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Downregulation of survivin expression by induction of the
effector cell protease receptor-1 reduces tumor growth potential
and results in an increased sensitivity to anticancer agents
in human colon cancer
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Abstract

Survivin, a novel inhibitor of apoptosis, is expressed in cancer cells and not in normal adult tissues, and is recognised as a
potential target in anticancer therapy. The induction of a natural antisense of survivin, effector cell protease receptor-1 (EPR-1), in
a human colon cancer cell line resulted in a downregulation of survivin expression, with a similar decrease in cell proliferation, an
increase in apoptosis and an increase in the sensitivity to anticancer agents. In addition, subcutaneous (s.c.) tumours from EPR-1
transfectants showed a significant reduction in size compared with parental cells, and this antitumour efficacy was further enhanced
in combination with anticancer agents. These findings suggest that regulation of survivin by the induction of EPR-1 cDNA may
have significant potential as a therapy for human colon cancer.

© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Aberrant inhibition of programmed cell death (apop-
tosis) plays an important role in the regulation of nor-
mal cellular homeostasis and in the promotion of tissue
tumorigenesis [1,2]. Several proteins that inhibit apop-
tosis, including bcl-2 and the inhibitor of apoptosis (IAP)
family, partly regulate these processes [3]. These mem-
bers are thought to directly inhibit the terminal effector
caspases through baculovirus IAP repeat (BIR)-depen-
dent recognition [4]. Unlike other TAP proteins [5,6],
survivin has recently been characterised by a unique
structure with a single BIR and no zinc-binding domain
[7]. Survivin expression is found during embryonic and
fetal development [8], but is undetectable in terminally
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differentiated adult tissues [7]. It subsequently becomes
re-expressed in most common human cancer cells [7—
14]. Our previous studies demonstrated that survivin
expression in cancer was strongly correlated with a poor
prognosis in gastric [9], colorectal [11] and breast cancer
[14]. Interestingly, the coding sequence of survivin is
extensively complementary to effector cell protease recep-
tor-1 (EPR-1) [7,15], and the interaction between EPR-1
and survivin transcripts becomes a potential mechanism
of gene regulation [16] that can be used therapeutically.
Although survivin has been recognised as ‘“‘an ideal
therapeutic target” in cancer [7], and although there
have been recent studies concerning the potential effi-
cacy of antisense ¢cDNA [13,16] or oligonucleotides
[17,18] in various tumour cell lines, these studies were
mainly conducted to elucidate the biological function of
survivin, in addition to examining whether it augments
the drug sensitivity of cancer cells in vitro. In addition,
there was also a recent report of having used survivin
mutant to experiment on melanoma cell lines in vivo [19].
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2. Materials and methods
2.1. Tumour cell line and animals

HT29 human colon adenocarcinoma cells (from Dr
M. Fukushima, Taiho Pharmaceutical, Japan) were
maintained in McCoy’s 5SA medium (Life Technologies,
Inc., Grand Island, NY) supplemented with 10% fetal
bovine serum (Life Technologies, Inc.). Four-week-old
female BALB/c nu/nu mice were purchased from SLC
Japan, Ltd. (Shizuoka, Japan). All animal procedures
were carried out under guidelines approved by the
Animal Care and Use Committee in Osaka Medical
College.

2.2. Expression plasmid

The non-coding human EPR-I cDNA, a potential
survivin antisense, was provided by Dr D.C. Altieri
(Yale University School of Medicine, New Haven, CT,
USA) [7,16]. The EPR-1 ¢cDNA was ligated into the
mammalian cell expression vector pMTN2 (from Dr M.
Hirano, Dana-Farber Cancer Institute, Boston, MA,
USA). In this pMTN2-EPR-1 vector, a metallothionein
promoter, direction zinc-dependent, transcribes the
EPR-1 gene, and the simian virus 40 (SV40) promoter
derives the neomycin 3’-phosphotransferase (neo) gene.

2.3. Transfection of EPR-1 ¢cDNA into HT29 cells

HT29 parental (HT29-P) cells in six-well tissue culture
plates (Falcon, Oxnard, CA, USA) were transfected
with the control pMTN2 vector alone or the pMTN2-
EPR-1 vector using Lipofect AMINE (Life Technologies,
Inc.). Cells were maintained for 4 weeks in medium sup-
plemented with 800 pg/ml G418 sulphate (Life Technol-
ogies, Inc.). Stable HT29 subclones with survivin
antisense (HT29-AS49 and HT29-AS33) and a positive
control with neo gene (HT29-Neo) were selected, and
detection of survivin expression in both control cultures
and zinc-inducible transfectants was carried out by immu-
noblotting as described below.

2.4. Immunoblotting

HT29-P cells and subclones were grown in complete
growth medium supplemented with or without 200 pM
ZnSOQy. Cells were lysed and the protein concentration
was determined with bicinchoninic acid (BCA) protein
assay reagent (Pierce, Rockford, IL, USA). Then, 50 pg
of total protein was separated by 15% sodium dedecyl
sulphate (SDS)-polyacrylamide gel electrophoresis and
transferred onto Immobilon-P membrane (Millipore,
Co., MA, USA). After incubation in phosphate-buf-
fered saline (PBS) containing 5% non-fat milk, blots
were incubated with anti-human survivin antibody

(Alpha Diagnostic International, San Antonio, TX,
USA), and reacted with anti-rabbit Ig (Amersham Life
Science, Arlington Heights, IL, USA). After washing,
blots were developed using the enhanced chemilumines-
cence (ECL) detection system (Amersham). To quantify
survivin expression, densitometric analysis was per-
formed using NIH image version 1.6 software. For
control experiments, monoclonal anti-actin antibody
(Actin Kit) (Calbiochem-Novabiochem, San Diego,
CA, USA) was used as a positive control antibody.

2.5. In vitro cell proliferation assay

The cells (5000 cells/well) were seeded into 24-well
tissue culture plates and 200 uM ZnSO,4 was introduced
into growth medium. Cell proliferation was determined
at 24 h intervals by the methylene blue staining pro-
cedure [20]. The percentage of cell proliferation was
calculated by defining the value of the cells after zinc
exposure for 12 h as 100%. For control experiments, the
zinc induction step was omitted. All determinations
were repeated six times.

2.6. Cell-cycle analysis

At 48 h after zinc induction in the presence or absence
of chemotherapeutic drugs, the cells were collected by
trypsinisation, pooled with non-attached cells, and fixed
in cold ethanol. After 20 min incubation in RNase A,
the cells were suspended in PBS containing propidium
iodide. Samples were analysed by flow cytometry using
EPICS ELITE ESP (Beckman Coulter, Tokyo, Japan).

2.7. Measurement of caspase-3 activity

Caspase-3 protease activity was measured by use of the
CPP32/Caspase-3 colorimetric protease assay kit (MBL,
Nagoya, Japan). Briefly, total protein and DEVD-para-
nitroanilide substrate were mixed in a 96-well plate and
incubated at 37 °C for 1 h in the presence or absence of
the caspase inhibitor DEVD-CHO. The cleavage of
substrate was monitored at 405 nm using a microplate
reader (Model 450; Bio-Rad).

2.8. In vitro sensitivity to chemotherapeutic drugs

The cells (5000 cells/well) were seeded into 96-well
microtitre plates. After 24 h, the cells were cultured with
200 uM ZnSO, supplemented in growth medium and
treated with varying doses of S-fluorouracil (5-FU)
(provided by Kyowa Hakko Co., Tokyo, Japan) or
CDDP (provided by Nippon Kayaku Co., Tokyo, Japan).
At 5 days after exposure to drugs, cell proliferation was
determined by the methylene blue staining procedure. For
control experiments, the drug-treated step was omitted.
All determinations were repeated six times.
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2.9. Growth inhibition of human colon cancer xenografts
by induction of EPR-1

The cells (1x10% were inoculated subcutaneously
(s.c.) into the bilateral flanks of BALB/c nu/nu mice
(n=16 mice in each group). All mice were given 25 mM
zinc sulphate (acidified with hydrochloric acid to pH
2.5) through their drinking water to stimulate the
induction of EPR-1 from the day following tumour
inoculation [21]. Tumour size and body weight were
measured every 3 days until the experiments were ter-
minated. Tumour volume was estimated by using the
following equation: V' =ah?/2, where a and b are tumour
length and width, respectively.

2.10. Antitumour efficacy of the combination of EPR-1
induction and chemotherapeutic drugs on human colon
cancer xenograft models

HT29-Neo and HT29-AS33 cells (1x10%) were inocu-
lated s.c. into the bilateral flanks of BALB/c nu/nu mice
(n=6 mice in each group), respectively. At 14 days after
tumour inoculation, the mice were given 25 mM zinc
sulphate, together with intraperitoneal (i.p.) injections
of PBS alone, 0.21 mmol/kg of 5-FU (daily for 5 days),
or 3.5 mg/kg of CDDP (once at 14 days). The tumour
volumes were measured at regular intervals as described
up to day 42.

2.11. Histochemical detection of survivin expression and
tumour cell apoptosis

The cells were cultured with 200 uM ZnSO, for 48 h
and plated on coverslips treated with 1% para-
formaldehyde. Tumour samples at the 60th day were
obtained from animals maintained on drinking water
containing zinc sulphate. Specimens were fixed in for-
malin and embedded in paraffin blocks, then sections
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2—4 pum thick were cut and put on adhesive slides. For
histochemical staining of survivin, anti-survivin anti-
body (Alpha Diagnostic International, San Antonio, TX,
USA) was added to the slides after quenching in 3%
hydrogen peroxide and blocking, then the slides were
incubated overnight. After washing, the histofine avidin—
biotin method (Nichirei, Tokyo, Japan) was applied.
Colour was developed with 3,3’-diaminobenzidine and
haematoxylin was used for counterstaining. Negative
control slides in the absence of primary antibody were
included for each staining. For histochemical detection
of apoptotic cells, in situ DNA nick-end Ilabelling
(TUNEL) was carried out using the Apop Tag kit
(Oncor, Gaithersburg, MD, USA) according to the
manufacturer’s instructions [9,11,14].

2.12. Statistical analysis

Statistical significance between different groups was
determined by the Student’s z-test (two-tailed). P values
of <0.05 were considered statistically significant.

3. Results

3.1. Effect of metallothionein induction of EPR-1 on
survivin expression in HT29 cells in vitro

Expression vectors including EPR-I cDNA were
constructed and stably transfected into HT29-P cells.
Each clone was then screened for the expression of sur-
vivin. The results of two neo-preservative transfectants
(HT29-AS49 and HT29-AS33) are shown in Fig. 1.
EPR-1 induction by ZnSO,4 suppressed the expression
of endogenous survivin, represented by a 16.5 kDa band
in the figure. No significant change in survivin expres-
sion was observed in the absence of ZnSO, in each clone
(Fig. 1a). In contrast, it was dramatically decreased in
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Fig. 1. Western blot analysis of survivin expression in HT29 cells. Cells were grown in medium in the absence (a) or presence (b) of ZnSO,.
(c) Intensity of the survivin expression as a % of the uninduced control. This experiment was repeated six times.
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HT29-AS33 cells in culture medium mixed with ZnSOy,
but not in control cells (Fig. 1b). The survivin expres-
sion level in the presence of ZnSO, decreased to 76.8%
for HT29-AS49 cells (compared with cells incubated
without the corresponding figure ZnSO,) and for HT29-
AS33 cells was 15.9%. In contrast, an increase to 119%
was seen for the control cells (Fig. 1c).

3.2. Inhibition of cell proliferation by EPR-1 in vitro

The effect of EPR-1 induction on HT29 cell prolifera-
tion was also investigated. There were no significant dif-
ferences in the cell proliferation rate for HT29-P, HT29-
Neo and HT29-AS49 cells incubated in culture medium
without ZnSOy (Fig. 2a). However, there were small, but
significant, differences in cell proliferation between
HT29-AS33 and the other cells when incubated in cul-
ture medium without ZnSO, (P <0.05). In contrast, in
culture medium including ZnSO,, a significant inhibi-
tion of cell proliferation in both HT29-AS49 and HT29-
AS33 cells was observed when compared with the con-
trol cells (P<0.01 for each cell line; Fig. 2b). The cell
proliferation rate on the sixth day following the addi-
tion of ZnSO,4 decreased to 67.2% for HT29-AS49 cells
and 23.9% for HT29-AS33 cells compared with control
cells. The proliferation rates of the control cells were
increased approximately 1.4-fold following the addition
of ZnSOy into the culture medium. When the prolifera-
tion of HT29-AS33 cells was examined with and with-
out ZnSQy, there was a 45.7% decrease in proliferative
activity following the addition of ZnSQO,, while no sig-
nificant decrease was seen in the HT29-AS49 cells.

3.3. Induction of apoptosis by EPR-1 in vitro
To determine whether the inhibition of cell prolifera-

tion was due to the induction of apoptosis, we analysed
tumour cell apoptosis, DNA content and enzymatic
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caspase-3 activity. HT29-AS49 and HT29-AS33 cells
cultured with ZnSO,4 demonstrated a decreased expres-
sion of endogenous survivin by immunohistochemistry,
and increased labelling for internucleosomal DNA
fragmentation by the TUNEL method (Fig. 3a). As
shown in Table 1, zinc induction of EPR-1 revealed an
approximately 2.8-fold increase in HT29-AS49 cells and
an approximately 5.4-fold increase in HT29-AS33 cells
in the fraction of apoptotic cells (sub-G; peak) (P <0.01
in each cell line) with a decrease in the S phase popula-
tion compared with HT29-P and HT29-Neo cells,
demonstrated by an analysis of DNA content (Fig 4c,
left). However, there were no significant differences in
the G,/M phase between the four cell lines. Further-
more, the caspase-3 protease activity in lysates of survi-
vin antisense transfectants was significantly higher than
that of vector control cells (2.1 times higher in HT29-
AS49 cells and 5.7 times higher in HT29-AS33 cells)
(P<0.01 for each cell line; Fig. 3b). In addition, it was
entirely suppressed by the caspase-3 inhibitor, DEVD-
CHO in the survivin antisense transfectants and vector
control cells (Fig. 3b). There were no differences in the
sub-G; phase and caspases-3 protease activity between
the HT29-P and HT29-Neo cells.

Table 1

Effect of metallothionein induction of EPR-1 on the cell cycle in HT29
cells. Cells were cultured in complete growth medium supplemented
with ZnSO, and subjected to flow cytometric analysis

Cells DNA content (%)

Sub-Gl G] S G2/M
HT29-P 2.1 452 34.1 18.6
HT29-Neo 2.4 43.5 359 18.2
HT29-AS49 5.9 443 30.7 19.1
HT29-AS33 11.4 39.1 29.7 19.8

Data represent the mean values from three separate experiments;
Standard Deviation S.D., <5%.
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Fig. 2. Cells were cultured in growth medium in the absence (a) or presence (b) of ZnSO,. Symbols: HT29-P (O); HT29-Neo (0); HT29-AS49 (m);

HT29-AS33 (e). *, P<0.05; **, P<0.01.
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Fig. 3. (a) Immunohistochemical detection of survivin (left) and apoptosis (right) in HT29 cells cultured with ZnSO, (x400); (b) caspase-3 activity
of HT29 cells cultured with ZnSO, in the presence (white-painted) or absence (black-painted) of the caspase-3 inhibitor, DEVD-CHO. *, P<0.01.

Abs, absorbance.

Based on the morphological and biochemical differ-
ences that distinguish apoptotic from necrotic cell death
that are reported elsewhere [22], we analysed in situ inter-
nucleosomal DNA fragmentation by TUNEL, DNA
content by flow cytometry and enzymatic caspase-3 activ-
ity. These data are shown in Figs. 3a, 3b and 4c and
Table 1 and indicate that the inhibition of cell prolifera-
tion was due to the induction of programmed cell death
(apoptosis) and not to accidental cell death (necrosis).

3.4. Drug sensitivity of HT29 cells in vitro

The in vitro sensitivities to 5-FU and CDDP of the
various HT29 cells cultured with ZnSO, were assessed.
HT29-AS49 and HT29-AS33 cells showed increased
sensitivities to 5-FU (Fig. 4a) and CDDP (Fig. 4b)
showing corresponding increases in percentage of
apoptotic cells increases that were not observed HT29-P
and HT29-Neo cells (Fig. 4c). The 50% inhibitory con-
centration (ICsy) values for 5-FU treatment were 0.52
uM for HT29-AS49 cells and 0.31 pM for HT29-AS33
cells, while the ICs, for HT29-P and HT29-Neo cells
were 1.21 and 1.19 uM, respectively. Similarly, the ICsq
values for CDDP treatment were 1.72 uM for HT29-
AS49 cells and 0.40 uM for HT29-AS33 cells, while the
IC5q for HT29-P and Neo cells were 3.41 and 3.68 pM,

respectively. Thus, HT29-AS49 cells were 2.3 and 2.1
times more susceptible to 5-FU and CDDP, respec-
tively, than the control cells (P <0.01 for each drug).
HT29-AS33 cells were 3.9 and 9.2 times more suscep-
tible to 5-FU and CDDP, respectively, than the control
cells (P <0.01 for each drug). In addition, there were no
differences in the drug sensitivities between HT29-P and
HT29-Neo cells. Also, there were no differences in the
drug sensitivities between survivin antisense transfec-
tants and control cells in the absence of ZnSO, (data
not shown). The increase in drug sensitivities was pro-
portional to the survivin expression level in these cell
lines. Furthermore, the increase in drug sensitivity of
the survivin antisense transfectants was associated with
an increase in apoptotic cells evaluated by a DNA con-
tent analysis (Fig. 4c). HT29-AS49 cells treated with 5-
FU or CDDP in the presence of ZnSO,4 demonstrated a
2.5- or 2.0-fold increase in apoptotic cells, respectively,
compared with control cells. In HT29-AS33 cells, there
was a 4.2- or 3.2-fold increase in apoptotic cells, respec-
tively, compared with control cells.

3.5. Efficacy of EPR-1 alone on HT29 tumours in vivo

The efficacy of EPR-1 induced by ZnSO4 on tumour
growth in vivo was studied in human colon cancer
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Fig. 4. Drug sensitivity in vitro to 5-FU (a) or CDDP (b) of HT29 cells cultured with ZnSO,4. Symbols: HT29-P ([J); HT29-Neo (O); HT29-AS49
(H); HT29-AS33 (@); (c) analysis of DNA content by flow cytometry in HT29 cells treated with PBS (left), 5-FU (1 uM) (Middle), or CDDP (3
uM) (right) in the presence of ZnSO,. Percentages shown are for the fraction of apoptotic cells (sub-G; peak).

xenografts. As shown in Fig. 5a, a significant growth
suppression was observed in the HT29-AS49 and HT29-
AS33 tumours (P<0.01 for each tumour), while there
was no evaluable change in the HT29-P and HT29-Neo
tumours. The mean doubling time for each tumour
model (from 100 to 200 mg) was 3 days for both the
HT29-P and HT29-Neo tumours, 11 days for HT29-
AS49 tumours, and 29 days for HT29-AS33 tumours.
The mean tumour volume of the HT29-AS49 and
HT29-AS33 tumours was markedly decreased to 26.2

and 9.5%, respectively, of the parental tumours at the
60th day after inoculation. In addition, we examined
whether the growth suppression in the EPR-1-induced
tumours was associated with a decreased survivin expres-
sion and increased spontaneous apoptosis (Fig. 5b). In
the HT29-AS49 and HT29-AS33 tumours, there was
decreased expression of endogenous survivin, and
greatly increased labelling of internucleosomal DNA
fragmentation using a TUNEL analysis compared with
the HT29-P and HT29-Neo tumours.
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maintained on drinking water containing ZnSO, (x400).

3.6. Efficacy of combined treatment with
chemotherapeutic drugs and induction of EPR-1 in HT29
tumours in vivo

The efficacy of the combination of EPR-1/5-FU or
EPR-1/CDDP was also studied in an in vivo experiment
using HT29-Neo and HT29-AS33 tumour models. As
shown in Fig. 6a, there was a significant growth sup-
pression in EPR-l-induced HT29-AS33 tumours
(P<0.01 for each tumour); this suppression was not
evident in PBS, 5-FU, or CDDP-treated HT29-Neo
tumours. With the further addition of 5-FU or CDDP
to the HT29-AS33 tumours, there was a significant
decrease in tumour volume compared with EPR-1 alone
(P <0.05 for each tumour). There were no differences in
the tumour suppression between the EPR-1/5-FU and
EPR-1/CDDP-treated HT29-AS33 tumours at the 42nd
day (Fig. 6b). The tumour growth rate of EPR-1/5-FU
and EPR-1/CDDP-treated HT29-tumours achieved an
approximately 50% reduction compared with EPR-1
induction alone and an approximately 85% reduction
compared with the HT29-Neo tumours. Throughout
these experiments, there were no accidental deaths of
the mice, and no additive effect in toxicity was observed
in each group; however, the mice experienced cachexia

with tumour growth in the HT29-Neo groups (data not
shown). These findings suggest that enhanced EPR-1
expression in combination with 5-FU or CDDP treat-
ment could lead to significant antitumour efficacy in the
HT29 xenograft system.

4. Discussion

The recent discovery of survivin, a novel inhibitor of
apoptosis, expressed in cancer cells alone and not in nor-
mal differentiated human cells has stimulated enthusiasm
for its use as a target in cancer therapy [7—14,23-25]. In the
present study, we successfully transfected HT29 cells with
a vector incorporating an EPR-1 cDNA fragment, which
resulted in the downregulation of survivin expression and
inhibition of cell proliferation activity in vitro. In these
EPR-1 cDNA transfectants, we were also able to witness
increases in the sensitivity to anticancer agents and the
induction of apoptosis. In addition, we demonstrated that
treatment with EPR-1 alone or in combination with 5-FU
or CDDP could lead to a significant antitumour effect in
human colon cancer xenografts in mice.

The addition of ZnSO, to control cells resulted in an
approximately 1.4-fold increase in cell proliferation, as
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well as a slight increase in survivin expression, suggest-
ing that the presence of zinc itself might augment cell
proliferation and exert an independent anti-apoptotic
function [26]. However, in HT-29 cells transfected with
EPR-1 and induced by ZnSQ,, endogenous survivin
expression was clearly downregulated, with a parallel
inhibition seen in cell proliferative activity.

In several previous studies, it was postulated that
survivin prevented apoptosis by targeting the terminal
effectors caspase 3 and caspase 7, which act downstream
in two major apoptotic pathways [27]. Survivin was
thought to be expressed in the G,/M phase of the cell
cycle in a cell cycle-regulated manner and to be asso-
ciated with microtubule formation of the mitotic spindle
[23,27]. Our previous studies demonstrated that survivin
expression was significantly associated with reduced
apoptotic indices in various human cancers, including
gastric, colorectal and breast cancers [9,11,14]. The cur-
rent study also demonstrated a positive correlation
between survivin expression and apoptosis of HT29
cells, assessed by TUNEL, flow cytometry and enzy-
matic caspase-3 activity. Downregulation of survivin
expression was associated with increased rates of apop-
totic cells. Taken together with the correlation between
cell proliferation and survivin expression, it appears that
survivin may have the potential to promote the cell cycle
from the G| phase to the S phase [28]. Moreover, it has
been suggested that the survivin antisense approach
may be able to facilitate apoptosis through the two
major apoptotic pathways [18,29].

In the present study, we also demonstrated that
induction of EPR-1 resulted in an increased sensitivity
of the tumour cells to the anticancer agents 5-FU and
CDDP in vitro. In addition, the susceptibility to CDDP
treatment, which acts in the G,/M phase, was greater
than the sensitivity to 5-FU treatment, which acts in the
G, phase. An increase in chemosensitivity has been

reported to be inversely correlated with survivin
expression, as well as increased rates of apoptosis [19]
and these findings correspond well with those of pre-
vious studies that reported survivin was expressed in the
G,/M phase of the cell cycle [17].

In the present study, we demonstrated for the first
time a significant antitumour effect of either EPR-1
induction alone or in combination therapy with 5-FU or
CDDP treatment against human colon cancer xeno-
grafts. As demonstrated by a decrease in survivin
expression and an increase in apoptosis in survivin-tar-
geted tumours, HT29-AS33 tumours in mice showed a
significant reduction in size, with the tumour growth
rate being greatly suppressed by the induction of EPR-1
alone. In addition, tumour growth was arrested by the
combination of EPR-1/5-FU or EPR-1/CDDP in three
of 12 tumours. These findings suggest that the EPR-1/5-
FU or EPR-1/CDDP system could be a powerful gene
therapy approach for colorectal cancer treatment.
Moreover, further elucidation of a mechanism that
would regulate the homeostatic balance between survi-
vin and EPR-1 may lead to the development of a novel
specific cancer therapy with no adverse effect on normal
tissues.
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