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Lactic acidosis caused by repressed lactate dehydrogenase
subunit B expression down-regulates mitochondrial
oxidative phosphorylation via the pyruvate dehydrogenase

(PDH)-PDH kinase axis
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Aerobic glycolysis and mitochondrial dysfunction are key
metabolic features of cancer cells, but their interplay during
cancer development remains unclear. We previously reported
that human hepatoma cells with mitochondrial defects exhibit
down-regulated lactate dehydrogenase subunit B (LDHB)
expression. Here, using several molecular and biochemical
assays and informatics analyses, we investigated how LDHB
suppression regulates mitochondrial respiratory activity and
contributes to liver cancer progression. We found that tran-
scriptional LDHB down-regulation is an upstream event during
suppressed oxidative phosphorylation. We also observed that
LDHB knockdown increases inhibitory phosphorylation of
pyruvate dehydrogenase (PDH) via lactate-mediated PDH
kinase (PDK) activation and thereby attenuates oxidative phos-
phorylation activity. Interestingly, monocarboxylate trans-
porter 1 was the major lactate transporter in hepatoma cells, and
its expression was essential for PDH phosphorylation by modu-
lating intracellular lactate levels. Finally, bioinformatics analy-
sis of the hepatocellular carcinoma cohort from The Cancer
Genome Atlas revealed that alow LDHB/LDHA ratio is statisti-
cally significantly associated with poor prognostic outcomes. A
low ratio was also associated with a significant enrichment in
glycolysis genes and negatively correlated with PDK1 and 2
expression, supporting a close link between LDHB suppres-
sion and the PDK-PDH axis. These results suggest that
LDHB suppression is a key mechanism that enhances glycol-
ysis and is critically involved in the maintenance and propa-
gation of mitochondrial dysfunction via lactate release in
liver cancer progression.

One key metabolic feature of cancer cells is a reprogrammed
bioenergetic state characterized by impaired mitochondrial
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respiratory capacity and enhanced glycolysis (1-3). These two
alterations can be triggered independently but simultaneously
by the same environmental constraint, such as hypoxia. There-
fore, it has long been accepted that premalignant cells acquire
these hallmarks when they inevitably experience intermittent
hypoxia during tumor development (4). Enhanced glycolysis
confers a selective advantage for malignant progression by reg-
ulating lactic acidosis—mediated tumor invasion, angiogenesis,
and immune response (5-7). Mitochondrial dysfunction,
despite its association with impaired ATP generation capacity,
also promotes malignant tumor progression through retro-
grade signals, such as reactive oxygen species and deregulated
calcium homeostasis (8 —14). These circumstances suggest that
the bioenergetic hallmarks are not just passive responses to
hypoxia but are rather an active strategy to generate advanta-
geous tumoral properties. Moreover, in the absence of hypoxic
constraint, these bioenergetic phenotypes can be triggered by
several oncogenes or tumor suppressors, including Ras, Myc,
and p53 (15-18), further supporting their oncogenic tactical
involvement in tumor progression.

Pyruvate dehydrogenase complex (PDC)? is the priming
mitochondrial enzyme that allows pyruvate (the final product
of aerobic glycolysis) to enter mitochondrial oxidative pro-
cesses, the citric acid cycle, and subsequent oxidative phosphor-
ylation (OXPHOS) (19). Therefore, PDC is an important regu-
latory enzyme in controlling mitochondrial energy metabolism
via modulation of metabolite flux. PDC is a large complex con-
taining three core enzymatically active subunits: pyruvate de-
hydrogenase (PDH), dihydrolipoamide acetyltransferase, and
dihydrolipoyl dehydrogenase (20, 21). PDH directly oxidizes
pyruvate (22) and harbors regulatory residues for phosphoryla-
tion (23). The specific PDH kinase (PDK) phosphorylates resi-
due serine 293 of PDH, blocking its accessibility to the substrate
pyruvate (24). Many cancer cells exhibit transcriptional up-reg-
ulation of PDK1 expression by hypoxia-inducible factor (HIEF-
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Cancer Genome Atlas Liver Hepatocellular Carcinoma; HIF, hypoxia-induc-
ible factor; LA, lactic acid; GSEA, gene set enrichment analysis; CHC,
a-cyano-4-hydroxycinnamic acid; qRT-PCR, quantitative real-time RT-PCR;
DCA, dichloroacetate; Tub, tubulin.
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LDHB suppression regulates OXPHOS via lactate/PDK-PDH axis

1a), which is stabilized under hypoxia or induced by cMyc (15,
25), implying its pivotal role in hypoxic and oncogenic induc-
tion of mitochondrial dysfunction.

Lactate dehydrogenase (LDH) is another key enzyme in
determining cellular bioenergetic flow, cellular dependence on
glycolytic ATP generation, and oxidative mitochondrial activ-
ity. LDH uses the redox power of NADH to catalyze reversible
conversion between pyruvate and lactate. Enzymatically func-
tional LDH is a tetramer formed by diverse combinations of two
different gene products encoded by LDHA and LDHB genes,
which ultimately form five different isozymes: LDH1 (B4),
LDH2 (AB3), LDH3 (A2B2), LDH4 (A3B), and LDH5 (A4) (26).
LDHS5 preferentially catalyzes the conversion of pyruvate to lac-
tate, and its increased expression and activity is linked to the
glycolytic phenotype and metastatic activity in many cancers
(27, 28). Some studies show that LDH5 activity is mainly
enhanced because of increased LDHA expression via the inter-
play of HIF-1a and cMyc (15, 29). However, we recently
reported an LDH isozyme shift toward LDH5 in hepatoma cells,
which was unexpectedly achieved by LDHB down-expression
rather than LDHA up-expression (30). Moreover, this LDHB
suppression restrained mitochondrial respiration, providing a
model to elucidate the mechanism by which enhanced glycoly-
sis regulates mitochondrial respiratory activity.

In the present study, we demonstrate that LDHB suppression
induced enhanced glycolysis, which lowered mitochondrial
respiratory activity via lactate-mediated modulation of the
PDK-PDH axis. These findings support an interplay between
the tumoral bioenergetics phenomena of aerobic glycolysis and
mitochondrial dysfunction in the absence of hypoxic or onco-
genic stimulus, emphasizing the glycolytic control of mito-
chondrial activity.

Results

LDHB suppression occurs upstream of decreased OXPHOS
activity in hepatoma cells

We first examined the metabolic status of three different
Seoul National University hepatoma cells (SNU387, SNU354,
and SNU423) and of the normal liver cell clone Ch-L (30). Com-
pared with SNU387 and Ch-L, SNU354 and SNU423 showed a
clear isoenzyme shift toward LDH5 (Fig. 1A) and harbored
decreased LDHB protein expression, showing a low LDHB/
LDHA ratio (Fig. 1B). SNU354 and SNU423 cells also exhibited
decreased LDHB mRNA levels (Fig. 1C), implying its transcrip-
tional control. Notably, SNU354 exhibited almost complete
suppression of LDHB protein, which corresponded well to its
LDHS5 activity. The low LDHB levels in SNU354 and SNU423
cells were also accompanied by a significantly decreased cellu-
lar oxygen consumption rates (OCR) (Fig. 1D), suggesting a
possible mechanistic association between the two phenotypes.

In SNU387 hepatoma cells (which showed high LDHB
expression), LDHB suppression by siRNA-mediated knock-
down effectively induced an LDH isozyme shift toward LDH5,
indicating dependence on LDHB level (Fig. 1, E and F). Unfor-
tunately, to generate complete isozyme shift toward LDH5
using siRNA-mediated LDHB knockdown was not easy, imply-
ing that additional mechanisms, such as LDHA phosphoryla-
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tion (31, 32) and/or promoter hypermethylation-mediated
complete silencing of LDHB (33), might be required. Neverthe-
less, partial LDH isozyme shift by LDHB knockdown was
enough to significantly decrease OCR, without alteration of
OXPHOS subunit expressions (Fig. 1, E-G). Although LDHA
suppression shifted LDH isozyme toward LDH], it did not
affect OCR (Fig. 1, E-G), showing specificity of the inhibitory
effect of LDHB suppression on OCR. To further test the causal
relationship, we exposed SNU387 cells to respiratory inhibitors
such as antimycin A (complex III inhibitor) and oligomycin
(complex V inhibitor) and found that LDHA and LDHB levels
were unaltered (Fig. 1H). Similar results were obtained with
Ch-L cell (Fig. 1, I-L). These results indicated that LDHB sup-
pression-mediated LDH5 activation occurred upstream of
OXPHOS activity suppression.

LDHB suppression increases PDH phosphorylation via PDK
activity

We next investigated the mechanism underlying the regula-
tion of OXPHOS activity via LDHB suppression. LDHB knock-
down did not affect protein expressions of OXPHOS subunits
(Fig. 1F), and the LDHB-mediated LDH isozyme shift could
potentially alter cellular lactate and pyruvate levels; therefore,
we examined whether LDHB level controlled the overall
OXPHOS flux through PDH activity. LDHB knockdown
increased inhibitory phosphorylation of PDH, without stabi-
lizing HIF-1a (Fig. 2A4) and induction of mRNA expressions of
all four PDK isoforms (Fig. 2B). Moreover, the specific PDK
inhibitor dichloroacetate (DCA) effectively abolished the PDH
phosphorylation induced by LDHB knockdown (Fig. 2C). This
suggested that PDK activity was critically involved in LDHB
suppression-mediated PDH phosphorylation. Similarly, SNU354
and SNU423, which harbor low LDHB expression and de-
creased OXPHOS activity, exhibited enhanced PDH phosphor-
ylation (Fig. 2D). Moreover, overexpression of LDHB in
SNU423 cells shifted LDH isozyme toward LDH1 (Fig. 2E) and
decreased PDH phosphorylation status (Fig. 2F). These results
explained that LDHB suppression played a key role in PDH
inactivation and consequent OXPHOS control in hepatoma
cells.

LDHB suppression-mediated lactic acidosis regulates OXPHOS
activity via the PDK-PDH axis

We further confirmed the high glycolytic activity of SNU354
and SNU423 cells, based on cellular glucose consumption, lac-
tate release, and medium acidity (Fig. 3, A and B). Additionally,
LDHB knockdown in SNU387 cells (with high LDHB)
increased both glucose consumption and lactate release into
the medium (Fig. 3C), indicating that LDHB suppression was
sufficient to enhance the cellular glycolytic phenotype. These
findings suggested that released lactate might control cellular
PDH activity, and the subsequent OXPHOS activity. Lactate
levels in the glycolytic tumor microenvironment are generally
within the range of 5-20 mm (34, 35). We exposed SNU387 cells
to lactic acid (LA) levels within this range and observed dose-
dependent increases in PDH phosphorylation, without altera-
tions of PDK mRNA (Fig. 3, D and E). These results indicated
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Figure 1. LDHB suppression decreases cellular oxygen consumption rate. A-D, three different SNU hepatoma cell lines (SNU387, SNU354, and SNU423)
and a Chang cell clone (Ch-L) were cultured for 2 days to maintain exponentially growing state and subjected to each experiment. A, LDH isozyme assay was
performed as described under “Experimental procedures.” B, LDHA and LDHB expressions were assessed by Western blotting analysis using whole-cell lysates
(left panel). Quantification of the protein levels is shown as a ratio of LDHB to LDHA (right panel). LDHB protein level of SNU354 was not detected (n.d.). **, <0.01
versus Ch-L. C, mRNA levels of LDHA, LDHB and actin were analyzed by qRT-PCR. mRNA levels of LDHA and LDHB were normalized by mRNA level of actin. **,
<0.01 versus Ch-L. D, endogenous cellular oxygen consumption rate (OCR) was measured. **, <0.01 versus Ch-L. E-G, SNU-387 cells were transfected with
siRNA for LDHB (siLDHB) and LDHA (siLDHA) for 3 days. E, LDH isozyme assay. F, protein expression levels of the indicated targets were analyzed by Western
blotting analysis. G, endogenous cellular oxygen consumption rate. **, <0.01 versus control. H, SNU387 cell was exposed to the indicated concentrations of
antimycin A (left panel) and oligomycin (right panel) for 12 h. LDHA and LDHB expressions were examined by Western blotting analysis. I-K, Ch-L cells were
transfected with the indicated amounts of LDHB siRNA for 3 days. /, LDH isozyme analysis. J, Western blotting analysis. K, endogenous cellular oxygen
consumption rate. **, <0.01 versus negative control (NC). L, Ch-L cells were treated with 10 um rotenone (Ro, complex | inhibitor), 400 um TTFA (TT, complex I
inhibitor), 10 um antimycin A (AA, complex IIl inhibitor), 10 mm KCN (complex IV inhibitor), or 10 um oligomycin (Oli, complex V inhibitor) for 12 h. Western

blotting analysis. C or Con, control.

that lactate released by LDHB suppression augmented PDH
phosphorylation in an autocrinal or paracrinal mode.

We also examined the time course effect of LA on both PDH
phosphorylation and cellular OCR. Exposure of SNU387 cells
to 20 mMm LA in fresh medium gradually increased PDH phos-
phorylation over a time course (Fig. 44, upper panels), whereas
medium change alone decreased the phosphorylation (Fig. 44,
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lower panels). Consistent with the PDH phosphorylation status,
OCR significantly decreased upon LA treatment without alter-
ation of OXPHOS subunit expressions (Fig. 4, B and C), sug-
gesting that LA may regulate OXPHOS activity via PDH phos-
phorylation (inactivation).

Next, we asked whether the PDH phosphorylation is due to
lactate per se or the acidic environment. Because extracellular

SASBMB
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Figure 2. LDHB knockdown induces PDK-mediated PDH phosphorylation without HIF-1 induction. A and B, SNU387 cells were transfected with siRNA for
LDHB (siLDHB) and LDHA (siLDHA) for 3 days. Deferoxamine (DFO, hypoxia mimetic agent) was used as a HIF-T« inducer (54). A, Western blotting analysis of the
indicated proteins. B, mRNA levels of PDK1~4 were analyzed by qRT-PCR. C, SNU387 cells were transfected with siRNAs for LDHB for 3 days and exposed to 5
mm DCA for 1 h, followed by Western blotting analysis of the indicated proteins. D, SNU hepatoma cell lines (SNU387, SNU354, and SNU423) were cultured for
2 days to maintain exponentially growing state and subjected to Western blotting analysis. £ and F, SNU423 cells were transfected with pcDNA3-LDHB-HA
plasmid for 2 days. £, LDH isozyme analysis. F, Western blotting analysis. NC, negative control.
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Figure 3. Lactate augmented by LDHB suppression increases PDH phosphorylation. A and B, SNU387, SNU354, SNU423, and Ch-L cells were cultured for
2 days to maintain exponentially growing state and subjected to each experiment. A, glucose (Glc) consumption and lactate (Lac) release were estimated by
monitoring glucose and lactate concentrations in cultured medium as described under “Experimental procedures.” Actual measurements of consumed Glc
and released Lac concentrations of Ch-L were 1.70 = 0.51 and 3.68 = 1.11 mwm/1 X 10° cells, respectively. **, < 0.01 versus Ch-L. B, medium pH was monitored.
#* <0.01 versus Ch-L. C, SNU387 cells were transfected with siLDHB for 3 days, and then glucose and lactate concentrations of the cultured medium were
measured. Actual measurements for consumed Glc and released Lac concentrations of siNC were 2.7 + 0.28 and 4.48 + 0.33 mwm/5 X 10° cells, respectively. ¥,
< 0.05, **, < 0.01 versus siNC. D, SNU387 cells were treated with the indicated concentrations of LA for 12 h and subjected to Western blotting analysis. Initial
pH of LA-treated medium was measured under noncultivating air condition without CO, supply and indicated in the bottom. E, SNU387 cells were exposed to

20 mm LA for 12 h and subjected to qRT-PCR. Con, control.

pH values in solid tumors have a pH level of ~6.5 (36, 37), we
adjusted the pH of medium containing 20 mm LA to 6.5 or 7.8
right before medium replenishment, generating the pH of
medium to ~6.4 or 7.6 in cultivating condition with 5% CO.,.
Medium containing 20 mm LA (pH 6.5) gradually enhanced
PDH phosphorylation over a time course, whereas medium
containing with 20 mm LA (pH 7.8) showed results similar to
those with medium replenishment alone (Fig. 4D). The effect of
pH 7.8 medium was confirmed by exposure to different con-
centrations of sodium lactate up to 30 mm (Fig. 4F). These
results clearly indicated that lactate per se without acidity did
not affect PDH phosphorylation. Moreover, PDH phosphory-
lation was not affected by acidification alone of media without
lactate (Fig. 4E). Consistently, LA treatment significantly aug-
mented intracellular lactate level, compared with sodium lac-
tate treatment (Fig. 4G), implying that proton concentration

SASBMB

facilitated lactate import across cell plasma membrane. These
results supported the possibility that lactic acidosis, combined
action of lactate level and acidity, by LA treatment was required
for intracellular PDH phosphorylation. We further confirmed
that lactic acidosis-mediated PDH phosphorylation and OCR
inhibition were clearly resolved by pharmacological PDK inhi-
bition (Fig. 4, H and I). Overall, these results indicated that
lactic acidosis decreased OXPHOS activity via PDK-mediated
PDH inactivation.

PDH phosphorylation involves MCT-mediated lactate
transport

Lactic acid is transported across the plasma membrane by
proton-linked monocarboxylate transporters (MCTs), mainly
MCT1-4 (38, 39). Interestingly, all four examined cell lines
showed very high MCT1 mRNA levels (Fig. 54), compared with

J. Biol. Chem. (2019) 294(19) 7810-7820 7813
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Figure 4. Lactic acidosis, not lactate alone, suppresses OCR via PDK-PDH axis. A and B, SNU387 cells were replenished with fresh medium alone (M/C, lower
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consumption rate (OCR). **, < 0.01 versus M/C. C, SNU387 cells were incubated with 20 mwm lactic acid (pH 6.5) for 12 h and subjected to Western blotting
analysis. D, SNU387 cells were replenished with fresh medium containing 20 mm lactic acid of which pH was adjusted to 6.5 (upper panel) or 7.8 (lower panel),
followed by Western blotting analysis. E, SNU387 cells were replenished with fresh medium of which pH was adjusted to the indicated pH with 100 mm HCl and
subjected to Western blotting analysis. F, SNU387 cells were replenished with fresh medium containing the indicated concentrations of sodium lactate (Na-Lac)
for 12 h, followed by Western blotting analysis. G, SNU387 cells were replenished with fresh medium containing the indicated concentrations of sodium lactate
or lactic acid for 12 h, followed by measurement of intracellular lactate as described under “Experimental procedures.” **, < 0.01 versus sodium lactate. H and
I, SNU387 cells were replenished with medium containing 20 mm lactic acid (pH 6.5) for 12 h, followed by treatment with or without DCA for 1 h. H,
phosphorylated PDH (pPDH) levels were analyzed by Western blotting. /, oxygen consumption rate (left panel) and Western blotting analysis (right panel). **,

< 0.01 versus no drug; ##, < 0.01 versus LA20. Con, control.

mRNA levels of other MCTs (MCT2-4). Bioinformatic analy-
sis of The Cancer Genome Atlas Liver Hepatocellular Carci-
noma (TCGA-LIHC) open database confirmed that LIHC tis-
sues expressed MCT1 at a higher level than MCT2-4 (Fig. 5C),
implying a key role of MCT1 in lactate transport in hepatoma
cells. SNU354 and SNU423 cells showed markedly high MCT2
expression (Fig. 5A4), whereas MCT2 levels were barely detect-
able in Ch-L and SNU387 cells. Relative mRNA levels of MCT1
and MCT2 in all tested cells were further confirmed by conven-
tional RT-PCR (Fig. 5B). Interestingly, in SNU387 cells, LDHB
knockdown attenuated MCT1, MCT3, and MCT4 expression
(Fig. 5D), whereas knockdown of MCT1 or MCT?2 did not affect
LDHB expression (Fig. 5E). These results suggested that LDHB
expression is linked to MCT expression and may act as an
upstream regulator.

We next examined whether lactate transport via MCT's was
critical for PDH phosphorylation. Because all four cell lines
showed much higher expression of MCT1 compared with
MCT2, MCT3, and MCT4, we investigated whether MCT1-
mediated lactate transport influenced PDH phosphorylation.
In the two glycolytic hepatoma cells (SNU354 and SNU423),
which possess high lactate production capacity (Fig. 34),
MCT1 knockdown increased intracellular lactate levels and
further augmented PDH phosphorylation status (Fig. 5, F and
G). These findings suggested that MCT1 played a key role as a
lactate exporter in glycolytic hepatoma cells and that high
intracellular lactate regulated PDH phosphorylation. We fur-
ther investigated whether extracellular lactic acidosis could
impact intracellular PDH phosphorylation via MCT-mediated
lactate import. As expected, the MCT1/2-specific inhibitor

7814 J Biol. Chem. (2019) 294(19) 7810-7820

a-cyano-4-hydroxycinnamic acid (CHC) (40, 41) strongly
blocked PDH phosphorylation under lactic acidosis in the oxi-
dative SNU387 and Ch-L cells (Fig. 5H). Similar results were
also obtained in SNU354 and SNU423 cells (Fig. 5H), implying
that lactate could act in an autocrinal mode. Together, our
findings suggested that increased intracellular lactate may
inhibit mitochondrial OXPHOS activity via PDH phosphor-
ylation, indicating a potential role of lactate as a key player in
both autocrinal maintenance and paracrinal propagation of
OXPHOS dysfunction.

LDHB/LDHA ratio is a key glycolytic and prognostic marker of
LIHC

We performed Kaplan—Meier survival analysis to compare
clinical outcomes between LDHB-high and LDHB-low expres-
sion groups from the TCGA-LIHC cohort. Unexpectedly, we
found no significant differences (data not shown). We also
could not find any negative association between LDHA and
LDHB mRNA levels in the TCGA-LIHC cohort (Fig. 6A4). Thus,
we hypothesized that individual hepatoma cells may exhibit
either LDHB suppression or LDHA induction, such that the
LDHB/LDHA ratio may represent the glycolytic status in het-
erogeneous LIHC tissue context. Interestingly, the low LDHB/
LDHA group (n = 93) displayed a poor prognosis with signifi-
cantly shorter survival compared with the high LDHB/LDHA
group (Fig. 6B). Moreover, the low LDHB/LDHA group showed
significantly higher LDHA and lower LDHB expression (Fig.
6C). These results suggested that individual LIHC tumor tissue
may acquire the LDH5 isozyme via one strategy, either LDHA
induction or LDHB suppression.
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individual MCTs (MCT1~4) in LIHC tumors (n = 371) from TCGA_LIHC data set. D, SNU387 cells were transfected with siLDHB for 3 days and subjected to
RT-PCR. MCT2 mRNA level of SNU387 cells was not detected (n.d.). *, < 0.05; **, < 0.01 versus siNC. E, SNU354 and SNU423 cells were transfected with siMCT1
or siMCT2 for 3 days and subjected to Western blotting analysis. F and G, SNU354 and SNU423 cells were transfected with siMICT1 for 3 days. F, phosphorylated
PDH (pPDH) levels were analyzed by Western blotting (upper panel). The bar graph represents the normalized band intensities of pPDH to PDH using ImageJ
software (lower panel). **, < 0.01 versus siNC. G, measurement of intracellular lactate. **, < 0.01 versus siNC. H, Ch-L, SNU387, SNU354, and SNU423 cells were
treated with or without 1 mm CHC for 1 h and further incubated with 20 mm lactic acid (pH 6.5) for an additional 12 h. Phosphorylated PDH levels were examined

by Western blotting analysis.

Next, we evaluated whether the LDHB/LDHA ratio was truly
associated with an overall metabolic shift from OXPHOS to
glycolysis. Gene set enrichment score analysis revealed a signif-
icantly more enriched glycolysis hallmark gene signature in the
low LDHB/LDHA group than the high LDHB/LDHA group
(Fig. 6D). OXPHOS hallmarks were similar between the two
groups (Fig. 6E). Finally, we observed that the low LDHB/
LDHA group displayed significantly higher PDK1 and PDK2
expressions, whereas PDK3 and PDK4 expressions were similar
between groups (Fig. 6F). These results indicated that low
LDHB/LDHA ratio was linked to decreased OXPHOS activity,
which is possibly mediated by the PDK-PDH axis in LIHC,
rather than to OXPHOS gene regulation. Overall, our findings
supported that the low LDHB/LDHA ratio is a key marker of
both aerobic glycolysis and PDK-mediated mitochondrial dys-
function and is a good prognostic indicator for LIHC with bio-
energetic features.

Discussion

The cellular LDH isozyme shift toward LDH5 is a key event
in maintaining glycolytic ATP generation by resupplying the
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NAD™ needed for the early step of glycolysis. This is extremely
important for maintaining cellular energy in the absence of
mitochondrial oxidation, as occurs in tumor cells with hypoxic
conditions and mitochondrial defects. HIF-1« is a key regulator
of LDHA gene induction and subsequent LDH5 formation (42),
and several oncogenes (e.g. Ras, Src, and Myc) reportedly up-
regulate LDHA via HIF-1a— dependent or —independent man-
ner (43, 44). The available data support the importance of onco-
genic LDHA up-regulation for gaining aerobic glycolysis and its
priming role for bioenergetics features even without hypoxia or
mitochondrial dysfunction during tumorigenesis.

In our present study, we clearly demonstrated that LDHB
suppression is another effective cellular strategy for driving the
LDH isozyme shift toward LDH5 and thus enhancing aerobic
glycolysis. Supporting this concept, Cui et al. (45) recently
reported similar observations in pancreatic cancer progression.
Interestingly, our bioinformatic analysis of the open RNA-Seq
database from the TCGA-LIHC cohort revealed that LDHB/
LDHA ratio—the best indicator of LDH isozyme shift—was a
good prognostic marker for liver cancer, implying the impor-
tance of this shift in liver cancer progression. Notably, our find-
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Figure 6. LDHB/LDHA ratio is a good prognostic indicator of LIHC harboring mitochondrial dysfunction. A-F, bioinformatics analysis from TCGA_LIHC
data set. A, association analysis of LDHA and LDHB expression in LIHC tumors. B, Kaplan-Meier survival analysis of high and low LDHB/LDHA groups was
performed (see “Experimental Procedures”). The statistical p value was generated by the Cox-Mantel log-rank test. C, box plot shows expression levels of LDHB
(right panel) and LDHA (left panel) of high- and low-LDHB/LDHA group. The p value was calculated based on the Welch two-sample t test. D, enrichment plot
from GSEA output based on the gene set of HALLMARK_GLYCOLYSIS (n = 200) is shown. Normalized enrichment score (NES) and nominal p value (Nom. p) are
shown. E, single sample GSEA was performed based on the gene sets derived from HALLMARK_OXIDATIVE_PHOSPHORYLATION (n = 200) and HALLMARK-
_GLYCOLYSIS (n = 200) (MSigDB_V6.1). The p value from the Kolmogorov-Smirnov test was transformed in —log scaled and used in the plot. F, expression
levels of PDK1~4 in high- and low-LDHB/LDHA tissue types were plotted. p value was calculated based on the Welch two-sample t test. G, schematic diagram
for our hypothesis explaining the LDHB-mediated glycolytic control of OXPHOS dysfunction in LIHC.

ings also suggested that individual tumor tissue may adopt
either LDHA induction or LDHB suppression to achieve
LDH5-mediated glycolysis in liver cancer. This heterogeneous
tactic for LDH5 activation means that clinical outcome cannot
be significantly predicted by analysis of LDHA or LDHB alone
in liver cancer.

Glycolytic activation in cancer is not only important for
maintaining cellular energy but also for producing and releas-
ing lactate. Extracellular lactate promotes chronic acidification
of the tumor microenvironment and drives cancer cell metas-
tasis (12, 13). Surprisingly, our present results demonstrated
that lactate regulated mitochondrial OXPHOS activity via the
PDK-PDH axis. The schematic diagram in Fig. 6G shows that
glycolytic hepatoma cells (SNU354 and SNU423), which harbor
OXPHOS defect and LDHB depletion-mediated lactic acidosis,
utilize lactate to increase PDH phosphorylation, leading to
additional OXPHOS dysfunction. Moreover, exposure of oxi-
dative hepatoma cells (Ch-L and SNU387) to lactate decreased
OXPHOS activity in a rapid response via PDH phosphoryla-
tion. Recently, we reported that lactate also induced mitoribo-
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somal defect in a delayed response via suppressing MRPL13
expression, eventually contributing to the endogenous OXPHOS
defect of SNU354 and SNU423 cells (46). Together, these
results indicate that lactate may play a key role in the mainte-
nance and propagation of mitochondrial OXPHOS dysfunction
in the tumoral context, even under normoxic conditions. High
glucose utilization reportedly reduces OXPHOS activity in
yeast, termed the Crabtree effect (47). However, to our knowl-
edge, the present study is the first to demonstrate that lactate,
the released glycolytic product, inhibits tumoral OXPHOS
activity in a rapid response.

Another important question is how lactic acidosis condition
regulates PDH phosphorylation. To prevent the intracellular
acidification of glycolytic tumor cells, lactate efflux is generally
conducted through MCTs, a group of bidirectional proton-
linked transporters with varying K, values for lactate (48). Of
the four MCTs, MCT1 (high K, for lactate, 3.5-10 mm) was
predominantly expressed in our hepatoma model cells and
LIHC tissues. Furthermore, compared with the oxidative hep-
atoma cells (Ch-L and SNU387), the glycolytic hepatoma cells
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(SNU354 and SNU423) showed decreased but still substantial
MCT1 levels, suggesting its major role in liver cancer. MCT2
(low K, for lactate, 0.5—0.75 mm) was detected only in glyco-
lytic hepatoma cells. Further studies are needed to elucidate the
role of MCT2 in glycolytic tumor cells, but the absence of
MCT?2 in oxidative cells implies that these cells may uptake via
MCT1 and utilize lactate only when extracellular lactate levels
are very high. On the other hand, high lactate-generating gly-
colytic tumor cells may use MCT1 for lactate efflux and MCT2
for lactate re-entry when necessary. This concept is supported
by a previous report that MCT1 acts in both lactate export and
import, depending on metabolic state (49, 50).

MCT1 knockdown caused glycolytic tumor cells to accumu-
late intracellular lactate and exhibit increased PDH phosphor-
ylation by inhibiting lactate efflux. Additionally, in oxidative
tumor cells mainly expressing MCT1, pharmacological MCT
inhibition almost completely abolished PDH phosphorylation
by blocking lactate influx under lactic acidosis condition. These
results clearly indicate that intracellular lactate regulates PDH
phosphorylation. A previous study reports that lactate accumu-
lation inhibits prolyl hydroxylase-2 (PHD-2) and activates HIF-
1la, inducing PDK1 (51) and that lactate stabilizes the NDRG3
protein to mediate hypoxia-induced Raf-ERK pathway activa-
tion in a PHD-2— dependent manner (52). However, under our
experimental conditions, LDHB depletion did not stabilize
HIF-1a and not induce PDK expression. This indicates that
LDHB-mediated lactate regulated PDH phosphorylation inde-
pendently of HIF-1a-mediated PDK expression and possibly
via PDK activation by post-translational modification. An
ongoing study is investigating this issue in further detail.

In our present study, we present a novel mechanism in which
LDHB depletion induces aerobic glycolysis, playing a key role
as a priming regulator and a propagator of mitochondrial
OXPHOS dysfunction, via lactate-mediated control of the
PDK-PDH axis. Our results further emphasize that a low
LDHB/LDHA ratio is a useful prognostic indicator for LIHC
patients with bioenergetic features. Further studies are
needed to determine whether differential therapeutic
approaches may be useful for LIHC groups with different met-
abolic backgrounds.

Experimental procedures
Cell cultures and cell growth rate

Human hepatoma cells (SNU387, SNU354, and SNU423)
were purchased from Korean Cell Line Bank (Seoul, Korea) and
were cultured in Gibco RPMI 1640 medium (Invitrogen) sup-
plemented with 10% Gibco fetal bovine serum (Invitrogen) and
Gibco antibiotics (Invitrogen) at 37 °C in a humidified incuba-
tor with 5% CO,. Chang cells were obtained from American
Tissue Culture Collection (Manassas, VA), and a Chang cell
clone denoted as Chang-L that was isolated by single cell dilu-
tion and expansion and had high hepatic characteristics (albu-
min production and liver-specific carbamoyl-phosphate syn-
thase-1 expression) as described previously (30) was used for
this study. Ch-L clone was cultured in Gibco Dulbecco’s mod-
ified Eagle’s medium (Invitrogen) supplemented with 10%
Gibco fetal bovine serum. Cell growth rates were monitored by
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counting the trypan blue—negative viable cells. The cell lines
were tested for mycoplasma contamination (MycoAlert™
mycoplasma detection kit; Lonza, Rockland, ME).

LDH isozyme assay

Activity profiles of the five LDH isozymes are estimated by
in gel activity analysis after separating the lysates (5 ug) on
agarose native gel electrophoresis according to the protocol
provided with an REP LDH isoenzyme assay kit (Helena Lab-
oratories, Beanmont, TX) with Rapid Electrophoresis (Hel-
ena Laboratories).

Measurement of lactate and glucose concentrations

Concentrations of lactate and glucose in extracellular
medium were measured using a YSI 7100 Bioanalyzer (Yellow
Springs, OH). Briefly, the cells were seeded on 12-well plates
and cultured for 24 h. After replenishing with fresh medium for
2 days, the conditioned medium was harvested and applied to
the chamber assembled with glucose/lactate membrane kit
(YSI2365 and YSI2329) to measure simultaneously glucose
and lactate concentrations. The concentration values were
obtained by comparing with standard calibration curves for lac-
tate and glucose concentrations and normalized by cell num-
bers. Intracellular lactate levels were measured using a lactate
colorimetric/fluorometric assay kit (Biovision, Milpitas, CA)
according to the manufacturer’s instructions.

Endogenous cellular oxygen consumption rate

Endogenous cellular oxygen consumption rate was measured
in situ with cultured cells using the XF-24 extracellular flux
analyzer (Seahorse Bioscience) according to the protocol pro-
vided. Briefly, the cells were seeded on XF24 cell culture micro-
plates (Seahorse Bioscience) at a density of 10,000 cells/well and
preincubated with XF assay medium (Seahorse Bioscience)
containing 1 mm pyruvate and 5 mm glucose. Its mitochondrial
specificity was confirmed by adding 100 nm antimycin A.

Transfections

All the transfections were performed using Oligo-
fectamine™ reagent (Invitrogen), according to the manufa-
cturer’s instructions. Target siRNAs were generated from Bion-
eer (Daejeon, Korea), and single-strand sequences of the
siRNAs were as follows: 5'-GGAUAUACCAACUGGG-
CUA-3' for LDHB #1, 5'-GCAGAUACCCUGUGGGACA-3’
for LDHB #2, 5'-CGUGCAUUCCCGAUUCCUU-3" for
LDHA #1,5'-CUGGUUAGUGUGAAAU-3' for LDHA #2,5'-
GAGUCAGCAUUAUAGU-3' for MCT1 #1, 5'-CAUGUAU-
GGAGACUACAAA-3' for MCT1 #2,5'-CUCCAUCUGACU-
ACGACUA-3' for MCT?2 #1, 5'-CAGCAAAUAUUCCACA-
CUA-3' for MCT2 #2, and 5'-CCUACGCCACCAAUUU-
CGU-3' for negative control (siNC). The pcDNA-LDHB-HA
was generated as previously described (30).

Western blotting analysis

Cultured cells were washed twice with PBS and lysed with
lysis buffer (1 m Tris-HCI, pH 7.4, 150 mm NaCl, 0.1% SDS, 1%
Nonidet P-40) containing phosphatase inhibitor (200 mm NaF,
200 mMm NaVO,) and protease inhibitor (200 mm phenylmeth-
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ylsulfonyl fluoride, 500 mm leupeptin, 500 mm pepstatin A) at
4 °Cfor 30 min. The isolated proteins were separated on 8 —=12%
SDS-polyacrylamide gels and then transferred onto nitrocellu-
lose membrane (Amersham Biosciences Protran™, GE
Healthcare). These membranes were then incubated for 12 h
with the following primary antibodies. Next, the membranes
were washed with 0.1% PBS-T buffer three times for 15 min
each, after which they were incubated with horseradish perox-
idase-conjugated anti-mouse, anti-rabbit, anti-sheep, and anti-
goat antibody (1:3000 —5000, Santa Cruz, Dallas, TX) for 1-2 h.
The membranes were then washed three times with 0.1%
PBS-T buffer for 15 min. Immunoreactive bands were visual-
ized with the ECL system (West Save, Lab Frontier). Antibody
against p-PDH (Ser®*®) (1:1000, AP1062) was purchased from
Calbiochem (San Diego, CA). Antibodies against PDH-El«
(1:2000, ab110330), PDK1 (1:2000, ab90444), and LDHA
(1:3000, ab9002) were purchased from Abcam Ltd. (Cam-
bridge, UK). Antibodies against NDUFA9 of complex I
(A21344), flavoprotein (A11142) of complex II, UQCRC2 of
complex III (A11143), MTCOII of complex IV (A6404), and
ATP5A1 of complex V (A21350) were from Molecular Probes
Corp. (Eugene, OR). Individual complexes (I to V) are labeled as
Comp [, I I11, IV, and V, respectively, in the figures. Antibodies
against MCT1 (sc-14916) and MCT2 (sc-22034) were obtained
from Santa Cruz Biotechnology.

RT-PCR

Total RNA was isolated using TRIzol (Invitrogen), and
c¢DNA was prepared using avian myeloblastosis virus reverse
transcriptase (Promega, Madison, WI). Conventional RT-PCR
and subsequent visualization on agarose gel was performed
when necessary. Quantitative real-time RT-PCR (qRT-PCR)
was performed using THUNDERBIRD® SYBR® quantitative
PCR Master Mix (Toyobo, Osaka, Japan), according to the
manufacturer’s protocol. PCR conditions were different,
depending on the primers but generally were within 30-45
cycles of the reaction at 95 °C for 15 s, 55-57 °C for 30 s, and
72 °Cfor 20—40s. The PCR primer sets were produced by Bion-
eer as follows: LDHA, 5'-ATATCTTGACCTACGTGGCT-
TGGAA-3" and 5'-ACTCCATACAGGCACACTGGAAT-3';
LDHB, 5'-CTCATTGCACCAGTTGCGGAAG-3' and 5'-
AAGCTCCCATGCTGCAGATCCAT-3'; PDK1, 5'-CTATG-
AAAATGCTAGGCGTCTGT-3" and 5'-AACCACTTGTAT-
TGGCTGTCC-3’; PDK2, 5'-AGGACACCTACGGCGA-
TGA-3" and 5'-TGCCGATGTGTTTGGGATGG-3'; PDKS3,
5'-GCCAAAGCGCCAGACAAAC-3" and 5'-CAACTG-
TCGCTCTCATTGAGT-3'; PDK4, 5'-TTATACATACTCC-
ACTGCACCA-3" and 5'-ATAGACTCAGAAGACAAAG-
CCT-3'; MCT1, 5'-AGTGTCATGGATATCCTCCATAA-
TGT-3' and 5-AAGACCTCCAATGACTCCAATACA-3';
MCT2, 5'-GCTGTACCTCACTATGGGATTC-3' and 5'-CCT-
ACAGAAGGCCTAGCAAAC-3'; MCT3, 5'-TGTCCTCCA-
TCATGCTAGCCAT-3" and 5'-ATGAGCGACGGCTGG-
AAGTT-3'; MCT4, 5-TCTTCGGCTGTTTCGTCATCA-3’
and 5'-ATGCCCAGCGACGCAA-3’; and B-actin, 5'-CCTT-
CCTGGGCATGGAGTCCTGT-3' and 5'-GGAGCAATGA-
TCTTGATCTTC-3'. Expression levels of target mRNAs were
normalized by B-actin mRNA level.
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Chemicals

DCA (347795), L-(+)-lactic acid solution (L1875), sodium
lactate (L7022), and CHC (C2020) were purchased from
Sigma—Aldrich.

Validation in the open liver cancer cohort

To validate the clinical significance of LDHB, we used liver
cancer open database, TCGA-LIHC. Level 3 RNA-SeqV2 data
for LIHC were downloaded from TCGA data portal (https://
portal.gdc.cancer.gov/). RNASeqV2 expression data of 371 pri-
mary tumors was used in the analysis. All expression data were
log2 transformed and quantile-normalized using R. In this
study, we calculated the ratio of LDHB to LDHA in individual
sample, and the top and bottom quartiles of LIHC tissues
ranked by LDHB/LDHA ratio were assigned into high and low
groups, respectively. To compare clinical significance, we per-
formed Kaplan—Meier (K,,,) survival analysis, and significance
was estimated by Cox—Mantel log-rank test. To elucidate the
association between LDHA and LDHB, correlation estimation
and p value calculated from Pearson’s correlation test were
used. We performed gene set enrichment analysis (GSEA)
based on the gene set for glycolysis (n = 200) from in Molecular
Signatures Database (53) (MSigDB_V6.1;HALLMARK_GLY-
COLYSIS) using the GenePattern server (55).

Statistical analysis

Statistical analyses were performed using a two-tailed
Student’s ¢ test. p < 0.05 was considered statistically significant.
All data were confirmed by at least three independent experi-
ments, and all quantitative data were obtained from triplicate
samples for each experiment and presented as means * stan-
dard deviation.
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