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Background: Activated Hh signaling drives skin cancer development.
Results: Activated Hh signaling in mice increases IL-11, IL-11Ra, and STAT3 phosphorylation. STAT3 or IL-11Ra knockout
reduces SmoM2-mediated carcinogenesis. The Smo agonist alone induces STAT3 phosphorylation in an IL11Ra-dependent
manner.
Conclusion: The IL-11Ra/STAT3 signaling axis is required for Hh-mediated carcinogenesis.
Significance: This is the first report to link STAT3 signaling to Hh-mediated carcinogenesis.

Activation of the Hedgehog (Hh) pathway is known to drive
development of basal cell carcinoma andmedulloblastomas and
to associate with many other types of cancer, but the exact
molecular mechanisms underlying the carcinogenesis process
remain elusive. We discovered that skin tumors derived from
epidermal expression of oncogenic Smo, SmoM2, have elevated
levels of IL-11, IL-11R�, and STAT3 phosphorylation at Tyr705.
The relevance of our data to human conditions was reflected by
the fact that all human basal cell carcinomas examined have
detectable STAT3 phosphorylation, mostly in keratinocytes.
The functional relevance of STAT3 in Smo-mediated carcino-
genesis was revealed by epidermal specific knockout of STAT3.
We showed that removal of STAT3 frommouse epidermis dra-
matically reduced SmoM2-mediated cell proliferation, leading
to a significant decrease in epidermal thickness and tumor
development. We also observed a significant reduction of epi-
dermal stem/progenitor cell population and cyclin D1 expres-
sion in mice with epidermis-specific knockout of STAT3. Our
evidence indicates that STAT3 signaling activation may be
mediated by the IL-11/IL-11R� signaling axis. We showed that
tumor development was reduced after induced expression of
SmoM2 in IL-11R� nullmice. Similarly, neutralizing antibodies
for IL-11 reduced the tumor size. In two Hh-responsive cell
lines, ES14 andC3H10T1/2, we found that addition of Smo ago-
nist purmorphamine is sufficient to induce STAT3 phosphory-
lation at Tyr705, but this effect was abolished after IL-11R�
down-regulation by shRNAs. Taken together, our results sup-
port an important role of the IL-11R�/STAT3 signaling axis for
Hh signaling-mediated signaling and carcinogenesis.

The Hh pathway plays an important role in cell differentiation,
tissue polarity, cell proliferation, and carcinogenesis (1–5). The

seven transmembrane domain-containing protein smooth-
ened (SMO)3 serves as the key player for signal transduction
of this pathway, whose function is inhibited by another
transmembrane protein, Patched (PTC), in the absence of
Hh ligands. Binding of Hh to its receptor PTC releases this
inhibition, allowing SMO to signal downstream, leading to
formation of active forms of Gli transcription factors. Gli
molecules can regulate target gene expression by direct asso-
ciation with a specific sequence located at the promoter
region of the target genes (6).
Most BCCs and a subset of medulloblastomas have constitu-

tive activation of Hh signaling because of genetic mutations of
PTCH1, SMO, or Su(Fu) (7–16). Mice with tissue-specific
expression of oncogenic SMO (6) or Ptch1�/� (17) develop
spontaneous BCC-like tumors (11) and medulloblastomas.
Thus, activation of Hh signaling can drive the development of
these tumors. Furthermore, Hh signaling activation has been
reported in a variety of human cancers, including gastrointes-
tinal, lung, prostate, and breast cancers (reviewed in Refs. 1, 5,
18, 19).
Although the biological relevance of Hh signaling to human

cancer is very clear, the molecular basis by which Hh signaling
induces cell proliferation and carcinogenesis remains largely
elusive. Although several downstream mediators for BCC
development have been described, including BCL2 (20, 21),
PDGFR� (22), CD95 (12, 23), and BMI1 (24), we do not know
the actual contribution of these mediators to Hh-induced BCC
carcinogenesis. Increasing evidence indicate the importance of
signaling cross-talks between Hh signaling and other pathways
during carcinogenesis, such as PI3K-AKT, p53, wnt, and epi-
dermal growth factor receptor signaling (reviewed in Refs. 1, 5).
It is not clear how these cross-talks contribute to tumor initia-
tion or tumor progression.
To study the molecular mechanisms underlying BCC devel-

opment, we compared gene expression between SmoM2-me-
diated tumors and normal skin keratinocytes and discovered a
significant increase in expression of IL-11 and IL-11R�,
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upstream stimulators of STAT3 signaling. As an important
proto-oncogene, STAT3 is known to regulate hair follicle stem
cell population and skin wound healing and is critical for skin
carcinogenesis of SCCs. To understand the significance of
STAT3 signaling for BCCs, we used tissue-specific gene knock-
out of STAT3 or down-regulation of its upstream activator
IL-11R� in the mousemodel of BCCs. By examining the effects
of these genetic deficiencies on tumor development, we
revealed a critical role of the IL-11R�/STAT3 signaling axis for
Hh-mediated carcinogenesis.

EXPERIMENTAL PROCEDURES

Mice—K14-cre mice (25) were obtained from the Emice
program. K14creER (26), IL11Ra knockout (27), and R26-
SmoM2YFP mice (28) were purchased from The Jackson Lab-
oratories (Bar Harbor, Maine). Mice were maintained and
mated under pathogen-free husbandry conditions. Mice

with conditional knockout of STAT3, generated as described
previously, were generously provided by Dr. Xin-Yuan Fu
(29). Gli1 null mice were provided by Alex Joyner (30). To
obtain a Gli1 null background in K14cre�SmoM2� mice,
Gli1 null mice were mated with K14cre and R26-SmoM2YFP
mice separately. The resulting Gli1�/� mice with K14cre� or
SmoM2� were mated to obtain K14cre�SmoM2�Gli1�/�

mice. To obtain IL-11Ra null mice with K14creER� and
SmoM2YFP�, we first generated IL11Ra�/�/K14creER�/
SmoM2YFP�mice,andthesemicewerethenmatedtoeachother to
obtain the right genotypes (IL11Ra�/�/K14creER�/SmoM2YFP�,
IL11Ra�/�/K14creER�/SmoM2YFP�, and IL11Ra�/�/K14creER�/
SmoM2YFP�). The off-spring from the mating was screened
using PCR to determine their transgenic status according to the
instruction reported previously. SmoM2 expression in these
mice was induced by oral administration of tamoxifen accord-
ing to a protocol published previously (26). Neutralizing anti-

FIGURE 1. Expression of growth factors and cytokines in SmoM2-expressing skin tumors. Real-time PCR was used to detect the expression of cytokines
and growth factors in skin tumors and normal epidermis. Expression of several STAT3 activators were examined, including TGF� (A), IL-11 (B), IL-11R� (C), EGF
(D), KGF (E), and IL-6 (F). Fold changes in SmoM2 expressing epidermis (BCC) in comparison with normal epidermis (WT, no SmoM2 expression, as 1) was shown.
*, p � 0.05. Expression of TGF�, IL-11, and IL-11R� was further examined in keratinocytes with Gli1 knockout to determine the role of Gli transcription factors
in the gene expression regulation (G shows the data on IL-11R�).
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bodies to IL-11 (purchased from R&D Systems) or the control
IgG were injected subcutaneously into the site with tumors (5
�g in 10 �l of PBS) twice a week for 2 weeks. Five mice per
group on average were used in this study. All animal studies
were approved by Institutional Animal Care and Use Commit-
tee at The Indiana University.
Histology and Microscopic BCC Analysis—Skin tissues were

collected after each experiment. Half of the tissue was frozen
and stored at�80 °C. The other half was fixed in formalin over-
night, paraffin-embedded, sectioned at 5 �m, and stained with
H&E. Eight epidermal areas in eachmouse were randomly cho-
sen in each H&E-stained slide (12) to measure the ratio of
tumor area over the total tissue area with ImagineJ software.
The average number of mice in each group was five.
Epidermis Separation and Single Cell Isolation—Mouse

skins were soaked in dispase� solution (5 mg/ml in PBS) for
3 h at 37 °C to remove the epidermis from the skin with
forceps. One part of the epidermis was used for total RNA
extraction with the Ambion RNA extract kit and the rest for
single cell isolation. Epidermal single cells were obtained by
digestion of epidermis with collagenase IV for 2 h at 37 °C.
Expression of Hh target genes was examined by PCR, as
reported previously (31).
Immunofluorescent and Immunohistochemistry Staining—

Mouse skin tissues were embedded in paraffin (for paraffin sec-
tion) or optimal cutting temperature. Tissue sections of 5-�m
thickness were prepared for immunohistochemistry using a
biotin-based staining kit from DAKO, as described previously
(12). Specific antibodies to pSTAT3-Y70 and Cyclin D1 were
purchased fromCell Signaling Technology, Ki67 fromABCam,
andKeratin 14 fromCovance. For immunofluorescent staining,
slides were first fixed in 4% paraformaldehyde at room temper-
ature for 30 min. After blocking with horse serum, tissue sec-
tions were incubated with specific antibodies for 3 h, followed
by fluorescence-labeling secondary antibodies for 1 h at room
temperature. Thorough washing was performed between anti-
body incubations to reduce nonspecific staining. DAPI staining
was used to stain nucleus.
RT-PCR and Real-time PCR—Total RNA was isolated from

the tissues using TRIzol reagent (Sigma) according to the
instructions of the manufacturer. 1 �g of total RNA was
reverse-transcribed into cDNAs using the first-strand synthesis
kit (Roche).We performed real-time RT-PCRwith a procedure
reported previously (3).
EdU Labeling and Flow Cytometry—5-ethynyl-2�-deoxyuri-

dine (EdU) labeling was carried out 14 h before animal sacrifice
by intraperitoneal injection of EdU solution according to the
instructions of the manufacturer (32). Single cells from epider-
mis were subjected to antibody staining to recognize CD11b,
Gr1, CD34, and CD49F. Antibodies with fluorescent labeling
were purchased fromeBioscience andwere incubatedwith cells
for 30min on ice (with 1:200 dilutions). Cells were further incu-
bated with DAPI just before flow cytometry analysis. DAPI-
negative cells (live cells) were gated for expression analysis of
specific cell surface markers.
Cell Culture and ShRNA Expression—C3H10T1/2 and ES14

cells were cultured as described previously (33). ShRNAs to
IL-11R� were purchased from Sigma and were introduced into

cells via lentivirus-mediated gene expression. Of the five
ShRNAs tested, two independent ShRNAs were shown to
reduce expression of IL-11R� and were used in this study. To
stimulate Hh signaling activation, the Smo agonist purmor-
phamine (at 5 �M) was added to the culture medium. Protocols
for motor neuron differentiation and induction of alkaline
phosphatase have been described previously (33).
Western Blot Analysis—Epidermis was first lysed with a pro-

tein loading buffer in ultrasound bath for 5 min. Specific anti-
bodies to STAT3, pSTAT3-Y705, and cyclin D1were purchased
from Cell Signaling Technology, Inc. Proteins were detected
according to a procedure reported previously (34).
Statistical Analyses—were performed using Student’s t test

(two-tailed) to compare the results, with p values of � 0.05
indicating a statistically significant difference.

RESULTS

Activation of STAT3 Signaling in SmoM2-mediated Skin
Tumors—Almost all basal cell carcinomas contain activatedHh
signaling, resulting frequently from inactivated mutation of
tumor suppressor gene PTCH1or gain-of-functionmutation of
proto-oncogene Smo. Skin-specific expression of mutant Smo,
SmoM2, via mating of R26-SmoM2YFP mice (28) with K14-cre
mice (25) exhibits phenotypes of BCCs (33) and is regarded as
an important model for studying Hh-mediated carcinogenesis.
To further understand molecular bases of Hh-mediated
carcinogenesis, we performed gene expression profiling of
SmoM2YFP-expressing keratinocytes using Affymetrix arrays
and revealed changes in several cytokine molecules that are
known to associate with STAT3 signaling (33). To confirm the

FIGURE 2. Elevated level of STAT3 phosphorylation in SmoM2-mediated
BCCs of mice and humans. Specific antibodies to pSTAT3-Y705 were used to
detect STAT3 activation in mouse epidermis by Western blotting (A) and
immunohistochemistry (B and C) according to the protocol of the manufac-
turer. The epidermis was separated from the dermis by merging the skin in
dispase� (5 mg/ml in PBS) for 2 h at 37 °C. The protein loading controls were
endogenous STAT3 and �-actin. The negative control for immunohistochem-
istry was one section without primary antibodies. Positive staining is shown in
brown (arrows). Tissues were counterstained with hematoxylin (blue). Positive
staining of pSTAT3-Y705 was seen in the nucleus.
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data from the gene expression arrays, we first used real-time
PCR to detect expression of STAT3 signaling activators in epi-
dermis with or without SmoM2YFP expression. As expected, we
detected activation of the Hh pathway, as indicated by elevated
expression of the Hh target gene Gli1 in mice with SmoM2YFP
expression (33) (supplemental Fig. 1). In addition, expression of
several STAT3 signaling activators, TGF�, IL-11R�, and IL-11,
was elevated in epidermis with SmoM2YFP expression (Fig. 1,
A–C). EGF, KGF, and IL-6, other putative STAT3 activators,
were not significantly changed by SmoM2 expression (Fig. 1,
D–F). The level of IL-11R� expression, not IL-11 and TGF�,
was dramatically reduced in keratinocytes after knockout of the
downstream transcription factor Gli1 (Fig. 1G), suggesting that
IL-11R� may be regulated by Hh signaling. These results indi-
cate that activation of Hh signaling in mouse epidermis medi-
ates activation of STAT3 signaling.
Phosphorylation at a critical tyrosine residue, Tyr705, induces

STAT3 dimerization through phosphotyrosine-SH2 domain
interaction, resulting in its nuclear localization and target gene
expression (35). We examined whether the level of STAT3
phosphorylation is induced in epidermis by SmoM2 expres-
sion. Western blot analysis revealed a higher level of STAT3
phosphorylation in epidermis of K14cre�R26-SmoM2YFP�

mice, not in K14cre�R26-SmoM2YFP� mice in which SmoM2YFP
was not expressed (Fig. 2A). We did not observe a significant
change in the totalSTAT3protein, indicating thatSmoM2expres-
sion in epidermis can increase STAT3 phosphorylation. To con-
firm theWestern blotting data, we detected STAT3 phosphoryla-
tion by immunohistochemistry. As shown in Fig. 2B, STAT3
phosphorylation at Tyr705 was seenmostly in the tumor compart-
ment in mouse skin. We noticed that strong staining of STAT3
phosphorylationwasoftenobserved in theperipheryof the tumor,
not in thecenterof the tumor. Innormal skin, somestaining inhair
follicles and basal cells were also observed (Fig. 2B, left panel). To

testwhether our results are relevant to human conditions, we per-
formed immunohistochemistry in human BCCs and found
STAT3 phosphorylation in all specimens examined (n � 25, Fig.
2C). The phospho-STAT3 positivity in human normal skin was
not seen frequently. Taken together, our data indicate that activa-
tion of STAT3 signaling is commonly observed in Hh signaling-
mediated BCCs of mice and humans.
STAT3Knockout in Epidermis Significantly Inhibits SmoM2-

induced Skin Carcinogenesis—To demonstrate the significance
of STAT3 signaling for Hh signaling-mediated tumors, we gen-
erated mice with keratin 14 promoter-driven STAT3 knockout
in our mouse model of BCCs.We predict that if STAT3 signal-
ing is important for SmoM2-mediated tumor development,
deletion of STAT3 in the epidermis should reduce tumor for-
mation in K14cre/R26-SmoM2YFP mice. Deletion of STAT3
was confirmed in the skin epidermis by Western blotting (Fig.
3A) and immunohistochemistry (supplemental Fig. 2). In the
absence of SmoM2 expression, K14Cre-mediated STAT3
knockout had no visible phenotypes, suggesting STAT3 knock-
out does not affect the viability of mice, which was consistent
with a previous study (36). Skin histology of mice with or with-
out STAT3 in K14cre�SmoM2YFP� mice was further exam-
ined. We found that SmoM2-expressing mice without STAT3
had a 70% reduction in skin thickness (Fig. 3, B and C). The
percentage of tumor area in the epidermis was also reduced
from 50% to 30% (Fig. 3D). To examine the cellular effects of
STAT3 in mouse skin, we first examined cell proliferation fol-
lowing EDU labeling (32). EDU labeling was increased in
K14cre�SmoM2YFP� mice but was reduced to the basal level
after STAT3 knockout (Fig. 4, A and B). Expression of Ki-67,
another marker for cell proliferation, was also reduced in
STAT3 knockout tumor specimens (Fig. 4, C andD). However,
therewere no significant changes in the level of active caspase 3,
a marker for cell apoptosis in skin tissues without STAT3 (data

FIGURE 3. Epidermal STAT3 knockout and its effects in SmoM2-mediated carcinogenesis. STAT3 knockout in epidermis was achieved through crossing
K14cre�/R26-SmoM2YFP� mice with STAT3f/f mice, followed by additional crossing among the F1 mice. Expression of STAT3 was examined by Western blotting
(A) or immunohistochemistry (supplemental Fig. 2). The wild-type control in Western blotting was from K14cre�SmoM2YFP�STAT3f/f mice (A). B, typical H&E
staining images from skin of K14cre�/SmoM2YFP�/STAT3wt (BCC) and K14cre�/SmoM2YFP�STAT3f/f (BCC-STAT3-ko) mice. C, data from the ImageJ analysis of
epidermis thickness of the two genotypes described in B. D, the percentage of tumor areas in the skin tissue from mice with BCCs with or without epidermal
STAT3 knockout. Five or more mice were used in each group. p � 0.05 was regarded as statistically significant.
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not shown). These results indicate that STAT3 ablation in epi-
dermis significantly reduces SmoM2-mediated cell prolifera-
tion and tumor development.

Alteration of Epidermal Stem/Progenitor Cell Population fol-
lowing STAT3 Knockout—Like many types of cancer, skin can-
cer BCC is composed of many cell types: epidermal keratino-

FIGURE 4. The effect of STAT3 knockout on cell proliferation in SmoM2-expressing epidermis. We compared K14cre�/SmoM2YFP�/STAT3wt mice
with K14cre�/SmoM2YFP�STAT3f/f mice for cell proliferation in epidermis by EdU labeling and Ki-67 staining. EdU labeling was performed 14 h before
animal sacrifice, and positive cells were analyzed by flow cytometry (A). B, data summary from all mice from each group. The percentage of EdU-posi-
tive cells in tumor-bearing K14cre�/SmoM2YFP�/STAT3wt mice (K14creSmom2) compared with that from K14cre�/SmoM2YFP�STAT3f/f mice
(K14creSmom2STAT3f/f) (p � 0.0001). Immunohistochemistry was performed with specific antibodies to Ki-67 (C), and the number of Ki-67 positive
cells/field (�200, one field � 0.9 mm2) was counted under the microscope. The number of positive cells shown in D was an average from five mice (eight
fields per mouse). *, p � 0.05.
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cytes, stem/progenitor cells, fibroblasts, a variety of T cells, and
myeloid-derived cells. Using flow cytometry, we detected a sig-
nificant increase in the epidermal stem/progenitor cell popula-
tion (indicated by expression of CD34/CD49F) (37, 38) as
well as in myeloid-derived cells (CD11b�, Gr1�) in
K14cre�SmoM2YFP� mice (39) (Fig. 5, A and B, and supple-
mental Fig. 3). We did not observe significant changes in other
cell populations. As indicated in Fig. 5, A and B, the population
of CD34/CD49F-positive cells, the putative epidermal stem/
progenitor cells, was increased significantly in SmoM2-ex-
pressing epidermis but was decreased in mice without epider-
mal STAT3. This effect appears to be STAT3-specific because
we did not observe alteration of the Hh target gene Gli1 after
STAT3 knockout (supplemental Fig. 1). Furthermore, expres-
sion of the Lgr6 transcript, another marker for BCC stem/
progenitor cells (38), was increased in epidermis of
K14cre�SmoM2YFP� mice but reduced to the basal level in
K14cre�R26-SmoM2YFP�/Stat3f/f mice, as detected by real-
time PCR (Fig. 5C). Together, these results indicate that
SmoM2 expression causes an increase of epidermal stem/pro-
genitor cell population in a STAT3 signaling-dependent man-
ner. In contrast, no changes in myeloid-derived suppressor cell
population were observed in mice following STAT3 knockout
(supplemental Fig. 3).
Furthermore, STAT3 knockout in K14cre�SmoM2YFP�

mice increased the lifespan of tumor-bearingmice. The lifespan
of K14cre�SmoM2YFP� mice is averaged at 12 weeks, whereas
mice with K14cre�SmoM2YFP�STAT3f/f lived more than 20
weeks on average (p value� 0.001, supplemental Fig. 4).
Taken together, these results indicate an important role of

STAT3 signaling in regulation of the epidermal stem/progeni-

tor cell population during development of Hh signaling-medi-
ated tumors.
STAT3 Regulates Expression of Cyclin D1 in SmoM2-induced

Skin Tumors—As a STAT3 target gene, cyclin D1 is known to
mediate cell proliferation (40). We noticed that elevated
expression of cyclin D1 is associated with EDU labeling and
Ki-67 expression, suggesting that cyclin D1 may be an impor-
tant factor driving cell proliferation in SmoM2-mediated carci-
nogenesis. We examined whether STAT3 signaling is respon-
sible for cyclin D1 expression in epidermis. We assessed
expression of several STAT3 target genes with real-time PCR.
As indicated in Fig. 6A, cyclin D1 was induced in the tumor of
K14cre�SmoM2YFP� mice, as reported previously by others
(41), but was down-regulated in skin without epidermal
STAT3. The data from real-time PCR were further confirmed
by Western blot analysis (Fig. 6E). Two other STAT3 target
genes, survivin and HSP70, were also induced by SmoM2
expression. However, STAT3 knockout did not completely
change their expression (Fig. 6, C and D), suggesting other
mechanisms for regulating surviving and HSP70 expression.
BCL-XL, another gene that can be regulated by STAT3, was not
changed in epidermis by SmoM2 expression (Fig. 6B). This is
not unexpected because expression of these genes is regulated
by many other factors in addition to STAT3 signaling (42–44).
To be sure that the effect of epidermal specific STAT3 knock-
out was not due to indirect regulation of Hh signaling, we com-
pared skin tissues from K14cre�SmoM2� STAT3�/� mice
with K14cre� SmoM2�STAT3F/F mice on Hh target gene
expression and found no significant changes in Gli1 (using the
K14 transcript as the internal control (supplemental Fig. 1).
These results indicate that cyclin D1-mediated cell prolifera-

FIGURE 5. The effect of STAT3 ablation on expression of epidermal stem/progenitor cell markers. Of the several markers for epidermal stem/
progenitor cells, we obtained a significant increase in cell surface expression of CD34 and CD49F (� 6 integrin) and Lgr6 expression in SmoM2-derived
tumor tissues. Single cells from epidermis were isolated to detect CD34 and CD49F expression. As indicated in A, cell surface expression of CD34 and
CD49F was increased in epidermal single cells of Cre�SmoM2YFP� mice. B, summary of our data on CD34 and CD49F expression. Each dot represents the
result from one mouse. C, real-time PCR analysis of the Lgr6 transcript. STAT3 deficiency did not change the level of the Hh target gene Gli1 (supple-
mental Fig. 1). *, p � 0.05.
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tion in SmoM2-mediated carcinogenesis is regulated largely by
STAT3 signaling.
Effects of IL-11R� and IL-11 Down-regulation on SmoM2-

mediated Tumor Formation—If the IL-11/IL-11R� signaling
axis is responsible for STAT3 activation during BCC develop-
ment, down-regulation of IL-11R� or IL-11 should reduce
SmoM2-mediated tumor formation. We generated mice with
epidermis-specific SmoM2 expression in IL-11R��/� or �/�

background. As shown in Fig. 7, A and B, skin thickness was
reduced over 50% in IL-11R��/� and over 70% in IL-11R��/�

mice. The level of STAT3 phosphorylation was barely detect-
able in IL-11�/�mice (Fig. 7C). Even in IL-11�/�mice, the level
of STAT3 phosphorylation was reduced significantly. Consis-
tent with the data from epidermis-specific knockout of STAT3,
cell proliferation, as indicated by Ki-67 staining, was reduced
significantly in IL-11R��/� mice (supplemental Fig. 5, A and
B).We also noticed a significant reduction of Lgr6 expression, a
marker for epidermal stem cell marker, in IL-11R��/�/
SmoM2�/K14creER� mice (supplemental Fig. 5C). Cyclin D1

in tumors of IL-11R��/� or IL-11R��/� mice was also mark-
edly reduced (Fig. 7C). These results indicate that IL-11R� is a
critical factor in mediating STAT3 activation and tumor devel-
opment in this BCC model.
IL-11R� serves as the specific cytokine receptor for IL-11 by

forming a hexamer complex with gp130� and IL-11 to activate
the downstream effector STAT3 (45). If the IL-11/IL-11R� sig-
naling axis is the major contributor for STAT3 activation, we
predicted that depleting IL-11 in the tumor microenvironment
should reduce tumor size. To test this hypothesis, we treated
skin lesions with neutralizing antibodies for IL-11 via subcuta-
neous injection (5�g in 10�l of PBS).Mouse IgG proteins were
used as control. We found that although skin lesions with con-
trol IgG treatment had�50% tumor/tissue area, treatmentwith
IL-11 neutralizing antibodies reduced the tumor to�35% (sup-
plemental Fig. 6, A and B). Further analyses indicated that skin
areas injected with IL-11 neutralizing antibodies had a reduced
level of STAT3 phosphorylation (supplemental Fig. 6C). These
results are consistent with our data from epidermis-specific

FIGURE 6. Regulation of Cyclin D1 expression by STAT3 signaling in SmoM2-mediated carcinogenesis. Expression of several putative STAT3 target genes
in tumor-bearing epidermis was assessed by real-time PCR. These genes include cyclin D1 (A), BCL-XL (B), HSP70 (C), and Survivin (D). Following STAT3 ablation
in epidermis, SmoM2-induced expression of cyclin D1 was examined at the protein level, which was detected by Western blotting (E). Please note that STAT3
ablation in epidermis did not completely wipe out all cyclin D1 expression. To rule out the possibility that the effect of STAT3 knockout was due to nonspecific
regulation of Hh signaling, we detected Hh target gene expression from skin tissues of K14cre-Rosa26-SmoM2/STAT3�/� mice or K14cre-Rosa26-SmoM2/
STAT3flp/flp mice, with the K14 transcript as the internal control (supplemental Fig. 1), and found that Gli1 expression was not significantly altered by STAT3
depletion. *, p � 0.05.
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knockout of STAT3 or IL-11R� knockout. Thus, it appears that
interruption of any part of the IL-11R�/Stat3 signaling axis is
sufficient to inhibit SmoM2-mediated carcinogenesis.
Reducing IL-11R�Expression Prevents Smo-mediated STAT3

Phosphorylation—To demonstrate direct regulation of STAT3
activity by Hh signaling, we chose two Hh-responsive cell lines:
mouse ES cell line ES14 and mesenchymal stem cell line
C3H10T1/2. We showed previously that addition of Smo ago-
nist purmorphamine in these two cell lines induces Hh target
gene expression (33). As shown in Fig. 8A, we also observed
elevated expression of IL-11R� in response to purmorphamine
treatment in both cell lines. Furthermore, we detected an
increase in the level of STAT3 phosphorylation (Fig. 8, B andC,
top left panels). To test whether IL-11R� mediates Smo-in-
duced STAT3 signaling activation, we used specific shRNAs to
down-regulate IL-11R� expression. After treatment of these
cells with purmorphamine, we detected STAT3 phosphoryla-
tion. If IL-11R� is the major factor for Hh-mediated STAT3
phosphorylation, down-regulation of IL-11R� should be able to
prevent purmorphamine-induced STAT3 phosphorylation. As
shown in Fig. 8, B andC, top right panels, we found that STAT3
phosphorylation was not induced by purmorphamine in cells
with down-regulation of IL-11R�. The effect of purmor-
phamine was more dramatic in ES14 cells than C3H10T1/2
cells. In C3H10T1/2 cells the effect of purmorphamine was not
as dramatic, but down-regulation of IL-11R� significantly
reduced the basal level of STAT3 phosphorylation. The high
basal level of IL-11/IL-11R� expression in C3H10T1/2 cells
(data not shown) may be responsible for this effect. IL-11R�

down-regulation abolished Hh-mediated motor neuron differ-
entiation and alkaline phosphatase expression (a marker for
osteoblast differentiation (supplemental Fig. 7).
In summary, we found that Hh signaling activation induces

STAT3 phosphorylation through regulation of IL-11R� in
mouse models of BCC and in two Hh-responsive cell lines. We
demonstrated that disruption of the IL-11R�/STAT3 signaling
axis either by epidermis-specific knockout of STAT3, IL-11R�
knockout, or subcutaneous injection of IL-11 neutralizing anti-
bodies significantly reduced cell proliferation, skin stem/pro-
genitor cell population, and tumor development. Using Hh-
responsive ES cells, we showed that down-regulation of
IL-11R� alone is sufficient to abolishHh-mediated STAT3acti-
vation and cell differentiation processes. These data indicate
that the IL-11R�/STAT3 signaling axis plays a critical role in
Hh-mediated biological processes.

DISCUSSION

As a key player in Hh signaling, activated mutations of
smoothened are known to cause development of cancer. Tis-
sue-specific expression of Smo mutant SmoM2 in mice
greatly contributes to our understanding of Hh-mediated
carcinogenesis (28, 33, 46–51). Currently, it is not very clear
which specific molecules mediate Hh-signaling in cancer
development. In this study, we discovered an important role
of the IL-11R�/STAT3 signaling axis in Hh-mediated cell
functions and carcinogenesis. STAT3 signaling is a known
pathway critical for development of many cancer types,
including skin cancer (52). Through epidermis-specific gene

FIGURE 7. Effects of the defective IL-11/IL-11R� signaling axis on SmoM2-mediated carcinogenesis. A, typical H&E staining images of skin specimens from
tumor-bearing mice with IL-11R��/�, IL-11R��/�, or IL-11R��/�, with the thickness shown by the bars. B, average epidermal thickness, a measure for BCC
tumor size, from mice with different genotypes. p � 0.05 indicates statistically significant. C, expression of phosphorylated STAT3, cyclin D1, total STAT3, and
�-actin in skin tissues from different genotypes.
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knockout of STAT3, IL-11R� knockout, and subcutaneous
injection of IL-11-neutralizing antibodies, we demonstrated
a critical role of the IL-11R�/STAT3 signaling axis for regu-
lation of cell proliferation, epidermal stem/progenitor cell
expansion, and tumor development. Because of the fact that
isolated BCC cells lose Hh signaling once culture in dishes,
we chose two Hh-responsive cell lines to demonstrate that
addition of Smo agonist purmorphamine induces STAT3
phosphorylation directly, and down-regulation of IL-11R�
abolishes this effect, supporting the critical role of IL-11R�
for Hh-induced STAT3 signaling. In contrast, IL-11 expres-
sion was induced during BCC formation but was not affected
by Gli1 knockout. On the basis of these results, we believe
that unlike IL-11R�, IL-11 is indirectly regulated by Hh sig-
naling. The effects of IL-11/IL-11R� are mediated by a mul-
timeric complex comprising IL-11, the ligand binding
IL-11R�, and the ubiquitously expressed gp130R�. As a
result, STAT3 signaling is activated during SmoM2-medi-
ated carcinogenesis (see supplemental Fig. 8 for the model).
Like IL-6, the cellular response of IL-11 is determined by the

more restricted expression level of the specific �-receptor sub-

unit IL-11R�. There are two IL-11R� isoforms, but only expres-
sion of IL-11R�1 was altered in the BCC model (data not
shown). As a member of IL-6 cytokine family, IL-11 can exert
both immunomodulatory effects as well as epithelial effects
(45). When STAT3 was knocked out in the epidermis, we did
not observe any changes in myeloid-derived cell population
(CD11b�Gr1� cells), indicating that the immunomodulatory
effects of IL-11 do not play a dominant role in the BCC model.
In contrast, we observed significant changes in expression of
cyclin D1 (Fig. 6), cell proliferation (Fig. 4), and stem/progeni-
tor cell population (Fig. 5). Thus, our data strongly support a
non-immunomodulatory effect of the IL-11R�/STAT3 signal-
ing axis in the BCC model.
In the last few years, elevated expression of IL-11R� and

STAT3 signaling has been reported in a number of cancer
types, including osteosarcomas, prostate cancer, and gastric
carcinomas (53–56). In a mouse model of gastric cancer, it is
demonstrated that IL-11R� knockout prevents tumor for-
mation (57). It is not clear what regulates the abnormally
high expression of IL-11R�, and it will be interesting to
examine whether Hh signaling plays a role in these cancers.

FIGURE 8. Requirement of IL-11R� for Hh signaling-induced STAT3 phosphorylation. A, expression of IL-11R� in ES14 and C3H10T1/2 (10t) cells in
presence of purmorphamine (AG). B, STAT3 phosphorylation in Hh-responsive mouse ES14 cells following treatment with Smo agonist AG. C, STAT3 phos-
phorylation in C3H10T1/2 cells in the presence or absence of AG. In B and C, the top panels show the Western blotting images, and the bottom panels show the
analysis of the images (averaged from three independent experiments). *, p � 0.05. Note the low levels of STAT3 phosphorylation after IL-11R� down-
regulation (IL11Ra�/�).
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Our studies are consistent with the data from two-stage skin
carcinogenesis studies in which keratinocyte-specific knockout of
STAT3 prevents the 12-dimethylbenz(�)anthracene/12-O-tetra-
decanoylphorbol-13-acetate-induced development of SCC (58).
Previous studies indicate that STAT3 can be activated by the
epidermal growth factor receptor (59). Although SCC can be
induced by the 12-dimethylbenz(�)anthracene/12-O-tetradec-
anoylphorbol-13-acetate, BCCs only develop after activation of
the Hh signaling pathway via loss of function of Ptch1 or
expression of oncogenic SmoM2. In our mouse model, we did
observe significant changes in expression of epidermal growth
factor receptor ligand TGF� but not EGF or KGF. In addition,
we observed significant expression of IL-11 and IL-11R�, sug-
gesting that the triggers of STAT3 activation in our systemmay
be different from that of the SCCmodel. Like other studies, our
study only removed STAT3 signaling in the epidermis. Thus,
the stromal effects of STAT3 cannot be concluded in our study.
STAT3 signaling in tumor stroma is known to be responsible
for regulation ofmyeloid-derived suppressor cells in a variety of
cancers (39). Because of the lethality from STAT3 knockout,
a better understanding of stromal STAT3 signaling in BCC
can be examined using gene knockout of the upstream acti-
vators such as inducible knockout of IL-11R�. Similarly, the
downstream targets in our model are quite different from
those of the SCC model. The mechanisms underlying the
differences in STAT3 activators and downstream targets in
different tumors are currently unknown. We suspect a few
possibilities, and one of them is that cells of origin for SCCs
and BCCs may be different (because of different tumor
microenvironments).
In summary, our data provide evidence to support the fol-

lowing picture. SmoM2 induces expression of IL-11R� in kera-
tinocytes. Together with elevated expression of IL-11 in the
tumor microenvironment, STAT3 signaling is activated. As a
result of STAT3 activation, cyclin D1 expression is up-regu-
lated, leading to increased cell proliferation, epidermal stem/
progenitor cell accumulation, and development of BCCs (see
details in supplemental Fig. 8 for our model).
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