
Inhibition of histone deacetylase 2 increases apoptosis
and p21Cip1/WAF1 expression, independent of histone
deacetylase 1

BH Huang1,3, M Laban1,3, CH-W Leung1, L Lee1, CK Lee2,
M Salto-Tellez2, GC Raju2 and SC Hooi*,1

1 Department of Physiology, Faculty of Medicine, National University of
Singapore, Singapore

2 Department of Pathology, Faculty of Medicine, National University of
Singapore, Singapore

3 These authors contributed equally to this work
* Corresponding author: SC Hooi, Department of Physiology, Blk MD9,

2 Medical Drive, Singapore 117597, Singapore. Tel: þ 65 6874 3222;
Fax: þ 65 6778 8161; E-mail: phshsc@nus.edu.sg

Received 21.6.04; revised 18.11.04; accepted 01.12.04; published online 21.1.05
Edited by M Piacentini

Abstract
Histone deacetylases (HDACs) 1 and 2 share a high degree of
homology and coexist within the same protein complexes.
Despite their close association, each possesses unique
functions. We show that the upregulation of HDAC2 in
colorectal cancer occurred early at the polyp stage, was more
robust and occurred more frequently than HDAC1. Similarly,
while the expression of HDACs1 and 2 were increased in
cervical dysplasia and invasive carcinoma, HDAC2 expres-
sion showed a clear demarcation of high-intensity staining at
the transition region of dysplasia compared to HDAC1. Upon
HDAC2 knockdown, cells displayed an increased number of
cellular extensions reminiscent of cell differentiation. There
was also an increase in apoptosis, associated with increased
p21Cip1/WAF1 expression that was independent of p53. These
results suggest that HDACs, especially HDAC2, are important
enzymes involved in the early events of carcinogenesis,
making them candidate markers for tumor progression and
targets for cancer therapy.
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Introduction

Histone acetylases (HAT) and deacetylases (HDAC) are two
opposing enzymes that regulate the transcriptional machinery
by controlling the acetylation status of histones. The acetyla-
tion at e-amino group of specific lysines in the N-terminus of
histones neutralizes the positive charge on lysine. This is

thought to reduce the affinity of histone complexes for DNA,
enhancing the access of transcriptional factors to DNA.On the
other hand, deacetylation results in a more condensed
chromatin.1–5 There is clear evidence for the involvement of
bothHATs andHDACs in cell proliferation,6–8 differentiation9–11

and cell-cycle regulation.6,12 Hence, the dysregulation of
acetylation status in the cell is closely linked to cancer.13

Direct evidence for this comes from the study of the function of
fusion proteins in leukemia.14,15 PML-RARa and PLZF-RARa
fusion proteins in acute promyelocytic leukemias recruit
HDAC complexes, which repress genes that are necessary
for differentiation. HDACs also function by interacting with
tumor suppressor genes such as p53,16–18 Rb19–21 and
BRCA1.22 The association of HDACs with these proteins
results either in their recruitment to specific DNA promoter
regions or in the deacetylation of the protein itself. For
example, HDAC1 is recruited by the tumor suppressor Rb.
The recruitment of HDAC1 is necessary for the repression of
E2F target genes by Rb.1,21 Alternatively, the deacetylation of
nonhistone proteins such as p53 may also play a role in the
control of cell cycle dynamics.17

Although there is clear evidence for the involvement of
HDACs in the development of cancer, the specific roles of
individual HDACs in the regulation of cell proliferation,
apoptosis and cell cycle are unclear. The HDAC inhibitors
used to demonstrate effects on cells are for the most part
nonspecific for the different HDAC isoforms. There are at least
17 mammalian HDAC enzymes that have been classified into
three groups based on homology to yeast HDAC enzymes
and dependence on NADþ for activity.5,23,24 Despite the
increasing number of HDAC enzymes isolated from different
species, the specialized functions of most HDACs are
unknown. Also, the regulation of these enzymes during cell
cycle and proliferation is largely unknown. Among the class I
enzymes, HDAC1 and HDAC2 are shown to be highly
homologous25,26 and are found together in large protein
complexes. These protein complexes are associated with
classical transcriptional corepressors such as mSin327–30 and
NuRD.31,32

In this study, we examined the expression of two closely
related class I HDACs, namely HDAC1 and HDAC2 in
matched samples of colon and cervical cancers. We show
that HDAC2 ismore consistently upregulated in colonic polyps
and cancers than HDAC1. Both HDACs1 and 2 were
upregulated in cervical dysplasias and carcinoma, but HDAC2
showed a stronger correlation with the dysplasia transition
region compared to HDAC1. We also demonstrated the
functional significance of HDAC2 upregulation by knocking
down its expression using HDAC2-specific siRNA. HDAC2-
knocked down cells displayed a differentiated morphology
with reduction in cell density and increased apoptosis,
associated with an increase in p21Cip1/WAF1 expression
independent of p53. The data in this paper provide the first
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evidence for the different expression of these closely related
HDAC enzymes in cancer and identifies histone deacetylases
(HDACs), especially HDAC2, as candidate genes involved in
the early events of carcinogenesis.

Results

HDAC1 and HDAC2 mRNA expression is increased
in colorectal tumors

The expression of HDAC1 and HDAC2 mRNA was quantified
in 16 colorectal cancers and matched normal mucosal
samples using real-time quantitative RT-PCR. 18S mRNA
was used to correct for minor variations in loading. The
melting curve analysis and the sequencing results confirmed
that the HDAC1 and HDAC2 RT-PCR products were specific
(data not shown). The results are summarized in Figure 1 and
Table 1. Only HDAC2 was significantly upregulated in
matched colon tumor compared to normal mucosa (Po0.05).
HDAC2 was upregulated by at least two-fold in 9/16 tumor

samples compared to matched normal mucosa. In contrast,
only 6/16 showed a more than two-fold upregulation of
HDAC1. Four of the 16 samples showed upregulation of
HDAC2 by at least five-fold. HDAC2 was upregulated bymore
than eight-fold in three tumor samples. In contrast, HDAC1
was not upregulated by more than four-fold in all the tumor
tissues examined. Five of the 16 sets of samples had
concomitant polyps, which were also examined for both
HDAC1 and HDAC2 mRNA expression. Three of the five
polyps showed greater than two-fold upregulation of HDAC2
mRNA compared to normal mucosa. One of the polyps was

upregulated by 12-fold. In contrast, only two of the five polyps
showed more than two-fold upregulation of HDAC1.

HDAC1 and HDAC2 protein expression is
increased in colorectal tumors

A tissue array was constructed from 45 matched samples of
colorectal cancer and normal mucosa. The adequacy of the
array was analyzed and all the tissue punches were scored by
a pathologist (MST) according to the specifications stated in
Materials and methods. In particular, the duplicate tissue
array of 0.6-mm-diameter punches showed maximal (495%)
representativity of the intended tumor-normal samples.
Furthermore, they allowed maximal correlation when compar-
ing all the antibodies used, as immunohistochemistry was
representative and successful in the vast majority of the
punches. This is in keeping with our previous experience of
TMA accurate representation on other neoplasms.33 Figure 2
illustrates a representative protein expression grading for both
HDAC1 and HDAC2. Tables 2a and b show a summary of the
grading intensities of the 45 matched pairs of samples
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Figure 1 Expression of HDACs1 and 2 in colorectal cancer by quantitative RT-
PCR. HDACs1 and 2 mRNA levels were normalized against 18S and the tumor/
normal (T/N) ratios calculated

Table 1 Summary of the expression of HDACs 1 and 2 in colorectal cancers
and polyp samples

HDAC
1 (T/N)

HDAC
2 (T/N)

HDAC
1 (P/N)

HDAC
2 (P/N)

42-fold 6/16 (37.5%) 9/16 (56.3%)* 2/5 (40%) 3/5 (60%)
45-fold 0 4/16 (25%) 0 1/5 (20%)

Ratios of tumor/normal (T/N) and polyp/normal (P/N) were calculated for each
set of matched samples. The results were categorized into two groups showing
a 42-fold and 45-fold increase in expression (*Po0.05)

Grade 0

20X

600X

Grade 3Grade 2Grade 1

Figure 2 Colorectal TMA immunohistochemistry. Representative examples of
the scoring performed on HDACs1 and 2 staining. Score 0 is defined as no
positive staining in the nucleus; scores 1–3 represent increasing intensity of
nuclear staining. The upper panel shows � 20 magnification and the lower panel
shows � 600 magnification

Table 2 Summary of HDACs1 and 2 scores in colorectal tissue microarray

HDAC1 0 1 2 3

(a)
N 24.1 53.7 14.8 7.4
T 12.3 15.4 27.7 44.6

HDAC2 0 1 2 3

(b)
N 35.0 50.0 15.0 0.0
T 0.0 12.7 27.0 60.3

r1 Z2

(c)
HDAC1 59.7 40.3
HDAC2 38.9 61.1*

Percentage of normal and tumor samples scored in each category for HDAC1
(a) and HDAC2 (b). (c) Percentage of samples showing an increase ofr1 and
Z2 in scores for each matched set of normal and tumor samples (*Po0.05)

Human histone deacetylases 1 and 2
BH Huang et al

396

Cell Death and Differentiation



expressed as percentages. The number of normal mucosal
samples distributed in each of the grading intensities was
similar for HDAC1 and HDAC2, suggesting that basal
expression of the two proteins were similar in normal colonic
mucosa. However, HDAC2 expression in tumors was higher
compared to HDAC1. In all, 60% of the tumors were scored
grade 3 for HDAC2 expression compared to 45% for HDAC1.
Comparing normal mucosa and matched tumor samples,
there was a 60% increase in the number of samples scoring 3
for HDAC2 compared to a 37% increase for HDAC1.
Interestingly, 12.3% of the tumor samples had a score of 0
for HDAC1. None of the tumor samples were scored 0 for
HDAC2 expression. The difference in HDAC1 and HDAC2
expression in tumors was more obvious when the differences
in grading between tumor and matched normal mucosal
samples were compared (Table 2c). There were significantly
more tumor samples showing at least two-grade increase in
intensity for HDAC2 staining compared to HDAC1 (Po0.05).

p21Cip1/WAF1 expression is inversely correlated
with HDAC2 in colorectal cancer

p21Cip1/WAF1 was expressed at the upper two-thirds of a
normal colon crypt but was not detected at the base of the
crypt (Figure 3a). The expression of HDAC2, however,
showed the opposite pattern, with expression predominantly
at the base of the crypt (Figure 3b). p21Cip1/WAF1 nuclear
expression was detected in 88% of the normal samples but
only in 22% of the tumor samples. This distribution is
consistent with the inverse correlation between HDAC2 and
p21Cip1/WAF1 expression since HDAC2 expression was higher
in tumor samples. When a comparison was made between
tumor samples and their respective matched normal, 86% of
the tumor samples showing upregulation of HDAC2 had
concomitant downregulation of p21Cip1/WAF1.

HDAC1 and HDAC2 protein expression is
correlated with cervical dysplasia

Figure 4 shows representative samples of different stages of
cervical intraepithelial neoplasia (CIN) stained with specific
HDAC1 and HDAC2 antibodies. Serial sections were used for
immunohistochemistry. Both HDACs1 and 2 showed similar
pattern of staining in the normal epithelium as well as invasive
carcinoma. They were strongly expressed in the proliferating
basal cells of the normal epithelium (Figures 4a and e). Even
though both HDACs1 and 2 expression was correlated with
the degree of dysplasia, HDAC2 staining showed a clearer
demarcation of upregulation in the dysplasia transition region
compared to HDAC1 (Figures 4b and f). Moreover, less
number of cells was positively stained with HDAC1 compared
to HDAC2 in the dysplastic region. Invasive carcinoma was
strongly stained for both HDAC1 and 2 (Figures 4d
and h). Similar to the observation in normal colon tissues,
p21Cip1/WAF1 expression in the normal cervical tissue was also
inversely correlated to the expression of HDACs1 and 2.
p21Cip1/WAF1 expression was absent in the basal layer of
proliferating epithelial cells where HDACs1 and 2 were

strongly expressed, and positive in the middle zone where
HDACs1 and 2 were weakly expressed (Figure 3c).

HDAC2 knockdown using siRNA in HeLa cells is
associated with an increase in p21Cip1/WAF1

expression

The function of HDAC2 in cell growth was examined by
knocking down HDAC2 expression in HeLa cells. A HDAC2
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Figure 3 Expression of p21Cip1/Waf1 is inversely correlated to HDAC2 in the
normal colon and cervix. High expression of p21Cip1/Waf1 was observed at the
upper two-thirds of the crypt (-) (� 100) (a), whereas HDAC2 expression was
limited to the base of the crypt (-) (� 200) (b). p21Cip1/Waf1 expression was
limited to the middle zone (MZ) of the cervical epithelium. No staining was seen in
the basal proliferative layer (-) (� 200) (c)
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sequence-specific small interfering RNA (siRNA) was
designed and transiently transfected into the cells. HeLa cells
were chosen because they were readily transfectable and
produced consistent knockdown of at least 50% when
compared to scrambled siRNA-transfected cells. Figure 5 is
a Western blot showing HDAC2 knockdown in HeLa cells
transfected with 4.8mg HDAC2 siRNA (HD2) compared to
4.8mg scrambled (scr) siRNA-transfected cells at 72 h post-
transfection. The samples were also probed for HDAC1,
p21Cip1/WAF1, p53 and GAPDH. There was no knockdown of
HDAC1mRNAand protein, even though the protein sequence
is highly homologous to HDAC2. The GAPDH protein was
used as a control for protein loading. The knockdown of
HDAC2 in the cells was evident at 24 h post-transfection. At
48 h after transfection, HDAC2 knockdown caused a 1.8-fold
increase in p21Cip1/WAF1 mRNA and a four-fold increase in
protein. The induction of mRNA and protein were maintained
for at least 72 h. HDAC2 knockdown also resulted in a 1.7-fold
increase in p53 mRNA 48h after transfection, but protein

levels remain unchanged. The results are representative of
four independent experiments.

HDAC2 knockdown results in a change in cell
density and morphology

Treatment of cells with HDAC2-specific siRNA resulted in
changes in cell density and morphology. Figure 6a is a
representative field of HeLa cells 96 h after transfection with
4.8mg of HDAC2-specific siRNA. The cells were sparse
compared to cells treated with scrambled siRNA, which were
confluent at this time (Figures 6a and b). Cells in the HDAC2
siRNA group showed morphological characteristics of apop-
tosis as characterized by their being rounded, shrunken and
highly refractile. Interestingly, the remaining cells were flatter
and had more extensions compared to the scrambled treated
cells. This morphology is reminiscent of a differentiated
phenotype. For comparison, the morphology of cells treated
with butyrate, a known differentiating agent, is shown in
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Figure 4 Cervical tissue immunohistochemistry. Representative examples of HDAC1 (a–d) and HDAC2 (e–h) staining in cervical tissue. (a and e) Normal cervical
epithelium (� 90), (b and f) dysplasia transition region (� 90), (c and g) dysplastic region (� 360) and (d and h) invasive carcinoma (� 90)
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Figure 6c. HeLa cells treated with butyrate were flat and had
numerous extensions.

HDAC2 knockdown increases apoptosis in HeLa
cells

The functional significance of HDAC2 knockdown was exam-
ined by determining its effect on apoptosis. The cells were
stained with Annexin V and propidium iodide (PI) at 72h post-
transfection. Figure 7a is a representative dot plot analysis of PI
against Annexin V staining. Apoptotic cells are represented in
quadrant 2 (indicated by the numerical percentage). Figure 7b
summarizes data from four independent experiments and
shows a significant increase in the percentage of apoptotic
cells in theHDAC2 knockdown cells compared to the scrambled
population after 72h (18.5 versus 8.2%,Po0.05). The increase
in apoptosis was also evident in Figure 7c, which is a graphical
plot of the number of cells against PI staining (4.1% against
13.0%). The sub-G1 fraction (M1) represents the apoptotic cell
population. There was no significant difference in the distribu-
tion of cells in the other cell-cycle phases. There was also no
apparent cell cycle arrest at either G1/S or G2M.

Discussion

The results from this study are the first to compare HDACs1
and 2 regulation in human colon and cervical cancer. HDACs1

and 2mRNA and protein levels were upregulated in colorectal
cancer. However, the upregulation of HDAC2 was more
robust and observed more frequently compared to HDAC1.
HDAC2 mRNA expression was upregulated by more than
two-fold in 9/16 tumors, compared to 6/16 for HDAC1.
Similarly, 61.1% of tumors showed a two or three grade
difference in intensity of HDAC2 staining, compared to 40.3%
of tumors for HDAC1. Thus, there were significantly more
tumor samples showing at least two-grade increase in
intensity for HDAC2 staining compared to HDAC1
(Po0.05). A significantly greater number of samples showed
an increase in HDAC2 staining compared to HDAC1
(Po0.05). The upregulation of HDAC2 was observed in
colonic polyps, suggesting that the change occurs early in the
carcinogenic process. The transition from polyp to carcinoma

scr               HD2

HDAC2

p21Cip1/WAF1

GAPDH

HDAC1

p53

Figure 5 Western blot of HDAC2-knocked down HeLa cells. HeLa cells were
treated with scrambled siRNA (scr) or HDAC2-specific siRNA (HD2) and
harvested at 72 h

a

b

c

Figure 6 Morphological changes in HDAC2-knocked down HeLa cells. HeLa
cells were treated with scrambled siRNA (a), HDAC2-specific siRNA (b), or 5 mM
sodium butyrate (c) (� 200 magnification) for 72 h
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was also accompanied by a further increase in HDAC2mRNA
expression in all five polyps examined. In contrast, the
upregulation of HDAC1 was not as robust in polyps. Only
two of the five polyps showed an increase in expression in
HDAC1 compared to matched normal mucosa. Further, only
two of the five polyps showed a change in HDAC1 expression
when compared to matched colonic tumors. This suggests
that HDACs1 and 2, although closely related, sharing 75%
identity in DNA sequence and 85% identity in protein
sequence,25,26 and often found together in protein complexes,
may be regulated differently in colorectal polyps and colonic
cancer. The different regulation of HDAC1 and 2 in cancer is
consistent with the proposal that they have distinct functions in
the cell. Lagger et al.,34 using HDAC1-deficient mouse
embryonic stem cells, showed that HDAC1 possessed a
unique function that could not be compensated by HDAC2. A
separate study showed that HDAC1 and 2 have distinct
functions in senescence.35 The investigators isolated a
senescence-specific form of HDAC2 that did not contain
HDAC1, a form not seen in younger cells.
The upregulation of both HDACs1 and 2 was also observed

in cervical dysplasia and invasive carcinoma. Interestingly,
both HDACs1 and 2 were expressed in the basal layer of
normal cervical tissue. No expression was detected in the
upper layers of the epithelium, comprising the more mature
and differentiated cells, suggesting that the expression of both
isoforms was correlated to cell proliferation. The pattern of
upregulation of HDAC1 and 2 was similar in cervical dysplasia
and invasive carcinoma. However, HDAC2 showed a more

distinct demarcation of higher staining intensity at the
dysplasia transition region. Further, there appeared to be
more cells staining positive for HDAC2 than HDAC1 in
cervical dysplasia, consistent with the observation in color-
ectal polyps and cancer, where HDAC2 was more strongly
upregulated than HDAC1.
The study also highlights the variations in HDAC1 and 2

expression in normal tissue and cancer. This was particularly
apparent in the immunohistochemistry study using the tissue
microarray (TMA). The normal mucosal staining intensities for
HDAC1 ranged from grades 0 to 3, while HDAC2 from grades
0 to 2. The tumor staining intensities were also widely
distributed, although they were skewed towards the higher
staining intensities. It is only when the relative staining
intensities of matched samples were compared that the
increase in expression in cancer for both HDAC1 and 2
became apparent. It is therefore not surprising that the
differences in HDAC expression in cancer was not detected in
an analysis using nonmatched samples.23

Our results suggest that an increase in HDAC activity,
especially that of HDAC2, facilitates the development of
tumors. This hypothesis is supported by our results showing
that the knockdown of HDAC2 in cells results in increased
apoptosis. Consistent with this, recent results from Zhu
et al.,36 show that overexpression of HDAC2 protects cells
against apoptosis. The protection of cells against apoptosis by
HDAC2 may be an important factor facilitating the develop-
ment of tumors. Taken together, these results suggest that the
upregulation of HDAC2 is a cause, rather than a consequence
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of carcinogenesis. Consistent with its role in carcinogenesis,
HDAC2 expression was upregulated early in this process, at
the colonic polyp and cervical dysplastic stages. This proposal
is consistent with studies showing that the inhibition of HDAC
activity using a variety of inhibitors reverses the cancer
phenotype by causing cell differentiation,13,24,37–39 apopto-
sis40–44 and cell-cycle arrest.45,46 However, since the inhibi-
tors used were not specific for any particular HDAC isoform, it
has not been possible to determine the functional significance
of these isoforms in cancer development. Our results indicate
that the specific HDAC isoform HDAC2 plays an important
role in cancer development independent of HDAC1, since the
reduction in HDAC2 expression occurred without a decrease
in HDAC1 expression (Figure 5).
The increase in p21Cip1/WAF1 mRNA and protein after

HDAC2 knockdown suggests that HDAC2 may be involved
in the regulation of p21Cip1/WAF1 at the transcriptional level.
This hypothesis is further supported by our immunohisto-
chemistry data showing an inverse correlation between
HDAC2 and p21Cip1/WAF1 expression in both normal colon
and cervical tissue. The inverse relationship was also
observed in colon tumor samples. Interestingly, the expres-
sion of p21Cip1/WAF1 in tumor cells overexpressing HDAC2
was not only reduced but also aberrantly localized to the
cytoplasm instead of the nucleus. Studies have shown that
p21Cip1/WAF1 cytoplasmic expression may render its growth
inhibitory function ineffective.47,48 Hence, we postulate that
HDAC2 can regulate both the expression and localization of
p21Cip1/WAF1 in the cell.
As p53 is a known regulator of p21Cip1/WAF1 expression, we

determined the levels of p53mRNAand protein in the cell after
HDAC2 knockdown. Our results indicate that the change in
p21Cip1/WAF1 mRNA and protein occurred without a change in
p53 protein levels, suggesting that HDAC2 knockdown
increases p21Cip1/WAF1 independent of p53. Our results also
suggest that the increase in apoptosis, consequent to HDAC2
knockdown, is independent of p53. Hence, we suggest that
apoptosis induced by a knockdown of HDAC2 involves p21
but not p53. The mechanism by which p21Cip1/WAF1 may
cause apoptosis is currently unclear. There are reports that
suggest that p21Cip1/WAF1 inhibits apoptosis. Hence, down-
regulation of p21Cip1/WAF1 renders cells more sensitive to
interferon-, cytotoxic- and gamma irradiation-induced apop-
tosis.49–52 p21Cip1/WAF1has also been shown to inhibit Fas-
mediated apoptosis by forming a complex with procaspase-
3.53 However, p21Cip1/WAF1 has been shown to induce
apoptosis or even found to be indispensable for apoptosis.54

Increasing p21Cip1/WAF1 expression has been shown to induce
apoptosis in glioma, hepatoma, cervical, ovarian and mam-
mary tumor cells.55,56 It is possible that the level of
p21Cip1/WAF1 in the cell is an important determining factor as
to whether the cell differentiates or undergoes apoptosis. For
example, lower levels of p21Cip1/WAF1 may cause the cell to
differentiate and higher levels may direct the cell to an
apoptotic pathway. The relationship between the upregulation
of p21Cip1/WAF1 in our study after HDAC2 knockdown and
apoptosis is currently unknown. It is possible that the
extremely high levels of p21Cip1/WAF1 induced (up to six-fold)
in the cell may direct the cell to an apoptotic pathway.
However, it is also possible, from the morphological changes

observed, that cells which may not be expressing such high
levels of p21Cip1/WAF1 may be induced to differentiate. Further
experiments will be required to address this possibility. It
would be interesting to compare the relative effects of HDAC1
and 2 knockdowns on apoptosis and differentiation.
In conclusion, the study has shown, for the first time, that

the expression of HDACs1 and 2 is increased in colorectal
polyp and cancer, and in cervical dysplasia and carcinoma.
The upregulation of HDAC2 expression was more robust and
occurred more frequently in colorectal tumors. The upregula-
tion occurred at an early phase in colorectal cancer develop-
ment, at the polyp stage. We have also demonstrated that
HDAC2 knockdown induces apoptosis possibly through an
upregulation of p21Cip1/WAF1, but independent of p53. HDAC2
may also play a role in the differentiation status of a cell. Taken
together, the study suggests that HDACs, especially HDAC2,
are important markers for cancer progression and candidate
targets for drug therapy.

Materials and Methods

Fresh tissue samples and RNA isolation

Anonymized samples of fresh tumor and matched normal mucosa were
obtained from 16 human colorectal cancers surgically resected between
June 1997 to August 2000 at National University Hospital and Tan Tock
Seng Hospital, Singapore. Five of these sets of samples had concomitant
polyps. All samples were frozen and stored in liquid nitrogen until
ribonucleic acid (RNA) extraction. Histopathology of the samples was
verified by a pathologist. Total RNA was extracted from the tissues by
the guanidinium thiocyanate method.57 RNA was quantified photome-
trically at 260 nm.

Quantitative real-time reverse transcription-
polymerase chain reaction (RT-PCR)

Real-time RT-PCR was carried out using the LightCycler System
instrument (Roche, Mannheim, Germany). Amplified products were
detected by measuring the binding of the fluorescence dye SYBR Green
I to double-stranded DNA (SYBR Green I RNA amplification kit, Roche).
Primers were designed and optimized for maximum efficiency and
specificity according to the manufacturer’s specifications. The primer
sequences used were as follows: HDAC2 forward: 50-GTTG
CTCGATGTTGGAC-30, reverse: 50-CCAGGTGCATGAGGTA-30; HDAC1
forward: 50-AACTGGGGACCTACGG-30, reverse: 50-ACTTGGCGTGT
CCTT-30;18S ribosomal RNA forward: 50-GTAACCCGTTGAACCCCA
TT-30, reverse: 50-CCATCCAATCGGTAGTAGCG-30; GAPDH forward: 50-
AGCAATGCCTCCTGCACCACCAAC-30; reverse: 50-CCGGAGGGGCCA
TCCACAGTCT-30; p21Cip1/WAF1 forward: 50-ATTAGCAGCGGAACAAGG
AGTCAGACAT-30, reverse: 50-CTGTGAAAGACACAGAACAGTACAGG
GT-30 and p53 forward: 50-CACTAAGCGAGCACTG-30, reverse: 50-
GGAGGTAGACTGACCC-30. The PCR reaction components comprised
2 ml of RT-PCR reaction mix (dNTPs, MgCl2, SYBR Green), and 0.2ml of
RT-PCR enzyme mix, a final concentration of 6 mM MgCl2, and 0.4ml of
each primer (10 mM), in a total volume of 10 ml. The PCR reaction was
started with an initial reverse transcription at 551C for 10 min, followed by
30 s at 951C and 45 cycles of amplification (0 s at 951C, 10 s at 601C
(621C for p21Cip1/WAF1) and 9 s (13 s for p21Cip1/WAF1) at 721C) for all
primer sets. At the end of each cycle, the fluorescence emitted by SYBR
Green was measured. After completion of the amplification process,
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samples were subjected to a temperature ramp with continuous
fluorescence monitoring for melting curve analysis to test for product
specificity. The products were analyzed by electrophoresis on a 2%
agarose gel and verified by sequencing. A serial dilution of standards was
individually constructed for each set of primers to determine the log-linear
range and the efficiency of the reaction using the LightCycler Data
Analysis Software. Relative quantification of HDAC1 and 2 in normal,
polyp and tumor samples was carried out after normalization with 18S,
an internal control. For cell lines, GAPDH was used as an internal
control. Calculations were performed according to the manufacturer’s
specifications.

Tissue microarray

A total of 90 colorectal samples (45 sets of tumor and paired normal
mucosa) were included in this study. These were random cases from the
files of the Department of Pathology, National University Hospital of
Singapore, with no selection bias regarding gender, age, clinical
presentation or tumor staging. The materials were fully anonymized prior
to the inclusion in the study. TMAs were constructed as before,33 including
negative and positive controls in the array to assess the adequacy of the
staining. After a morphologically representative area of tumor was
annotated by the pathologist, tissue cylinders with a 0.6 mm diameter were
punched from the donor tissue block and deposited into a recipient block
using a tissue arraying instrument (Beecher Instrumentss, Silver Spring,
MD, USA). A section was stained with hematoxylin and eosin (H&E) for
histological confirmation of the arrayed tissues. Scoring of HDAC1 and 2
expressions in the TMA format was based on the intensity of the staining,
with 0 score if no staining was detected and 1 to 3 representing
low, moderate or intense expression (see Figure 2 for an illustration of
this approach). The presence of p21Cip1/WAF1 was based on positive
nuclear staining.

Cervical tissue blocks

Nine blocks of tissue from uterine cervix showing CIN of different grades
were selected for this study. These blocks were randomly selected from
the files of Department of Pathology, National University of Singapore and
were fully anonymized prior to the inclusion in the study.

Immunohistochemistry

Immunohistochemistry was performed using a standard indirect immuno-
peroxidase method. Sections from formalin-fixed, paraffin-embedded
tissues were deparaffinized, treated with 3% hydrogen peroxide in Tris-
buffered saline and pretreated at 961C for 30 min in 10 mmol/l citrate buffer
(pH 6.0). For p21Cip1/WAF1 staining, the sections were treated with Antigen
Unmasking Solution (Vector Laboratories, California, USA). Staining was
carried out by an avidin-biotinylated horseradish peroxidase complex
method (DAKO, Glostrup, Denmark) using a rabbit polyclonal antibody
against HDAC2 (Santa Cruz Biotechnology, Santa Cruz, CA, USA),
a rabbit polyclonal antibody against HDAC1 (Santa Cruz Biotechno-
logy, Santa Cruz, CA, USA), a mouse monoclonal antibody against
p21Cip1/WAF1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA). The
dilutions used for the HDAC1, HDAC2 and p21Cip1/WAF1 antibodies were
1 : 100, 1 : 500 and 1 : 100 respectively. HDAC1 and 2 antibodies have no
crossreactivity with each other as unique regions were used to design
each of the antigen. Hematoxylin was used as counterstain.

Cell culture and reagents

The human cervical carcinoma HeLa cells were purchased from ATCC
(Bethesda, MD, USA) and grown in RPMI1640 medium supplemented
with 10% fetal bovine serum (FBS; HyClone, Logan, UT, USA). Cells were
trypsinized, seeded at 1.5� 105 cells/well in a six-well plate, and allowed
to grow overnight at 371C in a humidified incubator at 5% CO2. At 24 h
after plating, the cells were transfected with 1, 2 and 4.8 mg of HDAC2-
specific siRNA and scrambled siRNA in serum-free and antibiotic-free
RPMI 1640 medium. Transfection was carried out using GeneSilencert
siRNA transfection reagent (Gene Therapy Systems Inc., San Diego, CA,
USA) according to the manufacturer’s specifications. At 4 h after
transfection, an equal volume of medium with 20% FBS supplement
was added to each well. The cells were washed with fresh medium 24 and
48 h after transfection, and maintained in a 10% FBS-supplemented
medium. The cells were harvested at specified time points for protein and
RNA extraction, assayed for apoptosis, Western analysis and quantitative
real-time RT-PCR. As a positive control for cell morphology changes,
HeLa cells were treated with 5 mM sodium butyrate for 72 h.

HDAC2 siRNA

The HDAC2-specific siRNA duplex was designed using the OligoEnginet
software (www.oligoengine.com) according to its set of algorithms. The
siRNA was synthesized by Dharmacon Inc. (Lafayette, CO, USA) and
delivered in 20-deprotected and desalted form. An siRNA duplex was
designed against the HDAC2 gene to recognize the sequence 50-
AATCCGCATGACCCATAACTT-30. Scrambled siRNA was also pur-
chased through OligoEnginet (Cat. No. D1200-20) and used as a control.

Annexin assay and PI staining

Annexin-V-FLUOS Staining Kit (Roche Diagnostics GmbH, Germany) was
used to quantify the level of apoptosis in the samples, according to the
manufacturer’s specifications. Briefly, cells were trypsinized, centrifuged
and resuspended in 100 ml of Annexin-V-FLUOS labeling solution. After a
15-min incubation, the cells were analyzed using FACS Vantage SE Flow
Cytometry system (Becton Dickinson, NJ, USA). A separate aliquot of cells
was also stained with 50 mg/ml PI in the presence of 0.6% NP-40 and
0.2 mg/ml RNAse A, for cell-cycle analysis.

Western blot analysis

Total protein extraction was carried out using lysis buffer (6 M urea, 1% 2-
mercaptoethanol, 50 mM Tris buffer (pH 7.4), 1% SDS in phosphate-
buffered saline (pH 7.4)). Total protein (30 mg) was subjected to SDS-
PAGE on a 4% stacking gel and 12% resolving gel for the analysis of
HDAC1, HDAC2, p21Cip1/WAF1, p53 and GAPDH expressions. Proteins
were transferred to a nitrocellulose membrane (Hybond C-Extra,
Amersham Biosciences, UK) and blocked overnight in PBS solution
containing 0.1% Tween-20 and 5% (w/v) nonfat milk powder. The
membrane was then incubated with anti-HDAC1, anti-HDAC2, anti-p53,
anti- p21Cip1/WAF1 (Santa Cruz Biotechnologies Inc., Santa Cruz, CA,
USA) and anti-GAPDH (Chemicon International Inc., Ternecula, CA, USA)
for 1 h and subsequently with an anti-rabbit or an anti-mouse secondary
antibody. SuperSignals West Dura (Pierce Biotechnology Inc., Rockford,
IL, USA) chemiluminescent substrate was used to detect the bound
antibodies. The membrane was then exposed to Kodak BioMax film
(Eastman Kodak, Rochester, NY, USA). The intensity of the Western blot
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bands was quantified using Typhoon 8600 (Molecular Dynamics, division
of Amersham Pharmacia Biotech, Sunnyvale, CA, USA).

Statistical test

Paired samples t-test and w2 test with Yates’ continuity correction were
performed using GraphPad Prism Version 4.0. A two-tailed P-value of less
than 0.05 was considered statistically significant.
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