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Research article

Autocrine production of IL-11 mediates
tumorigenicity in hypoxic cancer cells

Barbara Onnis,! Nicole Fer,2 Annamaria Rapisarda,2 Victor S. Perez,' and Giovanni Melillo2

"Developmental Therapeutics Program and 2SAIC-Frederick Inc., Frederick National Laboratory for Cancer Research, Frederick, Maryland, USA.

IL-11 and its receptor, IL-11Ra, are expressed in human cancers; however, the functional role of TL-11 in tumor
progression is not known. We found that IL11 is a hypoxia-inducible, VHL-regulated gene in human cancer
cells and that expression of IL11 mRNA was dependent, at least in part, on HIF-1. A cooperative interaction
between HIF-1 and AP-1 mediated transcriptional activation of the IL11 promoter. Additionally, we found
that human cancer cells expressed a functional IL-11Ra subunit, which triggered signal transduction either
by exogenous recombinant human IL-11 or by autocrine production of IL-11 in cells cultured under hypoxic
conditions. Silencing of IL11 dramatically abrogated the ability of hypoxia to increase anchorage-independent
growth and significantly reduced tumor growth in xenograft models. Notably, these results were phenocopied
by partial knockdown of STAT1 in a human prostate cancer cell line (PC3), suggesting that this pathway may
play an important role in mediating the effects of IL-11 under hypoxic conditions. In conclusion, these results
identify IL11 as an oxygen- and VHL-regulated gene and provide evidence of a pathway “hijacked” by hypoxic
cancer cells that may contribute to tumor progression.

Introduction

Intratumoral hypoxia is a hallmark of human cancers. Changes
in oxygen levels within solid tumors profoundly affect the
behavior of cancer cells, contributing to resistance to radiation
therapy and chemotherapy and ultimately to poor prognosis for
patients (1, 2). Hypoxia triggers the angiogenic switch required
for tumors to grow beyond a few cubic millimeters, shifts
tumor metabolism to glycolysis for energy requirements, and
increases the ability of cancer cells to invade and metastasize.
In addition, hypoxia may select for cells resistant to apoptosis
(3) and may induce genetic instability (4); however, the mecha-
nism(s) by which hypoxia may contribute to tumorigenicity are
still poorly understood. Notably, intratumoral hypoxia can also
be exacerbated by vascular regression associated with anti-an-
giogenic therapy, which may cause a more chronic and perva-
sive decrease in oxygen levels, a phenomenon that has been
implicated in the resistance to this therapeutic approach (5).
A better understanding of signaling pathways that contribute
to tumorigenicity of cancer cells in a hypoxic “stressed” tumor
microenvironment is important for the identification of novel
therapeutic targets and may lead to the development of more
selective treatment strategies (6, 7).

The majority of the transcriptional responses to oxygen depri-
vation are mediated by hypoxia-inducible factor 1 (HIF-1), a
heterodimeric transcription factor composed of a constitutively
expressed B subunit and an oxygen-sensitive o subunit, of which
2 isoforms (HIF-1o and HIF-2a) have been best characterized in
human cancers (8). The complex regulation of the HIF-a sub-
unit, which in addition to oxygen levels is controlled by growth
factors, cytokines, and genetic alterations frequently detected in
human cancers, suggests that both hypoxic and nonhypoxic sig-
naling pathways converge on HIF-1 to mediate the malignant
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phenotype. Indeed, HIF-1a overexpression is frequently observed
in human cancers and is associated with poor patient prognosis
in several tumor types, including breast, colon, lung, cervix, and
head and neck (9-13).

IL-11 is a member of the IL-6 family of cytokines, which medi-
ate signaling via a common signal-transducing gp130 component
and a cytokine-specific subunit (14). Ligand binding to IL-11Ra
triggers phosphorylation of associated JAK kinases. The activated
JAK kinases recruit members of the STAT family of transcription
factors (STAT3 and STAT1), which in turn undergo tyrosine
phosphorylation, dimerization, and translocation to the nucleus,
where they elicit activation of their target genes (14). Other signal-
ing pathways that may be activated by IL-11 include the MAPKs,
Src-family kinases, and PI3K pathway (15-17). The role of IL-11
in human pathophysiology is still poorly characterized. IL-11
was initially described as a hematopoietic cytokine with throm-
bopoietic activity and was subsequently found to be involved in
pleiotropic effects on multiple tissues (18-20). Recently, IL-11
was implicated in experimental models of chronic inflammation
and associated tumorigenesis, mediated at least in part by overac-
tivation of STAT3 and STAT1 (21, 22). In addition, IL-11 expres-
sion is associated with poor survival in hepatocellular carcinoma
(23) and has been associated with an aggressive phenotype and
poor prognosis in gastric adenocarcinoma (24). Moreover, IL-11
has been shown to be expressed in metastasis of solid tumors (25),
and it increases metastatic potential in breast cancer, endometrial
carcinoma, and chondrosarcoma (26-28). However, whether and
by what mechansim(s) IL-11 might contribute to tumor progres-
sion are not known.

We demonstrate here that IL11 is a hypoxia-inducible gene in
human cancer cells. Notably, autocrine production of IL-11 in
hypoxic cancer cells triggered activation of oncogenic signaling
pathways that contributed to increased tumorigenicity both in
anchorage-independent growth and in xenograft models. These
results provide evidence of a pathway “hijacked” by hypoxic cancer
cells that may contribute to tumor progression, and they identify a
potential novel target for cancer therapy.
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Figure 1

IL11 is a hypoxia-inducible gene. (A) HCT116 cells were serum starved for 24 hours, cultured under normoxia or hypoxia for an additional 72
hours, and then plated in soft agar (mean + SEM of 3 independent experiments; t test). (B) HCT116 cells were cultured as described above and
then plated for clonogenic assay. Colonies were stained after 10 days (mean + SEM of 2 independent experiments). (C) Levels of ERK protein
phosphorylation and HIF-1a protein were measured using Western blot analysis in HCT116 cells cultured as described above. Results are
representative of 2 independent experiments. (D) HCT116 cells were cultured under normoxia or hypoxia for 24, 48, and 72 hours. IL177 mRNA
expression was analyzed using quantitative RT-PCR, and results are presented as the mean + SEM of 2 independent experiments (t test). (E)
PC3 cells were cultured under normoxia or hypoxia for 24, 48, and 72 hours. Results are presented as mean fold change relative to the normoxia
sample + SEM of 4 different quantitative RT-PCR experiments (¢ test). (F) Levels of IL-11 protein were measured in supernatant from PC3 cells
cultured under normoxia or hypoxia for 24, 48, and 72 hours using a commercially available ELISA kit. Results represent the mean + SEM of 3

separate experiments (t test). *P < 0.01; **P < 0.001; ***P < 0.0001.

Results
Hypoxia induces IL11 mRNA and protein expression. To identify
novel signaling pathways that may contribute to tumorigenicity
of cancer cells exposed to chronic hypoxic conditions, HCT116
human colon cancer cells were cultured under normoxic or
hypoxic (1% O,) conditions for 3 days (72 hours; Figure 1, A and
B) or 5 days (120 hours; data not shown), at which point anchor-
age-independent growth, clonogenic survival on plastic, and
protein expression were analyzed. HCT116 cells cultured for 72
hours under hypoxic conditions showed a significant advantage
in colony formation under anchorage-independent conditions,
but not on plastic, relative to normoxic cells (Figure 1, A and B),
an indication that incubation under hypoxia did indeed increase
tumorigenic potential of cancer cells. Moreover, HIF-1a protein
and ERK phosphorylation were significantly increased in cells
cultured under hypoxic conditions for 72 hours (Figure 1C), con-
firming that the experimental conditions used induced a hypoxic
phenotype. Based on these preliminary results, we performed
microarray analysis using Affymetrix arrays (HG-U133 Plus
2.0) in HCT116 cells cultured under normoxic or hypoxic con-
ditions for 72 hours. Among the differentially regulated genes,
we focused our attention on IL11, a gene that was expressed at
higher levels in hypoxic cells and whose hypoxic inducibility was
confirmed in a real-time PCR experiment with HCT116 that
spanned over 72 hours (Figure 1D). These results provided the
first evidence that IL11 is a hypoxia-inducible gene. Additional
1616
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real-time PCR experiments confirmed this pattern of expression
in a number of different human cancer cell lines (Supplemen-
tal Figure 1; supplemental material available online with this
article; doi:10.1172/JCI59623DS1). We demonstrated that IL11
mRNA was induced by hypoxia in a time-dependent fashion (up
to 11.1-fold relative to normoxic cells) in IGROV-1, NCI-H460,
KM12, UACC62, and OVCAR-5 cells, with maximal induction
at 72 hours (Supplemental Figure 1). More modest induction
(<3-fold) was observed in HT29, MDA-MB231, and BT-549 cells
(data not shown). The highest levels of hypoxic induction of
IL11 mRNA expression were observed in the PC3 prostate cancer
cell line, which then became the focus of further investigation.
As shown in Figure 1E, average levels of ILI1 mRNA expres-
sion in hypoxic PC3 cells were 3.3-, 14.6-, and 25.7-fold higher
than those observed in normoxic cells at 24, 48, and 72 hours,
respectively, confirming the trend observed in other cell lines of
a time-dependent increase and maximal induction at 72 hours.
We then analyzed the expression of 2 known HIF-1-depen-
dent genes, VEGF and CAY. Interestingly, VEGF mRNA expres-
sion followed a similar trend of accumulation to IL-11 (Figure
1E), while mRNA levels of CA9 were maximally induced at 24
hours in hypoxic PC3 cells and decreased over time (Figure 1E).
Consistent with the induction of IL11 mRNA expression, IL-11
protein was secreted by hypoxic PC3 cells in a time-dependent
fashion, with up to 3-fold higher levels of IL-11 protein observed
in hypoxic relative to normoxic cells at 72 hours (Figure 1F). Of
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note, IL6 mRNA levels were not modulated by hypoxia in PC3
cells (data not shown), suggesting a differential sensitivity to
oxygen deprivation of members of the IL-6 family of cytokines.
These results demonstrate that IL11 mRNA and IL-11 protein are
induced by hypoxia in human cancer cell lines.

HIF-1a. and HIF-2o. contribute to hypoxic induction of IL11 mRNA
in PC3 cells. To further investigate the role of HIFs in the induc-
tion of IL11 mRNA expression, PC3 cells were transiently trans-
fected with scrambled siRNA or siRNAs targeting HIF-1a or
HIF-2a. Twenty-four hours following transfection, cells were
incubated under hypoxic conditions for an additional 24 hours
and levels of IL11 and CA9 mRNA were measured (Figure 2, A
and C). siRNA silencing of the corresponding target was con-
firmed by Western blot analysis (Figure 2B). Hypoxic induction
of IL11 mRNA expression was decreased by 50% and 60% in cells
transfected with HIF-1o and HIF-2a siRNA, respectively, relative
to scrambled siRNA, suggesting that both HIF-1a and HIF-2a
may play a role in the hypoxic induction of IL11 mRNA expres-
sion in PC3 cells (Figure 2A). In contrast, hypoxic induction of
CA9 was decreased by more than 80% in cells transfected with
HIF-1a, but not HIF-2a,, siRNA (Figure 2C). Further evidence
in support of the involvement of HIF in the hypoxic induction
of IL11 mRNA was provided by experiments conducted in the
presence of desferrioxamine (DFX; 100 uM) or dimethyloxallyl
glycine (DMOG; 1 mM), which block HIF degradation and pro-
mote normoxic accumulation of HIF (Figure 2D). Levels of IL11
mRNA increased by 4.8- and 6.3-fold in cells treated with DFX
or DMOG, respectively, relative to untreated cells (Figure 2D).
Taken together, these results indicated that HIF is involved in
the hypoxic induction of IL11 expression, suggesting that other
transcriptional pathways may contribute to induction of IL11
mRNA expression in hypoxic cancer cells.
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Figure 2

HIF-1a and HIF-2a are involved in the hypoxic induction of IL77. (A)
PC3 cells were transfected with either NC siRNA or smartpool siRNA
targeting HIF-1a and HIF-2a (25 nM). Twenty-four hours after transfec-
tion, cells were cultured under normoxia or hypoxia for an additional
24 hours. Results are presented as fold change of hypoxic induction of
IL17 mRNA expression, relative to normoxic PC3 cells transfected with
NC siRNA, which is arbitrarily considered equal to 1 (mean + SEM of
3 independent experiments; t test). (B) PC3 cells were transfected as
described above and incubated under hypoxic conditions for an addi-
tional 24 hours. HIF-1a and HIF-2a protein levels were measured by
Western blot analysis. (C) PC3 cells were cultured and transfected,
and results are expressed as described in A (t test). (D) PC3 cells
were treated with either DFX (100 uM) or DMOG (1 mM ) for 24 hours
under normoxic conditions, and /L77 mRNA expression was assessed
using quantitative RT-PCR. Results are expresses as mean + SEM of
3 independent experiments (t test). *P < 0.05, **P < 0.01, ***P < 0.001.

Von Hippel Lindau-dependent regulation of IL11 expression. Loss
of function of the Von Hippel Lindau (VHL) tumor suppressor
gene is associated with normoxic accumulation of HIF-1a and
HIF-20. We investigated the expression of IL1I mRNA and pro-
tein in paired clear cell renal carcinoma cell lines either lacking
a functional VHL (RCC4 and 786.0) or in which the VHL had
been reintroduced (RCC4-VHL and WT2). RCC4 cells expressed
high constitutive levels of IL11 mRNA that were significantly
decreased (approximately 90%) in RCC4-VHL cells (Figure
3A). A similar pattern of mRNA expression was observed for
canonical HIF-regulated genes such as CA9 and VEGF (Figure
3A). Similar results were observed in 786.0 cells, which only
express HIF-2a and in which much higher levels of IL11, CA9,
and VEGF mRNA were detected relative to WT2 cells, in which
VHL had been reintroduced (Figure 3B). In agreement with IL11
mRNA expression, normoxic RCC4 cells secreted detectable
levels of IL-11 protein (approximately 200 pg/ml), which were
decreased by more than 50% in RCC4-VHL cells (Figure 3C).
To investigate the relative contribution of HIF-1a and HIF-2a
to IL11 mRNA expression in VHL-deficient cells, RCC4 cells
were infected with lentiviral particles expressing either a scram-
bled shRNA or shRNAs targeting HIF-1a or HIF-2a,, respec-
tively (Figure 3D). Consistent with previous reports, HIF-1a
silencing selectively inhibited CA9 mRNA expression, whereas
HIF-2a silencing decreased expression of VEGF mRNA (Figure
3E). Interestingly, IL11 mRNA expression was only marginally
decreased by HIF-1a silencing, but was inhibited by more than
70% in cells silenced for HIF-2a. relative to control cells express-
ing a scrambled shRNA (Figure 3E). These results demonstrate
that IL11 expression is regulated in a VHL-dependent manner
and that HIF-2a is required for its expression in VHL-deficient
cells, mirroring the regulation of VEGF mRNA.
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Figure 3

IL-11 expression is regulated in a VHL-dependent fashion. (A) RCC4 (VHL-deficient) and RCC4-VHL (VHL-reintroduced) cells were cultured
under normoxic conditions for 24 hours. Quantitative RT-PCR results are expressed as fold change relative to mRNA levels detected in RCC4
cells (mean = SEM of 3 separate experiments; t test). (B) WT2 (VHL-reintroduced) and 786.0 cells were cultured under normoxic conditions
as described above, and results are expressed as fold change relative to levels of mMRNA detected in 786.0 cells (mean + SEM of 3 separate
experiments; t test). (C) Levels of IL-11 protein were measured in supernatants harvested from RCC4 and RCC4-VHL cells cultured under
normoxic conditions for 24 hours using a commercially available ELISA kit. Results are presented as fold increase relative to IL-11 protein levels
detected in RCC4 cells, and were normalized for total protein content (mean + SEM of 3 different experiments; t test). (D) Western blot analysis
was used to assess levels of HIF-1a. and HIF-2a protein in RCC4 NC, RCC4 HIF-1a KD, and RCC4 HIF-2a KD cells cultured under normoxic
conditions. (E) RCC4 NC, RCC4 HIF-1a. KD, and RCC4 HIF-2a KD cells were generated using lentiviral vectors expressing the corresponding
shRNA. Levels of IL11, CA9, and VEGF mRNA expression were tested using quantitative RT-PCR in cells cultured under normoxic conditions.
Results are expressed as fold change relative to RCC4 stably expressing a scrambled shRNA (NC) (mean + SEM of 3 independent experiments;

ttest). *P < 0.05; **P < 0.001; ***P < 0.0001.

A cooperative interaction between HIF-1o. and AP-1 mediates tran-
scriptional activation of the IL11 promoter. To further investigate
the transcriptional regulation of IL11 expression by hypoxia,
we cloned a 949-bp fragment (position -937 to +12) of the IL11
gene in front of a promoter-less luciferase reporter plasmid. The
937-bp fragment contained a putative hypoxia response element
(HRE) site at position -241 to -237 (5'-GCGTG-3') and an AP-1
site at position -185 to -179 (5'-TGAGTCA-3'), the latter of
which was previously implicated in transcriptional regulation
of IL11 expression (29). PC3 cells were transiently transfected
with the full-length promoter or with plasmids in which the
HRE and the AP-1 sites had been deleted or mutated, respec-
tively, and they were then cultured under normoxic or hypoxic
conditions for 24 hours before assessment of luciferase activity.
Hypoxia failed to increase luciferase expression, relative to nor-
moxia, in cells transfected with BO937 (position -937 to +12) or
with BO272 (position -272 to +12), which contain both the HRE
and AP-1 sites (Figure 4A). Surprisingly, further deletion from
BO272 (plasmid BO223; position -223 to +12) of a 50-bp frag-
ment encompassing the HRE site was associated with a 4.2-fold
induction of luciferase expression in cells cultured under hypoxic
conditions, relative to control cells. These results not only sug-
gest the potential presence of sequences with repressor activity
in the 50-bp deleted region, but they also indicate that the HRE
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was dispensable for the hypoxic induction of IL11 promoter (Fig-
ure 4A). To address the functional role of the AP-1 site in the
hypoxic induction of IL11 transcriptional activity, we generated
a construct in which the AP-1 site was mutated (BO185; CAT-
GTCA, mutated sequence underlined). Notably, the vector with
a mutated AP-1 site was no longer inducible by hypoxia, which
demonstrated that the AP-1 site is indeed required for hypoxic
inducibility of the IL11 promoter (Figure 4A). Further support
of this conclusion was provided by cotransfection experiments
in which an AP-1 dominant-negative expression vector, which
effectively inhibited AP-1 transcriptional activity (Supplemental
Figure 2A), was able to completely abrogate hypoxic induction of
BO223, containing the wild-type AP-1 site, in PC3 cells (Figure
4B). Overall, these results demonstrate that the AP-1 site, but not
the HRE, is required for transcriptional activation of the IL11
promoter by hypoxia in PC3 cells.

The above results (Figure 2A) indicated that HIF-1la was
involved in the hypoxic induction of IL11 mRNA expression in
PC3 cells. We therefore tested whether HIF-1a was implicated in
the hypoxic induction of IL11 promoter activity. We found that
hypoxic inducibility of plasmid BO223, which only contains the
wild-type AP-1 site, was almost completely abrogated by cotrans-
fection with siRNA targeting HIF-1a (Figure 4C), suggesting that
despite the lack of a canonical HRE site in this promoter fragment,
Number 4
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Figure 4

Cooperative interaction between AP-1 and HIF-1a mediates transcriptional activation of /L17 promoter by hypoxia. (A) Left: Representation of /L17
promoter constructs upstream of the luciferase gene. Right: PC3 cells were transfected with the indicated /L77 promoter constructs. Twenty-four
hours after transfection, cells were cultured under normoxia or hypoxia for an additional 24 hours before assessing luciferase activity. Results are
expressed as a fold increase relative to the corresponding normoxic control (mean + SEM of 3 independent experiments; t test). (B) PC3 cells
were transfected with BO223 /L11 promoter construct and cotransfected either with irrelevant plasmid DNA or with an AP-1 dominant-negative
(DN) expression vector. Cells were cultured and harvested as described above. Results are expressed as hypoxic induction relative to normoxic
PC3 cells (mean + SEM of 3 separate experiments; t test). (C) PC3 cells were transfected with BO223 and cotransfected with either scramble
siRNA or smartpool siRNA targeting HIF-1a. Cells were cultured and harvested as described above. (D) PC3 cells were cultured for 24 hours in
normoxia or hypoxia, and ChIP assay was conducted as described in the Methods. Re-ChlIP protocol was conducted on anti-fos samples using
anti-HIF-1a antibody (n = 2). (E) PC3 cells were transfected with an AP-1 luciferase reporter plasmid and cotransfected with either scramble
siRNA or smartpool siRNA targeting HIF-1a.. Cells were cultured and harvested as described above (mean + SEM of 3 separate experiments;
t test). *P < 0.05; **P < 0.001; ***P < 0.0001.

HIF-1a does indeed contribute to the hypoxia inducibility of the  ate size was also observed when experiments were performed
IL11 promoter. Further support for the involvement of HIF-1a. ~ with an anti-HIF-1a antibody, suggesting that HIF-1a may be
in the hypoxic induction of BO223 was provided by cotransfec-  recruited to the IL11 promoter in the region containing the AP-1
tion experiments with a constitutively active form of HIF-1a.  site (Figure 4D). To further investigate whether HIF-1a was
(HA-HIF1a P402A/PS64A), which caused an increase in lucifer-  part of a transcriptional complex at the AP-1 site, we performed
ase expression up to 13-fold in normoxia and 36-fold in hypoxia ~ ChIP/re-ChIP experiments using first an anti-fos antibody and
(Supplemental Figure 2B). A plasmid (pGL2TK-HRE) containing  then an anti-HIF-1a antibody. Results from these experiments
3 copies of a canonical HRE upstream of the luciferase reporter  indicated that HIF-1a may indeed be part of a transcriptional
gene was used as a control for the HIF-1-dependent inducibility = complex at the AP-1 site, presumably in association with c-fos
of luciferase expression (Supplemental Figure 2C). (Figure 4D). Amplification of a fragment containing an AP-1
The HIF-1-dependent inducibility of BO223, an ILI1 pro- site in the cyclin D1 promoter and amplification of a region con-
moter fragment that did not contain a canonical HRE sequence, taining the HRE sequence in the VEGF promoter region were
led us to hypothesize that HIF-1 may be contributing to the used as positive controls for specific binding of c-fos and HIF-
hypoxic induction of AP-1 without being actively involved in  1la, respectively (Supplemental Figure 2D).
DNA-binding activities. To address this question, ChIP experi- Finally, to further corroborate the interaction between HIF-1a
ments were performed in PC3 cells cultured under normoxic or  and AP-1 in the hypoxic induction of transcriptional activity in
hypoxic conditions for 24 hours, using anti-fos or anti-HIF-1a.  PC3 cells, we demonstrated that induction of an AP-1 luciferase
antibodies and primers amplifying the region that encompasses  reporter plasmid by hypoxia was significantly decreased in the
the AP-1 site (from position -369 to -172). As shown in Figure presence of siRNA targeting HIF-1a. (Figure 4E). Overall, these
4D, experiments using anti-fos antibodies confirmed that c-fos  results demonstrate that hypoxic transcriptional activation of IL11
was bound to the AP-1 site in nuclear extracts of hypoxic, but  is mediated, at least in part, by a cooperative interaction between
not normoxic, PC3 cells. Surprisingly, a band of the appropri-  AP-1 and HIF-1a, which activate the IL11 promoter.
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Figure 5

Autocrine induction of IL-11/IL-11Ra signaling in hypoxic PC3 cells. (A) PC3 cells were cultured under normoxic or hypoxic conditions for 24
hours and were tested for IL-11Ra expression by flow cytometric analysis as described in the Methods. (B) Left: PC3 cells were serum starved
for 24 hours and then incubated in normoxia for the indicated times in the presence of 100 ng/ml of rhiL-11. Right: Serum-starved PC3 cells were
cultured in normoxia or hypoxia for 48 hours in the absence or presence of a human IL-11—neutralizing antibody (50 ng/ml) or an isotype-matched
control antibody (IgG). Levels of pSTAT1 (Tyr701 and Ser727), pAKT (Ser473), and pSTAT3 (Ser 727 and Tyr705) were assessed using West-
ern blot. Results shown are representative of 2 independent experiments. C, untreated control; +, positive control. (C) PC3 NC, IL-11KD#1, and
IL-11KD#2 cells were cultured under normoxic or hypoxic conditions for 24 hours and then plated in soft agar. Results shown are the average of
2 independent experiments (t test; *P < 0.05). (D) PC3 NC, IL-11KD#1, and IL-11KD#2 cells were cultured under normoxic or hypoxic conditions
for 24 hours and then plated. Colonies were stained after 10 days (mean + SEM of 2 independent experiments). (E) PC3 NC, IL-11KD#1, and
IL-11KD#2 cells were cultured as described for the right panel of B. Levels of total and phosphorylated ERK, AKT, p38, and STAT1 were measured
using immunoblotting. (F) PC3 lysates were analyzed as described in E. Results are representative of 3 experiments.

Hypoxic induction of IL-11 triggers autocrine activation of signaling  cantly changed under hypoxic conditions. We next investigated
pathways in PC3 cells. The functional role of IL-11 in human can-  whether the presence of IL-11Ra in PC3 cells was associated
cer is poorly understood. We hypothesized that hypoxic induc-  with activation of downstream signaling pathways. As shown
tion of IL-11 may act in an autocrine fashion in PC3 cells. To  in Figure 5B, addition of recombinant human IL-11 (rhIL-11;
address this possibility, we used flow cytometric analysis to 100 ng/ml) to PC3 cells under normoxic conditions was suffi-
investigate the expression and regulation of IL-11Ra, the spe-  cient to trigger rapid phosphorylation of STAT1 (Tyr701 and
cific subunit that mediates IL-11 signaling, in PC3 cells. As  Ser727) and AKT (Ser473); however, under these experimental
shown in Figure 5A, IL-11Ra was constitutively expressed in  conditions we were unable to detect either tyrosine or serine
approximately 60% of PC3 cells, and its levels were not signifi- phosphorylation of STAT3. More importantly, the addition of
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Phenotype and signaling effects in IL-11 knockdown HCT116 cells. (A) HCT116 NC, IL-11KD#1, and IL-11KD#2 cells were generated using len-
tiviral vectors expressing the corresponding shRNA. Levels of /L77 mRNA expression were tested using quantitative RT-PCR in cells cultured
under normoxic or hypoxic conditions for 24 hours. Results are expressed as fold increase relative to normoxic HCT116 NC cells. (B) HCT116 NC,
IL-11KD#1, and IL-11KD#2 cells were cultured under normoxic or hypoxic conditions for 24 hours and then plated in soft agar. The graph reports
the number of colonies detected after 13 days of growth in soft agar. Results shown are the average of 2 independent experiments (t test; *P < 0.05,
**P < 0.001). (C) HCT116 NC, IL-11KD#1, and IL-11KD#2 cells were cultured under normoxic or hypoxic conditions for 24 hours and then plated.
Colonies were stained after 10 days (mean + SEM of 2 independent experiments). (D) Left: HCT116 NC, IL-11KD#1, and IL-11KD#2 cells were
serum starved for 24 hours and cultured for an additional 48 hours under normoxic or hypoxic conditions. Levels of phosphorylated STAT1
(Ser727) and STAT3 (Ser 727 and Tyr705) were assessed using Western blot. Actin was assessed as an internal control. Right: HCT116 cells
were serum starved for 24 hours and then incubated in normoxia for the indicated times in the presence of 100 ng/ml of rhiL-11. Levels of pSTAT1
(Ser727) and pSTAT3 (Ser 727 and Tyr705) were assessed using Western blot. Results shown are representative of 2 independent experiments.

an IL-11-neutralizing antibody was able to almost completely
abrogate hypoxic induction of pSTAT1 (Tyr701 and Ser727)
and pAKT, further demonstrating that: (a) PC3 cells express a
functional IL-11Ra; and (b) hypoxic induction of IL-11 triggers
downstream signaling pathways in an autocrine fashion.

To further investigate the functional role of IL-11, we gener-
ated PC3 cells in which IL-11 expression was silenced using len-
tiviral vectors expressing 2 distinct shRNA sequences targeting
IL-11 (IL-11KD#1 and IL-11KD#2), as well as control shRNA tar-
geting luciferase (negative control [NC]). Hypoxic induction of
IL11 mRNA and IL-11 protein was decreased by more than 90%
in IL-11KD#1 and IL-11KD#2 relative to NC cells (Supplemen-
tal Figure 3, A and B), confirming that these cells are silenced
for IL-11 expression. We then investigated whether IL-11 was
involved in the hypoxic induction of anchorage-independent
growth. PC3 cells were incubated under normoxic or hypoxic
conditions for 24 hours and tested for anchorage-independent
growth and clonogenic survival on plastic. Cells cultured under
hypoxic conditions were more clonogenic in soft agar, but not on
plastic, relative to normoxic cells (Figure 5, C and D). Notably,
the clonogenic advantage conferred by hypoxia was completely
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abrogated in cells silenced for IL-11, strongly suggesting that
IL-11 may contribute to the increased tumorigenicity observed in
hypoxic cells. On the contrary, IL-11 silencing had no significant
effect on clonogenic survival on plastic, either under normoxic or
hypoxic conditions (Figure 5D), ruling out the possibility that an
effect on survival would be sufficient to account for the increased
clonogenicity observed in anchorage-independent growth. More
importantly, no significant differences in proliferative capacity
(Supplemental Figure 3C), apoptosis (Supplemental Figure 3D),
or cell cycle (Supplemental Figure 3E) were observed between
control cells and cells silenced for IL-11, cultured either under
normoxic or hypoxic conditions.

Results shown thus far clearly indicate that hypoxic PC3 cells
express both IL-11 and IL-11Ra and that IL-11 may act in an auto-
crine fashion to mediate increased clonogenic potential of hypoxic
cells. To further dissect the signal transduction pathways triggered
by IL-11 in hypoxic cells, we investigated activation of relevant sig-
naling molecules in PC3 NC cells and IL-11-silenced cells cultured
under normoxic or hypoxic conditions for 48 hours. Relative to
normoxia, incubation under hypoxia triggered phosphorylation
of ERK1/2, AKT, p38, and STAT1 (Tyr701 and Ser727) in NC cells
Number 4 1621
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(Figure SE). The activation of p38, pSTAT1, and MAPK was signifi-
cantly impaired in IL-11-silenced PC3 cells, although to a slightly
different extent in IL-11KD#1 and IL-11KD#2, further emphasiz-
ing the existence of an autocrine signaling loop mediated by IL-11
under hypoxic conditions. On the contrary, IL-11 silencing did not
impair hypoxic induction of HIF-1o and p21 (Figure SF), demon-
strating selective inhibition of hypoxic signaling pathways. In con-
clusion, these results demonstrate that autocrine production of
IL-11 activates relevant signaling pathways that may contribute to
the tumorigenic potential of hypoxic cancer cells.

Hypoxic induction of IL-11 mediates activation of signaling pathways
in HCT116 and RCC4 cells. To address whether hypoxic induc-
tion of IL-11-dependent signaling pathways may play a role
in other tumor types, we generated HCT116 colon cancer cells
IL-11 knockdown (IL-11KD#1 and IL-11KD#2). IL11 mRNA was
decreased by more than 70% in IL-11KD#1 and IL-11KD#2 relative
to NC cells (Figure 6A). Interestingly, IL-11 knockdown almost
completely abrogated the hypoxic induction of anchorage-inde-
pendent growth in HCT116 cells, but did not significantly affect
clonogenic survival on plastic (Figure 6, B and C), consistent with
what was observed in PC3 cells. To further dissect the signaling
pathways activated by IL-11 in HCT116, we cultured cells in the
presence of rhIL-11 under normoxic conditions. As shown in Fig-
ure 6D, rhIL-11 (100 ng/ml) induced a 3-fold increase in phos-
phorylation of STAT1 (Ser727) and a 2-fold increase in pSTAT3
(Tyr70S5). Notably, pSTAT3 Ser727 was constitutively present and
did not change with addition of IL-11, while pSTAT1 Tyr701 was
not detectable under these experimental conditions. More impor-
tantly, levels of pSTAT1 were significantly decreased in IL-11KD#1
and IL-11KD#2 cultured under hypoxic conditions; in contrast,
pSTAT3 (Tyr705) was decreased under normoxic conditions in
IL-11 knockdown cells, but slightly increased under hypoxia (Fig-
ure 6D). It is important to point out that STAT3 phosphoryla-
tion was significantly reduced under hypoxic conditions, relative
to normoxic conditions, while STAT1 phosphorylation remained
unchanged, possibly indicating a differential role of these proteins
under normoxic and hypoxic conditions in HCT116 cells. Simi-
lar results, in terms of modulation of STAT1 and STAT3 signal-
1622
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Figure 7

STAT1 and p38 mediate IL-11—dependent responses under hypoxia.
(A) PC3-stable STAT1 knockdown cells were generated using len-
tiviral vectors expressing the corresponding shRNA. Total protein
lysates were prepared and analyzed using Western blot analysis as
described in the Methods. Actin was assessed as an internal control.
(B) PC3 NC and STAT1KD#5 cells were cultured under normoxic
conditions for 24 hours and then plated. Colonies were stained after
10 days (mean = SEM of 3 independent experiments). (C) PC3 NC
and STAT1KD#5 cells were cultured under normoxic or hypoxic con-
ditions for 24 hours and then plated in soft agar. Results shown are
the average of 2 independent experiments (t test; ***P < 0.0001).
(D) PC3 cells were serum starved for 24 hours and treated with
SB203580 (10 uM), a known p38 inhibitor, for an additional 48 hours
under normoxia or hypoxia. Protein lysates were prepared and ana-
lyzed using Western blot analysis as described in the Methods. Actin
was assessed as an internal control. Results shown are a represen-
tative experiment of 3 independent experiments.

ing pathways by rhIL-11 and IL-11 knockdown, were observed in
RCC4 renal cancer cells (Supplemental Figure 4), suggesting that
hypoxic induction of IL-11 is functionally relevant in multiple
human cancer cells. In conclusion, these results further support
the conclusion that autocrine production of IL-11 activates rele-
vant signaling pathways that may contribute to the tumorigenic
potential of hypoxic cancer cells.

STAT1I mediates the IL-11-dependent tumorigenic phenotype of hypoxic
cells. To further characterize the signaling pathways that mediate
IL-11-dependent clonogenic phenotype in hypoxia, we silenced
STAT1 in PC3 cells using lentiviral vectors expressing 5 distinct
shRNA sequences (STAT1KD#1-5), as well as control shRNA tar-
geting luciferase (NC) (Figure 7A). As shown in Figure SE, IL-11
knockdown only partially inhibited STAT1 phosphorylation;
thus, we used STAT1KD#S5 cells, in which partial downregula-
tion of STAT1 was observed, to further assess the role of STAT1
in IL-11-dependent responses. Consistent with proliferation
studies in IL-11 knockdown cells, inhibition of STAT1 by 40%
(STAT1KD#5) did not significantly affect PC3 clonogenic survival
on plastic (Figure 7B), while almost complete STAT1 knockdown
(STAT1KD#1-4) did affected clonogenic survival on plastic (50%-
90% decrease; data not shown). Notably, even partial downregula-
tion of STAT1 in PC3 cells (STAT1KD#5) completely abrogated
hypoxia-dependent clonogenic survival advantage in soft agar
(Figure 7C). These results are consistent with what was observed in
IL-11 knockdown cells (Figure SC), and they strongly suggest that
STAT1 is involved in the IL-11-dependent tumorigenic phenotype
induced in PC3 cells under hypoxic conditions.

STAT1 activation under hypoxia, in particular phosphoryla-
tion at Ser727, has been previously attributed to p38 activation.
As shown in Figure SE, p38 phopshorylation was indeed induced
under protracted hypoxia, a phenomenon that was almost com-
pletely abrogated by IL-11 knockdown. To evaluate the role that
p38 plays in STAT1 activation under hypoxia, PC3 cells were treated
with SB203580, a known p38 inhibitor. As shown in Figure 7D,
inhibition of p38 significantly decreased hypoxia-induced STAT1
Ser727 phosphorylation, providing evidence that IL-11-dependent
STAT1 phosphorylation may indeed be mediated by p38.
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Taken together these results demonstrate that induction of
IL-11 under hypoxic conditions triggers p38 and STAT1 activation
and that STAT1 may be an important component of the onco-
genic signaling pathways activated by IL-11 under hypoxia.

IL-11 knockdown impairs tumor growth in xenograft models. To val-
idate the potential role of IL-11 in mediating tumor progres-
sion in in vivo models, PC3 NC, IL-11KD#1, and IL-11KD#2
cells were injected s.c. into female nude mice (n = 26/group)
and tumor growth was monitored. Tumors from PC3 NC cells
reached approximately 220 mg at day 11 and 613 mg at day 16
following injection. IL-11 knockdown resulted in significantly
smaller tumors both on day 11 (26.5% and 48.4% for IL-11KD#2
and IL-11KD#1 cells, respectively, relative to PC3 NC cells) and
on day 16 (39.6% and 73.3% for IL-11KD#2 and IL-11KD#1
cells, respectively, relative to PC3 NC cells) (Figure 8A and Sup-
plemental Figure SA). However, after an initial growth delay,
tumors from IL-11-silenced cells seemed to regain a growth rate
similar to PC3 control cells despite the fact that we confirmed
that IL-11 knockdown was maintained in tumors originated
from IL-11KD#2 (Figure 8B) and IL-11KD#1 cells (Supplemen-
tal Figure 5B) relative to PC3 NC cells.
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Figure 8

IL-11 knockdown impairs the growth
of PC3 xenografts. (A) PC3 NC and
IL-11KD#2 cells were injected s.c. into
nude mice (26 mice/group), and tumor
weight was measured as described
in the Methods. Tumor incidence was
100% for both cell lines. A statistically
significant difference was observed
for tumor weight in mice injected with
IL-11KD#2 compared with PC3 NC cells
(t test; ***P < 0.0001). (B) /IL77 mRNA
levels in IL-11KD#2 tumor lysates were
measured using quantitative RT-PCR
in tumor tissue harvested on day 16.
Results are presented as mean + SEM
* (10 mice/group). ***P < 0.001 versus PC3
NC tumors. (C) H&E (original magnifica-
tion, x40; scale bars: 20 um) and Ki67,
TUNEL, and CD34 staining (original
magpnification, x20; scale bars: 100 um)
of representative tumor sections from
PC3 NC and IL-11KD#2 tumors har-
vested on day 16. Asterisks indicate mus-
cle fibers. (D) Percentage of TUNEL-pos-
itive nuclei (3+, positive nuclei with
intensity score 3 being the highest) in
PC3 NC and IL-11KD#2 tumors at day 5
and day 9. (t test; *P < 0.01).

NC IL-11KD#2

ONC @IL-11KD#2

Day 5 Day 9

To gain more insight into the potential mechanism(s) by which
growth of IL-11 knockdown cells was impaired in vivo, we ana-
lyzed tumor tissues from PC3 NC and IL-11KD#2 cells harvested
at day 16 for morphology (H&E), proliferation (Ki67), apoptosis
(TUNEL), and microvessel density (CD34) (Figure 8C). PC3 NC
tumors showed more necrosis and muscle invasion relative to
tumors originating from IL-11-silenced cells, which remained
encapsulated and showed little or no necrosis. Although these
features might, at least in part, be accounted for by a difference
in size, they may also be related to the less aggressive phenotype
of IL-11 knockdown tumors. However, levels of Ki67 (prolifera-
tion), number of TUNEL-positive cells (apoptosis), and microves-
sel density (CD34-positive cells) were not significantly different
between PC3 NC and IL-11KD tumors (Figure 8C). Moreover, no
significant changes in phosphorylation of STAT1, AKT, mTOR,
and p38 were detected between control and IL-11-silenced tumors
harvested on day 16 (data not shown). These results led us to
hypothesize that the defining difference between the PC3 NC
and IL-11KD#2 tumors had to occur at an earlier stage of tum-
origenesis, consistent with the hypoxia inducibility of IL-11 and
the notion that approximately 50%-60% of PC3 cells express the
Number 4 1623
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IL-11Ra. To address this question, an additional in vivo experi-
ment was conducted in which tumors were harvested and mor-
phology examined at day 5 and day 9 from implantation. Indeed,
IL-11KD#2 tumors harvested on day 9 showed a significantly
higher percentage of apoptotic nuclei relative to PC3 NC tumors
(Figure 8D). In conclusion, our data demonstrate that inhibition
of IL-11 expression impairs in vivo growth of prostate cancer cells,
and our findings are consistent with an effect of IL-11 at an early
stage of tumorigenesis.

Discussion
The identification of signaling pathways required for survival of
hypoxic cancer cells may provide new opportunities for therapeu-
tic intervention. The aim of this study was to identify functionally
relevant pathways activated by chronically hypoxic cancer cells. We
discovered that IL11 is a novel hypoxia-inducible and VHL-regu-
lated gene in human cancer cells. The expression of IL-11 and
its receptor (IL-11Ra) has been extensively described in several
human malignancies, including but not limited to prostate can-
cer and osteosarcoma (30-39), suggesting its potential involve-
ment in human tumorigenesis. However, the regulation of IL-11
expression is still poorly understood and its contribution, if any, to
tumor progression is not known. We provide evidence that IL-11
triggers activation of autocrine signaling pathways that may con-
tribute to the tumorigenic phenotype of hypoxic stressed cancer
cells and ultimately to tumor progression.

IL11 is an oxygen- and VHL-regulated gene. IL-11 is a member of the
IL-6 family of cytokines, which signals through a common gp130
component and a specific IL-11Ra subunit (14). IL-11 is pro-
duced by a number of mesenchymal cells (40) and more recently
its expression has been reported in several types of cancers, where
it has been found to correlate with a more aggressive phenotype
(23-28, 31-34, 38, 41-43). However, the functional role, if any,
of IL-11 in human cancers is poorly understood. We found that
IL11 mRNA (and IL-11 protein) is induced in a number of human
cancer cell lines incubated under hypoxic conditions for 24-72
hours. Moreover, our data indicate that HIF-1 is involved in the
regulation of IL-11 expression. This conclusion is supported by
(a) experiments using siRNA silencing HIF-1o or HIF-2a, which
showed that both subunits may contribute to its regulation in
solid tumors; (b) VHL-dependent regulation of IL-11, in VHL-de-
ficient cells, IL-11 expression mirrored that of canonical VHL-reg-
ulated genes, such as VEGF and CA9 (44), and was dependent on
HIF-2a, consistent with the predominant role of HIF-2a in clear
cell renal cell tumorigenesis (45); (c) normoxic induction of IL-11
in cells treated with DFX or DMOG, which block HIF-1 degra-
dation. Thus, IL11 can be added to the growing list of HIF-regu-
lated genes. Interestingly, it has been recently shown that IL-11
increases HIF-1a nuclear translocation and transcriptional activ-
ity in human renal proximal tube cells during ischemia reperfu-
sion, suggesting the existence of a positive feedback loop between
IL-11 and HIF-1 (46).

Experiments conducted using a 949-bp fragment of the IL11
promoter further demonstrated a complex mechanism of regu-
lation involving AP-1 in cooperation with HIF-1o. AP-1 has been
previously implicated in IL-11 transcriptional activation by other
signals (29, 47, 48). We demonstrated that AP-1 is indeed impor-
tant to activate the IL11 promoter under hypoxic conditions using
2 different approaches: mutation of the AP-1 binding site and
expression of an AP-1 dominant-negative protein. Moreover, our
1624
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results indicated that HIF-1a appeared to be part of a transcrip-
tional complex at the AP-1 site, yet without direct DNA binding
activity. Accordingly, the hypoxic induction of the IL11 promoter
fragment containing the AP-1 site was abrogated by HIF-1a silenc-
ing, thus providing evidence that HIF-1a plays a crucial role for
hypoxic activation of AP-1. These findings are consistent with pre-
vious reports indicating that HIF-1 may be involved in activation of
AP-1 by chronic hypoxia, by either inducing c-Jun or by increasing
its phosphorylation (49-51). Indeed, hypoxia did increase c-Jun
phosphorylation under our experimental conditions (Supplemen-
tal Figure 6A). Notably, inhibition of c-Jun phosphorylation using
the JNK inhibitor SP600125 decreased ILI11 mRNA accumulation
under hypoxia, but not VEGF expression, and did not affect HIF-1a.
accumulation (Supplemental Figure 6, C and D), suggesting that
IL-11 upregulation by hypoxia is dependent on c-Jun. Notably,
hypoxia induces c-fos binding to the AP-1 site in the VEGF pro-
moter, yet HIF-1a does not interact with c-fos on the VEGF pro-
moter, suggesting that the cooperative regulation of IL-11 by AP-1
and HIF-1 is not a general phenomenon (Supplemental Figure 6B).
In addition, HIF-1 may exert transcriptional regulatory functions
without DNA binding activity, for instance in the regulation of p21
expression by counteracting c-MYC activity (52), consistent with
the regulatory role of HIF-1 proposed in our model.

Activation of autocrine signaling pathways by IL-11. A major finding
of our study was that, concomitant with hypoxic induction of
IL-11; human cancer cells expressed a functional IL-11Ra sub-
unit, which is required for IL-11 signaling. Although IL-11Ra
expression has been previously reported in cancer cells, its func-
tional role, if any, in tumorigenesis remains to be determined
(34). We demonstrated that hypoxic induction of IL-11 triggers
autocrine signaling pathways in cancer cells, which may con-
tribute to the increased tumorigenicity conferred by hypoxia to
chronically stressed cells. The existence of an autocrine pathway
induced by IL-11 was clearly shown by experiments using an
IL-11-neutralizing antibody, which was able to completely block
hypoxic induction of STAT1 phosphorylation and by shRNA-
mediated silencing of IL-11, which blocked hypoxic induction
of pERK, p38, and pSTAT1 (Tyr701 and Ser727) in PC3 cells.
In contrast, IL-11 silencing did not affect expression of HIF-1a
or p21, suggesting a coherent signaling pattern associated with
the gp130/IL-11Ra receptor signaling complex. Similar effects
on autocrine activation of IL-11-dependent signaling path-
ways were observed in at least 2 other cell lines in which IL-11
had been silenced, demonstrating that this phenomenon is not
restricted to prostate cancer cells.

Our in vitro studies on cells silenced for IL-11 did not show any
relevant phenotype relative to wild-type cells, at least in terms of
proliferation, cell cycle, induction of apoptosis, or clonogenic sur-
vival on plastic. In contrast, a dramatic decrease in anchorage inde-
pendent growth was consistently seen. In an attempt to elucidate
the molecular mechanism underlying IL-11-mediated anchorage
independent growth, we examined several pathways that are elic-
ited by the gp130 family of cytokines. It is notable that we were
unable to detect STAT3 phosphorylation in PC3 cells, despite
detectable levels of STAT3 protein. Indeed, conflicting findings
regarding STAT3 phosphorylation and locus deletion in PC3 cells
have been reported in the literature (53-57). Nevertheless, total
and partial STAT3 knockdown significantly decreased PC3 cell
proliferation, a finding inconsistent with the phenotype of IL-11
knockdown cells, yet suggesting that STAT3 does play an impor-
Number 4
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tant oncogenic role in PC3 cells (data not shown). In contrast,
rhIL-11 did increase STAT3 phosphorylation in HCT116 and
RCC4 cells, indicating that distinct transcriptional elements may
be activated by IL-11 in different cancer cell lines and that STAT3
does play a role in IL-11-dependent signaling pathways. Con-
versely, we were able to show STAT1 phosphorylation, not only
at Tyr701, which is presumably associated with JAK signaling, but
also at Ser727, which under our experimental conditions appeared
to be dependent upon p38 phosphorylation (Figure 6). Activation
of STAT1 by p38 has been previously reported (58). Although the
role of STAT1 in tumorigenesis is still controversial (59), we show
that partial STAT1 knockdown completely inhibited hypoxia-in-
duced, anchorage-independent cell growth in a similar fashion
to what was observed in IL-11 knockdown in PC3 cells, strongly
suggesting that STAT1 is involved in mediating the tumorigenic
phenotype triggered by IL-11 under hypoxic conditions. In con-
trast, partial STAT1 knockdown did not significantly affect PC3
proliferation, consistent with the effects observed in IL-11 knock-
down cells. Interestingly, STAT3 phosphorylation, but not STAT1
phosphorylation, was significantly decreased in HCT116 cells cul-
tured under hypoxic relative to normoxic conditions, suggesting
that STAT1 and STAT3 may play distinct roles under normoxic
and hypoxic conditions. Overall, these data suggest that STAT1
may be an important component in signaling pathways triggered
by a hypoxia-stressed tumor microenvironment.

Potential mechanism of impaired tumor growth in vivo. The most
exciting finding of our study is that growth of IL-11-silenced
cells in nude mice was significantly decreased compared with
PC3 NC cells, a result consistently observed in 2 independent
experiments using 2 distinct shRNA sequences targeting IL-11.
These data clearly indicate that IL-11 contributes to tumor
growth in vivo, at least in part dependent upon its induction by
intratumoral hypoxia. Consistent with this conclusion, IL-11
knockdown cells showed an increase in apoptotic cell death at
early but not late stages of tumorigenesis, suggesting that IL-11
may play a prosurvival role at a time when incipient hypoxia is
induced in the tumor microenvironment. The profound inhi-
bition of signaling pathways observed in IL-11-silenced cells,
which included a decrease of MAPK, p38, and STAT1 phospho-
rylation, is consistent with gp130-mediated signaling events, and
provides a rational mechanism for the delayed tumor growth
observed in xenograft experiments. It is conceivable that inhibi-
tion of a complex network of gp130-dependent signaling path-
ways in IL-11-silenced cells may be responsible for the impaired
tumor growth observed. Accordingly, cancer cells expressing the
IL-11Ra subunit (approximately 50% in PC3 cells) may have a
survival disadvantage at a time when increased production of
IL-11, triggered by intratumoral hypoxia, may mediate its effects
on IL-11Ra-expressing cells. The latter explanation is consistent
with the pattern of delayed growth observed in IL-11-silenced
tumors, which eventually appeared to regain the growth rate of
wild-type cells. Finally, the possibility that IL-11 may also con-
tribute to tumor progression by paracrine effects on the tumor
microenvironment, including but not limited to angiogenesis
and immune regulation, will have to be further analyzed. Nota-
bly, IL-11-silenced tumors did not show differences in microves-
sel density relative to control tumors, both at early and late
stages of tumor progression (data not shown and Figure 7C),
suggesting that angiogenesis may not be an important pathway
mediated by IL-11 in our experimental model.
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IL-11, a novel therapeutic target for hypoxic cancer cells. While IL-6
has been implicated as a tumor-promoting factor in several
human malignancies, the potential role of IL-11 in human tum-
origenesis has been largely neglected. However, over the last few
years, evidence has been provided implicating IL-11 in models
of inflammation and cancer and associating its expression with
a metastatic phenotype and poor prognosis (20-25, 27, 36, 41).
Our data identify the IL-11/IL-11Ra axis as a pathway utilized
by hypoxia-“stressed” cancer cells and as a potential target for
therapy. The IL-11/IL-11Ro. pathway is amenable to therapeu-
tic intervention, by targeting either the specific receptor or the
ligand. Indeed, the recent success in the development of effective
therapeutic treatments using monoclonal antibodies targeting
growth factors and their receptors provide further support for
this approach. Finally, the possibility that the IL-11/IL-11Ra
pathway be relevant for the growth of VHL-deficient cells remains
to be further investigated in order to fully appreciate the potential
therapeutic applications of this strategy.

Methods

Cell lines and reagents. Human cancer cell lines PC3, MCF7, HCT116,
IGROV1, NCI-H460, UACC-62, KM12, 786.0, and OVCAR-5 were
obtained from the NCI-60 Human Tumor Cell Line Screen (Frederick
National Laboratory for Cancer Research) and maintained in RPMI-1640
supplemented with L-glutamine, 50 IU/ml penicillin, 50 ug/ml strepto-
mycin, and 5% FBS (Hyclone). Renal RCC4, RCC4-VHL, and WT2 cells
were grown in DMEM supplemented with 10% FBS. Cells were normally
grown at 37°C in 5% CO, and ambient oxygen (normoxic conditions).
Hypoxia was achieved in an Invivo, 400 hypoxic workstation (Ruskinn
Technologies) set to deliver 1% oxygen in 5% CO, at 37°C. PMA, DFX, and
SP600125 were from Sigma-Aldrich. DMOG was purchased from Cayman
Chemicals. rhIL-11- and IL-11-neutralizing antibody were purchased
from R&D Systems.

Generation of target-specific silenced cells. Lentiviral particles were produced
in 293FT cells by transient transfection of pLKO.1 plasmids harboring
specific shRNA targeting luciferase, IL-11, HIF-1a, HIF-2a, or STAT1
(Open Biosystems) with packaging vectors. Transfection was performed
with FuGene6 (Roche Applied Science) according to the manufacturer’s
instructions. After 24 hours, transfection complexes were removed and
cells were incubated with fresh complete DMEM (10% FBS) for an addi-
tional 24 hours. Supernatant was then collected and filtered using 0.45-um
filters. Viral titers were determined using the Lenti-X qRT-PCR Titration
Kit (Clontech Laboratories Inc.) according to the manufacturer’s instruc-
tions. Target cells (RCC4 or PC3) were incubated with the viral supernatant
at a multiplicity of infection of 5 in the presence of 8 ug/ml polybrene
(Sigma-Aldrich). Twenty-four hours after infection, cells were selected with
puromycin (2 ug/ml) for 3 days.

Reporter plasmids. Different fragments of the human IL11 promoter
were amplified from the S121676 pSGG_prom plasmid (SwitchGear
Genomics) containing the region (-975 bp; +80 bp) of the IL11 gene,
using the primers listed in Table 1. PCR amplifications were performed
using primers incorporating restriction sites for Mlul (forward primer)
and BglII (reverse primer), which allowed for insertion of the amplicons
in the multiple cloning site of the linearized pSGG_prom plasmid,
upstream of the luciferase gene. The vector pGL2-TK-HRE was used
as an internal control for hypoxic induction of HIF-1a transcriptional
activity and has been previously described (60). The AP-1 luciferase
reporter plasmid and the AP-1 dominant-negative expression vector
were a gift from Nancy Colburn at the National Cancer Institute (Fred-
erick, Maryland, USA).
Number 4 1625
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Table 1
Primers used to generate /L71 promoter plasmids

5'-TGATACGCGT CCAACATCTCAGCGTCTCTGTCTT-3
5'-ACTGAGATCTTTTAACCCTTCCCTGTCCGCT-3'

5'-TGATACGCGTTTTCCTTCCGTGCCCTCCT-3
5'-ACTGAGATCTTTTAACCCTTCCCTGTCCGCT-3'

5'-TGATACGCGTAGCCGCTCCGTCTGAATGGAAA-3'

5'-ACTGAGATCTTTTAACCCTTCCCTGTCCGCT-3'

Plasmid Promoter region Primer Sequence?
B0937 Position =937 to +12  Forward
Reverse
B0272 Position -272to +12  Forward
Reverse
B0223 Position -223 to +12  Forward
Reverse
B0185 Position-185t0 +12  Forward
Reverse

ATail + restriction site (underlined italic) + specific sequence (bold).

Transient transfection and luciferase activity. PC3 cells were seeded in
48-well plates (15,000 cells per well) and transiently transfected with luci-
ferase reporter plasmids containing different fragments of the IL11 pro-
moter either with an irrelevant DNA plasmid or with a vector expressing
a stable form of HIF-1a (HA-HIF1a P402A/P564A-pBabe-puro, plasmid
19005; Addgene) (61), using FuGene6 (Roche Applied Science) according
to the manufacturer’s instructions. Twenty-four hours following trans-
fection, cells were cultured under normoxic or hypoxic conditions for an
additional 24 hours and luciferase levels were measured using the Luci-
ferase Assay System with Reporter Lysis Buffer kit (Promega). Luciferase
levels were normalized to protein content for each condition.

siRNA transfection. Specific smartpool siRNAs for HIF-1a, HIF-2a., and
NC siRNA were transfected using oligofectamine (Invitrogen) according
to the manufacturer’s instructions. Briefly, siRNA complexes were added
to subconfluent cells and then incubated in serum-free condition for 5
hours at 37°C. The medium was then changed to RPMI with 5% FBS, and
cells were incubated for an additional 24 hours before treatment, as indi-
cated in the figures. NC siRNA was the “All Star Negative” control siRNA
(QIAGEN); siRNAs targeting HIF-1a, HIF-2a, and IL-1a. were siGENOME
SMARTpool siRNAs (Darmacon).

Cotransfection of plasmid DNA with siRNA. PC3 cells were seeded in 48-well
plates (15,000 cells per well) and transiently transfected with 125 ng plas-
mid DNA alone or with 10 nM siGENOME SMARTpool siRNAs, using
Effectene Transfection Reagents (QIAGEN) according to the manufac-
turer’s instructions. Twenty-four hours following transfection, cells were
cultured under normoxic or hypoxic conditions for an additional 24 hours,
and luciferase levels were measured as described above.

Quantitative RT-PCR. Total cellular RNA was isolated using the RNA
Mini Kit (QIAGEN). Total RNA from tumors was isolated using Trizol
(Invitrogen) according to the manufacturer’s instructions. An RT-PCR
kit (PE Biosystems) and 1 ug of total RNA were used to perform RT-PCR
according to the manufacturer’s instructions. Real-time PCR was per-
formed using an ABI-Prism 7700 Sequence Detector (Applied Biosystems),
as previously described (60). Human CA9 and VEGF primers have been
described previously (62). Other primers are listed in Table 2. As an internal
control, 18S rRNA was used. Data are expressed as fold change relative to
the control sample, as previously described (60).

Immunoblotting. Western blot analysis from whole cell lysates was per-
formed as described previously (63). The following antibodies were used:
HIF-1o and p21 (BD Biosciences); HIF-2a (Novus Biologicals); f-actin
(Millipore); pSTAT1 (Ser 727), pSTAT1 (Tyr 701), total STATI, total
STAT3, pSTAT3 (Ser727), pSTAT3 (Tyr705), pERK1/2, total ERK, pAKT,
total AKT, and total p38 (Cell Signaling); p-p38 (Invitrogen); and p-c-Jun
(Ser73) (Santa Cruz Biotechnology).

1626

The Journal of Clinical Investigation

http://www.jci.org

5'-TGATACGCGT CATGTCAGGATGTGTCAGGCCG-3'
5'-ACTGAGATCTTTTAACCCTTCCCTGTCCGCT-3'

Anchorage-independent growth assay (soft agar assay). Cells cultured under
normoxic or hypoxic conditions were collected and suspended in 0.4%
agar containing RPMI with 5% FBS and overlaid onto a bottom layer of
0.75% agar in 6-well plates (5,000 cells per well). Colonies were counted
after 13 days using the colony counter Gel Count (Oxford Optronix).
Soft agar was prepared with low melting temperature agarose (Lonza)
dissolved in PBS and autoclaved before use.

Clonogenic assay. Cells cultured under normoxic or hypoxic conditions
for the times indicated in the figure legends were collected and plated in
60-mm dishes (500 cells per dish) in RPMI containing 5% FBS. Colonies,
detected after 10 days, were air dried overnight and stained with crystal
violet (Sigma-Aldrich) in 20% methanol for 1 hour. Colonies were counted
using LabWorks Software (Ultra-Violet Products Ltd.).

Proliferation assay. Cells were seeded into 96-well plates at a density of
7,500 cells per well and allowed to grow for 24, 48, and 72 hours under
normoxic or hypoxic conditions at 37°C in 5% CO5. Cell viability was then
assessed with a sulforhodamine B assay as previously described (64) and
read on SpectraMax 190 plate reader at 515 nm (Molecular Devices).

Flow cytometry. To evaluate cell surface expression of IL-11Ra, cells were
stained with specific PE-conjugated antibodies (Santa Cruz Biotechnol-
ogy) and analyzed using flow cytometry (FACScan; BD). Samples were
gated on a dot plot showing forward scatter and side scatter in order to
exclude cell debris not within normal cell size. Gated cells were plotted
on a histogram plot showing the background staining overlay with the
sample staining. Annexin V staining was performed using the annexin V
fluorescein isothiocyanate apoptosis kit (BD Biosciences) according to the
manufacturer’s instructions. Determination of cell cycle distribution was
performed using Guava Cell Cycle Reagent (Millipore) according to the
manufacturer’s instructions.

CHIP assay/re-CHIP. ChIP-IT Express and Re-ChIP-IT were pur-
chased from ActiveMotif. ChIP/Re-ChIP was conducted according to
the manufacturer’s protocol. Anti-HIF-1a monoclonal antibody was
from Novus Biologicals, and anti-c-Fos polyclonal antibody was from

Table 2
Quantitative RT-PCR primers

Gene Primer Sequences
Human IL11 Forward 5'-TCTCTCCTGGCGGACACG-3'
Reverse 5'-AATCCAGGTTGTGGTCCCC-3'
Human /L6 Forward 5'-CAATCTGGATTCAATGAGGAGAC-3’
Reverse 5'-CTCTGGCTTGTTCCTCACTACTC-3’
Volume 123~ Number4  April 2013



Table 3
ChIP assay/re-ChlIP primers

Gene Primer Sequence
VEGF promoter containing HRE Forward
Reverse
Cyclin D1 promoter Forward
Reverse
IL11 promoter Forward
Reverse
VEGF promoter containing AP1 site Forward
Reverse

Santa Cruz Biotechnology Inc. For immunoprecipitation, 2 ug of each
corresponding antibody were used. PCR primer sets can be found in
Table 3. Primer concentration was 10 pmol/20 ul for each PCR reac-
tion. The PCR products were run on a 3.0% agarose gel after 32-35
cycles and analyzed using ethidium bromide.

IL-11 ELISA. Total levels of IL-11 protein were measured on supernatants
using the human IL-11 Quantikine ELISA kit (R&D Systems) according to
the manufacturer’s instructions. Levels of IL-11 protein were normalized
to the total amount of protein in each sample.

Animal studies. Studies were conducted in an Association for Assessment
and Accreditation of Laboratory Animal Care International-accredited
(AAALAC-accredited) facility with an approved animal protocol (NIH
Institutional Review Board). PC3 cells (1 x 107) stably expressing shRNA
targeting either luciferase (NC) or IL-11KD (#1 or #2) were injected s.c.
into the flank of female athymic nude (NCr/nu) mice (Animal Production
Area, Frederick National Laboratory for Cancer Research). Tumor size was
determined by collecting length and width measurements and calculating
the tumor weight (mg) as [tumor length x (tumor width)?] / 2. When mice
were sacrificed, tumors from each animal were harvested and used for his-
topathological studies and to analyze mRNA.

Immunohbistochemistry. Tumors were fixed in 4% paraformaldehyde and
embedded in paraffin. Monoclonal anti-CD43 (RAM34) antibody was
used at a dilution of 1:100 (Santa Cruz Biotechnology). Polyclonal rab-
bit anti-Ki67 antibody was used at a dilution of 1:10,000. TUNEL stain-
ing was performed using the ApopTag kit from Millipore, according to
the manufacturer’s instructions. Detection was done using standard
avidin-biotin complex methods. Images were captured using a Retiga
2000R CCD camera outfitted with an RGB filter (Qimaging) on a
Nikon Eclipse 80i upright microscope. All images were captured under
consistent illumination and exposure for their respective stains. CD34,
Ki67, ApopTag, and H&E staining were imaged using x20 (Nikon Plan
Apo; numerical aperture: 0.75) and x40 (Nikon Plan UW; numerical
aperture: 0.06) objectives. For CD34, ApopTag, and Ki67 analysis, 10
fields per sample were pseudo-randomly selected. Slides were scanned
using a Scanscope CS (Aperio) at x20 and x40 magnification using
default system settings. Images were extracted using Imagescope. No
image postprocessing was done to enhance or alter the original images.
Image analysis was conducted through Image-Pro Plus v6.1 (MediaCy-
bernetics). Custom-made scripts were developed to analyze the respec-
tive target signals using various color and morphological segmenta-
tion tools. Post-capture image modification was limited to contrast
enhancement.

Statistics. All data were analyzed with Microsoft Excel usinga t test assum-
ing equal variances or GraphPad Prism 4 (GraphPad Software) and the
Mann-Whitney nonparametric ¢ test. The results of the in vivo experiments
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5'-CCTTTGGGTTTTGCCAGA-3'
5'-CCAAGTTTGTGGAGGCTGA-3'
5'-CTACACCCCCAACAAAACCA-3'
5'-TAACCGGGAGAAACACACCT-3'
5"-AGCCTGAGTGTCTGCTCCG-3
5'-TGACACATCCTGACTCACCCTCC-3'
5'-GCAGCTGGCCTACCTACCTT-3'
5'-ACTGAGAACGGGAAGTGGAG-3'

were tested for outliers using Grubb’s test (GraphPad Software). A P value
of less than 0.05 was considered statistically significant, and is indicated
as such in figure legends.

Microarray. HCT116 colon cancer cells were serum starved and exposed
to hypoxia (1% O;) or normoxia (21% O) for 3 days. Microarray analysis
was performed using Affymetrix arrays (HG-U133 Plus 2.0). Data were
deposited into Gene Expression Omnibus (GEO; http://www.ncbi.nlm.
nih.gov/geo/), which is a Minimum Information About a Microarray
Experiment-compliant (MIAME-compliant) public database; the acces-
sion number is GSE43608.

Study approval. The Frederick National Laboratory for Cancer
Research is accredited by AAALAC and follows the Public Health Ser-
vice Policy on the Care and Use of Laboratory Animals. Animal care
was provided in accordance with the procedures outlined in the Guide
for Care and Use of Laboratory Animals (65). Studies were conducted
in female athymic nude (NCr/nu) mice obtained from the Animal Pro-
duction Area (Frederick National Laboratory for Cancer Research) in
an AAALAC-accredited facility, following an approved animal protocol
(NIH Institutional Review Board).
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