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ABSTRACT

Direct targeting of energy metabolism to defeat cancer is not a recent strategy.
Although quite a few drugs use cellular metabolism for their antitumor effect, no
direct inhibitors of energy metabolism have been approved by the FDA. Currently,
several inhibitors of lactate dehydrogenase A (LDH-A), a key player in glycolysis,
are in development. Earlier, we demonstrated the efficacy of N-hydroxyindole-based
LDH-A inhibitors in different cancer types. In this study we describe the efficacy of
NHI-Glc-2, which is designed to dual target cancer cells, by exploiting a simultaneous
enhanced glucose uptake by overexpressed glucose transporter 1 (GLUT1) and by
inhibition of LDH-A. NHI-GIlc-2 inhibits LDH-A enzyme activity, PANC-1 cell growth
and disrupts spheroid integrity, with an overall effect that is more pronounced when

combined with gemcitabine.

INTRODUCTION

The high proliferation rate of cancer cells requires
sufficient supply of nutrients to enable cell growth [1].
In various cancer types, one of the pathways that is
upregulated to provide this increased nutrient demand,
is glucose metabolism, i.e. glycolysis. The glucose
transporter 1 (GLUTI, also known as solute carrier
family 2, facilitated glucose transporter member 1,
encoded by the SLC2A1 gene), mediates glucose uptake
into the cell, where it is converted via multiple steps
to lactate [2, 3]. The last essential step in this pathway
is lactate dehydrogenase A (LDH-A), which catalyzes
the conversion of pyruvate to lactate using nicotinamide
adenine dinucleotide (NADH) as a cofactor. The
overexpression of LDH-A contributes to an increased
production of lactate, which causes a decrease in the pH
of the tumour microenvironment. Both acidification and
extracellular accumulation of lactate, contribute to the
suppression of immune effectors [4], cause antioxidant

defenses against chemotherapeutics [5] and favour
tumour invasion [6].

Targeting cancer cells by LDH-A inhibition is,
therefore, being explored in various cancer types. A
recent study reported that LDH-A inhibition combined
with interleukin (IL)-2 led to an increase of stem cell
memory T cells (T ), which resulted in an improved
anti-tumour response and host survival [7]. In our
previous studies, we reported an increased sensitivity
to N-hydroxyindole-based LDH-A inhibitors, NHI-I
and NHI-2, in pancreatic cancer cells growing under
hypoxic conditions [8]. Furthermore, the combination
of NHI-I or NHI-2 with gemcitabine was synergistic,
and led to inhibition of cell migration and invasion. In
hypoxic mesothelioma cells, with a low proton-coupled
folate transporter expression, an increase of LDH-A was
found [9]; hence, treatment with the glucose-conjugated
analogue NHI-Glc-2 was examined [10]. Moreover, in
these hypoxic mesothelioma models, the combination
of NHI-Glc-2 with gemcitabine was synergistic, which
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supports the hypothesis that LDH-A is a promising
target.

In this research perspective we highlight LDH-A
inhibition as a strategy to target cancer by showing the
effect of hypoxia on LDH-A expression, its inhibition
by glucose conjugated inhibitor NHI-Glc-2 in PANC-
1 cells and the effects of this compound on spheroids
integrity.

RESULTS AND DISCUSSION

LDH-A is overexpressed in various types of cancer
[11-13], and contributes to the aberrant metabolism that
stimulates cancer growth and invasion. In a cohort of 172
patients, downloaded from LinkedOmics.org, patients
were divided in a low (n=86) or high (n=86) expression
group based on the median LDH-A expression (Figure 1,
left). In this cohort a high LDH-A expression correlated
with a significantly shorter overall survival (OS) (p-value
0.0006), which is in line with previous studies in a cohort
of 72 pancreatic cancer patients [13], as well as in different
tumour types [12, 14, 15]. In the same dataset, a high
expression of SLC2A1 (GLUTI1) similarly correlated
with a shorter OS (Figure 1, right). Likewise, in a meta-
analysis of eight studies comprising 538 cases, a high
GLUT-1 expression predicted a shorter OS in patients with
pancreatic cancer [16].

Targeting metabolism for cancer treatment to
overcome drug resistance is being investigated intensively
over years. However, many inhibitors targeting enzymes
of the glycolytic pathway did not progress to clinical trials.
The few inhibitors that reached phase I trials often failed
because of toxicity or lack of efficacy, as summarized
previously [2]; therefore more research is warranted. An
increased knowledge of the anticancer activities displayed
by these compounds does, however, serve as a basis to

improve available entities or as a tool for the development
of new structures.

In this research perspective we show the effect of
a structurally modified analogue of NHI-2: NHI-Glc-2.
Based on the overexpression of GLUT-1 in pancreatic
cancer, NHI-2 was conjugated with a glucose moiety
to result in an increased intracellular accumulation [10]
(Figure 2). Exploiting both the overexpression of GLUT-
1 and LDH-A, this compound is expected to lead to an
improved drug response.

In the tested cell line, PANC-1, an increased LDH-A
mRNA expression was observed after growing the cells in
a hypoxic environment (1% O,) (Figure 3A), supporting
previous results [8] and the well-known notion that cells
in hypoxia switch to an anaerobic glycolysis. Moreover,
cells growing as three-dimensional (3D) spheroids,
which possess a hypoxic core [9], had a higher LDH-A
protein expression. Besides the overexpression of both
LDH-A mRNA and protein, the activity of LDH-A was
measured by following the conversion of NADH to NAD*
spectrophotometrically, in which a decrease in NADH
indicates a higher LDH-A activity (Figure 3B). PANC-
1 cells grown in hypoxia showed the highest LDH-A
enzyme activity compared to cells grown in normoxia.
Addition of 10 uM of NHI-Glc-2 under normoxic
conditions significantly inhibited LDH-A enzyme activity.

NHI-Glc-2 is capable of inhibiting PANC-1 cell
growth in the micromolar range (Figure 3C) while most
importantly, in a 3D spheroid model assay, treatment
with NHI-Glc-2 disrupted spheroid integrity (Figure 3D).
However, the commonly used anticancer drug gemcitabine
does not have any effect in this model, but the combination
of gemcitabine and NHI-Glc-2 had a more pronounced
effect on the spheroids compared to either monotherapies.
Nonetheless, more research in a variety of cell lines and
models is warranted, both under normoxia and hypoxia.

Figure 1: LDH-A and SLC2A1 overexpression correlate with a poor overall survival (OS). Kaplan-Meier curves and log-
rank test indicate that a high expression of LDH-A (gray line) correlated with a significantly shorter OS (p-value 0.0006) (left). Similarly,
a high expression of SLC2A1 (GLUT1) (gray line) correlated with a lower OS (p-value 0.0291) (right). Groups were separated based on
median expression and data was downloaded from LinkedOmics.org and log2 transformed.
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CONCLUSION

The pivotal role of LDH-A in cancer cell
metabolism, its overexpression and, most importantly,
its correlation with a poor overall survival when
overexpressed, make LDH-A a promising therapeutic
target. The structurally optimized LDH-A inhibitor
NHI-Glc-2 showed efficacy in mesothelioma models
[9]. A similar antitumour activity was observed in
pancreatic cancer cells, including gemcitabine-resistant
3D models, which better mimic both cell-cell dynamics
in tumour-like spatial structures and low oxygen tension
in hypoxic cores. These findings are promising and
should prompt further research on NHI-Glc-2, with a
special focus on chemoresistant tumours, which rely on
metabolic aberrations fuelling anabolic processes, such
as pancreatic cancer [17].

MATERIALS AND METHODS

LDH-A correlation with overall survival

Correlation of LDH-A and SLC2A1 expression to
overall survival (OS) was performed on log2 transformed
data downloaded from LinkedOmics [18]. Furthermore,
the Kaplan Meier curves were computed in Graphpad
(version 8.2.1) using a median cut-off and log-rank test
for significance.

Cell culture

PANC-1 (ATCC® CRL-1469) cells were grown in
RPMI medium (Gibco, USA) supplemented with 10%
fetal bovine serum (Biowest, France) and 1% penicillin-
streptomycin (Lonza, Switzerland) and were maintained
at 37°C, 5% CO,,.

RT-qPCR

Gene expression of LDH-A under normal and
hypoxic (72hours, 1% O,) conditions was assessed by
RT-gPCR as described previously [8].

Western blot

Samples containing 50 pg protein of lysed
spheroids (day 6) and cells grown in monolayer were
separated on Mini-PROTEAN® TGX™ Precast gels
(Bio-rad, United States) as described previously [19].
Antibodies used for target detection; LDH-A (47010,
1:1000, Abcam, United Kingdom), B-actin (4790, 1:1000,
Cell signalling, United States), Secondary IRDye®
800CW (926-32230, 1:10 000, Li-COR Bioscience,
United States).

Enzyme activity

Enzyme activity of LDH-A was measured
spectrophotometrically at an absorbance of 340 nm
based on the decrease of NADH as described previously
[8]. LDH-A enzyme activity was measured in lysates of
cells that were grown under normoxia or hypoxia and in
normoxia lysates containing 10 uM NHI-Glc-2. A faster
disappearance of NADH indicates a higher enzyme
activity.

Drug sensitivity to NHI-Glc-2

The sensitivity of PANC-1 «cells to the
LDH-A inhibitor NHI-Glc-2 was assessed by the
sulforhodamine-B assay as described previously [20]. In
short, 3000 cells per well were seeded in a 96 wells plate
and after 24 hours of cell attachment, the cells were treated
for 72 hours with a concentration range of NHI-Glc-2.

Figure 2: NHI-Glc-2 potential mode of action. Chemical structure of LDH-A inhibitor NHI-Glc-2 (left) and its putative mechanism
of action exploiting the overexpression of the glucose transporter 1 (GLUTI, gene SLC2A1) leading to an increased intracellular

concentration that can inhibit in cancer overexpressed LDH-A (right) [10].
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Spheroids were formed in ultra-repellent plates
(7007, Corning, United States) by seeding 10* PANC-1
cells/well. The spheroids were grown for 12 days, with
medium refreshing every three days, followed by 72h
treatment with NHI-Glc-2 (1 pM) and/or gemcitabine
(100 nM) for 72 hours in normoxia (n=6 per condition)
and were visualized on a Leica DMI3000B Microscope
at 5x magnification.
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Figure 3. Targeting overexpressed LDH-A in PANC-1 cells. LDH-A mRNA and protein expression is increased under hypoxia (paired
t-test p<0.05) and in spheroids, respectively (A). Moreover, LDH-A activity is increased in hypoxia (as indicated by a faster decrease in
NADH absorbance) and inhibited by 10 uM NHI-Glc-2 compared to cells grown in normoxia (B). Representative growth inhibition curve
of cell growth, error bars indicate standard error of the mean (SEM), showing that NHI-Glc-2 is capable of inhibiting PANC-1 cell growth,
with an inhibitory concentration of 50% cell growth (IC, ) of 14.1 = 2.7 uM (mean of three experiments performed in triplicates = SEM)
(C). NHI-Glc-2 disrupts spheroid integrity as monotherapy and the effect is more pronounced when combined with gemcitabine (D).
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