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The orchestration of transcriptional programs depends on proper gene-enhancer pairing. While much
remains to be learned about this process in normal development, two recent studies in Cell (Gröschel and
colleagues) and this issue of Cancer Cell (Yamazaki and colleagues) highlight how the genomic rearrange-
ment of an enhancer plays a causal role in the onset of a leukemogenic program.

Genetic lesions are well-chronicled

drivers of various malignancies, with evi-

dence accumulating from early cytoge-

netic studies as well as modern molecular

techniques. The majority of such tech-

niques have placed an emphasis on the

amplification, deletion, or rearrangement

of coding sequences and have success-

fully identified hundreds of important

drivers in cancer (Garraway and Lander,

2013). However, the vast expanse of non-

coding sequence in mammalian genomes

is known to contain regulatory elements

that contribute to the control of gene

expression and could therefore influence

gene expression via mutation, rearrange-

ment, deletion, or amplification. Prece-

dence for the involvement of such ele-

ments in oncogenesis has been set

by the demonstration that expression of

MYC and other oncogenes can be de-

regulated in lymphoid cells via juxtaposi-

tion of the immunoglobulin heavy chain

regulatory regions, which drive aberrant

expression (ar-Rushdi et al., 1983). A

more recent demonstration of the impor-

tance of mutations in regulatory regions

was the identification of mutations in telo-

merase promoter regions in melanoma

(Huang et al., 2013). However, it remains

unclear how and to what extent deregula-

tion of oncogene expression as a result

of mutations in gene regulatory regions

drives cancer pathogenesis.

Enhancer elements are regions of DNA

that function as distal, nonpromoter, cis-

acting regulators of gene expression that

often operate in a tissue-specific manner.

As an area that has not been queried by

traditional technologies, such regulatory

elements remain at the frontier in the

study of both normal and aberrant gene

expression, with the latter containing im-

plications for the regulation of putative

oncogenic drivers. Key challenges in the

study of enhancers involve difficulties in

their initial identification and the identifi-

cation of the genes upon which they act.

Advances in genome-wide measure-

ments of transcription factor binding and

chromatin state have begun to address

the former, because enhancers can now

be identified based on the presence of

particular chromatin modifiers and his-

tone modifications. With hundreds of

thousands of putative enhancers identi-

fied in the human genome, it is now imper-

ative that they be linked to their respective

genes in the context of both normal devel-

opment and pathogenesis. Enhancer

function can be affected by factors that

bind to the enhancer, chromatin modifi-

cations associated with enhancers, line-

age-specific signaling pathways, and mu-

tations altering the enhancer sequence

itself; the importance of these elements

in cancer is only beginning to be explored

(Herz et al., 2014).

EVI1 is a proto-oncogenic transcription

factor involved in the regulation of he-

matopoietic stem cells, and its overex-

pression has been linked to acutemyeloid

leukemia (AML) and myelodysplastic

syndrome (MDS) and carries a poor prog-

nosis (Glass et al., 2014). EVI1 deregula-

tion is often accompanied by a nearby

inversion inv(3) or translocation t(3;3) of

largely nongenic sequence, but mech-

anistic links between these rearrange-

ments and EVI1 expression changes

have remained poorly understood. Two

newstudies utilize orthogonal approaches

to dissect the regulatory potential of these

sequences and subsequently discover

how the genomic rearrangement of a sin-

gle enhancer element disrupts the regula-

tion of two genes involved in the onset of

AML (Figure 1).

In a recent study published in Cell, Grö-

schel et al. (2014) utilized functional geno-

mics and genome editing to characterize

chromosome 3q-rearrangements in pri-

mary AML samples and human cell

lines. Using an effective combination of

chromosome conformation capture with

ChIP-seq and RNA-seq, the authors iso-

lated a 9 kb element within commonly

translocated sequences, which physically

contacted the EVI1 promoter and stimu-

lated its expression. Analysis of p300

binding further allowed the elucidation of

a putative enhancer element, the excision

of which was shown to reduce EVI1

expression and limit proliferation, with

a marked skewing toward myelomono-

cytic differentiation. These changes were

largely phenocopied by EVI1 knockdown.

Further classification of the region sur-

rounding the enhancer indicated that it

may function as part of a so-called super

enhancer, with a characteristic H3K27ac

pattern and BRD4 binding (Whyte et al.,

2013). As such, cell lines containing the

3q-rearrangements were more respon-

sive to the BET bromodomain inhibitor

JQ1 and exhibited proliferation defects

and reduced EVI1 expression.

In a complementary study in this issue

of Cancer Cell, Yamazaki et al. (2014)

took advantage of a bacterial artificial

chromosome (BAC) system to recapitu-

late a human 3q-rearranged leukemia

in a mouse model. To this end, they uti-

lized a linked BAC strategy to precisely

generate the inv(3)(q21;q26) inversion

found in the human MOLM-1 leukemia
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cell line with and without the putative

enhancer element. They also generated

a control BAC containing the truncated

EVI1 gene alone. The resulting transgenic

mice underwent molecular and pheno-

typic profiling. The human EVI1 gene

was elevated in expression relative to

the endogenous mouse copy in hemato-

poietic stem and progenitor cells and

related compartments. The contribution

of the enhancer was best demonstrated

by the onset of hematologic pathologies.

Mice harboring BACs with the full inver-

sion developed splenomegaly and trans-

plantable leukemias, whereas those with

enhancer-deleted BACs resembled con-

trol mice. The leukemias showed both

myeloid and lymphoid properties, and,

although it is unknown how this arises, it

is in agreement with a recent finding that

EVI1 is expressed in a subset of pediatric

acute lymphoblastic leukemias (Konantz

et al., 2013).

Both studies establish that the regulato-

ry element in question is a distal enhancer

of GATA2 in the context of the wild-type

allele. In Gröschel et al. (2014), the

enhancer-EVI1 reporter assays estab-

lished a pattern of cell type-specific activ-

ity, indicating enhancer dependence on

the repertoire of available trans factors in

the myeloid lineage, which was their

first hint that the enhancer does not

belong to the ubiquitous housekeeping

gene RPN1 as previously hypothesized.

Indeed, further allele-specific analysis

confirmed that the enhancer normally

acts onGATA2 and that the 3q rearrange-

ment results in the functional haploinsuf-

ficiency of GATA2. Similarly, Yamazaki

et al. (2014) began their study by demon-

strating that a conserved homologous

sequence in mouse is acting as a hemato-

poietic-specificdistal enhancer ofGATA2.

Since GATA2 depletion has been linked

to AML, MDS, and Emberger/MonoMAC

syndromes (Bresnick et al., 2012), this

highlights the possibility of a single

enhancer rearrangement resulting in the

simultaneous upregulation of a proto-

oncogene and downregulation of a tumor

suppressor gene in a spatiotemporal spe-

cific manner.

Taken together, these two studies

emphasize the importance of noncoding

regulatory sequence rearrangements as

a driving mechanism for leukemogenesis.

While one paper takes advantage of

genomic tools to characterize human

samples and at least one potential thera-

peutic outlet, the other study establishes

a technique for the precise recapitulation

of genomic rearrangements for full in vivo

characterization in mouse models. How-

ever, it should be noted that there may

be important ways in which the mouse

models differ from the human leukemias.

For example, when using human BACs

to express the translocated enhancer,

the mice do not have the haploinsuffi-

ciency of GATA2 as seen in the human

cells. Such a difference may lend insight

into the contribution of decreased

GATA2 expression in leukemogenesis

and requires further study. Regardless,

these findings illuminate a path to better

characterize the mechanistic and thera-

peutic implications of non-genic rear-

rangements and further highlight the fact

that a next frontier for cancer genomics

will focus on the importance of mutations

residing outside the coding exome.
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Figure 1. A Single Enhancer Rearrangement Deregulates Two Oncogenic Drivers
(A) The distal enhancer normally drives GATA2 expression in a myeloid-specific manner. Inversion or
translocation of the locus simultaneously results in functional haploinsufficiency of GATA2 and upregula-
tion of EVI1.
(B) The enhancer can be deactivated through genome editing or pharmacologic BET inhibition. A novel
BAC-linking strategy allowed a faithful recapitulation of the rearrangement and disease in a mouse model.

Cancer Cell

Previews

408 Cancer Cell 25, April 14, 2014 ª2014 Elsevier Inc.

http://dx.doi.org/10.1016/j.bcmd.2014.01.002
http://dx.doi.org/10.1016/j.bcmd.2014.01.002


Next-Generation Genomic Profiling
of Hepatocellular Adenomas: A New Era
of Individualized Patient Care

Jens U. Marquardt1,2,* and Snorri S. Thorgeirsson1,*
1Laboratory of Experimental Carcinogenesis (LEC), Center for Cancer Research, National Cancer Institute, NIH, 37 Convent Drive,
Room 4146, Bethesda, MD 20892, USA
2Department of Medicine I, Johannes Gutenberg University, 55131 Mainz, Germany
*Correspondence: marquarj@uni-mainz.de (J.U.M.), snorri_thorgeirsson@nih.gov (S.S.T.)
http://dx.doi.org/10.1016/j.ccr.2014.03.032

Hepatocellular adenomas (HCAs) are clinically relevant benign liver lesions that commonly occur in women
on hormonal contraceptives. In this issue of Cancer Cell, Pilati and colleagues present an integrative multi-
‘‘omics’’-based analysis of HCA and identify recurrent genetic alterations associated with adenoma-carci-
noma transition and new drugable targets.

Hepatocellular adenomas (HCAs) are

hormone-sensitive monoclonal benign

liver lesions that are associated with the

use of estrogen rich contraceptives or

androgen-containing steroid anabolics.

Most frequently, HCAs develop in noncir-

rhotic livers, displaying a clear gender

disparity with a female/male ratio of 9:1

(Bioulac-Sage et al., 2011). Also, HCAs

are rarely associated with hereditary

metabolic disorders (i.e., glycogen stor-

age defects). Although only a small frac-

tion of HCAs cause clinical symptoms or

undergo malignant transformation, accu-

rate evaluation of this probability is essen-

tial for appropriate treatment.

Significant progress has been achieved

on the basis of mutational analyses as

well as distinct histological and radiolog-

ical features, pioneered by strong French

consortia, resulting in the classification

of HCAs into four subtypes (Nault et al.,

2013a):

(1)Hepatocytenuclear factor 1 (HNF1a)-

mutated HCAs (HHCAs) constitute 30% to

40% of all adenomas mainly character-

ized by disrupted glucose and lipid meta-

bolism, leading to steatosis and down-

regulation of LFABP. Genomic analyses

identified recurrent losses of heterozygos-

ity at chromosome 12q, with subsequent

analyses that revealed biallelic somatic

mutations in the HNF1A gene. HHCAs

are associated with maturity-onset dia-

betes type 3, a monogenic non-insulin-

dependent diabetes (Bluteau et al., 2002).

(2) Telangiectatic/inflammatory ade-

nomas (IHCAs) harbor activating in-frame

somatic mutations in gp130-encoding

IL6ST or, less frequently, in GNAS

or STAT3. IHCAs show polymorphic in-

flammatory infiltrates, dystrophic vessels,

and sinusoidal dilatations and constitute

around 40% to 50% of all adenomas

(Rebouissou et al., 2009). The cardinal

feature of IHCAs is the activation of the

JAK/STAT pathway (Pilati et al., 2011);

however, concomitant mutations in b-cat-

enin are observed in up to 50% of IHCAs

(i.e., bIHCA).

(3) b-catenin-mutated adenomas

(bHCAs) constitute approximately 10%

to 15% of all HCAs, displaying cytological

abnormalities including acinar pattern and

cholestatic changes. Activatingmutations

of b-catenin aremainly localized in exon 3.

Interestingly, mutations in the pathway,

while overlapping with other subtypes

(e.g., bIHCA), are mutually exclusive with

HNF1A mutations. bHCAs have the high-

est potential of malignant transformation

into hepatocellular carcinoma (HCC),

ranging from 0%–18% and representing

two thirds of all transformed HCAs

(Farges et al., 2011). Interestingly, preva-

lence of malignancy in bHCA is ten times

higher in men than women and is asso-

ciated with metabolic changes. Identi-

fication of this subtype has the most

important clinical implications for patient

management (e.g., withdrawal of andro-

gens or resection).

(4) Around 10% of HCAs show no spe-

cific morphological or immunophenotypi-

cal patterns and are, therefore, termed

unclassified HCA (UHCA).

In this issue of Cancer Cell, Pilati et al.

(2014) report further refinement of the mo-

lecular understanding of HCAs by using

integrative genomic analyses combining

multiple molecular layers. Due to a large

collection of representative HCA samples

and theuseof next-generationsequencing

in combination with other genomic tech-

nologies, the results provide several

exciting clinical as well as mechanistic in-

ferences (Figure 1).

The study included 250 tumors from

195 patients and is the largest to date.

The cohort was well balanced regarding

gender (male:female, 1:6), etiology (84%

oral contraceptives), and subtypes

(HHCA, 29%; bHCA, 14%; bIHCA, 16%;

IHCA, 31%; UHCA, 10%). The study also

included 18 HCAs with malignant trans-

formation into HCC. The authors initially

screened 35 tumors by a whole-exome

sequencing approach. The analyses

yielded the identification and subsequent

validation of 264/508 somatic mutations

as potentially protein altering. Interest-

ingly, compared to other malignant solid

tumorssuchascolon, lung, andpancreatic

cancerswith an average of 33 to 66protein

damaging mutations (Vogelstein et al.,

2013) and, in particular, HCC with around

41 mutations, the genomes of HCAs

appear relatively stable with an average

rate of damaging mutations of 7.5. Among

the mutations, only CTNNB1, IL6ST,

HNF1A, andFRKwere recurrentlymutated

in at least threeHCAs.Of note, paired ana-

lyses of different tumors in the same

patients suggested an independent devel-

opment of the lesions, potentially indi-

cating that multiple biopsiesmight bewar-

ranted in patients with multifocal disease.
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Subsequent validation of selected

genes in the whole cohort not only nicely

recapitulated the known driver mutations

of the corresponding subtype, but also

confirmed the presence of previously

unrecognized somatic mutations in FRK,

a member of the SRC kinase family, as

well as JAK1. A total of 12 IHCA/bIHCA

showed activating FRK mutations in two

hot spots of the tyrosine kinase catalytic

domain, thereby constituting the second

most frequent alterations in IHCA. Gain-

of-function analyses of mutant FRK

induced a strong inflammatory response

in a STAT3-dependent manner, but

independent of interleukin-6 exposure.

Consistently, administration of the SRC

inhibitor dasatinib significantly reduced

the oncogenic activity of FRK mutants,

suggesting that the proliferative charac-

teristics of these IHCAs are mainly driven

by FRK-dependent oncogene addiction

and are likely to benefit from SRC inhibi-

tion. Furthermore, the JAK1 mutation in

one IHCA also induced STAT3 activation.

Interestingly, protein-altering JAK1 muta-

tions in S703I and S729C have been pre-

viously recognized in around 9% of HCCs

(Kan et al., 2013). In this study JAK1-

mutated hepatoma cells significantly re-

sponded to in vitro exposure to the

JAK1/2 inhibitor ruxolitinib. These results

suggest that the JAK1 inhibition might

also be an effective therapeutic approach

in the affected IHCAs.

The authors also performed integrative

analyses of copy-number alterations

and methylome profiling and accurately

recapitulated the different molecular

subclasses. While the overall frequency

of copy-number alterations was rela-

tively low, several recurrent chromosomal

changes specific for HHCA were identi-

fied. Methylome analyses showed that

DNA methylation particularly affect gene

expression in this subtype. Furthermore,

a progressive increase in chromosomal

instability as well as somatic mutations

in addition to global hypomethylation

was observed during transition from

HCA into HCC. However, more detailed

investigations are needed to determine if

epigenetic changes predispose specific

genetic alterations or vice versa (Jones

and Baylin, 2007). Nevertheless, muta-

tional analyses confirmed that mutations

in CTNNB1 are a prerequisite for the tran-

sition into HCC. However, while results

from one patient suggested that CTNNB1

mutations occur relatively early, addi-

tional genetic alterations are necessary

to promote tumor progression, indicating

a two-hit model of malignant transforma-

tion in HCA. Interestingly, acquisition

of activating somatic TERT promoter mu-

tations appears to be a major genetic

driver promoting the adenoma-carcinoma

sequence in b-catenin-activated HCA.

These investigations are in agreement

with recent findings indicating that TERT

promoter activation are among the

earliest and most frequent alterations

in HCC (Nault et al., 2013b). Therefore,

bHCA and bIHCA should be closely moni-

tored for both alterations to effectively

guide treatment decisions.

In summary, the present work does not

only generate prognostic information for

patients at risk for malignant transforma-

tion, but also identifies molecular targets

for novel therapeutic approaches in HCA

and predicts a corresponding subclass

of patients that are likely to benefit

from a specific chemoprophylaxis. This

is achieved by effective integration of ge-

netic and genomic characteristics of the

neoplastic lesions, and the current study

is a splendid example of how the bench-

to-bedside/translational use of next-gen-

eration technologies can directly impact

and guide clinical decision making.
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Figure 1. Several Risk Factors Predicting the Biological Traits of HCAs and Associated
Complications, i.e., Hemorrhage and Malignant Transformation, Have Been Identified
Overall, HHCAs possess a relatively low risk of malignant transformation. Therefore, surveillance by imag-
ing (e.g., MRI) seems justified. b-catenin mutations, regardless of the subtype, increased adenoma-
carcinoma transition. The study by Pilati et al. (2014) further identifies a fraction of IHCA with drugable
mutations in FRK and JAK1 that could benefit from chemoprophylaxis with the SRC inhibitor dasatinib
or the JAK inhibitor ruxolitinib, respectively. Resection should be evaluated in all large HCAs (>5 cm) or
HCAs that develop in male patients regardless of the molecular subtype. In small HCAs (<5 cm), the de-
cision for surgery should be based on the presence of b-catenin mutation. Furthermore, TERT mutations
confer a higher risk of malignant transformation in b-catenin mutated HCAs. Given the clinical implication
from the present work and the importance of histological and detailed molecular evaluation for the rational
and individualized management of HCAs, the need for obtaining a liver biopsy is imperative.
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It is unclear whether the antiproliferative/proapoptotic activity of oncogenes can be pharmacologically
reactivated in cancer cells. In this issue of Cancer Cell, Liu and colleagues report that a proteasome inhibitor
reactivates an MLL-AF4 controlled antitumor program to kill leukemia cells in an oncogene dose- and cell
type-dependent manner.

Oncogenes, such as constitutively acti-

vated Ras, can drive tumorigenesis;

therefore, it was initially unexpected

that oncogenes also possess contex-

tual antitumor activities like causing

apoptosis and cell senescence (Lowe

et al., 2004; Serrano et al., 1997). It was

later found that while activated onco-

genes initially trigger antitumor pro-

cesses in cells, they eventually lose their

antitumor activity and drive tumorigen-

esis in a temporal and contextual manner

(Lowe et al., 2004). However, it remains

unclear whether the often hidden anti-

tumor action of a particular oncogene

can be reactivated pharmacologically

and utilized to specifically target cancer

cells. A definitive answer to this question

would unravel the mechanisms choreo-

graphing the ‘‘Jekyll and Hyde’’ actions

of oncogenes, i.e., antitumor versus

oncogenic activity, and shed light on

how to improve cancer therapy. In this

regard, Liu et al. (2014) report in this

issue of Cancer Cell that when pro-B

mixed lineage leukemia (MLL) cells are

treated with a proteasome inhibitor, the

MLL-AF4 protein level increases and

subsequently triggers an antitumor pro-

gram in concert with the pro-B cell-

specific transcription factor PAX5. This

antitumor program induces both the

antiproliferative p27kip, encoded by

CDKN1B and proapoptotic caspase-8,

and ultimately leads to specific suppres-

sion of pro-B MLL-AF4 leukemia.

MLL is classified as a group of acute

leukemias, often refractory to chemo-

therapy and with poor overall prognosis,

that expresses one of a number of

different leukemogenic fusion genes con-

sisting of the 50 part ofMLL fused to one of

many genes from other chromosomes

(Krivtsov and Armstrong, 2007). MLL

fusion proteins (MLL-FPs), in concert

with the wild-type MLL protein (Thiel

et al., 2010), drive leukemogenesis mainly

through inducing the expression of HOX

genes (Ayton and Cleary, 2003; Milne

et al., 2002). Expression of MLL-AF4

tends to cause B cell lymphoblastic leuke-

mia (Krivtsov et al., 2008).

The authors previously reported that

MLL-FPs are regulated in leukemia cells

via proteolysis by the proteasome (Liu

et al., 2007), a molecular machine special-

ized in degrading proteins. Unlike many

oncogenes that are highly expressed in

cancer cells, MLL-AF4 tends to be ex-

pressed at low levels in leukemia cells.

To address this distinct feature of MLL-

AF4, Liu and colleagues investigated

whether increased levels of MLL-AF4

leads to suppression of leukemia cells.

They treated various human leukemia

cell lines with the proteasome inhibitor

bortezomib, which is approved for the

treatment of multiple myeloma, to inhibit

MLL-AF4 degradation. Many key proteins

controlling cell survival and proliferation

are regulated by proteasome-mediated

proteolysis, and their levels are often

increased by treatment with bortezomib

(Frankland-Searby and Bhaumik, 2012).

Bortezomib increased levels of wild-type

MLL as well as MLL fusion proteins in all

tested leukemia cell lines. Interestingly,

pro-B MLL leukemia cell lines were more

sensitive to bortezomib-induced G2/M

cell cycle arrest and apoptosis when

compared to non-MLL pro-B leukemia

cell lines, whereas all of the cell lines

showed similar sensitivity to other

chemotherapeutic agents. Based on

these findings, the authors suspected

that MLL-AF4 participates in bortezo-

mib-induced cytotoxicity in the pro-B

MLL leukemia cells.

To explore this possibility, they demon-

strated that selective knockdown of
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MLL-AF4 led to a reduction in

bortezomib-induced apopto-

sis in the pro-B MLL leukemia

cells. Consistently, ectopic

expression of MLL-AF4

cDNA in non-MLL pro-B leu-

kemia cells enhanced their

sensitivity to bortezomib-

induced cytotoxicity, while

ectopic expression of N-ter-

minal MLL alone without a

fusion partner failed to

enhance the sensitivity to bor-

tezomib. Collectively, these

findings uncover a crucial

role for MLL-AF4 in mediating

bortezomib-induced cytotox-

icity in pro-B MLL leukemia

cells, but not in MLL-FP acute

myeloid leukemia (AML) cells.

Liu et al. (2014) further explored how

bortezomib induces apoptosis in pro-B

MLL-AF4 leukemia cells. They found that

bortezomib induced expression of FAS,

FAS ligand, and caspase-8, all important

components of an apoptotic cascade,

but did not affect the classic targets of

MLL-FPs such as HOXA9 and MEIS1.

This suggests that the increased level of

MLL-AF4 inducedbybortezomib is impor-

tant for inducing expression of these

apoptotic genes, whereas other classic

MLL-FP targets such as HOXA9 and

MEIS1 might already be expressed at a

maximal level, thus preventing their

expression from being further augmented

byadditionalMLL-AF4.However,whether

MLL-AF4 is directly involved in upregulat-

ing transcription of these proapoptotic

genes remains unclear.

Next, the authors investigated the

mechanism of bortezomib-induced cell

cycle arrest in the pro-B MLL leukemia

cells. They demonstrated that bortezomib

treatment substantially upregulated p27

at both the mRNA and protein levels,

while levels of other cell cycle proteins

remained unchanged. Upregulation of

p27 was dependent on the MLL-AF4

level as MLL-AF4 knockdown atten-

uated bortezomib-induced p27 expres-

sion. Wild-type MLL may play a role

in the upregulation of p27, because con-

current knockdown of both MLL-AF4 and

MLL impaired the induction of p27 to a

greater degree than knocking down

MLL-AF4 alone. Using a chromatin immu-

noprecipitation (ChIP) assay, Liu et al.

(2014) found that bortezomib increased

recruitment of MLL and MLL-AF4 at the

CDKN1B promoter along with P-TEFb,

resulting in enhanced p27 expression

(Figure 1).

However, these results still beg the

question of why MLL-AF4 is only critical

for bortezomib-induced cytotoxicity in

pro-B MLL leukemia cells, but not in

MLL-FP AML cells. To address this issue,

the authors explored the possibility that

pro-B cell-specific transcription factors

PAX5 and EBF1 may crosstalk with MLL-

AF4 to enhance transcription of target

genes and found that indeed PAX5 inter-

acted with MLL-AF4. Moreover, PAX5

was essential for bortezomib-mediated in-

duction of p27 as PAX5 knockdown

blocked the increase inp27 levels. Further-

more, ChIP assay, coupled with PAX5

knockdown, showed that PAX5 is required

for recruiting MLL/MLL-AF4 to the

CDKN1B promoter. However, PAX5 over-

expression alone was not sufficient to

sensitize MLL-AF9 containing THP1 cells

(AML cells) to bortezomib, indicating addi-

tional factors may also be critical in pro-B

cells. Collectively, thesedata strongly sug-

gest that bortezomib induces expression

of p27 by PAX5-mediated recruitment of

MLL-AF4 and P-TEFb (Figure 1).

Next, the authors determined whether

bortezomib selectively suppresseshuman

pro-B MLL-AF4 leukemia in vivo. They

transplanted MLL-AF4 pro-B or non-MLL

pro-B leukemia cells into immunodeficient

NOD-scid ll2rg�/�mice, followed by treat-

ment with or without bortezomib. Con-

sistently, they found that bortezomib

reduced the leukemia burden in mice

with pro-B MLL-AF4 leuke-

mia, but not those with non-

MLL pro-B leukemia. Further-

more, they also showed the

effectiveness of bortezomib

for certain pro-B MLL leuke-

mia patients in a small number

of patients. Given these re-

sults, it is also interesting to

speculate whether other FDA-

approved chromatin modi-

fying drugs, such as de-

acetylase inhibitors or DNA

methyltransferase inhibitors,

can also synergize with borte-

zomib to raise MLL-AF4

levels and increase MLL-AF4

antitumor target genes to

suppress pro-B MLL-AF4

leukemia.

In summary, Liu et al. (2014) have

shown that a clinically effective protea-

some inhibitor switches on the hidden

molecular tumor-suppressing networks

mediated by the leukemogenic MLL-AF4

in an oncogene dose- and cell type-spe-

cific manner. These findings demonstrate

that the hidden antitumor function of an

oncogene can be reactivated pharmaco-

logically through the use of an FDA-

approved proteasome inhibitor. Practi-

cally, these studies highlight the intriguing

possibility that stratification of leukemias

based on both their underlying oncogenic

driver mutations, such as MLL-AF4, and

their cell type may ultimately guide the

precise choice of therapeutic agents,

which may soon include proteasome

inhibitors.
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SUMMARY

Chromosomal inversion between 3q21 and 3q26 results in high-risk acute myeloid leukemia (AML). In this
study, we identified a mechanism whereby a GATA2 distal hematopoietic enhancer (G2DHE or �77-kb
enhancer) is brought into close proximity to the EVI1 gene in inv(3)(q21;q26) inversions, leading to leukemo-
genesis.We examined the contribution of G2DHE to leukemogenesis by creating a bacterial artificial chromo-
some (BAC) transgenic model that recapitulates the inv(3)(q21;q26) allele. Transgenicmice harboring a linked
BAC developed leukemia accompanied by EVI1 overexpression—neoplasia that was not detected in mice
bearing the same transgene but that was missing the GATA2 enhancer. These results establish the mecha-
nistic basis underlying the pathogenesis of a severe form of leukemia through aberrant expression of the EVI1
proto-oncogene.

INTRODUCTION

Leukemias are often induced by the rearrangement of chromo-

somes through translocations or inversions (Mitelman et al.,

2007; Rowley, 2001). These chromosomal rearrangements can

result in two types of abnormalities. The majority result in coding

sequence fusions whereby a new protein is created. For

example, in chronicmyeloid leukemia, the t(9;22)(q34;q11) trans-

location creates a BCR-ABL fusion protein that functions as a

constitutively active form of ABL tyrosine kinase (Rowley,

1973). A minor form of proto-oncogene activation is induced

by linking the coding sequences of one gene to the regulatory se-

quences of a second gene, but approaches for exploring the

underlying mechanisms by which regulatory sequence changes

cause leukemias have proven to be technically challenging. One

example of the latter mechanism occurs when MYC (located

on 8q24) is placed under the regulatory control of the immuno-

globulin heavy chain (IGH) locus on 14q32, thus creating the

t(8;14)(q24;q32) translocation allele (ar-Rushdi et al., 1983).

In this regard, EVI1 is known to be a proto-oncogene that can

be activated by chromosomal translocation and inversion (Mor-

ishita et al., 1992), although the underlyingmechanisms that lead

Significance

Chromosomal rearrangements commonly create fusion oncoproteins but can also induce leukemia by linking foreign
enhancer elements to proto-oncogenes, resulting in their misexpression. Misexpression of the human EVI1 gene caused
by translocation or inversion between 3q21 and 3q26 induces an acute myelogenous leukemia that has a poor prognosis.
In this study, we determined that a distant GATA2 hematopoietic enhancer on 3q21 misdirects EVI1 expression on 3q26
when inverted and that this enhancer is critical for AML neoplasia. This finding suggests potential strategies for therapies
that target regulatory regions that misdirect the activity of proto-oncogenes. Additionally, this model establishes a mech-
anism for studying leukemias using transgenic BACs as a powerful way to create and analyze various human cancers
that result from chromosomal rearrangements.
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to leukemia are obscure. EVI1 is a transcription factor that is

required for maintenance of hematopoietic stem cells (Goyama

et al., 2008), and overexpression of EVI1 has been observed in

high-risk myelodysplastic syndrome (MDS) and acute myeloid

leukemia (AML) (Lugthart et al., 2008). Indeed, EVI1 harbors

several hallmark functions that are normally associated with

leukemogenesis, with the following four possibly being the

most intriguing. First, EVI1 regulates the transcription of the tran-

scription factor genesGATA2 and PBX1, both of which play crit-

ical roles in the maintenance of hematopoietic stem cells, as well

as the tumor suppressor gene PTEN (Sato et al., 2008; Shimabe

et al., 2009; Yoshimi et al., 2011; Yuasa et al., 2005). Second,

EVI1 binds to the transcription factors RUNX1, PU.1, and

GATA1, thereby inhibiting their activity and blocking the differen-

tiation of hematopoietic progenitors (Laricchia-Robbio et al.,

2006, 2009; Senyuk et al., 2007). Third, EVI1 interacts with mul-

tiple epigenetic modification enzymes, each of which can alter

specific target gene expression profiles (Chi et al., 2003;

Goyama et al., 2010; Izutsu et al., 2001; Lugthart et al., 2011; Shi-

mahara et al., 2010; Spensberger et al., 2008; Yoshimi et al.,

2011). Fourth, forced EVI1 overexpression disrupts normal

centrosome duplication, creating increased genomic instability

(Stein et al., 2010).

It has been reported that both t(3;3)(q21;q26) and inv(3)(q21;

q26) chromosomal translocation and inversion between

3q21 and 3q26, respectively, cause inappropriate EVI1 gene

expression (Morishita et al., 1992; Suzukawa et al., 1994). In

both the translocated and inverted alleles, 3q21 has been

shown to always include sequences both 50 and 30 to the

EVI1 gene on 3q26. Because EVI1 is overexpressed in both

kinds of mutant alleles, we speculated that the 3q21 region

that is brought into close proximity to EVI1 as a result of

the translocation or inversion might harbor an enhancer that

then ectopically activates EVI1 gene expression. In this regard,

because all breakpoints on 3q21 are located downstream

of the ribophorin I (RPN1) gene, which encodes a transmem-

brane glycoprotein that is localized in the rough endo-

plasmic reticulum (Kreibich et al., 1978), we hypothesized

that one attractive possibility is that RPN1 enhancers might

provide the ectopic activation required for malignant EVI1

transcription.

The GATA2 gene is located �160 kb 30 to the RPN1 gene

on 3q21. GATA2 function is required in hematopoietic stem

cells, but its expression diminishes during hematopoietic differ-

entiation (Akashi et al., 2000; Lim et al., 2012; Minegishi

et al., 2003; Suzuki et al., 2006; Tsai and Orkin, 1997; Yama-

moto et al., 1990). In hematopoietic stem and progenitor

cells (HSPCs), GATA2 positively regulates the expression of

GATA2. Multiple phylogenetically conserved regions contain-

ing GATA factor binding sites reside in the mouse Gata2 locus

(at �3.9, �2.8, �1.8, and +9.5 kb from the Gata2 hematopoietic

and neuron-specific promoter I-specific [IS]), all of which bear

some degree of Gata2 enhancer activity (Grass et al., 2003,

2006; Johnson et al., 2012; Kobayashi-Osaki et al., 2005; Lim

et al., 2012; Snow et al., 2011). In addition to these promoter

and internal regulatory regions, another putative regulatory

element identified by Bresnick and colleagues is located

77 kb 50 to the Gata2 gene (Grass et al., 2006). This element

binds to GATA2 in the endogenous locus and acts as

an enhancer in transfection assays (Grass et al., 2006). This

element is located between RPN1 and the breakpoints that

occur in both the 3q21 and 3q26 translocations and inversions,

thus localizing this �77-kb 50 GATA2 site in close proximity to

the rearranged EVI1 gene in the resulting recombinant alleles.

We therefore hypothesized that the �77-kb GATA2 binding

sites might be in an enhancer that misdirects EVI1 transcription

in the translocated or inverted alleles between 3q21 and 3q26

and that this ectopic expression underlies the mechanisms

leading to leukemogenesis.

In this study, we asked whether the GATA2-bound sequences

located �77 kb from the Gata2 transcription start site indeed

function as enhancers in mouse HSPCs in vivo. We also linked

two bacterial artificial chromosomes (BACs) to generate a single

recombinant human BAC clone that recapitulates the juxtaposi-

tion of the sequences just as they are found in the inverted

human allele, then generated transgenic (Tg) mice harboring

this recombinant BAC to create a mouse model for leukemias

that are associated with chromosomal rearrangement.

RESULTS

Identification of a Gata2 Gene Distal Hematopoietic
Enhancer
The breakpoints in 3q21 AMLs all clustered within an approxi-

mately 25 kb region (Figure 1A, arrowheads in yellow region)

(Suzukawa et al., 1994, 1997). We found that a region ortholo-

gous to the mouse Gata2 gene �77-kb GATA sites is located

upstream (i.e., closer to RPN1) of the breakpoint cluster

(Figure 1A, blue circle). We first tested whether this region would

exhibit enhancer activity for Gata2 in HSPCs in vivo. To monitor

Gata2 gene expression in hematopoietic cells, we generated

GFP reporter Tg mouse lines using a BAC clone bearing

186 kb of 50 sequence flanking the Gata2 gene (G2BAC-GFP)

(Figure 1B). LoxP sites were then inserted on both sides of

the �77-kb GATA sites to test their contribution to GFP expres-

sion as a surrogate for Gata2. We injected the floxed BAC

(G2BAC-GFP-flox) DNA into fertilized ova and generated

G2BAC-GFP-flox Tg mice (Figure 1B). The G2BAC-GFP-flox

Tg mice were then crossed to Ayu1-Cre mice that express Cre

recombinase in their germline (Niwa et al., 1993) to generate lines

bearing the GATA binding-site-deleted BACs (G2BAC-GFP-

delta). Deletion of the element was confirmed by PCR (Figures

S1A and S1B available online).

In G2BAC-GFP-flox Tgmice, GFP fluorescence was intense in

a subset of Lin�Sca-1+c-kit+ (LSK) and Lin�Sca-1�c-kit+ (LK)

progenitor cells, whereas little fluorescence was detected in

differentiated erythroid (TER-119+), B (B220+), or myeloid lineage

(Mac-1+) cells (Figure 1C, red lines). Thus, the BAC transgene

accurately recapitulates endogenous Gata2 gene expression in

hematopoietic cells (Akashi et al., 2000; Suzuki et al., 2003,

2006). Of note, in the G2BAC-GFP-delta Tg mice, the percent-

ages of GFP+ cells in both LSK and LK fractions were signifi-

cantly reduced compared to those in cells recovered from the

G2BAC-GFP-flox Tg mice (i.e., prior to deletion of the GATA

sequences) (Figure 1C, blue lines).

We further examined GFP fluorescence in long-term

hematopoietic stem cells (LT-HSCs) (CD34�Flt3�), short-

term hematopoietic stem cells (ST-HSC) (CD34+Flt3�), and
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multipotent progenitors (MPPs) (CD34+Flt3+) in the LSK fraction

(Yang et al., 2005), as well as in common myeloid progenitors

(CMPs) (CD34+FcgRII/III3low), granulocyte/macrophage progen-

itors (GMPs) (CD34+FcgRII/III3high), andmegakaryocyte/erythro-

cyte progenitors (MEP) (CD34�FcgRII/III3low) in the LK fraction

(Akashi et al., 2000). The fraction of GFP-positive cells was

significantly reduced at all stages in hematopoietic progenitors

in theG2BAC-GFP-delta Tgmice (Figures 1D and 1E). Therefore,

we refer to this sequence as the Gata2 distal hematopoietic

enhancer (G2DHE).

Gata2 is also expressed in nonhematopoietic cells, such as

neuronal, endothelial, and urogenital cells. As the G2BAC-GFP

Tg contains a neuronal enhancer, but not endothelial or urogen-

ital enhancers (Khandekar et al., 2004, 2007), the G2BAC-GFP

Tg recapitulates Gata2 expression only in neural tissues, espe-

cially in the midbrain (Nozawa et al., 2009). Therefore, we exam-

ined the contribution of G2DHE to Gata2 expression in the

midbrain and found that GFP fluorescence and mRNA levels in

the midbrains of the G2BAC-GFP-delta Tg mice were compara-

ble to those in the G2BAC-GFP-flox Tg mice (Figures S1C–S1E).

These results indicate that G2DHE is dispensable forGata2 gene

expression in the midbrain.

Generation of 3q21q26 Tg Mice by Linking Two BACs
To determine whether G2DHE activates EVI1 transcription

in the rearranged allele, we generated a Tg model mouse

line that would precisely recapitulate the breakpoints in

inv(3)(q21;q26). To do so, we duplicated the specific inversion

breakpoint in the MOLM-1 cell line, which was originally es-

tablished from a patient with megakaryoblastic leukemia

bearing the inv(3)(q21;q26) inversion (Matsuo et al., 1991;

Suzukawa et al., 1997). In MOLM-1 cells, inversion occurred

between the 3rd exon of the C3ORF27 gene in 3q21 and the

15th intron of EVI1 in 3q26 (Suzukawa et al., 1997). As the

position of the precise breakpoint has not been reported, we

determined the sequence of the MOLM-1 inversion breakpoint

(Figure 2A).

We next generated a BAC clone harboring recombinant

human DNA that precisely recapitulated the inv(3)(q21;q26)

genomic region in MOLM-1 cells by linking two BAC clones

(RP11-662G11 and RP11-94J18) containing the 3q21 and

3q26 sequences, respectively (Figure 2B) (Brandt et al., 2008).

During the process of BAC modification, we found both a

full-length (indicated by an asterisk) and a partially deleted

RP11-662G11 clone (Figure 2C, arrowhead; hereafter RP11-

662G11d). Closer analysis revealed that the recombinant insert

of the deleted clone lacked approximately 50 kb of flanking

sequences 50 to the RPN1 gene (data not shown). We therefore

chose to use this deleted clone in subsequent studies, thus

allowing us to exclude any possible contribution of RPN1

expression to EVI1 transcription. We targeted loxP514 se-

quences into the breakpoint positions of the RP11-662G11d

Figure 1. Identification of the Gata2 Gene

Distal Hematopoietic Enhancer

(A) Schematic structure of human 3q21 region.

Arrowheads indicate documented breakpoints of

translocation and inversion between 3q21 and

3q26. The breakpoints clustered in an approxi-

mately 25-kb region (yellow region). A blue circle

indicates Gata2 distal hematopoietic enhancer

(G2DHE).

(B) Schematic structure of the G2BAC-GFP

transgenes. The mouse Gata2 locus is depicted

at the top. G2BAC-GFP transgenes (G2BAC-

GFP-flox or -delta) are shown beneath the

endogenous Gata2 locus. White triangles repre-

sent loxP sequences.

(C) Representative GFP histogram of bonemarrow

LSK, LK, TER-119+, B220+, and Mac-1+ cells from

G2BAC-GFP-flox (red lines) and G2BAC-GFP-

delta (blue lines) mice. The gray-shaded histo-

grams represent GFP fluorescence in wild-type

mice without a transgene [Tg (�)].

(D) Representative GFP histogram in LT-HSCs,

ST-HSCs, MPPs, CMPs, GMPs, and MEPs

from G2BAC-GFP-flox (red lines) and G2BAC-

GFP-delta (blue lines) mice. The gray-shaded

histograms represent GFP fluorescence in Tg (�)

mice.

(E) Percentages of GFP-positive cells in the indi-

cated fractions of G2BAC-GFP-flox (red bars) and

G2BAC-GFP-delta (blue bars) mice (n = 4). Data

are represented as mean ± SD. **p < 0.01

compared with G2BAC-GFP-flox mice.

See also Figure S1.
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and RP11-94J18 BACs (Figure 2B; Figures S2A and S2B) and

subsequently linked these two BAC clones by simultaneous

Cre-mediated recombination between the loxP514 sites inserted

at the breakpoints and between the loxP511 sites in the BAC

vector backbones. The linked BAC clone was named 3q21q26.

We verified that the 3q21q26 clone contained the 64-kb region

of 3q21 and the expected 132-kb region of 3q26 by pulse-field

gel electrophoresis, Southern blotting, and fingerprinting (Fig-

ure 2C; Figures S2C–S2G).

Utilizing the 3q21q26 clone, we generated three lines of Tg

mice (3q21q26 mice) (Figure 2D). For one negative control, we

also generated two lines of Tg mice harboring the unlinked

3q26 BAC clone (3q26 mice). To directly test whether the

G2DHE could activate EVI1 in the inverted allele, we also deleted

the G2DHE from 3q21q26 (referred to as 3q21q26DG2DHE) and

generated two additional lines of Tg mice (Figure 2D; Figures

S2H–S2J). All of the 3q21q26, 3q26, and 3q21q26DG2DHE Tg

mice were born in the expectedMendelian ratios, grew normally,

and were fertile (Table S1). The copy numbers for the integrated

transgenes was determined by quantitative PCR (qPCR), which

revealed that the mice retained from two to six copies of the

transgenes (Figure 2E).

Expression of the Human EVI1 Transgene in HSPCs of
3q21q26 Mice
Whereas only hematopoietic lineage cells harbor the rearranged

allele in human patients, every cell type should share the rear-

ranged allele in the 3q21q26 mice. Therefore, it was important

to determine the expression profile of the human EVI1 transgene

in the 3q21q26 mice. We quantified EVI1 expression levels using

three primer pairs that detected exclusively either the human

transgene EVI1 or the endogenous murine Evi1 gene or detected

both simultaneously. Interestingly, the human EVI1 transgene

was specifically expressed in hematopoietic tissues (spleen

and thymus) in the 3q21q26 mice (Figure 3A), whereas the

endogenous Evi1 gene was also highly expressed in the lung

and kidney (Figure 3B). In these mice, the abundance of human

EVI1mRNA in hematopoietic tissues is comparable to that of the

mouse Evi1 mRNA in the lung and kidney (Figure 3C). These re-

sults are consistent with the notion that the human 3q21q26

transgene bears enhancer activity that can activate EVI1 in

hematopoietic tissues.

To more precisely examine the expression profiles of the

EVI1 transgene in hematopoietic lineages, bone marrow

cells were fractionated into stem cells, progenitors, or various

Figure 2. Generation of 3q21q26 Mice by Linking Two BACs

(A) Chromosomal inversion of the region between breakpoints (yellow arrowheads) in EVI1 (brown box) and C3ORF27 (orange box) genes in MOLM-1 cells. The

boxed sequence shows the breakpoint between 3q21 (red) and 3q26 (black).

(B) Strategy for linking two BAC clones. Human BACs RP11-94J18 (94J18) and RP11-662G11 (662G11) contain 3q26 and 3q21, respectively. We used site-

specific Cre-mediated recombination to link the two BAC clones by simultaneous intermolecular homologous recombination between the loxP514 (black

triangles) and loxP511 (white triangles) sites. Neo, Cm, and Amp indicate the neomycin-, chloramphenicol-, and ampicillin-resistant genes, respectively.

(C) Pulse-field gel electrophoresis of BAC clones. We found two types of 662G11 clones: full-length (asterisk) and partially deleted (arrowhead).

(D) Schematic representations of the inverted allele, 3q21, 3q26, 3q21q26, and 3q21q26DG2DHE BAC transgenes. Red and black lines represent contributions

from 3q21 and 3q26, respectively.

(E) Copy numbers of integrated transgenes. Copy numbers were determined by qPCR using Tg (�), 3q26 (lines A and B), 3q21q26 (lines A, B, and C), and

3q21q26DG2DHE (lines A and B) mice (n = 3–6). Red numbers depicted above the bar graphs represent copy numbers of transgenes.

See also Figure S2, Table S1, and Supplemental Information.
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lineage-committed cells. The EVI1 transgene was highly ex-

pressed in the LSK fraction, which contains HSPCs, but its

expression diminished upon differentiation (Figures 3D and

3E). This expression pattern of the rearranged EVI1 transgene re-

capitulates that of the endogenous Gata2 gene (Minegishi et al.,

2003; Suzuki et al., 2006; Tsai and Orkin, 1997) and is similar to

that of the endogenous (murine) Evi1 gene in hematopoietic cells

(Kataoka et al., 2011). The abundance of EVI1mRNAwas depen-

dent on the copy number of the integrated transgenes in LSK and

LK fractions of the 3q21q26 mice (Figure 3E).

In the 3q21q26DG2DHE mice, expression of EVI1 transgene

was also detected in hematopoietic tissues (Figures 3A–3C).

Of note, we found that, whenmice harbor the same copy number

of transgenes, the total EVI1 mRNA level is clearly diminished in

LSK and LK fractions of the 3q21q26DG2DHEmice compared to

those of the 3q21q26 mice (Figure 3E). These results indicate

that G2DHE contributes to elevated EVI1 gene expression in

hematopoietic cells.

3q21q26 Mice Develop G2DHE-Dependent Leukemia
To determine whether the 3q21q26 mice develop leukemia,

we examined a cohort of these animals, and determined

by Kaplan-Meier analyses that the 3q21q26 mice survived

far shorter than control [(Tg (�)] or 3q26 mice (Figure 4A). All

three lines (lines A, B, and C) of 3q21q26 mice exhibited

similar survival durations and began to die �200 days after

birth (Figure 4A, inset graph). Hematological indices of the

3q21q26 mice revealed that white blood cell numbers in the

peripheral blood increased markedly after 24 weeks (Figure 4B)

with constitutive mild anemia (Figure 4C). 3q21q26 mice

that had increased (>5 3 104/ml) white blood cell counts were

analyzed (Figures 4D and 4E) and found to display marked

splenomegaly (Figures 4F and 4G). Leukocytes had infiltrated

into the liver, lung, heart, and kidney in the 3q21q26 mice

(Figure 4H), suggesting that the 3q21q26 mice developed

leukemia.

When we carried out cohort studies of the 3q21q26DG2DHE

mice to determine whether G2DHE contributed to leukemo-

genesis, we determined that 3q21q26DG2DHE mice survived

similarly to control [Tg (�)] mice and did not develop leukemia

over the 400-day time course of the experiment (Figure 4A).

These results firmly support the contention that G2DHE is

essential for EVI1-dependent leukemogenesis in the 3q21q26

mice.

Figure 3. Expression Profiles of the Human EVI1 Transgene in 3q21q26 Mice

(A–C) Expression levels of EVI1 gene in hematopoietic and nonhematopoietic tissues. Expression levels of human EVI1 mRNA (A), mouse endogenous Evi1

mRNA (B), and total (human +mouse)EVI1mRNA (C) in hematopoietic tissues (spleen and thymus) and nonhematopoietic tissues (lung, kidney, liver, and brain) of

Tg (�) controls (n = 10), 3q21q26mouse lines (line A, n = 3; line B, n = 3; line C, n = 3), and 3q21q26DG2DHE line B (n = 4) were determined. The level of eachmRNA

was normalized to rRNA abundance. In panels (B) and (C), average values for Tg (�) spleen cells were set to 1, and in panel (A) spleen cells of 3q21q26 line A

were set to 1.

(D and E) Abundance of EVI1 gene expression in hematopoietic cells. Expression levels of human EVI1mRNA (D) and total EVI1mRNA (E) in hematopoietic stem

and progenitor cells and differentiated cells in Tg (�) (n = 19), 3q21q26 (line A, n = 3–6; line B, n = 3–7; line C, n = 4), and 3q21q26DG2DHE line B (n = 4) bone

marrowwere determined. The abundance of eachmRNAwas normalized to the rRNA abundance. Average values for 3q21q26 line A LSK cells (D) and Tg (�) LSK

cells (E) were set to 1.

Bar graph data are represented as mean ± SD. Arrows indicate undetectable expression levels. *p < 0.05; **p < 0.01 compared with Tg (�) controls. #p < 0.05;
##p < 0.01 compared between two indicated groups.
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3q21q26 Mice Develop Different Types of Leukemia
In human chromosomal rearrangements between 3q21 and

3q26, EVI1 ectopic expression results primarily in myeloid rather

than lymphoid leukemia (Lugthart et al., 2008). To determine

whether leukemia in the 3q21q26 mice recapitulates the human

leukemia most often associated with EVI1 misexpression, we

analyzed the peripheral blood and bone marrow of the

3q21q26 mice. In all three lines of the 3q21q26 mice, CD34+

and c-kit+ blast cells were observed in the peripheral blood (Fig-

ure 5A), whereas blast cells were only rarely observed in Tg (�)

mice. CD34+ and c-kit+ cells were also more frequent in the

bone marrow of 3q21q26 mice (Figure S3A). Additionally,

B220+ antigenwas detected in the 3q21q26 line Amice, whereas

Gr-1+ andMac-1+ antigens were detected in the 3q21q26 lines B

and C mice (Figure 5A; Figure S3A).

When different combinations of surface markers were

analyzed, three distinct types of leukemia could be discerned

in the 3q21q26 mice. The first is a B-cell type in which B220+

cells had preferentially expanded (Figure 5B, left panel). The sec-

ond is a GM type in which Gr-1+Mac-1+ cells had abundantly

Figure 4. 3q21q26 Mice Develop G2DHE-

Dependent Leukemia

(A) Kaplan-Meier survival curve of Tg (�) (n = 96),

3q26 (n = 55), 3q21q26 (n = 121), and

3q21q26DG2DHE (n = 26) mice. Survival rates

were calculated by compiling data from multiple

Tg mouse lines. The inset graph shows the overall

survival of each line of 3q21q26 mice (lines A,

B, and C).

(B and C) White blood cell counts (B) and hemat-

ocrit levels (C) in the peripheral blood of Tg (�)

(n = 11–46) and 3q21q26 line A (n = 6–19), line B

(n = 5–15), and line C (n = 3–9) mice.

(D) Representative smears of peripheral blood

taken from Tg (�) and leukemic 3q21q26 mice.

Scale bar, 20 mm.

(E) The numbers of white blood cells in leukemic

3q21q26 line A (n = 6), line B (n = 7), and line C

(n = 3) mice and their Tg (�) (n = 5) littermates.

(F) Representative spleens from Tg (�) and

leukemic 3q21q26 mice. Scale bar, 1 cm.

(G) Average spleen weights from Tg (�) (n = 5) and

leukemic 3q21q26 line A (n = 6), line B (n = 7), and

line C (n = 3) mice.

(H) Hematoxylin-eosin staining of tissues of Tg (�)

(top panels) and leukemic 3q21q26 line B (bottom

panels) mice. Scale bar, 100 mm.

Bar graph data are represented as mean ± SD.

*p < 0.05; **p < 0.01 compared to Tg (�) controls.

expanded (Figure 5B, right panel). Inter-

estingly, the third type is one in

which both B220+ and Gr-1+Mac-1+ had

increased (Figure 5B, center panel).

Morphological analyses of the peripheral

blood showed that lymphoid cells, neu-

trophils, or both were expanded in the

B, GM, and B+GM types of leukemia,

respectively (Figure 5C). In the B- and

B+GM-type leukemias, B220+ cells ex-

pressed c-kit and Flt3, but not CD19

(Figures S3B and S3C), indicating that these cells correspond

to pre-pro-B cells (Nutt and Kee, 2007).

We note that the incidence of each type of leukemia correlated

with increased copy numbers of the integrated transgenes.

3q21q26 line A mice bear two copies of the transgene and

developed B-cell leukemia, whereas GM-type leukemias were

observed in 3q21q26 mouse lines B and C, which bore three

or four copies of the transgene, respectively (Figure 5D). These

results, taken together, suggest that the 3q21q26 mice, espe-

cially mice of lines B and C that express more abundant human

EVI1, most accurately recapitulate the phenotype and patho-

physiology of human leukemia that is accompanied by EVI1

ectopic expression.

3q21q26 Leukemic Cells Expand Autonomously
To determine whether the leukemic cells developed in the

3q21q26 mice progress autonomously if supported by wild-

type cells in the leukemic niche, we isolated bone marrow cells

from the 3q21q26 mice and transplanted them into nude mice.

All recipient nude mice died with latencies of approximately
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30–40 days following transplant (Figure 6A). As in the donor

mice, the recipient nude mice exhibited marked splenomegaly

(Figure 6B). In the peripheral blood of the recipients, the number

of white blood cells dramatically increased over time, whereas

red blood cells and platelets both diminished, indicating that

the recipient mice developed transplant-dependent leukemia

(Figures 6C–6E).

We next carried out flow cytometry and morphological anal-

ysis of leukocytes in the peripheral blood and examined whether

the phenotypes of the leukemia that developed in the recipient

nude mice recapitulated that of the donors. All recipient nude

mice developed leukemias (Figures 6F and 6G). In perfect agree-

ment with analyses of the various donor animals, leukemic cells

in the recipient mice developed B-, GM-, or B+GM-type leuke-

mias in lines A, B, and C and exhibited identical morphologies

in lymphoid and/or neutrophil populations (Figure 6H). These

data demonstrate that leukemic cells from the 3q21q26 mice

progress autonomously in the transplanted nude mice, indi-

cating that the leukemic cells in primary mice do not require a

mutant microenvironment for their propagation.

Figure 5. 3q21q26 Mice with Three Types of Leukemia

(A) Expression profiles of CD34, c-kit, B220, CD3a, Gr-1, Mac-1, and TER-119 in peripheral blood (PB) leukemic cells of 3q21q26 line A (n = 5), line B (n = 5–6), and

line C (n = 3) mice, as well as mononuclear cells of Tg (�) mice (n = 4–5). *p < 0.05; **p < 0.01.

(B) Flow cytometric analysis of leukemic cells in 3q21q26 mice. Representative flow cytometric patterns of B-type (left panel), B+GM-type (middle panel), and

GM-type (right panel) leukemias are shown.

(C) Wright-Giemsa staining of leukemic cells in the peripheral blood of 3q21q26 mice. Scale bar, 10 mm. As a control, mononuclear cells from Tg (�) mice are

shown.

(D) Frequencies of B-type (white), B+GM-type (gray), and GM-type (black) leukemia developed in the three 3q21q26 mouse lines.

See also Figure S3.
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Expansion of LSK Cells and Emergence of an Abnormal
Cell Population in 3q21q26 Mice
As thehumanEVI1 transgenewashighlyexpressed inLSKcellsof

the 3q21q26 mice, we hypothesized that misexpression of EVI1

in Tg HSPCs might have contributed to the leukemogenesis. To

address this hypothesis, we quantified the absolute number of

HSPCs in the bone marrow of 12-week-old 3q21q26, 3q26, and

3q21q26DG2DHE mice prior to the onset of frank leukemia.

Bone marrow cellularity in the 3q21q26 mice was comparable

to that in the 3q26 mice, whereas the number of LSK cells

increased in the 3q21q26 mice (Figures 7A and 7B). Of specific

note, the number of LSK cells in 3q21q26DG2DHE mice was

much lower than that in 3q21q26 mice.

We fractionated the LSK fraction of the 3q21q26 mice into LT-

HSC, ST-HSC, and MPP as usual and discovered an abnormal

CD34highFlt3� cell fraction. The CD34highFlt3� cells accumulated

abundantly in LSK cells of the 3q21q26 mice, but not in 3q26

animals or in the LSK faction of control Tg (�) mice (Figures 7C

and 7D). The CD34highFlt3� cells were still observed in

3q21q26 mice with myeloid leukemia, suggesting that these

cells are associated with myeloid leukemia (Figures S4A and

S4B). We next examined the LK fractions containing CMP,

MEP, and GMP cells and found that the number of CMP cells

was fewer in 3q21q26 mice than in 3q26 or control [Tg (�)]

mice, indicating that differentiation of the CMP cells was defi-

cient in the 3q21q26 mice (Figures 7E and 7F). The phenotypic

accumulation of CD34highFlt3� cells was partially reversed in

the LSK cells of 3q21q26DG2DHE mice, indicating that the dif-

ferentiation defects observed in the 3q21q26 progenitor cells

were rescued, at least in part, by deletion of theGATA2 enhancer

from the linked BAC (Figures 7C and 7D).

G2DHE Drives EVI1 Overexpression in HSPCs
To elucidate whether the 3q21 region, and specifically G2DHE,

is able to direct ectopic EVI1 gene expression in HSPCs, we

examined EVI1 transcription. The abundance of human EVI1

mRNA was significantly elevated in LT-HSCs, ST-HSCs, and

MPPs from the 3q21q26 mice in comparison to 3q26 mice (Fig-

ure 7G). In contrast, human EVI1 abundance in the CD34highFlt3�

fraction was much lower than in the LT-HSCs, ST-HSCs,

and MPPs fractions. Overexpression of the human EVI1 trans-

gene was significantly diminished in the enhancer-deleted

3q21q26DG2DHE mice, demonstrating that G2DHE could be

directly responsible for activating the human EVI1 transgene in

LT-HSCs, ST-HSCs, and MPPs. Unexpectedly, we found that

the levels of endogenousmouse Evi1mRNA diminished to unde-

tectable levels in the 3q21q26 and the 3q21q26DG2DHE mice

(Figure 7H). The total EVI1 level (human EVI1 + mouse Evi1

Figure 6. Leukemic Cells of 3q21q26 Mice Expand Autonomously

(A) Kaplan-Meier survival curve of recipient nude mice (n = 12) transplanted with 107 mononuclear bone marrow cells from leukemic 3q21q26 mice.

(B) Representative spleens from control or recipient nude mice 40 days after transplant. Scale bar, 1 cm.

(C–E) Numbers of white blood cells (C), red blood cells (D), and platelets (E) in peripheral blood in control (n = 3) and transplanted (n = 11) nude mice. **p < 0.01

compared with control nude mice.

(F) Representative flow cytometric analyses of peripheral blood cells from donormice with B-, B+GM-, and GM-type leukemia and comparison to their respective

recipient nude mice.

(G) Leukemia types of donor and recipient mice. Numbers in the table represent the number of mice with each type of leukemia.

(H) Wright-Giemsa staining of leukemic cells in the peripheral blood of transplant recipient nude mice with B-, B+GM-, and GM-type leukemia. Scale bar, 10 mm.

Bar graphs are represented as mean ± SD.
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mRNAs) in the 3q21q26 mice was higher than in the 3q26 mice,

but the level in the 3q21q26DG2DHE mice was comparable

to that in the 3q26 mice (Figure 7I). These results indicate

that the G2DHE located in the 3q21 region activates EVI1

transcription in the inverted 3q26 allele, leading to the observed

leukemogenesis.

In LT-HSCs of 3q21q26 mice, the levels of known EVI1 target

genes Gata2 and Pbx1 mRNAs (Shimabe et al., 2009; Yuasa

Figure 7. G2DHE Drives EVI1 Overexpression in HSPCs

(A–F) Representative flow cytometric profiles of Lin� cells (A), LSK cells (C), and LK cells (E) in 12-week-old Tg (�), 3q26 line B, 3q21q26 line B, and

3q21q26DG2DHE line Bmice. Analysis of cells in red boxes is shown in panels (B), (D), and (F). Absolute cell numbers of LSK and LK cells (B), LT-HSCs, ST-HSCs,

MPPs, and CD34highFlt3� (CD34high) cells (D), and CMPs, MEPs and GMPs (F) in the Lin� cell population in 12-week-old Tg (�) (white, n = 4), 3q26 line B (blue,

n = 4), 3q21q26 line B (pink, n = 4), and 3q21q26DG2DHE line B (green, n = 4) mice are depicted.

(G–I) Expression levels of human EVI1mRNA (G), mouse endogenous Evi1 mRNA (H), and total EVI1mRNA (I) in LT-HSC, ST-HSC, MPP, CD34high, CMP, MEP,

and GMP fractions in 12-week-old Tg (�) (white, n = 4–8), 3q26 line B (blue, n = 4–8), 3q21q26 line B (pink, n = 4–8), and 3q21q26DG2DHE line B (green, n = 4–8)

mice. The expression level of each mRNA was normalized to rRNA abundance. Average values for 3q26 LT-HSC cells (G) and Tg (�) LT-HSC cells (H and I)

were set to 1.

Bar graph data are represented as mean ± SD. Arrows indicate undetectable levels. N.D., not determined. *p < 0.05; **p < 0.01 compared with Tg (�) controls.
#p < 0.05; ##p < 0.01 compared between two indicated groups.

See also Figure S4.
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et al., 2005), but not Myb, Foxo3a, and Meis1, were increased

compared with Tg (�) mice (Figure S4C). These results indicate

that EVI1 upregulates a subset of target genes, which are impor-

tant for the maintenance of HSCs, in LT-HSCs of the 3q21q26

mice. Additionally, the abundance of Pten tumor suppressor

(Yoshimi et al., 2011) and the cyclin-dependent kinase inhibitor

p57 (Matsumoto et al., 2011) was lower in 3q21q26 LT-HSCs.

We envisage that EVI1 may provoke the progression of the

cell cycle by regulating Pten and p57 expression. In the

CD34highFlt3� cells from the 3q21q26 mice, the abundance of

Meis1, Gata2, Pbx1, and p57 gene transcripts, which are all

highly expressed in LT-HSCs, had largely decreased; in contrast,

we detected high levels of PU.1. These results collectively sug-

gest that the CD34highFlt3� cells retain gene expression profiles

similar to myeloid progenitor cells rather than stem cells.

DISCUSSION

Translocation or inversion between 3q21 and 3q26 induces

aberrant EVI1 gene expression, giving rise to human AML, which

carries a poor prognosis. In this paper, we describe the contribu-

tion of a far upstream hematopoietic enhancer of the GATA2

gene (G2DHE) to EVI1 gene expression in a typically rearranged

human inversion. We generated 3q21q26 mice by linking two

separate BAC clones containing the 3q21 and 3q26 regions in

the same physical orientation as they are found in a common

AML cell line and found that the Tg mice developed leukemias

only when EVI1 was ectopically activated by G2DHE when the

two genetic elements were brought into close proximity as a

consequence of the inversion. We propose a model for EVI1-

misexpressed leukemia that is associated with chromosomal

rearrangements (Figure 8). In normal hematopoietic cells, the

G2DHE is at least partially responsible for activating GATA2

gene expression (Figure 8, top panel). In leukemia cells bearing

inversions or translocations between 3q21 and 3q26, G2DHE

becomes localized either 30 or 50 to the EVI1 gene, respectively

(Figure 8, middle and bottom panels). G2DHE activates the

EVI1 gene instead ofGATA2 in HSPCs, thereby leading to leuke-

mogenesis. This model is further supported by the conclusions

from a study employing a completely different approach exam-

ining leukemic cells from human patients bearing the rearranged

allele (Gröschel et al., 2014).

G2DHE was originally identified as a phylogenetically con-

served region containing binding sites for transcription factors

GATA1 and GATA2 in the mouse Gata2 locus (Grass et al.,

2006). It has been shown that theGata2 gene regulation is highly

dependent on these GATA factors. The Gata2 gene is activated

by GATA2 itself in HSPCs, but becomes repressed by GATA1 as

progenitors differentiate into erythroid cells (Grass et al., 2003,

2006; Kobayashi-Osaki et al., 2005; Snow et al., 2010). GATA2

and GATA1 bind to several sites in the Gata2 locus, including

three sites in G2DHE. We assume that GATA2 and GATA1 differ-

entially bind to these motifs in a differentiation-dependent

manner as erythroid progenitors switch from proliferation to ter-

minal differentiation (Bresnick et al., 2010; Kaneko et al., 2010;

Suzuki et al., 2011, 2013). Similarly, we surmise that EVI1 gene

activation by G2DHE occurs in a manner that is dependent on

these GATA factors. Additionally, a number of transcription fac-

tors, such as GFI1, SCL, MEIS1, RUNX1, ERG, LMO2, and FLI1

bind to G2DHE in human hematopoietic cell lines (Moignard

et al., 2013). Therefore, identification of the mechanisms that

regulate EVI1 gene expression though G2DHE is a critical future

objective for identifying potential therapeutic targets for EVI1

expression-based leukemia.

Several mouse models for EVI1-expressing leukemia have

been reported (Buonamici et al., 2004; Louz et al., 2000; Yoshimi

et al., 2011). In particular, Yoshimi et al. established a mouse

model by transplanting bone marrow cells in which EVI1 was

introduced using a retrovirus (Yoshimi et al., 2011). Of these

experimental leukemia models, the present approach is

different, because in the 3q21q26 mice, (1) the expression level

of EVI1 is evenly controlled by being borne in a BAC, (2) the

expression profile of EVI1 is defined by human 3q21 locus and

is highly reproducible, and (3) the timing of EVI1 expression reca-

pitulates that of the human leukemia cases bearing chromosome

rearrangements. However, the leukemias that develop in the

3q21q26 mouse model appear to be similar to those utilizing

retroviral infection of EVI1 in mice, in which the EVI1 gene is ex-

pressed in hematopoietic cells. Both models develop leukemia

Figure 8. A Model for the Involvement of G2DHE in Normal and

3q21q26 Inverted/Translocated Hematopoietic Cells

In normal hematopoietic progenitors, G2DHE enhances GATA2 transcription

(top panel). In AML, G2DHE becomes localized downstream or upstream of

the EVI1 gene in inv(3)(q21;q26) (middle panel) or t(3;3)(q21;q26) (bottom

panel) alleles, respectively. In both cases, the chromosomal rearrangement-

dependent juxtaposition of G2DHE induces EVI1 gene transcription instead of

GATA2 transcription, which subsequently leads to leukemia.
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with long latency (more than 6 months), and both models

develop both myeloid and B-cell leukemia. Nonetheless, these

observations further support the contention that the leukemo-

genesis in the 3q21q26 mice is caused by dysregulated EVI1

expression in hematopoietic cells; however, we need further ex-

periments to exclude decisively the possibility that a mutant

microenvironment is necessary for de novo development of the

leukemia in the 3q21q26 mice.

It is still unknown how the EVI1 misexpression induces B-cell

leukemia in addition to myeloid leukemia. In this regard, it should

be noted that the 3q21q26 cellular analysis clearly revealed that

both types of leukemia correlate with EVI1 expression levels.

EVI1 overexpression has also been observed in pediatric acute

lymphoblastic leukemia (ALL) (Konantz et al., 2013). In very

good agreement with these observations in the 3q21q26 mouse

model, the EVI1 level in pediatric ALL patients is lower than that

in AML, and EVI1 levels in ALL patients has been shown to corre-

late with disease prognosis (Konantz et al., 2013).

Whereas the EVI1 gene expression level diminishes signifi-

cantly in the GATA2 enhancer-deleted BAC Tg mice and the

mice no longer develop leukemia, theEVI1 gene is still expressed

to a certain extent in the enhancer-deleted mouse bone marrow

cells. We do not have a salient explanation for this observation at

present, but the following points may be relevant. One plausible

explanation is that EVI1 may be activated in only a minor subset

of cells in the LSK fraction of 3q21q26 mice, and it is these cells

that play a critical role in the leukemogenesis. As EVI1 is an

essential transcription factor for normal hematopoietic stem

cell maintenance (Goyama et al., 2008), it may play equally

important roles in the maintenance of leukemic stem cells. Moni-

toring EVI1 expression at the single-cell level using novel Tgmice

in which a reporter is expressed under the control of the 3q21q26

BAC would be valuable to investigate this possibility.

An alternative explanation is that there may be a strict

threshold requirement for EVI1-dependent leukemogenesis

and that impaired activation of EVI1 in the 3q21q26DG2DHE

mice may be insufficient to surmount that threshold. The

threshold model has already been proposed for the onset of leu-

kemia that depends on the gene dosage of transcription factor

PU.1 (Rosenbauer et al., 2004; Steidl et al., 2006). Deletion of

the upstream regulatory element of the Sfpi1 gene encoding

PU.1 gives rise to an 80% reduction in the levels of PU.1

comparedwith its normal abundance, which specifically induced

leukemia. Meanwhile, complete or even a 50% reduction in PU.1

did not induce leukemia, indicating that sensitive fine-tuning of

transcription factor levels by specific enhancers may be critical

for the suppression of leukemogenesis.

We believe that this Tg mouse model approach, exploiting the

BAC-linking technique, is equally applicable to the analysis of

other leukemias or diseases that are associated with chromo-

somal rearrangements. Especially by applying BAC clones

from human genomic libraries to Tg mouse studies, we can

generate very precise mouse models of human rearranged

alleles. The BAC-linking method enables us to generate rear-

ranged alleles with any combination of alleles or breakpoints,

and the technique of Tg mouse generation combined with the

BAC-linking method is relatively straightforward to manipulate.

Therefore, this approach using linked BACs in Tg mice should

prove to be useful in providing vivid insights into the mechanistic

basis for the pathogenesis of various leukemias that are caused

by chromosomal rearrangements.

EXPERIMENTAL PROCEDURES

Mice

Generation of Tg mice using BAC recombination is described in the Supple-

mental Information. All mice were handled according to the regulations of

the Standards for Human Care and Use of Laboratory Animals of Tohoku

University and the Guidelines for Proper Conduct of Animal Experiments of

the Ministry of Education, Culture, Sports, Science, and Technology of Japan.

Hematological Analysis

Peripheral blood (30–50 ml) was collected from individual mice. Hematopoietic

indices were determined using a hemocytometer (Nihon Kohden). Hemogram

profiles were examined byWright-Giemsa staining. Flow cytometric analysis is

described in the Supplemental Information.

Histological Analysis

Each organ was fixed with 10% formalin (Mildform 10N;Wako) and embedded

in paraffin using standard procedures. Sections (5 mm) were stained with

hematoxylin-eosin.

Quantitative RT-PCR

Gene expression levels were determined by qRT-PCR as described in the

Supplemental Information.

Statistical Analysis

The statistical significance of differences between parameters was assessed

using a two-tailed, unpaired Student’s t test.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

four figures, and one table and can be found with this article online at http://

dx.doi.org/10.1016/j.ccr.2014.02.008.
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SUMMARY

Hepatocellular adenomas (HCA) are benign liver tumors predominantly developed in women using oral con-
traceptives. Here, exome sequencing identified recurrent somatic FRKmutations that induce constitutive ki-
nase activity, STAT3 activation, and cell proliferation sensitive to Src inhibitors. We also found uncommon
recurrent mutations activating JAK1, gp130, or b-catenin. Chromosome copy number and methylation
profiling revealed patterns that correlated with specific gene mutations and tumor phenotypes. Finally, inte-
grative analysis of HCAs transformed to hepatocellular carcinoma revealed b-catenin mutation as an early
alteration and TERT promoter mutations as associated with the last step of the adenoma-carcinoma transi-
tion. In conclusion, we identified the genomic diversity in benign hepatocyte proliferation, several therapeutic
targets, and the key genomic determinants of the adenoma-carcinoma transformation sequence.

INTRODUCTION

Hepatocellular adenomas (HCA) are rare benign tumors mainly

developed in women after 2 years of oral contraceptive use

(Rooks et al., 1979). HCA are also related to other risk factors

(obesity, vascular diseases, and androgen and alcohol intake)

or to different genetic diseases (McCune-Albright syndrome,

glycogen storage disease type 1a, and maturity-onset diabetes

Significance

Malignant transformation of benign adenoma into malignant carcinoma is frequently observed in several epithelial tumor
types. Adenoma-carcinoma transition is crucial for the patient prognosis; however, little is known on the molecular mech-
anisms involved. Here, we performed an integrated genomic analysis of hepatocellular adenomas (HCA). Among several
gene mutations, we identified recurrent somatic mutation activating FRK, a Src-like kinase. FRK-activating mutations
induce STAT3 activation and cell proliferation targetable by Src inhibitors. Focusing on malignant transformation of HCA
in hepatocellular carcinoma, we identifiedCTNNB1 and TERT promotermutations as early and late genomic events, respec-
tively, involved in adenoma-carcinoma transition. In conclusion, we propose to introduce targeted therapies and an iden-
tification of adenomas with the highest risk of malignant transformation in clinical practice.
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of the young type 3 diabetes caused by HNF1A germline muta-

tion) (Calderaro et al., 2013; Nault et al., 2013a). Bleeding and

malignant transformation to hepatocellular carcinoma (HCC)

can occur as severe complications observed, respectively, in

30%–50% and 5% of the cases. In the past 10 years, we identi-

fied four major molecular subgroups of HCA defined by (1) muta-

tions inactivating HNF1A (H-HCA, 35% of the HCA) (Bacq et al.,

2003; Bluteau et al., 2002; Jeannot et al., 2010), (2) activation of

b-catenin by mutations in exon 3 (bHCA, 15%) (Chen et al.,

2002), (3) inflammatory phenotype with STAT3 activation

(IHCA, 50%) (Bioulac-Sage et al., 2009; Zucman-Rossi et al.,

2006), and (4) the remaining unclassified tumors (UHCA, 10%)

(Bioulac-Sage et al., 2009) (See Experimental Procedures for de-

tails on molecular group assessment.). Among bHCA, half dis-

played both inflammatory and b-catenin-activated phenotypes

(bIHCA). Inflammatory adenomas (IHCA) are caused by IL6ST

somatic mutation activating gp130 in 60% of the cases (Poussin

et al., 2013; Rebouissou et al., 2009), whereas other IHCA are

mutated for STAT3 itself (Pilati et al., 2011) or GNAS (Nault

et al., 2012), but in the remaining 30% of the cases no mutations

were identified yet. This molecular classification is currently

accepted in clinical practice using either immunohistochemical

markers (Bioulac-Sage et al., 2007, 2009) or in radiology at mag-

netic resonance imaging (Laumonier et al., 2008), and it has

dramatically improved the diagnosis and prognostic assessment

of HCA.

The aim of this work was to better characterize genomic alter-

ations causing benign proliferation of hepatocytes and their

malignant transformation to improve the molecular classification

and identify oncogenic events useful to propose a more person-

alized care of HCA patients in the future.

RESULTS

Spectrum of Mutations Identified by Exome Sequencing
We analyzed a series of 250 tumors from 195 patients including

223 classical HCAs without any suspicion of malignancy, 18

borderline lesions between HCA and HCC (HCA/HCC), and

nine cases of HCCs derived from HCA malignant transformation

(HCC on HCA); clinical, histological, and molecular features are

described in Tables S1 and S2 (available online). Among them,

whole-exome sequencing was performed using a SureSelect

Enrichment System (Agilent Technologies) and a HiSeq instru-

ment (Illumina) (see Supplemental Experimental Procedures).

Tumor and corresponding nontumor DNA was sequenced in

35 classical HCAs developed in 25 patients, including nine

H-HCAs, 11 IHCAs, four bHCAs, and four bIHCAs mutated in

exon 3 of CTNNB1, and seven UHCAs (Table S3). One IHCA

and one UHCA displayed a mutation of CTNNB1 located in

exon 7 and were reclassified as bIHCA and bHCA, respectively

(see below). The average coverage of each base in the targeted

regions was 70-fold (Figure S1). Somatic mutations were sys-

tematically verified using integrative genomics viewer inspection

and/or Sanger sequencing (see Supplemental Experimental Pro-

cedures and Table S4). This strategy led to the validation of 508

somatic mutations in the 35 tumors; among them, 264 (52%)

were predicted to have damaging consequences at the protein

level, whereas 124 (24%) were silent and 120 (24%) were pre-

dicted to be benign functionally using PPH2 (Polyphen-2) soft-

ware (Figure 1A). The mean number of predicted damaging

mutations was 7.5 events per HCA tumor; it was not significantly

variable in the different HCAmolecular subgroups (Figure S1) but

lower than that observed in hepatocellular carcinoma (41 events

per HCC [Guichard et al., 2012], p < 0.0001). Analysis of the

spectrum of nucleotide mutations identified a high frequency

of transversions with a predominance of G>T changes that accu-

mulated on nontranscribed strand in all subgroups (Figure 1B).

This spectrum of nucleotide change was similar to that observed

in the exome sequence of classical HCC (Guichard et al., 2012),

suggesting that both benign and malignant hepatocyte prolifer-

ation could be promoted by exposure to genotoxic agents that

still remain to be identified in dedicated epidemiological studies.

Exome sequencing of the 35 classical HCAs identified recur-

rent mutations in nine different genes (Figure 1C). CTNNB1,

IL6ST, HNF1A, and FRK were mutated in at least three HCA tu-

mors, and they were validated in the whole series of 250 tumors

(Figure 1D; Table S5; Figure S1). SLCO1B3, KPNA4, ALK,

DDX11, and KIAA1109 were mutated in only two tumors repre-

senting seven different HCAs. Because these gene mutations

were not associated with specific phenotype, they were not

further screened in the entire series of tumors. Overall, a muta-

tion occurring in a gene recurrently mutated was identified in

205/250 (82%) of the HCA cases (Figure 1D). HNF1A and

CTNNB1 mutations were identified in all H-HCA and 33/35

bHCAs, respectively. Twenty-eight of 41 bIHCAs harbored

mutations in CTNNB1 and IL6ST. Inflammatory adenomas dis-

played mutations in the known drivers IL6ST, STAT3, and

GNAS, but also novel mutations in FRK and JAK1.

Among our whole series, the presence of two or more nodules

synchronously developed in the same patient was observed in

49% of the cases (Table S1). Exome sequencing of 10 pairs of

HCAs developed in 10 patients revealed in nine of these ten

cases that the two tumors belonged to the same molecular sub-

group: in four cases both adenomas were mutated forHNF1A, in

three cases both tumors were IHCA (IL6ST mutated and FRK in

one pair each, IL6ST and JAK1 in the last pair), in one case both

tumors were CTNNB1 mutated, and in the last patient both tu-

mors remained unclassified (Table S6). In the remaining patient

one HCA was inflammatory, whereas the second HCA was un-

classified. However, in nine of the ten cases, no common nucle-

otide mutations were identified among the paired adenomas,

suggesting an independent development of the tumors. In the

only pair with commonmutations, the two H-HCA tumors shared

one HNF1A mutation (Q211P) and a somatic substitution in

HDAC4 (T1055R). Interestingly, the two nodules were joined

and they accumulated different private alterations, including

inactivation of the second allele ofHNF1A (Table S6), suggesting

that HNF1A monoallelic inactivation added to an HDAC4 muta-

tion could be an early event in the history of this case.

FRK-Activating Mutations in IHCA
Among the 35 HCAs analyzed by exome sequencing, three

different IHCAs exhibited a somatic mutation of the fyn-related

kinase (FRK, also known as RAK). FRK is a non-receptor-tyro-

sine kinase related to the Src kinase family, first proposed as a

tumor suppressor in breast cancer cells (Yim et al., 2009). In

the whole series of 250 tumors, we identified a heterozygous

somatic FRK mutation in eight additional IHCAs and one bIHCA
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(Figure 1D). All FRKmutations were located in the tyrosine kinase

catalytic domain, and two hot spots were identified: an amino

acid substitution located at codon 346 in four cases and eight

small in-frame deletions/insertions at codons V378 and/or

F379 in eight cases (Figure 2A; Table S5). In one case (1130),

we identified two nucleotide mutations that led to amino acid

substitutions at codons 346 and 350 carried by the same allele.

Overall, FRK was the second most frequently mutated gene in

our series of IHCA (12/118, 10%).

No recurrent FRKmutations are currently described in tumors.

In HCA, the mutation pattern including two hot spots and in-

frame deletion/insertion suggested that FRK mutations could

have gain of function. To test this hypothesis, we reproduced

six different mutants identified in IHCA by site-directed muta-

genesis in a FRK full-length cDNA. All the tested FRK mutants

induced a strong acute inflammatory response in hepatocellular

cell lines with overexpression of two inflammatory target genes,

SOCS3 and CRP, independently of interleukin-6 (IL-6) exposure

(Figure 2B; Figures S2A–S2C). This inflammatory response was

proportional to the amount of transfected mutants (Spearman’s

r = 0.89, p = 0.01; Figure S2B). FRK mutants induced the activa-

tion of STAT3 as assessed by its phosphorylation at Y705 and its

nuclear translocation, whereas wild-type FRK had no effect on

STAT3 phosphorylation and localization (Figures 2C and 2D).

We further showed that VF and FK FRK mutant exhibited an

increased kinase activity compared with the wild-type FRK,

affecting both Vmax and KM (Figure 2E; Figure S2D). Next, we

showed that four different Src inhibitors, namely, PP2, dasatinib,

Src inhibitor 1, and Src inhibitor 5, were able to abrogate the

constitutive kinase activity of FRK mutants (Figure 2F). Then,

we selected dasatinib, an inhibitor currently used to cure leuke-

mia patients (Talpaz et al., 2006). Treatment of Hep3B cells with

dasatinib decreased the constitutive activity of FRK mutant in a

dose-dependent manner, whereas it had no effect on IL-6-

induced inflammation (Figure 2G).

Then, we stably transfected Ba/F3 cells, an interleukin-3 (IL-3)-

dependent murine pro-B cell line, with wild-type or mutant FRK.

In the presence of IL-3, cell proliferation was similar in all condi-

tions (Figure S2E); in contrast, only Ba/F3 cells expressing the

FRKmutants were able to grow upon IL-3withdrawal (Figure 3A).

We confirmed the proliferation advantage conferred by FRK

overexpression in mice immortalized fibroblasts, NIH 3T3,

cultured with a limiting amount of growth factors (Figure S2F).

Also, in NIH 3T3, FRK mutants promoted cell foci formation

without increasing cell migration or invasion (Figure 3B; Figures

S2G and S2H). Interestingly, in Ba/F3 cells, IL-3-independent

growth induced by FRK mutant was abrogated by dasatinib

treatment (Figure 3C). Subcutaneous injection of Ba/F3 cells

with stable expression of the VK FRK mutant in nude mice re-

sulted in tumor growth. In contrast, Ba/F3 cells expressing

wild-type FRK failed to promote tumor growth (Figure 3D). Allog-

rafted tumors showed nuclear and Y705-phosphorylated STAT3

(Figure 3E). Furthermore daily intraperitoneal injections of

dasatinib (10 mg/kg/day) after subcutaneous tumor develop-

ment and during 14 days led to a complete regression of the

tumors (n = 9; Figures 3F and 3G; Figure S2I). Interestingly,

A B C

D

Figure 1. Profiles of Mutations in HCA Identified by Exome Sequencing

(A) Distribution of the 508 somaticmutations in the 35HCA tumors according to their functional consequences (damaging, benign, and synonymous) predicted by

PPH2 (Polyphen-2). Asterisk (*) indicates HCA with CTNNB1 exon 7 mutations.

(B) Type of mutations on the transcribed (pink) and the nontranscribed (blue) strands for the 455 nucleotide substitutions identified in exome sequencing of 35

HCAs (means with 95% CI; two-tailed Mann-Whitney test).

(C) Genes recurrently mutated in classical HCA with damaging consequences.

(D) Somatic mutations (blue boxes) identified in 250 tumors (columns) among seven classical HCA-altered genes (rows). The number of events per gene is

indicated on the left.

See also Figure S1 and Tables S1, S2, S3, S4, S5, and S6.
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14 days after dasatinib withdrawal, tumors reappeared, confirm-

ing the oncogenic addiction of Ba/F3 cells to the FRK mutant

tested (Figure 3G).

Mutations Activating JAK-STAT3 Pathway in IHCA
Exome sequencing of an inflammatory adenoma revealed a

somatic missense mutation leading to S703I substitution in the

JAK kinase JAK1 previously identified in an acute lymphoblastic

T cell leukemia (Zhang et al., 2012). Screening the entire

sequence of JAK1 in the whole series of 250 tumors revealed

one additional IHCAwith a heterozygous somatic JAK1 substitu-

tion A723D never described in tumors (Figure 1D; Figure 4A;

Table S5). S703I and A723D mutants were different from the

two classical V658 and R724 JAK1 substitutions known to acti-

vate the JAK-STAT pathway (Flex et al., 2008; Staerk et al.,

2005). In Hep3B cells, we showed that expression of S703I or

A723D was able to induce an inflammatory response and phos-

phorylation of STAT3 at Y705 (Figure 4B; Figures S3A and S3B).

Moreover, the two JAK1mutant proteins were phosphorylated at

Y1022/1023, two regulatory tyrosines known to activate JAK1

when phosphorylated (Figure S3B). We also identified in an in-

flammatory HCA an unusual heterozygous somatic mutation in

A

B C D

F

E

G

Figure 2. FRK Mutants Induce STAT3 Activation

(A) Spectrum of FRK mutations identified in 250 HCAs. Circles indicate amino acid (aa) substitutions and triangles are in-frame deletions. SH, Src homology

domain; TKD, tyrosin kinase domain.

(B) Endogenous SOCS3 mRNA expression of FRK mutants V378–F379 del (VF), V378–K380 delinsE (VK), E346G (E346), E346G Y350C (E346 Y350), V378

delinsKLN (VdelinsKLN), F379-K380 delinsL (FK), or control wild-type (WT) FRK (WT) and empty plasmid (EP) transfected in Hep3B. *p < 0.05; **p < 0.01; ***p <

0.001, two-tailed Student’s t test.

(C) Expression of FRK, total STAT3, and Y705-phosphorylated STAT3 (pSTAT3) proteins in transfected Hep3B cells assessed by western blot.

(D) Subcellular localization of FRK and tyrosine phosphorylation of STAT3 at Y705 (pSTAT3) FRK andSTAT3 proteins were analyzed by immunofluorescence, and

images were obtained with a confocal microscope. Results are representative of three independent experiments.

(E) FRK proteins WT and mutants (VF and FK) were produced in Escherichia coli. The AlphaScreen method showed an increased kinase activity for FRK mutants

with modified KM and Vmax. cps, counts per second.

(F) FRK kinase residual activity was measured in vitro by AlphaScreen method after treatment with four different Src inhibitors: PP2 (10 mM), dasatinib (10 mM),

Src-I1 (10 mM), and Src-I5 (10 mM). *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed Student’s t test.

(G) Endogenous SOCS3mRNA expression of FRK VKmutant (blue) or empty vector treated with 100 ng/ml IL-6 (black) transfected in Hep3B exposed for 6 hr to

increasing concentrations of dasatinib. Quantitative data are presented as mean ± SD.

See also Figure S2.
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the IL6ST gene, located at exon 10 and leading to the in-frame

deletion of four amino acids (A418–F421) outside the mutation

hot spot that we previously identified at the IL-6 binding site

(Poussin et al., 2013; Rebouissou et al., 2009). Sequencing the

entire coding sequence of IL6ST in the validation set of 250

tumors led to the identification of a similar A418–F421 deletion

A B

C D E

F G

Figure 3. FRK Is a Targetable Activated Gene in HCA

(A) Growth of Ba/F3 cells stably transfected with FRK mutants (VF and VK) compared with FRK WT or EP after IL-3 withdrawal in triplicate experiments. Data

shown indicate mean ± SD.

(B) Cell foci formation was observed in NIH 3T3 cells stably expressing FRK mutants VF (p = 0.003, t test) or E346 (p = 0.0009, t test) and not in cells transfected

with WT FRK or EP. In white, the number of foci representative of three independent experiments.

(C) Ba/F3 cells transfectedwith FRK VKmutant treated (red) or untreated (blue) with 10 ng/ml IL-3 and exposed for 48 hr to increasing concentrations of dasatinib.

The graph plots the proportion of treated cells relative to the transfected not-treated cells.

(D) Subcutaneous injection of 107 Ba/F3 cells with stable expression of VK FRK mutant (blue, n = 9) induced tumor growth in a BALB/c-nu/nu mouse model,

whereas WT FRK (green, n = 6) failed (mean tumor volume, 95% CI, regression analysis).

(E) Representative staining of Y705 phosphorylation of STAT3 using immunohistochemistry in allograft tumors from VK FRK Ba/F3 cells 34 days after injection.

(F) Effect of dasatinib treatment on tumor size of mice allografted with Ba/F3 cells transfected with VK FRK mutant and treated daily with dasatinib (red, n = 9;

10 mg/kg/day) or with PBS as a control (blue, n = 9) (mean tumor volume, 95% CI, regression analysis).

(G) Effect of dasatinib withdrawal on allograft tumors from VK FRK Ba/F3 cells. Shown are the tumors of BALB/c-nu/nu mice treated daily with PBS (10 ml/kg,

14 days) as a control or with dasatinib (10 mg/kg/day, 14 days), and tumors treated with dasatinib during 14 days and left without treatment for 14 days (n = 3).

Scale (white) bars, 10 mm.
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in an additional IHCA (Figure S1). These mutations in exon 10 of

IL6ST were exclusive from the classical mutation previously

identified in exon 6. We further showed that this IL6ST mutant

was able to constitutively activate gp130 in a cell culture model

(Figure S3C). Finally, in the entire validation set of HCA, all the

genes mutated in IHCA (IL6ST, FRK, JAK1, STAT3, and GNAS)

were almost mutually exclusive; only one tumor showed muta-

tions in both FRK and STAT3 genes (Figure 1D).

Hot Spots of Mutations in CTNNB1

Exome sequencing in two HCAs revealed amutation ofCTNNB1

located in exon 7 (K335I), outside CTNNB1 exon 3 where the

classical mutations activating b-catenin are usually located

(Chen et al., 2002). Among the validation set of 250 tumors, we

further identified two hot spots of substitutions at b-catenin

codon 335 (K335I in 13 cases, K335T in four cases) and codon

387 located in exon 8 (N387K in six cases; Figure 4C). All

HCAs with CTNNB1 exon 7 and exon 8 mutations were previ-

ously considered as unclassified HCA (seven cases) or inflam-

matory adenoma (16 cases), and they were further classified

for all analyses in the bHCA or bIHCA molecular subgroup.

CTNNB1 exon 7 and exon 8 mutations were mutually exclusive

but also frommutations located at exon 3 andHNF1Amutations.

We further showed that K335I and N387K mutants were able to

activate b-catenin in a hepatocellular cell line, with a lower activ-

ity than the S33Y, T41A, and S45Pmutants located within exon 3

(Figure 4D). Accordingly, most of the HCA tumors with exon 7 or

exon 8 mutation exhibited a slight overexpression of glutamine

synthase and LGR5, two classical genes activated by CTNNB1

(Figure 4E). Immunohistochemical analyses of these cases

revealed a faint patchy glutamine synthase expression without

nuclear staining of b-catenin (Figure 4F). All these results showed

that CTNNB1 mutants at codons 335 and 387 weakly activate

b-catenin in vivo in HCA.

A B

C D

E F

Figure 4. Identification of Uncommon Recurrent Gene Mutations in HCA and Functional Analysis

(A) Spectrum of JAK1 mutations identified in 250 HCAs. Circles indicate aa substitutions.

(B) JAK1 mutants S703I (S703) and A723D (A723) or control WT JAK1 (WT) and EP were transfected in the Hep3B cell line. Graphs are quantitative (q)RT-PCR

results showing the induction of endogenous SOCS3 mRNA transcription measured after 6 hr of serum starvation and, when indicated, treated for 3 hr

with 100 ng/ml IL-6 relative to unstimulated EP-transfected Hep3B cells. Data shown indicate mean ± SD. **p < 0.01, ***p < 0.001, two-tailed Student’s t test

versus WT JAK1.

(C) Spectrum of CTNNB1 mutations identified in 250 HCA. Circles indicate aa substitutions, and triangles are in-frame deletions. ARM, Armadillo repeat; TAD,

transactivation domain.

(D)CTNNB1mutants S33Y (S33), T41A (T41), S45P (S45), K335I (K335), and N387K (N387) or control WTCTNNB1 (WT) and empty plasmid (EP) were transfected

in Huh7 cells expressing aCTNNB1-driven luciferase (TOP-FLASH) reporter construct. Shown is the luciferase activity determined from triplicate cotransfections

relative to empty plasmid (EP). Data shown indicate mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001, two-tailed Student’s t test versus WT CTNNB1 with TOP-

FLASH.

(E) Expression profiles of CTNNB1-exon 3mutated HCA (n = 45),CTNNB1-exon 7- and -exon 8-mutated HCAs (n = 21) andCTNNB1WTHCA (n = 169). The graph

shows the expression of GLUL (glutamine synthase) and LGR5 by qRT-PCR relative to nontumor livers. Results are expressed as Tukey’s boxplots; two-tailed

Mann-Whitney test.

(F) Representative staining of glutamine synthase (GS) by immunohistochemistry in wild-type CTNNB1 HCA, exon 7-mutated and exon 3-mutated bHCA.

*p < 0.05; **p < 0.01; ***p < 0.001.

See also Figure S3.
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Copy Number and Methylome Profiling
Weprofiled chromosome aberrations in 111 classical HCAs, nine

borderline lesions HCA/HCC, and six HCC resulting from HCA

malignant transformation. Although chromosomal instability,

measured by the fraction of aberrant arms (FAA) score, was

low and similar in the different molecular subgroups of classical

adenomas (Figure 5A), we identified three recurrent events asso-

ciated with specific molecular groups: bHCA showed more

frequent gains of 1q (p = 0.03) and chromosome 7 (p = 0.03),

whereas H-HCA presented frequent copy-neutral losses of

heterozygosity (LOHs) at chromosome 12q, leading to a loss of

thewild-typeHNF1A gene and a duplication of themutated allele

(p = 3.4 3 10�6; Figures 5B and 5C; Table S7).

We then determined DNA methylation profiles in 50 hepa-

tocellular adenomas and four normal liver samples using

HumanMethylation450 arrays (Illumina). Consensus clustering

identified two major clusters closely associated with the inflam-

matory phenotype (M1 and M2) or noninflammatory phenotypes

(M3–M5). The partition in the five stable DNA methylation clus-

ters (Figure 6A, M1–M5) was highly associated with specific

molecular groups (p = 3.4 3 10�19, chi-square test; Figure 6B)

and gene mutations. The M1 cluster included IHCA and mixed

bIHCAs exclusively mutated in exon 7 or exon 8 of CTNNB1,

whereas the M2 cluster included bIHCAs mutated in exon 3.

Noninflammatory tumors were subdivided in clusters M3 in-

cluding all H-HCA, M4 including most bHCA, and M5 including

UHCA. Most DNA methylation changes occurred at CpG

sites located outside CpG islands that displayed global hypome-

thylation in all tumor clusters compared with normal controls

(Figure S4A). As described in HCC (Stefanska et al., 2011), hypo-

methylated regions formed genomic clusters, preferentially

located at gene family loci (Figure S4B). Although the pattern

of hypomethylation was similar in the five tumor clusters, the in-

tensity of hypomethylation was significantly associated with

methylation clusters (p = 2.1 3 10�4, ANOVA). Hypomethylation

was weaker in clusters M1 and M2 (inflammatory HCA) and

stronger in cluster M4 (bHCA), particularly in tumors that trans-

formed into HCC (Figure 6C). There were few hypermethylated

CpG sites, but we identified 640 genes specifically hypermethy-

lated in cluster M3. Among them, 109 genes were hypermethy-

lated and downregulated in H-HCA (significant overlap, p =

2.4 3 10�36, Fisher’s exact test) (Table S8); they were signifi-

cantly enriched in liver-specific genes (p = 9.73 10�6, hypergeo-

metric test) (Figure 6D) and in genes known to be downregulated

in liver cancer (Acevedo et al., 2008) (p = 1.73 10�14, hypergeo-

metric test) (Table S9).

Alterations Involved in Malignant Transformation
Next, we aimed to investigate the genetic and epigenetic alter-

ations involved in malignant transformation of HCA to HCC.

We observed a progressively increased chromosomal instability

in borderline HCA/HCC lesions and in HCC derived from malig-

nant transformation compared with classical HCA (p = 0.05;

Figure 7A; Table S10). Specific loss of chromosome 6q and

gain of chromosome 7 were more frequent in borderline and

transformed HCA (Figure 5B). Interestingly, in methylome anal-

ysis, the intensity of the beta-value in hypomethylated genomic

regions increased during malignant transformation (p = 0.002,

ANOVA) (Figure 7B). Exome sequencing and SNP array

analysis (Letouzé et al., 2010) were carried out in five cases of

A B

C

Figure 5. SNP Array Profiling of HCA Reveals Distinct Copy-Number Profiles Associated with Molecular Groups
(A) Distribution of genomic instability, defined as the FAA, in different molecular groups. Results are expressed as Tukey’s boxplots; two-tailed Mann-Whitney

test. ns, not significant

(B) Distribution of chromosome aberrations according to HCA molecular classification groups. LOH of chromosome 12q significantly associates with H-HCAs,

whereas gains of 1q and of chromosome 7 associate with bHCA.

(C) Frequency of gains, deletions, and LOHs along the genome in a series of 111 classical HCAs, nine borderline lesions HCA/HCC, and six HCCs resulting from

HCA malignant transformation.

See also Table S7.
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synchronous malignant transformation for which both benign

(HCA) and malignant (HCC) parts of the tumors were available.

In comparison with classical HCA, the number of functional

somatic mutations progressively increased in transformed HCA

(mean of 24.4 events per transformed HCA, p < 0.0001; Fig-

ure 7C) and in malignant HCC part of the tumors (mean of 39

events per HCC counterpart) at a level similar to that observed

previously in a series of classical HCC (Guichard et al., 2012)

(Figures 7C and 7D). In four cases, mutations in the genes clas-

sically mutated in HCA (CTNNB1, IL6ST, and HNF1A) were

similar in the HCA and HCC counterparts, demonstrating a com-

mon origin of the benign and transformed parts of the tumors

(Figure 7G; Figure S5A). In the fifth case, the HCA and HCC parts

showed different CTNNB1 mutations, whereas 43 other muta-

tions were found in common.

Among the other genes recurrently mutated in transformed

HCA, we identified in two cases ASH1L (recurrently mutated

in lung cancers and cell lines (Govindan et al., 2012; Liu

et al., 2012) and PEG3, which is mutated in cholangiocarci-

noma (Ong et al., 2012) (Figure S5B). A large number of private

mutations were also accumulated in almost all HCA and HCC

tumors, illustrating separated genetic evolution. Interestingly,

in case 361, we also analyzed an HCC relapsed 3 years after

the first surgical resection of a transformed HCA. Only one

mutation activating b-catenin (CTNNB1 in-frame deletion

T3_A126) was common between the HCA tumor, the synchro-

nous HCC, and the relapsed HCC. Moreover, in this patient,

we identified in three different samples of nontumor liver tis-

sues a similar T3_A126 CTNNB1 deletion in 1/10,000 tested

cells (Figure S5C). These results pointed CTNNB1 mutation

as a very early tumorigenic event in a precursor cell niche

that generated three different tumors. In this case we also

identified in each tumor a different mutation in the gene coding

for the monoamine oxidase MAOB, suggesting that the inhibi-

tion of this gene was selected to promote the tumor

development.

In the mutation screening, we added the telomerase reverse

transcriptase (TERT) promoter, not covered in exome

sequencing, because hot spot mutations were recently identi-

fied in various tumors, including HCC (Horn et al., 2013; Huang

et al., 2013; Killela et al., 2013; Nault et al., 2013b). TERT pro-

moter mutations were identified in five samples and in most of

A B
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Figure 6. DNA Methylation Analysis of HCA Reveals Strong Correlation with Molecular Groups

(A) Consensus clustering analysis of 50 HCAs identifies five DNA methylation clusters.

(B) Heatmap representation of DNA methylation profiles. FDR, false discovery rate.

(C) Boxplots represent the mean DNA methylation beta-values in hypomethylated clusters in tumors of different methylation subgroups.

(D) DNA methylation and gene expression are represented for 13 liver-specific genes that are significantly hypermethylated and downregulated specifically

in H-HCA.

See also Figure S4 and Tables S8 and S9.
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Figure 7. Time Frame of Genomic Alterations in HCA Malignant Transformation

(A) Distribution of chromosomal instability, defined as the FAA, in different pathological groups (maximum-minimum [max.-min.] boxplot, two-tailed Mann-

Whitney test).

(legend continued on next page)
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the cases (four of five) only in the malignant parts, suggesting

that TERT promoter mutations could be a later oncogenic

event after CTNNB1 mutations. Then, we screened TERT pro-

moter in a large series of 375 hepatocellular tumors, including

223 classical adenomas, 18 borderline lesions HCA/HCC, nine

HCC derived from adenomas, and 125 classical HCC (Gui-

chard et al., 2012). TERT promoter mutations were not found

in classical adenomas, but they were found later in the malig-

nant progression in borderline lesions (17%) and in trans-

formed HCA to HCC (56%) with a frequency similar to that

identified in classical HCC (54%). In HCC, TERT promoter mu-

tations were significantly associated with CTNNB1 mutations

(p < 0.0001). Previous studies have shown that TERT promoter

mutations create de novo consensus binding sequence for

ETS/TCF transcription factors and could increase telomerase

transcription (Horn et al., 2013). Here, in HCA, borderline

lesion, and transformed HCA, TERT promoter mutations

were significantly associated with an increased transcription

of TERT (p < 0.0001; Figure 7F). Then, we compared the dis-

tribution of all recurrent gene mutations in the overall set of

375 tumors (Figures 7E and 7H). The proportion of CTNNB1

exon 3 and CTNNB1 exon 3 associated with IL6ST mutations

progressively increased from the adenoma (13%) to the HCC-

transformed lesions (66%), thus showing the significant role of

these mutations in malignant progression. In contrast, the pro-

portion of IL6ST alone, CTNNB1 exon 7 and exon 8, HNF1A,

and FRK mutations decreased in HCA transformed in HCC

and was also lower in classical HCC, suggesting that these

genes are not significantly involved in malignant transformation

process.

By integrating all the omic results with the clinical and patho-

logical features and with the identification of FRK, rare JAK1,

and exon 10 IL6ST-activating mutations, we have enriched the

mutational spectrum of inflammatory HCA, finally composed of

mutations in IL6ST (26% of HCA), FRK (5%), STAT3 (2%),

GNAS (2%), and JAK1 in 1% (Figure 8A). Three pathways recur-

rently altered in HCA (HNF1A inactivation, STAT3 or b-catenin

activation alone) are associated with the benign phenotype of

the tumors and specific histological features (Figure 8B). In

contrast, the malignant transformation is strongly associated

with characteristic gene mutations (CTNNB1 exon 3 and TERT

promoter mutations), chromosome alterations, and hypomethy-

lation accumulated in time frame together with previously

described specific clinical features (male sex and androgen

therapy, Nault et al., 2013a; Figure 8C).

DISCUSSION

Whole-exome sequencing of hepatocellular adenomas revealed

the high genetic diversity of these tumors, and the genes recur-

rently mutated in hepatocyte benign tumorigenesis and in the

subsequent malignant transformation. In this study we identified

recurrent somatic mutations of FRK leading to an activation of

the FRK kinase activity and to constitutive STAT3 activation

associated with the inflammatory phenotype of HCA. Whereas

the activation of STAT3 by Src has been previously described

in vitro (Bromberg et al., 1998; Turkson et al., 1998), we showed

that FRKmutants induce STAT3 activation in vitro, in vivo, and in

human tumors. Also, whereas FRK has been proposed as a

tumor suppressor in breast cancer (Yim et al., 2009), here we

demonstrated the proproliferative function of mutant FRK during

benign tumorigenesis. In the liver, FRK mutants were identified

only in benign tumors, whereas mouse models of gastrointes-

tinal cancer have also demonstrated opposite functions of

STAT3 at early step of tumorigenesis and duringmalignant trans-

formation (Grivennikov and Karin, 2010; Lee et al., 2012; Mus-

teanu et al., 2010). However, FRK was also reported as involved

in a chromosome rearrangement with ETV6 in a leukemia

(Hosoya et al., 2005), suggesting that this gene could be as

well activated in malignant neoplasms. Also, the oncogenic

properties of STAT3 constitutive activation could differ accord-

ing to the cell of origin related to a malignant cell proliferation

in lymphocytes (Fasan et al., 2013; Koskela et al., 2012) versus

benign proliferation in hepatocytes mutated for IL6ST or

STAT3 (Pilati et al., 2011; Rebouissou et al., 2009). In addition,

the dramatic response to the Src inhibitor dasatinib in vitro and

in vivo supports FRK-activating mutations as a paradigm of a

mutated gene addiction. Overall, the gene mutations identified

in IHCA activate the STAT3 pathway to cause a common inflam-

matory phenotype within the tumors. Nowadays, inflammatory

driver gene mutations remain to be identified in 18% of inflam-

matory HCA. Moreover, 10% of the adenomas remain unclassi-

fied and in these cases additional specific genetic or epigenetic

defect remained to be identified.

Interestingly, our methylome analysis distinguished perfectly

the five molecular groups of HCA, and identified genomic clus-

ters of hypomethylation at gene family loci showing a close

relationship between epigenetic changes, gene mutations, and

phenotypes of the tumors. We also identified a set of liver-

specific genes, hypermethylated and downregulated specifically

in H-HCA. A previous report suggested that activation of HNF1A

(B) Boxplots represent the mean DNA methylation beta-values in hypomethylated clusters in tumors of different pathological stages (two-tailed Kruskal-

Wallis test).

(C) Number of damagingmutations in classical HCA, in HCA transformed in HCC (HCA part) and in HCC resulting from a transformation of an adenoma (HCC part)

and in 24 classical HCC(Guichard et al., 2012) (max.-min. boxplot, two-tailed Mann-Whitney test).

(D) Paired comparison of HCA and HCC counterparts of five malignant transformations (two-tailed paired t test).

(E) Distribution of the pathological groups of tumors mutated in TERT promoter, exon 3 of CTNNB1 without IL6STmutation, both exon 3 of CTNNB1 and IL6ST,

IL6ST without CTNNB1 mutation, exon 7 and exon 8 of CTNNB1, and HNF1A (chi-square test).

(F) TERT expression in mutated and nonmutated TERT promoter tumors according to the different pathological stages (two-tailed Mann-Whitney test).

(G) Accumulation of genomic alterations in five malignant transformations was defined according to whole-exome sequencing and SNP array analysis. Red

indicates genes recurrently mutated in transformed HCA, blue indicates genes recurrently mutated in classical HCA, and in green indicates recurrent chro-

mosomal alterations.

(H) Frequency of mutations in TERT promoter, exon 3 ofCTNNB1without IL6STmutations, both exon 3 ofCTNNB1 and IL6ST, IL6STwithoutCTNNB1mutations,

exon 7 and exon 8 of CTNNB1, and HNF1A according to the pathological groups.

See also Figure S5 and Table S10.
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target genes might involve chromatin remodeling and DNA

demethylation (Pontoglio et al., 1997). Alternatively, active tran-

scription could protect CpG islands from methylation, so hyper-

methylation may be a consequence of prior gene silencing (Clark

and Melki, 2002). Further experiments are needed to determine

whether DNA hypermethylation precedes or follows the silencing

of liver-specific genes in H-HCA, but these epigenetic changes

are likely to play an active role in this molecular group of HCA,

and they suggest that driver genetic alterations could induce

widespread epigenetic modification in hepatocellular benign

tumors.

Analysis of the progression from HCA to HCC suggested

that the occurrence of CTNNB1-activating mutation in a single

cell could initiate benign liver tumorigenesis as a very early

event in patient 361. However, because almost all the ade-

nomas activated for b-catenin accumulate additional mutation

in recurrent (IL6ST) or nonrecurrent genes, it is highly sugges-

tive of the requirement of additional events to CTNNB1 acti-

vating mutation to promote a benign clonal proliferation.

These results are in accordance with the transgenic mouse

model of hepatic CTNNB1 mutant expression in which the

constitutive Wnt pathway activation is not sufficient for hepa-

tocarcinogenesis (Cadoret et al., 2001; Harada et al., 2002).

As in other tumor types (Vogelstein et al., 1988), accumulation

of chromosome aberrations is also a typical feature of malig-

nant transformation of HCA. Here, in hepatocellular tumors,

we identified somatic-activating TERT promoter mutations as

a major event involved in the malignant transformation of he-

patocellular adenomas in association with b-catenin activation.

These results suggest a step-by-step model where CTNNB1

mutations are early mutational events in benign liver tumori-

genesis, although not sufficient to induce HCC in normal liver

alone; telomerase reactivation through TERT promoter muta-

tions is consequently required to promote full malignant trans-

formation. Identification of CTNNB1 and TERT promoter muta-

tion as key genetic determinants of malignant transformation

in HCA will be useful to propose tailored treatment in these

subtypes of patients.

Figure 8. Genes and Pathways Implicated in HCA Initiation and Malignant Transformation

Major pathways (A) commonly altered by somatic mutations in classical HCA. Alteration frequencies are expressed as a percentage of mutation in the validation

series of 250 tumors (red or blue when activated or inactivated, respectively) or 35 exome-sequenced (gray) HCAs; for unique gene mutation, no frequency is

indicated. Arrows are positive interactions between two genes. Integration of the major genomic alterations occurring in classical HCA (B) and in malignant

transformation of HCA in HCC (C).
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In conclusion, we reported a comprehensive genomic analysis

of hepatocellular adenoma resulting from the benign proliferation

of hepatocytes and their malignant transformation in hepatocel-

lular carcinoma. Integrated analyses revealed the high robust-

ness of the HCA molecular classification: all subclasses of

tumors defined by the different omics are closely related

together and with HCA tumor phenotypes. In addition, this clas-

sification will have clinical impact through identification of

therapeutic targets and the selection of patients with high risk

of malignant transformation that could require more aggressive

treatment.

EXPERIMENTAL PROCEDURES

Liver Samples and Clinical Data

All tumors and corresponding nontumor liver tissues were frozen after surgical

resection. These tumors were clinically and genetically characterized; they

were previously included in genetic and phenotypic studies (Tables S1 and

S2). The study was approved by the local Ethics Committee (Paris Saint-

Louis), INSERM institutional review board in 2010, and informed consent

was obtained from all subjects in accordance with French legislation. HCA

were classified in (1) H-HCA according to the presence of HNF1A inactivation

(73/250, 29%); (2) bHCA defined by a somatic b-catenin-activating mutation

involving exon 3 and/or an overexpression of glutamine synthase and LGR5,

two b-catenin target genes (53/250, 21%); and (3) IHCA defined by the pres-

ence of inflammatory infiltrates and a serum amyloid A2 and C-reactive protein

overexpression (118/250, 47%); in 25 cases (10%), HCAswere both inflamma-

tory and CTNNB1 mutated (bIHCA). The remaining 31 cases (12%) were

unclassified HCA (UHCA) when we began this study.

Genomic Analysis

Whole-exome sequencing was performed as described previously (Guichard

et al., 2012). The false-positive rate of somatic mutations in WES was

estimated to 2.5% after 3,000 verifications in Sanger sequencing per-

formed in previous analyses. Comparative genomic hybridization-SNP was

performed on 126 tumors with HumanCNV370-Duo v1.0 (47 tumors) or

HumanOmniExpressBeadchips (79 tumors) (both from Illumina). When several

samples were available from a same patient, tumor progression trees were

reconstructed using the TuMult algorithm (Letouzé et al., 2010). DNA methyl-

ation profiles of 50 hepatocellular adenomas and four normal liver

samples were determined using HumanMethylation450 arrays (Illumina). The

ConsensusClusterPlus package (Bioconductor) was used for consensus clus-

tering analysis. Transcriptional profiling experiments were performed using

oligonucleotide GeneChips HG-U133A (Affymetrix).

Functional Analysis

FRK, JAK1, IL6ST, and CTNNB1 mutants were obtained using the

QuickChange XL site-directed mutagenesis kit (Stratagene) using primers

described in Supplemental Experimental Procedures, and then used to tran-

siently transfect Hep3B, Huh7, NIH 3T3, and Ba/F3 cells. Ba/F3- and NIH

3T3-transfected cells were selected by a treatment with Geneticin (800 and

700 mg/ml, respectively; Life Technologies). Kinase assay was performed by

AlphaScreen-based assays (PerkinElmer). BALB/c-nu/nu mice used for

xenograft experiments were housed in the pathogen-free animal facility at

the Institut Universitaire d’Hématologie, Paris. All experimental procedures

were done in compliance with the French Ministry of Agriculture regulations

for animal experimentation.

A complete description of the materials and methods is provided in Supple-

mental Experimental Procedures.
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(http://www.ebi.ac.uk/ega/) under accession number EGAS00001000679. All

variants and tumor features are deposited in the International Cancer Genome

Consortium (ICGC) portal (ftp://data.dcc.icgc.org/version_9/). SNP array and
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SUMMARY

Somatic mutations in DNMT3A, which encodes a de novo DNA methyltransferase, are found in �30% of
normal karyotype acute myeloid leukemia (AML) cases. Most mutations are heterozygous and alter R882
within the catalytic domain (most commonly R882H), suggesting the possibility of dominant-negative conse-
quences. The methyltransferase activity of R882H DNMT3A is reduced by �80% compared with the WT
enzyme. In vitro mixing of WT and R882H DNMT3A does not affect the WT activity, but coexpression of
the two proteins in cells profoundly inhibits the WT enzyme by disrupting its ability to homotetramerize.
AML cells with the R882H mutation have severely reduced de novo methyltransferase activity and focal
hypomethylation at specific CpGs throughout AML cell genomes.

INTRODUCTION

Acute myeloid leukemia (AML) is a malignancy of hematopoietic

stem/progenitor cells (HSPCs) with considerable clonal and ge-

netic heterogeneity (Welch et al., 2012; Ding et al., 2012; Ley

et al., 2013). Some AML patients have recurrent translocations

that cause gene fusions (i.e., PML-RARA, RUNX1-RUNX1T1,

CBFB-MYH11, MLL fusions, etc.), which are associated with

canonical alterations in gene expression and DNA methylation

patterns (Figueroa et al., 2010; Ley et al., 2013). Recent studies

have revealed that patients with normal karyotype (NK) AML

exhibit a high frequency of mutations in genes involved with

DNA methylation, including DNMT3A (�30%–35%), IDH1 or

IDH2 (�15%–20%), and TET2 (�25%–30%), suggesting that

alterations in DNAmethylationmay play an important role in early

disease pathogenesis for this group of AML patients (Delhom-

meau et al., 2009;Mardis et al., 2009; Ley et al., 2010, 2013;Mar-

cucci et al., 2012).

DNMT3A mutations are generally present in the founding

clones of AML samples, suggesting that they may initiate leuke-

mia (Ding et al., 2012; Ley et al., 2013; Miller et al., 2013).

However, the mechanisms by which they contribute to leukemo-

genesis are not yet clear. Previous studies of Dnmt3a function

using mouse models have shown that haploinsufficiency for

Dnmt3a results in no obvious alterations in hematopoiesis,

whereas HSPCs completely lacking DNMT3A protein exhibit

Significance

Mutations in epigeneticmodifier genes have been identified in several cancers, includingDNMT3A, IDH1, IDH2, TET2, EZH2,
KDM6A,ASXL1,MLL, and others in AML. Themechanisms bywhichmutations inDNMT3A contribute to AML pathogenesis
are not entirely clear. Here we demonstrate that the common R882H mutation creates an altered protein with dominant-
negative activity against WT DNMT3A, disrupting the ability of the WT enzyme to form active homotetramers. As a conse-
quence, AML samples with DNMT3A mutations at R882 are associated with focal hypomethylation throughout their
genomes. This suggests that two classes of DNMT3A mutations exist: R882 mutations cause a striking reduction of
de novo DNA methyltransferase activity, whereas non-R882 mutations may contribute to AML pathogenesis via different
mechanisms.
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increased self-renewal and decreased differentiation upon serial

transplantation (Tadokoro et al., 2007; Challen et al., 2012). How-

ever, more than half of DNMT3A mutations in AML samples are

heterozygousmissense alterations within the catalytic domain of

the enzyme at residue R882, most commonly resulting in an argi-

nine-to-histidine change (Ley et al., 2010; Shen et al., 2011; Thol

et al., 2011; Yan et al., 2011; Marcucci et al., 2012; Renneville

et al., 2012; Ribeiro et al., 2012). The high frequency of mutations

at this specific site raises the possibility that this amino acid

change creates a gain-of-function activity and/or produces a

protein with a dominant-negative effect on the residual wild-

type (WT) protein.

Previous studies of R882 mutations in recombinant DNMT3A

produced in several systems have demonstrated that these

mutations confer reduced de novo methyltransferase activity

in vitro. Prior to the discovery of this mutation in AML, the homol-

ogous R878 residue in murine DNMT3A wasmutated in a screen

of the C-terminal catalytic methyltransferase domain of DNMT3A

purified from E. coli (Gowher et al., 2006); this mutation reduced

its methyltransferase activity and also its DNA and S-adenosyl-

methionine (SAM, or AdoMet) binding capacity. Full-length hu-

man DNMT3A with the R882H mutation purified from Sf9 insect

cells confirmed that this mutation has reduced activity in an

in vitro methylation assay (Yamashita et al., 2010). Additional

studies of recombinant DNMT3A have examined its interactions

with DNMT3L, a related (but catalytically inactive) protein that

contributes to the regulation of DNMT3A oligomerization and en-

hances its methyltransferase activity (Jia et al., 2007; Holz-

Schietinger and Reich, 2010). Complexes of full-length DNMT3A

and DNMT3L copurified from E. coli demonstrated the hypomor-

phic activity of R882H DNMT3A relative to WT DNMT3A (Yan

et al., 2011). More detailed analysis of the properties of the cat-

alytic domain of DNMT3A (also purified from E. coli) revealed that

the R882H mutation disrupted its ability to form tetramers (Holz-

Schietinger et al., 2012). This mutation reduced the processive

methylation of consecutive CpG dinucleotides in vitro, but this

effect was significantly rescued by the addition of DNMT3L.

Importantly, the dominant-negative potential of the R882 muta-

tions was highlighted by a recent study where murine DNMT3A

R878H (equivalent to R882H in human DNMT3A) was shown to

inhibit de novo DNA methylation by WT DNMT3A in murine ES

cells (Kim et al., 2013).

In this study, we explored potential mechanisms that

could explain how a heterozygous, hypomorphic R882H allele

could affect de novo methylation beyond causing simple

haploinsufficiency.

RESULTS

Characterizing the DNA Methylation Potential of
NK-AML Cells
To explore the functional consequences of the R882H DNMT3A

mutation in AML, we first characterized patterns of expression of

the DNAmethyltransferases in a set of 80 primary NK-AML sam-

ples from the TCGA AML cohort (Ley et al., 2013). RNA

sequencing (RNA-seq) data confirmed that DNMT1, the mainte-

nance DNA methyltransferase, was the most highly expressed

DNMT gene (mean fragments per kilobase of transcript per

million mapped reads [FPKM] = 15.91, SD = 5.82; comparison

of DNMT1 relative to DNMT3A, p = 0.004; Figure 1A). DNMT3A

is known to be dynamically regulated during normal and malig-

nant hematopoiesis (Mizuno et al., 2001; Challen et al., 2012);

we observed substantial DNMT3A expression in all NK-AML

samples (mean FPKM = 12.97, SD = 6.95, Figure 1A). Further,

DNMT3A was expressed on average 2.3-fold higher than

DNMT3B (mean FPKM = 4.27, SD = 3.10). Importantly, 95%

(76/80) of NK-AML patients predominantly expressed inactive

splice variants of DNMT3B, irrespective of FAB or DNMT3A

A

C

B

Figure 1. Expression of DNA Methyltransferase Genes in NK-AML

Samples

(A) FPKM expression of DNA methyltransferase family genes in NK-AML by

RNA-seq (n = 80).

(B) Variant allele frequency (%) of R882 mutant DNMT3A in NK-AML tumor

DNA and RNA. Each set of connected points corresponds to a single patient

(n = 23).

(C) TripleTOF mass spectrometry identification of WT and R882H DNMT3A in

primary NK-AML cell lysates. The x axis reflects peptide retention time (min),

which distinguishes between the two peptides that define WT versus R882H

DNMT3A proteins. The y axis reflects signal intensity for heavy peptides

([13C6][
15N4]-labeled internal standard synthetic peptides corresponding toWT

or R882HDNMT3A; negative on axis) or light peptides (endogenous, nativeWT

and R882H DNMT3A; positive on axis), based on specific y series ion transi-

tions (curves y3-y12). All endogenous DNMT3A signals exhibiting mean

retention times (dashed vertical lines) within the 95% confidence interval of the

heavy internal standard mean retention time (vertical gray shading and solid

vertical lines) are shown.

See also Figure S1.
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mutation status (median ratio of inactive to active DNMT3B tran-

scripts was 3:1; Figure S1 available online). DNMT3L expression

was not detected in the vast majority of NK-AML cases, although

very minimal expression was present in 13 cases (mean FPKM =

0.04, SD = 0.16, Figure 1A).

The variant allele frequency (VAF) of somatic mutations at

R882 inDNMT3Awas approximately 50% inmost samples, indi-

cating that R882 mutations are almost always heterozygous and

are present in nearly all cells in most AML samples (i.e., they are

nearly always in founding clones); based on the similar VAFs of

the R882 mutations in RNA-seq data, we conclude that these

mutations do not alter the expression or stability of DNMT3A

mRNA (Figure 1B).

The existence of R882H DNMT3A protein in AML cells has not

yet been reported, and it is possible that the R882H mutation

produces an unstable protein that causes functional haploinsuf-

ficiency for DNMT3A at the protein level. We therefore developed

a selected reaction monitoring mass spectrometric assay to

specifically quantify the relative abundance of WT and R882H

DNMT3A proteins in NK-AML whole-cell lysates (one was WT/

WT for DNMT3A [TCGA#3008], and the other had a heterozy-

gous R882H DNMT3A mutation [TCGA#2896] with a VAF of

43.1%).We exploited the alteration of a tryptic digest site caused

by the R882H mutation (WT peptide = VFGFPVHYTDVSNMSR;

R882H peptide = VFGFPVHYTDVSNMSHLAR) and used heavy

([13C6][
15N4]-labeled) synthetic peptides containing these se-

quences as internal standards to identify and quantify endoge-

nous WT and R882H DNMT3A (Figure 1C). We demonstrated

that the WT- and R882H-specific peptides from the endogenous

proteins coeluted with isotopically labeled synthetic peptides of

the same amino acid sequence; we detected only the WT

DNMT3A peptide in the DNMT3AWT/WT lysate and found both

the WT and R882H DNMT3A peptides in the mutant lysate.

Positive identification was achieved by matching the ion chro-

matograms from the respective peptide fragmentation spectra

(isotopically labeled internal standard and peptides from endog-

enous proteins). We compared the relative signal intensities of

the endogenous WT and R882H peptides with the respective

heavy internal standards and found approximately equal

amounts of WT and R882H DNMT3A in the DNMT3AWT/R882H

sample (WT:R882 = 5.14:6.77 fmol). Together, these data sug-

gest that the de novo DNAmethylation potential of NK-AML cells

is almost exclusively provided by DNMT3A (because functional

DNMT3B and DNMT3L are generally not present in these cells).

Further, it suggests that the R882H mutation could produce a

maximal 50% reduction in the net de novo DNA methylation

potential in these cells—unless the mutant protein has a

dominant-negative activity.

Hypomethylation in NK-AML Genomes with DNMT3A
Mutations at R882
Although recent work in murine ES cells has shown that the

mouse equivalent of the R882H DNMT3A mutation can lead to

DNA hypomethylation in a dominant manner, it is important to

note that ES cells and AML cells possess substantially different

DNA methylation environments (Ziller et al., 2013)—notably,

Dnmt3l and active Dnmt3b are expressed in murine ES cells

(Chen et al., 2003), but not in NK-AML cells (Figure 1A). To define

the consequences of DNMT3Amutations on DNAmethylation in

primary human AML cells, we analyzed Illumina Infinium

HumanMethylation450 BeadChip (‘‘450K array’’) data from 85

cases of NK-AML in the TCGA AML cohort (Ley et al., 2013).

Although previous studies of global DNA methylation using

liquid chromatography-tandem mass spectrometry showed

thatDNMT3Amutations had no measureable effects on the total

(i.e., ‘‘bulk’’) 5-methylcytosine content in AML samples (Ley

et al., 2010), the 450K array platform allowed us to conduct a

high resolution analysis of DNA methylation in DNMT3A mutant

(‘‘R882’’ or ‘‘non-R882’’) and WT NK-AML samples at 464,198

CpGs found throughout the genome (see Supplemental Experi-

mental Procedures). We first compared the mean methylation

value across all array CpGs and found a small but statistically

significant difference between DNMT3A WT (n = 50) and R882

mutant samples (n = 20), with R882 mutant samples having a

lower mean methylation value (WT = 0.547 versus R882 =

0.511, p = 4.5 3 10�6; Figure 2A). In contrast, samples with

non-R882 mutations (n = 15) did not demonstrate a significant

difference inmeanmethylation relative toWT samples. However,

R882 and non-R882 mutant samples showed a statistically sig-

nificant difference in mean methylation that was similar to the

difference between R882 mutant and WT samples (non-R882 =

0.539 versus R882 = 0.511, p = 0.029). Levels of DNA methyl-

ation in NK-AML were not influenced by DNMT3B expression

or active/inactiveDNMT3B splice variant ratio (Figure S2A), high-

lighting the influence of DNMT3A on shaping the methylome of

NK-AML cells.

We next asked whether CpGs associated with particular

genomic features accounted for the hypomethylation phenotype

of samples with R882 mutations. To assess this, we compared

mean methylation levels of subsets of CpGs based on their

relationships to gene loci (promoter, gene body, 30 UTR, or inter-
genic) as well as CpG islands or ‘‘CGIs’’ (islands, shores,

shelves, or open sea) between WT, R882, and non-R882 mutant

NK-AMLs. All eight subsets demonstrated consistent hypome-

thylation in NK-AMLs with R882 mutations (Figure S2B), and,

similarly, hypomethylation was observed when examining each

chromosome independently (Figure S2C), demonstrating the

genome-wide nature of this phenotype.

To determine whether R882 mutations might have a more

striking effect on the methylation of a smaller subset of CpGs,

we identified the 5,000 most variably methylated CpGs accord-

ing to their methylation value SDs across all 85 NK-AML

samples. This set was comprised of genic (n = 3,466) versus

nongenic (n = 1,534), as well as CGI (n = 1,775) versus non-

CGI (n = 3,225) CpGs (Table S1). Hypomethylation was observed

in R882 mutant samples relative to those with WT DNMT3A

in 73.8% (3,690/5,000) of the CpGs (mean methylation value

difference between genotypes > 0.15). Additionally, samples

with R882 mutations exhibited lower mean methylation values

across these 5,000 CpGs than WT samples (WT = 0.539 versus

R882 = 0.306, p = 2.2 3 10�16; Figures 2B and S2D), a much

greater difference than that detected across all CpGs on the

450K array. This effect was also observed when these 5,000

CpGs were organized by gene and CGI relationships (Fig-

ure S2E). Hierarchical clustering of all 85 NK-AML samples (as

well as 15 normal human control samples derived from purified

cells from human bone marrow samples: three CD34-enriched,

three promyelocyte-enriched, three monocyte-enriched, and
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six neutrophil-enriched samples) using these 5,000 CpGs re-

sulted in a distinct cluster of 14 cases with R882 mutations

(and 2 cases with non-R882 mutations) exhibiting very low levels

of DNA methylation at these 5,000 CpGs (Figure 2C). As ex-

pected, a separate cluster of cases with IDH1 or IDH2mutations

was detected, which was associated with higher levels of DNA

methylation at specific locations.

The most hypomethylated cluster of NK-AML cases was also

highly enriched for NPM1 mutations (p = 3.6 3 10�4). We there-

fore calculated mean methylation values across these 5,000

CpGs for all 85 NK-AML cases and compared the values for

DNMT3A WT and R882 mutant samples without NPM1 muta-

tions. All comparisons (the entire 5,000 CpG set, as well as the

genic/nongenic/CGI/non-CGI subsets of these 5,000 CpGs)

revealed significant hypomethylation in R882 mutant samples

relative to WT samples (Figure S2F), demonstrating that the

hypomethylation observed in the cases with R882 mutations is

independent of NPM1 mutations (although it is exaggerated

with NPM1 mutations).

A

C

B

Figure 2. DNA Methylation Profiling of NK-

AML Samples Identifies a Focal Hypomethy-

lation Phenotype Associated with DNMT3A

R882 Mutations

(A) Aggregate density distribution of methylation

beta values for all CpGs for all patients based on

DNMT3A mutation status (black, DNMT3AWT/WT

[n = 50]; red, heterozygous DNMT3A mutation at

R882 [n = 20]; blue, non-R882 mutation in DNMT3A

[n = 15]). Mean methylation beta values are shown

for all CpGs for each patient based on the DNMT3A

mutation status. p values were calculated by t tests

corrected for multiple testing.

(B) Aggregate density distribution of methylation

beta values for the 5,000 most variably methylated

CpGs for all samples (categorized by DNMT3A

mutation status: black, DNMT3AWT/WT [n = 50]; red,

heterozygous DNMT3A mutation at R882 [n = 20];

blue, non-R882 mutation in DNMT3A [n = 15]).

Mean methylation beta values are shown for each

patient (categorized by DNMT3A mutation status)

for the 5,000 most variably methylated CpGs.

p values were calculated by t tests corrected for

multiple testing.

(C) Heatmap representation of unsupervised hier-

archical clustering of 85 NK-AML cases and 15

normal human bone marrow-derived samples

(enriched CD34+ cells, promyelocytes, neutrophils,

or monocytes), based on methylation beta values

for the 5,000 most variably methylated CpGs in the

sample set. The methylation beta value for each

CpG is represented by a color scale (red, less

methylated; yellow/white, more methylated). CpG

probes were ordered by similarity, as assessed by

hierarchical clustering analysis. The mutation sta-

tus of relevant, recurrently mutated genes in these

NK-AML samples is indicated above the heatmap.

See also Figure S2 and Table S1.

To determine whether the hypomethyla-

tion associated with R882 mutations in

DNMT3A occurs consistently at specific

CpGs, we performed a supervised differ-

ential methylation analysis to compare NK-AML genomes based

on DNMT3A mutation status (WT versus R882). Of the 464,198

CpGs included in our analysis, 29,660 (6.4% of assessed loci)

exhibited significant differential methylation between WT and

R882 mutant samples (false discovery rate [FDR]-adjusted

p value < 0.01 and mean methylation value difference between

genotypes > 0.15; Table S2), of which 29,658 (99.9%) were hy-

pomethylated in R882 samples (Figure 3A). We performed tar-

geted bisulfite sequencing and validated a specific, differentially

methylated CpG detected by the 450K array platform just

upstream from the p15/CDKN2B gene (Figure S3A). Importantly,

no CpGs were differentially methylated between WT and non-

R882 mutant samples (Figure 3B). Genome-wide DNA methyl-

ation studies have recently shown that most tissue-specific

differential DNA methylation occurs outside CGIs in the neigh-

boring 2 kb shores (Irizarry et al., 2009). Accordingly, we found

that the 29,658 hypomethylated CpGs specific to R882 mutant

samples were significantly enriched for CpG island shore loci

(p = 3.14 3 10�223 by chi-square test; Figure S3B). Further, in
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Figure 3. Differential Methylation in NK-AML Samples with R882 Mutant DNMT3A

(A) Scatter plot comparing meanmethylation beta values at individual CpGs across all NK-AML cases categorized by DNMT3Amutation status (WT versus R882

mutant). Individual points represent single CpGs (x axis, mean methylation beta value for all WT samples; y axis, mean methylation beta value for all R882 mutant

samples). CpGs with equal mean methylation beta values between WT and R882 samples appear along the line y = x, indicated in yellow. CpGs hypomethylated

in R882 samples appear below the line y = x. CpGs that were differentially methylated between the two sample sets (FDR < 0.01 and absolute value of mean

methylation difference > 0.15) are indicated in red.

(B) Scatter plot comparing mean methylation beta values at individual CpGs across all NK-AML cases categorized by DNMT3Amutation status (WT versus non-

R882 mutant). Individual points represent single CpGs (x axis, mean methylation beta value for all WT samples; y axis, mean methylation beta value for all non-

R882mutant samples). CpGs with equal meanmethylation beta values betweenWT and non-R882 samples appear along the line y = x, indicated in yellow. CpGs

(legend continued on next page)

Cancer Cell

Dominant-Negative R882H DNMT3A in AML

446 Cancer Cell 25, 442–454, April 14, 2014 ª2014 Elsevier Inc.



this NK-AML cohort, the R882 mutant alleles consisted of both

R882H (15/20) and R882C (5/20). We confirmed that the hypo-

methylation phenotype was nearly identical for the R882H and

R882C mutant samples (no CpGs were found to be significantly

differentially methylated between R882H and R882C samples by

supervised analysis, and no significant differences between

R882H and R882C samples were found when comparing mean

methylation values across the entire genome or within subsets

of CpGs based on their relation to gene loci or CGIs; Figures

S3C and S3D). This suggests that the dominant-negative activity

of the R882H mutation in DNMT3A can likely be extrapolated to

other R882mutations. Together, these findings demonstrate that

NK-AML genomes with DNMT3A mutations specifically at R882

exhibit focal hypomethylation at specific CpG residues, which

are found throughout the genome (Figure S3E). Discrete, large-

scale regional changes in methylation (Berman et al., 2012) are

not observed in these samples, however (Figures S3F and S3G).

We also assessed the relationship between gene expression

and DNA methylation in the 74 NK-AML cases with both RNA-

seq and 450K methylation array data. All samples exhibited

canonical relationships between levels of DNA methylation and

gene expression—increased promoter, CGI, and CpG island

shore methylation was associated with significantly decreased

gene expression, whereas increased gene body methylation

was associated with increased gene expression (Figures S4A

and S4B). However, hypomethylated CpGs in R882mutant sam-

ples identified by the supervised differential methylation analysis

were associated with variable expression changes (Figures 4A

and S4C). Genes associated with significantly hypomethylated

promoter or shore CpGs in R882 samples were statistically over-

represented among upregulated genes (>2-fold mean change)

relative to the overall gene expression changes between WT

and R882 mutant samples (p < 0.001 for both promoter and

shore CpGs, by chi-square test with Yates correction). In

contrast, genes associated with hypomethylated gene bodies

or CGI CpGs showed no enrichment in either upregulated or

downregulated genes (Figure S4C).

We next conducted a supervised differential gene expression

analysis (Anders and Huber, 2010), which identified only 228

differentially expressed genes between WT and R882 mutant

NK-AMLs (52 upregulated and 176 downregulated in the R882

samples; Benjamini-Holm adjusted p value < 0.05 and absolute

log2 fold change > 1; Tables S3 and S4; Figure S4D). Hierarchical

clustering of all NK-AML samples using only these 228 differen-

tially expressed genes revealed a high degree of intragenotype

variance (Figures S4D), reiterated by the failure of the first two

principal components based on gene expression to significantly

distinguish R882mutant fromWTNK-AML samples (Figure S4E).

This is in contrast to the extent to which the first two principal

components based on global DNA methylation successfully

distinguish the majority of WT and R882 mutant samples (Fig-

ure S4F), emphasizing the greater similarity of R882 mutant

NK-AML samples by DNA methylation than by gene expression

patterns. The 52 genes that were significantly upregulated in

R882 mutant samples exhibited the predicted canonical hypo-

methylation of their promoters, CGIs, and CpG island shores

(Figure 4B). However, the 176 genes that were significantly

downregulated in R882 mutant samples were also hypomethy-

lated compared with WT samples (Figure 4B)—these genes

may be regulated by mechanisms other than DNA methylation.

Overall, these findings highlight the uniformity of the hypomethy-

lation signature found in R882 mutant samples but illustrate the

lack of a universal correlation between changes in the methyl-

ation state of individual CpGs and corresponding changes in

the expression of linked genes. Clearly, further studies will be

needed to better understand these findings.

Structural and Functional Consequences of the R882H
Mutation in DNMT3A
Several previous studies have demonstrated that the R882Hmu-

tation reduces (but does not eliminate) the de novo DNA methyl-

transferase activity of DNMT3A in vitro (Yamashita et al., 2010;

Yan et al., 2011; Holz-Schietinger et al., 2012). However, it is

not yet clear why mutations at R882 are over-represented

among the spectrum of DNMT3A mutations if their major effect

is a simple reduction in methyltransferase activity. We therefore

explored the possibility that R882 mutations may also possess

novel gain-of-function activities, such as altered cellular localiza-

tion and/or modified CpG substrate specificity.

To determine whether R882 mutations cause improper sub-

cellular targeting of DNMT3A, we expressed FLAG-tagged WT

and R882H DNMT3A (as well as GFP for a transfection and cyto-

plasmic-distribution control) in HEK293T cells and used immu-

nofluorescence to assess subcellular localization. This revealed

appropriate nuclear localization of bothWT and R882HDNMT3A

(Figure 5A). To verify this finding in primary NK-AML cells, we

performed nuclear-cytoplasmic separations after hypotonic lysis

of the leukemic cells, followed by Western blotting for DNMT3A

(because the abundance of this protein is too low to be detected

by immunofluorescence). Because WT and R882H DNMT3A

protein is present in equal abundance in primary AML cells (Fig-

ure 1C), cytoplasmic mislocalization of mutant DNMT3A protein

should be easily detected by this method. All measurable

DNMT3A protein was in the nuclear fraction regardless of the

R882 mutation status (Figure 5B).

To further evaluate the consequences of the R882H mutation

on DNMT3A functions, we purified full-length, human WT and

R882H DNMT3A using a mammalian tissue culture system (Fig-

ures S5A–S5C). We first used the recombinant proteins to

confirm that the R882H mutation reduces the de novo

hypomethylated in non-R882 samples appear below the line y = x. CpGs that were differentially methylated between the two sample sets (FDR < 0.01 and

absolute value of mean methylation difference > 0.15) are indicated in red.

(C) Mean methylation beta values are shown for each patient (categorized by DNMT3A mutation status) for the 29,660 differentially methylated CpGs

(by supervised analysis between WT and R882 mutant samples). p values were calculated by t tests corrected for multiple testing.

(D) Mean methylation beta values are shown for each patient (categorized by DNMT3A mutation status) for subsets (based on CpG relationship to gene loci or

CGIs) of the 29,660 differentially methylated CpGs (by supervised analysis betweenWT and R882 mutant samples). p values were calculated by t tests corrected

for multiple testing.

See also Figure S3 and Table S2.
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Figure 4. Effects of DNMT3A Mutations on the Relationship between DNA Methylation and Gene Expression in NK-AML
(A) Variable expression changes are observed in genes associated with differentially methylated promoter or shore CpGs in R882 mutant DNMT3A NK-AML

samples. Each data point in the starburst plots represents themean DNAmethylation (x axis) andmean gene expression (y axis, log2 fold change) difference at an

(legend continued on next page)
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methylation activity of DNMT3A. We measured the transfer of

tritiated methyl groups from [3H]SAM to substrate DNA (linear-

ized DNA from the pcDNA3.1 plasmid, which contains 334

CpG residues) and found that R882H DNMT3A had only 21.7%

(± SD of 4.4%) of the methyltransferase activity of WT DNMT3A

(Figure 5C).

Previous work demonstrated that DNMT3A has a preference

for specific DNA sequences flanking target CpGs (Wienholz

individual CpG comparing WT and R882 mutant DNMT3A samples. Data points in red are CpGs exhibiting significant differential methylation (by supervised

analysis between WT and R882 mutant samples) and also >2-fold changes in expression of their associated genes. Genes associated with significantly hy-

pomethylated promoter or shore CpGs were statistically enriched for upregulated genes relative to the overall gene expression changes between WT and R882

mutant samples (p < 0.001 for both promoter and shore CpGs by chi-square test with Yates correction; contingency table, quadrants I/III versus II/IV). Gene body

and CGI CpGs are shown in Figure S4C.

(B) Differentially expressed genes in R882 mutant NK-AML consistently exhibit hypomethylation. Box-and-whisker plots compare R882 mutant andWT samples

by mean methylation levels of individual promoter, gene body, CGI, or shore CpGs associated with either significantly downregulated (n = 176) or upregulated

genes (n = 52) in R882 mutant NK-AML. *p < 0.05; **p < 0.005; *** p < 0.0005 by Wilcoxon signed-rank test corrected for multiple testing. Note that both

upregulated and downregulated differentially expressed genes are hypomethylated in R882 mutant samples.

See also Figure S4 and Tables S3 and S4.
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Figure 5. Cellular Localization and Function

of R882H DNMT3A Protein

(A) Immunofluorescence imaging of FLAG-tagged

WT and R882H DNMT3A. Note that WT and R882H

DNMT3Aproteinshave thesamenucleardistribution.

Left panels show GFP transfection control (green)

and anti-FLAG (red). Right panels show DAPI (blue)

and anti-FLAG (red). The scale bar indicates 10 mm.

(B)Nuclear/cytoplasmic fractionationof primaryNK-

AML cells (WT/WT and WT/R882H for DNMT3A) to

assess DNMT3A nuclear localization. The top panel

shows Western blot with anti-DNMT3A antibody.

The bottom panel shows Western blot with anti-

histone-H3 (nuclear, Nucl.) and anti-actin (cyto-

plasmic, Cyto.) antibodies. Lanes were loaded with

identical cell equivalents of lysate volumes.

(C) In vitro methylation of a linearized plasmid DNA

substrate (pcDNA3.1) by recombinant full-length

human WT DNMT3A or R882H DNMT3A: dose-

response assay with 6 hr incubation, and time-

course assay using 1 mg of total protein per reaction

(250 nM). Data are means ± SEM of three inde-

pendent experiments, each performed in triplicate.

(D) Logos of motifs demonstrating preferentially

methylated CpG sequences of WT and R882H

DNMT3A based on bisulfite sequencing of in vitro

methylated DNA templates.

See also Figure S5.

et al., 2010). To assess whether the

R882H mutation alters the CpG-flanking

sequence preference, we performed

in vitro methylation on linearized

pcDNA3.1 plasmid DNA with recombinant

WT or R882H DNMT3A. We then per-

formed bisulfite sequencing of the methyl-

ated plasmid DNA from these reactions,

with 13 amplicons covering 114 CpGs.

Lists of �10 to +10 sequence contexts of

all target CpGs were generated from the

bisulfite sequencing results of these

in vitro methylation reactions. Sequences

were then assigned weights corresponding to their measured

methylation beta values, and these weighted sequence motifs

were used to quantify preferential enrichment of bases upstream

or downstream of target CpGs using WebLogo (Crooks et al.,

2004). These data revealed identical CpG-flanking sequence

preferences for WT and R882H DNMT3A (Figure 5D; Spearman

correlation of rank ordered CpGs by methylation beta value be-

tween WT DNMT3A and R882H DNMT3A = 0.99), consistent
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with the expected TNCGCY motif previously described (Wien-

holz et al., 2010). Interestingly, the differentially methylated

CpGs found in our primary AML cohort (Figure 3A; Table S2)

were not enriched for the intrinsic DNMT3A �2 to +2 flanking

sequence preference.

R882H DNMT3A Exhibits Dominant-Negative Inhibition
of WT DNMT3A Activity
To determine whether recombinant R882H DNMT3A can inhibit

the activity of the WT enzyme, we measured the methylation

activity of increasing amounts of R882H DNMT3A mixed with a

fixed amount of WT DNMT3A protein. Surprisingly, we observed

a linear increase in the net enzymatic activity, reflecting the

summed activity of the two forms of DNMT3A in these 4 hr

in vitro reactions (Figure 6A). Therefore, using this assay, no

dominant-negative activity of the R882H mutant protein was

detected.

However, we suspected that in vitro mixing of WT and R882H

DNMT3A proteins might not recapitulate their interactions in

primary AML cells, where both proteins would be produced

and folded in the same compartment at the same time. We

therefore cotransfected HEK293T cells with equal amounts

of 63His-WT and 63His-R882H DNMT3A expression vectors

and then copurified both proteins (Figure 6B). In contrast to

the in vitro mixing experiment, the coexpressed, copurified,

in vivo mixed WT and R882H DNMT3A proteins displayed

a >80% reduction in methyltransferase activity relative to WT

DNMT3A (Figure 6C). To further test whether this represented

a dominant-negative activity of the R882H protein, we mea-

sured the relative abundance of both WT and R882H proteins

in each of our in vivo mixed samples generated by coexpres-

sion/copurification. We used a triple stage quadrupole (TSQ)

mass spectrometric approach that exploited the altered tryptic

cleavage site in DNMT3A produced by the R882H mutation, as

described above. This revealed similar amounts of each protein

in the copurified enzyme preparations, with WT:R882H ratios

ranging from 0.79 to 1.60 in four separate purifications

(mean = 1.05; Figure 6D). The R882H mutant protein therefore

must act in a dominant fashion to inhibit the methyltransferase

function of the WT protein, but only when the two proteins are

coproduced in the same cell.

Given the location of the R882H mutation in one of the self-

interacting domains of DNMT3A (specifically the ‘RD interface’;

Jurkowska et al., 2011) and the knowledge that the catalytic

domain of WT DNMT3A preferentially forms tetramers, we

postulated that the dominant-negative effect of R882H may be

due to an altered and/or disrupted oligomerization potential of

DNMT3A when WT and R882H proteins form complexes. Using

a Superose 6 size-exclusion column, we identified two popula-

tions of full-length WT DNMT3A oligomers: a macro-oligomer

peak with a mean molecular weight of �800 kDa (i.e., eight or

more DNMT3Amolecules) and a tetramer peak of DNMT3Amol-

ecules with a mean molecular weight of �450 kDa (Figure 7A). A

significant deficit in the tetramer complex was observed for

R882H DNMT3A, and a second, minor peak at a later elution

time (consistent with dimers) was also detected. In vivo mixed

(copurified) WT and R882H DNMT3A complexes exhibited a

pattern of oligomerization identical to R882H DNMT3A alone.

In contrast, in vitro mixed WT and R882H DNMT3A exhibited a

distribution of oligomers corresponding to the expected average

of theWT andR882H curves (Figure 7A). All species (WT, R882H,

as well as in vivo and in vitro mixed WT and R882H DNMT3A)

were able to form macro-oligomers. Previous studies, however,

have suggested that tetramers of the catalytic domain represent

the most active form of the methyltransferase (Kareta et al.,

2006; Jia et al., 2007; Holz-Schietinger et al., 2011).

To assess the relative methyltransferase activity of the

different oligomeric complexes, we used Superose 6 fractions

ofWTDNMT3A in in vitromethylation assays that were assessed

by pyrosequencing (Figure 7B). Of the eight fractions with

detectable levels of methyltransferase activity, the three most

active fractions were found in the tetramer elution peak. In

contrast, the three DNMT3A fractions associated with the

macro-oligomer peak contained only 53% of the total methyl-

transferase activity of the three tetramer-associated DNMT3A

fractions. We additionally verified the absence of catalytic activ-

ity from the corresponding tetramer fraction for R882H DNMT3A

(Figure 7B). Together, these findings provide further evidence

that the homotetramer is the most active multimeric species of

WT DNMT3A and suggest that the R882H protein must interact

with the WT protein intracellularly to form stable heterodimers

that are virtually inactive and that inhibit the formation of the

active WT homotetramers.

DISCUSSION

In this study, we explored the consequences of the R882H mu-

tation on DNMT3A function and identified the mechanism of its

dominant-negative effect on WT DNMT3A in mammalian cells.

Further, we identified a focal hypomethylation phenotype in

NK-AML cases possessing heterozygous DNMT3A mutations

at R882, which demonstrates the profound loss of de novo

methyltransferase activity resulting from the dominant-negative

consequences of these heterozygous alterations.

We and others have shown that recombinant DNMT3A with

the R882Hmutation has a reduced de novo DNAmethyltransfer-

ase activity (�20% of WT levels), which therefore would predict

only a �40% reduction of the total de novo DNA methyltransfer-

ase activity of an AML cell with a heterozygousmutation—unless

the mutant protein acts as a dominant negative against the WT

protein. Surprisingly, mixing of purified recombinant WT and

R882H DNMT3A demonstrated additive methylation capacity

in an in vitro methylation assay, reflecting the summed activities

of the two enzymes. This suggests that WT and R882H DNMT3A

do not functionally interact with each other when purified sepa-

rately and mixed in solution.

DNMT3A possesses two protein-protein interacting faces

within the C-terminal catalytic domain. One is a hydrophobic

‘‘FF interface,’’ which mediates both homo-oligomerization and

the DNMT3A-DNMT3L interaction via stacking of four phenylala-

nine residues (two from each subunit). The other is a polar RD

interface for DNMT3A-DNMT3A self-interaction, which occurs

through a hydrogen-bonding network between arginine and

aspartate residues (Jurkowska et al., 2011). This RD interface, in

which the R882H mutation is found, forms the DNA binding site,

whereas both interfaces are essential for cofactor SAM binding

and overall catalytic activity of the enzyme (Holz-Schietinger

et al., 2011). In vitro, DNMT3A-DNMT3A self-interactions are
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stable even in the presence of 2 M NaCl and 0.1% Triton X-100

(Purdy et al., 2010), suggesting that these complexes may have

a very slow dissociation rate.

We suspected that in vitro mixing of WT and R882H DNMT3A

might not recapitulate the DNMT3A complexes that would form

within a NK-AML cell that express bothWT andR882HDNMT3A.

In vitro mixing may simply combine two pools of highly stable

DNMT3A multimers (one exclusively WT, the other exclusively

R882H) that do not form mixed multimers of WT and R882H

enzymes during incubations lasting several hours. We therefore

performed an in vivo mixing experiment by cotransfecting and

then copurifying WT and R882H DNMT3A from the same

A

C D

B

Figure 6. Dominant-Negative Effects of Recombinant R882H DNMT3A Protein Are Found Only after In Vivo Mixing

(A) In vitro methylation assay of linearized pcDNA3.1 using recombinant full-length human WT, R882H, or in vitro mixed WT and R882H DNMT3A.

(B) Schematic of cotransfection/copurification of WT and R882H DNMT3A for structure/function analysis and TSQmass spectrometry quantification of DNMT3A

proteins.

(C) In vitro methylation assay of linearized pcDNA3.1 usingWT, R882H, in vitro mixedWT, and R882HDNMT3A versus cotransfected/copurified in vivomixedWT

and R882H DNMT3A. Data are means ± SEM of four independent experiments, each performed in triplicate.

(D) Example of WT:R882H DNMT3A ratio quantification by TSQ mass spectrometry in in vivo mixed samples. Open circles, WT DNMT3A standards; red closed

circles, R882H DNMT3A standards; blue triangle, WT DNMT3A peptide from copurified WT+R882H sample; green diamond, R882H DNMT3A peptide from

copurified WT+R882H sample.
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mammalian cells. Copurified enzymes (which were shown to

possess WT and R882H DNMT3A in equal abundance by

mass spectrometry) indeed demonstrated that the R882H

mutant form of DNMT3A possesses a potent dominant-negative

activity, essentially eliminating the methyltransferase activity of

the WT enzyme. Size-exclusion chromatography analysis

demonstrated that the mutant enzyme inhibits the ability of the

WT enzyme to form functional tetramers. Earlier work suggests

that tetrameric WT DNMT3A catalytic domains formed the

most active methyltransferase (Kareta et al., 2006; Purdy et al.,

2010; Jurkowska et al., 2011); we have shown here that tetra-

mers of full-length WT DNMT3A protein are required for maximal

de novo methyltransferase activity. Together, these findings

define the mechanism through which R882H DNMT3A is able

to function as a dominant-negative inhibitor of de novo DNA

methylation.

We also examined the 85 NK-AML cases from the TCGA AML

cohort (Ley et al., 2013), identifying a small (but statistically sig-

nificant) overall reduction in CpG methylation in the genomes of

AML cases with DNMT3A mutations at R882, which was not

found in cases with non-R882 mutations. Many common can-

cer-associated DNA methylation phenotypes involve changes

at specific functional or structural elements of the genome,

such as the CpG-island methylator phenotype in glioblastoma

(Noushmehr et al., 2010) and the long-range hypomethylation

of nuclear lamina-associated domains in colon cancer (Berman

et al., 2012). In contrast, the focal hypomethylation associated

with R882 mutations occurred at specific CpGs throughout the

genome, instead of in specific blocks.

The hypomethylated loci in R882 mutant NK-AML samples

were enriched for CpG island shores, which others have shown

to be regions of enrichment for tissue-specific differential

methylation (Irizarry et al., 2009). Nonetheless, the profound

R882 mutant hypomethylation phenotype entailed significant

reductions in methylation in all subsets of CpGs based on their

relationships to annotated genetic loci (promoter, gene body,

30 UTR, or intergenic) or CGIs (CpG island, shore, shelf, or

open sea). Both WT and R882 mutant cases exhibited canonical

relationships between global levels of DNAmethylation and gene

expression; however, significantly hypomethylated CpGs in

R882 mutant samples were associated with variable changes

in the expression of linked genes. Although many of the affected

genes have been shown to play important roles in AML, addi-

tional studies will be required to fully understand how these

changes in gene expression may contribute to leukemogenesis.

In sum, we have elucidated the protein-intrinsic mechanism

that explains the dominant-negative potential of the R882H alter-

ation in DNMT3A and have demonstrated that mutations at this

residue contribute to a focal hypomethylation phenotype in NK-

AML samples. These genetic and molecular data suggest that

there are two distinct classes of DNMT3A mutations that

contribute to leukemogenesis in different ways. The first entails

the dominant-negative R882 mutations, which are expected to

cause a near complete loss of de novomethyltransferase activity

in an affected AML cell, whichmay directly cause the focal hypo-

methylation phenotype. The second class includes the other

�40% of DNMT3A mutations, which are equally distributed

between frameshift/nonsense/splice-site mutations and other

missense alleles (the most common of which, S714C, has only

been reported in 11 samples to date, compared with >1000

R882 mutations; Forbes et al., 2011). Many cases with non-

R882 mutations are predicted to cause haploinsufficiency for

DNMT3A (e.g., deletions, frameshifts, splice-site, and nonsense

mutations); these cases do not exhibit significant changes in

DNA methylation. Additional missense mutations in DNMT3A

that are not at positionR882maycontribute toAMLpathogenesis

by alternative mechanisms that do not directly involve altered de

novo methyltransferase activity or DNA methylation patterns.

Because DNMT3A interacts with many other proteins, one or

more alternative mechanisms may be relevant for AML associ-

ated with the wide variety of mutations that are non-R882.

Regardless, these data suggest that R882 and non-R882

DNMT3A mutations in AML patients may in fact be different en-

tities that will ultimately require different therapeutic approaches.

EXPERIMENTAL PROCEDURES

Mass Spectrometry, Immunofluorescence, Western Blot, Cell

Culture, Bisulfite Pyrosequencing, Bisulfite Sequencing, and

Oligonucleotide Sequences

These procedures are described in Supplemental Experimental Procedures.

Primary AML Samples

All cryopreserved primary AML samples were collected as part of a study

approved by the Human Research Protection Office at Washington University

A

B

Figure 7. R882H DNMT3A Fails to Form Homotetramers and Blocks

WT Homotetramer Formation in a Dominant-Negative Fashion

(A) Size-exclusion chromatography tracings of DNMT3A complexes (black,

WT; red, R882H; blue, cotransfected/copurified in vivo mixed WT and R882H;

green, in vitro WT and R882H DNMT3A). The x axis reflects the Superose 6

column elution time (run at 0.5ml/min; 20min =�800 kDa estimatedmolecular

weight, 30 min = �450 kDa estimated molecular weight). The y axis reflects

arbitrary units of UV280 nm absorption of column eluates.

(B) Methyltransferase activity of WT DNMT3A or R882H DNMT3A complexes

(purified with size-exclusion chromatography) assessed by bisulfite py-

rosequencing of column fractions after in vitro methylation reactions. The

x axis reflects Superose 6 column elution time (run at 0.5 ml/min;

20 min =�800 kDa estimatedmolecular weight, 30 min =�450 kDa estimated

molecular weight). The y axis reflects relative methyltransferase activity,

calculated as the sum of methylation beta values across all 14 CpGs within the

pyrosequencing amplicon. The data are means ± SEM of three independent

experiments.
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School of Medicine after patients provided informed consent in accordance

with the Declaration of Helsinki.

DNA Methylation and RNA-seq Analysis

Illumina Infinium HumanMethylation450 BeadChip and RNA-seq data from

NK-AML patients (and normal human control samples derived from purified

cells from bone marrow) were obtained from the TCGA-AML data set (Ley

et al., 2013). All DNAmethylation and RNA-seq analyses were performed using

the ‘‘R’’ software environment. The methylation data were normalized for

background correction using the BioConductor MethyLumi package. Probes

were removed from the data set that were nonunique, within 10 bases of a

single-nucleotide polymorphism found in dbSNP, and/or on the X or Y chromo-

somes (yielding 464,198 probes for downstream analysis). Supervised

differential methylation analysis was performed using CpGassoc with logit-

transformed methylation beta values. Gene and CGI annotations were based

on annotation provided by Illumina. For the purposes of this study, CpGs from

the four categories TSS1500, TSS200, 50 UTR, and first exon were grouped

into one ‘‘promoter’’ annotation. Hierarchical clustering analysis was per-

formed with the heatmap.2 function (gplots package) using the 5,000 CpGs

with the greatest SD across all NK-AML samples. Supervised differential

expression analysis was performed using DESeq2.

Statistical Analysis

Statistical analyses were performed using chi-square tests for categorical vari-

ables and t tests for continuous variables. All reported significance metrics are

corrected for multiple testing by Benjamini-Holm (FDR) or Bonferonni methods

(p values) unless otherwise noted.

Protein Purification

N-terminal 63His tags and C-terminal FLAG tags were cloned into a full-length

DNMT3A (NM_175629.1) expression vector using the pCMV6 (Origene) back-

bone. Five million HEK293T cells were plated per 15 cm plate and transfected

after 24 hr by standard calcium-phosphate transfection protocols with 25 mg of

WT, 25 mg of R882H, or 12.5:12.5 mg of WT:R882H 63His-DNMT3A-FLAG

expression vectors. Twenty-four hours after transfection, the media on the

cells were replaced, and at 48 hr, the cells were harvested in PBS by trituration.

The cells were then centrifuged and resuspended at five million cells/ml in

20mMsodium phosphate, 250mMNaCl, 30mM imidazole (pH 7.4) plus a pro-

tease inhibitor cocktail (Sigma P8465). Cells were lysed by repeated (more

than three times) snap-freezing, and thawing, and then the lysates were clar-

ified by centrifugation at 10,0003 g for 20 min. The supernatants were filtered

through aWhatman 25mmGD/X PES 0.45 mmpore filter and then loaded onto

a 2 ml GE HisTrap HP column and washed with 20 ml of 20 mM sodium phos-

phate, 500 mM NaCl, 30 mM imidazole (pH 7.4). The protein was eluted in

20 mM sodium phosphate, 250 mM NaCl, 400 mM imidazole (pH 7.4) and

then dialyzed into 25 mM Tris-HCl, 150 mM NaCl, 0.5 mM dithiothreitol

(DTT), 0.5 mM EDTA (pH 7.2; with 5% v/v glycerol for making �80�C
frozen stocks). Protein concentrations were determined by Pierce BCA Kit

(ThermoScientific), and then purity was confirmed using the Pierce Silver Stain

Kit (ThermoScientific).

In Vitro Methylation

In vitro methylation reactions were performed on linearized pcDNA3.1 (Invi-

trogen) or linearized pcDNA3.1 containing a 144 bp fragment of the GSTP1

promoter (see Supplemental Experimental Procedures) cloned into the EcoRI

restriction digest site. Reactions were carried out at 37�C in a buffer of

20 mM HEPES, 30 mM NaCl, 0.5 mM DTT, 1 mM EDTA (pH 7.2), plus

0.2 mg/ml BSA and 5 mM 3H-labeled SAM (PerkinElmer). Reactions were

quenched by 100-fold dilution in ice-cold 10% trichloroacetic acid (TCA)

with 35 mg of tRNA carrier (Sigma). Samples were spotted onto Whatman

GF/C 25 mm filters and washed with 5 ml of ice-cold 10% TCA twice and

then 5 ml of 95% ethanol once, dried, and measured by a scintillation

counter.

Size-Exclusion Chromatography

Purified DNMT3A proteins (100 ml of 0.5 mg/ml protein) were loaded onto a

Superose 6 HR 10/30 column controlled by an AKTApurifier with UNICORN

software (GE v5.11). The flow rate was kept constant at 0.5 ml/min using a

running buffer of 25 mM Tris-HCl, 150 mM NaCl, 0.5 mM DTT, 0.5 mM

EDTA (pH 7.2). To generate a standard molecular weight curve, 100 mg of

each of five proteins were used (urease, BSA, chicken egg albumin, carbonic

anhydrase, and a-lactalbumin; Sigma MWND500). The molecular weights of

DNMT3A complexes were calculated by nonlinear regression based on Kav

values determined from elution values, the column void volume, and the total

column volume (GraphPad Prism 6.0).

SUPPLEMENTAL INFORMATION

Supplemental information includes Supplemental Experimental Procedures,

five figures, and four tables and can be found with this article online at

http://dx.doi.org/10.1016/j.ccr.2014.02.010.
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SUMMARY

Hypoxic stress and hypoxia-inducible factors (HIFs) play important roles in a wide range of tumors. We
demonstrate that SPOP, which encodes an E3 ubiquitin ligase component, is a direct transcriptional target
of HIFs in clear cell renal cell carcinoma (ccRCC). Furthermore, hypoxia results in cytoplasmic accumulation
of SPOP, which is sufficient to induce tumorigenesis. This tumorigenic activity occurs through the ubiquiti-
nation and degradation of multiple regulators of cellular proliferation and apoptosis, including the tumor
suppressor PTEN, ERK phosphatases, the proapoptotic molecule Daxx, and the Hedgehog pathway
transcription factor Gli2. Knockdown of SPOP specifically kills ccRCC cells, indicating that it may be a
promising therapeutic target. Collectively, our results indicate that SPOP serves as a regulatory hub to
promote ccRCC tumorigenesis.

Significance

Tumor cells can adapt to hypoxic microenvironments in several different ways to promote tumor growth, including
stimulating angiogenesis. Herein, we demonstrate that hypoxia can drive the cytoplasmic accumulation of SPOP and
that cytoplasmic accumulation of SPOP is sufficient to convey tumorigenic properties on to otherwise nontumorigenic cells
by targeting PTEN and several other tumor suppressor molecules for E3 ligase-mediated degradation. This tumor-
promoting function of SPOP stands in contrast to its proapoptotic role in the cell nucleus. These results have elucidated
a major mechanism that contributes to tumorigenesis in ccRCC, connecting hypoxia response and ubiquitin-mediated
degradation of tumor suppressors. The oncogenic role of cytoplasmic SPOPmakes it a promising candidate for therapeutic
intervention.
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mailto:liuj@big.ac.cn
mailto:kpwhite@uchicago.edu
http://dx.doi.org/10.1016/j.ccr.2014.02.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ccr.2014.02.007&domain=pdf


INTRODUCTION

Renal cell carcinoma (RCC) is the eighth leading malignancy in

the United States, accounting for 4% of all cancers. More than

209,000 new cases and 102,000 deaths are estimated to occur

worldwide each year (Rini et al., 2009). Approximately 30% of

RCCpatients present withmetastatic disease at the time of diag-

nosis and nearly half of the remainder will subsequently develop

metastasis (McDermott et al., 2005; Negrier et al., 1998). As RCC

is highly resistant to chemotherapy, first-line treatment of meta-

static disease in the 1990s and 2000s relied on immunotherapies

such as interleukin-2 and interferon alpha, despite low response

rates (5% to 20%) (Fyfe et al., 1996; McDermott et al., 2005;

Wardle, 1991). However, hypoxic response mediated though

hypoxia-inducible factors (HIFs) is a key feature of most solid tu-

mors but is particularly important in kidney cancers (Chi et al.,

2006). Accordingly, recent targeted therapies that inhibit HIF-

regulated pathways, including angiogenesis inhibitors directed

against vascular endothelial growth factor (VEGF) and platelet-

derived growth factor (PDGF) signaling pathways, have been

developed. Although these therapies represent improvements

in patient care, the majority of patients with advanced disease

remain refractory to treatment, suggesting that certain critical

HIF targets remain unknown (Escudier et al., 2007; Motzer

et al., 2007, 2013).

It has been shown that, under normoxic conditions, the

oxygen-sensitive HIFa subunit is degraded by ubiquitination

via the von Hippel-Lindau (VHL) tumor suppressor gene (Kaelin,

2002). However, under hypoxic conditions, HIFa degradation is

suppressed, leading to enhanced nuclear localization of HIFa

and transcription of various target genes, including the

angiogenic gene VEGF (Kaelin, 2008). Inactivating mutations or

silencing of the VHL tumor suppressor gene can also suppress

the degradation of HIFa, and VHL mutation or silencing is found

in at least 80% of all clear cell RCCs (ccRCCs) (Kim and Kaelin,

2004; Motzer and Molina, 2009; Nickerson et al., 2008). ccRCCs

are the most common form of kidney cancer, accounting for

75% of all cases (Lopez-Beltran et al., 2006). Results from

ccRCC xenograft experiments indicate that HIF accumulation

is critical for VHL tumor suppressor function during ccRCC

oncogenesis (Kaelin, 2008). It has also been found that RCCs

have evolved an alternative hypoxia signaling pathway

compared with normal renal cells (Jiang et al., 2003) and that

the ccRCCs are in a high hypoxia response state compared to

the normal kidney samples and other subtypes of kidney cancer

(Chi et al., 2006).

Although hypoxia response plays a critical role in kidney

cancer, other cell regulatory pathways are also important for

tumor development and progression (Brugarolas, 2007). For

example, another promising target for RCC therapies is the

mammalian Target of Rapamycin (mTOR) pathway, which is

abnormally activated during the development of kidney cancer

(Robb et al., 2007). mTOR is negatively regulated by the tumor

suppressor phosphatase and tensin homolog (PTEN) (Hollander

et al., 2011), which is mutated or downregulated in many

cancers, including ccRCC (Vivanco and Sawyers, 2002). The

mTOR pathway positively regulates cell growth and proliferation

through enhanced mRNA translation by phosphorylated S6

kinase 1 and 4E binding protein-1 (Sarbassov et al., 2005). In

spite of its promise, the mTOR inhibitor temsirolimus produces

only low objective responses in patients with advanced RCC,

although it contributes to a modest improvement in overall

survival (Hudes et al., 2007; Kapoor and Figlin, 2009). Further

investigation of the mechanisms of PTEN downregulation in

ccRCC is critical for an understanding of RCC pathogenesis.

Our previous studies demonstrated that the SPOP protein is

overexpressed in 85% of kidney cancers and that nearly 100%

of primary and metastatic ccRCCs exhibit SPOP accumulation

(Liu et al., 2009). SPOP is a BTB/POZ domain protein, and

MEL-26, the C. elegans SPOP ortholog, was first identified as

an adaptor for the E3 ligase Cullin3 (Cul3). In C. elegans,

MEL-26 promotes the meiotic/mitotic transition through the

degradation of MEI-1/katanin (Mains et al., 1990; Pintard et al.,

2003; Xu et al., 2003). In Drosophila, D-SPOP (also known as

Roadkill) can promote the ubiquitination and degradation of

the Gli transcription factor ortholog Cubitus interruptus and the

JNK phosphatase Puckered to regulate the Hedgehog (Hh)

and tumor necrosis factor (TNF) pathways, respectively (Kent

et al., 2006; Zhang et al., 2006; Liu et al., 2009). In humans, the

roles for SPOP in regulating the Hh and TNF pathways have

been conserved (Zhang et al., 2006; Liu et al., 2009), and several

other SPOP substrates have been identified as well, including

the death domain-associated protein (Daxx) (Kwon et al.,

2006), the polycomb group protein BMI-1, and the Histone

variant MacroH2A (Hernández-Muñoz et al., 2005). Together,

these previous results indicate that SPOP plays important roles

during cell apoptosis, proliferation, and animal development,

and they suggest that overexpression of SPOP in ccRCCs may

lead to dysregulation of pathways involved in tumorigenesis.

However, it is unclear how SPOP becomes overexpressed or

whether it may function directly in kidney tumorigenesis. Adding

to this puzzle, recent deep sequencing studies of breast, pros-

tate, and endometrial cancers found that SPOP is frequently

mutated, and the SPOP locus is observed to undergo loss of

heterozygosity (LOH), indicating that SPOP may act as a tumor

suppressor (Berger et al., 2011; Li et al., 2011). However, no

SPOP mutations have been detected in kidney cancers thus

far (Liu et al., 2009; Cancer Genome Atlas Research Network,

2013). In this study, we aim to determine whether SPOP

promotes tumorigenesis in the kidney.

RESULTS

HIF Regulates SPOP Expression
Immunohistochemistry results have suggested that SPOP is

overexpressed in virtually all ccRCCs (Liu et al., 2009). We

confirmed this finding by immunoblot assays in multiple pairs

of ccRCC primary tumor tissue and matched normal adjacent

tissue (Figure 1A). However, the mechanism underlying this

SPOP overexpression is unknown. Considering the frequent

accumulation of HIF in ccRCC patients, we were interested in

whether HIF can drive SPOP overexpression. We identified a

HIF-1a binding peak in the first intron of SPOP by chromatin

immunoprecitation sequencing (ChIP-seq) (Figure 1B) and

further validated it by ChIP-quantitative PCR (qPCR) (Figure S1A

available online). To determine whether this intronic DNA

sequence region functions as a HIF-responsive regulatory

element, we performed a luciferase reporter assay by inserting
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the wild-type HIF binding sequence into a pGL3-promoter re-

porter vector. In human embryonic kidney HEK293 cells, the

wild-type sequence exhibits increased luciferase activity under

hypoxic exposure (1% O2/5% CO2/94% N2) compared to nor-

moxia, while HIF-1a knockdown impairs the luciferase activity

(Figure 1C). Additionally, we constructed several mutations or

deletions of the predicted hypoxia response elements (HREs;

50-RCGTG-30 and 50-[A/C]ACAG-30) (Miyazaki et al., 2002).

Although mutants of CACAG showed marginal decrease in lucif-

erase activity (Figure S1B), both point mutations and deletion of

the CGTG site showed significant decrease in luciferase activity

(Figure 1C), demonstrating that the HIF binding site is functional

in this hypoxia-responsive cis-regulatory element.

To further elucidate whether HIF can regulate SPOP, the VHL

wild-type ccRCC cell line Caki-2 was cultured under hypoxic

conditions. Hypoxic culture resulted in the accumulation of

HIF-1a and HIF-2a proteins. Both SPOP mRNA (Figure 1D) and

protein (Figure 1E) levels increased in ccRCC cells under hypoxic

conditions. Additionally, ectopic overexpression of either HIF-1a

or HIF-2a led to SPOP accumulation in HEK293 cells (Figure 1F),

indicating that both HIF-1a and HIF-2a can regulate SPOP

expression. Although knockdown of HIF-1a alone in Caki-2 cells,

which express both HIF-1a and HIF-2a (Kucejova et al., 2011),

can reduce SPOP protein abundance (Figure 1G), double knock-

down of HIF-1a and HIF-2a is more effective than either alone

(Figure S1C). Consistent with these results, knocking down

HIF-2a by siRNA in the ccRCC cell line A498 that predominantly

expresses HIF-2a (Shinojima et al., 2007) resulted in a reduction

in the mRNA (Figure 1H) and protein (Figure 1I) abundance of

SPOP, as well as the known HIF target VEGF. Because VHL

mutation is one of the most common causes of kidney cancer

and affects abundance of HIFs, we examined SPOP abundance

after restoring VHL in the VHL null cell lines 786-O and A498.

Accordingly, restoration of VHL led to decreased protein abun-

dance of SPOP (Figure 1J), and conversely, VHL knockdown in

HEK293 cells resulted in an increase in SPOP (Figure S1D).

Taken together, these results demonstrate that HIF can directly

regulate SPOP expression.

SPOP Accumulation in the Cytoplasm of ccRCC Cells
SPOPwas first identified as a nuclear protein (Nagai et al., 1997),

andseveral studieshaveconfirmed its nuclear location inHEK293

andHeLacells (Bunceet al., 2008;Hernández-Muñozet al., 2005;

Kwon et al., 2006). To investigate SPOP localization in kidney

cancer, we used a monoclonal anti-SPOP antibody (Liu et al.,

2009) to stain kidney tissue biopsies. We found that SPOP was

predominately localized in the nucleus of normal kidney tissue.

However, we observed SPOP accumulation in the cytoplasm of

neoplastic ccRCC cells, with residual SPOP remaining in the

nucleus (Figure 2A). Immunocytochemistry staining also re-

vealed that SPOP predominately accumulated in the cytoplasm

of Caki-2 cells but was primarily localized within the nucleus

of HeLa (Figure 2B) and HEK293 cells (Figure S2A). Ectopically

expressed GFP-tagged SPOP in ccRCC cell lines (Caki-2 and

A498) and in non-ccRCC cell lines (HEK293 and HeLa cells)

yielded similar results as those for endogenous SPOP (Fig-

ure S2B). Furthermore, cell fractionation assays confirmed the

cytoplasmic localizationofSPOP inccRCCcell linesandpredom-

inantly nuclear localization in HEK293 cells (Figure S2C).

Hypoxia Drives SPOP Accumulation in the Cytoplasm
Previous studies have shown that some proteins accumulate in

the cytoplasm under stress conditions such as hypoxia (Arimoto

et al., 2008). Given that ccRCC tumorigenesis is associated with

hypoxia signaling, we tested whether hypoxic conditions could

stimulate SPOP accumulation in the cytoplasm. Immunofluores-

cence staining showed that endogenous SPOP localizes in the

nucleus of HeLa cells under normoxia, while hypoxic treatment

(1% O2/5% CO2/94%N2) led to SPOP accumulation in the cyto-

plasm (Figure 2B). Additionally, HIF overexpression further

enhanced the cytoplasmic accumulation of SPOP (Figure 2B).

SPOP accumulation in the cytoplasm under hypoxic treatment

was further confirmed by cell fractionation assays (Figures 2C

and 2D). Although previous data showed that ectopically ex-

pressed GFP-SPOP localized in the nucleus of HeLa and

HEK293 cells under normoxia (Figure S2B), we found that it

also accumulated in the cytoplasm under hypoxia in these cells

(Figure S2D). Thus, hypoxia appears to be a sufficient condition

to stimulate the cytoplasmic accumulation of SPOP.

Cytoplasmic SPOP Promotes Tumorigenesis
Next, we wanted to test whether cytoplasmic SPOP is associ-

ated with tumorigenic phenotypes. Sequence analysis indicated

that SPOP contains a nuclear localization signal (NLS) at its C

terminus, amino acids 367–373 (PRKRLKQ). Crystallographic

analysis indicates that the deletion of the NLS peptide from the

SPOP C terminus is unlikely to affect the binding of SPOP with

the E3 ligase Cullin3 or SPOP substrates (Zhuang et al., 2009).

Additionally, the in vitro ubiquitination of SPOP substrates is

unaffected by deletion of the NLS from SPOP (Zhuang et al.,

2009). Therefore, we deleted the NLS peptide from SPOP to

test whether SPOP lacking the NLS would accumulate in the

cytoplasm when ectopically expressed in non-ccRCC cells. As

expected, ectopic expression of GFP-SPOP lacking the NLS

accumulates in the cytoplasm of HEK293 cells (Figure S2E).

We refer to SPOP lacking the NLS as SPOP-cyto.

We overexpressed SPOP-cyto and wild-type SPOP in non-

ccRCC cell lines to determine whether there are differences in

phenotypic effects. A bromodeoxyuridine (BrdU) incorporation

assay showed that wild-type SPOP inhibited cell proliferation

(Figure 3A), which is consistent with previous results that

SPOP can induce apoptosis in HEK293 (Liu et al., 2009) and

HeLa cells (Kwon et al., 2006) (Figure S3A). It is striking that

SPOP-cyto enhanced proliferation rather than inducing

apoptosis (Figure 3A). As a marker for apoptotic state of the

cells, we used the proapoptotic protein Bax, which has been

shown to be inactivated by phosphorylation at Ser184 (Gardai

et al., 2004). Overexpression of SPOP-cyto increased the level

of Ser184-phosphorylated Bax (p-Bax), indicating that SPOP-

cyto can inhibit Bax-mediated apoptosis (Figure 3B). Overex-

pression of SPOP-cyto also increased the protein abundance

of the cellular proliferation markers ser10-phosphorylated

histone H3 (p-Histone H3) (Bhatia et al., 2011) and proliferating

cell nuclear antigen (PCNA), consistent with the observation

that SPOP-cyto promotes cell proliferation (Figure 3B). Thus,

the accumulation of cytoplasmic SPOP appears to alter the

function of the protein in comparison to its nuclear form, chang-

ing SPOP function from proapoptotic to antiapoptotic and pro-

proliferative. Furthermore, siRNA knockdown of SPOP
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(Figure S3B) induced apoptosis in ccRCC cells where SPOP is in

the cytoplasm, but not in HeLa or HEK293 cells (Figures 3C, S3C,

and S3D). Knockdown of SPOP in ccRCC cells also resulted in

decreased levels of p-Bax (Ser184), PCNA, and p-Histone H3

levels (Figure S3E). However, we wondered whether hypoxia-

induced cytoplasmic localization of SPOP in non-ccRCC cells

would also lead to an SPOP ‘‘addicted’’ state in which knock-

down of SPOP would lead to cell death. Indeed, RNAi knock-

down of SPOP in HeLa cells under hypoxia exposure led to

significantly increased apoptosis compared to cells treated

with only hypoxia stress (Figure S3F), similar to the results of

SPOP knockdown in ccRCC cell lines. Together, these results

indicate that inhibition of SPOP can specifically induce

apoptosis and inhibit proliferation in ccRCC cells but not in

non-ccRCC cells, suggesting that SPOP could serve as a

therapeutic target specific to cancer cells.

We further investigated whether cytoplasmic SPOP could

promote tumorigenesis in a nude mouse xenograft model.

HEK293 cells have previously been used to demonstrate the

tumorigenic potential of oncogenes (Hamid et al., 2005). We

generated stable polyclonal HEK293 cell lines transfected

with SPOP-cyto, SPOP, or empty vector (pcDNA3) (Figure S3G),

and the levels of exogenous SPOP-cyto and SPOP are com-

parable to the endogenous protein in primary ccRCC samples

(Figure 1A). Subcutaneous injection of the stably transfected

HEK293-SPOP-cyto cells into nude mice induced tumor for-

mation in approximately 80% of mice (15/19) within 6 weeks,

whereas wild-type SPOP and control empty vector produced

no visible tumor growth (0/19 and 0/19, respectively)

(Figure 3D). Furthermore, histopathologic analyses of the xeno-

graft tumors reveal typical cancerous lesions (Figure S3H).

Thus, cytoplasmic SPOP, but not nuclear SPOP, promotes

tumorigenesis.

SPOP Mediates the Ubiquitination and Degradation
of Tumor Suppressor PTEN
We next wanted to investigate the mechanism by which

cytoplasmic SPOP promotes tumorigenesis. SPOP was previ-

ously identified as a regulatory ‘‘hub’’ molecule in Drosophila

(Liu et al., 2009) and can degrade substrates in multiple signaling

pathways via Cul3-mediated ubiquitination (Bunce et al., 2008;

Hernández-Muñoz et al., 2005; Kwon et al., 2006; Xu et al.,

2003; Zhuang et al., 2009). SPOP crystal structure studies

demonstrated that all known SPOP substrates share a

conserved SPOP-binding consensus (SBC) motif (F-p-S-S/

T-S/T; F is nonpolar, p is polar) (Zhuang et al., 2009). Thus, we

hypothesized that cytoplasmic SPOP might promote cancer

phenotypes by mediating the degradation of cytoplasmic

proteins that contain SBC motifs.

Previously, we found that SPOP can mediate the ubiquitina-

tion and degradation of Puc, a dual-specificity phosphatase

(DUSP) class molecule in Drosophila that regulates JNK

signaling (Liu et al., 2009). DUSPs have been implicated asmajor

modulators of critical signaling pathways that are dysregulated

in various diseases (Patterson et al., 2009). Therefore, we

computationally searched the human proteome for DUSP

domain proteins that contain the SBC motif. We found seven

DUSP domain containing proteins with at least one SBC motif

(Table S1), including the cytoplasmic tumor suppressor protein

PTEN with substrate specificity to phosphatidylinositol phos-

phates (Myers et al., 1998) and that contains the SBC motif

ASSST (residues 359–363).

Genetic alterations targeting the PTEN tumor suppressor are

among the most frequently noted somatic mutations in human

cancers (Sansal and Sellers, 2004). PTEN functions to antago-

nize phosphoinositide 3-kinase (PI3K)/Akt signaling through its

lipid phosphatase activity, thereby controlling cell growth,

survival, and metabolic processes (Wu et al., 1998). Based on

previous crystal structures, the SBCmotif in PTEN is in a flexible

region that is not folded into any three-dimensional domains and

is thus potentially accessible for SPOP binding (Lee et al., 1999).

To understand the molecular basis for potential SPOP MATH

domain interactions with the PTEN SBC, we determined the

crystal structure of the SPOPMATH complex with a peptide cor-

responding to PTEN residues 354–368, which constitutes the

PTEN SBC motif. The SPOP MATH domain forms an antiparallel

b sandwich, and the PTEN SBC motif adopts an extended

conformation to bind within the MATH central shallow groove

Figure 1. HIF Activates SPOP Expression

(A) Immunoblots of endogenous SPOP in four paired ccRCC tumor and adjacent nontumor tissue samples. Numbers indicate the relative density of the tumor

tissue (T) versus normal tissue (N) as evaluated using ImageJ software. SPOP was detected by immunoblotting with an anti-SPOP antibody (clone 6C). Tubulin

was used as a loading control.

(B) HIF-1a ChIP-seq peak within the first intron of the SPOP gene (arrow). ChIP signal intensity represents differential binding between input/mock IP control and

HIF-1a antibody ChIP.

(C) Luciferase reporter assays indicate that the HIF binding peak in the first intron of SPOP (hg18, chr17:45,109,830–45,109,897) is functional. The wild-type and

HRE (CGTG)mutated or deleted HIF binding sequence were cloned into a pGL3-promoter vector. Luciferase activities were normalized to Renella luciferase, and

the results are represented as values relative to the empty vector. Hypoxia was induced using a hypoxia chamber (1% O2/5% CO2/94% N2). RNAi knockdown

was performed with two independent siRNAs to HIF-1a.

(D) SPOP mRNA expression is activated under hypoxic conditions in the Caki-2 ccRCC cell line. VEGF was used as a positive control.

(E) SPOP protein abundance increases after hypoxia treatment in Caki-2 cells. Tubulin was used as a loading control.

(F) In either HIF-1a- or HIF-2a-transfected HEK293 cells, SPOP protein expression was induced. GAPDH was used as a loading control.

(G) Knockdown HIF-1a downregulated the expression of SPOP in Caki-2 cells. RNAi knockdown was performed as in (C).

(H) SPOP mRNA expression is suppressed after two independent siRNAs’ knockdown of HIF-2a in 786-O ccRCC cells. mRNA expression was normalized to

control cells exposed to negative control siRNAs. VEGF was used as a positive control.

(I) SPOP protein abundance decreases after knockdown of HIF-2a in A498 cells. Tubulin was used as a loading control.

(J) SPOP protein abundance decreases when restoring of VHL in 786-O and A498 cells. Cells were harvested 72 hr after transfection. GAPDH was used as a

loading control.

Data in (C), (D), and (H) are presented as means ± SD of at least three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001, based on Student’s t test.

See also Figure S1.
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(Figures S4A and S4B). SPOP MATH-SBC interactions are

anchored by both hydrophobic and polar interactions with the

PTEN SBC residues ASSST (Figure 4A).

We further validated whether PTEN acts as a SPOP sub-

strate in cells. Coimmunoprecipitation (Co-IP) data showed

that both SPOP and SPOP-cyto can bind PTEN, whereas the

deletion of the PTEN SBC motif eliminated binding (Figure 4B).

Overexpressed SPOP-cyto also bound endogenous PTEN in

HeLa cells (Figure 4C). Furthermore, exogenous PTEN abun-

dance was reduced when PTEN was coexpressed with

SPOP-cyto in HeLa cells, whereas a PTEN SBC mutant was

resistant to SPOP-cyto-mediated degradation (Figure 4D). A

cycloheximide (CHX) chase assay also indicated that PTEN is

rapidly degraded by SPOP-cyto after cotransfection (Figure 4E).

Notably, SPOP can mediate the ubiquitination of PTEN, but

the SBC-mutated PTEN was not affected by SPOP, as

demonstrated by in vivo (Figure 4F) and in vitro ubiquitination

assays (Figure 4G; Figure S4C). Taken together, these results

indicate that SPOP promotes the degradation of tumor sup-

pressor PTEN.

SPOP Mediates the Degradation of ERK Phosphatase
DUSP7
Our computational scan for SBC motifs also indicated that

DUSP6 and DUSP7, ERK-specific cytoplasmic MAPK phospha-

tases, are candidate SPOP targets (Table S1). DUSP6 contains

the motif CSSSS (residues 155–159), and DUSP7 contains the

motif VDSSS (residues 191–195). The classical ERK pathway

has long been associated with the ability of cancer cells to

grow independently, and this pathway is dysregulated in approx-

imately 30% of human tumors (Dhillon et al., 2007; Keyse, 2008).

Reports from several groups have indicated that the level of ERK

phosphorylation is significantly elevated in ccRCCs (Campbell

et al., 2009; Lee et al., 2009). We found that the levels of ERK

phosphorylation increased after dual knockdown of DUSP6

and DUSP7 in Caki-2 cells (Figure S5A), indicating that DUSP6

and DUSP7 regulate the ERK pathway in ccRCC cells.

Based on their SBC domains, DUSP6 and DUSP7 have similar

predicted SPOP interaction properties; therefore, we focused

our biochemical analysis on DUSP7. Co-IP assays showed

that both SPOP and SPOP-cyto bind DUSP7, whereas a mutant

Figure 2. Hypoxia Drives SPOP Accumulation in the Cytoplasm of ccRCC Cells

(A) Immunohistochemistry reveals that SPOP accumulates in the cytoplasm of ccRCC tumor cells but in the nuclei of adjacent nontumor cells. An SPOP-specific

monoclonal antibody (SPOP-5G) was used for staining (diaminobenzidine, brown staining). Scale bar, 20 mm.

(B) SPOP localizes in the nucleus in HeLa cells under normoxic conditions but accumulates in the cytoplasm under hypoxic conditions (1% O2), comparable to

that in Caki-2 cells; additional HIF expression enhances SPOP accumulation in the cytoplasm. Cells were stained with SPOP-5G antibody (green), and the nuclei

were counterstained with DAPI (40,6-diamidino-2-phenylindole; blue). Scale bar, 10 mm.

(C) Separation of the nuclear (N) and cytoplasmic (C) fractions confirms SPOP accumulation in the cytoplasm of HeLa cells under mormoxic conditions. Histone

H3 and tubulin served as nuclear and cytoplasmic markers, respectively.

(D) Separation of the nuclear (N) and cytoplasmic (C) fractions confirms SPOP accumulation in the cytoplasm of HeLa cells under hypoxic conditions (1% O2).

Histone H3 and tubulin served as nuclear and cytoplasmic markers, respectively.

See also Figure S2.
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DUSP7 SBC motif eliminated binding with SPOP (Figure 5A).

Furthermore, overexpressed SPOP-cyto bound to endogenous

DUSP7 in HeLa cells (Figure 5B). DUSP7 is also downregulated

in SPOP- andSPOP-cyto-overexpressing cells (Figure 5C), while

neither SPOP nor SPOP-cyto can degrade the DUSP7-SBC

mutant (Figure 5D). A CHX chase assay indicated that DUSP7

is rapidly degraded by SPOP-cyto (Figure S5B). Notably,

SPOP mediated the ubiquitination of DUSP7 but not its SBC

mutant in both in vivo (Figure 5E) and in vitro (Figure 5F; Fig-

ure S5C) ubiquitination assays.

Cytoplasmic SPOP Acts as a Regulatory Hub
by Modulating Multiple Pathways during Kidney
Tumorigenesis
PI3K/Akt and ERK pathways are hyperactivated in different

types of tumors, including ccRCC (Campbell et al., 2009; Lee

et al., 2009). While it has been shown that these pathways are

sometimes genetically altered in ccRCC, such mutations

contribute to a limited percentage of ccRCC patients (Cancer

Genome Atlas Research Network, 2013; Sato et al., 2013).

Considering that SPOP is overexpressed in nearly 100% of

ccRCCs, wewonderedwhether cytoplasmic SPOPmight dereg-

ulate these pathways through mediating degradation of PTEN,

DUSP6, and DUSP7 in ccRCC. Thus, we examined the effects

of RNAi knockdown of SPOP on these signaling pathways in

A498 ccRCC cells. As shown in Figure 6A, SPOP knockdown

resulted in increased levels of PTEN and DUSP7 and a decrease

in phosphorylated Akt levels and ERK, respectively (Figure 6A).

These results indicate that SPOP can deregulate these pathways

by degrading PTEN and DUSP7 in ccRCC.

SPOP has been found to also degrade many other substrates,

some of which are candidates for promoting tumorigenesis if

posttranslationally degraded, including Daxx (Kwon et al.,

2006) and Gli2 (Wang et al., 2010). Daxx protein is expressed

in both the nucleus and cytoplasm. In the cytoplasm, Daxx has

been reported to interact with ASK1 and other apical kinases

to induce cell death (Salomoni and Khelifi, 2006). Degradation

of Daxx would impair the ability of the cells to respond to

apoptotic cues. Gli2 acts as a mediator of Hh signaling and

has both transcriptional repression and activation domains

(Sasaki et al., 1999). Gli2 is primarily localized in cytoplasm

and can transfer to nucleus under Hh stimulation (Kim et al.,

2009). Both Daxx and Gli2 are upregulated when SPOP is

knocked down in Caki-2 ccRCC cells (Figure 6B). Additionally,

knockdown of Gli2 in ccRCC cells showed a further increase in

the proliferation marker p-Histone H3 (Figure S6A). To further

explore the possibility that cytoplasmic SPOP degrades these

key substrates in ccRCC, we examined their protein abundance

under hypoxic exposure in non-ccRCC cells. As expected, the

abundance of PTEN, DUSP7, and Daxx proteins were all

reduced in HeLa cells when SPOP was increased and accumu-

lated in the cytoplasm under hypoxia (Figure 6C).

To further validate the role of SPOP on these targets, we

examined the abundance of these SPOP targets in primary

ccRCC tissue samples. We found an inverse relationship

between PTEN levels and SPOP levels in 100% (14/14) of exam-

ined primary ccRCC tumor samples. These ccRCC tumor

tissues exhibited high levels of SPOP and low levels of PTEN,

consistent with previous reports that PTEN levels are reduced

in ccRCCs (Brenner et al., 2002). By contrast, normal adjacent

kidney tissues exhibit the opposite relationship (Figure 6D).

Similarly, we observed inverse relationships for all other exam-

ined substrates, DUSP7 (10/10), Daxx (14/14), and Gli2 (14/14).

Finally, to determine whether the decrease of SPOP targets

promotes ccRCC tumor cell survival, we restored PTEN and

DUSP7 by ectopic expression in A498 ccRCC cells and found

that cellular apoptosis was strongly induced (Figure 6E). Consis-

tent with this finding, knockdown of DUSP6 and DUSP7 together

led to an increase of cell proliferation in ccRCC cells (Figures S6B

and S6C).

DISCUSSION

Our results indicate that HIF can drive SPOP overexpression in

ccRCC and that overexpressed SPOP accumulates in the

cytoplasm of ccRCC. In turn, accumulation of cytoplasmic

Figure 3. Cytoplasmic SPOP Promotes Tumorigenesis
(A) SPOP-cyto promotes cell proliferation. HEK293 cells were transfected with

the indicated vectors for 48 hr, and cell proliferation was measured by

BrdU incorporation. Values are normalized to empty vector-transfected

control cells.

(B) SPOP-cyto overexpression upregulates the indicated antiapoptotic marker

p-Bax and proliferation markers, p-Histone H3 and PCNA. SPOP-5G antibody

was used to blot SPOP. HPRT served as a loading control.

(C) RNAi knockdown of SPOP induces apoptosis in A498 but not HeLa cells.

Apoptosis was evaluated by caspase 3/7 activity 48 hr after siRNA trans-

fection.

(D) SPOP-cyto promotes tumorigenesis in a xenograft model. HEK293-

pcDNA3, HEK293-SPOP, or HEK293-SPOP-cyto polyclonal stable cell lines

were injected subcutaneously into the nude mice. Six weeks later, the number

of mice that formed tumors in each group was counted.

Data in (A) and (C) are presented as the means ± SD of three independent

experiments. *p < 0.05 and **p < 0.01, based on Student’s t test.

See also Figure S3.
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SPOP in ccRCC cells appears to directly result in the degrada-

tion of PTEN, DUSP6, DUSP7, Daxx, and Gli2. We suggest

that the concerted loss of function of these proteins in ccRCCs

leads to tumorigenic phenotypes. Therefore, cytoplasmic

SPOP appears to drive tumorigenesis by acting as a key regula-

tory hub protein that orchestrates cancer phenotypes through

the modulation of several critical cellular pathways (Figure 6F).

Figure 4. SPOP Mediates the Ubiquitination and Degradation of PTEN

(A) Crystal structure of the SPOP MATH domain complex with a peptide corresponding to the PTEN SBC motif.

(B) Co-IP reveals that SPOP and SPOP-cyto bind PTEN, whereas a PTEN mutant lacking a functional SBC motif (SBC1, deletion of the SBC peptide residues

359–363) is unable to bind SPOP. HeLa cells were transfected with the indicated plasmids and incubated with 10 mM MG132 for 4 hr before harvesting.

GFP-SPOP and GFP-SPOP-cyto were detected with monoclonal antibody SPOP-6C. WB, western blot; WCL, whole cell lysates.

(C) Co-IP and immunoblots indicate that overexpressed SPOP-cyto can interact with and degrade endogenous PTEN in HeLa cells. GAPDH served as a loading

control. WCL, whole cell lysates.

(D) SPOP promotes the degradation of PTEN but not a PTEN SBC mutant (SBC2: the SBC motif ASSST was replaced with GGSGG). GAPDH was used as a

loading control.

(E)Measurement of PTEN protein abundance by CHX chase assay. HEK293 cells were transfectedwith the indicated plasmids. Thirty-six hours after transfection,

the cells were treated with CHX (100 mg/ml) for 2–8 hr, and western blotting was performed. GFP-SPOP-cyto was detected with monoclonal antibody SPOP-6C.

GAPDH was used as a loading control.

(F) In vivo ubiquitination assay reveals that SPOP promotes PTEN ubiquitination through the PTEN SBC domain. Cell lysates were prepared under denaturing

conditions. myc-PTEN was immunoprecipitated, and hemagglutinin-ubiquitin (HA-Ub) was detected by immunoblot.

(G) In vitro ubiquitination assay demonstrates that PTEN is a substrate of SPOP.

See also Figure S4 and Table S1.

Figure 5. SPOPMediates the Ubiquitination

and Degradation of DUSP7

(A) Ectopically expressed SPOP or SPOP-cyto

can interact with DUSP7 in an in vivo Co-IP

assay, whereas DUSP7-SBCm (replace SBCmotif

VDSSS with VDGGG) eliminates the interaction.

HeLa cells were transfected with the indicated

constructs and incubated with 10 mM MG132 for

4 hr before harvesting.

(B) Co-IP and immunoblots indicate that overex-

pressed SPOP-cyto can interact and degrade

endogenous DUSP7 in HeLa cells. GAPDH served

as a loading control.

(C) SPOP promotes DUSP7 degradation. HEK293

cells were transfected with the indicated con-

structs. GFP-SPOP and GFP-SPOP-cyto were

detected with monoclonal antibody SPOP-6C.

GAPDH was used as loading control.

(D) Immunoblots demonstrate that neither SPOP

nor SPOP-cyto can degrade DUSP7-SBCm.

(E) In vivo ubiquitination assay reveals that SPOP

promotes DUSP7 ubiquitination through the

DUSP7 SBC domain. Cell lysates were prepared

under a denaturing condition. Myc-DUSP7 was

immunoprecipitated, and HA-Ub was detected by

immunoblotting.

(F) In vitro ubiquitination assay demonstrates that

DUSP7 is a substrate of SPOP.

See also Figure S5.

The HIF signaling pathway and the

PTEN/mTOR pathway are currently the

major therapeutic targets in ccRCC treat-

ment. We suggest here that, as a regula-

tory hub driving tumorigenesis in ccRCC,

SPOP has the potential to be an efficient

drug target. Knocking down SPOP leads

to apoptosis in ccRCC cell lines but not

in HEK293 and HeLa cells, where SPOP is in the nucleus. In

addition to considering SPOP itself as a target, we also suggest

that combinatorial modulation of the signaling pathways

regulated by SPOP may have the potential to be more effective

than the current targeted therapies alone.

Several issues about SPOP function in ccRCC remain to

be explored. For example, given the promiscuity of SPOP in
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targeting critical proliferative and apoptotic pathway compo-

nents, it is unlikely that the proteins studied here are the only crit-

ical cellular targets.While we focused our identification of targets

on proteins with DUSP domains, genomewide, there are dozens

of potential SPOP substrates. However, themodulation of PTEN,

ERK, and Hh (through Gli2) signaling clearly has major effects on

proliferation, and these results clearly demonstrate that SPOP is

acting as a critical hub in a network involving multiple cancer-

related pathways. In doing so, SPOP appears to be both neces-

sary and sufficient for tumorigenic phenotypes.

Another open question is what molecular mechanism

accounts for SPOP mislocalization to the cytoplasm. Although

we demonstrate that hypoxia can drive accumulation of SPOP

in cytoplasm, a number of possibilities exist for how it transfers

from the nucleus to the cytoplasm or vice versa. Since no

SPOP mutation has been detected in kidney cancers thus far

(Liu et al., 2009; Cancer Genome Atlas Research Network,

2013), posttranscriptional modifications on SPOP, such as

phosphorylation and ubiquitination on its nuclear localization

signal, may regulate its location. It has been extensively re-

viewed elsewhere that posttranscriptional modifications can

regulate nuclear import (Hung and Link, 2011; Nardozzi et al.,

2010). Alternatively, this translocation may also be regulated by

interaction with transfer proteins regulated by hypoxia, since

protein-protein interactions also serve as an important regulato-

ry mechanism of protein translocation (Hung and Link, 2011).

Localized and targeted degradation of SPOP is also an intriguing

mechanism, although attempts in our hands to determine

whether it could be a target of obvious candidates such as

VHL have been negative (S.K. and K.P.W., unpublished data).

Exploring the molecular mechanisms of cytoplasmic SPOP

accumulation is an important direction to pursue in the future.

Finally, our previous screening also observed that SPOP was

overexpressed in several other tumors, including some cases

of endometrial and germ cell tumors (Liu et al., 2009). The role

of SPOP in these tumor types is unexplored, as is the role of

mutant SPOP or its LOH in prostate and breast cancers (Berger

et al., 2011; Li et al., 2011). The identification of loss-of-function

SPOP in these other tissues warrants caution in development of

any therapeutic interventions that systemically inhibit SPOP

function. Indeed, SPOP may be acting as a tumor suppressor

in breast and/or prostate cancers, but our results indicate that

it acts as an oncoprotein in ccRCCs. Considering that hypoxia

stress plays important roles in many different tumors, future

efforts to develop tools that selectively modulate SPOP may

be beneficial for treating a wide range of tumors.

EXPERIMENTAL PROCEDURES

ChIP

ChIP was performed as described elsewhere (Polo et al., 2008). Briefly, ChIPs

for HIF-1a were performed with 10 to 20 3 106 Caki-2 cells under normoxic

and hypoxic conditions using 5 mg HIF-1a antibody (Novus, NB100-134). An

immunoglobulin G antibody (Upstate Biotechnology) was used as a negative

control. Enriched DNA fragments were detected by qPCR and are presented

as enrichment relative to input.

Luciferase Reporter Assay

DNA fragments spanning the potential HIF binding peak in SPOP (chromo-

some 17 [chr17]: 45,109,830–45,109,897 and a series of mutations in the

potential hypoxia-response elements (HRE) were cloned into PGL4.23 [luc2/

minP] vector (Promega, E841A). Plasmids were then cotransfected in K293

cells with a transfection-controlling plasmid pGL4.23 [hRluc/TK] (Promega,

E692A). After 24 hr, cells were transfected with two independent siRNA oligos

to HIF-1a (Dharmacon, J-004018-07 and J-004018-10) and further cultured

under normoxic and hypoxic (1% O2/5% CO2/94% N2) conditions for another

20 hr. Luciferase activity wasmeasured using the Dual-glo Luciferase Assay kit

(Promega, E2920).

Immunohistochemistry

Primary human kidney cancer samples were obtained from the Department

of Urology, First Hospital of Peking University with patients’ consent and

approval of the institutional review board of Peking University. Immuno-

histochemistry was performed according to the method previously used

(Cen et al., 2007) with appropriate antibodies (Supplemental Experimental

Procedures).

Immunofluorescence Microscopy

Immunofluorescence was carried out as described elsewhere (Gottfried et al.,

2004). Mouse anti-SPOP mAb (clone 5G) was used as the primary antibody.

The slides were examined using a Leica Tcs Sp5 confocal laser scanning

microscope (Supplemental Experimental Procedures).

Proliferation Assay

HEK293 cells were transfected with SPOP, SPOP-cyto, or control empty

vector. Cell proliferation was measured by BrdU incorporation (Roche, Cell

Proliferation ELISA kit) according to the manufacturer’s instructions.

Apoptosis Assay

Caspase 3/7 activities were measured using the Apo-ONE Homogenous

Caspase Assay kit (Promega) according to the manufacturer’s instructions.

After incubation for 2 hr at room temperature, fluorescence was detected by

a Fluoroskan Ascent FL microplate reader (Thermo Scientific).

Tumor Xenograft Experiments

Stable HEK293 cell lines expressing SPOP, SPOP-cyto, or the control empty

vector were established as described elsewhere (Kass et al., 2007). Briefly, a

total of 5 3 106 tumor cells were injected subcutaneously into BALB/c nude

mice. Animals were sacrificed at 6 weeks after cell injection to investigate

the tumor formation. A total of 19 mice were used for each construct, with

Figure 6. SPOP Regulates Multiple Targets in Kidney Cancer

(A) Immunoblots indicate that knockdown of SPOP induces PTEN and DUSP7 protein accumulation and decreased phosphor-Akt (Thr308) and phospho-ERK

(Thr202/Tyr204) levels in A498 cells. GAPDH served as a loading control.

(B) Immunoblots demonstrate that knockdown of SPOP in Caki-2 cells induced Daxx and Gli2 protein accumulation. GAPDH was used as loading control.

(C) Daxx, PTEN, and DUSP7 protein abundance decrease under hypoxia treatment in HeLa cells.

(D) Immunohistochemistry staining indicates a reduction in multiple SPOP targets: PTEN, DUSP7, Daxx, and Gli2 are reduced in ccRCC patient samples

compared with their adjacent normal tissues (diaminobenzidine, brown staining). One pair of representative samples is shown. Scale bar, 50 mm.

(E) Restoring of PTEN and DUSP7 induces apoptosis in A498. Caspase 3/7 activity was analyzed to evaluate cell apoptosis. Values were normalized to control

and expressed as means ± SD of three independent experiments. *p < 0.05 based on Student’s t test.

(F) Schematic overview of SPOP action as a regulatory hub in promoting tumorigenesis in ccRCC. Although SPOP is localized to the nucleus in normal cells, in

cancer cells it accumulates in the cytoplasm and promotes tumorigenesis by targeting tumor suppressor (PTEN, DUSP7, Gli2) and proapototic protein (Daxx) for

ubiquitin-mediated degradation.

See also Figure S6.
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experiments replicated under similar conditions at the Chinese Academy of

Sciences (CAS) and The University of Chicago. All of the animal experiments

were approved by the Committee on the Use of Live Animals in Teaching

and Research at the Institute of Biophysics, CAS, as well as the Institutional

Care and Use Committee at the University of Chicago in accordance with

the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory

Animals.

Immunoprecipitation

Cells were transiently transfected with the indicated plasmids. Twenty-four

hours after transfection, cells were harvested with radio immunoprecipitation

assay (RIPA) buffer and briefly sonicated at 4�C. Lysates were immunopre-

cipitated with anti-myc- or anti-flag-conjugated agarose beads (Sigma).

Precipitates were analyzed on SDS-polyacrylamide gels.

In Vivo Ubiquitination Assay

In vivo ubiquitination assays were based on the protocol described else-

where (Liu et al., 2009). Briefly, HeLa cells were transfected with the indi-

cated plasmids. Twenty-four hours after transfection, cells were treated

with 10 mM MG132 (Calbiochem) for 4 hr before harvesting. Cells were

then lysed in denaturing buffer (1% SDS/50 mM Tris [pH 7.5], 0.5 mM

EDTA/1 mM dithiothreitol). After incubation for 5 min at 100�C, the lysate

was sonicated and diluted 10 times with RIPA lysis buffer and subjected

to Co-IP with anti-c-myc-conjugated agarose beads (Sigma, rabbit antibody)

followed by immunoblotting analysis with anti-hemagglutinin antibody

(Sigma, H9658).

In Vitro Ubiquitination Assay

In vitro ubiquitination was performed as reported elsewhere (Zhuang et al.,

2009) (Supplemental Experimental Procedures).

ACCESSION NUMBERS

The Gene Expression Omnibus accession number for the ChIP-seq data

is GSE54327. The coordinates and structural data of the PTEN SBC motif

binding with SPOP have been deposited to RCSB with the accession

number 4O1V.
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SUMMARY

MicroRNA deregulation is frequent in human colorectal cancers (CRCs), but little is known as to whether
it represents a bystander event or actually drives tumor progression in vivo. We show that miR-135b
overexpression is triggered in mice and humans by APC loss, PTEN/PI3K pathway deregulation, and SRC
overexpression and promotes tumor transformation and progression. We show that miR-135b upregulation
is common in sporadic and inflammatory bowel disease-associated human CRCs and correlates with tumor
stage and poor clinical outcome. Inhibition ofmiR-135b in CRCmousemodels reduces tumor growth by con-
trolling genes involved in proliferation, invasion, and apoptosis. We identify miR-135b as a key downsteam
effector of oncogenic pathways and a potential target for CRC treatment.

INTRODUCTION

Colorectal cancer (CRC) arises through the progressive accumu-

lation of mutations in oncogenes and tumor-suppressor genes

(Sjöblom et al., 2006). Targeting driver pathways represents the

best option to tailor cancer treatment and improve survival in pa-

tients with metastatic cancer (De Roock et al., 2011; Catenacci

et al., 2011). Although there has been recent breakthroughs in

Significance

Precision medicine relies on the ability to track cancer-related pathways and target their downstream effectors to minimize
drug resistance and increase therapeutic potential. We show thatmutations frequently occurring in the colorectal adenoma-
carcinoma sequence converge and synergize in promoting the progressive accumulation of miR-135b by conserved mech-
anisms in mice and humans. In turn, miR-135b acts as one of the driving forces promoting cancer phenotype. We prove that
use of anti-miR-135b in CRC mouse models has a significant therapeutic potential. Our results define miR-135b as a key
molecule downstream of oncogenic pathways involved in CRC progression, providing the rationale for its use as a robust
biomarker and a promising target for therapy.
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targeted therapy (e.g., BRAF inhibition), this approach has two

maindisadvantages: (1) resistance frequently occurs as the result

of the activation of collateral pathways circumventing therapeutic

blockage (Prahallad et al., 2012), and (2) re-expression of lost

tumor-suppressor genes such as Adenomatous Polyposis Coli

(APC) is challenging to translate into drug development.

MicroRNAs (miRs) are a class of small noncoding RNAs

involved in cell homeostasis and carcinogenesis (Croce 2009).

Several miRs are aberrantly expressed in CRC, and their dereg-

ulation is linked to cancer progression and clinical outcome

(Valeri et al., 2009). Different oncogenic pathways can converge

to affect the same miR and in turn a single miR can control an

entire posttranscriptional program affecting dozens of target

genes. Because miRs often act as downstream effectors of pro-

tein kinases or driver genes mutated in cancer (Croce 2009), tar-

geting miRs may represent a strategy to increase specificity and

overcome drug resistance. Preliminary data on the efficacy of

miR inhibition are available and prompt the use of anti-miR tech-

nology in CRC treatment in vivo (Kasinski and Slack, 2011).

RESULTS

Identification of miRs Dysregulated in CRC Mouse
Models
To define miRs deregulated in relation to CRC-specific path-

ways, we performed a genomewide miR profiling on matched

tumor and normal tissues from six mice from two different

CRC mouse models: the CDX2P-NLS Cre;Apc+/loxP (CPC;Apc)

model harbors a truncating mutation affecting one APC allele

(Hinoi et al., 2007). In the azoxymethane (AOM)/dextran sulfate

sodium (DSS) model (Grivennikov et al., 2009), mice develop

CRC as the result of the mutations in several genes including

phosphoinositide 3-kinase (Pi3K), V-Ki-ras2 Kirsten rat sarcoma

viral oncogene homolog (K-ras), Catenin (Cadherine Associ-

ated-protein) Beta 1 (Ctnnb1) and Proto-oncogene tyrosine-

protein kinase Src (Src) pathways (Chen and Huang 2009)

Thirty-five miRs were aberrantly expressed in polyps from the

CPC;Apc model with p < 0.001, with seven miRs increased and

14 decreased by greater than 2-fold. In the AOM/DSS model; 57

miRs were aberrantly expressed in tumor compared to normal

tissues with p < 0.001; among these, 13 miRs increased and

nine decreased by greater than 2-fold (Figure 1A; Tables S1

and S2 available online). We focused on overexpressed miRs

because these may be easier to harness as prognostic bio-

markers (Croce 2009) or as therapeutic targets compared to

downregulated ones (Kasinski and Slack, 2011). MiR-135b was

the most overexpressed miR in both models (Figure 1A). RT-

PCR and in situ hybridization (ISH) confirmed miR-135b overex-

pression in tumor tissues (Figures 1B and 1C).

MiR-135b Is Overexpressed in Human CRC
We analyzed 454 sporadic and 31 inflammatory bowel disease

(IBD)-associated CRCs to confirm miR-135b upregulation previ-

ously reported in smaller CRC cohorts (Necela et al., 2011; Nagel

et al., 2008; Gaedcke et al., 2012). A first set including 62 spo-

radic CRCs was analyzed for miR-135b expression by RT-

PCR. MiR-135b expression showed an average 4-fold change

in cancer compared to paired normal tissue and correlated

with tumor progression as it was increased in the sequence

from stage I to stage IV CRC (Figure 1D, upper). Re-analysis of

392 tumor samples for which tumor stage andmiR-135b expres-

sion were available from themiR-seq data set of the CRCCancer

Genome Atlas (The Cancer Genome Atlas Network, 2012; Fig-

ure 1D) confirmed thatmiR-135b upregulation follows tumor pro-

gression. Paired analysis of matched normal and cancer tissues

from the same cohort also showed that miR-135b reads are

virtually absent in normal tissues (Table S3), suggesting that

miR-135b is a CRC specific deregulated miR; thus, a valuable

biomarker and target for therapy.

For IBD-associated CRCs, three different cohorts were

analyzed: miR-135b was upregulated by > 7.0-fold in cancer

compared to normal tissues in all the different sets. Interestingly,

135b overexpression was found in dysplasia compared to

normal tissues, suggesting it might be an early event in colon

carcinogenesis (Figure 1D, lower). ISH showed that miR-135b

is strongly expressed in the cytoplasm of dysplastic and cancer

cells whereas, in line with the TCGA data, little signal is observed

in normal mucosa (Figure 1E).

Tumor stage and nodal status were confirmed as prognostic

markers in our cohort of sporadic CRC (Figure S1). To test if

miR-135b is associated with clinical outcome in CRC, patients

were stratified according to the logarithmic ratio between

miR-135b expression in cancer and normal tissues: high if log2

miR-135bexpressionwas>2 (above the averagemiR-135bover-

expression observed in Figure 1D), and low if log2 miR-135b

expression was%2. High miR-135b expression was associated

with poor overall survival and relapse-free survival (Figure 1F). A

subgroup analysis in patients with stage II CRC identified a trend

toward a worse prognosis for patients with highmiR-135b. How-

ever, the difference was not statistically significant (p = 0.055),

likely due to the small sample size (Figure 1F).

MiR-135b Overexpression Is Associated with Mutations
in Specific CRC Pathways
Loss of Apc is the initiatingmutation in the CPC;Apcmodel (Hinoi

et al., 2007). To confirm that miR-135b overexpression is due to

APC loss, we re-induced APC by transfecting a plasmid encod-

ing the APC full coding sequence (CDS) in the SW480 human

CRC cells, which only contains a mutated APC allele leading to

a truncated protein (Qian et al., 2008) . Re-expression of wild-

type (WT) APC caused a 65% reduction in miR-135b expression

(p = 0.03), whereas inhibition ofAPC by siRNA resulted in a 5-fold

increase (p = 0.01) in miR-135b expression in normal colon

epithelial cell lines (Moyer et al., 1996; Figures 2A, 2B, and

S2A–S2C) Inactivating mutations in APC cause stabilization

and nuclear translocation of b-catenin with induction of a com-

plex transcriptional program. To test whether APC loss results

in miR-135b overexpression through b-catenin stabilization, we

increased b-catenin expression either by transfecting NCM 460

cells with a plasmid encoding the b-catenin transcript or by sta-

bilizing b-catenin with lithium chloride (LiCl) treatment. Both ex-

periments resulted in increasedmiR-135b expression (3-fold [p =

0.003] and 4.6-fold [p = 0.007], respectively; Figures 2C and

S2D). An siRNA screen against the major transcription factors

involved in the APC/b-catenin axis was run on two cell lines

with high basal b-catenin activity, HCT-116 (b-catenin mutant;

Ilyas et al., 1997) and SW480 (APC null cells; Qian et al., 2008),

revealing that TCF4 and LEF1 silencing causes miR-135b
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Figure 1. MiR-135b Upregulation in Mouse and Human CRC

(A) Genome-widemiR expression analysis in tumor and normal adjacent colon tissues fromCPC;Apc and AOM/DSS treatedmice. Selected deregulated miRNAs

in cancer relative to normal tissues are plotted against the p value.

(B and C) MiR-135b expression by RT-PCR (B) and ISH (C) in both CRC mouse models. Scale bars, 200 um (100 um in the magnification).

(D) MiR-135b expression was assessed in human tissues. Paired analysis (a) and miR expression according to stage (b) in sporadic CRC (n = 62) are shown.

Reads for miR-135b from the TCGA miR-seq data set (n = 392) are shown (c). miR-135b upregulation in three different cohorts of IBD-associated CRC (n = 31):

OSU (n = 9; d), University of Ferrara (n = 9; e), and University of Padua (n = 13; f).

(E) ISH for miR-135b in human cancer and normal epithelial cells. Scale bars, 200 um (50 um in the magnification).

(F) Prognosis of sporadic CRC patients according to miR-135b expression: (a) overall survival (OS) in the entire cohort, (b) relapse-free survival (RFS) in stage

I-II-III CRC, (c) RFS in stage II-III only CRC and (d) in stage II only CRC. High or low miR-135b expression was defined as low if Log2-miR-135b-ratio (cancer/

normal) %2 or high if Log2-miR-135b-ratio > 2.

See also Tables S1–S3 and Figure S1.
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Figure 2. MiR-135b Overexpression Is Associated with Mutations in Specific CRC Pathways

(A) miR-135b expression following transfection with a plasmid encoding the APC CDS in APC mutant SW480 cells.

(B) miR-135b expression following APC silencing in normal colon (NCM 460) epithelial cells.

(C) miR-135b expression (left) following overexpression of CTNNB1 (right) in NCM 460 normal epithelial cells.

(D) miR-135b expression following silencing of TCF4 and LEF1 transcription in APC mutant SW480 cells (left) or CTNNB1 mutant HCT-116 cells (right).

(E–G) miR-135b expression in MEFs (E), human normal and CRC cell lines (F), and tumor-derived organoids from GEMMs (G) harboring different rounds of

mutations in genes commonly mutated in human CRC.

(H–J) miR-135b expression in PI3KCA WT and mutant HCT-116 cells after serum starvation (H), treatment with LY-294002 (I), and transfection with specific

siRNAs to FoxO1 and FoxO3A (J).

(K) miR-135b expression in parental SW480 and SW620 CRC cell lines after treatment with dasatinib.

(L) miR-135b expression in Src-MEFs after treatment with PI3K or MEK1/2 inhibitors.

(M) miR-135b expression in tumor derived from AhCre Apcfl/flSrc+/+ and AhCre Apcfl/flSrcfl/fl mice.

(legend continued on next page)
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inhibition (Figures 2D and S2E) . Taken together, these data sug-

gest that miR-135b can be activated by the APC/b-catenin/

TCF4-LEF1 pathway.

To study other pathways involved inmiR-135b overexpression

that may account for the higher expression of miR-135b in AOM/

DSS compared to CPC;Apc tumors, we screened miR-135b

expression in a series of mouse embryonic fibroblasts (MEFs)

engineered to harbor mutations in specific oncogenes and in hu-

man CRC cell lines (Figures 2E and 2F). The analysis revealed

increased levels of miR-135b (5-fold change; p < 0.001) in cells

expressing the H1047R mutant of PIK3CA, which encodes the

a isoform of the catalytic subunit of PI3K. Expression of the d iso-

form of Pi3k and of Src also led to increased levels of miR-135b

(7.5 and 9.7, respectively; p < 0.001), whereas viral Jun did

not affect the expression of miR-135b (Figure 2E). The effect

of PI3K and Src on miR-135b was correlated with their onco-

genic potency in 10T1/2 mouse fibroblasts. The cells overex-

pressing these proteins are morphologically transformed

and capable of anchorage-independent growth (Hart et al.,

2011). In contrast, the cells expressing v-Jun show fibroblastic

morphology, with only a minority of cells producing colonies in

agar suspension.

In human CRC cells, miR-135b expression follows the accu-

mulation of mutation in APC, PI3KCA, and SRC (Figure 2F).

RKO cells lack mutations in APC/b-catenin, show low basal

SRC activity, and harbor an H1047R mutation in PIK3CA and

are characterized by low miR-135b basal expression. HCT-116

cells are characterized by b-catenin activating mutations,

PI3KCA mutations, and moderate SRC activity and display

increased miR-135b expression. Parental SW480 cells and their

metastatic derivative SW620 have the same mutations in APC,

and no mutations in PI3KCA, but have different SRC activity

and show highmiR-135b expression (daCosta et al., 1999; Sam-

uels et al., 2005; Dehm et al., 2001).

To study the effect of collateral pathways frequently mutated

in CRC, we tested miR-135b expression in tumor-derived orga-

noids fromCRC genetically engineered mousemodels (GEMMs)

that underwent different rounds of knock-in or knock-out muta-

tions in Apc, Kras, the Phosphatase and Tensin homolog deleted

on chromosome TEN (Pten), and p53 (Figure 2G). In keeping with

our initial findings, Apc loss was associated with miR-135b upre-

gulation in comparison to normal controls. Pten is a negative

regulator of the PI3K pathway and these genes are mutually

lost in breast and CRC cancer (Frattini et al., 2005), thus we

decided to use Ptenfl/fl mice as a model to study PI3K activation

in CRC (Marsh et al., 2008). Consistent with our in vitro data,

simultaneous loss of Apc and Pten caused further upregulation

in miR-135b compared to Apcfl/fl organoids. In contrast,

KrasG12-activating mutations did not affect miR-135b expres-

sion. Apcfl/fl /Ptenfl/fl /KrasG12 triple mutant organoids showed

miR-135b deregulation similar to that of the Apcfl/fl /Ptenfl/fl or-

ganoids supporting the hypothesis that the PI3K/PTEN pathway

exerts a critical role in controlling miR-135b expression. Finally,

loss of p53 caused a 10-fold change in miR-135b compared to

Apcfl/fl organoids.

To study the role of PI3K in the modulation of miR-135b, we

used human CRC cell lines (HCT-116, H1047R and DLD-1, and

E545K) in which either the PI3KCA mutant or WT allele was dis-

rupted (Samuels et al., 2005). PIK3CAmutations have little effect

on cancer phenotype under basal conditions, but they cause

reduced cellular dependence on growth factors affecting cell

growth and apoptosis in serum starvation. MiR-135b expression

is increased in PI3KCA mutant compared to WT cells (less than

2-fold change) in basal conditions. Serum starvation forced the

PI3KCA mutation phenotype, increasing the difference in miR-

135b expression (3.7 and 4.3 fold change; p < 0.001 in

HCT116 and DLD-1, respectively; Figures 2H and S2F). These

experiments suggest that miR-135b is dependent upon PI3K

activation. We treated HCT-116 cells with the PI3KCA inhibitor

LY294002 after starvation and observed marginal effects on

WT cells, but reduction (65%; p < 0.001) of miR-135b in mutant

cells (Figure 2I). The transcription factors FoxO1 and FoxO3A

promote the PI3K cancer-associated phenotype in these cell

lines (Samuels et al., 2005). To investigate whether miR-135b

is under the control of the FoxO transcription factors family, we

silenced FoxO1 and FoxO3A with siRNA in HCT-116 PI3KCA

WT cells and observed an increase in miR-135b expression.

Silencing FoxO1 and 3A inWT cells increasedmiR-135b to levels

similar to those observed in PI3K mutant cells (Figure 2J). In

conclusion, PI3KCA mutations may induce miR-135b by phos-

phorylating and inactivating FoxO1 and FoxO3A or altering

FoxO1/3A targets.

SRC is nonmembrane receptor tyrosine kinase (Yeatman

2004) and induces activation of several pathways. MiR-135b

was overexpressed in v-Src expressing MEFs compared to WT

cells (Figure 2E). Dasatinb, a SRC inhibitor (Serrels et al.,

2006), reduced the expression of miR-135b in SW620 CRC cells

to levels observed in their parental nonmetastatic counterpart

(SW480; Figure 2K). Because SRC can activate a plethora of

downstream effectors, we focused only on those previously

analyzed in our MEF screening: PI3K and MAPK. Our data sug-

gested that the MAPK pathway is not responsible for miR-135b

overexpression because overexpression of v-Jun (Shaulian

2010) showed no effect on miR-135b expression. LY294002

reduced the expression of miR-135b by 40% (p = 0.03) in

v-Src expressing MEFs, whereas a MEK1-2 (Yoon et al., 2011)

inhibitor did not affect miR-135b expression (Figure 2L). Loss

of Src attenuates the intestinal phenotype caused by Apc loss

both in flies and mice (J.C. and O.J.S., unpublished data). Inter-

estingly, in our system, loss of Src in AhCRE Apcfl/fl mice was

associated with a reduction in miR-135b expression (Figure 2M).

These observations suggested that, at least in part, SRC induces

miR-135b overexpression through the PI3K/AKT/FoxO pathway.

However, we cannot rule out the possibility that other SRC effec-

tors contribute to miR-135b overexpression. This hypothesis is

supported by the observation that PI3K inhibition only partially

(N) Luciferase reporter assay was performed after LiCl treatment using different vectors containing predicted TCF4 binding sites upstream of the pre–miR-

135b;�1 position corresponds to the 50 terminus of the miR-135b hairpin. Putative TCF4 responsive sequences (CTTTGTT)) are indicated in the gray boxes, and

the miR-135b sequence is in red. Deletion of the TCF4 binding site is represented by a X.

Human or mousemiR-135b expression was assessed by RT-PCR and normalized to that of RNU48 or SNU234, respectively. Bars represent the mean and SD of

three experiments; p values are reported within the figures. See also Figure S2.
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reduces miR-135b expression and by the recent observation

that STAT3 can induce miR-135b overexpression in large cell

lymphomas (Matsuyama et al., 2011).

MiR-135b is located on the negative strand of 1q32.1 and

overlaps with exon 1 of the LEM domain-containing 1 (LEMD1)

gene (Figure S2G). LEMD1 is overexpressed in prostate cancer

(Ghafouri-Fard et al., 2010) and anaplastic cell lymphoma (Mat-

suyama et al., 2011). Gene expression analysis suggests that

only a (657 nt) LEMD1 isoform is expressed in CRC (Yuki et al.,

2004).

To test whether miR-135b transcription is depended upon

LEMD1 activation, we analyzed the expression of LEMD1 and

miR-135b following inhibition of transcription factors involved

in miR-135b expression (Figure S2H). RT-PCR using LEMD1

primers covering all the different spliced LEMD1 isoforms

revealed no change in LEMD1 expression in relation to TCF4/

LEF1 silencing suggesting that miR-135b activation is indepen-

dent from LEMD1 in CRC. Because the loss of APC and the acti-

vation of the b-catenin/TCF4 pathway seem to be the initiating

event in miR-135b deregulation, we subcloned the �2.5 kb

area up-stream of the 50 terminus of miR-135b hairpin into the

pGL3 reporter vector (PGL3-miR-135b-P1 for the full-length,

WT plasmid) and we tested luciferase activity following LiCl stim-

ulation (Figure 2N). Two putative TCF4 binding sites (distal and

proximal to the 135b hairpin) were identified in this area (http://

genome-euro.ucsc.edu; Figure 2N). Subcloning of the two pre-

dicted binding sites and mutagenesis experiments allowed to

define the distal binding site as the one involved in miR-135b

activation (PGL3-miR-135b-P2/P5 M1-M2; Figure 2N).

We previously showed that FoxO transcription factors exert a

negative control on miR-135b activation (Figure 2J). To test

whether FoxO binds to miR-135b promoter, we looked for

potential FoxO consensus sequences and we identified a

conserved area located 300 bp (�289 to 280) upstream of the

hairpin precursor. When NCM460 cells were cotransfected

with siRNA to FoxO3a or FoxO1 and the PGL3-miR-135b-P1

plasmid, no effect was seen on promoter activation (data not

shown), suggesting that FoxOs do not have a direct interaction

with miR-135b promoter. Because FoxOs can bind b-catenin

preventing the activation of TCF4 (Hoogeboom et al., 2008),

we tested whether modulation of Foxo3a would cause any

change to promoter activation induced by b-catenin stabiliza-

tion. Interestingly, silencing of Foxo3a increased miR-135b pro-

moter activation (1.9-fold change; p = 0.004), whereas FoxO

overexpression reduced (63% reduction; p = 0.003) the lucif-

erase activity (Figure S2I, blue bars). A TOPFLASH plasmid con-

taining multiple copies of an optimal TCF-binding site and a

FOPFLASH plasmid containing multiple copies of a mutant

form of a TCF-binding site were used in parallel to confirm

TCF4 inhibition by FoxO (Figure S2I, red bars). These data under-

pin the synergic activity of the PI3K and APC pathways in con-

trolling miR-135b activation, proving that different oncogenic

pathways merge on miR-135b activation directly and indirectly.

MiR-135b Affects Apoptosis and Cell Growth
APC/Wnt/b-catenin signaling is pivotal for cell division and is

linked to reduced apoptosis (Morin et al., 1996; Groden et al.,

1995). To test the contribution of miR-135b on APC/b-catenin-

mediated apoptosis, we cotransfected SW480 cells with a

plasmid encoding the full APC CDS (APC-EGFP) or an empty

vector (empty EGFP) in combinations with LNA-anti-miR-135b,

pre-miR-135b or controls. In line with previous evidence (Morin

et al., 1996; Groden et al., 1995), APC re-expression caused

apoptosis (Figure 3A). Similarly, the inhibition of miR-135b alone

induced apoptosis. The cotransfection of miR-135b and APC-

EGFP rescued the effect on apoptosis due to the re-induction

of APC (Figure 3A). APC is a target of miR-135b (Nagel et al.,

2008); however, in our experiments the APC-EGFP vector con-

tains only the APC CDS and not the 30UTR. These data suggest

that re-expression of APC causes apoptosis, at least in part, by

downregulating miR-135b.

To test the effects of miR-135b on cell growth, we used HCT-

116PI3KCAWTandmutant cells (Samuels et al., 2005).PI3KWT

cells overexpressing miR-135b showed increased proliferation

after 48 hr, and the difference was still statistically significant

after 5 days. Similarly, PI3KCA mutant cells transfected with

anti-miR-135b showed reduced proliferation compared to the

LNA-control cells (Figures 3B, S3A, and S3B; Tables S4 and

S5). The presence of PI3KCA mutations also affected growth in

soft agar. Silencing of miR-135b reduced the number of colonies

in the PI3KCA mutant cells, whereas miR-135b overexpression

resulted in increased colony formation (Figures 3C and S3C).

Moreover, inhibition of miR-135b in SRC-MEFs inhibited their

ability to form colonies in soft agar. Anti-miR-135b or scramble

lenti-viral vectors were used to infect SRC-MEFs (Figure 3D).

MiR-135b repression caused a 95% reduction (p < 0.001) in

the number of colonies in SRC-transformed MEFs (Figures 3E

and 3F), supporting the hypothesis that miR-135b is a major

driver of SRC-induced transformation.

Targeting miR-135b Affects Tumor Growth In Vivo
Apc loss causes alterations in the crypt-villus architecture pro-

moting classical features of neoplastic transformation such as

increased proliferation and loss of differentiation. To investigate

the role ofmiR-135b in Apc loss-mediated transformation in vivo,

we designed specific oligonucleotides to target endogenous

miR-135b (anti-miR-135b oligonucleotides [miR-135b-AMO]

and scrambled-oligonucleotides [Scramble-AMO]). The miR-

135b-AMO silencing efficacy was initially tested in vitro and

in vivo (Figures S4A and S4B). A custom probe recognizing

the-miR-135b-AMO oligonucleotides was used for ISH and re-

vealed a strong signal in colon epithelium, suggesting that the

miR-135b-AMO was taken up and retained in mice intestine for

at least 48 hr following injection (Figure S4B). Off-target effects

of miR-135b-AMO on other miRs were excluded (Figure S4C).

To study the contribution of miR-135b to the phenotype

induced by APC loss, we triggered rapid Apc inactivation by

the administration of b-napthoflavone to AhCre+Apcfl/fl mice as

previously described (Sansom et al., 2004). MiR-135b-AMO

and Scrambled-AMO were given intraperitoneally at a dose of

50 mg/kg on days 2 and 4 and mice were euthanized on day 4

(Figure 4A). Apc inactivation was associated with b-catenin

activation and nuclear localization in both treatment groups

(Figure S4D). Apc loss caused a 10-fold increase in miR-135b

expression in Cre+Apcfl/fl compared to Cre+Apc+/+ controls

(WT hereafter) definitively showing that mir135b is directly

activated following Apc loss. MiR-135b-AMO caused a marked

reduction in miR-135b expression (70%; p < 0.001) in the
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miR-135b-AMO-treated mice (n = 6 [135b-AMOmice hereafter])

compared to scrambled-AMO-treated mice (n = 6 [scrambled-

AMO mice hereafter]; Figure S4E). In the scrambled-AMO, loss

of the crypt structures and occupation of the crypt-villus axis

by atypical cells was observed; indeed, cellularity was doubled

compared to that of WT mice (89.8 ± 6 cells per crypt VS 41.6 ±

2.3 cells per crypt; p = 0.0001) and the number of mitotic figures

per crypt was increased (average 3.16 vs. 1.35; p = 0.03; Figures

Figure 3. MiR-135b Mediates the Cancer

Phenotype Induced by APC and PI3KCA

Mutations

(A) APC mutant SW480 cells were transfected with

pre-miR-135b, LNA anti-miR-135b, or controls in

combination with a plasmid encoding the APC CDS

or an empty vector. Apoptotic cells were measured

by flow cytometer (left) and quantitated (right).

(B) Isogenic PI3KCA WT and mutant HCT-116

cells were transfected with pre-miR-135b, LNA anti-

miR-135b, or relative controls. Cell viability was

measured at selected time points.

(C) Isogenic PI3KCA mutant and WT HCT-116 cells

overexpressing miR-135b or anti-miR-135b were

plated in soft agar and grown in low fetal bovine

serum conditions. Colonies greater than 2 mm in

size were counted and quantitated. Representative

images are shown.

(D–F) v-SRC transformed MEFs were infected

with lentiviruses encoding an anti-miR-135b or a

scramble hairpin. Cells were selected with puromy-

cin and checked for viral integration using GFP

(scale bars, 20 um; D). Cells were grown in soft agar

and colonies were counted after 4 weeks. On the far

left of the plate, no cells were seeded as negative

control (E). GFPwas used tomonitor viral integration

during for the entire duration of the experiment (F).

Scale bars, 200 um (week 1) and 400 um (week 4).

Bars represent the mean and SD of three experi-

ments; p values are reported within the figures.

See also Tables S4 and S5 and Figure S3.

4B and 4C). In the Cre+Apcfl/fl 135b-AMO,

a normal morphology was retained, cellu-

larity and number of mitosis (54.8 ± 3;

p 0.02 and 1.6 ± 0.7, respectively) were

importantly reduced compared to scram-

bled-AMO mice (Figures 4B and 4C). To

define changes in proliferation, mice from

all the three groups (n = 3) were injected

with BrdU and killed 2 hr later on day 4.

Scoring of the proportion of cells in Sphase

revealed a 43% increase in proliferation in

the scrambled-AMO mice compared to

the WT mice (BrDU-positive cells 40.5 vs.

28.4; p = 0.01). 135b-AMO mice showed

decreased proliferation compared to

scrambled-AMO (mitotic index: 27.1; p =

0.02) and no difference compared to the

WT mice (Figure 4B, right) with a clear

cleavage plain between the expected mid

crypt proliferation region and the upper

compartment (Figure 4C).

Because the AOM/DSS better resembles the high level of

genetic instability observed in human CRC (The Cancer Genome

Atlas Network, 2012) compared to the CPC;Apc model, we

tested this model to study the therapeutic potential of 135b-

AMO in vivo. Colorectal carcinogenesis was induced using the

AOM/DSS protocol and 135b-AMO or scrambled-AMO were

administered simultaneously twice a week for the entire duration

of the treatment (Figure 5A). After 100 days, the mice were
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euthanized and tumors were analyzed (Figures 5B and 5C). None

of the mice showed signs of toxicity related to AMO treatment or

had to be euthanized before the end of the study due to toxicity.

MiR-135b-AMO reduced the median number and the size of

tumors (Figures 5B–5D). No differences were observed be-

tween the scrambled-AMO and the control group. Microscopy

showed that MiR-135b-AMO tumors were well differentiated

with an acinar pattern, whereas tumors in the scrambled-

AMO group showed poor differentiation and an adenomatous

pattern (Figure 5C). Effective miR-135b downregulation in

135b-AMO treated mice was confirmed by RT-PCR and ISH

(Figures S5A and S5B). Proliferation was remarkably reduced

in tumors from miR135b-AMO compared to scrambled-AMO

(Ki-67 positive cells 60% vs. 35% p < 0.01; Figure 5E).

Apoptosis was analyzed by an immunofluorescence-based

TUNEL assay. The percentage of apoptotic cells and the

intensity of the signal were increased in the anti-miR-135b tu-

mors in comparison to the scrambled-AMO tumors (Figure 5F).

No significant differences were observed in other organs

(Figure S5C).

To dissect the contribution of miR-135b overexpression to

each single pathway, we infected CRC GEMM-derived organo-

ids with lentiviruses silencing miR-135b or controls; we xeno-

transplanted the tumors in nude mice and monitored tumor

growth (Figure 6A). Given that Apcfl/fl/Ptenfl/fl and Apcfl/fl/

KrasG12/+/P53R172H/fl-derived organoids were the two models

that showed progressive deregulation of miR-135b compared

to Apcfl/fl organoids, these were used for the experiments.

Apcfl/fl/KrasG12/+ organoids did not show any significant differ-

ence in miR-135b expression compared with Apcfl/fl and were

Figure 4. miR-135b Inhibition Rescues Apc-Induced Phenotype In Vivo

(A) Conditional Apc deletion induced by b-napthoflavone injection in AhCre+Apc+/+ mice on days 1 and 3. miR-135b-AMO or scrambled-AMO were injected on

days 2 and 4. Mice (n = 6 for each group) were euthanized on day 4.

(B) Graphs show total cells per crypt (left) and proliferation index (ratio between BrDU-positive cells and total cells per crypt; right) in AhCre+Apc+/+ and

AhCre+Apcfl/flmice treatedwith scramble-AMOor anti-135b-AMO. BrDUwas injected in threemice per group 2 hr prior to euthanization. Error bars represent SD;

p values are shown within the graphs. Magnification bars, 100 um (top), 50 um (bottom).

(C) Hematoxylin and eosin (H&E) and BrDU-stained sections for AhCre+Apc+/+ and AhCre+Apcfl/fl mice treated with scramble-AMOor anti-135b-AMO. Bars show

size of the crypts. Magnification bars, 100 um (top), 50 um (bottom).

See also Figure S4.
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not included. Apcfl/fl cells grow slowly in xenografts and for this

reason were not included in the study.

For each genotype, organoids were infected with lentiviral

vectors inhibiting miR-135b (anti-135b) or controls (anti-miR-

scramble; Figure 6B). Mir-135b downregulation was checked

by RT-PCR following infection and puromycin selection (Fig-

ure 6C). Xenotransplanted tumors (50 organoids for eachmouse,

six mice per group) were measured twice a week for 2 months or

Figure 5. Anti-miR-135b Exerts an Antitumor Effect In Vivo in the AOM/DSS Model
(A–C) Overview of the study (A): AOMwas given once, followed by periodic administration of DSS in water. MiR-135b-AMOor scrambled-AMOwere given twice a

week for 100 days. Mice were treated with miR-135b-AMO (n = 8), scrambled-AMO (n = 8), or left untreated (n = 8). Following euthanization, macroscopic (B) and

microscopic (C) analysis of the tumors was performed. Scale bars, 200 um (top), 100 um (bottom).

(D) Statistical analysis of tumor number (multiplicity, a), tumor number for tumors >2mm (b), tumor volume (load, c), average size (d), and tumor size distribution in

the two groups (e).

(E and F) Cancer tissues from mice treated with miR-135b-AMO or scrambled-AMO were analyzed. (E) Ki-67 expression was assessed with immunohisto-

chemistry (a) and quantitated (b; scale bars, 200 um [top], 100 um [bottom]). (F) Apoptosis was assessed by immunofluorescence (scale bar, 200 um).

See also Figure S5.
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Figure 6. miR-135b Inhibition Causes Tumor Inhibition in Organoids Derived from CRC GEMMs

(A and B) Tumor-derived organoids from Apcfl/fl/Ptenfl/fl and Apcfl/fl/KrasG12/+/P53R172H/fl (A) infected with lentiviruses encoding anti-miR-135b or scramble

hairpins (B) were xenotransplanted in nude mice. Tumors were measured twice a week for 8 weeks or until ulceration.

(C) miR-135b expression was assessed by RT-PCR in tumor-derived organoids after infection. Bars represent the mean and SD of three experiments; p < 0.01.

(D) Microscopic analysis (left) and tumor growth (right) in Apcfl/fl/Ptenfl/fl organoids.

(E) Microscopic analysis (left) and tumor growth (right) in Apcfl/fl/KrasG12/+/P53R172H/fl organoids.

Results are expressed as the mean percentage of change in tumor volume for each group of mice, ± SEM. See also Figure S6 and Tables S6 and S7.

Cancer Cell

miR-135b as a Therapeutic Target in Colon Cancer

478 Cancer Cell 25, 469–483, April 14, 2014 ª2014 Elsevier Inc.



until tumor ulceration. At the end of the study, tumors were har-

vested and analyzed for proliferation and apoptosis. Lentiviral

integration and miR-135b downregulation were controlled by

GFP staining and RT-PCR, respectively (Figure S5).

In the Apcfl/fl/Ptenfl/fl, we observed striking differences in tu-

mor growth (Figure 6D; Table S6). Six weeks following transplan-

tation, three of six tumors regressed to the point that they could

not be detected macroscopically and the other three showed a

cessation of growth. Immunohistochemical analysis showed

that proliferation was almost entirely abolished in the miR-135b

group compared to controls (Figure 6D).

Apcfl/fl/KrasG12/+/P53R172H/fl xenografts infectedwith anti-miR-

scramble grew rapidly, and four of six tumors ulcerated after

3 weeks (Figure 6E; Table S7). In contrast, anti-135b tumors

only doubled in 3 weeks and no ulceration was observed until

week 8. Tumor growth was inhibited in the anti-135b group and

this was supported by the observation that proliferation was in-

hibited in the lenti-135b group compared to controls (Figure 6E).

MiR-135b Targets Tumor-Suppressor Genes
To find potential target genes affected by miR-135b overexpres-

sion, we performed a gene expression analysis in normal epithe-

lial colon cells overexpressingmiR-135b (Figure 7A). The analysis

of a cancer-associated gene panel revealed that 35 genes were

dysregulatedbymiR-135boverexpression (TableS8). Amatched

analysis ofmiR-135bdownregulated genes and target prediction

algorithms (Lewis et al., 2003; Rehmsmeier et al., 2004) showed

that several genes were potentially controlled by miR-135b:

transforming growth factor b receptor 2 (TGFbR2), death-associ-

ated protein kinase 1 (DAPK1), and APC. Data from the array

analysis were confirmed by RT-PCR in the same cell line and

in a second normal epithelial cell line (NCM 356; Figures 7B and

S7A). We identified predicted binding sites for miR-135b in

each of these genes (Lewis et al., 2003; Rehmsmeier et al.,

2004; Figure 7C). Luciferase experiments confirmed the speci-

ficity of the miR-135b-target interaction (Figure 7D).

DAPK1 is frequently downregulated in CRC, and promoter

methylation does not seem to be the main mechanism by which

this occurs (Xu et al., 2004; Borinstein et al., 2010). Western blot

analysis proved thatmiR-135b can affect DAPK1 protein expres-

sion (Figure 7E). Analysis of DAPK1 expression in human IBD-

associated CRC confirmed the downregulation of this gene in

cancer and dysplasia compared to normal tissues (Figure 7F).

Correlation analysis between miR-135b expression and DAPK1

mRNA showed an inverse correlation (r = �0.4, p = 0.036).

TGFbR2 downregulation is common in CRC (Biswas et al.,

2004; Guda et al., 2001) and in vitro evidence suggests that

dynamic changes in TGFbR2 expression can have an effect on

p21-mediated/TGF-b-induced apoptosis (Rojas et al., 2009) .

Stimulation of cells with TGF-b (10 nM) induced p21 activation

in scrambled transfected cells whereas miR-135b overexpres-

sion or TGFbR2 silencing caused reduced p21 activation and

reduced apoptosis (Figures 7G and 7H). These data suggest

that the miR-135b effect on apoptosis is partially mediated by

TGFbR2 downregulation. Analysis of TGFbR2 expression in

IBD-associated CRC showed TGFbR2 downregulation in cancer

compared to normal and dysplastic tissues (Figure 7I). Corre-

lation analysis between miR-135b expression and TGFbR2

mRNA showed an inverse correlation (r = �0.46, p = 0.015).

Our gene expression analysis revealed that miR-135b upregu-

lation induces interleukin 8 (IL8) overexpression (Table S8;

Figures 7J and S7B). IL-8 is an important cytokine involved in

proliferation, invasion, migration, and neo-angiogenesis (Waugh

and Wilson 2008). IL-8 is frequently involved in hypoxia

response; thus, we looked at whether miR-135b could have an

effect on IL-8 through HIF1a transcriptional regulation. No

changes in HIF1a mRNA were observed following miR-135b

overexpression (fold change 1.01; p = 0.77; Table S8), suggest-

ing that IL8 overexpression was independent from HIF1a tran-

scriptional regulation. Because our experiments were performed

in condition of normoxia, we looked for a nontranscriptional

regulator of HIF1a and searched for potential miR-135b binding

sites in HIF1a regulators. FIH is an asparagine hydroxylase that

prevents HIF1a activation in normoxia (Mahon et al., 2001). Inter-

estingly FIH harbors a miR-135b binding site (Figure 7K). We

proved FIH as a target of miR-135b (Figures 7K–7M and S7C).

To support a role of miR-135b in FIH regulation in vivo, we

measured FIH mRNA expression in human IBD-associated

CRC and found the gene was downregulated in cancer

compared to normal and dysplastic tissues (Figure S7D). Corre-

lation analysis between miR-135b expression and FIH mRNA

showed an inverse correlation (r = �0.42; p = 0.02). To confirm

that miR-135b controls IL-8 production through FIH/HIF1a, we

measured IL8 and VEGFA expression after miR-135b manipula-

tion (Figures 7N and S7E). MiR-135b promoted IL-8 and VEGFA

overexpression and a similar effect was caused by FIH silencing

or by hypoxia. Interestingly HIF1a siRNAs were able to rescue

the effect on IL-8 and VEGFA by miR-135b. These observations

suggested that miR-135b was acting on both cytokines through

a FIH/HIF1a axis (Figure 7N). To test if the increase in IL-8

induced by miR-135b was relevant in promoting a functional

effect on neo-angiogenesis, the supernatant from miR-135b

overexpressing cells was used for a neo-angiogenesis assay.

HUVEC grown with media from miR-135b transfected cells

showed a 3-fold change increase in their ability to form tubes

compared to those cultured with media from scrambled trans-

fected cells (Figure 7O).

DISCUSSION

Using in vitro and in vivo models, we define the genetic events

driving miR-135b deregulation in CRC. Our observations explain

why miR-135b upregulation is consistently observed in human

and mouse CRC (Nagel et al., 2008; Gaedcke et al., 2012), mak-

ing this miR a robust and reproducible biomarker. Our findings

complement those of a recent report that identifies miR-135b

as one of the most upregulated miRs in Apcmin/+ mice (Necela

et al., 2011), suggesting that miR-135b deregulation is indepen-

dent of the specific Apc mutation or site of inactivation. Data

from mouse tumors and human dysplastic tissues suggest that

miR-135b upregulation is an early event in tumor transformation

as supported by the observation that miR-135b is directly linked

to rapid Apc loss in the AhCreApcfl/flmodel and inhibition of miR-

135b rescues the phenotype induced by Apc loss in a way that

resembles c-Myc deletion in mice intestines (Sansom et al.,

2007). According to our siRNA experiments, miR-135b regula-

tion seemed to be independent from c-Myc activation; thus,

these two factors may control collateral transcriptional programs
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Figure 7. MiR-135b Controls Tumor-Suppressor Genes

(A) Analysis of a cancer gene-associated panel in 460NCM cell transfected with pre-miR-135b or scrambled probes.

(B) APC (b), TGFbR2 (c), and DAPK1 (d) mRNA expression analyzed by RT-PCR following miR-135b overexpression (a).

(C) In silico target prediction for miR-135b binding sites in APC, TGFbR2, and DAPK1 30UTRs.
(D) Luciferase experiments for TGFbR2, DAPK1, and APC in NCM460 cells transfected with target-gene-Luc-WT or target-gene-Luc mutant, pre-miR-135b, or

scrambled miR.

(E) DAPK1 protein expression by WB following transfection with pre-miR-135b and specific siRNA.

(F) DAPK1 mRNA expression in dysplasia and cancer compared to normal adjacent tissues in IBD-associated CRC.

(G and H) TGFbR2 and p21 protein expression assessed following miR-135b overexpression and TGF-b stimulation (G). Apoptosis measured by caspase 3/7

assay following TGF-b stimulation (H).

(legend continued on next page)
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orchestrating the tumor initiation process. Indeed, even though

proliferation was completely inhibited by miR-135b, some differ-

ences between the WT and the 135b-AMO mice were still

observed in term of total number of cells per crypt, suggesting

that other pathways independent from miR-135b regulation

may still be active upon miR-135b inhibition. A second potential

explanation to this observation may be technical in nature and

related to the ability to silence miR-135b completely by oligonu-

cleotides as compared to complete knockdown caused by Myc

deletion in Sansom’s model.

Compared to other downstream effectors of the Apc/b-cate-

nin pathway, such as cyclin D1, that are mostly involved in

tumor initiation rather than progression (Sansom et al., 2005),

miR-135b seems to retain its malignant potential in more

advanced carcinogenesis as suggested by the observation

that tumor growth was deeply affected by miR-135b silencing

in organoids harboring Apc, Pten, and p53 mutations. Our

data suggest that the progressive upregulation of miR-135b

in more advanced tumors may be caused by the convergence

of several pathways on miR-135b transcriptional regulation as

suggested by the analysis of miR-135b promoter activation.

Because miR-135b overexpression follows the kinetics of mu-

tations in CRC, it may represent a good biomarker of tumor

progression.

Crosstalk among different pathways is frequently observed in

colon carcinogenesis and may affect miR-135b expression at

different stages of disease and in different epithelial compart-

ments (progenitor versus mature cells). In IBD-associated can-

cers, for example, PI3K feeds positively on the Wnt pathway,

causing b-catenin phosphorylation and nuclear b-catenin accu-

mulation in progenitor epithelial cells (Lee et al., 2010). Thus,

PI3K mutations might have a feed-forward effect on miR-135b

expression in this setting. As previously shown (Nagel et al.,

2008), miR-135b in turn can control APC expression. The pres-

ence of this complex feedback loop (Figure 8) might explain

several in vivo observations. First, several pathways converging

on the same miR explain why no correlation has been previously

found between APCmutations and miR-135b expression (Nagel

et al., 2008). Second, the feedback loopmight be responsible for

the fine-tuning of miR-135b and the generation of a threshold ef-

fect on its target APC. IBD-associated CRCs are characterized

by rare mutations in the Wnt pathway (Aust et al., 2002) and

miR-135b overexpression. According to these observations,

we would expect most IBD cancers to show low APC expression

and nuclear b-catenin accumulation. On the contrary, only 30%–

50% of IBD-invasive tumors show nuclear b-catenin with little or

no accumulation in low- or high-grade dysplasia (Leedham et al.,

2009). Several reports (Valeri et al., 2010; Mukherji et al., 2011)

suggest the presence of a threshold effect in miR function. We

speculate that miR-135b deregulation might be responsible for

APC loss and b-catenin stabilization only in the fraction of IBD

tumors for which miR-135b expression has reached a defined

threshold.

MiR-based therapeutics represent a promising approach to

tailor cancer therapy; however, off-target effects may represent

amajor issue for thosemicroRNAs involved in physiological con-

ditions such asmiR-21 (Han et al., 2011). Contrary to other miRs,

miR-135b basal expression is very low in normal epithelium and

other organs as supported by the TCGA analysis. The low miR-

135b expression in normal epitheliummay be explained either by

the observation that, as observed for other Wnt targets (i.e., Lgr5

or Ascl2), a limited number of normal epithelial cells are under

Wnt control in physiological conditions or by the observation

that transcription factors such as FoxOs or USF1 may act as

brakes on miR-135b transcription in physiological conditions.

For these reasons, silencing miR-135b in CRC may represent a

promising targeted therapy characterized by high specificity

and limited toxicity.

(I) TGFbR2 mRNA expression in dysplasia and cancer compared to normal adjacent tissues in IBD-associated CRC.

(J) IL8 mRNA expression following miR-135b overexpression in NCM460 cells.

(K) Luciferase assay in NCM460 transfected with FIH-Luc-WT or FIH-gene-Luc mutant vectors, pre-miR-135b, or scrambled miR. MiR-135b seed region in FIH

30UTR is shown.

(L and M) FIH mRNA (L) and protein (M) expression following miR-135b overexpression in 460NCM cells.

(N) FIH, IL8, and VEGFA mRNA following siRNA transfection. *p < 0.05.

(O) Tube formation in HUVEC cells cultured with media from scrambled or miR-135b transfected cells: representative picture (left) and normalization (right) are

shown.

Bars represent the mean and SD of three experiments; p values are reported within the figures. See also Table S8 and Figure S7.

Figure 8. MiR-135b Is a Key Oncogenic Hub Mediating the Cancer

Phenotype Downstream of Genes Frequently Mutated in CRC

Schematic representation of genetic aberrations promoting miR-135b over-

expression and miR-135b downstream targets.
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EXPERIMENTAL PROCEDURES

MiR and mRNA Expression Analysis

MiR expression profiling and mRNA expression of cancer-associated genes

were analyzed with nCounter from NanoString Technologies, using the

nCounter Mouse miRNA Expression assay kit and the nCounter Human

Cancer reference kit, respectively. The NanoString nCounter gene expression

system quantitates abundances of miRNAs and mRNA.

Technical normalization is performed using the synthetic positive controls to

adjust the counts for each miRNA target in that assay. Then biological normal-

ization is performed to correct for differences in sample abundances. Each

sample is normalized to the geometric mean of the top 50 most highly

expressed miRs. Student’s t test is used on normalized counts to calculate

statistical significances of pairwise comparisons. All of the calculations are

performed in R statistical computing and graphics environment (http://www.

r-project.org).

Animal Experiments and Tumor Induction

RNAs from CpC/Apc (matched tumor and normal), AOM/DSS (matched

cancer and normal), wild-type (untreated normal epithelium), and short-term

(3–5 days) DSS-treated mice (inflamed epithelium) for the initial miR expres-

sion screening were provided by Prof. Michael Karin (University of California

at San Diego). RNA from the intestinal epithelium of long-term (three cycles

[1 week each] over a 78 day period) DSS-treated mice was collected at Ohio

State University (OSU). All mice were C75BL/6 strain mice. For in vivo silencing

experiments, C57BL/6 mice were obtained from The Jackson Laboratory. All

mice were maintained in filter-topped cages on autoclaved food and water

at OSU according to National Institutes of Health guidelines, and all experi-

ments were performed in accordance with OSU and NIH guidelines and regu-

lations. CACwas induced as previously described (Grivennikov et al., 2009). All

experiments were approved by the Ethical Review Process of The University of

Glasgow. Experiments were carried out in compliance with UK Home Office

Animal (Scientific Procedures) Act 1986 and the EU Directive 2010.

Human Tissue Collection

Fresh-frozen and paraffin-embedded tissues from sporadic and IBD-related

CRCwerecollected following informedconsentandapproval of theethical com-

mitteesat (1) IstitutoScientificoRomagnoloper loStudioe laCuradei Tumori; (2)

OhioStateUniversityPathologyArchive; (3)Department ofPathology,University

of Ferrara; and (4) Department of Pathology, University of Padova.

ACCESSION NUMBERS

The Gene Expression Omnibus (GEO) accession numbers for miRNA and

mRNA expression data are GSE54177 (mouse tissue) and GSE54163 (human

cell lines).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and eight tables and can be found with this article online at

http://dx.doi.org/10.1016/j.ccr.2014.03.006.
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SUMMARY

Colorectal cancer is frequently associated with chronic inflammation, with the intestinal epithelial barrier
playing an important protective role against the infections and injuries that cause colitis. The p38a pathway
regulates inflammatory responses but can also suppress tumor initiation in epithelial cells. We have found
that p38a signaling has a dual function in colorectal tumorigenesis. On one side, p38a protects intestinal
epithelial cells against colitis-associated colon cancer by regulating intestinal epithelial barrier function.
Accordingly, p38a downregulation results in enhanced colitis-induced epithelial damage and inflammation,
which potentiates colon tumor formation. Surprisingly, inhibition of p38a in transformed colon epithelial cells
reduces tumor burden. Thus, p38a suppresses inflammation-associated epithelial damage and tumorigen-
esis but contributes to the proliferation and survival of tumor cells.

INTRODUCTION

Cancer is a complex disease that arises through a multistep,

mutagenic process. Acquisition of cancer cell features involves

changes in the wiring of signaling pathways that are normally

tightly regulated to control processes such as cell proliferation,

survival, and differentiation, which are critical to maintain tissue

homeostasis.

Colorectal tumors are of epithelial origin and develop from

sequential mutations in the Wnt signaling pathway, K-Ras,

p53, and the transforming growth factor (TGF)-b pathway

(Fearon and Vogelstein, 1990; Ullman and Itzkowitz, 2011).

Most of these mutations are induced by environmental factors,

such as chronic inflammation of the colon epithelia. It is well es-

tablished that chronic inflammation may lead to increased risk

of several types of cancer (Mantovani et al., 2008; Schetter

et al., 2010). For example, patients with inflammatory bowel dis-

ease (IBD), such as Crohn’s disease and ulcerative colitis, have

higher risk of colorectal cancer development than the healthy

population (Gillen et al., 1994). The intestinal epithelial barrier

plays an important role protecting the gastrointestinal tract.

This barrier consists of a mucus layer, which acts as a physical

barrier, and the epithelial layer firmly adhered with epithelial

tight junctions (Rescigno, 2011). Defects in the barrier function

allow direct contact of intestinal mucosa with the luminal

invading pathogens and ingested toxins promoting inflamma-

tory responses. IBD and colon cancer have been associated

with abnormal epithelial barrier function (Schmitz et al., 1999;

Westbrook et al., 2010; Grivennikov et al., 2012). Moreover,

mouse models with defects in epithelial barrier have increased

susceptibility to colitis and colorectal tumor formation, providing

evidence for the regulation of inflammation and tumorigenesis
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Inflammatory bowel disease (IBD) patients have higher risk of colorectal cancer development, but the knowledge of
signaling pathways involved in the pathogenesis of IBD is limited. In this study, we show that p38a signaling in epithelial
cells is required to maintain epithelial barrier function and intestinal homeostasis, controlling the severity of colitis. Thus,
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by the intestinal epithelial barrier in vivo (Laukoetter et al., 2007;

Van der Sluis et al., 2006).

p38a is a mitogen-activated protein kinase (MAPK) that

regulates the cellular responses to stress but also has other

functions, including crucial roles in inflammation and tissue

homeostasis (Cuenda andRousseau, 2007). Genetic inactivation

of p38a in myeloid cells supports the importance of this pathway

in cytokine production and inflammatory responses (Kang et al.,

2008; Kim et al., 2008a). There is also evidence that p38a

signaling controls tissue homeostasis by inducing differentiation

while negatively regulating proliferation of many cell types,

including epithelial cells (Cuadrado and Nebreda, 2010). It is

interesting that p38a-deficient mice are more susceptible to

K-Ras-induced lung tumorigenesis and to diethylnitrosamine

(DEN)/phenobarbital (Pb)-induced liver cancer, indicating that

p38a can function as a tumor suppressor in vivo (Hui et al.,

2007; Ventura et al., 2007). However, there is little evidence for

p38a inactivating mutations in tumors, which probably reflects

that cancer cells take advantage of the ability of this signaling

pathway to control multiple cellular processes. In line with this

idea, chemical inhibitors of p38a have been shown to impair

the proliferation of some human cancer cell lines (Wagner and

Nebreda, 2009).

Given the role of the p38a pathway in orchestrating inflamma-

tory responses while negatively regulating epithelial cell transfor-

mation, we investigated how these two functions are balanced

in colon epithelia during colitis-associated colorectal cancer

(CAC).

RESULTS

Downregulation of p38a in Intestinal Epithelial Cells
Increases CAC
We generated mice expressing Villin-Cre and p38a-lox alleles to

downregulate p38a in intestinal epithelial cells (IEC) (p38a-DIEC).

The efficiency of p38a downregulation was confirmed by west-

ern blotting in isolated IEC and inwhole-colon lysates (Figure 1A).

To investigate the role of p38a in CAC, we used a protocol that

combines the carcinogen azoxymethane (AOM) with dextran so-

dium sulfate (DSS)-induced colitis (Figure 1B). When we applied

the AOM/DSS protocol, p38a-DIEC mice and wild-type (WT) lit-

termates developed colon tumors mainly in the distal to middle

colon (Figure 1C), which is the predominant localization of

human colorectal tumors. We noticed that p38a-DIEC mice had

more macroscopic tumors (Figure 1D; Figure S1A available

online), and the average tumor load was also higher but the

average size was not affected (Figure 1D). Histological analyses

confirmed more low-grade and high-grade tumors in p38a-DIEC

mice, but the relative proportion of low- versus high-grade

tumors was similar in p38a-DIEC and WT mice (Figure 1E). We

also analyzed cell proliferation and apoptosis in these tumors

and found no significant differences between WT and p38a-DIEC

mice (Figures 1F and S1B).

Inflammatory mediators are upregulated during AOM/DSS-

induced colon tumorigenesis. We found that AOM/DSS-treated

p38a-DIEC mice showed higher COX-2 and interleukin (IL)-6

mRNA levels in the colon than the treated WT mice (Figure S1C).

It is interesting that circulating IL-6 levels were also higher in

serum from p38a-DIEC mice at the end of the AOM/DSS protocol

(Figure S1D). This is consistent with the known importance of

IL-6 in colon tumor development.

Analysis of genomic DNA by quantitative PCR (qPCR) showed

a substantial deletion of the floxed exon 2 of p38a in EpCAM+ tu-

mor epithelial cells, but not in CD45+ leukocytes, from p38a-DIEC

mice versus WT mice (Figure 1G). Western blot analysis

confirmed the downregulation of p38a protein in colon tumors

from p38a-DIEC mice (Figure S1E). The increased tumor burden

observed in p38a-DIEC mice without apparent effect on tumor

size suggests that epithelial p38a signaling suppresses CAC

by regulating tumor initiation.

p38a-DIEC Mice Are More Susceptible to DSS-Induced
Colitis and Epithelial Damage
AOM is a potent DNA damage-inducing agent that induces rapid

p53-dependent apoptosis of IEC at the crypt base (Toft et al.,

1999). However, AOM-induced DNA damage and apoptosis

were similar in the colon from WT and p38a-DIEC mice (Figures

S2A and S2B), suggesting that the differences in tumorigenesis

between WT and p38a-DIEC mice were not due to a different

initial response of IEC to AOM.

Next, we investigated the role of p38a in DSS-induced acute

colitis, which is critical for AOM/DSS-induced tumorigenesis. Af-

ter 5 days of DSS administration, p38a-DIEC mice lost more body

weight thanWTmice (Figure 2A) suggesting that p38a-DIEC mice

probably had enhanced inflammation and intestinal damage, as

body weight loss is one of the indicators for the severity of DSS-

induced colitis. To confirm this possibility, mice were given DSS

for 5 days and analyzed 1 or 3 days later. At both days 6 and 9,

the WT colon showed minimal to mild inflammation, while colon

from p38a-DIEC mice showed moderate to severe inflammation,

with many areas of complete crypt loss and erosions (Figure 2B).

We also noticed that DSS-treated p38a-DIEC mice had signifi-

cantly more epithelial damage in the distal-middle part of the

colon (Figure 2C).

Increased Inflammatory Cell Infiltration in p38a-DIEC

Mice Treated with DSS
Since p38a-DIEC mice showed higher epithelial damage and

inflammation, we characterized immune cell infiltration in the

colon from DSS-treated mice. At day 6, we found a higher num-

ber of infiltrating cells in the colon of p38a-DIEC mice than in WT

mice (Figure 2D). Flow cytometry analyses showed more leuko-

cytes (CD45+ cells) in both epithelial/intraepithelial and lamina

propria fractions of p38a-DIEC mice. B cells (CD45+CD19+)

also accumulated more in the lamina propria of p38a-DIEC

mice, whereas neutrophil (CD45+CD11b+Gr1+) infiltration was

very similar in the colons of WT and p38a-DIEC mice (Fig-

ure S2C). We also found more macrophages in the colon of

DSS-treated p38a-DIEC mice compared to WT mice, whereas

untreated mice showed no differences in macrophage infiltra-

tion (Figure S2D).

Infiltrating immune cells produce cytokines and chemokines to

resolve the inflammation process. We found that IL-6 and COX-2

mRNAs were both upregulated in the colon from DSS-treated

p38a-DIECmice compared toWTmice, whereas IL-1a and tumor

necrosis factor a (TNF-a) mRNAs did not change. Basal expres-

sion levels of these mRNAs were comparable in untreated WT

and p38a-DIEC mice (Figure 2E). We also found higher IL-6
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Figure 1. Downregulation of p38a in IEC Increases Susceptibility to AOM/DSS-Induced Colon Tumorigenesis

(A) Western blotting of p38a in whole-colon lysates (colon) and in isolated IEC (crypts).

(B) Schematic representation of the AOM/DSS protocol. i.p., intraperitoneal.

(C) Representative images of colon tumors.

(D) Average tumor number, size, and load. Data represent means ± SEM (n R 6). *p < 0.05.

(E) Representative images of H&E-stained colon tumors at the end of the AOM/DSS protocol. Scale bars, 50 mm. Tumors were microscopically analyzed and

classified into low or high grade (n = 8).

(F) Colon sections were stained for bromodeoxyuridine (BrdU) or cleaved caspase 3 and quantified. Data represent means ± SEM (n = 4).

(G) Relative amount of the floxed exon 2 of p38a versus exon 12 (as a control) was determined by qPCR in EpCAM+ epithelial cells andCD45+ leukocytes. Data are

means ± SEM (n R 11). *p < 0.05.

See also Figure S1.
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protein levels both in colon lysates and in blood serum fromDSS-

treated p38a-DIEC mice (Figure 2F). The increased IL-6 levels

observed in p38a-DIEC mice were unexpected, since the p38a

pathway is known to positively regulate IL-6 expression in

several cell types (Cuenda and Rousseau, 2007). Expression

analysis using flow-cytometry-isolated cells showed that IL-6,

IL-1a, and COX-2 mRNAs were all upregulated in IEC from

DSS-treated p38a-DIEC mice compared to WT mice, whereas

TNF-a mRNA levels did not change. In contrast, the aforemen-

tioned inflammatory mediators were expressed at similar levels

in the leukocytes from colon of WT or p38a-DIEC mice (Fig-

ure S2E), which is consistent with the leukocytes being WT in

both cases. Thus, the upregulation of IL-6 and COX-2 can be

probably explained by both the presence of more infiltrating

immune cells in colon of p38a-DIEC mice and the enhanced

expression of these cytokines in p38a-deficient IEC. Consistent

with the increased IL-6 expression observed in DSS-treated

p38a-DIEC mice, we also detected phosphorylation and degra-

dation of IkBa, suggesting activation of the NF-kB pathway, as

well as enhanced phosphorylation of STAT3, a downstream

target of IL-6 family receptors (Figure 2G).

Loss of p38a in IEC Induces Apoptosis and
Hyperproliferation on DSS Treatment
Epithelial apoptosis is one of the mechanisms by which DSS

can induce intestinal inflammation and colitis. We found that

treatment with DSS induced more apoptosis in p38a-DIEC

mice than in WT mice (Figure 3A). Western blotting of IEC iso-

lated from WT mice confirmed that DSS treatment increased

the activating phosphorylation of p38a (Figure 3B). Analysis of

Bcl-2 family members revealed that the proapoptotic protein

Bak was significantly upregulated in DSS-treated p38a-DIEC

mice, whereas Bax and the antiapoptotic proteins Mcl-1, Bcl-

2, and Bcl-XL were expressed at similar levels in DSS-treated

WT and p38a-DIEC mice (Figure 3B). In contrast, p53 expres-

sion and JNK phosphorylation levels were not changed (Fig-

ure 3B), suggesting that these pathways do not contribute to

the enhanced apoptosis observed in DSS-treated p38a-DIEC

mice. Therefore, increased apoptosis, probably mediated by

upregulation of Bak, could explain the increased epithelial dam-

age and inflammation observed in the p38a-DIEC mice on DSS

treatment.

In response to the DSS-induced damage, the intestinal

epithelium starts the repair and regeneration process by

increasing cell proliferation. Since we detected more IL-6, an

important regulator of the proliferation and survival of IEC

(Bollrath et al., 2009; Grivennikov et al., 2009), we analyzed

cell proliferation in the colon from DSS-treated mice. At day 6,

we observed similar cell proliferation levels in intact crypts of

WT and p38a-DIEC mice; however, p38a-DIEC mice had more

proliferative cells than WT mice had in the areas of complete

crypt loss, which probably represents a mixture of IEC and

inflammatory cells (Figure 3C). At days 9 and 13, we found

higher proliferation rates in IEC from WT and p38a-DIEC mice

compared to untreated mice. It is surprising that IEC prolifera-

tion was much higher in p38a-DIEC than in WT mice during

epithelium regeneration (Figure 3C). These data suggest that

p38a downregulation results in IEC hyperproliferation after

DSS-induced epithelial damage.

DSS Treatment Suffices to Induce Colon Tumors in
p38a-DIEC Mice
Unchecked compensatory proliferation and regeneration

induced in response to repetitive tissue injury can promote

tumorigenesis (Kuraishy et al., 2011). To test this possibility,

we treated mice with three cycles of DSS but in the absence of

the AOM carcinogen (Figure 4A). Macroscopic examination re-

vealed thatWTmice did not develop any tumors; however, about

60% of the p38a-DIEC mice developed at least one colon tumor

(Figure 4A). Histological examination confirmed the presence

of colon tumors in p38a-DIEC mice, which also contained more

aberrant crypt foci with hyperchromatism of nuclei and hyper-

plastic crypts compared to WT mice (Figure 4B). The tumors

formed in p38a-DIEC mice had mutated b-catenin, correspond-

ing to a GSK3b phosphorylation site, which leads to b-catenin

activation and nuclear localization (Figures S3A and S3B). In

addition, there weremoremacrophages in colon from p38a-DIEC

mice than from WT mice (Figure 4C). The inflammatory media-

tors COX-2, IL-6, TNF-a, and IL-12p40 were also expressed at

higher levels in the colon from p38a-DIEC mice than from WT

mice (Figure 4D). Taking together, these data suggest that

repeated DSS-induced epithelial injury in the absence of p38a

results in uncontrolled hyperproliferation of IEC and a protumori-

genic microenvironment that ultimately can induce colon hyper-

plasia and tumor formation.

p38a Regulates Homeostasis and Barrier Function in
Normal Intestinal Epithelium
Alterations in epithelial barrier function have been associated

with IBD and colon cancer (Grivennikov et al., 2012; Westbrook

et al., 2010). We hypothesized that the increased epithelial dam-

age and inflammation observed on p38a downregulation could

be due to altered intestinal homeostasis and barrier function.

In agreement with a recent report (Otsuka et al., 2010), we

found that p38a downregulation in IEC had no effect on colon

morphology, although p38a-DIEC mice had more proliferative

colon cells than the WT littermates. We also analyzed two main

types of differentiated colon cells and found fewer chromogranin

A+ (ChgA) enteroendocrine cells and periodic acid-Schiff + (PAS)

goblet cells in p38a-DIEC mice compared to WT mice (Figure 5A;

Figure S4A). Expression analysis confirmed upregulation of

genes encoding proteins associated with cell proliferation (Ki67

and cyclin D1) and downregulation of differentiation-related

genes (MUC-2, TFF3, andChgA) in p38a-DIEC mice (Figure S4B).

These results indicate that p38a signaling can modulate both

proliferation and differentiation of IEC.

Epithelial tight junctions are intercellular junctional complexes

that regulate the paracellular permeability and are important for

integrity of the epithelial barrier. Each tight junction contains

a series of apparent fusions, called kissing points, where the

intercellular space is completely obliterated (Tsukita et al.,

2001). To investigate the epithelial barrier function, we first

analyzed the effect of p38a downregulation on intestinal perme-

ability. Using fluorescein isothiocyanate (FITC)-dextran, we

found that in vivo intestinal permeability was notably increased

in p38a-DIEC mice (Figure 5B). Electron microscopy analysis re-

vealed that epithelial tight junctions in colon fromp38a-DIECmice

were morphologically disrupted and had fewer kissing points

compared to WT mice (Figures 5C and S4C). ZO-1 is a key
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component of tight junctions, which helps other proteins such as

claudins and occludin to assemble at a tight junction (McNeil

et al., 2006). Expression of ZO-1 was reduced in p38a-DIEC

mice, while claudin-1 and occludin seemed to be expressed at

similar levels in WT and p38a-DIEC mice (Figures 5D and S4D).

These results suggest a role for p38a in the regulation of intesti-

nal epithelia tight junction assembly and barrier function. In

agreement with a recent study (Grivennikov et al., 2012), we

also found upregulation of IL-23 mRNA in colon tumors versus

normal tissue, but no differences were detected between WT

and p38a-DIEC mice. Similarly, IL-17 mRNA was expressed at

similar levels in WT and p38a-DIEC mice (Figure S4E). Thus, the

epithelial barrier defect observed in p38a-DIEC mice does not

seem to be associated with IL-23 and IL-17 upregulation, but it

is probably a consequence of the regulation by p38a of epithelial

tight junction assembly.

To investigate whether intestinal barrier defects have a causal

role in the enhanced epithelial damage induced by DSS in

p38a-DIEC mice, we used the probiotic mixture VSL#3 to protect

the epithelial barrier (Mennigen et al., 2009). It is interesting that

VSL#3 treatment for 7 days rescued the increased intestinal

permeability observed in p38a-DIEC mice (Figure 5E). Moreover,

VSL#3 also rescued the enhanced apoptosis, the body weight

loss, and the epithelial damage induced by DSS in p38a-DIEC

mice (Figures 5F–5H). These results support that the impaired

epithelial barrier function contributes to the DSS-induced pheno-

types of p38a-DIEC mice, and it seems therefore likely that the

epithelial barrier defect also contributes to the enhanced CAC

observed in p38a-DIEC mice.

Downregulation of p38a in Tumor Epithelial Cells
Reduces Tumor Burden
Chemical inhibitors of p38a have been reported to inhibit prolif-

eration in some cancer cells, including human colon cancer cell

lines (Wagner and Nebreda, 2009). However, our genetic

analysis indicated that p38a suppressed colon tumor formation.

To clarify the role of p38a in colon tumorigenesis, we generated

a mouse line with Villin-CreERT2 and p38a-lox alleles

(p38a-DIEC-ERT2). We confirmed that treatment with 4-hydroxy

tamoxifen (4-OHT) induced p38a downregulation in colon but

not in other tissues of p38a-DIEC-ERT2 mice (Figure S5A). Next,

we verified our results using constitutive Villin-Cre by inducing

p38a downregulation before DSS or AOM/DSS treatments (Fig-

ure S5B). We found that 4-OHT-treated p38a-DIEC-ERT2 mice

developed more tumors than WT mice, but of similar size (Fig-

ure S5C). Moreover, after DSS treatment, p38a-DIEC-ERT2 mice

lost more body weight thanWTmice, as in the case of p38a-DIEC

mice (Figure S5D).

We next investigated the effect of p38a downregulation once

colon tumors were formed. First, mice were subjected to the

AOM/DSS protocol, and the presence of colon tumors was

confirmed 65 days after the AOM injection. Then, mice with

p38a-lox, and either with or without Villin-CreERT2, were in-

jected with 4-OHT (Figure 6A). Three days after 4-OHT injection,

p38a downregulation was poor, and no differences were de-

tected in tumor number and size (Figure S5E). The downregula-

tion of p38a improved at 10 days after 4-OHT injection when

both tumor number and size started to decrease (Figure S5F).

It is interesting that, 20 days after the last 4-OHT injection,

tumors from p38a-DIEC-ERT2 mice were mostly p38a deficient,

as determined by western blotting (Figure 6B), by immunohisto-

chemistry (IHC) (Figure S5G), and by analyzing the deletion of

the floxed exon 2 of p38a in genomic DNA (Figures S5H and

S5I). At this time, we observed that the average number, size,

and load of macroscopic tumors were significantly reduced

in p38a-DIEC-ERT2 mice compared with WT mice (Figure 6C and

6D). Of note, tumor burden and average tumor size both

increased in WT mice compared to those of the initial tumors,

suggesting that tumors continue to grow after 4-OHT injection

(Figure 6D). When tumor size distribution was analyzed, we

found fewer big colon tumors on p38a downregulation in tumor

epithelial cells (Figure 6D). However, histological analysis re-

vealed no differences in tumors from WT or p38a-DIEC-ERT2

mice (Figure 6E). These results indicate a protumorigenic role

for p38a in transformed colon epithelia cells.

Downregulation of p38a in Tumor Epithelial Cells Does
Not Affect Tumor Permeability and Invasiveness
Recent studies described the importance of epithelial barrier

function in colorectal tumors and invasiveness (Grivennikov

et al., 2012; Schwitalla et al., 2013). We therefore investigated

if the downregulation of p38a could result in more aggressive

colon tumors. To test this hypothesis, p38a-DIEC-ERT2 mice

were analyzed 45 days after 4-OHT injections. Initial experiments

showed no differences in tumor burden or grading (Figures S6A

and S6B), but western blotting revealed significant amounts of

p38a in these tumors, probably corresponding to p38a-express-

ing escaper cells that repopulated the tumors in p38a-DIEC-ERT2

mice (Figure S6C). To circumvent this problem, we performed

two rounds of 4-OHT injections (Figure S6D). In this case, we

confirmed the sustained downregulation of p38a in the tumors

(Figure S6E), which correlated with reduced tumor number and

size in p38a-DIEC-ERT2 mice (Figure S6F). However, no differ-

ences were detected in histological tumor grading or aggres-

siveness between p38a-DIEC-ERT2 and WT mice (Figure S6G),

suggesting that constant inhibition of p38a signaling is required

Figure 2. Downregulation of p38a in IEC Increases Susceptibility to DSS-Induced Colitis and Immune Cell Infiltration

(A) DSS was administered in drinking water for 5 days, and body weight was recorded. Data are means ± SEM (n R 8). *p < 0.05.

(B) Representative H&E-stained colon sections from mice either untreated or treated with DSS for 5 days and analyzed at days 6 and 9. Scale bars, 100 mm.

(C and D) Quantification of DSS-induced epithelial damage (C) and immune cell infiltration (D) in H&E-stained colon sections. Data represent means ± SEM (n = 4).

*p < 0.05.

(E) Relative mRNA expression levels of inflammatory mediators in the distal colon of untreated and DSS-treated mice were determined by quantitative reverse

transcription PCR (qRT-PCR). Expression levels in untreatedWT and p38a-DIEC mice were the same andwere given the value of 1. Data are means ± SEM (n = 4).

*p < 0.05.

(F) IL-6 protein levels in blood serum and whole-colon lysates of DSS-treated mice. Data are means ± SEM (n = 5).

(G) Colon lysates were prepared from DSS-treated mice and were analyzed by western blotting (one mouse per lane) with the indicated antibodies.

See also Figure S2.
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Figure 3. Downregulation of p38a in IEC Results in Enhanced DSS-Induced Apoptosis and Compensatory Proliferation

(A) Representative TUNEL staining of colon sections after 3 days of treatment with 3% DSS. Quantification is shown in the histogram. Data represent means ±

SEM (n = 3). *p < 0.05.

(legend continued on next page)
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to reduce colon tumor burden but that this apparently has no

effect on tumor aggressiveness.

Next, we measured intestinal permeability and found that,

similar to p38a-DIEC mice, permeability was higher in untreated

p38a-DIEC-ERT2 mice than in WT mice, but we could detect no dif-

ferences in tumor permeability between WT and p38a-DIEC-ERT2

mice (Figure S6H; see also Supplemental Experimental Proce-

dures for tumor permeability calculation). In agreement with the

permeability analysis, we found that p38a downregulation in

colon tumors did not affect expression of the tight junction

components ZO-1, ZO-2, Claudin-1, Occludin, and JAM-C

(Figures S6I and S6J). Taken together, these results indicate

that the reduced tumor burden observed in p38a-DIEC-ERT2

mice is unlikely to be associated with enhanced tumor

(B) Colon epithelial cells were obtained from untreated or DSS-treated mice, and samples were analyzed by western blotting (one mouse per lane) with the

indicated antibodies. The histogram shows the quantification of Bak expression. Data represent means ± SEM (n = 3). *p < 0.05.

(C) Sections from the distal colon of mice treated with 2% DSS for 5 days were stained for Ki67 at days 6, 9, and 13. For day 6: the left panels show an area with

intact crypts; the right panels show an area with damage and crypt loss. Panels for days 9 and 13 show regenerating epithelia.

Scale bars, 50 mm.

A B

C D

Figure 4. DSS Alone Suffices to Induce Colon Tumors in p38a-DIEC Mice

(A) Schematic representation of the DSS protocol used to induce chronic colitis (top) and the summarized results (bottom).

(B) Representative images of H&E-stained colon sections at the end of the DSS treatment.

(C) Colon sections from mice treated with three cycles of DSS were stained for F4/80 to detect macrophages.

(D) Relative mRNA expression levels of the indicated genes in mouse colons were determined by qRT-PCR. Data are means ± SEM (n = 4). *p < 0.05.

Scale bars, 50 mm.

See also Figure S3.
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permeability and the alteration of tight junctions on p38a

downregulation.

Downregulation of p38a Reduces Proliferation and
Increases Apoptosis in Colon Tumor Cells
To investigate themolecular basis for the reduced tumorigenesis

in p38a-DIEC-ERT2 mice, we analyzed the levels of cell prolifera-

tion and apoptosis. We found significantly reduced cell prolifer-

ation but increased apoptosis in the tumors from p38a-DIEC-ERT2

mice compared to WT mice (Figure 7A). In agreement with the

known importance of the cytokines IL-6 and IL-11 and the che-

mokines CXCL-1 and CXCL-2 for colon tumorigenesis (Grivenni-

kov et al., 2009; Jamieson et al., 2012; Katoh et al., 2013;

Putoczki et al., 2013), we found that IL-6, IL-11, CXCL-1, and

CXCL-2 were all significantly downregulated in the colon tumors

from p38a-DIEC-ERT2 mice (Figure 7B). Both CXCL-1 and CXCL-2

attract cells expressing the CXCR2 receptor, mostly neutrophils

and myeloid-derived suppressor cells that are positive for mye-

loperoxidase (MPO) staining and contribute to inflammation-

driven tumorigenesis (Jamieson et al., 2012; Katoh et al.,

2013). Reduced expression of CXCL-1 and CXCL-2 correlated

with fewer MPO+ cells in p38a-deficient tumors (Figure S6K).

However, macrophage infiltration was not affected by downre-

gulation of p38a in tumor cells (Figure 7C). We also found that

p38a downregulation in colon tumors resulted in enhanced

levels of phosphorylated JNK and reduced levels of phosphory-

lated STAT3, whereas the prosurvival pathways ERK1/2 and Akt

were not affected (Figure 7D). Moreover, expression of the anti-

apoptotic protein Mcl-1 was reduced in the p38a downregulated

colon tumors, which may contribute to the enhanced apoptosis

observed in p38a-DIEC-ERT2 mice (Figure 7E). These results

support an important role for p38a in colon tumor maintenance

by promoting proliferation and inhibiting apoptosis of the tumor

cells.

Chemical Inhibition of p38a Reduces Colon Tumor
Burden in Mice
The aforementioned findings were confirmed using PH797804,

a chemical compound that potently inhibits p38a and is being

used in clinical trials for inflammatory diseases (Goldstein

et al., 2010). Colon tumors were induced using the AOM/DSS

protocol, and then mice were separated in two groups that

received either PH797804 or vehicle for 12 days (Figure 8A).

We found that mice treated with the p38a inhibitor had a signif-

icantly reduced colon tumor load, reflecting both fewer tumors

and smaller sizes compared to vehicle-treated mice (Figure 8B).

IHC analysis confirmed the inhibition of colon tumorigenesis

by administration of PH797804, which also reduced p38 MAPK

signaling in the colon tumors and in adjacent normal epithelia

(Figures 8C and 8D). These results extend our genetic analysis,

indicating a protumorigenic role for p38a signaling in colon tumor

cells. Moreover, incubation of Caco-2 and SW-620 human colon

cancer cell lines with three different p38 MAPK chemical inhibi-

tors resulted in enhanced apoptosis (Figure 8E), which corre-

lated with increased levels of phosphorylated JNK (Figure 8E),

as observed on p38a downregulation in mouse colon tumors.

Collectively, our results indicate that p38a signaling plays a

dual role during colorectal tumorigenesis, suppressing the initial

stages that lead to IEC transformation but contributing to tumor

maintenance (Figure 8F).

DISCUSSION

In this study, we show that p38a suppresses colitis-associated

colon tumor initiation by regulating the epithelial barrier function,

which protects against epithelial damage and inflammation.

However, once colon tumors are formed, p38a facilitates tumor-

igenesis by promoting proliferation and inhibiting apoptosis of

the transformed epithelial cells.

In agreement with previous evidence for the tumor suppressor

role of p38a in mouse models of lung and liver cancer (Hui et al.,

2007; Ventura et al., 2007), we show that p38a downregulation

in IEC enhances CAC. The AOM/DSS protocol is highly depen-

dent on DSS, which induces epithelial apoptosis and inflamma-

tion. For example, downregulation of NEMO (NF-kB essential

modulator) or STAT3 in IEC results in chronic colitis due to exces-

sive IEC apoptosis (Bollrath et al., 2009; Nenci et al., 2007).

Similarly, we show that p38a-deficient IEC undergo extensive

apoptosis onDSS exposure, which correlateswith the accumula-

tion of the proapoptotic protein Bak. It has been proposed, in a

different context, that negative regulation of Bak expression

by p38a attenuates ionizing radiation-induced cell death (Kim

et al., 2008b). The increased apoptosis observed in DSS-treated

p38a-DIEC mice extends a recent report showing more epithelial

damage in p38a-deficient than in WT mice treated with DSS

(Otsuka et al., 2010). In addition, we have found enhanced DSS-

induced inflammatory cell infiltration in p38a-DIEC mice. Different

DSS treatment conditions might account for the discrepancies.

DSS-treated p38a-DIEC mice produce increased levels of IL-6,

a critical cytokine for colorectal tumorigenesis that regulates IEC

Figure 5. Downregulation of p38a in IEC Affects Intestinal Homeostasis and Paracellular Permeability

(A) Quantification of proliferating Ki67+ cells, PAS+ goblet cells, and ChgA+ enteroendocrine cells. Data are means ± SEM (n = 4). *p < 0.05.

(B) Intestinal permeability was measured by determining the concentration of FITC-dextran in blood serum. Data are means ± SEM (n = 4). *p < 0.05.

(C) Representative electronmicroscope images showing tight junctions in colon epithelia. Scale bars, 50 nm. At least 25 tight junctions were analyzed. Histogram

shows the quantification of the number of kissing points per tight junction. Data are means ± SEM. *p < 0.05.

(D) Colon lysates were analyzed by western blotting (one mouse per lane) with the indicated antibodies.

(E) Mice were treated with PBS or probiotic mixture VSL#3 for 1 week, and intestinal permeability was determined as in (B). Data are means ± SEM (n R 3).

*p < 0.05.

(F) Mice were treated as in (E) and then with 3% DSS for 3 days. TUNEL+ apoptotic cells were quantified. Data are means ± SEM (n = 3). *p < 0.05.

(G) Mice were treated as in (E) and then with 2% DSS for 5 days. Body weights were recorded before starting the DSS treatment and at day 6. Data are means ±

SEM (n R 4). *p < 0.05.

(H) Mice were treated as in (G) and killed at day 6. Colon sections were stained with H&E and histologically analyzed. Scale bars, 50 mm. The histogram shows

quantification of the epithelial damage. Data are means ± SEM (n R 3). *p < 0.05.

See also Figure S4.
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Figure 6. Downregulation of p38a in Colon Tumor Cells Reduces Tumor Burden

(A) Schematic representation of the protocol used to downregulate p38a in AOM/DSS-induced colon tumors.

(B) Colon tumorswere analyzed bywestern blotting (onemouse per lane). Quantification is shown in the right panel. Data representmeans ±SEM (n = 6). *p < 0.05.

(C) Representative images of colon tumors.

(D) Average tumor number, size, load, and tumor size distribution in initial tumors (day 65) and 20 days after the last 4-OHT injection (day 90). Data represent

means ± SEM (n = 4 for initial tumors and n = 8 for WT and p38a-DIEC-ERT2). *p < 0.05.

(E) Colon tumor sections were stained with H&E and classified into low or high grade based on histological analysis (n = 8).

See also Figure S5.
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Figure 7. Downregulation of p38a Reduces Proliferation and Increases Apoptosis in Colon Tumor Cells

(A) Colon tumor sections were stained with the indicated antibodies. Scale bars, 50 mm. Quantifications are shown in the right panels. Data represent means ±

SEM (n = 8). *p < 0.05.

(B) Relative mRNA expression levels for the indicated genes were determined by qRT-PCR. Data are means ± SEM (n = 4). *p < 0.05.

(legend continued on next page)
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survival and proliferation and whose protumorigenic functions

relay on the activation of the transcription factor STAT3 (Becker

et al., 2004; Bollrath et al., 2009; Grivennikov et al., 2009). Sus-

tained activation of the NF-kB pathway also contributes to tumor

development by inducing expression of inflammatory mediators

and growth factors (Greten et al., 2004). Consistent with these

results, the STAT3 and NF-kB pathways are both upregulated

in p38a-DIEC mice after DSS-induced colitis. Enhanced damage

and the inflammation-associated release of cytokines probably

contribute to the hyperproliferation of IEC in p38a-DIEC mice on

repetitive DSS-induced epithelial injury.

Our results demonstrate the importance of p38a signaling in

intestinal homeostasis and integrity of the colon epithelia. Of

particular importance is the reduced number of mucus-produc-

ing goblet cells, which we and others (Otsuka et al., 2010) have

observed in p38a-DIEC mice. Mucins produced by goblet cells

form a protective mucous layer, which serves as a first barrier

to pathogens or chemical injury (Rescigno, 2011). Accordingly,

Muc2 knockout mice spontaneously develop colitis and intesti-

nal tumors, but with a very low incidence (1.5 tumors per mouse

at 1 year of age) (Van der Sluis et al., 2006; Velcich et al., 2002).

However, Muc2+/� mice do not develop spontaneous colitis

but are more sensitive to DSS-induced colitis (Van der Sluis

et al., 2006). Similarly, the decreased expression of MUC2 in

p38a-DIEC mice is not sufficient to induce spontaneous colitis

or tumors but is likely to facilitate DSS-induced colitis and colon

tumor formation as in Muc2+/� mice.

The importance of intestinal epithelial integrity is emphasized

by the altered paracellular permeability and tight junction func-

tions observed in IBD patients (Schmitz et al., 1999; Westbrook

et al., 2010). Moreover, it has been recently reported that colon

tumors have defective epithelial barrier function, which has

been associated with upregulation of IL-23 and IL-17 (Grivenni-

kov et al., 2012). Mice lacking the tight junction protein JAM-A

also show increased intestinal permeability and are more sus-

ceptible toDSS-induced colitis (Laukoetter et al., 2007). Downre-

gulation of p38a in IEC affects epithelial barrier function, which

does not correlate with IL-23 and IL-17 upregulation but with

reduced expression of ZO-1, an important regulator of tight junc-

tion assembly. The probiotic mix VSL#3 can improve defective

barrier function in a model of acute DSS-induced colitis (Menni-

gen et al., 2009). Experiments with VSL#3 support an important

role for p38a in the regulation of intestinal barrier integrity, which

protects against colitis-induced epithelial damage and the initia-

tion of colon tumorigenesis. However, probiotics can alsomodify

the gut microbiota, which might provide further beneficial effects

by restoration ofmicrobial communities andsuppression of path-

ogens and immunomodulation (Preidis and Versalovic, 2009).

In contrast to the in vivo tumor suppressor function of p38a

during the onset of several types of cancer, p38amight facilitate

cancer cell proliferation and survival in established human cell

lines and in some mouse models (reviewed by Wagner and

Nebreda, 2009). These studies are mainly based on the use of

SB203580 and SB202190, two chemical inhibitors that are

known to have off-target effects (Fabian et al., 2005). For

example, the induction of autophagy by SB202190 in colorectal

cancer cells (Chiacchiera et al., 2009; Comes et al., 2007) has

been ascribed to nonspecific effects rather than to the inhibition

of p38a signaling (Menon et al., 2011). Here, we provide genetic

and pharmacological evidence supporting the implication of

p38a in colon tumor maintenance.

The defective barrier function of colon tumors results in

increased permeability, which contributes to tumorigenesis by

facilitating an enhanced inflammatory response and can also

enable invasiveness by reducing adhesion of tumor epithelial

cells (Grivennikov et al., 2012; Schwitalla et al., 2013). Given

the role of p38a in normal epithelial barrier function, p38a down-

regulation could further enhance tumor permeability, which

should promote tumorigenesis. However, our results show that

p38a does not regulate tumor permeability, which is severely

affected in colon tumors compared with normal intestine. More-

over, the downregulation of p38a reduces tumor burden without

increasing tumor invasiveness, suggesting that p38a is unlikely

to regulate the barrier function in tumors.

Previous studies showed that STAT3 is an important regulator

of colon tumor cell survival and proliferation (Bollrath et al.,

2009; Grivennikov et al., 2009), whose activation is strongly asso-

ciated with expression of IL-6 and IL-11. Inhibition of STAT3, IL-6,

or IL-11 greatly reduces tumorburden in inflammation-associated

colon cancer (Grivennikov et al., 2009; Putoczki et al., 2013). The

p38a pathway can control the production of proinflammatory

cytokines (Cuenda and Rousseau, 2007). We have shown that

expression of IL-6 and IL-11 is reduced in the tumors on p38a

downregulation,which also correlateswith reducedphosphoryla-

tion of STAT3. Autocrine mechanisms, such as the production of

theaforementionedcytokines, couldaccount for theobserved link

between p38a activity and STAT3 phosphorylation, although we

cannot ruleout thatp38amight also regulate intracellular signaling

pathways leading to STAT3 phosphorylation in tumor cells.

Inactivation of p38a in colon tumors induces significant

apoptosis, which correlates with reduced expression of the anti-

apoptotic protein Mcl-1 and increased phosphorylation of JNK.

It is interesting that p38a can negatively regulate JNK signaling

by several mechanisms (Wagner and Nebreda, 2009), and

sustained activation of JNK has been linked to the induction

of apoptosis (Ventura et al., 2006). Moreover, JNK has been

reported to mediate phosphorylation and degradation of Mcl-1

(Morel et al., 2009). Altogether, it seems likely that activation

of JNK signaling together with reduced expression of Mcl-1

contribute to the increased apoptosis observed in colon tumors

on p38a downregulation.

The reappearance of p38a-expressing tumors at 45 days after

4-OHT administration suggests that Villin-CreERT2 induction

does not delete p38a in all transformed epithelial cells and that

the WT escapers eventually repopulate the tumors (Figure 8F).

Thus p38a-deficient tumor cells are at a selective disadvantage

and are outcompeted byWT tumor cells, which is consistent with

the increased apoptosis and reduced proliferation observed in

(C) Colon tumor sections were stained with F4/80 to detect macrophages. Scale bars, 100 mm. Quantifications are shown in the right panels. Data represent

means ± SEM (n = 3).

(D and E) Colon tumor lysates were analyzed by western blotting (one mouse per lane) with the indicated antibodies.

See also Figure S6.
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tumors on p38a downregulation. It is possible that the inducible

Villin-CreERT2 might not be so effective in cancer intestinal stem

cells. However, Villin-CreERT2 has been shown to be active in all

IEC, including putative progenitor cells in the crypts (el Marjou

et al., 2004), as well as during APC (adenomatous polyposis

coli)-induced polyp formation (Sonoshita et al., 2011). Moreover,

global gene expression analysis has shown that normal intestinal

stem cells are very similar to the cancer stem cells (Merlos-

Suárez et al., 2011). It is, therefore, likely that Villin-CreERT2

works in normal intestinal stem cells as well as in all compart-

ments of the intestinal epithelia during cell transformation and

adenoma progression. In any case, it seems that p38a promotes

viability of the majority of colon tumor cells, based on the sub-

stantially impaired colon tumor growth observed on downregula-

tion or inhibition of p38a, and the observation that colon tumors

do not regrow when p38a downregulation is maintained.

Our results also provide an example of a nononcogenic addic-

tive pathway that is important for tumor maintenance (Luo et al.,

2009). The requirement of p38a for colon cancer cell survival and

proliferation does not imply that the pathway should be neces-

sarily upregulated in colon tumor cells. Nevertheless, enhanced

levels of phosphorylated p38 MAPK have been detected in

human colon tumor samples, both in cancer cells and in stromal

cells (Hardwick et al., 2001; Paillas et al., 2011).

In summary, we describe a dual role of p38a signaling in colon

tumorigenesis, suppressing inflammation-associated colon tu-

mor initiation but contributing to tumor maintenance (Figure 8F).

It hasbeen reported that thep38apathwaycanplaydifferent roles

during skin tumorigenesis in epithelial or endothelial cells (Yoshi-

zukaet al., 2012).Our in vivo experiments indicate that p38a func-

tions as tumor suppressor or promoter in normal and transformed

IEC, respectively. It remains to be determined howp38a signaling

in other cell types contributes to colorectal tumorigenesis.

EXPERIMENTAL PROCEDURES

Mice

p38a-DIECmiceandp38a-DIEC-ERT2miceweregeneratedbycrossingp38alox/lox

mice (Ventura et al., 2007) with Villin-Cre and Villin-CreERT2 mice (el Marjou

et al., 2004), respectively. The Villin-Cre mice were mostly in C57BL/6 back-

ground, while Villin-CreERT2 mice were of mixed C57BL/6-129v background.

Littermate controls were used in all experiments. Mice were housed according

to national and European Union regulations, and protocols were approved by

the animal care and use committee of the Barcelona Science Park.

Induction of Colitis and CAC

To induce colorectal tumors, we used a combination of the carcinogen AOM

with repeated administration of DSS in the drinking water, which causes colitis

(Neufert et al., 2007). Mice (8–10weeks old) were injected intraperitoneally with

a single dose of AOM (10 mg/kg; Sigma, #A2853). After 5 days, 2% DSS

(molecular weight, 36–50 kDa; MP Biomedicals, #160110) was given in the

drinking water for 5 days, followed by 14 days of regular drinking water. The

DSS treatment was repeated for two additional cycles, and mice were sacri-

ficed 100 days after the AOM injection, except when indicated otherwise.

For short-term colitis and inflammation studies, mice were given 2% DSS for

5 days and sacrificed at the indicated time points. Body weights were

recorded during DSS treatment. Colons were removed from mice, flushed

with cold PBS, opened longitudinally, fixed as ‘‘swiss-rolls’’ in 10% formalin

solution (Sigma, #HT-501128) at room temperature overnight, and paraffin

embedded. Before fixing the colons, size measurements were performed

using a digital caliper in a blinded fashion.

Histopathological Analysis

Paraffin-embedded colon sections were stained with hematoxylin and eosin

(H&E) and analyzed by pathologists in blinded fashion for tumor grades,

epithelial damage, and inflammation using the scoring systems described in

the Supplemental Information.

IHC

For IHC, colon sections were stained with the antibodies indicated in the Sup-

plemental Information. Signals were visualized with 3,3-diaminobenzidine, us-

ing hematoxylin as a counterstain. PAS reagentwas used to detect goblet cells.

TUNEL Assay

Apoptosis was detected in paraffin-embedded colon samples using the Fluo-

rescein In Situ Cell Death Detection Kit (Roche) according to the manufac-

turer’s instructions. Images were taken with a Nikon E800 upright microscope

using appropriate fluorescence filters.

Analysis of Intestinal Permeability in Mice

To determine in vivo intestinal permeability, mice were starved overnight,

and then FITC-dextran (Sigma #FD4) was administered by oral gavage

(44 mg/100 g body weight). After 4 hr, mice were anesthetized, blood was

collected by cardiac puncture, andmice were sacrificed. Serumwas separated

fromwholebloodusingBDMicrotainerSSTTubes (BD#365968), dilutedwithan

equal volumeofPBS (pH7.4), and100ml ofdilutedserumwasadded toa96-well

microplate. The concentration of FITC in serumwasdeterminedby spectropho-

tofluorometry (BioTek),withanexcitationof 485nmandanemissionwavelength

of 528 nm, using serially diluted FITC-dextran as standard. Tumor permeability

was calculated as described in the Supplemental Information.

Probiotic Treatment

Probiotic mixture VSL#3 (15 mg, Grifols) was dissolved in PBS (200 ml) and

administered daily by oral gavage. Control mice were administered PBS.

Statistical Methods

Data are presented as means ± SEM. Statistical significance was determined

by Student’s t test using GraphPad Prism 4 software. p values less than 0.05

were considered statistically significant.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and six figures and can be found with this article online at http://dx.doi.org/

10.1016/j.ccr.2014.02.019.

Figure 8. Chemical Inhibition of p38a Reduces Colon Tumor Burden

(A) Schematic representation of the protocol used to induce colorectal tumors in C57BL/6 mice and for administration of the p38a inhibitor PH797804.

(B) Average tumor number, size, and load at the end of the AOM/DSS protocol. Data are means ± SEM (n = 7). *p < 0.05.

(C) Representative images of colon sections stained with H&E or the phospho-p38 MAPK antibody at the end of the AOM/DSS protocol. Scale bars, 100 mm for

phospho-p38.

(D) Colon lysates were analyzed by western blotting (one mouse per lane) with the indicated antibodies.

(E) Human colon cancer cell lines were treated with the p38 MAPK inhibitors SB203580 (SB, 10 mM), PH797804 (PH, 1 mM) or Birb0796 (Birb, 200 nM) for 4 days,

and cell lysates were then analyzed by western blotting with the indicated antibodies.

(F) In normal colon epithelial cells, p38amaintains intestinal homeostasis and barrier function to suppress colitis-associated tumor initiation. On the other hand,

p38a contributes to colon tumor development by supporting proliferation and inhibiting apoptosis of transformed epithelial cells. Tumor cells deficient in p38a

appear to be at a selective disadvantage compared with WT cells.
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SUMMARY

Cancer-secreted microRNAs (miRNAs) are emerging mediators of cancer-host crosstalk. Here we show that
miR-105, which is characteristically expressed and secreted by metastatic breast cancer cells, is a potent
regulator of migration through targeting the tight junction protein ZO-1. In endothelial monolayers, exo-
some-mediated transfer of cancer-secreted miR-105 efficiently destroys tight junctions and the integrity of
these natural barriers against metastasis. Overexpression of miR-105 in nonmetastatic cancer cells induces
metastasis and vascular permeability in distant organs, whereas inhibition of miR-105 in highly metastatic
tumors alleviates these effects. miR-105 can be detected in the circulation at the premetastatic stage, and
its levels in the blood and tumor are associated with ZO-1 expression and metastatic progression in early-
stage breast cancer.

INTRODUCTION

Metastasis is the leading cause of mortality in cancer patients.

Nearly 50% of breast cancer (BC) patients treated with chemo-

therapeutic and/or hormonal agents develop distant metastatic

disease (Nicolini et al., 2006; Rubens, 2001); these patients

face a 5-year survival rate of only �20% (Yardley, 2010). There-

fore, there is a great and urgent need to develop predictive or

Significance

In this study, we set out to identify cancer-secreted miRNAs that participate in cancer metastasis by adapting the niche
cells. Our results demonstrate an important role of miR-105 in destroying the vascular endothelial barriers in the host during
early premetastatic niche formation by targeting the cellular tight junctions. In breast cancer patients, increased levels of
miR-105 in the circulation can be detected at the premetastatic stage and correlate with the occurrence of metastasis.
Anti-miR-105 treatment suppresses metastasis and abolishes the systemic effect of tumor-derivedmiR-105 on niche adap-
tation. Therefore, these observations strongly suggest clinical applications of miR-105 as a predictive or early diagnostic
blood-borne marker as well as a therapeutic target for breast cancer metastasis.
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early diagnostic markers for metastasis and to elucidate the

molecular mechanisms of metastasis that would allow the

development of efficient treatment options. In the ‘‘seed and

soil’’ hypothesis for metastasis (Paget, 1889), migratory tumor

cells leave the primary tumor through intravasation, dissemi-

nate throughout the body via the circulation, and eventually

engraft in a distant organ that provides an appropriate microen-

vironment. These consecutive steps require close interplay

between cancer cells and their microenvironment. Among the

multiple factors underlying metastasis, the adaptation of the

primary tumor microenvironment and premetastatic or meta-

static niches by cancer to facilitate cancer cell dissemination

and distant engraftment plays an important prometastatic role

that is starting to be recognized (Chambers et al., 2002; Kaplan

et al., 2005; Podsypanina et al., 2008; Psaila and Lyden, 2009;

Sethi and Kang, 2011). The recent discovery of microRNAs

(miRNAs) and their extracellular presence suggest a potential

role of these regulatory molecules in defining the metastatic

potential of cancer cells and mediating the cancer-host

communication.

miRNAs are small noncoding RNAs that base-pair with the 30

untranslated regions (UTRs) of protein-encoding mRNAs, result-

ing in mRNA destabilization and/or translational inhibition. The

biogenesis of miRNAs is tightly controlled, and dysregulation

of miRNAs is linked to cancer (Calin and Croce, 2006; Iorio

et al., 2005). miRNAs are also present extracellularly, either

through binding to protein or lipid carriers (Arroyo et al., 2011;

Turchinovich et al., 2011; Vickers and Remaley, 2012) or as a

major RNA component of exosomes (Redis et al., 2012; Valadi

et al., 2007). Exosomes are small (30–100 nm) membrane-

encapsulated vesicles that are released into the extracellular

environment by many cell types, including cancer cells (Skog

et al., 2008; Valadi et al., 2007; Yuan et al., 2009). Exosomal

RNAs are heterogeneous in size but enriched in small RNAs,

such as miRNAs. Cancer-secreted exosomes and miRNAs

can be internalized by other cell types in the primary tumor

microenvironment and premetastatic or metastatic niches

(Hood et al., 2011; Peinado et al., 2012; Skog et al., 2008;

Yuan et al., 2009; Zhang et al., 2010; Zhuang et al., 2012).

miRNAs loaded in these exosomes, which to a certain extent

reflect the dysregulated miRNA profile in cancer cells, can

thus be transferred to recipient niche cells to exert genome-

wide regulation of gene expression. In addition, cancer-derived

exosomal miRNAs may bind as ligands to Toll-like receptors in

surrounding immune cells (Fabbri et al., 2012). Therefore, can-

cer-secreted miRNAs may play a crucial role in regulating

various cellular components of the tumor microenvironment in

order to facilitate metastasis.

Cancer-derived miRNAs have been detected in the blood of

cancer patients, and their levels distinguish cancer patients

from healthy controls (Mitchell et al., 2008; Taylor and Gercel-

Taylor, 2008). Previous studies by us and by other groups have

identified circulating miRNAs associated with the histopatholog-

ical features of breast tumors and clinical outcomes in BC

patients (Heneghan et al., 2010; Jung et al., 2012; Roth et al.,

2010; Wu et al., 2012; Zhu et al., 2009). Some of these miRNAs

may play a role in the metastatic process. The goal of this study

was to identify cancer-secreted miRNAs that participate in

cancer metastasis by adapting the niche cells.

RESULTS

Metastatic BC-Secreted Exosomal RNA Regulates
the Migration of Endothelial Cells
We chose the MDA-MB-231 metastatic BC (MBC) line and the

MCF-10A noncancerous mammary epithelial line as models for

studying cancer-secreted exosomes and miRNAs. Exosomes

purified from conditioned media by ultracentrifugation exhibited

typical cup-shaped morphology by electron microscopy and a

size range of 30 to 100 nm (Figure 1A).We focused on endothelial

cells in this study for their critical barrier function during

metastasis. When exosomes labeled with the fluorescent

dye1,10-dioctadecyl-3,3,30,30-tetramethylindocarbocyanineper-

chlorate (DiI) were incubated with primary human microvascular

endothelial cells (HMVECs), the recipient cells exhibited high up-

take efficiency, as indicated by fluorescence microscopy (Fig-

ure 1B) and flow cytometry (Figure 1C), without a significant

difference between MCF-10A- and MDA-MB-231-derived exo-

somes. After a 24 hr incubation with labeled exosomes, >90%

of recipient cells were positive for DiI fluorescence (Figure 1C).

Among a series of cellular analyses in exosome-treated

HMVECs, we found that the transwell migration of endothelial

cells was significantly stimulated by MDA-MB-231-secreted,

but not MCF-10A-secreted, exosomes (Figure 1D). Transfection

of total or small RNA extracted from MDA-MB-231 exosomes,

but not that from the MCF-10A exosomes, recapitulated the

migration-inducing effect (Figure 1E), thereby indicating that

the unique small RNA content of MDA-MB-231 exosomes func-

tions as a migratory regulator in endothelial cells.

miR-105 Is Specifically Expressed and Secreted byMBC
Cells and Can Be Transferred to Endothelial Cells via
Exosome Secretion
To identify the exosome-associated small RNA(s) that induce

migration, we selected and profiled all small RNAs in the exo-

somes by Solexa (Illumina) deep sequencing. Exosomes from

MDA-MB-231 and MCF-10A cells exhibited similar small RNA

composition (Figure S1A available online). We focused on

miRNAs that are known for their gene-regulatory function, iden-

tifying a list of miRNAs differentially secreted between the two

lines (Table S1). Among these, some showed the correspond-

ing up- or downregulation in the cells and the exosomes,

whereas others exhibited opposite changes between the exo-

somal and cellular compartments, which may suggest cell-

type-specific mechanisms for highly selective enrichment or

exclusion of the miRNA in exosome-mediated secretion. We

further focused on miR-105 that was predicted by multiple

algorithms (TargetScan, miRDB, and PicTar) to target TJP1

(tight junction [TJ] protein 1; also known as zonula occludens

1 [ZO-1]), a migration-related gene. The secretion of mature

miR-105 was highly specific to MDA-MB-231, and its expres-

sion was significantly higher in these cells compared with

MCF-10A (Figures 2A and 2B; Table S1). Although the primary

(pri-) and precursor (pre-) miR-105 also exhibited higher intra-

cellular levels in MDA-MB-231, these forms were not detect-

able in exosomes (Figures S1B and S1C). Among a panel of

BC lines, the expression and secretion of miR-105 were spe-

cific to highly metastatic cells originally isolated from pleural

effusion (Figures 2A and 2B).
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To confirm that MBC-secreted miR-105 can be transferred

to endothelial cells via exosomes, we measured the miR-105

levels in HMVECs treated with exosomes derived from MCF-

10A or MDA-MB-231 cells. An increase of the cellular level

of mature miR-105, but not pri- or pre-miR-105, was observed

in recipient HMVECs following the treatment with MBC-origi-

nated exosomes with kinetics starting at 4 hr and peaking at

24 hr (Figures 2C and 2D), similar to that observed for exo-

some uptake (Figure 1C). We conclude that this increase of

miR-105 reflects the exosome-mediated miRNA transfer but

not an induction of miR-105’s endogenous expression in the

recipient cells, as its level in exosome-treated cells was not

significantly affected by an RNA polymerase II inhibitor (Fig-

ure 2E). When we treated HMVECs with PKH67 (Sigma-

Aldrich)-labeled exosomes secreted by MDA-MB-231 cells

that were transfected with Cy3-labeled miR-105, the Cy3 fluo-

rescence was observed in >90% of recipient cells, in which it

largely colocalized with the PKH67 lipid dye that labeled the

exosomal membranes (Figure S1D). In contrast, no internaliza-

tion of naked Cy3-labeled miR-105 was observed in HMVECs

(Figure S1D).

Cancer-Secreted miR-105 Downregulates Tight
Junctions and Destroys the Barrier Function
of Endothelial Monolayers
We next examined the miR-105 regulation of the putative target

ZO-1, a central molecular component of TJs, which comprise a

major group of cell-cell adhesion complexes in endothelial and

epithelial cells. The four predicted miR-105 binding sites in the

30UTR of human ZO-1 were cloned into a reporter plasmid and

assessed for their responsiveness to miR-105 in HMVECs.

Site I and site II, which are conserved among most species, re-

sponded to retrovirus-expressed miR-105 by directing a 50%

to 65% reduction in reporter gene expression, whereas the other

two sites did not. When both sites I and II were present down-

stream of reporter gene, a greater reduction in gene expression

was observed (Figure S2A).

Consistent with the results from the reporter assay, ectopic

expression of miR-105, or treatment with exosomes derived

from theMDA-MB-231 (high-miR-105) but not theMCF-10A cells

(low-miR-105), resulted in a significant decrease of ZO-1 expres-

sion at both themRNA and protein levels in HMVECs (Figures 3A–

3C). The effect of MDA-MB-231 exosomes could be abolished

Figure 1. MBC-Secreted Exosomal RNA Regulates Migration of Endothelial Cells

(A) EM images of exosomes secreted by MCF-10A and MDA-MB-231 cells.

(B) Primary HMVECs were incubated with DiI-labeled exosomes (red) for 24 hr before fluorescent and phase contrast images were captured.

(C) HMVECs incubated with DiI-labeled exosomes for indicated time were analyzed by flow cytometry for DiI uptake.

(D) After 48 hr incubation with exosomes or PBS (as control), HMVECs were analyzed for transwell migration, and cells that had migrated within 8 hr were

quantified from triplicate wells.

(E) HMVECs transfected with equal amount of total or small (<200 nt) RNA extracted fromMCF-10A or MDA-MB-231 (abbreviated as MDA-231 or 231 in figures)

secreted exosomes, or control RNA (cel-miR-67), were subjected to transwell migration at 48 hr after transfection.

*p < 0.005 compared with control group. Results are presented as mean ± SD.
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by transfecting the recipient cells with miR-105 inhibitor (Figures

3B and 3C). It was unlikely to require additional exosomal compo-

nents that are unique to MDA-MB-231, as exosomes secreted by

MCF-10Acells stably overexpressing and secretingmiR-105 (Fig-

ure S2B) and by other high-miR-105 BC cells but not by low-miR-

105 BC cells (Figures 2A and 2B) also downregulated ZO-1

expression in recipient HMVECs (Figure 3C; Figure S2C). When

HMVEC monolayers were analyzed by immunofluorescence,

those treated with high-miR-105 exosomes (secreted by MCF-

10A/miR-105 and MDA-MB-231) exhibited marked reduction of

ZO-1 and internalization of another TJ protein occludin from cell

junctions,whereas the junctional level of vascular endothelial cad-

herin (VE-cadherin) was not significantly affected (Figure 3D).

We next performed an in vitro permeability assay by

measuring the traversing of rhodamine-labeled dextran (relative

molecular mass 70,000) probes through HMVEC monolayers

growing on 0.4-mm filters. Similar to the effect induced by

vascular endothelial growth factor (VEGF), treatment of the

endothelial barrier with MDA-MB-231 exosomes also induced

passage of the fluorescent probes from the top to the bottom

wells in a manner that was dependent on functional miR-105

and downregulation of ZO-1 (Figure 3E). When the transendo-

thelial electrical resistance was measured in HMVEC mono-

layers, treatment with MDA-MB-231 exosomes significantly

reduced the unit area resistance compared with PBS or MCF-

10A exosome treatment. Inhibition of miR-105 and restored

Figure 2. miR-105 Is Specifically Expressed and Secreted by MBC Cells and Can Be Transferred to Endothelial Cells via Exosome Secretion

(A and B) Cellular (A) and exosomal (B) RNAwas extracted from various breast cell lines and subjected tomiR-105 RT-qPCR. Data were normalized to levels of U6

(cellular; A) or miR-16 (exosomal; B) and compared with the nontumor line MCF-10A. MBC lines originally isolated from pleural effusion (PE) are indicated by red

columns.

(C) RNA was extracted from HMVECs incubated with exosomes of different origins for indicated time and analyzed for miR-105 level using U6 as internal control.

At each time point, data were compared with PBS-treated cells.

(D) RNA extracted from HMVECs incubated with exosomes of different origins for 24 hr (or PBS as control) was analyzed for the level of pri-miR-105 or pre-miR-

105.

(E) MDA-MB-231-secreted exosomes were fed to HMVECs in the presence or absence of 5,6-dichloro-1-b-D-ribofuranosylbenzimidazole (20 mM). After 24 hr,

RNA extracted from the recipient cells was analyzed for miR-105 level.

*p < 0.005 compared with PBS treatment. Results are presented as mean ± SD (see also Figure S1 and Table S1). P.Br, primary breast.
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expression of ZO-1 in recipient HMVECs both abolished the

effect of MBC-derived exosomes (Figure 3F). The effect of

miR-105-containing exosomes on vascular destruction was

further tested in a 3D vascular sprouting assay. In this system,

endothelial cells formed vascular sprouts after 4 to 5 days in cul-

ture. At this time, purified exosomes fromMCF-10A/vec (control)

or MCF-10A/miR-105 cells were added into the culture media,

and the effects on already established vascular structures

were analyzed 5 days later. We observed a clear and significant

destruction of vascular structures with the treatment of miR-105-

containing exosomes (from MCF-10A/miR-105) compared with

the control (Figure 3G). Consistent with these results, ectopic

expression of miR-105 or treatment with MBC exosomes signif-

icantly induced migration in HMVECs through the miR-105/ZO-

1-mediated mechanism (Figure 3H). Last, to directly simulate

the barrier-traversing step in metastasis, transendothelial inva-

sion of cancer cells was examined using HMVEC monolayers

grown on 3-mm filters. The number of GFP-labeled MDA-231-

HM cells that had invaded through HMVECs treated with MDA-

MB-231 exosomes was significantly greater compared with

those that had invaded through untreated or MCF-10A exo-

some-treated HMVECs, and both miR-105 inhibition and ZO-1

restoration in recipient cells interfered with this effect (Figure 3I).

Cancer-Secreted miR-105 Induces Vascular
Permeability and Promotes Metastasis In Vivo
To further demonstrate the in vivo effect of exosomal miR-105 on

endothelial barriers, we injected exosomes secreted by MCF-

10A/vec (low-miR-105), MCF-10A/miR-105 (high-miR-105), or

MDA-MB-231 cells (high-miR-105), or PBS as control, into the

tail veins of NOD/SCID/IL2Rg null (NSG) mice and examined

the lung and brain, organs that frequently host BC metastases,

after exosome treatment. The results indicated that exosomes

with high-miR-105, but not those with low-miR-105, significantly

increased miR-105 levels in lung and brain (Figure 4A), accom-

panied by reduced ZO-1 expression in endothelial cells positive

for cluster of differentiation 31 (CD31) (Figure 4B) and enhanced

vascular permeability (Figure 4C; Figure S3). In another experi-

ment, mice were pretreated with exosomes secreted by MCF-

10A or MDA-MB-231 cells (or PBS as control) before an intracar-

diac injection of luciferase-labeled MDA-MB-231 cells. Three

weeks later, tissues were collected for reverse transcription

quantitative PCR (RT-qPCR) of luciferase gene using mouse

18S as internal control to quantify metastases. Consistent with

their effect on destroying the endothelial barriers, MDA-MB-

231 but not MCF-10A exosomes significantly increased metas-

tases in the lung and brain (Figure 4D).

miR-105 Overexpression in Poorly Metastatic BC Cells
Promotes Metastasis In Vivo
To determine if the miR-105 level in primary tumors regulates

endothelial barriers and metastasis, we stably overexpressed

miR-105 in an MCF-10A-derived tumorigenic line, MCFDCIS,

which forms lesions similar to comedo ductal carcinoma in situ

that spontaneously progress to invasive tumors (Hu et al.,

2008;Miller et al., 2000). Comparedwith vector-transduced con-

trol cells, the miR-105-overexpressing MCFDCIS cells also

secreted a higher level of miR-105 (Figure S4A) and showed

reduced ZO-1 protein expression and significantly enhanced

migration in transwell and wound closure assays (Figures S4B–

S4D). Restoration of ZO-1 using an overexpressing plasmid

that lacks the 30UTR abolished the promigratory effect of

miR-105. We next established orthotopic xenografts using lucif-

erase-labeled MCFDCIS cells with or without miR-105 overex-

pression. AlthoughmiR-105 did not seem to affect primary tumor

growth (Figures S4E and S4F), distant metastases were signifi-

cantly induced in the lung and brain in mice bearing miR-105-

overexpressing tumors at week 6 (Figures 5A and 5B). Histolog-

ical staining indicated that in contrast to the MCFDCIS/

vec tumors, which showed moderate local invasiveness,

MCFDCIS/miR-105 tumors displayed no clear margin and

extensively infiltrated into the surrounding tissues (Figure 5C).

In addition, the in vivo vascular permeability in the lung, liver,

and brain of mice bearing miR-105-overexpressing tumors was

dramatically increased compared with that in the control group

(Figure 5D; Figure S4H), whereas relatively high vascular perme-

ability was observed in the primary tumors of both groups (Fig-

ures S4G and S4H). In mice bearing miR-105-overexpressing

tumors, miR-105 was detected not only in primary tumors but

also in the metastasis-free areas of distant organs (Figure 5E).

Reduced level of ZO-1 was observed in the CD31+ vascular

endothelial cells in the lung and brain of mice with high-miR-

105 xenografts (Figure 5F). These results collectively suggest

that tumor cells expressing and consequently secreting higher

level of miR-105 acquire greater metastatic potential through

the dual advantages of enhanced tumor cell invasion and weak-

ened endothelial barriers in the host.

miR-105 Inhibition SuppressesMetastasis and Restores
Vascular Integrity In Vivo
To further explore the potential therapeutic effect of miR-105

intervention, we established xenografts from high-miR-105,

high-metastatic MDA-231-HMcells that were generated through

explant culture of a spontaneous meningeal metastasis of MDA-

MB-231. In vitro treatment of these cells with an anti-miR-105

compound increased ZO-1 expression and suppressed migra-

tion (Figures S5A and S5B), consistent with the effect of miR-

105 observed in other experiments. In vivo treatment with the

anti-miR-105 compound reduced the volume of primary tumors

and suppressed distant metastases to the lung and brain

compared with the groups receiving PBS or control compound

(Figures 6A–6C). Tumors treated with anti-miR-105 had clear

margins with significantly reduced tumor cell infiltration into the

surrounding tissues (Figure 6D). Although Ki-67 staining did not

show a significant difference among the tumor groups, anti-

miR-105-treated tumors showed higher levels of ZO-1 and

higher percentages of apoptotic cells, as indicated by cleaved

caspase-3 (Figure 6E). The in vivo vascular permeability assay

indicated a lack of rhodamine-dextran penetration into various

tissues in tumor-free mice; conversely, leakage of the dye into

these tissues in tumor-bearing animals occurred even at a pre-

metastatic stage (Figure 6F; Figure S5C), which suggests an ef-

fect of tumor-secreted factors in destroying the vascular integrity

of a distant organ during early premetastatic niche formation.

Notably, treatment with anti-miR-105 efficiently blocked this

effect, restoring the vascular integrity in tumor-bearing animals

(Figure 6F; Figure S5C). Restored ZO-1 expression in CD31+

vascular endothelial cells was observed in the lung and brain
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Figure 3. Cancer-Secreted miR-105 Downregulates TJs and Destroys the Barrier Function of Endothelial Monolayer

(A) HMVECs transduced with miR-105 or vector were analyzed for ZO-1 expression by RT-qPCR.

(B) HMVECs treated as indicated were analyzed for the RNA level of ZO-1.

(C) HMVECs treated as indicated were analyzed by Western blot.

(D) HMVEC monolayers were treated as indicated for 48 hr and analyzed by immunofluorescence (IF) for ZO-1 (green), occludin (red), and VE-cadherin (green).

DAPI (blue): cell nuclei.

(legend continued on next page)
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of tumor-bearing mice treated with anti-miR-105 compound

(Figure 6G). Thus, anti-miR-105 treatment suppresses metas-

tasis by reducing tumor invasiveness and restoring the barrier

function of endothelial niche cells.

miR-105 Is Associated with ZO-1 Expression and
Metastatic Progression in BC
Because miR-105 is uniquely expressed and secreted by MBC

cells, it is possible that cancer-secreted miR-105 can be de-

tected in the circulation of BC patients, such that miR-105 may

serve as a prognostic marker for metastatic potential. To explore

this, we first measured the serum miRNA levels in mice bearing

MDA-231-HM xenograft tumors at either the premetastatic

(week 3 after cancer cell implantation) or metastatic (week 6 after

cancer cell implantation) stage in comparison with tumor-free

animals. Circulating miR-105, but not two other miRNAs (miR-

155 and miR-375), was significantly elevated in tumor-bearing

animals at both premetastatic andmetastatic stages (Figure 7A),

suggesting that miR-105 derived from primary tumors with high

miR-105 levels and high metastatic potential can be detected in

the blood at an early stage before the clinical detection of metas-

tasis. We next compared serum miRNA levels among 38 stage II

and III BC patients. By comparing miRNA levels in circulating

exosomes and the corresponding exosome-depleted serum

fraction, we found that circulating miR-105 and miR-181a pre-

dominantly existed in exosomes, whereas two other miRNAs

(miR-375 and miR-422b) were detected in both exosomes and

exosome-depleted fraction at comparable levels (Figure S6). In

circulating exosomes purified from sera, levels of miR-105, but

not two other miRNAs (miR-181a and miR-375), were signifi-

cantly higher in patients who later developed distant metastases

during the 4.2 years of mean follow-up (n = 16) than those who

did not (n = 22) (Figure 7B). To further determine if circulating

miR-105 in BC patients is functionally active in regulating endo-

thelial cells, we treated established 3D vascular structures with

serum from a healthy donor or a BC patient with a high level of

circulating miR-105. The patient serum but not normal serum re-

sulted in a destruction of vascular structures, which was abol-

ished by the anti-miR-105 compound (Figure 7C).

In patients with paired serum and tumor specimens, we further

detected a strong positive correlation between circulating (exo-

somal) and tumor miR-105 levels (r = 0.85, p < 0.01). In contrast,

significant inverse correlations were detected between tumor

miR-105 and ZO-1 (r = �0.48, p = 0.03) and between circulating

(exosomal) miR-105 and tumor-adjacent vascular ZO-1 expres-

sion (r =�0.49, p = 0.04) (Figures 7D and 7F). These observations

are consistent with the role of miR-105 in downregulating ZO-1.

In addition, higher levels of tumor miR-105 and lower levels of

tumor and vascular ZO-1 were observed in patients who later

developed distant metastases compared with those who did

not and compared with normal mammary tissues (Figures 7E

and 7F), thus supporting the functional association of these

genes with cancer metastasis. In a BC tissue array, significantly

higher miR-105 and lower ZO-1 levels were detected in the pri-

mary tumors with distant or lymph node metastases (n = 15)

compared with those without (n = 60), and the inverse correlation

between miR-105 and ZO-1 remained significant among all

cases (r = �0.24, p = 0.04) (Figure 7G). Overall, our clinical

data suggest that cancer-derived miR-105 can serve as a

blood-based marker for the prediction or early diagnosis of BC

metastasis and may play a role in promoting cancer progression

by targeting ZO-1.

DISCUSSION

Exchange of cellular materials between cells through various

paracrine and endocrine mechanisms is an important means of

intercellular communication and can be mediated by exosomes.

The tumor-derived adaptation of endothelial cells by miR-105

occurs during early premetastatic niche formation. Enhanced

vascular permeability could then enhance cancer cell dissemina-

tion and growth at distant sites through multiple means,

including (1) plasma protein leakage that results in enhanced

entrapment and hence concentration of tumor cells; (2)

enhanced dissemination of tumor cells to distant sites, resulting

in autocrine signaling that overwhelms any inhibitory signaling at

the distant site; and (3) additional exosome cargos and/or

plasma proteins that leak into secondary organs and alter

cellular physiology toward a prometastatic/tumor-supportive

phenotype. In fact, vascular destabilization at the premetastatic

lung niche has been previously described and involves a syner-

gistic effect among angiopoietin 2, matrix metalloproteinase

(MMP) 3, and MMP10 (Huang et al., 2009). Thus, therapies tar-

geting miR-105 and these protein factors, in combination with

existing conventional therapies, may serve as an effective treat-

ment for cancer patients with high risk for metastasis (e.g., indi-

cated by high levels of circulating miR-105). Understanding

mechanisms leading to miR-105 overexpression in MBC, which

is an ongoing direction in our laboratory, may reveal additional

strategies for miR-105 intervention.

(E) The permeability of treated HMVECmonolayers grown on 0.4 mm filters was measured by the appearance of rhodamine-dextran, which was added to the top

well at the beginning of the experiment, in the bottomwell during a 1 hr time course. The absorbance at 590 nm at each time point was indicated. Treatment of the

HMVECmonolayer with VEGF (50 ng/ml) for 8 hr was included as a positive control to show cytokine-induced permeability. The absorbance at the 1 hr time point

was compared with the PBS (control) condition. *p < 0.005. **p > 0.05.

(F) HMVEC monolayers grown on filters and treated as indicated were analyzed for transendothelial electrical resistance. Calculated unit area resistance from

triplicate wells was normalized to the control (PBS) treatment.

(G) Treatment with miR-105-containing exosomes resulted in a vascular destruction. Vascular sprouting assay was established for 5 days, at which time 1 mg of

purified exosomes from MCF-10A/vec (control) or MCF-10A/miR-105 cells were added into the culture media. Vascular structures were imaged 5 days after the

treatment, and representative images are shown (left). Vascular sprouts per spheroid were counted and graphed (right). At least 50 spheroids were counted in

each experiment, and the experiment was repeated three times. *p < 0.05.

(H) HMVECs treated as indicated were subjected to transwell migration. Cells that had migrated within 8 hr were quantified from triplicate wells. *p < 0.005.

(I) HMVEC monolayers grown on 3 mm filters were treated as indicated before GFP-labeled MDA-231-HM cells were seeded in the transwell inserts. After 10 hr,

the GFP+ cells on the bottom side of filters were quantified under a fluorescent microscope. *p < 0.005.

Results are presented as mean ± SD (see also Figure S2). GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Downregulation or loss of TJs, frequently as a result of

reduced expression of TJ-associated proteins, contributes to

cancer progression by altering cell migration, proliferation, polar-

ity, and differentiation (Brennan et al., 2010; Georgiadis et al.,

2010; Itoh and Bissell, 2003; Martin and Jiang, 2009). Reduction

of TJ-associated ZO-1 in primary breast tumors due to

decreased expression or cytoplasmic localization is associated

with metastasis in BC patients (Martin et al., 2004; Polette

et al., 2005). Our study identifies miR-105 as a key regulator of

ZO-1, suggesting one mechanism of TJ disruption associated

Figure 4. Cancer-Secreted miR-105 Induces Vascular Permeability and Promotes Metastasis In Vivo

(A) Exosomes secreted by MCF-10A/vec, MCF-10A/miR-105, or MDA-MB-231 cells, or PBS (as control), were intravenously injected into the tail veins of NSG

mice (n = 3) twice a week. After five injections, tissues were collected for RT-qPCR of miR-105 using U6 as internal control. *p < 0.05.

(B) Collected lung and brain tissueswere subjected to double-label IF for ZO-1 (green) andCD31 (pink). Structures positive for CD31 are indicated by arrowheads.

The scale bar represents 100 mm.

(C) In vivo vascular permeability determined by the appearance of intravenously injected rhodamine-dextran (red) (n = 3). Representative images are shown. DAPI

(blue): cell nuclei. The scale bar represents 100 mm.

(D) Exosomes secreted by MCF-10A or MDA-MB-231 cells, or PBS (as control), were intravenously injected into the tail veins of NSG mice (n = 6) twice a week.

After five injections, all mice received intracardiac injection of luciferase-labeled MDA-MB-231 cells. Three weeks later, tissues were collected for RT-qPCR of

luciferase gene using mouse 18S as internal control to quantify metastases. *p < 0.05.

Results are presented as mean ± SD (see also Figure S3).
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Figure 5. miR-105 Overexpression in Poorly Metastatic BC Cells Promotes Metastasis In Vivo

(A) Luciferase-labeledMCFDCIS/vec orMCFDCIS/miR-105 cells were injected into the number 4mammary fat pads of NSGmice (n = 8). Bioluminescent imaging

(BLI) at week 6 is shown. *Because of the extensive tumor burden, these three mice were sacrificed at week 5.5; their images at week 5 are shown.

(B) Quantification of metastases in the lung and brain. Mice shown in (A) were sacrificed at week 6, and tissues were subjected to RT-qPCR of luciferase gene

using mouse 18S as internal control (n = 8). Results are presented as mean ± SD. *p < 0.05.

(C) Representative hematoxylin and eosin (H&E) stained images of the tumor edges showing local invasiveness. The scale bar represents 50 mm.

(D) In vivo vascular permeability determined by the appearance of intravenously injected rhodamine-dextran (red) in various organs. Tissues were collected from

mice bearing MCFDCIS/vec or MCFDCIS/miR-105 xenografts (n = 3) that were sacrificed at week 6. Representative images are shown. DAPI (blue): cell nuclei.

The scale bar represents 100 mm.

(E) Representative images of miR-105 in situ hybridization (ISH) in tissues collected from the two groups. The scale bar represents 50 mm.

(F) Collected tissues were subjected to double-label IF for ZO-1 (green) and CD31 (pink). Structures positive for CD31 are indicated by arrowheads. The scale bar

represents 100 mm.

See also Figure S4.
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Figure 6. miR-105 Inhibition Suppresses Metastasis and Restores Vascular Integrity In Vivo

(A) Luciferase-labeled MDA-231-HM cells were injected into the number 4 mammary fat pads of NSG mice. Mice were divided into three groups (n = 6) for

treatment with PBS, anti-miR-105 compound, or control compound. BLI at week 3 and week 6 is shown.

(B) Tumor volume determined in the three groups. *p < 0.005 compared with the other two groups.

(C) Quantification of metastases in the lung and brain. Mice shown in (A) were sacrificed at week 6 and tissues were subjected to RT-qPCR of luciferase gene

using mouse 18S as internal control (n = 6). *p < 0.01.

(legend continued on next page)
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with cancer progression and metastasis. The Rho family of small

guanosine triphosphatases (GTPases) has been implicated in

the regulation and function of TJs (Connolly et al., 2002; Gonzá-

lez-Mariscal et al., 2008; Jou et al., 1998; Shen et al., 2006). The

Rho-associated protein kinase, a downstream effector of RhoA,

regulates actomyosin contractility, TJ assembly, and endothelial

capillary formation through phosphorylation of the regulatory

myosin light chain (MLC2). Relevant to our study, junctional pro-

teins including ZO-1 have been reported to regulate Rho

GTPases through interacting with guanine nucleotide exchange

factors and GTPase activating proteins (Citi et al., 2011). In our

study, overexpression of miR-105 or treatment with exosomes

carrying miR-105 did not alter the activity of RhoA, Rac1/2/3,

or Cdc42, or the phosphorylation of MLC2, in recipient HMVECs

(data not shown), suggesting that the small GTPases are not

downstream effectors of the herein identified miR-105/ZO-1

pathway. In endothelial cells that normally express low miR-

105 levels (data not shown), ectopic, cancer-derived miR-105

transferred via exosomes can effectively reduce ZO-1 expres-

sion and disrupt the barrier function of these cells both in vitro

and in vivo. Although miR-105 secreted by the primary tumor

may only affect a fraction of endothelial niche cells, this would

be sufficient to open ‘‘gates’’ in these natural monolayer barriers

for traversal of cancer cells, thereby facilitating metastasis. In

addition, contact-dependent intercellular miRNA transfer be-

tween two adjacent cells through the transmembrane channel

protein SIDT1 has recently been reported (Elhassan et al.,

2012). Through this pathway, cancer-derived miRNAs (e.g.,

miR-105) that are transferred to a distant organ via circulating

exosomes may further extend their regulatory effect to those

interconnected niche cells without direct exosome uptake. In

patients with familial hypercholesterolemia but not normal sub-

jects, circulating miR-105 can be detected on high-density lipo-

protein, which delivers the miRNA to recipient cells as an exo-

some-independent mechanism (Vickers et al., 2011). It would

be interesting to determine the noncancer source of circulating

miR-105 and its role in regulating vascular permeability through

the herein demonstrated pathway in these patients.

It is likely that additional target genes and pathways regulated

by miR-105 also contribute to its prometastatic effect. Although

overexpression of miR-105 in MCFDCIS xenografts did not

significantly affect primary tumor growth, anti-miR-105 treat-

ment in animals bearing MDA-231-HM xenografts reduced

tumor volume and induced apoptosis of tumor cells. This may

suggest a cancer- or/and niche-specific effect of miR-105 that

facilitates cancer cell survival and, therefore, promotes metas-

tasis. Interestingly, miR-105 has been reported as a tumor sup-

pressor that inhibits proliferation through downregulating cyclin-

dependent kinase 6 in prostate cancer cells (Honeywell et al.,

2013). This miRNA may also have an anti-inflammatory effect

in gingival keratinocytes through targeting Toll-like receptor 2

(Benakanakere et al., 2009). In several cancer cell lines of non-

breast origin, maturemiR-105 is undetectable, possibly because

of the nuclear retention of miR-105 precursors (Lee et al., 2008).

These suggest important tissue-specific mechanisms control-

ling the biogenesis and function of miR-105. Understanding

these mechanisms and their relevance to cancer progression

and metastasis will provide further rationales for targeting miR-

105 as a treatment for MBC.

miRNA transfer between cancer cells and the genetically

normal niche cells is apparently bidirectional. In addition to

the cancer-derived adaptation of niche cells, normal epithelial

cells also secrete and transfer antiproliferative miRNAs (e.g.,

miR-143) to cancer cells, as a potential strategy to maintain tis-

sue homeostasis at an early stage in cancer formation (Kosaka

et al., 2012). In contrast, exosomes secreted by stromal fibro-

blasts promote BC cell protrusion and motility through Wnt-

planar cell polarity signaling (Luga et al., 2012). Because exo-

somes are secreted by multiple types of normal cells and

mediate their natural functions such as antigen presentation

(Théry et al., 2002), targeting exosome secretion as a potential

means of blocking this mode of cancer-host crosstalk requires

the identification of cancer-specific molecules or pathways that

control exosome production. The recently reported high

expression of Rab27A in cancer and the effect of Rab27A inter-

ference by reducing exosome production in multiple melanoma

cell lines may provide an approach to specifically inhibit can-

cer-derived exosomes (Peinado et al., 2012). In addition, as

the exosomal secretion of miRNAs exhibits a highly selective

pattern that differs between cancer and normal cells (Table

S1) (Pigati et al., 2010), understanding the cellular selection

mechanism for miRNA secretion, which may involve RNA-bind-

ing proteins, recognizing the primary or secondary structures of

miRNA and its dysregulation in cancer may reveal unique stra-

tegies to block cancer-specific miRNA secretion. Last, charac-

terization of cancer-secreted messengers and effectors, such

as miR-105, will enable the selection of patients for the corre-

sponding targeted therapy and eventually combination therapy

simultaneously targeting multiple secretory miRNAs and/or pro-

teins. Such patient selection may be achieved by a quantitative

blood test for circulating miR-105, which correlates with metas-

tasis in early-stage BC patients. In developing personalized

diagnostics and therapeutics, a combination of miR-105 with

other miRNA and/or protein markers in the blood that would

better specify the disease traits at the individual level will likely

enhance our ability to select BC patients with high risk for

metastasis for preventive treatment that targets miR-105 and

other effectors.

(D) Representative H&E images of the tumor edges showing local invasiveness. The scale bar represents 50 mm.

(E) Immunohistochemistry (IHC) was performed in xenograft tumors using antibodies of Ki-67, cleaved (clvd) caspase-3, and ZO-1. Representative images are

shown. The scale bar represents 50 mm.

(F) In vivo vascular permeability indicated by the penetration of rhodamine-dextran (red) into various organs. Tissues were collected from tumor-free NSGmice as

well as mice bearing MDA-231-HM tumors that were untreated when sacrificed at week 3 after tumor cell implantation (the premetastatic [pre-met] group) or

treated as indicated and sacrificed at week 6 (n = 4). Representative images are shown. DAPI (blue): cell nuclei. The scale bar represents 100 mm.

(G) Tissues were subjected to double-label IF for ZO-1 (green) and CD31 (pink). Structures positive for CD31 are indicated by arrowheads. The scale bar rep-

resents 100 mm.

Results are presented as mean ± SD (see also Figure S5).
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Figure 7. miR-105 Is Associated with ZO-1 Expression and Metastatic Progression in BC

(A) miRNA levels in the sera of tumor-free orMDA-231-HM tumor-bearingmice (premetastasis: serum collected at week 3;metastasis: serum collected at week 6;

n = 5 or 6) were measured by RT-qPCR and normalized to miR-16. **p > 0.05.

(B) Circulating exosomes were isolated from serum samples of stage II and III BC patients. miRNAs were measured by RT-qPCR, normalized to miR-16, and

compared among patients who developed distant metastases (mets) during follow-up (n = 16) and those who did not (n = 22). **p > 0.05.

(legend continued on next page)
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EXPERIMENTAL PROCEDURES

Clinical Specimens

Human specimens were obtained from voluntarily consenting patients at the

City of Hope Medical Center (Duarte, CA) under institutional review board-

approved protocols. The clinical information is summarized in Tables S2–S5.

Details can be found in Supplemental Experimental Procedures.

Cells, Plasmids, and Viruses

Please see Supplemental Experimental Procedures.

Exosome Purification and Electron Microscopy

Detailed protocols for preparing exosomes by ultracentrifugation can be found

in Supplemental Experimental Procedures. For electron microscopy (EM),

exosomes were fixed with 2% paraformaldehyde, loaded on 200-mesh

Formvar-coated grids, and then contrasted and embedded as previously

described (Thery et al., 2006). Solexa deep sequencing of exosomal and

cellular RNA and genome-wide interrogation were performed as described

(Wu et al., 2012); data sets were submitted to Gene Expression Omnibus

(GEO) (GSE50429).

RNA Extraction, RT-qPCR, Western Blot Analysis, and

Immunofluorescence

These procedures were performed as described previously (Tsuyada et al.,

2012; Wang et al., 2011; Yu et al., 2010). See Supplemental Experimental Pro-

cedures for details.

Transendothelial Electrical Resistance, Endothelial Permeability,

and 3D Vascular Sprouting Assays

Detailed protocols can be found in Supplemental Experimental Procedures.

Vascular sprouting assay was performed as described using microcarrier

beads coated with endothelial cells and embedded in 3D fibrin gel (Newman

et al., 2011).

Wound Closure, Transwell Migration, and Transendothelial Invasion

Assays

Wound closure and transwell migration assays were performed as previously

described (Wang et al., 2006). Detailed protocols for transendothelial invasion

assay can be found in Supplemental Experimental Procedures.

Animals

All animal experiments were approved by the institutional animal care and use

committee at City of Hope. Detailed procedures can be found in Supplemental

Experimental Procedures. The control and miR-105 targeted compounds

used in the miR-105 intervention study had the same chemical modification

pattern, chimeric 20-fluoro and 20-methoxyethyl modifications on a phosphor-

othioate backbone (Davis et al., 2006), and were synthesized at Regulus

Therapeutics. The same compounds were also used in vitro to transfect

MDA-231-HM cells (Figures S5A and S5B).

In Situ Hybridization and Immunohistochemistry

Please see Supplemental Experimental Procedures.

Statistical Analyses

All results were confirmed in at least three independent experiments, and data

from one representative experiment were shown. All quantitative data are pre-

sented as mean ± SD. The statistical analysis was performed using SAS 9.2

software (SAS Institute). Student’s t tests were used for comparisons of means

of quantitative data between groups. The correlations between serum and

tumor miR-105 and between miR-105 and ZO-1 expression were evaluated

using Pearson’s correlation coefficient (r). Values of p < 0.05 were considered

significant.

ACCESSION NUMBERS

The GEO accession number for the exosomal and cellular RNA sequencing

data reported in this paper is GSE50429.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

six figures, and five tables and can be found with this article online at http://

dx.doi.org/10.1016/j.ccr.2014.03.007.
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SUMMARY

We devised a high-throughput, cell-based assay to identify compounds to treat Group3 medulloblastoma
(G3 MB). Mouse G3 MBs neurospheres were screened against a library of approximately 7,000 compounds
including US Food and Drug Administration-approved drugs. We found that pemetrexed and gemcitabine
preferentially inhibited G3 MB proliferation in vitro compared to control neurospheres and substantially in-
hibited G3 MB proliferation in vivo. When combined, these two drugs significantly increased survival of
mice bearing cortical implants of mouse and human G3MBs that overexpress MYC compared to each agent
alone, while having little effect onmouseMBs of the sonic hedgehog subgroup. Our findings strongly suggest
that combination therapy with pemetrexed and gemcitabine is a promising treatment for G3 MBs.

INTRODUCTION

Medulloblastoma (MB), a tumor of the posterior fossa, is primar-

ily a pediatric disease, although it occasionally occurs in adults

(Ellison et al., 2011). MB is classified into four major subgroups

based on clinical and molecular profiles (Taylor et al., 2012).

Two subgroups exhibit constitutive activation of the sonic

hedgehog (SHH) or wingless (WNT) developmental pathways.

The other two are referred to as group 3 (G3) and G4. Impor-

tantly, the molecular subgrouping of these tumors also relates

to distinct patient demographics, histologic classification, so-

matic genetic variations, and clinical outcome. For example,

patients with WNT MB tend to be older, female, and to uniformly

survive with current therapy (Northcott et al., 2012). In contrast,

patients with G3 MB tend to be younger, male, have anaplastic

histology, exhibit a higher incidence of metastatic disease, and

have a poor prognosis (Dubuc et al., 2013; Kool et al., 2012; Par-

sons et al., 2011; Pugh et al., 2012; Rausch et al., 2012; Robin-

son et al., 2012). One characteristic feature of G3 MB is their

high MYC expression in >75% of cases. Indeed, one study

shows that MYC expression is elevated in 20 of 26 (77%) G3

MBs (named groupC), compared to 1 of 35 (3%)G4MBs (named

group D; Northcott et al., 2011). Whole genome sequencing

studies on 17 G3 MBs reveals only one tumor (5.9%) with true

Significance

Despite the recent identification of four molecular groups of human MB, patients are currently treated with similar chemo-
therapies independent of classification. G3MB has a high incidence of metastasis and poor prognosis. Thus, more effective
therapeutic approaches for these patients are desperately needed. The development of a mouse model of G3 MB enabled
production of cultured neurospheres that provided an ideal platform to identify additional chemotherapies. We found two
FDA-approved drugs that significantly inhibited mouse and human G3 MB neurosphere cultures, mouse allografts, and
xenografts from G3 MB primary patient samples, but not mouse SHH MBs. These findings provide a strong rationale for
combination therapy with pemetrexed and gemcitabine to treat patients with G3 MB.

516 Cancer Cell 25, 516–529, April 14, 2014 ª2014 Elsevier Inc.

mailto:martine.roussel@stjude.org
http://dx.doi.org/10.1016/j.ccr.2014.02.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ccr.2014.02.009&domain=pdf


MYC amplification, whereas two other tumors display an aber-

rant copy number gain of the MYC gene. However, 15 of these

17 (88%) G3 MBs demonstrate high MYC expression (Robinson

et al., 2012). Despite these pronounced differences, patients

with MB are typically treated with uniform surgery, radiotherapy,

and adjuvant chemotherapy including vincristine, cisplatin, and

cyclophosphamide (Packer et al., 2013) or lomustine and carbo-

platin (Massimino et al., 2012). These therapies fail to cure one-

third of all patients and carry widespread morbidities that impair

survivor’s quality of life.

Molecular subgrouping has the potential to improve risk strat-

ification and tailor therapy to reduce toxicities to potential survi-

vors. Paramount to this strategy is the development of accurate

models that recapitulate the subgroups for preclinical therapeu-

tic testing. We developed a mouse model of G3 MB through

the orthotopic transplantation of transgenic cerebellar granule

neuronal progenitors (GNPs) in the cortices of naive recipient

animals. GNPs were purified by percoll density gradient from

the cerebella of 5- to 7-day-old Trp53�/�;Cdkn2c�/� mice and

infected with retroviruses encoding MYC (Kawauchi et al.,

2012). MB tumors develop within 30 days of transplantation

with as few as 100 tumor cells that recapitulate the high level

of trimethylation of histone H3 at lysine 27 (H3K27me3) seen in

human G3 and G4 (Robinson et al., 2012). Tumors grow as neu-

rospheres that, when transplanted into cortices of recipient

mice, induce secondary MBs that mimic the primary tumors

(Kawauchi et al., 2012). Because neurospheres can be passaged

repeatedly while maintaining their functional and molecular

properties, they provide a unique platform to conduct screens

of compounds to identify thosewith therapeutic potential against

human G3 MB. We here report the outcome of screening a

library of compounds that included US Food and Drug Adminis-

tration (FDA)-approved drugs and candidate compounds in

development.

RESULTS

High-Throughput Screen Using Mouse G3 MB
Neurospheres
Tumor cells purified from several independently derived primary

mouse G3 MBs were grown as neurospheres for four to five

passages providing lines with comparable cell proliferation char-

acteristics. Two lines, derived from independent tumors and

infections, were hereafter referred to as ‘‘Myc1’’ and ‘‘Myc2.’’

Neurospheres from the cerebellum of 7-day-old (P7) Trp53�/�;
Cdkn2c�/� mice (hereafter referred to as Trp53-null) were used

as control. To determine the number of cells necessary for expo-

nential growth 4 days after plating, mouse Trp53-null and Myc1

were plated at different densities (Figure S1A available online).

Other control cells included TERT� human fibroblasts (BJ) to

identify compounds with nonspecific toxicities and HepG2

(a human hepatocellular carcinoma cell line) to eliminate highly

cytotoxic compounds.

We performed a primary screen of a ‘‘bioactive’’ library using a

luminescence-based assay that measures cell proliferation via

ATP. The library contained 7,389 compounds (6,568 unique) ob-

tained from different sources, including 830 FDA-approved

drugs (Figure S1B; see Supplemental Experimental Procedures

for details). Compounds were tested at a single concentration

(10 mM) in triplicate. Z-prime and other assay diagnostics were

acceptable (Figure S1C) and the scatterplot of controls and

compound activities showed adequate separation between

signal and noise for both Myc1 and Trp53-null (Figure S1D,

left). Receiver operator characteristic analysis indicated that

the assay demonstrated acceptable discriminatory power be-

tween true-positive and true-negative results, with the area

under the curve (AUC) >0.8 for both lines, and that an assay cut-

off of >50% returned �70% of all true-positive results for Myc1

(Figure S1D, right). A total of 690 of the 7,389 compounds,

including all with inhibition >50% in the primary screen with

Myc1, analogs of these hits, and other compounds of interest,

were tested in dose-response experiments in triplicate using

concentrations ranging from 4 nM to 10 mM. Of the 690 hits,

we identified 65 compounds with potency <1 mM against Myc

1 (Figure 1; Table S1).

Screening Results of FDA-Approved Drugs
To accelerate the transition of potential therapeutics into the

clinic, we prioritized the FDA-approved drugs with oncology in-

dications and potencies below or near 1 mM for further study.

We conducted dose-response experiments on 35 FDA-

approved drugs in triplicate on Myc1, Trp53-null, HepG2, and

BJ cell lines (Figure S2A; Table 1). Drugs were grouped into

nine activity classes: folate pathway inhibitors, other inhibitors

of DNA/RNA synthesis, purine antimetabolites, microtubule in-

hibitors, sterol biosynthesis inhibitors, topoisomerase inhibitors,

epigenetic regulators, proteasome inhibitors, and RNA polymer-

ase inhibitors. Myc1 was extremely sensitive to folate pathway

inhibitors with pemetrexed, methotrexate, and raltitrexed being

the most selective. The DNA/RNA synthesis inhibitor gemcita-

bine was highly potent in both Myc1 and Trp53-null, but

achieved 100% efficacy in only Myc1. The purine antimetabolite

cladribine showed promising activity against Myc1, but a nar-

rower therapeutic window against the control cell lines HepG2

and BJ compared to other drugs. The proteasome inhibitor

bortezomib and the RNA polymerase inhibitor dactinomycin

were equipotent and equally efficacious against both Myc1

and Trp53 null. Microtubule inhibitors, including vincristine and

vinblastine, and topoisomerase inhibitors, such as doxorubicin,

etoposide, and topotecan, were active in G3 MB. Because they

are already used in the clinic for the treatment of MB, they were

not considered further. Cerivastatin and fluvastatin, two sterol

biosynthesis inhibitors targeting 3-hydroxy-3-methyl-glutaryl-

coenzyme A reductase, had high efficacy but low potency rela-

tive to the other compound classes. Decitabine, a drug that

causes both DNA damage and alterations in DNA methylation,

was moderately potent, and had much higher efficacy for

Myc1 over Trp53-null.

We selected decitabine, pemetrexed, and gemcitabine for

further study because of their selectivity and diversity in mecha-

nism of action. As noted earlier, mouse and human G3 MBs are

marked by a high level of H3K27me3. Decitabine is an S-adeno-

syl methionine and cytidine analog. At low dose and prolonged

exposure, decitabine targets DNA and histone methylation,

whereas it induces DNA damage at high doses (Figure 2A; Palii

et al., 2008). After 72 hr of treatment, the half-maximal effective

concentration (EC50) for decitabine was 1.3 mM against Myc1

with 100% efficacy (Figure S2A, blue curve; Table 1), whereas
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efficacy against Trp53-null never exceeded 35% (Figure S2A,

red curve; Table 1). Treatment of Myc1 with 0.5 mM decitabine

for 72 hr significantly decreased H3K27me3 levels while 40 nM

of pemetrexed had no effect (Figure 2B).

A comparative study of gene expression profiles in mouse

G3 and SHH MBs and GNPs suggested that mouse G3 MBs

were sensitive to inhibitors of purine (Figure 2C, top), pyrimidine

(Figure 2C, middle), and folate (Figure 2C, bottom) metabolism

compared to SHH MBs and GNPs. In agreement with this gene

expression pattern, pemetrexed and gemcitabine targeted

these pathways. Pemetrexed targets three enzymes in the

folate pathway; phosphoribosylglycinamide formyltransferase

(GART), dihydrofolate reductase, and thymidylate synthase

(Figure 2D; Chattopadhyay et al., 2007). After 72 hr of

Table 1. EC50 Values for FDA-Approved Drugs on Myc1, Trp53-null, and Control Cell Lines

Compound Myc1 (mM) Trp53-null (mM) HepG2 (mM) BJ (mM)

Amsacrine 0.16 (0.097–0.27) 0.55 (0.18–1.7) 11 (5.6–23) 13 (7.6–21)

Ancitabine 0.031 (0.024–0.04) 0.55 (0.29–1) ND ND

Bortezomib 0.0063 (0.0051–0.0078) 0.0027 (0.0018–0.004) 0.026 (0.0076–0.087) 0.023 (0.0086–0.061)

Cerivastatin 0.77 (0.65–0.9) 2.5 (1.3–4.7) 0.92 (0.55–1.6) ND

Cladrabine 0.0043 (0.0024–0.0078) 0.25 (0.026–2.4) 3.3 (2.6–4.3) 1.4 (0.13–17)

Clofarabine 0.15 (0.13–0.18) 0.34 (0.28–0.4) ND ND

Cycloguanil 0.11 (0.059–0.21) 0.18 (0.14–0.23) ND ND

Cytarabine 0.083 (0.066–0.1) 0.2 (0.092–0.42) 0.078 (0.041–0.15)a ND

Dactinomycin 9e-04 (0.00016–0.005) 0.0024 (0.0012–0.005) 0.0084 (0.005–0.014) ND

Daunorubicin 0.0075 (0.0059–0.0097) 0.036 (0.016–0.079) 1.7 (0.11–25) 0.1 (0.02–0.52)a

Decitabine 1.3 (0.72–2.2) 0.032 (0.014–0.073)a ND ND

Doxorubicin 0.028 (0.015–0.052) 0.11 (0.058–0.2) 0.58 (0.14–2.3) 0.14 (0.027–0.77)a

Etoposide 0.24 (0.17–0.36) 0.046 (0.013-0.15) ND ND

Floxuridine 0.0016 (0.0013–0.002) 0.0001b ND ND

Fluorouracil 0.36 (0.3–0.43) 0.22 (0.17–0.29) ND ND

Fluvastatin 4.5 (1.6–13) ND ND ND

Gemcitabine 0.0021 (0.0018–0.0025) 0.00032 (0.00012–0.00087) ND ND

Lovastatin 4 (3.3–4.8) 2.1 (0.11–38)a 13 (4.7–38) ND

Methotrexate 0.0052 (0.0024–0.012) 0.15 (0.05–0.46) ND ND

Mitoxanthrone 0.18 (0.11–0.29) 0.19 (0.12–0.31) 0.12 (0.072–0.2)a ND

Nocodazole 0.11 (0.036–0.32) 0.094 (0.037–0.23)a 0.015 (0.0073–0.03)a ND

Pemetrexed 0.035 (0.027–0.046) 15 (0.57–410) ND ND

Pitavastatin 3.5 (1.5–8.6) ND 5 (2.8–8.7) ND

Podofilox 0.0064 (0.0015–0.028) 0.0074 (0.0048–0.012)a 0.0039 (0.0025–0.0059)a ND

Pyrimethamine 4.9 (3–8.1) 0.87 (0.2–3.9) ND ND

Raltiterxed 0.003 (0.0024–0.0038) 0.34 (0.18–0.63) ND ND

Rosuvastatin 2.6 (2.3–3) ND ND ND

Simvastatin 3 (2.6–3.5) ND 9.4 (6–15) 5.8 (4.7–7.2)

Tenoposide 0.052 (0.003–0.89) 0.11 (0.0097–1.2) 7.7 (1.5–39) 29 (3.8–230)

Thioguanine 0.44 (0.082–2.4) 0.8 (0.52–1.2) 11 (2.3–52) ND

Topotecan 0.075 (0.05–0.11) 0.18 (0.06–0.53) 0.09 (0.026–0.31) ND

Trifluridine 0.038 (0.034–0.043) 0.0029 (0.0022–0.0039) ND ND

Trimetrexate 0.035 (0.0028–0.45) 0.0047 (0.0033–0.0066) ND ND

Vinblastine 0.012 (0.0028–0.053) 0.015 (0.011–0.021)a ND ND

Vincristine 0.0094 (0.0044–0.02) 0.01 (0.0071–0.014)a ND ND

Concentration range in parentheses. ND, EC50 could not be determined in the concentration range tested.
aIndicates regression curve failed to reach 50% efficacy.
bIndicates questionable EC50 due to regression artifacts.

Figure 1. Summary of the HTS on Mouse Myc1 and Trp53-null Neurospheres

Distribution of 690 active compounds from dose response in Myc1 and Trp53-null neurospheres according to their mechanism of action. Each compound is

represented as a colored circle, with potency against Myc1 depicted by size and potency against Trp53-null shown by blue-red color. Potent compounds

selective for Myc1 are represented by large, blue circles.

See also Figure S1 and Table S1.
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pemetrexed treatment, the EC50 for Myc1 was 35 nM (Fig-

ure S2A, blue curve; Table 1), compared to 15 mM in Trp53-

null (Figure S2A, red curve; Table 1). Gemcitabine disrupts

DNA synthesis via incorporation in DNA or inhibition of the ribo-

nucleotide reductase (Figure 2E; van Moorsel et al., 2000).

When incorporated into DNA, gemcitabine causes single-

strand breaks that lead to apoptosis (Ewald et al., 2007). After

72 hr treatment, the Myc1 EC50 for gemcitabine was 2.1 nM

with 100% efficacy, whereas efficacy against Trp53-null never

exceeded 63% (Figure S2A; Table 1).

Decitabine, pemetrexed, and gemcitabine were further tested

on four additional mouse G3 MB lines derived from indepen-

dently derived tumors and infections; all displayed comparable

potency and efficacy compared to Myc1 (Figure S2B). In

contrast, we found a SHH MB-derived line was as sensitive to

pemetrexed as Myc1 but was greater than 5-fold less sensitive

to gemcitabine compared to Myc1 (Figure S2C).

Pharmacological Assessment of Decitabine,
Pemetrexed, and Gemcitabine on Mouse G3 MBs
To determine the concentration-time threshold required to inhibit

proliferation of neurospheres in vitro, we performed ’’wash-out’’

experiments with each of the three compounds. The EC50 values

for decitabine were approximately 2.4 mM, 920 nM, and 500 nM

after 1, 10, and 24 hr drug exposure, respectively (Figure 3A,

top). While the EC50 for pemetrexed was 1.2 mM after 1 hr expo-

sure, it decreased to 500 nM after 10 hr, and to 180 nM after 24 hr

(Figure 3A, middle). With gemcitabine, the EC50 values were

44 nM, 13 nM, and 3.8 nM after 1, 10, and 24 hr exposure,

respectively (Figure 3A, bottom).

Although decitabine affected the viability of Myc1 and

decreased H3K27me3 in vitro (Figure 2B), a review of the pub-

lished preclinical and clinical pharmacokinetic data (Chabot

et al., 1983; George et al., 2010) strongly suggested that the

maximally achievable decitabine brain concentrations in humans

would be well below those required to induce significant inhibi-

tion of proliferation. Therefore, decitabine was not considered

for further in vivo studies.

For gemcitabine and pemetrexed, total plasma and tumor

extracellular fluid (tECF) drug concentrations were assessed

in separate groups of mice bearing Myc1-induced G3 MB after

single intravenous (i.v.) injections of pemetrexed (200 mg/kg)

and gemcitabine (60 mg/kg). A three-compartment pharmaco-

kinetic model adequately described the plasma and tECF

concentration-time data for each drug. The murine plasma

pharmacokinetics for each agent differed only modestly from

Figure 2. Pattern of Sensitivity of Trp53-null and G3 Neurospheres to the Different Classes of Compounds

(A) An outline of the decitabine pathway.

(B) Detection of H3K27me3 by immunoblotting from cell lysates of Myc1 and Myc 2, untreated (C), or treated with decitabine (D) or pemetrexed (P). Ctrl,

recombinant human H3.

(C) mRNA levels of enzymes involved in purine (top), pyrimidine (middle) metabolism, and the folate pathway (one carbon pool and folate biosynthesis; bottom;

from KEGG pathway) between mouse G3 MB, SHH MB, and Trp53-null GNPs.

(D) Pemetrexed effects on the folate pathway: pemetrexed inhibits phosphoribosylglycinamide formyltransferase (GART), dihydrofolate reductase (DHFR), and

thymidylate synthase (TS).

(E) Gemcitabine targets: gemcitabine blocks DNA replication and deoxynucleotide triphosphate (dNTP) synthesis.

See also Figure S2.
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previously published reports, with the clearance of gemcitabine

and pemetrexed being approximately 2-fold higher in our

studies (Rocchetti et al., 2007; Wang et al., 2004; Woodland

et al., 1997). The plasma exposure of each drug, quantified

by the area under the plasma concentration-time curve

(pAUC), was similar to that achieved in humans at clinically

relevant dosages (Figure 3B, upper and middle; Malempati

et al., 2007; Reid et al., 2004). We found that the tECF con-

centrations of pemetrexed and gemcitabine exceeded the

in vitro EC50 versus time threshold, suggesting that these com-

pounds should have in vivo efficacy in G3 MB (Figure 3B,

bottom).

To address how much drug crosses the normal blood-brain

barrier, studies of pemetrexed and gemcitabine were con-

ducted in six non-tumor-bearing mice. Pemetrexed (200 mg/

kg i.v.) or gemcitabine (60 mg/kg i.v.) was administered, the

brain was harvested, and the drug concentration was mea-

sured in the brain parenchyma and in the plasma. The

brain-to-plasma ratio of pemetrexed and gemcitabine in

these samples was 7.3% and 45%, respectively, indicating

that both drugs cross a normal blood-brain barrier in a mouse

model.

Pemetrexed and Gemcitabine Inhibit Human G3 MB
Proliferation In Vitro
To assess whether pemetrexed and gemcitabine inhibited prolif-

eration of human G3 MB in vitro, we generated patient-derived

xenografts (PDXs) from primary G3 MBs overexpressing the

MYC protein with or withoutMYC amplification and derived neu-

rospheres for two of them. Gene expression profiling of Icb-1572

(Zhao et al., 2012) and TB-12-5950 (St. Jude Children’s

Research Hospital [SJCRH]) confirmed clustering with previ-

ously published human G3 MB (Robinson et al., 2012), and

demonstrated that a similar profile was maintained through

several passages in mice (Figure S3A). Fluorescence in situ hy-

bridization analysis revealed that MYC was not amplified in

Icb-1572 (Figure S3B, left; Shu et al., 2008) but was amplified

in TB-12-5950 that also displayed leptomeningeal dissemination

(Figure S3B, right). PDX OA-2012-1 overexpressed the MYC

protein without amplification, as measured by aCGH (O.A., un-

published data), whereas PDX Med-511-FH was confirmed to

have MYC amplification by nanostring analysis (J.M.O., unpub-

lished data).

TB-12-5950, OA-2012-1, and human neural stem cells H9

formed neurospheres in vitro, allowing us to test the effects of

Figure 3. Effects of Pemetrexed and Gemcitabine on Mouse and Human G3 Neurospheres In Vitro and Pharmacokinetics in G3 MB-

Bearing Mice

(A) In vitro ‘‘washout’’ of decitabine (top), pemetrexed (middle), and gemcitabine (bottom) on Myc1. Cells incubated with drugs for indicated times (1 hr, light blue

line; 3 hr, red line; 6 hr, dark blue line; 10 hr, brown line; 24 hr, gray line; 72 hr, black line) after which the medium was replaced by fresh medium and plates were

read 72 hr later. Error bars represent SD.

(B) Concentration-time plot for pemetrexed (top) and gemcitabine (middle). Observed tumor extracellular fluid concentrations (tECF; open squares), population

simulation of tECF concentration-time data (solid black line), and population simulation of total plasma concentration-time data (dotted line) included in both

plots. The horizontal dashed line represents the 1 hr EC50 derived from Myc1. PK parameters are described in the bottom (t1/2, half-life; pAUC, area under the

plasma concentration-time curve; and tECF/AUC, tumor extracellular fluid/AUC ratio). Values in the bottom represent averages ± SD.

(C) Neurospheres from two G3 MB PDXs, TB-12-5950 (light blue curves) and OA-2012-1 (dark blue curves), treated with concentrations from 1 nM to 10 mM of

pemetrexed and gemcitabine, and read 72 hr later; top, pemetrexed EC50 = 160 nM (light blue line) or 100 nM (dark blue line); bottom, gemcitabine EC50 = 5.1 nM

(light blue line) or 11 nM (dark blue line).

See also Figure S3.
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pemetrexed and gemcitabine in vitro. Neurospheres were

treated for 72 hr at doses ranging from 1 nM to 10 mM. Cell

viability was measured. For TB-12-5950 and OA-2012, EC50

for pemetrexed were 160 nM and 100 nM (Figure 3C, top),

whereas those for gemcitabine were 5.1 nM and 11 nM, respec-

tively (Figure 3C, bottom). These EC50 values were similar to

those found for Myc1 (within 2- to 5-fold; Table 1). For H9 cells,

the EC50 for pemetrexed was 0.29 mM and for gemcitabine

0.0015 mM (Figure S3C), which corresponded to the response

seen in mouse control Trp53-null (Figure S2A, Table 1).

Pemetrexed and Gemcitabine Activity in Mouse G3 MBs
In Vivo
To determine how efficacious pemetrexed and gemcitabine

were in suppressing proliferation of mouse G3 MB in vivo, we

stereotactically transplanted 1 3 105 purified tumor cells, retro-

virally transduced with luciferase, in the cortices of CD1 mice.

We previously determined that this cell number induces MBs

that kill the animals within 15 days after transplant and recapitu-

late the primary tumors (Kawauchi et al., 2012). Bioluminescence

detection of tumor progression correlated with tumor volume

measured with magnetic resonance imaging (Figures S4A–

S4C). Hematoxylin and eosin (H&E) staining of tumor sections

performed 3 days after transplant confirmed the presence of

an organized tumor mass that was vascularized and surrounded

by blood vessels (Figure S4D).

The schedule and dosage of drug delivery was calculated

based upon modeling and simulation of data from our pharma-

cokinetic studies, and related to pAUC values tolerable in pedi-

atric clinical trials (Malempati et al., 2007; Reid et al., 2004).

Mice transplanted with Myc1 were treated by tail vein injection

with 200 mg/kg pemetrexed (Figure 4A), 60 mg/kg gemcitabine

(Figure 4B), or a combination of both drugs (Figure 4C). When

combined, pemetrexed and gemcitabine were either given

together in the same injection (Figure 4C, top) or split by a

2-day interval (first gemcitabine, 2 days later pemetrexed; Fig-

ure 4C, bottom) to reduce stress on the mice.

Five mice treated with vehicle survived up to 14 to 20 days

after transplant, as expected (Figures 4A–4C, black bars). One

dose of pemetrexed at day 3 increased median survival by

3 days (Figure 4A, top). Mice treated with two doses of peme-

trexed at days 3 and 10 had an increased 7-day median survival

(Figure 4A, bottom). Two doses of gemcitabine at 60 mg/kg, at

days 2 and 9 after tumor implant, had an 11-day increased

median survival compared to mice treated with vehicle (Fig-

ure 4B). Treatment of mice with the two drugs given at the

same time on days 2 and 9 increased their median survival by

13 days compared to vehicle-treated animals (Figure 4C, top).

Similarly, mice treated with gemcitabine at days 5 and 12 and

with pemetrexed at days 7 and 14 (Figure 4C, bottom) had a

12-day increase in median survival (from 18 to 30 days). There-

fore, mice receiving both drugs together or separately had a

similar increased median survival compared to vehicle-treated

animals.

We repeated the efficacy studies with Myc2 and obtained

similar results (Figure S4E). The survival of animals treated with

Figure 4. In Vivo Efficacy of Pemetrexed

and Gemcitabine against G3 MBs

Mice injectedwith luciferasemarked 13 105Myc1

(A–D) or 13 106G3MBPDX cells (E–G). Treatment

was initiated when luciferase signal reached 5.105

photons/sec. Luciferase measurements (left), sur-

vival (right).

(A) Top: mice treated at day 2 (green arrow) with

pemetrexed (green bars and line) or saline (black

bars and line). Bottom: mice treated at days 2 and

9 with pemetrexed (green arrows). n = 10 drug

treatment, n = 5 saline.

(B) Mice treated at days 2 and 9 (blue arrows) with

gemcitabine (treated group, blue bars and line) or

saline (control group, black bars and line). n = 10

drug treatment, n = 5 saline.

(C) Top: mice treated at days 2 and 9 (red arrows)

with pemetrexed and gemcitabine administered

together (treated group, red bars and line) or

saline (control group, black bars and line). Bottom:

mice treated with gemcitabine at days 5 and 12

(blue arrows) and pemetrexed at days 7 and 14

(green arrows; treated group, red bars and line) or

saline (control group, black bars and line). n = 10

treated group, n = 5 control group.

(D) Long-term treatment of Myc1-bearing mice with vehicle (black bars and line), or treated (red bars and line) with pemetrexed (green arrows) and gemcitabine

(blue arrows).

(E) Mice bearing G3 MB PDX Icb-1572 (passage 8) treated at day 13 after implant and days, 20, 34, and 41 (red arrows) with pemetrexed and gemcitabine (n = 5,

red bars and red line) or saline (n = 5, black bars and black line).

(F) Mice bearing G3MB PDX TB-12-5950, treated after implant at days 40, 47, 61, and 68 (red arrows) with pemetrexed and gemcitabine (n = 5, red bars and line)

or saline (n = 5, black bars and line).

(G) Mice bearing G3 MB PDX Med-511-FH treated at days 26, 33, 47, and 54 (red arrows) with pemetrexed and gemcitabine (n = 5, red bars and line) or saline

(n = 5, black bars and line). Error bars represent SD.

See also Figure S4.
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vehicle was 11 days, whereas treatment with pemetrexed at

days 4 and 11 increased the median survival up to 28 days.

Mice treated with gemcitabine at days 4 and 11 had a median

survival of 26 days whereas cotreatment with pemetrexed and

gemcitabine given together increased the median survival by

33 days (Figure S4E).

Because the treatment of mice with the two drugs adminis-

tered singly or together was well tolerated, based on weekly ob-

servations of signs of morbidity (loss of motion, head dome, and

lethargy) and white blood cell count, and because the tumors re-

turned despite treatment, we assessed the effects of a longer

treatment course on tumor growth. Ten Myc1-induced G3 MB-

bearing mice were either treated with vehicle or once a week

with gemcitabine from days 4 to 32 and pemetrexed from days

6 to 34 after tumor implant. Long-term treatment increased

mouse median survival by 18 days (Figure 4D). Similar results

were obtained when mice were transplanted with Myc2, and

treated long term with the two drugs administered together

(Figure S4F).

Pemetrexed and Gemcitabine Inhibit Human G3 MB
Proliferation In Vivo
The PDX Icb-1572, passage 8, was marked with luciferase and

implanted in the cortex of CD1 mice that were treated 13 days

after tumor implant with pemetrexed and gemcitabine at days

13, 20, 34, and 41 (Figure 4E). When added together, the two

drugs increased mouse median survival by 21 days. We

confirmed these results in two other G3 MB PDXs, with MYC

amplification, TB-12-5950, passaged once in NSG and three

times in CD1 mice and Med-511-FH, passaged once in NSG

animals (J.M.O., unpublished; Figures 4F and 4G). Because

each PDX had a different proliferation rate, treatment was initi-

ated at different times after implant when the luminescence

signal reached 5 3 105 photons/sec (TB-12-5950, 40 days [Fig-

ure 4F] and Med-511-FH, 26 days [Figure 4G; Figure S4G]). In

both cases, all mice treated with vehicle died of tumor burden

with a median survival of 67 days after implant whereas those

treated with gemcitabine and pemetrexed survived longer—up

to 81 days. Thus, for each PDX, the median survival was signifi-

cantly longer in the treatment group than in the control.

Effects of the Treatment ofMouseG3 and SHHMBswith
Pemetrexed and Gemcitabine Combined to Cisplatin
and Cyclophosphamide In Vivo
In an attempt to compare the pemetrexed and gemcitabine com-

bination to agents already in clinical use, we treatedmice bearing

mouseG3MBwith cisplatin and cyclophosphamide (cycle A) fol-

lowed with pemetrexed and gemcitabine (cycle B; Figure 5A;

White and Sterling-Levis, 2008). Vincristine, the third drug used

in the clinic, could not be used due to intolerable toxicity in

mice (data not shown). Mice treatedwith vehicle had to be eutha-

nized 21 days after implant (Figure 5B, black bars and lines).Mice

treated for two cycles with pemetrexed and gemcitabine com-

bined (cycle B) had an 18-day increased median survival

compared to vehicle-treated mice (Figure 5B, green bars and

line; p = 0.035). Mice treated with i.v. cisplatin, 5 mg/kg at day

1 and intraperitoneally with cyclophosphamide, 130 mg/kg for

5 consecutive days, days 2–6, had a median survival of 12 days

longer than the vehicle-treated mice (Figure 5B, blue bars and

line; p = 0.035); however, two of the five mice died from acute

drug-induced toxicity. Remarkably, mice treated with cisplatin

and cyclophosphamide alternating with pemetrexed and gemci-

tabine survived 25 days longer than the vehicle-treated animals

but still succumbed to tumors (Figure 5B, red bars and line; p =

0.0069). Therefore, the combination of cisplatin and cyclophos-

phamide with pemetrexed and gemcitabine resulted in a longer

median survival than either treatment alone.

We evaluated the potential toxicity of each therapeutic

regimen by analyzing blood chemistries, including while blood

cells, absolute neutrophil and platelet counts, once a week

from cohorts of animals bearing mouse G3 MB treated with

cisplatin and cyclophosphamide (Figure 5C, blue lines), peme-

trexed and gemcitabine (Figure 5C, green lines), versus the com-

bination of both cycles (Figure 5C, red lines). One cycle of

cisplatin and cyclophosphamide dramatically decreased the

number of white blood cells, neutrophils, and platelets, but this

was reversible because the values recovered to normal once

treatment was stopped (Figure 5C).

To assess whether the combination of pemetrexed, gemcita-

bine, and/or cisplatin and cyclophosphamide could also sup-

press proliferation of human G3 MB and mouse SHH MB, tumor

cells purified from Icb-1572 and from a mouse SHH MB marked

with luciferase were implanted in the cortex of recipient CD1

mice. Animals were treated with the same regimen as for mouse

G3 MB. Mice bearing the Icb-1572 tumor died at 39 days post-

implant when treated with vehicle (Figure 5D, black line). When

treated with two rounds of cycle A, they died at 55 days (Fig-

ure 5D, blue line), but survive up to 60 days with two rounds of

cycle B (Figure 5D, green line). Mice treated with cycle A and B

died 63 days after transplant (Figure 5D, red line). Mice with

mouse SHH MB treated with vehicle had to be sacrificed

28 days after transplant (Figure 5E). Mice treated for two rounds

of cycle B had a 2-day increased median survival compared to

vehicle-treated mice (Figure 5E, green bars and line) but when

treated with two rounds of cycle A survived 14 days longer

than vehicle-treated mice (Figure 5E, panels, blue bars and

line). Finally, mice treated with alternating cycle A and B survived

8 days longer than the vehicle-treated animals but succumbed to

tumors (Figure 5E, red bars and line). This demonstrated that

treatment with pemetrexed and gemcitabine had little effect on

the survival of mice bearing mouse SHH MB. However, SHH

MBs responded to cisplatin and cyclophosphamide, as ex-

pected from clinical experience.

Resistance to Pemetrexed and Gemcitabine
In all cases, tumors relentlessly regrew and eventually killed the

animals. To test whether tumor regrowth could potentially be due

to intrinsic drug resistance, tumor cells were purified from four

G3 MBs, two from untreated animals (tumors 1 and 2) and two

from mice treated with pemetrexed and gemcitabine (tumors 3

and 4; Figure 4D), and grown as neurospheres in the presence

or absence of drugs (Figure 6A). Regardless of whether the tu-

mor cells came from untreated or treated animals, they had

similar sensitivity to pemetrexed and gemcitabine, suggesting

that tumor regrowth was not due to intrinsic resistance to either

drug (Figure 6A). Moreover, gene expression analysis of tumors

harvested at sacrifice from treated or control mice showed no

significant difference in their global transcriptome; principal
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component analysis of either primary or secondary G3MBs from

untreated animals or from G3 MBs treated with pemetrexed,

gemcitabine, or both, clustered together (Figure 6B).

To gage whether mouse G3 MBs harvested from animals

treated long-termwith pemetrexed and gemcitabine (Figure S4F)

remained sensitive to the two drugs in vivo, tumor cells were

purified from G3 MBs from treated mice at euthanasia and re-

implanted into the cortices of naive recipients. Mice bearing

MB were either left untreated (Figure 6C, black bars and line)

or treated with the two drugs added together, once a week

from days 6 to 34 (Figure 6C, red bars and line). Whether the tu-

mors were from animals treated or not, mouse median survival

was similar (compare Figure 6C to Figure S4F). To assess the

role of pharmacokinetics in drug resistance, mice bearing G3

MB were treated with pemetrexed and gemcitabine at days 3,

10, and 24. Plasma and brain samples were collected 1, 3, and

6 hr after the last day 24 treatment. Plasma exposure of both

pemetrexed and gemcitabine were equivalent to that observed

after single-dose treatment, and brain concentrations remained

above the respective EC50 concentrations for both drugs. These

results suggest that neither intrinsic acquired drug resistance of

tumor cells nor altered drug delivery accounted for the observed

persistent tumor growth after therapy.

Others have shown that the spatial distribution of chemother-

apeutics in solid tumors is highly dependent on the presence of

blood vessels (Minchinton and Tannock, 2006; Saggar et al.,

2013). Two independently derived mouse G3 MBs were immu-

nostained with an antibody to caspase 3 after treatment with

pemetrexed and gemcitabine. Caspase 3 staining was not de-

tected in the vehicle-treated tumors (Figure S5A, control) but

was found in tumors from treated mice. Even though tumors

were well vascularized, areas of apoptosis were detected (Fig-

ure S5A). Moreover, we found that pemetrexed and gemcitabine

induced cell death in tumor cells in vitro by Annexin V staining

(Figure S5B) and that gemcitabine induced histone 2AX (H2AX)

foci after 1 hr treatment at 5 nM (Figure S5C, bottom). Prolifera-

tion measured by bromo-deoxy-uridine (BrdU) incorporation

was similar in treated and untreated MBs (Figure S5D). These

data suggest that host factors and/or vascularization of the tu-

mors may limit the efficacy of pemetrexed and gemcitabine.

Purine metabolism is directly linked to the folate pathway

through the action of GART. We found that increasing the con-

centration of folate in the medium (up to 10 mM) significantly

decreased the sensitivity of mouse G3 MB neurospheres to

pemetrexed, highlighting the importance of the folate pathway

in these tumors (Figure S5E). We also noticed that when G3

Figure 5. Treatment of Mouse G3 and SHH MBs with Pemetrexed and Gemcitabine Combined with Cyclophosphamide and Cisplatin

(A) Treatment schedule with cisplatin (C, bold blue arrow) at day 1 and cyclophosphamide (C, dark blue arrows) from days 2 to 6 every 3 weeks (C+C, cycle A, top)

or pemetrexed and gemcitabine together twice every 3 weeks (P+G, cycle B, bottom).

(B) Mice bearingmouse G3MB treated with saline (black bars and line), C+C at each course, (blue bars and line), P+G at each course (green bars and line), or with

C+C for the first course and P+G for the second course (red bars and line). Error bars represent SD.

(C)White blood cells (WBC), neutrophils (ANC), and platelet counts for mice treatedwith saline (black curves), C+C at each course (blue curves lines), P+G at each

course (green curves) or alternative cycle of C+C first followed by P+G (red curves). Error bars represent SD.

(D) Mice bearing G3 MB PDX Icb-1572 treated with saline (black bars and line; median survival 39 days), with C+C at each course (blue bars and curve; median

survival 55 days, p = 0.0724), with P+G at each course (green bars and curve; median survival 60 days, p = 0.0084), or with C+C for the first course and P+G for the

second course (red bars and curve; median survival 62 days, p = 0.0044). Error bars represent SD.

(E) Mice bearing mouse SHH tumors treated with saline (black bars and line; median survival 28 days), with C+C at each course (blue bars and curve; median

survival 42 days, p = 0.045), with P+G at each course (green bars and curve;median survival 30 days, p = 0.1042), or with C+C first course and P+G second course

(red bars and curve; median survival 36 days, p = 0.040). Error bars represent SD.
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MB-bearing animals were treated with cisplatin/cyclophospha-

mide or pemetrexed/gemcitabine for one cycle, tumor cells har-

vested from these mice responded to the four drugs similarly in

culture with no significant differences in EC50 (Figure S5F).

DISCUSSION

G3 MB, characterized by high levels of MYC expression due to

gene amplification or overexpression (Northcott et al., 2011,

2012), is a particularly aggressive tumor for which current ther-

apy is inadequate. The generation of a MYC-driven murine

model of G3 MB and its propagation as robust neurospheres

enabled the testing and identification of compounds from a

‘‘bioactive’’ library including 830 FDA-approved drugs, to select

and prioritize agents for clinical development. The integration of

this in vitro drug screen with in vivo pharmacokinetic and phar-

macodynamic studies identified two FDA-approved drugs, pe-

metrexed and gemcitabine, as therapy for this deadly disease.

Overall, the screening process identified all expected drugs

known to have clinical effect including vincristine, vinblastine,

and etoposide (cisplatin and cyclophosphamide were not tested

due to incompatibility with the high-throughput screen [HTS]) as

well as agents not previously known to be active. Among the

latter category, decitabine was a very interesting ‘‘hit’’ because

its use in vitro resulted in a decrease of H3K27me3, an epigenetic

mark characteristic of G3 and G4 MBs (Dubuc et al., 2013; Rob-

inson et al., 2012). Unfortunately, it was unsuitable for further

in vivo studies due to predicted inadequate central nervous sys-

tem exposure in humans. Nonetheless, the in vitro efficacy of

decitabine suggested that similar hypomethylating drugs with

adequate brain penetration should be considered for the

treatment of G3 MBs. On the other hand, pemetrexed and gem-

citabine showed high antiproliferative potency against mouse

and PDX G3 MBs in vitro and in vivo. When used as single

agents, each inhibited proliferation of mouse and human G3

MB neurospheres. When administered in combination to mice

bearingmurine or PDXsG3MB, survival time doubled compared

to vehicle-treated animals. In contrast, mouse SHH MBs did

not respond to the combination of pemetrexed and gemcitabine,

suggesting that the combination of the two drugs should

specifically target G3 MBs. It would be informative to know

whether this combination chemotherapy has a similar efficacy

in G4 MBs. However, if the response to the drugs is MYC

driven, then average lower levels of MYC expression in G4 MB

(Northcott et al., 2011) suggest that it will not be an effective ther-

apeutic approach. Furthermore, the large number and heteroge-

neity of G4 MBs, without the availability of several adequate

mouse models, preclude comprehensive preclinical studies

similar to those that cover the spectrum of G3 MB with MYC

overexpression.

Previous reports suggested that the combination of gemcita-

bine and pemetrexed was synergistic (Adjei, 2002; Tonkinson

et al., 1999), which prompted their use in the treatment of

non-small-cell lung cancer (NSCLC), pancreatic cancer, and

advanced breast cancer (Monnerat and Le Chevalier, 2006).

Clinical trials in adults have shown this combination of drugs to

be well tolerated for multiple cycles at doses of gemcitabine

ranging between 1,250 and 1,500 mg/m2 on days 1 and 8 and

of pemetrexed at 500 mg/m2 on day 8. Response rates have

been promising in the range of 10% to 44% in NSCLC. Further-

more, a number of clinical trials have tested different delivery

schedules of pemetrexed and gemcitabine, alternating the

administration sequence and intervals between administration

(Ma et al., 2005; Monnerat and Le Chevalier, 2006).

Both pemetrexed and gemcitabine have been used to treat

pediatric cancers with each agent exhibiting an acceptable

toxicity profile. A phase 1 pediatric clinical trial conducted in chil-

dren with refractory solid tumors evaluated a range of peme-

trexed dosages from 400 to 2480 mg/m2, and identified a

maximum tolerated dose (MTD) in children of 1,910 mg/m2 i.v.

given once every 21 days with folate and B12 supplementation

(Malempati et al., 2007). The results of a pediatric phase 1 study

with gemcitabine as single agent showed that the MTD was

1,200 mg/m2 when given as a 30 min infusion once weekly for

3 consecutive weeks of a 4-week cycle. The MTD for a 2-week

schedule has not been established; however, the dose escala-

tion concluded at 2,100 mg/m2 given on days 1 and 8 without

reaching a defined MTD, indicating that this regimen was well

tolerated (Reid et al., 2004).

Our studies in mice bearing G3 MB clearly showed that both

gemcitabine and pemetrexed exceeded their respective EC50

values in the tECF and studies in mice not bearing tumor showed

that both drugs penetrated the brain. This finding is consistent

Figure 6. Resistance of Mouse G3 MBs to Gemcitabine and Peme-

trexed Treatment

(A) Viability of tumor cells purified from four individual tumors (1–4) from ani-

mals treated in Figure S4F grown in vitro and treated with 40 nM pemetrexed

(pem, white bars), 5 nM gemcitabine (gem, gray bars), or both drugs together

(black bars). Cell viability was measured after 72 hr treatment by trypan blue

normalized to cells treated with DMSO. Error bars represent SD.

(B) Principal component analysis (PCA) for G3 neurospheres (G3 NS, black and

gray dots, n = 7), Trp53-null neurospheres (NS, clear blue dots, n = 3), primary

G3 MBs (dark blue dots, n = 3), secondary G3 MBs (yellow dots, n = 3), or G3

MBs (tumors) from animal treated with pem (orange dots, n = 3), gem (red dots,

n = 3) or both drugs (dark red dots, n = 3).

(C) Mice implanted with tumors harvested frommice treated in (A) were treated

with vehicle (black bars, top; black line, bottom) or with pem and gem com-

bined (red bars, top; red line, bottom) at days 7, 14, 28, and 35 (red arrows).

Error bars represent SD.

See also Figure S5.
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with published reports (Kerr et al., 2001; Stapleton et al., 2007;

Kumthekar et al., 2013) in other animal models and humans

that showed modest, but clinically relevant brain penetration of

both gemcitabine and pemetrexed.

Our preclinical studies suggest that both pemetrexed and

gemcitabine are efficacious on mouse G3 MB when given

7 days apart, and we observed no difference in efficacy when

gemcitabine preceded pemetrexed or when administered

together. The plasma AUC values for pemetrexed (200 mg/kg/

dose) and gemcitabine (60 mg/kg/dose) in mice were similar to

those reported in humans at dosages in the 400–670 mg/m2

ranges for pemetrexed and 1,250 mg/m2 for gemcitabine (Mal-

empati et al., 2007; Reid et al., 2004). This suggested that the

combination of pemetrexed and gemcitabine was clinically

feasible at dosages well below the already established MTD in

children.

The comparison of pemetrexed and gemcitabine in combina-

tion to themore clinically analogous combination of cisplatin and

cyclophosphamide led to the unexpected finding that the inte-

gration of these four drugs produced a heightened tumor

response. We assessed the effect of cisplatin and cyclophos-

phamide alone, pemetrexed and gemcitabine alone, or a combi-

nation of those drugs. Whereas treatment with pemetrexed and

gemcitabine or cyclophosphamide and cisplatin increased the

median survival of mice bearing murine G3 MB by 18 and

12 days, respectively, versus vehicle treated animals, when

given as alternating cycles, median survival was increased by

25 days. Moreover, no additional toxicity was detected. When

transplanted with the PDX Icb-1572, the combination of the

two cycles led to an increased median survival of 23 days. In

contrast, treatment of mice bearing mouse SHH MB with cycles

of pemetrexed, gemcitabine, and cisplatin and cyclophospha-

mide did not improve mouse survival compared to treatment

with cisplatin and cyclophosphamide alone. These results pro-

vide stronger rationale for adding pemetrexed and gemcitabine

to the current therapeutic regimen for the treatment of human

G3 MBs.

Folates are essential for purine and pyrimidine synthesis and

consequently rapid cellular division and proliferation of cancer

cells. Gene set enrichment analysis confirmed that both the

folate and purine metabolic pathways were significantly en-

riched in mouse G3 MBs compared with GNPs and SHH MBs.

Although the antifolate agents methotrexate and 5-fluorouracil

have been widely used for decades in the treatment of malig-

nant tumors, pemetrexed is a relatively new therapeutic agent

currently approved as a first line treatment for mesothelioma

(Dowell et al., 2012), NSCLC in association with platinum-based

chemotherapy (Mubarak et al., 2012), and in newly diagnosed

brain metastasis (Bailon et al., 2012). It also showed clinical ac-

tivity in other adult tumors such as breast, colorectal, bladder,

cervical, gastric, and pancreatic cancers (Adjei, 2004; Chatto-

padhyay et al., 2007; Warwick et al., 2013). Genes regulating

pyrimidine metabolism were also enriched in mouse G3 MBs

compared with mouse GNPs and SHH MBs, in agreement

with the antiproliferation effects of gemcitabine, a pyrimidine

cytidine analog.

In summary, our studies identified gemcitabine and peme-

trexed, two FDA-approved drugs, as efficacious in increasing

survival of mice bearing PDX G3 MBs in which MYC is overex-

pressed. In combination with two chemotherapeutic drugs in

current clinical use, cyclophosphamide and cisplatin, we found

increased prolonged survival of mice bearing eithermouse or hu-

man G3MB for as long as 40 days after tumor implant compared

to untreated animals. Pemetrexed and gemcitabine have both

been evaluated in single agent phase 1 studies in childhood cen-

tral nervous system and solid tumors, and are recommended in

phase 2 clinical trials, although there are very limited data spe-

cific to MB. Due to the specificity of this combination therapy

in G3 over SHH MBs that harbor high MYC levels and have a

worse prognosis, it seems prudent to evaluate this therapy in hu-

man G3 MBs. G3, MYC amplification or overexpression, pres-

ence of metastatic disease, and large cell/anaplastic MBs are

all overlapping poor prognostic features of MB that represent a

huge challenge to the clinical management of the disease

because as a group these have an approximate 60% 5-year

overall survival in comparison to an 80% 5-year overall survival

in patients who do not harbor these characteristics. Further-

more, the majority of these patients currently get maximal

‘‘high risk’’ therapy, which includes high-dose craniospinal radi-

ation and adjuvant postradiation chemotherapy. Current and

future protocols are risk-stratifying patients based on the pres-

ence or absence of these and other molecular characteristics.

However, without having any additional effective agents to add

to high-risk therapy, there will be little change to these patients’

overall survival times.

These data are exciting from a clinical perspective because

they suggest that pemetrexed and gemcitabine can be added

to currently used chemotherapy with an enhanced effect and

little additional myelosuppressive toxicity. Therefore, these

medications, which have already been used clinically in combi-

nation with other chemotherapy regimens in other cancers,

could be incorporated into high-risk MB therapy for patients

with G3 MBs. We do not know whether the combination of pe-

metrexed and gemcitabine will be effective in G3 MBs that do

not overexpress or amplify MYC. However, because approxi-

mately 17% of G3 MB amplify the MYC gene (Northcott et al.,

2012), and >75% of G3 MB exhibit high MYC expression (North-

cott et al., 2011), this supports our recommendation to try this

therapy in G3 MB. These agents must be introduced in strin-

gently designed clinical trials that can strictly monitor for ex-

pected and unexpected toxicities of these agents as well as

measure whether the suggested enhanced effect of this therapy

translates to human disease.

EXPERIMENTAL PROCEDURES

Development of Mouse G3 and SHH MB and G3 MB PDXs

Mouse G3 MBs were generated by orthotopic transplantation of GNPs from

cerebella of P7 Trp53�/�; Cdkn2c�/� mice infected with MYC-encoding retro-

viruses (Kawauchi et al., 2012). Mouse SHH MBs spontaneously occur in

Ptch1+/�; Trp53�/� animals (Wetmore et al., 2001) and were previously

described (Uziel et al., 2005). G3 MB PDXs were developed from primary

tumor samples, from previously untreated patients, and implanted into the cor-

tex or cerebella of NSG mice. The generation of PDXs is provided in detail in

the Supplemental Experimental Procedures. In all cases, primary human brain

tumor specimens were obtained under written informed consent approved by

the Institutional Review Boards of SJCRH; the Necker Sick Children’s Hospi-

tal, Paris, France; the Baylor College of Medicine in Houston, Texas; and the

Seattle Children’s Hospital. All animal studies were conducted according to

the National Institutes of Health guidelines and regulation and de-identified
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specimens were used to make patient-derived xenograft mice in accordance

with the Institutional Animal Care and Use Committee-approved protocols of

SJCRH, Fred Hutchinson Cancer Center, and Baylor College of Medicine.

The care and use of animal studies in Orsay, France were performed by strictly

applying European and National Regulation in force for the Protection of Verte-

brate Animals used in experimental and other scientific purposes (directive 86/

609). The protocol also complied with internationally established 3R principles,

in accordance with United Kingdom Coordinating Committee on Cancer

Research guidelines.

Cell Culture

Mouse and human G3 MBs, mouse SHH MBs, and Trp53-null GNPs were

grown as neurospheres in supplemented neurobasal medium, as described

previously (Kawauchi et al., 2012). HepG2 and TERT- BJ lines were purchased

from ATCC (#77400, CRL-4001) and human neural stem cells (H9) from

Invitrogen.

High-Throughput Screen

The SJCRH ‘‘bioactive’’ library consisted of 7,389 compounds (6,568 unique)

that were screened on mouse G3 MB and Trp53-null neurospheres. The HTS

was performed at one 10 mM concentration and the luminescent signal from

the plates were read 72 hr after treatment using CellTiter-Glo, as described

previously (Atkinson et al., 2011). Dose-response experiments identified 35

FDA-approved drugs from which three, decitabine, pemetrexed and gemcita-

bine, were chosen for further analysis. Additional details concerning the chem-

ical library screened, the HTS assay protocol, the hits validation and data

analysis, and ‘‘washout’’ experiments are reported in the Supplemental Exper-

imental Procedures.

Pharmacological Studies

Murine plasma and tECF samples were analyzed for pemetrexed and gemci-

tabine using separate validated liquid chromatography-tandem mass spec-

troscopy assays. To assay gemcitabine samples, tetrahydrouridine was

added during sample collection to prevent deamination of gemcitabine to

20,20-difluorodeoxyuridine by cytidine deaminase. For pemetrexed and gemci-

tabine plasma pharmacokinetic (PK) studies, a serial sacrifice plasma-only PK

study (single sample per mouse) was performed in tumor-bearing mice to

obtain initial plasma PK parameter estimates. These estimates were used to

inform a D-optimal, limited sampling model for microdialysis experiments,

minimizing bloodwithdrawal andmaximizing information content. Using a pre-

viously published microdialysis technique (Zhuang et al., 2006), we assessed

pemetrexed and gemcitabine tumor penetration separately in orthotopically

implanted mouse G3 MBs. Prior to the in vivo microdialysis study, microdial-

ysis probe recovery was assessed for each compound using an in vitro

recovery technique. More details on pemetrexed and gemcitabine liquid chro-

matography-tandem mass spectroscopy bioanalytical assays, plasma PK

studies, and cerebral microdialysis studies are described in the Supplemental

Experimental Procedures.

Statistical Analysis

Statistical analyses were performed in the GraphPad Prism software version

5.0. The Kaplan-Meier (log rank) test was used for testing significant mouse

survival.

Gene Expression Profiling

Total RNA was extracted using Trizol, as previously published (Kawauchi

et al., 2012). RNA was subjected to Affymetrix Gene Chip analysis

(HT430PM, Affymetrix). Data were analyzed with Spotfire (Kawauchi et al.,

2012) and for gene set enrichment analysis (Broad Institute). Gene ex-

pression of xenografts TB-12-5950 and Icb-1572 were compared to gene

expression profiles from 72 primary human medulloblastoma samples (Rob-

inson et al., 2012). Total RNA was extracted from the snap-frozen human

MBs and xenograft samples using STAT-60. mRNA profiles were generated

using U133 Plus 2.0 microarray (Affymetrix). The data were imported into

Spotfire Decision Site, and for each probe set and subject, Z scores were

calculated by computing the mean and SD across subjects within each

probe set.

Immunoblotting, In Vivo BrdU Incorporation, Caspase 3 and BrdU

Immunostaining, Gamma-H2AX, and Fluorescence In Situ

Hybridization Analysis

All procedures and reagents are described in detail in the Supplemental Exper-

imental Procedures.
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SUMMARY

Chromosomal translocations disrupting MLL generate MLL-fusion proteins that induce aggressive
leukemias. Unexpectedly, MLL-fusion proteins are rarely observed at high levels, suggesting excessive
MLL-fusions may be incompatible with a malignant phenotype. Here, we used clinical proteasome inhibitors,
bortezomib and carfilzomib, to reduce the turnover of endogenous MLL-fusions and discovered that
accumulated MLL-fusions induce latent, context-dependent tumor suppression programs. Specifically, in
MLL pro-B lymphoid, but not myeloid, leukemias, proteasome inhibition triggers apoptosis and cell cycle
arrest involving activation cleavage of BID by caspase-8 and upregulation of p27, respectively. Furthermore,
proteasome inhibition conferred preliminary benefit to patients withMLL-AF4 leukemia. Hence, feasible stra-
tegies to treat cancer-type and oncogene-specific cancers can be improvised through harnessing inherent
tumor suppression properties of individual oncogenic fusions.

INTRODUCTION

During tumorigenesis, the accumulation of genetic and epige-

netic alterations is a key mechanism that contributes to the

malignant phenotype and is a hallmark of cancer (Hanahan

and Weinberg, 2011). Driver mutations appear important for

tumorigenesis, and tumor cells frequently develop dependence

on select oncogenes during cancer evolution for tumor mainte-

nance and malignant progression, hence, develop ‘‘oncogene

addiction’’ (Sharma and Settleman, 2007). In several exemplary

cases, oncogene addiction can be broken by molecularly

targeted agents aimed at therapeutic inhibition of the onco-

genic signaling pathway or the oncoprotein itself (Luo et al.,

2009).

Classically known oncogenes, such as MYC, RAS, and E2F1,

induce transformation and promote tumorigenesis in various

settings, but paradoxically incur cellular tumor suppression

responses, such as cellular senescence and programmed cell

Significance

The oncogene addiction hypothesis posits that cancers driven by select oncogenes are vulnerable to therapeutic inhibition
of the culprit oncoprotein. Surprisingly, recent studies have demonstrated that oncogenes have cryptic intrinsic tumor sup-
pression activity that requires downregulation for tumorigenesis. Here, we investigatedwhetherMLL-fusions possess latent
tumor suppression activity and if so, whether it could be redirected to inflict self-destruction. Indeed, we found pro-B MLL
leukemia cells were sensitive to bortezomib and carfilzomib.We treated five patients withMLL leukemia that failed standard
therapies with bortezomib and observed complete remission in one patient and hematological improvement in another;
both had pro-B leukemia. Our study supports further exploration of latent tumor suppression properties of individual onco-
genes for cancer treatment.
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death. Highlighting this phenomenon, MYC-induced lympho-

magenesis depends on an inhibition of apoptosis, often through

upregulation of prosurvival proteins of the anti-apoptotic BCL-

2 family. Like many oncogenes, MYC is not directly druggable,

thereby posing challenges to cancer therapy development.

Intriguingly, tumorigenesis by oncogenes may involve cell-

type specificity and proper oncogene dosage (Lowe et al.,

2004). Regarding oncogene dosage, for example, whereas

moderate MYC expression leads to transformation, excess

MYC accumulation triggers apoptosis. Thus, tumor suppres-

sive surveillance may depend on a threshold of oncogene

abundance.

The mixed-lineage leukemia gene (MLL) encodes a large,

500 kDa nuclear protein that contains multiple conserved do-

mains, including a SET domain endowed with methlytransferase

activity that is used to methylate histone H3 at lysine 4 (H3K4), a

mark associated with euchromatin and active transcription (Dou

et al., 2006; Milne et al., 2002). MLL functions as heterodimeric

complexes composed of its amino (MLLN320) and carboxy

(MLLC180) terminal segments following site-specific proteolysis

of its full-length precursor polypeptide by the Taspase1 protease

(Hsieh et al., 2003; Oyama et al., 2013; Takeda et al., 2006, 2013).

Additional regulation of MLL function involves its biphasic accu-

mulation and proteasome-mediated degradation coinciding with

the cell cycle, coordinated by the ubiquitin-proteasome system

E3 SCFSkp2 and APCCdc20 at S and M phases, respectively

(Liu et al., 2007, 2010). Interestingly, MLL is also subject to pro-

teasome-mediated degradation by the ECSASB2 E3 ligase (Wang

et al., 2012).

Chromosome 11q23 translocations involvingMLL account for

�80% of infant leukemias, �10% of adult acute leukemias, and

�33% of therapy-related myelodysplastic syndrome/secondary

acute leukemias (Liu et al., 2009). LeukemogenicMLL transloca-

tions fuse the common MLL 50 part that encodes its N-terminal

�1,400 amino acid in framewithmore than 60 translocation part-

ner genes (TPGs) (Krivtsov and Armstrong, 2007; Liedtke and

Cleary, 2009; Liu et al., 2009; Muntean and Hess, 2012; Yip

and So, 2013). MLL translocations involving fusion of chromo-

some 11 with chromosomes 4 and 19 resulting in MLL-AF4

andMLL-ENL, respectively, are prevalent in acute lymphoblastic

leukemia (Bhojwani et al., 2009), whereas its translocations with

chromosomes 9 and 6 producing MLL-AF9 and MLL-AF6,

respectively, are commonly associated with acute myeloid leu-

kemia (AML). MLL-induced leukemias often show resistance to

chemotherapies and consequently, patients with these malig-

nancies typically undergo rapid relapse following these conven-

tional treatments. The lack of adequate therapy for leukemias

is likely due, in part, to the wide diversity of TPGs and potent

oncogenic capacity of MLL-TPG fusion proteins. Hence, much

remains to be learned about the activities of the MLL-fusion

proteins.

Unexpectedly, expression of certain MLL-fusion products

appears to compromise leukemia cell survival (Ayton and

Cleary, 2001; Caslini et al., 2000; Xia et al., 2005), and clinical

samples from leukemia patients rarely show high-level accu-

mulation of these oncoproteins. Here, we investigated the hy-

pothesis that the accumulation of high levels of endogenous

MLL-fusion proteins is detrimental to leukemia cell survival

and proliferation.

RESULTS

MLL-Fusion Proteins Accumulate upon Proteasome
Inhibition
We previously observed that MLL-fusion proteins typically do

not reach excessive levels in vivo (Liu et al., 2007, 2010), indi-

cating that their high-levels may result in undesirable cellular

consequences. To examine this further, we monitored the

accumulation of MLL and MLL-fusion proteins upon protea-

some inhibition in different human leukemia cell lines, including

pro-B MLL leukemia cell lines RS4;11 and SEM, and pro-B

non-MLL; that is, without MLL translocation, leukemia lines

JM1 and REH (Drexler et al., 2004; Figure 1A). Before exposure

to bortezomib, RS4;11 and SEM cell lines had detectable

MLL-AF4 levels that were more abundant than in MLL, which

is consistent with the fact that MLL-fusion proteins exhibit

reduced turnover by the cell-cycle-dependent ubiquitin pro-

teasome system (Liu et al., 2007) and that MLL-fusions can

reduce the levels of MLL (Liu et al., 2010). Significantly, upon

exposure to bortezomib, the levels of MLL and MLL-fusion

proteins increased in all tested leukemia cell lines (Figure 1B).

In pro-B MLL leukemia cells, MLL-AF4 levels increased over

the duration of bortezomib treatment, and a similar increase

of MLL-AF9 was observed in treated myelogenous MLL cell

lines THP-1 and NOMO-1 (Figure 1B). Furthermore, stability

analysis demonstrated that MLL-AF4 has a longer protein

half-life than MLL (Figure S1A available online). Therefore,

MLL-fusion proteins in leukemia cells are continually turned

over and their levels appear restricted from reaching an

overabundance.

Pro-B MLL Leukemia Cells Show Greater Sensitivity
upon Proteasome Inhibition, Exhibiting Apoptosis and
G2/M Cell Cycle Block
Next, we investigated what effect bortezomib treatment has on

MLL leukemia cells. Importantly, the pro-B MLL leukemia cell

lines RS4;11 and SEM showed a dosage-dependent reduction

in cell viability (Figure 1C). The reduction in cell viability observed

in these lines was greater than that in non-MLL pro-B lines JM1

and REH cells (Figure 1C). The half-maximal inhibitory concen-

tration of bortezomib was determined to be approximately

3 nM in both RS4;11 and SEM cell lines, which was ten times

lower than that for the other cell lines tested (Figure 1C). This dif-

ference in sensitivity to proteasome inhibition was confirmed

with carfilzomib, another US Food and Drug Administration-

approved proteasome inhibitor (Demo et al., 2007; Figure S1B).

Interestingly, in AML, MLL leukemia lines MV4-11, MOLM-13,

NOMO-1, and THP-1 were similarly resistant to bortezomib as

non-MLL lines HL60 and U937 (Figure 1C). Notably, despite dis-

playing significant sensitivity to bortezomib, RS4;11 and SEM

cells displayed equivalent sensitivity as the other leukemia lines

to common chemotherapeutic agents, including doxorubicin

(DNA topoisomerase II inhibitor), etoposide (DNA topoisomerase

II inhibitor), paclitaxel (microtubule stabilizing agent), cisplatin

(DNA cross-linker), and dexamethasone (corticosteroid) (Figures

S1C–S1G). Thus, these pro-B MLL-AF4 leukemia cells do not

have an intrinsic cell survival impairment. We concluded that

pro-B MLL-AF4 leukemia cells display a selective sensitivity to

proteasome inhibition.
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We sought to better understand the susceptibility to bortezo-

mib in the pro-B MLL-AF4 leukemia cells. Annexin V staining of

RS4;11, SEM, JM1, and REH cells following exposure to borte-

zomib confirmed that the pro-B MLL-AF4 leukemia cells were

more prone to undergo cell death than their pro-B non-MLL leu-

kemia counterparts (Figure 2A). Furthermore, cell cycle analysis

demonstrated that compared to JM1 and REH, the RS4;11 and

SEM cell lines displayed a reduction in the S phase and an accu-

mulation in the G2/M phase (Figure 2B). These cells also dis-

played a greater ratio of sub-G1 ploidy (Figure 2B), indicative

of increased DNA cleavage that associates with apoptosis.

These results suggest that bortezomib selectively induces

apoptosis and G2/M block in pro-B leukemia cells bearing the

MLL-AF4 oncoprotein.

To investigate that MLL-AF4 could be involved in the borte-

zomib-induced cytotoxicity, we performed shRNA-mediated

knockdown studies. SEM and RS4;11 cells were retrovirally

transduced with an shRNA specifically targeting the junction

sequence of MLL-AF4 (shMLL-AF4) or a control shRNA.

Whereas the control shRNA had no effect on bortezomib-

induced killing, shMLL-AF4 led to a reduction in bortezomib-trig-

gered apoptosis (Figures 2C, S2A, and S2B). Furthermore,

ectopic expression of MLL-AF4 in SEM cells appeared to render

increased sensitivity to bortezomib (Figure S2C). Conversely,

because non-MLL pro-B leukemia cells were less susceptible

to the bortezomib-stimulated cytotoxicity (Figure 1), we deter-

mined if ectopic expression of MLL-fusions in REH cells would

alter their sensitivity to proteasome inhibition. To this end, we

generated REH cell lines stably transduced with MLL-AF4,

MLL-AF9, or MLL-ENL (Figure 2D). Remarkably, introduction of

MLL-AF4, MLL-AF9, or MLL-ENL caused REH cells to become

more susceptible to bortezomib (Figure 2D). Of note, reconsti-

tution of the common MLL amino-terminus alone in REH cells

Figure 1. Pro-B MLL-AF4 Leukemia Cells

Display Marked Sensitivity to Proteasome

Inhibitors

(A) Immunoblots of MLL (MLLN320) and the MLL-

AF4 fusion protein in pro-B leukemia cell lines.

Antibody against the shared amino terminus of

MLL among all MLL-fusions was utilized. The

b-actin blot is included to demonstrate similar

loading.

(B) Immunoblots of MLLN320 and MLL-fusion pro-

teins in the indicated cell lines at 0, 3, 6, and 9 hr

after treatment with 5 nM bortezomib.

(C) Cell viability was measured with MTT assay

24 hr after the addition of bortezomib at the indi-

cated concentrations. Top, viability plots of pro-B

ALL cell lines; bottom, of AML cell lines. Relative

cell viability was calculated by the absorbance

reading for bortezomib-treated cells normalized by

untreated cells. Error bars reflect ± SEMmeasured

from three independent experiments.

See also Figure S1.

(Figures 2D and S2D) or MLL-AF4 or

MLL-ENL in HL60 myelogenous leukemia

cells (Figure S2E) did not confer bortezo-

mib sensitivity. Altogether, these results

demonstrate that apoptosis induced by proteasome inhibition

in the pro-B MLL leukemia cells is likely dependent on the

MLL-fusion proteins. They also suggest that distinct leukemia

cells are intrinsically equipped with an oncogenic fusion protein

that could be retooled as a self-destructive weapon.

Bortezomib Triggers Apoptosis in Pro-B MLL Leukemia
through BID Activation
Multiple death stimuli culminate in activation of the pro-apoptotic

BCL-2 cascade, resulting in mitochondrial outer membrane per-

meabilization and cytochrome c efflux into the cytosol for cas-

pase activation (Danial and Korsmeyer, 2004; Kim et al., 2006,

2009; Ren et al., 2010). To determinewhether caspase-mediated

apoptosis is involved in bortezomib-induced cancer cell death,

RS4;11 and SEMcells were cotreatedwith zVAD, a pan-caspase

inhibitor, during their exposure to bortezomib. Cotreatment of

zVAD efficiently reduced the number of annexin V-positive cells

caused by bortezomib (Figures 3A and S3A). We next examined

if anti-apoptotic BCL-2 family proteins BCL-2 or BCL-XL could

suppress this death. In RS4;11 and SEM cells, retroviral trans-

duction of BCL-2 or BCL-XL disrupted bortezomib-induced cell

death (Figures 3B and S3B), indicating that proteasome inhibi-

tion induces cell death through the mitochondrion-dependent

apoptotic pathway. Consistent with these pharmacological and

genetic evidences of apoptosis, RS4;11 and SEM, but not JM1

or REH, cells displayed cleavage of caspase-3 and poly ADP-

ribose polymerase (Figure 3C). Thus, in pro-B MLL leukemia

cell lines, bortezomib induces mitochondrial apoptosis that can

be blocked by anti-apoptotic BCL-2 and BCL-XL.

Bortezomib has been reported to trigger apoptosis in multiple

myeloma cells through both (nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-kB)-dependent and -indepen-

dent mechanisms (Adams, 2004; Cvek and Dvorak, 2011;
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Figure 2. Proteasome Inhibition Induces Apoptosis and Cell Cycle Arrest in the Pro-B Leukemia Cells Harboring MLL-Fusion Proteins

(A) Cells were stained with annexin V after treatment with 5 nM bortezomib.

(B) Cell cycle profiles were analyzed upon a 12 hr exposure to 5 nM bortezomib. Cell cycle profiling was performed after a 30 min pulse incorporation of

bromodeoxyuridine (BrdU), followed by flow cytometry analyses. Regions of the fluorescence-activated cell sorting plot delineating different cell cycle phases are

specified.

(C) Top, immunoblots demonstrated shMLL-AF4-mediated specific knockdown ofMLL-AF4 but not MLL (MLLN320) in SEM cells. The indicated cells were treated

with 12 hr of 5 nM bortezomib. Bottom, MTT assays of the indicated cells after a 24 hr exposure to 5 nM bortezomib are presented.

(D) Left, immunoblots demonstrated exogenous expression of FLAG-tagged MLL-AF4, MLL-AF9, MLL-ENL, and MLL (amino acids 1–1,400), determined by an

anti-MLL amino-terminus antibody. Right, MTT assay were performed after a 24 hr treatment with 5 nM bortezomib.

Error bars reflect ± SEM calculated from three independent experiments. *Indicates statistical significance (p < 0.05). See also Figure S2.
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Hideshima et al., 2009). However, upon proteasome inhibition in

RS4;11 and SEM cells, no increase was seen in the levels of I-kB,

a major regulatory protein of NF-kB complexes that is controlled

by stimulus-dependent proteasome-mediated degradation (Fig-

ure 3C). This suggests that NF-kB inhibition is unlikely to be the

main mechanism underlying bortezomib-induced apoptosis.

The observation that bortezomib-induced apoptosis can be

inhibited by BCL-2 and BCL-XL indicates the involvement of

mitochondrion-dependent cell program. In response to death

signals, activator BH3-only molecules, including truncated BID

(tBID), BIM, and PUMA, directly interact with BAX and BAK to

induce a stepwise structural reorganization and the ensuing

oligomerization of BAX and BAK, leading to mitochondrial outer

membrane permeabilization (Cheng et al., 2001; Kim et al., 2006,

2009; Ren et al., 2010). To interrogate further, we examined the

levels of pro- and anti-apoptotic BCL-2 family proteins—key

players that integrate death and survival signals at themitochon-

dria (Cvek and Dvorak, 2011; Fennell et al., 2008). In RS4;11 and

SEM cells, but not JM1 or REH cells, conversion of BID to tBID

p15 was observed upon proteasome inhibition (Figure 3C), sug-

gesting that caspase-8 is likely activated to cleave BID. BID nor-

mally resides in the cytosol, and, once cleaved by caspase-8

(tBID), translocates to the mitochondrion where it activates

BAX and BAK to induce cytochrome c release, serving as

an amplification loop for caspase-3 activation. Caspase-8 can

be autoactivated within the death-inducing signaling complex

upon ligation of death receptors such as FAS. Indeed, quantita-

tive RT-PCR (qRT-PCR) analysis of RS4;11 and SEM cells

showed that bortezomib increased transcript levels of FAS,

FASLG, and CASP8, likely contributing to the activation of cas-

pase-8, but not those of HOXA9 orMEIS1, two key downstream

Figure 3. The Cell Death of Pro-B Leukemia

Cells Induced upon Proteasome Inhibition

Involves the Extrinsic Apoptotic Pathway

(A) The percentage of annexin V-positive cells was

determined after a 12 hr exposure to 5 nM borte-

zomib with or without cotreatment of 50 mM zVAD.

(B) Annexin V staining of the indicated cells

was assessed after a 12 hr treatment with 5 nM

bortezomib.

(C) Immunoblots of key apoptosis regulators of

the indicated pro-B leukemia cells before and after

a 12 hr exposure to 5 nM bortezomib.

(D) Annexin V staining of the indicated cells

was assessed after a 12 hr treatment with 5 nM

bortezomib.

Error bars reflect ± SEM calculated from three

independent experiments. See also Figure S3.

leukemogenic effectors of MLL-AF4

(Figures S3C–S3H). Furthermore, borte-

zomib-mediated transcriptional upregu-

lation of CASP8, FAS, and FASLG was

inhibited by knockdown of MLL-AF4

in SEM cells (Figures S3I–S3K). Protea-

some inhibition was reported to increase

the duration and amount of caspase-8

activity upon death receptor engagement

(Gonzalvez et al., 2012). To further interro-

gate the involvement of caspase-8 activation in bortezomib-

induced apoptosis in pro-B MLL leukemia, we exogenously

expressed CrmA, an inhibitor of caspase-8 (Garcia-Calvo

et al., 1998; Muzio et al., 1996), and found that CrmA expression

significantly protected SEM cells from bortezomib-induced

apoptosis (Figure 3D). As previously reported, MCL-1 protein,

which is rapidly turned over by the ubiquitin-proteasome system,

was stabilized by bortezomib (Figure 3C; Perciavalle and Opfer-

man, 2013). However, the potent inactivator of MCL-1, NOXA,

was also highly induced by bortezomib (Figure 3C). Conse-

quently, NOXA would prevent MCL-1 from sequestering tBID,

allowing tBID to activate BAX and BAK (Kim et al., 2006).

Although both NOXA and PUMA are known transcriptional

targets of p53, only NOXA was induced upon proteasome inhibi-

tion. Furthermore, the levels of p53 did not correlate with borte-

zomib-induced apoptosis in these cell lines that carry wild-type

p53 alleles based on the cancer cell line encyclopedia (Barretina

et al., 2012; Figure 3C). Hence, p53 is unlikely to play a role in

proteasome inhibitor-induced apoptosis in our experimental

setting. Taken together, these results are consistent with a

model in which proteasome inhibition activates caspase-8

to convert BID to tBID, which in turn, initiates BAX- and BAK-

dependentmitochondrial apoptosis in pro-BMLL leukemia cells.

Bortezomib Induces Cell Cycle Dysfunction in RS4;11
and SEM Cells through p27 Activation
Because bortezomib triggers both apoptosis and cell cycle

arrest (Figures 2A and 2B), we examined whether these two pro-

cesses are separable. First, we determined if the bortezomib-

induced G2/M block is affected when apoptosis is abrogated.

For this, anti-apoptotic BCL-XL was ectopically expressed in
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SEM cells to inhibit apoptosis. Despite acquiring a marked

resistance to apoptosis, the BCL-XL-expressing SEM cells still

exhibited a G2/M block upon proteasome inhibition (Figure 4A).

Similarly, cotreatment of zVAD in SEMcells did not affect the G2/

M block caused by bortezomib (Figure S4A). To investigate

further, we performed immunoblotting to detect levels of cyclins

and cyclin-dependent kinase inhibitors, key regulators of cell

cycle progression. In RS4;11 and SEM cells, we observed a

marked upregulation of p27 that correlated with the bortezo-

mib-induced cell cycle arrest (Figure 4B). In contrast, the levels

of p15, p16, p21, and cyclins D1, E2, A, B1, were unchanged

by bortezomib, and hence these were unlikely to be directly

involved in the bortezomib-induced cell cycle arrest (Figure 4B).

We next examined the role of p27 in the bortezomib-induced

G2/M block. In SEM-BCL-2 cells, knockdown of p27 led to an

attenuation of the bortezomib-induced G2/M block (Figure 4C),

indicating that p27 is important for these pro-B MLL leukemia

cells to undergo cell cycle arrest in response to proteasome in-

hibition. Levels of p27 can be controlled by protein degradation

(Chu et al., 2008) and by direct transcriptional activation through

MLL and MLL-AF4 (Milne et al., 2005; Xia et al., 2005). Thus, we

examined if the upregulation of p27 upon bortezomib treatment

depends on MLL-AF4. qRT-PCR analysis showed that the p27

mRNA level in SEM and RS4;11, but not JM1 or REH, cells

was increased by the bortezomib treatment (Figure 4D). Signifi-

cantly, in SEM cells, specific knockdown of MLL-AF4 impeded

p27 induction (Figure 4E). Conversely, enforced expression of

MLL-AF4 or MLL-AF9 in REH cells rendered capability to upre-

gulate p27 (Figure 4F). Taken together, these results suggest

that bortezomib principally stabilizes MLL-AF4 or MLL-AF9,

which in turn activates the transcription of the p27 gene

(CDKN1B). Similarly, knockdown of MLL-AF4 in RS4;11 cells

also compromised p27 induction but to a lesser degree, which

could be due to a less efficient knockdown (Figure S4B). Intrigu-

ingly, concurrent knockdown of both MLL-AF4 and MLL by

targeting the shared amino terminus (shMLL-N) in RS4;11 cells

seemed to further impair the p27 induction upon the bortezomib

treatment, implicating a possible assistance of MLL in the MLL-

AF4-dependent induction of p27 (Figure S4B), reminiscent of

what was shown before that MLL-AF9-induced leukemogenesis

required MLL (Thiel et al., 2010).

We further evaluated the mechanisms by which MLL-fusion

proteins contribute to the p27 upregulation. Interestingly,

MLL-fusion partner proteins, including AF4, AF9, ENL, and

ELL, are functional components of the P-TEFb complex (posi-

tive transcription elongation factor b) that functions in transcrip-

tional elongation (Mohan et al., 2010). Moreover, MLL-AF4, but

not MLL, is able to recruit P-TEFb (Yokoyama et al., 2010).

Therefore, we examined whether the bortezomib-stabilized

MLL-AF4 recruits P-TEFb to enhance CDKN1B transcription.

To this end, we performed chromatin immunoprecipitation

(ChIP) assays. In bortezomib-treated REH and SEM cells, anti-

MLL N terminus antibody detected an increased occupancy

of MLL and/or MLL-AF4 at both the CDKN1B promoter and

exon 2 (Figure 4G). Of note, this N terminus antibody recognizes

both MLL and MLL-fusions (Liu et al., 2010). Like the MLL-AF4

protein, cyclin T1, a key component of the P-TEFb complex

(Mohan et al., 2010), was also observed to have an increased

promoter and gene body occupancy in SEM but not REH cells

(Figures 4G). Altogether, the body of evidence indicates that

accumulation of MLL-AF4 in response to bortezomib leads to

recruitment of the P-TEFb complex to promote transcriptional

processivity along CDKN1B, thereby increasing the production

of p27 mRNA.

MLL-Fusions Target theCDKN1B Locus throughBinding
B Cell-Specific Transcription Factor PAX5
Recruitment of the P-TEFb complex to the CDKN1B locus by

MLL-AF4 could explain howMLL-fusion proteinsmight stimulate

the induction of p27. However, it could not explain why these

MLL-fusions did not induce p27 in AML cells despite similarly

increased protein abundance. MLL and MLL-fusion proteins

do not consist of any apparent sequence-specific DNA binding

domain (Liu et al., 2009). Therefore, we envisioned that MLL-

fusion proteins may upregulate CDKN1B transcription through

DNA binding protein partners, such as PAX5 and EBF1 (early B

cell factor) transcription factors, that are selectively expressed

in pro-B cells (Busslinger, 2004). By co-immunoprecipitation

assays, MLL-AF4 was found to interact with PAX5, but not

EBF1 (Figures 5A and S5A). OtherMLL-fusion proteins, including

MLL-AF9, MLL-ENL, and MLL-ELL, also interacted with PAX5

(Figure 5B), suggesting that the PAX5-interaction domain of

the MLL-fusion proteins is located within the common MLL

N-terminal 1,400 amino acids. Indeed, whereas the different

MLL translocation partners failed to pull down PAX5 by them-

selves, the amino-terminal 1,400 amino acids of MLL were suffi-

cient to pull down PAX5 (Figure S5B). Mapping experiments

using individual MLL fragments demonstrated that the minimal

interaction domain of MLL encompasses the first 400 amino

acids (Figure 5C).

Using JM1, REH, RS4;11, and SEM pro-B leukemia cells, we

confirmed with co-immunoprecipitation assays that endoge-

nous MLL/MLL-AF4 interacted with PAX5 (Figure 5D). Function-

ally, in SEM cells, knockdown of PAX5 abrogated the ability of

bortezomib to induce p27 mRNA and protein (Figures 5E, 5F,

and S5C). Furthermore, PAX5 knockdown did not affect MLL-

AF4 stability (Figure 5F). We noted that PAX5 levels increased

upon bortezomib treatment (Figure S5D), and this increase

was also associated with an increased PAX5 occupancy at

the CDKN1B promoter (Figure 5G). Moreover, the increased

abundance of MLL/MLL-AF4 at the CDKN1B promoter was

lost when PAX5 was knocked down (Figure 5G), indicating

that PAX5 is required for MLL/MLL-AF4 to bind the CDKN1B

promoter. Our collective data support a model in which

the MLL-AF4 recruitment to the CDKN1B locus depends

on PAX5, and the interaction between MLL-AF4 and PAX5 en-

hances transcriptional processivity of CDKN1B, resulting in

the cell cycle arrest.

Because PAX5 appears to be the critical link for recruiting the

MLL fusion protein to the promoters of cell cycle genes such as

CDKN1B, we assessed the effect of enforced PAX5 expression

in THP-1 cells an acute myelogenous MLL leukemia cell line.

Interestingly, introduction of exogenous PAX5 did not restore

the sensitivity of the MLL-AF9-harboring THP-1 cells to the pro-

teasome inhibitors (Figures S5E and S5F). Furthermore, ChIP

assays revealed that neither ectopically expressed PAX5 nor

MLL or MLL fusion proteins could be recruited to the CDKN1B

promoter (Figure S5G), suggesting that additional factors and/
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Figure 4. The p27 Upregulation Plays a Key Role in Bortezomib-Induced Cell Cycle Arrest of Pro-B Leukemia Cells Expressing MLL-Fusions
(A) Cell cycle profiles of the SEM-BCL-XL cells exposed to 5 nM bortezomib for 12 hr were obtained after a 30 min BrdU pulse incorporation, followed by flow

cytometry analyses. Percentages of gated cells are indicated.

(B) Immunoblots of the indicated pro-B leukemic cells following a 12 hr treatment with 5 nM bortezomib.

(C) Top, cell cycle profiles of BCL-2 reconstituted SEM cells expressing shRNA-scramble (shScr) or shRNA-p27 (shp27) were obtained after a 12 hr exposure to

5 nM bortezomib. Bottom left, immunoblots of p27 in knockdown cells. The percentage of the cells in G2/M phase is plotted in the bottom right.

(D) p27 mRNA levels were detected with qRT-PCR in pro-B MLL leukemia cells after a 12 hr treatment with 5 nM bortezomib. Values were normalized against

GAPDH.

(E) The changes of p27 mRNA and protein in the indicated SEM cells upon bortezomib treatment were determined.

(legend continued on next page)
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or the epigenetic status of the CDKN1B locus unique to pro-B

leukemia cells are likely required for the recruitment of the

PAX5/MLL-fusion complex to it.

Preclinical and Clinical Evidence Supports a Role of
Proteasome Inhibition in Treating Pro-BMLL Leukemias
To investigate if the anticancer effects of proteasome inhibitors

on pro-B MLL-leukemias extend to in vivo settings, we per-

formed xenograft studies by transplanting luciferase-GFP-

tagged REH or SEM cells into NOD-scid Il2rg�/� (NSG) recipient

mice. Subsequently, engrafted mice were treated with bortezo-

mib (Luker et al., 2003) and monitored by bioluminescent imag-

ing over approximately 3 weeks. Mice transplanted with REH or

SEM cells without bortezomib therapy developed rapid tumor

progression that was apparent 10 days after transplantation

and that aggressively pervaded nearly the entire animal over

the ensuing 7 days (Figure 6A). Importantly, mice engrafted

with SEM cells and then treated with bortezomib showed a strik-

ing resistance to leukemia accumulation and had only a minor

detectable tumor burden during the same assay period, thus

suggesting significant bortezomib responsiveness in vivo. In

contrast, mice transplanted with REH showed little responsive-

ness to this form of therapy, and displayed a significant tumor

burden (Figure 6A). Hence, similar to the results obtain from

our in vitro studies, our xenograft studies strongly suggested

that bortezomib treatment is an effective agent against pro-B

MLL-AF4 leukemia cells in vivo.

Patients with leukemia bearing MLL translocations generally

have a poor overall prognosis, and this aggressive disease tends

to be refractory to conventional anticancer therapies (Liedtke

and Cleary, 2009). Indeed, MLL leukemia patients frequently suf-

fer relapse after high-dose chemotherapy and/or bone marrow

transplantation. Regrettably, those who fail to respond to stan-

dard therapeutic regimens are often left with limited medical

options. Few clinical trials exist due to the low overall prevalence

of adult MLL-fusion leukemias. A group of five adult MLL leuke-

mia patients, comprised of two pro-B, one biphenotypic, and

two myeloid leukemia cases, were compassionately treated

with bortezomib at standard dosing recommended for multiple

myeloma (Figure 6B and Table S1). Remarkably, patient 1, a

21-year-old female with pro-B MLL-AF4 leukemia, achieved

a complete cytogenetic remission after two standard cycles of

bortezomib (1.3 mg/m2 on days 1, 4, 8, and 11 of a 21 day cycle;

Figure 6C). Due to neurotoxicity, shewas given reduced doses of

bortezomib at 1 mg/m2 once a week as maintenance, which was

discontinued after 8 weeks. This patient remained in complete

remission without further treatment for longer than 1 year. Unfor-

tunately, her leukemia eventually re-emerged and was minimally

responsive to bortezomib, and she died soon thereafter. She

had previously relapsed 6 months after allogeneic bone marrow

transplant from a matched unrelated donor following hyper-

CVAD chemotherapy. Patient 2, who also had pro-B MLL-AF4

leukemia, exhibited nondurable hematologic improvement.

Patient 3, who had biphenotypic MLL leukemia, experienced

nondurable reduction in bone marrow blasts. Consistent with

our preclinical findings showing that bortezomib has no efficacy

onmyelogenousMLL leukemia cells, patients 4 and 5 derived no

clinical benefit from bortezomib therapy.

DISCUSSION

Oncogenes, such as MYC, RAS, and E2F1, underlie various

human malignancies and promote cancer formation in various

experimental settings. Yet, despite acting as important drivers

of tumorigenesis, these oncogenes can trigger tumor suppres-

sion in a cell-context and dose-dependent manner (Lowe et al.,

2004). Indeed, whereas moderate oncogene levels induce

cancer initiation and maintenance, high-level expression can

inadvertently activate tumor suppression surveillance programs

including programmed cell death (Murphy et al., 2008; Sarki-

sian et al., 2007). Most notably, excessive Myc overexpression,

in a titratable Myc mouse model, triggers apoptosis through the

induction of BIM and PUMA, ‘‘activator’’ BH3-only molecules

(Egle et al., 2004; Hemann et al., 2004, 2005). Hence, this

mechanism serves as a powerful way to curb the emergence

of cancer and acts as an organismal protective mechanism

(Pelengaris et al., 2002). Similarly, E2F1-induced oncogenesis

is antagonized by apoptosis in RB-deficient cancer cells

(Chen et al., 1999; Mendoza et al., 2003). However, whereas

oncogenes can activate tumor suppression programs, it re-

mains undetermined if such latent programs persist in tumor

cells and whether they can be reactivated and thereby render

clinical benefit for cancer patients. There are obvious important

issues limiting this application. First, in many cancers, driver

oncogenes are overexpressed. Second, during tumor progres-

sion, cancer cells usually acquire additional mutations that

either abolish or bypass inherent tumor suppression functions.

Third, ideal targets should be different between cancer and

surrounding normal cells. Here, we demonstrate that MLL-

fusion proteins can be stabilized and reactivated upon protea-

some inhibition, triggering latent tumor suppression programs

(Figure 7).

The transcriptional regulation of p27 by MLL, MLL-AF9, MLL-

AF4, and MLL-ENL has been reported in various experimental

settings and appears to be very complex (Caslini et al., 2000;

Milne et al., 2005; Wang et al., 2008; Xia et al., 2005). Intriguingly,

in Jurkat cells overexpression of MLL-AF4 induces p27 whereas

in 293T cells it suppresses (Xia et al., 2005). Furthermore, in

human MLL-AF5 leukemia cells KP-L-RY and MLL-ENL-trans-

formed murine myeloid progenitors, pharmacological inhibition

of GSK3 induces p27 and yields preclinical therapeutic benefits

(Wang et al., 2008). In U937 cells, overexpression of the MLL

amino terminus (amino acids 1–410) induces p27 (Caslini et al.,

2000). In pancreatic neuroendocrine cells and transformed

mouse embryonic fibroblasts, wild-type MLL complexes with

Menin to activate p27 (Milne et al., 2005), which further refines

(F) The p27 protein level in REH cells expressing either MLL-AF4 or MLL-AF9 after a 12 hr exposure to 5 nM bortezomib.

(G) ChIP analyses at promoter and exon 2 of the CDKN1B locus on the indicated cells upon bortezomib treatment. Assays were performed with the indicated

antibodies and immunoprecipitates were subjected to quantitative PCR analyses using primers covering the depicted genomic regions. TSS, transcription

start site.

Error bars reflect ± SEM calculated from three independent experiments. *Indicates statistical significance (p < 0.05). See also Figure S4.
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Figure 5. The Recruitment of MLL-AF4 through PAX5 to the CDKN1B Locus Underlies the Specific Cytotoxicity upon Proteasome Inhibition

in Pro-B Leukemia Cells
(A) 293T cells were transfected with FLAG-MLL-AF4 andHA-PAX5 or HA-EBF1 expression constructs as indicated, subjected to anti-FLAG immunoprecipitation,

and analyzed with the indicated antibodies.

(B)293Tcells transfectedwith the indicatedFLAG-MLLconstructs andHA-PAX5weresubjected toanti-FLAG immunoprecipitation, andanalyzedwith immunoblots.

(C) 293T cells transfected with the indicated FLAG-MLL constructs expressing individual MLL amino terminus fragments and HA-PAX5 were subjected to

anti-FLAG immunoprecipitation and analyzed with immunoblots.

(D) An antibody that recognizes the common amino-terminal region of MLL and MLL-fusions was used for immunoprecipitation, and the precipitates were

analyzed with the indicted antibodies.

(E) SEM cells with the indicated knockdown were subjected to qRT-PCR analysis after a 12 hr treatment with 5 nM bortezomib.

(F) PAX5, p27, and MLL-AF4 protein levels of the indicated SEM cells were determined after a 12 hr treatment with 5 nM bortezomib.

(G) SEM cells of the indicated knockdown were subjected to ChIP after a 12 hr treatment with 5 nM bortezomib using the indicated antibodies, and immuno-

precipitates were subjected to quantitative PCR analyses.

Error bars reflect ± SEM calculated from three independent experiments. See also Figure S5.
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the Menin-p27 tumor suppressor axis in the pancreas (Karnik

et al., 2005). Surprisingly, although the loss of Menin in MLL-

ENL-transformed myeloid leukemia blasts results in reduced

Hoxa7 and Hoxa9 expression and thus compromises the leuke-

mia phenotype, the Menin loss under this experimental setting

did not affect Cdkn1b (Yokoyama et al., 2005). Taken together,

most data, including ours, favor a positive correlation between

MLL/MLL-fusion and p27 expression. This begs several

outstanding questions: Why do leukemia fusions activate p27?

Is this a necessity or simply an unwanted byproduct? In favor

of the first scenario, it has been suggested that a low level of

p27 induction by MLL-fusion proteins might prevent leukemia-

initiating cells from exhaustion (Zhang et al., 2013). In favor of

the second scenario, MLL-fusions unavoidably acquire this

context-dependent tumor suppressor activity through the com-

mon MLL amino terminus. Nevertheless, this capacity appears

tightly regulated and can be manipulated by pharmacological

means, thereby offering specific therapeutic benefits to patients

with pro-B MLL leukemia.

Collectively, these in vitro results suggest that the latent tumor

suppression activity of MLL-fusion proteins in pro-B MLL leuke-

mia cells can be activated by proteasome inhibitors. In accor-

dance with our in vitro results, proteasome inhibition rendered

therapeutic benefit in an MLL leukemia xenograft mouse model.

Proteasome inhibition also rendered complete remission to one

patient with pro-B MLL-AF4 leukemia that eventually relapsed.

Bortezomib treatment did not appear to benefit the three

patients with AML MLL. Notably, in multiple myeloma, a malig-

nancy for which bortezomib is approved, the rate of response

to bortezomib was 38%.

Figure 6. The In Vivo Therapeutic Benefits of Proteasome Inhibition in Pro-B MLL Leukemias

(A) NSG mice transplanted with luciferase-expressing REH or SEM cells were treated with bortezomib. On the indicated days after the xenograft, mice were

imaged to assess for leukemia progression. Representative bioluminenscence images are shown on the left and the quantification of bioluminescence (photonic

flux) over the duration of treatment is shown on the right. Error bars reflect ± SEM.

(B) Pathological and clinical summary of five adult patients with MLL leukemia treated with bortezomib.

(C) Hematoxylin and eosin staining of bonemarrow biopsies of patient 1 before (left) and after (right) bortezomib treatment. Scale bars, 100 mm. See also Table S1.
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How pro-B MLL leukemia cells display differential sensitivity

and acquire resistance to proteasome inhibition warrant future

investigation. Because overexpression of BCL-2 or BCL-XL

can abrogate bortezomib-induced apoptosis, apoptosis resis-

tance might represent one refractory mechanism. To overcome

resistance, the potential clinical administration of proteasome

inhibitors in combination with other anticancer agents, such

as cell death-based agents including ABT-263 (Tse et al.,

2008), warrant further investigation. ABT-263, a small molecule

inhibitor of BCL-2, is in clinical trials and has shown effective-

ness and selectivity against certain types of cancers (Davids

and Letai, 2012; Walensky, 2012). In conclusion, our findings

reveal latent tumor suppression programs that can be aroused

through hyperactivating oncogenic fusion proteins. This arousal

might be suitably exploited as a cancer-specific therapeutic

strategy.

EXPERIMENTAL PROCEDURES

Reagents

Bortezomib (Velcade) was obtained from Millennium Pharmaceutical. Carfizo-

mib was obtained from Proteolix.

Plasmid Constructs

FLAG-tagged fragments consisting of MLL amino acids 1–400, 400–750,

1–750, 750–1,400, 1,400–2,664, and 1–1,400 derived from wild-type MLL

were inserted into eukaryotic expression vectors pCI-neo (Promega) for tran-

sient transfection assays. FLAG-taggedMLL fusion genes, including MLL-AF4

and MLL-AF9, MLL-ENL and MLL-ELL, in eukaryotic expression vector were

described previously (Liu et al., 2007). MLL-AF4 and MLL-AF9 were also

inserted into pMSCV-puro vector (Clontech) for retrovirus production. Full-

length PAX5 and EBF1 were cloned from JM1 cell cDNA and inserted into

the pCMV-HA vector (Clontech). Full-length BCL-2 and BCL-XL were inserted

into the pMSCV-puro (Clontech) or pMIG vector (kindly provided by Dr. William

Hahn) for retrovirus production. GFP-tagged CrmA was inserted into pMSCV-

puro vector (Clontech) for retrovirus production.

shRNA-Mediated Knockdown

Target sequence (agaaaagcagacctactcc and ctttaagcagacctactcc) against

human MLL-AF4 in SEM and RS4;11 cells based on published information

(Thomas et al., 2005), target sequence (ttgctccacccatcaaacc) against human

MLL N terminus, target sequence (gaatggacatcctgtataa) against human p27,

and target sequence (ggatgcttgtctatttcta and ggctccccctactattata) against

human PAX5 were inserted into the pSUPER.retro.puro vector, according

to the manufacturer’s protocol (Oligoengine). Generated retrovirus carrying

indicated shRNA was used to infect target cells for 2 days, and the cells

were subjected to puromycin selection at 2 mg/ml.

Immunoblots

The anti-N terminus MLL (MO435) antibodies were generated using a syn-

thetic peptide of MLL amino acids 752–949 as immunogen. Details of the

commercially available antibodies used for immunoblots are available in the

Supplemental Experimental Procedures. Antibodies were detected using

the enhanced chemiluminescence method (Western Lightning, PerkinElmer).

Immunoblot signals were acquired with the LAS-3000 Imaging system

(FujiFilm) and were analyzed with ImageGauge software (FujiFilm) as previ-

ously described (Liu et al., 2010).

Chromatin Immunoprecipitation Assays

ChIP assays were performed using the Magna ChIP A Kit (Millipore) according

to themanufacturer’s protocol. Onemicrogram of pre-immune rabbit IgG, anti-

MLL (MO435), anti-cyclin T1 (Santa Cruz Biotechnology), or PAX5 (Santa Cruz

Biotechnology) antibody was used for each ChIP reaction. Precipitated DNA

was analyzed using a ViiA 7 Real-Time PCR System (Applied Biosystems).

Primers used for ChIP-PCR assay were CDKN1B Promoter (�50 base pairs

[bp] to +74 bp relative to TSS): forward, ccaatggatctcctcctctg, reverse, aaaa

caccccgaaaagacg; CDKN1B coding region (+1,441 bp to +1,597 bp relative

to TSS): forward, atttcccctgcgcttagatt, reverse, atcaacccaccgagctgtt.

Mouse Studies and In Vivo Imaging

REH and SEM cells were transduced by lentivirus generated using the FUGW-

FL lentiviral vector that simultaneously expresses GFP and luciferase (Smith

et al., 2004). GFP-positive cells were sorted using MoFlo (Beckman Coulter).

NSG mice were purchased from Jackson Laboratory. One million luciferase-

expressing cells were intravenously injected via the tail vein into NSG mice.

NSG mice were then administered bortezomib intravenously at 0.5 mg/kg on

a twice-weekly schedule beginning 2 days after the xenograft. Total body

bioluminescence was quantified as previously described (Luker et al., 2003).

All animal work was performed in accordance with a protocol approved by

the Animal Studies Committee of Washington University in St. Louis.

Statistics

The Student’s t test was used to analyze the differences between the groups.

A p value less than 0.05 was considered to be statistically significant.

Patients

Retrospective chart review was performed to identify adult patients with MLL

leukemia that was treated with bortezomib at the Barnes Jewish Hospital,

Washington University in St. Louis, between 2007 and 2010. Institutional

Review Board approval for the retrospective data collection was not required.

Patients provided verbal consent for the off-label, off-protocol use of bortezo-

mib for those patientswithMLL leukemia that failed standard of care therapies.

Medical decisions were made at the discretion of the patients’ physicians.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

five figures, and one table and can be found with this article online at http://

dx.doi.org/10.1016/j.ccr.2014.03.008.

Figure 7. Illustration Depicts How Proteasome Inhibition Induces

Specific Cytotoxicity in Pro-B MLL Leukemia Cells
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The authors recently became aware of an error in the top panel of Figure 2D showing the expression of ERBB3. An incorrect panel,

meant to show ERBB3 expression, was inadvertently included when the figure was originally assembled. The incorrect panel has

been replaced below with the correct western blot showing the expression of ERBB3. The correction does not affect the findings

reported in the paper. The authors apologize for any confusion the error may have caused.
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Following publication of the manuscript, the authors identified an inadvertent error in labeling of the H3K27ac ChIP-Seq tracks at the

PAX5 locus in Figure 7E. The revised Figure 7E, shown below, includes the correctly labeled H3K27ac tracks of the PAX5 locus in the

indicated cell lines and normal tissue control (tonsil) and illustrates the presence of a PAX5 super-enhancer in each of these cell lines

and tonsil. The conclusions remain the same.
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Figure 7. Comparative SE Analysis of DLBCL Cell Lines and Normal Lymphoid Tissue
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Cbx4 Governs HIF-1a to Potentiate Angiogenesis
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During the course of preparing the HE image of the wild-type (WT) group in Figure 8E, the authors inadvertently duplicated the HE

image of the WT from Figure 7F. This was a mistake in constructing these figures. The correction to the HE image of the WT group

in Figure 8E does not affect the conclusion of the paper. The authors apologize for any inconvenience that it may have caused. The

corrected Figure 8 is printed below.
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Figure 8. In Vivo Effects of Cbx4 on Tumor Invasion
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KEY GENETIC ALTERATIONS
Telomere Maintanance 
Genes: TERT
Cumulative frequency: 20%-60% 

WNT/β-Catenin
Genes: CTNNB1, AXIN1/2, APC
Cumulative frequency: 2%-33%

Cell Cycle
Genes: TP53, CKN2A/B, CCND/E1, CDKs, RB1
Cumulative frequency: 4%-35%

Apoptosis
Genes: TNFRSF10A/B, TRADD, CASP3/9, XIAP
Cumulative frequency: 8%-20%

Epigenetic Modifiers
Genes: ARID1A, ARID2, MLL genes
Cumulative frequency: 10%-24%

Proliferation
Genes: FGF19, RPS6KA, IRF2, KRAS
Cumulative frequency: 2%-15%

Immune Response
Genes: IL6R, IL20, IL6, JAK1
Cumulative frequency: 2%-26%

Oxidative Stress Regulation
Genes: NFEL2, KEAP1
Cumulative frequency: 6%-8%
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Hepatocellular carcinoma (HCC) is the sixth most common cancer globally, with a prevalence of around 600,000 people worldwide. HCC incidence has risen steadily over the last 
20 years in western countries such as the United States, Europe, and Japan, predominantly due to increased rates of chronic Hepatitis C virus infections, alcohol abuse, obesity, 
and type 2 diabetes. As a result, HCC is one of the most rapidly growing cancers in these countries. The number of deaths is proportional to the global incidence, which highlights 
the aggressive tumor biology and lack of effective therapies. These observations manifest the fact that liver cancer is a major health problem in the United States and Europe and 
highlight the critical need for improved understanding and better treatment options for this deadly disease.

Sequential Evolution and Cell of Origin
Hepatocarcinogenesis is a complex multistep process driven by chronic hepatitis that alters the hepatic microenvironment. The earliest dysplastic lesions generally develop 

in cirrhotic livers. Chronic inflammation and liver cirrhosis predispose HCC development by creating an adverse protumorigenic microenvironment that generates pro-oncogenic 
(epi)genetic changes.

Accumulating evidence indicates that only a subpopulation of cells within liver cancer harbors genuine tumorigenic potential. While the existence of cells with self-renewing 
capacity in HCC is well supported, the origin of these cells remains uncertain. Experimental evidence suggests that any cell of the hepatic lineage (i.e., hepatocytes/cholangio-
cytes, progenitor cells, stem cells) can acquire stem cell properties and become a cancer stem cell (CSC) upon acquiring (epi)genetic alterations. However, hepatic CSCs are 
clearly heterogeneous and may therefore contribute to the observed morphological and biological heterogeneity characteristic of HCC. The CSCs not only initiate HCC, but also 
drive distant metastasis and relapse after therapy, thereby establishing CSCs as important therapeutic targets.

Genetic Alterations and Key Pathways
The multistep sequence of epigenetic and genetic alterations in liver cancer pathogenesis disrupts core cellular processes such as proliferation, cell death, and genome 

maintenance. In addition, oncogenic pathways and molecules associated with stemness, angiogenesis, and immune response are changed in HCC due to aberrant signaling 
downstream of pathways orchestrated by p53, WNT, b-Catenin, MYC, and ErbB family proteins. Therefore, the goal of therapeutic approaches in HCC is the specific targeting 
of these signaling pathways.

The advent of sophisticated next-generation sequencing technologies has allowed detailed genetic mapping of the liver cancers. Similar to the phenotypic heterogeneity of 
HCC, the landscape of molecular alterations in HCC is quite extensive. The average mutational burden varies substantially across different tumors and ranges from five to 121 
mutations. Unlike other solid tumors (such as in lung, breast, or colon cancers), an important hallmark of HCC is the absence of clear addiction to an oncogene; this impedes 
the development of targeted therapies. However, highly recurrent somatic mutations are found in genes products in p53 and Wnt/b-Catenin pathways. Other frequently altered 
genes include those involved in epigenetic modification, proliferation, immune response, and oxidative stress response. Interestingly, among the most prominent and earliest 
changes present in HCC are genetic changes in the TERT promoter, which is observed in up to 60% of advanced HCC cases. Among the future challenges will be the identi-
fication of druggable mutations in individual HCCs (such as JAK1 activating mutations observed in up to 10% of HCCs), which might provide an option for novel individualized 
therapeutic interventions.

Prognostic Classification and Staging
Over the last decade, several phenotypic and molecular HCC hallmarks, which are associated with different prognoses, have been identified. However, the application of 

these features in clinical settings has so far been limited. A promising prognostic classification includes a newly developed 5-gene score based on combined expression of HN1, 
RAN, RAMP3, KRT19, and TAF9 that might provide an important step for efficient translational studies. Prospective validation of the score is currently under way.

Patients at risk for HCC development should be screened by abdominal ultrasound every 6 months. The diagnosis HCC can be accurately established by modern imaging 
techniques such as contrast-enhanced CT or MRI. Once the diagnosis is established, HCCs can be classified according to the Barcelona Clinic Liver Cancer (BCLC) staging 
classification. The BCLC is widely accepted in clinical practice; it is the first staging that links liver disease stage to a specific treatment strategy and corresponding survival 
outlook for patients. Liver transplantation and resection are effective therapeutic options at early stages, but more than 70% of HCC patients present with incurable stages.

Emerging Therapies, Challenges, and Outlook
Therapeutic approaches involve the direct targeting of relevant as well as druggable signaling pathways by using a variety of receptor tyrosine kinase inhibitors (RTKi). Several 

preclinical studies and ongoing clinical trials have shown that targeting of universal oncogenic features such as proliferation and angiogenesis by sequential or concomitant 
inhibition of overlapping downstream signaling pathways might be an effective treatment strategy for HCC. Other highly innovative approaches involve targeting HCC-specific 
characteristics related to immune modulation, epigenetic modifications, and stemness.

Liver cancer is the second most lethal cancer worldwide. The phenotypic and molecular heterogeneity of HCC as well as underlying associated chronic inflammatory liver 
diseases have limited therapeutic options and progress. To date, the RTKi Sorafenib is the only approved treatment for advanced HCCs. Recently, several clinical phase III tri-
als have failed to demonstrate improved overall survival in HCC patients, indicating an unmet need for novel therapeutic strategies. Achieving this goal will require mandatory 
biopsies and application of next-generation sequencing technologies for molecular analyses. Implementation of recent translational genomic discoveries into routine clinical 
practice will likely improve the identification of relevant clinical HCC subclasses that might benefit from specific therapies.

Acknowledgments

J.U.M. is supported by a grant from the German Research Foundation (MA 4443/2-1). We thank Roman Klöckner and Timo Gaiser for help with the radiographic and histological 
images.

References

El-Serag, H.B. (2011). N. Engl. J. Med. 365, 1118–1127.

European Association For The Study Of The Liver; European Organisation For Research And Treatment Of Cancer (2012). J. Hepatol. 56, 908–943.

Holczbauer, A., Factor, V.M., Andersen, J.B., Marquardt, J.U., Kleiner, D.E., Raggi, C., Kitade, M., Seo, D., Akita, H., Durkin, M.E., and Thorgeirsson, S.S. (2013). Gastroenterology 
145, 221–231.

Kan, Z., Zheng, H., Liu, X., Li, S., Barber, T.D., Gong, Z., Gao, H., Hao, K., Willard, M.D., Xu, J., et al. (2013). Genome Res. 23, 1422–1433.

Marquardt, J.U., and Thorgeirsson, S.S. (2013). N. Engl. J. Med. 368, 2316–2318.

Marquardt, J.U., Galle, P.R., and Teufel, A. (2012). J. Hepatol. 56, 267–275.

Nault, J.C., De Reyniès, A., Villanueva, A., Calderaro, J., Rebouissou, S., Couchy, G., Decaens, T., Franco, D., Imbeaud, S., Rousseau, F., et al. (2013). Gastroenterology 145, 176–187.

Thorgeirsson, S.S. (2006). Gastroenterology 131, 1344–1346.

Villanueva, A., and Llovet, J.M. (2014). Nat. Rev. Clin. Oncol. 11, 73–74.

Visvader, J.E., and Lindeman, G.J. (2008). Nat. Rev. Cancer 8, 755–768.


