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Stage-specific disruption of Stat3 demonstrates a direct requirement during both the
initiation and promotion stages of mouse skin tumorigenesis
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Constitutive activation of signal transducer and activator of tran-
scription 3 (Stat3) has been found in a variety of human malig-
nancies and has been suggested to play an important role in
carcinogenesis. Recently, our laboratory demonstrated that Stat3
is required for the development of skin tumors via two-stage car-
cinogenesis using skin-specific loss-of-function transgenic mice.
To investigate further the role of Stat3 in each stage of chemical
carcinogenesis in mouse skin, i.e. initiation and promotion stages,
we generated inducible Stat3-deficient mice (K5.Cre-ERT2 3
Stat3fl/fl) that show epidermal-specific disruption of Stat3 follow-
ing topical treatment with 4-hydroxytamoxifen (TM). The epider-
mis of inducible Stat3-deficient mice treated with TM showed
a significant increase in apoptosis induced by 7,12-dimethylbenz
[a]anthracene (DMBA) and reduced proliferation following expo-
sure to 12-O-tetradecanoylphorbol-13-acetate. In two-stage skin
carcinogenesis assays, inducible Stat3-deficient mice treated with
TM during the promotion stage showed a significant delay of
tumor development and a significantly reduced number of tumors
compared with control groups. Inducible Stat3-deficient mice
treated with TM before initiation with DMBA also showed a sig-
nificant delay in tumor development and a significantly reduced
number of tumors compared with control groups. Finally, treat-
ment of inducible Stat3-deficient mice that had existing skin tu-
mors generated by the two-stage carcinogenesis protocol with TM
(by intraperitoneal injection) led to inhibition of tumor growth
compared with tumors formed in control groups. Collectively,
these results directly demonstrate that Stat3 is required for skin
tumor development during both the initiation and promotion
stages of skin carcinogenesis in vivo.

Introduction

Signal transducer and activator of transcription 3 (Stat3) is one of
a family of cytoplasmic proteins that participate in normal cellular
responses to cytokines and growth factors as a transcription factor
(1–4). Upon activation by a wide variety of cell-surface receptors
via tyrosine phosphorylation, Stat3 dimerizes and translocates to the
nucleus and modulates the expression of target genes that are involved
in various physiological functions including apoptosis (e.g. survivin
and Bcl-xL), cell-cycle regulation (e.g. Cyclin D1 and c-Myc) and
tumor angiogenesis (e.g. vascular endothelial growth factor) (3,5).
Studies indicate that constitutive activation of Stat3 is associated with

a number of human tumors and cancer cell lines, including prostate,
breast, lung, head and neck, brain and pancreas, and its inhibition can
suppress growth of cancer cells by promoting apoptosis and inhibiting
cell proliferation (1,2,6,7). These observations suggest that Stat3 may
play a critical role in cancer cell proliferation and survival. The fact
that naturally occurring mutations of Stat3 leading to its constitutive
activation have not been identified indicates that aberrant growth
factor signaling is the most important mechanism leading to consti-
tutive activation of Stat3 seen in tumors (2).

Recent studies of Stat3 have suggested that it has critical roles in
multistage epithelial carcinogenesis (reviewed in refs 8,9). In this
regard, studies from our laboratory have shown that epidermal growth
factor receptor-mediated activation of Stat3 occurred in mouse epi-
dermis following topical treatment with diverse classes of tumor
promoters, including 12-O-tetradecanoylphorbol-13-acetate (TPA),
okadaic acid and chrysarobin (10). Furthermore, constitutive activa-
tion of Stat3 found in both papillomas and squamous cell carcinomas
induced by two-stage carcinogenesis also occurred, at least in part, by
a similar mechanism (10). Consistent with these observations, Stat3-
deficient mice were completely resistant to development of skin tu-
mors induced by the two-stage carcinogenesis regimen, and abroga-
tion of Stat3 function by using a Stat3-specific decoy oligonucleotide
inhibited the growth of skin tumors (11). These studies provided the
first evidence that Stat3 is required for both the initiation and pro-
motion stages of carcinogenesis by maintaining survival of DNA-
damaged stem cells and by mediating cell proliferation necessary
for the clonal expansion of initiated cells (11). More recent studies
using mice in which the expression of a constitutively active/dimer-
ized form of Stat3 (Stat3C) is targeted to the proliferative compart-
ment of epidermis via the bovine keratin 5 promoter (referred to as
K5.Stat3C transgenic mice) demonstrated heightened sensitivity of
these mice to two-stage skin carcinogenesis compared with non-trans-
genic littermates (12). In addition, the skin tumors that developed in
the K5.Stat3C mice bypassed the premalignant stage and rapidly
progressed to squamous cell carcinomas that were highly vascular-
ized, poorly differentiated and more invasive (12). These results con-
firmed a role for Stat3 in the early stages of epithelial carcinogenesis
and revealed a novel role of Stat3 in driving malignant progression
of skin tumors in vivo (12). Collectively, these studies using both
skin-specific gain and loss-of-function transgenic mice have provided
evidence that Stat3 plays a critical role throughout the process of
epithelial carcinogenesis in mouse skin.

To more directly assess the role of Stat3 in the initiation and pro-
motion stages of multistage carcinogenesis, we have utilized a genetic
system to inducibly delete Stat3 during either the initiation or the pro-
motion stages of two-stage skin carcinogenesis. Using this system, we
provide direct evidence that Stat3 is a critical transcription factor dur-
ing both initiation and promotion of skin tumor development in vivo.
Finally, the results indicate that inducible abrogation of Stat3 function
in predeveloped papillomas inhibited their further growth in vivo.

Materials and methods

Chemicals

7,12-Dimethylbenz[a]anthracene (DMBA) and 4-hydroxytamoxifen (TM)
were purchased from Sigma–Aldrich (Milwaukee, WI) and TPAwas purchased
from LC Laboratories (Woburn, MA). Acrylamide:bis solution (29:1) and
polyvinylidene difluoride membranes were purchased from Bio-Rad Labora-
tories (Hercules, CA).

Preparation of DNA construct and generation of K5.Cre-ERT2 transgenic mice

The K5.Cre-ERT2 plasmid was constructed by cloning a 2 kb EcoRI fragment
isolated from pCre-ERT2 (13) into the EcoRI site of the expression vector
containing the K5 promoter (14). The resulting construct was digested with
KpnI, purified and injected into the pronuclei of donor embryos to generate
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transgenic founders on an FVB/N background. Transgenic founder mice were
identified by polymerase chain reaction of genomic DNA using primers spe-
cific for the gene encoding rabbit b-globin: 5#-GTGTTGTTTAGAATGGAA-
GATGT-3# and 5#-TAAAGAGAAAGGCAGGATGATGA-3#. Three founders
were obtained and lines were established on an FVB/N background. Transgene
copy number was checked by semiquantitative polymerase chain reaction and
Cre expression was confirmed by immunostaining of skin sections taken from
K5.Cre-ERT2 transgenic mice after induction of expression by treatment with
TM. Of the established lines, the line (line A) that had the highest inducible Cre
expression was used to generate inducible Stat3-deficient mice for experiments
described herein.

Generation of K5.Cre-ERT2 � Stat3fl/fl mice

Generation of Stat3fl/fl mice (15) has been described previously. K5.Cre-ERT2

line A transgenic mice were bred with Stat3fl/fl mice to ultimately generate
mice hemizygous for the K5.Cre-ERT2 transgene and homozygous for the
Stat3 floxed allele (K5.Cre-ERT2 � Stat3fl/fl).

Preparation of protein lysates and western blot analysis

Dorsal back skin of each mouse was treated with a depilatory agent, excised
and the epidermis removed with a razor blade and placed into RIPA lysis buffer
containing 50 mM Tris–HCl (pH 8.6), 1% NP-40, 0.25% Na-deoxycholate,
150 mM NaCl, 1 mM ethylenediaminetetraacetic acid, 1 mM phenylmethyl-
sulfonyl fluoride, 1 lg/ml leupeptin, 1 lg/ml apoptinin, 1 mM Na3VO4, 1 mM
NaF and 10 ll/ml protease inhibitor cocktail (Sigma–Aldrich). The lysates
were incubated on ice for 10 min, snap frozen in liquid nitrogen, rethawed
and then centrifuged at 14, 000g for 15 min at 4�C. The supernatant was
separated by electrophoresis on 8–12% sodium dodecyl sulfate–polyacrylamide
gels. Separated proteins were electrophoretically transferred onto polyvinyli-
dene difluoride membranes and blocked with 5% non-fat dry milk in phos-
phate-buffered saline (PBS) with 0.1% Tween 20 for 1 h at room temperature.
Blots were then incubated for 2 h at room temperature with specific primary
antibodies for Stat3, phospho-Stat3, Bcl-xL (Cell Signaling Technology,
Beverly, MA), Cyclin D1, Cyclin E, c-Myc (Santa Cruz Biotechnology, Santa
Cruz, CA) and b-actin (Sigma–Aldrich). Blots were washed with PBS
with 0.1% Tween 20 and subjected to corresponding horseradish peroxidase-
conjugated secondary antibodies against rabbit or mouse (Amersham
Biosciences, Arlington Heights, IL). Blots were washed with PBS with 0.1%
Tween 20 and detected with ECLWestern Blotting Substrate (Pierce Biotechnology,
Rockford, IL). Where indicated, relative changes in protein levels were
determined by densitometry and normalized to b-actin.

Immunohistochemical 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. Sections were microwaved (10 min) in
the presence of 10 mM citrate buffer (pH 6.0) containing 0.01% Tween 20 and
allowed to cool for 20 min. Sections were then stained with an anti-Stat3
antibody (Cell Signaling Technology) following suggested procedures by the
manufacturer.

Analysis of epidermal apoptosis following treatment with DMBA

Groups of mice (n 5 3) were treated topically with 1 mg of TM or ethanol for
five consecutive days. Twenty-four hours after TM or ethanol treatment, mice
were treated with a single topical application of DMBA (25 nmol) or acetone
(0.2 ml) on the dorsal skin and were killed 24 h later. Skin sections were
stained using an In Situ Cell Death Detection Kit (Roche Diagnostics Co.,
Indianapolis, IN). Apoptotic keratinocytes were counted microscopically in
at least three non-overlapping fields in sections from each mouse. The apopto-
tic index is represented as terminal deoxynucleotidyl transferase (tdt)-mediated
dUTP nick end-labeling-positive cells per centimeter.

Analysis of cell proliferation following treatment with TPA

For analysis of epidermal proliferation, groups of mice (n 5 3) were treated
topically with 1 mg of TM or ethanol for five consecutive days. Twenty-four
hours after TM or ethanol treatment, mice were treated with a single topical
application of TPA (6.8 nmol) or acetone on the dorsal skin and killed at 24 h.
Mice received intraperitoneal (i.p.) injections of 5-bromo-2-deoxyuridine
(BrdU; Sigma–Aldrich) at 100 lg/g body wt in PBS 30 min prior to killing.
Dorsal skin was then fixed in formalin and embedded in paraffin prior to
sectioning of 4 lm and stained with hematoxylin and eosin. To determine
epidermal cell proliferation, sections were stained with an anti-BrdU antibody
(BD Pharmingen, Los Angeles, CA), followed by treatment with biotinylated
anti-mouse IgG and horseradish peroxidase-conjugated ABC reagent (Vector
Laboratories, Burlingame, CA). Epidermal cell proliferation, presented as the
labeling index, was determined by calculating the percentage of basal cells
positive for BrdU. A minimum of 500 basal cells was counted.

Disruption of Stat3 signaling at initiation during two-stage carcinogenesis

Five groups of mice (Group 1, n 5 8; Group 2, n 5 8; Group 3, n 5 7; Group
4, n 5 8 and Group 5, n 5 10) were subjected to two-stage skin carcinogen-
esis at 8 weeks of age. The dorsal skin of each mouse was shaved 48 h prior to
treatment with TM or ethanol (vehicle) alone. All solutions of DMBA and TPA
were prepared in reagent grade acetone and were applied topically in a total
volume of 0.2 ml. TM was prepared in reagent grade ethanol and applied
topically in a total volume of 0.2 ml. Groups 1–4 were treated with either
1 mg of TM or vehicle topically for five consecutive days before initiation
(see Figures 1A and 3A). Then, mice were initiated with a single topical
application of 25 nmol DMBA. Mice in Group 5 (see Figure 3A) were treated
with TM 1 week after initiation. Four weeks after initiation, all groups received
topical applications of TPA at 6.8 nmol given twice weekly. Note that only in
Groups 1 and 5 was Stat3 inducibly deleted.

Disruption of Stat3 signaling during the promotion stage of two-stage
carcinogenesis

Four groups of mice (Group 1, n 5 6; Group 2, n 5 6; Group 3, n 5 7 and
Group 4, n 5 6) were subjected to two-stage skin carcinogenesis at 8 weeks of
age. Again see Figure 1A and Figure 4A for the groups and treatments. The
dorsal skin of each mouse was shaved 48 h prior to treatment; only those mice
in the resting phase of the hair cycle were utilized. Mice were initiated with
a single topical application of 100 nmol DMBA. One week after initiation,
mice were treated with either 1 mg of TM or ethanol topically for five con-
secutive days and this regimen was repeated every other week. Two weeks after
initiation, TPA at 6.8 nmol was applied topically twice weekly.

Effect of Stat3 deletion on growth of existing papillomas

Groups of mice (similar to Groups 1–4 as shown in Figure 1A; Group 1, n 5 3;
Group 2, n 5 4; Group 3, n 5 3 and Group 4, n 5 3) were subjected to two-
stage carcinogenesis as described above using DMBA and TPA to generate
primary tumors (i.e. papillomas). Groups of mice received TPA (6.8 nmol)
treatment for 26 weeks. After 2 weeks without TPA treatment, mice were
treated with 1 mg of TM or ethanol i.p. for five consecutive days and this
regimen was repeated every 2 weeks. To evaluate the effect of Stat3 deletion
(Group 1) on papilloma growth, tumor dimensions were measured with cali-
pers after the first week of TM treatments by i.p. and each week for the next
4 weeks. Tumor volume was calculated as [(xþ y)/2]3, where x and y represent
the width and the length of the tumor, respectively.

Results

Analysis of Stat3 deficiency in keratinocytes of K5.Cre-ERT2 � Stat3fl/fl

mice after TM treatment

Initial experiments were conducted to validate the efficiency of Stat3
deletion in epidermis of K5.Cre-ERT2 � Stat3fl/fl mice. For these
experiments, groups of 10 mice each were divided into four groups
based on Cre recombinase gene expression and TM treatment (Figure
1A). Following topical application with 1 mg of TM on the dorsal skin
of inducible Stat3-deficient mice for five consecutive days, the level of
Stat3 expression was significantly decreased in skin epidermis 24 h
after the last treatment (Figure 1B). The Stat3 protein level in epider-
mal lysates from the inducible Stat3-deficient mice (Group 1) was
�25% of that in epidermis of mice from the control groups (Groups
2–4). Similar to western blot analysis, immunohistochemical staining
of Stat3 revealed that its expression in the epidermis was significantly
reduced following TM treatment of Group 1 mice (Figure 1C). Cre
expression (assessed by immunohistochemistry) was observed only in
epidermal keratinocytes of mice in Group 1 as expected (data not
shown). Consistent with reduced levels of Stat3, we analyzed the level
of tyrosine-phosphorylated Stat3 as well as several Stat3-regulated
genes. As shown in Figure 1D, Bcl-xL, Cyclin D1, Cyclin E and
c-Myc protein levels were all significantly reduced in epidermal
lysates from Group 1 mice 24 h after the last treatment of TM. Note
that deletion of Stat3 under the conditions employed did not alter the
levels of Stat1 or Stat5 in epidermis (data not shown).

Inducible Stat3 deficiency sensitizes keratinocytes to DMBA-induced
apoptosis and reduces TPA-mediated epidermal hyperproliferation

Our previous work showed that constitutive Stat3 deficiency in mouse
epidermis leads to increased sensitivity to DMBA-induced apoptosis
and reduced sensitivity to TPA-mediated epidermal hyperproliferation
(11). To examine the effect of inducible disruption of Stat3 using the
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TM system on DMBA-induced epidermal apoptosis in vivo, TM-
induced Stat3-deficient mice (Group 1, Figure 1A) were treated topi-
cally with DMBA (25 nmol) 24 h after the last TM treatment and the
number of apoptotic keratinocytes was determined 24 h after DMBA
treatment. Topical application of DMBA to TM-induced, Stat3-
deficient mice resulted in a significant increase in the number of epi-
dermal cells undergoing apoptosis compared with mice in the other
control groups (Groups 2–4) as analyzed by terminal deoxynucleotid-
yl transferase (tdt)-mediated dUTP nick end-labeling staining (Figure
2A). These results demonstrate that temporal disruption of Stat3 was
sufficient to sensitize keratinocytes to DMBA-induced apoptosis.

To examine the effect of inducible disruption of Stat3 on tumor
promoter-induced epidermal hyperproliferation in vivo, TM-induced,
Stat3-deficient mice (Group 1, Figure 1A) were treated topically with
a single treatment of TPA and the epidermal labeling index was de-
termined 24 h after treatment. TM-induced, Stat3-deficient mice
showed a statistically significant reduction in epidermal labeling
index as revealed by a reduction (�40%) in the number of BrdU-
positive cells following treatment with TPA at a dose of 6.8 nmol
(Figure 2B), compared with mice in the control groups (Groups 2–4).

These results confirm previous work using Stat3-deficient mice that
functional Stat3 protein is necessary for maximal TPA-induced epi-
dermal proliferation and further demonstrate that temporal disruption
of Stat3 using the TM system effectively reduces Stat3 to levels that
are sufficient to reduce the proliferative response to TPA.

Stat3 disruption during initiation significantly reduces skin tumor
development

To further determine the role of Stat3 during the initiation stage of
chemically induced skin carcinogenesis in vivo, four groups of mice
(Groups 1–4 as shown in Figure 1A) were treated with 1 mg of TM or
ethanol for five consecutive days prior to initiation with DMBA. Four
weeks later, mice were treated with 6.8 nmol of TPA twice weekly. In
this experiment, another group of mice was included (Group 5,
K5.Cre-ERT2þ� Stat3fl/fl) and was treated with 1 mg of TM for 5 days
1 week after DMBA initiation (see Figure 3A). Inducible Stat3-
deficient mice treated with TM before initiation showed a delay of
tumor development compared with the other control groups (Group 1,
Figure 3B), and the average number of papillomas per mouse at the

Fig. 1. Induction of Stat3 deficiency in epidermis of K5.Cre-ERT2 � Stat3fl/fl mice by application of TM. (A) Mice were segregated by genotype into four groups
and treated as shown. (B) Western blot analysis and quantification of Stat3 level in inducible Stat3-deficient mice treated with TM (Group 1) and control (Groups
2–4) mice. (C) Immunohistochemical staining for Stat3 in skin sections from inducible Stat3-deficient mice treated with ethanol or TM. (D) Western blot analysis
of Stat3 and phosphorylated Stat3 levels in relation to the levels of Bcl-xL, Cyclin D1, Cyclin E and c-Myc in inducible Stat3-deficient mice treated with TM
(Group 1) and the control groups (Groups 2–4).
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end of the experiment also was significantly reduced compared with
mice in the control groups (P , 0.05, Figure 3C). The average num-
ber of papillomas per mouse was also slightly reduced in Stat3-
deficient mice treated with TM 1 week after initiation (Group 5)
compared with other control groups (Groups 2–4) from week 12 until
week 24 (P� 0.05) (see again Figure 3C). However, by the end of the
experiment, the average number of papillomas per mouse in this
group was not significantly different from Groups 2–4. These data
show directly that Stat3 is required for the initiation stage of two-stage
skin carcinogenesis, probably through its role in regulating keratino-
cyte survival in response to DMBA-induced DNA damage.

Stat3 disruption during promotion significantly inhibits skin tumor
development

To further determine the role of Stat3 during skin tumor promotion,
mice corresponding to Groups 1–4 (Figure 1A) were treated with
1 mg of TM or the ethanol vehicle for five consecutive days starting
1 week after initiation with 100 nmol DMBA. Mice were treated with

Fig. 3. Effect of Stat3 disruption on the initiation stage of two-stage skin
carcinogenesis. (A–C) Groups of mice were treated with 25 nmol of DMBA
and after 4 weeks received twice-weekly applications of 6.8 nmol of TPA for
the duration of the experiment. TM or ethanol was applied topically for five
consecutive days either before initiation with DMBA (Groups 1–4) or after
initiation with DMBA (Group 5) as shown in (A). (B) Percentage of mice
with papillomas and (C) average number of papillomas per mouse [Group 1,
inducible Stat3-deficient mice treated with TM (filled circles); Group 2,
inducible Stat3-deficient mice treated with ethanol (open circles); Group 3,
Cre� mice treated with TM (filled squares); Group 4, Cre� mice treated with
ethanol (open squares) and Group 5, inducible Stat3-deficient mice treated
with TM after DMBA initiation (filled triangles)].

Fig. 2. Temporal disruption of Stat3 results in increased apoptosis and
decreased cell proliferation in the epidermis of inducible Stat3-deficient
mice. (A) DMBA-induced apoptosis in the epidermis of inducible Stat3-
deficient mice. Groups of mice (n 5 3) were treated with TM or ethanol as
indicated (Figure 1A) for five consecutive days, then 24 h later they received
a single topical treatment of 25 nmol DMBA (black bars) or acetone (white
bars). Mice were then killed 24 h later and skin sections were prepared for
analysis. (B) TPA-induced cell proliferation in the epidermis of inducible
Stat3-deficient mice. Groups of mice (n 5 3) were treated with TM or
ethanol as indicated (Figure 1A) for five consecutive days. Twenty-four
hours after the last treatment of TM, they were treated with 6.8 nmol TPA
(black bars) or acetone (white bars) once and were killed 24 h later. BrdU
(100 lg/g body wt) was injected 30 min prior to killing. (Group 1, inducible
Stat3-deficient mice treated with TM; Group 2, inducible Stat3-deficient
mice treated with ethanol; Group 3, Cre� mice treated with TM and Group 4,
Cre� treated with ethanol). �P , 0.01 by Mann–Whitney U-test.
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6.8 nmol of TPA twice a week starting the following week (Figure
4A). TM treatment for five consecutive days was repeated every 2
weeks and then stopped after 16 weeks of promotion. Inducible de-
letion of Stat3 during tumor promotion led to a significant delay and
a significant reduction in the average number of papillomas per mouse
at 16 weeks of promotion (P , 0.05, Group 1 in Figure 4B and C).
TM treatment was stopped at week 16 and TPA treatment was con-
tinued for an additional 12 weeks. As shown in Figure 4C, papillomas
continued to appear in Group 1 mice (TM-induced Stat3 deletion
group) until the average number per mouse had reached the level seen
in control Group 3 (TM treatment but no Cre expression). Thus,
although deletion of Stat3 during promotion inhibited tumor develop-
ment, initiated cells were still present and subject to clonal expansion

via promotion by TPA once Stat3 levels recovered. These data are
consistent with our previously proposed mechanism whereby Stat3
deficiency reduces the proliferative response following TPA treatment
and directly show that Stat3 is required for the promotion stage of
two-stage skin carcinogenesis.

Deletion of Stat3 in preexisting papillomas inhibits subsequent tumor
growth

Previously, we showed that skin tumor growth could be inhibited by
abrogation of Stat3 function through use of a Stat3-specific decoy
oligonucleotide (11). To evaluate whether temporal Stat3 disruption
effectively inhibited growth of preexisting papillomas, inducible
Stat3-deficient mice (i.e. K5.Cre-ERT2þ � Stat3fl/fl mice) that had
developed primary skin tumors were treated with TM by i.p. injection.
TM-induced Stat3 disruption inhibited further growth of papillomas
as shown in Figure 5. In this regard, the average tumor size in the three
control groups increased �2-fold over the 4 week observation period,
whereas the average tumor size in the inducible Stat3-deficient mice
treated with TM was not significantly changed (P � 0.05) (see again
Figure 5). Further observation revealed that temporal disruption of
Stat3 in primary skin tumors led to a significant reduction in the tumor
volume compared with skin tumors treated with ethanol or skin tu-
mors of Cre-negative mice treated with TM or ethanol, as shown in
Table I. Among 20 papillomas from the inducible Stat3-deficient mice
treated with TM, 60% underwent a reduction in tumor volume. In
contrast, �50–80% of papillomas in the other groups of mice under-
went a significant increase in tumor volume (.60% increase) (Table I).
Collectively, these results indicate that inhibition of Stat3 expression
by inducible disruption efficiently prevented further growth of skin
papillomas.

Fig. 4. Effect of Stat3 disruption on the tumor promotion stage of two-stage
skin carcinogenesis. (A–C) Groups of mice were treated with 100 nmol of
DMBA and after 2 weeks received twice-weekly applications of 6.8 nmol of
TPA for the duration of the experiment. TM or ethanol was applied topically
for five consecutive days and repeated every 2 weeks and then stopped after
16 weeks. (A) Experimental protocol for disruption of Stat3 during the
promotion stage. (B) Percentage of mice with papillomas and (C) average
number of papillomas per mouse [Group 1, inducible Stat3-deficient mice
treated with TM (filled circles); Group 2, inducible Stat3-deficient mice
treated with ethanol (open circles); Group 3, Cre� mice treated with TM
(filled squares) and Group 4, Cre� mice treated with ethanol (open squares)].

Fig. 5. Effects of TM-induced Stat3 deficiency on growth of skin tumors.
(A–B) Groups of mice were treated with 25 nmol of DMBA and 2 weeks later
received twice-weekly applications of 6.8 nmol of TPA for 26 weeks. After 2
weeks without TPA treatment, the mice were then treated with TM by i.p.
injection for five consecutive days on alternate weeks over the 4 week period.
(A) Experimental protocol for Stat3 disruption in skin tumors. (B) Average
size of skin tumors per group [Group 1, inducible Stat3-deficient mice treated
with TM (filled circles); Group 2, inducible Stat3-deficient mice treated with
ethanol (open circles); Group 3, Cre� mice treated with TM (filled squares)
and Group 4, Cre� mice treated with ethanol (open squares)].
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Discussion

In the present study, we demonstrate critical roles for Stat3 in both the
initiation and promotion stages of two-stage chemical carcinogenesis
in mouse skin through use of a site- and time-specific gene targeting
approach. In addition to tissue-specific gene targeting via the Cre/lox
system, gene expression can be regulated at a given time during the
carcinogenesis process using ligand-inducible Cre recombinase. This
conditional site-specific recombination system facilitates further de-
tailed analysis of gene function that cannot be ascertained by con-
ventional gene targeting (16–18). For example, the peroxisome
proliferator-activated receptor c (PPARc) is a ligand-activated tran-
scription factor that is involved in nuclear hormone receptor family
and is known to play an important role in adipocyte differentiation and
fat metabolism (19). However, functional analysis of PPARc is pre-
cluded due to lethality of PPARc knockout fetuses and tetraploid-
rescued pups (20). Temporal and spatial ablation of PPARc in adipo-
cytes of adult mice by the TM-dependent Cre-ERT2 recombination
system revealed that it is essential for the in vivo survival of mature
adipocytes (21). Similarly, temporal and spatial ablation of focal ad-
hesion kinase in skin demonstrated that it plays a critical role in
malignant progression (22). This inducible recombination system
can also be used to selectively activate genes (23–25).

Previous studies from our laboratory have suggested that Stat3
plays important roles in all three stages of skin carcinogenesis by
using both skin-specific gain and loss-of-function transgenic mice
(reviewed in refs 8,9). Stat3-deficient mice showed an increased
response to initiator-induced apoptosis and a reduced response to
promoter-induced epidermal hyperproliferation (11). In contrast,
keratinocytes from K5.Stat3C transgenic mice showed increased sur-
vival following exposure to initiator and enhanced cell proliferation
following exposure to promoter (12). Consistent with these observa-
tions, Stat3-deficient mice were resistant to skin tumor development
and Stat3C mice were hypersensitive to skin tumor development com-
pared with non-transgenic littermates (11,12). These earlier studies
suggested critical roles of Stat3 in both the initiation and promotion
stages of skin carcinogenesis. However, the complete lack of a tumor
response in K5.Cre � Stat3fl/fl mice precluded a more detailed anal-
ysis of the specific role of Stat3 in the initiation or promotion stages of
skin tumor development.

To evaluate the functional roles of Stat3 independently during the
initiation and promotion stages of carcinogenesis, Stat3 was tempo-
rally disrupted using the TM-dependent inducible Cre-ERT2 system
(20–26). Inducible Stat3-deficient mice (K5.Cre-ERT2þ � Stat3fl/fl

mice) showed Cre recombinase expression in the basal cell layer of
skin epidermis after TM treatment (data not shown), as observed
previously (26). Following Cre activation, the levels of Stat3 and its
downstream target genes as assessed by western blot analysis of pro-
teins were significantly reduced in the epidermis (Figure 1B–D). The
expression level of Stat3 protein in the inducible Stat3-deficient mice
after 5 days of TM treatment was approximately one-fourth the level
observed in the control groups based on densitometry (Figure 1B).
Thus, although Stat3 protein levels were not totally depleted in the
epidermal cells, this reduction was sufficient to cause significant re-
ductions in Bcl-xL, Cyclin D1, Cyclin E and c-Myc (Figure 1D).

In previous studies, Stat3-deficient mice showed a reduced prolif-
erative response following topical treatment of TPA and these mice
were highly resistant to two-stage skin carcinogenesis (11). Consis-
tent with these results, the epidermis of inducible Stat3-deficient mice
following TM treatment showed a reduced responsiveness to TPA--
mediated epidermal hyperproliferation (Figure 2B). In addition, tu-
mor development was significantly delayed and the number of
papillomas was also significantly reduced (Figure 4). Notably, the
design of this experiment allowed us to show that the reduction in
papillomas as a result of reduced Stat3 levels during tumor promotion
was reversible once TM treatment was stopped and Stat3 levels re-
covered. These results support the hypothesis that Stat3 deficiency
during tumor promotion primarily affected the clonal expansion of
initiated cells and not the survival of already initiated cells. Thus,
these results directly confirm a significant role of Stat3 during the
tumor promotion stage.

As shown in Figure 3B and C, deletion of Stat3 at the time of
initiation with DMBA also significantly reduced the tumor response
following tumor promotion with TPA. In our previous work, consti-
tutive deletion of Stat3 sensitized keratinocytes to DNA damage in-
duced apoptosis by both DMBA as well as ultraviolet light (11,27).
Furthermore, a significant increase in the number of apoptotic cells
induced in epidermis by DMBA was seen in Stat3-deficient mice
especially in the bulge region of hair follicles. Consistent with these
previous results obtained using constitutive Stat3-deficient mice, TU-
NEL-positive cells were significantly increased in inducible Stat3-
deficient mice 24 h after DMBA treatment (Figure 2A). In a two-stage
skin carcinogenesis experiment, TM treatment before DMBA treat-
ment in inducible Stat3-deficient mice led to delayed tumor develop-
ment and a significantly reduced number of papillomas per mouse
compared with corresponding control groups. In this experiment,
one group of mice (Group 5) had Stat3 temporally disrupted after
initiation with DMBA but before TPA treatment. Tumor development
in this group was only slightly reduced compared with the other
control groups. This group was included to determine if Stat3 deletion
after initiation but before the start of TPA treatment would impact
the tumor response. The slightly reduced tumor response in this
group relative to the other control groups suggests one of several
possibilities as follows: (i) there are still some target cells with
DNA damage that may undergo apoptosis following Stat3 deletion;
(ii) initiated cells (i.e. cells with Ha-ras mutations) at this early
time point may be at some risk of undergoing apoptosis after Stat3
deletion or (iii) Stat3 deletion 1 week after initiation with DMBA may
have affected the early stages of tumor promotion. Nevertheless, dis-
ruption of Stat3 at the time of initiation significantly reduced the
tumor response, which correlated with increased DMBA-induced
keratinocyte apoptosis. Stat3 is known to regulate a number of anti-
apoptotic genes, including Bcl-xL, survivin, Mcl-1 and Bcl-2 (28–32).
One or more of these genes may play a significant role in protecting
DNA-damaged keratinocytes, including bulge region keratinocytes,
from apoptosis. Preliminary experiments using skin-specific Bcl-
xL-deficient mice have indicated a partial role for this Stat3-regulated
gene in protection of keratinocytes from DMBA-induced apoptosis
in vivo (D.J.Kim, K.Kataoka, S.Sano and J.DiGiovanni, unpublished
data).

Finally, our previous work showed that direct injection of a Stat3
decoy oligonucleotide into growing papillomas induced regression in
some but not all tumors (11). In the current study, inducible deletion
of Stat3 significantly prevented further growth of existing papillomas.
A number of studies have shown that Stat3 is required for proliferation
and survival of cancer cells in culture (33–36). The current results
directly demonstrate a requirement for Stat3 in the continued growth
of papillomas in this model of epithelial multistage carcinogenesis.

In conclusion, using a system where Stat3 was temporally disrupted
in skin keratinocytes, we provide direct evidence for its role in both
the initiation and promotion stages of epithelial multistage carcino-
genesis. Stat3 is a unique regulator of many key proteins that play an
important role throughout the carcinogenesis process (reviewed in
refs 8,9). The inducible system used in the current study will allow

Table I. Effects of TM-induced Stat3 deficiency on skin tumor volume

Percent increase
of tumor volume

Percent decrease
of tumor volume

.60 30–60 0–30 0–30 30–60 .60

Group 1 4/20 4/20 7/20 3/20 2/20
Group 2 11/14 1/14 2/14
Group 3 5/10 1/10 1/10 2/10 1/10
Group 4 7/15 3/15 2/15 3/15
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further dissection of specific Stat3-regulated genes in the various
stages of carcinogenesis. Overall, the current data provide additional
support for Stat3 as an important target for cancer prevention includ-
ing during the earliest stages of cancer development.
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