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1 | INTRODUCTION

Abstract

GP-2250, a novel anticancer agent, severely limits the energy metabolism, as dem-
onstrated by the inhibition of hexokinase 2 and glyceraldehyde-3-phosphate dehy-
drogenase and a decrease of ATP. Rescue experiments with supplementary pyruvate
or oxaloacetate demonstrated that a TCA cycle deficit largely contributed to cyto-
toxicity. Activation of the energy-deficit sensor, AMP-dependent protein kinase, was
associated with increased phosphorylation of acetyl-CoA carboxylase and Raptor,
pointing to a possible deficit in the synthesis of fatty acids and proteins as essential
cell components. Binding of p65 to DNA was dose-dependently reduced in nuclear
lysates. A transcriptional deficit of NF-xB (nuclear factor kappa-light-chain-enhancer
of activated B cells) was substantiated by the downregulation of cyclin D1 and of the
anti-apoptotic Bcl2, in line with reduction in tumour cell proliferation and induction of
apoptosis, respectively. The upregulation of p53 concomitant with an excess of ROS
supported apoptosis. Thus, the anticancer activity of GP-2250 is a result of disruption

of energy metabolism and inhibition of tumour promotion by NF-xB.
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xenograft mouse models.»2 GP-2250 is presently in a clinical trial for

The oxathiazinane compound GP-2250 (Figure 1A) is a highly effec-
tive antineoplastic agent, as has been demonstrated for pancreatic
adenocarcinoma in vitro and in vivo.»? GP-2250 inhibited tumour cell
proliferation and induced apoptotic cytotoxicity. In vivo, the growth
of patient-derived pancreatic tumour tissue was strongly inhibited in

the treatment of pancreatic cancer (NCT 03854110).° Its molecular
mechanism of action, however, has remained unclear.

As GP-2250 showed comparable antineoplastic activity in pan-
creatic and mesothelioma tumour cell lines,** GP-2250 was expected
to target a common feature of cancer cells such as aerobic glycoly-
sis, a hallmark of cancer metabolism.>” As the first step in glycolysis,
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hexokinase (HK) was a potential target for GP-2250, with HK2 being
highly expressed in cancer cells. HK2 couples metabolic and pro-
liferative effects by rewiring metabolism to aerobic glycolysis and
protects against pro-apoptotic stimuli by docking to mitochondria.?
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is the rate-
limiting enzyme of aerobic glycolysis thereby exerting control over
glycolytic energy metabolism.” Tumour cells contain functional mito-
chondria®’ and inhibition of the trichloroacetic acid cycle (TCA cycle)
can likewise contribute to an energy deficit either as a downstream
consequence of the impaired glycolysis or by direct inhibition of TCA
cycle enzymes such as a-ketoglutarate dehydrogenase ((KGDH).
Inhibition of glycolytic enzymes and TCA cycle by GP-2250
would be expected to reduce ATP and trigger an energy crisis.
Activation of the energy-deficit sensor, adenosine monophosphate-
dependent protein kinase (AMPK), suppresses tumour growth10 by
introducing a metabolic austerity programme via inhibition of down-
stream ATP-consuming biosynthetic pathways.***2 They include the
synthesis of fatty acids, proteins and nucleotides, key building blocks
for cell growth and proliferation. Tumour growth can also be limited
by inhibition of the transcription factor NF-xB (nuclear factor kappa-
light-chain-enhancer of activated B cells), a major driver of tumour
progression with a key impact on cell cycle regulation and apoptosis.
Its inhibition would be expected to downregulate the expression of
cyclin D1, the driver of mitosis, and Bcl2, an anti-apoptotic survival
factor.'® The drug-induced oxidative reactive oxygen species (ROS)
stress can be expected to upregulate the transcription factor p53,
which provides additional anti-tumour activity. Thus, by targeting
energy metabolism and the NF-xB pathway of tumour cells, GP-
2250 would be expected to display a dual approach to cytotoxicity.

2 | MATERIALS AND METHODS
2.1 | Celllines and culture conditions
Two human pancreatic cancer cell lines were used: BxPC3* (ATCC—

LGC Standards GmbH) and Panc Tul (ATCC—LGC Standards GmbH).

Authentication was analysed by STR analysis. Panc Tul cells*® were
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culturedin Dulbecco's Modified Eagle Medium (DMEM 25mM Glucose).
BxPC3 were maintained in RPMI 1640. Both cultures were supple-
mented with the antibiotics penicillin (100U/mL), streptomycin (100 U/
mL) and 2mM L-glutamine. Cells were grown as monolayer and cultured
in 25cm? flasks at 37°C and 5% CO, in a humidified atmosphere.

2.2 | Western blot analysis

Protein isolation for western blotting® was carried out by RIPA (radio-
immunoprecipitation assay) lysis (Abcam) and the BCA (bicinchoninic
acid) assay (Thermo scientific). After loading equal amounts of protein
per lane (30pg protein), 7%-20% PROTEAN-TGX (Tris-Glycine eX-
tended) gels (BIO RAD), were electrophoresed at 250V for 30-45min
and transferred on to a Trans-Blot Turbo PVDF (polyvinylidenfluorid)
membrane (BIO RAD) using a Trans-Blot Turbo system (BIO RAD).
Thereafter, the membranes were blocked in EveryBlot Blocking Buffer
(BIO RAD) according to the manufacturer's antibody specification
protocol for 5min and incubated overnight at 4°C with the respective
primary antibody [P-AMPKalpha Rabbit mAB (T172) #2535, P-ACC
(Ser79) Rabbit mAB #11818, P-Raptor (Ser792) Rabbit mAB #2083,
p53 Rabbit mAB #2527, mTOR Rabbit Ab #2972, Akt Rabbit Ab
#9272, cyclin D1 Rabbit mAB #55506, beta-actin Rabbit mAB #8457,
a-tubulin Rabbit mAb #2125, Bcl2 Rabbit mAb #4223 and BAX Rabbit
AB #2772 (CST)] at 1:1000 dilution. The membranes were washed
using PBST (phosphate buffered saline +tween 0.025%) and incubated
with an Anti-rabbit IgG HRP-linked AB 7074; (1:2000 CST). ChemiDoc
MP Imaging System (BIO RAD) was used for band detection. Western
blots were done in triplicate and representative blots are depicted.

2.3 | ATP and cell viability determination

The ATP level in the cell lines was measured using the Luminescent
ATP Detection Assay Kit (Abcam; ab1113849) following the manu-
facturer's instructions. The viability of cells was determined with the
MTT assay as described earlier.! The assay was performed in at least

three independent experiments with consecutive passages.

(C) = relative ATP amount

Orelative cell viability

140 -
*% 120 -
%%
* % 100 + T EXE
80 -
60
40
20 ~

O -k
NC 250 uM 500 uM NC 250 uM 500 puM

FIGURE 1 Impact of GP-2250 on ATP level. Structure of GP-2250 (A). Decrease of ATP in BxPC3 cells and (B) Panc Tul cells (C) compared
to cell viability (MTT test) following incubation with GP-2250 (250 and 500 uM) for 6 h. The level of ATP and cell viability were assessed in
the same test samples. MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazoliumbromid; NC, negative control.**p<0.01; ***p <0.001.
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2.4 | HK2assay

A HK activity assay kit (Merck, D, MAK091-1KT)"” was used fol-
lowing the manufacturer's instructions. Cells were incubated with
different concentrations of GP-2250 for 24 h before lysis. To ana-
lyse HK2 activity, lysates were partly incubated for 1h at 45°C to
eliminate HK2, which is sensitive to temperature. The difference be-
tween total HK activity (lysates on ice) and HK 1 activity (lysates for
1h at 45°C) reveals the activity of HK2.

2.5 | rhHK2 enzyme activity assay

Recombinant human hexokinase 2 (rhHK2) enzyme activity was
tested in vitro using HK2 from a HK2 inhibitor assay kit (Abcam,
ab211114) following the manufacturer's instructions.

2.6 | GAPDH enzyme activity assay

Following incubation with GP-2250 for 24 h, cell lysates were pre-
pared in lysis buffer [20mM Tris (tris [hydroxymethyl] aminometh-
ane) pH7.8, 100mM NaCL, 1% triton, protease inhibitors] followed
by centrifugation. Enzyme activity was measured from 10pL of cell
lysate as described by Kornberg et al.*® Assays were performed in
10mM sodium pyrophosphate buffer (pH8.5) in 96-well plates. Cell
lysates were incubated with 20mM sodium arsenate (made fresh on
the day of experiment), 1mM NAD+, and 2.88 mM glyceraldehyde-
3-phosphate (G3P). Enzyme activity was measured using a mi-
croplate reader—spectrophotometer (Tecan) as the increase in
absorbance at 340nm is due to the reduction of NAD+. The assay
was performed at 37°C. The lysate was first diluted into sodium py-
rophosphate buffer to a volume of 100pL. An additional 100pL of
reaction mix containing the sodium arsenate, NAD+ and G3P was
added. Absorbance was measured every 5min for 60min.

2.7 | rhGAPDH enzyme activity assay

Recombinanthuman GAPDH (rhGAPDH) (Abcam, ab 82633) was used.
2pg of rhGAPDH was transferred to HEN buffer (250mM Hepes-
NaOH, 1mM EDTA 0 and 1 mM neocuproine) and incubated with PBS
or GP-2250 (100 and 250uM) at 37°C. After 0, 30 and 60min of in-
cubation, an aliquot was taken for the enzyme assay. The assay was
conducted using the GAPDH Activity Assay Kit (Abcam Cambridge,
UK, ab204732) following the manufacturer's instructions.??

2.8 | PDH enzyme activity assay

A pyruvate dehydrogenase (PDH) activity assay kit (Merck, D,
MAK183-1KT) was used following the manufacturer's instructions.

Cells were incubated with different concentrations of GP-2250 for
24 h before lysis.

2.9 | oaKGDH activity assay

An a-ketoglutarate dehydrogenase («KGDH) Activity Assay Kit
(Merck, D, MAK189-1KT) was used following the manufacturer's in-
structions.?® Cells were incubated with different concentrations of
GP-2250 for 24 h before lysis.

2.10 | Rescue experiments with pyruvate and
oxaloacetate

Cells were incubated with different concentrations of GP-2250 for
24h in culture medium supplemented or not supplemented with ei-
ther pyruvate (PYR) (5mM in DMEM with 2mM Glucose) or oxaloac-
etate (OAA) (5mM in DMEM with 25mM Glucose). The viability of
cells was determined with the MTT assay as described earlier.* The
assay was performed in at least three independent experiments with

consecutive passages.

2.11 | ROS assay

ROS was analysed using the Cellular ROS/Superoxide Detection
Assay Kit (ab139476, Abcam)?! following the manufacturer's
instructions.

2.12 | NF-kB transcription factor binding assay

The transcription factor NF-kxB was assayed with the NFkB p65
Transcription Factor Assay Kit (Abcam, ab133112)?2 following the
manufacturer's instructions. Lysates were prepared either from
drug-treated cells or, alternatively, from untreated cells with the
lysates being directly incubated with GP-2250. The nuclear extracts
were prepared with the Nuclear Extraction Kit (Abcam, ab113474)
according to the manufacturer's instructions.

2.13 | Statistics and calculations

Results of MTT test, ATP assay, ROS assay, HK2 assay, GAPDH
assay, PDH assay, NF-kB assay, western blots and rescue experi-
ments are expressed as mean + SD. Comparison between ex-
perimental groups with normal distribution was performed using
one-way ANovA followed by Tukey's post hoc test and pairwise tests
performed using t-tests. p<0.05 were considered statistically sig-
nificant and indicated in the figures as follows: *p <0.05; **p<0.01;
**p<0.001.
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3 | RESULTS
3.1 | Induction of energy deficiency

The hypothesis that GP-2250 induces an energy deficit was
tested by measuring the level of ATP in the pancreatic tumour cell
lines BxPC3 and Panc Tul. At the lowest dose tested (250 uM GP-
2250), a significant decrease in ATP was already apparent at 6h
in both BXxPC3 and Panc Tul cells (12.4% +2.4% and 19.8% +2.3%,
respectively), with no loss of cell viability (Figure 1B,C). A further
decrease in ATP was apparent at the same time point with 500 pM
GP-2250 in both cell lines (32.5% +3.1% and 48.9% +4.8%, re-
spectively), at which dose only a minor decrease of cell viability of
10%-12% was observed (Figure 1B,C). These findings of a drug-
induced deficit of ATP pointed to an inhibition of energy metabo-
lism by GP-2250.
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3.2 | Cytotoxicity by inhibition of glycolytic
enzymes and the TCA cycle

To assess the impact of GP-2250 on glucose metabolism, HK2 and
GAPDH activity was tested. HK2 was inhibited by 40.7%+2.9%
and 18.1% + 1.4% following the incubation of Panc Tul and BxPC3
cells, respectively, with GP-2250 (500uM) and further inhibited at
higher concentrations (750, 1000 uM) (Figure 2D). Similarly, human
recombinant HK2 was inhibited by 80.8% and 81.5% versus control
following incubation for 60min with 250 and 500 uM GP-2250, re-
spectively. (Figure 2C).

GAPDH was inhibited by 30.9% +1.3% and 34.7% +2.3% fol-
lowing the incubation of Panc Tul and BxPC3 cells, respectively,
with GP-2250 (500uM) (Figure 2B). The selective GAPDH in-
hibitor dimethylfumarate (DMF) was included as reference.'®
Likewise, recombinant human GAPDH (rhGAPDH) activity was
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FIGURE 2 Inhibition of glycolytic and TCA cycle-related enzymes. (A) Recombinant human GAPDH treated with 100 and 250 uM GP-
2250 for 30 and 60min, followed by GAPDH enzyme activity assay. (B) Inhibition of GAPDH activity in Panc Tul and BxPC3 cells following
incubation with GP-2250 (500 uM) for 24 h. The GAPDH inhibitor DMF, 100 uM, was included as control. (C) Human recombinant hexokinase
2 (HK2) incubated with 250 and 500 uM GP-2250 for 60 min. Formation of NADH was measured every 5min. (D) Inhibition of hexokinase

2 (HK2)activity in Panc Tul and BxPC3 cells following incubation with GP-2250 (250, 500 and 1000 uM) for 24 h. (E) Inhibition of alpha-
ketoglutarate dehydrogenase (aKGDH) following treatment of Panc Tul and BxPC3 cells for 24 h with GP-2250 (250, 500 and 1000 uM).

(F) Inhibition of pyruvate dehydrogenase (PDH) following treatment of Panc Tul and BxPC3 cells for 24 h with GP-2250 (250 and 500 uM).
Concentrations of GP-2250 ranging from 100 to 1000 pM were used in the cellular assays of GAPDH, HK2, «KGDH and PDH, Shown are
the results of the lowest effective concentrations, respectively. *p <0.05, significant; **p <0.01, highly significant; ***p <0.001, extremely
significant. DMF, dimethylfumarate; GAPDH, glyceraldehyde-3-phosphate-dehydrogenase; HK2, hexokinase 2; NADH, nicotinamide

adenine dinucleotide + hydrogen; NC, negative control; U, untreated.

35U SUOWILLIOD SAIESID) 3[ea! (dde 8L Aq pouienoB aJe o1 YO 188N JO 3N 10j Afiq 17 8UIIUO AB|IM UO (SUO 1 PUOD-PUE-SUWLISHWI0D"AB | W ARG 1[BU[U0//'Sc) SUOIPUOY pUe Swie L au) 385 *[202/60/T0] U0 AReiq 17 2uIIuO AB|1M ‘G284 T WD [[TTTT'0T/10p/W00" A8 AZeId]1joul Uo//:Scy W01y popeo|umod ‘vT ‘§202 ‘YE6rZ8ST



2086
—I—Wl LEY

MAJCHRZAK-STILLER T AL.

reduced by 20% and 40%, respectively, versus control following
incubation for 30min with 100 and 250uM GP-2250 (Figure 2A).
Inhibition of rhGAPDH was further increased at 60 min incubation,
although the measurements were impacted by the known natural
loss of activity of rhGAPDH. Besides HK2 and GAPDH, PDH and
oKGDH were dose-dependently inhibited by GP-2250. PDH was
reduced by 11.6%+0.6% at 250uM and 22.4%+0.3% at 500uM
in Panc Tul; 9.3%+1.8% at 250uM and 19.8% +4.6% at 500uM in
BxPC3 (Figure 2F). aKGDH was reduced by 8.6% +0.2% at 250 uM;
25.7%+0.0% at 500uM and 48.2% +0.1% at 1000pM in Panc Tul;
13.6% +1.8% at 250uM; 24.1% + 1.6% at 500pM and 40.9% +0.75%
at 1000puM in BxPC3 (Figure 2E).

Rescue experiments with the TCA cycle components OAA and
PYR supported the view that the energy deficit was causal for the
cytotoxicity. Addition of OAA as a supplementary substrate strongly
reduced the cytotoxicity over the entire concentration range of
GP-2250 (200-1000uM) in both Panc Tul and BxPC3 cell lines
(Figure 3A,B). Addition of PYR likewise reduced the cytotoxicity of
GP-2250 to a large extent over the entire active drug concentration
range tested (300-1000 M) (Figure 3C,D).

3.3 | Generation of ROS

In both Panc Tul and BxPC3 cells, a strong rise in ROS was already
apparent after 90min of incubation with higher concentrations
of GP-2250 (Figure 4A,B). Addition of the reducing agent NAC
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(N-acetylcysteine) abrogated the rise in ROS as shown by the nega-
tive control (NC). The ROS level was slightly higher in the untreated
control (UC), which was devoid of NAC, a finding which presumably
reflects the ROS base level in the cells.

3.4 | Activation of AMPK

The energy deficit induced by GP-2250 was expected to activate
the metabolic regulator AMPK through phosphorylation at threo-
nine 172 (Thr 172) by an upstream kinase.''2 In the presence of
GP-2250, the phosphorylation of AMPK at Thr 172 was increased
in a time-dependent manner (6-24h) as tested in PancTul cells
(Figure 5A). The dose-dependency in the range of 250-1000 uM was
determined in BXxPC3 cells (Figure 5B). To test whether the activa-
tion of AMPK was functionally significant, two downstream targets
were analysed, acetyl-CoA carboxylase (ACC) and Raptor.

3.5 | Phosphorylation of the rate-limiting
enzyme of fatty acid synthesis and Raptor

The enzyme ACC, the rate-limiting step of fatty acid synthesis, is
susceptible to AMPK-induced inhibition through phosphorylation at
serine 79 (Ser79). In the presence of GP-2250, ACC-1 was increas-
ingly phosphorylated at Ser79 over time, which was apparent for
both Panc Tul (250puM) and BxPC3 (500 uM), as tested by western
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FIGURE 3 Rescue from GP-2250-induced cytotoxicity by oxaloacetate or pyruvate. (A) Panc Tul and (B) BxPC3 cells treated with
different concentrations of GP-2250 (50-1000 uM) for 24 h in the absence (black columns) or presence (white columns) of supplementary
oxaloacetate (OAA, 5mM). (C) Panc Tul and (D) BxPC3 cells were treated with different concentrations of GP-2250 (100-1000 M) for 24 h
in the absence (black columns) or presence (white columns) of pyruvate (PYR 5mM). Cell viability was tested with MTT. There was major
significant protection from GP-2250-induced cytotoxicity by OAA and PYR nearly over the entire range of active drug concentrations. NC,
negative control. *p <0.05, significant; **p <0.01, highly significant; ***p <0.001, extremely significant.
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FIGURE 4 Generation of ROS and inhibition of NF-kB. Generation of ROS in Panc Tul (A) and BxPC3 (B) cells following incubation with
various concentrations of GP-2250 for 90 min compared to an untreated control (UC). Negative control (NC) contained NAC (5mM) in the
presence of 1000uM GP-2250. Inhibition of NF-kB (C, D) p65/DNA binding was dose-dependently inhibited following incubation of Panc
Tul and BXPC3 cells with GP-2250 (250-1000 uM) for 24 h, as tested in lysates of the nuclear fraction. Bay 117082 (10 uM) served as control.
(E, F) p65/DNA binding in lysates of the nuclear fraction from untreated Panc Tul and BxPC3 cells incubated directly with GP-2250 (250,
500 and 1000puM). C, non-treated control; NAC, N-acetylcysteine; NC, negative control; NF-xB, nuclear factor kappa-light-chain-enhancer
of activated B cells; ROS, reactive oxygen species; SD, standard deviation; UC, untreated control. *p <0.05, significant; **p <0.01, highly

significant; ***p <0.001, extremely significant.
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FIGURE 5 Representative western blot (A) and quantitative analysis (B) of pAMPK and cyclin D1. pAMPK: Time dependency of AMPK
phosphorylation at T172 following incubation of Panc Tul with GP-2250 (250 uM).) Dose-dependency of AMPK phosphorylation after
incubation of BXxPC3 cells+ for 24 h. Cyclin D1: Time-dependent decrease of cyclin D1 following incubation of Panc Tul (500 uM GP-2250)
and BxPC3 cells (250 uM GP-2250). R-Actin/HSP-90 used as internal controls. NC, negative control.
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blotting (Figure 6). The phosphorylation was somewhat more promi-
nent at 12h than at 24 h. The phosphorylation of ACC-1 points to a
potential impact of GP-2250 on fatty acid synthesis.

The mTOR complex 1 (mnTORC1) drives cellular growth23’24 and
can be directly inhibited by AMPK through phosphorylation of its
constituent protein Raptor at Ser792.1%:24-2¢

In the presence of GP-2250 (500uM), Raptor phosphorylation
at Ser792 was time-dependently increased as shown in western
blots with Panc Tul cells responding at a lower drug concentration
(500pM) than BxPC3 (1000puM) (Figure 6). In addition, the mTOR
protein level was time-dependently reduced in both cell lines by GP-
2250 (1000 uM) (Figure 6). The protein level of the upstream serine/
threonine-kinase Akt, a driver of tumour proliferation, was likewise
time-dependently decreased by GP-2250 (1000 uM) in both cell lines
(Figure 6). These results point to a possible inhibition of cell growth
by GP-2250.

3.6 | Inhibition of the NF-xB and its
transcriptional activity

To test whether GP-2250 might inhibit the NF-kB pathway, p65/DNA
binding was analysed in nuclear lysates prepared from Panc Tul and
BxPC3 cells, which had been treated for 24 h with various concen-
trations of GP-2250. GP-2250 caused a concentration-dependent

(A)
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inhibition of p65/DNA binding in both cell lines, which was sig-
nificant already at 250uM and reached 42.1% in Panc Tul (500 uM)
and 19.7% in BxPC3 (500uM). Bay 117082 served as control®®
(Figure 4C,D). In addition, when lysates from untreated Panc Tul and
BxPC3 cells were incubated with the same concentrations of GP-
2250, a comparable degree of inhibition of p65/DNA binding was
found (Figure 4E,F). This result supports the view that GP-2250 is
able to directly inhibit p65/DNA binding.

The inhibition of p65/DNA binding by GP-2250 resulted in a re-
duced expression of the downstream targets cyclin D1 and Bcl2. The
expression of cyclin D1 was time-dependently (6h to 24 h) reduced
by GP-2250 as shown by western blotting for Panc Tul and BxPC3
cell lines (Figure 5A,B), being already apparent after 6h of incuba-
tion. The expression of the anti-apoptotic protein Bcl2 was likewise
reduced in a time-dependent manner in Panc Tul and BxPC3 cells as
shown by western blotting (Figure 6). The time-dependent reduction
of cyclin D1 expression supports the mitosis-inhibitory effect of GP-
2250 and the Bcl2 deficit is expected to increase apoptosis.

3.7 | Upregulation of p53

As a response to metabolic and oxidative stress, cells frequently
respond by arresting cell division or by inducing apoptosis, trig-

gered by the transcription factor and tumour repressor p53.2728 In
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FIGURE 6 Representative western blot (A) and quantitative analysis (B) of regulatory proteins in Panc Tul (A) and BxPC3 (B) cells. pACC:
Time-dependent increase of ACC-1 phosphorylation at Ser79 and of Raptor at Ser792 following incubation of Panc Tul (250 uM GP-2250)
and BxPC3 (500 pM GP-2250). pRaptor: Time-dependent Raptor phosphorylation at Ser 792 in PancTul and BxPc3 cells incubated with 500
and 1000 pM GP-2250. p53: Time-dependent increase of protein level of p53 in Panc Tul and BxPC3 cells (500 uM GP-2250). Akt and mTor:
Time-dependent decrease of the protein level of Akt and mTor at 1000 M GP-2250 in Panc Tul and BxPC3 cells. Bcl2: Time-dependent
downregulation of protein level of Bcl2 following incubation of Panc Tul and BxPC3 cells (500 M GP-2250). B-Actin/HSP-90 used as internal

controls.
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the presence of GP-2250 (500uM), p53 protein levels were time-
dependently increased, serving as a sign of activation of the stress

response (Figure 6).

4 | DISCUSSION

4.1 | Inhibition of energy metabolism causes
anticancer activity

As outlined in a schematic overview (Figure 7), the anticancer agent
GP-2250 induced global alterations in tumour cell metabolism.
Inhibition of glycolysis through inhibition of HK2 and GAPDH ap-
pears to be the prime event (Figure 2B,D), as these two enzymes
are considered to be direct drug targets as demonstrated by the
inhibition of the respective recombinant enzymes by GP-2250
(Figure 2A,C). At comparable concentrations of GP-2250 (500 uM),
the TCA cycle enzymes «KGDH and PDH were inhibited to a lower
degree than HK2 and GAPDH (Figure 2E,F), limiting their impact
relative due to the inhibition of the upstream glycolysis.

The causative link between the cytotoxicity of GP-2250 and the
inhibition of the glycolytic enzymes and the TCA cycle was demon-
strated in two rescue experiments. The ability of supplementary
OAA and PYR to largely rescue tumour cells from drug-induced cy-
totoxicity is evidence that the deficit in glycolytic and TCA cycle-
dependent energy metabolism is the major cause for the cytotoxicity
of GP-2250 (Figure 3A-D).

Both HK2 and GAPDH are upregulated in many human tumours
and serve as drug targets.® Inhibitors of HK2 such as benitroben-
razide show anticancer activity as demonstrated in tumour xeno-
graft models?? and clinical trials have started with the HK2 inhibitor
lonidamine.® Apart from limiting glycolysis, HK2 inhibition is ex-
pected to contribute to the rise of ROS by reducing the synthesis of
the reducing agent NADPH through inhibition of the pentose phos-
phate pathway.>*°

The selective GAPDH inhibitors koningic acid” and DMF'&3! djs-
played cytotoxicity in a multitude of cancer cell lines in vitro and in
vivo, including colon cancer cells,®? breast cancer cells,®® melanoma
cells®* and hepatocellular carcinoma.®

PDH is the gatekeeper between glycolysis and the TCA cycle,
and the inhibition of the TCA cycle itself by «KGDH inhibition is
known to contribute to an energy deficit and support anticancer and
anti-metastatic activity as shown for the aKGDH inhibitors CPI-613
and AAG6, respectively.®”8 These examples illustrate that the inhibi-
tion of aerobic glycolysis and the TCA cycle can induce anticancer
activity. GP-2250 impairs the energy metabolism by directly target-
ing the initial steps of glycolysis.

4.2 | Activation of AMPK

The impairment of energy metabolism by GP-2250 was most
clearly apparent by the decrease of ATP (Figure 1B,C), which repre-
sents a threat to survival of the tumour cells. As a countermeasure

Glucose
Tumor cell
f Hexokinase @ \
GAPDH @
Apoptosis via
ATP} = ROS t =) p53f_’ mri)to‘():hondria
BCIZ‘ damage
/AMPKf
mTORY FAS NF<BY© m
Protein Lipid Nucleotides Cyclin Dﬂ
Cell growth‘ proliferation‘

(.

Cell proliferation‘ J

FIGURE 7 Proposed scheme of the alteration of cancer cell metabolism and NF-xB inhibition by GP-2250. Bold black arrows indicate
metabolic pathways; red and green arrows indicate drug-induced changes. By limiting the energy metabolism through the inhibition of
hexokinase 2 and GAPDH, GP-2250 induces an energy deficit in line with an impairment of the TCA cycle. The reduction of ATP triggers
the activation of the energy-deficit sensor AMPK. Its downstream events include the inhibition of mTOR, a major driver of tumour cell
growth and potential impairment of fatty acid synthesis (FAS) through ACC-1 inhibition. The inhibition of NF-xB by GP-2250 limits the rate
of tumour cell proliferation through cyclin D1 downregulation. It also promotes apoptosis through downregulation of the anti-apoptotic
Bcl2. ROS contributes to the upregulation of the transcription factor p53, which supports apoptosis. AMPK, adenosine monophosphate-
dependent protein kinase; FAS, fatty acid synthesis; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; PDH, pyruvate

dehydrogenase.
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to preserve ATP, the energy-deficit sensor AMPK was activated
as shown by the time-dependent phosphorylation of the AMPK
alpha subunit at threonine 172 in Panc Tul cells (Figure 5A) and the
dose dependency of the phosphorylation of AMPK in BXPC3 cells
(Figure 5B). AMPK activation is known to inhibit major downstream
ATP-consuming biosynthetic pathways required for cell growth and
proliferation, including the synthesis of proteins, fatty acids, choles-
terol, nucleotides, ribosomal RNA and glycogen.***? Due to this aus-
terity programme, AMPK activation suppresses tumour growth.10
The activation of AMPK is therefore a hallmark of the anticancer

activity of GP-2250.

4.3 | Inhibition of ACC

AMPK inhibits lipogenic transcriptional programmes including the
synthesis of fatty acids. This is in keeping with the phosphorylation
of ACC-1 in the presence of GP-2250 (Figure 6), pointing to a po-
tential deficit of fatty acid synthesis in Panc Tul and BxPC3 cells.
The power of ACC inhibition in suppressing the growth of cancers
is underlined by the finding that drug-induced ACC phosphorylation
or a specific ACC inhibitor was effective in suppressing hepatocel-
lular carcinoma and pancreatic cancer.®>*° Thus, the cytotoxicity of
GP-2250 may be attributed, at least in part, to a lack of fatty acid
synthesis. The ability of supplementary OAA to rescue Panc Tul and
BxPC3 cells from GP-2250-induced cytotoxicity (Figure 3A,B) might
be attributed, at least in part, to a possible restoration of fatty acid
synthesis. An excess of OAA is likely to override the ACC inhibi-
tion by increasing the transport capacity to provide mitochondrial
Acetyl-CoA as substrate for the cytosolic ACC.

4.4 | Inhibition of RAPTOR/mTOR

AMPK regulates protein synthesis in large part by inhibition of the
mTORC1 complex, a key driver of tumour growth.2** The time-
dependent increase of RAPTOR phosphorylation at Ser792 by GP-
2250 (Figure 6), suggests that GP-2250 is able to inhibit protein
synthesis. There are reciprocal interactions between mTOR and Akt.
The protein kinase Akt also drives tumour growth and proliferation.
At high concentrations of GP-2250, the protein levels of both mTOR
and Akt were reduced, supporting the view that GP-2250 inhibits
protein synthesis (Figure 6). Besides inhibiting the activity of mTOR
through RAPTOR phosphorylation, AMPK can also limit protein syn-
thesis indirectly via TSC2 and directly by blocking RNA synthesis

and protein elongation.'>*?

4.5 | Alack of nucleotides?

As part of the downstream events of AMPK activation, the syn-
thesis of nucleotides can be switched off by inhibition of PRPP
(phosphoribosyl-1-pyrophosphate)-synthase. Although not tested

experimentally, an inhibition of nucleotide synthesis by GP-2250
would be in keeping with the rescue experiment performed with
OAA (Figure 3A,B). The synthesis of both pyrimidine- and purine-
nucleotides requires aspartate.”’ As a precursor to aspartate, sup-
plementary OAA may be able to restore the synthesis of nucleotides
by replenishing aspartate and override PRPP inhibition. As nucleo-
tides are essential building blocks for the formation of RNA and
DNA, it cannot be excluded that impaired DNA and RNA synthesis is
part of the cytotoxic effects of GP-2250.

A deficiency in nucleotide synthesis would be expected to also
reduce the level of nicotinamide adenine dinucleotide (NAD-+).
Among other functions, NAD serves as a substrate for the enzyme
PARP [poly (ADP-ribose) polymerase], which is required for single
strand homologous recombination repair. As PARP inhibitors are
used for the treatment of ovarian and other cancers, it is of interest
that GP-2250 might act as an indirect, metabolic PARP inhibitor by
limiting the availability of the substrate NAD+.

4.6 | Inhibition of the NF-x B pathway

NF-xB ensures survival of the tumour cell in several ways. It enhances
cell cycle progression by upregulating cyclin D1, prevents apoptosis
by upregulating the anti-apoptotic protein Bcl2 and protects cells
from toxic ROS levels by upregulating antioxidant enzymes such as
SOD1 and HMOX1.*? The cancer drugs tacrolimus and bortezomib
act, at least in part, by suppressing NF-xB.*3%4 GP-2250 was found
to act as NF-kB inhibitor based on its inhibition of p65/DNA bind-
ing in nuclear lysates. This was apparent not only in nuclear lysates
prepared from cells treated with GP-2250 (Figure 4C,D), but also in
nuclear lysates prepared from untreated cells with subsequent incu-
bation of the lysate with GP-2250 (Figure 4E,F). It is of note, that the
dose dependency for p65/DNA binding in treated lysates was com-
parable to that from the lysates of treated cells. This finding suggests
that GP-2250 is likely to directly interfere with the binding of p65 to
DNA and not with an upstream event.

A reduction of the transcriptional activity of NF-xB was apparent
in both Panc Tul and BxPC3 cell lines by the change in expression of
cyclin D1 and Bcl2. This is testimony to the functional relevance of
NF-kB inhibition by GP-2250. The expression of cyclin D1, the driver
of cell cycle progression, was reduced by GP-2250 (Figure 5). This
finding is in line with the previously shown reduction of the rate of
cell proliferation by GP-2250.! The expression of the anti-apoptotic
protein Bcl2 was likewise reduced by GP-2250 (Figure 6). Thus, by
inhibiting NF-xB, GP-2250 is able to disrupt tumour progression in a
two-pronged manner, by reducing the rate of cell proliferation and
promoting apoptosis.

Several limitations of this study must be taken into account.
The present study is exclusively an in vitro analysis using pancreatic
cancer cell line models. The impact of GP-2250 on growth control
via lipid and protein synthesis requires further study. Whether the
present findings can be confirmed in an analysis of pancreatic can-
cer tissue in mouse PDX models remains to be seen. Further studies
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are also required to test whether the mechanism of action described

here extends to other types of tumours.

5 | CONCLUSION

The anticancer agent GP-2250, presently in clinical development,
acts by disrupting the energy metabolism through direct inhibition
of HK2, GAPDH and an impact on the TCA cycle. This view is sup-
ported by the ability of supplementary OAA and PYR to protect
the tumour cells to a large extent from drug-induced cytotoxicity.
Activation of the energy-deficit sensor AMPK is attributed to the
deficit of ATP. Its downstream events include the inhibition of ACC,
the rate-limiting enzyme of fatty acid synthesis and inhibition of the
Raptor/mTor complex, both of which limit the synthesis of essential
cell components. In addition to metabolic deficits, the transcriptional
activity of the tumour promoter NF-kB is inhibited by GP-2250. The
downregulation of cyclin D1 and the anti-apoptotic Bcl2 is in line
with a reduction of the rate of tumour cell proliferation and induc-
tion of apoptosis, respectively. The upregulation of p53 concomitant
with the rise of ROS further contributes to cytotoxicity. These meta-
bolic and transcriptional findings provide a molecular basis for the
ability of GP-2250 to reduce tumour cell proliferation and induce
apoptotic cell death as shown here for pancreatic cancer cells. The
effectiveness of GP-2250 in patient-derived xenograft mouse mod-
els and its role in combination with approved anticancer drugs, such

as gemcitabine, is under investigation.
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