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cdc25A is a tyrosine phosphatase that activates G1 cyclin-dependent kinases (Cdk’s). In human keratino-
cytes, cdc25A expression is down-regulated after the initial drop in Cdk activity caused by cell exposure to the
antimitogenic cytokine transforming growth factor b (TGF-b) or removal of serum factors. Here we show that
the TGF-b-inhibitory-response element in the cdc25A promoter maps to an E2F site at nucleotides 262 to 255
from the transcription start site. This site is not required for basal transcription in keratinocytes. We provide
evidence that the cell cycle arrest program activated by TGF-b in human keratinocytes includes the generation
of E2F4-p130 complexes that in association with histone deacetylase HDAC1 inhibit the activity of the cdc25A
promoter from this repressor E2F site. This mechanism is part of a program that places keratinocytes in the
quiescent state following the initial drop in Cdk activity caused by cell exposure to TGF-b.

Mitogens and antimitogens affect cell proliferation by regu-
lating the activity of G1 cyclin-dependent kinases (Cdk’s) that
commit the cell to completing the division cycle (28, 30). G1
Cdk’s, which include the cyclin D-dependent kinases Cdk4 and
Cdk6 and the cyclin E-dependent kinase Cdk2, phosphorylate
the members of the retinoblastoma protein family pRb, p107,
and p130, also known as “pocket proteins” (34, 39). Phosphor-
ylation of pocket proteins regulates their interactions with
transcription factors of the E2F family, i.e., E2F1 through
E2F5 (3, 11, 16). In mitogenically stimulated cells, Cdk phos-
phorylation of pocket proteins allows E2F factors to activate
the expression of components involved in DNA synthesis, such
as dihydrofolate reductase, thymidine kinase, DNA polymer-
ase a, ORC1, and Cdk components such as cyclin E, cyclin A,
and cdc2 (10, 11). When the level of G1 Cdk activity in the cell
is low, pocket proteins accumulate in a hypophosphorylated
state that inhibits these E2F functions. However, recent evi-
dence suggests that the binding of pocket proteins to E2F
factors not only silences transcriptional activation but also gen-
erates transcriptional repressor complexes (6, 18, 37, 40). Thus,
mutation of E2F sites in certain genes can lead to derepression
of these genes in quiescent cells, suggesting that these sites are
occupied by E2F repressor complexes during G0 (36, 47). The
broader role of these repressor complexes and, in particular,
their possible involvement in the action of antimitogenic cyto-
kines such as transforming growth factor b (TGF-b) have re-
mained unknown.

TGF-b and related family members have a wide range of
biological effects, including regulation of cell proliferation (1,
28). TGF-b can promote growth in mesenchymal tissues
through effects on extracellular matrix production, cell adhe-
sion receptors, and production of autocrine mitogens. In other

cell types, including epithelial, hematopoietic, and certain mes-
enchymal cells, TGF-b exerts antiproliferative effects through
a repertoire of gene responses that varies depending on the cell
type (19). TGF-b causes rapid up-regulation of the Cdk inhib-
itor p15Ink4B in keratinocytes, lung, thyroid, and mammary
epithelial cells (7, 15, 32, 33), up-regulation of the Cdk inhib-
itor p21Cip1 in keratinocytes and ovarian epithelial cells (9, 12,
32), rapid down-regulation of the Cdk-activating tyrosine phos-
phatase cdc25A in mammary epithelial cells (19), and down-
regulation of Cdk4 in lung epithelial cells emerging from se-
rum deprivation (13); furthermore, in most of these cell types,
TGF-b rapidly down-regulates c-myc expression (1, 19, 27, 31).
Individually or combined, these effects cause a decrease in Cdk
activity that compromises further progression through G1 and
sets in motion secondary events that place the cell in a quies-
cent state.

One of these secondary events in human keratinocytes is
cdc25A down-regulation (19). In contrast to the rapid decrease
in cdc25A mRNA caused by TGF-b in mammary epithelial
cells, cdc25A mRNA levels in keratinocytes decrease slowly,
and this decrease follows the initial fall in Cdk activity induced
by TGF-b via Cdk inhibitors (15, 32). Investigating the mech-
anisms underlying these events, we observed that inhibition of
cdc25A promoter activity by TGF-b in human keratinocytes
requires the integrity of an E2F site that binds E2F4-p130 and
requires histone deacetylase for transcriptional repression.

MATERIALS AND METHODS

Cell culture, transfections, and luciferase assay. HaCaT keratinocytes (4) and
L17 cells were maintained in Dulbecco modified Eagle medium supplemented
with 10% fetal bovine serum. Cells were transiently transfected by use of the
DEAE-dextran transfection method as described previously (2). Luciferase ac-
tivity was measured in triplicate samples after cell incubation with or without 200
pM TGF-b for 24 h, unless specified otherwise. Serum deprivation refers to cell
incubation in media containing 0.2% fetal bovine serum for 24 h. In the exper-
iments testing the effects of trichostatin A (Wako), this drug was added 24 h after
transfection at the concentrations indicated below and for 24 h.

cdc25A promoter constructs. The cdc25A promoter-luciferase constructs
NPGL3 and NP0.7 have been described (14). The nucleotide sequence of the
human cdc25A promoter region from 2460 to 1129 was determined by double-
strand sequencing of the BamHI/XhoI fragment of the cdc25A genomic clone in
NPGL3 (14). To generate terminal deletions and to introduce mutations in
the cdc25A promoter, the fragment from 2460 to 1129 was transferred into
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pGL2Basic (Promega), giving rise to NPGL2. Smaller cdc25A promoter con-
structs were generated from NPGL2 by PCR with Taq polymerase (Perkin-
Elmer) and primers specific for cdc25A sequences and vector primers. The
amplified products were cloned into the XhoI/HindIII sites of pGL2Basic. Mu-
tations into specific transcription factor binding sites were introduced by synthe-
sizing oligonucleotides containing the selected mutation plus convenient restric-
tion sites for cloning and then using one of these oligonucleotides with a vector
primer in a PCR. The mutated PCR product was digested and cloned into
NPGL2 constructs from which the correspondent wild-type fragment had been
removed. The correct sequences of truncated and mutated constructs were con-
firmed by complete double-strand sequencing of each promoter fragment.

Other assays. For immunoprecipitation, cell lysates were prepared in lysis
buffer containing 50 mM HEPES at pH 7.4, 150 mM NaCl, 10% glycerol, 0.1%
Tween 20, and 1 mM dithiothreitol plus protease and phosphatase inhibitors.
Aliquots (1 mg of total proteins) were incubated with antibodies against E2F4
(C-20; Santa Cruz Biotechnology) or against HDAC1 (Upstate Biotechnology)
for 2 h at 4 C with gentle agitation. Immunocomplexes bound to protein A-
Sepharose (Pharmacia) were collected by centrifugation and washed four times
in lysis buffer before being resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis.

For Western immunoblot analysis, cell extracts (100 mg of total proteins) or
immunoprecipitates were resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to polyvinylidene difluoride membranes (Immo-
bilon; Millipore). Immunoblots were developed by use of chemiluminescence
(ECL; Amersham). Antibodies used were against E2F1 (KH95; Santa Cruz
Biotechnology), E2F4 (C-20; Santa Cruz Biotechnology), pRb (G3-245; Pharm-
ingen), p107 (SD9; Pharmingen), and p130 (C-20; Santa Cruz Biotechnology).

Northern blot analysis was done as described previously (32). cdc25A and
glyceraldehyde-3-phosphate dehydrogenase mRNAs were quantified with a
phosphorimager and the results were plotted relative to the values for untreated
controls.

RESULTS

cdc25A down-regulation by TGF-b independently of E-box
sites. The transcription of cdc25A can be stimulated by c-myc
under certain conditions (14). Since TGF-b rapidly down-reg-
ulates (half-life 5 2 h) c-myc expression in primary keratino-
cytes (31) and in the human HaCaT keratinocyte line (data not
shown), repression of cdc25A by TGF-b in these cells might
result from down-regulation of c-myc. However, we previously
observed in HaCaT cells that TGF-b can down-regulate a
minimal cdc25A promoter region lacking discernible myc bind-
ing sites (also known as the “E box”) (19). This region of
cdc25A is known as the “natural promoter” region and in-
cludes nucleotides 2460 to 1129 relative to the transcription
start site (14) (see sequence in Fig. 2A). In order to determine
whether inclusion of E-box sites might confer a heightened

sensitivity of cdc25A to TGF-b, we analyzed the response of a
larger cdc25A promoter segment which contains the E box
(NP0.7 construct). However, the kinetics of down-regulation of
the NP0.7 reporter (Fig. 1B) and its sensitivity to various
TGF-b concentrations (Fig. 1A) were indistinguishable from
those of the natural-promoter construct NPGL3. These results
suggested that an element within nucleotides 2460 to 1129
mediates cdc25A down-regulation in response to TGF-b and
that this element is not a typical E box.

An E2F site mediating cdc25A repression in response to
TGF-b. The region of cdc25A from 2460 to 1129 lacks a
consensus TATA box and contains potential binding sites for a
variety of known transcription factors (Fig. 2A). In addition to
one AP-2 site, two SP-1 sites, and two inverted CCAAT boxes,
we identified two E2F sites, one (which we termed the E2F-A
site) located approximately 60 bp upstream of the transcription
start site and the other (termed E2F-B) spanning the transcrip-
tion start site (Fig. 2A). The E2F-A site and the surrounding
sequence are fully conserved in the mouse cdc25A promoter,
whereas the E2F-B site is not (data not shown). The E2F-A
site is followed by a 6-bp sequence corresponding to the “cell
cycle gene homology region” (CHR). The CHR was previously
identified in cell cycle-regulated genes, including B-myb, the
cyclin A gene, cdc2, and cdc25C, as a sequence whose integrity
is required for repression of these genes in G0 (46, 47). In the
promoters of these genes, the CHR element is typically located
6 bp downstream from a functionally repressive E2F or CDE
site. This spacing is conserved in the human and mouse cdc25A
promoters (Fig. 2B; data not shown for the mouse promoter).

To identify DNA regions required for basal transcription
and for TGF-b inhibition of the cdc25A promoter, we gener-
ated a series of terminal truncations driving the expression of
a luciferase gene. The activities of these reporter constructs
were tested by transient transfection into HaCaT keratinocytes
in the presence or absence of TGF-b. We also tested the
activities of these promoter constructs following removal of
serum factors, a condition that decreases the level of cdc25A
mRNA in other cell types (20). Both TGF-b addition in the
presence of serum and serum deprivation inhibited cdc25A
promoter activity (Fig. 3A). Analysis of constructs generated
by serial deletions from the 59 end of the cdc25A natural
promoter showed that a substantial fraction of the basal activ-

FIG. 1. cdc25A down-regulation by TGF-b in HaCaT keratinocytes. (A) Luciferase (Luc) reporter constructs containing the promoter region (2460 to 1129) of
cdc25A (NPGL3) or this region plus a myc-responsive region (NP0.7) were transiently transfected into HaCaT keratinocytes and TGF-b was added at the indicated
concentrations for 24 h. Values are the averages and standard deviations of triplicate samples. The control value (100%) corresponds to cells transfected with NPGL3
and left untreated. (B) HaCaT keratinocytes were transfected with NPGL3 or NP0.7, treated with TGF-b (200 pM), and harvested at the indicated times. Samples of
untransfected cells were also taken at the same times, and the amounts of cdc25A mRNA were determined by Northern blotting, quantified by phosphorimager, and
plotted relative to untreated controls.
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ity depended on the presence of a region 2333 to 2260 bp
from the start site. However, the shortest 59-deletion construct
with detectable basal activity (NP-110) was still inhibited by
TGF-b addition or mitogen deprivation (Fig. 3A). Using 39-
deletion constructs, we found that deletion up to nucleotide
111 still allowed transcriptional activity and that this activity
was inhibited by both TGF-b addition and mitogen deprivation
(Fig. 3B). Further 39 deletions prevented basal transcription.

Taken together, the results from the 59- and 39-deletion
analyses indicate that DNA sequences responsible for inhibi-
tion of cdc25A promoter by TGF-b addition or mitogen depri-
vation reside between nucleotides 2110 and 111 of the
cdc25A promoter. This region includes the two E2F sites, the
CHR site, and one SP1 site (Fig. 2 and 3). To determine
whether any of these sites is responsible for cdc25A down-
regulation, we mutated each site in the context of the natural
promoter. We also mutated the SP1 site in the 2160 deletion
construct (which lacks the upstream SP1 site) to generate a
promoter which was devoid of SP1 sites. Analysis of the re-
sulting reporter constructs showed that the SP1 sites, the CHR
site, and the E2F-B site were dispensable for basal transcrip-
tion or inhibition by TGF-b addition or mitogen deprivation
(Fig. 3C). Mutation of the E2F-A site did not affect the basal
activity but completely prevented the inhibition by TGF-b and
had a partial effect on inhibition by serum deprivation (Fig.
3C). These results suggest that (i) TGF-b action represses the
cdc25A promoter through the E2F-A site, which by itself lacks
any significant enhancer function, and (ii) this site only par-
tially mediates the inhibitory effect of serum deprivation, which
therefore must act through additional mechanisms.

TGF-b-induced changes in E2F4-pocket protein complexes.
To determine whether regulation of cdc25A promoter activity
by TGF-b is associated with changes in the abundance of
potential E2F binding components, we measured the levels of
E2F-1, E2F-4, pRb, p107, and p130 in control and TGF-b-
treated HaCaT cells (Fig. 4A). As previously described for
these cells and other cells that undergo G1 arrest, the results of
pRb Western immunoblotting showed that TGF-b increases
the mobility of pRb in a manner that corresponds to decreased
phosphorylation of this protein (23) (Fig. 4A). A similar effect

was observed with p130 (Fig. 4A). These effects were likely the
result of the inhibition of G1 Cdk’s by TGF-b in keratinocytes
(15, 32). These results also showed that TGF-b caused a de-
crease in the levels of pRb and p107 whereas the levels of p130
were markedly increased (Fig. 4A). TGF-b did not alter the
level of E2F4 but strongly decreased the level of E2F1 in
HaCaT cells (Fig. 4A). This effect might be the result of E2F1
mRNA down-regulation in TGF-b-treated HaCaT cells (24).

These changes correlated with related changes in the levels
of specific E2F4 complexes, as determined by immunoprecipi-
tation with anti-E2F4 antibodies and Western immunoblotting
of the precipitates with antibodies against specific pocket pro-
teins. Thus, control cells contained high levels of E2F4-p107
complexes and low levels of E2F4-p130 complexes, whereas
the reverse was seen in TGF-b-treated cells (Fig. 4B). E2F4-
pRb complexes were detected in control as well as TGF-b-
treated cells, being more abundant in the latter (Fig. 4B). This
might be due to a higher E2F binding affinity of hypophos-
phorylated pRb (16, 21). These data argue that TGF-b action
specifically inhibited the formation of E2F4-p107 complexes
and induced the formation of E2F4-p130 complexes.

Participation of histone deacetylase in cdc25A repression.
Histone deacetylation has been recently proposed as a mech-
anism for transcriptional repression in general (42) and for
pRb-mediated repression of a subset of E2F-responsive genes
in particular (5, 25, 26). The latter has been shown to result
from the recruitment of the histone deacetylase HDAC1 to the
target promoter through a specific interaction with pRb. To
investigate whether cdc25A repression by E2F4-p130 in TGF-
b-treated cells might also involve the participation of histone
deacetylase, we first tested the effect of a specific histone
deacetylase inhibitor, trichostatin A (44). When added simul-
taneously with TGF-b, trichostatin A prevented the inhibition
of the cdc25A reporter (Fig. 5A). This effect was significant at
trichostatin A concentrations of 10 ng/ml and above (Fig. 5A),
which are well within the reported range that specifically in-
hibits histone deacetylase in the cell (22, 35, 44). Trichostatin
A did not affect transcriptional activation of the 3TP-lux re-
porter by TGF-b (data not shown), indicating that it did not
cause a general inhibition of TGF-b signal transduction.

FIG. 2. Nucleotide sequence of the human cdc25A promoter region. (A) Sequence of the human cdc25A promoter region from 2460 to 1129. The consensus AP-2
site, Sp1 sites, CCAAT sites, E2F-A and E2F-B sites, and CHR site are indicated. The sequences of the mutations introduced into the E2F-A and E2F-B sites, the
CHR site, and the downstream Sp1 site and described in the legend to Fig. 3 are also indicated. (B) Alignment of the cdc25A promoter sequence in the region of the
E2F-A site and the adjacent CHR site with the corresponding promoter sequences from B-myb, the cyclin A gene, cdc25C, and cdc2 (47).
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To investigate the presence of histone deacetylase in p130
complexes, we immunoprecipitated extracts from control and
TGF-b-treated cells with anti-HDAC1 antibody followed by
Western immunoblotting of these precipitates with anti-p130.

No interaction between p130 and HDAC1 was detected in ex-
tracts from control cells. TGF-b did not increase the HDAC1
levels in the cell (Fig. 5B). However, TGF-b induced a signif-
icant association of HDAC1 with p130 (Fig. 5B). The kinetics

FIG. 3. TGF-b down-regulates cdc25A promoter activity through an E2F site. (A) Transient-expression analysis of 59-truncated cdc25A promoter-luciferase (Luc)
constructs in proliferating HaCaT cells left untreated or treated with TGF-b, or with 0.2% serum for 24 h. Plasmids were named to indicate the 59 truncation; e.g.,
NP-333 contains 333 bases upstream of the start site. All plasmids harbor a 129-bp region downstream of the start site. Symbols indicate the locations of consensus sites.
Luciferase values are the averages and standard deviations of triplicate assays. (B) Same as panel A but transfections were done with 39-truncated constructs. Plasmids
were named to indicate the 39 truncation; e.g., NP1103 contains 103 bases downstream of the start site. All plasmids, with the exception of NP-25, harbor a 460-bp
region upstream of the start site. (C) Same as panel A but transfections were done with cdc25A promoter-luciferase constructs containing the regions of the cdc25A
promoter from 2460 to 1129 or 2160 to 1129 with mutations in the indicated sites (crossed symbols). Mutations are shown in Fig. 2A.
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of appearance of the p130-HDAC1 complex were parallel to
those of p130 accumulation and cdc25A inhibition, with high
levels being reached after 24 h of cell exposure to TGF-b (Fig.
5B; compare to Fig. 1B). An alignment of the total p130 and
HDAC1-associated p130 immunoblots shown in Fig. 5B dem-
onstrated that HDAC1 preferentially associates with the hy-
pophosphorylated (fast-migrating) form of p130. Thus, both
the decrease in p130 phosphorylation and the increase in p130
protein levels caused by TGF-b seem to contribute to the
association with HDAC1.

To test whether a complex between E2F4 and HDAC1 was
generated upon activation of TGF-b signaling and whether this
effect could be obtained by overexpression of p130, we used the
L17 cell line, which lacks TGF-b receptor type I (TbRI).
Transfection of FLAG-tagged HDAC1 and E2F4 in L17 cells
was not sufficient to generate an association between these
proteins, indicating a requirement for additional factors. An
efficient binding between HDAC1 and E2F4 was detectable
only when wild-type TbRI was transfected in the presence of
TGF-b or when TGF-b signaling was activated by transfecting
constitutively active TbRI (T204D) (41). The association be-
tween HDAC1 and E2F4 was also generated by the introduc-
tion of p130. These data show that E2F4 can associate with
HDAC1 upon TGF-b treatment and suggest that p130 is ca-
pable of mediating this interaction.

DISCUSSION

Rapid repression of cdc25A by TGF-b causes the inactiva-
tion of Cdk4 and Cdk6 in MCF-10A human mammary epithe-
lial cells in the absence of any effect on Cdk inhibitors (19).
cdc25A down-regulation is also observed in keratinocytes, in
which the primary TGF-b response includes the induction of
Cdk inhibitors such as p15Ink4B and p21CIP1 (15, 32). cdc25A
down-regulation in keratinocytes is a delayed effect and may
represent the implementation of a program of mitotic qui-
escence during the TGF-b antiproliferative response. In the
present work, we have studied the inhibition of cdc25A in the
context of this set of events, and we have identified E2F-
mediated repression of transcription as the specific mechanism
underlying this gene response in HaCaT keratinocytes.

The natural promoter of cdc25A, nucleotides 2460 to 1129
(14), was sufficient to mediate repression by TGF-b in HaCaT

keratinocytes. Our promoter deletion and transcription factor
site mutation analysis suggests that the delayed repression of
cdc25A expression induced by TGF-b in HaCaT cells is medi-
ated through an E2F site. Interestingly, this site participated
only partially in the repression of cdc25A caused by deprivation
of serum mitogens, indicating that E2F-mediated repression is
uniquely effective when triggered by TGF-b. Our data also
show that the E2F-A site in the context of the cdc25A pro-

FIG. 4. Effects of TGF-b on pocket protein levels and E2F4 complexes. (A)
Levels of the indicated proteins were determined by Western immunoblotting of
lysates from proliferating (2) and TGF-b-treated (1) HaCaT cells. (B) The level
of cellular E2F4 complexes containing pocket proteins was determined by E2F4
immunoprecipitation (IP) followed by Western immunoblotting (WB) with the
indicated antibodies.

FIG. 5. Histone deacetylase participates in transcriptional repression of cdc25A
promoter by TGF-b. (A) The reporter construct NPGL2 was transfected into
HaCaT cells which were then incubated with or without TGF-b and the indicated
concentrations of trichostatin A. Luciferase values are the averages and standard
deviations of triplicate samples. (B) Extracts from proliferating or TGF-b-
treated HaCaT cells were immunoprecipitated (IP) with anti-HDAC1 polyclonal
antibody (HDAC1) or normal rabbit serum (NRS). Immunocomplexes were
then subjected to Western immunoblotting (WB) with p130 or HDAC1 antibod-
ies. A Western immunoblot of total cell extracts is also shown (bottom panel).
(C) L17 cells were transfected with the indicated plasmids and left untreated or
treated with TGF-b for 24 h. Immunoprecipitations were performed with anti-
FLAG antibody followed by Western immunoblotting with anti-E2F4 antibody.
The amount of E2F4 expressed for each transfection is also shown (bottom panel).
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moter did not contribute to basal transcriptional activity; thus,
it functioned as a pure repressor site. The E2F-A site is con-
tiguous to a CHR sequence that in other genes appears to
mediate repression in concert with upstream E2F sites (46, 47).
In the TGF-b response, however, the integrity of the CHR site
was not required for the repressive effect on the cdc25A pro-
moter, at least when tested under our experimental conditions.

Although E2F was initially proposed to activate transcrip-
tion, E2F sites in several promoters were recently shown to
repress transcription (47). In vivo footprinting of the promoter
of E2F-responsive genes, such as B-myb, the cyclin A gene, and
cdc2, demonstrated occupancy of the E2F site exclusively in
G0/G1, when the expression of these genes was repressed (17,
36, 45). Loss of E2F site binding occurred when cells were
released from growth arrest and coincided with transcriptional
activation of these genes. Based on our analysis of the cdc25A
promoter in the TGF-b antiproliferative response, we propose
that E2F-mediated repression of this promoter by TGF-b
might be sustained by a similar mechanism in vivo.

Several lines of evidence suggest that, among E2F family
members, E2F4 is a major participant in the repressor complex
which binds to E2F sites during quiescence (29, 38). Whereas
E2F1, -2, -3, and -5 together comprise less than 30% of the
endogenous E2F species and their expression is strongly sup-
pressed during the G0/G1 phase of the cell cycle, E2F4 ac-
counts for the majority of E2F complexes, particularly during
quiescence (29, 38). Our results with HaCaT keratinocytes
treated with TGF-b showed that transcriptional repression by
E2F is associated with a marked change in the composition of
E2F4 complexes, switching from E2F4-p107 in proliferating
cells to E2F4-p130 in TGF-b-treated cells. This switch coin-
cides with, and is likely to be caused by, the dephosphorylation
and accumulation of p130 and the down-regulation of p107
caused by TGF-b.

How do E2F4-p130 complexes mediate transcriptional re-
pression? An answer is suggested by our results with the spe-
cific inhibitor of histone deacetylase, trichostatin A. Tricho-
statin A prevents transcriptional repression of the cdc25A
promoter by TGF-b, suggesting a requirement for histone
deacetylase activity. Recruitment of histone deacetylases by
DNA binding proteins has been proposed as a mechanism for
transcriptional repression (43). Furthermore, recent reports
have shown an association of HDAC1 with pRb in transcrip-
tional repressor complexes (5, 25, 26). Here we show that p130
interacts with HDAC1 in response to TGF-b. No association
between p130 and HDAC1 was detectable in proliferating
cells. The interaction between endogenous HDAC1 and p130
was observed in cells treated with TGF-b for 24 h, although
some association was already detectable after 12 h. The kinet-
ics suggests that this process requires first the dephosphoryla-
tion and then the accumulation of sufficient levels of p130
protein for effective binding with HDAC1. Therefore, one
function of the E2F4-p130 complexes abundant in quiescent
cells (8, 37) may be the recruitment of histone deacetylase to
the promoters of E2F-repressible genes such as cdc25A, thus
allowing transcriptional silencing. Our data showing an asso-
ciation between E2F4 and HDAC1 in TGF-b-treated cells
together with the ability of p130 to promote formation of this
complex suggests a mechanism in which E2F4 gains the ability
to repress transcription by associating with p130 and possibly
with pRb in TGF-b-treated cells. This leads to the formation of
E2F4-p130 complexes that are able to recruit histone deacety-
lase, thus repressing transcription. We propose that the initial
decline in Cdk activity by TGF-b in HaCaT keratinocytes trig-
gers a program of orderly withdrawal from the cell cycle, and
repression of cdc25A transcription by E2F and histone deacet-

ylase through the mechanism described here is an event rep-
resentative of this program.
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