
Carcinogenesis vol.31 no.6 pp.1116–1123, 2010
doi:10.1093/carcin/bgq041
Advance Access publication February 19, 2010

Transforming growth factor b1 enhances tumor promotion in mouse skin
carcinogenesis
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Transforming growth factor b1 (TGFb1) expression is elevated
by tumor promoters in the mouse skin, but its role in tumor pro-
motion has not been well defined. To investigate this, we have
compared TGFb11/1 and 1/2 mice in a two-stage skin chemical
carcinogenesis protocol. Surprisingly, TGFb11/2 mice had
fewer number and incidence of benign papillomas, reduced epi-
dermal and tumor cell proliferation and reduced epidermal
TGFb1 and nuclear p-Smad2 localization in response to the
tumor promoter 12-O-tetradecanoylphorbol 13-acetate (TPA) com-
pared with TGFb11/1 mice. Maximal TPA activation of protein
kinase C (PKCa) as measured by activity assays and activation of
target genes and induction of cornified envelopes correlated with
TGFb1 gene dosage in keratinocytes and addition of exogenous
TGFb1 restored the cornification defect in TGFb11/2 keratino-
cytes. Similarly, inhibition of ALK5-suppressed TPA-mediated
PKCa activation suggesting that physiological levels of TGFb1
are required for maximal activation of PKC-dependent mitogenic
responses. Paradoxically, the TPA-induced inflammatory response
was greater in TGFb11/2 skin, but TGFb11/1 papillomas had
more tumor infiltrating myeloperoxidase-positive cells and
pro-inflammatory gene expression was elevated in v-rasHa-trans-
duced TGFb11/1 but not TGFb11/2 keratinocytes. Thus, ras
activation switches TGFb1 to a pro-inflammatory cytokine.
Despite this differential proliferative and inflammatory response
to TPA and enhanced papilloma formation in the TGFb11/1
mice, the frequency of malignant conversion was reduced com-
pared with TGFb11/2 mice. Therefore, TGFb1 promotes benign
tumors by modifying tumor promoter-induced cell proliferation
and inflammation but retains a suppressive function for malig-
nant conversion.

Introduction

Transforming growth factor b1 (TGFb1) is a regulatory cytokine that
has stage-specific stimulatory and suppressive actions in cancer
development (1). In the two-stage mouse skin carcinogenesis model,
benign epidermal papillomas are caused by topical application of the
carcinogen 7,12-dimethylbenz[a]anthracene (DMBA) and repeated
promotion with 12-O-tetradecanoylphorbol 13-acetate (TPA). Inhibi-
tion of TGFb1 signaling in this model accelerates malignancy and
overexpression of TGFb1 suppresses benign tumor formation (1) but
causes outgrowth of highly malignant spindle cell cancers (2) with
increased tumor cell metastases (3). TPA and other tumor promoters
cause epidermal hyperplasia, dermal inflammation (4) and induce
TGFb1 expression in the epidermis (5). Although in mammary carci-

nogenesis, reduced TGFb1 levels in the TGFb1þ/� mouse enhance
tumorigenesis (6), it is not known what role TGFb1 has in tumor pro-
motion. The surprising resistance of Smad3-null mice to skin tumor
formation (7) suggests that in the epidermis, TGFb1 signaling may not
simply act as a negative feedback pathway. To examine the role of
TGFb1 in skin tumor promotion, we compared the response of
TGFb1þ/þ and þ/� mice to acute and chronic treatment with TPA
and evaluated tumor development in a two-stage skin carcinogenesis
assay. Our studies show that TGFb1 enhances tumor promotion through
effects on PKC, but the benign tumors that form have a low frequency
of premalignant progression to squamous cell carcinoma (SCC).

Materials and methods

Animal studies

Seven- to eight-week-old TGFb1þ/þ and TGFb1þ/� mice (8) backcrossed
onto a Balb/c background were used for all in vivo studies. Adult TGFb1�/�
mice were not used due to post-natal lethality (8). TGFb1þ/þ and TGFb1þ/
� mice were given topically with a single dose of 50 lg of DMBA (Sigma,
St Louis, MO) and 5 or 10 lg of TPA (Calbiochem, La Jolla, CA) in 200 ll of
acetone twice a week for 25 weeks and tumors .2 mm recorded weekly. Short-
term tumor induction was done similarly for 10 weeks. For acute TPA, mice were
treated once with 5 lg of TPA/200 ll acetone or acetone alone and dorsal skins
were harvested as indicated. For chronic promotion, mice were treated with TPA
(5 lg) twice weekly for 5 weeks, and tissues were isolated after 72 h. Double
transgenic mice with conditional expression of active TGFb1 (9) were given
doxycycline (2 mg) intraperitoneally 24 h prior to TPA treatment. All animals
were housed and treated according to approved Institutional animal protocols.

Tissue analysis

Analysis of tumors and measurement of epidermal thickness was done on
hematoxylin- and eosin-stained sections of neutral buffered formalin-fixed
tissues. Epidermal layers were quantitated at every 20 basal cell for each sec-
tion, and five sections averaged per treatment group. Specific antibodies to
Smad2 (Santa Cruz Biotechnology, Santa Cruz, CA) and phospho-Smad2
(Millipore, Billerica, MA) (10–12) were used to detect these proteins in frozen
and ethanol-fixed sections, respectively, by indirect immunofluorescence.
Stained sections were imaged using an Olympus FV300 Laser Scanning Con-
focal Microscope. A Smad2-specific blocking peptide (Santa Cruz Biotechnol-
ogy) was used to demonstrate specificity of Smad2 cytoplasmic and nuclear
staining. Cell proliferation was measured using anti-bromodeoxyuridine im-
munohistochemistry as described previously (9) and apoptotic cells identified
using the terminal deoxynucleotidyl transferase-mediated deoxyuridine tri-
phosphate nick end labeling assay (TUNEL) and expressed as a percentage
of total basal cells per section. Inflammatory cells were detected using anti-
myeloperoxidase (MPO) antibodies (Dako, Carpinteria, CA) and the average
of positive cells per section was scored. Quantitation of epidermal layers and
immunostaining was done blindly. Photomicrographs of tissue sections were
made using an Olympus BX61Epi-Fluorescence Microscope.

Cell culture

Primary keratinocytes or dermal fibroblasts obtained from crosses of TGFb1þ/�
adults were genotyped and cultured as described previously (13) and treated with
TGFb1 (R&D Systems, Minneapolis, MN) and TPA as indicated. Where in-
dicated, SB431542 (Sigma, St Louis, MO) was added 15 min before TPA.
Keratinocytes were infected with the w2 v-rasHa retrovirus as described (13).
Keratinocytes were transfected with 0.23 lg activator protein 1 (AP-1)-lucif-
erase reporter (Stratagene, Cedar Creek, TX) and a renilla-luciferase control
plasmid were treated with 5 ng/ml TPA, and luciferase activity was determined
using a Promega 20/20 luminometer. PKC activity was measured in 0.3%
Triton X-100 extracts of TPA-treated (25 ng/ml) TGFb1þ/þ and þ/� primary
keratinocytes as described (14) with PKC [Ser25] (19-31) peptide (AnaSpec,
Fremont, CA). Cornified envelopes were measured 36 h after TPA treatment as
described elsewhere (14,15).

Analysis of protein and RNA

Keratinocytes or whole skin were homogenized in a 1% Triton X-100 lysis
buffer with protease and phosphatase inhibitors, and specific proteins were
detected by immunoblotting and enhanced chemiluminescence (Pierce,

Abbreviations: AP-1, Activator protein 1; DMBA, 7,12-dimethylbenz[a]an-
thracene; MPO, myeloperoxidase; mRNA, messenger RNA; PKC, protein
kinase C; SCC, squamous cell carcinoma; TGFb1, transforming growth factor
b1; TPA, 12-O-tetradecanoylphorbol 13-acetate.
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Rockford, IL) using antibodies directed against Smad 2/3, p-Smad2, p-Erk,
Erk, p-stress-activated protein kinase/jun N-terminal kinase, p-c-jun or c-jun
(Cell Signaling Technology, Danvers, MA). Densitometric analysis of c-jun
and p-c-jun blots was done using the Kodak Gel Logic Imaging System and
Molecular Imaging Software. Total RNA was isolated using Trizol (Invitrogen,
Carlsbad, CA), and quantitative reverse transcription–polymerase chain reac-
tion done for the indicated genes using the MyIQ system (BioRad Laborato-
ries, Hercules, CA). All values were normalized to b-actin. Primer sequences
were obtained from published studies or using Primer 3 (16) software with
GeneBank sequence information.

Statistical analysis

Values are expressed as the mean ± SE. Student’s t-test was used to compare
the indicated groups, and the significance of the difference was described.
P values of ,0.05 were regarded as indicating a significant difference. Differ-
ence in papilloma per mouse for each genotype was measured using an
unpaired t-test.

Results

Papilloma formation but not malignant conversion is suppressed in
TGFb1 þ/� mice

To determine if TGFb1þ/þ and TGFb1þ/� mice differ in the in-
duction of epidermal squamous tumors, 7- to 8-week-old TGFb1þ/þ
and TGFb1þ/� mice were treated topically with DMBA and pro-
moted with 5 or 10 lg TPA twice a week for 25 weeks. At both doses

of TPA, the papilloma frequency was significantly reduced in
TGFb1þ/� mice compared with TGFb1þ/þ mice, with maximum
frequency of 1.8 and 2.6 (5 lg) papillomas per mouse and 3.6 and 4.7
(10 lg) papillomas per mouse, respectively (Figure 1A). As expected
the papillomas frequency declined after cessation of TPA promotion
due to regression and removal of mice with malignancies. The percent-
age of mice developing tumors was lower in the TGFb1þ/� mice at 5
lg TPA but there was little difference between genotypes at the higher
dose (Figure 1A). Similar results were obtained in a pilot study with
fewer mice per group. Additionally, at early time points measured
between weeks 20–26, papillomas in the TGFb1þ/þ mice were signif-
icantly larger than in the TGFb1þ/� animals, although this was not
significant at later time points (Figure 1B). Despite larger numbers of
papillomas in the TGFb1þ/þ mice at both TPA doses, similar numbers
of SCC formed in both genotypes (Figure 1C), indicating a 2-fold in-
crease in frequency of malignant conversion in the TGFb1þ/� mice.
Thus, the additional TGFb1þ/þ papillomas are not at high risk for
malignant conversion, suggesting that TGFb1 acts as a suppressor of
malignant conversion but enhances benign tumor formation.

TPA-induced proliferation is reduced in epidermis and papillomas of
TGFb1þ/� mice

To test if TGFb1 levels altered the epidermal response to TPA,
TGFb1þ/þ and TGFb1þ/� mice were treated with TPA alone once

Fig. 1. Papilloma frequency and size are greater in TGFb1þ/þ mice, but conversion to SCC is reduced. TGFb1þ/þ and þ/� mice were initiated with DMBA
and promoted with TPA twice per week for 25 weeks. The number of papillomas .2 mm was determined on a weekly basis. (A) Papillomas per mouse
from mice promoted with 5 lg (top) and 10 lg (middle) TPA and percent of mice with papillomas (bottom). The papilloma frequency was significantly higher
in TGFb1þ/þ mice promoted with 5lg TPA (P 5 0.0013) and 10 lg TPA (P 5 0.01). At each dose, 21/28 and 20/24 TGFb1þ/þ and 13/20 and 19/20
TGFb1þ/� mice developed tumors. (B) Tumor volumes between weeks 20–30 were measured using a digital micrometer. Average volumes were determined from
measurements of length � width � height, and statistical significance determined using a T-test to compare genotypes at each time point. (C) The total
papilloma and SCC yield and percent conversion for each genotype. Percent conversion at each TPA dose was determined by dividing the total number of
SCC that formed during the course of the study by the maximum number of papillomas; P, papilloma; C, carcinoma.
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or biweekly for 5 weeks. TPA-induced epidermal hyperplasia was
significantly greater in the TGFb1þ/þ mice after 72 h of treatment
(4.03 ± 0.17 versus 3.40 ± 0.08) (Figure 2A and B), and although the
initial increase in epidermal proliferation was similar between the two
genotypes, by 72 h, post-TPA epidermal proliferation had decreased
significantly in the TGFb1þ/� mice (Figure 2B, bottom). Similarly,
after chronic TPA treatment, there was a greater number of epidermal

layers (Figure 2A) and higher epidermal labeling index (Figure 2C) in
the TGFb1þ/þ mice compared with TGFb1þ/� mice, but no signif-
icant difference in TPA-induced hyperkeratosis. Papillomas generated
in TGFb1þ/þ mice after DMBA and 10 week TPA promotion also
had a significantly higher percentage of bromodeoxyuridine-positive
tumor cells (29.1 ± 6.6) compared with TGFb1þ/� papillomas
(15.4 ± 3.4) (Figure 2A and D). There was no difference in expression
of the known TGFb1 target gene p21waf1 (17) in response to TPA (data
not shown). There was also no significant difference in TUNEL-
positive epidermal keratinocytes between genotypes after acute
(TGFb1þ/þ 2.55 ± 0.3% versus TGFb1þ/� 1.73 ± 0.3% at 72 h;
P 5 0.1) or chronic TPA treatment (TGFb1þ/þ 3.04 ± 0.1% versus
TGFb1þ/� 2.25 ± 0.3%; P 5 0.1).

TGFb1 response to TPA is reduced in TGFb1þ/� skin and
keratinocytes

Since, surprisingly, a wild-type TGFb1 genotype was associated with
enhanced proliferative responses to TPA, we examined TGFb1 in-
duction, a well-characterized response to tumor promoters in the
mouse epidermis (5,18). Twelve hours after TPA treatment, TGFb1
protein levels were increased in all the layers of the TGFb1þ/þ
epidermis consistent with published reports (19), but there was little
detectable change in the TGFb1þ/� epidermis (Figure 3A). Simi-
larly, levels of nuclear p-Smad2 and total Smad2 as detected by in-
direct immunofluorescence with two well-characterized antibodies
(10–12) were reduced in TPA-treated TGFb1þ/� epidermal kerati-
nocytes compared with TGFb1þ/þ keratinocytes (Figure 3A, bottom
and Figure S1 is available at Carcinogenesis Online). In agreement,
immunoblot analysis of total skin protein extracts in TGFb1þ/þ skin
showed an increase in total Smad2 24 h post-TPA that was sustained
through 96 h, whereas in the TGFb1þ/� skin, the increase in total
Smad2 was reduced and delayed until 72 h (Figure 3B). Phosphory-
lation of Smad2 was seen 12 h after topical TPA treatment in both
genotypes. However, p-Smad2 levels in the TGFb1þ/þ skin after 24
h and through 96 h were consistently higher than in the TGFb1þ/�
skin, particularly at the later time points (Figure 3B). Although there
was an induction of p-Smad2 from 12 to 96 h in the TPA-treated
TGFb1þ/� skin (Figure 3B), it is possible that this is due to TGFb1
pathway activation in non-epidermal cells since phospho-Smad2-pos-
itive cells were detected in the dermis of TPA-treated skin (Figures
S1A and S2A are available at Carcinogenesis Online). Figure 3C
shows that as expected for a hemizygous state, TGFb1þ/� keratino-
cytes had roughly 50% basal expression of TGFb1 messenger RNA
(mRNA) compared with TGFb1þ/þ keratinocytes. However, TPA
treatment caused a rapid 9-fold increase in TGFb1 mRNA in the
TGFb1þ/þ keratinocytes but a slower 5-fold induction by 8 h in
the TGFb1þ/� keratinocytes. In contrast, TPA caused a similar fold
induction of TGFb1 mRNA in primary dermal fibroblasts even though
the absolute level was half in the heterozygote fibroblasts (Figure 3C).
Keratinocytes from both genotypes responded similarly to exogenous
TGFb1 indicating that TGFb1þ/� keratinocytes do not have a general
defect in ability to activate the TGFb1 pathway (data not shown).

Activation of PKC and AP-1 pathway is reduced in TGFb1þ/�
keratinocytes

Since TPA effects are mediated primarily through PKC, we investi-
gated if TGFb1 levels influenced PKC activation in primary kerati-
nocytes from each genotype. Within 30 min after TPA treatment, there
was a 5.5-fold increase in PKC activity in the TGFb1þ/þ keratino-
cytes relative to basal levels that was sustained through 2 h post
treatment but declined to near baseline by 4 h (Figure 4). In contrast,
the maximal level of TPA-induced PKC activity was less and was not
sustained in the TGFb1þ/� keratinocytes, suggesting more rapid
downregulation of enzyme activity. Furthermore, pretreatment of ker-
atinocytes of either genotype with the TGFb1 type 1 receptor (ALK5)
inhibitor SB431542 reduced PKC activity (Figure 4), supporting the
idea that maximal PKC activity in keratinocytes is dependent on
activation of TGFb1 signaling. As expected, inclusion of the PKC
inhibitor bisindolylmaleimide I (25 mM) and 2.5 mM

Fig. 2. TGFb1 enhances TPA-induced proliferation in normal epidermis and
tumors. (A) Top: representative hematoxylin-and eosin-stained sections of
acetone or TPA-treated skin at 72 h post treatment and after 5 weeks chronic
TPA treatment, magnification �200. Bottom: detection of proliferating tumor
cells (arrows) with anti-bromodeoxyuridine (BrdU) immunohistochemistry in
TGFb1þ/þ and TGFb1þ/� 10 week papillomas. Magnification �400.
Tumor basement membrane indicated by dashed line. Scale bars represent 20
lm for all images. (B) Quantitation of epidermal hyperplasia (top) and
proliferation (bottom) in TPA-treated TGFb1þ/þ mice compared with
TGFb1þ/� mice. The number of cell layers in hematoxylin- and eosin-
stained sections was determined every 20 basal cells along a section and
averaged from 5 mice per group. BrdU-positive cells were quantitated from
anti-BrdU-stained sections and averaged from 5 mice per time point for each
genotype. (C) Quantitation of epidermal proliferation in TGFb1þ/þ and
TGFb1þ/� skin after chronic TPA treatment. BrdU-positive epidermal
keratinocytes were quantitated from mice treated twice per week with TPA or
acetone (c) for 5 weeks (N5 5 mice per group). (D) Quantitation of tumor cell
proliferation. BrdU-positive tumor cells were quantitated from papillomas
generated in each genotype with DMBA and 10 weeks TPA promotion
(N 5 5 tumors per group). Papillomas were isolated 72 h after last TPA
treatment. Asterisk represents significantly different from indicated group.
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ethyleneglycol-bis(aminoethylether)-tetraacetic acid blocked enzyme
activity indicating that PKCa the major Ca2þ dependent PKC isoform
in keratinocytes (20) was responsible (Figure 4). To examine the de-
pendence of PKC signaling on TGFb1 levels further, we analyzed sig-
naling pathways downstream of PKC. There were no differences in TPA-
induced phosphorylation of extracellular signal-regulated kinase 1/2
(Figure 5A), stress-activated protein kinase/c-jun N-terminal kinase or
p-AKT levels between genotypes (data not shown). However, the TPA
induction of c-jun phosphorylation, a known target of PKCa (20), was
reduced in the TGFb1þ/� keratinocytes (Figure 5A) but there was no
change in total c-jun levels. Similarly, TPA caused a rapid 8-fold in-
duction of p-c-jun in the skin of the TGFb1þ/þ mice but the fold
increase in p-c-jun was less and reduced to baseline levels more quickly
in the TGFb1þ/� skin (Figure 5B). Since induction of TGFb1 mRNA
by TPA is mediated in part through activation of AP-1 (21,22), we tested
whether a generic AP-1 target was similarly affected by reduced TGFb1
levels. TPA induction of a transfected AP1-luciferase reporter was sig-
nificantly reduced in TGFb1þ/� keratinocytes compared with
TGFb1þ/þ keratinocytes (Figure 5C). No significant differences were
found between treatments within the TGFb1þ/� cells or between un-
treated control cells (P . 0.5). This response was blocked by SB431542
(Figure 5C), supporting the involvement of the TGFb1 signaling path-
way. Interestingly, this difference between genotypes was not observed
at higher TPA doses (data not shown), correlating with diminution of
TGFb1 genotype effects on tumor development at higher TPA doses.
Finally, the induction of cornified envelopes, the end product of epider-
mal differentiation and a well-characterized response of keratinocytes to

Fig. 3. TPA induction of TGFb1 and p-Smad2 nuclear localization is reduced in TGFb1þ/� epidermis. (A) Top and middle: immunohistochemical detection
of TGFb1 protein in skin 12 h after acetone or TPA treatment, (magnification �400). Bottom: detection of phospho-Smad2 by indirect immunofluorescence
with an anti-pSmad2 ser 465/467 antibody in tissue 24 h after TPA treatment. Magnification �1000 and scale bars represent 20 lm. Exposure times for
TGFb1þ/þ and TGFb1þ/� skins were identical. Figure S1A available at Carcinogenesis Online shows individual and merged images with TO-PRO 3 nuclear
counterstaining. Location of the basement membrane is indicated by a dashed line. (B) Immunodetection of total Smad2 and p-Smad2 in whole skin protein
extracts isolated at the indicated time points after TPA treatment using specific anti-Smad2/3 and p-Smad2 antibodies and b-actin as a loading control. (C)
Quantitative reverse transcription–polymerase chain reaction analysis of TGFb1 mRNA induction by TPA (25 ng/ml) in primary keratinocytes (top) and
fibroblasts (bottom) of the indicated genotype. Results are the average of three independent experiments. Asterisk represents significantly different from
TGFb1þ/þ (P , 0.05).

Fig. 4. TGFb1 modulates PKC activation by TPA. PKC enzyme activity
was measured at the indicated times after TPA treatment (25 ng/ml)
in triplicate cultures of primary keratinocytes of each genotype and
expressed as fold increase over untreated control (1751.5 ± 256 c.p.m. for
TGFbþ/þ and 1642.2 ± 171.19 c.p.m. for TGFbþ/� cells). TGFb1þ/þ
keratinocytes were also pretreated for 15 min with the small molecule
ALK5 inhibitor SB431542 (0.5 lM) before addition of TPA, and PKC
activity was measured after 30 min. Similar results were obtained in
three independent experiments. Bisindolylmaleimide I (BS) and
ethyleneglycol-bis(aminoethylether)-tetraacetic acid (EGTA) were
included in the activity assay to inhibit total and calcium-dependent
PKC activity, respectively. Asterisk represents significantly different from
indicated group.
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TPA dependent on AP-1 activity (23,24), was significantly higher in the
TGFb1þ/þ keratinocytes (Figure 5D). In TGFb1þ/� keratinocytes,
addition of exogenous TGFb1 enhanced the induction of cornified
envelopes by TPA (Figure 5D, P , 0.01) indicating a direct relation-
ship between reduced TGFb1 induction and altered differentiation in
response to TPA in this genotype. Taken together these results indicate
that maximal biological and biochemical responses to TPA in
keratinocytes require physiological levels of TGFb1.

TGFb1 reduces the TPA-induced skin inflammatory response

In addition to proliferation, inflammation is a critical component of
the response to TPA. Dermal inflammation was detected as early as
12 h post-TPA in both TGFb1þ/þ and TGFb1þ/� mice and was
mainly composed of MPO-positive cells (Figure 6A). In contrast to
the proliferative response, there was a decrease in MPOþ cells by 72 h
post-TPA in the TGFb1þ/þ skin that did not occur in the TGFb1þ/�
mice (Figure 6A and B top), and there were twice as many dermal
inflammatory cells in chronically TPA-treated TGFb1þ/� skin com-
pared with TGFb1þ/þ skin (Figure 6B top). Additionally, to test if
TGFb1 expression could block TPA-induced cutaneous inflammation,
we used a bitransgenic K5/rTA X tetOTGFb1 mouse line in which the
expression of a constitutively active form of TGFb1 can be regulated
by doxycycline with an epidermally targeted reverse tet transactivator
(9). When these transgenic mice were dosed with doxycycline to in-
duce TGFb1 expression in the epidermis (2 mg intraperitoneally 24 h
prior to topical TPA treatment), the number of skin infiltrating MPOþ

cells was decreased by �50% compared with mice treated with TPA
alone (Figure 6B middle) indicating that TGFb1 could directly inhibit
TPA-induced inflammation.

The difference in cutaneous inflammation between genotypes was
mirrored by expression of pro-inflammatory genes. We analyzed the
expression of pro-inflammatory and neutrophil chemotactic mole-
cules such as S100a8, S100a9 and KC (Cxcl1) (25,26) and COX-2
that regulates inflammatory responses through prostaglandin and
thromboxane metabolism (27). Although transcripts for the KC,
S100a8 and S100a9 were induced in both genotypes, the levels were
sustained and significantly higher in the TGFb1þ/� skin for at least
48 h post-TPA, but these decayed by 24 h in the TGFb1þ/þ skin
(Figure 6C). No change in another S100 family member, S100a11 was
seen in either genotype after TPA treatment (data not shown). With
chronic TPA treatment, the expression of COX-2 and S100a8 was
significantly higher in the TGFb1þ/�-treated skin but there was no
significant difference in KC or S100a9 between genotypes (Figure 6C).
Similarly, in primary TGFb1þ/� keratinocytes, the absolute level and
fold induction of COX-2, S100a8 and S100a9 was higher compared
with TGFb1þ/þ keratinocytes (Figure 6C). Thus, reduced levels of
TGFb1 directly enhanced TPA-induced pro-inflammatory gene expres-
sion in keratinocytes. Although the absolute expression levels were
lower in isolated fibroblasts, the TPA-driven induction of COX-2,
S100a8 and S100a9 expression was transient in TGFb1þ/þ fibroblasts
but sustained in TGFb1þ/� fibroblasts, resembling the difference in
expression pattern between keratinocytes of each genotype (Figure S2B

Fig. 5. TGFb1 regulates AP-1-mediated effects of TPA. (A) Reduced induction of c-jun phosphorylation in TGFb1þ/� keratinocytes. Primary keratinocytes
of each genotype were treated with 25 ng/ml TPA and cell lysates immunoblotted for the indicated proteins using total and phospho-specific antibodies, and b-actin
as a loading control. (B) Reduced induction of c-jun phosphorylation in TPA-treated TGFb1þ/� skin. TGFb1þ/þ and þ/� mice were treated with 5 lg
TPA or acetone and whole skin protein extracts were immunoblotted with anti-p-c-jun and total c-jun antibodies, and b-actin as a loading control. Detection of
c-jun was confirmed using a positive control from primary keratinocytes (data not shown). The fold increase in c-Jun phosphorylation was averaged from
densitometric measurement of band intensity from four different samples at each time point. Asterisk represents significantly different from TGFb1þ/� at
corresponding time points P , 0.05. (C) Reduced AP-1 transactivation in TGFb1þ/� keratinocytes. Keratinocytes of each genotype were transfected with an
AP-1 luciferase-reporter, treated with TPA (5 ng/ml) and 0.5 lM SB431542 (SB) where indicated and firefly luciferase activity normalized to that of renilla
luciferase control. Data are representative of three independent experiments and each histogram is the average of five replicate transfections. Asterisk represents
significantly different from other genotype. (D) Top: reduced TPA-induced terminal differentiation in TGFb1þ/� keratinocytes. Keratinocytes of each
genotype were treated with TPA and cornified envelopes counted with a hemocytometer. Bottom, TGFb1þ/� were treated with TPA with or without 0.05 ng/ml
TGFb1 and cornified envelopes were quantitated. Average of three experiments is shown.
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is available at Carcinogenesis Online). Although TPA induced KC
expression in TGFb1þ/� keratinocytes, the pattern of expression be-
tween the genotypes did not match that observed in whole TPA-treated
skin (Figure 6C). However, the expression pattern of KC in TPA-treated
fibroblasts was similar to that in whole skin (Figure S2B is available at
Carcinogenesis Online), suggesting that responses from fibroblasts
could be responsible for the higher induction of this chemokine in
whole TGFb1þ/� skin.

Elevated inflammatory response in TGFb1þ/þ tumors

In contrast to TPA-treated normal skin, papillomas that developed
after 10 weeks of promotion had approximately four times as many
tumor infiltrating MPOþ cells in the TGFb1þ/þ papillomas (3.7 ± 1
MPOþ cells per 100 tumor cells) compared with the TGFb1þ/�
papillomas (0.86 ± 0.13 MPOþ cells per 100 tumor cells) (Figure
6A and B, bottom). In the two-stage skin chemical carcinogenesis
model with DMBA as the initiating carcinogen, mutations at codon

61 in the c-rasHa gene occur at an extremely high frequency in pap-
illomas and carcinomas (28,29). Similarly, introduction of oncogenic
v-ras into primary keratinocytes with a replication-defective retrovi-
rus generates a benign tumor cell phenotype in vitro and in vivo
following skin grafting of transduced keratinocytes (30,31). Thus,
to determine if ras activation altered effects of TGFb1 on the inflam-
matory response, we examined pro-inflammatory cytokine gene ex-
pression in primary keratinocytes of both genotypes transduced with
the v-rasHa retrovirus. As expected TGFb1 expression is higher in
normal and v-rasHa expressing TGFb1þ/þ keratinocytes (Figure
6D). While there was little difference in expression of S100a9 or
KC between primary keratinocytes of each genotype, there were
5-fold higher level of S100a9 and 3-fold higher level of KC in v-rasHa

expressing TGFb1þ/þ keratinocytes. There was no effect of v-rasHa

on the expression of S100a8 and COX-2 between genotypes (Figure 6D).
Thus, in the context of ras oncogene activation and developing papillo-
mas, TGFb1 acts as a pro-inflammatory cytokine.

Fig. 6. TGFb1 suppresses inflammation in normal skin but enhances inflammation in tumors. (A) Detection of infiltrating inflammatory cells using anti-MPO
immunohistochemistry in 72 h TPA-treated skin (top), magnification �200 or 10 week papillomas (bottom), magnification �400. Tumor basement membrane is
indicated by dashed lines, arrows indicate tumor infiltrating MPOþ cells. Scale bars represent 20 lm. (B) Quantitation of cutaneous MPOþ cells after acute TPA
treatment (top), after acute overexpression of TGFb1 in K5/rTa X tetOTGFb1 double transgenic (DT) or K5/rTa single transgenic (ST) mice (middle) and in
TGFb1þ/þ and þ/� 10 week papillomas (bottom). Histograms in top and middle panels represent the average MPOþ cells per field from five mice per group. The
percentage of tumor infiltrating MPOþ cells was determined from five papillomas of each genotype relative to tumor cells. (C) Quantitative reverse transcription–
polymerase chain reaction analysis of KC, S100a8, S100a9 and COX-2 gene expression in TPA-treated whole skin and primary keratinocytes. Average of
three independent experiments is shown. (D) Quantitative reverse transcription–PCR analysis of TGFb1, KC, S100a8, S100a9 and COX-2 gene expression in
TGFb1þ/þ and þ/� control and v-rasHa oncogene expressing primary keratinocytes. Average relative expression values of three independent experiments are
shown. Gene expression in C and D was normalized to b-actin. Asterisk represents significantly different from TGFb1þ/þ P , 0.05.
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Discussion

In the two-stage skin carcinogenesis model, repeated application of
the phorbol ester tumor promoter TPA drives expansion of initiated
clones of keratinocytes by enhancing proliferation and creating
a chronic inflammatory environment (32). Many studies detailing
the growth inhibitory and tumor suppressive actions of TGFb1 sup-
port the idea that the induction of TGFb1 by tumor promoters in
keratinocytes is a negative feedback pathway to re-establish tissue
homeostasis (13,33). Indeed, several skin-targeted TGFb1 transgenic
models show that overexpression of this growth factor can inhibit
tumor promotion and epidermal proliferation (2,34) as well as en-
hance cutaneous inflammation (7,9). However, using a model of
TGFb1 haploinsufficiency, we find that TGFb1þ/� mice developed
fewer benign tumors with reduced incidence and size compared with
TGFb1þ/þ mice. Furthermore, we observed that the proliferative
response to the tumor promoter TPA was less in the epidermis and
papillomas that formed in TGFb1þ/� mice, consistent with the
resistance of Smad3 null mice to skin carcinogenesis (7). In contrast,
TPA-induced inflammation was reduced in TGFb1þ/þ skin but
enhanced in TGFb1þ/þ papillomas. Taken together these results
suggest that physiological levels of TGFb1 play an important positive
role in tumor promotion by paradoxically enhancing epidermal
proliferation and limiting cutaneous inflammatory responses to a tu-
mor promoting stimulus in normal skin, but stimulating inflammation
within a developing tumor. Since the difference in tumor number and
incidence between genotypes was reduced at higher TPA doses, tissue
levels of TGFb1 are probably to play a determinative role in tumor
development at suboptimal promoter doses and could positively
impact human tumor development under conditions of weak or in-
termittent chronic promoting stimuli.

In keratinocytes, PKCa is one of the major targets for TPA during
tumor promotion (30,35). Our data showing transient activation of
PKC, transient phosphorylation of downstream targets such as
c-jun, reduced induction of TGFb1 an AP-1 target gene (21,36) and
AP-1 luciferase activity in TGFb1þ/� keratinocytes as well as sup-
pression of PKC activation and AP-1 luciferase activity by the ALK5
inhibitor SB431542 in wild-type keratinocytes suggest that TGFb1
directly influences the extent of PKC activation in response to TPA.
These data also show that TGFb1 does not influence initial activation
of PKC but rather pathways regulating sustained activity or down-
regulation, such that the signal strength from PKC activation is
diminished. Previous reports have linked PKCa and PKCd activation
by TGFb1 to p21waf1 induction, collagen I expression and phospha-
tase and tensin homolog transcriptional downregulation (37–39) but
we did not observe altered expression of p21 between genotypes. Our
results suggest that regulation of AP-1 activity is a key PKC target that
is modulated by TGFb levels. Previous studies have shown that in-
duction of TGFb1 mRNA and protein is a rapid response of the
epidermis to TPA (5,19). Our results suggest that the induction of
TGFb1 in response to TPA may be important for the cornification
response as this was reduced in TGFb1þ/� keratinocytes and en-
hanced in these cells with addition of exogenous TGFb1. Although
we did not observe a significant difference in hyperkeratosis in re-
sponse to TPA between the genotypes, the reduced formation of cor-
nified envelopes in vitro in the TPA-treated TGFb1þ/� keratinocytes
suggests that the observed differences in proliferation and hyperplasia
may be indirectly linked to TPA-induced terminal differentiation and
epidermal turnover, which is mediated in part in keratinocytes by AP-
1 (40,41). Further studies will be required to explore this possibility in
more detail.

TGFb1 is known to have both pro-inflammatory and anti-inflam-
matory properties in the skin and other tissues (42). In contrast to the
reduced proliferative response in the TGFb1þ/� papillomas and
epidermis, the TPA-induced inflammatory response in normal skin,
as measured by total inflammatory infiltrate, MPOþ cells number and
expression of pro-inflammatory cytokines in vivo and in primary
keratinocytes in vitro, was greater and sustained over a longer time
period in TGFb1þ/� mice compared with TGFb1þ/þ mice. Thus, in

the normal epidermis, TGFb1 acts to suppress inflammation and this
is probably to be a direct effect since overexpression of TGFb1 re-
duced TPA-associated inflammation. Since AP-1 can repress tran-
scription of S100a8 and S100a9 genes in keratinocytes (43), it is
possible that the rapid and increased induction of these pro-inflam-
matory mediators by TPA in TGFb1þ/� keratinocytes is due to re-
duced AP-1 activity. However, we observed that TGFb1þ/þ early
papillomas had abundant intraepithelial MPOþ cells, whereas there
were virtually none in the TGFb1þ/� lesions. Thus, in the context of
a developing papilloma with probably ras oncogene activation
elevated TGFb1 production by keratinocytes contributes to a pro-
inflammatory environment. Supporting this pro-inflammatory switch,
we found that v-rasHa-transduced TGFb1þ/þ keratinocytes ex-
pressed elevated levels of the proinflammatory genes S100a9 and
KC (25) as well as TGFb1, relative to v-rasHa-transduced TGFb1þ/�
keratinocytes. The neutrophil chemotactic properties of TGFb1
(44,45) as well as these additional pro-inflammatory cytokines could
contribute to the pro-inflammatory switch in developing tumors,
although additional factors must also allow infiltration of inflamma-
tory cells into the epithelial component of the papilloma, as this was
never observed in TPA-treated normal skin of either genotype. While
the data presented here provide strong evidence that the observed
differential proliferative and inflammatory responses are due in part
to reduced TGFb1 expression in keratinocytes, we cannot rule out the
influence of reduced TGFb1 levels in fibroblasts and inflammatory
cells as contributing to the observed responses in the intact animal.
Tissue specific knockout of TGFb1 in keratinocytes and other cuta-
neous cell types will be needed to directly test their role in prolifer-
ative and inflammatory responses associated with tumor promotion.
Nevertheless, these data point to TGFb1-mediated compartmentali-
zation of inflammatory responses between normal skin and expanding
clones of initiated keratinocytes as important factors for tumor
promotion.

Despite the increased number of benign tumors, there was no in-
crease in SCC in the TGFb1þ/þ compared with the TGFb1þ/� mice
at either promoter dose. Thus, the additional papillomas that devel-
oped in the TGFb1þ/þ mice are at low risk for malignant conversion.
Studies in SENCAR mice show that the majority of papillomas do not
progress to SCC, whereas a much smaller subpopulation is the pre-
cursors to SCC (46). These high-risk papillomas are characterized by
reduced or absent expression of TGFb1 relative to low-risk papillo-
mas (47) and a reduced inflammatory gene expression signature sim-
ilar to SCC (48). While the TGFb1-associated increase in tumor cell
proliferation and inflammation is linked to tumor outgrowth, the latter
may suppress premalignant progression. In contrast, reduced levels of
tumor-associated TGFb1 may prevent inflammatory responses but en-
hance genetic instability (47,49,50) leading to more rapid malignant
progression. Therefore, even at the earliest stages, physiological levels
of TGFb1 play a paradoxical role in cancer by enhancing tumor pro-
motion and tumor outgrowth, but inhibiting premalignant progression.
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