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The bZIP transcription factor, C/EBPa is highly inducible by UVB and other DNA damaging agents in keratinocytes.
C/EBPa-deﬁcient keratinocytes fail to undergo cell cycle arrest in G1 in response to UVB-induced DNA damage and mice
lacking epidermal C/EBPa are highly susceptible to UVB-induced skin cancer. The mechanism through which C/EBPa
regulates the cell cycle checkpoint in response to DNA damage is unknown. Here we report untreated C/EBPa-deﬁcient
keratinocytes have normal levels of the cyclin-dependent kinase inhibitor, p21, however, UVB-treated C/EBPa-deﬁcient
keratinocytes fail to up-regulate nuclear p21 protein levels despite normal up-regulation of Cdkn1a mRNA levels. UVBtreated C/EBPa-deﬁcient keratinocytes displayed a 4-fold decrease in nuclear p21 protein half-life due to the increased
proteasomal degradation of p21 via the E3 ubiquitin ligase CRL4Cdt2. Cdt2 is the substrate recognition subunit of
CRL4Cdt2 and Cdt2 mRNA and protein levels were up-regulated in UVB-treated C/EBPa-deﬁcient keratinocytes.
Knockdown of Cdt2 restored p21 protein levels in UVB-treated C/EBPa-deﬁcient keratinocytes. Lastly, the failure to
accumulate p21 in response to UVB in C/EBPa-deﬁcient keratinocytes resulted in decreased p21 interactions with
critical cell cycle regulatory proteins, increased CDK2 activity, and inappropriate entry into S-phase. These ﬁndings
reveal C/EBPa regulates G1/S cell cycle arrest in response to DNA damage via the control of CRL4Cdt2 mediated
degradation of p21.

Introduction
Nonmelanoma skin cancer (NMSC) is the most common
cancer in the United States.1 The majority of NMSC is caused
by UVB radiation from sunlight. Exposure to UVB results in
DNA damage in the form of; cyclobutane pyrimidine dimers,
6–4 photoproducts, DNA strand breaks, and DNA crosslinks.2,3
Keratinocytes must respond to UVB-induced DNA damage by
engaging the DNA damage response which involves cell cycle
arrest, DNA repair and apoptosis. If the UVB-induced DNA
damage is not repaired or is misrepaired, mutations can result
and contribute to the development of skin cancer.4-6 Therefore,
the ability of cells to correctly and accurately respond to UVBinduced DNA damage is essential to ensure the integrity of the
genome.
The G1/S DNA damage checkpoint is essential to prevent
cells with damaged DNA from entering S-phase.7,8 A critical
component of the G1/S checkpoint response is the DNA damage-induced accumulation of the cyclin dependent kinase (CDK)

inhibitor p21WAF1/CIP1. p21 is highly induced by UVB DNA
damage through transcriptional upregulation of Cdkn1a (gene
encoding p21) primarily due to the tumor suppressor protein
p53.9-12 p21 functions as a negative regulator of G1/S progression and as a promoter of cell cycle arrest induced by DNA damage through two distinct mechanisms; (1) p21 regulates cell cycle
progression by binding to and inhibiting the kinase activity of
CDKs, kinases required for cell cycle progression13-16 and (2)
p21 binds to proliferating cell nuclear antigen (PCNA) and
blocks DNA polymerase progression and DNA replication.17-19
Cells deficient in p21 have a defective G1/S checkpoint and fail
to arrest in G1 following UVB exposure.20-22
The basic leucine zipper transcription factor, CCAAT/
enhancer binding protein a (C/EBPa) is abundantly expressed in
keratinocytes of the skin.23,24 Previously, we reported that UVB
radiation is a potent inducer of C/EBPa in human and mouse
keratinocytes, as well as in mouse skin in vivo. Moreover, C/
EBPa-deficient keratinocytes in culture or in vivo in mouse skin
fail to undergo cell cycle arrest in G1 in response to
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UVB-induced DNA damage, thus allowing cells with damaged
DNA to inappropriately enter S-phase.25,26 Consistent with these
observations, mice containing a skin specific ablation of C/EBPa
are highly susceptible to skin cancer development following
chronic low doses of UVB radiation.25
Despite these critical and novel roles for C/EBPa in prevention of UVB-induced skin cancer and the cellular response to
DNA damage involving cell cycle arrest, the molecular mechanisms and key players involved downstream of C/EBPa in the
DNA damage G1/S checkpoint response remain uncharacterized.
Our novel findings reveal C/EBPa regulates G1/S cell cycle arrest
in response to DNA damage via the control of CRL4Cdt2 E3
ubiquitin ligase mediated degradation of p21.

Results
C/EBPa is required for UVB-induced up-regulation of p21
protein levels
Initially we examined the protein levels of the cyclindependent kinase inhibitor, p21, in untreated C/EBPa-deficient
keratinocytes in culture (siRNA knockdown) and in vivo in the
epidermis of K5Cretg/C;C/EBPaflox/flox mice (epidermal specific
knockout). As shown in Fig. 1A, p21 protein levels were normal
and not altered by C/EBPa deficiency in cultured keratinocytes
or in the epidermis of K5Cretg/C;C/EBPaflox/flox mice. However,
UVB-treated C/EBPa-deficient keratinocytes in culture
(Fig. 1B) and in the epidermis of K5Cretg/C;C/EBPaflox/flox mice
(Fig. 1C and D) failed to up-regulate p21 protein levels despite
normal upregulation of Cdkn1a mRNA levels (Fig. 1E and F).
The defect in p21 protein accumulation is conserved in UVBtreated human keratinocytes (Fig. 1G), also occurs in response to
other types of DNA damaging agents such as the DNA alkylating
agent MNNG (Fig. 1H), and occurs despite normal p53 protein
levels and activity (Fig. 1I). These data demonstrate that despite
the normal transcriptional up-regulation of Cdkn1a in response
to DNA damage, C/EBPa-deficient keratinocytes fail to accumulate p21 protein levels indicating that C/EBPa is required for the
post-transcriptional regulation of p21 in response to DNA
damage.
C/EBPa regulates nuclear p21 protein stability following
UVB-induced DNA damage
The anti-proliferative function of p21 in the DNA damageinduced G1/S checkpoint is linked to its nuclear localization.34
Therefore, we prepared cytosolic and nuclear protein extracts
from UVB-treated control and C/EBPa knockdown keratinocytes to determine whether C/EBPa deficiency preferentially
affects nuclear p21 protein levels. The knockdown of C/EBPa
had only a modest effect on UVB-induced cytosolic p21 levels,
however, nuclear p21 protein levels failed to increase after UVB
exposure in C/EBPa-deficient keratinocytes (Fig. 2A) and this
profound effect was sustained up to 20 h post UVB (Fig. 2B).
To examine the half-life or nuclear p21, we treated control and
C/EBPa-deficient keratinocytes with cycloheximide (CHX) to
block new protein synthesis and then examined nuclear p21
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protein post-CHX and UVB treatment. UVB- and CHX-treated
C/EBPa-deficient keratinocytes displayed a »4-fold decrease in
nuclear p21 stability compared to similarly treated control keratinocytes (Fig. 2C). This effect of C/EBPa deficiency and DNA
damage on nuclear p21 stability (4-fold decrease in half-life) was
confirmed by pulse-chase experiments (Fig. S1A). Importantly,
the observed effect of C/EBPa deficiency on decreased nuclear
p21 protein stability was completely dependent upon UVBinduced DNA damage as C/EBPa deficiency had no effect on
nuclear p21 protein stability in the absence of UVB (Fig. 2D).
A previous study reported that C/EBPa could bind to p21
and stabilize p21.35 To test whether C/EBPa and p21 form a
complex in keratinocytes, we immunoprecipitated p21 from
nuclear lysates of UVB-treated and untreated keratinocytes.
Despite highly efficient immunoprecipitation of p21, we failed
to detect any interactions between p21 and C/EBPa (Fig. 2E)
but readily detected p21-CDK2 protein complexes. To further
investigate possible p21 and C/EBPa interactions, we immunoprecipitated p21 from nuclear lysates of UVB-treated keratinocytes and conducted LC MS/MS analysis of proteins that coimmunoprecipitated with p21. LC/MS/MS analysis revealed
numerous known p21 binding of proteins, however, C/EBPa
was not detected (Fig. S1B). Collectively, these data demonstrate
that C/EBPa regulates nuclear p21 protein stability following
UVB-induced DNA damage independent of its binding to p21.
C/EBPa regulates CRL4Cdt2-mediated degradation of p21
in response to UVB
To determine whether the decreased p21 protein stability in
UVB-treated C/EBPa-deficient keratinocytes is due to increased
proteasomal-mediated degradation of p21, we conducted experiments with the proteasome inhibitor MG132. The addition of
MG132 resulted in a dramatic recovery of p21 protein in the
UVB-treated C/EBPa-deficient cells (Fig. 3A) indicating that
decreased p21 protein stability in UVB-treated C/EBPa-deficient keratinocytes is due to increased proteasome-mediated degradation of p21. MLN4924, is a potent small molecule inhibitor
of the Nedd8 activating enzyme (NAE) which blocks the neddylation and the activity of the SCF (Skp, Cullin, F-box containing
complex) and CRL (Cullin-RING ubiquitin ligases) E3
ligases.36,37 The addition of MLN4924 resulted in a dramatic
recovery of p21 protein in the UVB-treated C/EBPa-deficient
cells (Fig. 3B) indicating that the decreased p21 protein stability
in UVB-treated C/EBPa-deficient keratinocytes is dependent on
SCF or CRL E3 ubiquitin ligase activity. The knockdown of
Skp2, a critical component of the SCFSkp2 E3 ligase, did not rescue p21 protein levels in C/EBPa-depleted keratinocytes
(Fig. S2). In contrast, the knockdown of Cdt2, the substrate
binding subunit of the Cul4-RING protein ligase CRL4, rescued
p21 protein levels in UVB-exposed C/EBPa-deficient keratinocytes (Fig. 3C). We observed that following UVB exposure,
Cdt2 is down-regulated at both the protein and mRNA level in
control keratinocytes (Fig. 3C and D), however, C/EBPa-deficient keratinocytes failed to down-regulate Cdt2 mRNA and protein levels and thus displayed elevated Cdt2 levels after UVB
exposure (Fig. 3C and D). These results indicate that C/EBPa
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Figure 1. C/EBPa is required for UVBinduced upregulation of p21 protein
levels. (A) Immunoblot analysis of
untreated control and C/EBPa siRNA
treated Balb/MK2 keratinocytes and
K5Cretg/C and K5Cretg/C;C/EBPaﬂox/ﬂox
epidermal lysates. (B) Immunoblot
analysis of lysates from Balb/MK2 keratinocytes treated with C/EBPa siRNA
or control siRNA and collected at the
indicated times after exposure to 5
mJ/cm2 UVB. (C) IHC staining for p21
in formalin-ﬁxed parafﬁn-embedded
sections of mouse skin from K5Cretg/C
and K5Cretg/C;C/EBPaﬂox/ﬂox mice 4 h
after treatment with 50 mJ/cm2 UVB.
(D) Immunoblot analysis of p21, and
C/EBPa from lysates isolated from
K5Cretg/C and K5Cretg/C;C/EBPaﬂox/ﬂox
mouse epidermis collected at the indicated times following exposure to 100
mJ/cm2 UVB. (E and F) Relative
Cdkn1a (p21) mRNA levels in (E) Balb/
MK2 cells treated with C/EBPa siRNA
or control siRNA and (F) K5Cre and
K5Cre;C/EBPaﬂox/ﬂox in mouse epidermis collected at the indicated times
following UVB. Data are expressed as
the mean normalized to Gapdh §S .D.
(N  3). There were no statistically signiﬁcant differences between control
and C/EBPa-deﬁcient keratinocytes in
culture or in vivo as measured and calculated by Student’s T test. (G) Immunoblot analysis of lysates of NHEK
cells treated with C/EBPa siRNA or
control siRNA and collected 10 h post
10 mJ/cm2 UVB. (H) Immunoblot analysis of Balb/MK2 treated with C/EBPa
siRNA or control siRNA and collected
6 or 12 h after 25 mM MNNG treatment. (I) Immunoblot analysis of Balb/
MK2 treated with C/EBPa siRNA or
control siRNA and collected 8 h after
exposure to 5 mJ/cm2 UVB.

regulates Cdt2 levels and CRL4Cdt2-mediated proteasomal degradation of p21 in response to UVB.
Failure to up-regulate nuclear p21 protein levels in UVBexposed C/EBPa-deficient keratinocytes has functional
consequences on cell cycle protein complexes, CDK2 activity
and the G1/S checkpoint
CDK2 is required for completion of G1 and entry/progression
through S phase and is a critical target of p21 in the G1/S DNA
damage checkpoint response. We examined whether UVB-

3604

treated C/EBPa-deficient keratinocytes display reduced CDK2-p21
complex formation and altered
CDK2 kinase activity. CDK2 formed
a complex with p21 in UVB-treated
control siRNA cells, however the
CDK2-p21 complex formation was barely detectable in the C/
EBPa siRNA treated keratinocytes (Fig. 4A). Measurement of
CDK2 activity in control and C/EBPa-depleted keratinocytes
revealed that control cells displayed »75% decrease in CDK2
kinase activity following UVB treatment (6 h) while C/EBPadeficient keratinocytes displayed only »30% decrease in CDK2
kinase activity, with C/EBPa-deficient keratinocytes displaying
»4-fold higher CDK2 activity 12 h post UVB (Fig. 4B). To further investigate the functional consequences of C/EBPa deficiency on p21 protein interactions following UVB treatment, we
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Figure 2. C/EBPa regulates nuclear p21 protein stability following UVB-induced DNA damage. (A) Immunoblot
analysis of cytosolic and nuclear fractions prepared from siRNA treated Balb/MK2 keratinocytes collected 8 h
post 5 mJ/cm2 UVB. (B) Immunoblot analysis of nuclear fractions prepared from siRNA treated Balb/MK2 collected at the indicated times post UVB. (C) Immunoblot analysis of p21 and C/EBPa in UVB and CHX treated
nuclear extracts. Five h post 5 mJ/cm2 UVB cells were treated with 40 mg/mL CHX (t D 0) and collected at the
indicated times. Values below the p21 image represent the fraction of p21 remaining at that time point as measure by densitometry normalized to b-actin. Values are also plotted to the right. (D) Immunoblot analysis of p21
and C/EBPa in CHX treated nuclear extracts. C/EBPa or control siRNA cells were treated with CHX. Values below
the p21 image represent the fraction of p21 remaining at that time point as measure by densitometry normalized to b-actin. (E) Immunoblot analysis of p21 co-IP from nuclear extracts 6 h post 5 mJ/cm2 UVB.

conducted LC MS/MS analysis of proteins that co-immunoprecipitated with p21 from UVB exposed control and C/EBPa
knockdown keratinocytes. UVB-treated C/EBPa-deficient
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keratinocytes displayed diminished p21 interactions with
numerous key cell cycle regulator proteins that are critical in
inducing p21-mediated cell
cycle arrest (Fig. 4C; Fig. S3
and Table S1).
Finally, we compared the
effect of knockdown of p21
and C/EBPa on UVB-induced
G1/S checkpoint response.
Control siRNA, C/EBPa
siRNA and p21 siRNA keratinocytes were synchronized by
serum and EGF deprivation,
released from starvation, irradiated with UVB 6 h after
release from starvation, and
pulsed with 3H-thymidine 1 h
prior to collection. As shown
in Fig. 4D, UVB-treated control siRNA keratinocytes
exposed to UVB did not enter
S-phase as determined by the
lack of increase in 3H-thymidine incorporation into DNA
demonstrating a functional
G1/S checkpoint. In contrast,
both C/EBPa- and p21-defcient cells displayed an inappropriate entry into S phase
and DNA replication following UVB as measured by the
increase in 3H-thymidine
incorporation. Collectively our
results indicate that failure of
C/EBPa-deficient keratinocytes to increase p21 protein
levels in response to UVB
results in diminished p21
interactions with numerous
key cell cycle regulator proteins and that these molecular
defects define the failed G1/S
DNA damage response in C/
EBPa-deficient keratinocytes.

Discussion

Normally, cells respond to
DNA damage with the transcriptional upregulation of the
cyclin-dependent kinase inhibitor, p21, which results in increased p21 protein levels and the subsequent inhibition of numerous CDKs, including CDK2, which
has a critical role in the DNA damage-induced G1/S checkpoint.7,8
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Cdt2 is a DCAF
(DDB1/CUL4-associated
factor) protein and is the
substrate binding subunit
of the CRL4 that is responsible for targeting p21 for
proteasomal degradation
during S phase and following UVC exposure.38-40
Unlike many substrates of
CRLs, no specific posttranslational modifications,
such as phosphorylation,
are reported to be essential
for ubiquitination of substrates by CRL4Cdt2 and
the mere overexpression of
Cdt2 is sufficient to
decrease the stability of
p21.38,41 Ctd2 is a critical
regulator of cell-cycle progression and genome stability and in addition to
p21, CRL4Cdt2 also targets
the replication initiation
factor Cdt142-44, the histone
methyltransferase
Set845,46, and DNA polymerase d for proteasomal
degradation.47 Degradation of these substrates is
important for cell-cycle
progression, DNA repair,
Figure 3. C/EBPa regulates CRL4Cdt2-mediated degradation of p21 in response to UVB. (A) Immunoblot analysis of control
and C/EBPa siRNA nuclear extracts 8 h after 5 mJ/cm2 UVB. Ten mM MG132 was added 2 h before collection. (B) Immunoblot
gene expression, and preanalysis of control and C/EBPa siRNA nuclear extracts 6 h after exposure to 5 mJ/cm2 UVB. Cells were treated with 800 nM
vention of aberrant DNA
MLN4924 30 min before UVB exposure. (C) Immunoblot analysis of control, C/EBPa, and Cdt2 siRNA nuclear extracts 6 h after
replication.41 The activity
2
2
5 mJ/cm UVB. (D) Relative Cdt2 mRNA levels in control and C/EBPa siRNA 6 h following 5 mJ/cm UVB. Data are expressed as
of CRL4Cdt2 is unique in
the mean normalized to Gapdh §S .D. (N D 3). **D P value < 0.01 as calculated using Student’s T test.
that it requires its substrates be bound to chroWe observed that this canonical DNA damage G1/S checkpoint matin-bound PCNA, a condition met during S phase and during
pathway involving p21 is inactivated in C/EBPa-deficient cells the cellular response to DNA damage.41 This requirement for
due to diminished p21 protein stability due to the altered regula- CRL4Cdt2substrate ubiquitination/degradation is consistent with
tion of Cdt2 and the cullin RING ubiquitin ligase CRL4Cdt2. our findings demonstrating that the loss of C/EBPa preferenMoreover, this DNA damage pathway is inactivated despite the tially affects nuclear p21 and only during a DNA damage
normal transcriptional up-regulation of Cdkn1a which points to response. Given that we only observe C/EBPa-mediated regulathe overall power of C/EBPa on p21 protein stability. The inabil- tion of Cdt2 following DNA damage and that C/EBPa is highly
ity of C/EBPa-deficient keratinocytes to accumulate p21 in inducible by DNA damage suggests C/EBPa protein must accuresponse to UVB-induced DNA damage results in diminished mulate and/or be modified in some way after UVB exposure to
interactions with CDK6, CDK4, CDK2 and PCNA that are criti- affect the down-regulation of Cdt2.
Little is known about the regulation of CRL4Cdt2 activity or
cal in the p21-mediated regulation of G1 and the G1/S checkpoint.
We also observed that a decreased p21-CDK2 interaction was the factors involved in its assembly or disassembly. Cdt2 underaccompanied by the incomplete inhibition of CDK2 kinase activ- goes auto-ubiquitination via CRL4A and is ubiquitinated by
ity and inappropriate entry into S phase and DNA synthesis fol- CRL1FBXO11.48 The downregulation of Cdt2 serves to restrain
lowing UVB treatment. These findings reveal C/EBPa regulates CRL4Cdt2 activity on its substrates. Following UVB exposure, we
G1/S cell cycle arrest in response to DNA damage via the control observed that Cdt2 is downregulated at both the protein
and mRNA level in control keratinocytes, however, in C/EBPaof CRL4Cdt2 mediated degradation of p21.
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Figure 4. Failure to up-regulate nuclear p21 protein levels in UVB-exposed C/EBPa-deﬁcient keratinocytes leads
to functional consequences on cell cycle protein complexes, CDK2 activity and the G1/S checkpoint. (A) Immunoblot analysis of CDK2 co-IP from control and C/EBPa siRNA nuclear extracts 6 h following 5 mJ/cm2 UVB. (B) Phosphorylation of H1 by CDK2 immunoprecipitated from control and C/EBPa siRNA nuclear extracts 5 mJ/cm2 after
UVB exposure. (C) Bar plot of peptide abundance for unique peptides for the proteins of interest across the 2
technical p21 IP replicates. Peptide abundances are expressed as a percent of the most abundant for a speciﬁc
protein. **For PCNA, we could not conﬁdently integrate a peptide signal in the siRNA replicates. A second peptide for each protein shows similar results (Fig. S3). (D)3H-thymidine incorporation in synchronized control and
C/EBPa siRNA treated keratinocytes after 5 mJ/cm2 UVB exposure. Data represents the mean § S.D., * D P value
< 0.01 as calculated using Student’s T test (N D 3) and are representative of 3 independent experiments.

deficient keratinocytes, Cdt2 mRNA and protein levels are not
down-regulated and these cells display elevated Cdt2 levels and
decreased p21 protein levels after UVB exposure. Our findings
suggest that the C/EBPa, which is highly inducible by UVBinduced DNA damage, is a transcriptional repressor of Cdt2 during a DNA damage response. Previously, Cdt2 had been shown
to be a transcriptional target of E2F1.49 C/EBPa has been
reported to directly interact with and repress E2F-mediated transcription activity.50,51 While further studies are required to identify the downstream pathway through which C/EBPa controls
Cdt2 gene expression (directly or indirectly) our study provides
new insights into the function of C/EBPa.
p21 is a universal CDK inhibitor16, and in addition to regulating G1 progression and the G1/S checkpoint, p21 also has a
crucial role in regulating S-phase progression and the G2/M
checkpoint response, through p21’s ability to bind PCNA and
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block activation of the principal replicative DNA polymerase d18,19 and to inhibit the
activity of cyclin A/CDK2
and cyclin B/CDK1 complexes.52-54 C/EBPa-deficient
cells display significant reductions in p21-PCNA, p21CDK2, and p21-CDK1 interactions indicating that the C/
EBPa-mediated regulation of
p21 protein stability may also
be important in checkpoint
responses regardless of cell
cycle position. It is possible
the silencing of C/EBPa that
occurs in numerous epithelial
cancers results in defective
checkpoint
responses
to
endogenous and exogenous
DNA damage and this contributes to the acquisition of
somatic mutations and accelerates cancer progression.
In summary, our findings
reveal a previously unidentified role for C/EBPa in the
canonical
DNA
damage
response involving p21 and in
the regulation of Cdt2 levels
and CRL4Cdt2 E3 ubiquitin
ligase activity.

Materials and Methods

Cells and mice
Balb/MK2 keratinocytes
were a gift from B. E. Weissman (UNC) are maintained in
Ca2C-free EMEM (06–174 G, Lonza), 8% Chelax-treated FBS
(F2442, Sigma Aldrich), 4 ng/ml hEGF (PHG60311, Life Technologies), and 0.05 mM CaCl2.27 Detailed information on control (K5Cretg/C) and epidermal-specific C/EBPa (K5Cretg/C;C/
EBPaflox/flox) knockout SKH-1 hairless mice have been
described.25,28 All aspects of animal care and experimentation
described in this study were conducted according to the NIH
guidelines and approved by the Institutional Animal Care and
Use Committee of NCSU.
UVB treatment
Balb/MK2 keratinocytes were exposed at »40%–50% confluence to 5 mJ/cm2 UVB with a calibrated UVB lamp as previously
described.26 SKH-1 mice were treated with a single dose of 50
mJ/cm2 or 100 mJ/cm2 as described.25
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Small Interfering RNA
siRNA targeting mC/EBPa (50 -AAAGCCAAACAACG
CAACGUGdTdT-30 ), mp21 (50 -AACGGUGGAACUUUGA
CUUCGdTdT-30 ), hC/EBPa (50 -CGACGAGUUCCUGG
CCGACdTdT-30 ), mSkp2 (50 -UUUGUCACUCCCUUUG
CCCdTdT-30 ), and the negative control (GFP, 50 -GGCUAC
GUCCAGGAGCGCACCdTdT-30 ) were synthesized by Life
Technologies and transfected at the final concentration of
100 nM. Pre-designed siRNA targeting Cdt2 was purchased
from Life Technologies (DTLM55233769) and used at 50 nM.
All transfections were performed using DharmaFECT Reagent 1
(T-2001, ThermoFisher) according to manufacturer’s recommendations. Cells were exposed to UVB 40 h post siRNA
transfection.
Antibodies and chemicals
Antibodies against C/EBPa (sc-61), p21 M-19 (sc-471), p21
H-164 (sc-756),CDK2 (sc-163), and a tubulin (sc-8035) were
purchased from Santa Cruz Biotechnology. Human C/EBPa
antibody (NB110) was purchased from Novus Biologicals. p53
antibody (1C12) was purchased from Cell Signaling. b-actin
antibody (A5441) was purchased from Sigma-Aldrich. Antibody
against Cdt2 was generously provided by Dr. Anindya Dutta
(UVA). Cycloheximide (C7698) was purchased from SigmaAldrich and MG132 (13697) was purchased from Cayman
Chemical. MLN4924 was kindly provided by Dr. Jean Cook
(UNC).
RNA and quantitative PCR
Total RNA was isolated using QiaZOL lysis (79306, Qiagen),
and further purified using Qiagen RNeasyÒ columns (74104).
cDNA was prepared from RNA by ImProm-II Reverse Transcription System (A3802, Promega). Quantitative PCR using
mouse Cdkn1a Mm00432448_m1, Cdt2 Mm00712787_m1,
and Gapdh Mm99999915_g1 TaqMan Gene Expression Assays
(Life Technologies) in combination with FastStart Universal
Probe Master Mix (14001200, Roche). Data were analyzed using
the comparative DDCT method.
Immunohistochemistry
Mouse paraffinized skin section slides were subjected to antigen retrieval by incubating in citrate buffer (pH 6.0) at 95 C for
30 min. Slides were incubated with anti-p21 M-19, followed by
incubation with biotin labeled secondary antibody at room temperature for 30 min. Detection was made with the ABC kit (PK6101, Vector Labs) and 3–30 diaminobenzidine (HK153–5 K,
Biogenex) as the chromagen as previously described.25
Preparation of epidermal lysates and nuclear cell extracts
Mice were euthanized by cervical dislocation and dorsal skin
was removed and subjected to 6 sec heat shock in 60 C dH20 followed by 15 sec in ice water. Epidermis was isolated and lysates
were prepared as previously described.25 Balb/MK2 cells were
fractionated using hypotonic lysis buffer and nuclei were lysed in
RIPA buffer as previously described.29
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Co-immunoprecipitations
Keratinocytes were lysed in p21 IP buffer (50 mM HEPES
pH 7.4, 250 mM NaCl, 2 mM EDTA, 2 mM NaF, 0.1%
Tween20, 0.1 mM sodium orthovanadate, 1 mM AEBSF (4-(2Aminoethyl)benzenesulfonyl fluoride hydrochloride), 1 mM
DTT, and 1£ protease inhibitor cocktail) or CDK2 IP buffer
(50 mM Tris pH 7.5, 150 mM NaCl, 0.5% NP-40, 50 mM
NaF, 0.1 mM sodium orthovanadate, 1 mM AEBSF, 1 mM
DTT, and 1£ protease inhibitor cocktail). Equal protein amount
of each clarified lysate was incubated with 1 mg normal rabbit
IgG (sc-2027, Santa Cruz Biotechnology), p21 or CDK2 antibody for 2 h at 4 C, followed by 1 h with Protein A/G agarose
(Santa Cruz Biotechnology, sc-2003). Immune complexes were
washed with corresponding IP buffer, solubilized in 2£ SDSsample buffer and resolved by SDS-PAGE followed by immunoblot analysis.
LC MS/MS methods and data analysis
Preparation of the co-IP using a modified filter aided sample
preparation and is described.30 Briefly, samples were prepared in
technical duplicate and reduced with DTT at 60 C for 30 min,
centrifuged, and alkylated with iodoacetamide in the dark for
20 min. Iodoacetamide was removed via centrifugation and samples were digested for 4 h with trypsin at 37 C. Five mL of purified sample were injected on to a microcolumn packed in house
using an Easy nanoLC system 1000 (Thermo Scientific). Mass
spectrometric analyses were performed using a Q Exactive Plus
(Thermo Scientific) operated in the top 12 data dependent
mode. Raw files were searched against the SwissProt Reference
Mus Musculus database (16657 entries, downloaded 12/2013)
appended with common protein contaminants using the Sequest
HT algorithm in Proteome Discoverer (version 1.4.0.288,
Thermo Scientific). Data were searched against a target and
decoy database (reversed) within Proteome Discoverer and Percolator31 was used as a post processor to enforce a q value threshold
of <0 .01. The law of parsimony was used for protein inference
and protein identifications were filtered to those having a least 2
unique peptides among the sample set. Two label free methods
were used to evaluate differential abundance among proteins of
interest including raw spectral counts and the integration of
extracted ion chromatograms (EIC) of unique peptides in Skyline. Further details on the LC MS/MS settings, search parameters, and data analysis are available in Supplemental Materials and
Methods.
CDK2 IP kinase
CDK2 was immunoprecipitated as described above using
500 mg fresh Balb/MK2 nuclear protein extract. CDK2 kinase
assay was performed as described.32 Detection and quantification
of phosphorylated H1 was performed with a StormTM 865
imager and quantified using Image QuantTM TL software (GE
Healthcare Life Sciences).
Thymidine incorporation assay
Cells were incubated for 28 h in media deprived of growth
factors (0.1% FBS, no EGF, and 0.05 mM CaCl2) to
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synchronize in G0 (t D 0). Proliferation was re-stimulated by the
addition normal growth media. Cells were pulse-labeled with
3 mCi/ml (20 Ci/mmol) 3H-methyl thymidine (NET027E, PerkinElmer) for 1 h before collection, and detection of incorporated3H-methyl thymidine was performed as described.33
p21 stability assay
Cycloheximide (40 mg/ml) was added 5 h post 5 mJ/cm2
UVB (t D 0). Nuclear extracts were resolved by SDS-PAGE followed by immunoblotting and quantified by densitometry using
ImageJ normalized to b-actin.
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