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Constitutive activation of signal transducer and activator of transcription 3 (Stat3) has been found in a wide spectrum of
human malignancies. Here, we have assessed the effect of Stat3 deficiency on skin tumor development using the 2-
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to skin tumor development when DMBA was used as the initiator and TPA as the promoter. Abrogation of Stat3 function
using a decoy oligonucleotide inhibited the growth of initiated keratinocytes possessing an activated Ha-ras gene, both in
vitro and in vivo. In addition, injection of Stat3 decoy into skin tumors inhibited their growth. To our knowledge, these data
provide the first evidence that Stat3 is required for de novo epithelial carcinogenesis, through maintaining the survival of
DNA-damaged stem cells and through mediating and maintaining the proliferation necessary for clonal expansion of
initiated cells during tumor promotion. Collectively, these data suggest that, in addition to its emerging role as a target for
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Disruption of Stat3 reveals a critical role
In both the initiation and the promotion stages
of epithelial carcinogenesis
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Constitutive activation of signal transducer and activator of transcription 3 (Stat3) has been found in a wide
spectrum of human malignancies. Here, we have assessed the effect of Stat3 deficiency on skin tumor devel-
opment using the 2-stage chemical carcinogenesis model. The epidermis of Stat3-deficient mice showed a
significantly reduced proliferative response following treatment with the tumor promoter 12-O-tetradec-
anoylphorbol-13-acetate (TPA) because of a defect in G1-to-S-phase cell cycle progression. Treatment with
the tumor initiator 7,12-dimethylbenz[a]anthracene (DMBA) resulted in a significant increase in the num-
ber of keratinocyte stem cells undergoing apoptosis in the bulge region of hair follicles of Stat3-deficient
mice compared with nontransgenic littermates. Notably, Stat3-deficient mice were completely resistant to
skin tumor development when DMBA was used as the initiator and TPA as the promoter. Abrogation of Stat3
function using a decoy oligonucleotide inhibited the growth of initiated keratinocytes possessing an activated
Ha-ras gene, both in vitro and in vivo. In addition, injection of Stat3 decoy into skin tumors inhibited their
growth. To our knowledge, these data provide the first evidence that Stat3 is required for de novo epithelial
carcinogenesis, through maintaining the survival of DNA-damaged stem cells and through mediating and
maintaining the proliferation necessary for clonal expansion of initiated cells during tumor promotion. Col-
lectively, these data suggest that, in addition to its emerging role as a target for cancer therapy, Stat3 may also

be a target for cancer prevention strategies.

Introduction

Human cancers develop via a multistep process that involves the
accumulation of at least 4-6 genetic mutations (1). Based on work
in experimental animal model systems, the carcinogenesis process
can be divided both operationally and mechanistically into the ini-
tiation, promotion, and progression stages (2, 3). The initiation
stage is an irreversible event in which carcinogens damage DNA
and induce mutations in critical genes in target stem cells. Dur-
ing the promotion stage, initiated cells undergo selective clonal
expansion due to the acquisition of a proliferative advantage, and/
or of the ability to evade growth inhibitory or apoptotic signals (3).
This clonal expansion of initiated cells enhances the probability of
additional genetic mutations that might lead to the development
of malignant lesions (2).

Many classes of signaling molecules and pathways are altered
during cancer development (4). One such signaling molecule, sig-
nal transducer and activator of transcription 3 (Stat3), is latent in
the cytoplasm, until activated by a wide variety of cell surface recep-
tors via tyrosine phosphorylation, leading to its dimerization and
translocation into the nucleus (5). It is well documented that Stat3

Nonstandard abbreviations used: cdk, cyclin-dependent kinase; DMBA,
7,12-dimethylbenz[a]anthracene; LI, labeling index; PYStat3, tyrosine-phosphorylated
signal transducer and activator of transcription 3; Rb, retinoblastoma protein; Stat3,
signal transducer and activator of transcription 3; TPA, 12-O-tetradecanoylphorbol-
13-acetate; TPBS, PBS with 0.1% Tween-20.
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is constitutively activated in a number of human epithelial malig-
nancies, including prostate, breast, lung, head and neck, brain,
and pancreas (6), as well as hematopoietic malignancies, including
lymphomas, leukemias, mycosis fungoides, and multiple myelo-
mas (6). However, naturally occurring mutations of Stat3 that
lead to its constitutive activation have not been identified (6). It is
therefore proposed that aberrant growth factor signaling, which is
a frequent event in human cancers, may play an important role in
the constitutive activation of Stat3 (6). In addition, Stat3 was pro-
posed to be an oncogene, based on evidence that a constitutively
dimerized/active form of Stat3 (Stat3C) transformed immortal-
ized mouse and rat fibroblasts and bestowed upon these cells the
ability to grow into tumors in nude mice (7). Abrogation of Stat3
function via various strategies leads to apoptosis or inhibition of
cell proliferation in several epithelial cancer cell lines (8, 9). Thus,
evidence is accumulating to suggest that Stat3 may play a criti-
cal role in proliferation and survival of cancer cells. Despite our
current understanding, the exact requirement for Stat3 in the de
novo development of tumors has not been directly addressed, and
the biological functions of constitutively active Stat3 in cancers
remain to be further elucidated.

Recently, we found that diverse classes of skin tumor promoters
activated Stat3 in mouse epidermis following topical treatment
(10), which suggested a possible role for this transcription factor
in the tumor promotion stage of epithelial carcinogenesis. To fur-
ther explore the possible roles of Stat3 in different stages of epi-
thelial carcinogenesis, we have used mice that are deficient in Stat3
in epidermis generated via the Cre-LoxP system (11). Here, we
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report that Stat3-deficient mice did not develop any tumors after
treatment with the carcinogen 7,12-dimethylbenz[a]anthracene
(DMBA) followed by repeated applications of the tumor promoter
12-O-tetradecanoylphorbol-13-acetate (TPA). This result may be
attributed, in part, to the observation that keratinocyte stem cells
deficient in Stat3 are more sensitive to DMBA-induced apoptosis.
In addition, Stat3-deficient mice exhibited a significant reduction
in the epidermal proliferative response induced by TPA. Finally,
abrogation of Stat3 function using a decoy oligonucleotide inhib-
ited the growth of initiated keratinocytes both in vitro and in vivo
and inhibited growth of papilloma cells in vivo. Collectively, these
data demonstrate a requirement for Stat3 during the development
of skin tumors in vivo. Furthermore, our results identify an impor-
tant dual role for Stat3 both as an antiapoptotic molecule during
tumor initiation and as a critical regulatory switch governing cell
cycle progression from G1 to S phase during tumor promotion.

Results

Stat3 deficiency reduces TPA-mediated epidermal byperproliferation. Dur-
ing tumor promotion in mouse skin, initiated cells undergo selec-
tive clonal expansion to form precancerous lesions (i.e., papillo-
mas) (3). Tumor promoters such as the phorbol ester TPA induce a
dramatic proliferative response in mouse epidermis, which is nec-
essary for the clonal expansion of initiated cells (3). To examine the
role of Stat3 in tumor promoter-induced epidermal hyperprolifer-
ation in vivo, Stat3-deficient mice were treated topically with TPA.
Following 4 topical treatments of 6.8 nmol TPA, the epidermis of
control mice showed a dramatic hyperplasia (acanthosis) (Figure
1, B and E), while the epidermis of Stat3-deficient mice exhibited a
significantly milder acanthosis (Figure 1, D and E). Stat3-deficient
mice also showed a significantly reduced epidermal labeling index
(LI) as revealed by a reduction (by ~80%) in the number of BrdU-
positive cells following treatment with TPA at a dose of 6.8 nmol
(Figure 1F). These data indicate that functional Stat3 protein is
necessary for TPA-induced epidermal hyperproliferation.

Altered cell cycle progression in epidermis of Stat3 deficient mice follow-
ing TPA treatment. We next examined the time course for epidermal
DNA synthesis in epidermis of Stat3-deficient mice following TPA
treatment. In nontransgenic mice, the percentage of epidermal
basal cells in S phase reached a peak (LI ~70%) at about 17 hours
following a single topical application of 6.8 nmol TPA (Figure 2A,
solid line). In contrast, there was a delayed epidermal proliferative
response in Stat3-deficient mice with a significantly reduced peak
(LI ~30%) at about 24 hours after a single TPA treatment (Figure
2A, broken line). To analyze the underlying mechanisms contribut-
ing to the altered response of Stat3-deficient mice to TPA-induced
DNA synthesis, we examined the levels of several critical regulatory
proteins governing G1-to-S-phase cell cycle progression. In recent
experiments, we found that topical treatment with diverse skin
tumor promoters, including TPA, led to rapid activation of Stat3
(10). Immunohistochemical analyses showed an intense nuclear
staining for tyrosine-phosphorylated Stat3 (PYStat3) 4 hours after
TPA treatment in both basal and suprabasal keratinocytes (Figure
2B, lower left panel) in nontransgenic mice. In contrast, PYStat3
was not detectable in the epidermal keratinocytes of Stat3-defi-
cient mice and was only detected in the dermal compartment (e.g.,
in fibroblasts and macrophages) after TPA treatment (Figure 2B,
arrows). Western blot analyses confirmed this activation of Stat3
in epidermis of nontransgenic mice treated with TPA (Figure 2C).
The Stat3 and PYStat3 protein detected in the epidermal prepara-
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tions from Stat3-deficient mice by Western blotting (Figure 2C)
was likely due to (a) the presence of other cells that reside in the
epidermis, including Langerhans cells, and melanocytes; and/or
(b) contamination from the dermis.

Following TPA treatment, there was an initial drop in the levels
of c-Mye, cyclin E, and cyclin D1 proteins (at 4 hours), followed
by a recovery of these proteins to control or to slightly above con-
trol levels by 10-17 hours (Figure 2C). These data in control mice
are similar to those reported by Rodriguez-Puebla et al. (12) and
are consistent with the finding that cyclin D1-cdk4 and cyclin E-
cdk2 complexes phosphorylate retinoblastoma protein (Rb), thus
relieving its repression of E2F transcription factors and leading to
activation of critical genes that drive cells from G1 into S phase
(13). In epidermis of Stat3-deficient mice, we first noted reduced
levels of cyclin D1, cyclin E, and c-Myc relative to those in epider-
mis from control mice (Figure 2C). Furthermore, following TPA
treatment, the recovery of cyclin D1 and cyclin E protein levels
was significantly delayed. Notably, c-Myc levels remained signifi-
cantly reduced throughout the time course examined (Figure 2C).
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Response of Stat3-deficient and control mice to TPA-induced epi-
dermal hyperproliferation. (A—D) Groups of mice (n = 3) were treated
topically with 4 applications of TPA and sacrificed 24 hours after the
last treatment. BrdU was injected 30 minutes prior to sacrifice. H&E
staining of epidermis from (A) untreated control mice, (B) control mice
treated with TPA, (C) untreated Stat3-deficient mice, and (D) Stat3-
deficient mice treated with TPA. (E) Quantitation of epidermal thick-
ness from control (white bars) and Stat3-deficient (black bars) mice
treated with different doses of TPA. (F) Percentage of BrdU-positive
epidermal basal cells in control (white bars) and Stat3-deficient (black
bars) mice treated with different doses of TPA. Scale bar: 50 um.
**P < 0.01 by Mann-Whitney U test.
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Semiquantitative RT-PCR analysis showed reduced c-Myc and
cyclin D1 mRNA levels in epidermis of Stat3-deficient mice and a
reduced induction of these mRNAs at 4 hours following TPA treat-
ment (Figure 2D). These data are consistent with other data sug-
gesting that c-Myc and cyclin D1 may be transcriptional targets of
Stat3 (7). The delayed recovery of cyclin E in Stat3-deficient mice is
most likely a direct effect of the delay in cyclin D1 expression. This
conclusion is supported by the observation that knock-in of cyclin
E into cyclin D1-deficient mice can rescue its phenotype (14). Col-
lectively, the delayed recovery of cyclin D1 and cyclin E and the
persistent downregulation of c-Myc are likely responsible for the
delayed entry of Stat3-deficient epidermal cells into S phase fol-
lowing topical TPA treatment.

Next, we examined the impact of Stat3 deficiency on the MAPK
pathway with and without tumor promoter treatment. The Erk-
MAPK pathway has been implicated in regulating cyclin D1 expres-
sion and driving G1-to-S-phase cell cycle progression in murine
keratinocytes (15). In Stat3-deficient mice, we found that the activ-
ity of Erk-MAPK remained intact in the epidermis, as shown by
Western blot analysis of the phosphorylated form of Erk1/2 (Figure
2E). Following TPA treatment, the levels of phospho-Erk1/2 were
increased in both control and Stat3-deficient mice at all the time
points examined. However, the activation of Erk1/2 was enhanced in
the Stat3-deficient mice treated with TPA. These data indicate that
the delay in the recovery of cyclin D1 levels seen in Stat3-deficient
mice treated with TPA is not due to a defect in the Erk-MAPK signal-
ing pathway. Rather, enhanced Erk1/2 signaling could not compen-
sate for the lack of Stat3 to drive entry from G1 to S phase following
TPA treatment. Collectively, these data (Figure 2) suggest that Stat3
likely plays a critical role in the commitment to cell cycle progres-
sion in murine keratinocytes following treatment with TPA.

Stat3-deficient keratinocytes are more sensitive to DMBA-induced apoptosis.
In mouse epidermis, the initiation of skin tumors occurs following
722
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Figure 2

Analysis of cell cycle regulatory proteins in Stat3-
deficient mice following treatment with TPA. (A-D)
Groups of mice (n = 3) were treated with a single
application of 6.8 nmol TPA and sacrificed at vari-
ous times thereafter, as indicated. BrdU was inject-
ed 30 minutes prior to sacrifice. (A) Percentage of
BrdU-positive epidermal basal cells in control (solid
line) and Stat3-deficient (broken line) mice. (B)
Immunohistochemical analysis of p-Stat3 localiza-
tion in skin sections from Stat3-deficient mice (—/-)
and control littermates (+/+) with (lower panels) or
without (upper panels) TPA treatment. Positive stain-
ing for tyrosine-phosphorylated Stat3 in the nuclei
of epidermal keratinocytes is shown by brown
staining. Arrows, positive signals found in dermal
cells such as fibroblasts and macrophages. Scale
bar: 50 um. (C) Western blot analyses of Stat3 and
tyrosine-phosphorylated Stat3 protein levels in rela-
tion to levels of cyclin D1, cyclin E, and c-Myc at
different time points in control and Stat3-deficient
mouse epidermis following TPA treatment. (D)
Semiquantitative analysis of the mRNA levels of
cyclin D1 and c-Myc without treatment and 4 hours
after TPA treatment. (E) Western blot analysis of
Erk1/2 and phosphorylated Erk1/2 levels at different
time points following TPA treatment in epidermis of
control and Stat3-deficient mice.
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treatment with a carcinogen such as DMBA. DMBA is metabolized to
reactive diol-epoxides that covalently bind to DNA bases and induce
mutations in certain target cells (16). Initiated cells are likely to have
escaped the normal mechanisms (DNA repair, apoptosis) that pro-
vide protection against carcinogen-induced DNA damage and thus
are available for selective clonal expansion during tumor promotion
(17). To determine the effect of Stat3 deficiency on tumor initiation,
we examined the survival of keratinocytes in response to DMBA
treatment. In initial experiments using cultured keratinocytes in
the absence of treatment, no significant differences were observed
in the viability of Stat3-deficient keratinocytes compared with
keratinocytes from nontransgenic littermates. In contrast, DMBA
(30 nM) induced apoptosis in a significantly higher population of
Stat3-deficient keratinocytes (Figure 3B) as compared with control
keratinocytes (Figure 3A). Quantitation of DMBA-induced apop-
tosis in cultured keratinocytes is shown in Figure 3C. Western blot
analyses of wild-type (control) keratinocytes did not reveal any sig-
nificant changes in Stat3 protein levels or phosphotyrosine levels at
any of the DMBA doses used (Supplemental Figure 1: supplemental
material available at heep://www.jci.org/cgi/content/full/114/5/720/
DC1).In further experiments, topical application of DMBA to Stat3-
deficient mice resulted in a significantly increased number of epi-
dermal cells undergoing apoptosis compared with that in control
mice, analyzed by both caspase-3-positive staining (Figure 3, D and
E) and the presence of sunburn cells in H&E-stained sections (data
not shown). Examination of the caspase-3-positive cells revealed
that the majority of DMBA-induced apoptotic cells were located in a
specific region of the hair follicles, with a smaller number appearing
in the interfollicular epidermis (Figure 3D, arrows and arrowhead,
respectively). The distribution of caspase-3-positive cells in the epi-
dermis of nontransgenic littermates following DMBA treatment was
similar to that observed in Stat3-deficient mice, although the total
number was lower (Figure 3E).
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Evidence has accumulated suggesting that keratinocyte stem
cells reside primarily in the bulge region of the hair follicle, where
they are physically protected by the epidermis (18, 19). To deter-
mine whether DMBA-induced apoptotic cells in Stat3-deficient
mice were primarily localized in the bulge region, keratinocyte
stem cells were pulse-chase labeled in vivo using BrdU as previ-
ously described (18) and then the location of these cells and the
DMBA-induced apoptotic cells was examined. Staining for BrdU
(red) to trace the “label-retaining keratinocytes” showed that they
were localized primarily in the bulge region of the hair follicle, as
expected (Figure 3F). Furthermore, the DMBA-induced apoptotic
cells (caspase-3-positive cells, shown in green) were also located
in this region, usually adjacent to label-retaining cells (Figure 3F,
“b”). These findings provide evidence that Stat3 may be critical for
maintaining the survival of keratinocyte stem cells following DNA
damage induced by DMBA at the time of tumor initiation.

Stat3-deficient mice are completely resistant to skin tumor development.
To further assess the role of Stat3 in multistage skin carcinogenesis,
Stat3-deficient mice and nontransgenic littermates were treated
with DMBA, followed by repetitive application of TPA. After 25

Figure 4

Responsiveness of Stat3-deficient mice to 2-stage carcinogenesis.
(A—C) Groups of mice (n = 15) were treated with 25 nmol DMBA and,
starting 2 weeks later, treated with twice-weekly applications of TPA
(6.8 nmol) for the duration of the experiment. (A) Percentage of mice
with papillomas. (B) Average number of papillomas per mouse. Cir-
cles, control mice; triangles, Stat3-deficient mice. (C) Representative
photograph of Stat3-deficient mice and tumor-bearing control mice at
the end of the experiment shown in A and B.
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¥ Figure 3

Response of Stat3-deficient keratinocytes to DMBA-induced
apoptosis both in vitro and in vivo. (A and B) Cultures of
primary keratinocytes from (A) control mice and (B) Stat3-
deficient mice treated with DMBA. Scale bar: 200 um. (C)
Percentage of apoptotic cells in control (white bars) and
Stat3-deficient (black bars) keratinocytes treated with
DMBA. *P < 0.05 by Mann-Whitney U test. (D) Caspase-3
staining of epidermis from Stat3-deficient mice. Note
that most of the caspase-3—positive cells are located in a
restricted region of the hair follicles (arrows), while a smaller
number are located in the interfollicular epidermis (arrow-
head). IFE, interfollicular epidermis; HF, hair follicle; D, der-
mis. Scale bar: 100 um. (E) Number of caspase-3—postive
cells per centimeter of epidermis in control (white bars) and
Stat3-deficient mice (black bars). “*P < 0.05 and **P < 0.01
by Mann-Whitney U test. (F) Double staining of label-retain-
ing cells (BrdU; red) and caspase-3—positive cells (green)
in skin of Stat3-deficient mice treated with DMBA (25 nmol)
and sacrificed 24 hours later. Scale bar: 20 um. Dotted lines
mark the margins of hair follicles, and “b” indicates the bulge
region of hair follicle.

weeks of TPA treatment, Stat3-deficient mice did not
develop any skin papillomas (Figure 4, A-C). At this
point, over 90% of the nontransgenic littermates devel-
oped papillomas, with an average of 10 papillomas per
mouse. These results were confirmed in a repeat experi-
ment using a similar number of nontransgenic and
Stat3-deficient mice (data not shown). Collectively,
these data indicate a critical role for functional Stat3
protein in the development of skin tumors in mouse skin, using
the DMBA-TPA, initiation-promotion protocol.

Stat3 is required for clonal expansion of initiated keratinocytes and main-
tenance of tumor cell growth. Further experiments were conducted to
evaluate whether abrogation of Stat3 function inhibited growth
of initiated keratinocytes and tumor cells harboring an activated
Ha-ras gene. Keratinocytes transduced with v-Ha-ras were used as
an in vitro model for initiated keratinocytes (20, 21). Treatment
of v-Ha-ras keratinocytes with a Stat3 decoy oligonucleotide for 2
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Effects of a Stat3 decoy oligonucleotide on growth of initiated keratinocytes in vitro and in vivo. (A) Effect of vehicle control (TE), mutant oligo-
nucleotide control, and Stat3 decoy oligonucleotide on growth of v-Ha-ras—transduced keratinocytes 48 hours after treatment. Scale bar: 100 um.
(B) Western blot analysis of Stat3, Bcl-x., and cyclin D1 levels in v-Ha-ras keratinocytes treated with vehicle control (con), mutant decoy (mut),
or Stat3 decoy (decoy) for 48 hours. (C) Effect of mutant oligonucleotide control (left 2 mice) and Stat3 decoy oligonucleotide (right 3 mice) on
TPA-induced papilloma formation in TG.AC mice at 6 weeks and 13 weeks after first TPA treatment. Arrows indicate papillomas developing in
TG.AC mice that received the mutant oligonucleotide together with TPA. (D) Immunohistochemical stain of PYStat3 in a representative section
from a skin papilloma. Scale bar: 25 um. (E) Immunohistochemical stain of Ki67 in a representative section of a skin papilloma. Scale bar: 25 um.
(F) Effect of mutant oligonucleotide and Stat3 decoy oligonucleotide on growth of primary skin papillomas after 2 weeks of treatment. Arrows,
tumors injected with mutant oligonucleotide; arrowhead, tumor injected with Stat3 decoy.

days in culture led to a marked reduction (70-90%) in cell number
compared with those treated with a nonfunctional mutant control
oligonucleotide (Figure SA). Initial Western blot analysis demon-
strated the presence of a significant level of PYStat3 protein in
v-Ha-ras keratinocytes (data not shown). Further Western blot anal-
yses demonstrated that Stat3 decoy significantly reduced the pro-
tein level of two Stat3 downstream targets in v-Ha-ras-transduced
keratinocytes, cyclin D1 (6.7-fold reduction based on densitometry)
and Bcl-x, (3.8-fold reduction) (Figure 5B). The mutant Stat3 oli-
gonucleotide had no significant effects on the levels of cyclin D1 or
Bcl-x;. (Figure 5B). Stat3 protein was also downregulated (2.8-fold)
by Stat3 decoy treatment (Figure 5B). A previous report has shown
that Stat3 can regulate its own transcription (22). The reduced lev-
els of Stat3, cyclin D1, and Bcl-x,, proteins in Stat3 decoy-treated
v-Ha-ras keratinocytes is consistent with inhibition of Stat3 func-
tion. Furthermore, these results suggested that Stat3 is required for
growth of initiated keratinocytes, through its effects on both cell
proliferation and survival.

To further substantiate a role for Stat3 in clonal expansion of
initiated keratinocytes in vivo, we used TG.AC mice. TG.AC mice
are transgenic mice that were generated using a C-globin promoter
linked to a v-Ha-ras gene (23). These mice are an in vivo model for
initiated keratinocytes, since topical TPA treatment promotes the
development of papillomas (23). As shown in Figure 5C, treatment
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(as described in Methods) with Stat3 decoy inhibited the early
development of papillomas promoted with TPA (6 weeks, upper
panels), while the mutant decoy did not. At 6 weeks, no tumors
were detected in skin of decoy-treated TG.AC mice, while papil-
lomas were already present in skin of mice treated with mutant
decoy oligonucleotide (Figure 5C, arrows). At 13 weeks of obser-
vation (Figure 5C, lower panel), there was a marked inhibition of
papilloma development in the decoy-treated mice compared with
the mutant decoy-treated mice.

We have recently reported that Stat3 is activated (as assessed by
Western blot analysis for PYStat3) in skin papillomas and squa-
mous cell carcinomas that develop during 2-stage carcinogenesis
(10). Immunohistochemical analyses of papillomas from control
littermates showed an intense PYStat3 staining in the nucleus of
both basal and suprabasal cells (Figure SD), which represent the
proliferative compartment for these tumors as demonstrated by
intense Ki67 staining (Figure SE). Thus, Stat3 is activated in the
proliferative compartment of these tumors. The functional impor-
tance of Stat3 in maintaining growth of papilloma cells was exam-
ined by injection of Stat3 decoy into primary tumors. Papilloma
cells initiated in mouse skin using DMBA have an Ha-ras mutation
in codon 61 (3). As shown in Figure SF, direct injection of Stat3
decoy into primary skin papillomas led to a significant reduction
in the volume compared with that of papillomas injected with the
Number S
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Table 1
Effects of Stat3 decoy oligonucleotide and mutant oligonucle-
otide control on skin tumor volume

Percent reduction of tumor volume

Treatment 0-30 30-50 50-60 >60
Stat3 decoy 513 2/13 013 6/13
Mutant decoy 6/10 3/10 1710 0/10

Primary tumors that were generated from control littermates in the 2-stage
carcinogenesis experiment were directly injected with 20 ul of 1 mM
decoy oligonucleotide or mutant oligonucleotide control once per week.
The effects were evaluated after 2 weeks of oligonucleotide injection.

mutant decoy. Table 1 provides a summary of data from 13 papil-
lomas injected with Stat3 decoy and 10 papillomas injected with
mutant decoy. While not all papillomas injected with Stat3 decoy
responded to this treatment protocol, approximately 50% of the
papillomas injected with Stat3 decoy underwent significant reduc-
tion in size (>60%) compared with those treated with the mutant
decoy. Collectively, the data presented in this section demonstrate
that inhibition of Stat3 function inhibits the growth of initiated
keratinocytes in mouse skin.

Discussion

A growing number of studies in epithelial cancer cell lines have
revealed that constitutive activation of Stat3 by oncogenic tyrosine
kinases (e.g., v-Src, EGFR) is important for maintaining cancer cell
proliferation (24-26). Furthermore, Bromberg et al. demonstrated
that, in fibroblasts expressing Stat3C, mRNA levels of c-Myc and
cyclin D1 were elevated at the transcriptional level, possibly contrib-
uting to the transforming potential of Stat3C (7). These earlier in
vitro studies suggested a potential oncogenic role for Stat3. Recent-
ly, we found that Stat3 is activated in mouse epidermis by diverse
types of skin tumor promoters (including TPA) and have provided
evidence that this occurs via activation of EGFR (10). In addition,
Stat3 was found to be constitutively activated in primary skin pap-
illomas and squamous cell carcinomas generated by the 2-stage,
DMBA-TPA carcinogenesis regimen (10). These data suggested a
role for Stat3 at both early and later stages in the carcinogenesis pro-
cess. Here, for the first time to our knowledge, we provide evidence
that Stat3 is required for the de novo development of skin tumors
and is essential for maintaining the proliferation and survival of
skin tumor cells. Stat3 deficiency sensitized keratinocyte stem cells
to carcinogen-induced apoptosis and significantly diminished the
proliferative capacity of keratinocytes in response to tumor pro-
moter treatment. Abrogation of Stat3 function also led to signifi-
cant inhibition of growth of initiated keratinocytes and papilloma
cells, all of which harbor an activated Ha-ras gene. These data indi-
cate an important role for Stat3 early in the carcinogenesis process
during both the initiation and the promotion stages. In addition,
the data indicate a role for Stat3 in maintaining proliferation and
survival in premalignant lesions (i.e., papillomas) that are induced
in this model of epithelial carcinogenesis.

In the current study, we found that Stat3-deficient keratinocytes
responded poorly to proliferation induced by the tumor promoter
TPA. These data suggest that Stat3 activation may be critical for
the transduction of extracellular signals to the nucleus that may
induce cell cycle progression in response to external stimuli. In
mammalian cells, G1-to-S-phase transition involves the integra-
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tion of external growth-stimulatory or -inhibitory signals during
early G1 phase (27). Once cells pass through the restriction point,
they are committed to enter S phase for 1 round of the cell cycle
(27). Cell cycle progression is tightly regulated by the coordinated
control of cell growth and cell division (28). Accumulation of cell
mass via protein synthesis, and the spatial and temporal expression
of G1 cyclins, which interact with and are required for the catalytic
activities of cyclin-dependent kinases (cdk’s), are essential compo-
nents governing G1-to-S-phase transition. The cyclin D1-cdk4
catalytic complex is known to be required for phosphorylation of
Rb and relief of its repression of E2F transcription factors (27),
which subsequently activate critical genes that initiate DNA syn-
thesis and the entry of cells into S phase. The reduction of cyclin
D1 mRNA level and the delayed recovery of cyclin D1 protein level
in epidermal cells of Stat3-deficient mice suggest a role of cyclin
D1 in the reduced response of Stat3-deficient mice to TPA-induced
epidermal hyperproliferation. Earlier studies have identified cyclin
D1 protein expression during G1 as the direct result of a sustained
activation of Erk-MAPK (29, 30). Our results demonstrate an
intact Erk-MAPK signaling pathway in the Stat3-deficient mice.
In addition, the intact and sustained elevation of Erk-MAPK activ-
ity in Stat3-deficient mice treated with TPA suggests that signaling
through this pathway could not compensate for the loss of Stat3
in mediating TPA-induced epidermal hyperproliferation. In other
studies, Erk-MAPK and Stat3 have been shown to have a reciprocal
relationship in mediating proliferation (31). These data lead us to
propose that Stat3 signaling may be an early requirement for eleva-
tion of cyclin D1 levels during G1 in response to external stimuli.

Cyclin D1-deficient mice have been generated (32) and respond
to TPA treatment with a transient delay in epidermal DNA syn-
thesis (M. Rodriguez-Puebla and C. Conti, personal communi-
cation), while Stat3-deficient mice exhibited a more persistent
downregulation of BrdU incorporation following TPA treatment.
These data indicate a more global defect in Stat3-deficient mice.
The persistent downregulation of c-Myc protein level in the epi-
dermis of Stat3-deficient mice following TPA treatment may
contribute to the more prolonged delay observed in epidermal
DNA synthesis. Recently, c-Myc deficiency in fibroblasts has been
shown to prolong G1 phase four- to fivefold, and the progression
from the restriction point into S phase has also been shown to
be drastically delayed (33). These results are consistent with our
observations in Stat3-deficient mice treated with TPA. c-Myc has
been implicated in regulation of cyclin E-cdk2 catalytic activity
through various mechanisms during the G1-to-S-phase transition
(34-38), and it has been shown to regulate protein synthesis via
transcriptional regulation of translation initiation factors (eIF4E
and elF2a) (39). Collectively, our data demonstrate an essential
role of Stat3 activation in tumor promotion, possibly by modula-
tion of G1-to-S-phase transition in response to tumor-promoting
stimuli. Further experiments using a Stat3 decoy oligonucleotide
indicated that abrogation of Stat3 function inhibited the growth
of initiated cells and the growth of papilloma cells, both of which
possess Ha-ras mutations. These data strengthen the conclusion
that Stat3 plays an important role in clonal expansion of initiated
cells during tumor promotion.

A defect in the proliferative response of the Stat3-deficient mice
to TPA-induced epidermal hyperproliferation and inhibition of
clonal expansion of initiated cells during the tumor promotion
stage likely contributed to the resistance of these mice to skin
carcinogenesis. However, the complete lack of tumors in Stat3-
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Model for the role of Stat3 in multistage skin carcinogenesis. Stat3
is proposed to play a dual role in both the initiation and the promo-
tion stages of carcinogenesis. At the initiation stage, Stat3 is required
for keratinocyte stem cell survival following carcinogen-induced DNA
damage. At the promotion stage, Stat3 is proposed to mediate cell
cycle progression in response to external tumor-promoting signals that
leads to clonal expansion of initiated cells. This may be mediated by 1
or more cell cycle regulatory proteins (e.g., cyclin D1, c-Myc) as well
as cell survival factors regulated by Stat3 (e.g., Bcl-x,). Finally, Stat3
plays a role in maintaining proliferation in skin papillomas.

deficient mice led us to also explore the possible involvement of
Stat3 during tumor initiation. In skin, emerging evidence suggests
that carcinogens target keratinocyte stem cells during tumor initia-
tion (40), whereby these DNA-damaged cells are converted to latent
neoplastic cells (i.e., initiated cells) via mutation in specific genes
(e.g., Ha-ras) that are critical in modulating cellular functions (41).
Keratinocyte stem cells are proposed to reside in the interfollicular
epidermis (42, 43), the germinal matrix of growing hair follicles (42,
43), and the major pool in the bulge region of hair follicles (18,
19, 43) underneath the protective layer of epidermis. These stem
cells have been found to possess a slow cell-cycling property and
thus to retain BrdU when pulse-chase labeled (43). Interestingly,
these “label-retaining” cells were also proposed to be “carcinogen-
retaining” cells and are located primarily in the bulge region of the
hair follicles (44, 45). Our data demonstrate that keratinocytes defi-
cient in Stat3 are more sensitive to DMBA-induced apoptosis in
vitro, and in particular that bulge region keratinocytes deficient
in Stat3 are more sensitive to DMBA-induced apoptosis in vivo.
These data suggest a critical antiapoptotic role for Stat3 in main-
taining the survival of keratinocyte stem cells following carcinogen-
induced DNA damage during the initiation stage of mouse skin
carcinogenesis. Although we did not detect any significant changes
in Stat3 protein or phosphotyrosine levels following exposure of
normal keratinocytes to DMBA, it is likely that the normal levels of
Stat3-regulated antiapoptotic molecules are compromised in Stat3-
deficient keratinocytes. It is known that several antiapoptotic mole-
cules such as Bcl-x, (46), Bcl-2 (47), and Mcl-1 (48) are downstream
targets for Stat3. In support of this hypothesis, mice overexpressing
Bcl-x. in epidermis were resistant to DMBA-induced apoptosis and
developed a greater number of papillomas following initiation with
DMBA and promotion with TPA (49). Thus, 1 or more of these
Stat3-regulated molecules may be important in keratinocyte stem
cell survival following carcinogen-induced DNA damage.
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In conclusion, based on our current data, we propose the fol-
lowing model for the role of Stat3 in epithelial carcinogenesis
(Figure 6). This model depicts Stat3 as having a role in both the
initiation and the promotion stages of carcinogenesis. During
tumor initiation, Stat3 functions as an antiapoptotic molecule
critical for maintaining the survival of DNA-damaged stem cells.
During tumor promotion, Stat3 functions as a critical regulator
transducing external signals to coordinate both cell proliferation
and survival. Thus, Stat3 is required for epidermal proliferation in
response to exogenous skin tumor promoters, and for the clonal
expansion of initiated cells that harbor Ha-ras mutations during
tumor promotion. Finally, once skin tumors develop and are able
to grow autonomously, Stat3 is required for maintenance of this
autonomous growth. Our findings have a number of significant
clinical implications. First, targeting of Stat3 as an anticancer
therapy is clearly an important goal (50); in addition, targeting
of Stat3 together with DNA-damaging chemotherapies may spe-
cifically sensitize cancer cells to apoptosis. Secondly, our data
also suggest that targeting of Stat3 at both the initiation and the
promotion stages of the carcinogenic process may be a novel and
effective strategy for the prevention of epithelial cancers. Finally,
because Stat3 appears to play such a critical role in the response
of keratinocytes to carcinogens and tumor promoters, variation in
this gene could have significant impact on cancer susceptibility in
this and other epithelial tissues.

Methods
Generation of KSCre.Stat3/f mice and 2-stage carcinogenesis experiments. KSCre
transgenic mice and Stat3/!! mice were originally on 129/sv x C57BL/6
genetic background and were backcrossed to FVB/N congenic background
for atleast 5 generations. FVB/N is a sensitive genetic background for 2-stage
carcinogenesis experiments (51, 52). Keratinocyte-specific Stat3-deficient
mice were generated as previously described (11). For all in vivo experiments,
the dorsal skin of each mouse was shaved 2 days prior to treatment; only
those mice in the resting phase of the hair cycle were used. For the 2-stage
carcinogenesis experiment, 6-week-old mice (n = 15) were treated with a single
application of DMBA (25 nmol in 200 ul acetone; Sigma-Aldrich) followed by
twice-weekly applications of TPA (6.8 nmol in 200 ul acetone; LC Laborato-
ries). All treatment protocols followed NIH guidelines.

Analysis of epidermal thickness and cell proliferation following treatment with
TPA. Groups of mice (n = 3) were treated with 4 applications of TPA (1.7
nmol, 3.4 nmol, or 6.8 nmol) or the acetone vehicle and sacrificed 24
hours after treatment. For analysis of cell cycle kinetics, groups of mice
(n = 3) were treated with 1 application of TPA (6.8 nmol) or the acetone
vehicle and sacrificed at various times after treatment. Mice were injected
intraperitoneally with BrdU (100 ng/g body weight; Sigma-Aldrich) in
PBS 30 minutes prior to sacrifice. Dorsal skin was then fixed in formalin,
embedded in paraffin, sectioned at 4 um, stained with H&E and anti-
BrdU antibody (BD Biosciences — Pharmingen), and then treated with
biotinylated anti-mouse IgG and HRP-conjugated ABC reagent (Vector
Laboratories Inc.). Epidermal cell proliferation (presented as the LI) was
determined as follows: a minimum of 500 basal cells from 3 mice were
counted, and the number of BrdU-positive cells per 500 basal cells was
calculated and multiplied by 100.

Analysis of epidermal apoptosis following treatment with DMBA. Groups of mice
(n = 3) were treated on the dorsal skin with a single application of DMBA
(25,200, or 1,000 nmol) or acetone and sacrificed 24 hours after treatment.
Skin sections were stained with an antibody to the active form of caspase-3
(R&D Systems Inc.) and then treated with biotinylated anti-rabbit IgG and
HRP-conjugated ABC reagent (BD Biosciences — Pharmingen). Apoptotic
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keratinocytes were counted microscopically in at least 3 nonoverlapping
fields in sections from 3 individual mice.

Analysis of follicular label-retaining cells. Mice were given 4 rounds of BrdU
(0.25 mg in 0.2 ml PBS per mouse) by intraperitoneal injection every 12
hours (total dose of 1.0 mg/mouse) starting on postnatal day 10. Dorsal
skin was fixed in formalin and embedded in paraffin. Four-micrometer
sections were stained with anti-BrdU antibody in a 1:300 dilution and
anti-caspase-3 antibody in a 1:600 dilution and then treated with Cy3-
conjugated anti-mouse IgG and FITC-conjugated anti-rabbit IgG (BD
Biosciences — Pharmingen), respectively.

Preparation of protein lysates and Western blot analysis. Mouse skin was placed
on an ice-cold glass plate, and the epidermis was removed with a razor blade
and placed into RIPA lysis buffer containing 50 mM Tris-HCI (pH 8.6), 1%
NP-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1
ug/ml leupeptin, 1 ug/mlaprotinin, 1 mM NazVO4, 1 mM NaF, and 10 ul/ml
protease inhibitor cocktail (Sigma-Aldrich). The lysates were incubated on
ice for 10 minutes, snap-frozen in liquid nitrogen, rethawed, and then cen-
trifuged at 14,000 g for 15 minutes at 4°C. The supernatant was separated by
electrophoresis on 8-12% SDS/polyacrylamide gels. Separated proteins were
electrophoretically transferred onto PVDF membranes and blocked with 5%
nonfat dry milk in PBS with 0.1% Tween-20 (TPBS) for 1 hour at room tem-
perature. Blots were then incubated for 2 hours at room temperature with
specific primary antibodies for Stat3 (C-20; Santa Cruz Biotechnology Inc.)
and phospho-Stat3 (Cell Signaling Technology Inc.), cyclin D1 (RB-010-PO;
NeoMarkers Inc.), cyclin E (M-20; Santa Cruz Biotechnology Inc.), and actin
(I-19; Santa Cruz Biotechnology Inc.). Blots were washed with TPBS and
subjected to corresponding HRP-conjugated secondary antibodies: rabbit
(NA934V; Amersham Biosciences UK Ltd.), mouse (sc-2005; Santa Cruz Bio-
technology Inc.), and goat (sc-2020; Santa Cruz Biotechnology Inc.). Blots
were washed with TPBS and detected with the LumiGLO chemiluminescent
kit (Cell Signaling Technology Inc.). Where indicated, relative changes in pro-
tein levels were determined by densitometry with normalization to f-actin.

Immunobistochemical analysis. Formalin-fixed, paraffin-embedded tissues
were deparaffinized and hydrated using standard procedures. Endogenous
peroxidase activity was blocked with 0.03% hydrogen peroxide for 10 min-
utes. Sections were microwaved (10 minutes) in the presence of 10 mM
citrate buffer (pH 6.0) containing 0.01% Tween-20 and then allowed to cool
down for 20 minutes. Sections were then stained with anti-phospho-Stat3
at a 1:100 dilution or anti-Ki67 (DakoCytomation) according to proce-
dures suggested by the manufacturer.

Keratinocyte cultures and in vitro treatment with DMBA. Full-thickness skin
taken from newborn mice was treated with 250 U/ml of dispase (Godo
Shusei Co.) overnight at 4°C, and the epidermis was peeled off from the
dermis and trypsinized to create a single-cell suspension. Cells were plated
in MCDB153 medium (Kyokuto Pharmaceutical Co.) supplemented with
0.1 mM monoethanolamine, 0.1 mM phosphoryl ethanolamine, 0.5 uM
hydrocortisone at 37°C under an atmosphere of 5% CO, in dishes pre-
coated with collagen type I (Iwaki Glass Co.) for 5 hours. Unattached cells
were removed by washing with PBS, and attached cells were further cul-
tured in the media in the absence of growth factors. Twenty-four hours
later, DMBA was added to a final concentration of 30 nM. Twelve hours
later, viable or apoptotic cells were counted under a phase-contrast micro-
scope as previously described (53). Briefly, apoptotic keratinocytes detach
from the dishes and undergo morphological changes such as cell balloon-
ing, nuclear condensation, and bleb formation, while viable cells remain
attached to dish. Cells were counted on photographs from 4 nonoverlap-
ping fields, and the percentage of apoptosis was calculated as apoptotic
cells/(apoptotic cells + viable cells) x 100.

In vitro and in vivo Stat3 decoy oligonucleotide treatment. For in vitro stud-

ies, primary murine keratinocytes were infected with retroviral v-Ha-ras
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as previously described (20, 21). The Stat3 decoy and mutant decoy oligo-
nucleotides were designed as described previously (9). Cells were treated
with Stat3 decoy oligonucleotide (25 nM), mutant control oligonucleotide
(25 nM), or vehicle control (Tris-HCI/EDTA buffer [TE]), and the corre-
sponding effects were evaluated at 24 and 48 hours after treatment. For
in vivo studies, TG.AC mice (23) were treated at 1 week of age with either
TPA plus Stat3 decoy (3 mice) or TPA plus mutant decoy (2 mice). For the
first 2 weeks of treatment, mice received TPA (17 nmol twice weekly) fol-
lowed immediately by oligonucleotides in TE buffer (20 nmol/0.02 ml). To
facilitate absorption, mice received tape stripping (10 times with Scotch
Magic Tape 810, 3M) 5 minutes prior to TPA treatment. In addition, an
occlusive dressing was applied to the decoy- or mutant decoy-treated area
for 24 hours to further facilitate absorption. Beginning in the third week,
mice received twice-weekly treatments with TPA followed immediately by
subcutaneous injection (60 nmol/0.02 ml) of oligonucleotides in TE buf-
fer in 3 separate areas of the TPA-treated skin for the next 5 weeks. Stat3
decoy or mutant decoy treatments together with TPA treatment were then
discontinued, and the mice were observed for tumor development over an
additional 6 weeks (13 weeks total). Finally, primary tumors that were gen-
erated from control littermates in the 2-stage carcinogenesis experiment
were directly injected with 20 ul of 1 mM decoy oligonucleotide or mutant
oligonucleotide control once per week. The effects were evaluated after 2
weeks of oligonucleotide injection. Tumor dimensions were measured with
a caliper, and tumor volume was calculated as [(x + y)/2]3, where x and y
represent the width and the length of the tumor, respectively.

RNA extraction and RT-PCR. Total RNA from epidermis was extracted
using TRI Reagent (Molecular Research Center Inc.) and reverse-tran-
scribed by GeneAmp RNA PCR Core Kit (Applied Biosystems). Mouse
Ha-ras was amplified with primers 5'-GGCGTGGGAAAGAGTG-3'
(sense) and 5" TGTTGTTGATGGCAAATACA-3' (antisense); mouse cyclin
D1 with primers 5'"-TGGAGCCCCTGAAGAAGAGC-3' (sense) and 5'-
TGGAAAGAAAGTGCGTTTGTG-3'(antisense); and mouse c-Myc with
primers S'-TCTTTCCCTACCCGCTCAAC-3' (sense) and 5'-ACCCTGC-
CACTGTCCAACTT-3' (antisense). The optimal annealing temperature
was 60°C for all the primers with 35 reaction cycles.
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