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BACKGROUND AND PURPOSE
The testing of anticancer compounds in vitro is usually performed in hyperglycaemic cell cultures, although many tumours
and their in vivo microenvironments are hypoglycaemic. Here, we have assessed, in cultures of tumour cells, the effects of
reduced glucose levels on resistance to anticancer drugs and investigated the underlying cellular mechanisms.

EXPERIMENTAL APPROACH
PIK3CA mutant (AGS, HGC27), and wild-type (MKN45, NUGC4) gastric cancer cells were cultured in high-glucose (HG,
25 mM) or low-glucose (LG, 5 mM) media and tested for sensitivity to two cytotoxic compounds, 5-fluorouracil (5-FU) and
carboplatin, the PI3K/mTOR inhibitor, PI103 and the mTOR inhibitor, Ku-0063794.

KEY RESULTS
All cells had increased resistance to 5-FU and carboplatin when cultured in LG compared with HG conditions despite having
similar growth and cell cycle characteristics. On treatment with PI103 or Ku-0063794, only the PIK3CA mutant cells displayed
increased resistance in LG conditions. The PIK3CA mutant LG cells had selectively increased p-mTOR, p-S6, p-4EBP1, GLUT1
and lactate production, and reduced reactive oxygen species, consistent with increased glycolysis. Combination analysis
indicated PI103 and Ku-0063794 were synergistic in PIK3CA mutant LG cells only. Synergism was accompanied by reduced
mTOR signalling and increased autophagy.

CONCLUSIONS AND IMPLICATIONS
Hypoglycaemia increased resistance to cytotoxic agents, especially in tumour cells with a high dependence on glycolysis. Dual
inhibition of the PI3K/mTOR pathway may be able to attenuate such hypoglycaemia-associated resistance.

Abbreviations
5-FU, 5-fluorouracil; CI, combination index; fu, fraction unaffected; GC, gastric cancer; HG, high glucose; LG, low
glucose; ROS, reactive oxygen species
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Introduction
Chemoresistance can be manifested through many mecha-
nisms, including the activation of survival, DNA repair
and detoxification pathways, and increased drug efflux and
reduced influx (Gottesman et al., 2002). Recently, a role for
hypoglycaemia in promoting resistance to therapy has been
suggested (Mentis and Kararizou, 2010; Griguer and Oliva,
2011; Suh et al., 2011), although the mechanisms of this
effect remain to be clarified.

Under glucose deprivation, cells are believed to undergo
numerous changes in order to conserve energy and ensure
survival (Nakano and Takashima, 2012). The tumour suppres-
sor kinase LKB1 is thought to be crucial to this process, as it
activates AMP-activated PK (AMPK) in the presence of low
ATP levels (Alexander and Walker, 2011). The activation of
AMPK in turn inhibits mTOR signalling and protein transla-
tion for energy conservation (Jeon et al., 2012). Prolonged
glucose deprivation also induces cellular stress, which triggers
activation of survival pathways. Hypoglycaemia is also
known to activate the glucose-regulated protein 78 (GRP78),
a molecular chaperone in the endoplasmic reticulum, which
confers cytoprotective effects from apoptosis (Fu and Lee,
2006). Stress also activates the unfolded protein response
system that ultimately activates survival proteins such as the
heat shock protein Hsp90 (Saito et al., 2009). Additionally,
prolonged hypoglycaemic stress has been known to contrib-
ute to oncogenic mutation (Yun et al., 2009) and activate
survival pathways, including the PI3K/AKT pathway (Roberts
et al., 2011). Given these survival phenotypes, it is reasonable
to hypothesize that low extracellular glucose levels could
increase drug resistance.

Nonetheless, testing of drugs in vitro is usually carried out
using cell cultures in media containing supraphysiological
levels of glucose (commonly 25 mM), which would repre-
senting an extreme diabetic state (Li et al., 2005). Given the
potential role of glucose metabolism in chemoresistance, the
disparity in glucose levels between culture and tumour micro-
environment could be a basis for observed differences in drug
efficacy in vitro and in the clinic.

Gastric cancer (GC) is today one of the leading causes of
cancer-related mortality worldwide (Fuchs and Mayer, 1995).
Current treatment includes surgical resection of localized
disease, and cytotoxic chemotherapy with 5-fluorouracil
(5-FU) and platinum-based agents are often employed as
first-line therapy (Berardi et al., 2004; Rivera et al., 2007).
However, chemoresistance is a problem with GC as it is with
other tumours. Recently, high throughput molecular analysis
of gastric tumours has identified several molecular aberra-
tions, for example, ErbB2 overexpression (5%) (Grabsch et al.,
2010), KRAS amplification and mutation (9–15%) (Liu et al.,
2009), and mutations in PIK3CA (gene encoding p110α cata-
lytic subunit of PI3K) (10–15%) (Velho et al., 2005; Holbrook
et al., 2011). This has led to the introduction of targeted
agents such as trastuzumab for treatment of GC (Okines and
Cunningham, 2010). Furthermore, as PIK3CA mutations lead
to increased activation of the PI3K pathway and also have
been associated with conferring dependence on PI3K signal-
ling (Karakas et al., 2006), several PI3K/mTOR pathway
inhibitors are also currently undergoing clinical evaluation
(Courtney et al., 2010). In addition to genetic aberrations,

metabolic aberrations have also been identified in GC. A
seminal study by Hirayama et al. (2009) reported gastric
tumours to be hypoglycaemic along with enhanced glycolysis
and increased lactate production.

Given the hypoglycaemic nature of gastric tumours, the
prevalence of PIK3CA mutations and the potential influence
of glucose on drug efficacy, we undertook this study to test
whether glucose levels can affect drug sensitivity of GC cells
with an emphasis on PIK3CA mutations and PI3K/mTOR
inhibitors, and to investigate the underlying mechanisms.

Methods

Cell lines and culture conditions
GC cells were obtained from American Type Culture Collec-
tion (Manassas, VA, USA) or Japanese Collection of Research
Bioresources (Osaka, Japan). Cells were continuously cultured
in DMEM with relevant glucose levels (25, 5 mM) and sup-
plemented with 10% FBS (Invitrogen, Carlsbad, CA, USA),
50 000 U of penicillin and 50 mg of streptomycin (Sigma, St.
Louis, MO, USA) at 37°C in a humidified atmosphere con-
taining 5% CO2.

Drug sensitivity analysis
The dual inhibitor of PI3K and mTOR, PI103, and the mTOR
inhibitor, Ku-0063794, were obtained from Cayman Chemi-
cals (Ann Arbor, MI, USA) and BioVision (Milpitas, CA, USA)
respectively. Carboplatin and 5-FU were obtained from
Sigma. All stock solutions were prepared in DMSO (MP Bio-
medicals, Solon, OH, USA) at a final concentration in culture
media of 0.25% (v/v). Cells in 90 μL medium were seeded
(3000 cells per well) onto 96-well microtitre plates (Nunc,
Rochester, NY, USA). After 24 h, 10 μL of medium containing
compounds in graded concentrations ranging from 0.1 to
1000 μM was added to the wells. Control wells contained
20 μL of relevant solvent to achieve a final concentration of
0.25% of each solvent. The effect on cell numbers was
assessed using the CellTiter 96® AQueous Non-Radioactive
Cell Proliferation Assay (Promega, Madison, WI, USA) (MTS
Assay) at 72 h post-treatment. The IC50 was calculated as the
drug concentration that inhibited cell proliferation by 50%
compared with vehicle controls as previously described
(Bhattacharya et al., 2012). The drug and molecular target
nomenclature used in this study follows Alexander et al.
(2013a,b).

Drug combination analysis
The effect of combining compounds was evaluated using the
median–effect equation and combination index (CI) method
of Chou and Talalay (1984). The concentration–response
curve of PI103 or Ku-0063794 was determined in the presence
of a fixed low concentration of Ku-0063794 or PI103 (at a
concentration that yielded fraction unaffected (fu) ≥ 0.9)
respectively. For each level of fu, a CI was calculated as
follows: CI = (D)1/(Df)1 + (D)2/(Df)2 + [(D)1(Df)2/(Df)1(Df)2],
where (D)1 and (D)2 are the concentrations of the combina-
tion required to produce fu, and (Df)1 and (Df)2 are the con-
centrations of the individual drugs required to produce fu.
Data giving linear regression coefficients (r2) of median–effect
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plots <0.95 were excluded. CI values of <1, 1 and >1 were
considered to indicate synergy, additivity and antagonism
respectively. CI values with the non-exclusive assumption
have been reported.

Western immunoblotting
Cells were harvested and lysed in 1× denaturing lysis buffer
(10 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na2 EDTA,
1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate,
1 mM β-glycerophosphate, 1 mM Na3VO4, 1 μg·mL−1 leupep-
tin) (Cell Signaling Technology, Beverly, MA, USA). Samples
were then centrifuged at 1500× g for 10 min at 4°C and
assayed for protein concentration using the BCA protein esti-
mation kit (Pierce Biotechnology, Rockford, IL, USA). Equal
amounts of protein (50 μg) were separated by electrophoresis
through a 4–12% Tris-glycine gel (Invitrogen). Proteins were
then transferred onto 0.45 μm nitrocellulose pore mem-
branes and probed with antibodies. The antibodies used and
their sources (in parentheses) are as follows: glucose trans-
porter 1 (GLUT1) (Abcam, Cambridge, UK); monocarboxylate
co-transporter 4 (MCT4; Millipore, Billerica, MA, USA);
GAPDH (Millipore); p-AMPK (Thr172), AMPK, LCII, LC3B
(Cell Signaling Technology); and HRP-conjugated secondary
antibodies (GE Healthcare, Uppsala, Sweden).

ELISA analysis
Levels of p-AKT (Ser473), p-mTOR (Ser2448), p-S6 (Ser235/236),
p-4EBP1 (Thr37/46) and their respective total proteins were
measured using PathScan® Sandwich ELISA kits (Cell Signaling
Technology) according to the manufacturer’s instructions.

Lactate and reactive oxygen species
(ROS) analysis
The levels of lactic acid in the culture medium were measured
using the L-Lactate Colorimetric Assay Kit (Abcam) according
to manufacturer’s instructions. Levels of ROS in cells were
detected fluorometrically using 2′,7′-dihydrodichlorofluore-
scein (H2-DCFDA; Life Technologies, Carlsbad, CA, USA).
H2-DCFDA is a chemically reduced form of fluorescein
which, upon cleavage by intracellular esterases and
oxidation, is converted to the highly fluorescent 2′-7′-
dichlorofluorescein. The fluorescence was measured at exci-
tation and emission wavelengths of 488 and 525 nm
respectively.

Apoptosis measurement
Apoptosis was measured using the Cell Death ELISA® (Roche,
Mannheim, Germany) kit. Cells were plated in 96-well plates
(3000 cells per well) and on the following day treated with
drug or solvent in a volume adjusted to 200 μL with 10%
FCS/DMEM. After 24 h, nucleosomes were quantified accord-
ing to the manufacturer’s instructions.

siRNA treatment
Two independent Atg5 and control siRNA were obtained
from both Cell Signaling Technology and OriGene (Rockville,
MD, USA) respectively. Cells were transfected with siRNA at
concentrations of 100 nM and exposed to a range of concen-
trations of PI103 or Ku0063794 24 h post-transfection. The
effect on cell numbers was measured at 72 h post-transfection

by the CellTiter 96® AQueous Non-Radioactive Cell Prolifera-
tion Assay (Promega).

Autophagy assessment
Autophagic cell morphology, indicated by the presence of
vacuoles, was detected using phase contrast microscopy
(Nikon, Melville, NY, USA) at 20× magnification with the
cells attached to the culture flasks. Briefly, cells were either
exposed to IC50 concentrations of PI103, Ku-0063794 or com-
bination of PI103 at IC50 and Ku-0063794 at one-fifth IC50 or
Ku-0063794 at IC50 and PI103 at one-fifth IC50 for 24 h. For
detection of autophagy by LC3B protein assessment, cells
were exposed to the above-mentioned conditions for 24 h.
Following SDS-PAGE, membranes were probed with LCII and
LC3B antibodies (Cell Signaling Technology).

Data analysis
Differences in IC50 values and ELISA, lactate and ROS levels
were assessed using a two-tailed, paired sample t-test. For
apoptosis assays, one-way ANOVA followed by Dunn’s multiple
comparison test was performed to compare for differences
between control and treatment arms. A two-tailed, one-
sample t-test was used to compare experimental CI at fu 0.5
values, with the predicted value for additivity of 1. All statis-
tical analyses were performed using GraphPad Prism 4.00
software (GraphPad Software, Inc., San Diego, CA, USA). Sta-
tistical significance was considered when P < 0.05.

Results

Influence of glucose concentration
on chemoresistance
Two PIK3CA mutant (AGS, PIK3CA E453K and HGC27,
PIK3CA E452K) and two PIK3CA wild-type (MKN45 and
NUGC4) GC cell lines (cancer.sanger.ac.uk/cell lines) were
cultured in the presence of 25, 5 or 1 mM, or no glucose. Cell
counting and MTS assay analysis up to 72 h was performed
on all cell lines, and a similar growth pattern was observed
between cells grown in 25 mM (designated high glucose, HG)
and 5 mM (low glucose, LG) (Supporting Information
Figure S1). Cells grown in 1 mM and 0 mM glucose had
slower growth rates compared with those grown in 25 mM
glucose and, hence, were not considered in further analysis.
Cell cycle analysis revealed comparable cell cycle phase dis-
tributions between HG and LG cells (Supporting Information
Figure S1).

HG and LG cells were compared for their sensitivity to
5-FU and carboplatin, the dual PI3K/mTOR inhibitor, PI103
and the mTOR inhibitor, Ku-0063794. For both cytotoxic
agents, all LG cells displayed significant (P < 0.01) resistance
(∼4–14-fold) to the drugs compared with HG cells (Figure 1).
Increased resistance to PI103 (∼5–30-fold) and Ku-0063794
(∼11–21-fold) in LG was also observed, but only in the
PIK3CA mutant AGS and HGC27 cells, indicating a class-
specific effect for LG-associated chemoresistance.

Involvement of AMPK, mTOR and autophagy
in chemoresistance
AMPK is a central metabolic sensor and is activated in
response to energy perturbations (Chen et al., 2010; Jeon
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et al., 2012). Activation of AMPK inhibits high energy-
consuming pathways such as mTOR, which in turn leads to
induction of autophagy (Chen et al., 2010). In Western blot
analysis, none of the LG cells demonstrated an increase in
AMPK or LC3B2 (for autophagy) (Mizushima and Yoshimori,
2007) compared with HG cells (Figure 2A; densitometry
analysis in Supporting Information Figure S2). Comparison
of PI3K/mTOR pathway activation in LG and HG cells by ELISA

revealed no significant differences in Akt (Ser473) levels in all
cell lines, or the phosphorylation levels of mTOR, S6 and
4EBP1 in PIK3CA wild-type MKN45 and NUGC4 cells
(Figure 2B). In contrast, the phosphorylation levels of mTOR,
S6 and 4EBP1 were significantly increased (P < 0.01) in
PIK3CA mutant AGS and HGC27 cells.

Involvement of glucose transport and
glycolysis in chemoresistance
To compensate for lower extracellular glucose levels, many
cells will enhance glucose uptake through the GLUT family of
transporters (Evans et al., 2008). To investigate the involve-

ment of glucose uptake in the observed LG-associated drug
resistance, Western blot analysis was performed for GLUT1, a
major isoform of GLUT reported to be overexpressed in
cancer (Macheda et al., 2005; Airley and Mobasheri, 2007;
Evans et al., 2008). GLUT1 was elevated in LG conditions, but
only in the PIK3CA mutant AGS and HGC27 cell lines
(Figure 3A).

The selective increase of GLUT1 in LG conditions high-
lighted that the PIK3CA mutant cell lines may be more
dependent on glucose, possibly due to a greater reliance on
glycolysis for their energy requirements. The end product of
glycolysis is lactate (Hirschhaeuser et al., 2011) and we there-
fore measured lactic acid in the culture medium of LG and
HG cells to assess levels of glycolysis. In HG cells alone,
PIK3CA mutant cells had increased lactate levels (P < 0.05) in
their culture media compared with PIK3CA wild-type cells
(Figure 3B), suggesting PIK3CA mutant cells were inherently
more glycolytic in routine culture conditions. In comparing
HG and LG cells, lactate levels were significantly higher in LG
than HG cells for PIK3CA mutant but not wild-type cells.

Figure 1
Effect of extracellular glucose concentrations on drug sensitivity. The IC50 values of treatment with 5-FU, carboplatin, PI103 and Ku-0063794 for
72 h on PIK3CA mutant (MT; AGS, HGC27) and wild-type (WT; MKN45, NUGC4) GC cells cultured in HG or LG are displayed. Data shown are
the mean log IC50 values ± SD from five independent experiments. *P < 0.05.
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Figure 2
Effect of extracellular glucose concentrations on AMPK, autophagy and mTOR signalling. (A) Western blot analysis of phosphorylated AMPK, total
AMPK, LC3B1 and LCB2 levels in PIK3CA mutant (MT; AGS, HGC27) and wild-type (WT; MKN45, NUGC4) GC cells cultured in HG or LG
conditions for 24 h. Data shown are representative of three independent experiments. GAPDH was used as loading control. (B) Levels of p-AKT,
p-mTOR, p-S6 and p-4EBP1 in PIK3CA mutant (MT; AGS, HGC27) and wild-type (WT; MKN45, NUGC4) GC cells cultured in HG or LG conditions
at 24 h determined by ELISA. Data shown are the mean (±SD) absorbance values of phosphorylated protein normalized to total protein from three
independent experiments. *P < 0.05.
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Figure 3
Effect of glucose concentrations on glucose transport, lactate production and apoptosis. (A) Western blot analysis of GLUT1 and MCT4 in PIK3CA
mutant (MT; AGS, HGC27) and wild-type (WT; MKN45, NUGC4) GC cells cultured in HG or LG at 24 h. Data shown are representative of three
independent experiments. GAPDH was used as loading control. (B) Levels of extracellular lactate (ODU, optical density units; cells without DMEM
were used as a control), ROS and apoptosis after PI103 and Ku-0063794 treatment in PIK3CA mutant (MT; AGS, HGC27) and wild-type (WT;
MKN45, NUGC4) GC cells cultured in HG or LG conditions for 24 h are displayed. Data shown are the mean (±SD) values from three independent
experiments. *P < 0.05.
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These results suggest that LG compared with HG conditions
can further increase glycolysis in PIK3CA mutant cells beyond
those seen in PIK3CA mutant compared with wild-type cells
grown in HG conditions.

For confirmation, the levels of the transporter MCT4 were
assessed. The MCT family of solute transporters facilitates
efflux of monocarboxylates, for example, lactate, pyruvate
and ketone bodies from within the cell (Halestrap and
Meredith, 2004; Ganapathy et al., 2009). Efflux of lactate
from cells is essential for maintaining optimal intracellular
pH and therefore cellular survival and homeostasis. Western
blotting analysis revealed higher levels of MCT4 in the
PIK3CA mutant cells cultured in LG compared with HG con-
ditions (Figure 3A). A reduction in MCT4 levels was observed
in NUGC4 PIK3CA wild-type cells in LG conditions whereas,
in MKN45 cells, no marked changes in MCT4 levels were
observed.

Involvement of ROS and apoptosis
in chemoresistance
With glycolysis and oxidative phosphorylation being alterna-
tive pathways to energy generation (Mentis and Kararizou,
2010), increased glycolysis may be expected to be accompa-
nied by reduced oxidative phosphorylation. Oxidative phos-
phorylation generates ROS, which are also important
intermediaries in apoptosis (Weinberg et al., 2010). Consist-
ent with the increased glycolysis in the PIK3CA mutant cells
in LG concentrations, intracellular ROS levels were also found
to be significantly lower (P = 0.02) in these cells (Figure 3B).
In contrast, the PIK3CA wild-type cells exhibited significantly
higher levels (P = 0.03) of ROS when cultured in LG compared
with HG conditions.

To evaluate the influence of glucose levels on drug-
induced apoptosis, cells cultured in HG and LG were exposed
to IC50 concentrations of PI103 or Ku-0063794 for 24 h and
nucleosome formation was measured. Apoptosis was signifi-
cantly lower (P < 0.05) in the PIK3CA mutant cells grown in
LG compared with HG cells following exposure to the com-

pounds (Figure 3B). In contrast, there were no significant
differences in the levels of nucleosome formation in the
PIK3CA wild-type cells.

Attenuation of chemoresistance by
synergistic combination
The association of mTOR pathway activation with
LG-associated drug resistance to PI103 and Ku-0063794 in
PIK3CA mutant cells prompted us to test whether the resist-
ance could be reduced by the combination of the drugs. The
presence of a fixed non-growth inhibitory concentration
(approximately one-fifth IC50) of either PI103 (AGS = 0.5 μM;
HGC27 = 5 μM) or Ku-0063794 (5 μM for both cells) signifi-
cantly reduced (P < 0.001) the IC50 of Ku-0063794 or PI103,
respectively, in the PIK3CA mutant cells cultured in LG con-
centrations (Table 1). In contrast, no significant changes were
observed with combination treatment in the same cells cul-
tured in HG conditions, or the PIK3CA wild-type cells grown
in LG or HG concentrations. CI analysis confirmed the
synergy in the PIK3CA mutant cells cultured in LG conditions
and additivity in all other cells.

Mechanisms of synergy
No changes in the phosphorylation of AKT was observed in
PIK3CA mutant cells cultured in LG conditions compared
with HG after treatment with PI103 or Ku-0063794 either as
single agent or in combination (Figure 4). However, PIK3CA
mutant cells cultured in LG concentrations had a marked
decrease in the phosphorylation levels of mTOR, S6 and
particularly 4EBP1 (P < 0.05) following treatment with the
combination of PI103 and Ku-0063794. In contrast, there
were no significant differences observed post-treatment in
the PIK3CA wild-type cells. Consistent with block of mTOR
signalling in synergy and thereby reduced glycolysis, there
was also a significant decrease in extracellular lactate produc-
tion in the PIK3CA mutant cells cultured in LG concentra-
tions. No significant changes in lactate production were
observed in the PIK3CA wild-type cell lines.

Table 1
CI of PI103 and Ku-0063794 in GC cells grown in LG and HG conditions

Cell line Glucose

Single-agent IC50 (μM) IC50 (μM) in combination

CI at fu 0.5PI103 Ku-0063794 PI103 Ku-0063794

AGS High 0.52 ± 0.08 0.72 ± 0.05 0.68 ± 0.031 0.87 ± 0.031 1.1 ± 0.020

Low 2.57 ± 0.04 15.0 ± 2.91 0.05 ± 0.001* 0.03 ± 0.003* 0.03 ± 0.001**

HGC27 High 0.49 ± 0.01 1.33 ± 0.03 0.38 ± 0.022 0.93 ± 0.022 0.97 ± 0.012

Low 15.0 ± 0.50 15.0 ± 4.82 0.02 ± 0.004* 0.05 ± 0.004* 0.01 ± 0.003**

MKN45 High 1.21 ± 0.03 1.01 ± 0.02 1.01 ± 0.051 0.86 ± 0.067 0.93 ± 0.340

Low 0.92 ± 0.06 0.82 ± 0.01 0.87 ± 0.030 1.2 ± 0.052 1.0 ± 0.223

NUGC4 High 16.0 ± 1.30 3.51 ± 0.19 14.0 ± 3.913 13.0 ± 1.627 0.89 ± 0.320

Low 15.0 ± 2.12 2.93 ± 0.31 14.0 ± 5.321 16.0 ± 4.963 0.85 ± 0.671

The IC50 values of PI103 and Ku-0063794 as single agents and in combination (in the presence of the other drug at fixed, non-growth
inhibitory concentrations of one-fifth IC50) are indicated. CI values for fu at 0.5 (IC50) are also given. Additivity = 1, antagonism > 1, synergy
< 1. *P < 0.05 for differences in IC50 values between LG and HG values. **P < 0.05 for differences from unity for CI values.

BJPChemoresistance and hypoglycaemia and glycolysis

British Journal of Pharmacology (2014) 171 3255–3267 3261



Intriguingly, treatment with the combination compared
with single agents did not increase apoptosis in the PIK3CA
mutant cells. As inhibition of mTOR can also lead to activa-
tion of the autophagic pathway (Wong et al., 2013), we inves-
tigated the effect of the drug combination on this pathway.
The combination led to an increase in autophagic vesicle
formation in PIK3CA mutant cells cultured in LG concentra-
tions (Figure 5), but not in cells co-exposed to 5 mM of
3-methyladenine, an inhibitor of autophagic vesicle forma-
tion (Supporting Information Figure S3). No morphological
evidence of autophagy was visible in the same cells cultured
in HG concentrations, or PIK3CA wild-type cells cultured in
either LG or HG conditions. The synergistic increase in
autophagy was further confirmed by a corresponding increase
in LC3B2 levels (Supporting Information Figure S4).

Autophagosome formation involves the interaction of
two key proteins, Atg12 and Atg5, forming an ubiquitin-
like conjugation system (Mizushima et al., 1998). Repression
of Atg5 has been demonstrated to lead to inhibition of
autophagy (Yang et al., 2013). To confirm the involvement of
autophagy in mediating combination synergy, the effect
of silencing Atg5 using two independent siRNA was tested.
The siRNA inhibited Atg5 protein and mRNA expression in
all cell lines tested (Supporting Information Figure S5). In
support of a role of autophagy in mediating combination
synergy, silencing of Atg5 by siRNA in PIK3CA mutant cells
grown in LG conditions not only abolished synergy but also

led to strong antagonism (Table 2). In addition, silencing of
Atg5 in the PIK3CA mutant cells in HG media led to combi-
nation synergy. The additive interaction between PI103 and
Ku-0063794 in PIK3CA wild-type cells in HG or LG condi-
tions remained unchanged following Atg5 siRNA treatment.

Discussion and conclusions

In this study, we tested the hypothesis that extracellular
glucose levels can influence drug sensitivity in cancer cells
because of the activation of survival pathways in glucose-
deprived conditions. An emphasis on the PI3K pathway was
made because of the role of mTOR and other pathway com-
ponents in glucose homeostasis (Elstrom et al., 2004; Sun
et al., 2011). It has also been reported that PIK3CA mutant
tumours have a high rate of glucose uptake and dependence
on glycolysis (Cantley, 2012; Foster et al., 2012). GC cells
were used because of the commonly hypoglycaemic state of
gastric tumours (Hirayama et al., 2009). In support of the
hypothesis, all four cell lines were more resistant to 5-FU and
carboplatin when grown in LG compared with HG concen-
trations (Figure 1). Increased resistance in LG concentrations
was also observed for the PI3K pathway inhibitors, but inter-
estingly only in the PIK3CA mutant cells. This class specificity
in drug sensitivity highlighted that the PI3K pathway may

Figure 4
Effect of 24 h treatment with IC50 concentrations of DMSO, PI103, Ku-0063794, PI103 with one-fifth IC50 Ku-0063794 and Ku-0063794 with
one-fifth IC50 PI103 on mTOR signalling (p-AKT, p-mTOR, p-S6, p-4EBP1; measured by ELISA), extracellular lactate (measured by colorimetric assay)
and apoptosis (measured by ELISA) in PIK3CA mutant (MT; AGS, HGC27) and wild-type (WT; MKN45, NUGC4) GC cells. For analysis of protein
expression, the mean (±SD) absorbance value of phosphorylated protein normalized to total protein was calculated. Data shown are the average
fold difference (±SD) of values from cells cultured in LG compared with HG conditions, from three independent experiments.
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have a specific role in mediating LG-associated drug
resistance.

In the investigation of mechanisms, no clear trends in
AMPK and LCB3 levels between LG and HG cells were
observed (Figure 2) suggesting that ATP abundance and
autophagy may not be involved in the observed LG-
associated chemoresistance. One explanation for this unex-
pected result is that the glucose levels under investigation in
this study did not reach threshold levels for triggering AMPK
activation and autophagy. Indeed, LG concentrations were
represented in this study by the physiological concentration
of 5 mM glucose instead of the pathologically hypoglycaemic
1 mM glucose or no glucose, as cells grown in the latter
conditions exhibited retarded growth rates (Supporting
Information Figure S1). Nonetheless, relative to the 25 mM
glucose routinely used in culture medium, 5 mM glucose does
still represent a hypoglycaemic environment. In this context,
the results of this study therefore still supply evidence that
modulating glucose levels can affect drug sensitivity and
provide useful first insights into possible mechanisms.

Further investigation revealed GLUT1, p-mTOR, p-S6 and
p-4EBP1 were all significantly elevated in PIK3CA mutant but
not in wild-type cells grown in LG compared with HG con-
centrations. This pattern of elevated expression was consist-
ent with the selective resistance of PIK3CA mutant LG cells to

Figure 5
Phase contrast images of PIK3CA mutant (MT; AGS, HGC27) and wild-type (WT; MKN45, NUGC4) GC cells at 24 h post-exposure to the
combination of PI103 at IC50 and Ku-0063794 at one-fifth IC50, and the combination of Ku-0063794 at IC50 and PI103 at one-fifth IC50. Images
were captured at 20× magnification and are representative of two independent experiments.

Table 2
Effect of Atg5 siRNA on the CI of PI103 and Ku-0063794 in GC cells
grown in LG and HG conditions

Cell line Glucose

CI at fu 0.5

Control siRNA Atg5 siRNA

AGS High 0.98 ± 0.09 0.32 ± 0.01*

Low 0.08 ± 0.003 3.8 ± 0.9*

HGC27 High 1.1 ± 0.06 0.14 ± 0.06*

Low 0.04 ± 0.002 4.6 ± 0.18*

MKN45 High 0.98 ± 0.02 1.1 ± 0.05

Low 0.89 ± 0.04 0.93 ± 0.02

NUGC4 High 1.1 ± 0.28 0.99 ± 0.08

Low 1.4 ± 0.82 1.3 ± 0.11

The CI values of PI103 and Ku-0063794 (in the presence of the
other drug at fixed, non-growth inhibitory concentrations of
one-fifth IC50) at fu 0.5 in the presence or absence of Atg5 siRNA
are displayed. Additivity = 1, antagonism > 1, synergy < 1. *P <
0.05 for differences from unity for CI values.
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PI3K pathway inhibitors, suggesting increased glucose uptake
and mTOR pathway signalling could be important mediators
of LG-associated chemoresistance. GLUT1 has been shown to
enhance mTOR activity independent of AMPK (Buller et al.,
2011), and mTOR signalling can also increase translation of
proteins including GLUT1 (Taha et al., 1999). Hence, the
combined elevated expression of both GLUT1 and mTOR
signalling in the presence of lower glucose levels is plausible.

The selective increase of GLUT1 in PIK3CA mutant LG
cells led to the hypothesis that these cells selectively
increased glucose uptake because they were more reliant on
glycolysis for energy than the other cells. mTOR is a central
regulator of glycolysis (Sun et al., 2011) and the elevated
activity in PIK3CA mutant LG cells concurs with this hypoth-
esis. Further support was provided by the increased lactate
observed in PIK3CA mutant compared with wild-type HG
cells, and the selective increase of lactate, increase of MCT4
and decrease in ROS in PIK3CA mutant LG compared with
HG cells (Figure 3). Taken together, these results suggest that
increased glycolysis could be a feature of cells likely to have
increased drug resistance in LG conditions, at least to PI3K
pathway inhibitors.

The selectivity of LG-associated PI3K pathway inhibitor
resistance to PIK3CA mutation and mTOR pathway activa-
tion led to the hypothesis that combination treatment of
PI103 and Ku-0063794 could be used to attenuate resistance.
In support of the hypothesis, the combination was synergistic
in PIK3CA mutant cells grown in LG conditions, but not in
PIK3CA mutant cells grown in HG conditions, or wild-type
cells grown in LG or HG conditions (Table 1). Moreover,
consistent with the events observed in LG-associated resist-
ance, the synergy was associated with reduced mTOR signal-
ling, especially 4EBP1, and glycolysis (indicated by reduced
lactate).

Interestingly, autophagy emerged as the more likely mode
of cell death associated with the synergy (Figure 5), instead of
apoptosis (Figure 4). The findings concur with the major role
of mTOR in suppressing autophagy (Jung et al., 2010). They
also are consistent with accumulating evidence of a common
role for autophagy in mediating cell sensitivity to PI3K/
mTOR inhibitors. Fujiwara et al. (2007) reported PI3K/Akt
inhibition increased radiosensitivity by inducing autophagic
cell death. The combination of BEZ235, the dual PI3K/mTOR
inhibitor, with temsirolimus resulted in cell death due to
autophagy (Yang et al., 2011). Inhibition of autophagy has
also enhanced the effect of PI3K/mTOR inhibition in neuro-
logical tumours (Ghadimi et al., 2012) and lung cancer (Xu
et al., 2011).

Taken together, the selective drug resistance, signalling
events and combination synergy observed in this study could
fit a model of ‘synthetic lethal addiction’ (Nijman, 2011)
to PI3K/mTOR/4EBP1 pathway activation and glycolysis
(Figure 6). It can be contended that PIK3CA wild-type cells do
not depend significantly on PI3K/mTOR signalling for sur-
vival, hence are unaffected by single or dual inhibition of the
PI3K/mTOR pathway. PIK3CA mutant cells in HG conditions
may be more reliant on PI3K/mTOR pathway signalling and
glycolysis, but lack the additional dependence on mTOR sig-
nalling generated by LG conditions. PIK3CA mutant cells in
LG conditions, however, are evidently sufficiently dependent
on mTOR signalling that synergy is achieved through dual

inhibition of PI3K/mTOR signalling. Single PI3K/mTOR inhi-
bition does not appear sufficient to reduce the hyper-
activated mTOR signalling in this scenario. Finally, the loss of
mTOR inhibition of autophagy following combination treat-
ment could explain the reduced number of cells observed in
synergy.

The effect of hypoxia, another integral part of the micro-
environment, on drug efficacy has not been addressed by this
study. Recently, a symbiotic relationship between hypoxic
cells and oxygenated tumour cells utilizing lactate transport
has been shown to promote tumour growth and progression
(Dhup et al., 2012). This could potentially influence drug
activity. Furthermore, hypoxia also leads to the activation of
glycolytic intermediates and survival pathways (Rohwer and
Cramer, 2011), thus facilitating drug resistance. The study of
the combined effect of hypoxia and hypoglycaemia on drug
resistance would hence be an interesting topic for future
investigation.

Figure 6
Model of ‘synthetic lethal addiction’ to rationalize selective synergy
of PI103 and Ku-0063794 in PIK3CA mutant cells cultured in LG
conditions. In PIK3CA wild-type cells, PI3K activates AKT, mTOR, S6,
4EBP1, protein translation and glycolysis (black arrows). In PIK3CA
mutant cells, additional activation of AKT, mTOR, S6, 4EBP1, protein
translation and glycolysis occurs (red arrows). Under glucose depri-
vation and in cells with enhanced glycolysis, GLUT1 levels are
increased, leading to activation of mTOR signalling, protein transla-
tion and glycolysis (blue arrows). Synergy between PI103 and
Ku-0063794 is observed only in PIK3CA mutant cells grown in LG
conditions as these cells are dependent on hyperactivation of the
PI3K/mTOR pathway. PIK3CA mutant cells cultured in HG conditions
or PIK3CA wild-type cells in LG or HG conditions are less dependent
on PI3K/mTOR activation, and hence the dual blockade of the PI3K/
mTOR pathway is less detrimental. Autophagy occurs in cells with
synergy due to the inhibition of mTOR.
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In summary, the results of this study have provided evi-
dence that extracellular glucose levels can influence drug
sensitivity. This influence can be class specific in the case of
some drugs such as PI3K pathway inhibitors and could be
linked to cellular dependence on glycolysis. This understand-
ing could lead to new strategies to potentiate current drugs by
manipulation of the metabolic microenvironment. It also
raises questions about what can be learned from the results of
current drug testing with routinely supraphysiological levels
of glucose. In this study, investigations were directed towards
the distinct feature of class-mediated LG-associated resist-
ance; however, the increased resistance to cytotoxic agents
observed in all cell lines grown in LG conditions remains of
high interest. Class-specific effects in the levels of apoptosis
and ROS generation were observed among the cell lines
(Figure 3), suggesting other mechanisms may underlie the
LG-associated resistance to cytotoxic compounds, such as
5-FU and platinum agents. In this context, it would be of
interest to investigate whether common mechanisms of
resistance to cytotoxic agents such as modulation of DNA
repair, drug efflux, activation of survival pathways or other
aspects of cellular bioenergetics are involved. Future investi-
gation of glucose-dependent phenotypes in expanded panels
of cell lines may help to further a better understanding of
the complex interplay between microenvironment and
pharmacology.
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Figure S1 (A) Cell numbers and growth characteristics of
PIK3CA mutant (MT; AGS, HGC27) and wild-type (WT;
MKN45, NUGC4) GC cells cultured in 25 mM glucose (■),
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5 mM glucose (▲), 1 mM glucose (□) or no glucose (○) at the
different time points indicated. (B) Baseline cell cycle phase
distribution of GC cells cultured in HG, LG or no (NG)
glucose at 24 h. Data shown are means of three independent
experiments (±SD).
Figure S2 Expression of (A) pAMPK (white columns) and
LC32B (black columns) and (B) GLUT1 (white columns) and
MCT4 (black columns) in PIK3CA mutant (MT; AGS, HGC27)
and wild-type (WT; MKN45, NUGC4) GC cells cultured in LG
relative to HG conditions. All values are normalized to
GAPDH using ImageJ software (National Institutes of Health,
Bethesda, MD, USA).
Figure S3 Phase contrast pictures of AGS (top panels) and
HGC27 (bottom panels) cells 24 h after treatment with
DMSO (left panels), 5 mM 3-methyl adenine (middle panels)
and the combination of Ku-0063794 at IC50 and PI103 at
one-fifth IC50 (right panel). Images were captured at 20×
magnification and are representative of two independent
experiments.

Figure S4 Western blot analysis of LC3B in PIK3CA mutant
(MT; AGS, HGC27) and wild-type (WT; MKN45, NUGC4) GC
cells cultured in HG and LG conditions at 24 h post exposure
to DMSO, PI103 (P), Ku-0063794 (K) and the combinations of
PI103 at one-fifth IC50 and Ku-0063794 at IC50 (P/2+K) or
Ku-0063794 at one-fifth IC50 and PI103 at IC50 (K/2+P). Data
shown are representative of three independent experiments.
GAPDH was used as loading control.
Figure S5 (A) Gene expression of PIK3CA mutant (MT;
AGS, HGC27) and wild-type (WT; MKN45, NUGC4) GC
cells treated with siRNA of Atg5 at 48 h determined by real-
time PCR. Relative quantities were calculated using the
ΔΔCt method with GAPDH as the reference gene and non-
targeting siRNA controls as calibrators. (B) Western blot of
Atg5 in PIK3CA mutant (AGS, HGC27) and wild-type
(MKN45, NUGC4) GC cells cultured in HG and LG condi-
tions at 48 h post-transfection to Atg5 siRNA or non-
targeting control (NTC). GAPDH was used as a loading
control.
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