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Abstract. The present study investigates whether the expression
levels of heat shock protein 27 (HSP27) in colon cancer cells are
associated with 5-fluorouracil (5-FU) sensitivity in a xenograft
model, as well as the mechanism responsible for regulating 5-FU
sensitivity. HCT116 cells which have a high expression of HSP27
were stably transfected with specific short hairpin RNA (shRNA)
in order to suppress HSP27 expression. The association between
HSP27 protein expression levels and 5-FU sensitivity was evalu-
ated in a mouse xenograft model. The mRNA expression of 5-FU
metabolic enzymes and cell apoptosis were also analyzed in the
transfected cells. The suppression of HSP27 protein expression
led to enhanced 5-FU sensitivity. The mRNA expression levels
of dihydropyrimidine dehydrogenase and orotate phosphori-
bosyltransferase, but not those of thymidylate synthase, and
the number of apoptotic cells increased in the transfected cells
after 5-FU exposure. In conclusion, the suppression of HSP27
expression in colon cancer cells may promote 5-FU sensitivity by
inducing apoptosis, despite the acceleration in 5-FU metabolism.

Introduction

Over the last few decades, systemic chemotherapy for colon
cancer has markedly changed worldwide. Combinations of
5-fluorouracil (5-FU) with other cytotoxic agents, such as oxali-
platin and irinotecan, have improved the prognosis of patients
with advanced colon cancer. Furthermore, the addition of
molecular-targeted agents, such as anti-VEGF antibody (beva-
cizumab) and anti-EGFR antibody (cetuximab/panitumumab),
have resulted in dramatic improvements in the survival of
patients with advanced colon cancer and are currently regarded
as first-line chemotherapy regimens (1-4). Although 5-FU is still
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a key drug in these regimens, the inherent or acquired resistance
to 5-FU in colon cancer is a critical problem. A number of studies
have reported that 5-FU metabolism-related factors, such as
thymidylate synthase (TS), folate co-factors, dihydropyrimidine
dehydrogenase (DPD) and orotate phosphoribosyltransferase
(OPRT), are associated with the response to or toxicity of
5-FU (5-8). However, there are still no reliable biomarkers for
the sensitivity or resistance to 5-FU chemotherapy.

Mammalian heat shock proteins (HSPs) have been classi-
fied into four main families based on their molecular weights:
HSP90,HSP70,HSP60, and small HSPs (15-30 kDa), including
HSP27. These proteins are well known as molecular chaperons
in protein-protein interactions, as anti-apoptotic proteins and
contributors to cell survival (9,10). Many studies have reported
that HSP27 expression contributes to the malignant properties
of cancer cells, including tumorigenicity, treatment resistance,
and apoptosis inhibition (11-15). In colon cancer, certain
studies have reported that HSP27 expression participates in
the resistance to doxorubicin or irinotecan in vitro (16,17), and
HSP27 has recently been considered as a prognostic marker
in clinicopathological studies (18-20). Our previous study also
indicated that HSP27 expression participates in the degree of
resistance to 5-FU, a key drug for the treatment of colorectal
cancer, in experiments performed in vitro (21). In the present
study, we sought to clarify whether HSP27 can be used as a
clinical biomarker for 5-FU chemotherapy or as a treatment
target for 5-FU resistance using a xenograft model.

Materials and methods

Drug, cell lines and cell culture conditions. The anticancer
drug, 5-FU, was purchased from Kyowa Hakko Kogyo Co., Ltd.
(Tokyo, Japan). The human colon cancer cell line, HCT116, was
obtained from the American Type Culture Collection (Rockville,
MD). The cells were grown in Roswell Park Memorial Institute
(RPMI)-1640 medium (Gibco, MA). Each culture was supple-
mented with 10% fetal bovine serum (CSL Ltd., Melbourne,
Australia) and 1% penicillin/streptomycin. The cells were
cultured at 37°C with 5% CO,.

Stable transfection with short hairpin RNA (shRNA). An
oligonucleotide for a short hairpin RNA targeting the human
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HSP27 site (5'-UAGCCAUGCUCGUCCUGCCUU-3') was
designed (21), so as to contain 5'-BamHI and 3'-EcoRI over-
hangs. The annealed oligonucleotide was then ligated into a
linearized U6 promoter-driven vector (pSIREN-DNR-DsRed-
Express Vector; Clontech, Mountain View, CA). As the
negative control, an oligonucleotide for a scrambled shHSP27
(5-ACGUAAGGCGCGUAACGGGTT-3') containing 5'-BamHI
and 3'-EcoRI overhangs was also constructed and ligated to
the pSIREN vector.

For transfection, HCT116 cells expressing high levels
of HSP27 under normal culture conditions were plated in
6-well plates at a density of 1x10° cells per well and allowed
to grow overnight. The cells were transfected with a mixture
of 5 ug of siRNA-encoding plasmids (the HSP27 target
sequence plasmid and the negative control plasmid) and 20 ul
of Lipofectamine 2000 (Invitrogen Life Technologies, Inc.,
Carlsbad, CA) in 2 ml of serum-free medium, according to the
manufacturer's instructions. After incubation at 37°C for 6 h,
the medium was replaced with fresh growing medium. The
transfected cells, containing a red fluorescent protein, were
verified by visualization in living cells using fluorescence
microscopy. Some of the transfected clones with different
levels of HSP27 expression were monoclonally obtained and
named HCT116-shRNA/HSP27-1 to -4. The control cells,
HCT116-scramble/HSP27 and HCT116-mock cells, were
established in a similar manner.

Quantitative real-time PCR (qRT-PCR) analysis of 5-FU
metabolic enzymes. Total RNA was extracted from the cells in
each group, and qRT-PCR analysis was performed using a
fluorescence-based, real-time detection method [ABI PRISM
7900 Sequence Detection System (TagMan); Applied Biosystems,
Foster City, CA]. The mRNA expression of DPD, OPRT and TS
was analyzed in the transfected cells that were either treated or
not with 5-FU (1.28 pg/ml) in culture medium for 24 h. The
enzyme expression levels of the transfected cells were assessed
relative to the levels of the gene transcript in the mock trans-
fected cells (interest/B-actin). The sequences of the primers and
probes were as follows: DPD: 51F (19 bp), AGGACGCAAGG
AGGGTTTG; 134R (20 bp), GTCCGCCGAGTCCTTACTGA,;
probe-71T (29 bp), CAGTGCCTACAGTCTCGAGTCTGCC
AGTG. OPRT: 496F (25 bp), TAGTGTTTTGGAAACTG
TTGAGGTT; 586R (20 bp), CTTGCCTCCCTGCTCTCTGT;
probe-528T (27 bp), TGGCATCAGTGACCTTCAAGCCC
TCCT. TS: 764F (18 bp), GCCTCGGTGTGCCTTTCA; 830R
(17 bp), CCCGTGATGTGCGCAAT; probe-785T (21 bp),
TCGCCAGCTAC GCCCTGCTCA. B-actin: 592F (18 bp),
TGAGCGCGGCTACAGCTT; 651R (22 bp), TCCTTAA
TGTCACGCACGATTT; probe-611T (18 bp), ACCACCA
CGGCCGAGCGG. The 25-ul PCR reaction mixture contained
600 nmol/l of each primer, 200 nmol/l each of dATP, dCTP and
dGTP,400 pmol/l of dUTP, 5.5 umol/l of MgCl, and 1X TagMan
buffer A containing a reference dye (all reagents were supplied
by Applied Biosystems). The PCR conditions were 50°C for
10 sec and 95°C for 10 min, followed by 42 cycles at 95°C for
15 sec and 60°C for 1 min.

Western blot analysis. Total cell lysates were extracted with
lysis buffer with standard methods. The quantity of cell
lysates was determined using a Bio-Rad DC protein assay kit
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(Bio-Rad Laboratories, Hercules, CA), and 20 mg of lysates
in total were resolved in Ready Gel (Bio-Rad Laboratories)
and transferred to an Immuno-Blot™ polyvinylidene fluoride
membrane (Bio-Rad Laboratories). The membrane was blocked
in phosphate-buffered saline (PBS) containing 5% non-fat
milk powder for 2 h at room temperature, then incubated at
4°C overnight with 1:2000-diluted anti-human HSP27 mouse
monoclonal antibody (G3.1; Lab Vision Corp., Fremont, CA) or
1:5000-diluted anti-human -actin mouse monoclonal antibody
(AC74; Sigma, St. Louis, MO). The membranes were incubated
for 30 min with a 1:5000-diluted horseradish peroxidase-
conjugated anti-mouse immunoglobulin G (IgG) (Promega
Corp., Madison, WI). Bound complexes were detected using
the ECL-Plus reagent (Amersham Biosciences Corp., Cardiff,
UK) according to the manufacturer's instructions. The density
of the band was measured using NIH imaging (Scion) software
and normalized to (-actin. Each experiment was performed in
triplicate.

Xenograft model. Female nude mice with a BALB/cA genetic
background were purchased from CLEA Japan Co. Ltd., Tokyo,
Japan. The mice were maintained under specific pathogen-free
conditions using an Isorack in our experimental animal center
and fed sterile food and water. Six- to eight-week-old mice
weighing 20-22 g were used for the experiments. To analyze the
effect of HSP27 knockdown against 5-FU treatment, HCT116-
mock, HCT116-scramble/HSP27, and HCT116-shRNA/HSP27
cells (3x10° cells per injection), which were resuspended in
100 pl of PBS, were injected into the subcutaneous tissues of the
bilateral dorsum of ether-anesthetized mice using a 1-ml syringe
and a 27-gauge tuberculin needle (Terumo Co., Tokyo, Japan).
The tumors were measured (length and width) twice a week
using a sliding caliper by the same observer. When the inoculated
tumors reached 5 mm in length, 5-FU (200 pul saline solution)
was administered intraperitoneally at a dose of 60 mg/kg
on days 1, 5 and 9 (n=5 mice per group). As the control,
saline (200 pl) was also administered intraperitoneally (n=5
mice). The estimated tumor volume (EV) was calculated as
EV =length x width? x 1/2. EV was plotted against the day since
5-FU treatment initiation to derive a xenograft growth curve.
All the mice were sacrificed at three weeks after the initial treat-
ment. Tumors were collected and fixed in 4% paraformaldehyde
(Sigma) at room temperature for 24 h before processing for
sectioning and immunohistochemical staining or the prepara-
tion of tumor lysates for western blot analysis. All animal
studies were conducted in accordance with the institutional
guidelines approved by the Animal Care and Use Committee
of our university.

Immunohistochemical staining. Anti-human HSP27 rabbit
polyclonal antibody (Stressgen Bioreagents Corp., Victoria,
BC, Canada) was used for the immunohistochemical staining
of the tumors from the mice. Immunohistochemical staining
was performed according to the standard streptavidin-biotin
peroxidase complex method using a Histofine™ SAB-PO[M]
kit (Nichirei, Tokyo, Japan). Briefly, deparaffinized sections were
placed in methanol containing 1% hydrogen peroxide for 15 min
to block endogenous peroxidase activity. After washing with PBS,
the sections were incubated with anti-HSP27 antibody (1:100
diluted in PBS) overnight at 4°C in a moist chamber, and then
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incubated with biotinylated goat anti-rabbit IgG and peroxidase-
conjugated streptavidin (Stressgen Bioreagents Corp.) for 30 min
each at room temperature. After a final washing with PBS, the
sections were immersed in a PBS solution containing 0.02%
3,3'-diaminobenzidine and 0.1% hematoxylin and mounted in
balsam.

Detection of caspase-3 activities for apoptosis analysis. The
transfected cells were treated with or without 5-FU (1.28 pg/ml)
in the culture medium for 24 h. The caspase-3 activities
were then measured using an ApoAlert Caspase-3 Colorimetric
assay kit (Clontech), according to the manufacturer's instruc-
tions. The cells (2x10°) were centrifuged at 400 x g for 5 min.
After the extraction of the cell lysates using cell lysis buffer,
the supernatants were centrifuged for 10 min at 4°C to precipi-
tate the cellular debris and were then incubated with reaction
buffer/dithiothreitol (DTT) mix for 30 min on ice and caspase-3
substrate for 1 h at 37°C. The samples were read at 405 nm on
a microplate reader.

Statistical analysis. Each value was expressed as the mean +
standard deviation. Statistical analysis was performed using
the Student's t-test or the Mann-Whitney U test. The regres-
sion analysis was performed using the Statistical Package for
Social Sciences (SPSS) 13.0J for Windows (SPSS, Chicago,
IL). P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

5-FU sensitivity of shRNA/HSP27-transfected cells in vitro. The
5-FU-resistant colon cancer cells, HCT116, were transfected
with HSP27 shRNA ligated to the pSIREN-DNR-DsRed-
Express vector (shRNA/HSP27-transfected cells), scrambled
shRNA ligated to the pSIREN vector as the control (scramble/
HSP27-transfected cells), or an empty vector (mock-transfected
cells). Transfected cells with various HSP27 expression levels
were obtained by cloning (Fig. 1; ssRNA/HSP27-1 to -4). To
evaluate the 5-FU sensitivity, the transfected cells were first
treated with 5-FU in vitro, and then the IC,, of each transfectant
was measured using an MTT assay. A significant correlation
between the HSP27 protein levels and the ICy, of 5-FU was
observed (Fig. 2; R=0.931, P=0.0039).

5-FU sensitivity of ShBRNA/HSP27-transfected cells in xenograft
model. To evaluate the 5-FU sensitivity in the xenograft model,
the transfected cells were injected into the subcutaneous tissues
of the bilateral dorsum of ether-anesthetized mice. When the
inoculated tumors reached 5 mm in length, 5-FU was adminis-
tered intraperitoneally at a dose of 60 mg/kg on days 1, 5 and 9
(n=5 mice per group). Saline (200 u1) was also administered intra-
peritoneally in the control group (n=5 mice). The EV following
5-FU treatment was significantly suppressed in the mice injected
with the shRNA/HSP27-transfected cells, compared to those
injected with the scramble/HSP27- and mock-transfected cells
(Figs. 3 and 4).

Immunohistochemistry of the tumors in the xenograft
model showed high expression levels of HSP27 in the mock-
and scramble/HSP27-transfected cells, but not in the ShRNA/
HSP27-transfected cells (Fig. 5).
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Figure 1. HSP27 protein expression in the shRNA-transfected cells. The
5-FU-resistant colon cancer cells, HCT116, were transfected with shRNA of
HSP27. Western blot analysis showed different suppression levels of HSP27
in the transfected cells (shRNA/HSP27-1 to -4). Relative expression levels of
HSP27 were assessed by measuring the densities of the bands using NIH image
software, and normalized to -actin.

1.4
R=0.931, R*=0.867, P=0.0039

1.2

el
H—é 1.0 .
- 08
2 04, ® ]
& 024
0- —,
0 001 0.02 003 004 005 008

HSP27 relative expression

Figure 2. Correlation between HSP27 expression and 5-FU sensitivity (ICs,) in
the shRNA-transfected cells. A significant correlation between HSP27 protein
expression and 5-FU sensitivity (ICs,) by MTT assay was observed in the
transfected cells.

Expression of 5-FU metabolic enzymes in shRNA/HSP27-
transfected cells. To evaluate whether HSP27 expression levels
affect the principal 5-FU metabolic enzymes (TS, DPD and
OPRT) in the transfected cells treated with 5-FU, a qRT-PCR
analysis of 5-FU metabolic enzymes was performed. These
enzyme expression levels were assessed relative to the levels of
the gene transcript in the mock-transfected cells as the control.
Although no significant differences in the mRNA expressions
of the three metabolic enzymes were observed between the
shRNA/HSP27-transfected cells and the mock- or scramble/
HSP27-transfected cells, the expression of DPD and OPRT was
higher in the sARNA/HSP27-transfected cells (Fig. 6). Under the
same conditions with 5-FU treatment, apoptosis induction was
more frequently observed in the ShRNA/HSP27-transfected cells
than in the mock- or scramble/HSP27-transfected cells (Fig. 7).

Discussion

The inherent or acquired resistance to 5-FU-based chemo-
therapy remains a critical issue in colorectal cancer treatment.
Consequently, the identification of biomarkers for chemo-
sensitivity or resistance, such as the K-RAS and B-RAF mutation
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Figure 3.5-FU sensitivity of the HSP27/shRNA-transfected cells in a xenograft model. Cells (3x10°) were inoculated in the dorsal subcutaneous tissues of nude mice.
When the inoculated tumors reached 5 mm in length, 5-FU (60 mg/kg/200 ml saline solution) was administered intraperitoneally on days 1, 5 and 9 (black line).
Estimated tumor volumes were calculated until 21 days from initial administration of 5-FU. As the control, saline (200 ml) was also administered intraperitoneally
(dotted line). (A) Mock-transfected cells. (B) Scramble/HSP27-transfected cells. (C) shsRNA/HSP27-1-transfected cells. (D) shRNA/HSP27-2-transfected cells.
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Figure 4. 5-FU sensitivity of the HSP27/shRNA-transfected cells on day 21 in the xenograft model. Estimated tumor volumes were calculated on
day 21 after the intraperitoneal injection of 5-FU. 5-FU (60 mg/kg/200 ml saline solution) was administered intraperitoneally on days 1, 5 and 9.
As the conrol, saline (200 ml) was also administered intraperitoneally. (A) Mock-transfected cells. (B) Scramble/HSP27-transfected cells. (C) shRNA/HSP27-1-

transfected cells. (D) shRNA/HSP27-2-transfected cells.

status for anti-EGFR antibody, is important for personalized
chemotherapy and the avoidance of unsuitable chemotherapy and
adverse events. In addition, the identification of a new treatment
strategy for patients with resistance to chemotherapy is required
to improve the survival of colorectal cancer patients.

HSP27 has been widely recognized as a stress-activated,
ATP-independent cytoprotective chaperone that is associated
with a number of functions, including chemoresistance in
several cancers. In colorectal cancer, HSP27 has been reported

as a clinical prognostic factor or as a factor of irinotecan resis-
tance in experiments performed in vitro (17-20). Our previous
study also reported that the overexpression of HSP27 reduced
5-FU sensitivity and the suppression of HSP27 expression
reduced 5-FU resistance in experiments performed in vitro
using colon cancer cells (21). Furthermore, in prostate and
bladder cancer cells, the inhibition of HSP27 expression report-
edly enhanced drug sensitivity in xenograft models (22-24).
Thus, HSP27 is considered to be a predictor of cancer prog-
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Figure 5. Histology images of the inoculated tumors. Immunohistochemical
staining with the anti-HSP27 antibody revealed high expression levels in the
mock- and scramble/HSP27-transfected cells, but not in the ShsRNA/HSP27-1-
transfected cells. (A) Mock-transfected cells. (B) Scramble/HSP27-transfected
cells. (C) shRNA/HSP27-1- transfected cells. Bar, 50 mm.

nosis or a treatment target for several cancers; however, the
role of HSP27 in colorectal cancer, including chemoresistance,
remains uncertain due to the lack of evidence in xenograft
models. Recently, a phase I/II clinical trial of monotherapy
using the antisense oligonucleotide (ASO), OGX-427, which
inhibits HSP27 expression, in patients with prostate, bladder,
ovarian, breast, or non-small cell lung cancer, but not colorectal
cancer, was carried out in the United States and Canada, and
the therapy proved to be feasible and effective [J Clin Oncol 28
(Suppl): S15, abs. 3077, 2010]. Accordingly, the purpose of this
study was to verify that HSP27 can also serve as a target for the
treatment of colorectal cancer.

The present study demonstrates that the suppression of HSP27
expression in HSP27 high-expressing colon cancer cells reduces
resistance to 5-FU chemotherapy in a xenograft model, and that
the induction of apoptosis caused by the suppression of HSP27
expression, which many studies have reported, may be connected
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Figure 6. mRNA expression levels of principal 5-FU metabolic enzymes in
the sShRNA/HSP27-transfected cells. mRNA expression levels of the three
enzymes were assessed relative to the levels of the gene transcript in the mock-
transfected cells as the control. (A) TS mRNA expression. (B) OPRT mRNA
expression. (C) DPD mRNA expression.
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Figure 7. Apoptosis induction by 5-FU treatment in the ShRNA/HSP27 trans-
fected cells. Caspase-3 activities were measured on a microplate reader at
405 nm using the ApoAlert Caspase-3 Colorimetric assay kit. White bar, no
treatment condition as the negative control; black bar, 5-FU treatment condi-
tion; OD, optical density.

to 5-FU sensitivity. Our findings are consistent with the find-
ings of several studies that link HSP27 and chemoresistance in
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different cell types. Collectively, this evidence suggests a role of
HSP27 in the mediation of 5-FU resistance in colon cancer cells.
HSP27 may also serve as a reliable target for the clinical treat-
ment of colon cancer in patients with chemoresistance.

5-FU is well known to induce apoptosis in colon cancer cells,
predominantly through the mitochondrial pathway, involving
the release of cytochrome c and the subsequent activation of
the upstream initiator, caspase-9, and the downstream effector,
caspase-3 (25-27). We confirmed that the suppression of HSP27
expression was associated with the induction of apoptosis in
colon cancer cells treated with 5-FU. Consequently, HSP27 may
function as a negative regulator of the cytochrome c-dependent
activation of procaspase-3, as previously reported (28). However,
whether HSP27 is associated with 5-FU metabolic enzymes,
remains unknown. We then analyzed the correlation between
HSP27 expression and the principal 5-FU metabolic enzymes,
such as TS, DPD and OPRT. The mRNA expression of DPD
and OPRT was higher after 5-FU treatment in the shRNA/
HSP27-transfected cells that had a high sensitivity to 5-FU
comapred to the control cells, although the difference was not
significant. Changes in the TS mRNA expression levels were
not clearly observed in the shRNA/HSP27-transfected cells.
DPD mediates 5-FU degradation by catabolizing 5-FU to fluoro-
5,6-dihydrouracil. The enzyme OPRT directly converts 5-FU to
5-fluorouridine-5'- monophosphate and inhibits normal RNA or
DNA synthesis in tumor cells. TS is inhibited by 5-fluoro-2'-de-
oxyuridine-5'- monophosphate (FAUMP) derived from 5-FU,
leading to the inhibition of DNA synthesis. Consequently, high
TS levels in tumor tissues are considered to be associated with
the low efficacy of 5-FU treatment. In consideration of the func-
tions of these enzymes, ShRNA/HSP27-transfected colon cancer
cells (with a suppressed HSP27 expression) may promote 5-FU
metabolism by increasing the expression of DPD and OPRT to
remove 5-FU from the cytoplasm, in order to enable cell survival.

In conclusion, this study suggests that the suppression of
HSP27 expression in colon cancer cells promotes 5-FU sensi-
tivity by inducing apoptosis, while also accelerating 5-FU
metabolism to avoid cell death. Further investigation, such as
an HSP27 functional study examining HSP27 phosphorylation
activity and signal regulation, may lead to novel treatments for
colorectal cancer.
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