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Excessive reactive oxygen species (ROS) can cause oxidative stress and consequently cell injury contributing to a
wide range of diseases. Addressing the critical gaps in our understanding of the adaptive molecular events down-
streamROS provocation holds promise for the identification of druggablemetabolic vulnerabilities. Here, we unveil
a direct molecular link between the activity of two estrogen-related receptor (ERR) isoforms and the control of
glutamine utilization and glutathione antioxidant production. ERRα down-regulation restricts glutamine entry into
the TCA cycle, while ERRγ up-regulation promotes glutamine-driven glutathione production. Notably, we identify
increased ERRγ expression/activation as a hallmark of oxidative stress triggered by mitochondrial disruption or
chemotherapy. Enhanced tumor antioxidant capacity is an underlying feature of human breast cancer (BCa) patients
that respond poorly to treatment. We demonstrate that pharmacological inhibition of ERRγ with the selective in-
verse agonist GSK5182 increases antitumor efficacy of the chemotherapeutic paclitaxel on poor outcomeBCa tumor
organoids. Our findings thus underscore the ERRs as novel redox sensors and effectors of a ROS defense program and
highlight the potential therapeutic advantage of exploiting ERRγ inhibitors for the treatment of BCa and other
diseases where oxidative stress plays a central role.
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Mitochondria are key organelles that coordinate metabo-
lismwith cellular functions. One pathway adopted bymi-
tochondria to communicate with the cell is through
reactive oxygen species (ROS) signaling. ROS are generat-
ed during oxidative phosphorylation where electrons are
transported via the electron transport chain (ETC) to cre-
ate a proton gradient able to oxidize oxygen and create
ATP. Eventually, oxygen is directly reduced by the trans-
ported electrons, generating ROS. Variations in ROS lev-
els fine-tune numerous signaling pathways via protein
modifications to adapt to changes in nutrient and oxida-
tive environment (Shadel and Horvath 2015). Deregula-
tion of mitochondria can result in elevated levels of ROS
causing damage to lipids, protein, and DNA, a situation
known as oxidative stress, and ultimately to pathophysio-
logical conditions such as diabetes, neurodegeneration,

inflammation, cancer, and aging (Pizzorno 2014). To
minimize oxidative damage, cells rely on antioxidant
mechanisms that modulate mitochondrial metabolism
to maintain cellular homeostasis (Ray et al. 2012). In par-
ticular, malignant cells function with higher amounts of
ROS than normal cells and ROS have been shown to pro-
mote cancer cell proliferation andmetastasis (Cairns et al.
2011). To counteract the potential toxic effect of elevated
ROS, cancer cells have acquiredmetabolic alterations that
favor key pathways involved in redox homeostasis, such
as an increase of the pentose phosphate pathway or gluta-
mine uptake that sustain, respectively, NADPH and glu-
tathione synthesis (Yang et al. 2014; Li et al. 2015).

The estrogen-related receptors (ERRs) α and γ are orphan
nuclear receptors playing pivotal roles in the control
of energy metabolism in both normal and cancerous
cells (Giguère 2008; Deblois et al. 2010; Deblois and
Giguére 2013; Audet-Walsh and Giguère 2015; Misawa
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transcriptional modulators of cellular metabolism, regu-
late the expression of genes involved in glycolysis, fatty
acid oxidation, andmitochondrial biogenesis and function
including oxidative phosphorylation and electron trans-
port (Mootha et al. 2004; Dufour et al. 2007; Charest-Mar-
cotte et al. 2010; Eichner and Giguère 2011; Chaveroux et
al. 2013; Xia et al. 2019). We and others have previously
shown that both ERRα and ERRγ are implicated in the reg-
ulation of ROS signaling (Sonoda et al. 2007; Hong et al.
2013; Murray et al. 2013; Kim et al. 2016; Wu et al.
2016). Notably, ERRα confers resistance to treatment
with lapatinib, a dual ErbB2 and epidermal growth factor
receptor (EGFR) inhibitor through protection against oxi-
dative stress (Deblois et al. 2016). Also, whereas loss of
ERRα blunts ROS provocation by the hepatocellular carci-
noma (HCC)-inducing carcinogen diethylnitrosamine
(DEN), targeting ERRγ in HCC suppresses tumorigenesis
in part by inducing ROS (Hong et al. 2013; Kim et al.
2016). While it is known that the ERRs can regulate
ROS, the exact mechanisms underlying ERR-dependent
ROS regulation remains elusive and the potential func-
tional cross-talk between ERRα and ERRγ in ROS homeo-
stasis or whether ROS signaling can modulate the ERRs
has not been explored.
In the present study, we reveal that in both normal

mouse embryonic fibroblasts (MEFs) and BCa cells, ROS
induction leads to a switch in nuclear receptor ERR iso-
form expression with a noticeable decrease in ERRα and
robust augmentation of ERRγ protein. Further investiga-
tion shows that oxidative stress induced by either the mi-
tochondrial disruptor rotenone or the chemotherapeutic
paclitaxel, in fact, activates both transcriptional regula-
torsmarked by increased genomic recruitment to cotarget
genes. Targeting this ERR-driven adaptive response estab-
lished their importance for ROS defense due in part via
up-regulation of a glutamine/glutathione metabolic gene
program. Particularly, inhibition of ERRγ with the selec-
tive inverse agonist GSK5182 (Chao et al. 2006) sensitized
triple-negative BCa patient-derived xenograft (PDX) orga-
noids to the chemotherapeutic paclitaxel. Our findings
support the benefit of antagonizing ERRγ activity for can-
cer disease management by rendering ROS-promoting an-
ticancer agents more effective and may be beneficial to
manage a wide range of pathological conditions induced
by oxidative stress.

Results

ERRα and ERRγ are redox sensors and regulators of ROS
signaling

ROS signaling is one of the principal mechanisms imple-
mented by the mitochondria to coordinate mitochondrial
and nuclear functions. Considering the established role of
the nuclear receptors ERRα and ERRγ asmaster regulators
of mitochondrial activity and our previous finding that
ERRα can act as an upstream modifier of the redox state
(Eichner and Giguère 2011; Deblois et al. 2016), we first
examined whether ROS directly regulates the ERRs. Us-
ing MEFs, we first show that the exogenous addition of

hydrogen peroxide (H2O2), a natural ROS produced by
mitochondria, leads to the simultaneous diminution of
ERRα and accumulation of ERRγ in a concentration- and
time-dependentmanner (Fig. 1A,B). Boosting intracellular
mitochondrial ROS generation via disruption of normal
mitochondrial function by addition of the electron trans-
port chain (ETC) inhibitors rotenone, thenoyltrifluoroace-
tone (TTFA), or oligomycin targeting complex I, II, or IV,
respectively, also noticeably reduced ERRα protein while
inducing ERRγ levels (Fig. 1C).
Next, we investigatedwhether the inverse effect of ROS

signaling on ERRα and ERRγ protein observed inMEFs ex-
tends to that of human cancer cells. To this end, we used
two established BCa cell lines, BT474 and SKBR3, repre-
senting Luminal B (ER+, HER2+) and HER2+ (ER−) molec-
ular subtypes, respectively. Indeed, treatment of BCa cells
with either H2O2 or inducers of mitochondrial dysfunc-
tion lowered ERRα levels on one hand while stimulating
ERRγ levels on the other (Fig. 1D–F). Notably, the rote-
none-induced ERR isoform switch was reversed by pre-
treatment of SKBR3 cells with the ROS scavenger
MitoQ, denoting that the ERRs are downstream targets
of ROS signaling (Fig. 1G). Addition of the proteasome in-
hibitor MG132 was able to rescue the 1-h rotenone-medi-
ated degradation of ERRα in SKBR3 cells, a treatment time
that had no significant impact on the transcript levels of
ERRα (Esrra) and ERRγ (Esrrg) (Fig. 1H,I), suggesting that
modulation of ERR levels by ROS signaling occurs initial-
ly at the protein, not transcriptional level. A longer expo-
sure to rotenone for 6 h ultimately impacted ERRα and
ERRγ mRNA levels with an observed up-regulation of
Esrrg and down-regulation of Esrra (Supplemental Fig.
S1A). To establish a functional cross-talk between ROS
and the ERRs, we next assessed the impact of ERRα and
ERRγ inhibitors on rotenone-provoked ROS levels (Sup-
plemental Fig. S1B). As a proof of concept, rotenone treat-
ment alone increased ROS levels of SKBR3 cells as
determined by the elevated production of the oxidized
fluorescent probe 2′,7′-dichlorofluorescein (DCF) from
2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA)
by ROS, signified by a shift of the DCF fluorescent peak
to the right (Fig. 1J; Supplemental Fig. S1C). While ERRα
inhibition by the selective inverse agonist compound 29
(C29) (Patch et al. 2011) decreased rotenone-stimulated
ROS, displayed by a shift of the rotenone-produced DCF
peak to the left, abrogating ERRγ activity by GSK5182 re-
sulted in an overall higher level of ROS production (Fig. 1J;
Supplemental Fig. S1C).
We next questioned whether the ERRs can alter ROS

levels in the absence of an inducer of oxidative stress. Re-
markably, MEFs lacking ERRα (KO) exhibited diminished
ROS levels in the basal state and re-expression of ERRα in
KOMEFs elevatedROSproduction (Fig. 2A; Supplemental
Fig. S2). siRNA-mediatedknockdownofERRγ inERRαKO
MEFs, found to express higher levels of ERRγ compared
withWTMEFs, robustly augmentedROS (Fig. 2A; Supple-
mental Fig. S2). Furthermore, pharmacological inhibition
of ERRα with C29 in SKBR3 cells was proven effective in
decreasing cellular ROS levels, an effect thatwas impaired
by cotreatmentwith the ERRγ inhibitorGSK5182 (Fig. 2B;
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Supplemental Fig. S2). Excessive ROS can lead to the oxi-
dative damage of macromolecules, in particular nucleic
acids (Cadet and Wagner 2013); thus, we next evaluated
ROS-induced DNA damage in response to modulation of
ERRα and ERRγ activity. Concomitant with the observed
reduction ofROSuponERRα inhibition, the levels of phos-
phorylated histone H2AX (γH2AX), a well-known marker
of DNA damage, and immunofluorescence staining of ox-
idized guanine, 8-oxoguanine, were significantly de-
creased in both BT474 and SKBR3 cells following C29
treatment (Fig. 2C,D). Importantly, this effect was ERRγ-

dependent as coadministration of the ERRγ inhibitor
GSK5182 derepressed and generally restored the magni-
tude of DNA damage in the presence of C29 (Fig. 2C,D).
The data support the existence of a functional cross-talk
between ROS signaling and the ERRs.

ERRα and ERRγ cotarget a ROS homeostasis
transcriptional network

To help delineate mechanistically how perturbing ERRα
and ERRγ activity can function as a ROS defense response,
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Figure 1. Cross-talk between ROS signaling and the ERRs. (A,B) ERRα and ERRγ protein determination in MEFs after a 1-h treatment
with increasing concentrations of hydrogen peroxide (H2O2) as indicated (A) or a time course following treatment with 150 µM H2O2

(B). (C ) ERR isoform immunoblotting inMEFs following treatment with 1 µM of themitochondrial disruptors, rotenone, thenoyltrifluor-
oacetone (TTFA), or oligomycin for 1 h. (D,E) Time-dependent effect of 150 µM H2O2 on ERRα and ERRγ expression in BT474 (D) and
SKBR3 (E) cells. (F ) Effect of a 1-h treatment with 1 µM rotenone, TTFA, or oligomycin on ERRα and ERRγ protein levels in SKBR3 cells.
(G) Reversal of rotenone-induced ERRα degradation and ERRγ stabilization in SKBR3 cells by a 1-h pretreatment with the ROS scavenger
mitoQ (1 µM). (H) Transcript levels of the ERRα and ERRγ-encoding genes, ESRRA and ESRRG, respectively, following a 1-h treatment
with rotenone. (I ) Rotenone-induced ERRα degradation following a 1-h treatment was rescued by a pretreatment with the proteasome in-
hibitor MG132 for 2 h (10 nM). (J) Measurement of ROS levels by fluorescence of oxidized 2′,7′-dichlorofluorescein (DCF) in SKBR3 cells
treated with the ROS-inducing drug rotenone alone or in combination with an inhibitor of ERRα (C29) or ERRγ (GSK5182). Data inH rep-
resent mean±SEM.
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we pursued the identification of an ERR-dependent gene
network implicated in this process given the nature of
their roles as transcriptional regulators. First, we manual-
ly compiled a list of 416 genes taken from distinct meta-
bolic KEGG pathways associated with ROS homeostasis
that included glutamine/glutathione metabolism, glycol-
ysis, fatty acid oxidation (FAO), and the TCA cycle/ETC
(Fig. 3A; Supplemental Table S1; Panieri and Santoro
2016). As glutamine is a key substrate for glutathione pro-

duction, amajor cellular antioxidant capable ofmitigating
ROS damaging effects, we expanded this list to include 14
known genes encoding glutamine transporters (Bhutia
and Ganapathy 2016) as they were not among the KEGG
pathways used, resulting in a 430-gene set related to
ROS homeostasis (Supplemental Table S1). Second, we
performed ERRγ chromatin immunoprecipitation (ChIP)
assays coupled with DNA sequencing (ChIP-seq) in the
human BCa cell line BT474, as we determined previously

B

A

C D

Figure 2. ERRα and ERRγ differentially modulate ROS signaling. (A) Measurement of ROS levels by fluorescence of oxidized 2′,7′-
dichlorofluorescein (DCF) in WT versus ERRα-null (KO) MEFs as well as in KO versus KOMEFs either re-expressing ERRα or transfected
with specific siRNAs against ERRγ (siERRγ) for 48 h. (B) The reduction in ROS determined by fluorescence of oxidized DCF following a
24-h treatment of SKBR3 cells with the ERRα inhibitor C29 was found abrogated by cotreatment with the specific ERRγ inhibitor
GSK5182. (C ) Levels of the DNA damage marker, γH2AX, in BCa cells following treatment with ERRα and/or ERRγ inhibitors, C29,
and/or GSK5182, respectively. (D) Fluorescence detection and quantification of 8-oxoguanine DNA damage in BT474 and SKBR3 cells
upon ERRα inhibition with C29 in the presence or absence of the ERRγ inhibitor GSK5182. (A–D) Three independent experiments
were performed with two replicates per condition and one representative experiment is shown. Data represent mean± SEM. (∗∗) P<
0.01; (∗∗∗) P <0.001, Student’s t-test.

ERRs as ROS gatekeepers

GENES & DEVELOPMENT 547

 Cold Spring Harbor Laboratory Press on August 27, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.330746.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.330746.119/-/DC1
http://genesdev.cshlp.org/
http://www.cshlpress.com


E F

B

A

C

D

Figure 3. ERRα and ERRγ cotarget anROS homeostasis gene signature. (A, left panel) Schematic illustrating themetabolic pathways that
impact ROShomeostasis. (Middle panel) Pie chart shows that 118 of 430 genes of a curatedmetabolic gene set related to ROS homeostasis
are cobound by ERRα and ERRγ via intersection of a previous ERRαChIP-seq study (GSE75876) with that of ERRγ in BT474 cells provided
here. Only genes with ERR binding ±20 kb of the TSS of genes were considered. (Right panel) Association of the 118 cotargeted ERRα/γ
gene set to specific ROS-related metabolic pathways are shown. (B) Genome browser views of ChIP-seq binding events in BT474 cells
showing cotargeting of ERRα and ERRγ to several genes identified in A. (C ) Standard ChIP-qPCR analyses in BT474 cells showing the ef-
fect of specific ERRα and ERRγ inhibitors, C29 andGSK5182, respectively, on the binding of ERRα and ERRγ to TCA cycle and glutamine/
glutathione metabolism target genes identified in A. (D) Schematic representation of a subset of the ERRα/γ targeted ROS homeostasis
gene signature identified in A with a central focus on glutamine metabolism toward glutathione generation and its interconnection
with the TCA cycle. (E,F ) qRT-PCR analysis of a subset of validated ERRα/γ TCA cycle and glutamine/glutathione target genes in C

following treatment with C29 or GSK5182 in both BT474 (E) and SKBR3 (F ) cells. Data represent mean±SEM. (∗) P <0.05; (∗∗) P< 0.01,
Student’s t-test.
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the ERRα cistrome in these cells (Supplemental Table S2;
Audet-Walsh et al. 2016). ERRγ shares high sequence
homology with ERRα, particularly in the DNA-binding
domain, and we showed previously that they are cor-
ecruited to a large set of genes (Dufour et al. 2007). Not
surprisingly, ERRγ exhibited a genome location-based dis-
tribution in binding peaks like that previously observed
for ERRα (Supplemental Fig. S3A; Audet-Walsh et al.
2016). While a larger number of binding sites were identi-
fied for ERRα compared with ERRγ (22,538 vs. 15,223),
comparison of the ChIP-seq data sets revealed >80% over-
lap in their binding peaks (12,445) relative to the number
of ERRγ-bound regions (Supplemental Fig. S3B). De novo
motif enrichment analysis identified the ERR response
element (ERRE), FOXA1 and AP2 as the top three sig-
nificantly enriched motifs for both ERRα and ERRγ
ChIP-seq data sets (Supplemental Fig. S3B,C). Finally,
we intersected our curated metabolic ROS homeostasis
gene set (430) with the list of ChIP-seq ERRα/γ cotargeted
genes displaying an overlap in binding events within ±20
kb from the transcriptional start site (TSS) of genes. Our
analysis resulted in the identification of 118 ERRα/γ
target genes implicated in multiple biological processes
related to ROS homeostasis of which we focused our
attention on those directly impacting glutamine fate, be-
ing glutamine/glutathione metabolism and the TCA
cycle (Fig. 3A).
Glutamine metabolism drives glutathione production,

and once incorporated into the cell, is transformed into
glutamatewhich apart fromopting for an anaplerotic route
via entry into the TCA cycle by its oxidative deamination
to α-ketoglutarate (α-KG), glutamate can alternatively be
condensedwith cysteine to form the precursor to glutathi-
one synthesis, γ-glutamylcysteine. Cysteine can arise
either from the methionine cycle through the transsulfu-
ration pathway or be absorbed in the form of cystine
from the extracellular medium via the cystine/glutamate
antiporter. ERRα and ERRγ ChIP-seq genome browser
views and standard ChIP-qPCR validation of a subset of
the identified glutamine/glutathione and TCA cycle tar-
get genes are shown (Fig. 3B–D; Supplemental Fig. S3D).
Several relevant genes, FH, SDHA, SDHB, and GCLM,
were alsovalidatedbyChIP-qPCRas targets of both factors
despite the missed calling of significant peaks from the
ERRγ ChIP-seq profiles (Fig. 3C,D; Supplemental Fig.
S3D), enlarging the identified ERRα/γ cotargeted ROS ho-
meostasis-related gene program from 118 to 122 genes
(Supplemental Table S3). Treatment of cells with the
ERRα inhibitorC29markedly suppressedERRα geneoccu-
pancy and enhanced ERRγ recruitment to the same loci
(Fig. 3C). Inactivation of ERRγ by GSK5182 generally re-
duced its binding to DNA and impaired the increased ge-
nomic recruitment of ERRγ in response to ERRα
inhibition by C29 (Fig. 3C). Intriguingly, we found that
GSK5182 also impeded ERRα binding to target genes
(Fig. 3C), indicating that the presence of ERRγ on DNA
may be necessary for ERRα recruitment to certain genes.
Gene expression analysis in BT474 and SKBR3 cells
showed that treatment with either C29 or GSK5182 alone
can decrease the mRNA levels of several TCA cycle en-

zymes (Fig. 3E,F). Given that the ERRα inhibitor C29 in-
creases ERRγ binding to these genes and that the ERRγ
inhibitor GSK5182 impairs the binding of both factors,
this suggests that loss of ERRα recruitment to these genes
plays a dominant underlying role for the observed tran-
scriptional repression. One exception among the TCA cy-
cle enzymes tested and found conserved between BT474
and SKBR3 cells was the inverse regulation of the isoci-
trate dehydrogenase 1 gene, IDH1, by the ERRs (Fig. 3E,
F). Reductive carboxylation by which α-KG is converted
to isocitrate prior to citrate formation can be catalyzed
by either IDH1 or IDH2, localized in the cytoplasm or mi-
tochondria, respectively (Fig. 3D). The fact that ERRα pos-
itively and ERRγ negatively regulated IDH1 transcription
suggests that the ERRs may play opposing roles on reduc-
tive carboxylation. Further expression profiling discovered
that C29-mediated ERRα inhibition boosts transcription
of glutamine/glutathione pathway genes GLS, GCLC,
GCLM, GSR, and GSTA3 in both cell lines tested (Fig.
3E,F). It is noteworthy that GCLC and GCLM encode the
two subunits forming the heterodimeric enzyme gluta-
mate-cysteine ligase (GCL) responsible for the first and
rate-limiting step of glutathione synthesis and the gluta-
thione-disulfide reductase-encoding gene GSR helps
maintain glutathione availability for detoxification by re-
verting its oxidized form to a reduced state (Fig. 3D). Strik-
ingly, the C29-driven induction of these genes was found
dependent on ERRγ as cotreatment with the ERRγ inhibi-
tor GSK5182 either abolished or reversed this effect (Fig.
3E,F). These results imply that ERRγ up-regulation in the
presence of C29 is largely responsible for the observed
transcriptional activation of the glutamine/glutathione
pathway. Overall, functional genomics analysis reinforces
the existence of an operative functional link between the
ERRs and the control of ROS homeostasis.

Modulation of ERRα and ERRγ activity perturbs
glutamine metabolic flux

Inhibition of either ERRα or ERRγ was found to alter the
binding of both receptors to key genes involved in the
TCA cycle, glutamine oxidativemetabolism and glutathi-
one production, as such we proceeded to determine the
functional consequence of ERRα and/or ERRγ loss of func-
tion on these biological processes. Previously, we showed
that C29-mediated ERRα inhibition restricts glutamine
flux into the TCA cycle as determined by stable isotope-
resolved metabolomics (SIRM) experiments (Deblois
et al. 2016). These findings were replicated in this study
by SIRMwith glutamine ([U-13C]-glutamine) as the tracer
in SKBR3 cells, confirming that inhibiting ERRα function
suppresses glutamine-derived α-KG and its further
oxidation in the forward direction of the TCA cycle as
well as its conversion to citrate in the reverse direction
by reductive carboxylation (Fig. 4A). Inhibition of ERRγ
by GSK5182 had no significant effect on glutamine
flux in the forward (oxidative) TCA cycle which remain-
ed down-regulated in the presence of C29 (Fig. 4A). How-
ever, contrary to ERRα inhibition, ERRγ inactivation
up-regulated glutamine-driven TCA cycle reductive
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carboxylation, a dominant phenotype in cells cotreated
with C29 and GSK5182 (Fig. 4A). The observed effects of
ERRα and/or ERRγ inhibition on glutamine entry into
the TCA cycle are supported by the down-regulation of
TCA cycle gene expression by C29 and up-regulation of
IDH1 expression byGSK5182 important for reductive car-
boxylation (Fig. 3E,F).

Next, we assessed the importance of the ERRs on gluta-
mine-driven glutathione production. First, measurement
of steady state reduced (GSH) and oxidized (GSSG)
glutathione in SKBR3 cells showed reduced GSH and
higher GSSG levels in cells treated with either C29 or
GSK5182 alone (Supplemental Fig. S4A). Importantly, ad-
dition of GSK5182 abolished the observed C29-dependent

effects (Supplemental Fig. S4A). Next, using SIRM to fol-
low the flux of glutamine ([U-13C15N]-glutamine) towards
de novo glutathione production in SKBR3 cells revealed
differential results compared with steady-state levels. No-
tably, inhibition of ERRα by C29 in SKBR3 cells signifi-
cantly increased GSH and GSSG generation from
glutamine as the tracer, an effect that was abolished by
cotreatment with the ERRγ inhibitor GSK5182 (Fig. 4B;
Supplemental Fig. S4B). In line with these results, attenu-
ation of ERRγ activity impaired the C29-dependent in-
crease in both glutamine uptake and extracellular
glutamate levels (Fig. 4C), the latter being an indicator
of exchange of glutamate for cystine needed for glutathi-
one synthesis (Fig. 3D). Unexpectedly, however, we found

B

A

C

Figure 4. The activities of ERRα and ERRγ dictate glutamine fate. (A) SIRM experiments showing labeled glutamine ([U-13C]-glutamine)
tracingmeasurements into TCA cycle intermediates in both forward and reverse directions in SKBR3 cells treatedwith vehicle, the ERRα
inhibitor C29, and/or the ERRγ inhibitor GSK5182. The data represents an average of two independent experiments with five replicates
per condition. A z-scored heat map representation of the relative SIRM tracing measurements is shown for added clarity. (B) Similar toA,
SIRM tracing with labeled glutamine ([U-13C15N]-glutamine) to de novo glutathione production was performed in SKBR3 cells treated
with or without ERRα and ERRγ inhibitors. (C ) Effect of ERRα and/or ERRγ inhibitors on the relative abundance of glutamine and gluta-
mate in the extracellular media of both SKBR3 and BT474 cells. Data represent mean±SEM. (∗) P <0.05; (∗∗) P <0.01; (∗∗∗) P< 0.001, Stu-
dent’s t-test.
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that GSK5182-mediated ERRγ inhibition alone can stim-
ulate glutamine uptake, glutamate excretion, and gluta-
thione generation (Fig. 4B,C). These findings contrast
with GSK5182-mediated down-regulation of glutamine/
glutathione gene expression (Fig. 3E,F), suggesting that
other factors underlie the observed GSK5182-stimulated
glutathione synthesis. Nevertheless, our findings that
ERRγ promotes ROS formation (Figs. 1, 2), and that gluta-
mine-driven glutathione production upon ERRα loss of
function is contingent on ERRγ activity supports the
key role of ERRγ as a defender against ROS.

ERRγ loss of function increases rotenone-induced
cytotoxicity

While we observed that perturbing ERR isoform function
influences ROS and DNA damage levels in the basal state
(Fig. 2), siRNA-mediated silencing or drug-induced inhibi-
tion of ERRα or ERRγ in SKBR3 cells had no consequence
oncellular viability (Fig. 5A,B).However, under conditions
of oxidative stress provoked by the mitochondrial disrup-
tor rotenone,whichwe found to induce ERRγ (Fig. 1), abro-
gation of ERRγ potentiated rotenone-induced cell death
(Fig. 5A,B). ERRα loss of function had no impact on the cy-
totoxic effects of rotenone (Fig. 5A,B), as opposed to ERRα
overexpression, which heightened rotenone-induced cell
death (Supplemental Fig. S5). To provide mechanistic in-

sight into these observations, we assessed ERRα and
ERRγ transcriptional function in the presence of rotenone.
Surprisingly, although acute treatment with rotenone di-
minishes ERRα protein and augments ERRγ expression
(Fig. 1), rotenone promoted the recruitment of both factors
to cotarget genes, an effect found more striking for ERRγ
(Fig. 5C). These results thus indicate that both ERRα and
ERRγ are activated in response to oxidative stress, and
treatment of cells with either C29 or GSK5182 was suffi-
cient to block or reverse rotenone-induced up-regulation
of several TCA cycle and glutamine/glutathione pathway
genes (Fig. 5D). These results diverge from normal condi-
tions where C29-mediated ERRα inhibition leads to up-
regulation of glutamine/glutathione gene expression due
to increased ERRγ target gene occupancy (Fig. 3). Here, un-
der conditions of oxidative stress,C29 treatment could not
boost ERRγDNA binding but rather had the inverse effect
and compromised rotenone-induced ERRγ binding and ex-
pression of glutamine/glutathione genes (Fig. 5C,D). It is
conceivable to think that ERRα/ERRγ heterodimerization
on chromatin in a state of oxidative stress is necessary for
transcriptional control by the ERRs. Taken together, our
results indicate that the ERRs play important roles in
ROS homeostasis under both normal and oxidative stress
conditions and particularly highlight ERRγ up-regulation
as a critical node in the transcriptional control of glutathi-
one production.
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Figure 5. ERRγ inhibition increases rotenone-induced cytotoxicity. (A,B) siRNA-mediated knockdown (A) or pharmacological inhibi-
tion of ERRγ by GSK5182 (B) sensitizes SKBR3 cells to rotenone-induced cell death, while ERRα knockdown or inhibition by C29 has
no effect. (C ) Standard ChIP-qPCR analyses in BT474 cells showing the effect of a 1-h rotenone treatment on ERRα and ERRγ binding
to TCA cycle and glutamine/glutathione metabolism cotarget genes with or without pretreatment with C29 or GSK5182. (D) qRT-
PCR analysis of a subset of TCA cycle and glutamine/glutathione target genes upon treatment with rotenone ±C29 or GSK5182 in
BT474 cells. Data represent mean±SEM. (∗) P< 0.05; (∗∗) P <0.01; (∗∗∗) P <0.001, Student’s t-test.
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The selective ERRγ inhibitor GSK5182 sensitizes BCa
cells to chemotherapy

As the data implicate ERRγ up-regulation as an important
adaptive response to oxidative stress, this makes ERRγ an
attractive druggable target thatmaywork to sensitize can-
cer cells to ROS-based chemotherapy. Notably, treatment
of both BT474 and SKBR3 cells with three commonly used

chemotherapeutics in the clinic for the treatment of BCa,
paclitaxel, docetaxel, and doxorubicin, all amplified ERRγ
levels while reducing ERRα expression (Fig. 5A–C). Forced
expression of ERRα had no impact on paclitaxel-induced
ERRγ expression (Supplemental Fig. S6A). As observed
with rotenone, paclitaxel stimulated both ERRα and
ERRγ target gene recruitment (Fig. 6D), reinforcing that
both receptors are activated in response to oxidative

E
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Figure 6. Inhibition of ERRγ increases paclitaxel-induced cytotoxicity. (A–C) Immunoblots showing ERRα and ERRγ protein levels fol-
lowing treatment of BT474 (top) and SKBR3 (bottom) cells with the chemotherapeutic drugs paclitaxel (A), docetaxel (B), or doxorubicin
(C ) in combinationwith the selective ERRγ inverse agonist GSK5182. (D) Standard ChIP-qPCR analyses in BT474 cells showing the effect
of a 1-h paclitaxel treatment on ERRα and ERRγ binding to TCAcycle and glutamine/glutathionemetabolism cotarget geneswith orwith-
out pretreatment with C29 or GSK5182. (E) qRT-PCR analysis of a subset of ERRα/γ TCA cycle and glutamine/glutathione target genes
following treatment with paclitaxel ±C29 or GSK5182 in BT474 cells. (F,G) Levels ROS detected by fluorescence of oxidized 2′,7′-dichlor-
ofluorescein (DCF) (F ) and the DNA damage marker γH2AX (G) in BT474 cells following treatment with paclitaxel and/or the ERRγ in-
hibitor GSK5182. (H) Pharmacological inhibition of ERRγ with GSK5182 sensitizes BT474 cells to paclitaxel-induced cell death. Data
represent mean± SEM. (∗) P <0.05; (∗∗) P <0.01; (∗∗∗) P<0.001, Student’s t-test.
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stress. While rotenone largely favored the induction of
ERRγ recruitment (Fig. 5C), paclitaxel enhanced ERRα
and ERRγ DNA binding to a similar extent (Fig. 6D).
Nonetheless, both rotenone- and paclitaxel-induced
ERRγ binding was dependent on ERRα, as the increase
in ERRγ occupancy in response to drug-induced oxidative
stress was strongly prevented by C29 treatment (Figs. 5C
and 6D). Consistent with the effects observed with rote-
none, treatment of cells with either C29 or GSK5182
was sufficient to block or reverse paclitaxel-induced up-
regulation of several TCA cycle and glutamine/glutathi-
one pathway genes (Fig. 6E). Remarkably, inhibiting
ERRγwith GSK5182 further increased paclitaxel-induced
ROS and γH2AX levels concomitant with aggravation of
chemotherapy-induced cytotoxicity (Fig. 6F–H; Supple-
mental Fig. S6B–E). In addition, we found that either
ERRα inhibition by C29 or ERRα overexpression could
augment paclitaxel-induced cytotoxicity (Supplemental
Fig. S6F,G). The former observation can be attributed to
the loss of ERRγ-stimulated transcriptional activity by
C29 and the latter possibly due to intensified mitochon-
drial activity. Together, the data support the benefit of
perturbing ERR isoform activity to hamper the up-regula-
tion of ROS mitigation strategies and thus improve re-
sponse to chemotherapy.

An ERRα/γ targeted ROS homeostasis gene signature
correlates with poor chemotherapeutic response of BCa
patients

Cancer cells have rewired metabolism and redox balance
to fuel growth and proliferation (Cairns et al. 2011). To
gain insight into some of the metabolic programs altered
in tumors prior to treatment, we extracted available tran-
scriptome data of BCa patients prior to chemotherapy
and/or radiotherapy, both inducers of oxidative stress,
from the large Molecular Taxonomy of Breast Cancer In-
ternational Consortium (METABRIC) cohort (Pereira
et al. 2016). We classified the samples into two categories
consisting of patientswith either bad or good treatment re-
sponse as determined by having either a low overall sur-
vival (<24 mo, n = 133) or high overall survival (>100 mo,
n = 1006), respectively. Gene set enrichment analysis
(GSEA) showed significant up-regulation of several meta-
bolic KEGG pathways including glycolysis, 1-carbon me-
tabolism, and pyrimidine metabolism associated with
the pentose phosphate pathway in tumors of patients
that had a bad overall survival (Fig. 7A). This is consistent
with more aggressive tumors having higher metabolic ac-
tivities. In the samecohort,wealso founda significant pos-
itive association of ERRα mRNA levels (ESRRA) in
patients with low overall survival (Fig. 7B). Based on previ-
ous work, up-regulating ERRα activity stimulates meta-
bolic flexibility and ability to use diverse substrates as
energetic fuels, thus facilitating tumorigenesis (Deblois
et al. 2009, 2016; Chang et al. 2011; Audet-Walsh et al.
2016;Parket al. 2016, 2019).Wenext analyzeda secondco-
hort of BCa patientswith available tumorRNAexpression
profiles after chemotherapy and their associated response
to standard anthracycline and taxane-based chemotherapy

(GSE28844) (Vera-Ramirez et al. 2013). Despite the small
cohort, GSEA determined an up-regulation of glutathione
metabolism in patients who did not respond well to treat-
ment (Fig. 7C), emphasizing the importance of cancer cells
to enhance antioxidant production and defense response
to resist chemotherapy-induced cytotoxicity. Concor-
dantly, our ERRα/γ targeted ROS homeostasis gene set
(118 genes), extended to include the validated cotarget
genes FH, SDHA, SDHB, andGCLM (Fig. 3; Supplemental
Table S3), was also found significantly up-regulated by
GSEA in postchemotherapyBCa tumor samples of poor re-
sponders (Fig. 7C). Within the GSEA core enrichment
genes contributing the greatest to the up-regulation
were genes linked to the TCA cycle (IDH2, FH, and
OGDHL), glutathione transport/metabolism (SLC38A1,
GSR,GSTA3, andGGT6) as well as the methionine cycle
(MAT1A andAHCY), the latter which can supply cysteine
required for glutathione synthesis. The data indicate that
tumors more apt at maintaining ROS homeostasis in re-
sponse to ROS-based chemotherapy, a program controlled
bymodulation of ERRα and ERRγ transcriptional activity,
are less likely to respond to treatment.
Finally, given the critical importance of ourwork impli-

cating ERRγ up-regulation as anROSdefense response, we
sought to test the efficacy of combining the ERRγ inhibi-
tor GSK5182 with paclitaxel in a preclinical setting. Pa-
tient-derived organoids are emerging as a valuable
primary tumor drug response tool as they closely repre-
sent a patient’s disease phenotypes (Weeber et al. 2017;
Roelofs et al. 2019). As such, we established PDX organo-
ids (PDXOs) from two women with triple negative BCa
which grow well in 3D cultures given the aggressive na-
ture of this molecular subtype. We first confirmed that
paclitaxel induces ERRγ levels while reducing ERRα
expression in the triple-negative BCa cell line MDA-MB-
231 (Fig. 7D), recapitulating the effects of paclitaxel
observed in the HER2+ (SKBR3) and Luminal B (BT474)
cell lines. Importantly, while GSK5182 alone had no sig-
nificant effect, the increased cytotoxicity of PDX1886
and PDX2215 organoid models to increasing doses of
paclitaxel was further exacerbated by cotreatment with
the ERRγ inhibitor GSK5182 (Fig. 7E,F). Collectively,
the data support ERRγ as an actionable drug target for
combinatorial ROS-based therapy in BCa patients.

Discussion

To achieve ROS homeostasis and avoid oxidative stress, a
balance between ROS production and its scavenging is re-
quired. In this work, we demonstrate that the nuclear re-
ceptors ERRα and ERRγ are redox sensors that play
essential roles in the control of ROS-related metabolism.
ChIP-seq analysis, transcriptional profiling, and metabo-
lite pathway tracing using SIRM were used to delineate
the underlying mechanisms involved in ROS regulation
by the two ERR isoforms. In the basal state, inhibiting
ERRα diminishes total cellular ROS levels, an effect at-
tributed to the metabolic rewiring and shift of glutamine
flux away from TCA cycle entry and toward its
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consumption for glutathione production. Notably, we
demonstrate that targeting ERRγ can block this protective
mechanism against ROS detoxification mediated by loss
of ERRα function as ERRα and ERRγ were found to in-
versely regulate the flux of glutamine towards reductive
carboxylation and glutathione biosynthesis. In contrast
to the identified opposing roles of ERRα and ERRγ ob-
served under normal conditions, oxidative stress-induced
cells were found to require activation of both receptors to
set in motion an adaptive antioxidant stress response.
Pharmacological inhibition of ERRγ by GSK5182 or
ERRα by C29 were both found to block the induction of
ERRγ target gene occupancy in response to the ROS-pro-

voking mitochondrial disruptor rotenone and the chemo-
therapeutic drug paclitaxel. As such, inhibiting ERRα or
ERRγ impaired or reversed the stimulatory action of rote-
none or paclitaxel on several TCA cycle and glutamine/
glutathione pathway genes and consequently aggravated
the oxidative stress-induced cytotoxic effects, thus sensi-
tizing cells to ROS-promoting drugs. The benefits of tar-
geting ERRγ up-regulation mediated by ERRα loss of
function under normal conditions or mediated by oxida-
tive stress induced by paclitaxel or rotenone treatment
are summarized in Figure 8.

It is well known that most chemotherapeutics induce
cytotoxic effects on cancer cells via the induction of
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Figure 7. Pharmacological inhibition of ERRγ by GSK5182 increases response of PDXOs to chemotherapy. (A) GSEA-determined met-
abolic KEGG pathways up-regulated in tumors taken prechemotherapy from BCa patients who displayed a low overall survival (<24 mo)
compared with those with a high overall survival (>100mo) taken from theMETABRIC cohort. (B) Box and whiskers plot (Tukey style) of
mRNA expression levels of ERRα (ESRRA) and ERRγ (ESRRG) in tumor samples from A. (C, top panel) Significant up-regulated KEGG
metabolic pathways by GSEA in postchemotherapy tumors of BCa patients that exhibited a negative (bad) response to an anthracy-
cline/taxane-based therapy compared with those that had a favorable (good) response (GSE28844). (Bottom panel) GSEA established a sig-
nificant up-regulation of a 122-gene ERRα/γ targeted signature identified in Figure 3 related to ROS homeostasis in postchemotherapy
tumor samples from BCa patients who exhibited the worst response to treatment (GSE28844). (D) ERRα and ERRγ protein levels in
the triple-negative BCa cell line MDA-MD-231 following treatment with paclitaxel and/or the ERRγ inhibitor GSK5182. (E) Representa-
tive images showing a greater reduction in triple-negative PDXO densities with a paclitaxel (10 nM)+GSK5182 (5 µM) regimen compared
with paclitaxel alone. (F ) Relative cell density measurements of PDXO cultures from two triple-negative BCa patients treated with
GSK5182 (5 µM) and increasing doses of paclitaxel. Data represent mean±SEM. (∗∗∗) P< 0.001, Student’s t-test.
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oxidative stress and cellular damage. However, cancer
cells have evolved mechanisms to re-establish redox bal-
ance fueling drug resistance and survival. By analyzing a
large cohort of BCa patients, we observed that tumors
with a high metabolic activity are more resistant to che-
motherapy and this correlateswith high levels of ERRα ex-
pression. Moreover, analysis of an independent cohort
taken after chemotherapy revealed an up-regulation of
glutathione metabolism, reinforcing antioxidant produc-
tion as an important ROS defense mechanism. Likewise,
a 122-gene ERRα/γ targeted metabolic signature related
to ROS homeostasis including the glutamine/glutathione
pathway was also strongly up-regulated in BCa tumors af-
ter chemotherapy. These data are thus in accordance with
the notion of metabolic plasticity, which allows cancer
cells to rapidly adapt their metabolism to external stimuli
such as chemotherapeutic agents (Jia et al. 2018).
Identifying the molecular effectors of ROS defense

mechanisms may be exploited as targeted therapies for
cancer and other diseases. Known transcription factors
previously shown to favor ROS scavenging in cancer cells
and tumor progression include most notably nuclear fac-
tor erythroid 2-related factor 2 (NRF2) and hypoxia-induc-
ible factor 1-α (HIF1α) (Trachootham et al. 2006; Gao et al.
2007; DeNicola et al. 2011; Ren et al. 2011). Here, we iden-
tified ERRγ as a druggable cancer metabolic vulnerability
to oxidative stress. Notably, combining the selective
ERRγ inhibitor GSK5182 with the chemotherapeutic
drugs paclitaxel, docetaxel, and doxorubicin, all of which
up-regulated ERRγ expression and activity accentuating
the chemotherapy-induced cytotoxic effects in BCa cells.

Accordingly, cotreatment of GSK5182 with paclitaxel
was found significantly more effective at reducing the
proliferation of two aggressive BCa PDXO models than
paclitaxel alone, supporting the potential use of ERRγ in-
hibitors in clinical settings.
In conclusion, our study uncovered that ERRα and

ERRγ function as ROS sensors and are codependent on
each other’s activity to induce an oxidative stress re-
sponse. We demonstrated that ERRγ increased expression
and activity may serve as a hallmark of oxidative stress
and can be exploited therapeutically as a metabolic vul-
nerability to sensitize BCa cells to chemotherapy. Given
the association of oxidative stress in a wide range of dis-
eases including other cancer types, neurological patholo-
gies and aging, it will therefore be of great interest to
decipher the precise molecular mechanisms by which
fluctuating ROS levels influence ERR activity.

Materials and methods

Cell lines and reagents

BT474, SKBR3, and MDA-MB-231 cell lines were originally ob-
tained from American Type Culture Collection (ATCC) and
maintained in DMEM supplemented with 10% fetal bovine se-
rum (FBS). ERRα WT and null (KO) MEFs were maintained in
DMEM supplemented with 10% fetal bovine serum (FBS).
GSK5182, rotenone, TTFA [4,4,4-trifluoro-1-(2-thienyl)-1,3-buta-
nedione], oligomycin, MitoQ and MG132 were purchased from
Sigma-Aldrich. Pools of siRNAs against ERRα, ERRγ, and control
(siC) (ON-Target-Plus siRNA pool) were obtained from Dharma-
con. Transfections were performed with Hiperfect (Qiagen).

BA

Figure 8. ERRγ is a targetable ROS defense mechanism. (A, left) ERRα loss of function by C29 promotes ERRγ activity leading to an in-
duction of glutamine-driven glutathione production and suppression of ROS. (Right) Concomitant pharmacological inhibition of ERRα by
C29 and ERRγ by GSK5182 reverses those effects with no consequence on cell death. (B, left) Induction of oxidative stress by the chemo-
therapeutic drug paclitaxel or the mitochondrial disruptor rotenone induces cell death. As a ROS defense mechanism, cells respond by
increasing the activity of both ERRα and ERRγ to rewire glutamine fate and enhance glutathione production. (Right) Inhibiting ERRγ ac-
tivity with GSK5182 abrogates this adaptive ERR-driven response, thus sensitizing cells to the cytotoxic effects of chemotherapeutic
agents. Loss of ERRα or ERRγ activity is represented by decreased opacity of the proteins. ROS levels are represented by stars. Solid lines
represent direct effects of the drugs on each ERR isoformwhile dashed lines indicate indirect regulation of the activity of one ERR isoform
by another.
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SKBR3 cells overexpressing ERRα were generated by infecting
cells with the pLX3.17-ERRα lentiviral plasmid for Sigma.
ERRα and ERRγ ChIP assays were performed using an anti-
ERRα rabbit monoclonal antibody (Abcam 2131-1), anti-ERRγ
rabbit antibody (from Dr A. Kralli) and control antirabbit IgG an-
tibody (Santa Cruz Biotechnology sc-2027). The ERRγ ChIP se-
quencing was performed with an anti-ERRγ rabbit antibody
from Dr R. Evans (Salk Institute). Western blots on cell extracts
were performed using the following antibodies: ERRα (1:500;
Abcam 2131-1), ERRγ (1:10,000; from Dr A. Kralli), γH2AX
(1:1000), Tubulin (1:10000), and Lamin B1 (1:1000).

Chromatin immunoprecipitation (ChIP) and ChIP sequencing

ForChIP analyses after treatmentwithC29 orGSK5182, chroma-
tin was prepared from BT474 cells cultured for 24 h with 5 µM
drugs as indicated. For ChIP analysis with rotenone or paclitaxel,
cells were treated for 1 h with 1 µM of drug. The ChIP primers are
listed in Supplemental Table S4. Standard ChIP was performed as
described previously (Audet-Walsh et al. 2016). Quantification of
ChIP enrichment by real-time quantitative PCR was carried out
using the LightCycler480 instrument (Roche). ChIP binding
fold enrichments were normalized against the background en-
richment fromanti-IgG antibodyChIPs aswell as the enrichment
obtained from two negative control regions (unbound regions).
Representative heat map of three independent experiments per-
formed in triplicates are shown. Statistical significance of stan-
dard ChIP is obtained with unpaired Student’s t-tests.
For duplicate human ERRγ ChIP-seq experiments, following

ERRγ ChIP with Dynabeads (Life Technologies) and purification
of DNA with a purification kit (Qiagen), libraries of enriched
DNA segments were prepared per the ChIP-seq library protocol
by Illumina as described previously (Audet-Walsh et al. 2016)
and subsequently sequenced at the McGill University and Gé-
nome Québec Innovation Centre. Input DNA was used as a con-
trol ChIP-seq. Sequences were aligned to the human genome
database (Hg19) using BWAversion 0.5.9. Peakswere called using
MACS software version 1.4.1. with default parameters using se-
quenced libraries of input DNA as control. Peak annotation, tag
directory, and bed file generation was performed with the HO-
MER package version 3.18. The annotated peaks identified are
available in the Supplemental Table S2.

Cell proliferation assay

For proliferation assays, 2 × 103 cells were seeded in 96-well
plates. The next day, cells were treated with C29 (5 µM),
GSK5182 (5 µM), or vehicle in combinationwith 2 nM paclitaxel,
6 nM doxorubicin, or 2 nM docetaxel and transferred to an Incu-
Cyte ZOOM Live cell analysis system (Essen BioScience). Prolif-
eration was monitored using IncuCyte ZOOM phase-contrast
quantification software (2014B). For proliferation assay with
ERRα overexpression, cells were infected with the pLX3.17-
ERRα plasmid and selected for 4 d before being seeded, treated
with 2 nM paclitaxel, and monitored as previously described.

ROS quantification

Cells (1 × 105) were seeded in six-well plates. Treatment with
5 µMC29 or 5 µMGSK5182 were carried out for 24 h. Treatment
with 10 µM rotenone or 10 µM paclitaxel was performed for 4 h.
Cells were then stained with 5 µM H2DCFDA (Invitrogen) for
30 min at 37°C. The cells were washed with phosphate buffer
saline (PBS) and subjected to a flow cytometric analysis at ex-

citation wavelength 492 nm and emission of 520 nm using BD
FacsCalibur.

Quantitative RT-PCR

RNA was extracted and purified using the RNeasy minikit (Qia-
gen) or the Aurum Total RNA minikit (Bio-Rad) following the
manufacturers’ protocols. Reverse transcriptase reactions were
performed using SuperScript II (Invitrogen) or iScript cDNA Syn-
thesis Kit (Bio-Rad). Samples were then analyzed by qRT-PCR
with SYBR Green-based qRT-PCR on a LightCycler 480 instru-
ment (Roche). Relative mRNA expression values were normal-
ized to the average expression of TBP and PUM1. The qRT-PCR
primers are listed in Supplemental Table S4.

GC/MS, LC/MS, and mass isotopomer distribution analysis

Steady-state abundances of GSH and GSSG were determined us-
ing LC/MS systems (unlabeled media). Seventy percent to 80%
confluent 10-cm plates of cultured cells were washed with 150
mM ammonium formate at 4°C and quenched in 50% HPLC-
grade methanol at −20°C on dry ice, after which the cell slurry
was quickly transferred to tubes equilibrated in liquid nitrogen.
Then, these were phase-separated using acetonitrile, water and
dichloromethane after vigorous bead beating and vortexing. The
aqueous phase was collected and dried in a cold trap at −1°C.
Once dry, pellets were maintained at −80°C and solubilized in
HPLC water immediately before injection into an Agilent 6430
Triple Quadrupole LC/MS system coupled to ultra-high-pressure
liquid chromatography (UHPLC; 1290 Infinity LC system) separa-
tion for fast targeted analysis. Data were analyzed using Mass-
hunter software.
For SIRM, cells were seeded in six-well dishes to achieve 70%–

80% cell confluency after 48 h. Twenty-four hours after seeding,
cells were treated with 5 µM C29 or GSK5182 for another 24 h.
Then, the medium was replaced by DMEM without glutamine
supplemented with 10% FBS, 1× sodium pyruvate and 4 mM
[U-13C]-glutamine. A 2-h pulse of labeled glutamine was used
for TCA cycle flux analysis and a 6-h pulse was used for glutathi-
one flux measurements. C29 and GSK5182 were present in the
media throughout. Metabolites were then purified as for steady-
state metabolites as described above.

Determination of extracellular metabolite concentration

For determination of extracellular concentrations of glutamine
and glutamate, 1 × 105 cells were seeded in six-well plates and
treated with 5 µM C29 or GSK5182 for 72 h before collecting
the supernatants. Metabolite concentrations were assessed with
the Bioprofile 400 analyzer according to the manufacturer’s
protocol.

Immunofluorescence of 8-oxoguanine

Cells were plated on coverslips and treated with 5 µM C29 or
GSK5182 for 24 h prior to fixation with 4% paraformaldehyde
in PBS for 10min at 4°C. Afterwashingwith PBS, cells were treat-
ed with RNase A (100 ug/mL; Sigma-Aldrich 109169001) in
10 mM Tris-HCl (pH 7.5) and 15 mMNaCl for 1 h at 37°C. Cells
were then permeabilizedwith PBS/0.1%Triton X-100 for 10min,
rinsed, and treated with 2 M HCL for 10 min for DNA denatura-
tion. Cells were then washed with 50 mMTris-base for 10 min at
room temperature. For antibody staining, cells were washed
with 3% bovine serum albumin (BSA) in PBS (PBS/BSA) and incu-
bated overnight with an antibody against 8-oxoguanine (mouse;
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1/100; Abcam ab62623). After primary antibodies, cells were
washed three times in PBS/BSA and incubated with the second-
ary antibody (1/2000; AlexaFluor 488 goat antimouse; Molecular
Probes-Invitrogen) for 1 h at room temperature. Finally, cells were
rinsed twice with PBS alone and once with PBS containing 300
µM DAPI for 10 min. Images were captured with a Zeiss
LSM710 confocal laser microscope and were processed and quan-
tified with ImageJ.

Cell viability test

Cells (1 × 105) were seeded in six-well plates 24 h prior treatment
with 5 µMC29 or GSK5182 in combination with rotenone at the
indicated concentrations for 36 h. Supernatant containing dead
cells was collected and surviving cells were trypsinized. After
centrifugation, cells were rinsed, stained with trypan blue and
counted with the Bio-Rad TC20 cell counter to evaluate percent-
age of dead cells over total cell count.

Clinical data set analyses

Biostatistical analyses were conducted on the previously pub-
lished METABRIC data set from which we isolated gene expres-
sion data (before treatment) of breast cancer patients who
received neoadjuvant chemotherapy or radiotherapy (Pereira
et al. 2016). Patients were then separated in two groups based
on their overall survival (OS) with a group exhibiting high OS re-
flecting good response to treatment (>100 mo, n =1006) and a
group with low OS considered as a bad response to treatment
(<24 mo, n =133). Pathway analysis was performed with the
GSEA software tool (http://www.broadinstitute.org/gsea/index
.jsp) by comparing gene expression profiles of each group to iden-
tify significantly enriched metabolic KEGG pathways within the
Molecular Signature Database (MSigDB, v6.2). Comparisons of
ERRα (ESRRA) and ERRγ (ESRRG) mRNA levels between the
two groups were performed with Prism 8 software.
A second cohort of patients (GSE28844) was then used to iden-

tify the KEGG metabolic pathways enriched after chemotherapy
in patients that displayed a bad response (GSE28826), according to
Miller and Payne grade, versus those that exhibited a good re-
sponse (GSE28694) to a standard anthracycline and taxane-based
treatment regimen (Vera-Ramirez et al. 2013). Pathway analysis
was performed with GSEA by comparing good versus bad re-
sponse gene expression profiles after chemotherapy.
To design the ERRα/γ targeted metabolic gene set, we first iso-

lated the genes identified as cobound by ERRα and ERRγ+/− 20 kb
from the transcription start site of genes from the ChIP sequenc-
ing data sets on one side and included four genes (FH, SDHA,
SDHB, andGCLM) missed in the ERRγChIP-seq analysis but val-
idated as bona fide targets by ChIP-qPCR. Then, we compiled a
list of genes from metabolic KEGG pathways associated with
ROS homeostasis as indicated in Figure 3A and listed in Supple-
mental Table S1, including 14 glutamine transporters. This curat-
ed gene set was compared with the list of ERRα/γ cotarget genes
resulting in an ERR targeted signature of 122 genes implicated in
ROS homeostasis (Supplemental Table S3).

PDX-derived organoids

Tumor specimens were obtained from two women diagnosed
with triple-negative BCa and patient-derived xenografts (PDXs)
were generated. Tissues were collected with informed consent
under REB-approved protocols at the McGill University Health
Centre. Mice were maintained and treated in accordance with
the Facility Animal Care Committee at theGoodmanCancer Re-

search Centre of McGill University (2014-7514). When the PDX
tumors reached 10 mm in the largest dimension, tumors were
harvested for the establishment of PDX-derived organoids
(PDXOs). Briefly, PDX tumors were dissociated into single cells
suspensions using a tumor dissociation kit (Miltenyi Biotec) in
combinationwith the gentleMACSDissociator (Miltenyi Biotec).
Cell pellets were resuspended in 1 mL of organoid media (Sachs
et al. 2018) and seeded in 12-well Matrigel (Corning) coated
plates. Organoid media was refreshed every 3 d until organoid
formation.
For PDXO drug treatments, 30 µL of Matrigel were seeded in a

CELLSTAR u-clear white wall 96-well plates (Greiner Bio-One)
and incubated for 30 min at 37°C and 5% CO2. PDXOs were dis-
sociated into single cells and theMatrigel was then overlaid with
100 µL of organoid medium containing 5% Matrigel (8000 cells/
well). Four days after seeding, the medium was removed and re-
placed by 100 µL of drug-containing organoid media. At the end
of the treatment (4 d), the medium was removed and replaced
with 100 µL of complete human organoid media containing
10% CellTiter-Blue (Promega). Plates were placed back in the in-
cubator for an additional 4 h. Viability readings were obtained us-
ing the FLUOstar Omega plate reader (BMG Labtech).

Statistical analyses

Statistical analyses were performed with Prism 8 software
(GraphPad). Data are expressed as means ± SEM unless otherwise
stated. Differences between two groups were determined by un-
paired Student t test (two-tailed).

Accession numbers

ERRγ ChIP-seq data have been deposited in the NCBI Gene Ex-
pression Omnibus (GEO; https://ncbi.nlm.nih.gov/geo/) under
the accession number GSE144224. ERRαChIP-seq data were pre-
viously obtained and available under the GEO accession number
GSE75876.
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