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Background: Sulforaphane is an important cancer preventative in skin cancer.
Results: SFN induces p21Cip1 via a p53-dependent mechanism that involves p53 stabilization.
Conclusion: p21Cip1 expression is differentially regulated in normal keratinocytes versus cancer cells.
Significance: SFN treatment will slow proliferation of normal epidermal keratinocytes but will cause resident cancer cell
apoptosis.

Sulforaphane (SFN) is an important cancer preventive agent
derived from cruciferous vegetables. We show that SFN treat-
ment suppresses normal human keratinocyte proliferation via a
mechanism that involves increased expression of p21Cip1. SFN
treatment produces a concentration-dependent increase in
p21Cip1 promoter activity via a mechanism that involves stabili-
zation of the p53 protein leading to increased p53 binding to the
p21Cip1 promoter p53 response elements. The proximal p21Cip1

promoter GC-rich Sp1 factor binding elements are also
required, as the SFN-dependent increase is lost when these sites
are mutated. SFN treatment increases Sp1 binding to these ele-
ments, and the response is enhanced in the presence of exoge-
nous Sp1 and reduced in the presence of �N-Sp3. CpG island
methylation alters p21Cip1 promoter activity some systems;
however, expression in SFN-treated keratinocytes does not
involve changes in proximal promoter methylation. The pro-
moter is minimally methylated, and the methylation level is not
altered by SFN treatment. This study indicates that SFN
increases p21Cip1 promoter transcription via a mechanism that
involves SFN-dependent stabilization of p53 and increased p53
and Sp1 binding to their respective response elements in the
p21Cip1 promoter. These results are in marked contrast to the
mechanisms observed in skin cancer cell lines and suggest that
SFNmayprotect normal keratinocytes fromdamagewhile caus-
ing cancer cells to undergo apoptosis.

Sulforaphane (SFN)2 is a naturally occurring isothiocyanate
derived from cruciferous vegetables. It is an important candi-
date cancer preventive agent that has activity both in cultured
cells and animal models (1–3). SFN is particularly appealing as

a preventive agent because it is bioactive in many systems and
displays relatively high bioavailability (4). SFN inhibits histone
deacetylase activity (2, 5, 6) and regulates xenobiotic metabo-
lism and apoptosis (7–9, 10). SFN stimulates Nrf2-dependent
induction of phase I and phase II genes involved in xenobiotic
metabolism (9, 11) and increases proteasome subunit level via
an Nrf2-dependent mechanism (10).
SFN also influences the cell cycle. Cyclin-dependent kinases

(cdk2, cdk4, and cdk6) and cyclin-dependent kinase inhibitors
(p27, p21Cip1, etc.) are key enzymes that control cell cycle pro-
gression. As cells progress through the cell cycle the cyclins
(cyclin A, D, E, etc.) associate with their respective cyclin-de-
pendent kinase subunits (D-type cyclins associate with cdk4
and cdk6, and cyclin E associates with cdk2) (12). The com-
plexes then enter the nucleus where they are activated by phos-
phorylation (12) and in turn phosphorylate retinoblastoma
proteins. Phosphorylation of pRB, for example, leads to release
of E2F from the pRB-E2F complex, and free E2F activates
expression of genes that regulate entry into S phase (12).
Cyclin-dependent kinase inhibitors suppress cell prolifera-

tion by inhibiting activity of cyclin-cdk complexes (12). p21Cip1,
for example, interacts with multiple cyclin-cdk complexes, and
overexpression of p21Cip1 inhibits proliferation by inhibiting
activity of the cyclin D-cdk4/6 and cyclin E-cdk2 complexes
(13). Nuclear p21Cip1 is the active form of this protein (12).
p21Cip1 level is increased during cell differentiation and in
response to oxidative stress and DNA damage (14–17), and
transcriptional, posttranscriptional, and epigenetic mecha-
nisms have been described (6, 14–20). In epidermis, p21Cip1

levels increase in response to cell stress, and it is heteroge-
neously expressed in skin cancer cells (14, 21–24). Of particular
interest is the fact that p21Cip1 knock-out results in enhanced
tumor formation (23).
Regulation of p21Cip1 transcription is complicated by the fact

that it has a key role in cell cycle and so many factors control
p21Cip1 expression (15). The p21Cip1 promoter consists of prox-
imal and distal regulatory elements. The proximal elements
include GC-rich elements that bind Sp1 and Kruppel-like tran-
scription factors (26–32), whereas the distal promoter (nucle-
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otides �2281/�2261 and �1393/�1374) encodes elements
that bind p53.
In cancer cells, SFN regulation of p21Cip1 expression is fre-

quently p53-independent (5, 18, 33). This includesHT-29 colon
cancer cells, which express mutant p53 (33), LnCaP prostate
cancer cells, which express wild-type p53 (18), and PC-3 pros-
tate cancer cells, which lack p53 (5). In most cases SFN treat-
ment of cancer cells is also associated with increased apoptosis
(5, 34). In contrast, we show that SFN-dependent p21Cip1 tran-
scription in normal keratinocytes requires wild-type p53 and
that p53 levels are increased via a stabilization mechanism.We
further show that Sp1 transcription factors are required and
that methylation-related epigenetic regulation (i.e.modulation
of methylation of the CpG cluster in the p21Cip1 proximal pro-
moter) is not involved. This is in contrast to our recent findings
showing that SFN treatment induces apoptosis in skin cancer
cells (34). These findings suggest that topical SFN treatment on
the epidermis will halt proliferation of normal epidermal kera-
tinocytes without inducing apoptosis but will cause resident
cancer cells to undergo cell death.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—Keratinocyte serum-free medium
(KSFM) and trypsin was purchased from Invitrogen. Sodium
butyrate was from Calbiochem. Dimethyl sulfoxide (DMSO)
was purchased from Sigma. R,S-Sulforaphane (SFN, #S8044)
was purchased from LKT laboratories (St. Paul, MN). Cyclo-
heximide (239763) was purchased from EMD Chemicals
(Gibbstown, NJ).
Mouse monoclonal antibody for �-actin (A5441) was pur-

chased from Sigma. Rabbit polyclonal antibodies for p53 (sc-
6243), Sp1 (sc-59x), and Sp3 (sc-644x) were from Santa Cruz
Biotechnology (Santa Cruz, CA). Rabbit polyclonal antibodies
for p21Cip1 (2947) were from Cell Signaling Technology (Dan-
vers, MA). Rabbit polyclonal antibodies for cdk2 (sc-163), cdk4
(sc-601), cdc25c (sc-327), cyclin A (sc-239), and mouse mono-
clonal antibody for cyclin B1 (sc-245) were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Peroxidase-conju-
gated anti-mouse IgG (NXA931) and peroxidase-conjugated
anti-rabbit IgG (NA934V) were obtained from GE Healthcare.
ChIP-grade rabbit anti-Sp1 (ab13370) was from Abcam (Cam-
bridge,MA), andChIP-grademousemonoclonal anti-p53 (17–
613) was from Millipore (Billerica, MA). Control (sc-37007)
and p53 (sc-44218) siRNA were purchased from Santa Cruz.
Plasmids—The human wild-type p21Cip1 promoter-lucifer-

ase fusion plasmid, p21-2326, was a gift from Dr. Bert Vogel-
stein (15). Truncated p21Cip1 plasmids (p21-124, p21-101, and
p21-60) were provided by Dr. Toshiyuki Sakai (35). The human
Sp1 encoding plasmid was provided by Jon Horowitz (36), and
�N-Sp3 was previously described (37). The p21Cip1 promoter
truncation mutants were constructed using appropriate prim-
ers and PCR, and the plasmids are named according to the 5�
most nucleotide from the p21Cip1 promoter sequence. p21-
2326 was used as a template to construct Sp1 site deletion
mutants including p21-2326 Sp1(�1–6), p21-2326 Sp1(�1),
p21-2326 Sp1(�2), p21-2326 Sp1(�3), and p21-2326 Sp1(�4) in
pBluescript II KS(�). These plasmids lack the indicated Sp1
site. p53 site mutants, p21-2326 p53(�1), p21-2326 p53(�2),

and p21-2326 p53(�1-2)were also constructed in pBluescript II
KS(�). Primary cultures of human epidermal keratinocytes
were prepared from human foreskins andmaintained in KSFM
(38).
Promoter Activity—For p21Cip1 promoter activity analysis,

0.5 �g of p21Cip1 promoter reporter plasmid was mixed with 1
�l of FuGENE 6 reagent diluted with 99 �l of KSFM. The mix-
ture was incubated at 25 °C for 15 min and then added to a 50%
confluent culture of primary human epidermal keratinocyte
maintained in 2 ml of KSFM in a 9.6-cm2 dish. After 24 h, the
cells were treated with the indicated concentrations of SFN.
After an additional 24 h, the cells were harvested, and extracts
were prepared for assay of luciferase activity.
Electroporation and siRNA-mediated Knockdown—Kerati-

nocytes were electroporated with siRNA using the Amaxa elec-
troporator and theVPD-1002 nucleofection kit (Germany). For
electroporation, keratinocytes were harvested with trypsin and
replated 1 day before use.On the day of electroporation, 1� 106
of the replated cells were harvested with trypsin and resus-
pended in KSFM. The cells were collected at 2000 rpm, washed
with 1 ml of sterile phosphate buffered saline (pH 7.5), and
suspended in 100 �l of keratinocyte nucleofection solution.
The cell suspension, which included 3 �g of gene-specific
siRNA, was mixed by gentle pipetting and electroporated using
the T-018 setting. Warm KSFM (500 �l) was added, and the
suspension was transferred a 21.3-cm2 cell culture dish con-
taining 3.5 ml of KSFM.
Immunological Analysis—Equivalent amounts of protein

were electrophoresed on a 4–15% denaturing polyacrylamide
gradient gels and transferred to nitrocellulose. Themembranes
were blocked, incubated with a specific primary antibody,
washed, and exposed to an appropriate horseradish peroxidase-
conjugated secondary antibody. Chemiluminescent detection
was used to visualize secondary antibody binding.
Real-time PCR—Total RNA was isolated (Illustra RNAspin

Mini kit, GE Healthcare) and reverse-transcribed for quantifi-
cation by LightCycler 480 PCR system (Roche Applied Sci-
ence). PCR primers were designed to quantify the abundance
p21Cip1 transcript level using LightCycler 480 SYBR Green I,
and signals were normalized using cyclophilinA primers. Prim-
ers for detection of mRNA levels were as follow p21Cip1:
forward (5�-AAGACCATGTGGACCTGTCACTGT-3�) and
reverse (5�-AGGGCTTCCTCTTGGAGAAGATCA-3�), p53
forward (5�-TAACAGTTCCTGCATGGGCGGC-3�) and
reverse (5�-AGGACAGGCACAAACACGCACC-3�), and
cyclophilin A forward (5�-CATCTGCACTGCCAAGACTGA-
3�) and reverse (5�-TTCATGCCTTCTTTCACTTTGC-3�).
Chromatin Immunoprecipitation Assay (ChIP)—ChIP assays

were conducted as described previously (39). Enrichment of
Sp1- and p53-associated DNA sequences in immunoprecipi-
tated samples and input samples was detected by quantitative
RT-PCR using sequence-specific primers and LightCycler 480
SYBRGreen IMaster mix. ChIP primers were as follows. Prim-
ers to detect the p21Cip1 proximal promoter Sp1 binding site
amplified nucleotides �150/�4 (forward, 5�-GCTGGGCAG-
CCAGGAGCCTG-3�; reverse, 5�-CTGCTCACACCTCAGC-
TGGC-3�), p21Cip1 promoter control primers amplified
nucleotides �827/�673 (forward, 5�-CTGCTGCAACCACA-
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GGGATTTCTT-3�; reverse, 5�-TGTTGATTGTCACAT-
GCTTCCGGG-3�), and primer to detect the p21Cip1 promoter
p53-1 binding site amplified nucleotides �2310/�2205 (for-
ward, 5�-GTGGCTCTGATTGGCTTTCTG; reverse, 5�-
CTGAAAACAGGCAGCCCAAG).
Bisulfite-sequencing PCR—Genomic DNA was extracted

using the Qiagen DNeasy Blood Tissue kit, and genomic DNA
was subjected to bisulfite conversion using the EpiTect Bisulfite
kit (Qiagen, Valencia, CA) according to manufacturer’s proto-
col. The promoter sequences of interest were amplified by PCR
using Platinum DNA Taq polymerase (Invitrogen). Primer
sequences (forward, 5�-AGGAGGGAAGTGTTTTTTTGTA-
GTA-3�; reverse, 5�-CAACTACTCACACCTCAACTAAC-3�)
covering the proximal promoter were designed using
MethPrimer software. Bisulfite PCR products were cloned
using the TOPOTA cloning kit (Invitrogen). Aminimum of 10
clones were prepared and sequenced for each treatment group,
and sequencing was performed using the T7 andM13 universal
primers.
Protein Turnover—The impact of SFN on p53 turnover was

assessed by cycloheximide chase. Keratinocytes were treated
with 0 or 20 �M SFN for 24 h before treatment with 50 �g/ml
cycloheximide. Cells were harvested and lysed at 0, 15, 30, 45,
90, and 120 min after the addition of cycloheximide. Lysates
were analyzed for p53 level by immunoblot.

RESULTS

Treatment of keratinocytes with increasing concentrations
of SFN produces a concentration-dependent reduction in cell
number (Fig. 1A). To understand the molecular basis for this
response, we monitored the impact of SFN on p21Cip1 expres-
sion. p21Cip1 was selected as a target because it is a key suppres-
sor of keratinocyte proliferation (40–44) and because SFN
treatment increases p21Cip1 in other cell types (5, 33, 45). Treat-
ment with 20 �M SFN for 24 h results in a marked increase in
p21Cip1 mRNA and protein (Fig. 1, B and C), suggesting that
p21Cip1 is involved in suppression of keratinocyte proliferation.
We first examined the impact of SFN treatment on p21Cip1
promoter methylation, as SFN is known to function as an epi-
genetic regulator (46, 47) and because the p21Cip1 promoter
CpG island can be hypo- or hypermethylated in various cell
types (48). In addition, most information about p21Cip1 pro-
moter methylation status is derived from cancer cells (49, 50).
Our results suggest thatmethylation does not play amajor role,
as the p21Cip1 promoter is hypomethylated in untreated cells
and SFN treatment does not alter the methylation status (Fig.
2B). We were concerned that the low methylation level may be
an artifact. To check this, genomic DNA was prepared from
untreated cells and then methylated in vitro using CpG meth-
yltransferase, which specificallymethylates cytosine residues in
CpG motifs (51). As shown in Fig. 2B, this DNA registers as
methylated in the bisulfite assay, supporting the conclusion
that the p21Cip1 proximal CpG island is hypomethylated in
keratinocytes. These findings suggest that DNAmethylation is
not a key control point in SFN regulation of p21Cip1 expression
in normal keratinocytes.
We next determinedwhether p21Cip1 expressionmay be reg-

ulated by a transcriptional mechanism. To test this, cells were

transfected with p21-2326, a plasmid that encodes 2326 nucle-
otides of the human p21Cip1 promoter linked to luciferase (Fig.
3A) (15), and then treated with or without SFN. Fig. 3B shows
that SFN treatment produces a concentration-dependent
increase in p21Cip1 promoter activity. Our next goal was to
identify the regulatory sites in the p21Cip1 promoter responsible
for SFN regulation. We tested response of a series of truncated
p21Cip1 promoter-luciferase reporter constructs. These report-
ers revealed SFN-dependent expression only for promoter
lengths equal to or exceeding 2261 nucleotides (Fig. 4), suggest-
ing that an important response element is present in the p21Cip1
distal promoter (nucleotides �2326/�2261). This region con-
tains a previously characterized p53 response element located
at nucleotides �2281/�2261 (14). Because the SFN-associated
increase in p21Cip1 promoter activity is lost in truncation con-
structs lacking this segment (Fig. 4), we determined whether
p53 has a role in mediating the response to SFN. A second p53
response element is also present in the promoter, and so we
individually mutated one or both of these elements (Fig. 5A),
and the constructs were transfected into keratinocytes before
24 h of SFN treatment. Fig. 5B shows that mutation of either
p53 response element reduces SFN-stimulated promoter activ-
ity by 80%, andmutation of both sites results in a complete loss
of promoter activity. This is particularly interesting because
SFN regulation of p53 has been described as p53-independent
in cancer cell lines (5, 18).Wenext examinedp53 interaction on
the most distal (p53-1) element using chromatin immunopre-

FIGURE 1. SFN suppresses keratinocyte proliferation and increases
p21Cip1 expression. A, human epidermal keratinocytes were seeded in 9.6-
cm2 dishes at 20,000 cells/cm2 and permitted to attach overnight. The cul-
tures were then treated with the indicated concentration of SFN and, after
24 h, harvested and counted. Cell counts are the mean � S.D., and asterisks
indicate cells counts that are significantly reduced as compared with the zero
SFN treatment group as determined by Student’s t test (n � 3, p � 0.005).
Similar results were observed in three experiments. B and C, keratinocytes
were treated with 20 �M of SFN, and after 24 h extracts were prepared for
detection of p21Cip1 mRNA by qPCR and p21Cip1 protein by immunoblot. The
mRNA abundance values are the mean � S.D., n � 3. The asterisk indicates a
significant increase over control as determined by Student’s t test, p � 0.005.
Similar results were observed in each of three experiments.
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cipitation. As shown in Fig. 5C, p53 interaction at this element
is markedly increased (8-fold) after treatment with SFN.
Regulation of p53 Level—A key question is the mechanism

that drives increased p53 binding to the p21Cip1 promoter. To
assess this, we treated KERn with SFN and monitored the
impact on p53 level. Fig. 6A shows that a 24-h treatmentwith 20
�M SFN results in a substantial increase in p53 level. We next
explored whether this increase is due to changes in p53 mRNA
level and gene transcription. Fig. 6B shows that p53mRNA level
and promoter activity is not increased by SFN treatment. We,
therefore, assessed the impact of SFN on p53 stability. Cells
were treated with 20 �M SFN for 24 h and then treated with
protein synthesis inhibitor (cycloheximide) for the indicated
times. Fig. 6,C andD, shows that loss of p53 protein is substan-
tial in control cells, but in contrast, p53 levels are stabilized in
SFN-treated keratinocytes. Thus, p53 turnover is reduced in
SFN-treated keratinocytes.
To confirm a role for p53, we next assessed the impact of

reduced p53 expression on p21Cip1 mRNA and protein level.
Fig. 7, A and B, shows that treatment with p53-siRNA reduces
p53 mRNA and protein in both control and SFN-treated cul-

tures and that this is associated with a parallel reduction in
p21Cip1 mRNA and protein. These studies suggest that SFN
treatment stabilizes p53 protein, and the increased p53 binds to
the p21Cip1 promoter to drive gene expression.
GC-rich Elements in Proximal p21Cip1 Promoter Are Re-

quired for SFN Regulation—Promoter activity analysis (Fig. 4)
suggests that sequences located between �251 and �1 are not
involved in the SFN-dependent response; however, this region
is known to encode six GC-rich transcription factor binding
sites that have an important role in regulating p21Cip1 expres-
sion in other systems (52, 53). To assess the role of this region,
we selectively mutated the six GC-rich elements (Fig. 8A) and
monitored the effect on SFN-dependent transcription. Kerati-
nocytes were transfected with plasmids encoding the indicated
constructs, and cells were treated with SFN for 24 h. It is inter-
esting thatmutation of these sites impacts SFN-dependent pro-
moter activation. Mutation of single GC-rich elements pro-
duces variable outcomes. Fig. 8B suggests that the Sp1–3 site is
essential for SFN regulation but in other experiments indicates
that other sites are also important. However, a consistent
observation is that simultaneous mutation of all six GC-rich

FIGURE 2. Methylation status of p21Cip1 in keratinocytes. A, shown is a sequence map of the 24 CpG sites located in the CpG island of the p21Cip1 proximal
promoter. Also indicated are the forward and reverse primers used for production of p21Cip1 promoter-specific clones for bisulfite sequence analysis. B, shown
is mapping of methylated cytosines in the p21Cip1 promoter using bisulfate-sequencing PCR. Cells were treated with or without 20 �M SFN for 24 h, and DNA
extracts were prepared for bisulfite sequencing. A pool of three genomic DNA samples was analyzed. Individual PCR products were cloned, and 10 clones were
sequenced. The methylated control sample is genomic DNA that was methylated in vitro using CpG methyltransferase, which specifically methylates cytosine
residues in CpG motifs. Filled circles indicate methylated CpG sites; the empty circle indicates unmethylated CpG sites.
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elements (�1–6) eliminates SFN-dependent promoter activity.
Thus, the Sp1 site cluster is required for SFN-dependent induc-
tion of p21Cip1.
Sp1 Is Required for an SFN-dependent Increase in Promoter

Activity—Sp1 interacts with the GC-rich elements in the
p21Cip1 promoter (30, 35); therefore, we examined the role of
Sp1 factors in mediating the effect of SFN. Keratinocytes were
transfected with p21-2326 in the presence of Sp1 or �N-Sp3
expression plasmids. Sp1 activates and �N-Sp3 inhibits gene
expression in keratinocytes (54, 55). In the absence of Sp1 or
�N-Sp3, SFN treatment produces an 8-fold increase in p21Cip1
promoter activity (Fig. 9A). Treatment with SFN and exoge-
nous Sp1 also produces an 8-fold increase; however, overall
basal and stimulated activity increases 2-fold (Fig. 9A). This
suggests that Sp1 is required for basal and SFN-stimulated pro-
moter activity. In contrast, �N-Sp3 expression suppresses the
SFN-dependent increase, further suggesting that Sp1 is
required. We next examined Sp1 factor interaction with the
proximal promoter GC-rich region. Cells were treated with or
without 20 �M SFN for 24 h, and extracts were prepared for
ChIP assay using anti-Sp1 antibody. We observe a substantial
(5-fold) SFN-dependent increase in Sp1 factor interaction with
the proximal promoterGC-rich cluster (nucleotides�150/�4)
(Fig. 9B). As a control, we assayed interaction with a region of
the promoter (�827/�673) that lacks GC-rich elements. Fig.
9B shows that this region does not interact with Sp1.
The findings in Figs. 8 and 9 suggest that the GC-rich ele-

ments may not selectively mediate SFN induction of p21Cip1

expression. It ismore likely that they are required for both basal
and stimulated promoter activity, and so when these sites are
mutated, the promoter cannot respond to SFN. This is consis-
tent with the face that elimination of all six GC-rich elements
reduces both basal and stimulated promoter activity (Fig. 8).
Impact of SFN on Cell Cycle—In some systems SFN causes

cells to accumulate in G2/M (18). To assess the impact on cell
cycle in keratinocytes, we treated cells for 24 and 48 h and
examined the cell cycle stage. These studies show a prominent
reduction in G1 phase cells and accumulation in G2/M (Fig.
10A). The effect is more dramatic at 48 h. To analyze themech-
anism responsible for these changes, we studied the impact on
cell cycle regulatory protein expression. Fig. 10B shows a reduc-
tion in cyclin A, cyclin B1, cdc25c, and cdk2 levels in SFN-
treated cells. In contrast, cdk4 did notmarkedly change in level.
These findings are consistent with accumulation of cells at the
G2/M stage of the cell cycle and general cessation of cell prolif-
eration. SFN is also known to induce apoptosis in cancer cell
models (8, 56–59); however, we observed no change in apopto-
sis as evidenced by a lack of increase in sub-G1 cells (Fig. 10A)
and by an absence of procaspase or PARP cleavage in SFN-
treated keratinocytes. Moreover, Bax and Bcl2 levels are below
the limit of detection in these cells, and nonewere detected (not
shown).

DISCUSSION

SFN Impact on Epidermis and Keratinocytes—SFN is a natu-
rally occurring dietary agent found in cruciferous vegetables
that is an important candidate dietary cancer prevention agent.
SFN impacts a number of cellular processes. For example, SFN
inhibits histone deacetylase activity (2, 5, 6), stimulates apopto-
sis, and induces G2/M arrest (8, 18, 60–63). The impact of SFN
has been monitored in epidermis. Treatment with broccoli
extract or SFN increases the phase I and phase II enzyme
response in mouse and human epidermis (9, 11), suppresses
UVB-induced skin carcinogenesis in SKH-1 mice (64), and
reduces 7,12-dimethyl benz[a]anthracene (DMBA)-induced
skin cancer (65). SFN also reduces UVB-dependent inflamma-
tion in HR-1 hairless mice (66).
Themechanism of SFN action in keratinocytes has also been

studied. These studies used a line of immortal human keratino-
cytes, HaCaT, that retain some characteristics of normal cells.
SFN treatment induces phase I and II enzymes (7, 67), inhibits
AP1 transcription factor function (68), and reduces inflamma-
tory response (66) in these cells. However, HaCaT cells harbor
mutant p53 (69), and so they are not a good model for studying
regulation of p53-dependent genes such as p21Cip1. Additional
studies have been completed in SCC-13 cells, but these also
harbor a p53 mutation (34). For this reason, in the present
study, we examine the impact of SFN on primary cultures of
normal human keratinocytes. It is important to study normal
keratinocytes, as the impact of SFN on these cells has not been
studied and because normal keratinocytes are a primary epider-
mal cell type challenged by external carcinogenic stress and
treated by chemopreventive agents.
Our studies show that SFN suppresses normal human kera-

tinocytes proliferation and that this is associatedwith increased
p21Cip1 expression. p21Cip1 is a cyclin-dependent kinase inhib-

FIGURE 3. SFN increases p21Cip1 promoter activity. A, a schematic of
p21Cip1 promoter upstream regulatory region shows the location of the p53
response elements (nucleotides �2281/�2261 and �1393/�1374) and the 6
GC-rich, Sp1(1– 6), response elements (nucleotides �120/�50) (71). The dis-
tances are in nucleotides relative to the transcription start site, which is indi-
cated by the right-facing arrow. B, keratinocytes were transfected with 0.5 �g
of p21-2326 luciferase reporter plasmid and then treated for 24 h with SFN.
The cells were harvested, and lysates were assayed for luciferase activity. The
values are the mean � S.D., n � 3. The values indicated by asterisks were
significantly increased as measured using the Student’s t test, p � 0.005.
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itor that blocks cell cycle progression (20) and is a key regulator
of keratinocyte proliferation (40–44, 70). Our studies show
that p21Cip1 levels increase in SFN-treated cells. A key issue is
the mechanism responsible for this increase. SFN is known to
influence epigenetic regulatory proteins, including the DNA
methyltransferases (DNMT1 and DNMT3a), which methylate
cytosine residues in CpG motifs to suppress gene expression
(46). SFN also increases histone acetylation at the p21Cip1 pro-
moter in prostate cancer cells (8, 72).
The p21Cip1 promoter encodes a large CpG island in the

proximal region of the promoter (nucleotides �234/�1), and
so reduced methylation in this region could increase p21Cip1
expression. p21Cip1 promoter methylation status has been
extensively studied in cancer cells and tumors (48, 49, 73). The
p21Cip1 promoter, for example, is hypermethylated in low grade
mucosa-associated lymphoid tissue lymphoma (73). However,
p21Cip1 promoter methylation status has not been widely stud-
ied in primary cultures of normal cells. We, therefore, deter-
minedwhether the p21Cip1 promoter ismethylated in keratino-
cytes and whether methylation status is regulated by SFN.
Interestingly, the p21Cip1 promoter is hypomethylated in kera-
tinocytes, and treatment with SFN does not alter methylation
status. These studies are the first to rule out a role for DNA

methylation in regulation of p21Cip1 expression in normal
keratinocytes.
SFN Regulation of p21Cip1 Is p53-dependent—The SFN-de-

pendent increase in p21Cip1 protein is associated with a parallel
increase in level of the corresponding mRNA. To assess the
mechanism of regulation, we examined the impact of SFN
treatment on p21Cip1 promoter activity. The p21Cip1 distal pro-
moter encodes two p53 binding sites, p53-1 (nucleotides
�2281/�2261) and p53-2 (nucleotides �1393/�1374) (14),
that drive p21Cip1 expression in some systems (35, 74). Our
promoter truncation and point mutagenesis studies indicate
that the p53-1 and p53-2 are required for SFN-dependent
induction of p21Cip1 gene expression. ChIP studies reveal that
p53 interacts at these p53 binding sites at an 8-fold higher level
after SFN treatment and that the SFN-dependent p21Cip1
increase is attenuated by p53 knockdown. These studies
strongly suggest that SFN treatment increases p53 interaction
with the p21Cip1 promoter to drive increased gene expression
(Fig. 11).
These findings are unique in that SFN-mediated regulation

of p21Cip1 promoter activity is p53-dependent. This finding in
normal cells is in contrast to findings in tumor cells where reg-
ulation of p21Cip1 expression is p53-independent. Examples

FIGURE 4. SFN activation of the p21Cip1 promoter involves the distal p53 response element. A, shown is a sequence map of the distal p21Cip1 promoter
region. Nucleotides are numbered relative to the transcription start site at �1, and the distal (nucleotides �2281/�2261) p53 response element is indicated.
B, impact of SFN treatment on p21Cip1 promoter activity is shown. Keratinocytes were transfected with 0.5 �g of each p21Cip1 promoter luciferase reporter
plasmid or with empty vector (EV) lacking p21Cip1 promoter sequences. After 24 h, the cells were treated with 20 �M SFN, and after an additional 24 h the cells
were harvested for luciferase activity assay. The values are the mean � S.D. Similar results were observed in each of three experiments.
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include HT-29 colon cancer cells, which express mutant p53
(33), LnCaP prostate cancer cells, which express wild-type p53
(18), and PC-3 prostate cancer cells, which lack p53 (5). Oxida-
tive stress and MAPK signaling play key roles in inducing
p21Cip1 in HT-29 cells (33). PC-3 prostate cancer cells lack p53,
and in these cells SFN induction of p21Cip1 is associated with
reduced histone acetylation on the p21Cip1 promoter (5). Our
ChIP studies show that that p53 and Sp1 transcription factors
accumulate at the p21Cip1 promoter after SFN treatment and
that methylation of the CpG islands is not involved in making
this chromatin accessible. However, in future studies we will
need to determine whether chromatin acetylation is required
for expression as has been reported in prostate cancer cells (5).

SFN Regulates p53 Protein Stability—We also studied the
impact of SFN on p53 expression. p53 is known to be regulated
by both transcriptional and post-transcriptional mechanisms
(75). Our studies show that SFN does not increase p53 mRNA
level or promoter activity. In contrast, SFN inhibits p53 protein
turnover, and this accounts for the substantial increase in p53
level. The half-life of p53 is 30 min in untreated cells, but p53 is
highly stable in SFN-treated keratinocytes. The fact that this is
associated with an increase in p21Cip1 mRNA and promoter
activity suggests that the p53 is transcriptionally active. p53

FIGURE 5. p53 is required for SFN-dependent p21Cip1 promoter activa-
tion. A, shown is a schematic of p21Cip1 promoter distal promoter. The p53-1
(nucleotides �2281/�2261) and p53-2 (nucleotides �1393/�1374) re-
sponse elements are shown. The top sequence is wild type, and the bottom
sequence is mutated. B, keratinocytes were transfected with 0.5 �g of each
indicated p21Cip1 luciferase reporter plasmid, and after 24 h cells were incu-
bated with 20 �M SFN for an additional of 24 h. The cells were then harvested,
and extracts were prepared for assay of luciferase activity. The values are the
mean � S.D.; n � 3. Promoter activity of the �1, �2, and �1-2 mutants was all
significantly reduced compared with wild type, p � 0.005, as assessed using
Student’s t test. C, a ChIP assay was performed as described under “Experi-
mental Procedures” using p21Cip1 promoter-derived PCR primers encoding
the indicated range of nucleotides. The values are the mean � S.D., and sim-
ilar results were observed in three experiments.

FIGURE 6. SFN increases p53 level by suppressing p53 protein turnover.
A, SFN increases the p53 level. Keratinocytes were treated with SFN for 24 h,
and extracts were prepared for immunoblot detection of p53 and �-actin.
B, SFN does not regulate p53 mRNA level or promoter activity. The values are
the mean � S.D. for three replicates. To measure p53 promoter activity, kera-
tinocytes were transfected with 2 �g of PG13-Luc, which encodes the p53
gene promoter (15), and then treated with 20 �M SFN for 24 h before prepa-
ration of extracts and assay of promoter activity. The values are the mean �
S.D. for three separate experiments, and there is no significant change in
promoter activity with SFN treatment. C, SFN increases the p53 level by reduc-
ing p53 turnover. Keratinocytes were treated with 20 �M SFN for 24 h and
then treated with 50 �g/ml cycloheximide for the indicated times (min)
before harvest and immunoblot detection of p53 and �-actin. Similar results
were observed in three separate experiments. D, shown is a plot of p53 pro-
tein levels with time after the addition of cycloheximide. The immunoblot in
panel C was scanned, and the level of p53 was plotted. The initial (time � 0)
blot intensity point was set at 100% for each curve. These findings suggest a
half-life for p53 of 30 min in untreated keratinocytes (open triangles) and sta-
bilization of p53 in SFN-treated cells (closed circles).
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stabilization has not been previously described in SFN-treated
skin-derived cells, but Pelling and co-workers (76) showed that
apigenin increases p53 stability inmouse keratinocytes. Thus, it
may be that stabilization is a commonmechanism of regulating
p53 levels by chemopreventive agents in keratinocytes.
Further studies will be necessary to understand the details of

this regulation. For example, SFN treatment causes a general
increase in proteasome activity in SCC-13 skin cancer cells (34).
Because a major mode of p53 down-regulation is via the pro-
teasome (25), it is interesting that SFN stabilizes p53 in normal
keratinocytes. Thus, it will be important in future studies to
monitor the impact of SFN on mechanisms that control p53
turnover, including impact on the E3 ubiquitin ligase, Hdm2,
which ubiquitinates p53 leading to its degradation in the pro-
teasome (25), and impact on proteasome activity. It is also
worth noting that not all p53-regulated genes are impacted by
this rise in p53 level. Bax is generally not detected in keratino-
cytes, except under extreme conditions, and did not observe
Bax after SFN treatment (not shown).
SFN Regulation of p21Cip1; Role for GC-rich Response

Elements—An important cluster of transcription regulatory
sites is present in the p21Cip1 proximal promoter between
nucleotides �150 and �1. This is a cluster of six GC-rich tran-
scription factor binding sites (35). Various signaling pathways
regulate p21Cip1 gene expression by stimulating Sp1, Sp3, and
Kruppel-like transcription factor interactions at these sites
(26–32). We show that mutation of these six GC-rich elimi-
nates both basal and SFN-stimulated promoter activity. We
propose that these sites are necessary for both basal and SFN-
stimulated transcription and that in their absence SFN has no
impact on transcription. In support of an essential role for these
sites, we observed an increase in Sp1 factor binding at these
locations after SFN treatment. In addition, combining treat-
ment with SFN and Sp1 overexpression increases promoter
activation compared with either treatment. Moreover, expres-

FIGURE 7. Impact of p53 knockdown on SFN-dependent p21Cip1 mRNA
and protein level. A, keratinocytes were electroporated with 3 �g of con-
trol or p53-siRNA per million cells and after 24 h were treated with or
without 20 �M SFN for an additional 24 h. RNA was prepared for detection
of p53 and p21Cip1 mRNA. The values are the mean � S.D., n � 3. Similar
results were observed in three experiments. B, reduced p53 expression is
associated with reduced p21Cip1 protein level. Keratinocytes were treated
with control or p53-siRNA and after 24 h extracts were prepared for detec-
tion of p53 and p21Cip1. Similar results were observed in each of three
separate experiments.

FIGURE 8. Effect of deleting GC-rich (Sp1) elements on SFN regulation of
p21Cip1 promoter activity in the context of the full-length promoter.
A, shown is a sequence map of the proximal region of the p21Cip1 promoter.
The six GC-rich (Sp1) sites are identified. The numbers indicate nucleotide
position relative to the transcription start site at �1. B, keratinocytes were
transfected with 0.5 �g of each p21Cip1 promoter luciferase reporter plasmid
or with empty vector (EV) lacking p21Cip1 promoter sequences. After 24 h, the
cells were treated with 20 �M SFN. After an additional 24 h the cells were
harvested and assayed for luciferase activity. The respective plasmid names
identify the deleted Sp1 sites (e.g. �1, �2, �1– 6, etc.).

FIGURE 9. Sp1 is required for the SFN-dependent increase in p21Cip1 pro-
moter activity. A, keratinocytes were transfected with 0.5 �g of p21-2326
luciferase reporter plasmid in the presence of 0.5 �g of Sp1 or �N-Sp3 expres-
sion vector. After 24 h the cells were treated with 20 �M SFN for 24 h, cells were
harvested, and extracts were assayed for luciferase activity. B, ChIP assay was
performed as described under “Experimental Procedures” using p21Cip1 pro-
moter-derived PCR primers encoding the indicated range of nucleotides. The
values are the mean � S.D. (n � 3), and similar results were observed in three
experiments.
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sion of �N-Sp3, an inhibitory form of Sp3 (37, 54, 55), reduces
the SFN-dependent increase. Taken together, these findings
suggest that SFN increases p21Cip1 expression by increasing
p53 interaction at the p53 response elements in the distal pro-
moter and Sp1 interaction at the GC-rich elements in the prox-
imal promoter but that SFN acts mainly through a p53-depen-
dent mechanism.
In summary, our findings indicate that SFN increases p53

levels by inhibiting p53 turnover (Fig. 11). The increase in p53 is
associated with increased p53 binding to the p21Cip1 promoter.
In addition, SFN treatment increases Sp1 factor interaction
with the p21Cip1 promoter. These events are both required for
SFN activation of p21Cip1 expression, which ultimately leads to

cessation of cell proliferation. At the biological level, these find-
ings suggest that topical SFN treatment on the epidermis will
halt proliferation of normal epidermal keratinocytes via a p53-
and p21Cip1-dependent mechanism but will not cause these
cells to undergo apoptosis. In contrast, our previous report
indicates SFN causes SCC-13 skin cancer cells to undergo apo-
ptosis (34). These results suggest that topical treatment with
SFN may cause cancer cells to undergo cell death while only
slowing growth of normal keratinocytes. Such an outcome
would provide a clear therapeutic advantage of SFN as a skin
cancer-preventive agent.
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