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Anke Vandekeere,3,4 Ana Margarida Ferreira Campos,3,4 Sebastian Igelmann,3,4 Lucı́a Fernández-Arroyo,1

Gianmarco Rinaldi,3,4 Doriane Lorendeau,3,4 Katrien De Bock,5 Sarah-Maria Fendt,3,4 and Julián Aragonés1,2,7,*
1Research Unit, Hospital of Santa Cristina, Research Institute Princesa (IIS IP), Autonomous University of Madrid, 28009 Madrid, Spain
2CIBER de Enfermedades Cardiovasculares (CIBERCV), Carlos III Health Institute, Madrid, Spain
3Laboratory of Cellular Metabolism and Metabolic Regulation, VIB Center for Cancer Biology, VIB, Herestraat 49, 3000 Leuven, Belgium
4Laboratory of Cellular Metabolism and Metabolic Regulation, Department of Oncology, KU Leuven and Leuven Cancer Institute (LKI),

Herestraat 49, 3000 Leuven, Belgium
5Laboratory of Exercise and Health, Department of Health Sciences and Technology, Swiss Federal Institute of Technology (ETH), Zurich,
Switzerland
6These authors contributed equally
7Lead contact
*Correspondence: julian.aragones@uam.es

https://doi.org/10.1016/j.celrep.2024.114103
SUMMARY
Hypoxia-inducible factor-1a (HIF1a) attenuates mitochondrial activity while promoting glycolysis. However,
lower glycolysis is compromised in human clear cell renal cell carcinomas, in which HIF1a acts as a tumor
suppressor by inhibiting cell-autonomous proliferation. Here, we find that, unexpectedly, HIF1a suppresses
lower glycolysis after the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) step, leading to reduced
lactate secretion in different tumor cell types when cells encounter a limited pyruvate supply such as that
typically found in the tumor microenvironment in vivo. This is because HIF1a-dependent attenuation of mito-
chondrial oxygen consumption increases the NADH/NAD+ ratio that suppresses the activity of the NADH-
sensitive GAPDH glycolytic enzyme. This is manifested when pyruvate supply is limited, since pyruvate
acts as an electron acceptor that prevents the increment of the NADH/NAD+ ratio. Furthermore, this anti-
glycolytic function provides a molecular basis to explain how HIF1a can suppress tumor cell proliferation
by increasing the NADH/NAD+ ratio.
INTRODUCTION

Hypoxia-inducible factors (HIFs)are transcription factorscentral to

cellular adaptation to insufficient oxygen supply. HIFs are hetero-

dimeric transcription factors composed of an a (HIF1a, HIF2a, or

HIF3a) and a b subunit (HIFb) also named the aryl hydrocarbon re-

ceptor nuclear translocator. Whereas the HIFb subunit is constitu-

tively expressed, the stability of the HIFa subunits is controlled by

the prolyl-4-hydroxylase (PHD) domain proteins (PHD1, PHD2,

and PHD3), which are 2-oxoglutarate-dependent Fe2+-dioxyge-

nases.1,2 When oxygen is available (i.e., in normoxic conditions),

PHDs can use this oxygen to hydroxylate two conserved proline

residues in the HIFa subunits, which can then be recognized by

the von Hippel Lindau (VHL)/E3 ubiquitin ligase complex, which

targets the HIFa subunits for proteasomal degradation.3–7 By

contrast, in hypoxic conditions, there is insufficient oxygen for

the PHDs to hydroxylate the HIFa subunits, which prevents their

recognition by VHL/E3 and results in their stabilization. HIFa sub-

units can also be stabilized in normoxic conditions by treatment

with pharmacological inhibitors of PHDs, such as dimethyloxalyl-

glycine (DMOG).5,6Moreover,HIFa subunits are alsoconstitutively
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stabilized in human clear cell renal cell carcinomas (ccRCCs) due

to the loss of VHL.8–10 When HIFa subunits are stabilized, they

can shuttle to the nucleus, where they heterodimerize with HIFb

subunits and bind to DNA at hypoxia response elements of target

genes, thereby driving a HIF-dependent transcriptional

program.11–13

A key roleof theHIF pathway is to rewire cellmetabolism to save

oxygen, inducing an anaerobic switch whereby cellular oxidative

pathways are attenuatedwhile glycolysis is potentiated. HIF1a at-

tenuates glucose and glutamine oxidation through the tricarbox-

ylic acid (TCA) cycle14–19 and directly reduces the activity of

different mitochondrial respiratory chain complexes as well as

the mitochondrial content. Indeed, HIF1a induces key genes

involved in the suppression of mitochondrial complex I activity

and assembly,20–23 while also reducing the expression of complex

II subunits, and rewires the activity and expression of mitochon-

drial complex IV subunits.24,25 In sharp contrast, HIF1a can poten-

tiate glycolysis to assure ATP generation in an oxygen- and mito-

chondrial-independent manner. In this context, HIF1a induces

the transcription of genes encoding glycolytic enzymes and

glucose transporters.26–28 Moreover, the expression of glycolytic
pril 23, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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enzymes is elevated in ccRCC, which is characterized by the loss

of VHL activity and, hence, constitutive activation of HIF1a iso-

forms.29 However, the abundance of lower glycolysis intermedi-

ates is reduced inccRCC,despite theconstitutiveHIF1aactivation

in these carcinomas.30,31 Thesemetabolomics data are difficult to

reconcile with the aforementioned potential of HIF1a to enhance

the expression of glycolytic enzymes, and themolecular basis un-

derlying this effect still has to be explored.

Here, we show that HIF1a not only reduces mitochondrial ox-

ygen consumption but also suppresses lower glycolysis leading

to reduced lactate secretion in different cell models including

VHL-deficient ccRCC, glioblastoma, and breast cancer cells.

This is a consequence of HIF1a-dependent suppression of

mitochondrial activity, which leads to an elevation of the cellular

NADH/NAD+ ratio that reduces glycolytic flux and the abun-

dance of lower glycolysis metabolites after the reaction cata-

lyzed by the NADH-sensitive glyceraldehyde 3-phosphate de-

hydrogenase (GAPDH). This unanticipated HIF1a-dependent

suppression of glycolytic flux is operative in conditions of

limited extracellular pyruvate supply typically found in the solid

tumor microenvironment. This is because exogenous pyruvate

reduces the excess of NADH into NAD+ after its conversion to

lactate through potentiation lactate dehydrogenase (LDH) activ-

ity, impeding the HIF1a-dependent increment of the NADH/

NAD+ ratio. Therefore, it is likely that this HIF1a-dependent

suppression of lower glycolysis was not observed previously

due to the high concentrations of pyruvate normally used in cul-

ture media, in which the role of HIF1a on glycolysis has gener-

ally been studied. Along a similar line, we also found that HI-

F1a-dependent inhibition of lower glycolysis provides a

metabolic basis for the anti-proliferative potential of HIF1a,

which is especially manifested in ccRCC, where HIF1a acts

as a tumor suppressor by inhibiting ccRCC cell proliferation,

as mentioned above.

RESULTS

HIF1a-dependent reduction of lower glycolysis
A central role of the HIF1a isoform is the transcriptional upregu-

lation of genes encoding glycolytic enzymes,26,27 which would

suggest that VHL-deficient ccRCC should display a marked

elevation in glycolytic metabolites, as these tumors are charac-

terized by constitutive HIF1a activation. However, metabolomic

profiling of ccRCC showed a reduction in lower glycolytic metab-

olites in these tumors when compared to the adjacent healthy

renal tissue.30,31 Indeed, a more detailed analysis of available

data corresponding to individual ccRCC samples shown in the

study of Hakimi et al. revealed that many of these tumor samples

had reduced levels of the lower glycolytic intermediates relative

to the healthy renal tissue, such as phosphoglycerates (2-PG

and 3-PG) and phosphoenolpyruvate (PEP) (Figure 1A), whereas

the levels of the upper glycolytic metabolites like glucose

6-phosphate and fructose 6-phosphate were elevated in the

vast majority of ccRCC samples analyzed (Figure 1A). Moreover,

the mean value for lactate wasmuch lower than the upper glyco-

lytic intermediates, and in some of these ccRCC samples,

lactate levels were surprisingly lower than the adjacent healthy

renal tissue (Figure 1A) (see also discussion).
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Then, we evaluated whether this unexpected glycolytic profile

could be driven by HIF1a activation in VHL-deficient ccRCC

cells. First, we used VHL-deficient 786-O cells, which lack

HIF1a expression. This is a widely recognized cellular model to

assess the biological activity of HIF1a in ccRCC cells by

restoring HIF1a expression (Figure S1A).18,32 HIF1a activity

was confirmed by measuring the expression of carbonic anhy-

drase IX (CAIX), a HIF1a-dependent gene in ccRCC,32 showing

that CAIX was more strongly expressed in HIF1a-transduced

cells than in the control 786-O cells (Figure S1A). Next, we as-

sessed the content of upper and lower glycolytic intermediates

(Figure 1B). We observed that the total content of upper glyco-

lytic intermediates like glyceraldehyde-3-phosphate (GAP) and

dihydroxyacetone phosphate (DHAP) was elevated in 786-O-

HIF1a cells (Figure 1C). Conversely, there was less content of

lower glycolytic intermediates like 2/3-PGs and PEP in 786-O-

HIF1a cells (Figure 1C), in line with the metabolic data from hu-

man ccRCC samples. These data suggest that the suppression

of lower glycolysis observed in human ccRCC samples is a

consequence of HIF1a activation in these tumors. Moreover,

our data also suggest that reduction of lower glycolysis occurs

at the GAPDH reaction because the levels of GAP (the substrate

of GAPDH) were elevated upon HIF1a activation, whereas there

was a reduction in the lower glycolytic intermediates down-

stream of the GAPDH reaction.

Reduced lactate release upon HIF1a activation
In line with the HIF1a-dependent suppression of lower glycolysis,

intracellular lactate levels were reduced in 786-O-HIF1a cells (Fig-

ure 1D). This was confirmed when 786-O cells were cultured in

different glucose concentrations, including a concentration of

5 mM that is closer to physiological extracellular glucose concen-

trations (Figure 1E). Moreover, lactate release was not affected

when we expressed in 786-O cells a mutant inactive HIF1a DNA-

binding domain (HIF1a basic-helix-loop-helix [HIF1a-bHLH]*)

version that is not able to bind the DNA (Figures 1E and S1A), con-

firming that the attenuation of lactate release depends on HIF1a

transcriptional activity. Then, we assessed whether endogenous

HIF1a could also reduce lactate release in other cellular models.

Hence, we exposed G55 glioblastoma or MDA-MB-231 breast

cancer cells tohypoxia or treated themwithDMOG, aPHDoxygen

sensor inhibitor, which leads to endogenous HIF1a stabilization.

First, we confirmed that hypoxia andDMOG-treated cells induced

an increaseofHIF1aproteinexpressionaswell asof its targetgene

CAIX (Figure S1B). Exposure to either hypoxia or DMOGprovoked

a remarkable decline in lactate release in G55 glioblastoma cells

(Figure2A). Similar resultswere found inMDA-MB-231breastcan-

cer cells exposed to DMOG (Figures 2B and S1B). Moreover,

silencing endogenous HIF1a in G55 and MDA-MB-231 cells

largely attenuated the decline in lactate release uponDMOG treat-

ment (Figures 2C, 2D, and S1C). Hence, lactate release is attenu-

ated not only by restoring HIF1a in 786-O renal cells but also by

activating endogenous HIF1a in other cell types, such as G55

and MDA-MB-231 cells. Notably, this effect was not evident in

cell cultures of A549 lung carcinoma cells or murine embryonic fi-

broblasts (MEFs) at doses of DMOG that enhanced HIF1a-de-

pendent target genes and HIF1a protein levels (Figures 2E

and S1D).
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Figure 1. HIF1a-dependent attenuation of

glucose-dependent biosynthesis of glycolytic

intermediates and lactate release in VHL-

deficient renal cell carcinoma cells

(A) Relative content of glycolytic intermediates in

138 human VHL-deficient renal cell carcinomas

compared to their adjacent kidney tissue. The graph

shows those samples in which metabolite induction

is positive (red) and negative (blue).

(B) Scheme of glycolysis indicating those that are

upper and lower glycolytic intermediates.

(C) Total metabolite abundance of intracellular

glyceraldehyde-3-phosphate (GAP), dihydroxyace-

tone phosphate (DHAP), phosphoglycerates (2/3-

PGs), and phosphoenolpyruvate (PEP) in 786-O-

HIF1a (n = 3) and control cells (n = 3).

(D) Total metabolite abundance of intracellular

lactate in 786-O-HIF1a cells (n = 3) and control cells

(n = 3).

(E) Relative amount of extracellular lactate released

by 786-O-HIF1a cells, 786-O-HIF1a-bHLH* cells,

and control cells cultured in media at glucose (Glc)

concentrations of 25 and 5 mM (n = 16–24).

In the bar graphs, the values represent the mean ±

SEM, and statistical analysis was performed using a

two-tailed unpaired t test when comparing 2 groups

and two-way ANOVA followed by Tukey’s post hoc

test for (E): *p < 0.05, **p < 0.01, and ***p < 0.001

represent p values.
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Collectively, these data show that HIF1a has the unexpected

potential to compromise the abundance of lower glycolysis me-

tabolites resulting in reduced lactate release in some biological

settings including ccRCCs.

Extracellular pyruvate restores glycolytic flux in
HIF1a-expressing cells
It is generally accepted that glycolysis is a metabolic pathway in

which glucose is simply converted to lactate in a cell-autonomous

manner without the requirement of extracellular metabolites

different than glucose. For this reason, the glycolytic metabolite

measurements shown above were performed in the absence of

exogenous pyruvate. Of note, although we did not add pyruvate,

and this might be considered an extreme condition, it should be

noted that it does notmean that there is not pyruvate in themedia.

This is because cells secrete endogenous pyruvate into the me-

dium reaching concentrations we found to range from 5.8 ±
0.91 to 24.86 ± 1.36 mM (n = 4), which also

resembles the levels of pyruvate found in

the tumormicroenvironment.33–36We there-

fore wondered whether this unexpected HI-

F1a-dependent suppression of glycolysis

could be recovered by extracellular pyru-

vate, which is a lower glycolysis metabolite

that can enter into the cells using specific

carriers such as monocarboxylate trans-

porters.37–39 Indeed, we found that exoge-

nous pyruvate fully restored the reduced

lactate release in 786-O-HIF1a cells (Fig-

ure 3A). Moreover, the reduced lactate
secretion in G55 or MDA-MB-231 cells exposed to hypoxia or

treated with DMOG was also fully prevented in the presence of

extracellular pyruvate (Figures 3B–3D). Then, we wondered

whether the restoration of lactate release was a consequence of

the recovery of glycolytic flux inHIF1a-expressing cells. To assess

glycolytic flux, we incubated cells with D-[5-3H]-glucose and

measured the 3H2O production during the lower glycolysis reac-

tion catalyzed by enolase, which converts [2-3H]-2-PG to PEP

(Figure 3E). Importantly, we found that glycolytic flux was signifi-

cantly reduced in G55 cells treated with DMOG and 786-O-

HIF1a cells and that this effect was reversed in the presence of

exogenous pyruvate (Figures 3F and 3G). In agreement with these

data, we also found that the accumulation of upper glycolytic in-

termediates like DHAP/GAP (the pool of DHAP and GAP), previ-

ously noted in 786-O-HIF1a cells, was also completely prevented

by extracellular pyruvate in G55 cells treated with DMOG, as well

as in 786-O-HIF1a cells (Figures 3H and 3J). Moreover,
Cell Reports 43, 114103, April 23, 2024 3
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Figure 2. Suppression of lactate release upon

endogenous HIF1a activation in breast can-

cer and glioblastoma cells

(A) Relative amount of extracellular lactate released

by G55 control cells (n = 9) and G55 cells exposed to

hypoxia (n = 3) or treated with DMOG (0.1 mM, n = 6

or 0.2 mM, n = 4).

(B) Relative amount of extracellular lactate released

by MDA-MB-231 control cells or those treated with

0.5 mM DMOG (n = 6).

(C) Relative amount of extracellular lactate released

by G55 control cells, HIF1a-silenced G55 cells, G55

cells treated with 0.2 mM DMOG, or HIF1a-silenced

G55 cells treated with 0.2 mM DMOG (n = 6).

(D) Relative amount of extracellular lactate released

by MDA-MB-231 control cells, HIF1a-silenced

MDA-MB-231 cells, MDA-MB-231 cells treated with

0.5 mM DMOG, and HIF1a-silenced MDA-MB-231

cells treated with 0.5 mM DMOG (n = 5).

(E) Relative amount of extracellular lactate released

by A549 control cells and A549 cells treated with

1 mM DMOG (n = 9), control murine embryonic fi-

broblasts (MEFs), and MEFs treated with 0.2 mM

DMOG (n = 6).

In the bar graphs, the values represent the mean ±

SEM, and statistical analysis was performed using a

two-tailed unpaired t test when comparing 2 groups,

with Welch’s correction when needed, or one-way

or two-way ANOVA followed by Tukey’s post hoc

test for (A) and (C) and for (D), respectively: *p < 0.05

and ***p < 0.001 represent significant p values.
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accumulation of other upper glycolytic intermediates such as fruc-

tose bisphosphate (FBP; pool of F1,6-BP and F2,6-BP),was also

markedly attenuated in the presence of extracellular pyruvate in

DMOG-treated G55 cells (Figure 3I). Similar results were found

in 786-O-HIF1a cells when in the presence of extracellular pyru-

vate (Figure 3K). Next, we evaluatedwhether HIF1a also promotes

the accumulation of upper-glycolysis-derived metabolites, such

as those of the pentose phosphate pathway (Figure S2A). First,

we confirmed that pentose phosphate pathway metabolites

were elevated in a large number of those individual human ccRCC

samples analyzed above (Figure S2B). Similar results were ob-

tained in 786-O and G55 cells, where we found that pentose

5-phosphate metabolites (the pool of ribose-5-phosphate + ribu-

lose-5-phosphate) accumulate upon HIF1a activation conditions.
4 Cell Reports 43, 114103, April 23, 2024
This accumulation was markedly reduced

when glycolytic flux was reactivated by

exogenous pyruvate (Figures S2C and

S2D). These data suggest that the accumu-

lation of upper glycolytic intermediates is a

consequence of the HIF1a-dependent sup-

pression of lower glycolysis at the level of

GAPDH. Along these lines, extracellular py-

ruvate relieves glycolytic flux, impeding the

increase in upper glycolysis metabolites

and the potentiation of the pentose phos-

phate pathway upon HIF1a activation.

Collectively, our data suggest that the

ability of HIF1a to reduce lactate release
is hidden in conditions containing excessive pyruvate content

frequently found in those culture media. Thus, this HIF1a-de-

pendent anti-glycolytic effect can emerge under conditions of

insufficient pyruvate supply as the solid tumor microenviron-

ment, which thereby explains why ccRCCs show a simultaneous

suppression of lower glycolysis and constitutive HIF1a activation

(see also the discussion).

Minimal contribution of glutamine to pyruvate
biosynthesis
Because pyruvate is essential to recover the HIF1a-dependent

suppression of glycolysis and it can potentially be generated

from glutamine, we evaluated whether glutamine-derived pyru-

vate biosynthesis was compromised in HIF1a-expressing cells,
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Figure 3. HIF1a-dependent attenuation of glycolytic flux and lactate release is recovered in the presence of extracellular pyruvate

(A) Relative amount of extracellular lactate released by 786-O-HIF1a cells, 786-O-HIF1a-bHLH* cells, and their corresponding control cells in the presence or

absence of 1 mM extracellular pyruvate (n = 6).

(B) Relative amount of extracellular lactate released by control G55 cells andG55 cells exposed to 0.5% hypoxia in the presence or absence of 1mM extracellular

pyruvate (n = 6).

(C) Relative amount of extracellular lactate released by control G55 cells and G55 treated with 0.2 mM DMOG in the presence or absence of 1 mM extracellular

pyruvate (n = 6).

(D) Relative amount of extracellular lactate released by control MDA-MB-231 cells andMDA-MB-231 cells treatedwith 0.5mMDMOG in the presence or absence

of 1 mM extracellular pyruvate (n = 4).

(E) The scheme represents the evaluation of glycolytic fluxmeasured through the 3H2O production during the reaction catalyzed by enolase that converts 2-PG to

PEP in cells cultured with D-[5-3H]-glucose. The position of the 3H (green) is indicated in the labeled glucose and all the glycolytic metabolites until 2-PG.

(F) Glycolytic flux in control G55 cells and G55 treated with 0.2 mM DMOG in the presence (n = 10) or absence (n = 15) of 1 mM extracellular pyruvate.

(G) Glycolytic flux in 786-O-HIF1a and control cells in either the presence (n = 4) or absence (n = 4) of extracellular pyruvate (1 mM).

(H) Relative amount of DHAP/GAP (the pool of DHAP and GAP) in G55 control cells and G55 cells treated with DMOG (0.2 mM) in the presence or absence of

extracellular pyruvate (1 mM, n = 3).

(I) Relative amount of FBP (the pool of F1,6-BP and F2,6-BP) in G55 control cells and G55 cells treated with DMOG (0.2 mM) in either the presence or absence of

extracellular pyruvate (1 mM, n = 3).

(J) Relative amount of DHAP/GAP in 786-O-HIF1a cells and their corresponding control cells in the presence or absence of extracellular pyruvate (1 mM, n = 3).

(K) Relative amount of FBP in 786-O-HIF1a cells and their corresponding control cells in the presence or absence of extracellular pyruvate (1 mM, n = 3).

In the bar graphs, the values represent the mean ± SEM, and statistical analysis was performed using a two-way ANOVA followed by a Tukey’s post hoc test:

*p < 0.05, **p < 0.01, and ***p < 0.001 represent significant p values.
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(A) Biosynthesis of 1-13C-labeled lactate from 13C-labeled glutamine at the fifth position (5-13C-glutamine). Blue circles represent the 13C-labeled carbons and

white circles the unlabeled carbons.

(B) Isotopologue distribution of extracellular glutamine in 5-13C-glutamine-labeled 786-O cells (n = 2).

(C) Isotopologue distribution of extracellular glutamine in 5-13C-glutamine-labeled G55 cells (n = 3).

(D) Relative extracellular levels of 1-13C-lactate (M+1) compared to 12C-lactate (M+0) in 5-13C-glutamine-labeled 786-O cells (n = 2).

(E) Relative extracellular levels of 1-13C-lactate (M+1) compared to 12C-lactate (M+0) in 5-13C-glutamine-labeled G55 cells (n = 3).

In the bar graph, the values represent the mean ± SEM.
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leading to insufficient pyruvate synthesis to sustain glycolytic

flux. Pyruvate can potentially be derived from glutamine via

two different pathways. After its initial conversion to malate or

oxaloacetate (Figure 4A), the latter is converted into PEP by

PEP carboxykinase (PEPCK) and finally to pyruvate through py-

ruvate kinase (Figure 4A).40 Alternatively, malate can be decar-

boxylated and converted to pyruvate by malic enzyme (ME) (Fig-

ure 4A).41 It has previously been shown that HIF1a attenuates

glutamine oxidation,18,19 which might limit glutamine-dependent

pyruvate biosynthesis. Therefore, we asked whether glutamine-

dependent biosynthesis of pyruvate and lactate was operative in

our cells. To assess whether pyruvate and lactate can be gener-

ated from glutamine in 786-O and G55 control cells, we labeled

the cells with 5-13C-glutamine and measured the level of 1-13C-

lactate generated by PEPCK or ME activity (Figure 4A). Our data

showed that 5-13C-glutamine barely contributed any labeling to

lactate (M+1) in 786-O and G55 cells (Figures 4B–4E). These

data show that reduced lactate release in HIF1a-expressing cells

cannot be attributed to a reduced glutamine-dependent pyru-

vate biosynthesis because glutamine-derived pyruvate is barely

detectable in control 786-O and G55 cells.

HIF1a-dependent elevation of the NADH/NAD+ ratio
leads to reduced glycolytic activity
Then, we asked why conditions of limited supply of extracellular

pyruvate resembling those in the tumor microenvironment

enable the HIF1a-dependent suppression of glycolytic flux.

Along this line, we consider that a central metabolic action

executed by HIF1a is the suppression of mitochondrial oxygen
6 Cell Reports 43, 114103, April 23, 2024
consumption to save oxygen in hypoxic conditions.14,15,42 Sup-

pression of mitochondrial activity reduces the potential of the

mitochondria to oxidize NADH to NAD+, thereby leading to accu-

mulation of NADH and elevation of the NADH/NAD+ ratio.43 This

can be prevented by extracellular pyruvate, which together with

the accumulated NADH are converted to lactate and NAD+,

respectively, through LDH activity.44–46 Indeed, we first show

that HIF1a activation in 786-O cells as well as DMOG-treated

G55 cells leads to a marked decline in cellular oxygen consump-

tion rate (Figure 5B), accompanied by an increased NADH/NAD+

ratio (Figures 5C and 5D), when extracellular pyruvate supply is

limited. However, this increase of the NADH/NAD+ ratio in

786-O-HIF1a or DMOG-treated G55 cells wasmarkedly reduced

when cells were cultured in the presence of extracellular pyru-

vate (Figures 5C and 5D). In this context, the glycolytic reaction

driven by GAPDH converts NAD+ to NADH, and therefore it has

been considered sensitive to elevation in the NADH/NAD+ ratio

when mitochondria activity is attenuated.47 Since HIF1a attenu-

ates lower glycolysis after the GAPDH step, our data suggest

that a HIF1a-dependent increase of the NADH/NAD+ ratio as a

consequence ofmitochondrial inhibition—when extracellular py-

ruvate supply is limited—results in the inhibition of glycolytic flux

after the GAPDH step, leading to reduced lactate release. To

further assess whether the increased NADH/NAD+ ratio was

responsible for the suppression of glycolysis, we used another

LDH substrate, a-ketobutyrate (aKB), which can also preclude

the increment of the NADH/NAD+ ratio upon its conversion to

a-hydroxybutyrate by LDH activity45 (Figure 5A). Indeed, aKB

firstly impedes the increased NADH/NAD+ ratio in 786-O-HIF1a
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Figure 5. HIF1a-dependent elevation of the

intracellular NADH/NAD+ ratio leads to

reduced lactate secretion

(A) The reaction shows the regeneration of NAD+ by

the conversion of pyruvate or aKB to lactate and

a-hydroxybutyrate (aHB), respectively, through LDH

activity.

(B) Oxygen consumption rate (OCR) in 786-O-HIF1a

cells (n = 9) and 786-O control cells (n = 10) (left), as

well as in G55 control cells (n = 5) and those treated

with 0.2 mMDMOG (n = 5) or 2 mMmetformin (n = 5)

(right).

(C) NADH/NAD+ ratio in 786-O-HIF1a cells, 786-O-

HIF1a-bHLH* cells, and their corresponding control

cells in the presence (n = 3) or absence (n = 6) of

extracellular pyruvate or aKB (1 mM).

(D) NADH/NAD+ ratio in G55 treated with 0.2 mM

DMOG and control G55 cells in the presence (n = 3)

or absence (n = 6) of extracellular pyruvate or aKB

(1 mM).

(E) The relative amount of extracellular lactate

released by 786-O-HIF1a cells, 786-O-HI-

F1a-bHLH* cells, and their corresponding control

cells in the presence or absence of extracellular aKB

(1 mM) (n = 6).

(F) The relative amount of extracellular lactate

released by control G55 cells and G55 treated with

0.2 mM DMOG in the presence or absence of

extracellular aKB (1 mM) (n = 9).

(G) NADH/NAD+ ratio in G55 treated with 2 mM

metformin and control G55 cells in the presence (n =

3–6) or absence (n = 6) of aKB (1 mM).

(H) Relative amount of extracellular lactate released

by control G55 cells and G55 treated with 2 mM

metformin in the presence (n = 6) or absence (n = 12)

of aKB (1 mM).

In the bar graphs, the values represent the mean ±

SEM, and statistical analysis was performed using a

two-tailed unpaired t test when comparing 2 groups

or a one-way (B, right) or two-way (C–H) ANOVA

followed by Tukey’s post hoc test: *p < 0.05,

**p < 0.01, and ***p < 0.001 represent significant p

values.
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cells, as well as in G55 cells exposed to DMOG (Figures 5C and

5D), and secondly fully restores lactate release in 786-O-HIF1a

cells and G55 cells exposed to DMOG (Figures 5E and 5F). To

further support these data, we reasoned that if a HIF1a-depend-

ent increase of the NADH/NAD+ ratio (as a consequence of mito-

chondrial inhibition) leads to inhibition of lactate release, then the

sole mitochondria inhibition should be enough to reduce lactate

secretion because of the elevation of the NADH/NAD+ ratio. To

address this question, we usedmetformin as an inhibitor of mito-

chondrial respiration that suppresses the NADH oxidation to
NAD+ leading to an elevation of the intra-

cellular NADH/NAD+ ratio.44,48 Indeed, in-

hibition of mitochondrial oxygen consump-

tion using metformin—to a similar extent to

the HIF1a activator DMOG (Figure 5B)—

leads to an increase of the NADH/NAD+ ra-

tio that is, importantly, accompanied by a

parallel inhibition of lactate release
(Figures 5G and 5H). Moreover, and like HIF1a-expressing cells,

aKB reduces the elevation of the NADH/NAD+ ratio and fully

restore cellular lactate secretion in cells in which mitochondrial

activity is inhibited by metformin (Figures 5G and 5H). Finally,

we also wondered how HIF1a can drive cytosolic NADH-depen-

dent suppression of lower glycolysis. The cytosolic NADH con-

tent depends on its rate of consumption in the cytosolic side of

the malate-aspartate shuttle, which primarily depends on mito-

chondrial TCA cycle activity.49,50 Therefore, the HIF1a-depend-

ent suppression of mitochondrial TCA might suppress the
Cell Reports 43, 114103, April 23, 2024 7
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Figure 6. Reduced cell proliferation as consequence of HIF1a-dependent lower glycolysis inhibition

(A) Cell proliferation assays in 786-O-HIF1a cells and their corresponding control cells in the presence or absence of extracellular pyruvate or aKB (1mM) (left; n =

9–10) in G55 control cells and G55 cells treated with 0.2 mMDMOG in the presence or absence of extracellular pyruvate or aKB (1 mM) (middle; n = 9) and MDA-

MB-231 control cells and MDA-MB-231 cells treated with 0.5 mM DMOG in the presence or absence of extracellular pyruvate or aKB (1 mM) (right; n = 3).

(B) On the left, representativewestern blots of theGAPDH and b-ACTIN protein in G55 control cells andGAPDH-silencedG55 cells. In themiddle, cell proliferation

assay in G55 control cells and GAPDH-silenced G55 cells (n = 9). On the right, the relative amount of extracellular lactate released by G55 control cells and

GAPDH-silenced G55 cells, (n = 6).

In the bar graphs, the values represent the mean ± SEM, and statistical analysis was performed using a two-tailed unpaired t test when comparing 2 groups, with

Welch’s correction when needed, or two-way ANOVA followed by Tukey’s post hoc test: ***p < 0.001 represent significant p values.
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malate-aspartate shuttle and the ensuing accumulation of cyto-

solic NADH. Indeed, we previously found that HIF1a reduces not

only TCA cycle activity but also key enzymes in the malate-

aspartate shuttle like GOT1 and GOT2.18 Hence, we wondered

whether suppression of themalate-aspartate shuttle could result

in NADH-dependent suppression of lactate release. Indeed,

silencing of GOT1 and GOT2 elevates the NADH/NAD+ ratio in

parallel with an inhibition of lactate release, which was

completely restored when the elevation of the NADH/

NAD+ ratio was prevented with aKB (Figures S3A–S3C). As

such, HIF1a-dependent suppression of key players in the mito-

chondrial/cytosolic malate-aspartate shuttle appears to induce

the cytosolic NADH-evoked suppression of lactate release.

Collectively, these data show that mitochondrial inhibition

(upon HIF1a activation or pharmacologically) leads to an eleva-

tion of the NADH/NAD+ ratio that suppresses cellular glycolytic

activity. Importantly, this unexpected action of HIF1a takes place

when there is a limited extracellular supply of pyruvate (as in tu-
8 Cell Reports 43, 114103, April 23, 2024
mor microenvironment) because a large enough supply of pyru-

vate—or aKB—can act as electron acceptors to oxidize the

excess of NADH upon mitochondrial inhibition.

Suppression of cell proliferation through the
HIF1a-dependent attenuation of lower glycolysis
A central action of HIF1a is the inhibition of cell proliferation,

which has been explored in numerous biological settings

including ccRCCs, in which HIF1a functions as a tumor suppres-

sor.18,32,51 786-O-HIF1a or DMOG-treated G55 and MDA-MB-

231 cells show a remarkable decline in cell proliferation when

compared to 786-O or untreated G55 and MDA-MB-231 control

cells (Figure 6A). We therefore investigated whether HIF1a-de-

pendent glycolysis slowdown might contribute to the anti-prolif-

erative potential of HIF1a. Indeed, extracellular pyruvate or aKB

recovered the reduced proliferation upon HIF1a activation in

786-O cells as well as in DMOG-treated G55 and MDA-MB-

231 cells (Figure 6A), which shows that NADH accumulation
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underlies the ability of HIF1a to act as suppressor of tumor cell

proliferation. In order to assess whether the NADH-dependent

inhibition of lower glycolysis at the level of GAPDH was involved

in this anti-proliferative effect, we silenced GAPDH expression.

Importantly, silencing of GAPDH was enough to decrease cell

proliferation at conditions that reduce lactate release to a similar

extent to HIF1a activation (Figure 6B).

Collectively, all these data show that HIF1a-dependent mito-

chondrial inhibition leads to an elevated NADH/NAD+ ratio

when extracellular pyruvate supply is limited. This results in the

attenuation of glycolytic flux, providing a molecular explanation

for the reduced lower glycolysis manifested in ccRCCs. More-

over, these data show that HIF1a does not promote glycolysis

in all cell types because some cells require an external source

of pyruvate to sustain their glycolytic flux.

DISCUSSION

The established role of HIF1a as an activator of glycolysis is

basedon its ability to induce the transcription of thegenesencod-

ing glycolytic enzymes as well as glucose and lactate trans-

porters.26–28,39,52 Moreover, previous studies have shown that

hypoxia increases lactate release in a HIF1a-dependent manner

in somecellmodels.53,54However, themetabolomic profile of hu-

man ccRCCs—characterized by constitutive HIF1a activation—

showed a diminished content of lower glycolysis intermediates

like the PGs (2-PG and 3-PG) and PEP.30,31 Lactate content

was also reduced in some, but not all, ccRCCs. It has to be

considered that lactate is released into the extracellular milieu

and is present in the blood, and its levels can therefore be heavily

influenced by its accumulation in themicroenvironment of poorly

vascularized tumors.55 Therefore, lactate levels in the ccRCC tu-

mor mass do not accurately reflect glycolysis like other lower

glycolytic intermediates, such as PEP or 2-PG. Importantly, this

limitation was overcome here by assessing the role of HIF1a on

the uncoupling of ccRCC glycolysis and lactate release, specif-

ically in ccRCC cells in the absence of other lactate sources.

Our different experimental approaches, such as the measure-

ment of intracellular glycolytic intermediates and glycolytic flux

analysis, suggest that the weaker lower glycolysis seen in ne-

phrectomies of human ccRCCs is provoked by HIF1a. The data

show that some tumor cell types cannot sustain the expected HI-

F1a-dependent glycolysis under conditions of low extracellular

pyruvate such as those typically found in the tumormicroenviron-

ment. In this context, pyruvate concentration in serum—in princi-

ple, themaximumexogenouspyruvate that a tumorcell in general

can receive—can be as low as 40 mM.36,56–58 Moreover, pericel-

lular pyruvate concentrations in solid tumors can be lower than

40 mM in the serum because of their deficient perfusion.34–36

Therefore, our data suggest that extracellular pyruvate levels in

the ccRCC tumor mass are low enough to enable the HIF1a-de-

pendent anti-glycolytic effect observed in these tumors. More-

over, we also found that G55 glioblastoma and MDA-MB-231

breast cancer cells also required a sufficient exogenous pyruvate

supply to sustain glycolysis uponHIF1a activation. Therefore, it is

conceivable that the HIF1a-dependent suppression of glycolytic

fluxmight be also operative in the areas of glioblastoma or breast

solid tumors with a simultaneous poor supply of oxygen and py-
ruvate. Since regular pyruvate concentrations in cell culture me-

dia do not reflect the extracellular pyruvate levels encountered

in vivo, it seems necessary to consider the extracellular pyruvate

levels when assessing the impact of HIF1a on glycolysis and

possibly on other aspects of the metabolic rewiring controlled

by HIF1a. Indeed, together with recent metabolomics data, our

results suggest that extracellular pyruvate exerts a pivotal influ-

ence on glycolysis, despite the ability of HIF1a to induce the

expression of glycolytic enzymes in ccRCCs.26,29,53,59 This domi-

nant role of extracellular pyruvate may be operative under other

conditions, such as a limited supply of vitamin B1 that induces

GAPDH gene expression.60

NADHoxidation toNAD+ is coupled tomitochondrial complex I

activity, and therefore pharmacological inhibition of mitochon-

drial activity leads to an increased intracellular NADH/NAD+ ra-

tio.44 A central function of HIF1a is to slow down the mitochon-

drial activity.20–23 Therefore, our study shows that, indeed,

HIF1a activation also elevates the NADH/NAD+ ratio in parallel

to its ability to reduce mitochondrial oxygen consumption. Our

data show that the HIF1a-dependent suppression of lower

glycolysis after the GAPDH step and the subsequent reduced

lactate release are consequences of thisHIF1a-dependent incre-

ment of theNADH/NAD+ ratiowhen extracellular pyruvate supply

is limited. Along this line, recent studies have suggested that

NADHaccumulation leads to ‘‘NADH reductive stress’’ that com-

promises the activity of NADH-producing enzymes including,

potentially, GAPDH.47,61 Indeed, lactate release was fully

restored when the increment of the NADH/NAD+ ratio was pre-

vented by two independent electron acceptors such as pyruvate

and aKB, which oxidize the accumulated NADH to NAD+, pre-

venting the accumulation of the NADH/NAD+ ratio upon HIF1a--

dependent mitochondrial inhibition. In support of these data, we

also found that the sole pharmacological inhibition of mitochon-

drial activity using metformin—mimicking the action of HIF1a

onmitochondrial activity—also results in reduced lactate release,

whichwas completely restoredwhen the cellular increment of the

NADH/NAD+ ratio upon mitochondrial inhibition was reduced. It

is generally accepted that impairment of mitochondrial activity

(as HIF1a does) potentiates glycolysis, but our data show that

reduced mitochondrial activity does not necessarily drive glycol-

ysis. Here, we show that this expected response is not executed

in different biological settings including human ccRCCs, in which

mitochondria activity and lower glycolysis are simultaneously

compromised. This is because, in biological settings such as

the tumor microenvironment, the extracellular pyruvate supply

is low enough to prevent NADH reductive stress, which ultimately

attenuates glycolytic flux after the GAPDH step.

Furthermore, our data show that the repression of lower

glycolysis occurs in parallel with the accumulation of upper

glycolytic intermediates upstream of the GAPDH reaction,

such as DHAP, GAP, and FBP. Therefore, our data strongly sug-

gest that HIF1a can uncouple upper and lower glycolysis by

compromising the glycolytic step catalyzed by GADPH. In

agreement with our data, specific inhibition of GAPDH with the

selective inhibitor koningic acid (KA) leads to a disconnection

of upper and lower glycolysis,62 similar to what is manifested

by HIF1a-expressing cells. As such, KA reduces the intracellular

content of lower glycolytic intermediates like 3-PG or PEP, while
Cell Reports 43, 114103, April 23, 2024 9
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metabolites of upper glycolysis such as DHAP or F1,6-P are

accumulated. In line with this, HIF1a-dependent accumulation

of upper glycolysis metabolites is relevant to explain some in vivo

biological manifestations executed by HIF1a in tumors, such as

ccRCCs. Indeed, potentiation of the pentose phosphate

pathway as a molecular feature of ccRCC is a direct conse-

quence of the HIF1a-dependent uncoupling of upper and lower

glycolysis we described in this study. Moreover, we also found

that HIF1a-dependent attenuation of GAPDH-dependent lower

glycolysis contributes to the anti-proliferative potential of

HIF1a activation, which has been also largely explored in

ccRCCs, where HIF1a acts as a tumor suppressor.18,32,51 In

this context, previous studies have shown that suppression of

cell proliferation upon mitochondrial inhibition can be attributed

to the elevation of the NADH/NAD+ ratio, which compromises

the biosynthesis of aspartate, which is essential for DNA synthe-

sis and cell proliferation.44–46 Importantly, our data unveil that the

anti-proliferative effect of accumulated NADH reductive stress

upon HIF1a-dependent mitochondrial inhibition can be also

attributed to the attenuation of other NADH vulnerable pathways

such as lower glycolysis.

In summary, we found an unexpected role for HIF1a as a sup-

pressor of glycolysis in some cells under conditions of a limited

supply of extracellular pyruvate,which enables theHIF1a-depend-

ent cellular increase of the NADH/NAD+ ratio that ultimately com-

promises lowerglycolysis.Ourdataalso implyfirstly thatunexpect-

edly extracellularpyruvatecanbeessential to control glycolytic flux

and secondly that mitochondrial inhibition is not necessarily

accompanied by the expected increase on glycolysis when cells

encounter in vivo conditions of extracellular pyruvate supply

resembling those in the tumormicroenvironment, suchasccRCCs,

characterized by constitutive HIF1a activation and a simultaneous

suppression of lower glycolysis and mitochondrial activity.

Limitations of the study
In this study, we have shown that HIF1a compromises lower

glycolysis as a consequence of HIF1a-dependent suppression

of mitochondrial activity and subsequent NADH reductive stress.

This HIF1a-dependent glycolysis uncoupling occurs when

cellular pyruvate supply is limited because pyruvate can atten-

uate NADH reductive stress. Since HIF1a compromises lower

glycolysis in human ccRCCs, it can be also presumed that there

is a limited supply of extracellular pyruvate in these tumors as

has been previously found in some tumor models.36,56–58 There-

fore, further experimentation is necessary to ascertain whether

interstitial pyruvate content in human ccRCCs is also reduced.

In addition, we have found that this HIF1a-dependent metabolic

response occurs not only in ccRCC cells but also in other tumor

cell types. However, we found that there are some other cell

models in which HIF1a activation did not result in reduced

lactate release, although the molecular mechanism of this differ-

ential response remains elusive. Finally, our study has been

focused on HIF1a-dependent glycolysis uncoupling in tumor

cells, which can preferentially induce this response taking into

consideration the limited pyruvate supply in solid tumors. How-

ever, it will be relevant to investigate which other non-cancer bio-

logical settings might be characterized by limited pyruvate sup-

ply to permit this HIF1a-dependent glycolysis uncoupling.
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Antibodies

Mouse monoclonal anti-HIF1a BD Transduction Laboratories Cat#610959; RRID: AB_398272

Mouse monoclonal anti-CAIX Santa Cruz Biotechnology Cat#sc-365900; RRID: AB_10846466

Monoclonal anti-b-actin-peroxidase Sigma-Aldrich Cat#A3854; RRID: AB_262011

Rabbit polyclonal anti-HIF-1a (C-Term) Cayman Chemical Cat#10006421; RRID: AB_409037

Rabbit polyclonal anti- PDK1 Enzo Life Sciences, Inc. Cat#ADI-KAP-PK112; RRID: AB_10618932

Goat polyclonal anti-HSP 60 Santa Cruz Biotechnology Cat#sc-1722; RRID: AB_2233354

Rabbit polyclonal anti-GAPDH Abcam Cat#ab9485; RRID: AB_307275

Rabbit polyclonal anti-GOT1 Proteintech Cat#14886-1-AP; RRID AB_2113630

Rabbit polyclonal anti-GOT2 Sigma-Aldrich Cat#HPA018139; RRID AB_1849903

Chemicals, peptides, and recombinant proteins

Doxycycline Sigma-Aldrich Cat#D9891

Dimethyloxalylglycine (DMOG) Enzo Life Sciences, Inc. Cat#BML-EI347

Metformin Sigma-Aldrich Cat#D150959

Sodium pyruvate Lonza Cat#BE13-115E

Sodium a-ketobutyrate (aKB) Sigma-Aldrich Cat#K0875

L-Glutamine-5-13 C Cambridge Isotope Laboratories, Inc.Cat#CLM-1166

Protease inhibitors Sigma-Aldrich Cat#P8340

Phosphatase inhibitors Sigma-Aldrich Cat#P5726

Pyridine Sigma-Aldrich Cat#270970

Methoxyamine hydrochloride Sigma-Aldrich Cat#226904

5-3H-Glucose Perkin Elmer Cat#NET531001MC

Dodecyltrimethylammonium bromide (DTAB) Sigma-Aldrich Cat#D8638

Critical commercial assays

L-Lactate Assay Kit (Colorimetric/

Fluorometric)

Abcam Cat#ab65330

DC protein Assay Kit Bio-Rad Cat#5000112

PierceTM BCA Protein Assay Kit Thermo Fisher Scientific Cat#23225

NAD/NADH-GloTM Assay Kit Promega Cat#G9071

Clarity Western ECL Substrate Bio-Rad Cat#1705061

Super-Signal West Femto Maximum

Sensitivity Substrate

Thermo Fisher Scientific Cat#34096

Experimental models: Cell lines

786-O Provided by Dr. Marı́a J. Calzada N/A

G55 Provided by Dr. Till Acker N/A

MDA-MB 231 Provided by Dr. Massimiliano

Mazzone

N/A

A549 Provided by Dr. Massimiliano

Mazzone

N/A

Murine embryonic fibroblasts (MEFs) This study N/A

Oligonucleotides

Control siRNA Santa Cruz Biotechnology Cat#sc-37007

HIF1a siRNA Santa Cruz Biotechnology Cat#sc-35561

GAPDH siRNA Santa Cruz Biotechnology Cat#sc-35448

GOT1 siRNA Dharmacon Cat#J-011673

(Continued on next page)
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GOT2 siRNA Dharmacon Cat#J-011674

Recombinant DNA

pLVX-TetOne-Puro-Luc Takara Cat#631849

pLVX-TetOne-HIF1a Meléndez-Rodrı́guez et al.18 N/A

pLVX-TetOne-HIF1a bHLH* Meléndez-Rodrı́guez et al.18 N/A

Other

Pyruvate-free Dulbecco’s high

glucose modified Eagle’s Medium (DMEM)

Cytiva HyCloneTM Cat#SH30022

Pyruvate- and glucose-free Dulbecco’s

high glucose modified Eagle0s Medium

(DMEM)

GibcoTM Cat#11966025

Pyruvate- and glutamine-free Dulbecco’s

high glucose modified Eagle’s Medium

(DMEM)

GibcoTM Cat#11960044

Pyruvate-, glutamine- and glucose-free

Dulbecco’s high glucose modified Eagle’s

Medium (DMEM)

GibcoTM Cat# A1443001

Lipofectamine 2000 Transfection Reagent Invitrogen Cat#11668019

Dialyzed fetal bovine serum (dFBS) Sigma-Aldrich Cat#F0392

Metabolic data from Human ccRCC samples Hakimi et al.30 N/A

Mass spectrometry data This study EMBL-EBI MetaboLights: MTBLS8901 https://www.ebi.ac.

uk/

metabolights/MTBLS8901
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Julián

Aragonés (julian.aragones@uam.es).

Materials availability
Cell lines generated in this study are available upon request to the lead contact.

Data and code availability
d All original data reported in this study is available from the lead contact upon request. Mass spectrometry data have been

deposited to the EMBL-EBI MetaboLights database63 with the identifier MTBLS8901. The dataset can be accessed in the

following link https://www.ebi.ac.uk/metabolights/MTBLS8901.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

METHOD DETAILS

Cell models
The 786-O-LUC/HIF1a/HIF1a-bHLH*,18 G55, MDA-MB-231 and A549 cell lines, and the murine embryonic fibroblasts (MEFs) were

all maintained in pyruvate-free Dulbecco’s high glucose modified Eagle’s Medium (DMEM: SH30022.01, Cytiva HyClone) supple-

mented with 100 units/mL of penicillin and 100 mg/mL streptomycin (P/S: DE17-602E, Lonza), 20mMHEPES buffer (17-737E, Lonza)

and 10% fetal bovine serum (FBS: SV30160.03, Cytiva HyClone). In the experiments, 786-O-LUC/HIF1a/HIF1a-bHLH* cells were

treated with doxycycline (1 mg/mL: D9891, Sigma-Aldrich) to induce vector expression. Cells were kept at 37�C in an atmosphere

with 5%of CO2 and 95% air for normoxic conditions. To induce hypoxia the cells weremaintained at 0.5%O2 in an Invivo2 400 work-

station (Ruskinn) or exposed to dimethyloxalylglycine (DMOG, 0.1–1 mM: BML-EI347, Enzo Life Sciences, Inc.), a pharmacological

inhibitor of prolyl-4-hydroxylase. All experiments were carried out in 5 mM glucose unless specifically stated.
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Gene silencing by siRNA
Temporary siRNA gene silencing was achieved using a specific HIF1a siRNA (sc-35561, Santa Cruz Biotechnology), GAPDH siRNA

(sc-35448, Santa Cruz Biotechnology), GOT1 siRNA (J-011673, Dharmacon), GOT2 siRNA (J-011674) and a control siRNA

(sc-37007, Santa Cruz Biotechnology). The G55 and MDA-MB-231 cell lines were seeded in p60 plates and then transfected with

the respective siRNA using Lipofectamine 2000 (11668019, Invitrogen). The transfected cells were plated and recovered 72 h after

transfection for extracellular lactate measurement and western blot analysis.

Cell treatments
To measure metabolites, cells were plated in pyruvate-free high glucose DMEM supplemented with P/S, HEPES and 10% dialyzed

FBS (dFBS, 10,000 Mw cut-off: F0392, Sigma-Aldrich). Then cells were subjected to 0.5% hypoxia or treated with DMOG (0.1 mM–

1 mM) or metformin (2 mM: D150959, Sigma-Aldrich), and supplemented as necessary with sodium pyruvate (1 mM: BE13-115E,

Lonza) or sodium a-ketobutyrate (aKB, 1 mM: K0875, Sigma-Aldrich) for 24 h. Subsequently, the cells were maintained for 2 h in

a 5mM glucose pyruvate-free DMEM medium (SH30022.01, Cytiva HyClone and 11966025, Gibco) with the corresponding treat-

ments. Finally, this media was changed to the same 5mM glucose pyruvate-free DMEM media - with the corresponding treatments

- and cells and supernatants were collected after 60 min, or 15 min when specifically stated, to measure intracellular metabolites and

extracellular lactate. For L-Glutamine-5-13C tracer analysis, the 786-O-LUC and G55 cells were incubated as above but with pyru-

vate- and glutamine-free DMEM (11960044, Gibco) supplemented with 4 mM L-Glutamine-5-13C (CLM-1166, Cambridge Isotope

Laboratories, Inc.), after which the medium was collected. All the samples collected were quenched in liquid nitrogen and stored

at �80�C until they were processed.

Extracellular lactate measurement
Extracellular lactate measurements were assayed with the colorimetric L-Lactate Assay Kit (ab65330, Abcam), according to manu-

facturer’s instructions. Lactate measurements were normalized to protein levels. Cell samples were homogenized in RIPA buffer

(150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS and 50 mM Tris-HCL [pH 8]) with 5% protease inhibitors

(P8340, Sigma-Aldrich) and 1% phosphatase inhibitors (P5726, Sigma-Aldrich), and the protein concentration was quantified with

the DC protein Assay Kit (5000112, Bio-Rad).

Mass spectrometry metabolite analysis
A cold two-phase methanol:water:chloroform (5:3:5) solution was used for metabolite extraction. The polar (methanol-water) phase

and protein interphase was collected after centrifugation at 4�C and dried using a vacuum concentrator. Dried polar and protein frac-

tions were stored at �80�C until use. The protein fraction was dissolved in 200 mL sodium hydroxide (0.2 M), and the protein con-

centration was then quantified using the Pierce BCA Protein Assay Kit (23225, Thermo Fisher Scientific) for further normalization.

The pentose-phosphate intermediates, fructose bisphosphate and dihydroxy acetone phosphate/glyceraldehyde 3-phosphate

were analyzed by liquid chromatographymass spectrometry (LC-MS). A 1290 Infinity II LC System (Agilent Technologies), with a ther-

mal autosampler set at 4�C, coupled to a 6546 Quadrupole-Time of Flight (Q-TOF, Agilent Technologies) was used for the measure-

ment. Dried polar metabolites were resuspended in 50 mL of 80%methanol and a volume of 2 mL or 10 mL of the sample was injected

on a Poroshell HILIC column (Agilent InifinityLab Poroshell 120 HILIC-Z, 2.1 mm 3 150 mm, 2.7 mm, PEEK-lined, Agilent Technolo-

gies). The separation of metabolites was achieved with a column temperature of 50�C and a flow rate of 0.25 mL/min. A gradient was

applied for 32 min (solvent A: 10mM ammonium acetate in water with 2.5 mM InfinityLab Deactivator Additive, pH = 9; solvent B:

10mM ammonium acetate in water/acetonitrile 15:85 (v/v) with 2.5 mM InfinityLab Deactivator Additive, pH = 9) to separate the me-

tabolites (0 min: 96%B, 2 min: 96%min, 5.5min: 88%B, 8.5 min: 88%B, 9min: 86%B, 14 min: 86% B, 19 min: 82% B, 25 min: 65%

B, 27 min: 65% B, 28 min: 96%, 32 min: 96% B). The MS operated in negative full scan mode (m/z range: 50–1100) using a gas tem-

perature of 225�C, sheath gas flow of 12 L/min, sheath gas temperature of 350�C and capillary voltage of 3.5 kV. Data were collected

using the MassHunter Workstation LC/MS Data Acquisition Version 10.1 (Agilent Technologies) and were analyzed using the Agilent

MassHunter Workstation Profinder version 10.0.2.

Intracellular glycolytic intermediates (GAP, DHAP, 2/3-PG, PEP), and lactate as well as extracelular lactate were detected using a

7890 A GC system (Agilent Technologies) combined with 5975C Inert MS system (Agilent Technologies) as described previously.64

Polar metabolites were derivatizedwith 20 mLmethoxyamine (20mg/mL in pyridine: 270970 and 226904, Sigma-Aldrich) for 90min at

37�C. Subsequently, 15 mL of N-(tert-butyldimethylsilyl)-N-methyl-trifluoroacetamide, with 1% tert-butyldimethylchlorosilane

(TBDMS: 375934Sigma-Aldrich) were added to 7.5 mL of each derivative and incubated for 60 min at 60�C. 1 mL of each sample

was injected into a DB35MS column in splitless or in split mode (ratio 1 to 9) using an inlet temperature of 270�C. The carrier gas

was helium with a flow rate of 1 mL/min. Upon injection, the GC oven was kept at 100�C for 1 min, increased up to 105�C with a

gradient of 2.5 �C/min followed by 2 min at 105�C, then ramped to 240�C with a gradient of 3.5 �C/min, and after that ramped up

to 320�Cwith a gradient of 22 �C/min, which was followed by 2 min at 320�C.The measurement of metabolites was performed under

electron impact ionization at 70 eV. Isotopologue distributions were extracted from the raw ion chromatograms using a custom

MATLABM-file, which applies consistent integration bounds and baseline correction to each ion.65 In addition, we corrected for natu-

rally occurring isotopes.66 All labeling fractions were transformed into natural abundance-corrected mass distribution vectors.67
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Glycolytic flux
G55 cells, 786-O-LUC and 786-O-HIF1 cells were plated in pyruvate-free high glucose DMEM supplemented with P/S, HEPES and

10% dialyzed FBS (dFBS, 10,000 Mw cut-off: F0392, Sigma-Aldrich). Then cells were treated with DMOG (0.2 mM) and supple-

mented as necessary with sodium pyruvate (1 mM: BE13-115E, Lonza) for 24 h. Subsequently, the cells were maintained for 2 h

in a 5 mM glucose pyruvate-free DMEMmedium (SH30022.01, Cytiva HyClone and 11966025, Gibco) with the corresponding treat-

ments. Then, cell media was replaced with labeling solution (pyruvate-free 5 mM glucose DMEM, without FBS, supplemented with

80 mCi/mmol of 5-3H-Glucose (NET531001MC, PerkinElmer) and the corresponding treatments. Cells were incubated in labeling so-

lution at 37�C for 2 h. Then, the supernatant was transferred to glass vials sealed with rubber stoppers. 3H2O was captured over 48 h

at 37�C in hanging wells containing Whatman paper soaked with H2O. Radioactivity was quantified by liquid scintillation counting.

NADH/NAD+ measurements
To measure the NADH/NAD+, the cells seeded in 6-well plates were first washed with PBS and then lysed with a 500 mL of dodecyl-

trimethylammonium bromide (DTAB) Buffer (1%DTAB in 0.2 M NaOH diluted 1:1 with PBS: D8638, Sigma-Aldrich), and assayed us-

ing the NAD/NADH-Glo Assay Kit (G9071, Promega), according to themanufacturer’s instructions. Luminescence was recorded on a

CLARIOstar Plus apparatus (BMG LABTECH).

Cell proliferation analysis
For cell proliferation assay G55 control, GAPDH-silenced G55 cells, 786-O-LUC, HIF1a and MDA-MB-231 were seeded in DMEM

dFBS. After 24 h, media was changed with the corresponding treatments. After 72 h, cells were fixed with 4% paraformaldehyde

for at least 24 h, and then cells were stained with 0.025% crystal violet solution (11435027, Fisher Scientific) for 20 min. After the in-

cubation, cells were washed several times with distilled water and finally for the measurement, methanol was added to the stained

cells and the results were measured with spectrophotometer at 540 nm.

Oxygen consumption
The 786-O-LUC and HIF1a cells or G55 cells were seeded in XF-24 plates. The G55 cells were treated with DMOG (0.2 mM), 24 h

before the experiment was performed. The following day the cells were maintained for 2 h with pyruvate-free DMEM containing

5 mM glucose, and supplemented with P/S, HEPES and dFBS and the necessary treatments. Subsequently, the cells were main-

tained and equilibrated for another hour at 37�C without CO2 in 500 mL of the same medium without the P/S, HEPES and dFBS

but with the treatments. The basal cellular oxygen consumption rate (OCR) was measured using an XF24 Extracellular Flux Analyzer

(Seahorse Bioscience). After the experiments the cells were homogenized in RIPA buffer supplemented with 5% protease inhibitors

and 1% phosphatase inhibitors, and the protein recovered was quantified with a DC protein Assay kit for normalization.

Western blotting
Cells from the extracellular lactate experiments were lysed in RIPA buffer containing 5% protease inhibitors and 1% phosphatase

inhibitors, and the protein concentration was quantified as indicated above. The samples were then denatured in Laemmli buffer,

resolved on SDS-polyacrylamide gels and transferred to 0.45 mm pore size nitrocellulose membranes (10600007, Cytiva). The mem-

branes were then blocked and the human cell lines were probed with antibodies against HIF1a (610959, BD Transduction Labora-

tories), CAIX (sc-365900, Santa Cruz Biotechnology), GAPDH (ab9485, abcam), GOT1 (14886-1-AP, Proteintech), GOT2

(HPA018139, Sigma-Aldrich), HSP60 (ab82520, abcam) and b-actin (A3854, Sigma-Aldrich), while the mouse cells were probed

with antibodies against HIF1a (10006421, Cayman Chemical), PDK1 (ADI-KAP-PK112-F, Enzo Life Sciences, Inc.) and HSP60

(sc-1722, Santa Cruz Biotechnology). Antibody binding was detected with the Clarity Western ECL Substrate (1705061, Bio-Rad)

or Super-SignalWest FemtoMaximumSensitivity Substrate (34096, Thermo Fisher Scientific), and visualized on a digital luminescent

image analyzer (Image Quant LAS4000 Mini, GE Healthcare).

Metabolic data from human ccRCC samples
The median normalized values of the metabolites of interest were obtained from the database generated by Hakimi et al.30 from 138

patients with matched RCC tumor and adjacent healthy tissue. The relative increase or decrease in the metabolites within a tumor/

healthy adjacent tissue pair was calculated by subtracting the median normalized value of the healthy adjacent tissue sample from

the tumor sample. When the result was positive, it was considered enriched in the tumor and when the result was negative it was

considered reduced in the tumor.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using the GraphPad Prism 9.0.0 software. The data were analyzed using a two-tailed Student’s

test or two-tailed t test with Welch’s correction when needed, one-way ANOVA and two-way ANOVA, both followed by Tukey’s post

hoc analysis. p values < 0.05 were considered statistically significant.
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Figure S1. Protein analysis of HIF1α and HIF1-dependent target genes in hypoxia-exposed 
and DMOG-treated cells, related to Figure 1 and 2. 

(A) Representative western blot analysis of the HIF1α, CAIX and β-ACTIN protein in 786-O-HIF1α 
and HIF1α-bHLH* cells, and in their corresponding control cells. (B) Representative western blot 
analysis of the HIF1α, CAIX and β-ACTIN protein in G55 control cells and in G55 cells exposed 
to hypoxia 0.5% and treated with DMOG 0.1 or 0.2 mM (left panel). Representative western blot 
analysis of the HIF1α, CAIX and β-ACTIN protein in MDA-MB-231 control cells and MDA-MB-231 
treated with DMOG 0.5 mM (right panel). (C) Representative western blots of the HIF1α, CAIX 
and β-ACTIN protein in G55 or MDA-MB-231 control cells, HIF1α-silenced G55 or MDA-MB-231 
cells, G55 or MDA-MB-231 cells treated with DMOG, and HIF1α-silenced G55 or MDA-MB-231 
cells treated with DMOG. (D) Representative western blots of the HIF1α, CAIX and β-ACTIN 
protein in A549 control cells and A549 treated with DMOG 1 mM, and of the HIF1α, PDK1 and 
HSP60 protein in MEFs exposed to DMOG 0.2 mM or untreated. 



 

Figure S2. Accumulation of upper glycolytic and pentose phosphate metabolites as a 
consequence of HIF1α-dependent lower glycolysis inhibition, related to Figure 3. 

(A) The scheme shows the metabolic pathways connecting upper glycolysis and the pentose 
phosphate pathway. Metabolites measured in Figures 3H-3K, S2C, and S2D are indicated in blue. 
(B) Relative induction of pentose phosphate metabolites in 138 human VHL-deficient renal cell 
carcinomas relative to their adjacent kidney tissue. The graph shows those samples in which 
metabolite fold induction is positive (red) and negative (blue). (C) Relative amount of pentose 5-
phosphate metabolites (pool of ribose 5-phosphate + ribulose 5-phosphate) in 786-O-HIF1α cells 
and their corresponding control cells in the presence or absence of extracellular pyruvate 1 mM 
(n=3). (D) Relative amount of pentose 5-phosphate metabolites (pool of ribose-5-phosphate, R5-
P + ribulose-5-phosphate, Ru5-P) in G55 control cells and G55 cells treated with DMOG 0.2 mM, 
in the presence or absence of extracellular pyruvate 1 mM (n=3). In the bar graphs, the values 
represent the mean ± SEM and the statistical analysis was performed using a two-way ANOVA 
followed by Tukey’s post hoc test: *p < 0.05 and ***p< 0.001 represent significant p-values. 

  



 

Figure S3. NADH/NAD+-dependent inhibition of lactate release in GOT1/2-silenced cells, 
related to Figure 5. 

(A) Representative western blot of GOT1, GOT2, HSP60 and β-ACTIN proteins in GOT1/2-
silenced G55 cells and their corresponding control cells (siSCR), in the presence or absence of 
extracellular αKB (1 mM). (B) NADH/NAD+ ratio in GOT1/2-silenced G55 cells and their 
corresponding control cells in the presence or absence of extracellular αKB (1 mM) (n=5-6). (C) 
The relative amount of extracellular lactate released by GOT1/2-silenced G55 cells and their 
corresponding control cells in the presence or absence of extracellular αKB (1 mM) (n=5-6). In 
the bar graphs, the values represent the mean ± SEM and the statistical analysis was performed 
using two-way ANOVA followed by Tukey’s post hoc test: *p < 0.05, **p < 0.01, ***p < 0.001.  
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