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Abstract: Patients with diabetes have increased risk of cancer and poor response to anti-cancer treatment.
Increased protein synthesis is associated with endoplasmic reticulum (ER) stress which can trigger the unfolded
protein response (UPR) to restore homeostasis, failure of which can lead to dysregulated cellular growth. We hy-
pothesize that hyperglycemia may have legacy effect in promoting survival of cancer cells through dysregulation of
UPR. Using HCT116 colorectal cancer cells as a model, we demonstrated the effects of high glucose (25 mM) on
promoting cell growth which persisted despite return to normal glucose medium (5.6 mM). Using the Affymetrix gene
expression microarray in HCT116 cells programmed by high glucose, we observed activation of genes related to cell
proliferation and cell cycle progression and suppression of genes implicated in UPR including BiP and CHOP. These
gene expression changes were validated in HCT116 cancer cells using quantitative real-time PCR and Western blot
analysis. We further examined the effects of thapsigargin, an anti-cancer prodrug, which utilized ER stress pathway
to induce apoptosis. High glucose attenuated thapsigargin-induced UPR and growth inhibition in HCT116 cells,
which persisted despite return to normal glucose medium. Western blot analysis showed activation of caspase-3 in
thapsigargin-treated cells in both normal and high glucose medium, albeit with lower levels of cleaved caspase-3
in cells exposed to high glucose, suggesting reduced apoptosis. Flow cytometry analysis confirmed fewer apoptotic
cells under thapsigargin treatment in cells exposed to high glucose. Our results suggested that hyperglycemia al-
tered gene expression involved in UPR with increased cell proliferation and facilitated survival of HCT116 cells under
thapsigargin-induced ER stress by reducing the apoptotic response.
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Introduction

The increased risk of cancer death in type 2
diabetes (T2D) has been reported as early as
1914 [1] supported by large scale cohort ana-
lysis [2-4]. In the Hong Kong Diabetes Register
(HKDR), which was a research-driven quality
improvement program established since 1995
with documentation of risk factors, complica-
tions and clinical outcomes [5], one in four
patients with T2D died with cancer. This was in
part driven by aging and increasing survival
from cardiovascular-renal complications [6].
About half of these cancer-associated deaths

came from the gastrointestinal system with
liver cancer and colorectal cancer being the
most dominant causes [7].

T2D is characterized by chronic hyperglycemia
with varying contributions from insulin resis-
tance and insulin deficiency. In a matched pro-
spective cohort analysis of patients with T2D,
we were among the first to report the linear
associations between all-cancer risk and gly-
cated haemoglobin (HbA1c) [8]. In a global
analysis of published data up to 2017, it was
estimated that 5.6% of all incident cancers in
2012 were attributable to the combined eff-
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ects of diabetes and obesity, corresponding to
792,600 new cases [9].

Cancer cells are mutated cells with abnormal
growth potential and characteristics. Cancer
cells prefer to use glucose as the energy sour-
ce for growth [10-12]. In experimental studies,
cancer cells exhibited high growth potentials in
high glucose medium with increased expres-
sion of genes that promoted cell cycle progres-
sion and cell proliferation [13, 14]. High gluco-
se treatment also induced stress in cells with
specialized function such as pancreatic [ cells
and cytokine-producing cells [15-17]. In these
specialized cells, high glucose induced endo-
plasmic reticulum (ER) stress with increased
expression of genes such as BiP and CHOP.

ER is the organelle for protein maturation th-
rough adopting a three-dimensional structure
with post-translational modification including
glycosylation and proteolytic cleavage. Under
ER stress, these processes are disrupted and
the ER is filled with unfolded proteins, which
may activate the unfolded protein response
(UPR) that can culminate to cellular apoptosis.
BiP is the chaperone protein located in the ER
[18], which under ER stress, binds to the un-
folded proteins and releases its binding part-
ners, PERK and IRE1. Upon phosphorylation,
the released PERK and IRE1 activate transcrip-
tion factors such as ATF4 and XBP1 to increase
the expression of BiP and CHOP [19, 20]. While
CHOP is the key transcription factor that regu-
lates gene expression to facilitate the cells to
survive, it can also activate genes that lead to
apoptosis should the initial response to ER
stress fail [21].

Both cancer and diabetes are associated with
dysregulation of protein metabolism. In cancer
cells, adaptive UPR during ER stress may pro-
mote cellular growth [22] while in diabetes and
obesity, increased UPR during ER stress may
cause cellular death in fully differentiated cells
[23]. Under metabolic stress, UPR is activated
due to accumulation of unfolded or misfolded
proteins in the ER. The UPR aims to restore nor-
mal cellular function by halting protein transla-
tion, degrading misfolded proteins, increasing
the production of molecular chaperones invol-
ved in protein folding, or inducing apoptosis if
these processes are overwhelmed [22].

Despite the high risk of cancer in diabetes,
there have been few studies examining the
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roles of ER stress on cancer growth in high glu-
cose condition. Given the burden of colorectal
cancer in T2D, we used HCT116 colorectal
cancer cells as a cell culture model [24] and
hypothesized that ER stress might underlie the
dysregulation of cell growth and apoptosis in
high glucose condition. Using the Affymetrix
gene expression microarray, we observed high
glucose suppressed genes implicated in ER
function, including BiP and CHOP, whilst acti-
vated genes related to cell proliferation and
cell cycle progression. We further examined
the effects of the calcium influx blocker, thap-
sigargin, which had anti-cancer potential by
inducing ER stress and apoptosis, on HCT116
cells. High glucose attenuated the growth
inhibition and ER stress induced by thapsigar-
gin on HCT116 cells with reduced apoptosis,
which persisted despite return to normal glu-
cose medium.

Materials and methods
Cell culture conditions and drug treatment

Human HCT116 colorectal cancer cells [24]
were kindly provided by Professor Anthony Lo
(Department of Anatomical and Cellular Patho-
logy, The Chinese University of Hong Kong). The
HCT116 cancer cells were cultured in DMEM
medium containing normal glucose (5.6 mM) or
high glucose (25 mM), 10% fetal bovine serum
(FBS), 50 pg/ml penicillin-streptomycin in CO,
incubator at 37°C. During the experiments, the
cells were plated out in the normal glucose
medium and allowed to settle for 1 day. After 1
day, the cells were fasted in normal glucose
medium containing antibiotics but without FBS
(serum free medium, SFM) for 24 hours. After
fasting, the cells were treated either in normal
glucose medium or DMEM medium with 25 mM
glucose or desired glucose concentration con-
taining 10% FBS (high glucose medium) and
antibiotics. As control, the cells were treated
with normal glucose medium as well as normal
glucose plus mannitol to control for the effects
of osmolality due to high glucose. Cells were
treated for 24 hours or desired time period and
then harvested for experiment. For treatment
with drugs, thapsigargin was purchased from
Sigma (St. Louis, MO, USA). HCT116 cells were
plated out and allowed to settle for 1 day in nor-
mal glucose medium. The cells were then fast-
ed in SFM for 24 hours before changing to
either normal glucose medium or high glucose
medium containing thapsigargin (0.25 uM). The
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cells were allowed to grow for additional 24 or
48 hours before harvest for RNA or protein or
subjected to Sulforhodamine B (SRB) or MTT
assays.

Cell growth assay by Sulforhodamine B

Sulforhodamine B is a fluorescent dye which
stains for the protein mass of culture cells and
can be used as an indicator of cell growth or
survival [25]. SRB was purchased from Sigma
(St. Louis, MO, USA). Cancer cells were seeded
into the 96-well plate in quadruplicate or tripli-
cate at the density of 1000 cells per well. They
were allowed to settle for 1 day, followed by 24
hours starvation in SFM with normal glucose
and antibiotics. Then the cells were treated
with high glucose, normal glucose, or thapsi-
gargin (0.25 uyM) in combination of normal glu-
cose or high glucose. After incubation, 50 ul of
50% trichloroacetic acid (TCA) solution was
added to each well to fix the cells and the
96-well plate was kept on ice for one hour. After
fixation, the cells were washed 5 times with
Milli-Q water and allowed for air dry. Dried
plates were stained with 100 ul of 0.4% SRB
in 1% acetic acid solution for 20 minutes.
Stained cells were then washed 5 times with
1% acetic acid and excess liquid were removed.
Then 100 pul of 25 mM Tris solution was added
to each well and the plates were shaken mildly
until all the SRB dissolved. The absorbance at
520 nm was measured using pQuant micro-
plate reader from BioTek Instruments (Winoo-
ski, VT, USA).

Cell growth assay by MTT

Cell growth was determined by MTT assay [26].
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide] was purchased from
Sigma (St. Louis, MO, USA). The cancer cells
were seeded into the 96-well plate in quadrupli-
cate or triplicate at desired density (500 to
1000 cells/well) and allowed to settle for 24
hours, followed by 24 hours starvation in SFM
with normal glucose (5.6 mM) and antibiotics.
Then the cells were treated with high glucose,
normal glucose, or thapsigargin (0.25 pM) in
combination with normal glucose or high glu-
cose. After treatment, the old medium was
removed and replenished with fresh DMEM
medium with normal glucose and 10% FBS plus
antibiotics. Then 10 pl MTT solution (5 mg/ml
in PBS) was added into the wells and incubated
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for 2 hours or until brown precipitates could be
seen under microscope. The medium was then
replaced with 100 yl DMSO, and the plate was
shaken for 15 min and the absorbance at 570
nm was measured with pQuant microplate
reader from BioTek Instruments (Winooski, VT,
USA).

Cell growth assay by counting

HCT116 colorectal cancer cells were seeded
into 24-well plates at the density of 10,000
cells per well and allowed to settle for 24
hours, followed by 24 hours starvation in SFM
with normal glucose (5.6 mM) and antibiotics.
Then the cells were treated with either high glu-
cose or normal glucose in triplicates for each
time point. At the end of each time point, the
cells were trypsinized and counted to calculate
the total numbers of cells in each well.

Flow cytometry analysis of cellular apoptosis

Cellular apoptosis was tested by flow cytometry
after staining of apoptotic cells with FITC cou-
pled annexin V and propidium iodide using the
Dead cell apoptosis kit from Invitrogen (Cat
No. V13242). After treatment with thapsigargin
(0.25 pM) in normal glucose or high glucose
medium, the cells were washed with PBS and
then trypsinized. The collected cells were
stained with FITC-annexin V and popidium
iodide according to the standard protocol of the
kit and analyzed with the BD FACSAria Fusion
Cell Sorter.

Affymetrix microarray assay

We used the microarray approach to study the
effects of high glucose treatment on gene
expression in HCT116 colorectal cancer cells.
RNA samples were harvested 24 hours after
high glucose treatment. Cells grew in normal
glucose and normal glucose plus mannitol
were used as control. The RNA samples were
analyzed in duplicates using the Affymetrix
Human Gene 1.0 ST array (Affymetrix, Santa
Clara, CA, USA). The experiments were carried
out by the Li Ka Shing Institute of Health
Sciences Core Laboratory according to the
standard protocols of Affymetrix. GeneSpring
v.11.5.1 was used for data analysis with quan-
tile normalization to discover differentially
expressed genes. The gene expression levels
were compared using ANOVA for statistical
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Table 1. List of primers for gPCR

Gene Forward primer (5’ to 3) Reverse primer (5’ to 37)
B-Actin AGAGCTACGAGCTGCCTGAC AGCACTGTGTTGGCGTACAG
Cyclin E2 (CCNE2) TTGGCTATGCTGGAGGAAGT CCTGGTGGTTTTTCAGTGCT
CDC25A GAGATCGCCTGGGTAATGAA TGCGGAACTTCTTCAGGTCT
STAT4 AGCCTTGCGAAGTTTCAAGA ACACCGCATACACACTTGGA
MAT2A AGGGATGCCCTAAAGGAGAA CACAATGATTTTGCGTCCAG
CHOP (DDIT3) GAGCGCCTGACCAGGGAAGT GGCCCAAGTGGGGGACTGAT
TRIB3 GCCTCTGAACTGAGCCAAAC AAGCAGGAACTGCATGTGTG
BiP (HSPA5) TAGCGTATGGTGCTGCTGTC TGACACCTCCCACAGTTTCA
ATF4 AGTGGCATCTGTATGAGCCCA GCTCCTATTTGGAGAGCCCCT
VEGFA AGGAGGAGGGCAGAATCATCA CTCGATTGGATGGCAGTAGCT
XBP1 unspliced (variant 1) TGCTGAGTCCGCAGCACTCA GCTGGCAGGCTCTGGGGAAG
XBP1 spliced (variant 2) TGCTGAGTCCGCAGCAGGTG GCTGGCAGGCTCTGGGGAAG

analysis. Genes with 50% increase or decrease
in expression levels between the normal glu-
cose and high glucose groups and a significant
P value (P<0.05) were selected for pathway
analysis and gene enrichment analysis.

RNA extraction and quantitative real-time PCR

RNA was extracted from the treated cancer
cells using the Trizol reagent from Invitrogen. All
procedures were carried out with the standard
protocols provided by the manufacturer. The
RNA had good quality with an A260/A280 ratio
over 1.9. Gene expression changes detected by
microarray were validated by quantitative real-
time PCR (qPCR) using the SYBR Green meth-
od. First strand cDNA was synthesized by the
High-Capacity cDNA Reverse Transcription Kit
from ABI Biosystems (Foster City, CA, USA)
using 0.3 pg total RNA as template. The SYBR
Green method was used for qPCR detected by
an ABI ViiA 7 Real-time PCR system and SYBP®
Premix Ex Tag™ (Perfect Real Time) from Takara
(Mountain View, CA, USA). The expression lev-
els of each tested gene were validated by gPCR
for 40 cycles. The expression levels were nor-
malized to the expression level of B-actin. Table
1 lists the primers used for these experiments.

Western blot analysis for protein expression

Changes in protein levels were tested by
Western blot analysis. The antibodies for CHOP
(#5554), cyclin E2 (#4132), BiP (#3177), ATF4
(11815), XBP-1s (12782), B-actin (#4967) and
cleaved caspase-3 (#9661) were purchased
from Cell Signaling Technology. After treat-
ments, cells were lysed with lysis buffer con-
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taining 0.15 M NaCl, 0.05 M Tris-HCI (pH 7.4),
0.5% sodium deoxycholate, 1% NP-40, 0.1%
Triton X-100, 1 mM EDTA, 1 mM EGTA plus
Complete protease inhibitor cocktail. Protein
concentrations were measured by the BCA
Protein Assay Kit (Thermo Fisher Scientific).
The protein extracts were separated on 10%
or 15% SDS-PAGE gels and transferred to poly-
vinylidine difluoride (PVDF) membranes. After
transfer, the PVDF membranes were blocked
in 5% non-fat milk in 0.15 M NaCl, 0.05 M Tris-
HCI (pH 7.4) with 0.1% Tween-20 (TBST). Then
the PVDF membranes were cut into strips for
overnight incubation at 4°C with different pri-
mary antibodies diluted in 5% non-fat milk in
TBST. With this setting, one membrane can be
incubated with multiple primary antibodies
simultaneously according to the different sizes
of the targets. After washes in TBST, the mem-
branes were incubated for 1 hour at room tem-
perature with horseradish peroxidase-conju-
gated secondary antibody (1:2,000, Abcam,
Cambridge, MA). After incubation with second-
ary antibodies, the membranes were washed
three times with TBST and the protein bands
were visualized using Amersham ECL che-
miluminescence detection reagent from GE
Healthcare (Piscataway, NJ, USA) with the Bio-
Rad ChemiDoc MP imaging system or using
X-Ray film.

Results

The legacy effects of high glucose on HCT116
cell growth

We tested the effects of high glucose on
HCT116 cell growth using the MTT and SRB
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Figure 1. Effect of high glucose on growth of HCT116 colon cancer cells. (A) HCT116 colon cancer cells were grown
in DMEM with different concentrations of glucose or glucose plus mannitol for 48 hours and then measured by MTT
assay. To control for the change of osmolality, mannitol was added to the amount equal to the additional glucose
added (5.4 mM for 11 mM glucose, 11.1 mM for 16.7 mM glucose and 19.4 mM for 25 mM glucose). (B and C)
Time course of HCT116 cell growth in high glucose (25 mM) with cells in normal glucose and normal glucose plus
mannitol as control using the MTT assay (B) and SRB assay (C). (D) HCT116 cell growth in 25 mM high glucose
medium determined by cell counting using cells in normal glucose and normal glucose plus mannitol as controls.
(E) HCT116 cells maintained in high glucose were plated out in normal glucose (HG to NG) and grown for two days
and then measured by MTT assay with HCT116 cells in normal glucose (NG) as control. (F) High glucose maintained
HCT116 cells were switched to grow in normal glucose medium and kept for successive passages. P1 refers to one
additional passage. The cells were kept until 4 passages (P4). MTT assays were performed 2 days after plating out
of the cells. For all the experiments, the MTT and SRB assays were performed in quadruplicates (n=4) or triplicates
(n=3) and repeated. The cell counting experiments were performed in triplicates (n=3). The graphs shown were one
of the representative experiments in bar charts (mean + SD). “0.01<P<0.05, ""P<0.01.

assays. HCT116 colorectal cancer cells were HCT116 cell increased with increasing glucose
grown in different concentrations of glucose for concentration up to 25 mM reaching signifi-
48 hours. To control for the change of osmolal- cance for 16.7 mM and 25 mM when compared
ity, mannitol was added to the amount equal to with normal glucose (Figure 1A). We further
the additional glucose added. The growth of tested the time course of the growth promotion
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in high glucose with 25 mM glucose treatment.
The growth of HCT116 cells showed no signifi-
cant difference in the first 24 hours but show-
ed significant growth increase in high glucose
from the second day to 4 days in the high glu-
cose environment (Figure 1B). SRB is a dye
that can bind to the protein mass of culture
cells and serves as an indicator of cell growth
[25]. We used SRB assay to show that high
glucose condition increased cell growth of
HCT116 cells from day 2 to day 4 after switch
to the high glucose medium (Figure 1C).
Additionally, cell counting corroborated the sig-
nificant increase in cell number in high glucose
environment from day 2 to day 4 (Figure 1D).

We then asked the question if exposure to high
glucose had legacy effects on HCT116 cell
growth when the cells were switched back to
normal glucose medium. We used HCT116
cells that had been maintained in high glucose
medium and switched back to normal glucose
medium. We observed significant increase
in cell growth with MTT (Figure 1E) assay
although the magnitude of increase was less
than the difference between the changes in
normal versus high glucose medium. We kept
the high glucose exposed cells in normal glu-
cose medium for additional passages and
observed significant increase in cell growth up
to three passages (P3) with decreasing magni-
tude of increment for each successive passage
(Figure 1F).

The effects of high glucose on gene expression
change in HCT116 cells

We used the microarray approach to study the
effect of high glucose treatment on gene
expression. With the Affymetrix Human Gene
1.0 ST microarray, expression of over 28,000
genes was detected. The result was analyzed
using GeneSpring software. Using ANOVA for
comparison of the expression among normal
glucose-, high glucose- and normal glucose
plus mannitol-treated HCT116 cells, 3520
probe clusters showed significant differences
in gene expression and 100 of them showed
greater than 50% change in gene expression.
Table 2 summarized the probe clusters that
showed significant changes, 58 of them show-
ed increased expression and 42 showed
decreased expression (Table 2).

We used DAVID (http://david.abcc.ncifcrf.gov/
home.jsp) to examine for pathway enrichment
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for these differentially expressed genes.
Table 3 summarized the enriched pathways
affected by high glucose treatment in HCT116
cells. The pathways were mainly implicated in
stress response, DNA replication, apoptosis,
ER stress and regulation of programmed cell
death. Reduced expression was mainly found
in genes whose products were located in the
ER or related to its function.

Validation of gene expression changes by
quantitative real-time PCR (qPCR)

The genes which showed increased expression
in high glucose were mainly related to promo-
tion of cell proliferation (STAT4, CDC25A and
MAT2A) and progression of cell cycle (CCNE2).
We used gPCR to test the expression of these
genes in HCT116 cells in high glucose medium
and validated the increased gene expression
(Figure 2A). We also used gPCR to confirm the
reduced expression of CHOP (gene symbol
DDIT3), BiP (gene symbol HSPA5) and TRIB3 in
HCT116 cells in high glucose medium (Figure
2A). Using Western blot assays, we confirmed
the increase in protein level of STAT4 and
Cycline E2 (CCNE2) and decrease in protein
levels of BiP and CHOP in HCT116 cells in high
glucose medium (Figure 2B).

HCT116 colon cancer cells exposed to high
glucose are more resistant to ER stress in-
duced by thapsigargin

HCT116 colon cancer cells showed decreased
expression of genes whose products are locat-
ed in the ER or in the ER stress pathway. We
used thapsigargin to induce ER stress in
HCT116 colon cancer cells. Thapsigargin is an
inhibitor of the ER specific calcium ATPase
with potential anti-cancer function. It blocks
the calcium influx to the ER and stops the ER
from executing its normal function [27]. We
used different concentrations of thapsigarain
to treat HCT116 cells (0.01-1 uyM) in normal
and high glucose medium for 2 days. In low
concentration of thapsigargin (0.01 uM), there
were minimal inhibition of HCT116 cell growth
in both normal and high glucose medium.
When treated with 1 uM of thapsigargin, the
growth inhibition in normal glucose medium
was more prominent when compared to high
glucose medium on day 1 (Figure 3A). By day
2, the growth inhibition was almost complete
in both normal and high glucose condition
although at lower concentration thapsigargin,
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Table 2. Summary of gene expression changes in HCT116 cells after 24-hour high glucose treatment

NG +

Fold

P (HG vs.

Transcript cluster ID NG Mannitol change P (ANOVA) NG) Gene symbol  Description
7900336 9.07 9.22 8.13 -1.915 0.0007 0.0001 MACF1 microtubule-actin crosslinking factor 1
7901054 9.36 9.45 8.77 -1.506 0.0078 0.0025 PLK3 polo-like kinase 3 (Drosophila)
7902512 9.25 9.29 9.93 1.594 0.0227 0.0150 DNAJB4 DnaJ (Hsp40) homolog, subfamily B, member 4
7904953 6.77 6.59 7.64 1.818 0.0208 0.0161
7914851 8.18 8.22 8.90 1.649 0.0031 0.0193 CLSPN claspin homolog (Xenopus laevis)
7914878 8.53 8.46 9.15 1.539 0.0045 0.0087 LOC100289612 arsenic transactivated protein 1
7917728 8.40 8.54 8.99 1.512 0.0306 0.0084 FAMG9A family with sequence similarity 69, member A
7920877 9.77 9.77 9.11 -1.583 0.0096 0.0023 ARHGEF2 Rho/Rac guanine nucleotide exchange factor (GEF) 2
7922337 8.00 8.13 722 -1.718 0.0153 0.0019 TNFSF18 tumor necrosis factor (ligand) superfamily, member 18
7922846 8.50 8.38 7.69 -1.748 0.0025 0.0021 FAM129A family with sequence similarity 129, member A
7923173 8.50 8.59 7.68 -1.766 0.0231 0.0054 MIR181B1 microRNA 181b-1
7925500 8.30 8.13 8.99 1.615 0.0177 0.0448 CHML choroideremia-like (Rab escort protein 2)
7926259 9.55 9.49 10.16 1.522 0.0369 0.0239 MCM10 minichromosome maintenance complex component 10
7930413 11.30 11.56 10.61 -1.620 0.0004 0.0084 DUSP5 dual specificity phosphatase 5
7938485 9.12 8.99 8.50 -1.538 0.0013 0.0001 MICAL2 microtubule associated monoxygenase, calponin and LIM domain containing 2
7940147 8.65 8.77 9.69 2.054 0.0486 0.0256 FAM111B family with sequence similarity 111, member B
7942839 9.44 9.57 10.11 1.590 0.0031 0.0009 PCF11 PCF11 cleavage and polyadenylation factor subunit
7949383 10.26 9.84 9.43 -1.779 0.0352 0.0141 SYVN1 synovial apoptosis inhibitor 1
7949836 9.67 9.27 8.711 -1.941 0.0173 0.0218 CDK2AP2 cyclin-dependent kinase 2 associated protein 2
7952145 11.03 10.66 9.97 -2.078 0.0466 0.0230 HYOU1 hypoxia up-regulated 1
7952673 6.77 7.22 7.60 1.773 0.0026 0.0039 FLJ45950
7954398 6.43 6.38 5.72 -1.633 0.0080 0.0038 C120rf39 chromosome 12 open reading frame 39
7957126 8.42 8.27 9.01 1.506 0.0119 0.0109 KCNMB4 potassium large conductance calcium-activated channel, subfamily M, beta member 4
7960544 8.28 8.36 8.88 1.511 0.0164 0.0194 VAMP1 vesicle-associated membrane protein 1 (synaptobrevin 1)
7964460 9.46 9.24 7.31 -4.464 0.0014 0.0002 DDIT3 DNA-damage-inducible transcript 3, CHOP
7964834 6.59 6.58 7.57 1.971 0.0021 0.0010 CPM carboxypeptidase M
7986350 6.45 6.37 7.30 1.806 0.0058 0.0024 ARRDC4 arrestin domain containing 4
7989307 6.97 6.89 6.30 -1.591 0.0049 0.0046
7989657 8.13 8.07 8.96 1.778 0.0313 0.0335 CSNK1G1 casein kinase 1, gamma 1
7995354 8.61 8.76 9.26 1.564 0.0104 0.0055 ORC6L origin recognition complex, subunit 6 like (yeast)
7998927 6.79 6.89 7.72 1.906 0.0047 0.0061
8016832 8.58 8.67 9.44 1.814 0.0042 0.0030 MMD monocyte to macrophage differentiation-associated
8017850 10.87 10.57 10.00 -1.826 0.0335 0.0113 WIPI1 WD repeat domain, phosphoinositide interacting 1
8020164 794 791 8.56 1.535 0.0035 0.0033 GNAL guanine nucleotide binding protein (G protein)
8026106 12.30 12.09 11.69 -1.522 0.0421 0.0195 CALR calreticulin
8027002 12.74 13.06 11.55 -2.287 0.0065 0.0052 GDF15 growth differentiation factor 15
8027297 8.55 8.47 9.45 1.867 0.0001 0.0042 ZNF738 zinc finger protein 738
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8035445
8035838
8041179
8042503
8043187
8043995
8046003
8049961
8053737
8054377
8055952
8056285
8057771
8059177
8060344
8060835
8074853
8077712
8081758
8083282
8084634
8086880
8096917
8098103
8103695
8104570
8107194
8113491
8117594
8118310
8118314
8119898
8119918
8121002
8122816
8123609
8126629
8127346
8128606
8135069
8135392
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9.79
9.11
9.47
9.21
12.22
7.22
7.47
10.80
7.56
9.88
9.79
741
6.54
10.141
10.00
6.66
6.59
8.13
7.33
10.19
11.55
8.41
7.05
7.59
7.21
7.64
8.52
10.06
11.87
10.19
10.02
10.53
7.69
8.79
9.66
9.40
10.03
8.69
7.53
8.42
9.41

10.04
9.25
9.83
9.50

12.04
6.81
7.45

10.86
7.69
9.95
9.85
7.37
6.47

10.02
9.93
6.66
6.65
7.83
7.39

10.05

11.26
8.25
7.34
7.59
7.28

7.74
8.48

10.12

11.58

10.18

10.03

10.73
7.67
8.65
9.45
9.42
9.93
8.90
7.35
8.59
9.60

9.20
9.73
8.80
8.42
12.88
7.81
8.62
10.09
8.24
9.24
9.16
8.05
747
10.69
8.67
7.36
719
7.30
7.95
10.80
10.68
9.01
6.40
8.24
7.83
8.26
9.13
9.09
12.68
11.09
10.99
9.91
6.96
9.47
8.94
10.08
9.37
9.40
8.15
7.83
8.81

-1.502
1.540
-1.589
-1.726
1.573
1.506
2.218
-1.631
1.605
-1.558
-1.544
1.563
1.546
1.503
-2.510
1.621
1.524
-1.777
1.538
1.522
-1.837
1.512
-1.562
1.569
1.538
1.531
1.523
-1.954
1.753
1.862
1.968
-1.528
-1.655
1.596
-1.650
1.602
-1.581
1.644
1.536
-1.508
-1.519
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0.0186
0.0114
0.0050
0.0018
0.0077
0.0109
0.0023
0.0122
0.0023
0.0033
0.0184
0.0291
0.0167
0.0029
0.0315
0.0019
0.0271
0.0200
0.0455
0.0011
0.0420
0.0051
0.0346
0.0076
0.0212
0.0256
0.0053
0.0185
0.0113
0.0146
0.0114
0.0074
0.0079
0.0051
0.0402
0.0120
0.0164
0.0126
0.0015
0.0106
0.0075

0.0219
0.0040
0.0049
0.0010
0.0118
0.0031
0.0003
0.0119
0.0019
0.0038
0.0091
0.0147
0.0011
0.0067
0.0129
0.0223
0.0042
0.0182
0.0235
0.0048
0.0097
0.0091
0.0203
0.0057
0.0013
0.0073
0.0138
0.0007
0.0361
0.0129
0.0139
0.0119
0.0120
0.0097
0.0180
0.0070
0.0084
0.0062
0.0030
0.0155
0.0038

JUND
ZNF724P
CLIP4
MXD1
MAT2A
IL1IR1
GCA
FBX025
ANKRD20B
FHL2
NR4A2
IFIH1
STAT4
TUBA4A
TRIB3

ZNF280A
CRELD1
GRAMD1C
HPS3
DNAJB11
CDC25A

FNIP2
MFAP3L
FAM105A
C50rf30
STARD4
HIST1H2BM
HSPA1A HSPA1B
HSPA1B HSPA1A
VEGFA
C60rf223
C6orf162

SERPINB9
GTPBP2
RAB23
RTN4IP1
SERPINE1
HBP1

jun D proto-oncogene

zinc finger protein 724 (pseudogene)

CAP-GLY domain containing linker protein family, member 4
MAX dimerization protein 1

methionine adenosyltransferase Il, alpha
interleukin 1 receptor, type 1

grancalcin, EF-hand calcium binding protein
F-box protein 25 | hypothetical LOC728323
ankyrin repeat domain 20B

four and a half LIM domains 2

nuclear receptor subfamily 4, group A, member 2
interferon induced with helicase C domain 1
signal transducer and activator of transcription 4
tubulin, alpha 4a

tribbles homolog 3 (Drosophila)

zinc finger protein 280A

cysteine-rich with EGF-like domains 1

GRAM domain containing 1C

Hermansky-Pudlak syndrome 3

DnaJ (Hsp40) homolog, subfamily B, member 11

cell division cycle 25 homolog A (S. pombe)

folliculin interacting protein 2

microfibrillar-associated protein 3-like

family with sequence similarity 105, member A

chromosome 5 open reading frame 30

StAR-related lipid transfer (START) domain containing 4
histone cluster 1, H2bm

heat shock 70 kDa protein 1A heat shock 70 kDa protein 1B
heat shock 70 kDa protein 1B heat shock 70 kDa protein 1A
vascular endothelial growth factor A

chromosome 6 open reading frame 223

chromosome 6 open reading frame 162

serpin peptidase inhibitor, clade B (ovalbumin), member 9

GTP binding protein 2

RAB23, member RAS oncogene family

reticulon 4 interacting protein 1

serpin peptidase inhibitor, clade E (nexin, plasminogen activator inhibitor type 1), member 1

HMG-box transcription factor 1
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8135514 9.28 9.41 8.66 -1.535 0.0137 0.0038
8137783 8.63 8.66 8.03 -1.508 0.0019 0.0064
8139832 7.45 7.68 8.12 1.590 0.0166 0.0067
8143684 12.08 11.75 11.24 -1.789 0.0283 0.0148
8145122 11.69 11.55 1111 -1.502 0.0087 0.0025
8146130 8.44 8.42 9.03 1.503 0.0060 0.0038
8151042 718 7.09 7.83 1.567 0.0171 0.0046
8151871 9.06 8.94 10.05 1.986 0.0241 0.0227
8154381 9.80 10.07 7.99 -3.515 0.0026 0.0026
8155414 797 8.06 8.72 1.680 0.0002 0.0039
8155574 7.66 7.68 8.25 1.502 0.0101 0.0063
8155591 8.42 8.50 9.08 1.579 0.0034 0.0025
8155602 7.79 7.84 8.41 1.528 0.0058 0.0021
8160431 7.86 8.18 7.08 -1.719 0.0016 0.0076
8161384 7.97 8.06 8.72 1.686 0.0002 0.0039
8161415 8.20 8.44 8.80 1.520 0.0026 0.0101
8164165 13.54 13.16 12.40 -2.208 0.0396 0.0148
8167910 5.33 5.58 6.16 1.766 0.0074 0.0043
8172268 8.65 8.53 8.02 -1.556 0.0068 0.0038
8178086 9.99 10.01 10.96  1.956 0.0140 0.0146
8179322 10.05 10.04 10.94  1.848 0.0159 0.0136
8179324 9.99 10.01 10.96  1.956 0.0138 0.0146

IFRD1 interferon-related developmental regulator 1
TMEM184A transmembrane protein 184A
ZNF117 zinc finger protein 117
PDIA4 protein disulfide isomerase family A, member 4
SLC39A14 solute carrier family 39 (zinc transporter), member 14
GINS4 GINS complex subunit 4 (Sld5 homolog)
TTPA tocopherol (alpha) transfer protein
CCNE2 cyclin E2
C9orf150 chromosome 9 open reading frame 150
ANKRD20B ankyrin repeat domain 20B
ANKRD20A1 ankyrin repeat domain 20 family, member A1
ANKRD20B ankyrin repeat domain 20B
ANKRD20A2 ankyrin repeat domain 20 family, member A2
LOC554202
CCDC29 coiled-coil domain containing 29
CCDC29 coiled-coil domain containing 29
HSPA5 heat shock 70 kDa protein 5 (glucose-regulated protein, 78 kDa), BiP
MIR222 microRNA 222
HSPA1B HSPA1A heat shock 70 kDa protein 1B heat shock 70 kDa protein 1A
HSPA1A HSPA1B heat shock 70 kDa protein 1A heat shock 70 kDa protein 1B

HSPA1B HSPA1A

heat shock 70 kDa protein 1B heat shock 70 kDa protein 1A

The table is arranged by probe cluster ID from Affymetrix. The expression levels of NG-, NG + mannitol- and HG-treated HCT116 cells were in log2 scale. The values are the mean of duplicate samples. The P values for ANOVA three-way com-

parison were listed. The comparison of HG vs. NG was from unpaired t test.

Table 3. Enriched pathways for differentially expressed genes after high glucose treatment

Term Count Gene List P value Boane)rrom Benjimlm
Genes with increased expression
G0:0006270~DNA replication initiation 4 MCM10, ORC6, GINS4, CCNE2 3.30e-05 0.0055 0.0055
G0:0006260~DNA replication 5 CLSPN, MCM10, ORC6, CDC25A, GINS4 2.32e-04  0.0380 0.0192
Genes with decreased expression
hsa04141: Protein processing in endoplasmic reticulum 7 SYVN1, HYOU1, DDIT3 (CHOP), CALR, DNAJB11, PDIA4, HSPA5 (BiP) 1.94e-06 6.98e-05 6.98e-05
G0:0036498~IRE1-mediated unfolded protein response 5 SYVN1, HYOU1, WIPI1, HSPA5 (BiP), DNAJB11 3.52e-06 0.0014 0.0014
G0:0005790~smooth endoplasmic reticulum 4 SYVN1, HYOU1, CALR, HSPA5 (BiP) 1.13e-05 0.0010 0.0010
G0:0000122~negative regulation of transcription from RNA polymerase Il promoter 9 PLK3, DDIT3 (CHOP), CALR, JUND, MXD1, FHL1, NR4A2, TRIB3, VEGFA 2.78e-05 0.0108 0.0036
G0:0034663~endoplasmic reticulum chaperone complex 3 HYOU1, DNAJB11, HSPA5 (BiP) 1.53e-04 0.0141 0.0071
short sequence motif: Prevents secretion from ER 4 HYOU1, CALR, PDIA4, HSPA5 (BiP) 1.63e-04 0.0207 0.0207
G0:0005788~endoplasmic reticulum lumen 5 HYOU1, CALR, DNAJB11, PDIA4, HSPA5 (BiP) 3.01e-04 0.0276 0.0093
G0:0051087~chaperone binding 4 SYVN1, HYOU1, CALR, HSPA5 (BiP) 4.34e-04 0.0487 0.0487
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Figure 2. Validation of gene expression change by
qPCR and Western blot analysis. A: Expressions of
selected genes from the microarray study were vali-
dated by qPCR. The bar charts represent mean +
SD. NG, cells in normal glucose medium; HG, cells
treated with high glucose medium. For the gPCR vali-
dations, the experiment was in duplicates (n=2) and
repeated with one of the representative experiment
shown. "0.01<P<0.05 NG vs. HG, ""P<0.01 NG vs.
HG. B: Western blot analysis to show the changes in
protein levels of BiP (HSPA5), CHOP (DDIT3), Cyclin
E2 (CCNE2) and STAT4 with BActin as internal control
in HCT116 cells grown in high glucose (HG) or normal
glucose (NG) media for 2 days. The experiment was
repeated and one of the representative results was
shown.

cells exposed to high glucose showed more
resistance to the growth inhibition than those
exposed to normal glucose (Figure 3B). Since
exposure to high glucose suggested legacy
effect with persistence of growth of HCT116
colon cancer cells when switched from high
glucose medium to normal glucose medium,
we further tested the effect of thapsigargin in
altering this legacy effect. Upon transfer from
high glucose to normal glucose medium, using
MTT (Figure 3C) and SRB (Figure 3D) assays,
we confirmed that high glucose conditioned
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HCT116 cells showed attenuated growth inhibi-
tion by thapsigargin versus those maintained in
normal glucose without prior exposure to high
glucose.

ER stress genes are activated in thapsigargin-
treated HCT116 cells

The UPR is a self-saving mechanism for the cell
during ER stress. Dysfunctional ER can lead to
increased accumulation of unfolded proteins or
proteins with abnormal three dimensional stru-
ctures. These proteins can form aggregates
inside the cell and trigger cell death. As a chap-
erone protein, BiP is released from its binding
proteins including PERK, IREL1 and ATF6 in
order to stabilize these abnormal proteins. The
uncoupling of these proteins trigger the UPR
with activation of transcription factors and
increased production of chaperon proteins
[20]. In thapsigargin-treated HCT116 colon
cancer cells under normal and high glucose
condition, the transcription factor, ATF4, was
activated to increase expression of BiP (Figure
4A and 4B). Western blot analysis confirmed
increased expression of ATF4 and BiP protein in
thapsigargin treated HCT116 cells in high glu-
cose condition (Figure 4E).

In the ER stress condition, release of IRE1 from
its binding with BiP and the activation of IRE1
will lead to splicing of XBP-1 mRNA to generate
the spliced forms of XBP-1, XBP-1 variant 2
(XBP1 v2). The spliced form of XBP-1 mRNA is
then translated to produce the transcription
factor XBP-1s which activates genes implicated
in ER stress. We used specific primers to detect
different forms of XBP-1 using qPCR (Table 1).

Without thapsigargin treatment, there were low
expression of unspliced XBP-1 mRNA (XBP1 v1)
and its spliced form in the HCT116 colon can-
cer cells (Figure 4C and 4D). When thapsigargin
was added, the expression of spliced XBP-1
was increased in both normal and high glucose
condition. In high glucose condition, the major-
ity of the XBP-1 was expressed in the spliced
form, suggesting a more robust response to ER
stress in the high glucose condition. Using
Western blot analysis, we showed activated
protein levels of XBP-1s in thapsigargin-treated
HCT116 cells in normal and high glucose condi-
tion but the activation was higher in the high
glucose condition.

Am J Cancer Res 2021;11(13):6004-6023
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Figure 3. Effect of thapsigargin on HCT116 cell growth. (A and B) Dose effect of thapsigargin on HCT116 cells growth
in normal glucose or high glucose media for 1 day (A) or 2 days (B). Cell viability was measured by MTT at the speci-
fied time after thapsigargin addition. Untreated cells in normal glucose or high glucose media were used as control.
(C and D) HCT116 cells previously maintained in high glucose medium were plated out in normal glucose medium
(HG to NG) and allowed to grow for 1 day. HCT116 cells in normal glucose medium (NG) were used as control. One
day after plating out the cells, 0.25 pM thapsigargin was added and the cells were allowed to grow for one more day
before MTT (C) or SRB (D) assays to measure the cell growth. The experiments were performed in quadruplicates
(n=4) and repeated. The graphs shown were one of the representative experiments in bar charts (mean + SD),

“P<0.05 NG vs. HG to NG, #*P<0.05 NG + thapsigargin vs. NG only, #P<0.05 HG to NG + thapsigargin vs. HG to NG

only.

HCT116 colon cancer cells exposed to high
glucose are more resistant to apoptosis in ER
stress

The ER-stress activated CHOP is a transcription
factor, which regulates the expression of sev-
eral genes that can lead to apoptosis and cell
death in ER stress. TRIB3, a kinase regulated
by CHOP, sensitizes cells to TNF- and TRAIL-
induced apoptosis and negatively regulates
NFkB [28]. As a downstream gene regulated by
CHOP, TRIB3 mRNA was increased by thapsi-
gargin treatment but its level was lower in high
glucose as compared with normal glucose con-
dition (Figure 5A). In light of these different
responses of TRIB3, we tested the level of
cleaved caspase-3 which is a downstream
executor of apoptosis [29, 30]. Once caspa-
se-3 is cleaved and activated, it represents an

6014

irreversible step of apoptosis. Using Western
blot analysis, we confirmed reduced cleaved
caspase-3 in high glucose condition when
treated with thapsigargin (Figure 5B). Cyclin
E2, an activator of cell cycle progression,
showed lower RNA (Figure 5A) and protein
levels (Figure 5B) in thapsigargin-treated
HCT116 cells in both normal and high glucose
conditions. BiP expression was activated by
thapsigargin treatment and even higher in high
glucose condition (Figure 5), but its protein lev-
els showed activation only in thapsigargin-
treated HCT116 cells with no difference
between normal and high glucose conditions
(Figure 5B).

We also used annexin V staining and flow
cytometry analysis to visualize the apoptotic
and necrotic cells because annexin V binds

Am J Cancer Res 2021;11(12):6004-6023
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Figure 4. Effect of thapsigargin treatment on expression of ER stress genes. Expression of selected ER stress genes
were tested by qPCR using the expression of B-actin as internal control for normalization. The bar charts represent
mean + SD. (A) ATF4, (B) BiP, (C) XBP-1 unspliced (variant 1), (D) XBP-1 spliced (variant 2), (E) Western blot results
showing the protein levels of selected genes in thapsigargin-treated HCT116 cells in normal and high glucose me-
dia. B-Actin at third panel from top was the loading control for BiP and XBP1-s and B-Actin at bottom panel was the
loading control for ATF4. **P<0.01, NG + thapsigargin vs. HG + thapsigargin. The gPCR experiment was repeated in
duplicates (n=2) and one of the representative experiments was shown.
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Figure 5. Cell growth and apoptosis of thapsigargin-treated HCT116 cells. A: Expression of TRIB3 and cyclin E2
(CCNE2) in thapsigargin-treated HCT116 cells in normal and high glucose conditions were tested by qPCR using the
expression of B-actin as internal control for normalization. The experiment was done twice in duplicates (n=2) and
one of the representative experiments was shown. The bar charts represent mean + SD. **P<0.01. B: The protein
levels of cyclin E2, BiP and cleaved caspase-3 were tested by Western blot analysis. The expression level of B-actin
was used as internal control. The Western blots were from the same gel. The Western blot experiment was repeated

and one of the representative results was shown.

the exposed phosphatidylserine on the outer
plasma membrane of apoptotic cells [31].
HCT116 cells treated with thapsigargin in nor-
mal glucose medium showed more annexin V
positive and popidium iodide positive cells than
treated cells exposed to high glucose medium
(Figure 6). These findings indicated that thapsi-
gargin treatment induced more apoptosis in
HCT116 cells in normal glucose medium while
HCT116 cells exposed to high glucose were
more resistant to apoptotic effects of thapsi-
gargin. Table 4 summarizes the overall effects
of thapsigargin in HCT116 cells treated in nor-
mal glucose and cells conditioned in high glu-
cose medium.
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Discussion

Cancer growth is characterized by increased
cellular protein synthesis. For the first time, we
reported the adaptability of UPR under ER
stress which promoted survival of cancer cells
exposed to high glucose condition and their
resistance to apoptosis induced by anti-cancer
prodrugs, such as thapsigargin, which utilizes
the ER pathway to induce cancer cell death.
These effects persisted despite returning the
cells to normal glucose condition, indicating a
legacy effect of transient high glucose expo-
sure on cancer cell proliferation. These findings
are clinically relevant suggesting that control-

Am J Cancer Res 2021;11(12):6004-6023
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Figure 6. Flow cytometry analysis of cellular apoptosis of thapsigargin treated HCT116 cells. HCT116 cells grown
in normal glucose or high glucose were treated with 0.25 uM of thapsigagin for two days and then analyzed by flow
cytometry after annexin V and popidium iodide staining. The horizontal axis represents the signal from the staining
of FITC-coupled annexin V and the vertical axis represents the signal from popidium iodide staining. The upper right
quadrant (frame) represents the apoptotic cells with high staining of annexin V and popidium iodide. The upper left
quadrant represents the late stage dying cells with high popidium staining.

ling hyperglycemia might prevent cancer cell
proliferation and development of resistance to
anti-cancer therapy in patients with T2D and
cancer.

In a series of experiments, we confirmed the
increased growth of HCT-116 colon cancer
cells in high glucose medium which persisted
despite switching to normal glucose medium,
as evident by activation of genes implicated in
cell cycle and cell proliferation. Microarrray
analysis implicated activation of the ER stress
pathway with varying responses in high glucose
and low-glucose medium. The activation of
growth promoting pathways and suppression of
apoptosis during ER stress might contribute to
the cancer cell growth under high glucose
medium. Using thapsigargin to induce ER
stress, the response was attenuated in cells
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exposed to high glucose mainly due to reduced
apoptosis with reduced levels of cleaved cas-
pase-3. Taken together, our results suggested
that high glucose might program cancer cells to
adapt the UPR which promotes cell survival
with resistance to anti-cancer drugs despite
switching to low-glucose medium. These find-
ings may explain the increased cancer risk in
patients with T2D and their poor response to
anti-cancer treatment [32].

The rate of protein synthesis is determined by
the supply of energy and nutrients. Cancer cells
have abnormal growth potential and prefer
using glucose as an energy substrate [10].
Other researchers had reported the growth-
promoting effect of high glucose in MCF7
breast cancer cells accompanied by increased
DNA synthesis and activation of cdk2 and cyclin

Am J Cancer Res 2021;11(13):6004-6023



High glucose promotes cell survival in ER stress

Table 4. Summary of the effects of Thapsigargin on HCT116 colorectal cancer cells

Normal glucose High glucose
No thapsigargin + Thapsigargin No thapsigargin + Thapsigargin

Cell growth and proliferation

MTT " H (N 1

SRB 1" H m 1

Cycline E2 expression ) 1 "M 1

Cyclin E2 protein N ) 1 1
ER pathway and genes

ATF4 expression M M1 " m

ATF4 protein 1 1 1 "

BIP expression M " 1 M

BIP protein " NN 1 M

XBP1-v1 mRNA (unspliced) " 11 1 1

XBP1-v2 mRNA (spliced) 1 " 1 m

XBP-1s (protein) ) " 1 mt
Apoptosis genes and response

TRIB3 expression N " 1 "

Cleaved caspase 3 11 1

Annexin V stained cells 11 )

D1 [13, 14]. In our experiments, we demon-
strated increased growth of HCT116 cells with
activated gene expression implicated in cell
cycle progression and DNA replication (MC-
M10, CLSPN and GINS4). There was also
increased expression of cyclin E2 (CCNE2) and
cdc2 specific phosphatase CDC25A, both of
which were essential for cell cycle progression
from G1 to S phase for DNA synthesis during
cell proliferation [33-35]. High glucose also
increased the expression of STAT4 and MAT2A.
Although STAT4 is known to respond to growth
factor and cytokine stimulation to promote cell
proliferation in lymphocytes, activated expres-
sion of STAT4 has been reported in colorectal
cancers but not the adjacent normal colon
cells [36]. MAT2A encodes a methyltransfer-
ase for the synthesis of S-adenosylmethionine
(SAMe). Increased expression of MAT2A has
been associated with cancer cells [37]. Given
the role of SAMe as the methyl donor in me-
tabolism including the biosynthetic pathways
[38], increased expression of MAT2A is a sign
for activated cell growth and proliferation.

In support of these in vitro results demonstrat-
ing the growth promoting effects of high glu-
cose, our group has also reported increased
in vivo growth of transformed tumor cells in
db/db mice with high blood glucose [39, 40]. In
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this diabetes-cancer animal model, the tumor
size decreased with blood glucose lowering by
exendin-4 treatment, which is a glucagon like
peptide 1 (GLP1) mimetic with both blood glu-
cose lowering and anti-inflammatory effects
[40].

Protein folding is a key process in the configura-
tion of newly synthesized proteins into biologi-
cally active proteins. This energy-dependent
process requires the assistance of multiple
chaperone proteins including BiP (GRP78) [41].
BiP is an ER protein first discovered by its acti-
vation by glucose deprivation in many mamma-
lian cells [42]. In keeping with this notion, in our
study, we found low BiP expression in cancer
cells under high glucose condition.

Other studies confirmed that BiP is a chaper-
one protein located in the ER normally checked
by binding to key signaling molecules including
PERK, IRE1 and ATF®. In situation of ER stress,
BiP is released from these molecules to bind to
unfolded proteins to maintain proper cell func-
tioning by triggering the UPR [18]. As such, the
release of these proteins from BiP including
ATF6 leads to activation of CHOP. The latter is a
key transcription factor for regulating genes
which will determine the cellular fate upon fail-
ure of ER response [20, 21]. When this ER
response is overwhelmed, many CHOP-regu-
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lated genes including TRIB3 can activate the
apoptotic pathway while suppression of CHOP
can favor cell growth and proliferation [28].

The expressions of the BiP and CHOP genes are
regulated by the ER stress response element
(ERSE) [43] with both genes having multiple
copies of ERSE in their promoter regions [44,
45]. The amount of BiP inside the cell is tightly
regulated with release of BiP during UPR to pre-
vent accumulation of unfolded proteins, which
if unsuccessful, may trigger cell death. Here,
the UPR is mediated by expanding the ER, halt-
ing protein synthesis, and degrading the unfold-
ed proteins. These processes can continue as
long as there are enough BiP. Thus, since the
ratio of unfolded protein load to BiP regulates
the amplitude of the UPR, the level of BiP deter-
mines the threshold to trigger the UPR [46]. In
our experiments using HCT116 cancer cells, we
noted high levels of BiP and CHOP in low glu-
cose condition. However, under high glucose
condition, the expression of ER-related genes
including CHOP, BiP and TRIB3 were reduced.
Other researchers have also reported similar
findings in MCF7 breast cancer cells [47]. The
role of BiP in cancer cells is multi-dimensional.
In addition to its role as chaperone protein and
ER stress sensor in the ER, BiP can function in
the cytosol or present in the cell membrane
[48]. BiP can reduce the apoptotic response
induced by topoisomerase inhibitors by bind-
ing to procaspase-7 [49]. BiP binding partner
also includes SPARC (secreted protein, acidic
and rich in cysteine). In colon cancer cells, the
binding of SPARC to BiP can modulate the in-
teraction between BiP and PERK and IRE1c,
resulting in a different UPR signaling that pro-
motes ER stress-associated apoptosis [50].
BiP over expression can confer drug resistance
to anti-cancer drugs [51, 52]. In a leukemia cell
line developed to resist multiple anti-cancer
drugs including thapsigargin, the thapsigargin-
resistant cell line also developed resistance to
tunicamycin and MG-132, where tunicamycin is
an ER stress inducer by blocking protein glyco-
sylation and MG-132 is a proteasome inhibitor
[53]. High level of BiP in cancer is not always
associated with bad outcome. In a study to
evaluate the association of BiP staining in
breast cancer and response to chemotherapy,
patients with positive BiP staining treated with
Adriamycin and Taxane showed lower risk of
recurrence [54] but the risk is higher for the BiP
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positive cancers when the patients were treat-
ed with Adriamycin alone [55]. In colon cancer
cases evaluated by BiP and SPARC staining,
tumors with lower BiP to SPARC ratio showed
better outcome with better survival [50]. Taken
together, BiP plays a pivotal role in cancer and
determines its response to anti-cancer drugs.
Our findings suggested that high glucose low-
ered the level of BiP and thus lowered the
threshold for the initiation of the UPR which
tended to promote survival of cancer cells.

Thapsigargin is an anti-cancer prodrug which
blocks calcium entry into the ER to induce ER
stress and UPR culminating into cell death. To
explore the cellular fate upon activation of UPR
in high glucose condition, we treated cancer
cells in normal glucose and cells exposed to
high glucose condition with Thapsigargin. In
both normal and high glucose conditions, thap-
sigargin induced increased expression of
ATF4, splicing of the XBP1 mRNA and CHOP
with higher expression of BiP in high glucose
condition in HCT116, as a possible mechanism
to stabilize the unfolded proteins. Treatment
with thapsigargin increased the spliced form of
XBP-1 mRNA in both low and high glucose con-
dition. In high glucose condition, the spliced
XBP-1 was the main form and the expression of
the unspliced form was much lower. A high ratio
of spliced to unspliced XBP-1 can perturb mul-
tiple metabolic and inflammatory pathways
although their roles in promoting cancer growth
remains to be defined [22].

Importantly, in high glucose condition, thapsi-
gargin-treated HCT116 showed lower expres-
sion of the CHOP regulated gene TRIB3 than
that in low glucose condition. CHOP is the
master regulator which maintains a balance
between the UPR for cellular protection from
unfolded protein and apoptosis pathway when
the ER stress is too severe to recover. Clea-
vage of the caspase-3 is a hallmark and irre-
versible step in the activation of the apoptosis
response [29, 30]. In high glucose condition,
we observed reduced level of cleaved cas-
pase-3 in thapsigargin-treated HCT116 cells
exposed to high glucose compared with cells
treated in normal glucose condition. These
divergent responses suggested that high glu-
cose condition facilitated the survival of
HCT116 cells despite being challenged with
thapsigargin-induced ER stress possibly throu-
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gh reduced apoptosis although further studies
are required to elucidate the underlying me-
chanisms. In an animal model of chemically-
induced liver cancer in diabetic mice, there
was no difference in tumor number although
the tumor size was twofold larger with reduced
apoptosis compared with tumor in non-dia-
betic control mice [56]. Taken together, in high
glucose condition, cancer cells exhibit lower
threshold to trigger UPR which promoted cell
growth and survival with reduced apoptosis
including resistance to anti-cancer drugs which
utilized the ER pathway to induce cell death.

In highly differentiated cell types such as
B-cells [16, 17] and cytokine-producing cells
[15], high glucose triggered ER stress which
can lead to cell death through increased
expression of CHOP. Less differentiated cancer
cells are programmed to use glucose as the
preferred energy source [10, 12]. Our results
suggested that high glucose might promote
cell proliferation through altered UPR. To this
end, glucose deprivation has been shown to
reduce cancer cell growth with increased apop-
tosis [57].

In the 7-year United Kingdom Prospective
Diabetes Study which examined the effects of
improved glycemic control on risk of complica-
tions, patients with poor glycemic control had
higher risk of complications which persisted in
the 20-year post-trial period despite improve-
ment in glycemic control. This phenomenon
was referred as legacy effect or metabolic
memory [58, 59]. Apart from having higher risk
of cancer, patients with diabetes and cancer
have worse clinical outcomes and responses to
anti-cancer treatment than those without dia-
betes [32]. In this context, our results suggest-
ed that cancer cells exhibit similar legacy
effects with continuing cell growth after expo-
sure to high glucose. Once exposed to high glu-
cose, these cancer cells showed resistance to
ER stress induced by thapsigargin despite
return to normal glucose condition. In a similar
vein, in aortic endothelial cells, transient expo-
sure to high glucose induced chromatin chang-
es in the promoter of the NFKB p65 subunit,
resulting in prolonged gene activation which
persisted despite return to a normal glucose
medium [60]. Several anti-cancer drugs under
development, such as Mipsagargin based on
thapsigargin, targeted on the dependency of
cancer cells on glucose metabolism and alter-
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ed response to ER stress [61, 62]. Our data
suggested that hyperglycemia may attenuate
the anti-cancer effects to these treatments.

In conclusion, cancer cells when exposed to
high glucose exhibit increased tolerance
to ER stress with altered UPR resulting in con-
tinuing protein production, increasing cellular
proliferation and reduced cellular apoptosis
which persisted despite return to normal glu-
cose condition. These programmed cancer
cells also showed resistance to anti-cancer
drugs which utilize ER pathway to induce cellu-
lar apoptosis. These findings may underlie the
high risk of cancer in diabetes and their poor
response to anti-cancer treatment and em-
phasize the importance of optimal glycemic
control for preventing cancer and improving
treatment response to anti-cancer therapies in
people with diabetes.
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