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Double genetic disruption of lactate dehydrogenases A and B
is required to ablate the “Warburg effect” restricting tumor
growth to oxidative metabolism
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Increased glucose consumption distinguishes cancer cells
from normal cells and is known as the “Warburg effect” because
of increased glycolysis. Lactate dehydrogenase A (LDHA) is a
key glycolytic enzyme, a hallmark of aggressive cancers, and
believed to be the major enzyme responsible for pyruvate-to-
lactate conversion. To elucidate its role in tumor growth, we
disrupted both the LDHA and LDHB genes in two cancer cell
lines (human colon adenocarcinoma and murine melanoma
cells). Surprisingly, neither LDHA nor LDHB knockout strongly
reduced lactate secretion. In contrast, double knockout (LDHA/
B-DKO) fully suppressed LDH activity and lactate secretion.
Furthermore, under normoxia, LDHA/B-DKO cells survived the
genetic block by shifting their metabolism to oxidative phos-
phorylation (OXPHOS), entailing a 2-fold reduction in prolifer-
ation rates in vitro and in vivo compared with their WT coun-
terparts. Under hypoxia (1% oxygen), however, LDHA/B
suppression completely abolished in vitro growth, consistent
with the reliance on OXPHOS. Interestingly, activation of the
respiratory capacity operated by the LDHA/B-DKO genetic
block as well as the resilient growth were not consequences of
long-term adaptation. They could be reproduced pharmacolog-
ically by treating WT cells with an LDHA/B-specific inhibitor
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(GNE-140). These findings demonstrate that the Warburg effect
is not only based on high LDHA expression, as both LDHA and
LDHB need to be deleted to suppress fermentative glycolysis.
Finally, we demonstrate that the Warburg effect is dispensable
even in aggressive tumors and that the metabolic shift to
OXPHOS caused by LDHA/B genetic disruptions is responsible
for the tumors’ escape and growth.

Increased glucose consumption distinguishes cancer cells from
normal cells and is exploited to detect and image tumors in vivo.
This phenomenon is known as the “Warburg effect” (1-4) and
results from the conjunction of uncontrolled growth signaling,
deregulated c-Myc and hypoxia-induced factor 1 (HIF-1) activity
leading to induction of glycolytic enzymes (5-7), and inhibition of
pyruvate oxidation in mitochondria (8, 9).

Lactate dehydrogenase A (LDHA)' is the predominantly
expressed LDH enzymatic form in cancer cells and the key
player of the Warburg effect. Enhanced LDHA activity and lac-
tate production correlate with poor prognosis and resistance to
chemo- and radiotherapy (10, 11). A poor prognosis may be at
least in part due to lactic acid, which acts as an immunosup-
pressant that inhibits the function of a variety of immune cells,
such as T cells and natural killer (NK) cells (12, 13). In line with
this, LDHA silencing increases melanoma immunosurveillance
as a direct consequence of blunting lactic acid release (12). Fur-
thermore, LDHA has proven to be a valid therapeutic target, as
pharmacological inhibition or LDHA knockdown decreased
tumorigenicity in breast, lung, liver, lymphoma, and pancreas
cancers (14-18), accompanied by reactivation of mitochon-

°The abbreviations used are: LDH, lactate dehydrogenase; KO, knockout;
DKO, double knockout; ECAR, extracellular acidification rate; OXPHOS, oxi-
dative phosphorylation; OCR, oxygen consumption rate; FCCP, carbonyl
cyanide p-trifluoromethoxyphenylhydrazone; DNP, 2,4-dinitrophenol;
ETS, electron transport system; GPI, glucose-6-phosphate isomerase; ROX,
residual oxygen consumption; Nx, normoxia; Hx, hypoxia; DMEM, Dulbec-
co’'s modified Eagle’s medium; TCA, tricarboxylic acid; SWATH, sequential
window acquisition of all theoretical fragment-ion spectra.
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drial function in vitro. To date, the majority of studies have
focused on the role of LDHA in tumor progression. A few stud-
ies, however, demonstrated that not only LDHA but also LDHB
are up-regulated in triple-negative breast cancer (19) and lung
adenocarcinomas (20). LDHB has also been related to response
to chemotherapy in oral squamous cell carcinoma (21).

Lactate dehydrogenase ((S)-lactate:NAD™ oxidoreductase,
EC 1.1.1.27) belongs to a family of NAD*-dependent enzymes
and catalyzes the reversible conversion of pyruvate to lactate,
coupled with oxidation/reduction of the cofactor (NADH/
NAD™). Active LDH is a homo- or heterotetramer assembled
by association of two different subunits, M and H, encoded by
two separate genes, LDHA (M) and LDHB (H), respectively.
These subunits were named based on their original detection in
muscle (M) and heart (H) tissue. LDH tetramers form five
isoenzymes that differ in their proportions of LDHA and LDHB
subunits and in their tissue distribution (22). Whether the ratio
of the two subunits determines the activity of the enzyme and
the K, for pyruvate and lactate has been debated for many years
(23). Most publications state that LDHA mainly reduces pyru-
vate to lactate, whereas LDHB catalyzes the reverse reaction,
lactate oxidation to pyruvate, coupled with NADH formation.
However, this assumption was already challenged by Vesell
(24), who showed that the enzymatic activity of purified LDH-5
(four LDHA subunits) resembled that of LDH-1 (four LDHB
subunits) at physiologic temperature . Furthermore, in zymog-
raphy, which combines electrophoresis with activity staining to
separate and detect the five LDH isoenzymes, both pyruvate
and lactate have proven to be suitable substrates (25), further
supporting the notion that both LDHA and LDHB are capable
of catalyzing the conversion of pyruvate to lactate (22, 26).

Here we report that only the combined genetic disruption of
LDHA and LDHB will fully suppress lactate secretion with a
concomitant reduction in glucose consumption by the human
colon adenocarcinoma cell line LS174T and the murine mela-
noma cell line B16-F10. The resulting metabolic shift to oxida-
tive phosphorylation was sufficient to maintain viability and in
vivo tumor growth.

Results

Genetic disruption of LDHA and LDHB is required to suppress
lactate secretion in cancer cell lines

To elucidate the role of LDHA in tumors, we knocked out the
LDHA gene in two glycolytic cancer cell lines, human colon
adenocarcinoma (LS174T) and mouse melanoma (B16-F10)
cells (Fig. 1, A and C), using the CRISPR-Cas9 technique (den-
sitometric quantification of the corresponding Western blots is
presented in Fig. 1, B and D). Complete allelic knockout (KO)
was confirmed by LDHA proteomic analysis, RT-PCR analysis
of LDHA gene expression, and sequencing of reisolated sub-
clones (data not shown). For the B16 KOs, two independent
subclones were analyzed, but we chose to present the results of
only one of the clones for simplicity. To our surprise, LDHA-
KOs for both LS174T and B16 cells were still able to secrete
large amounts of lactate under both normoxic and hypoxic con-
ditions, amounting to about 70% of the lactate secreted by WT
cells (Fig. 1, E and F). This rather unexpected finding raised the
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question whether LDHB could catalyze pyruvate reduction to
lactate. Therefore, we generated single LDHB-KO and double
LDHA/B-DKO cells for both LS174T and B16 cells (Fig. 1 A and
C). We initially obtained an LDHA ™~ LDHB™"’~ heterozygote
exhibiting an intermediary phenotype in LS174T cells (Fig. 1
A), but for reasons of direct comparability with B16 cells, we did
not include any further data for this cell line. Sole LDHB dele-
tion did not influence lactate secretion (Fig. 1, E and F). Only
complete disruption of both LDH enzymatic subunits (Fig. 1, A
and C) led to complete abolishment of lactate secretion in LS174T
and B16 cells under both normoxia and hypoxia (Fig. 1, Eand F). In
addition, we monitored the ability of LS174T and B16 WT and
LDHA/B-DKO cells to reduce pyruvate and oxidize lactate by mea-
suringthespectrophotometricdecreaseorincreaseinNADHabsor-
bance, respectively, and expressed reaction rates as the slope of the
initial part of the concentration versus time curve (Fig. 2, A—H). It
is obvious that the LDHA/B-KOs have lost their ability to catalyze
both the forward and the reverse reaction.

LDHA/B-DKO cells shift their metabolism to OXPHOS

To gain further insight into the metabolic status of LDH-KO
cells, we measured extracellular acidification rates (ECARs) by
means of the Seahorse XF24 extracellular flux analyzer. Upon
addition of glucose, both LS174T and B16 single KOs of LDHA
and LDHB yielded ECARs comparable with those of WT cells
(Fig. 3, A and C). In contrast, LDHA/B-DKO showed a pro-
nounced decrease in ECAR. Subsequent addition of oligomy-
cin, an inhibitor of complex V of the respiratory chain, gave us
an estimate of the maximum glycolytic capacity. The ECAR
values following oligomycin addition increased in both WT and
single KO clones of LS174T and B16 cells. In contrast, addition
of oligomycin to LDHA/B-DKO cells reduced the ECAR values
to those observed before glucose addition, indicating that oxi-
dative metabolism of glucose substantially contributed to the
ECAR of LDHA/B-DKO cells. In the same experiment, oxygen
consumption rates (OCRs) were measured, showing that, in
LDHA/B-DKO cells, basic respiration and glucose oxidation
were more pronounced (Fig. 3, B and D). Also, maximal respi-
ration following FCCP or DNP addition was significantly
higher in LDHA-KO cells and, more importantly, in LDHA/B-
DKO cells (Fig. 3, B and D).

In a complementary series of experiments using respirome-
try, we analyzed mitochondrial function in intact cells in the
presence of cell culture medium (Fig. S1, A-F) as well as in
permeabilized cells (Fig. 4, A—E). Analysis of respiration in cul-
ture medium revealed higher basal respiration (Fig. S1, A and
D) in LDHA-KO and LDHA/B-DKO cells as well as higher oxy-
gen consumption related to ATP production in these cells com-
pared with WT cells (Fig. S1, C and F). Electron transport sys-
tem (ETS) capacity after uncoupling with FCCP or DNP was
also elevated in B16 LDHA-KO and LDHA/B-DKO cells but
was difficult to determine in LS174T cells. Moreover, we ana-
lyzed maximum OXPHOS and ETS capacity in permeabilized
cells in the presence of saturating substrate concentrations for
complex I and II (Fig. 4, A-D). Again, in both LDHA-KO and
LDHA/B-DKO cells, maximum OXPHOS and ETS capacities
were increased compared with WT cells (Fig. 4, A and D). These
results, together with the lactate secretion data (Fig. 1, E and F),
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Figure 1. CRISPR/Cas9-induced disruption of LDHA and LDHB protein expression and its effect on lactate secretion in LS174T and B16 cells. A-D,
immunoblots of HIF-1a, LDHA, and LDHB and densitometric analysis of the protein expression of LDHA and LDHB 24 h after seeding under normoxia (Nx) and
hypoxia (Hx) in LDHA-KO, LDHB-KO, LDHA '~ LDHB™*'~ (heterozygote, lanes 4 and 9), and LDHA/B-DKO cells compared with WT controls for the human LS174T
(A and B) and the murine B16 cell lines (C and D), respectively. HSP60 and tubulin served as loading controls. E and F, concentrations of lactate secreted by WT
and single and double LDH-KOs of LS174T (E) and B16 (F) cells grown for 24 h under Nx or 1% Hx. Data were normalized by protein content, and the mean =+
S.E. is representative of four independent experiments. *, p < 0.03; **, p < 0.003; ****, p < 0.0001.

suggested that the ECAR of LDHA/B-DKO cells following glu-
cose addition was due to carbonic acid rather than lactic acid
secretion as a result of increased OXPHOS activity. LDHA-KO
cells also showed increased OXPHOS activity, whereas
LDHB-KO cells behaved essentially like WT cells.

Next we investigated whether the increased mitochondrial
function was due to increased mitochondrial content. Mitochon-
drial content was estimated by MitoTracker staining, by determin-
ing the mitochondrial-to-nuclear DNA ratio, and the expression
of complex IV (COX) and cytochrome ¢ protein. Compared with
their respective WT cells, LS174T LDHA/B-DKO cells showed a

SASBMB

tentative but insignificant increase in mitochondrial content (Fig.
S2, A-C). In contrast, B16 LDHA/B-DKO showed a clear and sig-
nificant increase in mitochondrial content compared with both
WT and single LDH-KO cells (Fig. S2, D-F).

Glucose and glutamine tracing experiments in the WT and
LDHA/B-DKO cell lines

We performed '>C tracer experiments in both WT and
LDHA/B-DKO cells. The cells were fed with either uniformly
p-[U-"2Cglglucose or L-[U-"?C;]glutamine for 24 h under nor-
moxia. Mean isotope enrichment of '*C-labeled pyruvate, lac-

J. Biol. Chem. (2018) 293(41) 1594715961 15949
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Figure 2. LDHA and LDHB enzymatic activities in LS174T and B16 cells. A-H, enzymatic assays of LDHA (A, B, E,and F) and LDHB (C, D, G, and H) activities in
WT and LDHA/B-DKO cells were performed by continuous spectrophotometric rate determination. The decrease in UV absorbance at 340 nm corresponds to
NADH + H™ oxidation coupled to pyruvate reduction to lactate, whereas the increase in A, ,, ,m corresponds to NAD ™" reduction coupled to lactate oxidation,
as shown in the reactions. The numbers next to the absorbance versus time curves represent initial rates of reaction, corresponding to the tangent line slope
attime = 1 min. The results depicted are normalized by protein content and are representative of four independent experiments.

tate, TCA cycle intermediates, and various amino acids was
analyzed by GC/MS and HPLC-MS/MS (Fig. 5, A-H). As
expected, the majority of pyruvate and lactate (~70-80%) in
WT cells was labeled upon addition of [U-">C,]glucose. The
LDHA/B-DKO cells, on the other hand, showed significant
depression of isotopic enrichment of lactate (Fig. 5, A and B).
Among the other metabolites, only glycine and proline were
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less enriched, albeit solely in the B16 LDHA/B-DKO cells, com-
pared with the respective WT cells (Fig. 5, C and D).

In the presence of [U-'*C;]i-glutamine, both LS174T and
B16 WT and LDHA/B-DKO cells showed the expected increase
in >C-labeled TCA cycle intermediates (Fig. 5, E and F). With
regard to the other metabolites analyzed, there were distinct
differences between the LS174T and B16 cells. LS174T LDHA/

SASBMB
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Figure 3. Fermentative glycolysis is significantly disrupted, whereas oxidative metabolism of glucose is activated, in LDHA/B-DKO cells. A and C,
ECARs of LS174T (A) and B16 (C) WT and LDH-KOs cells under Nx, as analyzed by the Seahorse XF24 bioanalyzer. The mean = S.E. is representative of three
independent experiments performed in quadruplicate. B and D, OCRs of LS174T (B) and B16 (D) WT and LDH-KO cells measured by the Seahorse XF24
bioanalyzer. The mean = S.E. is representative of four independent experiments performed in quadruplicate. rot, rotenone; antA, antimycin A.

B-DKO cells showed significantly greater enrichment of '*C-
labeled pyruvate, alanine, glycine, and serine compared with
their WT cells (Fig. 5, E and G), whereas, in B16 LDHA/B-DKO
cells, only alanine showed significant enrichment, and '>C-la-
beled proline was less enriched in DKO than in WT cells (Fig. 5,
F and H). Both in LS174T and B16 LDHA/B-DKO cells, there
was an increase in m+1, m+2, and m+ 3 isotopologs of alanine,
which indicates a higher flux through the citrate or malate shut-
tle to regenerate NAD ™ in the cytosol to compensate for loss of
NAD™ production by LDH (Fig. S3, A and B). Interestingly,
LS174T and B16 cells differed greatly in the enrichment of *>C-
labeled proline regardless of whether LDHA and LDHB had
been knocked out (Fig. 5, G and H). In the LS174T cells, enrich-
ment was about 60%, whereas it amounted to only about
10-20% in B16 cells.

LDHA/B-DKO halts cell proliferation in hypoxia and sensitizes
tumor cells to phenformin

We compared the rates of proliferation, viability, clonogenic-
ity, and sensitivity to OXPHOS inhibition in both WT and

SASBMB

LDHA/B-DKO cells under normoxic and hypoxic (1% O,) con-
ditions. Under normoxia, LS174T KO of either LDHA or LDHB
did not differ in proliferation and viability from the WT,
whereas LDHA/B-DKO cell proliferation was reduced about
2-fold with no loss of viability (Fig. 6A4). Under hypoxia, how-
ever, the proliferation rate of LDHA/B-DKO cells was about
20-fold lower than under normoxia (Fig. 6B). The results for
B16 cell lines were comparable (Fig. 6, C and D); only the
LDHA/B-DKO cells had about a 2-fold reduced rate of prolif-
eration under normoxia, whereas, under hypoxia, no growth of
LDHA/B-DKO cells was observed (Fig. 6D). Interestingly, the
reduced or restricted growth of LDHA/B-DKO cells under
hypoxia was not due to loss of cell viability, as revealed by the
percentage of viable cells (Fig. 6, A—D, bars, right scale).

The ability to form colonies was analyzed in all LS174T and
B16 cell lines, both under normoxia and hypoxia. As shown in
Fig. 7A, LS174T LDHA/B-DKO cells formed significantly
smaller and fewer colonies compared with the other cell types
tested, both under normoxia and hypoxia, in accordance with
the proliferation data presented in Fig. 6. In addition, KO of

J. Biol. Chem. (2018) 293(41) 15947-15961 15951
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Figure 4. Maximal OXPHOS and ETS capacity are increased in LDHA/B-DKO cells. Mitochondrial respiration was determined by high-resolution respirom-
etry. Cells were suspended at a concentration of ~0.5 X 10° cells/ml in MiR05, and a total of 2.1 ml was added to the Oxygraph chamber. A and C, maximum
oxidative phosphorylation capacity was determined in permeabilized cells in the presence of malate (2 mm), glutamate (10 mm), pyruvate (5 mm), succinate (10
mm), and ADP (20 mm). B and D, maximum capacity of the ETS was measured in the decoupled state after stepwise titration of FCCP. Shown are single values
and the median of at least three independent experiments. **, p < 0.004; ***, p < 0.0008; ****, p < 0.0001.

LDHA and, particularly, DKO of LDHA/B made LS174T cells
extremely sensitive to 100 um phenformin, a mitochondrial
complex I inhibitor (Fig. 7A). In line with the ECAR and OCR
data presented in Fig. 3, metabolic reprogramming of both
LS174T and B16 LDHA-KO and LDHA/B-DKO cells toward
OXPHOS explains their higher sensitivity to the mitochondrial
respiratory chain inhibitors.

Treatment with GNE-140 phenocopies LDHA/B double genetic
disruption in both the LS174T and B16 cell lines

Recently, Boudreau et al. (27) demonstrated the ability of
GNE-140, a specific LDHA and LDHB inhibitor, to cause
growth arrest in highly glycolytic pancreatic cancer cell lines
such as MiaPaca2. Hence, we were curious to see whether this
inhibitor could reactivate OXPHOS without delay and main-
tain the viability and growth of the WT LS174T and B16 cell
lines. We treated WT and LDHA/B-DKO cells with different
concentrations of GNE-140 and showed that a concentration of
10 uM, known to collapse LDHA and B activity (27), reduced
the growth of the WT but not of the two LDHA/B-DKO cell
lines reported here (Fig. 8, A—D). This long-term experiment (9
to 12 days) proved the lack of off-target effects of this com-
pound at the concentration used. Furthermore, we analyzed the
metabolic consequences of the short-term GNE-140 treatment
of the WT cells by Seahorse bioanalyzer. As shown in Fig. 8,
E-H, 1-h treatment with 10 um GNE-140 was sufficient to phe-
nocopy the effect of the LDHA/B-DKO cells in terms of sup-
pression of glycolysis and reactivation of OXPHOS. Hence, the
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growth phenotype of DLHA/B-DKO cells does not result from
long-term growth selection during the two steps of genetic dis-
ruption. This finding, based on genetics and specific pharma-
cological disruption of LDHA and LDHB, firmly attests that,
under normoxia, the Warburg effect is dispensable for in vitro
tumor growth.

Suppression of the Warburg effect does not suppress in vivo
tumor growth

To assess the consequences of LDHA and LDHB disruption
on in vivo tumor growth, we performed xenograft experiments
on immune-deficient mice with the LS174T and B16 cell lines.
Asshown in Fig. 94, LS174T LDHA/B-DKO cells showed, after
a lag of ~3 days compared with WT cells, continuous tumor
growth, with the average tumor volume being about half of that
of the WT tumors on day 12. Similarly, B16 LDHA/B-DKO
tumors grew steadily, with no obvious lag, being about 30%
smaller than the corresponding WT tumors on day 12 (Fig. 9B).
Single B16 LDHA-KO tumors displayed an intermediate
growth rate between those of WT and DKO tumors, whereas
growth of LDHB-KO tumors was identical to that of WT
tumors (Fig. 9B).

Discussion

Benefits of the Warburg effect

Cancer metabolism has become a major focus in efforts to
understand and fight cancer. The reprogramming of metabolic
pathways in response to multiple oncogenic, nutritional and
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oxidative stresses is an elaborate way by which cancer cells
respond to high bioenergetic and anabolic demands during
tumorigenesis (28 —30). The Warburg effect, the preference for
fermentative glycolysis, also favored by yeast, is a classic exam-
ple of metabolic reprogramming allowing cells to meet the met-
abolic demands of high proliferation. Indeed, cancer “glucose
addiction” provides several growth and survival advantages,
like rapid ATP availability, high carbon source levels for anab-
olism, diversion of glycolysis to increase redox status (NADPH)
via the glycine—serine pathway (31-33), and massive produc-
tion of lactic acid (34). By lowering the pH in the tumor envi-
ronment, lactic acid induces metabolic “dormancy” but also
tumor survival in a nutrient and oxygen-deprived environment
by its pro-angiogenic and antioxidant action (34 —38). Last but
not least, lactic acid is involved in tumor immune response (39,
40). Our own data show that the reduction of tumor lactic acid
by silencing LDHA reactivated the immune response by T and
NK cells (12). Furthermore, a more recent publication sug-
gested that inhibition of glycolysis by an LDHA inhibitor
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allowed effective immunotherapy by lowering lactate levels
(41). These findings are in line with the work by Fantin et al.
(14), who had already shown earlier that LDHA silencing
reduced LDHA activity, stimulated respiration in vitro, and
reduced the tumorigenicity of murine breast cancer cells in a
syngeneic immunocompetent iz vivo model. Le et al. (15) also
reported that LDHA silencing as well as pharmacologic inhibi-
tion of LDHA by FX11 resulted in increased OXPHOS in vitro
and reduced growth of human lymphoma and pancreatic can-
cer xenografts. In our experiments, we also detected an increase
in OXPHOS after deletion of LDHA in B16 but not in LS174T
cells. However, double knockout of both isoenzymes clearly
shifted tumor metabolism to OXPHOS, indicating that tumor
cells are metabolically flexible. In contrast to the results of Le et
al. (15), we did not find a reduction of tumor growth in our
xenograft model by targeting LDHA; in our hands, only elimi-
nation of both LDHA and LDHB was effective in reducing
tumor growth. A possible explanation for this discrepancy is
that FX11, like many LDHA inhibitors that have been devel-
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phenformin. The results are representative of three independent experi-
ments. CTR, control.

oped in academia and by major pharmaceutical groups, inhibits
both LDH enzymatic subunits with some additional off-target
effects, precluding entry into the clinic (11, 42).

Complementary metabolic function of LDHA and LDHB in
tumor cells

In contrast to earlier data that had not detected a difference
in substrate specificity between LDHA and LDHB regarding
lactate versus pyruvate (24), the majority of today’s literature
postulates that only hypoxia-inducible LDHA favors the con-
version of pyruvate to lactate and is mainly responsible for the
glycolytic phenotype and lactate secretion in tumors. Our data
challenge this point of view; knockout of LDHA had only a
moderate effect on lactate secretion, even under hypoxia (Fig. 2,
E and F) and failed to suppress tumor growth. This clearly dem-
onstrates that LDHB is capable of substituting LDHA under
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metabolic pressure. In line with the preserved production of
lactate and glucose consumption in either LDHA- or LDHB-
disrupted cells, metabolomic analysis showed that there is
no difference in metabolic flux. Moreover, comparing glu-
cose and glutamine flux between WT and LDHA/B-DKO
cells revealed only moderate changes; more glutamine-de-
rived pyruvate was detected in LDHA/B-DKO cells. These
increased pyruvate levels probably contribute to alanine syn-
thesis, given the increased glutamine-derived alanine label-
ing in LDHA/B-DKO cells.

Apart from their role in the regulation of the redox status,
epigenetics, and genome maintenance, glycine and serine are
also precursors for a variety of biosynthetic reactions in tumor
cells (31). In LS174T cells, glutamine-derived glycine and serine
were present only in LDHA/B-DKO cells, suggesting that one-
carbon metabolism might contribute to amino acid and nucle-
otide synthesis in these cells.

When genetics meets pharmacology: Clinical perspectives

The question whether the Warburg effect and high glycolytic
rate are essential tumor phenotypes or are dispensable for can-
cer growth is under debate. The genetic study reported here,
with two glycolytic and fast growing cell lines, demonstrates
unequivocally that complete suppression of fermentative gly-
colysis does not fully suppress in vitro growth and allows tumor
xenografts to develop, although more slowly, at a 2-fold
reduced rate. However, the Warburg effect, in contrast
to OXPHOS, provides a clear growth advantage to cancer
cells: the fastest growth rate and proliferation in a hypoxic
microenvironment.

Why do LDHA and LDHB need to be suppressed to collapse
the Warburg effect? How is resilient tumor growth still possible
under these conditions? The efficiency of glucose fermentation
in rapid ATP formation and growth relies on the reduction of
pyruvate to lactate by LDHA. This is the key step allowing
NAD™ regeneration to keep ATP-derived glycolysis running.
This step is so essential that LDHA-KO cells, through intracel-
lular pyruvate pool elevation, manage to reverse the mode of
action of LDHB (22, 26), keeping Warburg effect intact and the
tumor growth rate unchanged. Following combined deletion of
LDHA and LDHB, NAD™ regeneration relies on mitochondrial
complex I and oxygen consumption for ATP formation and
growth. Under these conditions, growth is only possible in an
oxygenated environment by reactivation of OXPHOS, as
shown by metabolic rewiring (Fig. 3) and phenformin sensitiv-
ity (Fig. 7, A and B). In contrast, a low oxygen level (1%) sufficed
to stop in vitro growth of LDHA/B-DKO tumor cells with no
loss of viability.

The present conclusions regarding LDHA/B-DKO are
strongly reinforced by our independent approach disrupting
the upstream glycolytic enzyme glucose-6-phosphate isomer-
ase (GPI) in the same cancer cell lines (43) or earlier studies of
transformed fibroblasts (44, 45). Both GPI-KO cell lines,
LS174T and B16, had severely reduced glucose consumption
and completely suppressed lactic acid secretion, which made
them rely on oxidative phosphorylation for their energy pro-
duction (43). As was the case with LDHA/B-DKO, growth
under hypoxia was severely restricted; in vivo, GPI-KO xeno-
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Figure 8. GNE-140 treatment phenocopies LDHA/B double genetic disruption. A-D, clonal growth of LS174T (A) and B16 (C) WT and LDHA/B-DKO cells
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grafts developed at a 2-fold reduced rate compared with GPI-
WT. This increased dependence on OXPHOS resulted in
higher sensitivity to mitochondrial respiration inhibitors in
both LDHA/B-DKO and GPI-KO cell lines. Phenformin
treatment completely eradicated LDHA/B-DKO colonies,
suggesting that dual inhibition of glycolysis and mitochon-
drial metabolism holds more promise and should be investi-
gated as a potential treatment, as we already suggested (46).
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Interestingly, reassessment of the Warburg effect in cancer
obtained by genetic disruption of two distinct steps of the gly-
colytic pathway is in full agreement with the findings reported
regarding GNE-140 (27), the first specific pharmacologic dual
inhibitor of LDHA and LDHB, to the best of our knowledge
(Fig. 8, A—H). The pharmacologic/genetic convergence is a key
argument demonstrating that growth resilience in the geneti-
cally disrupted Warburg effect cannot be explained by second-
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Figure 9. Xenografttumor growth assays with LS174T and B16 LDHA/B-DKO
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grafts (B). 1 X 10° cells were injected in NSG immune-deficient mice as indicated
under “Experimental procedures.” *, p < 0.05; **, p < 0.002; **** p < 0.0001.
ary genetic adaptation during the 3—4 weeks of CRISPR-Cas9
selection.

Finally, there is a specific case in which blunting glycolysis of
LS174T cells and the concomitant reactivation of OXPHOS
suppressed tumor growth (47). This was obtained by disrupting
the cellular export of lactic acid, the ultimate step of the glyco-
lytic pathway controlled by the two lactic acid transporters
MCT1 and MCT4 (48). In this case, lactic acid is formed but
sequestered, thus producing intracellular acidosis, which is rec-
ognized to inhibit mTORCI1 (49, 50) and to induce cytostatic
growth arrest, as we reported previously (46, 47).

In summary, the “glycolytic Warburg phenotype” of tumor
cells depends on both LDHA and LDHB expression and seems
not to represent an essential tumor phenotype, as it can, at least
in immunodeficient mice, be replaced by OXPHOS. This shift
in the metabolic strategy upon LDHA/B knockdown allows
tumor growth and suggests that the therapeutic targeting of
cancer energy metabolism should consider that only dual tar-
geting of oxidative metabolism and glycolysis might be effec-
tive. In the context of immunotherapeutic strategies, combined
targeting of LDHA and LDHB could represent a promising
strategy to improve the response in patients. However, it
remains to be explored whether the increased release of car-
bonic acid occurring upon OXPHOS reactivation in LDHA/B-
DKO does not compromise the tumor immune response.

Experimental procedures
Cell culture and hypoxic exposure conditions

Human colon adenocarcinoma LS174T cells (kindly pro-
vided by Dr. Van de Wetering) and mouse B16 F10 cells were
grown, unless otherwise specified, in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco by Life Technologies) and RPMI
medium, supplemented with fetal bovine serum (10%), penicillin
(10 units/ml), and streptomycin (10 ug/ml). Under normoxic con-
ditions, cells were incubated in a humidified atmosphere with 5%
C0,/21% O, at 37 °C. Under hypoxic conditions, the cells were
maintained in 1% O, in a sealed anaerobic work station (INVIVO,
400, Ruskinn Technology Ltd., Bridgend, South Wales), where the
air was replaced by N,, and CO, was maintained at 5%.
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CRISPR/Cas9-mediated knockout of the mouse and human
LDHA and LDHB genes

To obtain LDHA and LDHB single knockouts, human
LS174T cells and mouse B16-F10 cells were transfected with
CRISPR/Cas9 using a pSpCas9(BB)-2A-GFP (PX458) plasmid
that had been donated by Feng Zhang (Addgene plasmid
48138) (51). Single guide RNAs (sgRNAs) targeting the exonic
regions of the murine and human LDHA and LDHB gene were
designed using the http://crispr.mit.edu website!* (52) and
cloned into the BbsI sites of the pSpCas9(BB)-2A-GFP (pX458)
plasmid. Transfections were performed with Lipofectamine
(Polyplus Transfection, Illkirch, France), and GFP-positive cells
were detected by cell sorting (FACS). Each clone was analyzed
for LDHA and LDHB protein expression by immunoblot.
Finally, two independent LDHA and LDHB knockout clones for
each cell line were selected and subcloned to obtain a pure cell
population. Because the findings obtained were identical for the
two clones of a cell line throughout the study, we show only the
results obtained for one clone each. LDHA/B-DKO cell lines
were obtained by transfecting LS174T and B16 LDHA-KO sub-
clones with LDHB CRISPR.

Immunoblotting

Cells were lysed with SDS buffer, and the protein concentra-
tion was determined by BCA assay (Interchim, Montlugon,
France). Proteins (40 ug) were separated by SDS-PAGE (10%)
and transferred onto a polyvinylidene difluoride membrane
(Immobilon, Merck Millipore Ltd., Tullagreen, Carrigtwobhill,
County Cork, Ireland). Membranes were blocked in 5% nonfat
milk in TN buffer (50 mm Tris-HCI (pH 7.4) and 150 mm NaCl)
and blotted with antibodies against LDHA (Abcam, ab208093),
LDHB (Abcam, ab85319), and HIF-1« (rabbit anti-human/
mouse polyclonal antibody, produced in our laboratory). Anti-
bodies against tubulin (Invitrogen, 32-2500) and HSP60 (D6F1,
rabbit monoclonal, 12165, Cell Signaling Technology) were
used as loading controls. Immunoreactive bands were detected
by the ECL system (Millipore Corp., Billerica, MA) after incu-
bation of the membranes with secondary anti-mouse or anti-
rabbit antibodies (Promega) and visualized using the GeneSys
software (Syngene, Cambridge, UK). Densitometry was per-
formed using Fiji software.

Quantitative proteome analysis by LC-SWATH-MS

Cell pellets were solubilized in 1.2% SDS and 20 mM sodium
phosphate (pH 7.5), and protein amounts were measured using
the FluoroProfile kit (Sigma-Aldrich). Samples were diluted to
1 g of protein/ul using gel-aided sample preparation (GASP)
buffer (4% SDS, 100 mMm DTT, 6 M urea, and 1.5 M thiourea), and
50 ug of total protein was subjected to proteolytic digestion
using the GASP protocol (53). 5 ug of the resulting peptide
mixtures was spiked with 100 fmol of the retention time stan-
dard RePLiCal (Polyquant GmbH, Bad Abbach, Germany) and
analyzed using an Eksigent NanoLC 400 system directly cou-
pled to a TripleTOF 5600+ Q-TOF mass spectrometer. For
analysis of the B16 cell line samples, the peptides were sepa-

" Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party-hosted site.
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rated on a ChromXP Halo C18 column (150 X 0.3-mm internal
diameter, 2.7-um particle size, flow rate of 6 ul/min) using a
76-min binary gradient from 2—40% B (A, 0.1% formic acid; B,
0.1% formic acid in acetonitrile), whereas, for the LS174T sam-
ples, a 100-min gradient from 2—-40% B on a 150 X 0.3-mm
internal diameter reverse-phase column (YMC-TriartC18, 1.9
um, 120 A, flow rate of 6 pul/min) was used. The sequential
window acquisition of all theoretical fragment-ion spectra
(SWATCH) runs for B16 samples were accomplished using a
50-ms full MS scan from 400-1,000 m/z and 60 subsequent
SWATH windows of variable size for 40 ms each (mass range,
230-1,500 m/z). The respective libraries were generated from
the same samples measured in independent data acquisition
(IDA) mode using the TOP25 method with a full MS scan for
250 ms and MS/MS scans for 50 ms each. The mass ranges were
the same as in SWATH mode. In the case of the human cell
lines, the SWATH runs were conducted using a 50-ms full MS
scan (400 —1,000 m1/z) and 60 SWATH windows of variable size
for 35 ms each (230-1,500 m/z). Data-dependent acquisition
(DDA) runs for library generation were done in a TOP20 fash-
ion with a 250-ms full MS scan and 50-ms MS/MS scans (same
mass ranges as SWATH mode).

MS/MS spectra from the independent data acquisition runs
were searched against the respective UniProt database (mouse
or human) using ProteinPilot 4.5 and imported in PeakView 2.1
using the SWATH MicroApp 2.0 allowing six peptides per pro-
teins and five transitions per peptide. Statistical analysis was
done with IBM SPSS 23 using univariate ANOVA and post hoc
Dunnett tests against the control for the B16 knockout clones
LdhA-KO, LdhB-KO, and LdhA/B-DKO and t tests in the case
of the human cell line LS174T; only the double knockout was
compared with the control. The p values were corrected for
multiple testing using the false discovery rate (FDR) according
to Benjamini and Hochberg (54).

Extracellular lactate level measurement

Cells (1 X 10°) were seeded in 10-cm dishes and incubated
for 24 h under normoxia and hypoxia. Thereafter, 500 ul of
supernatant was taken and centrifuged at 8,000 X gand 4 °C for
5 min, and lactate levels were analyzed by the Cobass c701
(Roche Diagnostics) in the biochemistry laboratory of the Nice
University Hospital, as described in Ref. 43. Briefly, the method
used is based on the enzymatic conversion of lactate into pyru-
vate by the lactate oxidase, coupled with the colorimetric reac-
tion of hydrogen peroxide formed in the first reaction with the
hydrogen donor, resulting in the formation of a colored com-
pound, the intensity of which is measured spectrophotometri-
cally and is directly proportional to the concentration of lactate.
Three independent experiments were performed in duplicate,
and the results were normalized to the quantity of total protein
and expressed as millimolar lactate per microgram of protein.

Preparation of cell extracts for enzymatic assays

Cells (1 X 10°) were seeded in 6-well plates. After 24 h of
incubation under normoxia and hypoxia, the cells were trans-
ferred onto ice, washed once with 2 ml each of cold PBS and
distilled H,O, followed by addition of 300 ul of distilled H,O
and stored at —80 °C for at least 10 min. Cells were placed on ice
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again, transferred into Eppendorf tubes by scraping, and cen-
trifuged at 4 °C (8,000 X g for 10 min), and the supernatant
corresponding to the cell extract was transferred to new tubes
and stored at —80 °C if not analyzed immediately.

Enzymatic activity assays

Enzymatic activities of LDHA and LDHB in WT and double
LDH-KO cells were measured by continuous spectrophoto-
metric rate determination (Glomax, Promega BioSystems Inc.,
Sunnyvale, CA). LDHA activity was determined by monitoring
the decrease in absorbance at 340 nm, corresponding to NADH
oxidation, coupled with pyruvate reduction to lactate. Assays
were performed at pH 7.4 and 25 °C and started by adding 6 ul
of cell extract to the reaction mixture containing 200 mm Tris-
HCI (pH 7.4), 1 mm sodium pyruvate, and 0.5 mm NADH.
LDHB activity was monitored in the same way, but to push the
reaction in the direction of lactate oxidation to pyruvate, 0.5 M
glycine buffer (pH 9.5), was used. Coupled B-NAD™ reduction
was monitored as an increase in absorbance at 340 nm, and
216.7 mMm hydrazine was added to the reaction mixture to pre-
vent product inhibition and reversibility of the reaction by non-
enzymatic binding to pyruvate (18). In both reactions, all com-
ponents were added in excess so that only LDHA or LDHB
enzyme activity would be rate-limiting. Hence, the activity of
the enzyme is proportional to the initial rate of the reaction,
and the activities were obtained as the tangent to the initial part
of the absorbance versus time curve. Five independent experi-
ments were performed per sample and enzyme, and values nor-
malized to microgram of protein are presented.

Metabolic flux analysis

OCRs and ECARs of cells were analyzed by the Seahorse
XF24 extracellular flux analyzer (Seahorse Bioscience). Cells
were seeded on Seahorse plates and grown for 24 h to form a
confluent layer. One hour prior to measurement, cell culture
media were replaced with the assay medium without glucose,
pyruvate, serum, and buffer (D5030, Sigma), and the plates
were incubated in a non-CO, incubator at 37 °C. Basal levels of
OCR and ECAR were recorded for 24 min, followed by a mito-
chonderial stress test (1 um oligomycin, 3 um FCCP or 100 um
DNP, and 1 uMm rotenone/1 um antimycin A). Normalization to
protein content was performed after each experiment, and data
were presented as milli-pH units (mpH) per minute per micro-
gram of protein for ECAR and as picomoles of O, per minute
per microgram of protein for OCR.

High-resolution respirometry

Mitochondrial respiratory activity was analyzed in a two-
channel titration injection respirometer (Oxygraph-2k, Oro-
boros Instruments, Innsbruck, Austria) at 37 °C. Two different
protocols were applied. Cells were harvested, resuspended in
culture medium or mitochondrial medium (MiR05), and trans-
ferred to the Oxygraph chambers at a final cell density of ~1 X
10 cells/ml. In the first substrate—uncoupler—inhibitor titra-
tion protocol, basal respiration (no additions), LEAK respira-
tion (oligomycin-inhibited, 2 ug/ml) and maximum capacity of
the ETS, and stepwise titration of carbonyl cyanide p-trifluoro-
methoxyphenylhydrazone (FCCP, 2 um) were determined in
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intact cells in culture medium. Residual oxygen consumption
(ROX) was determined after the addition of rotenone (0.5 um)
and myxothiozol (2.5 um), and all respiratory parameters were
corrected for ROX. Oxygen consumption available for ATP
production (free basal respiration, O,-ATP) was calculated by
subtracting LEAK from basal respiration. In the second proto-
col, cells were resuspended in MiR05. After a stabilization
phase, malate (2 mm) was added, the plasma membrane was
permeabilized with digitonin (8.1 um), and the maximum
capacity of the oxidative phosphorylation system (OXPHOS)
was measured after addition of glutamate (10 mm), pyruvate (5
mm), ADP (20 mm), and succinate (10 mMm). Subsequently, ETS
capacity was determined after FCCP titration as described
above. OXPHOS and ETS were corrected for ROX.

3C tracer experiments

Analyses of amino acids and organic acids from stable iso-
tope tracer experiments were performed using HPLC-MS/MS
and GC-MS after derivatization, respectively, as described
recently (55). All expected isotopologs were analyzed. Correc-
tion for natural stable isotope abundance and tracer impurity in
the tracing experiments was performed using an in-house tool
(IsoCorrectoR) to correct MS/MS data and IsoCor for full MS
data (56). Mean isotope enrichment is calculated based on the
relative isotopolog fractions:

XM X
i=0

ME (%) = " (Eq. 1)

M, is the relative fraction of the isotopolog containing i tracer
atoms, and # is the number of tracer element atoms in the
molecule (C-atoms for '*C tracing) (56).

Proliferation and cell viability assay

Cells (5 X 10* for LS174T and 2 X 10* for B16) were seeded
in 6-well plates in triplicate per cell line and condition. 24 h
after seeding, the cells were detached by trypsinization and
counted by an automatic cell counter (ADAM-MC™, Digital
Bio, NanoEnTek Inc., Seoul, Korea) on days 0, 3, 4, and 6 for
LS174T and days 0, 3, and 4 for B16 cells. The cell proliferation
index was calculated by dividing the cell counts obtained on
days 3, 4, and 6 by the count obtained 24 h after seeding (day 0).

For determination of cell viability, cells were washed 24 h after
adhesion with PBS, trypsinized, centrifuged (5 min, 259 X g),
added to the supernatant taken previously, and resuspended in
propidium iodide solution to discriminate between live and dead
cells. Three independent experiments were performed in
duplicate.

Clonogenic viability assay

Cells (1 X 10%) were seeded on 60-mm plates and incubated
for 24 h, and then the medium was replaced with DMEM sup-
plemented with 10% fetal bovine serum with or without the
addition of 100 um phenformin. After 8—10 days under nor-
moxia and 12—15 days under hypoxia (1% O,), colonies were
stained with 5% Giemsa solution (Sigma-Aldrich, Hannover,
Germany) for 30 min for colony visualization.
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Tumor xenografts

For B16 cell lines, animal experiments were performed
according to the regulations of the government of the Upper
Palatinate, Regensburg, Germany. For LS174T cell lines, animal
experiments were performed according to the regulations
approved by the animal experimentation protocol of the local
animal care committee (Veterinary Service and Direction of
Sanitary and Social Action of Monaco, Dr. H. Raps).

1 X 10° tumor cells were injected subcutaneously in 50 ul of
RPMI 1640 in the dorsal region of 9 week-old immune-deficient
NOD scid y (NSG) mice. Animals were monitored on a daily basis
for tumor size and their general condition. Tumor dimensions
were estimated by measurements of the short (a) and long (b) axis
of the mass daily using a caliper, and tumor volume was calculated
applying the following formula: V = p/6 X 0.5 X a*> X b.

Mitochondrial DNA analysis

Cells (1 X 10°) were seeded in 10-cm dishes, and after 24 h of
incubation, DNA extraction was performed using the AllPrep
DNA/RNA kit (Qiagen GmbH, Hilden, Germany). 30 and 0.3
ng of total DNA were employed for LS174T and B16 cells,
respectively, to determine the ratio of mtDNA to nuclear DNA
by quantitative PCR of subunit 1 of AINADH-dehydrogenase or
NADH-ubiquinone oxidoreductase (hND1) and AZLPL (lipo-
protein lipase) for LS174T and mCytB (cytochrome ) and
mACT (actin) for B16 cells, respectively, using the ddCt
method. Oligonucleotides for AND1 (F_CCCTAAAACCCGC-
CACATCT, R_.GAGCGATGGTGAGAGCTAAGGT), hLPL
(F_CGAGTCGTCTTTCTCCTGATGAT, R_TTCTGGATT-
CCAATGCTTCGA), mCytB (F_CCACTTCATCTTACCAT-
TTATTATCGC,R_TTTTATCTGCATCTGAGTTTAA), and
mACT (F_CTGCCTGACGGCCAGG, R_CTATGGCCTCA-
GGAGTTTTGTC) were kindly provided by Dr. D. Pisani (IBV,
Nice, France). Quantitative PCR was performed with Takyo-
n™ Rox SYBR MasterMix dTTP Blue (Eurogentec, Seraing,
Belgium) on a StepOnePlus real-time PCR machine (Applied
Biosystems, Life Technologies).

Statistical analysis

Results were expressed as mean * S.E., and statistical analysis
was performed using analysis of variance followed by nonparamet-
ric tests using GraphPad Prism 5 software. The differences
between the groups were considered significant when p < 0.05.
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