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Abstract

Background—As tumors evolve, they upregulate glucose metabolism while also encountering
intermittent periods of glucose deprivation. Here, we investigate mechanisms by which pancreatic
cancer cells respond to therapeutic (2-deoxy-o-glucose, 2-DG) and physiologic (glucose starvation,
GS) forms of glucose restriction.

Methods—From a tumor cell line (1420) that is unusually sensitive to 2-DG under normoxia,
low (14DG2)- and high (14DG5)-dose resistant cell lines were selected and used to probe the
metabolic pathways involved with their response to different forms of glucose deprivation.

Results—Muted induction of the unfolded protein response was found to correlate with
resistance to 2-DG. Additionally, 14DG2 displayed reduced 2-DG uptake, while 14DG5 was
cross-resistant to tunicamycin, suggesting it has enhanced ability to manage glycosylation defects.
Conversely, 2-DG-resistant cell lines were more sensitive than their parental cell line to GS, which
coincided with lowered levels of glycogen phosphorylase (PYGB) and reduced breakdown of
glycogen to glucose in the 2-DG-resistant cell lines. Moreover, by inhibiting PYGB in the parental
cell line, sensitivity to GS was increased.

Conclusions—Overall, the data demonstrate that the manner in which glucose is restricted in
tumor cells, i.e., therapeutic or physiologic, leads to differential biological responses involving
distinct glucose metabolic pathways. Moreover, in evolving tumors where glucose restriction
occurs, the identification of PYGB as a metabolic target may have clinical application.
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Introduction

Oncogenes such as Myc and Ras as well as a host of others have been shown to enhance
glucose consumption, thereby supplying the necessary energy and biomass required for
tumor cell proliferation; however, due to aberrant angiogenesis and rapid tumor growth, the
availability of this nutrient becomes restricted [1-4]. Thus, as tumor cells proliferate, they
are likely to encounter periods of glucose deprivation and must employ mechanisms to
survive starvation and its consequent stress [5]. Due to its inhibitory effects on glucose
metabolism, the sugar analog 2-deoxy-o-glucose (2-DG) has been used both in vitro and in
vivo to mimic the glucose-deprived environment of a tumor. As a glucose analog, 2-DG
inhibits glycolysis, reducing energy production. This is particularly detrimental to cells
growing under hypoxic conditions, where mitochondria are unable to efficiently produce
ATP, rendering cells dependent on glycolysis for survival [6]. Preclinical in vitro and in
vivo data supporting the use of 2-DG to kill hypoxic tumor cells have led to a Phase |
clinical trial in combination with the antimitotic chemotherapeutic agent docetaxel to target
the faster-replicating aerobic cells [7]. The safety of 2-DG use in patients was established at
a dose of 63 mg/Kg delivered orally once per day.

In contrast to the findings where under hypoxic conditions all cell lines tested to date are
killed with 2-DG treatment, under normoxic conditions the majority of cell lines examined
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display growth inhibition but not cell death in response to low-dose 2-DG treatment [8].
However, previously we reported that as an analog of mannose, 2-DG provokes a lethal
response in a select few cancer cell lines under normoxia, including pancreatic cancer cell
line 1420 [9]. This toxicity was revealed not to be due to inhibition of glycolysis but rather
through interference with N-linked glycosylation, a process dependent on lipid-linked
oligosaccharide (LLO) synthesis [10]. Inhibition of N-linked glycosylation leads to
disruption in the folding of glycoproteins, which initiates a signaling cascade, known as the
unfolded protein response (UPR), to reestablish homeostasis in the endoplasmic reticulum
(ER) [11]. As a consequence of unfolded protein accumulation, the UPR induces production
of the protein-folding chaperone Grp78 in an attempt to alleviate ER stress [12]. In addition,
PKR-like endoplasmic reticulum kinase (PERK), a transducer of the UPR, is activated and
in turn attempts to reduce the folding burden by slowing protein production through the
phosphorylation of eukaryotic translation initiation factor 2 alpha (eif2a) [13]. If Grp78,
PERK and the other UPR components are unable to efficiently relieve ER stress, apoptosis
ensues through activation of C/EBP-homologous protein (CHOP) via downregulation of the
anti-apoptotic mitochondrial protein Bcl-2 [14].

Our laboratory previously demonstrated that a cell line (1469) that is intrinsically resistant to
2-DG displays reduced uptake of 2-DG, lower LLO interference and muted induction of
UPR as compared to the sensitive cell line (1420) when treated with 2-DG [9]. In
anticipation of the emergence of resistance in the clinical application of this sugar analog,
cell line 1420 was used to isolate two-fold (14DG2) and fivefold (14DGD5) resistant variants
by continuous exposure to increasing doses of 2-DG under normoxia.

Since the biologic activities of 2-DG are conventionally recognized as mimicking GS, the
resistant cell variants were used here to study mechanisms of survival under both 2-DG
treatment and when starved of glucose. Surprisingly, our results reveal an inverse
relationship between survival to 2-DG and GS. Although we identify several mechanisms
that are associated with the evolution of resistance to 2-DG including reduced uptake of the
sugar analog as well as decreased interference with glycosylation, we find that resistance to
GS may be explained by a single mechanism of glycogen utilization due to increased levels
of glycogen phosphorylase isoform PYGB in 1420 as compared to 14DG2 and 14DG5.

Materials and methods

Cell culture

Human pancreatic tumor cell line 1420 (MIA PaCa-2) was purchased from ATCC
(Manassas, VA), and from this cell line, a twofold 2-DG-resistant variant cell line (14DG2)
was generated by continuous treatment with 2 mM 2-DG for a period of months.
Additionally, from 14DG2, a five-fold 2-DG-resistant variant (14DG5) was developed by
continuous treatment with 5 mM 2-DG for a period of months. Cells were maintained in
DMEM with 2 g/L of glucose (Life Technologies, 11885-084), and 14DG2 and 14DG5 were
continually cultured with 2 mM 2-DG or 5 mM 2-DG, respectively. Media for cell passage
were supplemented with penicillin/streptomycin (AMRESCO, Solon, OH, K952) and 10 %
FBS (Life Technologies, Grand Island, NY, 16000). For glucose starvation, no glucose
DMEM (Life Technologies, 11966-025) was used with the antibiotics listed above and
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dialyzed FBS (Life Technologies, 26400). Cells were seeded and allowed to attach and
grow. The next day, culture medium was removed, cells were washed twice with PBS, and
starvation medium was added to the culture. For all other experiments, media were replaced
on all cell lines with 2-DG-free DMEM with 2 g/L glucose 24 h prior to experiment.

Drugs and chemicals

2-Deoxy-o-glucose (D6134), mannose (M6020), tunicamycin (T7765), caffeine (27600), 3-
methyladenine (M9281), rapamycin (R8781) and mouse anti-p-actin (A5441) primary
antibody were purchased from Sigma-Aldrich (St. Louis, MO). Brefeldin A was purchased
from Calbiochem (203729). The following rabbit primary antibodies were obtained from
Cell Signaling Technology (Danvers, MA): Grp78 (3177), phospho-eif2a (3597), beclin
(3738), LC3B (2775S) and GYS1 (15B1). The mouse primary antibodies CHOP (5554) and
PYGB (sc-81751) were purchased from Cell Signaling Technology (Danvers, MA) and
Santa Cruz Biotechnology Inc. (Dallas, TX), respectively. Horseradish peroxidase-
conjugated anti-rabbit (W4011) and anti-mouse (W4021) secondary antibodies were
purchased from Promega (Madison, WI). Primary anti-glycogen antibody was a kind gift
from Dr. Otto Baba (Department of Hard Tissue Engineering, Tokyo Medical and Dental
University, Tokyo, Japan). Alexa Fluor 555 goat anti-mouse secondary antibody was
purchased from Invitrogen (Grand Island, NY, A21424).

Cytotoxicity assay

Cells were incubated for 24 h at 37 °C in 5 % CO,, at which time drug treatments began and
continued for 72 h. At this time, attached cells were trypsinized and combined with their
respective culture media followed by centrifugation at 400 g for 5 min. The pellets were
resuspended in 1 mL of Hanks’ balanced salt solution (HBSS) (Mediatech) and analyzed
with a Vi-Cell cell viability analyzer (Beckman Coulter) based on trypan blue exclusion.
Results were shown as the percentages of dead cells out of total cells counted. Data were the
averages of triplicate samples £SD from one representative experiment out of at least three
independent analyses unless otherwise indicated.

Western blot analysis

Cells were seeded onto six-well plates and grown overnight to reach approximately 50 %
confluence. Following drug exposure for 24 h, cells were harvested and lysed with buffer
(100 mM Tris—HCl at pH 7.4, 1 % SDS, protease inhibitor cocktail and phosphatase
inhibitor cocktail 2 from Sigma-Aldrich). Protein concentrations of each sample were
determined using a Micro BCA Protein Assay Kit (Thermo Scientific) according to the
manufacturer’s instructions, and equal amounts of proteins were loaded onto 4-15 % Tris—
HCI gradient gels (Bio-Rad). After SDS-PAGE, proteins were transferred onto a
polyvinylidene fluoride (PVVDF) membrane (Millipore), blocked with 5 % milk and probed
with primary antibodies overnight (except 1 h for $-actin). The membrane was washed and
probed with secondary antibodies for 1 h and washed again. Membrane was then incubated
with SuperSignal West Pico or Femto Chemiluminescent Substrate (Thermo Scientific), and
protein intensity was visualized on Blue Lite Autorad Films (ISC BioExpress). All primary
antibodies were used at a dilution of 1:1,000 except for f-actin (1:10,000). Representative
blots from at least three independent experiments were shown unless otherwise indicated.
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All parallel blots shown were developed on the same membranes. However, for clear
presentation, irrelevant samples in some of the figures were cut out and the remaining blots
presented. Quantification of blot intensity was performed using ImageJ (National Institutes
of Health, Bethesda, MD).

Total cellular RNAs were extracted by the RNeasy Plus Mini Kit (QIAGEN, Valencia, CA,
74134), DNase treated with Turbo DNase Free (Invitrogen) and reverse-transcribed using
the ImProm-I11 Reverse Transcription System (Promega, A3800), according to
manufacturer’s instructions. qPCR experiments were performed on an ABI 7300 Real-Time
PCR System (Life Technologies) using PerfeCTa SYBR Green FastMix, ROX (Quanta
Biosciences, Gaithersburg, MD, 95073-250). Primer sequences used are as follows: human
f-actin forward, 5-AGAGCTACGAGCTGCCTGAC-Z, and reverse, 5'-
AGCACTGTGTTGGCGTACAG-3’; human Grp78 forward, 5'-
GGAATTCCTCCTGCTCCTCGT-3, and reverse, 5-CAGGTGTCAGGCGATTCTGG-3;
human CHOP forward, 5-GCGCATGAAGGAGAAAGAAC-3/, and reverse, 5
TCACCATTCGGTCAATCAGA-3; human PYGB forward, 5'-
TGTGCCCAGGACTGTTATGA-%, and reverse, 5-TTTCAACCTGTCACCCACAA-3;
and human GYS forward, 5-CTCTCCGACCTTCTGGACTG-3, and reverse, 5’-
GGCTCGTAGGTGAAGTGCTC-3'. Melting curve analysis was performed to verify
specificity of products as well as water and RT controls in every run. Data were analyzed
using the AC; method as in Mutlu et al. [15]. Target gene expression was normalized to -
actin by taking the difference between C; values for target genes and p-actin (AAC; value).
These values then were calibrated to that of the control sample to give the Ct value. The fold
target gene expression is given by the formula: 2~ AAC;. Graphs given show fold change
induced in treated over untreated control cells of each cell line, unless otherwise specified.

UPR PCR array

Uptake

The RT2 Profiler Human Unfolded Protein Response PCR Array (384-well plate format)
was purchased from QIAGEN (previously SABiosciences, PAHS-089E-4). Total RNAs
were extracted as mentioned above, and the RT? First Strand Kit (QIAGEN, 330401) was
used to reverse-transcribe mRNAs. Gene expression was measured via gPCR using the RT2
gPCR Mastermix (QIAGEN, 330529) on an ABI 7900HT Fast Real-Time PCR System
(Life Technologies). PCR array data were analyzed using the RT? Profiler PCR Array Data
Analysis tools available on the manufacturer’s website.

Cells were seeded and cultured for 24 h under normoxic conditions in low-glucose (2 g/L)
DMEM. The medium was then replaced with fresh “hot” (300 mmol/L cold 2-DG and 1
mCi3H 2-DG) low-glucose DMEM, and the sample was incubated for 5 min under
normoxia. Next, the hot medium was removed, cells were washed three times with fresh,
glucose- and serum-free medium, and the cells were lysed with 0.5 mL of 1 N NaOH,
collected in 1.5 mL Eppendorf tubes and gently vortexed. A 0.25 mL sample was used for
protein analysis by Micro BCA Protein Assay Kit (Thermo Scientific). Radioactivity from
the remaining sample was counted using a Packard CA2000 liquid scintillation
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spectrometer. Radioactivity was measured as counts per minute (CPM) and normalized to
protein.

Fluorophore-assisted carbohydrate electrophoresis (FACE)

Cells were cultured until 90 % confluent, harvested in methanol and dried under N,. LLOs
were recovered in chloroform/methanol/water (10:10:3), hydrolyzed, modified with 7-
amino-l,3-naphthalenedisulfonic acid (ANDS) fluorophore and analyzed by fluorophore-
assisted carbohydrate electrophoresis (FACE) as previously described [16].

siRNA

Anti-luciferase siRNA 1 (siLuc, D-002050-01) and ON-TARGETplus SMARTpool siRNAs
against PYGB (siPYGB, L-009587) were obtained from Thermo Scientific (Rockford, IL).
Cells were seeded into 6-well plates and cultured for 24 h to reach ~60 % confluence using
antibiotic-free media. Then, cells were transfected with anti-Luc (control) or siPYGB using
DharmaFECT siRNA transfection reagent #1 (Dharmacon). Twenty-four hours after
transfection, cells were collected and reseeded onto 6-well or 24-well plates and drug-treated
for immunoblotting or cytotoxicity analyses, respectively. Lowest concentrations of SiRNAs
that could produce saturated knockdown efficiency were used.

Glycogen staining
In a method adapted from Louzao et al. [17], cells were seeded on coverslips in 6-well
plates, grown overnight, then washed three times with PBS and changed to either glucose-
free media or control media (2 g/L glucose) for 24 h. Cells were washed and then fixed with
4 % paraformaldehyde in PBS for 15 min at RT and then permeabilized with 2 % BSA-0.2
% Triton X-100 PBS for 5 min on ice. After three PBS washes, non-specific binding was
blocked with 2 % BSA-PBS for 1 h at RT. Cells were incubated with anti-glycogen antibody
(at 1:100 dilution) in 2 % BSA-PBS overnight at 4 °C. The following day, cells were
washed and incubated with Goat Anti-mouse IgG Alex Flour 555 in 2 % BSA-PBS for 1 h
at RT at a 1:500 dilution. This step was followed with PBS washes, and finally coverslips
were mounted on slides using ProLong Gold Antifade Reagent with DAPI medium (Life
Technologies, Grand Island, NY, P-36931). Slides were allowed to dry overnight in the dark
and then imaged on a fluorescent microscope. Images shown are from one representative
experiment out of at least three independent analyses.

Statistics

Statistical analyses were performed by two-way analysis of variance (ANOVA), followed
by Bonferroni post-test, and a P value <0.05 was considered significant.

Results

An inverse relationship between resistance to 2-DG and GS

2-DG has previously been shown to result in toxicity in certain cancer cell lines under
normoxic conditions, which was found to be due to interference with N-linked glycosylation
and ensuing ER stress [9, 18]. One of these cancer cell lines that is sensitive to 2-DG under
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normoxia (human pancreatic 1420) was used to isolate twofold (14DG2) and fivefold
(14DG5) resistant variants. Surprisingly, the order of sensitivity to 2-DG was reversed when
these cell lines were placed under GS conditions (Fig. 1a, b). Thus, although 2-DG has been
used to mimic GS, the inverse relationship observed here suggests fundamental differences
between these two modes of glucose restriction.

2-DG but not GS toxicity correlates with induction of UPR

As mentioned above, in its activity as an analog of glucose, 2-DG blocks glycolysis while
through its role as a mannose mimetic, it obstructs glycosylation, thereby inducing ER stress
and subsequently activating the UPR. Activation of this pathway, as measured by Grp78
induction, was previously found to be greater in the 2-DG-sensitive cell line than in an
intrinsically resistant cell line [9]. Similarly, here we find that when treated with 2-DG, cell
line 1420 displayed a robust induction of UPR markers, Grp78, p-eif2a and CHOP, while in
14DG2 activation of these proteins was blunted (Fig. 2a). Moreover, in the most resistant
cell line, 14DGS5, little to no UPR induction was observed at 1 mM of 2-DG (a dose where
UPR was induced in the other two cell lines). These observations were further corroborated
via gPCR in that 2-DG-induced Grp78 and CHOP mRNA were also found to be highest in
the sensitive cell line (Fig. 2b). Thus, lower UPR, indicative of lower ER stress, correlates
with lower cell death in response to 2-DG.

Similar to 2-DG, GS is also known to cause ER stress by limiting the availability of
glycosylation precursor sugars. However, no significant differences were observed in the
induction of Grp78, p-eif2a and CHOP protein or Grp78 and CHOP mRNA when these cell
lines were placed under the conditions of GS (Fig. 2c, d). These latter results indicate that
unlike treatment with 2-DG, differences in ER stress and/or UPR cannot account for
differential sensitivity of these cell lines to GS. These data further highlight and support our
hypothesis of fundamental differences in tumor cell response to therapeutic (2-DG) and
physiologic (GS) forms of glucose restriction.

Mechanisms of resistance to 2-DG differ in cell lines 14DG2 and 14DG5

Previously, we reported that intrinsic resistance to 2-DG in pancreatic cancer cell line 1469
correlates with lower 2-DG uptake and decreased UPR when compared with cell line 1420
[19]. Based on this observation and the findings presented in Figs. 1 and 2, 2-DG uptake was
evaluated in the cell lines selected for resistance using a tritiated analog of 2-DG. Similar to
previous findings in 1469, there was reduced uptake in 14DG2 as compared with 1420,
correlating with resistance to 2-DG (Fig. 3a). However, 14DGS5, selected for resistance to
high-dose 2-DG, surprisingly showed greater uptake than the parental cell line, indicating
that reduced uptake is not a generalized mechanism of resistance to 2-DG.

Since autophagy has been shown to be a protective mechanism when 1420 cells were treated
with 2-DG [20], we analyzed the effect of this survival process in the resistant cell lines.
Interestingly, protein levels of beclin and cleaved LC3B, autophagy markers, were found not
to be increased in response to 2-DG treatment in the cell lines tested (Figure S1a).
Additionally, rapamycin, an autophagy inducer, did not enhance resistance in 14DG2 and
14DG5 (Figure S1c). Conversely, use of 3-MA, an inhibitor of autophagy, did not sensitize
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these cell lines to 2-DG treatment (Figure S1b). In contrast, as was reported previously
where autophagy was shown to act as a protective mechanism, we found that 3-MA
increased the sensitivity of 1420 to 2-DG (Figure S1b). In agreement with this result,
rapamycin appeared to protect this cell line, suggesting that autophagy prevents even greater
cell death in 1420 cells (Figure S1c).

In order to confirm that the mechanisms of resistance to 2-DG in both 14DG2 and 14DG5
involve ER stress pathways, cells were challenged with tunicamycin (TM), a classic ER-
stress-inducing agent, that directly inhibits glycosylation by blocking the first step in LLO
synthesis, and both 1420 and 14DG2 exhibited similar levels of cytotoxicity and strong
induction of Grp78, p-eif2a and CHOP (Fig. 3b—d) [21]. Conversely, 14DG5 was found to
be comparatively resistant to TM and did not induce Grp78, p-eif2a or CHOP as highly as
1420 or 14DG2 (Fig. 3b—d). These latter findings in 14DGS5 led us to test whether it has
acquired the ability to resist ER stress in general. To address this question, brefeldin A
(BFA), an agent that induces ER stress by inhibiting the transport of proteins from the ER to
the Golgi, was used [22]. Little difference in sensitivity and induction of the UPR markers
was found between all three cell lines when using BFA, which differs from both 2-DG and
TM in not interfering with glycosylation and yet inducing ER stress (Fig. 3e—g). Overall, our
results with ER-stress-inducing agents suggest that 14DG2 and 14DG5 employ different
mechanisms of resistance in response to 2-DG. Since 14DG2 shows similar levels of
sensitivity as its parental cell line to TM and BFA, lower uptake of 2-DG coincides best with
its resistance (Fig. 3a). In contrast, the greater accumulation of 2-DG in 14DG5 as compared
to 1420 indicates that mechanisms other than uptake must account for its resistance. Thus,
these data, together with the findings of blunted responses to agents that interfere with
glycosylation, suggest that the mechanism(s) of resistance to 2-DG in 14DGS5 lies upstream
of ER stress/UPR.

Resistance correlates with increased production of LLOs

It has previously been reported that when human pancreatic tumor cell lines 1469 and 1420
were treated with 2-DG, intrinsic resistance to this sugar analog in 1469 correlated with
decreased reduction of fully formed LLOs as compared with that found in 2-DG-sensitive
1420. Here, we find that 2-DG at 2 mM decreased the levels of G3MgGn,-P-P-dolichol
(G3M9), the fully formed LLO, in 14DG2 but not to the degree observed previously in 2-
DG-treated 1420 cells where the dose of 2-DG was markedly lower (0.5 mM) [9]. In the
more resistant cell line 14DG5, LLO levels remained completely unaffected even at a higher
dose of 2-DG (5 mM) (Fig. 4a). Additionally, the two 2-DG-resistant variants display basal
upregulation of fully formed LLOs (G3M9) as compared to the parental cell line (1420)
(Fig. 4a). Moreover, amplified mRNA levels of genes related to cholesterol synthesis,
including sterol regulatory element-binding transcription factor 1 (SREBF1), sterol
regulatory element-binding transcription factor 2 (SREBF2), insulin-induced gene 1
(INSIG1Y), insulin-induced gene 2 (INS1G2), SREBF chaperone (SCAP), membrane-bound
transcription factor peptidase site 1 (MBTPS1) and membrane-bound transcription factor
peptidase site 2 (MBTPS2), were found in the resistant variants, but not in the parental cell
line (Fig. 4b). This pathway is responsible for the generation of dolichol, the lipid anchor
onto which LLOs are synthesized prior to their transfer to polypeptides. Taken together, our
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data indicate multiple alterations in biologic processes related to ER stress between sensitive
and resistant cells. Higher intrinsic levels of LLOs and transcriptional upregulation of
dolichol synthesis involving SREBF2 correlate with insensitivity to 2-DG and TM in
14DG5 and to 2-DG in 14DG2.

Sensitivity to GS correlates with reduced levels of PYGB

Glycogen storage and utilization has been recognized as a means for supplying glucose
under environmental conditions of nutrient limitation. The finding of differential responses
to GS in cell lines that are sensitive and resistant to 2-DG leads us to investigate glycogen
metabolism in these cell lines. Through Western blot analysis, the levels of the enzyme
required for the synthesis of glycogen, glycogen synthase (GYS), were found to be slightly
reduced in the 2-DG-resistant cell lines as compared with 1420 although all three cell lines
displayed similar glycogen staining under control conditions (Fig. 5a, c). However,
dramatically decreased protein and mRNA levels of the enzyme required for the breakdown
of glycogen for its utilization, glycogen phosphorylase (PYGB), were found in the 2-DG-
resistant cell lines that are sensitive to GS (Fig. 5a, b). In further support of the interpretation
that reduced PYGB plays a role in sensitivity to GS, we find that after 24 h in this condition,
14DG2 and 14DG5 maintained near control levels of glycogen, suggesting that these cell
lines cannot utilize glycogen when deprived of glucose (Fig. 5¢). On the contrary, cell line
1420 shows reduced glycogen staining after 24 h GS, indicating its ability to break down
glycogen that correlates with higher PYGB levels in this cell line. Moreover, when caffeine
was used to inhibit PYGB in 1420, its sensitivity to GS was found to be increased, further
supporting a survival role for glycogen breakdown (Fig. 5d) [23]. To confirm the caffeine
data, SiRNA directed at PYGB also significantly increased the sensitivity of 1420 cells to
GS (Fig. 5e, f).

14DG2 and 14DGS5 cells that were maintained in the absence of 2-DG for extended periods
(>6 weeks), termed 14DG2NM and 14DG5NM, respectively, display nearly complete and
partial reversals, respectively, in their sensitivity to GS. This correlates with an increase in
PYGB protein levels in these cell lines as compared with the levels found in 14DG2 and
14DGS5 (Supplemental Fig. 2b, and c), suggesting that maintenance of the resistant cell lines
in 2-DG is responsible (at least in part) for the downregulation of PYGB. Additionally,
14DG2NM reverts to a nearly parental phenotype in that it regains 2-DG sensitivity;
however, 14DG5NM maintains a similar level of resistance to 2-DG as 14DG5
(Supplemental Fig. 2a). These data again support our previous assertion that there are
fundamental differences between 2-DG treatment and GS. Overall, our data indicate that
impairment in glycogen breakdown, in the form of downregulation of PYGB in 2-DG-
resistant cells, renders them sensitive to GS. Moreover, in cells with sufficient PYGB,
blockage of this enzyme leading to sensitivity to GS identifies it as a possible target for
therapy.

Discussion

2-DG’s dual activities, inhibiting both glycolysis and glycosylation, underlie its traditional
use as a glucose deprivation mimetic. However, the results presented here of an inverse
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relationship between cells that have acquired resistance to 2-DG treatment and their
increased sensitivity to GS indicate that there are intrinsic differences between these two
types of glucose restriction (Fig. 1). This dissimilarity is highlighted by the finding that 2-
DG differentially induces UPR in 2-DG-sensitive versus 2-DG-resistant cells, whereas GS
does not. Variances in response to therapeutic versus physiologic forms of glucose
restriction may be better understood by considering how each condition affects glucose
metabolism. It has been shown that 2-DG can be fraudulently incorporated into LLOs,
thereby interfering with their normal synthesis and subsequently causing aberrant protein
folding resulting in ER stress and UPR activation [9, 24-26]. Although GS also induces ER
stress, its mechanism differs from that of 2-DG in that 2-DG is falsely incorporated into
LLOs, while GS reduces the availability of LLO sugar precursors, thus producing proteins
that contain a reduced number of N-glycans and/or smaller LLO species [27]. Moreover, our
findings that under GS, 2-DG-sensitive and 2-DG-resistant cell lines undergo similar UPR
activation but differential sensitivity to this type of glucose restriction indicate that
mechanisms other than ER stress/UPR may be responsible for cell death (Figs. 1b, 2c, d).
This is in contrast to 2-DG-treated cells where increased induction of UPR (indicating
increased ER stress) correlates with cell death (Figs. 1a, 2a, b).

UPR is generally considered to be a cell-protective mechanism. However, it is known that
with increased and prolonged activation, cells are signaled to undergo UPR-mediated
apoptosis [28]. Indeed, here we show that excessively high UPR induction observed in the
sensitive cell line, 1420, when treated with 2-DG represents a shift from the protective to the
apoptotic arm of the response (Fig. 2a, b). In contrast, 2-DG-resistant cell lines showed little
to no increase in UPR when challenged with similar 2-DG concentrations (Fig. 2a, b). The
latter result suggests that pathways upstream of ER stress may be responsible for resistance
to 2-DG, and in the case of 14DG2, decreased 2-DG uptake accounts (at least in part) for its
level of resistance (Fig. 3a). Previously, it was shown that the auto-degradative process of
autophagy acts as a protective mechanism when 1420 cells were treated with 2-DG [20]. In
the present study, we confirmed these results but find that in 14DG2 and 14DG5, autophagy
is not contributing to their resistance to 2-DG (Figure S1).

Moreover, when 14DG2 was challenged with the classical ER stressors TM and BFA, it was
found not to be resistant to either, indicating that the major mechanisms of resistance to 2-
DG in this cell line appear to be due to reduced uptake. On the other hand, 2-DG uptake in
14DGS5 could not explain resistance to this sugar analog since it was found to accumulate to
a higher level in this cell line as compared with the parental cell line. Additionally, we find
that 14DGS5 is also resistant to TM, an agent that induces ER stress by interfering with LLO
synthesis, but not to BFA that blocks egress of fully formed glycoproteins from the ER (Fig.
3). These findings indicate that the mechanism by which ER stress is induced dictates
resistance to 2-DG in this cell line. Collectively, our data suggest that resistance to 2-DG in
14DG5 appears to be due to mechanisms downstream of uptake but upstream of ER stress/
UPR, which are likely related to processes of LLO synthesis and N-linked glycosylation.

Although reduced 2-DG uptake correlates with resistance in 14DG2, mechanisms related to
LLO synthesis and N-linked glycosylation also appear to play a role in resistance to 2-DG in
this cell line as well as in 14DG5. This idea is supported by our findings where 2-DG more
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strongly inhibited LLO production in the sensitive cell line than it did in the resistant
variants (Fig. 4a). The increased basal fully formed LLOs (G3M9) in 14DG2 and 14DG5 as
compared with 1420 also support this idea. Furthermore, genes related to cholesterol
synthesis were found to be upregulated in 14DG2 and 14DG5 as compared with the parental
cell line (Fig. 4b). This pathway is critical for the production of dolichol, an integral
precursor of N-linked glycosylation [29]. The upregulation in cholesterol gene expression
and increased LLO synthesis found in resistant cell lines suggests that this is a compensatory
mechanism to deal with 2-DG’s glycosylation interference. However, since 14DG2 cells are
not resistant to TM in spite of their increased LLO levels, this mechanism may not play a
substantial role in this cell line’s 2-DG resistance. These correlative data may be better
explained by further exploration of the relationship between the cholesterol synthesis
pathway, LLO generation, UPR and 2-DG resistance. Overall, the results presented here
suggest that there are multiple mechanisms that contribute to resistance to 2-DG, and
manipulation of these pathways may enhance the effectiveness of 2-DG in a clinical setting.
As an example, since we observed an increase in cholesterol gene expression in our resistant
cell lines, inhibiting cholesterol synthesis with agents such as statins could be helpful when
treating patients with 2-DG [30]. Additionally, modulation of the UPR with agents, such as
versipelostatin, that inhibit Grp78 and have shown effectiveness in preclinical in vivo
models might also augment 2-DG’s clinical use since differences in UPR induction were
found between 2-DG-sensitive and 2-DG-resistant cell lines [31].

Similar to data presented here, differences in the induction of autophagy were recently
reported when tumor cell lines (including 1420) were treated with 2-DG or GS [32].
Although both forms of glucose deprivation were found to induce ER stress leading to
autophagy, 2-DG did so by phosphorylating AMPK via CaMKKJ, whereas GS induced
autophagy by phosphorylating AMPK through the canonical pathway of ATP depletion as
well as by increasing ROS leading to ERK stimulation [33]. Conversely, 2-DG was found to
decrease ROS generation when tested in the same cell line. Furthermore, it was recently
reported that cancer cells depleted of an isoform of glycogen phosphorylase increased their
generation of ROS [34, 35]. In accord with this report, preliminary data suggest that the
lower PYGB levels found in 14DG2 and 14DGS5 correlate with increased basal ROS levels
as compared with 1420 (data not shown). It remains to be determined whether the increased
ROS detected in 14DG2 and 14DGS5 leads to sensitivity under GS conditions. However, it
follows that if ROS is involved with inducing cell death under GS, the breakdown of
glycogen in 1420 cells may, at least in part, be responsible for its survival under this
condition. A mechanism that could explain this possibility would be that the glucose
provided by glycogen could act as a substrate for the pentose phosphate pathway resulting in
production of antioxidants (glutathione), thereby reducing ROS levels and adding to the
cell’s ability to survive GS [36].

Although the mechanism by which PYGB is reduced in 14DG2 and 14DGS5 cells leading to
decreased survival under GS remains unknown, it appears to be related to the selection
process involved with 2-DG resistance. This point will be better understood by assessing
PYGB in other cell lines selected for 2-DG resistance but is suggestive of an intriguing
relationship between resistance to 2-DG and sensitivity to glucose deprivation, which may
have widely applicable therapeutic potential. Since during tumorigenesis there will likely be
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locations and periods of time in which cancer cells outstrip their supply of glucose, survival
may then become dependent on the capacity to utilize glycogen stores where the activity of
glycogen phosphorylase becomes limiting. The ability to reverse GS resistance in 1420 by
inhibition of PYGB is suggestive of a potential therapeutic target (Fig. 5d—f). Moreover,
based on an analysis of 59 NCI tumor cell lines, it has been shown that PYGB is the
predominant glycogen phosphorylase isoenzyme found in cancer cell lines [37]. Adding to
this possibility, it has been reported that treatment with PYGB inhibitors alone under normal
glucose conditions results in growth inhibition in most tumor cell lines tested [37]. These
findings imply that anticancer treatment may benefit from the addition of glycogen
phosphorylase inhibitors [23, 37].

The prevailing hypothesis that cancer cells upregulate glucose usage but also encounter
glucose deprivation makes this an attractive pathway to further consider for cancer therapy
[38, 39]. 2-DG is a safe yet potent glycolysis and glycosylation inhibitor that is known to
preferentially accumulate in cancer cells [40]. Extrapolating from our in vitro findings,
clinical use of 2-DG is expected to be hindered by resistance. However, as in data shown
here, these 2-DG-resistant cells are likely to be sensitive to glucose deprivation, an
environmental condition that the tumor will encounter at some point. Thus, clinical use of 2-
DG would be augmented by specific dietary considerations. Overall, our results in
distinguishing between these two different forms of glucose deprivation highlight the
potential of exploiting glucose restriction for improving the efficacy of cancer therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

2-DG 2-Deoxy-o-glucose

GS Glucose starvation

UPR Unfolded protein response

LLO Lipid-linked oligosaccharide

ER Endoplasmic reticulum

Grp78 Glucose-regulated protein 78 kDa
PERK PKR-like ER kinase
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CHOP C/EBP-homologous protein
LC3B Autophagy marker light chain 3
FACE Fluorophore-assisted carbohydrate electrophoresis
GYS Glycogen synthase 1
PYGB Glycogen phosphorylase brain isoform
™ Tunicamycin
BFA Brefeldin A
AMPK AMP-activated protein kinase
CaMKKfp Ca?*/calmodulin-dependent protein kinase kinase-beta
ROS Reactive oxygen species
ERK Extracellular signal-regulated kinases
SREBF1 Sterol regulatory element-binding transcription factor 1
SREBF2 Sterol regulatory element-binding transcription factor 2
INSIG1 Insulin-induced gene 1
INSIG2 Insulin-induced gene 2
SCAP SREBF chaperone
MBTPS1 Membrane-bound transcription factor peptidase site 1
MBTPS2 Membrane-bound transcription factor peptidase site 2
Rapa Rapamycin
3-MA 3-Methyladenine
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Fig. 1.

Ar? inverse relationship between resistance to 2-DG and GS. a 1420, 14DG2 and 14DGS5 cell
lines were treated with the indicated doses of 2-DG for 72 h in normoxia, and percentage
dead cells were assayed by trypan blue exclusion. The bars represent the average of
triplicate samples £SD. b 1420, 14DG2 and 14DGS5 cell lines were challenged with the
indicated levels of glucose for 72 h in normoxia, and percentage dead cells were assayed by
trypan blue exclusion. The bars represent the average of triplicate samples £SD. ***P <
0.001 and **P < 0.01, compared to 1420
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Fig. 2.
2-DG but not GS toxicity correlates with induction of UPR. a Cells were treated with the

indicated doses of 2-DG for 24 h in normoxia and then harvested, and immunoblotting was
performed to detect protein levels of Grp78, phospho-eif2a and CHOP. 3-Actin was used as
a loading control. b mRNA levels of Grp78 and CHOP were determined by gPCR in cells
treated for 24 h with 1 mM 2-DG, normalized to -actin and shown as fold induction of
treated over untreated control samples. The barsrepresent the average of duplicate samples.
***P < 0.001 as compared with 1420. c Cells were treated with GS for 24 h in normoxia and
then harvested, and immunoblotting was performed to detect protein levels of Grp78,
phospho-eif2a and CHOP. B-Actin was used as a loading control. d mRNA levels of Grp78
and CHOP were determined by qPCR in cells treated for 24 h with GS and normalized to p-
actin and shown as fold induction of treated over untreated control samples. The bars
represent the average of duplicate samples
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Fig. 3.

Mgechanisms of resistance to 2-DG differ in cell lines 14DG2 and 14DG5. a 1420, 14DG2
and 14DGS5 cells were exposed to tritiated 2-DG for 5 min. Samples were lysed, and
radioactivity was measured by a liquid scintillation counter. Samples were normalized to
protein that was quantified by the BCA method. The bars represent the average of duplicate
samples £SD. *P < 0.05, compared to 1420. b 1420, 14DG2 and 14DGS5 cell lines were
treated with the indicated doses of TM for 72 h in normoxia, and percentage dead cells were
assayed by trypan blue exclusion. The bars represent the average of triplicate samples £SD.
**P < 0.01, compared to 1420. c Cells were treated with the indicated doses of TM for 24 h
in normoxia and then harvested, and immunoblotting was performed to detect protein levels
of Grp78, phospho-eif2a and CHOP. B-Actin was used as a loading control. d mRNA levels
of Grp78 and CHOP were determined by qPCR in cells treated for 24 h with 0.1 pg/mL TM
and normalized to B-actin and shown as fold induction of treated over untreated control
samples. The bars represent the average of duplicate samples. e 1420, 14DG2 and 14DG5
cell lines were treated with the indicated doses of BFA for 72 h in normoxia, and percentage
dead cells were assayed by trypan blue exclusion. The barsrepresent the average of
triplicate samples £SD. f Cells were treated with BFA for 24 h in normoxia and then
harvested, and immunoblotting was performed to detect protein levels of Grp78, phospho-
eif2a and CHOP. -Actin was used as a loading control. g mRNA levels of Grp78 and
CHOP were determined by gPCR in cells treated for 24 h with 100nM BFA and normalized
to B-actin and shown as fold induction of treated over untreated control samples
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Fig. 4.

Resistance correlates with increased production of LLOs. a Cells were treated with either 2
or 5 mM 2-DG as indicated for 24 h, followed by extraction and FACE of LLOs. The
standard oligosaccharides used in these studies are as follows: G4 to G7, glucose oligomers;
G3M9, mature oligosaccharide (G3M9Gn2). Quantification of lanes can be seen below. b
MRNA levels of the indicated cholesterol synthesis pathway components were measured on
an UPR PCR array using gPCR. Barsrepresent the average fold change from two
independent experiments of the mRNA levels of untreated cells. *P < 0.05
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Fig. 5.
Reduced glycogen breakdown correlates with reduced levels of PYGB as well as sensitivity

to GS. a Immunoblotting was performed to detect basal protein levels of GYS and PYGB in
the three cell lines. B-Actin was used as a loading control. b mRNA levels of GYS and
PYGB were determined by gPCR in untreated cells and normalized to p-actin. The bars
represent the average of duplicate samples £SD. c Cells were grown on coverslips in control
or glucose-free media overnight and then incubated with an anti-glycogen monoclonal
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antibody (pink) and mounted with DAPI (blue). Slides are imaged at 20x and 60x%. Scale
bars on 20x images are 100 um, and scale bars on 60x images are 20 um. d 1420 and
14DG2 cell lines were treated with 5 mM caffeine, GS or the combination for 72 h in
normoxic conditions, and the percentage dead cells were assayed by trypan blue exclusion.
The bars represent the average of triplicate samples £SD. ***P < 0.001, compared to 1420.
€1420 and 14DG2 cell lines were transfected with 20 nM siRNA directed at PYGB or
luciferase as a control for 24 h. Cells were then treated with GS for 72 h in normoxic
conditions, and the percentage dead cells were assayed by trypan blue exclusion. The bars
represent the average of duplicate samples £SD. ***P < 0.001, compared to 1420 treated
with GS alone. f Immunoblotting was performed to detect PYGB protein levels after SiRNA
transfection
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