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Abstract: Hallmarks of cancer cells comprise altered glucose metabolism (aerobic glycolysis) and differences in DNA
damage response (DDR). Glucose transporters (GLUT), glycolytic enzymes such as hexokinase (HK) and metabolic
pathways (e.g. PI3K/Akt/mTor) have been shown to be upregulated in multiple myeloma and other cancer cell lines.
Here we have investigated the effects of clinically used inhibitors of topoisomerases, of DDR and of the PI3K/Akt/
mTor pathway on glucose metabolism and on cell survival in multiple myeloma cells. The effects of DNA damaging
topoisomerase inhibitors (doxorubicin, etoposide, topotecan), non-DNA damaging agents (bortezomib, vincristine)
as well as of molecular inhibitors of DNA damage related kinases PIKKs (KU55933 [ATM], NU7026 [DNA-PKCs])
and PI3K/Akt/mTor signaling (BEZ235 [PI3K/mTor], MK-2206 [Akt]) were analyzed 24 hours after treatment of
OPM-2 multiple myeloma cells. For this purpose we monitored [18F]-FDG uptake, cell viability using an ATP as-
say and expression of GLUT-1, hexokinase Il (HKII), cleaved caspase-3 and cleaved PARP via Western-blotting. All
topoisomerase inhibitors used could upregulate expression of GLUT-1 and HKIl in OPM-2 cells, resulting in elevated
[18F]-FDG uptake and promotion of cell survival. In contrast, bortezomib and vincristine induced a decline in [18F]-
FDG uptake combined with early induction of apoptosis. Combination treatment with topoisomerase inhibitors and
molecular inhibitors of PIKK and PI3K could reverse elevated [18F]-FDG uptake, as observed after application of
topoisomerase inhibitors only, and aggravate induction of apoptosis. Thus, elevated glucose consumption in OPM-2
cells can be reversed by targeting both DDR and PI3K/Akt/mTOR signaling, thus providing a promising strategy in
the treatment of cancer.
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Introduction homologous recombination (HR) and non-

homologous end joining (NHEJ) [2]. While HR

The DNA damage response (DDR) is essential
to genomic integrity. It subsumes a great vari-
ety of interwoven pathways that respond to all
different types of DNA lesions via the regulation
of kinase activities. Defects in DDR can result
in carcinogenesis and promote rapid tumor
growth [1]. While minor damages to DNA are
efficiently repaired by the cellular base and
nucleotide excision repair systems, more seri-
ous lesions such as DNA double-strand breaks
(DSB) induce two major mechanisms of DDR:

aims at reconstructing DNA structure by resect-
ing the lesion and copying the deleted informa-
tion from the sister chromatid, NHEJ is error-
prone as it simply ligates two ends of nearby
DNA fragments [3]. HR and NHEJ are initiated
by a family known as the phosphatidylinositol
3-kinase related kinases (PIKKs) which include
ATM (ataxia telangiectasia mutated protein),
ATM-Rad3-related (ATR) and the DNA-
dependent protein kinase catalytic subunit
(DNA-PKCs) [4]. The PIKKs are the first respond-
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ers to DNA damage and act through phosphory-
lation of scaffolding proteins and downstream
kinases such as p53, H2AX, and Chk2 [5].

Topoisomerase inhibitors like etoposide and
doxorubicin are known to trigger the DNA dam-
age response via activation of ATM due to effi-
cient induction of DSB [6]. Inhibition of topoi-
somerases (subtypes | and Il) suppresses relax-
ation of supercoiled DNA during replication and
transcription [7]. Defects in DSB repair may
increase efficacy of DNA damaging agents: can-
cer cells with impaired NHEJ have been shown
to preferentially respond to treatment with
topoisomerase Il inhibitors with high sensitivity
[8]. In contrast, cells with a high activity of DNA-
PK have been shown to develop resistance to
treatment with etoposide and doxorubicin [9,
10].

Moreover, DNA repair is an energy-consuming
process that utilizes various ATP-dependent
chromatin-remodeling complexes which are not
fully characterized yet [11]. Besides, members
of the structural maintenance of chromosome
(SMC) protein family hydrolyze ATP in order to
recognize and reorganize damaged DNA [12].

Thus, repair of DNA damage requires an
increased uptake of glucose via the cell mem-
brane to generate ATP. Cancer cells are known
to generate ATP by aerobic glycolysis (Warburg
effect), i.e. the conversion of glucose into lac-
tate, even in the presence of oxygen [13].
Correspondingly, many cancer cells are charac-
terized by highly active upstream regulators of
metabolic signaling. PI3K/Akt is known to pro-
mote the switch towards aerobic glycolysis by
stimulating the expression of glucose trans-
porters on the cell surface [14] and the expres-
sion of glycolytic enzymes in the cytoplasm of
cancer cells [15, 16]. Akt also controls the
activity of the ‘mechanistic target of rapamycin’
(mTor) pathway. The mTor-complex consists of
MTORC1 and mTORC2 which have different
regulating functions in cell proliferation and
protein synthesis [17]. The expression and acti-
vation of PI3K/Akt in different multiple myelo-
ma cell lines and particularly in OPM-2 cells has
been reported before [18, 19]. Evidence is aris-
ing that Akt is also involved in the repair of
genotoxic damage. Akt was shown to respond
to DNA double-strand breaks (DSB) in a DNA-
PK- or ATM/ATR-dependent manner and to
actively stimulate the repair of DNA-DSB by

1650

NHEJ [20]. Akt may therefore be the pivot point
in connecting the DNA damage response to
aerobic glycolysis.

Elevated activities of glycolytic enzymes and
upregulated expression of glucose transporters
are prerequisites for the Warburg effect of
tumor cells. This accounts especially for GLUT-1
whose up-regulation has been shown for sev-
eral types of cancer [21-23] and whose expres-
sion levels have been connected to malignancy
and metastasis [24]. GLUT-1 activity has been
shown to correlate inversely with the survival of
cancer patients [25, 26]. Following uptake via
glucose transporters, glucose is phosphorylat-
ed by subtypes of the key glycolytic enzyme
hexokinase (HK). Particularly hexokinase |
(HKII) is considered to play a fundamental role
in the promotion of aerobic glycolysis and cell
survival [27, 28]. HKIl has been shown to be
constitutively over-expressed in various multi-
ple myeloma cell lines [19]. As HKII is bound to
the outer membrane of mitochondria in cancer
cells, it is not inhibited by its own cytosolic
product glucose-6-phosphate and gains access
to the ATP that is generated in mitochondria
coupling oxidative phosphorylation to the glyco-
lytic pathway [29]. The feature of HKII to phos-
phorylate, but not to metabolize 2-deoxy-D-glu-
cose is widely utilized in visualization and
assessment of therapy response in cancerous
lesions via [18F]-FDG PET [30, 31].

Nevertheless, the molecular connection bet-
ween the activation of DDR by chemotherapeu-
tics and the resultant changes in glucose
metabolism and cell survival of cancer cells
has not been studied extensively so far. Only
few studies could demonstrate a relation
between the changes in bioenergetic response
pathways in apoptotic cell death and the down-/
up-regulation of glucose transporter genes and
glycolytic enzymes after treatment with geno-
toxic compounds [32, 33].

The purpose of this study was to further eluci-
date the influence of DDR inducing topoisomer-
ase inhibitors (doxorubicin, etoposide, topote-
can) on glucose metabolism and cell survival in
multiple myeloma cells (OPM-2). Furthermore,
we investigated the effects of the chemothera-
peutic, non-DNA damaging drugs bortezomib
and vincristine. In summary we could show cor-
relations between [18F]-FDG uptake in OPM-2
cells and expression levels of GLUT-1 and HKILI.
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Figure 1. Signaling network in regulation of glucose uptake and DNA repair in
cancer cells. This scheme displays prominent features of glycolysis, PI3K/Akt/
mTor signaling and DNA damage response. It represents an idea how these
pathways might be connected, and how cell metabolism might respond to geno-

BEZ235 (200 nM), the ATM
inhibitor KU55933 (10 uM),
\ the Akt inhibitor MK-2206
(1 uM) and the DNA-PKC
inhibitor NU7026 (10 uM)
were all dissolved in DMSO
prior to application (all sup-
plied by SelleckChem).

lactate TCA cycle

toxic stress (20, 34). Activation and inhibition are represented by arrows and

bars, respectively. ATM Ataxia telangiectasia mutated, DNA-PK DNA-dependent
protein kinase, HK hexokinase, DSB double-strand break, GF growth factor, Glc
glucose, GLUT glucose transporter, G-6-P glucose-6-phosphate, HR homolo-

Determination of glucose
consumption via [18F]-FDG
uptake in OPM-2 cells

gous recombination, NHEJ non-homologous end joining, mTOR mammalian

target of rapamycin, PI3K phosphatidylinositol-4,5-bisphosphate 3-kinase, Pyr

pyruvate, TCA cycle tricarboxylic acid cycle.

We propose that OPM-2 cells react differently
to chemotherapy with DNA damaging agents
with regard to glucose consumption and pro-
motion of cell survival. At low concentrations of
the drugs, we observed promotion of cell sur-
vival. This may hold implications for the under-
standing of resistance to genotoxic stress.
Moreover, we could show that targeting of DNA
damage response with molecular inhibitors of
ATM, DNA-PKCs and PI3K/Akt/mTor signaling is
effective in reversing these effects and in syn-
ergistically inducing apoptosis (schematic rep-
resentation see Figure 1).

Materials and methods
Cell culture and treatment

The multiple myeloma cell line OPM-2 (obtained
from T. Dechow, Technische Universitat
Muinchen) was cultured in RPMI 1640 medium
(Biochrom) supplemented with 10% fetal
bovine serum, 100 U/ml penicillin, 100 pg/ml
streptomycin and 1% L-glutamine (Biochrom).
OPM-2 cells were cultivated at 37°C in a humid-
ified atmosphere with 5% CO,. OPM-2 cells
were treated with dilution series of the protea-
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For evaluation of chemo-
therapeutic effects on glu-
cose metabolism, [18F]-
FDG uptake was measured in vitro. 2 x 10°
OPM-2 cells/ml were seeded in 24-well plates
(Greiner) as quadruple with different concentra-
tions of inhibitors and incubated for 24 h in
RPMI1640. After removal of culture medium,
OPM-2 cells were incubated with 370 kBq of
[18F]-FDG per sample in PBS for 30 min.
Subsequently, cells were washed three times
with cold PBS (4°C) and centrifuged at 1,300
rom. Counts per minute of cell pellets (stan-
dards and blank values included) were mea-
sured using a gamma counter (1480 Wizard,
Wallac, Finnland). The results were related to
the number of viable cells which were deter-
mined using an automated cell counter
(Countess®, Life Technologies, Germany).
[18F]-FDG uptake was plotted as fold of the
untreated control.

Cell viability analysis of OPM-2 cells subject to
treatment with inhibitors

Cell viability was assessed using the CellTiter-
Glo® Luminescent Cell Viability Assay
(Promega). With this test the percentage of
metabolically active cells is determined based
on the quantification of ATP. 2 x 10* cells/100

Am J Cancer Res 2015;5(5):1649-1664
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Figure 2. [18F]-FDG uptake in OPM-2 cells is regulated differentially by DNA-damaging topoisomerase inhibitors (A-C) and non-DNA damaging compounds (D, E).
OPM-2 cells were left untreated (0) or treated with increasing concentrations of doxorubicin (A), etoposide (B), topotecan (C), bortezomib (D) and vincristine (E) for
24 h. After incubation with [18F]-FDG (370 kBqg/ml) for 30 min, counts per minute (CPM), representing [18F]-FDG uptake, were measured in the cell pellets after
centrifugation and related to the number of viable cells. Treatment with topoisomerase inhibitors (A-C) resulted in an initial increase of [18F]-FDG uptake, while both
bortezomib and vincristine exclusively caused a decrease of [18F]-FDG uptake. All values are expressed as multiple or fraction of untreated controls (fold of control,
f.c.), being set to 1. Data show means + SEM (n = 4).
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Figure 3. Viability of OPM-2 cells after treatment with DNA-damaging topoisomerase inhibitors (A-C) and non-DNA damaging compounds (D, E). Viability of OPM-2
cells was analyzed using the CellTiter-Glo® luminescent cell viability assay 24 h after treatment with increasing concentrations of doxorubicin (A), etoposide (B),
topotecan (C), bortezomib (D) and vincristine (E). Untreated controls (O) were set to 100%. Data represent means + SEM of at least 4 independent experiments.
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ul were seeded in quadruple in 96-well plates
(Greiner) and incubated for 24 h with increasing
concentrations of various inhibitors (see above)
or left untreated. Subsequently cells were incu-
bated for 10 min with 100 pl of CellGlo®-
substrate and the assay was quantified by
measuring luminescence in a microplate read-
er (Mithras LB 940, Berthold Technologies,
Germany). Cell viability was calculated relative
to untreated controls (set to 100 %).

Western blot analysis

OPM-2 cells (1 x 108 per 75 cm? culture flask)
were incubated for 24 h with different inhibitors
at various concentrations (see above). Cells
were washed with cold PBS (4°C) and lysed in
an appropriate buffer (50 mM Tris, pH 7.5; 250
mM NaCl; 0.1% Triton X-100; 1 mM EDTA; 50
mM NaF; protease inhibitor cocktail [Roche,
Germany]) for 30 min on ice. Lysates were cen-
trifuged at 14,800 rpm for 20 min at 4°C.
Pellets were discarded and protein concentra-
tions of the supernatants were determined
using the BCA protein assay kit (Pierce,
Germany). Twenty ug of the lysates each were
subjected to SDS-Page and subsequently blot-
ted onto a PVDF membrane. For subsequent
incubation of blocked (TBS-T/5% nonfat dry
milk) PVDF membranes the following antibod-
ies were used: cleaved caspase-3 (1:2,500),
PARP (1:5,000) (#9664, #9542 Cell Signaling
Technologies), hexokinase Il (1:5,000) (AB3279,
Millipore) and GLUT-1 (1:200) (clone SP168,
Biomol). Except for GLUT-1 (5% BSA, 1 h, RT) all
antibodies were incubated overnight at 4°C in
5% nonfat dry milk. Subsequent incubation
with anti-IgG (mouse and rabbit) horseradish
peroxidase-conjugated secondary antibodies
(1:20,000 in TBS-T/5% nonfat dry milk)
(Millipore, Germany) was done for 1 h at RT.
Protein-antibody complexes were detected
using the SuperSignal West Pico Chemilu-
minescent Substrate (ThermoScientific, Ger-
many). Images were generated via the
ChemiDoc™ XRS+ System (Bio-Rad, Germany).
All experiments were done in triplicate.

Statistics

Statistical analysis was performed using SPSS
(version 19, IBM, Ehningen, Germany). For cal-
culation an independent students t-test was
performed and the results were regarded as
statistically significant (*) if a significance level
< 0.05 was achieved.
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Results

Treatment with DNA damaging drugs results in
elevated [18F]-FDG uptake in OPM-2 cells

We first examined the effects of the topoisom-
erase inhibitors doxorubicin, etoposide and
topotecan on [18F]-FDG uptake at 24 h after
start of incubation with different concentra-
tions of the inhibitors (Figure 2A-C). Treatment
with doxorubicin increased the [18F]-FDG
uptake compared to the untreated control at
0.1 uM-1.6 uM with a maximum increase at 0.4
UM (+42.7%) (Figure 2A). Etoposide induced a
significant rise of [18F]-FDG uptake at 2 yM-32
UM, peaking at 2 uM (+98.7%) (Figure 2B).
Topotecan triggered increased [18F]-FDG
uptake at 0.05 pM-1.6 uM. At 0.2 uM, the
[18F]-FDG uptake was 2.3-fold higher than that
of the untreated control (Figure 2C). In sum-
mary, elevation of [18F]-FDG uptake in OPM-2
cells by topoisomerase inhibitors was compara-
tively high after treatment with comparatively
low concentrations. However, the concentra-
tions that induced the highest increase were
different for the different inhibitors. At higher
concentrations, the application of all three
topoisomerase inhibitors resulted in sup-
pressed [18F]-FDG uptake.

In contrast, the non-DNA damaging drugs bort-
ezomib and vincristine did not increase
[18F]-FDG uptake at any concentrations test-
ed. Application of both compounds led to an
immediate decline in [18F]-FDG uptake by
more than half and finally resulted in total sup-
pression of [18F]-FDG uptake in OPM-2 cells
(Figure 2D, 2E). [18F]-FDG uptake in OPM-2
cells was also reduced by co-treatment with
bortezomib/doxorubicin and vincristine/etopo-
side (data not shown).

Increased [18F]-FDG uptake corresponds to
improved survival of OPM-2 cells after treat-
ment with DNA damaging drugs

Given the increase in [18F]-FDG uptake follow-
ing application of topoisomerase inhibitors
(Figure 2A-C), we investigated whether these
changes were associated with differences in
cell survival in OPM-2 cells at the indicated con-
centrations. Doxorubicin insignificantly incre-
ased cell viability of OPM-2 cells at concentra-
tions of 0.05 uM to 1.6 uM (Figure 3A). The IC,,
of doxorubicin was determined as 2.1 uM (95%
Cl: 1.9-2.3 yM). At 3.2 uM, the number of viable

Am J Cancer Res 2015;5(5):1649-1664
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Figure 4. Effects of DNA-damaging topoisomerase inhibitors (A-C) and non-DNA damaging compounds (D, E) on expression of enzymes involved in glucose metabo-
lism and apoptosis. OPM-2 cells were left untreated (0) or treated for 24 h with increasing concentrations of doxorubicin (A), etoposide (B) topotecan (C), bortezomib
(D) and vincristine (E). Cell lysates were subjected to SDS-PAGE and immunoblotting using antibodies against GLUT-1, HKII, cleaved PARP and cleaved caspase-3. An
anti-tubulin antibody was used as loading control. The effects of bortezomib (D) and vincristine (E) on down-regulation of GLUT-1 and HKII as well as on up-regulation
of cleaved PARP and cleaved caspase-3 were more prominent than of doxorubicin (A), etoposide (B) and topotecan (C). Data were confirmed at least three times in

independent experiments.
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cells dropped significantly. Etoposide did not
turn out as a potent inducer of cell death in
OPM-2 cells at all analyzed concentrations
(Figure 3B). At the highest concentration
applied (1.024 mM), the cell viability was still
28% of that of the untreated control. The IC, of
etoposide in OPM-2 cells was determined as
131.2 uM (95% Cl: 105.7-162.8 uM). Treatment
with topotecan had a negligible effect on viabil-
ity from 0.025 to 0.4 uM (Figure 3C). At concen-
trations from 0.8 to 25.6 uM, the number of
viable cells decreased significantly with an IC_;
of 1.01 uyM (95% ClI: 1.0-1.2 pM). Overall, treat-
ment with topoisomerase inhibitors required
comparatively high concentrations to affect cell
viability. At lower concentrations a significant
effect on cell survival could not be observed.
Moreover, increased uptake of [18F]-FDG could
not be correlated with cell survival (Figure
3A-C). Consequently, we examined if similar
effects could be observed after treatment with
non-DNA damaging drugs.

Treatment of OPM-2 cells with bortezomib
resulted in a dose-dependent, almost linear
decrease of viability with an IC,  at 34.4 nM
(95% Cl: 24.1-49.1 nM) (Figure 3D). Treatment
with vincristine also led to a strong decrease in
viability at concentrations of up to 640 nM
(Figure 3E). The IC, ) was determined as 8.7 nM
(95% CI: 7.3-10.2 nM). Thus, non-DNA damag-
ing drugs potently affected cell survival in
OPM-2 cells clearly inducing a dose-dependent
decrease in viability already at the lowest con-
centrations applied (Figure 3D, 3E). Fur-
thermore, we could demonstrate a strict corre-
lation between [18F]-FDG uptake and cell
viability.

High expression levels of GLUT-1 and HKII af-
ter genotoxic exposure correlate to inhibition
of apoptosis

To elucidate the molecular mechanisms by
which low concentrations of topoisomerase
inhibitors trigger an increased [18F]-FDG
uptake, OPM-2 cells were analyzed by immu-
noblotting. We found that the glycolytic
enzymes are regulated differently following
application of DNA damaging and non-DNA
damaging compounds. Untreated OPM-2 cells
exhibited a constitutive expression of GLUT-1
and HKII. The topoisomerase inhibitors doxoru-
bicin, etoposide and topotecan induced a slight
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decrease in the expression levels of GLUT-1,
notably at the highest concentrations applied
(Figure 4A-C). In contrast, protein levels of HKII
steadily decreased in a dose-dependent way,
particularly after treatment with doxorubicin
and topotecan. Noticeably, levels of cleaved
caspase-3 and cleaved PARP concomitantly
increased with down-regulation of HKIl and
almost stable expression of GLUT-1 (Figure
4A-C).

These findings suggest that OPM-2 cells were
able to maintain their anabolic drive in terms of
elevated ATP levels. Exemplarily, slightly
decreased expression of HKIl and almost
steady expression of GLUT-1 during etoposide
treatment might trigger delayed appearance of
apoptotic markers (cleaved caspase 3 and
cleaved PARP) compared to treatment with
doxorubicin and topotecan (Figure 4B, com-
pare to Figure 4A and 4C).

In comparison, GLUT-1 and HKIl expression
slightly decreased dose-dependently under
treatment with bortezomib and steadily
decreased upon incubation with vincristine.
Correspondingly, induction of apoptosis, as
visualized via cleavage of caspase-3 and PARP,
increased with decreasing expression of GLUT-
1 and HKII (Figure 4D, 4E). In summary, non-
DNA damaging drugs more effectively induced
apoptosis compared to the topoisomerase
inhibitors. The quantification results of the
Western blot signals are shown in the supple-
mentary data.

PIKK/PI3K inhibitors and DNA damaging drugs
act synergistically in the reduction of glucose
metabolism

Given these findings, we tried to further
increase the rate of cells undergoing apoptosis
and to knockdown glucose consumption in
OPM-2 cells. For that we analyzed the effects of
KU55933 and NU7026, inhibitors of the DNA
damage response related kinase ATM and
DNA-PKCs, respectively, as well as the Akt-
inhibitor MK-2206 and the dual PI3K/mTor
inhibitor BEZ235. These inhibitors were also
combined with topoisomerase inhibitors at
concentrations that had triggered maximum
[18F]-FDG uptake in previous experiments
(doxorubicin [0.4 uM], etoposide [8 uM] and
topotecan [0.2 uM]).

Am J Cancer Res 2015;5(5):1649-1664
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Figure 5. Effects of doxorubicin, of PIKK/PI3K inhibitors and of combination treatment with doxorubicin and PIKK/
PI3K inhibitors on [18F]-FDG uptake and expression of glycolytic enzymes and apoptotic marker proteins in OPM-2
cells. OPM-2 cells were left untreated (Co), treated for 24 h with doxorubicin (0.4 yM) (Doxo, A-D), with (A) BEZ235
(200 nM), (B) KU55933 (10 uM), (C) MK-2206 (1 uM) and (D) NU7026 (10 uM) as a single treatment, respectively,
or subjected to a combination treatment with doxorubicin and the different PIKK/PI3K inhibitors (A-D). Subse-
quently, [18F]-FDG uptake of the cells was quantified (means + SEM; n > 3; fold of control, f.c.) and expression of
GLUT-1, HKII, cleaved caspase-3 and cleaved PARP was monitored in corresponding cell lysates by Western blot
analysis. Significances of differences in [18F]-FDG uptake were calculated using the students t-test. n.s. not signifi-
cant; *significant.
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Figure 6. Effects of etoposide, of PIKK /PI3K inhibitors and of combination treatment with etoposide and PIKK /PI3K
inhibitors on [18F]-FDG uptake and expression of glycolytic enzymes and apoptotic marker proteins in OPM-2 cells.
OPM-2 cells were left untreated (Co), treated for 24 h with etoposide (8 uM) (Etop, A-D), with (A) BEZ235 (200 nM),
(B) KU55933 (10 puM), (C) MK-2206 (1 uM) and (D) NU7026 (10 uM) as a single treatment, respectively, or subject-
ed to a combination treatment with etoposide and the different PIKK/PI3K inhibitors (A-D). Subsequently, [18F]-FDG
uptake of the cells was quantified (means + SEM; n > 3; fold of control, f.c.) and expression of GLUT-1, HKII, cleaved
caspase-3 and cleaved PARP was monitored in corresponding cell lysates by Western blot analysis. Significances of
differences in [18F]-FDG uptake were calculated using the students t-test. n.s. not significant; *significant.
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Figure 7. Effects of topotecan, of PIKK /PI3K inhibitors and of combination treatment with topotecan and PIKK /
PI3K inhibitors on [18F]-FDG uptake and expression of glycolytic enzymes and apoptotic marker proteins in OPM-2
cells. OPM-2 cells were left untreated (Co), treated for 24 h with topotecan (0.2 uM) (Topo, A-D), with (A) BEZ235
(200 nM), (B) KU55933 (10 uM), (C) MK-2206 (1 uM) and (D) NU7026 (10 pM) as a single treatment, respectively,
or subjected to a combination treatment with topotecan and the different PIKK/PI3K inhibitors (A-D). Subsequently,
[18F]-FDG uptake of the cells was quantified (means + SEM; n > 3; fold of control, f.c.) and expression of GLUT-1,
HKII, cleaved caspase-3 and cleaved PARP was monitored in corresponding cell lysates by Western blot analysis.
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Significances of differences in [18F]-FDG uptake were calculated using the students t-test. n.s. not significant; *sig-

nificant.

KU55933 (10 uM), MK-2206 (1 pM) and
NU7026 (10 uM) applied separately induced
only insignificant changes in [18F]-FDG uptake
compared to controls (Figures 5B-D-7B-D).
Besides, expression of HKIl was not altered
strikingly by these inhibitors compared to
untreated controls. Expression of GLUT-1 was
slightly suppressed particularly by MK-2206
and NU7026. In contrast, BEZ235 (200 nM)
demonstrated a distinct inhibitory effect on
[18F]-FDG uptake compared to the untreated
(RPMI) controls. As well, BEZ235 induced a
clear down-regulation of HKII (Figures 5A-7A).

Co-treatment of OPM-2 cells with BEZ235 and
the topoisomerase inhibitors doxorubicin, eto-
poside and topotecan resulted in a decrease of
[18F]-FDG uptake similar to treatment with
BEZ235 alone. Moreover, combined treatment
with BEZ235 and the three topoisomerase
inhibitors more efficiently suppressed GLUT-1
and HKIl expression than BEZ235 alone
(Figures 5A-7A). Co-treatment with KU55933,
MK-2206 and NU7026 plus topoisomerase
inhibitors did not significantly alter [18F]-FDG
uptake in OPM-2 cells compared to treatment
with KU55933, MK-2206 and NU7026 only.
However, co-treatment was more effective in
down-regulation of HKIl than with KU55933,
MK-2206 and NU7026 alone (Figures 5B-D-
7B-D). For example, co-treatment with MK-2206
plus topotecan (Figure 7C) as well as with
NU7026 plus etoposide (Figure 6D) remarkably
decreased HKII expression.

The expression of the apoptotic markers
cleaved caspase 3 and cleaved PARP-1 in
OPM-2 cells was clearly increased by co-treat-
ment with BEZ235 plus the topoisomerase
inhibitors doxorubicin, etoposide and topo-
decan compared to treatment with BEZ235
alone (Figures 5A-7A). For all the other com-
bined treatments analyzed intensity of apop-
totic markers was not markedly increased com-
pared to the treatments with KU55933,
MK-2206 and NU7026 alone (Figures 5B-D-
7B-D). The quantification results of the Western
blot signals are shown in the supplementary
data.

Discussion

Cancer cells are in need of a high metabolic
rate as aerobic glycolysis (Warburg effect) only
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provides about 4 mol ATP/mol glucose [34].
Many types of tumor cells have been shown to
encounter the enhanced demand of glucose by
increased levels of GLUT-1 and HKIl [35-38].
Several studies have discussed the potential of
targeting this bioenergetic pathway in different
tumor cells, especially as intact glucose metab-
olism is associated with apoptosis resistance
and long-term survival [39, 40]. Because many
anti-cancer drugs induce DNA-damage trig-
gered apoptosis [41], detailed knowledge of the
mechanisms in response to DNA damage is
crucial. Some evidence has been provided that
DNA-damaging drugs such as etoposide, vin-
cristine, cisplatin, camptothecine, and doxoribi-
cin regulate the activity of GLUT genes and glu-
cose metabolism [32, 33]. In this study, we
have investigated the linkage between geno-
toxic damage, glucose metabolism and cell sur-
vival and provide new findings on targets of the
PI3K/Akt/mTor pathway in multiple myeloma
cells.

Essentially, the treatment of OPM-2 cells with
different chemotherapeutic agents exhibited
two ways of regulation of glucose metabolism,
depending on the method of action of the
applied drugs. The DNA-damage inducing topoi-
somerase inhibitors doxorubicin, etoposide and
topotecan increased [18F]-FDG uptake in
OPM-2 cells with delayed occurrence of apopto-
sis. In contrast, treatment of OPM-2 cells with
the non-DNA damaging proteasome inhibitor
bortezomib and the mitotic inhibitor vincristine
resulted in decreased [18F]-FDG uptake com-
bined with reduced cell survival.

Topoisomerase inhibitors are known to cause
DNA double-strand breaks which are repaired
via ATP-dependent mechanisms [11, 12].
Although the inhibitors of topoisomerase I,
doxorubicin and etoposide, as well as the inhib-
itor of topoisomerase |, topotecan, actually dif-
fer in the way of targeting DNA, they produced
very similar changes in glucose metabolism,
probably due to similar patterns of DNA-
damage in OPM-2 cells. Our results indicate
that OPM-2 cells increase uptake and metabo-
lism of glucose in response to DNA-damage via
a dose-dependent up-regulation of GLUT-1 and
HKII protein levels. Most probably, OPM-2 cells
raise production of ATP in the glycolytic path-
way as well as of nucleotides in the pentose

Am J Cancer Res 2015;5(5):1649-1664



Regulation of glucose metabolism in DNA damage response

phosphate pathway [32]. If OPM-2 cells are not
able to increase efficacy of aerobic glycolysis
they are obviously killed more efficiently.

The significance of effective glucose uptake by
glucose-transporter proteins for cancer pro-
gression has been demonstrated in various
studies. Growth factor IL-3-dependent pro-B-
cells have been shown to delay apoptosis sub-
ject to overexpression of GLUT-1, even after
withdrawal of the growth factor [42]. More
recently, it has been proven that treatment of
HelLa cells with doxorubicin and etoposide
induces down-regulation of GLUT-3, but not of
GLUT-1. This emphasizes the difference in sup-
pression of GLUT-1 and GLUT-3 genes with
respect to the damaging agent [33]. As well, the
investigated species (e.g. man or mouse) and
the enzyme composition of a specific cell type
seem to play an important role in prediction of
the cellular response to DNA damage. In a
study of Zhou et al. a strong suppression of
GLUT-1 and GLUT-3 protein levels in hematopo-
etic precursor cells of murine fetal liver was
described after genotoxic exposure (etoposide,
cisplatin, y-radiation) together with decreased
glycolysis and oxygen consumption [32].

While GLUT-1 expression in OPM-2 cells was
rather unaffected by topoisomerase inhibitors,
decreasing ATP levels in the cells - as measured
via the cell proliferation assay - strongly corre-
lated with reduced HKII protein levels. This is in
accordance with findings in which the most
widely used HKIl-inhibitor 3-bromopyruvate
(3BrPA) suppressed ATP production and
induced apoptosis in HKII-overexpressing mul-
tiple myeloma cells [19]. A related study high-
lighted that inhibition of glycolysis by 3BrPA
could resensitize multiple myeloma cells to
doxorubicin treatment by inactivation of ATP-
dependent efflux pumps (ABC transporter fam-
ily) [43]. As these transporters have often been
associated with chemoresistance in anti-can-
cer therapy [44], elevated ATP levels after treat-
ment with topoisomerase inhibitors in OPM-2
cells might contribute to the observed anti-
apoptotic effects.

Moreover, we could prove the potential of tar-
geting glycolysis and DNA damage response
with inhibitors (i) of the PISK/Akt/mTor pathway
(MK-2206, BEZ235), (ii) of ATM (KU55933) and
(iii) of DNA-PK (NU7026). The combined appli-
cation of each of these inhibitors with one of
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the topoisomerase inhibitors each (doxorubi-
cin, etoposide or topotecan) reversed the up-
regulation of [18F]-FDG uptake as observed
after treatment with the respective topoisomer-
ase inhibitors only (Figures 5-7). Of the inhibi-
tors investigated, only BEZ235 effectively
reduced [18F]-FDG uptake when applied as a
single substance. This corresponds to previous
findings on quantification of [18F]-FDG uptake
in 3D tumor spheroids prepared from EMT6
(mouse mammary) and FaDu (human nasopha-
ryngeal) cells [45]. BEZ235 induces of dual
inhibition of PI3K and mTORC1/2. Furthermore,
BEZ235 has been shown to inhibit the kinases
ATM and DNA-PKCs, both of which are involved
in DNA damage response (DDR), in glioblasto-
ma cells more potently than the known specific
inhibitors KU55933 and NU7026, thereby
blocking both non-homologous end joining
(NHEJ) and homologous recombination (HR)
[46]. Effective induction of apoptosis by
BEZ235 has also been described in multiple
myeloma cells [18, 47], but none of these stud-
ies was related to changes in the expression of
GLUT-1 and HKII. As shown in our study, com-
bined treatment of OPM-2 cells with BEZ235
and any of the topoisomerase inhibitors used
(doxorubicin, etoposide or topotecan), triggered
down-regulation of GLUT-1 expression and a
drastic increase of the apoptotic markers
cleaved caspase-3 and cleaved PARP-1. Such
changes were not observed using the inhibitors
KU55933, MK-2206 and NU7026 in combina-
tion with the topoisomerase inhibitors (Figures
5-7). Evidence is growing that dual inhibition of
DDR kinases and mTORC1 is necessary to facil-
itate apoptosis in cancers [48]. Apoptosis
induction in multiple myeloma cells has also
been shown to be dependent on inhibition of
both PI3K and mTor. PI3K feedback loops and
mTor activation downstream of the MAP kinase
pathway were able to inhibit drugs that target
Akt or the mTor-complex individually [49].

Notably, co-treatment with topoisomerase
inhibitors and molecular inhibitors of both PIKK
and PI3K similarly decreased HKII levels and
activated cleavage of caspase-3 (Figures 5-7)
which suggests a point of intersection between
metabolic pathways and DNA repair pathways.
As shown previously the PI3K inhibitor
LY294002 reduced HKII levels and lactate pro-
duction in various multiple myeloma cells [19].
It is known that PI3K/Akt stimulates the cou-
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pling of HKIl to a voltage-dependent anion
channel (VDAC) on the mitochondrial mem-
brane thereby improving cell viability [50].
Therefore, we suppose that in our study admin-
istration of topoisomerase inhibitors and PIKK/
PI3K inhibitors led to the disruption of HKII and
contributed to changes in glycolysis and cell
survival in OPM-2 cells as described previously
for hepatocellular carcinoma [29].

The effect of the inhibitors KU55933, MK-2206
and NU7026 of DDR kinases in combination
with the topoisomerase inhibitors doxorubicin,
etoposide and topotecan on apoptosis in
OPM-2 cells was evident, but not as potent as
with the dual PI3K/mTor inhibitor BEZ235. This
might be explained by the dependence of the
activity of the DDR kinases on the status of
tumor suppressor genes, the enzymatic config-
uration of DNA repair or the cell-cycle phase of
the tumor cells. In previous studies, the ATM
inhibitor KU55933 was shown to increase eto-
poside-induced DNA damage only in highly pro-
liferating leukemic cells, but not in resting cells
[51]. As well, ATM inhibition was shown to sen-
sitize cancer cells to DNA damaging drugs only
in p53-deficient cells, while drug resistance
was evident in p53-proficient cells. In the same
study it was shown that ATM-deficient cells with
defective HR were more vulnerable to doxorubi-
cin induced DSBs after concurrent suppression
of DNA-PKCs triggering NHEJ [52]. Our data
showed that the DNA-PK inhibitor NU7026
effectively reversed elevated [18F]-FDG uptake
in combination with the administered topoi-
somerase poisons. As DNA-PK is thought to
play an important role in the stimulation of Akt
(protein kinase B), known to promote cell prolif-
eration, after induction of DNA double strand
breaks [53], the development of drugs that
inhibit both DNA-PK and PI3K seems to be a
very attractive option for treatment of multiple
myeloma cells.

In this study we demonstrated that targeting
the genomic integrity and DNA damage
response in OPM-2 cells via topoisomerase
inhibitors is closely linked to a modulation of
the glucose metabolism. We presume that
over-expression of GLUT-1 and HKII might result
in resistance against these genotoxic agents by
boosting aerobic glycolysis and the production
of ATP which finally will increase DNA repair. As
we have observed, DNA damage-induced apop-
tosis in OPM-2 cells was strictly correlated with
a decreasing activity of HKII.
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Obviously, the mechanism by which antineo-
plastic drugs affect the glycolytic status of can-
cer cells seems to be a key component of tumor
sensitivity in chemotherapy. Because the
molecular inhibitors of DDR kinases and PI3K/
Akt/mTor signaling administered in this study
(particularly BEZ235) have been shown to dis-
rupt the glucose supply and therefore to eradi-
cate OPM-2 cells, we see a promising therapeu-
tic potential in dual targeting of these
pathways.
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