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SUMMARY

Cells are subjected to oxidative stress during the
initiation and progression of tumors, and this im-
poses selective pressure for cancer cells to adapt
mechanisms to tolerate these conditions. Here, we
examined the dependency of cancer cells on gluta-
thione (GSH), the most abundant cellular antioxidant.
While cancer cell lines displayed a broad range of
sensitivities to inhibition of GSH synthesis, the major-
ity were resistant to GSH depletion. To identify
cellular pathways required for this resistance, we
carried out genetic and pharmacologic screens.
Both approaches revealed that inhibition of deubi-
quitinating enzymes (DUBs) sensitizes cancer cells
to GSH depletion. Inhibition of GSH synthesis, in
combination with DUB inhibition, led to an accumula-
tion of polyubiquitinated proteins, induction of pro-
teotoxic stress, and cell death. These results indicate
that depletion of GSH renders cancer cells depen-
dent on DUB activity to maintain protein homeostasis
and cell viability and reveal a potentially exploitable
vulnerability for cancer therapy.

INTRODUCTION

Dysregulation of mitochondrial respiration, protein synthesis,
and oxygen tension contributes to the increased production of
reactive oxygen species (ROS) in cancer cells (Reczek and
Chandel, 2015). Oxidative stress, caused by an imbalance be-
tween the production of ROS and synthesis of the antioxidant
factors that quench them, represents a significant hurdle that im-
pedes tumor initiation and progression (Chio and Tuveson, 2017;
Glasauer et al., 2014). Contrary to a longstanding public belief

that antioxidants prevent tumor growth, supplementation with
antioxidants has been shown to promote tumor incidence and
metastasis, not only in mouse models of cancer but also in clin-
ical trials involving dietary antioxidants (Harris and Brugge, 2015;
Klein et al., 2011; Le Gal et al., 2015; Piskounova et al., 2015;
Sayin et al., 2014).

Glutathione (GSH), a tripeptide formed of cysteine, glutamate,
and glycine, is the most abundant antioxidant in the cell (Winter-
bourn and Hampton, 2008). The rate-limiting step in GSH synthe-
sis is the condensation of glutamate and cysteine by the
glutamate-cysteine ligase (GCL) holoenzyme (Meister and An-
derson, 1983). GCL comprises a catalytic subunit (GCLC) and
a modifying subunit (GCLM), which lacks catalytic activity but
promotes GSH synthesis by decreasing the Km for glutamate
and increasing the Ki for GSH (Huang et al., 1993). Importantly,
evidence suggests that this rate-limiting step is non-redundant
(Shi et al., 2000), with GSH synthesis being governed solely by
this holoenzyme. Oncogenic mutations have been shown to in-
crease transcription of GCLC (DeNicola et al., 2011), and levels
of GSH and its rate-limiting metabolite cysteine have been
shown to increase with tumor progression in patients (Hakimi
et al., 2016). Furthermore, both primary and metastasized tu-
mors have been shown to utilize the reducing factor nicotin-
amide adenine dinucleotide phosphate, reduced (NADPH) to
regenerate GSH stores and survive oxidative stress (Jiang
et al., 2016; Piskounova et al., 2015).

Blocking antioxidant production, including the synthesis of
GSH, has long been viewed as a potential mechanism to treat
cancers (Arrick et al., 1982; Hirono, 1961). Treatment of patients
with |-buthionine-sulfoximine (BSO) (Griffith and Meister, 1979),
an inhibitor of GCLC, is well tolerated and has been used in
combination with the alkylating agent melphalan in multiple
phase 1 clinical trials with mixed results (NCT00005835 and
NCT00002730) (Bailey, 1998; Villablanca et al., 2016). Inhibition
of GSH synthesis has been shown to prevent tumor initiation
in multiple mouse models of spontaneous tumorigenesis;
however, limited effects have been reported in established
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Figure 1. A Subset of Cell Lines Display Sensitivity to Inhibition of GSH Synthesis

(A) Essentiality scores for GCLC, PGD, and GAPDH from pooled CRISPR screens in 340 cancer cell lines conducted during the Achilles project (dotted line refers

to a score of —0.6, a cutoff for cellular essentiality).

(B) Representative immunoblot analysis of GCLC protein from HCC-1806 breast cancer cells transduced with LentiCrisprV2 with control sgRNA or sgRNA

targeting GCLC.

(C and D) (C) Relative GSH levels and (D) fold increase in cell numbers from day 1 from control and sgGCLC HCC-1806 breast cancer cells. Data shown as mean +

SEM from two independent experiments.

(E) Schematic of BSO inhibiting GCLC and blocking GSH synthesis.
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tumors (Harris et al., 2015). Another major antioxidant pathway,
governed by the protein thioredoxin 1 (TXN), has been shown to
support survival of cells upon GSH depletion. Treatment of thio-
redoxin-reductase-1 (Txnrd1)-null mouse embryonic fibroblasts
(MEFs) with BSO or the combined delivery of BSO and auranofin,
an inhibitor of TXNRD1, to cancer cells induces potent cytotox-
icity (Eriksson et al., 2009; Harris et al., 2015; Mandal et al., 2010;
Prigge et al., 2017; Stafford et al., 2018).

A systematic analysis of the role of GSH in cancer cells that
have adapted to oxidative stress during tumorigenesis has yet
to be reported. In the present study, we carried out such an anal-
ysis and show that most cancer cell lines are largely unaffected
by GSH depletion. A subset of cancer cell lines is sensitive to in-
hibition of GCLC, and this sensitivity is only manifested with
continuous treatment over the course of several days. To under-
stand the factors underlying this resistance, we carried out
genetic and pharmacologic screens of cancer cells under condi-
tions of GCLC inhibition. We found that cells become sensitive to
depletion of GSH when enzymes responsible for deubiquitina-
tion are inhibited. Combined suppression of GCLC and deubi-
quitinating enzymes (DUBS) leads to a high level of proteotoxic
stress and results in cell death, suggesting that DUB activity is
critical to maintain homeostasis in the context of GSH depletion.

RESULTS

Only a Subset of Cancer Cell Lines Is Dependent on GSH
Synthesis

To assess the contribution of GSH synthesis to cell survival, we
examined publicly available data from genome-scale pooled
CRISPR-Cas9 screens conducted across more than 300 can-
cer cell lines (Doench et al., 2016; Meyers et al., 2017). Loss
of GCLC caused minimal effects on proliferation across cancer
cell lines, as indicated by a GCLC essentiality score close to
zero (Figure 1A). This score contrasted with those from other
non-redundant metabolic genes such as those encoding phos-
phogluconate dehydrogenase (PGD), a component of the
oxidative pentose phosphate pathway, and the glycolytic
enzyme glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
both of which had essentiality scores below the —0.6 threshold
for the majority of cancer cell lines tested, indicating their
requirement for survival (Figure 1A) (Meyers et al., 2017). To
further evaluate GCLC dependency, we deleted GCLC in the

human breast cancer cell line HCC-1806 (a cell line with an es-
sentiality score for GCLC above the —0.6 threshold) (Figure 1B).
Deletion of GCLC caused a drastic reduction in GSH levels
without any effect on cellular proliferation (Figures 1C and
1D), mirroring the results observed in the published pooled
CRISPR screens. To evaluate the differential sensitivity of can-
cer cell lines to GSH depletion more quantitatively, we used an
inhibitor of GCLC, BSO (Griffith and Meister, 1979), to evaluate
the effects of titratable depletion of GSH across a large panel of
cancer cell lines (Figure 1E). The efficacy of BSO was
confirmed by assessment of the reduction in GSH levels;
BSO induced potent and rapid depletion of GSH within 48 h
(Figures 1F, 1G, and S1A). Extending this analysis to a larger
panel of breast cancer cell lines revealed near uniform kinetics
of GSH depletion by BSO (Figure 1H). The effect of BSO on cell
number after 72 h was determined for 49 cell lines derived from
breast cancer (both basal and luminal subtypes), lung cancer,
and ovarian cancer. Across all tumor types, the majority of
cancer cell lines displayed no reduction in cell number after
depletion of GSH by BSO (Figures 11, 1J, and S1B-S1E). Inter-
estingly, a minority of cell lines (six) was highly sensitive to
BSO, with ICsq values ranging from 1 to 6 uM (matching the
IC5 values for depletion of intracellular GSH). To identify candi-
date genes underlying sensitivity to GSH depletion, RNA
sequencing (RNA-seq) data obtained from the Cancer Cell
Line Encyclopedia (CCLE) were analyzed (Barretina et al.,
2012; Cancer Cell Line Encyclopedia Consortium and Geno-
mics of Drug Sensitivity in Cancer Consortium, 2015). Fewer
than 30 genes were differentially expressed in the six highly
sensitive cell lines relative to the other cancer cell lines (Table
S1). These genes were not investigated further because the
cell lines were derived from diverse tissues, and it was not
feasible to determine whether the observed expression differ-
ences were actually due to dominant expression patterns
driven by the tissue of origin (Hoadley et al., 2018; Selfors
et al., 2017).

Since only a minority of cancer cell lines were sensitive to BSO
treatment for 72 h (a time point where GSH levels were maximally
depleted, as well as a typical time frame to assess drug sensi-
tivity) (Garnett et al., 2012), the response of cancer cells to
longer-term depletion of GSH was examined in a large panel of
breast cancer cell lines cultured continuously in a single dose of
BSO (100 uM) for 9 days. Interestingly, while many cancer cell

(F and G) Relative GSH levels in HCC-1806 breast cancer cells treated with (F) BSO at indicated concentrations for 72 h and (G) BSO at 100 uM for indicated time
points. Data shown as mean + SEM from three independent experiments.

(H) Relative GSH levels in breast cancer cell lines treated with BSO at 100 uM for indicated time points. Data shown as mean + SEM for 27 breast cancer cell lines.
() ICs values for basal (n = 12) and luminal (n = 14) breast cancer cell lines, lung cancer cell lines (n = 13), and ovarian cancer cell lines (n = 10) treated with BSO for
72 h. Data shown as mean + SD from four technical replicates.

(J) Relative GSH levels and relative cell numbers for MDA-MB-468 breast cancer cells treated with BSO at indicated concentrations for 72 h. Data shown as
mean + SD from four technical replicates.

(K) Percent reduction in cell numbers on day 9 ([BSO(—)cen number — BSO(+)cell Number/BSO(—)cell number) * 100%) for basal (n = 13) and luminal (n = 15) breast
cancer cell lines cultured with vehicle or BSO (100 uM) (media with vehicle and BSO replenished every 48 h). Data shown as mean + SD from three technical
replicates and representative of two independent experiments.

(L and M) Fold increase in cell numbers from day 0 of (L) resistant and (M) sensitive breast cancer cell lines treated as in (K) for 9 days. Data shown as mean + SEM
from three independent experiments.

(N) Percentage of cell death determined by Annexin V+ staining in sensitive breast cancer cells treated as in (K) for 9 days. Data shown as mean + SEM from three
independent experiments. NS, not statistically significant; **p < 0.01, **p < 0.001, ***p < 0.0001.

Dunnett’s multiple comparisons test was used to determine statistical significance for (C) and (H). Two-way ANOVA was used to determine statistical significance
for (D), (L), and (M). Unpaired two-tailed t test was used to determined statistical significance for (N). See also Figure S1 and Table S1.
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lines were unaffected, we detected a gradient of sensitivities, with
a number of lines being sensitive to this longer-term treatment
with BSO (Figures 1K-1M, S1F, and S1G). Furthermore, BSO
was cytotoxic rather than cytostatic in the sensitive lines as
demonstrated by the high percentage of cell death (Figure 1N).

Both TXNRD1 and glutathione peroxidase 4 (GPX4) play crit-
ical roles in regulating the sensitivity to oxidative stress and
depletion of GSH (Eriksson et al., 2009; Harris et al., 2015; Man-
dal et al., 2010; Prigge et al., 2017; Stafford et al., 2018; Yang
et al., 2014). To assess whether differential expression of these
proteins is associated with the observed responsiveness of can-
cer cells to BSO, TXNRD1 activity and protein expression, as
well as GPX4 protein expression, were measured in two BSO-
sensitive (T-47D and MDA-MB-361) and two BSO-resistant
(HCC-1806 and MDA-MB-468) breast cancer cell lines (Figures
S1H-S1J). There were no significant differences in TXNRD1 ac-
tivity in the four cell lines, and minor differences in the levels of
either protein were not consistent with differences in sensitivity
to BSO, suggesting that neither differential activity nor expres-
sion of either TXNRD1 or GPX4 governs sensitivity to GSH deple-
tion in these breast cancer cell lines.

Overall, these results indicate that cancer cell lines display dif-
ferential sensitivity to inhibition of GSH synthesis and define both
highly sensitive and resistant groups. Furthermore, these find-
ings demonstrate that an extended time under conditions of
GSH depletion is required to manifest a cytotoxic phenotype in
sensitive cancer cells.
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Genetic and Pharmacologic

Screening Reveals Factors

Promoting Resistance to GCLC

Inhibition

To better understand the factors support-

ing survival of cancer cells upon depletion
of GSH, we undertook a genetic screening approach in the highly
resistant cancer cell line HCC-1806. We utilized a CRISPR-Cas9
single guide RNA (sgRNA) library that targets more than 750
genes encoding druggable proteins (Druggable Cancer Targets
v2.1; Table S2) (Hong et al., 2016) and identified sgRNAs that
were differentially depleted or enriched in cancer cells continu-
ously treated with a high dose of BSO (500 uM) (Figures 2A
and 2B; Table S3). Under conditions of GCLC inhibition by
BSO, a small number of genes scored as significant dropout
hits in the CRISPR-Cas9 screen, including glutaminase (GLS)
and the DUBs ubiquitin-specific protease 7 (USP7) and ubiquitin
C-terminal hydrolase L5 (UCHLS5) (Figures 2B-2E). Inhibition of
GLS activity was previously shown to synergize with BSO in
breast cancer cells, potentially by reducing glutamate levels
and impairing GSH synthesis to a greater degree than BSO alone
(Beatty et al., 2017; Biancur et al., 2017). Conversely, it was less
clear why USP7 and UCHLS5 scored as dependencies under con-
ditions of GSH depletion. Validation of USP7 was carried out us-
ing distinct sgRNAs against USP7, with loss of USP7 sensitizing
cells to the effects of GSH depletion (Figures 2F and 2G).

To complement the genetic screening, we designed and
assembled a high-throughput compound screening platform in
order to interrogate the differential drug sensitivities in cancer
cells upon depletion of GSH. Similar methods have been used
to determine resistance mechanisms in cancer cells to targeted
therapies (Crystal et al., 2014; Vora et al., 2014). A collection of
more than 500 compounds targeting not only well-characterized
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Figure 3. Pharmacologic Screening Re-
veals DUBs Support Survival of Cancer
Cells upon GSH Depletion

(A) Breakdown of the compound library based on
the molecular pathway associated with their

target.

(B) Layout of compound screening plates and
associated concentrations of each compound.
Twenty-four compounds were arrayed onto each
screening plate across a 10-point dose curve.

(C) HCC-1806 breast cancer cells treated with
vehicle or BSO (100 uM) for 24 h followed by
addition of the compound library for 72 h.

(D) Percent difference in area under the curve
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(AUC) for the relative cell numbers from dose-
response curves for each compound in the library.
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followed by addition of (E) TXNRD1 inhibitor aur-
anofin (AUR) and (F) GLS inhibitor BPTES for 72 h.
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cancer-associated proteins but also metabolic enzymes were
arrayed across a 10-point dose curve ranging from 20 puM to
3 nM and screened using an image-based readout (Figures 3A
and 3B). The screening platform was used to test the sensitivity
of HCC-1806 and MDA-MB-468 breast cancer lines to com-
pounds in the presence of a fixed dose of BSO (100 uM) (Figures
3C, 3D, and S2A; Table S4). Recapitulating previously reported
findings (Harris et al., 2015; Mandal et al., 2010), we found that
auranofin, an inhibitor of TXNRD1, sensitized cancer cells to in-
hibition of GCLC as indicated by a decrease in area under the
curve (AUC) from the dose-response curve (Figure 3E). An inhib-
itor of GLS (BPTES) also scored as a hit (Figure 3F), mimicking
the genetic screening result. Additionally, we observed sensiti-
zation by alkylating agents (e.g., chlorambucil, bendamustine,
lomustine, and busulfan) (Table S4); these findings mirror results
from phase 1 clinical trials where BSO was combined with the al-

cates and representative of two independent
experiments. NS, not statistically significant;
*p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
Dunnett’s multiple comparisons test was used to
determined statistical significance for (J). Un-
paired two-tailed t test was used to determined
statistical significance for (H). See also Figures S2
and S3 and Table S4.

BSO (log nM)

kylating agent melphalan (NCT00005835 and NCT00002730)
(Bailey, 1998; Villablanca et al., 2016). Interestingly, four structur-
ally distinct compounds with activity against DUBs (MI-2,
WP1130, BAY-11-7082, and EERI) (Fiebiger et al., 2004; Ritorto
et al., 2014; Wang et al., 2008) were among the compounds that
sensitized cancer cells to GSH depletion (Figures 3G, 3H, S2B,
and S2C). WP1130 and BAY-11-7082 inhibit not only USP7 but
also a diverse set of additional DUBs (Ritorto et al., 2014).
EERI targets a DUB associated with p97/valosin-containing pro-
tein (VCP) and impairs the function of the endoplasmic reticulum
(ER)-associated degradation (ERAD) (Wang et al., 2008). MI-2,
originally identified as a MALT-1 protease inhibitor (Fontan
et al., 2012), was determined to have potent inhibitory activity
against multiple DUBs using in vitro DUB target engagement
assay (Figures S2D and S2E). A pan-DUB inhibitor (PR-619) (Al-
tun et al., 2011) that was not present in our drug library was
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Figure 4. Protein Deubiquitination Contributes to Survival upon Suppression of GSH Synthesis

(A) Relative GSH levels from HCC-1806 breast cancer cells treated with DUB inhibitors for the indicated times. Data shown as mean + SEM from three inde-
pendent experiments.

(B) ROS levels from HCC-1806 breast cancer cells treated with BSO (100 pM), MI-2 (1 uM), or PR-619 (5 uM) for 24 h. Data shown as mean + SD from three
technical replicates.

(C) NRF2 target gene NQO7 mRNA in HCC-1806 breast cancer cells treated with vehicle or BSO (100 pM) for 24 h followed by addition of DUB inhibitors MI-2
(1 uM), PR-619 (5 uM), or EERI (2 uM) with vehicle or BSO (100 uM) for 8 h. Data shown as mean + SEM from three independent experiments.

(D) Fold increase in cell numbers from day 1 for HCC-1806 breast cancer cells treated as in (C). Data shown as mean + SD from three technical replicates.
(E) Percent cell death (determined by Annexin V staining) for HCC-1806 breast cancer cells treated as in (C) for 72 h. Data shown as mean + SEM from three
independent experiments.

(legend continued on next page)
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tested and found to also sensitize cancer cells to GCLC inhibition
(Figure 3I). The impact of simultaneous inhibition of multiple DUB
enzymes on the sensitivity of cells to GSH depletion was far
greater than the effect observed with deletion of USP7 alone
(Figure 2G).

Two findings ruled out off-target effects of BSO in the drug in-
teractions: (1) deletion of GCLC alone (in the absence of BSO)
increased the sensitivity of HCC-1806 breast cancer cells to
the DUB inhibitors (Figure 3J), and (2) the IC5o dose of BSO for
inhibition of cell numbers in the context of DUB inhibition
matched that for the reduction of intracellular GSH levels (Fig-
ures 1F, 1J, and 3K). Furthermore, treatment with sulfasalazine,
an inhibitor of the cysteine transporter xCT (Lewerenz et al.,
2013), which limits synthesis of GSH by depleting intracellular
cysteine levels, similarly sensitized cancer cells to DUB inhibitors
(Figure S3A). Because TXNRD1 is known to support cell survival
upon GSH depletion, we also assessed whether TXNRD1 activity
was reduced in the presence of DUB inhibitors. We found that
the DUB inhibitors did not affect TXNRD1 activity in vitro or
TXN1 oxidation status in vivo (Figures S3B-S3D). TXN1 is
reduced by TXNRD1 and thus its level of oxidation reflects
TXNRD1 activity. These results suggest that the sensitization
to BSO induced by DUB inhibition is not due to effects on
TXNRD1 activity. In addition, comparable synergistic activities
between BSO and DUB inhibition were observed upon
CRISPR-Cas9-mediated deletion of TXNRD7 in HCC-1806
breast cancer cells (Figures S3E and S3F).

Taken together, the data derived from both genetic and phar-
macologic screening approaches provide evidence that mainte-
nance of activity in DUBs is required to sustain the survival of
cancer cells upon GSH depletion.

Combined Inhibition of GCLC and DUBs Induces

Cell Death

To better understand the effect of DUB inhibition on the sensi-
tivity to GCLC inhibition, GSH levels were measured in cancer
cells treated with DUB inhibitors. None of the DUB inhibitors
reduced GSH levels in HCC-1806 and MDA-MB-468 breast can-
cer cells (Figures 4A and S4A). Furthermore, DUB inhibition did
not increase ROS levels nor elicit a strong NRF2-mediated anti-
oxidant response (based on the expression of two canonical
target genes NQO17 and GCLC) (Figures 4B, 4C, and S4B). A
time course analysis of treatment with a DUB inhibitor (MI-2,
PR-619, or EERI) in combination with BSO demonstrated that
these combinations cause a significant inhibition of cell numbers
(Figure 4D), and quantification of apoptosis revealed a large in-
crease in cell death (Figure 4E), suggesting that the reduction
in cell number observed was predominantly due to a cytotoxic

effect. The effect of GCLC inhibition on sensitivity to DUB inhib-
itors could be rescued with the antioxidants N-acetyl cysteine
(NAC) and a cell-permeable GSH ethyl ester (GSHee) (Figures
4F, 4G, and S4C). GSHee rescued the sensitivity to MI-2 and
PR-619 in combination with BSO but not EERI. The basis for
the lack of rescue with GSHee in cells treated with EERI and
BSO is not known but could reflect differences in the nature of
EERI responses relative to the other DUB inhibitors since the
target of EERI (p97/VCP) regulates cellular complexes other
than ERAD and its associated DUBs.

Depletion of GSH in some cell contexts has been shown to
lead to ferroptosis, a death process triggered by excessive lipid
peroxidation (Dixon et al., 2012). To investigate whether inhibi-
tion of DUBs and/or GCLC affected lipid peroxidation, we
measured the level of lipid peroxides, which accumulate upon
ferroptosis induction, with the C11-BODIPY lipid peroxidation
sensor (Figure S4D). We observed an increase in lipid peroxides
with combined treatment with BSO and DUB inhibitors in HCC-
1806 breast cancer cells but not to the extent observed with a
known inducer of ferroptosis (ML-210). To investigate whether
this increase in lipid peroxides contributes to the cell death
induced by BSO and DUB inhibition, we examined whether
agents that relieve lipid peroxidation (Trolox and Ferrostatin-1)
rescue the cytotoxicity. We first validated that the experimental
doses of Ferrostatin-1 and Trolox adequately blocked ferropto-
sis, as seen by the rescue of cells treated with RSL3, a GPX4 in-
hibitor that induces ferroptosis (Figures S4E and S4F). We found
that neither Trolox nor Ferrostatin-1 could rescue cells treated
with BSO and DUB inhibitors (Figures 4F, 4G, and S4G). These
results suggest that while BSO and DUB inhibition induce lipid
peroxides, this does not contribute to the cell death observed.
Additionally, DUB inhibitors did not sensitize cells to auranofin
(Figure S4H), suggesting this sensitivity was specific to GSH
depletion and not applicable to the inhibition of the antioxidant
TXN. The effect of DUB inhibition on sensitivity to BSO was
observed across cell lines derived from multiple tumor types
(Figure S4l).

To determine whether this drug combination shows efficacy
in vivo, we examined the effect of a single agent and combined
treatment with BSO and one of the DUB inhibitors (MI-2) in
mice carrying HCC-1806 breast cancer cell xenograft tumors.
MI-2 has previously shown in vivo efficacy in mouse models
(Fontan et al., 2012). After palpable tumors were formed
(~300 mm?3), mice were randomized into six treatment arms:
(1) vehicle + water, (2) vehicle + BSO, (3) MI-2 (10 mg/kg) + water,
(4) MI-2 (10 mg/kg) + BSO, (5) MI-2 (20 mg/kg) + water, and (6)
MI-2 (20 mg/kg) + BSO. We found that combined treatment
with BSO and 20 mg/kg MI-2 caused a dramatic reduction in

(F) ICs values for HCC-1806 breast cancer cells treated with BSO (100 M) for 24 h followed by addition of DUB inhibitors and BSO (100 pM) in combination with
NAC (5 mM), Trolox (250 M), or Ferrostatin-1 (1 uM) for 72 h. Data shown as mean + SD from three technical replicates and representative of three independent

experiments.

(G) Percent cell death (determined by Annexin V staining) for HCC-1806 breast cancer cells treated as in (F). Data are represented as mean + SD from three

technical replicates and representative of three independent experiments.

(H) HCC-1806 breast cancer cells were subcutaneously injected into nude mice and allowed to form palpable tumors (~300 mm?3), and then mice were ran-
domized into six arms (n = 5 mice per arm): (1) vehicle + water, (2) vehicle + BSO, (3) MI-2 (10 mg/kg) + water, (4) MI-2 (10 mg/kg) + BSO, (5) MI-2 (20 mg/kg) +
water, and (6) MI-2 (20 mg/kg) + BSO. Tumor dimensions were measured every 1-2 days and volumes were calculated. NT, not treated. NS, not statistically
significant; *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001. Dunnett’s multiple comparisons test was used to determined statistical significance for (B), (F), and
(G). Unpaired two-tailed t test was used to determined statistical significance for (C), (E), and (H). Two-way ANOVA was used to determined statistical significance

for (D). See also Figure S4.

Cell Metabolism 29, 1-16, May 7, 2019 7

CellPress




Cell’ress

Cell Metabolism (2019), https://doi.org/10.1016/j.cmet.2019.01.020

Please cite this article in press as: Harris et al., Deubiquitinases Maintain Protein Homeostasis and Survival of Cancer Cells upon Glutathione Depletion,

tumor growth compared to vehicle or single agents (Figure 4H). A
lower dose of MI-2 in combination with BSO caused a less sig-
nificant reduction in tumor growth but greater than that of a sin-
gle agent alone. Importantly, combined treatment with MI-2 and
BSO did not cause a more significant reduction in body weight
than BSO alone, suggesting that this combination is not highly
toxic (Figure S4J).

To investigate the toxicity of the other two DUB inhibitors, PR-
619 and EERI (whose solubility properties limited examination
in vivo), on normal cells, we utilized organoid cultures of human
and mouse mammary epithelial cells. These culture conditions
preserve cell populations present in mammary glands (Sachs
et al., 2018). For these assays, ATP levels were measured (using
Cell Titer Glo) and used as a surrogate for cell viability because of
the complications in quantifying cell numbers in 3D organoids.
We found that treatment of organoids with BSO and PR-619
significantly reduced viability, whereas treatment with BSO and
EERI did not significantly reduce viability (Figure S4K). However,
the extent of reduction in these normal cells was smaller than the
effects on viability observed in our cancer cell lines, where these
drug combinations caused >90% reduction in viability. Together,
these data support further evaluation of this drug combination in
appropriate preclinical models.

DUB Inhibition and GSH Depletion Induce Both
Proteotoxic and ER Stress

Since DUBs remove ubiquitin groups from proteins and an
accumulation of ubiquitinated proteins can lead to cell death
(D’Arcy and Linder, 2014), we measured total protein ubiquiti-
nation in cells 8 h after a single agent or combined treatment
with BSO and each of the three DUB inhibitors. While neither
single agent BSO nor MI-2 nor PR-619 significantly affected
protein ubiquitination, combined treatment with BSO and either
DUB inhibitor substantially increased ubiquitination (Figures 5A
and S5A). EERI, which inhibits ataxin-3-dependent degradation
of proteins ubiquitinated by the ERAD complex (Wang et al.,
2008), increased the levels of ubiquitinated proteins as a single
agent; however, BSO co-treatment enhanced ubiquitination
(Figure 5A). The increased effect on protein ubiquitination by
EERI as compared to MI-2 and PR-619 could potentially
contribute to the inability of GSHee to rescue HCC-1806 cells
treated with EERI and BSO (Figure S4C); however, further
investigation is required to fully explain this phenotype. The
buildup of ubiquitinated proteins in the BSO and DUB inhibitor
co-treated cells could potentially impose an excessive burden
on the proteasome, leading to proteotoxic stress and stabiliza-
tion of the transcription factor heat shock factor 1 (HSF1) (Dai
et al., 2007; Morimoto, 2008). We observed a rapid increase
in mRNA and protein levels of HSF1 target genes when both
DUB and GCLC activities were inhibited (Figures 5B, 5C,
S5B, and S5C). Proteotoxic stress can also cause ER stress
(De Raedt et al., 2011); accordingly, we observed activation
of the unfolded protein response (UPR) with combined inhibi-
tion of DUB activity and GSH synthesis as measured by
increased transcription of GADD34 and CHOP (Hetz et al,
2015), as well as stabilization of the ER protein GRP78 (BIP)
and activating transcription factor 4 (ATF4) (Figures 5D and
5E). Upregulation of proteotoxic and ER stress response gene
transcription was reversed by addition of NAC (Figure S5D),
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suggesting that oxidative stress associated with combined
DUB inhibition and GSH depletion is critical for the induction
of proteotoxic and ER stress in HCC-1806 breast cancer cells.
Furthermore, we observed minimal to no change in the path-
ways involving GSH synthesis, serine synthesis, cysteine
uptake, and NRF2 (Figure S5E) upon combined BSO and
DUB inhibition. Interestingly, we did observe increased expres-
sion of cystathionine gamma-lyase (CTH), a protein responsible
for cysteine biosynthesis via the transsulfuration pathway, sug-
gesting that this pathway may support redox buffering directly
by cysteine itself (Poole, 2015) or GSH-independent synthesis
of antioxidants, such as hypotaurine and taurine, which act
as a redox couple (Aruoma et al., 1988), and potentially regu-
late the cytotoxicity upon BSO and DUB inhibition.

To further understand the contribution of ER stress to the phe-
notypes observed upon BSO and DUB inhibition, we treated
HCC-1806 breast cancer cells with the ER stress-inducing agent
tunicamycin in combination with DUB inhibitors (Figure S5F).
Treatment with an ER stress inducer significantly reduced the
ICso of DUB inhibitors, demonstrating that the induction of ER
stress can phenocopy GSH depletion with respect to enhance-
ment of sensitivity to DUB inhibition.

These results suggest that inhibition of DUBs induces proteo-
toxic stress provoked by GSH depletion and raised the question
whether in BSO-sensitive cell lines, single-agent BSO treatment
is sufficient to induce high levels of proteotoxic stress. Interest-
ingly, BSO increased transcription of HSF1 and UPR target
genes in the absence of DUB inhibition in the BSO-sensitive
cell lines, an effect that was minimal or not detected in the resis-
tant cancer cell lines (Figures 5F and 5G). The effect of single-
agent BSO in the sensitive cell lines was observed only after
an extended time period (7 days) as opposed to the short dura-
tion of the combined treatment with BSO and DUB inhibitors
(8 h). To determine the level of GSH depletion at which the com-
bined treatment of BSO and DUB inhibition becomes synergistic
(combination index; Cl < 1), we conducted Chou-Talalay synergy
analysis (Chou, 2010) with the DUB inhibitor MI-2 (Figure S5G).
We found that treatment with approximately 3 uM BSO, which
caused an approximate 12% inhibition of GSH synthesis, re-
sulted in BSO and MI-2 synergistic effects in HCC-1806 breast
cancer cells. Overall, this suggests that while blocking GSH syn-
thesis alone leads to an accumulation of proteotoxic stress over
time in a subset of BSO-sensitive cell lines, inhibition of GSH ren-
ders cancer cells acutely dependent on DUBs to maintain pro-
tein homeostasis and support cell viability.

Genetic Screen Reveals Factors Mediating Survival

upon GCLC and DUB Inhibition

In order to identify factors that regulate the survival of cells
treated with the combined inhibitors, a pooled CRISPR-Cas9
screen was conducted in HCC-1806 breast cancer cells to iden-
tify genes that positively or negatively impact survival or prolifer-
ation under conditions of BSO and DUB inhibition (using either
PR-619 or EERI) (Figures 6A, 6B, and S6A; Table S5). sgRNAs
targeting X-linked inhibitor of apoptosis (XIAP) were the stron-
gest hits among the sgRNAs that dropped out in DUB/GCLC-in-
hibitor-treated cells relative to GCLC inhibition alone (Figures 6B,
6C, S6A, and S6B). Another anti-apoptotic protein, BCL-XL
(BCL2L1), was also a top hit from the screen. Interestingly,
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Figure 5. Combined DUB and GCLC Inhibition Leads to Proteotoxic and ER Stress

(A) Representative immunoblot analysis of total ubiquitinated proteins in HCC-1806 breast cancer cells treated with vehicle or BSO (100 uM) for 24 h followed by
addition of DUB inhibitors MI-2 (1 uM), PR-619 (5 uM), or EERI (2 uM) with vehicle or BSO (100 pM) for 8 h.

(B and C) (B) HSF1 target gene mMRNA and (C) representative immunoblot analysis of target proteins in HCC-1806 breast cancer cells treated as in (A). Data shown
as mean = SEM from three independent experiments.

(D and E) (D) UPR target gene mRNA and (E) representative immunoblot analysis of target proteins in HCC-1806 breast cancer cells treated as in (A). Data shown
as mean + SEM from three independent experiments.

(F and G) (F) HSF1 and (G) UPR target gene mRNA in BSO-resistant (n = 5) and BSO-sensitive (n = 10) breast cancer cell lines treated with BSO (100 uM) for 7 days
(media with vehicle and BSO replenished every 48 h). Data shown as mean + SD from three technical replicates. NT, not treated. NS, not statistically significant;
*p < 0.05, **p < 0.01, **p < 0.001. Unpaired two-tailed t test was used to determine statistical significance. See also Figure S5.
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Figure 6. Anti-apoptotic Proteins and mTOR Signaling Dictate Survival under Conditions of Combined Inhibition of GCLC and DUBs

(A) Schematic of genetic screening of HCC-1806 breast cancer cells with pooled CRISPR library against “druggable” genes treated with BSO (100 M) and DUB
inhibitor PR-619 (5 pM).

(B and C) Relative sgRNA guide abundance for (B) the entire library and sgRNAs against (C) XIAP for HCC-1806 breast cancer cells treated with vehicle or BSO
(100 uM) and DUB inhibitor PR-619 (5 uM) for 16 days. Data shown as mean + SD of two technical replicates.

(D) Representative immunoblot analysis of XIAP protein in HCC-1806 breast cancer cells transduced with LentiCrisprV2 with control sgRNA or sgRNA
targeting XIAP.

(E) ICs0 values for control and sgXIAP HCC-1806 breast cancer cells treated with BSO (100 uM) for 24 h followed by addition of PR-619 for 72 h. Data shown as
mean + SEM from three independent experiments.

(F) ICs values for HCC-1806 breast cancer cells treated with or without BSO (100 uM) and pan-inhibitor of IAPs birinapant (500 nM) for 24 h followed by addition of
PR-619 for 72 h. Data shown as mean + SEM from three independent experiments.

(G) Relative sgRNA guide abundance for sgRNAs against MLST8 for HCC-1806 breast cancer cells treated as in (B) and (C). Data shown as mean + SD from two
technical replicates.

(H) ICsq values for HCC-1806 breast cancer cells treated with or without BSO (100 M) and mTORC kinase inhibitor Torin2 (500 nM) for 24 h followed by addition of
PR-619 for 72 h. Data shown as mean + SEM from three independent experiments. *p < 0.05, **p < 0.01. Dunnett’s multiple comparisons test was used to
determined statistical significance for (E). Unpaired two-tailed t test was used to determined statistical significance for (F)-(H). See also Figure S6 and Table S5.

XIAP has previously been found to be regulated by components  vival in this context. Furthermore, this phenotype could be reca-
of the UPR, with ATF4 promoting degradation of XIAP, thus pitulated using the compound birinapant, a pan-IAP antagonist
causing increased apoptosis upon chronic ER stress (Hiramatsu  (Benetatos et al., 2014) (Figure 6F). Overall, these results suggest
et al., 2014). Deletion of XIAP using independent sgRNAs sensi-  that the sensitivity to GSH depletion imparted by DUB inhibition
tized cells to the combined inhibition of GSH synthesis and DUB  forces the cancer cell to rely on anti-apoptotic proteins to sup-
activity (Figures 6D and 6E), validating XIAP as a regulator of sur-  port survival.
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Interestingly, cells with sgRNAs targeting components of
mTORC1/2 were found to be enriched in cells treated with
GCLC and DUB inhibitors (Figures 6B, 6G, S6A, and S6C).
Increased protein synthesis through the mTOR pathway has
been shown to promote ER stress (Ozcan et al., 2008), suggest-
ing that hyperactivation of this pathway, which is observed in
numerous tumors (Guertin and Sabatini, 2007), may further
sensitize cancer cells to inhibition of GSH and DUB pathways.
mTOR activity was validated as a negative regulator of cell sur-
vival in this context by the finding that Torin2, a potent inhibitor
of MTOR kinase activity (Liu et al., 2013), rendered cells less sen-
sitive to combined DUB and GCLC inhibition (Figures 6H
and S6D).

DISCUSSION

GSH, the most abundant cellular antioxidant, has been impli-
cated in the regulation of many processes associated with tumor
progression and sensitivity to cancer therapy. We undertook an
effort to systematically analyze the consequences of inhibiting
GCLC, the rate-limiting enzyme in GSH synthesis, in cancer
cells. Under standard cell culture conditions, we found GSH to
be dispensable in the majority of cancer cell lines examined. Us-
ing unbiased genetic and pharmacologic screening approaches,
we found that GSH becomes indispensable when the activity of
DUBs is impaired. Furthermore, the combined inhibition of
GCLC and DUBs in cancer cells caused an accumulation of pro-
teotoxic and ER stress and cell death. Additional genetic
screening revealed the involvement of anti-apoptotic proteins
as well as signaling pathways that regulate protein synthesis in
regulating the sensitivity to combined GSH and DUB inhibition.

Reduced GSH levels have been implicated in cancer cell death
in response to a variety of conditions (Trachootham et al., 2009),
e.g., inhibition of cystine uptake (Yang et al., 2014) and disruption
of NADPH homeostasis (Wang et al., 2017). However, our study
demonstrates that depletion of GSH is not sufficient to induce
cell death in most cancer cell lines. In the subset of cell lines
where GSH depletion was sufficient to cause cell death, cytotox-
icity occurred after prolonged GSH depletion and was associ-
ated with proteotoxic and ER stress. These results support
previous findings indicating that most tumor cells adapt robust
mechanisms to tolerate oxidative stress (Gill et al., 2016; Mad-
docks et al., 2013)

The screens performed in this study surveyed a broad spec-
trum of perturbations to identify factors that render cancer cells
dependent on GSH and demonstrated that inhibition of DUBs
impedes cells from tolerating depletion of GSH. DUB-mediated
protection from GSH depletion represents a previously unrecog-
nized mechanism for adaptation to oxidative stress. While the
precise mechanism involved in DUB-mediated oxidative stress
tolerance is unknown, it is likely to involve DUB-mediated reduc-
tion in the accumulation of ubiquitinated proteins that result from
oxidation-induced protein misfolding. Recent studies have
demonstrated that a wide range of proteins, both of high and
low abundance and across numerous cellular compartments,
becomes oxidized at cysteine residues under conditions that in-
crease intracellular ROS levels (van der Reest et al., 2018), as
well as upon depletion of tumor-promoting proteins that modu-
late oxidative stress, such as NRF2 (Bar-Peled et al., 2017;

Chio et al., 2016). Proteins that are misfolded by cysteine oxida-
tion would be marked for ubiquitination; excess levels of ubiqui-
tinated proteins would put extra demand on DUBs to either
promote proteasomal degradation of toxic misfolded proteins
or to rescue ubiquitinated proteins from degradation (Komander
et al., 2009) and provide an opportunity for refolding (Braakman
and Bulleid, 2011).

GSH plays a particularly critical role in maintaining the redox
balance in the highly oxidized environment of the ER (Birk et al.,
2013). Compared with other organelles, the ratio of reduced to
oxidized GSH is much lower in the ER (Hwang et al., 1992) due
to the requirement for oxidized cysteines to mediate proper
protein folding. Indeed, inhibition of GSH synthesis leads to
increased oxidation of the ER prior to changes in the cytosol
(Melo et al., 2017). EERI, a top-scoring compound from the phar-
macologic screen, inhibits p97/VCP, which has also been shown
to play roles outside of the ER, including the regulation of ribo-
some quality control (Brandman and Hegde, 2016; Meyer et al.,
2012) and chromatin complexes (Ramadan et al., 2007).

It is likely that the inhibition of multiple DUBs contributes to the
toxicity of combined DUB and GCLC suppression. Large-scale
mass spectrometry analyses have provided information on the
specificities of cellular DUBs as well as their interacting proteins
and candidate targets (Ritorto et al., 2014; Sowa et al., 2009).
These studies, together with more specific studies of individual
DUBs (Mevissen and Komander, 2017), have provided evidence
that a large subset of DUBs has a limited number of specific tar-
gets that regulate many cellular processes, such as CYLD, which
regulates NFkB signaling (Sun, 2008), and USP9X, which regu-
lates apoptosis by deubiquitinating the anti-apoptotic protein
MCL-1 (Schwickart et al., 2010). Other DUBs such as USP14,
UCHL5, PSMD7, and PSMD14 are directly associated with the
proteasome and affect overall protein degradation (Harrigan
et al.,, 2018). Our CRISPR-Cas9 genetic screen revealed that
deletion of USP7 or UCHL5 weakly sensitized HCC-1806 breast
cancer cells to GSH depletion. USP7 is associated with multiple
protein complexes involved in diverse cellular activities (Nichol-
son and Suresh Kumar, 2011). Since USP7 targets numerous
proteins for deubiquitination, loss of this DUB could lead to an
overall buildup of ubiquitinated proteins. Another factor poten-
tially contributing to the increased sensitivity of cancer cells to
DUB inhibition upon GSH depletion is the generation of ROS
that occurs under this condition. ROS inactivate many DUBs,
including USP7 and UCHLS5 (Cotto-Rios et al., 2012; Lee et al.,
2013), through oxidation of active site reactive cysteines. Thus,
depletion of GSH could cause a general reduction in cellular
DUB activity, which is then exacerbated by either genetic or phar-
macologic DUB inhibition and leads to an accumulation of ubig-
uitinated proteins. This reasoning could explain why compounds
that inhibit multiple DUBs scored highly in our pharmacologic
screens involving GSH depletion (Ritorto et al., 2014). Genetic
deletion of multiple DUBs using combinatorial CRISPR-Cas9
screening techniques (Adamson et al., 2016; Han et al., 2017;
Najm et al., 2018) may shed light on which sets of DUBs play
more significant roles in buffering the effects of excess protein
ubiquitination under conditions of GSH depletion.

Interestingly, both genetic and pharmacologic screens re-
vealed that BSO caused an increased sensitivity to the inhibition
of de novo lipogenesis controlled by fatty acid synthetase (FASN)
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(Tables S3 and S4). Fatty acid synthesis depends on the
reducing capacity of NADPH (Wakil and Abu-Elheiga, 2009).
One potential explanation for the sensitivity to FASN inhibition
upon GSH depletion is that NADPH is diverted away from fatty
acid synthesis toward pathways that regulate oxidative stress,
such as TXNRD1. Furthermore, hyperactivation of NRF2 has
been shown to transcriptionally repress FASN mRNA levels
(Wu et al., 2011). Further investigations are required to better un-
derstand the connections between FASN and GSH synthesis in
cancer cells.

Our genetic screening also implicated the mTOR pathway in
sensitivity of HCC-1806 and MDA-MB-468 breast cancer cells
to combined inhibition of GCLC and DUBs. The mTOR pathway
plays a central role in controlling the translation of proteins (Ging-
ras et al., 2001; Ma and Blenis, 2009). Interestingly, components
of the mTOR pathway were found to be among the most abun-
dantly oxidized proteins under GSH depletion or under oxidative
stress induced from the inhibition of NRF2 (Chio et al., 2016). The
rescue of survival of cells under the combined inhibition of DUBs
and GSH synthesis could be due to decreased protein synthesis,
thus reducing the buildup of ubiquitinated proteins and proteo-
toxic stress. In addition, since mTOR inhibits autophagy (Kim
and Guan, 2015), reduced mTOR activity would allow for
increased autophagic processing of ubiquitinated proteins and
would promote protein homeostasis and survival of cancer cells
upon combined inhibition of GCLC and DUBs. Extrapolating
from this, one would predict that tumors with mutations that
lead to increased activity of the mTOR pathway would be more
sensitive to combined inhibition of GSH synthesis and DUBs
(Guertin and Sabatini, 2007).

Changes in the state of a cancer cell, via either epithelial-
mesenchymal transition (Viswanathan et al., 2017) or acquired
tolerance to targeted therapies (Hangauer et al., 2017), have
been associated with increased sensitivity to lipid peroxidation.
In the cancer cell lines examined in our study, cell death observed
after inhibition of GCLC and DUBs was not due to aberrant lipid
peroxidation as indicated by the inability of lipid-targeted antiox-
idants (Ferrostatin-1 or Trolox) to rescue viability. The evidence
that XIAP and BCL-XL were dependencies in the GCLC- and
DUB-inhibited HCC-1806 breast cancer cells suggests that
apoptotic programs are engaged under these conditions. A
more comprehensive examination across a larger number of can-
cer cell lines is required to provide a better understanding of the
death processes associated with distinct sources of oxidative
stress and cellular factors that modulate these processes.

Tumor cells are subjected to multiple stresses during initiation
and progression of tumorigenesis (Luo et al., 2009), and they co-
opt highly conserved programs to adapt to these conditions.
These stresses include, but are not limited to, oxidative stress
(Chandel and Tuveson, 2014), ER stress (Wang and Kaufman,
2014), and proteotoxic stress (Dai, 2018; Whitesell and Lind-
quist, 2005). Our study provides evidence for the close integra-
tion of programs that regulate protein homeostasis (the rate of
protein synthesis and degradation and the machinery that regu-
lates these processes, such as chaperones, ubiquitin ligases,
and DUBSs; Harper and Bennett, 2016) with processes that con-
trol redox homeostasis. Further investigations at single-cell, tis-
sue, and systemic levels are required to better understand the
factors that facilitate adaptation of tumors to ER, proteotoxic,
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and oxidative stress and whether they evolve sequentially or in
unison during tumor initiation and progression.

Induction of proteotoxic stress in tumors by directly inhibiting
the proteasome has yielded clinical benefits for certain tumor
types, such as multiple myeloma, possibly owing to the inher-
ently high rate of protein synthesis in this plasma cell malignancy
(Adams, 2004). Targeting DUBs to induce an accumulation of
polyubiquitinated proteins and proteotoxic stress has been pro-
posed as an approach to treat cancers (Bedford et al., 2011;
D’Arcy and Linder, 2014; Harrigan et al., 2018). Inhibiting DUBs
associated with the proteasome (USP14 and UCHLS5) with the
compound b-AP15 has shown efficacy in blunting tumor growth
in pre-clinical models (D’Arcy et al., 2011), but a phase | clinical
trial of a derivative of b-AP15 (VLX1570) in combination with
dexamethasone for multiple myeloma was terminated because
of dose-limiting toxicity (NCT02372240). Targeting of PSMD14,
another proteasome-associated DUB, has been recently devel-
oped and demonstrates anti-proliferative activity in cancer cells
(Lauinger et al., 2017; Li et al., 2017). In the present study, sys-
tematic analyses and screening revealed that broad inhibition
of DUBs sensitizes cancer cells to depletion of GSH, leading to
proteotoxic stress and cell death. We propose that combined in-
hibition of GCLC and DUBs has the potential for therapeutic
benefits.

Limitations of Study

A constraint of using high-throughput screening approaches to
interrogate the differential vulnerabilities in cancer cells upon in-
hibition of GSH synthesis is the necessity to utilize in vitro culture
models. While the same medium (RPMI 1640) was used
throughout our in vitro studies, and our findings were recapitu-
lated using a tumor xenograft model, this study warrants further
exploration using more relevant tumor models, in particular
genetically engineered mouse models (GEMMs) or patient-
derived xenografts (PDXs). Another caveat of our study was
that we chose to investigate only a subset of compounds and
genes for our screens since this allowed us to test multiple
experimental conditions, including a broad span of drug concen-
trations. A genome-wide genetic screen or utilization of a large,
structurally diverse chemical library may yield novel proteins or
pathways that would provide new insights into the mediators
of resistance in cancer cells upon GSH inhibition. Finally, a limi-
tation existed in defining the specific deubiquitinase (or group of
deubiquitinases) involved in the protection of cancer cells
against depletion of GSH. A detailed mechanistic investigation
into the deubiquitinases involved in this protection could pro-
duce novel drug targets that could then potentially be combined
with inhibition of GSH synthesis in tumors.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal antibody anti-GCLC (y-GCSc; H-5) Santa Cruz Cat# sc-390811; RRID: AB_2736837

Rabbit polyclonal antibody anti-USP7

Mouse monoclonal antibody anti-ubiquitin (P4D1)
Rabbit monoclonal antibody anti-HMOX1 (HO-1; D60G11
Mouse monoclonal antibody anti-HSP70 (W27)

Rat monoclonal antibody anti-BiP (76-E6)

Rabbit monoclonal antibody anti-ATF4 (D4B8)

Mouse monoclonal antibody anti-HA (HA-7)

Rabbit monoclonal antibody anti-USP7 (HAUSP; D17C6)
Mouse monoclonal anti-USP8 (UBPY; E-1)

Rabbit monoclonal anti-USP10 (D7A5)

Rabbit polyclonal antibody anti-XIAP

Rabbit polyclonal antibody anti-TRXR1

Mouse monoclonal antibody anti-TrxR1

Rabbit monoclonal antibody anti-GPX4

Rabbit monoclonal antibody anti-TXN1

Mouse monoclonal antibody anti-beta-Actin

Mouse monoclonal antibody anti-beta-Actin

Bethyl Laboratories
BioLegend

Cell Signaling Technologies
BioLegend

BioLegend

Cell Signaling Technologies
Abcam

Cell Signaling Technologies
Santa Cruz

Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies
Santa Cruz

Abcam

Cell Signaling Technologies
Sigma-Aldrich

Thermo Fisher

Cat# A300-033A; RRID: AB_203276
Cat# 646302; RRID: AB_1659269
Cat# 5853; RRID: AB_10835857
Cat# 648002; RRID: AB_2264228
Cat# 644402; RRID: AB_2248519
Cat# 11815; RRID: AB_2616025

Cat# ab49969; RRID: AB_880330
Cat# 4833; RRID: AB_10557113

Cat# sc-376130; RRID: AB_10991111
Cat# 8501S; RRID: AB_10949976
Cat# 2042; RRID: AB_2214870

Cat# 6925; RRID: AB_10839114

Cat# sc-28321; RRID: AB_628405
Cat# ab125066; RRID: AB_10973901
Cat# 2429; RRID: AB_2272594

Cat# A1978; RRID: AB_476692

Cat# MA1-91399; RRID: AB_2273656

Chemicals, Peptides, and Recombinant Proteins

L-Buthionine sulfoximine Sigma-Aldrich Cat# B2515
MI-2 Selleck Chemicals Cat# S7429
PR-619 Selleck Chemicals Cat# S7130
Eeyarestatin | (EERI) Tocris Cat# 3922
Sulfasalazine (SSA) Sigma-Aldrich Cat# S0883
N-Acetyl-L-cysteine (NAC) Sigma-Aldrich Cat# A7250
(+)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic Sigma-Aldrich Cat# 238813
acid (Trolox)

Ferrostatin-1 (Fer1) Sigma-Aldrich Cat# SML0583
Glutathione reduced ethyl ester Sigma-Aldrich Cat# G1404
Aurothioglucose hydrate (ATG) Sigma-Aldrich Cat# A0606
Birinapant Selleck Chemicals Cat# S7015
Torin2 Selleck Chemicals Cat# S2817
Tunicamycin Tocris Cat# 3516
HBX 19818 MedChemExpress Cat# HY-17540
bisBenzimide H 33342 trihydrochloride (Hoechst) Sigma-Aldrich Cat# 14533
ExTaq DNA Polymerase TaKaRa Cat# RROO1A
SuperSignal West Pico PLUS chemiluminescent substrate Thermo Fisher Cati# 34578
Annexin V, Alexa Fluor 488 conjugate Thermo Fisher Scientific Cat# A13201
Propidium iodide (PI) Sigma-Aldrich Cat# P4170
BODIPY 581/591 C11 (Lipid Peroxidation Sensor) Thermo Fisher Scientific Cat# D3861
Critical Commercial Assays

QIAamp DNA Blood Midi Kit Qiagen Cat# 51183
GSH-Glo kit Promega Cat# V6911

PureLink RNA Mini Kit

Life Technologies

Cat# 12183025
(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

gScript cDNA Synthesis kit QuantaBio Cat# 95047-100

Thioredoxin Reductase 1 (TXNRD1) Activity Assay Kit Abcam Cat# ab190804

Experimental Models: Cell Lines

OAW28 Laboratory of Dennis Slamon N/A

TYK-NU Laboratory of Dennis Slamon N/A

NCI-H1568 ATCC Cat# CRL-5876; RRID: CVCL_1476
HCC1937 ATCC Cat# CRL-2336; RRID: CVCL_0290
EFM-19 Laboratory of Dennis Slamon N/A

NCI-H522 ATCC Cat# CRL-5810; RRID: CVCL_1567
BT-20 ATCC Cat# HTB-19; RRID: CVCL_0178
BT-549 ATCC Cat# HTB-122; RRID: CVCL_1092
HCC1143 ATCC Cat# CRL-2321; RRID: CVCL_1245
HCC1569 ATCC Cat# CRL-2330; RRID: CVCL_1255
HCC1806 ATCC Cat# CRL-2335; RRID: CVCL_1258
HCC1954 ATCC Cat# CRL-2338; RRID: CVCL_1259
HCC38 ATCC Cat# CRL-2314; RRID: CVCL_1267
HCC70 ATCC Cat# CRL-2315; RRID: CVCL_1270
MDA-MB-231 ATCC Cat# HTB-26; RRID: CVCL_0062
MDA-MB-436 ATCC Cat# HTB-130; RRID: CVCL_0623
MDA-MB-468 ATCC Cat# HTB-132; RRID: CVCL_0419
BT-474 ATCC Cat# HTB-20; RRID: CVCL_0179
EFM-192A Laboratory of Dennis Slamon N/A

HCC1419 ATCC Cat# CRL-2326; RRID: CVCL_1251
HCC1500 ATCC Cat# CRL-2329; RRID: CVCL_1254
HCC202 ATCC Cat# CRL-2316; RRID: CVCL_2062
MCF-7 ATCC Cat# HTB-22; RRID: CVCL_0031
MDA-MB-175-VII ATCC Cat# HTB-25; RRID: CVCL_1400
MDA-MB-361 ATCC Cat# HTB-27; RRID: CVCL_0620
SKBR3 ATCC Cat# HTB-30; RRID: CVCL_0033
T-47D ATCC Cat# HTB-133; RRID: CVCL_0553
UACC-812 ATCC Cat# CRL-1897; RRID: CVCL_1781
ZR-75-1 ATCC Cat# CRL-1500; RRID: CVCL_0588
ZR-75-30 ATCC Cat# CRL-1504; RRID: CVCL_1661
A549 ATCC Cat# CCL-185; RRID: CVCL_0023
NCI-H1299 ATCC Cat# CRL-5803; RRID: CVCL_0060
NCI-H1437 ATCC Cat# CRL-5872; RRID: CVCL_1472
NCI-H1838 ATCC Cat# CRL-5899; RRID: CVCL_1499
NCI-H1975 ATCC Cat# CRL-5908; RRID: CVCL_1511
NCI-H2030 ATCC Cat# CRL-5914; RRID: CVCL_1517
NCI-H2122 ATCC Cat# CRL-5985; RRID: CVCL_1531
NCI-H2228 ATCC Cat# CRL-5935; RRID: CVCL_1543
NCI-H358 ATCC Cat# CRL-5807; RRID: CVCL_1559
NCI-H460 ATCC Cat# HTB-177; RRID: CVCL_0459
Caov-3 ATCC Cat# HTB-75; RRID: CVCL_0201
JHOM-1 Laboratory of Dennis Slamon N/A

KURAMOCHI Laboratory of Dennis Slamon N/A

OVCAR-5 Laboratory of Dennis Slamon N/A

OVCAR-8 Laboratory of Dennis Slamon N/A

OV-90 ATCC Cat# CRL-11732; RRID: CVCL_3768

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
OVSAHO Laboratory of Dennis Slamon N/A
RMUGS Laboratory of Dennis Slamon N/A
Oligonucleotides

Primers used for the construction of sgRNA guides: listed This paper N/A

in Table S6

Primers used quantitative PCR: listed in Table S6 This paper N/A
Recombinant DNA

LentiCrispr v2 Addgene Cat# 52961
psPAX2 Addgene Cati# 12260
pMD2.G Addgene Cat# 12259
Software and Algorithms

GraphPad Prism 7.0 GraphPad Prism Software N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to and will be fulfiled by the Lead Contact, Joan S. Brugge
(joan_brugge@hms.harvard.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal Studies

All animal studies were performed according to protocols approved by the Institutional Animal Care and Use Committee, the Stand-
ing Committee on Animals at Harvard University. Two million HCC-1806 breast cancer cells were subcutaneously injected into the
right flank of 6-7 week old female nude mice (NU/J; Jackson Laboratory #002019). Tumor volume was determined using caliper mea-
surements and the oblate ellipsoid volume formula (V = t/6*a*b, where a and b represent the shortest and longest diameters, respec-
tively). Once tumors reached ~300 mm3, mice were randomized into six treatment arms: (1) vehicle + water; (2) vehicle + BSO; (3)
MI-2 (10mg/kg) + water; (4) MI-2 (10mg/kg) + BSO; (5) MI-2 (20mg/kg) + water; and (6) MI-2 (20mg/kg) + BSO. Vehicle for MI-2 was
5% DMSO, 45% PEG400 and 50% phosphate-free saline. MI-2 and BSO were formulated and delivered as previously described
(Fontan et al., 2012; Watanabe et al., 2003).

Cell Culture

All cell lines were maintained in RPMI (Thermo Fisher #11875119) with 10% fetal bovine serum (FBS; Sigma #12306C) and 1% peni-
cillin and streptomycin (Thermo Fisher #15070063). Cell lines used were obtained from ATCC or through a collaboration with the lab
of Dr. Dennis Slamon. NCI-H1568, HCC1937, NCI-H522, BT-20, BT-549, HCC1143, HCC1569, HCC1806, HCC1954, HCC38,
HCC70, MDA-MB-231, MDA-MB-436, MDA-MB-468, BT-474, HCC1419, HCC1500, HCC202, MCF-7, MDA-MB-175-VII, MDA-
MB-361, SKBR3, T-47D, UACC-812, ZR-75-1, ZR-75-30, A549, NCI-H1299, NCI-H1437, NCI-H1838, NCI-H1975, NCI-H2030,
NCI-H2122, NCI-H2228, NCI-H358, NCI-H460, Caov-3, OV-90 were provided by ATCC and OAW28, TYK-NU, EFM-19, EFM-
192A, JHOM-1, KURAMOCHI, OVCAR-5, OVCAR-8 OVSAHO, RMUGS were provided by the laboratory of Dennis Slamon. All
cell lines were authenticated and negative for mycoplasma contamination.

METHOD DETAILS

Quantification of Cell Numbers

For high-throughput experiments in 96-well (BD Biosciences #353219) or 384-well (Corning #3764) plate formats, cells were washed
with PBS (Corning #21-031-CV), fixed using 4% formaldehyde (Sigma #252549) and stained with 5 ng/ml bisBenzimide H 33342 tri-
hydrochloride (Hoechst; Sigma #14533). Cell numbers were determined by imaging plates and quantifying nuclei using the Acumen
Cellista plate cytometer (TTP Labtech). Data post-processing was conducted using R and Prism scripts. For all other experiments in
6-well plate format, cells were washed with PBS, detached using 0.25% trypsin (Corning #25053Cl) and counted using a Beckman
Coulter particle counter.

Compound Library

To generate a focused compound library, compounds were purchased from Selleck Chemicals, Tocris and Sigma, either dissolved in
dimethyl sulfoxide (DMSO, 472301 Sigma) at 10 mM or as dry powder that was dissolved at 10 mM in DMSO. Experimental com-
pounds were excluded from the outer two rows and columns of each 384-well library plate to avoid the potential impact of edge
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effects. Each compound screen plate contained 24 compounds arrayed across a 10-point dose curve ranging from 20 uM to 3 nM
(24 compound plates in total). To generate library plates, 75 uL of compound were pipetted into the wells of column 3 (C3-N3) and 13
(C13-N13) of an AB0781 plate (Thermo Fisher Scientific). Using an Agilent Bravo, 50 ul of DMSO were pipetted into the remaining
wells. Three-fold serial dilutions were then created by aspirating 25 pl of compound (starting in columns 3 and 13) and dispensing
into 50 ul of DMSO in the adjacent column, pipetting up and down five times and then transferring 25 L to the next column. The
resultant master compound plates contained at least 50 pl of compound at the desired range of concentrations (10 mM to
0.5 uM; corresponding to 20 uM to 3 nM final concentration in cells). Library screening plates were created by aspirating 11 pL of
compound from the AB0781 master plates to AB1056 plates (Thermo Fisher Scientific).

High-Throughput Compound Screening

For screening in 384-well plates, a seeding density of 300 cells per well for HCC-1806 and 750 cells per well for MDA-MB-468 breast
cancer cell lines was chosen. Assay robustness was determined by obtaining a Z’ factor (Zhang et al., 1999) for each cell line. Cells
were treated with DMSO or the cytotoxic agent vincristine (1 uM) or taxol (1 uM) for 72 h and average (AVG) and standard deviation
(SD) of the number of cells was used to determine the Z’ factor (Z' = 1 - ((8SDpmso+3SDcytotoxic)/ (AVGpMso-AVGeytotoxic)- The Z’ fac-
tor was determined to be 0.55 for HCC-1806 and 0.75 for MDA-MB-468 breast cancer cell lines. To determine compounds that sensi-
tize cells to inhibition of GCLC, cells were seeded in 30 ul at their respective cell densities. After 24 h, 20 ul media containing vehicle or
100 uM BSO was added. After 24 h, compounds from the library plates were pin-transferred (100 nl) onto the cells. After 72 h, cells
were washed with PBS (Thermo Fisher), fixed using 4% formaldehyde (Sigma #252549) and stained with 5 pg/ml bisBenzimide H
33342 trihydrochloride (Hoechst; Sigma #14533). Cell numbers were determined by imaging plates and quantifying nuclei using
the Acumen Cellista plate cytometer (TTP Labtech). Data post-processing was conducted using R and Prism scripts.

CRISPR-Cas9 screening

Druggable Cancer Targets v2.1 is a second generation CRISPR-Cas9 library based upon prior studies (Hong et al., 2016). 5,566
sgRNAs targeting 798 genes were generated using the "Rule Set 2" method as previously described (Doench et al., 2016). In addition,
300 non-targeting sgRNA controls were included for a total of 5,866 sgRNA in this pooled library. Oligos to generate the sgRNAs
(Table S2) were synthesized by CustomArray (Bothell, WA). The oligos were introduced into pXPR_BRDO050 and the subsequent
sgRNAs were sequenced verified. Lentivirus was generated by the Broad Institute’s Genetic Perturbation Platform at a viral titer
(based on the A549 cell line) of 1.82e7 viral particles/mL. HCC-1806 breast cancer cells were infected with virus containing plenti-
EF1-IRES-Cas9-Neo construct and selected with 1 mg/ml G418. Cas9 activity was determined to be 79.6% in HCC-1806 cells by
infecting cells with virus containing GFP-Cas9-sgGFP-Puro construct (pXPR_011v2), selecting with 2 ng/ml puromycin. Next, the
amount of virus required for a MOI of 0.3 was determined to be 18.4 pl virus for 1.5 million HCC-1806 cells by infecting cells with
a range of virus amounts and selecting with 2 ng/ml puromycin and counting viable cells once the uninfected cells had completely
died. The representation of the library in the screen was maintained at 2000 fold throughout the experiment (~12 million cells per
condition). Cell pellets were harvested for gDNA using QlAamp DNA Blood Midi Kit (Qiagen #51183), the barcode region was ampli-
fied using ExTag DNA Polymerase (TaKaRa #RR001A) and next-gene sequencing was conducted using HiSeq 2500 (lllumina). Bar-
code representation was determined using MAGeCK analysis (Li et al., 2014).

Quantification of Cell Death

For quantification of cell death, cells were plated in 6-well plates and treated with indicated compounds. At the endpoint, supernatant
was collected and cells were washed with PBS and this was also collected. Trypsin was added to detached cells and then inactivated
with the addition of media containing 10% FBS. Collected cells were washed and resuspended with Annexin V buffer (10 mM HEPES,
150 mM NaCl, 2.5 mM CaCl,, pH = 7.4) containing Annexin V Alexa Fluor 488 conjugate (Thermo Fisher #A13201) and propidium
iodide (Sigma # P4170). Annexin V positive cells were determined using FACSCalibur (BD Biosciences) and FlowJo software.

GSH Determination
Cells were seeded into 96-well white plates (Corning #3917) and treated with BSO or DUB inhibitors (MI-2, PR-619, EERI) for
indicated time points. Cells were washed with PBS and GSH levels were determined using GSH-Glo kit (Promega #V6911).

Immunoblot analysis

Cells were lyzed in RIPA buffer (Boston BioProducts #BP-115) containing phosphatase inhibitor cocktail (100X; Bimake #B15002),
protease inhibitor cocktail (100X; Bimake #B14002) and proteasome inhibitor (10 uM MG-132; Sigma #M7449). Protein quantification
was conducted using Pierce BCA protein assay kit (Thermo Fisher #23225). Protein lysates were treated Laemmli SDS sample buffer
(6X; Boston BioProducts # BP-111R) with 5% B-mercaptoethanol for 10 min at 95°C. Samples were run on 4-20% Criterion TGX pre-
cast gels (Bio-Rad #5671093), transferred onto Immobilon-PSQ PVDF membranes (MilliporeSigma #ISEQ00010). Membranes were
blocked with %5 milk in TBST for 1 hour and stained overnight with indicated antibodies in %5 milk with TBST. Antibody signal was
visualized using SuperSignal West Pico PLUS chemiluminescent substrate (Thermo Fisher #34578) and HyBlot CL film (Denville

e4 Cell Metabolism 29, 1-16.e1-e6, May 7, 2019



Please cite this article in press as: Harris et al., Deubiquitinases Maintain Protein Homeostasis and Survival of Cancer Cells upon Glutathione Depletion,
Cell Metabolism (2019), https://doi.org/10.1016/j.cmet.2019.01.020

Scientific #£3018). The following antibodies were used for immunoblot analysis: mouse monoclonal antibodies anti-GCLC (y-GCSc;
H-5) (RRID: AB_2736837), anti-ubiquitin (P4D1) (RRID: AB_1659269), anti-HSP70 (W27) (RRID: AB_2264228), anti-HA (HA-7)
(RRID: AB_880330), anti-TrxR1 (RRID: AB_628405), anti-beta-Actin (RRID: AB_476692); rabbit polyclonal antibodies anti-USP7
(RRID: AB_203276), anti-XIAP (RRID: AB_2214870), anti-TRXR1 (RRID: AB_10839114); rabbit monoclonal antibodies anti-HMOX1
(HO-1; D60G11) (RRID: AB_10835857), anti-ATF4 (D4B8) (RRID: AB_2616025), anti-GPX4 (RRID: AB_10973901); rat monoclonal
antibody anti-BiP (76-E6) (RRID: AB_2248519).

sgRNAs Cloning, Virus Production and Infection of Cells

Using BsmBl restriction sites, primers (Table S6) were annealed and cloned into LentiCrispr v2. HEK293T cells were transfected with
LentiCrispr v2 sgRNA vectors and packaging plasmids psPAX2 (Addgene #12260) and pMD2.G (Addgene #12259) using polyethy-
lenimine (PEI) and Opti-MEM (Thermo Fisher # 31985062). After 24-72 hours, supernatant was harvested, filtered using a Puradisc
25 mm/ 0.45 pm filter (Whatman #6780-2504) and added to HCC-1806 cells along with 8 ug/ml polybrene (hexadimethrine bromide;
Sigma # H9268). After 24 hours, virus was removed and replaced with fresh RPMI media with 10% FBS. After 24 hours, media con-
taining puromycin (2 ng/ml) was added to select for infected cells. Once non-infected cells with media containing puromycin were
completely dead, cells were expanded and cultured without puromycin.

Quantitative RT-PCR Analysis and Primers

mRNA was isolated from cells using PureLink RNA Mini Kit (Life Technologies #12183025) and cDNA was synthesized using gScript
cDNA Synthesis kit (QuantaBio #95047-100). Quantitative real-time (RT) PCR was conducted using QuantStudio 7 Flex Real-Time
PCR System (Thermo Fisher) with Power SYBR Green PCR Mix (Thermo Fisher) and primers against target genes (Table S6).

DUB Target Engagement Using HA-Ub-VS Probe

HEK293T cells were seeded, allowed to adhere for 24 hours, then treated with MI-2 (Selleck Chemicals) or DUB inhibitor HBX 19818
(MedChemExpress #HY-17540) for 6 or 15 hours. Cells were harvested and lysed in lysis buffer (20 mM Tris pH 8.0 buffer with 1%
NP-40, 150 mM NaCl, 10% glycerol, and 1x HALT protease inhibitor cocktail (ThermoFisher # 87786)). The lysate samples were
diluted to 50 pg in 30 pL of lysate buffer, DTT was added to 1 mM, and the samples were incubated for 15 minutes at room temper-
ature. The HA-ubiquitin-vinylmethylsulfone (HA-Ub-VS) probe (0.25 pg) was added and the samples were incubated for 30 minutes at
room temperature on a rocker. The samples were then denatured by adding LDS buffer (10% BME) and heating for 5-10 minutes
at 95°C. The samples (12 pg lysate) were analyzed by western blot using the following antibodies: HA (Abcam #ab49969)
(RRID: AB_880330), USP7 (Cell Signaling Technologies #4833) (RRID: AB_10557113), USP8 (Santa Cruz #sc-376130)
(RRID: AB_10991111), and USP10 (Cell Signaling Technologies #8501) (RRID: AB_10949976).

Development of Mammary Organoid Cultures

Human mammary tissues were obtained from elective reduction mammoplasties or prophylactic mastectomies, and were processed
on the day of surgery. All samples are collected in accordance with protection of human subjects protocols. This study was deemed
‘not human subjects research’ by the Harvard Institutional Review Board. All patients were consented for tissue distribution. Normal
mouse mammary glands were obtained from normal C57BL/6J murine #4 mammary glands. Human and mouse mammary samples
were digested to the organoid level using collagenase for 1-2 hours, and embedded in a basement membrane extract droplet. This
was overlaid with a fully defined organoid medium as described (Sachs et al., 2018). Cultures were passaged via enzymatic digestion
with TrypLE and re-embedded in basement membrane extract, also as described (Sachs et al., 2018).

Determination of TXNRD1 Activity

TXNRD1 activity was determined using the TXNRD1 activity assay kit (Abcam # ab190804). Briefly, HCC-1806 breast cancer cell
lysates (1 mg/ml) were incubated with DUB inhibitors MI-2, PR-619 and EERI or positive controls auranofin (AUR) and aurothioglu-
cose (ATG) for 30 min. Samples were transferred to a plate coated with TXNRD1 antibody and incubated for 2 hours. The plate was
subsequently washed three times, and TXNRD1-specific activity was measured after the addition of NADPH and DTNB in reaction
buffer by measuring absorbance at 412 nm every minute for 60 minutes. The rate of increase in absorbance was calculated and used
as TXNRD1 activity.

Detection of Redox State of Thioredoxin 1

800,000 cells were seeded on 10 cm dishes, followed by treatment with DMSO (0.1%), BSO (100 uM), Auranofin (250 nM), MI-2
(1 uM), PR-619 (5 uM), or EERI (2 uM) for 24 hours, or Auranofin (5 uM) for 4 hours. Cells were washed in PBS and lysed in
150 pL urea lysis buffer containing IAM as previously described (Du et al., 2013) to alkylate free thiols, followed by reduction and alkyl-
ation of disulfides with IAA. For the fully reduced or oxidized control samples, cell lysates were treated with DTT followed by IAA or
IAM. Protein extracts were mixed with 4X non-reducing sample buffer (32% glycerol, 0.4% bromphenol blue in Urea lysis buffer).
40 ng of protein was separated by urea-PAGE (8M Urea, 9% acrylamide separating gel; 8M Urea, 4% acrylamide stacking gel),
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followed by transfer to 0.45m Nitrocellulose membranes (GE Healthcare). For total protein analysis, 20 pg of protein were mixed with
6X reducing sample buffer containing beta-ME and separated by SDS-PAGE using NUPAGE 4-12% Bis-Tris gels (Invitrogen),
followed by transfer to 0.45 um Nitrocellulose membranes. The membranes were blocked in 5% non-fat milk in TBST,
followed by immunoblotting. The following antibodies were used: TXN1 (Cell Signaling Technologies, Cat# 2429S, Lot# 3)
(RRID: AB_2272594) and beta-actin (Thermo Fisher, clone AC-15) (RRID: AB_2273656).

QUANTIFICATION AND STATISTICAL ANALYSIS
Image and Statistical Analysis

Quantification of band intensity for immunoblots were determined using Imaged. Differential expression analysis of RNA-seq from
CCLE was conducted using R. All other statistical analysis was completed using Prism.
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