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The class II Histone deacetylase (HDAC), HDACY4, is expressed in a tissue-specific manner, and it represses differentiation
of specific cell types. We demonstrate here that HDAC4 is expressed in the proliferative zone in small intestine and colon
and that its expression is down-regulated during intestinal differentiation in vivo and in vitro. Subcellular localization
studies demonstrated HDAC4 expression was predominantly nuclear in proliferating HCT116 cells and relocalized to the
cytoplasm after cell cycle arrest. Down-regulating HDAC4 expression by small interfering RNA (siRNA) in HCT116 cells
induced growth inhibition and apoptosis in vitro, reduced xenograft tumor growth, and increased p21 transcription.
Conversely, overexpression of HDAC4 repressed p21 promoter activity. p21 was likely a direct target of HDAC4, because
HDAC4 down-regulation increased p21 mRNA when protein synthesis was inhibited by cycloheximide. The importance
of p21 repression in HDAC4-mediated growth promotion was demonstrated by the failure of HDAC4 down-regulation to
induce growth arrest in HCT116 p21-null cells. HDAC4 down-regulation failed to induce p21 when Sp1 was functionally
inhibited by mithramycin or siRNA-mediated down-regulation. HDAC4 expression overlapped with that of Sp1, and a
physical interaction was demonstrated by coimmunoprecipitation. Chromatin immunoprecipitation (ChIP) and sequen-
tial ChIP analyses demonstrated Sp1-dependent binding of HDACH4 to the proximal p21 promoter, likely directed through
the HDAC4-HDAC3-N-CoR/SMRT corepressor complex. Consistent with increased transcription, HDAC4 or SMRT
down-regulation resulted in increased histone H3 acetylation at the proximal p21 promoter locus. These studies identify

HDAC4 as a novel regulator of colon cell proliferation through repression of p21.

INTRODUCTION

The acetylation of lysine residues in histones, and/or of
transcription factors, is an important posttranslational mech-
anism of transcriptional regulation (Peterson and Laniel,
2004). Histone deacetylases (HDACsS) catalyze the deacety-
lation of histone and nonhistone substrates, and in general
act to repress transcription as part of larger corepressor
complexes (Glozak et al., 2005; Yang and Gregoire, 2005).
Eighteen mammalian HDACs have been identified to date,
and they are grouped into four classes based on their re-
spective homology to yeast deacetylases (Bolden ef al., 2006).
The class Il HDACs can be further subdivided into class Ila
(HDAC4, -5, -7, and -9) and class IIb (HDAC6 and -10),
based on the presence in class Ila members of conserved
motifs in the N-terminal domain, and extended C terminal
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tails, that are essential in regulating their function (Yang and
Gregoire, 2005).

HDACSs have emerged as critical regulators of cell growth,
differentiation, and apoptotic programs (Bolden et al., 2006).
A large body of literature indicates that HDAC inhibitors
induce cell cycle arrest, differentiation, and apoptosis in
colon cancer cell lines in vitro (Heerdt et al., 1994; Mariada-
son et al., 1997; Archer et al., 1998; Litvak et al., 1998; Mari-
adason et al., 2000, 2001b; Gurvich et al., 2004; Wilson et al.,
2006). Based on such studies, several HDAC inhibitors, in-
cluding depsipeptide, SAHA, MS-275, and valproic acid, are
in clinical trials for the treatment of hemopoetic and solid
tumors, including colon cancer (Mei et al., 2004; Bolden et al.,
2006; Rasheed et al., 2007), with SAHA recently being ap-
proved for the treatment of patients with cutaneous T cell
lymphoma.

Several studies have demonstrated increased expression
of the class I HDACs, HDAC1, HDAC2, and HDACS3, in
multiple human cancers, including colon cancer (Zhu et al.,
2004; Huang et al., 2005; Wilson et al., 2006; Khabele ef al.,
2007). Consistent with the ability of HDAC inhibitors to
induce maturation in colon cancer cell lines, individual class
I HDACsS can repress p21 expression, promote cell prolifer-
ation and survival, and inhibit differentiation in vitro
(Lagger et al., 2002; Glaser et al., 2003; Zhu et al., 2004; Huang
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et al., 2005; Wilson et al., 2006). Class | HDACs are maximally
expressed in the proliferative compartment of the intestine
in vivo (Wilson et al., 2006), consistent with a role in pro-
moting cell growth, and they are important mediators of
intestinal development and differentiation in vivo (Tou et al.,
2004). In contrast, comparatively little is known about the
role that class I HDACs play in intestinal biology.

Similar to class I HDACsS, class Ila HDACs are transcrip-
tional corepressors (Yang and Gregoire, 2005). However,
important functional differences exist between class I and
class ITa HDAC:s. First, the corepressor function of the latter
is regulated by phosphorylation-dependent changes in sub-
cellular localization (Grozinger and Schreiber, 2000; Zhou et
al., 2000; Vega et al., 2004a). Second, HDAC4 is known to
exist in distinct corepressor complexes than the class I
HDACs HDAC1 and HDAC2 (Guenther ef al., 2000; Li et al.,
2000; Fischle et al., 2002; Jepsen and Rosenfeld, 2002; Codina
et al., 2005). The difference in function between class I and II
HDAC: is also exemplified in various knockout mouse mod-
els. For example, whereas knockout of HDAC1 and HDAC2
results in embryonic and perinatal lethality, respectively
(Montgomery et al., 2007), HDAC4 knockout mice are viable,
but develop skeletal abnormalities (Vega et al., 2004b).

Several observations implicate the class Ila HDAC
HDACH4 in regulating differentiation in nonintestinal tissue.
HDAC4 knockout mice display premature ossification of
developing bones as a result of early onset of chondrocyte
hypertrophy, an effect mediated by loss of HDAC4-induced
repression of Runx2 (Vega et al., 2004b). HDAC4 also regu-
lates skeletal muscle differentiation through its interaction
with the myogenic transcription factor, MEF2 (Miska et al.,
1999; McKinsey et al., 2000; Miska ef al., 2001). Here, we
show that HDAC4 is maximally expressed in the prolifera-
tive compartment in normal colonic and small intestinal
epithelium and that its expression is down-regulated during
differentiation. Direct evidence of a proproliferative role for
nuclear HDAC4 was demonstrated in colon cancer cells in
vitro, a component of which was Spl-dependent recruit-
ment of HDAC4 to the p21 promoter, likely directed
through the HDAC4-HDAC3-N-CoR/SMRT corepressor
complex, resulting in transcriptional repression. The role for
HDACH4 in the maintenance of colon cancer cell proliferation
is consistent with the ability of HDAC inhibitors to induce
growth arrest in these cells. Coupled with a similar role for
class I HDACs in these processes, our findings suggest that
inhibition of both class I and II HDACs is likely to be more
effective as a chemotherapeutic strategy.

MATERIALS AND METHODS
Cell Culture

HCT116 and Caco-2 colon cancer cell lines were obtained from the American
Type Culture Collection (Manassas, VA). HCT116 cells with and without
deletion of both p21 alleles were kind gifts from Dr Bert Vogelstein (The Johns
Hopkins Oncology Center, Baltimore, MD) (Bunz et al., 1999). All were
maintained as described previously (Wilson et al., 2006). LS174T DNTCF4
clone N2 cells were a kind gift from Dr. Hans Clevers (Hubrecht Laboratory
and Utrecht University, Utrecht, The Netherlands) (van de Wetering ef al.,
2002). To induce expression of DNTCF4, doxycycline (MP Biomedicals, Solon,
OH) was added to a final concentration of 1 ug/ml at time of cell plating, and
it was replaced every 24 h in fresh medium over a 96-h period. The sodium
salt of the short-chain fatty acid butyrate was obtained from Sigma-Aldrich
(St. Louis, MO).

Expression Vectors, Luciferase Reporter Constructs, and
Transient Transfection Assays

HCT116 cells were transiently transfected using Lipofectamine 2000 transfec-
tion reagent (Invitrogen, Carlsbad, CA). The p21 promoter constructs pWP-
133 and pWP-101 were kindly provided by Dr. Yosihiro Sowa (Sowa et al.,
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1997; Wilson et al., 2006). Sp1/Sp3 reporter constructs have been described
previously (Sowa et al., 1997; Wilson et al., 2006). Myc-tagged pcDNA3-
HDAC4 and pcDNA3 HDAC4-GFP (1-1084) were kind gifts from Dr. Tony
Kouzarides (Wellcome/Cancer Research Campaign Institute, Cambridge,
United Kingdom) (Miska et al., 1999, 2001; Miska et al., 2001). The green
fluorescent protein (GFP)-tagged HDAC4 deletion mutants 1-326, 206-1040,
and 621-1040 were generously provided by Dr. Xiang-Jiao Yang (McGill
University, Montreal, Canada) (Wang et al., 1999; Wang and Yang, 2001). In
experiments involving butyrate, untreated and treated cells were transfected
identically and compared by relative -fold induction by the drug after cor-
rection for total cellular protein. Luciferase activity was determined in cell
lysates using the luciferase or dual-luciferase assay kits (Promega, Madison,
WI). Transfection efficiency was controlled by cotransfection with TK-Renilla
(Promega, Madison, WI).

Small Interfering RNA (siRNA) Experiments

Expression of HDAC4 was selectively down-regulated using a pool of two
predesigned siRNA duplexes, siHDAC4#1 (sense strand, CGACAGGC-
CUCGUGUAUGAUU) and siHDAC4#2 (sense strand, AAAUUACGGUC-
CAGGCUAAUU) (Dharmacon RNA Technologies, Lafayette, CO). This pool
is described throughout the manuscript as “siHDAC4.” An additional pool of
three siRNA duplexes targeting HDAC4 (siHDAC4 sc) was obtained from an
independent source (sc-35540; Santa Cruz Biotechnology, Santa Cruz, CA).
Expression of Sp1 was selectively down-regulated using a pool of four pre-
designed siRNAs (sense strands, GCCAAUAGCUACUCAACUAUU, GAA-
GGGAGGCCCAGGUGUAUU, GGGCAGACCUUUACAACUCUU, and
GGAGUGAUGCCUAAUAUUCUU; Dharmacon RNA Technologies). A pool
of four predesigned siRNAs targeting SMRT was obtained from Dharmacon
RNA Technologies (M-020145-01). Five different nontargeting control siRNAs
were used: nontargeting (NT) pool (Dharmacon RNA Technologies), siNEG
and siGFP (Invitrogen), and NT “A” and NT “C” (Santa Cruz Biotechnology).
HCT116 cells were transiently transfected with 100 nM siRNA for 24-168 h,
by using the Profection (calcium phosphate) transient transfection system
(Promega).

Immunohistochemistry

Immunohistochemical detection of HDAC4 was performed as described pre-
viously (Velcich et al., 2002), with the addition of an antigen retrieval step by
using Target Retrieval Solution (Dako North America, Carpinteria, CA).
Formalin-fixed paraffin-embedded sections of human duodenum, or mouse
distal colon, were incubated with rabbit anti-HDAC4 (1:25 dilution; Santa
Cruz Biotechnology) or rabbit anti-Ki67 (1:1000 dilution; Vector Laboratories,
Burlingame, CA) for 1 h. Detection of primary signal was with the anti-rabbit
EnVision reagent (Dako North America), followed by incubation with 3',3'-
diaminobenzidine substrate (Cell Marque, Hot Springs, AR) and hematoxylin
counterstaining.

Immunofluorescence

Immunofluorescence staining of HCT116 cells has been described previously
(Wilson et al., 2003). HDAC4-GFP was visualized in the fluorescein isothio-
cyanate channel. Endogenous Sp1 was detected with a rabbit anti-Sp1 from
Millipore (Billerica, MA). Confocal microscopy confirming the colocalization
of HDAC4-GFP and Spl was performed using a Leica AOBS laser scanning
confocal microscope (Leica Microsystems, Bannockburn, IL).

Subcellular Fractionation and Western Blotting

Protein isolation, Western blotting, and signal detection were performed as
described previously (Mariadason et al., 2001a; Wilson et al., 2006). Nuclear
and cytosolic fractions were harvested from cell extracts by using the Qpro-
teome Cell Compartment kit (QIAGEN, Valencia, CA). For experiments mea-
suring protein expression along the mouse small intestinal crypt-villus axis,
enterocytes were sequentially isolated from a 13-wk-old male C57BL/6
mouse, as described previously (Weiser, 1973a,b; Ferraris et al., 1992; Mari-
adason et al., 2005). Rabbit anti-HDAC4 (1:100 dilution) was from Santa Cruz
Biotechnology. Additional antibodies used were rabbit anti-GFP tag (Invitro-
gen), rabbit anti-HDACT (1:500; Imgenex, San Diego, CA), rabbit anti-HDAC2
(1:2000; Santa Cruz Biotechnology), rabbit anti-HDAC3 (1:2000; Novus Biologi-
cals, Littleton, CO), rabbit anti-HDACS6 (1:100; Santa Cruz Biotechnology), mouse
anti-proliferating cell nuclear antigen (PCNA) (1:1000; Santa Cruz Biotechnol-
ogy), mouse anti-B-tubulin (1:1000; Sigma-Aldrich), mouse anti-B-actin (1:4000;
Sigma-Aldrich), rabbit anti-p21 (1:200; Santa Cruz Biotechnology), rabbit anti-Sp1
(1:1000; Millipore), and rabbit anti-SMRT (1:500; Millipore).

Real-Time Reverse Transcription-Polymerase Chain
Reaction (RT-PCR)

Quantitative real-time RT-PCR (QPCR) was performed as described previ-
ously (Wilson et al., 2002). Relative values were determined from a standard
curve of HCT116 cDNA and expressed relative to B-actin. Primer sequences
used were HDACI (forward [F], 5'-AGCTCCACATCAGTCCTTCCA-3’; re-
verse [R], 5'-GTGCGGCAGCATTCTAAGGT-3'), HDAC2 (F, 5'-AAACTG-
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CATATTAGTCCTTCAA-3'; R, 5'-TGAGGTAACATGCGCAAATTTT-3'), HD-
AC3 (F, 5-GGAGCTGGACACCCTATGAA-3; R, 5-TATTGGTGGGGC-
TGACTCTC-3'), HDAC4 (F, 5-GGTTTGAGAGCAGGCAGAAC-3'; R, 5'-CA-
GAGAATGAGGCCAAGGAG-3'), HDAC5 (F, 5'-ATGTATGCTGTGCTGC-
CTTG-3'; R, 5-GTAGGAGTTTTGCGGTGATG-3'), HDACE6 (F, 5'-CATTAGGC-
CTCCTGGACATCA-3'; R, 5'-CGGTGTTTCTGTTGAGCATAG-3'), HDAC? (F,
5'-TGTCTGCTGGATTTGATGC-3'; R, 5'-TGAGGTTGGGTTTCTGTTT-3'), HD-
AC8 (F, 5'-AGTCCCGAGTATGTCAGTATG-3’; R, 5-AAGCATCAGTGTG-
GAAGGTG-3"), HDACY (F, 5'-GCTGTGAAGGTCAAGGAGGA-3'; R, 5'-TT-
GCTGGGTGAGGTAAAACA-3"), HDACI10 (F, 5'-ACCCCAGCGTCCTTTA-
CTTC-3'; R, 5'-GTAGTCAGCGTTTCCCATCC-3), p21 (F, 5'-ATGTGTCCTG-
GTTCCCGTTTC-3'; R, 5'-CATTGTGGGAGGAGCTGTGA-3'), and B-actin (F,
5'-CACCTTCACCGTTCCAGTTT-3"; R, 5'-GATGAGATTGGCATGGCTTT-5).

Coimmunoprecipitation Experiments

For coimmunoprecipitation experiments, 300 ug of nuclear extract was pre-
cleared with protein A agarose beads (Santa Cruz Biotechnology) for 2 h at
4°C and incubated with the following antibodies: 5 ug of rabbit immunoglob-
ulin G (IgG) (Santa Cruz Biotechnology), 5 ug of rabbit polyclonal GFP
antibody (Invitrogen) to detect HDAC4-GFP, and 5 ug of a rabbit polyclonal
anti-Spl (Millipore). After overnight incubation, protein complexes were
pulled down with protein A agarose beads (4 h at 4°C). The beads were
washed twice, pelleted by gentle centrifugation, resuspended in 20 ul of 2X
Laemmli SDS sample buffer, and submitted to SDS-polyacrylamide gel elec-
trophoresis as described above.

Chromatin Immunoprecipitation (ChIP)

For ChIP experiments, 2 X 107 HCT116 cells were used. For experiments
using the pWP101 transient template, cells were transfected overnight with 2
wng/ml medium of the plasmid. Cells were cross-linked with 1% formalde-
hyde (Sigma-Aldrich), harvested into cell lysis buffer, and sonicated with 2 X
5-s pulses. The sonicated chromatin was immunoprecipitated with 5 ug of
rabbit polyclonal HDAC4 antibody (Imgenex), 5 ug of rabbit polyclonal
HDACS3 antibody (Novus Biologicals), 5 ug of a rabbit polyclonal Sp1 anti-
body (Millipore), 5 ug of a rabbit polyclonal acetylated histone H3 antibody
(Millipore), or 5 pug of normal rabbit IgG (Santa Cruz Biotechnology). DNA-
protein complexes were isolated with protein A/G Plus agarose beads (Santa
Cruz Biotechnology) for 4 h at 4°C, washed, eluted in 0.1% SDS, 0.IM
NaHCO; elution buffer, and cross-links were reversed overnight at 65°C in 0.3
M NaCl. Input samples were also incubated in this way. DNA was purified
using phenol:chloroform extraction and ethanol precipitation.

The transient template (pWP101, 4.18kB) was analyzed using two sets of
primer pairs (see Figure 9A). The first, designated pWP101-p21, was designed
such that the forward primer contains vector backbone sequence immediately
distal to the 101-base p21 promoter sequence, and the reverse primer contains
luciferase sequence immediately proximal to the 101-base p21 promoter se-
quence. The second primer pair, designated pWP101-up, was designed
against vector backbone sequence ~2 kb away from the 101-base p21 pro-
moter sequence. The primers used were as follows: pWP101-p21: F, 5'-
AAGGTACGGGAGGTACTTGGA-3" and R, 5-GTTCCATCTTCCAGCG-
GATA-3"); and pWP101-up: F, 5'-GGCGCTTTCTCATAGCTCAC-3" and R,
5'-CCTCGCTCTGCTAATCCTGT-3').

Endogenous template DNA was analyzed using two independent primer
sets designated p21-1 and p21-2. These primers were designed to amplify
DNA adjacent to the transcription start site of the p21 promoter containing the
six Sp1 binding sites (Wilson et al., 2006). Primer sets were also designed to
amplify a region within the p21 promoter 4 kb upstream of the transcription
start site, which does not contain Sp1/Sp3 sites, and also the B-actin pro-
moter. Quantitative real-time RT-PCR was performed, with DNA content in
Input and immunoprecipitation samples measured relative to a standard
curve of HCT116 cell genomic DNA. All experimental values were expressed
relative to relevant Input DNA content. Primer sequences were as follows:
p21-1: F, 5'-CATTCTGGCCTCAAGATGCT-3" and R, 5-CACGAAGAC-
CCTCTCCACTG-3'); p21-2: F, 5'-AGTGCCAACTCATTCTCCAAG-3' and R,
5'-GACACATTTCCCCACGAAGT-3'); p21 up: F, 5'-AGTCTTGCCTGCCT-
TCAGAG-3' and R, 5'-ACGAAGGGCTTGTTTTAGG-3'); and B-actin: F, 5'-
AGTGTGGTCCTGCGACTTCT-3' and R, 5'-ACTGGGTGGGTCGTGTAA-
AT-3").

Sequential ChIP

Cross-linked chromatin from HCT116 cells was immunoprecipitated with an
antibody against HDAC4 as described in Chromatin Immunoprecipitation,
except that chromatin was eluted in 10 mM dithiothreitol for 30 min at 37°C.
Eluted chromatin was diluted, subjected to a second immunoprecipitation
with antibody against Sp1, and then eluted with standard elution buffer (see
above). A “reverse” sequential ChIP was carried out in which chromatin was
immunoprecipitated first with anti-Spl and then with anti-HDAC4. The
isolated DNA was extracted, purified, and analyzed as described above. Input
DNA was calculated from an aliquot of diluted chromatin obtained from the
first elution.
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Flow Cytometry

For cell cycle analyses, HCT116 cells were stained with propidium iodide and
analyzed by flow cytometry as described previously (Wilson ef al., 2006).

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
(MTT) Assay

The MTT assay in HCT116 cells was performed as described previously
(Wilson et al., 2006).

Xenograft Assay

HCT116 cells were transfected with NT or siHDAC4 (100 nM) overnight,
trypsinized, counted, and resuspended in an equal volume of High Concen-
tration Matrigel (BD Biosciences, San Jose, CA). Cells (5 X 10°) were then
injected into the right flank of SCID mice, and tumor growth was monitored
over the course of 7 d. Eight mice per group (NT or siHDAC4) were used.
Animals were killed after this time, the tumors were resected, and the volume
was calculated from caliper measurements of the smallest and longest tumor
diameter (Benimetskaya et al., 2006).

RESULTS

Robust HDAC4 Expression in Normal Intestine and in
Colon Cancer Cells

Because class Ila HDACs have been reported to be expressed
in a tissue-specific manner (Wang et al., 1999; Liu et al., 2006),
we first confirmed the expression of HDAC4 in normal
intestinal epithelium. Although considerable variability in
HDAC4 protein expression was observed among a panel of
different mouse tissues, robust HDAC4 expression was de-
tected in the small intestine and colon (Figure 1A). Further-
more, there was strong expression of HDAC4 in each of a
panel of 26 colon cancer cell lines (Supplemental Figure 1A),
demonstrating its expression is maintained in transformed
colonic epithelial cells. We then determined the subcellular
localization of endogenous HDAC4 in colon cancer cells by
immunofluorescence analysis. Consistent with reports in
other cell types (Wang and Yang, 2001; Liu et al., 2004),
HDAC4 expression in the HCT116 colon cancer cell line was
observed in both the nucleus and cytoplasm (Supplemental
Figure 1B). In contrast, the class I HDAC HDACT1 exhibited
an exclusively nuclear staining pattern, whereas localization
of the class Ilb HDAC HDAC6 was predominantly cytoplas-
mic, consistent with previous studies (Hubbert et al., 2002;
Waltregny ef al., 2004).

HDAC#4 Expression Is Down-Regulated during Intestinal
Cell Differentiation In Vivo and In Vitro

The epithelium of the small intestine is compartmentalized
into the crypt, which contains stem and proliferative pro-
genitor cells, and the villus, containing nonproliferating dif-
ferentiated epithelial cells. HDAC4 expression was maximal
in human small intestinal crypts, an expression pattern sim-
ilar to that of the established proliferation marker Ki67 (Fig-
ure 1B). HDAC4 expression was also detected in mouse
distal colon, and it was predominantly nuclear in localiza-
tion and more highly expressed at the base of the crypts,
which contain the proliferative cells (Figure 1C). We con-
firmed the differential pattern of HDAC4 expression along
the mouse small intestinal crypt-villus axis by using a cell
fractionation method in which cells are sequentially isolated
beginning at the villus tip and culminating in the crypts
(Mariadason et al., 2005). As shown in Figure 1D, HDAC4
protein expression was maximal in the crypt cell fraction
(fraction 10) and was significantly reduced in cells isolated
from the villus tip (fraction 1), a pattern of expression which
paralleled that of PCNA. Therefore, expression of HDAC4
was associated with intestinal cell proliferation, and it was
down-regulated during cell differentiation, in vivo.

Molecular Biology of the Cell
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Figure 1. HDAC4 protein expression in normal intestinal epithe-
lium and colon cancer cell lines. (A) Total protein was extracted
from various tissues from a wild-type C57BL/6 mouse and levels of
HDAC4 quantified by Western blot. Blots were reprobed for actin to
ensure equal loading. Immunohistochemical detection of HDAC4
and Ki67 expression in a low-power (10X) longitudinal section of
normal human small intestine (B) and HDAC4 in the distal colon of
a C57BL/6 mouse (C). (D) Epithelial cells were sequentially isolated
along the mouse crypt-villus axis as 10 individual fractions (F), with
F1 and F10 representing cells isolated from the villus tip and crypt
base, respectively, and HDAC4 and PCNA protein levels deter-
mined. (E) Caco-2 cells were allowed to spontaneously differentiate
over 21 d, and levels of HDAC4 and PCNA were determined at
confluence (day 0) or 7 and 21 d after confluence. (F) LS174T-N2
cells, which are stably transfected with doxycycline-inducible
dominant-negative TCF4, were cultured with and without doxy-
cycline for 6-96 h. Doxycycline was replaced every 24 h in fresh
medium. Levels of HDAC4 and PCNA protein were quantified
by Western blot. (G) Comparison of steady-state levels of p21
mRNA in Weiser F1 and F10 fractions, control and doxycycline-
treated LS174T cells (96 h) and day 0 and day 21 Caco-2 cells.
Expression of p21 mRNA was calculated relative to an actin
mRNA internal standard by QPCR.

Consistent with these in vivo findings, we confirmed that
expression of HDAC4 was down-regulated during growth
arrest and differentiation of colon cancer cells in vitro. First,
in Caco-2 cells that undergo contact inhibition-driven spon-
taneous differentiation along the absorptive cell lineage over
a 21-d period in culture (Mariadason et al., 2000), HDAC4
expression was markedly reduced during the differentiation
program (Figure 1E). Second, we examined HDAC4 expres-
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sion in LS174T colon cancer cells engineered to undergo
growth arrest and differentiation as a result of down-regu-
lation of B-catenin-TCF signaling by inducible expression of
dominant negative TCF4 (van de Wetering et al., 2002). As
shown in Figure 1F, HDAC4 was down-regulated 48 h after
addition of doxycycline. In vivo and in the in vitro models of
intestinal differentiation used, HDAC4 down-regulation
closely paralleled down-regulation of the proliferation
marker PCNA (Figure 1, D-F), whereas there was an inverse
correlation between the mRNA levels of the cyclin-depen-
dent kinase inhibitor p21, an established marker of cell
differentiation, and HDAC4 (Figure 1G).

HDAC4 Promotes Colon Cell Growth and Survival

The confinement of expression of HDAC4 to the prolifera-
tive compartment of the normal small intestinal and colonic
epithelium, and its down-regulation during colon cell mat-
uration in vitro suggested it may have a physiological func-
tion in maintaining cell proliferation. To directly determine
the link between HDAC4 expression and colon cell growth,
we examined the effect of HDAC4 down-regulation by RNA
interference on cell number and cell cycle indices in HCT116
colon cancer cells.

First, we tested the effect of several siRNA duplexes tar-
geting HDAC4 on HDAC4 expression (see Figure 6A for
these experiments). To ensure specificity, we used two indi-
vidual duplexes (siHDAC4#1 and siHDAC4#2), as well as a
pool of three independent duplexes (siHDAC4 sc). Transfec-
tion with siHDAC4#1 or siHDAC4#2 reduced HDAC4 ex-
pression compared with three commercially available nega-
tive control siRNAs: NT pool, siNEG, and siGFP. Notably,
when siHDAC4#1 and siHDAC4#2 were added as a pool,
greater down-regulation of HDAC4 expression was achieved.
The down-regulation achieved by transfection with siHDAC4
sc compared with two controls from Santa Cruz Biotechnol-
ogy, NT A and NT C, was similar to that of siHDAC4#1 or
siHDAC44#2 alone. Therefore, we chose to conduct all future
HDAC4 down-regulation experiments by using the siH-
DAC4#1&#2 pool, denoted as siHDAC4 throughout the re-
mainder of the article.

First, we demonstrated that siRNA-mediated targeting of
HDAC4 mRNA (siHDAC4) selectively down-regulated
HDAC4 expression among both class I and class II HDACs.
As shown in Figure 2A, siHDAC4 markedly down-regu-
lated protein expression of HDAC4 but not that of the class
I HDACs HDAC1, HDAC2, or HDAC3 or the class IIb
HDAC HDAC6. We also demonstrated that siHDAC4 selec-
tively down-regulated HDAC4 expression at the mRNA
level, as shown in Figure 2B. The steady-state levels of
HDAC4 mRNA were reduced by ~80% compared with NT
siRNA. In contrast, mRNA levels of HDAC1, HDAC2,
HDACS, the class Ila HDACs HDAC5 and HDAC?7, and the
class ITb HDACs HDAC6 and HDAC10 were not reduced by
siHDAC4. The mRNA expression of HDAC8 and HDAC9
was not detected in HCT116 cells.

We then assessed the effect of siHDAC4 on indices on cell
growth compared with that of the control NT siRNA. As
shown in Figure 2C, siHDAC4 induced a reduction in the
percentage of cells in S phase, with a concomitant increase in
the percentage of cells at the G2/M phase of the cell cycle,
and a modest decrease in the percentage of cells in GO/G1
phase. Down-regulation of HDAC4 induced an ~20% re-
duction in adherent cell number 72-96 h after transfection
(Figure 2D). The magnitude of growth inhibition mediated
by HDAC4 down-regulation was further increased when the
cells were cultured in decreasing amounts of serum, with
~40% reduction in adherent cell number compared with NT
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Figure 2. Effect of HDAC4 down-regulation on growth of colon
cancer cells in vitro. (A) Selective down-regulation of HDAC4 ex-
pression in HCT116 cells treated for 72 h with the nontargeting
siRNA duplex (NT) or a pool of two siRNAs targeting HDAC4
(siHDAC4). Both NT and siHDAC4 were added to a final concen-
tration of 100 nM. Protein levels of HDAC1, HDAC2, HDACS3,
HDAC4, and HDAC6 were determined by Western blot. (B) QPCR
analysis of the effect of siHDAC4 on mRNA expression of HDAC1,
HDAC2, HDAC3, HDAC4, HDAC5, HDAC6, HDAC?, and HDACIO0.
N/D denotes no mRNA expression for HDAC8 and HDAC9 detected.
Results are expressed relative to actin mRNA and are expressed as the
percentage of mRNA expression in control (NT) transfected samples.
(C) Time course analysis of the effects of NT and siHDAC4 (both 100
nM) on the percentage of cells in G0/G1, S and G2/M phase, deter-
mined by flow cytometry. (D) Time course analysis of the effects of NT
and siHDAC4 (both 100 nM) on adherent cell number in HCT116 cells.
(E) Time course analysis of the effects of NT and siHDAC4 (both 100
nM) on MTT incorporation in HCT116 cells. C-E show the results of
three experiments, expressed as mean + SEM; *p < 0.05 relative to
relevant control, Student’s ¢ test.

controls observed under serum-free conditions (Supplemen-
tal Figure 2). Finally, down-regulation of HDAC4 induced a
reduction in cell viability, as assessed by the MTT assay
(Figure 2E), collectively demonstrating a proproliferative
role for HDAC4 in colon cancer cells.

We also demonstrated that HDAC4 promoted an en-
hancement of colon cell survival (Figure 3). First, treatment
of HCT116 cells with siHDAC4 for 72 h resulted in a modest,
although statistically significant, increase in the subdiploid
cell population (Figure 3A), which was consistent with a
parallel increase in cleavage of poly(ADP-ribose) polymer-
ase (PARP) (Figure 3B). We also assayed the release of
cytochrome ¢ from mitochondria by immunofluorescence
analysis. Nonapoptotic cells are characterized by a punctu-
ate staining pattern of cytochrome ¢, which we have shown
previously to colocalize with the mitochondrial marker
Hsp60 (Wilson et al., 2003). In contrast, apoptotic cells dis-
play a diffuse staining pattern of cytochrome c, indicative of
its release into the cytosol (Wilson et al., 2003). As shown in
Figure 3, C and D, siHDAC4 increased the number of cells
releasing cytochrome c fourfold relative to cells transfected
with NT siRNA. Second, we performed clonogenic assays on
cells transfected with the appropriate siRNA for 72 h. As
shown in Figure 3, E and F, down-regulation of HDAC4
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Figure 3. Effect of HDAC4 down-regulation on survival of colon
cancer cells in vitro. (A) The effect of NT and siHDAC4 (both 100
nM) on subdiploid (apoptotic) cell population assayed by flow
cytometry. Values shown are mean + SEM of three independent
experiments; p < 0.05 relative to NT, Student’s ¢ test. (B) Effect of
HDAC4 down-regulation on cleavage of PARP. (C) Cells were
treated with NT or siHDAC4 (100 nM) for 72 h, and cytochrome c
release was assayed by immunofluorescence. Values were obtained
from counts of 200 cells and are expressed as the mean + SEM of
three independent experiments; *p < 0.05 relative to NT, Student’s
t test. (D) Representative fields of NT and siHDAC4-treated cells.
4,6-Diamidino-2-phenylindole (DAPI)-stained nuclei and cyto-
chrome c (cyto C) were detected, and an overlay was generated. The
white arrowhead shows a cell releasing cytochrome c into the cy-
tosol, as indicated by a diffuse staining pattern. (E) Clonogenic assay
showing the effect of a 72-h incubation with siHDAC4 (100 nM) on
formation of cell colonies compared with NT-treated cells. (F) Quan-
tification of colony number from E. Results shown are mean + SEM
of three independent experiments; *p < 0.05 relative to NT, Stu-
dent’s ¢ test.

resulted in the formation of ~25% fewer colonies compared
with HCT116 cells transfected with the NT siRNA.

We then examined the effect of down-regulation of
HDAC4 on HCT116 cell growth in vivo. Cells transfected
with NT or siHDAC4 were injected into SCID mice as xeno-
grafts, and growth of the resultant tumor was measured
after 7 d. The volume of the siHDAC4-transfected tumors
was significantly smaller than tumors deriving from control
cells (Figure 4, A and B). HDAC4 protein levels were mea-
sured in HCT116 cells cultured in parallel in vitro to confirm
that down-regulation was maintained throughout the dura-
tion of the experiment. As shown in Figure 4C, HDAC4
down-regulation was maintained over the 7-d experimental
period.

Nuclear Localization of HDAC4 during Cell Proliferation

Our immunohistochemical analyses demonstrated maximal
HDAC4 expression in the proliferative crypt region in vivo,
where it was predominantly nuclear in location. Given the
established role of shuttling of HDAC4 between the nucleus
and cytoplasm in regulating its effects (Grozinger and Schre-
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Figure 4. Effect of HDAC4 down-regulation on growth of colon
cancer cells in vivo. (A) Representative tumors obtained at sacrifice
after 7 d of growth of HCT116 cell xenografts in 4-wk-old male SCID
mice (bar, 1 cm). HCT116 (5 X 10°) cells were transfected with NT
siRNA or siHDAC4 (both 100 nM) and injected into the right flank
with an equal volume of Matrigel. (B) Tumor volume was quanti-
fied from measurements of the longest and smallest diameter of the
tumor. Values shown are mean + SEM, n = 8; *p < 0.05 relative to
NT, Student’s t test. (C) HDAC4 protein levels in HCT116 cells
transfected with NT or siHDAC4 and cultured in parallel in vitro for
up to 7 d.

iber, 2000), we examined the link between HDAC4 subcel-
lular localization and cell proliferation in HCT116 cells in-
duced to proliferate by a serum pulse after 24-h serum
starvation.

For these studies, HCT116 cells were transfected with a
full-length HDAC4-GFP (1-1084) expression vector, and

A

HDAC4 Represses p21 in Colon Cancer Cells

then they were serum-starved for 24 h. Subsequently, cells
were either pulsed for 16 h with medium containing 10%
serum or further incubated under serum-free conditions. As
shown in Figure 5A, 64% of the cells were in S phase after
the 16-h serum pulse, compared with only 4% in serum-
starved cells. Two hundred cells positive for HDAC4-GFP
were counted for each condition, and distribution of the
construct was analyzed. Representative cell fields are shown
in Figure 5B. The proportion of transfected cells displaying
exclusively cytoplasmic localization of HDAC4-GFP was
markedly higher in the serum-starved, growth-arrested cells
(Figure 5, B and C). In addition, there was a concomitant
increase in cells displaying nuclear HDAC4-GFP staining in
the proliferating cell population (Figure 5, B and C). These
results establish a link between the growth-promoting ef-
fects of HDAC4 and its nuclear localization.

We validated our findings by measuring endogenous
HDAC4 expression in nuclear and cytosolic fractions ex-
tracted from serum-starved and serum-pulsed cells. Consis-
tent with our immunofluorescence analyses, cytosolic
HDAC4 expression was enriched in growth-arrested, se-
rum-starved cells, whereas nuclear HDAC4 was increased in
proliferating, serum-pulsed cells (Figure 5D). Strikingly, the
nuclear form of HDAC4 had a slightly higher molecular
weight than the cytosolic form. We confirmed that siHDAC4
down-regulated both the high and low molecular forms of
HDAC4 (data not shown). The basis for this shift in molec-
ular weight, possibly due to differential posttranslational
modification, is worthy of further investigation. The effi-
ciency of subcellular fractionation was confirmed by exam-
ining expression of the exclusively nuclear protein HDAC1
and the exclusively cytoplasmic protein HDAC6 (Figure
5D). Validating the increased proliferation of the serum-
pulsed treatment group, PCNA expression was markedly
increased.

HDAC#4 Represses p21 Transcription in Colon Cancer

Cells

To determine the mechanism of HDAC4-mediated growth
promotion in colon cancer cells, we examined the role of
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Figure 5. Effect of cell proliferation on subcellular e - . s 254
localization of HDAC4. (A) HCT116 cells were trans- ™ 77 R
fected with HDAC4-GFP, and serum-starved for
24 h. Cells were then either maintained in 0% serum, O X
or they were serum-pulsed (10%) for 16 h. Represen- B \,ba& oc}z
tative histograms after flow cytometric analysis are HDAC4-GFP DAPI Overlay \QQ =
shown. (B) Representative fields of HDAC4-GFP )

1-1084-transfected cells (green) after serum starva-
tion, or after serum pulse. Nuclei are stained with
DAPI (blue). (C) The distribution of HDAC4-GFP
after serum starvation, or serum pulse was analyzed
by counting 200 GFP-positive cells per treatment.
The distribution was categorized as either nuclear or
exclusively cytoplasmic. Values shown are mean +
SEM of three independent experiments; *p < 0.05
relative to no serum, Student’s t test. (D) Endoge-
nous HDAC4, HDAC1, HDAC6, and PCNA protein
levels in nuclear and cytosolic fractions were deter-
mined by Western blot after subcellular fractionation
of serum-starved and serum-pulsed cells.
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Figure 6. HDAC4 regulation of p21 expression in colon cancer
cells in vitro. (A) The effect of two independent siHDAC4 duplexes
#1 and #2 and a pool of #1 and #2 (designated siHDAC4 and used
throughout the study) on HDAC4 and p21 protein expression,
compared with the negative controls, NT, siNEG, and siGFP (all 100
nM for 72 h). Additionally, the effect of an independent pool of three
siRNA duplexes targeting HDAC4 (siHDAC4 sc) on HDAC4 and
p21 protein expression was compared with the negative controls,
NT A and NT C (all 100 nM for 72 h). See Materials and Methods for
a detailed description of these siRNAs. Protein levels of p21 and
HDAC4 were determined by Western blot. (B) The steady-state
mRNA levels of HDAC4 and p21 in HCT116 cells treated for 36 h
with NT or siHDAC4 (both 100 nM), determined by QPCR. Values
are mean + SEM of three replicates, and they are expressed relative
to B-actin. *p < 0.05 relative to NT1, Student’s ¢ test. (C) Effect of
HDAC4 down-regulation on p21 promoter activity, as determined
by luciferase assay. HCT116 cells were transfected with the p21
luciferase reporter plasmid, pWP-133 (0.25 ug), and either NT or
siHDAC4 (100 nM) for 72 h. TK-Renilla (0.1 ug) was cotransfected in
all treatment groups to control for transfection efficiency. Values
shown are mean + SEM of three independent experiments; *p <
0.05 relative to NT1, Student’s ¢ test. (D) The steady-state mRNA
levels of p21 in HCT116 cells treated for 24 h with NT or siHDAC4
(both 100 nM), with and without concomitant addition of 5 pug/ml
cycloheximide. mRNA expression was determined by QPCR. Val-
ues are mean of a representative experiment, and are expressed
relative to B-actin. *p < 0.05 relative to NT1, Student’s f test. (E) The
effect of protein synthesis inhibition on p21 protein induction me-
diated by HDAC4 down-regulation. HCT116 cells were treated for
48 h with NT or siHDAC4 (both 100 nM), with and without con-
comitant addition of 5 ug/ml cycloheximide for a subsequent 24 h.

0.
NT siHDAC4 Con CHX

HDACH4 in regulating expression of p21, a cyclin-dependent
kinase inhibitor that is a well established target of HDAC
inhibitors. Because treatment of human cancer cells with
HDAC inhibitors consistently leads to up-regulation of p21
expression (Sowa et al., 1997; Archer et al., 1998; Kim et al.,
2001; Wilson et al., 2006), we sought to determine whether
down-regulation of HDAC4 had a similar effect.

As shown in Figure 6A, transfection with the HDAC4
siRNAs described above all induced p21 protein expression,
with the magnitude of induction correlating well with their
respective ability to down-regulate HDAC4 expression. The
specificity of HDAC4 down-regulation-mediated p21 induc-
tion was confirmed by comparison with the negative control
siRNAs described above. Measurement of p21 mRNA ex-
pression by QPCR confirmed that HDAC4 down-regulation
increased p21 transcription, with a threefold increase in p21
mRNA levels after 36 h (Figure 6B). Consistent with these
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results, there was a greater than threefold induction of p21
reporter activity in HCT116 cells transfected with siHDAC4
(Figure 6C). We then confirmed that p21 was likely a direct
target of HDAC4, because siHDAC4 was able to induce p21
mRNA expression (Figure 6D), but not protein expression
(Figure 6E), when protein synthesis was inhibited with 5
pg/ml cycloheximide.

To complement these findings, the effect of overexpres-
sion of HDAC4 on p21 promoter activity was examined. The
HDAC4 protein comprises 1084 amino acids, with a nuclear
localization signal (NLS) located at the amino terminus
(amino acids [aa] 244-279), a catalytic HDAC domain (aa
621-1040), and a nuclear export signal (NES) (aa 1044-1069)
located at the carboxy terminus (Wang and Yang, 2001; Liu
et al., 2004). A schematic diagram is shown in Figure 7A.

As shown in Figure 7C, transfection of HCT116 cells with
full-length HDAC4-GFP (1-1084) inhibited both basal and
butyrate-stimulated p21 reporter activity in a concentration-
dependent manner. An independent HDAC4 expression
plasmid, tagged with myc/his, exerted similar repressive
effects on basal and butyrate-stimulated p21 reporter activity
(Supplemental Figure 3, A and B).

Likewise, a 206-1040 HDAC4 deletion construct (contain-
ing the NLS, and predominantly nuclear in localization) was
able to fully repress p21 transcription (Figure 7D). In con-
trast, the 621-1040 HDAC4 deletion construct (lacking the
NLS and predominantly cytoplasmic in localization), and
the 1-326 HDAC4 deletion construct (predominantly nuclear
in localization, but lacking the deacetylase domain), failed to
inhibit p21 reporter activity (Figure 7D). Subcellular local-
ization and equal expression of the respective HDAC4-GFP
constructs in HCT116 cells were confirmed by immunoflu-
orescence and Western blot, respectively (Figure 7, A and B).
These results demonstrated that nuclear localization and an
intact deacetylase domain were required for HDAC4-medi-
ated repression of p21.

Repression of p21 Is a Component of HDAC4-mediated
Promotion of Colon Cancer Cell Growth In Vitro

To investigate the functional significance of p21 induction in
the growth arrest observed after HDAC4 down-regulation,
we examined whether siHDAC4 could induce growth arrest
in HCT116 cells in which p21 was deleted. As shown in
Figure 8A, siHDAC4-mediated inhibition of the percentage
of cells in S phase, and adherent cell number were signifi-
cantly reduced in HCT116 p21 null cells compared with
wild-type cells. Similar efficiency of HDAC4 down-regula-
tion in HCT116 p21 wild-type and null cells was confirmed
by Western blot (Figure 8B). Consistent with the effects on
cell growth, HDAC4 down-regulation in p21 wild-type cells
reduced expression of PCNA, whereas a minimal effect was
observed in p21-null cells (Figure 8B). Collectively, these
data indicate that repression of p21 is an important compo-
nent of HDAC4-mediated growth promotion. In contrast,
apoptosis induction after HDAC4 down-regulation was not
impaired in p21-deficient cells (Figure 8C), demonstrating
that p21 was necessary for the growth promoting, but not
the prosurvival, effects of HDAC4.

Down-Regulation of Spl Abrogates HDAC4-mediated
Repression of p21

Because we and others have previously demonstrated that
HDAC inhibitors induce p21 in a Sp1/Sp3-dependent man-
ner (Sowa et al., 1997; Wilson et al., 2006), the role of the Sp1
transcription factor in HDAC4-mediated repression of p21
was examined. We first determined whether HDAC4 down-
regulation could induce p21 in HCT116 cells when Sp1 was
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Figure 7. HDAC4 regulation of p21 pro- A
moter activity in colon cancer cells. (A) Sche-
matic representation of the HDAC4 protein,
showing the NLS, NES, and HDAC catalytic
domain. (B) Expression of the full-length and 1

NLS
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TK-Renilla (0.1 ug), and 1 ug of the HDAC4-GFP full-length and deletion constructs, or the empty vector control (1 ug). Values shown are
mean + SEM, and they are expressed as a percentage of pWP-133 activity relative to corresponding empty vector controls (empty bars) for
basal p21 activity, and as -fold stimulation of p21 promoter activity for butyrate induction.

functionally inhibited. Mithramycin is an established inhib-
itor of the binding of transcription factors, such as Spl, to
GC-rich elements (Liu et al., 2006). As shown in Figure 9A,
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Figure 8. Role of p21 in HDAC4 siRNA-induced growth arrest and
apoptosis induction. (A) Analysis of the effects of NT siRNA and siH-
DAC4 (both 100 nM) on adherent cell number and the percentage of cells
in S phase determined by flow cytometry, in p2l-null and wild-type
HCT116 cells. Results are expressed as percentage of inhibition mediated
by siHDAC4 72 h after transfection, and they are mean + SEM of three
experiments. *p < 0.05 relative to effect in p21 wild-type cells, Student’s ¢
test. (B) Protein levels of HDAC4, PCNA, and p21 in p21 wild-type and
null cells transfected with either NT siRNA or siHDAC4 (100 nM). (C) The
role of p21 in apoptosis induction mediated by HDAC4 down-regulation
for 72 h. Apoptosis was measured as subdiploid HCT116 cell content by
flow cytometry. Values are mean + SEM of three experiments.
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siHDAC4 was unable to stimulate p21 expression in the
presence of mithramycin. Similarly, the stimulatory effect of
the HDAC inhibitor butyrate on p21 expression was ablated
by mithramycin.

To more specifically determine the role of Sp1 in HDAC4-
mediated repression of p21, we down-regulated its expres-
sion in HCT116 cells with Sp1-targeting siRNA. Approxi-
mately 70% reduction of Sp1 expression was achieved. As
shown in Figure 9B, Spl down-regulation inhibited basal
p21 expression, and it inhibited the p21 induction mediated
by siHDAC4. Similarly, Spl down-regulation inhibited p21
induction by the HDAC inhibitor butyrate (Figure 9C).
These effects were also observed for p21 promoter reporter
experiments after down-regulation of Sp1 (Figure 9D). Col-
lectively, these findings suggest a role for Sp1 in p21 repres-
sion mediated by HDAC4 and in HDAC inhibitor-mediated
derepression of p21.

HDAC#4 Expression Is Linked to Reduced Histone
Acetylation at the Proximal p21 Promoter

We then performed ChIP experiments to directly demon-
strate HDAC4 localization to the p21 promoter. First, we
transfected HCT116 cells with the pWP-101 p21 luciferase
reporter plasmid (Sowa et al., 1997), which contains the 101
bases downstream of the p21 transcriptional start site. This
region of the p21 promoter contains four Spl binding sites
known to be important for HDAC inhibitor induction of p21
(Sowa et al., 1997). We designed primers to the vector back-
bone and luciferase sequences flanking the 101-base pair p21
promoter sequence to interrogate whether HDAC4 associ-
ates with this locus (designated pWP-101-p21; Figure 10A).
As a control, we also designed primers interrogating a re-
gion of the vector backbone ~2000-base pairs downstream
(designated pWP-101-up; Figure 10A). As shown in Figure
10B, enrichment of HDAC4 binding to the proximal p21
promoter, but not the vector backbone, was observed after
PCR amplification of ChIP DNA.
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Figure 9. Role of Sp1 in HDAC4-mediated repression of p21. (A)
Effect of the Sp1 inhibitor mithramycin on siHDAC4 and butyrate-
mediated p21 induction. p21 protein levels in HCT116 cells treated
with mithramycin (1 pg/ml) for 24 h in combination with either a
72-h exposure to NT siRNA or siHDAC4 (100 uM), or a 24-h
exposure to 2 mM butyrate. The effect of down-regulation of Sp1 on
induction of p21 by siHDAC4 or butyrate is shown in B and C,
respectively. p21, HDAC4, and Sp1 protein levels in HCT116 cells
were determined after 72-h treatment with NT siRNA or siHDAC4
with or without concomitant treatment with siRNA targeting Sp1.
All cells were treated with an equal final concentration of siRNA
(100 nM). (D) Effect of Sp1 down-regulation on p21 promoter activ-
ity stimulated by siHDAC4 or butyrate, as determined by luciferase
assay. HCT116 cells were transfected with pWP-133 (0.25 ug) and
either NT siRNA siHDAC4 or siSpl (total siRNA transfected was
100 nM), and cultured for 72h. In separate experiments, cells were
transfected with pWP-133 (0.25 ug) and either NT siRNA or siSp1
(both 100 nM), and they were cultured with and without 2 mM
butyrate for 24 h. TK-Renilla (0.1 ug) was cotransfected in all
treatment groups to control for transfection efficiency. Values
shown are mean + SEM of three independent experiments; *p <
0.05, Student’s t test.

We then used an alternative strategy to interrogate the
endogenous proximal p21 promoter. We designed two in-
dependent primer sets (p21-1 and p21-2), which were effi-
cient in amplifying ChIP DNA in quantitative real-time PCR
(Q-ChIP). As shown in Figure 10C, ~30-fold and 40-fold
enrichment of HDAC4 binding to the p21-1 and p21-2 pro-
moter loci, respectively, was observed in comparison with
IgG and no antibody controls. We demonstrated the speci-
ficity of HDAC4 binding to the proximal p21 promoter in
two ways. First, there was no such enrichment of HDAC4
binding to a 4-kb upstream region of the p21 promoter, or to
the actin promoter (Figure 10C). Second, as shown in Figure
10D, there was markedly reduced enrichment of HDAC4
binding to the proximal p21 promoter (p21-1 locus) in cells
transfected with siHDAC4 compared with NT-transfected
cells (Figure 10D). Similar results were obtained utilizing the
p21-2 primer set. Consistent with the transcriptional activa-
tion of p21 linked to down-regulation of HDAC4, we ob-
served a marked increase in acetylation of histone H3 at the
p21 proximal promoter, but not at the 4-kb upstream region
of the p21 promoter, or at the actin promoter, after treatment
with siHDAC4 (Figure 10E).

Because HDAC4 is known to associate with the HDAC3-
N-CoR/SMRT complex (Fischle et al., 2002), we used siRNA-
targeting SMRT to test the role of SMRT in HDAC4 recruit-
ment to the proximal p21 promoter. As shown in Figure
10D, a 72-h treatment with siSMRT significantly down-reg-
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ulated SMRT expression. Importantly, down-regulation of
SMRT induced p21 protein expression and promoter activity
to a similar extent as did HDAC4 down-regulation (Figure
10, F and G). As shown in Figure 10H, and consistent with
their localization in the N-CoR/SMRT complex, the binding
of HDAC4 and HDACS3 to the proximal p21 promoter was
reduced after SMRT down-regulation. Down-regulation of
HDAC4 also markedly reduced HDAC3 association with
this locus, further linking these HDACs in p21 regulation
(Figure 10H).

HDAC#4 Associates with Sp1 at the Proximal p21
Promoter

We then sought to directly link the binding of HDAC4 with
Spl at the proximal p21 promoter. We confirmed that Sp1
binding paralleled that of HDAC4 at both the transient
pWP101 template (Figure 10B) and at the proximal p21-1
and p21-2 promoter loci, but not at the upstream p21 locus
(Figure 10C). The specificity of Sp1 occupancy of the prox-
imal p21 promoter was further demonstrated by the greatly
reduced occupancy of Spl in cells transfected with siSpl
compared with NT-transfected cells (Figure 10D). The effect
of down-regulation of Spl on HDAC4 occupancy of the
proximal p21 promoter was then examined. As shown in
Figure 10D, there was markedly reduced HDAC4 binding to
the p21-1 and p21-2 promoter regions after transfection of
cells with siSp1.

To demonstrate the simultaneous presence of HDAC4 and
Sp1 at the proximal p21 promoter, we performed sequential
ChIP experiments. As shown in Figure 11A, when anti-Sp1
immunoprecipitation was performed on eluted chromatin
obtained from an initial anti-HDAC4 immunoprecipitation,
there was specific enrichment of DNA corresponding to the
p21-1 promoter locus compared with IgG and no antibody
controls. Similar results were observed at the p21-2 pro-
moter locus (data not shown). Importantly, there was no
specific enrichment associated with successive HDAC4 and
Spl immunoprecipitations at the 4-kb upstream p21 pro-
moter locus or the actin promoter, consistent with the results
of the single ChIPs presented above. We also performed the
reverse sequence of immunoprecipitations (that is, succes-
sive Spl and HDAC4 immunoprecipitations). As shown in
Figure 11B, the co-occupancy of Sp1 and HDAC4 was again
only observed at the proximal p21 promoter locus.

We then used immunofluorescence analysis and confocal
microscopy to confirm that HDAC4 and Sp1 colocalize in cell
nuclei. As shown in Figure 12A, significant overlap of tran-
siently transfected HDAC4-GFP with endogenous Spl was
evident in HCT116 cells. To demonstrate this interaction bio-
chemically, coimmunoprecipitation experiments in HCT116
cells were performed. As shown in Figure 12B, an immuno-
precipitation with anti-GFP successfully pulled down Sp1. To
demonstrate this interaction at the endogenous level, we then
showed that endogenous HDAC4 was immunoprecipitated by
a Sp1 antibody, but not by a nonspecific antibody (IgG) (Figure
12C).

HDAC#4 Represses Sp1 Transcriptional Activity

Finally, we sought to directly establish a link between
HDACH4 and Sp1 transcriptional activity. To do this, we used
a Sp1/Sp3 luciferase reporter construct, containing five con-
sensus Spl binding sites, or a control reporter containing
mutated Spl/Sp3 binding sites (Wilson et al., 2006). As
shown in Figure 12D, siHDAC4 induced an approximately
fivefold increase in Sp1/Sp3 reporter activity compared
with the NT control, but it had minimal effects on the control
mt-Sp1-Luc reporter. Furthermore, and consistent with the
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Figure 10. HDAC4 binds to the p21 pro- A
moter. (A) ChIP analysis of HDAC4 binding
to the pWP101 p21 luciferase reporter plasmid
template. HCT116 cells were transiently trans-
fected with pWP101 and harvested after 48 h.
Primer sets were designed to interrogate the
101 base pairs immediately proximal to the
transcription start site of the p21 promoter,
which contains four of the six Spl binding
sites (pWP101-p21) and a separate region of
the vector backbone ~2 kb away (pWP101-
up). (B) ChIP DNA was analyzed by PCR
amplification and 1% agarose gel electro-
phoresis. NTC, no template control. (C) ChIP
analysis of HDAC4 binding to the endoge-
nous p21 promoter. Primer sets probing the
proximal region of the p21 promoter, adjacent
to the six Sp1 binding sites, were used (p21-1
and p21-2), as were primers probing a region
of the p21 promoter 4Kb upstream from the
transcriptional start site (p21-up), or the actin
promoter. DNA content after immunoprecipi- 0
tation with HDAC4 or Sp1 antibodies, or no
antibody or nonspecific antibody (IgG) con-
trols, were determined by real-time RT-PCR.
All values were expressed relative to Input F
DNA content. (D) ChIP analysis of HDAC4
and Sp1 binding to the p21-1 promoter locus
following transfection of cells with NT siRNA,
siHDAC4 or siSp1 (all 100 nM) for 72 h. All
values were expressed relative to Input DNA
content. (E) ChIP analysis of histone H3 acet- £
lation at the loci described above after trans- SMRT [#8 n
%]ection of cells with NT siRNA, siHDAC4, or p21
siSMRT (all 100 nM) for 72 h. All values were i
expressed relative to Input DNA content. (F) Actin [SSS]
Selective down-regulation of SMRT protein
and parallel induction of p21 protein expres-
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sion in HCT116 cells. HCT116 cells were transfected with 100 nM NT siRNA of siSMRT for 72 h. (G) Effect of SMRT down-regulation on p21
promoter activity, as determined by luciferase assay. HCT116 cells were transfected with pWP-133 (0.25 ug) and 100 nM of either NT siRNA
or siSMRT and cultured for 72 h. TK-Renilla (0.1 ug) was cotransfected in all treatment groups to control for transfection efficiency. Values
shown are mean + SEM of three independent experiments; *p < 0.05, Student’s t test. (H) ChIP analysis of the binding of HDAC3 and
HDACH4 to the p21-1 promoter locus after transfection of cells with 100 nM NT siRNA, siHDAC4, or siSMRT for 72 h. All values were

expressed relative to Input DNA content.

ability of HDAC4 to repress Sp1/Sp3-driven transcription,
overexpression of HDAC4 markedly reduced basal Sp1/Sp3
reporter activity (Figure 12D).

Because the Sp1/Sp3 reporter cannot discriminate be-
tween the binding of Sp1 or Sp3, we then used a one-hybrid
system in which Sp1 was fused to GAL4 (GAL4-Sp1l), and
transactivation was measured using a luciferase reporter
driven by a minimal promoter linked to five consensus
GAL4 DNA binding sites (Sowa ef al., 1999). As shown in
Figure 12E, down-regulation of HDAC4 induced a modest
transactivation of Sp1 in HCT116 cells. Consistent with this
result, overexpression of HDAC4 inhibited basal Sp1 trans-
activity (Figure 12E). The specificity of these results was
demonstrated by minimal transactivation effects after trans-
fection with a fusion construct containing the dominant-
negative form of Spl (GAL4-DNSp1), which lacks the trans-
activation domain.

DISCUSSION

We have identified the class Il HDAC HDAC4 as a propro-
liferative and prosurvival factor for colon cancer cells in
vitro. Furthermore, HDAC4 is maximally expressed in the
proliferative compartment in normal human and mouse
small intestinal and colonic epithelium, establishing a link
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between HDAC4 expression and cell proliferation in vivo.
The proproliferative effect of HDAC4 in colon cancer cells
and the confinement of its expression to the proliferative
crypt compartment is consistent with that reported previ-
ously for the class I HDACs, HDACI, -2, and -3 (Wilson et
al., 2006). These findings are also consistent with the growth
inhibitory effects of HDAC inhibitors on colon cancer cells
(Archer et al., 1998; Wilson et al., 2006). Although it is known
that class I HDACs are consistently up-regulated in human
colon cancer and in other solid tumors at the mRNA and/or
protein levels (Zhu ef al., 2004; Huang et al., 2005; Wilson ef
al., 2006; Khabele et al., 2007), relatively less is known about
HDACH4 expression in colon cancer. Although down-regula-
tion of HDAC4 mRNA in human colon tumor tissue com-
pared with normal has been shown (Lleonart ef al., 2006), we
detected no overall difference in HDAC4 protein expression
between in a panel of matched human colon tumor-normal
pairs (unpublished observations) in which clear overexpres-
sion of HDAC1, HDAC2, and HDAC3 was detected previ-
ously (Wilson ef al., 2006).

Our demonstration of a link between cell proliferation and
nuclear localization of HDAC4, in contrast to its predomi-
nantly cytoplasmic localization in cells undergoing cell cycle
arrest, is consistent with the importance of nucleocytoplas-
mic shuttling of class I HDACs as a mechanism of their
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Figure 11. HDAC4 and Spl co-occupancy of the proximal p21

promoter. Sequential ChIP analysis in HCT116 cells (see Materials
and Methods) after initial immunoprecipitation with anti-HDAC4,
followed by a second immunoprecipitation with IgG, no antibody,
or anti-Sp1l (A), or initial immunoprecipitation with anti-Sp1 fol-
lowed by a second immunoprecipitation with IgG, no antibody, or
anti-HDAC4 (B). Whether HDAC4 and Spl were simultaneously
present at the proximal p21 promoter (p21-1), at a region 4-kb
upstream from the transcriptional start site of the p21 promoter
(p21-up) or at the actin promoter was tested by QPCR. All values
were initially expressed relative to relevant Input DNA content.

functional regulation (Grozinger and Schreiber, 2000; McK-
insey et al., 2000; Miska et al., 2001). Our findings are also
consistent with a study demonstrating phosphorylation and
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nuclear localization of HDAC4 after activation of the Ras/
extracellular signal regulated kinase pathway through the
proproliferative stimulus oncogenic Ras (Zhou et al., 2000)
and with reduced growth in non-small-cell lung cancer cells
after the cytoplasmic containment of HDAC4 by treatment
with an HDAC inhibitor in conjunction with irradiation
(Geng et al., 2006).

Several lines of evidence collectively demonstrated the
importance of Spl-mediated repression of p21 in the
growth-promoting effects of HDAC4 in colon cancer cells.
Down-regulation of HDAC4 increased histone H3 acetyla-
tion at the Sp1 binding site-rich proximal promoter, consis-
tent with our observations of increased p21 transcription
and protein expression. In turn, that this induction of p21
was inhibited by pharmacological and molecular inhibition
of Spl was consistent with biochemical and imaging data
demonstrating an association between HDAC4 and Spl at
the subcellular level, and ChIP and sequential ChIP experi-
ments localizing this interaction to the proximal p21 pro-
moter. Although it is presently unknown whether HDAC4-
mediated repression of p21 plays a similar role in promoting
cell growth in vivo, such a role would be consistent with our
observation of p21 induction along the crypt-villus axis in
parallel to HDAC4 down-regulation (Mariadason et al., 2005;
this study). Furthermore, the down-regulation of HDAC4
during spontaneous Caco-2 cell differentiation, or after
DNTCF4-induced differentiation of LS174T cells, was paral-
leled by a concomitant increase in p21 expression, consistent
with previous studies (Mariadason et al., 2002; van de We-
tering et al., 2002).

Further investigation elaborated a potential mechanism of
Spl-dependent targeting of HDAC4 to the proximal p21
promoter in colon cancer cells. Collectively, induction of p21
expression and promoter activity after SMRT down-regula-
tion, loss of association of HDAC3 and HDAC4 with the
proximal p21 promoter after down-regulation of SMRT, and

Figure 12. HDAC4 associates with and represses Sp1l
transactivity. (A) Overlap of HDAC4-GFP and endoge-
nous Spl in HCT116 cells as determined by immuno-
fluorescence analysis utilizing confocal microscopy. (B)
HCT116 cells were transfected with HDAC4-GFP (1-
1084) for 4 8h, and 300 ug of nuclear extract was immu-
noprecipitated with anti-GFP or IgG control antibodies.
Immunoprecipitates were probed for Sp1 and GFP con-
tent by Western blot. Equal amounts of input protein
were demonstrated by GFP Western blot. (C) HCT116
cells in the growing phase were harvested, and 300 pg
of nuclear extract immunoprecipitated with anti-Sp1 or
IgG control antibodies. Immunoprecipitates were
probed for HDAC4 content by Western blot. Equal
amounts of input protein were demonstrated by Spl
Western blot. (D) Effect of HDAC4 down-regulation or
HDAC4 overexpression on activity of Sp1/Sp3 reporter
constructs containing either three consensus Sp1/Sp3
binding sites (Spl-luc) or three mutant binding sites
(mtSp1-luc). HCT116 cells were cotransfected with Sp1-
luc or mtSpl-luc (0.1 pg) in combination with TK-Re-
nilla (0.1 ug), NT siRNA or siHDAC4 (100 nM) for 72 h.
In separate experiments, HCT116 cells were cotrans-
fected with Spl-luc or mtSpl-luc (0.1 pg) in combina-
tion with HDAC4-GFP 1-1084 or empty vector control (1

IP IgG
IP Sp1

pg), and TK-Renilla (0.1 pg) for 24 h. Values shown are the mean + SEM of a representative experiment. (E) A one-hybrid system was also
used in which active Sp1 (GAL4-Sp1) or inactive (GAL4-DNSp1) was fused to GAL4, and transactivation was measured using a luciferase
reporter linked to five consensus GAL4 DNA binding sites. HCT116 cells were cotransfected with GAL4-Sp1 or GAL4-DNSp1 (0.1 ug) in
combination with TK-Renilla (0.1 pg), NT or siHDAC4 (100 uM) for 72 h. In separate experiments, HCT116 cells were cotransfected with
GAL4-Sp1 or GAL4-DNSp1 (0.1 pg) in combination with HDAC4-GFP 1-1084 or empty vector control (1 ug), and TK-Renilla (0.1 ug) for 24 h.

Values shown are mean + SEM of a representative experiment.
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loss of HDAC3 association with this locus after HDAC4
down-regulation, were consistent with a model of p21 re-
pression mediated by HDAC4 through association with the
catalytically active HDAC3, within the N-CoR/SMRT core-
pressor complex. We have previously demonstrated that
HDACS3 represses p21 in a Spl-dependent manner (Wilson
et al., 2006). Furthermore, it has been shown that HDAC4
acts as a ”“scaffold” protein with the HDAC3-NCo-R/SMRT
complex without contributing to the overall deacetylase ac-
tivity of the complex (Fischle et al., 2002), consistent with the
weak catalytic activity of HDAC4 and other class Ila HDACs
on standard acetyl-lysine substrates as reported recently
(Lahm et al., 2007).

Here, we add the HDAC4-HDAC3-N-CoR/SMRT core-
pressor complex to an emerging model of coordinate p21
regulation in colon cancer cells mediated by Spl- and/or
Sp3-dependent recruitment of HDACs. This likely involves
recruitment of multiple corepressor complexes to the prox-
imal p21 promoter, because HDAC1 and HDAC2, which
also repress p21 (Wilson et al., 2006), exist in complexes
distinct to N-CoR/SMRT, namely, Sin3A and NuRD (Jepsen
and Rosenfeld, 2002). The potential relevance of HDAC
regulation of p21 expression also needs to be viewed in the
context that there are multiple key factors and pathways
perturbed in colon cancer that can also potentially modulate
expression of p21, such as TGF-8/SMAD, B-catenin-TCF/c-
myc, and p53. In particular, because p53 and HDAC4 have
been directly linked in several reports (Berns et al., 2004;
Imbriano et al., 2005; Basile ef al., 2006), the role of p53 in
HDAC4-medjiated repression is worthy of further investiga-
tion.

Our demonstration that siRNA-mediated down-regula-
tion of HDAC4 expression induced growth arrest and apo-
ptosis in HCT116 cells is consistent with the anti-prolifera-
tive and proapoptotic effects of HDAC inhibitors in human
cancer cell lines (Heerdt et al., 1994; Mariadason et al., 1997;
Litvak et al., 1998; Mariadason et al., 2000, 2001b; Gurvich et
al., 2004), and with the previously reported observation that
HDAC4 down-regulation reduces clonogenic survival and
induces apoptosis in HeLa cells (Kao et al., 2003). However,
previous observations clearly indicate that the role(s) of
HDACH4 in regulating cell growth and survival is complex,
and cell type and stimulus dependent. In a high-throughput
short hairpin RNA screening study in fibroblasts, HDAC4
was identified as a mediator of p53-dependent growth arrest
(Berns et al., 2004). Furthermore, overexpression of HDAC4
induces apoptosis in various human cell lines (Liu et al.,
2004; Paroni et al., 2004; Bolger and Yao, 2005), an effect
ascribed to caspase-mediated cleavage of HDAC4, and the
subsequent nuclear accumulation of its amino-terminal frag-
ment (Liu ef al., 2004; Paroni et al., 2004). A role for HDAC4
in mediating DNA repair has also been reported, with its
targeting to specific nuclear foci observed in response to
radiation-induced DNA damage in several cell types (Kao et
al., 2003; Basile et al., 2006; Geng et al., 2006). These DNA
repair and apoptosis-promoting functions of HDAC4 may
be mutually exclusive, as suggested by a recent study dem-
onstrating that non-small-cell lung cancer cells are radiosen-
sitized to apoptosis after disruption of DNA repair by
HDAC inhibitor-induced cytoplasmic retention of HDAC4
(Geng et al., 2006). We speculate that HDAC4 acts as a
proproliferative and prosurvival factor under basal condi-
tions, mediated, respectively, by repression of p21, and by
potentially promoting DNA damage repair and/or repress-
ing the expression of proapoptotic genes, as shown for
HDAC3 (Escaffit et al., 2007). In contrast, under stressful
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conditions and after caspase cleavage, HDAC4 acts to facil-
itate apoptosis.

In addition to its role in cell proliferation and survival, a
role for HDAC4 in inhibiting differentiation of bone and
muscle cells through interaction with the transcription fac-
tors Runx2 and MEF2, respectively, has also been described
previously (Miska et al., 2001; Vega et al., 2004b). Whether
HDAC4 plays a similar role in inhibiting intestinal cell dif-
ferentiation is presently unknown. However, the confine-
ment of HDAC4 expression to the proliferative, undifferen-
tiated cell compartment in the normal intestinal epithelium
would be consistent with such a role, and is worthy of
further investigation.

A role for a class I HDAC, HDAC4, in promoting growth
of colon cancer cells has important implications for cancer
therapy, because HDAC inhibitors currently undergoing
clinical trial in stage IV colon cancer patients have estab-
lished class specificity. For example, depsipeptide (FK228),
in contrast to hydroxamic acid-based HDAC inhibitors such
as SAHA (vorinostat), only weakly inhibits class II HDACs.
(Bolden et al., 2006; Rasheed et al., 2007). Therefore, our
demonstration of an important role for HDAC4 in colon cell
growth would suggest that inhibitors of class I and II
HDAGCs are likely to be more efficient at inhibiting colon
cancer cell growth than class I-specific inhibitors.

In conclusion, these findings identify HDAC4 as an
important regulator of proliferation of colon cancer cells
in vitro, through Spl-dependent repression of p21. The
localization of HDAC4 to the proliferative zone in the
intestinal epithelium is consistent with its physiological
role in maintaining cell proliferation and inhibiting mat-
uration.
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