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SUMMARY
Metabolic rewiring and redox balance play pivotal roles in cancer. Cellular senescence is a barrier for tumor-
igenesis circumvented in cancer cells by poorly understood mechanisms. We report a multi-enzymatic
complex that reprograms NAD metabolism by transferring reducing equivalents from NADH to NADP+.
This hydride transfer complex (HTC) is assembled bymalate dehydrogenase 1,malic enzyme 1, and cytosolic
pyruvate carboxylase. HTC is found in phase-separated bodies in the cytosol of cancer or hypoxic cells and
can be assembled in vitrowith recombinant proteins. HTC is repressed in senescent cells but induced by p53
inactivation. HTC enzymes are highly expressed inmouse and human prostate cancermodels, and their inac-
tivation triggers senescence. Exogenous expression of HTC is sufficient to bypass senescence, rescue cells
from complex I inhibitors, and cooperate with oncogenic RAS to transform primary cells. Altogether, we pro-
vide evidence for a new multi-enzymatic complex that reprograms metabolism and overcomes cellular
senescence.
INTRODUCTION

Senescence is a broadly acting tumor suppressor mechanism

wherein cells bearing oncogenic mutations cannot expand due

to a chronic state of mitochondrial dysfunction, oxidative stress,

DNA damage, and activation of tumor suppressors (Wiley and

Campisi, 2016). Dysfunctional mitochondria are a hallmark of se-

nescent cells in response to short telomeres (Passos et al., 2007)
3848 Molecular Cell 81, 3848–3865, September 16, 2021 Crown Cop
or oncogenes (Moiseeva et al., 2009).Mitochondrial dysfunction-

associated senescence is characterized by decreased NAD+

(nicotinamide adenine dinucleotide)/NADH ratio (Wiley et al.,

2016), increased reactive oxygen species (ROS), and reduced

ATP as compared with non-senescent cells (Moiseeva et al.,

2009; Passos et al., 2007). This entices increase in glycolysis to

maintain viability (Dörr et al., 2013). Because inhibition of senes-

cence often precedes transformation (Deschênes-Simard et al.,
yright ª 2021 Published by Elsevier Inc.
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Figure 1. p53 inactivation reprograms the metabolism of senescent cells with mitochondrial dysfunction

(A) Immunofluorescence (IF) using anti-TOMM20 antibody in IMR90 cells expressing shRNAs against STAT3 (shS3[A]) and shS3[B]) or a control non-targeting

shRNA (shNTC). Mean % of staining pattern (tubular or puncta) of cells and standard deviation (SD) is shown in the lower right corner; scale, 10 mm.

(legend continued on next page)

ll
Article

Molecular Cell 81, 3848–3865, September 16, 2021 3849

vvil2620
Text Box

vvil2620
Text Box



ll
Article
2019; Moiseeva et al., 2020; Yu et al., 2018), it is important to un-

derstand how cancer cells overcome the barriers to cell prolifer-

ation that characterize senescence, including mitochondrial

dysfunction.

The origin of mitochondrial dysfunction in senescent cells is

not well understood. During oncogene-induced senescence

(OIS), several proteins are targeted for degradation affecting a

variety of processes required for cell proliferation (Deschênes-

Simard et al., 2013; Deschênes-Simard et al., 2014). One of

these proteins is signal transducer and activator of transcription

3 (STAT3) (Vallania et al., 2009), which regulates transcription in

the nucleus (Kidder et al., 2008) and electron transport and

oxidative phosphorylation in mitochondria (Wegrzyn et al.,

2009). The mitochondrial functions of STAT3 are required for

cellular transformation by oncogenic RAS protein (Gough et al.,

2009). Deletion of STAT3 in hematopoietic stem cells leads to

mitochondrial dysfunction, overproduction of ROS, and prema-

ture aging of blood cells (Mantel et al., 2012). Collectively, these

studies suggest that the mitochondrial functions of STAT3 may

be required to prevent senescence.

To discover cellular pathways that compensate for mitochon-

drial dysfunction and allow tumor cells to circumvent senes-

cence, we used severalmodels of cellular senescence.We found

that senescence induced by STAT3 depletion required a

decrease in the NAD+/NADH ratio that wasmaintained by the ac-

tions of the p53 and retinoblastoma protein (RB) tumor suppres-

sors. p53 and RB repress an enzyme complex that catalyzes a

metabolic cycle that transfers the hydride anion (H�) from

NADH toNADP+, thus regeneratingNAD+ and supplyingNADPH.

This hydride transfer complex (HTC) is formed bymalic enzyme 1

(ME1), malate dehydrogenase 1 (MDH1), and pyruvate carbox-

ylase (PC) and can be assembled in vitro with purified proteins.

We also biophysically characterized HTC as well as its ability to
(B and C) Scanning transmission electron microscopy (STEM) micrographs (B) an

n = 2.

(D) Western Blot (WB) of indicated proteins in cells as in (A).

(E and F) Heatmap of relative change over control cells in median fluorescent inte

oncogenic RAS. Each column represents a biological replicate with a minimum o

(G) NAD+/NADH ratio in cells as in (A).

(H) Oxygen consumption rate (OCR) of cells as in (A); n = 4–6, error bars show S

(I) Mean NAD+/NADH ratio in cells expressing a control shRNA (shNTC) or a shRN

(shp53) or non-target control shRNA (shNTC).

(J) Model of regeneration of NAD+ by MDH1, ME1 and PC plus schematic of met

filled circles. Orange cycle is the forward direction of TCA cycle giving (m+2

carboxylase (PC) and is characterized by (m+3) intermediates (light-blue-filled ci

(K–N) Ratio of (m+3)/(m+2) isotopomers for the indicatedmetabolites in IMR90 cel

or in combination with an shRNA against p53 (shp53). Ratios were calculated 10

(O) Amount of indicated labeled intermediates over timemeasured by GC-MS rela

show representative experiment.

(P) Model of PC activity labeling pattern with 13C-[3,4]-glucose. 13C-[3,4]-glucose

labeled (magenta cycle), while in the PC reaction-labeled carbon is maintained (m

complex; mito, mitochondria.

(Q) Amount of indicated labeled intermediates over time measured by GC-MS rela

control shRNA (shNTC), a shRNA against STAT3 (shS3[A]) alone or in combinatio

show representative experiment of n = 2.

(R)WB for the indicated proteins in IMR90 cells expressing a control shRNA (shNTC

(shNTC) or shRNAs against p53 (shp53) or p21 (shp21).

Experiments other than indicated are from n = 3 biological replicates. (A–D, O, Q–R

Mean ± SD for (G and I) with red dots as biological values and mean for (K–N). Fo

Related to Figures S1–S3.
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compensate for mitochondrial dysfunction and promote tumori-

genesis. Strikingly, inhibitingHTC leads to tumor cell senescence

even in the absence of p53, revealing the therapeutic potential of

targeting this previously unrecognized metabolon.

RESULTS

Depletion of STAT3 induces senescence, mitochondrial
dysfunction, and a low NAD+/NADH ratio
Senescence induced by either oncogenes or short telomeres is

accompanied by downregulation of STAT3 (Deschênes-Simard

et al., 2013). Since STAT3 is required for mitochondrial functions

(Gough et al., 2009; Wegrzyn et al., 2009), we sought to investi-

gate whether disabling STAT3 leads to senescence via mito-

chondrial dysfunction. We depleted STAT3 from normal human

fibroblasts using small hairpin RNAs (shRNAs) and observed a

strong decline in proliferation accompanied by increased senes-

cence-associated-b-galactosidase (SA-b-Gal) activity and

several senescence biomarkers (Figures S1A–S1H) in line with

previous work showing induction of senescence after STAT3

inactivation in some cancer cells (Tkach et al., 2012).

Given the links between STAT3 and mitochondria, (Gough

et al., 2009; Wegrzyn et al., 2009) we performed staining for

the mitochondria membrane marker TOMM20 (McBride et al.,

1996). This revealed that mitochondria in STAT3-depleted cells

appear as multiple punctiform structures in contrast to the

tubular network of normal human fibroblasts (Figure 1A). Trans-

mission electron microscopy revealed that mitochondria from

STAT3-depleted cells are spherical with disrupted cristae (Fig-

ures 1B and 1C). It was reported that mitochondrial STAT3 reg-

ulates mitochondrial gene expression (Macias et al., 2014), and

we found that protein levels of mitochondrial-encoded mt-ND1

and mt-ND4 were reduced in cells with low STAT3 levels
d transmission electron microscopy (TEM) (C) of cells as in (A); scale, 250 nm;

nsity (MFI) for MitoSOX (E) or DCFDA (F) in cells as in (A) and cells expressing

f 10,000 cells, n = 2–3.

EM (standard error of the mean).

A against STAT3 (shS3[A], shS3[B]) in combination with an shRNA against p53

abolite 13C labeling patterns after labeling with 13C6-glucose.
13C are noted by

) intermediates (orange-filled circles). Light-blue cycle starts with pyruvate

rcles). HTC, hydride transfer complex; mito, mitochondria .

ls expressing a control shRNA (shNTC), a shRNA against STAT3 (shS3[A]) alone

min post-labeling.

tive to the total amount of each relatedmetabolite for IMR90 cells as in (K). Data

is converted into 13C-[1]-pyruvate. Each intermediate generated via PDH is not

+1, dark-blue cycle), filled circles show heavy carbon. HTC, hydride transfer

tive to the total amount of each related metabolite for IMR90 cells expressing a

n with an shRNA against p53 (shp53), and/or a shRNA against PC (shPC). Data

) or shRNAs against STAT3 (shS3[A] and shS3[B]) together with control shRNA

) show representative images. ANOVAwith multiple comparison test (G and I).

r (K–O), conditions shNTC and shS3[A] are the same as in Figures 4J and 4K.
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(Figure 1D). Cells depleted for STAT3 also produced higher

levels of ROS (Figures 1E and 1F) and had a dramatically

decreased NAD+/NADH ratio (Figure 1G), which are signs of

mitochondrial dysfunction. The decrease in NAD+/NADH ratio

was mainly the result of an increase in NADH because STAT3

depletion did not significantly alter total NAD or NAD+ (Fig-

ure S1I). In support of mitochondrial dysfunction, we found that

both basal and maximal respiration were decreased upon

STAT3 depletion (Figure 1H).

To confirm that the lack of STAT3 functions in mitochondria

leads to mitochondrial dysfunction, we expressed an shRNA-

insensitive (i) STAT3 allele with a mitochondrial localization signal

in STAT3-depleted cells. This mito-iSTAT3 localized into mito-

chondria, attenuated senescence, and restored the NAD+/NADH

ratio to the level observed in STAT3-non-depleted control cells

(Figures S1J–S1N). We also observed that endogenous STAT3

was reduced in purified mitochondria from cells that undergo

OIS (Figure S1O). Furthermore, proximity ligation assay (PLA) re-

vealed that STAT3 interacts with the mitochondrial protein

ATAD3A in proliferating cells (Carbognin et al., 2016), whereas in

replicative senescent cells or OIS cells, interaction of ATAD3A

with STAT3 was lost (Figure S1P–S1U), highlighting the changes

ofmitochondrial STAT3 levels in response to senescence and ag-

ing. By taking advantage of the yeast single subunit complex I

NADH dehydrogenase (NDI1) (Birsoy et al., 2014), we next inves-

tigated whether mitochondrial complex I inhibition caused by

STAT3 depletion is the main cause of the observed decrease in

the NAD+/NADH ratio. We found that NDI1 localized tomitochon-

dria, bypassed senescence, and partially restored the NAD+/

NADH ratio in STAT3-depleted cells (Figures S2A–S2F). Together,

thesedata show thatmitochondrial STAT3 plays an important role

in preventing senescence.

The NAD+/NADH ratio can be restored by pyruvate, which,

through the action of lactate dehydrogenase (LDH), is converted

to lactate while NAD+ is regenerated from NADH. Alternatively,

pyruvate can be metabolized to oxaloacetate, which in turn is

reduced to malate, thus converting NADH into NAD+ (Hanse

et al., 2017). Supplementing STAT3-depleted normal human fi-

broblasts with 2 mM pyruvate rescued cells from growth arrest

and senescence while reducing the number of DNA-damage

foci and increasing the NAD+/NADH ratio (Figures S2G–S2L).

We also treated STAT3-depleted cells with duroquinone, a com-

pound that is reduced to durohydroquinone by the cytosolic

enzyme NQO1(NAD(P)H dehydrogenase [quinone]), which uses

NADH as an electron donor and therefore regenerates NAD+

and decreases the sensitivity to complex I inhibition by bigua-

nides (Gui et al., 2016). We found that this compound increased

the NAD+/NADH ratio without altering the total NAD levels in

STAT3-depleted cells, which was paralleled by bypass of senes-

cence (Figures S2M–S2S). Next, we used the NADH-oxidase

from Lactobacillus brevis (LbNOX) to force an increase in the

NAD+/NADH ratio (Titov et al., 2016). LbNOX expression in the

cytosol rescued cells from senescence induced by depletion of

STAT3 while increasing the NAD+/NADH ratio (Figures S2T–

S2W). It has been shown that cells with dysfunctional mitochon-

dria and low NAD+/NADH ratio fail to synthesize sufficient aspar-

agine (Krall et al., 2021) and aspartate (Birsoy et al., 2015; Sulli-

van et al., 2015), but supplementing STAT3-depleted cells with
20 mM aspartate only moderately rescued the proliferation de-

fects and senescence after STAT3-depletion, and it did not

normalize the NAD+/NADH ratio (Figures S3A–S3G). Together,

these data suggest that a failure to reoxidize NADH is implicated

in the induction of cellular senescence.

A NAD+ regeneration metabolic cycle controlled by the
p53-RB tumor suppressors
Depletion of STAT3 leads to the activation of both the p53 and

RB tumor suppressor pathways, which are mediators of senes-

cence (Mallette et al., 2007). To investigate whether the p53

pathway is required for senescence after STAT3-depletion, we

inactivated p53 and p21 with shRNAs. Inactivation of either

p53 or p21 prevented the growth arrest and senescence induced

by STAT3-depletion (Figures S3H–S3M). Intriguingly, p53 inacti-

vation also restored the NAD+/NADH ratio in STAT3-depleted

cells (Figure 1I). Collectively, the results suggest that p53 and/

or p21/RB pathway inactivation in STAT3-depleted cells in-

creases the NAD+/NADH ratio to sustain the oxidative meta-

bolism of cells that bypass senescence.

To identify NAD+-regenerating metabolic pathways repressed

by p53 and p21/RB, we combined bioinformatics analysis with

stable isotope tracing studies. Using CHIP-Atlas, we found that

both p53 and RB-binding partner E2F proteins bind to the

promoter region for the NAD+ regenerating cytosolic enzyme

MDH1 (Figure S4A). Moreover, MDH1 expression is reduced in

senescent cells induced by STAT3-depletion or telomere-short-

ening (Figures S4B and S4C). MDH1 is a cytosolic enzyme that

oxidizes NADH and converts oxaloacetate (OAA) into malate

(Hanse et al., 2017). To identify the source of OAA for MDH1,

we compared glucose metabolism in senescent cells with cells

that bypassed senescence via p53 knockdown, using 13C6-

glucose tracing. Conversion of pyruvate to OAA via PC can be

estimated from the levels of (m+3) malate, fumarate, and citrate

relative to the levels of corresponding (m+2) isotopomers gener-

ated in the tricarboxylic acid (TCA) cycle from acetyl-CoA (Fig-

ure 1J). Because OAA is hard to measure due to its instability,

aspartate (m+3) was used as a surrogate marker (Buescher

et al., 2015). We found that the pool of pyruvate converted to

(m+3) malate, aspartate, fumarate, and citrate is increased in

cells that bypass senescence after p53 knockdown (Figures

1K–1O). 13C6-glucose may generate (m+3) malate, fumarate,

and aspartate through multiple rounds of pyruvate oxidation in

the TCA cycle. This was, however, discarded because we failed

to detect (m+3) succinate and were only able to detect traces of

(m+4) citrate under these conditions (Figure 1O). Hence, 13C6-

glucose tracing was consistent with PC catalyzed conversion

of pyruvate into (m+3) OAA. Labeling cells with [3,4-13C]-glucose

provides a more direct assessment of PC activity. [3,4-13C]-

glucose is converted to [1-13C]-pyruvate, and the latter is con-

verted to m+1 OAA and its derivatives after the PC reaction while

the labeled carbon is lost in the PDH reaction (Cheng et al.,

2011). Bypass of senescence after p53 knockdown increased

the pool of m+1 metabolites, while depletion of PC with an

shRNA abrogated these effects (Figures 1P and 1Q). This indi-

cates that p53 loss bolsters PC activity.

Of note, PC is considered a mitochondrial enzyme in mam-

mals, and this implies that pyruvate enters the mitochondria, is
Molecular Cell 81, 3848–3865, September 16, 2021 3851
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Figure 2. Colocalization and interactions of the enzymes that catalyze the hydride transfer reactions

(A) TEM of PC-3 cells stained with anti-PC antibody followed by immunogold labeling. White arrows: mitochondrial PC. Black arrows: cytosolic PC. Scales: top,

800 nm; bottom, 200 nm. Lower corner shows the percentage of cytosolic PC and SD of a count of 18 representative fields.

(B) IF with super-resolution microscope for the indicated enzymes (MDH1, ME1, and PC) expressed in IMR90 cells depleted for STAT3 (shS3[A], shS3[B]) or

STAT3 sufficient cells (shNTC). PC (green), MDH1 (red), andME1 (magenta), triple colocalization in white. DAPI was used to stain the nucleus. Scale, 10 mm; zoom

scale, 1 mm.

(C) Colocalization of endogenous MDH1, ME1, and PC in IMR90 cells expressing shRNAs against STAT3 (shS3[A]) and p53 (shp53) and/or control shRNA

(shNTC). Scale, 20 mm; zoom scale, 2 mm. Triple colocalization in white.

(legend continued on next page)
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converted to OAA by PC, and then OAA is either exported to the

cytosol as aspartate after transamination or as citrate after

conjugation to acetyl-CoA. However, adding aspartate did not

rescue the NAD+/NADH ratio, suggesting that the aspartate

pathway is not involved (Figure S3C). In yeast and some Asper-

gillus strains, PC is a cytosolic enzyme (Huet et al., 2000), and

mammalian PC can re-localize to the cytosol upon viral infection

(Cao et al., 2016) or to the nucleus in 2-cell embryos (Nagaraj

et al., 2017). We thus anticipated that a change in cellular local-

ization of PC could supply cytosolic OAA for NAD+ regeneration

via MDH1. The concerted action of cytosolic PC and MDH1 is

positioned to regenerate NAD+ in the cytosol to produce (m+3)

malate, which is consistent with the m+3 isotopomers that

were increased in cells bypassing senescence (Figures 1J–1N).

In addition, the cytosolic malic enzyme 1 (ME1) is expected to

convert malate back into pyruvate closing a metabolic cycle

that would transfer the hydride ion from NADH to NADP+ regen-

erating NAD+ and supplying NADPH (Figure 1J). Notably, like

MDH1, the PC and ME1 promoters contain p53 and RB/E2F

binding sites (Figure S4A) and levels of the corresponding pro-

teins decreased in models of cellular senescence (Figure S4B

and S4C). These observations are consistent with reports

showing that p53 and/or E2F bind to the promoters of ME1

(Jiang et al., 2013), PC (Li et al., 2016), and MDH1 (Yuan et al.,

2019) regulating their expression.

We next investigatedwhether bypassing senescence by inhib-

iting either the p53 or RB pathway can restore expression of

MDH1, PC, and ME1. We found that both shp53 and shp21

rescued MDH1, PC, and ME1 expresion in STAT3-depleted

IMR90 cells to levels comparable to control cells (Figure 1R).

Collectively, these data suggest that ametabolic cycle catalyzed

by MDH1, ME1, and cytosolic PC regenerates NAD+ to bypass

cellular senescence. Our model predicts that (1) PC localizes

to the cytosol in cells that bypass senescence, (2) expression

of the enzymes that catalyze the hydride transfer from NADH

toNADP+ bypasses senescence, and (3) inactivation of these en-

zymes should lead to a decreased NAD+/NADH ratio, REDOX

stress, and growth inhibition.

Cytosolic localization of PC and formation of HTC
Although PC is more abundant in the mitochondria, we detected

full-length PC as well as lower molecular weight forms in the

cytosolic fraction of PC-3 prostate cancer cells, which are

devoid of STAT3 due to biallelic deletion of the STAT3 locus (Fig-
(D) Quantification of triple colocalization foci (white foci) per cells as in (C), N=11

(E) Fluorescence intensity of ME1 (magenta), MDH1 (red), and PC (green) in shS3

line in (C) and represented as arbitrary fluorescence units for each enzyme.

(F) Proximity ligation assay with two PLA probes to specifically reveal PC interacti

red (MDH1PC) on IMR90 infectedwith either control shRNA (shNTC) or shRNA aga

enzymes (MDH1, ME1, PC). Scale, 10 mm. DAPI was used to stain the nucleus. C

(G) Count of PLA foci from cells in (F), N=20.

(H) Fluorescence signal intensity of foci in cells in (F), N=15.

(I) IP of endogenous ME1 from HuH-7 cells followed by WB for all HTC enzymes

(J) IP with HA beads in 293T cells expressing the indicated variants of PC-MYC

against indicated proteins.

(K) Schematic of interaction between regions 1–90 of MDH1 and 1–191 ME1 wit

Aminimum of 3 biological replicates unless indicated. ANOVAwith Tukey (G and H

important comparisons. Related to Figures S4 and S5.
ures S4D and S4E). Moreover, we used immunogold staining fol-

lowed by transmission electron microscopy, which confirmed

that a significant proportion of PC localizes to the cytosol in

PC-3 cells (Figure 2A). This was further confirmed in IMR90 cells

overexpressing PC, where a significant fraction of PC does not

colocalize with mitochondria (Figure S4F). Interestingly, overex-

pression of PC, MDH1, and ME1 in STAT3-depleted IMR90 cells

also colocalized in distinctive bodies (Figure 2B) outside mito-

chondria (Figure S4G). Importantly, we revealed this colocaliza-

tion pattern with endogenous proteins after inactivation of both

STAT3 and p53 in IMR90 cells (Figures 2C–2E). Intriguingly,

these foci were dissolved by 1,6-hexanediol, suggesting that

they form via liquid-liquid phase separation (Figures S4H and

S4I). Additional evidence for the colocalization of HTC enzymes

in cytosolic foci was obtained using PLA with antibodies against

PC and MDH1 or PC and ME1 (Figures 2F–2H).

The colocalization of PC,MDH1, andME1 suggested that they

interact to form aHTC, and both PC andME1 co-immunoprecip-

itated with FLAG-tagged MDH1 in 293T cells. Also, MDH1 and

ME1 co-immunoprecipitated with FLAG-tagged PC, and PC

and MDH1 co-immunoprecipitated with HA-tagged ME1 (Fig-

ures S5A–S5C). Importantly, HTC enzymes co-immunoprecipi-

tated in HuH-7 hepatoma cells that endogenously express high

levels of the three enzymes (according to the Cancer Cell Line

Encyclopedia, https://sites.broadinstitute.org/ccle/) (Figure 2I)

and in PC-3 cells (Figure S5D). PC is a biotinylated enzyme

(Xiang and Tong, 2008), and its pull-down with streptavidin

from PC-3 cells recovered both MDH1 and ME1, but this was

not possible in cells where PC was depleted by a shRNA (Fig-

ure S5E). Similar results were obtained in HuH-7 cells

(Figure S5F).

Biochemical and biophysical characterization of HTC
To identify the regions required for co-immunoprecipitation of the

HTC enzymes, we used a series of deletions mutants. In addition

to the full-length PC, it was determined that the fragments from

positions 430–1,178 and 1–956 formed a complex with both

MDH1 and ME1. However, amino acids 1–534 of PC failed to

do so, indicating that the interacting region comprises residues

534–956 in the pyruvate carboxyltransferase domain (Figures

S5G and S5J). Second, we mapped the regions of MDH1

required to co-immunoprecipitate with PC and ME1. The resi-

dues 1–90, 1–141, and 1–192 of MDH1 co-immunoprecipitated

with both PC andME1, but residues 141-334 and 105-334 failed,
.

[A]/shp53-expressing cells. Colocalization was measured across the indicated

on with ME1 or with MDH1. PLA probes used are PLA green (ME1 PC) and PLA

inst STAT3 (shS3[A], shS3[B]) and shRNA against p53 or control shRNAor HTC

olocalization of PLA probe green and red is shown in yellow in overlay, n = 2–3.

.

, MDH1-3x-FLAG and ME1-HA, or control HA vector. IP was followed by WB

h 534–956 of PC.

) or Dunnett (D) for multiple comparisons, asterisks represent p values for most
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Figure 3. Biophysical characterization of the hydride transfer complex

(A and B) Two-dimensional blue native/SDS gel electrophoresis (2D-BN/SDS-PAGE). Coomassie G-250 staining of BN-PAGE (A) with indicated protein sizes

corresponding to collected gel slices (red squares) and immunoblots (B) for the indicated proteins performed on gel slices from (A) migrated on SDS-PAGE.

(C and D) In vitro assembly of the hydride transfer complex (HTC) with purified PC(486-1178) (C) or full-length PC (D). Mono-Avidin pull-down of biotinylated PC

after in vitro assembly followed by immunoblotting against the indicated proteins.

(E) Size-exclusion chromatography (SEC) with either the individual purified proteins or the pre-assembled HTC (fractions 8–12 mL of the assembly run) on a

Superdex 200 Increase column. Data show absorbance at 280 nm. Arrow indicates elution peak of assembled complex.

(F) Same SEC experiment as in (E) but with the absorbance at 340 nm (NADH absorbance) normalized relative to either MDH1 or the pre-assembled HTC.

(G) SEC-MALS (multi-angle light scattering) of purified PC (486-1178) (green) or all fraction of previously assembledHTC (blue). The calculatedmolecular weight is

shown above each peak and possible complexes are indicated below.

(H) SDS-PAGE of collected fractions following the SEC-MALS experiment (G) stained with Coomassie Blue to show the purity and assembly of the complexes.

For (A–H) representative images of a minimum of 3 replicates. Related to Figure S5.
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concluding that the interacting region iswithin residues 1–90 (Fig-

ures S5H and S5J). Finally, we determined the regions of ME1

required to co-immunoprecipitate PC and MDH1. Full-length

ME1 or residues 1–191 immunoprecipitated with both PC and

MDH1, but residues 356–562 did not, which suggests that the in-

teracting region is between residues 1–191 (FiguresS5I andS5J).

The minimal interacting regions (PC430–1,178, MDH11–90, and
3854 Molecular Cell 81, 3848–3865, September 16, 2021
ME11–191) were then confirmed to co-immunoprecipitate (Fig-

ure 2J), revealing that the interaction betweenMDH1andME1 re-

quires PC (Figure 2J-K). Together, the data suggest that specific

regions of each enzyme mediate HTC formation.

To confirm that HTC occurs endogenously in cells, we used

two-dimensional blue native polyacrylamide gel electrophoresis

(2D-BN/PAGE) on HuH-7 cell extracts. Proteins were resolved in
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a blue native gel in the first dimension followed by SDS-PAGE in

the second dimension. This revealed the presence of MDH1 di-

mers (molecular mass 36.4 kDa); monomers, dimers, and tetra-

mers of ME1 (molecular mass 64.1 kDa); and of PC (molecular

mass 129.6 kDa). Importantly, we identified a high molecular

weight complex with a mass of �1 MDa, which contained all

three enzymes (Figures 3A and 3B). To determine whether the

HTC enzymes interact directly in vitro, we expressed and purified

each enzyme from bacteria as well as a fragment of PC from res-

idues 486-1,178 because full-length PC form aggregates that

affect the identification (Xiang and Tong, 2008).

Size exclusion chromatography with multi-angle light scat-

tering (SEC-MALS) analysis revealed that purified PC forms a

tetramer, whereas purified ME1 forms dimers and tetramers

while purified MDH1 forms a dimer (Figures S5K–S5M).

Then, mono-avidin was used to perform pull-downs of either

PC(486–1,178) or full-length PC, which are biotinylated, recov-

ering both MDH1 and ME1 (Figures 3C and 3D). Next, we char-

acterized the biophysical properties of the HTC. We loaded pu-

rified PC(486–1,178), MDH1, ME1 alone, or a pre-assembled

1:1:1 mixture of the proteins on a Superdex 200 Increase gel

filtration column. Whereas the three individual enzymes eluted

as described above, the preassembled complex eluted in higher

molecular weight fractions, suggesting the formation of a ternary

complex (Figure 3E; see arrow). The presence of MDH1 in the

complex was identified by measuring NADH absorbance at

340 nm (Figure 3F). Further proof of the formation of HTC was

obtained using SEC-MALS analysis of the PC, ME1, and

MDH1 mixture. We resolved several complexes of calculated

molecular mass of 1MDa, 590 kDa, and 471 kDa, which corre-

spond to the molecular mass of either: two tetramers of PC,

two tetramers of ME1, and two dimers of MDH1 (1 MDa); or
Figure 4. Expression of the hydride transfer complex enzymes bypass

(A) Relative proliferation of IMR90 expressing shSTAT3 (shS3[A] and shS3[B]) or

zymes MDH1, ME1, and PC. # indicates time point used for statistical test.

(B–H) Analysis of cells as in (A).

(B) SA-b-Gal staining: percent positive cells ± SD is shown in lower corner; scale

(C) WB for the indicated proteins.

(D) NAD+/NADH ratio.

(E) Total NADPH.

(F) Ratio of GSH/GSSG. Individual levels of NAD, NADH, NADP, GSSG, and GSH

(G and H) Heat maps of flow cytometry data measuring DCFDA (G) or MitoSOX (H)

cells. Each column represents a biological replicate with a minimum of 10,000 ce

(I) Scheme of metabolite 13C labeling patterns after incubation with 13C6-glucose

termediates (orange-filled circles). Violet cycle represents the PC pathway giving

mitochondria.

(J and K) Ratio of (m+3)/(m+2) isotopomers for the indicatedmetabolites from IMR9

a shRNA against STAT3 with either control vectors (shS3[A]) or with vectors exp

same as in Figures 1K–1O.

(L) Mean tumor volume from NRGmice after allograft injection of 13106 MEFs int

alone or with HTC overexpression (RAS + HTC). MEFs p53�/� overexpressing RA

mice bearing tumors from RAS + p53�/� MEFs were all sacrificed.

(M) Survival of NRG mice as in (L), n = 3–6.

(N) WB against indicated proteins from tumors shown in (L).

(O) Images of all mice the day of sacrifice after injection of MEFs as in (L).

(P) Immunohistochemistry with indicated antibodies on tumors from (L); scale, 1

(Q) Representative H&E images of indicated aberrations in tumors from MEFs exp

All experiments other than indicated have been repeated a minimum of 3 times. M

value of each replicate (D–F). Two-tailed Student’s t test (A) or ANOVA (B andD–F)

Related to Figures S6–S8.
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one tetramer of PC, one tetramer of ME1, and one dimer of

MDH1 (590 kDa); or one tetramer of PC, one dimer of ME1,

and one dimer of MDH1 (471 kDa), respectively (Figures 3G

and 3H).

HTC enzymes suppress senescence
To investigate whether HTC enzymes bypass the senescence

response to STAT3 inactivation, we co-expressed PC, MDH1,

and ME1 in IMR90 cells where STAT3 was depleted by shRNA.

Strikingly, forced expression of HTC enzymes restored prolifera-

tion in cells depleted of STAT3 to the level observed in cells ex-

pressing a control non-targeting shRNA, while significantly

reducing the percentage of SA-b�Gal positive cells (Figures

4A and 4B). Expression of HTC enzymes in STAT3-depleted cells

reduced the expression of p53, p21, DNA damage response

markers, and PML bodies while increasing the mitosis marker

phospho-H3Ser10 and MCM6 (Figures 4C, S6A, and S6B). This

was paralleled by restoration of the NAD+/NADH ratio, increased

cellular NADPH levels, elevated GSH/GSSG ratio, and

decreased ROS relative to the control (Figures 4D–4H and

S6C–S6H). Consistent with these results, the generation of

NADPH by ME1 and ME2 was previously linked to ROS detoxi-

fication (Jiang et al., 2013). Together, these data suggest that

HTC enzymes lead to metabolic reprogramming in STAT3-

depleted cells to restore NAD+ levels and increase NADPH,

which is paralleled by the suppression of senescent phenotype.

To monitor the effects of HTC enzymes overexpression on se-

nescent cells metabolism, we performed 13C6-glucose tracing.
13C6-glucose flux into (m+3) pyruvate or (m+3) lactate was com-

parable between the cell lines, but HTC enzymes overexpression

significantly increased the conversion of pyruvate into OAA via

PC as estimated from the (m+3)/(m+2) ratio of malate and
es senescence and promotes transformation

control shRNA (shNTC) with co-expression of control vectors or the HTC en-

bar, 250 mm.

can be found in Figure S6.

. Data show relative change of median fluorescence intensity (MFI) over control

lls.

. Orange cycle is normal direction of tricarboxylic acid (TCA) giving (m+2) in-

(m+3) intermediates (violet-filled circles). HTC, hydride transfer complex; mito,

0 cells expressing a control shRNAwith control vectors (shNTC), or expressing

ressing HTC enzymes (shS3[A]/HTC). Conditions shNTC and shS3[A] are the

o both flanks expressing either controls (Vectors), HTC enzymes (HTC), or RAS

S were used as a positive control (RAS + p53�/�), n = 3–6. Data are shown until

00 mm and zoom scale, 20 mm.

ressing RAS and HTC. The numbers represent the frequency of observations.

ean ± SD for (A, B, and D–F). Mean ± SEM for (L), red dots represent biological

with �Sı́dák’s multiple comparisons test was performed and p value is indicated.

vvil2620
Text Box

vvil2620
Text Box



A B

E

F G H I

J K

L M

C D

TCA intermediates

contribute to

cell growth and 

biomass production

(legend on next page)

ll
Article

Molecular Cell 81, 3848–3865, September 16, 2021 3857

vvil2620
Text Box

vvil2620
Text Box



ll
Article
aspartate (Figures 4I–4K, S6I, and S6J). This interpretation was

further validated by the absence of an increase in succinate

(m+3) (Figure S6J), ruling out that (m+3) isotopomers are gener-

ated by multiple rounds of the TCA cycle from (m+2) acetyl-CoA.

In turn, the levels of citrate (m+2) were reduced in cells express-

ing the HTC enzymes, which is consistent with a decrease in the

contribution of pyruvate to acetyl-CoA, as compared with its uti-

lization by PC (Figure S6J). Tracing using 3-13C-glucose

confirmed an increase in m+1 metabolites in cells expressing

HTC consistent with conversion of pyruvate into m+1 OAA and

its derivatives (Figures S6K and S6L). Collectively, these findings

suggest that pyruvate in HTC-overexpressing cells is preferen-

tially converted to OAA via PC, which is subsequently used to

replenish the TCA cycle and NAD+ regeneration via MDH1.

Together, these results show that the metabolic program of

HTC-overexpressing cells is comparable with that observed in

p53-disabled cells.

To determine the contribution of NADPH production by HTC to

reduce ROS and bypass senescence, we expressed ME1 in

STAT3-depleted cells supplemented with malate. ME1/malate

did not rescue these cells from senescence but was sufficient

to decrease ROS levels (Figures S7A–S7D). In contrast, duroqui-

none prevented senescence after STAT3 depletion (Figure S7E),

whereby ROS levels remain reduced upon combination of ma-

late and duroquinone (Figures S7F and S7G). Finally, to deter-

mine whether the ability of HTC to form was important for the

bypass of senescence, we took advantage of the PC residues

1–534 that do not interact with MDH1 or ME1 (Figures 2J and

2K). This PC fragment failed to bypass senescence in STAT3-

depleted cells when combined with ME1 and MDH1 (Figures

S7H–S7J). Together, these results show that HTC enzymes act

in a complex that catalyzes NAD+ regeneration and NADPH pro-

duction to reduce oxidative stress and bypass senescence.

HTC enzymes are essential to prevent senescence in
transformed cells
OIS protects normal cells from oncogenic stress (Serrano

et al., 1997). In murine embryonic fibroblasts (MEFs), expres-

sion of HTC enzymes in combination with oncogenic RAS

prevented senescence allowing colony formation despite

maintaining an intact p53 pathway (Figures S8A–S8D). Also,

HTC cooperated with RAS to induce tumor formation in
Figure 5. Inhibition of the HTC triggers senescence

(A) Mean NAD+/NADH ratio in IMR90 cells expressing shRNAs against STAT3 an

MDH1 (shMDH1[A]), ME1 (shME1[A]), or PC (shPC[A]).

(B–D) Analysis of cells as in (A).

(B) Relative proliferation, # indicates timepoint used for statistical test.

(C) SA-b-Gal staining; scale, 250 mm, and mean percentage ± SD of SA-b-gal po

(D) WB of indicated proteins.

(E–I), Inactivation of HTC by shRNAs against PC in PC3 cells. SA-b-Gal staining, s

of a representative well (G); normalized NAD+/NADH ratio (H); and normalized NAD

shRNAs against (PC: shPC[A] and shPC[B]). The shNTC control is the same as in

(J) Images of clonogenic collagen assays on cells as in (E–I); scale, 200 mm.

(K) Schematic representation of NAD requirements for cells growing on lactate.

(L) PC-3 cells with indicated shRNA were grown on 5 mM Lactate and proliferati

(M) IF of PC-3 cells grown in 5mM lactate showing triple colocalization indicated in

and zoom scale, 1 mm; representative image from 20 cells analyzed from same b

All experiments are of 3 biological replicates. Significance was assessed with AN
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mice (Figures 4L–4O and S8E–S8G). Hematoxylin and eosin

staining of tumor sections in conjunction with immunohisto-

chemistry using specific antibodies revealed that HTC- and

RAS-induced tumors are similar to RAS-induced tumors in

p53 null MEFs. This included abundant mitotic figures,

increased nucleoli, more polynucleated cells and vascularisa-

tion (Figures 4P, 4Q, and S8H).

It was reported that MDH1 inactivation decreased the NAD+/

NADH ratio leading to senescence (Lee et al., 2012). To deter-

mine whether other HTC enzymes also prevent senescence,

we knocked down each HTC enzymes in IMR90 STAT3/p53-

depleted cells. We found that reducing the expression of any

HTC enzyme decreases the NAD+/NADH ratio inducing prolifer-

ation arrest and senescence (Figures 5A–5D). Knockdown of

HTC enzymes also induced senescence (Figures 5E–5I and

S8I–S8R) and significantly reduced proliferation in a clonogenic

assay (Figure 5J) in PC-3 cells. Interestingly, cells using glucose

as a carbon and energy source can use the LDH reaction to sup-

ply part of the NAD+ required for glycolysis. However, many tu-

mor cells use lactate as a carbon source (Faubert et al., 2017;

Pértega-Gomes et al., 2014) and cannot use the LDH reaction

to regenerate NAD+ (Figure 5K). Consistent with this idea, inac-

tivation of HTC enzymes greatly suppressed proliferation of

PC-3 cells grown on lactate (Figure 5L). Interestingly, LDH coloc-

alizes with HTC in PC-3 cells grown on lactate (Figure 5M), a sit-

uation that facilitates NAD+ transfer from HTC to LDH. Together,

these results indicate that HTC enzymes prevent senescence

and contribute to malignant transformation.

HTC enzymes are highly expressed in prostate cancer
Inactivation of Stat3 and Pten in the prostate leads to tumorigen-

esis in mice (Pencik et al., 2015). This suggested that elevated

expression of HTC enzymes may allow prostate epithelial cells

to override senescence caused by STAT3 ablation. Therefore,

we measured HTC enzymes in prostate samples from 19-

weeks-old wild-type (WT), Stat3�/�, Phosphatase and tensin ho-

molog (Pten�/�), or Stat3�/�Pten�/�mice. Each of the three HTC

enzymes was significantly upregulated in the Stat3�/�Pten�/�

prostate tumors (Figures 6A–6G). Interestingly, in Pten�/� tu-

mors, the expression of the enzymes was also higher, but this

was mostly confined to KI67 positive cells, which likely already

bypassed the senescence response to Pten abrogation (Figures
d p53 (shS3[A] shp53) and either a control shRNA (shNTC) or shRNAs against

sitive cells.

cale, 100 mm (E); WB (F); normalized proliferation on shNTC cells with an image

P+/NADPH ratio (I) of PC-3 cells expressing either a control shRNA (shNTC) or

Figures S8L–S8R.

on was normalized on proliferation of control shNTC cells.

white by white arrows of LDHA (blue), PC (green), andME1 (red). Scale, 10 mm

iological replicate.

OVA with Dunnett’s test. Related to Figure S8.
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Figure 6. HTC enzymes are overexpressed in prostate cancer

(A-E) Immunohistochemistry (IHC) images detecting HTC enzymes (ME1,MDH1 andPCX) frommouse prostate samples. Samples are from animals withStat3�/�

(A),Pten �/� displaying areas of prostate tissuewith low KI67 staining (B),Pten�/� displaying areas of prostate tissuewith high KI67 staining (C), wild type (WT) (D),

or Pten�/� Stat3�/� (E). All images scale, 100 mm; zoom scale, 20 mm; n = 5–7 mice.

(F andG) Quantification of (A–C) (F) and quantification of (D and E) (G) according to the scoring key of levels ofME1,MDH1, and PCX from three regions per animal.

Colored symbols represent different quantifications and mean, and 95% confidence interval is shown in black bars.

(legend continued on next page)
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6B and 6C). PLA with PC and ME1 or PC and MDH1 antibodies

confirmed colocalization of HTC enzymes in Stat3�/�Pten�/� tu-

mors (Figures 6H and 6I). We also found high intensity staining

for each of the HTC enzymes in more than 60% of human pros-

tate adenocarcinomas, but low staining in normal prostates or

prostates with benign prostatic hyperplasia (BPH) (Figure 6J–

6M). Together, these results suggest that HTC enzymes play a

pivotal role in prostate cancer.

HTC suppresses both OIS and replicative senescence in
fibroblasts and rescues cells treated with complex I
inhibitors
We previously reported mitochondrial dysfunction (Moiseeva

et al., 2009) and STAT3 reduction (Deschênes-Simard et al.,

2013) upon OIS. Overexpression of HTC enzymes counteracted

RAS-induced senescence in IMR90 cells (Figures S9A and S9B).

Of note, these effects required simultaneous overexpression of

all three HTC enzymes (Figures S9A and S9B). Moreover, delet-

ing the mitochondrial localization signal from PC did not alter its

ability to bypass OIS in combination with MDH1 and ME1 (Fig-

ures S9C–S9F), nor the capacity to restore NAD+/NADH ratio

(Figure S9G), which is consistent with an anti-senescence role

for cytosolic PC. HTC also bypassed OIS in BJ fibroblasts

more efficiently than in IMR90 (Figures S9H–S9J).

To investigate whether HTC can rescue cells that are already

senescent, we induced OIS in MEFs using oncogenic RAS (Fig-

ures S10A–S10D). As expected, RAS-senescent cells are highly

sensitive to the senolytic agent ABT-263 (Figure S10E). We in-

fected the senescent cell population and control cells with lenti-

viral vectors expressing HTC. HTC was able to induce cell prolif-

eration in RAS-senescent cells (Figure S10F). To investigate

whether cells that proliferate were senescent and not a minor

fraction of non-senescent cells in the population, we treated

the cells with ABT-263 after infection. HTC-expressing RAS cells

were more sensitive to ABT-263 than controls as evaluated 24 h

after treatment, indicating that HTC is not immediately rescuing

cells from senescence (Figure S10G). However, after seven days

of recovery, RAS cells with HTC escaped from senescence (Fig-

ure S10H) while RAS cells with empty vectors remained senes-

cent. Importantly, this escape from senescence was prevented

when RAS-senescent cells were treated with ABT-263 (Fig-

ure S10H), indicating that HTC acts on senescent cells and not

on a subpopulation of non-senescent cells. The expression of

RAS and HTC enzymes was confirmed in cell extracts from indi-

vidual clones that escaped senescence (Figure S10I). We did not

succeed at promoting proliferation in cultures of RAS-senescent

IMR90 after infection with lentiviral vectors expressing HTC, but

we did induce proliferation in RAS-senescent BJ human

fibroblasts after infection with the same vectors (Figures S10J–
(H) Proximity ligation assay with green (ME1-PC) and red (MDH1-PC) PLA probe

Stat3 and Pten. In the overlay, the white arrows indicate double colocalization of

(I) Quantification of PLA colocalization. 100 cells were counted and amount of dou

n = 4 mice.

(J–L) IHC images of prostate tissue microarray with indicated antibodies. Images

scale, 100 mm and zoom scale, 10 mm.

(M) Quantification of (J–L) according to scoring key of levels of ME1, MDH1, and

(A–E, H, and J–L) show representative images. Mann-Whitney statistical U test w
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S10N). This result is consistent with findings showing that inac-

tivation of p53 and RB can reverse senescence in BJ but not in

other strains of normal fibroblasts (Beauséjour et al., 2003).

Although in the context of oncogene expression HTC may

favor malignant transformation this complex may play an adap-

tive role. For example, in normal human fibroblasts, expression

of HTC enzymes increased the NAD+/NADH ratio and delayed

replicative senescence (Figures 7A–7F). Also, HTC enzymes

rescued proliferation inhibition by complex I inhibitor Piericidin

A (Figure 7G), suggesting that HTC may contribute to homeo-

static adaptation to mitochondrial dysfunction. This may occur

during oxygen deprivation. Hypoxia decreases mitochondrial

respiration and rewires metabolism to limit excessive ROS pro-

duction, inhibiting pyruvate entry into mitochondria and

increasing glycolysis (Kim et al., 2006). In such contexts, HTC

may contribute to metabolic reprogramming by supplying

NAD+ for glycolysis and NADPH to avoid excessive ROS-medi-

ated toxicity. Consistent with this idea, treatment of normal hu-

man fibroblasts with the hypoxia mimetic CoCl2 increased the

fraction of PC localized to the cytosol where it can cooperate

withMDH1 andME1 in HTC (Figures 7H and 7I). Furthermore, in-

cubation of IMR90 cells expressing oncogenic RAS in 1% oxy-

gen led to an increase in HTC foci formation together with the

induction of several hypoxia-regulated mRNAs compared with

IMR90 RAS cells in normoxia (Figures 7J–7L). Hypoxia bypasses

Ras-induced senescence (Kilic Eren and Tabor, 2014), but

depletion of HTC enzymes blocked this effect (Figures 7M–

7O). These results suggest that HTC may contribute to the

senescence bypass observed in cells growing in hypoxic condi-

tions (Parrinello et al., 2003).

DISCUSSION

We demonstrate that NAD metabolism alterations secondary to

mitochondrial dysfunction can be compensated by a previously

unrecognized metabolic cycle that transfers the hydride ion (H�)
from NADH to NADP, regenerating NAD+, and supplying NADPH

for anabolism and redox defenses. This metabolic cycle is cata-

lyzed by an enzyme complex assembled byMDH1,ME1, and PC

dubbed HTC. The net stoichiometry of the HTC cycle is: ATP +

NADH + NADP+ / ADP + Pi + H+ + NAD+ + NADPH. Hence,

HTC represents a carbon-saving strategy to regenerate NAD+

and produce NADPH at the expense of ATP. Interestingly, the re-

actions catalyzed by HTC seem to be confined in localized

phase-separated cytosolic structures. Notwithstanding that

MDH1, ME1, and PC co-immunoprecipitate from cells, it is likely

that other proteins are also present in these structures. These

foci may allow for a localized metabolic recycling of pyruvate,

OAA, and malate without affecting the cellular pool of these
s on mouse prostate samples with either WT genotype or double knockout of

PLA probes green and PLA probes red; scale, 25 mm.

ble colocalization is shown; two-tailed t test to assess significance is indicated,

are serial images (prostate adenocarcinoma n = 49, normal n = 3, BPH n = 20);

PC from random prostate epithelial regions per sample.

as performed to assess significance for (F–G and M).
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Figure 7. HTC enzymes extend lifespan of normal cells and prevent the action of mitochondrial poisons

(A) MeanNAD+/NADH ratio in IMR90 cells expressing HTC enzymes (MDH1-3xFLAG,ME1-HA, and PC) or control vectors and grown until replicative senescence

for Vector cells (p42). Biological replicate measures are shown in red dots, error bars represent SD.

(legend continued on next page)
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metabolites. In addition, the proximity of the active centers for

each enzyme in the complex may accelerate metabolic flux by

diffusion or the channeling of each substrate (Wheeldon

et al., 2016).

Our data demonstrate that HTC plays a role in tumor formation

by bypassing or promoting the escape from cellular senescence.

Expression of HTC enzymes is sufficient to transform primary

mouse fibroblasts in cooperation with oncogenic RAS and is

therefore functionally equivalent to a loss of p53. Because HTC

enzymes are repressed by p53, our work adds to evidence

showing that controllingmetabolism is amajor tumor suppressor

function of p53 (Moon et al., 2019; Morris et al., 2019). Of note,

previous work showed that increasing antioxidant capacity by

expressing G6PD can transform immortalized but non-tumori-

genic fibroblasts (Zhang et al., 2021). HTC provides then two

functions for transformation, immortalization dependent on

NAD+ regeneration, and antioxidant activity dependent on

NADPH generation. These functions are also important for the

survival of cells in hypoxia or for cells growing in lactate that

cannot use the LDH reaction to regenerate NAD+.

We show that the expression of HTC enzymes and their inter-

action is increased in samples from prostate cancer patients. PC

is also highly expressed in metastatic breast cancer (Shinde

et al., 2018), non-small cell lung cancer, glioblastoma, renal car-

cinoma, and gallbladder cancer (Lao-On et al., 2018). MDH1 is

amplified in multiple human cancers (Hanse et al., 2017) and

MDH1 but not MDH2 is required for cell proliferation of tumor

cell lines (Zhang et al., 2017). Moreover, ME1 expression is asso-

ciated with poor prognosis in gastric cancer (Lu et al., 2018).

Finally, analysis of co-expression of HTC enzymes in Oncomine

revealed positive correlations between HTC enzyme expression

in several cancers including small squamous lung cancer and

prostate cancer. Our results therefore suggest that targeting

HTC may be exploited to develop anti-cancer treatments.
Limitations of the study
We identified a cytosolic pool of the mitochondrial enzyme PC,

but themechanisms responsible for PC localization to the cytosol

upon p53 inactivation remain unknown. Even though, we were

able to show evidence of HTC formation in vitro, the efficiency
(B) IF of cells as in (A) using antibodies for each HTC enzyme as indicated. Scale

(C) Quantification of foci observed in (B). Number of foci was counted in 10 diffe

(D) SA-b-Gal staining on cells as in (A); percent of postive cells is indicated at the

(E) WB for the indicated proteins in early or late passage cells expressing HTC o

(F) Population doubling of cells as in (A). A trendline was added with the linear re

(G) Relative fold proliferation of cells expressing HTC enzymes (MDH1,ME1, and P

are normalized to the growth of vehicle-treated cells and show a representative

(H) IF of IMR90 cells expressing PC-cherry treated with indicated amounts of CoC

scale, 10 mm, zoom, 1 mm.

(I) Quantification of PC-cherry signal outside of mitochondria from cells as in (H)

amount of PC-cherry signal outside of mitochondria of two independent immuno

(J) IF of IMR90 cells expressing RAS cultured in 21% oxygen or 1% oxygen using

(K) Quantification of HTC foci in cells as in (J). Dashed lines represent median an

(L) Heat maps of relative mRNA levels for indicated genes of IMR90 infected with R

by either incubation of cells in 21% oxygen or 1% oxygen, n = 2–3.

(M and N) Percent of KI67 positive cells (M) and SA-b-Gal positive cells (N) in cells

was done with ANOVA with Dunnett’s test.

(O) WB for the indicated proteins in cells as in (L).
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of complex assembly is relatively low. This suggests that the re-

combinant proteins may lack post-translational modifications

that help stabilize the HTC complex. We provide evidence that

PC, MDH1, and ME1 are the core of the HTC complex, but we

could not estimate their precise stoichiometry. Importantly, our

data suggest that at least some HTC is contained in complexes

larger than 1MDa, suggesting the presence of additional compo-

nents.While future work is warranted to answer above questions,

our present findings enrich the notion that tumor cells hijack spe-

cific metabolic pathways that support proliferation and anabolic

reactions while conferring protection to oxidative stress.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-PC mouse monoclonal Santa Cruz Biotechnology Cat# sc 365673; RRID:AB_10842023

anti-ME1 rabbit polyclonal GeneTex Cat# GTX104122; RRID:AB_1950905

anti p53 mouse monoclonal Santa Cruz Biotechnology Cat# sc98; RRID:AB_628085

anti-KI67 rabbit monoclonal Thermo Fisher Scientific Cat# RM9106; RRID:AB_2335745

anti-53BP1 rabbit polyclonal Calbiochem Cat# PC712; RRID:AB_564982

anti-phospho-g-H2A.X S139 mouse

monoclonal

Millipore Cat# 05-636-I; RRID:AB_2755003

anti-PML rabbit polyclonal Bethyl Laboratories Cat# A301-167A; RRID:AB_873108

anti-TOMM20 rabbit polyclonal Santa Cruz Biotechnology Cat# FL-145; RRID:AB_2207533

anti-FLAG rabbit monoclonal Cell Signaling Cat# 14793; RRID:AB_2572291

anti-MYC tag mouse monoclonal Sigma-Aldrich Cat# M4439; RRID:AB_439694

donkey anti-mouse IgG (H+L) conjugated to

Alexa Fluor 405

Abcam Cat# ab175658; RRID:AB_2687445

donkey anti-rabbit IgG (H+L) conjugated to

Alexa Fluor 488

Life Technologies/ Molecular Probes/

Invitrogen/Thermo Fisher Scientific

Cat# A21206; RRID:AB_2535792

donkey anti mouse IgG (H+L) conjugated to

Alexa Fluor 488

Life Technologies/ Molecular Probes/

Invitrogen/Thermo Fisher Scientific

Cat# A21202; RRID:AB_141607

goat anti-mouse IgG (H+L) conjugated to

Alexa Fluor 488

Life Technologies/ Molecular Probes/

Invitrogen/Thermo Fisher Scientific

Cat# A11029; RRID:AB_138404

donkey anti-goat IgG (H+L) conjugated to

Alexa Fluor 488

Life Technologies/ Molecular Probes/

Invitrogen/Thermo Fisher Scientific

Cat# A11055; RRID:AB_2534102

goat anti-rabbit IgG (H+L) conjugated to

Alexa Fluor 488

Life Technologies/ Molecular Probes/

Invitrogen/Thermo Fisher Scientific

Cat# A11008; RRID:AB_143165

goat anti-rabbit IgG (H+L) conjugated to

Alexa Fluor 568

Life Technologies/ Molecular Probes/

Invitrogen/Thermo Fisher Scientific

Cat# A11036; RRID:AB_10563566

goat anti-mouse IgG (H+L) conjugated to

Alexa Fluor 568

Life Technologies/ Molecular Probes/

Invitrogen/Thermo Fisher Scientific

Cat# A11031; RRID:AB_144696

donkey anti-rabbit IgG (H+L) conjugated to

Alexa Fluor 568

Life Technologies/ Molecular Probes/

Invitrogen/Thermo Fisher Scientific

Cat# A10042; RRID:AB_2534017

donkey anti-goat IgG (H+L) conjugated to

Alexa Fluor 647

Life Technologies/ Molecular Probes/

Invitrogen/Thermo Fisher Scientific

Cat# A21447; RRID:AB_141844

donkey anti-mouse IgG (H+L) conjugated to

Alexa Fluor 647

Life Technologies/ Molecular Probes/

Invitrogen/Thermo Fisher Scientific

Cat# A31571; RRID:AB_162542

donkey anti-rabbit IgG (H+L) conjugated to

Alexa Fluor 647

Life Technologies/ Molecular Probes/

Invitrogen/Thermo Fisher Scientific

Cat# A31573; RRID:AB_2536183

normal rabbit IgG Cell Signaling Cat# 2729S; RRID:AB_1031062

anti-HA mouse monoclonal

magnetic beads

Pierce /ThermoFisher Cat# 88836; RRID:AB_2749815

anti-FLAG mouse monoclonal Affinity Gel Sigma-Aldrich Cat# A2220-5ML; RRID:AB_10063035

Dynabeads� Protein G Invitrogen/ThermoFisher Scientific Cat# 100.04D; RRID:SCR_008452

Dynabeads� Protein A Invitrogen/ThermoFisher Scientific Cat# 10002D; RRID:SCR_008452

anti-H-RAS mouse monoclonal Santa Cruz Biotechnology Cat# Sc-29; RRID:AB_627750

anti-p21 mouse monoclonal BD PharMingen Cat# 556431; RRID:AB_396415

anti-phospho-H3S10 rabbit polyclonal Millipore Cat# 06-570; RRID:AB_310177

anti-PC goat polyclonal Santa Cruz Biotechnology Cat# sc46228; RRID:AB_653879

anti-mt-nd1 rabbit polyclonal Elabscience Cat# E-AB-32173
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REAGENT or RESOURCE SOURCE IDENTIFIER

anti-mt-nd4 rabbit polyclonal Novus Biologicals Cat# NBP2-47365

anti-MCM6 rabbit polyclonal Bethyl Laboratories Cat# A300-194A; RRID:AB_162727

anti-p53 mouse monoclonal Santa Cruz Biotechnology Cat# Sc-126; RRID:AB_628082

anti-phospho-p53S15 rabbit polyclonal Cell Signaling Cat# 9284; RRID:AB_331464

anti-FLAG mouse monoclonal Sigma-Aldrich Cat# F1804; RRID:AB_262044

anti-MYC tag rabbit polyclonal Santa Cruz Biotechnology Cat# sc-789: RRID:AB_631274

anti-H3 rabbit polyclonal Abcam Cat# ab1791; RRID:AB_302613

anti-RNR mouse monoclonal Santa Cruz Biotechnology Cat# sc-398294

anti-a-Tubulin mouse monoclonal Sigma-Aldrich Cat# T6074: RRID:AB_477582

anti-phospho-RBS795 rabbit polyclonal Cell Signaling Cat# 9301; RRID:AB_330013

anti-RB mouse monoclonal BD PharMingen Cat# 554136 ; RRID:AB_395259

anti-HA tag goat polyclonal Abcam Cat# ab9134: RRID:AB_307035

anti-HA tag rabbit polyclonal Cell Signaling Cat# 3724 RRID:AB_1549585

anti-HA tag 12CA5 mouse monoclonal University of Montreal Department of

Biochemistry

n/a

anti-MDH1 mouse monoclonal Santa Cruz Biotechnology Cat# sc 166880; RRID:AB_10609512

Protein A- Gold 10 nm Cell Microscopy Core, Department of Cell

Biology University Medical Center Utrecht

Cat# PAG 10 nm

goat anti-rabbit IgG (H-L) conjugated

to HRP

Bio-Rad Cat# 170-6515 RRID:AB_11125142

goat anti-mouse IgG (H-L) conjugated

to HRP

Bio-Rad Cat# 170-6516 RRID:AB_11125547

mouse anti-goat IgG HRP Santa Cruz Biotechnology Cat# sc-2354; RRID:AB_628490

donkey anti-goat IgG HRP Santa Cruz Biotechnology Cat# sc 2020; RRID:AB_631728

mouse anti-rabbit IgG conformation

specific HRP L27A9

Cell Signaling Cat# #3678; RRID:AB_1549606

Rat mAB to Ms IgG HRP

confirmation specfic

Abcam Cat# ab131368

anti-KI67 mouse monoclonal DAKO RRID;AB_2631211

anti-LDH mouse monoclonal Santa Cruz Biotechnology Cat# sc-133123; RRID:AB_2134964

anti-ATAD3A rabbit polyclonal Novus Biologicals Cat# NBP1-76586; RRID:AB_11025339

anti-PC rabbit polyclonal Novus Biologicals Cat# NBP1-49536; RRID:AB_10011589

anti-MDH1 rabbit polyclonal Novus Biologicals Cat# NBP1-89515; RRID:AB_11036600

Biological samples

TissueMicro Array (TMA) of prostate cancer

samples

US Biomax Rockville, MD Cat# PR807c

Chemicals, peptides, and recombinant proteins

MDH1 recombinant protein This study N/A

PC 486-1178 recombinant protein This study N/A

PC 21 �1178 recombinant protein This study N/A

ME1 recombinant protein This study N/A

Crystal Violet Bioshop Cat # CRY 422.100

X-Gal Wisent Bioproducts Cat # 800-145-UG

Sodium pyruvate Sigma-Aldrich Cat # P8574

DAPI (4’,6-Diamidino-2-Phenylindole,

Dihydrochloride)

Invitrogen/ Thermo Fisher Scientific Cat # D1306

Duroquinone Sigma-Aldrich Cat # D223204

L-Aspartic acid Sigma-Aldrich Cat # A6683

Methanol for LC-MS Sigma-Aldrich Cat # 34885-1L

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

1,6-Hexanediol Sigma-Aldrich Cat # 240117

NAD free acid Roche Cat # 10127965001

NADH disodium salt Roche Cat # 10128023001

NADP disodium salt Roche Cat # 10128058001

NADPH Roche Cat # 10107824001

Adenosine 50-triphosphate disodium salt

hydrate(ATP)

Sigma-Aldrich Cat # 3377

MG132 (Z-Leu-Leu-al) Sigma-Aldrich Cat # C2211

Piericidin A Santa Cruz Biotechnology Cat # sc-202287

Potassium hexacyanoferrate(II) trihydrate Sigma-Aldrich Cat # P3289

Potassium ferricyanide(III) Sigma-Aldrich Cat # 702587

Poly(ethylene glycol) Sigma-Aldrich Cat # 81310

PhosStop Roche Cat # 04906837001

cOmplete protease inhibitor Roche Cat # 37378900

Sodium L-lactate Sigma-Aldrich Cat # 71718

Unstained Protein Standard Thermo Fisher Scientific Cat # LC0725

Dimethylmalate Sigma-Aldrich Cat # 374318

DMEM without pyruvate Wisent Bioproducts Cat # 319-015

RPMI Wisent Bioproducts Cat# 350-000

RPMI without glucose Wisent Bioproducts Cat# 350-060

JumpStart� Tag DNA Polymerase Sigma-Aldrich Cat # D9307

TRIzol� Reagent Thermo Fisher Scientific Cat #15596026

Hygromycin B Wisent Bioproducts Cat # 450-141-XL

G418 sulfate Wisent Bioproducts Cat# 400-130-UG

Puromycin Wisent Bioproducts Cat # 400-160-EM

Blaticidin S. Hydrochloride Wisent Bioproducts Cat # 400-190-EM

Paraformaldehyde BioShop Cat # PAR070

Osmium tetroxide solution Sigma-Aldrich Cat # 75632

Sodium (meta)periodate Sigma-Aldrich Cat # S1878

LR White Resin London Resin Company Cat # AGR1281

L-Lysine monohydrochloride Sigma-Aldrich Cat # L5626

Nutragen� Bovine Type I Collagen mix Advanced BioMatrix Cat # 5010

X-treme Gene 9 Roche Cat # 6365787001

E. coli tRNA Sigma-Aldrich Cat #10109541001

Deoxyribonucleicacid, lowmolecularweight

from salmonsperm

Sigma-Aldrich Cat # 31149

hexamethrine bromide (Polybrene) Sigma-Aldrich Cat # 107689

Slide-A-Lyzer Thermo Fisher Scientific Cat # 66203

Pierce� Monomeric Avidin Agarose Thermo Fisher Scientific Cat # 20228

Glucose Solution Wisent Bioproducts Cat # 609-036-EL

D- Glucose (3,4-13C2) Cambridge Isotope Laboratories CLM-6750-PK

D-Glucose(3-13C) Cambridge Isotope Laboratories CLM-1393

D-Glucose(13C6) Sigma-Aldrich Cat # 389374

Sodium butyrate Sigma-Aldrich Cat # 303410

DMEM with L-glutamine & phenol

red,without D-glucose

Wisent Bioproducts Cat # 319-061-CL

Biotin Oakwood Chemicals Cat # M02926

BioVision 10 kDa Spin Column BioVision Cat # 1997

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Ammonium formate Sigma-Aldrich Cat # 78314

Dithiothreitol (DTT) Inalco Cat #1758-9030

Isopropyl-b-D-

thiogalactopyranoside (IPTG)

Inalco Cat#1758-1400

Tobacco Etch Virus (TEV) protease Cappadocia et al., 2015a, Cappadocia

et al., 2015b

N/A

Glutathione Sepharose 4B GE Healthcare Cat # 17-0756-05

Chelating Sepharose Fast Flow GE Healthcare Cat # 17-0575-01

Imidazole Sigma-Aldrich Cat # I202

N-tert-Butyldimethylsilyl-N-

methyltrifluoroacetamide

Sigma Aldrich Cat # 394882

Tris(2-carboxyethyl)phosphine) (TCEP) Cayman chemicals Cat # 14329

4-20% native Polyacrylamide Gel Bio-Rad Cat # 4568094

Amicon� Ultra-15 Centrifugal Filter Units

with 10KDa cutoff

Millipore Cat # UFC901024

Amicon� Ultra-4 Centrifugal Filter Units

with 10KDacutoff

Millipore Cat # UFC801024

Amicon Ultra-0.5 mL Millipore Cat # UFC500396

Bovine Serum Albumin BioShop Cat # ALB001

ABT-263 (Navitoclax) APExBIO Cat # AA3007

Acrylamide/Bisacrylamide, 30%

Solution, 37.5:1

Bioshop Cat # ACR010.502

Critical commercial assays

NAD+/NADH Kit BioVision Cat # K337

NADP+/NADPH Kit BioVision Cat # K347

GSH/GSSG Ratio Detection Assay Kit Abcam Cat # ab138881

Mitochondria Isolation Kit for Cultured Cells Abcam Cat # ab110170

MitoTracker� Deep Red FM Invitrogen/Thermo Fisher Scientific Cat # M22426

H2DCFDA Invitrogen/Thermo Fisher Scientific Cat # D399

MitoSOX� Red Mitochondrial Superoxide

Indicator, for live-cell imaging

Invitrogen/Thermo Fisher Scientific Cat # M36008

Seahorse MitoStress Kit Aligent Cat # 103015-100

RNAlater� Sigma-Aldrich Cat # R0901

5x All in One RT Master Mix ABM Cat # G490

Duolink� PLA Multicolor Probemaker

Kit Red

Sigma-Aldrich Cat # DUO96910

Duolink� PLA Multicolor Probemaker

Kit Green

Sigma-Aldrich Cat # DUO96920

Duolink� PLA Multicolor Reagent Pack Sigma-Aldrich Cat # DUO96000

Duolink� In Situ Green Starter Kit Mouse/

Rabbit

Sigma-Aldrich Cat # DUO92014

Duolink� In Situ Wash Buffers,

Fluorescence

Sigma-Aldrich Cat # DUO82049

MicroBCA Prrotein Assay Kit Thermo Fisher Scientific Cat # 23235

BCA Protein Assay Kit Thermo Fisher Scientific Cat # 23237

Bio-Rad protein assay Bio Rad Cat # 5000006

LSAB2 System-HRP DAKO Cat # K0675

Di-amine-benzidine (DAB) substrate kit Vector Labs Cat # SK-4100

Deposited Data

Cancer Cell Line Encyclopedia (CCLE) (Ghandi et al., 2019) RRID:SCR_013836

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

For p53 ChIP seq depth and SISSR peaks

dataset

(Nguyen et al., 2018) N/A

Additional p53 and E2F binding sequences

were obtained in ChIP Atlas and positions

extracted from UCSC genome Browser

using Transcription factor ChIP-Seq

Clusters (161 factors) from ENCODE

(Consortium, 2012; Davis et al., 2018) Atlas

(Oki et al., 2018)

RRID:SCR_006793

Experimental models: Cell lines

IMR90 (normal human diploid fibroblasts) American Type Culture Collection

(ATCC, Manassas, VA)

ATCC Cat # CCL-186; RRID:CVCL_0347

IMR90 (normal human diploid fibroblasts) Coriell Institute for Medical Research

(Camden, NJ)

Coriell Cat # I90-83,;RRID:CVCL_0347

PC-3 (prostate cancer) American Type Culture Collection

(ATCC, Manassas, VA)

ATCC Cat # CRL-7934;RRID:CVCL_0035

HEK293T (embryonic kidney) American Type Culture Collection

(ATCC, Manassas, VA)

ATCC Cat # CRL-3216, RRID:CVCL_0063

HuH-7 (liver cancer) RRID:CVCL_0336

Primary MEFs S. Meloche (IRIC, Université de Montréal) N/A

Phoenix Ampho packaging cells S. W Lowe (MSKCC, New York) RRID:CVCL_H716

MEF p53�/� S. W Lowe (MSKCC, New York) N/A

BJ, Human normal foreskin fibroblasts ATCC CCRL-2522

Experimental models: Organisms/strains

Transgenic male mice with prostate-

specific deletions of Stat3, Pten and double

Stat3 and Pten deletion

(Pencik et al., 2015) N/A

mouse for allograftmale

NOD.Cg-Rag1tm1Mom Il2rgtm1Wjl/SzJ

(also called NRG)

CRCHUM mouse colony. F.Rodier RRID:IMSR_JAX:007799

BL21 Star (DE3): F-ompT hsdSB(rB-mB-) gal

dcm rne131 (DE3)

Department of Biochemistry, University of

Montreal

N/A

Oligonucleotides

Table S1 for qPCR primer N/A

Table S1 for shRNA target sequences N/A

Table S1 for cloning primer N/A

Recombinant DNA

pLPC-puromycin �3xFLAG Ferbeyre Laboratory or are also

available on addgene

Acevedo et al. Cancer Res. 2016 Addgene

pBABE with selection marker puromycin,

hygromycin or neomycin

Ferbeyre Laboratory or are also

available on addgene

described in (Lessard et al., 2018) also

available from Addgene

pBABE-puromycin-H-RASV12 Ferbeyre Laboratory or are also

available on addgene

described in (Lessard et al., 2018) also

available from Addgene

pWZL-hygromycin Ferbeyre Laboratory or are also

available on addgene

described in (Lessard et al., 2018) also

available from Addgene

pWZL-hygromycin-H-RASV12 Ferbeyre Laboratory or are also

available on addgene

described in (Lessard et al., 2018) also

available from Addgene

pCMV-VSV-G Addgene 8454 (Stewart et al., 2003); Addgene 8454

pCMV-dR.8.2dvpr Addgene 8455 (Stewart et al., 2003); Addgene 8455

pLPC-puromycin-binary S. W Lowe (MSKCC, New York) N/A

pMLP-shp21 puromycin S. W Lowe (MSKCC, New York) N/A

pMLP -shp53 puromycin Ferbeyre laboratory Moiseeva et al., 2011

pMLP-shp53-neomycin Ferbeyre laboratory Moiseeva et al., 2011

(Continued on next page)
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pMLPX-shNTC-puromycin Addgene 65232 Described in (Lessard et al., 2018);

Addgene 65232

pMLPX-shNTC-neomycin Addgene 65233 Described in (Lessard et al., 2018);

Addgene 65233

Vector expressing NDI 1 N. Chandel (Northwestern University,

Chicago, IL).

N/A

pBABE-puromycin-NDI-1-FLAG this study N/A

pMSCV-puromycin-mCherry this study N/A

pMSCV-puromycin-mCherry-NDI-1 this study N/A

pRetroSuper-shp53-hygromycin R Agami Division of Tumor Biology, the

Netherlands Cancer Institute,

Voorhoeve and Agami, 2003

pRetroSuper-shGFP-hygromycin R Agami Division of Tumor Biology, the

Netherlands Cancer Institute,

Voorhoeve and Agami, 2003

pBABE-puromycin-MDH1 this study N/A

pLPC-puromycin-binary-MDH1 this study N/A

pLPC-puromycinbinary-MDH1-3xFLAG this study N/A

pcDNA3-MDH1-3xFLAG this study N/A

pcDNA3 (Life Technologies, Burlington, ON) N/A

pBABE-puromycin-ME1 Addgene # 49163 (Jiang et al., 2013) Addgene # 49163

pcDNA3-ME1-HA this study N/A

pLPC-puromycin-binary-MDH-1-3xFLAG-

ME1-HA

this study N/A

pBABE-puromycin-ME1-HA this study N/A

pBABE-neomycin-PC-MYC this study N/A

pcDNA3-PC-MYC this study N/A

pcDNA3-3xFLAG this study N/A

pcDNA3-MYC-tag this study N/A

pcDNA3-HA-tag this study N/A

pCDNA3-ME1(1-191)-HA this study N/A

pCDNA3-ME1(356-572)-HA this study N/A

pcDNA3-MDH1(1-90)-3x-FLAG this study N/A

pcDNA3-MDH1(1-141)-3x-FLAG this study N/A

pcDNA3-MDH1(105-334)-3x-FLAG this study N/A

pcDNA3-MDH1(1-90)-3x-FLAG this study N/A

pcDNA3-MDH1(142-334)-3x-FLAG this study N/A

pcDNA3-PC(1-956)-MYC this study N/A

pcDNA3-PC(1-534)-MYC this study N/A

pcDNA3-PC(430-1178)-MYC this study N/A

pLPC-puromycin-mito-iSTAT3-3xFLAG this study N/A

pLKO-shSTAT3 -A- puromycin Sigma-Aldrich TRCN0000020840

pLKO-shSTAT3 -B- puromycin Sigma-Aldrich TRCN0000329887

pLKO-shMDH1 -A- puromycin Sigma-Aldrich TRCN0000028484

pLKO-shMDH1 -B- puromycin Sigma-Aldrich TRCN0000275198

pLKO-shME1 -A- puromycin Sigma-Aldrich TRCN0000064728

pLKO-shME1 -B- puromycin Sigma-Aldrich TRCN0000064731

pLKO shPC-A-puromycin Sigma-Aldrich TRCN0000078453

pLKO-shPC-B-puromycin Sigma-Aldrich TRCN0000413496

pMXs-3XHA-EGFP-OMP25 Addgene plasmid # 83356 Addgene plasmid # 83356

pET-28-ME1 Addgene plasmid # 38857 Addgene plasmid # 38857

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

BirA (E. coli Biotin Protein Ligase), L. Tong (Columbia Univ., NY). N/A

SCBPL (Saccharomyces cerevisiae Biotin

Protein Ligase)

L. Tong (Columbia Univ., NY). N/A

PC-full L. Tong (Columbia Univ., NY). N/A

pHIS-MDH1-HIS this study N/A

pHIS-PC-HIS this study N/A

pHIS-PC 486-1178-HIS this study N/A

pHIS Mascle et al., 2020

pTEV-ME1-GST this study N/A

pTEV-GST Mascle et al., 2020

pBABE-puromycin-mcherry-PC this study N/A

pBABE-hygromycin-PC Dnterm-MYC(PC

21-1178)

this study N/A

pMSCV with selection marker puromycin,

hygromycin or neomycin

Ferbeyre Laboratory or are also

available on addgene

Lessard et al., 2018

pLPC-puromycin Ferbeyre Laboratory or is also

available on addgene

Lessard et al., 2018

pLKO-shNTC-puromycin Sigma-Aldrich Lessard et al., 2018

pLKO-shNTC-hygromycin this study N/A

pLKO-shNTC-neomycin this study N/A

pLKO-shNTC-blasticidin this study N/A

pLKO-shSTAT3-A -hygromycin this study N/A

pLKO-shSTAT3 -A- neomycin this study N/A

pLKO-shSTAT3 -B- hygromycin this study N/A

pLKO-shSTAT3 -B- neomycin this study N/A

pLKO-shSTAT3 -A- blasticidin this study N/A

pLKO-shSTAT3 -B- blasticidin this study N/A

pBabe-hygromycin-MDH1-3-X-FLAG this study N/A

pLV-EV1-RFP N. Chandel (Northwestern University) Vectorbuilder VB 160708-1059xrd

pLV-EV1-RFP-cyto-LBNOX -3-x-FLAG N. Chandel (Northwestern University) Vectorbuilder VB 160708-1059xrd ;

Original research paper generating LBNOX

PMID 27124460 Addgene # 75285

pUltra Addgene 24129 RRID: Addgene_24129

pUltra-MDH1-ME1 this study N/A

pUltra-hot Addgene 24130 RRID: Addgene_24130

pUltra-hot-PC this study N/A

Software and algorithms

Prism 6-9 https://www.graphpad.com/ RRID: SCR_002798

Imaris https://imaris.oxinst.com/packages RRID: SCR_007370

Adobe Illustrator https://www.adobe.com/products/

illustrator.html

RRID: SCR_010279

Agilent Masshunter Quantitative Analysis

software

http://www.agilent.com/en-us/products/

software-informatics/masshunter-suite/

masshunter/masshunter-software

RRID: SCR_015040

Seahorse Wave http://www.agilent.com/en-us/products/

cell-analysis-(seahorse)/software-

download-for-wave-desktop

RRID:SCR_014526

Astra https://www.wyatt.com/products/

software/astra.html

RRID:SCR_01625

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ZEN Digital Imaging for Light Microscopy http://www.zeiss.com/microscopy/en_us/

products/microscope-software/zen.

html#introduction

RRID:SCR_013672

Olympus Fluoview FV10-ASW http://www.photonics.com/Product.aspx?

PRID=47380

RRID:SCR_014215

Fiji https://fiji.sc/ RRID: SCR_002285

Image Lab https://www.bio-rad.com/en-us/sku/

1709690-image-lab-software

RRID: SCR_014210

FlowJo https://www.flowjo.com/solutions/flowjo (RRID:SCR_008520)

BD FACSDiva Software http://www.bdbiosciences.com/

instruments/software/facsdiva/index.jsp

(RRID:SCR_001456)

LightCycler Software http://www.roche-applied-science.com/

shop/products/absolute-quantification-

with-the-lightcycler-carousel-based-

system

(RRID:SCR_012155)

NDP.view 2.6.8 (NanoZoomer Digital

Pathology.view 2.6.8)

Hamamatsu N/A

OlyVIA 2.9 Virtual Slide Scanner Olympus N/A

Additional information

Mendeley data http://doi.org/10.17632/xsxwjfhz8f.1

Immunogold staining protocol www.me-udem.com www.me-udem.com

IHC staining protocol https://www.chumontreal.qc.ca/en/

crchum/facilities-and-services

https://www.chumontreal.qc.ca/en/

crchum/facilities-and-services

Metabolic tracing analysis https://www.mcgill.ca/gci/facilities/

metabolomics-innovation-resource-mir

https://www.mcgill.ca/gci/facilities/

metabolomics-innovation-resource-mir
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RESOURCE AVAILABILITY

Lead contact
All reasonable requests for material generated for this study should be addressed to G. Ferbeyre (g.ferbeyre@umontreal.ca).

Materials availability
Materials generated in this study are available from the lead contact.

There are restrictions to the availability of TMA of prostate tissue since its discontinued but similar TMA are available from US Bio-

max. There are restrictions to the availability of HA antibody but its available from commercial distributor.

There are restrictions to the availability of tissue samples from allograft as only a limited number of tumor were generated. Request

for Stat3�/� Pten�/� knockout tissue should be addressed to Richard Moriggl or Lukas Kenner

There are restrictions to the availability of tissue samples from Stat3�/� Pten�/� as only a limited number of paraffin embedded

slides were generated

There are restrictions to the availability of frozen proteins MDH1, ME1, and PC as limited amount of purified proteins were

generated.

Data and code availability
d Quantification data of Immunofluorescence, quantification of SA-b-Gal, ROS analysis, NAD analysis, oxygen consumption,

analyzed metabolomics data, unprocessed mitochondrial ultrastructure images, unprocessed allograft images, PLA images

and unprocessed SA-b-Gal images were deposited to Mendeley Data and DOI is listed in the key resources table. Link to Men-

deley http://doi.org/10.17632/xsxwjfhz8f.1. This paper analyses existing, publicly available data. These accession numbers for

the datasets are listed in the key resources table. All source data not onMendeley Data and all supporting information are either

included in the figures or will be made available upon request to the lead author or the first author.

d This paper does not report original code.

d Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon reason-

able request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse Model
All animal experiments were reviewed and approved by the Austrian ministry authorities (BMWF-66.009/0281-I/3b/2012) and the

CIPA (Comité Institutionnel d’expérimentation animale du CHUM), protocol C18046GFs. Transgenic male mice with prostate-spe-

cific deletions of Stat3, Pten and double Stat3 and Pten deletion (Pencik et al., 2015) were used to show levels of HTC enzymes

in genetic model of prostate cancer development.

Allografts were performed using 7 weeks old male NOD.Cg-Rag1tm1Mom Il2rgtm1Wjl/SzJ (also called NRG) mice.

Cell culture model
IMR90 and BJ normal human diploid fibroblasts, PC-3 (prostate cancer), HEK293T (embryonic kidney) and HuH-7 (liver cancer) cells

were purchased from American Type Culture Collection (ATCC, Manassas, VA) and Coriell Institute for Medical Research (Camden,

NJ). Primary MEFs were supplied by S. Meloche (IRIC, Université deMontréal). Phoenix Ampho packaging cells were a gift from S.W

Lowe (MSK, New York). MEF p53�/� were provided by S. Lowe. IMR90, MEF and BJ were cultured in Dulbecco’s Modified Eagle

Medium (DMEM, Wisent Montreal, QC) without pyruvate, supplemented with 10% high grade fetal bovine serum (FBS, Wisent)

and 1%penicillin/streptomycin (Wisent). HEK293T, Huh-7 and Phoenix Ampho packaging cells were cultured in Dulbecco’smodified

Eagle medium (DMEM, Wisent Montreal, QC) without pyruvate, supplemented with 10% fetal bovine serum (FBS, Wisent), 2 mM

L-glutamine (Wisent) and 1% penicillin/streptomycin (Wisent). PC-3 cells were cultured in RPMI medium (Wisent) supplemented

with 10% fetal bovine serum 1% penicillin/streptomycin (Wisent) and 2 mM L-glutamine.

METHODS DETAILS

Reagents
Pyruvate, aspartate, lactate, MG132, NADH, NADPH, ATP, NAD+, NADP+, duroquinone and dimethylmalate were purchased from

Sigma-Aldrich (Oakville, ON) and piericidin A from Santa Cruz Biotechnology (Dallas, TX). ABT-263 was purchased from APExBIO

(Boston, MA).

Plasmids
Retroviruses, , pBABE, pBABE-H-RASV12, pWZL and pWZL-H-RASV12 are available today on Addgene, but we obtained them from

S. W. Lowe (Memorial Sloan Kettering Cancer Center, New York, NY). pBABE (Addgene number #1764), pBABE-H-RASV12 (Addg-

ene number #1768), H-RASV12was clonedwith BamHI and SalI resitriction enzymes into pBABE vector. pBABE-puromycin selection

marker can be removed by digestion with HindIII and ClaI and new selection marker can be inserted using compatible restriction en-

zymes. For this study we used pBABE-puromycin, pBABE-hygromycin and pBABE neomycin. pWZL hygromycin (Addgene number

18750) and pWZL-hygro-mycinH-RASV12 (Addgene number 18749). pWZL-hygromycin-H-RASV12 was generated by cloning H-

RASV12 into BamHI / SalI restriction sites of pWZL-hygromycin vector. pLPC and pMSCV were originally generated by Clontech.

pLPC3XFLAG has Addgene number 73560 and was generated by cloning 3xFLAG sequence into BamHI/XhoI restriction site.

pMSCV was modified by the Ferbeyre lab to generate pMSCV with multiple cloning site by inserting in BglII / HpaI of MSCV the

following linker gatctggatcccagtgtggtggtacgtagatatccatccactggcggccgcactcgagcaatgcatggtt (Lessard et al., 2018). From modified

pMSCV-puromycin, the selection marker can be removed by HindIII/ClaI digestion and replaced by neomycin or hygromycin with

compatible restriction enzymes (Lessard et al., 2018).

pCMV-VSV-G (Addgene no. 8454) and pCMV-dR8.2 dvpr (Addgene no. 8455) were from R. Weinberg’s laboratory (Whitehead

Institute, Cambridge, MA) (Stewart et al., 2003). pLPC binary and pMLP-shp21were a gift from S.W. Lowe (Memorial Sloan Kettering

Cancer Center, New York, NY). pRetroSuper-shp53 and pRetroSuper-shGFP were described in (Voorhoeve and Agami, 2003). The

sequence of shp53 from pRetroSuper was also subcloned into miR30 context of MLP-puromycin and neomycin (Moiseeva et al.,

2011). ShNTC with mir30 context was subcloned in BglII/AgeI restriction sites to create retroviral vectors pMSCV-shNTC and

pMLPX-shNTC (pMLPX is pMLPwithout GFP reporter).NDI1 and LBNOX-3xFLAG vectors were a gift fromN. Chandel (Northwestern

University, Chicago, IL). The LBNOX construct was from Addgene 75285 (Titov et al., 2016). pBABE-NDI-1-FLAG was generated by

PCR amplification with primers containing 3xFLAG sequence and digested with EcoRI/SalI. NDI1-Cherry was generated by PCR

amplification with EcoRI/EcoRV overhangs and cloned into pMSCV-Cherry with EcoRI/HpaI sites. MDH1 was PCR amplified and

subcloned in BamHI/EcoRI restriction sites to create pBABE-MDH1 (WT) and pLPCbinary MDH1. To create pLPC binary MDH1-

3xFLAG and pcDNA3-MDH1-3xFLAG, MDH1 was PCR amplified with one primer containing the 3xFLAG tag and subcloned in

BamHI/EcoRI restriction sites to create pcDNA3-3xFLAG-MDH1 and pLPC-binary MDH1-3XFLAG. pcDNA3 was from (Life

Technologies, Burlington, ON). ME1 was purchased from Addgene (Addgene # 49163) (Jiang et al., 2013). To generate pcDNA3

ME1-HA and pLPC binary MDH-1-3xFLAG-ME1-HA, ME1 was PCR amplified with one primer containing the HA tag and

subcloned into BamHI/XhoI sites of pcDNA 3 or pLPC binary using compatible overlapping ends generated by digestion of BglII/

SalI. PC was purchased from OriGene (Rockville, MD 20850, USA). pBABE-PC-MYC and pcDNA3-PC-MYC were generated by

PCR amplification of PC, one of the primers containing the MYC tag and subcloned into BamHI/EcoRI sites. To generate

pcDNA3-MDH1-MYCMDH1 was PCR amplified with one primer containing the MYC tag and subcloned in BamHI/EcoRI restriction
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sites to create pcDNA3-MYC-MDH1. To generate pcDNA3-PC-3xFLAG PC was PCR amplified with one primer containing the

3xFLAG tag and subcloned in BamHI/EcoRI restriction sites to create pcDNA3-PC-3xFLAG. pcDNA3-3xFLAG, pcDNA3-MYC-tag

and pcDNA3-HA-tag were generated by cloning double-stranded oligonucleotides coding for the mentioned tags. All variants of

ME1 used for mapping were PCR amplified and then cloned into BamHI/XhoI sites of pcDNA3. For MDH1 and PC variants all frag-

ments were PCR amplified with 3XFLAG tag orMYC tag and cloned BamHI/EcoRI into pcDNA3. To constructmito-iSTAT3 resistant

to shSTAT3Awe first introduced sevenmismatches in the sequence targeted by the shRNA keeping the same protein sequence. The

new sequence is: ‘‘atG TTA ACT AAT AAC CCT AAA Aat’’; while the WT sequence is:‘‘atG CTG ACC AAC AAT CCC AAG Aat,’’

(modified nucleotides are shown in bold and the capital letters indicate the target sequence of the shRNA). We then added the mito-

chondrial pre-sequence of Cytochrome c oxidase subunit IV from yeast to the N terminus of themutated STAT3 and a FLAG tag to the

C terminus using PCR. The PCR product was subcloned into the HindIII and XhoI sites of pLPC. Lentiviral vectors expressing HTC

enzymes were generated from pULTRA and pULTRA-hot from Malcolm Moore (Addgene plasmids # 24129 and # 24130). PC was

cloned in pULTRA-hot as a PCR XbaI/BamHI fragment. MDH1 and ME1 were cloned into pULTRA as a fusion protein separated

by an intein cleavage site as follows. First, we generated pUltra-ME1 from a PCR fragment obtained from pBabe-ME1 and digested

with NheI/SalI. Then the MDH1 ORF without stop codon was PCR amplified adding restriction sites XbaI/BamHI for cloning into

pUltra-ME1.

All PCR primers used for cloning in this study are in Table S1. Lentiviruses pLKO expressing shSTAT3 (sh3-A, sh3-B), shMDH1

(shMDH1-A, shMDH1-B), shPC (shPC-A, shPC-B), shME1 (shME1-A, shME1-B), and shNTC were from Sigma-Aldrich. To generate

shSTAT3 expression vectors with hygromycin, neomycin and blasticidin resistance, each resistance gene was PCR amplified with

primers containing BamHI and KpnI restriction sites and subcloned into pLKO-puroMYCIN to replace the puro resistance gene.

shRNA target sequences are described in Table S1.

For protein expression in bacteria, H. sapiens ME1 expression vector was a gift from N. Burgess-Brown (Addgene plasmid #

38857). BirA (E. coli Biotin Protein Ligase), SCBPL (Saccharomyces cerevisiae Biotin Protein Ligase), and PC full length were a

gift from L. Tong (Columbia Univ., NY).MDH1-His and PC-full length and PC 486-1176 were amplified by PCR and cloned via

BamHI/EcoRI sites into pHIS that enables the expression of N-terminal 6xHIS fusion proteins or into pTEV that enables the expres-

sion of N-terminal glutathione-S-transferase (GST) that can be cleaved by the TEV protease (Mascle et al., 2020). pMXs-3XHA-EGFP-

OMP25 for mitochondrial purification was purchased from Addgene (Addgene plasmid # 83356).

Proliferation analysis and Senescence associated b-galactosidase staining (SA-b-Gal).
Growth curves for IMR90 and PC-3 cells were measured using 0.1% crystal violet in PBS (Gillies et al., 1986). Briefly, IMR90 were

counted using a hemocytometer and 10,000 cells were plated in a 12-well plate in technical triplicates and a minimum of 4 different

plates. Cells were incubated for indicated times and fixed for 10 min using 1% glutaraldehyde solution in PBS. Media was replaced

with fresh media every 3 days. Fixed cells were washed twice with PBS and then conserved in PBS with 0.1% NaN3 until all time

points were recovered. Then they were washed twice with PBS followed by staining with 0.1% crystal violet in PBS for 30 min at

RT. After staining, cells were washed in tap water until no crystal violet dissolved any longer in water. Colored cells were dried for

a minimum of 24 h at RT. To measure growth, crystal violet was extracted with 10% acetic acid in water for 15 min with moderate

shaking and OD at 590 nm was measured using photometer. The amount of crystal violet correlates well with cell numbers as we

verified experimentally.

For all experiments, the number of biological replicates (n) is indicated and within each biological replicate the mean of three tech-

nical replicates was taken. For the experiment done in IMR90 expressing RAS and two of the three HTC enzymes each biological

replicate only included technical duplicates. For colony assays with MEFs, 10,000 cells were plated in triplicate into 6 cm plates

and incubated for 12 days. Cells were fixed with 1% glutaraldehyde in PBS and then colored with 0.1% crystal violet in PBS. Pictures

were taken with a Bio-Rad bio imager.

SA-b-Gal staining was performed as described (Deschênes-Simard et al., 2013). Briefly, cells were plated and fixed 24 h after in

0.5% glutaraldehyde in PBS for 10 min at RT. Then they were washed once with PBS for 5 min and twice for 10 min with PBS

pH6.0 containing 1mMMgCl2. Staining solutionwas added to cells and incubated for 1-6 h away from light at 37�C.SA-b-Gal staining

solution consisted of PBSpH6.0, 1mMMgCl2, 2.5mMX-Gal, 5 mMpotassium ferricyanide and 5 mMpotassium ferrocyanide. Solution

was filtered using 0.45 mmfilter and heated to 37�C. For MEFs, PBS 1mMMgCl2 was at pH 5.5 and for PC-3 cells pH = 5.75 and cells

were incubated overnight. For quantification, a minimum of 50 cells per biological replicate were scored under the light microscope.

Clonogenic assay with PC-3 cells was performed in 48-wells plates (Corning, NY) pre-coated with Nutragen� Bovine Type I

Collagen mix, (Advanced BioMatrix, San Diego, CA) diluted at 2 mg/mL in ice-cold growth medium, then warmed at 37�C for

30 min to form the gel. PC-3 cells were trypsinized to generate a single-cell suspension and 2,500 cells were prepared in

Nutragen�/media mix and deposited in each well to form the second layer. Plates were incubated at 37�C for 45 min to allow the

second layer to jellify. Finally, fresh media was added on top of each well and changed every 3 days. Colony formation was scored

1 week after.

Retroviral and Lentiviral infections
For lentiviral infections, 5x106 HEK293T cells were seeded in 10 cm plates and grown for 16 h. Then, cells were transiently trans-

fected using 3 mg of a lentiviral expression vector, 2 mg of the pCMV-dR8.2 dvpr plasmid and 1 mg of the pCMV-VSV-G envelope
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protein expression plasmid in 900 mL of 1 3 Opti-MEM (GIBCO Life Technologies, Burlington, ON). Mixture of DNA with 1 3 Opti-

MEMwas vortexed for 10 s followed by adding 16 mL of X-tremeGENE 9 DNA Transfection reagent (Roche, Laval, QC) at the bottom

of the Eppendorf tube. Tubes were inverted 6 times and incubated for 15min at room temperature and then themix was added to the

cells. After 16 h, 10 mM sodium butyrate (Sigma-Aldrich) was added for a minimum of 6 h, and then the medium was changed. Su-

pernatants from the transfected plates were collected 36 to 60 h after transfection. The viral soups were filtered through a 0.45 mm

filter, supplemented with 4 mg/mL polybrene (Sigma) as well as 10% high grade serum and added on target cells. In preliminary test

the viral titter produced by one 10 cm dish was sufficient to infect two 10 cm of target cells (Lessard et al., 2018) . For shSTAT3 and

shNTC in IMR90 2.5 mL of a 10 mL the lentiviral soup was used to infect cells (depletion of STAT3 with high viral titer induces

apoptosis in IMR90 cells). For all other IMR90 and PC-3 cells lentiviral infections, 5 mL of a 10 mL lentiviral soup was used. For

IMR90 lentiviral soup was incubated for a minimum of 8 h. For all other cell lines 24 h.

For retroviral infections 5x106 Phoenix-Ampho packaging cells were plated into a 10 cm plates and transfected with 20 mg of retro-

viral plasmid and 10 mg of 4070A amphotropic envelope protein expression plasmid pAMPHO by using calcium phosphate method

as described (Ferbeyre et al., 2000). Following transfection, the viral soup from one 10 cm plate was used to infect one 10 cm dish of

target cells and incubated for a minimum of 8 h. Fresh media was added to the packaging cells and the targets cells were reinfected

8 h after. To prepare target cells for infection cells were seeded so that on day of infection target cells were 70-80 percent confluent.

After a minimum of 12 h post last infection, target cell population was selected using 2.0 mg/mL puromycin (Wisent) and/or 50 mg/mL

hygromycin (Wisent) and/or 400 mg/mLG418 and/or 2.5 mg/mLBlasticidin S (Wisent). In case two ormore selection agents were used

at the same time doses were 1.0 mg/mL puromycin (Wisent) and/or 25 mg/mL hygromycin (Wisent) and/or 300 mg/mL G418 and/or

2.5 mg/mL Blasticidin S. If three or more selection were required selection was done sequentially starting by puromycin and G418

followed by hygromycin and G418. For PC-3 cells selection was maintained for the length of the experiments (Ferbeyre et al., 2000).

For spinfection of senescent BJ cells with HTC expression vectors, BJ cells were plated into 6-well plates so that on day of infection

they were 90% confluent. Production of pseudo viral particles was done as described above with the modification that 1/10 of a

10 cmproduced viral soup was used per well. For infection, viral soupwas addedwith 4 mg/mL polybrene and 10%high grade serum

to BJ cells and cells were spun at 3200 RPM for 3 h at 32�C.
For LBNOX expression, IMR90 cells were infected with either control empty vector with RFP selection or its derivative expressing

LBNOX-3-xFLAG. After infection, cells were incubated for 7 days then selected by RFP positive cells using BD FACSAria cell sorter at

IRIC flow cytometry core platform.

Pyruvate/Aspartate/Duroquinone/ Dimethylmalate/ and CoCl2 supplementation
Pyruvate and aspartate were dissolved in DMEM growth media and replaced every 48 h. For vehicle normal DMEM growth media

was used. As pyruvate and aspartate were dissolved in the same vehicle only one vehicle condition for both supplementations

was run, resulting in same value for three replicates for control conditions (shNTC+ Veh, shS3[A]+ Veh, shS3[B]+ Veh) for growth

curve, SA-b-Gal, NAD+/NADH ratio and immunofluorescence. As growth curve of aspartate showed big variation twomore indepen-

dent n were performed. Supplementation started on the day the cells were infected. For duroquinone and dimethylmalate both were

dissolved in high-grade DMSO (Sigma) and replaced every 48 h. For CoCl2 treatment, IMR90 cells expressing PC-cherry were plated

on coverslips and treated for 48 hwith the CoCl2 (Bioshop). Cells werewashed and fixed by 4%PFA and standard immunofluorescent

protocol. Images were acquired with LSM 800 confocal microscope and Elyra hyper resolution microscope. For quantification, the

filter set 77 of Zeiss was used as such the colocalization appears as yellow color where no colocalization is seen as red or green in the

oculars. Areas with no colocalization (Red signal from PC cherry) were counted per cell.

Cell culture with hypoxia
Experiments with 1% oxygen were done as described in (Kilic Eren and Tabor, 2014) IMR90 fibroblast were infected with RAS onco-

gene and control shRNA (shNTC) or RAS oncogene and shRNA targeting a component of the HTC complex and on day 3 post-infec-

tion cells were split into two different plates, one was maintained in 21% oxygen and the other one was transferred into a Xvivo Sys-

tem glove box (BioSperix, Parish NY) hypoxia chamber connected to N2, CO2 and O2 gas. The chamber was set to 37�C, 5% CO2,

and relative humidity of 60%. Oxygen level was adjusted to 5% and monitored using the system’s own pre-calibrated oxygen sen-

sors. After 24 h at 5% oxygen the chamber oxygen levels were decreased to 1% for the rest of the experiment. Media of the cells was

changed every 48 h and replaced with fresh DMEMmedia. To avoid residual oxygen in the media trypsin or PBS, the solutions were

preincubated for a minimum of 24 h in 1% oxygen prior to use. For immunofluorescence to visualize HTC foci, 150,000 cells were

plated on coverslips and incubated for another 24 h, Slides were then processed as described in immunofluorescence.

MitoTracker staining
In order to visualize mitochondria, MitoTracker Deep Red (M22426 Thermofisher) was used according to manufactures instructions.

To stain cells 250 nMof freshly dissolvedMitoTracker DeepRedwas added for 20min to cells. Cells were washed twicewith PBS and

processed for immunofluorescence as described below. All steps after staining were carried out avoiding exposure to light.
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Hexanediol treatment
For 1,6-hexanediol treatment cells were plated for immunofluorescence on coverslips. Media was replaced with media containing

1% hexanediol (Sigma) and then placed for 10 min in the incubator at 37�C. Media was removed and cells were washed twice

with PBS and processed for immunofluorescence as described below.

Immunoblots and Immunoprecipitation
Immunoblots and immunoprecipitation were performed as described previously (Lessard et al., 2018). Cells were washed twice with

ice cold PBS followed by aspiration of residual PBS. Cells were lysed in 500 mL to 2 mL of modified Laemmli Buffer (4% SDS, 20%

glycerol, 0.125 M Tris-HCl pH 6.8) and recovered using a clean cell scraper. Samples were transferred into tubes and sonicated at

lowest intensity for 20 s followed by heating for 5 min at 97.5�C. Samples were cooled to RT and protein were quantified using Nano-

drop absorbance at A280. Samples were diluted to 2 mg/mL using modified Laemmli Buffer and 10% 2-mercapthoethanol, 0.1%

bromophenol blue was added. Samples were kept at �20�C until use.

Multilayered SDS-Gels were poured as follows. For all gels, we used 0.1% SDS, APS and TEMED. For resolving gels, 375 mM Tris

HCl, pH = 8.8 was used. A first layer of higher concentration of Acrylamide-BisAcrylamide(37.5:1) (15% or 12%) was poured, then

isopropanol was added on top. Isopropanol was removed after the gel was solidified and a second layer of Acrylamide-BisAcryla-

mide(37.5:1) (12% or 10%) was dispensed and again layered with isopropanol. Isopropanol was again removed and a third layer of

Acrylamide-BisAcrylamide(37.5:1) (10% or 8% or 7%) was poured and covered by isopropanol. Finally, after removing the isopro-

panol, the gel was topped with Acrylamide-BisAcrylamide(37.5:1) (4%, with 0.125 M Tris HCl-pH = 6.8) and wells were made using a

comb. Once all gels were solidified, samples were heated to 95�C for 2 min and spun down for 30 s at 16.000 g. 20 to 40 mg of protein

was loaded per sample. Gels were run in SDS-PAGE Mini (BioRad) machines with Tris-Glycine SDS buffer according to manufac-

turer’s instruction. SDS-PAGE was transferred onto nitrocellulose (BioRad) or PVDF (Millipore) membrane with Tris-Glycine MeOH

buffer according tomanufacturer’s instructions. Membranes were blocked for 1 h in 5% skimmilk diluted in TBS (Tris-buffered saline)

and incubated overnight at 4�C or 30 min at RT with primary antibodies (see supplementary table S2 for antibody dilutions). After

primary antibody incubation, membranes were washed with 3 times 5 min with TBST (Tris-buffered saline with 0.05% Tween-

20). Secondary antibody coupled to HRP were diluted 1:3000 in milk TBS and incubated for 1 h at RT. Membranes were rinsed 3

times followed by 3 washes of 10 min each with TBST. To reveal signal, ECL substrate was added (Perkin Elmer (Western Lightning

Plus-ECL, Enhanced Chemiluminescence) or Amersham(Amersham ECL Detection Reagents)) and images were acquired using

autoradiography.

For estimation of protein molecular weight FroggaBio BLUelf Prestained Protein ladder was run on each SDS-PAGE. In immuno-

blots, a minimum of one size mark is shown. Of note membranes were cut into pieces to incubate with different antibodies. In case of

experiments were performed on several membranes’ representative tubulin blot as loading control is shown. Primary antibodies di-

lutions are listed in Table S2.

Immunoprecipitation protocol was performed as in the great protocol described here (Lessard et al., 2018). Briefly, to reveal

endogenous interactions of the HTC enzymes we grew HuH-7 cells in a 15 cm cell culture dish, washed them twice with ice-cold

PBS and scrapped them with 1 mL of IP buffer (50 mM Tris-HCl, pH 7.9, 1 mM EDTA, 0.1 mM EGTA, 12.5 mM MgCl2, 400 mM

NaCl, 20% glycerol, 1% Triton X-100, 0.1% SDS and 1x cOmplete-EDTA free protease inhibitor cocktail from Roche Applied Sci-

ence). Cell lysates were sonicated at lowest intensity for 30 s and then cleared at 16,300 g for 30 s. Immunoprecipitation was

done using either 5 mg of anti-ME1 rabbit polyclonal or rabbit pre-immune serum overnight at 4�C. Recovery of immunoprecipitated

proteins was performed using a 1:1 mix of Protein-A and -G dynabeads (Invitrogen). Prior to use, Protein A/ Protein G mix was

blocked for 30 min in IP Buffer containing 2.5% BSA, 0.16 mg/mL E. coli tRNA (Sigma-Aldrich) and 0.16 mg/ml salmon sperm DNA

(Sigma-Aldrich). Dynabeads were added to cleared lysates and incubated for 2 h at 4�C. Finally, the mixture was washed 2x

10 min at 4�C in IP Buffer followed by 3x 1 h wash in IP Buffer at 4�C. Total cell lysates and immunoprecipitates were separated

by SDS-PAGE and analyzed by western blot.

Immunoprecipitations with FLAG-M2 Sepharose beads (Sigma) or HAmagnetic beads (Pierce/ Invitrogen) were done as described

above, with the following modifications. For immunoprecipitations with FLAG-M2 Sepharose beads, 20 mL of beads per immunopre-

cipitationwere used. For HA immunoprecipitations, 10 mL ofmagnetic beadswere used for each immunoprecipitation. The amount of

plasmid transfected for each experiment is detailed in Table S3. HEK293T cells were transfected with calcium phosphate method as

described above incubated for a minimum of 16 h and then washed with 1xHEPES and incubated for another 6 h in cell incubator.

Finally, cells were washed with ice cold PBS twice and then lysed in IP buffer (50 mM Tris-HCl, pH 7.9, 1 mM EDTA, 0.1 mM EGTA,

12.5 mM MgCl2, 400 mM NaCl, 20% glycerol, 1% Triton X-100, 0.1% SDS and 1x cOmplete-EDTA free protease inhibitor cocktail

from Roche Applied Science). Lysates were sonicated at lowest intensity for 30 s and then cleared at 16,300 g for 30 s. Cleared ly-

sates were incubated for 1 h at 4�C on a rocking platform with corresponding beads. Mixture of beads and immunoprecipitate were

washed 2x with IP buffer and then washed 3x for 10 min at 4�C on a rocking platform. For FLAG immunoprecipitations, beads were

spun down another time and washed again 2x with IP buffer. Total cell lysates and immunoprecipitates were separated by SDS-

PAGE and analyzed by western blot.

For Mapping of the interaction sites of ME1, MDH1 and PC, gene fragments for each of the three proteins were generated by PCR

as described above. The amount of plasmid transfected for each experiment can be found in Table S3. For ME1 fragments HEK293T

cells were treated for 6 h with 20 mM of MG132 in order to stabilize unstable ME1 fragments.
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Protein purification
All proteins were purified in three steps; first by metal affinity chromatography followed by ion-exchange chromatography (IEX) and

then size-exclusion chromatography as adapted from (Tao et al., 2003) and references therein. For the purification of ME1, the bac-

terial expression vector was transformed into the E. coli BL21 Star expression strain and bacteria were grown at 37�C to an OD600nm

of 0.8. Expression of ME1-HIS was induced for 6 h at 30�Cwith 1mM isopropyl b-D-1-thiogalactopyranoside (IPTG). Bacterial pellets

were resuspended and lysed in Lysis Buffer (30 mM imidazole, 30 mM Tris-HCl pH 8.0, 500 mM NaCl) supplemented with 1x cOm-

plete protease inhibitor cocktail (Roche) and passed through a French Press. Bacterial lysates were centrifugated at 35,000 rpm in a

Beckman 55Ti rotor for 45 min at 4�C. The cleared lysates were loaded on a column of chelating Sepharose Fast Flow immobilized

metal affinity chromatography resin (GE Healthcare) charged with nickel and washed with 15 column volumes (CV) of 30 mM imid-

azole, 30 mM Tris-HCl pH 8.0, 500 mM NaCl and 1x cOmplete protease inhibitor followed by a second wash with 2 CV of 60 mM

imidazole, 30 mM Tris-HCl pH 8.0, 500 mM NaCl, and 1x cOmplete protease inhibitor. Proteins were eluted with 5 CV of 250 mM

imidazole, 500 mM NaCl, 30 mM Tris-HCl pH 8.0, 10% Glycerol and dialysed with 125 mM NaCl, 30 mM Tris-HCl pH 8.0, 5 mM

DTT overnight at 4�C, then loaded into a Q Sepharose FF column (GE Healthcare). After loading, the column was washed with 0.5

CV of Buffer A (30 mM Tris-HCl pH 8.0, 75 mM NaCl, 5 mM DTT) or until UV absorbance returned to baseline. The column was

then washed with 2 CV of Mix buffer A and buffer B (30 mM Tris-HCl, 1M NaCl, 5 mM DTT) at conductivity of 20 mS/cm. Gradient

of B was set to 50 percent for 60 min.

We used the same protocol to purify MDH1 with the following modifications. For MDH1, expression was induced with IPTG at

30�C, eluted from the nickel column with 300 mM imidazole, 500 mMNaCl, 30 mM Tris-HCl pH 8.0, and the purified protein was dia-

lysed into 25mMNaCl, 30mMTris-HCl pH 8.0, 5mMDTT overnight at 4�C. IEX on theQ-Sepharose columnwas then performedwith

Buffer A (30 mM Tris-HCl pH 8.0, 25 mMNaCl, 5 mMDTT) and Buffer B (30 mM Tris-HCl pH 8.0, 500 mMNaCl, 5 mMDTT). ME1 and

MDH1were then concentrated using Amicon centrifugal tubes with aMWcut-off of 10 kDa (Millipore). Samples were frozen at�80�C
in 10% glycerol, 200 mM NaCl, 5 mM DTT until used.

For PC full-length,BL21 Star bacteria bearing PC- and BPSCL-expressing plasmidswere grown until anOD600 of 0.9. Then, 25mg/

L of Biotin and 0.1 mM of MnCl2 were added and incubated for another 45 min. Expression was induced for 16 h with 1 mM IPTG at

18�C. For metal affinity chromatography, cleared lysates were loaded on the nickel column washed with 15 CV of 30 mM imidazole,

30 mM Tris-HCl pH 8.0, 500 mMNaCl and 1x protease inhibitor cocktail, followed by washes with 2 CV of 40 mM imidazole and 1 CV

of 60 mM imidazole. Proteins were first eluted with 200 mM imidazole, 30 mM Tris-HCl pH 8.0, 500 mM NaCl and then concentrated

using slow dialysis by supplying a saturated solution of 35K PEG (Sigma). Dialysis solution 15% glycerol, 200 mM NaCl, 30 mM Tris-

HCl pH 8.0 with saturated PEG 35K. Proteins were then frozen at �80�C until used.

For the PC (486-1178) fragment, BL21 Star bacteria bearing PC- and BirA-expressing plasmids were grown until an OD600 of 0.9.

Then, 25 mg/L of Biotin and 0.1 mM of MnCl2 were added and incubated for another 45 min. Expression was induced for 16 h with

1 mM IPTG at 18�C. For metal affinity chromatography, cleared lysates were loaded on the nickel column washed with 15 CV of

30 mM imidazole, 30 mM Tris-HCl pH 8.0, 500 mM NaCl, protease inhibitor cocktail followed by washes of 2 CV of 40 mM imidazole

and 1 CV of 60 mM imidazole. Proteins were eluted with 200 mM imidazole, 30 mM Tris-HCl pH 8.0, 500 mM NaCl and dialysed with

75 mMNaCl, 30 mM Tris-HCl pH 8.0, 10% glycerol, 1 mM (tris(2-carboxyethyl)phosphine) (TCEP), 2 mMMnCl2 overnight at 4
�C. IEX

on the Q-Sepharose column was then performed with Buffer A (75 mM NaCl, 30 mM Tris-HCl pH 8.0, 10% glycerol, 0.2 mM TCEP,

2 mM MnCl2) and Buffer B (500 mM NaCl, 30 mM Tris-HCl pH 8.0, 10% glycerol, 0.2 mM TCEP, 2 mM MnCl2).

For SEC, all frozen proteins were thawed and dialysed into 10% glycerol, 50 mMNaCl, 20 mMMgCl2, 0.2 mMEDTA, 2 mMMnCl2,

30 mM Tris-HCl, pH 7.55. SEC was performed on either a Superdex 200, a Superdex 200 Increase or Superose 6 columns. In all

cases, the running buffer was 10% glycerol, 50 mM NaCl, 20 mMMgCl2, 0.2 mM EDTA, 2 mMMnCl2, 30 mM Tris-HCl pH 7.55 sup-

plemented with 1 mM ATP, 1 mM NADH, 1 mM NADPH and 0.2 mM TCEP.

Native separation of multi-protein complexes
The procedure was previously described (Camacho-Carvajal et al., 2004). In brief, a 10 cm Petri dish of HuH-7 at �85% confluence

was washed twice with ice-cold PBS. Then, cells were scraped in PBS on ice and centrifuged for 10 min at 1500 rpm (Napco, 2028R)

at 4�C. Cells were lysed in 250 mL of cold CSH buffer (50 mM Tris-HCl pH7.5, 25 mM NaCl, 1 mM EDTA, 0.1% Triton X-100) supple-

mented with 1x PhosSTOP and 1x cOmplete EDTA-free protease inhibitors (Roche), and incubated for 30 min on ice. Lysates were

spun down for 20 min at 15 000 g at 4�C and the supernatant was loaded on a BioVision 10 kDa Spin column with 375 mL of cold BN

buffer (500 mM 6-aminocaproic acid, 20 mM Bis-Tris pH 7.0, 2 mM EDTA, 12 mM NaCl, 10% glycerol, 0.1% Triton X-100, complete

EDTA-free protease inhibitor). The columnwas centrifuged for 45min at 15 000 g at 4�C. The flow-through was discarded and 350 mL

of cold BN buffer was added to the column. This procedurewas repeated, then the columnwas centrifuged for an additional 90min or

until the column content was concentrated to �150 mL. 50 mL per well of this product was separated on a 4%–20% native gel

(4568094, Bio-Rad) overnight at 16 mA in a cold-room with the anode buffer (50 mM Bis-Tris pH 7.0) and cathode buffer (50 mM

Tricine, 15 mM Bis-Tris pH 7.0, 0.02% Coomassie G-250) and using 7 mL of the ladder Native Mark (ThermoFisher). The following

day, half of the gel containing the sample and the ladder was stained with Coomassie R-250 to assess themigration of the blue native

gel, and a replicate lane containing the sample was cut in 9 equivalent pieces from top (piece 1) to bottom (piece 9). Each gel piece

was denatured for 1 h in 1 mL of 2x Læmmli Buffer (4% SDS, 20% glycerol, 120 mM Tris-Cl pH 6.8, 10% b-mercaptoethanol). Then,

each piece was inserted in a well of a second 10-well 4%–20%gradient gel with fresh 2x Læmmli Buffer to avoid bubbles, and the gel
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was migrated in a SDS-PAGE running buffer (192 mM Glycine, 25 mM Tris base, 0.1% SDS) with the BlueEye Protein ladder (Frog-

gabio) at 90V until the ladder was well separated.

Avidin pull down
ToperformAvidin pull-downexperiments, eitherPCorPC(468-1178)wasmixedwitha5-molar excessof purifiedMDH1-HISandME1.

MDH1, PC and PC(468-1178) were purified as described above. ForME1, the protein was obtained by expressing anME1-GST fusion

protein in E. coliBL21 cells that were grown at 37�C to an O.D600nm of 0.01. Expression of ME1-GSTwas induced for 16 h at 20�Cwith

20mM isopropyl b-D-1-thiogalactopyranoside (IPTG). Bacterial pelletswere resuspended and lysed in Lysis Buffer (30mMTris-HCl pH

8.0, 500mMNaCl, 5%DTT) and passed through a FrenchPress. Lysed cells were centrifugated at 35,000 rpm in a Beckman 55Ti rotor

for 45min at 4�C. The supernatant was incubated 1 h, at 4�CwithGlutathione Sepharose 4B (GSH; GEHealthcare) resin. After this, the

resin was spun down washed three times with lysis buffer to remove non-specifically bound molecules followed by three washes with

TEVbuffer (20mMTris HCl = pH7.4, 125mMNaCl, 5mMDTT) and incubated twice for 18 h at 4�Cwith 100 units of TEVprotease. After

thefirst18h, resinwasspundownandsupernatantwascollectedand reserved.NewTEVwasaddedand incubatedagain for18h.Both

fractions were combined filtered and extensively dialyzed into 20 mM Tris HCl = pH 7.4, 250 mM NaCl, 5% Glycerol.

For control of non-specific binding to Avidin beads, PC or PC (486-1178) was not added to mixture. All of the following steps were

performed for both PC, MDH1, ME or MDH1, ME1 alone. A mixture of PC, ME1 and MDH1 was dialyzed for 4 h into 50 mM Tris-HCl,

pH 7.9, 1 mM EDTA, 0.1 mM EGTA, 12.5 mMMgCl2, 150 mM NaCl, 20% glycerol, 1% Triton X-100, 0.1% SDS at 4�C with rotation.

Samples were recovered, and 1% of the mixture was reserved as input. The remaining portion of the mixture was transferred into an

Eppendorf tube containing a 30 mL of slurry of Avidin beads (Pierce/ThermoFisher) prepared as described by the manufacturer. The

protein mixture was incubated with the avidin beads for 1 h on a rocking platform at 4�C. The beads were washed three times with

wash buffer (50 mM Tris-HCl, pH 7.9, 1 mM EDTA, 0.1 mM EGTA, 12.5 mM MgCl2, 300 mM NaCl, 20% glycerol, 1% Triton X-100,

0.1% SDS). To elute proteins from the beads, 50 mL of 6x SDS-loading buffer (0.5 M Tris-HCl pH 6.8, 30% glycerol, 10% SDS, 1%

bromophenol blue and 15% b-mercaptoethanol) was added to themixture and boiled 3x for 10min, then loaded on an SDS-PAGEgel

and transferred onto nitrocellulose membrane for western blot analysis.

Assembly of ternary complex
For assembly of the ternary complex, equimolar quantities of purified PC,MDH1 andME1were incubated together in assembly buffer

(10% glycerol, 50 mM NaCl, 20 mM MgCl2, 0.2 mM EDTA, 2 mM MnCl2, 30 mM Tris-HCl, pH 7.55) supplemented with 5 mM ATP,

5 mM NADH, 5 mM NADPH and 0.2 mM TCEP on a rocking platform for 1 h at room temperature. SEC as described above was per-

formed and the proteins eluted between 8 and 12mLwere taken for analysis. The sample was then concentrated using centriconmini

tubes with a cut-off of 3 kDa.

SEC-MALS
SEC-MALS was performed using a microAkta (GE Healthcare) in-line with a Dawn HELEOS II (Wyatt Technology) and OptiLab T-rEX

(Wyatt Technology). For data acquisition, ASTRA 6.1.6.5 (Wyatt Technology) software was used. Freshly prepared BSA (Sigma) and

Aldolase (Sigma) were used as standards to normalize the detectors and align the signals at 280 nm absorbance. A Superdex 200 In-

crease column was used for the SEC portion of all experiments. The column flow rate was set to 300 ml/min and SEC buffer was as

described above for protein purification. The flow from the columnwas collected in 0.5mL fractions and protein content verified after-

ward on an SDS-PAGE gel with Coomassie staining. In addition, experiments containing MDH1 or assembled complexes were

monitored forabsorbanceatboth280nmand340nm.Beforeeachexperiment, thecolumnanddetectorwereequilibratedwith running

buffer overnight. Thecalibrationconstant for theDawnHeleos IIwasdetermined for theseexperimentswith3.8200310�5 1/(V cm). For

the analysis, the data acquired from experiments with proteins of interest were aligned and band broadening and normalization was

applied. For Aldolase, the dynamic radius was set to 4.8 nm and for monomeric BSA to 3.3 nm. After normalization, despiking of

data was set to heavy and baselines as well as peaks were defined. Peaks were defined as half heights of peaks. For multiple peaks,

peaksweremanually adjusted. Detectorswith lowsignal, high angle and lowanglewere disabled until fitting line of K*c/R(q) to sin^(q/2)

wasdiagonal.Molecularmasswasdetermined using Zimmmodeling. The dynamic radiuswas obtained byRh fromQLES inAstrawith

analysis standard parameters. Analysis was verified with the results fitting tool and by moving through the peak and molar mass.

Immunofluorescence
Aminimumof 50.000 cells were seeded on 1.5mm thickness coverslips and incubated for at least 48 h. Cells were washed twice with

ice cool PBS and then fixed for 15 min with 4%PFA at RT. Then cells were washed three times for 5 min with 0.1 M glycine in PBS to

inactivate PFA and stored in PBS 0.2%NaN3 at 4
�C until use. Cells were washed twice 5min at RTwith PBS to remove azide and then

permeabilized with 0.1M glycine and 0.4%Triton X-100 in PBS for 5min at 4�C. Then, they were incubated 3 times for 15min with 3%

BSA in PBS. Primary antibody was diluted in 3%BSA in PBS and 2%Donkey or 2%Goat serum. For dilutions of primary antibody see

supplementary table S2. Primary antibody was added to coverslip and incubated in humidified chamber at 4�C overnight. Next day,

the cells were washed 3 times with PBS 3%BSA for 10 min. Secondary antibody was diluted 1:1500 in 3%BSA in PBS and 2%

Donkey or 2% Goat serum and incubated for 1 h at RT. Cells were then washed three times with PBS, excess PBS was removed

and mounted on glass coverslips in Vectashield with DAPI. Edges were sealed off with nail polish and mounted cells were kept
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for aminimumof 24 h at 4�C. On day of confocal imaging coverslips were removed from the fridge at least 1 h prior to imaging and put

in microscope box to warm up to RT of the microscope. Images were taken randomly in at least 5 different regions of the coverslip to

ensure representation of sample using the Zeiss Axio Imager Z2 upright microscope equipped with a CoolSNAP FX camera (Photo-

metrics) and/or Axiocam camera and ZEN 2 blue and black edition software. Images were analyzed using ImageJ and Fiji. For quan-

tification of DNA damage foci, PML nuclear bodies and mitochondrial fragmentation a minimum of 50 cells was counted and scored

onmicroscope. For co-localization, we used an FV300Olympus confocal microscope (RichmondHill, ON) with a PMT first generation

and Fluoview V4.2 Software. For super-resolution structured illumination microscopy (SR-SIM), images were taken with Super-Res-

olution microscope Axio Observer Z1 ZEISS Elyra PS.1, from Zeiss (Carl Zeiss, Oberkochen, Germany). All raw data were acquired

with EMCCD Du885K ISO VP461 camera. Images were taken with 5 rotations. To obtain the final image the structured illumination

algorithm of ZEN 2.1was used. For further confocal microscope imaging the Zeiss LSM800with spectral analysis detector was used.

All images were acquired sequentially. The data was acquired with a maximal airy unit of 1. For colocalization, secondary antibodies

were incubated sequentially to avoid cross-reactivity between the antibodies. To quantify the colocalization between HTC enzymes,

foci containing signals for the three enzymes were counted in different cells. The background was subtracted, and brightness

adjusted to the same level for all images. Pseudocolor was added and an overly image was generated using themerge color function

of ImageJ. For this function double co-localization is shown in yellow and triple co-localization is shown in white. Colocalization was

expressed as the number of foci with visible white signal. Colocalization was also measured using the Plot profile function of ImageJ.

The fluorescent intensity for each pixel was determined across a line drawn as shown in Figure 2.

Immunohistochemistry
For TMA of prostate tissue sequential TMA slides were heated at 55 �C for 1 h followed by steps of sequential incubation in xylene

(2 3 6 min), 100% ethanol (1 3 5 min), 95% ethanol (1 3 3 min), 75% ethanol (1 3 3 min) and 40% ethanol (1 3 3 min). Finally,

samples were washed in dH2O for 3 min.

Heat antigen retrieval was performed by using a steamer with the following settings, 45 min in 10 mM citrate buffer (pH 6.0). The

steamer was started at RT and reached 95 �C in 15-20min. Slides were then incubated for another 25-30min. Slides were cooled and

washed with PBS containing 0.3% Triton X-100 3 times for 3 min with 1 3 TBS/0.3% Triton X-100. To inactivate endogenous per-

oxidases slides were incubated for 5 min at room temperature in a solution of 3% H2O2 followed by 3 washes for 3 min in 1 3 TBS/

0.3% Triton X-100. To delimit tissues a hydrophobic barrier pen (DAKO) was used. Tissues were blocked 1 h at RT with a protein-

blocking serum-free ready-to-use reagent (DAKO, cat. no. X0909, Carpinteria, CA). Excess of blocking was tapped of and tissues

were incubated overnight at 4�C with primary antibodies diluted in 5% goat serum in 1 3 TBS/0.3% Triton X-100. Antibodies

used were: anti-MDH1 (1:2000, Santa Cruz), anti-PC (1:500, Santa Cruz) and anti-ME1(1:500, Genetex). After overnight incubation

samples were washed 3 times for 3 min in 13 TBS/0.3% Triton X-100 followed by primary antibody detection using the LSAB2 Sys-

tem-HRP (DAKO, cat. no. K0675, Carpinteria, CA). Secondary biotinylated antibody (DAKO) was incubated for 30 min followed by

washes as above. Finally, samples were incubated for another 30 min with streptavidin-HRP (DAKO) andwashed as above. To reveal

staining peroxidase with Di-amine-benzidine (DAB) substrate kit (SK-4100, Vector Labs., Burlington, ON) was used. To stop the re-

action, slides were washed in tap water when the staining was sufficient; the same incubation time was applied to all samples.

For visualization, counterstaining with hematoxylin (HHS16, Sigma-Aldrich) was used and tissues were rapidly dehydrated by

sequential incubation in 40% ethanol (1 3 1 min), 75% ethanol (1 3 1 min), 95% ethanol (1 3 1 min), 100% ethanol (1 3 1 min)

and xylene (2 3 5 min). Slides were mounted in Cytoseal (8310-4, Thermo Fisher) mounting media and scanned with NanoZoomer

2.0-HT scanner (Hamamatsu). Images were processed with NDP.view 2.6.8 (NanoZoomer Digital Pathology.view 2.6.8) (Hama-

matsu) and ImageJ.

Tissue Micro Arrays were purchased from US Biomax (catalog no. PR807c, Rockville, MD). TMAs from US Biomax were reviewed

by two board-certified pathologists. Quantification was done by two independent persons and combined. In case of disagreement,

the mean of both intensities was taken. There was no occurrence of disagreement by more than 1 score point. Mouse samples IHC

were performed at the Molecular Pathology platform of CR-CHUM following the platform protocol https://www.chumontreal.qc.ca/

en/crchum/facilities-and-services. For quantification, three sections were selected blindly by one person based on histology for

prostate epithelial tissue. For Pten�/�, six sections were selected to better represent diversity of the tissue. It is important to notice

that Pten�/� knockout is only present in the prostate epithelial cells and all other cells in the prostate still contain Pten. For one Pten�/�

sample, only two sections were selected as there was little prostate epithelial cell regions identified. All selected sections were then

scored by two independent persons for KI67, MDH1, ME1 and PCX staining intensity according to a scoring key and scoring was

combined. In case of disagreement, the mean of both intensities was taken. There was no occurrence of disagreement by more

than 1 score point.

STAT3-ATAD3A Proximity ligation assay (PLA)
PLAwas done using Duolink� In SituGreen Starter Kit Mouse/Rabbit according to manufacture instructions. To prepare wash buffer

A 1 pouch of wash buffer A powder was solubilized in 1L of MilliQ Water. To prepare wash buffer B 1 pouch of wash buffer B was

solubilized in 1L of MilliQ Water. Wash buffers were kept at 4�C for no longer than 1 month. Prior to use, wash buffers were warmed

to RT.
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To prepare cells for PLA, IMR90 fibroblasts were plated on coverslips and incubated for 48 h at 37�C. Cells were fixed using 4%

PFA in PBS for 10 min. This followed by a two 5-min wash with PBS 0.1M Glycine. Cells were permeabilized with PBS 0.1M Glycine

and 0.4%Triton -X100 for 5min at 4�C. Cells were then blocked usingDuolink blocking buffer for 1 h at 37�C. Primary antibodies were

diluted with Duolink antibody dilution and incubated in humidified chamber overnight at 4�C. The cells were washed 3x5 min in 1x

WashBuffer A at room temperature. PLUS andMINUSPLA probeswere diluted to 1x in the Duolink�AntibodyDiluent and incubated

on cells in a humidified chamber for 1 h at 37�C. The cells were washed 3x 5 min in 1x Wash Buffer A at room temperature. Ligase

solution was prepared by diluting Duolink� Ligation buffer to 1 x and 1 mL of ligase was added for each 40 mL of 1x ligation buffer.

Ligationmixture was added on cells in a pre-heated humidity chamber for 30min at 37�C followed by 3washes in 1xWash Buffer A at

room temperature. Amplification solution was prepared by diluting Duolink� Amplification buffer to 1 x and 1 mL of Polymerase was

added for each 80 mL of 1x Amplification buffer. Polymerasewas incubated for 2 h at 37�C in a pre-heated humidity chamber followed

by washes of 3x 10 min in 1x Wash Buffer B at room temperature and a final wash of 0.01x Wash Buffer B for 1 min. Cells on the

coverslips were mounted using Vectorshild with DAPI and analyzed no later than 48 after the experiment using the confocal micro-

scope LSM800 as described before. To analyze PLA staining in ImageJ, Circle ROI with a diameter of 5 mm was defined. The back-

ground was subtracted and the threshold was set. A binary image was created and analyzed using Analyze Particle with the following

settings: Max size of particle 2 mm2 and circularity of 0.5-1.

PC-MDH1 and PC-ME1 Proximity ligation assay (PLA)
PLA was done using Duolink Multicolor Kit with red and green conjugation kits. Conjugation of primary antibodies to green and red

oligos was done according to manufactures instructions and conjugated antibodies were stored at 4�C. PLA on cells was performed

according to manufacturer’s protocol with the following modifications The conjugated antibodies were further diluted using antibody

diluent for PC-MDH1 1/75 and for PC-ME1 1/50 and incubated overnight at 4�C. For ligation the multicolor ligase was diluted 1/20

and incubated for 30min at 37�C. The amplification stepwas carried out for 120min at 37�Cand the detection step for 45min at 37�C.
For PLA on tissue, the following modification to the manufacturer’s protocol was done. Preparation of tissue slides was done

as described in immunohistochemistry. Briefly, paraffin-embedded tissue samples were heated at 55 �C for 20 min followed by

incubation in xylene (3 3 5 min), 100% ethanol (2 3 5 min), 95% ethanol (1 3 5 min), 75% ethanol (1 3 5 min) and 40% ethanol

(1 3 3 min). Followed by two wash in ddH2O. Antigen retrieval was performed by heating in a steamer for 45 min in 10 mM citrate

buffer (pH 6.0) with 0.3% Tween 20. The steamer was started at RT and reached 95 �C in 15-20 min. Slides were then incubated

for another 25-30 min. Slides were cooled and cells were permeabilized with PBS containing 0.4% Triton X-100 and 0.1M Glycine

for 10 min. Slides were washed two times in PBS followed by blocking. For blocking the Duolink block buffer was used and washing

times were increased to 10 min and performed 4 times with wash buffer A. Image acquisition was done as described above. For

quantification of colocalization of PLA signal (Figure 2 G) the filter set 77 of Zeiss was used as such the colocalization appears as

yellow color where no colocalization is seen as red or green in the oculars. For intensity scoring of PLA colocalization signal (Figure 2H)

signal intensity of green and red for a given foci is the square root of multiplication of green and red fluorescent intensity. For analysis

15 random foci per condition were chosen.

Electron microscopy and colloidal gold immunocytochemistry
Electron microscopy and colloidal gold immunocytochemistry were performed according to (Fouillen et al., 2017). 1x107 cells were

recovered using Trypsin, washed twice with 0.1M Phosphate Buffer (PB) pH 7.3 (Sambrook Cold Spring Laboratory protocols) and

fixed for 30 min at 4�C on a rocking platform using freshly prepared PLP (Periodate L/Lysine paraformaldehyde) fixative consisting of

4%PFA, 0.01MNaIO4 and 0.028125ML-lysine monochloride (Sigma) in 0.1MPB, then filtered with 0.45 mMfilter to remove residual

impurities. After fixation cells were washed 3x with PB pH 7.3. Cells were post-fixed for 1 h with 1% potassium ferrocyanide-reduced

osmium tetroxide, dehydrated with graded ethanol and then processed for embedding in LR white resin (London Resin Company;

Berkshire, UK) as previously reported (Fouillen et al., 2017). Ultrathin 80–100 nm sections were prepared using a diamond knife and

transferred onto Formvar�-coated (polyvinyl formate) 200-mesh nickel grids.

For ultrastructural analysis of mitochondria, some ultrathin sectionswere stainedwith uranyl acetate and lead citrate and examined

either in a FEI Tecnai 12 (Eindhoven, the Netherlands) transmission electron microscope operating at 120 kV or in a Hitachi Regulus

8220 (Tokyo, Japan) scanning electron microscope operating at 30 kV in Bright STEM mode.

For post-embedding colloidal gold immunocytochemistry, some ultrathin sections were incubated with an aqueous solution of 5%

sodium metaperiodate for 45 min and washed with distilled water. The nickel grids were then floated on a drop of blocking solution

consisting of 1% Ovalbumin in 0.01 M PB for 15 min to avoid non-specific binding, then transferred onto a drop of primary antibody

(anti-PC 1:200) and incubated overnight at 4�C. Grids were then rinsed with PB and placed in blocking solution for 15 min. Antibody-

antigen complexes were then revealed by floating the grids on a drop of protein A-10 nm colloidal gold complex for 30 min. Negative

controls consisted of incubations with protein A-gold alone. Sections were then stained with uranyl acetate and lead citrate, and

examined in a FEI Tecnai 12 (Eindhoven, the Netherlands) transmission electron microscope operating at 120 kV.

NAD+/ NADH, NADP+/ NADPH and glutathione measurements
For NAD+/NADH measurements, approx. 50,000 cells were plated for technical triplicates in 6 cm plates and incubated for 48 h and

processed by a kit fromBioVision. Briefly, cells were sonicated 2x for 15 s and lysates were diluted 5 to 20 times to remain in the linear
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range of the kit. For NADP+/NADPHmeasurements, approx. 1,000,000 cells were seeded in triplicate and incubated for at least 48 h.

Cells were lysed by sonication twice for 15 s, spun at 13000 rpm in a 10 kDa Spin column to remove endogenous proteins and lysates

were assayed using a NADP+/NADPH quantification kit (BioVision) according tomanufactures instructions. For glutathionemeasure-

ments approx. 5,000,000 cells were plated in technical triplicates, grown for 48 h, harvested in PBS pH 6.0 and 0.1%NP40, lysed by

sonication on ice twice for 10 s, spun with a 10k Da Spin column to remove endogenous protein and then analyzed using Abcam

Glutathione kit according to manufactures instructions. For all three assays, protein content was determined using a Bradford assay

kit (Bio-Rad) according to manufacturer’s instructions. All assays were carried out in biological triplicates (cells generated from

different infections). For NAD and NADP quantification in Figure 4 and Figure S6 same extracts were used to further compare

samples.

qPCR
To analyze mRNA expression, cells were collected in Trizol (#15596018, Invitrogen) and RNA extraction was performed according to

themanufacturer’s instructions. For cDNApreparation, 2 mg or total RNAwere reverse transcribed in a 20 mL reaction using the 5X All-

In-One RT kit (G590, ABM, Richmond, BC, Canada) as per themanufacturer protocol. Reverse transcription products were diluted 10

times with pure water prior to real-time quantitative PCR. Reactions for qPCR were performed in technical triplicate using 1 mL of

diluted cDNA samples per 10 mL reaction volume also containing: 0.25 mM of each primer (synthetized by Biocorp), 0.2 mM dNTP

(DD0056, BioBasic), 0.33X Syber Green I (S7563, Invitrogen), 0.25U Jump Start Taq DNA polymerase (D9307, MilliporeSigma) in

1x reaction buffer (provided with the enzyme) enrich with 2.5 mM more of MgCl2 (M1028, Sigma). The LightCycler 96 Real-Time

PCR System (Roche Applied Science) was used to detect the amplification level andwas programmed to an initial step of six minutes

at 95�C, followed by 50 cycles of 20 s at 95�C, 20 s at 58�C and 20 s at 72�C. A high resolution melting from 60�C to 98�C followed the

amplifications. All reactionswere run in triplicate and the average valueswere used for relative quantification of target genes using the

DDCT method. Outlier of triplicates were excluded if the value was 1 cq different than average.

Prior to use, primers’ efficiency was determined by aminimum of 4 serial dilutions and efficiency of amplification between 1.95 and

2.05 was accepted. Primers were validated to show just one amplification product either by running product on agarose gel after PCR

or unique peak in melting curves. Primers were designed to be intron spanning where possible. To test for DNA contamination and

other contaminants in qPCR a control with no RTwas used and a Cq higher than 35 was considered negative for DNA contamination.

For normalization TBP and HMBS were used in IMR90 as both mRNA were previously validated to be good housekeeping genes in

this cell line (Lessard et al., 2018). For MEFs TBP, HMBS and b-actin were used as housekeeping genes (Deschênes-Simard et al.,

2013). Variation of less than 1 Cq in housekeeping genes between conditions was considered acceptable. qPCR primers are pre-

sented in Table S1.

MitoSox and DCFDA measurements
ROSmeasurements were done as described previously (Moiseeva et al., 2009) at the FACSCORE Facility of IRIC Research Center at

the University of Montreal, Canada. Briefly, cells were incubated at 37�C for 30 min with either MitoSox (Molecular Probes, Eugene,

OR) or H2DCFDA (Molecular Probes). Cells were collected using Trypsin and washed twice with PBS. Cells were resuspended in

500 mL of HBSS for sorting in the BD FACSCanto II system ranwith DiVa analysis software. Acquired data were further analyzed using

FlowJO software.

Mitochondrial purification
For PC localization studies, mitochondria were purified usingMitochondria Isolation Kit for Cultured Cells (Abcam) according toman-

ufacturer’s instructions. For mitochondrial STAT3 levels in senescent cells mitochondria were purified by immunoprecipitation ac-

cording to (Chen et al., 2017). For each experiment, an anti-HA immunoprecipitation was performed on IMR90 cells expressing

3XHA-EGFP-OMP25 and RASV12 or an empty vector. At day 12 post-infection, five 10 cm plates of cells were washed twice with

PBS and then scraped into 1 mL chilled KPBS buffer (136 mM KCl, 10 mM KH2PO4, pH 7.25). The following steps for mitochondrial

isolation and metabolite extraction were performed as described in (Chen et al., 2017), except for the incubation with magnetic

beads, in which the supernatants were incubated with 30 mL of prewashed anti-HAmagnetic beads (88837; ThermoFisher Scientific)

on a vertical-rotating mixer for 20 min. Proteins were eluted by adding 100 mL 6x SDS loading buffer (0.5 M Tris-HCl pH 6.8, 30%

glycerol, 10% SDS, 1% bromophenol blue and 15% b-mercaptoethanol) and then analyzed by SDS-PAGE. Immunoprecipitates

were run on SDS-PAGE and transferred onto nitrocellulose membrane for western blot analysis. The efficiency of mitochondrial pu-

rification was assessed with anti-TOMM20 antibodies and the efficiency of immunoprecipitation was assessed using an immunoblot

against HA.

Animals
Transgenic male mice with prostate-specific deletions of Stat3, Pten and double Stat3 and Pten deletion (Pencik et al., 2015) were

sacrificed at 19-weeks old and their prostate were collected and frozen in OCT for cryosections or in RNAlater (Invitrogen) for RNA

and protein extraction. For further information on the mouse model please refer to (Pencik et al., 2015). For immunohistochemistry, a

piece of tissue treated with RNAlaterwas washedwith PBS, incubated for 8 h in 15% sucrose in PBS and then 16 h in 30% sucrose in
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PBS at 4�C and then fixed in 10% formalin for 24 h at 4�C. After fixation and embedding into paraffin, 4 mm serial sections were cut to

perform immunohistochemistry according to CR-CHUM histology core platform. For antibodies see Table S2.

Allograftswereperformedasdescribed (Deschênes-Simardet al., 2013) using7weeksoldmaleNOD.Cg-Rag1tm1Mom Il2rgtm1Wjl/SzJ

(also called NRG)mice injected subcutaneously in both flanks with 100 mL of a premixed solution 1:1 of Matrigel (BD Biosciences) and

PBS-resuspended cells at 4�C, containing 1x106 MEFs cells expressing the different vectors. Tumor formation was evaluated over a

period of 40 days. Tumors volumes were assessed with a caliper every two days as soon as the tumors were palpable, andmice were

euthanized before 40 days if tumor volume reached 1.5 cm3. At endpoint, half of each tumor collected was flash-frozen for RNA and

protein purification and the other half was fixed in 10% neutral buffered formalin (Sigma) for at least 72 h before paraffin embedding.

Serial sections of 4 mm of each tumor were then cut at the Molecular Pathology platform of CR-CHUM and immunohistochemistry

was performed, as described above. For histopathology analysis, H&E staining was done at the CR-CHUMMolecular Pathology fa-

cility and evaluated by the histopathology laboratory of Dr. Trudel. For RNA and protein extractions, tumor pieces were transferred

into Eppendorf tubes and immediately flash-frozen in liquid nitrogen and then kept at�80�C until further use. For RNA isolation, Trizol

was added to frozen tumor samples and then tumors were homogenized using a POLYTRON� PT 1200 E (Kinematica). For protein

extraction, frozen tumor samples were also homogenized, but only in Læmmli 2x buffer (4%SDS, 20%glycerol, 120mMTris-HCl pH

6.8) instead. Extracted proteins were quantified using Micro BCA Protein Assay Kit (Pierce) and equal amount of proteins were run in

SDS-PAGE. All mice work was approved by the ethics committee of the CR-CHUM. The following formula was used to determine

tumor volume considered as an ellipsoid after measuring the diameter in x, y and z axis.

V =
4p h

2
w
2

l
2

3
=
4p hwl

8

3
=
phwl

6

where, h: height, w: width, l: length. Each measured dimension is divided by two to get the radius of tumors.

Stable Isotope Tracer Analysis
8x105 cells were seeded in 10-cm dishes to obtain cells at 80% confluency. The media was removed and replaced with fresh DMEM

containing 25mMglucosewithout pyruvate to equilibrate the cells for 2 h for experiment with fully labeled glucose. For tracer analysis

with 3-13C-glucose or 3-4 13C2-glucose equilibration media contained 10mM of Glucose. The equilibration media was replaced with

DMEM containing either 25 mM 13C6-glucose (389374, Sigma Aldrich, Oakville, ON)-labeled media or 10 mM 3-13C-glucose (CLM-

1393, Cambridge Isotope Laboratories, Cambridge, MA)- or 10 mM 3-4 13C2-glucose (CLM-6750-PK Cambridge Isotope Labora-

tories) for 2 min, 10 min, 1 h or 4 h.

The media was discarded and cells were washed 3x with 4�C isotonic saline solution on ice and quenched with 600 mL of 80%

methanol at <�20�C on dry ice. Cells were scraped from the plates and transferred to prechilled tubes. Cell suspensions were lysed

using a sonicator at 4�C for 10 min in cycles of 30 s on, 30 s off, at high setting with Diagenode Bioruptor. Sonication was repeated to

ensure complete recovery of metabolites. Cell debris were removed by centrifugation (14000 rpm, 4�C) and supernatants were trans-

ferred to prechilled tubes and dried in a cold trap overnight at 4�C. Dried pellets were dissolved in 30 mL of pyridine containing me-

thoxyamine-HCl (10 mg/mL) using a sonicator and vortex. Samples were spun down at 14000 rpm, incubated for 30 min at 70�C and

then transferred to GC-MS injection vials containing 70 mL of N-tert-Butyldimethylsilyl-N-methyltrifluoroacetamide (Sigma). The sam-

plemixtureswere further incubated at 70�C for 1 h. One mL of each sample was injected for GC–MS analysis. GC–MS instrumentation

and software were all from Agilent. GC–MSmethods and mass isotopomer distribution analyses are as previously described (Gravel

et al., 2016). Briefly, GC/MS analysis was conducted on an Agilent 5975C series GC-MSD with triple-axis HED/EM detector, equip-

ped with DB-5MS + DG capillary column (30 m length, 10 m Duraguard deactivated fused silica tubing, 0.25 mm internal diameter,

0.25 mm film thickness) (Agilent, USA) and a 7890A gas chromatograph, with a 7693 autosampler.

1 mL sample was injected in the GC in splitless mode with inlet temperature at 280�C with helium gas as the carrier at a flow rate at

1.552 mL/min. The quadrupole was set at 150�C and the GC/MS interface at 285�C. The oven program for all metabolite analyses

started at 60�C held at 1min and increased at a rate of 10�C/min up to 320�C. Bake-out was at 320�C for 9min. All data was collected

by electron impact set at 70eV. Sample data were acquired both in scan (1-600 m/z) and selected ion monitoring (SIM) modes.

Metabolites were identified by matching mass spectra and retention times using authentic standards from Sigma. Measurements

of metabolite concentrations are taken from the metabolite quantifier integration divided by the internal standard quantifier integra-

tion (myristic acid-D27) and normalized to cell count. For stable isotope tracer analysis, the integration values for quantifier (m+0) and

all possible isotopomers (m+1, m+2, etc.) are summed up to obtain the total amount of metabolite. The mass isotopomer distribu-

tion (MID) vector is obtained by dividing the m+0 and all isotopomer by the total amount of metabolite. The corrected MID is obtained

by removing the contribution of naturally occurring stable isotopes (McGuirk et al., 2013). The resulting isotopomers are expressed as

fractions of the total metabolite pool. To determine the relative ion abundance, the corrected MID is multiplied by the relative metab-

olite amount at steady state.

Data analysis was performed using the Agilent Chemstation and MassHunter software (Agilent, Santa Clara, USA). For labeling

experiment leading to Figure 1, Figure 4 and Figure S6 experiments control cells (shNTC) and senescent cells (shS3[A]) are the

same as all 4 conditions (shNTC, shS3[A], shS3[A]+ shp53, and shS3A+HTC were done together. Biological replicates were per-

formed on independent infections.
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Bioenergetic Analyses
Cellular respiration in the Seahorse Analyzer was measured as described previously (Audet-Walsh et al., 2016). Briefly, IMR90 cells

(7,500 growing or 5000 senescent) were seeded in 250 mL of culturemedia in a XFe24 cell culture plate and incubated for 24 h at 37�C.
Cells were washed twice and incubated in 525 mL of XFmedia for 1 h at 37�C in aCO2-free incubator. Measurements were normalized

to mg protein.

Nucleotide and nucleoside analysis
5x106 cells were washed twice with 150 mM ammonium formate and collected in 80% methanol (LC-MS grade, Sigma) chilled to

�80�C. Every step was performed on dry ice. The methanol:cell mixture was transferred into pre-chilled 2 mL Eppendorf tubes con-

taining 1.4 mm ceramic beads, then beaten on bead beater for 2 min at 30 Hz. After this, we added an equal volume of ice-cold di-

chloromethane and half the volume of ice-cold H2O. Themixture was vortexed for 1 min at maximum speed and left for 10min on ice.

Samples were spun at 4000 rpm at 1�C and the aqueous phase was transferred into a new pre-chilled Eppendorf tube. Samples were

dried overnight in a cold trap (Labconco). Samples were suspended and prepared for LC-MS/MS as described above. Data acqui-

sition was performed on Agilent 6430 Triple Quadrupole LC/MS system.

Bioinformatic analysis
Expression of HTC enzymes to find cell lines with high expression was analyzed from the Cancer Cell Line Encyclopedia (CCLE)

(Ghandi et al., 2019).

To generate representation of genes shown in Figure S4 we used UCSC genome Browser with different tools. For p53 ChIP seq

depth and SISSR peaks dataset (data are shown in green) the tool p53 ChIP seq depth and SISSR peaks dataset was used. This

dataset comes from 41 ChIP-seq data analyzed with a common pipeline. In order to get representation the sequence must be found

in at least two independent studies. For further information on the pipeline and analysis parameters see Nguyen et al. (Nguyen et al.,

2018). Additional p53 and E2F binding sequences were obtained in ChIP Atlas and positions extracted from UCSC genome Browser

using Transcription factor ChIP-Seq Clusters (161 factors) from ENCODE. For further information see ENCODE integrative analysis

(Consortium, 2012; Davis et al., 2018) and for CHIP Atlas (Oki et al., 2018). Information on H3K27Acmarks on 7 cell lines (Often Found

Near Regulatory Elements shown in red) was extracted from ENCODE (Consortium, 2012; Davis et al., 2018). Promoter regions

(shown in pink) were extracted from EPDnewNC human version 001 andGeneCards genes TSS v4.14 (Fishilevich et al., 2017; Stelzer

et al., 2016). Data for known or predicted gene enhancer regions were extracted using Interactions between GeneHancer regulatory

elements and genes tool (double elite) v4.14 (Fishilevich et al., 2017; Stelzer et al., 2016).

QUANTIFICATION AND STATISTICAL ANALYSIS

For Statistical analysis unpaired two-tailed Student’s t test or ANOVAwith compensation of multiple comparison with Dunnett, Tukey

or �Sidák based on Prism 9 recommendations for experimental design was performed unless stated otherwise in the figure legend

using Graph Pad Prism 6-9 and Excel. A value of p < 0.05 was considered significant. For statistical analysis technical replicates

were averaged prior to statistical analysis. In figures, data is shown unless stated otherwise as mean ± SD of data from independent

experiments and the p value was indicated with three digits after decimal or p% 0.05 equal to *, p% 0.01 equal to **, p% 0.001 equal

to *** and p % 0.0001 equal to ****. For analysis of immunohistochemistry we used Mann-Whitney non-parametric test, two tailed

using Graph Pad Prism 6-9. Details of statistical test were deposited with data on Mendeley: http://doi.org/10.17632/xsxwjfhz8f.1

ADDITIONAL RESOURCES

Further details senescence bypass experiments can be found in additional resources on Mendeley Data

For additional information on immunogold staining www.me-udem.com

For additional information on immunohistochemistry performed by the CR-CHUM core facility

https://www.chumontreal.qc.ca/en/crchum/facilities-and-services

For additional information of metabolic tracing analysis https://www.mcgill.ca/gci/facilities/metabolomics-innovation-resource-mir
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