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Che-1 is a recently identified human RNA polymerase
II binding protein involved in the regulation of gene
transcription and cell proliferation. We previously dem-
onstrated that Che-1 inhibits the Rb growth-suppress-
ing function by interfering with Rb-mediated HDAC1
recruitment on E2F target gene promoters. By hybrid-
ization of cancer profile arrays, we found that Che-1
expression is strongly down-regulated in several tu-
mors, including colon and kidney carcinomas, com-
pared with the relative normal tissues. Consistent with
these data, Che-1 overexpression inhibits proliferation
of HCT116 and LoVo human colon carcinoma cell lines
by activation of the cyclin-dependent kinase inhibitor
p21WVAFVCipl 41y 5 p53-independent manner and by pro-
moting growth arrest at the G, phase of the cell cycle.
Che-1 activates p21WAFVCipl Ly  displacing histone
deacetylase (HDAC)1 from the Spl binding sites of the
p21WAFUCipI gene promoter and accumulating acety-
lated histone H3 on these sites. Accordingly, Che-1-spe-
cific RNA interference negatively affects p21VAF?/Cirl
transactivation and increases cell proliferation in
HCT116 cells. Taken together, our results indicate that
Che-1 can be considered a general HDAC1 competitor
and its down-regulation is involved in colon carcinoma
cell proliferation.

Histone acetyl transferases and histone deacetylases
(HDACs)! affect gene expression by regulating the acetylation
of histone and non-histone proteins (1-3), and HDAC inhibi-
tors, such as sodium butyrate, trichostatin A, or suberoylani-
lide hydroxamic acid, inhibit proliferation of several tumor cell
lines and tumor growth in vivo (4-10). These compounds act
selectively on genes, altering the transcription of only ~2% of
expressed genes in cultured tumor cells (11), and several struc-

* This work was supported by the Italian Association for Cancer
Research (A.LLR.C.), Italian Ministry of Health (Ministero della Sanita),
Telethon project A160, and Ministero Istruzione Universita e Ricerca.
The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
“advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.

§ Recipient of an Italian Federation for Cancer Research fellowship.

it To whom correspondence should be addressed. Tel.: 3906-
52662566; Fax: 3906-52662566; E-mail: fanciulli@.ifo.it.

! The abbreviations used are: HDAC, histone deacetylase; GFP, green
fluorescent protein; GST, glutathione S-transferase; BrdUrd, bromode-
oxyuridine; BES, 2-[bis(2-hydroxyethyl)amino]ethanesulfonic acid;
RFP, red fluorescent protein; si, small interfering; ChIP, chromatin
immunoprecipitation.

36496

turally different histone deacetylase inhibitors are in phase I or
IT clinical trials for cancer treatment (12, 13). Although the
mechanism/s of HDAC inhibitor-induced growth arrest has not
been fully established, several studies have shown that these
compounds strongly activate the expression of the cyclin-de-
pendent kinase inhibitor p21WAFCIP1 (p21) (8, 14, 15) through
six Spl sites on the p21 gene promoter (16—21). Consistent
with these observations, it has been demonstrated that p21 is
absolutely required for butyrate-induced growth arrest (14).

Che-1, initially identified by its ability to interact with the
subunit 11 of human RNA polymerase II in a yeast two-hybrid
screen, is a human nuclear protein (22, 23). The studies per-
formed on this protein and its homologues in rat and mice
strongly support the idea that Che-1 is involved in the regula-
tion of gene transcription and cell proliferation (22-26). Re-
cently, we have demonstrated that Che-1 contacts the Rb
pocket region and competes with HDAC1 for Rb binding site,
removing HDAC1 from the Rb-E2F complex in vitro and from
the E2F target promoters in vivo (27). Furthermore, we found
that Che-1 expression can thus regulate E2F-dependent tran-
scription and cell proliferation (27), supporting a novel mech-
anism of Rb inactivation. Although Rb mutations are not fre-
quent, disruption of Rb activity occurs in the majority of human
tumors through several mechanisms, including viral oncopro-
tein binding or deregulated Rb phosphorylation by mutations
of cyclins or cyclin-dependent kinase inhibitors (28). Therefore,
it is possible that Che-1 expression could also be altered during
neoplastic transformation. Indeed, as the E2F pathway is ac-
tivated in highly proliferative cancer cells, we might expect
Che-1 levels to be altered similarly.

This study was designed to analyze Che-1 expression in
multiple matched tumor/normal clinical samples. We found
that Che-1 is down-regulated in several human cancers, includ-
ing colon carcinomas, and that its overexpression in colon car-
cinoma cell lines induces a growth arrest. Notably, Che-1 ex-
erted its functions displacing HDAC1 from Sp1 binding sites of
the p21 gene promoter activating p21 expression. These results
show that Che-1 down-regulation is involved in colon carci-
noma proliferation and together with our previous observations
strongly support Che-1 as a general HDAC1 competitor.

MATERIALS AND METHODS

Cancer Profiling Array—A radioactive probe was generated using a
Che-1 ¢cDNA fragment. The probe was hybridized against a cancer
profiling array (BD; Clontech), following the manufacturer’s
instructions.

Antibodies—The following rabbit polyclonal antibodies were used:
anti-Che-1 (22), anti-green fluorescent protein (GFP) (BD; Clontech),
anti-human Spl (sc 59, Santa Cruz Biotechnology), anti-HDAC1 and

This paper is available on line at http://www.jbc.org

8102 ‘vz AInc uo 1s8nb Aq /B10°0g ' mmawy/:dny woly pspeojumoq


http://www.jbc.org/

Che-1 Inhibits Human Colon Carcinoma Cell Proliferation

A

& <« Normal tissue
-

Kldney < Tumor

Breast Prostate

T

s J

- . - & ® - = - . .
] 5 . Ovary
Uterus 6. b 8B O e * A

Colon *e -
’ LN T

‘e
L ]
B
®
@

..lll'l
..'lg

LY E R K .
L E E R E T B

m.w Human Cancer Cell Lines

Stomach * Rectum

P1 P2 P3 P4
N I N T N T N T

" a $3m d K Zé;:.

-~

- . W —

——— —— ——

Che-1

a-tubulin

36497

PS P6 P7 P8
N T N T N T N T

e

,

| — R — - —-— a——— —

Fic. 1. Che-1 is down-regulated in various human colon carcinomas. A, a radioactive probe was generated from Che-1 ¢cDNA for Southern
blotting of an array of matched normal and tumor tissues. B, lysates from frozen tumor (7)) and normal tissues (V) of eight colon carcinoma patients
(P) were subjected to Western blot analysis with anti-Che-1 and anti-a-tubulin antibodies.

acetylated histone H3 (Upstate Biotechnology), anti-Myc (Chemicon
International). Mouse monoclonal antibodies anti-Myc 9e10 (Invitro-
gen), a-tubulin and human p21 (sc-8035 and sc-6246; Santa Cruz Bio-
technology), and bromodeoxyuridine (BrdUrd) (Roche Applied Science)
were also used.

Plasmids—The Myc-tagged Che-1 mammalian expression vector and
its deletions have been previously described (22). The p2I promoter
fused to a luciferase reporter was a gift from Dr. P. L. Puri (Salk
Institute, San Diego, CA). The complete open reading frame of human
Spl was generated by PCR and cloned into the pGEX4T1 vector (Am-
ersham Biosciences) to produce the GST-Sp1 fusion protein.

Cell Culture, Transfections, and Analysis—LoVo and HCT116 hu-
man colon carcinoma cell lines were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum. HCT116
p21—/— and p53—/— were kindly provided by B. Vogelstein (The Johns
Hopkins University School of Medicine, Baltimore, MD) (29). Transfec-
tions were carried out by BES-calcium phosphate precipitation as pre-
viously described (22). Cell proliferation was evaluated by BrdUrd
labeling and detection assay (Roche Applied Science) 24 h after trans-
fection with Myc-tagged Che-1 or with GFP vectors as negative control.
The immunofluorescence staining for BrdUrd was performed as previ-
ously described (30). Cell cycle analysis of GFP-transfected cells was
performed as previously described (31). The data are presented as
bivariate distribution dot plots, showing DNA content (red fluores-
cence) along the x-axis versus GFP (green fluorescence) along the y-axis.
Cell cycle distribution of GFP-positive cells is shown as linear pro-
pidium iodide. Annexin apoptosis assay of red fluorescent protein
(RFP)-transfected cells was analyzed as previously described (32). Ad-
herent cells were stained with vibrant apoptosis assay (Molecular
Probes, Eugene, OR). The data are presented as bi-parametric dot plots
showing the fluorescein isothiocyanate-annexin V (green fluorescence)
versus RFP. Flow cytometric analyses were performed using FACScali-
bur (BD PharMingen). For each analysis 20,000 gated events of GFP- or
RFP-positive were collected. Data analyses were performed using Cell

Quest (BDIS) and ModFit LT (Verity Software House, Topsham, ME).
Colony-forming efficiency assays were performed following transfec-
tions with the same amounts of plasmids carrying G418 or puromycin
resistance. Drug selection was initiated 2 days following transfection,
and dishes were stained with methylene blue after 7 or 14 days. Lucif-
erase assays were performed as previously described (22), and pCMV -
galactosidase expression plasmid was used as an internal standard.

RT-PCR Analysis—For semi-quantitative RT-PCR analysis, cells
were harvested 36 h after transfection and total RNA isolated using
TRIZOL reagent (Invitrogen). RT-PCR was performed using a Platinum
quantitative RT-PCR kit (Invitrogen) following the manufacturer’s in-
structions. PCR products were separated onto 2% agarose gel. PCR
conditions were: 1 cycle at 95 °C 5 min, followed by 25 cycles at 95 °C for
1 min, 60 °C for 1 min, and 72 °C for 2 min. The following primers were
employed: p21 forward, 5'-ATGTCAGAACCGGCTGGGGAT-3'; p21 re-
verse, 5'-CCTCTTGGAGAAGATCAGCCG-3'; glyceraldehyde-3-
phosphate dehydrogenase (Gapdh) forward, 5'-CCAAGGTCATCCATG-
ACAAC-3'; Gapdh reverse, 5'-TTACTCCTTGGAGGCCATGT-3'.

Immunoprecipitations and Western Blot Analysis—For immunopre-
cipitation experiments cells were lysed by incubation at 4 °C for 30 min
in lysis buffer (50 mm Tris-HCI, pH 8.0, 150 mm NaCl, 10% glycerol, 1%
Nonidet P-40, 0.5 mM EDTA, 0.5 mMm EGTA, 100 mm NaF, 3 mm NaOV,,
10 nMm okadaic acid, 1 mM phenylmethylsulfonyl fluoride, 10 mg/ml
leupeptin). After high speed centrifugation, the lysates were precleared
with 20 ul of protein A/protein G beads (Santa Cruz Biotechnology) and
immunoprecipitated by standard procedures. Frozen tissue specimens
were mechanically disaggregated, and cell suspensions were incubated
at 4 °C for 30 min in lysis buffer. Lysates were centrifuged at 16,000 X
g for 20 min at 4 °C and supernatants assayed for protein concentra-
tion. For each sample, equal amounts of total protein were loaded.
Western blots were prepared by standard procedures using antibodies
described above. Immunoreactivity was detected by ECL chemolumi-
nescence reaction (Amersham Biosciences).
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FiG. 2. Che-1 induces G, block in human colon carcinoma cells. A, lysates from HCT116 and LoVo cells transiently transfected with empty
vector (Control) and Myc-Che-1, respectively, were subjected to Western blot analysis with anti-Myc and anti a-tubulin antibodies to verify protein
expression. B, HCT116 and LoVo cells were transiently transfected with empty pCMV expression vector (Control) or Myc-Che-1 and a vector
carrying neomycin-resistance gene (10:1 ratio) and selected for 14 days in G418. Parallel plates were stained with methylene blue and scored.
Representative HCT116 and LoVo cells plates are shown. C, cell proliferation analyses of HCT116 cells transiently transfected with empty vector
(control) and Myc-Che-1, respectively. Data are presented as the mean + S.D. from three independent experiments performed in duplicate. D,
Myc-Che-1 or empty vector (control) were cotransfected with RFP (10:1 ratio) into HCT116 cells. Cells were fixed and analyzed for annexin V
fluorescein isothiocyanate-green fluorescence of RFP-positive cells. E, Myc-Che or empty vector (Control) were cotransfected with GFP (10:1 ratio)
into HCT116 cells. Cells were fixed and stained for propidium iodide to analyze the DNA content of GFP-positive cells. F, HCT116 and LoVo cells
transiently transfected as in panel E and visualized by a double fluorescence analysis with anti Che-1 or anti-GFP-specific antibodies and
anti-BrdUrd monoclonal antibody. G, quantification of BrdUrd-positive HCT116 and LoVo cells. Data are presented as the mean + S.D. from three

independent experiments.

Pull down Analysis—Pull down experiments were performed as pre-
viously described (22). In vitro transcription and translation were car-
ried out with TNT-coupled reticulocyte lysate systems (Promega) and
L-[**S]methionine (>1,000 Ci/mmol; Amersham Biosciences), following
the manufacturer’s instructions.

Chromatin Immunoprecipitation Assay (ChIP)—ChIP assays were
performed as previously described (27). In each experiment, signal
linearity was tested by amplifying increasing amounts of the DNA
template. Generally, DNA representing 0.005-0.01% of the total chro-
matin sample (input) or 1-10% of the immunoprecipitated was ampli-
fied using promoter-specific primers. Immunoprecipitation with no spe-
cific immunoglobulins (Santa Cruz Biotechnology) was performed as
negative control. PCR conditions were: 1 cycle at 95 °C for 2 min,
followed by 30 cycles at 95 °C for 1 min, 68 °C for 1 min, and 72 °C for
2 min. The following p21 promoter-specific primers were employed for
PCR amplifications: Spl 1-2 forward, 5'-TCCGGGACCGGCTGGCCT-
3'; Spl 1-2 reverse, 5'-GCTCGGCCCACCGCGCCG-3'; Spl 3-6 for-
ward, 5'-GCGGGTCCCGCCTCCTTG-3'; Spl 3-6 reverse, 5'-TCTGG-
GCCGCCGGCCCGG-3'.

RNA Interference in Human Cells—The 22-nucleotide small interfer-
ing RNA (siRNA) duplexes corresponding to nucleotides 191-212 of the
human Che-1 sequence and to nucleotides 122-143 of the negative
control GFP sequence were synthesized by Xeragon. RNA interference
was performed as described by Elbashir et al. (33).

RESULTS

Che-1 Is Down-regulated in Human Colon Carcinomas—To
evaluate Che-1 expression in different tumor samples, the
Che-1 ¢cDNA was used as probe on a filter containing 68 cDNA
pairs from tumor and the corresponding normal tissues of
individual patients, enabling the study of Che-1 expression in
normal and tumor samples side by side. Surprisingly, Che-1
transcript levels showed a substantial decrease in several tu-
mors of kidney, prostate, and colon relative to matched normal
tissue (Fig. 1A). In particular, 9 of 11 colon cancers present on
the filter showed a significant decrease of Che-1 expression. To
confirm this result, we analyzed Che-1 expression in normal
and tumor tissues from patients affected by colon cancer. Den-
sitometric analysis of Western blots revealed that Che-1 pro-
tein levels were decreased in five of eight tumor extracts (P1,
-3, -4, -6, -8) when compared with colon normal tissue (Fig. 1B),
whereas in the other patients Che-1 levels did not change (P2,
-5) or slightly increased in tumor cells (P7) (Fig. 1B). Taken
together, these results indicate that Che-1 is down-regulated in
various colon carcinomas.
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Fic. 3. Che-1 increases p21 expression. A, lysates from HCT116 and LoVo cells transiently transfected with the indicated amounts of
Myc-Che-1 were subjected to Western blot analysis with anti-Myc and anti-a-tubulin antibodies to verify protein expression. B, HCT116 and LoVo
cells were transiently transfected with 1 ug of the p21 promoter luciferase reporter and the indicated amounts of Myc-Che-1. The total amount of
transfected DNA was normalized with pCMV empty vector (—). Data are presented as the mean * S.D. from three independent experiments
performed in duplicate. C, RNA from HCT116 cells transiently transfected as described in panel A was isolated. Equal amounts of RNA (RNA
input) were analyzed by RT-PCR (25 cycles) for expression of the p21 gene. The RT control lanes represent RT-PCR in the absence of reverse
transcription. D, lysates from HCT116 cells transiently transfected with empty vector (Control) or Myc-Che-1, respectively, were subjected to
Western blot analysis with anti-p21, anti-Myc, and anti-a-tubulin antibodies.

Che-1 Induces Growth Arrest of Human Carcinoma Cell
Lines—To determine whether the down-regulation of Che-1
expression had relevance to the growth of this type of tumor,
Che-1 was overexpressed in two human colon carcinoma cell
lines, HCT116 and LoVo (Fig. 2A), and colony-forming effi-
ciency assays were performed. Parallel plates containing the
same number of cells were transfected with control or Che-1
expression constructs, selected with G418, and the number of
colonies/plate screened 14 days later. In both cell lines, Che-1-
transfected cells showed more than 70% reduction in colony-
forming efficiency compared with cells transfected with the
empty vector (Fig. 2B). Consistently, HCT116 cells expressing
Che-1 protein exhibited a decreased rate of proliferation (Fig.
2C). To evaluate whether the growth reduction produced by
Che-1 overexpression could be because of apoptosis, an annexin
V assay was performed. As is shown in Fig. 2D, no differences
were observed between cells transfected with RFP and Che-1 or
empty vector.

These findings, underscoring an involvement of Che-1 in the
regulation of colon carcinoma cell proliferation, prompted us to
analyze the growth properties of HCT116 cells overexpressing
Che-1. Cotransfection of GFP enabled the flow cytometric anal-
ysis of the transfected (+GFP) cell population. Fig. 2E shows

that transient transfection of Che-1 into HCT116 cells induced
a strong accumulation in G; phase as compared with cells
transfected with empty vector (61 versus 42%), parallel to a
decrease of cells in S phase (21 versus 33%). These results were
confirmed evaluating BrdUrd incorporation in HCT116 and
LoVo cells transfected with Che-1. BrdUrd was added to the
media, and cells were incubated for an additional 6 h before
fixation and immunofluorescence staining with anti-BrdUrd
antibody (Fig. 2F). Che-1 overexpression substantially de-
creased the fraction of BrdUrd-positive cells (Fig. 2G), indicat-
ing that Che-1 can inhibit DNA synthesis in these cells. Alto-
gether, these results clearly indicate that Che-1 can inhibit
colon carcinoma cell proliferation inducing growth arrest.
Che-1 Stimulates p21 Expression—It has been extensively
demonstrated that one of the most important proteins involved
in the G, arrest of the cell cycle is the cyclin-dependent kinases
inhibitor p21 (34-35). Moreover, several HDAC inhibitors are
able to activate p21 expression and in such way they arrest cell
growth of several tumors (8, 14-21). For these reasons, we
analyzed whether Che-1 was able to stimulate p21 expression.
Che-1 was co-transfected with the p21 gene promoter fused to
luciferase into HCT116 and LoVo cells (Fig. 3A). These exper-
iments showed that in both cell lines Che-1 stimulated lucifer-
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Fic. 4. p21, but not p53, is required for Che-1-mediated growth inhibition. HCT116 p21—/— (A) and HCT116 p53—/— (B) cells were
transiently transfected with empty pCMV expression vector (Control) or Myc-Che-1 and a vector carrying puromycin resistance gene (10:1 ratio)
and selected for 7 days in purumycin. Parallel plates were stained with methylene blue and scored. In the lower panels, the expression levels of
Myc-Che-1 and a-tubulin were assayed by Western blotting. C, HCT116 and HCT116 p53—/— cells were transiently transfected with 1 ug of the
p21 promoter luciferase reporter and the indicated amounts of Myc-Che-1. The total amount of transfected DNA was normalized with pCMV empty
vector (—). Data are presented as means = S.D. from three independent experiments performed in duplicate.

ase activity in a dose-dependent manner (Fig. 3B). To evaluate
whether the results observed performing transcriptional anal-
ysis correspond to a real regulation of the expression of p21 in
vivo, a semi-quantitative reverse transcriptase-PCR was car-
ried out. The expression levels of p21 mRNA were specifically
up-regulated in HCT116 cells following Che-1 overexpression
(Fig. 3C). Finally, consistent with the previous analysis, the
amounts of p21 protein in HCT116 cells transfected with Che-1
were found significantly increased (Fig. 3D). Taken together,
these results strongly indicate that Che-1 stimulates p21 ex-
pression in colon carcinoma cells.

p21, but Not p53, Is Required for Che-1-mediated Growth
Inhibition—To determine whether p21 activation is required
for Che-1-mediated growth inhibition, the effect of Che-1 over-
expression was analyzed in p21-deleted HCT116 cells (29).
Che-1 did not inhibit cell growth in p21—/— cells (Fig. 4A),
indicating that p21 is critically important in the growth arrest
induced by Che-1. Because the transcription of the p21 gene is
directly activated by p53 oncosuppressor (36—-38), we evaluated
whether p53 could mediate Che-1 growth inhibition and p21
activation by overexpressing Che-1 in p53-deleted HCT116
cells. Che-1 overexpression in p53—/— cells produced a growth
inhibition (Fig. 4B) comparable with wild-type HCT116 cells
(Fig. 2B). Consistently, p21 activation by Che-1 in p53—/— and

wild-type HCT116 cells had similar results (Fig. 4C), demon-
strating that Che-1 stimulates the p2I gene independently
from p53. Therefore, taken together these results indicate that
p21, but not p53, is required for growth inhibition by Che-1.
Che-1 Can Abolish the HDACI Binding to Sp1—It has re-
cently been reported that HDAC inhibitors can induce p21
expression in a p53-independent fashion (8, 14-21, 39). The
transcriptional activation of the p21 gene by these inhibitors is
promoted by chromatin remodeling following acetylation of
histones H3 and H4 in the p21 promoter region (39, 40). More-
over, HDAC recruitment on the p21 promoter was shown to be
mediated by six conserved GC boxes that are binding sites for
the transcription factor, Spl (16-21). Because we recently
demonstrated that Che-1 can compete with HDAC1 for Rb
binding (27), we evaluated whether Che-1 could also displace
HDAC]1 from Spl. To test this hypothesis *°S-labeled Che-1
protein was incubated with bacterial recombinant GST and
GST-Spl fusion proteins. Fig. 5A shows that although GST
control protein did not bind Che-1, GST-Sp1 was able to bind
Che-1. These results were confirmed when extracts from
HCT116 cells were immunoprecipitated with anti-Spl anti-
body and the precipitated proteins assayed by Western blot for
the presence of Che-1. The results show that cellular Che-1 is
indeed complexed with Sp1 protein (Fig. 5B), indicating a phys-
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Fic. 5. Che-1 competes with HDAC1 for Spl binding. A, labeled Che-1 was subjected to GST pull down analysis using GST or GST-Sp1l
beads. B, whole cell extracts of HCT116 cells were immunoprecipitated with preimmune serum as a negative control or anti-Sp1 and analyzed by
Western blot using anti-Che-1 polyclonal antibody. C, GST pull down assay of ** S-labeled Che-1 fragments using GST or GST-Sp1-Sepharose
beads. Amino acid end-points for each Che-1 construct are indicated above lanes. D, in vitro binding analysis of GST-Sp1 fusion protein with lysates
from HCT116 cells transiently transfected with 10 ug of empty vector or 5 or 10 ug of Myc-Che-1. The membrane was analyzed by Western blot

using specific anti-Myc and anti-HDAC1 antibodies.

iological interaction between Che-1 and Spl. To determine the
regions of Che-1 involved in this interaction, six polypeptides
covering the whole Che-1 protein (22) were used to perform in
vitro transcription/translation and GST pull down assay. Pep-
tide fragment-(371-470) showed the ability to bind GST-Spl
fusion protein (Fig. 5C), indicating that Che-1 does not contact
Spl with the region involved in HDAC1 displacing from Rb
(27). Nevertheless, Che-1 transfection in HCT116 cells led to a
marked decrease in the ability of GST-Sp1 to retain HDAC1
protein from cell extracts (Fig. 5D), indicating that the physical
interaction between Che-1 and Sp1 can interfere with HDAC1
recruitment by Spl.

Che-1 Displaces the HDAC1 Associated to Sp1 Binding Sites
of the p21 Promoter in Vivo—To determine whether Che-1 can
decrease the level of HDAC1 at the Sp1 binding sites of the p21
gene promoter in vivo, HCT116 cells were transfected with
Myc-Che-1 (Fig. 6B), and ChIP assays were performed by im-
munoprecipitating cross-linked genomic DNA with specific an-
tibodies. Immunoprecipitated DNA was analyzed by PCR, uti-
lizing promoter-specific primers that encompass the six Spl

binding sites (Fig. 6A) under conditions of linear amplification
(Fig. 6C). The expression of exogenous Che-1 resulted in an
increase of Che-1 levels at the Spl binding sites of the p21
promoter with a parallel decrease of HDAC1 amount, as meas-
ured by ChIP (Fig. 6D), thus confirming the ability of Che-1 to
displace HDAC1 from Spl. Accordingly, Che-1 overexpression
did not change Sp1 presence on the chromatin, but its presence
on the chromatin produced an increase in the level of acety-
lated histone H3 in association with the Sp1 binding sites of the
p21 promoter (Fig. 6D). Taken together, these results are con-
sistent with the hypothesis that Che-1 efficiently competes
with HDAC1 for Spl binding and in such a way activates p21
transcription.

siRNA of Che-1 Inhibits p21 Transcription and Increases Cell
Proliferation—The results described above show that Che-1
was down-regulated in several human colon carcinomas and
that exogenous Che-1 expression inhibits cell proliferation by
p21 induction. Conversely, inhibition of Che-1 should lead to
decreased p21 transcription and to an increase of cell prolifer-
ation. To test this hypothesis, the siRNA technique (34) was
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Fic. 6. Che-1 displaces the HDAC1 associated to Spl binding sites of the p21 promoter in vivo. A, DNA sequence of the 5'-end region
of the p21 promoter; nucleotides are numbered from the transcription initiation site. Consensus sites for Sp1 binding are indicated. Arrows indicate
starting points of primers used for ChiP analysis. B, lysates from HCT116 cells transiently transfected with empty vector (Cont¢rol) or Myc-Che-1,
respectively, were subjected to Western blot analysis with anti-Myc and anti-a-tubulin antibodies to verify protein expression. C and D, lysates
from HCT116 cells transfected as described in panel B were subjected to ChiP using specific polyclonal antibodies, anti-HDAC1, anti-Che-1,
anti-Sp1l, or anti-acetylated histone H3. C, increasing amounts of input samples (0.25, 0.5, 1 ul) were used as template in PCR amplifications
performed using primers specific for the different regions of the p21 promoter that include the Sp1 binding sites. D, immunoprecipitates from each
sample were analyzed by PCR, and a sample representing linear amplification (0.5-1 ul) of the total input chromatin (Input) was included in the
PCRs as control. Additional control included a precipitation performed with no specific IgGs.

used to reduce Che-1 expression in HCT116 cells. Cells trans-
duced with double-stranded (dsRNA) oligonucleotides to Che-1
(siChe-1) showed a specific reduction of Che-1 expression com-
pared with control, GFP dsRNA (siGFP)-transduced cells (Figs.
7, A and B). Che-1 reduction resulted in a dramatic decrease of
the p21 transcription (Fig. 7C). Furthermore, as expected, cells
with a reduced Che-1 expression exhibited an increased rate of
proliferation (Fig. 7D). Taken together, these results strongly
indicate that in colon carcinoma cells, Che-1 can affect cell
proliferation by stimulating p21 expression.

DISCUSSION

The original purpose of this work was to evaluate Che-1
expression in human tumors. Indeed, because Che-1 was
shown to activate E2F1 by overcoming Rb block, an induction of
its expression in tumor cells was a rational hypothesis. Sur-
prisingly, we found that Che-1 is down-regulated in several
tumors, especially in almost all of the colon carcinomas exam-
ined. Furthermore, the data presented here show a specific
involvement of Che-1 expression in the growth arrest of human
colon carcinoma cell lines, exerted by p21 induction. Moreover,
we showed that this activation is p53-independent and that it
is achieved by displacing HDAC1 from Spl sites on the p21
promoter.

HDAC1 is one of the major regulators of chromatin structure
and gene expression. This protein is recruited by a variety of

transcriptional regulators to specific genomic regions, such as
Rb, Mad, or Spl, thereby mediating the repression of the cor-
responding target genes (41, 42). Tight control of HDAC1 ex-
pression is essential for normal cell cycle progression of mam-
malian cells. Indeed, overexpression of HDAC1 in mouse
fibroblasts or disruption of the HDAC1 gene in mouse embry-
onic stem cells led to impaired cell proliferation (43, 44). Sig-
nificantly, HDAC1-null cells displayed reduced proliferation
rates, increased levels of p21, and specific hyperacetylation at
the Spl-binding sites of the p21 promoter (44). Moreover, sev-
eral studies have pointed to the possible involvement of aber-
rant acetylation in human cancer, and a number of HDAC
inhibitors have been characterized that inhibit tumor growth
in vitro and in vivo (12, 13, 41). These compounds cause cell
cycle arrest, apoptosis, and/or differentiation in cultured trans-
formed cells essentially inducing expression of the p21 gene,
and the Spl sites within the p21 promoter are essential for the
activation of p21 by HDAC inhibitors (14-21).

Recently, we have produced evidence that Che-1 is involved
in the activation of E2F-dependent promoters and cell prolif-
eration affecting Rb growth suppression (22). Che-1 exerts this
inhibition, at least in part, by competing with HDAC1 for the
Rb binding site and displacing HDAC1 from E2F target pro-
moters during G,/S transition (27). In this report, we show that
Che-1 also contacts Sp1, and more importantly Che-1 is able to
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Fic. 7. Che-1 silencing inhibits p21 transcription and increases cell proliferation. A, silencing of Che-1 in HCT116 cells. Western blots
of cells transfected with GFP siRNA (Control) or Che-1 siRNA, probed with anti-Che-1 antibody. The blot was stripped and reprobed with
anti-a-tubulin antibody. B, double fluorescence analysis with anti Che-1-specific antibody and Hoechst of HCT116 cells transfected with GFP
siRNA (Control) or Che-1 siRNA. C, HCT116 cells were transiently transfected with 1 ug of the p21 promoter luciferase reporter and GFP siRNA
(Control) or Che-1 siRNA. Data are presented as the mean + S.D. from three independent experiments performed in duplicate. D, cell proliferation
analyses of HCT116 cells transiently transfected with GFP siRNA (Control) or Che-1 siRNA. Data are presented as means = S.D. from three

independent experiments performed in duplicate.

displace HDACI1 from it. This action should not be mediated by
the same mechanism previously described for Rb (27), because
distinct regions of Che-1 are responsible for the bindings to
polymerase II, Rb, and Spl (Ref. 22 and Fig. 5C). Further
studies will be necessary to elucidate the mechanism by which
Che-1 abolishes HDAC1/Sp1 binding. Nevertheless, our find-
ings demonstrated that Che-1 reduced the presence of HDAC1
on the p21 promoter, increasing the levels of acetylated histone
H3 in association with the Sp1l binding sites (Fig. 6D). On the
basis of these observations, we could assume that Che-1 exerts
its function by recruiting polymerase II and displacing HDAC1
from Spl on the p21 promoter. Consistent with these results,
the importance of Che-1 on p21 induction was further con-
firmed by siRNA analysis. Indeed, gene silencing of Che-1
resulted in a strong inhibition of the p21 promoter transacti-
vation (Fig. 7C) and in an increase of cell growth rate (Fig. 7D).
Therefore, these results support a model where Che-1 acts as a
general HDAC1 competitor, recruiting polymerase II and acti-
vating the transcription. Additional experimental data will
provide new evidence to confirm or invalidate this hypothesis
and to better characterize the role of Che-1 in the regulation of
transcription.

Che-1 was characterized as a protein that can activate E2F1
and cell proliferation by overcoming Rb block (22, 27), and
therefore its effects on colon carcinoma cells would seem par-
adoxical observations. However, a way to reconcile these obser-

vations is to point out that one of the key functions of HDAC1,
besides acting as a growth inhibitor (45), is to prevent the
expression of cycline-dependent kinase inhibitors like p21 and
p27 in cycling cells (44). Therefore, it is possible that the effects
of Che-1 on cell proliferation could be influenced by which
function of HDAC1 is predominant in a determinate cell
contest.

The down-regulation of Che-1 was observed in most of the
human colon carcinomas tested. However, further analysis will
be necessary to generalize this finding and consider Che-1 as a
possible target in tumor treatment. The Che-1 inhibition seems
to be carried out at the transcription level, and isolation and
characterization of the Che-I gene promoter? will provide the
possibility to shed light on the factors that regulate Che-1
transcription. Nevertheless, we cannot rule out that other
mechanism/s, such as the regulation of protein degradation,
could affect the presence of Che-1 protein in colon carcinoma
cells.
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