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Abstract

Hypoxia-inducible factor 1a is a key regulator of the
hypoxia response in normal and cancer tissues. It is well
recognized to regulate glycolysis and is a target for therapy.
However, how tumor cells adapt to grow in the absence of
HIF1a is poorly understood and an important concept to
understand for developing targeted therapies is the flexi-
bility of the metabolic response to hypoxia via alternative
pathways. We analyzed pathways that allow cells to survive
hypoxic stress in the absence of HIF1a, using the HCT116
colon cancer cell line with deleted HIF1a versus control.
Spheroids were used to provide a 3D model of metabolic
gradients. We conducted a metabolomic, transcriptomic,
and proteomic analysis and integrated the results. These
showed surprisingly that in three-dimensional growth,
a key regulatory step of glycolysis is Aldolase A rather

than phosphofructokinase. Furthermore, glucose uptake
could be maintained in hypoxia through upregulation of
GLUT14, not previously recognized in this role. Finally,
there was a marked adaptation and change of phospho-
creatine energy pathways, which made the cells susceptible
to inhibition of creatine metabolism in hypoxic condi-
tions. Overall, our studies show a complex adaptation to
hypoxia that can bypass HIF1a, but it is targetable and it
provides new insight into the key metabolic pathways
involved in cancer growth.

Implications: Under hypoxia and HIF1 blockade, cancer cells
adapt their energy metabolism via upregulation of the
GLUT14 glucose transporter and creatine metabolism provid-
ing new avenues for drug targeting.

Introduction
Highly proliferating cancer cells must increase the import of

nutrients and adopt a metabolic program that fulfils energetic,
redox, and biosynthetic requirements for increasing cell mass.
Metabolic flexibility is acquired through genetic and nonge-
netic factors that allow tumors to grow in altered biochemical

conditions such as hypoxia, acidic pH, and a nutrient-poor
microenvironment (1).

Warburg first described the increase of oxidation of glucose
into lactate in cancer cells (2). Although yielding less ATP than
OXPHOS, glycolysis is utilized predominantly by cancer cells and
provides a more rapid response to the high energy demand of
rapidly proliferating cancer cells (3). In hypoxia, this regulation
represents the predominant way to produce ATP, even for normal
cells (1). Although many solid tumors demonstrate the Warburg
effect, some, such as prostate cancer, do not (4). Virus-infected
cells show increased glucose metabolism and CD4þ T-cell growth
is characterized by a high synthesis of ATP and biosynthetic
reactions (cell membrane andDNA biosynthesis). These observa-
tions show that uncoupling glycolysis from OXPHOS can offer a
metabolic solution adequately beneficial for the high energy
demand while maintaining redox balance and biosynthetic
requirements (5–7). Similarly, reprogramming of cancer metab-
olism activates distinct pathways in which oncogenic mutations
convey downstream signals to directed prometabolic traits (1).

Adaptation to the hypoxic tumor microenvironment is driven
by hypoxia-inducible factors HIF1a and HIF2a that induce a
distinct transcriptional program (8). HIF1a regulates numerous
metabolic genes, especially those involved in glycolysis and
related auxiliary processes (9).

Because of the importance of HIF1 in tumor growth and the
potential of HIF1a as target, we investigated how a cell line
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deleted for HIF1a could survive in hypoxia. We studied the
HCT116 colorectal cancer cell line wild-type (WT) and HIF1a
knockout (KO) under hypoxic conditions and analyzed transcrip-
tomics, proteomics, metabolomics, and fluxomics. We integrated
the multi-omics data to construct a map of hypoxic colorectal
cancer cell energy metabolism. Our results show for the first time
upregulation of glucose transporter type 14 (GTR14) tomaximize
nutrient uptake and an important role for creatine (Cr) energy
pathways to sustain multidimensional growth under hypoxic
conditions.

Materials and Methods
Cell culture

Cell lines were available from Clare Hall Laboratories
(HCT116), or were a kind gift from Prof Walter Bodmer (Weath-
erall Institute of Molecular Medicine, Oxford, United Kingdom;
DLD-1, Ls174T). Cell line authentication was carried out by short
tandem repeat analyses (LGCStandards) 6months prior to thefirst
submission of the manuscript. Cells were cultured as described
previously, unless different conditions were specified (10).

Enzyme activity assay
WT and KO HCT116 cells were cultivated at either 21% O2 or

1%O2 for 24 hours. Cells were collected, pelleted, and suspended
in 1 mL of ice-cold buffer (0.08 mmol/L K2HPO4, 1 mmol/L
EGTA, 0.02mmol/L KH2PO4, and 1mmol/L b-mercaptoethanol)
while under experimental conditions. Samples were vortexed and
150 mL aliquots removed for determination of protein by the
Lowrymethod.Afinal concentrationof 0.1%v/vTritonX-100was
added to permeabilize cells. Sampleswere stored on ice for at least
30 minutes to allow precipitation and the supernatant was used
for all enzyme activity measurements.

Total creatine kinase activity
Twenty microliters of 1:5 (in ice buffer) diluted sample super-

natant was incubated with 1 mL of creatine kinase (CK)-NAC
reagent (Thermo Fisher Scientific) at 30�C. After 3-minute lag
time, CK activity was quantified spectrophotometrically by mea-
suring the increase in absorbance at 340 nm over 2 minutes as a
result of NADHproduction. The assay was performed in triplicate
and results normalized to protein concentration.

Relative activity of creatine kinase isoenzymes
Sample supernatant was diluted 1:200 in ice buffer and incu-

batedwith 1%CK isoenzymeactivator for 10minutes prior touse.
Creatine kinase isoenzymes were separated according to their
electrophoretic mobility on an agarose gel, followed by incuba-
tion with CK isoenzyme chromogen, which allowed visualization
of the bands. Relative activities of individual CK isoenzymes were
quantified by densitometry. All reagents were providedwithin the
SAS-1 CK VIS-12 Isoenzyme Kit (Helena Biosciences). Absolute
activities for each isoenzyme were calculated by multiplying
relative isoenzyme activity by total CK activity.

Citrate synthase activity
Fifty microliters of sample supernatant was incubated with

850mLof reactionmixture (0.35mmol/L acetyl-CoA, 0.12mmol/L
DTNB) at 25�C. After 3minutes, 100 mL of 1mmol/L oxaloacetate
was added into the reactionmixture. Citrate synthase (CS) activity
was immediately assessed spectrophotometrically by measuring

the increase in absorbance at 412 nm over 1 minute as a result of
5-thio-2-nitrobenzoate (TNB2-) production. The assay was per-
formed in duplicate and results were normalized by protein
concentration.

Results
HIF1a regulates hypoxic spheroid cancer growth

We cultured WT and KO HCT116 cells as spheroids (WTs and
KOs) for 72hours, generating ahypoxic innermass, and evaluated
their morphology at three time points (72.5, 76, and 96 hours).
Immunostaining of WTs and KOs spheroids at 96 hours showed
key differences in hypoxic adaptation. Pimonidazole (PIMO)-
positive staining, in bothWTs andKOs, confirmed the presence of
hypoxic areas, and carbonic anhydrase 9 (CA9; HIF1a-target)
positive stain in WTs demonstrated the presence of hypoxia and
HIF1a stabilization. In contrast, CA9 staining was absent in KOs,
demonstrating successful HIF1a knockout. Necrosis and cell
death, as measured by H&E staining, was more pronounced in
WTs than in KOs (Fig. 1A).

We evaluated differences in growth of WTs and KOs (Fig. 1B).
HCT116 WTs and KOs proliferated over 24 hours, with a higher
rate in WTs (top). WTs volume was overall significantly bigger
than that of KOs cellswithnomarked changes over time (middle).
Cell spheroid density (number of cells per spheroid/spheroid
volume) showed a significant increased over time in both WTs
and KOs andwasmore pronounced in KOs at 96 hours (bottom).

HIF1a metabolic effects in cancer spheroids
Because WTs and KOs grow unequally, we optimized the

formation of WTs and KOs with a comparable cell number,
morphology, volume, and diameter, which enabled the investi-
gation of hypoxic gradients at the studied time points (72.5, 76,
and 96 hours; data not shown). We measured 26 metabolites of
six metabolic pathways: glycogen (GLG), glycolysis (GLY), TCA
cycle, ATP, Cr, and redox metabolism (Fig. 1C). GLG metabolic
intermediates show a general decrease over time in bothWTs and
KOs. Glycolysis and Cr metabolic products accumulated mostly
in WTs. TCA cycle metabolites did not show a defined trend, but
generally appeared to be more elevated in WTs at 96 hours and
decreased in KOs over time. We observed higher amounts of ATP
inWTs versus KOs, and this difference remained stable over time;
ADP levels decreased at 96 hours in both in WTs and KOs. NADþ

levels were low overall, while ADP and AMP were lower in KOs
versus WTs. HIF1a deletion correlated with higher AMP com-
pared with ATP, but with less difference over time (Fig. 1D).
Supplementary Figure S1 shows statistical results for the meta-
bolites detected in WTs and KOs.

Glycolytic and TCA flux in spheroids in hypoxia without HIF1a
We next evaluated glycolysis and TCA cycle flux in spheroids in

the presence and absence of HIF1a. Spheroids were grown for 72
hours and we utilized 13C6 Glucose (Glu) for metabolic flux
analysis (MFA; Fig. 2A). We calculated the isotopolog ratio for
eachmetabolite as [single fully labeled isotopolog value]/[sum of
the total isotopolog value] ratio (STIR). Next, we evaluated
glycolysis and TCA STIR distribution. We noted that the overall
STIR range was wider for metabolites of glycolysis compared with
the TCA cycle (STIR glycolysis 0.2–0.8; STIR TCA cycle: 0.3–0.45).

In glycolytic MFA (Fig. 2B), Glu 6 phosphate (Glu-6P) STIR
increased linearly in WTs between 72.5 and 96 hours, increased
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significantly in WTs versus KOs at 96 hours, but remained
stable in KOs. No effect was observed on 13C6 fructose 6
phosphate (Fru-6P) MFA. Fructose 1, 6 bis phosphate
(Fru-1,6BP) STIR decreased linearly in WTs between 72.5 and

96 hours, but remained stable in KOs. No effect was observed
on 13C6 dihydroxyacetone phosphate (DHAP), 3-phosphoglyc-
erate (3-PG), 2-phosphoglycerate (2-PG), and phosphoenol-
pyruvate (PEP) MFA in either spheroid type. Pyruvate (Pyr) and

Figure 1.

Spheroid hypoxic phenotype and energy metabolism. A, Immunostaining of spheroids for protein expression of hypoxic markers. PIMO, CA9, and H&E
expression in spheroids formed with HCT116 colorectal cancer cells HIF1a (WT) and HIF1a-deficient (KO). B, HIF1aWT and KO spheroid morphology. Spheroid-
forming cell count (cell number, top), spheroid volume (cm3, middle), and spheroid cell density (cell number/spheroid volume ratio, bottom). C, Heatmap
showing z-normalized intensities of energy-related metabolites inWT and KO spheroids at time points 72.5, 76, and 96 hours after formation. R.I., Relative
intensity.D, Specific ATP, ADP, AMP, ATP/AMP ratio, and ATP/ADP ratio relative intensities (R.I. 0–1 normalized) in WT and KO spheroids at time points 72.5, 76,
and 96 hours after formation. Metabolic pathways: glycogen (GLG), glycolysis (GLY), Krebs cycle (TCA), adenosine triphosphate (ATP), creatine (Cr), and
oxidation–reduction (REDOX). Data are reported as average� SD (N¼ 3). Statistical comparisons were performed using two-way ANOVA, multiple post hoc
group comparisons, or t test (P values corrected for multiple testing using the Benjamini–Hochberg procedure at a¼ 1%), showing P value <0.05 (�), <0.01 (��),
and <0.001 (���).
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lactate STIR levels increased in WTs 96 hours versus earlier time
points, whereas they accumulated earlier and to higher levels
(76 hours) in KOs.

In the TCAMFA (Fig. 2C), citrate STIR showed a linear increase
in KOs. It was significantly lower in KOs than inWTs at 72.5 hours
and became significantly higher at 96 hours, whereas citrate STIR

Figure 2.

Metabolic flux in spheroids. A, Experimental design of metabolomics flux analysis in spheroids. B and C,Glycolytic and TCAmetabolic flux analysis after
administration of 13C6 glucose. Isotopolog quantification is shown by STIR ratio [single fully labeled isotopolog value]/[sum of the total isotopolog value]. D,
NADþ/ NADHþHþ ratio and CS activity andWTN, KON,WTH, and KOH cell proliferation after 24 hours in two O2 conditions (21% and 1%). Data are reported as
average� SD (N¼ 3). Statistical comparisons were performed using two-way ANOVA, multiple post hoc group comparisons or t test (P values corrected using
the Benjamini–Hochberg procedure at a¼ 1%), showing P value <0.05 (�), <0.01 (��), and <0.001 (���).
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remained stable in WTs. These data matched CS activity and its
allosteric enzymatic regulator NADþ/NADHþHþ ratio both of
which showed a significant increase only in HCT116 KO hypoxic
cells (KOH; Fig. 2D).

Cis-aconitate, isocitrate, and succinate STIR was essentially
unchanged, but cis-aconitate accumulated in KOs at 96 hours.
Alpha-KG and fumarate STIR were not assessed as only the
unlabeled isotopologs were detected. Malate STIR increased lin-
early in KOs between 72.5 and 96 hours and was significantly
higher than in WTs at 96 hours. Malate STIR showed a mild
increase between 72.5 and 96 hours in WTs (Fig. 2C).

Thus, glucose uptake was maintained without HIF1a and a
clear block of conversion of Fru-1,6BP to DHAP occurred without
HIF1a, at aldolase level, rather than the earlier step of conversion
by phosphofructokinase of Fru-6P to Fru-1,6BP. There was, in
addition, a surprising higher lactate and Pyr without HIF1a.

Because of this unexpected effect in the aldolase step on the
glycolytic flux, we evaluated the clinical relevance of aldolase in
colorectal cancer. We investigated whether tumor ALDOAmRNA
expression levels correlated with patient prognosis using overall
survival data derived from a cohort of 440 colon adenocarcinoma
patients (The Cancer Genome Atlas). We found that, when the
patient group was divided in quartiles, the highest quartile had a
reduced 5-year survival (Kaplan–Meier analysis of overall surviv-
al; log-rank P < 0.05; Supplementary Fig. S2A).

HIF response in 2D growth
For further manipulations of the cells, we used 2D growth. We

initially confirmed the biology for HCT116 WT and KO cells in
normoxia (N) and hypoxia (H; WTN, KON, WTH, and KOH;
ref. 10). Hypoxia reduced proliferation in WTH and KOH cells,
and the lack of HIF1a reinforced this effect in both normoxia and
hypoxia (Fig. 3A). We observed no difference in cell proliferation
when experiments were conducted in 5 mmol/L or 25 mmol/L
Glu (data not shown). HIF1a expression was barely detectable in
WTN, strongly accumulated inWTH, andwas absent in bothKON
and KOH. CA9 accumulated only in WTH. HIF2a doubled in
expression in both WTH and KOH versus WTN and KON, show-
ing no notable compensatory effect in the absence of HIF1a
(Fig. 3B). In the 2D experiments, we detected 27 metabolites
(Figs. 3C and 4A), 86 proteins (Figs. 3D and E and 4B and C), and
76 mRNAs (Fig. 4D) involved in ATP metabolism and related
metabolic pathways that involve GLG, GLY, TCA cycle, ATP, Cr,
redox, and adenosyl metabolism. We observed the highest ATP
level in WTN. Both hypoxia and lack of HIF1a lowered ATP in a
cumulative fashion. Intracellular ADP did not show any signifi-
cant differences. There was a significant increase in AMP levels in
hypoxia, with the effect reinforced by the lack of HIF1a in KOH
(Fig. 4E).

Analysis of metabolome. More small molecules accumulated in
WTH and in KOH than in WTN and KON. Metabolites increased
in WTH versus WTN were GLG, Glu, Glu-6P, 2-PG, lactate, and
NADþ. Fumarate andmalate were significantly increased inWTN.
Comparing WTH versus KOH cells, a set of metabolites increased
in KOH (Glu-1P, UDP-Glu, Fru-1,6BP, lactate, succinate, fuma-
rate, malate, AMP, Cr). We assessed intracellular levels of PCr and
Cr and calculated PCr/Cr ratio. We observed a decrease in ratio in
WTH versus KOH (P < 0.01); in addition, in bothWTH and KOH,
the ratios were decreased versus their parental normoxic cells
WTN and KON (P < 0.001; Supplementary Fig. S6A and S6B).

Lactate levelswere significantly increased inWTHwhen compared
with WTN and further increased in KOH when compared with
WTH,matching to the 3D flux (Figs. 2B and 4A). TCAmetabolites
were elevated in KOH demonstrated the predominant role of
HIF1a in redirectingmetabolism away from TCA cycle in hypoxia
(Figs. 3C and 4A).

Analysis of proteome. Many previously described enzymes were
increased inWTH versusWTN (e.g., PGM1, GLGB, GTR1, HEXK1,
G6PI, and PFKAM). Comparing WTH versus KOH cells, enzymes
were similarly elevated in the WTH, demonstrating the predom-
inant role of HIF1a (PGM1, GLGB, GTR1, G6PI, and PFKAM).

In contrast, in KOH versusWTH, UGPAse, GYS1, GTR3/GTR14
(proteomics did not differentiate between the two transporters),
PFKAL, PFKAP, PDP1, PDPR, ACLY, IDH3G, ADT2, ATAD2,
KCRB, BLVRB, and ADK were upregulated. TIGAR was upregu-
lated (but decreased in WTH vs. WTN; Figs. 3D and E and 4B
and C).

Analysis of transcriptome. We next evaluated mRNA features
associated with the targeted proteomics signature. In WTH
versus WTN, we observed an increase of GLGB, GSK3B, GTR1,
GTR3/GTR14, HEXK1, PFKAL, ALDOA, PGK1, PGAM1, ACON,
and many others. PYGB, PDRP, IDH3A, and AAPK1 were
downregulated.

When we evaluated KOH versus WTH, we observed PYGB,
UGPAse, GTR3 and/or GTR14, TIGAR, FUMH, ATPD, ATAD2,
BLVRB, andAAPK1upregulated. However,most of the geneswere
lower (GTR1, PGM2, GLGB, GSK3B, GTR1, G6PI, PGK1, PGAM1,
PKM, ACON, IDH3G, KCRU, and KAD4; Fig. 4D).

HIF1a and hypoxia-dependent effects on transcription and
protein levels

We correlated transcriptomics and proteomics by calculating
for each feature log2 fold changes (FC) for mRNA and proteins
comparing the following models: KON-WTN (HIF1a effect in
normoxia), WTH-WTN (HIF1a effect in hypoxia), KOH-KON
(HIF1a-independent hypoxia effects), and KOH-WTH (HIF1a
effect in hypoxia, expected to be similar to WTH-WTN).

We applied linear regression analysis to correlate mRNA log2
FC and protein log2 FC for each model. The correlation of WTN-
WTH was similar to KOH-WTH. In contrast, KOH versus KON
showed no significant correlation. Interestingly, there was strong
evidence for a normoxic effect of HIF1a as the slope for KON
versus WTN was similar to that for KOH versus WTH (Supple-
mentary Fig. S3).

Significantly regulated genes at either RNAandprotein level (63
forWTH-WTN and 56 for KOH-WTH)were compared to evaluate
transcription and/or translation patterns of regulation under
hypoxia.

They are shown (protein and mRNA) in a heatmap of log2 FC.
For many previously well-characterized genes, there was a close
correlation of mRNA and protein, but in some proteins went up
proportionally more (ACON, ATP5J, ATAD2, GTR14) suggesting
a stronger posttranslational element. In others, mRNA increased
without a change in protein (GSK3B and TIGAR). The most
regulated features were selected on the basis of residuals below
and above �2s and 2s distribution for each experimental con-
dition (Fig. 4D; Supplementary Fig. S3).

Protein kinase AMPK expression showed a significant increase
only in WTH versus WTN (50%, P < 0.01). Interestingly, p-AMPK
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was strongly expressed in the absence of HIF1a in both KON and
KOH. AMPK/p-AMPK (levels normalized by b-actin) ratio was
positive for KON and KOH, (13 and 9, respectively) while it was
negative for WTN and WTH (Supplementary Fig. S6C).

HIF1a/HIF2a hypoxic interaction regulates GTR14 expression
Flux analysis highlighted thatGluuptakewasmaintained in the

absenceHIF1a; thus,we studied inmoredetail Glu transporters in

hypoxia. PCR analysis showed GTR3 and GTR14 more highly
expressed in the absence of HIF1a in normoxia. Both genes were
induced in WT cells in hypoxia, but more highly induced in the
KO cells, KOH (Fig. 5A and B). Similar results were observed for
more severe hypoxiaO2 0.1% (Supplementary Figs. S4A and S5A)
and in two other colorectal cancer cell lines DLD1 (Supplemen-
tary Figs. S4B and S5B), and Ls174T (Supplementary Figs. S4C
and S5C).

Figure 3.

Proteo-metabolomics profile of hypoxic HCT116. A,WTN, KON,WTH, and KOH cell proliferation after 24 hours in two O2 conditions (21% and 1%). B,Western blot
analysis showing HIF1a stabilization in hypoxia and successful deletion in KO HCT116 cells. HIF1a, HIF2a, and CA9 protein expression in cells: HIF1awild-type
normoxia (WTN), HIF1a-deficient normoxia (KON), HIF1awild-type hypoxia (WTH), and HIF1a-deficient hypoxia (KOH). C–E, Proteo-metabolomics heatmaps
(Cmetabolites; D and E proteins) of the detected metabolites and proteins in WTN, KON,WTH, and KOH cells after 24-hour exposure to two O2 conditions
(21% and 1%). Normalized levels refer toWTN. R.I., Relative intensity. Metabolic pathways: glycogen (GLG), glycolysis (GLY), Krebs cycle (TCA), adenosine
triphosphate (ATP), creatine (Cr), oxidation–reduction (REDOX), and adenosyl metabolism. Data are reported as average� SD (N¼ 3). Statistical comparisons
were performed using two-way ANOVA, multiple post hoc group comparisons, or t test, showing P value <0.05 (�), <0.01 (��), and <0.001 (���).
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Figure 4.

Analysis of the HCT116 hypoxic metabolic phenotype.A–C,Metabolomics- and proteomics-integrated circos-plots showing significantly regulated features only
in KON versusWTN, WTH versusWTN, KOH versus KON, and KOH versus WTH (upper side circos-plots). Adjusted P < 0.05 (�) or P < 0.01 (��) are indicated for
the different experimental comparisons (connecting lines inside circos-plots): KON/WTN (gray/white-gray connection)WTH/WTN (gold/white-brown
connection), KOH/KON (blue/gray-violet connection), KOH/WTH (blue/gold-green connection). Colored boxes (lower side circos-plots linked to connecting
lines) represent different metabolic pathways, while colored boxes (inside circos-plots linked to connecting lines) identify the biological condition where the
feature is upregulated. D, Heatmap of integrated transomics (proteomics and transcriptomics); mRNA and protein log2 FC are calculated forWTH-WTN and
KOH-WTH. Feature selection was based on departure from 95% confidence intervals of the linear model distribution built for each comparison (WTH-WTN and
KOH-WTH). Metabolic pathways: glycogen (GLG), glycolysis (GLY), Krebs cycle (TCA), adenosine triphosphate (ATP), creatine (Cr), oxidation–reduction
(REDOX), and adenosyl metabolism (ADE). E, Targetedmetabolomics showing distribution of ATP, ADP, AMP, ATP/AMP, and ATP/ADP ratios in WTN, KON,
WTH, and KOH cell after 24 hours in 21% and 1% O2. Raw intensities and ratios are shown as 0–1 normalized levels' relative intensity (R.I). Data are reported as
average� SD (N¼ 3). Statistical comparisons were performed using two-way ANOVA, multiple post hoc group comparisons or t test (P values corrected using
the Benjamini–Hochberg procedure at a¼ 1%), showing P value <0.05 (�), <0.01 (��), and <0.001 (���).
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Western blot analysis showed GTR3 induced mostly in
KOH and slightly in WTH. GTR14 was suppressed by HIF1a
in both WTN and WTH versus KON and KOH. Hypoxia, in
absence of HIF1a, reinforced GTR14 expression protein
as shown by KOH versus KON (Fig. 5C; Supplementary
Fig. S4E).

We studied the effects of HIF1a and HIF2a on GTR14 mod-
ulation in hypoxia. We utilized HCT116 WT cells HIF1a and
HIF2a single knockdown and HCT116 KO HIF2a knockdown
exposed to 1% O2 (WT1KDH, WT2KDH, KO2KDH). CA9 sup-
pression inKON,WT1KDH,KOH, andKO2KDHversusWTNand
WTH, confirmedHIF1a absence. HIF2a suppression inWT2KDH

Figure 5.

Congruence between multi-omics metabolic reconstruction and hypoxia biochemistry. A, PCR analysis of CA9, GTR1, GTR3, GTR14, HEXK1, KCRU, KCRM, and
SLC6A8mRNA levels inWTN, KON,WTH, and KOH cells after 24-hour exposure to two O2 conditions (21% and 1%). B, Statistical significance for PCR analysis–
measured features. C andD,Western blot analysis of GTR14, GTR3, KCRB, KCRU, and KCRM inWTN, KON,WTH, and KOH cells after 24-hour exposure to two O2

conditions (21% and 1%), and inWTs and KOs spheroids (96 hours). E, CK BB activity andWTN, KON,WTH, and KOH cell proliferation after 24-hour exposure to
two O2 conditions (21% and 1%). Data are reported as average� SD (N¼ 3). Statistical comparisons were performed using two-way ANOVA, multiple post hoc
group comparisons, or t test (P values corrected using the Benjamini–Hochberg procedure at a¼ 1%), showing P value <0.05 (�), <0.01 (��), and <0.001 (���).
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and KO2KDH versus WTH, WTKD1H, and KOH, confirmed
HIF2a knockdown (Supplementary Figs. S4D and S5D). GTR1
RNA expression increased only in WTH and WT2KDH, that is, in
response to HIF1a (Supplementary Figs. S4D and S5D). In
normoxia, GTR3 was higher in KO cells and further increased in
the KOH. In hypoxia, the levels increased in WT cells to the same
level as KON. However, HIF2a KD had only a small effect on the
expression level in either cell line, suggesting that in theWTcells, it
is mainly HIF1a regulated and the adaptation in KO cells is
through a different pathway. Yet, in DLD1 cells, HIF2 is clearly
the factor involved in GTR3 regulation in hypoxia (Supplemen-
tary Fig. S4B).

GTR14was higher in KON than inWTN, and inWTH increased
to a similar but lower level thanKON.KOH increased further than
KON.WTKD1Hhadhigher levels thanWTH.KnockdownofHIF2
in the KO cells substantially reduced the highGTR14 levels. These
data support the potential role of HIF2a competing with HIF1, so
that in absence of HIF1, a great effect of HIF2a occurs in hypoxia.
Similar results were shown for DLD1 cells (Supplementary Fig.
S4B), whereHIF2a antagonizedHIF1a and induction was greater
with HIF1a KD, and ablated with HIF2a knockdown. In Western
blot analysis of GTR3 andGTR14 (Supplementary Fig. S4E), KOH
had the highest levels of GTR3 and 14, reduced by HIF2a KD, but
not by HIF1a KD inWT cells, which had the lowest levels of both
transporters. No effect on cell proliferation was observed when
GTR3was knockeddown.However, GTR14knockdown showeda
significant decrease of cell proliferation (about 40% in WTN and
KON P < 0.001; 50%WTH and KOH P < 0.01 and P < 0.05) after
24-hour cultivation in any of the studied experimental condi-
tions, showing a high dependency of HCT116 on this glucose
transporter (Supplementary Fig. S7A). FC in HCT116 cells' pro-
liferation comparing normoxia and hypoxia upon GTR14 silenc-
ing in HIF1a-deficient and control cells showed significant reduc-
tion in KOH/WTH (FC ¼ 0.3 � 0.06) as compared with KON/
WTN(FC¼0.6�0.08,P<0.01),WTH/WTN(FC¼0.5�0.06,P<
0.01), and KOH/KON (FC ¼ 0.6 � 0.1, P < 0.001). Finally, there
was a reduction in proliferation when HIF2awas knocked down,
which was greater in KOH HCT116 cells (about 50% in WTN,
KON, and WTH P < 0.001 to P < 0.01: and 60% in KOH P < 0.01;
Supplementary Fig. S7A).

HIF1a differentially regulates expression of CK isoenzymes
Metabolic analysis highlighted Crmetabolism as a mechanism

that could compensate for loss ofHIF1a activity by promoting the
reversible reaction PCrþADP¼ CrþATP. By proteomics analysis,
KCRBwas upregulated in the absence of HIF1a in both normoxia
and hypoxia. KCRU was downregulated in the absence of HIF1a
in both normoxia and hypoxia (Figs. 3E and 4C). The expression
also correlated with the transcriptomics data (Fig. 4D). These data
were then validated by PCR (Fig. 5A and B) and by Western blot
analysis (Fig. 5D). These data were confirmed in two additional
colorectal cancer cell lines, DLD1, and Ls174T (Supplementary
Figs. S4B, S4C, S5B, and S5C). The cytosolic enzyme KCRB was
upregulated in the absence of HIF1a and the mitochondrial
enzyme KCRU was upregulated in the presence of HIF1a
(Fig. 5D). KCRB dimer isoenzyme (KCRBB) activity (measured
in whole cell extract) matched protein and mRNA expression
(Fig. 5E).

In addition, we found (by PCR analysis) that hypoxia upregu-
lated cell membrane Cr transporter SLC6A8 equally in WTH and
KOH versus normoxia (Fig. 5A and B).

Interestingly, total KCR activity in HCT116 cells showed the
same changes as KCRBB (Fig. 5E; Supplementary Fig. S7C). We
evaluated total KCR activity also in MCF7 breast cancer cells WT
or KO. In normoxia, total MCF7 KCR activity was increased in
KON versus WTN, showing a similar effect to HCT116 nor-
moxic experiments. Also, no difference was observed between
KON and KOH. However, in contrast, in hypoxia, MCF7 KCR
activity increased to the same level as KOH. This could reflect
the much lower basal activity observed in this cell line (10
times lower than HCT116; Supplementary Fig. S7B–S7D).
Finally, in 337 CODREAD patients with colorectal cancer
KCRU (CKMT1A, and CKMT1B mitochondrial genes coding
for KCRU) correlated positively with hypoxia signatures
(Supplementary Fig. S2B).

Creatine metabolism is essential for hypoxic tumor growth in
absence of HIF1a

We tested the effect of Cr metabolism on growth by using
cyclocreatine (cc) to inhibit Cr kinase enzyme activity and methi-
onine (Met) deprivation, precursor inCr biosynthesis through the
reaction mediated by S-adenosyl-L-methionine/Guanidinoace-
tate N-methyltransferase. In HCT116, we observed that after cc
addition, there was an overall reduction in proliferation in WT
and KO in both normoxia and hypoxia (Fig. 6A). In normoxia,
Met deprivation significantly reduced cell proliferation. In hyp-
oxia, the effect was less pronounced for KO cells and was not
significant forWTHCT116 cells (Fig. 6B), showing compensation
by a partially HIF-dependent pathway in hypoxia. We confirmed
these results in the clonogenic capability ofHCT116 cellswith and
without cc. Interestingly, only KONcc and KOHcc showed a
significant reduction in clone formation with KOHcc substantial-
ly lower than KONcc (Fig. 6C and D). Finally, in spheroids, cc
decreased the volume in KO-cc treated (day 10) as compared with
KO controls (Fig. 6E and F). KCRB knocked down in HCT116
showed a significant reduction of cell proliferation of more than
50% in all experimental conditions (WTN< KON< and WTH P <
0.00; KOHP <0.01; Supplementary Fig. S7E). FC inHCT116 cells'
proliferation comparing normoxia and hypoxia upon KCRB
silencing in HIF1a-deficient and control showed significant
reduction in KOH/WTH (FC ¼ 0.2 � 0.05) compared with
KON/WTN (FC ¼ 0.5 � 0.05, P < 0.001), WTH/WTN (FC ¼
0.3�0.03,P<0.05), andKOH/KON(FC¼0.4�0.05,P<0.001).
Altogether, these data confirm the results of cc experiments.

Discussion
In this study, we show how hypoxic cancer cells can metabol-

ically compensate for HIF1a loss in hypoxia. In particular, we
identified twomain adaptivemetabolic processes allowing cancer
cells to support and meet their energetic and precursors needs for
proliferation in hypoxia in the absence of HIF1a (Fig. 7 summary
diagram).

Hypoxic HIF1a-deficient cancer cells maintain a significant
proliferation and metabolic capability. Several HIF1a-indepen-
dent hypoxic responses have been reported to sustain tumor
growth via NFkB or PHD1/EglN2 (11–13) and support tumor
metabolism via fructose and lipid metabolic pathways (10, 14).
As expected, in hypoxia, HIF1a promotes GTR1 expression and a
dynamic induction of Glu-6P intracellular gradient increase. This
regulation, HIF1a/PI3K/Akt–mediated, ensures glucose supply to
high glycolytic proliferating cancer cells (15).
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However, in the absence of HIF1a, we found that low GTR1
coexisted with a sustained intracellular Glu-6P level in hypoxia.
This metabolic phenotype was associated with an induction of
GTR3 and GTR14 at mRNA and protein level. GTR3 and GTR14

share 95%nucleotide identity (16), andGTR14was thought to be
a GTR3 variant (17). Indeed, we found that GTR14 antibody
detection yielded a signal for both GTR3 and GTR14 proteins,
while mass spectrometry analysis did not result in a high enough

Figure 6.

Creatine metabolism is essential for hypoxic tumor growth in absence of HIF1a. A, Effect of cc addition onWTN, KON,WTH, and KOH cells after 24-hour
exposure to two O2 conditions (21% and 1%). B, Effect of methionine deprivation onWTN, KON,WTH, and KOH cells after 24-hour exposure to two O2 conditions
(21% and 1%). C and D, Effect of cc addition onWTN, KON,WTH, and KOH cell clonogenic (number of clones counted) after 24-hour exposure to two O2

conditions (21% and 1%). E and F, Effect of cc addition on HCT116WT and KO spheroid growth (volume) at days 5, 8, and 10 (cc added at day 3 and subsequent
days after spheroid formation). Data are reported as average� SD (N¼ 3). Statistical comparisons were performed using two-way ANOVA, multiple post hoc
group comparisons, or t test (P values corrected using the Benjamini–Hochberg procedure at a¼ 1%), showing P value <0.05 (�), <0.01 (��), and <0.001 (���).
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sequence coverage to discriminate between the two glucose
transporters.

Adaptation of cancer cells to local glucose and Cr concentra-
tions occurs by specific regulation of Glu transporters expression,
glycolytic enzymes, or ATP levels (18, 19). In our data, GTR3
regulation did not display typical HIF2a dependency although
expressed at higher basal levels in the KO cells, it was induced in
WT by hypoxia to the same level, suggesting, in this case, another
mechanism, for example, NfkB, has replaced HIF1a (20) while
GTR14 upregulation was driven by HIF2a in the absence of
HIF1a. However, in DLD1, GTR3 is clearly a HIF2 target, showing

the variation that can occur in this regulation. Because of the high
affinity for Glu, GTR3 overexpression could provide growth
advantages in tumors already at lowGlu levels (18). Interestingly,
a linkbetweenhypoxia,GTR3, andGluuptakewas suggested tobe
important for lipid biosynthesis inmacrophages (21). In linewith
this, HIF2a was reported to play a major role in lipid metabo-
lism (22). GTR14 has been associated with low survival in human
testis and in patients with gastric adenocarcinoma (23). Alterna-
tive mechanisms by which GTR3 and GTR1 can be regulated
include HIF2a via Ptpmt1 and HIF1a via IGF-1, respectively
(24, 25). The reason that GTR14KD, but not GT3KD, affects

Figure 7.

The metabolic pathways andmetabolites
described in this study. A, Adaptation of
hypoxic cancer cell metabolism by HIF1a
maintains energetic, redox, and biosynthetic
requirements. B, In this manuscript, Valli and
colleagues reveal for the first time that cancer
cell growth and energy metabolism is
maintained by HIF1a-independent metabolic
pathways under hypoxia that involve glucose
uptake by GLUT14 and creatine metabolism.
Metabolic pathways: glycogen (GLG),
glycolysis (GLY), Krebs cycle (TCA),
adenosine triphosphate (ATP), creatine (Cr),
oxidation–reduction (REDOX), and adenosyl
metabolism. ("), Increase; (#), decrease, box
size and lines/arrows' thickness describe the
regulation in the different conditions.
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HCT116 cell proliferation may be related to relative flux through
the pathways if GTR14 was the major transporter, or because
GTR14 is also a dehydroascorbate transporter (26), but these
require further analysis.

HIF1a in hypoxia enhances tumor glycolytic enzymes expres-
sion and glycolytic flux (27). In hypoxia, in the absence of HIF1a,
we foundan accumulationofmost of the glycolytic intermediates,
which was accompanied by low glycolysis enzymatic levels and
glycolytic flux.

Our results match previous data in HCT116 HIF1b KD and
hepatoma cancer cells where Glu uptake wasmaintained in either
normoxia or hypoxia despite the downregulation of many gly-
colytic genes (28) with amechanism that involved autophagy. An
increase of Glu-6P and Fru-1,6BP metabolic flux not only con-
tributes to glycolytic ATP production, but can also provide pre-
cursors for auxiliary pathways such as, glycogen, PPP, and
lipids (10, 14, 29, 30).

In hypoxia, in the absence of HIF1a, we found a blockage
at the metabolic step mediated by fructose-bisphosphate
aldolase (Aldolase A, ALDOA), catabolizing the cleavage of
Fru-1,6BP to glyceraldehyde 3-phosphate and dihydroxyace-
tone phosphate. Previously, it has been shown that PFKB3
was key in regulating glycolysis one step earlier, and has been
the focus of several approaches to develop inhibitors (31).
Our data highlight that ALDOA should be considered as a
target for therapy now. ALDOA was shown to stabilize HIF1a
via PDH in lung cancer and to promote cancer progression in
vivo (32, 33). ALDO is activated via PI3K, which recruits
ALDO from the cytoskeleton and redistributes it in the
cytosol where it can increase glycolysis (34). Finally, ALDOA
was shown to be induced by hypoxia in colorectal cancer-
derived cell lines and to be an independent prognostic factor
for colorectal cancer (35).

In hypoxia, in the presence of HIF1a, we found that Pyr and
lactate levels were lower compared with HIF1a KO This could be
due to a faster metabolism of Pyr into lactate by LDHA and its
subsequent removal through transporters (15). As LDHA and
lactate transporters are HIF1a targets, this flux can be reduced in
hypoxic HIF1a-deficient cells, thus explaining the observed high
intracellular levels found for Pyr and lactate.

We also found that inhypoxia, citrate levels are elevated andPyr
oxidation into the TCA is overall maintained in the absence of
HIF1a. Under hypoxic conditions, HIF1adrives phosphorylation
of PDK that inhibits PDH and shunts Pyr away from mitochon-
dria to lactate, reducing the rate of oxidative decarboxylation and
diminishing acetyl-CoA formation (36). Consequently, replen-
ishment of TCA cycle in mitochondria is altered. In such condi-
tions, citrate biosynthesis is prevented, reductive carboxylation is
enhanced, and a HIF1a-dependent mechanism allows hypoxic
cells to metabolize glutamine into fatty acids trough citrate
formation (37). Consistentwith this, the high fully labeledmalate
content could be due to malate formation associated with a
decreased malate transport outside the mitochondria (M2OM)
and a reduced metabolism that is MDHM/MDHC-dependent
(Fig. 4). Finally, STIR reduction in TCA versus glycolysis (more
evident in the presence of HIF1a) shows the metabolic uncou-
pling that isHIF1a-dependent inhypoxic cancer cells.Ourfinding
that, in hypoxia, fully labeled citrate formation is favored and
malate is accumulated in the absence of HIF1a, suggests dimin-
ished reductive carboxylation as the predominant metabolic
regulation.

In HCT116 spheroids and 2D hypoxic cells, we found a strong
increase of AMP levels in absence of HIF1a. This was accompa-
nied by a strong expression of p-AMPK in HCT116 KO cells only.
Previous data report AMPK being activated in low-oxygen con-
ditions by a HIF1a-independent mechanism (38), potentially
responding to cellular energy status through AMP binding to
AMPK g subunit, so promoting phosphorylation by upstream
kinases and finally inhibiting AMPK dephosphorylation (39). In
addition, in our results intracellular ATP levels were higher in the
presence of HIF1a, although ATP is maintained in its absence.
This was found to be consistent with a generally reduced protein
synthesis (as assessed bymRNA/protein ratios) as this process is a
primary energy-consuming process that can account for up to
70% of cellular ATP utilization (40). Under hypoxia, a rapid
inhibition of global mRNA translation represents a major pro-
tective strategy to maintain energy (41).

However, ATP maintenance is a process linked to ATP re/
generating metabolic systems that relies on biochemical regula-
tory systems at subcellular level (42). For example, in skeletal
muscle, the high availability of PCr and Cr allows ATP mainte-
nance by promoting the reversible reaction PCrþADP¼CrþATP.
The Cr kinase system, highly expressed in human tissues with
high-energy demand, can enhance neuromuscular performance
on an anaerobic short extent and during anaerobic intermittent
exercise (43). Indeed, active skeletal muscles capable of ATP
anaerobic biosynthesis keep global ATP reasonably constant
during exercise.

This is accomplished by the Cr kinase metabolic system that
replenishes the rate of ATP use at a fast pace (44). HIF2a-
modulated hypoxic response elements have been reported to be
involved in Cr metabolism (45). Interestingly, our study shows
that both in normoxia and hypoxia, HIF1amaintains levels of the
mitochondrial CK isoenzyme, KCRU,whichwas associatedwith a
reduced TCA cycle. In contrast, the cytoplasmic CK isoenzyme,
KCRB, is lower inWT cells. Strikingly, in cells without HIF1a, this
distribution was reversed, irrespective of hypoxia. This shows the
importance of low levels of HIF1a expression in regulating
metabolic pathways. The complex effects of altering these
enzymeson cell survival is shownbyKCRUoverexpression,which
enhanced the survival of breast cancer cells, while KCRB KD
induced cell death in hypoxic ovarian cancer cells (43). Cr
metabolism, which translocates ATP from sites of production to
locations of ATP consumption, acts as a spatial/temporal energy
buffer utilizing Cr, ATP, and ADP at distinct subcellular compart-
ments (46). Consistent with this, colon cancer cells were shown to
secrete KCRB extracellularly to generate and import PCr to
enhance energy (19). KCRB and KCRM genes emerged as
HIF2a-selective targets, and regulation of Cr kinase by HIF was
shown in the gut (46), suggesting a role for HIF2a in energy
maintenance. In the absence of HIF1a, we found that cc reduces
HCT116 cells' clonogenic capability and spheroid volume. KCRB
depletion/inhibition in combination with chemotherapeutic
agents showed synergistic effects in cancer therapy (47). Cr kinase
metabolic inhibition by cc was shown to decrease cell viability,
promote cell-cycle arrest, and apoptosis in EVI1 (48). Inhibition
of the colon cancer cell line KCRB by preincubation with cc
reduced liver metastasis formation and depleted PCr (49) and
recently, mice inoculated with colorectal cancer cells and treated
with cc showed a significant reduction in metastatic coloniza-
tion (19). Our novel experimental work has shown that silencing
of GTR14 or KCRB reduces the proliferation rate of HIF1a-KO
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HCT116 cells in normoxic and hypoxic conditions. Because
GRT14 and KCRB are more highly expressed in HIF1a-KO hyp-
oxic HCT116 cells, silencing these genes alters in a larger extent
HCT116 HIF1a-KO cells' proliferation in hypoxia than control.

In summary, our work shows for the first time that hypoxic
cancer cells harbor the capability to compensate for HIF1a-
deficient metabolic impasses by inducing GTR14-mediated Glu
internalization in a HIF1a/HIF2a antagonistic fashion. We also
report Cr metabolism is tuned to function as a fast ATP buffering
biochemical system. Aldolase A is shown to be a control point in
glycolysis by HIF1a. As these alternate metabolic pathways were
shown for the first time in 3D cancer cell cultures, they provide a
model relevant to micrometastases and drug targeting. Under
hypoxia and HIF1 blockade, cancer cells adapt their energy
metabolism via upregulation of the GLUT14 glucose transporter
and creatine metabolism providing new avenues for drug
targeting.
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