ABSTRACT

YOON, KYUNGSIL.

CCAAT/enhancer binding protein-alpha (C/EBPα) is a

DNA-damage inducible p53-regulated mediator of the G1 checkpoint. (Under the
direction of Dr. Robert C. Smart).

CCAAT/enhancer binding proteins (C/EBPs) are members of basic leucine zipper
class of transcription factors, and C/EBPα and C/EBPβ are abundantly expressed in
epidermal keratinocytes. While the function of C/EBPα in skin has not been
characterized, C/EBPβ is involved in the regulation of the early stages of squamous
differentiation and also plays a critical role in Ras-mediated mouse skin tumorigenesis
and keratinocyte survival. C/EBPα has been shown to play an important role in cell
cycle arrest and/or differentiation in various cell types, and forced expression of C/EBPα
blocks keratinocyte proliferation suggesting a cell cycle regulatory function of C/EBPα
in keratinocytes. Skin is constantly challenged by environmental stressors including
sunlight, and there is a strong association between human skin cancers and exposure to
UVB radiation. The ability of cells to respond to DNA damage is essential to ensure the
integrity of the genome. In response to UV-induced DNA damage, cells activate cell
cycle checkpoints that arrest cell cycle progression allowing time for DNA repair, or if
the damage is too extensive, initiate apoptosis. Failure to engage the proper DNA
damage response results in the accumulation of mutations in critical genes, contributing
to the development of cancer.

We report that UVB radiation is a potent inducer of C/EBPα in human and mouse
keratinocytes as well as in mouse skin in vivo. UVB irradiation of keratinocytes resulted
in the transcriptional upregulation of C/EBPα mRNA producing >70 fold increase in
C/EBPα protein. Treatment of keratinocytes with other DNA damaging agents such as
MNNG, etoposide and bleomycin also induced C/EBPα, suggesting that the induction of
C/EBPα is a general DNA damage response in keratinocytes. The UVB-induction of
C/EBPα was temporarily accompanied by UVB-induced p53 accumulation implying a
possible relationship between these two proteins. Caffeine, an inhibitor of ATM and
ATR kinases, inhibited UVB-induction of C/EBPα as well as p53 increase, and C/EBPα
promoter was activated by p53 and UVB irradiation. Exposure of p53-deficient or
mutant p53 containing keratinocytes to UVB failed to induce C/EBPα demonstrating that
p53 is required for UVB-induction of C/EBPα. Enforced expression of C/EBPα in
keratinocytes inhibited cell proliferation suggesting C/EBPα negatively regulates cell
growth. UVB induced a more rapid growth arrest in keratinocytes overexpressing
C/EBPα. Furthermore, UVB irradiation of C/EBPα knockdown keratinocytes displayed
a greatly attenuated DNA damage G1 checkpoint and this was associated with increased
sensitivity to UVB-induced apoptosis. UVB irradiation of primary keratinocytes also
enhanced squamous differentiation as determined by the increased number of unattached
differentated keratinocytes which expressed increased levels of involucrin and loricrin,
two markers of squamous differentiation. Overexpression of C/EBPα in keratinocytes
also induced involucrin, whose promoter contains C/EBP binding sites.
Taken together, our results identify C/EBPα as a novel p53-regulated DNA
damage-inducible gene that has a critical function in the DNA damage G1 checkpoint

response in keratinocytes. Our results also suggest that C/EBPα, in response to UVB
treatment, may enhance the differentiation of keratinocytes.
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General Introduction

1. Epidermis
The skin forms the continuous outer surface of the body interfacing between the
organism and external environment. It provides protection against ultraviolet light (UV),
chemical and mechanical insults, infection and dehydration. It is a sensory organ with
metabolic functions and regulates body temperature. The skin consists of epidermis
which is a stratified squamous epithelium that renews itself continuously, dermis which
supports and nourishes the epidermis, hypodermis which contains adipose tissue, and
epidermal appendages such as hair follicles, sweat glands and sebaceous glands (1).
The epidermis at the surface of skin is mostly composed of keratinocytes that
undergo a highly coordinated program of sequential changes in gene expression during
differentiation. Keratinocytes progress from proliferating basal cells through
morphologically distinct spinous and granular cells, ending in the nonviable, flattened,
enucleated stratum corneum, which is sloughed off from the surface and continually
replaced by inner cells differentiating outward (2). Basal keratinocytes are attached to
the basement membrane and have the capacity for DNA synthesis and mitosis. These
cells produce keratin 5 (K5) and keratin 14 (K14), which build intracellular cytoskeletal
filaments. When basal keratinocytes are triggered to terminal differentiation, they
become postmitotic and migrate upward to suprabasal spinous layer (3, 4). Withdrawal
from the cell cycle seems to be a prerequisite for terminal differentiation (2). Then the
expression of K5 and K14 is suppressed, and cells express new keratins, cytokeratin 1
(K1) and cytokeratin 10 (K10), and involucrin which is a glutamine and lysine rich
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envelop protein deposited on the inner surface of the plasma membrane (2-4). As
spinous keratinocytes are further differentiated into granular keratinocytes, they stop
generating keratins, and produce assembly proteins, loricrin and filaggrin, major
components of the cornified envelope (5, 6). As differentiating cells become permeable,
a calcium influx activates epidermal transglutaminase I which covalently crosslinks the
envelop proteins such as loricrin, involucrin, and cornifin-α/SPRR1, resulting in the
formation of the stratum corneum which is characterized by the loss of intracellular
organelles and programmed cell death of mature squames (7, 8).
The epidermis contains a series of the independent epidermal proliferative unit
(EPU). Each EPU contains basal keratinocytes covered over by suprabasal layers which
are characterized by regularly spaced columns of three flattened differentiated
keratinocytes. At the center of basal cells in each unit, there is a cell representing the
slow cycling stem cell which has unlimited life span (9). It has been suggested that a
two-compartment proliferative system is comprised of a single stem cell and several
secondary proliferative cells, transient amplifying cells, which are the progeny of the
stem cell and whose divisions amplify the mitosis of the stem cell to some extent. These
transient amplifying cells have limited life span and after a few divisions become
postmitotic cells which ultimately commit to differentiation (10). The basal cell layer
consists of stem cells, transient amplifying cells and postmitotic cells. The epithelial
stem cells are believed to be cellular targets for chemical carcinogenesis in skin, which
occur in both the interfollicular and follicular epithelia (11, 12).
To maintain epidermal homeostasis growth and terminal differentiation of the
keratinocytes should be balanced. If proliferation is predominant, hyperproliferative
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disorders of the skin can result, such as psoriasis and basal- or squamous-cell carcinomas.
Conversely, premature differentiation can yield a thin epidermis as seen in aged skin
(13). Stimulators of cell growth include epidermal growth factor (EGF) (14),
transforming growth factor α (TGF- α) (15), keratinocyte growth factor (KGF) (16) and
cytokines such as IL-6 (17) and IL-1α (18, 19). EGF and TGF-α stimulate EGF
receptors (EGFRs), a member of receptor tyrosine kinases, located on the surface of basal
keratinocytes (20), and epidermal keratinocytes can autoregulate their own growth via
TGF-α production (21). TGF-β is a negative regulator of keratinocyte growth and also
secreted from keratinocytes (22). In addition, it has been shown that TGF-β1 induces its
own expression in mouse keratinocytes (23). Epidermis has a gradient of extracellular
and intracellular Ca2+ concentration in vivo which is low in the basal cell layer and high
in the granular cell layer (24). Mouse keratinocytes actively proliferate, when they are
cultured in medium containing 0.05 mM calcium. Upon a switch to high (1.2 mM)
calcium, terminal differentiation is induced (25).
The balance between keratinocytes proliferation and differentiation is maintained
in part by orchestrating a transcriptional program that determines temporally and spatially
distinct epidermal cells (13). The expression patterns of structural genes in the
epidermis, as discussed earlier, are well known, however, little is known about how those
gene expressions are regulated during terminal differentiation at the transcriptional level.
Transcriptional control is achieved by specific transcription factors that interact with
regulatory sequences in the promoter or enhancer region of target genes, which results in
increased or decreased transcription of those genes (26). Transcription factors belonging
to the CCAAT/enhancer binding protein (C/EBP) family have been shown to play a role
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in regulating the epidermal differentiation program as well as differentiation of various
other cell types.

2. C/EBPs
CCAAT/Enhancer Binding Proteins (C/EBPs) are members of basic leucine
zipper (bZIP) class of transcription factors. The bZIP class of transcription factors is
characterized by a leucine zipper region and a basic DNA binding domain (27). The
leucine zipper region consists of a heptad repeat of leucine within a 35 amino acid
sequence, which is proposed to form an amphipathic α-helix with a leucine residue every
seventh position or two turns of helix. The leucine zipper chains extending from one αhelix interdigitate with those from a α-helix of another polypeptide, facilitating
dimerization (28). Other members of bZIP class of transcription factors include Fos and
Jun proteins bound to AP1 (activator protein 1) sites, the CREB/ATF (cAMP responsive
element binding protein/activating transcription factor) proteins bound to cAMP
responsive element (CRE) and the PAR (proline- and acidic amino acid-rich) domain
proteins bound to PAR sites are also members of bZIP class.
1) Structure of C/EBPs
The genes for six C/EBP members, C/EBPα (C/EBP) (29-32), C/EBPβ (NF-IL6,
IL-6DBP, LAP, CRP2, NF-M, AGP/EBP) (30, 31, 33, 34), C/EBPγ (Ig/EBP-1) (35),
C/EBPδ (NF-IL6β, CRP3) (30, 31), C/EBPε (CRP-1) (31), and C/EBPζ (CHOP10,
GADD153) (36, 37) have been identified. C/EBPα (30), C/EBPβ (34), C/EBPδ (30) and
C/EBPγ (37) genes are intronless, and C/EBPε (38) and C/EBPζ (39) contain two and
four exons, respectively. Various size of polypeptides are produced for C/EBPα (42 kDa
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and 30 kDa) or C/EBPβ (38 kDa, 35 kDa (LAP, liver-enriched activating protein) and 20
kDa (LIP, liver-enriched inhibitory protein)) by use of different translation initiation sites
due to a leaky ribosome scanning, or regulated proteolysis (40-42).
C/EBP isoforms have high sequence homology in the C-terminal domain (>90%)
which consists of basic DNA binding domain and leucine zipper region (43).
Homodimers and heterodimers between C/EBP isoforms are formed (31, 35), and dimer
formation is a prerequisite for DNA binding (44). C/EBPs recognize and bind to specific
DNA sequences, RTTGCGYAAT, where R is A or G, and Y is C or T, in the promoters,
although substantial variations have been shown (45). C/EBPζ can dimerize with other
members of the family through its intact leucine zipper, but dimers do not bind C/EBP
sites but bind to a different DNA sequence in the promoter due to variant basic region of
C/EBPζ (37, 46). Therefore, C/EBPζ can act both as an inhibitor of C/EBP and as an
activator of other genes. In addition to interaction within the C/EBP family, dimerization
with other bZIP proteins has been reported. Dimerization of C/EBPβ with Fos or Jun
results in binding away from C/EBP sites towards AP1 sites (47) and dimerization of
C/EBPα or C/EBPβ with C/ATF towards CRE sites (48). C/EBP proteins also interact
with transcription factors without bZIP region. A direct protein-protein interaction of
C/EBPα, C/EBPβ or C/EBPε, and Rel-domain proteins such as nuclear factor kappaB
(NF-κB) p50, p65 or RelA has been described, and this interaction depends on a
functional leucine zipper and Rel-domain (49). The C/EBP-NF-κB crosstalk results in
inhibition of promoters with κB enhancer motifs and synergistic stimulation of promoters
with C/EBP binding sites or the serum response elements (SREs), as in the c-fos
promoter (49). In the IL-6 and IL-8 promoters which contain both a C/EBP and a NF-κB
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sites, NF-κB and C/EBPβ synergize to activate transcription (50). C/EBPβ and ligandbound glucocorticoid receptor (GR) synergistically stimulate transcription of the α1-acid
glycoprotein, which depends on an intact GR-DNA binding domain and the leucine
zipper of C/EBPβ (51).
The N-terminal, transactivation region of C/EBPs is divergent (<20% sequence
homology) with exception of short subregions that are conserved in most members (43).
The conserved regions represent the activation domains that interact with components of
the basal transcription machinery and stimulate target gene transcription (52, 53).
C/EBPγ and LIP, truncated form of C/EBPβ, lack a transactivation region and act as
dominant negative inhibitors of C/EBP function by forming inactive heterodimers with
other members (42, 54). The N-termini of C/EBPα, C/EBPβ and C/EBPε proteins also
contain repression/attenuator regions (52, 55, 56).
2) Tissue expression
C/EBPα is expressed in liver, fat, lung, peripheral leukocytes, epidermis, adrenal
gland, intestine and skeletal muscle (30-32, 57, 58), and C/EBPα mRNA is expressed at
high levels in terminally differentiated cells in the skin, liver and adipose tissue (30, 31,
57, 58). Expression of C/EBPβ is high in the liver, intestine, lung, adipose tissue, spleen,
kidney, myelomonocytic cells, and epidermis (30, 31, 33, 34, 58), and C/EBPδ is
constitutively expressed in the adipose tissue, lung and intestine (30, 31). Whereas
C/EBPγ and C/EBPζ are expressed ubiquitously (35, 37), C/EBPε mRNA and protein are
restricted to myeloid and lymphoid cells (38). For some C/EBP members the expression
of protein does not associated with that of mRNA indicating post-transcriptional
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regulation, and expression profile is also regulated by a variety of extracellular signals
(31, 34, 58).
2) Function of the C/EBP family
Cellular differentiation
C/EBP family plays an important role in cellular differentiation in adipocytes,
myeloid cells, hepatocytes, mammary epithelial cells, ovarian luteal cells, keratinocytes,
neuronal cells and intestinal epithelial cells (59-61). C/EBP binding sites are present in
the promoter regions of numerous genes which are required for the proper maturation and
function of each cell type (62-64).
Differentiation of growth arrested preadipocytes is initiated by the addition of a
cAMP elevating agent (methylisobutylxanthine), a glucocorticoid (dexamethasone),
insulin and fetal bovine serum (FBS). The preadipocytes reenter the cell cycle
synchronously and undergo two rounds of mitosis upon the treatment. C/EBPβ and
C/EBPδ mRNA are induced during mitotic clonal expansion in response to cAMP
elevating agents and glucocorticoid, respectively (30). Then the preadipocytes exit the
cell cycle and begin to express C/EBPα, which is followed by induction of adipocytespecific markers (62, 65). C/EBPβ and C/EBPδ are thought to induce C/EBPα
expression through C/EBP binding sites in the proximal promoter of the mouse C/EBPα
gene. Embryonic fibroblasts lacking both C/EBPβ and C/EBPδ cannot initiate the
differentiation program induced by hormonal stimulation (66) and C/EBPα-deficient
mice display reduced lipid accumulation in the adipose tissue (67).
C/EBPα, C/EBPβ, C/EBPδ and C/EBPε are expressed in myeloid cells with a
unique expression profile during myeloid cell differentiation (68, 69). C/EBPα-deficient
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mice lack mature neutrophils, which is correlated with a lack of receptors for granulocyte
colony stimulating factor (G-CSF) or interleukin-6 (IL-6), and forced expression of these
receptors in C/EBPα-deficient cells restores granulopoiesis (70, 71). C/EBPβ has been
indicated to have a role in the differentiation of macrophage. C/EBPβ-deficient mice are
susceptible to infections, and display impaired nitric oxide production and low IL-12
levels (72, 73).
C/EBPs are expressed in a differentiation-associated manner in skin. The
expression of C/EBPα and C/EBPβ is upregulated during differentiation induced by high
calcium (58, 74). C/EBPβ-deficient mice display a mild epidermal hyperplasia and
decreased expression of K1 and K10 (61). In cultured cells, C/EBPα and C/EBPβ have
been shown to activate K10 promoter via C/EBP binding sites (75). In addition, C/EBPα
transcription factor activity is required for the basal promoter activity and TPA induction
of the involucrin gene (76)
C/EBPα-deficient mice have deranged liver acinus structure, similar to
proliferative hepatocellular carcinoma (77). C/EBPβ has been shown to have an
important role in female reproduction from knockout studies. Female C/EBPβ-deficient
mice are infertile due to a lack of the corpora lutea in the ovaries. C/EBPβ is needed for
periovulatory granulose cell differentiation in response to lutenizing hormone (78).
C/EBPβ is also required for differentiation of mammary epithelial cells and the
expression of milk protein genes as well as for the proper proliferation and morphogenic
responses during mammary gland development (79, 80).
Cell growth and survival
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C/EBPα is expressed in high levels in terminally differentiated cells with
exception in the myeloid cells and downregulated during proliferation following partial
hepatectomy, suggesting an antiproliferative function of C/EBPα (57, 68). When
overexpressed in cultured cells, C/EBPα inhibits cell proliferation (57, 81). Hepatocytes
and alveolar type II cells of the C/EBPα-deficient mice display increased proliferation
(77).
C/EBPα has been shown to interact with various proteins associated with the cell
cycle regulation, implying multiple mechanisms of C/EBPα-induced growth arrest.
C/EBPα upregulates p21 by activating p21 gene expression and stabilizing protein, and
cooperates with p21 by protein-protein interaction to inhibit cyclin dependent kinase 2
(Cdk2) activity (82, 83). C/EBPα has been shown to interact with a Rb family protein,
p107 and disrupt S phase-promoting p107/E2F complex (84, 85) and C/EBPα also
represses E2F-dependent transcription (86, 87). Moreover, C/EBPα has been shown to
block cell cycle progression independent of its DNA binding and transcriptional activity
through the formation of an inhibitory complex with cyclin dependent kinase 4 (Cdk4)
and Cdk2 which prevents cyclin binding (88). Interaction between C/EBPα and Cdk4
also leads to a proteosomal degradation of Cdk4. More recently the anti-proliferative
activity of C/EBPα has been shown to require a SWI/SNF chromatin remodeling
complex supporting a transcriptional basis for its anti-proliferative activity (89).
The importance of C/EBPα in the regulation of growth arrest and differentiation is
highlighted by recent studies in which C/EBPα is implicated as a human tumor
suppressor gene. In human acute myeloid leukemia (AML), C/EBPα is inactivated by
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dominant negative mutation or through its association with oncoprotein AML-1-ETO.
The inactivation of C/EBPα is thought to result in a differentiation block of the
granulocytic blasts (90-92). C/EBPα expression is reduced in hepatocellular carcinomas
(93, 94), lung cancer and lung cancer cell lines (95) supporting a possible tumor
suppressor function in these organs. Moreover, the induction of C/EBPα in lung
carcinoma cells leads to proliferation arrest (95). C/EBPα protein levels are greatly
diminished or undetectable in mouse skin squamous cell carcinomas (SCCs) (58), and
forced expression of C/EBPα in SCC cells resulted in inhibition of cell proliferation (M
Shim and RC Smart, unpublished results), suggesting that C/EBPα is a negative regulator
of keratinocyte proliferation and may have a tumor suppressor function in SCC
development in skin.
C/EBPβ has been suggested to increase proliferation. Increased proliferation after
partial hepatectomy is associated with increased level of C/EBPβ, but hepatocytes of
C/EBPβ-deficient mice do not proliferate during this process (96). It has been shown that
phosphorylation of Ser105 (rat) or Thr217 (mouse) of C/EBPβ by ribosomal protein S-6
kinase (RSK) is required for hepatocytes proliferation induced by TGF-α (97).
Carbon tetrachloride, a hepatotoxin, is shown to activate RSK, subsequently
phosphorylating C/EBPβ on Thr217. In the hepatic stellate cells of C/EBPβ-deficient or
C/EBPβ-Ala217 mutant transgenic mice, carbon tetrachloride induces apoptosis. Both
phosphoThr217-C/EBPβ and the phosphorylation mimic Glu217-C/EBPβ, but not
Ala217-C/EBPβ are shown to be associated with procaspases1 and 8 (98).
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C/EBPβ-deficient mice are completely refractory to skin tumorigenesis induced
by a variety of carcinogens and carcinogenesis protocols. C/EBPβ-deficient v-Ha-ras
transgenic mice display significant reduction in skin tumorigenesis compared to C/EBPβwild type v-Ha-ras transgenic mice, which links the proto-oncogene Ras and C/EBPβ. It
has been shown that oncogenic Ras stimulates C/EBPβ transcription activity in mouse
keratinocytes and C/EBPβ also participates in oncogenic Ras-induced transformation of
NIH3T3 cells. In addition, C/EBPβ-null mice treated with a single dose of 7,12dimethylbenz[a]anthracene (DMBA) exhibit a 17-fold increase in the number of basal
apoptotic keratinocytes compared with treated wild-type mice, indicating that C/EBPβ
functions as a survival factor in DMBA/Ras-induced tumorigenesis (99, appendix).
Among C/EBP family members, C/EBPδ and C/EBPζ (C/EBP homologous
protein (CHOP), growth arrest- and DNA damage-inducible gene 153 (GADD153)) has
been suggested to be involved in cellular stress responses. C/EBPδ has been shown to be
upregulated transcriptionally by serum and growth factor withdrawal or contact inhibition
and play a role on the regulation of G0 growth arrest and apoptosis in mouse mammary
epithelial cells (100, 101).
Treatment of various genotoxic agents, growth arrest induced by nutrient
deprivation or contact inhibition and endoplasmic reticulum (ER) stresses have been
reported to induce C/EBPζ (102, 103). Its association with G1-S arrest or apoptosis has
been suggested. ER overload in pancreatic beta cells causes ER stress and leads to
apoptosis via C/EBPζ induction, which results in diabetes. C/EBPζ-deficient mice are
defective in ER stress induced apoptosis in pancreatic beta cells (104, 105). Most of
human myxoid and round cell liposarcomas are associated with chromosomal
11

translocations leading a fusion protein, consisting of an N-terminus from the FUS or TLS
gene and a C-terminus from C/EBPζ gene. Compared to wild type C/EBPζ, this fusion
protein fails to cause growth arrest (106, 107).
Inflammation and immune response
Inflammatory stimuli induce the expression of C/EBPβ and C/EBPδ mRNA in
hepatocytes and macrophages, whereas C/EBPα mRNA expression is inhibited (108,
109). C/EBPβ has been first recognized as a transcription factor regulating gene
transcription in response to IL-1 and IL-6 in hepatocytes (110). C/EBP binding sites
have been identified in the promoter regions of genes involved in the inflammatory
response, such as those for cytokines, cytokine receptors and acute-phase proteins (57,
62, 70, 71, 109). C/EBPβ-deficient mice display impaired expression of serum amyloid
A and P proteins, α1-acid glycoprotein, complement c3 component and tumor necrosis
factor-α (TNF-α) (72, 73, 109).
C/EBPε-deficient mice display slow migration of neutrophils to an inflammatory
lesion with a reduced bactericidal response (111). In the macrophages of C/EBPεdeficient mice, genes involved in the immune and inflammatory responses are
downregulated (112). C/EBPγ-deficient mice display attenuated natural killer cell
cytotoxicity and interferon-γ (INF-γ) (113).
Metabolism/memory
C/EBPα-deficient mice die before or soon after birth due to severe hypoglycemia
with very low levels of glycogen in the liver. It results from altered hepatic glucose and
glycogen metabolism including reduced glycogen synthase and decreased levels of
gluconeogenic enzymes. In addition, C/EBPα-deficient mice also have high blood
12

ammonia concentrations compared to wild type mice, resulting from a lack of expression
of ornithine-cycle enzymes (114). C/EBPβ-deficient mice also display fasting
hypoglycemia, with defects in hepatic glucose production and decreased blood lipid
levels (115).
Inducers of memory process, cAMP and Ca2+, enhance the expression and DNA
binding activities of C/EBPβ and C/EBPδ in hippocampal neurons (116). C/EBPβ has
been shown to play an important role in long-term memory process (117). C/EBPδdeficient mice show an increased contextual fear response, implicating a role of C/EBPδ
in learning and memory (118).
4) Regulation of C/EBP
Transcriptional regulation
Mouse C/EBPα proximal promoter has been characterized and shown that it
contains potential binding sites for C/EBP, Sp1, nuclear factor (NF)-1, NF-Y, upstream
stimulating factor (USF), basic transcription element-binding protein and NF-κB. The
C/EBPα promoter can be autoactivated by C/EBPs via C/EBP binding site (119, 120).
The human C/EBPα promoter does not contain C/EBP binding sites, however, it can still
be autoregulated indirectly by C/EBPα which stimulates the DNA binding activity of
USF (121). c-Myc suppresses C/EBPα gene transcription through interaction with the
core promoter region (122).
The promoter of C/EBPβ genes have been characterized and shown to be
autoregulated (123). CREB also regulates C/EBPβ expression by interacting with two
CRE-like sequences near the TATA box in hepatocytes (124). These sequences also
mediate IL6-induction of C/EBPβ transcription during acute phase response (APR)
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through a pathway which involves IL-6-mediated tethering of signal transducer and
activator of transcription-3 (STAT-3) to the promoter (125).
The transcription of the C/EBPδ is induced in growth arrested mammary
epithelial cells and in the involuting mammary gland through the activation of STAT-3
and subsequent binding to the promoter (126, 127). The STAT binding site is also
needed for the IL-6-induction of C/EBPδ mRNA during APR in hepatocytes (128). The
autoregulation of rat C/EBPδ requires C/EBP binding sites at the 3’ ends (129), whereas
5’ ends of the mouse C/EBPδ gene are enough for autoactivation (130).
The AP-1 site is essential for the C/EBPζ induction in response to growth arrest
and DNA damage. Treatment of cells with oxidant or UVC has been shown to stimulate
the binding of the c-Jun/c-Fos dimer to the AP-1 sites (131). However, the promoter is
activated strongly in transfected cells, but only a modest increase in endogenous gene
expression has been observed. There are some conflicting results in the induction of the
endogenous C/EBPζ mRNA and protein especially with UV treatment (102, 132, 133).
The ER stress response element in C/EBPζ promoter is composed of two overlapping
regions which NF-Y interacts with and mediates constitutive and ER stress inducible
activation of gene transcription (134). Inhibition of protein synthesis resulting from
amino acid depletion can also induce C/EBPζ expression. It is mediated through
mammalian target of rapamycin (mTOR) and the phosphoinositide 3-kinase (PI3K)
signaling pathways that converge on the amino acid responsive element which ATF-2
interact with (135).
Posttranslational modification
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C/EBPβ has a folded conformation and is normally repressed by negative
regulatory regions masking its DNA binding and activation domains, and repression is
relieved by phosphorylation of the negative regulatory regions (53, 56). C/EBPβ is
activated by phosphorylation of Thr235 located in N-terminal close to the DNA binding
domain by a Ras/mitogen-activated protein kinase (MAPK) pathway (136), Ser105 in
activation domain by protein kinase C (PKC) (137) and Ser276 by Ca2+/calmodulindependent protein kinase (138). Insulin inhibits C/EBPβ trasnactivation through
PI3K/Akt (PKB, protein kinase B) pathway by disrupting interactions between p300 and
C/EBPβ (139). Phosphorylation between the region Ser173 and Ser223, and Ser240 by
cAMP-dependent protein kinase (PKA), and Ser240 phophorylation by PKC decrease
C/EBPβ DNA binding affinity (140). C/EBPβ has been shown to be translocated into the
nucleus through activation of the PKA by forskolin in rat PC12 cells and thus activate
transcription of c-fos gene (141). C/EBPβ is also translocated into nucleus upon
antioxidant treatment through a PKA-dependent phosphorylation of Ser299 in colorectal
cancer cells (142).
PKC has been shown to phosphorylate Ser248, Ser277 and Ser299 of C/EBPα in
vitro, resulting in the attenuation of DNA binding affinity (143). In contrast,
overexpression of the novel PKC isoforms, PKCδ and PKCη in keratinocytes increases
C/EBPα protein, DNA binding of C/EBPα to the promoter of human involucrin (hINV)
and hINV gene transcription, by stimulating p38δ MAPK. Novel PKC- or C/EBPαmediated increase in hINV promoter activity is blocked by expression of a dominant
negative form of Ras, MEKK1, p38 or C/EBPα (144). In addition, Ras enhances
C/EBPα-mediated trasnactivation of granulocyte colony stimulating factor receptor (G15

CSFR) promoter without changing C/EBPα DNA binding. C/EBPα mutant S248A as
well as PKC inhibitor abrogates Ras-mediated C/EBPα transactivation, and inhibits the
ability of C/EBPα to induce granulocytic differentiation (145). C/EBPα is
phosphorylated on at least six sites in differentiated adipocytes, and insulin treatment
mediates dephosphorylation of Thr222 and Thr226 by inactivating glycogen synthase
kinase 3 (GSK3) (146).
In response to cellular stress, p38 MAPK pathway is activated and phosphorylates
Ser71 and Ser81 of C/EBPζ, which leads to increased transcriptional activity (102).

3. DNA damage response
Maintenance of DNA integrity is vital for the cells and organisms, but is a
challenging process considering that cells are constantly assaulted by endogenous
metabolic byproducts and exogenous factors which alter DNA structure and encoded
message. Aberrant structures of DNA cause mutations, and DNA damage needs to be
repaired to ensure complete and accurate DNA replication and transcription.
Accumulation of mutations leads to genomic instability of cells and eventually
carcinogenesis (147, 148). As the primary defense mechanisms against DNA damage,
cells activate cell cycle checkpoints and DNA repair system. Apoptosis is an additional
mechanism to eliminate cells with extensive damage (149).
1) DNA damage
Under physiological condition, spontaneous depurination from the sugar
phosphate backbone and deamination of cytosine occur. DNA modification from
endogenous sources includes oxidative DNA damage mediated by hydroxyradicals which
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are byproducts from aerobic metabolism, inflammation process or biotransformation by
cytochrome P450 and other enzymes, and alkylation by endogenous alkylating agents
(150).
The environmental exposure to alkylating agents such as N-methyl-N'-nitro-Nnitrosoguanidine (MNNG), methylmethane sulfonate (MMS), nitrosoamines and
notrosoureas causes DNA methylation. Bulky chemical adducts on DNA are induced by
polycyclic aromatic hydrocarbons such as benzo[a]pyrene, DMBA and aflatoxins,
aromatic amines from cigarette smoking, and UV light. Crosslinking agents such as
nitrogen mustards (cyclophosphamide, chlroambucil), cisplatin and UV radiation, and
ionizing radiation (IR) such as gamma-ray and X-ray result in DNA-DNA and DNAprotein crosslinking, and single and double strand DNA breaks, respectively (149).
2) DNA repair
DNA alkylation can be repaired by single step direct reversion by O6methylguanine–DNA methyltransferase (MGMT) or AlkB homologue 2 (ABH2) and
ABH3 which recognize 1-meA and 3-meC, respectively (151, 152).
Base modifications are mainly cleared by the excision repair which includes base
excision repair (BER) and nucleotide excision repair (NER). Relatively minor
modification to the bases of DNA can be removed by BER, such as alkylation or
oxidization of DNA bases arising either spontaneously within the cell or from exposure
to exogenous agents including IR and long wave UV light (153).
Bulky DNA adducts from exposure to carcinogens like aflatoxin, benzo[a]pyrene
and DMBA, UV light-induced (6-4) photoproducts and cyclobutane pyrimidine dimers,
and intrastrand crosslinks are repaired by nucleotide excision repair (NER) (154). Cells
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defective in NER are characterized by UV-hypersensitive disorders such as xeroderma
pigmentosum (XP) and Cockayne's syndrome (CS) (155). NER is executed through two
distinct pathways, global genomic repair (GGR) and transcription-coupled repair (TCR).
GGR removes DNA lesions from the non-transcribed region of the genome and the nontranscribed strand of transcribed regions. (6-4) photoproducts which distort the DNA
more than pyrimidine dimers are removed rapidly and predominantly by GGR.
Pyrimidine dimers are repaired more efficiently by TCR from the transcribed strand of
expressed genes (156).
The mismatch repair (MMR) is responsible for removal of base mismatches
caused by spontaneous base deamination, oxidation, methylation and replication errors
(157). MMR also binds to various chemically induced DNA lesions such as alkylationinduced O6-methylguanine paired with cytosine or thymine (158), intrastrand crosslinks
generated by cisplatin (159), thymine- or uracil-containing UV light photoproducts paired
with mismatched bases (160).
DNA strand breaks are repaired by error-free homologous recombination (HR) or
error-prone but quick, non-homologous end-joining (NHEJ). NHEJ pathway
predominates in mammalian cells and occurs mainly in G0/G1 phase of cell cycle,
whereas HR occurs during the late S and G2 phases (161). A heterodimeric complex
consisting of Ku70 and Ku80 binds to damaged DNA and associates with the catalytic
subunit of DNA dependent protein kinase (DNA–PKcs) to form the active DNA–PK
holoenzyme (162). DNA–PK activates XRCC4–ligase IV, which seals the breaks (163).
HR is mediated by the Rad51-associated proteins that include other Rad proteins
and BRCA2 (164). Following DSBs, the MRE11-RAD50-NBS1 (MRN) complex forms
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prominent foci and carries out the initial processing of the DSB ends. The foci also
include RAD51 and BRCA1 (165).
3) Damage sensor
Although different types of DNA damage are repaired by different repair
enzymes, they trigger common signal transduction pathways mediating DNA damage
response. One feature of DNA damage response is DNA damage checkpoint activation
which delays cell cycle progression until the repair is completed successfully. The
central regulators of the DNA damage response pathway are ataxia-telangiectasia
mutated (ATM) and ataxia-telangiectasia mutated and Rad3 related (ATR). ATM and
ATR belong to PI3K-like protein kinase (PIKK) family which also includes mTOR and
DNA-PK. Whereas ATM responds exclusively to DSBs, ATR responds to various types
of DNA damage and has a role in genome surveillance during DNA replication (166).
The way DNA damage triggers signal transduction pathway to cause DNA damage
response has been proposed (167).
After DNA damage is detected by lesion specific repair system, DNA damage
becomes reversed instantly if the lesion is easy to repair. Some DNA lesions persist
depending on the nature of the lesion and its genomic location, and then ATR and ATRinteracting protein (ATRIP) are recruited to the sites of DNA damage (168) possibly by
lesion-specific repair proteins. ATR now phosphorylates proximal target proteins such as
histone H2A and ATRIP and may facilitate DNA repair by changing local chromatin
structures (169). If DNA repair still cannot be completed, putative damage sensors,
Rad17-relplication factor C (Rad17-RFC) complex and the 9-1-1 (Rad9, Rad1 and Hus1)
complexes which are also recruited to the damage sites, allow ATR-dependent activation
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of the Chk1 (170). These events would trigger the global DNA damage response,
including cell cycle arrest, possibly further chromatin modulation and the upregulation of
the repair capacity of the cell, all of which may combine to facilitate repair of lesions. As
an exception, IR- or radiomimetic drug-induced DSBs, because of the highly deleterious
nature of DSBs, seem to be directly recognized by ATM (171). Recently it has been
suggested that ATM activation results from changes in the chromatin structure which
lead intermolecular autophosphorylation and inactive dimer or multimer dissociation of
ATM exposing the kinase domain (172).
In mammalian cells, ATM and ATR, RAD17, RAD1, RAD9 and HUS1 are
thought to be involved in the DNA damage recognition and signal initiation of the
checkpoint. ATM-deficiency leads to increased radiosensitivity and failure in checkpoint
activation including loss of the damage-induced G1 checkpoint, radioresistant DNA
synthesis (RDS) and erroneous mitotic entry (173). ATR protein plays a critical role in
development as ATR gene inactivation leads to early embryonic lethality in mice (174).
Overexpression of kinase-inactive ATR which has a dominant negative effect, leads to
increased radiosensitivity and defective activation of cell cycle checkpoints by DNA
damaging agents including UV and IR (175, 176). ATR needs an accessory protein,
ATRIP which regulates the expression of ATR. ATRIP is one of the immediate
substrates of ATR, and both are localized to intranuclear foci after DNA damage (168).
ATR/ATRIP can localize to the site of damage in the absence of other sensor proteins
indicating that the ATR is involved in the early step of damage detection (177).
Consistently, it has been shown that purified ATR binds to UV-damaged DNA with
higher affinity than undamaged DNA (178).
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Rad17-RFC, in which Rad17 displaces the large RFC140 subunit and interacts
with four replication factor C (RFC) subunits (Rfc36, Rfc37, Rfc38, Rfc40), forms a
complex with the 9-1-1 heterotrimer. This complex resembles the RFC/proliferating cell
nuclear antigen (PCNA) clamp loader/sliding clamp complex of the replication
machinery (179, 180). The Rad17-RFC complex purified from Hela cells exhibits a
binding to primed DNA, and Rad17 has been shown to be necessary for the recruitment
of the 9-1-1 complex after DNA damage (177).
BRCA1, the familial breast and ovarian cancer gene, seems to function as an
adaptor of checkpoint activation by localizing substrates for ATM and ATR kinases
perhaps linking cell cycle arrest to DNA damage repair. BRCA1 is phosphorylated by
ATM and ATR after DNA damage (181, 182), and this process is required to activate
downstream kinases, Chk2 and Chk1 to induce cell cycle arrest for DNA repair (183,
184). In BRCA1 mutant cells, Chk1 kinase activity and G2/M arrest appear to be
compromised in response to IR (183). BRCA1 is associated large protein complexes,
BRCA1-associated genome surveillance complex (BASC) that contain DSB-repair and
mismatch-repair enzymes with ATM and thus affects HR, MMR and TCR (185-187).
After IR exposure, 53BP1 is phosphorylated by ATM in wild type cells, and
presumably by ATR in ATM-deficient cells. 53BP1 rapidly localizes to sites of DNA
damage induced by IR and other DNA damaging agents (188) and is also found to
interact with checkpoint and repair proteins suggesting its involvement in the recruitment
of downstream targets for the checkpoint kinases, similar to BRCA1 (189, 190).
4) Transducer kinases
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Signals originated from ATM and ATR are received by two Ser/Thr kinases,
Chk2 and Chk1, respectively. Phosphorylation by ATM/ATR activates the protein
kinase activity of Chk1/Chk2 which subsequently phosphorylates downstream effectors.
Chk1 and Chk2, as well as other ATM and ATR substrates including BRCA1 and 53BP,
have Ser-Gln/Thr-Gln (SQ/TQ) motifs which are consensus phosphorylation sites for
ATM and ATR (191).
It has been shown that phosphorylation of Ser 317 and Ser345 of Chk1 by
replication arrest or various types of DNA damage by UV, IR, hydroxyurea and
topoisomerase inhibitors significantly increases the Chk1 kinase activity (192-196).
Overexpression of dominant-negative mutant form of ATR inhibits UV- and
hydroxyurea-induced Ser345 phosphorylation while that of wild type ATR enhances
phosphorylation. Chk1 mutants containing alanine in place of Ser317 and/or Ser345 are
poorly phosphorylated by ATR in vitro and poorly activated to phosphorylate Cdc25C,
compared to wild type in response to replication arrest or genotoxic stress in vivo (197).
Full activation of Chk2 needs sequential phosphorylation in an N-terminal
forkhead-associated (FHA) domain. Phosphorylation of Thr68 initiates the
conformational changes in the kinase domain and makes Thr383 and Thr387 accessible
to oligomerization and autophosphorylation (198). In response to IR, ATM is a major
kinase phosphorylating Thr68 of Chk2 (199). Upon activation, Chk2 phosphorylates a
number of effector proteins including p53, Cdc25A and Cdc25C which activate G1, S
and G2/M checkpoints, respectively.
5) Cell cycle checkpoint activation
G1 checkpoint
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Mutant cells lacking wild type p53 are defective in the delay of G1/S-phase
transition after DNA damage (200). p53 prevents the G1-S phase transition through
transcriptional upregulation of the CDK inhibitor p21 (CIP1/WAF1/CDKN1A). p21
binds and inactivates cyclin D/Cdk4,6 and cyclin E/Cdk2 complexes resulting in pRB
hypophosphorylation and cell cycle arrest in G1(201).
IR-activated ATM kinase phosphorylates p53 on Ser15 (202, 203), and this
phosphorylation contributes to enhance the activity of p53 as a transcription factor by
recruitment of coactivators (204, 205). ATM phosphorylates MDM2 on Ser395 to
prevent nuclear export of p53-MDM2 complex and further degradation of p53 (206).
Chk2 phosphorylates p53 on Ser20 upon activation by ATM-mediated phosphorylation.
This phosphorylation has been shown to interfere interaction of p53 with MDM2 which
acts as an ubiquitin ligase in p53 ubiquitination to mediate proteosomal degradation
(207).
ATR also contributes to the Ser15 phosphorylation of p53 as a maintenance
kinase after IR (208). In AT cells exposed to UV radiation, phosphorylation of p53 on
Ser15 is similar to that in normal cells (209), but is strongly reduced in fibroblasts
overexpressing kinase inactive ATR (208). Taken together, ATR phosphorylates p53 in
Ser15, either directly or maybe indirectly through Chk1 to induce DNA damage
checkpoint response independent of ATM.
S phase checkpoint
Repair of damaged DNA in S phase is the final defense to eliminate DNA lesions
before the damage is converted into inheritable mutations. In the S phase, DNA lesion
will be encountered by the replication machinery and may stall the replication fork.
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Mechanisms for the attenuation of the S phase in response to DNA damage include
ATM-Chk2-Cdc25A, ATR-Chk1-Cdc25A, ATR-NBS and ATM-NBS/SMC1 pathways.
One of the phenotypes of AT cells is RDS demonstrating a defect in S phase checkpoint
(210). In response to IR, normal cells induce a rapid and reversible decrease in DNA
synthesis resulting from the decrease in the rates of replication origin firing and DNA
strand elongation.
Exposure to IR during S phase activates ATM-Chk2 pathway which now induces
degradation of Cdc25A. Cdc25A is a protein tyrosine phosphatase that dephosphorylates
Tyr15 of Cdk2 and activates cyclin A-Cdk2 complex which is needed for S phase
progression (211). Chk2 phosphorylation of Cdc25A on Ser123 targets Cdc25A for
ubiquitin-dependent degradation. Then cyclin A-Cdk2 activation is inhibited resulting in
the lack of the firing of early origin of replication in S phase (212). Mutant Chk2
associated with a variant form of Li-Fraumeni syndrome fails to bind and phosphorylate
Cdc25A, implying that genetic lesions in the RDS lead genomic instability and cancer
development (211, 213). Human fibroblasts overexpressing kinase inactive ATR also
induces RDS by exposure to IR (175). Chk1 is another kinase phosphorylating Cdc25A
on Ser123 and other residues upon activation (194).
Another participant in the DNA damage S phase checkpoint is NBS1, which is
mutated in the human chromosomal instability disorder, Nijmegen breakage syndrome
(NBS) (214). NBS1 mutant cells display RDS similar to AT cells when exposed to IR,
suggesting that NBS1 has a role in the S phase checkpoint. IR treatment of cells induces
formation the nuclear foci including MRN complex in close proximity to DSBs (215).
ATM has been reported to phosphorylate three Ser residues of NBS1 and Ser Ala
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mutants at any sites fail to complement the S-phase checkpoint defect of NBS cells (216,
217).
The structure maintenance of chromosomes 1 (SMC1) protein has been shown to
have a role in an ATM-NBS1-dependent S phase checkpoint. SMC1 is phosphorylated
by ATM upon IR treatment and the phosphorylation of NBS1 by ATM is required for the
phosphorylation of SMC1. Overexpression of a SMC1 mutant of phosphorylation sites
impairs the S phase checkpoint (218). In addition, same sites are phosphorylated with
treatment of UV and hydroxyurea, suggesting SMC1/NBS1 pathway may have a role in
the S phase checkpoint involving ATR (219).
Whereas BRCA1 phosphorylation induced by IR is strongly dependent on ATM,
that induced by UV or HU is heavily dependent on ATR. ATM also indirectly activates
BRCA1 through the Chk2. Chk2 induced phosphorylation of forced-expressed BRCA1
is required for the protection of BRCA1-deficient breast cancer cells from
radiosensitivity (184).
G2/M phase checkpoint
Phosphorylation of Cdc2 at Thr161 by CDK-activating kinase (CAK) is required
to activate Cdc2 (220). During G2 phase of cell cycle, Cdc2/cyclin B complex is kept
inactive by Tyr15 and Thr14 phosphorylation of Cdc2 by Wee1 and Myt1 kinases,
respectively (221, 222). When mitosis starts, both residues are dephosphorylated by the
phosphatase Cdc25, which activates the Cdc2/cyclin B complex for mitotic entry in the
nucleus (223, 225). Therefore, Cdc25 would be the primary target for controlling G2/M
checkpoint.
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Chk1 has been shown to phosphorylate mitotic promoting phosphatase, Cdc25,
which allows inhibitory binding of Cdc2 to 14-3-3σ and exclusion from nucleus (192,
224). Chk2 also phosphorylates Ser216 on Cdc25C in vitro (226). In ATR-deficient
cells exposed to IR, there is erroneous mitotic entry (168), and in addition, Chk1deficient embryonic stem cells show a substantial reduction in G2 arrest in response to IR
(193), demonstrating the critical role of ATR-Chk1 in the G2/M checkpoint. When AT
cells are exposed to IR during G1 or S phase, they are effectively arrested in G2 phase
before the initiation of mitosis. However, AT cells are not arrested in G2 phase if they
are exposed to IR in G2 phase (227). In Chk2-deficient embryonic stem cells, a defect in
the maintenance of the G2 arrest has been observed (228). These observations suggest
that ATM-Chk2 play a secondary role in G2 checkpoint activation when cells are
exposed to IR during G1 or S phase, and when DNA is damaged in G2 phase, ATM is
critical for G2 checkpoint response.
Several transcription targets of p53, including p21, 14-3-3σ, and GADD45, also
can inhibit Cdc2. p21 has been shown to participate in the G2 checkpoint by inhibiting
Cdc2 activity after IR (229). 14-3-3 is induced by IR in the presence of wild type p53,
causing cells to arrest in G2 (230). Adriamycin-treated 14-3-3 deficient cells undergo
mitotic catastrophe characterized with a disassembled nuclear membrane and fragmented
chromatin as a result of entering mitosis before completing DNA synthesis. This event is
preceded by entry of Cdc2/cyclin B1 into the nucleus, whereas the complex remains in
the cytoplasm in wild type cells treated with adriamycin (231). GADD45-deficient
lymphocytes fail to induce partial inhibition of mitotic entry by UV or MMS, whereas
GADD45-deficiency does not affect the G2 arrest in response to IR. It suggests a role of
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GADD45 in G2/M checkpoint downstream of ATR pathway and a multiplicity of G2/M
checkpoint in response to specific types of DNA damage (232). Immunoprecipitation of
GADD45 shows that GADD45 interacts with Cdc2 but not with cyclin B1, and addition
of GADD45 releases Cdc2 from the Cdc2/cyclin B complex, suggesting that GADD45
inhibits Cdc2 by blocking interaction of Cdc2 with cyclin B (233). In addition, Reprimo,
a cytoplasmic protein has been found to be induced by IR in a p53-dependent manner.
Overexpression of Reprimo induces cell cycle arrest in G2/M with inactive Cdc2 and
cytoplasmic cyclin B, suggesting its role in p53-dependent G2 arrest (234). Furthermore,
It has been shown that IR reduces Cyclin B1 and Cdc2 mRNA level and activation or
overexpression of p53 represses gene transcription of both Cyclin B1 and Cdc2 (235,
236).
6) Apoptosis
Some DNA lesions are extremely cytotoxic if not repaired, whereas others are
mutagenic. The basic cellular defense response is to repair the damage, but when the
type and amount of damage overwhelm the checkpoint-repair machinery, programmed
cell death (apoptosis) is initiated instead. The mechanism of the choice between survival
with growth arrest and apoptosis and the mechanism by which the DNA damage
recognition and repair/checkpoint machinery induce the apoptotic events are not entirely
clear. However, they are highly dependent upon cell types and circumstances such as the
presence of survival factor or oncogene activation (237). Characteristic morphological
changes include cell rounding, plasma membrane blebbing, condensation of the nuclear
DNA (pyknotic nuclei) without disassembly of the nuclear envelope, eosinophilic
cytoplasm and internucleosomal DNA cleavage (238). p53, in addition to play a role in
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DNA damage induced checkpoint activation, serves as another important linkage
between DNA damage and induction of apoptosis.
Proapoptotic Bcl-2 family member, Bax, and death receptor, Fas/APO1 have been
discovered as mediators of p53-induced apoptosis, demonstrating that p53 activates two
major apoptotic pathways (239, 240).
Proapoptotic members of Bcl-2 family, Bax and BH3-only members including
Puma (241), Noxa (242) and Bid (243), all have consensus p53 response elements in their
promoter and can be induced by p53. p53 directly suppresses the antiapoptotic Bcl-2
gene expression (244), and therefore, shifts the balance toward cell death. As a result,
cytochrome c is released from the mitochondria subsequently activating apoptosis
protease-activating factor 1 (Apaf-1) which activates caspase 9, an initiator caspase.
Then effector caspases, caspase 3, 6 and 7 are activated to conduct their role as cysteine
aspartyl proteases in the nucleus and cytoplasm (245). p53 can also transactivate Apaf-1
gene (246).
p53 induces the expression of death receptors, Fas (CD96/APO1) (239) and
DR5/KILLER (247), and Fas ligand (FasL) (248). Death receptors including tumor
necrosis factor receptor 1(TNFR1) share a common structure, intracellular death domain.
When the ligand (FasL) binds to its receptor (Fas), the receptor trimerizes and the death
domain recruits the adaptor protein, FADD (Fas-associated death domain) which in turn
mediates the activation of caspase 8, an initiator caspase (249). Fas/FasL can mediate
DNA-damage induced apoptosis in a p53 dependent or independent fashion (250, 251),
and vice versa (252).
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In addition to the activation of the apoptosis pathways, p53 represses survival
pathways. A phosphatase, PTEN, a negative regulator of the PI3K/Akt pathway is
induced by p53 (253).
p53 protein has been shown to be localized to mitochondria at the onset of p53dependent apoptosis, but not during the p53-mediated cell cycle arrest. The accumulation
of p53 to mitochondria precedes cytochrome c release and procaspase 3 activation. (254).

4. Skin cancer and UVB signaling pathways
1) Skin cancer
UV radiation in sunlight is a major etiologic factor in skin cancer. The UV part of
sunlight is divided as UVA (315-400mm), UVB (280-315nm) and UVC (200-280nm).
UVA is a relatively weak carcinogen and generates reactive oxygen species which result
in oxidative damage including the formation of 8-hydroxyguanine, protein-DNA crosslinking, base loss, and strand breaks (255, 256). UVB and UVC wavelength are directly
absorbed by DNA and result in DNA photoproducts, cyclobutane pyrimidine dimer and
pyrimidine-pyrimidone (6-4) photoproduct, usually where two pyrimidines are adjacent.
They also induce oxidative DNA damage (257). However, UVC is completely absorbed
by the ozone layer of the atmosphere.
UVB radiation is primarily responsible for approximately one million
nonmelanoma skin cancer (squamous cell carcinoma (SCC) and basal cell carcinoma
(BCC)) cases in the U.S. each year and this incidence is equivalent to the annual
incidence of all other human malignancies combined in the U.S. (258). BCCs and SCCs
account for approximately 80% and 16% of all skin cancers, respectively, and both are
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derived from basal layer of the epidermis of the skin. BCCs are growing slowly and
rarely metastasize, but some SCCs are highly invasive and metastatic (259, 260).
UVB radiation is a complete carcinogen functioning as initiation, promotion and
progression factors in mouse skin models (261). UV-induced DNA photoproducts cause
signature mutations after replication, if not repaired. About 70% of the UV-induced
mutations are cytosine (C) to thymidine (T) and 10% of them are CC to TT (262). If UV
radiation causes mutations in critical genes in cell growth and differentiation, such as p53
or ras, it will be an important mechanism for UV-induced tumor initiation (263, 264).
Over 90% of the SCCs, 50% of the BCCs, and many cases of actinic keratosis (AK)
which is benign or premalignant lesion, have mutations in the p53 tumor suppressor gene,
and those mutations are UV signature mutations (265).
The initiated cells could undergo clonal expansion during tumor promotion to
result in a benign papilloma or an AK under the repeated exposure to UV radiation (238).
Initiated cells with p53 mutation will be more resistant to apoptosis and have defects in
cell cycle checkpoint activation induced by UVB than normal epidermal cells, and thus
UV radiation could stimulate the proliferation of the initiated cells (promotion) and
accumulate other genetic changes (progression).
Tumor promotion by UV radiation seems to be mediated by altering signaling
pathways that result in changes in gene expression, especially involved in cell
proliferation and apoptosis (266). Transcription factor complexes, AP-1 and NF-κB, p53
and cyclooxygenase-2 (COX2) are implicated in mediating the UV response (267).
UV-induced signal transduction pathways are suggested to be mediated primarily
through signaling cascades involving MAPKs and phosphoinositide 3-kinase (PI3K).
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2) UVB signaling pathways
MAPKs
MAPKs, including the ERKs, the c-Jun NH2-terminal kinases (JNKs) and the p38
kinases (268, 269), are important in the regulation of complex cellular functions such as
proliferation, differentiation and apoptosis as well as development and inflammation
(270). Depending upon cell types and dose, UVB alters gene expression to induce
various UV response by stimulating JNKs, p38 kinases or ERKs (271-273).
UV-induced gene expression
AP-1
It has been shown that the dominant-negative mutant transgene of c-jun inhibits
UVB-induced AP-1 activation in the epidermis and inhibits UVB-induced skin tumor
development, suggesting that UVB induction of AP-1 activity in keratinocytes may have
a role in cell proliferation (274, 275). AP-1 complex consists of Jun (c-Jun, JunB and
JunD) and Fos (c-Fos, FosB, Fra1and Fra2) proteins by forming either Jun-Jun
homodimers or Jun-Fos heterodimers. In human keratinocytes, UVB irradiation has been
found to cause c-Fos-JunD heterodimers to bind to the AP-1 element in target gene
promoters (276).
c-Fos is an immediate early-response gene that is expressed at a low level
constitutively and can be induced by various stimuli. In human keratinocytes, UVBirradiation significantly increases c-Fos transcription and protein expression. At the same
time, UVB significantly activates p38 and ERK (277). Treatment with a p38 inhibitor,
SB202190, almost completely abolishes UV-induced c-Fos gene expression and protein
synthesis, whereas ERK inhibition partially decreases UVB-induced c-Fos expression.
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The p38 inhibitor also inhibits UVB-induced AP-1 trasnactivation and DNA binding
(278). c-Fos AP-1 site (FAP1) and CRE are identified as important cis elements for the
UVB-induction of the c-Fos promoter, and phosphorylated CREB have been shown to
bind to those sites (279).
UV induces c-Jun gene transcription mediated through AP-1 binding sites by cJun-ATF-2 dimers (280, 281).
COX2
Treatment with a selective inhibitor of COX2 has been shown to reduce UVinduced skin cancer in mice suggesting an important role of COX2 in UV-induced skin
carcinogenesis (282). COX2 has been shown to be increased after UVB irradiation in
human keratinocytes (283). Human SCC tissues show increased COX2 protein levels
compared with normal skin, and overexpression of COX2 antisense in human skin cancer
cells suppresses COX2 protein expression and cell growth (284). UVB irradiation of
HaCaT cells activates p38 and increases COX2 expression at the mRNA and protein
levels, and the increase in COX2 mRNA in response to UVB is inhibited by a p38
inhibitor (285). From the studies with human COX2 promoter, binding of CREB and
ATF1 to CRE site in the COX2 promoter has been shown to be required for the induction
of basal and UVB-induced COX2 transcription. CREB-ATF-1 has been also shown to be
phosphorylated on Ser133 of CREB upon UVB treatment, and the p38 inhibitor
decreases phosphorylation of Ser133 and suppresses COX-2 promoter activity (286).
Taken together, signaling pathway for UVB induction of human COX-2 involves
activation of p38, subsequent phosphorylation of CREB-ATF-1, and activation of the
COX-2 promoter through enhanced binding of phosphorylated CREB-ATF-1.
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Histone H3
The rapid phosphorylation of histone H3 occurs concomitantly with immediate
early gene induction in response to a variety of stimuli, and this event is involved in
immediate early gene expression, chromatin remodeling and chromosome condensation
during mitosis (287). UV irradiation of cells stimulates phosphorylation of histone H3 at
Ser10 through ERKs and p38 kinase, and at Ser28 mediated by MSK1 as a downstream
of p38 and ERKs (288, 289).
Apoptosis
UVB irradiation can stabilize p53 by phosphorylation at Ser20 with disruption
with MDM2 interaction. Activated JNKs phosphorylates Ser20 of p53, and JNK-induced
Ser20 phophorylation is associated with p53-dependent transcriptional activation and
apoptosis (290). It has been shown that fibroblasts with targeted disruptions of the
functional JNKs are protected against UV-stimulated apoptosis and the absence of JNK
causes a failure in cytochrome c release (291).
UVB also stimulates phosphorylation of Ser112 of BAD by JNK1 as well as p90
ribosomal S6 kinase 2 (RSK2) and mitogen- and stress-activate protein kinase 1 (MSK1),
downstream kinases of ERKs and p38 kinase in vivo and in vitro (292). BAD is a
proapoptotic factor in Bcl-2 family, and phosphorylation at Ser112 and 136 have been
shown to result in its dissociation from another Bcl-2 family member, Bcl-XL. Then BclXL is free to protect cells from apoptosis (293). p38 activation by released cytokines in
response to UV irradiation has been shown to regulate the prolonged activation of Akt
cell survival pathway (294).
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Taken together, MAPKs pathway is likely to play an important role in balancing
UV-induced apoptotic signal in the context of severity of damage, condition and cell
types.
PI3K-AKT
PI3K is a heterodimer that is composed of a catalytic subunit (p110) and a
regulatory subunit (p85) and regulates of cell proliferation and cell survival in response to
UVB (295). UV-induced activation of EGFR has been shown to mediate survival
function through PI3K-Akt pathway in human keratinocytes. UVB also stimulates
phosphorylation of RSK and Bad at Ser112, downstream effectors of Akt, and inhibitors
of EGFR and PI3K block UV-induced BAD phosphorylation (296). Insulin-like growth
factor 1 (IGF-1) has been found to protect fibroblast from apoptosis induced by UVB
irradiation. Cells expressing kinase-inactive IGF receptor (IGFR) or treated with
wortmanin, a PI3K inhibitor, are sensitized to UV-induced apoptosis. In addition,
overexpression of active PI3K or membrane-targeted Akt is sufficient to protect cells,
demonstrating the critical antiapoptotic role of IGFR-PI3K-Akt pathway in UVB-induced
apoptosis (297).
UVB also activates PI3K in human keratinocytes in culture, causing
phosphorylation of Akt, and GSK-3β phosphorylation on Ser9 which inactivates GSK3β. Treatment with a PI3K inhibitor decreases c-Fos and Cox2 promoter activity and
protein expression, and treatment of a GSK3β inhibitor increases both promoter activity
and protein expression. Forced expression of dominant negative Akt or wild type GSK3β inhibits UVB-induced c-Fos and Cox-2 promoter activity (298, 299).
WNT/GSK3
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GSK3 is also a component of WNT signaling pathway, playing a major role in the
regulation of the proto-oncogene, β-catenin. GSK3 is active in unstimulated cells and
targets β-catenin for proteosomal degradation following phosphorylation. Activation of
WNT signaling results in the inhibition of GSK3 activity and the accumulation of βcatenin and subsequent activation of the TCF/LEF transcription factor complex that can
activate or repress gene expression (300). Alternatively, WNT can regulate gene
expression through GSK3-dependent but β-catenin-independent mechanism as shown in
the activation of COX-2 and repression of periostin gene expression (301).
It has been shown that DNA damage inhibits WNT signaling in a p53-dependent
manner, resulting in the derepression of GSK3 and the downregulation of LEF/TCF
transcription activity. Genotoxic stress such as UVB or adriamycin treatment activates
p53 and subsequently induces Siah-1 and Dkk-1. Siah-1 or Dkk-1 inhibits WNT/βcatenin signaling by enhancing the degradation of β-catenin or by functioning as WNT
antagonist by interfering coreceptor Lrp-6, respectively (302-304).
In the other hand, DNA damage which activates p53 is found to activate nuclear
GSK3β. This activation occurred by direct binding of GSK3β to p53 in the nucleus and
this complex regulates p53-mediated cellular response to DNA damage such as increases
in p21 levels and caspase 3 activity (305).
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5. Research hypothesis
C/EBPα plays an important role in the regulation of mitotic growth arrest
associated with terminal differentiation in various cell types. C/EBPα is highly
expressed in skin, especially in the suprabasal keratinocytes, but its function and
regulation is poorly characterized. Forced expression of C/EBPα blocks keratinocyte
proliferation suggesting that C/EBPα has a role in regulation of cell cycle in
keratinocytes.
In response to DNA damage, cells activate cell cycle checkpoints that prevent
replication of damaged DNA allowing time for DNA repair, and when the damage is too
extensive, apoptotic pathways are engaged.
Considering the high potential of the skin for exposure to extrinsic factor, it is
plausible that C/EBPα in skin expands its role into the cell cycle checkpoint activation in
response to DNA damage induced by environmental stressors such as UVB, a main cause
of skin cancer.
We hypothesize that UVB-induced DNA damage regulates C/EBPα expression
and/or activity and C/EBPα has a role in the UVB-induced DNA damage response.
The research was focused on 1) the inducibility of C/EBPα expression or activity
by UVB or DNA damaging agents, 2) signaling pathway through which UVB regulates
C/EBPα induction or activity, and 3) the biological role of C/EBPα in DNA damage
response induced by UVB in keratinocyte model.
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ABSTRACT
The bZIP transcription factor, C/EBPα is abundantly expressed in keratinocytes of the
skin, however its function in skin is poorly characterized. UVB radiation is responsible
for the majority of human skin cancers. In response to UVB-induced DNA damage,
keratinocytes activate cell cycle checkpoints that arrest cell cycle progression and prevent
replication of damaged DNA allowing time for DNA repair. We report here that UVB
radiation is a potent inducer of C/EBPα in human and mouse keratinocytes as well as in
mouse skin in vivo. UVB irradiation of keratinocytes resulted in the transcriptional upregulation of C/EBPα mRNA producing >70 fold increase in C/EBPα protein. MNNG,
etoposide and bleomycin also induced C/EBPα. UVB-induced C/EBPα was
accompanied by an increase in p53 protein and caffeine, an inhibitor of ATM/ATR
kinases, inhibited UVB induced increases in both C/EBPα and p53. UVB irradiation of
p53 null or mutant p53 containing keratinocytes failed to induce C/EBPα. UVB
irradiation of C/EBPα knockdown keratinocytes displayed a greatly diminished DNA
damage G1 checkpoint and this was associated with increased sensitivity to UVBinduced apoptosis. Our results uncover a novel role for C/EBPα as a p53-regulated DNA
damage inducible gene that has a critical function in the DNA damage G1 checkpoint
response in keratinocytes.
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INTRODUCTION
CCAAT/enhancer binding protein-α (C/EBPα) is a member of the basic leucine
zipper (bZIP) class of transcription factors (For review, see (40). C/EBPα plays a critical
role in the regulation of differentiation in myeloid cells (39, 57), preadipocytes (30, 53)
and hepatocytes (12). In these cell types, C/EBPα is involved in the regulation of mitotic
growth arrest associated with terminal differentiation as well as the expression of genes
associated with the differentiated phenotype. C/EBPα is also expressed in skin (27, 33,
47), intestine (1), adrenal gland (4) and ovary (37), however, its function in these tissues
is poorly characterized. While the function of C/EBPα in skin has not been
characterized, C/EBPβ is involved in the regulation of the early stages of squamous
differentiation (61). C/EBPβ also plays a critical role in Ras-mediated mouse skin
tumorigenesis and keratinocyte survival. Unlike C/EBPβ, C/EBPα does not cooperate
with Ras to induce transformation of NIH3T3 cells (62). However, forced expression of
C/EBPα blocks epidermal keratinocyte proliferation suggesting a cell cycle regulatory
function for C/EBPα in skin (61).
The ability of cells to respond to DNA damage is essential to ensure the integrity
of the genome. With regard to environmental DNA damaging agents, sun or ultraviolet
(UV) exposed areas of human skin represent a major site of DNA damage. UV radiation
induces cyclobutane pyrimidine dimers, 6-4 photoproducts, cytosine photohydrates, DNA
strand breaks, and DNA crosslinks (For reviews, see (6, 11). UVB radiation is
responsible for 1 million nonmelanoma skin cancer cases/year in the U.S. accounting for
40% of all new cancer cases diagnosed each year in the U.S. (29). In response to UVinduced DNA damage, keratinocytes activate cell cycle checkpoints (28, 32, 54) that
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arrest cell cycle progression and prevent replication of damaged DNA allowing time for
DNA repair, or if the damage is too extensive, initiate apoptosis (63). Failure to repair
UV-induced DNA damage in keratinocytes is linked to the development of nonmelanoma
skin cancer (7). While the expression of C/EBPα and its anti-proliferative function are
regulated during development and differentiation, its anti-proliferative function is not
thought to be involved in DNA damage response network. However, in view of the high
potential of the skin for exposure to extrinsic factors, such as UVB, that induce DNA
damage, it is possible that one function of C/EBPα in skin is to participate in mitotic
growth arrest in response to environmental stressors such as UVB-induced DNA damage.
The results presented in this study are the first to identify a role for C/EBPα in the
cellular response to DNA damage induced by extrinsic DNA damaging agents. We
demonstrate that C/EBPα is a p53-regulated DNA-damage inducible gene in
keratinocytes and that it is an important link between UVB-induced DNA damage and
cell cycle arrest in epidermal keratinocytes.
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MATERIALS and METHODS
Cell lines and cell culture
BALB/MK2 keratinocytes (B. Weissman, UNC) were cultured in Ca2+ free Eagle’s
minimal essential medium, EMEM (Biowhittaker) supplemented with 8 % chelex-treated
fetal bovine serum (FBS, Invitrogen), 4 ng/ml hEGF (Invitrogen), and 0.05 mM calcium.
Mouse primary keratinocytes were isolated from the epidermis of newborn mice by
overnight trypsin flotation at 4 °C (21). Isolated keratinocytes were plated in Ca2+-free
EMEM supplemented with 10% unchelaxed FBS and 10 ng/ml hEGF. Four hours later,
cultures were washed with Mg2+- and Ca2+-free phosphate buffered saline (PBS) and
refed with Ca2+-free EMEM supplemented with 4% chelex-treated FBS, 10 ng/ml hEGF,
100 U/ml penicillin, 100 µg/ml of streptomycin, 250 ng/ml amphotericin B [Fungizone]
and 0.05 mM calcium. NHEK were purchased from Cambrex (Walkerville) and cultured
in KGM (Cambrex). HaCaT cells were cultured in DMEM (Sigma) supplemented with
10 % FBS, 100 U/ml penicillin, 100 µg/ml streptomycin. NIH3T3 cells and NRK were
cultured in DMEM supplemented with 10 % calf serum. HepG2 cells were MEM
supplemented with 10 % FBS, 1.0 mM sodium pyruvate and 0.1 mM nonessential amino
acids.
Animals
CD-1 (Charles River) and C57BL/6 and 129/SV mixed strain mice were used for in vivo
UVB irradiation. Wild type and p53 null newborn mice were provided by J. French
(NIEHS). Primers and PCR conditions were published previously (22). p53-deficient
male mice were mated with heterozygous female mice to produce p53-deficient pups.
C57BL/6 mice were mated to generate control subjects.
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UVB irradiation and chemical treatment
The UVB lamp (Model EB 280C, Spectronics) emits wavelengths between 280-320 nm
with a spectrum peak at 312 nm. The light intensity of the lamp was measured by IL1700
Research Radiometer (International Light) equipped with SED 240 sensor. UVB lamp
was positioned 15 cm above the cells or mice. For cells in culture, medium was removed,
and cells were washed with PBS and irradiated in the presence of PBS for the amount of
corresponding time to the indicated UVB dose. After irradiation, PBS was removed and
replaced with the specified medium. MNNG (Aldrich), etoposide (Sigma), actinomycin
D (Sigma) were dissolved in DMSO. Bleomycin A2 (Calbiochem), caffeine (Sigma) was
dissolved in water. For mouse studies, the hair of the dorsal skin of 6-7 week old female
mice was clipped, and two days later, mice were individually irradiated with UVB.
Preparation of cell lysates
Nuclear extracts were prepared as previously described (43). For the preparation of whole
cell lysates, cells were washed with cold PBS, harvested by scraping, and collected by
centrifugation. Cells were placed in hypotonic buffer (10 mM HEPES, pH 7.9, 10 mM
KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl
fluoride, 1X protease inhibitor cocktail (Roche), 1 mM sodium orthovanadate with 0.6%
Nonidet P-40) and lysed by sonication, and then one-tenth volume of 5 M NaCl was
added. The cell lysates were vortexed, incubated for 15 min on ice, and centrifuged.
Supernatants were stored at –80 °C until use. Protein concentration was determined using
Bio-Rad protein assay reagent.
Western blot analysis
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Equal amounts of protein were precipitated by adding equal volume of 20%
trichloroacetic acid and washed with cold acetone. Protein samples were dissolved in SDS
sample buffer, boiled and separated by SDS-PAGE. The separated proteins were
transferred to an Immobilon-P membrane (Millipore). Following incubation in blocking
buffer, the membranes were probed with rabbit polyclonal IgG raised against C/EBPα,
C/EBPβ, p53 or p21 (Santa Cruz). The membranes were washed and then probed with a
horseradish peroxidase-linked secondary antibody (Amersham). Detection was made with
an enhanced chemiluminescence reagent (Amersham) followed by exposure of the
membrane to film. Membranes were stained with coomasie blue to confirm equal protein
loading. Band intensity was measured by densitometry.
EMSA and supershift
C/EBP consensus oligonucleotides (Santa Cruz) were labeled with [γ-32P] ATP by kinase
reaction using T4 polynucleotide kinase. Radiolabeled oligonucleotides were incubated
with 4 µg of nuclear extract at room temperature in binding buffer containing poly[dIdC]. For supershift, samples were further incubated with anti-C/EBPα antibody (Santa
Cruz). DNA-protein complexes were loaded onto 4% polyacrylamide gels and run in
0.25X Tris borate EDTA buffer. The gel was transferred to Whatman paper, dried and
exposed to film.
Northern blot analysis
Total RNA was isolated from UVB-irradiated or non-irradiated BALB/MK2 cells in
culture using acid guanidium thiocyanate-phenol-chloroform extraction. C/EBPα cDNA
was labeled with [α-32P] dCTP using Ready-To-Go labeling beads (Amersham). RNA
was electrophoresed on agarose-formaldehyde gel, transferred to zeta-probe GT
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membrane (BioRad), and UV cross-linked. Membranes were incubated at 65 °C in
hybridization buffer (0.25 M Na2HPO4, pH 7.2, 7% SDS) overnight, washed, exposed to
film at –80 °C and developed.
Construction of C/EBPα promoter-reporter and luciferase assay
The region between +62 to -2808 (2.8 Kb), +62 to -613 (0.6 Kb) and +62 to -517 (0.5
Kb) of the C/EBPα promoter (P. Johnson, NCI) were amplified by PCR. Potential p53
binding sequences in C/EBPα promoter were determined by a consensus binding site for
p53 published previously (14) and by using p53 Scanner program from the Ohio State
University, Human Cancer Genetics Bioinformatics group. Each amplified product was
inserted into the promoterless and enhancerless reporter, pGL3-basic using KpnI and
XhoI sites. Colonies were screened by restriction enzyme analysis and 2 positive colonies
from 2.8 Kb were verified by DNA sequencing. BALB/MK2 keratinocytes were plated
and 24 hours later transfected with pGL3-basic or C/EBPα promoter-reporter along with
pCMV-p53 expression or pCMV control vector using Tfx-10 (Promega) following
manufacturer’s protocol. Cells were harvested 24 hrs after transfection, and the luciferase
activity was determined using the luciferase assay kit (Promega).
Immunohistochemistry
Normal and irradiated mouse skins were fixed in 10% neutral buffered formalin
phosphate and embedded in paraffin. Tissue sections (5 µm) were subjected to antigen
retrieval followed by treatment with 0.1% H2O2 and blocking with normal goat serum.
Sections were incubated with the anti-C/EBPα antibody for overnight and a biotinylated
goat anti-rabbit IgG for 30 min. Detection was made with ABC kit (Vector Laboratories)
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and 3,3'-diaminobenzidine (BioGenex) as the chromagen following manufacturer’s
protocol.
Transfection and colony formation assay
BALB/MK2 keratinocytes were plated and 24 hrs later transfected with 2 µg pcDNA3 or
pcDNA3-C/EBPα using lipofectamine (Invitrogen) in serum-free media according to the
manufacturer's protocol. Two days later the cultures were split (1:3), and selection media
containing 300 µg/ml G418 (Sigma) was added 24 hr after replating. On days 3, 5, and 7
after G418 selection, the number of colonies and the number of cells per colony in 30
random grid squares were counted.
Retroviral infection and thymidine incorporation assay
φNX cells were grown in DMEM supplemented with 10 % FBS and transfected with 15 µg
pWZL or pWZL-C/EBPα (P. Johnson, NCI) by calcium phosphate precipitation method.
C/EBPα nucleotide sequences were confirmed by DNA sequencing. Twenty four hours after
transfection the culture medium was replaced with keratinocyte medium. The next day,
medium containing virus was collected, filtered, transferred onto the keratinocytes for
infection with 5 µg/ml polybrene (Sigma). Fresh keratinocyte medium was added to the
packaging cells. Infection procedure was repeated two more times at 4 hr intervals. Infected
keratinocytes were selected with 100 µg/ml hygromycin (Roche) for 2 weeks and colonies
were pooled. Cells were pulse-labeled with [3H-methyl] thymidine (3 µCi/ml) for 1 hr
before collection. Cells were collected by trypsinization, resuspended in 1 mM EDTA buffer
and sonicated, and aliquots were collected onto glass fiber filters and the filters were placed
in liquid scintillation cocktail and subjected to scintillation counting. For DNA quantitation,
an aliquot of each sample and 5 µl of 0.1 mg/ml Hoechst 33258 solution were mixed in 1 ml
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of 0.01 M Tris (pH 7.0)-0.1 M NaCl-0.01 M EDTA buffer. The fluorescent units were
determined with a fluorometer (excitation at 365 nm and emission at 450 nm).
Generation of C/EBPα knockdown BALB/MK2 keratinocytes
The siRNA target sequence for C/EBPα, 5’-907AAAGCCAAACAACGCAACGTG-3’
was selected following manufacturer’s protocol and target sequence was analyzed by
BLAST search to check significant sequence homology with other genes. Two DNA
oligonucleotides were designed and cloned into the pSilencer 2.3-U6 hygro vector
(Ambion) following manufacturer’s protocol. BALB/MK2 keratinocytes were transfected
with these constructs as well as empty vector, selected with hygromycin and colonies
were ring cloned. Colonies were expanded and screened for C/EBPα expression after
UVB irradiation.
5-Bromo-2'-deoxyuridine (BrdU) labeling and FACS analysis
For G1 checkpoint, C/EBPα knockdown keratinocytes or control keratinocytes were
synchronized by serum and hEGF starvation (0.5 % chelexed FBS) at ~25 % confluence for
24 hr and then released into the cell cycle by the addition of complete medium. Six hours
later cells were irradiated with 5 mJ/cm2 UVB or not irradiated and harvested at 18 and 24
hr post release into cell cycle. Cells were incubated with 10 µM BrdU for 2 hours before
harvesting the cells at each time point. Cells were trypsinized, pelleted, resuspended in 100
µl cold PBS and fixed in 70 % ethanol. Cells were treated with 2N HCl/Triton x-100 to
denature DNA followed by neutralization with Na2B4O7. Cells were pelleted and
resuspended in a 0.5% Tween 20/1%BSA/PBS with anti-BrdU-FITC antibody (1:50, Becton
Dickinson) and 0.5 mg/ml RNase and incubated at 4 °C overnight. Cells were pelleted and
resuspended in PBS containing 5 mg/ml propidium iodide (PI) and subjected to FACS
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analysis. Data were collected and presented on a scatter plot with BrdU intensity on the yaxis and PI intensity on the x-axis.
Caspase 3/7 assay
C/EBPα knockdown keratinocytes or control keratinocytes were plated in fluorescence
readable 96 well plates and grown in keratinocyte medium. The Apo-ONE Homogeneous
Caspase-3/7 Assay (Promega) was used to measure apoptosis following manufacturer’s
protocol. Total cell number was analyzed using the CytoTox 96 Non-Radioactive
Cytotoxicity Assay kit (Promega) following manufacturer’s protocol.
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RESULTS
We examined the effect of UVB treatment on C/EBPα expression in BALB/MK2
keratinocytes. BALB/MK2 keratinocytes, a nontransformed immortalized mouse cell
line, were irradiated with a single dose of UVB (10 mJ/cm2). As shown in Figure 1A,
UVB produced a very large increase in C/EBPα protein levels. At 6 hours post-UVB
treatment, there was approximately a 10 fold increase in C/EBPα protein and by 18
hours, C/EBPα protein was increased >70 fold. Elevated levels of C/EBPα protein (2-3
fold) could be detected as early as 3 hrs post-UVB treatment (data not shown). By 48 hrs
post-UVB treatment, C/EBPα protein levels began to return to baseline levels (Figure
1A). These results demonstrate that UVB radiation is a potent and rapid inducer of the
transient expression of C/EBPα protein in BALB/MK2 keratinocytes. While UVB is a
potent inducer of C/EBPα, it had a comparatively much smaller effect on C/EBPβ
protein levels (Figure 1A). C/EBPδ (34) and C/EBPζ (CHOP/GADD 153) (15, 18, 59)
can be induced by various cellular stressors, however, neither C/EBPδ protein or C/EBPζ
protein were induced by UVB at the doses and time points we examined for C/EBPα
(data not shown). Electrophoretic mobility shift assay (EMSA) analysis utilizing a
C/EBP consensus sequence demonstrated UVB treatment also produced a large increase
in DNA binding activity (Fig 1B). Supershift EMSA analysis with antibodies to C/EBPα
revealed that the great majority of the UVB-induced increase in DNA binding was due to
C/EBPα binding (Fig 1C). Therefore, the increase in UVB-induced C/EBPα protein
levels is accompanied by a concomitant increase in C/EBPα DNA binding. As shown in
Figure 1D, UVB induced C/EBPα in a dose-dependent manner. To determine whether
the UVB induction of C/EBPα protein is a result of increased mRNA levels, we isolated
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total RNA from UVB treated BALB/MK2 keratinocytes and conducted Northern
analysis. As shown in Figure 1E, UVB treatment produced a large increase in C/EBPα
mRNA levels. Actinomycin D treatment completely blocked the UVB-induction of
C/EBPα protein levels (Figure 1F). Actinomycin D also blocked UVB induced increase
in C/EBPα mRNA as determined by quantitative RT-PCR (data not shown). Collectively
these data indicate that UVB is a potent inducer of C/EBPα at the transcriptional level.
As shown in Figure 2A, UVB induced C/EBPα protein levels in human primary
keratinocytes (NHEK) as well as in mouse primary keratinocytes. UVB also induced
C/EBPα in the epidermis of skin of mice treated in vivo with UVB (Figure 2A). To
determine whether other types of DNA damage/DNA damaging agents could also induce
C/EBPα, we treated BALB/MK2 keratinocytes with: N-methyl-N'-nitro-Nnitrosoguanidine (MNNG), a carcinogen that methylates DNA; etoposide, an inhibitor of
topoisomerase II that produces double strand DNA breaks; and bleomycin, an
antineoplastic drug that produces both single and double strand breaks. As shown in
Figure 2B, all three DNA damaging agents are potent inducers of C/EBPα protein
expression. While human and mouse keratinocytes responded to UVB with the robust
induction of C/EBPα, treatment of NIH3T3 fibroblasts, human hepatoma cells (HepG2),
and normal rat kidney fibroblasts (NRK) with various doses of UVB did not induce
C/EBPα (Figure 2C). UVB treatment did, however, increase p53 protein levels
indicating that these cells are capable of responding to UVB (Figure 2C). Similar to the
UVB results, treatment of NIH3T3, HepG2 and NRK cells with MNNG or etoposide did
not induce C/EBPα (data not shown). These results indicate UVB-induction of C/EBPα
is cell type specific.
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As shown in Figure 3A, UVB treatment of BALB/MK2 keratinocytes induced the
accumulation of p53 protein as well as p21, a p53 inducible protein. The kinetics of the
increase in C/EBPα protein was similar to p53 accumulation suggesting a possible
relationship between the two proteins (Figure 3A). To begin to determine if p53 is
involved in UVB-induction of C/EBPα we first examined the effect of caffeine (42), a
pharmacological inhibitor of ataxia-telangiectasia mutated (ATM) and ataxiatelangiectasia mutated and Rad3-related (ATR) on UVB-induction of C/EBPα and p53
accumulation. ATR is activated by UVB-induced DNA damage and subsequently
phosphorylates p53, contributing to the activation (9, 13) and accumulation of p53
protein (45). As shown in Figure 3B, treatment of BALB/MK2 keratinocytes with
caffeine blocked UVB-induced p53 accumulation as well as C/EBPα induction
suggesting UVB-induced C/EBPα is ATM/ATR and/or p53 dependent. To determine
whether the UVB induction of C/EBPα is p53 dependent, we examined the effects of
UVB in HaCaT cells, a human keratinocyte cell line that contains inactive mutant p53
(25). While UVB is an effective inducer of C/EBPα in normal human epidermal
keratinocytes (NHEK), UVB did not induce C/EBPα or p21 in HaCaT cells indicating
that functional p53 is required for C/EBPα induction (Figure 3C). HaCaT cells displayed
elevated levels of p53 in the absence of UVB treatment as well as a lack of increase in
p21, both of which are indicative of the presence of inactive mutant p53. To provide
additional direct evidence that p53 is required for UVB-induced C/EBPα expression, we
examined the effects of UVB in p53 nullizygous and wild type primary mouse
keratinocytes. In primary mouse keratinocytes, maximal UVB-induction of C/EBPα was
achieved 6 hr after irradiation (Fig 2A). As shown in Figure 3D, UVB failed to induce
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C/EBPα in p53-nullizygous mouse keratinocytes. Similar results were obtained at 12 and
18 hours post UVB and at a lower dose (5mJ/cm2) (data not shown). These results
demonstrate that p53 is required for UVB-induction of C/EBPα in human and mouse
keratinocytes. We also observed that p53 is also required for C/EBPα induction in
keratinocytes treated with other DNA damaging agents including MNNG, etoposide and
bleomycin (data not shown). To begin to determine whether p53 regulates C/EBPα
through a direct or indirect mechanism we examined the effect of p53 expression on the
reporter activity of a C/EBPα promoter-reporter construct that contained the 2.8 kb of the
mouse C/EBPα proximal promoter. As shown in Figure 3E, p53 stimulated C/EBPα
promoter reporter activity. Analysis of the 2.8 kb C/EBPα promoter revealed a p53
consensus site 5’-GGcCTAGTCC(cagctttta)AcACAAGTCT-3’ at -551~ -579 bp. To
determine whether p53 regulates the C/EBPα promoter through this site we constructed
two promoter reporter constructs, one containing the proximal 0.6 Kb of the C/EBPα
promoter which included putative p53 site and the other containing 0.5 Kb of the
proximal promoter which lacked the putative p53 site. As shown in Figure 3E, p53
stimulated the C/EBPα promoter-reporter containing the proximal 0.6 Kb, however, the
deletion of the putative p53 site did not result in decreased p53 regulated reporter
activity. Further analysis of the 0.5 Kb promoter did not reveal any p53 binding sites
suggesting p53 may regulate C/EBPα through an indirect mechanism.
The epidermis is primarily composed of basal and suprabasal keratinocytes.
Basal keratinocytes are undifferentiated and capable of mitosis while suprabasal
keratinocytes are post-mitotic and have entered the squamous differentiation program.
Knowing the cellular location of the UVB-induced increase in C/EBPα within the
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epidermis could provide insight into the function of C/EBPα in the epidermal UVB
response. Immunohistochemical staining for C/EBPα in UVB-irradiated mouse skin
revealed increased staining of C/EBPα in the nucleus and cytoplasm of both the
suprabasal and basal keratinocytes of the epidermis (Figure 4A). Of particular
significance, was the observation that UVB produced a 3-4 fold increase in the number of
basal keratinocytes expressing C/EBPα (see Figure 4B). Thus, UVB treatment not only
increases the level of C/EBPα in keratinocytes previously expressing C/EBPα, but it
induces the expression of C/EBPα in keratinocytes in which C/EBPα was previously not
expressed or was undetectable. The UVB-induced increase of C/EBPα in the basal
keratinocytes, which represent the proliferating compartment of the epidermis, suggests
that C/EBPα may have a role in UVB-induced inhibition of keratinocyte proliferation. In
agreement with earlier studies (61), forced expression of pcDNA3-C/EBPα in
BALB/MK2 keratinocytes inhibited keratinocyte proliferation as indicated by the
decrease in the number of cells/colony and the total number of colonies. As shown in
Figure 5A, the number of cells/colony changed little over time in the C/EBPα transfected
cells while the number of cells/colony in the control cells transfected with the empty
vector increased over 4 fold (Figure 5A). C/EBPα also produced approximately a 75%
decrease in the total number of colonies (data not shown).
Transient transfection of BALB/MK2 cells with pcDNA3-C/EBPα produces
supra-physiologic levels of C/EBPα and transfection efficiency is less than 5%. In order
to further study the effect of C/EBPα on keratinocyte proliferation we infected
BALB/MK2 keratinocytes with a retrovirus containing C/EBPα and selected the cells
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with hygromycin. Cells infected with the C/EBPα containing retrovirus displayed
elevated levels of C/EBPα that were comparable to the UVB-induced C/EBPα levels
(Insert in Fig 5B). These elevated C/EBPα levels are at least an order of magnitude less
than the cells transfected with pcDNA3-C/EBPα (data not shown). Unexpectedly, the
keratinocytes infected with the retrovirus containing C/EBPα continued to proliferate
similar to the control cells infected with empty virus as determined by 3H-thymidine
incorporation into DNA and FACS analysis (data not shown). While overexpression of
C/EBPα inhibits cell proliferation in many cells, this appears to be dependent on the
degree of overexpression as well as the cell type (16, 26, 44). When human epidermal
growth factor (hEGF) was removed from the culture medium, cells infected with the
C/EBPα containing retrovirus displayed greater than 80-90% decrease in 3H-thymidine
incorporation into DNA at 24-48 hrs compared to control cells infected with empty virus
(Fig 5B). Conditioned medium from control cells did not alter the growth inhibitory
response of the C/EBPα expressing cells nor did conditioned medium from the C/EBPα
expressing cells induce growth inhibition in the control cells (data not shown) indicating
that the differential growth response of C/EBPα overexpressing cells was not due to
altered production of autocrine factors present in the medium. These results suggest that
hEGF in the culture medium antagonizes the anti-proliferative function of C/EBPα under
unstressed conditions.
We examined the effect of UVB on cell proliferation in these keratinocytes
infected with either a retrovirus containing C/EBPα or an empty retrovirus. Since
C/EBPα is rapidly induced by UVB, we examined proliferation at early time points postUVB before substantial levels of C/EBPα were induced in the control cells. UVB
53

inhibited cell proliferation in both C/EBPα overexpressing and control cells, however,
cells overexpressing C/EBPα displayed approximately 50% greater inhibition in cell
proliferation as determined by 3H-thymidine incorporation into DNA at 2 hours postUVB (Figure 5C). These results indicate that C/EBPα contributes to growth arrest in
UVB treated keratinocytes. Later time points up to 24 hours did not show significant
differences in 3H-thymidine incorporation into DNA in cells infected with the retrovirus
containing C/EBPα compared to cells infected with empty retrovirus. This lack of effect
at the later time points could be due to the induction of endogenous C/EBPα in the
control cells, which complicates the interpretation of these C/EBPα overexpression
studies.
In order to better define the role of C/EBPα in UVB-induced growth arrest we
utilized small-interference RNA (siRNA)-mediated knockdown of C/EBPα. C/EBPαsiRNA blocked C/EBPα induction approximately by 80% (Figure 6B). To determine
whether C/EBPα has a role in the UVB-induced DNA damage G1 checkpoint,
keratinocytes were synchronized by serum and hEGF starvation, released from starvation,
irradiated with UVB or not 6 hrs after release from starvation and pulsed with BrdU 2
hours prior to collection. At 6 hours after the release from serum starvation < 1% of the
untreated control cells and C/EBPα knockdown cells were in S-phase (Figure 6A).
Similar results were observed at 8 hrs post release (data not shown). As shown in Figure
6A, at 18 hrs post release, 13.5 % and 30.7% of the unirradiated control and C/EBPα
knockdown cells progressed into S-phase, respectively. In contrast, 1.4±0.26% and
10.3±0.33% of the irradiated control and C/EBPα knockdown cells progressed into Sphase. Therefore, UVB inhibited by ~90% the entry of control cells into S-phase,
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however, entry into S-phase was only inhibited by 67% in the C/EBPα knockdown cells
(Figure 6A). Similar results were obtained with another independently isolated C/EBPα
knockdown clone (data not shown) and with UVB irradiation 4 hrs after release into the
cell cycle (data not shown). By 36 hours post UVB irradiation, recovery into S-phase
progression was detected in control cells (data not shown). These results demonstrate
that the UVB-irradiated control cells have an effective G1 checkpoint while C/EBPα
knockdown cells have a greatly attenuated G1 checkpoint in response to UVB-induced
DNA damage. We also conducted a BrdU pulse-chase experiment in asynchronously
growing control and C/EBPα knockdown keratinocytes. Both UVB-irradiated control
and C/EBPα knockdown cells arrested in S-phase at 6 and 12 hours post-UVB to a
similar degree suggesting that C/EBPα does not involved in the S-phase checkpoint (data
not shown). Attenuation of DNA damage checkpoints, including G1 checkpoint can
result in increased apoptosis (5, 36). As shown in Figure 6C C/EBPα knockdown
keratinocytes display an increased sensitivity to UVB-induced apoptosis.
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DISCUSSION
We have demonstrated that C/EBPα is a p53-regulated DNA damage inducible
gene that has a role in the G1 checkpoint in epidermal keratinocytes. Our study is the first
to characterize a function for C/EBPα in skin and it uncovers a previously unidentified
role for C/EBPα in the cellular DNA damage response network as well as a novel
regulation of C/EBPα expression involving p53. Previous studies have demonstrated an
important role for C/EBPα in growth arrest that is associated with differentiation and
development. Our study expands the anti-proliferative function of C/EBPα to now
include growth arrest associated with DNA damage mediated by extrinsic factors. We
observed that a variety of agents including UVB, MNNG, etoposide and bleomycin
which produce different types of DNA damage, all induce C/EBPα in keratinocytes
through a p53 dependent pathway. Thus, the induction of C/EBPα appears to be a
general DNA damage response in keratinocytes. In contrast, UVB-irradiation, MNNG or
etoposide treatment of HepG2, NRK or NIH3T3 cells did not result in the induction of
C/EBPα, suggesting that the induction of C/EBPα by DNA damage is cell type specific.
Epidermal keratinocytes constitute the outer epithelial surface of the body and as such
these cells are exposed to a variety of extrinsic factors that have the potential to damage
DNA. Accordingly, it is possible that keratinocytes have evolved additional mechanisms
to deal with DNA damage in order to ensure the integrity of the genome. It will be of
interest to examine whether DNA damage induces C/EBPα in other types of epithelial
cells that are exposed to extrinsic DNA damaging agents, such as those cells that line the
gastrointestinal, urinary and respiratory tracts.
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UVB treatment results in the posttranslational modification of the p53 protein
and involves phosphorylation of multiple serine/threonine sites and acetylation sites
located in the carboxy terminus of p53 (41). These complex and multiple modifications
are important in stabilizing the p53 protein, enhancing the transcription activity of p53
and may be involved in the determination of promoter specificity (2). ATR is activated
by UV-induced DNA damage and phosphorylates serine 15 of p53 (corresponding to
serine 18 of mouse p53) (48). The phosphorylation of serine 15 has been reported to
enhance p53 transcriptional activity through a mechanism involving acetylation (9) and
to disrupt mdm2/p53 interaction resulting in increased level of p53 (45). Our results
showing that caffeine, a known ATM/ATR inhibitor, blocks UVB induction of C/EBPα
and p53 accumulation supports a role for ATR as one of the upstream kinases of p53 in
the induction of C/EBPα. In addition, our observations that etoposide induces C/EBPα
through a p53 dependent pathway suggests ATM may also participate in the induction of
C/EBPα upstream of p53 in keratinocytes.
Multiple mechanisms can converge on DNA damage-induced cell cycle
checkpoints. For example, p53-regulated proteins, p21, 14-3-3σ and GADD45 have roles
in the G2/M checkpoint (8, 58). In contrast to the G2/M checkpoint in which numerous
p53 regulated proteins have a role, p21 is considered to be the sole p53-dependent
mediator of the G1 DNA damage checkpoint (55). However, we observed that C/EBPα
knockdown keratinocytes have an attenuated G1 checkpoint following UV-induced DNA
damage indicating C/EBPα is a novel p53-regulated mediator of the G1 checkpoint in
keratinocytes. Thus, we have identified C/EBPα as a second p53 regulated gene that
participates in the G1 checkpoint. The anti-proliferative function of C/EBPα is
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multifaceted and involves the upregulation and activation of p21 (20, 51), interaction
with Rb family proteins (49, 50) and repression of E2F (38, 46). Moreover, C/EBPα has
been shown to block cell cycle progression independent of its DNA binding and
transcriptional activity through the formation of an inhibitory complex with cdk4 and
cdk2 (56). More recently the anti-proliferative activity of C/EBPα was shown to require
a SWI/SNF chromatin remodeling complex supporting a transcriptional basis for its antiproliferative activity (31). All of these mechanisms are consistent with our observation
that C/EBPα has a role in the DNA damage induced G1 checkpoint and indicate that
C/EBPα is regulating the G1 checkpoint through multiple mechanisms. However, it is
unlikely that one of the mechanisms involves p21 as we observed that p21 levels were
not decreased in UVB-treated C/EBPα knockdown cells (data not shown). Moreover,
C/EBPα can inhibit cell cycle progression in p21-deficient cells (30) and p21 levels are
not altered in livers of mice that are C/EBPα-deficient (24).
The importance of C/EBPα in the regulation of growth arrest and differentiation
is highlighted by recent studies in which C/EBPα was implicated as a human tumor
suppressor gene. In human acute myeloid leukemia (AML), C/EBPα is inactivated by
dominant negative mutation or through its association with oncoprotein AML-1-ETO
(35, 60). The inactivation of C/EBPα is thought to result in a differentiation block of the
granulocytic blasts. C/EBPα expression is reduced in hepatocellular carcinomas (52),
lung cancer and lung cancer cell lines (19) supporting a possible tumor suppressor
function in these organs. We have observed that C/EBPα protein levels are greatly
diminished or undetectable in mouse skin squamous cell carcinomas (SCCs) (33) and
mouse skin SCC cell lines and re-introduction of C/EBPα in the SCC cells inhibits cell
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proliferation (M Shim and RC Smart, unpublished results). Taken together, our results
suggest that the loss of C/EBPα expression may contribute to the altered growth
characteristics of skin SCCs.
In terms of human skin cancer, more than 90% of SCC and 50% of basal cell
carcinomas (BCCs) contain UV-signature mutations (C→T, CC→TT) in the p53 gene
(17, 63). Clusters of mutant p53 containing pre-neoplastic keratinocytes have been
identified in sun exposed areas of human skin (23) and UVB-treated skin of mice (3). It
has been proposed that additional multiple exposures to UVB allow these “initiated” cells
to clonally expand because they are resistant to UVB-induced apoptosis (63). At the
same time, UVB exposure of these mutant p53 keratinocytes would not result in p21 and
C/EBPα induction, and as such, the DNA damage G1 checkpoint would be compromised
allowing for the accumulation of additional critical mutations that contribute to SCC and
BCC. Therefore, the loss of function of C/EBPα in the presence of UVB-induced DNA
damage may contribute to the development of SCCs and BCCs that contain p53
mutations. It will also be of interest to examine C/EBPα for inactivating or dominant
negative mutations in SCCs and BCCs that do not contain p53 mutations.
Our results demonstrate that p53 is required for C/EBPα induction by MNNG,
etoposide, bleomycin and UVB keratinocytes and that p53 can stimulate the C/EBPα
proximal promoter. Our results utilizing the 2.8, 0.6 and 0.5 kb portions of the C/EBPα
proximal promoter suggest that the regulation of the C/EBPα promoter by p53 may be
through an indirect mechanism. Contained within the 0.5 kb of the C/EBPα proximal
promoter are potential binding sites for C/EBP, SP-1, NF-1, NF-Y and NF-kB. The
C/EBPα promoter can be auto-regulated by C/EBPα to induce the activity of the C/EBPα
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promoter (10). We have observed the C/EBPα proximal promoter is auto-stimulated by
C/EBPα expression in BALB/MK2 keratinocytes. Auto-regulation of transcription factor
expression is a mechanism used by cells to respond rapidly to a changing cellular
environment, thus it is conceivable that once C/EBPα is up-regulated through the p53
dependent mechanism, C/EBPα then contributes to the up-regulation of its own
expression. While further studies are required to determine how p53 regulates C/EBPα
and the role of C/EBPα auto-regulation, our study uncovers a previously unidentified role
for C/EBPα as a p53-regulated gene that links DNA damage to cell cycle arrest in
keratinocytes. Our results suggest that the loss of UVB-induced C/EBPα expression may
contribute to UVB-induced skin carcinogenesis.
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Fig.1 UVB is a potent inducer of C/EBPα.
(A) BALB/MK2 cells were irradiated with 10 mJ/cm2 UVB and harvested at the various
time points. Whole cell lysates were prepared and equal amounts of protein were
subjected to immunoblot analysis with rabbit polyclonal anti-C/EBPα or C/EBPβ
antibody. Non-specific bands (NS) are shown to confirm equal loading. (B) BALB/MK2
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cells were irradiated with 10 mJ/cm2 UVB and 18 hrs later nuclear extracts were prepared
and EMSA and (C) supershift with anti-C/EBPα antibody were conducted. (D)
BALB/MK2 cells were irradiated with various doses of UVB and 18 hrs later cells
lysates were prepared and Western blot analysis using anti-C/EBPα antibody was
conducted. (E) Total RNA was isolated from 10 mJ/cm2 UVB irradiated BALB/MK2
cells 14 hrs after irradiation. Northern blot analysis for C/EBPα was conducted. 18S
RNA is shown for equal loading. (F) BALB/MK2 cells were preincubated with
actinomycin D for 30 min before UVB irradiation and incubated further for 6 hrs. Cell
lysates were prepared and Western blot analysis was conducted for C/EBPα.
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Fig.2 UVB induces C/EBPα in human and mouse primary keratinocytes and mouse skin
in vivo and induction of C/EBPα is a general DNA damage response.
(A) NHEK, primary mouse keratinocytes or 8 week old mice were irradiated with
indicated doses of UVB. Keratinocytes were collected at the indicated time points, cell
lysates were prepared and Western blot analysis was conducted with anti-C/EBPα
antibody. (B) BALB/MK2 cells were treated with MNNG, etoposide or bleomycin A2
for the indicated times and harvested. Cell lysates were prepared and Western blot
analysis was conducted for C/EBPα. (C) NIH3T3, NRK or HepG2 cells were irradiated
with indicated doses of UVB. Cells were collected 12 hr after irradiation, cell lysates
were prepared and Western blot was conducted with anti-C/EBPα or anti-p53 antibody.
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Fig. 3 UVB induction of C/EBPα requires p53.
(A) Time-course of C/EBPα protein, p53 and p21 protein induction after UVB irradiation
of BALB/MK2 cells (B) BALB/MK2 cells were pretreated with the indicated
concentrations of caffeine for 1 hr before UVB irradiation. Cells were irradiated with
UVB, incubated for 12 hr in the presence of caffeine, and collected. Cell lysates were
prepared and Western blot analysis was conducted using anti-p53 or -C/EBPα antibody.
(C) NHEK or HaCaT cells were irradiated with UVB. At the indicated time points,
nuclear extracts were prepared and Western blot analysis was conducted for p53, p21 and
C/EBPα protein. (D) Primary keratinocytes were isolated from wild type or p53-null
newborn mice. Three plates of each genotype were irradiated with 10 mJ/cm2 of UVB
and three plates of each genotype were not. Whole cell lysates were prepared 6 hr after
irradiation and Western blot analysis was conducted using anti-C/EBPα or anti-p53
antibody. (E) BALB/MK2 cells were transfected with C/EBPα promoter-luciferase
construct along with p53 expression vector as indicated. Luciferase assay was done in
triplicate. For all C/EBPα-luc constructs, another C/EBPα promoter-reporter construct
prepared from an independent clone was tested and showed similar results. *,
Significantly different from pGL3 basic transfected with pCMV-p53 determined by
Student’s t test (p<0.05)
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Fig. 4 C/EBPα protein is induced in the basal and suprabasal epidermal keratinocytes
irradiated with UVB in vivo.
(A) Dorsal area hair of 7 week-old CD-1 mice was clipped and irradiated with 100
mJ/cm2 UVB. At the indicated times after UVB irradiation, skins were collected,
processed and embedded in paraffin. Tissue sections were stained with antiC/EBPα antibody, and basal and suprabasal interfollicular keratinocytes with positive
C/EBPα staining were scored separately and presented in B. Photographs were taken at
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×100 magnifications. (B) Data are expressed as the mean±S.E. of three mice. Three
sections/each mouse were processed. * , Significantly different from untreated group as
determined by Student’s t test (p< 0.05).
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Fig.5 Enforced expression of C/EBPα inhibits proliferation of keratinocytes.
(A) BALB/MK2 cells were transfected with pcDNA3 or pcDNA3-C/EBPα and
subcultured in the presence of 300 µg/ml G418. The number of cells/colony was counted
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on days 3, 5, 7 after G418 selection. (B) hEGF was withdrawn from BALB/MK2-pWZL
or BALB/MK2-pWZL-C/EBPα cells. Cells were pulse-labeled with [3H-methyl]
thymidine for 1 hr before each time point indicated and [3H-methyl] thymidine
incorporation into DNA was determined. The box shows the C/EBPα protein levels in
BALB/MK2-pWZL, BALB/MK2-pWZL-C/EBPα, and irradiated BALB/MK2 cells with
10 mJ/cm2 UVB at 18 hr time point. (C) BALB/MK2-pWZL or BALB/MK2-pWZLC/EBPα cells were irradiated with 5 mJ/cm2 UVB and pulse-labeled with [3H-methyl]
thymidine for 1 hr before each time point indicated and incorporated [3H-methyl]
thymidine into DNA was determined. Data are expressed as the mean±S.D. of a
representative experiment done in triplicate. * , Significantly different between
BALB/MK2-pWZL and BALB/MK2-pWZL-C/EBPα as determined by Student’s t test
(p< 0.05).
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Fig. 6 UVB irradiation of C/EBPα knockdown keratinocytes displays an attenuated DNA
damage G1 checkpoint.
(A) C/EBPα knockdown keratinocytes or control keratinocytes were synchronized by
starvation as described and either irradiated or not 6 hr after release into the cell cycle.
Cells were pulse-labeled with BrdU 2 hrs before collection, stained with anti-BrdU
antibody and PI and subjected to FACS analysis at the different time points indicated
after release. Percentage of cells in G1 (lower left), S (upper) and G2/M (lower right)
phases of cell cycle is shown. Values reported are from duplicates for non-irradiated
samples (variance < 20%) and triplicates for irradiated samples (STD < 20%). (B) shows
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the C/EBPα expression level after indicated treatments. (C) C/EBPα knockdown
keratinocytes or control keratinocytes were grown in regular medium and irradiated with
10 mJ/cm2 UVB. At the indicated time points, caspase 3/7 activity was measured and
corrected by total cell number. * , Significantly different between control and C/EBPα
knockdown keratinocytes as determined by Student's t test (p< 0.05).
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General Discussion

UVB signaling to upregulation of C/EBPα
Our results demonstrate that p53 is required for C/EBPα induction by UVB,
MNNG, etoposide and bleomycin and that an ATM/ATR inhibitor, caffeine blocks UVB
induction of C/EBPα, suggesting that C/EBPα is induced by pathways involving ATR as
well ATM. We have identified that putative p53 consensus sites in the proximal and
distal C/EBPα promoter and found that forced expression of p53 can stimulate C/EBPα
proximal promoters. Additional work will be required to determine if C/EBPα induction
is a direct effect of p53 on the C/EBPα promoter or an indirect effect, and if the
identified sites are bona fide p53 binding sites that are essential for p53-mediated
induction of C/EBPα. The C/EBPα proximal promoter-reporter that we constructed
displayed background noise which is likely due to the presence of p53 and C/EBP
binding sites in the empty luciferase construct. This noise complicates the use of this
construct to identify the role of p53 in the expression of C/EBPα. Characterization of
C/EBPα promoter in another construct, along with gel shift or chromatin
immunoprecipitation (ChIP) assay using identified, putative p53 consensus sites will
provide better understanding in the p53-mediated C/EBPα gene regulation.
In addition to putative p53 sites, the 0.5 kb upstream of C/EBPα proximal
promoter contains potential binding sites for C/EBP, SP-1, NF-1, NF-Y and NF-κB, and
C/EBPα promoter can be auto-regulated by C/EBPs (119). We observed that the
C/EBPα promoter was activated by forced expression of C/EBPα or C/EBPβ in mouse
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keratinocytes (data not shown), and this may explain the huge induction of C/EBPα (>70
fold) by UVB irradiation. That is, C/EBPα is initially induced by p53 upon DNA
damage and then C/EBPα induction is potentiated by positive regulation of C/EBPα
through the activation of its own promoter at the C/EBP binding site.
As mentioned in the introduction, UVB can also activate MAPK pathways and
stimulate EGFR signaling. UVB activation of one or more of these pathways may be
also responsible for the upregulation of C/EBPα. As shown in Figure 1, the UVBinduction of C/EBPα was not affected by treatment of pharmacological inhibitors of
EGFR (PD153035), JNK (JNK inhibitor II), or MEK1/2 (PD98059). However, induction
of C/EBPα by UVB was completely blocked by lithium chloride, a GSK inhibitor. Two
additional GSK3 inhibitors, SB216763 or SB415286 also inhibited the UVB induction of
C/EBPα (Figure 1). These results suggest that in addition to p53, UVB induction of
C/EBPα requires catalytically active GSK3.
Studies in 3T3-L1 preadipocytes demonstrated that forced expression of WNT or
stabilized forms of β-catenin, or treatment of GSK inhibitors, blocks C/EBPα mRNA and
protein expression, and adipocyte differentiation (306). If the WNT signaling pathway
suppresses C/EBPα gene expression in keratinocytes, UVB-induced repression of WNT
signaling pathway could result in derepression of C/EBPα expression. However, we
found that cytosolic β-catenin levels were not affected by UVB irradiation, and that UVB
irradiation or forced expression of p53 did not inhibit TCF/LEF transcription activity,
suggesting that UVB does not inhibit WNT signaling pathway in our system. It is still
possible that UVB induces an active, nuclear GSK3/p53 complex which regulates p53-
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mediated target gene expression (305), and the complex functions in the upregulation of
C/EBPα.
In addition, the treatment with a PKC or a p38 inhibitor partially inhibited UVBinduction of C/EBPα, and at the same time, C/EBPα showed a faster migration in the
SDS-PAGE gel with a p38 inhibitor. This is consistent with the finding that novel PKC
isoforms increase C/EBPα levels and activate its transcriptional activity on hINV
promoter by activating a p38δ in human keratinocytes (144).
While we observed that UVB treatment of NIH3T3, NRK and HepG2 cells did
not result in the induction of C/EBPα, we did observe that UVB treatment of mouse
dermal primary fibroblasts did result in the induction of C/EBPα. As shown in Figure
2B, UVB produced a very large increase in C/EBPα protein levels in fibroblasts. In
contrast to the keratinocytes, UVB induced C/EBPα protein in p53-deficient primary
dermal fibroblasts, indicating that C/EBPα induction by UVB in dermal fibroblasts is a
p53-independent event. Thus, not only is the UVB induction of C/EBPα cell type
specific but UVB induction of C/EBPα can occur through different signaling pathways
that can be dependent or independent of p53.
After UV-induced DNA damage, ATR and downstream kinase Chk1
phosphorylate various substrates to induce DNA damage response. Potential ATR or
Chk1 phosphorylation sites in C/EBPα protein were evaluated, but C/EBPα does not
have either ATR or Chk1 consensus phosphorylation sites. In contrast, C/EBPβ has a
potential Chk1 phophorylation site at Ser-276, LSRELS276, and phosphorylation of this
residue by calcium/calmodulin-dependnet kinase has been reported to stimulate C/EBPβ
transcriptional activity (138, 307). C/EBPβ can induce C/EBPα expression through a
84

C/EBP binding site in the C/EBPα promoter. UVB may regulate C/EBPα expression via
ATR-Chk1-C/EBPβ pathway in mouse dermal fibroblasts.

C/EBPα functions in keratinocytes
Our study showed that C/EBPα is involved in the DNA damage response and G1
checkpoint in keratinocytes. C/EBPα has been shown to interact with various proteins
associated with the cell cycle regulation including p21, Rb family members, E2F, Cdk2
and Cdk4. As mentioned earlier, p21 does not seem to be involved in the C/EBPαinduced G1 checkpoint activation. C/EBP has been shown to interact directly with p107,
Cdk2 and Cdk4, and interfere G1-S progression. To understand the mechanism of
C/EBPα-induced G1 arrest, it will be necessary to determine whether UVB induces the
interaction of C/EBPα with one or more of the above target proteins and if C/EBPα
binding inhibits kinase activity of Cdk2 or Cdk4. Our preliminary results suggested that
Cdk2 does not interact with C/EBPα after UVB irradiation in keratinocytes, however
these results are preliminary and should be confirmed. C/EBPα also has been shown to
repress E2F-dependent transcription. The E2F responsive promoter-reporter in
combination with C/EBPα or UVB could address the involvement of E2F in the DNA
damage-induced cell cycle arrest function of C/EBPα.
C/EBPα plays a role in cellular processes including energy metabolism and
growth arrest coupled with differentiation in various tissues, either by transcriptional
regulation of downstream genes or by protein-protein interaction with proteins involved
in the processes. Epidermis is mainly composed of keratinocytes which differentiate
from proliferating basal cells through suprabasal cells, ending in the cornified envelope
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which will eventually be shed from the skin. The immunostaining of mouse epidermis
showed that C/EBPα is weekly expressed in nucleus of some basal keratinocytes and is
expressed at high level in suprabasal keratinocytes. C/EBPα expression was exclusively
confined to the nuclei of a three-cell cluster of suprabasal keratinocytes and these clusters
were repeated at regular interval throughout the epidermis. This characteristic pattern of
C/EBPα expression is consistent with suprabasal column of the EPU (9), implicating the
role of C/EBPα in growth arrest coupled with differentiation in keratinocytes.
BALB/MK2 keratinocytes infected with a retrovirus carrying C/EBPα displayed
increased expression of involucrin, a squamous differentiation marker (Figure 3C). It is
consistent with previous finding that C/EBPα increases hINV promoter activity in human
keratinocytes (76). However, increased expression of involucrin was not accompanied
by changes in keratinocyte proliferation or morphology.
Considering that differentiation is a postmitotic event characterized by a highly
coordinated program of sequential changes in gene expression, primary keratinocytes are
more suitable model than immortalized keratinocytes to study differentiation. In low
calcium medium, attached keratinocytes resemble the basal keratinocytes of the
epidermis. When attached keratinocytes terminally differentiate, they spontaneously
detach from the plate. Therefore, two distinct populations of keratinocytes, the detached
terminally differentiated cells and the attached undifferentiated cells can be evaluated.
As shown in Figure 3A, UVB produced an increase in the number of floating cells and
these cells expressed elevated levels of the squamous differentiation markers, involucrin
and loricrin (Figure 3B). The fact that the floating cells demonstrated elevated levels of
involucrin and loricrin, indicates that the cell floating was related to the differentiation.
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Attached keratinocytes also induced differentiation markers, although to a lesser extent.
These results suggest that UVB induces differentiation in the certain populations of
primary keratinocytes, which are likely to be postmitotic transient amplifying cells and
cells that have already entered the differentiation program. It should be further
determined if C/EBPα is involved in UVB-induced upregulation of the differentiation
markers and the increase in the number of floating, differentiated cells. To answer these
questions, studies of C/EBPα-deficient primary keratinocytes or C/EBPα-deficient
epidermis in vivo will be a valuable approach.
Some proteins such as p21, MyoD and Rb involved in the regulation of cell cycle
progression have multifaceted roles including differentiation (308). For example, p21
has a role in the inhibition of cell cycle progression (309) associated with differentiation
and senescence (310, 311) as well as in mediating growth arrest induced by DNA damage
(312-314). It is possible that C/EBPα has multiple functions in epidermal keratinocytes.
One of the functions may be to maintain epidermal homeostasis by inducing growth
arrest that precedes stratified squamous differentiation and participating in the regulation
of differentiation. In view of the high potential of the skin for exposure to environmental
stressors and the self-renewing characteristic of skin being replaced constantly, the other
function is to participate in growth arrest in proliferating keratinocytes to inhibit
replication of damaged DNA, and to accelerate differentiation in postmitotic
keratinocytes, in the presence of DNA damage. Apoptosis will be another option to
remove severely damaged cells from the epidermis. It has been reported that UVB
induces differentiation markers in human epidermis in vivo (315), and induces
proliferation after initial growth arrest in mouse skin (316).
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The previous finding that C/EBPα protein levels are greatly diminished or
undetectable in mouse skin SCCs (58) along with the important role of C/EBPα in the
maintenance of epidermal integrity under the normal and stressed condition suggests a
tumor suppressor function of C/EBPα in skin. C/EBPα could be an intriguing target for
the treatment of nonmelanoma skin cancer in the future, although the detailed signaling
pathway of C/EBPα regulation after DNA damage and the mechanism of induction of
cell cycle arrest remain to be determined.
In summary, this study demonstrated that C/EBPα is induced extensively in
response to various types of DNA damage in p53 dependent pathway in keratinocytes,
and that C/EBPα has an important role in the DNA damage G1 checkpoint response.
Our results also suggest that C/EBPα, in response to UVB treatment, may enhance the
differentiation of keratinocytes.
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A

B

Figure 1. GSK3 inhibitors block UVB-induction of C/EBPα protein.
BALB/MK2 cells were pretreated with each inhibitor for 1hr, and then irradiated with
UVB at the dose of 10 mJ/cm2. Cell lysates were prepared after 12 hr further incubation
in the presence of indicated dose of each inhibitor and western blot analysis was
conducted for C/EBPα.
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A. Mouse primary keratinocytes

B. Mouse primary dermal fibroblasts

Figure 2. UVB induces C/EBPα in a p53–independent manner in mouse primary dermal
fibroblasts. Mouse primary keratinocytes or dermal fibroblasts were isolated from wild
type or p53-null newborn mice. Cells were irradiated with 10 mJ/cm2 of UVB. Whole
cell lysates were prepared at the indicated time after irradiation and Western blot analysis
was conducted with anti-C/EBPα, anti-p53 or anti-p21 antibody.
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Figure 3. UVB induces differentiation in primary keratinocytes.
(A) UVB produced an increase in the number of floating cells in primary keratinocytes.
Mouse primary keratinocytes were irradiated with 10 mJ/cm2 of UVB, and 12, 24, and 36
hr after irradiation, medium was collected and centrifuged, and cell number was counted.
*, Significantly different from untreated control determined by student t-test (p<0.5).
(B) Eighteen or thirty six hours after 10 mJ/cm2 UVB irradiation, floating cells (F) and
adherent cells (A) were collected separately. Cell lysates were prepared with sample
buffer and Western analysis was conducted for involucrin and loricrin. (C) Cell lysates
were prepared in sample buffer from BALB/MK2 cells which were infected with pWZL
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or pWZL-C/EBPα and selected with hygromycin. Western analysis was conducted
probing with anti-C/EBPα or anti-involucrin antibody.
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ABSRACT
The basic leucine zipper (bZIP) transcription factor CCAAT/enhancer binding protein-β
(C/EBPβ is expressed in many cell types, including keratinocytes. C/EBPβ activity can
be increased by phosphorylation through pathways stimulated by oncogenic Ras,
although the biological implications of Ras-C/EBPβ signaling are not understood. We
report here that C/EBPβ-nullizygous mice are completely refractory to skin tumor
development induced by a variety carcinogens and carcinogenesis protocols, including
DMBA-initiation/TPA promotion, that produce tumors containing oncogenic Ras
mutations. No significant differences in TPA-induced epidermal keratinocyte
proliferation were observed in C/EBPβ-null versus wild type mice. However, apoptosis
was significantly elevated (17 fold) in the epidermal keratinocytes of DMBA-treated
C/EBPβ-null mice compared to wild type mice. In v-Ha-ras transgenic mice C/EBPβ
deficiency also led to greatly reduced skin tumor multiplicity and size, providing
additional evidence for a tumorigenesis pathway linking Ras and C/EBPβ. Oncogenic
Ras potently stimulated C/EBPβ to activate a C/EBP-responsive promoter-reporter in
keratinocytes and mutating an ERK1/2 phosphorylation site (T188) in C/EBPβ
completely abolished this Ras effect. Finally, we observed that C/EBPβ participates in
oncogenic Ras-induced transformation of NIH-3T3 cells. These findings indicate that
C/EBPβ has a critical role in Ras-mediated tumorigenesis and cell survival and implicate
C/EBPβ as a novel target for tumor inhibition.
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INTRODUCTION
The Ras family of GTP binding proteins function as intracellular mediators of
extracellular signals to regulate cell proliferation, apoptosis, survival, senescence and
differentiation (1-5). Ras proto-oncogenes are frequently mutated in tumors and
approximately 25% of human cancers contain transforming mutations in ras. Therefore,
understanding oncogenic Ras signaling pathways is critical for elucidating the
mechanisms that underlie cellular transformation and for designing effective therapeutic
strategies to prevent the development or block the growth of many classes of tumors. Ras
has numerous effectors and its pathways are multifaceted (3, 6, 7). Ras activation by
growth factors or oncogenic mutations elicits activation of several transcription factors,
which in turn regulate the expression of genes that control the cellular responses to Ras
signaling, including oncogenesis. The transcription factors Ets, c-jun, c-myc and NF-κB
are known to have roles in oncogenic ras-induced cellular transformation (8-11).
The basic leucine zipper (bZIP) transcription factor C/EBPβ (also known as NFIL6, IL-6DBP, LAP, CRP2, and NF-M) is expressed in a variety of cell types (12, 13)
including keratinocytes (14, 15), where it plays a role in squamous differentiation (16).
C/EBPβ is also involved in regulating differentiation of specific mesenchymal, epithelial
and hematopoietic cell types (17-21). C/EBPβ activity can be activated/derepressed by
phosphorylation through pathways stimulated by oncogenic Ras in fibroblasts,
erythoblasts and P19 embryonal carcinoma cells (22, 23), suggesting a role for C/EBPβ
as nuclear effector of Ras signaling. However, the physiological functions of C/EBPβ as
downstream target of Ras are unclear.
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The fact that C/EBPβ is present in numerous epithelial and hematopoietic cells
and some of these cell types give rise to human and rodent tumors containing mutant ras
(24, 25), prompted us to investigate whether C/EBPβ has a role in oncogenic Ras
mediated tumorigenesis and transformation. To address this question we have examined
C/EBPβ-nullizygous mice in the mouse skin model of multistage carcinogenesis. The
mouse skin model is one of the best defined in vivo paradigms of experimental epithelial
carcinogenesis (26, 27) and there is ample evidence that the mutational activation of Ras
plays a central role in skin tumor development induced by a variety of carcinogens (25,
27-29). For example, initiation with a single dose of the carcinogen, 7,12dimethylbenz[a]anthracene (DMBA), followed by repetitive treatment with the tumor
promoter, TPA, results in the appearance of squamous papillomas, 95-100% of which
contain an A->T182 mutation in Ha-ras (25, 28, 29). Furthermore, transgenic mice which
express an oncogenic Ras transgene in their epidermis develop skin tumors,
demonstrating a causal role for activated Ras in squamous papilloma development (30,
31).
Here we report that C/EBPβ-null mice are completely refractory to carcinogeninduced skin-tumors involving mutant Ras and that v-Ha-ras transgenic mice that carry
the C/EBPβ-null mutation also show a significant reduction in tumorigenesis. Apoptosis
was significantly elevated in C/EBPβ-null mice in response to DMBA but not to UVB
treatment. These findings reveal a novel role for C/EBPβ in tumorigenesis and cell
survival.
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METHODS
Tumor experiments in wild type and C/EBPβ mutant mice
The C/EBPβ deficient mice used in our studies were described previously (32). The
mutant and wild type mice were generated by mating heterozygous 129/Sv females to
heterozygous males from the 6th-8th generation backcross into the C57BL/6 strain. No
significant sex difference in tumor response was observed.
Reporter Assays
DNA fragments encoding mouse C/EBPβ (p35 and LIP isoforms) were inserted into
pCDNA3.1. The T188A mutation was generated using the QuickChange system
(Stratagene). BALB/MK2 keratinocytes (a gift from B.E, Weissman, UNC Chapel Hill
NC) at ~25-30% confluence were transfected using Lipofectin reagent (GIBCO BRL
Gaithersburg, MD) with pcDNA3-C/EBPβ (0.5 µg) and/or pcDNA3-Ha-ras(12V) (0.5
µg) (gift from C.J. Der, UNC Chapel Hill, NC) and 1.0 µg of the specified C/EBP
dependent promoter/reporter as described in text. The total amount of DNA among all
groups was kept constant using empty vector. After 4 hours, cultures were washed and
grown in low calcium EMEM containing 4 ng/ml EGF, 0.05 mM calcium chloride and
8% chelexed FBS. Forty eight hours later cells were harvested and luciferase activity
was determined (16). Primary keratinocytes were isolated from C/EBPβ-/- or C/EBPβ
+/+ newborn littermates (2-3 days old) and cultured as previously described (14, 16). At
~100% confluence cells were transfected using the PerFect Lipid, Pfx-3 (Invitrogen San
Diego, CA). Cells were processed for reporter assays as described above.
Detection of Apoptotic Cells
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Wild type and C/EBPβ-null mice were treated with a single dose of 400 nmol DMBA
and 24 hrs later the treated dorsal skin was excised and fixed for 24 hours in a 10%
neutral buffered formalin, processed and embedded in paraffin. Five µm hematoxylin
and eosin stained sections were examined. Apoptotic keratinocytes in the stratum basale
were scored using the following criteria; dark pyknotic nuclei, cytoplasmic eosinophilia
and absence of cellular contacts.
NIH-3T3 Cell Focus Assay
NIH-3T3 cells (gift from C.J. Der, UNC, Chapel Hill, NC) were plated at 5x105 cells/60
mm dish in DMEM medium containing 10% calf serum. One day later the cells were
transfected using a calcium phosphate precipitation method (33). Transformed foci were
identified 14 days after transfection as defined by Clark et al (33).
Western Analysis
BALB/MK2 keratinocytes were transfected with pcDNA3-C/EBPβ (0.5 µg) and/or
pcDNA3-Ha-ras(12V) (0.5 µg) as described above. Forty eight hours later lysates were
prepared, equal amounts of each protein sample were loaded on 10% polyacrylamide
Tris-Glycine gels (Novex) and separated by electrophoresis and western analysis
conducted with a rabbit polyclonal IgG raised against C/EBPβ or Ras (1:2,000) (Santa
Cruz Biotechnologies, Santa Cruz CA).
Tg.AC x C/EBPβ-/- crosses
Female Tg.AC mice (R. Cannon, NIEHS) were crossed with C/EBPβ-/- mice and F1 mice
were backcrossed to C/EBPβ-/+ mice. Mice were genotyped by southern analysis for v-
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Ha-ras and C/EBPβ. All v-Ha-ras positive mice were also genotyped to verify they were
of the responder genotype (34).
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RESULTS
Effect of C/EBPβ deficiency on skin tumor development.
Initiation with a single dose of DMBA followed by TPA treatment produces
squamous papillomas, 95-100% of which contain an A->T182 mutation in Ha-ras (25, 28,
29). Therefore, C/EBPβ nullizygous and wild-type littermates were initiated with 200
nmol DMBA and one week later these mice were promoted thrice weekly with 5 nmol
TPA for 25 weeks. Wild-type mice developed an average of 15 squamous
papillomas/mouse and exhibited a 100% incidence of papillomas (Fig. 1A and B). In
contrast, C/EBPβ nullizygous mice were completely refractory to papilloma development
and no papillomas appeared after 25 weeks of promotion. In some groups of mutant mice
TPA promotion was continued for 35 weeks, but no tumors developed within this time
(data not shown). C/EBPβ heterozygous mice express a level of C/EBPβ protein in
keratinocytes that is intermediate between that of wild-type and C/EBPβ-deficient
animals (14). C/EBPβ heterozygous mice were partially resistant to DMBA/TPAinduced carcinogenesis (Fig. 1A and B), indicating that the tumor modifying effect of
C/EBPβ is gene dosage dependent.
Since C/EBPβ can be phosphorylated via a PKC pathway (35) and in hepatocytes
this event is required for TPA-induced mitogenesis (36), we examined whether TPAinduced keratinocyte proliferation was altered in epidermis of C/EBPβ-null mice. No
significant differences were observed between wild-type and C/EBPβ nullizygous mice
after single or multiple treatments with TPA (Table 1). C/EBPβ has been implicated in
the regulation of COX2 (37) and TNFα (38) expression and both TNFα null (39) and
COX2 null mice (40) are partially resistant to DMBA/TPA-induced carcinogenesis.
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However, TNFα mRNA and COX2 protein expression was not different in untreated or
TPA-treated C/EBPβ deficient mice compared to similarly treated wild type mice (data
not shown). These results indicate that TNFα and COX2 expression as well as TPAinduced proliferative responses in the epidermis of C/EBPβ-null mice are normal and
thus, are not responsible for the resistance of C/EBPβ-null mice to DMBA/TPA-induced
tumorigenesis.
To test the possibility that C/EBPβ nullizygous mice are refractory to DMBA
initiation due to their inability to convert DMBA to the carcinogenic species, we
subjected the mice to the direct-acting carcinogen N-methyl-N'-nitro-N-nitrosoguanidine
(MNNG) followed by TPA promotion. The MNNG/TPA carcinogenesis protocol
produces papillomas, 85-90 % of which contain oncogenic mutations in the 12th codon of
either Ha-ras (25, 41) or Ki-ras (41). Wild-type mice displayed a 100% incidence of
papillomas with approximately 3 papillomas/mouse, while C/EBPβ null littermates did
not develop any tumors (Fig. 1C and D). Since both MNNG- and DMBA-initiated mice
were treated with TPA, it was possible that the inability of C/EBPβ-null mice to develop
tumors resulted from a defective response to TPA or to an initiation/promotion protocol.
Therefore, we used a complete carcinogenesis protocol in which wild-type and C/EBPβnull mice were treated weekly with DMBA. All of the wild-type mice developed
papillomas with an average of 12 papillomas/mouse while C/EBPβ mutant mice were
again completely resistant to carcinogenesis (Fig. 1E and F). We also observed that
C/EBPβ null mice were refractory to DMBA-initiation followed by promotion with the
non-phorbol ester tumor promoter, mirex (data not shown). Thus, C/EBPβ nullizygous
mice are fully resistant to tumorigenesis induced by a variety of carcinogens, tumor
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promoters and carcinogenesis protocols that, in normal mice, cause tumors that contain
mutant oncogenic Ha-ras or Ki-ras (25, 27-29, 41). These results suggest that C/EBPβ is
an essential downstream mediator of oncogenic Ras tumorigenesis.
The lack of tumor development in carcinogen treated C/EPBβ-null mice could be
due to apoptosis of C/EBPβ-deficient keratinocytes that have acquired oncogenic Ha-ras
lesions. To examine this possibility we treated mice with DMBA and scored the number
of apoptotic keratinocytes in C/EBPβ-null and wild type epidermis using the cytological
parameters described in the Methods. Compared to wild type mice, C/EBPβ-null mice
exhibited a 17-fold increase in the number of basal apoptotic keratinocytes (Table 2),
indicating that C/EBPβ functions as a survival factor in DMBA/Ras-induced
oncogenesis. Similar fold increases in apoptotic cells were observed using TUNEL
staining (data not shown). To determine if C/EBPβ-null mice also display increased
apoptosis in response to UVB irradiation, a potent inducer of apoptosis and DNA
damage, wild type and C/EBPβ-null mice were irradiated with UVB doses of 50, 100 and
200 mJ/cm2. While all UVB doses increased the number of apoptotic epidermal
keratinocytes, there was no difference between wild type and mutant mice (data not
shown). These results show that the enhanced apoptosis in DMBA-treated C/EBPβ-null
mice is stimulus specific and that DNA damage alone is not sufficient to elicit increases
in apoptosis in epidermal keratinocytes of C/EBPβ-null mice.
Impaired skin tumorigenesis in C/EBPβ-/- v-Ha-ras transgenic mice
To provide additional evidence for a relationship between Ras and C/EBPβ in
skin tumorigenesis, we crossed C/EBPβ-null mice with Tg.AC transgenic mice. Tg.AC
mice contain a v-Ha-ras transgene under the control of a partial ζ-globin promoter and
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are susceptible to skin tumor development in the absence of carcinogen exposure (31).
Tumorigenesis in Tg.AC mice does require a promoting stimulus such as wounding or
treatment with a tumor promoter. As shown in Figure 2A, TPA-treated C/EBPβ deficient
mice carrying the v-Ha-ras transgene developed ~65% fewer skin tumors than C/EBPβ
+/+ transgene positive mice and the tumor size (Fig 2B) was significantly reduced by
60% in the C/EBPβ null mice (4.1 ± 2.4 mm C/EBPβ +/+ vs 1.7 ±1.0 mm C/EBPβ -/p<0.01 student t-test). While there was not a complete ablation of tumor development in
the C/EBPβ null mice carrying the v-Ha-ras transgene, it is clear that C/EBPβ
significantly affects the development and growth of Ras-induced papillomas. These
results support a direct role for C/EBPβ as a nuclear effector of Ras-mediated
tumorigenesis.
C/EBPβ activation by Ha-Ras signaling in keratinocytes
To ascertain if oncogenic Ha-ras signaling can stimulate C/EBPβ activity in
epidermal keratinocytes, we transfected BALB/MK2 keratinocytes with C/EBPβ and/or
Ha-ras(12V) and a luciferase reporter gene fused to different lengths of the C/EBPdependent myelomonocytic growth factor (MGF) promoter(16, 42). pMGF-40 contains a
40 bp portion of the MGF promoter that lacks C/EBP sites while pMGF-82 contains an
additional 42 bp region of the promoter harboring two C/EBP binding sites. Cotransfection of Ha-ras(12V) and C/EBPβ resulted in 30- and 80-fold increases,
respectively, in pMGF-82 reporter activity over that observed with C/EBPβ or Haras(12V) alone (Fig. 3A). In contrast, cotransfection of Ha-ras(12V) and C/EBPβ caused
only a 5-fold increase in transcription from the MGF-40 promoter, demonstrating that
C/EBP binding sites are required for the synergistic response. Similar results were
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obtained using a minimal albumin promoter with four tandem C/EBP sites {(DE1)4-Albluc} (43) (Fig. 3B). Western blot analysis of cell lysates from BALB/MK2 cells cotransfected with C/EBPβ and Ha-ras(12V) demonstrated that the observed synergistic
effect on C/EBP-responsive promoter-reporter activity is not due to increased Haras(12V) or C/EBPβ expression (Fig 3C).
Co-transfection of Ha-ras(12V) with a truncated form of C/EBPβ (LIP; liver
inhibitory protein) that lacks the N-terminal activation domain but retains the bZIP DNAbinding and leucine zipper domain (44) did not increase the activity of the pMGF-82
reporter (Fig. 4A). In fact, LIP inhibited the activation of wild-type C/EBPβ by Haras(12V) by ~50%, which is consistent with its known role as a dominant negative
inhibitor of C/EBPβ (44) (Fig 4A). Previous studies have identified an ERK1/2
phosphorylation site (T 188) in C/EBPβ and substituting T188 with alanine diminished
Ras activation of C/EBPβ (22). Therefore, we tested the Ras-responsiveness of a
C/EBPβ mutant containing the T188A substitution. Oncogenic Ha-ras-induced
stimulation of C/EBPβ activity was abolished in this mutant. (Fig. 4B) Thus, an
oncogenic Ha-ras pathway can activate C/EBPβ in keratinocytes and this activation is
dependent upon threonine 188 of C/EBPβ.
To determine if endogenous C/EBPβ can mediate Ras signaling, we transfected
primary keratinocytes isolated from C/EBPβ-nullizygous and wild-type mice with
oncogenic Ha-ras and the C/EBP promoter-reporter constructs. Transfection of Haras(12V) into wild-type keratinocytes resulted in a 30-fold increase in pMGF-82 reporter
activity while in C/EBPβ-nullizygous keratinocytes Ha-ras(12V) caused less than a 4fold increase (Fig. 5A and B). The Ras-induced increase in promoter activity required
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C/EBP binding sites (Fig. 5A). Similar results were obtained with the (DE1)4-Alb-luc
reporter (data not shown). Ectopic expression of C/EBPβ in C/EBPβ-null keratinocytes
restored responsiveness to oncogenic Ras (Fig 5B). Thus, endogenous C/EBPβ is a
downstream mediator of oncogenic Ha-ras signaling in primary keratinocytes.
C/EBPβ augments Ras-induced transformation of NIH-3T3 cells
The NIH-3T3 focus assay has been widely used to identify pathways and genes
that cooperate with Ras to induce transformation (33). To examine the role of C/EBPβ in
NIH-3T3 transformation, we first confirmed that oncogenic Ras could stimulate C/EBPβ
to activate a C/EBP-responsive promoter-reporter in NIH-3T3 cells (22) (data not
shown). Next we examined whether C/EBPβ has the capacity to transform cells and/or
cooperate with oncogenic Ha-ras to increase its transforming potential in the NIH-3T3
focus formation assay. Transfection of C/EBPβ alone did not induce NIH 3T3
transformation, (Table 3) showing that this transcription factor does not possess intrinsic
transforming activity. Co-transfection of 5 or 10 ng C/EBPβ enhanced the
transformation potential of oncogenic Ha-ras(12V), producing a ~1.3 and 1.7 fold
increase, respectively, in the number of transformed foci compared to Ha-ras(12V) alone
(Table 3). Paradoxically, co-transfection of 50 ng of C/EBPβ with Ha-ras(12V) inhibited
transformation by 20% suggesting the enhancing effect of C/EBPβ is not only saturable,
but that high levels of C/EBPβ can inhibit ras transformation, perhaps due to a
nonspecific effect of transfecting too high levels of C/EBPβ. Importantly, we observed
that co-transfection of 10 ng LIP or 10 ng C/EBPβ T188A inhibited Ha-ras (12V)induced transformation, indicating an important role for endogenous C/EBPβ in rasinduced transformation of NIH-3T3 cells. C/EBPβ also enhanced the transforming
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potential of oncogenic Raf, lending further support for a Ras-Raf-ERK-C/EBPβ pathway.
In contrast to C/EBPβ, neither C/EBPα nor C/EBPδ enhanced the transforming activity
of oncogenic Ha-ras (12V) (Table 3). Thus not all C/EBP family members are capable of
augmenting Ras transformation.
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DISCUSSION
We have identified C/EBPβ as a critical gene in two established in vivo models of Rasmediated epithelial tumorigenesis as well as in Ras-induced transformation of NIH-3T3
fibroblasts. C/EBPβ was found to be essential for skin tumorigenesis induced by a
variety of carcinogens that are known to cause the mutational activation of Ha-ras and Kras. Moreover, C/EBPβ deficiency in oncogenic v-Ha-ras transgenic mice inhibited vHa-ras-induced tumorigenesis by 60%. Substitution of C/EBPβ T188 with alanine,
which disrupts an ERK1/2 phosphorylation site, blocked the ability of Ras to stimulate
C/EBPβ transactivation function and also inhibited Ras-induced NIH 3T3 transformation.
Although our studies cannot rule out the existence of a Ras-independent pathway
responsible for the observed responses in the C/EBPβ-deficient mice, our collective
results do implicate C/EBPβ as a critical component of a Ras-dependent
tumorigenesis/transformation pathway. Future studies using of C/EBPβ -/- MEFs may
provide further insight into the exact role of C/EBPβ in Ras-induced transformation and
apoptosis.
Depending upon the cellular context, strength of signal and pathways engaged, oncogenic
Ras can regulate cell proliferation, differentiation, senescence, apoptosis or survival (3,
45, 46). Ras-induced apoptosis is suppressed by its activation of pro-survival pathways
involving NF-κB (2) or Rac GTPase (31); if these pathways are blocked, apoptosis
results. Moreover, in PC-12 cells the MEK/ERK pathway promotes cell survival (47).
We have observed that C/EBPβ-null mice display a 17-fold increase in the number of
apoptotic keratinocytes in DMBA-treated epidermis compared to similarly treated wild
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type epidermis. Studies in mouse epidermis have indicated that 0.1-5% of Ha-ras genes
sustain a codon 61 mutation within 1-3 days of topical carcinogen application (48). The
observed increase in apoptotic cells in DMBA-treated C/EBPβ deficient epidermis is
consistent with a survival/anti-apoptotic role for C/EBPβ in oncogenic Ras expressing
cells. Previously we demonstrated that C/EBPβ positively regulates the program of
squamous differentiation in the epidermis and in isolated keratinocytes (16). Therefore,
we suggest that in normal keratinocytes, C/EBPβ regulates differentiation as well as
survival which is required to complete the differentiation program. However, in the
presence of oncogenic Ha-ras the C/EBPβ pro-survival response may predominate over
the differentiation pathway and clonal expansion occurs, ultimately resulting in tumor
formation. When the C/EBPβ pro-survival signaling pathway is deleted as in the
C/EBPβ-deficient mice, cells containing oncogenic Ras undergo apoptosis and
tumorigenesis is blocked.
In addition to ras, there is evidence for additional DMBA target genes that cooperate
with oncogenic ras to induce skin tumorigenesis and it is conceivable that C/EBPβ is also
a component of non-ras oncogenic circuitry (49). Such a notion is consistent with our
observation that C/EBPβ deficiency in the v-Ha-ras transgenic mice did not result in the
complete inhibition of tumorigenesis. Alternatively, it is possible that high levels of
expression of v-Ha-ras transgene in Tg.AC epidermal keratinocytes and/or the expression
of the transgene within a different subpopulation of keratinocytes could account for the
differences between the degree of inhibition of tumorigenesis in v-Ha-ras and
carcinogen-treated C/EBPβ deficient mice. C/EBPβ-null keratinocytes could also have a
defective DNA repair mechanism which contributes to the elevated levels of DMBA130

induced apoptosis. However, such a mechanism would not involve all forms DNA
damage as we did not observe differences in UVB-induced apoptosis in wild type versus
C/EBPβ-null keratinocytes. Moreover, since both UVB-induced pyrimidine dimers and
DMBA bulky adducts are repaired by the same nucleotide excision repair mechanism it is
unlikely that defects in nucleotide excision repair account for the elevated level of
DMBA-induced apoptosis in C/EBPβ null mice. MNNG-induced DNA damage is
repaired by a base excision repair mechanism suggesting that activation of ras and not
altered DNA repair is the common link between the two carcinogens. Collectively, our
results tend to support a role for C/EBPβ in the survival of oncogenic Ha-ras cells.
The complete inhibition of tumorigenesis in carcinogen-treated C/EBPβ deficient mice is
striking and is, to our knowledge, the most profound inhibitory effect of a single gene
deletion on skin tumorigenesis reported to date. The potent effect of C/EBPβ in an
experimental mouse model raises the question of whether C/EBPβ plays a similar role in
human cancers. Interestingly, C/EBPβ levels are strongly increased in human colorectal
tumors (50), and are also associated with human ovarian epithelial tumor progression
(51). Thus, the induction of C/EBPβ may be an important event in the development
epithelial tumors, perhaps by providing an essential anti-apoptotic signal.
Recent studies have implicated another C/EBP family member, C/EBPα, in myeloid
leukemogenesis. However, in contrast to C/EBPβ, C/EBPα functions as a tumor
suppressor by promoting granulocytic differentiation and growth arrest. Thus, C/EBPα
inactivation by mutation (52) or by its association with the oncoprotein AML-1-ETO (53,
54) contributes to myeloid leukemogenesis by maintaining cells in an extended
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proliferative state. It is notable that, despite their structural relatedness, C/EBPβ and
C/EBPα apparently play very different roles in transformed cells and have opposite
effects on tumorigenesis.
While further studies are required to discern the downstream pathways and genes through
which C/EBPβ regulates tumor development, our study reveals a heretofore unknown
function for C/EBPβ as a critical component of the tumorigenesis pathway initiated by
activated Ras. C/EBPβ may therefore represent an attractive target for antineoplastic
pharmacological agents.
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Table 1 Effect of TPA treatment on epidermal cell proliferation in wild-type and
C/EBPβ-null mice.
Nucleated Cell Layers
Single Treatment
Acetone
Wild-type
C/EBPβ -/TPA
Wild-type
C/EBPβ -/Multiple Treatment
Acetone
Wild-Type
C/EBPβ -/TPA
Wild-type
C/EBPβ -/-

BrdU Positive Cells (%)

1.3 ± 0.1
1.5 ± 0.1

4.6 ± 1.3
7.4 ± 3.7

1.8 ± 0.3
2.0 ± 0.9

39.7 ± 8.5
43.9 ± 3.7

1.3 ± 0.1
1.7 ± 0.2

6.0 ± 1.2
10.9 ± 5.6

3.8 ± 1.6
3.7 ± 0.6

32.2 ± 7.7
30.6 ± 8.7

Mice were treated with a single application or thrice weekly for 1 month with 5 nmol
TPA/200 µl acetone or with acetone alone. BrdU labeling was conducted by a single dose i.p.
injection of BrdU 18 hours after the last TPA treatment, one hour later the animals were
euthanized and immunochemical staining of BrdU positive cells was performed (14, 16). Data
are expressed as the mean ± SD from at least 3 mice. Each value for wild type mice and
similarly treated C/EBPβ null mice within each category was not significantly different
(p>0.05) as determined by the student’s t-test.
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Table 2 Apoptosis is significantly elevated in epidermal keratinocytes of DMBA-treated
C/EBPβ-null mice.

Acetone treated
DMBA treated

Apoptotic Keratinocytes (%)
Wild type
C/EBPβ-/0.02 ± 0.02
0.04 ± 0.01
0.10 ± 0.02a
1.73 ± 0.14ab

Mice (3/group) were treated with a single application of 400 nmol DMBA/200 µl acetone
of acetone alone. More than 4000 basal keratinocytes were counted for each individual
mouse.a significantly different from acetone-treated group (p<0.01) as determined by
Student t-test.

b

significantly different from wild type DMBA-treated group (p<0.01) as

determined by Student’s t-test.
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Table 3 C/EBPβ enhances oncogenic Ha-ras-induced transformation of NIH-3T3 cells
10 ng pcDNA3
10 ng C/EBPβ

Transformed Foci/Dish
0.0 ± 0.0
0.0 ± 0.0

10 ng Ha-ras(12V)
+ 5 ng C/EBPβ
+ 10 ng C/EBPβ
+ 50 ng C/EBPβ

35.3 ± 3.5
46.0 ± 7.0*
57.7 ± 1.5*
28.0 ± 5.6

10 ng Ha-ras(12V)
+ 10 ng C/EBPβ
+ 10 ng LIP
+ 10 ng C/EBPβ(T188A)

34.7 ± 3.5
58.9 ± 3.8*
20.7 ± 2.4*
14.0 ± 2.0*

10 ng Ha-ras
+ 10 ng C/EBPβ
+ 10 ng C/EBPβ

25.0 ± 1.0
25.0 ± 4.4
22.3 ± 2.3

100 ng Raf(22W)
+ 10 ng C/EBPβ

29.3 ± 4.5
47.0 ± 1.7*

Data are expressed as transformed foci/plate and each value represents the mean ± SD of
triplicate dishes per treatment. All experiments were repeated at least two times and
similar results were obtained in each experiment. C/EBPβ, C/EBPβ(T188A) or LIP did
not produce any transformed foci at all doses examined (1ng-1000ng/plate). *
significantly different from the value of cells transfected with Ha-ras(12V) or Raf (22W)
alone as determined by the Student’s t-test, p<0.01.
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Figure 1 C/EBPβ-null mice are completely refractory to carcinogen-induced skin
tumorigenesis.
C/EBPβ null

, wild type

or heterozygous ◊ mice littermates (7-8 weeks old) were

treated with: (Panel A/B) a single application of 200 nmol DMBA followed one week
later with thrice weekly treatment with 5 nmol TPA (n = 20 C/EBPβ+/+, 21 C/EBPβ -/-,
12 C/EBPβ +/-); (Panel C/D) a single application of 2.5 µmol MNNG followed one week
later with thrice weekly application of 5 nmol (n = 22 C/EBPβ +/+, 19 C/EBPβ -/-);
(Panel E/F) 100 nmol DMBA once a week for 25 weeks (n = 16 C/EBPβ +/+, 18 C/EBPβ
-/-). All agents were applied in 200 µl acetone and all experiments were repeated twice
and similar results were obtained.
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Figure 2 C/EBPβ deficient v-Ha-ras transgenic mice display decreased tumor multiplicity
and tumor size
v-Ha-ras +/- C/EBPβ+/+ mice (n=16) and v-Ha-ras+/- C/EBPβ-/- mice (n=14) were
treated twice weekly with 5 nmol TPA in 200 ul of acetone. A) Tumor multiplicity in vHa-ras+/- C/EBPβ-/- mice

is decreased compared v-Ha-ras +/- C/EBPβ +/+ mice

(p<0.05, F-test) B) Tumor size distribution in v-Ha-ras +/- C/EBPβ+/+ mice
and v-Ha-ras+/- C/EBPβ-/- mice

(p<0.05, Fisher’s Exact Test).
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Figure 3 Oncogenic Ha-ras stimulates C/EBPβ transactivation function.
Panel A/B - BALB/MK2 keratinocytes were transfected with pcDNA3-C/EBPβ (0.5 µg)
and/or pcDNA3-Ha-ras(12V) (0.5 µg) and 1.0 µg of the specified C/EBP dependent
promoter/reporter as described in text. Luciferase activity is expressed as fluorescent
units/µg protein and each value represents the mean ± SD of triplicate dishes per
treatment. Similar results were obtained from 2 repeat experiments. Inclusion of pSV-βgalactosidase and subsequent normalization of luciferase to β-galactosidase activity
produced similar results to those normalized to protein levels. Panel C – BALB/MK2
keratinocytes were transfected with Ha-ras(12V) and/or C/EBPβ and 48 hour later lysates
were prepared and western analysis conducted.
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Figure 4 Activation of C/EBPβ by oncogenic Ha-ras involves a threonine 188 and
requires the presence of the C/EBPβ transactivation domain.
BALB/MK2 keratinocytes were transfected with 1.0 µg of the promoter/reporter MGF82luc and 0.5 µg of one or more of the specified vectors. The experimental procedures
were carried out as described in Figure 3. Each value represents the mean ± SD of
triplicate dishes per treatment. Similar results were obtained from 2 repeat experiments.
Inclusion of pSV-β-galactosidase and subsequent normalization of luciferase to βgalactosidase activity produced similar results to those normalized to protein levels.
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Figure 5 Endogenous C/EBPβ is a downstream mediator of oncogenic Ha-ras signaling
in keratinocytes.
Primary keratinocytes were isolated from C/EBPβ-/- or C/EBPβ +/+ newborn littermates
(2-3 days old) and cultured as previously described (14, 16). Primary keratinocytes were
transfected with the specified vector (0.5 µg each) and 1.0 µg of the C/EBP dependent
promoter/reporter vector and processed as described in Figure 3. Each value represents
the mean ± SD of triplicate dishes per treatment. Similar results were obtained from 2
repeat experiments.
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