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SUMMARY
The demands of cancer cell proliferation alongside an inadequate angiogenic response lead to insufficient
oxygen availability in the tumor microenvironment. Within the mitochondria, oxygen is the major electron
acceptor for NADH, with the result that the reducing potential produced through tricarboxylic acid (TCA) cy-
cle activity and mitochondrial respiration are functionally linked. As the oxidizing activity of the TCA cycle is
required for efficient synthesis of anabolic precursors, tumoral hypoxia could lead to a cessation of prolifer-
ation without another means of correcting the redox imbalance. We show that in hypoxic conditions,
mitochondrial pyrroline 5-carboxylate reductase 1 (PYCR1) activity is increased, oxidizing NADH with the
synthesis of proline as a by-product. We further show that PYCR1 activity is required for the successful main-
tenance of hypoxic regions by permitting continued TCA cycle activity, and that its loss leads to significantly
increased hypoxia in vivo and in 3D culture, resulting in widespread cell death.
INTRODUCTION

Proline is a unique non-essential amino acid with critical roles in

both protein structure and the cellular stress response (Phang

et al., 2008). Although its function in the appropriate folding of

polypeptides has long been understood, evidence over the

past few years has suggested that it may play a central role in

maintaining redox homeostasis in mammalian systems

(Krishnan et al., 2008; Phang, 2019; Phang et al., 2008; Vettore

et al., 2021).

Much of the balance of oxidizing and reducing potential within

cells is achieved by two pyridine nucleotide couples: NAD+:-

NADH and NADP+:NADPH. The NAD+:NADH redox couple are

of particular importance in linking central carbon metabolism

with ATP generation. One of the best defined cytosolic examples

of this is the activity of lactate dehydrogenase (LDH), which
This is an open access article und
balances the cytosolic NAD+/NADH ratio through reduction of

pyruvate (or oxidation of lactate) (Markert, 1984). However, the

mitochondria are major contributors to the overall cellular

NAD+/NADH ratio, with the oxidizing activity of the tricarboxylic

acid (TCA) cycle driving significant reduction of the mitochon-

drial NAD+ pool. Under normal conditions, the high energy elec-

trons from resulting NADH are used to generate the proton

gradient across the inner mitochondrial membrane, which gen-

erates ATP through oxidative phosphorylation. However,

NADH oxidation by the electron transport chain requires suffi-

cient oxygen to act as the terminal electron acceptor. In condi-

tions of low oxygen (hypoxia) the mitochondrial NADH/NAD+

ratio increases, resulting in fragmentation of the TCA cycle and

the need to shuttle reducing potential into the cytosol through

the malate-aspartate shuttle (Frezza et al., 2011; LaNoue et al.,

1973). The resulting shift in the cytosolic NAD+/NADH ratio
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results in an increase in lactate production (Eales et al., 2016).

Importantly, hypoxia is a particularly prevalent factor in cancer

growth, during which the rate of cell proliferation is often in

excess of the delivery of oxygen via the dysfunctional tumor

vasculature (Harris, 2002). In such conditions, the NAD+/NADH

ratio can become limiting for cell proliferation (Luengo et al.,

2021), which may increase the activity of other redox-active

pathways as a means of regenerating NAD+.

The metabolism of proline is significantly linked to cellular

redox state (Phang et al., 2008). Proline degradation is cata-

lyzed by proline oxidase (also known as proline dehydrogenase

[PRODH]), which reduces ubiquinone in the mitochondrial inner

membrane via FADH2 (Phang et al., 2010). This facilitates pro-

ton pumping and ATP synthesis, and can also generate reac-

tive oxygen species through electron leakage. Synthesis of

proline utilizes the reducing potential of either NADH or NADPH

(De Ingeniis et al., 2012). This reaction is a two-step process,

the first of these generating the intermediate glutamate 5-semi-

aldehyde (GSA), which spontaneously cyclizes to form pyrroline

5-carboxylate (P5C). GSA can be formed either from glutamate

by the action of P5C synthase (P5CS/ALDH18A1) coupled to

the oxidation of NADPH, or from ornithine, which is coupled

instead to the transamination of a-ketoglutarate (Burke et al.,

2020). The second reaction is catalyzed by one of three iso-

zymes with pyrroline 5-carboxylate reductase activity, known

as PYCR1, PYCR2, and PYCR3/L. Importantly, while PYCR1

and PYCR2 are in the mitochondrial matrix, PYCR3 is known

to be cytosolic, compartmentalizing aspects of this metabolic

network (De Ingeniis et al., 2012). Previous studies have sug-

gested that the activity of PRODH and PYCR enzymes might

act together as a cycle, which could move proline, intermedi-

ates, and, therefore, redox equivalents between the mitochon-

dria and the cytosol (Phang et al., 2012). However, it is likely

that the activity of each of these enzymes is dependent on

the cellular context and microenvironment. As an example,

while metastatic cells have been shown to have an overall pro-

line catabolic activity utilizing the energy generated via proline

degradation to support the invasive process (Elia et al., 2017;

Scott et al., 2019), fibroblasts stimulated with transforming

growth factor b demonstrate increased proline synthesis

(Schworer et al., 2020).

We and others recently suggested that proline biosynthesis

through PYCR1 could be an alternative means by which mito-

chondria could continue to support TCA cycle oxidative activ-

ity while bypassing the need to pass the resulting electrons

into the electron transport chain (Hollinshead et al., 2018;

Schworer et al., 2020). There is some evidence that this could

be true in conditions where oxygen is limiting due to reduction

of the electron transport chain and increase in NADH/NAD+

ratio in the mitochondrial matrix (Liu et al., 2020). In this study,

we show that mitochondrial proline synthesis, specifically

through PYCR1 activity, is essential to support hypoxic meta-

bolism and viability. Loss of PYCR1 in vivo results in an unsus-

tainable compensatory increase in respiration, cell death, and

decreased tumor growth. We therefore propose that inhibition

of PYCR1 is a viable target for killing cancer cells in hypoxic

tumor regions, which are refractory to many conventional

treatment approaches.
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RESULTS

Hypoxia increases PYCR1-dependent proline synthesis
and export from glutamine
Our previous research, and that of others, suggested that proline

synthesis is increased in cells when cellular redox homeostasis is

perturbed or when enhanced oxidation of mitochondrial NADH is

required (Hollinshead et al., 2018; McGregor et al., 2020;

Schworer et al., 2020). We previously hypothesized that this

phenotype is likely to occur under conditions where the NADH/

NAD+ ratio becomes limiting for oxidizing TCA cycle activity,

such as in hypoxia (Hollinshead et al., 2018). We therefore inves-

tigated whether this was the case by incubating human cells in

either normoxia (21% O2) or increasing severity of hypoxia (1%

and 0.3% O2). We found that in a number of cell models repre-

senting triple-negative breast cancer (SUM159PT, HCC1806),

medulloblastoma (ONS), and bone marrow stromal cells (HS-

5), hypoxia enhanced proline synthesis and efflux into the me-

dium (Figures 1A and S1A). Importantly, this appeared to occur

without a consistent change in expression of either of the key

biosynthetic enzymes, PYCR1 or PYCR2 (Figures 1B, 1C, and

S1B), suggesting that the normoxic expression of these enzymes

is capable of supporting flux through the pathway in excess of

that observed under normoxic conditions.

We previously showed that PYCR1 is responsible for

enhanced proline biosynthesis from glutamine in cells express-

ing the oncogenic IDH1 R132H mutation (Hollinshead et al.,

2018). We therefore first examined whether glutamine-derived

proline synthesis also underpinned the hypoxia-driven response.

SUM159PT cells were incubated with [U-13C]glutamine in nor-

moxia or hypoxia (1% and 0.3% O2) and demonstrated the ex-

pected hypoxia-induced reductions in glutamine oxidation

(M + 4 isotopomer of aspartate and citrate; Figures S1C and

S1D) as well as a relative increase in the contribution of reductive

carboxylation of glutamine to the citrate pool (M + 5 isotopomer;

Figure S1D). Under the same conditions, we noted that gluta-

mine-derived proline exported into the medium increased signif-

icantly with increasing severity of hypoxia (Figure 1D), indicative

of increased mitochondrial synthesis. We consider the ratio of

fully labeled glutamate to proline a surrogate of the overall activ-

ity of this pathway (Figure 1B). Although this ratio was signifi-

cantly increased in 1% O2, it returned to normoxic levels in

0.3%O2 (Figure 1E). Given that export of proline into themedium

was significantly enhanced in these conditions (Figure 1D), we

concluded that this likely reflected a further adaptation to

increased proline synthesis under severe hypoxia to relieve the

product inhibition on PYCR enzymes that may otherwise be sub-

optimal for continued cell viability (De Ingeniis et al., 2012).

Two constitutively expressedmitochondrial isozymes, PYCR1

and PYCR2, are responsible for the second step in the synthesis

of proline from glutamate (Figure 1B). To elucidate which of these

might demonstrate a hypoxia-mediated induction of activity, we

knocked down PYCR1 or PYCR2 (Figure S1E) and examined the

synthesis of proline in normoxia and hypoxia. We observed that

knockdown of PYCR1 resulted in a significant decrease of intra-

cellular proline in normoxia and an inability to respond to hypoxia

(Figure 1F). Conversely, knockdown of PYCR2 had little effect

(Figure 1F). In light of our previous data suggesting that PYCR1



Figure 1. Hypoxia increases PYCR1-dependent proline synthesis and export from glutamine

(A) Intracellular proline abundance in SUM159PT cells is increased with hypoxia (n = 8, presented as mean ± SD). *, p < 0.05

(B) Diagram of proline synthesis from glucose and glutamine. aKG, a-ketoglutarate; ALDH18A1, aldehyde dehydrogenase 18 family member A1 (pyrroline-5-

carboxylate synthase [P5CS]); PYCR1, pyrroline-5-carboxylate reductase 1; PYCR2, pyrroline-5-carboxylate reductase 2.

(C) Protein expression of proline synthetic enzymes does not change with decreasing oxygen tension in SUM159PT cells.

(D) Extracellular proline abundance is significantly increased in 0.3% O2 in SUM15PT cells (n = 4, presented as mean ± SD). *, p < 0.05

(E) The ratio of [U-13C]proline to [U-13C]glutamate from [U-13C]glutamine tracing is significantly increased in 1% O2 (n = 4, presented as mean ± SD). **, p < 0.01

(F) Extracellular proline concentration in SUM159PT cells transfected with siPYCR1 is significantly decreased in hypoxia (0.3%) compared with siNT. siPYCR2

does not significantly alter the proline concentration (n = 3, presented as mean ± SD). ****, p < 0.0001

(G) The contribution of glutamine to the total proline pool (%) is significantly reduced with siPYCR1 and not with siPYCR2 (n = 3, presented as mean ± SD). ****, p

< 0.0001

(H) In hypoxia (0.3% O2), abundance of [U-13C]proline from [U-13C]glutamine is increased in SUM159PT PYCR1+/+ cells. This increase is not seen in PYCR1�/�

cells (n = 3, presented as mean ± SD).

(I) Total extracellular proline is increased in hypoxia (0.3%) in PYCR1+/+ cells. This increase is not seen in PYCR1�/� cells (n = 3, presented as mean ± SD). **, p <

0.01. aKG, a-ketoglutarate; ALDH18A1, aldehyde dehydrogenase 18 family member A1; GSA, glutamate semialdehyde; P5C, pyrroline 5-carboxylate; PYCR1,

P5C reductase 1; PYCR2, P5C reductase 2.
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was the major determinant of IDH1R132H-driven increased pro-

line synthesis from glutamine in glioma (Hollinshead et al.,

2018), we also assessed glutamine-derived proline and noted

that knockdown of PYCR1 but not PYCR2 led to a decrease in

the proportion of proline derived from glutamine in both nor-
moxia and hypoxia (Figure 1G). To extend these findings to an

alternative cell model, we utilized a previously described

CRISPR-engineered PYCR1�/� SUM159PT cell line (Figure S1F)

with 13C5-glutamine (Loayza-Puch et al., 2016). In the absence of

PYCR1, intracellular proline synthesis from glutamine was
Cell Reports 38, 110320, February 1, 2022 3



Figure 2. PYCR1 activity supports normal TCA cycle activity and proliferation

(A) The NAD/NADH ratio is significantly reduced in PYCR1�/� cells (n = 7, presented as mean ± SD). **, p < 0.01

(B) Total extracellular lactate (ion count/protein) is increased in PYCR1�/� cells compared with PYCR1+/+. In hypoxia (0.3%) there is no significant change (n = 4,

presented as mean ± SD). *, p < 0.05

(C) Diagram showing glutamate entry into the TCA cycle, highlighting NAD-requiring steps.

(D) Percentage incorporation of [U-13C]glutamine into M + 5 glutamate is unchanged between conditions (n = 4, presented as mean ± SD).

(E) Percentage incorporation of [U-13C]glutamine into M + 4 succinate is decreased in the PYCR1�/� cells in hypoxia (n = 4, presented as mean ± SD). ***,

p < 0.001

(F) Percentage incorporation of [U-13C]glutamine into M + 4 malate is reduced in both oxygen tensions in the PYCR1�/� cells (n = 4, presented as mean ± SD). **,

p < 0.01; ****, p < 0.0001

(legend continued on next page)
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significantly reduced but, importantly, the response to hypoxia

was also blunted (Figures 1H and S1G). This was also observed

in the medium, in which loss of PYCR1 ameliorated the hypoxia-

induced efflux of proline (Figure 1I). Our data therefore shows

that hypoxia leads to an increase in proline synthesis and export,

which is mainly derived from glutamine and is dependent on

PYCR1.

PYCR1 activity supports normal TCA cycle activity and
proliferation
We and others have suggested that mitochondrial proline syn-

thesis may be an important mechanism to buffer changes in

the mitochondrial NAD+/NADH ratio (Hollinshead et al., 2018;

Schworer et al., 2020). We therefore investigated whether loss

of PYCR1 led to a change in the NAD+/NADH ratio in this model,

and found that this was indeed the case (Figure 2A), supporting a

role for PYCR1 as part of an obligate mitochondrial NAD+ regen-

eration system. We also tested whether loss of PYCR1 activity

might affect the NADP+/NADPH ratio, as these enzymes are

also capable of oxidizing this pyridine nucleotide. To this end,

wemeasured the reduced/oxidized glutathione (GSH/GSSG) ra-

tio—a surrogate of the NADP+/NADPH ratio due to the tight

coupling of these systems—and found that it was unchanged

in either the small interfering RNA or knockout cell model (Fig-

ures S2A and S2B). Due to the specific effect of loss of PYCR1

activity on the NAD+/NADH ratio, we hypothesized that this

may elicit a compensatory increase in respiration or perturbation

of the malate-aspartate shuttle, the latter of which could be

observed by increased lactate production and export due to

enhanced cytosolic NAD+ regeneration. We found that while

respiration was not significantly affected (Figures S2C and

S2D), lactate synthesis and efflux was increased in cells deficient

for PYCR1 activity in normoxia (Figure 2B). Due to this incom-

plete compensation, we further examined whether the loss of

PYCR1-mediated NADH-oxidizing activity may reduce oxidative

TCA cycle flux (Figure 2C). We incubated cells with [U-13C]gluta-

mine and observed reduced incorporation into TCA cycle

metabolites in hypoxia after the first NADH-generating steps

(synthesis of succinate; Figures 2D, 2E, S2E, and S2F), which

was further decreased in subsequent steps (Figures 2F, 2G,

S2G, and S2H). Of note, the synthesis of citrate from glutamine,

which is downstream of a further NAD+-dependent step (malate

dehydrogenase), was reduced in normoxia and almost entirely

absent in hypoxia (Figures 2G and S2H). The reduction in TCA

cycle activity after loss of PYCR1 activity could be expected to

reduce cell proliferation (Loayza-Puch et al., 2016), as TCA cycle

activity (and the synthesis of aspartate) is critical for cellular

anabolism (Birsoy et al., 2015; Sullivan et al., 2015). We moni-
(G) Percentage incorporation of [U-13C]glutamine into M + 4 citrate is reduced in b

oxygen (n = 4, presented as mean ± SD). ***, p < 0.001; ****, p < 0.0001

(H–J) Cell growth with PYCR1 loss. Statistical analysis shown compares PYCR1+

with or without proline was not significant in 21% O2 (H), p < 0.05 in 1% O2 (I), and

altered by the addition of 2 mM exogenous proline in any oxygen tension (n = 3,

(K) Cell growth of PYCR1�/� cells is maintained in DMEM flux medium without pro

as mean ± SEM). Statistical analysis shown compares PYCR1+/+ and PYCR1�/� c

without proline was not significant.

(L) Cell growth of PYCR1�/� cells can be rescuedwith the addition of 2mMsodium
tored proliferation in PYCR1�/� cells and noted reduced prolifer-

ation in both normoxia and hypoxia (Figures 2H–2J), consistent

with other recent data (Milne et al., 2019). As reduced prolifera-

tion could be a result of either perturbed redox homeostasis or

deficiency in intracellular proline (Sahu et al., 2016), we tested

both of these hypotheses. First, we cultured the cells in the pres-

ence of exogenous proline and found that despite efficient up-

take (Figure S2I), the proliferative defect remained (Figures 2H–

2J). However, the fact that the PYCR1�/� cells remained capable

of proliferation suggested that the proline normally present in the

medium (150 mM) and/or the activities of PYCR2/3 were suffi-

cient to support proliferation. To test this, we cultured cells in

an alternative medium without proline and found that the relative

proliferative defect between PYCR1+/+ and PYCR1�/� cells was

still observed, and the phenotype was still not rescuedwith addi-

tional proline (Figure 2K). These data therefore suggested that

the remaining PYCR enzymes were capable of synthesizing suf-

ficient proline to support this reduced proliferative rate. To test

whether further metabolic support of cellular redox homeostasis

might rescue the proliferative defect, we cultured the cells in me-

dium containing additional exogenous pyruvate, which could

support increased rates of NADH oxidation. We found that in

contrast to proline supplementation, exogenous pyruvate did

at least partially rescue proliferation in both normoxia and hypox-

ia (Figure 2L). Overall, these data strongly support the hypothesis

that PYCR1 supports proliferation through maintaining efficient

oxidative TCA cycle activity, but in conditions where redox

cannot be buffered, such as when oxygen is diffusion limited,

PYCR1 may become essential.

Loss of PYCR1 in 3D culture leads to redox imbalance
and excessive oxygen consumption
To more accurately recapitulate the multiple metabolite diffusion

gradients present in vivo, most importantly that of oxygen, we

extended our investigation to a three-dimensional (3D) spheroid

model. When these were grown using the soft-agar approach,

we found that loss of PYCR1 led to a substantial reduction in

spheroid size (Figures 3A and 3B). However, due to the duration

of this experiment (10 days), the previously described effect on

cell proliferation (Figures 2H–2J; Loayza-Puch et al., 2016; Sahu

et al., 2016) made it difficult to appropriately interpret the results.

We therefore used an alternative method to generate the spher-

oids, which allows them to rapidly form from a pre-plated number

of cells, rather than proliferating to reach the desired cell number

(Ivascu and Kubbies, 2006). While spheroids formed efficiently,

they remained significantly smaller (Figures 3C and 3D).

Importantly, the spheroids did reach a size at which oxygen diffu-

sion was limiting, resulting in hypoxia (pimonidazole staining;
oth oxygen tensions in the PYCR1�/� cells and is almost undetectable in 0.3%

/+ and PYCR1�/� cells without proline. Comparison of growth of either cell type

p < 0.01 in 0.3% O2 (J) in DMEM/Nutrient Mixture F-12 Ham. Growth was not

presented as mean ± SEM).

line and is not rescued with the addition of exogenous proline (n = 3, presented

ells without proline. *, p < 0.05. Comparison of growth of either cell type with or

pyruvate (n = 3, presented asmean ±SD).*, p < 0.05; **, p < 0.01; ***, p < 0.0001

Cell Reports 38, 110320, February 1, 2022 5



Figure 3. Loss of PYCR1 in 3D culture leads to redox imbalance and excessive oxygen consumption

(A) Volume of PYCR1�/� and PYCR1+/+ spheroids grown on agarose-coated plates (n = 3, presented with Tukey whiskers).

(B) Representative images of spheroids from (A). Scale bars, 100 mm.

(legend continued on next page)
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FigureS3A)and increasedexpressionof thehypoxia-inducible en-

zymes GLUT1 and carbonic anhydrase 9 (CA9; Figures S3B and

3J). We performed further histological analysis of similarly sized

spheroids and found that the PYCR1�/� spheroids had an altered

morphology, characterized by a less compact center containing

significant numbers of clear inclusions (Figure 3E). We first inves-

tigated whether loss of PYCR1 in spheroids also led to decreased

proline synthesis and export, as observed in two-dimensional (2D)

culture. We incubated spheroids with [U-13C]glutamine and found

that the incorporation of glutamine into proline was decreased

both in the spheroids and the medium (Figures S3C and S3D). In

light of this, we also tested whether exogenous proline could

rescue spheroid growth but, in line with our 2D results, there was

little effect (Figure S3E). We subsequently investigated the meta-

bolicactivityofPYCR1-deficientspheroidsand found that, consis-

tent with the previously observed defect in TCA cycle oxidative

activity, PYCR1-deficient spheroids contained less glutamine-

derived aspartate and citrate (Figures 3F and 3G). We therefore

also investigated whether glycolysis may be increased as a result

of themitochondrial dysfunction in response to loss of PYCR1and

found thatglucoseconsumptionand lactateexport increased (Fig-

ure 3H). Finally, as we showed in 2D that loss of PYCR1 activity

altered the NAD+/NADH ratio, we examined the lactate/pyruvate

ratio, a well-described surrogate for the cytosolic NAD+/NADH ra-

tio, in the medium. Consistent with the reduced oxidative TCA cy-

cle activity, we noted an increase in the ratio in the medium from

spheroids, indicative of an increased need of PYCR1�/� cells to

regenerate NAD+ in the cytosol (Figure 3I). Given the significant

changes in oxidative metabolism observed, we hypothesized

that mitochondrial respiration may be increased as an attempt to

compensate, leading to a steeper oxygen gradient across the

spheroid and greater area of hypoxia. We therefore stained the

spheroids for CA9, a well-characterized hypoxia-responsive pro-

tein (Wykoff et al., 2001). While CA9 was present in the wild-type

spheroids as expected, levels were significantly higher and in

greater cell numbers when PYCR1 was absent (Figure 3J). These

results suggested that PYCR1 is a critical component of the hyp-

oxic response in the metabolic network and that its loss leads to

widespread dysfunction.

PYCR1 is essential for maintenance of viable hypoxic
regions and tumor growth
To investigate the role of PYCR1 in the hypoxic regions of tumors,

we engineered a cell model in which PYCR1 could be inducibly

knocked down, thereby minimizing the effect of PYCR1 on other

cell processes during tumor initiation and initial growth.We found
(C) Volume of PYCR1�/� and PYCR1+/+ spheroids at 72 h grown in U-bottomed

(D) Representative images of spheroids from (C). Scale bars, 400 mm.

(E) Hematoxylin and eosin (H&E) staining of sectioned spheroids showing that PY

and more rounded nuclei. Scale bars, 100 mm.

(F) The percentage incorporation of [U-13C]glutamine into M + 4 aspartate is low

(G) The percentage incorporation of [U-13C]glutamine into M + 4 citrate is lower

p < 0.05

(H) Glucose consumption is increased in the PYCR1�/� spheroids while lactate ex

SD). **, p < 0.01; ****, p < 0.0001

(I) The ratio extracellular lactate to extracellular pyruvate is higher in PYCR1�/� s

(J) PYCR1+/+ and PYCR1�/� spheroids stained for carbonic anhydrase IX express

PYCR1�/� spheroids. Scale bars, 70 mm.
that in ourmodel, PYCR1expression couldbe rapidly reducedaf-

ter induction of the short hairpin RNA construct with doxycycline

(DOX), with no effect on the control cell model either in vitro or

in vivo (shNT; Figures S4A–S4D). Using this cell model, we first

investigated the effect of short-term PYCR1 knockdown on hyp-

oxia and hypoxic signaling in tumors after a single dose of DOX.

We found that the extent of hypoxia increased significantly

across the tumor in response to knockdown of PYCR1 (Figures

4Aand4E). Thiswas accompanied by significant changes in hyp-

oxia signaling, indicated by increased expression of the HIF1

target genes, CA9 and GLUT1 (Figures 4B, 4C, 4F, 4G, and

S4E). Finally, we assessed the effect of enhanced hypoxic

signaling on tumor angiogenesis (measured by CD31-positive

cells) and observed a surprising relative decrease in CD31-posi-

tive cells, suggesting reduced angiogenic signaling (Figures 4D

and 4H). However, this latter marker was not accompanied by a

reduction in apparent blood flow (Figure S4F), suggesting that

this timepointmaybe insufficient to elicit an angiogenic response

of magnitude sufficient to reduce perfusion. As we had observed

a significant increase in tumoral hypoxia over a relatively short

time frame, we investigated whether this may affect tumor

phenotype. We found again that a single dose of DOX resulted

in reduced tumor cell proliferation (Ki67 staining; Figures 5A

and 5D) only in the shPYCR1 tumors, which also demonstrated

increased apoptotic cell death (cleaved caspase-3; Figures 5B,

5E, and S5A). These significant changes in cell phenotype were

mirrored by extensive areas of histological necrosis indicative

of substantial cell death (Figures 5C and 5F). Given these data,

we examined the effect of chronic dosing of mice with DOX to

provide long-term knockdown of PYCR1 on established tumor

growth.We found that, in agreementwith the acute dosing study,

only the shPYCR1 + DOX-treated tumors showed a significant

change in growth, increasing the time taken to reach an average

of 500 mm3 by over 30% (Figures 5G, 5H, and S5B–S5I).

Overall, our studies show that PYCR1 supports normal mito-

chondrial metabolism by contributing to redox homeostasis. In

hypoxia, PYCR1 becomes an essential oxygen-sparing enzyme,

permitting continued TCA cycle activity and reducing lactate

production. Loss of PYCR1 in cells results in significant meta-

bolic rewiring, and loss of PYCR1 in tumors results in cell death

and reduced tumor growth.

DISCUSSION

There is increasing evidence supporting the hypothesis that ac-

tivity of the proline synthesis and degradation pathways is
plates (n = 3, presented with Tukey whiskers).

CR1�/� spheroids have an altered morphology, with less densely packed cells

er in PYCR1�/� spheroids, presented as mean ± SD. *, p < 0.05

in PYCR1�/� spheroids (n = 4 [3 24 spheroids], presented as mean ± SD). *,

port into the medium is increased (n = 3 [3 24 spheroids], presented as mean ±

pheroids (n = 4 [3 24 spheroids], presented as mean ± SD). *, p < 0.05

ion, as amarker of hypoxic cells. More intense and diffuse staining is seen in the
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Figure 4. PYCR1 loss leads to increased tumor hypoxia

(A) Representative images showing pimonidazole staining in xenografts.

(B) Representative images showing CA9 staining in xenografts.

(C) Representative images showing GLUT1 staining in xenografts.

(D) Representative images showing CD31 staining in xenografts.

(E) Quantification of pimonidazole staining as percentage of positive cells, presented as mean ± SD. ****, p < 0.0001. Doxycycline (DOX)-induced shPYCR1

xenografts have significantly higher staining positivity, indicating that PYCR1 loss increases hypoxia.

(F) Quantification of CA9 staining as percentage of positive cells, presented as mean ± SD. ****, p < 0.0001. . Doxycycline-induced shPYCR1 xenografts have

significantly higher staining positivity.

(legend continued on next page)
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important in certain cellular and environmental conditions to

modulate the redox state in mammalian cells. PYCR1 activity

in particular has been shown to be responsive to the mitochon-

drial NAD/NADH ratio (Hollinshead et al., 2018; Schworer et al.,

2020).

Our data suggest that PYCR1 represents a critical component

of an obligatemitochondrial NADH-oxidizing pathway, which un-

der limiting oxygen conditions becomes essential. We also show

that despite being expressed constitutively alongside PYCR2,

these enzymes are non-redundant (Figures 1F and 1G). Although

both of these isozymes catalyze the same reaction and are local-

ized to the mitochondria, it is thought that PYCR2 has a higher

affinity for NADPH as a co-factor (De Ingeniis et al., 2012). How-

ever, more work is needed to understand the regulation and

distinct roles of these two isozymes. It should also be noted

that the synthesis of proline through PYCR1 is still dependent

on the availability of NADP for reduction of glutamate, as cells

lacking NADK2 have sufficiently impaired proline synthesis to

become proline auxotrophic (Tran et al., 2021; Zhu et al.,

2021). Importantly, expression of PYCR1 was not increased in

hypoxia (Figure 1C). This suggests that PYCR1 is constitutively

expressed at a level that allows it to respond very rapidly to acute

changes in mitochondrial redox homeostasis, providing the abil-

ity to maintain a functional mitochondrial network in the short

termwhile a longer-term transcriptional framework is put in place

through hypoxia-activated signaling mechanisms (such as hyp-

oxia-inducible factor 1).

Proline synthesized through the reduction of glutamate ap-

pears in our models to be in excess of cellular anabolic require-

ments and is exported into the medium, much like the reduction

of pyruvate to lactate in the cytosol. PYCR1 activity therefore ap-

pears to functionally uncouple the TCA cycle from ATP synthe-

sis, a concept previously suggested to be permissive to

enhanced proliferation (Luengo et al., 2021) and which our

data support. In line with this, we find that PYCR1�/� cells pro-

duce increased extracellular lactate in normoxia, suggesting

that PYCR1 supports the normal function of mitochondrial redox

shuttles such as the malate-aspartate shuttle, which is also

important for cellular anabolism. However, our data also suggest

that under conditions of severe hypoxia, further mechanisms to

maintain PYCR1 activity by avoiding previously described prod-

uct inhibition may be in place (De Ingeniis et al., 2012), which

could include the upregulation of an as yet unidentified mito-

chondrial transporter for this amino acid (Figures 1D and 1E).

In 3D culture, which is more representative of the oxygen and

nutrient gradients observed in the tumor microenvironment, we

also found that PYCR1 loss reduced proline export. The

knockout also affected spheroid morphology, increased hypox-

ia, and resulted in ametabolic phenotype indicative of significant

metabolic dysfunction. Finally, we showed in vivo that loss of

PYCR1 significantly decreased growth in a mouse xenograft

model. We found that proliferation was reduced while hypoxia

and cell death were increased. This further suggests that proline
(G) Quantification of GLUT1 staining, as percentage of positive cell, presented as

significantly higher staining positivity.

(H) Quantification of CD31 staining, presented as mean ± SD. *, p < 0.05. . Doxy

decrease in staining positivity, suggesting that angiogenesis is impaired by PYC

All scale bars represent 250 mm. All experiments: n = 5.
synthesis through PYCR1 is conditionally essential when cellular

redox state is reduced, such as in a hypoxic microenvironment.

In summary, in parallel with the original hypothesis supporting

the use of anti-angiogenic drugs in tumors, our data suggest that

inhibition of PYCR1 may push hypoxic tumor regions into a non-

viable state, making the overall tumormore amenable to conven-

tional therapies whose efficacy suffers in hypoxia. However,

further work is needed to define the roles of other PYCR iso-

zymes in both normoxia and hypoxia, as our data and that of

others clearly show that the metabolic network surrounding pro-

line is complex and remains poorly understood.

Limitations of the study
While we showed much of the downstream biochemical effects

of reduced PYCR1 activity in normoxia and hypoxia in vitro, we

were only able to show some of thesemarkers in the subsequent

in vivo study due to the cross-species, multicellular nature of the

orthotopic xenograft model used. The role of PYCR1 specifically

in redox homeostasis could therefore not be confirmed in vivo. In

terms of translation of these findings, the implications of pharma-

cological inhibition of PYCR1 are not yet entirely clear, as studies

did not address this. AlthoughPYCR1deficiency led to a necrotic

phenotype, it also increased tumoral hypoxia that itself could in-

crease hypoxia-induced phenotypes such as therapy resistance.

Further studies are therefore needed to clarify howPYCR1 inhibi-

tion could contribute to future therapeutic interventions.
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Figure 5. PYCR1 is essential for maintenance of viable hypoxic tumor regions

(A–C) Representative images showing (A) Ki67, (B) cleaved caspase-3, and (C) H&E staining in xenografts (n = 5 for all conditions).

(D) Quantification of Ki67 positive cells as percentage of viable cells, presented as mean ± SD. ****, p < 0.0001.

(E) Quantification of cleaved caspase-3 positive cells as percentage of viable cells, presented as mean ± SD. ****, p < 0.0001. Doxycycline-induced shPYCR1

xenografts have significantly higher staining positivity, indicating that PYCR1 loss increases apoptosis.

(F) Quantification of necrotic area as percentage of total xenograft tumor area, presented as mean ± SD. ***, p < 0.001. Doxcycline-induced shPYCR1 xenografts

have significantly higher percentage necrotic area.

(G) Tumor volume over time; shows doxycycline-induced shPYCR1 xenografts take more days to reach endpoint (500mm3) (n = 7, presented as mean ± SD).

(H) Significance values for tumor growth curve. p values reach significance for doxycycline-induced shPYCR1 comparison with shNT, doxycycline-induced shNT

and shPYCR1. Scale bar = 250 mM (A), 1 mm (C; shPYCR1 + DOX) or 2.5 mm (C; shNT ±DOX & shPYCR1 – DOX).
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Carbonic Anhydrase IX Novus Biologicals Cat#NB100-417; RRID:AB_10003398

Ki67 Cell Signaling Cat#12202; RRID:AB_2620142

Actin Sigma Cat#A4700; RRID:AB_476730

PYCR1 Proteintech Cat#13108-1-AP; RRID:AB_2174878

PYCR2 Proteintech Cat#17146-1-AP; RRID:AB_2253344

HIF1a BD Biosciences Cat#610959; RRID:AB_398272

Anti-Rabbit-HRP Cell Signalling Cat#7074S; RRID:AB_2099233

Anti-Mouse-HRP Cell Signalling Cat#7076S; RRID:AB_330924

PYCR1 Cell Signalling Cat#37635; RRID:AB_2904491

Ki67 Agilent Cat#M7240; RRID:AB_2142367

CD31 Agilent Cat#M082301-2; RRID:AB_2904492

Carbonic Anhydrase 9 Absolute Antibody Cat#M75; RRID:AB_2904493

GLUT1 Abcam Cat#ab652; RRID:AB_305540

Critical commercial assays

NAD+:NADH assay kit Biovision Cat#K337

GSH:GSSG assay kit Promega Cat#V6612

Experimental models: Cell lines

HCC1806 ATCC CRL-2335; RRID:CVCL_1258

SUM159PT BioIVT HUMANSUM-0003006

SUM159PT PYCR1-/- Professor Reuven Agami N/A

MDA-MB-231 ATCC HTB-26; RRID:CVCL_0062

HS5 ATCC CRL-11882; RRID:CVCL_3720

ONS-76 Accegen ABC-TC0875

Doxycycline-inducible shPYCR1

HCC1806

This paper N/A

Oligonucleotides

PYCR1 siRNA Dharmacon Cat#J-012349-06-0005

PYCR2 siRNA Dharmacon Cat#J-016646-06-0005

Non-targeting siRNA Dharmacon Cat#D-001810-10-05

shERWOOD UltraMiR Lentiviral

inducible pZip target gene set for

PYCR1

Transomic Cat# TLHSU2300-5831

Software and algorithms

MATLAB Mathworks N/A

GraphPad Prism GraphPad Software N/A

Adobe Illustrator Adobe N/A

Deposited data

Metabolic data N/A Mendeley Data: https://doi.org/10.

17632/vbjp8xs9k6.1
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and/or reagents should be directed to and will be fulfilled by Professor Daniel A Ten-

nant (D.Tennant@bham.ac.uk)
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Materials availability
Materials generated in this study are available from the lead contact.

Data and code availability

d Metabolic tracing data have been deposited at Mendeley and are publicly available as of the date of publication. DOIs are listed

in the key resources table.

d This paper does not report any original code

d Any additional information required to reanalyze the data reporting in this paper is available from the lead author on request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture
HCC1806, MDA-MB-231 and HS5 cell lines were purchased from ATCC, SUM159-PT from BioIVT and ONS-76 from Accegen. The

SUM159PT PYCR1-/- and paired control were previously reported (Loayza-Puch et al., 2016). All cell lines were passaged when they

reached 70%–80% confluence, using 0.05% Trypsin (Gibco, 15400-054) for dissociation and 1x phosphate buffered saline (PBS) for

washing. MDA-MB-231, HCC1806 and HS5 cells were maintained in RPMI (Sigma-Aldrich, R8758) with 10% FBS. SUM159-PT cells

were growth in Dulbecco’s Modified Eagle’s Medium (DMEM) Nutrient Mixture F-12 Ham (Sigma, D8062), with 5% FBS, 5 mg/ml

insulin (Sigma, I6634) and 1 mg/ml hydrocortisone (Sigma, H0888). ONS-76 cell lines were grown in DMEM Nutrient Mixture F-12

Ham (Sigma, D8062), with 10% FBS. Doxycycline-inducible shPYCR1 expressing HCC1806 cell line was established using shER-

WOOD UltraMiR Lentiviral inducible pZip target gene set for PYCR1 (Transomic, TLHSU2300-5831).

In vivo model
Fresh and sterile doxycycline was used in these experiments. 100 ml of matrigel containing 23 106 HCC-1806 doxycycline –shCon-

trol (shC) or -inducible shPYCR1 cells were established into the mammary fat pad of CD1 nude female mice aged 5–6 weeks. Where

shown, mice were given doxycycline when tumor growth reached average tumor volume 50 mm3 (single dose study) or 75 mm3

(chronic dosing study). Single dose: mice (7mice per group of shNT or shPYCR1) were administered one dose of oral gavage of doxy-

cycline (25 mg/kg). Adverse effects on animal welfare was observed in the shPYCR1 group only, with one mortality and remaining six

mice displayed moderate changes in welfare, including significantly reduced mobility and decreased body temperature. Chronic

dosing: mice were administered oral gavage of doxycycline (10 mg/kg) every two days rota (one day treat and one day rest) until

endpoint. No changes in animal welfare was observed in either group (of shC or shPYCR1). Endpoint procedures: Single dose: an-

imals were culled the day after dosing, and tumors sectioned for both flash-freezing and fixation for downstream analysis.

Chronic dosing: when tumors attained endpoint size permitted mice were injected with 13C5-glutamine (3 3 200 ml [7.2 mg] each

36.2 mg/ml stock solution at 15 min intervals [total = 142 mmol] 45 minutes before cull. Pimonidazole (2 mg/kg) and a 647-Tomato

lectin (1 mg/kg)/Hoescht (2 mg/kg) mix was given intravenous 5 min before visualization on IVIS system for fluorescence imaging

of perfused tumors and mice culled. Tumors were excised, sectioned, and samples flash-frozen and fixed for downstream analysis.

Blood samples were also collected by cardiac puncture when culling mice.

METHOD DETAILS

Spheroids
Cells were trypsinized, counted, and either plated in 6 well plates coated with 0.5% agarose in DMEM or on low adherence U-

bottomed 96 well plates (Thermo, 174925) and then centrifuged for 5 minutes at 5003 g. For proline supplementation experiments,

spheroids were seeded in DMEM fluxmedia (without phenol red, glutamine, and glucose) ((Gibco, A14430), with or without 1mMpro-

line. For all other experiments spheroids were left to form for at least 72 hours before investigation. For staining, spheroids were

grown for 7 days before fixing in neutral buffered formalin overnight, and transfer to 70% ethanol for storage. The solution containing

spheroids was transferred onto the center of a sheet of biopsy paper (CellPath, UK) before processing for histology. All staining was

performed on 4 mm formalin fixed paraffin embedded (FFPE) sections. Sections for Haematoxylin & Eosin staining were stained using

a Leica ST5020 autostainer. Carbonic Anhydrase XI (NB100-417, Novus Biologicals), Caspase 3 (9661, Cell Signaling) and Ki67

(12202, Cell Signaling) antibodies were stained on a Leica Bond Rx autostainer. FFPE sections were loaded onto the autostainer

and underwent dewaxing (Leica, AR9222) and epitope retrieval on board. Carbonic Anhydrase XI, Caspase 3 and Ki67 was retrieved

using ER2 buffer (Leica, AR9640). All sections were retrieved at 95�C for 20 minutes. After retrieval sections were rinsed with wash

buffer (Leica, AR9590) before peroxidase block was performed for 5 minutes using an Intense R kit (Leica, DS9263). Sections were

rinsed with wash buffer. After rinsing with wash buffer the antibodies were applied at previously optimized dilutions (Carbonic Anhy-

drase XI, 1/250; Caspase 3, 1/500; Ki67, 1/1000) for 30 minutes before washing with buffer and then application of appropriate sec-

ondary antibody (Carbonic Anhydrase XI and Ki67 – Rabbit EnVision, Agilent, K4003 ) for 30minutes. Sections were rinsed with wash

buffer before being visualized using DAB in the Intense R kit. The sections were counterstained with Haematoxylin in the Intense R kit
Cell Reports 38, 110320, February 1, 2022 e2
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before coverslipping the sections with DPX mountant (CellPath, SEA-1300-00A). Images were captured from the stained sections

using a Leica Aperio AT2 slide scanner.

Metabolic tracing
For tracing experiments, cells were plated to be 70% confluent after 24 hours. Media was then changed to fluxmedia (without phenol

red, glutamine, and glucose) ((Gibco, A14430)), depending on cell line, with 10mMglucose and 2mMglutamine (either one universally

labelled, depending on experiment). Cells were transferred into hypoxic conditions (DonWhitley H35 Hypoxystation). After 24 hours,

100 ml of media was removed for extraction. The rest of the media was removed and wells were washed twice with ice cold saline,

500 ml MeOH was added, with 200 ml D6-glutaric acid (2.5 mg/ml) (CDN isotopes, D-5227). Cells were scraped and transferred to a

cold Eppendorf with 500ml ice-coldH2Oand the same volumeof chloroform (pre-chilled to�20�C). After shaking on ice for 15minutes

and centrifugation, the polar phase was transferred to another tube for derivatization, which was dried with centrifugation at 45�C.
Spheroids grown in U-bottom96well plateswere collected andwashedwith PBSbefore transfer to fluxmediawith 13C-[U]-glutamine

in agarose-coated 12well plates and incubated for 48 hours. Spheroidswere collected andwashed in ice cold saline, transferred to ice

cold MeOH and homogenized (23 30 seconds) using a Precellys 24 tissue homogenizer (Bertin Instruments). Metabolite extraction

was performed as previously described in cells. Data were normalized to total ion abundance.

Glucose and lactate consumption
Mediawas changed to fluxDMEM (without phenol red, glutamine, and glucose) (Gibco, A14430) with 10mMglucose and 2mMgluta-

mine added. Glucose and lactate measurements were taking using a Nova Biomedical Stat Profile Prime CCS Analyzer and normal-

ized to total protein.

Bicinchoninic acid (BCA) protein assay
Spheroidswere collected andwashedwith PBS, before sonication for 10minutes in 0.2MNaOH, and boiling. The Pierce BCAProtein

Assay Kit (Thermo Scientific, 23225) was used according to the manufacturers protocol.

Derivatization and GCMS
Dried down extracts are derivatized using a two-step protocol. Samples are first treated with 2%methoxamine in pyridine (40 ml, 1 h

at 60�C), followed by addition of N-(tert-butyldimethylsilyl)-N-methyl-trifluoroacetamide, with 1% tert-butyldimethylchlorosilan (50 ml,

1 h at 60�C). Samples are transferred to glass vials for GC-MS analysis using an Agilent 8890 GC and 5977B MSD system. 1 mL of

sample was injected in splitlessmodewith helium carrier gas at a rate of 1.0mL.min�1. Initial GC oven temperature was held at 100�C
for 1 minute before ramping to 160�C at a rate of 10�C.min�1, followed by a ramp to 200�C at a rate of 5�C.min�1 and a final ramp to

320�C at a rate of 10�C.min�1 with a 5 minute hold. Compound detection was carried out in scan mode. Total ion counts of each

metabolite were normalized to the internal standard D6-Glutaric acid.

Western blotting
Cells were washed once with 1 x PBS and scraped into 1x Laemmli buffer (Sigma, 2301-1VL). Samples were heated for 10 minutes at

100�Candbrieflycentrifuged, then vortexed.Sampleswere runat 150V through a10%polyacrylamidegel. Proteinwas transferred toa

nitrocellulosemembrane using an Invitrogen iBlot. Membraneswere blockedwith 5%milk (Marvel) in PBS for 1 hour, before overnight

incubation at 4�C with the primary antibody in 1% milk; actin (1:4000 dilution, Sigma, A4700), PYCR1 (1:5000 dilution, Proteintech,

13108-1-AP), PYCR2 (1:2000 dilution, Proteintech, 17146-1-AP), HIF1a (1:500 dilution, BD Biosciences, 610959). PBS-Tween was

used formembranewashingbefore incubationwith the secondary antibody at room temperature for 1 hour: Anti-Rabbit-HRP (Cell Sig-

nalling, 7074S) or Anti-Mouse-HRP (Cell Signalling, 7076S). After another washing step, EZ-ECL (Biological Industries, 20-500-120)

was added to the membrane before imaging using a BioRed ChemiDoc Imaging System. Densitometry was performed using Im-

ageJ-Fiji, values were normalized to loading controls. For siRNA blots, values were also normalized to the non-target.

Cell number and GCMS data normalization values
To assess cell number, a Sulforhodamine B (SRB) assay was used as previously described. 100 mL of 20% trichloracetic acid was

added to each well and incubated at 4�C for 30 minutes. Wells were washed with tap water three times and allowed to dry. 0.4%

Sulforhodamine B (Sigma, 230162) was added to cover the surface of the wells and incubated for 10 minutes at room temperature.

Wells werewashedwith 1%acetic acid four times and again allowed to dry. The stainwas dissolved in 50mM tris at pH8.8 and absor-

bance was measured at 510 nm.

Oxygen consumption
Trypsinized cells were resuspended in media as above and loaded in an Oxygraph-2k (Oroboros instruments) chamber. After closing

the chambers and recording routine respiration, oligomycin (2.5 mM) was added to inhibit ATP synthase. Measurements of the non-

phosphorylating electron transfer system (ETS) capacity were obtained through stepwise (0.5 mM) titration of the uncoupler, carbonyl

cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP). Respiration was inhibited by addition of rotenone (0.5 mM) and antimycin A

(2.5 mM) at the end of the experiment.
e3 Cell Reports 38, 110320, February 1, 2022
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GSH:GSSG assay
Cells were plated in 6 well plates to be 70% confluent for transfection. Transfection with siRNA at 50nM, either: siNT (Dharmacon,

D-001810-10-05), siPYCR1 (Dharmacon, J-012349-06-0005) or siPYCR2 (Dharmacon, J-016646-06-0005) using Dharmafect 1

(Dharmacon, T-2001-03). After 24 hours, transfected cells were re-plated in white, clear bottom 96 well plates (Corning, 3903),

and transferred to hypoxia. After 24 hours GSH:GSSH was measured using the Promega GSH:GSSG-Glo assay kit (Promega,

V6612) according to manufacturer’s protocol.

NAD+:NADH assay
Cells were plated to be 70%confluent for assay. Cells were harvested and the assay was carried out according to themanufacturer’s

protocol (Biovision kit K337).

Immunohistochemistry
To summarize stainingmethod the slideswere firstly dewaxed in histoclear, rehydrated using decreasing concentrations of ethanol to

tap water. A standard haematoxylin and eosin protocol was followed to assess the morphology and the amount of necrosis on xe-

nografts. For immunohistochemistry staining antigen retrieval performed in pH 6 for all antibodies and, slides were stained using the

FLEX staining protocol and reagents (Agilent). Endogenous peroxidase activity was blocked before slides were stained with primary

antibodies: proliferation marker Ki67 (mouse, MIBI, 1:50 M7240 Agilent), endothelial marker CD31 (rabbit, JC70, Agilent), hypoxia

marker CA9 (mouse, M75, Absolute antibody, 1:100), PYCR1 (rabbit, E7P3I, cell signaling), GLUT1 (rabbit, ab652, Abcam, 1:100).

Slides incubated for 2h at room temperature. Slides were washed in Flex buffer before then being incubated with the Flex anti-rab-

bit/mouse secondary antibody for 30minutes at room temperature andwashed in Flex buffer. 3,30-Diaminobenzidine (Flex-DAB) was

applied to the sections for 10 minutes. The slides were counterstained by immersing in Flex-hematoxylin solution for 5 min, washed,

and air-dried before mounted with mounting medium (Sigma). Secondary-only control staining was done routinely, these were nega-

tive. Expression of markers and viable/necrotic areas was quantified on whole sections quantitatively by using the Visiopharm Inte-

grator System. HDAB-DAB color deconvolution band is used to detect positively stained cells. Threshold classification is used to

identified necrosis and living regions and thus identify number of positive staining within these regions. Appropriate thresholds levels

are checked against control xenografts staining before being set and the xenografts from all groups are then analyzed. Quantification

based on intensity of staining (value calculated from pixilation of DAB, corresponding to stain intensity from no staining, weak to

strong staining) and percentage of coverage (value calculated from DAB positive total area expressed relative to the total area of

tissue).

QUANTIFICATION AND STATISTICAL ANALYSIS

GCMSdatawere analyzed using AgilentMass Hunter software for real time analysis of data quality, before conversion to .CDF format

and analysis with in-house MATLAB scripts. Graphs and statistical analysis were performed using GraphPad Prism 9. Where a 2-

sample analysis is shown, results are from a Mann-Whitney test, while with >2 samples, results of a Kruskal-Wallis test are shown

with Dunn’s multiple comparison post hoc. Sample numbers are included in figure legends. To perform a statistical comparison

of the xenograft growth curves was performed through first fitting a single exponential curve (Figures S5B–S5E), the integral of which

was used to generate a linear regression for each xenograft (Figures S5F–S5I). These equations were then used to apply a Mann-

Whitney test.
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