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Discovery of human lactate dehydrogenase A
(LDHA) inhibitors as anticancer agents to inhibit
the proliferation of MG-63 osteosarcoma cells
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Human lactate dehydrogenase A (LDHA) has been identified as a potential therapeutic target in the area of
cancer metabolism. Herein, we report the discovery of novel LDHA inhibitors through docking-based vir-
tual screening and biological assays. The primary enzymatic assay suggested that compound 11 targeted
LDHA with an ICsg value of 0.33 uM. The in vitro cytotoxic assay demonstrated that compound 11 reduced
the growth of MG-63 cancer cells with an ECsq value of 3.35 uM. Finally, we found that compound 11 in-
duced the apoptosis of MG-63 cancer cells in a dose dependent manner, upregulated the oxygen con-
sumption rate (OCR), and decreased the lactate formation and extracellular acidification rate (ECAR) in
MG-63 cancer cells. Collectively, our data suggested that compound 11 could be a promising lead for the
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1. Introduction

Tumor cells frequently show a metabolic alteration as com-
pared to normal cells." Instead of mitochondrial oxidative
phosphorylation (OXPHOS) utilized by healthy cells, most tu-
mor cells rely more on glycolysis for ATP production, even in
the presence of normal oxygen levels.>* This metabolic alter-
ation has been recognized as an emerging hallmark of cancer;
the selective disruption of the altered metabolic processes
could offer therapeutic opportunities for cancer treatment.
Among the enzymes involved in glycolysis, LDHA catalyzes
the conversion of pyruvate to lactate in the final step of glycol-
ysis.* It has been reported that LDHA was overexpressed in
many types of cancer cells’ and correlated with tumor size
and poor prognosis.® The elevated expression of LDHA could
cause higher lactate formation, resulting in a low pH and facil-
itating tumor invasion and metastasis.” In addition, the deple-
tion of LDHA by shRNA in tumor cells induced a reduction in
tumor growth and markedly delayed tumor migration and
in vivo tumorigenesis.® Together, these facts indicated that
LDHA could be an attractive target for the treatment of cancer.
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development of potent LDHA inhibitors.

To date, a number of LDHA inhibitors have been reported
in the scientific literature (compounds 1-6, Fig. 1). The earli-
est reported LDHA inhibitor is oxamate (Fig. 1), which in-
hibits LDHA activity by targeting its pyruvate binding pocket,
but oxamate is a weak LDHA inhibitor and lacks selectivity,
with a K; value of 136.0 uM against LDHA and 94.4 pM against
human lactate dehydrogenase B (LDHB).” Gossypol (2) is a
natural polyphenol dialdehyde, which could inhibit the
growth of many types of cancer cells (mean ECs, = 20 uM)*°
and showed an ability to inhibit LDHA (K; = 1.9 uM) activity,
but there is a serious concern about toxicity because of its
highly reactive chemical structure. The catechol hydroxyl and
aldehyde groups are highly sensitive and generate toxic me-
tabolites, which could interact with several cellular compo-
nents in biological systems and disturbed many cellular func-
tions."" Diacid malonate scaffold-based 3 displayed an ICs,
value of 0.27 uM and a Ky value of 8 nM (BIAcore binding af-
finity assay) against LDHA, but lacked cellular activity.'?
N-Hydroxyindole 4 was demonstrated as a promising LDHA in-
hibitor, which also showed inhibitory potency toward tumor
cells.”® Another LDHA inhibitor is 5, with an ICs, value of 0.87
UM against LDHA in vitro. Unfortunately, this compound is in-
active in cell-based assays.'* Recently, Purkey et al. reported
the optimization of an analog of compound 5, from which a
cell active molecule 6 (MiaPaca2 ECs, = 0.67 uM) with potent
LDHA inhibitory activity (IC5, = 3 nM) was discovered."”

Though a large amount of LDHA inhibitors has been
reported, only a few of them were pushed into clinical trials
or successfully entered into the market. Therefore, the discov-
ery of potent LDHA inhibitors with good pharmacokinetics is
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Fig. 2 Chemical structures of the LDHA inhibitors identified by virtual screening.

urgently needed. Herein, we report the use of docking-based
virtual screening and biological assays for the discovery of
novel LDHA inhibitors with good antiproliferative activity
against MG-63 cancer cells.

2. Results and discussion

2.1 Identified LDHA inhibitors through a docking-based
virtual screening method

Firstly, the crystal file of a human LDHA-compound 5 com-
plex (PDB entry 4Q08) was chosen as a template for molecu-
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lar docking. The complex was downloaded from the protein
data bank (http://www.rcsb.org/pdb), and was then analyzed
and optimized by the Sybyl-X 2.0 software package.'® Sec-
ondly, a commercially available small molecule library with
20000 compounds was downloaded from the ZINC database
(http://zinc.docking.org), which was filtered to discard some
compounds with unfavorable drug-like properties (350 <
molecule weight < 500, -2 < clogp < 5, 0 < rotational bonds
< 10, 0 < hydrogen bond donor < 5, 0 < hydrogen bond ac-
ceptor < 10, 20 < polar surface area < 140); the remaining
8415 compounds were then optimized by the ligand structure
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Fig. 3 A: The primary enzymatic assay of the LDHA inhibition rates (%) in the presence of 2 uM of the identified inhibitors 7-13 and 5. Values were
reported as mean * SD of three independent experiments. B and C: Dose-response curves of compounds 11 and 5 against human LDHA.
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Fig. 4 Binding models of the identified inhibitors 7-13 and 5 in the binding pocket of LDHA. (A) Compound 5 was docked into the binding pocket
of LDHA. (B-H) Compounds 7-13 were docked into the active site of LDHA. The amino acid residues and the inhibitors were shown as stick

models, and H-bonds were shown as yellow dashed lines.

preparation procedure in the software. The polar H of the
compounds was added, their energy was optimized with a
TRIPOS force field, and their charge was optimized with the
Gasteiger-Huckel method. Thirdly, the optimized compounds
were docked into the binding pocket of compound 5 in LDHA,
and the top-ranked 200 compounds with the highest total
binding scores were selected. Potential compounds were cho-
sen if two criteria were satisfied: one was that the compounds
should have a total binding score higher than 7.3, which was
calculated from the docking between compound 5 and LDHA
(PDB entry 4Q08). The other one was that the compounds
should form no less than two hydrogen bonds with residues
of Arg 168, Asn 137, and His 192 in LDHA. Following the two
criteria, 7 candidates were identified and purchased from a lo-
cal supplier for further biological validation (Fig. 2).

2.2 The identified inhibitors displayed an LDHA inhibitory
potency

The identified compounds were then tested for their LDHA
inhibitory activity by monitoring the disappearance of NADH
during the conversion of pyruvate to lactate. As shown in
Fig. 3A, most of the identified compounds gave satisfactory
LDHA inhibitory activities at 2 uM, and the inhibition rates
(%) were 69, 94, and 71 for compounds 10, 11, 13, respec-
tively, which clearly outperformed compound 5 at the same
concentration. Since compound 11 displayed the strongest
LDHA inhibitory potency, we then pushed forward to test the
dose-response behaviour of 11 against LDHA. For comparison
purposes, the ICs, value of the reference compound 5 was
also measured under the same experimental conditions. As
shown in Fig. 3B, the IC5, value was 0.33 pM for compound
11, but for compound 5, the ICs, value was 2.37 uM, which
was consistent with the reported data in the literature.**

1722 | Med. Chem. Commun., 2017, 8, 1720-1726

Then, the LDHA solution was titrated with compound 11 in
an isothermal titration calorimetry (ITC) experiment; a Ky
value of 0.95 uM was derived (Fig. 5), indicating the direct
interaction of compound 11 with LDHA. The elevated inhibi-
tory potency of compound 11 against LDHA could partially
be explained by the evidence obtained from our docking
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Fig. 5 ITC analysis of compound 11 bound to LDHA. Compound 11
(100 uM) was titrated into the LDHA (10 uM) solution.
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Table 1 The identified compounds were tested for their growth inhibition rate (%) for the MG-63 cancer cells at 10 uM by an MTT assay

Compounds ID 7 8 9 10

11 12 13 5 Cisplatin®

Inhibition rate (%) NI 68.9 + 7.8 48.7 £ 5.9

50.2 £ 3.1

88.7 £ 8.9 NH 67.8 + 8.9 NI 79.5+4.3

@ NI: No inhibition. ? Cisplatin was used as positive control, and the ECs, is 5.42 uM, which was in line with the reference data."”
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Fig. 6 Dose-response curve of compound 11 against the MG-63 can-
cer cells measured by an MTT assay.

experiment. As shown in Fig. 4F, compound 11 maintained
the same hydrogen bond interactions as compound 5
(Fig. 4A) in the binding model. Additionally, it picked up ex-
tra hydrogen bond interactions with the residues of Asp 194
and Thr 247 in LDHA, which could give rise to its inhibitory
activity against LDHA.

2.3 The identified inhibitors reduced MG-63 cancer cells
proliferation

With the compounds displaying promising LDHA inhibitory
potencies, next we want to address the question whether
the identified compounds reduced the growth of cancer
cells. So, we tested the anticancer activity of all identified
compounds against the MG-63 cancer cells by an MTT as-
say. As shown in Table 1, compounds 8-11 and 13 displayed
good antiproliferative activity at 10 uM, with the inhibition
rates to be 68.9%, 48.7%, 50.2%, 88.7%, and 67.8%, respec-
tively, which strongly inhibited the growth of MG-63 cancer
cells. Notably, compound 11 showed the most potent anti-
proliferative activity with an ECs, value of 3.35 uM (Fig. 6),
while compound 5 was inactive against MG-63 cells at the

same concentration, which was consistent with the reported
data in the literature."

To explore the mode of cell death for MG-63 cancer cells,
compound 11 was used to induce MG-63 cancer cell apopto-
sis, which was then examined by the Annexin V-FITC/PI FACS
assay. As shown in Fig. 7, the percentages of apoptosis for
MG-63 cells treated with compound 11 at 2, 5, and 10 uM for
24 hours were 5.4, 10.0, and 15.9%, respectively. This indi-
cated that compound 11 induced the apoptosis of MG-63 can-
cer cells in a dose dependent manner.

2.4 The identified inhibitor induced apoptosis, upregulated
the OCR, and decreased the lactate formation and ECAR in
MG-63 cancer cells

Inhibition of LDHA results in the switch of pyruvate consump-
tion from lactate production to OXPHOS in the mitochon-
drion; consequently, this switch will lead to the change of the
lactate formation, OCR, and ECAR values in cancer cells. To
check whether compound 11 could lead to the changes as we
mention above, MG-63 cancer cells were treated with com-
pounds 11 and 5 for 4 hours, and then the lactate formation in
the cancer cells was monitored using a Nova Bioprofile Flex an-
alyzer (Nova Biomedical). As shown in Fig. 8A, the lactate for-
mation in MG-63 cancer cells significantly decreased with the
increase in the concentrations of compound 11, while com-
pound 5 at 10 uM barely altered the lactate formation in MG-
63 cancer cells. The dose-response behaviour of compound 11
against the lactate formation in MG-63 cancer cells was also
measured, and the IC;, value is 7.19 pM; under the same con-
ditions, the ICs, value of compound 5 was undetectable. The
OCR value increased with the treatment of various concentra-
tions of compound 11 (Fig. 8B), suggesting the increase in the
level of mitochondrial respiration for MG-63 cancer cells after
being treated with compound 11. ECAR decreased, which was
consistent with the change of lactate production (Fig. 8C).
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Fig. 7 Flow cytometry analysis of MG-63 cancer cell apoptosis after being treated with compound 11. The cells were treated with compounds 11
for 24 hours, then stained with FITC Annexin V/PI. Cells in the lower right quadrant indicate Pl positive/Annexin V negative, late apoptotic, or ne-
crotic cells. The cells in the upper right quadrant indicate Annexin V-positive/PI positive, early apoptotic cells. *P < 0.05, versus the control group
(treated with 1% DMSO PBS).
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Fig. 8 Effect of compounds 5 and 11 on MG-63 cancer cell glycolysis. A: Lactate formation decreased with the treatment of compound 11 for 4
hours. B: OCR increased with the treatment of compound 11 for 6 hours. C: ECAR was significantly decreased using compound 11 for 6 hours. *P

< 0.05, versus the control group.

3. Conclusions

In summary, we have discovered a potent LDHA inhibitor
through docking-based virtual screening and biological as-
says. The in vitro primary enzymatic and cytotoxic assays
suggested that the candidate compound 11 targeted LDHA
with cellular activity. In addition, compound 11 could serve
as a modulator to reprogram MG-63 cancer cell metabolism
from glycolysis to mitochondrial respiration. Other related ex-
periments of modifying the candidate compound 11 to fur-
ther improve its LDHA inhibitory potency and anticancer ac-
tivity will be reported in due course.

4. Methods and materials
4.1 Materials and cell culture

The osteosarcoma cell line MG-63 was bought from ATCC
and cultured in DMEM containing 10% fetal bovine serum in
5% CO, at 37 °C. Cells at exponentially growing stage were
used for all biological experiments. The identified com-
pounds 7-13 were purchased from a local agent supplier with
purities of no less than 95.0%. Compound 5 was synthesized
in our collaborator's lab, and the procedures followed were
from a previously reported study.'*

4.2 Anti-proliferative activity measurement

The anticancer activity was tested by the MTT assay. A sus-
pension of 90 puL. MG-63 cancer cells (2500 per well) was
seeded in 96-well plates and cultured overnight. Then, the
positive control drug cisplatin and working compound solu-
tions (100 uM) were prepared by diluting the 40 mM com-
pound stock solutions in a PBS buffer. The working com-
pound solutions (100 uM) were added to their corresponding
plates (10 pL per well), in which cells were incubated for 72
hours. Then, 10 uL of MTT solution (10x) was added to each
well. After 4 hours of incubation, the solvent was removed,
and 100 uL. DMSO was added to each well. The ODs5,onm
values were read in the Microplate Reader. After the most po-
tent compound 11 was identified, dose-response studies were
undertaken to determine its EC5, values. Eight different con-

1724 | Med. Chem. Commun., 2017, 8, 1720-1726

centrations of 11 and the positive control drug cisplatin (400,
200, 100, 50, 25, 12.5, 6.25, and 3.1 uM) were added into the
96-well plates. The protocols were used as above mentioned.
Lastly, the absorbance of each well was read, and the results
were expressed as ECs, values, which were the mean values
derived from three independent experiments.

4.3 Lactate measurement

A suspension of MG-63 cancer cells (3 x 10> per well) was
seeded in 6-well plates and cultured overnight. Compounds
11 (2, 5, 8, 10, and 12 uM) and 5 (10 uM) were added to their
corresponding wells, and the plates were incubated for 4
hours. Then, the medium was transferred into an Eppendorf
tube for centrifugation for 5 min (10000 r min™"). Lastly, 1
mL medium was collected, and the lactate production was
evaluated using a Nova Bioprofile Flex analyzer.

4.4 Seahorse XF24 experiment

The XF24 extracellular flux analyzer was used to measure the
oxygen consumption rate (OCR) and extracellular acidifica-
tion rate (ECAR). In this experiment, MG-63 cells (30 000 per
well) were first pretreated with different concentrations of
the compounds for 6 hours, and then the cells were
subjected to the XF24 extracellular flux analyzer for the mea-
surement of OCR and ECAR values.

4.5 Apoptosis detection by flow cytometry

MG-63 cancer cells were seeded at a density of 5 x 10> cells per
mL on 6-well plates and were allowed to grow overnight. Then,
the cells were treated with compound 11 (2, 5, and 10 uM) for 24
hours at 37 °C. The cells were then trypsinized, repeatedly
washed with cold PBS twice, and centrifuged at 800 rpm for 5
min; the supernatants were discarded. The cells were
resuspended in a 1x Annexin binding buffer at ~5 x 10> cells per
mlL, preparing a sufficient volume of 100 pL per assay. To 100 pL
of the cell suspension, 10 uL of Annexin V and 5 pL of PI were
added and incubated for 15 min at room temperature. After in-
cubation, 400 pL of PBS was added to each sample and was
gently mixed and analyzed immediately using a flow cytometer.

This journal is © The Royal Society of Chemistry 2017
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4.6 Human purified LDHA enzymatic assay

The human purified LDHA primary enzymatic assay was
performed following the procedures as described from a pre-
vious study.'*

4.7 ITC analysis

The concentration of LDHA was diluted to 10 uM solution in
a buffer solution containing 50 mM Hepes, pH 7.2, 100 mM
NaCl, 2 mM DTT, and 1% DMSO. The working solution of
compound 11 (100 uM in buffer solution) was prepared by di-
luting the stock solution of compound 11. NADH was
dissolved in double-distilled water. ITC experiments were ac-
complished using a Microcal iTC200 microcalorimeter (GE
Healthcare). The reaction cell contained 250 uL. LDHA. Titra-
tions were performed with the injection of 2.5 pL titrant(s)
for every increment into the reaction cell, which maintained
at 25 °C. All ITC data were initially analyzed using Origin 8,
then followed by curve-fitting to a one-site model to obtain
binding parameters.

4.8 Molecular docking

Molecular docking was conducted using a Surflex Dock pro-
gram in the Sybyl-X 2.0 package. The crystal structure of
LDHA was obtained from the Protein Data Bank (PDB ID:
4qo8). The crystal structure of LDHA was prepared with all H
added and charge added by the AMBER7 FF99 method. The
structures of small molecules were downloaded from Zinc da-
tabase (http://zinc.docking.org/). Firstly, the commercially
available database compounds were filtered, and the
remaining compounds were subjected to polar H addition,
with their energy being optimized with a TRIPOS force field
and their charge being optimized with the Gasteiger-Huckel
method. Protomol was generated in ligand mode with the
threshold kept at 0.50 and the bloat 0. Ring flexibility was
considered, and other parameters during the docking pro-
gram were determined through a number of attempts.

4.9 Statistical analysis

Data are reported as mean * SD. Statistical analysis was
performed using GraphPad Prism version 6.0 for Windows.
*p < 0.05 is considered to be statistically significant.
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