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Abstract
Recent studies have indicated that nutrient deprivation particularly glucose may play a major role
in tumor cell tolerance to a generally oxidative stress environment in solid tumors. Here, we
studied the impact of glucose deprivation on the response of human colon (HT29)0020and
prostate (DU145) cancer cells to γ radiation. A significant decrease in intracellular glucose level
was observed in glucose deprived cells as measured by bioreductive assay. The survival of HT29
and DU145 were increased by 30 and 100% respectively when these cells were exposed to γ
radiation in the absence of glucose compared to that in the presence of glucose. In glucose
depleted medium, glutathione (GSH), a free radical scavenger, content remained the same, and
showed no correlation with the radiation resistance induced by glucose deprivation. GRP78, a
stress response survival protein, was not significantly increased in cells deprived of glucose for 4
hours compared to those cells in glucose. DNA repair protein Ku, which is known to play a major
role in cellular resistance to radiation, was significantly increased in glucose deprived cancer cells
that showed enhanced radiation resistance. These results have demonstrated, for the first time, that
glucose deprivation mediated stress increased the expression of nuclear Ku and resistance to
radiation induced oxidative stress in human cancer cells. The additional resistance caused by
glucose deprivation in cancer cells has clinical significance since solid tumors are known to have
low level of glucose due to diffusion limited blood supply and higher metabolic activity.
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INTRODUCTION
Tumor microenvironment is believed to play a major role in the response of cancer cells to
therapy (1). It has been suggested that genetic alterations resulting from tumor
microenvironment may be responsible for the resistance of cancer cells to DNA damaging
agents (2, 3). In addition, p53 mutation, which occurs mostly in cancer cells, plays a
significant role in the resistance of cancer cells to DNA damaging agents (4–6). Cancer cells
with other molecular changes also respond differently to DNA damaging agents. BCL-2,
BCL-x and Bax genes, which affect apoptosis, have been shown to have a direct effect on
the survival of cancer cells after exposure to DNA damaging agents (7, 8). A number of cell
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lines with mutations in genes that are relevant to apoptosis are resistant to radiation (4–7, 9–
11).

Radiation sensitivity of mammalian cells is also dependent on DNA repair genes (12–14).
DNA damaging agents are supposed to induce the same amount of initial DNA damage
(target damage) in different cells provided their molecular targets are exposed/reacted to the
same amount of damaging species. However, certain types of cells require a larger dose for
similar cell death suggesting an intrinsic resistance (4–7, 9–12). A direct correlation between
DNA double strand break (DSB) repair deficiency and increased response to radiation
induced cell death has been demonstrated in Chinese hamster ovary (CHO) cell lines with
deficiency in DNA repair proteins (12–14). Recent studies have demonstrated that targeting
of Ku and DNA dependent protein kinase (DNAPK), major DNA DSB repair proteins, by
small interfering RNA in human cancer cells enhanced their sensitivity to DNA damaging
agents (15, 16).

Glutathione (GSH) plays a major role in the cellular response to oxidative stress. Several
reports have demonstrated a direct correlation between GSH, GSH associated enzymes and
cytotoxicity (17–20). GSH is a small molecular weight non protein thiol found ubiquitously
in all mammalian cells. This tripeptide acts as a free radical scavenger and repairs oxidized
molecules through enzyme catalyzed reactions. Studies have shown that buthionine
sulfoximine (BSO) mediated depletion of GSH have increased oxidative stress and cisplatin
mediated cell death (21, 22). It has been demonstrated that glutathione may be an important
determinant of a cell's ability to repair DNA damage and resist cell death (21, 22).

The microenvironment related changes, which may influence the outcome of therapy, are
mainly hypoxia, nutrient deprivation and hypoxia related gene expression (23). Recent
studies have indicated that nutrient deprivation, particularly glucose, may play a major role
in tumor cell tolerance to a generally oxidative stress environment in solid tumors (23, 24).
It has been demonstrated that chronic exposure to low glucose have caused photo dynamic
therapy (PDT) resistance in breast cancer cells (25). Glucose regulated protein GRP78 is
believed to play a major role in the survival of cancer cells during hypoxia, low pH and
stress. Glucose deprivation has also been known to induce GRP78 protein in mammalian
cells (23, 24). GRP78 is considered a marker for endoplasmic reticulum stress. However,
GRP78 induction has been attributed to cancer cells tolerance to certain DNA damaging
agents (26, 27). Its protective ability is believed to be due to its calcium-binding properties
and inhibition of caspase activation (26, 28, 29). Endoplasmic reticulum stress response
element (ERSE) mediates transcriptional activation of GRP78 (28, 30).

Glucose associated molecular changes are clinically relevant since glucose deprivation is
common in human solid tumors (31–33). Although the role of prolonged low glucose
exposure in PDT resistance has been demonstrated in breast cancer cells (25), the impact of
short-term low glucose exposure has not been studied for any kind of cancer therapy. It is
important to determine the impact of short-term exposure to low glucose prior to therapy
since it is likely that short term exposure to low glucose and low oxygen may also occur in
solid tumors. The radiation resistance induced by short-term low oxygen exposure has been
extensively studied in cells and purified DNA (34–36). However, the impact of either short-
or long- term glucose deprivation on the response of human cancer cells to γ radiation
induced oxidative stress has not been demonstrated. In this investigation, we have examined
the effects of short-term (4hrs) glucose deprivation on the response of human colon HT29
and prostate DU145 cancer cells to γ radiation. Our results, for the first time, demonstrated
that glucose deprivation increased radioresistance of human cancer cells with a concomitant
increase in nuclear Ku, a DNA repair protein. The additional resistance caused by glucose
deprivation in cancer cells has clinical significance since solid tumors are known to have
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low level of glucose due to diffusion limited blood supply and higher metabolic activity
(31–33).

METHODS
Cells

Colon (HT29) and prostate (DU145) human cancer cells were primarily used in these
studies. All these cancer cells, which were originally obtained from ATCC, USA, were
provided by Drs. Cameron Koch and Gary Kao, University of Pennsylvania.

Cell plating and glucose deprivation
Cells (0.8 × 106) plated in six well plates were replenished with fresh Dulbecco’s Modified
Eagle Medium (DMEM) containing glucose, HEPES and 2% dialyzed Fetal Bovine Serum
(FBS). For glucose deprivation, cells were replenished with glucose free DMEM, 2%
dialyzed FBS and 25 mM HEPES. These Cells were incubated in 5% CO2 at 37°C for 4
hours before measuring glucose level, metabolic activity and radiation response.

Extracellular Glucose Assay
Glucose levels in medium before and after glucose starvation were quantified by following
the reduction of nicotinamide adenine dinucleotide phosphate (NADP) to NADPH in
reaction mixture catalyzed by Adenosine Triphosphate (ATP), hexokinase (HK) and glucose
6- phosphate dehydrogenase (G6PD). Briefly, 25µl of sample was mixed with 175µl of
0.1M sodium acetate buffer (pH 4.6). Fifty µl of this sample mixture was mixed with 50µl
of ATP/NADP solution (455 mg ATP-Na2H2.3H2O/50mg NADP-Na2H2 in 5 ml of Trizma
(0.3 M), MgSO4 (0.3 M) buffer, pH 7.5) and 20µl of G6PD/HK (1:10 in 3.2 M ammonium
sulfate). The optical density (OD) was continuously measured at 340 nm every min for up
to10 minutes and the concentration was calculated using a glucose standard curve.

Intracellular Glucose as measured by glucose dependent hydroxyethyl disulfide (HEDS)
bioreduction

A stock solution of 0.1M HEDS was prepared fresh in glucose free DMEM growth medium.
HEDS exposure (1hr) was effected by replenishing cells with 1 (six well plate) and 1.5ml
(60mm dishes) of fresh DMEM growth medium with or without glucose, 2% dialyzed FBS,
HEPES and desired concentrations of HEDS. The amount of mercaptoethanol (ME)
produced by bioreduction of HEDS was estimated by High Performance Liquid
Chromatography/ electrochemical detection (HPLC/EC), and 5, 5-dithiobis 2-nitrobenzoic
acid (DTNB) assays (37).

Cells treated with and without HEDS were cooled on ice. To quantify the bioreduction/ME
production, 0.5 ml of extracellular medium was mixed with 0.5 ml of 100 mM
sulfosalicyclic acid (SSA) lysis buffer in microfuge tubes and centrifuged at high speed in a
Fisher 59A microfuge. For 5, 5-dithiobis 2-nitrobenzoic acid (DTNB) assay, 150µl of the
extract was mixed with 1200 µl of phosphate buffer and 150 µl of 10 mM DTNB. The
optical density of this reaction mixture was measured at 412 nm and the concentration was
calculated using an extinction coefficient of 1.36 × 104 for reduced DTNB.

For HPLC/EC assay, the medium extract was diluted by 400 times with SSA buffer. The
sample was analyzed using HPLC system consisting of a single pump, autosampler, guard
cell, 5010 analytical cell and Colouchem III (ESA, USA). Diluted sample (10µl) was loaded
onto a C18 column and run in an isocratic mode using a mobile phase with 50mM
phosphate, pH 2.7, 0.05 mM octane sulfonic acid and 2.2% acetonitrile.
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Quantification of intracellular non-protein thiols (NPSH)
Intracellular non-protein thiol (NPSH/GSH) was determined by DTNB assay as described
by Ayene et al (37). Cells were rinsed twice with cell rinse and mixed with 1ml of ice-cold
50mM SSA buffer. After 10 min on ice, cells were scraped with a teflon spatula and
centrifuged at high speed in a Fisher 59A microfuge. The supernatant (300µl) was mixed
with 1050 µl of phosphate buffer and 150 µl of 10 mM DTNB. The optical density of this
reaction mixture was measured at 412 nm and the concentration was calculated using an
extinction coefficient of 1.36 × 104 for reduced DTNB.

Western blot analysis of GRP78
Total cellular GRP78 was quantified using Western blot and NIH image analysis. Whole
cell extracts were prepared by using nuclear extract kit from Active Motif, CA, USA. Cells
grown in tissue culture dishes were cooled on ice and rinsed with 2.5 ml ice-cold phosphate
buffered (0.01 M phosphate buffer, pH 7.5, 0.15 M NaCl, 2.7mM KCl) saline (PBS). These
cells were detached gently by teflon cell scraper in the presence of ice cold PBS (1.5 ml) and
transferred to a 2 ml microfuge tubes. Each sample was centrifuged for 5 minutes at 500 rpm
and cell pellet was used for the preparation of whole cell extract.

Cell pellet was resuspended in 100 µl 1X complete lysis buffer (Active Motif) by pipetting
up and down. This cell suspension was vortexed for 10 seconds at highest setting and
incubated for 10 minutes on ice on a rocking platform set at 150 rpm. The cell suspension
was again vortexed for 30 seconds at highest speed and centrifuged for 20 minutes at 14,000
g in a microcentrifuge at 4°. The supernatant (whole cell extract) was transferred to a pre-
chilled microcentrifuge tube and stored at −80°. Protein concentration in the supernatant
was measured by Bio-Rad protein assay.

Protein extracts (5 µg) were incubated in NUPAGE sample buffer at 70°C for 10 minutes.
These samples were then electrophoresed on a 10% BIS/TRIS precast gel (NUPAGE) at 200
V for 60 min in MOPS SDS running buffer (NUPAGE). Proteins in the gel were transferred
to nitrocellulose paper by electrophoresis in NUPAGE transfer buffer at 30 V for 60 min.
The nitrocellulose paper was incubated with 10 ml blocking buffer (5 g BSA in 100ml PBS/
0.1%Tween 20) for 1.5 h at RT on a rocker and stored in the cold room overnight. It was
washed five times with PBS containing 0.1% Tween 20 (PBST) and incubated with 100 µl
of primary anti GRP78 antibody (Neomarkers) in 10 ml blocking buffer for 2 h at RT. It was
washed five times with PBST before incubation with secondary peroxidase-labeled anti-
mouse Ab for 1 h and the bands were detected using a standard ECL kit (Amersham, NJ).

Quantification of Ku by Enzyme Linked Immunosorbent Assay (ELISA)
Nuclear extracts were prepared by using the nuclear extract kit from Active Motif, CA,
USA. Cell pellet prepared as described above for Western was used for the preparation of
nuclear extract. Cell pellet was gently resuspended in 250 µl 1X hypotonic buffer (20 mM
HEPES, pH 7.5, 5 mM NaF, 10 µM Na2MoO4, 0.1 mM EDTA) and incubated for 15
minutes on ice. It was mixed with 12.5 µl detergent, vortexed for 10 seconds at highest
speed and centrifuged for 30 seconds at 14, 000g. Nuclear pellet in the microfuge tube was
resuspended in 25 µl complete lysis buffer (Active Motif), vortexed for 10 seconds at
highest setting and incubated for 30 minutes on ice in a rocker set at 150 rpm. Nuclear pellet
suspension was again vortexed for 30 seconds at highest speed and centrifuged for 10
minutes at 14,000 g in a microcentrifuge. The supernatant (nuclear fraction) was stored at
−80°C. Protein concentration was quantified by Biorad Reagent.

Nuclear Ku was quantified by Ku DNA repair kits from Active Motif, USA as followed by
Ayene et al. (38). Forty microliter of AM6 binding buffer was added to each well of an
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eight-well strip. Nuclear extract (0.5µg) in a total volume of 10 µl complete lysis buffer was
then added to each well and incubated for 1 h at room temperature on a orbital shaker at 100
rpm. After incubation, each well was washed three times with 200 µl of 1X washing buffer.
Ku70 antibody at a 1:1000 dilution in 1X anti body binding buffer was added to each well
and incubated for 1 h at room temperature on an orbital shaker at 100 rpm. After incubation,
the wells were washed 4 times with 200 µl 1X washing buffer. For colorimetric reaction,
100 µl developing solution was added to each well and incubated for 4 minutes at room
temperature in dark. The reaction was stopped by mixing it with 100 µl of stop solution. The
O.D was read in a microplate reader at 450nm with a reference wavelength of 655 nm.

Irradiation Treatment
Cells plated in 60mm dishes with and without glucose after desired incubation time were
exposed to 4Gy of radiation (Dose rate- 9.63Gy/min) at room temperature in air using a J.L.
Shepherd Mark I 137Cs irradiator.

Determination of Cell Viability
Immediately after irradiation, the cells were replenished with fresh DMEM growth medium
containing glucose, 15%FBS and 25 mM HEPES. Each dish containing approximately 1.4
million cells was incubated at 37°C in a humidified 5% CO2 incubator. After 18 hours
incubation, the attached cells in these dishes were trypsinized, mixed with medium and
counted using a Coulter counter. Approximately 20, 000 cells from each sample were plated
in a new six well plate with complete growth medium (glucose,15% FCS, 25 mM HEPES)
and incubated in a humidified 5% CO2 incubator at 37°C for 5 days before measuring
survival. The survival was measured by counting total number of cells in each dish as
described above using a Coulter counter. The survival fraction was calculated using the
following formula:

Statistical Analysis
Each experiment was repeated at least three times. Values were presented as Means +
Standard Error (SE). The statistical significance of the differences between the groups was
determined by Analysis of Variance (ANOVA) with the ‘p’ values presented in the legend
of each figure.

RESULTS
Extracellular Glucose in glucose and glucose free medium

The concentration of extracellular glucose was determined after 4hr incubation of cells in
glucose- or glucose free-medium by enzymatic assay that uses hexokinase (HK) to oxidize
glucose (Figures 1). Glucose concentration in DMEM medium with glucose was 19 mM
(Figure 1a). HK assay showed almost undetectable level of glucose in glucose free DMEM
medium with 2% dialyzed FBS measured after 4 hours incubation with these cells (Figure
1b). These results suggested that addition of 2% dialyzed fetal calf serum did not cause
significant increase in glucose level in glucose free medium (Figure 1b).

Intracellular Glucose for cells incubated for 4 hours in glucose and glucose free medium
Intracellular glucose was measured by measuring the bioreduction of HEDS (Figure 2). All
mammalian cells can convert HEDS into ME by oxidative pentose phosphate cycle using

Li et al. Page 5

Cell Biochem Funct. Author manuscript; available in PMC 2011 July 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



glucose as the substrate (37, 38). Most of the intracellular ME produced by this mechanism
is released into the medium. Therefore, extracellular medium can be used to quantify ME
produced by the bioreduction of HEDS. All thiols including ME will react with DTNB and
this reaction can be quantified by spectrophotometer. In glucose medium, HT29 and DU145
cells converted 5 mM HEDS into 1600 µM of mercaptoethanol in one hour (Figure 2a). In
glucose free medium, these cancer cells showed a 70% decrease in bioreduction compared
to that measured in glucose medium suggesting a lack of glucose mediated intracellular
metabolic activity in these cells (Figure 2b).

Although DTNB assay has demonstrated glucose dependent bioreduction, this assay
measures all DTNB reactive thiols in the medium. The specificity of this DTNB based assay
for bioreduction of HEDS was also determined in these cancer cells. An HPLC/
electrochemical method was used to determine whether the data obtained by DTNB assay
specifically measures the conversion of HEDS into ME (Figure 3).

Preliminary experiments showed that thiol standards cysteine, mercaptoethanol (ME),
glutathione, mercaptopropionyl glycine, glutathione disulfide and HEDS are eluted at 2.1,
3.8, 4.1, 10.8 and 14.4 minutes (results not shown). These results demonstrated that HPLC/
EC method could be used to quantify the bioreduction of HEDS i.e. conversion of HEDS
into mercaptoethanol (ME) without interference from other small molecular weight thiol
compounds in the medium. HPLC tracing with ME peak (peak 2) observed from the extract
of extracellular medium of a human colon cancer cell treated with HEDS is shown in Figure
3. The extracellular medium from cells either in the presence and absence of glucose showed
only a solvent peak (peak 1). However, the medium from cells treated with HEDS for three
hours in the presence of glucose showed a ME peak (peak 2) and HEDS peak (peak 3). This
suggested that the extracellular medium did not contain any other DTNB reactive thiols.
Further, the HPLC data demonstrated a glucose dependent bioreduction of HEDS similar to
that observed for DTNB assay. These results suggested that the data obtained by medium
based DTNB assay (Figure 2) is specific for cellular bioreduction of HEDS, which is an
indirect measure of intracellular glucose depletion.

Radiation response of cancer cells incubated for 4 hours in glucose and glucose free
medium

For studies to determine the impact of glucose deprivation on radiation response, these
cancer cells were exposed to a clinically relevant dose of 4 Gy (Figures 4a,b). The surviving
fraction calculated for cells exposed to 4Gy radiation showed a surviving fraction of 0.6 for
HT29 cells (Figure 4a) in glucose containing DMEM medium with 2%FCS. In glucose free
DMEM medium, HT29 cancer cells showed a significantly higher surviving fraction of 0.8
compared to 0.6 in the presence of glucose (Figure 4a).

These assays also showed a surviving fraction of 0.25 for DU145 cells in glucose containing
DMEM medium after 4 Gy radiation (Figure 4b). In glucose free DMEM medium, DU145
cancer cells showed a significant increase in survival after 4 Gy radiation with a surviving
fraction of 0.6 compared to 0.25 in the presence of glucose (Figure 4b).

Intracellular non-protein thiols in cells incubated for 4 hours in glucose and glucose free
medium

Intracellular non protein thiol (NPSH) was also estimated in these cancer cells to determine
any correlation between NPSH and glucose regulated radiation response since NPSH is
known to modulate cellular toxicity (Figure 5). This assay measures mostly GSH in cells
since 90% of the total intracellular NPSH is glutathione (37). In glucose medium, DTNB
reactive intracellular NPSH in HT29 and DU145 cells were almost the same. In glucose free
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medium, GSH levels in these cells were slightly decreased or remained the same as
compared to that in glucose medium.

Intracellular GRP78 in cells incubated for 4 hours in glucose and glucose free medium
GRP78 levels were measured in these cells to determine its role in the radiation resistance
induced by glucose depletion (Figure 6a,b). Western blot analysis of these cancer cells for
GRP78 did not show any significant increase in GRP78 in any of these cells after 4 hours
incubation in the absence of glucose as compared to that in the presence of glucose (Figure
6a). We have also checked the level of GRP78 in these cells at 18 hours after 4 hours
glucose starvation by replacing the glucose free medium with glucose medium right after 4
hours glucose starvation (Figure 6b). The GRP78 levels did not increase in these cells grown
in glucose free medium.

DNA repair protein Ku in cells incubated for 4 hours in glucose and glucose free medium
A direct correlation between increased response to radiation induced cell death and Ku
mutation has been demonstrated in CHO cells (12–14). Studies have also demonstrated that
targeting of Ku by small interfering RNA in human cancer cells enhanced their sensitivity to
radiation and etoposide (18, 20). Therefore, Ku was quantified in the nuclei since nuclear Ku
is responsible for the repair of DNA double strand breaks induced by γ radiation. ELISA
analysis of nuclear extract from glucose deprived HT29 and DU145 cells showed a 40 to
60% increase in nuclear Ku as compared to that in cells grown in glucose medium (Figure
7).

DISCUSSION
Several studies have indicated that the therapeutic response of tumors may be modulated by
intrinsic molecular factors such as over expression of oncogenes, repair genes and/or
mutation of tumor suppressor genes (4–14). In addition, the microenvironmental factors
such as hypoxia, hypoxia related gene expression and nutrient deprivation might also
contribute to the overall outcome of cancer therapy (1, 23). Although the radiation response
of HT29 and to some extent DU145 have been well established, the impact of glucose
deprivation on the response of these human cancer cells to γ radiation has not been
demonstrated. In this report, we have studied the impact of glucose deprivation on the
response of human colon (HT29) and prostate (DU145) cancer cells to γ radiation since
glucose depletion is associated with diffusion -limited hypoxia and higher metabolic activity
(31–33).

Microenvironment in solid tumors expands from hypoxia to cytokines, stress, nutrient
deprivation, etc. In order to overcome these adversities, cancer cells express or over express
genes, which enable them to survive and grow. A recent report had shown that tumors
survive and grow by taking advantage of complementary metabolic pathways between
cancer cells and the newly formed stroma and vasculature (39). Our results demonstrated,
for the first time, that the radiation response of HT29 and DU145 human cancer cells were
decreased up to 2.0 fold when these cells were exposed to γ radiation in the absence of
glucose. These results demonstrated that glucose depletion mediated stress regulated the
response of cancer cells to radiation in both colon and prostate cancer cells. These results
suggested that glucose deprivation, which is common in most solid tumors, make human
cancer cells more resistant to radiation than that has been reported for cells grown in
glucose.

The glucose deprivation in these cells was confirmed by measuring the glucose level in
extracellular medium by enzymatic glucose assay. The assay demonstrated that the glucose
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level in glucose depleted medium is 0.1mM as compared to approximately 15 mM in
glucose medium at the end of four hour incubation. In addition, a bioreductive assay was
also used to determine the intracellular glucose level under these conditions. The
bioreductive assay showed a five fold decrease in bioreductive capacity in glucose deprived
cells as compared to cells grown in glucose medium suggesting that the intracellular glucose
level also low at the time of irradiation.

Previous studies had shown that depletion of GSH by BSO increased the oxidative stress
mediated cell death (21, 22). These studies had also suggested that glutathione may be an
important determinant of the cell's ability to repair DNA damage and resist cell death (21,
22). However, in glucose free medium, GSH levels in these cancer cells remained the same
and did not show any correlation with radiation response. These results demonstrated that
GSH did not play a role in the radiation resistance of these human cancer cells induced by
glucose depletion mediated stress since there was no increase in GSH after glucose
deprivation.

Studies had looked into the impact of stress on both survival and GRP78 expression of
mammalian cells in in vitro (24, 27, 28, 40). Reports on the role of GRP78 in cancer cells
response to chemotherapeutic agents varied from increased resistance to sensitivity. Zhang
et al demonstrated a correlation between parthenolide depleted intracellular thiols, increase
in intracellular reactive oxygen species (ROS), calcium levels and GRP78 protein (41).
However, these changes preceded parthenolide-induced cell death in these cells suggesting a
correlation between induction of GRP78, which is a marker for endoplasmic reticulum
stress, and cell death. However, others had shown that GRP78 small interfering RNA
decreased the resistance of GRP78 over expressed breast cancer cells to etoposide, which
suggested that GRP78 conferred resistance to etoposide (42). Similarly, studies had reported
that cells developed resistance to etoposide with concomitant increase in GRP78 after 6-
aminonicotinamide treatment (43). Later studies from the same laboratory showed that the
GRP78- over expressing V79 and colon cancer cells are hypersensitive to DNA cross-
linking agents melphalan, cisplatin and 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU)
compared to the control cells (44).

Current studies in these cancer cells showed that 4 hours glucose starvation did not induce
GRP78 protein expression but caused radiation resistance in two different types of human
cancer cells. This is consistent with other reports that had shown no significant increase in
GRP78 protein expression and mRNA in certain cells until after 12 hours of glucose
starvation (45). This suggested that GRP78 is not involved in the radiation resistance of
glucose deprived cancer cells that was observed after 4 hours glucose deprivation. In
contrast, results from these studies showed that 4 hours glucose starvation increased nuclear
Ku, a DNA repair protein, in HT29 and DU145 cells. These results suggested that glucose
depletion mediated stress increased the expression of nuclear Ku, which is known to play a
major role in the repair of lethal DNA lesions induced by γ radiation (12–16), and radiation
resistance in both prostate and colon cancer cells.

The survival of tumor cells is believed to be regulated by both inherent cellular response and
tumor microenvironment (46). It had been shown that inherent cellular response was
important in the survival of some tumor cells to hypoxia induced stress (47). Radiation
resistance of some primary tumor cells had been shown to be independent of inherent
cellular response (48). A recent study had demonstrated that the clinical outcome of patients
with classic Hodgkin lymphoma was dependent on genes related to tumor
microenvironment, cell growth/apoptosis and regulation of mitosis (49). The radioresistance
induced by glucose deprivation irrespective of the differences in inherent cellular responses
of two different types of cancer cells is consistent with previous reports that the
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microenvironment regulated by tumor vasculature may be an important determinant of
tumor survival after therapy (46, 48, 49).
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Figure 1.
Enzymatic quantification of extracellular glucose in the medium removed after 4 hours
incubation of human cancer cells (HT29, DU145) in glucose (Figure A) and glucose free
(Figure B) medium. Medium with Glucose, +G; Medium with zero glucose, −G. Each data
point plotted was the mean ± standard error (SE) of at least three experiments with SE as
shown unless smaller than points plotted. Statistical comparisons for glucose levels in
glucose free medium relative to glucose medium was significant (P<0.01) for both the cells
and the medium.
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Figure 2.
Quantification of intracellular glucose after 4 hours incubation of human cancer cells (HT29,
DU145) in glucose (Figure A) and glucose free (Figure B) medium. Medium with Glucose,
+G; Medium with zero glucose, −G. Glucose was measured by medium based bioreduction/
DTNB assay that quantifies the glucose mediated cellular metabolic activity. Each data point
plotted was the mean ± standard error (SE) of at least three experiments with SE as shown
unless smaller than points plotted. Statistical comparisons for mercaptoethanol (ME) levels
in glucose free medium relative to glucose medium was significant (P<0.001) for both cells.
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Figure 3.
A representative HPLC/EC separation of HEDS and ME demonstrating the specificity of
medium based glucose dependent bioreductive assay determined by DTNB assay in Figure
2. (peaks 1-SSA; 2-ME; 3-HEDS). Each experiment was repeated at least three times. The
area of the individual peak measured and normalized to standard ME by Agilent EZChrom
Elite application was used to calculate the concentration of ME. The mercaptoethanol levels
in glucose and glucose free medium are 1825±62 and 396±17µM respectively. Statistical
comparisons for mercaptoethanol (ME) levels in glucose free medium relative to glucose
medium was significant (P<0.0001).
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Figure 4.
Radiation induced cell death measured for HT29 human colon cancer cells (Figure A) and
DU145 prostate cancer cells (Figure B) after four hours of glucose starvation in DMEM
growth medium consisting of 2% dialyzed FBS and 25 mM HEPES. Medium with Glucose,
+G; Medium with zero glucose, −G. Each data point plotted was the mean ± standard error
(SE) of at least three experiments with SE as shown unless smaller than points plotted.
Statistical comparisons for cell survival (Surviving Fraction) in glucose free medium relative
to glucose medium was significant (P<0.01) for both cells.
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Figure 5.
Quantification of intracellular non-protein thiols as measured by dithiobis nitrobenzoic acid
in human cancer cells HT29 and DU145 after 4 hours incubaton in the medium with and
without glucose. Each data point plotted was the mean ± standard error (SE) of at least three
experiments with SE as shown unless smaller than points plotted. Statistical comparisons for
non-protein thiol (NPSH) levels in glucose free medium relative to glucose medium was not
significant.
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Figure 6.
A representative Western blot analysis of GRP78 expression measured at 0 and 18hrs after 4
hours glucose starvation in HT29 (lanes 1 & 2) and DU145 (lanes 3 & 4) cells grown in the
presence (lanes 1 & 3) and absence of glucose (lanes 2 & 4). Each experiment was repeated
at least three times. The intensity of the protein bands in the western blot was calculated by
NIH image analysis and the GRP78 protein band was normalized to actin. The normalized
GRP78 values was used to calculate the percentage of GRP78 in glucose starved cells
compared to that in cells with glucose. The percentages of GRP78 levels measured in HT29
and DU145 cells immediately after 4hrs glucose starvation are 101 ± 4.5 and 92.53 ± 10.05
respectively. The percentages of GRP78 levels measured in HT29 and DU145 cells 18 hours
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after 4hrs glucose starvation are 128 ± 22 and 75.40 ± 8.7 respectively. Statistical
comparisons for GRP78 protein levels in glucose free medium relative to glucose medium
was not significant.
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Figure 7.
Over expression of Ku as measured by ELISA in human cancer cells HT29 and DU145 after
4 hours incubation in the medium with and without glucose. Each data point plotted was the
mean ± standard error (SE) of at least three experiments with SE as shown unless smaller
than points plotted. Statistical comparisons for Ku protein levels in glucose free medium
relative to glucose medium was significant (P<0.001) for both cells.
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