revealed significantly reduced

R-Ras mRNA level in the endothelium of human breast carci-

noma compared with the normal counterpart (Allinen et al.,

2004). Thus, R-Ras downregulation in tumor vasculature is found

in both mice and humans supporting the hypothesis that R-Ras

expression is chronically reduced in tumor vasculature contrib-

uting to immaturity and poor functionality of these vessels.

Upregulation of R-Ras Signaling Leads to Normalization
of Pathologically Regenerating Blood Vessels
The above observations prompted us to examine whether

restoring R-Ras signaling to pathologically regenerating blood

vessels will promote vessel maturation and improve structure

and functions of the defective vessels. For this purpose, lenti-

virus carrying activated R-Ras (R-Ras38V) or mock control virus

was injected into pre-implanted, VEGF-containing Matrigel

plugs that have developed angiogenic vessels in this tumor-

like environment in R-Ras knockout mice (Figure S3A). Following

forced expression of R-Ras38V (Figure S3B), the pericyte-endo-

thelial cell association of the newly formed microvessels in the

R-Ras knockout mice increased to a level comparable to that

in wild-type animals (Figures 4C and 4D). This effect was accom-

panied by reduced vessel dilation and thickness of the endothe-

lium, minimizing the deformation of the VEGF-induced vessels in

Matrigel (Figures 4E and 4F). Concomitantly, the efficiency of

blood perfusion improved by 74% in the R-Ras knockout vessels

that were successfully transduced with R-Ras38V compared

with non-transduced vessels within the same Matrigel plugs

(Figures 4G and 4H). Thus, the in vivo upregulation of R-Ras

signaling reverses the vessel phenotype and restores vessel

function in the pathologically developing vasculature.

Role of Endothelial R-Ras in Controlling Vessel
Sprouting and Maturation
R-Ras is expressed in both the endothelium and mural cells

(smooth muscle cells and pericytes). To determine the endothe-

lial cell-specific contribution of R-Ras, we used a technique that

combines lentivirus-mediated in vivo gene transduction and

Tie-2 promoter-driven gene expression. In this model, VEGF-

containing Matrigel was implanted into Tie2-rtTA mice, which

express reverse transactivator in an endothelial cell-specific

manner (Bao et al., 2010). Lentivirus carrying a vector for reverse

transactivator-dependent expression of activated R-Ras (pLVX-

Tight-Puro/R-Ras38V) was then injected into the pre-implanted

Matrigel plugs that were developing new vessels in response

to VEGF (Figure 5A). The mice received doxycycline daily to

induce the expression of R-Ras38V in a Tie2-rtTA-dependent

manner (Figures S4A and S4B). In this study, Dox-treated

(Dox+) mice showed significantly reduced vessel density in the
Matrigel plugs compared with the plugs of Dox- animals demon-

strating a strong inhibitory activity of endothelial R-Ras against

vessel sprouting induced by VEGF (Figure 5B). Doxycycline itself

did not have any noticeable effect on the neovascularization in

the control mice without R-Ras38V virus infection (data not

shown). Importantly, the vessels developed in Matrigel were

significantly better perfused in Dox+mice than in Dox- mice, indi-

cating improved circulation in these vessels following R-Ras38V

induction (Figure 5C). Furthermore, pericyte coverage of these

vessels was also improved upon R-Ras38V induction in the

endothelium (Figures 5D and 5E). Because Matrigel itself

contains large amount of matrix components, it was not possible

to do specific immunostaining to assess basement membrane

coverage of these vessels; however, we observed enhanced

extracellular matrix depositions by cultured endothelial cells

upon R-Ras38V expression supporting a role of R-Ras in base-

ment membrane formation (Figure S4C). These observations

demonstrate an important activity of endothelial R-Ras,

promoting the formation of functional vessels after VEGF induc-

tion while inhibiting further vessel sprouting.

Role of R-Ras in Pericytes for Enhancing Vessel Integrity
We next used an ex vivo gene manipulation/cell transplantation

approach to determine the role of R-Ras signaling in pericytes

in vivo. Microvascular pericytes were isolated from wild-type

neonatal mouse brain (Wu et al., 2003) (Figures S4D–S4F) and

transduced ex vivo with cDNA for activated R-Ras (R-Ras38V)

or dominant negative R-Ras (R-Ras43N). R-Ras knockout mice

typically exhibit extensive hemorrhage in Matrigel plugs during

VEGF-induced angiogenesis (Figure 5F). However, implantation

of pericytes, which were ex vivo-transduced with activated

R-Ras, significantly prevented blood leakage in the plugs im-

planted into R-Ras knockout mice (Figure 5G). Histological

analysis of the plugs revealed association of the implanted peri-

cytes (green) with the tips of newly formed R-Ras-deficient

vessels (red) (Figure 5H). Pericytes transducedwith the dominant

negative R-Ras43N failed to show this effect, and the implanted

pericytes were mostly unassociated with the vessels (Figure 5H).

These findings are consistent with the fact that pericyte associa-

tion with endothelium is crucial for vessel integrity (Lindahl et al.,

1997; McDonald and Choyke, 2003). Thus, R-Ras activity in peri-

cytes alone can significantly contribute to the vessel maturation

process independently from endothelial R-Ras signaling.

However, R-Ras38V expression in the transplanted pericytes

was not very effective at improving blood circulation in the plugs

as measured by lectin perfusion (Figure S4G). This result

suggests that R-Ras signaling in pericytes contributes to vessel

maturation by promoting pericyte-endothelial cell interaction

thereby improving vessel integrity (reducing permeability),

whereas endothelial R-Ras is necessary to significantly improve

blood perfusion in VEGF-induced vessels (Figure 5C). Collec-

tively, our results demonstrate that R-Ras activity in endothelial

cells and in pericytes individually contribute to maturation and

normalization of pathologically regenerating blood vessels.

R-Ras Does Not Affect PHD2 or HIF-2 Levels during
Hypoxia
A recent study by Mazzone et al. showed that haplodeficiency of

the oxygen-sensing prolyl hydroxylase domain protein 2 (PHD2)
Cancer Cell 22, 235–249, August 14, 2012 ª2012 Elsevier Inc. 239



Figure 3. R-Ras Deficiency Diminishes Tumor Vessel Function

(A–D) Analyses of vessel leakiness. Fibrinogen and CD31 staining for plasma leakage in B16F10 tumors (A). To quantify the level of plasma leakage and stan-

dardize it for tumor vessel area, the ratio of fibrinogen (fibrin)-stained area to CD31 area was determined and is presented as relative values (B). *p = 0.035, ± SEM.

Dextran-FITC was injected i.v. into mice bearing Lewis lung carcinoma (LLC) tumors (C). The fluorescence intensity of extravasated FITC in the tumors was

standardized for the perfused vessel counts to assess vessel permeability (D). *p = 0.002.

(E) Ultrastructure of tumor vessels by scanning electron microscopy. The R-Ras knockout (KO) tumor endothelium shows significant special gaps at the cell-cell

junctions (arrowheads). Arrow, a red blood cell extravasating between the cellular gap. Scale bar, 2 mm.
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leads to normalization of tumor vasculature through stabilization

of endothelial HIF-2a and a consequent upregulation of soluble

VEGFR1 and VE-cadherin expression in endothelial cells (Maz-

zone et al., 2009). The effect of PHD2 haplodeficiency and

HIF-2a stabilization exemplifies the significance of oxygen

sensing by endothelial cells for vessel integrity (Coulon et al.,

2010). We examined a potential role of R-Ras in regulating the

levels of these oxygen sensors. The expression of R-Ras38V

did not affect the levels of PHD2 or HIF-2a in cultured endothelial

cells in hypoxia or normoxia (Figure S5A). Likewise, downregula-

tion of endogenous R-Ras by shRNA knockdown had no effect

on the levels of these proteins (Figure S5B). These data do not

support the idea that R-Ras modulates PHD2/HIF-2 pathway

or that the vessel normalization effect of R-Ras is mediated via

HIF-2a stabilization. In addition, the expression of endogenous

R-Ras was not affected by hypoxia either in endothelial cells or

in pericytes (Figure S5C).

In vivo, we did not find any evidence to suggest that HIF-2a

level is decreased in the tumor vessels in R-Ras knockout

mice compared with wild-type control (Figure S5D). Further-

more, unlike the PHD2/HIF-2 model (Mazzone et al., 2009), the

expression levels of HIF-2 target genes, Cdh5 (VE-cadherin)

and Flt1 (VEGFR1), were not increased (Figure S5E) concurrently

with the vascular normalization promoted by endothelial R-Ras

in the doxycycline-inducible model (Figures 5A–5E). These

observations strongly suggest that R-Ras is not involved in

oxygen-sensing mechanisms of vessel regulations mediated

by the PHD2/HIF-2 pathway.

R-Ras Enhances Endothelial Barrier Function via
Suppression of VE-Cadherin Internalization
One possible mechanism of R-Ras-induced vessel normaliza-

tion is stabilization of endothelial adherens junctions via stabili-

zation of VE-cadherin. VE-cadherin is essential for the integrity

of blood vessel wall and for the regulation of vessel permeability

(Fukuhara et al., 2005). We observed disruption of endothelial

cell-cell junction (Figure 3E), elevated plasma leakage (Figures

3A–3D), and reduced VE-cadherin immunostaining of the tumor

vessels in R-Ras knockout mice (Figure 1E). Therefore, we next

examined the effect of R-Ras signaling on VE-cadherin.

In confluent endothelial cell cultures, R-Ras38V expression

induced marked accumulation of VE-cadherin and b-catenin at
(F andG) Blood perfusion efficiency. Lectin perfusion and CD31 staining of B16F1

lectin+CD31+ double-positive area/total CD31+ area was determined to assess p

(H and I) Study of tumor vessel perfusion by contrast-enhanced ultrasound ima

microbubble contrast agent (H). Delayed time-to-peak-intensity in KO mice indic

(J) Analysis of tumor hypoxia. The ratio of the hypoxic area/total area of the tumor

Hypoxyprobe staining of LLC tumors is shown. *p = 0.03, **p = 0.003.

(K) Number of tumor vessels per unit area (vessel density) is presented relative t

(L) Growth of LLC and B16F10 tumors.

(M and N) Analysis of R-Ras expression in wild-type vessels. Sections of lecti

vessels were classified as lectin-perfused and non-perfused vessels, and the leve

*p = 7 3 10�4.

(O–R) Effect of radiotherapy. (O) The percent reduction in the tumor volume (as c

irradiation of LLC tumors (O). **p < 0.01 (P) Percent inhibition of tumor growth w

nescence intensity. *p = 0.02. (Q) Tumor growth delay as defined by delay in tumor

time (in days) is presented. **p < 0.01. (R) Bioluminescence imaging of Luc2-transf

tumors on the left thigh did not. WT, wild-type; KO, R-Ras KO mice.

Scale bars, 100 mm (A, C, F, and M), 200 mm (J). See also Figure S2 and Table S
the cell-to-cell interface producing prominent and continuous

barrier walls of the adherens junctions (Figures 6A and 6B).

Despite this effect, the total expression level of neither VE-cad-

herin nor b-catenin protein in the cell was altered by activated

or dominant negative R-Ras (Figure 6C). In vivo, the VE-cadherin

immunofluorescence intensity was diminished in R-Ras-defi-

cient tumor vasculature (Figure 1E) although the VE-cadherin

protein level was unaltered (Figure S5F). This may be because

the detectable fluorescence signal declines with the loss of

VE-cadherin clustering at the cell-cell junctions. Therefore, we

hypothesized that R-Ras signaling may affect the localization

of VE-cadherin rather than regulating its gene expression.

VEGF stimulation of endothelial cells induces internalization of

VE-cadherin (Gavard and Gutkind, 2006). VE-cadherin localiza-

tion upon VEGF stimulation was analyzed using a monoclonal

antibody that recognizes the extracellular domain of VE-cadherin

(Figure 6D). The antibody displayed cell surface staining of

VE-cadherin that is sensitive to a mild acid wash. The acid-resis-

tant vesicular staining pattern represented the intracellular

vesicles containing VE-cadherin molecules that are internalized

(endocytosed) upon VEGF stimulation (Gavard and Gutkind,

2006). This analysis showed that R-Ras38V expression signifi-

cantly reduces the internalization of VE-cadherin (Figures 6D–

6F and S5G), causing an accumulation of VE-cadherin at the

cell-cell junctions despite the VEGF stimulation. The R-Ras43N

expression (Figures 6E and 6F) or knockdown of endogenous

R-Ras (Figure S5H) showed an opposite effect, increasing

VE-cadherin internalization during VEGF stimulation.

It has been shown that the phosphorylation of VE-cadherin at

Ser 665 in the cytoplasmic domain promotes VE-cadherin inter-

nalization upon VEGF stimulation (Gavard and Gutkind, 2006).

Interestingly, we found that this serine phosphorylation was

reduced by R-Ras38V expression almost to the level of the

non-stimulated control during VEGF stimulation (Figure 6G).

Thus, the reduction of Ser 665 phosphorylation observed here

was consistent with the reduction of VE-cadherin internalization

by R-Ras (Figures 6D–6F). The other VE-cadherin phosphoryla-

tion sites important for adherens junction disruption and

endothelial permeability, Tyr 658 (Dejana et al., 2008) and Tyr

731 (Allingham et al., 2007) were unaffected by R-Ras (Figure 6H)

or R-Ras knockdown (data not shown) during VEGF-stimulation.

Consistent with the role of R-Ras in VE-cadherin regulation and
0 tumor sections (F). Yellow color indicates double-stained vessel area. Percent

erfusion efficiency of tumor vasculature (G). **p = 2 3 10�4.

ging. Examples of raw contrast kinetics acquired after bolus i.v. injection of

ating poor perfusion efficiency (I). **p = 0.02.

section was determined and presented as relative values. Representative anti-

o the control group. *p < 0.05.

n-perfused tumors were stained for CD31, lectin, and R-Ras (M). The tumor

l of R-Ras expression was determined for individual vessels in each group (N).

ompared with untreated tumors) was determined at 7 days after a local 12 Gy

as also assessed by bioluminescence tumor imaging at day 7. BLI, biolumi-

volume quadrupling time as a result of irradiation treatment. The average delay

ected LLC tumors. Tumors on the right thigh received 12Gy irradiation, whereas

1.
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Figure 4. R-Ras Promotes Normalization of VEGF-Induced Pathologically Regenerating Vasculature

(A andB) R-Ras is downregulated in human tumor vasculature. The level of R-Ras expression in tumor vessels was analyzed in a human breast cancer tissue array

by immunostaining for R-Ras and CD31 (A). Dot plot representation of A (B). **p = 0.004. See also Table S2.

(C–H) R-Ras signaling improves structure and function of VEGF-induced vessels. VEGF-induced angiogenic vessels developed in Matrigel plugs were trans-

duced in vivo with R-Ras38V or control lentivirus. Six days later, pericyte association with the endothelium was determined (C) by NG2 and CD31 immunoflu-

orescence (D). The data are presented as relative values. (E–H) The vessels in the R-Ras38V virus-infected plugs were classified as R-Ras-positive (successfully

Cancer Cell

Normalization of Tumor Vasculature by R-Ras

242 Cancer Cell 22, 235–249, August 14, 2012 ª2012 Elsevier Inc.



Cancer Cell

Normalization of Tumor Vasculature by R-Ras
adherens junction stabilization, the expression of R-Ras38V

strongly suppressed the permeability of endothelial monolayer

(Figure 6I). R-Ras knockdown had an opposite effect (Figure S5I).

These results substantiated the in vivo observations of increased

tumor vessel permeability in R-Ras knockout mice (Figures 3A–

3D). Furthermore, the in vivo transduction of R-Ras38V en-

hanced VE-cadherin immunostaining at the endothelial cell-cell

junctions of angiogenic sprouts induced by VEGF in R-Ras

knockout mice (Figures 6J and 6K), supporting the importance

of R-Ras in the integrity of tumor vessels. Taken together,

R-Ras plays a crucial role in reinforcing the VE-cadherin-depen-

dent endothelial adherens junctions while counterbalancing the

effect of VEGF stimulation in the tumor microenvironment.

R-Ras Activation in Pericytes Induces Normal
Capillary-like Vessel Morphogenesis
The physical interaction of pericytes with endothelial cells is

essential to vessel maturation and functions. Our in vivo studies

showed that R-Ras activity in pericytes promotes the pericyte-

endothelial cell interaction in regenerating vessels (Figure 5H).

To recapitulate this phenomenon in vitro and to further analyze

the relative contribution of the pericyte-expressed R-Ras to

vessel formation, we used an endothelial cell/pericyte 3D cocul-

ture that reconstitutes microvessels in Matrigel (Figures 7A–7E).

In this model, the coculture produced networks of vessel-like,

elongated endothelial structures with associated pericytes

(Figures 7A–7C). In the control coculture with mock-transduced

pericytes, the pericytes were found loosely or incompletely

associated with endothelial cells and appeared to be activated,

invasive, and irregularly extended out from the main stalk of

the vessels with long cytoplasmic processes (Figure 7A). These

features are strikingly similar to the abnormalities in pericytes

associated with tumor blood vessels (McDonald and Choyke,

2003). In contrast, such tumor-associated characteristics of

pericytes were significantly diminished by the expression of

activated R-Ras in pericytes (Figure 7B). Instead, most pericytes

were flattened, widely spread, or extended with long thin

processes over the surface of the vessel-like structures, and

were intimately associated with endothelial cells, as seen for

the pericytes of normal capillary or microvessels. The dominant

negative R-Ras did not show this effect (Figure 7C). The number

of pericyte projections was also decreased by the activated

R-Ras but increased by the dominant negative R-Ras signifying

pericyte stabilization by R-Ras activity (Figures 7D and 7E). The

ability of R-Ras to suppress invasive nature of pericytes was

substantiated by the observation that R-Ras38V expression

but not R-Ras43N or R-Ras knockdown strongly suppressed

dynamic membrane projection/retraction activities (Figures 7F–

7H and Figure S6A), motility on the Matrigel-coated surface (Fig-

ure 7I and Figure S6B), and invasion through Matrigel (Figure 7J)

of the pericytes. These effects were also observed in cultured
transduced) or negative (non-transduced) vessels. The in vivo R-Ras transduction

mice (E). The thickness of the endothelium (assessed by average CD31+ are

The histological sections of Matrigel implants in R-Ras KO mice, which recei

to determine the blood perfusion of the vessels (G). Blood perfusion efficiency wa

*p < 0.05, ***p < 1 3 10�3, ± SEM. Scale bars, 100 mm.

See also Figure S3.
endothelial cells (Figures S6C–S6E) but not in C2C12 myoblasts

or NIH 3T3 fibroblasts demonstrating cell type-dependent effect

of R-Ras (Figures S6F and S6G).

Pericytes interact closely with endothelial cells by adhering to

the endothelial basement membrane that is shared by both cell

types (Armulik et al., 2005). The ability of R-Ras to promote inti-

mate association of pericytes with endothelial cells observed

in vivo (Figure 5H) and in vitro (Figure 7B) may be attributable

to enhancement of integrin-mediated cell adhesion to the extra-

cellular matrix (ECM) (Kinbara et al., 2003; Zhang et al., 1996).

R-Ras38V expression in pericytes resulted in enhanced pericyte

adhesion to endothelial basement membrane components,

collagen IV and laminin (Figure S6H). In the control pericytes

with mock-transduction or shRNA knockdown of endogenous

R-Ras, the presence of focal adhesion complexes was limited

to the leading edge of migrating cells or protruding membranes

(Figure 7K). In contrast, R-Ras38V expression resulted in

assembly of numerous focal adhesion complexes throughout

the cell perimeter, facilitating the flattening and wide spreading

of cell membrane over the ECM-coated surface (Figure 7K).

These results demonstrated the profound effect of R-Ras on

pericyte-ECM interaction and support the importance of peri-

cyte-expressed R-Ras for pericyte association with nascent

microvessels and the stabilization of these vessels as observed

in vivo (Figure 5H).

DISCUSSION

Studies by others have elucidated the importance of early-acting

signaling pathways for vessel maturation, such as angiopoietin-

1/Tie-2 and platelet-derived growth factor (Andrae et al., 2008;

Thomas and Augustin, 2009). However, it has been unclear

what directs the maturation process further to establish func-

tional vessels during tumor angiogenesis. This is an important

question because tumor progression and the efficacy of thera-

peutic regimens both depend on blood circulation in the tumors.

In this study, we showed that R-Ras promotes the maturation of

blood vessels in the tumor microenvironment and that, through

this activity, R-Ras governs integrity and functionality of tumor

vasculature (Figure 8).

Malformation and malfunction of tumor vessels are exacer-

bated by genetic disruption of R-Ras. Increased tumor cell pene-

tration into the circulation in R-Ras knockout mice also supports

the role of R-Ras in controlling the permeability of tumor vessels.

The reduced perfusion of tumor vessels was consistent with

elevated tumor hypoxia, which, in turn, led to reduced efficacy

of radiotherapy in R-Ras knockout mice. In addition, R-Ras

knockout tumor vessels were sensitized to VEGF blockade, as

expected from exacerbated immaturity of these vessels

(Benjamin et al., 1999). However, the antitumor effect of

DC101 was not enhanced in the knockout mice. A possible
reduced the vessel perimeter (reduced vessel dilation) in R-Ras knockout (KO)

a per vessel) was also reduced in the KO mice by R-Ras transduction (F).

ved control or R-Ras38V virus, were stained for perfused lectin, and CD31

s compared between the R-Ras-transduced and non-transduced vessels (H).
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Figure 5. The Effect of Cell-Type Specific Upregulation of R-Ras on

Vessel Maturation and Functions
(A–E) The effect of endothelial specific R-Ras. A timetable of Matrigel

implantation in Tie2-rtTA transgenic mice, lentivirus infection, R-Ras38V

induction by doxycycline (Dox), and lectin i.v. perfusion is shown (A). Vessel

density in the Matrigel plugs at Day 11 (B). Relative perfusion efficiency of i.v.

injected lectin at Day 11 (C). (D and E) Matrigel sections were stained for NG2

and CD31 (D), and pericyte coverage of the vessels was determined by image

analysis (E).

(F) VEGF-induced Matrigel angiogenesis produces extensively ‘‘bloody’’ plugs

in R-Ras knockout (KO) mice demonstrating enhanced leakiness of patho-

logically regenerating vessels in the absence of R-Ras.

(G and H) The effect of pericyte specific R-Ras. Fluorescently labeled, ex vivo-

transduced pericytes were implanted with VEGF-containing Matrigel into the
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explanation for this may be that DC101 at the dosage we used

mainly destroyed highly immature nonfunctional vessels, which

did not significantly contribute to tumor growth.

In contrast to the R-Ras gene disruption, the gain of function of

R-Ras improved the structure and perfusion of blood vessels

induced by VEGF in tumor ECM extract (Matrigel) implants.

Other cell types such as infiltrating macrophages and fibroblasts

may have also contributed to the observed effects. However, the

studies using endothelial cell-specific or pericyte-specific

expression of R-Ras gave insights into how R-Ras in each

vascular cell type contributes to the overall vessel formation

process. For instance, R-Ras activity in endothelial cells was

sufficient to inhibit VEGF-induced vessel outgrowth. This effect

coincided with improved pericyte coverage and enhanced blood

perfusion of newly formed vessels. These observations suggest

that endothelial R-Ras activity redirects nascent vessel forma-

tion from angiogenic process to maturation process. In contrast,

R-Ras activity in pericytes prevented severe leakiness of the

R-Ras knockout endothelium through facilitating pericyte asso-

ciation with the sprouting vessels. This result indicates that

R-Ras activity in pericytes alone can significantly contribute to

the vessel maturation process independently from endothelial

R-Ras. However, enhanced R-Ras signaling in pericytes was

not very effective at improving perfusion of the vessels to which

the pericytes are attached. Therefore, the role of pericyte R-Ras

in vessel maturation may be primarily to promote pericyte asso-

ciation with endothelial cells, thereby providing integrity to the

vessel structure and reducing permeability. The endothelial

R-Ras activity appears to be more effective in improving blood

perfusion of newly formed vessels. However, we cannot rule

out the possibility that the ex vivo R-Ras transduction and peri-

cyte transplantation model we used in this study may have not

been fully recapitulating the in vivo functions of R-Ras in peri-

cytes. A transgenic mouse model for pericyte-specific R-Ras

expression will be needed to clarify this point in future studies.

A recent study by Mazzone et al. demonstrated vascular

normalization phenomenon caused by PHD2 haplodeficiency

and consequential HIF-2 upregulation (Mazzone et al., 2009).

Our data did not support the PHD2/HIF-2-dependent endothe-

lial cell regulation as a mechanism by which R-Ras promotes

vascular normalization. In the study by Mazzone et al., haplode-

ficiency of PHD2 resulted in an elevated HIF-2a level in

endothelial cells during hypoxia, which led to HIF-2-driven upre-

gulation of VE-cadherin and soluble-VEGFR1 expressions in

endothelial cells. This cascade, in turn, led to vascular normal-

ization (Mazzone et al., 2009). In our study, constitutively

activated R-Ras did not affect VE-cadherin expression in endo-

thelial cells. Instead, it inhibited VE-cadherin internalization

induced by VEGF stimulation of endothelial cells. This resulted

in VE-cadherin accumulation at adherens junctions and stabili-

zation of the endothelial barrier. In our previous study of tran-

scriptional regulation of human RRAS gene, we did not find
flank of R-Ras KO mice. Matrigel plugs were examined 7 days later (indicated

by dashed lines) (G). Histological analysis of the plugs (H). The ex vivo-

transduced, implanted pericytes were visualized by green fluorescence.

Microvessels were stained with CD31 (red). Scale bars, 100 mm (H), 50 mm (D).

*p < 0.05, ± SEM.

See also Figure S4.



Figure 6. R-Ras Stabilizes Endothelial Adherens Junctions and Improves Endothelial Barrier Function via Suppression of VE-Cadherin
Internalization

(A) R-Ras enhances adherens junction formation in EC monolayer. VE-cadherin (green) and b-catenin (red) staining of human umbilical vein endothelial cell

(HUVEC) monolayers transduced with R-Ras38V or control vector. Lower left panels and right panels are merged images of the double staining. Right panels

show higher magnification at cell-cell junctions.

(B) Surface plot of VE-cadherin and b-catenin immunofluorescence intensity shows marked accumulation of both proteins at the cell-cell interface upon

R-Ras38V expression. The immunoreactivity is shown with arbitrary unit.

(C) VE-cadherin and b-catenin immunoblotting of whole cell lysate. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is shown as a loading control.
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hypoxia-inducible factor (HIF) response elements in the

promoter region or the 50 upstream cis-regulatory sequences

(Xu and Komatsu, 2009). This suggests that, unlike many

hypoxia induced angiogenesis regulators, R-Ras expression is

not controlled by oxygen sensing mechanism involving HIFs.

Indeed, R-Ras expression level did not increase in endothelial

cells or pericytes under hypoxia. There is an additional impor-

tant difference between the vessel regulations by PHD2/HIF-2

and by R-Ras. PHD2 haplodeficiency does not affect vessel

density, area, or vessel dilation while it normalizes the endothe-

lial barrier and stability (Mazzone et al., 2009). In comparison,

R-Ras does normalize all of these vessel parameters while

halting angiogenic sprouting. Based on these observations,

we propose that the R-Ras-dependent mechanism is distinct

from the oxygen sensing mechanism of vascular normalization.

The chronic low-oxygen environment is a hallmark of solid

tumors, and the levels of HIF proteins are elevated in the cells

in the tumor microenvironment. Yet tumor vessels are chroni-

cally abnormal instead of being normalized. The observations

reported in this study suggest an alternative, oxygen sensing-

independent vascular normalization phenomenon.

This study also identified a cellular function of R-Ras:

enhancement of endothelial cell-cell adhesion via regulation of

VE-cadherin internalization induced by VEGF. R-Ras inhibits

VE-cadherin phosphorylation at Ser 665 residue that is critical

for the VE-cadherin internalization process upon VEGF stimula-

tion, suggesting the modulation of this site by R-Ras. Additional

mechanism(s) independent of Ser 665 may also be involved in

the R-Ras-mediated VE-cadherin regulation. Identification of

the signaling pathways for these regulations is an important

goal of future work that could further advance our understanding

in the vascular normalization process.

The upregulation of R-Ras activity in pericytes resulted in

enhanced pericyte adhesion to ECM and formation of focal

adhesion complexes around cell perimeter facilitating the flat-

tening and wide spreading of pericyte cell membrane over the

adhering surface. Consistent with this effect, the activated

R-Ras facilitated close association of pericytes with nascent

microvessel sprouts in vivo, and this phenomenon was recapit-

ulated in a 3D coculture system. These studies show that

R-Ras plays important roles in both pericytes and endothelial

cells. Thus, R-Ras in each cell type is vital to tumor vessel matu-

ration process.
(D) Analysis of VEGF-induced VE-cadherin internalization. The monoclonal antibo

antibody incubation of the EC culture and stimulation with VEGF, the cell surface

wash (lower panels). The presence of internal acid-resistant vesicles stained with

red; nucleus, blue; arrows, BV6-stained vesicles containing internalized VE-cadh

(E) Dominant negative R-Ras43N enhances VE-cadherin internalization.

(F) VE-cadherin internalization was quantified by the percentage of the cells showin

stimulation condition (�), statistical significance was not found between the con

(G) Phosphorylation of VE-cadherin S665 was analyzed in the lysate of VEGF-sti

(H) Phosphorylation of VE-cadherin Y658 and Y731 residues.

(I) The effect of R-Ras on the endothelial permeability was determined in HUVEC

cells was set as 100%.

(J) The in vivo transduction of R-Ras38V increased VE-cadherin immunoreac

Immunofluorescence showed accumulation of VE-cadherin at the endothelial ce

(K) Quantification of VE-cadherin immunoreactivity standardized with CD31 ar

***p < 0.001.

Scale bars, 20 mm (J), 25 mm (D), 50 mm (A, E). See also Figure S5.
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Our results suggest that means to upregulate R-Ras would be

useful for normalizing tumor vasculature. In contrast to the VEGF

blockade, which only induces transient vascular normalization

with the narrow window of therapeutic opportunity (Carmeliet

and Jain, 2011b), the R-Ras effect is sustained. Also, unlike the

VEGF blockade, R-Ras does not cause subsequent destruction

of the newly formed vessels. Instead, R-Ras stabilizes these

vessels. This may be a significant advantage in improving drug

delivery to the tumors and inother situations inwhichstable, func-

tional vascularization is beneficial, for example, angiogenesis in

ischemic heart. R-Ras may also be useful as a biomarker for the

vessel maturity and functionality, for instance, to assess vessel

normalization, and for drug screens/validation. As maturation of

blood vessels is essential for the establishment of functional

vasculature in regenerating adult tissues, our findings suggest

the significance of R-Ras to a broad range of clinical challenges,

from cancer to therapeutic angiogenesis and tissue engineering.
EXPERIMENTAL PROCEDURES

Analyses of Tumor Blood Vessels

All animal experimentswere performed in accordancewith protocols approved

by the institutional animal care and use committees of the Sanford-Burnham

Medical Research Institute (SBMRI) and the University of Alabama at Birming-

ham. TheR-Ras knockoutmouse line has been described previously (Komatsu

and Ruoslahti, 2005). The mice received subcutaneous implantations of 1 3

106 B16F10 mouse melanoma cells or Lewis lung carcinoma cells at the

flank, and the tumors were excised at days 10 and 14, respectively. The 3 3

106PPC-1 humanprostate tumor cells in 50%-dilutedMatrigelwere inoculated

subcutaneously at the flank of athymic nude mice. The tumors were excised

2 weeks later. Tumors were cryosectioned and tumor vessels were analyzed

by immunofluorescence (see Supplemental Information). Six to seven mice

per group were used, and vessels in several micrographs from each tumor

section were analyzed unless indicated otherwise.

In Vivo Gene Transfer

Matrigel (BD Bioscience; 0.5 ml) containing 60 ng/ml VEGF (R&D systems)

and 60 U/ml heparin (Sigma) was injected into the flanks of wild-type or

R-Ras knockout mice. Five days later, lentivirus carrying activated R-Ras

(R-Ras38V) or control vector was injected into the Matrigel plugs at 1 3 106

transduction unit. At 6 days post lentivirus inoculation, mice received intrave-

nous injection of biotinylated lycopersicon esculentum (tomato) lectin to

analyze vessel perfusion. Five to six mice per group were used. Matrigel plugs

were collected and the sections stained for CD31, NG2, R-Ras, and streptavi-

din to analyze the vessel structure, pericyte association, and perfusion

efficiency.
dy (BV6) recognizes the extracellular domain of VE-cadherin (green). Following

membrane-bound BV6 antibodies (upper panels) were removed by a mild acid

the BV6 antibody indicates the internalization of VE-cadherin. Phalloidin (actin),

erin.

g internal acid-resistant vesicles. *p < 0.05, **p < 0.001, ± SEM. In the no-VEGF

trol, R-Ras38V, and R-Ras43N.

mulated endothelial cells (ECs) (100 ng/ml) using phospho-specific antibody.

monolayer cultures. BSA leakage through the culture insert membrane without

tivity of angiogenic sprouts in Matrigel plugs implanted in R-Ras KO mice.

ll-cell junctions upon R-Ras transgene expression (arrows).

ea was compared between R-Ras38V and mock transduced control plugs.
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Figure 7. R-Ras Regulates Pericytes in the In Vitro-Reconstituted Microvessels

(A and B) Fluorescently labeled pericytes (green) were transduced with R-Ras38V or control vector and, at 3 hr post transduction, they were plated together

with red-labeled endothelial cells (ECs) onto Matrigel at a 4:1 (EC: pericyte) ratio, cultured for 24 hr, and the resulting vessel-like structures were analyzed by

fluorescent microscopy. In the control cocultures (A), pericytes were loosely attached to the vessel-like EC structures (arrowhead) with cytoplasmic processes

(arrows). Upon R-Ras38V expression in pericytes, these abnormal characteristics were significantly diminished, and ECs and pericytes became tightly

associated (B).

(C) R-Ras43N expression in pericytes did not have this effect.

(D and E) The number of pericyte projections from the reconstituted microvessels was significantly decreased by R-Ras38V (D) but increased by R-Ras43N

expression (E).

(F) Time-laps video microscopy of pericytes on the Matrigel-coated two-dimensional (2D) surface shows membrane projection/retraction activities of the

pericytes. Arrows indicate dynamic membrane activities (orange, projections; blue, retractions).

(G and H) The fractions of projecting (red) and retracting (blue) membrane area versus total cell area (% area change) were determined between the time points

0 and 5 min. See also Figure S6.

(I) The mean velocity of pericyte motility was calculated from 20 hr-long time-lap observations in 2D culture.

(J) Pericyte invasion through Matrigel-coated filter membrane.

(K) Immunofluorescence of phospho-paxillin Y118 and phospho-FAK Y397 to highlight focal adhesions complexes (green) assembled throughout the cell

perimeter upon R-Ras38V expression. Scale bars, 50 mm. *p < 0.05, **p < 0.001, ± SEM.
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Figure 8. Regulation of Tumor Vessel Matu-

ration by R-Ras

Schematic summary of the consequences of

R-Ras disruption and upregulation in tumor blood

vessels. The disruption of R-Ras severely impairs

structural and functional maturation of tumor

vessels. These vessels exhibit the poorly pericyte-

supported ‘‘vulnerable’’ immature phenotype,

which highly expresses VEGFR2 and av integrins.

The structural abnormalities are associated with

extensive blood leakage, reduced blood perfusion,

and elevated hypoxia within tumors. In contrast,

upregulation of R-Ras signaling enhances pericyte

association and stabilizes VE-cadherin at the

endothelial adherens junctions, leading to

improved vessel structure and endothelial barrier

function with improved blood perfusion. Thus,

R-Ras signaling promotes normalization of patho-

logically regenerating blood vessels.
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Endothelial Cell-Specific Tetracycline-Inducible Expression

of R-Ras

The Tie2-rtTA transgenic mouse line has been described previously (Bao et al.,

2010). Matrigel containing 60 ng/ml VEGF and 60 U/ml heparin was injected

into the flanks of Tie2-rtTA transgenicmice. Five days later, lentivirus harboring

pLVX-Tight-Puro/R-Ras38V expression vector was injected into the Matrigel

plugs at 106 transduction units. Doxycycline was administrated i.p. daily at

5 mg/kg from Day 5 to Day 10. At Day 11, mice were perfused with biotinylated

tomato lectin. Four mice per group were examined. To confirm the induction of

R-Ras38V, mRNA was isolated from the plugs, and RT-PCR was conducted

using a primer set for human R-Ras: 50-GACCCCACTATTGAGGACTCC-30

and 50-CTACAGGAGGACGCAGGG-30. RT-PCR for cyclophilin A was used

as control.

Pericyte Implantation into R-Ras Knockout Mice

Microvascular pericytes were isolated fromwild-type neonatal mouse brain (Wu

et al., 2003) and transduced ex vivo with R-Ras38V, R-Ras43N, or control lenti-

virus. These pericytes were fluorescently labeled with 8 mM CellTracker green

for 30 min, and 3 3 105 cells were implanted into the flank of R-Ras knockout

mice after mixed with 0.5 ml Matrigel containing VEGF and Heparin. Seven

days later, the Matrigel plugs were grossly examined for the extent of blood

leakage in the plugs. The association of the implanted pericytes (green-labeled)

with vessels was analyzed in histological sections by fluorescence microscopy.

Statistics

Statics were performed using the two-tailed Student’s t test to compare wild-

type with R-Ras knockout mice and the one-way ANOVAwith Tukey’s multiple

comparison test for in vitro experiment. Error bars represent SEM.

Additional Supplemental Experimental Procedures are available online in

the Supplemental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes two movies, six figures, two tables, and

Supplemental Experimental Procedures and can be found with this article on-

line at http://dx.doi.org/10.1016/j.ccr.2012.06.013.
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SUMMARY
Hepatocyte growth factor (HGF) and vascular endothelial cell growth factor (VEGF) regulate normal develop-
ment and homeostasis and drive disease progression in many forms of cancer. Both proteins signal by
binding to receptor tyrosine kinases and heparan sulfate (HS) proteoglycans on target cell surfaces. Basic
residues comprising the primary HS binding sites on HGF and VEGF provide similar surface charge distribu-
tionswithout underlying structural similarity. Combining three acidic amino acid substitutions in these sites in
the HGF isoform NK1 or the VEGF isoform VEGF165 transformed each into potent, selective competitive
antagonists of their respective normal and oncogenic signaling pathways. Our findings illustrate the impor-
tance of HS in growth factor driven cancer progression and reveal an efficient strategy for therapeutic antag-
onist development.
INTRODUCTION

Heparan sulfate (HS) glycosaminoglycans (GAGs) are complex

polysaccharides present on cell surfaces and in extracellular

matrices that modulate cell growth and differentiation, and in

turn, embryogenesis, angiogenesis, and homeostasis (reviewed

in Sarrazin et al., 2011). Their extended conformation and high

negative charge enhance tissue integrity, and their inherent
Significance

Heparan sulfate (HS) proteoglycans are widely expressed, stru
protein-protein interactions. Hepatocyte growth factor (HGF)
development and homeostasis and drive tumorigenesis, tum
We show that targeted disruption of specific HS binding resid
of these pathways. The similar roles of HS in enabling receptor
suggest that this occurs through convergent evolutionary adap
an efficient strategy for the development of antagonists of thes
spread involvement in cancer.
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complexity provides selective yet substantial protein binding

capacity (Sarrazin et al., 2011). Protein binding enables the

formation of growth factor gradients during development and

reservoirs for factors needed rapidly for tissue repair and regen-

eration in adults (Sarrazin et al., 2011). Cell surface HSproteogly-

cans form ternary complexes with growth factors and their

receptors, enhancing complex stability and signaling (Sarrazin

et al., 2011; Mohammadi et al., 2005).
cturally diverse biopolymers that modulate many important
and vascular endothelial cell growth factor (VEGF) regulate
or angiogenesis, and metastasis in many forms of cancer.
ues in HGF and VEGF yields selective competitive inhibitors
activation, in the absence of underlying structural similarity,
tation to the common binding partner, HS. Our results reveal
e and potentially other HS binding growth factors with wide-
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Hepatocyte growth factor (HGF) and vascular endothelial cell

growth factor (VEGF) bind HS and regulate development and

homeostasis (Ferrara, 2004; Matsumoto and Nakamura, 1996;

Michalopoulos, 2007) and drive tumor growth, angiogenesis,

and metastasis in many cancers (Boccaccio and Comoglio,

2006; Ferrara, 2004; Peschard and Park, 2007). HGF induces

growth, motility, and morphogenesis in a variety of cell types

via the Met receptor kinase (Peschard and Park, 2007). VEGF-

A is an essential regulator of angiogenesis (Ferrara, 2004) that

stimulates growth, motility, and tubulogenesis in vascular endo-

thelial cells through the receptor kinases VEGFR1 (Flt-1) and

VEGFR2 (Flk-1, kinase insert domain receptor [KDR]) and the

coreceptors neuropilin-1 (NRP1) and NRP2 (Ferrara, 2004;

Favier et al., 2006; Gluzman-Poltorak et al., 2000).

The HGF and VEGF genes encode multiple isoforms. Mature

HGF is a plasminogen-like protein that comprises an amino-

terminal heavy chain with four kringle motifs and a carboxyl-

terminal light chain with a serine protease-like domain (Matsu-

moto and Nakamura, 1996). Two truncated HGF isoforms also

exist: the shorter of these retains HGF activities at modestly

reduced potency and consists of the amino-terminal (N) domain

linked to kringle 1 (NK1) (Stahl et al., 1997). Within NK1,

N contains the HS binding site (Hartmann et al., 1998; Kinosaki

et al., 1998; Lietha et al., 2001; Mizuno et al., 1994; Okigaki

et al., 1992; Sakata et al., 1997; Zhou et al., 1998, 1999), and

K1 contains the primary Met binding site (Lokker et al., 1994;

Rubin et al., 2001).

VEGF-A pre-mRNA splicing yields multiple VEGF-A isoforms,

primarily VEGF121, VEGF165, and VEGF189 (Ferrara, 2004).

These contain the same binding sites for VEGFR1 and R2, but

differ in HS binding capacity by the presence or absence of

domains encoded by exon 6 and exon 7 (Robinson and Stringer,

2001). Exon 7- and exon 8-encoded domains enable VEGF-A

to bind NRP1 (Appleton et al., 2007; Ferrara, 2004). Unlike

VEGF165 and VEGF189, VEGF121 lacks HS binding and is freely

diffusible (Carmeliet et al., 1999). HS binding has significant

impact on VEGF-A biology: mice engineered to express only

VEGF121 display defective microvessel branching and lethality

shortly after birth (Carmeliet et al., 1999). Yet, even VEGF121

signaling is HS dependent: similar to fibroblast growth factors

(FGFs) and HGF, HS facilitates VEGF signaling through interac-

tions with both ligand and receptor (Lyon et al., 2002; Moham-

madi et al., 2005; Rubin et al., 2001; Sarrazin et al., 2011).

Thus, complete disruption of HS function in VEGF signaling is

likely to mimic the embryonic lethality associated with homozy-

gous deletions of VEGF, VEGFR, or the HS proteoglycan perle-

can (Ferrara, 2004; Sarrazin et al., 2011).

Basic residues critical for HS binding have been identified in

HGF and VEGF165 (Chirgadze et al., 1999; Krilleke et al., 2007;

Lietha et al., 2001; Ultsch et al., 1998; Zhou et al., 1998, 1999).

Combined alanine substitutions in the VEGF165 HS binding site

resulted in reduced binding to NRP1 and VEGFR1 (Krilleke

et al., 2007). Alanine substitutions in the HS binding site of HGF

(Kinosaki et al., 1998) or NK1 (Lokker et al., 1994; Sakata et al.,

1997) resulted in modest functional change. Negative charge

substitutions that more effectively disrupt HS binding distin-

guished functionally relevant sites in HGF over earlier studies

(Hartmann et al., 1998), so this strategywas used to further define

the importance of HS binding for Met and VEGFR signaling.
RESULTS

Substituted NK1 Forms Have Normal Folding and Met
Binding but Diminished HS Binding and Signaling
The highly conservedN domain residues K60, K62, andR73 form

the primary HS binding site in HGF and R76, K78, R35, and R36

contribute secondarily (Chirgadze et al., 1999; Lietha et al., 2001;

Ultsch et al., 1998; Zhou et al., 1998, 1999; Table S1 available on-

line). Within the HS binding domain of VEGF165, residues R123,

R124, and R159 are also highly conserved and critical for heparin

binding (Krilleke et al., 2007; Table S1). Although HGF and VEGF

have neither significant sequence identity nor similarity in

peptide backbone fold, the tripartite HS binding sites in both

show a similar distribution of positive surface charge (Figure S1).

Expression plasmids were constructed that substituted acidic

for basic residues to disrupt the surface charge distribution on

NK1: R73E (designated 1S), K60E/K62E (2S), and K60E/K62E/

R73E (3S). Substituted and wild-type (WT) NK1 proteins were

expressed and purified to >99% homogeneity (Figure S2). To

confirm proper folding of the substituted proteins, their struc-

tures were compared with WT by nuclear magnetic resonance

(NMR) spectrometry (Figure 1). Minor shifts in the pattern of

two-dimensional 1H-15N correlation spectra for substituted

proteins overlaid on NK1 WT spectra clustered near the substi-

tution sites, indicating minimal perturbation of the three-dimen-

sional structure in the substituted proteins.

Competitive binding experiments using ruthenium (Ru) tagged

NK1 WT protein bound to immobilized heparin with displace-

ment by untagged WT or 3S proteins showed that binding by

the 3S form was 10-fold lower than WT (p < 0.001; Figure 2A).

The IC50 for WT was consistent with prior estimates of NK1-

and NK2-heparin binding (Hartmann et al., 1998; Rubin et al.,

2001). Elution of the substituted proteins from a heparin affinity

column by a NaCl gradient also showed reduced binding relative

to WT, most severely in NK1 3S, reinforcing prior evidence that

residues 60, 62, and 73 are sites of HS interaction (Table S2).

Saturation binding of tagged NK1WT and 3S proteins to aMet

ectodomain-Ig fusion protein in the presence of HS oligomer

(4.2 kDa) or HS tetramer (1.2 kDa) produced similar results

(Figures 2B and 2C), indicating that Met binding was unchanged,

as anticipated. Competitive displacement of HGF by NK1 WT or

3S also yielded IC50 values of �1 nM (data not shown). Satura-

tion binding of tagged NK1 3S to the Met-Ig protein was unaf-

fected by the absence of HS (Figure 2B, triangles); in contrast,

NK1WT binding to Met-Ig in the absence of HS was significantly

compromised (Figure 2C, triangles). Heparin (18 kDa)

substituted effectively for either HS form in enhancing NK1

WT-Met binding (data not shown). Together, these results

suggest that masking the positive surface charge of residues

60, 62, and 73 with bound HS in NK1 WT improves its Met

binding affinity and that this was achieved artificially in NK1 3S

by the negative charge substitutions.

Disruption of the primary HS binding site in NK1 diminished its

biological activity in cultured cells. Ligand-induced Met auto-

phosphorylation in human epithelial (184B5) cells was lower in

cells treated with NK1 1S or 2S proteins relative to NK1 WT or

HGF (data not shown) and undetectable in cells treated with

NK1 3S protein (Figure 2D). Ligand-stimulated cell migration

(Figure 2E) and mitogenesis (Figure 2F) revealed similar patterns
Cancer Cell 22, 250–262, August 14, 2012 ª2012 Elsevier Inc. 251
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Figure 1. NMR Analysis of NK1 Proteins
1H-15N correlation spectra for substituted NK1 proteins (red) superimposed on NK1 WT spectra (blue).

(A) NK1 3S.

(B) NK1 2S.

(C) NK1 1S.

Spectra that are shifted in the substituted proteins are labeled in (A), (B), and (C).

See also Figure S1 and Table S1.
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Figure 2. NK1 3S Has Reduced HS Binding and Normal Met Binding

and Fails to Activate Met Signaling

(A–C) Competitive displacement of Ru tagged NK1 WT from immobilized

heparin by untagged NK1 WT (triangles) or 3S (circles) (A). Saturation binding

of Ru tagged NK1 3S (B) or NK1 WT (C) to Met ectodomain-Ig in the absence

(triangles) or presence of HS oligomer (circles) or HS tetramer (squares). For

(A), (B), and (C) values are mean signal intensity (SI) ± SD (n = 3).

(D) MeanMet activation (phospho-Met [pM] per total protein [ug] ± SD; n = 3) in

184B5 cells left untreated (‘‘C’’) or treated with HGF (1 nM), NK1 WT (5 nM), or

NK1 3S (5 nM) for 20 min. Met content was equivalent in all samples. Asterisks

indicate significant differences from control (p < 0.01).

(E) Mean number of 184B5 cells (± SD; n = 3) migrating in response to treat-

ment with NK1 WT or substituted NK1 proteins (7 nM each) in 24 hr. Asterisks

indicate significant differences from control (p < 0.01).

(F) Mean DNA synthesis values ([3H]thymidine incorporation cpm±SD; n = 3) in

184B5 cells after 16 hr treatment with NK1 WT or substituted proteins at the

indicated concentrations: WT (circles); 1S (triangles); 2S (squares); and 3S

(inverted triangles).

See also Figure S2 and Table S2.
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Figure 3. Long HS Polymers Promote NK1 Clustering, Met Activa-

tion, and Signaling

(A and B) Purified NK1WT (A), or NK1 3S proteins were incubated alone or with

BS3 crosslinker in the absence or presence of heparin (Hep), HS oligomers

(HSoligo), or HS tetramers (HStetra) before analysis by SDS-PAGE and immu-

noblotting (B). Arrows between (A) and (B) indicate the masses of NK1

monomer (24 kDa) and NK1 multimers.

(C–F) The activation states of Met (mean phospho-Met/Met/total protein ± SD;

n = 3; C), Akt (D), GSK3b (E), or p70S6K (F) in serum-deprived CHO 745 cells

that were untreated (unfilled bars, ‘‘C’’) or treated with NK1 WT (200 pM; gray

bars) in the absence (�) or presence of HS tetramer (HStetra) or heparin (Hep).

Values for (D–F) are mean signal intensity units (± SD; n = 3). Asterisks indicate

significant differences from control (p < 0.01).
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of functional compromise among the substituted NK1 forms: the

1S and 2S proteins showed reduced activity (p < 0.01), and the

3S protein was inactive.

NK1-HS Binding Enables NK1 Clustering, Met
Activation, and Signaling
Loss of signaling by NK1 3S despite native Met binding

implied that HS binding enabled a critical step in Met activation.

HGF and NK1 are monomers in solution, and it is thought that

long HS chains capable of binding several HGF molecules

promote and stabilize ligand clustering, and in turn, the clus-

tering of ligand-receptor complexes (Chirgadze et al., 1999;

Gherardi et al., 2006; Lietha et al., 2001; Hartmann et al., 1998;

Rubin et al., 2001; Schwall et al., 1996; Tolbert et al., 2007;

Zhou et al., 1999). Consistent with this concept, 18 kDa heparin

or 4.2 kDa HS oligomer supported NK1 WT multimer formation
detected after covalent affinity crosslinking, SDS-PAGE, and

immunoblotting (Figure 3A, lanes 4 and 8). HS tetramers

(1.2 kDa) unable to bind more than one NK1 molecule (Lyon

et al., 2002) did not support NK1 WT multimer formation (Fig-

ure 3A, lane 6). The masses of the observed NK1 WT oligomers

corresponded to dimers, trimers, and tetramers of NK1 (Fig-

ure 3A). As anticipated, HS-NK1 3S complexes were not de-

tected (Figure 3B).

The impact ofHSchain length onNK1-drivenMet signalingwas

investigated using Chinese hamster ovary (CHO) 745 cells, which

lack HS (Sarrazin et al., 2011). NK1-Met binding and NK1 clus-

tering on cell surfaces were found to be HS dependent in CHO

745 (Sakata et al., 1997). Consistent with this, and other studies

(Lyon et al., 2002, 2004),Met TK activation (Figure 3C) and conse-

quent activation of Akt (Figure 3D), glycogen synthase kinase 3b
Cancer Cell 22, 250–262, August 14, 2012 ª2012 Elsevier Inc. 253
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(GSK3b) (Figure3E), andp70S6K (Figure3F) byNK1WT in this cell

line was enhanced by added 18 kDa heparin. In contrast, added

1.2 kDa HS tetramer did not enhance NK1 WT signaling (Figures

3C–3F), despite enabling high affinity NK1-Met binding (Fig-

ure 2C). These observations suggest that the clustering of NK1

afforded by longer HS chains stabilized NK1-Met complex

oligomerization, and, in turn, Met signaling. The relative order in

which ligand-HS, ligand-Met, and Met-HS binding events occur

is unknown and may be dictated by the relative abundance of

HS and Met on target cells. We note that HS tetramer enabled

modest mitogen-activated protein kinase (MAPK) activation by

HGF (Lyon et al., 2002); as suggested by Stamos et al. (2004),

the HGF light chain may contribute to HGF/Met/HS complex

dimerization through homotypic interactions between light-chain

protomers.

NK1 3S Is a Potent, Selective Competitive Antagonist
of NK1 and HGF Signaling
The properties of the NK1 3S protein suggested that it might

competitively antagonize HGF activity. Indeed, addition of 3S

protein to HGF- and NK1-treated cells resulted in dose-depen-

dent inhibition Met kinase activation in normal cells (Figure 4A,

circles and squares). The IC50 values for 3S inhibition of Met acti-

vation by HGF and NK1WT were 6 nM, 10-fold more potent than

the Met antagonist PHA665752 (IC50 = 60 nM; Figure 4A, trian-

gles). NK1 WT-induced DNA synthesis was also inhibited by

3S protein, with >90% inhibition at 10-fold molar excess 3S

over WT NK1 (Figure 4B, circles).

CD44 variants containing exon 6 (v6) are implicated in onco-

genic Met signaling (Orian-Rousseau et al., 2002), and those

containing exon 3 are often modified with HS and promote

HGF-Met interaction (van der Voort et al., 1999; Wielenga

et al., 2000). CD44 variants containing both exons occur

frequently in colon and prostate cancer-derived cell lines, such

as HT29 and PC3M, respectively, and in colon and prostate

carcinomas where their expression correlates with poor prog-

nosis (van der Voort et al., 1999; Wielenga et al., 2000). We

analyzed Met-CD44 association to determine if NK1 3S-Met

binding affected this process. Met-CD44 association was

induced by HGF or NK1 WT in HT29 cells (Figure 4C, lanes 2

and 3) and by HGF in PC3M cells (Figure 4D, lane 2), but not

by NK1 3S in either cell line (Figure 4C, lane 4; Figure 4D, lane

6). In PC3M,NK1 3S antagonized HGF-inducedMet-CD44 asso-

ciation in a dose-dependent manner, while PHA665752 was less

effective (Figure 4D, lanes 2–5 versus lanes 7–9).

Oncogenic autocrine HGF/Met signaling occurs frequently in

glioblastoma (Boccaccio and Comoglio, 2006) and drives tumor-

igenicity in the glioblastoma-derived cell line U87 MG. Stable

expression of NK1 3S in U87 MG cells significantly reduced

proliferation relative to cells expressing NK1WT or empty vector

(Figure 4E). HGF and Met protein levels were comparable in the

three cell lines, as were the levels of NK1 WT and 3S proteins

(Figures S3A–S3E). U87 MG cells do not express NK1 mRNA,

thus reduced growth resulted from NK1 3S inhibition of endoge-

nous HGF signaling.

We extended our initial analysis of NK1 3S inhibition of cell

motility (Figure 2E) using the Madin-Darby Canine Kidney

(MDCK) cell scatter assay (Figure 4F). NK1 3S had no intrinsic

scatter activity (Figure 4F, third panel from left); inhibition of
254 Cancer Cell 22, 250–262, August 14, 2012 ª2012 Elsevier Inc.
HGF-induced scatter was dose-dependent and complete at

50-fold molar excess (Figure 4F, right three panels).

NK1 3S also blocked anchorage independent growth by U87

MG cells (Figure 4G). U87 MG cells grow robustly in soft agar,

(Figure 4G, left panel), but cells expressing NK1 3S failed to

form colonies under identical conditions (Figure 4G, second

panel from left). Colony formation was also suppressed by add-

ing purified NK1 3S protein to the medium, with �50% inhibition

by 70 nM 3S and complete blockade by 300 nM relative to

controls (Figure 4G, third and fourth panels from left); similar

levels of inhibition were observed for PHA665752 (Figure 4G,

right two panels).

The Met selectivity of NK1 3S antagonism was confirmed

using the endothelial hybrid cell line EA.hy 926, which expresses

both Met and KDR. Cells were stimulated with either NK1 WT or

VEGF165 in the presence or absence of 10-fold molar excess

NK1 3S, and the activation levels of Met, Akt, GSK3b, and

p70S6K were measured by 2-site immunoassays (Figures

S3F–S3I). NK1 3S did not activate Met or downstream effectors

(Figures S3F–S3I, left versus right white bars). NK1WT activated

Met, Akt, and its targets relative to control cells (Figures S3F–S3I,

left white versus left gray bars), and this signaling cascade was

completely suppressed by added excess NK1 3S (Figures

S3F–S3I, right gray bars). In contrast, although VEGF165 fully

activated the Akt pathway, excess NK1 3S had no effect (Figures

S3F–S3I, left versus right black bars). Similar results were

observed for VEGF165 activation of the MAPK pathway kinases

pERK-1/2, pJNK, and pp38MAPK in the presence or absence of

NK1 3S (data not shown).

NK1 3S Inhibits HGF Signaling, Tumor Growth,
and Metastasis In Vivo
NK1 3S antitumor activity was first assessed by xenograft

studies of transfected U87 MG cell lines in severe combined

immunodeficiency (SCID)/beige mice (Figure 5A). Animals

receiving theU87MG/NK1WTcell line started to develop tumors

in 5 days (Figure 5A, squares), and tumor growth rate was twice

that of the control cell line (Figure 5A, circles), consistent with the

additive effects of ectopic NK1 WT and endogenous HGF. In

contrast, tumor growth in animals receiving U87 MG/NK1 3S

cells was not measurable before 50 days (Figure 5A, triangles).

Like U87 MG, the human leiomyosarcoma-derived cell line

SK-LMS-1 has autocrine HGF/Met activation. SK-LMS-1 cells

were transfected with plasmids for NK1 WT, NK1 3S, or with

empty vector, and cell clones were selected for equivalent

expression of endogenous HGF and Met and ectopic NK1 WT

and NK1 3S proteins (Figures S3A–S3E). Again, NK1WT expres-

sion accelerated tumor growth (Figure 5B, squares), whereas

NK1 3S expression reduced mean tumor volume by 75% after

68 days relative to controls (Figure 5B, triangles versus circles;

p < 0.001). Tumors resected from these mice displayed equiva-

lent Met content among the three groups (not shown); Met

activationwas highest in NK1WT transfectant tumors (Figure 5C,

black bar), significantly lower in tumors from controls (Figure 5C,

gray bar), and lowest in tumors from the NK1 3S implanted group

(Figure 5C, white bar; p < 0.001).

HGF/Met signaling is a critical contributor to tumor metas-

tasis (Boccaccio and Comoglio, 2006). NK1 3S was tested in

the B16 murine melanoma model of induced metastasis, where
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Figure 4. NK1 3S Is a Potent Antagonist of NK1 and HGF Signaling

(A) Mean Met activation level (% maximum ± SD; n = 3) in 184B5 cells treated with HGF (1 nM; circles) or NK1 WT (5 nM; squares) and with increasing

concentrations of NK1 3S. HGF-stimulated cells were treated with PHA665752 (triangles) over the same dose range in parallel.

(B) Mean DNA synthesis level (% maximum [3H]thymidine incorporation ± SD; n = 3) in 184B5 cells treated with NK1 WT and NK1 3S (circles), or in cells treated

with NK1 3S alone (squares) at the indicated doses.

(C) Met-CD44 association in HT29 cells incubated with NK1 3S (5 nM), NK1 WT (5 nM), or HGF (1 nM) as indicated, in the presence of DTSSP prior to immu-

noprecipitation with anti-CD44, SDS-PAGE, and immunoblotting with anti-Met (upper panel) or anti-CD44 (lower panel).

(D) Met-CD44 association in PC3M cells treated with HGF (1 nM) and DTSSP in the absence or presence of NK1 3S or PHA665752 (PHA) at the indicated

concentrations (nM) prior to immunoprecipitation with anti-CD44, SDS-PAGE, and immunoblotting with anti-Met (upper panel) or anti-CD44 (lower panel).

(E) Proliferation of U87 MG cells (mean cell number ± SD; n = 3) expressing NK1 WT (squares), NK1 3S (triangles), or empty vector (circles).

(F) NK1 3S antagonism of HGF-stimulated MDCK cell scatter. Unstimulated control cells or cells treated with HGF or NK1 3S at the indicated concentrations (left

three panels). HGF-stimulated cells treated with NK1 3S at the indicated concentrations (right three panels).

(G) Soft agar colony formation by U87 MG cells transfected with vector (control) or NK1 3S cDNA (3S plasmid) or control cells treated with NK1 3S protein or

PHA665752 (PHA) at the indicated concentrations.

See also Figure S3.
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endogenous HGF drives metastatic colonization. B16 cells ex-

pressing luciferase (B16-luc) were used to enable tumor burden

assessment by optical imaging. Metastasis in animals injected

with B16-luc cells expressing NK1 3S was compared with

metastasis in animals injected with empty vector cells and with

metastasis in animals injected with the empty vector cells and
then treated by daily intraperitoneal (i.p.) injection of purified

NK1 3S protein at 50 mg/kg (Figure 5D). Metastatic burden

rose rapidly in the mice receiving empty vector cells (Figure 5D,

circles), whereas mice receiving 3S plasmid bearing cells (Fig-

ure 5D, squares) or control cells and i.p. treatmentwith 3Sprotein

(Figure 5D, triangles) showed few, if any, metastases by study
Cancer Cell 22, 250–262, August 14, 2012 ª2012 Elsevier Inc. 255
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Figure 5. NK1 3S Inhibits HGF-Driven Tumor Growth, Metastasis,

and Met Kinase Activation In Vivo

(A) Mean tumor volume (± SD) in mice (n = 6/group) implanted with U87 MG

transfectants expressing NK1 WT (squares), NK1 3S (triangles), or empty

vector (circles) at the indicated days postimplantation.

(B) Mean tumor volume (± SD) in mice (n = 6/group) implanted with clonal

SK-LMS-1-derived cell lines expressing NK1WT (squares), NK1 3S (triangles),

or empty vector (circles) at the indicated days postimplantation.

(C) Mean Met activation level (phospho-Met/Met/total protein ± SD; n = 3) in

SK-LMS-1 tumors derived from SK-LMS-1 cells expressing NK1 WT (black),

empty vector (gray), and NK1 3S (unfilled). Asterisks indicate significant

differences from vector control (p < 0.01).

(D) Mean metastatic burden (total photon flux ± SD) over time in mice (n = 10/

group) injected via tail vein with B16-luc cells transfected with empty vector

(circles) or NK1 3S (squares) or injected with empty vector cells and then

treated on day 2 and thereafter with NK1 3S (50 mg/kg) by daily i.p. injection

(triangles).

(E) Meanmetastatic burden (total photon flux ± SD on day 27 postimplantation)

in mice (n = 10/group) implanted subcutaneously with PC3M-luc cells and

treated on day 5 and daily thereafter with NK1 3S protein by i.p. injection at 5 or

25 mg/kg or treated with vehicle alone.

(F) Mean plasma NK1 3S protein concentration (ng/ml, n = 2) in mice (n = 6)

measured at the indicated times following a single i.p. injection of NK1 3S at

50 mg/kg.

See also Figure S4.
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termination (p < 0.001). Lung specimens from each group exam-

ined ex vivo at study termination for melanin-producing colonies

were consistent with the imaging results (data not shown). The

B16-luc melanoma model was also used for a preliminary

dose-ranging study where mice received i.p. injections of NK1

3S protein at day 2 post-tail vein injection and daily thereafter

for 15 days at 5, 25, and 50 mg/kg (Figure S4). Significant

metastatic suppression was observed at every NK1 3S dose

(p < 0.001).

The antimetastatic efficacy of NK1 3S was also evaluated in

the PC3M spontaneous metastasis model (Figure 5E). The
256 Cancer Cell 22, 250–262, August 14, 2012 ª2012 Elsevier Inc.
PC3M cells used in these studies also expressed luciferase for

metastatic burden assessment. Palpable subcutaneous primary

tumors developedwithin 5 days after cell implantation; mice then

received daily i.p. injections of purified NK1 3S protein at 5 or

25mg/kg, or vehicle alone. Primary tumor growth wasmeasured

at regular intervals using calipers, and metastatic burden was

measured by imaging at study termination. Interestingly, NK1

3S treatment had no significant effect on primary tumor growth

in this model (data not shown); however, a significant and

dose-dependent inhibition of metastasis was observed, with

80% reduction at 25 mg/kg (p < 0.01; Figure 5E).

Analysis of NK1 3S pharmacokinetics in mice (n = 6) showed

that plasma NK1 level peaked between 1 and 3 hr after a

single i.p. injection (50 mg/kg) and declined thereafter (Fig-

ure 5F). Plasma NK1 3S concentration 24 hr postinjection was

�150 ng/ml or�300-fold over typical murine plasma HGF levels.

Mice treated daily with this dose for 10 days showed no weight

loss, lethargy, or other signs of toxicity. Mice (n = 5) treated on

this dose and schedule, but not implanted with tumor cells,

displayed normal clinical blood chemistry, differential blood

cell count, and hematocrit values; full necropsy analysis of all

tissues and organs showed no signs of toxicity or abnormality

(data not shown).

VEGF165 3S Is a Potent Competitive VEGF Antagonist
To determine whether the strategy used to transform NK1 from

agonist to antagonist could be generalized, we generated

a cDNA encoding opposite charge substitution at the critical

HS binding residues identified by Krilleke et al. (2007) in

VEGF165 (R123E/R124E/R159E or VEGF165 3S). Plasmids

encoding vector alone, VEGF165 WT or VEGF165 3S, were

stably transfected into HEK293 cells that were engineered previ-

ously to express 2.5 3 106 VEGFR2 per cell (293/KDR; Backer

et al., 2005). VEGF165 WT expression in these cells was ex-

pected to result in autocrine KDR activation and transformation,

whereas VEGF165 3S was expected to lack KDR activating

ability and have no effect on phenotype. Ectopic VEGF protein

production by transfectants was measured using a 2-site immu-

noassay with a 1.5 pM detection limit. Marker selected cultures

of WT transfectants produced �1.0 ng/ml/24 hr VEGF165

protein in conditioned media, 3S transfectants produced

�2.5 ng/ml/24 hr, and VEGF protein was undetectable in vector

control media (Figure 6A). Like VEGF165 WT, VEGF 3S dimers

and monomers of expected mass were detected under nonre-

ducing and reducing conditions, respectively (Figure 6B). Satu-

ration binding of VEGF165 3S to KDR in vitro (Figure 6C, squares;

KD �19 pM) was equivalent to VEGF165 WT binding (Figure 6C,

circles; KD �23 pM) and consistent with published values

(Ferrara, 2004).

KDR autophosphorylation in each cell line was measured

after 24 hr of serum deprivation (Figure 6D). The basal KDR

phosphorylation level in empty vector transfectants (Figure 6D,

white bar) was similar to that of the parental cell line (not

shown) and 3S transfectants (Figure 6D, dark gray bar). In

contrast, WT transfectant basal KDR phosphorylation level

was 4-fold higher than control or 3S (Figure 6D, light gray

bar; p < 0.001). The KDR autophosphorylation level of the

vector transfectant after 20 min exposure to added VEGF165

protein (2.5 nM) is shown for reference (Figure 6D, black bar).
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Figure 6. VEGF165 3S Dimer Binds KDR

Normally but Does Not Signal

(A) Mean VEGF165 content (ng/mg total cell

protein ± SD; n = 3) in 24 hr conditioned media

prepared from 293/KDR cells transfected with

empty vector (empty), VEGF165 WT (WT), or

VEGF165 3S (3S). Asterisks indicate significant

differences from vector control (p < 0.01).

(B) VEGF165 3S (VEGF 3S; left) and VEGF165

WT (VEGF WT; middle) proteins in 24 hr con-

ditioned media prepared from 293/KDR trans-

fectants and purified recombinant VEGF165

protein (VEGF 4 ng; right) after SDS-PAGE under

nonreducing (NR) and reducing (R) conditions and

immunoblotting with anti-VEGF. Migration of

molecular mass standards (kDa) is indicated by

arrows.

(C) Saturation binding of KDR ectodomain-IgG

fusion protein to VEGF165 WT (squares) or

VEGF165 3S proteins (circles) in vitro. Values are

mean KDR bound (ng/ml ± SD; n = 3).

(D) Mean phospho-KDR level (signal intensity ±

SD; n = 3) in 293/KDR cells transfected with

empty vector (empty; unfilled bar), VEGF165 WT

(WT; light gray bar), VEGF165 3S (3S; dark

gray bar), or empty vector cells treated with

purified VEGF165 WT protein (2.5 nM) for

20 min (+VEGF; black bar). Asterisks indicate

significant differences from empty vector control

(p < 0.01).

(E) Growth rate (mean cell number ± SD; n = 3) of cultured 293/KDR cells transfected with empty vector (circles), VEGF165 WT (squares), or VEGF165 3S

(triangles).

(F) Soft agar colony formation by 239/KDR cells transfected with empty vector, (left), VEGF 3S (middle), or VEGF WT (right).
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Consistent with the levels of KDR activation among the trans-

fectants, significant differences in cell proliferation rate were

observed from day 3 onward: WT transfectants (Figure 6E,

squares) grew significantly faster than the vector control (Fig-

ure 6E, circles) or 3S transfectants (Figure 6E, triangles; p <

0.001 between WT and control or WT and 3S for days 3–5).

These results indicated that WT transfectants, but not 3S trans-

fectants, had acquired autocrine VEGF signaling, even though

3S protein production was twice that of WT. In soft agar colony

formation assays, empty vector and 3S transfectants grew

modestly, if at all (Figure 6F, left and middle panels), whereas

WT transfectants grew robustly (Figure 6F, right panel). All of

these results indicated loss of signaling by VEGF165 3S despite

native KDR binding.

VEGF165 3S also antagonized VEGF165 WT signaling in

intact cells. Concentrated conditioned media harvested from

3S transfectants was added to 293/KDR cells in the presence

of purified VEGF165 WT protein and phospho-KDR levels were

measured (Figures 7A and 7B). Since the conditioned media

could contain other inhibitors of KDR activation, VEGF165 3S

was selectively removed from the media by immunodeple-

tion with anti-VEGF antibody. A mock immunodepletion was

performed in parallel using a nonspecific antibody and the

VEGF165 3S content of the anti-VEGF, and mock-immunode-

pleted media was measured (Figure 7A). VEGF 3S levels in

nonimmunodepleted and mock-immunodepleted media were

similar (1.93 and 1.89 ng/mg total cell protein, respectively; Fig-

ure 7A, white bars), while immunodepletion with anti-VEGF

removed 95% of the 3S protein (0.096 ng/mg total cell protein;
Figure 7A, gray bar). VEGF was not detected in media from

empty vector transfectants before or after immunodepletion

(Figure 7A, right). KDR autophosphorylation stimulated by puri-

fied VEGF165 protein (10 ng/ml) in serum-deprived 293/KDR

cells (Figure 7B) was inhibited modestly by VEGF-immunode-

pleted media (Figure 7B, circles), but mock-immunodepleted

media showed significant, dose-dependent inhibition, with

>80% inhibition by media containing 2.5-fold molar excess

VEGF 3S protein (Figure 7B, triangles). In soft agar colony forma-

tion assays, robust growth of 293/KDR cells transfected with

VEGF165 WT (Figure 7C, upper left panel) was inhibited in a

dose-dependent manner by the VEGFR inhibitor pazopanib (Fig-

ure 7C, middle and right upper panels), providing additional

evidence that colony formation was driven by autocrine VEGF/

KDR signaling. VEGF165 3S protein added at 0.06, 0.15, and

0.6 nM also resulted in significant, dose-dependent inhibition

(Figure 7C, lower panels).

Analysis of the spectrum of VEGF 3S antagonism showed

that VEGF165 3S inhibited placenta growth factor (PlGF)-

induced Akt activation (phospho-Akt/total Akt) in EA.hy 926

cells, which express VEGFR1 and R2, with potency similar to pa-

zopanib (Figure 7D). In contrast, VEGF 3S did not block Akt acti-

vation induced by VEGF-D in SCC-25 cells, which express

VEGFR1, R2, and R3 (Figures S5A and S5B). Thus, the pattern

of VEGF 3S inhibition followed the pattern of VEGF-A binding

to VEGFR1 and R2 but not homodimers of VEGFR3, as antici-

pated (Ferrara, 2004).

VEGF165 3S antagonism was independent of NRP1-VEGF-A

protein-protein interaction. NRP1 binds to the VEGF-A HS
Cancer Cell 22, 250–262, August 14, 2012 ª2012 Elsevier Inc. 257
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Figure 7. VEGF165 3S Antagonizes VEGFR Activation, Colony

Formation, and Tumorigenesis

(A) VEGF165 content in media conditioned by 293/KDR cells transfected with

VEGF165 3S (left) or empty plasmid (right), before (‘‘none’’) or after im-

munodepletion by anti-VEGF-A (‘‘a-VEGF’’) or an unrelated control antibody

(‘‘mock’’), expressed as mean ng/mg total protein ± SD (n = 3). Asterisk indi-

cates significant difference from media prior to immunodepletion (p < 0.01).

(B) Phospho-KDR levels (% maximum, ± SD; n = 3) in serum-deprived 293/

KDR cells treated with VEGF165 WT (10 ng/ml) in the presence of concen-

trated conditioned media from 293/KDR VEGF 3S transfectants that were

immunodepleted using a nonspecific control antibody (triangles) or anti-VEGF

(circles). The x axis indicates VEGF165 3S concentration (ng/ml) in conditioned

media before immunodepletion.

(C) Soft agar colony formation by 239/KDR cells expressing VEGF165 WT

(upper left panel), cells treated with the indicated concentrations of pazopanib

(upper middle and right panels), or cells treated with media containing the

indicated concentrations of VEGF165 3S (lower panels).

(D) Dose-dependent inhibition of VEGF- or PlGF-induced Akt activation (mean

% inhibition phospho-Akt/total Akt ± SD) in EA.hy 926 cells. VEGF 3S blocked

Akt activation by VEGF-A (dark blue circles) or PlGF (red squares) with potency

similar to pazopanib (light blue triangles and yellow inverted triangles,

respectively).

(E) Mean tumor volume (mm3 ± SD) in mice (n = 5/group) implanted with 293/

KDR cells (3 3 106 cells per animal) expressing VEGF165 3S (gray inverted

triangles), VEGF165 WT (blue squares), or empty vector (black circles) at the

indicated times postimplantation. Other groups were implanted with a mixture

of empty vector cells and VEGF165 WT transfectants at 1.5 3 106 cells each

(red triangles) or a mixture of VEGF165 WT and VEGF165 3S transfectants at

1.5 3 106 cells each (green diamonds).

See also Figure S5.
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binding domain primarily at R165 and secondarily at K147, E152,

and E155 (Parker et al., 2012), i.e., to a surface opposite that of

HS (Figure S5C). Crosslinking studies further showed that

VEGF165 WT and VEGF165 3S bound similarly to NRP1

in vitro (Figure S5D). Functionally, VEGF165 3S antagonized

VEGF signaling similarly in 293/KDR derived cells (Figures 7B,

7C, and 7E), which lack NRP1 (Figure S5E, lanes 4–6), and in

EA.hy 926 cells (Figure 7D), which are NRP1 positive (Figure S5E,

lane 2). The NRP1 present in our experiments was not HS modi-

fied, which is thought to promote NRP1 multimerization and, in

turn, NRP1-VEGFR2 binding and signaling (Shintani et al.,

2006). Like NK1, we found that heparin promoted clustering of

VEGF165 WT, but not of VEGF165 3S (Figure S5F). Thus, if

HS-modified NRP1 enhances VEGF signaling in part by

promoting VEGF clustering, VEGF165 3S would be expected

to antagonize that process.

VEGF 3S Inhibits VEGF-Driven Tumor Growth
and Angiogenesis In Vivo
To test whether VEGF165 3S protein could antagonize KDR-

driven tumorigenicity in mice, animals were implanted subcuta-

neously with VEGF165 WT transfected 293/KDR cells (3 3 106

per animal), with the same number of VEGF165 3S transfected

cells or with a suspension containing 1.5 3 106 cells of each

line. Additional control groups received the empty vector 293/

KDR cells (3 3 106 per animal) or the empty vector cells

combined with VEGF WT transfectants at 1.5 3 106 cells each.

The latter group indicated the growth rate of tumors arising

from 1.5 3 106 VEGF WT transfectants in the presence of

‘‘neutral’’ cells providing the same initial mass; a growth rate

below this threshold in the group implanted with VEGF WT +

VEGF 3S transfectants could be attributed to inhibition of

VEGF WT-driven tumor growth by VEGF165 3S. Indeed, VEGF

WT transfected 293/KDR cells formed tumors fastest (Figure 7D,

blue squares), whereas VEGF 3S transfectants did not form

tumors prior to study termination (Figure 7D, gray inverted trian-

gles), and animals implantedwith theWT+3Scell mix (Figure 7D,

green diamonds) formed tumors at a significantly lower rate than

the control WT + empty vector group (Figure 7D, red triangles)

throughout the study (p < 0.05).

Tumorigenesis by the parental cell line, despite its inability to

grow in soft agar, indicated that it was driven by host VEGF.

This conclusion is supported by prior work where the generation

of knockin mice expressing a humanized form of VEGF-A was

needed to overcome incomplete suppression of human tumor

xenograft growth by antihuman VEGF-A antibodies that did not

block murine VEGF activity (Gerber et al., 2007). Therefore, the

failure of the 3S transfectants to form tumors indicates VEGF

3S antagonism of tumorigenesis driven by murine VEGF. More-

over, significant inhibition of tumor growth by VEGF165 3S in

animals receiving the WT + 3S transfectant cell mix indicates

antagonism of the combined impact of paracrine murine VEGF

and autocrine human VEGF.

Tumor angiogenesis was also significantly blocked in mice

receiving VEGF 3S transfected cells (Figure 8). Immunohistoche-

misty using anti-CD34 showed that the extent of tumor vascular-

ization, from highest to lowest, was 293/KDR/WT VEGF trans-

fectants alone (Figure 8A), 293/KDR/WT VEGF cells + vector

transfected 293/KDR cells mixed 1:1 (Figure 8B), vector
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Figure 8. VEGF165 3S Antagonizes VEGF-Driven Tumor Angiogenesis

Murine CD34 immunohistochemical analysis (low magnification above, higher magnification below) of tumors from animal groups as described in Figure 7.

(A) 293/KDR/VEGF WT cell tumors; (B) 293/KDR/VEGF WT + control 293/KDR cell (1:1) tumors; (C) control 293/KDR cell tumors; (D) 293/KDR/VEGF WT + 293/

KDR/VEGF 3S cell (1:1) tumors.
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transfectants alone (Figure 8C), and 293/KDR/WT VEGF + 293/

KDR/3S VEGF transfectants mixed 1:1 (Figure 8D). This pattern

is consistent with tumor angiogenesis driven by both autocrine

human and paracrine murine VEGF (Figures 8A and 8B) relative

to tumor angiogenesis driven by murine VEGF alone (Figure 8C)

and with substantial inhibition of tumor angiogenesis by VEGF

3S (Figure 8D).

Histopathology analysis indicated that the tumors formed by

293/KDR cell transfectants (vector, VEGF WT, VEGF WT +

vector, VEGF WT + VEGF 3S) were uniformly carcinoma. Full

necropsy analysis of all tissue and organs showed no signs of

toxicity or damage in any tissue from mice implanted with 293/

KDR transfectants.

DISCUSSION

Our work builds on several prior studies showing that HS-HGF

interaction is critical for HGF signaling (Hartmann et al., 1998;

Lietha et al., 2001; Sakata et al., 1997; Schwall et al., 1996; Zion-

check et al., 1995). The loss of biological activity by combined
substitution of K60, K62, and R73 with acidic residues identifies

this surface region as essential for NK1 biological signaling and

implies that HS binding at secondary sites is insufficient for

NK1 signaling. The partial loss of activity associated with substi-

tutions at 73 and 60/62 suggests that each contribute to HS

interactions at this site. Our results further indicate that

HS-NK1 interactions promote receptor activation and signaling

by enhancing NK1-Met interaction and by stabilizing NK1 multi-

mers, which may in turn facilitate receptor clustering, kinase

activation, and effector recruitment (Gherardi et al., 2006; Hart-

mann et al., 1998; Lietha et al., 2001; Sakata et al., 1997; Schwall

et al., 1996; Tolbert et al., 2010).

We believe that three critical features define the mechanism of

HGF inhibition by NK1 3S: (1) retention of optimal N domain-Met

binding through negative charge substitutions in NK1 3S that

mimic occupancy of the primary HS binding site; a prior report

provides structural evidence to this effect (Tolbert et al., 2010),

(2) repulsion of HS from the ligand-receptor complex by the

negative charge substitutions, and (3) competitive displacement

of HGF fromMet by the native K1 domain of NK1 3S.We propose
Cancer Cell 22, 250–262, August 14, 2012 ª2012 Elsevier Inc. 259
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that occupancy of the primary ligand binding site in Met without

HS support of ligand-Met complex clustering and associated

conformational changes results in a signaling blockade.

In addition to its value as a research tool, NK1 3S may have

therapeutic potential. The critical role of HGF-Met signaling in

a variety of human cancers has made Met an important anti-

cancer drug target. Met blockade has been achieved using

ATP binding site antagonists, neutralizing antibodies, decoy

receptors, single-chain HGF derivatives (Cecchi et al., 2010),

synthetic HS mimetics (Fuster and Esko, 2005), and engineered

NK1 forms affecting the dimerization interface in K1 (Tolbert

et al., 2010; Youles et al., 2008). Like the latter, NK1 3S blocks

signaling by disrupting ligand dimer/multimer formation, but

unlike those mutants it does so by blocking HS facilitation of

that process. Each of these approaches has advantages as

well as limitations. Our choice to develop NK1 instead of full-

length HGF is based on the complexity of HGF protein and the

technical obstacles this imposes on its manufacture. The chal-

lenges of administering large HGF-derived antagonists, such

as NK4 and uncleavable pro-HGF, have been met by using viral

vectors or naked DNA plasmids (Cecchi et al., 2010). These

methods can provide sustained delivery but do not allow the

level of control inherent in administering the encoded proteins.

NK1 can be expressed in P. pastoris at yields high enough

(>1 g/l) to be commercially tractable. Our results support the

efficacy of systemically delivered NK1 3S protein as an antitumor

and antimetastatic agent as well as its practicality as an alterna-

tive to larger HGF-derived antagonists.

Wefind that VEGF1653SbindsKDR-likeVEGF165WTprotein,

fails to induceKDRkinase activity, andantagonizesVEGF165WT

binding and signaling in vitro and in vivo. A critical distinction

between VEGF165 3S and alanine substitutions made at these

positions (Krilleke et al., 2007), or the VEGF isoform VEGF121,

is that the opposite charge substitutions in VEGF3Sare designed

to repel HS and thereby disrupt both ligand-HS and weaker

receptor-HS interactions. The striking parallels in antagonism

by 3S forms of NK1 and VEGF165 strengthen our assertion of

a common role for HS in receptor activation and show that tar-

geted disruption of critical HS binding sites is an antagonist

development strategy that can be extended to other HS-binding

growth factors. Consistent with findings for NK1, VEGF-HS inter-

action occurs through sulfated HS side-chains and three key

VEGF residues, with secondary contributions from one or two

others (Krilleke et al., 2007). The analogous roles of HS in NK1/

Met and VEGF165/KDR signaling, in the absence of underlying

structural similarity, suggests that this occurs through conver-

gent evolution. Thus, any similarity in the spatial arrangement of

the primary HS binding site surfaces themselves would be driven

by adaptation to the commonbinding partner, HS, as opposed to

a common ancestral protein sequence or structure.

The present understanding of KDR activation by VEGF165

and HS suggests a mechanistic basis for signaling antagonism

by the targeted disruption of HS-ligand binding. The VEGF

binding site in KDR encompasses IgG-like domains (D) 1–3: D2

contains primary contacts, and D1 and D3 contribute to overall

binding affinity and specificity (Christinger et al., 2004; Fuh

et al., 1998). Consistent with findings presented here for NK1,

HS was found to be required for high-affinity binding of

VEGF165 to KDR ectopically expressed in HS-negative CHO
260 Cancer Cell 22, 250–262, August 14, 2012 ª2012 Elsevier Inc.
745 cells (Dougher et al., 1997). Similar to Met (Rubin et al.,

2001) and FGF receptors (Mohammadi et al., 2005), KDR also

interacts directly with HS through at least one site located

between D6 and D7 (Dougher et al., 1997). Recent structural

studies of KIT, PDGFR, and VEGFR highlight the importance of

homotypic receptor-receptor interaction domains in stabilizing

receptor dimerization and kinase transactivation: direct contacts

between D4 domains for KIT and D7 domains for KDR are

enabled by ligand-induced conformational changes in the

receptor ectodomain (Lemmon and Schlessinger, 2010; Tao

et al., 2001; Yang et al., 2010). In these models, sequential

binding events promote and incrementally stabilize HS-ligand-

receptor aggregates capable of signaling. We hypothesize that

VEGF165 first binds KDR D2; the weaker VEGF165 D1 and

VEGF165D3 interactionsmay be stabilized byHS-VEGF interac-

tion and by HS-VEGF-KDR bridging at D6/D7. For VEGF165 3S,

receptor binding at D2 should occur, but subsequent weaker

interactions normally stabilized by HS and induced changes in

receptor conformation could fail. VEGF-HS interactions may

also induce conformational changes that enable the apposition

of KDR D7 domains (Wijelath et al., 2010) and, in turn, homotypic

interaction and kinase transactivation; VEGF165 3S is likely to

disrupt such events. The role of NRP1 in VEGF signaling is

complex, involving protein-protein interactions and protein-HS

interactions when NRP1 is HS modified (Shintani et al., 2006).

VEGF165 3S engages NRP1 via the former, but would be

expected to disrupt the latter. Collectively, our observations

underscore the importance of specific HS interactions in facili-

tating events after ligand binding, which are required for KDR

activation, and expose their susceptibility to targeted disruption.

HS binding growth factors promote tumor growth, angiogen-

esis, and metastasis in a variety of human cancers. In addition

to the strategy described here, oligosaccharide HS mimetics

and modified heparin fragments can act as HS binding antago-

nists (Fuster and Esko, 2005). However, the complexity of HS

GAGs challenges the development of potent and selective

agents, and frequent alterations in HS GAG composition in

tumors (Fuster and Esko, 2005) may render such agents less

competitive for ligand binding. In contrast, opposite substitu-

tions to critical HS binding residues in an otherwise wild-type

protein ligand are simple to introduce, unaffected by tumor HS

GAG composition, and inherently pathway selective. These

features suggest that it may be an expedient and practical route

for the development of antagonists of HS binding growth factors.

EXPERIMENTAL PROCEDURES

Reagents and Cell Culture

See Supplemental Information.

Plasmids for NK1 andVEGF165, Protein Expression, andPurification

NK1 proteins were produced in E. coli as described (Stahl et al., 1997). Plas-

mids for expression of NK1 3S, NK1 WT, VEGF165 WT, and VEGF165 3S

under cytomegalovirus promoters possess their native signal peptide

sequences and G418 resistance. Plasmids for P. pastoris expression of NK1

proteins were generated and protein purified as described in Supplemental

Information.

NMR Structural Analysis

Isotope-labeled proteins were expressed E. coli in minimal media containing

either 15NH4Cl or both 15NH4Cl and 13C-labeled glucose. Triple-labeled
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proteins (15N/13C/2H) were prepared similarly, except the media contained

98% D2O. 1H-15N correlation spectra for substituted and WT NK1 proteins

were collected as described (Zhou et al., 1999). NK1 backbone resonance

assignments were made using 15N/13C/2H-NK1 and standard triple resonance

experiments.

Immunoassays and Binding Assays

Met, KDR, HGF, and VEGF content in cell lysates, tissue extracts, and condi-

tioned media was determined using 2-site immunoassays developed for use

with the Meso Scale Discovery (MSD) SectorImager 2400 plate reader; HGF

and Met assays are described in Supplemental Information; other assays

were fromMSD.Met and KDR activation in cell lysates or tumor tissue extracts

included parallel detection with antireceptor antibodies and specific antiphos-

pho-receptor antibodies or 4G10 (Millipore).

Binding assays were also performed on the MSD platform. NK1 saturation

binding to immobilized Met ectodomain-IgG fusion protein was measured

using Ru taggedWT or 3S ligand. Displacement experiments includedmultiple

untagged ligand concentrations in the presence of Ru tagged ligand. NK1-HS

saturation binding to immobilized heparin-biotin was measured using Ru

tagged NK1 WT or 3S proteins. KDR-Ig ectodomain saturation binding to

immobilized VEGF165 WT or 3S was measured using Ru tagged anti-KDR.

All measurements were made on triplicate samples. GraphPad Prism v5.0

was used for all statistical analyses. Additional details are included in Supple-

mental Information.

Cell Motility, Mitogenesis, and Colony Formation Assays

Cell motility in modified Boyden chambers and DNA synthesis by [3H]thymi-

dine incorporation were measured as described (Rubin et al., 2001). MDCK

cell scatter was assessed as described (Stahl et al., 1997). U87 MG or 293/

KDR derived cell line proliferation in quadruplicate wells of 6-well plates was

measured by counting in a Cellometer (Nexcelom Bioscience). Assays for

colony formation in soft agar were performed as described (Castagnino

et al., 2000). Differences betweenmean values were determined by t test using

GraphPad Prism v5.0.

Tumorigenesis, Metastasis, and Pharmacokinetic Assays

Experiments with SCID/beige mice were performed in accordance with

National Institutes of Health (NIH) Guidelines for Care and Use of Laboratory

Animals using protocols approved by the Institutional Animal Care and Use

Committee of the Center for Cancer Research, National Cancer Institute.

Details for all animal studies are included in Supplemental Information. Briefly,

U87 MG, SK-LMS-1, or 293/KDR derived cell lines were injected subcutane-

ously into mice, and tumor volumes were calculated from caliper measure-

ments. 293/KDR cell derived tumors were harvested at study termination for

histopathology and immunohistochemical analysis of murine CD34 protein

localization. B16-luc derived cells for induced metastasis studies were

injected through the tail vein; in some studies, mice also received daily i.p.

injections of purified NK1 3S (or vehicle) at doses indicated in the text. For

spontaneous metastasis studies, PC3M-luc cells were implanted subcutane-

ously, and mice were treated by i.p. injection of vehicle or NK1 3S starting on

day 5. Metastatic burden was determined by luciferase imaging. Plasma NK1

3S levels were measured in mice after a single i.p. injection of NK1 3S at the

indicated times postinjection. NK1 protein was analyzed by SDS-PAGE and

immunoblotting. Statistical analysis, curve fitting, and IC50 determinations

were performed using GraphPad Prism v5.0.

SUPPLEMENTAL INFORMATION

Supplemental Information includes two tables, five figures, and Supplemental

Experimental Procedures and can be found with this article online at http://dx.

doi.org/10.1016/j.ccr.2012.06.029.
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SUMMARY
The success of chemotherapy in cancer treatment is limited by scarce drug delivery to the tumor and severe
side-toxicity. Prolyl hydroxylase domain protein 2 (PHD2) is an oxygen/redox-sensitive enzyme that induces
cellular adaptations to stress conditions. Reduced activity of PHD2 in endothelial cells normalizes tumor
vessels and enhances perfusion. Here, we show that tumor vessel normalization by genetic inactivation of
Phd2 increases the delivery of chemotherapeutics to the tumor and, hence, their antitumor and antimeta-
static effect, regardless of combined inhibition ofPhd2 in cancer cells. In response to chemotherapy-induced
oxidative stress, pharmacological inhibition or genetic inactivation of Phd2 enhances a hypoxia-inducible
transcription factor (HIF)-mediated detoxification program in healthy organs, which prevents oxidative
damage, organ failure, and tissue demise. Altogether, our study discloses alternative strategies for chemo-
therapy optimization.
INTRODUCTION

Part of the failure that still escorts cancer treatment is due to the

abnormal tumor vasculature, characterized by leaky, tortuous,

and fragile vessels; loss of hierarchical architecture; and an

abnormal endothelial layer. The resultant hypoxia promotes

invasion and metastasis (Carmeliet and Jain, 2011). In addition,
Significance

Chemotherapy remains the most common treatment option fo
severe side effects impede delivery of chemotherapeutic drug
antiangiogenic strategies can worsen this situation by hinderin
we identify PHD2 as amolecular target to enhance chemothera
to counter chemotherapy-induced side effects via a HIF-medi
role of PHD2 as gatekeeper for oxidative stress, and they war
association with chemotherapy. Taken together, our study off
cancer therapy.
hypoperfused vessels and increased interstitial tumor pressure

impede the delivery of anticancer drugs to the tumors and thus

limit their efficacy (Carmeliet and Jain, 2011).

To date, anti-vascular endothelial growth factor and anti-vas-

cular endothelial growth factor receptor [VEGF(R)] approaches

have therefore gained interest as a therapeutic option to improve

drug delivery and the overall response to anticancer treatment,
r cancer patients. However, dysfunctional blood vessels and
s to the tumor, thus limiting their use in the clinic. Traditional
g tumor perfusion and exacerbating adverse reactions. Here,
peutic drug delivery to the tumor via vessel normalization and
ated detoxification response. These data unveil an essential
rant caution for considerate use of HIF blockers in cancer in
ers the rationale for developing PHD2 specific inhibitors for
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Figure 1. Stromal Phd2 Haplodeficiency Enhances Tumor Response to Chemotherapy

(A) Platinum levels (as readout of cisplatin, CPt) in tumors and healthy organs (kidney and liver) of WT and Phd2+/� mice (n = 4–5).

(B and C) Quantification (B) and representative images (C) showing increased intratumoral CPt DNA-adducts in Phd2+/� mice (n = 3).

(D) Interstitial fluid pressure of LLC tumors is decreased in Phd2+/� mice (n = 6–7).

(E–H) Reduced growth and weight of B16 melanoma tumors (E and F) or LLC tumors (G and H) in Phd2+/�mice upon suboptimal doses (2.5 mg/kg; 33 per week)

of CPt or doxorubicin (DOX), respectively (n = 5–9).

(I) Number of lung metastatic nodules in LLC tumor-bearing mice (n = 5–6).
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given their ability to promote tumor vessel normalization in

preclinical and clinical studies (Carmeliet and Jain, 2011; Goel

et al., 2011). Nonetheless, this concept has been recently chal-

lenged by the observation that bevacizumab, a humanized

monoclonal antibody that blocks VEGF, reduces both perfusion

and tumor drug uptake in non-small cell lung cancer patients

(Van der Veldt et al., 2012). Importantly, current antiangiogenic

therapies are more toxic than anticipated, particularly when

used in combination with chemotherapeutic drugs (D’Adamo

et al., 2005). Alternative approaches have been evaluated in

preclinical tumormodels in order to increase the local concentra-

tion of chemotherapeutics, either by normalizing tumor blood

flow (Fischer et al., 2007; Rolny et al., 2011; Stockmann et al.,

2008) or by using tumor specific deliveries (Dhar et al., 2011;

Jain, 2010). However, so far, none of the strategies tested show

efficient drug delivery to the tumor and simultaneous protection

of vital organs, thus optimizing the cytostatic efficiency of the

drug and preventing undesired, life-threatening toxic effects.

Prolyl hydroxylase domain proteins (PHD1-3) are enzymes

that utilize oxygen to hydroxylate and target the alpha sub-

unit of the hypoxia-inducible transcription factors HIF-1 and

HIF-2 for proteasomal degradation (Epstein et al., 2001). When

oxygen tension drops, PHDs become less active, leading to

hypoxia-inducible transcription factor (HIF) stabilization and,

consequently, to the initiation of an adaptive response, including

angiogenesis, metabolic reprogramming, erythropoiesis, and

scavenging of reactive oxygen species (ROS) (Aragonés et al.,

2008; Lee et al., 1997; Mukhopadhyay et al., 2000; Scortegagna

et al., 2003). By using cancer as a model of abnormal angiogen-

esis, we recently showed that heterozygous deficiency of Phd2

(also known as Egln1) in endothelial cells (EC) does not affect

vessel density or lumen size, but normalizes their endothelial

lining, barrier, stability, and pericyte coverage, at least in part,

via HIF-2-mediated upregulation of the adherens junction vas-

cular endothelial-cadherin and the soluble VEGF trap sFlt1.

This change in vessel structure and endothelial shape improves

tumor perfusion and oxygenation and, hence, inhibits cancer cell

intravasation and metastasis (Mazzone et al., 2009). Moreover,

gene deletion or knockdown of Phd1 confers tissue protection

against ischemia/reperfusion-induced oxidative damage (Ara-

gonés et al., 2008; Schneider et al., 2010); conversely, reduced

activity of HIF-1 or HIF-2 has been associated to increased

ROS production and, thereby, tissue dysfunction in both normal

and stress conditions (Lee et al., 1997; Mukhopadhyay et al.,

2000; Scortegagna et al., 2003). This has critical implications in

cancer therapy, since both chemotherapeutic- and irradiation-

based treatments generate ROS that impair normal organ func-

tion and cause tissue demise (Anscher et al., 2005; Berthiaume

and Wallace, 2007; Pabla and Dong, 2008).

In the present study, we investigate the biological and thera-

peutic relevance of gene-targeting the oxygen/redox-sensitive
(J and K) Representative micrographs (J) andmorphometric quantification (K) of h

area (yellow dashed line) in Phd2+/� LLC tumor-bearing mice and no metastases

(L) Metastatic incidence in LLC tumor-bearing mice (n = 5–6).

(M and N) LLC tumor growth in response to suboptimal doses of DOX (2.5 mg

Tie2;Phd2+/+mice transplantedwithWT bonemarrow,WT/ Tie2;Phd2L/+ andW

to ensure that Phd2 is not deleted in the hematopoietic compartment, where the

*p < 0.05 versus WT, #p < 0.05 versus saline. Scale bars denote 20 mm in (C) and
enzyme PHD2 in different cell compartments on the tumor

response to chemotherapy. At the same time,wepursue amech-

anistic understanding on how pharmacological and genetic inhi-

bition of PHD2 affects chemotherapy-associated ROS produc-

tion in healthy organs and, subsequently, tissue damage and

function.

RESULTS

Stromal Loss of Phd2 Sensitizes the Tumor to
Chemotherapy
We recently showed that endothelial haplodeficiency of Phd2

(Phd2+/�) streamlines the tumor vasculature (Mazzone et al.,

2009). Prompted by these results, we examined whether partial

loss of Phd2 also enhances the delivery of chemotherapeutic

drugs. We therefore subjected wild-type (WT) and Phd2+/�

mice carrying equal-size B16 melanomas to a single dose of

cisplatin (20 mg/kg) and measured platinum accumulation in

tumor, kidney, and liver 1 hr after drug injection. While normal

organs showed similar cisplatin concentrations in both WT and

Phd2+/� mice (Figure 1A), intratumoral platinum and drug diffu-

sion out of the tumor vessels was higher in Phd2+/� than in WT

mice (Figures 1A–1C), the latter being consistent with a reduction

of tumor interstitial fluid pressure (Figure 1D), a physical param-

eter hindering efficient transit of drugs within the tumor (Heldin

et al., 2004).

To assess whether the improved drug delivery translated

into enhanced antitumor effects, we treated B16 tumor-bearing

mice with a suboptimal dose of cisplatin (2.5 mg/kg; 33 per

week), which did not have any therapeutic effect in WT mice

(Figures 1E and 1F). In contrast, end-stage tumor volume and

tumor weight were reduced in Phd2+/� mice by more than

70% (Figures 1E and 1F). We then extended our study to

a different tumor histotype, i.e., Lewis lung adenocarcinoma

(LLC), which was treated with doxorubicin. A suboptimal dose

of doxorubicin (2.5 mg/kg; 33 per week) did not affect the

growth of subcutaneously implanted LLC tumors in WT mice,

whereas it reduced end-stage volume and weight by about

60% in Phd2+/� mice (Figures 1G and 1H). As previously shown

(Mazzone et al., 2009), number, area, and incidence of pulmo-

nary metastasis were reduced in Phd2+/� versus WT untreated

mice (Figures 1I–1L). Doxorubicin treatment did not affect meta-

static burden in WT mice, while it completely prevented metas-

tasis formation in Phd2+/�mice, likely due to the strong inhibition

of primary tumor growth (Figures 1G–1L). Deletion of one Phd2

allele in EC, but not in myeloid cells or in fibroblasts, induced

chemosensitization of LLC tumors to a suboptimal dose of doxo-

rubicin (Figures 1M and 1N; Figures S1A and S1B available

online).

In B16 tumors, suboptimal doses of cisplatin promoted tumor

cell apoptosis and reduced proliferation in Phd2+/�mice (Figures
ematoxylin and eosin (H&E)-stained lung sections revealing reducedmetastatic

in Phd2+/� mice treated with DOX (n = 5–6).

/kg; 33 per week) in Tie2;Phd2L/+ mice (M; n = 6–9) or in Tie2;Phd2L/+ and

T/ Tie2;Phd2+/+, respectively (N; n = 5–9). The bonemarrow transplantation is

Tie2Cre deleter is also active.

200 mm in (J). All graphs show mean ± SEM. See also Figure S1.
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2A–2F and Table S1). In doxorubicin-treated LLC tumors, apo-

ptosis, but not proliferation, was higher in Phd2+/� versus WT

mice (Figures 2G and 2H and Table S1). Tumor apoptosis and

proliferation did not change in WT and Phd2+/� untreated mice

(Figures 2B, 2C, and 2E–2H and Table S1).

Cytostatic drugs can display some antiangiogenic effects

(Kerbel andKamen, 2004). However, baseline and posttreatment

tumor vessel perfusion and oxygenationwere comparably higher

in Phd2+/� versus WT mice, despite similar vessel density and

area (Figures 2I–2N). Similarly, endothelial Phd2 haplodeficiency

increased tumor perfusion in both doxorubicin-treated and

untreated mice (Figure S2).

Altogether, these data show that reduction of Phd2 in EC

enhances the response of the tumor to chemotherapy by in-

creasing vessel perfusion and drug delivery.

Acute Loss of One or Two Phd2 Alleles Enhances
Chemotherapy
The above findings show that constitutive deletion of Phd2 in

EC induces tumor vessel normalization and thus increases

tumor response to chemotherapeutics. To assess the effect of

inducible deletion of Phd2 on chemoresponse, we intercrossed

Phd2-floxed mice with the tamoxifen-inducible Rosa26CreERT2

mouse strain, where the Rosa26 (R26) promoter directs the

ubiquitous expression of the fusion protein Cre-ERT2. We also

exploited this system to compare the effect of heterozygous

(R26;Phd2L/+) versus homozygous (R26;Phd2L/L) deletion, lead-

ing, respectively, to about 50% and 2%–5% of the PHD2 pro-

tein levels in different tissues of WT (R26;Phd2+/+) mice (Figures

3A and S3A and Table S2). In vitro, primary EC isolated from

R26;Phd2L/+ and R26;Phd2L/L mice displayed increasing accu-

mulation of HIF-1a (Figure 3A and Table S2). Conversely, HIF-

2a was higher, but elevated to the same level in both

R26;Phd2L/+ and R26;Phd2L/L primary EC, likely due to compen-

satory mechanisms promoted by induction of Phd3 (Figures 3A

and S3B and Table S2).

In vivo, deletion of one or two Phd2 alleles in stromal

cells (achieved by tamoxifen administration for 5 consecutive

days following LLC cell injection) did not alter tumor growth

in untreated mice, but was equally potent in sensitizing the

tumor to the effect of doxorubicin (Figures 3B and 3C). Meta-

static dissemination was almost completely prevented in both

R26;Phd2L/+ andR26;Phd2L/Lmice after doxorubicin (Figure 3D).

Features of tumor vessel normalization, as vessel coverage

(Figures 3E and 3F), vessel perfusion (Figures 3G and S3C), and

tumor oxygenation (Figure 3H), were promoted in both doxoru-

bicin-treated and untreated R26;Phd2L/+ and R26;Phd2L/L mice.

Vegf is an oxygen-sensitive gene that is strongly expressed by

the tumor in response to hypoxia as well as oncogenic activation

(Semenza, 2003). Previous reports have shown that systemic

levels of VEGF following postnatal deletion of Phd2 increase or

can remain unchanged, depending on the experimental settings

(Minamishima et al., 2008; Takeda et al., 2007). Thirty days after

genetic deletion of Phd2 (i.e., about the duration of our tumor

experiments), plasma levels of VEGF were slightly increased by

12% and 29%, respectively, in R26;Phd2L/+ and R26;Phd2L/L

tumor-free mice (Figure 3I). In tumor-bearing mice, as expected,

VEGF levels were generally higher, but in both R26;Phd2L/+ and

R26;Phd2L/L tumor-bearing mice, these levels were lower than in
266 Cancer Cell 22, 263–277, August 14, 2012 ª2012 Elsevier Inc.
R26;Phd2+/+ tumor-bearing mice, because vessel normalization

and improved oxygenation partly prevented VEGF production by

the tumor itself (Figures 3I and 3J).

The effect of Phd2 knockdown in cancer cells depends on the

tumor histotype (Ameln et al., 2011; Andersen et al., 2011; Bor-

doli et al., 2011; Chan et al., 2009; Kamphues et al., 2012; Lee

et al., 2008; Peurala et al., 2012; Su et al., 2012), while our data

show a better disease outcome when the tumor stroma is insuf-

ficient for Phd2. To assess the effect of combined Phd2 inactiva-

tion in cancer cells and stromal cells, we subcutaneously in-

jected scramble and Phd2-silenced LLC cells in R26;Phd2+/+

and R26;Phd2L/+ mice. The efficiency of PHD2 silencing was

65% on both RNA and protein levels (Figure S3D). In vitro,

hypoxia, but not Phd2 silencing, enhanced the expression of

VEGF (Figure S3E). In vivo, due to vessel normalization and the

subsequent decrease in tumor hypoxia, intratumoral VEGF in

R26;Phd2L/+ mice was lower than in R26;Phd2+/+ mice, regard-

less of Phd2 silencing in cancer cells (Figures 3K and S3F).

Following doxorubicin treatment, the chemoresponse of both

scramble and Phd2-silenced LLC tumors was equally improved

in R26;Phd2L/+ mice (Figure 3L).

These data suggest that systemic inhibition of PHD2 might

offer a therapeutic benefit.

Loss of Phd2 Protects Normal Organs against
Side-Toxicity of Chemotherapy
Side-toxicity limits the clinical use of chemotherapeutic drugs.

Thus, we wanted to assess the effect of cisplatin and doxoru-

bicin on WT and Phd2+/� kidneys and hearts, respective target

organs for drug toxicity. Three days after acute cisplatin admin-

istration (20 mg/kg), blood urea and creatinine were 7.9- and

21.9-fold increased inWTmice, but only 4.7 and 4.3 times higher

in Phd2+/� mice (Figure 4A). Histological inspection of periodic

acid-Schiff (PAS)-stained kidney sections from WT mice re-

vealed severe proximal tubular necrosis and dilatation with

formation of protein casts into the lumen, overt destruction of

the brush border, and consequent deformations/atrophy of the

glomerular structures (Figure 4B). In contrast, the histological

morphology of Phd2+/� kidneys was preserved and more com-

parable to the one of untreated kidneys (Figures 4B and S4A).

Transcript levels of kidney injury molecule 1 (Kim1) and protein

levels of the apoptotic marker-cleaved caspase-3 were strongly

induced by cisplatin in WT, but barely in Phd2+/� kidneys

(Figures 4C and 4D and Table S3). Consistently, the mean

survival after cisplatin was 7 days in Phd2+/� mice, while only

3 days in WT mice (Figure 4E). Upon chronic administration of

cisplatin (2.5 mg/kg; 33 per week), only urea, but not creatinine,

rose to indicative levels of nephrotoxicity in WT mice, while

Phd2+/� mice showed great protection (Figure S4B).

Similarly, WT and Phd2+/� mice were treated with an acute

dose of doxorubicin (20 mg/kg). Five days after drug administra-

tion, doxorubicin reduced cardiac output by 22.3% in WT mice,

while it did not display any effect in Phd2+/� mice (Figure 5A).

In doxorubicin-treated WT mice, histological analysis of heart

sections revealed disarray and vacuolization of myofibers with

excessive collagen deposition, all histopathological signs of

cardiomyopathy (Figures 5B and 5C). In Phd2+/� hearts, these

features were milder and rarely observed, overall resembling

the structure of untreated hearts (Figures 5B and S5A). Creatine
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Figure 2. Histological Analysis of Tumors in Phd2+/– Mice after Chemotherapy

(A and B) Cleaved caspase-3 staining (A) and morphometric quantification (B) on B16 tumor sections, showing increased tumor apoptosis in Phd2+/� mice after

CPt (n = 5–6).

(C) Immunoblot for cleaved and total caspase-3, revealing increased tumor apoptosis in Phd2+/� mice after CPt (n = 3).

(D and E) Phosphohistone H3 staining (D) and morphometric quantification (E) on B16 tumor sections, showing reduced tumor cell proliferation in Phd2+/� mice

after CPt (n = 5–6).

(F) Immunoblot for the proliferation marker Cdc2 on untreated and Cpt-treated B16 tumors; tubulin is used as loading control (n = 3).

(G and H) Immunoblot for cleaved caspase-3 (G) and Cdc2 (H) on untreated and DOX-treated LLC tumors (n = 3).

(I and J) Vessel density (I) and vessel area (J) of LLC tumors (n = 6–10).

(K and L) Representative micrographs (K) and morphometric quantification (L) of LLC tumor sections stained for the endothelial marker CD31 (red) and for

intravenously injected lectin (green), showing higher vessel perfusion in both untreated and DOX-treated Phd2+/� mice (n = 7–9).

(M and N) Pimonidazole (PIMO) staining (M) and morphometric quantification (N) on LLC tumor sections, showing reduced tumor hypoxia in both untreated and

DOX-treated Phd2+/� mice (n = 7–9).

*p < 0.05 versus WT; #p < 0.05 versus saline. Scale bars denote 100 mm in (A), (K), and (M) and 20 mm in (D). All graphs showmean ± SEM. See also Figure S2 and

Table S1.
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Figure 3. Acute Loss of Phd2 Enhances Tumor Response to Chemotherapy

(A) Immunoblot for HIF-1a and HIF-2a in WT (R26;Phd2+/+), Phd2 haplodeficient (R26;Phd2L/+), and Phd2 null (R26;Phd2L/L) endothelial cells (EC).

(B and C) Reduced LLC tumor growth (B) and weight (C) following DOX (2.5 mg/kg, 33 per week) upon tamoxifen-induced deletion of one (R26;Phd2L/+) or two

(R26;Phd2L/L) Phd2 alleles (n = 10–12; *p < 0.05).

(D) Metastasis inhibition in R26;Phd2L/+ and R26;Phd2L/L LLC tumor-bearing mice; lung metastatic nodules were further reduced upon DOX (n = 10–12).

(E and F) Quantification (E) and staining (F) for CD34 (green) and alpha-smooth muscle actin (SMA) (red), revealing increased pericyte coverage of tumor vessels in

untreated and DOX-treated R26;Phd2L/+ and R26;Phd2L/L mice. Higher magnification images are shown as insets (n = 6–8).

(G andH)Morphometric quantification of LLC tumor sections stained for the endothelial marker CD31 and intravenously injected 2MDa dextran-FITC (G) or PIMO

(H), showing, respectively, increased tumor vessel perfusion or reduced tumor hypoxia in both untreated and DOX-treated R26;Phd2L/+ and R26;Phd2L/L mice

(n = 10–12 or n = 4–6, respectively).
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Figure 4. Phd2 Loss Protects against

Cisplatin-Induced Nephrotoxicity

(A) Reduced plasma urea and creatinine inPhd2+/�

mice 72 hr post-CPt injection (20 mg/kg; n = 6–10).

(B) PAS staining on kidney sections from CPt-

treated mice, revealing severe tubular dilation,

protein cast (white asterisks), and detachment of

atrophic glomeruli (white arrow) in WT, but not in

Phd2+/� mice.

(C) RNA levels of kidney injury molecule 1 (Kim1)

after CPt (n = 6–10).

(D) Immunoblot for cleaved caspase-3 on kidneys

showing protection in Phd2+/� mice against CPt-

induced apoptosis.

(E) Kaplan-Meier survival curve, illustrating in-

creased survival of Phd2+/� mice upon acute

administration of CPt.

(F) Reduced plasma urea and creatinine levels in

CPt-treated R26;Phd2L/+ and R26;Phd2L/L mice

(n = 5–7; #p < 0.05 versus baseline R26;Phd2+/+;
xp < 0.05 versus R26;Phd2+/+ CPt).

Unless otherwise denoted: *p < 0.05 versus WT,
#p < 0.05 versus baseline. Scale bars denote

40 mm in (B). All graphs show mean ± SEM. See

also Figure S4 and Table S3.
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kinase (CK), released in the plasma upon acute cardiac injury,

was strongly elevated in WT mice, but 2-fold lower in Phd2+/�

mice (Figure 5D). Myocardial death following doxorubicin admin-

istration was completely prevented in Phd2+/� mice (Figure 5E

and Table S4). Consistently, the mean survival after doxorubicin

was 20 days in Phd2+/� mice, while only 5 days in WT mice (Fig-

ure 5F). A chronic regimen of doxorubicin as well (2.5 mg/kg; 33

per week) preserved cardiac ejection fraction in Phd2+/� mice

(Figure 5G). Gene expression of brain natriuretic peptide (Bnp),
(I) Plasma VEGF levels quantified by ELISA in R26;Phd2+/+, R26;Phd2L/+, and R26;Phd2L/L LLC tumor-free a

versus R26;Phd2+/+ tumor-free).

(J) Intratumoral VEGF levels are decreased in R26;Phd2L/+ and R26;Phd2L/L mice (n = 6–8).

(K) Intratumoral VEGF levels are decreased in R26;Phd2L/+ mice, regardless of Phd2 silencing in cancer cell

(L) Combined inactivation of Phd2 in both stroma (R26;Phd2+/+ and R26;Phd2L/+ mice) and cancer cells (shPh

(2.5 mg/kg, 33 per week) (n = 8–10; *p < 0.05).

Unless otherwise denoted: *p < 0.05 versus R26;Phd2+/+ saline, #p < 0.05 versus saline, xp < 0.05 versus R2

graphs show mean ± SEM. See also Figure S3 and Table S2.
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a marker of chronic heart toxicity, was

35.2% lower in Phd2+/� than WT mice

after doxorubicin (Figure 5H).

The protection of healthy organs

against chemotherapy can be mainly

ascribed to reduced activity of PHD2 in

tissue cells, since heterozygous deletion

of Phd2 in EC (and infiltrating leukocytes)

did not prevent side-toxicity of cisplatin

and doxorubicin (Figures S4C and S5B).

We then assessed the effect of acute

deletion of one versus two Phd2 alleles.

To this end, R26;Phd2L/+, R26;Phd2L/L,

andR26;Phd2+/+ control mice, pretreated

with tamoxifen for 5 days, were injected
with an acute dose of cisplatin (20 mg/kg) or doxorubicin

(20 mg/kg). Both heterozygous and homozygous deletion of

Phd2 were equally able to prevent renal and cardiac damage,

as assessed by lower concentrations of plasma urea, creatinine,

and CK in R26;Phd2L/+ and R26;Phd2+/+ mice after drug admin-

istration (Figures 4F and 5I).

Altogether, these results indicate that genetic inactivation of

Phd2 confers protection against chemotherapy-associated

nephropathy and cardiomyopathy.
s well as tumor-bearing mice (n = 5–10; #p < 0.05

s (n = 8–10; *p < 0.05).

d2) equally enhances LLC tumor response to DOX

6;Phd2+/+ DOX. Scale bars denote 50 mm in (F). All

, August 14, 2012 ª2012 Elsevier Inc. 269
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Figure 5. Phd2 Loss Protects against Doxo-

rubicin-Induced Cardiotoxicity

(A) B-mode measurement of left ventricular func-

tion, revealing unaltered ejection fraction in

Phd2+/� mice 5 days after acute administration of

DOX (20 mg/kg; n = 7–11).

(B) H&E-staining on DOX-treated heart sections

reveals extensive cytoplasmic vacuolization (white

arrow), myofibrillar loss, and cell death (white

asterisks) in WT, but not in Phd2+/� mice.

(C) Sirius red staining on DOX-treated heart

sections identifies extensive fibrotic areas in WT,

but not in Phd2+/� mice.

(D) Increased plasma creatine kinase (CK) by DOX

is prevented in Phd2+/� mice (n = 5–7).

(E) Immunoblot for cleaved caspase-3 on hearts

showing prevention of DOX-induced apoptotis in

Phd2+/� mice.

(F) Kaplan-Meier curve, illustrating increased

survival of Phd2+/� mice upon acute administra-

tion of DOX (n = 7–8; *p < 0.001 versus WT).

(G) B-mode measurement of left ventricular func-

tion in Phd2+/� andWTmice 1 month after chronic

treatment (2.5 mg/kg; 33 per week) with DOX (n =

30; *p < 0.001; #p < 0.001 versus baseline).

(H) RNA levels of brain natriuretic peptide (Bnp)

in heart after chronic administration of DOX (n =

9–11).

(I) Plasma CK values upon acute DOX treatment in

tamoxifen-treated in R26;Phd2+/+, R26;Phd2L/+,

and R26;Phd2L/L mice (n = 5–7; #p < 0.05

versus baseline R26;Phd2+/+; xp < 0.05 versus

R26;Phd2+/+ DOX).

Unless otherwise denoted: *p < 0.05 versus WT,
#p < 0.05 versus baseline. Scale bars denote

20 mm in (B) and (C). All graphs showmean ± SEM.

See also Figure S5 and Table S4.
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Loss of Phd2 Mounts an Antioxidative Response in
Normal Organs
The toxicity of cisplatin and doxorubicin on quiescent and

healthy organs has been, in part, ascribed to oxidative stress

formation (Berthiaume and Wallace, 2007; Pabla and Dong,

2008). We therefore assessed the burst of ROS after chemo-

therapy by staining kidney and heart sections for 8-hydroxy de-

oxyguanosine (8-OHdG), a marker of oxidative DNA damage.

Acute cisplatin administration raised the number of 8-OHdG+

nuclei in WT kidneys to 52.3%, while only to 35% in Phd2+/�

kidneys (Figures 6A and 6B). 8-OHdG+ nuclei were undetectable
270 Cancer Cell 22, 263–277, August 14, 2012 ª2012 Elsevier Inc.
at baseline in both genotypes (Fig-

ure S6A). Similarly, both acute and

chronic administration of doxorubicin re-

sulted in reduced oxidative damage in

Phd2+/� versus WT hearts (Figures 6C–

6E). 8-OHdG+ nuclei in baseline hearts

were similar in both genotypes (Figures

S6B and S6C). When treated with acute

regimens of doxorubicin or cisplatin,

RNA, protein levels, and activity of

primary antioxidative enzymes (AOE),

such as superoxide dismutase 1 (Sod1),

superoxide dismutase 2 (Sod2), catalase
(Cat), and glutathione peroxidase 1 (Gpx1), were significantly

higher in Phd2+/� than in WT organs (Figures 6F–6H and Tables

S5 and S6). Baseline levels and activity of these enzymes

were similar in both genotypes (not shown). Administration

of the ROS scavenger Mn(III)tetrakis(4-benzoic acid)porphyrin

(MnTBAP) greatly prevented the induction of AOE in Phd2+/�

hearts after doxorubicin, indicating that ROS production by

chemotherapy is necessary to trigger this detoxification re-

sponse (Figure 6I). Pharmacological inhibition of these AOE in

combination with doxorubicin completely abrogated the cardiac

protection conferred by loss of Phd2 (Figure 6J).
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We then assessed whether the nonspecific prolyl hydroxylase

inhibitor dimethyloxaloylglycine (DMOG) could offer a similar

cardiac protection as genetic inactivation of Phd2. When mea-

suring plasma CK as readout of toxicity, DMOG-treated WT

mice displayed a 53% reduction of CK release after doxorubicin

(Figure 6K). From a molecular point of view, DMOG alone did

not induce AOE upregulation, in line with our observations in

Phd2+/� mice at baseline. However, the combination of DMOG

and doxorubicin enhanced the expression of Cat, Sod1, Sod2,

and Gpx1, consistent with the fact that an oxidative challenge

is required to initiate the detoxification response (Figure 6L).

We also evaluated the biological consequences of reduced

PHD2 activity on ROS homeostasis in LLC cancer cells, where

the cytostatic effect of these drugs is primarily linked to cell

proliferation (not shown). Silencing of Phd2 did not affect the

expression of AOE either in vitro or in vivo: neither did it

affect ROS induction (Figures S6D–S6G). Consistently, in vitro

cell death in response to doxorubicin was comparable in both

scramble and Phd2-silenced LLC (Figure S6H).

Thus, a reduction of PHD2 triggers effective antioxidative

responses in normal organs, but not in tumors, in response to

chemotherapy.

TheAntioxidative Response by Loss ofPhd2 Is HIF-1 and
HIF-2 Dependent
The AOE upregulated in Phd2+/� organs are HIF downstream

targets (Scortegagna et al., 2003). To assess HIF transcriptional

activity in WT and Phd2+/� hearts at baseline and after doxoru-

bicin, we used an adenoassociated virus serotype-9 (AAV9)

carrying a HIF-responsive firefly luciferase reporter (Figure 7A).

HIF activity was comparable in both genotypes at baseline.

However, 24 hr after doxorubicin administration, HIF activity

was 5.4 times higher in WT hearts, but 9.8 times higher in

Phd2+/� hearts (Figure 7A). This effect was specific and not

secondary to hypoxia, since the constitutive cytomegalovirus

(CMV) promoter was not differentially regulated and we were

not able to detect any hypoxic regions in response to doxoru-

bicin (Figure S7A and not shown). Similar results were obtained

in kidneys, where HIF activity 24 hr after a bolus of cisplatin

was 8.1-fold increased in WT mice, but 13.5-fold increased in

Phd2+/� mice (Figure 7B).

To assess the contribution of HIF-1a versus HIF-2a, we inter-

crossed Phd2+/� mice with Hif1a+/� or Hif2a+/� mice, displaying

about 50% reduction in Hif1a or Hif2a, respectively (Figures S7B

and S7C). Heterozygous deficiency of either Hif1a or Hif2a in

Phd2+/� mice abrogated the upregulation of Sod1, Sod2, Cat,

and Gpx1 after doxorubicin (Figures 7C and 7D). In vitro, both

HIF-1a and HIF-2a were more abundant in Phd2+/� cardiomyo-

cytes compared to WT and accumulated to even higher levels

in Phd2�/� cardiomyocytes (Figure 7E and Table S7). In re-

sponse to doxorubicin, both HIFs were slightly higher in WT car-

diomyocytes, but they were more potently induced in Phd2+/�

and in Phd2�/� cells up to comparable levels (Figure 7E and

Table S7).

In order to block simultaneously HIF-1 and HIF-2, we treated

WT and Phd2+/�mice with chetomin, which disrupts the interac-

tion of the transcriptional coactivator p300with the alpha subunit

of HIF (Kung et al., 2004). Administration of chetomin prevented

the induction of Sod1, Sod2, Cat, and Gpx1 and completely
abrogated the protection against oxidative stress and tissue

damage conferred by Phd2 haplodeficiency in response to

doxorubicin (Figures 8A–8C), supporting that both HIFs are

responsible for the chemoprotection in Phd2+/� mice.

DISCUSSION

During the last decade, much progress has been made in

increasing the arsenal and selectivity of anticancer drugs.

However, side effects and resistance to therapy still remain

major issues (Berthiaume and Wallace, 2007; Pabla and Dong,

2008). Based on previous research (Mazzone et al., 2009), we

now describe PHD2 as a potential and promising target, not

only to improve delivery of cytotoxic drugs selectively to the

tumor, but also to protect normal organ functions from side-

toxicity of chemotherapy. From a biological point of view, two

distinct mechanisms underlie these different phenomena. In

tumors, on one hand, we show that acute deletion of one or

two Phd2 alleles in stromal cells increases tumor vessel perfu-

sion and thus allows doxorubicin and cisplatin to better reach

the tumor, regardless of Phd2 targeting in cancer cells. Together

with the inhibition of metastasis, PHD2 inactivation provides

a potent antitumor effect when combined with conventional

chemotherapeutic regimens (Figure 8D, left panel). In healthy

organs, on the other hand, reduced activity of PHD2 in hearts

and kidneys amplifies the antioxidative response and thus

counters the oxidative burst and subsequent tissue damage

caused by doxorubicin and cisplatin (Figure 8D, right panel).

Previous studies have shown that VEGF(R) blockade

promotes a transient window of tumor vessel normalization in

which the chemo- and radio-response of the tumor is enhanced

(Goel et al., 2011; Winkler et al., 2004). Beyond this ‘‘normaliza-

tion window,’’ VEGF blockade leads to vessel pruning, which

might increase hypoxia and fuel a shift to malignancy, together

with an overall reduction of drug delivery and tumor uptake

(Loges et al., 2009). In addition, resistance mechanisms are

evoked by the antiangiogenic treatment itself (Loges et al.,

2009). By using different genetic tools, we show that reduced

activity of PHD2 in EC normalizes the tumor vasculature, not

vessel numbers, and increases drug efficiency. This effect is

similar and preserved until the end stage of the disease if Phd2

is inactivated either before or after tumor onset or following

systemic inactivation of one or two Phd2 alleles. Moreover,

chemotherapeutic drugs in Phd2+/� mice have a synergic effect

on metastasis inhibition. Finally, Phd2+/� vessels have im-

proved functionality prior to and postchemotherapy, altogether

suggesting the absence of resistance modes. Nevertheless,

we cannot formally exclude that PHD2 might affect tumor-

stromal interactions that confer protection on cancer cells from

the cytotoxic effect of anticancer agents (Provenzano et al.,

2012; Nakasone et al., 2012). A deletion of Phd2 in the host

stroma may alter its interactions with cancer cells, resulting in

an unfavorable microenvironment that could render tumor cells

more sensitive to drug treatment.

Phd2 silencing in cancer cells can display both a pro-

and antitumoral effect, depending on the cellular context

(Ameln et al., 2011; Andersen et al., 2011; Bordoli et al., 2011;

Chan et al., 2009; Kamphues et al., 2012; Lee et al., 2008; Peur-

ala et al., 2012; Su et al., 2012). However, there are more tumor
Cancer Cell 22, 263–277, August 14, 2012 ª2012 Elsevier Inc. 271
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Figure 6. Phd2 Loss Favors an Antioxidative Response in Normal Organs

(A–D) Representative micrographs (A,C) and morphometric quantification (B,D) of 8-hydroxy deoxyguanosine (8-OHdG; red) positive nuclei in kidney sections

72 hr after acute administration of CPt (20 mg/kg) or in heart sections 5 days after acute administration of DOX (20 mg/kg), respectively; DAPI (blue) was used for

nuclear localization (n = 5).
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Figure 7. Chemoprotection of Normal Organs by Phd2 Loss Requires HIF-1 and HIF-2

(A and B) HIF-reporter luciferase assay, showing enhanced HIF activity upon chemotherapy in Phd2+/� hearts (A) and kidneys (B) (n = 4).

(C and D) Either Hif1a (C) or Hif2a (D) heterozygosity prevents the transcriptional induction of AOE in Phd2+/� mice upon DOX treatment (n = 5–10).

(E) Immunoblot for HIF-1a and HIF-2a in untreated and DOX-treated WT, Phd2+/�, and Phd2�/� cardiomyocytes.

*p < 0.05 versus WT, #p < 0.05 versus baseline, xp < 0.05 versus Phd2+/� DOX. All graphs show mean ± SEM. See also Figure S7 and Table S7.
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types that overexpress Phd2 compared to their normal histo-

logical counterpart than tumor types that underexpress this

gene, thus indicating Phd2 as an oncogene more than an onco-

suppressor (Ameln et al., 2011). For this reason, simultaneous
(E) 8-OHdG positive nuclei are significantly reduced in Phd2+/� hearts under a c

(F–H) Enhanced expression of antioxidative enzymes (AOE) in Phd2+/� hearts (F) a

(H; n = 3) levels.

(I) RNA levels of AOE in DOX-treated Phd2+/� mice upon administration of the R

(J) Plasma CK upon combined treatment with DOX and AOE inhibitors (n = 3–6).

(K) Treatment of WT mice with the nonspecific PHD2 inhibitor DMOG prevents t

(L) Combined administration of DMOG and DOX strongly upregulates AOE trans

Unless otherwise denoted: *p < 0.05 versus WT, #p < 0.05 versus WT baseline (no

(A) and (C). All graphs show mean ± SEM. See also Figure S6 and Tables S5 and
inactivation of Phd2 in both tumor stroma and cancer cells re-

mained enigmatic. Our data show that tumors generated by

Phd2 hypomorphic LLC cells still display an advantageous

response to chemotherapy when the tumor is embedded in
hronic regimen of DOX (2.5 mg/kg; 33 per week; n = 4–8; *p < 0.05).

nd kidneys (G) after chemotherapy, both at the RNA (F and G; n = 6) and protein

OS scavenger MnTBAP (n = 3–5; #p < 0.05 versus WT vehicle).

he increase of plasma CK after DOX (n = 5–6).

cript levels in WT hearts (n = 5–6).

t shown) or vehicle, xp < 0.05 versus Phd2+/� DOX. Scale bars denote 20 mm in

S6.
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Figure 8. HIF-Inhibition Abrogates Chemo-

protection in Phd2+/– Mice

(A) RNA levels of AOE in WT and Phd2+/� hearts

upon combined treatment with DOX and the HIF-

inhibitor chetomin (CH; n = 6).

(B) Morphometric quantification of 8-OHdG+

nuclei, showing increased oxidative stress in

Phd2+/� mice upon combined DOX and CH

treatment (n = 5).

(C) H&E-stained heart sections show increased

myofiber disarray (dotted line) and apoptotic

features (arrow) in Phd2+/� mice after combined

treatment of DOX and CH.

(D) Acting as an oxygen-sensitive enzyme,

reduced activity of PHD2 in EC promotes tumor

vessel normalization in a HIF-2a-dependent man-

ner, thus optimizing the delivery of chemo-

therapeutic drugs to the tumor, increasing their

antitumor and antimetastatic effects (left panel).

In healthy organs, the overall prolyl hydroxylase

activity is hampered by chemotherapy-induced

reactive oxygen species (ROS), resulting in HIF-1a

and HIF-2a stabilization and subsequent tran-

scription of antioxidative defenses (Sod1, Sod2,

Cat, and Gpx1). Genetic deletion of Phd2 reduces

the threshold of HIFs activation and thus favors

this feedback loop, which promptly counters

oxidative damage and prevents organ failure and

tissue demise (right panel). Targeting PHD2 might

therefore offer a double advantage in the treatment

of oncological diseases.

*p < 0.05 versus WT, #p < 0.05 versus baseline,
xp < 0.05 versus Phd2+/� DOX. Scale bars denote

100 mm in (C). All graphs show mean ± SEM.
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a Phd2-deficient environment, suggesting that systemic inhibi-

tion of PHD2 might offer beneficial effects in cancer treatment.

Further studies are needed to extend these findings to different

tumor cell types.
274 Cancer Cell 22, 263–277, August 14, 2012 ª2012 Elsevier Inc.
PHD2 inactivation also prevented

cardiac and renal toxicity derived by

chemotherapy-induced ROS. Inactiva-

tion of PHDs predisposes responses to

hypoxia and preconditioning stimuli (Ara-

gonés et al., 2009; Eckle et al., 2008;

Huang et al., 2008; Hyvärinen et al.,

2010; Mazzone et al., 2009; Takeda

et al., 2011). Indeed, oxygen consump-

tion in hypoxia is associated with genera-

tion of ROS that peaks after tissue reoxy-

genation; stabilization of HIF-1a and/or

HIF-2a have been associated with tran-

scription of antioxidative defenses that

protect the cell from oxidative damage

(Date et al., 2005; Lee et al., 1997; Martin

et al., 2005; Mukhopadhyay et al., 2000;

Scortegagna et al., 2003). However,

when the production of ROS overwhelms

the detoxification capacity of the cell,

excessive oxidative damage leads to

cell death (Aragonés et al., 2008; Minotti
et al., 2004; Shokolenko et al., 2009; Unnikrishnan et al., 2009).

The same phenomenon occurs during treatment with doxoru-

bicin and cisplatin (Berthiaume and Wallace, 2007; Pabla and

Dong, 2008).
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The current study suggests that an initial burst of ROS

production by chemotherapeutic drugs is required to stabilize

both HIF-1a and HIF-2a and to promote their activity in normoxic

conditions. Indeed, when ROS are increased, iron oxidation

results in the inactivation of prolyl hydroxylase activity, since

this metal is an essential cofactor for these enzymes (Gerald

et al., 2004). This feedback loop provides a built-in safety mech-

anism to diminish tissue damage. Phd2 (haplo)deficiency

decreases the threshold of HIF activation and favors the tran-

scription of antioxidative defenses that further limit the abun-

dance of ROS. A reduction of prolyl hydroxylase activity by

chemotherapy-associated ROS production will also trigger the

same detoxification program in WT organs, but less efficiently

than in Phd2 (haplo)deficient organs. In other words, by re-

ndering the organs better preadapted to oxidative stress,

(haplo)deficiency of Phd2 promptly counteracts ROS-induced

tissue damage. These findings unravel a mechanism for ROS

homeostasis by PHD2, which is independent of hypoxia, and

implies a relevance of PHD2 in other oxidative stress-related

pathophysiological conditions, suchasneurodegenerative disor-

ders, diabetes, and aging (Fraisl et al., 2009).

Our data indicate that the involvement of PHD2 in response to

chemotherapeutic drugs is highly context and cell-type depen-

dent, since Phd2 silencing in proliferating cancer cells did not

affect AOE in response to doxorubicin: neither did it modify

ROS production. However, the factors conferring cell specificity

to this response need to be defined. From a therapeutic point of

view, our findings support the idea that systemic inhibition of

PHD2 might offer chemoprotection of normal organs without

promoting chemoresistance in cancer cells.

In our previous study, we show that HIF-2a is mainly respon-

sible for Phd2+/� EC quiescence/normalization (Mazzone et al.,

2009); in this study, we show that both HIF-1a and HIF-2a are

involved in the detoxification program in Phd2+/� organs. Both

HIFs have been previously reported as upstream regulators of

an antioxidative response in different cell types (Bertout et al.,

2009; Mukhopadhyay et al., 2000; Scortegagna et al., 2003).

Genetic inactivation of Hif2a reduced the levels of Sod1, Sod2,

Cat, andGpx1 and resulted inmultiple organ failure in developing

embryos and neonates (Scortegagna et al., 2003). However,

Phd2 inactivation will lead to simultaneous accumulation of

both HIF isoforms, representing a different scenario from the

one described in previous studies, showing genetic deletion (or

silencing) of Hif1a or Hif2a (Bertout et al., 2009; Scortegagna

et al., 2003; Vengellur et al., 2003, 2011). Overall, the involvement

of HIF in favoring tumor vessel normalization and limiting the

undesired effects of chemotherapy warrants some caution for

considerate use of HIF inhibitors for cancer therapy (Semenza,

2003).

Finally, heterozygous and homozygous deletion of Phd2

comparably sensitizes the tumor to chemotherapeutic drugs

and minimizes their adverse effects. From a molecular point of

view, HIF-2a (themain driver of vessel normalization) was higher,

but equally elevated in both Phd2+/� and Phd2�/� EC. This is

likely due to compensatorymechanisms inPhd2 null cells, where

Phd3 upregulation might tune down to the heterozygous levels

the genetic response triggered by complete loss of Phd2, as re-

ported during embryo development (Minamishima et al., 2009).

In cardiomyocytes, despite a dose-dependent effect of hetero-
zygous versus homozygous Phd2 deletion on HIF-1a and HIF-

2a stabilization at baseline, in response to doxorubicin, both

HIFs reached their plateau in Phd2+/� and Phd2�/� cells, thus

displaying a comparable antioxidative response.

To date, PHD2-specific inhibitors are not commercially avail-

able, although several screening platforms have been estab-

lished (Fraisl et al., 2009). It will be clinically relevant to validate

these drugs in mouse models of cancer in combination with

chemotherapy. At this stage, our study provides insight on

how PHD2 can regulate drug delivery to the tumor by sensing

oxygen availability and readapting vessel perfusion and can

counter the onset of chemotherapy-associated side-toxicity by

working as a gatekeeper for ROS production.

EXPERIMENTAL PROCEDURES

More detailed methods can be found in the Supplemental Information.

Syngeneic Tumor Models

106 B16F10.9 melanoma (B16) cells or 106 Lewis lung carcinoma (LLC)

cells were injected subcutaneously. Tumor volumes were measured 33 per

week with a caliper and calculated using the formula: V = p 3 [width2 3

length] / 6. At an average of 100 mm3, mice were randomized for intra-

peritoneal (i.p.) administration (2.5 mg/kg; 33 per week) of cisplatin (CPt) or

doxorubicin (DOX) in B16 or LLC tumor-bearing mice, respectively. In tumor

experiments using the Rosa26CreERT2 deleter, tamoxifen treatment (1 mg/

mouse/day i.p. for 5 consecutive days) was started on the day of cancer cell

injection. Housing and all experimental animal procedures were approved by

the Institutional Animal Care and Research Advisory Committee of the KU

Leuven.

Cisplatin Quantification

The CPt in B16 tumors was quantified by inductively coupled plasma mass

spectrometry (ICP820-MS, Varian, USA) or by immunohistochemical staining

against CPt DNA-adducts (NKI-159; a gift of Dr. B. Floot, Netherlands Cancer

Institute).

Tumor Interstitial Fluid Pressure

Tumor interstitial fluid pressure was evaluated in the central cystic tumor area

of subcutaneous LLC tumors using the ‘‘wick-in-needle’’ technique (Hofmann

et al., 2006).

Acute or Chronic Doxorubicin Cardiotoxicity

Tumor-free mice were injected with a single dose of 20 mg/kg DOX (i.p.) and

assessed for cardiotoxicity after 5 days or with 2.5mg/kgDOX (i.p.) three times

a week for a total of 4 weeks, respectively.

Acute or Chronic Cisplatin Nephrotoxicity

Tumor-free mice were injected with a single dose of 20 mg/kg CPt (i.p.) and

assessed for renal toxicity after 3 days or with 2.5 mg/kg CPt (i.p.) three times

a week for a total of 4 weeks, respectively.

HIF Activity In Vivo

The adenovirus-associated virus 9 (AAV9) HIF reporter plasmid (AAV9-HRE-

LUC) contains a minimal promoter fused to 9 copies of hypoxia-responsive

elements (HRE) followed by the firefly luciferase (LUC)(Aragonés et al., 2001)

in pSubCMV-WPRE (Paterna et al., 2000). AAV9 particles were generated

as previously described (Anisimov et al., 2009). A dose of 0.25 3 1011 viral

genomic copies of AAV9-HRE-LUC or the control AAV9-CMV-LUC were in-

jected in the tail vein 3 days before administration of 20 mg/kg DOX or CPt.

Immunoblot and Immunochemistry

Protein extraction was performed using RIPA (50 mM Tris HCl pH 8, 150 mM

NaCl, 1% Triton X-100, 0.1%SDS, 0.5% sodium deoxycolate). All methods for

histology and immunostainings have been described before (Mazzone et al.,

2009).
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QRT-PCR

Quantitative RT-PCR (QRT-PCR) was performed as described (Fischer

et al., 2007). The Assay ID (Applied Biosystems) or the sequence of primers

and probes (when homemade) are listed in the Supplement Experimental

Procedures.

Hypoxia and Tumor Perfusion

Tumor hypoxia was detected as before (Mazzone et al., 2009). Tumor perfu-

sion was assessed by injecting intravenously 0.05 mg lectin-FITC (Lycopersi-

con esculentum; Vector Laboratories) or 5 mg high molecular weight (2 MDa)

dextran-FITC (Sigma).

Statistics

Data represent mean ± SEM of representative experiments. Statistical signif-

icance was calculated by a two-tailed unpaired t test for two data sets and

ANOVA followed by a Bonferroni post hoc test for multiple data sets using

Prism (GraphPad, Inc.), with p < 0.05 considered statistically significant.

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures, seven tables, and Supple-

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

http://dx.doi.org/10.1016/j.ccr.2012.06.028.
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