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C A N C E R

Metabolic determinants of cellular fitness dependent 
on mitochondrial reactive oxygen species
Hyewon Kong1, Colleen R. Reczek1, Gregory S. McElroy1, Elizabeth M. Steinert1,  
Tim Wang2, David M. Sabatini3,4,5,6, Navdeep S. Chandel1*

Mitochondria-derived reactive oxygen species (mROS) are required for the survival, proliferation, and metastasis 
of cancer cells. The mechanism by which mitochondrial metabolism regulates mROS levels to support cancer cells 
is not fully understood. To address this, we conducted a metabolism-focused CRISPR-Cas9 genetic screen and 
uncovered that loss of genes encoding subunits of mitochondrial complex I was deleterious in the presence of the 
mitochondria-targeted antioxidant mito-vitamin E (MVE). Genetic or pharmacologic inhibition of mitochondrial 
complex I in combination with the mitochondria-targeted antioxidants, MVE or MitoTEMPO, induced a robust 
integrated stress response (ISR) and markedly diminished cell survival and proliferation in vitro. This was not 
observed following inhibition of mitochondrial complex III. Administration of MitoTEMPO in combination with 
the mitochondrial complex I inhibitor phenformin decreased the leukemic burden in a mouse model of T cell 
acute lymphoblastic leukemia. Thus, mitochondrial complex I is a dominant metabolic determinant of mROS- 
dependent cellular fitness.

INTRODUCTION
Reactive oxygen species (ROS) can activate signaling pathways that 
support cancer cell survival and proliferation as well as metastasis 
and drug resistance (1). Given the oncogenic role of ROS, anti-
oxidants that scavenge ROS have long been hypothesized to be pro-
phylactic or therapeutic. Although early data supported this theory 
by showing that certain dietary antioxidants diminish oxidative 
damage markers associated with cancer, many clinical studies have 
failed to prevent or treat cancer using dietary antioxidants (2). Instead, 
antioxidants have been shown to exacerbate the risk and progres-
sion of the disease (3, 4). These contradictory findings highlight the 
need for a more complete understanding of ROS biology in cancer.

Cancer cells exhibit a unique state of redox homeostasis com-
pared to nontransformed cells. Oncogene activation and tumor 
suppressor loss increase mitochondria- and NADPH (reduced form 
of nicotinamide adenine dinucleotide phosphate) oxidase (NOX)–
dependent superoxide (O2

−) generation (5). O2
− is quickly converted 

to hydrogen peroxide (H2O2) that oxidizes specific cysteine resi-
dues on target proteins. This modulation can alter the protein’s 
enzymatic activity, which supports the downstream protumorigen-
ic and metastatic signaling pathways (1). Excess H2O2, however, can 
be converted to the hydroxyl radical (•OH), which can react with 
polyunsaturated fatty acids (PUFAs) to produce lipid hydroperox-
ides. Lipid peroxidation can substantially damage cellular mem-
branes and induce cell death (6). Therefore, surviving cancer cells 
rely on elevated antioxidant response to scavenge lipid hydroperox-
ides. This process is driven, in part, by activation of the transcrip-
tion factor nuclear factor erythroid-2–related factor 2 (NRF2), which 

increases glutathione (GSH) synthesis and glutathione peroxidase 4 
(GPX4) activity (7–14). Thus, redox biology and metabolism are 
important contributors to tumorigenesis and metastasis (15). The 
specific type of ROS that is scavenged, either H2O2 or lipid hydrop-
eroxides, can suppress or exacerbate cancer, respectively.

Targeted antioxidant molecules that regulate the localized pools 
of signaling H2O2 generated by the mitochondria or NOXs may be 
efficacious anticancer agents (16). Various mitochondria-targeted 
antioxidants (mito-antioxidants) have demonstrated capacities 
to suppress different types of cancer in vitro and in vivo (17). A 
mitochondria-targeted O2

− scavenger, MitoTEMPO, has been shown to 
inhibit metastasis of various cancer cells (18). In addition, transgenic 
introduction of mitochondria-targeted catalase (mCatalase), which 
converts mitochondrial H2O2 to water (H2O), reduces the sponta-
neous formation of colon cancer in a mouse model of adenomatous 
polyposis coli multiple intestinal neoplasia (19). Despite the well- 
established necessity of mitochondria-derived ROS (mROS) for 
cancer, the mechanism by which intracellular metabolism controls 
the production of mROS to support cancer cell survival and prolif-
eration is not fully understood. In this study, we addressed this ques-
tion by performing a negative selection CRISPR screen of metabolic 
genes using the mitochondria-targeted antioxidant mito-vitamin E 
(MVE) (20). Our unbiased functional genomic screen revealed the 
metabolic determinants of mROS-dependent cancer cell fitness.

RESULTS
A negative selection CRISPR screen using MVE uncovers 
the selective requirement of mitochondrial complex I
To investigate how intracellular metabolism regulates mROS gener-
ation to promote cancer cell fitness, we performed a CRISPR-based 
negative selection screen for metabolic genes whose loss was delete-
rious in the presence of a mild concentration of the mitochondria- 
targeted antioxidant MVE. The genes that are required for cancer cells 
to adapt to diminished levels of mROS were uncovered by this 
screen, elucidating the critical metabolic processes for mROS- 
dependent cancer cell survival and proliferation. Human Jurkat T-cell 
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acute lymphoblastic leukemia (T-ALL) cells were transduced with a 
lentiviral single-guide RNA (sgRNA) library consisting of ~30,000 
unique sgRNAs that target ~3000 metabolism-related genes. The 
knockout pool of Jurkat cells was subsequently cultured in the pres-
ence or absence of 50 nM MVE (Fig.  1A), a concentration that 
slightly suppressed the rate of population doubling (~17% after 
4 days) of wild-type Jurkat cells (Fig. 1B). Following ~15 population 
doublings, genomic DNA was prepared from the initial, untreated, 
and MVE-treated cell populations and deep sequencing was per-
formed to measure the frequency of each sgRNA. The change in 
abundance of each sgRNA was assessed as the log2 fold change of its 
frequency within the untreated or MVE-treated cell population 
compared to that in the initial population. For each gene, a score 
was defined as the median of the changes in abundance across all 
sgRNAs targeting a particular gene (~10 sgRNAs per gene). If a 
gene is essential for Jurkat cells to survive and/or proliferate amid a 
mild reduction of mROS, then sgRNAs targeting that gene will be 
underrepresented in the final MVE-treated surviving population of 
cells, yielding a negative differential gene score when compared to 
the untreated population.

Among the top 25 genes whose loss sensitizes Jurkat cells to a 
low concentration of MVE, we observed many genes encoding sub-
units of mitochondrial complex I within the electron transport 
chain (ETC) (Fig. 1C). These include NDUFA6, NDUFB9, NDUFA13, 
NDUFA2, NDUFAB1, NDUFB7, NDUFB10, and NDUFA1 (Fig. 1C 
and fig. S1). The top-scoring gene ECHS1 encodes short-chain 
enoyl-CoA (coenzyme A) hydratase (ECHS1), which catalyzes the 
second step of fatty acid oxidation, where 2-trans-enoyl-CoA is hy-
drated to l-3-hydroxyacyl-CoA. Most ECHS1-deficient patients 
present with Leigh syndrome, a neurometabolic disorder tradition-
ally associated with defects in mitochondrial complex I activity. 
Various degrees of complex I dysfunction were detected in 
ECHS1-deficient patients (21). Collectively, the data from our MVE 
negative selection CRISPR screen strongly suggest an essential role 
of mitochondrial complex I in mROS-dependent cellular fitness.

Inhibition of mitochondrial complex I sensitizes cells 
to mito-antioxidants
To validate our screen results, we generated two clonal CRISPR- 
mediated NDUFA6-knockout Jurkat cell lines (NDUFA6 KO1 and 
KO2) using two independent sgRNAs targeting NDUFA6, sgNDU-
FA6_3 and sgNDUFA6_7, respectively (figs. S1A and S2A). In 
addition, we generated a clonal control cell line using a nontargeting 
sgRNA. NDUFA6, the top-scoring mitochondrial complex I subunit 
hit from our screen, is an accessory subunit required for the catalytic 
activity of complex I. Our NDUFA6-null cell lines exhibited signifi-
cantly reduced proliferation in glucose-free medium with galactose, 
indicating that loss of NDUFA6 was sufficient to impair mitochon-
drial oxidative phosphorylation (fig. S2B). Moreover, in agreement 
with the screen result, our NDUFA6-null cell lines were markedly 
more sensitive to MVE compared to wild-type or nontargeting con-
trol cells (Fig. 1D). To ensure that these results were not specific to 
MVE, we assessed the sensitivity of NDUFA6-null Jurkat cells to 
another mito-antioxidant, MitoTEMPO. As observed with MVE, 
NDUFA6-null cell lines were hypersensitive to MitoTEMPO com-
pared to control cell lines (Fig. 1E). Furthermore, we ectopically 
expressed the Saccharomyces cerevisiae alternative NADH (reduced 
form of nicotinamide adenine dinucleotide) dehydrogenase (NDI1) 
gene in NDUFA6-null cells (fig. S2C). NDI1 can oxidize NADH 

while reducing ubiquinone to ubiquinol, thus restoring the electron 
transport activity of mitochondrial complex I. As shown in fig. S2D, 
NDUFA6-null cells expressing NDI1 were capable of proliferating 
in galactose-containing medium. Moreover, NDI1 expression was 
sufficient to restore NDUFA6-null Jurkat cell resistance to both 
MVE and MitoTEMPO (Fig. 1, F and G).

Next, we tested whether pharmacologic inhibition of mitochon-
drial complex I would have a similar effect on mito-antioxidant sen-
sitivities as genetic inhibition of complex I. Jurkat cells treated with 
the mitochondrial complex I inhibitor piericidin in combination 
with either MVE or MitoTEMPO had a significantly reduced prolifer-
ation compared to cells treated with piericidin or the mito-antioxidant 
alone (Fig. 1, H and I). These findings validate the screen result and 
show that mitochondrial complex I is required for maintaining 
cellular fitness in the presence of a mito-antioxidant.

Inhibition of mitochondrial complex I, but not mitochondrial 
complex III, synergizes with a mito-antioxidant to impair 
cellular fitness
Mammalian mitochondrial complex I is a 46-subunit enzyme within 
the ETC with multiple metabolic roles. One key function of com-
plex I is to oxidize NADH to NAD+, which can fuel the oxidative 
tricarboxylic acid (TCA) cycle, allowing the efficient generation of 
metabolites to support macromolecule synthesis. To examine whether 
this anabolic function of complex I is required for cellular fitness in 
the presence of a mito-antioxidant, we supplemented cells with py-
ruvate and uridine that provide biosynthetic precursors amid ETC 
inhibition (22–24). In addition, we tested whether inhibition of 
mitochondrial complex III, which also abolishes the oxidative TCA 
cycle, would have a similar effect on mito-antioxidant sensitivities 
as complex I inhibition. In the presence of pyruvate and uridine, the 
complex I inhibitor piericidin continued to sensitize Jurkat cells to 
the mito-antioxidants MVE and MitoTEMPO (Fig. 2, A and B, 
respectively). Moreover, the complex III inhibitor antimycin failed 
to increase mito-antioxidant sensitivities. The rate of population 
doubling following treatment with antimycin and either MVE or 
MitoTEMPO was comparable to the rate following treatment with 
antimycin alone (Fig. 2, A and B).

Furthermore, bromodeoxyuridine (BrdU) and annexin V stain-
ing was performed to assess proliferation and apoptosis, respectively, 
in Jurkat cells supplemented with pyruvate and uridine. Consistent 
with the rate of population doubling data described in Fig. 2B, pieri-
cidin and MitoTEMPO significantly reduced the percentage of pro-
liferating cells compared to piericidin or MitoTEMPO alone, while 
cells treated with antimycin and MitoTEMPO had a similar ratio of 
BrdU incorporation as cells treated with antimycin alone (fig. S3, A 
and B). Moreover, treatment with piericidin and MitoTEMPO for 
4 days markedly increased the annexin V+ apoptotic population of 
cells, while either drug alone had little to no effect on cell viability 
(fig. S3, C and D). Therefore, inhibition of mitochondrial complex I, 
but not mitochondrial complex III, synergizes with mito-antioxidants 
to impair both cell proliferation and survival.

Mitochondrial complex I inhibition in combination 
with a mito-antioxidant induces a unique profile 
of metabolites
To further investigate why mitochondrial complex I is essential for 
cellular fitness in the presence of a mito-antioxidant, we examined 
the molecular signatures of Jurkat cells treated with either piericidin 
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Fig. 1. Loss of mitochondrial complex I is deleterious in the presence of mito-antioxidants. (A) Schematic representation of the CRISPR-based negative selection 
screen. PD, population doublings. (B) Concentration-dependent effects of MVE on the population doubling of Jurkat cells. n = 5; mean + SEM. (C) Differential gene scores 
of the top 25 genes whose sgRNAs were underrepresented in the MVE-treated population. (D and E) Wild-type, nontargeting control, and NDUFA6-null (NDUFA6 KO1 
and KO2) Jurkat cell lines were treated with MVE (D) or MitoTEMPO (E) for 7 days. Population doubling of the cells during the last 3 days of each treatment was assessed 
and normalized to the vehicle treatment. It should be noted that our MVE had lost its potency since the screen was conducted. n = 4; mean + SEM; *P < 0.0001 (D), 
*P = 0.0118 (E; 200 M; KO1), *P = 0.0002 (E; 400 M; KO1), *P < 0.0001 (E; 400 M; KO2) compared to nontargeting. (F and G) Empty vector or NDI1 was ectopically 
expressed in the NDUFA6 KO1 cell line, and the sensitivity to MVE (F) or MitoTEMPO (G) was measured as described above. n = 4; mean + SEM; *P < 0.0001 compared to 
empty vector. (H and I) Wild-type Jurkat cells were treated with piericidin ± MVE (H) or MitoTEMPO (I) for 4 days, and the population doublings were assessed. n = 5; 
mean + SEM; *P < 0.0001 compared to piericidin or MVE alone (H) and piericidin or MitoTEMPO alone (I).
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Fig. 2. Combination of mitochondrial complex I inhibition and a mito-antioxidant induces a unique profile of metabolites. (A and B) Jurkat cells supplemented 
with pyruvate and uridine were treated with 1 M piericidin or 1 M antimycin ± MVE (A) or MitoTEMPO (B) for 4 days, and the population doublings were assessed. n = 5; 
mean + SEM; *P < 0.0001 compared to piericidin alone; n.s.P > 0.9999 (A), n.s.P > 0.9999 (B; 200 M), n.s.P = 0.9053 (B; 400 M) compared to antimycin alone. (C) Heatmap of 
the metabolites whose abundances were significantly different among Jurkat cells treated with vehicle (Control), MitoTEMPO (MT), piericidin (Pier), antimycin (Anti), 
piericidin and MitoTEMPO (Pier+MT), or antimycin and MitoTEMPO (Anti+MT) for 24 hours. The relative abundance of each metabolite is depicted as z score across rows 
(red, high; blue, low) (n = 6, FDR ≤ 0.1). (D) Volcano plot of the metabolites whose abundances were significantly different between Jurkat cells treated with Pier+MT and 
Anti+MT for 24 hours (dashed line: fold change threshold = 2 and P value threshold = 0.1, n = 6). (E and F) Jurkat cells treated with vehicle (Control), Pier+MT, or Anti+MT 
for 24 hours were labeled for 8 hours with [U-13C6]glucose (E) or [U-13C5]glutamine (F), and the percentage of labeled (iso)citrate pools was assessed (n = 5, mean + SEM). 
(G) GSH/GSSG ratio in Jurkat cells treated with vehicle (Control), MT, Pier, Anti, Pier+MT, Anti+MT, or menadione for 24 hours (n = 4, mean + SEM).
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and MitoTEMPO or antimycin and MitoTEMPO. First, we assessed 
the metabolite contents in cells treated with vehicle (Control), 
MitoTEMPO (MT), piericidin (Pier), antimycin (Anti), piericidin 
and MitoTEMPO (Pier+MT), or antimycin and MitoTEMPO 
(Anti+MT). Pier+MT induced a metabolite profile distinct from 
the other treatment groups (Fig. 2C). Closer examination of the dif-
ferential metabolite contents revealed that Pier+MT-treated cells 
had a reduction in dihydroorotate compared to Anti+MT-treated 
cells (Fig. 2D). This difference is attributed to inhibition of dihydro-
orotate dehydrogenase during complex III inhibition (24). In addition, 
Pier+MT-treated cells had decreased levels of TCA cycle–associated 
metabolites, including malate, aspartate, succinate, and fumarate, 
compared to Anti+MT-treated cells (Fig. 2D). However, both 
Pier+MT- and Anti+MT-treated cells showed reduced flux of oxi-
dative TCA cycle, identified by the levels of M+2 mass isotopomers 
of (iso)citrate, -ketoglutarate, succinate, and aspartate from 
[U-13C6]glucose, and M+4 mass isotopomers of (iso)citrate, fuma-
rate, malate, and aspartate from [U-13C5]glutamine (Fig. 2, E and F, 
and fig. S4). Moreover, Pier+MT- and Anti+MT-treated cells showed 
similar elevation in reductive TCA cycle flux, as the levels of M+5 
isotopomer of (iso)citrate and M+3 isotopomer of malate from 
[U-13C5]glutamine were comparably increased (Fig. 2F and fig. S4, 
E and G). These data suggest that cells treated with Pier+MT, as well 
as Anti+MT, generate biosynthetic precursors mainly through re-
ductive TCA cycle.

The differential metabolite contents data also revealed increased 
levels of 3-phospho-serine, guanine, and hypoxanthine in cells 
treated with Pier+MT compared to those treated with Anti+MT 
(Fig. 2D). Pier+MT-treated cells had elevated levels of M+3 mass 
isotopomers of 3-phospho-serine and serine from [U-13C6]glucose 
(fig. S5, A to C). However, the cells showed reduced level of M+2 
mass isotopomer of glycine, possibly leading to decreased levels of 
M+7 isotopomers of inosine monophosphate (IMP) and guanosine 
monophosphate (GMP) from [U-13C6]glucose (fig. S5, D to F).
-Glutamyl cysteine was another metabolite whose level was el-

evated in Pier+MT-treated cells compared to Anti+MT-treated 
cells (Fig. 2D). -Glutamyl cysteine is a critical precursor of GSH 
synthesis, an essential regulator of cellular redox homeostasis. 
Pier+MT- and Anti+MT-treated cells showed similar flux of de 
novo GSH synthesis, identified by M+5 or M+2 mass isotopomer of 
GSH from [U-13C5]glutamine or [U-13C6]glucose, respectively (fig. 
S6, A to D). Pier+MT-treated cells had decreased level of GSH com-
pared to Anti+MT-treated cells (fig. S6E). However, there was no 
significant difference in GSH/oxidized glutathione (GSSG) ratios, 
which reflects the state of whole-cell redox homeostasis (Fig. 2G).

Mitochondrial complex I inhibition in combination 
with a mito-antioxidant suppresses generation 
of mitochondrial H2O2
We next examined mROS generation in cells treated with Pier+MT 
or Anti+MT. Specifically, we exposed saponin-permeabilized Jur-
kat cells to either vehicle (Control), MT, Pier, Pier+MT, Anti, or 
Anti+MT and measured the levels of mitochondria-derived H2O2 
using Amplex red and superoxide dismutase 1 (SOD1). SOD1 in-
stantaneously dismutates O2

− generated by the mitochondria to H2O2. 
Amplex red, a membrane impermeable substrate, gets oxidized by 
H2O2 at a 1:1 ratio to become a highly fluorescent resorufin. As ex-
pected, compared to Control cells, cells treated with MT alone had 
reduced levels of mitochondria-derived H2O2, while cells treated 

with Pier or Anti alone had increased levels. Cells treated with 
Pier+MT had a markedly lower level of mitochondrial H2O2 com-
pared to cells treated with Anti+MT (Fig. 3A). This result may be 
attributed to differing levels of mitochondrial intermembrane O2

−, 
resulting from distinct interactions of piericidin with MitoTEMPO 
versus antimycin with MitoTEMPO. Piericidin augments electron 
leakage from mitochondrial complex I, inducing elevated forma-
tion of O2

− in the mitochondrial matrix. Antimycin augments elec-
tron leakage from both mitochondrial complex I and III, thereby 
increasing the levels of O2

− in the mitochondrial intermembrane 
space as well as the matrix. MitoTEMPO, which is localized to the 
matrix, can readily access mitochondrial matrix O2

− induced by 
piericidin or antimycin. Antimycin, however, also releases O2

− into 
the intermembrane space, which cannot be as efficiently attenuated 
by MitoTEMPO compared to the matrix O2

− (Fig.  3B). Conse-
quently, the intermembrane O2

− induced by antimycin can cross 
the mitochondrial outer membrane via voltage-dependent anion 
channels to enter the cytosol where it is quickly converted into 
H2O2 by SOD1.

The importance of intermembrane O2
− was further investigated 

using S3QEL-2. S3QEL-2 specifically inhibits the generation of inter-
membrane O2

− from complex III by suppressing its electron leakage 
without affecting the electron flow through ETC (Fig.  3B) (25). 
S3QEL-2 by itself reduced the level of mitochondria-derived H2O2 
(Fig.  3C). Addition of S3QEL-2 to Jurkat cells in the presence of 
antimycin and MitoTEMPO significantly reduced the rate of popu-
lation doubling (Fig. 3D). The result highlights the necessity of mito-
chondrial complex III–generated intermembrane O2

− for cellular 
fitness and suggests that the deleterious effect of the combination of 
complex I inhibition and a mito-antioxidant is potentially attributed 
to diminished intermembrane O2

−.
In addition, we used piericidin in combination with S3QEL-2. 

Because piericidin inhibits mitochondrial complex I, the electron 
flow through complex III is reduced; thus, piericidin alone decreases 
the levels of mitochondrial intermembrane O2

− derived from com-
plex III. However, addition of S3QEL-2 to piericidin-treated cells 
would further eliminate all complex III–generated intermembrane 
O2

−. As shown in Fig. 3E, cells treated with piericidin and S3QEL-2 
had reduced rate of population doubling compared to either drug 
treatment alone. This data indicates that inhibition of complex III–
derived intermembrane O2

− is sufficient to impair cellular fitness 
when combined with complex I inhibition. Moreover, as a control 
experiment, we treated cells with piericidin and S1QEL-1, a specific 
inhibitor of mitochondrial complex I generation of O2

− during re-
verse electron transport (RET) (Fig. 3B) (26). Under normal cul-
ture conditions, wild-type Jurkat cells conduct forward electron 
transport (FET), and thus, their level of mitochondrial H2O2 is 
refractory to S1QEL-1 (Fig. 3C). We observed that S1QEL-1 alone 
or in combination with piericidin had no effect on cellular fitness 
(Fig. 3F).

Mitochondrial complex I inhibition in combination 
with a mito-antioxidant induces a robust integrated  
stress response
Given that mitochondria-derived H2O2 is a signaling molecule nec-
essary for cell survival and proliferation, we hypothesized that the 
differential generation of mitochondrial H2O2 resulting from pieri-
cidin and MitoTEMPO versus antimycin and MitoTEMPO may 
lead to distinct effects on redox signaling. To test this hypothesis, we 
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Fig. 3. Combination of mitochondrial complex I inhibition and a mito-antioxidant suppresses generation of mitochondrial H2O2. (A) Levels of mitochondria- 
derived H2O2 following treatment of permeabilized Jurkat cells with vehicle (Control), MT, Pier, Anti, Pier+MT, or Anti+MT for 1 hour. n = 4; mean + SEM; *P = 0.0051 
compared to Pier; n.s.P = 0.6009 compared to Anti. (B) Schematic representation of mitochondrial electron leakage and superoxide (O2

−) formation in the presence of 
Pier+MT, Anti+MT, or S3QEL-2, and S1QEL-1. (C) Levels of mitochondria-derived H2O2 following treatment of permeabilized Jurkat cells with S3QEL-2 and S1QEL-1 of 
indicated concentrations for 1 hour. n = 4; mean + SEM; *P < 0.0001 and n.s.P > 0.9999 compared to Control. (D) Jurkat cells supplemented with pyruvate and uridine were 
treated with 1 M piericidin or 1 M antimycin ± 400 M MitoTEMPO ± 10 M S3QEL-2 for 4 days, and the population doublings were assessed. n = 4; mean + SEM; 
*P < 0.0001 compared to Anti+MT. (E and F) Jurkat cells were treated with piericidin ± S3QEL-2 (E) or S1QEL-1 (F) for 4 days, and the population doublings were assessed. 
n = 5; mean + SEM; *P < 0.0001 and n.s.P > 0.9999 compared to piericidin alone.
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performed RNA sequencing (RNA-seq) on cells treated with either MT, 
Pier, Anti, Pier+MT, or Anti+MT. Treatment of Jurkat cells with 
Pier+MT induced the most distinct transcriptomic profile (fig. S7A). 
Differential pathway expression analysis of cells treated with 
Pier+MT compared to Anti+MT revealed an elevated expression of 
genes down-regulated by KRAS signaling (KRAS signaling DN) 
and a reduced expression of genes involved in phosphatidylinositol 
3-kinase (PI3K)–AKT–mammalian target of rapamycin (mTOR) 
signaling in the Pier+MT condition (Fig. 4A). This data suggests that 
Pier+MT treatment dysregulates the KRAS and PI3K-AKT-mTOR 
signaling pathways that have previously been reported to require 
mitochondria-derived H2O2 (5, 27).

The unfolded protein response (UPR) was among the pathways 
up-regulated in cells treated with Pier+MT (Fig. 4A). UPR has over-
lapping target genes with the integrated stress response (ISR), a 
cytoprotective signaling pathway activated following diverse stress 
stimuli such as mitochondrial dysfunction. Defects in mitochondrial 
oxidative phosphorylation, redox balance, or proteostasis activate 
the general control nonderepressible 2 (GCN2) kinase to phospho-
rylate eukaryotic translation initiation factor 2A (EIF2A). EIF2A 
subsequently induces activating transcription factors (ATFs) that 
up-regulate genes involved in cellular adaptation (28). As shown in 
Fig. 4B, the transcript levels of the main ISR effector ATF4, as well as 
ATF3, ATF5, and ATF6, were up-regulated in the cells treated with 
Pier+MT compared to the other treatment groups. Further query of 
the RNA-seq data with a subset of genes associated with ISR activation 
revealed a robust enrichment of ISR-related genes in cells treated with 
Pier+MT (Fig. 4, C and D; fig. S8A; and table S1) (29).

Among the genes that were up-regulated in Pier+MT-treated 
cells were phosphoglycerate dehydrogenase (PHGDH), as well as 
phosphoserine aminotransferase 1 (PSAT1) (fig. S8B). PHGDH and 
PSAT1 are regulatory enzymes of de novo serine biosynthesis that 
were previously reported to be activated during ISR (30). Serine 
hydroxymethyltransferase 1 (SHMT1), on the other hand, was down- 
regulated in cells treated with Pier+MT (fig. S8B). Such dysregula-
tion in one-carbon metabolism is consistent with our previous 
observation where Pier+MT-treated cells had elevated glucose- 
derived synthesis of 3-phosphoserine and serine, yet reduced gener-
ation of glycine compared to Anti+MT-treated cells (fig. S5, A to D). 
In addition, the signatures of canonical mitochondrial UPR (UPRmt) 
genes, including DNA-damage inducible transcript 3 (DDIT3), 
mitochondrial heat shock proteins (HSPs), and proteases, were not 
induced following treatment with Pier+MT (fig. S8C) (30).

Combination of a mitochondrial complex I inhibitor 
and a mito-antioxidant attenuates the leukemic burden 
of mice in vivo
Next, we investigated the anticancer potential of using a complex I 
inhibitor in combination with a mito-antioxidant in a syngeneic 
mouse cancer model. Specifically, we used a mouse model of T-ALL, 
the potent in vivo mitochondrial complex I inhibitor phenformin 
(31), and the mito-antioxidant MitoTEMPO. The combination of 
phenformin and MitoTEMPO, compared to each drug alone, sig-
nificantly reduced the rate of population doubling of Jurkat and 
MOLT-4 T-ALL cell lines in vitro (Fig. 5, A and B). For the in vivo 
experiments, we generated mice with Notch1 mutation (Notch1dE)– 
induced T-ALL, which recapitulates most of the features of human 
T-ALL. Hematopoietic stem cells (HSCs) from healthy donors were 
transformed with a Notch1dE-GFP (green fluorescent protein) construct 

and adoptively transferred to primary recipients. Upon T-ALL estab-
lishment, T-ALL cells were isolated from the spleen and bone marrow 
of the primary recipients and subsequently transplanted into immuno-
competent secondary recipients. These animals were then segregated 
into four different treatment groups, receiving either vehicle [phosphate- 
buffered saline (PBS)], phenformin alone, MitoTEMPO alone, or a 
combination of phenformin and MitoTEMPO (Fig. 5C). The mice 
that received either phenformin alone or MitoTEMPO alone had 
GFP+ T-ALL cell contents comparable to control mice (Fig. 5, D to F, 
and fig. S9). However, the mice that received the combination ther-
apy (phenformin and MitoTEMPO) showed significantly reduced 
T-ALL in the spleen (Fig. 5D and fig. S9, A and B), bone marrow 
(Fig. 5E and fig. S9C), and peripheral lymph nodes (Fig. 5F and fig. 
S9D) compared to control mice. These data are consistent with our 
observed in vitro effects using a complex I inhibitor and a mito- 
antioxidant, and it suggests a potential combination therapy to sig-
nificantly suppress cancer burden in vivo.

DISCUSSION
In this study, we conducted a CRISPR-based functional genomic 
screen to identify the metabolic determinants of mROS-dependent 
cell proliferation and survival. A negative selection CRISPR screen 
using a mild concentration of the mROS scavenger MVE uncovered 
subunits of mitochondrial complex I to be selectively required for 
cellular fitness in the presence of a mito-antioxidant. Cells lacking 
the mitochondrial complex I subunit NDUFA6 were hypersensitive 
to low concentrations of the mito-antioxidants MVE and Mito-
TEMPO, validating our screen results. Moreover, cellular fitness 
was impaired when wild-type Jurkat cells were treated with a phar-
macological inhibitor of mitochondrial complex I in combination 
with a low concentration of a mito-antioxidant. In contrast to inhi-
bition of mitochondrial complex I, we found that inhibition of 
mitochondrial complex III did not synergize with mito-antioxidants 
to impair cell survival. Furthermore, we showed that this unique 
cytotoxic effect of complex I inhibition in the presence of a mito- 
antioxidant was associated with its capacity to suppress the levels of 
mitochondria-derived H2O2. Collectively, our data strongly suggest 
that mitochondrial complex I is the dominant metabolic determi-
nant facilitating mROS generation to support cellular fitness.

As a consequence, cells treated with a mitochondrial complex I 
inhibitor and a mito-antioxidant exhibited multiple signs of reduc-
tive stress. Mitochondria-derived H2O2 can oxidize specific cysteine 
residues on target proteins to modulate downstream signaling path-
ways. We observed that the combination of piericidin and Mito-
TEMPO led to a down-regulation of several redox-sensitive signaling 
pathways, including KRAS and PI3K-AKT-mTOR (5, 27). Mito-
chondrial H2O2 is also essential for formations of disulfide bonds 
that determine the orderly structure and trafficking of many pro-
teins. Therefore, it is possible that piericidin and MitoTEMPO dis-
rupt intracellular proteostasis (32). Consistent with this hypothesis, 
we found that the combination of piericidin and MitoTEMPO 
up-regulated genes associated with UPR activation.

The combination of mitochondrial complex I inhibition and a 
mito-antioxidant also induced a robust ISR. Cells treated with 
piericidin and MitoTEMPO showed up-regulation of the main ISR 
effector ATF4, along with a plethora of ISR signature genes. ATF4 
signaling promotes metabolic remodeling, such as increased de novo 
serine biosynthesis (30, 33, 34). The metabolite profile of cells treated 
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Fig. 4. Combination of mitochondrial complex I inhibition and a mito-antioxidant induces a robust ISR. (A) Gene set enrichment analysis of top gene signatures 
that are up-regulated (red) or down-regulated (blue) in Jurkat cells treated with Pier+MT compared to Anti+MT for 24 hours. n = 4; FDR ≤ 0.05. (B) Heatmap of unsuper-
vised clustering, representing ATF transcripts in Jurkat cells treated with vehicle (Control), MT, Pier, Anti, Pier+MT, or Anti+MT for 24 hours. The relative abundance of each 
transcript is depicted as z score across rows (red, high; blue, low) (n = 4). (C) Heatmap of unsupervised clustering, representing ISR signature genes whose abundances 
were significantly different between Jurkat cells treated with Pier+MT and Anti+MT for 24 hours. The relative abundance of each transcript is depicted as z score across 
rows (red, high; blue, low) (n = 4; FDR ≤ 0.05). (D) Gene set enrichment analysis of the ISR signature genes in Jurkat cells treated with Pier+MT for 24 hours (n = 4).
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with piericidin and MitoTEMPO showed elevated levels of total 
3-phospho-serine, as well as glucose-derived 3-phospho-serine and 
serine. In addition, it is important to note that ISR activation is 
widely studied in the context of oxidative stress rather than reduc-
tive stress (35–37); thus, we report a potential association of mito-
chondrial reductive stress with the ISR. Chronic reductive stress, in 
which most electron acceptors are reduced, can force proteins to 
donate their electrons to oxygen instead, resulting in an increase in 
intracellular ROS levels (38). It will be of interest to examine whether 

this feedback loop between mitochondrial reductive and oxidative 
stress induces the ISR and cell death.

In summary, our screening approach identified mitochondrial 
complex I as the dominant metabolic determinant of mROS gener-
ation. Inhibition of mitochondrial complex I in the presence of a 
mild concentration of a mito-antioxidant impaired cancer cell fit-
ness both in vitro and in vivo. Our findings suggest that inducing 
reductive stress by limiting mROS formation may be an effective 
strategy to target cancer cells. This potential anticancer therapy is 
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Fig. 5. Combination of a mitochondrial complex I inhibitor and a mito-antioxidant attenuates the leukemic burden of mice in vivo. (A and B) Jurkat (A) or MOLT-4 
(B) T-ALL cell lines were treated with phenformin ± MitoTEMPO for 7 days. Population doubling of the cells during the last 3 days of each treatment was assessed. n = 5; 
mean + SEM; *P < 0.0001 compared to phenformin or MitoTEMPO alone. (C) Schematic representation of a T-ALL adoptive transfer in syngeneic, immunocompetent 
mouse recipients. (D to F) Number of GFP+ T-ALL cells in the spleen (D), bone marrow (E), or peripheral lymph nodes (F) from T-ALL recipients treated with vehicle (Con-
trol), phenformin, MitoTEMPO, or Phenformin+MitoTempo for 15 days [Control: n = 11; phenformin: n = 12; MitoTEMPO: n = 12; Phenformin+MitoTEMPO: n = 13; 
mean ±SEM; *P = 0.0002 (D), *P = 0.0020 (E), *P < 0.0001 (F) compared to control; n.s.P values are reported in Material and Methods].
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exciting given that reductive stress is a largely unexplored subject in 
the fields of ROS biology and cancer. Supporting this, hyperactiva-
tion of NRF2, a master regulator of cellular antioxidant responses, 
was recently reported to induce tumor suppression in vivo (39, 40). 
However, given the abundance of evidence that NRF2 is also re-
quired for tumorigenesis (7–14), the tumor suppressive effect of 
reductive stress is likely to be highly context dependent: Are certain 
types of cancer more vulnerable to reductive stress? Do cancers in 
different stages (e.g., initiation, growth, or metastasis) have varying 
sensitivities to reductive stress? Does the molecular context, including 
cellular localization, type of ROS, or degree, of the reductive stress 
determine its biological outcome? Future studies will examine the 
context-dependent effects of reductive stress on cancer biology.

MATERIALS AND METHODS
CRISPR-based negative selection screen
Negative selection CRISPR screen using metabolism-focused sgRNA 
library was performed as previously described (22). At 2 days after 
transduction of Jurkat cells with lentiviral sgRNA library, infected 
cells were selected with puromycin (0.5 g/ml) for 3 days. Subse-
quently, the negative selection MVE screen was initiated as follows. 
An initial population of 50 million cells were collected and stored 
at −80°C. One hundred million cells were seeded in two spinner 
flasks with 50 million cells per flask at 100,000 cells/ml. The cells 
were passaged for approximately 15 population doublings in the 
presence or absence of 50 nM MVE (a gift from B. Kalyanaraman at 
the Medical College of Wisconsin). Genomic DNA was then ex-
tracted from the MVE-treated and untreated populations, as well as 
the initial population. sgRNA inserts were polymerase chain reac-
tion (PCR)–amplified while adding index and Illumina adapter 
(P5 and P7) sequences. The libraries were sequenced by HiSeq 2500 
(Illumina), using previously reported sequencing primers (22). The 
abundance of sgRNAs was analyzed and compared among the ini-
tial, MVE-treated, and untreated populations. For each sgRNA, its 
frequency was first assessed by dividing its number of reads with the 
total sgRNA reads after adding a pseudocount of one. The changes 
in abundance of each sgRNA were then calculated as log2 fold 
change of its frequency within MVE-treated or untreated popula-
tion compared to that in the initial population. Median of these 
changes in abundance across all sgRNAs targeting a particular gene 
(~10 sgRNAs per gene) was termed its gene score. The difference 
between gene scores in the MVE-treated and untreated populations 
is the differential gene score.

Cell culture
Jurkat and MOLT-4 cells were cultured in RPMI 1640 medium 
without l-glutamine (Corning, #15040CM) with addition of 10% 
Nu-Serum IV Growth Medium Supplement (Corning), 1% GlutaMAX 
(Gibco), and 1% antibiotic-antimycotic solution (Gibco). Whenever 
inhibiting mitochondrial complex III, the medium was additionally 
supplemented with 1 mM methyl-pyruvate (Sigma-Aldrich) and 
400 M uridine (Sigma-Aldrich). For galactose sensitivity assays, 
Jurkat cells were also cultured in RPMI 1640 medium without glu-
cose (Gibco, #11879020) with addition of 11.1 mM galactose 
(Sigma- Aldrich), 10% dialyzed fetal bovine serum (FBS) (PEAK 
Serum), 1% GlutaMAX (Gibco), and 1% antibiotic-antimycotic 
solution (Gibco). Cells were kept at 37°C, 5% CO2, and 95% hu-
midity. All cell lines used were periodically tested for mycoplasma 

contamination using a PCR-based detection kit (American Type 
Culture Collection).

Generation of cell lines with knockouts and  
ectopic expressions
sgRNA oligonucleotides targeting NDUFA6, as well as a nontargeting 
control, were cloned into pSpCas9(BB)-2A-GFP (PX458) plasmid 
(a gift from F. Zhang at the Massachusetts Institute of Technology; 
Addgene, #48138), according to the provider’s instructions. Sequences 
of the oligonucleotides were as follows: sgNDUFA6_3: 5′-ACT-
GAAAATGGGCTTCACGA-3′ (targeting + strand in exon 1); sgND-
UFA6_7: 5′-GATGCTTTGGCAAGATGGCG-3′ (targeting − strand in 
exon 1); nontargeting: 5′-GTAGCGAACGTGTCCGGCGT-3′. The 
sgRNA-Cas9-2A-GFP vectors were then transfected into Jurkat 
cells, using jetPRIME transfection reagent (Polyplus). At 2 days 
after transfection, GFP-positive cells were single cell–sorted into 
96-well plates using BD FACSAria SORP systems. The clones were 
cultured for 2 to 3 weeks, and established clonal cell lines were ex-
panded. NDUFA6 knockouts were verified by Simple Western anal-
ysis (see below). To ectopically express NDI1 in the NDUFA6- null 
cell line, NDI1 coding sequence from pWPI-NDI1-BFP construct 
(a gift from E. Dufour at the University of Tampere) was subcloned 
into the pLV-EF1-RFP (red fluorescent protein) vector (Vector-
Builder). The NDI1-EF1-RFP vector or empty vector control, along 
with pMD2.G and psPAX2 lentiviral packaging vectors, was then 
transfected into 293T cells, using jetPRIME (Polyplus). Resultant 
supernatants containing NDI1 or control lentivirus were collected 
and stored at −80°C. For transduction, 1 million cells of NDUFA6 
KO1 cell line were seeded per well in a six-well plate with 1 ml of the 
NDI1 or control virus containing polybrene (8 g/ml). The cells 
were spin-infected by centrifugation at 1500 rcf in room tempera-
ture for 90 min, followed by an overnight incubation at 37°C. At 
approximately 24 hours after transduction, virus was removed 
from the cells. On the following day, RFP+ cells were sorted on BD 
FACSAria SORP systems. The cells were periodically sorted to 
maintain high RFP expressions. NDI1 expression was confirmed 
by Simple Western analysis (see below).

Immunoblotting with Simple Western assay
To assess NDUFA6 and NDI1 protein expressions, whole-cell ly-
sates were extracted from indicated cell lines by resuspending the 
cells in 1× cell lysis buffer (Cell Signaling Technology) with Halt 
protease inhibitor cocktail (Thermo Fisher Scientific). The cell sus-
pension was then exposed to a complete freeze-thaw cycle be-
tween −80°C and room temperature. Protein concentrations were 
measured using the Pierce BCA Protein Assay Kit (Thermo Fisher 
Scientific). Immunoblotting was performed on Wes platform 
(ProteinSimple), according to the manufacturer’s protocol. For analy-
sis of NDUFA6 protein, 20 g of the lysates (at 4 g/l) was loaded 
per well in a 12- to 230-kDa Wes Separation Module (ProteinSimple). 
A rabbit polyclonal antibody against NDUFA6 (1:10 dilution; Santa 
Cruz Biotechnology, #86755) and mouse monoclonal antibody 
against GAPDH (glyceraldehyde-3-phosphate dehydrogenase) 
(1:20,000 dilution; Santa Cruz Biotechnology, #32233) were used, in 
combination with the Anti-Rabbit or Anti-Mouse Detection Mod-
ules for Wes (ProteinSimple), respectively. For analysis of NDI1 
protein, 2.5 g of the lysates (at 0.5 g/l) was loaded per well. A 
rabbit antibody against NDI1 (1:500 dilution; a gift from E. Dufour 
at the University of Tampere) and rabbit monoclonal antibody 
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against vinculin (1:100 dilution; Cell Signaling Technology, #13901) 
were used. The chemiluminescence of all proteins was quantified 
on Compass software (version 4.0; ProteinSimple).

Drug treatments, followed by assessments of cell sensitivity, 
proliferation, and viability
Two hundred thousand cells of indicated Jurkat or MOLT-4 cell 
lines were seeded per well in 12-well plates at 100,000 cells/ml. 
Where noted, cells were treated with galactose medium (described 
above), vehicle [1× Dulbecco's PBS (DPBS; Corning), dimethyl sulf-
oxide (DMSO; Sigma-Aldrich, #D2650), or alcohol (J.T.Baker, 
#9229-01)], MVE (a gift from B. Kalyanaraman at the Medical College 
of Wisconsin), MitoTEMPO (Sigma-Aldrich, #SML0737), piericidin 
(Cayman Chemical, #15379), antimycin (Sigma-Aldrich, #A8674), 
S3QEL-2 (Sigma-Aldrich, SML1554), S1QEL-1 (Sigma-Aldrich, 
SML1948), or phenformin (Sigma-Aldrich, P7045) of indicated 
concentrations for specified durations. For treatments exceeding 
4 days in glucose-containing medium, cells were collected on 
day 4 and reseeded at 200,000 cells/well and 100,000 cells/ml with a 
fresh concentration of drug. To assess cell sensitivities to treat-
ments, cells were collected and resuspended in fluorescence-activated 
cell sorting (FACS) buffer [1× DPBS (Corning) with 10% Nu-Serum 
IV Growth Medium Supplement (Corning)]. Live cells were counted 
using ViaStain PI Stain Solution on a Cellometer K2 platform (Nex-
celom). Last, the rates of population doubling were calculated by 
taking log2 of the live cell number divided by the initial cell number 
(200,000). When comparing the treatment sensitivities between 
multiple cell lines that proliferate at different rates, the rates of pop-
ulation doubling under treatments were normalized with those 
under control (glucose medium or vehicle treatments). To assess 
cell proliferation, 10 M BrdU was added to cells 1 hour before the 
specified endpoint of a treatment. Cells were labeled with BrdU for 
2 hours, after which they were collected, resuspended in FACS buf-
fer, and counted on Cellometer K2 (Nexcelom). One million (or less, 
if necessary) cells were permeabilized, fixed, and stained for BrdU 
with the FITC BrdU Flow Kit (BD Biosciences), according to the 
manufacturer’s protocol. The percentage of proliferating pop ulation 
[fluorescein isothiocyanate (FITC) BrdU+] was analyzed on a BD 
FACSymphony cell analyzer and FlowJo software (version 10.4.2; BD 
Life Sciences). To assess cell viability, cells were collected, resus-
pended in FACS buffer, and counted on Cellometer K2 (Nexcelom). 
One hundred thousand cells were stained for annexin V with the 
Annexin V-FITC Apoptosis Detection Kit (eBioscience), according 
to the manufacturer’s instructions. The percentage of live (annexin V−, 
PI−), necrotic (annexin V−, PI+), early apoptotic (annexin V+, PI−), 
and late apoptotic (annexin V+, PI+) populations were measured on a 
BD FACSymphony cell analyzer and FlowJo software (version 10.4.2; 
BD Life Sciences).

H2O2 measurement
To measure the mitochondria-derived H2O2, 300,000 Jurkat cells 
were plated per well in a 96-well black polystyrene plate with 
clear bottom (Corning, #3603). The cells were permeabilized in 
50 l of KHEB buffer [120 mM KCl (Sigma-Aldrich), 5 mM Hepes 
(Corning, #25060), 1 mM EGTA (Sigma-Aldrich), 2% bovine serum 
albumin (Thermo Fisher Scientific, #BP9704100)] with saponin 
(100 g/ml; Sigma-Aldrich) for 15 min at room temperature. Perme-
abilized cells were immediately treated with vehicle [DMSO 
(Sigma-Aldrich, #D2650) and alcohol (J.T.Baker, #9229-01)], 400 M 

MitoTEMPO, 1 M piericidin, 1 M antimycin, 1 M piericidin + 
400 M MitoTEMPO, 1 M antimycin + 400 M MitoTEMPO, 5 or 
10 M S3QEL-2, or 0.5 or 1 M S1QEL-1 in the presence of 12.5 M 
Amplex red (Molecular Probe), SOD1 (12.5 U/ml; Sigma-Aldrich), 
and horseradish peroxidase (2.5 U/ml; Thermo Fisher Scientific) in 
KHEB of final volume up to 200 l per well. Resorufin fluorescence 
with excitation of 544 nm and emission of 590 nm was measured 
every minute for 1 hour using SpectraMax M2 (Molecular Devices) 
set at 37°C.

Metabolomics
One million Jurkat cells were seeded per plate in 10-cm plates at 
100,000 cells/ml. The cells were treated with vehicle (DMSO and 
alcohol), 400 M MitoTEMPO, 1 M piericidin, 1 M antimycin, 
400 M MitoTEMPO + 1 M piericidin, or 400 M MitoTEMPO + 
1 M antimycin for 24 hours. For carbon tracing experiments, iso-
topic labeling was performed for 8 hours, starting at 16 hours after 
beginning of the drug treatments. Cell medium was switched to la-
beling medium containing RPMI 1640 medium without glucose 
(Gibco, #11879020) or glutamine (Corning, #15040CM) with addition 
of [U-13C6]glucose (2000 mg/liter; Cambridge Isotope Laboratories) 
or 2 mM [U-13C5]glutamine (Cambridge Isotope Laboratories), re-
spectively, as well as 10% dialyzed FBS (PEAK serum), 1% antibiotic- 
antimycotic solution (Gibco), 1 mM methyl-pyruvate (Sigma-Aldrich), 
400 M uridine (Sigma-Aldrich), and fresh concentrations of the 
drugs. After the treatment and/or labeling, cells were washed once 
with 0.9% NaCl at 4°C. The cell pellets were flash-frozen in liquid 
nitrogen and stored at −80°C until ready for metabolite extractions. 
To extract metabolites, the pellets were briefly thawed on ice and 
resuspended in 225 l/1 million cells of high-performance liquid 
chromatography (HPLC)–grade methanol in water (80/20, v/v) that 
was previously cooled to −80°C. The cell suspensions were exposed 
to three complete freeze-thaw cycles between liquid nitrogen and 
37°C water bath, followed by centrifugation at 18,000 rcf at 4°C for 
15 min. The supernatants containing metabolites were collected and 
evaporated to dryness in a SpeedVac concentrator (Thermo Savant). 
The metabolites were reconstituted in acetonitrile in analytical-grade 
water (50/50, v/v), centrifuged to remove debris, and then analyzed 
by high-resolution HPLC–tandem mass spectrometry. The system 
consisted of a Q-Exactive (Thermo Fisher Scientific) in line with an 
electrospray source and an UltiMate 3000 (Thermo Fisher Scientific) 
series HPLC consisting of a binary pump, degasser, and autosampler 
outfitted with a XBridge Amide column (Waters; dimensions of 
4.6 mm by 100 mm and a 3.5-m particle size). Mobile phase A 
contained 95% (v/v) water, 5% (v/v) acetonitrile, 10 mM ammoni-
um hydroxide, and 10 mM ammonium acetate (pH 9.0), and mobile 
phase B contained 100% acetonitrile. The gradient was set to 0 min, 
15% A; 2.5 min, 30% A; 7 min, 43% A; 16 min, 62% A; 16.1 to 
18 min, 75% A; 18 to 25 min, 15% A, with a flow rate of 400 l/min. 
The capillary of the ESI (electrospray ionization) source was set to 275°C, 
with sheath gas at 45 arbitrary units, auxiliary gas at 5 arbitrary units, 
and the spray voltage at 4.0 kV. In positive/negative polarity switch-
ing mode, a mass/charge ratio scan ranging from 70 to 850 was 
chosen, and MS1 data were collected at a resolution of 70,000. The 
automatic gain control (AGC) target was set at 1 × 106, and the 
maximum injection time was 200 ms. The top five precursor ions 
were subsequently fragmented, using the higher- energy collisional 
dissociation (HCD) cell with normalized collision energy (NCE) of 
30% in MS2 at a resolution of 17,500. Sample volumes of 10 l 
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were injected. Data acquisition was performed using Xcalibur soft-
ware (version 4.1; Thermo Fisher Scientific). The peak area of each 
detected metabolite was normalized by the total ion current, an in-
tegration of all of the recorded peaks within the window of acquisi-
tion. Data analysis was subsequently carried out by MetaboAnalyst 
(version 4.0). Features with more than 50% missing values were re-
moved. Leftover missing values were replaced by half the minimum 
positive values. For the heatmap representation of metabolites in 
multiple groups (Control, MT, Pier, Anti, Pier+MT, and Anti+MT), 
multiple one-way analyses of variance (ANOVAs) with Fisher’s least 
significant difference post hoc analysis and false discovery rate (FDR) 
threshold of 0.1 were performed to generate a list of metabolites whose 
levels are significantly different among the groups. The list was then 
plotted as a heatmap, using Euclidean distance measures and Ward’s 
clustering algorithm of metabolites/rows. Each row represents z scores 
of each metabolite. For the volcano plot representation of metab-
olites between Pier+MT and Anti+MT, unpaired t test with a fold 
change threshold of 2 and P value threshold of 0.1 was used to 
identify significantly changed metabolites between the two groups. 
The data from carbon tracing experiments were analyzed by Excel. 
Normalized peak areas of differentially labeled metabolites (e.g., 
M+0, M+1, and M+2) were added up to calculate the total normal-
ized peak area of each metabolite. Subsequently, percentage of pool 
for each labeled metabolite was determined by dividing its normal-
ized peak area by the total normalized peak area.

GSH/GSSG ratio measurement
Two hundred thousand Jurkat cells were seeded per well in 12-well 
plates at 100,000 cells/ml. The cells were treated with vehicle (DMSO 
and alcohol), 400 M MitoTEMPO, 1 M piericidin, 1 M antimycin, 
400 M MitoTEMPO + 1 M piericidin, 400 M MitoTEMPO + 
1 M antimycin, or 5 M Menadione for 24 hours. Cells were har-
vested and diluted into 400,000 cells/ml in Hanks’ balanced salt solu-
tion (HBSS) (Gibco, #14025092) with fresh concentrations of the 
drugs. Twenty-five microliters of the cell suspension (or 10,000 cells) 
was added per well of a 96-well white polystyrene plate with clear 
bottom (Corning, #3610). GSH/GSSG ratios were measured using 
GSH/GSSG-Glo Assay (Promega, #V6611), according to the manu-
facturer’s protocol. Luminescence was measured using SpectraMax 
M2 (Molecular Devices).

RNA sequencing
Five hundred thousand Jurkat cells were seeded per plate in 10-cm 
plates at 100,000 cells/ml. The cells were treated with vehicle (DMSO 
and alcohol), 400 M MitoTEMPO, 1 M piericidin, 1 M antimy-
cin, 400 M MitoTEMPO + 1 M piericidin, or 400 M MitoTEMPO + 
1 M antimycin for 24 hours. After the treatment, cells were collected 
and resuspended in 350 l of RLT Plus buffer (Qiagen) with 0.01% 
2-mercaptoethanol (Sigma-Aldrich). The cell suspensions were ho-
mogenized by 29-guage needles and QIAshredder Spin Columns 
(Qiagen). RNA was extracted with the RNeasy Plus Mini Kit (Qiagen), 
following the manufacturer’s protocol with an additional on-column 
deoxyribonuclease (DNase) treatment using RNase-Free DNase Set 
(Qiagen). The quality and quantity of the RNA were assessed by 
Agilent 4200 TapeStation, using the RNA ScreenTape System (Agilent 
Technologies). mRNA libraries were prepared with NEBNext Ultra 
RNA Library Prep Kit for Illumina (NEB). Pooled library (2.5 pM) 
was sequenced on Illumina NextSeq 500 system, using 1% PhiX 
control and NextSeq 500/550 High Output Kit v2 (75 cycles) (Illu-

mina). Raw BCL read files were demultiplexed and converted to 
FASTQ files using bcl2fastq (Illumina) and trimmed using Trim-
momatic (version 0.39). The reads were then aligned to the human 
hg38 reference genome using STAR software to generate BAM files. 
HTSeq framework was used to count reads within the exons. Likeli-
hood ratio tests and pairwise differential gene expression analyses 
were carried out using the R package DESeq2. Gene set enrichment 
analysis (GSEA) was performed using the GSEA software (version 
4.0.0). The pairwise differential gene expression output from 
DESeq2 was converted via Wald test to a preranked list of genes 
from significantly up-regulated to significantly down-regulated. 
The list was submitted to the GSEA software, where GSEA was per-
formed based on Hallmark Gene Sets from Molecular Signatures 
Database (MSigDB) (version 7.0) or a curated list of ISR genes 
(table S1; a gift from C. Sidrauski at the Calico Life Sciences) (29).

T-ALL adoptive transfer
Notch1dE-GFP retrovirus was prepared by transfecting the MIGR1- 
Notch1dE-GFP vector (a gift from P. Ntziachristos in the North-
western University) into Platinum-E retroviral packaging cells (a gift 
from P. Ntziachristos in the Northwestern University) using jet-
PRIME (Polyplus). The virus was freshly produced before every 
transduction. Eight-week-old C57Bl/6J mice were euthanized to ex-
tract bone marrow cells, from which HSCs were isolated using the 
EasySep Mouse CD117 Positive Selection Kit (StemCell). In the follow-
ing steps, HSCs were kept in Opti-MEM (Gibco) supplemented with 
interleukin-3 (IL-3) (10 ng/ml; PeproTech, #213-13), interleukin-7 
(IL-7) (10 ng/ml; PeproTech, #217-17), stem cell factor (SCF) (50 ng/ml; 
PeproTech, #250-03), Fms-related tyrosine kinase 3 ligand (Flt3L) 
(50 ng/ml; PeproTech, #250-31L), and interleukin-6 (IL-6) (20 ng/ml; 
PeproTech, #216-16). To transform HSCs, approximately 1 million 
cells were plated per well in six-well plates with 5 ml of Notch1dE- 
GFP retrovirus containing polybrene (4 g/ml). The cells were spin- 
infected by centrifugation at 1500 rcf in room temperature for 90 min, 
followed by an incubation with the virus overnight at 37°C. At 18 hours 
after transduction, the virus was removed and the cells were allowed 
to rest for 2 days. On the day of adoptive transfer, lineage (CD4, 
CD8a, B220, CD11b, Gr-1, NK1.1, Ter-119)–negative and GFP- 
positive cells were sorted on BD FACSAria SORP systems. T-ALL 
cells (50,000 to 100,000), along with 500,000 support bone marrow 
cells, were injected intravenously into 8- to 12-week-old C57Bl/6J 
recipients, which were irradiated at 1000 cGy within 24 hours 
before the transfer. Upon T-ALL establishment in the primary 
recipients, splenocytes and bone marrow cells were harvested. The 
percentage of GFP+ cells was then analyzed on a BD FACSymphony 
cell analyzer and FlowJo software (version 10.4.2; BD Life Sciences). 
The total number of live cells was counted using ViaStain AOPI 
Stain Solution on Cellometer K2 (Nexcelom). Fifteen thousand of 
the live GFP+ T-ALL cells were injected intravenously into 8- to 
12-week-old C57Bl/6J recipients, which were irradiated at 450 cGy 
within 24 hours before the transfer. The T-ALL cells were allowed 
to engraft for 4 days, after which the secondary recipients were 
allocated into four treatment groups, where they received daily 
intraperitoneal injections of vehicle (PBS; Amresco, #K813), 
phenformin (75 mg/kg; Sigma-Aldrich, #P7045), MitoTEMPO 
(5 mg/kg; Sigma-Aldrich, #SML0737), or phenformin (75 mg/kg) 
+ MitoTEMPO (5 mg/kg) for 15 days. At the end of the treatment, 
cells were harvested from the spleen, one set of femur and tibia, and 
peripheral lymph nodes of each recipient. The cells were stained with 
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Ghost Dye Red 780 (Tonbo Biosciences) and resuspended in FACS 
buffer with PKH26 Reference Microbeads (Sigma-Aldrich). The 
numbers and percentages of GFP-positive T-ALL cells were ana-
lyzed on a BD FACSymphony cell analyzer and FlowJo software 
(version 10.4.2; BD Life Sciences). Statistical significance was deter-
mined by Kruskal-Wallis nonparametric test, using GraphPad Prism 
(version 8; GraphPad Software). Specific P values of statistical signif-
icance (*) are noted in the figure legend. P values of nonsignificance 
(n.s.) are as follows: n.s.P = 0.0612 (Fig. 5D; Phenformin); n.s.P = 0.8723 
(Fig. 5D; MitoTEMPO); n.s.P = 0.4904 (Fig. 5E; Phenformin); n.s.P = 
0.1818 (Fig. 5E; MitoTEMPO); n.s.P = 0.1303 (Fig. 5F; Phenformin); 
n.s.P = 0.8095 (Fig. 5F; MitoTEMPO); n.s.P = 0.9256 (fig. S9A; 
MitoTEMPO); n.s.P = 0.4074 (fig. S9B; Phenformin); n.s.P = 0.2305 
(fig. S9B; MitoTEMPO); n.s.P = 0.5719 (fig. S9C; MitoTEMPO); 
n.s.P = 0.0746 (fig. S9D; Phenformin); and n.s.P = 0.9767 (fig. S9D; 
MitoTEMPO) compared to control. All animal care and experiments 
were conducted in accord ance with the Northwestern University 
Institutional Animal Care and Use Committee (IACUC) guidelines.

Statistical analysis
Data are presented as mean + or ± standard error of the mean (SEM). 
Minimum of n = 3 independent experiments were performed, and 
the numbers of replicates are noted in the figure legends. No samples 
were excluded from the analysis. Experiments were neither random-
ized nor blinded. Statistical significance (P values) was determined 
by one-way ANOVA (with single variable) or two-way ANOVA 
(with two variables) with Bonferroni’s multiple comparisons test, 
using GraphPad Prism (version 8; GraphPad software). Statistical 
significance (*) was defined as P < 0.05. Particular P values between 
groups of interest are noted in the figure legends. P values are re-
ported as four digits after the decimal point: P values less than 0.0001 
are shown as <0.0001; P values higher than 0.9999 are shown as >0.9999. 
Detailed methods of statistical analysis of metabolomics, RNA-seq, 
and in vivo T-ALL data are described above.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/45/eabb7272/DC1

View/request a protocol for this paper from Bio-protocol.
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