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Background: Numerous reports have shown that a combination of two or more drugs leads to
better cancer treatment. Inhibitors of zeste homology 2 and epidermal growth factor receptor
have been widely used in cancer treatments. However, the mechanisms of the combined use of
these two drugs remain elusive.

Methods: Sulforhodamine B assays and Alexa Fluor®-488 Annexin V/Dead Cell Apoptosis
Kit were used to detect the cell proliferation and cell apoptosis in vitro, respectively. Western
blotting analysis was used to detect the relative protein expression, and xenografted tumor was
generated in nude mice to evaluate the effect in vivo.

Results: Treatment with either Gefitinib ranging from 0 to 12.5 uM or GSK126 ranging from
0to 8.3 UM caused a dose-dependent decrease in the cell survival fraction, and the combination of
Gefitinib at 12.5 uM and GSK 126 at 8.3 uM caused further significant decrease. The combination
indexes were 0.061, 0.591, 0.713, and 0.371 for MGC803, A549, PC-3, and MDB-MA-231,
respectively. In MGCS803 cells, the combination of GSK 126 and Gefitinib synergistically induced
cell apoptosis (56.2%), which was markedly higher as compared to either drug alone (7.6%
and 10.6%, P<<0.05). Treatment with either Gefitinib or GSK126 alone induced a significant
increase in cell apoptosis in LC3-1I and p-ULK, whereas the combination of the two induced
a further increase. Pretreatment with an autophagy inhibitor, 3-methyladenine, prevented the
apoptosis induced by the combined use of Gefitinib and GSK126. In addition, the combined
use of Gefitinib and GSK126 also inhibited the activation of mammalian target of rapamycin
signaling pathway. Furthermore, the combined use of GSK126 and Gefitinib synergistically
inhibited xenografted tumor proliferation.

Conclusion: The combined use of GSK126 and Gefitinib exerts a synergic effect on tumor
growth inhibition both in vitro and in vivo through inducing autophagy and promoting apoptosis.
Therefore, GSK126 and Gefitinib in combination may be considered as a potential strategy in
treating solid tumor clinically.
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Introduction

Cancer is the second leading cause of death globally and one of the biggest challenges
facing the biomedical scientists. Despite the considerable progression made in the
therapy of advanced cancers, failure to various treatments remains inevitable in most
patients. Specially, gastric cancer is the fourth most common cause of cancer-related
death in the world and it remains difficult to cure primarily due to the persistent
presence of the advanced disease.! New therapeutic strategies, therefore, are urgently
needed to improve the treatment of gastric cancer.
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Enhancer of zeste homology 2 (EZH2), a catalytic
subunit of polycomb repressive complex 2, is highly
expressed in numerous cancers. EZH2 silences the gene
expression by methylating the histone H3 at Lys27 and
regulates the expression of numerous tumor suppressor
genes that are associated with cancer initiation, progression,
metastasis, and prognosis.>* GSK 126, a newly synthesized
S-adenosylmethionine competitor, is a highly selective EZH2
inhibitor.’ We have previously reported that GSK 126 inhibits
cell migration and angiogenesis in solid tumor cell lines by
downregulating the expression of vascular endothelial growth
factor-A.¢ Several other reports have also demonstrated the
potential anticancer activity of GSK126.”° However, we
found limited effect of GSK126 when used alone in mice
xenografts, and varieties of efficacy were also reported in
other studies.

Epidermal growth factor receptor (EGFR) is a member
of the ErbB family of receptor tyrosine kinases and is
upregulated in a variety of cancers, such as breast cancer,
gastric cancer, and head and neck squamous cell carcinoma.'”
EGFR tyrosine kinase inhibitors (EGFR-TKIs) have been
well developed to target the mutated EGFR in different
types of tumors.'12 Gefitinib is one of the first generations
of EGFR-TKIs and can effectively inhibit the EGFR pathway
by blocking the intracellular tyrosine kinase domain, which
is used mostly in the treatment of advanced EGFR-mutated
non-small-cell lung cancer'*!* as well as gastric cancers
(Phase I trial)." Despite its effectiveness, monotherapy of
Gefitinib can produce a high level of resistance and other
unsatisfied therapeutic outcomes.!*!8 Thus, the combination
of Gefitinib with other anticancer agents is proposed to
attenuate the acquisition of TKI resistance and to enhance
therapeutic efficacy.’

In the present study, we investigated the interaction
between the inhibition of EZH2 by GSK 126 and the inhibition
of EGFR by Gefitinib, and the underlying mechanisms.
We show that inhibition of both EZH2 and EGFR produces
a synergistic effect on reducing the survival of gastric cancer
cells by enhancing autophagy.

Materials and methods

Chemicals

GSK126 with a purity of 99% was obtained from Shanghai
Hanxiang Life Technology Ltd. (Shanghai, China). Gefitinib
with a purity of 99.93% was obtained from Selleck Chemicals
(Huston, TX, USA). 3-Methyladenine (3-MA) was purchased
from Sigma-Aldrich (St Louis, MO, USA). GSK126 and
Gefitinib were dissolved in dimethyl sulfoxide to prepare
stock solutions for the in vitro studies, and dissolved in

polyoxyethylenesorbitan monooleate (Tween 80) to prepare
the stock solution for the in vivo studies. All other chemicals
were of reagent grade.

Cell culture

Human gastric cancer cell line MGC803, human lung cancer
cell line A549, human prostate cancer cell line PC-3, and
human breast cancer cell line MDB-MA-231 were purchased
from Shanghai Institute of Biochemistry and Cell Biology,
China Academy of Sciences (Shanghai, China). MGC803
and MDB-MA-231 cells were cultured in Roswell Park
Memorial Institute 1640 (RPMI 1640) medium, A549 cells
were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM), and PC-3 cells were cultured in DMEM: F12
(1:1) medium. All media were supplemented with 10%
heat-inactivated fetal calf serum (Life Technologies, Grand
Island, NY, USA), 100 U/mL penicillin G, and 100 pg/mL
streptomycin, and were cultured in a 37°C incubator under
an atmosphere of 95% O, and 5% CO,,.

Sulforhodamine B assays (SRB)

SRB assays were performed to detect cell proliferation.
Cancer cells in logarithmic growth phase were seeded into
96-well plates at 1x10* cells/well and cultured overnight
before treatment with GSK 126 and/or Gefitinib at the indi-
cated concentrations. After 48 hours of exposure, the medium
was removed and cells were incubated with 50 uL of cold
10% trichloroacetic acid (Sigma-Aldrich) for 30 minutes at
4°C. The cells were then washed with phosphate-buffered
saline (PBS) and stained with 0.4% SRB for 30 minutes
at room temperature. After rinsed with 1% acetic acid and
dried, cells were incubated with 100 uL Tris-base (Biosharp,
Hefei, China) at 10 mM and violently shaken for 10 minutes.
Absorbance was measured at 510 nm using a Spectramax M5
spectrophotometer (Molecular Devices, San Jose, CA, USA).
The combination index (CI) of GSK126 and Gefinitib was
calculated and their synergy quantification was performed
using the Chou-Talalay method as described previously.?
CI <1, CI=l, and CI >1 indicate synergism, additive effect,
and antagonism in drug combinations, respectively.

Apoptosis assays

Cell apoptosis was determined using the Alexa Fluor®-
488 Annexin V/Dead Cell Apoptosis Kit (Life Technolo-
gies). MGCS803 cells were harvested and washed in cold
PBS. After the cell density was determined, cells were
diluted in 1x Annexin-binding buffer to 1x10° cells/mL.
Each 100 pL of cell suspension was added into 5 UL of
Alexa Fluor-488 Annexin V and 1 uL of 100 ug/mL working
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solution and incubated at room temperature for 15 minutes.
Then, 400 uL of 1x annexin-binding buffer was added into
the solution. Flow cytometry was performed to measure the
fluorescence emission at 530 nm and >575 nm. The data
were analyzed using FlowJo software (Tree Star Inc.,
Ashland, OR, USA).

Western blotting

MGCB803 cells were treated with Gefitinib and/or GSK 126 for
48 hours. Total protein was extracted using Cell Extraction
Buffer (Biosource, Camarillo, CA, USA) supplemented with
protease and phosphatase inhibitors. Western blotting was rou-
tinely conducted.' In brief, protein lysates were separated by
SDS-PAGE and transferred to nitrocellulose membrane, fol-
lowed by incubation with the rabbit-derived primary antibodies
against phosphorylated protein kinase B (Akt), phosphorylated
mammalian target of rapamycin (mTOR), phosphorylated
S6, phosphorylated Unc-51-like autophagy activating kinase
(ULK), and microtubule-associated protein 1A/1B-light
chain 3 (LC3) (1:1,000, all from Cell Signaling Technology,
Danvers, MA, USA). After being stripped, the membranes
were reprobed with antibodies against total Akt, mTOR,
S6, ULK, and GAPDH (1:1,000, all from Cell Signaling
Technology). The peroxidase-conjugated anti-rabbit second-
ary antibody (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) was used for the development of signals, which were
visualized with ECL reagent (Pierce, Rockford, IL, USA).
GAPDH was used as the internal standard of total target pro-
teins, and phosphorylated proteins were normalized to their
total proteins, respectively. Signals from triplicates (n=3) were
quantified by image software ImageJ (NIH, Bethesda, MD,
USA) and the intensity of the control was set to 1.

Xenografts in nude mice

Male Balb/c nude mice with a body weight of 18-20 g were
purchased from Shanghai SLAC Laboratory Animal Co.
(Shanghai, China) and housed at Zhejiang University City
College Animal Care Facility according to the institutional
guidelines for laboratory animals. All animal experiments
were performed in accordance with guidelines and approved
by Zhejiang University Institutional Animal Care and Use
Committee. MGC803 cells at 1x10° cells were injected sub-
cutaneously into nude mice. When tumors grew to a volume
of 50150 mm?, the mice were randomly divided into four
groups. The control group of mice were intraperitoneally (i.p.)
administered with vehicle containing 0.1% DMSO and 7%
cremophor/ethanol (3:1) in PBS, and the other three groups
of mice were administered i.p. with 200 mg/kg GSK126,
30 mg/kg Gefitinib, or their combination once every other days

for 4 weeks. Body weight and tumor volume were monitored
once every other day. The tumor volume was calculated by the
formula V =a*x b/2 (V: xenograft volume; a: short diameter;
b: long diameter). After 4-week treatment, the mice were
sacrificed and the xenografts were harvested for weighing and
serum samples were collected for the determination of alanine
transaminase (ALT) and aspartate transaminase (AST) using
commercial kits purchased from the Institute of Biological
Engineering of Nanjing Jiancheng (Nanjing, China).

Statistical analysis

Numerical data were expressed as mean + SD, and statistical
analyses were performed by one-way ANOVA and SNK-Q
tests (SPSS version 16.0; SPSS Inc., Chicago, IL, USA).
P<0.05 was considered statistically significant. Experiments
were repeated at least three times and the representative
results were shown.

Results
Combined use of GSK 126 and Gefitinib
synergistically inhibited the survival of

cancer cells

The cell survival fraction of four cancer cell lines — human
gastric cancer cell line MGC803, human lung cancer cell line
A549, human prostate cancer cell line PC-3, and human breast
cancer cell line MDB-231 — were determined by SRB assays
after 48 hours of treatments with Gefitinib and GSK 126 alone
or in combination. In the MGCS803 cells, either Gefitinib rang-
ing from 0 to 12.5 uM or GSK 126 ranging from 0 to 8.3 uM
strongly inhibited cell survival in a dose-dependent manner,
while their combination caused further inhibition in the
survival of cells, with a CI of 0.061 (Figure 1A). Moreover,
in the A549 and PC-3 cells, treatment with either Gefitinib
or GSK126 caused a minor decrease in the cell survival,
whereas the combination of Gefitinib at 12.5 uM and GSK 126
at 8.3 UM caused further decrease in cell survival, with Cls
of 0.591 and 0.713, respectively (Figure 1B and C). In the
MDB-MA-231 cells, Gefitinib or GSK126 alone exhibited
a modest inhibition in the survival of cells, and their combi-
nation caused a further significant inhibition in the survival
of cells, with a CI of 0.371 (Figure 1D). Thus, these results
suggest that the combination of GSK 126 and Gefitinib exerts
a synergistic effect against the survival of cancer cells, espe-
cially in MGC803 and MDB-MA-231 cells.

Combination of GSK 126 and Gefitinib

synergistically induces cell apoptosis
To determine whether the combination of GSK126 and
Gefitinib decreases the survival of cancer cells due primarily
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Figure | Combined treatment with GSK 126 and Gefitinib exhibited synergic effect on survival fraction in different types of cancer cells.
Notes: The cells were incubated in various concentrations of GSK126 (0.39-12.50 uM) and Gefitinib (0.26-8.30 uM) or combinations of both (I:1) for 48 hours. Dose—
response curves of human cancer cell lines treated with Gefitinib or GSK126 alone or in combination: (A) MGC803, (B) A549, (C) PC-3, (D) MDB-231.

to the increase of cell apoptosis, we treated MGC803 cells
with GSK126 at 12.5 uM, with Gefinitib at 8.3 uM, and
with their combination for 48 hours and examined the cell
apoptosis by flow cytometry. The apoptotic rates were 7.6%,
10.6%, and 10.8% in cells treated with vehicle, GSK126,
and Gefinitib, respectively, whereas the apoptotic rate was
56.2% in the cells treated with the combination of GSK 126
and Gefitinib (Figure 2A and B). Thus, the combination
of GSK126 and Gefitinib synergistically induces the cell
apoptosis in MGC803 cells.

Combination of GSK 126 and Gefitinib

increased autophagy

Autophagy, a caspase-independent intracellular degrada-
tion system, is closely involved in cell apoptosis and cell
death. We next treated the MGCS803 cells with GSK126 at

12.5 uM, with Gefitinib at 8.3 uM, and with their combina-
tion for 48 hours and examined cell autophagy by detecting
the expression of LC3 protein. As reflected by the ratio of
LC3-II to LC3-1, treatment with either Gefitinib or GSK 126
alone induced evident conversion of cytoplasmic LC3-I into
membrane-bound LC3-II, while treatment with the combi-
nation of Gefitinib and GSK 126 induced more significant
conversion of LC3-I into LC3-II (Figure 3A and B). ULK,
another marker related to autophagy, was also detected.
Similarly, treatment with either Gefitinib or GSK126
alone induced a notable decrease in the p-ULK, whereas
treatment with the combination of Gefitinib and GSK126
induced a further decrease in p-ULK in MGC803 cells
(Figure 3A and B).

We next determined whether inhibition of autophagy could
attenuate the apoptosis in MGC803 cells after the combined
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use of GSK 126 and Gefitinib. Autophagy inhibitor 3-MA at 1
mM was administered 1 hour before the cells were exposed to
GSK126 and Gefitinib. Administration of 3-MA had limited
effect on the conversion of LC3-I to LC3-II and p-ULK expres-
sion in cells that were not treated with GSK 126 or Gefinitib,
but conversion of LC3-I to LC3-II was almost stopped and
p-ULK decreased in cells that were treated with the combina-
tion of both drugs (Figure 3C). Notably, 3-MA increased the
GSK126- and Gefitinib-induced cell apoptosis by 7% and 9%,
respectively; in contrast, it decreased the apoptosis by 26% in
the cells treated with the two drugs (Figure 3D). These data
indicate that synergic effect of the combination of GSK126 and
Gefitinib on apoptosis was due to the increase of autophagy.

Combination of GSK 126 and Gefitinib
strongly inhibited the activity of mTOR
signaling pathway

Despite the critical role in protein synthesis and cell pro-
liferation, the mammalian target of rapamycin complex 1
(mTORC1) has emerged as a key regulator of autophagy.
To determine the potential upstream signaling governing the
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activation of ULK by the combination of GSK126 and Gefi-
tinib, we next examined the activity of mTOR signaling path-
way reflected by protein phosphorylation. Gefitinib at 8.3 uM
or GSK126 at 12.5 uM slightly downregulated the expression
of p-S6, p-mTOR, and p-Akt, whereas their combination
significantly attenuated the expression of these phosphorylated
proteins (Figure 4A-D). Thus, these data indicate that the
downregulation of mTOR signaling and subsequent activation
of ULK is possibly involved in cell apoptosis when GSK 126
and Gefitinib are used in combination.

Combination of GSK 126 and Gefitinib
synergistically suppressed the growth of
MGC803 cell xenografts

To determine whether the combination of GSK126 and
Gefitinib could produce a synergistic effect on the tumor
growth in vivo, we generated MGC803 cell xenografts in
Balb/c nude mice. The volumes of MGC803 cell xeno-
grafts treated with GSK126, Gefitinib, or their combination
time dependently increased within 28 days after trans-
planting (Figure 5A). The volumes of either GSK126- or
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Figure 4 Combined treatment with GSK 126 and Gefitinib resulted in greater inhibition of mTOR pathway.

Notes: MGCB803 cells treated with 8.30 UM Gefitinib and/or 12.50 uM GSK 126 for 48 hours. (A) Representative blots of phosphorylation of Akt, nTOR, and S6 by Western
blotting analysis. Quantitative analysis of p-Akt/t-Akt (B), p-mTOR/t-mTOR (C), and p-S6/t-S6 (D) was demonstrated. Combination treatment with GSK126 and Gefitinib
caused a greater decrease in p-Akt/t-Akt, p-mTOR/t-mTOR, and p-S6/t-S6. *P<<0.05, **P<<0.01.

Abbreviations: mTOR, mammalian target of rapamycin; p-mTOR, phosphorylated mTOR.
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Notes: The nude mice transplanted with MGCB803 cells tumor xenografts were randomly divided into four groups that received i.p. injection of GSK126 (200 mg/kg)
and/or Gefitinib (30 mg/kg) for 4 weeks. (A) Tumor volume was recorded every other day. (B) Mice were sacrificed on day 28 and tumor wet weight was

measured. (C) The body weight of nude mice was recorded every other day. (D)

The content of AST and ALT was determined by ELISA using commercial kits.

(E) Representative blots of ULK and LC3 proteins in tumor tissues. (F) Quantitative analysis of p-ULK/t-ULK and LC3-II/LC3-I. ¥P<<0.05, **P<<0.01, n=8—10 mice/
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Abbreviations: i.p., intraperitoneal; p-ULK, phosphorylated ULK; ULK, Unc-51-like ai
t-ULK, total ULK.

Gefitinib-treated xenografts did not significantly differ from
those of vehicle-treated xenografts within the 28-day treat-
ments; however, the tumor volume was significantly small
in mice treated with both GSK126 and Gefitinib from day

utophagy activating kinase; ALT, alanine transaminase; AST, aspartate transaminase;

16 to 28 (Figure 5A). On day 28, the tumor volumes in the
mice treated with the combination drugs were only approxi-
mately 30% of those in either GSK126- or Gefitinib-treated
xenografts (Figure 5B). In addition, neither the body weights
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(Figure 5C) within 28 days nor the serum levels of AST and
ALT on day 28 were significantly different in the four groups
(Figure 5D). Thus, these data suggest that non-cytotoxic
dose of GSK 126 and Gefitinib produces a synergistic effect
against the growth of MGC803 cell xenografts.

We also detected the expression of autophagy-related
proteins in xenografted tumor tissues. Similar to the results
obtained in cell line, treatment with either Gefitinib or GSK 126
alone induced evident conversion of cytoplasmic LC3-I into
membrane-bound LC3-II and a notable decrease in the
p-ULK, whereas treatment with the combination of Gefitinib
and GSK126 induced a further conversion or decrease in
LC3-II or p-ULK, respectively (Figure S5E and F).

Discussion

To the best of our knowledge, this is the first study demon-
strating that inhibition of both EZH2 and EGFR produces a
synergistic effect on the cancer cell apoptosis. In this molecu-
lar event, inhibition of both EZH2 and EGFR inactivates the
Akt and mTORCI to activate the ULK, thereby causing an
increase in the autophagy that possibly contributes to the
induction of cell apoptosis.

Combination chemotherapy is widely exploited for
enhancing cancer treatment in clinic. However, the treatment
efficacy has not always been promising. In our observations,
the combination of GSK 126 and Gefitinib has showed syner-
gistic anti-cancer effect in multiple tumor cell lines (MGC803,
A549, PC-3,and MDB231). The strong synergistic effect was
also validated in a gastric cancer MGCS803 xenograft model.
Consistent with our findings, Katona et al have reported
that combined use of EZH2 and EGFR inhibitor results in a
significant decrease in cell number, and increased apoptosis
and autophagy in colon cancer cells.?! Another report has
also shown synergic effects of EZH2 inhibitor combined with
histone deacetylase (HDAC) inhibitor in glioblastoma, which
augments apoptosis and increases DNA damage.”> However,
combination therapy may cause toxicity. Although we have not
explored the detailed toxicity of the combined use of GSK126
and Gefitinib in the present study, we observed normal body
weight gain and liver function in these animals, suggesting that
the toxicity of the combination use is likely minimal.

Drug-induced decrease of survival rate of cancer
cells may be due to the inhibition of proliferation or the
induction of apoptosis. In the present study, we found a
modest decrease in cell survival fraction when Gefitinib or
GSK126 is administered alone; however, we observed no
significant effect on apoptosis. These results indicate that
effect of monotherapy on cell survival fraction likely resulted
from its effect on inhibition of proliferation. Although the

effect of combined use of drugs on cell proliferation has not
been observed in this study. We have found the decrease in
survival rate and the increase in apoptosis is approximately
equal. Thus, the synergistic effect of combination use on
survival inhibition is more likely resulted from its induction
of apoptosis, which is identical to other reports.?

The relationship between the processes of autophagy and
apoptosis is quite complicated, and sometimes contradictory,
but is critical to the overall fate of the cell.** In essence,
autophagy-dependent mechanisms that contribute to the main-
tenance of cellular homeostasis could indirectly postpone the
onset of apoptosis. Inhibiting autophagy leads to increased
apoptosis and decreased clonogenic activity in cancer cells
that survived.??¢ On the contrary, excessive autophagy may
predispose the cells to apoptosis in order to eliminate cells.?’
Many autophagic proteins tend to corroborate in induction of
apoptosis in a stressful condition via upregulation of proapop-
totic proteins.?®3° In this study, we have demonstrated that
the combination of GSK126 and Gefitinib induced notable
increase in both autophagy and apoptosis, and autophagy
inhibitor pretreatment reversed the apoptosis induced by
combined use of drugs. These data indicate that synergic
effect of the combined use of drugs on cancer cell survival
may result from the inhibition of Akt/mTORCI1, which sub-
sequently induces the activation of ULK and autophagy, and
eventually increases the event of apoptosis.

Conclusion

The present study provides evidence in vitro and in vivo
that combination of GSK126 and Gefitinib exerts synergic
therapeutic activity, which may be considered as a potential
therapeutic strategy to overcome the low efficacy of current
single drug strategies.
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