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KEY WORDS Abstract  One of the distinct hallmarks of cancer cells is aerobic glycolysis (Warburg effect). Lactate
dehydrogenase A (LDHA) is thought to play a key role in aerobic glycolysis and has been extensively
studied, while lactate dehydrogenase C (LDHC), an isoform of LDHA, has received much less attention.
Here we showed that human LDHC was significantly expressed in lung cancer tissues, overexpression of
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LDHC4 structure: Ldhc in mice could promote tumor growth, and knock-down of LDHC could inhibit the proliferation of
(Ethylamino) (oxo)acetic lung cancer A549 cells. We solved the first crystal structure of human LDHC4 and found that the active-

acid; site loop of LDHC4 adopted a distinct conformation compared to LDHA4 and lactate dehydrogenase B4
LDH isoforms; (LDHB4). Moreover, we found that (ethylamino) (oxo)acetic acid shows about 10 times selective inhi-
Lung cancer; bition against LDHC4 over LDHA4 and LDHB4. Our studies suggest that LDHC4 is a potential target
Tissue microarray for anticancer drug discovery and (ethylamino) (oxo)acetic acid provides a good start to develop lead

compounds for selective drugs targeting LDHC4.
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1. Introduction

Lactate dehydrogenase (LDH), a tetrameric enzyme composed of
four subunits, is an enzyme that catalyzes the interconversion of
pyruvate and lactate with concomitant interconversion of nicotin-
amide adenine dinucleotide (NADH, reduced form) and NAD™"
(oxidized form)'. The two most common subunits of LDH are the
LDHA (or LDHM) and LDHB (or LDHH) proteins, encoded by
LDHA and LDHB genes, respectively. The two subunits can form
five tetramers (isoforms): LDHA4, LDHA3B1, LDHA2B2,
LDHA1B3, and LDHB4. These five isoforms show different tissue
distribution. For example, LDHA4, which is the major isoform in
skeletal muscle where oxygen deficiency happens frequently and
glycolysis is required to satisfy metabolic needs, kinetically favors
the conversion of pyruvate to lactate. LDHB4, which is the main
isoform in heart muscle that is dependent upon aerobic metabolism
pathways, is thought to convert lactate to pyruvate that is further
oxidized” . The third subunit is LDHC encoded by the LDHC
gene, which forms the isoform LDHC4 that shows a specific dis-
tribution in male” and female® germ cells. LDHC4, representing
more than 80% of the total LDH activities of spermatozoa’, is
thought to convert pyruvate to lactate in the pathway of aerobic
glycolysis which is thought to be one of the two major sources of
adenosine triphosphate (ATP) for sperm motility and capacitation®.
The most distinctive feature of LDHC4 is the ability to catalyze the
conversion of 2-0xo acids with longer carbon chain into 2-hydroxy
acids, such as 2-oxobutanoate into 2-hydroxybutanoate”.

Among the LDH subunits, LDHA is the most studied one
because it plays a key role in the Warburg effect of cancer cells.
Cancer cells tend to take up glucose and convert it to lactate
through glycolysis pathway for obtaining energy, even in aerobic
conditions, which is known as the Warburg effect or aerobic
glycolysis'’. The metabolism of one molecule of glucose to two
molecules of pyruvate through glycolysis has a net yield of two
molecules of ATP and two molecules of NADH. For the contin-
uance of glycolysis, the NADH produced in the process needs to
be oxidized into NADT. LDHA is thought to catalyze the key step
of converting pyruvate into lactate with concomitant oxidizing
NADH into NAD"'"'2. So, LDHA has been treated as a potential
target for cancer therapy and received extensive studies'® .
Actually, studies showed that LDHA is important for tumor
initiation, maintenance, and progression'® '®. Some inhibitors
against LDHA have already been identified and further proceeded
into preclinical studies'® %%,

Compared with LDHA, LDHC received much less attention
and only several papers published in the area of cancer research.
In 2002, Koslowski et al.”> reported for the first time the
expression of LDHC at mRNA level in a variety of cancer cells.
From then on, LDHC was classified as a cancer/testis antigen
gene. The high frequencies of expression of LDHC have been
found in lung cancer, melanoma, and breast cancer’>**. Due to the
high frequency of ectopic expression in cancers, LDHC is sug-
gested to be a potential biomarker for diagnosis and prognosis of
hepatocellular carcinoma and breast cancer’”°. Besides the
aforementioned studies on LDHC expression level, Thomas
et al.?’ reported that LDHC-derived peptides-primed T cells
exhibited cytolytic activity against HLA-A*0201 breast cancer
cell lines with endogenous LDHC expression. Naik and Decock”®
reported that knockdown of LDHC expression in breast cancer
cells increased DNA damage and apoptosis. These studies highly
suggested that LDHC, similar as LDHA, may also plays a role in
cancer.

Here we show that LDHC is significantly expressed in lung
cancer tissues, knock-down of LDHC can inhibit the proliferation
of lung cancer A549 cell, and overexpression of Ldhc in mice can
promote tumor growth. We also solved the crystal structure of
human LDHC4 which remains absent previously, hoping to help
identify its largely unknown biological function, unlike LDHA
and LDHB. It was found that the active-site loop of LDHC4
adopted a much more open conformation, which might be the
selective reason why the detected (ethylamino) (oxo)acetic acid
showed about 10-fold inhibitory effect against LDHC4 over
LDHA4 and LDHB4. Our studies suggest that LDHC is a po-
tential target for anticancer drug discovery and selective inhibitors
could be developed for targeting LDHC4, to some degree, without
disturbing the activity of LDHA and LDHB.

2. Materials and methods

2.1.  Tissue microarrays

The tissue samples from 93 patients with lung cancer (including
84 cases of adenocarcinoma, 8 cases of bronchoalveolar carci-
noma, 1 case of mucoepidermoid carcinoma) were obtained from
tissue specimen bank of Shanghai Super Biological Biotech Co.,
Ltd. (Shanghai, China). The 93 patients (50 males and 43 females)
aged 30—84 years old with a median of 62 years. All the patients
were pathologically diagnosed with lung cancer and without pre-
surgery, chemotherapy, and radiotherapy treatment. Each study
specimen was provided with cancer tissue and adjacent-carcinoma
tissue that was 1.5 cm distanced from cancer. No distant metas-
tases occurred in all patients. We followed ethical standards and
respected welfare of animals. The work was approved by the
Ethics Committee of Shanghai Super Biological Biotech Co., and
the informed consent forms from all the patients were retained by
tissue specimen bank of Shanghai Super Biological Biotech Co.

The tissue chip (Lot. XT16-022; matrix code: HLu-
gA180Su02) with 180 array points (1.5 mm diameter of each
point) was prepared using the aforementioned samples including
the tumor tissues (93 array points) and corresponding para-
cancerous tissues (87 array points) from the 93 cases.

Immunohistochemistry was performed according to the two-
step EnVision method®’. Briefly, the slices were dewaxed and
incubated with 0.3% H,0O, at room temperature for 20 min to
eliminate the activity of endogenous peroxidase, and washed three
times with PBS for 3 min each. They were repaired by microwave
for 20 min, followed by incubation at 4 °C overnight with
monoclonal antibody against human LDHC (Cat. #ab52747,
Abcam). Subsequently, they were further washed and incubated at
37 °C for 30 min with EnVision secondary antibody (Cat.
#GKS500705, Dako), then washed and incubated with DAB to
develop the color. The tissue chip was scanned and converted to
images and further analyzed by Olympus cell sense software. The
images were assessed by two experienced pathologists to deter-
mine whether the samples are LDHC positive or negative without
knowledge of the clinical data separately.

2.2.  RNA interference

Commercial siRNAs from ThermoFisher Scientific were used in
this study. To knockdown the expression of LDHA, the validated
siRNA s350 (Cat. #4390824, sense strand: CCAGCGUAACGU-
GAACAUATT; antisense strand: UAUGUUCACGUUACGCUG
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GAC) was used following the manufacturer’s instructions. To
knockdown the expression of LDHC, the siRNA s8129 (Cat.
#4392420, sense strand: GUUAAGGGAUUAUAUGGAATT; anti-
sense strand: UUCCAUAUAAUCCCUUAACCA) was used.
Transfection using the negative control siRNA (Cat. #4390843,
ThermoFisher Scientific) was also parallelly used.

A549 cells were maintained in Dulbecco’s modified Eagle’s
medium (Cytiva) supplemented with 10% fetal bovine serum
(ThermoFisher Scientific) containing 100 U/mL penicillin and
streptomycin at 37 °C in a humidified atmosphere with 5% CO,.

For cell transfection and qRT-PCR, A549 cells were plated in
6-well plates with antibiotic free growth medium at a density of
1 x 10° cells per well for 24 h and transfected with the siRNAs
using Lipofectamine 2000 according to the manufacturer’s in-
structions. The growth mediums were replaced with fresh ones
after 6 h from transfection. The cells were incubated for another
48 h and harvested. Total RNAs were isolated from the harvested
A549 cells by Trizol reagents (ThermoFisher Scientific) according
to the manufacturer’s instructions and were reversely transcribed
with a cDNA Synthesis Kit (Cat. #6110A, TaKaRa). The resulting
cDNAs were used for gPCR analysis. The qPCR was performed
using SYBR Green Kit (Cat. #740703, TaKaRa) and gene-specific
primers as shown in Supporting Information Table S1. §-Actin
was set as internal control.

For cell viability assay, MTT assay was used. A549 cells were
seeded in 96-well plates at a density of 2000 cells/well, incubated
for 24 h, and transfected with the siRNAs. The growth mediums
were replaced with fresh ones 6 h after transfection. The cells
were then incubated for 24, 48, 72 and 96 h, respectively. Then
20 pL. MTT regent (5 mg/mL) was added to each well, and
incubated for another 4 h until purple precipitate was visible. The
medium was discarded, and 150 pl. DMSO was added and
oscillated for 10 min. The absorbance of each well was measured
at 570 nm in a multimode plate reader (PerkinElmer).

For flow cytometric analysis, A549 cells were seeded in 6-well
plates in antibiotic free growth medium at a density of
5 x 10° cells per well for 24 h and transfected with the siRNAs.
The growth mediums were replaced with fresh ones 6 h after
transfection. The cells were incubated for another 12 h, and
digested with trypsin. After adjusted to 5.0 x 10°/mL, the cells
were incubated with 10 pmol/L. CFSE at 37 °C for 30 min, after
which 5 times the volume of pre-cooled medium were added to
stop staining. After sitting on ice for 5 min and washed 3 times
with fresh medium by centrifugation, the washed cells were plated
in 12-well plates at a density of 2.0 x 10> cells per well, incubated
for 24, 48, 72, and 96 h, respectively. The incubated cells were
further digested with trypsin, washed with PBS, and resuspended

in 200 pL PBS for flow cytometric analysis®.

2.3.  LDHC overexpression mice tumor model

The LDHC gene with His-tag was constructed into the pMJL1
lentiviral vector (GenePharma, Shanghai, China). The Lentivi-
ruses were packaged in 293T cells using the lentiviral vector
pMJLI1, the plasmid pMD?2.G, pMDLg-pRRE and pRSV-Rev. The
Lentiviruses were isolated and purified for transfection. The pu-
rified lentiviruses were used to transfect A549 cells and the stable
cell lines overexpressing LDHC were screened using puromycin
dihydrochloride of 2.0 pg/mL.

The cryopreserved A549 cells overexpressing LDHC and the
control A549 cells were resuscitated in 100 pL serum-free me-
dium, and inoculated subcutaneously in BALB/c-nu nude mice at

5 x 10° cell per mouse. When the subcutaneous tumor volumes
reached about 50 mm3, the mice were numbered, and the length
and width of the tumors were measured every three days till the
45th day from inoculation. The tumor volumes were calculated
using Eq. (1):

Tumor volume (mm?) = 0.52 x Long x Wide’ (1)

and the tumor growth curve was drawn by using the volume data
against the days. On the 45th day, the mice were euthanized, and
the subcutaneous tumors were taken out, photographed, weighed,
and stored at —80 °C.

In order to determine whether or not the introduced LDHC
gene was overexpressed in tumors of mice, detection of the Hisg-
tag was performed by Western blot because fusion of Hisg-tag was
introduced to LDHC gene. About 10 mg of each tumor sample was
sonicated in 200 pL RIPA lysis buffer and centrifuged. The pro-
tein concentrations of the supernatants were determined using the
BCA kit (KeyGEN BioTECH, Nanjing, China) and equal amount
of protein from each sample was loaded onto 12.5% poly-
acrylamide gel for electrophoresis. Subsequently, the proteins
were transferred to a 0.22 pm polyvinylidene fluoride (PVDF)
membrane. The membrane was blocked for 2 h using 5% skim-
med milk, washed with TBST buffer for 3 times, and then incu-
bated with the mouse-origin His-Tag primary antibody (Cat.
#T0009, Affinity Biosciences, Changzhou, China) overnight at
4 °C. After washed and incubated with the goat anti-mouse sec-
ondary antibody (Cat. #5500, ZENBIO) for 1 h at 37 °C, the bands
were visualized by detecting chemiluminescence.

2.4.  Purification and characterization of LDH isoforms

The three genes encoding human LDHA, LDHB, and LDHC
subunits were synthesized with codon usage adapted for expres-
sion in E. coli by the Tsingke Biotechnology Co., Ltd. (Beijing,
China). The three synthesized genes were inserted into vector
PET28a using restriction sites Ncol and Xhol. Each of the con-
structed vectors was theoretically ensured to express recombinant
LDH with a Hisg-tag at the C-terminal and no additional amino
acids added at the N-terminal.

To increase the solubility of LDHC, L56E and 1332Q muta-
tions were introduced by site-directed mutation®'. The double-
mutation resulted in significantly higher solubility of LDHC.
The process of purification of LDHC-mutant is the same as that of
LDHA and LDHB.

The recombinant plasmids pET28a-LDHA, pET28a-LDHB,
PpET28a-LDHC and pET28a-LDHC-mutant were transformed into
E. coli BL21 (DE3) strain (Tiangen Biotech, Beijing, China). A
single colony was picked and grown at 37 °C overnight in 20 mL
of 2TY medium containing 50 pg/mL kanamycin. A 5 mL aliquot
of the culture was introduced into 4 x 1000 mL of 2TY medium
and grown at 37 °C to an optical density (ODggg) of ~0.8. Protein
expression was induced with 0.2 mmol/L isopropyl-g-p-thio-
galactoside and cells were further cultured for 16 h at 16 °C. Cells
were harvested by centrifugation at 4 °C. The cell pellets of
LDHA, LDHB, and LDHC-mutant were suspended in 60 mL lysis
buffer (50 mmol/L Tris-Cl pH 7.5, 500 mmol/L NaCl, 10 mmol/L
imidazole, 10% glycerol), while the cell pellet of LDHC was
suspended in lysis buffer with a different pH value (50 mmol/L
Tris-Cl pH 8.0, 500 mmol/LL NaCl, 10 mmol/L imidazole, 10%
glycerol). The cell pellets were disrupted by sonication. The cell
debris was removed by centrifuged at 35,000 x g for 60 min at 4 °C
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and the supernatant was filtered using 0.45 pum filter and stored at
4 °C for protein purification.

The procedures of purification of LDHA, LDHB, and LDHC-
mutant are the same. The resultant supernatant was collected and
applied to precharged Ni Sepharose column (Cat. #17531901,
Cytiva) pre-equilibrated with buffer A (20 mmol/L Tris-Cl pH 7.5,
500 mmol/L NaCl, 10 mmol/L imidazole, 10% glycerol). The
column was washed with buffer A supplemented with 10% of
buffer B (20 mmol/L Tris-Cl pH7.5, 500 mmol/L NaCl,
500 mmol/L imidazole, 10% glycerol). The target proteins were
eluted with buffer A mixed with 40% buffer B, and concentrated
using a 30 kDa cut-off concentrator (Millipore). Proteins were
further purified using HilLoad 160/600 Superdex 200 size exclu-
sion chromatography column (Cat. #28989335, Cytiva) pre-
equilibrated with 20 mmol/L Tris-Cl pH 7.5, 300 mmol/L. NaCl,
and 10% glycerol. Fractions containing the target protein were
pooled, concentrated to 10 mg/mL and stored at —80 °C.

The purification of LDHC is partly different from the above-
mentioned procedure mainly in pH value of buffer and size
exclusion chromatography. The supernatant of LDHC was applied
to precharged Ni Sepharose column pre-equilibrated with buffer A
(20 mmol/L Tris-Cl pH8.0, 500 mmol/L. NaCl, 10 mmol/L imid-
azole, 10% glycerol). The target proteins were eluted with buffer
A mixed with 40% buffer B (20 mmol/L Tris-Cl pHS.0,
500 mmol/L. NaCl, 500 mmol/L imidazole, 10% glycerol),
concentrated, and loaded onto HiL.oad 160/600 Superdex 200 size
exclusion chromatography column pre-equilibrated with 20 mmol/L
Tris-Cl pH8.0, 300 mmol/LL NaCl, and 10% glycerol. Fractions
containing the target protein were pooled, concentrated and loaded
onto Superdex 200 increase 10/300 GL column pre-equilibrated with
20 mmol/L Tris—HCI pH 8.0, 300 mmol/L NaCl, and 10% glycerol.
Fractions containing the LDH activities were pooled, concentrated,
and stored at —80 °C for enzyme assay.

The LDHs activities were determined by recording the absor-
bance changes at 340 nm produced by NADH oxidation. The
standard reaction buffer contained 100 mmol/L Tris—HCI1 (pH
7.5), 0.15 mmol/L NADH and 1.0 mmol/L pyruvate. LDH was
then added to the mixture to start the reaction. In order to make the
reaction velocity in an appropriate range that can be recorded by
spectrophotometer, the amounts of enzymes (0.15 pg/mL) added
were set to provide a AE349 of 0.060—0.070 per min in a 1 cm
light path. All assays were performed at 25 °C unless otherwise
stated. One unit of enzyme activity was defined as the amount of
enzyme that converted 1 pumol of substrate to product in 1 min
under standards conditions.

The standard assay described above was modified for kinetic
analysis by varying the specific parameters tested. To determine
the Michaelis constant (K,,) of LDHs for pyruvate, pyruvate
concentrations ranged 0.005—0.4 mmol/L. were used for LDHA,
0.005—0.8 mmol/L for LDHB, and 0.005—0.25 mmol/L for
LDHC with a constant concentration of 0.15 mmol/LL NADH. To
determine K, of LDHs for NADH, NADH concentrations ranged
0.005—0.4 mmol/L were used for LDHA, 0.005—0.36 mmol/L for
LDHB, and 0.002—0.12 mmol/L for LDHC with a constant con-
centration of 1 mmol/L pyruvate. The K, and V,,,, were calcu-
lated by nonlinear-regression fitting to the Michaelis—Menten
equation using the software Origin Pro 9.1 (Origin Lab), and the
results are expressed as mean + SD. Every experiment was
repeated at least three times with similar results.

To determine the inhibition constant (Kj;) of (ethylamino) (0xo)
acetic acid, reaction buffer of 50 mmol/L PBS (pH7.4) was used
with 0.2 mmol/L pyruvate, 0.15 mmol/L NADH, 1.2 pg/mL

enzyme, and varied concentration of inhibitor. The concentration
of inhibitor ranged 0—40 mmol/L. The reactions were started by
adding the pyruvate at 25 °C. K; was calculated by linear
regression fitting to Eq. (2):

(VO - Vobs) / Vobs = [[}Km / ([S} +Km)1<17 (2)

where V is the velocity without inhibitor, Vs is the velocities
under different concentrations of inhibitor, [/] is inhibitor con-
centration, [S] is 0.2 mmol/L, K,,, was calculated in advance with
the same buffer without inhibitor at 25 °C.

To determine the optimal pH of the LDH isoforms, reaction
buffers of 100 mmol/L glycine-HCI (pH 3.84—6.28) and glycine-
NaOH (pH 6.63—12.46) were used with 0.15 mmol/L. NADH,
1.0 mmol/L pyruvate, and 0.78 pg/mL enzyme. In order to be
comparable among LDH isoforms, the equal amounts of enzymes
were used. NADH auto-oxidation in acidic pH buffers were also
counted in by omitting the enzyme from the standard reaction
mixture and subtracting it from the AE34, obtained when the
enzyme was present. The optimal pH is defined as the pH at which
the maximum activity (AE/min) was reached.

Thermal stabilities of LDH isoforms were assayed by incu-
bating the enzyme solutions in a thermocycler at temperatures
ranging from 10 °C to 70 °C for 10 min, respectively. The en-
zymes were taken out from thermocycler and put in ice bath for
5 min. The residue activities of the enzymes were determined at
25 °C with reaction mixture containing 100 mmol/L Tris—HCl
(pH7.5), 0.15 mmol/L NADH and 1.0 mmol/L pyruvate and
expressed as relative activity (AE340/min). The optimal tempera-
ture for each isoform is defined as the temperature at which the
maximum residue (AE/min) was remained.

2.5.  Crystallization, data collection and structure determination

The LDHC—NAD "—inhibitor ternary complex was prepared by
mixing LDHC (8 mg/mL), NAD" and (ethylamino) (oxo)acetic
acid in a 1:10:10 molar ratio. The crystals of the ternary complex
were grown using the hanging-drop vapour diffusion method at
20 °C, in a buffer consisting of 0.1 mol/L NaCl, 0.1 mol/L. HEPES
pH 7.5, and 1.6 mol/L ammonium sulfate.

Crystals were flash frozen in liquid nitrogen after briefly
soaking in crystallization solution containing 2.5 mol/L ammo-
nium sulfate as cryoprotectant. Diffraction data were collected on
beamline BL19U1 of National Facility for Protein Science
Shanghai (NFPS) at Shanghai Synchrotron Radiation Facility™”.
The data collected were processed by the HKL-3000 program
suite®”. Details of data collection and statistics are summarized in
Supporting Information Table S2. Structures were determined by
molecular replacement using the crystal structure of human
LDHA (PDB ID 4L4R) as the model. Structure refinement and
model building were performed with PHENIX** and Coot™. All
models were validated with MolProbity®. All structure figures
were prepared with PyMOL (www.pymol.org).

2.6.  Effects of EAA on A549 cells

To detect the effects on proliferation, A549 cells were seeded in
96-well plates at a density of 2000 cells per well, cultured for 24 h,
and EAA was added at a final concentration of 5 mmol/L. The
cells were added 20 pL. MTT reagent (5 mg/mL) per well after
incubated for 24, 48, and 72 h, respectively. The cells were then
incubated for another 4 h until purple precipitate was visible. The
medium was discarded, after which 150 pL DMSO was added.
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The products were oscillated for 10 min, and the absorbance of
each well was measured at 570 nm in a multimode plate reader.
To detect the effects on apoptosis, A549 cells were seeded in 6-
well plates in antibiotic-free growth medium at a density of
5 x 10° cells/well for 24 h and EAA was added at a final concen-
tration of 5 mmol/L. The cells were collected after incubation for 24,
48, and 72 h, respectively, after which the cells were collected and
stained with Annexin A5 apoptosis detection kit (Cat. #640930,
BioLegend) according to the manufacturer’s protocol. Subse-
quently, apoptotic cells were analyzed using flow cytometry.

2.7.  Statistical analysis

All the statistical calculations were performed using SPSS 19.0
software. A P value < 0.05 or less was considered statistically
significant. Results are expressed as mean =+ standard deviation
(SD). The expression of LDHC in lung cancer and adjacent cancer
tissues were compared with chi-square test. Other differences
between two or three groups were compared with Student’s #-test.

3. Results

3.1.  Up-regulation of LDHC in patients with lung cancer

To detect the expression of LDHC in cancer tissues, a tissue
microarray with 180 array points of cancerous and paracancerous
tissues from 93 patients with lung cancer was used. The results
show that there are 75 positive samples and 18 negative samples
from cancerous tissues, while 19 positive samples and 68 negative
samples from paracancerous tissues. The LDHC positive ratio of
80.6% in cancerous tissues vs. 21.8% in paracancerous tissues

indicates that the expression of LDHC is significantly higher in
lung cancerous tissues than that in paracancerous tissues (Fig. 1).

3.2.  Overexpression of LDHC promotes tumor growth in mice

To study the biological role of LDHC overexpression in cancer
tumorigenesis, we constructed a stable cell line of A549 over-
expressing LDHC and inoculated it subcutaneously in nude mice
(Fig. 2A). The volume and mass of the tumors overexpressing
LDHC are significantly higher than that of the control tumors on
the 45th day from inoculation (Fig. 2B—D), indicating that
overexpression of LDHC promoted the A549 tumor growth in
nude mice. The presence of the LDHC fused with a Hise-tag in
tumors were identified by Western blot (Fig. 2E).

3.3.  Knock-down of LDHC expression inhibits viability and
proliferation of A549 cells

To evaluate the down-regulation effects of LDHC, we identified
two siRNAs (s350 for LDHA and s8129 for LDHC ) that signifi-
cantly repressed the expression of LDHA and LDHC in A549 cells
by real-time PCR (Fig. 3A). The knock-down of LDHA signifi-
cantly inhibited the viability and proliferation of A549 cells as
indicated by MTT (Fig. 3B) and flow cytometry (Fig. 3C). The
inhibition of viability was significant on the 48th hour after
transfection and lasted for at least 96 h, while the inhibition of
proliferation was significant on the 24th hour after transfection
and lasted for at least 96 h. These results are consistent with
previous reports for LDHA'**. It is intriguing that the knock-
down of LDHC of A549 cells showed very similar results as
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magnification of 200 times, the brown color indicates the positive staining. (B) Statistical analysis of the expression of LDHC in cancerous and
paracancerous tissues of the 93 patients. There were 75 positive samples and 18 negative samples from cancerous tissues, while 19 positive
samples and 68 negative samples from paracancerous tissues. The rates of positive LDHC expression are 80.6% and 21.8% in cancerous and
paracancerous samples, respectively, which indicates that the expression of LDHC is significantly higher in lung cancerous tissues than that in

paracancerous tissues (X2 = 18.710, ****P < (0.001).
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Figure 2  Overexpression of LDHC promotes tumor growth in
mice. (A) The nude mice inoculated with A549 cells overexpressing
LDHC (upper) and with control A549 cells (lower), the picture was
taken on the 45th day after inoculation. (B) Tumor growth curves of
the LDHC-overexpression group (red) and the control group (black).
The volumes of the tumors overexpressing LDHC are significantly
higher than that of the control tumors (n = 5, data are mean + SD,
**#%P < 0.001). (C) The picture of the tumors from the LDHC-over-
expression group and the control group with a ruler to show the di-
ameters of the tumors. (D) Statistical analysis of tumor mass. The
masses of the tumors overexpressing LDHC are significantly higher
than that of the control tumors (n = 5, data are mean + SD,
##%P < 0.001). (E) Detection of Hisg-tag of the recombinant LDHC in
tumors by Western blot. Mice 1 to 5 were inoculated with the LDHC-
overexpression A549 cells, while mice 6 to 10 were inoculated with
the control A549 cells. HEK 293 cells were used as the positive
control.

that of LDHA (Fig. 3B and C), indicating that LDHC may also
play a key role in the metabolism of A549 cells.

3.4.  Comparison of the activities of human LDH isoforms

To further characterize the properties of LDHC, we then compared
the activities of different human LDH isoforms. LDHA and LDHB
were easily purified from crude extracts with high yields, while the
yield of the recombinant LDHC was very low due to its low solu-
bility. The three purified recombinant LDH proteins were all active
tetramers (Supporting Information Fig. S1, hereafter referred to as
LDHA4, LDHB4, and LDHC4) that displayed a single band on
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), with an apparent subunit molecular weight of ~35 kDa,
consistent with the molecular weights calculated from the amino
acid sequences (Supporting Information Fig. S2).

Besides the low solubility of LDHC4 compared with that of
LDHA4 and LDHB4, the optimum pH of 7.5 for LDHC4 was
significantly different from 8.2 for the other two isoforms. The
optimum pH determination showed that LDHC4 has a pH value
of 7.5 compared to 8.2 of both LDHA4 and LDHB4. LDHC4
also had the highest activities at the pH range of 6.4—7.6
(Fig. 4A) among the three LDH isoforms. The enzyme kinetic
analysis showed that the LDHC4 had the highest values of K.,/
K., both for pyruvate and NADH among the three isoforms
(Table 1). The K ,/K,, of LDHC4 for NADH was 2.4-fold higher
than that of LDHA4 and 5.9-fold higher than that of LDHB4.
The K../K,, of LDHC4 for pyruvate was about 3.3-fold higher

than that of LDHA4 and 2.1-fold higher than that of LDHB4,
which indicate that LDHC4 had the highest catalyzing efficiency
among the three isoforms.

Besides the canonical substrate pyruvate (Supporting
Information Fig. S3A), we also evaluated the activities of the
three human LDH isoforms against substrate analogues with
longer carbon chains and found that LDHC had a higher activity
than the other two isoforms (Fig. S3B). This suggests that sub-
strates with a longer carbon chain exhibited specificity to LDHC.

Thermal stability assay showed that LDHC4 was much more
thermally stable than LDHA4 and LDHB4 (Fig. 4B). The activity of
LDHCH4 increased along with the increasing temperature, and the
highest activity of LDHC4 achieved at 55 °C, while the highest
activities of LDHA4 and LDHB4 were both achieved at 30 °C.

3.5.  EAA shows the modest selective inhibition against LDHC4
over LDHA4 and LDHB4

Ithas been reported that oxamate is a non-selective inhibitor of mouse
LDH, while N-substituted oxamic acids are selective inhibitors of
mouse LDHC4®. Since substrates with a long chain exhibited
specificity to LDHC (Fig. S3B), here we evaluated the inhibition
specificity of a long-chain N-substituted oxamic acid, (ethylamino)
(oxo)acetic acid (EAA), against human LDH isoforms (Fig. S3A).
We determined the inhibition constants (K;) of EAA against human
LDH isoforms, which were 6.79, 4.89, and 0.53 mmol/L for LDHA4,
LDHB4, and LDHC4, respectively. (Ethylamino) (oxo)acetic acid
shows about 10 times selective inhibition against LDHC4 over
LDHA4 and LDHB4 base on the K; values. The kinetic analysis of
human LDHC inhibition by EAA suggested that EAA exhibited a
mixed inhibition pattern against LDHC4 (Supporting Information
Fig. S4). We also tested the effects of EAA on the growth of lung
cancer cell A549, and found that 5 mmol/L EAA significantly
inhibited the cell growth rate, while had no effects on the cell
apoptosis (Supporting Information Fig. S5).

3.6.  Crystal structure of human LDHC4

To elucidate the structural basis of LDHC and how the inhibitor
EAA binds to LDHC, we used X-ray crystallography to solve the
complex structure of LDHC and EAA. We introduced two mu-
tations (L56E and 1332Q) to human LDHC to increase its solu-
bility and facilitate crystallization. We have solved the crystal
structure of human LDHC4 complexed with NAD™ and the in-
hibitor EAA at 3.0 A resolution (Fig. 5A). The clear density map
enabled us to determine the position and orientation of the
cofactor NAD™ and the small-molecule inhibitor EAA unambig-
uously (Fig. 5B). The inhibitor EAA made hydrogen bonds with
Q102 from active-site loop, R170 and H194 from substrate-
binding domain, and T249 from NADH-binding domain (Fig. 5C).

In human, LDHC shares 75.4% and 69.7% protein sequence
identity with LDHA and LDHB, respectively (Supporting
Information Fig. S6). Although the two mutations (L56E and
1332Q) are away from the active site of LDHC, they seemed to
change the kinetic properties of LDHC4 to some extent
(Supporting Information Fig. S7), which may be due to the
changes of LDHC surface electrostatic potentials. The two mu-
tations are unlikely to affect LDHC structure, since the determined
crystal structure of LDHC with mutations adopted a very similar
fold and tetramer conformation as LDHA and LDHB (Fig. 6).
Comparison of the ternary complex structures of human LDHA4,
LDHB4 and LDHC4 showed that the root-mean-square deviation
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Figure 3  Knock-down of LDHC inhibits the proliferation and growth of A549 cells. (A) Detection of the expressions of LDHA and LDHC by
quantitative PCR. The expressions of LDHA and LDHC of the knock-down groups are significantly lower than that of the control groups (n = 3,
data are mean + SD, **P < 0.01). (B) Detection of cell viability by MTT assay. Data are mean + SD, n = 3 (*P < 0.05, **P < 0.01,
*EEP < 0.001, ****P < 0.0001; ns, no significant difference). (C) Detection of cell proliferation by flow cytometry.

over 270 C,, atoms is less than 0.5 A for each pairwise comparison 4. Discussion

of the three isoforms. The binding sites for cofactor and inhibitor

are very similar for all the three isoforms, and the cofactors and
inhibitors in all the three crystal structures could be well super-
imposed (Fig. 7). The major conformational differences occurred
at the active-site loop (Fig. 7). The active-site loops in the ternary
complex of LDHA and LDHB shared an identical closed
conformation?, while that of apo or NADH-bound binary complex
LDHA adopted an open conformation. However, in the ternary
complex structure of LDHC, the active-site loop adopted a distinct
conformation (Fig. 7).
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LDHC is expressed in a variety of cancer cells. Furthermore, like
the role of LDHA in the aerobic glycolysis of cancer cells, LDHC
catalyzes the key step of aerobic glycolysis in spermatozoa, which
is thought to be one of the major ATP sources of spermatozoa
motility®. Here, we set out to identify if LDHC is a potential target
for cancer therapy.

Analysis of LDHC expression in cancerous and paracancerous
tissues from lung cancer patients suggested that the LDHC was
indeed upregulated in lung cancer tissues (Fig. 1). Then, we
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Properties of LDH isoforms. (A) Optimal pH of the LDH isoforms. Glycine-HCI and glycine-NaOH buffers were used to determine

the optimal pH. The result shows that LDHC4 has an optimum pH value of 7.5 compared to 8.2 of both LDHA4 and LDHB4. LDHC4 also had the
highest activities at the pH range 6.4—7.6 among the three LDH isoforms. (B) Thermal stability of LDH isoforms. The highest activity of LDHC4
achieved at 55 °C, while the highest activities of LDHA4 and LDHB4 were both achieved at 30 °C, indicating that LDHC4 is much more
thermally stable than LDHA4 and LDHB4. The catalytic activity was measured in 100 mmol/L Tris-Cl, pH 7.5. The LDH proteins concentration
used in each reaction were all 0.78 pg/mL. Each spot represents an average value of triplicate experiments (n = 3, data are mean + SD).
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Table 1  Kinetic parameters of LDH isozyme (100 mmol/L Tris-Cl, pH7.4).
Kinetic parameter LDHA4 LDHB4 LDHC4
Pyruvate NADH Pyruvate NADH Pyruvate NADH
Vinax (Lmol/L+s) 0.61 &+ 0.03 0.65 = 0.01 0.75 = 0.02 0.77 = 0.04 1.09 £+ 0.04 0.29 + 0.01
K., (umol/L) 5391 £ 7.84 16.38 £+ 1.43 42.83 £ 3.51 48.39 £ 6.78 28.89 + 4.19 3.05 £ 0.01
Koo (1/5) 153.46 £ 7.55 163.52 £ 2.52 188.45 £ 5.03 193.48 £ 10.05 272.00 £ 9.98 72.37 £ 2.50
K o/K (L/pmol-s) 2.85 9.98 4.40 4.00 9.42 23.73

further studied the effects of overexpression or know-down of
LDHC on lung cancer. Our results indicated that the dysregulation
of LDHC in lung cancer was associated with the tumor prolifer-
ation (Figs. 2 and 3). Accordingly, LDHC is a promising candidate
diagnostic marker and therapeutic target for cancers. Furthermore,
in normal condition, LDHC is characteristically confined to ex-
press in male testicular germ cells but not in adult somatic tissues,
implying it is a potential target with selective therapeutic benefit.

From the point of view of cancer energy metabolism, the most
significant features of LDHC4 while compared with LDHA4 and
LDHB4 are the highest catalytic efficiency and the highest activity at
pH range of 6.4—7.6 (Fig. 4). Generation of NAD™" is the key step for
the continuance of glycolysis, and the high catalyzing efficiency of

N-terminus

@ Substrate-binding domain
© NADH-binding domain

© Active-site loop

@ N-terminal helix

Figure 5  Structure of human LDHC complexed with NAD™ and
(ethylamino) (oxo)acetic acid (EAA). (A) A protomer of human
LDHC is shown as cartoon and surface, respectively. The cofactor
NAD™ (yellow) and inhibitor EAA (purple) are shown as sticks. (B)
The Fo-Fc omit maps of NAD™' and EAA are colored blue and con-
toured at 3 ¢. (C) Interactions between EAA and LDHC. Residues that
make hydrogen bonds with EAA are shown as sticks and labeled.
Hydrogen bonds are drawn as red dashed lines.

LDHC4 would be more favorable to the continuance of glycolysis
than LDHA4 and LDHB4. Studies reported that some tumor cells
have acidic extracellular microenvironments with pH values ranging
6.5—6.9, and slightly alkaline intracellular microenvironments with
pH values ranging 7.2—7.5*""*. The relatively high catalytic activity
of LDHC at this pH range would favor Warburg effect. The highest
thermal stability of LDHC4 among the isoforms is also an interesting
feature. LDHC4 homologs from other species also show better
thermal stability than their isoforms4474(’, which indicates the con-
servation of LDHC during evolution. However, there were no reports
of relationship of thermal stability to the cellular function of LDHC4.

From the point of view of protein structure, the active-site loop
of LDHC4 adopted a distinct conformation compared with that of
LDHA4 and LDHB4 (Fig. 7), which will facilitate the design of
specific inhibitors. We found that the inhibitor EAA owned a
~10-fold higher selection against human LDHC4 over LDHA4
and LDHB4, which made a basis for the development of selective
inhibitors targeting human LDHC.

Figure 6 Comparison of crystal structures of human LDHA, LDHB
and LDHC. The crystal structures of the three human LDH isoforms
are compared. LDHA (PDB No. 1110), LDHB (PDB No. 110Z) and
LDHC are colored in cyan, green and yellow, respectively. (A) Su-
perpositions of the protomers of three LDH isoforms. The cofactors
and substrate-like inhibitors are shown as sticks. (B) Superpositions of
the tetramers of three LDH isoforms. For clarity, the cofactors and
substrate-like inhibitors are not shown. To underline the tetrameric
architecture, the four subunits of LDHC are colored differently.
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Figure 7  Comparison of the active-site loops of human LDH iso-
forms. (A) The 2Fo-Fc map of LDHC active-site loop is colored blue
and contoured at 1 a. (B) The crystal structures of ternary complex of
human LDHA (PDB No. 1110), LDHB (PDB No. 110Z) and LDHC,
apo LDHA (PDB No. 4L4R) and binary complex of LDHA (PDB No.
41.4S) are superimposed. The cofactors and substrate-like inhibitors
are shown as sticks. The active-site loops are indicated by arrows.

5. Conclusions

In this study, we found that LDHC was up-regulated in lung cancer
tissues, and overexpression of LDHC in mice promoted tumor
growth. Furthermore, the knock-down of LDHC inhibited the
proliferation of lung cancer A549 cell. Our results suggest that
LDHC is a potential target for anticancer drug discovery. We also
showed that the inhibitor EAA exhibited preferred inhibition
against LDHC, which provided evidence for the feasibility of
developing selective inhibitors targeting human LDHC. We
determined the structure of human LDHC to elucidate the in-
teractions between LDHC and EAA for the first time, and revealed
an active-site loop with a distinct conformation compared to
LDHA and LDHB, providing the structural basis to facilitate the
structure-based rational drug design for human LDHC.
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