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Altered glucose uptake and metabolism is the key characteristic of cancer cells including hepatocellular
carcinoma (HCC). However, role of glucose availability in chemotherapeutic outcome of HCC is unclear. The
present study investigates the effect of glucose facilitated sensitization of HCC cells towards doxorubicin
(DOX) and sorafenib (SORA). In HCC cells, we observed that hyperglycemic culture condition (HG) is
associated with increased sensitivity towards DOX and SORA. P-glycoprotein (P-gp), a transporter involved in
drug efﬂux, was elevated in HCC cells in NG, rendering them less susceptible to DOX and SORA. Further, this
study demonstrated that knockdown of dickkopf protein 4 (DKK4), a Wnt antagonist protein, causes enhanced
glucose uptake and reduction in P-gp level rendering HCC cells in NG sensitive to DOX and SORA.
Moreover, HG elevates the level of intracellular reactive oxygen species (ROS), which regulates P-gp.
Alteration in intracellular ROS did not directly affect regulation of DKK4 in HCC cells. Functional assays
suggest that alterations in DKK4 and P-gp level in HCC cells are dependent on glucose availability and
changes in ROS level because of enhanced glucose utilization, respectively. Collectively, the present study
highlights direct involvement of glucose-induced ROS, DKK4 and P-gp in altering the sensitivity of HCC cells
towards DOX and SORA.
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Abbreviations: CytoB, cytochalasin B; DKK4, dickkopf protein 4; DOX, doxorubicin; HCC, hepatocellular
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ROS, intracellular reactive oxygen species; SORA, sorafenib; VPL, verapamil

1. Introduction
Altered glucose utilization is previously reported to
have associations with initiation, progression and
metastasis of various cancers (Duan et al. 2014; Ryu
et al. 2014). High glucose environment or hyperglycemic environment has been reported to promote

proliferation of HT29, SW480, HUVEC, PC3
MCF10A, MCF-7, MDA MB 468 and T24 cell lines
(Pandey et al. 2011; Lopez et al. 2013). Oral supplementation of glucose has been reported to promote
mammary tumor growth in BALB/C mice (Santisteban
et al. 1985). Also, elevated serum glucose level in rats
is shown to be involved in promoting metastasis of
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prostate cancer cells (Li et al. 2012, 2016) as well as
oral squamous cell carcinoma (Vairaktaris et al. 2007)
via induction of epithelial to mesenchymal transition
(EMT). Interestingly, prolonged exposure to elevated
serum glucose level in prostate cancer (Smith et al.
2008; Kim et al. 2011), non-small-cell lung cancer
(Larrobino et al. 2018), gastric cancer (Zhou et al.
2018), head and neck cancer (Huang et al. 2018) and
non-Hodgkin’s lymphoma (Guglielmi et al. 1987)
patients with pre-existing hyperglycemia has been
reported to alter response to chemotherapy. Variable
glucose culture conditions have been reported to alter
sensitivity towards 5-ﬂuorouracil in human gastric
cancer cell line, SGC-7901 (Zhao et al. 2015), oxaliplatin in pancreatic ductal adenocarcinoma (PDAC)
cell line (Zarei et al. 2017; Zhang et al. 2017), temozolomide, 5-ﬂuorouracil and paclitaxel in human
glioma cell lines (Zarei et al. 2017), carboplatin and
5-ﬂuorouracil in MCF-7 cells (Pandey et al. 2011) and
cisplatin in 4C11 and TM5 melanoma cells (Antunes
et al. 2018). Collectively, these studies suggest a
potential role of altered molecular events induced by
glucose availability and utilization, by cancer cells
towards their response to chemotherapeutic agents.
However, only a few reports are available which suggest that reduced glucose culture conditions in cancer
cells and nutrient stress in tumors, directly decrease
sensitivity towards chemotherapeutic agent by
increasing transcription of genes involved in drug
resistance such as caveolin-1, fatty acid synthase
(FASN) and multiple drug resistance gene (MDR-1)
(Cheng et al. 2005; Keating and Santoro 2009;
Abou-Alfa et al. 2008). Moreover, the direct role of
glucose to alter the chemotherapeutic response in
HCC cells and associated molecular events is not yet
explored.
Doxorubicin (DOX) and sorafenib (SORA) are widely
used chemotherapeutic agents in HCC treatment (Keating and Santoro 2009; Abou-Alfa et al. 2008). DOX
interacts with DNA by intercalation and inhibition of
macromolecular biosynthesis (Momparler et al. 1976)
whereas SORA is a pan-kinase inhibitor, inhibiting RTKs
(Tyr kinases) and RAF (Wilhelm et al. 2008). Cancer
cells are highly permeable to both drugs (Abou-Alfa
et al. 2006; Cox and Weinman 2016) and to achieve
apoptosis, these drugs must reach in sufﬁcient concentrations within the cells and should not be efﬂux out. To
circumvent that and achieve resistance to drugs, cancer
cells overexpress efﬂux drug transporters such as
P-glycoproteins (P-gp) (Borst et al. 2000; Ozben 2006).
P-gp is a membrane protein which confers resistance by
efﬂuxing large variety of exogenous and endogenous

toxic compounds, and exports them to extracellular
environment thus, considered as an important determinant of drug concentration within the cell (GonzalezSanchez et al. 2014). Therefore, numerous attempts have
been made to inhibit the P-gp and restore the efﬁcacy of
anticancer drugs. In HCC cells, involvement of P-gp in
chemoresistance upon treatment of DOX and SORA has
been well documented (Chou et al. 1997; Amin 2013).
Many intracellular factors such as alterations in transcriptional activities of heat-shock transcription factor 1,
AP-1 complex; hypoxia-inducible factor-1 HIF-1a, etc.,
have been reported to affect P-gp levels in cancer cells
(Vilaboa et al. 2000; Scotto 2003; Wartenberg et al.
2003). Another factor which regulates P-gp expression in
cancer cells including HCC is intracellular reactive
oxygen species (ROS) level (Shtil 2002; Ledoux et al.
2003). Interestingly, cancer cells cultured in high glucose
have high level of intracellular reactive oxygen species
(ROS) (Ledoux et al. 2003; Liou and Storz 2010).
Additionally, elevated ROS level has been reported to
enhance chemosensitivity of HCC cells towards doxorubicin and sorafenib (Shen et al. 2013; Fan et al.
2014). In view of the above-cited literature, it is imperative to study the interrelation between glucose and
changes in cellular microenvironment which are likely to
be involved in response of cancer cells towards drugs.
Previously, we have reported that normoglycemic
glucose culture conditions alter expression of DKK4,
a secretory protein of dickkopf family, preventing
HCC cells from entering S-phase of cell cycle thereby
regulating proliferation and glucose utilization. Additionally, we have also demonstrated that supplementation of recombinant DKK4 protein to HCC cells
cultured in high glucose retards their growth (Chouhan et al. 2016). Interestingly, elevated DKK4
expression was reported in a subset of colon cancer
and colorectal tumors (Xi et al. 2006; Xi et al. 2008;
Ebert et al. 2012), gastric cancer tumors (Aung et al.
2006) and renal carcinoma cells, in addition to being
linked with 5-ﬂurouracil resistance (Zhai et al. 2014).
However, in HCC, proliferation suppressive role of
DKK4 has been suggested (Chouhan et al. 2016; Liao
et al. 2012; Fatima et al. 2012) but its role in sensitivity towards chemotherapeutics drugs is yet to be
explored. Therefore, the present study utilizes the
in vitro model of normoglycemia (NG) and hyperglycemia (HG) by culturing HepG2 and SK-HEP-1
cells in 5.5 mM glucose and 25 mM glucose and
investigates alteration in sensitivity of these cells
towards DOX and SORA. In this study, we have
primarily focused on glucose-dependent alterations in
the levels of DKK4 and P-gp as well as their
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association in the outcome of treatment with DOX
and SORA in HCC.
2. Materials and methods
2.1 Chemicals and reagents
Methylthiazoletetrazolium (MTT), cytochalasin B
(CytoB), doxorubicin (DOX), hydrogen peroxide
(H2O2), verapamil (VPL), rhodamine-123 (Rh-123)
dye and N-acetylcysteine (NAC) were purchased from
Sigma-Aldrich (Sigma Aldrich, MO, USA). Sorafenib
tosylate (SORA) (sc-357801A) and antibodies against
DKK4 (sc-25519), P-gp (sc-1517), b-tubulin (sc-9104),
Caveolin-1 (sc-894), Fatty acid synthase (sc-20140),
goat anti-rabbit IgG-HRP (sc-2004), Rhodamine conjugated (sc-358922) antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz Biotechnology,
CA, USA). Antibody for PARP (9542S) was purchased
from Cell Signaling Technologies (Cell Signaling
Technologies, MA, USA). Recombinant DKK4 protein
(1269-DK) was purchased from R&D Systems (R&D
Systems, MN, and USA). For transfection studies,
control (CTRL) and DKK4 shRNA were purchased
from Open Biosystems (Thermo Fisher Scientiﬁc, PA,
USA).
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(10 lM) or VPL (40 lM) or DKK4 protein (200 nM)
or combinations as per experimental requirements were
added and cells were cultured for 16 h. Subsequently,
cells were treated with DOX or SORA and cultured for
additional 24 h or 48 h or 96 h depending on the
experimental design. In experiments which involve
elevation of intracellular ROS, HCC cells were treated
with hydrogen peroxide (0.003%) for 30 min before
termination of the experiment. Cells were processed for
MTT assay, Colony formation assay, Glucose utilization assay or intracellular ROS estimation or Annexin
V staining, Confocal imaging, Doxorubicin uptake
assay, LC-MS/MS analysis for detection of SORA and
Rhodamine efﬂux assay as mentioned below in individual sections.

2.4 shRNA transfection
HCC cells were transfected with either non-speciﬁc
control (CTRL) shRNA (TLP4614) (Thermo Fisher
Scientiﬁc, PA, USA) or shRNA speciﬁc for DKK4
(RHS4531) using Lipofectamine 2000 (Invitrogen Life
Technologies, CA, USA). Transfected cells were
grown in DMEM with 10% heat-inactivated fetal
bovine serum (Hyclone, UT, USA) for 24 h and then
shifted to NG for various assays as per experimental
conditions.

2.2 Cell culture
Human hepatocellular carcinoma cells (HepG2 and
SK-HEP-1) were purchased from ATCC and maintained in our in-house repository at National Centre for
Cell Science, Pune, India. All the cells were grown in
Dulbecco modiﬁed Eagle’s medium (DMEM) either in
normoglycemic glucose, 5.5 mM (NG) or in hyperglycemic glucose, 25 mM (HG), depending upon the
experiments and supplemented with 10% heat-inactivated fetal bovine serum (Hyclone, UT, USA), penicillin (100 U/ml) and streptomycin 100 lg/ml
(Invitrogen Life Technologies, CA, USA), at 37°C in
an incubator in the presence of 5% CO2 (Thermo
Scientiﬁc, NC, USA).
2.3 Inhibitors and drugs treatment
HCC cells were plated and cultured for 24 h at 37°C
and then starved of serum and glucose for 2 h.
Thereafter, fresh DMEM containing 10% FBS with NG
or HG along with or without NAC (5 mM) or CytoB

2.5 MTT (methylthiazole tetrazolium) survival
assay
HCC cells (2 9 103) were plated in 96 well plates
and allowed to adhere for 24 h at 37°C. Next day,
cells were starved of serum and glucose for 2 h and
then fresh DMEM containing 10% FBS with NG or
HG, with and without inhibitors and activators was
added for 16 h. Cells were further treated with DOX
and SORA and cultured for 24, 48 and 72 h. To each
well 50 ll of MTT (1 mg/ml) was added and incubated for 4 h at 37°C. Formazan crystals were solubilized in 100 ll of isopropanol by incubating in
shaking condition at room temperature for 10 min.
Absorbance was taken at 570 nm. Absorbance given
by untreated cells was taken as 100% cell survival.
Percentage cell survival was assessed and represented
by bar graphs as mean±SD. Concentration of DOX
and SORA at which HCC cell survival is reduced to
50% in 96 h is taken as IC50 value for DOX and
SORA.
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2.6 Colony formation assay
HCC cells (5 9 102) plated in 12-well plates and
allowed to adhere for 24 h at 37°C. Next day, cells
were starved of serum and glucose for 2 h. Thereafter,
fresh DMEM containing 10% FBS with NG or HG,
with and without inhibitors and activators was added.
Cells were cultured for 16 h and then treated with DOX
and SORA for further 24 h. Subsequently, the medium
was replaced with NG or HG medium and cells were
incubated for an additional 21 days at 37°C in CO2
incubator with medium change every 2–3 day. Cells
were then ﬁxed (3% paraformaldehyde and 0.02%
glutaraldehyde in PBS) and stained with 0.05% crystal
violet. Densitometry analysis was performed using
ImageJ software (ImageJ, NIH, USA) and mean±SD
arbitrary units obtained from experiment done in triplicates were plotted in bar graphs.
2.7 Fluorescence-activated cell sorting (FACS)
analysis for detection of apoptotic cells
HCC cells (3 9 105) plated in 35 mm culture dishes
were allowed to adhere for 24 h. Next cells were
starved of serum and glucose for 2 h. Thereafter, cells
were cultured in fresh DMEM containing 10% FBS
with NG or HG, with or without inhibitors or activators
for 16 h. These cells were then treated with DOX and
SORA for further 24 h. After 24 h, cells were harvested
and washed twice with cold PBS (pH = 7.4) and
incubated with annexin V-FITC in the binding buffer
(10 mM HEPES/NaOH, pH 7.5, containing 140 mM
NaCl and 2.5 mM CaCl2) for 10 min in the dark at
37°C. Cells were sorted by FACS caliber (Becton
Dickinson, CA, USA) for 10,000 events to determine
the live and dead cell populations. Data was analysed
using Cell Quest Pro software (BD Biosciences, CA,
and USA) and bar graphs represent mean±SD of percentage of cells positive for annexin V uptake as
detected by ﬂow cytometry of an experiment done in
triplicate.
2.8 Cell lysate preparation and immunoblotting
HCC cells (3 9 105) plated in 35 mm culture plates
were allowed to adhere for 24 h at 37°C. Next day,
cells were starved of serum and glucose for 2 h.
Thereafter, cells were cultured in fresh DMEM containing 10% FBS with NG or HG, with or without
inhibitors or activators and cultured for 16 h following

treatment of DOX and SORA for further 24 h as per the
experimental requirement. Whole cell lysates were
prepared and immunoblotting was performed. Densitometric analysis using ImageJ software (ImageJ, NIH,
USA) was performed for immunoblot images and btubulin normalized relative fold change intensity is
incorporated for each lane.
2.9 Immunoﬂuorescence confocal microscopy
HepG2 cells (3 9 102) seeded on sterile cover slips
coated with poly-lysine (50 lg/ml) or Labtek chambered slides were allowed to grow for 24 h before
treatment. Treatments were given as is indicated in the
respective experiments. Cells were permeabilized in
0.025% saponin in PBS for 10 min and subsequently
blocked with 10% FBS containing 5% BSA in PBS for
1 h at 37°C. Cells were incubated with 1:50 dilutions of
primary antibodies in the blocking solution for 2 h at
room temperature. Cells were washed ﬁve times with
blocking solution. Next, cells were incubated with
rhodamine-conjugated secondary antibodies (1:100) in
blocking solution for further 1 h at room temperature.
After ﬁve washes, samples were layered with DAPI
containing mounting medium (Santa Cruz Biotechnology, MO, USA). Slides were sealed and stored in
dark at 4°C. Cells were examined and images were
captured on a confocal microscope (LSM510 or
META, Carl Zeiss). Images were subsequently processed by LSM image analysis (Carl Zeiss, IL, USA).
2.10 Detection of intracellular uptake
of doxorubicin by confocal microscopy
HepG2 cells (3 9 102) seeded on sterile cover slips
coated with poly-lysine (50 lg/ml) or in Labtek
chambered slides and were allowed to grow for 24 h
before treatment. Next day, cells were starved of serum
and glucose for 2 h. Next, cells were cultured in fresh
DMEM containing 10% FBS with NG or HG, with or
without inhibitors or activators and cultured for 16 h.
These cells were then treated with DOX (0.73 lM) for
6 h. After completion of experiment, cells were washed
thrice with PBS and ﬁxed with chilled methanol for
ﬁve minutes. After ﬁve washes with PBS, samples
were layered with DAPI containing mounting medium
(Santa Cruz Biotechnology, MO, USA). Slides were
sealed and stored in dark at 4°C. Cells were examined
and images were captured on a confocal microscope
(LSM510 or META, Carl Zeiss). Images were
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subsequently processed by LSM image analysis (Carl
Zeiss, IL, USA).
2.11 Glucose utilization assay
HepG2 cells (3 9 103) were plated in 12 well tissue
culture plates were allowed to adhere for 24 h at 37°C.
Next day, cells were starved of serum and glucose for 2
h. Cells were cultured in fresh DMEM containing 10%
FBS with NG or HG, with or without inhibitors or
activators and cultured for 16 h. For measuring glucose
utilization, residual glucose present in the culture
medium was measured using rapid glucose analyzer
(Accu-Chek Sensor Comfort, Roche Diagnostics,
Germany) according to manufacturer’s instructions.
Consumed glucose was estimated by subtracting the
remaining residual glucose in the medium from the
initial concentration in control medium (450 mg/dl).
The experiments were performed at least in triplicate
and values were normalized to total number of cells.
Bar graphs represent mean±SD of glucose utilization.
2.12 Measurement of intracellular reactive oxygen
species (ROS) by FACS
HCC cells (5 9 105) were plated in 35 mm culture plate
and allowed to adhere for 24 h. Next day, cells were
starved of serum and glucose for 2 h. Thereafter, cells
were cultured in fresh DMEM containing 10% FBS with
NG or HG, with or without inhibitors or activators and
cultured for 16 h. Cells were then washed with PBS and
collected in 1 ml of respective media after trypsinization,
and centrifuged at 2,500 rpm for 5 min. Media was discarded and 10 lM CM-H2DCFDA (chloromethyl-20 ,70 dichloroﬂuorescein diacetate) in 1 ml cold PBS added
per sample. Cells were then incubated in the dark at room
temperature for 25 min and centrifuged at 2,500 rpm at
4°C. Cells were again washed with PBS and re-suspended in 500 ll chilled fresh PBS. Fluorescent intensity
of CM-H2DCFDA is recorded by FACS caliber (Becton
Dickinson, CA, USA). Data was analysed using Cell
Quest Pro software (BD Biosciences, CA, USA) for
10,000 cells and bar graph represent mean±SD of ﬂuorescent intensity.

2.13 Rhodamine-123 efﬂux assay
To measure efﬂux of rhodamine-123 (Rh-123),
indicative of P-gp transport activity, HCC cells
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(1 9 103) were seeded in 35-mm culture dishes and
allowed to adhere for 24 h. Next day, cells were starved
of serum and glucose for 2 h. These cells were cultured
in fresh DMEM containing 10% FBS with NG and
HG, with or without inhibitors or activators and cultured for 16 h. Further, cells were washed thrice with
PBS and incubated for 30 min at 37°C in PBS containing 2 lM Rh-123. The solution was removed and
cells were detached from culture ﬂask by incubating in
trypsin-containing, Ca2? free, phosphate-buffered
solution with 2 lM Rh-123. Trypsin digestion was
stopped by adding cold PBS solution supplemented
with 5% fetal bovine serum and 2 lM Rh-123. Cell
aliquots were placed in 1.5 ml tubes and centrifuged at
3,000 rpm for 5 min at 4°C. The supernatant was
aspirated out and 2 ml cold incubation solution was
added in the tubes and kept at 4°C. The loading of Rh123 at this point was considered as 0 min time point.
The efﬂux of Rh-123 was initiated by incubating the
cells at 25°C for 30 min. Next, ﬂuorescence intensity of
Rh-123 was collected and acquired through a 530/30
nm bandpass using FACS Calibur and the data were
analysed using CellQuest Pro software (BD Biosciences, NJ, USA). The histogram represents shift in
peaks from one set of experiments performed three
times. Shift in peak from right to left is indicative of
more efﬂux of Rh-123 from HCC cells.
2.14 LC-MS/MS analysis and quantitation
of SORA
HepG2 cells were plated and cultured for 24 h at 37°C.
Next day, cells were starved of serum and glucose for 2 h.
Thereafter, cells were cultured in fresh DMEM containing 10% FBS with NG or HG, with or without
inhibitors or activators and cultured as for 16 h. Subsequently, cells were treated with SORA (5.68 lM), cultured for additional 6 h and spent media was collected
separately. Spent media was lyophilized in Speed Vac
(Thermo Fisher Scientiﬁc, PA, and USA) and processed
for LC-MS/MS based detection of SORA. LC-MS/MS
analysis were carried out on an Agilent 1290 Inﬁnity
Ultra High Performance Liquid Chromatographic system coupled to an Agilent 6540 UHD Accurate Mass
Q-TOF mass spectrometer equipped with a dual ionization source. The samples were introduced to the mass
spectrometer through a reversed-phase column (C-18,
2.1 9 30 mm, 3.5 lm) and eluted with a gradient of 0.1%
formic acid in water as mobile phase A and acetonitrile
containing 0.1% formic acid as mobile phase B. A linear
gradient of 5–95% mobile phase B in 25 min was used to
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separate the molecules. The ﬂow rate was maintained at
0.2 mLmin-1. The mass spectra were acquired between
100 and 1000 m/z and the dry gas ﬂow and dry gas
temperature were set at 6 L min-1and 320°C, respectively. Targeted MS/MS data of SORA (Sorafenib
tosylate) (theoretical monoisotopic protonated mass,
465.0936 Da) and Naringin (theoretical monoisotopic
protonated mass, 581.1865 Da) were collected by setting
the collision energies at 30 V and 15 V, respectively. All
the mass spectrometric data were acquired in positive
ionization mode using Agilent MassHunter data acquisition software, Version B.05.01. Calibration standards
(0.5–500 ng/ll) were prepared using standard SORA.
All the samples including the standard preparations were
spiked with naringin as internal standard. Infusion of
reference masses at m/z values, 121.0508, 149.0233,
322.0481 and 922.0098 through the Dual AJS source
ensured less than 2 ppm mass accuracy over a wide mass
range. For the generation of calibration curves, the m/z of
precursor ions, m/z of quantiﬁer and qualiﬁer fragment
ions were exported to MassHunter Quantitative analysis
software, version B.07.00. The area of the product ions at
m/z 270.0862 (quantiﬁer) and 252.0758 (qualiﬁer) for
SORA and 273.0759 (quantiﬁer) and 435.1283 (qualiﬁer) for naringin were selected for relative quantitation.
Calibration curves were created using quadratic ﬁtting,
1/x weighting and including the origin. The quantitation
capability of this method is evaluated by using samples
with known concentrations. Bar graph represents mean
sorafenib concentration ± SD of experiment done in
triplicate.
2.15 Statistical analysis
Experiments were performed in triplicates or otherwise
as mentioned. Bar graphs represent the mean ± standard deviation (SD) of experiments done in triplicate.
Statistical comparison was performed by Student’s
2-tailed unpaired t-test by using Sigma Plot software
(Systat Software Inc., CA, and USA). The values of
P\0.05 were considered statistically signiﬁcant. (*P B
0.05, **P B 0.001, ***P B 0.0001).

Table 1. Representation of IC50 value of DOX and SORA
for HepG2 and SK-HEP-1, in NG and HG
Cell line
HepG2 DOX
SK-HEP-1 DOX
HepG2 SORA
SK-HEP-1 SORA

NG (IC50 in lM)

HG (IC50 in lM)

0.73
0.66
5.68
2.13

0.17
0.21
1.93
0.7

drugs, HepG2 and SK-HEP-1 cells were cultured in NG
or HG and were treated with DOX and SORA for 96 h.
IC50 dose for each drug in these conditions was
determined. We observed that IC50 value for DOX and
SORA is higher in NG than HG (Table 1). To verify the
effect of these drugs on survival of HCC cells, HepG2
cells cultured in NG and HG were treated with 0.73 lM
DOX and 5.68 lM SORA for 0, 24, 48 and 72 h.
Similarly, SK-HEP-1 cells cultured in NG or HG were
treated with 0.66 lM DOX and 2.13 lM SORA for
identical time durations (ﬁgure 1A). The IC50 concentrations of DOX and SORA used in this experiment
for HepG2 and SK-HEP-1 cell lines are kept constant
for all the experiments until speciﬁcally mentioned. It
was observed that signiﬁcantly less number of HCC
cells cultured in HG and treated with the DOX and
SORA survive than in NG, at 24, 48 and 72 h (ﬁgure 1Ai and ii). The effect on sensitivity of HCC cells
towards DOX and SORA in NG and HG was evaluated
by long term colony formation assay. More number of
surviving colonies of HepG2 and SK-HEP-1 cells were
observed in NG treated with DOX or SORA, than HG
treated with either of them ﬁgure 1B. To evaluate
whether this decrease in cell survival is a consequence
of apoptosis, DOX or SORA treated HCC cells cultured
in NG and HG, were stained with annexin V-FITC.
Flow cytometric analysis revealed an increase in percentage of annexin positive cells because of enhanced
apoptosis observed in HCC cells treated with DOX and
SORA in HG as compared to NG (ﬁgure 1C). Also,
reduction in survival of HG is reﬂected by increase in
cleavage of PARP protein, a marker of apoptosis (supplementary ﬁgure 1). These results indicate that HCC
cells cultured in NG are less susceptible to DOX and
SORA induced cytotoxicity than HG.

3. Results
3.1 Effect of glucose on the sensitivity of HCC
cells to DOX and SORA

3.2 Glucose regulates P-glycoprotein (P-gp) level
and affects sensitivity of HCC cells

To investigate the effect of varying glucose culture
condition on the sensitivity towards chemotherapeutic

Numerous reports suggest that overexpression of
P-glycoprotein (P-gp), fatty acid synthase (FASN)

Role of DKK4 and P-gp in drug sensitivity in HCC
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Figure 1. High glucose enhances sensitivity of HCC cells to DOX and SORA. (A) HepG2 and SK-HEP-1 cells were
cultured in NG with or without treatment of DOX (Ai) or SORA (Aii) for indicated time intervals and MTT assay was
performed to determine percentage survival and represented as bar graph. (B) HepG2 (Bi) and SK-HEP-1 (Bii) cells in NG
and HG culture conditions were treated with DOX and SORA for 48 h. Media was removed and cells were cultured in NG
and HG for additional 21 days. Colonies were visualized by crystal violet stain. Densitometric analysis was performed to
determine mean ± SD arbitrary units and represented as bar graph. Upper panel incorporates representative image of crystal
violet stained colonies. (C) HepG2 cells were treated with DOX and SORA in NG and HG culture conditions for 24 h.
Apoptotic cells were analysed by annexin V-FITC staining using ﬂow cytometry and percentage apoptosis is represented as
bar graph.

and Caveolin-1 are involved in chemo-resistance by
reducing drug accumulation in a variety of cancer
cells (Abou-Alfa et al. 2008; Wang et al. 2015;
Deshmukh et al. 2016). Earlier, in MCF-7 cells, we
have reported alteration of P-gp expression in
response to differential glucose culture conditions
(Pandey et al. 2011). Also, it has been previously
shown that glucose culture conditions affect levels of
FASN and Caveolin-1 in a wide variety of cancer
types (Fatima et al. 2012). These observations suggest that Caveolin-1, FASN and P-gp might have role
in regulation of alteration in drug response in HCC
cells cultured in variable glucose conditions. Therefore, levels of Caveolin-1, FASN and P-gp in HCC

cells cultured in NG, HG and HG along with
cytochalasin B (CytoB), an inhibitor of receptormediated glucose uptake, were evaluated by
immunoblotting. No change in the level of FASN and
caveolin-1 proteins was detected in HepG2 and SKHEP-1 cells (supplementary ﬁgure 2A). However,
increased level of P-gp was observed in HepG2 and
SK-HEP-1 cells cultured in NG compared to HG.
Also, P-gp level was more in HG cells treated with
CytoB than in cells without CytoB exposure (supplementary ﬁgure 2A). Additionally, immunoﬂuorescence analysis revealed that HCC cells in NG
have increased level of P-gp than in HG, which is
restored by treatment of CytoB in HG (ﬁgure 2A).
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Figure 2. Hyperglycemia or DKK4 knockdown in normoglycemia decreases level of P-gp in HCC cells. (A) HepG2 cells
were cultured in NG, HG and HG?CytoB for 16 h and cells processed for immunoﬂuorescence based confocal imaging of
P-gp. Bars represent 10 lm. (B) HepG2 (Bi) and SK-HEP-1 (Bii) cells were cultured in NG and allowed to grow with or
without verapamil for 16 h in NG. Cells were treated with DOX and SORA for indicated time intervals. MTT assay was
performed to determine percent cell survival and represented as bar graph. (C) HepG2 cells transfected with CTRL shRNA or
DKK4 shRNA. Post 24 h of transfection, cells were cultured in NG with or without supplementation of recombinant DKK4
protein for 16 h. Glucose level was quantiﬁed in culture media and glucose utilization is represented in bar graph. (D) HepG2
cells were transfected with CTRL shRNA or DKK4 shRNA. Post 24 h of transfection, cells were cultured in NG with or
without supplementation of recombinant DKK4 protein for 16 h and then processed for immunoﬂuorescence based confocal
imaging of P-gp. Bars represent 10 lm. Bar graphs represent the mean ± SD of an experiment done in triplicate (*P B 0.05,
**P B 0.001, ***P B 0.0001).

Role of DKK4 and P-gp in drug sensitivity in HCC

To ascertain whether elevated level of P-gp is
involved in the reduction of drug accumulation in HCC
cells under normoglycemic culture condition, they
were pre-treated with verapamil (VPL), a pharmacological inhibitor of P-gp, for 16 h and MTT assay was
performed to determine percentage cell survival upon
treatment with DOX and SORA for 24, 48 and 96 h
(ﬁgure 2B). Upon inhibition of P-gp by VPL in NG,
decrease in percent cell survival was observed indicating involvement of P-gp in reducing drug sensitivity
in NG.

3.3 Effect of DKK4 knockdown on glucose
utilization and level of P-gp
We have previously reported that HCC cells in NG
have reduced proliferation compared to HCC cells in
HG as DKK4 restricts entry of HCC cells in s-phase of
cell cycle (Chouhan et al. 2016). Also, our previous
observation together with other studies indicates that
reduction in proliferation is often associated with
decreased accumulation of nutrients (Chouhan et al.
2016; Calvo et al. 2010; Hamanaka and Chandel 2012)
as well as drugs (El-Kareh and Secomb 2005; Jain
et al. 2011). Therefore, we speculated that DKK4
dependent reduction in proliferation primarily affects
glucose utilization and thereby alters level of P-gp
which is likely to be associated with reduced sensitization of HCC cells toward DOX and SORA. To
investigate that, HCC cells were transfected with
DKK4 shRNA and control (CTRL) shRNA. Post 24 h
of transfection followed by incubation in presence or
absence of recombinant DKK4 protein for 16 h, cells in
NG were processed for glucose utilization assay. Glucose utilization is increased in HepG2 cells transfected
with DKK4 shRNA, which was suppressed upon
treatment of cells in NG with recombinant DKK4
protein (ﬁgure 2C). Also, level of P-gp was reduced in
HepG2 cells transfected with DKK4 shRNA than in
cells transfected with CTRL shRNA. Interestingly,
upon extracellular supplementation of recombinant
DKK4 protein in NG, P-gp level was restored (supplementary ﬁgure 2B). Immunoﬂuorescence studies
indicate decreased localization of P-gp on membrane
and overall reduction in cellular level in HepG2 cells
transfected with DKK4 shRNA, than in cells transfected with CTRL shRNA. Additionally, treatment of
recombinant DKK4 protein in HepG2 cells transfected
with DKK4 shRNA caused restoration of P-gp on the
membrane (ﬁgure 2D).
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3.4 Glucose-induced changes in DKK4 protein
level contributes to sensitivity of HCC cells to DOX
and SORA
To investigate association between DKK4 and
chemosensitivity, HepG2 and SK-HEP-1 cells were
transfected with DKK4 shRNA or CTRL shRNA.
Post 24 h of transfection, cells were cultured in NG
with or without supplementation of recombinant
DKK4 protein. Following treatment of DOX or
SORA for indicated time intervals, percent cell survival was determined. MTT assay revealed decrease
in percent cell survival upon DKK4 knockdown in
both cell lines than in those transfected with CTRL
shRNA (ﬁgure 3A). Also, HCC cells transfected
with DKK4 shRNA form fewer colonies than cells
transfected with CTRL shRNA and exposed to DOX
or SORA (ﬁgure 3B). However, supplementation of
recombinant DKK4 protein to HCC cells transfected
with DKK4 shRNA causes increase in percent cell
survival as well as increase in number of surviving
colonies upon DOX or SORA treatment (ﬁgure 3A
and ﬁgure 3B). Decrease in survival of HCC cells
transfected with DKK4 shRNA followed by treatment of DOX and SORA is a consequence of
induction of apoptosis which is evident by ﬂow
cytometry analysis where bar graph represents percentage annexin positive cells (ﬁgure 3C). Also,
reduction in survival of HepG2 cells transfected with
DKK4 shRNA as compared to cells transfected with
CTRL shRNA in NG is reﬂected by increase in
cleavage of PARP protein (supplementary ﬁgure 3).
These results indicate that suppression of DKK4 in
HCC cells cultured in NG enhances their sensitivity
towards DOX and SORA.

3.5 Increase in intracellular ROS correlates
with enhanced glucose availability and utilization
in HG and DKK4 knockdown in NG
P-gp, a redox-sensitive drug-efﬂux transporter involved
in multidrug resistance, is transcriptionally regulated
by HIF-1a (Pandey et al. 2011; Seebacher et al. 2015;
Wartenberg et al. 2005). Therefore, changes in the level
of ROS in response to glucose availability in HCC
cells, was evaluated by ﬂow cytometric assay by utilizing H2DCFDA (chloromethyl-20 ,70 -dichloroﬂuorescein diacetate) (Hempel et al. 1999). HepG2 cells were
cultured in NG, NG with H2O2 (to increase level of
intracellular ROS), HG, HG along with N-acetylcysteine (NAC chemical scavenger of ROS) and HG along
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Figure 3. DKK4 knockdown increases cytotoxicity of DOX and SORA in NG. (A) HepG2 and SK-HEP-1 cells were
transfected with CTRL shRNA or DKK4 shRNA. Post 24 h of transfection, cells were cultured in NG with or without
supplementation of recombinant DKK4 protein for 16 h following treatment of DOX (Ai) or SORA (Aii) for indicated time
intervals and MTT assay was performed to determine percentage survival and represented as bar graph. (B) HepG2 (Bi) and
SK-HEP-1 (Bii) cells were transfected with CTRL shRNA or DKK4 shRNA. Post 24 h of transfection, cells were cultured in
NG with or without supplementation of recombinant DKK4 protein for 16 h following treatment of DOX or SORA for 48 h
in NG. After that, cells were cultured for additional 21 days in NG. Colonies were visualized by crystal violet stain and
densitometric analysis was performed to determine mean ± SD arbitrary units and represented as bar graph. Upper panel
incorporates representative image of crystal violet stained colonies. (C) HepG2 cells were transfected with CTRL shRNA or
DKK4 shRNA. Post 24 h of transfection, cells were cultured in NG with or without supplementation of recombinant DKK4
protein for 16 h following treatment of DOX or SORA for further 24 h. Apoptotic cells were analysed by annexin V-FITC
staining using ﬂow cytometry and percentage apoptosis is represented as bar graph.

with CytoB. Treatment of H2O2 was given for 30 mins
prior to termination of experiment. It was observed that
intracellular ROS level was more in HepG2 cells cultured in HG than in NG, which was suppressed upon
treatment with CytoB (ﬁgure 4A). Treatment of H2O2
signiﬁcantly increases intracellular ROS in HCC cells
in NG, while NAC treatment in HG, causes suppression in the level of intracellular ROS. Also, transfection
of DKK4 shRNA in HepG2 cells in NG causes
enhancement in the level of intracellular ROS than in
cells transfected with control shRNA (ﬁgure 4B).
Furthermore, supplementation of recombinant DKK4

protein in culture medium of HepG2 cells transfected
with DKK4 shRNA in NG causes reduction in level of
intracellular ROS. Also, glucose utilization by HCC
cells in HG was diminished upon treatment with CytoB
as compared to untreated cells in HG (ﬁgure 4C).
However, no change in glucose uptake was detected
upon NAC treatment in HG treated cells. Also, no
signiﬁcant change in glucose utilization was detected in
HCC cells in NG upon treatment of H2O2. These
results indicate that increase in glucose utilization is
correlated with increased intracellular ROS levels in
HCC cells.

Role of DKK4 and P-gp in drug sensitivity in HCC
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Figure 4. Alteration in P-gp level is glucose and intracellular ROS level dependent but independent of DKK4. (A) HepG2
cells were cultured in NG with and without H2O2 and HG with and without NAC and CytoB for 16 h. Treatment of H2O2
(0.003%) was given for 30 min before end of 16 h. These were then processed for CM-H2DCFDA dye uptake assay and
analysed by ﬂow cytometry and mean ﬂuorescent intensity is represented as bar graph. (B) HepG2 cells were transfected with
CTRL shRNA and DKK4 shRNA. Post 24 h of transfection, cells were cultured in NG with or without supplementation of
recombinant DKK4 protein for 16 h following treatment of DOX or SORA in NG for additional 16 h. Cells were then
processed for CM-H2DCFDA dye uptake assay, analysed by ﬂow cytometry and mean ﬂuorescent intensity is represented as
bar graph. (C) HepG2 cells were cultured in NG with and without H2O2 and HG with and without NAC and CytoB for 16 h.
Glucose level was quantiﬁed in culture media and glucose utilization is represented as bar graph. (D) HepG2 cells were
cultured in NG with and without H2O2 and HG with and without NAC for 16 h. Treatment of H2O2 (0.003%) was given for
30 min before end of 16 h. Cells were processed for immunoﬂuorescence based confocal imaging of P-gp. Bars represent 10
lm. Bar graphs represent the mean ± SD of an experiment done in triplicate (*P B 0.05, **P B 0.001, ***P B 0.0001).

3.6 Increased glucose utilization enhances
intracellular ROS which reciprocally regulates
P-gp level
To assess whether the association between P-gp and
DKK4 is dependent on intracellular ROS, HepG2 cells
were cultured in NG for 16 h and treated with H2O2
(0.003%) for 30 mins prior to termination of experiment. In Parallel, HCC cells cultured in HG were
treated with NAC or CytoB for 16 h. Immunoblot
analysis revealed reduction in level of P-gp in HCC

cells treated with H2O2 in NG than cells in NG
without H2O2 treatment, while no change in level of
DKK4 was observed (supplementary ﬁgure 4). Further, treatment of HCC cells in HG with NAC
increases P-gp level while no change in DKK4 level
was observed. However, treatment of HCC cells in HG
with CytoB increases P-gp and DKK4 levels which
indicate, P-gp level is dependent upon intracellular
ROS induced by glucose uptake than on DKK4 protein level directly. Immunoﬂuorescence analysis indicates decrease in localization of P-gp on membrane
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and reduced overall protein level in HCC cells upon
treatment of H2O2 in NG than in cells without treatment. Also, enhanced localization of P-gp on membrane and overall increase in protein level was
observed in HepG2 cells in HG treated with NAC than
in cells without NAC treatment (ﬁgure 4D). These
results indicate that level of P-gp is regulated by ROS
and not directly by DKK4.
3.7 Effect on sensitivity of HCC cells
towards DOX and SORA, upon suppression
of intracellular ROS in HG
Next, consequence of suppression of intracellular ROS
by NAC in HCC cells in HG towards sensitivity to
DOX and SORA was investigated. MTT based cell
survival assay revealed that treatment of NAC increases percent survival of HepG2 and SK-HEP-1 cells in
HG than in cells without NAC treatment (ﬁgure 5A).
Also, more number of colonies (ﬁgure 5B) and signiﬁcant decrease in percent apoptotic cells by ﬂow
cytometric analysis of annexin V-FITC positive cells
was detected in HCC cells treated with NAC in HG
followed by treatment of DOX or SORA than in cells
without NAC treatment (ﬁgure 5C). Also, a parallel
reduction in the cleavage of PARP protein was
observed in HCC cells upon treatment of NAC following treatment of DOX and SORA in HG (ﬁgure 5D). Additionally, increase in intracellular ROS by
treatment of in HepG2 cells in NG with H2O2,
increases sensitivity towards DOX and SORA as is
evident by ﬂow cytometric analysis (supplementary
ﬁgure 5A) along with increase in level of cleaved
PARP protein (supplementary ﬁgure 5B). These results
indicate that glucose utilization induced increase in
level of intracellular ROS contributes to enhanced
sensitivity towards DOX and SORA in HCC cells.

3.8 Inhibition of intracellular ROS alters P-gp
level in DKK4-knockdown-HCC cells
HepG2 cells were transfected with DKK4 shRNA and
cultured in NG or HG for 24 h. Thereafter, cells were
treated with NAC and CytoB for 16 h before estimation
of glucose utilization. No change in glucose utilization
was observed in DKK4 knockdown cells upon NAC
treatment while CytoB treatment decreases glucose
utilization (ﬁgure 6A). However, reduction in intracellular ROS level was observed upon NAC treatment
in HCC cells transfected with DKK4 shRNA than in

Figure 5. Suppression of intracellular ROS decreases sen- c
sitivity of HCC cells in HG towards DOX and SORA.
(A) HepG2 (Ai) and SK-HEP-1 (Aii) cells were cultured in
HG with and without NAC for 16 h. These cells were treated
with DOX and SORA for indicated time intervals. MTT
assay was performed to determine percent cell survival and
represented as bar graph. (B) HepG2 and SK-HEP-1 cells
were cultured in HG with and without NAC for 16 h. These
cells were treated with DOX and SORA for 48 h and cells
were further cultured in NG for additional 21 days. Colonies
were visualized by crystal violet stain and densitometric
analysis was performed to determine mean±SD arbitrary
units and represented as bar graph. (C) HepG2 cells were
cultured in HG with and without NAC for 16 h. These cells
were treated with DOX and SORA for 24 h. Apoptotic cells
were analysed by annexin V-FITC staining using ﬂow
cytometry and percentage apoptosis is represented as bar
graph. (D) HepG2 cells were cultured for 16 h in NG with
and without treatment of H2O2. Treatment of H2O2 (0.003%)
was given for 30 min before end of 16 h. These cells were
then treated with DOX and SORA for further 24 h.
Apoptotic cells were analysed by annexin V-FITC staining
using ﬂow cytometry and percentage apoptosis is represented as bar graph.

transfected cells without treatment, as detected by
H2DCFDA uptake assay (ﬁgure 6B). Interestingly,
Western blot analysis reveals that NAC treatment
increases P-gp level in DKK4 shRNA transfected cells
which is similar to P-gp level observed in DKK4
shRNA transfected cells treated with CytoB in NG
(ﬁgure 6C). Also, increased localization of P-gp on
membrane was observed in HepG2 cells transfected
with DKK4 shRNA followed by treatment of NAC or
CytoB in NG than in transfected cells without any
treatment in NG, as detected in immunoﬂuorescence
analysis (supplementary ﬁgure 6).
3.9 Inhibition of intracellular ROS in DKK4knockdown HCC cells decreases sensitivity
towards DOX and SORA
HCC cells were transfected with DKK4 shRNA and 24
h post transfection, cells were treated with NAC for 12
h in NG and then further treated with DOX and SORA
for indicated time interval to determine percent cell
survival. Suppression of intracellular ROS by NAC
decreases the sensitivity towards DOX and SORA than
in cells without NAC treatment (ﬁgure 7A). Also, upon
NAC treatment, more number of colonies were
observed in HCC cells in NG transfected with DKK4
shRNA following DOX and SORA treatment than in
cells without NAC treatment (ﬁgure 7B).

Role of DKK4 and P-gp in drug sensitivity in HCC
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Figure 6. Suppression of intracellular ROS in HCC cells in NG by DKK4 knockdown elevates level of P-gp. (A) HepG2
cells were transfected with DKK4 shRNA. After 24 h, cells were cultured in NG with or without NAC and CytoB for
additional 16 h. Glucose level was quantiﬁed in culture media and glucose utilization is represented as bar graph. (B) HepG2
cells were transfected with DKK4 shRNA. After 24 h, cells were cultured in NG with or without NAC and CytoB for
additional 16 h. Cells were then processed for CM-H2DCFDA dye uptake assay and analysed by ﬂow cytometry and mean
ﬂuorescent intensity is represented as bar graph. (C) HepG2 cells were transfected with DKK4 shRNA. After 24 h, cells were
cultured in NG with or without NAC for 16 h. Cells were processed for Immunoﬂuorescence based confocal imaging of P-gp.
Bars represent 10 lm. Bar graph represents the mean ± SD of an experiment done in triplicate (*P B 0.05, **P B 0.001,
***P B 0.0001).

Reduced sensitivity towards DOX and SORA upon
DKK4 knockdown causes decrease in percentage of
HCC cells undergoing apoptosis as analysed by ﬂow
cytometric detection of percentage of annexin V-FITC
positive cells (ﬁgure 7C). Also, immunoblotting
analysis revealed reduction in cleavage of PARP
protein in HepG2 cells transfected with DKK4
shRNA treated with NAC as compared to transfected
HepG2 cells without NAC treatment (supplementary
ﬁgure 7).

3.10 P-gp activity is altered in glucose-dependent
manner
To verify the functional status of P-gp, Rh-123 efﬂux
assay was performed which is indicative of efﬂux of

the drugs from cells by P-gp (Pétriz and Garcı́a-López
1997). HepG2 cells were cultured in NG, NG with
VPL, NG with H2O2, HG, HG with CytoB and HG
with NAC for 16 h and then incubated with rhodamine123 (Rh-123) dye for 30 min. Simultaneously, HepG2
cells were transfected with DKK4 shRNA and CTRL
shRNA. After 24 h, cells were cultured in the presence
or absence of recombinant DKK4 protein, NAC and
CytoB for additional 16 h followed by incubation with
Rh-123 dye for 30 mins. Thereafter, cells were collected and processed for detection of Rh-123 dye by
ﬂow cytometry. Histogram for log ﬂuorescence was
plotted (shift in peak from right to left is indicative of
more efﬂux of Rh-123 from HCC cells). Rh-123 efﬂux
was more in HepG2 cells cultured in NG and HG with
CytoB than in cells in HG. Efﬂux of Rh-123 was
reduced upon treatment of VPL and H2O2 in HepG2

Role of DKK4 and P-gp in drug sensitivity in HCC
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Figure 7. Inhibition of intracellular ROS in HCC cells in NG by DKK4 knockdown decreases sensitivity towards DOX and
SORA. (A) HepG2 (Ai) and SK-HEP-1 (Aii) cells were transfected with DKK4 shRNA. After 24 h, cells were cultured in
NG with or without NAC for 16 h. Cells were treated with DOX and SORA for indicated time intervals. MTT assay was
performed to determine percent cell survival and represented as bar graph. (B) HepG2 (Bi) and SK-HEP-1 (Bii) cells were
transfected with DKK4 shRNA. After 24 h, cells were cultured in NG with or without NAC for 16 h. These cells were treated
with DOX and SORA for 48 h and cells were then cultured in NG for additional 21 days. Colonies were visualized by crystal
violet stain and densitometric analysis was performed to determine mean ± SD arbitrary units and represented as bar graph.
Upper panel incorporates representative image of crystal violet stained colonies. (C) HepG2 cells were transfected with
DKK4 shRNA. After 24 h, cells were cultured in NG with or without NAC for 16 h. Cells were treated with DOX and SORA
for further 24 h. Apoptotic cells were analysed by annexin V-FITC staining using ﬂow cytometry and percentage apoptosis is
represented as bar graph.

cells in NG. Also, suppression of ROS in HepG2 cells
in HG upon treatment of NAC increases Rh-123 efﬂux
than in HG. Transfection of HepG2 cells in NG with
DKK4 shRNA causes reduction in Rh-123 efﬂux than
in control transfected cells. Additionally, supplementation of recombinant DKK4 protein or treatment of
NAC or CytoB in HepG2 cells transfected with DKK4
shRNA causes increase in Rh-123 efﬂux (ﬁgure 8).
These observations are suggestive of reciprocal
dependence of P-gp activity on the level of intracellular
ROS in HCC cells because of variable glucose
availability.

3.11 Glucose-dependent impairment of DOX
and SORA cytotoxicity is associated with their
differential intracellular accumulation
Doxorubicin is a self-ﬂuorescing molecule with an
excitation wavelength of 488 nm and emission wavelength of 550 nm and its accumulation in cell can be
probed by confocal microscopy (Weaver et al. 1991).
HepG2 cells were plated on coverslips and cultured in
NG, NG with VPL, NG with H2O2, HG, HG with
CytoB and HG with NAC, for 16 h and treated with
DOX (0.734 lM) for 6 h. In Parallel, HepG2 cells were

97

Page 16 of 23

Surbhi Chouhan et al.

Figure 8. Activity of P-gp in HCC cell is dependent on level of glucose in culture media. HepG2 cells were cultured in NG
with and without VPL, H2O2 and HG with and without NAC and CytoB for 16 h. In parallel, HepG2 cells were transfected
with DKK4 shRNA. After 24 h, cells were cultured in NG with or without recombinant DKK4 protein, NAC, and CytoB, for
16 h. Cells were then incubated with Rh-123 dye 30 min prior to termination of experiment. Cells were collected and
processed for detection of Rh-123 dye by ﬂow cytometry. Histogram represents shift in peaks from one set of experiment
performed twice.

transfected with CTRL shRNA and DKK4 shRNA and
24 h post transfection cells were cultured in NG in the
presence or absence of recombinant DKK4 protein,
NAC and CytoB for 16 h followed by DOX treatment
(0.734 lM) for 6 h. Post DOX treatment, all the cells
were ﬁxed with paraformaldehyde and mounted with
DAPI. Increased nuclear accumulation of DOX is
observed in HepG2 cells cultured in HG than in NG,
which was decreased upon treatment with CytoB in
HG. Inhibition of P-gp by treatment of VPL or increase
in intracellular ROS by treatment of H2O2 causes
increased nuclear accumulation of DOX in HepG2
cells in NG. Interestingly, suppression of ROS by NAC
treatment in HG causes reduction in nuclear accumulation of DOX. Furthermore, HepG2 cells transfected
with DKK4 shRNA show increased nuclear accumulation of DOX than in cells transfected with control
shRNA in NG. Moreover, nuclear accumulation of
DOX is reduced upon supplementation with recombinant DKK4 protein or treatment of NAC or CytoB in
HepG2 cells transfected with DKK4 shRNA
(ﬁgure 9A).
Next, quantitation of SORA was determined by LCMS/MS analysis. HepG2 cells were cultured in NG,
NG with VPL, NG with H2O2, HG, HG with CytoB

and HG with NAC for 16 h and then treated with
SORA (5.68 lM) for 6 h. Simultaneously, HepG2 cells
were transfected with CTRL shRNA or DKK4 shRNA
and 24 h post transfection cells were cultured in presence or absence of recombinant DKK4 protein, NAC
and CytoB for 16 h followed by SORA (5.68 lM)
treatment for 6 h. Post treatment spent media was
collected and processed for detection of SORA by LCMS/MS analysis. Decreased level of SORA in spent
media is observed in HepG2 cells cultured in HG than
in NG, which was increased upon treatment with
CytoB in HG. Inhibition of P-gp by treatment of VPL
or increase in intracellular ROS by treatment of H2O2
in NG causes decrease in level of SORA in spent
media. Also, suppression of ROS by NAC treatment in
HG causes increase in level of SORA in spent media.
Interestingly, HepG2 cells transfected with DKK4
shRNA had reduced level of SORA in spent media as
compared to control shRNA transfected cells. Level of
SORA in spent media remained unchanged upon supplementation of recombinant DKK4 protein or treatment of NAC or CytoB to HCC cells transfected with
DKK4 shRNA (ﬁgure 9B). These observations indicate that uptake of SORA by the cell depends upon
glucose utilization and level of intracellular ROS as

Role of DKK4 and P-gp in drug sensitivity in HCC
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Figure 9. Changing glucose culture conditions alter uptake of DOX and SORA in HCC cells. (A) HepG2 cells were
cultured in NG with and without VPL, H2O2 and HG with and without NAC and CytoB for 16 h. In parallel, HepG2 cells
were transfected with DKK4 shRNA. After 24 h, cells were cultured in NG with or without recombinant DKK4 protein,
NAC, and CytoB, for 16 h. Cells were then treated with DOX (0.73 lM) for 6 h. Cells were processed for
immunoﬂuorescence based confocal imaging for the detection of intracellular uptake of DOX. Bars represent 10 lm.
(B) HepG2 cells were cultured in NG with and without VPL, H2O2 and HG with and without NAC and CytoB for 16 h. In
parallel, HepG2 cells were transfected with DKK4 shRNA. After 24 h, cells were cultured in NG with or without
recombinant DKK4 protein, NAC, and CytoB, for 16 h. Cells were then treated with SORA (5.68 lM) for 6 h. Post 6 h of
SORA treatment, cells and spent media are collected and processed for detection of SORA by LC-MS/MS analysis.

well as DKK4. Additionally, attempts to detect intracellular level of SORA in above culture conditions
were not successful. Schematic representation of the
present study is depicted in ﬁgure 10.

4. Discussion
Resistance to apoptosis is one of the distinct characteristics of cancer cells (Hanahan and Weinberg 2011)
by which they circumvent the effect of chemotherapy.
Over the past decade, several protein and gene targets
have been identiﬁed which were involved in modulating glucose-utilization-induced molecular complexity
in HCC cells (Hay 2016). These molecular targets are

often associated with fundamental changes in cellular
events associated with regulation of cell cycle and
proliferation under hyperglycemic conditions during
hepatocarcinogenesis (Zhai et al. 2014; Yang et al.
2016). Apparently, intervention in rapid cell division
by affecting cell cycle regulatory checkpoints and
induction of apoptosis are the ultimate goals of different therapeutic regimes for HCC treatment (Cao
et al. 2012; Deng et al. 2009). Since increase in glucose utilization by cancer cells is essential to meet
metabolic demands during proliferation it is imperative
to consider role of glucose-induced alteration in
molecular events inside cancer cell for determining
response towards chemotherapeutic agents, particularly
in liver cancers.
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Figure 10. Schematic representation of hyperglycemia induced molecular events contributing towards increased
cytotoxicity of DOX and SORA. HCC cells in normal glucose (left panel) and high glucose (right Panel). Normoglycemic
conditions are associated with elevated levels of DKK4 and P-gp which render cells chemoresistant to DOX and SORA in
HCC cells. High glucose is associated with increased glucose availability, enhanced receptor mediated glucose uptake and
suppression of DKK4 protein expression which facilitates excess glucose utilization. This causes elevation of intracellular
ROS and reduction in P-gp level. Increased ROS and reduced drug efﬂux out of HCC cells promotes DOX and SORA
induced cytotoxicity.

This study utilizes a cellular model of variable glucose culture environment to investigate the relatively
unexplored interface of the effect of high glucose on
HCC chemotherapy. High glucose or hyperglycemic
condition is mimicked in vitro by exposing HCC cells
to physiologically relevant glucose concentrations in
the culture media. We observed that hyperglycemia
decreases the IC50 value of DOX and SORA. This
observation is consistent with another report where
hyperglycemia has been shown to reduce the IC50
value of carboplatin and 5-ﬂuorouracil in breast cancer
cells and to dexamethasone in multiple myeloma cells
(Pandey et al. 2011; Friday et al. 2011). Previously,
glucose-induced alterations in key markers of apoptosis, such as cleavage of PARP protein, have been
reported in human colon cancer cells exposed to DOX
(Nishimoto et al. 2014). Similar to this observation, we
observed increase in PARP protein cleavage leading to
increase in chemosensitivity of HCC cells towards
DOX and SORA in HG.
At the molecular level, reduction in sensitivity
towards chemotherapeutic agents is primarily because
of either decrease in cellular uptake of drug or increase

in efﬂux of drug by cancer cells, in addition to other
genetic and molecular factors. Previously, it has been
reported that differential glucose uptake by cancer cells
is also associated with alteration in lipid metabolizing
enzymes, thereby altering membrane ﬂuidity, homeostasis (Baenke et al. 2013) and levels of P-gp (Goff
et al. 2006). Consistent with these reports, we observed
that high glucose reduces cellular P-gp level, while,
upon pharmacological inhibition of P-gp by VPL,
reduced survival of HCC cells in NG was observed,
which implies a negative regulation of P-gp by
hyperglycemia.
Physiologically variable glucose stimulates cancer
cells to attain a proper level of cellular energy and
redox balance by causing major changes in cellular
metabolism and thereby generation of reactive oxygen
species, which is essential for cell viability and proliferation (Ray et al. 2012). However, excess of intracellular ROS itself triggers arrays of signaling cascades
by affecting activity of transcription factors such as
HIF-1a, Nox-1, etc., which are also reported to regulate
expression of MDR-1 gene (Tafani et al. 2016) and
have profound effect on the response of cells to
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chemotherapeutic drugs. In this study, we observed that
HG elevates intracellular ROS levels which suppresses
P-gp level and aids in cytotoxic effect of DOX and
SORA in HG. Conversely, suppression of ROS by
NAC in HG confers survival advantage to HCC cells
from DOX and SORA by restoring level of P-gp. These
results demonstrate that excessive glucose utilization
causes elevation of intracellular ROS and reduction of
P-gp level thereby, increasing sensitivity of HCC cells
towards DOX and SORA. Additionally, these observations also suggest that cellular events which are
altered in switching between normal glucose utilization
to excess glucose utilization, might have implication in
response to chemotherapeutic agents.
Previously, we had reported that hyperglycemia
promotes proliferative phenotype in HCC cells because
of increased expression of cyclins and CDK’s proteins
speciﬁc to progression of cell cycle from G0/G1 to S
phase. In addition, it was observed that this transition is
resisted by DKK4 protein, which itself is regulated by
glucose level (Chouhan et al. 2016). Interestingly,
elevated level of DKK4 has been reported to enhance
chemoresistance in colorectal cancer patient administered monotherapy of either irinotecan, oxaliplatin or
ﬂuorouracil (Ebert et al. 2012). Furthermore, contributing to existing knowledge of DKK4 and its role in
glucose-induced alteration in HCC, our in vitro data
from HCC cells transfected with DKK4 shRNA and
treated with DOX and SORA in NG show enhancement in sensitivity towards these drugs. Also, supplementation of recombinant DKK4 protein to the culture
media of HCC cells transfected with DKK4 shRNA
causes decrease in sensitivity towards DOX and SORA
in NG. This ﬁnding is consistent with recent reports
where knockdown of DKK4 in A549 cells, a non-small
cell lung cancer cell line, has been shown to enhance
response to docetaxel (Yang et al. 2017) while overexpression of DKK4 causes reduction in sensitivity
towards 5-ﬂuorouracil in colon cancer cell line (He
et al. 2017). We also observed that altered drug
response in HCC cells transfected with DKK4 shRNA
in NG is attributed to increase in glucose uptake,
causing elevation in intracellular ROS. As a consequence of this, decrease in the level of P-gp was
observed in NG, which resulted in enhanced sensitivity
of HCC cells towards DOX and SORA.
Further, to verify interdependence of P-gp and
DKK4, if any, intracellular ROS level in HCC cells in
NG was elevated by supplementation of low dose of
H2O2 (0.003%) and elevated intracellular ROS in HG
was abrogated by the treatment of NAC. We observed
reduction in P-gp level with increase in intracellular
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ROS in HCC cells in NG and increase in P-gp level
upon NAC treatment in HG. However, DKK4 protein
level in these conditions remains unaffected and exhibits dependency on the glucose level in culture condition. Interestingly, neither H2O2 treatment nor NAC
affects glucose utilization in HCC cells. These observations were further corroborated by analysing uptake
of DOX and SORA in these conditions. Observations
from these assays indicate that DKK4 is involved in
decreased sensitivity in HCC cells in NG exposed to
DOX and SORA because of limited glucose uptake and
reduced intracellular ROS level and elevation of P-gp
level.
Treatment of H2O2 had been widely used in many
studies as a condition to elevate intracellular ROS
(Halasi et al. 2013; Ding et al. 2007). In this study, in
all the experiments involving H2O2 treatment, HCC
cells were treated only for 30 min prior to termination
of experiment; therefore, we did not observe any difference in cell survival or cell viability in this time
duration (data unpublished). Therefore, treatment of
H2O2 at concentration 0.003% for 30 min served as a
condition to elevate intracellular ROS, which we had
utilized in this study to understand its effect on P-gp
causing altered drug accumulation in HCC cells.
In conclusion, the present study supports the idea
that excess glucose utilization by cancer cells contributes to enhancement in cytotoxicity of drugs partly
because of increased intracellular ROS level and
reduction in P-gp protein. The reduction in P-gp level
supports retention of drugs such as DOX and SORA,
which induces cell death. However, in a solid tumor,
cells are metabolically heterogenous. So, it is expected
that the subtype of cancer cells which can survive in
limiting nutrient availability might resist drug response.
Our in vitro model of HCC cells in NG is representative of such subtypes. In our previous study (Chouhan
et al. 2016), it has been reported that HCC cells in NG
have abundant DKK4, which restricts growth pattern
and glucose uptake as well. Therefore, elevated DKK4
level is reciprocally related to glucose utilization and
ROS level. ROS causes alterations in P-gp. It is
observed that HCC cells cultured in NG and HG itself
have signiﬁcant differences in ROS level. Additionally,
the contribution of ROS generated by DOX/SORA
treatment itself cannot be ruled out (Tacar et al. 2013;
Coriat et al. 2012). Therefore, to put it together, it can
be stated that elevation in P-gp in part is a consequence
of reduction in ROS and glucose utilization because of
DKK4-mediated cell cycle arrest. However, DKK4
level by itself is not dependent on the level of ROS or
P-gp.
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Gradient of differential glucose utilization exist in
cells of most solid tumor types including HCC (Lee
et al. 2005; Kasinskas et al. 2014). Therefore, prevalence of metabolically divergent cellular population
ultimately promoting differential glucose utilization,
variability in ROS level and alterations in DKK4
expression, might inﬂuence chemotherapeutic agents
response within the same tumor. Schematic representation for of the function model of this study is represented as ﬁgure 10.
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