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Rapamycin synergizes with low-dose oxaliplatin
in the HCT116 colon cancer cell line
by inducing enhanced apoptosis
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Abstract. The present study aimed to examine the combined
effects of oxaliplatin (L-OHP) and rapamycin (RAPA) in the
HCT116 colon cancer cell line. The growth inhibitory effect
was evaluated by MTT assay as a monotherapy or combination
therapy. ICs, values were determined using CalcuSyn 2.0
software. To determine the interaction of the drugs, the
combination index (CI) was calculated using the Chou-Talalay
method. Apoptosis was investigated using flow cytometry and
Western blotting. Acridine orange staining was employed to
observe morphological changes. The results showed the ICs,
values of L-OHP and RAPA to be 8.35+0.78 uM (r=0.99)
and 223.44+38.10 nM (r=0.94), respectively. CI was <1
when L-OHP was used at doses ranging from 1 to 5 M plus
RAPA at a dose of 10 nM, suggesting synergistic or additive
effects. CI was =1 when 100 nM RAPA was used in combina-
tion with low-dose L-OHP, showing additive to antagonistic
effects. The combination of L-OHP (1 yM) and RAPA
(10 nM) induced 19.76% Annexin V-positive cells, which was
found to be higher than L-OHP (11.45%, p<0.01) or RAPA
(6.89%, p<0.01) alone. The cleaved PARP protein expression
levels were highest after 48 h of combination treatment.
Acridine orange staining showed typical bright red Acidic
vesicular organelles in the RAPA group, whereas the green
condensed chromatin in the apoptotic bodies was found in
both the L-OHP and combination groups. In conclusion, at a
cytostatic concentration, RAPA was found to potentiate the
anti-tumor effects of low-dose L-OHP in the HCT116 colon
cancer cell by inducing enhanced apoptosis.
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Introduction

Colorectal cancer (CRC) is the second most prevalent cancer
and the third leading cause of cancer deaths worldwide (1).
Oxaliplatin (L-OHP)-based chemotherapeutic regimens have
proven to be effective in the prevention and treatment of tumor
recurrence and metastasis in CRC. However, drug toxicity
remains to be clarified in the clinic (2). Efforts have focused
on incorporating cytotoxic and molecularly targeted agents
into chemotherapy regimens to decrease toxicity and increase
efficacy (3-5).

The mammalian target of rapamycin (mTOR), an
intracellular protein with a central role in the synthesis
of key cellular proteins, has emerged as a significant
target for anticancer therapy in various types of tumor.
Phosphatidylinositol-3-kinase (PI3K)/Akt/mTOR pathway has
been reported to be constitutively overexpressed in malignant
tumors including CRC (6-7). Rapamycin (RAPA) is the special
inhibitor of mMTOR, which has demonstrated anti-tumor effects
in a variety of malignancies in preclinical and clinical studies.
In addition to being used as a monotherapy, RAPA and its
analogs have been shown to enhance the efficacy of a number
of cytotoxic chemotherapeutic agents in various types of
cancer (8-11). Studies have shown that the anti-tumor mecha-
nism of RAPA includes both apoptosis and autophagy, and its
role in the fate of cancer cells remains controversial (12). The
interaction between RAPA and L-OHP has yet to be clarified
as the role of apoptosis and autophagy in this combination
is unknown. The present study aimed to investigate whether
RAPA increased the anti-tumor efficacy of L-OHP and its
potential biological mechanism.

Materials and methods

Cell culture. The HCT116 human colon cancer cell line was
generously provided by Professor Morito Monden of Osaka
University, Japan. Cells were grown in monolayer culture in
Dulbecco's modified Eagle's medium (DMEM, Sigma), supple-
mented with 10% fetal bovine serum, 100 U/ml penicillin,
and 100 pg/ml streptomycin in 5% CO, at 37°C. Cells in the
exponential growth phase were used in all of the experiments.
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Reagents and antibodies. RAPA was obtained from
Calbiochem (Gibbstown, NJ, USA) and L-OHP was from
Sigma (St. Louis, MO, USA). All antibodies were obtained
from Cell Signaling Technology.

MTT assay. Cell proliferation was measured using the
3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT) assay. In brief, cells were seeded into 96-well plates at a
density of 3.5x10° cells/well (100 pl), and incubated for 24 h for
sufficient attachment before drug exposure. After 48 h treat-
ment with varying doses of single drug or combined therapy,
20 pl of MTT (Sigma) solution (5 mg/ml) were added to each
well and the plates were incubated at 37°C for another 4 h. The
medium was then replaced by 200 ul DMSO. Absorbance at
490 nM was measured using a 96-well format plate reader.
Wells containing only DMEM and MTT were used as controls.
Cell viability was determined based on the mitochondrial
conversion of MTT to yellowish formazine. Each experiment
was performed using six replicated wells for each drug concen-
tration and carried out independently three times.

Dose-effect analyses. The ICs, value was determined on
the basis of dose-response curves from the MTT assay. The
combined effect of L-OHP and RAPA was analyzed by calcu-
lating the combination index (CI) based on the Chou-Talalay
method (13). When CI <1, the effect was synergistic and when
CI=1, the effect was additive. The effect was antagonistic when
CI >1. IC,, and CI were calculated using CalcuSyn software
(Biosoft, Cambridge, UK).

Annexin 'V staining. Apoptosis was detected using the
Annexin V-fluorescein isothiocyanate (FITC) apoptosis kit
(BD Bioscience, Rockville, MD, USA) in accordance with the
manufacturer's instructions. In brief, cells (5x10°) were seeded
and cultured in 10-cm dishes for 24 h. Cells treated for 48 h
with L-OHP, RAPA alone or in combination were collected.
Untreated cells were also collected as controls. The cells were
resuspended in 500 pl of binding buffer, with 5 1 of Annexin
V-FITC and then 5 pl of propidium iodide was (PI) added.
The cells were then incubated at room temperature for 5 min
in the dark and analyzed for Annexin V-FITC binding by flow
cytometry (FACSort) using a fluorescein isothiocyanate (FITC)
signal detector (FL1) and a PI signal detector (FL2). The cells
in the FITC-positive and PI-negative fraction were regarded as
apoptotic cells. Each experiment was repeated three times and
reproducible results were obtained.

Western blotting . Western blotting was performed as previously
described (14). Briefly, cells plated at a density of 3x10%/ml
in 6-well plates were exposed to L-OHP, RAPA or a combi-
nation of the two drugs for 48 h prior to harvest. Following
centrifugation and sonication, cell extracts were clarified at
12,000 rpm for 10 min at 4°C. Protein concentrations were
measured using a BCA assay. Protein samples (30 pg), diluted
with SDS sample buffer, were separated by 10% polyacryl-
amide gel electrophoresis, followed by electroblotting on a
polyvinylidene difluoride membrane. After blocking in 5%
non-fat dry milk, the membrane was incubated with cleaved
poly (ADP-ribose) polymerase (PARP) antibody (1:1,000) for
1 h at room temperature. Equal loading of the protein samples
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Figure 1. Growth inhibitory effect of L-OHP and RAPA in the HCT116
colorectal cancer cell line as determined by an MTT assay. (A) The ICs,
value of L-OHP calculated using CalcuSyn 2.0 software was 8.35+0.78 ym
(r=0.99). (B) The IC;, value of RAPA was 223.44+38.10 nM (r=0.94). The
results are shown as the mean + SD of triplicate samples and are representative
of 3 independent experiments.

was confirmed by parallel Western blots for 3-actin (1:1,000).
The protein bands were detected using the ECL detection
system (Pierce, Rockford, IL, USA). Each experiment was
repeated three times.

Acridine orange staining. For fluorescence microscope
examination, cells were seeded on glass coverslips in 24-well
plates at a concentration of 1x10* cells/well. Tumor cells were
treated using a single drug or a combination of both for 48 h
and then vital staining with acridine orange was performed
as previously described (15). Briefly, the treated tumor
cells were stained with acridine orange at a final concentra-
tion of 1 ug/ml for 15 min. Samples were examined under
a fluorescence microscope. Images were obtained using a
Nikon ECLIPSE 80i fluorescence microscope (exciter filter:
BP 450-490 nm; barrier filter: LP 520 nm).

Statistical analysis. Data are expressed as the means + SD and
were analyzed using the Student's t-test. P<0.05 was considered
to be statistically significant.

Results

Effect of L-OHP and RAPA on cell proliferation. First, single
drug-induced growth inhibition was measured using an MTT
assay. The concentrations of the drugs were 1, 2.5, 5, 10
and 20 uM for L-OHP and 10, 50, 100, 200 and 400 nM for
RAPA. After 48 h of treatment, an MTT assay was performed.
As shown in Fig. 1, the effect of both L-OHP and RAPA
was dose-dependent. The ICy, values of L-OHP and RAPA,
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Figure 2. Cytotoxic effect of low-dose L-OHP in combination with RAPA.
Cells were treated by L-OHP (1, 2.5 or 5 M) alone or in combination with
RAPA (10 or 100 nM) for 48 h. The results are expressed as the percentage
of viable cells relative to untreated controls. The results are shown as the
mean + SD of triplicate samples and are representative of 3 independent
experiments. Statistical analysis was performed using the Student's t-test.
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Figure 3. Interaction between low-dose L-OHP and RAPA. CI was calculated
using CalcuSyn 2.0 software based on the Chou-Talalay method (13). CI,
combination index.

calculated using CalcuSyn 2.0 software, in the HCTI116
colon cancer cell line were 8.35+0.78 uM (r=0.99) and
223.44+38.10 nM (r=0.94), respectively.

Combination effect and interaction between low-dose L-OHP
and RAPA . Totest whether RAPA enhanced the anti-tumor effi-
cacy of low-dose L-OHP, concentrations below the ICy, values
of each drug were selected based on the growth inhibitory
curve. The doses and their inhibitory efficacy used for the
combination analysis were: 1 (17%), 2.5 (28%) and 5 yM
(43%) in L-OHP, and 10 (17%) or 100 nM (34%) in RAPA.
Fig. 2 shows that compared with 83% cells surviving after
treatment with L-OHP at a concentration of 1 M for 48 h,
the percentage of viable cells decreased to 69 and 59% when
the same dose of L-OHP was used in combination with RAPA
at a concentration of 10 or 100 nM (p<0.05). To elucidate
the interaction between the combinations, CI was calculated
using CalcuSyn 2.0 software. As shown in Fig. 3, the CI
values increased with the higher concentrations of L-OHP. CI

645
A
P=0.01
NS I P<=0.01 |
25% |
E 20% -
> sl
£
<
T 10%
c
c _
0%
Control RAPA L-OHP L-OHP+RAPA
B
L-OHP - 0 - i
RAPA - -+
e 5
""‘"‘.

Cleaved-PARP

B-actin

Figure 4. RAPA enhanced L-OHP-induced apoptosis. (A) Annexin V/PI flow
cytometry was performed to test apoptosis in cells treated with L-OHP and
RAPA individually or in combination for 48 h. Results shown are the mean
of three independent experiments. Statistical analysis was performed using
the Student's t-test. (B) Western blotting was used to detect PARP cleavage
after monotherapy or combined therapy after 48 h treatment. -actin was
used as a loading control. (C) Acridine orange staining was used to deter-
mine morphological changes. Bright red acidic vesicular organelles (AVO)
(narrow arrows) was detected only in RAPA-treated cells. In the L-OHP or
combination group, green condensation of chromatin in apoptotic bodies
(wide arrows), a hallmark of apoptosis was revealed (magnification, x400).
(a) Control group, (b) L-OHP group (1 uM, 48 h), (c) RAPA group (10 nM,
48 h) and (d) L-OHP+RAPA group.

was <1 when a 1 to 5 uM dose of L-OHP was combined with
RAPA at a dose of 10 nM, suggesting synergistic or additive
effects. CI was =1 when 100 nM RAPA was used with a low
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dose of L-OHP, indicating an additive to antagonistic effect.
To further characterize the mechanisms of the synergy of
RAPA and low-dose L-OHP combination, the combination of
L-OHP at a dose of 1 yuM and RAPA of 10 nM was selected
for further study.

Effect of combination therapy on apoptosis and autophagy. To
investigate the potential mechanisms of synergy involved in
low-dose combination therapy, Annexin V/PI flow cytometry
was performed first to test apoptosis. As shown in Fig. 4A,
no significant difference was found in the percentage of
Annexin V-positive cells between the control and RAPA groups
(5.81 vs. 6.89%, p=0.09). The combination therapy induced
19.76% Annexin V-positive cells, which was higher than
that of L-OHP (11.45%, p<0.01) or RAPA (6.89%, p<0.01)
alone. Our results further confirmed the effect of combined
therapy on apoptosis by testing PARP cleavage using Western
immunoblotting. As shown in Fig. 4B, after 48 h treatment,
RAPA induced minimal PARP cleavage, whereas the combi-
nation therapy showed the highest cleaved PARP expression.
Finally, acridine orange staining was used to determine
morphological changes in both apoptosis and autophagy.
Autophagy is the process of isolating cytoplasmic proteins
in the lytic component and is characterized by the formation
and promotion of acidic vesicular organelles (AVO). Under
a fluorescence microscope examination, the lysosomotropic
agent acridine orange accumulating in acidic intracellular
compartments appears green at low concentrations and red at
high concentrations. As shown in Fig. 4C, typical bright red
AVO was detected only in RAPA-treated cells. In the L-OHP
and combination groups, green condensation of chromatin in
apoptotic bodies, a hallmark of apoptosis, was revealed.

Discussion

In this study, we found that low-dose combination of L-OHP
and RAPA synergistically inhibited HCT116 colon cancer
cell growth by enhanced apoptosis in a human HCT116 colon
cancer cell line. This inhibition suggested that the low-dose
combination of L-OHP and RAPA is a promising effective
target therapy for CRC.

Developing new therapeutic approaches with limited
side-effects and favorable efficacy is crucial to cancer research.
Although the side-effects of L-OHP are minimal compared
with other platinum analogs, L-OHP-induced neurotoxicity
often resulting in treatment delay or even cessation is the
main reason of treatment failure. A recent prospective study
by Park et al showed that L-OHP dose reduction or cessation
as a result of neurotoxicity was required in 40% of a series of
CRC patients (16). However, the pathophysiological mecha-
nisms remain unclear and attempts to prevent neurotoxicity
have been unsuccessful. Under such conditions, the synergetic
effect of a low-dose combination of L-OHP (1 xM) and RAPA
(10 nM) may provide alternative treatment modalities.

Results of this study showed that at a low concentration of
10 vs. 100 nM RAPA demonstrated a synergistic interaction
with low-dose L-OHP. At the concentration of 10 nM RAPA
was found not to induce significant apoptosis, consistent with
its cytostatic effect on cancer cell lines, as reported recently
(17-19). This result indicated the significance of using a
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combination of low-dose RAPA with L-OHP in the clinic, in
that the combined therapy led to less toxicity and better toler-
ability. In a study testing a RAPA and 17-AAG combination
in myeloma, Francis et al found that there was no significant
difference in the synergistic effect whether RAPA was used
at a concentration of 20 or 100 nM (CI: 0.056 vs. 0.046) (20).

As with our report, the results of some studies have shown
that RAPA increased chemosensitivity when combined with
low-dose cytotoxic agents. In MCF-7 and MDA-MB-468
breast cancer cell lines, Mondesire et al found that low concen-
trations of carboplatin (0.01 xg/ml) or paclitaxel (0.1 ug/ml)
alone did not induce a significant increase in apoptosis.
When these drugs were combined with RAPA (10 nM), a
marked increase in the percentage of Annexin V-positive
cells was observed, indicative of induction of apoptosis (21).
In their study on human endometrial cancer cell lines, Shafer
and Bae-Jump er al demonstrated that even low doses of
RAPA (1 nM) in combination with low doses of paclitaxel
(0.01-0.1 M) or cisplatin (0.01 uM) resulted in a strong
synergistic effect by enhanced apoptosis (22-23).

Furthermore, our data suggested that the possible
mechanism by which RAPA increased chemosensitivity was
due to enhanced apoptosis as compared to the induction of
autophagy. This observation is consistent with recent studies
in breast cancer and myeloma (21-23). Autophagy or ‘self-
eating’ is frequently activated in tumor cells treated with
chemotherapy or irradiation, particularly by mTOR inhibi-
tors. However, whether autophagy is a survival mechanism
or whether it contributes to cell death remains controversial.
However, the consensus is that the role of autophagy is cell
type- and tumor type-specific (24). Our results suggest that
autophagy induced by low-dose RAPA was not involved in
L-OHP-induced apoptosis.

Our data demonstrate that the interaction between the two
agents was dose-dependent. An obvious trend was evident
from synergy to antagonism as drug concentration increased,
indicating that complicated mechanisms were involved.
Although further studies should be conducted on the effect
of the combination therapy on the mTOR signal pathway to
elucidate the interaction effect, the combination of low-dose
L-OHP and RAPA appears to be a potential therapeutic
strategy for CRC and should be investigated in vivo.
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