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Abstract We studied the effects of suberoylanilide hydroxa-
mic acid (SAHA), a histone deacetylase (HDAC) inhibitor, on
colon cancer. The expression of HDACs in colorectal cancer
specimens and the effects of SAHA on colon cancer cells and
tumors of nude mice were assessed. Treatment with SAHA
(3 um) for 72 h induced downregulation of different subtypes
of HDAC proteins and also induced acetylation of histone 3
and histone 4. SAHA significantly inhibited the expression of
the oncogenic protein c-myc and also increased the expression
of the p53 and Rb proteins. The immunohistochemical stain-
ing of HDAC:s, including HDAC1, HDAC2, HDAC3, and
HDACA4, was significantly increased in colorectal adenocar-
cinoma specimens compared to healthy control tissues. In
addition, murine studies showed that 100 mg/kg SAHA ad-
ministered by intraperitoneal injection significantly induced
tumor necrosis and inhibited the growth of colon tumors.
Immunohistochemistry of the tumor tissues from nude mice
revealed that SAHA inhibited the expression of different sub-
types of histone deacetylase, the anti-apoptotic proteins cyclin
D1, survivin, and also inhibited cell proliferative as deter-
mined by Ki67 expression. SAHA inhibited the growth of
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Introduction

The principle treatment for patients with colon adenocarci-
noma is the surgical removal of the involved segment of
colon tissue with free surgical margins [1]. In patients with
metastatic lesions or high stage disease, surgery is followed
by chemotherapy to ablate any remaining cancer cells [2].
Although the prognosis of patients with colon cancer has
recently improved with advanced therapies, some cases
remain refractory to these advanced approaches. Thus, de-
velopment of new targeted therapies is necessary for the
successful treatment of these patients.

Histone deacetylases (HDACs) and histone acetyltransfer-
ase are responsible for the covalent modification of histone
proteins and consequential changes in chromatin architecture
and gene expression in different cancers [3, 4]. Recent devel-
opment of HDAC inhibitors (HDACi) represent a new ap-
proach for the treatment of cancers [5, 6]. One HDACI,
suberoylanilide hydroxamic acid (SAHA), has promising an-
ticancer activity. It functions via covalent modification of
histone proteins, specifically inhibiting HDACs. We and other
groups have recently demonstrated that SAHA can induce
apoptosis and sub-G1 arrest in colon and other cancers [7,
8]. However, whether or not treatment with SAHA in nude
mice is effective at inhibiting the growth of colon cancer is
currently unknown.

In this current study, we analyzed the in vitro and in vivo
effects of SAHA on colon cancer. SAHA efficiently inhibited
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Fig. 1 SAHA alters the A
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acetyl-histone 3, and
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Fig. 2 SAHA alters the protein

levels of c-myc a, c-Raf b, p53, A 24 hr 48 hr
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Western blot analysis of cells 0 1 3 0 1 3

treated with or without SAHA H P c-mvyc
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72 h)
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tumor growth in nude mice and induced tumor necrosis,
indicating that SAHA might represent a promising adjuvant
therapeutic agent for the treatment of colon cancer.

Materials and Methods
Cell Line

The human colon adenocarcinoma cell line Colo 320HSR
(BCRC) was cultured in 90% RPMI 1640 medium supple-
mented with 2 mM L-glutamine adjusted to contain 1.5 g/LL
sodium bicarbonate, 4.5 g/L glucose, 10 mM HEPES,
1.0 mM sodium pyruvate, and 10% heat-inactivated fetal
bovine serum. Cell monolayers were routinely grown to
maximum density of 70-80% of confluence at 37°C in 5%
CO, prior to analysis. This study was approved by the
Internal Review Board of Tri-Service General Hospital
(No. 097-05-147).

Western Blot Analysis

The following antibodies and dilutions were used: HDAC
antibody sample kit (1:100; Cell Signaling Technology, Bev-
erly, MA, USA), rabbit anti-acetyl histone H3 (Lys 18; 1:1000;
Cell Signaling Technology, Beverly, MA, USA), rabbit anti-
acetyl histone H4 (Lys 12; 1:1000; Cell Signaling Technology,
Beverly, MA, USA), rabbit anti-c—myc (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), rabbit anti-c—raf (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), rabbit anti-p53 (Up-
state Biotechnology, Charlottesville, VA, USA), and mouse
anti-Rb (Upstate Biotechnology, Charlottesville, VA, USA).
Goat anti-rabbit (1:1000; Santa Cruz Biotechnology, Santa
Cruz, CA, USA) HRP-coupled secondary antibodies at a final
concentration of 1 pg/mL was also used. Specific protein
bands were visualized using enhanced chemiluminescence
assays (Millipore, Billerica, MA, US). All Western blots were
also immunoblotted with antibodies against GAPDH to
demonstrate equal loading of protein samples.

Tumor Xenograft Studies

Female congenital athymic BALB/c nude (nu/nu) mice were
purchased from Charles River Laboratories (Boston, MA,
USA). Cultured colon cancer cells (1 x 107) were injected
subcutaneous into the flank region of the mice. Animals were
divided into two groups: One group received intraperitoneal
administration of SAHA (100 mg/kg) at seven doses per week
for 5 weeks. The other group served as the vehicle control.
The SAHA was diluted in DMSO. Tumor volume was deter-
mined every day by measurement of the length (L) and width
(W) of the tumor mass. The tumor volume at day n (TVn) was
calculated as TV (mm®)=(LxW?)/2 as previously published

[7]. Xenograft tumors of the treated and vehicle control mice
were harvested at the end of the experiment, fixed in 4%
formalin, and then embedded in paraffin.

Immunohistochemistry Analysis of Tumors in Nude Mice

Xenograft tumors of the treated and vehicle control mice
were harvested at the end of the experimental time period.
Tumors were embedded in paraffin, and tissue microarray
analysis was conducted according to our previous reports [9,
10]. The tissue microarray slides were cut in 4-pm sections

Table 1 HDAC immunostaining scores in colorectal adenocarcinomas

Differentiation status Tumor

Intensity % Total

staining  score

HDACI1
Well differentiated CA 22404 93+6 204+22%
Moderatelyl differentiated CA 2.8+0.5 96+3 196+16%*
Poorly differentiated CA 2.9+0.3 95+5 275+18%*
Healthy tissue 1.2+0.4 63+8 76+6
HDAC2
Well differentiated CA 1.6+0.4 45+8 72+18%*
Moderatelyl differentiated CA  2.1£0.5 80+6 168+13*
Poorly differentiated CA 2.8£0.2 95+6 266+18%*
Healthy tissues 1.4+0.5 74+11 103+15
HDAC3
Well differentiated CA 2.6+0.5 92+11 239+21%*
Moderatelyl differentiated CA 2.7+0.4 91+9 245+16%*
Poorly differentiated CA 2.8+0.4 97+8 271+18%*
Healthy tissue 2.5+0.4 60+8 150+19
HDAC4
Well differentiated CA 2.7£0.6 96+7 259+22%
Moderatelyl differentiated CA 2.4+0.5 91+9 218+21%*
Poorly differentiated CA 2.7£0.5 89+7 240+19%*
Healthy tissue 0.6+0.2 11+6 70+8
HDACS
Well differentiated CA 0.4+0.4 S5+1 2+2
Moderatelyl differentiated CA 0.5+0.2 7+£3 4+3
Poorly differentiated CA 0.4+0.2 19+4 8+4
Healthy tissue 0.3+£0.3 342 7+1
HDAC7
Well differentiated CA 0.5+0.3 19+4 15+6
Moderatelyl differentiated CA 1.2+0.4 21+3 25+8
Poorly differentiated CA 0.6+0.2 60+5 36+12
Healthy tissue 0.7+0.5 57+5 36+11

Data are presented as the mean+standard error of the mean (SEM) of
immunostaining scores for the different subtypes of HDACs in colo-
rectal adenocarcinomas (CA). * Indicates a significant difference in
HDAC scores between tumor and healthy colorectal epithelia (P<0.05)
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Fig. 3 Representative
immunohistochemical analysis
of HDACI in well
differentiated a, moderately
differentiated b, and poorly
differentiated ¢ colorectal
adenocarcinomas and
non-neoplastic colon

tissue d. Original
magnification, x 400

for histologic study using hematoxylin and eosin (H&E)
staining and immunostaining. The slides were incubated
with the primary antibody for 1 h and then rinsed. Staining
was carried out using a streptavidin-biotin labeling kit
(DakoCytomation, Glostrup, Denmark). The primary anti-
bodies used were as follows: mouse monoclonal anti-cyclin
DI (1:100; Oncogene Research Products, Cambridge, MA,
USA), anti-survivin (1:100; DakoCytomation, Glostrup,
Denmark), anti-Ki—67 (1:50; DakoCytomation, Glostrup,
Denmark), and anti-p53 (1:100; DakoCytomation, Glostrup,
Denmark). Positively stained cells were counted in 3—4
random high-power fields (x400). The HDAC antibody
sample kit (including HDAC1, HDAC2, HDAC3, HDACH4,
HDACS, HDAC7 were also used in this study (1:100; Cell
Signaling Technology, Beverly, MA, USA). For evaluation

SAHA
(100 mg/Kg/day)

control

Fig. 4 Effect of SAHA on xenograft colon tumor growth in nude
mice. Mice carrying colon tumors were intraperitoneally administered
SAHA (100 mg/kg) for 5 weeks. a Representative mice from control
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of the immunohistochemical scores of different subtypes of
HDAC, the intensity of nuclear immunostaining was scored
on a scale of 0 (no staining) to 3 (strongest intensity), and
the percentage of cells with staining of the nucleus was
estimated at each intensity. As in our previous study (4, 5),
the percentage of cells (from 0 to 100) was multiplied by the
corresponding immunostaining intensity (from 0 to 3) to
obtain an immunostaining score ranging from 0 to 300.

Immunohistochemistry Analysis of Colorectal
Adenocarcinoma Specimens

Paraffin-embedded tumor tissues were obtained from the

Department of Pathology, Tri-Service General Hospital,
and tissue microarray slides were constructed. We selected

7000
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6000 1 —O— SAHA-treated

5000 A

Days

(n=7) and SAHA-treated (n=7) groups. b Tumor volume curve of the
colon tumors with or without SAHA treatment. * Indicates a significant
difference, P<0.05 versus control
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blocks of 91 primary colorectal adenocarcinomas, including
32 that were well differentiated (glandular structure >95%),
33 moderately differentiated (glandular structure between
50-95%), and 26 poorly differentiated tumors (glandular
structure <50%).

One core was taken from a selected area of each paraffin-
embedded tumor tissue, and a tissue microarray was con-
structed. Normal colon tissues were obtained from nine speci-
mens, with the tissues taken 4 cm from the neoplasm. Tissue
microarray sections were dewaxed in xylene, rehydrated in
alcohol, and immersed in 3% hydrogen peroxide for 5 min to
suppress endogenous peroxidase activity. Antigen retrieval
was performed by heating each section at 100°C for 30 min
in 0.01 mol/L sodium citrate buffer (pH 6.0). After three rinses
(each for 5 min in phosphate buffered saline [PBS]), the
sections were incubated for 1 h at room temperature according
to the protocol included with the HDAC antibody sample kit
(1:100; Cell Signaling Technology, Beverly, MA, USA). After
three washes (each for 5 min in PBS), sections were incubated
with biotin-labeled secondary immunoglobulin (1:100;
DAKO, Glostrup, Denmark) for 1 h at room temperature.
After three additional washes, peroxidase activity was devel-
oped with AEC+substrate chromogen (DAKO, Glostrup,
Denmark) at room temperature. The immunohistochemical
scores for different subtypes of HDAC were calculated as
previously described.

A

SAHA
(100 mg/Kg/day)

control

Fig. 5 Necrotic effect of SAHA on xenograft colon tumor growth in
nude mice. a Representative H&E staining of tissue microarray slides,
with each representative core measuring 2 mm in diameter. b Tumor
necrotic effects in control and SAHA-treated mice (original

Results
Effect of SAHA on Protein Expression

The effects of SAHA treatment (0, 1, or 3 M) on the expres-
sion of HDAC proteins are showed in Fig. la. Treatment of
colon cancer cells with SAHA (3 uM) for 72 h significantly
downregulated the protein levels of HDACI, 2, 3,4, 5 and 7.
In addition, treatment with SAHA (1 uM) for 24 and 48 h
significantly increased the protein levels of acetyl-histone 3
and acetyl-histone 4 (Fig. 1b).

The expression of proteins related to tumor oncogenes is
displayed in Fig. 2. Treatment of colon cancer cells with
SAHA (3 uM) for 24 and 48 h significantly reduced the
expression of the c-myc protein; expression of the c-Raf
protein was not significantly altered in SAHA treated cells.
In addition, increased p53 and Rb protein expression was
observed after a 48 h exposure to 1 M SAHA.

HDAC Expression in Colorectal Adenocarcinomas

The immunostaining results for HDACs in colorectal adeno-
carcinoma specimens are presented in Table 1, and represen-
tative images for HDACI are showed in Fig. 3. The non-
neoplastic colonic glands (Table 1) demonstrated low expres-
sion of HDACI1, HDAC2, HDAC3, and HDAC4. In all 91
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control SAHA

magnification, x400). ¢ Percentage of cells undergoing tumor necrosis
at the end of the experimental time period. *** Indicates a significant
difference, P<0.001 versus control
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colorectal adenocarcinoma specimens, immunoreactivity for
HDACs was present in the nucleus and also occasionally
observed in the cytoplasm; however, only the nuclear staining
was analyzed. The scores for HDACI in well-differentiated
(Table 1, 204+22), moderately differentiated (196+16), and
poorly differentiated (275+18) colorectal adenocarcinomas
were significantly higher than those in healthy colon tissues
(76+6). In addition, the immunohistochemistry scores for
HDAC2, HDAC3, and HDAC4 were also significantly in-
creased compared to those of healthy colon tissues. The
expression of HDACS and HDAC7 was low in both the
colorectal adenocarcinoma and healthy colon tissues.

SAHA Inhibits Colon Cancer Cell Growth in Nude Mice

We tested the ability of SAHA to kill human colon cancer cells
growing in nude mice. The flank region of immunodeficient
mice was injected with colon cancer cells and subjected to
intraperitoneal injection of SAHA at 100 mg/kg, 7 days/week
for 5 weeks. Figure 4a shows two representative mice from
each group at the end of the experimental period. Control mice
had obviously larger tumors, whereas the mice from the
SAHA-treated group possessed much smaller tumors. The
tumor volume was calculated using the formula described in
Materials and Methods. Figure 4b shows the mean increase in
tumor volume for each group. SAHA treatment significantly
decreased the tumor volume in the nude mice.

Tumor Necrosis and Immunohistochemistry Analysis
of Tumors from Nude Mice

The tumors from nude mice were fixed in formalin and
embedded in paraffin. Figure 5a shows a representative
tissue microarray slide. The representative H&E stained
tumor slide (Fig. 5b) shows that SAHA treatment signifi-
cantly increased tumor necrosis in nude mice compared to
the tumor slide from control mice (63%+16 for the SAHA
group and 23+15 for the control group; Fig. 5¢).

To characterize the effects of SAHA on cell-cycle pro-
teins and cell proliferation, tissue microarray slides were
immunostained for cyclin D1, survivin (an anti-apoptosis
marker), Ki-67 (a proliferation marker), and p53 (Fig. 6a).
In untreated cells, the proportion of positively staining cells
was 66% for cyclin D1, 63% for survivin, 82% for Ki-67,
and 38% for p53. For the tumors from SAHA treated mice,
the proportion of positively staining cells was 26% for
cyclin D1, 30% for survivin, 26% for Ki-67, and 73% for
p53. A significant decrease in cells positive for cyclin D1,
survivin, and Ki-67 was noted in SAHA-treated tumors. In
contrast, the number of cells positive for the pS3 protein was
significantly increased in SAHA treated tumors.

We further characterized the effects of SAHA on immuno-
histochemical scores of different subtypes of histone
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Fig. 6 Immunohistochemical analysis of cyclin D1, survivin, Ki-67,
and p53 expression in xenograft colon tumors of nude mice a. b,
immunohistochemical scores of HDACI, 2, 3, 4, 5 and 7 in xenograft
colon tumors of nude mice. * Indicates a significant difference, P<0.05
versus control

deacetylase in tumors from nude mice (Fig. 6b). In untreated
tumor cells, the immunohistochemical scores were 210+22
for HDACI1, 146421 for HDAC2, 96+24 for HDAC3, 154+
32 for HDAC4, 78+18 for HDACS, and 114432 for HDAC7.
For the tumors from SAHA treated mice, the immunohisto-
chemical scores were 180+36 for HDAC1, 88+16 for
HDAC?2, 45411 for HDAC3, 113+21 for HDAC4, 45+13
for HDACS, and 108+27 for HDAC7. A significant decrease
in immunohistochemical scores for HDAC2, HDAC3, and
HDACS was noted in SAHA-treated tumors (Fig. 6b).

Taken together, these results indicated that SAHA
inhibited the growth of colon tumor cells in nude mice via
inhibiting the expression of HDAC and induction of tumor
necrosis. Furthermore, SAHA inhibited tumor growth by
decreased cell proliferation and expression of cyclin D1
and survivin in nude mice.

Discussion
In this study, we demonstrated that the different subtypes of

the HDAC proteins were expressed in colon cancer cell lines
and in colorectal adenocarcinomas specimens. SAHA also
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had a profound antigrowth activity on colon tumor cells in
nude mice via inhibition of the expression of the anti-
apoptosis proteins survivin and cyclin D1.

Previous studies have shown that HDAC inhibitors inhibit
deacetylation of histones H3 and H4 and induce tumor apo-
ptosis in various types of cancers [6, 11, 12]. Our results
demonstrated that SAHA increased the levels of acetyl-
histone H3 and acetyl-histone H4. The anticancer effects of
SAHA are mediated through covalent modification of histone
proteins, specifically inhibition of HDACs. Our results are
consistent with a recent study reporting that SAHA induces
the accumulation of acetylated histones by direct interaction
with HDACs [13].

Currently, four classes of HDACs comprising more than
18 isoenzmes have been identified in humans [14]. Most of
the recent studies were focused on class I isoforms HDACI,
HDAC2, and HDAC3 which are the target of SAHA [2]. A
previous study has showed that the class I HDACs are
highly expressed in colorectal adenocarcinoma with positiv-
ity for HDAC1 in 36.4%, HDAC2 in 57.9%, and HDAC3 in
72.9% of cases [2]. It is unclear whether SAHA has effects
on the expression of class | HDACs and other HDACs. Our
results showed that the different subtypes of HDAC proteins
were expressed in colon adenocarcinoma cells and also in
colorectal adenocarcinoma specimens. Furthermore, SAHA
significantly inhibited the expression of HDAC proteins in
colon adenocarcinoma cells (HDACs 1, 2, 3,4, 5 and 7) and
also in tumors (HDACs 2, 3, 5) of nude mice. These results
suggested that SAHA may be effective for the treatment of
patients with colorectal adenocarcinoma.

The effect of SAHA on the expression different HDACs
could be explained by different subtypes of HDAC may
possess minor difference in catalytic site [15]. As suggesting
by our resuls, SAHA is a broad set and non-selective inhib-
itor of HDACs. Further understanding of structural infor-
mation on the molecular architecture of human HDACs
could have a significant impact on the design of subtype
selective inhibitors.

Multiple mechanisms have been proposed to describe the
effects of SAHA in different cancers [1]. Previous studies
have indicated that SAHA downregulates certain anti-
apoptosis proteins, such as Bcl-2 and Bel-xL [1], and upre-
gulates pro-apoptotic protein expression [16, 17]. In this
current study, immunohistochemistry analysis of tumors
from nude mice revealed a decreased number of cells pos-
itive for cyclin D1, survivin, and Ki67 in the SAHA-treated
group, suggesting an apoptotic function for SAHA.

Our previously published results demonstrated a 65%
inhibition of colon cancer cell growth following treatment
with 5 uM SAHA [8]. Other clinical studies have shown
that these levels can be achieved in individuals receiving
this drug [18]. Studies in humans have also found that
SAHA induces only minor side effects [19], suggesting

that use of SAHA as an adjuvant targeted therapy may
be beneficial.

The antiproliferative effects of SAHA have been studied
in a thyroid cancer cell line [5], human lymphoma cells [19],
breast cancer [20], and non—small cell lung carcinoma [21]
as well as endometrial and ovarian cancer cells [22, 23].
These studies indicate that the inhibitory activity of SAHA
on cancer cell growth spans many tissue types, suggesting it
could be a useful agent for the treatment of a wide variety of
malignancies.

Previous studies have demonstrated that the survivin
protein regulates cell-cycle progression in mitosis as a pas-
senger protein and blocks apoptotic pathways [13]. SAHA-
induced mitotic defects can be mediated by modulation of
survivin [24, 25]. In the present study, downregulation of
survivin protein expression in the tumors of nude mice
following SAHA treatment likely contributed to the tumor
necrotic effect of SAHA.

Our results showed that SAHA treatment increased the
expression of the p53 protein in colon cancer cell lines and
tumors in nude mice. p53 is a tumor suppressor protein that
is encoded by the TP53 gene [26-28]. p53 is crucial for the
regulation of the cell cycle and functions as a tumor
suppressor in many cancers [26—28]. The tumor necrotic
effect of SAHA in nude mice may be mediated in part
by increased expression of the p53 protein.

We demonstrated that SAHA inhibited the growth of
colon adenocarcinoma cells via induction of tumor necrosis,
and inhibition of HDAC, cyclin D1 and survivin expression.
Thus, SAHA should be considered as a potential adjuvant
therapy for the treatment of colon adenocarcinomas.
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