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The capacity for self-renewal is thought to be a critical property of tumor-initiating cells. This capacity is often
associated with the ability to generate spheres in vitro. In this issue of Cancer Cell, Barrett et al. show that
cells lacking sphere-forming ability can still be very efficient at propagating tumors.
One of the great frustrations of current

cancer therapy is that the disease often

returns even after aggressive surgery,

radiation, and chemotherapy. Conse-

quently, the discovery of unique popula-

tions of tumor cells that may be respon-

sible for recurrence—and that could be

targeted to prevent it–has garnered a

great deal of interest. These cells, termed

tumor-initiating cells (TICs) or cancer

stem cells, were originally defined based

on their ability to reinitiate tumors fol-

lowing transplantation. However, studies

from a variety of systems have shown

that TICs frequently share characteristics

with normal stem cells, including marker

expression, ability to self-renew, and

ability to give rise to progeny of multiple

lineages. Because FACS analysis and

in vitro assays of self-renewal are much

simpler than in vivo studies of tumorige-

nicity, the former are sometimes used as

a surrogate for the latter.

One system in which TICs have been

studied extensively is glioma. Numerous

reports have suggested that glioma

intiating cells share markers with neural

stem cells (NSCs), and that when cul-

tured at low density in the presence of

growth factors, they can give rise to clon-

ally-derived ‘‘tumorspheres,’’ analogous

to the neurospheres generated when

NSCs are cultured under similar condi-

tions. In fact, the ability of glioma cells to

self-renew under neurosphere conditions

has prompted many investigators to pro-

pagate patient samples as spheres

rather than as traditional adherent cell

lines (Galli et al., 2004; Lee et al., 2006).

However, the assumption that all gliomas

can be propagated by stem-like sphere-

forming cells has not been carefully

tested.
In this issue ofCancer Cell, Barrett et al.

(Barrett et al., 2012) show that in a sub-

set of gliomas, cells that lack stem cell

markers and are unable to form spheres

are more tumorigenic than cells that

have these properties.

The investigators used a model of

glioma in which mice lacking the Arf

tumor suppressor gene were injected

with viruses encoding platelet-derived

growth factor (PDGF) or its downstream

signaling mediator KRAS (Fomchenko

et al., 2011). Because the PDGF pathway

is aberrantly activated in the ‘‘proneural’’

form of human glioma (Verhaak et al.,

2010), this model has been used to

study that subtype of the disease. To

investigate the relationship between

self-renewal and tumor initiation, they

crossed their animals with Id1VenusYFP

reporter mice (Nam and Benezra, 2009).

This allowed them to separate cells

based on expression of Id1, a transcrip-

tional regulator that has been shown to

control self-renewal in NSCs. Consistent

with the role of Id1 in NSCs, Id1high

cells (which represented <1% of tumor

cells) were enriched in expression of

stem cell markers (e.g., Prominin-1/

CD133), and were very efficient at sphere

formation. In contrast, Id1low cells ex-

pressed progenitor markers (e.g., Olig2,

Mash1, NG2), and showed minimal self-

renewal capacity in the sphere assay

(Figure 1).

The investigators then sorted Id1high

and Id1low tumor cells and tested their

ability to give rise to tumors following

transplantation. Surprisingly, the ability

to form spheres in vitro did not corre-

late with in vivo tumorigenic potential.

Although Id1high and Id1low cells could

both generate tumors, Id1low cells did
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so much more quickly and with higher

penetrance. For example, in the KRAS-

driven model of glioma, Id1low cells

generated tumors in 52% of mice, with

a latency of 37 days, whereas Id1high

cells gave rise to tumors in only 5%

of mice, with a latency of 119 days.

These studies suggested that sphere-

forming cells are not necessarily more

tumorigenic.

To determine if Id1 function is required

for tumor growth, Barrett et al. (2012)

crossed their animals to Id1 knockout

mice or to mice expressing a conditional

allele of Id1 that could be deleted using

Cre recombinase. In both cases, they

found that loss of Id1 dramatically im-

paired sphere formation but did not

affect tumorigenicity. In contrast, knock-

down of Olig2 (a progenitor marker that

is enriched in Id1low cells and has been

shown to be required for glioma forma-

tion [Ligon et al., 2007]) significantly

impaired tumor formation. These studies

reinforce the notion that in vitro self-

renewal may not be linked to tumorigenic

potential.

The disconnect between sphere

formation and tumorgenicity has a num-

ber of important implications. First, it

highlights the fact that not all tumor-

propagating cells resemble stem cells.

Whereas normal NSCs expand when

cultured under neurosphere conditions,

normal progenitors typically do not.

Thus, tumors that are propagated by

progenitor-like TICs would not be ex-

pected to grow under these conditions.

This is supported by studies of tumors

in Patched mutant mice, a model

for Sonic hedgehog-driven medulloblas-

toma; these tumors are propagated

by progenitor-like CD15+ cells that
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Figure 1. Distinct Populations of Cells Mediate Sphere Formation and Tumor Initiation
PDGF- and KRAS-driven gliomas contain mixtures of cells expressing high and low levels of the
transcription factor Id1. Id1high cells (orange) are much more efficient than Id1low cells (pink) at forming
self-renewing spheres in vitro. In contrast, Id1low cells are much more efficient at forming tumors following
transplantation into mice. (Illustration by Jill Gregory.)
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do not grow, or even survive, under

neurosphere conditions (Read et al.,

2009). Importantly, if not all TICs can

form spheres, using this approach to

expand patient tumor samples might

result in a significant selection bias;

only tumors that can form spheres would

be available for study. Indeed, one

recent study noted that only half of

primary gliomas were able to give

rise to tumorsphere lines (Chen et al.,

2010).

Even when tumors can be grown

under sphere-forming conditions, the

cells that grow out may not be represen-

tative of the original tumor. As Barrett

et al. (2012) show, these conditions

may select for subpopulations of cells

(i.e., Idhigh cells) that do not represent

the full tumorigenic potential of the orig-

inal tumor. In addition to selection,
2 Cancer Cell 21, January 17, 2012 ª2012 El
culturing cells at low density in the pres-

ence of growth factors may change their

behavior. This was shown many years

ago for NSCs, which can undergo

marked changes in cell fate potential

when cultured under neurosphere condi-

tions (Gabay et al., 2003). Barrett et al.

(2012) provide further evidence for this,

by showing that glioma cells cultured as

spheres undergo changes in marker

expression (including Id1 and Olig2) and

lose the ability to generate tumors upon

transplantation. The fact that culture

conditions can dramatically alter tumori-

genic potential raises cautions about

using tumorspheres to screen for drugs

that might be effective at killing tumors

in patients.

One possible interpretation of the

disconnect between sphere-forming ca-

pacity and tumorigenic potential is that
sevier Inc.
tumor initiation does not depend on self-

renewal. However, the fact that Id1low

cells cannot form spheres in vitro does

not necessarily mean that they cannot

self-renew. It is possible that under the

appropriate culture conditions, these cells

might show extensive self-renewal. More

importantly, the fact that Id1low cells can

form tumors following transplantation

indicates that they are capable of signifi-

cant expansion in vivo. The degree to

which this expansion involves self-

renewal (e.g., by asymmetric division)

versus differentiation remains to be deter-

mined. Moreover, the ability of Id1low

tumor cells to serially transplant tumors

without exhausting—another measure of

in vivo self-renewal–has not been tested.

Further studies may shed light on the

capacity of Id1low tumor cells to self-

renew in vivo.

It is important to note that these

studies focus on a specific subtype of

glioma and that other forms of glioma

may be propagated by stem-like,

sphere-forming cells. At the same time,

it is worth considering whether other

types of cancer that are propagated as

spheres might be subject to the same

caveats raised by these studies. As con-

venient as cultured cell lines can

be for studying tumor biology, it is

critical to remember that tumors only

grow in living animals. Finding ways to

make them stop growing often re-

quires moving beyond the in vitro

sphere and into the complex in vivo

microenvironment.
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In this issue of Cancer Cell, Gajjar et al. provide insight into how Mdm2 can both inhibit and enhance p53
activity. In the basal setting, Mdm2 binds p53 and promotes p53 degradation. Under stress conditions,
ATM-dependent phosphorylation of Mdm2 results in its recruitment to p53 mRNA, thereby stimulating p53
translation.
The p53 tumor suppressor is a transcrip-

tion factor that is induced in response to

a variety of stress signals (Kruse and Gu,

2009). Under normal conditions, the p53

protein is kept at low levels in cells by

ubiquitination-dependent proteosomal

degradation mediated by its negative

regulator, the E3 ubiquitin ligase Mdm2

(Figure 1A). Mdm2 is also a p53 transcrip-

tional target and thus participates in

a negative feedback loop with p53.

Stress-mediated upregulation of Mdm2

has been considered a means by which

p53 is able to regulate the duration and

amplitude of its cellular effects.

In response to activation of specific

oncogenic pathways, the ARF tumor

suppressor is upregulated. ARF, in turn,

interferes with Mdm2-dependent inhibi-

tion of p53 (Manfredi, 2010) (Figure 1B).

In contrast, stimulation of the p53

pathway by genotoxic stress involves

the DNA damage-activated kinase ATM,

which has been shown to directly phos-

phorylate both p53 and Mdm2 (Kruse

andGu, 2009;Manfredi, 2010) (Figure 1C).

The significance of ATM-dependent

phosphorylation of Mdm2 was confirmed

by the observation that phosphorylation

of serine 395 on Mdm2 led to impaired

p53 degradation (Maya et al., 2001).

Biochemical studies have indicated that

this is likely due to altered oligomerization,
thereby attenuating the processivity of the

E3 ligase activity of Mdm2 (Cheng et al.,

2009). DNA damage has also been shown

to induce the relocalization of Mdm2 to

the nucleolus (Bernardi et al., 2004). It

has been proposed that a nucleotide-

binding motif within the Mdm2 E3 ligase

RING domain facilitates nucleolar locali-

zation of Mdm2 (Poyurovsky et al.,

2003). Candeias et al. (2008) then made

the surprising observation that the p53

mRNA itself was able to interact directly

with the RING domain of Mdm2. This

interaction impaired the E3 ligase activity

of Mdm2 and promoted p53 mRNA trans-

lation. It was unclear, however, under

what biological settings such an interac-

tion would have relevance.

In this issue of Cancer Cell, Gajjar et al.

(2012) provide important insight by

demonstrating that the DNA damage-

and ATM-dependent phosphorylation of

Mdm2 on serine 395 promotes the inter-

action of Mdm2 with p53 mRNA. This, in

turn, is needed for p53 stabilization and

apoptotic activity (Gajjar et al., 2012)

(Figure 1D). BymeansofRNAi andoverex-

pression experiments, these authors

show that both ATM and Mdm2 are

required to achieve full p53 apoptotic

activity after DNA damage. Use of an

Mdm2 isoform that does not bind to the

p53 protein shows that a protein-protein
interaction between Mdm2 and p53 is

remarkably dispensable for this. It was

further demonstrated that the interaction

between p53 mRNA and the Mdm2 RING

domain is necessary for p53-dependent

apoptosis after genotoxic stress. Studies

using a mutated p53mRNA that no longer

binds Mdm2 confirmed findings with

amutantMdm2protein that has a reduced

affinity for the mRNA. These intriguing

results support the notion that ATM-medi-

ated phosphorylation of Mdm2 at serine

395 promotes allosteric changes in the

RING domain, which in turn facilitate p53

mRNA binding. Finally, Gajjar et al. (2012)

show that after DNA damage, the interac-

tion between Mdm2 and p53 mRNA

impairs Mdm2-dependent ubiquitination

of p53. Thus, it is argued that the p53

mRNA-MDM2 interaction not only

increases p53 translation but also inhibits

p53 protein degradation as well.

In sum, this study demonstrates that

Mdm2 can act as a positive regulator of

p53 activity after genotoxic stress. It

further provides an additional novel expla-

nation for why Mdm2 is transcriptionally

upregulated by p53 after DNA damage.

The finding that p53 mRNA relocalizes

with Mdm2 in the nucleolus after DNA

damage is especially interesting since

the nucleolus is generally thought of as

the site of ribosomal RNA transcription.
21, January 17, 2012 ª2012 Elsevier Inc. 3

mailto:james.manfredi@mssm.edu
http://dx.doi.org/10.1016/j.ccr.2011.12.018


Cancer Cell

Previews
Lee, J., Kotliarova, S., Kotliarov, Y., Li, A., Su, Q.,
Donin, N.M., Pastorino, S., Purow, B.W., Christo-
pher, N., Zhang, W., et al. (2006). Cancer Cell 9,
391–403.
Ligon, K.L., Huillard, E., Mehta, S., Kesari, S., Liu,
H., Alberta, J.A., Bachoo, R.M., Kane, M., Louis,
D.N., Depinho, R.A., et al. (2007). Neuron 53,
503–517.

Nam, H.S., and Benezra, R. (2009). Cell Stem Cell
5, 515–526.

Read, T.A., Fogarty, M.P., Markant, S.L., McLen-
don, R.E., Wei, Z., Ellison, D.W., Febbo, P.G.,
Cancer Cell
and Wechsler-Reya, R.J. (2009). Cancer Cell 15,
135–147.

Verhaak, R.G., Hoadley, K.A., Purdom, E., Wang,
V., Qi, Y., Wilkerson, M.D., Miller, C.R., Ding, L.,
Golub, T., Mesirov, J.P., et al; Cancer Genome
Atlas Research Network. (2010). Cancer Cell 17,
98–110.
Mdm2’s Dilemma: To Degrade or To Translate p53?
Pierre-Jacques Hamard1 and James J. Manfredi1,*
1Department of Oncological Sciences, Mount Sinai School of Medicine, New York, NY 10029, USA
*Correspondence: james.manfredi@mssm.edu
DOI 10.1016/j.ccr.2011.12.018

In this issue of Cancer Cell, Gajjar et al. provide insight into how Mdm2 can both inhibit and enhance p53
activity. In the basal setting, Mdm2 binds p53 and promotes p53 degradation. Under stress conditions,
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The p53 tumor suppressor is a transcrip-

tion factor that is induced in response to

a variety of stress signals (Kruse and Gu,

2009). Under normal conditions, the p53

protein is kept at low levels in cells by

ubiquitination-dependent proteosomal

degradation mediated by its negative

regulator, the E3 ubiquitin ligase Mdm2

(Figure 1A). Mdm2 is also a p53 transcrip-

tional target and thus participates in

a negative feedback loop with p53.

Stress-mediated upregulation of Mdm2

has been considered a means by which

p53 is able to regulate the duration and

amplitude of its cellular effects.

In response to activation of specific

oncogenic pathways, the ARF tumor

suppressor is upregulated. ARF, in turn,

interferes with Mdm2-dependent inhibi-

tion of p53 (Manfredi, 2010) (Figure 1B).

In contrast, stimulation of the p53

pathway by genotoxic stress involves

the DNA damage-activated kinase ATM,

which has been shown to directly phos-

phorylate both p53 and Mdm2 (Kruse

andGu, 2009;Manfredi, 2010) (Figure 1C).

The significance of ATM-dependent

phosphorylation of Mdm2 was confirmed

by the observation that phosphorylation

of serine 395 on Mdm2 led to impaired

p53 degradation (Maya et al., 2001).

Biochemical studies have indicated that

this is likely due to altered oligomerization,
thereby attenuating the processivity of the

E3 ligase activity of Mdm2 (Cheng et al.,

2009). DNA damage has also been shown

to induce the relocalization of Mdm2 to

the nucleolus (Bernardi et al., 2004). It

has been proposed that a nucleotide-

binding motif within the Mdm2 E3 ligase

RING domain facilitates nucleolar locali-

zation of Mdm2 (Poyurovsky et al.,

2003). Candeias et al. (2008) then made

the surprising observation that the p53

mRNA itself was able to interact directly

with the RING domain of Mdm2. This

interaction impaired the E3 ligase activity

of Mdm2 and promoted p53 mRNA trans-

lation. It was unclear, however, under

what biological settings such an interac-

tion would have relevance.

In this issue of Cancer Cell, Gajjar et al.

(2012) provide important insight by

demonstrating that the DNA damage-

and ATM-dependent phosphorylation of

Mdm2 on serine 395 promotes the inter-

action of Mdm2 with p53 mRNA. This, in

turn, is needed for p53 stabilization and

apoptotic activity (Gajjar et al., 2012)

(Figure 1D). BymeansofRNAi andoverex-

pression experiments, these authors

show that both ATM and Mdm2 are

required to achieve full p53 apoptotic

activity after DNA damage. Use of an

Mdm2 isoform that does not bind to the

p53 protein shows that a protein-protein
interaction between Mdm2 and p53 is

remarkably dispensable for this. It was

further demonstrated that the interaction

between p53 mRNA and the Mdm2 RING

domain is necessary for p53-dependent

apoptosis after genotoxic stress. Studies

using a mutated p53mRNA that no longer

binds Mdm2 confirmed findings with

amutantMdm2protein that has a reduced

affinity for the mRNA. These intriguing

results support the notion that ATM-medi-

ated phosphorylation of Mdm2 at serine

395 promotes allosteric changes in the

RING domain, which in turn facilitate p53

mRNA binding. Finally, Gajjar et al. (2012)

show that after DNA damage, the interac-

tion between Mdm2 and p53 mRNA

impairs Mdm2-dependent ubiquitination

of p53. Thus, it is argued that the p53

mRNA-MDM2 interaction not only

increases p53 translation but also inhibits

p53 protein degradation as well.

In sum, this study demonstrates that

Mdm2 can act as a positive regulator of

p53 activity after genotoxic stress. It

further provides an additional novel expla-

nation for why Mdm2 is transcriptionally

upregulated by p53 after DNA damage.

The finding that p53 mRNA relocalizes

with Mdm2 in the nucleolus after DNA

damage is especially interesting since

the nucleolus is generally thought of as

the site of ribosomal RNA transcription.
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Figure 1. Mdm2 Acts as a Positive or Negative Regulator of p53 Activity in Response to Different Stresses
(A) Under basal conditions, Mdm2 inhibits p53 function by ubiquitination of p53 through its E3 ubiquitin ligase activity, leading to proteosomal-dependent degra-
dation of p53, and by direct interference with the ability of p53 to act as a transcription factor.
(B) Oncogenic signaling has been shown to upregulate ARF at the transcriptional level. ARF binds to Mdm2 and inhibits its E3 ubiquitin ligase activity, thereby
increasing p53 protein levels by alleviating proteosomal-dependent degradation of p53. In this case, Mdm2 behaves as an oncogene. In certain cancers, Mdm2 is
indeed overexpressed.
(C) Other signals such as replicative stress or DNA damage activate the ATM or ATR kinases. ATM, in particular, has been shown to phosphorylate both p53 and
Mdm2 and stabilize p53. The phosphorylation of p53 on serine 15 and serine 37 inhibits its interaction withMdm2, and the phosphorylation ofMdm2 on serine 395
impairs Mdm2-mediated p53 degradation.
(D)Gajjar et al. (2012) demonstrate that phosphorylation ofMdm2on serine 395 induces the binding of p53mRNA to theRINGdomain ofMdm2, the sumoylation of
Mdm2, and the relocalization ofMdm2 to the nucleolus. This p53mRNA-Mdm2 interaction enhances p53 translation and inhibits Mdm2E3 ubiquitin ligase activity
toward p53 protein (Gajjar et al., 2012). Overall, phosphorylatedMdm2 on serine 395 is a positive regulator of p53. In this case, Mdm2 acts as a tumor suppressor.
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However, several studies support the idea

that it might also be involved in the pro-

cessing or nuclear export of specific

messenger RNAs (Pederson, 2011).

Nevertheless, little is known about the

relationship between mRNA and the

nucleolus. The present study rekindles

the idea that the nucleolus and mRNA

processing are functionally connected.

While these nucleolar events are

intriguing, the key outcome is an enhance-
4 Cancer Cell 21, January 17, 2012 ª2012 El
ment of p53 protein synthesis, a process

that occurs in the cytoplasm. With this in

mind, a molecular explanation is still

needed for how p53 mRNA is then relo-

cated from the nucleolus to the cytoplasm.

In their previous study, Candeias et al.

(2008) showed that Mdm2 is associated

with polysomes in the cytoplasm, raising

the intriguingpossibility thatMdm2 is actu-

ally exported to the cytoplasm along with

p53 mRNA and that Mdm2 may enhance
sevier Inc.
p53 translationonce there.Mdm2 isknown

to interact with several ribosomal proteins

(Zhang and Lu, 2009). These interactions

may indeed be at play in this process.

The molecular mechanism by which the

transient Mdm2-dependent nucleolar tar-

geting of p53 mRNA enhances its transla-

tion also remains to be explored.

In summary, the significance of the

study lies not only in its elucidation of

a new role for p53-mediated induction of
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Mdm2 after DNA damage, it begins to

provide a molecular explanation for how

Mdm2 may act either as an oncogene or

a tumor suppressor, depending upon the

particular context (Manfredi, 2010). This

latter notion has important implications

for the prognosis and treatment of tumors

with aberrant Mdm2 expression.
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The mechanisms leading to the constitutive activation of NF-kB in cancers and the pathways upstream and
downstream of this activation are not fully understood. In this issue of Cancer Cell, Yamagishi et al. demon-
strate that Polycomb-mediated silencing of miR-31 is implicated in the aberrant activation of NF-kB signaling
in tumors.
Differential gene expression distinguishes

one cell type from another and enables

cells to build specialized tissues. Once

a cell fate decision is made, the cell must

be able to silence the transcriptional

programs that could potentially lead to

other lineages, because the DNA content

of all cells is the same. Epigenetic factors

play a crucial role in this type of gene

expression regulation. The Polycomb

group of proteins plays a pivotal role in

silencing and in the long-term repression

of genes implicated in cell fate decisions

(Richly et al., 2010). Polycomb proteins

belong either to Polycomb repressive

complex 1 (PRC1) or PRC2. The PRC2

component EZH2 methylates lysine 27 of

histone H3, which attracts the PRC1

complex; the presence of both PRC1 and

PRC2 at promoter regions leads to tran-

scriptional silencing (Richly et al., 2011).

It is now clear that, in addition to epige-

netic complexes, microRNAs (miRNAs)
also contribute greatly to posttranscrip-

tional gene regulation.miRNAsareendog-

enous, short (�23 nt) RNAs that suppress

gene expression via sequence-specific

interactions with the 30 untranslated

regions of related mRNA targets. miRNAs

affect gene silencing via both translational

inhibition andmRNA degradation. Several

miRNAs have been reported to have

a direct role in oncogenesis, and indeed,

abnormalmiRNA expression is a common

feature of diverse types of cancers, sug-

gesting potential diagnostic or prognostic

biomarker uses.

The NF-kB transcription factor family

regulates the expression of diverse genes

involved in development, cell growth,

immune responses, apoptosis, and

neoplastic transformation. Activation of

NF-kB is a tightly regulated event. In

non-malignant cells, NF-kB is activated

only after appropriate stimulation, after

which it transiently upregulates the
transcription of its target genes. In tumor

cells, different types of molecular alter-

ationsmay result in an impaired regulation

of NF-kB activation and deregulated

expression of target genes due to consti-

tutively active NF-kB. Recent studies

have also demonstrated that miRNAs

modulate NF-kB signaling in both normal

and pathological scenarios (Lu et al.,

2011; Ma et al., 2011).

Adult T cell leukemia/lymphoma (ATL) is

an aggressive neoplasm of mature CD4+

T lymphocytes caused by the human

T cell leukemia/lymphoma virus type 1

(HTLV-1) infection. Aberrant activation of

NF-kB stimulates cell growth and anti-

apoptotic responses in ATL cells and

thus directly participates in ATL patho-

genesis. Recently, correlations between

the epigenetic machinery, NF-kB activa-

tion, and ATL pathology have been sug-

gested (Sasaki et al., 2011). However,

mechanistic insights are lacking. Tax, an
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Mdm2 after DNA damage, it begins to

provide a molecular explanation for how

Mdm2 may act either as an oncogene or

a tumor suppressor, depending upon the

particular context (Manfredi, 2010). This

latter notion has important implications

for the prognosis and treatment of tumors

with aberrant Mdm2 expression.
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The mechanisms leading to the constitutive activation of NF-kB in cancers and the pathways upstream and
downstream of this activation are not fully understood. In this issue of Cancer Cell, Yamagishi et al. demon-
strate that Polycomb-mediated silencing of miR-31 is implicated in the aberrant activation of NF-kB signaling
in tumors.
Differential gene expression distinguishes

one cell type from another and enables
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be able to silence the transcriptional

programs that could potentially lead to

other lineages, because the DNA content

of all cells is the same. Epigenetic factors

play a crucial role in this type of gene

expression regulation. The Polycomb

group of proteins plays a pivotal role in

silencing and in the long-term repression

of genes implicated in cell fate decisions

(Richly et al., 2010). Polycomb proteins

belong either to Polycomb repressive

complex 1 (PRC1) or PRC2. The PRC2

component EZH2 methylates lysine 27 of

histone H3, which attracts the PRC1

complex; the presence of both PRC1 and

PRC2 at promoter regions leads to tran-

scriptional silencing (Richly et al., 2011).

It is now clear that, in addition to epige-

netic complexes, microRNAs (miRNAs)
also contribute greatly to posttranscrip-

tional gene regulation.miRNAsareendog-

enous, short (�23 nt) RNAs that suppress

gene expression via sequence-specific

interactions with the 30 untranslated

regions of related mRNA targets. miRNAs

affect gene silencing via both translational

inhibition andmRNA degradation. Several

miRNAs have been reported to have

a direct role in oncogenesis, and indeed,

abnormalmiRNA expression is a common

feature of diverse types of cancers, sug-

gesting potential diagnostic or prognostic

biomarker uses.
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regulates the expression of diverse genes

involved in development, cell growth,

immune responses, apoptosis, and

neoplastic transformation. Activation of

NF-kB is a tightly regulated event. In

non-malignant cells, NF-kB is activated

only after appropriate stimulation, after

which it transiently upregulates the
transcription of its target genes. In tumor

cells, different types of molecular alter-

ationsmay result in an impaired regulation

of NF-kB activation and deregulated

expression of target genes due to consti-

tutively active NF-kB. Recent studies

have also demonstrated that miRNAs

modulate NF-kB signaling in both normal

and pathological scenarios (Lu et al.,

2011; Ma et al., 2011).
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an aggressive neoplasm of mature CD4+

T lymphocytes caused by the human

T cell leukemia/lymphoma virus type 1

(HTLV-1) infection. Aberrant activation of

NF-kB stimulates cell growth and anti-

apoptotic responses in ATL cells and

thus directly participates in ATL patho-

genesis. Recently, correlations between

the epigenetic machinery, NF-kB activa-

tion, and ATL pathology have been sug-

gested (Sasaki et al., 2011). However,

mechanistic insights are lacking. Tax, an
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Figure 1. Polycomb-Mediated Silencing of miR-31 Activates the NF-kB Pathway
miR-31 negatively regulates the non-canonical NF-kB pathway by targeting the NIK. Polycomb can modulate NF-kB signaling via miR-31 regulation. PRC2 is
recruited by YY1 to a region upstream of the miR-31 locus and epigenetically silences miR-31 expression. In ATL cells, overexpression of PCR2 components
leads to miR-31 repression, NIK upregulation, and constitutive activation of NF-kB signaling.
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HTLV-1 regulatory protein, has also been

reported to activate the NF-kB pathway.

Tax expression is required at the early

stages of cellular transformation, but Tax

is not expressed in the later states. In

this issue of Cancer Cell, Yamagishi

et al. (2012) describe a Tax-independent

mechanism by which NF-kB is aberrantly

activated in ATL cells through a PRC2-

dependent miR-31 epigenetic silencing.

Given the poor understanding of the

molecular basis of ATL development, Ya-

magishi et al. (2012) initially characterized

the genetic and epigenetic background of

the ATL disease. The authors demon-

strated by miRNA expression microarray

analyses that miR-31 is downregulated

in all primary ATL samples; this suggests

that miR-31 loss is a prerequisite for ATL

development. Using computational algo-

rithms and gene expression microarray

analyses of ATL primary samples, the

authors revealed that the NF-kB-inducing

kinase (NIK) is a downstream target of

miR-31. Intriguingly, NIK plays a central

role in activating non-canonical NF-kB

signaling and has been implicated in ATL

pathogenesis (Saitoh et al., 2008).

The Weinberg lab previously demon-

strated that miR-31 plays a suppressive

role in breast cancer metastasis (Va-

lastyan et al., 2009). Although miR-31

can concomitantly repress multiple prom-

etastatic targets in breast tumors, miR-

31’s impact on metastasis was shown to

be mediated through a small cohort of

these targets. Accordingly, Yamagishi

et al. (2012) now provide evidence for

a high specificity of NIK regulation by

miR-31 in ATL. First, NIK knockdown

and miR-31 ectopic expression produced
6 Cancer Cell 21, January 17, 2012 ª2012 El
similar effects in ATL cells, such as

triggering an apoptotic response and

attenuating cell proliferation. Second,

expression of a miR-31-resistant NIK

mutant into miR-31-expressing ATL cells

impaired their ability to enter apoptosis.

These results emphasize the ability of

miRNAs to exert their effect by modu-

lating a precise and modest number of

downstream targets in several cell types

and broaden the anti-carcinogenic role

of miR-31 in different types of cancers.

Computational analysis identified YY1

binding motifs upstream of the miR-31

region in both human and mouse. As the

YY1 motifs have been previously shown

to be involved in PRC2 recruitment, the

authors propose that YY1 targets PRC2

to the miR-31 locus and thus induces its

epigenetic silencing. This in turn leads to

increased intracellular levels of NIK and

triggers NF-kB activation (Figure 1). Inter-

estingly, high levels of several Polycomb

proteins and YY1 have been reported

together in primary ATL samples (Sasaki

et al., 2011). These results complement

the data from Yamagishi et al. (2012)

and highlight a novel pathway in ATL

that is triggered by an aberrant overex-

pression of PRC2 complex, leading to

an epigenetic-directed activation of the

NF-kB pathway. It is now relevant to

understand how the PRC2 complex is de-

regulated in ATL.

Understanding the regulatory mecha-

nisms involving Polycomb proteins is

highly relevant considering their important

roles in both normal and cancer cells. In

this respect, the Yamagishi study empha-

sizes two interesting mechanistic features

of PRC2: first, its ability to regulate miRNA
sevier Inc.
expression in human lymphocytes, as

previously showed in Drosophila and in

mouse ES cells (Enderle et al., 2011; Mar-

son et al., 2008); and second, its ability to

be recruited by YY1. Indeed, as Polycomb

response elements have not been identi-

fied in mammals, several studies have

identified a handful of PRC2 recruiters

that could be cell type-specific. It would

be of interest to study if YY1 binding sites

are frequently present in miRNAs that are

silenced by PRC2 and whether this is cell-

specific.

Strikingly, 12.5% of the ATL cases

studied by Yamagishi et al. (2012) had

genomic deletions of the region where

the human gene that encodes miR-31,

hsa-miR-31, is located. Correspondingly,

several ATL cases with no genetic dele-

tion at hsa-miR-31 presented a severe

downregulation of miR-31 expression.

Thus, this study also opens the possibility

to monitor the expression of miR-31 as

clinical biomarkers for ATL. Furthermore,

the miRNA expression signature in ATL

cells presented in this study revealed 59

other miRNAs to be downregulated,

some of which have known tumor-

suppressive functions. These might also

be relevant for ATL pathogenesis and

warrant further investigation.

The findings by Yamagishi et al. (2012)

further our understanding of the highly

complex transformation phenotype and

oncogenic synergism in ATL. Recent

data highlighted the relevance of NF-kB

activation in Notch1-induced T cell acute

lymphoblastic leukemia and its potential

as a therapeutic target (Espinosa et al.,

2010). The crosstalk between NF-kB and

Polycomb-mediated silencing of miRNAs
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described here opens new therapeutic

possibilities for ATL treatment. Targeting

Polycomb activity, restoring the tumor

suppressor miR-31, or inhibiting NIK are

all attractive potential strategies for elimi-

nating ATL tumor cells. Furthermore, the

described involvement of miR-31 in

breast cancer cells (Valastyan et al.,

2009) raises the question of whether

miR-31 silencing through PRC2 occurs

in other type of tumors and whether these

pathways could be also be targets for

molecular therapies in those malignan-

cies. Finally, from a basic biology view-

point, the novel mechanism described

by Yamagishi et al. (2012) might have

a wider role in normal cells, given the

ubiquitous roles of NF-kB, Polycomb,

and miRNAs in several tissues.
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In a recent paper, Poulikakos et al. describe a new and potentially commonmechanismwhereby melanomas
develop resistance to the BRAF inhibitor vemurafenib by expressing truncated forms of BRAF(V600E) that
can dimerize in the absence of activated RAS. Will it be possible to block this with improved BRAF inhibitor
design?
Metastatic melanoma has long been

renowned for being extremely difficult to

treat effectively. However, the last few

years have witnessed dramatic changes

to the landscape of this disease. In 2002,

it was discovered that over 50% of mela-

nomas harbor activating mutations, most

commonly V600E, in the gene encoding

the protein kinase BRAF, which lead to

constitutive activation of the RAF/MEK/

ERK pro-proliferative signaling pathway

(Davies et al., 2002). Within a few years,

the first selective BRAF inhibitor was in

clinical trials producing highly encour-

aging results. In a phase I clinical trial,

the BRAF(V600E) selective inhibitor ve-

murafenib (PLX4032) resulted in complete

or partial regression in the majority of

melanoma patients harboring the

BRAF(V600E) mutation (Flaherty et al.,
2010). However, the excitement from

this spectacular result was soon tem-

pered as resistance to the therapy quickly

developed, resulting in response dura-

tions of only 2 to 18 months.

Vemurafenib is only effective in BRAF

mutant cells. In normal tissues and in cells

where the RAF/MEK/ERK pathway is acti-

vated by mutation of the upstream RAS

signaling proteins, vemurafenib actually

enhances signaling. Key to understanding

this surprising result is the fact that RAF

isoforms BRAF and CRAF normally

homo- or heterodimerize following activa-

tion of RAS proteins. RAF inhibitor binding

appears to cause a conformational

change that promotes the formation of

BRAF-CRAF or CRAF-CRAF dimers in

which the drug-inactivated molecule is

able to induce activation of its drug-free
partner within the dimer. On the other

hand, in cells harboring BRAF(V600E),

the levels of activated RAS (GTP bound)

are insufficient to induce dimer formation,

so BRAF(V600E) signals only as a mono-

mer and the inhibitor can completely

block its kinase activity (Hatzivassiliou

et al., 2010; Heidorn et al., 2010; Poulika-

kos et al., 2010) (Figure 1).

This model suggests that molecular

lesions that enhance RAF dimerization in

tumor cells will increase RAF activity

upon drug treatment and promote tumor

resistance. Poulikakos et al. 2011 have

now found evidence for the operation of

just such a mechanism in vemurafenib-

resistant, BRAF(V600E) mutant mela-

noma cell lines, and patient samples.

The authors generated resistant cell lines

by exposing a BRAF(V600E) melanoma
21, January 17, 2012 ª2012 Elsevier Inc. 7
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possibilities for ATL treatment. Targeting

Polycomb activity, restoring the tumor

suppressor miR-31, or inhibiting NIK are

all attractive potential strategies for elimi-

nating ATL tumor cells. Furthermore, the

described involvement of miR-31 in

breast cancer cells (Valastyan et al.,

2009) raises the question of whether

miR-31 silencing through PRC2 occurs

in other type of tumors and whether these

pathways could be also be targets for

molecular therapies in those malignan-

cies. Finally, from a basic biology view-

point, the novel mechanism described

by Yamagishi et al. (2012) might have

a wider role in normal cells, given the

ubiquitous roles of NF-kB, Polycomb,
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develop resistance to the BRAF inhibitor vemurafenib by expressing truncated forms of BRAF(V600E) that
can dimerize in the absence of activated RAS. Will it be possible to block this with improved BRAF inhibitor
design?
Metastatic melanoma has long been

renowned for being extremely difficult to

treat effectively. However, the last few

years have witnessed dramatic changes

to the landscape of this disease. In 2002,

it was discovered that over 50% of mela-

nomas harbor activating mutations, most

commonly V600E, in the gene encoding

the protein kinase BRAF, which lead to

constitutive activation of the RAF/MEK/

ERK pro-proliferative signaling pathway

(Davies et al., 2002). Within a few years,

the first selective BRAF inhibitor was in

clinical trials producing highly encour-

aging results. In a phase I clinical trial,

the BRAF(V600E) selective inhibitor ve-

murafenib (PLX4032) resulted in complete

or partial regression in the majority of

melanoma patients harboring the

BRAF(V600E) mutation (Flaherty et al.,
2010). However, the excitement from

this spectacular result was soon tem-

pered as resistance to the therapy quickly

developed, resulting in response dura-

tions of only 2 to 18 months.

Vemurafenib is only effective in BRAF

mutant cells. In normal tissues and in cells

where the RAF/MEK/ERK pathway is acti-

vated by mutation of the upstream RAS

signaling proteins, vemurafenib actually

enhances signaling. Key to understanding

this surprising result is the fact that RAF

isoforms BRAF and CRAF normally

homo- or heterodimerize following activa-

tion of RAS proteins. RAF inhibitor binding

appears to cause a conformational

change that promotes the formation of

BRAF-CRAF or CRAF-CRAF dimers in

which the drug-inactivated molecule is

able to induce activation of its drug-free
partner within the dimer. On the other

hand, in cells harboring BRAF(V600E),

the levels of activated RAS (GTP bound)

are insufficient to induce dimer formation,

so BRAF(V600E) signals only as a mono-

mer and the inhibitor can completely

block its kinase activity (Hatzivassiliou

et al., 2010; Heidorn et al., 2010; Poulika-

kos et al., 2010) (Figure 1).

This model suggests that molecular

lesions that enhance RAF dimerization in

tumor cells will increase RAF activity

upon drug treatment and promote tumor

resistance. Poulikakos et al. 2011 have

now found evidence for the operation of

just such a mechanism in vemurafenib-

resistant, BRAF(V600E) mutant mela-

noma cell lines, and patient samples.

The authors generated resistant cell lines

by exposing a BRAF(V600E) melanoma
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Figure 1. Effects of RAF Inhibitors on Cells with BRAF or RAS Mutations
Active GTP-bound RAS promotes the formation of homo- and heterodimers, but BRAF(V600E) signals
primarily as a monomer in BRAF(V600E) mutant cells because the levels of RAS-GTP are low. In contrast,
the BRAF(V600E) splice variant p61BRAF(V600E) lacks domains necessary for RAS interaction and for
preventing RAS-independent dimerization. When melanoma cells are treated with a BRAF inhibitor,
BRAF(V600E) is inhibited, leading to tumor regression. However, when RAF isoforms form dimers, either
due to RAS mutation or BRAF truncation, the drug-inactivated kinase subunit induces the transactivation
of the drug-free kinase subunit in the dimmer, resulting in continued activation of downstream pro-prolif-
erative signaling.
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line to a high dose of vemurafenib in vitro.

In three of five resistant clones obtained,

they detected a smaller BRAF transcript

that contained both the V600E mutation

and an in-frame deletion of exons 4–8, re-

sulting in expression of a BRAF variant

lacking domains necessary for interaction

with RAS. This deletion also removes

sequences that inhibit BRAF dimerization

in the absence of RAS binding, allowing

dimerization of this variant in a RAS-inde-

pendent manner. Thus, this truncation

results in a constitutively activated

BRAF(V600E) dimer rather than the

BRAF(V600E) monomer found in the par-

ental cells. The dimer displays the trans-

activation of the drug-free subunit by the

drug-bound subunit that has been

observed for other RAF dimers (Hatzivas-

siliou et al., 2010; Heidorn et al., 2010;
8 Cancer Cell 21, January 17, 2012 ª2012 El
Poulikakos et al., 2010), reducing sensi-

tivity to vemurafenib by 100-fold.

Acknowledging that generation of resis-

tant cell linesbydrugexposure in vitromay

have its limitations, Poulikakos et al. 2011

went on to demonstrate the importance of

this resistance mechanism in the clinic.

The authors analyzed tumors from 19

BRAF(V600E) mutant melanoma patients

with acquired resistance to vemurafenib

and identified a total of four shorter BRAF

transcript variants in 6 of them. All these

splicing variants lack minimally exons

4–8, one of which was identical to that

seen in the cell lines. As yet, it is unclear

how these variants were generated: could

they be caused by mutations at the splice

junctions or perhaps epigenetic changes?

This BRAF inhibitor resistance mecha-

nism is the first identified that involves
sevier Inc.
a structural change in BRAF itself,

bringing BRAFmore in linewith resistance

mechanisms commonly seen when phar-

macologically targeting other oncogenes,

such as activated EGFR or BCR-ABL.

Several other mechanisms of resistance

to RAF inhibitors have been previously re-

ported, but in each study, only a very

small group of tumor samples has been

analyzed, making it hard to assess their

relative importance in the clinic. Poulika-

kos et al. 2011 have analyzed the largest

cohort of tumor samples thus far, with

19 patients, of which 6 had BRAF splice

variants and 4 had mutations in NRAS,

suggesting that both BRAF and NRAS

mutations are likely to play major roles in

the development of resistance. A muta-

tion in NRAS had previously been identi-

fied as a resistance mechanism (Nazarian

et al., 2010). Other possibly rarer molec-

ular events reported previously that may

also reactivate RAF/MEK/ERK signaling

include enhancement of MAP3K8 (Cot1/

Tpl2) mRNA levels (Johannessen et al.,

2010) and an activating mutation in

MEK1 (Wagle et al., 2011). Alterations

that activate PI3K pathway signaling,

including increased expression of

PDGFRb or IGF-1R levels or deletion of

PTEN, have also been detected (Nazarian

et al., 2010).

Drug resistance is arguably the biggest

challenge blocking progress toward

better outcomes in cancer treatment.

Obviously, the importance of identifying

drug resistance mechanisms lies in the

possibility of developing better drugs or

drug combinations to overcome resis-

tance. For BRAF mutant melanoma,

many resistance mechanisms result in

ERK pathway reactivation, suggesting

that inhibition of the pathway down-

stream of RAF using MEK inhibitors

could overcome acquired resistance

and might also have value in combination

with vemurafenib to limit the develop-

ment of resistance. However, MEK inhib-

itors have yet to prove their worth in

the clinic. Perhaps a more interesting

approach to tackling resistance is the

development of new RAF inhibitors. The

ideal drug would be one that was

specific for oncogenic BRAF but would

not transactivate CRAF or truncated

BRAF, but achieving this may be quite

a challenge for drug developers. Existing

BRAF inhibitors also have some activity

toward CRAF, and it is possible that
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the transactivation has actually been

selected in the drug development pro-

cess because it circumvents potential

systemic toxicity associated with pan-

RAF inhibition.

Vemurafenib resistance often develops

rapidly and multiple resistant tumor

nodules usually appear at the same time

(Wagle et al., 2011). The efficacy of RAF

inhibitors depend on almost complete

inhibition of ERK signaling; partial RAF

inhibition or small changes that increase

pathway activity can produce resistance.

One possible reason for the rapid simul-

taneous appearance of resistant nodules

is the existence of minor populations of

resistant cells in the original tumors prior

to treatment that can overtake the drug-

sensitive populations. If this is the case,

emergence of a single resistance mecha-

nism should be seen if several different

resistant lesions from the same patient

are analyzed. More worrying is the possi-

bility that tumor cells can escape

destruction via any of a plethora of

relatively easily accessed routes, so

that each different resistant lesion in

a patient is using a different mechanism.

It has been suggested that tumor

heterogeneity and changes in drug
response can be mediated by epigenetic

changes (Sharma et al., 2010), leading to

changes in expression of some genes

and potentially splicing alterations. This

suggests that combination treatment

with epigenetic modulators such as

histone deacetylase inhibitors could be

tested to overcome RAF inhibitor-medi-

ated resistance.

The extremely rapid progress in under-

standing BRAF inhibitor resistance mech-

anisms raises hopes that the partial

success of targeted agents like vemurafe-

nib may soon lead to more lasting patient

benefit. However, the complexity seen in

the BRAF signaling network response to

these drugs and the ease with which

tumors develop resistance to them

suggests that there will be many more

unexpected twists to this story before

metastatic melanoma can be considered

beaten.
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SUMMARY
Within high-grade gliomas, the precise identities and functional roles of stem-like cells remain unclear. In the
normal neurogenic niche, ID (Inhibitor of DNA-binding) genesmaintain self-renewal andmultipotency of adult
neural stem cells. Using PDGF- and KRAS-driven murine models of gliomagenesis, we show that high Id1
expression (Id1high) identifies tumor cells with high self-renewal capacity, while low Id1 expression (Id1low)
identifies tumor cells with proliferative potential but limited self-renewal capacity. Surprisingly, Id1low cells
generate tumors more rapidly and with higher penetrance than Id1high cells. Further, eliminating tumor cell
self-renewal through deletion of Id1 has modest effects on animal survival, while knockdown of Olig2 within
Id1low cells has a significant survival benefit, underscoring the importance of non-self-renewing lineages in
disease progression.
INTRODUCTION

High-grade gliomas (WHOGrade III, IV astrocytomas) are among

the most lethal types of solid tumors, with significant cellular and

genetic heterogeneity complicating treatment efforts (Terzis

et al., 2006). Since the discovery of glioma cells with properties

reminiscent of neural stem cells, including the capacity to self-

renew, there has been a great deal of interest in elucidating their

contributions to tumorigenesis. Self-renewal in normal and

tumor stem cells occurs when a cell divides to produce at least

one daughter cell with the same developmental potential as it-

self, thus maintaining multipotency (He et al., 2009). This is in

contrast to proliferation, which refers to cell divisions regardless

of developmental potential (He et al., 2009). Within the subven-

tricular zone (SVZ), normal adult neural stem cells (also referred

to as ‘‘type B cells’’) are rare, slow-cycling and self-renewing
Significance

High-grade gliomas are typified by poor therapeutic response
esis, we identify and isolate two distinct stem- and progenitor-
glioma cells self-renew, giving rise to consistent proportions o
renewal capacity but retain proliferative potential. Although
tumorigenic compared to Id1high cells. Further, inhibiting the bH
prolongs the survival of tumor-bearingmice, while eliminating s
have important implications for therapeutic strategies that se
subclasses of high-grade gliomas.
cells that give rise to more rapid cycling transit amplifying cells

(‘‘type C cells’’), which then give rise to more differentiated neu-

roblasts (‘‘type A cells’’) (Doetsch et al., 1997). Glioma stem cells,

likened to type B cells, are defined by their capacity to (1) self-

renew in vitro, (2) transplant tumors in vivo, and (3) generate

tumors that recapitulate the heterogeneity of the parental tumors

(Stiles and Rowitch, 2008). The degree to which glioma stem

cells resemble neural stem cells, and the degree to which the

normal lineage hierarchy is maintained in brain tumors remain

unanswered questions.

The cancer stem cell hypothesis predicts that stem cells are

responsible for tumor initiation and preferentially drive tumor

growth, and indeed, many studies use the term ‘‘glioma-initiating

cell’’ (GIC) interchangeably with ‘‘glioma-stem cell’’ (GSC). How-

ever, whether stem-like cells are uniquely qualified in their ability

to transplant disease, or whether other, more differentiated,
and rapid lethality. Using two mouse models of gliomagen-
like tumor cell populations using a single marker, Id1. Id1high

f differentiated lineages, while Id1low cells have limited self-
both populations transplant disease, Id1low cells are more
LH transcription factor Olig2 within Id1low cells significantly
elf-renewal of Id1high cells has modest effects. These results
ek to target stem- or progenitor- like cells within different
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Figure 1. Tumors Can Be Separated into Id1high and Id1low Cell Populations

(A) Tumors were initiated with RCAS-PDGFB in Nestin-tva; Arf�/� mice (A–J). Staining with hematoxylin and eosin (H&E) shows high-grade features. Scale

bars = 100 mm.

(B) Immunohistochemistry for Id1 reveals Id1+ cells within the tumor (arrows). Scale bars = 50 mm.

(C) FACS plot from Nestin-tva;Arf�/�;Id1VenusYFP tumors. Gray line indicates gate for VenusYFP signal.

(D) Id1 immunostaining on sorted Id1low (top) and Id1high (bottom) cells reveals Id1 expression restricted to the Id1high cell population (arrows). Cells were

counterstained with DAPI. Scale bars = 50 mm.

(E) Quantitative RT-PCR reveals enhanced Id1 expression in Id1high compared to Id1low cells.

(F) Quantitative RT-PCR for Olig2, Olig1, Mash1, NG2, Id2, S100b, Math1, Prominin1, Id3, Id4, SSEA-1 from Id1low (gray bars) and Id1high (black bars) sorted cells.

(G) Immunohistochemistry for Olig2 reveals a frequent expression pattern of Olig2+ cells (arrows). Scale bars = 50 mm.

(H) Graph shows percentage of Id1+ and Olig2+ tumor cells from PDGF-driven tumors.

(I) Immunostaining for Id1 (green), Olig2 (red) and spectral analysis showing intensity in red channel and green channels. Scale bars = 50 mm.

(J) Olig2 immunostaining on sorted Id1low (top) and Id1high (bottom) cells reveals Olig2 expression restricted to the Id1low cell population (arrows). Cells were

counterstained with DAPI. Scale bars = 50 mm.

(K) Tumors were initiated with RCAS-KRAS in Nestin-tva; Arf�/� mice (K-T). Staining with H&E shows high-grade features. Scale bars = 100 mm.

(L) Immunohistochemistry for Id1 reveals Id1+ cells within the tumor (arrows). Scale bars = 50 mm.

(M) FACS plot from Nestin-tva;Arf�/�;Id1VenusYFP tumors. Gray line indicates gate for VenusYFP signal.

(N) Id1 immunostaining on sorted Id1low (top) and Id1high (bottom) cells reveals Id1 expression restricted to the Id1high cell population (arrows). Cells were

counterstained with DAPI. Scale bars = 50 mm.

(O) Quantitative RT-PCR reveals enhanced Id1 expression in Id1high compared to Id1low cells.

(P) Quantitative RT-PCR for Olig2, Olig1, Mash1, NG2, Id2, S100b, Math1, Prominin1, Id3, Id4, SSEA-1 from Id1low (gray bars) and Id1high (black bars) sorted cells.

(Q) Immunohistochemistry for Olig2 reveals a frequent expression pattern of Olig2+ cells (arrows). Scale bars = 50 mm.

(R) Graph shows percentage of Id1+ and Olig2+ tumor cells from KRAS-driven tumors.
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non-self-renewing lineages possess this capacity, remains

controversial (Alcantara Llaguno et al., 2009; Chow et al.,

2011; Lindberg et al., 2009; Prestegarden and Enger, 2010;

Stiles and Rowitch, 2008). In other types of brain tumors,

including medulloblastoma (Yang et al., 2008) and oligodendro-

glioma (Persson et al., 2010), cell lineages that express progen-

itor markers but are incapable of self-renewal in vitro have been

shown to transplant disease. Further, oligodendrocyte precursor

cells (OPCs) were recently identified as likely cells-of-origin in

a p53/Nf1 mouse model of gliomagenesis, as lineage-analysis

revealed this population to have the most dramatic growth

expansion prior to malignancy (Liu et al., 2011). Adding to the

complexity, it has been hypothesized that more differentiated

cells may dedifferentiate and acquire a stem cell phenotype

during the course of tumorigenesis (Kang et al., 2006). How fre-

quently this occurs in vivo and whether the acquisition of self-

renewal and ‘‘stemness’’ is a requisite for tumorigenic potential

requires further investigation.

Critical to the analysis of high-grade gliomas is the identifica-

tion of markers to definitively isolate and functionally charac-

terize the distinct lineages. CD133 (Prominin-1) is the most

common antigen used to identify glioma stem cells, but studies

have shown that both CD133+ and CD133- cells can self-renew

and generate histologically distinct tumors (Beier et al., 2007;

Chen et al., 2010; Clément et al., 2009; Wang et al., 2008),

arguing against CD133 as a specific marker of glioma stem

cells. Other studies have used the side population (SP) to define

the stem-cell fraction, although this also identifies a heteroge-

neous population of both self-renewing and non self-renewing

lineages (Broadley et al., 2011). The ID (Inhibitor of DNA-binding)

genes are dominant negative regulators of basic helix-loop-helix

transcription factors (Perk et al., 2005) with established roles

in embryonic stem cell self-renewal (Romero-Lanman et al.,

2011; Ying et al., 2003). Following development, Id1 continues

to regulate self-renewal and differentiation in multiple somatic

stem cell populations, including adult neural stem cells. High

levels of Id1 identify type B adult neural stem cells within neuro-

genic niches, and Id1 and Id3 are required to maintain the self-

renewal capacity of this cell population (Nam and Benezra,

2009). During lineage commitment, Id1 protein levels decrease

as progenitor markers become more highly expressed (Nam

and Benezra, 2009). While Id1 expression is low to absent in

nonneurogenic regions of the normal adult brain, Id1 expression

is upregulated inmultiple subtypes of human andmouse gliomas

(Anido et al., 2010; Vandeputte et al., 2002). Because high levels

of Id1 identify self-renewing typeB cells in the normal neurogenic

niche, we hypothesized that high levels of Id1 could similarly

identify glioma cells with a stem-cell phenotype.

Large-scale sequencing projects have identified alterations

that frequently occur in human high-grade gliomas, including

PDGFRA amplification (13%), alterations in RTK/RAS/PI(3)K

signaling (88%) and CDKN2A/Arf homozygous deletion or muta-

tion (49%) (Network, 2008). This has led to the generation of sub-

classes based upon specific genomic and proteomic signatures
(S) Immunostaining for Id1 (green), Olig2 (red) and spectral analysis showing inte

(T) Olig2 immunostaining on sorted Id1low (top) and Id1high (bottom) cells reveals

counterstained with DAPI. Scale bars = 50 mm.

Error bars represent mean ± SD. See also Figure S1.
(Brennan et al., 2009; Huse et al., 2011; Network, 2008).

Although studies differ with regard to subclass identity and

nomenclature, broadly speaking, tumors with aberrant PDGFR

signaling have been grouped in the Proneural subclass, and

tumors with mutation and/or deletion of NF1 have been grouped

in the Mesenchymal subclass. The PDGFR/Proneural subclass

has a well-established RCAS/tva-based mouse model, where

adult Nestin-tva;Arf�/� mice are stereotaxically injected with

RCAS-PDGFB into the SVZ, generating gliomas with near com-

plete penetrance (Hambardzumyan et al., 2009, 2011). Tumors

can also be initiated using constitutively active mutant KRAS,

as KRAS has been shown to cooperate with tumor suppressor

loss to generate gliomas (Uhrbom and Holland, 2001; Uhrbom

et al., 2005). Tumors driven by either PDGF or KRAS show

a histopathology that closely mimics human tumors, as well

as high-grade features, including pseudopalisading necrosis

and microvascular proliferation (Hambardzumyan et al., 2009,

2011; Uhrbom and Holland, 2001; Uhrbom et al., 2005).

Here, we test a central tenet of the cancer stem cell hypoth-

esis, that self-renewal capacity is required for disease trans-

plantation and is a key predictor of tumor growth potential, in

PDGF- and KRAS-driven murine glioma models.

RESULTS

PDGF- and KRAS-Driven Tumors Can Be Separated
into Id1high and Id1low Cell Populations
As shown in Figures 1A and 1B, tumors initiated with PDGF dis-

played high-grade features and upregulated Id1 expression,

similar to what is observed in human high-grade gliomas (Fig-

ures S1A and S1B available online). In order to isolate and

further characterize live tumor cells with high Id1 expression,

we generated Nestin-tva;Arf�/�;Id1VenusYFP mice, where endog-

enous Id1 is fused to fluorescent VenusYFP and faithfully reports

endogenous Id1 protein levels (Nam and Benezra, 2009). Fol-

lowing initiation with PDGF, tumors were dissociated and sorted

based on VenusYFP expression into cell populations with high

levels of VenusYFP (further referred to as Id1high) and cell popu-

lations with undetectable levels of VenusYFP (further referred to

as Id1low) (Figure 1C). Post-sort analysis was used to confirm the

absence of VenusYFP signal in the Id1low fraction (Figure S1C)

and Id1high cells were, on average, 0.35% of the total sorted

population, including stromal cells (Figure 1C). Immunostaining

(Figure 1D) and RT-PCR (Figure 1E) confirmed Id1 expression

in freshly sorted Id1high cells and low to undetectable levels of

Id1 expression in freshly sorted Id1low cells. The stem-associ-

ated markers Prominin-1 and Id3 were more highly expressed

in Id1high cells compared to Id1low cells (Figure 1F). In contrast,

multiple progenitor-associated markers, including Olig2, Mash1,

NG2, and Id2 were more highly expressed in Id1low cells com-

pared to Id1high cells (Figure 1F).

Olig2 is known to regulate proliferation in neural progenitors

(Ligon et al., 2007; Sun et al., 2011) and is expressed in multiple

lineages, including type C cells in the normal neurogenic niche
nsity in red channel and green channels. Scale bars = 50 mm.

Olig2 expression restricted to the Id1low cell population (arrows). Cells were
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Figure 2. Id1high Cells Are Characterized by High Self-Renewal Capacity, while Id1low Cells Are Characterized By Limited Self-Renewal

Capacity

(A) Percentage of sorted Id1high and Id1low cells forming primary tumorspheres from PDGF-driven tumors (10 cells/ml; *p = 2.37 3 10�7).

(B) Percentage of sorted Id1high (gray bars) and Id1low (black bars) cells forming secondary, tertiary, quaternary and quinary tumorspheres from PDGF-driven

tumors (1 cell/well; *p = 0.026, **p = 0.0084, ***p = 0.01, ****p = 0.007).

(C) Tumorsphere diameter was measured after 7 days in vitro for Id1low (n = 60) and Id1high (n = 128) tumorspheres (*p = 1.663 10�5) from PDGF-driven tumors.

(D) Id1high cells were used to generate secondary, tertiary, quaternary and quinary tumorspheres, which were then differentiated and the percentage of cells from

individual tumorspheres that expressed GFAP, Tuj1, and O4 were quantified.
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and mature oligodendrocytes (Menn et al., 2006). Olig2 is also

expressed in all subtypes of malignant glioma (Ligon et al.,

2004), leading us to more closely examine Olig2 expression in

our model. Within PDGF-driven tumors, we observed high levels

of Olig2 expression (Figure 1G), consistent with what is observed

in human gliomas (Figures S1D and S1E) including those from

the PDGFR subclass (Verhaak et al., 2010). By IHC, 5.2% of

tumor cells had detectable levels of Id1 expression and 84.6%

of cells had detectable levels of Olig2 expression (Figure 1H).

Sorted Id1high cells make up a subset of the total Id1-expressing

population, as Id1 is expressed in varying levels in both tumor

cells and stromal cells. Importantly, Olig2 and Id1 showed

a largely mutually exclusive expression pattern (Figure 1I). Of

Id1-expressing tumor cells, only 6.1% showed some level of

Olig2 expression (Figure S1F). In the normal neurogenic niche,

Id1 levels decrease and progenitor markers increase as cells

transition from a type B cell to a type C cell phenotype (Nam

and Benezra, 2009), and this population overlap within tumors

may reflect a similar phenomenon. Importantly, we did not detect

Olig2 protein expression in the sorted Id1high population, and

found significant Olig2 protein expression in the sorted Id1low

population (Figure 1J).

In order to test the generality of our results, we examined

tumors driven by RCAS mutant KRAS using Nestin-tva; Arf�/�;
Id1VenusYFP mice. As shown in Figures 1K and 1L, KRAS-driven

tumors also displayed high-grade features and upregulated Id1

expression. By FACS, Id1high cells represented, on average,

0.67% of the total sorted population including stromal cells (Fig-

ure 1M). Immunostaining (Figure 1N) and RT-PCR (Figure 1O)

confirmed Id1 expression in freshly sorted Id1high cells and low

to undetectable levels of Id1 expression in freshly sorted Id1low

cells. Id1high and Id1low cells from KRAS-driven tumors showed

a lineage-marker profile similar to what was observed from

PDGF-driven tumors (Figure 1P). Compared to PDGF-driven

tumors, KRAS-driven tumors had more Id1-expressing cells by

IHC and fewer Olig2-expressing cells, with 23.4% of tumor cells

expressing Id1 and 66.3% of tumor cells expressing Olig2 (Fig-

ures 1Q and 1R). Coimmunostaining for Id1 and Olig2 again re-

vealed a largely mutually exclusive expression pattern (Figure 1S).

Importantly, we did not detect Olig2 protein expression in the

sorted Id1high cells, and found significant Olig2 protein expression

in the sorted Id1low cells (Figure 1T). Thus, in both PDGF- and

KRAS-driven tumors, sorted Id1high cells were characterized by

high levels of the neural stem cell marker Id1, and an absence of

common progenitor-associated markers. While Id1low cells repre-

sented heterogeneous tumor bulk, they were characterized by

high levels of Olig2 and other progenitor-associated markers.

We further characterized the expression of Id1 and several

lineage markers using human glioma tissue microarrays
(E) Representative images of tumorspheres generated from Id1high cells that were

images, 50 mm for insets. Cells were counterstained with DAPI in fluorescent ima

(F) Number of adherent colonies formed after 7 days in vitro from Id1low cells (n =

(G) Diameter of adherent colonies measured after 3 days (p = 0.38; n = 17), 5 d

(black bars) compared to Id1high cells (gray bars).

(H) Percentage of phosphohistone H3 expressing cells within adherent colonies

(p = 0.75; n = 16) or 7 days (*p = 0.014; n = 35).

(I) Representative images of Id1low and Id1high adherent colonies after 5 or 7 days

main images, 50 mm for insets.

Error bars represent mean ± SD. See also Figure S2.
(TMAs). Here, we found that a subset of Id1-expressing cells

also expressed the putative stem-cell marker CD133, although

we observed both CD133+/Id1- and CD133-/Id1+ cells (Fig-

ure S1G). While Id1 and Olig2 showed a largely exclusive

expression pattern in the PDGF- and KRAS-driven murine

models, we identified two distinct groups from the human

TMAs: one group showed a largely exclusive expression pat-

tern between Id1 and Olig2, while the other group showed

a high-degree of overlap between the two proteins (Figures

S1D and S1E). We speculate that differences may exist in the

Id1/Olig2 lineage relationship, and expression of stem and

progenitor cells generally, within distinct subtypes of high-grade

gliomas.

Id1high Tumor Cells Have Stem Cell Properties, while
Id1low Tumor Cells Resemble Progenitor Cells
Wehypothesized that high levels of Id1would identify tumor cells

with a stem cell phenotype, similar to what is observed in type B

cells of the normal neurogenic niche. To assess the self-renewal

capacity of Id1high and Id1low glioma cells, we plated cells at

clonal density in the presence of epidermal growth factor (EGF)

and fibroblast growth factor (FGF) and characterized tumor-

sphere formation and colony formation in vitro. From PDGF-

driven tumors, freshly sorted Id1high cells showed a 12.8-fold

enhancement in primary tumorsphere formation compared to

Id1low cells (Figure 2A; 10 cells/ml). Similar results were obtained

when cells were plated to form tumorspheres prior to sorting to

eliminate stroma and then dissociated, sorted into Id1high and

Id1low populations and replated to form tumorspheres (Fig-

ure S2A; 10 cells/ml). Primary tumorspheres were dissociated

and plated at clonal density (1 cell/well) over serial passages.

From Id1high primary tumorspheres, 15.06% of single cells

formed secondary tumorspheres, of which 11.62% of single

cells formed tertiary tumorspheres, 8.82% of single cells formed

quaternary tumorspheres, and 7.10% of single cells formed

quinary tumorspheres (Figure 2B). By contrast, from Id1low

primary tumorspheres, 0.33% of single cells formed secondary

tumorspheres, of which 0.625% of single cells formed tertiary

tumorspheres, with no generation of tumorspheres over addi-

tional passages (Figure 2B). Id1high cells generated tumor-

spheres that were marginally larger than those generated from

Id1low cells (Figure 2C). Similar results were observed in KRAS-

driven tumors, where Id1high cells showed a 7.5-fold enhance-

ment in primary tumorsphere formation compared to Id1low cells

(Figure S2B; 10 cells/ml). From Id1high primary tumorspheres,

7.67% of cells formed secondary tumorspheres, 1.85% of cells

formed tertiary tumorspheres, and 0.267% of cells formed

quaternary tumorspheres (plated 0.5 cells/ml; Figure S2C). By

contrast, we were unable to generate secondary tumorspheres
differentiated and stained for GFAP, Tuj1, and O4. Scale bars = 100 mm for main

ges.

14) compared to Id1high cells (n = 24) (0.5 cells/ml; *p = 5.29 3 10�7).

ays (p = 0.04; n = 27) and 7 days (*p = 6.39 3 10�5; n = 14) from Id1low cells

from Id1low cells (black bars) compared to Id1high cells (gray bars) after 5 days

stained for H3P (green) and counterstained with DAPI. Scale bars = 100 mm for
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from the Id1low primary tumorspheres at this plating density

(Figure S2C).

Id1low secondary tumorspheres, as well as Id1high secondary,

tertiary, quaternary, and quinary tumorspheres from the PDGF-

driven model were plated under conditions to favor differen-

tiation, and the resultant progeny were quantified.While undiffer-

entiated tumorspheres showed low to absent expression of

GFAP, O4, and Tuj1 (Figures S2D and S2E), individual Id1high

secondary tumorspheres primarily generated GFAP-expressing

astrocytes upon differentiation, with less frequent but consis-

tent generation of O4-expressing oligodendrocytes and Tuj1-

expressing neurons (Figures 2D and 2E; Figure S2F). Essentially

all individual Id1high tumorspheres showed similar percentages

of cells expressing thesemarkers. We also observed similar pro-

portions of GFAP-, O4-, and Tuj1-expressing cells from Id1high

tumorspheres at tertiary, quaternary, and quinary passages (Fig-

ure 2D; Figure S2F), consistent with these populations under-

going self-renewal events, rather than physical events such as

in vitro fusion. The fact that the Id1high population primarily differ-

entiated into GFAP-expressing cells is also consistent with

studies showing a role for Id1 in restraining neural differentiation

(Ying et al., 2003). Id1low secondary tumorspheres, by contrast,

showed a high degree of variability with regards to their differen-

tiation potential: 37.5% primarily generated GFAP-expressing

cells, 43.75% primarily generated Tuj1-expressing cells, and

18.75% generated roughly equal numbers of GFAP- and Tuj1-

expressing cells (n = 16; Figure S2G). The generation of

O4-expressing cells was sporadic, found within approximately

18% of differentiated Id1low secondary tumorspheres (Fig-

ure S2G). Thus, Id1high glioma cells displayed a classic stem-cell

phenotype in vitro, while Id1low glioma cells, depleted of stromal

cells, were found to possess limited self-renewal capacity.

Id1low and Id1high cells derived from PDGF-driven tumors were

also plated at clonal density (0.5 cells/ml) as adherentmonolayers

using the same mitogenic conditions as in the nonadherent

tumorsphere assays. Id1high cells generated colonies more

frequently than Id1low cells (Figure 2F), and generated colonies

that weremarginally larger than those generated from Id1low cells

(Figure 2G), paralleling our tumorsphere data (Figures 2A–2C).

We did not observe significant differences in expression of

cleaved caspase-3 between colonies generated from Id1low

and Id1high cells (data not shown), nor didwe observe differences

in H3P expression after 5 days in vitro (Figures 2H and 2I). Id1high

colonies did show approximately 2-fold greater H3P expression

at 7 days in vitro suggesting a modest proliferative advantage

(Figures 2H and 2I). Nonetheless, both Id1low and Id1high cells

were capable of proliferation, suggesting that the dramatic

differences in tumorsphere formation between the Id1low and

Id1high cell populations were due largely to differences in self-

renewal capacity, as opposed to an inability of the Id1low cells

to proliferate under the conditions used in our assays.

Id1low Cells More Efficiently Transplant Disease than
Id1high Cells
We next probed the capacity of Id1low and Id1high glioma cells to

transplant disease by injecting 1.03 103 freshly sorted cells into

the cortex of adult Nude/NCr host mice. From PDGF-driven

tumors, both Id1low and Id1high cells were capable of generating

high-grade gliomas (Figures 3A and 3B). However, Id1low cells
16 Cancer Cell 21, 11–24, January 17, 2012 ª2012 Elsevier Inc.
generated tumors more quickly and with higher penetrance:

mice injected with 1.0 3 103 Id1low cells had a median survival

of 35.5 days compared to mice injected with 1.0 3 103 Id1high

cells, which had amedian survival of 62 days (Figure 3A). Tumors

were generated in 73.7% of mice injected with 1.0 3 103 Id1low

cells compared to 46.7% of mice injected with 1.0 3 103 Id1high

cells (Figure 3A). We were unable to generate tumors with

1.0 3 103 cells from either Id1low or Id1high cells when they

were plated in vitro prior to transplantation (data not shown).

Plating cells in vitro also led to changes in Id1 and Olig2 expres-

sion (Figures S3A–S3C), and we therefore injected freshly sorted

cells in all experiments, allowing us to avoid in vitro selection

bias and analyze the lineages in a minimally perturbed state.

We also performed the same experiments using 1.03 103 Id1high

or Id1low cells isolated from KRAS-driven tumors. Here, 52.6%of

mice injected with 1.0 3 103 Id1low cells developed high-grade

tumors, with a median survival of 37 days (Figure 3C), while 1

of 19 mice (5.3%) injected with 1.03 103 Id1high cells developed

a low-grade tumor with a survival of 119 days (Figure 3C). There-

fore, in both PDGF- and KRAS-driven tumors, Id1low cells

generated tumors more quickly and with higher penetrance

than Id1high cells.

Tumors initiated with either Id1low or Id1high cells expressed

Nestin, GFAP, and Tuj1 (Figures S3D and S3E), although the

majority of tumor cells expressed Olig2 (Figures 3B and 3D).

The fact that Id1high cells did not express Olig2 upon isolation in-

dicates that Id1-expressing tumor cells were generating Olig2-

expressing tumor cells in vivo. This is consistent with studies in

the normal SVZ, which show that type B cells can generate oligo-

dendrocyte lineages (Jackson et al., 2006; Menn et al., 2006),

and with the observation that Id1high B-type cells give rise

to Id1low (Mash1+, Olig2+) progenitor cells (Nam and Benezra,

2009). Surprisingly, both Id1low and Id1high cells generated

tumors with Id1 expression (Figures 3B and 3D).

To determine the source of Id1 expression in tumors initiated

with Id1low cells, we injected 1.0 3 103 Id1low cells from the

PDGF-driven model into the cortex of ubc-GFP;NOD-SCID

mice, which express GFP in all cells (Figure 4A). Immunostaining

for Id1 revealed that Id1 expression was restricted to GFP ex-

pressing cells (Figure 4B). We did not observe Id1-expressing/

GFP-nonexpressing cells (Figure 4C), indicating that the Id1 ex-

pressing cells were in fact host-derived. In contrast to Id1,

immunostaining for Olig2 did not colocalize with GFP, indicating

that the Olig2 expressing cells were coming from the initiating

cell population (Figures 4D and 4E). We also observed recruit-

ment using cells isolated from the KRAS-driven model (Fig-

ure S4A). These data are consistent with studies in other model

systems showing that cells recruited from the normal brain

parenchyma can contribute to glioma heterogeneity (Assanah

et al., 2006). To determine whether Id1 expression in the re-

cruited population was important for tumor growth, we injected

1.0 3 103 Id1low cells from PDGF-driven tumors into the cortex

of Id1�/� mice. These mice also developed tumors (Figure S4B),

indicating that Id1 expression in the recruited cells was not

essential for tumorigenic potential. Further, both Id1low and

Id1high cells led to recruitment of similar numbers of cells (Fig-

ure S4C), suggesting that the differences in tumor initiation

between Id1low and Id1high cells were not due to their relative

capacity for recruitment. Most importantly, Id1low cells were
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Figure 3. Id1low Cells Transplant Disease More Efficiently than Id1high Cells

(A) Kaplan-Meier analysis comparingmice injectedwith 1.03 103 Id1low cells (n = 19; red line) or 1.03 103 Id1high cells (n = 15; blue line) fromPDGF-driven tumors.

Chart shows percentage of mice that developed tumors and median survival.

(B) Representative images of H&E, Olig2 and Id1 immunohistochemistry for tumors generated with either Id1low (bottom) or Id1high (top) cells from PDGF-driven

tumors. Scale bars = 100 mm for main images, 50 mm for insets.

(C) Kaplan-Meier analysis comparingmice injectedwith 1.03 103 Id1low cells (n = 19; red line) or 1.03 103 Id1high cells (n = 19; blue line) fromKRAS-driven tumors.

Chart shows percentage of mice that developed tumors and median survival.

(D) Representative images of H&E, Olig2 and Id1 immunohistochemistry for tumors generated with Id1low (bottom) or Id1high (top) cells from KRAS-driven tumors.

Scale bars = 100 mm for main images, 50 mm for insets. See also Figure S3.
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not reverting to an Id1-expressing state during the course of

tumorigenesis and therefore this type of conversion could not

explain the tumorigenic potential of the Id1low cell population.

Inhibiting the Self-Renewal Capacity of Id1high Cells Has
Modest Effects on Tumor Growth
To determine how a reduction in self-renewal capacity would

impact tumor growth, we generated Nestin-tva;Arf�/� mice

with the following genotypes: Id1+/+;Id3+/+, Id1�/�;Id3+/+, and
Id1�/�;Id3+/�. As shown in Figure 5, loss of Id1 led to dramatic

reductions in tumor cell self-renewal capacity. Id1�/�;Id3+/+

and Id1�/�;Id3+/� mice had a 5- to 10-fold reduction in primary

tumorsphere formation compared to Id1+/+;Id3+/+ mice (Fig-

ure 5A; 10 cells/ml). From Id1+/+;Id3+/+ mice, 19.8% of cells

formed secondary tumorspheres, compared to 0.067% of cells

from Id1�/�;Id3+/+ mice and 0.21% of cells from Id1�/�;Id3+/�

mice (Figure 5B; 1 cell/well). Id1+/+ Id3+/+ tumorspheres primarily

differentiated into GFAP-expressing cells, with less frequent but

consistent generation of O4- and Tuj1-expressing cells (Figures

5C and 5D). We observed similar proportions of GFAP-, O4-, and
Tuj1-expressing cells from secondary and tertiary tumorspheres

(Figures 5C and 5D), and a pattern of differentiation closely

paralleling that of Id1high tumorspheres (Figures 2D and 2E).

Cells from Id1+/+;Id3+/+ and Id1�/�;Id3+/� mice were also

plated as adherent monolayers at clonal density (0.5 cells/ml).

Cells plated from Id1�/�;Id3+/� tumors generated fewer adherent

colonies than cells plated from Id1+/+;Id3+/+ tumors (Figure 5E)

and while the average H3P expression in Id1�/�;Id3+/� colonies

was slightly lower compared to Id1+/+;Id3+/+ colonies at 7 days

in vitro, these differences were not statistically significant (Fig-

ure 5F). Thus, both cell populations were capable of proliferation

in vitro.

The reduction in self-renewal capacity with Id loss mirrors

the effects of Id loss in normal adult neural stem cells (Nam

and Benezra, 2009). However, we observed only modest effects

of Id loss on tumor-free survival (Figure 5G). Similar effects on

tumor-free survival were observed following conditional loss of

Id1 in Nestin-tva;Arf�/� mice: after coinjection of RCAS-PDGFB

and RCAS-Cre, Id1+/+;Id3+/+ mice had a median survival of

28 days and Id1flox/flox;Id3+/+ mice had a median survival of
Cancer Cell 21, 11–24, January 17, 2012 ª2012 Elsevier Inc. 17



Figure 4. Id1low Cells Do Not Revert to an Id1-

Expressing State In Vivo

(A) Schematic illustrating the injection of Id1low (nonfluo-

rescent) cells into ubc-GFP;NOD-SCID host mice.

(B) Two representative images showing coimmunostain-

ing for GFP and Id1. Note the presence of Id1+/GFP+ cells

(arrowheads). Tissue was counterstained with DAPI. Scale

bars = 50 mm.

(C) Percentage of tumor cells that were Id1+/GFP+

compared to Id1+/GFP- (n = 4 mice, >900 Id1+ cells).

(D) Two representative images showing coimmunostain-

ing for GFP and Olig2. Tissue was counterstained with

DAPI. Scale bars = 50 mm.

(E) Percentage of tumor cells that were Olig2+/GFP+

compared to Olig2+/GFP- (n = 4 mice, >900 Olig2+ cells).

Error bars represent mean ± SD. See also Figure S4.
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34 days (Figure S5). In normal adult neural stem cells, Id1 and

Id3 show redundancy of function at the level of self-renewal

(Nam and Benezra, 2009). We therefore probed the effects

of combined Id1 and Id3 loss to eliminated potential compen-

sation between Id proteins. Nestin-tva;Arf�/� Id1flox/flox; Id3�/�

mice injected with RCAS-PDGFB and RCAS-Cre had a

median survival no different from control animals (28 days;

Figure S5).

Id1low tumor cells showed significant growth potential in vivo

(Figure 3), and we hypothesized that inhibiting the growth of

the Id1low population might confer a more significant survival

benefit. As Olig2 is a known mediator of glioma growth in cell

line models, we inserted an H1 promoter driving Olig2 shRNA

downstream of PDGFB in the RCAS vector (Figures S6A

and S6B). Using RCAS-PDGFB;Olig2-shRNA or RCAS-PDGFB;

shRNA-Control constructs to initiate tumors, we found that

Olig2 knockdown significantly increased tumor-free survival

(Figure 6A). Olig2 knockdown was confirmed in tumors that

were removed at early time points from presymptomatic mice

(Figure 6B). Tumors that grew out from the Olig2 shRNA condi-

tion expressed Olig2 (Figure 6C), consistent with previous

reports showing a significant role for Olig2 in human and mouse

gliomas (Ligon et al., 2007; Mehta et al., 2011). To further explore

the relationship between Id1 and Olig2, primary mouse glioma

cells were transiently transfected with Id1 siRNA, Olig2 siRNA

or Control siRNA. Knockdown of Id1 did not affect Olig2 expres-

sion levels, and knockdown of Olig2 did not affect Id1 expression
18 Cancer Cell 21, 11–24, January 17, 2012 ª2012 Elsevier Inc.
levels (Figure S6C), suggesting that neither

gene directly represses the other in our model

system.

To begin to explore the role of Id1 and stem-

like cells in human high-grade gliomas, we

analyzed survival data from The Cancer Ge-

nome Atlas for each of the identified subtypes

(Verhaak et al., 2010) based on Id1 expression

for patients diagnosed with primary GBMs.

Patients were subdivided into those with high

Id1 expression (top 50%) and those with low

Id1 expression (bottom 50%), compared to the

unfiltered data set (Figures 7A–7D). Within the

Proneural subclass, patients with high Id1
expression had a median survival of 22.015 months, com-

pared to patients with low Id1 expression, which had a median

survival of 6.015 months (Figure 7D). No significant differences

in survival were observed for the Classical, Mesenchymal and

Neural subtypes when subdivided by Id1 expression (Figures

7A–7C). As the PDGF-driven murine model most closely

mimics the Proneural subclass, this human data, while cor-

relative, is consistent with our finding that low Id1 expres-

sion identifies a more aggressive tumor cell population in this

subtype.

DISCUSSION

Self-renewal is the defining characteristic of both normal and

cancer stem cells. It has been postulated that glioma cells with

stem cell properties preferentially transplant disease and con-

tribute disproportionately to tumor growth compared to other,

more differentiated lineages. Our results argue against this strin-

gent interpretation of the cancer stem cell hypothesis. Using

a marker of normal adult neural stem cells, we identified glioma

cells with high self-renewal capacity and compared their tumor-

igenic potential to that of low self-renewing lineages. We found

that in PDGF- and KRAS- driven mouse glioma models, both

cell populations were capable of transplanting disease, and cells

with low self-renewal capacity were actually more tumorigenic.

Thus, GICs cannot be exclusively identified by self-renewal or

‘‘stemness.’’



Figure 5. Id1-Loss Significantly Impacts Tumor Cell Self-Renewal but Has Only Modest Effects on Tumor-Free Survival

(A) Percentage of cells forming primary tumorspheres from PDGF-driven tumors (10 cells/ml) using Nestin-tva;Arf�/� ;Id1�/�;Id3+/+ mice (n = 4; *p = 0.0017),

Nestin-tva;Arf�/� ;Id1�/�;Id3+/� mice (n = 5; **p = 0.001) and Nestin-tva;Arf�/� ;Id1+/+;Id3+/+ mice (n = 6).

(B) Percentage of cells forming secondary tumorspheres from PDGF-driven tumors (0.5 cells/ml) using Nestin-tva;Arf�/� ;Id1�/�;Id3+/+ mice (n = 3; *p = 0.0044),

Nestin-tva;Arf�/� ; Id1�/�;Id3+/� mice (n = 5; **p = 0.0003) and Nestin-tva;Arf�/� ;Id1+/+;Id3+/+ mice (n = 4).

(C) Percentage of cells from secondary or tertiary tumorspheres that differentiated into GFAP, Tuj1, and O4 expressing cells. Tumorspheres were generated from

Nestin-tva;Arf�/� ;Id1+/+;Id3+/+ mice.

(D) Representative images of tumorspheres generated from Id1+/+;Id3+/+ cells, differentiated, and stained for GFAP, Tuj1, and O4. Scale bars = 100 mm for main

images, 50 mm for insets. Cells were counterstained with DAPI in fluorescent images.

(E) Number of adherent colonies formed after 7 days in vitro from Id1+/+;Id3+/+ cells compared to Id1�/�;Id3+/� cells (0.5 cells/ml; *p = 4.98 3 10�8).

(F) Percentage of phosphohistone H3 (H3P) expressing cells within adherent colonies from Id1+/+ Id3+/+ compared to Id1�/� Id3+/� mice after 7 days in vitro

(p = 0.44).

(G) Kaplan-Meier analysis comparing Nestin-tva;Arf�/� ;Id1+/+;Id3+/+ mice (n = 27) with Nestin-tva;Arf�/� ;Id1�/�;Id3+/+ mice (n = 23; *p = 0.0003) and Nestin-

tva;Arf�/� ;Id1�/�;Id3+/� mice (n = 14; **p = 0.0003). Tumors were initiated with PDGF. Chart shows median survival.

Error bars represent mean ± SD. See also Figure S5.
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Using Id1 to Identify Stem-Like Glioma Cells
Unlike the clearly defined, marker restricted lineages that exist in

the hematopoietic system, stem and progenitor cells in the

normal neurogenic niche and in brain tumors remain relatively

ill-defined, complicating efforts to assign functional roles to

these cell populations. While many studies use CD133 (Pro-

minin 1) to identify glioma stem cells, CD133- cells can also

self-renew, suggesting that CD133 expression alone does not

definitively identify glioma stem cells. High Id1 expression iden-

tifies type B cells in the normal neurogenic niche, and Id1 levels
decrease gradually during lineage commitment (Nam and

Benezra, 2009). Reversion from an Id1low to an Id1high state is

never observed, and we have therefore taken advantage of the

Id1-VenusYFP knockin strain to isolate cells with high levels of

Id1 within murine gliomas, and specifically identify the stem-

like fraction.

We define self-renewal capacity by the ability of cells to form

multipotent tumorspheres of consistent progeny over serial pas-

sages when plated at clonal density in serum-free, adherent-

free conditions. While definitive assays for self-renewal remain
Cancer Cell 21, 11–24, January 17, 2012 ª2012 Elsevier Inc. 19
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Figure 6. Targeting Id1low Progenitor-Like Cells via Knockdown of Olig2 Shows a Significant Survival Benefit

(A) Kaplan-Meier analysis comparing Nestin-tva;Arf�/� mice injected with RCAS-PDGFB-shRNA Control or RCAS-PDGFB-Olig2 shRNA. Chart shows

percentage of mice that developed tumors and median survival.

(B) Olig2 immunostaining from tumors (dotted line) generated with shRNA Control or Olig2 shRNA. Tumors were analyzed from pre-symptomatic mice. Tissue

was counterstained with DAPI. Scale bars = 100 mm.

(C) H&E and Olig2 immunohistochemistry from tumors generated with shRNA Control or Olig2 shRNA. Tumors were analyzed when mice became symptomatic.

Scale bars = 100 mm. See also Figure S6.
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a matter of controversy, the ability of a glioma cell to form a

tumorsphere under defined conditions has historically been

used as an in vitro measure of self-renewal (Galli et al., 2004;

Pastrana et al., 2011; Singh et al., 2003, 2004). A recent review

by Pastrana et al. (2011) highlights a number of important

considerations for the design and interpretation of sphere-

formation assays. Importantly, we sorted fluorescent cells dir-

ectly from transgenic mice, eliminating issues related to anti-

body labeling and antigen presentation. We also plated cells

in identical mitogenic conditions and used clonal densities to

reduce the likelihood of aggregations. Further, we confirmed

the multipotency and proliferation potential of our cell popula-

tions. Under these experimental conditions, Id1high glioma cells

were characterized by high self-renewal capacity, giving rise to

tumorspheres with similar proportions of differentiated progeny

over multiple passages, and thus maintaining multipotency.

Id1high cells also gave rise to heterogeneous tumors in vivo,

fulfilling the criteria of glioma stem cells. By contrast, Id1low

glioma cells were characterized by low self-renewal capacity,

generating tumorspheres with variable proportions of differen-

tiated progeny. Undifferentiated Id1low cells also expressed

progenitor markers (including high levels of Olig2), and had

the ability to generate heterogeneous tumors in vivo, making

them more characteristic of multipotent progenitors. It has

been hypothesized that, within tumors, Olig2 may represent a

transition from a type B cell to a type C cell, although Olig2

is also expressed in more differentiated lineages (Ligon et al.,

2007). Taken together, our data suggest that Id1high glioma

cells resemble type B cells, at or near the top of the line-

age hierarchy, while Id1low cells more closely resemble type

C cells.
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Tumor Cell Self-Renewal Does Not Predict Tumor
Growth Potential
Our data show that Id1low glioma cells resembling type C cells

have greater tumorigenic potential than Id1high glioma cells

reminiscent of type B cells in PDGF- and KRAS-driven tumors

(Figure 8). Although it is important to note that both pop-

ulations were capable of transplanting disease, we were sur-

prised to find that Id1low cells generated tumors more

quickly and with higher penetrance, indicating that self-renewal

did not cosegregate with tumorigenic potential. Thus, the

ability of a glioma cell to proliferate even while changing state

(as seen in the Id1low population) appears in this model system

to be compatible with the ability to transplant disease

efficiently.

Id1high cells generated tumors with high levels of Olig2 expres-

sion, which is consistent with acquisition of Olig2 in the Id1high

population being a critical factor in its tumorigenic potential,

and previous studies have indeed shown an essential role for

Olig2 in gliomagenesis (Ligon et al., 2007). While Id1high cells

were capable of generating tumors with Olig2 expression, Id1low

cells never reverted to an Id1-expressing state. Therefore, the

lineage hierarchy of the normal neurogenic niche, which

proceeds unidirectionally from stem cell to progenitor cell, was

also maintained in our murine glioma models. We found no

evidence for interconversion from an Id1low progenitor state to

an Id1high stem-like state, although such dedifferentiation has

been reported in in vitro systems (Kondo and Raff, 2000) and

may occur under other oncogenic conditions. Thus, Id1low cells

need not dedifferentiate and acquire Id1 expression in order to

transplant disease. Our results also suggest that Id1high cells

present in PDGF-driven gliomas likely arise from stem cell pools,
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Figure 7. ID1 Expression Levels Correlate with Survival of Human Patients within the Proneural Subclass of High-Grade Gliomas

Kaplan Meier analysis based on ID1 expression using data from each of the four TCGA identified subtypes of primary GBM: (A) Classical (p = 0.20), (B)

Mesenchymal (p = 0.43), (C) Neural (p = 0.65), and (D) Proneural. For the proneural subtype, the medium survival of patients with low and high Id1 expressing

tumors are 6.015 months and 22.015 months, respectively (p < 0.0001).
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rather than from expanding progenitor pools that revert to an

Id1high state.

The Id1-expressing cells observed in tumors generated from

Id1low cells were derived exclusively from the host, and Fom-

chenko et al. (2011) recently found significant roles for recruited

cells in PDGF-driven murine gliomas. These cells were shown to

aid in disease transplantation and had the capacity to become

independent of the initiating oncogene (Fomchenko et al.,

2011). We found that Id1 expression in the recruited population

was not required for tumor growth, which was largely unaffected

when Id1low cells were transplanted into an Id1�/� background.

Our Id1-knockout studies further support the idea that Id1

expression and self-renewal capacity is not essential for tumor

growth. If tumors were dependent upon self-renewal for their

growth potential, we would expect that knockout of Id1, which

significantly impacted tumorsphere formation, would have

a greater impact on overall survival than observed. Our Olig2-

knockdown studies lend further support to the notion that

progenitor cell lineagesmaymake greater contributions to tumor

growth in PDGF-driven gliomas.

ID Genes in High-Grade Gliomas
We have isolated glioma cells that express high levels of Id1, and

find that they represent a highly self-renewing population of

tumor cells, allowing us to probe the role of self-renewal in glioma

growth, rather than the role of ID genes in glioma biology gener-

ally. However, multiple ID genes are upregulated in high-grade
gliomas and implicated in glioma pathogenesis (Vandeputte

et al., 2002), and ID genes are known to have roles in tumor

biology beyond self-renewal, including neoangiogenesis and

regulation of cell-cycle (Perk et al., 2005). Recently, Anido et al.

(2010) isolated a CD44high cell population from human patient

derived glioma cells characterized by high levels of Id1 expres-

sion, TGF-ß-responsiveness and stem-like properties. These

data are consistent with our results showing a role for Id1 in

glioma cell self-renewal, and points to TGF-ß as a likely upstream

regulator of Id1. While Id3 cosegregated with Id1 in our assays,

Id2 and Id4 did not. It is likely that Id1/Id3 and Id2 and Id4 are

expressed in different cell types and possess different functional

roles depending on the specific tumorigenic context. While the

effects of loss of Id1/3 on overall survival were modest in our

model systems, it is possible that targeting additional Id proteins

would yield amoredramatic effect, as thismay impactboth stem-

and progenitor-like cell populations. In fact, recent studies indi-

cate that combined loss of Id1, Id2, and Id3 impacts glioma cell

self-renewal as well as proliferation, leading to a significant delay

in tumor progression (A.I., unpublishedobservations). Our finding

that multiple lineages are capable of transplanting disease

suggests that targeting a single cell population alone may not

yield optimal therapeutic effects in these tumor subtypes.

Relevance to Human Disease
This work raises a number of questions regarding the origin

and propagation of human high-grade gliomas. We know that
Cancer Cell 21, 11–24, January 17, 2012 ª2012 Elsevier Inc. 21



Figure 8. Proposed Model of High and Low Self-Renewing Lineages

in Gliomagenesis

(A) Model depicting Id1high cells, Id1low/Olig2+ cells, and mature lineages.

(B) Comparison of Id1high cells and Id1low/Olig2+ cells in disease trans-

plantation. Arrow represents recruitment of Id1-expressing cells to the tumor

bulk.
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multiple subclasses of human gliomas show a similar pattern of

Id1 and Olig2 upregulation (Anido et al., 2010; Ligon et al., 2007;

Vandeputte et al., 2002) and studies exploring at the effects of

Olig2 knockdown in primary human glioma cells also show

a significant delay in tumor development upon orthotopic trans-

plantation (Mehta et al., 2011), consistent with our mouse knock-

down experiments. Further, data from TCGA suggest that, within

the Proneural subclass, high Id1 expression is associated with

a better survival outcome. As gliomas are highly heterogeneous

tumors that can be classified intomultiple subtypes, further work

will be required to determine the role of self-renewing, stem-like

cells in tumors generated with other mutations and amplifica-

tions as well as the relative response of these different cell

populations to radiation and chemotherapy. It is possible that

stem-like and progenitor-like cells have different contributions

to tumorigenesis depending on the oncogenic context, and

a careful analysis of these cell populations in additional tumor

subtypes will be important for determining the optimal cell pop-

ulations for therapeutic targeting.

EXPERIMENTAL PROCEDURES

In Vivo Models

Nestin-tva; Arf�/� mice (Hambardzumyan et al., 2009), Id1VenusYFP mice,

Id1flox/flox mice (Nam and Benezra, 2009), and Id1�/� mice (Lyden et al.,
22 Cancer Cell 21, 11–24, January 17, 2012 ª2012 Elsevier Inc.
1999) have been described. ubc-GFP mice were crossed with NOD-SCID

mice to generate ubc-GFP;NOD-SCIDs. All mouse experiments were ap-

proved by MSKCC’s Institutional Animal Care and Use Committee (IACUC).

Immunostaining

The following primary antibodies were used: Id1 (Biocheck), Id3 (Biocheck),

Olig2 (Millipore), MAP2 (Millipore), GFAP (Millipore), Tuj1 (mouse, Millipore),

Tuj1 (rabbit, Covance), O4 (Millipore), Nestin (BD Biosciences), phosphory-

lated histone H3 (H3P; Sigma), Cleaved Caspase 3 (Cell Signaling Tech-

nology), CD133 (Miltenyi Biotech), and GFP (Abcam).

Flow Cytometry

Cells were sorted for VenusYFP expression with PI exclusion at our FACS

facility using a MoFlo cell sorter (Cytomation).

In Vitro Tumorsphere Assays

Tumors were papain digested (Worthington Biochemical), triturated and cells

were plated for in vitro analysis in Neurocult Stem Cell Basal Media with Prolif-

eration Supplements, 20 ng/ml EGF, 10 ng/ml FGF, and 2 mg/ml heparin (Stem

Cell Technologies).

TCGA Kaplan-Meier Analysis

Id1 expression data were retrieved from the MSKCC cBio Cancer Genomics

Portal (http://www.cbioportal.org/public-portal/). Patients were subdivided

into high Id1 expression (top 50%) and low expression (bottom 50%) for

analysis.

Statistics

Kaplan-Meier survival curves were generated with Prism software. All

experiments were carried out in triplicate or greater. All p values are two-tailed

and p values < 0.05 were considered significant. Data are shown as

mean ± SD.
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2Department of Clinical Molecular Biology, Graduate School of Medicine, Kyoto University, Kyoto 606-8507, Japan
3Present address: Instituto de Fisica, Universidad Autonoma de San Luis Potosi, 78290 SLP, Mexico
4These authors contributed equally to this work

*Correspondence: vanesa.olivares-illana@inserm.fr (V.O.-I.), robin.fahraeus@inserm.fr (R.F.)

DOI 10.1016/j.ccr.2011.11.016
SUMMARY
The ATM kinase and p53 are key tumor suppressor factors that control the genotoxic stress response
pathway. The ATM substrateMdm2 controls p53 activity by either targeting p53 for degradation or promoting
its synthesis by binding the p53mRNA. The physiological role and regulation of Mdm2’s dual function toward
p53 is not known. Here we show that ATM-dependent phosphorylation of Mdm2 at Ser395 is required for the
p53 mRNA-Mdm2 interaction. This event also promotes SUMO-conjugation of Mdm2 and its nucleoli accu-
mulation. Interferingwith the p53mRNA-Mdm2 interaction prevents p53 stabilization and activation following
DNA damage. These results demonstrate how ATM activity switches Mdm2 from a negative to a positive
regulator of p53 via the p53 mRNA.
INTRODUCTION polyubiquitination and degradation by the 26S proteasoma
ATM is a key regulator of genome stability and initiator of cellular

signaling pathways required for the DNA damage response.

Mutations in ATM cause ataxia telangiectasia and result in the

development of cancers. Activation of ATM following double-

stranded DNA break involves its autophosphorylation and

monomerization and leads to phosphorylation of DNA damage

checkpoint proteins, such as p53, Chk2, c-Abl, BRCA-1, and

Mdm2 (Bartek et al., 2007; Kitagawa and Kastan, 2005; Shiloh,

2003). Different studies on ATM and the Wip1 phosphatase

have shown that phosphorylation and dephosphorylation of

p53 on Ser15 and Mdm2 on Ser395 are important for regulating

p53 activity (Banin et al., 1998; Canman et al., 1998; Khanna

et al., 1998; Lu et al., 2007; Maya et al., 2001).

Activation of p53 in response to stress leads to an early induc-

tion of Mdm2. Binding of Mdm2 to the N terminus of p53 pro-

motes either p53 monoubiquitination and nuclear export or p53
Significance

The presented results show the importance of thep53mRNA-M
describe an additional function for anmRNA. The p53mRNA bi
ubiquitination of p53 while it stimulates p53 synthesis and pr
explain the previous paradox of why Mdm2 is upregulated b
pathway is active, Mdm2 serves as a positive regulator of p53w
is turned off. These results implicate a route for therapeutic in
l

pathway (Honda et al., 1997; Li et al., 2003). Mdm2 also has

the capacity to regulate p53 mRNA translation indirectly via its

interaction with L26 or directly by binding to the p53mRNA (Can-

deias et al., 2008; Naski et al., 2009; Ofir-Rosenfeld et al., 2008).

Direct interaction with the mRNA also accounts for Mdm2’s

induction of XIAP synthesis (Gu et al., 2009). The p53 mRNA-

Mdm2 interaction is mediated by the C-terminal RING domain

of Mdm2 and the p53 mRNA sequence that encodes the

Mdm2 binding site in the N terminus of p53. This interaction

also controls Mdm2’s E3 ligase activity (Candeias et al., 2008).

Mdm2-dependent regulation of p53 expression and activity is

controlled via interactions with a number of different proteins

that are linked to the nucleolus. Several ribosomal factors,

such as L5, L11, and L23, have been shown to interact with

the central region of Mdm2 that contains its acid and zinc

domains (Deisenroth and Zhang, 2010). The central region of

Mdm2 also binds p14Arf, which can retain Mdm2 in the nucleolus
dm2 interaction in activating p53 followingDNAdamage and
nding changesMdm2 activity and prevents Mdm2-mediated
omotes Mdm2 nucleolar localization. These results help to
y p53 in response to genotoxic stress. As long as the ATM
hile it rapidly degrades p53when the DNA damage response
tervention aimed at controlling Mdm2 activity toward p53.
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and prevent its export to the cytoplasm (Tao and Levine, 1999;

Weber et al., 1999). The localization of Mdm2 to nucleoli plays

a key role in p53 activation and involves the interaction of

Mdm2 with the PML (promyelocytic leukemia) tumor suppressor

protein (Bernardi et al., 2004; Boulon et al., 2010; Lohrum et al.,

2000; Weber et al., 1999). SUMOylation of PML, or of its interact-

ing partners, helps to target a number of different proteins to

PML nuclear bodies that are linked to a variety of different stress

and damage pathways that control transcription and translation

regulation, tumor suppression, DNA repair, and apoptosis (Ber-

nardi and Pandolfi, 2007; Heun, 2007; Lallemand-Breitenbach

and de Thé, 2010).

Here we investigated the physiological role of the p53 mRNA-

Mdm2 interaction in the well-described p53 tumor suppressor

pathway triggered by genotoxic stress.

RESULTS

Mdm2 Is Required to Promote p53 Activity following
DNA Damage in an ATM-Dependent Manner
Introduction of siRNA against Mdm2 in the human sarcoma cells

MLS1765 that express endogenous wild-type p53 (p53wt)

resulted in an increase in the number of cells undergoing apo-

ptosis, in line with the notion that Mdm2 is a negative regulator

of p53 activity under normal conditions. When MLS1765 cells

were exposed to the DNA-damaging agent doxorubicin, the

siRNA treatment against Mdm2 instead lead to a decrease in

the apoptotic numbers, indicating that Mdm2 helps to activate

apoptosis under conditions of genotoxic stress. siRNA against

ATM also reduced the amount of cells undergoing apoptosis

after doxorubicin treatment, and the strongest inhibition of

apoptosis was observed when siRNA for both Mdm2 and ATM

was introduced (Figure 1A; Figures S1A–S1C available online).

Introduction of exogenous Mdm2 and p53 in the p53�/�;
Mdm2�/� double-KO (DKO) MEFs resulted in a four times

higher rate of p53-dependent apoptosis following induction of

DNA double-strand breaks by treating cells with etoposide

(Figure 1B).

To further investigate the role of Mdm2 as an activator of the

DNA damage-response pathway, we used the p53 null H1299

cell line, in which we introduced p53wt. Altering the levels of

Mdm2 by either knocking down endogenousMdm2 using siRNA

or by overexpressing Mdm2 revealed an Mdm2-dependent

inhibition of p53-induced apoptosis under normal conditions

and anMdm2-dependent augmented p53-dependent apoptosis

in response to genotoxic stress. This proapoptotic effect of

Mdm2 was significantly suppressed when the activity of endog-

enous ATM was diminished by siRNA or by overexpressing

the Wip1 phosphatase (Figure 1C). The latter reverses ATM-

mediated autophosphorylation and phosphorylation of p53 and

Mdm2 (Lu et al., 2007, 2005; Shreeram et al., 2006; Yoda

et al., 2008). Treatment of cells with an ATM kinase inhibitor

(ATMi) prevented Mdm2 from inducing apoptosis upon doxoru-

bicin treatment (Figure 1D; Figure S1D). Furthermore, we ob-

served that ectopically expressed Mdm2 acted as a negative

regulator of apoptosis in doxorubicin-treated cells expressing

endogenous p53 and Mdm2 but deficient for ATM (AT5-BIVA

cells) but acted as a positive regulator of apoptosis when exog-

enous ATM was introduced (Figure 1E). Taken together, these
26 Cancer Cell 21, 25–35, January 17, 2012 ª2012 Elsevier Inc.
results indicate that Mdm2 acts as a positive regulator of p53

activity following genotoxic stress in an ATM-dependent fashion.

Phosphorylation of Mdm2 at Ser395 Induces p53
Activity Independently of the p53-Mdm2Protein-Protein
Interaction
ATM mediates phosphorylation, directly or indirectly, through

Chk2 on several residues in the p53 N terminus (Shiloh, 2003),

which harbors the trans-activating domains and the Mdm2-

binding site (Oliner et al., 1993; Zhu et al., 1998). The current

model on how phosphorylation at these sites suppresses

Mdm2-dependent inhibition of p53 activity suggest that these

events prevent the p53-Mdm2 protein-protein interaction

(Cheng et al., 2009; Jimenez et al., 1999; Lu et al., 2007; Shieh

et al., 1997). This cannot, however, explain our observations

that Mdm2 not only stops being an inhibitor of p53 but in

fact enhances its activity following genotoxic stress. Hence,

other molecular mechanisms must be in place to explain

Mdm2’s switch from a negative to a positive regulator of p53.

To test this hypothesis, we first used the p76 Mdm2 isoform

(Mdm2p76), which lacks the N terminus and the capacity to

bind the p53 protein (Perry, 2004). Expression of Mdm2p76

stimulated p53-dependent apoptosis following DNA damage in

a similar way as the Mdm2wt, demonstrating that inhibition of

the p53-Mdm2 protein-protein interaction is not required in order

for Mdm2 to enhance p53 activity in response to DNA lesions

(Figure 2A; Figure S2A).

Mdm2 is phosphorylated at Ser395 by ATM (Maya et al., 2001)

and has been implicated in ATM-dependent activation of p53, so

we tested whether the proapoptotic disposition of Mdm2 is

dependent on the phosphorylation of Mdm2 at this residue.

The introduction of the S395Amutation inMdm2 caused a signif-

icant reduction in apoptosis in AT5-BIVA, H1299, and DKO cells

expressing ATM and p53 in the presence of doxorubicin, con-

firming the importance of this site for p53 activation in response

to DNA damage (Figure 2B). In each cell line, we observed

a decrease in p53 expression in cells exposed to doxorubicin

in the presence of Mdm2Ser395A, as compared to Mdm2wt

(Figure S2B). As can be expected, the relative levels of apoptosis

and p53 expression varies between cell lines depending on

sensitivity to the drug and the levels of p53 expression. The

binding of the p53mRNA to Mdm2 can stimulate p53 synthesis,

and, because Ser395 is situated close to the RING domain,

where the ability to bind p53 mRNA lies, we next assessed

whether the p53 mRNA-Mdm2 interaction plays a role in

Mdm2-mediated activation of p53 following DNA damage. We

expressed p53wt protein from an mRNA that carries a single

silent point mutation (p53L22L) and has a low affinity for Mdm2

(Candeias et al., 2008), or we expressed an Mdm2 protein that

carries a point mutation that reduces its affinity to RNA

(Mdm2G446S) (Elenbaas et al., 1996). Both mutants failed to

induce p53-dependent apoptosis in H1299 cells treated with

doxorubicin and, in fact, p53wt protein expressed from the

p53L22L mRNA was unable to induce a significant amount of

apoptosis in the presence of Mdm2wt (Figure 2C). On the con-

trary, introduction of the phospho-mimetic Mdm2S395D mutant

caused an increase in apoptosis as compared to Mdm2wt. In

addition, similar to what was observed in AT5-BIVA and DKO

cells, the level of p53 was low in H1299 cells in which the p53



Figure 1. Mdm2 Is a Positive Regulator of p53 Activity in Response to DNA Damage in an ATM-Dependent Manner

Flow cytometry analyses show the levels of apoptosis in different cell lines treated, or not, with the genotoxic drugs doxorubicin (doxo) (0.1–1 mM for 6–16 hr as

indicated below) or etoposide (5 mM for 20 hr).

(A) Suppression of Mdm2 and/or ATM using siRNA in MLS-1765 cells expressing endogenous wild-type p53 (p53wt) after treatment with 1 mMdoxo for 8 hr. The

data are normalized to the level of apoptosis in DMSO-treated cells with control siRNA (100%).

(B) Etoposide-induced apoptosis in Mdm2�/�;p53�/� MEF cells expressing exogenous p53wt with, or without, exogenous Mdm2wt.

(C) The graph shows p53-induced apoptosis in p53�/� H1299 cells expressing exogenous p53wt. The levels of Mdm2 were altered using siRNA to knock down

endogenousMdm2 levels, or by overexpressing (+) Mdm2. p53-dependent apoptosis in DMSO- compared to doxo-treated cells (0.1 mM for 16 hr) is shown. Light

bars (lanes 2, 5, and 8) represent low Mdm2 levels in cells treated with Mdm2 siRNA, light gray bars (lanes 3, 6, and 9) represent endogenous Mdm2 levels, and

darker gray bars (lanes 4, 7, and 10) are cells overexpressing Mdm2.

(D) The relative levels of p53-dependent apoptosis in the presence of exogenous Mdm2 in H1299 cells treated with doxo (0.1 mM for 16 hr) and ATM inhibitor

(ATMi, 10 mM for 20 hr).

(E) The levels of apoptosis in ATM�/� cells (AT5-BIVA) expressing exogenousMdm2 and/or ATM in the presence of doxo (0.1 mM for 6 hr). The data are normalized

to the level of apoptosis in cells expressing endogenous Mdm2 (100%). Data are means ± s.d. of at least three independent experiments (*p < 0.05, **p < 0.01,

***p < 0.001). P values are as comparedwith doxo and no siRNA (A), noMdm2 (B and E), and as indicated (C). The data using H1299 cells (C and D) are normalized

to the levels of apoptosis in mock-transfected cells (0%).

See also Figure S1.
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mRNA-Mdm2 interaction was interrupted (Figure S2C). These

results indicate that Mdm2’s positive effect on p53 activity

during genotoxic stress requires ATM-dependent phosphoryla-

tion of Mdm2 on Ser395 and the p53 mRNA-Mdm2 interaction.

Phosphorylation of Mdm2 at Ser395 by ATM Promotes
Its Interaction with the p53 mRNA
We next tested whether ATM activity affects the p53 mRNA-

Mdm2 interaction. The binding of p53 mRNA to Mdm2 was

analyzed by immunoprecipitation (IP) of Mdm2 followed by

quantitative RT-PCR (qRNA-coIP) (Candeias et al., 2008). An

approximately three-fold induction in the amount of p53 mRNA

bound to Mdm2 was observed following treatment of cells with

doxorubicin. This was prevented by the Mdm2S395A mutation

or by treating the cells with ATMi or with the general PI3K inhib-

itor wortmannin. The p53 mRNA-Mdm2 interaction was stabi-
lized approximately five-fold by introducing the Mdm2S395D

mutation in the absence of doxorubicin. Treatment with doxoru-

bicin had no significant additional effect on the p53 mRNA-

Mdm2 interaction, indicating that the Ser395 site is sufficient

and necessary. Mdm2 can also be phosphorylated on Y394 by

the ATM substrate c-Abl (Goldberg et al., 2002). However, the

binding of the p53 mRNA to Mdm2S394A in response to geno-

toxic stress was similar to that of Mdm2wt, indicating that this

site plays a minor role in controlling RNA binding and at the

same time indicates the regulatory specificity of the Ser395

residue (Figure 3A; Figure S3A, left panel). To further test whether

the binding of the p53mRNA to Mdm2 is controlled by ATM, we

used the AT5-BIVA cells. qRNA-coIP using the 4B2 monoclonal

Antibody (mAb), which is indifferent to Mdm2’s Ser 395 phos-

phorylation status, revealed almost no p53 mRNA bound to

Mdm2 in these cells. The introduction of ATM restored p53
Cancer Cell 21, 25–35, January 17, 2012 ª2012 Elsevier Inc. 27



Figure 2. Phosphorylation of Mdm2 at

Ser395 Induces p53-Dependent Apoptosis

Independently of the p53–Mdm2 Protein-

Protein Interaction

(A) The effect of the Mdm2p76 isoform on p53-

dependent apoptosis was evaluated in H1299

cells in the presence or absence of genotoxic

stress (doxo 0.1 mM for 16 hr). Doxo-treated and

nontransfected cells were given the arbitrary

value zero.

(B) The effect on p53-dependent apoptosis by

Mdm2S395A in the presence of doxo in indicated

cells. Cells were transfected with p53wt and

with Mdm2wt or Mdm2S395A. The ATM�/� cells

(AT5-BIVA) were also transfected with ATM.

Apoptosis in the presence of Mdm2wt, p53wt

and doxorubicin was given the arbitrary value

100. Mdm2�/�;p53�/� double knock-out MEF

cells (DKO).

(C) p53-dependent apoptosis in H1299 cells ex-

pressing indicated p53 and Mdm2 constructs in

the absence, or presence, of doxo. Data are

means ± s.d. of at least three independent

experiments (*p < 0.05, **p < 0.01, ***p < 0.001).

P values are as compared with doxo and noMdm2

(A), Mdm2wt (B), and Mdm2wt and p53wt (C). The

data using H1299 cells (A and C) are normalized

to the levels of apoptosis in mock-transfected

cells (0%).

See also Figure S2.
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mRNA binding to Mdm2, and the affinity of this interaction

increased by approximately four-fold after doxorubicin treat-

ment. Importantly, when we instead used the 2A10 mAb, which

does not recognize the phosphorylated Ser 395 epitope (Maya

et al., 2001), we detected little p53 mRNA in the qRNA-coIP

even in the presence of ATM, indicating that nonphosphorylated

Mdm2 has weak affinity to the p53 mRNA (Figure 3B; Fig-

ure S3B). In order to investigate whether ATM-dependent phos-

phorylation at Mdm2Ser395 regulates Mdm2’s binding to the

p53 mRNA, we performed in vitro binding experiments in which

ATM immunoprecipitated from cell lysate was added to re-

combinant Mdm2 purified from Sf9 insect cells and in vitro tran-

scribed p53mRNA (Figure S3C). Treatment of cells with doxoru-

bicin prior to cell lysis resulted in an approximately four-fold

increase in the amount of p53 mRNA bound to Mdm2. This

increase was suppressed bymore than 50% if ATMi or wortman-

nin were added to the reaction mixture. We also tested the low-

affinity p53L22LmRNA under these in vitro conditions and found

that its interaction with Mdm2 in response to doxorubicin treat-

ment was less than half of that of the wild-type message (Fig-

ure 3C). Furthermore, the ATM-dependent increase in the

binding of p53 mRNA to Mdm2 in vitro could be detected using

the 4B2 but not the 2A10 mAb (Figure 3D).

Mdm2 is mainly detected in the nucleus in response to stress,

but Mdm2-dependent synthesis and degradation of p53 takes

place in the cytoplasm, so we wanted to know where the

p53 mRNA-Mdm2 interaction takes place. To address this

question, we deleted the nuclear localization signal in Mdm2
28 Cancer Cell 21, 25–35, January 17, 2012 ª2012 Elsevier Inc.
(Mdm2DNLS). Interestingly, this protein is restricted to the

cytoplasmic compartment and binds the p53 mRNA in vitro

(O’Keefe et al., 2003 and data not shown) but it only interacts

with a fraction of the p53 mRNA, as compared with the

Mdm2wt, indicating that the p53 mRNA-Mdm2 interaction

mainly takes place in the nucleus (Figure 3E; Figure S3A, right

panel).

We further characterized the p53 mRNA-Mdm2 interaction

using a biotinylated oligonucleotide corresponding to the

Mdm2-binding sequence of p53 mRNA (MBD-ES) and purified

recombinant Mdm2 proteins expressed in bacteria (Figure S3D).

The Mdm2wt showed low affinity for the p53 MBD-ES, whereas

the phospho-mimetic Mdm2S395D displayed a higher esti-

mated affinity (Kdiss 160 nM) (Figures 3F and 3G). An Mdm2

construct that contains the C-terminal residues 322–491,

Mdm2(322-491), showed a similar behavior as the full-length

Mdm2 protein in that the 395D mutation enhances the RNA-

binding capacity. However, a construct including the RING

domain, but not Ser395, Mdm2(396-491), showed a similar

affinity (Kdiss 400 nM) for the RNA as MdmS2395D, indicating

that the RING domain alone is sufficient to bind the p53 mRNA

(Figure 3H). These results suggest that the RNA-binding capacity

of Mdm2 takes place in the nuclear compartment and is located

to the RING domain of Mdm2 and that the 395 residue is not part

of the direct contact with the p53mRNA. This also indicates that

phosphorylation of Ser395 by ATM promotes Mdm2’s RNA-

binding capacity via allosteric changes within the C terminus of

Mdm2.



Figure 3. The Binding of the p53 mRNA to Mdm2 Is Dependent on ATM Activity

(A) The binding of indicatedMdm2 constructs to the p53mRNA in H1299 cells as estimated using qRNA-coIP. Cells (A–E) were treated with doxo (1 mM for 3 hr) or

DMSO. ATM inhibitor (ATMi 10 mM) or the PI3K inhibitor wortmannin (wort. 5 mM) was added for 20 hr before RNA binding was determined.

(B) The binding of p53mRNA to Mdm2 in the ATM null AT5-BIVA cells with, or without, exogenous ATM using qRNA-coIP. The anti-Mdm2 monoclonal antibody

(mAb) 4B2 is indifferent to phosphorylation, whereas 2A10 does not recognize the phosphorylated Ser395 Mdm2 epitope.

(C) ATM immunoprecipitated from H1299 cells treated, or not, with doxo was added to recombinant purified Mdm2 from Sf9 insect cells and in vitro-synthesized

p53wt or p53L22L mRNAs in the presence or absence of ATMi (10 mM) or wortmannin (5 mM), and the amount of p53 mRNA bound to Mdm2 was estimated

following qRNA-coIP.

(D) ATM-dependent changes in the in vitro binding of p53 mRNA to Mdm2 as in (C) using 4B2 and 2A10 mAbs.

(E) The binding of Mdm2 wild-type (WT) to the p53 mRNA in H1299 cells or to an Mdm2 that lacks the nuclear localization signal (DNLS) as estimated using

qRNA-coIP.

(F) Cartoon illustrating different domains of Mdm2.

(G) In vitro purified recombinant Mdm2wt or Mdm2S395D expressed in bacteria were tested for their binding to in vitro synthesized p53mRNA using RNA-ELISA.

(H) In vitro purified truncated recombinant Mdm2 proteins expressed in bacteria were tested for their binding to in vitro synthesized p53mRNA using RNA-ELISA.

Data aremeans ± s.d. of three independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001). P values are as comparedwith Doxo andMdm2wt (A, E), no Doxo and

ATM (B), Doxo alone (C) and mAb 4B2 (D).

See also Figure S3.
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The p53 mRNA Is Required for Mdm2 SUMO-
Conjugation and Nuclear Trafficking
After DNA damage, Mdm2 localizes to nucleoli and this plays an

important role in p53’s capacity to respond to DNA damage

(Lohrum et al., 2000; Weber et al., 1999). Mdm2 also interacts

with PML that is linked to RNA transport, and we tested whether

the p53 mRNA plays a role in Mdm2 nuclear translocation (Ber-

nardi et al., 2004; Cohen et al., 2001; Ideue et al., 2004; Kurki

et al., 2003). Treatment of p53wt-expressing cells with doxoru-
bicin resulted in the localization of Mdm2 to nucleoli in conjunc-

tion with PML nuclear bodies, as reported previously (Figure 4A,

top two rows; Figure S4) (Bernardi et al., 2004; Kurki et al., 2003).

Interestingly, the localization of Mdm2 to nucleoli after genotoxic

stress was abrogated by suppressing the interaction between

Mdm2 and the p53 mRNA using mutants Mdm2S395A or

p53L22L (Figure 4A, lower panel). The expression of a silent

p53 construct (Sp53 mRNA) lacking initiation codons and that

expresses no p53 protein (Candeias et al., 2008) revealed that
Cancer Cell 21, 25–35, January 17, 2012 ª2012 Elsevier Inc. 29



Figure 4. The p53 mRNA Regulates Mdm2 SUMOylation and Nuclear Trafficking

H1299 cells were transfected with indicated constructs and Mdm2, PML, or B23/NPM was detected by indirect immunofluorescence microscopy staining. Cell

nuclei were visualized with DAPI (blue). Fields were merged to assess protein colocalization.

(A) Cells expressing indicated p53 and Mdm2 constructs and treated with DMSO (upper panels) or doxo (middle panels) and stained for PML (green) and Mdm2

(red). The lower panels show staining of Mdm2 in cells overexpressing indicated Mdm2 and p53 constructs after treatment with doxo.

(B) Mdm2 staining in cells expressing indicated constructs and treated with doxo or DMSO.

(C) DuoLink using anti-SUMO1/2 and anti-Mdm2 specific mAbs. Fusion of SUMO1 to Mdm2 (Mdm2-SUMO1) serves as a positive control (upper left). Mdm2

conjugated to endogenous SUMO1/2 is shown in the other slides. Treatment with etoposide leads to an accumulation of SUMOylated Mdm2wt products in

nucleoli (white arrow, top right).

(D) Double staining for Mdm2 using 4B2 mAb and anti-B23/NPM polyclonal sera. Data represent three similar independent experiments. Scale bars correspond

to 10 mm.

See also Figure S4.
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the p53mRNA, but not the p53 protein, is required for the nucle-

olar localization of Mdm2 following genotoxic stress. We also

observed that the phosphomimetic S395D mutation resulted in

an Mdm2 that, in the presence of the Sp53 mRNA, localized to

the nucleoli in the absence of genotoxic stress (Figure 4B).

SUMO modifications can play a role in nucleolar and PML-

related nuclear trafficking, and we used the DuoLink method,

which gives a single signal if two different antibody epitopes

are localized within 40 nm of each other, to detect and visualize

SUMO-conjugated Mdm2 under normal or genotoxic stress

conditions. By using antibodies toward Mdm2 and SUMO, we
30 Cancer Cell 21, 25–35, January 17, 2012 ª2012 Elsevier Inc.
could confirmpositive signals throughout the cells using a control

Mdm2-SUMO1 fusion construct. Mdm2 wild-type protein was

weakly SUMOylated throughout nontreated cells in the presence

of p53. Treating cells with etoposide (doxorubicin interferes with

the DuoLink signal) in the presence of Sp53mRNA resulted in an

increase in SUMOylated Mdm2 throughout the nucleus and an

accumulation in nucleoli. This was prevented if the cells were

treated with the ATMi. Introducing the S395D mutation resulted

in an increase in the number of Mdm2-SUMO interactions in

nontreated cells. Importantly, when the Sp53 mRNA was coex-

pressed with the Mdm2S395D, the SUMOylation of Mdm2 in



Figure 5. DNA Damage Stimulates ATM-

Dependent p53 mRNA Translation and p53

Polyubiquitination and Degradation

(A) Autoradiograph of a metabolic pulse label in

H1299 cells expressing p53 and Mdm2wt or

Mdm2DNLS in the presence of proteasome

inhibitor (MG132 20 mM for 2 hr) followed by

p53 IP.

(B) Metabolic pulse-label reveals synthesis of p53

in H1299 cells transfected with indicated con-

structs and treated, or not, with doxo (0.1 mM for

10 hr) and the specific ATM inhibitor (ATMi; 10 mM

for 20 hr).

(C) Cells expressing indicated p53 and Mdm2

constructs were treated, or not, with doxo, and

the p53 ubiquitination patterns were visualized

after separation on a 7% SDS gel and blotted

against p53 CM-1 polyclonal sera. Mono- and

polyubiquitinated p53 forms are indicated.

(D) Cells were transfected with ubiquitin-His tag

cDNA and indicated constructs in the presence or

absence of genotoxic stress. Cells were treated

with the proteasome inhibitor epoxomicin (5 mM

4 hr). Upper panel shows lower-molecular-weight

ubiquitin-His conjugated p53 proteins after en-

richment on Ni-Agarose beads, separated on SDS

gels and blotted against p53 (CM-1 pAb). The

graph below shows the relative values of three

independent experiments as determined by ECL

reader. Bottom panels shows corresponding p53

steady state levels (no proteasome inhibitors) and

actin loading control.

(E) The graph shows the relative changes in p53

stability in the presence of indicated Mdm2 and

p53 constructs after doxo treatment (0.1 mM for 10 hr) followed by cycloheximide for 1 hr prior to lysis. p53 levels in the absence of exogenous Mdm2 was set to

100%. Data are representative of three similar independent experiments and are expressed as means ± s.d. (*p < 0.05, **p < 0.01, ***p < 0.001). P values are as

compared with doxo alone (B) and Mdm2wt and p53wt (E) and p53wt mRNA (D). See also Figure S5.
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nontreated cells was enhanced over 10-fold and restricted to the

nucleoli (Figure 4C). We also tested whether conjugation of

SUMO1 to Mdm2 plays a direct role in the accumulation of

Mdm2 in the nucleolus. Fusion of SUMO1 to Mdm2S395A

(Mdm2S395A-SUMO1) resulted in a localization of the fusion

protein to the nucleoli under stress conditions and without the

presence of p53 mRNA (Figure 4D). These results show that

the p53 mRNA plays an important role in directing Mdm2

SUMO modification and its nuclear trafficking.

ATM and the p53mRNA-Mdm2 Interaction Are Required
to Induce p53 Expression following Genotoxic Stress
The binding of the p53 mRNA to Mdm2 has been shown to

promote p53 synthesis. Metabolic pulse-label experiments in

the presence of proteasome inhibitors showed that the Mdm2

protein, which lacks the nuclear localization sequence (DNLS),

does not support p53 synthesis (Figure 5A). This indicates that,

even though synthesis of p53 takes place in the cytoplasm, the

p53 mRNA-Mdm2 interaction needs first to take place in the

nucleus (Figure 3E). In line with the observation that ATM activity

promotes the interaction between the p53mRNA andMdm2, we

found that Mdm2 induces more than three-fold increase in the

rate of p53 synthesis after cells were exposed to doxorubicin,

as compared to nontreated cells. This increase was suppressed

by more than 60% if the cells were also treated with the ATMi.

The induction of p53 synthesis by endogenous Mdm2 after
doxorubicin treatment is approximately 50% (Figure 5B;

Figure S5).

The degradation of p53 by Mdm2 involves p53 poly-

ubiquitination, and managing Mdm2’s E3 ligase activity toward

p53 following DNA damage is important for p53 activation (Li

et al., 2003; Thrower et al., 2000). The binding of the p53

mRNA to the RING domain of Mdm2 can control Mdm2 E3 ligase

activity (Candeias et al., 2008; Linares and Scheffner, 2003), we

therefore investigated how Mdm2Ser395 phosphorylation

and p53mRNA binding affects p53 ubiquitination. Treating cells

with proteasome inhibitors prior to lysis revealed that the Mdm2-

dependent polyubiquitination of p53 is compromised in cells

treated with doxorubicin or when the 395D mutation is intro-

duced in Mdm2 (Figure 5C). Monoubiquitination of p53, which

can take place on several lysine residues, was relatively unaf-

fected. We also enriched ubiquitinated p53 by expressing a

His-ubiquitin construct followed by Ni+-agarose purification.

Using either method, we could not detect Mdm2-dependent pol-

yubiquitinated p53 when p53wt protein was expressed from the

L22LmRNA, but we could detect Mdm2-dependent His-ubiqui-

tinated p53 of less than 90 kD (Figure 5D, upper and middle

panel). Importantly, in the presence of genotoxic stress, or by

introducing the 395D mutation in Mdm2, we observed a signifi-

cant reduction in the amount of His-ubiquitinated p53 products

of lower molecular weight when the p53wt protein was ex-

pressed from the L22L mRNA, as compared to the p53wt
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Figure 6. A Model for p53 Activation via ATM-Mdm2 in Response to

Genotoxic Stress

Under normal conditions, Mdm2 translocates the p53 protein out of the

nucleus for degradation via the ubiquitin-dependent pathway. Under condi-

tions of genotoxic stress, ATMphosphorylatesMdm2 at Ser395. This results in

allosteric changes in the C terminus of Mdm2 and opens up the Mdm2 RING

domain for p53 mRNA binding, which, in turn, promotes Mdm2 SUMO-

conjugation and its accumulation in the nucleolus. The p53 mRNA-Mdm2

interaction stimulates p53 mRNA translation and suppresses Mdm2 E3 ligase

activity toward p53 and is required for p53 activation following DNA damage.

Suppressing the p53 mRNA interaction, via either a single silent point muta-

tion in the p53 mRNA (p53L22L) or an amino acid substitution in Mdm2

(Mdm2S395A), leads to a decrease in p53 levels upon genotoxic stress and

a failure to activate the p53 pathway. These results illustrate the importance of

the p53mRNA in the genotoxic stress pathway and how it controls the activity

of Mdm2 toward the p53 protein and offers an explanation to why Mdm2 is

upregulated by p53 in response to DNA damage.
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mRNA, for which the ubiquitination pattern was relatively un-

changed under these conditions. At the same time, we observed

a sharp decrease in the steady-state levels of p53wt protein ex-

pressed from the p53L22L mRNA in the presence of either

Mdm2S395D or Mdm2wt plus doxorubicin. The levels of p53wt

protein expressed from the p53wtmRNA increased under these

conditions (Figure 5D, lower panels). This shows that p53wt

protein expressed from a non-Mdm2 binding mRNA is hyper-

unstable in the presence of Mdm2 during genotoxic stress.

The importance of the p53 mRNA-Mdm2 interaction in pre-

venting p53 degradation following genotoxic stress was

further underlined by introducing the Mdm2G446S and the

Mdm2395A mutants, which both have a low affinity for the

p53wt mRNA. Following doxorubicin and cycloheximide treat-

ment (1 hr), we observed an approximately five-fold higher p53

turnover rate in cells expressing a dysfunctional combination of

the p53 mRNA-Mdm2 interaction (Figure 5E). These results

support the notion that the increase in the p53 mRNA-Mdm2

binding following genotoxic stress leads to both an increase in

Mdm2-dependent p53 synthesis and a decrease in Mdm2-

dependent degradation p53.

DISCUSSION

The results presented here describe the molecular mechanisms

underlying ATM-dependent regulation of Mdm2 nuclear traf-

ficking and p53 activation following genotoxic stress and offer

an additional view on p53-dependent induction ofMdm2 expres-

sion. Our results support a model in which the induction of the

p53 mRNA-Mdm2 interaction takes place in the nuclear

compartment in response to genotoxic stress via ATM-depen-

dent phosphorylation of Mdm2 at Ser395. This event leads to

a change of conformation in the Mdm2 RING domain that

exposes the binding site for the p53 mRNA. This, in turn,

promotes Mdm2 SUMOylation and brings Mdm2 to the nucle-

olus and switches Mdm2 into a positive regulator of p53 by

increasing p53 synthesis and, at the same time, suppresses

Mdm2-dependent degradation of p53. When the DNA damage

signaling cascade is turned off, ATM activity ceases and

Mdm2 phosphorylation is reversed by Wip1 so that Mdm2 no

longer binds the p53 mRNA and switches to become a negative

regulator of p53 activity by promoting p53 polyubiquitination and

degradation (Figure 6). Disruption of the p53mRNA-Mdm2 inter-

action leads to a rapid decrease in p53 levels and to a failure in

p53 activation in response to genotoxic stress.

Our results show that Mdm2p76 is a positive regulator of p53

activity in response to DNA damage, despite lacking the p53

interactive N-terminal domain, demonstrating that disrupting

the p53-Mdm2 protein-protein interaction by ATM-dependent

modifications of the p53 N terminus, or on Mdm2, are not

required to induce p53 activity following ATM activation. Pre-

venting the p53-Mdm2 protein-protein interaction could help to

explain how ATM neutralizes the negative effect of Mdm2 but it

cannot explain how Mdm2 actually stimulates p53 activity

following genotoxic stress. Our data suggest that, in addition

to preventing Mdm2-dependent degradation of p53, the p53

mRNA-Mdm2 interaction also stimulates p53 synthesis and

together these two effects can account for the positive outcome

of Mdm2 on p53 expression and activity in response to DNA
32 Cancer Cell 21, 25–35, January 17, 2012 ª2012 Elsevier Inc.
damage. The activation of p53 via DNA damaged-inducedmodi-

fications on the p53 N terminus have been suggested, but we

observed only a relative small additive effect on p53-dependent

apoptosis after doxorubicin treatment in the presence of

Mdm2S395D, as compared to the differences observed using

the Mdm2wt. No significant difference with or without doxoru-

bicin was found when we knock out Mdm2 in cells expressing

endogenous p53wt. This indicates that under these conditions

ATM-mediated phosphorylation of p53 plays a less important

role in activating p53.

It is interesting to notice that expression of a p53wt protein

from the L22L mRNA with low affinity for Mdm2, or expression

of the wild-type p53 mRNA in the presence of the non-RNA-

binding Mdm2S395A mutant, results in an increase in p53

turnover rate following genotoxic stress, as compared to the

stabilization observed using p53wt mRNA and Mdm2wt. More

recently, it was suggested that phosphorylation of the C terminus

of Mdm2 induces its monomerization and prevents p53 poly-

ubiquitination (Cheng et al., 2009). Our results do not go against

this model, but they show that the phosphorylation of Ser395

induces the p53 mRNA-Mdm2, interaction which is necessary

to inhibit p53 polyubiquitination. The molecular mechanism of

the p53 mRNA-mediated control of Mdm2 E3 ligase activity is

not clear and might include a direct interference with the ligase

activity, disruption of Mdm2 dimerization, or the interaction

with proteins interacting with the C terminus of Mdm2, such as

the ubiquitin protease HAUSP (Cummins et al., 2004; Li et al.,

2004, 2002).

The localization of Mdm2 to the nucleoli is an important step

in p53 activation, and the observation that Mdm2 requires
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phosphorylationofSer395and the interactionwith thep53mRNA

to locate to nucleolar structures following genotoxic stress

further adds to the important role of the p53mRNA in controlling

Mdm2 functions. The RNA-binding capacity of other nucleolar

factors such as nucleolin and NRF have been suggested to play

a role in their respective nucleolar accumulation (Emmott and

Hiscox, 2009; Niedick et al., 2004), suggesting that RNA-directed

nucleolar trafficking is a more widespread concept. The require-

ment for Ser395phosphorylation andp53mRNA-binding in order

to translocate Mdm2 to the nucleolus becomes redundant if

SUMO1 is conjugated to Mdm2, indicating that these two events

precede SUMO-modification and translocation. In support of the

idea that phosphorylation of Ser395 is the first step in this chain

of events, we observed that the Mdm2S395D mutant does

not localize to the nucleolus following genotoxic stress in the

absence of the p53 mRNA. Because phosphorylation of Ser395

is required for Mdm2’s interaction with the p53 mRNA in vitro

and the Mdm2S395D binds p53 mRNA with higher affinity in

the cell, it is unlikely that p53 mRNA binding to Mdm2 would be

an indirect effect of SUMO-conjugation. The role of Mdm2-inter-

acting factors inp53mRNA-mediated localization ofMdm2 to the

nucleoli will be addressed separately (Poyurovsky et al., 2003;

Tao and Levine, 1999).

Mdm2 binds to a region of the p53mRNA that has been shown

to contain an IRES sequence (Candeias et al., 2008; Gu et al.,

2009; Ray et al., 2006). Mdm2 requires nuclear localization to

bind the p53 mRNA and promote p53 mRNA translation during

genotoxic stress, indicating that the accumulation of Mdm2 in

the nucleolus serves an important function in assembling the

p53 mRNA-Mdm2 translation complex. Because eukaryotic

IRES trans-activating factors (ITAFs) are known to shuttle

between nucleus and cytoplasm, and some to require expres-

sion in the nuclear compartment in order to promote translation

in response to cellular stresses, it is possible that the trans-local-

ization of Mdm2 within the nucleus to support synthesis of p53

during genotoxic stress reflects a more general aspects of

stress-dependent mRNA translation.

Finally, an interesting aspect of these results is that they offer

an explanation to the paradox of the rapid induction of Mdm2 by

p53 in response to genotoxic stress (Mendrysa and Perry, 2000).

As long as the ATM pathway is active and the interaction with the

p53 mRNA is present, Mdm2 serves as a positive regulator of

p53 activity but as soon as this activity ceases, Mdm2 returns

to be a negative regulator to ensure the suppression of p53

activity under normal conditions.

EXPERIMENTAL PROCEDURES

Cell Lines, Protein Labeling, and Expression

All cell-based assays were performed in p53�/� H1299, p53WT MLS-1765,

ATM�/� AT5-BIVA, or p53�/�;Mdm2�/� Double-KO MEF (DKO) cells. For all

experiments, transfection efficiency and mRNA levels were verified using

reverse transcription quantitative PCR (RT-qPCR). 35S-methionine labeling

was performed by culturing cells in methionine-free medium including 2%

dialyzed FCS for 1 hr and 20 mM of the proteasome inhibitor MG132 (Merck

Biosciences, UK). Cells were transfected using Genejuice (Novagen). Easytag

Express Protein Labeling Mix (90 mCi; 35S) (PerkinElmer, Boston, USA) was

added for 20 min, and p53 proteins were immunoprecipitated using CM-1

antibody and separated by SDS-PAGE. In vitro transcribed capped mRNAs

(Ambion, Austin, TX, USA) were prepared according to the manufacturer’s

protocol. Quantification of radioactively labeled products was determined
using phosphoimager (Amersham) and Storm hardware together with

Bio-1D software (Vilber-Lourmat). Cycloheximide (CHX, Calbiochem), Doxoru-

bicin (Sigma), Etoposide (Sigma), ATM Kinase Inhibitor (ATMi, Calbiochem),

and wortmannin (Calbiochem) or an equal volume of dimethylsuphoxide

(DMSO) were used at the concentrations of 10 mg/ml, 0.1–1 mM (depending

on the sensitivity of the cell type), 20 mM, 10 mM, and 5 mM, respectively, for

the time durations indicated in the figure legends. CM-1, 4B2, 4B11, 2A10,

and 1.2 antibodies were all kind gifts from Borek Vojtesek. siRNAs against

Mdm2 and ATM were from QIAGEN and were applied according to the manu-

facturer’s recommendations. Cells were transfected with 0.3 mg cDNA per

6-cm dish unless otherwise stated.

His-Ubiquitin Conjugation

Cells (1 3 106) were seeded on 10-cm tissue culture plates and transfected

with 0.8 mg of plasmids encoding Mdm2, 6His-Ubiquitin, and p53. Twenty-

eight hours after transfection, cells were treated with 0.1 mM of doxorubicin

for 16 hr. Proteasome inhibitor MG-132 (25 mM) was added 4 hr before cells

were washed twice with PBS and scraped in 1 ml of lysis buffer (6 M guanidi-

nium-HCl, 0.1 M Na2HPO4/NaH2PO4, 0.01 M Tris-HCl [pH 8], 0.005 M imida-

zol, and 0.01 M b-mercaptoethanol). The cells were sonicated twice for 10

sec. After sonication, 4 ml of lysis buffer was added with 75 ml of Ni2+-NTA-

agarose beads (Clontech) and was incubated for 4 hr at RT with gently agita-

tion. The beads were washed once at RT in lysis buffers, once in wash buffer

(8 M urea, 0.1 M Na2HPO4/NaH2PO4, 0.01 M Tris-HCl [pH 6.8], 0.005 M imida-

zol, and 0.01 M b-mercaptoethanol), and twice in wash buffer plus 0.1% Triton

X-100. Products were eluted by incubating beads in 75 ml of 0.2 M imidazol,

0.15 M Tris-HCl (pH 6.8), 30% glycerol, 0.72 M b-mercaptoethanol, and 5%

SDS for 20 min at RT with gentle agitation. Twenty-five microliters of 43 of

Laemmeli buffer were added before being analyzed by western blot.

Flow Cytometry

The measurement of the percentage of apoptotic cells in a population was

effectuated as described elsewhere (Vermes et al., 1995). Briefly, transfected

cells were stained with annexin V-FITC and 7-Aminoactinomycin D (7-AAD)

(Sigma, Missouri, USA) and were analyzed by flow cytometry with an LSR

flow cytometer and CellQuest software (Becton Dickinson, San Jose, CA,

USA). The test discriminates intact cells (FITC�/7-AAD�), apoptotic cells

(FITC+/7-AAD�) and necrotic cells (FITC+/7-AAD+).

Quantitative RNA Coimmunoprecipitation

Quantitative RNA Coimmunoprecipitation (qRNAco-IP) assays were based on

a previous protocol (Candeias et al., 2008; Tenenbaum et al., 2002). Briefly,

transfected H1299 cells were lysed with a buffer containing RNase OUT

(100 U/ml, Invitrogen) and centrifuged, and supernatants were precleared

with mouse IgG followed by incubation with one of the monoclonal anti-

Mdm2 antibodies: SMP14 (directed against amino-acids [aa] 154–167 of

Mdm2), 4B2 (recognizes the N terminus of Mdm2) or 2A10 (directed against

aa 393–395, cannot bind to Mdm2 that is phosphorylated at Ser395). The

complexes were pulled-down using protein G–Sepharose beads (Amersham)

treated with proteinase K (Sigma), and RNA was extracted and purified using

TRIzol protocol (Invitrogen). RT-qPCR was performed using primers against

p53 and control genes TATA Box-binding protein and b-actin. To ensure valid

quantification of RNA binding to Mdm2, standard curves were used to attest

for transfection, RT-PCR, and qPCR protocols’ efficiency. RT-qPCRs on total

RNA were realized, and qRNAco-IP values calculated according to the

following formula: (qPCRvalue p53mRNA IP / qPCRvalue p53mRNA total) /

(qPCRvalue controlmRNA IP / qPCRvalue controlmRNA total). A western

blot anti-Mdm2 was done in parallel, and coimmunoprecipitation data were

also normalized against total Mdm2 protein when needed.

In Vitro Quantitative RNA Coimmunoprecipitation

All binding reactions were performed for 15 min at 37�C in a binding buffer con-

taining50mMTris (pH7.5),150mMNaCl, 0.02mg/mlyeast tRNA,and0.2mg/ml

BSA. ATM protein was included after being immunoprecipitated from H1299

cells using 10 mg of phosphorylation-specific antibody anti-phospho-ATM

(Ser1981) (Millipore). One hundred twenty nanograms of hMdm2protein purified

from insect cells and a fixed amount (8.10�3 pmol) of WT or L22L p53 mRNA

were used. ATM Kinase Inhibitor (10 mM; ATMi, Calbiochem) or 5 mM of
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wortmannin (Calbiochem) were added to the reaction where indicated. After

incubation, RNA-protein complexes were pulled-down using monoclonal anti-

Mdm2 antibodies 4B2 or 2A10 and protein G beads (Amersham). The unbound

fraction was recovered for later analysis, and the bound RNA was treated with

proteinase K (Sigma). The bound and free RNA fractions were then extracted

and purified using TRIzol protocol (Invitrogen). RT-qPCR was performed on

these fractions using primers against p53. The binding results were expressed

as a ratio between the bound and the total (bound+free) RNA.

Protein-RNA ELISA Assay

Ninety-six-well plates were coated with streptavidin (100 mg/ml in 0.1 M

NaHCO3; 50 ml/well) overnight at 4�C. After incubation, plates were washed

six times with 200 ml PBS-T and blocked with 50 ml of 3% BSA and 0.1 mg/ml

of streptavidin in PBS overnight at 4�C. The plates were washed four times

with 0.1%PBS-Tween. Amixof biotinylatedRNA (5pmol) anddifferent amounts

ofproteinpreviously incubated inabindingbuffercontaining50mMTris (pH7.5),

150 mM NaCl, 0.02 mg/ml yeast tRNA, and 0.2 mg/ml BSA for 30 min at 37�C
were added to the plates (50 ml/well) and incubated 1 hr at RT. The plates

were washed six times with 200ml/well PBS-T, and the 6His mAB/HRP con-

jugate (Clontech) in PBS 1:1000 (50 ml/well) was added and incubated for 1 hr

at RT. Plates were washed six times with 200 ml/well PBS-T, and 50 ml/well of

a mix of ECL was added and luminescence was measured. Biotinylated MS2

RNA oligonucleotide was used as a negative control to RNA binding specificity.

Immunofluorescence and Fluorescence Microscopy

H1299 cells were grown on coverslips and treated as indicated. Cells were

fixed in 4% paraformaldehyde for 10 min before permeabilization in PBS con-

taining 0.1% Triton X-100 for 2 min. The antibodies used for immunofluores-

cence microscopy were anti-PML (rabbit; Abcam), anti-Mdm2 (mouse; 4B2;

gift from B. Vojtesek), anti-nucleolin (mouse; Abcam), and anti-SUMO1 anti-

SUMO2 (sheep; gift from R.T. Hay). Double staining was performed as

indicated. For detection, cells were incubated with Alexa-488-conjugated

(Invitrogen) or Cy5-conjugated (Molecular probes) anti-rabbit antibodies and

Alexa Fluor-568-conjugated (Invitrogen) or Alexa Fluor-633-conjugated (Invi-

trogen) anti-mouse antibodies.

Duolink

Duolink (Olink) was performed according to the manufacturer’s instructions.

Briefly, H1299 cells were grown on coverslips and then fixed in 4%paraformal-

dehyde for 10 min before permeabilization in PBS containing 0.1% Triton

X-100 for 2 min. Cells were then blocked in 3% BSA/BPS and primary anti-

bodies were incubated (anti-Mdm2, anti-SUMO1, and anti-SUMO2). After

washing the cells, PLA probes were added, followed by hybridization, ligation,

and amplification for 90 min at 37�C. DNA (blue) and Mdm2-SUMO interac-

tions (red) were visualized after incubation with the Detection solution. Slides

were analyzed by fluorescence microscopy.

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures and can be found with this

article online at doi:10.1016/j.ccr.2011.11.016.
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SUMMARY
Esophageal adenocarcinoma (EAC) arises from Barrett esophagus (BE), intestinal-like columnar metaplasia
linked to reflux esophagitis. In a transgenic mousemodel of BE, esophageal overexpression of interleukin-1b
phenocopies human pathology with evolution of esophagitis, Barrett-like metaplasia and EAC. Histopa-
thology and gene signatures closely resembled human BE, with upregulation of TFF2, Bmp4, Cdx2, Notch1,
and IL-6. The development of BE and EAC was accelerated by exposure to bile acids and/or nitrosamines,
and inhibited by IL-6 deficiency. Lgr5+ gastric cardia stem cells present in BE were able to lineage trace
the early BE lesion. Our data suggest that BE and EAC arise from gastric progenitors due to a tumor-
promoting IL-1b-IL-6 signaling cascade and Dll1-dependent Notch signaling.
INTRODUCTION

Esophageal adenocarcinoma (EAC) has been linked to chronic

inflammation of the esophagus and its incidence has increased

by more than 500% since the 1970s (Corley et al., 2009) despite

powerful acid suppressant medications (proton pump inhibitors)

and a decline in the prevalence of Helicobacter pylori in the

United States and Europe. The main risk factor for EAC is Barrett

esophagus (BE), involving a progression from BE to low-grade/

high-grade dysplasia (Falk, 2002). The precise origin of both
Significance

Using a transgenic mouse model of BE and EAC, that closely re
of BE are provided. A gastric cardia progenitor cell lineage ap
IL-6-dependent inflammation, inducing migration into the dista
and dysplasia. Activated Notch signaling appears to regulate
columnar cells instead of goblet cells, and is associated with a
challenge the common paradigms regarding the pathogenesis

36 Cancer Cell 21, 36–51, January 17, 2012 ª2012 Elsevier Inc.
EAC and BE has been difficult to discern in part because of the

absence of useful experimental model systems that are geneti-

cally based.

BE has been attributed primarily to gastroesophageal reflux

disease (GERD), leading to chronic inflammation of the esoph-

agus. The link between inflammation and cancer is well estab-

lished (Grivennikov et al., 2010); in particular, elevated IL-6

has been identified as a key mediator of tumorigenesis in

murine models of cancer (Grivennikov and Karin, 2008). IL-1b,

a pleiotropic pro-inflammatory cytokine upstream of IL-6 and
sembles the human disease, insights into the pathogenesis
pears to be activated by bile acid-induced and IL-1b- and
l esophagus where it gives rise to columnar-like metaplasia
differentiation of the cardia progenitor into intestinal-type
malignant transformation in mice and humans. Our findings
of BE and EAC.
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TNF-a signaling cascades, has been demonstrated to induce

tumorigenesis of the mouse stomach (Tu et al., 2008). IL-1b is

overexpressed in BE, and clinical studies have suggested that

polymorphisms in the IL-1b gene cluster are associated with

BE (Fitzgerald et al., 2002; Gough et al., 2005; O’Riordan et al.,

2005).

BE is defined as replacement of the stratified squamous

epithelium in the distal esophagus with a metaplastic, intes-

tinal-like columnar epithelium (Spechler et al., 2010). Whereas

attention in the past has been focused on goblet cells (i.e., clas-

sical intestinal metaplasia [IM]) as the primary marker for BE, the

recent change in the definition to include nongoblet, columnar

lined esophagus ([CLE], resembling intestinal and cardia meta-

plasia) was made to acknowledge the more variable histologic

presentation of BE. A major unanswered question that has

been debated for decades, is whether the BE cell of origin

derives from transdifferentiation of the esophageal squamous

epithelium (Yu et al., 2005), or originates rather from a progenitor

cell in the esophagus (Kalabis et al., 2008), the esophageal

submucosal glands (Leedham et al., 2008), residual embryonic

cells located at the squamocolumnar junction (Wang et al.,

2011), or, as early investigators proposed, the gastric cardia

(Allison and Johnstone, 1953; Barbera and Fitzgerald, 2010;

Hamilton and Yardley, 1977; Nakanishi et al., 2007). However,

prior to the development of IM, a regenerative intestinal-like

columnar cell lineage appears in the esophagus that expresses

TFF2, KRT8, KRT20, NOTCH, and CDX2 (Hanby et al., 1994;

Menke et al., 2010; Stairs et al., 2008; Tatsuta et al., 2005). It is

crucial to identify the progenitors responsible for BE, given the

preneoplastic nature of the lesion.

Until recently, the primary animal model used to study BE

has been a rat model comprising esophagojejunostomy that

induces gastroduodenal reflux (Fein et al., 1998; Li and Martin,

2007). The observation that duodenesophageal reflux induces

EAC in rats points to the importance of refluxed duodenal

contents in the pathogenesis of BE. Bile acids, particularly

unconjugated bile acids such as deoxycholate (DCA) that induce

DNA damage, are one component of gastroduodenal reflux

that have been linked strongly to the development of BE. Reflux

injury in the esophagus results in chronic inflammation with

upregulation of numerous cytokines, such as IL-1b, IL-6, and

IL-8, that might contribute to the metaplastic and dysplastic

conversion of BE (Fitzgerald et al., 2002). Here, we aimed to

utilize a model of Barrett-like metaplasia, involving overexpres-

sion of IL-1b, to provide insights into the origins of Barrett

esophagus.

RESULTS

Interleukin-1b Overexpression in the Mouse Esophagus
Induces Esophagitis, Barrett-Like Metaplasia,
and Neoplasia
To understand the pathogenesis of BE and EAC we generated

a model of chronic esophageal inflammation, inserting the

modified human IL-1b cDNA (Björkdahl et al., 1999) downstream

of an Epstein-Barr virus (ED-L2) promoter that targets the oral

cavity, esophagus, and squamous forestomach (Figure S1A

available online) (Nakagawa et al., 1997). In two founder lines

we observed high (Line 1) and low levels (Line 2) of specific
esophageal (and forestomach) hIL-1b mRNA and protein

expression (Figures 1A and 1B) that correlated with upregulated

IL1-receptor-antagonist (IL1ra), indicative of IL-1 receptor

signaling (Figure 1C). No hIL-1b mRNA and protein expression

was observed in the glandular stomach or elsewhere (Figures

1A and 1D). L2-IL-1bmice developed splenomegaly (Figure S1C)

that correlated with age dependent IL-1b expression levels

(Figure 1B), consistent with a systemic inflammatory reaction

and at least 10-fold elevated (p < 0.05) circulating levels of

IL-1b, TNFa (Figure S1D), and IL-6 (Figure 1D).

The esophagus and squamous forestomach in the low and

high expressing L2-IL-1b mice were markedly thickened with

a mixed acute and chronic inflammatory infiltrate compared to

age-matched wild-type (WT) mice (Figure S1B). However, the

major histopathological changes in L2-IL-1b mice occurred at

the squamocolumnar junction (SCJ), an anatomical location

where the squamous and gastric columnar epithelium meet

(Figure 1E) and where the esophagus enters the stomach.

Compared to the human SCJ, the mouse esophagus enters

the stomach at the midpoint of the lesser curvature of the

stomach, at the junction between the glandular stomach and

squamous forestomach, forming a SCJ that traverses the entire

stomach and resembles the Z line in the human esophagus

(Figure S1E). To determine whether the L2-IL-1b mice develop

metaplasia resembling human BE, histological evaluation was

performed on sagittal sections through the esophagus and

stomach (Figure S1E, yellow line). Based upon previously

described criteria (Fox et al., 2000), a histopathological scoring

system for the mouse SCJ was developed. In 100% (10/10) of

the 6-month-old L2-IL-1b mice, we observed moderate inflam-

mation and profound epithelial hyperplasia (Figure 1F) that was

never observed in age-matched WT mice. Proliferation was

increased significantly in the esophageal basal compartment

(Figure 2A).

In L2-IL-1b mice that were 12–15 months of age, 90% (9/10)

developed severe columnar metaplasia (Figures 1E and 1F)

with mucus producing (Muc5ac+, PAS+) cells (Figure 2A) at the

SCJ, similar to human BE. Although classical goblet cells were

not observed in L2-IL-1b mice, the mucus producing columnar

cell types observed were consistent with Barrett-like metaplasia.

Tff2, a marker for metaplasia in human BE (Van De Bovenkamp

et al., 2003; Warson et al., 2002), and also an oxyntic progenitor

cell marker in the gastric corpus (Quante et al., 2010), was not

expressed in the WT esophagus but was upregulated above

the SCJ of L2-IL-1b mice harboring metaplasia but not in

dysplasia (Figure 2A). Electron microscopy studies revealed

nearly identical ultrastructural features (columnar cell type,

microvilli, granules, mucins) in human andmouse BE (Figure 2B).

At 20–22 months of age, 20% (2/9) of L2-IL-1b mice developed

high-grade dysplasia (HGD) or intramucosal EAC (Figures 1E–

1G). These lesions were grossly visible within the distal end of

the esophagus (Figure 1G) and were associated with significant

weight loss (28% ± 4%, p < 0.05; data not shown). During this

stepwise progression to cancer, we observed a gradual increase

in aSMA+ stromal myofibroblasts (Figure 2A) and increasing

stroma global hypomethylation (Figure S2) in BE and HGD

compared to WT, consistent with other models of inflamma-

tion-induced cancer (Jiang et al., 2008). Although hypomethyla-

tion was prominent in the stroma, we could not exclude (and
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Figure 1. Overexpression of IL-1b-Induced Chronic Inflammation in the Murine Esophagus and Stepwise Development of Metaplasia

and Dysplasia at the SCJ

(A) mRNA expression (RT-qPCR) in different organs of 3-month-old two founder L2-IL-1b-lines.

(B) ELISA for human (transgenic) IL-1b showed age dependent hIL-1b protein expression levels.

(C) mRNA expression (RT-qPCR) of IL1-receptor-antagonist (IL1ra) in different organs in 12-month-old L2-IL-1b mice compared to WT littermates.

(D) ELISA for serum levels and organ protein expression of mIL-6 in L2-IL-1b mice compared to WT (C57/B6) littermates.

(E) Histopathologic changes in L2-IL-1bmice occurred at the squamo-columnar junction (SCJ, arrow in WT). Representative pictures of WT and 6-, 9-, 12-, 15-,

and 20-month-old L2-IL-1b, top panels show an overview of the SCJ, where the squamous esophagus epithelium meets the columnar cardia/stomach

epithelium, second and third panels show inset magnifications of the stepwise progression to BE and EAC.

(F) Histopathologic scoring of 6-, 9-, 12-, 15-, and 20-month-old L2-IL-1b mice compared to WT (C57/B6) littermates.

(G) Representative gross pictures of the SCJ in WT and 20 months old L2-IL-1b mice with tumor (arrow). Data are represented as mean ± SEM. *p < 0.05,

**p < 0.01. See also Figure S1.
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Figure 2. IL-1b Mouse Model Resembles the Human Disease

(A) Representative pictures of staining for PAS, Muc5ac, Krt19, Tff2, Ki67, and aSma of normal SCJ histology in WT (left panel), BE histology in 15-month-old

L2-IL-1b mice (middle panel), and HGD histology in 22-month-old L2-IL-1b mice (right panel).

(B) Representative electron microscopy pictures of mouse (top panel) human (bottom panel) BE epithelium showing columnar cells (left), granules with mucin

(middle), and microvilli (right). Scale bar represents 2 mm.

(C) Representative pictures of b-catenin, p16 and c-myc in WT mice and dysplastic tissue of 16-month-old BA-treated L2-IL-1b mice.

(D) Western blot for p53, p-Erk, and p-Akt in indicated tissues, showing p53 stabilization, and activation of Akt and Erk pathways in EAC- and BA-treated BE.

See also Figure S2 and Table S1.
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indeed suspect) gene specific hypermethylation in epithelial cells

as described in humans (Sato and Meltzer, 2006).

Within the epithelial compartment, we observed stabilization

of nuclear b-catenin (Figure 2C), a finding suggested by gene

expression microarrays of WT and HGD tissue following

laser capture microdissection (LCM) of metaplastic lesions in

L2-IL-1b mice (Table S1). This microarray analysis confirmed

an upregulation of b-catenin, EVI1, and RRas in the tumors,

consistent with activation of these pathways. Pathway analysis

also revealed markedly increased phosphorylation of Akt and

Erk in HGD samples (Figure 2D), compared to only a slight

increase in BE-like metaplasia, especially after bile acid treat-

ment, and absent expression in WT cardia tissue (Figure 2D).

We also observed occasional loss of p16 and increased c-Myc

expression or stabilization of p53 in the neoplastic epithelium

(Figures 2C and 2D), thus demonstrating involvement in our
mouse model of BE/EAC of a number of pathways relevant to

human BE and EAC.

Bile Acids and Carcinogens Accelerate the
Development of Barrett-Like Metaplasia and Dysplasia
that Can Be Diagnosed Endoscopically in the Mouse
BE and EAC have been attributed to acid reflux leading to

chronic esophagitis. In our mouse model of chronic inflamma-

tion, Barrett-like metaplasia and dysplasia appeared to be

more dependent upon IL-1b overexpression than acid exposure,

because bothWTmice and L2-IL-1bmice were kept on acidified

water (pH % 2.0) but pathological changes were evident only

in the EL2-IL-1bmice. Unconjugated bile acids are another com-

ponent of gastroduodenal reflux that has been linked to the

development of BE. Consequently, we treated 2–3-month-old

L2-IL-1b mice (line 2) and WT littermates with an unconjugated
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Figure 3. Bile Acids and Carcinogens Accelerate the Development of Barrett Metaplasia and Dysplasia

(A) Histopathological scoring of 6-, 9-, 12-, and 15-month-old BA-treated L2-IL-1b mice and combined 12 months old BA and N-methyl-N-nitrosourea

(MNU)-treated L2-IL-1b mice compared to WT (C57/B6) littermates (*p < 0.05 compared to WT, #p < 0.05 compared to untreated L2-IL-1b mice).

(B) Representative gross pictures of the SCJ in WT, 22-month-old L2-IL-1bmice, 15-month-old BA-treated L2-IL-1bmice, and combined BA and MNU-treated

12-month-old L2-IL-1b mice with tumors at the SCJ.

(C) Representative pictures of the esophagus and SCJ during upper endoscopy in intact 15-month-old BA-treated or untreated L2-IL-1b mice and WT mice

and corresponding gross macroscopic evaluation (right).

(D) PET imaging was performed on a rodent microPET scanner to measure glucose uptake in tumors relative to normal tissue. A representative picture of

15-month-old BA-treated L2-IL-1b mice is shown in sagittal, coronal, and axial position (arrow indicates the tumor that was macroscopically and histologically

confirmed). Data are represented as mean ± SEM. See also Movies S1–S5 and Figure S3.
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bile acid ([BA], 0.2% deoxycholate) in the drinking water (pH 7)

and analyzed the mice at 6, 9, 12, and 15 months (Figure S3A).

Due to issues of solubility, BAwere administered in pH 7.0 water,

thus eliminating the possibility of acid exposure.

Six-month-old BA-treated L2-IL-1b mice showed severe

esophagitis with inflammatory infiltrates, but only moderate

changes were observed in BA-treated WT mice (Figures 3A

and 3B). Sixty percent (6/10) of 9-month-old BA-treated
40 Cancer Cell 21, 36–51, January 17, 2012 ª2012 Elsevier Inc.
L2-IL-1b mice showed metaplastic changes at the SCJ, with

higher overall metaplasia scores compared to untreated L2-

IL-1b mice (2.7 versus 1.8, p < 0.05) (Figure 3A; Figure S3C),

indicating a significant acceleration by BA of Barrett-like meta-

plasia. Moreover, we observed more severe metaplasia and

dysplasia in BA-treated L2-IL-1b mice compared to untreated

L2-IL-1b mice at both 12 months (dysplasia score 2.1 versus

1.0, p < 0.05) and 15 months (dysplasia score 2.4 versus 1.4,
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p < 0.01) (Figure 3A; Figure S3C). Forty percent (4/9) of 15-

month-old BA-treated L2-IL-1b mice presented with macro-

scopically visible tumors in the distal esophagus (Figure 3B),

and exhibited significant weight loss consistent with partially

obstructive lesions. These data suggest that BA play a significant

role in the pathogenesis of BE and dysplasia, althoughwe did not

use bile acids at pH 2.0 and cannot rule out that gastric acid

might also have a role in esophageal carcinogenesis.

N-nitrosamines are generated typically at the SCJ from reduc-

tion of salivary nitrite to nitric oxide in response to gastric juice

(Winter et al., 2007) and might play a role in the pathogenesis

of BE. N-methyl-N-nitrosourea (MNU) is a known gastric

carcinogen for mice (Tomita et al., 2011), but does not appear

to promote transformation of the noninflamed esophageal

epithelium (Figures S3A and S3B). Mucosa that is chronically

inflamed is thought to be more sensitive to the effects of luminal

carcinogens (Winter et al., 2007). Thus, in comparison to

BA+MNU-treated WT mice (Figure S3B), we observed a sig-

nificant increase in tumor development in 12-month-old

BA+MNU-treated L2-IL-1b mice (Figures 3A and 3B).

Patients with EAC lose weight due to luminal obstruction, typi-

cally diagnosed by endoscopy and/or noninvasive imaging.

Upper endoscopy in intact 15-month-old BA-treated or

untreated L2-IL-1b (Movies S1 and S2) and WT (Movie S3)

mice after intubation and under constant ventilation (Figure 3C)

revealed the luminal presence of BE-like metaplasia and tumor

growth in the distal esophagus. The esophagi of L2-IL-1b mice

showed circumferential erythema and edema with inflammatory

exudates compared to the normal esophagus (Figure 3C),

changes that were increased in BA-treated L2-IL-1b mice.

The endoscopic appearance resembled human BE (Movie S4).

In four of nine BA-treated L2-IL-1b mice (15 month) but no

L2-IL-1b mice (15 month), we observed obstructing tumors at

the SCJ (Figure 3C; Movies S1–S3). 18F-FDG PET scans of

BA-treated L2-IL-1b mice with endoscopically detected tumors

revealed markedly increased focal glucose uptake, consistent

with the severe inflammation in the esophagus and forestomach,

along with tumorigenesis confirmed histologically (Figure 3D;

Movie S5). These imaging data provide support for the acceler-

ation of neoplastic processes in L2-IL-1b mice by BA.

Bile Acids Induce an Acute and Chronic Immune
Response and Activate Differential Gene
Expression in BE
Previous studies of IL-1b-induced carcinogenesis suggested

that recruitment of myeloid cells is crucial for the development

of neoplasia (Tu et al., 2008; Yang et al., 2011). In 6-month-old

L2-IL-1b mice with mild esophagitis, there was no change in

the abundance of CD4+ and CD8+ T cells or CD11b+/F4/80+

monocytes/macrophages in esophageal tissue, but a significant

accumulation of immature (CD11b+Gr1+) myeloid cells (Fig-

ure 4C). At 9, 12, and 15 months, there was an even greater

accumulation in L2-IL-1bmice of CD11b+Gr1+ cells in the esoph-

agus (Figure 4C) and spleen (not shown) associated with chronic

esophagitis and metaplasia. CD4+ T cells, F4/80+ macrophages

and CD11b�Gr1+ neutrophils were also significantly increased

but to a lesser extent in L2-IL-1b mice at these later time points

(Figure 4B). Inflammatory cytokines were increased (Figures 1A–

1D; Figure S1D) and the L2-IL-1bmice developed splenomegaly,
likely due to an accumulation of immature splenic myeloid cells

(Figure S1C). BA treatment resulted in additional increases in

CD4+ T cells and CD11b�Gr1+ neutrophils, along with a slight

decrease in CD11b+Gr1+ cells but no changes in CD11b+/F4/

80+ macrophages (Figures 4A and 4B). These observations

confirmed our histopathological scoring, showing more acute

inflammation in BA-treated mice (Figure 3A). Our data suggest

that BA may contribute to the development of BE by shifting

the chronic inflammatory response toward an acute neutrophilic

response. Recruited macrophages also suggest a role for

tumor associated macrophages (TAMs) in BE.

In addition, 15 month BA-treated L2-IL-1b mice harboring

metaplasia showed elevated levels of Tff2, Cckbr, Muc5ac,

Cdx2, and Krt19 (Figure 4D). Bmp4, Cdx2, and Shh, which are

known to be involved in cellular differentiation and proliferation,

were also associated with BA treatment (Figure 4D). Interest-

ingly, we observed a significant upregulation of Notch1 upon

BA treatment, indicating a potentially important role for the

Notch signaling pathway in BE and HGD (Figure 4D).

DLL1-Dependent Notch Signaling Regulates
Differentiation and Correlates with Progression
Notch signaling is an essential factor in intestinal differentiation

and seems to be required to maintain stem cells in an uncom-

mitted state (Kim and Shivdasani, 2011). As with the intestinal

epithelium, the Barrett epithelium contains proliferative crypt-

like compartments, and the Notch pathway has been found to

be active in BE (Menke et al., 2010). Indeed,Notch1was upregu-

lated significantly in the epithelium at the SCJ of BA-treated

L2-IL-1b mice, compared to WT and untreated L2-IL-1b mice

(Figures 4D and 5A; Figure S4A), pointing to a role of Notch

signaling during EAC pathogenesis. Notch inhibition by systemic

treatment with a g-secretase inhibitor (DBZ), as reported

previously (Menke et al., 2010), markedly increased both PAS+

cells and Alcian-Blue(+) goblet-like cells (Figures 5B and 5C),

suggesting that inhibition of Notch signaling is associated with

IM. Moreover, IHC for a general marker of activated Notch

signaling (Notch intracellular domain or NICD; Figure S4A)

revealed that NICD-expressing cells were predominantly found

within columnar-lined esophagus (CLE) and dysplastic epithelial

tissue at the SCJ, but not in IM at the SCJ, and were in general

not present in DBZ-treated mice (Figure 5A; Figure S4A) where

we observed increased numbers of goblet cells (Figure 5C).

These findings suggest that Notch signaling might contribute

to the development of dysplasia, whereas inhibition of Notch

signaling results in goblet cell differentiation and may prevent

malignant transformation, although in theory both processes

could occur simultaneously in different regions of the meta-

plastic epithelium.

We also observed upregulation of the Notch ligand Delta-like1

(Dll1) in BE-like tissue (Figure 5D; Figures S4C and S4D), which

correlated with increased Notch1 expression and proliferation

in BE. Increasing numbers (Figure S4E) of Dll1-expressing cells

could be found adjacent to Notch activated cells (Notch-IC),

suggesting a possible intraepithelial crosstalk (Figure 5D). Most

of the Dll1+ cells also expressed Tff2, supporting a concept of

an expansion of Dll+ cells in the BE lineage (Figure S4F). In

addition, we found downregulated Jagged2 gene expression in

BE and EAC (Figure 6D; Table S1) and were able to confirm
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Figure 4. Bile Acids Induce an Acute and Chronic Immune Response and Activate Notch Signaling in BE

(A) The frequencies of lymphoid and myeloid cells in the esophagus from 12-month-old L2-IL-1b mice and age-matched WT mice were measured by FACS,

and representative FACS blots for detecting immature (CD11b+Gr1+) myeloid cells in the esophagus from WT, L2-IL-1b mice, BA-treated WT, and BA-treated

L2-IL-1b mice are shown.

(B) Quantitative analysis of FACS for immature (CD11b+Gr1+) myeloid cells, neutrophiles/granulocytes (CD11b�Gr1+), macrophages (Cd11b+/F4/80+), and T cells

(CD4+) (*p < 0.05 compared to WT, #p < 0.05 compared to BA-treated WT, $p < 0.05 compared to untreated L2-IL-1b mice).

(C) Quantitative analysis of FACS for immature (CD11b+Gr1+) myeloid cells in 6-, 9-, 12-, 15-month-old L2-IL-1b mice compared to age-matched WT mice.

(D) mRNA expression (RT-qPCR) of Cdx2, K19, Cckbr, Muc5ac, TFF2, Shh, Bmp4, and Notch1 in the SCJ tissue of WT, L2-IL-1b mice, BA-treated WT, and

BA-treated L2-IL-1b mice (*p < 0.01 compared to WT, # p < 0.05 compared to L2-IL-1b mice). Data are represented as mean ± SEM.
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decreased Jagged2 as assessed by IHC (Figure S4B), suggest-

ing that Dll1, not Jagged2, is the predominant ligand inducing

Notch signaling in BE. The location of Dlll1 expression was asso-

ciated with the normal stem cell zone in the gastric cardia (data

not shown), whereas Jagged2 appeared to be expressed in

more terminally differentiated areas of the gastric cardia glands

(Figure S4B, data not shown).

To confirm these findings from our mousemodel, we analyzed

46 human BE biopsy samples. Biopsies were taken from Barrett

mucosa, evaluated by an expert gastrointestinal pathologist, and

samples were classified histologically based on the highest

degree of neoplasia present on any of the biopsies. Notch1

was significantly upregulated in human biopsies of dysplastic

tissues compared to BE tissue (Figure 5E), pointing to a role of

Notch signaling in the development of EAC from BE. Overall,

Notch activation appears to be associated with decreased

goblet cell differentiation, as suggested by a lack of goblet cells
42 Cancer Cell 21, 36–51, January 17, 2012 ª2012 Elsevier Inc.
in adjacent tissue of human EAC samples (unpublished data) and

a review of the literature (Table S2). IHC for Notch intracellular

domain (NICD) and Dll1 in human BE tissue showed a similar

pattern, where expression of the receptor and ligand was found

in adjacent but distinct cell types (Figure 5F).

Gene Expression Profiles of the IL-1bMouse Esophagus
Closely Resemble Those of Human Barrett Metaplasia
and Esophageal Adenocarcinoma
The gene expression profile of human BE (Stairs et al., 2008) is

only slightly more similar to small intestine than it is to normal

esophagus, in contrast to the striking similarity of BEmorphology

to intestinal morphology. Nevertheless, we found in both human

BE and our mouse model that a number of gastric and intestinal

genes were significantly upregulated. LCM was applied to

typical metaplastic lesions in L2-IL-1b mice (with or without

BA), and to the squamous epithelium of WT mice (Figure 6A).



Figure 5. Notch Signaling in BE
(A) Representative pictures of NotchIC IHC in 15-month-old L2-IL-1bBA-treatedmice and 9-month-old L2-IL-1bmice after g-secretase inhibitor treatment (DBZ).

(B) Representative pictures of periodic acid-Schiff (PAS) and Alcian blue staining at the SCJ of 9-month-old L2-IL-1b without and with 10 days g-secretase

inhibitor treatment (right, Notch signaling inhibitor, DBZ).

(C) Representative picture of BE in g-secretase-treated L2-IL-1b mice showing occasional true goblet cells (white arrows), CLE (green arrows), and goblet like

cells (red arrows) on the left. On the right goblet cells in BE (top) and small intestine (SI, bottom) are shown to show similarities in intestinal metaplasia.

(D) Representative pictures of NotchIC (red) and Delta-Like1 (DII1) (green) IHC in 9-month-old WT, 9-month-old L2-IL-1b with BE, and 15-month-old BA-treated

L2-IL-1b with EAC (insets label magnified area below).

(E) mRNA expression (RT-qPCR) of Notch1 in biopsies of esophageal tissue, obtained from 46 patients with BE with and without dysplasia. In each patient,

biopsies were taken from Barrett mucosa and from dysplastic appearing mucosa.

(F) Representative pictures of NotchIC (red) and Delta-Like1 (DII1) (green) IHC in human BEwith CLE or IM. See also Figure S4 and Table S2. Data are represented

as mean ± SEM. *p < 0.05.
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Figure 6. Gene Expression Profiles of Mouse BE Resembles that of the Human Disease

(A) Laser capture microdissection (LCM) was applied to typical metaplastic lesions at the SCJ in 15-month-old L2-IL-1bmice or 9-month-old BA-treated L2-IL-1b

mice and to the squamous epithelium of WT control mice. A schematic sequence of the experimental procedures is shown: (A) After LCM (a representative

outlined area is shown) followed by RNA isolation and amplification, (B) Venn diagrammouse BE versus BA-treatedmouse BE: gene expression of BE tissue from

untreated L2-IL-1b mice (n = 3, BE versus N), and BA-treated L2-IL-1b mice (n = 3, BeBA versus N) was compared to WT squamous tissue (n = 3) in order to

determine the overlapping up- and downregulated genes in both cohorts.

(C) Venn diagram mouse versus human. These 3,832 significantly different genes (1,676 up [Venn diagram: A] and 2,166 down [Venn diagram: B], p < 0.01) were

than compared to the gene expression pattern of a human expression analysis (Stairs et al., 2008) where human BE tissue was compared to human esophageal

squamous tissue. This comparison identified 606 genes, which were analyzed by KEGG pathway analysis.

(D) A list of these significantly identical genes in human andmouse is shownwith the log2 fold change of the comparison of BA-treated L2-IL-1bmice compared to

the squamous epithelium of WT control mice.

(E) KEGGpathway analysis also identified genes that were altered differentially in BE epithelium of L2-IL-1bmice versus BA-treated L2-IL-1bmice (Venn diagram:

C–F). A list of significantly different genes is shown.
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Compared to squamous epithelium, we observed 5,698 genes

with a significance cutoff of <0.05, that were differentially

regulated in BE tissue of 15-month-old L2-IL-1b mice and

5,950 genes in 9-month-old BA-treated L2-IL-1b mice. Direct

comparison of these two groups identified 1,678 similarly upre-

gulated (A in Venn diagram) and 2,166 similarly downregulated

(B in Venn diagram) genes (Figure 6B). In KEGG pathway

analysis, these transcripts were enriched for cell adhesion
44 Cancer Cell 21, 36–51, January 17, 2012 ª2012 Elsevier Inc.
molecules, adherens junctions, tight junctions, biosynthesis of

unsaturated fatty acids, PPAR signaling pathway, and protein

export. When compared to the earlier human expression

analysis (GSE13083) (Stairs et al., 2008), entire sets of genes in

the mouse were altered in the same directions (Figure 6C).

KEGG pathway analysis of those genes that were identically

up- or downregulated in mouse and human, revealed changes

in the expression of genes relevant for bile acid-induced
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damage, signaling pathways (i.e., Notch), columnar cell related

genes, and cell-cell contact genes (Figure 6D).

KEGG pathway analysis also identified genes that were

altered differentially in BE-like epithelium of L2-IL-1bmice versus

BA-treatedL2-IL-1bmice (C–F in Venndiagram)with a significant

overrepresentation of the biological processes of mismatch

repair, adherens junction, apoptosis, and autophagy, as well

as alterations in signaling pathways with importance for carci-

nogenesis (Figure 6E). These results are consistent with a role

for bile acids in promoting metaplasia and cancer by loosening

cell-cell contacts, inducing oncogenic pathways, and causing

cell death by DNA damage and oxidative stress.

Barrett-Like Metaplasia and Dysplasia Correlate
with Expansion of Gastric Cardia Progenitor
Cells in Mice and Humans
The current paradigm suggests that BE derives from dedifferen-

tiation or transdifferentiation of the squamous esophageal

epithelium (Jankowski et al., 2000). To address the possible

origins of BE in our mouse model, we examined the expression

and localization of a number of putative stem cell or progenitor

cell markers. Lgr5/GPR49 is a validated stem or progenitor cell

marker for the mouse gut, but in the stomach it is expressed

only in the gastric antrum and in the gastric cardia (Barker

et al., 2010). Krt19 and Tff2 have been shown through lineage

tracing studies to label different gastric progenitor cells

(Means et al., 2008; Quante et al., 2010). Doublecortin and

CaM like-kinase-1 (Dclk1), a microtubule-associated kinase

expressed in neurons, has been postulated to be expressed in

gut epithelial progenitors (Giannakis et al., 2006).

Although the above markers were absent from the normal

squamous esophageal epithelium, they showed increased

expression over time in our L2-IL-1bmouse model, with expres-

sion first in the gastric cardia and later above the SCJ. In qRT-

PCR studies Lgr5 was expressed minimally in the WT cardia,

but could easily be detected in the cardia in 15-month-old

L2-IL-1b mice that showed features consistent with Barrett

metaplasia (Figure 7B). Lgr5-labeled cells were present in the

cardia of Lgr5-Cre-ERT mice crossed to Rosa-LacZ reporter

mice shortly after tamoxifen induction, which within 7 days

gave rise to lineage traced cardia epithelium in WT mice (Fig-

ure 7D), as previously shown (Barker et al., 2010). In L2-IL-1b

mice crossed to Lgr5-Cre-ERT/Rosa-LacZ mice, we observed

labeled BEmetaplasia four months after tamoxifen induction fol-

lowed by BA treatment at the age of 6–8 weeks (Figure 7D).

These findings indicate that Lgr5+ cells within the cardia may

function as progenitor cells, and thus potentially as the cells of

origin for BE and dysplasia. Furthermore, we observed an

increase in protein and mRNA expression of the Krt19 gene

(Figures 2A and 4D), which is a known marker for surface mucus

and gastric progenitor cells (Brembeck et al., 2001; Means et al.,

2008), and of the Tff2 gene, expressed in gastric and cardia

mucus neck and progenitor cells (Quante et al., 2010), but not

in the normal esophageal epithelium (Figures 2A and 4D). Finally,

we found an accumulation of Dclk1+ cells adjacent to the

metaplastic mucus producing cells in BE tissue (Figures 7A

and 7B). Dclk1+ cells are typically present as rare scattered cells

localized primarily to the isthmus of the gastric glands (data not

shown), but Dclk1+ cells are highly abundant in the gastric
cardia, particularly just below the SCJ (Figure 7A). The gradual

accumulation of Dclk1+ cells just above the SCJ in L2-IL-1b

mice positively correlated with the development of metaplasia

at the SCJ; with progression to dysplasia, Dclk1 expression

was downregulated.

In human BE, qRT-PCR analysis showed a highly significant

upregulation of LGR5 and DCLK1 compared to normal squa-

mous epithelium (Figure 7C). Moreover, IHC for DCLK1 showed

increased expression in dysplastic BE and decreased (or absent)

expression of DCLK1 in dysplasia or adenocarcinoma (Fig-

ure 7A), similar to the observation in L2-IL-1b mice. Consistent

with previous reports, TFF2 was highly expressed in Barrett

mucosa but not in biopsies of squamous esophageal epithelium

(data not shown). Interestingly, LGR5 and DCLK1 were signifi-

cantly elevated in the gastric cardia of BE patients (Figures 7E

and 7F). The upregulation of gastric columnar progenitor cells

in the region of the cardia and in BE suggest that the metaplastic

lineage in BE lesions in mice and humans may derive from

a gastric cardia lineage (Figure 4G).

IL-6 Deficiency Abolishes Inflammation, Metaplasia,
and HGD in L2-IL-1b Mice
IL-1b is upstream of IL-6 and TNF-a, which are both upregu-

lated in our models (Figure S1D) and overexpression of IL-1b

has been shown to induce tumorigenesis of the stomach (Tu

et al., 2008). Persistent activation of the transcription factor

signal transducer and activator of transcription-3 (Stat3) occurs

in a large number of solid malignancies and supports the prolif-

eration and survival of malignant cells, mostly triggered by an

autocrine-paracrine production of IL-6 and family members

(Bollrath et al., 2009). We observed elevated IL-6 protein levels

in the serum and the SCJ of L2-IL-1b mice (Figure 1D), and IL-6

could be upregulated further by BA treatment (Figure 8A). IHC

revealed increased pStat3+ cells during the progression from

normal esophagus to BE and EAC (Figures 8B and 8C). Inter-

estingly, we observed a significant upregulation of IL-11Ra

and Jak2, and downregulation of Socs3, in our microarray anal-

ysis (Table S3). Given that we demonstrated increased levels

of IL-6 and phosphorylated Stat3 in mouse BE-like and

dysplasic tissues, IL-11Ra upregulation likely represents an

inhibitory feedback mechanism. The finding of SOCS3 downre-

gulation, as demonstrated recently (Watanabe et al., 2007), and

increased levels of Jak2 with STAT3 activation, suggest

a mechanism by which IL-1b and IL-6 could induce the devel-

opment of cancer in our mouse model of BE/EAC (Lesina et al.,

2011).

In humanEACsamplesqRT-PCRanalysis showedasignificant

upregulation of IL-6 and IL-1b compared to BE samples (Figures

8D and 8E), supporting our hypothesis that both cytokines play

an important role during EAC pathogenesis. When we crossed

L2-IL-1b mice with IL-6�/� mice we observed a complete abol-

ishment of themetaplastic and dysplastic phenotype in homozy-

gous L2-IL-1b/IL-6�/� mice, and a partly diminished phenotype

with little metaplasia and no dysplasia in heterozygous L2-

IL-1b/IL-6�/+ mice (Figure 8F). In L2-IL-1b/IL-6�/� mice, we

observed only a minor inflammatory response, which was

increased in L2-IL-1b/IL-6�/+ mice, but no increase in pSTAT3+

cells could be detected (data not shown). These data indicate

that IL-1b mediates its carcinogenic effect in part through IL-6,
Cancer Cell 21, 36–51, January 17, 2012 ª2012 Elsevier Inc. 45



Figure 7. Barrett Metaplasia and Dysplasia Arise from Gastric Cardia Progenitor Cells in Mice and Humans

(A) Representative pictures of human (left) and mouse (right) SCJ, BE, and EAC tissue with doublecortin like kinase-1 (Dclk1) IHC.

(B) mRNA expression (RT-qPCR) of Lgr5 and Dclk1 in the SCJ tissue of WT, L2-IL-1b mice, BA-treated WT, and BA-treated L2-IL-1b mice.

(C) mRNA expression (RT-qPCR) of Lgr5 and Dclk1 in biopsies of esophageal tissue, obtained from 46 patients with BE. In each patient, biopsies were taken

from Barrett mucosa and from normal-appearing squamous mucosa.
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suggesting the presence of a tumor-promoting IL-1b-IL-6-pStat3

signaling cascade in mouse EAC.

DISCUSSION

Using a transgenic mouse model of esophageal inflammation,

we demonstrate that increased IL-1b expression is sufficient

for the induction of Barrett-like metaplasia and dysplasia at the

SCJ, extending previous findings in the glandular stomach (Tu

et al., 2008) and affirming a crucial role for IL-1b in carcinogen-

esis, which is highly upregulated in human BE and EAC (Fitzger-

ald et al., 2002). Gene expression analysis, IHC, EM, and endos-

copy provided evidence that our IL-1b mouse model closely

resembles human disease, despite the fact that the mouse

stomach differs from the human stomach. Inflammation in the

squamous esophagus resulted in migration of cardia progenitor

cells (including Lgr5+ cells) and their metaplastic descendants

into the esophagus. Wewould conclude then that Barrett esoph-

agus is derived from gastric cardia progenitors at the SCJ

junction.

Although our L2-IL-1bmouse model exhibits a columnar-lined

esophagus (CLE) but lacks abundant goblet cells (or classical

IM), it is increasingly recognized that BE does not require clas-

sical IM to establish the diagnosis (Ogiya et al., 2008; Playford,

2006). Several studies have indicated that the risk of progression

to EAC is the same in patients with CLE without goblet cells as it

is in patients with IM (Gatenby et al., 2008; Goldblum, 2010; Kelty

et al., 2007; Odze and Maley, 2010; Riddell and Odze, 2009;

Takubo et al., 2009) (Table S2), and our clinical experience would

support this broader premise. The findings that dysplasia tends

to recur following radiofrequency ablation in the presence of CLE

without classical IM would support this model (Vaccaro et al.,

2011). Notch inhibition has been associated with goblet cell

differentiation (Menke et al., 2010), and thus the absence of

Tff3+ or Muc2+ goblet cells may be related to the high levels of

Notch expression. Our study adds to the evidence challenging

the notion that metaplastic nongoblet cell CLE is entirely benign,

and we would even argue that TFF2 has many advantages as

a marker for BE, because it seems to be expressed early in the

development of CLE, a lesion we postulate is the primary

precursor lesion for EAC. Nevertheless, further studies in

patients are needed to clarify the prognostic and diagnostic

value of IM and CLE, because at present it remains controversial

as to which metaplastic epithelial subtype best defines BE

(Chatelain and Fléjou, 2003), leading to controversial risk esti-

mates for the development of HGD or EAC in BE patients

(Hvid-Jensen et al., 2011).

IL-1b overexpression was able to induce metaplasia and

dysplasia of the SCJ in part through recruitment of immature
(D) Left: Lgr5-Cre-ERT x RosaLacZ mice were treated with 3-OH tamoxifen and

collection of Xgal+ cells in the cardia at the squamocolumnar junction (SCJ), wh

cardia glands. Right: lineage tracing of BE tissue in 6-month-old Lgr5-CreERT/IL-1

to bile acid treatment at the age of 4 weeks. Mice were sacrificed at 2, 4, or 6 mon

Lgr5 cells might migrate into the distal esophagus and give rise to BE.

(E) mRNA expression (RT-qPCR) of LGR5 and DCLK1 in biopsies of cardia tissu

(F) Representative DCLK1 IHC pictures of normal human cardia (left) and of card

(G) In our model of the pathogenesis of BE and EAC in mice, bile acid treatment,

cells into the distal esophagus, giving rise to BE and EAC in association with increa

Data are represented as mean ± SEM. *p < 0.05.
myeloid cells (IMC), which have been linked to carcinogenesis

(Stairs et al., 2011; Tu et al., 2008; Yang et al., 2011). IMC were

increased early in the distal esophagus and likely contribute to

esophageal inflammation and carcinogenesis through secretion

of pro-inflammatory cytokines (IL-6 and Tnf-a) and chemokines

(Sdf1). With BA treatment, there was acceleration of dysplasia

and a shift in the myeloid phenotype more toward granulocytic

differentiation, pointing to the possible significance of a mixed

acute/chronic inflammatory response in carcinogenesis (Frid-

lender et al., 2009). IL-6 levels were systemically elevated in

L2-IL-1b mice, and IL-6 deficiency completely abrogated the

IL-1b-induced phenotype, indicating the importance of systemic

immune activation in the development of neoplasia. Persistent

activation of Stat3 through IL-6 additionally supports the pro-

liferation and survival of malignant cells in mouse and human

EAC, in contrast to the importance of IL-11 in carcinogenesis

of the antrum (Ernst et al., 2008; Howlett et al., 2009). IL-6 in

most tissues is a critical mediator of cancer initiation and pro-

gression, and IL-6-Stat3 inhibition may be a useful target for

prevention or treatment of BE and EAC.

Unconjugated BA, which are increased in the refluxate of

patients with BE (Kauer et al., 1997) and in patients on a high

fat diet (Theisen et al., 2000), accelerated the development of

BE and dysplasia. Unconjugated BA can induce gene promoter

demethylation leading to activation of IL-6, Cdx2, or Notch1

gene expression in esophageal cells (Jankowski et al., 1999; Ka-

zumori et al., 2006), a finding we can confirm in our BA-treated

L2-IL-1b mice. Thus, through modulation of gene expression,

unconjugated bile acids may promote an intestinal lineage

commitment by progenitors. Pathway analysis of our gene

expression studies confirm previously suggested carcinogenic

roles for BA (Bernstein et al., 2005, 1999; Dvorak et al., 2007;

Payne et al., 2005).

Although it is generally accepted that BE and EAC arise from

a common progenitor cell, the precise type and location of this

cell remained unresolved. Temporal analysis of the L2-IL-1b

mouse SCJ at different stages of the disease showed an initial

expansion of progenitors in the gastric cardia, followed by

migration over time into the esophagus (Figure 4G). LgR5 cell

lineage tracing studies demonstrated the likely origin of at least

some of the metaplastic BE tissue from Lgr5+ cells within the

gastric cardia, where Lgr5+ cells also serve as functional cardia

stem or progenitor cells. Furthermore, progenitor markers were

essentially absent from the normal esophageal squamous

epithelium, but Lgr5 (Barker et al., 2010), Tff2 (Quante et al.,

2010), Krt19 (Means et al., 2008), Cck2r (Jin et al., 2009), and

Dclk1 (Giannakis et al., 2006) were all present in the normal

mouse gastric cardia, and were significantly increased in BE.

Analysis of a cohort of human patients with BE showed
sacrificed 1 day or 7 days postinduction. Analysis at 1 day showed a small

ereas analysis at 7 days showed complete lineage tracing of these columnar

b/RosaLacZmice. Tamoxifen induction (6mg in one dose) was performed prior

ths after induction, indicating lineage tracing of developing BE suggesting that

e, obtained from five patients with BE and five patients without BE (normal).

ia from patients with BE (right) with doublecortin-like kinase-1.

and IL-1b-induced inflammation lead to migration of gastric cardia progenitor

sed Dll1-dependent Notch signaling that induced columnar cell differentiation.

Cancer Cell 21, 36–51, January 17, 2012 ª2012 Elsevier Inc. 47



Figure 8. IL-6 Deficiency Abolishes IL-

1b-Induced Metaplasia and Dysplasia

(A) mRNA expression (RT-qPCR) of IL-6 in the SCJ

tissue of WT, L2-IL-1b mice, BA-treated WT, and

BA-treated L2-IL-1b mice (*p < 0.01 compared to

WT, # p < 0.05 compared to L2-IL-1b mice).

(B) Quantification of cells with phosphorylated

STAT3 in WT, L2-IL-1bmice, BA-treated L2-IL-1b,

and BA-treated L2-IL-1b mice with EAC (*p < 0.01

compared to WT, # p < 0.05 compared to L2-IL-1b

mice).

(C) Representative pictures of pSTAT3 IHC in 12-

month-old L2-IL-1bmice andBA-treated L2-IL-1b,

and 15-month-old BA-treated L2-IL-1b mice

with EAC.

(D and E) mRNA expression (RT-qPCR) of IL-6 (D)

and IL-1b (E) in biopsies of esophageal tissue,

obtained from 46 patients with BE.

(F) Histopathological scoring of 12-month-old

L2-IL-1b mice and L2-IL-1b/IL-6�/� or L2-IL-1b/

IL-6�/+ mice and WT (C57/B6) littermates (*p <

0.05, compared to L2-IL-1b mice). Data are rep-

resented as mean ± SEM. See also Table S3.
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a significant increase of identical progenitor markers in both

gastric cardia and BE tissue.

However, our findings that Lgr5+ cardia cells can contribute

to BE does not exclude contributions from other lineages. In

addition, the use of mouse models to investigate the origins of

human metaplasia has its limitations, given the anatomical

differences. The predominant theory for the origins of Barrett

esophagus is based on the notion of reflux-induced transdiffer-

entiation of squamous epithelial cells (Barbera and Fitzgerald,

2010; Yu et al., 2005). In addition, genetic evidence has sup-

ported the possible origin from multipotent progenitors present

in submucosal squamous gland ducts, which are not present
48 Cancer Cell 21, 36–51, January 17, 2012 ª2012 Elsevier Inc.
in themouse and thus could not be exam-

ined in our model (Jankowski et al., 2000;

Leedham et al., 2008). A recent study of

p63 nullmice led to the proposal that Bar-

rett-like metaplasia may arise from a pop-

ulation of Car4+/Krt7+ embryonic progen-

itors at the squamocolumnar junction

(Wang et al., 2011). However, each of

these alternative hypotheses, although

reasonable, is also limited to date by the

absence of dynamic lineage tracing and

the sort of mechanistic underpinnings

provided by our model.

Notch signaling appears important in

the regulation of stem cell differentiation,

and our data suggest that Dll1 is themajor

ligand inducing activated Notch signaling

in BE, whereas Jagged2 may acts as an

inhibitor, similar to amodel of antagonism

between different Notch ligands sug-

gested previously (Benedito et al., 2009).

In the cardia, DII1 was expressed at the

bottom of the crypts adjacent to the loca-

tion of Lgr5 cells. Notch activation in
Lgr5+ cells has been shown to correlate with lineage tracing at

the SCJ at the cardia (Kim and Shivdasani, 2011), consistent

with our hypothesis that Lgr5 cells from the gastric cardia

migrate into the distal esophagus to give rise to BE tissue with

increasedNotch activation and Lgr5 expression.With the expan-

sion of progenitor cells in BE, we observe a similar expansion of

DII1+ cells immediately adjacent to Notch expressing cells within

themetaplastic lineage. The strong correlation betweenDII1 with

the progenitor cell zone and proliferation, and Jagged2 with

postmitotic, differentiated cells, suggests a potential mechanism

for modulation of progenitor cell expansion and differentiation

through Notch signaling. In this model, DII1 promotes progenitor
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cell maintenance and proliferation, and Jagged2 inhibits prolifer-

ation and promotes differentiation, both a consequence of intra-

epithelial crosstalk between progenitor cells and their progeny.

We would further hypothesize, that the development of IM

occurs in a low Notch signaling environment, whereas mainte-

nance of the CLE phenotype and progression to dysplasia

occurs in a high Notch signaling environment.

Taken together, our data strongly suggest that BE arises from

a gastric cardia lineage, as originally suggested (Hamilton and

Yardley, 1977). Indeed, it has been difficult to distinguish at the

histopathological level between so-called esophagogastric

‘‘junctional tumors’’ that appear localized to the cardia and

EAC, clearly present in the esophagus. The fact that BE always

begins precisely at the SCJ has never otherwise been explained,

and it now seems clear that special consideration should be

given to ‘‘carditis,’’ inflammation of the gastric cardia that may

represent a precursor lesion of BE and EAC.

EXPERIMENTAL PROCEDURES

For a detailed description of all methods see Supplemental Experimental

Procedures.

Mice

All mice studies and breeding were carried out under the approval of Institu-

tional Animal Care and Use Committee of Columbia University. Human IL-1b

transgenic mice were generated by targeting expression of hIL-1b to

the esophagus using the Epstein-Bar virus promoter. Mice were placed on

drinking water containing bile acids (0.3%DCA, pH 7.0) at the age of 3months.

Nine-month-old L2-IL-1b mice were subjected to a 5-day treatment regimen

with the GSI (DBZ, 30 mmol/kg). Lineage tracing studies were performed

with Lgr5-CreTM-IRES-GFP mice crossed to Rosa26R-LacZ reporter and

L2-IL-1b mice. Tamoxifen (6 mg) was given at the age of 6–8 weeks prior to

administration of BA.

Human Study

Esophageal tissue was obtained from 46 patients with BE, with and without

dysplasia. Biopsies were taken for clinical and research purposes. This study

was approved by the Columbia University Institutional Review Board and

informed consent was obtained from all patients.

ACCESSION NUMBERS

Micro array information were deposited at the Gene Expression Omnibus

database (http://www.ncbi.nlm.nih.gov/geo/) with the accession number

GSE24931.

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures, three tables, Supplemental

Experimental Procedures, and five movies and can be found with this article

online at doi:10.1016/j.ccr.2011.12.004.
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SUMMARY
The hypoxia inducible transcription factors (HIFs) control many mediators of vascular response, including
both angiogenic factors and small molecules such as nitric oxide (NO). In studying how endothelial HIF
response itself affects metastasis, we found that loss of HIF-1a in endothelial cells reduces NO synthesis,
retards tumor cell migration through endothelial layers, and restricts tumor cell metastasis, and that loss
of HIF-2a has in each case the opposite effect. This results from differential regulation of NO homeostasis
that in turn regulates vascular endothelial growth factor expression in an NO-dependent feedback loop.
These opposing roles for the two HIF factors indicate that both they and endothelial cells regulate metastasis
as malignancy progresses.
INTRODUCTION

There is a link between the metastatic process and oxygen

deprivation (Brizel et al., 1996; Rofstad et al., 2010; Voss et al.,

2011). Hypoxia itself triggers the induction of the hypoxia induc-

ible (HIF) transcription factors; these in turn are linked to changes

in the capacity of tumor cells to migrate, undergo epithelial to

mesenchymal transition, and to a number of other processes

intrinsic to metastasis (Chen et al., 2010; Haase, 2009; Liao

et al., 2007; Yang et al., 2008). Hypoxic response via HIF activa-

tion also includes expression of factors such as vascular endo-

thelial growth factor (VEGF), and inducible nitric oxide synthase

(iNOS) that are known to facilitate both angiogenesis and tumor

cell access to the circulatory system (Ambs et al., 1998; Claffey

et al., 1996; Shweiki et al., 1992; Ziche and Morbidelli, 2009).

The role of the tumor cell in metastasis has been widely

examined and discussed (Chambers et al., 2002; Gupta and

Massagué, 2006). Significant evidence exists to indicate that

migration of tumor cells during hematogenous metastasis is

accelerated by a HIF-driven response (Liao et al., 2007; Lu
Significance

There is a central role for endothelial cells in the process of m
tumor cells in their migration toward other organs. Vascular
metastasis, and all involve hypoxic insult to the endothelium. Th
is complex, and can act to both promote and retard metastas
regulation of endothelial nitric oxide production via hypoxic re

52 Cancer Cell 21, 52–65, January 17, 2012 ª2012 Elsevier Inc.
et al., 2010; Zhong et al., 1999). This response in the metastatic

cell may be driven in part by alterations in tumor oxygenation,

which also impacts the tumor endothelium, and it follows that

the hypoxic endothelial cell (EC), because of its location, could

act as a gatekeeper to metastatic cell intravasation.

As intravasatory processes are related to the hypoxia found

throughout many solid tumors, hypoxia is also tied to the extrav-

asation process, through the arrest of migrating tumor cells in

capillary beds. The resultant thrombus formation can also result

in local hypoxia and ischemia, and reemergence of a growing

tumor through a second endothelial barrier. Evidence to support

this model includes the clear relationship between thrombus

formation and metastatic success (Amirkhosravi et al., 2010;

Cliffton and Grossi, 1974; Ostrowski et al., 1986; Palumbo

et al., 2005; Saito et al., 1980).

Hypoxia has potent effects on regulation of nitric oxide (NO)

(Melillo et al., 1995; Olson and van der Vliet, 2011; Takeda

et al., 2010). NO can affect the overall vascular tension of tumor

vessels, and also has numerous other localized effects on

vascular function (Gunnett et al., 2005; Ignarro et al., 1987;
etastasis: they represent a critical barrier to the passage of
damage, clotting, and ischemia are correlated with tumor
is study demonstrates that the endothelial cell HIF response
is, dependent on the HIF isoform expressed and the overall
sponse.
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Palmer et al., 1987). Previous work has demonstrated that

NO synthesis in EC under normoxia is controlled primarily

by endothelial NO synthase (eNOS) (Fukumura et al., 2001).

However, hypoxic response induces NO chiefly via iNOS.

Intriguingly, some reports have indicated that iNOS itself can

positively regulate VEGF expression during tumorigenesis (Van

der Wall and Palmer, 2006; Wang et al., 2001).

We have recently shown that in inflammatory cells, NO

homeostasis is modulated by differential expression of the HIF

isoforms HIF-1 and HIF-2 (Takeda et al., 2010) via regulation

of two opposing uses of l-arginine: HIF-1a-induced expression

of iNOS, and HIF-2a induced expression of arginase 1 (ARG1),

which can remove l-arginine from NO synthetic pathways

and thus reduce NO levels. The primary aim of this study was

to investigate the effect of EC-specific deletion of HIF-1a or

HIF-2a on NO homeostasis and metastatic progression.

RESULTS

Loss of HIF-1a in Endothelial Cells Reduces
Metastatic Rate
To examine HIF function and endothelial hypoxic response in

metastasis, metastatic success was assayed in murine progres-

sive transgenic tumorigenesis, utilizing the MMTV-PyMT model

of mammary cancer (Lin et al., 2003). These mice, maintained

on a C57/Bl6 inbred background were crossed to mice carrying

a conditional deletion of HIF-1a (Ryan et al., 2000) and the

TIE2CRE transgenic strain (Kisanuki et al., 2001). The expression

of the cre recombinase driven by the Tie2 promoter causes

deletion in conditionally targeted endothelial cells and bone

marrow-derived cells (Constien et al., 2001). In these first exper-

iments, and in keeping with previously published results (Tang

et al., 2004), overall effects on primary tumor growth were only

moderate (Figure 1A); however, metastatic success was strongly

reduced. At 16 weeks of age, when lung metastatic foci first

become evident in this model, they are virtually absent in the

Tie2Cre+ HIF-1adf mice (Figure 1B, left). This reduction in

metastasis is also evident at the endpoint of the model, where

overall primary tumor burdens are similar in wild-type andmutant

animals (Figure 1A); but where there is still an�75% reduction in

numbers of metastatic pulmonary foci (Figure 1B, right). At the

terminal stage in this model, there was no significant difference

in vascular density in the mutant mouse tumors relative to

wild-type animals vascular density (data not shown).

Bone marrow transplantations of wild-type (WT) marrow

were then introduced into control and mutant mice; this is

necessary to circumvent bone marrow expression of the cre

recombinase in Tie2+cre mice, and results in mice with a

deletion solely in endothelial cells (Tang et al., 2004). When

GFP-tagged Lewis lung carcinoma cells (LLC) were introduced

into mammary fat pads and allowed to grow for 3 weeks, the

size of the primary tumor in the different hosts was again iden-

tical as were vessel densities (data not shown), but the number

of pulmonary foci was significantly reduced (Figure 1C, left).

Further analysis of the number of circulating GFP-tagged tumor

cells in the bloodstream at the time of sacrifice indicated tumor

cells in the circulation were reduced by �50% in tumor-bearing

HIF-1a endothelial cell deletion mutants (Figure 1C, right). This

indicates that HIF-1a in the endothelium plays a significant role
in determining the number of intravasating tumor cells in this

model.

Migration of Tumor Cells through Primary
Endothelial Cell Layers Is Differentially
Controlled by HIF-1a and HIF-2a
To better understand the mechanisms underlying HIF control of

tumor cell migration in vivo, a tissue culture model of the move-

ment of tumor cells through an endothelial layer was utilized.

Primary murine lung endothelial cells were harvested from

conditionally targeted mice and treated with cre recombinase-

expressing or control adenovirus; they were then assayed for

deletion efficacy, and subsequently cultured on an 8 mm filter

insert. Labeled tumor cells were then introduced to the control

or nullizygous endothelial cell layers and exposed to normoxia

or hypoxia (1%O2) for 9 hr, after which tumor cells that migrated

through the endothelial cell layer were counted. As can be seen

in Figure 1D, hypoxia acts to accelerate the migration of tumor

cells through wild-type endothelial cells in this system. However,

this increased migration is very significantly reduced when

endothelial cells lack HIF-1a (Figure 1D). Conversely, endothelial

cells lacking HIF-2a (Gruber et al., 2007) exhibit the opposite

phenotype: there, migration of tumor cells through the mutant

endothelial layer is accelerated relative to wild-type cells under

both normoxic and hypoxic conditions.

Deletion of Both iNOS and VEGF Inhibits Tumor
Cell Migration through Endothelial Cell Layers
during Hypoxia
TwoHIF target genes known to producemediators of endothelial

cell permeability are the angiogenic factor vascular endothelial

growth factor-A, or VEGF-A, and the inducible NO synthase, or

iNOS (or NOS2). To determine whether loss of either gene in

endothelial cells affects themigration of tumor cells in this assay,

primary lung iNOS null endothelial cells from global deletion

animals, and VEGF-A conditional null (Gerber et al., 1999)

primary lung endothelial cells (the latter treated ex vivo with cre

recombinase-expressing virus, as above) were isolated. Loss

of both endothelial VEGF-A and iNOS restricts the hypoxia-

induced migration of tumor cells through the endothelial

monolayer (Figure 1E).

Differential Regulation of VEGF Is Influenced by iNOS
Expression during Hypoxia
As shown above, loss of either iNOS or VEGF in endothelial cells

inhibits transmigration of tumor cells in a cell culture assay. To

determine whether iNOS or VEGF is up- or downstream during

hypoxic signaling in endothelial cells, iNOS mRNA expression

was assayed in primary VEGF null endothelial cells during

hypoxia (Figure 2A); and similarly, VEGF-A expression was as-

sayed in iNOS null endothelial cells under the same conditions

(Figure 2B). Loss of VEGF in endothelial cells has no significant

effect on expression of iNOS in normoxia, but did affect hypoxic

induction of iNOS (Figure 2A). However, loss of iNOS in endothe-

lial cells suppresses VEGF expression in both normoxia and

hypoxia (Figure 2B), as does specific inhibition of iNOS with

1400W in WT EC (Figure 2C). To determine whether this effect

on VEGF expression in endothelial cells is NO-dependent, an

NO donor (DETANONOate) was added to cultures to
Cancer Cell 21, 52–65, January 17, 2012 ª2012 Elsevier Inc. 53
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Figure 1. HIF-1a Deletion in Endothelial Cells Leads to Reduction in Metastatic Incidence in Transgenic and Xenograft Models

(A) Effect of Tie2-driven deletion of HIF-1a on primary tumor growth in the spontaneous breast tumor model PyMT (HIF-1adf/Tie2Cre/PyMT) during different

stages during tumor development, at 16 and 18 weeks, and at endpoint (when one tumor reaches diameter of 1 cm).

(B) Effect of Tie2-driven deletion of HIF-1a on spontaneous breast tumor model PyMT (HIF-1adf/Tie2Cre/PyMT) tumor metastases at 16 wks of age (left panel),

and at endpoint (when one tumor reaches diameter of 1 cm, right panel).

(C) LLCGFP cells were implanted in cleared mammary pads of endothelial cell-specific deletion of HIF-1a (HIF-1a null) obtained by regeneratingWT bone marrow

into HIF-1adf/Tie2cre+ mice. Effect of endothelial HIF-1a deletion on frequency of lung metastasis 3 weeks after tumor cell implantation (left) and on blood

genomic GFP levels, a measure of relative abundance of circulating tumor cells (right); Data in (A–C) are average ± SEM.
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a concentration of 5 mM; this addition resulted in restored VEGF

expression under hypoxia in iNOS null cells (Figure 2D). This

demonstrates that the hypoxic induction of VEGF in endothelial

cells is regulated by iNOS-mediated production of NO.

Endothelial Cell Expression of VEGF Is Suppressed by an
iNOS-Specific Inhibitor in a Tissue-Specific Fashion
The inhibition of hypoxic induction of autocrine VEGF-A would

be expected to reduce hypoxic activation of the Flk-1 (VEGFR2)

receptor by phosphorylation, and this is indeed seen in iNOS

null primary endothelial cells (Figure 2E, left, and phosphor

imaging quantification, right). Immunoprecipitation of VEGFR2

from primary lung endothelial cells followed by detection of

phosphotyrosine demonstrates that the hypoxic activation of

VEGFR2 is significantly reduced in cells lacking iNOS.

VEGFR2 signaling is critical for the induction of tube forma-

tion in cultured endothelium (Zhang et al., 2010). To determine

whether endothelial cell iNOS expression also affects this

VEGF-A-dependent phenomenon, cultured EC were placed

on collagen matrices, and as shown in Figure 2F, loss of EC

iNOS reduced tube formation �90%. Inhibition of iNOS protein

activity by the iNOS-specific inhibitor 1400W (30 mM) also

reduced tube formation significantly. These results indicate

that iNOS is a critical determinant of function in endothelial cells

in isolation.

Gene Expression Analysis of Hypoxic Endothelial Cells
It was recently shown that loss of HIF-1a and HIF-2a in macro-

phages has differential effects on the regulation of NO produc-

tion; loss of HIF-1a resulting in decreased iNOS expression

and decreased NO levels, and loss of HIF-2a in decreased

ARG1 expression and increased NO availability (Takeda et al.,

2010). Examination of normoxic expression of iNOS and ARG1

in WT, HIF-1a, and HIF-2a null endothelial cells reveals that

the two HIF-a factors also regulate iNOS and ARG1 differentially

in these cells. Loss of either HIF-1a or HIF-2a reduced the

expression of both iNOS and VEGF during hypoxia (Figure 3A);

however, only the loss of HIF-2a significantly reduced the

expression of Arginase1.

Hypoxic Induction of NO in Endothelial Cells Is HIF-1a
and iNOS Dependent
A number of studies have determined that under normoxic

circumstances, the primary factor in normoxic endothelial NO

production is the endothelial NO synthase (eNOS) (Fukumura

et al., 2001); however, eNOS is neither a HIF target nor a hy-

poxically responsive gene. To determine the role of iNOS in

endothelial cell hypoxia-induced NO production, assays for

NO metabolites were carried out on conditioned medium

from normoxic or hypoxic endothelial cells. There is a significant

increase in NO metabolites in hypoxically conditioned media,

and this is dependent on HIF-1a (Figure 3B). HIF-2a loss

causes an increase in NO metabolites under normoxic condi-

tions when compared to wild-type cells.
(D and E) Boyden assay for tumor cell migration during 9h periods of normoxia (2

and HIF-2a null cells (D) and VEGF null and iNOS null cells (E). Data in (D) and (E

the mean number of migrated cells through WT endothelium during normoxic con

p < 0.05; **p < 0.01; ***p < 0.001. NS indicates differences that do not reach a p
Inhibition of VEGF Expression by Suppression of iNOS
Is Specific to Endothelial Cells
To determine the endothelial specificity of the effects described

above, primary lung murine endothelial cells (mEC), human

umbilical vein endothelial cells (hUVEC), murine embryonic fibro-

blasts (mEF), and Lewis lung carcinoma cells (LLC) were treated

with the iNOS inhibitor 1400W (Figure 4A). Hypoxically-induced

VEGF expression was suppressed in both endothelial cell

cultures (mEC and hUVEC) treated with 1400W; however, there

was no suppression of VEGF mRNA by 1400W in the fibroblast

(mEF) or carcinoma (LLC) lines (Figure 4A). Another hypoxia-

induced HIF target, the glycolytic enzyme phosphoglycerate

kinase (PGK), is not as strongly affected by suppression of

iNOS in any of the cell types examined (Figure 4A). This indicates

that the suppression of VEGF expression through inhibition of

iNOS may not simply affect HIF-1a induction, but rather act

through a more complex mechanism.

Inhibition of iNOS Reduces Tumor VEGF Expression
In Vivo, but Does Not Significantly Affect Expression
of Other HIF Target Genes
LLC xenograft tumors were assayed for net effects on gene

expression when iNOS inhibitor was delivered at late stages of

tumor growth. After 14 days of subcutaneous tumor expansion

in wild-type animals, tumor-bearing mice received two injections

with either a saline control or 1400W intraperitoneally. Four

hours after the last injection, animals were sacrificed and

tumors removed; the injection with 1400W caused a significant

reduction in VEGF mRNA in the treated animals (Figure 4B).

No statistically significant effect was seen in any of the other

HIF targets assayed, including the two glycolytic enzymes

lactate dehydrogenase (LDH) and PGK. This indicates that

suppression of iNOS could be a useful modality for specifically

suppressing VEGF expression in tumors, where it presumably

acts at least in part on endothelial expression of the angiogenic

factor.

Differential Tumor Cell Migration through Endothelial
Cells Is Both HIF Isoform- and NO-Dependent
To determine whether iNOS is the critical factor that modulates

differential tumor cell migration through endothelial cells, tumor

cell migration was scored in endothelial layers treated with

either vehicle or 15 mM 1400W for 3 hr prior to tumor cell seed-

ing. Inhibitor and vehicle were removed and endothelial cells

were washed immediately prior to tumor cell introduction, in

order to limit the effects of the inhibitor compound solely to

the endothelial cells (Figure 5A). 1400W strongly suppressed

hypoxia-induced tumor cell migration through WT endothelial

cells; however, it had no suppressive effect on HIF-1a and

VEGF null endothelial cells. Suppression with 1400W had the

strongest effect on HIF-2a null endothelial cell layers, where

the degree of suppression indicates that altered NO levels

are likely a primary cause of elevated tumor cell migration in

this genotype.
1% O2) or hypoxia (1% O2) through endothelial monolayers of WT, HIF-1a null,

) are average ± SD of ratio of cells migrated through endothelium divided by

ditions. An asterisk is placed above differences with a significance exceeding

< 0.05 level of significance.
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Figure 2. Deletion and Specific Inhibition of iNOS Result in Decreased VEGF Expression and Downstream Activity

(A–C) Quantification of relative abundance of iNOSmRNA in VEGF null endothelial cells (A) and VEGFmRNA abundance in iNOS KO cells (B) orWT cells treated

with 15 mM of specific iNOS inhibitor 1400W (right panel) by quantitative RT-PCR (C).

(D) VEGF mRNA levels in WT and iNOS null endothelial cells upon addition of 5 mM NO donor DETA NONOate (dNO).

(E) Representative western blot of immunoprecipitated VEGFR2 (Flk1) probed for total Flk1 and P-tyrosine to detect activated form (left) and signal quantification

of multiple blots (n = 3) by phosphor imaging (right).

(F) Tube formation assay in collagen I matrix, representative pictures ofWT,WT + 30 mM1400W, and iNOS null are shown (left) (scale bar represents 100 mm) and

quantification of length of detected networks (right) was performed using ImageJ. Data is average ± SEMof lengths obtained from at least three pictures of at least

three wells. Experiment shown is representative and was repeated three times with cells no older than passage 2. In this figure, data shown is average ± SEM,

An asterisk is placed above differences with a significance exceeding p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 3. Endothelial Cells Generate NO through iNOS

Activation during Hypoxia

(A) Relative abundance of iNOS and ARG1 transcripts in WT

(left), HIF-1a null (center), and HIF-2a null (right) endothelial

cells exposed to 21% O2 (normoxia) or 1% O2 (hypoxia) for

9 hr. Data is average ± SEM of each sample; mRNA levels are

compared to those observed in WT normoxia (that was

defined as 1.0-fold).

(B) NO levels in endothelial cell conditioned medium from cells

treated for 48 hr at 21% or 0.5% O2; data presented are

average ± SEM. An asterisk is placed above differences with

a significance exceeding p < 0.05; **p < 0.01; ***p < 0.001.
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Migration assays performed using iNOS null EC indicates

that, as expected, iNOS deletion results in reduced endothelial

permeability to tumor cells (Figure 5B). A number of groups

have shown that inhibition or deletion of inducible NOS results

in suppression of tumor growth and metastasis (Ohtsu et al.,

2010; Thomsen et al., 1997); we also found that treatment
Cancer Ce
with 1400W prior to intravenous injection of 1 3

106 LLC cells causes a significant reduction in

metastatic success in vivo (Figure 5C).

Differential Migration and NO Regulation
Correlate with Metastatic Success in
EC-Specific HIF Isoform Null Mice
As shown above, the loss of HIF-1a in endothelial

cells reduces metastasis in mouse tumor models,

and reduces tumor cell migration through an

endothelial layer under hypoxia. The loss of

HIF-2a in endothelium accelerates tumor cell

migration in an NO-dependent manner. It was

thus important to determine whether these obser-

vations on the role of the different isoforms in

cultured endothelial cells is correlated with meta-

static success in vivo.

To model effects of this mutation on seeding of

cells into the pulmonary endothelium and tumor

cell extravasation, seeding of tumor cells into the

tail vein in WT, HIF-1a EC null animals, and

HIF-2a EC null animals was carried out. The

mutant mice were created by WT bone marrow

transplant into Tie2cre/conditional allele animals,

as described above. Loss of endothelial cell

HIF-1a significantly decreases metastatic success

in this assay (Figure 6A). However, loss of HIF-2a

in endothelial cells significantly increases both the

number (Figure 6B) and size (Figure 6C) of pulmo-

nary tumors in this experimental system.

DISCUSSION

The relationship of hypoxia to tumor progression

has been well documented; hypoxia and hypoxia-

associated necrosis have also been repeatedly

linked to metastasis (De Jaeger et al., 1998). It is

likely that hypoxic response is an intrinsic part of

almost every stage of metastasis, through both
hypoxia-induced tumor cell motility and increased vascular/

endothelial permeability (Erler and Giaccia, 2006; Rofstad and

Danielsen, 1999; Weis et al., 2004).

Clearly, a key to movement of tumor cells during hematoge-

nous metastasis is transposition across endothelial barriers;

the question being the degree to which this is influenced by
ll 21, 52–65, January 17, 2012 ª2012 Elsevier Inc. 57
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Figure 4. Inhibition of VEGF Expression upon iNOS Inhibition Is A Phenomenon Specific to Endothelial Cells

(A) Quantitative PCR of wild-type mouse endothelial cells (mEC), human umbilical vascular endothelial cells (hUVEC), mouse embryonic fibroblasts (MEF), and

Lewis lung cancer cells (LLC) exposed to normoxia or hypoxia (21% or 1%O2, respectively) in the presence or absence of 15 mM1400W, to assess mRNA levels

of VEGF and PGK (hypoxia and HIF-1a control). Data is average ± SEM of ratio of mRNA levels in sample compared to mRNA levels in WT untreated during

normoxia.

(B) Quantitative PCR of RNA extracted from subcutaneous LLCGFP tumors in WT mice. Mice were treated with two intraperitoneal injections: the first, a 15 mg/kg

1400W (or respective saline control of equal volume) at 8 hr before sacrifice, and the second, a 10 mg/kg injection at 4 hr prior to sacrifice. An asterisk is placed

above differences with a significance exceeding p < 0.05; **p < 0.01; ***p < 0.001.

Cancer Cell

HIF Isoforms in Endothelium during Metastasis

58 Cancer Cell 21, 52–65, January 17, 2012 ª2012 Elsevier Inc.



WT HIF-1α -/- VEGF -/-  HIF-2α -/-
0

1

2

3

4

5

6

7

8

Hypoxia

Normoxia
Normoxia + 1400W

Hypoxia+1400W

A

B

WT INOS -/-
0

1

2

3

4
21% O2
1% O2

vehicle 1400W
0

5

10

15

20

Lu
ng

m
et

as
ta

se
s

C

tu
m

or
 c

el
l m

ig
ra

tio
n

(r
at

io
 s

am
pl

e/
W

T 
no

rm
ox

ia
)

tu
m

or
 c

el
l m

ig
ra

tio
n

(r
at

io
 s

am
pl

e/
W

T 
no

rm
ox

ia
)

NS

*

**

***

*
NS

***

***

NS
NS

*

***

Figure 5. Hypoxia-Induced Tumor Cell

Migration Is Inhibited in the Absence of

Active iNOS

(A) Endothelial monolayers of different genotypes

were incubated with 15 mM of 1400W for 3 hr, and

then washed to remove inhibitor. They were then

incubated with LLC cells (in the absence of inhib-

itor) for 9 hr at either 21% or 1% O2, to assay for

effects of inhibition of iNOS in endothelial cells on

tumor cell migration.

(B) Migration assay using WT and iNOS null EC

monolayers.

(C) Metastases in WT mice lungs 14 days posttail

vein injection of 1 3 106 LLCGFP cells. Experi-

mental mice received a total of two intraperitoneal

injections of either control saline or 1400W, one at

8 hr, and one at 4 hr (the first of 15 mg/kg followed

by 10 mg/kg) immediately prior to tumor cell

injections. In this figure, data presented is

average ± SEM. An asterisk is placed above

differences with a significance exceeding p < 0.05;

**p < 0.01; ***p < 0.001.
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a hypoxic response in the blood vessel itself. The hypoxic

response in the endothelium is controlled to a significant extent

by two transcription factors, HIF-1a and HIF-2a (Liu et al., 2011;

Skuli and Simon, 2009; Tang et al., 2004; Ten and Pinsky, 2002).

These in turn control a number of EC effectors: receptors and

signal transduction molecules that shape endothelial and

vascular behavior. One of the most potent and wide-ranging of

these is NO. In the work described here, it is clear that NO levels

are modified in EC by hypoxia in a manner that is controlled
Cancer Cell 21, 52–6
differentially by the HIF isoforms. Surpris-

ingly, we also show that this control in

turn correlates with either suppression

or enhancement of metastasis.

A number of studies have shown that

HIF-1a is a powerful regulator of the

NOS2, or iNOS gene (Melillo et al., 1997;

Ortiz-Masiá et al., 2010; Tafani et al.,

2010; Zhou et al., 2009). Hypoxia acts in

many cell types to induce iNOS, and

thus to increase NO levels via the action

of the synthase. It was recently shown

that macrophages regulate NO homeo-

stasis in part through Th1 cytokine

stimulation and induction of HIF-1a

transcriptionally; this in turn activates

iNOS expression and ultimately increases

NO production (Doedens et al., 2010).

It has also been recently shown that

HIF-2a induces ARG1 expression

following Th2 cytokine stimulation in

macrophages (Takeda et al., 2010). The

combined actions of the twoHIF-a factors

can thus regulate NO homeostasis

(Takeda et al., 2010). The present study

demonstrates that this differential and

antagonistic action of the two HIF-a

factors is not limited to cytokine-induced
responses in macrophages: loss of HIF-1a limits iNOS expres-

sion in EC, and thus restricts NO production, and loss of

HIF-2a results in lower levels of ARG1, and increased NO

production.

NO levels have well-documented effects on EC function.

Substantial literature exists describing the roles of NO in EC,

both from extrinsic sources and intrinsic ones (Fukumura et al.,

2006; Mark et al., 2004; Ziche and Morbidelli, 2009). However,

endothelial-derived NO was previously thought to be primarily
5, January 17, 2012 ª2012 Elsevier Inc. 59
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Figure 6. Endothelium-Specific Deletions of

HIF-1a and HIF-2a Have Opposing Effects

on Tumor Metastases

LLCGFP cells (1 3 106) were injected via tail vein

into HIF-1adf/Tie2Cre or HIF-2adf/Tie2Cre mice.

All Cre-expressing and WT mice were lethally

irradiated, and then received WT bone marrow, in

order to ensure endothelial-exclusive deletion of

gene of interest. Lungs were collected 14 days

postinjection, fixed, and sectioned for hematoxylin

and eosin staining.

(A) Representative images of mouse lungs 14 days

post-LLCGFP tail vein injection. Scale bars repre-

sent 5 mm.

(B) Number of metastases foci found in lungs of

HIF-1a null, HIF-2a null, and their respective WT

(i.e., df = double floxed/cre negative) controls.

(C) Average of relative tumor area in lung sections

obtained by quantifying tumor area versus whole

lung area in every third section of whole lungs. In

this figure, data presented is average ± SEM. An

asterisk is placed above differences with a signifi-

cance exceeding p < 0.05; **p < 0.01; ***p < 0.001.
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due to NO production through the eNOS enzyme (Fukumura

et al., 2001); it is clear from the results described here that

iNOS is a key source of NO in a hypoxic EC.

We also show here that iNOS itself is a key regulator of

VEGF-A expression in endothelium, and that in its absence,

fundamental aspects of VEGF-A function are disturbed,

including VEGFR2 activation and tube formation. Although

a number of workers have shown that iNOS is important for

metastasis and can be linked to VEGF-A expression (Davie

et al., 2007; Hosogi et al., 2005; Van der Wall and Palmer,

2006), the demonstration that it has an endothelial-specific role

in those processes represents an intriguing avenue for tissue-

specific VEGF-A inhibition.

One recent study showed that NO could act as an inhibitor

of the prolyl hydroxylases, which in turn would act to increase

HIF isoform stability and expression, and that this can act

by interceding in the feedback loop where HIF isoforms

themselves induce the expression of prolyl hydroxylases

(Berchner-Pfannschmidt et al., 2007). Loss of iNOS would

thus lead to increased degradation of HIF isoforms via

increased activity of the prolyl hydroxylases; current work is

underway to determine the role of this feedback loop in EC

hypoxic response.

It is shown here that in EC, there are specific and opposing

roles for the two HIF isoforms in regulating NO. Previously

published studies of HIF-2a loss in EC either did not examine

metastasis (Yamashita et al., 2008), or only scored animals

qualitatively as metastatic or not after xenografts, i.e., did not

count metastases or overall metastatic tumor burden (Skuli
60 Cancer Cell 21, 52–65, January 17, 2012 ª2012 Elsevier Inc.
et al., 2009). It is clear that quantitative

metastatic success is differentially influ-

enced by the two HIF isoforms in ECs.

Interestingly, deletion of prolyl hydrox-

ylase activity has profound effects on

overall vessel maturation and pericyte

coverage, in turn affecting vessel perme-
ability and function (Coulon et al., 2010; Mazzone et al., 2009;

Schneider et al., 2010). As decreased or altered hydroxylation

will affect availability and activity of both HIF isoforms, under-

standing the relationships between individual hydroxylases and

individual HIF isoforms will be an essential parameter to

completely understand, in order to ultimately predict the

effect of pharmacological hydroxylase inhibitors on tumor pro-

gression and metastasis.

It should also be noted that we have demonstrated an impor-

tant difference in the roles of HIF isoforms in regulating tumor

progression, as shown in the model in Figure 7. The model

indicates the differential effects of the HIF isoforms in endo-

thelial cells: here, in a thrombotic focus of tumor cells clogging

a tissue capillary. This vascular blockage would immediately

cause localized drops in oxygen tension in both the tumor cells

and surrounding stroma, including the local endothelial cells.

Depending on how the thrombus resolves, the HIF isoforms in

the endothelium could act to regulate NO homeostasis locally,

and in turn affect metastatic success.

The homeostatic regulation of NO clearly depends on differen-

tial expression of HIF-1 and HIF-2; this expression may be regu-

lated by temporal differences in the isoforms’ response to

hypoxia (Holmquist-Mengelbier et al., 2006), and/or by differing

cytokine/growth factor responsiveness (Takeda et al., 2010) as

well as other factors in the tumorigenic milieu. This model rein-

forces the still developing concept that these two HIF isoforms

can act antagonistically, and not redundantly, to regulate bio-

logical processes in malignancy (Bertout et al., 2009; Gordan

et al., 2007; Roberts et al., 2009).
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Figure 7. Differential Functions of HIF-1 and HIF-2 during Metastasis Depend on Differential NO Synthesis

As shown, HIF-1 and HIF-2 response in endothelial cells gives rise to differing levels of NO production following hypoxic induction of the factors: in this case,

through hypoxic stress caused by tumor cell-induced blockage of a capillary. This, in turn, results in differing levels of metastatic success when one or the other

HIF is genetically deleted from the endothelial cell. A remaining and important question is how hypoxic stress can cause differing levels of induction of the twoHIF

factors.
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A number of studies have argued that in cancer, particularly

in the context of VHL deletion, HIF-2a can act as the driver for

malignant cell progression and tumor angiogenesis (Haase,

2006; Kondo et al., 2002; Smith et al., 2005). The data presented

here indicate that the tumor stroma and malignant cells likely

employ HIF isoforms differently, and as pharmacological

manipulation of HIF factors is evaluated, their impact on HIF

isoforms at a tissue-specific level should thus be considered

and evaluated.

EXPERIMENTAL PROCEDURES

Animal Experiments

All animal studies were carried out according to the animal protocol approved

by the UCSD Institutional Animal Care and Use Committee. Mice were main-

tained on a standard chow in a pathogen-free animal facility with 12 hr light

and dark cycles.

Deletion ofHIF-1a orHIF-2a in EC andmyeloid cells was obtained by crossing

HIF-1adf or HIF-2adf females (generated as previously described [Ryan et al.,

1998 and Gruber et al., 2007, respectively]) to HIF-1adf/Tie2Cre+ or HIF-2adf/

Tie2Cre+ males. Cre+ and Cre� females between 3 and 4 weeks of age were

lethally irradiated (1,000 Rad) and received wild-type bone marrow (1 3 106

bone marrow [BM] cells per mouse) to restore genotype of hematopoietic cells

and generate endothelial cell null mice and comparable df/wild-type controls.

Tie2-specific deletion of HIF-1a in polyoma middle T (PyMT) tumor model

was obtained by crossing HIF-1adf females with HIF-1adf/Tie2-Cre+/PyMT+
males. Only virgin females were used in this study. After weaning at 3 weeks

of age, mice were palpated once per week. Tumor onset age was when

a 2 3 2 mm palpable solid mass appeared. Tumors were measured in two

dimensions using digital calipers. Mice were sacrificed when any tumor had

reached 1 3 1 cm (endpoint).

C57Bl/6 WT and iNOS-deficient mice in the C57Bl/6 background were

purchased from the Jackson Laboratory (Bar Harbor, ME) and used to purify

endothelial cells lacking iNOS.

Histology and Immunohistochemistry

Lung and tumor tissues were fixed in 10%phosphate-buffered formalin (Fisher

Scientific) for 16 hr and embedded in paraffin. Lung metastases were counted

in hematoxylin and eosin (H&E) stained sections as previously described

(Liao et al., 2007). Blood vessels in tumors were detected using rat anti-mouse

CD34 antibody (1:100 dilution, NB600-1071, Novus). Secondary antibody for

CD34 staining is biotinylated goat anti-rat IgG (1:200 dilution, sc-2041, Santa

Cruz Biotechnology). Staining was revealed using Vectastain ABC kit (Vector

Laboratories). Microvessel density was quantified using a Chalkley graticule

eyepiece.

Generation of LLCGFP Cells

Lewis lung carcinoma cells were infected with a lentivirus expressing GFP

(made available by Dr. Cornelis Murre, University of California, San Diego) ac-

cording to the standard protocol for retrovirus infection. Single clones from

FACS-sorted GFP-positive cells were selected, and the clone used in this

showing the highest GFP expression was used. LLCGFP cells were cultured

in DMEM (11965-092, Invitrogen) supplemented with 10% fetal bovine
Cancer Cell 21, 52–65, January 17, 2012 ª2012 Elsevier Inc. 61
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serum (26140-079, Invitrogen), 100 U ml�1 penicillin, and 100mg ml�1

streptomycin.

Tumor Cell Extravasation

A total of 13 106 LLCGFP cells in 200 ml sterile PBS were injected intravenously

into bone marrow-reconstituted WT and HIF-1a and HIF-2a EC null mice.

Lungs were excised 14 days postinjection and fixed in 10% formalin for

histological analysis. The number of tumors were counted in H&E stained

10 mm serial lung sections of the whole lungs and compared between WT

and EC null mice. The area of each lung tumor of every third section was

measured and compared to the whole lung area in the section for an assess-

ment of tumor burden, using ImageJ software.

Tumor Cell Intravasation

Right mammary gland pad 4 was surgically cleared in 3–4-week-old HIF-1adf

and HIF-1adf/Tie2-Cre+ female mice. Removal of ductal tree was confirmed

by carmine whole-mount staining. Two months after surgery, bone marrow

reconstitution was performed on these mice to obtain WT and EC null mice

with cleared fat pads. Six weeks post-BM transplantation, 2.5 3 106 LLCGFP

cells in 50 ml sterile PBS were implanted into the cleared mammary gland.

Mice were sacrificed 21 days later, and tumors were weighed, lungs removed

and fixed for histological analysis of metastasis, and blood was collected

by cardiac puncture. Relative abundance of genomic GFP in blood was

determined by quantitative PCR to assess the presence of circulating tumor

cells.

Quantitative Real-Time PCR

Genomic DNA was isolated using DNeasy Blood and Tissue Kit (QIAGEN).

GFPDNAwas quantified using an ABI Prism 7700 Sequence Detector (Applied

Biosystems) and normalized to VEGF DNA levels. Conditions for the PCR: one

10-min incubation at 95�C, followed by 40 cycles of 15 s at 95�C and 1 min at

60�C. Primers used in this study include:

GFP forward, 50-GGAGCGCACCATCTTCTTCA-30;
GFP reverse, 50-AGGGTGTCGCCCTCGAA-30;
VEGF forward, 50-CTATGGAGGCCAGAAGAGGGTAT-30;
VEGF reverse, 50-CCCACATCAGGTGGCTCATAA-30; and
VEGF probe, 50-(6FAM)AGATCCCTTGAAGCTAG(MGBNFQ)-30.

For quantitative analysis of steady-state mRNA levels, total RNA was

extracted from normoxia- and hypoxia-treated cells, using UltraClean Tissue

and Cells RNA Isolation Kit (MoBio). cDNA was synthesized from 1 mg of

total RNA, using Superscript III (Invitrogen) according to the manufacturer’s

instructions. Relative abundance of transcripts of interest was assessed by

Q-PCR following normalization to b-ACTIN transcript levels. Primer pair and

primer/probe sets used were as follows:

mb-actin forward, 50-AGGCCCAGAGCAAGAGAGG-30;
mb-actin reverse, 50-TACATGGCTGGGGTGTTGAA-30.
mVEGF total forward, 50-ATCCGCATGATCTGCATGG-30;
mVEGF total reverse, 50-AGTCCCATGAAGTGATCAAGTTCA-30;
mVEGF probe, 50-[6�FAM]-TGCCCACGTCAGAGAGCAACATCAC-

[BHQ1a-Q]-30.
mPGK forward, 50-CAAATTTGATGAGAATGCCAAGACT-30;
mPGK reverse, 50-TTCTTGCTGCTCTCAGTACCACA-30;
mPGK probe, 50-[6�FAM]-TATACCTGCTGGCTGGATGGGCTTGGACT-

[BHQ1a-Q]-30;
mArginase forward, 50- AACACGGCAGTGGCTTTAACC-30 (Takeda et al.,

2010);

mArginase reverse, 50 GGTTTTCATGTGGCGCATTC-30 (Takeda et al.,

2010);

miNOS: TaqMan Gene Expression Assay Mm00440488_m1 (Applied

Biosystems); and

hiNOS: TaqMan Gene Expression Assay Hs01075521_m1 (Applied

Biosystems).

Data are presented as average ± SEM of fold-change (ratio) between each

sample and the WT normoxic control.
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Isolation of Primary Endothelial Cells

Primary endothelial cells were isolated and cultured from lungs of HIF-1adf,

HIF-2adf, VEGFdf, or iNOS null mice, as previously described (Dong et al.,

1997; Tang et al., 2004) with the following modifications: the lungs were

excised, minced, and digested for 90 min at 37�C in 2 mg/ml collagenase

type I (Roche) in HBSS containing 2 mM CaCl2, 2 mM MgSO4, and 20 mM

HEPES. The digest was filtered through a 70 mmnylon cell strainer andwashed

once in HBSS. Pellet was then resuspended in PBS containing 0.1% BSA and

incubated with anti-CD31-coated magnetic beads (Dynal, Invitrogen) for 1 hr

at 4�C. Cells and beads were plated in endothelial cell growth medium

(ECGM) consisting of low glucose DMEM:F12 with 1%penicillin/streptomycin,

1% nonessential aminoacids, 2 mM sodium pyruvate, buffered with 20 mM

HEPES and containing 20% FBS (Omega Scientific, Tarzana, CA), 20 mg/ml

Heparin (Sigma, St. Louis, MO), and 75 mg/ml endothelial mitogens (Biomed-

ical Technologies). Cell identity and culture purity were confirmed by immuno-

detection with anti-VE-cadherin (Santa Cruz Biotechnology, sc-6458), and

LDL uptake.

Transendothelial Cell Migration Assay

After 12–14days,cells fromdouble-floxedgenotypes, in theoriginal isolates (p0)

were infectedwith adenovirus expressingCre recombinase (forHIF-1a,HIF-2a,

orVEGFdeletion) or adenovirus expressingb-gal, for controlWTcells. Allmigra-

tion experiments shown were performed using endothelial cell monolayers

generated from P1 or P2 cells. Endothelial cells (5 3 105) were seeded into

COSTAR transwells (6.5mmdiameter, pore size 8 mm;Corning, NY) grown until

confluent. Migration of tumor cells was examined by seeding 5 3 105 LLCGFP

cells onto the endothelial monolayer and the inserts incubated for 9 hr under

21% (kept in normoxic growth incubator) or 1% oxygen (transferred to hypoxic

incubator), withmedia on both upper and lower chambers. Inserts were stained

with0.1%crystal violet in 10%ethanol andmountedontoglass slides.Migrated

cells were counted in five random fields per insert at 1003 magnification.

Average was calculated from a minimum of three inserts per treatment. Data

is expressed as average ± SEM of the ratio between migrated cells observed

through each endothelial genotype and/or treatment and the migration

observed through the WT endothelium under normoxic conditions.

Effect of iNOS inhibition in endothelial cells on tumor cell migration was

done by preincubation of endothelial monolayer with 15 mM of 1400W for

3 hr prior to the migration experiment (normoxia and hypoxia for 9 hr), which

occurred in the absence of the inhibitor.

Immunoprecipitation of VEGFR2

Subconfluent (�80%) EC cultures in 6-well plate wells were incubated at 21%

(normoxia) or 1% (hypoxia) for 9 hr, rinsed briefly with cold PBS, and immedi-

ately frozen in liquid N2. Cells were lysed in RIPA buffer (Cell Signaling, 9806S)

containing protease inhibitors (Minitab, Roche), and 100 mM PMSF. Protein

was quantified in clarified lysates and equal amounts were used for pull

down of VEGFR2 (Santa Cruz Biotechnologies, sc-504). Whole cell lysate

and primary antibody were preincubated O/N in a final volume of 750 mL, at

4�C. Protein A/G Plus Agarose beads (Santa Cruz Biotechnologies, sc-2003)

were added and incubated O/N with end-over-end tumbling at 4�C. A/G

beads were washed and bound protein resolved by SDS-polyacrylamide gel

electrophoresis, and transferred to PVDF membrane for immunoblotting with

anti-VEGFR2 (sc-504) and antiphosphotyrosine antibody (4G10 Platinum,

Millipore) to detect and quantify the activated form of VEGFR2.

Immunoblotting

Equal amounts of protein (15 mg) for normoxia- and hypoxia-treated cells were

loaded onto 3%–8% acrylamide Tris-Glycine gels (Invitrogen) and transferred

to PVDF membrane (Millipore), according to established western blotting

procedures. Primary antibodies were used at 1:1,000 dilutions unless other-

wise stated (iNOS [sc-651], eNOS [BD 610296], HIF-1a [Novus Biologicals

NB-100-049], HIF-2a [R&D AF2997]). Proteins of interest were detected

following secondary incubation with HRP-conjugated antibodies and ECL

Plus chemiluminescence detection kit (Amersham).

NO Measurements

Endothelial cells were grown to confluence and incubated for 48 hr at 21% or

0.5% O2 in growth media. Nitrate and nitrite levels were quantified in
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conditionedmedia using Sievers Nitric Oxide Analyzer (NOA 280i) according to

the manufacturer’s instructions. EC production of NO during normoxia and

hypoxia was quantified by measuring the nitrites in the growth medium, which

is likely an underestimation of the NO produced. Because the EC growth

medium is saturated with nitrates, the contribution of EC production of NO

to this pool was undetectable.

Statistical Analyses

Statistical analysis in all cases (Q-PCR, NO levels, migration assays) was

done using unpaired Student’s t test, where values observed for each sample

were routinely compared to the ones found in wild-type controls under

normoxic/untreated conditions. Data are expressed as mean ± SEM unless

otherwise stated.
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Kombrinck, K.W., Jirousková, M., and Degen, J.L. (2005). Platelets and

fibrin(ogen) increase metastatic potential by impeding natural killer cell-

mediated elimination of tumor cells. Blood 105, 178–185.

Roberts, A.M., Watson, I.R., Evans, A.J., Foster, D.A., Irwin, M.S., and Ohh, M.

(2009). Suppression of hypoxia-inducible factor 2alpha restores p53 activity

via Hdm2 and reverses chemoresistance of renal carcinoma cells. Cancer

Res. 69, 9056–9064.
64 Cancer Cell 21, 52–65, January 17, 2012 ª2012 Elsevier Inc.
Rofstad, E.K., and Danielsen, T. (1999). Hypoxia-inducedmetastasis of human

melanoma cells: involvement of vascular endothelial growth factor-mediated

angiogenesis. Br. J. Cancer 80, 1697–1707.

Rofstad, E.K., Gaustad, J.V., Egeland, T.A., Mathiesen, B., and Galappathi, K.

(2010). Tumors exposed to acute cyclic hypoxic stress show enhanced angio-

genesis, perfusion and metastatic dissemination. Int. J. Cancer 127, 1535–

1546.

Ryan, H.E., Lo, J., and Johnson, R.S. (1998). HIF-1 alpha is required for solid

tumor formation and embryonic vascularization. EMBO J. 17, 3005–3015.

Ryan, H.E., Poloni, M., McNulty, W., Elson, D., Gassmann, M., Arbeit, J.M.,

and Johnson, R.S. (2000). Hypoxia-inducible factor-1alpha is a positive factor

in solid tumor growth. Cancer Res. 60, 4010–4015.

Saito, D., Sawamura, M., Umezawa, K., Kanai, Y., Furihata, C., Matsushima,

T., and Sugimura, T. (1980). Inhibition of experimental blood-borne lung

metastasis by protease inhibitors. Cancer Res. 40, 2539–2542.

Schneider, M., Van Geyte, K., Fraisl, P., Kiss, J., Aragones, J., Mazzone, M.,

Mairbaurl, H., De Bock, K., Jeoung, N.H., Mollenhauer, M., et al. (2010).

Loss or silencing of the PHD1 prolyl hydroxylase protects livers of mice against

ischemia/reperfusion injury. Gastroenterology 138, 1143–1154.

Shweiki, D., Itin, A., Soffer, D., and Keshet, E. (1992). Vascular endothelial

growth factor induced by hypoxia may mediate hypoxia-initiated angiogen-

esis. Nature 359, 843–845.

Skuli, N., and Simon, M.C. (2009). HIF-1alpha versus HIF-2alpha in endothelial

cells and vascular functions: is there a master in angiogenesis regulation?

Cell Cycle 8, 3252–3253.

Skuli, N., Liu, L., Runge, A., Wang, T., Yuan, L., Patel, S., Iruela-Arispe, L.,

Simon, M.C., and Keith, B. (2009). Endothelial deletion of hypoxia-inducible

factor-2alpha (HIF-2alpha) alters vascular function and tumor angiogenesis.

Blood 114, 469–477.

Smith, K., Gunaratnam, L., Morley, M., Franovic, A., Mekhail, K., and Lee, S.

(2005). Silencing of epidermal growth factor receptor suppresses hypoxia-

inducible factor-2-driven VHL-/- renal cancer. Cancer Res. 65, 5221–5230.

Tafani, M., Russo, A., Di Vito, M., Sale, P., Pellegrini, L., Schito, L., Gentileschi,

S., Bracaglia, R., Marandino, F., Garaci, E., and Russo, M.A. (2010). Up-regu-

lation of pro-inflammatory genes as adaptation to hypoxia in MCF-7 cells and

in human mammary invasive carcinoma microenvironment. Cancer Sci. 101,

1014–1023.

Takeda, N., O’Dea, E.L., Doedens, A., Kim, J.W., Weidemann, A., Stockmann,

C., Asagiri, M., Simon, M.C., Hoffmann, A., and Johnson, R.S. (2010).

Differential activation and antagonistic function of HIF-alpha isoforms in

macrophages are essential for NO homeostasis. Genes Dev. 24, 491–501.

Tang, N., Wang, L., Esko, J., Giordano, F.J., Huang, Y., Gerber, H.P., Ferrara,

N., and Johnson, R.S. (2004). Loss of HIF-1alpha in endothelial cells disrupts

a hypoxia-driven VEGF autocrine loop necessary for tumorigenesis. Cancer

Cell 6, 485–495.

Ten, V.S., and Pinsky, D.J. (2002). Endothelial response to hypoxia:

physiologic adaptation and pathologic dysfunction. Curr. Opin. Crit. Care 8,

242–250.

Thomsen, L.L., Scott, J.M., Topley, P., Knowles, R.G., Keerie, A.J., and Frend,

A.J. (1997). Selective inhibition of inducible nitric oxide synthase inhibits tumor

growth in vivo: studies with 1400W, a novel inhibitor. Cancer Res. 57, 3300–

3304.

Van der Wall, H., and Palmer, A. (2006). On the AJR viewbox. Monomelic

spread of metastatic disease due to proximal deep venous thrombosis. AJR

Am. J. Roentgenol. 186, 1797–1799.
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SUMMARY
The functional role of pericytes in cancer progression remains unknown. Clinical studies suggest that low
numbers of vessel-associated pericytes correlated with a drop in overall survival of patients with invasive
breast cancer. Using genetic mouse models or pharmacological inhibitors, pericyte depletion suppressed
tumor growth but enhanced metastasis. Pericyte depletion was further associated with increased hypoxia,
epithelial-to-mesenchymal transition (EMT), and Met receptor activation. Silencing of Twist or use of a Met
inhibitor suppressed hypoxia and EMT/Met-driven metastasis. In addition, poor pericyte coverage coupled
with high Met expression in cancer cells speculates the worst prognosis for patients with invasive breast
cancer. Collectively, our study suggests that pericytes within the primary tumor microenvironment likely
serve as important gatekeepers against cancer progression and metastasis.
INTRODUCTION

Metastasis is the leading cause of death in cancer patients. The

formationof secondary tumorsormetastasis is greatly influenced

by multifaceted tumor-stroma interactions, in which stromal

components of the tumor microenvironment can influence the

behavior of the cancer cells (Coussens et al., 2000; Joyce,

2005; Thiery, 2009). While cancer cell-autonomous changes

are undoubtedly critical for cancer progression and metastasis,

the functional contribution of stromal cells is still emerging.

Pericytes are an integral component of the tissue vasculature.

As perivascular stromal cells, pericytes provide structural

support to blood vessels and regulate tissue physiology via its

influence on vascular stability (Dore-Duffy and Cleary, 2011;

Kim et al., 2006). Due to their essential function in vascular devel-

opment, pericytes are also speculated to play an important role
Significance

Pericyte coverage and its relation tometastasis are poorly unde
vasculature serves as a key negative regulator of metastasis. C
of vessel-associated pericytes exhibit a high mortality rate.
changes to determine the rate of cancer progression and met
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in tumor angiogenesis. Angiogenesis is required for the growth of

tumors, and VEGF-mediated proliferation andmigration of endo-

thelial cells is critical for the generation of new capillaries, which

is further supported by the recruitment of pericytes (Raza et al.,

2010). Some studies have explored strategies that target both

endothelial cells and pericytes (Bergers et al., 2003; Lu et al.,

2007) or pericytes alone (Lu et al., 2007; Ozerdem, 2006a) to

inhibit tumor angiogenesis and tumor growth. However, clinical

data correlates low pericyte coverage with poor patient prog-

nosis (O’Keeffe et al., 2008; Stefansson et al., 2006; Yonenaga

et al., 2005), and disruption of pericytes has also been suggested

to enhance metastasis (Xian et al., 2006).

The growth of tumors is often associated with defective tumor

vasculature that cannot keep up with the overall oxygen and

metabolic needs, ultimately resulting in tumor hypoxia (Harris,

2002; Semenza, 2003). Diminished oxygen levels lead to the
rstood. This study suggests that pericyte coverage on tumor
linical studies suggest that cancer patients with low numbers
Cancer cell autonomous changes cooperate with stromal
astasis.
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activation and stabilization of the transcription factor HIF1a

(Pouysségur et al., 2006), and hypoxia and HIF1a expression

are correlated with poor prognosis and metastasis in cancer

patients (Birner et al., 2000; Bos et al., 2003; Brizel et al., 1997;

Vleugel et al., 2005). Hypoxia induces epithelial-to-mesen-

chymal transition (EMT) of cells specifically via HIF1a activation

of the master regulator of EMT Twist (Sun et al., 2009; Yang

et al., 2008), which is suggested to play an essential role in

promoting metastasis (Yang et al., 2004).

Met, the receptor for hepatocyte growth factor (HGF), is also

a key promoter of EMT (Birchmeier et al., 2003). Furthermore,

the Met promoter contains HIF1a binding sites and is regulated

by both hypoxia and HIF1a (Hara et al., 2006; Hayashi et al.,

2005; Pennacchietti et al., 2003). HGF/Met expression is also

upregulated in many cancers (Di Renzo et al., 1991), correlating

with disease progression and metastasis (Di Renzo et al., 1995;

Kenworthy et al., 1992) (Natali et al., 1993).

Using genetically engineered mouse models (GEMMs) and

pharmacological targeting of pericytes, we examined whether

pericyte deficiency positively or negatively affects metastasis

and explored possible underlying mechanisms.

RESULTS

Low Pericyte Coverage Is Associated with Invasive
Breast Cancer and Correlates with Decreased
Patient Survival
Pericyte coverage of the tumor vasculature was evaluated in

tissue samples from breast cancer patients with invasive ductal

carcinoma via immunostaining for NG2, a vascular pericytes

marker (Bergers and Song, 2005; Jain, 2003; Ozerdem et al.,

2002; Schlingemann et al., 1990; Sennino et al., 2007), andCD31,

a marker for endothelial cells (Newman, 1994). The percentage

of CD31+ vessels associated with NG2 staining was quantified

using morphometric analysis. Among various clinical character-

istics, low pericyte coverage was significantly associated with

the presence of distant metastasis (Table S1 available online).

Moreover, the degree of pericyte coverage also significantly

correlated with disease progression and overall survival (Fig-

ure S1A). Patientswith no detectable pericyte coverage on tumor

vessels exhibited a shorter disease-free survival and lower rate of

overall survival than patients with greater pericyte coverage.

Pericyte Depletion Inhibited Tumor Growth
but Produced Defective Tumor Vasculature
and Increased Metastasis
To functionally assess the role of pericytes in tumor progression

and metastasis, we generated transgenic mice that express viral

thymidine kinase (tk) under control of the NG2 promoter (NG2-tk

mice) (Figure S1B). Ganciclovir (GCV) treatment of NG2-tk mice

resulted in the selective ablation of proliferating NG2+ cells due

to incorporation of GCV nucleoside analog during replication

leading to irreversible DNA synthesis arrest. To assess the

specificity of the NG2 promoter for expression in NG2+ cells,

we generated NG2-YFP transgenic mice that express yellow

fluorescent protein (YFP) under the control of the same NG2

promoter sequence and found that NG2-YFP expression colo-

calized with NG2 antibody staining in 4T1 mammary tumors

(Figures S1B and S1C). To determine the efficacy of the
NG2-tk transgene, in vitro culture of NG2+ cells from NG2-tk

and wild-type (WT) mice were treated with varying GCV concen-

trations (Figure S1D). Dose-dependent ablation of NG2+ cells

was observed, with 75% ablation at 500 mM GCV.

4T1-GFP cancer cells were implanted into the mammary

fat pad of NG2-tk mice and wild-type littermates. Primary

tumor growth was monitored and daily GCV injections were initi-

ated when tumors reached �500 mm3 and continued until

tumors reached �2,000 mm3 (Figure 1A). Tumor volumes

decreased upon initiation of GCV treatment in the NG2-tk mice

and remained significantly smaller until the experimental

endpoint (Figure 1B). The number of NG2+ cells, CD31+ cells,

and percent vessel-associated NG2+ cells in the primary tumors

of NG2-tk+GCV mice were significantly reduced when com-

pared to control GCV-treated wild-type littermates (WT+GCV

mice) (Figure 1C). To investigate whether pericyte depletion

was associated with vascular abnormalities, we infused tumor-

bearing mice with FITC-conjugated dextran and observed

a greater amount of extravascular FITC-dextran in pericyte-

depleted tumors (Figure 1D).

While pericyte ablation reduced primary tumor growth, 4T1

tumor-bearing NG2-tk+GCV mice exhibited increased lung

metastasis when compared to WT+GCV mice (Figure 1E).

FACS and quantitative PCR analysis of genomic DNA for the

cancer cell-associated GFP gene revealed that the number of

circulating cancer cells and metastatic cancer cells in the lungs

was greater in NG2-tk+GCV mice than in WT+GCV mice.

Reduced tumor size and increased metastasis were also

observed when pericytes were ablated in the MMTV-PyMT

spontaneous mammary tumor model using GCV-treated

MMTV-PyMT/NG2-tk double transgenic mice (Figures 1F and

1G). However, upon intravenous injection of 4T1 cancer cells

into NG2-tk+GCV and WT+GCV mice, pericyte ablation had no

significant effects on metastasis in the absence of a primary

tumor (Figure S1E).

PDGFRb has also been used as a marker to identify pericytes

(Dore-Duffy, 2008; Hellström et al., 1999; Liebner et al., 2000;

Ozerdem et al., 2001a; Xian et al., 2006). To validate the prome-

tastatic effects of pericyte depletion observed in NG2-tk+GCV

mice, we generated PDGFRb-tk mice in which viral thymidine

kinase is expressed under the PDGFRb promoter as an alterna-

tive model for pericyte depletion (Figure S2A). To assess

the specificity of the PDGFRb promoter, we also generated

PDGFRb-RFP mice in which red fluorescent protein (RFP) is ex-

pressed under the same PDGFRb promoter element (Figures

S2A and S2B) and found that PDGFRb-RFP expression colocal-

ized with PDGFRb antibody staining in 4T1 tumors. To determine

the efficacy of the PDGFRb-tk transgene, in vitro culture of

PDGFRb+ cells from PDGFRb-tk and WT mice were subjected

to increasing concentrations of GCV (Figure S2C). Dose-depen-

dent ablation of PDGFRb+ cells was observed, with 60%ablation

at 50 mM GCV.

4T1 cancer cells were implanted into the mammary fat pad of

PDGFRb-tk mice andWT littermates. Tumor volumes decreased

upon initiation of GCV treatment in PDGFRb-tk mice and

remained significantly smaller until the experimental endpoint

when compared to WT+GCV mice (Figures 2A and 2B).

However, metastasis was greatly enhanced following ablation

of PDGFRb+ cells (Figure 2C). Immunostaining with PDGFRb
Cancer Cell 21, 66–81, January 17, 2012 ª2012 Elsevier Inc. 67
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Figure 1. Reduced Tumor Growth and Increased Metastasis after Depletion of Vessel-Associated NG2+ Cells

(A) Orthotopic implantation of 4T1 cancer cells in NG2-tk mice and wild-type littermates, with daily ganciclovir (GCV) or saline (PBS) injections beginning when

tumors reached �500 mm3.

(B) Tumor volumes over the experimental time course.

(C) Representative images of tumor sections fromWT+GCV and NG2-tk+GCV mice immunolabeled for NG2 (green)/CD31 (red), and quantification of number of

NG2+ cells, CD31+ cells, and percent vessel-associated NG2+ cells in each group. DAPI = nuclei. Scale bar, 50 mm. High-magnification images are located in the

upper right corner. Scale bar, 10 mm.
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antibody in the tumors of PDGFRb-tk+GCV mice revealed 80%

reduction in vessel-associated PDGFRb+ cells (Figure 2D).

PDGFRb shares�90% colocalization with NG2 on tumor vascu-

lature (Sugimoto et al., 2006), and vessel-associated NG2+ cells

were also reduced by 80% in the tumors of PDGFRb-tk+GCV

mice (Figure 2D). The overall pericyte coverage (assessed by

vessel-associated NG2+/PDGFRb+ double-positive cells) and

the number of CD31+ cells were reduced in PDGFRb-tk+GCV

mice when compared to WT+GCV mice (Figure 2D).

As an alternative model for inhibiting PDGFRb+ cells, 4T1

tumor-bearing mice were treated with PDGFRb-specific anti-

bodies to suppress PDGFRb activity. PDGFRb antibody treat-

ment significantly decreased tumor volume and increasedmeta-

static burden (Figures 2E and 2F), in associationwith a significant

reduction in the percent vessel-associated PDGFRb+ cells

(Figure 2G).

EnhancedHypoxia, HIF1aExpression, andEMTProgram
in Pericyte-Depleted Tumors
To gain insight into the molecular mechanisms associated with

increased metastasis resulting from pericyte depletion, we per-

formed gene expression profiling of tumors from NG2-tk+GCV

and WT+GCV mice. We employed genealogy analysis to identify

significantly upregulated genes [grouped as pathways (Table S2)

and network processes (Table S3)] in NG2-tk+GCV mice when

compared to WT+GCV mice. The overlapping processes identi-

fied were (1) response to hypoxia, (2) response to stress, and (3)

cell motion/migration (Table S3). Reduced pericyte coverage

can decrease vessel stability and increase hypoxia (Huang et al.,

2010). In concordance, pericyte depletion in the NG2-tk+GCV

mice induced a gene expression profile that reflected a hypoxic

state. We assessed hypoxia levels by examining pimonidazole

adduct formation in the tumors of NG2-tk+GCV and WT+GCV

mice and found increased hypoxic levels in theNG2-tk+GCVperi-

cyte-depleted tumors (Figure 3A). In addition, expression of the

hypoxia-inducible transcription factorHIF1awas also significantly

increased in the tumors of NG2-tk+GCV mice (Figure 3B).

The exact mechanism connecting hypoxia and cancer inva-

siveness remains unknown; however, several have been

proposed (Dachs and Tozer, 2000; Gupta and Massagué,

2006; Rofstad, 2000; Yang et al., 2008). Because cell motion/

migrationwas identified as one of the primary processes upregu-

lated by NG2-tk+GCV tumors in the gene expression profiling

analysis, we hypothesized that EMT may be a mechanism con-

necting hypoxia and cancer invasiveness. Further examination

of the microarray data revealed that the expression of many

EMT-associated genes were upregulated in NG2-tk+GCV

tumors when compared to WT+GCV tumors (Table S4). To iden-
(D) Representative images of tumor sections immunolabeled for CD31 (red) and

50 mm.

(E) Representative images of H&E-stained lung sections. Scale bar: 10 mm. Arrows

are located in the upper right corner. Scale bar: 50 mm. Percent metastatic area, n

relative GFP content in lungs of NG2-tk+GCV mice compared to WT+GCV mice

(F) MMTV-PyMT/WT and MMTV-PyMT/NG2-tk female mice were treated with G

time.

(G) Representative images of H&E-stained lung sections of MMTV-PyMT/WT+G

metastatic nodules. Percent metastatic area and number of metastatic lung nod

nonsignificant.

See also Figure S1 and Table S1.
tify epithelial cells undergoing EMT, tumors from NG2-tk+GCV

andWT+GCVmicewere immunostained for the epithelial marker

Cytokeratin-8 (CK8) and the mesenchymal marker aSMA; the

number of CK8+/aSMA+ double-positive cells was significantly

increased in NG2-tk+GCV pericyte-depleted tumors (Figure 3C).

Next, we performed quantitative RT-PCR and confirmed that

expression of CK8 was significantly downregulated, while tran-

scription factors associated with EMT induction, such as

Twist and Snail, were significantly upregulated in NG2-tk+GCV

tumors (Figure 3D). Other epithelial genes such as E-cadherin

and a-catenin were also downregulated, while genes driving

mesenchymal phenotype such as Slug, Lox, and Fibronectin

were upregulated.

In agreementwith thedata from theNG2-tk+GCVmice, tumors

from MMTV-PyMT/NG2-tk+GCV mice revealed increased

hypoxia along with increased numbers of CK8+/aSMA+ double-

positive cells, reduced E-cadherin expression, and increased

Twist and Snail expression, when compared to tumors from

MMTV-PyMT/WT+GCV mice (Figures 3E–3G). Tumors from

PDGFRb-tk+GCV mice also showed increased hypoxia,

increased HIF1a expression, and acquisition of an EMT program

shift when compared to control mice (data not shown).

The transcription factor Twist has been termed the master

regulator of EMT (Yang et al., 2004). To evaluate whether inhibi-

tion of EMT via silencing of Twist abrogates the metastatic

phenotype seen in NG2-tk+GCVmice, we orthotopically injected

4T1 cancer cells with stably-silenced Twist (two different clones

of 4T1-twist shRNA) into NG2-tk+GCV and WT+GCV mice.

Tumor volume in 4T1-twist shRNA tumor-bearing NG2-tk+GCV

mice was reduced when compared to 4T1-twist shRNA tumor-

bearingWT+GCVmice (Figure 4A). Moreover, metastatic burden

was decreased in 4T1-twist shRNA tumor-bearing WT+GCV

mice when compared to 4T1 tumor-bearing WT+GCV mice,

while metastasis was further suppressed in 4T1-twist shRNA

tumor-bearing NG2-tk+GCV mice (Figures 4B–4E).

Met Protooncogene Activation in Pericyte-Depleted
Tumors
Quantitative RT-PCR for Met revealed significantly increased

Met expression in NG2-tk+GCV tumors when compared to

WT+GCV tumors (Figure 5A). Additionally, increased phosphor-

ylation of Met was also observed in tumors from NG2-tk+GCV

and MMTV-PyMT/NG2-tk+GCV mice when compared to

tumors from control mice (Figures 5B and 5C), as well as in

PDGFRb-tk+GCV mice (data not shown).

Next, we explored whether pharmacological targeting of Met

can suppress metastasis in pericyte-ablated mice. Treatment

of MMTV-PyMT/NG2-tk mice with both GCV and the Met
quantitative analysis of extravascular FITC-dextran. DAPI = nuclei. Scale bar,

point to metastatic nodules. High-magnification images of metastatic nodules

umber of metastatic lung nodules, number of 4T1-GFP+ cells in the blood, and

.

CV when tumors reached �500 mm3 and tumor volumes measurements over

CV and MMTV-PyMT/NG2-tk+GCV mice. Scale bar: 10 mm. Arrows point to

ules. Error bars display SEM; asterisks denote significance (*p % 0.05). NS,
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A B

C

D

E F G

Figure 2. Reduced Tumor Growth and Increased Metastasis after Depletion of Vessel-Associated PDGFRb+ Cells

(A) Orthotopic implantation of 4T1 cancer cells into PDGFRb-tk mice and wild-type littermates, with daily ganciclovir (GCV) injections beginning when tumors

reached �500 mm3.

(B) Tumor volumes over the experimental time course.

(C) Representative images of H&E-stained lung sections. Scale bar, 10 mm. Arrows point to metastatic areas. High-magnification images of metastatic nodules

are located in the upper right corner. Scale bar: 50 mm Percent metastatic area and number of metastatic lung nodules.

(D) Representative images of immunostaining for PDGFRb (red) and NG2 (green) tumor sections. DAPI = nuclei. Scale bar, 50 mm. Quantitative assessment of

vessel-associated PDGFRb+, NG2+, PDGFRb+/NG2+ double positive, and CD31+ cells in 4T1 tumors from PDGFRb-tk+GCV and WT+GCV mice.

(E) Tumor volumes over the experimental time course in mice treated with anti-PDGFRb antibody or control IgG.

(F) Number of metastatic lung nodules.

(G) Representative images of tumor sections immunolabeled for PDGFRb (green)/CD31 (red) in IgG-treated and anti-PDGFRb-treated mice, and quantification of

vessel-associated PDGFRb+ cells in the tumors; scale bar, 50 mm. Insets are magnified images of selected area.

Scale bar, 10 mm. Error bars display SEM; *p % 0.05. See also Figure S2.
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inhibitor PF2341066 completely suppressed the enhanced

metastasis ofMMTV-PyMT/NG2-tkmice treated with GCV alone

(Figures 5D–5F). The baseline lung metastasis observed in the

control tumors (without pericyte depletion, hypoxia, HIF-1a

expression, Met activation, and EMT) did not respond to Met

inhibition.
70 Cancer Cell 21, 66–81, January 17, 2012 ª2012 Elsevier Inc.
Enhanced Metastasis upon Pericyte Targeting
Using Pharmacological Inhibitors Is Suppressed
by Concomitant Met Inhibitor Treatment
Many studies have reported that imatinib (which targets

pericytes via PDGFRb) and sunitinib (which targets both endo-

thelial cells and pericytes via VEGFR1, VEGFR2, VEGFR3, and
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PDGFRb), drugs currently in clinical use, can inhibit tumor

progression (Bergers et al., 2003; Ebos et al., 2009; Lu et al.,

2007; Mendel et al., 2003; Pàez-Ribes et al., 2009; Pietras and

Hanahan, 2005); however, there have been limited studies exam-

ining their effects on metastasis. Treatment with sunitinib and

another receptor tyrosine kinase inhibitor sorafenib have been

demonstrated to increase metastasis in animal tumor models

(Ebos et al., 2009; Pàez-Ribes et al., 2009); however, the molec-

ular mechanism for which remains largely unknown. Therefore,

we examined whether imatinib and sunitinib enhance metastasis

due to mechanisms similar to shown above.

4T1 tumor-bearing mice were treated with either imatinib or

sunitinib. Imatinib treatment reduced pericyte coverage (as

determined by vessel-associated NG2+/PDGFRb+ double-posi-

tive cells) by more than 60% (Figure S3A). In concordance with

previous reports (Lu et al., 2007), decreased pericyte coverage

was not accompanied by net reduction of tumor vessels (Fig-

ure S3A). Quantitative RT-PCR showed negligible expression

levels of c-Kit and Abl1 (additional targets of imatinib) in 4T1

tumors, and their expression remained unchanged upon imatinib

treatment (Figure S3A). Sunitinib treatment led to reduced

numbers of both NG2+/PDGFRb+ double-positive cells and

CD31+ endothelial cells (Figure S3A).

4T1 tumor-bearing mice treated with sunitinib exhibited

reduced tumor volume and growth with increased levels of

apoptosis, while imatinib-treated tumor-bearing mice revealed

similar tumor growth kinetics when compared to mice treated

with PBS-vehicle (Figures 6A–6C). Analysis of lungs revealed

a significantly higher level of metastatic burden in both the

imatinib-treated and sunitinib-treated groups (Figure 6D).

Quantification of FITC-dextran revealed increased amount of

extravascular dextran in the tumors of imatinib-treated and suni-

tinib-treated mice (Figure 6E). Furthermore, tumors in imatinib-

treated and sunitinib-treated mice showed significant increase

in hypoxia as assessed by pimonidazole staining (Figure 6F),

as well as increased expression of HIF1a (Figure 6G). Similar to

results obtained with the transgenic mice, however, imatinib or

sunitinib treatment had no significant effects on metastasis

when 4T1 cells were injected intravenously (Figure S3B).

Next, we evaluatedwhether pharmacological targeting of peri-

cytes also induced an EMT program in the cancer cells. Tumors

from imatinib-treated and sunitinib-treated mice exhibited

increased numbers of CK8+/aSMA+ double-positive cells when

compared to tumors from PBS-treated mice (Figure 6H). In addi-

tion, quantitative RT-PCR showed significant downregulation

of E-cadherin, while Twist and Snail were upregulated (Fig-

ure 6I). To address whether inhibition of EMT can suppress the

increased metastatic phenotype seen after pharmacological

targeting of pericytes, mice were implanted with 4T1-twist

shRNA cells and treated with imatinib. Silencing of Twist was

able to suppress the imatinib-induced EMT and metastasis

without significant effects on primary tumor growth (Figure S3C).

Levels of Met and phosphorylated Met were also increased in

tumors of imatinib-treated and sunitinib-treated mice when

compared to PBS-treated mice (Figures S4A and S4B). Tumors

from PBS-treated mice showed phosphorylated Met expression

predominantly in the vascular wall, while tumors from imatinib-

treated and sunitinib-treated mice exhibited significantly higher

levels of phosphorylated Met in the cancer cells. Pharmacolog-
ical targeting of Met using PF2341066 inhibited the EMT

program shift and suppressed metastasis in imatinib-treated

and sunitinib-treated mice (Figures 7A–7F), despite retaining

the imatinib- or sunitinib-induced changes in vessel integrity

and tumor hypoxia (Figures 7G–7I). PF2341066 treatment of

imatinib-treated and sunitinib-treated mice successfully in-

hibited both Met and phosphorylated Met levels (Figure S4B).

Although PF2341066 is also an inhibitor of ALK (Zou et al.,

2007), quantitative RT-PCR (data not shown) and immunostain-

ing revealed that ALK was not expressed in 4T1 tumors with or

without PF2341066 treatment (Figure S4C). The baseline tumor

weight and lung metastasis observed in the control tumors

(without pericyte deficiency, hypoxia, HIF1a expression, Met

activation, and EMT) did not respond to Met inhibition alone

(Figure S4D).

To further investigate whether targeting pericytes leads to

increased metastasis in other tumor types, we subcutaneously

implanted B16F10mousemelanoma cells into C57Bl6mice (Fig-

ure S4E) and orthotopically implanted 786-O human renal cell

carcinoma cells under the renal capsule of nude mice (Fig-

ure S4F). The mice were then treated with PBS, sunitinib,

PF2341066 or a combination of both sunitinib and PF2341066.

Sunitinib treatment led to reduced B16F10 tumor volume and

weight but led to an increase in metastasis. Sunitinib-treated

tumors also showed increase in hypoxia, phosphorylated Met,

and induction of EMT. Treatment with PF2341066 did not affect

primary tumor volume and weight; however, concomitant treat-

ment with PF2341066 and sunitinib significantly suppressed

metastasis, despite hypoxia remaining high in these tumors.

Similarly, mice with RCC tumors treated with sunitinib showed

increased lung metastasis, increased hypoxia, increased

phosphorylated Met, and enhanced EMT program. Concomitant

treatment of RCC tumor-bearing mice with sunitinib and

PF2341066 suppressed metastasis and EMT despite high levels

of hypoxia. Sunitinib-treated mice intravenously injected with

RCC (to bypass the primary tumor), however, showed signifi-

cantly reducedmetastasiswhen compared to PBS-treatedmice.

To explore the impact of targeting only endothelial cells on

metastasis without targeting pericytes, RCC tumor-bearing

mice were treated with anti-human VEGF-A blocking antibody

(Bevacizumab) and 4T1 tumor-bearing mice with anti-mouse

VEGF-A blocking antibody. Bevacizumab treatment led to

decreased tumor volume; however, metastasis was unchanged

(Figure S4G). Tumors from bevacizumab-treated mice did not

show an increase in hypoxia or Met activation (Figure S4G).

4T1 tumor-bearing mice treated with VEGF-A antibody showed

reduced tumor growth and metastasis when compared to

control mice (Figure S4H). Similar results were obtained when

pancreatic neuroendocrine (PNET) and RCC tumor-bearing

mice were treated with endogenous inhibitors of angiogenesis

that target endothelial cells, such as tumstatin and endostatin

(data not shown; Xie et al., 2011).

Loss of Pericytes Coupled with High Met Expression
Is Associated with Decreased Survival of Breast
Cancer Patients
Our experiments with mice suggested that loss of pericytes

leads to enhanced tumor hypoxia and metastasis via increased

Met expression in cancer cells. We evaluated breast cancer
Cancer Cell 21, 66–81, January 17, 2012 ª2012 Elsevier Inc. 71
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Figure 3. Increase in Hypoxia and EMT in Pericyte-Depleted Tumors

(A) Hypoxia was detected by immunohistochemistry staining of pimonidazole adducts in 4T1 tumor sections from NG2-tk+GCV and WT+GCV mice. Nuclear

counterstain: hematoxylin stain. Quantitative analysis of the percent hypoxic area per visual field.

(B) Immunostaining for HIF1a. DAPI = nuclei. Quantification of HIF1a immunostaining and western blot analysis for HIF1a expression; GAPDH is used as an

internal control.

(C) EMT as detected by immunofluorescent staining for Cytokeratin 8 (red) and aSMA (green). DAPI = nuclei. Arrows point to CK8+/aSMA+ double-positive cells.

Quantification of EMT is plotted as fold change in the number of CK8+/aSMA+ double-positive cells per visual field.

(D) Quantitative RT-PCR for a-catenin,Cytokeratin 8 (CK8), E-cadherin, Fibronectin, Slug, Snail, Twist, and Lox comparing expression levels in tumor tissues from

NG2-tk+GCV mice relative to WT+GCV mice and plotted as log10 relative expression.
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Figure 4. Decreased Metastasis in Mice with Pericyte-Depleted Tumors after Inhibition of EMT

(A) Tumor volumes over the experimental time course in WT+GCV and NG2-tk+GCV mice implanted with 4T1 or 4T1-Twist shRNA cells.

(B–D) Representative photomicrographs of H&E-stained lung sections of WT+GCV and NG2-tk+GCV mice implanted with (B) 4T1 cells, (C) 4T1-Twist shRNA

cells-clone 5 and (D) 4T1-Twist shRNA cells-clone 7. Arrows point to metastatic nodules.

(E) Quantification of metastatic area.

Error bars display SEM; asterisks denote significance (*p % 0.05). NS, nonsignificant. Scale bar, 50 mm.
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samples for pericyte coverage, HIF1a expression and Met

expression. Invasive ductal carcinoma (IDC) patients with high

levels of HIF1a exhibited poor prognosis with diminished

disease-free survival, as has been also suggested by other

studies (Baba et al., 2010; Koukourakis et al., 2002; Vleugel

et al., 2005). While high Met expression in cancer cells was asso-

ciated with a drop in disease-free and overall survival, the

coupling of poor pericyte coverage together with high Met

expression correlated with an additional drop in disease-free

and overall survival (Figures 8A and 8B). Furthermore, pericyte
(E) Representative images of pimonidazole adducts staining (hypoxia). Nuclear co

visual field.

(F) EMT as detected by immunofluorescent staining for Cytokeratin 8 (red) and aS

Quantification of EMT plotted as the number of CK8+/aSMA+ double-positive ce

(G) Quantitative RT-PCR for E-cadherin, Snail, and Twist plotted as log10 relative

Scale bar, 50 mm. See also Tables S2–S4.
coverage coupled with Met expression correlated with breast

cancer stage, depth of invasion, and the presence of distant

metastasis (Figure 8C).

DISCUSSION

Tumors induce angiogenesis to generate new blood vessels

(Folkman, 1971, 1974, 1995; Hanahan and Weinberg, 2000),

and pericytes are important structural and functional compo-

nents of blood vessels (Dore-Duffy and Cleary, 2011). In normal
unterstain: hematoxylin staining. Quantification of the percent hypoxic area per

MA (green). DAPI = nuclei. Arrows point to CK8+/aSMA+ double-positive cells.

lls per visual field.

expression. Error bars display SEM; asterisks denote significance (*p% 0.05).
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Figure 5. Suppression of Metastasis in Pericyte-Ablated Mice after Met Inhibition
(A) Quantitative RT-PCR for Met mRNA expression in tumors from NG2-tk+GCV and WT+GCV mice.

(B) Immunostaining of 4T1 tumor for phosphorylated Met (p-Met). Nuclear counterstain: hematoxylin. Scale bar, 50 mm. Quantification of p-Met expression.

(C) Immunostaining and quantification of p-Met (mammary tumors). Nuclear counterstain: hematoxylin. Scale bar, 50 mm.

(D) Representative images of H&E-stained lung sections from MMTV-PyMT/WT and MMTV-PyMT/NG2-tk mice treated with GCV or GCV+PF2341066. Arrows

point to metastatic nodules. Scale bar, 50 mm.

(E) Percent lung metastatic area.

(F) Number of metastatic lung nodules before and after PF2341066 treatment.

Error bars display SEM; asterisks denote significance (*p % 0.05). Scale bar, 50 mm. See also Figure S4.
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tissue, pericytes play an important role in regulating the physio-

logical function of blood vessels; however, their precise role in

the context of tumor vasculature is largely unexplored. Studies

related to pericyte coverage on tumor blood vessels suggest

that coverage can vary; some tumor types exhibit greater peri-
74 Cancer Cell 21, 66–81, January 17, 2012 ª2012 Elsevier Inc.
cyte coverage whereas others exhibit limited and abnormal

coverage (Eberhard et al., 2000). Many studies have suggested

that targeting pericytes alone or in combination with endothelial

cells might be beneficial to control tumor growth (Bergers et al.,

2003; Lu et al., 2010; Ozerdem, 2006a, 2006b), while other
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Figure 6. Decreased Pericyte Coverage, Altered Vasculature, Enhanced EMT, and Increased Metastasis in Imatinib- and Sunitinib-Treated

Mice

(A) Orthotopic implantation of 4T1 cancer cells into PBS-, imatinib- and sunitinib-treated mice and tumor volumes over the experimental time course.

(B) Tumor weight at the experimental endpoint.
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studies have suggested that pericyte deficiency may facilitate

cancer metastasis (Xian et al., 2006). Our preliminary clinical

studies with tissue samples from patients with invasive ductal

carcinoma suggested that low numbers of vessel-associated

pericytes significantly correlated with poor prognosis. Therefore,

in this study, we explored the function of pericytes in cancer

progression and metastasis.

Tumors in mice generally do not exhibit a significant drop in

pericyte coverage until they reach a very large size (unpublished

data). Therefore, we used multiple transgenic and pharmacolog-

ical approaches to target pericytes and achieve their loss in

tumors of reasonable size. Our data demonstrated that pericyte

loss increasedmetastasis andwas further associatedwith emer-

gence of tumor hypoxia and increased expression of HIF1a. It is

possible that such stromal changes can cooperate with cancer

cell-autonomous changes to enhance metastasis. Met expres-

sion in cancer cells is detected in many advanced stage tumors

including invasive breast cancer (Garcia et al., 2007). We

propose that such induction of Met expression is a result of

increased tumor hypoxia, among other possible mechanisms.

In support of this notion, our results show that tumors without

significant levels of hypoxia exhibit negligible expression levels

of Met and treatment of these tumors with a Met inhibitor has

little impact on their progression.

The reason why a drug such as sunitinib that targets both

endothelial cells and pericytes leads to enhancedmetastasis rai-

ses some questions. We speculate that regardless of their ability

to target endothelial cells, drugs that can target pericytes in

primary tumors, such as sunitinib and sorafenib (Ebos et al.,

2009), may increase metastasis. More studies are required to

clarify these observations, but our studies suggest that pericytes

may serve as negative regulators of metastasis.

It is important to note that increased metastasis is associated

with poor pericyte coverage in the primary tumor. However, if

pericyte are targeted to mimic adjuvant therapy in the clinic, an

increase in metastasis is not observed. In fact, sunitinib treat-

ment of mice after intravenous introduction of RCC results in

decreased metastatic colonization, consistent with the clinical

experience of treating RCC patients with sunitinib as an adjuvant

therapy to control metastasis (Motzer et al., 2007). Collectively,

our data support the notion that sunitinib used in the adjuvant

setting possibly helps to control metastasis of certain cancers

but it might lead to increased metastasis when used in the neo-

adjuvant setting.

One of the challenges in studying the effect of pericyte ablation

on tumor growth and metastasis is that pericytes are reported to
(C) Representative images of TUNEL immunofluorescent labeling and quantific

magnification images are shown in the upper right corner. Scale bar, 50 mm.

(D) Representative photomicrographs of H&E-stained lung sections of control a

magnification images of metastatic nodules are located in the upper right corne

nodules.

(E) Representative images and quantitative analysis of extravascular FITC-dextra

(F) Representative immunofluorescent images of staining for pimonidazole addu

(G) Representative immunofluorescent images and quantification of HIF1a expre

(H) EMT was detected in 4T1 tumors of control and treated mice by immunofluore

point to CK8+/aSMA+ double-positive cells. Scale bar, 50 mm. Quantification of E

(I) Quantitative RT-PCR analysis for E-cadherin, Snail, and Twist mRNA expressio

expression.

Error bars display SEM; asterisks denote significance (*p % 0.05). NS, nonsignifi
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express different markers such as NG2, PDGFRb, aSMA, des-

min, and RGS5 (Bergers and Song, 2005), and their expression

may be tissue specific. During vascular morphogenesis, NG2

is exclusively present on pericytes (as determined by their peri-

vascular location) (Ozerdem et al., 2001b), and NG2 and

PDGFRb share greater than 90% colocalization in the tumor

microenvironment (Sugimoto et al., 2006). Additionally, NG2

and PDGFRb have been repeatedly reported as reliable markers

for pericytes (Bergers and Song, 2005; Hellström et al., 1999;

Ozerdem et al., 2002; Schlingemann et al., 1990; Sennino

et al., 2007; Xian et al., 2006). It should be noted that in our study

we achieve pericyte ablation using different transgenic mouse

models that use NG2 and PDGFRb promoters. While many

studies have demonstrated the utility of NG2 and PDGFRb to

label pericytes in the tumor, it is possible that other cells are

also identified by these markers. Therefore, despite using the

most useful reagents currently available, one cannot rule out

the possibility of nonpericyte cells contributing to the phenotype

we observe in this study. Nevertheless, our approach of using

multiple distinct strategies offers some confidence that our

observations are related to pericyte targeting.

Our studies demonstrated that depletion of pericytes led to

diminished primary tumor growth associated with decreased

microvessel density (MVD) and hypoxia. Imatinib, which did

not lead to reduced MVD, nevertheless, reduced the number of

vessel-associated pericytes and also led to increased hypoxia

possibly due to altered vascular integrity. The differential effects

on MVD in the setting of the transgenic mouse models versus

imatinib treatment raises the possibility that imatinib targeting

of PDGFRb is subtly distinct from strategies that eliminate prolif-

erating pericytes. We speculate that imatinib treatment may

induce an unknown proangiogenic response to compensate

for the loss of pericytes, which may not be present in the trans-

genic mice. In this regard, we observed more non-vessel-asso-

ciated NG2+ cells in the imatinib-treated tumors when compared

to tumors from NG2-tk+GCV and PDGFRb-tk+GCV mice (data

not shown). Such cells, while not associated with vasculature,

may still potentially offer paracrine support to the defective

vessels in imatinib-treated tumors, leading to vessel retention.

VEGF is a hypoxia and HIF1a-responsive gene and the peri-

cyte-ablated tumors revealed defective vasculature associated

with hypoxia, suggesting that any possible rebound angiogenic

effect due to increased VEGF in these hypoxic tumors does

not overcome the overall disruption of the tumor vasculature

due to pericyte deletion. Interestingly, when VEGF-A is directly

targeted using a mouse VEGF-A antibody in the 4T1 setting or
ation of the percent TUNEL+ area per visual field. Scale bar, 10 mm. High-

nd treated mice. Scale bar, 10 mm. Arrows point to metastatic areas. High-

r. Scale bar, 50 mm. Percent metastatic area and number of metastatic lung

n. Scale bar, 50 mm.

cts in tumor sections and quantification. Scale bar, 50 mm.

ssion. DAPI = nuclei. Scale bar, 50 mm.

scent staining for Cytokeratin 8 (red) and aSMA (green). DAPI = nuclei. Arrows

MT plotted as percent of CK8+/aSMA+ double-positive cells per visual field.

n from tumor tissues of control and treated mice and plotted as log10 relative

cant. See also Figure S3.
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Figure 7. Suppression of Metastasis in Imatinib-Treated and Sunitinib-Treated Mice after Met Inhibition

(A) 4T1 tumor weight after drug treatment.

(B) Representative images of H&E-stained lung sections from tumor-bearing mice treated with PBS, imatinib+PF2341066, or sunitinib+PF2341066. Arrows point

to metastatic nodules. Scale bar, 10 mm. High-magnification images of metastatic nodules are located in the upper right corner. Scale bar, 50 mm.

(C and D) Quantification of percent metastatic area in the lungs of these mice. Significance (p% 0.05) is denoted by * when comparing PBS+vehicle-treated mice

versus imatinib/sunitinib+vehicle-treated mice and by # when comparing imatinib/sunitinib+vehicle-treated mice versus imatinib/sunitinib+PF2341066-treated

mice.

(E and F) Quantitative RT-PCR for E-cadherin, Twist, and Snail in tumor tissues from imatinib-treated mice with and without PF2341066 treatment.

(G) Hypoxia was detected by immunofluorescent staining of pimonidazole adducts in tumor sections after PF2341066 treatment. Scale bar, 50 mm.

(H) Quantitative analysis of pimonidazole accumulation.

(I) Quantitative analysis of HIF1a expression.

Error bars display SEM; asterisks denote significance (*p % 0.05). NS, nonsignificant. See also Figure S4.
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bevacizumab in the context of human renal cell carcinoma,

tumor volume decreases due to the decrease in angiogenesis.

Hypoxia, Met expression, and metastasis, however, are not

increased in this setting. These results suggest that targeting

endothelial cells alonemay leave behind vessels that are normal-

ized (appropriately pruned), while targeting pericytes (alone or in
combination with endothelial cells) leads to leaky vasculature,

increased hypoxia, increased Met, increased EMT, and

enhanced metastasis (Carmeliet and Jain, 2011; Tong et al.,

2004).

EMT is considered to be the first step in the metastatic

cascade of carcinoma cells using the same response to migrate
Cancer Cell 21, 66–81, January 17, 2012 ª2012 Elsevier Inc. 77
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B Figure 8. Poor Pericyte Coverage and

High Met Expression Is Correlated with

Decreased Survival of Breast Cancer

Patients

(A and B) Disease-free (A) and overall survival (B) of

invasive ductal carcinoma (IDC) patients with

relation to CD31+ vessel-associated NG2 expres-

sion together with Met expression.

(C) Baseline demographics and clinical charac-

teristics associated with CD31+ vessel-associated

NG2 expression and Met expression.
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away from the primary tumors as normal epithelial cells employ

during the development (Acloque et al., 2009; Thiery et al.,

2009). EMT is enhanced by hypoxia and has been implicated

in tumor invasiveness (Kalluri, 2009; Kalluri and Weinberg,

2009; Thiery et al., 2009; Trimboli et al., 2008; Yang et al.,
78 Cancer Cell 21, 66–81, January 17, 2012 ª2012 Elsevier Inc.
2008). Hypoxia is a classic stress-

induced factor in the tumor microenviron-

ment, and it promotes both cellular quies-

cence and induction of survival pathways

(Xie and Huang, 2003). Hypoxia can tip

a tumor to a more invasive phenotype

via mechanisms of increased extracel-

lular proteases such as MMP2 (Muñoz-

Nájar et al., 2006), invoking induction of

Met activation (Eckerich et al., 2007; Pen-

nacchietti et al., 2003) and EMT (Chen

et al., 2010; Erler et al., 2006). Our results

suggest that pericyte depletion promotes

leaky/hyperpermeable vessels, which

may lead to increased interstitial plasma

exudates, possibly increasing the con-

centration of plasma proteins (including

albumin) in the intratumoral/interstitial

region. Such increase in the intratumoral

plasma volume may increase the intersti-

tial pressure and alter fluid dynamics,

which leads to compression of remain-

ing tumor vessels and decreases the

blood flow (Jain, 1987; Stohrer et al.,

2000). Collectively, such changes lead

to hypoxia and set in motion a series of

events that lead to increased metastasis.

Hypoxia-induced EMT can be prevented

by Met targeting and thus our work

suggests that pericyte targeting could

be combined with Met inhibitors to

achieve a synergistic benefit in controlling

primary tumor growth and metastasis.

This notion is in agreement with previ-

ously published reports where dual inhib-

itors of HGF and VEGFR (XL880 and

XL184) were used (Qian et al., 2009;

You et al., 2011). Patients with invasive

ductal carcinoma who exhibit poor peri-

cyte coverage coupled with high Met

expression revealed a significant drop in
disease-free and overall survival. Collectively, our results

suggest that an analysis of pericyte coverage on tumor vessels

coupled with Met expression can serve as a useful biomarker

to inform patient prognosis. More in-depth clinical studies are

required to further evaluate such potential clinical utility.
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EXPERIMENTAL PROCEDURES

Cell Lines

4T1 BALB/c mammary tumor epithelial cells, B16F10 C57Bl6 melanoma cells,

and 786-O human renal cell carcinoma cells were obtained from ATCC and

grown in DMEM media supplemented with 10% fetal calf serum (FCS),

100 U/ml penicillin and 100 U/ml streptomycin. 4T1-twist shRNA cells (clones

5 and 7, a gift from Dr. Robert Weinberg, MIT) were cultured in DMEM media

supplemented with 5% heat inactivated FCS, 5% heat activated FCS,

100 U/ml penicillin, and 100 U/ml streptomycin.

Animal Experiments and Immunohistochemistry

Generation of transgenic mice, tumor models, drug treatments, immunohisto-

chemistry, and additional experimental procedures are described in Supple-

mental Experimental Procedures. All animal experiments were reviewed and

approved by the Beth Israel Deaconess Medical Center Institutional of Animal

Care and Use Committee.

Quantitative PCR Analysis

Expression was determined using the Applied Biosystems 7300 Sequence

Detector System and SYBR green as the fluorescence reporter. Measure-

ments were standardized to the housekeeping gene acidic ribosomal phos-

phoprotein PO (ARP/36B4). To assess the number of 4T1-GFP+ cells in the

lung, quantitative PCR for GFP was performed using genomic DNA as

a template. Primer sequences are listed in Supplemental Experimental

Procedures.

Clinical Study

Breast cancer patients were recruited for biopsy at the A. C. Carmargo

Hospital in Sao Paulo, Brazil after approval by the institutional review board

and informed consent. The analysis was performed on 130 biopsies from

patients with invasive ductal carcinoma (IDC). The tissue microarrays (TMAs)

were constructed from 1.50 mm cores of formalin-fixed paraffin-embedded

breast tissue. Immunostaining and scoring of the TMAs for CD31, NG2,

HIF1a, and Met are described in Supplemental Experimental Procedures.

Statistical Analysis

For comparison between two groups, a two-tailed unequal variance t test was

used. Association between clinical characteristics and NG2 or Met expression

levels was verified by a two-tailed Fisher’s exact test. For survival analysis,

Kaplan-Meier curves were drawn and differences between the curves were

calculated by the log-rank test. Independent prognostic significance of HIF1a,

Met and NG2 was computed by the Cox proportional hazards. *p % 0.05

was considered statistically significant. All data analysis was performed using

R software version 2.13.0 (http://www.R-project.org).

ACCESSION NUMBERS

Themicroarray data have been deposited in the Array Express database under

the accession number E-MTAB-525.

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures, four tables, and Supplemental

Experimental Procedures and can be found with this article online at

doi:10.1016/j.ccr.2011.11.024.
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Xian, X., Håkansson, J., Ståhlberg, A., Lindblom, P., Betsholtz, C., Gerhardt,

H., and Semb, H. (2006). Pericytes limit tumor cell metastasis. J. Clin. Invest.

116, 642–651.

Xie, K., and Huang, S. (2003). Regulation of cancer metastasis by stress path-

ways. Clin. Exp. Metastasis 20, 31–43.

Xie, L., Duncan, M.B., Pahler, J., Sugimoto, H., Martino, M., Lively, J., Mundel,

T., Soubasakos, M., Rubin, K., Takeda, T., et al. (2011). Counterbalancing

angiogenic regulatory factors control the rate of cancer progression and

survival in a stage-specific manner. Proc. Natl. Acad. Sci. USA 108, 9939–

9944.

Yang, J., Mani, S.A., Donaher, J.L., Ramaswamy, S., Itzykson, R.A., Come, C.,

Savagner, P., Gitelman, I., Richardson, A., and Weinberg, R.A. (2004). Twist,

a master regulator of morphogenesis, plays an essential role in tumor

metastasis. Cell 117, 927–939.

Yang, M.H., Wu, M.Z., Chiou, S.H., Chen, P.M., Chang, S.Y., Liu, C.J., Teng,

S.C., and Wu, K.J. (2008). Direct regulation of TWIST by HIF-1alpha promotes

metastasis. Nat. Cell Biol. 10, 295–305.

Yonenaga, Y., Mori, A., Onodera, H., Yasuda, S., Oe, H., Fujimoto, A.,

Tachibana, T., and Imamura, M. (2005). Absence of smoothmuscle actin-posi-

tive pericyte coverage of tumor vessels correlates with hematogenous metas-

tasis and prognosis of colorectal cancer patients. Oncology 69, 159–166.

You, W.K., Sennino, B., Williamson, C.W., Falcón, B., Hashizume, H., Yao,

L.C., Aftab, D.T., and McDonald, D.M. (2011). VEGF and c-Met blockade

amplify angiogenesis inhibition in pancreatic islet cancer. Cancer Res. 71,

4758–4768.

Zou, H.Y., Li, Q., Lee, J.H., Arango, M.E., McDonnell, S.R., Yamazaki, S.,

Koudriakova, T.B., Alton, G., Cui, J.J., Kung, P.P., et al. (2007). An orally avail-

able small-molecule inhibitor of c-Met, PF-2341066, exhibits cytoreductive

antitumor efficacy through antiproliferative and antiangiogenic mechanisms.

Cancer Res. 67, 4408–4417.
Cancer Cell 21, 66–81, January 17, 2012 ª2012 Elsevier Inc. 81



Cancer Cell

Article
Rapid Decrease in Delivery of Chemotherapy
to Tumors after Anti-VEGF Therapy: Implications
for Scheduling of Anti-Angiogenic Drugs
Astrid A.M. Van der Veldt,1,* Mark Lubberink,1,6 Idris Bahce,2 Maudy Walraven,3 Michiel P. de Boer,4

Henri N.J.M. Greuter,1 N. Harry Hendrikse,1,5 Jonas Eriksson,1 Albert D. Windhorst,1 Pieter E. Postmus,2
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SUMMARY
Current strategies combining anti-angiogenic drugs with chemotherapy provide clinical benefit in cancer
patients. It is assumed that anti-angiogenic drugs, such as bevacizumab, transiently normalize abnormal
tumor vasculature and contribute to improved delivery of subsequent chemotherapy. To investigate this
concept, a study was performed in non-small cell lung cancer (NSCLC) patients using positron emission
tomography (PET) and radiolabeled docetaxel ([11C]docetaxel). In NSCLC, bevacizumab reduced both
perfusion and net influx rate of [11C]docetaxel within 5 hr. These effects persisted after 4 days. The clinical
relevance of these findings is notable, as there was no evidence for a substantial improvement in drug
delivery to tumors. These findings highlight the importance of drug scheduling and advocate further studies
to optimize scheduling of anti-angiogenic drugs.
INTRODUCTION

Angiogenesis is a critical component for growth and metastatic

spread of tumors (Hanahan and Weinberg, 2000; Carmeliet,

2000). Vascular endothelial growth factor (VEGF), which is over-

expressed in many human malignancies, is a key regulator of

tumor angiogenesis, inducing proliferation, differentiation, and

migration of endothelial cells (Ferrara et al., 2003). Consequently,

numerous drugs have been developed to target the signaling

pathways of VEGF and its receptors (VEGFR; Ferrara andKerbel,

2005).

Bevacizumab is a humanized monoclonal antibody that

targets circulating VEGF and subsequently prevents binding of

VEGF to its receptors (Ferrara et al., 2004). Except for metastatic
Significance

Optimal scheduling of anti-angiogenic drugs is important for
advanced-stage cancer. In this study, effects of the anti-ang
non-small cell lung cancer (NSCLC) were investigated using
Bevacizumab induced a rapid and significant reduction in deliv
provides a framework for investigating effects of anti-angiogen
lights the importance of drug scheduling and advocates furthe
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renal cell cancer (Yang et al., 2003), clinical efficacy of single-

agent bevacizumab treatment has been very limited in the

majority of advanced malignancies (Reese et al., 2001; Cobleigh

et al., 2003). Combined with chemotherapy, however, additional

value was shown in colorectal (Hurwitz et al., 2004), breast (Miller

et al., 2007), and non-small cell lung cancer (NSCLC; Sandler

et al., 2006).

In the past years, the normalization theory proposed by Jain

(2001) has gained widespread acceptance for explaining

additional antitumor effects of inhibitors of VEGF signaling,

when combined with cytotoxic drugs. It is hypothesized that

anti-angiogenic drugs normalize structurally and functionally

abnormal tumor vasculature, thereby reducing interstitial fluid

pressure, improving drug penetration, and subsequently
improving efficacy of combination therapy in patients with
iogenic drug bevacizumab on delivery of chemotherapy to
positron emission tomography and 11C-labeled docetaxel.
ery of chemotherapy to tumors in NSCLC patients. The study
ic drugs on drug delivery to tumors in vivo. In addition, it high-
r studies to optimize scheduling of anti-angiogenic drugs.
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Figure 1. Tumor Measurements in 10 NSCLC

Patients at Baseline and after Administration of

Bevacizumab

Horizontal bars represent median values.

(A) Perfusion (F).

(B) Volume of distribution of water (VT).

(C) F/VT.

(D) Net rate of influx (Ki) of [
11C]docetaxel.

*p value < 0.05; **p value < 0.01.
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enhancing efficacy of cytotoxic drugs. Exploration of the

normalization window may be crucial for optimizing drug

scheduling in order to improve clinical efficacy. To date,

however, no clinical studies have been reported on the effects

of anti-angiogenic agents on drug delivery in cancer patients.

Positron emission tomography (PET) is a noninvasive imaging

technique that can be used to monitor drug pharmacokinetics

and pharmacodynamics in vivo by radiolabeling drugs of interest

with short-lived positron emitting radionuclides (Gambhir, 2002).

Previously, the cytotoxic drug docetaxel, a taxane targeting the

microtubular network, has been radiolabeled with the radionu-

clide C-11 ([11C]docetaxel; van Tilburg et al., 2004), enabling

in vivo quantification of docetaxel kinetics in lung cancer (Van

der Veldt et al., 2011). In the latter study, feasibility of noninvasive

PET measurements using radiolabeled water ([15O]H2O) and

[11C]docetaxel was demonstrated and uptake of [11C]docetaxel

in lung tumors was found to be associated with tumor perfusion,

measured using [15O]H2O.

The purpose of the present study was to investigate the

effects of anti-angiogenic drugs on tumor perfusion and

[11C]docetaxel delivery in patients with advanced-stage NSCLC

using PET. To this end, bevacizumab was selected, as it is the

most selective inhibitor of VEGF signaling among currently

approved anti-angiogenic drugs. It was hypothesized that

bevacizumab improves drug delivery by normalizing tumor

vasculature, which should be reflected by a more homogeneous

distribution of perfusion and [11C]docetaxel delivery. A

secondary objective of this study was to investigate (systemic)

effects of bevacizumab on (1) circulating VEGF levels in plasma;

(2) cardiovascular parameters, including blood pressure,

cardiac output, and microcirculation in muscle and skin; (3)

systemic exposure of [11C]docetaxel; and (4) perfusion and

[11C]docetaxel uptake in normal tissues. For the latter, the

thyroid gland and the vertebral body were selected. The thyroid

gland is known to be highly sensitive to VEGF inhibition (Kamba

et al., 2006), whereas the vertebral body may reflect effects of

bevacizumab on [11C]docetaxel uptake in bone marrow.
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RESULTS

Bevacizumab Induces Rapid Reduction
in Tumor Perfusion
To investigate the effect of anti-VEGF therapy

on tumor perfusion (F), PET scans using

[15O]H2O, which is a freely diffusible tracer

(Hoekstra et al., 2002; Wilson et al., 1992),

were performed at baseline and 2 hr, 5 hr, and

4 days after bevacizumab administration. Five

hours after bevacizumab administration, there
was a significant reduction in tumor perfusion, which persisted

until day 4 (Figures 1A and 2A). In three out of eight patients,

tumor perfusion already decreased 2 hr after the end of bevaci-

zumab infusion. Accordingly, tumor perfusion showed median

percentage changes of 8% (range�39 to +15%; N = 9; p value =

0.889), �20% (range, �39 to �7%; N = 8; p value = 0.012),

and �38% (range, �55 to �4%; N = 10; p value = 0.005) at

2 hr, 5 hr, and 4 days after bevacizumab administration, respec-

tively. In addition, the volume of distribution of water (VT),

a measure of the (viable) fraction of tissue that is able to

exchange [15O]H2O, was decreased at 4 days after bevacizumab

administration (Figure 1B), with a median percentage change

of �7% (range, �52 to +2%; N = 10; p value = 0.022). Individu-

ally, eight out of ten patients showed a reduction in volume of

distribution of water. Although both perfusion and volume of

distribution of water showed an overall decrease, the reduction

in perfusion was more severe, as illustrated by a significant

decrease in the ratio of tumor perfusion over volume of distribu-

tion (F/VT; (Figure 1C). Collectively, these findings indicate that

the decrease in tumor perfusion is not due to a reduction in

tumor tissue, which was confirmed by an unchanged tumor

volume on subsequent computed tomography (CT) scans.

Bevacizumab Decreases the Net Influx Rate of
[11C]docetaxel in Tumors
To determine whether delivery of chemotherapy is affected by

bevacizumab, PET scans using [11C]docetaxel were performed

at baseline and 5 hr and 4 days after bevacizumab administra-

tion. Kinetics of [11C]docetaxel in tumor tissue are irreversible

and can be quantified using Patlak graphical analysis, providing

the net influx rate constant (Ki) of [11C]docetaxel in tumor

tissue (Patlak et al., 1983; Van der Veldt et al., 2011). Prior

to bevacizumab infusion, tumors showed a variable Ki of

[11C]docetaxel (median Ki, 0.0132 ml$cm�3$min�1; range,

0.0054–0.0247 ml$cm�3$min�1; N = 10). After administration of

bevacizumab, median Ki of [11C]docetaxel significantly

decreased (Figures 1D and 2B), resulting in amedian percentage
, 82–91, January 17, 2012 ª2012 Elsevier Inc. 83



Figure 2. PET-CT Images of a 51-Year-Old Woman

with Metastatic Non-Small Cell Lung Cancer

(A) Parametric perfusion images obtained at baseline

and at 5 hr and 4 days after bevacizumab administration.

In the whole tumor, the mean perfusion changed from

0.875ml$cm�3$min�1 at baseline to 0.765ml$cm�3$min�1

at 5 hr and 0.535 ml$cm�3$min�1 at 4 days.

(B) Patlak images of [11C]docetaxel uptake obtained at

baseline and at 5 hr and 4 days after bevacizumab

administration. In the whole tumor, the mean Ki of

[11C]docetaxel changed from 0.0205 ml$cm�3$min�1 at

baseline to 0.0193 ml$cm�3$min�1 at 5 hr and

0.0127 ml$cm�3$min�1 at 4 days.

F, perfusion; Ki, net influx rate constant.
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change of �22% (range, �51 to �4%; N = 9; p value = 0.008)

and �34% (range, �61 to �16%; N = 10; p value = 0.005) at

5 hr and 4 days, respectively. In line with the decrease in

the volume of distribution of water, the distribution volume of

[11C]docetaxel, which can be obtained from the Patlak plot,

also showed a decline on day 4 with a median percentage

change of �14% (range, �24 to + 20%; N = 10; p value =

0.052). Before administration of bevacizumab, [11C]docetaxel Ki

was associated with tumor perfusion (Spearman’s r = 0.626;

N = 10; p value = 0.053). As two patients had one missing scan

(either [11C]docetaxel PET or [15O]H2O PET), this correlation

could not be evaluated at 5 hr. At 4 days, the correlation between

[11C]docetaxel Ki and perfusion showed a slight decrease

(Spearman’s r 0.564; N = 10; p value = 0.090).

Tumor Heterogeneity of [11C]docetaxel Uptake
Is Not Affected by Bevacizumab
As it is assumed that normalization of tumor vasculature results

in a more homogenous distribution of perfusion and drug

delivery, spatial distributions of tumor perfusion, volume of

distribution of water, and [11C]docetaxel Ki were analyzed on

a voxel-by-voxel basis using histogram analysis. For the Ki of

[11C]docetaxel, only the median kurtosis of the histograms

showed a trend toward an increase from 2.60 at baseline to

3.11 (N = 9; p value = 0.051) and 2.97 (N = 10; p value = 0.059)

at 5 hr and 4 days, respectively, whereas standard deviation

and kurtosis of the other histograms (F and VT) did not change.

When histogram analysis was applied to separately analyze

tumor center and rim, larger tumors showed lower perfusion

and lower values of [11C]docetaxel Ki in the center than in the

rim. When all primary tumors were analyzed, median baseline

values, however, were not significantly different (N = 10; p value =

0.739 and 0.579, respectively). At 5 hr and 4 days after bevacizu-

mab administration, mean, median, minimum, and maximum

values of tumor perfusion and [11C]docetaxel Ki showed the

same degree of reduction (p value < 0.05) in the whole tumor,

as in the center and the rim separately. In addition, the volume

of distribution of water showed a significant decrease in both

center and rim at 4 days (N = 10; p value < 0.05). Standard devi-

ation and kurtosis of all histograms (F, VT, and [11C]docetaxel Ki)

did not change in the center and the rim, except for a decreased

standard deviation of perfusion in the center at 5 hr (N = 8;

p value = 0.028). Furthermore, changes in perfusion, volume of
84 Cancer Cell 21, 82–91, January 17, 2012 ª2012 Elsevier Inc.
distribution of water, and [11C]docetaxel Ki were not associated

with baseline tumor volumes. Collectively, these results indicate

that bevacizumab induces an overall decrease in perfusion,

volume of distribution of water, and [11C]docetaxel Ki in tumors

without significantly affecting tumor heterogeneity.

Decrease in [11C]docetaxel Delivery to Tumors Is
Accompanied by Rapid Reduction in Circulating VEGF
Plasma levels of circulating VEGF were measured to evaluate

whether the rapid decrease in [11C]docetaxel Ki in tumors was

supported by a rapid decrease in free VEGF. As VEGF is mainly

transported by platelets (Verheul et al., 1997), circulating VEGF

was assessed in both platelet-poor and platelet-rich plasma.

At 3 hr, administration of bevacizumab resulted in a significant

decrease in circulating VEGF in platelet-rich plasma (N = 7;

p value = 0.018; Figure 3). In the majority of patients, free

VEGF in plasma was completely neutralized within 3 hr and

seemed to recover in part after 4 days. Comparable changes

in VEGF levels were measured in platelet-poor plasma.

A Reduction in [11C]docetaxel Delivery to Tumors Is Not
Associated with Cardiovascular Parameters
Because arterial hypertension and cardiotoxicity are commonly

reported side effects associated with inhibitors of VEGF/

VEGFR-2 signaling (Chen and Cleck, 2009), it was investigated

whether the rapid decrease in tumor perfusion and [11C]doce-

taxel Ki was accompanied by early onset cardiovascular

changes. A single infusion of bevacizumab did not affect systolic

and diastolic blood pressure during the first 4 days (Figures 4A

and 4B). Median cardiac output as derived from first pass

dynamic [15O]H2O PET scans (Knaapen et al., 2008), however,

showed a trend toward a reduction at day 4 (from 6.9 l$min�1

to 6.0 l$min�1; N = 9; p value = 0.051; Figure 4C). As inhibitors

of VEGF/VEGFR-2 signaling may induce so-called rarefaction

(Mourad et al., 2008), that is, a reduction in the number of arteri-

oles or capillaries within vascular beds of various tissues (e.g.,

muscle and skin), muscle perfusion in the erector spinae, as

well as capillary density in the skin, were measured. Muscle

perfusion was obtained from the [15O]H2O images, whereas nail-

fold capillaries in the dorsal skin of the third finger were examined

using a capillary microscope (Serné et al., 2001). Perfusion in the

erector spinae muscle and capillary density in the skin did not

change during the first 4 days after administration of



Figure 3. Platelet-rich Plasma Levels of VEGF in Seven Individual
Patients at Baseline and after Administration of Bevacizumab

Vascular endothelial growth factor levels were corrected for platelet count and

are expressed in pg$ml�1 per 200,000 platelets$ml�1. Horizontal bars represent

median values.

*p value < 0.05.
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bevacizumab (Figures 4D, 4E, and 4F). Of note, [11C]docetaxel Ki

in muscle tissue (median Ki, 0.0072 ml$cm�3$min�1; range,

0.0029–0.0104 ml$cm�3$min�1) was lower than that in tumor

tissue (N = 10; p value = 0.002). The Ki of [11C]docetaxel in

muscle tissue was neither associated with perfusion nor affected

by bevacizumab.

Bevacizumab Increases Systemic Exposure
of [11C]docetaxel
To investigate whether decreased [11C]docetaxel Ki in tumor

tissue was associated with a change in systemic exposure of

[11C]docetaxel, plasma clearance of [11C]docetaxel was deter-

mined. Four days after bevacizumab administration, plasma

clearance of [11C]docetaxel was significantly decreased (N = 10;

p value = 0.037), as reflected by a shift to the right of the plasma

curves (Figure 5). Consequently, bevacizumab increased thedura-

tionof [11C]docetaxel exposurebya reduction inplasmaclearance.

However, this increased systemic exposure of [11C]docetaxel did

not result in increased [11C]docetaxelaccumulation in tumor tissue,

as the retention index of [11C]docetaxel still decreased after

bevacizumabadministration (from0.0155ml$cm�3$min�1atbase-

line to 0.0109 ml$cm�3$min�1 at day 4; N = 10; p value = 0.005).

Bevacizumab Decreases Thyroid Perfusion
Because normal vessels of the thyroid gland are known for their

extensive capillary regression after anti-VEGF therapy (Kamba

et al., 2006), thyroid perfusion was also determined using para-

metric perfusion images. In four out of ten patients, the primary

tumorwas located in the upper lobes, enabling adequate analysis

of thyroid perfusion at baseline and day 4. Four days after beva-

cizumab administration, median perfusion in the thyroid gland

showed a decrease (from 1.316 ml$cm�3$min�1 at baseline to

0.585 ml$cm�3$min�1 at day 4; p value = 0.068), whereas the

volume of distribution of water did not change (p value = 0.273).

[11C]docetaxel Uptake in Bone Marrow Is Not Affected
by Bevacizumab
As [11C]docetaxel shows high uptake in bone marrow (Van der

Veldt et al., 2010b) and anti-VEGF therapy can block rapid
induction of viable circulating endothelial progenitor cells from

bone marrow and can inhibit taxane-induced bone marrow

colonization in tumors (Shaked et al., 2008), the effects of beva-

cizumab on [11C]docetaxel uptake in bone marrow was also

evaluated. To this end, perfusion and [11C]docetaxel Ki were

determined in the vertebral body. Perfusion values were signifi-

cantly lower in the vertebral body than in tumors (N = 10; p value=

0.003), whereas Ki values of [11C]docetaxel were significantly

higher than those in tumors (N = 10; p value < 0.001; Figure 6).

In contrast to tumor tissue, there was no association between

[11C]docetaxel Ki and perfusion in the vertebral body (Spear-

man’s r = �0.285; N = 10; p value = 0.425). Perfusion and

[11C]docetaxel Ki did not change after bevacizumab administra-

tion (Figure 6).

DISCUSSION

Current strategies combining anti-angiogenic therapy with cyto-

toxic agents have shown proven efficacy in cancer patients,

including those with advanced-stage NSCLC (Sandler et al.,

2006). Pretreatment with anti-angiogenic drugs may transiently

normalize abnormal tumor vasculature (Batchelor et al., 2007)

and thereby contribute to improved delivery of subsequent

chemotherapy, enhancing efficacy (Jain, 2005). Investigating

this process of vasculature normalization in vivo is a major

challenge, which is mainly restricted to imaging studies.

Whereas conventional imaging studies, such as CT and mag-

netic resonance imaging, have concentrated on changes in

tumor perfusion, the present concept of PET imaging using a

radiolabeled drug to study drug delivery in patients after anti-

VEGF therapy has not been reported yet. The humanized mono-

clonal antibody bevacizumab induced an overall decrease in

both perfusion and Ki of [
11C]docetaxel in tumor tissue within

a few hours after bevacizumab administration, a decrease

that persisted for at least four days. These findings represent

physiological changes in tumors, as measured changes were

beyond the known test-retest variability (van der Veldt et al.,

2010a and 2011). The large range of changes in perfusion and

[11C]docetaxel uptake is most likely due to interpatient differ-

ences in tumor response to bevacizumab and partly due to

differences in interval between end of bevacizumab infusion

and PET scans. Nevertheless, the results indicate a decrease

in perfusion and [11C]docetaxel uptake in tumor tissue of all

patients. Based on these data, it can be concluded that anti-

VEGF therapy is not able to improve drug delivery to tumors

but rather has the opposite effect.

Results of the present study are at variance with those ob-

tained by Willett et al. (2004), where improved drug delivery in

rectal cancer was postulated partly based on human imaging

studies. Tumor perfusion, as determined by dynamic contrast-

enhanced CT scanning decreased, whereas the standardized

uptake value of 20-deoxy-20-[18F]fluoro-D-glucose ([18F]FDG)

remained unchanged at 12 days after bevacizumab administra-

tion. However, kinetics of [18F]FDG are fundamentally different

from those of anticancer drugs, as [18F]FDG reflects glucose

metabolism. In the present study, however, the decrease in

standard deviation of tumor perfusion in the center of the

tumor at 5 hr and the increase in kurtosis of [11C]docetaxel

histograms may reflect a more homogenous distribution as
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Figure 4. Cardiovascular Variables in Ten NSCLC

Patients at Baseline and after Administration of

Bevacizumab

Horizontal bars represent median values.

(A) Systolic blood pressure (SBP).

(B) Diastolic blood pressure (DBP).

(C) Cardiac output.

(D) Perfusion (F) in muscle tissue.

(E) Nailfold capillary density.

(F) Nailfold capillary density during venous occlusion (VO).
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a result of certain normalization of tumor vasculature. Neverthe-

less, these possible changes in tumor heterogeneity did not

result in improved drug delivery, as bevacizumab infusion

caused a rapid and overall reduction in [11C]docetaxel Ki in

tumors. In addition, drug uptake may be further impaired by

development of tumor necrosis, associated with extensive

vascular damage, which usually develops after anti-VEGF

therapy. Although it is not possible to define necrotic areas on

low-dose CT, development of necrotic areas was possibly re-

flected by a reduction in the distribution volume of water after

4 days, despite an unchanged total tumor volume on low-dose

CT.

Apart from tumor parameters, systemic effects after admin-

istration of bevacizumab were evaluated. The rapid changes

in tumor perfusion and [11C]docetaxel Ki were associated with

an immediate reduction in plasma levels of VEGF, indicating

an immediate inhibition of VEGF signaling in the whole body.

This rapid neutralization of circulating VEGF also induced a

decrease in perfusion of the thyroid gland, whereas perfusion

and [11C]docetaxel Ki in the vertebral body and muscle tissue

were not affected. In addition, Ki values of [11C]docetaxel in the

vertebral body and muscle tissue were essentially different

from that in tumor tissue and were not related to perfusion in

these normal tissues. These findings imply that tumor tissue

shows a difference in sensitivity to VEGF inhibition (Kamba

et al., 2006) and in drug delivery as compared with normal

tissues. Among the cardiovascular parameters, only cardiac

output showed a decrease at day 4, whereas blood pressure

and capillary density did not change during the first 4 days after
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bevacizumab infusion. These findings indicate

that the rapid and significant changes in

perfusion and [11C]docetaxel Ki in tumors are

not caused by immediate development of

hypertension, microvascular rarefaction, or a

rapid reduction in cardiac output. Conse-

quently, it can be concluded that the decrease

in perfusion and [11C]docetaxel Ki in tumors

can be attributed to rapid inhibition of VEGF

signaling in tumors. As the decrease in perfu-

sion and [11C]docetaxel uptake in tumors is

probably too rapid to be solely ascribed to

inhibition of tumor angiogenesis, vasoconstric-

tive effects of anti-angiogenic drugs on tumor

vessels, particularly those from the host,

should be considered as a potential underlying

mechanism. In this regard, inhibition of endo-

thelial nitric oxide synthesis by VEGF inhibitors
may be an important factor (Dhaun and Webb, 2010; Syrigos

et al., 2011; Ng et al., 2007). Although plasma clearance of

[11C]docetaxel decreased slightly after bevacizumab administra-

tion, signifying prolonged duration of [11C]docetaxel exposure,

this decrease in clearance appeared to be too limited to result

in an overall increase in [11C]docetaxel uptake, that is, retention

index, by tumors.

Bevacizumab was selected to investigate the effects of anti-

angiogenic agents, as it is the most selective inhibitor of VEGF

signaling among presently approved anti-angiogenic drugs,

and it does not have multiple targets like most tyrosine kinase

inhibitors. In addition, the long terminal half-life of 17–21 days

(Ferrara et al., 2004) enables sequential measurements after

a single administration of bevacizumab. The study was conduct-

ed in patients with advanced-stage NSCLC, as noninvasive

PET-CT measurements using [15O]H2O and [11C]docetaxel

were previously found to be feasible in this patient group (Van

der Veldt et al., 2011). As a result, [11C]docetaxel measurements

could be repeated in individual patients who acted as their own

control. Although both docetaxel and bevacizumab are active

agents for the treatment of advanced lung cancer (Sandler

et al., 2006; Kudoh et al., 2006), single-agent bevacizumab is

not considered effective for the treatment of NSCLC patients.

Consequently, ethically it was not acceptable to prolong the

study with PET measurements at later time points. In addition,

the localization of the lung tumors did not enable invasive

measurements of interstitial fluid pressure (Curti et al., 1993) or

sequential biopsies for additional histopathological analyses.

Furthermore, use of tracer amounts of docetaxel (microdoses)



Figure 5. Plasma Clearance of [11C]docetaxel at

Baseline and after Administration of Bevacizumab

(A) Example of plasma activity curves of [11C]docetaxel in

a patient at baseline and after 5 hr and 4 days following

bevacizumab administration. Plasma activity curves are

divided by injected dose (ID).

(B) Plasma clearance of [11C]docetaxel in 10 NSCLC

patients at baseline and after administration of bev-

acizumab.

Horizontal bars represent median values.

*p values < 0.05.
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may be a potential limitation of the present study, as it is conceiv-

able that the effects of bevacizumab on [11C]docetaxel delivery

in tumors may not hold true for pharmacological drug concentra-

tions. However, use of repeated therapeutic doses mixed with

the radiolabeled drug, instead of microdoses, will obscure

bevacizumab-induced effects, as cytotoxic drugs themselves

also affect both tumor perfusion (Dunnwald et al., 2008) and

interstitial fluid pressure (Griffon-Etienne et al., 1999) and may

modulate the specific targets of the drug under study (Shalli

et al., 2005). In a separate study, in which [11C]docetaxel was

given at tracer concentrations and during infusion of a thera-

peutic dose, albeit was possible to predict tumor uptake of

(therapeutic) docetaxel from the tumor kinetics of (tracer)

[11C]docetaxel (data not shown), indicating that the present

bevacizumab-induced decrease in [11C]docetaxel uptake in

tumors is likely to represent changes in tumor uptake of thera-

peutic doses of docetaxel.

The results of the present study pose a number of important

issues relevant to anti-angiogenic drugs administered in combi-

nation with other anticancer drugs. In human tumors, bevacizu-

mab induced a rapid decrease in perfusion and [11C]docetaxel

uptake. It is conceivable that other inhibitors of the VEGF

signaling pathways may produce similar effects. In addition, it

is likely that these effectsmay persist during continued treatment

with these drugs. Therefore, administration of anti-angiogenic

drugs can be considered after administration of the other anti-

cancer agents, as the immediate decrease in tumor perfusion

should decrease clearance of drugs from tumors. Hence,

preclinical studies are warranted to investigate this concept for

scheduling of anticancer drugs. To improve scheduling of

combination therapy, other potential mechanisms need to be

investigated to understand the synergistic effects with anti-

angiogenic drugs. In this regard, it is important to explore the

effects of anti-angiogenic drugs on proliferative activity of tumor

cells (Ortholan et al., 2010) and their environment, such as

mobilization of bone marrow-derived circulating endothelial

progenitor cells (Shaked et al., 2008) and acute release of

cytokines from the tumor microenvironment (Gilbert and He-

mann, 2010).

The results of the present study may explain why several

clinical trials have failed to show the additional value of anti-

angiogenic drugs in specific populations of cancer patients.

Clearly, more clinical studies are needed to assess whether

administration schedules affect response and outcome of com-

bination strategies. To this end, the optimal design to prove

clinical relevance of drug scheduling would be a randomized

controlled trial in which cancer patients are randomized to

different administration schedules.
In conclusion, the results of this human study indicate a rapid

and significant reduction in perfusion and [11C]docetaxel uptake

in NSCLC after administration of bevacizumab. The clinical rele-

vance of these findings is notable, as the present study did not

provide evidence for a substantial improvement in drug delivery

to tumors but rather showed the opposite effect. These findings

highlight the importance of drug scheduling and advocate further

studies to optimize scheduling of anti-angiogenic drugs.

EXPERIMENTAL PROCEDURES

Patient Selection

Between October 2009 and September 2010, ten patients (six men and four

women; median age 58 years; range, 47–70 years) with advanced-stage

NSCLC were prospectively enrolled. Patients participated in this study prior

to their scheduled therapy. The study was approved by the Medical Ethics

Review Committee of the VU University Medical Center, Amsterdam. All

patients signed a protocol-specific informed consent form prior to study

enrollment.

Inclusion criteria were the following: age R18 years; a malignant lesion

R1.5 cm in diameter within the chest; life expectancy of at least 12 weeks;

Eastern Cooperative OncologyGroup performance status <3;R4weeks since

any prior surgery or radiotherapy; no previous acute toxicities (>1) in accor-

dance with Common Terminology Criteria for Adverse Events v3.0 (CTCAE);

adequate organ function [hemoglobin R6.0 mmol∙l�1; absolute neutrophil

countR1.53 109/l; absolute platelet count >1003 109/l; total serum bilirubin

%1.5 upper limit of normal (ULN); aspartate aminotransferase and alanine

aminotransferase%2.5 x ULN (in case of liver metastases% 5 x ULN); alkaline

phosphatase%2.5 x ULN; serum creatinine%1.5 ULN or creatinine clearance

R60 ml∙min�1; normal serum calcium; urine dipstick for proteinuria <2+]; and

use of effective contraception.

Exclusion criteria were the following: squamous lung cancer; history of R

grade 2 hemoptysis; cavitary lesion; tumor invading major blood vessels;

newly diagnosed and untreated central nervous system metastases; any

unstable systemic disease (including but not limited to clinically significant

cardiovascular disease and uncontrolled hypertension); major surgery or

significant traumatic injury <28 days before study entry; prior treatment with

taxanes or bevacizumab; concurrent treatment with other anticancer agents

or experimental drugs; use of inhibitors or substrates of the efflux transporter

ABCB1; serious nonhealing wound or ulcer; a history of documented hemor-

rhagic diathesis or coagulopathy; therapeutic anticoagulation; regular use of

aspirin (>325 mg per day); planned radiotherapy or major surgery; pregnancy

or lactation; metal implants (e.g., pacemakers); and claustrophobia.

Study Design

Patients received a single infusion of bevacizumab (15 mg$kg�1, infused over

90 min). In the week prior to this infusion, patients underwent a dynamic PET-

CT study with both [15O]H2O and [11C]docetaxel. At 5 hr and 4 days after infu-

sion of bevacizumab, the PET-CT protocol was repeated. In addition, 2 hr after

infusion of bevacizumab, patients underwent an additional dynamic PET-CT

scan with [15O]H2O. Sequential scans were possible because of the short

half-lives of oxygen-15 and carbon-11, which are 2.0 and 20.3 min, respec-

tively. Initially, the last time point for PET measurements was set at day 7.

However, recruitment of patients seemed difficult, as patients were not willing
Cancer Cell 21, 82–91, January 17, 2012 ª2012 Elsevier Inc. 87



Figure 6. Perfusion and [11C]docetaxel Uptake in

the Vertebral Body, which Represents Bone

Marrow, in Ten Individual Patients at Baseline

and after Administration of Bevacizumab

Horizontal bars represent median values.

(A) Perfusion (F).

(B) Net rate of influx (Ki) of [
11C]docetaxel.
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to postpone their planned chemotherapy for more than a few days. Hence, the

protocol was amended and the last time point was set at day 4. Adverse events

were graded in accordance with CTCAE v3.0. After the last PET-CT study,

patients started with their scheduled therapy. In accordance with the guide-

lines of the Medical Ethics Review Committee of the VU University Medical

Center, the total radiation burden of the study was estimated at <10 mSv.

As efficacy was not an endpoint of the present study, response evaluation

and data collection for survival were not performed.

Synthesis of Radiopharmaceuticals

The radiosyntheses of [15O]H2O and [11C]docetaxel were performed in accor-

dance with good manufacturing practice (GMP) standards (Jackson et al.,

1993; van Tilburg et al., 2004 and 2008). Docetaxel, obtained from Green

PlantChem Company (Hangzhou, China), was chemically modified and used

as precursor in the synthesis of [11C]docetaxel. 11C-labeled docetaxel was ob-

tained with an isolated decay-corrected radiochemical yield of 10 ± 2% and

a radiochemical purity of >98%. [11C]docetaxel has an identical molecular

structure as the drug docetaxel. The identity of [11C]docetaxel was confirmed

by comparison of retention times on high-performance liquid chromatography

with authentic docetaxel.

Scanning Protocol

Imaging studies were performed on a state-of-the-art three-dimensional (3D)

PET-CT scanner (Gemini TF-64, Philips Medical Systems, Best, The Nether-

lands; Surti et al., 2007). This scanner has an axial field of view of 18 cm,

divided into 45 contiguous planes. All patients underwent PET-CT scans

with [15O]H2O and [11C]docetaxel at baseline and at day 4. Nine patients

underwent a [15O]H2O PET-CT scan at 2 hr and eight patients underwent

combined [15O]H2O and [11C]docetaxel PET-CT scans at 5 hr, whereas one

patient underwent a single [11C]docetaxel PET-CT scan at 5 hr. The median

times from the end of the bevacizumab infusion to the first, second, and third

scan sessions were 1.9 hr (range, 1.4–2.3 hr), 5.6 hr (range, 4.9–8.6 hr), and

4 days (range, 3–5 days). Sudden technical difficulties, clinical problems,

and logistic issues were the reasons for missing scans and different time

intervals.

Until 3 hr prior to scanning, food and drinks were allowed. On the day of

a PET study, patients were asked to consume similar meals prior to scanning.

All patients received two venous catheters, one for tracer injection and the

other for blood sampling. Patients were positioned supine on the scanner

bed, with both tumor and aortic arch located inside the axial field of view of

the scanner. Elastic body-restraining bandages were used to minimize move-

ment during scanning.

A 10 min dynamic scan was started simultaneously with an intravenous

injection of 370 MBq [15O]H2O (5 ml at a rate of 0.8 ml$s�1, followed by

a 35 ml saline flush at a rate of 2 ml$s�1). Thereafter, a 50 mAs low-dose CT

scan was performed for attenuation correction purposes. At least 20 min after

administration of [15O]H2O, a 60min dynamic scan was started simultaneously

with an intravenous injection of [11C]docetaxel (dissolved in a maximum

volume of 12 ml saline, infused at a rate of 0.8 ml$s�1, and followed by a 35 ml

saline flush at a rate of 2 ml$s�1). The median injected dose of [11C]docetaxel

was 344 MBq (range, 122–388 MBq) with a median specific activity of 3.2

GBq$mmol�1 (range; 1.0–25.8 GBq$mmol�1). During PET scanning, blood

pressure was monitored with a Dinamap (Dash 4000, GE Medical Systems

Information Technologies, Inc., Milwaukee, Wisconsin).
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Data were normalized and all appropriate corrections

for dead time, decay, randoms, scatter, and attenuation

were applied. Using the 3D row actionmaximum likelihood

reconstruction algorithm, [15O]H2O and [11C]docetaxel
scans were reconstructed into 26 (1x10, 8x5, 4x10, 2x15, 3x20, 2x30, and

6x60 s) and 36 (1x10, 8x5, 4x10, 2x15, 3x20, 2x30, 6x60, 4x150, 4x300, and

2x600 s) frames, respectively.

Blood Sampling

Sequential blood samples were collected in ACD vacutainers (8.5 ml, Becton

Dickinson, Heidelberg, Germany; Cat. No. 364606) at baseline, and at 3 hr

and 4 days after the end of the bevacizumab infusion. Prior to each sample,

3 ml–5 ml blood was discarded and the line was flushed with 2 ml saline after

each sample. After collection, the blood samples were centrifuged immedi-

ately to obtain platelet-rich plasma (15 min; 20�C; 156 x g; N = 7 patients).

Platelet-rich plasma was further centrifuged to obtain platelet-poor plasma

(15 min; 20�C; 330 x g; N = 3 patients). Thereafter, plasma was stored at

�20�C until analysis. Concentrations of VEGF (pg∙ml�1) were assessed in

duplicate using a Quantikine enzyme-linked immunosorbent assay (ELISA)

kit (R&DSystems,Minneapolis, Minnesota). Vascular endothelial growth factor

concentrations in platelet-rich plasma were corrected for platelet count and

were expressed in pg$ml�1 per 200,000 platelets$ml�1.

After intravenous injection of [11C]docetaxel, 10 ml discrete venous samples

were collected manually at 2.5, 5, 10, 15, 20, 30, 40, and 60 min post-injection.

Blood samples were analyzed for radioactivity concentrations in blood and

plasma. Whole blood (0.5 ml) was weighted in duplicate and 0.05 ml 10%

Triton X-100 solution was added. After centrifuging the remaining whole blood

(5 min; room temperature; 4000 rpm), plasma was harvested and 0.5 ml

plasma was weighted in duplicate, again adding 0.05 ml 10% Triton X-100

solution. A well-counter, cross-calibrated against the PET scanner, was

used to determine activity concentrations. Samples were not analyzed for

radiolabeledmetabolites, as these were not detected previously (Van der Veldt

et al., 2011).

Input Functions

Kinetic analyses of data were performed using dedicated programs written

within the software environment Matlab (The MathWorks Inc., Natick, Massa-

chusetts). The ascending aorta in the [15O]H2O and [11C]docetaxel images

was used to generate noninvasive image-derived input functions (IDIF), as

validated previously (van der Veldt et al., 2010a and 2011). Volumes of

interest (VOI) of 1 cm diameter were drawn over the ascending aorta in

approximately ten consecutive image planes of the frame in which the first

pass of the bolus was best visualized. Projection of these VOIs onto all image

frames yielded the arterial time-activity curve (TAC) CA(t). A similar approach

was used for the pulmonary artery in approximately five consecutive planes,

thereby providing a TAC for the pulmonary circulation CV(t) (van der Veldt

et al., 2010a). The [11C]docetaxel plasma IDIF was obtained by multiplying

CA(t) with a sigmoid function (Gunn et al., 1998), which was obtained by

fitting the plasma/whole blood ratios derived from the venous samples. As

the rapid [11C]docetaxel clearance precludes reliable input functions at later

time points, the generation of input functions of [11C]docetaxel was limited to

the first 10 min of data (Van der Veldt et al., 2011).

Analysis of Perfusion and [11C]docetaxel Kinetics in Tumors

Scans were anonymized and randomly presented to an experienced observer

(I.B.) who was blinded to patients’ history and outcome. To delineate compa-

rable tumor VOIs, this observer analyzed all scans from one patient in the same

session. Low-dose CT images were converted to ECAT 7 format. Thereafter,
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primary tumors were delineated on low-dose CT images using the CAPP

software package (CTI/Siemens, Knoxville, Tennessee). Next, VOIs were

projected onto the dynamic images of the corresponding [15O]H2O and

[11C]docetaxel scans, thereby generating tumor TACs for [15O]H2O and

[11C]docetaxel, respectively.

The standard single-tissue compartment model was used to derive tumor

perfusion from [15O]H2O kinetics (Hermansen et al., 1998; van der Veldt

et al., 2010a). Using nonlinear regression, [15O]H2O tumor TACs were fitted

to the single-tissue compartment model using IDIF as arterial input function

(van der Veldt et al., 2010a). The correction for pulmonary circulation blood

volume was included, as it improves the quality of the fits without affecting

tumor perfusion values. Using this approach, the absolute test-retest vari-

ability of tumor perfusion is 0.03 ml$cm�3$min�1 (van der Veldt et al., 2010a).

The kinetics of [11C]docetaxel in tumors was described by a two-tissue irre-

versible compartment model, linearized using the Patlak method (Patlak et al.,

1983). When applying the Patlak method to the first 10 min of dynamic PET

data with the starting time at 2 min, the Ki of [
11C]docetaxel has an absolute

test-retest variability of 0.003 ml$cm�3$min�1 (van der Veldt et al., 2011). In

addition, the retention index of [11C]docetaxel in tumor tissue was calculated

by dividing the measured radioactivity concentration at 10 min post-injection

by the integral of the plasma curve up to this time.

To analyze heterogeneity of tumor perfusion at the voxel level, parametric

perfusion images were generated (van der Veldt et al., 2010a). Hence, IDIFs

and a basis function implementation of the standard single-tissue compart-

ment model were applied (Boellaard et al., 2005; Lodge et al., 2000; Watabe

et al., 2005). Fifty logarithmically spaced, precomputed basis functions with

F/VT values, ranging from 0.1 to 2.0 min�1 were used and parametric perfusion

images were postsmoothed with a Gaussian filter of 10 mm full width at half

maximum. Then, VOIs previously defined on the low-dose CT scans were

projected onto the parametric perfusion images. Next, voxel intensity histo-

grams were generated for the whole VOI, its center and its rim. A voxel was

considered to be part of the rim if at least one of the voxels in its 3D six-con-

nected neighborhood was outside the defined VOI. In accordance with this

method, the median baseline volume of the whole tumor VOI was 13.3 cm3

(range, 1.7–278.5 cm3) with center and rim accounting for median volumes

of 2.5 cm3 (range, 0.1–183.8 cm3) and 9.1 cm3 (range, 1.5–81.3 cm3),

respectively. Similarly, voxel intensity histograms were generated for the Ki

of [11C]docetaxel, applying the Patlak method on a voxel basis. The voxel

intensity histograms were used to characterize tumor heterogeneity of

perfusion and [11C]docetaxel uptake, analyzing the following parameters:

percentage of voxels, mean value, standard deviation, median value, minimal

value, maximal value, kurtosis, and skewness of the distribution. More homog-

enous distributions are characterized by lower standard deviations and higher

kurtosis (more peaked distribution) of corresponding histograms.

Cardiac Output

Using dynamic [15O]H2O PET data, the cardiac output can be estimated by the

following equation (Knaapen et al., 2008):

Cardiac output=
ID

Z t

0

CV$dt

; (1)

where the injected radioactivity (ID) of [15O]H2O is divided by the area under

the curve of the blood activity in the pulmonary artery (CV) multiplied by the

duration of the first pass of the bolus. The TAC of the pulmonary artery was

fitted with a linear upslope and followed by an exponential downslope, which

was extrapolated to remove contamination of recirculating radioactivity.

Microcirculation in the Skin

In eight patients, microcirculation in the skin was investigated. At baseline,

3 hr and 4 days, nailfold capillaries in the dorsal skin of the third finger were

visualized using a capillary microscope (Serné et al., 2001). Capillary density

was defined as the number of erythrocyte-perfused capillaries$mm�2. First,

baseline capillary density was recorded for 2 min. Thereafter, venous

occlusion was applied to expose a maximal number of perfused capillaries.

To this end, a digital cuff was inflated to 60 mmHg for 60 s. Recordings

were presented randomly and in a blind fashion to an experienced investigator
(M.P.d.B.), who counted number of capillaries off-line from a videotape. Using

the same visual fields as used during baseline measurements, peak capillary

density during venous congestion was counted in the 60 s recordings. Day-

to-day variation of baseline capillary density and peak capillary density during

venous congestion were 2.3% ± 1.8% (Serné et al., 2002) and 9.5 ± 7.1%

(Serné et al., 2001), respectively.

Muscle Perfusion

On the low-dose CT scans, VOIs (diameter, 1 cm) were drawn over the erector

spinae muscle in five consecutive image planes. Projection of these muscle

VOIs onto the dynamic images of the corresponding [15O]H2O scan yielded

a muscle TAC for [15O]H2O. The standard single-tissue compartment model

was used to derive muscle perfusion (Hermansen et al., 1998) but without

correction for pulmonary circulation blood volume:

CTðtÞ= ð1� VAÞ$F$CAðtÞ5e
� F

VT
t
+VA CAðtÞ; (2)

where CT(t) is the total measured tissue signal in tumor as function of time, F is

perfusion, VA is arterial blood volume, and VT is the volume of distribution

or partition coefficient of water. To evaluate [11C]docetaxel kinetics in

normal tissue, muscle VOIs were also projected onto the corresponding

[11C]docetaxel image and those TACs were analyzed using the Patlak method

(Patlak et al., 1983).

[11C]docetaxel Clearance

To determine influence of bevacizumab on blood kinetics of [11C]docetaxel,

clearance of [11C]docetaxel was calculated using the following equation:

Clearance=
IDR

CPðtÞ$dt$BSA; (3)

where the injected dose (ID) of [11C]docetaxel is divided by the integral of the

plasma (CP) TAC multiplied by the body surface area.

Thyroid Perfusion

In those cases in which the thyroid gland was in the field of view, additional

parametric perfusion images were generated, using 50 precomputed basis

functions with F/VT values, ranging from 0.1 to 15 min�1 and postsmoothing

with a Gaussian filter of 10 mm in full width at half maximum. Then, the thyroid

gland could be delineated on parametric perfusion images applying a semi-

automatic threshold technique (50% of the maximum voxel value with correc-

tion for local background; van der Veldt et al., 2010a). Thereafter, these VOIs

were projected onto the dynamic [15O]H2O images. Again, the standard

single-tissue compartment model (Equation 2) was applied to calculate

perfusion.

Perfusion and [11C]docetaxel Kinetics in Bone Marrow

Perfusion and [11C]docetaxel uptake were determined in the vertebral body,

representing active bone marrow. From the level of the main carina to ten

image planes downwards, VOIs (diameter, 1.5 cm) were defined in the verte-

bral body on low-dose CT scans. These VOIs were projected onto dynamic

images of the [15O]H2O and [11C]docetaxel scans, generating corresponding

TACs.

Equation 2 was applied to calculate vertebral body perfusion, whereas the

Patlak method (Patlak et al., 1983) was applied to determine [11C]docetaxel

uptake.

Statistics

Statistical analysis was performed using SPSS software (SPSS for Windows

16.0, SPSS, Inc., Chicago, IL). Correlations were explored using the Spear-

man’s correlation coefficient. The Mann-Whitney test was used to compare

between groups. The Wilcoxon signed-rank test was used to compare

variables at 2 hr, 3 hr, 5 hr, and 4 days after bevacizumab administration

with baseline values. A two-tailed probability value of p value < 0.05 was

considered significant.
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SUMMARY
Tumorigenesis is caused by an uncontrolled cell cycle and the altered expression of many genes. Here, we
report a gene CREPT that is preferentially expressed in diverse human tumors. Overexpression of CREPT
accelerates tumor growth, whereas depletion of CREPT demonstrates a reversed effect. CREPT regulates
cyclin D1 expression by binding to its promoter, enhancing its transcription both in vivo and in vitro, and
interacting with RNA polymerase II (RNAPII). Interestingly, CREPT promotes the formation of a chromatin
loop and prevents RNAPII from reading through the 30 end termination site of the gene. Our findings reveal
a mechanism where CREPT increases cyclin D1 transcription during tumorigenesis, through enhancing
the recruitment of RNAPII to the promoter region, possibly, as well as chromatin looping.
INTRODUCTION

Tumor development is highly related to uncontrolled cell growth

(Hanahan and Weinberg, 2000), a process where both onco-

genes and tumor suppressors are involved (Gordon et al.,

2005; Vogelstein and Kinzler, 2004). Oncogenes are upregulated

or mutated with gain of function, whereas tumor suppressors are

downregulated or lost in most tumors (Yamasaki and Pagano,

2004). Oncogenes encode growth factors, receptors, signal

transducers, and nuclear proteins including transcriptional

factors (Polsky and Cordon-Cardo, 2003; Zhang et al., 2005a,
Significance

Many genes have been attributed to tumorigenesis; however,
tumors. In this study, we found a gene named CREPT that is hi
survival time of cancer patients. We revealed a mechanism w
scription of CYCLIN D1. CREPT prevents RNAPII from ‘‘readin
to the promoter of genes via the formation of a chromatin loo
of CREPT use ‘‘antiterminator’’ instead of ‘‘torpedo’’ model to
insights on the mechanisms of tumorigenesis.
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2005b, 2005c), among these, cell-cycle-related proteins such

as cyclin D and cyclin-dependent kinase (CDK)s have been

demonstrated to play a major role in tumorigenesis (Johnson

andWalker, 1999; Osborne et al., 2004; Semczuk and Jakowicki,

2004; Sherr, 1996).

Cell-cycle-related proteins precisely regulate cell prolifera-

tion. CDK4/6 and CDK2 pair with their cyclins (cyclin D, E) to

control cell progression through G1 to S phase (Johnson and

Walker, 1999; Lee and Yang, 2003; Sherr, 1996). Cyclin D/

CDK4 or cyclin D/CDK6 complex forms in early G1 phase and

functions during the whole G1 to S phase transition (Lee and
additional unknown genes are to be characterized in human
ghly expressed in human tumors and is correlated with short
here CREPT promotes cell proliferation by enhancing tran-
g through’’ and possibly promotes the recycling of RNAPII
p. We provided evidence that tumor cells with a high level
accelerate transcription of CYCLIN D1. Our study provides
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Yang, 2003), and phosphorylates the retinoblastoma protein

(RB), which activates the transcription factor E2F. The cyclin

E/CDK2 complex forms in mid to late G1 phase and is important

for S phase entry (Obaya and Sedivy, 2002). Activities of these

cyclins/CDKs can be regulated by CKIs (CDK inhibitors, such

as p15INK4b, p16INK4a, p21CIP1/WAF1, p27KIP1, and p57KIP2), which

act as tumor suppressors, at the protein level (Lee and Yang,

2003; Obaya and Sedivy, 2002). The G1/S transition and

progression in the S phase also requires the cyclin A/CDK2

complex. Furthermore, cyclin A2 and cyclin B1 form a complex

with CDK1 and function in the G2/M transition.

Several oncoproteins positively regulate cyclins and CDKs but

negatively regulate CKIs in tumor development (Felsher, 2003;

Polsky and Cordon-Cardo, 2003; Zhang et al., 2005a, 2005b,

2005c). Great efforts have been put on the identification and

characterization of these proteins (Felsher, 2003; Hunter and

Pines, 1994; Massagué, 2004). To date, different screenings

have been performed and numerous oncogenes have been

found (Dickins et al., 2005; Gordon et al., 2005); however, addi-

tional unknown genes are likely involved in tumor development

and it is important to identify and characterize novel genes that

regulate tumorigenesis (Bonetta, 2005).

In a search for genes related to tumors, we performed a data-

base homology screen using a recently isolated gene (p15rs),

which is functionally linked to p15INK4b (Liu et al., 2002) and

inhibits cell proliferation (Wu et al., 2010), and identified a

gene CREPT (cell-cycle-related and expression-elevated pro-

tein in tumor). Here, we demonstrate the role of CREPT in

tumorigenesis.

RESULTS

CREPT Is a Homolog of Rtt103 and Highly Conserved
across Species
Similarity searches of the NCBI protein database with a recently

reported protein p15RS (Liu et al., 2002) identified a gene with

no reported function. We named this gene CREPT (cell-cycle-

related and expression-elevated protein in tumor) based on our

later observation that this gene is related to the cell cycle and

highly expressed in tumors (GenBank accession numbers

DQ372938, DQ372939, DQ372940). Human (h) CREPT encodes

a protein of 326 amino acids with a high similarity to p15RS

(Figure S1A available online). CREPT contains an RPR domain

(regulation of nuclear pre-mRNA, or CID, CTD-interacting

domain) and is highly conserved across species (Figures S1B

and S1C). In yeast, the homologous gene is called Rtt103

(Scholes et al., 2001; Tong et al., 2001). A phylogenetic analysis

indicates that two genes,CREPT and p15RS, inmammals, birds,

fish, and Arabidopsis are homologs of yeast Rtt103, whereas in

nematode, fly, and frog only one homolog is predicted (Figures

S1B and S1C).

CREPT Is Highly Expressed in Human Tumor Tissues
To investigate the role of CREPT in human diseases, we

screened samples from patients with cancers using a mono-

clonal antibody we generated (Figure S1D). We found that

CREPT is more highly expressed in tumor tissues from colon

cancer patients (Figure 1A), whereas in the paired noncancer

tissues it is hardly (patients 1, 3, and 7) or weakly (patients 2,
4, 5, and 6) detected (Figure 1A, top panel). High levels of CREPT

protein are in concordance with its mRNA levels in the tumor

tissues (Figure 1A, bottom panel).

Elevated expression of CREPT is not limited just to the colon

cancer, as we demonstrated that CREPT mRNA expression is

elevated in other cancers including lung, liver, breast, prostate,

stomach, uterine endometrium, and cervix cancers (Table 1).

Patient samples (eight patients for each cancer are shown in

Figure S1E) demonstrate that CREPT expression is dramatically

enhanced in all cancer tissues compared to the paired non-

cancer tissues. In many cases, we could not detect the expres-

sion of CREPT in noncancer tissues but observed high levels in

cancer tissues. In some cases, we detected relative high levels

of CREPT expression in noncancer tissues, but the levels were

always lower than those in the paired cancer sections (e.g., colon

cancer patient 1, breast cancer patient 7, liver cancer patients

2 and 6 in Figure S1E).

Immunohistochemistry (IHC) analyses with an anti-CREPT

antibody showed strong expression of CREPT in tumor regions

compared to paired nontumor regions in the same patients

(Figure 1B). The results also demonstrated that CREPT is highly

expressed in the nucleus of tumor cells (Figure 1B, enlarged

images). The nuclear localization was confirmed by overexpres-

sion of GFP-CREPT (Figure S1F) or immunostaining with an

anti-CREPT antibody along with DAPI in HeLa and HEK293T

cells (Figure S1G). Clearly, few CREPT positive staining cells

can be observed in the nontumor regions, whereas most of the

cells were negatively stained (Figure 1B).

In total, we examined 347 cases by RT-PCR and 466 cases by

IHC analyses for patients with eight different types of cancers.

Significantly elevated levels of CREPT mRNA or protein were

found in 83.3% or 86.5%, respectively, in tumor compared to

nontumor tissues from cancer patients (Table 1). Interestingly,

a survival analysis of 117 stomach cancer patients indicated

that positive CREPT staining was significantly correlated with

shorter survival time of the patients after surgery and treatment

(Figure 1C). CREPT is also highly expressed in most tumor cell

lines examined (Figure S1H).

CREPT Promotes Cell Proliferation In Vitro
Elevated expression of CREPT in tumor cells suggests a role

in cell proliferation. Since cells maintain high proliferation

ability during embryonic development, we sought to examine

the level of CREPT in different stages of the mouse embryos

and young mice. An RT-PCR and a northern analysis indicated

that CREPT was highly expressed during early stages of

mouse embryonic development (Figure S1I). CREPT expression

was observed in different normal tissues from mice after

birth but remained at low levels in adult mouse tissues (Fig-

ure S1J). An IHC analysis showed that 10 days after birth

tissues that highly expressed CREPT had correlated high levels

of cyclin D1 and Ki67, two cell proliferation markers (Fig-

ure S1K). These results suggest that CREPT plays a critical

role in cell proliferation during embryogenesis and mouse

development.

To address whether CREPT affects cell proliferation, we

stably overexpressed or depleted CREPT in MGC803 cells.

The results showed that cells overexpressing CREPT prolifer-

ated more rapidly than the mock cells (Figure 2A), whereas cells
Cancer Cell 21, 92–104, January 17, 2012 ª2012 Elsevier Inc. 93



Figure 1. CREPT Is Highly Expressed in Tumor Tissues

(A) CREPT is highly expressed in colon cancer. RT-PCR and western blotting were performed in colon cancer samples. P refers to paired nontumor tissue and T

tumor tissue from the same patient.

(B) CREPT is highly expressed in different tumor tissues. Immunohistological staining assays were performed with an anti-CREPT antibody (DAB staining, scale

bars, 100 mm).

(C) Expression of CREPT correlates with the survival time of stomach cancer patients. A tissue array analysis was done in 117 cases of patients with the survival

information. The percentage of CREPT-positive cells (%) was determined by counting five random views of each sample at 400-fold magnification.

See also Figure S1.
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with depleted CREPT grew more slowly than the mock-si cells

(Figure 2B). Consistently, overexpression or depletion of

CREPT in HepG2 (Figure 2C) and HeLa (Figure S2A) cells led

to accelerated or inhibited cell proliferation. In addition to
94 Cancer Cell 21, 92–104, January 17, 2012 ª2012 Elsevier Inc.
HepG2 and HeLa cells, which are of tumor origin, we also

observed similar results in a tetracycline induced CREPT-over-

expression system in NIH 3T3 cells (Figure S2B), which are

of fibroblast origin and expresses low endogenous CREPT



Table 1. Enhanced Expression of CREPT in Different Tumors

Assessed by RT-PCR and Immunohistochemistry

Tumor Organs

Upregulated Expressiona (%)

RT-PCR Immunohistochemistry

Lung 57.1 (8/14) 75.9 (22/29)

Liver 86.9 (186/214) 73.8 (118/160)

Breast 75.0 (21/28) 77.1 (27/35)

Prostate 100.0 (8/8) 100.0 (8/8)

Stomach 70.0 (14/20) 88.3 (128/145)

Colon 75.0 (15/20) 80.9 (55/68)

Uterus endometrium 79.0 (15/19) 79.2 (19/24)

Uterine cervix 91.7 (22/24) 89.7 (26/29)

Total 83.3 (289/347) 86.5 (403/466)
aUpregulated expression was defined as those the expression of CREPT

in tumor side is greater than that in paired nontumor side. The numbers in

parentheses refer to number of tumors showing increased expression/

total number of tumors.
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(Figure S1I). Taken together, these results demonstrated that

CREPT functions as a positive regulator of cell proliferation in

both tumor-originated (epithelial) and nontumor-originated

(fibroblastic) cells.

CREPT Promotes Tumorigenesis In Vitro and In Vivo
Since CREPT is highly expressed in tumors and promotes cell

proliferation, we speculated that CREPT might enhance tumori-

genesis. To examine this hypothesis, we first performed a colony

formation assay in soft agar. The result showed that HepG2 cells

stably overexpressing CREPT producedmore colonies, whereas

cells depleted of CREPT yielded fewer colonies than mock cells

(Figure 2D). Similar results were observed with HeLa cells

(Figures S2C and S2D).

To investigate whether CREPT accelerates tumorigenesis

in vivo, we injected cells into nude mice and observed tumor

growth. The result showed that CREPT-overexpressing cells

generated larger tumors than control cells, whereas CREPT-

depleted cells formed smaller tumors (Figures 2E and 2F). In

addition, tumor appearance time (defined as the day when the

tumors become palpable after injection) was shortened to

6 days when CREPT was overexpressed, whereas depleting

CREPT expression delayed tumor appearance by additional

4.5 days (Figure 2G). Furthermore, we observed that tumors

originating from cells with CREPT overexpression showed higher

malignancy and much stronger proliferation ability as indicated

by HE staining (Figure S2E) and immunostaining with an anti-

PCNA antibody (stronger PCNA expression in CREPT overex-

pressed cells) (Figure S2F).

To address whether CREPT causes the transformation of

cells, we overexpressed CREPT in tetracycline inducible NIH

3T3 cells. A soft agar experiment showed that cells with over-

expressed CREPT formed colonies (Figure S2G). Conse-

quently, NIH 3T3 cells overexpressing CREPT formed tumors

in nude mice, whereas control cells had no ability to form

tumors (Figure S2H). These data suggested that CREPT

promotes tumor growth in vitro as well as cell transformation

in NIH 3T3 cells.
CREPT Alters the Cell Cycle
A FACS analysis was performed to determine whether CREPT

enhances cell growth and promotes tumorigenesis via alter-

ation of the cell cycle. The size of the cell population in the

S phase is significantly increased with overexpression of

CREPT 12 hr after release from synchronization, whereas that

in the G1 phase remains at a low level at this same time point

in MGC803 cells (Figure 3A; Figure S3A). In contrast, the

reversed effect was observed when CREPT was depleted

(Figure 3B; Figure S3B). The proportion of cells in the G2/M

phase was either slightly decreased or unchanged when

CREPT was overexpressed (Figure 3A) or depleted (Figure 3B).

Similar results were observed with HeLa (Figure S3C) and

HepG2 (Figure S3D) cells. Furthermore, when CREPT was

overexpressed in NIH 3T3 cells, we also observed more cells

in the S phase (Figure 3C). By determining the length of

each phase, we found that the overexpression of CREPT short-

ened the cell cycle in HeLa cells (Figure S3E). These results

indicate that CREPT alters the cell cycle by promoting the G1

to S phase transition.

CREPT Regulates Expression of Genes Controlling the
Cell Cycle
Given that the cell cycle was altered by the overexpression or

depletion of CREPT, we addressed whether CREPT affects

the expression of cell-cycle-related genes. Since CREPT

affected the G1 to S phase transition (Figures 3A and 3B), we

focused our attention on genes for activators (CDK4/6/cyclin

D1 and CDK2/cyclin E/A), inhibitors (p15INK4b/16INK4a and

p21CIP1/WAF1/27KIP1), as well as downstream genes such as

RB, E2F1, and PCNA during cell-cycle regulation. An RT-PCR

analysis indicated that the cyclin D1, CDK6, and CDK4 mRNA

levels increased dramatically when CREPT expression was

induced by the withdrawal of tetracycline in the NIH 3T3 cells

(Figure 3D; Figure S3F). In contrast, cyclin A, p21CIP1/WAF1, and

p27KIP1 remained constant and p15INK4b, p16INK4a, and RB

decreased. Both cyclin E and CDK2 were also increased when

CREPT was overexpressed (Figure 3D; Figure S3F). Similar

results were observed when CREPT was overexpressed in

HeLa cells (Figure S3G, left two lanes) and the reverse trend

for the cell-cycle-related gene expression was observed when

CREPT was depleted by an siRNA in HeLa cells (Figure S3G,

right two lanes). Among these genes, we found that the CYCLIN

D1 gene, in particular, responded to the CREPT alteration

quickly (Figure 3D). These data suggested that CREPT regulates

expression of cell-cycle-related genes.

CREPT Enhances Gene Transcription Specifically
To examine whether changes in mRNA levels of genes that

CREPT regulated are at the transcription level, we performed

nuclear run-on experiments. The result indicated that transcrip-

tion of CDK4/6, cyclin D1, CDK2, and cyclin E was enhanced

when CREPT was overexpressed and almost completely

abolished when CREPT was depleted (Figure 4A). In contrast,

transcription of p15INK4b, p16 INK4a, and RB was blocked by

CREPT overexpression, and this inhibition was released when

CREPT was depleted. These data suggest that CREPT regulates

the expression of CDK4/6, cyclin D1, CDK2, and cyclin E at the

transcriptional level. Moreover, the regulation is gene specific
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Figure 2. CREPT Promotes Cell Proliferation and Tumorigenesis

(A) Overexpression of CREPT enhances cell growth. Cell lines originating from the MGC803 cell line (a stomach cancer cell line) were established with stable

overexpression of CREPT (western blot panels) and measured by an MTT assay. Endo. CREPT indicates the endogenous expression of CREPT. Error bars

represent ±SD.

(B) Depletion of CREPT suppresses cell growth. MGC803 cells were stably transfected with an siRNA targeting CREPT.

(C) CREPT accelerates cell growth in HeLa cells. Cell proliferation was examined by MTT experiments in HeLa cells with stable overexpression (pcDNA/CREPT)

or depletion (pBS/U6/CREPTi) of CREPT.

(D) CREPT promotes colony formation. One thousand cells from indicated cell lines based on HepG2 cells were seeded into soft agar. Colonies were stained with

crystal violet and counted. Bars represent ±SD from three independent experiments.

(E–G) CREPT promotes tumor growth. Six nudemicewere injected subcutaneously with 53 106 cells/mouse for each of the indicated stable cell lines. Results are

shown as isolated tumors (E), tumor weights (F), and tumor appearance times (G). si refers to siRNA.

See also Figure S2.
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because cyclin A, p21CIP1/WAF1, and p27KIP1 transcriptions were

not affected (Figure 4A).

To investigate how CREPT activates the transcription of tar-

geted genes, we selected the CYCLIN D1 promoter (Herber

et al., 1994) as this gene quickly responded to the elevation of

CREPT expression (see Figure 3D). Assays of the luciferase

reporter gene linked to the native CYCLIN D1 promoter (Fig-

ure S4A) showed that overexpression of CREPT enhanced the

luciferase activity, whereas depletion of CREPT decreased the

activity (Figure 4B; Figure S4B, also Figures S4C and S4D). A

nuclear run-off experiment with the CYCLIN D1 promoter-lucif-

erase reporter indicated that addition of nuclear extracts from

CREPT-overexpressing cells increased transcription in vitro,

whereas, in the presence of nuclear extracts from CREPT-

depleted cells, no transcripts were detected (Figure 4C). In

another nuclear run-off experiment using purified GST-CREPT

protein (Figure S4E) together with nuclear extracts from

HeLa cells, we observed that addition of GST-CREPT protein
96 Cancer Cell 21, 92–104, January 17, 2012 ª2012 Elsevier Inc.
increased transcription in a dosage dependent manner in vitro

(Figure 4D). Taken together, these data suggest that CREPT

enhances the transcriptional activity of the CYCLIN D1 promoter

both in vivo and in vitro.

CREPT Interacts with RNAPII Physically
To reveal factors involved in transcription regulation by

CREPT, we performed an immunoprecipitation (IP) experiment

in HEK293T cells overexpressing Myc-CREPT. A mass spec-

trometry analysis identified RNAPII as an interacting protein

with Myc-CREPT (Figure 5A). The interaction of CREPT with

RNAPII occurred at the RPR domain as demonstrated by an IP

experiment with Flag-tagged CREPT (Figure 5B), which is

consistent with the observation that the RPR domain of yeast

Rtt103 interacts with RNAPII (Kim et al., 2004). Furthermore,

reciprocal IP analyses indicated that endogenous CREPT and

RNAPII interacted (Figures 5C and 5D) and purified GST-CREPT

protein pull-down RNAPII (Figure 5E), suggesting that CREPT



Figure 3. CREPT Alters the Cell Cycle and Cell-Cycle-Related Gene Expression

(A and B) Overexpression (A) and depletion (B) of CREPT in MGC803 cells alters the proportion of cells in the G1 and S phase. Cells were stained by propidium

iodide at the indicated time after release from synchronization with nocodazole (200 ng/ml) for 18 hr. Sizes of cell populations averaged from three independent

experiments with standard deviations. **p < 0.01.

(C) CREPT alters the cell cycle in a Tet-off system. A stable cell line was established for CREPT expression in NIH 3T3 cells under the control of tetracycline (Tet)

off system. Ectopical CREPT expression is regulated by the withdrawal of Tet. pTRE2 is an empty vector. Cells were synchronized by starvation for 24 hr.

(D) CREPT alters the expression of cell-cycle-related genes. A quantitative representation of the time response to changes of gene expression as a consequence

of ectopically expressed CREPT from a Tet-controlled expression system in NIH 3T3 cells. The complete withdrawal of Tet (Ectopic CREPT expression is

turned on) was considered to be time point 0 and used for calculating fold change. The results are presented as fold changes relative to controls where ectopic

CREPT is off.

See also Figure S3.
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interacts with RNAPII in vivo and in vitro. These results imply

that CREPT regulates the transcription of cyclin D1 via directly

interacting with RNAPII.

CREPT Promotes RNAPII Occupancy
on the CYCLIN D1 Gene
To examine whether CREPT functions with RNAPII in the regula-

tion of transcription of cyclin D1, we first addressed whether

CREPT is involved in the CYCLIN D1 promoter complex. Chro-

matin immunoprecipitation (ChIP) assays using different primers

across the CYCLIN D1 gene (Figure 6A) showed that promoter

region B of CYCLIN D1 was strongly precipitated down by an

anti-CREPT antibody and that overexpression of CREPT

enhanced the precipitation significantly, whereas depletion of

CREPT abolished precipitation (Figures 6B and 6C). Although

most of the other regions were not precipitated, region F, just

before the poly(A) cleavage site, was precipitated in the pres-

ence of overexpressed CREPT, similar to the result for promoter

region B (Figures 6B and 6C). These results suggest that CREPT

crosslinks strongly to the CYCLIN D1 promoter region, and also
to a region related to transcription termination at the 30 end of

the gene.

Next, we analyzed the influence of CREPT on RNAPII binding

density across the CYCLIN D1 gene. A ChIP experiment indi-

cated that strong binding of RNAPII to the promoter region B

occurred in the presence of overexpressed CREPT, but only

weak binding with the depletion of CREPT (Figures 6D and 6E),

suggesting that CREPT enhances RNAPII binding to theCYCLIN

D1 promoter. However, CREPT did not affect RNAPII binding to

regions C, D, and E of the CYCLIN D1 gene, implying CREPT

does not affect transcription elongation. Intriguingly, CREPT

enhanced RNAPII binding to region F, a region before the poly(A)

site, and reduced RNAPII binding to region G after the poly(A)

site. In contract, depletion of CREPT resulted in less binding of

RNAPII in regions B and F, but increased RNAPII binding to

region G (Figures 6D and 6E). These results suggest that

CREPT stops RNAPII from moving beyond the poly(A) site.

The enhanced binding of RNAPII in both the promoter (B) and

termination (F) regions suggested that CREPT might promote

recycling of RNAPII from the terminator to the promoter region.
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Figure 4. CREPT Accelerates CYCLIN D1 Tran-

scription

(A) CREPT regulates transcription of cell-cycle-related

genes. Nuclear run-on assays, showing the transcriptional

level of indicated genes in HepG2 cells where CREPT was

stably overexpressed or depleted, were performed.

(B) CREPT activates transcription of CYCLIN D1. A lucif-

erase reporter linkedwith the full-length native promoter of

the CYCLIN D1 gene was used for the luciferase assay.

Results were normalized with internal controls and pre-

sented as averages with standard deviations from three

repeats.

(C) CREPT enhances the transcriptional activity of the

CYCLIN D1 promoter. A nuclear run-off assay was per-

formedwith templates linearized from a luciferase reporter

linked with a short fragment of the native CYCLIN D1

promoter (186 bp). Nuclear extracts were from HEK293T

cells transfected with indicated plasmids for over-

expression or depletion of CREPT. Transcripts were

dotted onto membranes and detected with a labeled

probe from the luciferase reporter.

(D) CREPT activates transcription of CYCLIN D1 in vitro.

Purified GST-CREPT proteins were added to the nuclear

extract from HeLa cells and a nuclear run-off assay was

performed using the same templates as in (C).

See also Figure S4.
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To examine this hypothesis, we used a chromosome confor-

mation capture (3C) experiment (Dekker et al., 2002) to test

whether CREPT promotes RNAPII to drive the CYCLIN D1

gene forming a chromatin loop (Figure 6F). For the 3C experi-

ment, we chose primers that do not crossreact and have high

specificity to observe loop formation. Indeed, a strong loop

band was observed in cells when CREPT was overexpressed

and the band was diminished when CREPT was depleted

(Figures 6G and 6H). To avoid possible random ligation during

the 3C experiment, we used DNA-protein complexes that were

precipitated down by an anti-RNAPII antibody (8WG16) and

performed the 3C experiment with and without ligation in

combination with NcoI digestion. The results showed that the

anti-RNAPII antibody precipitated down a strong cycled band

when CREPT was overexpressed (Figure 6I). These data indi-

cate that CREPT promotes loop formation to bring RNAPII

physically close to the transcription start site, implying that

CREPT may enhance RNAPII recycling from the terminator to

the promoter region during transcription of the CYCLIN D1

gene.

CREPT Regulates the Transcription of the CYCLIN D1

Gene in Tumors
We have proposed a mechanism where CREPT enhances

RNAPII binding to the CYCLIN D1 promoter and terminator

regions thereby driving theCYCLIN D1 gene to form a chromatin
98 Cancer Cell 21, 92–104, January 17, 2012 ª2012 Elsevier Inc.
loop. To examine whether CREPT functions

to promote the chromatin loop formation in

tumors, we investigated 12 cases of colon

cancers. A western blot analysis showed a

correlation of expression of CREPT and cyclin

D1 in the tumor tissues where in most patients,

elevated expression of CRPET is coupled with
high levels of cyclin D1 (Figure 7A, patients 7 and 8 being the

exceptions). The positive correlation of CREPT, cyclin D1, and

Ki67 expression was confirmed, by IHC experiments, in these

patient samples (Figure 7B), similar to that observed for several

other cancers including stomach, lung, prostate, endometrium,

liver, and breast cancers (Figure S5). Next, we performed

a ChIP assay with tumor samples from three patients (2, 4, and

12) with the results showing that CREPT binds strongly to

regions B and F of the CYCLIN D1 gene (Figure 7C). These

results are consistent with the results from cells overexpressing

CREPT (Figure 6D), with RNAPII strongly binding to regions

B and F and weakly to region G of the CYCLIN D1 gene in tumor

tissues (Figure 7D). Finally, we addressed whether the CYCLIN

D1 gene forms a chromatin loop in tumors. A 3C experiment

showed a strong band in tumor tissues (Figure 7E), suggesting

that a chromatin loop is formed in the cells of tumor tissues. All

of the data indicate that CREPT promotes chromatin looping of

theCYCLIN D1 gene in tumor cells, which results in an increased

binding of RNAPII to both the promoter and 30 end regions.

DISCUSSION

Many genes are known to be associated with tumor formation;

however, additional genes remain to be identified and charac-

terized (Gordon et al., 2005). Here, we report a gene CREPT

that is highly expressed in different tumors and is an oncogene



Figure 5. CREPT Interacts with RNAPII

(A) A mass spectrometry analysis of proteins associated

with CREPT. HEK293T cells were transfected with pCDNA

3.1/Myc or Myc-CREPT and cell lysates were immuno-

precipitated using an anti-Myc antibody. Precipitants

were analyzed by an SDS-PAGE gel and stained with

Coomassie blue. Bands were cut out and identified by

a mass spectrometry analysis.

(B) CREPT interacts with RNAP II. Schematic illustration of

CREPT and its deletions are presented on the top panel.

RPR domain and CCT (coiled coil terminus) are shown.

HEK293T cells were transfected with Myc-tagged full-

length and two deletions of CREPT. Cell lysates were

immunoprecipitated using an anti-Myc antibody and the

precipitants were detected with an anti-RNAP II antibody

(8WG16).

(C and D) Endogenous CREPT interacts with RNAP II

in vivo. IP experiments were performed with an antibody

against CREPT under the normal condition (C) and recip-

rocally with an antibody against RNAPII (8WG16) under

fixation with formaldehyde (4%) (D).

(E) CREPT interacts with RNAP II in vitro. A GST pull-down

assay was performed with purified GST or GST-CREPT

protein.
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based on the observations that CREPT accelerates the malig-

nant cell growth and tumorigenesis. An anti-CREPT antibody

clearly defined tumor boundaries, although a few positive stain-

ing cells were observed occasionally in the paired nontumor

sections. These results suggest that CREPT could be used as

a marker to diagnose tumors.

Cell-cycle alteration is a major feature of tumorigenesis (John-

son andWalker, 1999), which occurs by shortening theG1 phase

(Hall and Peters, 1996; Hunter and Pines, 1994; Sherr, 1996). In

this study, we observed that CREPT increased the proportion of

cells in the S phase and, since no major change in the G2/M

phase cell populations was observed when CREPT was overex-

pressed, we concluded that CREPT accelerates the G1 to S

phase transition, and thus a shorter G1 phase, similar to the

effects of many other oncogenes (Massague, 2004; Sherr,

1996). Consistently, we found that CREPT enhanced the expres-

sion of cell-cycle-related genes. Among the genes functioning

during the G1 and S phase transition, we observed that the

CYCLIN D1 gene quickly responded to changes in CREPT

expression; therefore, we used CYCLIN D1 as an example to

study the molecular mechanisms by which CREPT promotes

cell proliferation.

CREPT contains an RPR domain, which is predicted to func-

tion in the 30 end processing of mRNA (Doerks et al., 2002) and

is a homolog of the yeast Rtt103 gene. Previous studies impli-

cated Rtt103 function in Ty1 transposition (Scholes et al.,

2001) and in cell viability and growth (Tong et al., 2001). The

Rtt103 protein was found in RNAPII complexes associated
Cancer Cell 21,
with other factors (Rat1, Pcf11) (Kim et al.,

2004). Similar to the polyadenylation factors

Rna14, Rna15, and Pcf11, Rtt103 was reported

to strongly bind near the 30 end of genes and to

help Rat1 in degrading mRNA downstream of

poly(A) site cleavage (Kim et al., 2004), support-

ing the ‘‘torpedo’’ model in the termination of
transcription (Buratowski, 2009; Connelly and Manley, 1989;

Moore and Proudfoot, 2009; Proudfoot, 1989). Previous IP

experiment and structure-based analyses indicated that Rtt103

preferred to bind to Ser2P CTD of RNAPII (Kim et al., 2004;

Lunde et al., 2010), downstream of the poly(A) site at the 30

end of genes in yeast. To our surprise, we observed that CREPT

bound not only to the region BEFORE the poly(A) site, but also to

the promoter region of the CYCLIN D1 gene. Interestingly,

CREPT promotes RNAPII binding to both the promoter and the

termination region before the poly(A) site and decreases

RNAPII binding to the region after the poly(A) site. Together

with our results from the 3C experiments, we propose that

CREPT helps RNAPII recycle from the termination site to the

promoter region of the CYCLIN D1 gene through a chromatin

loop (Figure 6F). CREPT binding to the 30 end of the gene

appears to prevent RNAPII from ‘‘reading through,’’ and allows

RNAPII to be recruited back to the promoter. The function of

CREPT in binding to the 30 end of CYCLIN D1 gene revealed in

this study supports the allosteric (antiterminator) model for

transcription termination (Luo and Bentley, 2004; Moore and

Proudfoot, 2009), a model that explains the recycling of

RNAPII from the termination to the promoter site (Mapendano

et al., 2010).

Gene looping has been observed in the regulation of gene

transcription in both yeast (O’Sullivan et al., 2004) and mamma-

lian cells (Perkins et al., 2008; Tan-Wong et al., 2008). In

this study, we observed that CREPT promotes loop formation

at CYCLIN D1. We envisioned that this loop formation might
92–104, January 17, 2012 ª2012 Elsevier Inc. 99



Figure 6. CREPT Promotes RNAPII Recycling in the CYCLIN D1 Gene
(A) A graphic representation of theCYCLIND1 genomic structure. P1, P2, and P3 are predicated promoter regions. The P2 promoter has been functionally defined

as the site of initiation of transcription of theCYCLIND1 gene. E1 to E5 represent exons. Numbers indicate the nucleotides counting from the primary transcription

start site as +1. Fragments detected by PCR are shown as A to G.
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facilitate the recycling of RNAPII and accelerate transcription.

However, we could not exclude the possibility that CREPT has

independent functions at the promoter region, as an activator,

and the terminator. It is possible that CREPT may function

directly in the promoter region to enhance the initiation of tran-

scription and thereafter promote loop formation. We cannot

exclude the possibility that the loop is required for enhanced

transcription. It is possible that the loop functions as an

enhancer, as has been observed for the estrogen receptor

positive enhancer of the CYCLIN D1 gene in breast cancer

(Eeckhoute et al., 2006). In this study, we conclude that the

loop formation is coupled with transcription initiation, possibly

acting as an enhancer, as we found that CREPT associates

with RNAPII.

Yeast Rtt103 appears to only function as a factor in transcrip-

tional termination (Kim et al., 2004) as the RPR domain of Rtt103

binds to the Ser2P CTD of RNAPII in yeast (Lunde et al., 2010).

Here, we observed that CREPT binds to both the promoter

and the 30 end of the CYCLIN D1 gene. CREPT appears to help

RNAPII stop at the poly(A) site, functioning as a terminator for

the gene transcription, a role conceivable since yeast Rtt103

has been shown to function as a termination factor. However,

the role of CREPT at the 50 end of a gene, in the regulation of

the gene transcription, seems different from that of its yeast

ortholog Rtt103. A difference in the roles of CREPT appears

not only in the binding to the promoter, where yeast Rtt103

does not, but also in theway it facilitates termination.We demon-

strated that knocking down CREPT resulted in readthrough of

RNAPII past the 30 end of the CYCLIN D1 gene, whereas yeast

Rtt103 was shown to help Rat1 and Rai1 increase the degrada-

tion of nuclear mRNA after RNAPII reads through the poly(A) site

(Kim et al., 2004). Interestingly, CREPT and p15RS are both

homologs of Rtt103 in mammals. Our previous study indicated

that p15RS functions as an intrinsic inhibitor of Wnt signaling

mediated transcription (Wu et al., 2010), a function different

from the role of CREPT as an oncoprotein observed in this study.

p15RS (Wu et al., 2010) and CREPT together, therefore, may

provide more regulatory functions to mammalian cells than are

provided by Rtt103 to yeast (Kim et al., 2004).

Intriguingly, we observed that CREPT is highly expressed in

human tumors. When CREPT is depleted, tumor cells grow

slowly, an observation that echoes the role of Rtt103 in maintain-

ing yeast viability and growth (Tong et al., 2001). The role of
(B and C) CREPT crosslinks to a promoter region and the pre-poly(A) cleavage site

stable overexpression or depletion of CREPT. Precipitation was performed usin

indicated primers are presented. Error bars represent ±SD from three repeats. In

Mouse IgG was used as a negative control in the precipitation experiment.

(D and E) CREPT enhances RNAPII crosslinking to the promoter and the pre-poly

CYCLIN D1 gene. ChIP analyses were performed in MGC803 cells under stable o

with indicated primers for PCR (D) and real-time PCR (E) analyses. Input indicate

was used as a negative control in the precipitation experiment. Error bars repres

(F) Diagramof the primers used in the 3C assay of the humanCYCLIND1 genomic

RNAPII. Vertical lines indicate the Nco I restriction endonuclease sites, short arro

C indicates CREPT and Pol II for RNAPII.

(G and H) CREPT promotes the formation of a chromatin loop at the CYCLIN D1

shown in (G). Region E of CYCLIN D1 is used as a loading control. Real-time PC

resent ±SD from three repeats.

(I) Specificity of the chromatin loop formation is shown by a ChIP-3C experiment.

Real-time PCR result is shown as relative fold increases based on the level of th
CREPT in cell-cycle regulation is attributed to the specific regu-

lation of cell-cycle-related genes. We used CYCLIN D1 as

a model to demonstrate a mechanism where CREPT regulates

gene transcription via interacting with RNAPII at both the termi-

nation and promoter regions. Consistent with cell experiments,

we observed that cells from human tumors have a strong chro-

matin loop in the CYCLIN D1 gene. Of importance, we found

that RNAPII together with CREPT accumulate in the promoter

region (region B) and region (F) before the poly(A) site but

released from DNA after the poly(A) site (see binding in region

G) (Figure 7) in human tumors. In the absence of excess CREPT,

others have shown that RNAPII accumulates in the region after

the poly(A) site of the CYCLIN D1 gene (Eeckhoute et al., 2006)

and RNAPII release generally occurs after the poly(A) site (Lian

et al., 2008), observations that supports the torpedo model of

transcription termination (Buratowski, 2009; Connelly and Man-

ley, 1989; Moore and Proudfoot, 2009; Proudfoot, 1989). In this

study, we observed that CREPT promotes the accumulation of

RNAPII in the F region, a region just before the poly(A) site. Inter-

estingly, when CREPT was depleted it appears that RNAPII

reads through the poly(A) site, the situation that has generally

been observed by others (Eeckhoute et al., 2006; Lian et al.,

2008). Our results, therefore, describe conditions where both

the torpedo and the antiterminator models are involved in the

termination of gene transcription (Kim et al., 2004; Moore and

Proudfoot, 2009). Cells appear to use the antiterminator mecha-

nism to accelerate transcription of CYCLIN D1 when CREPT is

overexpressed in tumors and the torpedo model to maintain

a lower level of cyclin D1 expression when CREPT is low as

found in normal or slowly proliferating cells. This study illustrates

a case where a gene can use different models for transcription

termination (Buratowski, 2009).

Many questions remain concerning the function of CREPT. For

example, what causes tumor cells to express CREPT at such

high levels? How does CREPT enhance RNAPII binding to the

CYCLIN D1 promoter? Does CREPT enhance transcription

termination by mechanisms similar to other RPR domain con-

taining proteins (Kim et al., 2004)? How does CREPT specifically

regulate gene expressions at the global genome level? Do other

specific factors regulate the activity of CREPT? Answering these

questions will help our understanding of the mechanisms of cell-

cycle regulation, transcription control, and tumorigenesis. In

conclusion, we reported that CREPT is a highly conserved
in theCYCLIN D1 gene. ChIP analyses were performed in MGC803 cells under

g an anti-CREPT antibody. Results from PCR (B) and real-time PCR (C) using

put indicates the PCR products from cell lysates without immunoprecipitation.

(A) cleavage site and decreases binding to the post-poly(A) cleavage site of the

verexpression or depletion of CREPT using an anti-RNAPII antibody (8WG16)

s the PCR products from cell lysates without immunoprecipitation. Mouse IgG

ent ±SD from three repeats.

region and amodel of the chromatin loop of theCYCLIND1 gene byCREPT and

ws mark the positions of primers used in the 3C assay (labeled B1-5 and F1-2).

gene. Products of amplifications with various primers with purified 3C DNA is

R analyses of the products of the 3C assay are shown in (H). Error bars rep-

PCR analyses were performed on RNAPII-containing precipitated complexes.

e control normalized to the input.
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Figure 7. CREPT Promotes Chromatin Looping of the CYCLIN D1 Gene in Tumors

(A) Correlation expression of cyclin D1, PCNA, and CREPT in colon cancers. A western blot was performed for samples from colon cancer patients. P refers to

paired nontumor tissue and T refers to tumor tissue. # refers to the patient number.

(B) CREPT, cyclin D1, and Ki67 are elevated simultaneously in human colon tumor tissues. IHC was performed with colon cancer samples and a representative

image (scale bar, 200 mm) is shown.

(C) CREPT binds to both the promoter and the 30 end region of the CYCLIN D1 gene in tumors. ChIP experiments were performed in tumor or paired nontumor

tissues from three patients (1, 3, and 7).

(D) RNAPII strongly binds to both the promoter and the 30 end region of the CYCLIN D1 gene in tumors. ChIP experiments were performed as in (C).

(E) TheCYCLIND1 gene forms stronger chromatin loops in tumors. 3C experiments were performed in the tumor and paired nontumor tissues from three patients.

See also Figure S5.
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oncogene that is highly expressed in tumors and accelerates

tumor development. We reveal that the mechanism by which

CREPT enhances tumor growth is by directly regulating cyclin

D1 expression at the transcriptional level. We believe that

CREPT should be another target for tumor diagnosis and therapy

development.
102 Cancer Cell 21, 92–104, January 17, 2012 ª2012 Elsevier Inc.
EXPERIMENTAL PROCEDURES

Plasmids and Antibodies

Expression plasmids for human CREPT are pEGFPN1/Flag-CREPT, pGEX/

5X-2/ GST-CREPT, pcDNA6/CREPT, pcDNA3.1/Myc-CREPT, pCMV/HA-

CREPT, and pTre2/CREPT, which were constructed in our lab. The plasmid

pBS/U6/CREPT-si was constructed according to a previous protocol (Sui
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et al., 2002). The target sequence by an siRNA (CREPT-si), GGACCTGAATTC

ACTAGAGA, is identical in human and mouse. Antibodies against Flag (M2),

RNAPII (8WG16), Cyclin D1, PCNA, Ki67, and b-actin were purchased from

Santa Cruz Biotechnology and Covance Research. An anti-CREPT antibody

(3E10) was raised in our lab (see Figure S1D).

Human Tumor Specimens and Staining

Cancer tissues were collected in the Third People’s Hospital of Qidong, Qi

Dong Tumor Hospital, Wuxi 101 Hospital, the Chinese University of Hong

Kong and the Chinese PLA General Hospital in China. Tissues were kept and

stained according to routine protocols (Rong et al., 2006). The tissue collection

procedure with informed consent was approved by the Ethic Affair Committee

of the ThirdPeople’sHopspital ofQidong, theEthic andHealthCommittee ofQi

Dong Tumor Hospital, The Ethic Committee of Wuxi 101 Hospital, the Clinical

Research Ethics Committee of the Chinese University of Hong Kong, and the

Clinical Ethic Committee of the Chinese PLA General Hospital.

Western Blot, Immunoprecipitation, PCR, and RT-PCR

Experiments were performed according to protocols in the lab (Wu et al.,

2010). CREPT cDNA was amplified using the primers: (forward) 50-TATAGG

TACCATGTCCTCCTTCTCTGAG-30 and (reverse) 50-TATACTCGAGCTAGT

CAGTTGAAAACAGGTC-30. Semiquantitative PCR products were quantified

by Imagequant software (Amersham Pharmacia Biotechnology).

Cell Culture, Transfection, and Assays from Stable Cell Lines

Cells used for cell-cycle, growth, and luciferase experiments were cultured ac-

cording to previous studies (Wu et al., 2010). Tumor formation assays were

done according to a previous study (Rong et al., 2006) following the institu-

tional guidelines and regulations on the animal health and ethics, approved

by the animal health and ethics committee in Tsinghua University. All the

experiments were performed in triplicate.

Chromatin Immunoprecipitation Assay

Cells were fixed at 37�C for 10 min with 1% formaldehyde for crosslinking (Wu

et al., 2010). Sonicationwasdoneat 4�C for 30 s at level 2 (UltrasonicProcessor,

Sonics) to yield fragments from 100 to 400 bps. Information of primers for PCR

amplifications can be found in the Supplemental Information). The specificity of

the primers to the different regions of the CYCLIN D1 gene was examined and

no crossreaction bands were observed. The efficiency of PCR in the chromatin

immunoprecipitation (ChIP) experiments was greater than 20% when

compared with the input. Real-time PCR was performed to quantify the data.

Nuclear Run-on and Run-off Assays

For nuclear run-on assays, nuclei prepared from the indicated cells were

incubated in 2 3 Transcription Mix, 10 3 Nucleotide Mix, and 500 mCi

[32P]-dUTP at 37�C for 30min. Labeled mRNA was hybridized to cDNA probes

predotted onto membranes. For nuclear run-off assays, linearized pGL3/

cyclin D1-Luc was incubated with purified GST-CREPT and HeLa cell nuclear

extracts, or with nuclear extracts from the indicated cell lines. Transcript

products were dotted on membranes and hybridized with [32P]-CTP-labeled

Luc cDNA probe.

Chromosome Conformation Capture Assay

Chromosome conformationcapture (3C) assayswere conducted essentially as

described by Dekker et al. (2002) with some modifications (see Supplemental

Information). Real-time PCR was performed to quantify the results.

ACCESSION NUMBERS

The GenBank accession numbers for human, murine, and chicken CREPT

mRNAs are DQ372938, DQ372939, and DQ372930, respectively.

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures and Supplemental Experi-

mental Procedures and can be found with this article online at doi:10.1016/j.

ccr.2011.12.016.
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SUMMARY
Constitutive Kras and NF-kB activation is identified as signature alterations in pancreatic ductal adenocarci-
noma (PDAC). However, how NF-kB is activated in PDAC is not yet understood. Here, we report that
pancreas-targeted IKK2/b inactivation inhibited NF-kB activation and PDAC development in KrasG12D and
KrasG12D;Ink4a/ArfF/F mice, demonstrating a mechanistic link between IKK2/b and KrasG12D in PDAC incep-
tion. Our findings reveal that KrasG12D-activated AP-1 induces IL-1a, which, in turn, activates NF-kB and its
target genes IL-1a and p62, to initiate IL-1a/p62 feedforward loops for inducing and sustaining NF-kB
activity. Furthermore, IL-1a overexpression correlates with Kras mutation, NF-kB activity, and poor survival
in PDAC patients. Therefore, our findings demonstrate the mechanism by which IKK2/b/NF-kB is activated
by KrasG12D through dual feedforward loops of IL-1a/p62.
INTRODUCTION Several previous studies have shown a key role of the NF-kB
Themutational activation ofKras is an early event in PDACdevel-

opment and has been detected in 80%–95% of PDAC, and

mutational inactivation of Ink4a/Arf tumor suppressor genes

can be identified in approximately 50%–75% of PDAC (Hruban

et al., 2000). Several experimental animal models were estab-

lished to determine the functions of mutated Kras in induction

of pancreatic intraepithelial neoplasia (PanIN) and PDAC (Aguirre

et al., 2003; Bardeesy et al., 2006; Hingorani et al., 2003).

However, the key signaling pathways that function downstream

of Kras remained unidentified.
Significance

Pancreatic ductal adenocarcinoma (PDAC) is the fourth most
survival rate has remained 1%–3% for the past 25 years. Eac
over 80% are therapy-resistant locally advanced or metastati
PDAC remains a challenge in cancer research. To understan
IKK2/b/NF-kB activation and KrasG12D mutation, two of the si
neered mouse models. Our findings establish a pathway lin
IKK2/b/NF-kB is activated by KrasG12D; this suggests therape

C

signaling pathway in Ras-driven cancers using animal models

of cancer. For example, knockout of IKK2/b inhibited H-Ras-

driven melanoma (Yang et al., 2010), inhibition of NF-kB

bypassed restraints on oncogenic Ras-stimulated growth in

induction of invasive human epidermal neoplasia (Dajee et al.,

2003), and loss of IKK2/b in hepatocyte enhances inflammation,

tumor promotion, and progression (He et al., 2010; Maeda et al.,

2005). We previously showed that RelA/p50NF-kB is constitu-

tively activated in almost 70% of pancreatic cancer specimens

and inhibition of NF-kB activity by a mutant IkBa inhibited

PDAC cell tumorigenesis (Fujioka et al., 2003; Wang et al.,
common cause of adult cancer death in the US. The 5-year
h year approximately 42,000 cases of PDAC are diagnosed;
c disease, and median survival is less than 6 months. Thus,
d mechanisms of pancreatic tumorigenesis, we examined
gnature alterations in human PDAC, using genetically engi-
king dual feedforward loops of IL-1a/p62 through which
utic targets for inhibiting KrasG12D signaling in PDAC.
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mailto:pjchiao@mdanderson.org
http://dx.doi.org/10.1016/j.ccr.2011.12.006


Cancer Cell

KrasG12D-Induced IKK2 Activation and Tumorigenesis
1999). Thus, these studies demonstrated that IKK2/b/NF-kB has

a distinct function in different types of cells. However, it was

unclear whether IKK2/b/NF-kBhas either prooncogenic or tumor

suppressive role in mutant Kras-induced PDAC in mouse

models.

Accumulating evidence shows that various signals, including

mutant Kras and cytokines activate NF-kB, which, in turn, inte-

grates proinflammatory signals and promote tumorigenesis

(Staudt, 2010). For instance, binding of interleukin-1alpha (IL-

1a) to its receptor induces K63-linked polyubiquitination of tumor

necrosis factor (TNF) receptor-associated factor 6 (TRAF6)

and activates transforming growth factor-b-activated kinase 1

(TAK1), which induces activation of IKK2/b, c-Jun N-terminal

kinase, and p38 MAPK to activate NF-kB and AP-1 (Skaug

et al., 2009; Wang et al., 2001). The turnover of signal-induced

K63-polyubiquitination of TRAF6 is prevented by signaling

adaptor p62 to prolong IKK2/b and NF-kB activation (Wooten

et al., 2005), Furthermore, p62 is an important NF-kB mediator

in lung tumorigenesis (Duran et al., 2008), However, the mecha-

nisms that regulate p62 to control IKK2/b activation to the extent

of stimulation were unknown. Another report showed that

mutant Kras-driven transformation requires TBK1 kinase activa-

tion (Barbie et al., 2009). However, the work did not reveal the

mechanisms for constitutive NF-kB activation by TBK1 inmutant

Kras-driven tumor. Studies showed that mutant Kras-associated

RAL guanine nucleotide exchange factors promote TBK1 kinase

activation via an unknown mechanism, which, in turn, activates

c-rel/p50NF-kB, (Chien et al., 2006), and that kinase-inactive

TBK1 inhibits TANK-mediated alternative NF-kB activation

pathway, but does not block canonical NF-kB activation induced

by TNF-a or IL-1 (Pomerantz and Baltimore, 1999). Thus, the

mechanisms through which oncogenic Kras activates the

canonical NF-kB pathway in PDAC remained unknown.

In the present study, we investigated the role of IKK2/b/NF-kB

activation and expression of IL-1a and p62 in KrasG12D-induced

PDACdevelopment and explored the underlyingmechanisms by

which IKK2/b/NF-kB is activated by KrasG12D.

RESULTS

Generation of Mutant Mouse Strains with Pancreas-
Specific Expression of KrasG12D and Inactivation
of IKK2/bwith or without Concurrent Ink4a/Arf Deletion
To determine the function of constitutive NF-kB activity in PDAC

development, we targeted IKK2/b deletion in the pancreas of

the KrasG12D mice with and without Ink4a/Arf inactivation. The

mouse strain with floxed IKK2/b alleles (IKK2/bF/F) (Li et al.,

2003) is utilized in breedingwith themice that harbors aPdx1-Cre

transgene (Pdx1-Cre) (Gu et al., 2002) and a latent KrasG12D

knockin allele (KrasLSL-G12D) (Hingorani et al., 2003), and

those that carry the floxed Ink4a/ Arf (Ink4a/Arf F/F), KrasLSL-G12D,

and Pdx1-Cre alleles (Aguirre et al., 2003). Generation of IKK2/

bF/F genotypes in Pdx1-Cre;KrasLSL-G12D and Pdx1-Cre;

KrasLSL-G12D;Ink4a/ArfF/F strains are schematically depicted in

Figure 1A. Cre-mediated excision of the silencing cassette and

subsequent recombination generated a single LoxP site was

detected in the pancreas, but not in other organs such as liver

in all of the mouse lines (Figure 1B). Consistent with expression

of the mutant Kras allele at endogenous level, GTP-bound Ras
106 Cancer Cell 21, 105–120, January 17, 2012 ª2012 Elsevier Inc.
protein was increased only in protein extracts from the pancreata

of the mice carrying Pdx1-Cre;KrasLSL-G12D alleles (Figure 1C).

The third coding exon-deleted IKK2/b alleles were detected in

a mosaic pattern in the pancreata of all Pdx1-Cre;IKK2/bF/F

mice (Figure 1D). As a result, NF-kB DNA binding activities

were notably reduced in nuclear extracts from the pancreata

of Pdx1-Cre;KrasLSL-G12D;IKK2/bF/F mice, but not in those of

Pdx1-Cre;KrasLSL-G12D mice (Figures 1E and 1F). Both

p16Ink4a and p19Arf genes were specifically deleted in the pan-

creata of the mutant mice (Figure 1G). Thus, these results show

that the Pdx1-Cre transgene concurrently deleted LoxP-contain-

ing alleles to target expression of KrasG12D and inactivation of

IKK2/bF/F and/or Ink4a/ArfF/F alleles specifically in the pancreata

of these mutant mice.

IKK2/b Activity Required for Oncogenic Kras-Induced
PanIN and PDAC
To examine the role of IKK2/b in PDAC development, we charac-

terized a cohort of Pdx1-Cre;KrasLSL-G12D;IKK2/bF/F and Pdx1-

Cre;KrasLSL-G12D;Ink4a/ArfF/F;IKK2/bF/F mice and their control

littermates. Our findings revealed that these mutant mice did

not develop PDAC, unlike their control mice (Figures 2A and

2B). Chi-square analysis showed that the Pdx1-Cre;KrasLSL-G12D

genotypes with IKK2/b are associated with the observed

chronic pancreatis (CP), PanIN lesions, cystic ductal lesion

(CDL), and PDAC (Figure 2B), suggesting IKK2/b plays a causal

role in PDAC development. Consistent with these results, Pdx1-

Cre;KrasLSL-G12D;Ink4a/ArfF/F;IKK2/bF/F mice remained free of

PDAC for over 12 months, whereas the median survival of

Pdx1-Cre;KrasLSL-G12D;Ink4a/ArfF/F mice was about 3.5 months,

as previously described (Aguirre et al., 2003; Figure 2C).

The littermates of all the mutant mice were born with

mendelian frequencies and weight similar to those of wild-type

controls. Organs appeared to be formed normally and no pheno-

typic differences were observed before the age of 2 months

in Pdx1-Cre;KrasLSL-G12D mice and 6 weeks in Pdx1-Cre;

KrasLSL-G12D;Ink4a/ArfF/F mice. No pancreatic ductal lesions or

other abnormalities were detected and the expression levels of

glucagon, insulin, amylase, CK-19, and staining of duct-specific

lectins, Dolichos biflorus agglutinin (DBA) in various IKK2/bF/F

mice are consistent with those observed in the pancreas of

wild-type mice (Figures 2E and 2F; Figure S1 available online).

Altogether, the normal histology, marker gene expression, and

life span suggest that knockout of IKK2/b in mouse pancreas

did not result in abnormal pancreas development in acinar,

ductal, and islet of the pancreas or apparent pathological

phenotypes.

In Pdx1-Cre;KrasLSL-G12D;IKK2/bF/F mice (Figures 2F and 2G),

only 12% (10 of 84) of the mice developed stage 1 PanIN

lesions, which consisted primarily of elongated mucinous ductal

cells, and no PDAC was observed for over 12 months, whereas

19% (13 of 70) of Pdx1-Cre;KrasLSL-G12D mice had PDAC in

8–12 months (Figure 2M), 24% (17 of 70) had CDL during the

same time period (Figure 2L), and 27% (19 of 70) had stage 1,

2, or 3 PanIN lesions (Figures 2I–2K) at about 3–6 months.

Moreover, most CP was associated with all the PanIN and

PDAC, and only 10% of Pdx1-Cre;KrasLSL-G12D mice (7 of 70)

developed CP without PanIN or PDAC pathological lesions

(Figures 2A and 2H). These findings suggest that inactivation of
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Figure 1. Generation of Mouse Strains with Pancreas-Specific KrasG12D Expression and Inactivation of IKK2/b with or without Parallel

Deletion of Ink4a/Arf

(A) Graphic representation of the targeted KrasLSL-G12D, IKK2/b, and Ink4a/Arf alleles before and after Cre-mediated excision and recombination.

(B) The presence of recombined KrasG12D allele in the pancreata (P) but not in the livers (L) of compound mutant mice was revealed by PCR.

(C) Ras-GTP and total Ras levels in whole pancreatic protein extracts of 3-month-old Pdx1-Cre;KrasLSL-G12D, Pdx1-Cre;KrasLSL-G12D;IKK2/bF/F, and Pdx1-Cre;

IKK2/bF/F mice. Elevated levels of Ras-GTP were observed only in compound mutant mice with Pdx1-Cre;KrasLSL-G12D alleles.

(D) The recombined IKK2/bF/F allele was detected only in the pancreata (P), not in the livers (L), of mice carrying Pdx1-Cre;IKK2/bF/F alleles.

(E) EMSA was performed to determine the levels of NF-kB DNA binding activity in the pancreata carrying Pdx1-Cre;KrasLSL-G12D, Pdx1-Cre;KrasLSL-G12D;IKK2/

bF/F, orPdx1-Cre;IKK2/bF/F alleles. Nuclear extracts frommouse pancreata were used in this analysis with a kBprobe. Oct-1 probe was used as a loading control.

(F) EMSA was performed with 32P-labeled kB probe in the presence and absence of both unlabeled wild-type (WT) and mutant (Mu) kB probes to determine the

specificity of NF-kB DNA binding activity detected in the pancreata of Pdx1-Cre;KrasLSL-G12D mice as indicated.

(G) Pancreas-specific deletion of Ink4a/Arf alleles was confirmed in Pdx1-Cre; KrasLSL-G12D;IKK2/bF/F;Ink4a/ArfF/F mice. The presence of the recombined

KrasG12D allele and the exon 3-deleted IKK2/b allele in the pancreata (P) (lane 5) but not in the livers (L) (lane 6) of compound mutant mice was revealed by PCR.
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Figure 2. Suppression of Oncogenic KrasG12D-Induced Histological Progression of PanIN and PDAC with or without Concurrent Deletion of

Ink4a/Arf by Inactivation of IKK2/b

(A) Numbers of mutant mice that developed PDAC, cystic ductal lesions (CDL), PanIN, or chronic pancreatitis (CP), or remained healthy, in cohorts of Pdx1-

Cre;KrasLSL-G12D, Pdx1-Cre;KrasLSL-G12D;IKK2/bF/F, and Pdx1-Cre;IKK2/bF/F mice.

(B) Chi-square analysis of the association between Pdx1-Cre;KrasLSL-G12D and Pdx1-Cre;KrasLSL-G12D;IKK2/bF/F, and the observed phenotypes in (A). Note: CP

was found in PanIN, CDL, and PDAC; PanIN was coexisted with CDL and PDAC; and CDL was observed in PDAC.

(C) Kaplan-Meier PDAC-free survival curve for Pdx1-Cre;KrasLSL-G12D;Ink4a/ArfF/F (n = 16) and Pdx1-Cre;KrasLSL-G12D;IKK2/bF/F;Ink4a/ArfF/F mice (n = 15).

According to the approved animal protocol, mice that presented in a moribund state were killed for autopsy.
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IKK2/b inhibited PDAC and CP might be a precursor lesion in

Kras-induced PDAC.

Serial histological surveys of the pancreas of all the mice are

shown in Figures 2D–2S. Pdx1-Cre;KrasLSL-G12Dmice had PanIN

at 3months of age and had invasive tumors by 10months of age,

and 3 of 70 had liver or lungmetastatic lesions by 8–12months of

age (Figures 2N and 2O). The progressive premalignant lesions

with ductal histology and PDAC were observed (Figures 2M–

2O and 2R). These PDAC histological lesions and incidences

are consistent with those of the mice harboring KrasLSL-G12D or

KrasLSL-G12D;Ink4a/ArfF/F in earlier studies (Aguirre et al., 2003;

Tuveson et al., 2004). These results demonstrate that IKK2/b is

required for oncogenic Kras-induced PanIN and PDAC, thus

establishing a definitive role of IKK2/b in PDAC development

in vivo.

Attenuation of Inflammatory and Proliferative
Responses by Pancreas-Targeted Inactivation of IKK2/b
To determine whether chronic inflammation and proliferative

responses were inhibited in the pancreas of Pdx1-Cre;

KrasLSL-G12D;IKK2/bF/F mice, immunohistochemical (IHC) anal-

yses were performed. Levels of proliferation markers CyclinD1,

Ki-67, and inflammatory marker COX-2 expression were sub-

stantially higher in PanIN and PDAC from Pdx1-Cre;KrasLSL-G12D

mice, than in histologically normal pancreas from Pdx1-Cre;

KrasLSL-G12D;IKK2/bF/F mice (Figure 3A). This finding suggests

that inactivation of IKK2/b interrupted mutant Kras-stimulated

cell proliferation and inflammation.

The observation of CP or proinflammatory responses in

Pdx1-Cre;KrasLSL-G12D mice prompted us to examine whether

these mutant mice developed lymphocytic infiltration around

pancreatic lesions. IHC staining revealed that the infiltrating

lymphocytes consisted of CD3-positive T cells, B220-positive

B cells, F4/80-positive macrophages, and Ly6g-positive neutro-

phil (Figure 3B), whereas parallel staining did not reveal signifi-

cant lymphocytic infiltration in the pancreata of Pdx1-Cre;

KrasLSL-G12D;IKK2/bF/F mice (Figure 3B). This phenotype of lym-

phocytic infiltration in the pancreata of Pdx1-Cre;KrasLSL-G12D

mice has a close resemblance to those reported for various

mouse strains with pancreatitis, such as IkBam/m mice defective

in IkBa-mediated negative regulation of NF-kB (Peng et al.,

2010). So, the absence of hallmarks of cancer-related inflamma-

tion in Pdx1-Cre;KrasLSL-G12D;IKK2/bF/F mice is due to inactiva-

tion of IKK2/b. This suggests chronic inflammation is a key factor

in promoting PDAC development as observed in mouse models

for other cancers (Karin, 2008), and one of the essential roles

regulated by IKK2/b in Kras-induced PDAC inception.

Inhibition of Key Proinflammatory Cytokines in the
Pancreas of Pdx1-Cre;KrasLSL-G12D;IKK2/bF/F Mice
To further analyze Kras-induced inflammatory responses, gene

expression was profiled and a number of known and previously
(D–S) Representative pancreatic histologic views. (D) Normal pancreas from

Pdx1-Cre;IKK2/bF/F mouse. (F) Histologic appearance of normal pancreas from

KrasLSL-G12D;IKK2/bF/F mouse. (H–O) Pdx1-Cre;KrasLSL-G12D mice. (H) Chronic

(M) PDAC. (N) PDAC liver metastasis. (O) PDAC lung metastasis. (P-R) Pdx1-Cre

(S) Histologic appearance of normal pancreas from a Pdx1-Cre;KrasLSL-G12D;Ink4

See also Figure S1.
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unknown NF-kB regulated genes were identified by Gene Set

Enrichment analyses (GSEA) using gene ontology and NF-kB

target gene sets (Figures 4A and 4B; Figures S2A–S2E). Impor-

tantly, GSEA of significant gene upregulation in Pdx1-Cre;

KrasLSL-G12D revealed that they are strongly associated to posi-

tive nodal status, high risk, higher tumor stage, and poor survival

in PDACpatients by comparing with 102 PDAC cDNAmicroarray

files (GSE21501) (Figure 4C). Two- and 5-fold enriched expres-

sion in Pdx1-Cre;Kras LSL-G12D;IKK2/bF/F is correlated to low

risk (Figures S2A–S2E). These findings further indicate that the

significant role of activated IKK2/b in PDAC development.

To further explore the role of IKK2/b in PDAC development, we

compared additional gene expression profiles from Pdx1-Cre;

KrasLSL-G12D and Pdx1-Cre;KrasLSL-G12D;IKK2/bF/F mice using

Affymetrix arrays. Our results showed that there is a little differ-

ence between the expression profiles of several IKK2/b/NF-

kB-regulated genes, such as IL-1a, IL-1b, and c-jun in the

histologically normal pancreas from Pdx1-Cre;KrasLSL-G12D and

Pdx1-Cre;KrasLSL-G12D;IKK2/bF/F mice, which might be due to

the small fractions of Pdx1-targed cells (Figures S2F and S2G;

Table S1). Furthermore, the analysis of the gene expression

profiles among the normal pancreas, PanIN, and PDAC from

Pdx1-Cre;KrasLSL-G12D mice revealed that these profiles are

consistent with those involved in PDAC development as those

identified between Pdx1-Cre;KrasLSL-G12D and Pdx1-Cre;

KrasLSL-G12D;IKK2/bF/F mice (Figures 4A–4C; Table S2), and are

associated with signaling pathways and cellular functions of

genes in tumorigenesis (Figures S2H and S2I). The progressive

increases in the expression of several NF-kB regulated genes

from low expression in the histological normal pancreas to

high expression levels in PanIN and PDAC suggest the involve-

ment of the NF-kB-regulated genes in Kras-induced PDAC

development.

Among 20 of the differentially expressed genes with a greater

than 10-fold increases in expression in the pancreatic tissues

of Pdx1-Cre;KrasLSL-G12D mice (Figure 4A), most of them are

cytokines, chemokines, and their receptors, suggesting a role

of these molecules in Kras-induced PDAC in vivo. To substan-

tiate the differences in cytokine gene expression between 5- to

12-month-old Pdx1-Cre;KrasLSL-G12D and age-matched Pdx1-

Cre;KrasLSL-G12D;IKK2/bF/F mice, we performed real-time PCR

arrays with 84 cytokines and chemokines and validated 9 cyto-

kines with highest expression levels, which includes IL-1a,

IL-1b, and IL-1 receptor type 2 (Figure 4D; Table S3).

We next investigate the expression of IL-1a and IL-1b, since

the expression of both cytokines is among the highest. The levels

of IL-1a were significantly elevated in pancreatic tissues and IL-

1b levels were slightly higher in serum of Pdx1-Cre;KrasLSL-G12D

mice, but not in wild-type, Pdx1-Cre;IKK2/bF/F, and Pdx1-Cre;

KrasLSL-G12D;IKK2/bF/F mice (Figures 4E and 4F). These results,

together with the lymphocytic infiltration, are consistent with

chronic inflammation and the role of IKK2/b in cytokine
a wild-type mouse. (E) Histologic appearance of normal pancreas from a

a Pdx1-Cre;KrasLSL-G12D;IKK2/bF/F mouse. (G) A rare PanIN-1 from Pdx1-Cre;

pancreatitis (I) PanIN-1. (J) PanIN-2. (K) PanIN-3. (L) Cystic ductal lesion.

;KrasLSL-G12D;Ink4a/ArfF/F mice. (P) PanIN. (Q) Cystic ductal lesion. (R) PDAC.

a/ArfF/F;IKK2/bF/F mouse.
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Figure 3. Comparison of the Cell Prolifera-

tion, Inflammation, and Immune Responses

in the Pancreas between Pdx1-Cre;

KrasLSL-G12D;IKK2/bF/F and Pdx1-Cre;

KrasLSL-G12D Mice

(A) Expression of CyclinD1, Ki-67, and COX-2 is

elevated in PanIN and PDAC from Pdx1-Cre;

KrasLSL-G12D mice, but not in the normal pancreas

of Pdx1-Cre;KrasLSL-G12D;IKK2/bF/F mice. Positive

immunostaining for Cytokeratin-19 (CK-19)

verifies the ductal phenotype of PanIN lesions,

PDAC, and normal duct.

(B) Sections of formalin-fixed PanIN lesions and

PDAC from 8-month old Pdx1-Cre;KrasLSL-G12D

and normal duct tissue from Pdx1-Cre;

KrasLSL-G12D;IKK2/bF/F mice underwent IHC stain-

ing with anti-CD3 antibody as a T cell marker, anti-

B220 as a B cell marker, anti-F4/80 as a macro-

phage marker, and anti-Ly6g as a neutrophil

marker. Error bars represent ± standard deviation

(SD) from the data of five mice for each of the two

genotypes.
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expression, whichmay, in turn, promote a protumorigenicmicro-

environment. IL-1a is an NF-kB target gene and a strong NF-kB

inducer (Mori and Prager, 1996; Osborn et al., 1989), but IL-1a

induction by Kras is previously unknown, suggesting a possible
110 Cancer Cell 21, 105–120, January 17, 2012 ª2012 Elsevier Inc.
mechanistic link between IL-1a expres-

sion induced by the KrasG12D and IKK2/

b/NF-kB activation.

Downregulation of Expression of
IKK2/b/NF-kB Upstream Signaling
Molecules by Inactivation of IKK2/b
To elucidate the downstream pathways

of mutant Kras that activate IKK2/b, we

carried out IHC analysis of PanIN and

PDAC to determine the status of inflam-

mation related signaling pathways,

including TAK1, p65/RelA, c-Fos, p62,

IL-1a, and Rantes (Chemokine [C-C

motif] ligand 5). Our results show that

levels of c-Fos, TAK1, p62, activated-

p65/RelA, IL-1a, and Rantes were

substantially higher in PanIN and PDAC

from Pdx1-Cre;KrasLSL-G12D mice than in

histologically normal pancreata from

Pdx1-Cre;KrasLSL-G12D;IKK2/bF/F mice

(Figure 5A). These results suggest that

IKK2/b regulates the expression of

TAK1, p62, c-Fos, IL-1a, and Rantes as

well as NF-kB activation in the diseased

pancreas of Pdx1-Cre;KrasLSL-G12D

mice. To determine whether the Kras-

induced signaling pathways are also acti-

vated in human PDAC, IHC staining was

performed using six different PDAC

patient specimens with their adjacent

normal tissues as controls for a pilot

study. The increased levels of IL-1a,
TAK1, c-Fos, nuclear p65/RelA recognized by a specific antiac-

tivated p65/RelA antibody (Zabel et al., 1993), p62, and phos-

phorylated AKT were observed in human PDAC (Figure 5B).

Taken together, these results suggest that inactivation of
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IKK2/b interrupts oncogenic Kras-mediated pathways regulating

expression of c-Fos, IL-1a, TAK1, and p62, and activation of AKT

and NF-kB, but how these signaling molecules are regulated

by oncogenic Kras through IKK2/b pathways remained largely

unclear.

IL-1a Overexpression Correlates with Kras Mutation
and NF-kB Activation in Human PDAC Specimens
and Poor Survival in PDAC Patients
To determine whether IL-1a overexpression is correlated with

mutant Kras in human PDAC specimens, and is induced by

KrasG12D in mouse PanIN and PDAC, we sequenced the Kras

gene from paraffin sections of PDAC specimens from 14 patients

who had not undergone neoadjuvant therapies, and from 9

PDAC patient specimens derived from the orthotopic xenograft

mouse model implanted with freshly isolated patient pancreatic

cancer for excluding normal human stromal cells (Kim et al.,

2009). Ninety-three percent (13 of 14) Kras gene from PDAC

paraffin sections has substitutional mutation at codon 12, from

GGT (Gly) to GAT (Asp). 71% (5 of 7) Kras mutations identified

in human PDAC tissue xenograft also have aspartic acid at

codon 12, whereeas 29% (2 of 7) were changed to GTT (valine).

The results of IL-1a expression, analyzed by chi-square test,

showed that the presence of mutated Kras gene positively

correlatedwith IL-1a overexpression in PDACpatient specimens

(Figure 6A). Further study of IL-1a expression using human

PDAC tissue microarray (TMA) demonstrated that IL-1a over-

expression was found in most of the human PDAC tissues.

Kaplan-Meier survival analysis indicated that high levels of

IL-1a expression are associated with poor survival in PDAC

patients (p = 0.016, log rank test) (Figure 6B).

To determine the association between NF-kB activity and

expression levels of IL-1a in human PDAC for validating the

relevance of the observations in Pdx1-Cre;KrasLSL-G12D and

Pdx1-Cre; KrasLSL-G12D;IKK2/bF/F mice, IHC staining for p65

and IL-1a in patient PDAC TMA was performed. 42 of 131

(32%) human PDAC samples showed very strong IL-1a staining

and 47 (36%) had extremely intense staining for NF-kB activities

(Figure 6C). Data analysis of these by Spearman’s rank order

correlation showed the positive correlation between NF-kB

activities and expression levels of IL-1a (Figure 6D). Altogether,

the results suggest that the oncogenic Kras-mediated pathway

induced IL-1a overexpression, which triggered NF-kB activa-

tion. To determine how early activated NF-kB can be detected

during PDAC development, we analyzed the staining of p65/

RelA in our pancreatic TMA, and the results show 49% (20/41)

positive staining in PanIN stage (Figures S3A and S3B), suggest

that NF-kB activation is one of the earliest molecular alterations

observed in the development of pancreatic cancer.

To determine whether expression of IL-1a and p62 was

induced in by KrasG12D, we examined the levels of IL-1a and

p62 expression in human PDAC cell lines MDAPanc-28,

AsPc-1, and in immortalized human pancreatic ductal cell lines

HPDE and HPNE, with or without stable expression of mutant

Kras. Expression of both IL-1a and p62 was elevated in

MDAPanc-28 and AsPc-1 cells (Figure 6E) and in HPDE and

HPNE cells expressing oncogenic Kras (Figure 6F). The expres-

sion of c-Fos and activation of Jun N-terminal kinase (JNK) was

also induced in mutant Kras HPNE cells (Figure S3C).
C

To determine whether oncogenic Kras-induced AP-1 activity

played a major role in the IL-1a and p62 expression, we per-

formed IL-1a and p62 promoter analysis in mPDAC cells, an

early passage mouse PDAC cell lines established from the

PDAC of Pdx1-Cre;KrasLSL-G12D mice. Our reporter gene assays

show that IL-1a promoter with mutated AP-1 sites had no

responses, whereas activity of IL-1a promoter with wild-type

AP-1 sites was strongly inhibited by expression of a mutant of

ras (RasN17), c-fos (FosDN), and IkBa (IkBaM), as well as

kinase-dead raf and jnk (Figure 6G). Similarly, p62 promoter

was strongly inhibited by expression of FosDN and IkBaM (Fig-

ure 6H). The results showed that IL-1a and p62 promoters in

mPDAC cells were regulated by Kras through AP-1 and NF-kB

transcription factors.

Identifying Feedforward Mechanisms that Sustain
Constitutive NF-kB Activation in Oncogenic
KrasG12D-Induced PDAC
To determine whether IL-1a serves a mechanistic link between

KrasG12D and NF-kB activation, we utilized two human PDAC

cell lines and two early passage mouse PDAC cell lines,

mPDAC-1 and mPDAC-2, which were established from PDAC

of Pdx1-Cre;KrasLSL-G12D mice. These cells were treated with

anti-IL-1a and anti-IL-1b neutralizing antibodies for 0, 4, and

8 hr and the nuclear extracts were analyzed. The results showed

that anti-IL-1a, but not anti-IL-1b, neutralizing antibodies

blocked constitutive NF-kB activation (Figures 7A and 7B).

These findings suggest that secreted IL-1a from these cells acti-

vates NF-kB through autocrine mechanism.

Although p62 was induced by Kras to trigger IKK2/b activation

in lung cancer cells (Duran et al., 2008), the mechanisms are

still lacking. To determine whether and how p62 is involved

in KrasG12D-induced IKK2/b/NF-kB activation, we stimulated

p62-knockdown cells and control cells expressing a puromycin

resistant vector and scrambled shRNA with IL-1a for 0, 0.5, 2,

or 8 hr and then analyzed NF-kB activity by EMSA (Figures 7C

and 7D). The results revealed that constitutive NF-kB activity

was decreased in both mPDAC and AsPc-1 p62 knockdown

cells (Figure 7D; Figures S4A and S4B). Interestingly, NF-kB

activity was induced to the same peak level by IL-1a at 0.5 hr

stimulation in the control and p62 knockdown cells, remained

at the same level at the end of 2 hr stimulation, and was inhibited

at the end of 8 hr of IL-1a stimulation for the p62 knockdown cells

compared with their control cells (Figure 7D; Figures S4A

and S4B). These findings suggest that p62 expression is

dispensable for IL-1a-induced NF-kB activation at the early

phase (Figure 7D, lanes 4–9; Figures S4A and S4B), but is

required for IL-1a-induced long-term NF-kB activation (Fig-

ure 7D, lanes 10–12; Figures S4A and S4B). Since p62 expres-

sion was substantially increased in PanIN and PDAC from

Pdx1-Cre;KrasLSL-G12D mice in comparison to those from histo-

logically normal pancreata from Pdx1-Cre;KrasLSL-G12D;IKK2/

bF/F mice (Figures 5A and 5B), it is possible that p62 is one of

the previous unknown downstream target genes regulated by

NF-kB. To test this possibility, we showed p62 expression was

substantially inhibited in MDAPanc-28 and AsPc-1 cells by

expressing IkBaM in comparison with their control cells (Fig-

ure 7E). Our results also show that both p62 mRNA and protein

levels were increased by IL-1a stimulation and reduced by the
ancer Cell 21, 105–120, January 17, 2012 ª2012 Elsevier Inc. 111
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anti-IL-1a neutralizing antibody and by silencing IKK2/b expres-

sion in MDAPanc-28, AsPc-1, mPDAC-1, and mPDAC-2 cells

(Figures 7F–7H; Figure S4C), demonstrating that p62 expression

is regulated by NF-kB activity. To further demonstrate the regu-

lation of p62 expression by NF-kB, we identified two kB and

three AP-1 binding sites in both 3.0 kb human and mouse p62

promoters, which have extensive DNA sequence similarity (Fig-

ure 7I). The results from ChIP assays revealed that NF-kB BS2

and AP-1 BS3 sites showed higher binding activity upon IL-1a

stimulation in mPDAC-1 cells (Figure 7J). EMSA showed that

NF-kB BS2 site displayed the most kB binding activity, consis-

tent with the results of ChIP assay, whereas the three AP-1

binding sites showed similar binding activity in mPDAC-1 cells

(Figure S4D). The luciferase reporter gene assays, using different

p62 promoter constructs with and without mutated AP-1 or kB

binding sites and controls, showed that p62 expression is mainly

regulated by NF-kB activity through NF-kB BS2 site and is also

mediated by the three AP-1 sites in mPDAC cells, suggesting

that p62 is an NF-kB and AP-1 downstream target gene (Fig-

ure 7K). Furthermore, our results showed that NF-kB was acti-

vated in the KrasG12D PDAC model in the presence of wild-type

p53 function (Figures S4E and S4F), and FOXO3a was stabilized

and TSC1 was activated, whereas p70/S6K was not phosphory-

lated in IKK2/b knockdown cells (Figures S4G and S4H), sug-

gesting that both TSC1 and FOXO3a pathways is also involved

in Kras-induced PDAC development.

To demonstrated the role of IL-1a and p62 in mutant Kras-

driven cancer cells, we knocked down IL-1a and p62 expression

in mPDAC cells and in LKP-13, a lung adenocarcinoma cell line

derived from KrasG12D(LA1) mice (Wislez et al., 2005; Figure 8A;

Figures S5A and S5B), and showed significant reduction of

tumorigenic potential in the IL-1a and p62 knocked down cancer

cells in orthotopic xenograft mouse and subcutaneous xenograft

mouse models (Figures 8B-D). Knocking down TRAF6, which is

essential for IKK2/b and JNK activation in the IL-1a and TLR

pathways (Lomaga et al., 1999; Naito et al., 1999), decreased

NF-kB activation in both mPDAC cells expressing KrasG12D

(Figures 8E–8G). Taken together, these results suggest that

IL-1a and p62 play a key role in oncogenic Kras-induced tumors.

Knocking down of c-fos expression inhibited IL-1a and p62

expression and NF-kB activation (Figures 8H–8L). These results
Figure 4. Gene Ontology and Gene Set Enrichment Analyses between

IKK2/bF/F Mice and Profiling Cytokine Expression

(A) Enriched expression of NF-kBdownstream target gene sets in Pdx1-Cre;KrasL

represents top enriched genes in Pdx1-Cre;KrasLSL-G12D;IKK2/bWT. NES, normaliz

q value. (red, high expression; blue, low expression).

(B) GSEA analyses identify the enriched gene sets expressed either in Pdx1-Cre

pathway gene sets. One gene set are enrich in Pdx1-Cre;KrasLSL-G12D;IKK2/bWT

Five NF-kB pathway-related gene sets are noteworthy enriched in Pdx1-Cre;Kr

significance (FDR q value < 0.25 and normalized p value < 0.05).

(C) GSEA analyses of significant gene upregulation in Pdx1-Cre;KrasLSL-G12D reve

tumor stage, and poor survival in PDAC patients by using 102 PDAC cDNA m

Cre;KrasLSL-G12D; IKK2/bF/F is correlated to low risk. ns, not significant (FDR q va

(D) Analysis of differential cytokine gene expression between pancreatic cancer a

age-matched Pdx1-Cre;KrasLSL-G12D;IKK2/bF/F mice) by real-time PCR arrays.

(E) Determination of IL-1a expression levels in pancreas, liver, and lung from Pdx1

wild-type (WT) mice.

(F) Evaluation of IL-1a and IL-1b expression levels in sera from Pdx1-Cre;KrasLSL-G

mice. Error bars represent ±SD of the data from three mice in each genotype as

C

suggest that AP-1 activated by oncogenic Kras induced and

sustained activation of RelA/p50 in PDAC development.

As illustrated in Figure 8M, our findings suggest a mechanism

bywhich oncogenic Kras signaling pathway induced constitutive

activation of NF-kB in PDAC development.

DISCUSSION

We have unequivocally demonstrated that the requirement of

NF-kB pathway for PDAC development and the mechanism

through which constitutive NF-kB activation and inflammatory

responses were induced by oncogenic Kras during PDAC

initiation. These findings suggest that the primum movens

responsible for cancer-related inflammatory responses and the

development of PanIN and PDAC is the mutant Kras-initiated

constitutive activation of NF-kB. Importantly, our results suggest

that mutant Kras may induce intrinsic inflammatory responses

that promote a protumorigenic microenvironment through

expressing inflammatory mediators such as chemokines and

cytokines in tumor tissues, recruiting inflammatory cells, and

inducing angiogenesis and tissue repair similar to those

observed in hereditary pancreatitis, which has been firmly linked

to the development of PDAC (Brentnall et al., 1999; Lowenfels

et al., 1997). Thus, our findings further suggest that sporadic

PDAC is also induced through a chronic inflammatory mecha-

nism similar to those observed in hereditary pancreatitis related

PDAC cases.

Although studies have demonstrated that mutant Ras was

shown to activate NF-kB in several types of tumors in mouse

models (Bassères et al., 2010; Meylan et al., 2009; Yang et al.,

2010). Signaling pathways leading to the constitutive NF-kB

activity in cancer cells were not clear at all. Duran et al. (2008)

showed that mutant Ras induced p62 expression through AP-1

to activate IKK2/b and NF-kB. However, the requirement for

p62 in NF-kB activation is not completely understood consid-

ering the reported function of p62 as an adaptor for regulating

E3 ubiquitin-protein ligase TRAF6 and deubiquitination enzyme

CYLD to balance the turnover of K63-polyubiquitination

(Sanz et al., 2000; Wooten et al., 2005). Our results clearly

demonstrated that p62 expression is not required for rapid and

early NF-kB activation induced by IL-1a, but it is essential for
Pancreata from Pdx1-Cre;KrasLSL-G12D and Pdx1-Cre;KrasLSL-G12D;

SL-G12D;IKK2/bWT compared to Pdx1-Cre;KrasLSL-G12D;IKK2/bF/F. The heat map

ed enrichment score; NOM p value, nominal p value; FDR, false discovery rate

; KrasLSL-G12D;IKK2/bWT or Pdx1-Cre;KrasLSL-G12D;IKK2/bF/F using 198 KEGG

and twenty seven gene sets are enriched in Pdx1-Cre;KrasLSL-G12D;IKK2/bF/F.

asLSL-G12D; IKK2/bWT. Enriched gene sets were selected based on statistical

aled that they are strongly correlated to positive nodal status, high risk, higher

icroarray data (GSE21501). Two- and 5-fold enriched expression in Pdx1-

lue > 0.25 and/or normalized p value > 0.05).

nd normal pancreas (from 5- to 12-month-old Pdx1-Cre;KrasLSL-G12Dmice and

-Cre;KrasLSL-G12D, Pdx1-Cre;KrasLSL-G12D;IKK2/bF/F, Pdx1-Cre;IKK2/bF/F, and

12D, Pdx1-Cre;KrasLSL-G12D;IKK2/bF/F, Pdx1-Cre;IKK2/bF/F, andwild-type (WT)

indicated. See also Figure S2 and Tables S1–S3.
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Figure 5. Analysis of Signaling Pathways in PanIN, PDAC, and Histologically Normal Pancreas from Compound Mutant Mice and Human

PDAC Patients

(A) Immunohistochemical analysis with anti-IL-1a, anti-Rantes (Chemokine [C-C motif] ligand 5), anti-c-Fos, anti-TAK1, anti-p62, and anti-p65 antibodies in

sections of formalin-fixed PanIN lesions and PDAC from Pdx1-Cre;KrasLSL-G12D mice, and of normal duct tissues from Pdx1-Cre;KrasLSL-G12D;IKK2/bF/F mice.

Error bars represent ±SD from the data of five mice for each of the three genotypes.

(B) Immunohistochemical staining for IL-1a, TAK1, pAKT, c-Fos, p65, and p62 in sections of formalin-fixed human PDAC and adjacent histologically normal

pancreatic tissues. Error bars represent ±SD from six human PDAC specimens.
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constitutive NF-kB activation (Figure 7D; Figures S4A and S4B),

which is consistent with the function of p62 as an adaptor

for regulating the turnover of K63-polyubiquitinated proteins,

including TRAF6, to maintain IKK2/b and NF-kB activation

(Sanz et al., 2000; Wooten et al., 2005). Our results show that
114 Cancer Cell 21, 105–120, January 17, 2012 ª2012 Elsevier Inc.
expression of p62 is induced by NF-kB activation during IL-1a

stimulation of mouse and human PDAC cell lines (Figures 7E–

7J), suggesting the existence of an autoregulatory loop whereby

NF-kB regulates p62 expression, which, in turn, extends NF-kB

activation.
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Figure 6. Clinical Correlations among Mutant Kras, IL-a Overexpression, and NF-kB Activation in Human PDAC
(A) The percentages of IL-1a positivity in PDAC tissues carrying a mutant Kras gene. Chi-square test was used to demonstrate the positive correlation between

overexpression of IL-1a and the presence of a mutant Kras in PDAC tissues.

(B) Kaplan-Meier survival analysis of PDAC patients with and without high levels of IL-1a expression using TMA.

(C) Immunohistochemical staining for p65 and IL-1a in human PDAC tissue microarrays. Representative IHC stainings are shown, with four combinations of

immunostaining patterns, E1: p65 high, IL-1a high; E2: p65 high, IL-1a low; E3: p65 low, IL-1a high; E4: p65 low, IL-1a low.

(D) Scores of activated NF-kB are plotted against those of IL-1a overexpression. Spearman’s rank order correlation was used to demonstrate the positive

correlation between NF-kB activity and expression levels of IL-1a in TMA.

(E) Western blot analysis showing IL-1a and p62 overexpression in pancreatic cancer cell lines MDAPanc-28 and AsPc-1.

(F) Western blot analysis of IL-1a and p62 expression in hTERT-immortalized human pancreatic ductal HPNE and HPDE cell lines.

(G) Reporter gene assay for analyzing IL-1a promoter regulation by Kras, AP-1, and NF-kB pathways using mPDAC cells.

(H) Reporter gene assay for analyzing the regulation of p62 promoter by AP-1 and NF-kB pathways using mPDAC cells. Error bars represent ±SD from three

independent experiments. See also Figure S3.
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Figure 7. Elucidation of Feedforward Signaling Pathways that Sustain Constitutive NF-kB Activation in Oncogenic KrasG12D-Induced PDAC

(A) Nuclear extracts of human PDAC cell lines MDAPanc-28 and AsPc-1 and mouse PDAC cell lines mPDAC-1 and mPDAC-2 (derived from Pdx1-Cre;

KrasLSL-G12D), treated with anti-IL-1a neutralizing antibody (2 mg/ml) for 0, 4, or 8 hr or with anti-IL-1b neutralizing antibody (2 mg/ml) for 0 or 8 hr as indicated, were

analyzed by EMSA to determine NF-kB activity using a probe containing an NF-kB DNA binding site. Oct-1 DNA binding activities were determined as loading

controls.

(B) EMSAwas performed to determine the specificity of inducible RelA/p50 NF-kBDNAbinding activity. Competition and supershift assayswere performed using

20 mg of nuclear protein from mPDAC-2 cells as indicated.

(C) Western blot was performed to determine the expression of p62 in mPDAC cells (CTL), mPDAC cells (p62-shRNA) expressing p62shRNA, and mPDAC cells

(SB-shRNA) expressing scrambled control shRNA with anti-p62 antibody. Relative protein loading was determined by the use of anti-b-actin antibody.

Cancer Cell

KrasG12D-Induced IKK2 Activation and Tumorigenesis

116 Cancer Cell 21, 105–120, January 17, 2012 ª2012 Elsevier Inc.



Cancer Cell

KrasG12D-Induced IKK2 Activation and Tumorigenesis
Our results show that TSC1 and FOXO3a pathways are

involved in Kras-induced PDAC (Figures S4G and S4H), consis-

tent with the studies showing that IKK2/b phosphorylates TSC1

at Ser487 and Ser511 and FOXO3a for promoting tumorigenesis

(Hu et al., 2004; Lee et al., 2007). Interestingly, expression of

both IL-1a and IL-1bwas inhibited in our Pdx1-Cre;KrasLSL-G12D;

IKK2/bF/F mouse model (Figures 4E–4F), pointing out different

regulatory mechanisms of IL-1b in pancreas as NF-kB activity

inhibits the release of IL-1b from macrophage (Greten et al.,

2007).

In summary, we report here constitutive NF-kB activation is

required for PDAC development and proposed the mechanism

for NF-kB activation by KrasG12D through AP-1-induced IL-1a

overexpression. Since IL-1a overexpression correlates with

poor survival in PDAC patients, and since it is found in other

diseases, such as chronic inflammation autoimmune disorders

(Gabay et al., 2010), pharmacologic targeting IL-1a overexpres-

sion may represent a potential therapy for PDAC.

EXPERIMENTAL PROCEDURES

Generation of Mouse Strain

The genetically engineered mouse strains used in our study were kindly and

generously provided by the following laboratories: floxed IKK2/b (IKK2/bF/F)

mice by Michael Karin’s laboratory (Li et al., 2003); floxed Ink4a/Arf (Ink4a/

ArfF/F) mice by Ronald Depinho’s laboratory (Aguirre et al., 2003); KrasLSL-G12D

mice by Tyler Jacks’ laboratory (Johnson et al., 2001); and Pdx1-Cre trans-

genic mice by Douglas Melton’s laboratory (Gu et al., 2002). These strains

were interbred to generate the experimental cohorts, which include the

following genotypes: Pdx1-Cre;KrasLSL-G12D, Pdx1-Cre;IKK2/bF/F, Pdx1-

Cre;KrasLSL-G12D; IKK2/bF/F, Pdx1-Cre;KrasLSL-G12D;Ink4a/ArfF/F and Pdx1-

Cre;KrasLSL-G12D;Ink4a/ArfF/F; IKK2/bF/F. These mutant mouse strains were

genotyped by PCR as previously described by the laboratories that generated

them. All animal experiments were conducted under the protocol that was

approved for this study by the Institutional Animal Care and Use Committee

(IACUC) at the University of Texas MD Anderson Cancer Center.

Patient Pancreatic Ductal Adenocarcinoma and Adjacent Normal

Tissues

Patient pancreatic cancer tissue microarray (TMA) was constructed and

paraffin sections were obtained using the paraffin blocks from primary pancre-

atic ductal adenocarcinoma and paired adjacent normal tissues of 131

pancreatic cancer patients, which were collected within 1 hr after surgery
(D) NF-kB activities in the nuclear extracts of mPDAC cells (CTL), mPDAC cells (p

scrambled control shRNA stimulated with IL-1a for the times indicated were de

controls in (A) and (D).

(E) NF-kB-dependent expression of p62 was determined by western blot analys

tagged IkBamutant (Flag-IkBaM) and their control cells expressing a puromycin r

Flag antibody. Relative protein loading was determined by the use of anti-b-acti

(F) IL-1a-regulated p62 expression was determined by real-time PCR in MDAPa

antibody (2 mg/ml) for 8 hr or IL-1a (10 ng/ml) for 1 hr as indicated.

(G) IKK2/b-induced p62 expression was determined by western blot analysis u

b-shRNA (IKK2-shRNA) and their control cells expressing a puromycin resistance

verified by using anti-IKK2/b antibody. Relative protein loading was determined

(H) IL-1a-regulated p62 expression was determined by western blot analysis in pr

with anti-IL-1a neutralizing antibody (2 mg/ml) for 8 hr or IL-1a (10 ng/ml) for 1 h

antibody.

(I) The sequence alignment between mouse and human p62 promoter regions w

(J) The activities of the AP-1 and kB binding sites in mouse p62 promoter were det

were performed with anti-c-Fos and anti-p65/NF-kB antibodies and IgG as nega

(K) Analysis of p62 promoter activities in mPDAC-1 cells. The luciferase reporte

luciferase reporter constructs of the p62 promoter constructs with mutated AP-1

measured as described in Experimental Procedures. Error bars represent ±SD fr

C

under the protocol approved by the Institutional Review Board at M.D. Ander-

son Cancer Center, and written informed consent was obtained from patients

in all cases at time of enrollment.

Cell Lines and Reagents

The human pancreatic cancer cell line AsPC-1 was purchased from the

American Type Culture Collection. MDAPanc-28 was established by Marsha

Frazier and Douglas B. Evans (M.D. Anderson Cancer Center). Immortalized/

nontumorigenic HPDE and the hTERT-HPNE cells were described (Lee

et al., 2005; Qian et al., 2005). Panc-28/ IkBaM, AsPc-1/IkBaM, HPNE/Kras,

and HPDE/Kras cell lines were established in Chiao’s laboratory (Qian et al.,

2005). Anti-human IL-1a and IL-1b, anti-mouse IL-1a and IL-1b neutralizing

antibodies, and IL-1a were obtained from R&D Systems.

Knockdown of IKK2/b, p62, IL-1a,Traf6, and c-Fos

To silence IKK2/b, p62, and IL-1a expression, DNA sequences encoding

shRNAs and a scramble sequence were chosen to clone into the FG12 lenti-

viral vector. The mouse primary pancreatic cancer cell lines mPDAC-1 and

mPDAC-2 and human PDAC cell lines Panc28 and AsPc-1 were infected by

lentivirus containing the shRNA. The infected cells were sorted by green fluo-

rescent protein after infection 4 days. The levels of target gene knockdown by

shRNA were determined using immunoblotting.

Statistical Analysis

Mean values between groups were compared by Excel. Survival curves were

plotted by the Kaplan-Meier method and compared by the log-rank test using

GraphPad Prism. The correlative relationships between two quantitative

measurements were investigated using Spearman rank-order correlation

and the chi-square statistic. Data were analyzed by the Student t test and

results were considered significant at a p value < 0.05.

ACCESSION NUMBERS

Microarray data has been deposited in the Gene Expression Omnibus (GEO)

database (accession number GSE33323).
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Supplemental Information includes five figures, three tables, and Supple-

mental Experimental Procedures and can be found with this article online at
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Figure 8. AP-1 Induced by Oncogenic KrasG12D Initiates Feedforward Loops of IL-1a and p62 to Induce and Sustain Constitutive NF-kB Acti-
vation and the Working Model

(A) Knocked down expression of IL-1a and p62 in mPDAC and LKP-13 cells. The expression levels of p62 and IL-1a in mPDAC and LKP-13 cells expressing

scrambled shRNA (SBshRNA), p62shRNA, and IL-1ashRNAwas determined using anti-p62 or anti- IL-1a antibody in western blot with b-actin as relative protein

loading controls.

(B) The resected orthotopic tumors attached to spleen in fifteen C57B6 mice injected with mPDAC-SBshRNA, mPDAC-p62shRNA, and mPDAC-IL-1ashRNA

cells (n = 5 per group) were shown at week 5. S: spleen; T: tumor.

(C) Tumor weight in C57B6 mice orthotopically injected with mPDAC-SBshRNA, mPDAC-p62shRNA, and mPDAC-IL-1ashRNA cells. Columns: mean of all

individual tumors in each group. Error bars: ±SD of the pancreatic tumor from five mice in each of the three groups as indicated.

(D) Percentage of C57B6 mice that developed subcutaneous tumors after injection of LKP-13-SB-shRNA, LKP-13-p62shRNA, and LKP-13-IL-1ashRNA cells.

Columns: percentage of the mice that grew tumor in each group (n = 5). The statistical significance was determined by Fisher’s exact test.

(E) Expression of TRAF6 in mPDAC cells expressing scrambled Traf6 shRNA (SB-shRNA) and two Traf6-shRNA (Traf6-shRNA-1 and 2) was determined by anti-

TRAF6 antibody with b-actin as loading control.
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SUMMARY
Constitutive NF-kB activation has causative roles in adult T cell leukemia (ATL) caused by HTLV-1 and other
cancers. Here, we report a pathway involving Polycomb-mediatedmiRNA silencing andNF-kBactivation.We
determine themiRNA signatures and reveal miR-31 loss in primary ATL cells. MiR-31 negatively regulates the
noncanonical NF-kB pathway by targeting NF-kB inducing kinase (NIK). Loss of miR-31 therefore triggers
oncogenic signaling. In ATL cells, miR-31 level is epigenetically regulated, and aberrant upregulation of
Polycomb proteins contribute to miR-31 downregulation in an epigenetic fashion, leading to activation
of NF-kB and apoptosis resistance. Furthermore, this emerging circuit operates in other cancers and
receptor-initiated NF-kB cascade. Our findings provide a perspective involving the epigenetic program,
inflammatory responses, and oncogenic signaling.
INTRODUCTION

Adult T cell leukemia (ATL) is an aggressive T cell neoplasm with

very poor prognosis (Yamaguchi and Watanabe, 2002). Human

T cell leukemia virus type I (HTLV-I) is recognized as an etiolog-

ical factor in T cell malignancy. Although mounting molecular

evidence has contributed to our ability to cure several cancers

and other diseases, the genetic background of ATL leukemogen-

esis is not yet fully understood. Thus, it is an urgent request to

clarify the molecular mechanism of ATL development.

Constitutive activation of nuclear factor-kB (NF-kB) is

observed in the ATL cell lines and primary isolated tumor cells

from ATL patients, although the viral oncoprotein Tax, a powerful

activator of NF-kB, is not expressed in these malignant cells
Significance

Here, we propose a molecular perspective of the onset of onco
for constitutive NF-kB activation in various types of cancers. U
miR-31 as a suppressor of NIK that is completely silenced in A
Polycomb is implicated in NF-kB signaling via miRNA regula
Polycomb-mediated epigenetic regulation and the NF-kB sig
NF-kB to epigenetic reprogramming.

C

(Hironaka et al., 2004; Watanabe et al., 2005). NF-kB activation

aberrantly contributes to cell propagation and anti-apoptotic

responses in ATL and other cancers (Prasad et al., 2010). In

our previous study, inhibition of NF-kB activity with a specific

inhibitor, DHMEQ, drastically impaired the levels of ATL cell

growth and resistance to apoptosis (Watanabe et al., 2005),

suggesting that the molecular background of aberrant NF-kB

activation may give us potential therapeutic targets. A recent

report provided a new readout that NF-kB-inducing kinase

(NIK) has a causal role in tumor progression and the aggressive

phenotypes of various cancers, including ATL (Saitoh et al.,

2008). NIK plays a pivotal role in the noncanonical (alternative)

NF-kB pathway as a crucial kinase in receptor-initiating

signaling, including signaling from CD40, LTBR, and BAFFR.
genic signaling. NIK overexpression is a major driving force
sing ATL cells as a model of NF-kB-addiction, we identified
TL cells. Furthermore, an oncogenic function of a subset of
tion. This study introduces a fundamental link between the
naling, allowing us to attribute the constitutive activation of
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Several studies have recently implicated another functional

significance of NIK protein in epithelial cell proliferation, inflam-

matory response, and oncogenic signaling (for review, see Thu

and Richmond, 2010). Although the expression level of NIK is

strictly maintained by proteasomal degradation in normal cells

(Liao et al., 2004), increased level of NIK transcript are observed

in some cancers, causing inappropriate accumulation of NIK

protein without stimuli (Annunziata et al., 2007; Saitoh et al.,

2008). Overexpression of NIK leads to aberrant phenotypes in

several cell types; however, little is known about the abnormal

accumulation of NIK in malignant cells.

Recent advances have led to deeper understanding of a new

aspect of posttranscriptional gene regulation, i.e., regulation by

a class of noncoding RNAs. MicroRNAs (miRNAs) are functional

RNAs with 18–25 nt in length that contribute to a class of cellular

functions by negatively controlling targeted gene expression via

base-pairing to 30 untranslated region (30 UTR). A single miRNA

regulates the expression of multiple genes, and the functions of

miRNAs therefore need to be orchestrated for cellular homeo-

stasis (Ventura and Jacks, 2009). In the context of cancer

pathology, many studies have provided evidences that miRNAs

can act as either oncogenes or tumor suppressors. Although the

relationship between miRNA deregulation and oncogenes has

been clarified in several cancer cells, there has been no inte-

grated analysis of gene expression in ATL. Since miRNAs

have important functions in living cells, miRNA expression

needs to be tightly regulated. Our knowledge about the regula-

tory mechanisms of miRNA expression is very inadequate

because research effort has focused mainly on the role of

miRNAs, which remains one of the most intriguing questions.

miRNA regulation involves multiple steps. miRNA maturation

has been identified as an important step, and its deregulation

leads to progression and development of cancer (Davis et al.,

2008; Trabucchi et al., 2009). Genetic deletion in cancer cells

has also been reported to account for specific miRNA defect

(Varambally et al., 2008). In addition, miRNA expression seems

to be epigenetically programmed. DNA methylation and histone

modification are strong candidates for miRNA regulation and

their abnormalities, therefore, have causal roles in cancer initia-

tion, development, and progression. In particular, Polycomb

group proteins have central functions in cellular development

and regeneration by controlling histone methylation, especially

at histone H3 Lys27 (H3K27), which induces chromatin

compaction (Simon and Kingston, 2009). Recent studies have

revealed that the amount of Polycomb family is closely associ-

ated with cancer phenotypes and malignancy in breast cancer,

prostate cancer, and other neoplasms (Sparmann and van Lo-

huizen, 2006). However, the substantial status of Polycomb

family and their epigenetic impact in ATL cells have not been

documented. Furthermore, the general roles of Polycomb

proteins in miRNA regulation are mostly unknown. As described

above, since miRNAs are multifunctional molecules in gene

regulation, it is of pivotal importance to clarify the miRNAs

functions and their regulatory circuit in order to formulate

therapeutic strategies.

In the present study, we first performed global miRNA and

mRNA profilings of the ATL cells derived from patients to

precisely define the significance of miRNA expressions and

functions.
122 Cancer Cell 21, 121–135, January 17, 2012 ª2012 Elsevier Inc.
RESULTS

miRNA Expression Signature in Primary ATL Cells
To characterize the miRNA expression signature in the primary

ATL cells, we first performed an miRNA expression microarray

analysis. For results with physiological significance, we used

total RNA prepared from clinical ATL samples (n = 40, Table

S1 available online) and control CD4+ T cells from healthy donors

(n = 22) aged 50–70 years. A strict threshold (p < 1 3 10�5) and

two-dimensional hierarchical clustering analysis revealed 61

miRNAs that showed significantly altered levels of expression

in ATL cells compared with those of control CD4+ T cells (Fig-

ure 1A). It is noteworthy that 59 miRNAs out of 61 (96.7%)

showed decreased expression in the primary ATL cells. Among

them, we identified miR-31 as one of the most profoundly

repressed miRNAs in all ATL individuals (fold change, 0.00403;

Figure 1B). miR-31 was recently reported as a tumor suppressor

and/or metastasis-associated miRNA in metastatic breast

cancer. However, the biological functions of miR-31 in lympho-

cytes have not been studied. We therefore focused on the

biological significance and regulatory mechanisms of miR-31

expression in T cells as well as in solid cancers.

miR-31 Negatively Regulates NF-kB Signaling
via NIK Expression
To study the functional significance of miR-31 loss, we attemp-

ted to identify the target genes of miR-31 using four computa-

tional algorithms. We also performed gene expression microar-

ray analysis of the primary ATL cells (n = 52, Table S1) and

normal CD4+ T cells (n = 21) in order to detect aberrations in

gene expression. Selected putative target genes are known to

be involved in cell-cycle regulation and T cell development (Table

S2). To experimentally identify the target genes, we performed

reporter-based screens as described below. Luciferase-30 UTR
reporter assays demonstrated a remarkable negative effect

against upstream gene expression by the MAP3K14 30 UTR

sequence (Figure S1B), which is consistent with an initial cloning

report (Malinin et al., 1997). MAP3K14, also known as NIK, has

a central role in noncanonical NF-kB signaling by phosphoryla-

tion of IKKa. A previous report (Saitoh et al., 2008) and the

present results (Table S2) show that NIK is overexpressed in

ATL cells, leading to constitutive NF-kB activation. As shown in

Figure 2A, treatment with a miR-31 inhibitor increased NIK 30

UTR reporter activity, suggesting the involvement of endoge-

nous miR-31 in NIK downregulation. A computational search

predicted one site each of miR-31 and miR-31 antisense

(miR-31*) binding sites in the NIK 30 UTR (Figure 2B). To identify

the regulatory sequence in 30 UTR of NIK, we established addi-

tional two reporters with mutated sequence in each potential

seed region (Figure 2C; Figure S1C). Mutant 1, which contains

mutated sequence in the miR-31 seed region, partially canceled

the negative effect of endogenous miR-31 (Figure S1D) and

prevented the effect of Anti-miR-31 treatment (Figure 2D).

On the contrary, our results suggest that miR-31* does not

participate in NIK regulation. miR-31-mediated reporter regula-

tion was also observed in T cell lines (Figure S1E). To confirm

the results, we repeated the experiment to examine whether

miR-31 could inhibit NIK expression through seed sequence.

We made expression plasmid vectors carrying NIK, NIK-30
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Figure 1. Global Profiling of Cellular miRNA on Primary ATL Cells

(A) Two-dimensional hierarchical clustering analysis and Pearson correlation as similarity measure on the miRNAs expressed at significantly different levels

between the ATL (n = 40) and the control (n = 22) groups. Sixty-one miRNAs were identified (p < 13 10�5) and by filtering on more than 5-fold changes. A vertical

branch shows the expression pattern of the selected miRNAs in each individual.

(B)Foldchanges in the61miRNAsbetweenATLandNormal (p<10�5, fold change>5-fold). SelectedmiRNAsarearrangedaccording topvalues.SeealsoTableS1.
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UTRWT, or NIK-30 UTRMu1 and tested their expressions in 293T

cells. Results demonstrated that expression of NIK-30 UTRWT

was inhibited by simultaneous introduction ofmiR-31 (Figure 2E).

miR-31 inhibition inversely rescued the NIK level, revealing that

the cellular miR-31 level negatively affected that of the NIK

protein through its 30 UTR sequence. These lines of evidence

collectively demonstrated that miR-31 recognizes and regulates

NIK mRNA through specific binding to its 30 UTR.
C

Transient introduction of the miR-31 precursor in TL-Om1

cells, which were established from an ATL patient, resulted in

downregulation of NIK at the mRNA and protein levels, associ-

ated with downregulation of the phospho-IKKa/b level and

NF-kB activity (Figures S1F and S1G). In contrast, miR-31 inhibi-

tion resulted in accumulation of NIK mRNA and protein in HeLa

cells (Figure 2F). Manipulation of the miR-31 level clearly indi-

cated that the miR-31 level negatively correlates with cellular
ancer Cell 21, 121–135, January 17, 2012 ª2012 Elsevier Inc. 123
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Figure 2. miR-31 Is a Negative Regulator of NF-kB Pathway by Inhibiting NIK Expression

(A) Reporter-basedmiR-31’s target gene screening. A series of 30 UTR-luciferase reporters was transfected in HeLa cells together with or without miR-31 specific

inhibitory RNA (Anti-miR-31) or control RNA (Anti-control). Relative values of Dual-luciferase assay are presented. ‘‘Non-target’’ represents reporter without any

30 UTR. ‘‘di-miR-31’’ reporter contains two perfect match sequences. The data are presented as mean ± SD of three independent experiments.

(B) Schematic of miR-31 target sites in the NIK 30 UTR.
(C) Mutation-induced reporters. Red box stands for mutated target region (see Figure S1C).

(D) miR-31 negatively regulates NIK 30 UTR analyzed by reporter assay (n = 4, mean ± SD). Luciferase activities of reporter series were tested in a presence or

absence of miR-31 inhibitor.

(E) FLAG-tagged NIK protein is negatively regulated through its 30 UTR and miR-31 binding. Plasmid vectors and miR-31 precursor or miR-31 inhibitor are

cotransfected in 293T cells. Western blots showed levels of NIK and endogenous p52. Asterisk indicates nonspecific bands.

(F) NIK mRNA (left) and protein (right) levels in HeLa cells measured by quantitative RT-PCR (n = 3, mean ± SD) and western blotting, respectively. Treatment of

miR-31 inhibitor resulted in NIK accumulation. Result of densitometry is shown in the bottom panel. Asterisk indicates nonspecific bands.

(G) Cellular NF-kB activity in HeLa cells (n = 5, mean ± SD) in a presence or absence of miR-31 precursor or inhibitor.
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NF-kB activity (Figure 2G). Furthermore, enforced miR-31

expression in B cells attenuated both BAFF and CD40L-medi-

ated NIK accumulation and the subsequent NF-kB signaling

(Figures 2H–2K). Consistent with previous reports (Ramak-

rishnan et al., 2004; Zarnegar et al., 2008b), we also found

decreased levels of IkBa phosphorylation. On the other hand,

TNF-a-triggered canonical NF-kB activation was not affected

by miR-31 in Jurkat cells (Figures S1H–S1K). These results

collectively show that miR-31 inhibits the basal and receptor-

initiated activities of noncanonical NF-kB pathway. With genetic

evidence and an experimental approach, we further demon-

strated that the function of miR-31 is well conserved among

several classes of species (Figures S1L–S1O). Taking together

all these results, miR-31, which is almost completely absent

in primary ATL cells, appears to play a critical role in negative

regulation of the NF-kB pathway by manipulating the expression

of NIK.

miR-31 Suppresses ATL Cell Growth and Promotes
Apoptosis by Inhibiting NF-kB
Although it was documented that abnormal NIK accumulation in

ATL cells acts as a constitutive activator of the NF-kB pathway,

the mechanism underlying overproduction of NIK remains to be

elucidated. The results described in the previous section indi-

cated that the amount of miR-31 is linked to the level of NIK,

and we therefore speculated that downregulation of miR-31

expression is at least partially responsible for the constitutive

activation of NF-kB in ATL cells. Quantitative RT-PCR revealed

that NIK mRNA levels were negatively correlated with miR-31

levels in primary ATL cell samples (Figure 3A). To investigate

the functional roles of NIK and miR-31, we established TL-

Om1 cells stably expressing the miR-31 or NIK specific shRNA

(shNIK) by retroviral vectors. RT-PCR and western blots showed

that expression of miR-31 or shNIK reduced NIK at mRNA and

protein levels as well as the levels of phospho-IKKa/b, p52,

and IkBa (Figures 3B and 3C). Decreased levels of nuclear

RelA and RelB are considered to represent repressed activities

of the canonical and noncanonical NF-kB pathways, respec-

tively (Figure 3D). EMSA and NF-kB reporter assays also

revealed the repressive function of miR-31 and shNIK on the

NF-kB activity (Figures 3E and 3F; Figures S2A, S2B, S5B, and

S5C). Re-expression of NIK led to NF-kB activation that was

inhibited by miR-31, suggesting a reciprocal relationship

between the level of miR-31 and that of NIK.

We and others previously showed that constitutive NF-kB

activation is a strong driver of ATL proliferation and prosurvival

properties. Here, we examined the effects of miR-31 loss on

ATL cell growth. We found that TL-Om1 cells expressing

miR-31 or shNIK showed a significant attenuation of cell prolifer-

ation compared with control cells. In addition, serum starvation

experiments showed greater sensitivity to induced cell death in

NIK-repressed cells (Figure 3G). miR-31 expression showed

the same phenotypic results in other ATL-derived cell lines
(H–K) miR-31 attenuates signal-dependent NF-kB activation in B cells. (H and I) B

or CD40L (0.5 mg/ml) for indicated time periods. The protein levels of NIK, phosph

shown. Actin was detected as control. (J) NF-kB activity (n = 5, mean ± SD) evalu

NF-kB-dependent gene expressions were inhibited by miR-31 (n = 3, mean ± SD

C

(Figures S2C, S2D, and S5E). Jurkat cells do not have significant

basal activity of NF-kB, and showed no significant difference

in cell growth with or without induced expression of miR-31

(Figure S2E).

Next, we hypothesized that miR-31-mediated NF-kB modula-

tion may affect cellular apoptosis, because numerous studies

have demonstrated that NF-kB activation is a strong antiapop-

totic factor in ATL and other cancer cells. We found that repres-

sion of NIK by miR-31 or shNIK resulted in downregulation of

a subset of genes involved in resistance to apoptosis such as

BCL-XL, XIAP, and FLIP (Figure 3H), suggesting that miR-31

has a role in proapoptosis through inhibition of NF-kB activity.

To assess the biological function of miR-31 in apoptosis signals,

we utilized a lentivirus gene transfer system for cell lines and

freshly isolated tumor cells. The lentivirus vector is competent

to infect nondividing cells and the infected cells can be moni-

tored by the fluorescence of Venus. We found that lentivirus-

mediated miR-31 expression promoted basal and Fas-directed

apoptosis in TL-Om1 cells (Figure 3I). Venus-negative population

showed no significant changes, demonstrating the specificity of

miR-31 activity. To confirm the relationship among miR-31, NIK,

and NF-kB signaling, we also prepared another retroviral vector

encoding NIKwithout its 30 UTR sequence. As results, re-expres-

sion of NIK reversed the miR-31-mediated apoptosis. In addi-

tion, miR-31 expression led to caspase 3 activation (Figure 3J).

Collectively, these findings indicate that miR-31 mediates

apoptosis through repression of NIK in ATL cell lines.

Tumor cells from ATL patients primarily represent the malig-

nant characteristics. In fact, miR-31 loss is found from patient

samples (Figures 1 and 3A). To demonstrate the responsibility

of miR-31 for tumor cell survival, we tested whether lentivirus-

mediated miR-31 expression has a killing effect against tumor

cells. After establishment of lentivirus infection, the apoptotic

cells were determined by flow cytometry. The results revealed

that expression of miR-31 facilitated tumor cell death. Since

NIK repression by shRNA lentivirus also showed a strong killing

effect, NIK and NF-kB activity are suggested as crucial players

for survival in ATL tumor cells (Figure 3K). Strong toxicities

were not observed in normal resting lymphocytes that express

low levels of NIK. Taken together, these lines of experimental

evidence, including data from cell lines and primary ATL cells,

definitively support two notions that (1) miR-31 acts as a tumor

suppressor in T cells, and (2) NIK-regulated NF-kB has pivotal

importance in cancer cell survival.

Loss of miR-31 Occurs in T Cells with Genetic
and Epigenetic Abnormalities
The results described above together with previous publications

indicate that regulation of miR-31 expression has profound

impacts on multiple functions in human tumors as well as in

normal cells. However, little is known about the regulatory

mechanism of miR-31 expression. The human gene that

encodes miR-31, hsa-miR-31, is located at 9p21.3, which is
JAB cells expressing miR-31 or control RNA were treated with BAFF (0.2 mg/ml)

o-IKKa/b, p100/p52 (arrowheads indicate active p52), and phospho-IkBawere

ated by NF-kB-luciferase reporter assay at 24 hr after cytokine treatments. (K)

). See also Table S2 and Figure S1.
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(A) Expression levels of miR-31 and NIK in individual ATL patients and normal controls using data set obtained by quantitative RT-PCR. Pearson’s correlation

coefficient within ATL samples was described in the graph.
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adjacent to clusters of the CDKN2 and IFNA families, and is

a well-known hotspot of genomic loss in several types of human

cancers.We performed genome-wide scans of genetic lesions in

168 ATL samples and demonstrated that 21 ATL cases (12.5%)

had genomic deletion of 9p21.3 containing the hsa-miR-31

coding region (Figure 4A; Figure S3A). All of these cases also

have genomic defect in CDKN2A region. A major proportion of

ATL cases that are without genetic deletion and somatic muta-

tion in the hsa-miR-31 region showed remarkable loss of miR-

31 expression (Figure 4B). Detailed expression profiling revealed

drastic downregulation of Pri-miR-31 transcription in the primary

ATL cells (Figure 4C). There was a strong correlation between

the levels of mature miR-31 and primary transcript (r = 0.9414,

p = 5.45 3 10�8). hsa-miR-31 is located in intronic region of

LOC554202 gene. However, LOC554202 mRNA levels were

very low in primary T cells and there was no significant difference

between ATL and normal cells, strongly suggesting that loss of

miR-31 expression is due to specific transcriptional suppression

in ATL cells. Using computational analysis, we identified

a putative TATA box and transcriptional start site (TSS) 2500 bp

upstream of the miR-31 coding region (Figure 4D). Although no

CpG islands were found in this region, we unexpectedly discov-

ered an assembly of YY1-binding motifs upstream of the miR-31

region in human and mouse (Figure 4D; Figure S3C). YY1 is

a pivotal transcription factor and a recruitor of the Polycomb

repressive complex (PRC) (Simon and Kingston, 2009). Conver-

gence of the YY1 binding sequence, especially the repressive

motif (Figure S3D), seems to be evolutionarily conserved,

suggesting that YY1 is important in the regulation of miR-31 tran-

scription. We further performed chromatin immunoprecipitation

(ChIP) to evaluate repressive histone hallmarks, including

di- and trimethylated H3K9 (H3K9me2 and H3K9me3) and trime-

thylated H3K27 (H3K27me3). The results showed higher levels of

methylation at H3K9 and H3K27 in a broad area containing the

miR-31 coding region (Figure 4E). As shown in Figures S3E–

S3G, there was an inverse correlation between the levels of

miR-31 expression and repressive histone methylation. These

data allowed us to hypothesize that histone methylation, espe-

cially that of Polycomb family-dependent H3K27me3, may

contribute to miR-31 repression. To confirm our hypothesis,

we performed a YY1 knockdown experiment using a specific

shRNA (Figures 4F–4I). As expected, knockdown of YY1 led to

an increase in the levels of Pri-miR-31 and mature miR-31

(Figures 4F and 4G). Furthermore, ChIP assays showed that
(B) miR-31 restoration by retroviral vector inhibits NIK RNA accumulation in TL-Om

mean ± SD).

(C) miR-31 or shNIK expression downregulates NIK protein expression and inhib

(D) Reduced nuclear translocation of RelA and RelB proteins in miR-31- or shNIK

(E) miR-31-dependent downregulation of NF-kB activity in TL-Om1 cells examin

(F) NF-kB-luciferase reporter assays (n = 5, mean ± SD). FLAG-NIK plasmid was

(G) miR-31 level is relevant to proliferation of ATL cells. Cell proliferation curve o

(H) Apoptosis-related gene expression in TL-Om1 cells analyzed by qRT-PCR (n

(I) Lentivirus-mediated NIK depletion promotes basal and Fas antibody-mediate

Apoptotic cells were determined by PE-Annexin V / 7-AAD stainings (n = 4). Rep

(J) miR-31 activates Caspase 3/7 determined by FACS (n = 3).

(K) miR-31 expression and NIK depletion induce tumor cell death. Primary tumor

analyzed by FACS. The apoptotic cells were defined by sequential gating beginnin

population, and calculating the PE-Annexin V and 7-AAD profilings. Representat

Figure S2.

C

YY1 occupied the miR-31 region, especially in the upstream

region of TSS, where there is an array of YY1 binding sites

(Figures 4D and 4H). The results also demonstrated that

decreased occupancy of YY1 and concomitant derecruitment

of EZH2, a key component of PRC2, were induced by YY1

knockdown, indicating involvement of EZH2 in the repressive

complex recruited to the miR-31 region (Figures 4H and 4I; Fig-

ure S3H). These results collectively suggest that YY1 regulates

PRC2 localization and initiates miR-31 suppression. Indeed,

we found significant escalation of methylated histone H3K9

and H3K27 at the miR-31 locus of peripheral blood lymphocytes

of ATL patients (Figure 4J), indicating that aberrant abundance of

suppressive histone methylation may be responsible for the loss

of miR-31 in the primary ATL cells.

Overexpression of PRC2 Components Leads to miR-31
Repression
Given that Polycomb-mediated repressiveness affects miR-31

level, our findings imply that the amount of EZH2 is related to

miR-31 expression (Figure 4I; Figures S3G and S4A). We found

a significantly upregulated expression of PRC2 components,

especially EZH2 and SUZ12, in the primary ATL cells (Figures

5A and 5B; Table S3). Quantitative RT-PCR revealed that miR-

31 levels inversely correlated with both EZH2 and SUZ12,

respectively (Figure 5C). miR-101 and miR-26a, which are puta-

tive negative regulators of EZH2, seem to be associated with this

relationship in ATL cells (Figures S4B–S4E). To further confirm

our hypothetical mechanism linking the epigenetic machinery

and miR-31 expression, we performed a ‘‘loss-of-PRC2-func-

tion’’ assay. Retroviral delivery of shSUZ12 and shEZH2 in the

ATL cell lines resulted in a great increase in the levels of

Pri-miR-31 and its mature form (Figure 5D; Figure S4F). Knock-

down of PRC2 induced histone demethylation at H3K27 in the

miR-31 region, which is concomitant with the decrease in

H3K9me3 levels, EZH2 occupancy, and HDAC1 recruitment

(Figure 5E), suggesting that this multimeric complex leads to

a completely closed chromatin architecture as a result of histone

modifications in the miR-31 genomic region.

To further examine whether the proposed mechanism holds

true in other human cancers, we analyzed a couple of carcinoma

cell lines, including HeLa cells and nonmetastatic andmetastatic

breast carcinoma cell lines, MCF7 and MDA-MB-453 cells,

respectively. qRT-PCR revealed that expression of EZH2 and

SUZ12 inversely correlated with miR-31 levels (Figure S4G).
1 cells. The results ofNIK andmature miR-31 quantifications are shown (n = 3,

its downstream pathway of noncanonical NF-kB in TL-Om1 cells.

-expressing TL-Om1 cells.

ed by EMSA.

transiently introduced 48 hr prior to the assay.

f TL-Om1 cells were evaluated in two FCS conditions (n = 3, mean ± SD).

= 3, mean ± SD) and western blots.

d apoptosis. Venus-positive population represented lentivirus-infected cells.

resentative FACS analyses are shown.

cell from ATL patient and healthy CD3+ T cells were infected with lentivirus and

g with FSC-SSC to select intact lymphocytes, subgating on the Venus-positive

ive result is shown and summarized data are presented in Figure 6J. See also
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ChIP assays detected higher levels of trimethylated H3K27 and

EZH2 occupancy in cells showing lower expression levels of

miR-31 (Figure S4H). Furthermore, knockdown of EZH2 or

SUZ12 restored miR-31 transcription in MDA-MB-453 and

MCF7 cells (Figures 5F and 5G; Figure S4K, respectively), which

are consistent with the results obtained with ATL cells. These

results indicate a link between Polycomb-mediated epigenetic

regulation and miR-31 transcription in ATL and breast cancer

cell lines.

Polycomb Group Regulates NF-kB Pathway
by Controlling miR-31 Expression
Based on our findings, we considered an aspect of the biological

communication between epigenetic silencing and the NF-kB

pathway through miR-31 regulation. The microarray data sets

showed positive correlations between PRC2 components and

miR-31 target gene, NIK expression (Figure 6A). The results

also suggested that these factors tend to show higher levels in

the aggressive subtype (acute type) than in the indolent subtypes

(chronic and smoldering types), implying that these genes may

play important roles in the clinical phenotype and prognosis of

ATL. To examine this notion, we performed PRC2 knockdown

in ATL cell lines. Western blots of these cells demonstrated

decreased levels of NIK, p52, and phospho-IkBa (Figure 6B; Fig-

ure S5A), suggesting suppression of both canonical and nonca-

nonical NF-kB cascade and activity (Figure 6C; Figures S5B and

S5C). These results are consistent with those of miR-31 overex-

pression (Figures 3C–3F). Then, we tested whether exogenous

manipulation of miR-31 could restore the effect of PRC2 loss.

Anti-miR-31 treatment rescued impaired NF-kB activity in

PRC2-disrupted cells (Figure 6D). On the other hand, overex-

pression of EZH2 induced NF-kB activation, which was partially

canceled by the introduction ofmiR-31 precursor (Figure 6E; Fig-

ure S5D). These results suggest that Polycomb-mediated miR-

31 suppression leads to NF-kB activation. Indeed, knockdown

of the PRC2 complex led to reduced levels of cell proliferation

and greater sensitivity to serum deprivation in ATL cells (Fig-

ure 6F; Figure S5E). In addition, PRC2 disruption showed

a reduction in cell migration (Figure S5F).

To gain further insight into this general network, we studied

the functions of miR-31 and the PRC2 complex in breast cancer

cell lines. NF-kB activity was downregulated by knockdown of
Figure 4. Genetic and Epigenetic Abnormalities Cause miR-31 Loss in

(A) Genomic loss of chromosome 9p21.3 in primary ATL cells. Copy number analy

region (46/168). Recurrent genetic changes are depicted by horizontal lines base

(B) miR-31 expression in various sample sets. Expression levels were evaluated

Loss, samples with genomic loss of the miR-31 region; (�) samples without gen

(C) PCR-based miR-31 quantifications in primary ATL samples. ATL samples with

(n = 7) were tested. p values (ATL versus normal) are shown.

(D) YY1 binding motif cluster around transcriptional start site (TSS) of miR-31 reg

ChIP assay are shown.

(E) Repression-associated histone methylation in miR-31 region determined by C

control are presented and distance from miR-31 TSS is described. MYT1 and G

(F–I) YY1-dependent EZH2 occupancy inmiR-31 locus. (F) YY1 knockdown in TL-

decreased YY1 level. (G) YY1 knockdown led to both primary and mature miR-31

region analyzed by ChIP (n = 3, mean ± SD). YY1 occupancy in miR-31 locus was

ChIP (n = 3, mean ± SD). YY1 knockdown inhibited EZH2 recruitment in miR-31

(J) Aberrant accumulation of repression-associated histone methylations widely in

(n = 6) were analyzed by ChIP assay. PBMC from healthy adults were used for n

C

PRC2 components in MDA-MB-453 cells (Figure 6G; Figures

S5G and S5H), although no significant differences were

observed in cell proliferation (data not shown). Repression of

NF-kB activity induced by knockdown of PRC2 components

was partially restored by treatment with a miR-31 inhibitor, sug-

gesting that PRC2 knockdown-mediated relief of NF-kB repres-

sion is at least a part of the result of the miR-31 induction. In

addition, knockdown of PRC2 components resulted in a reduced

level of receptor-initiated accumulation of NIK in B cells (Fig-

ure 6H). Our findings indicate a common molecular mechanism

comprising Polycomb-mediated epigenetic regulation, miR-31

expression and the NF-kB signaling pathway.

Regulation of NF-kB by Polycomb family may in turn control

the cellular apoptosis responses. We found that lentivirus-medi-

ated EZH2 knockdown led to increased apoptotic sensitivity in

TL-Om1 cells (Figure 6I). Additional expression of NIK inhibited

the cell death induced by EZH2 knockdown, suggesting the

reciprocal relationship between Polycomb andNF-kB cascades.

By using primary tumor cells from patient, we tested the killing

effect induced by miR-31, NIK knockdown, and EZH2 knock-

down (Figure 6J; Figures S5I and S5J). All tested samples

showed strong death response, demonstrating that survival of

ATL cells was closely associated with miR-31, NIK, and EZH2,

all of which show deregulated expression in ATL cells.

By qRT-PCR we finally examined the expression levels of

some genes involved in the noncanonical NF-kB pathway. As

shown in Figure 6K, the results clearly demonstrated higher

expression levels of positive regulators such as NIK, CD40,

and LTBR, and lower expression levels of the negative regulators

such as BIRC2/3 (cIAP1/2), which are involved in proteasomal

degradation of NIK (Zarnegar et al., 2008a). These observations

are in line with a previous report on Multiple Myeloma cells (An-

nunziata et al., 2007). In addition to these data, we obtained

convincing evidence for a molecular aspect of NIK accumulation

in ATL cells. Polycomb-dependent epigenetic gene silencing

may be associated with miR-31 loss, followed by NF-kB activa-

tion and other signaling pathways (Figure 7).

DISCUSSION

Constitutive activation of NF-kB contributes to abnormal prolif-

eration and inhibition of apoptotic cell death in cancer cells,
ATL Cells

ses revealed tumor-associated deletion of miR-31 region (21/168) and CDKN2

d on CNAG output of the SNP array analysis.

by real-time PCR.

omic loss of the miR-31 region.

out genetic loss in miR-31 region (n = 9, Figure S3B), and normal CD4+ T cells

ion. Arrows represent positions of the motifs. Regions of PCR amplification for

hIP assay (n = 3, mean ± SD). The results of relative enrichment against input

APDH promoters are as positive or negative controls, respectively.

Om1 cells. qRT-PCR (left, n = 3, mean ± SD) and western blotting (right) showed

restoration in TL-Om1 cells (n = 3, mean ± SD). (H) YY1 occupancy in miR-31

reduced by YY1 knockdown. (I) EZH2 occupancy in miR-31 region analyzed by

region.

miR-31 region of primary ATL cells. PBMCs freshly isolated from ATL patients

ormal controls. See also Figure S3.
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including ATL, diffuse large B cell lymphoma (DLBCL), Hodgkin

lymphoma, breast cancer, prostate cancer and others (Prasad

et al., 2010). NF-kB is also essential for various cell functions,

including inflammation, innate immunity, and lymphocytic devel-

opment (Hayden and Ghosh, 2008). Identification of NF-kB

determinants will lead to marked progress in understanding

molecular pathology.

Our global analyses demonstrated an interesting miRNA

expression signature as well as an aberrant mRNA expression

profile, which may be associated with leukemogenesis in the

primary ATL cells (Figures 1 and 6A). We revealed downregula-

tion of tumor-suppressive miRNA including Let-7 family, miR-

125b, and miR-146b, which can contribute to aberrant tumor

cell signaling. Recent studies have suggested unique expression

profiles of miRNAs in ATL (Yeung et al., 2008; Bellon et al., 2009),

but loss ofmiR-31 has not been focused. Cellular amount of miR-

NAs may be susceptible to various environments such as tran-

scriptional activity, maturation processing, and also epigenetic

regulation. The end results appear to be affected by method-

ology employed and conditions and types of samples used.

Our integrated expression profiling of primary ATL cells are

based on a significantly larger number of samples and fruitfully

provides intriguing information that may be useful in improving

the understanding of T cell biology as well as in the identification

of biomarkers for diagnosis.

Pleiotropy of miR-31 was first reported by Valastyan et al.

(2009). The authors elegantly demonstrated the function of

miR-31 in vivo and also identified several target genes that con-

tribute to cell migration and invasiveness. In the present study,

we focused on the functional significance ofmiR-31 in the regula-

tion of NF-kB signaling that contributes to tumor cell survival.

Overexpression of NIK acts as an oncogenic driver in various

cancers. In the present study, NIK was identified as a miR-31

target based on several lines of evidence. First, luciferase-30

UTR reporter assay showed that NIK 30 UTR sequence has

a role for negative regulation (Figure S1B). By combining

a specific inhibitor and mutations in miR-31-binding site, we

demonstrated that miR-31 recognizes and negatively regulates

the NIK 30 UTR (Figures 2A and 2D). Second, by introducing

a miR-31 precursor or inhibitor, we showed that amount of

miR-31 inversely correlates with levels of NIK expression and

downstream signaling (Figures 2E–2K). Third, genetic evidence

indicated strong base pairing and biological conservation

(Bartel, 2009) (Figures S1L–S1O). Our experimental approach

illustrated that mmu-miR-31 regulates mouse Map3k14 gene.

Fourth, individual assessments using gene expression data
Figure 5. Amount of PRC2 Components Epigenetically Links to miR-3

(A) Overexpression of PRC2 components in primary ATL cells measured by qRT-

the data of gene expression microarray (Table S3).

(B) Escalation of EZH2 protein and trimethylated H3K27 levels in primary ATL ce

Resting T cells were as normal control. Scale bars = 20 mm.

(C) Statistical correlation among the levels of miR-31, EZH2, and SUZ12 in individ

graphs.

(D and E) Loss of PCR2 function causes chromatin rearrangement andmiR-31 upr

were established by retroviral vector. The levels of EZH2, SUZ12, Pri-miR-31, a

mean ± SD). (E) Results of ChIP assays with indicated antibodies (n = 3, mean ± SD

GAPDH promoter served as a region control.

(F and G) Knockdown of Polycomb family proteins in MDA-MB-453 cells. (F) EZH

PCR (n = 3, mean ± SD). (G) Histone methylation and EZH2 occupancy evaluate

C

clearly revealed an inverse correlation between the expression

levels of miR-31 and NIK (Figure 3A). Collectively, we provide

definitive evidence for the notion that miR-31 negatively regu-

lates NIK expression and activity.

It is well known that the NIK level directly regulates NF-kB

activity in various cell types (Thu and Richmond, 2010). We

experimentally showed that miR-31 regulates noncanonical

NF-kB activation stimulated by BAFF and CD40L, both of which

are major B cell activating cytokines. Since signals from recep-

tors are essential for the development and activity of B cells,

the negative role of miR-31 in cytokines-induced NIK accumula-

tion appears to be widely important in the noncanonical regula-

tion of NF-kB in B cells and other cell types (Figures 2H–2K).

Again, our findings revealed the role of NIK in the regulation of

canonical NF-kB pathway. Strict regulation of NIK appears to

be closely associated with the fate of lymphocytes.

The level of miR-31 was drastically suppressed in all tested

primary ATL cells, and its magnitude is greater than that which

has been reported in other cancers. Our results demonstrated

a profound downregulation ofmiR-31 (fold change, 0.00403; Fig-

ure 1B) in all ATL cases, suggesting that miR-31 loss is a prereq-

uisite for ATL development. Restoration of miR-31-repressed

NF-kB activity in ATL cells, resulting in impairment of the prolif-

erative index and apoptosis resistance (Figure 3). Furthermore,

our results demonstrate that inhibition of NF-kB promotes tumor

cell death in cell lines and also primary tumor cells from ATL

patients (Figures 3 and 6), which are consistent with our previous

observation (Watanabe et al., 2005). Since it is highly possible

that miR-31 and relevant factors are pivotal in cancers, their

expressions would have a great importance in view of

biomarkers for the aberrant signaling and clinical outcomes.

By studying clinical samples and in vitro and ex vivo models,

we obtained several biologically interesting results. First, we

identified the Polycomb protein complex as a strong suppressor

of miR-31. Generally, the Polycomb group constitutes a multi-

meric complex that negatively controls a large number of genes

involved in cellular development, reproduction, and stemness

(Sparmann and van Lohuizen et al., 2006). However, the key

molecules involved in cancer development, progression, and

prognosis are not yet fully understood. In breast and prostate

cancers, oncogenic functions of EZH2 and NF-kB activation

were reported independently (Kleer et al., 2003; Varambally

et al., 2002; Suh and Rabson, 2004). Interestingly, these tumors

show low miR-31 levels (Valastyan et al., 2009; Schaefer et al.,

2010). Recently, Min et al. (2010) reported that EZH2 activates

NF-kB by silencing the DAB2IP gene in prostate cancer cells.
1 Expression in T Cells and Epithelial Cells

PCR (ATL, n = 28; normal, n = 7; mean ± SD). These results were supported by

lls illustrated by immunocytostaining (n = 4, a representative result is shown).

ual ATL samples. Correlation coefficients within ATL samples are shown in the

egulation. (D) TL-Om1 cells expressing shSUZ12, shEZH2, and scrambled RNA

nd mature miR-31 were measured by western blotting and qRT-PCR (n = 3,

). Amounts of immunoprecipitated DNAwere analyzed by region-specific PCR.

2 and SUZ12 are shown by western blot. miR-31 level was examined by qRT-

d by ChIP assay (n = 3, mean ± SD). See also Table S3 and Figure S4.
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Figure 6. Epigenetic Change Driven by Polycomb Group Mediates NF-kB Signaling through miR-31 Regulation

(A) Reciprocal relationship of mRNA expression between NIK and Polycomb group in primary samples. Pearson’s correlation coefficients among ATL samples

are shown.

(B) PRC2 knockdown negatively affects NF-kB signaling in TL-Om1 cells. After establishment of PRC2 knockdown, the levels of NIK RNA (n = 4, mean ± SD) and

proteins of NIK, p52/p100, and phospho-IkBa were examined.

(C) Downregulation of NF-kB activity in PRC2-disrupted cells detected by EMSA.
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Figure 7. Proposed Model for ATL and Other Tumor Cells

Polycomb repressive factors are linked to NIK-dependent NF-kB activation via

miR-31 regulation.

Cancer Cell

Epigenetic Loss of miR-31 Activates NF-kB
In the present study, we found that the Polycomb group regu-

lates miR-31 expression and that elevated expression of EZH2

leads to NF-kB activation via NIK-miR-31 regulation in ATL and

breast cancer cells (Figure 6). We also showed that restoration

of miR-31 partially impaired Polycomb-mediated NF-kB opera-

tion (Figures 6D, 6E, and 6G), suggesting that miR-31 is involved

in this relationship. Furthermore, a connection between NIK and

PRC2 was observed in B cells (Figure 6H). Polycomb group

proteins are essential in lymphocyte development and activation

(Su et al., 2003, 2005). Further, given the NF-kB is a pivotal tran-

scription regulator in normal and oncogenic functions, practical

participations of epigenetic regulators and miR-31 in NF-kB

signaling will increase our understanding of the molecular mech-

anisms of T cell functions. For generalization of the molecular

axis in other cancers and normal cells, further study will be

needed.

Second, YY1 is a recruiter of PRC2 to themiR-31 region. In hu-

mans, the Polycomb response element (PRE) has not been

precisely identified. A good candidate for a mammalian recruiter

of PRC2 is YY1, the homolog of D. melanogaster PHO (Simon

and Kingston, 2009). We found an assembly of the YY1 binding

motif in the miR-31 locus and demonstrated that YY1 knock-

down dislodged EZH2 in this region (Figure 4I), which supports

previous findings (Caretti et al., 2004). The detailed mechanism

by which YY1 mediates recruitment of the Polycomb family

may be important in the context of epigenetic regulation of

orchestrated gene expression and T cell functions.

Third, Polycomb family proteins can control miRNA expres-

sion in an epigenetic fashion. The amount of PRC2 factors

strongly influenced the degree of suppression of miR-31 expres-
(D) NF-kB activity evaluated by reporter assays in the presence or absence of m

NF-kB activity in PRC2 knockdowned TL-Om1 cells.

(E) Overexpressed EZH2 activates NF-kB via miR-31. Jurkat cells were transfecte

mean ± SD).

(F) PRC2 dysfunction changes TL-Om1 cell proliferation and response to serum

examined (n = 3, mean ± SD). PRC2 downregulation decreased cell growth with

(G) NF-kB activity in PRC2-knockdowned MDA-MB-453 cells in the presence or

(H) PRC2 disruption inhibits BAFF-dependent NIK accumulation and IkBa phosp

(I) Apoptotic cell death induced by lentivirus-mediated EZH2 knockdown in TL-O

(n = 3) and representative of FACS data are shown.

(J) Summary of primary tumor cell death. Lentivirus-based miR-31 expression, N

samples. Statistical significances are shown in the graph. Results of FACS and q

(K) Expression levels of genes involved in noncanonical NF-kBpathway in primary

tested by qRT-PCR (*p < 0.05). See also Figure S5.

C

sion (Figure 5). We speculate that, in addition to controlling the

transcription, the Polycomb group can modulate translation via

miRNA regulation. Furthermore, miR-101 and miR-26a are

known to regulate EZH2 expression (Sander et al., 2008; Varam-

bally et al., 2008), which is supported by our observation

(Figure S4C). This signaling circuit will permit multiple gene

regulation. Whereas genetic loss at themiR-31 locus is observed

in some cases of ATL (Figure 4A), no genetic deletion in the

miR-101-1 or miR-101-2 region was detected in ATL, which is

not consistent with a previous finding in prostate cancer. Our

results also suggested putative association between Let-7 family

and EZH2 (Figure S4). Aberrant downregulations of these miR-

NAs in the primary ATL cells will be the next important questions

to be addressed in efforts to improve understanding of the onco-

genic signaling network.

By collaborative profiling of miRNA andmRNA expression, we

identified a notable relationship between ATL subtypes and

a gene cluster that contains miR-31, NIK, EZH2, and SUZ12.

This finding suggests that an aberrant gene expression pattern

correlates with the malignant phenotype, and this provides

important clues about clinical manifestations and may help

identify therapeutic targets against ATL cells (Figure 6A).

Although HDAC inhibitors did not show effective responses

(Figures S4I and S4J), emerging epigenetic drug such an EZH2

inhibitor (Fiskus et al., 2009) may pave a pathway leading to

cures for various malignancies that involve constitutive activa-

tion of NF-kB.

In summary, we show that genetic and epigenetic loss of

miR-31 is responsible for oncogenic NF-kB activation andmalig-

nant phenotypes in ATL. This provides evidence for the idea that

miR-31 is an important tumor suppressor. An emerging pathway

involving an epigenetic process, miR-31, and NF-kB will provide

a conceptual advance in epigenetic reprogramming, inflamma-

tory signaling, and oncogenic addiction.
EXPERIMENTAL PROCEDURES

Cell Lines and Primary ATL Cells

The primary peripheral blood mononuclear cells (PBMCs) from ATL patients

and healthy volunteers used in the present work were a part of those collected

with an informed consent as a collaborative project of the Joint Study on

Prognostic Factors of ATL Development (JSPFAD). The project was approved

by the Institute of Medical Sciences, the University of Tokyo (IMSUT) Human

Genome Research Ethics Committee. Additional ATL clinical samples for

copy number analysis were provided by Drs. Y. Yamada, Nagasaki University,
iR-31 inhibitor (n = 5, mean ± SD). Anti-miR-31 treatment partially rescued the

d with an EZH2 plasmid together with miR-31 precursor or control RNA (n = 5,

starvation. Under conditions of 10% or 0.1% of FCS, cell growth curves were

statistical significance.

absence of miR-31 inhibitor were examined (n = 5, mean ± SD).

horylation in BJAB cells.

m1. Venus-positive populations were analyzed by Annexin V/7-AAD stainings

IK knockdown, and EZH2 knockdown showed killing effects in six primary ATL

RT-PCR are shown in Figures S5I and S5J.

ATL cells (ATL, n = 9; normal, n = 7; mean ± SD). Relative expression levels were

ancer Cell 21, 121–135, January 17, 2012 ª2012 Elsevier Inc. 133
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and K. Ohshima, Kurume University, where the projects were approved by the

Research Ethics Committees of Nagasaki University and Kurume University,

respectively. PBMC were isolated by Ficoll separation. ATL cells, primary

lymphocytes, and all T cell lines were maintained in RPMI1640 supplemented

with 10% of FCS and antibiotics. Clinical information of ATL samples is

provided in Table S1.

Expression Analyses

Clinical samples for microarrays were collected by a collaborative study

group, JSPFAD (Iwanaga et al., 2010). Gene expression microarray was

used 4x44K Whole Human Genome Oligo Microarray (Agilent Technologies)

and miRNA microarray was used Human miRNA microarray kit v2 (Agilent

Technologies), respectively. Quantitative RT-PCR was performed with

SYBRGreen (TAKARA). Mature miRNA assays were purchased from Applied

Biosystems.

Copy Number Analyses

Genomic DNA from ATL patients was provided from the material bank of

JSPFAD, Nagasaki University, and Kurume University, and was analyzed by

Affymetrix GeneChip Human Mapping 250K Nsp Array (Affymetrix). Obtained

data were analyzed by CNAG/AsCNAR program (Chen et al., 2008).

Oligonucleotides, Plasmids, and Retrovirus Vectors

All RT-PCR primers and oligonucleotides are described in Supplemental

Experimental Procedures. miRNA precursor and inhibitor were from Applied

Biosystems. Transfection of small RNA and other plasmid DNA were per-

formed by Lipofectamine2000 (Invitrogen). For miRNA or shRNA expression,

retroviral vectors (pSINsi-U6, TAKARA) were used.

30 UTR-Conjugated miR-31 Reporter Assay

HeLa cells were cotransfected with 30 UTR-inserted pMIR-REPORT firefly

plasmid (Ambion), RSV-Renilla luciferase plasmid, and miRNA inhibitor. The

cells were collected at 24 hr posttransfection, and Dual-luciferase reporter

assay was performed (Promega).

Analysis of NF-kB Pathway

NF-kB activity was evaluated by EMSA and reporter assays as previously

described (Horie et al., 2004). Antibodies for western blots are described in

supplemental information. Cell proliferative assay was performed by Cell

Counting Kit-8 (Dojindo).

Lentivirus Vectors and Apoptosis Analysis

A lentivirus vector (CS-H1-EVBsd) was provided from RIKEN, BRC, Japan.

Lentivirus solution was produced by cotransfection with packaging plasmid

(pCAG-HIVgp) and VSV-G- and Rev-expressing plasmid (pCMV-VSV-G-

RSV-Rev) into 293FT cells. After infection of lentivirus, the apoptotic cell was

evaluated by PE Annexin V / 7-AAD staining (BD PharMingen) and analyzed

by FACS Calibur (Becton, Dickinson). Collected data were analyzed by FlowJo

software (Tree Star).

ChIP Assay

ChIP assay was previously described (Yamagishi et al., 2009). Briefly, cells

were crosslinked with 1% of formaldehyde, sonicated, and subjected to chro-

matin-conjugated IP using specific antibodies. Precipitated DNA was purified

and analyzed by real-time PCRwith specific primers (see Supplemental Exper-

imental Procedures).

Computational Prediction

To identify miR-31 target genes, we integrated the output results of multiple

prediction programs; TargetScan, PicTar, miRanda, and PITA. RNAhybrid

was for secondary structure of miRNA-30 UTR hybrid. TSSG program was

for TATA box and TSS predictions. DNA methylation site was predicted by

CpG island Searcher.

Statistical Analyses

Data were analyzed as follows: (1) Welch’s t test for Gene Expression Micro-

array (p value cutoff at 10�6) and miRNA Microarray (p value cutoff at 10�5);

(2) Pearson’s correlation for two-dimensional hierarchical clustering analysis
134 Cancer Cell 21, 121–135, January 17, 2012 ª2012 Elsevier Inc.
and individual assessment of microarray data sets; (3) two-tailed pared

Student’s t test with p < 0.05 considered statistically significant for in vitro

cell lines and primary cells experiments, including luciferase assay, RT-PCR,

ChIP assay, cell growth assay, and migration assay. Data are presented as

mean ± SD.

ACCESSION NUMBERS

Coordinates have been deposited in Gene Expression Omnibus database

with accession numbers, GSE31629 (miRNA microarray), GSE33615 (gene

expression microarray), and GSE33602 (copy number analyses).

SUPPLEMENTAL INFORMATION

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

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

doi:10.1016/j.ccr.2011.12.015.
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