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Abstract

Introduction
The CCAAT/enhancer binding protein (C/EBP) family of basic
leucine zipper (B-ZIP) transcription factors are involved in many
aspects of cell growth and differentiation in a variety of cell types
(1–3). The six C/EBP family members are similar in the B-ZIP
domain and can homodimerize and/or heterodimerize with each
other to bind specific DNA sequences (4–9). Despite the high
degree of homology within the B-ZIP domain, each of the C/EBP
family members has a unique phenotype when deleted in mice
(10, 11).
The two most studied family members are C/EBPa and C/EBPh,
which have contrasting roles in cell growth, differentiation, and
oncogenesis. Elegant studies in adipocytes show that during
differentiation in a cell culture model, there is a cascade of
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The CCAAT/enhancer binding proteins (C/EBP) are a family of
B-ZIP DNA binding proteins that act as transcription factors
to regulate growth and differentiation of many cell types,
including keratinocytes. To examine the consequences of
inhibiting the C/EBP family of transcription factors in skin, we
generated transgenic mice that use the tetracycline system to
conditionally express A-C/EBP, a dominant negative that
inhibits the DNA binding of C/EBP family members. We
expressed A-C/EBP in the basal layer of the skin epidermis
during a two-step skin carcinogenesis protocol. A-C/EBP
expression caused hyperplasia of the basal epidermis and
increased apoptosis in the suprabasal epidermis. The mice
developed fewer papillomas and had systemic hair loss. A-C/
EBP expression caused C/EBPB protein to disappear whereas
C/EBPA, p53, Bax, and caspase-3 protein levels were dramatically up-regulated in the suprabasal layer. Primary keratinocytes recapitulate the A-C/EBP induction of cell growth and
increase in p53 protein. A-C/EBP expression after papilloma
development caused the papillomas to regress with an
associated increase in apoptosis and up-regulation of p53
protein. Furthermore, A-C/EBP–expressing mice heterozygous
for p53 were more susceptible to papilloma formation,
suggesting that the suppression of papilloma formation has
a p53-dependent mechanism. These results implicate DNA
binding of C/EBP family members as a potential molecular
therapeutic target. [Cancer Res 2007;67(4):1867–76]

temporal changes in the levels of individuals C/EBP members. C/
EBPy and C/EBPh expression precedes expression of C/EBPa
(12–14) with the latter inducing expression of fat-specific genes
(15). A similar sequential use of the C/EBP family members
is observed in the epidermis (16–21). C/EBPh is expressed in
the undifferentiated growing basal epidermis whereas C/EBPa
is expressed in the more quiescent differentiating suprabasal
epidermis (21).
Contrasting roles for C/EBPa and C/EBPh in oncogenesis have
also been observed. These roles are consistent with C/EBPa
functioning in cellular differentiation and C/EBPh in cell growth
regulation. Inactivation of C/EBPa prevents differentiation and it is
mutated in many patients with acute myeloid leukemia (22). In
contrast, C/EBPh is implicated in supporting tumor formation in
several cell types. For example, human C/EBPh expression is
increased in primary breast tumors, breast cancer cell lines (23),
and colorectal tumors (24) and is associated with ovarian tumor
progression (25). In mice, C/EBPh has been shown to be required
for chemically induced skin papilloma formation (26).
To investigate the function of the C/EBP proteins in the skin,
several groups have studied null mice for individual C/EBP family
members. A germ line disruption of the C/EBPb gene in C57BL/6
mice produced no reported phenotypes in the skin (27), although it
did lead to the development of lymphocyte abnormalities in aged
mice. However, when the C/EBPb null mice were backcrossed into
a FVB/N background, they had a scruffy coat phenotype and were
slightly smaller than controls (20). Mice with the conditional deletion
of C/EBPb in the epidermis are also resistant to carcinogen-induced
skin tumorigenesis (28).
Whereas C/EBPh has been implicated in carcinogenesis, the
molecular basis of this activity remains unknown. To evaluate if
inhibition of DNA binding is effective at mimicking the effects
observed in the C/EBPb null mice, we have expressed in mouse
basal epidermis a dominant negative that inhibits DNA binding of
C/EBP family members. The C/EBP dominant negative, termed
A-C/EBP (29), consists of the C/EBPa leucine zipper dimerization
domain and an acidic region that replaces the basic region that is
critical for DNA binding. A-C/EBP heterodimerizes with C/EBP
family members via the leucine zipper region, and the designed
acidic extension forms a coiled coil structure with the basic region
of the C/EBP B-ZIP domain to stabilize the heterodimer and block
DNA binding (30).
We have generated a transgenic mouse line that expresses the
A-C/EBP dominant negative gene (30) under the regulated control
of the tetracycline operon (TetO) promoter and examined the
effect of its expression in a skin carcinogenesis protocol. A-C/EBP
is expressed by the tetracycline transactivator (tTA) in the skin
basal epidermis using the keratin 5 (K5) promoter (31). Transgenic mice were subjected to a two-stage chemical carcinogenesis
protocol. It was seen that A-C/EBP expression prevented
papilloma formation. Furthermore, A-C/EBP expression following
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papilloma formation causes papilloma regression. Because the
mouse skin model reflects cancer development in several human
target sites, these data indicate that inhibiting the DNA binding
of C/EBP family members may be a molecular target for clinical
intervention.

Materials and Methods
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Figure 1. Doxycycline-dependent expression of A-C/EBP in mouse skin.
A, schematic of TetO-A-C/EBP construct as described in Materials and Methods.
B, genotype and doxycycline-dependent transcription of A-C/EBP transcript in
skin detected by RT-PCR. C, EMSA using nuclear extracts from WT and A-C/
EBP skin bound to radiolabeled C/EBP or SP1 consensus oligonucleotides
(arrow ). D, genotype and doxycycline-dependent transcription and translation of
A-C/EBP in primary newborn pup keratinocytes assayed by RT-PCR (top ) and
Western blot analysis (bottom ). E, doxycycline-dependent A-C/EBP expression
specifically blocks a C/EBP responsive luciferase reporter but not a HNF4
reporter in primary keratinocytes. Luciferase activity is expressed as fluorescent
units per microgram of protein. Columns, mean of triplicate dishes per treatment;
bars, SD. *, P < 0.01, WT versus A-C/EBP keratinocytes in the absence of
doxycycline.

Plasmid construction of A-C/EBP and generation of TetO-A-C/EBP
transgenic mice. A transgenic mouse line in the FVB 129P3/J background
was generated with a construct consisting of the Tet-operator DNA binding
sequence, the A-C/EBP dominant negative cDNA (29), and human growth
hormone (hGH) polyadenylation signal (ref. 32; Fig. 1A). These mice were
crossed to transgenic mice containing the tTA protein under control of
the K5 promoter (31). Transgenic mice were identified using specific PCR
primers for each transgene. All experiments with mice were conducted
under NIH-approved protocols. The following primers were used: tTA 5¶
primer, 5¶-AACAACCCGTAAACTCGCCC-3¶; 3¶ primer, 5¶-GCAACCTAAAGTAAAATGCCCCAC-3¶. These primers produce a 300-bp product. TetO-A-C/
EBP 5¶ primer, 5¶-CCACGCTGTTTTGACCTCCATAG-3¶; 3¶ primer 5¶-ATTCCACCACTGCTCCCATTC-3¶. These primers produce a 600-bp product.
Amplification of PCR products for each gene was done by denaturation
at 94jC for 5 min and then 30 cycles of amplification using the following conditions: 94jC for 45 s, 60jC for 45 s, and 72jC for 45 s, followed by
7-min extension at 72jC.
The TetO-A-C/EBP transgenic line could not be made homozygous.
K5:A-C/EBP mice were crossed with p53+/ mice (33) to generate K5:A-C/
EBP:p53+/ mice and subsequent offspring were identified by PCR using
primers 5¶-GTGTTTCATTAGTTCCCCACCTTGAC-3¶ and 5¶-GGAGGCTGCCAGTCCTAAC-3¶ for wild-type (WT) p53 allele. PCR primers used to detect
p53 knockout allele were 5¶-GTGGGAGGGACAAAAGTTCGAG-3¶ and 5¶-AGCCCTGGCGCTCGATGT-3¶.
Reporter assay. Primary keratinocytes were isolated from WT or K5:A-C/
EBP newborn littermates (1 day old) as described (32). At 70% confluence,
keratinocytes were transfected using Lipofectin reagent (Invitrogen Life
Technologies, Carlsbad, CA) with 1.0 Ag of the empty vector control or the
C/EBP (17) and hepatocyte nuclear factor 4 (HNF4)–dependent luciferase
reporters (34). After 6 h, cultures were grown in low-calcium Eagle’s MEM
containing 8% chelex-treated fetal bovine serum with or without
doxycycline (2 ng/mL). Forty-eight hours later, cells were harvested and
luciferase activity was determined. Statistical analysis was done using
Student’s t test.
Isolation of RNA and reverse transcription-PCR. Primary keratinocytes and skin tissues were harvested from the back of 7,12-dimethylbenz(a)anthracene (DMBA)/12-O-tetradecanoylphorbol-13-acetate (TPA)–treated
WT or K5:A-C/EBP mice and equivalent WT mice and were snap frozen in
liquid nitrogen. Frozen skin sections were homogenized in TRIzol (Life
Technologies). DNA-free total RNA was collected by ethanol precipitation and
treated for 1 h at 37jC with 100 units of DNase I (Roche, Indianapolis, IN).
RNA was further purified through RNeasy columns (Qiagen, Valencia, CA)
and examined for degradation in 1% agarose gels. Reverse transcription was
done at 70jC for 3 min and 42jC for 60 min followed by 10-min denaturation
at 92jC in a total volume of 20 AL of reaction mixture using a reverse
transcription-PCR (RT-PCR) kit (Ambion, Austin, TX). Amplification of RTPCR products was done by denaturation at 94jC for 5 min and then 27 cycles
of amplification at 94jC for 45 s, 60jC for 45 s, and 72jC for 30 s, followed by
7-min extension at 72jC (Perkin-Elmer PCR system 9700). The A-C/EBP
transcript was identified using primers specific for the transgene (5¶ primer
in the four-heptad coding sequences, 5¶-TGGTGGACAGCAAATGGGTC-3¶;
3¶ primer in SV40 polyadenylate sequences, 5¶-AATGTTGAGAGTCAGCAGTAGCCTC-3¶) to detect the final 600-bp band.
Electrophoretic mobility shift assay. The nuclear extracts were
prepared from WT and K5:A-C/EBP mouse skin treated with DMBA/TPA.
For electrophoretic mobility shift assay (EMSA), 4 Ag of nuclear extracts
were incubated with labeled oligonucleotide probe containing a C/EBP
or a SP1 binding site in a reaction buffer containing 20 mmol/L HEPES
(pH 7.9), 60 mmol/L NaCl, 5 mmol/L MgCl2, 1 mmol/L DTT, 17% glycerol.
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DNA-protein complexes were separated by electrophoresis on 7% native
polyacrylamide gels in 0.25 Tris-borate EDTA, dried, and exposed to
film. The sequences of the double-stranded oligonucleotides, with the
consensus binding site in bold, are as follows: 5¶-GTCAGTCAGATTGCGCAATATCGGTCAG ( for C/EBP), 5¶-GTCAGTCAGGGGGCGGGGCATCGGTCAG ( for SP1).
Skin carcinogenesis experiments. For mouse skin tumor initiation,
mice at 8 weeks of age were topically treated with a single dose of DMBA
(100 Ag/200 AL in acetone) applied on shaved dorsal skin (35, 36). For
20 weeks after initiation, TPA (5 Ag/200 AL in acetone) was applied twice
weekly to the skin. Papilloma multiplicity was recorded weekly. Study
groups included equal numbers of male and female mice for all groups. In
Fig. 2C, animal numbers were WT [+doxycycline (n = 20), doxycycline
(n = 24)], K5 [+doxycycline (n = 11), doxycycline (n = 12)], and K5:A-C/EBP
[+doxycycline (n = 10), doxycycline (n = 14)]. For A-C/EBP and p53
crosses, animal numbers were WT:p53+/+ [ doxycycline (n = 6)], WT:p53+/
[ doxycycline (n = 8)], K5:A-C/EBP:p53+/+ [ doxycycline (n = 6)], and K5:AC/EBP:p53+/ [ doxycycline (n = 19)] (Supplementary Fig. S1).
A-C/EBP expression was induced in K5:A-C/EBP mice at three different
times. First, K5:A-C/EBP mice were grown in the absence of doxycycline to
constitutively express A-C/EBP. Second, mating cages were grown with
doxycycline and pups were weaned at 3 weeks to a doxycycline-free food.
These mice were used for the DMBA/TPA experiment. Third, mice were
weaned to doxycycline and the DMBA/TPA experiment was done in the
presence of doxycycline and mice were switched to doxycycline-free food
after papillomas developed at 28 weeks to examine possible papilloma
regression. Doxycycline was administered in the food at a concentration of
200 mg/kg (Bioserv, Baltimore, MD). In Fig. 5A, animal numbers were WT
(n = 6) and K5:A-C/EBP (n = 8).
Immunoblot analysis. Protein extracts were made from whole skin or
primary keratinocytes using radioimmunoprecipitation assay (RIPA) buffer
containing 20 mmol/L Tris-Cl (pH 7.5), 137 mmol/L NaCl, 10% glycerol, 1%
NP40, 0.1% SDS, 0.5% sodium deoxycholate, 5 mmol/L EDTA, 2 Ag/mL
aprotinin, 1 mmol/L phenylmethylsulfonyl fluoride, and 20 Amol/L
leupeptin. Proteins were quantified using the Bradford method (Bio-Rad,
Hercules, CA) and separated on 12% SDS-PAGE. p53 monoclonal antibody
(mAb) was used at 1:1,000 (Oncogene, San Diego, CA and Santa Cruz
Biotechnology, Santa Cruz, CA), C/EBPa mAb at 1:500, C/EBPh mAb at
1:1,000 (Santa Cruz Biotechnology), Bax polyclonal antibody at 1:1,000
(Santa Cruz Biotechnology), caspase polyclonal antibody at 1:1,000 (Santa
Cruz Biotechnology), and Ø10 mAb at 1:1,000 (Novagen, San Diego, CA) to
detect A-C/EBP protein. The enhanced chemiluminescence (GE Healthcare,
Piscataway, NJ) detection system was used.
Skin histology and measurement of cell proliferation. Skin tissues
were fixed in 10% neutral buffered formalin overnight and transferred to 95%
ethanol and embedded in paraffin. Six-micrometer sections were cut and
stained with H&E. To label the rapidly dividing cells, mice were sacrificed
60 min after a single i.p. injection of a sterile solution of bromodeoxyuridine
(BrdUrd; Sigma, St. Louis, MO; 10 mg/mL in PBS, 50 mg/kg of body weight).
Skin sections were treated for 30 min at 37 jC with 2 N HCl in PBS
containing 0.5% Triton X-100. They were rinsed in sodium tetraborate buffer
(0.1 mol/L, pH 8.5) and processed for immunohistochemistry with an antiBrdUrd antibody (DAKO Diagnostics, Carpinteria, CA).
Immunohistochemistry and apoptosis assay. Skins of WT and K5:A-C/
EBP mice were excised at various times after DMBA/TPA treatment and
fixed in 10% formalin solution (Sigma-Aldrich), paraffin embedded,
sectioned, and stained with H&E. Serial sections were incubated with C/
EBPa mAb at 1:100. Immunoreactivity was detected using the avidin-biotin
complex method and 3,3¶-diaminobenzidine kits from Vector Laboratories
(Burlingame, CA). To detect the differentiation and the p53 level in the
epidermis, FITC-conjugated K5 antibody, keratin 10 (K10) antibody
(Covance, Richmond, CA), and rabbit anti-p53 antibody (Novocastra
Laboratories, Newcastle upon Tyne, United Kingdom) were incubated
and, subsequently, Cy3-conjugated donkey secondary antibody (Jackson
Immunologicals, West Grove, PA) was applied. Slides were stained with 4¶,6diamidino-2-phenylindole for visualization of nuclei before fluorescence
microscopy. Terminal deoxynucleotidyltransferase–mediated dUTP-biotin

Figure 2. A-C/EBP expression in skin causes resistance to carcinogen-induced
skin tumorigenesis. A, in the presence of doxycycline (Dox ), there is no
difference of papilloma formation between WT and K5:A-C/EBP mice. B, A-C/
EBP–expressing mice show both hair loss and papilloma resistance at 10 wk
(top ) and 20 wk (bottom ). C, plot of papilloma number following a single DMBA
application followed by 20 wk of TPA for four groups: WT mice, K5:A-C/EBP
(+doxycycline) mice, K5:A-C/EBP ( doxycycline) mice, and K5 mice. The
numbers in parentheses are the number of animals in each group.

nick end labeling (TUNEL) assays were done in formalin-fixed, paraffinembedded skin sections using in situ cell death detection kit (Roche
Diagnostics). TUNEL-positive epidermal keratinocytes were visualized by
fluorescence microscopy. To examine the immune response in the skin, CD3
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to monitor T lymphocytes and CD45R polyclonal antibody to monitor B
lymphocytes were used. These experiments were conducted by Pathology
and Histotechnology Laboratory in Frederick, National Cancer Institute
(Frederick, MD).
Cell viability assay and colony formation assay. Primary keratinocyte cultures were switched to a medium without doxycycline and cell

viability was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay using the CellTiter96 cell proliferation
assay kit (Promega, Madison, WI). The results represent the mean of
three independent experiments. For colony formation assay, the cells
were stained with 0.1% crystal violet to assay colony formation after
1 week.
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Figure 3. Changes in skin of A-C/EBP–expressing mice
after 20 wk of TPA promotion. A, H&E staining of WT
and A-C/EBP mice shows hyperplasia of epidermis, hair
loss, and dermal infiltration (100). B, BrdUrd (BrdU )
staining shows high numbers of proliferating cell in the
basal layer of the epidermis in A-C/EBP mice (100).
C, immunohistochemistry of the basal marker K5 (green )
and the suprabasal marker K10 (red). Note the expansion
of the basal layer marker K5 in K5:A-C/EBP mice
(200). D, immunohistochemistry of CD3 to monitor the
T lymphocytes (100); E, immunohistochemistry of
CD45R to monitor the B lymphocytes (200).
E, epidermis; HF, hair follicle; D, dermis; SG,
sebaceous gland.

A-C/EBP Expression Prevents and Regresses Papillomas
Small interfering RNA and adenovirus infections. Small interfering
RNAs (siRNA) specifically targeting C/EBPa or C/EBPb (Dharmacon,
Lafayette, CO) were transfected into primary keratinocytes using the
DharmaFECT 1 reagent according to the manufacturer’s instructions
(Dharmacon). After 3-day incubation, cells were harvested with RIPA buffer.
A-C/EBP protein was introduced into primary keratinocytes using an
adenoviral construct driven by a cytomegalovirus promoter and empty
adenovirus was used as a control (37). The cells were infected for 60 min in
low-calcium medium with a multiplicity of infection (MOI) of 10 or 50 viral
particles per cell and 2.5 Ag/mL polybrene (Sigma-Aldrich) to enhance
uptake. Cells were harvested 2 days after the infection. For measuring p53dependent luciferase activity, WT keratinocytes were transfected with 1.0 Ag
of the p53-dependent luciferase reporter. After 24 h, cells were infected with
10 viral particles per cell of empty, p53, GCN4, A-VBP, and A-C/EBP
adenovirus (37). Following 24-h incubation, cells were harvested and
luciferase activity was determined.

Regulated expression of A-C/EBP in the skin basal epidermis. We have used the two-transgene tetracycline system
(38, 39) to regulate expression of A-C/EBP, a dominant negative
that inhibits the DNA binding of C/EBP family members (30).
We generated a transgenic mouse (TetO-A-C/EBP) that expresses
A-C/EBP under the promoter control of seven tTA DNA binding
elements (Fig. 1A). To express A-C/EBP in the skin, TetO-A-C/EBP
mice were crossed with a second transgenic mouse (K5-tTA) that
expresses the tTA using the K5 promoter (31) that is expressed
in the basal epidermis. K5-tTA:TetO-A-C/EBP double transgenic
mice (herein referred to as K5:A-C/EBP) were weaned at the
expected Mendelian frequencies (Supplementary Table) independent of the presence of doxycycline, a tetracycline analogue, in
the food of the mating cage, which regulates A-C/EBP expression.
Examination of adult skin by RT-PCR indicates that A-C/EBP
is tightly regulated and expression only occurs in K5:A-C/EBP
mice in the absence of doxycycline (Fig. 1B). A-C/EBP expression
inhibited the DNA binding of skin nuclear extracts from K5:AC/EBP mice to a C/EBP consensus oligonucleotide, compared
with WT nuclear extracts, suggesting that A-C/EBP expression
was inhibiting the expected molecular targets (Fig. 1C). In
contrast, the binding to a SP1 containing oligonucleotide was not
changed.
A-C/EBP expression specifically inhibits a C/EBP transcriptional reporter. We examined whether A-C/EBP expression in
primary keratinocytes from K5:A-C/EBP pups could inhibit C/EBPspecific reporter activity. A-C/EBP mRNA was not detected from
cultures continually grown with doxycycline. However, following
doxycycline removal, A-C/EBP mRNA and protein could be
detected within 24 h (Fig. 1D). Primary WT or K5:A-C/EBP keratinocytes were transfected with three luciferase reporter constructs:
(a) a negative control containing a promoterless luciferase reporter,
(b) a C/EBP-dependent myelomonocytic growth factor promoter
that contains two C/EBP-binding sites (17), and (c) a HNF4responsive promoter (34). In the presence of doxycycline when
A-C/EBP is not expressed, there was no difference in the activities
of the three reporters transfected into either WT or K5:A-C/EBP
keratinocytes. However, in the absence of doxycycline, which induces A-C/EBP expression, the luciferase activity of the C/EBP
reporter was decreased 4-fold in transgenic primary keratinocytes
whereas the other two reporters were unchanged, indicating that
A-C/EBP was specifically inhibiting C/EBP binding sites in
transfected reporters (Fig. 1E).
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Results

Figure 4. Changes of C/EBP family, p53, and proapoptotic proteins in skin of
A-C/EBP–expressing mice treated with TPA. A, Western blot analysis of
C/EBPh, C/EBPa, p53, caspase-3, and Bax protein expression in WT and
K5:A-C/EBP mice at 20 wk following DMBA initiation and TPA promotion.
B, immunohistochemistry of C/EBPa in WT and K5:A-C/EBP skin (200).
C, immunohistochemistry of p53 and TUNEL analysis in WT and K5:A-C/EBP
mice. Dotted line, dermal-epidermal border (400).

A-C/EBP expression suppresses papilloma formation. We
examined the effect of A-C/EBP expression on papilloma formation
in a two-stage skin carcinogenesis experiment (35, 36). Mating
cages containing heterozygous K5 and A-C/EBP mice were fed food
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the expression is minimal in WT epidermis. These results are
similar to those in C/EBPb knockout mice where C/EBPa protein is
up-regulated in the suprabasal epidermis (20).
A-C/EBP expression up-regulates p53 protein and increases
apoptosis. The p53 tumor suppressor protein is known to induce
C/EBPa in keratinocytes following DNA damage (41). Therefore, we
examined the p53 protein levels in the skin of K5:A-C/EBP mice as a
potential cause of the up-regulation of C/EBPa. p53 protein was
up-regulated in the skin of A-C/EBP–expressing mice (Fig. 4A).
n addition, Bax and caspase-3 proteins, which are known proapoptotic markers, also increased in K5:A-C/EBP mice (Fig. 4A),
suggesting that A-C/EBP expression resulted in the induction of
proteins involved in apoptosis.
Immunohistochemistry of skin indicates that p53 protein is
mainly expressed in the suprabasal epidermis in WT mice. In
K5:A-C/EBP mice, p53 protein expression is increased in a similar
pattern to the C/EBPa protein (Fig. 4C). Analysis of apoptosis using
the TUNEL assay indicates that the A-C/EBP–expressing skin,
where expression of p53 has been induced, has more apoptotic
cells, primarily in the suprabasal epidermis than WT skin (Fig. 4C).
A-C/EBP expression causes papillomas to regress. We
examined whether A-C/EBP expression following papilloma formation could cause tumor regression. Papillomas were produced in
K5:A-C/EBP mice by continuously feeding them food containing
doxycycline during the carcinogenesis experiment to suppress A-C/
EBP expression (Fig. 2A). After 20 weeks of TPA treatment following
initiation with DMBA, K5:A-C/EBP mice had papillomas. Doxycycline was then withdrawn from the food to allow A-C/EBP
expression and papillomas started to regress within 2 weeks and
most regressed completely by 4 weeks, but some papillomas did not
regress (Fig. 5A and B).
We examined p53 protein levels and apoptosis by TUNEL
staining in both the skin and papillomas of K5:A-C/EBP mice
where A-C/EBP expression is induced after papilloma formation.
Immunohistochemistry shows that p53 protein and apoptosis are
induced in the suprabasal epidermis similarly to K5:A-C/EBP mice
expressing A-C/EBP during the carcinogenesis experiment
(Fig. 5C). In papillomas, both p53 protein and apoptosis are also
massively increased throughout the regressing tumor mass,
compared with WT mice.
A-C/EBP–mediated papilloma suppression is dependent on
p53 protein. To evaluate if p53 is required to prevent papilloma
formation in A-C/EBP–expressing mice, K5:A-C/EBP mice were
generated that had only one copy of the p53 locus. Mice with two
deleted copies of p53 were not examined because they died due to
tumor burden unrelated to the carcinogenesis experiment (42).
In K5:A-C/EBP:p53+/ mice with only one copy of p53, A-C/EBP
expression was less effective at preventing papilloma formation
(Supplementary Fig. S1). These data suggest that the two copies of
p53 are needed to produce the complete A-C/EBP phenotype. The
p53+/ mice were in a C57BL/6 background, which produces fewer
papillomas than the FVB background of both the K5 and A-C/EBP
mice (43).
Expression of A-C/EBP in primary keratinocytes induces
proliferation and p53 expression. A-C/EBP expression in the
basal epidermis increases cell proliferation in the basal epidermis
and p53 expression in the suprabasal epidermis. We are able to
recapitulate these observations in primary keratinocyte cultures
from K5:A-C/EBP newborn pups. Seven days after A-C/EBP
expression, K5:A-C/EBP keratinocytes have increased cell growth
(Fig. 6A ) and cell density (Fig. 6B ) compared with WT
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containing 200 mg/kg doxycycline; litters were weaned at 3 weeks
to food without doxycycline; and skin carcinogenesis was initiated
with a single dose of DMBA at week 8 followed by twice weekly
applications of TPA for 20 weeks. When mice were switched to
food without doxycycline at 3 weeks to induce A-C/EBP expression
in K5:A-C/EBP mice, papilloma numbers did not change in WT
and K5 mice. In contrast, K5:A-C/EBP mice produced few small
papillomas (Fig. 2B and C). For example, WT mice developed an
average of 13 to 15 squamous papillomas per mouse whereas
K5:A-C/EBP mice only developed an average of two to three small
squamous papillomas per mouse. K5 mice with or without
doxycycline and K5:A-C/EBP mice in the presence of doxycycline
develop intermediate numbers of papillomas between WT mice
and K5:A-C/EBP mice expressing A-C/EBP (Fig. 2A and C).
The tTA driven by the K5 promoter partially impairs papilloma
development, independent of the presence of doxycycline in the
food. Previous work has reported that tTA expression in the heart
causes complex changes in physiology and gene expression (40).
Our data show that tTA expression in the skin does not cause any
dramatic phenotypes as has been reported earlier but does slightly
reduce papilloma number and size. However, this result is minor
compared with the effect of A-C/EBP expression on papilloma
number and size.
An additional phenotype of K5:A-C/EBP mice during the twostage carcinogenesis experiment was systemic hair loss starting at
week 10, resulting in near complete hair loss after 20 weeks of TPA
treatment. If A-C/EBP expression is suppressed after 20 weeks
of TPA treatment, the hair loss could not be reversed even after
3 months (data not shown).
A-C/EBP expression causes epidermal hyperplasia and
immune infiltration. We examined the histology of the dorsal
skin of WT and K5:A-C/EBP mice 20 weeks after DMBA initiation
and TPA promotion. As previously reported, mild epidermal
hyperplasia in the epidermis is observed in WT mice (ref. 36;
Fig. 3A). However, K5:A-C/EBP mice expressing A-C/EBP have
marked hyperplasia in the epidermis and the absence of hair
follicles. Cell proliferation in the skin, as measured by BrdUrdpositive cells, increased >4-fold only in the basal epidermal layer in
K5:A-C/EBP mice expressing A-C/EBP (Fig. 3B).
We analyzed expression of several markers of skin differentiation
to determine which part of the epidermis is hyperplastic in K5:A-C/
EBP mice. Immunofluorescent staining with antibodies to K5 that
is typically expressed in the basal layer identified a broader range of
staining in K5:A-C/EBP mice (Fig. 3C). We found no changes in K10
(Fig. 3C) or K1 (data not shown) staining in K5:A-C/EBP mice.
These data suggest that the differentiation of the epidermis is
delayed. We also observed a massive increase in infiltration that
was mainly lymphocytes in K5:A-C/EBP mice (Fig. 3D and E).
K5:A-C/EBP mice that were not exposed to doxycycline in utero
produce a hair loss phenotype and infiltrate similar to what is
observed if the mice express A-C/EBP at weaning and are included
in a carcinogenesis experiment.
A-C/EBP expression suppresses C/EBPB and increases C/
EBPA protein. We examined whether A-C/EBP expression
influenced the protein levels of C/EBPa and C/EBPh at 20 weeks
after DMBA initiation and TPA promotion. In WT mice, C/EBPh
was observed, but in A-C/EBP–expressing mice, C/EBPh protein
was undetectable (Fig. 4A). In WT mice, C/EBPa was observed, but
in A-C/EBP–expressing mice, C/EBPa protein levels increased
(Fig. 4A). Immunohistochemistry for C/EBPa protein indicates that
it is abundantly detected in the suprabasal layer (Fig. 4B), whereas
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cantly increased in floating keratinocytes transfected with C/EBPh
siRNA, suggesting that A-C/EBP may be partially acting via C/EBPh
inhibition (Fig. 6F).

Discussion
We describe a new transgenic mouse that reversibly expresses
A-C/EBP, a dominant negative to the C/EBP family of B-ZIP
transcription factors (30), in response to the tTA. Expression of
A-C/EBP in the basal epidermis of adult skin results in a mild hair
loss phenotype. During a two-stage chemical carcinogenesis
experiment, A-C/EBP expression caused irreversible alopecia and
severe epidermal hyperplasia and prevented papilloma formation.
When A-C/EBP expression is induced after papilloma formation,
papillomas regressed with an accumulation of p53 protein and
apoptosis. The functional significance of p53 protein induction was
examined by expressing A-C/EBP in the epidermis in mice with
single copy of p53 gene. These mice produce more papillomas,
showing the importance of p53 induction by A-C/EBP expression in
the prevention of papilloma formation. These data imply that DNA
binding of C/EBP family members is a potential molecular target
for both tumor prevention and regression.

Figure 5. Papilloma regression after A-C/EBP expression accompanied by an increase in p53 expression and apoptosis. A, plot of papilloma number after A-C/EBP
expression. B, K5:A-C/EBP mice were fed doxycycline during the skin carcinogenesis experiment and they developed papillomas. After 20 wk, A-C/EBP expression
was induced by doxycycline withdrawal and papillomas regressed, leaving a bald scar on the skin. Asterisks, papillomas that regressed; the number represents
papilloma size in millimeter. C, H&E staining, p53 expression, and TUNEL assay of four samples (WT skin, K5:A-C/EBP skin, WT papilloma, and K5:A-C/EBP
papilloma) 4 wk after doxycycline withdrawal (200).
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keratinocytes. Keratinocytes expressing A-C/EBP protein showed
p53 protein up-regulation with an accompanying decrease in C/
EBPh protein (Fig. 6C).
To verify A-C/EBP protein as a p53 protein inducer, WT
keratinocytes were infected with adenovirus encoding A-C/EBP
(37). In a dose-dependent manner, A-C/EBP adenovirus–infected
keratinocytes increased p53 protein levels compared with empty
adenovirus–infected keratinocytes (Fig. 6D). In addition, when WT
keratinocytes were transfected with p53-responsive luciferase
plasmid with a variety of adenoviruses, luciferase activity was
dramatically increased only in A-C/EBP adenovirus–infected
keratinocytes (Fig. 6E). These results with primary keratinocytes
were consistent with skin results that A-C/EBP expression not only
promoted cell proliferation but also up-regulated p53 expression.
To evaluate which of the C/EBP family members may be
producing the observed phenotype caused by A-C/EBP expression,
we used siRNA-mediated knockdown of either C/EBPa or C/EBPb.
C/EBPa and C/EBPh proteins were greatly reduced within 3 days
of transfection with C/EBPa and C/EBPh siRNAs, respectively.
Unlike A-C/EBP–expressing keratinocytes, neither siRNA against
C/EBPh nor siRNA against C/EBPa caused an induction of p53
protein in adherent keratinocytes. However, p53 protein signifi-
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Mice expressing A-C/EBP in the basal epidermis mimic some
aspects of the C/EBPb knockout mice (26) and the conditional
deletion of C/EBPb in the epidermis (28). Each of these mouse
models is refractory to papilloma formation. However, several
differences exist between these mice. The A-C/EBP–expressing
mice have an infiltrate and alopecia that is exacerbated
following the two-stage chemical carcinogenesis experiment,
which is not reported in the C/EBPb knockout mice (20, 26).
The alopecia is irreversible because suppression of A-C/EBP
expression after hair loss does not result in new hair growth.

Cancer Res 2007; 67: (4). February 15, 2007

Consistent with the hair loss is a complete loss of hair follicle
structures. Furthermore, there is extensive hyperplasia in the
basal layer of the epidermis and infiltration of lymphocytes in
the A-C/EBP–expressing mice, which are not reported in the
C/EBPb knockout mice, suggesting that A-C/EBP expression is
inhibiting additional C/EBP family members in the basal
epidermis to produce these phenotypes. It will be interesting
to determine if C/EBPb deletion following papilloma formation
will be able to cause papillomas to regress to more accurately
understand the mechanism of A-C/EBP function.
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Figure 6. Increased proliferation rate and p53 expression in primary keratinocytes expressing A-C/EBP protein. A, cell proliferation rate increased in
A-C/EBP–expressing keratinocytes. Equal numbers of primary keratinocytes were plated and switched to medium without doxycycline. Cell proliferation was determined
by MTT assays in a time course manner. Points, mean of triplicate dishes per treatment; bars, SD. B, cell density (top ) and colony formation assay (bottom ) in WT
and K5:A-C/EBP keratinocytes for 7 d. Cell populations were monitored by phase-contrast microscopy. C, time-dependent expression levels of C/EBPh and p53
proteins in WT and K5:A-C/EBP keratinocytes by Western blot analysis. D, expression level of p53 protein after adenoviral expression of A-C/EBP. WT keratinocytes
were infected for 2 d at MOIs of 10 and 50 for Western blot analysis. The viral coat protein Hexon was used as an internal control. E, p53-responsive luciferase activity
was enhanced in primary keratinocytes infected with A-C/EBP adenovirus, not with other adenoviruses. Adenovirus encoding p53 was used as a positive control.
Luciferase activity is expressed as fluorescent units per microgram of protein. Columns, mean of triplicate dishes per treatment; bars, SD. No, basal activity of
p53-responsive luciferase in cells. F, expression of C/EBPa, C/EBPh, and p53 proteins at 3 d after transfection with C/EBPa siRNA or C/EBPh siRNA by Western
blot analysis. sic, control siRNA; sia, C/EBPa siRNA; sib, C/EBPh siRNA; Fl., floating cells. Otherwise, adherent cells were used.
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