SCIENCE ADVANCES | RESEARCH ARTICLE

CELL BIOLOGY

Glutaredoxin attenuates glutathione levels via
deglutathionylation of Otub1 and subsequent

destabilization of system xc~

Reem Aboushousha’, Jos van der Velden’, Nicholas Hamilton?, Zhihua Peng’,
Maximilian MacPherson’, Cuixia Erickson’, Sheryl White*, Emiel F. M. Wouters*>,
Niki L. Reynaert®, David J. Seward’, Jianing Li""®, Yvonne M. W. Janssen-Heininger'*

Copyright © 2023 The
Authors, some

rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

Glutathione (GSH) is a critical component of the cellular redox system that combats oxidative stress. The gluta-
mate-cystine antiporter, system xc~, is a key player in GSH synthesis that allows for the uptake of cystine, the
rate-limiting building block of GSH. It is unclear whether GSH or GSH-dependent protein oxidation [protein S-
glutathionylation (PSSG)] regulates the activity of system xc~. We demonstrate that an environment of enhanced
PSSG promotes GSH increases via a system xc —dependent mechanism. Absence of the deglutathionylase, glu-
taredoxin (GLRX), augmented SLC7A11 protein and led to significant increases of GSH content. S-glutathiony-
lation of C23 or C204 of the deubiquitinase OTUB1 promoted interaction with the E2-conjugating enzyme
UBCH5A, leading to diminished ubiquitination and proteasomal degradation of SLC7A11 and augmentation
of GSH, effects that were reversed by GLRX. These findings demonstrate an intricate link between GLRX and
GSH via S-glutathionylation of OTUB1 and system xc~ and illuminate a previously unknown feed-forward reg-
ulatory mechanism whereby enhanced GSH protein oxidation augments cellular GSH.

INTRODUCTION

Oxidants are key regulators of physiological processes (I, 2), and the
highly abundant tripeptide molecule glutathione (GSH) is one of
the major antioxidants that control cellular redox homeostasis.
GSH plays critical roles in the function of regulatory T lymphocytes
(3), activation of epithelial cells (4), and survival of cancer cells (5—
7), among others. GSH consists of cysteine, glycine, and glutamic
acid, and its synthesis occurs in a series of steps that involve the for-
mation of gamma glutamyl-cysteine via glutamate cysteine ligase
(GCL), followed by the addition of glycine via GSH synthetase
(GS). Levels of GSH are tightly controlled via negative feedback reg-
ulation of the catalytic subunit of GCL and degradation of GSH via a
series of enzymes [reviewed in (8)]. To maintain GSH redox ho-
meostasis, cells adopt multiple strategies that include the transcrip-
tional activation of GSH-synthesizing enzymes, the uptake of
precursor amino acids, and changes in metabolism. Alterations in
glycolysis, glutaminolysis, or serine/glycine metabolism in cancer
cells promote survival as a result of increased levels of GSH,
which allow tumor cells to withstand their enhanced oxidative en-
vironment (5, 9-11), and the pentose phosphate pathway, an oft-
shoot of glycolysis, provides NADPH [reduced form of
nicotinamide adenine dinucleotide phosphate (NADP")]-reducing
equivalents to maintain GSH homeostasis (12). A critical determi-
nant of GSH levels is system xc~, the cystine-glutamate antiporter
expressed on the cell surface that is composed of solute carrier
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family 7 member 11 (SLC7A11; xCT) linked via a disulfide bridge
to SLC3A2 (4F2). SLC7A11 is the functional light chain that confers
specificity for cystine uptake, which, intracellularly, is rapidly
reduced to cysteine, the rate-limiting amino acid in GSH synthesis
(8, 13). Lung adenocarcinomas (LUADs) displaying Kirsten rat
sarcoma virus (KRAS) mutations have elevated levels of intracellu-
lar cystine and GSH in association with enhanced expression of
SLC7A11 (13).

It is well known that GSH can exist in the thiol-reduced (GSH)
and thiol-oxidized GSH disulfide forms [reviewed in (8)]. However,
one facet of GSH biochemistry that remains less well recognized is
its ability to control the oxidation state of proteins. Protein S-gluta-
thionylation (PSSG), the covalent attachment of GSH to reactive
cysteines within proteins via a cysteine-cysteine disulfide linkage,
represents a key regulatory mechanism whereby GSH itself affects
cellular processes. PSSG affects the structure and function of target
proteins due to the changes in charge and/or size and also prevents
the overoxidation of the cysteine moieties. The thiol transferase,
glutaredoxin (GLRX), is the major deglutathionylase that reestab-
lishes the reduced protein thiol group. In this manner, GLRX con-
trols diverse (patho)physiological processes that include
inflammation, energy metabolism, and fibrosis (14-17), and multi-
ple S-glutathionylation targets that regulate these processes have
been identified (18-21).

To date, it remains also unknown whether GLRX controls GSH
levels. A recent S-glutathionylated proteome screen revealed that, in
lung epithelial cells stimulated with interleukin-1f (IL-1pB), the
ovarian tumor (OTU) deubiquitinase, OTUBI, was a target for
PSSG (20). OTUBL1 was recently shown to interact with SLC7A11,
thereby enhancing its stability and augmenting system x¢~ activity
in cancer cells (22). IL-1p also increases glycolysis (23), which has
been linked to enhanced system xc~ activity (24). These collective
findings prompted us to investigate the mechanism by which GSH
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is regulated in primary lung epithelial progenitor or LUAD cells and
whether PSSG plays a functional role in this regulation. We used the
cytokine IL-1p in our studies, as IL-1f is a major driver of glycolysis
and proliferation in primary lung epithelial progenitor cells, induces
oxidative stress (23, 25-27), and has been linked to lung cancer (28,
29). Here, we demonstrate that an environment of enhanced PSSG
promotes increases in GSH via a system xc —dependent mecha-
nism. Notably, we demonstrate that S-glutathionylation of C23 or
C204 of OTUBI promotes binding of the E2-conjugating enzyme
UBCHS5A, leading to stabilization of SCL7A11 and augmentation
of GSH in a GLRX-reversible manner. These findings describe an
intricate link between GLRX and GSH status and point to a feed-
forward regulatory mechanism wherein enhanced GSH-dependent
OTUBI oxidation acts as a redox sensor to augment cellular GSH.

RESULTS

GSH is increased in primary lung epithelial cells exposed to
IL-1B in a system xc —dependent manner and promotes
secretion of proinflammatory cytokines

As stated above, IL-1p augments glycolysis in lung epithelial cells
(23) and induces oxidative stress (25, 26). The pentose phosphate
pathway, an offshoot of glycolysis, regulates the redox environment
by providing NADPH-reducing equivalents necessary for GSH ho-
meostasis (12). These collective observations prompted us to eval-
uate changes in GSH in response to IL-1P. Overall GSH levels
significantly increased in response to 24 hours of IL-1p (Fig. 1A),
and "’C-glucose tracing analysis demonstrated that carbons from
glucose were used in synthesis of GSH (fig. S1A).

GSH is a tripeptide composed of cysteine, glycine, and glutamic
acid. Levels of cysteine and glutamate were increased in response to
IL-1f, while glycine was not detected (Fig. 1B and fig. S1B). Tumor
necrosis factor—a (TNF-a) also led to increases in GSH, while, con-
versely, interferon-y (IFN-y) decreased GSH levels (fig. S1C), pointing
to divergent modulation by GSH by these proinflammatory stimuli.

We next sought to explore the mechanism(s) whereby IL-1f in-
creased GSH. Enzymes involved in GSH biosynthesis comprise
GCL (catalytic and modulatory subunits GCLC and GCLM) and
GS [reviewed in (8)]. The transcription factor nuclear factor ery-
throid 2-related factor 2 (NRF2) controls expression GSH synthesis
genes (30). Time course studies show that increases in NRF2 occur 2
hours after IL-1p treatment followed by decreases at later time
points. No differences in GCLC or GCLM were observed at any
times (fig. S2A). GSH started to increase 4 hours after IL-1p,
peaked at 24 hours, and decreased below baseline levels 48 hours
after IL-1f treatment (fig. S2B), a time when GS was also decreased
(fig. S2A). To address the functional role of NRF2 in the IL-13-me-
diated GSH increases, we exposed cells to the NRF2 inhibitor,
ML385 (31). Although ML385 decreased the overall GSH levels, it
did not dampen the IL-1B-induced increases in GSH (fig. S2C).
Levels of cystathionase (CTH) and cystathionine (-synthase
(CBS), members of the transsulfuration pathway as a potential
source of cysteine (32), also remained unchanged or decreased in
response to IL-1PB (fig. S2D). Collectively, these observations
suggest that the IL-1p—mediated increases in GSH occur indepen-
dent from NRF2 or the transsulfuration pathways.

A key regulator of GSH homeostasis is the transporter system
Xc  that exports glutamate and concomitantly imports cystine in
a 1:1 ratio (33). Intracellularly, cystine is reduced to cysteine, the
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rate-limiting amino acid required for GSH synthesis (34). In addi-
tion to increases in intracellular cysteine (Fig. 1B), uptake of fluo-
rescein isothiocyanate—labeled cystine (Fig. 1C) and extracellular
glutamate (Fig. 1D) were also significantly increased in response
to IL-1P, results that point to increases in system xc~ activity.
mRNA expression and protein levels of the system xc~ subunit,
SLC7A11, were also increased in response to IL-1, with no signifi-
cant changes in SLC3A2 subunit (Fig. 1, E and F, and fig. S2E). To
address whether IL-1p—induced increases in GSH are system xc
—dependent, we used two system xc~ inhibitors: erastin (Er) and
sulfasalazine (SAS). Both inhibitors significantly decreased IL-1p—
induced increases in GSH and extracellular glutamate levels (Fig. 1,
G and H). System x¢~ inhibition is well known to induce ferroptosis
(33). However, we did not detect any changes in cell viability using
Er or SAS (Fig. 1I). In contrast, secretion of various IL-1p-induced
proinflammatory cytokines (20, 23, 35), notably of thymic stromal
lymphopoetin (TSLP), chemokine (C-C motif) ligand 20 (CCL20),
and chemokine (C-X-C motif) ligand 1 (CXCL1), was significantly
attenuated by Er (fig. S3A). As expected, the inhibitor of GCLC, bu-
thionine sulfoximine (BSO), depleted GSH and also led to signifi-
cant decreases in TSLP and CCL20 (fig. S3B). Collectively, these
data demonstrate that system xc~ is critical in enhancing GSH
levels in IL-1B-stimulated cells and that GSH, in turn, promotes
proinflammatory signaling independently of cell death.

S-glutathionylation controls GSH and SLC7A11 levels

We have previously reported that OTUBI is a target for PSSG in
epithelial cells stimulated with IL-1p (20). OTUBI, a member of
the OTU protease subfamily, directly interacts with and stabilizes
SLC7A11 in cancer cells by preventing its ubiquitination (22).
Therefore, we assessed whether system xc~ is regulated in a
redox-dependent manner. Nonreducing Western blots for
SLC7A11 revealed the formation of a high-molecular weight
(HMW) species appearing at ~150 kDa that increased in response
to IL-1p (Fig. 2A and fig. S2E). Two-dimensional (2D) polyacryl-
amide gel electrophoresis (PAGE) showed that SLC7A11, OTUBI,
and SLC3A2 were detected in association with the ~150-kDa
complex (Fig. 2B), and co-immunoprecipitation analysis further
confirmed the association between SLC7A11, SLC3A2, and
OTUBLI after IL-1p stimulation (Fig. 2C). Although the transmem-
brane glycoprotein, CD44, is also known to bind and stabilize the
SLC7A11 and OTUBI complex (22), we were not able to detect
CD44 in primary lung epithelial cells in the absence or presence
of IL-1p stimulation.

PSSG is a key regulator of biological responses induced by redox
perturbations. PSSG occurs through addition of a GSH moiety to a
reactive cysteine in a target protein leading to changes in protein’s
structure and function (36-38). In line with our previous observa-
tions (20), overall PSSG was increased in response to IL-1p (Fig. 3, A
and B). GLRX is the main enzyme responsible for deglutathionylat-
ing proteins, thereby reestablishing reduced protein thiol groups
under physiological conditions. Accordingly, further increases in
baseline or IL-1p-stimulated PSSG occurred in cells lacking Glrx
(Fig. 3, A and B).

GLRX-mediated deglutathionylation per se is not expected to in-
crease overall GSH pools due to the small fraction of GSH bound to
proteins (<0.05%; see Fig. 3, B and C). Unexpectedly, total GSH
levels were significantly elevated in Glrx™'~ cells compared to
wild-type (WT) cells, and treatment with IL-1p led to further
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Fig. 1. IL-1B increases GSH and SLC7A11 levels in primary airway epithelial cells. (A) GSH levels in control or IL-13-stimulated mouse tracheal epithelial (MTE) cells
following 24 hours of incubation with of IL-1B (10 ng/ml). (B) Levels of intracellular cysteine (left) and glutamate (right) in control and IL-1B—stimulated cells. AU, arbitrary
units. (C) Fluorescein isothiocyanate—cystine uptake in control or IL-1B-treated cells. Results are expressed as relative fluorescence units (RFU) normalized to Hoechst
staining in each well. (D) Levels of glutamate in conditioned medium from MTE cells in response to IL-1f. (E) Assessment of Slc7a11 and Slc3a2 mRNA. Ctrl, control. (F)
Western blot analysis of SLC7A11 and SLC3A2 levels in response to IL-1B. ACTB, loading control. (G) GSH measurement in cells exposed to increasing doses of erastin (Er)
or sulfasalazine (SAS). Cells were pretreated for 1 hour, followed by IL-1f treatment for 24 hours. (H) Extracellular glutamate levels in conditioned medium of cells pre-
treated with 0.5 uM Er or 100 uM SAS for 1 hour before IL-1( stimulation for 24 hours. (I) Assessment of cell viability in cells treated with 0.5 uM Er or 500 pM SAS and
vehicle/IL-1B. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Fig. 2. Formation of an oxidation-dependent HMW complex of SLC7A11, SLC3A2, and OTUB1 in response to IL-1f. (A) Nonreducing Western blot of SLC7A11
showing a high—-molecular weight (HMW) complex around ~150 kDa in MTE cells that is further increased upon treatment with IL-1B as described in Fig. 1. ACTB, loading
control. (B) Two-dimensional (2D) gel analysis of the nonreduced gel strip containing SLC7A11 (top). SLC7A11, SLC3A2, and OTUB1 were evaluated via Western blotting in
the second dimension. (C) Top: Immunoprecipitation of SLC7A11 in MTE cells and Western blot analysis of OTUB1 and SLC3A2.SLC7A11 and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) from whole-cell lysates were used as the input control. Bottom: Immunoprecipitation of OTUB1 protein followed by Western blotting analysis of
SLC7A11 and SLC3A2. OTUB1 levels from whole-cell lysates were used as the input control. IgG, immunoglobulin G; IP, immunoprecipitation.

increases in GSH in Glrx ™~ cells compared to that in the respective
WT group (Fig. 3C). Intracellular cysteine was also increased in
Glrx™'~ cells compared to that in WT cells, while extracellular glu-
tamate was not significantly different between WT and Glrx™" cells
(Fig. 3, D and E). Given the increases in GSH and cysteine in
Glrx™'~ cells, we next assessed whether system xc~ was affected by
GLRX. Under nonreducing conditions [—dithiothreitol (-DTT)],
Glrx™'~ cells exhibited higher levels of HMW SLC7A11 compared
to control cells, with further elevations occurring following IL-1f3
(Fig. 3F). Under reducing conditions (+DTT), SLC7All
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immunoreactivity was no longer observed as a prominent HMW
complex, pointing to its oxidation-dependent nature. However, in-
creases in the 37-kDa species of SLC7A11 were apparent in unsti-
mulated Glrx™'~ cells or in response to IL-1B, while levels of
SLC3A2 and OTUBI were not affected (Fig. 3F). These collective
findings demonstrate that PSSG and GLRX control GSH levels
through redox regulation of SLC7A11.
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Fig. 3. S-glutathionylation regulates GSH in association with modulation of xc . (A) Assessment of PSSG in wild-type (WT) or GIrx™~ MTE cells treated with vehicle or
IL-1B as described in Fig. 1. GAPDH, loading control. PSSG (B) or GSH (C) levels in WT or Glrx™~ epithelial cells stimulated with IL-1{ for 24 hours. Intracellular cysteine (D)
or glutamate content in conditioned medium (E) of WT or Glrx™~ epithelial cells stimulated with vehicle or IL-1B for 24 hours. (F) Nonreducing [—dithiothreitol (—~DTT);
left] and reducing (+DTT; right) Western blots of SLC7A11 (37 kDa), OTUB1, and SLC3A2 in WT and Glrx™~ cells. GAPDH, loading control. *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001.

GLRX decreases GSH levels in association with diminished showed increases in OTUBI1 S-glutathionylation (OTUB1-SSG) in
S-glutathionylation of OTUB1 and decreases in SLC7A11 response to IL-1f, with further increases occurring in cells
As stated earlier, OTUB1 was one of the PSSG targets detected in IL-  lacking Glrx (Fig. 4A), consistent with the role of GLRX as a deglu-
1B-stimulated epithelial cells (20), raising the possibility that S-glu-  tathionylating enzyme. Direct administration of recombinant WT
tathionylation of OTUBI affects the stability of SLC7A11. Immuno- ~ GLRX protein to cells (Fig. 4B) decreased the overall PSSG and
precipitation of PSSG followed by Western blotting of OTUB1  GSH levels (Fig. 4, C and D) and decreased extracellular glutamate
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(Fig. 4E), while catalytically inactive C23S GLRX (17) did not elicit
these effects. WT GLRX but not C23S GLRX decreased OTUBI1-
SSG (Fig. 4F), pointing to a putative role of OTUB1-SSG in the reg-
ulation of GSH levels.

System xc has been extensively studied in lung cancer where it
controls sensitivity to ferroptosis (33, 39). We next sought to better
unravel the functional importance of OTUB1-SSG in the regulation
of SLC7A11 and GSH using the H522 LUAD cell line. H522 cells
express system X~ and are sensitive to GSH depletion (40). Immu-
noprecipitation of hemagglutinin (HA)-tagged SLC7A1ll or
OTUBI1 shows a constitutive interaction between SLC7A11,
SLC3A2, and OTUBI (Fig. 5A). Overexpression of GLRX in
H522 cells (Fig. 5B) decreased GSH (Fig. 5C) and SLC7A11 levels
(Fig. 5B). Conversely, knockdown of GLRX increased GSH and
SLC7A11 levels (Fig. 5, D and E), consistent with our observations
in primary epithelial cells. In addition, knockdown of OTUB1 di-
minished the HMW SLC7A11 complex formation and the overall
levels of SLC7A11 and GSH in H522 cells (Fig. 5, F to H). Knock-
down of OTUBI also decreased GSH in primary lung epithelial cells
(fig. S4, A and B). These findings collectively demonstrate function-
al importance of OTUBI in the regulation of system xc~ and
GSH levels.

S-glutathionylation of OTUB1 at C23 or C204 increases
levels of SLC7A11 and GSH

OTUBI contains four cysteines (C23, C91, C204, and C212), with
C91 required for OTUB1's canonical deubiquitinase activity (41,
42). To identify the cysteines in OTUBI that are targets for S-gluta-
thionylation, we mutated each of the four cysteines to serines and
expressed these constructs in H522 cells. OTUB1-WT, OTUBI-
C91S, and OTUBI-C212S were constitutively S-glutathionylated.
In contrast, OTUB1-C23S and OTUB1-C204S mutants were refrac-
tory to S-glutathionylation (Fig. 6A). While expression of WT,
C91S, and C212S mutants of OTUBI increased GSH, comparable
expression of C23S- or C204S-OTUB1 mutants did not induce
any significant increases in GSH (Fig. 6, B and C, and fig. 4, C
and D). Similar results were obtained in H522 cells in which the
OTUBI gene was ablated via CRISPR-Cas9 wherein reexpression
of WT OTUBI, C91S, or C212S, but not the S-glutathionylation re-
sistant mutants C23S- or C204S-OTUBI, elevated GSH (fig. $4, E to
G). Consistent with its ability to increase GSH, expression of WT
OTUBI increased SLC7A11 levels and its HMW complex observed
under nonreducing conditions (fig. S4H) and interaction between
SLC7A11 and SLC3A2 assessed via proximity ligation assay (fig.
S4I). WT OTUBI failed to induce increases in GSH when
SLC7A11 was knocked down (Fig. 6D), demonstrating the require-
ment of SLC7AI1l in the OTUBI-mediated increases in GSH.
Overall, these results demonstrate that S-glutathionylation of
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Fig. 4. OTUB1 is a target for S-glutathionylation and is regulated by GLRX. (A) Detection of OTUB1-SSG in WT or Glrx™"~ MTE cells stimulated with vehicle or IL-18 for
24 hours. PSSG was immunoprecipitated with anti-GSH followed by Western blotting of OTUB1. DTT was incubated with cell lysates before immunoprecipitation as a
negative control. OTUB1 levels from whole-cell lysates were used as the input control. (B) Evaluation of GLRX in lysates prepared from cells 5 days after treatment with WT-
GLRX or C23S-mutant GLRX recombinant protein. GAPDH, loading control. (C) Assessment of total PSSG in WT MTE cells treated with WT GLRX or C23S-GLRX recombinant
protein. Shown are nonreducing Western blots probed with anti-GSH antibody. GAPDH, loading control. (D) GSH levels in MTE cells treated with recombinant WT-GLRX or
C23S-GLRX. (E) Glutamate in cell culture supernatant of MTE cells treated with WT-GLRX or C23S-GLRX. (F) Detection of OTUB1-SSG in cells treated with recombinant WT-
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cell lysates were used as the input control. *P < 0.05 and **P < 0.01. IB, immunoblot.
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Fig. 5. GLRX and OTUB1 control SLC7A11 and GSH levels in H522 LUAD cells. (A) Hemagglutinin (HA)-tagged SLC7A11 overexpressed in H522 cells was immuno-
precipitated followed by Western blotting for OTUB1 and SLC3A2 (left). OTUB1 was immunoprecipitated followed by Western blotting for HA-SLC7A11 and SLC3A2
(right). Western blots of HA-SLC7A11, OTUB1, SLC3A2, and ACTB from total lysates were used as input. (B) GLRX and SLC7A11 Western blots of H522 cells overexpressing
GLRX or pcDNA3 empty plasmid. ACTB, loading control. (C) Assessment of GSH levels in cells overexpressing GLRX. (D) Western blots of GLRX and SLC7A11 in H522 cells
following small interfering RNA (siRNA)-mediated knockdown of GLRX. ACTB, loading control. (E) GSH levels in H522 cells following knockdown of GLRX. (F) Confirmation
of OTUB1 via Western blot analysis in H522 cells following siRNA-mediated knockdown. GAPDH, loading control. (G) GSH levels in H522 cells following knockdown of
OTUB1. (H) Nonreducing (nonred) (top) and reducing (bottom) Western blots of SLC7A11 in H522 cells with siRNA-mediated OTUB1 knockdown. ACTB, loading controls.
*P < 0.05, **P < 0.01, and ***P < 0.001, ****P < 0.0001.
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OTUBI at C23 or C204 augments GSH levels, in association with
stabilization of SLC7A11.

S-glutathionylation of OTUB1 enhances interaction with
the E2 Ub-conjugating enzyme, UBCH5A

OTUBI was previously shown to interfere with ubiquitination and
subsequent proteasomal degradation of SLC7A11 (22). As expected,

A
OTUB1 WT C23S C204S
= |
T2 | - B
O O
& o
i
=1
Q
£
B
> (%] %]
= w wv < o~
g E & &5 R W~
2 o ¢ O O
OTUB1
. D e S e,
D
SLC7AT1 (siRNA) - + - +
OTUB1 - - + +
scoan [ -
OTUBT e s DG 5'
—
ACTE | —— -
E GSH
*
*kk
150 *okk
A
. G
T 100 A
® °
o
=
o
E 50
n
0 T T T T
OTUB1 - - + +
SLC7AT11 siRNA - + -

overexpression of OTUBI decreased ubiquitinated SLC7A11 (fig.
S4]). However, cells expressing OTUB1-C23S or OTUB1-C204S
showed increased ubiquitination of SLC7A11 compared to cells ex-
pressing OTUB1-WT, OTUB1-C91S, or OTUB1-C212S mutants
(Fig. 7A). The OTUB1-mediated attenuation of ubiquitination
can occur through multiple mechanisms. OTUBI can act as a ca-
nonical deubiquitinase that cleaves K48 chains. Alternatively,
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Fig. 6. OTUB1 C23 and C204 are S-glutathionylation targets that increase GSH in a system X —dependent manner. (A) OTUB1-WT or OTUB1-C23S or OTUB1-
C204S (left) and OTUB1-WT, OTUB1-C91S, or OTUB1-C212S (right) were expressed in H522 cells. PSSG was immunoprecipitated using GSH antibody followed by detection
of OTUB1-SSG via Western blot analysis. OTUB1 and ACTB from total cell lysates were used as input. (B) Confirmation of equal expression of OTUB1 plasmids used in (C).
ACTB, loading control. (C) Assessment of GSH in H522 cells overexpressing 125 ng of OTUB1-WT, OTUB1-C23S, OTUB1-C91S, OTUB1-C204S, and OTUB1-C212S plasmids or
pCMV vector control. (D) Western blot analysis of SLC7A11 and OTUB1 in H522 cells transfected with control or SLC7A11 siRNA and WT OTUB1 plasmid or pCMV empty
vector control. ACTB, loading control. (E) GSH in H522 cells following knockdown of SLC7A 11 and overexpression of WT OTUB1. *P < 0.05, ***P < 0.001, and ****P < 0.0001.
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OTUBI also can inhibit the function of E2-conjugating enzymes,
including UBCH5 (43-45), and OTUBI has been found in a
complex with E2 enzymes. In addition, binding of E2 enzymes to
OTUBI can also promote OTUBI1 deubiquitinase activity depen-
dent on the ratio of ubiquitin (Ub)—charged E2 (E2-Ub) to un-
charged E2 enzyme and levels of free Ub (46). OTUB1 D88 binds
E2 enzymes and suppresses Ub-conjugating activity (47). Stabiliza-
tion of SLC7A11 by OTUBI has been speculated to involve direct
binding between OTUB1 and SLC7A11 as well as the inhibition of
E2 enzymes (22). Consistent with this scenario, OTUB1 D88A
failed to induce increases in GSH levels in H522 cells (Fig. 7, B
and C). These collective observations, along with observed increases
in GSH following expression of OTUB1-C91S (Fig. 6C), support a
noncanonical role of OTUB1 in augmenting GSH. Separate
domains within OTUBI are required for noncanonical inhibition
via binding of E2-Ub enzyme and free Ub, in a configuration that
mimics the product of OTUBI1-mediated deubiquitination (48).
These domains in OTUBI are in close proximity to C23 and
C204, raising the possibility that S-glutathionylation at either site
regulates binding or orientation of either free Ub or E2-Ub
enzyme. To address this possible scenario, we determined
whether OTUBI-SSG affected the interaction between OTUBI1
and UBCHS5A that requires the N-terminal region containing C23
(43). Our previous data show that GLRX decreases OTUB1-SSG
(Fig. 4F). GLRX also decreases the interaction between OTUBI1
and UBCH5A (Fig. 7D). Knockdown of UBCH5A attenuated
SLC7AL11 levels and diminished GSH levels, while, conversely, over-
expression of UBCH5A augmented SLC7A11 and GSH (Fig. 7, E
to H).

These findings suggest that UBCH5A augmented OTUB1's non-
canonical activity through a mechanism that involves S-glutathio-
nylation of OTUB1 at either position C23 or C204. To
understand how S-glutathionylation affects the OTUB1-UBCH5A
complex, we created three different in silico models of OTUBI in
conjunction with Ub-charged UBCH5A and free Ub. In the first
model, OTUB1 contains reduced cysteines, while the other
models consist of OTUBI S-glutathionylated at C23 (OTUBI-
C23-SSG) (Fig. 8, A and B) or OTUBI S-glutathionylated C204
(OTUB1-C204-SSG) (Fig. 8, C and D). The overall root mean
square deviation of UBCH5A was shown to remain locked into
place regardless of the S-glutathionylation status of OTUBI.
OTUB1-C23-SSG rapidly formed a stable contact between the ter-
minal glutamic acid moiety of GSH and a protein cleft at UBCH5A
consisting of V120, P121, and E122 (Fig. 8B). Specifically, both the
carbonyl and free amine of GSH were shown to bind to the back-
bone amine and side-chain carbonyl of E122 with contacts main-
tained under 3 A (Fig. 8B). These contacts may serve to stabilize
the protein-protein interaction of OTUBI-C23-SSG and
UBCH5A when compared to reduced OTUBIL. In contrast,
OTUB1-C204-SSG was predicted to induce conformational
changes in OTUBI and to restrict the movement of C204 that is oth-
erwise shown to oscillate toward Ser'® and form an internalized
polar contact (Fig. 8C). Despite this change, no major stabilizing
interactions were calculated between GSH and UBCH5A aside
from the nonpolar contact with L97 (Fig. 8D), and the site remained
relatively isolated throughout simulation.

Aboushousha et al., Sci. Adv. 9, eadi5192 (2023) 13 September 2023

Decreases in GLRX and increases in overall PSSG and OTUB-
SSG occur in LUAD
System xc~ and OTUBI have been extensively studied in cancer in-
cluding LUAD (13, 49-51). To address the potential relevance of
GLRX, SLC7A11, and OTUBI in LUAD, we examined GLRX,
SLC7A11, and OTUBI expression in The Cancer Genome Atlas
(TCGA) database. Evaluation of 58 LUADs with matched adjacent
normal lung tissue showed a decreased expression of GLRX in
LUAD (Fig. 9A), while, in contrast, SLC7A11 and OTUBI expres-
sion was increased relative to the adjacent normal tissue (Fig. 9A).
Visualizing GLRX expression and genomic alterations using On-
coprint revealed no clear association between GLRX and common
LUAD oncogenic drivers (fig. S5). We next used an adenovirus-ex-
pressing Cre-recombinase (AdCre) system to induce early tumors
in Kras®"?" mice (Fig. 9B). Using GLRX-mediated cysteine deriva-
tization to illuminate regions of PSSG, we showed increases in PSSG
in early tumor regions compared to the control mice (Fig. 9, C and
D). Last, overall PSSG, GSH, and OTUB-SSG were significantly in-
creased in lungs with activated Kras“?"-induced tumors, accompa-
nied by increases in SLC7A11 protein levels (Fig. 9, E to H). We did
not detect changes in GLRX levels in the homogenized whole lung
tissue, possibly due to the small representation of tumor area.
Despite these different observations, the decreases in GLRX in
LUAD and the increases in PSSG and OTUBI1-SSG in KrasGI12D-
driven tumors in mice point to the relevance of findings here for
LUAD. These overall findings illuminate a previously unknown
mechanism of regulation of system xc~ through GSH-dependent
protein oxidation that is under OTUB1-dependent GLRX-directed
redox control (Fig. 10) and highlight its putative relevance in
lung cancer.

DISCUSSION

The GLRX-S-glutathionylation redox axis has emerged as a key reg-
ulator of cellular processes as it controls protein structure and func-
tion and prevents overoxidation of reactive cysteines within
proteins. Numerous S-glutathionylation targets in diverse pathways
have been described, and, with advances in redox proteomics, the
list of glutathionylated protein targets continues to grow (20, 36, 37,
52-54). To date, the interplay between GLRX and GSH levels has
largely remained unknown. In the present study, we illuminate a
new dimension of GLRX's action by demonstrating that GLRX con-
trols GSH levels via the regulation of system xc . Notably, we dem-
onstrate that S-glutathionylation of OTUBI at C23 or C204
regulates SLC7A11 stability through noncanonical regulation of
the E2-conjugating enzyme UBCH5A and subsequent stabilization
of the system xc~ complex, in turn, leading to cystine uptake and
increases in GSH.

OTUBI was previously shown to stabilize SLC7A11 via a CD44-
dependent mechanism. CD44 increased the interaction between
OTUBI and SCL7A11, and the CD44-mediated enhancement of
SLC7A11 stability depended on OTUBI1 (22). As stated above, in
the present study, we did not detect CD44 interaction with
SLC7A11 in primary lung epithelial cells and obtained inconclusive
results in H522 LUAD cells. The findings here showing that
OTUBI1-CI1S increases SLC7A11 and GSH similar to OTUBI1-
WT, while OTUB1-D88A disrupts GSH, and that OTUB1-SSG pro-
motes binding of the E2-conjugating enzyme, UBCH5A, collective-
ly confirm a noncanonical mechanism of action of OTUBI in the
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Fig. 7. The E2-conjugating enzyme, UBCH5A, interacts with OTUB1 in a GLRX-sensitive manner to increase SLC7A11 and GSH. (A) Levels of ubiquitinated
SLC7A11 in H522 cells transfected with OTUB1-WT, OTUB1-C23S, or OTUB1-C204S (left) and OTUB1-WT, OTUB1-C91S, or OTUB1-C212S (right) and treated with 40 pg
of MG-132 for 4 hours. OTUB1 and ACTB from total cell lysates were used as input controls. (B) Confirmation of expression of OTUB1-WT, OTUB1-D88A, or pCMV vector
plasmids via Western blot analysis. ACTB, loading control (C) Assessment of GSH levels in H522 cells overexpressing OTUB1-WT or OTUB1-D88A plasmids or pCMV vector
control. (D) Effect of overexpression of GLRX for the interaction between UBCH5A and OTUB1. OTUB1 was immunoprecipitated followed by detection of UBCH5A via
Western blotting. Input: GLRX, UBCH5A, and OTUB1 levels in whole-cell lysates used forimmunoprecipitation. ACTB, loading control (E) Impact of SiRNA-mediated knock-
down of the E2 Ub-conjugating enzyme, UBCH5A, on SLC7A11 levels in H522 cells. UBCH5A knockdown and SLC7A11 were assessed via Western blot analysis under
reducing or nonreducing conditions (for SLC7A11). (F) GSH levels in H522 cells subjected to UBCH5A knockdown. Effect of overexpression of UBCH5B on SLC7A11 levels
(G) or GSH content (H). *P < 0.05, **P < 0.01, and ***P < 0.001.

stabilization of SLC7A11. The precise mechanism whereby a GSH  enzymes have intrinsic reactivity toward small-molecule nucleo-

moiety at C23 or C204 of OTUBI regulates interaction with
UBCHS5A or free Ub with OTUBI and the implications for the
OTUBI1-dependent regulation of SLC7A11 will require further
study. The function of UBCH5A as a Ub-conjugating enzyme
depends on its Ub charge and the levels of free Ub. E2-conjugating

Aboushousha et al., Sci. Adv. 9, eadi5192 (2023) 13 September 2023

philes (55). One possible scenario is that a GSH-mixed disulfide
at cysteine 23 of OTUBI also attracts and stabilizes UBCH5A, con-
sistent with our in silico findings (Fig. 8B). Alternatively, disulfide
bond disruption or trans-glutathionylation between OTUBI and
UBCHS5A has the potential to inhibit UBCHS5A activity, and the
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Fig. 8. Molecular modeling visualizing the impact of OTUB1-SSG on the binding between OTUB1 and UBCHS5A. (A) Protein complex of OTUB1 (orange), UBCH5A
with Ub bound (green/blue), and the distal Ub (purple). Models were constructed with GSH at either C23 (OTUB1-C23-SSG, as shown) or C204. (B) In silico binding site
between GSH-C23 (OTUB1-C23-SSG) (orange) and V120, P121, and E122 of UBCH5A (green). Contacts were shown to optimize over simulation length, with convergence
of two sub-3-A contacts between the glutamic acid of GSH and E122 of UBCH5A. (C) Visualization of OTUB1-C204-SSG disrupting minor polar contact between C204 and
Ser'® within OTUBI. (D) Final frame of C204-SSG simulation showcasing minor nonpolar contact observed between GSH and L97 at UBCH5A interface.

latter possibility is supported by a study demonstrating that E2 Ub-
conjugating enzymes are inhibited via S-glutathionylation (56). In
addition, OTUB1-C23-SSG or C204-SSG could realign the OTUB1-
bound UBCHS5 and free Ub, into a configuration that increases the
potency of OTUBI-mediated inhibition of ubiquitination. Last,
GLRX or PSSG may also regulate free Ub or Ub charge of
UBCHS5A. Elucidation of these various scenarios awaits additional
analyses.

In addition to SLC7A11, OTUBI also has other targets including
multiple oncoproteins such as forkhead box protein M1, tumor
protein P53, cellular inhibitor of apoptosis protein, and murine
double minute X, which it stabilizes through a nonconventional
mechanism (57-59). Further analysis is necessary to address
whether S-glutathionylation of OTUBI also regulates those
targets. Besides OTUBI, another deubiquitinase also regulates
SLC7AL11. The tumor suppressor breast cancer type 1 (BRCA1)-as-
sociated protein 1 (BAP1) is a nuclear deubiquitinase that reduces
chromatin histone 2A ubiquitination. BAP1 was shown to repress
SLC7AI11 expression in a deubiquitination-dependent manner,
thereby promoting ferroptosis (60). BAP1 C91 is required for deu-
biquitinase activity and repression of SLC7A11. Future studies

Aboushousha et al., Sci. Adv. 9, eadi5192 (2023) 13 September 2023

aimed at elucidating whether C91 is a target for S-glutathionylation
will be important, as interference with BAP1's deubiquitinase activ-
ity could serve as a potential additional mechanism whereby S-glu-
tathionylation chemistry augments SLC7A11. Furthermore, under
conditions of GSH depletion, cancer cells rely on deubiquitinases
for survival. In those settings, combined depletion of GSH and in-
hibition of deubiquitinases caused an accumulation of ubiquiti-
nated proteins, proteotoxic stress, endoplasmic reticulum stress,
and tumor cell death (40). In light of the latter findings, future
studies addressing whether conditions of diminished GSH levels
or increased GSH oxidation affect deubiquitinase S-glutathionyla-
tion and implications for their canonical or alternative functions,
therefore, appears well warranted.

The OTUBI1-mediated stabilization of SLC7A11 following its S-
glutathionylation depicts a regulatory feed forward mechanism
whereby GSH, in a form of a protein-mixed disulfide with
OTUBI, regulates its own synthesis in an SLC7A11-dependent
manner. Besides the system xc -mediated import of cystine, the
trans-sulfuration pathway also provides a source of cysteine. As de-
scribed above, CBS catalyzes the first and rate-limiting step in the
trans-sulfuration pathway to convert homocysteine to cysteine. S-
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Fig. 9. Altered expression of GLRX, SLC7A11,and OTUB1T in LUAD. (A) Assessment of GLRX, SLC7A11,and OTUBT in 58 LUADs (tumor) compared with matched adjacent
normal lung tissue from the TCGA database. Lines connect matched samples from individual patients (adjacent normal to tumor). Blue lines indicate decreased expres-
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expressing Cre recombinase (Ad Cre; right) or control virus (Ad Ctrl; left). (C) Schematic of GLRX-based cysteine derivatization used in (D). MPB, 3-(N-maleimido-propionyl)
biocytin; NEM, N-ethylmaleimide. (D) PSSG staining (in red) in lung sections from mice treated with Ad Ctrl (left) or Ad Cre (right). Ad Cre images represent tumor areas
selected on the basis of morphology. The figure was created using Biorender.com. (E) Total PSSG in lung lysates detected by Western blotting. The top right blot shows
the PSSG bands of the left blot under short exposure. The bottom right blot shows the PSSG bands of lower region of the left blot after long exposure. (F) Total GSH levels
in lung lysates of mice treated with Ad ctrl or Ad cre. (G) Immunoprecipitation of glutathionylated proteins via GSH antibody followed by Western blot analysis of OTUB1
to detect OTUB-SSG (top). OTUB1 and ACTB from total cell lysates were used as input controls. (H) Nonreducing Western blotting for SLC7A11. ACTB, loading control. *P <
0.05,%*P < 0.01, and ****P < 0.0001.
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Fig. 10. Graphical abstract depicting system xc~ regulation in a redox-dependent manner through OTUB1-SSG. S-glutathionylation of the deubiquitinase OTUB1
promotes stabilization of SLC7A11, the active subunit of system xc~ transporter. An enhanced oxidative environment leads to increases in S-glutathionylation of OTUB1
(OTUB1-SSG), at C23 and C204, which increases interaction with the E2 Ub-conjugating enzyme, UBCH5A, to prevent ubiquitination and proteasomal degradation of
SLC7A11. The resultant increase in system Xc~ transporter activity allows enhanced cystine uptake that will be incorporated in GSH synthesis following its reduction to
cysteine intracellularly (left). The deglutathionylase, GLRX, removes GSH from OTUB1, leading to ubiquitination of SLC7A11 and its subsequent proteasomal degradation,
resulting in lower GSH content (right). This pathway represents a feed-forward regulatory mechanism whereby enhanced GSH-dependent protein oxidation augments

cellular GSH. The figure was created using BioRender.com.

glutathionylation of C346 was reported to augment the activity of
CBS, leading to increases in cysteine (61). Last, the Kelch-like
ECH-associated protein 1 (KEAP1)-NRF2 pathway plays a key
role in the transcriptional up-regulation of SLC7A11 (62). S-gluta-
thionylation of KEAP1 has been described as a mechanism that pro-
motes the activation of NRF2 (63), providing an additional pathway
through which enhanced S-glutathionylation can up-regulate
SLC7AL11. Here, we detected transient increases in NRF2 and no
changes in CBS or CTH content in response to IL-1p. However,
future studies will be needed to address the relative importance of
GLRX-mediated deglutathionylation of these diverse targets for the
control of system xc~ and GSH levels.

In the present study, we also illuminate the importance of system
xc~ and GSH levels in IL-1p-induced proinflammatory signaling in
primary airway epithelial cells, independently of ferroptosis. Our
results showing diminished secretion of proinflammatory cyto-
kines, notably TSLP and CCL20 in IL-1B-stimulated epithelial
cells following GSH depletion by Er or BSO, point to the

Aboushousha et al., Sci. Adv. 9, eadi5192 (2023) 13 September 2023

importance of GSH and system x¢~ in regulating proinflammatory
cascades. Our previous studies showed that the absence of Glrx en-
hanced glycolysis and promoted IL-1p-stimulated TSLP (20). IL-
1p-stimulated glycolysis in epithelial cells primes epithelial cells
for subsequent stimulation with allergens and contributes to allergic
airway disease (23). Thus, analogous to the glucose dependence of
SLC7Al1-expressing tumors (64), primary airway epithelial cells
stimulated with IL-1p also rely on glucose and SLC7A11 expression
to induce proinflammatory cytokines. Further studies are required
to understand the mechanistic details whereby cystine and GSH
regulate the transcriptional activation and release of these and
other cytokines and whether this involves S-glutathionylation of
OTUBI or other redox sensitive targets. The role of system xc~ in
regulating responses to IL-1p also merits future study given the
pleiotropic role of this cytokine and its emerging role in lung
cancer (65). Intriguingly, a recent study reported that IL-1 receptor
accessory protein can bind to system xc~ to increase uptake of
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cystine and augment GSH levels (66), pointing to intriguing inter-
play between IL1 signaling and system X activity.

Our findings here demonstrating that OTUB1-SSG promotes
OTUBI and that UBCH5A binding stabilizes SLC7A11, enhances
system Xc  activity, and subsequently augments GSH have impor-
tant implications for tumor biology. Enhanced expression of
OTUBI and SLC7A11 occurs in numerous cancers. Increased
OTUBI expression is associated with aggressive disease, poor prog-
nosis, and worse patients’ survival. SLC7A11 expression is positive-
ly correlated with chemotherapeutic resistance and worsening
survival in cancer patients (49, 67). Cystine uptake requires reduc-
tion to cysteine, a process that consumes NADPH. SLC7A11-ex-
pressing tumors were found to be reliant on glucose metabolism
and activation of the pentose phosphate pathway to maintain
redox control. Limitation of the glucose supply or inhibition of
glucose transporters resulted in selective killing of SLC7A11-high
cancer cells and suppressed tumor growth (64). Our current find-
ings suggest a role for PSSG and, specifically, for OTUB-SSG in Kras
G12D adenocarcinomas. Additional investigations are required to
confirm the exact role played by GLRX, SLC7A11, and OTUBI1-
SSG in the development and/or progression of SLC7A11-expressing
tumors. Last, more studies are needed to test whether targeting
OTUB-SSG by small molecules is sufficient to improve outcomes
in mouse models of lung cancer.

In summary, results from the present study provide new insights
into the regulation of system xc~ by illuminating its control by
GLRX and S-glutathionylation of OTUBI. These findings demon-
strate a positive regulatory mechanism whereby S-glutathionylation
augments GSH synthesis and has potential impact for the manage-
ment of diseases that are accompanied by increases in activity of
system Xc , including cancer.

Limitation of the study

Additional studies involving testing the OTUB1-SSG/GLRX/xc~
paradigm in mouse models and clinical specimens will be required
to elucidate the potential impact of our work for tumorigenesis and
proinflammatory signaling in vivo. Our study was also limited to the
use of cells that express the xc~ transporter. Future studies will be
required to address whether the GLRX/glutathionylation redox
node regulates GSH in cells that do not express the transporter by
the aforementioned regulation of other redox-dependent pathways.
Studies here were also limited to testing only one of the E2-conju-
gating enzymes (UBCHS5A). Additional analysis will also be re-
quired to elucidate the impact of S-glutathionylation of OTUBI
for the inhibition of other E2-conjugating enzymes.

MATERIALS AND METHODS

Recombinant mouse IL-1B/ IL-1F2, TNF-a, and IFN-y proteins
were purchased from R&D Systems. *~C glucose, SAS, and BSO
were obtained from Sigma-Aldrich. Er was purchased from Selleck-
chem. OTUBI, GCLC, and GS antibodies were obtained from
Abcam, while beta-actin (ACTB), glyceraldehyde-3-phosphate de-
hydrogenase, HA, and Ub antibodies were obtained from Cell Sig-
naling Technology. SLC7A11 antibody was a gift from M. Conrad
(Helmholtz Zentrum Miinchen, Germany), and GSH antibody was
from Virogen.
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Cell culture

Primary mouse tracheal epithelial (MTE) cells were isolated from
C57BL/6NJ WT or C57BL6/NJ mice lacking the Glrx gene and cul-
tured as previously described (68, 69). Cells were grown on colla-
gen-coated plastic plates or transwell inserts with medium change
every 2 days until confluency. For IL-1{ treatment, cells were incu-
bated in plain Dulbecco’'s modified Eagle’s medium (DMEM):F12
medium containing 6 mM glucose and 2 mM glutamine overnight
followed by stimulation with IL-1p (10 ng/ml) or 0.1% bovine
serum albumin (BSA) in phosphate-buffered saline (PBS) (vehicle
control). Cells were treated with IL-1pB for 24 hours throughout the
whole study unless otherwise stated. Treatment with Er (0.5 puM;
Selleckchem), SAS (100 uM; Sigma-Aldrich), BSO (1 mM; Sigma-
Aldrich), or ML385 (10 uM; Sigma-Aldrich) occurred 1 hour before
IL-1p stimulation. Medium and cells were collected for further anal-
ysis. H22 LUAD cells were obtained from American Type Culture
Collection (CRL-5810). H522 or OTUB1-CRISPR-H522 cells were
cultured in RPMI 1640 medium supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin. Plasmid overexpres-
sion and OTUBI knockdown experiments were done when cells
were 60 to 70% confluent.

Animal studies

KrasG12Dlox-stop-lox(LSL) (B6.129S4-krastm4Tyi/], 08179) mice were
obtained from the Jackson Laboratory (70) and further bred in
the animal facility at the University of Vermont. Kras“’*? in the
lungs of age-matched 7- to 10-week-old mice was activated by the
oropharyngeal administration of cytomegalovirus (CMV) AdCre or
Ad5 control virus (Ad5; 5 x 107 plaque-forming units, lowa Vector
Core) as a control. Mice were euthanized 15 weeks after the adeno-
virus installation, and lungs were flash-frozen in liquid nitrogen for
biochemical analysis. Animals were maintained in pathogen-free
housing with a 12-hour light/dark cycle and ad libitum access to
food and water. The University of Vermont Institutional Animal
Care and Use Committee (IACUC) approved all animal work
(IACUC no. 202000035).

13C-glucose labeling and metabolomics analysis

MTE cells were grown to confluency in six-well transwells as de-
scribed above. After reaching confluency, cells were incubated over-
night in plain DMEM:F12 medium containing 6 mM glucose and 2
mM glutamine. The next day, cells were washed thoroughly in
glucose-free medium before stimulating with IL-1 or 0.1% BSA
in PBS in medium containing 6 mM of 13C-glucose (Sigma-
Aldrich) and 2 mM glutamine. Twenty-four hours after, cells
were pelleted, and mass spectrometry—based metabolomics was per-
formed at Metabolomics Core, School of Medicine, University of
Colorado, as described here (20, 71-73).

Western blotting and 2D gel analysis

A Bio-Rad detergent compatible (DC) protein estimation kit was
used to determine protein concentration in cell lysates. Equal
amounts of proteins were resolved using SDS-PAGE and trans-
ferred to polyvinylidene difluoride membranes, blocked in 5%
BSA, and incubated with primary antibodies overnight. Membranes
were subsequently incubated with peroxidase-conjugated second-
ary antibodies for 1 hour and then visualized using
chemiluminescence.
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For 2D gels: The first-dimension lysates were run in the same
manner as described above with omitting DTT from the lysis
buffer. Gel strips were cut and incubated in NuPAGE sample
buffer containing 50 mM DTT for 15 min at room temperature.
After decanting the solution, gel strips were placed in an alkylating
solution containing 50 mM dimethylamine for 15 min. Last, the
strips were quenched in a solution containing 5 mM DTT and
20% ethanol before running in the second dimensional SDS-PAGE.

For immunoprecipitation assays: 150 to 250 pg of proteins were
used in the pull-down assays. One hour of incubation with 50 mM
DTT was used as a negative control for S-glutathionylated immuno-
precipitated protein.

Total GSH and PSSG measurement

Cell lysates were prepared in 100 mM potassium phosphate buffer
containing 0.6% sulfosalicylic acid, I mM EDTA, and 0.01% Triton
X-100. To measure total GSH, equal amounts of proteins were in-
cubated with 3 pM 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB)
reagent and GSH reductase (GR; 2.25 ug/ml) followed by the addi-
tion of 240 uM NADP". Kinetic absorbance was measured every
minute at 412 nm for 20 min (74). For PSSG measurement, 400
ug of protein was acetone precipitated and washed thoroughly to
remove any free GSH. Pellets were reconstituted in 100 mM potas-
sium phosphate buffer with 1 mM EDTA. Samples were then incu-
bated with 1 mM sodium borohydride (NaBH,) or water (negative
control) for 1 hour at room temperature. Metaphosphoric acid
(10%) was added to all the samples, including controls, and left
on ice for 10 min. Samples were centrifuged at 1000g for 15 min,
and 20 yl was loaded in a 96-well plate to measure PSSG using
DTNB recycling enzyme method as stated above (74).

Glutamate measurement
Glutamate in medium was measured using a BioVision kit follow-
ing the manufacturer’s protocol.

Calcein AM viability
An Invitrogen Live/Dead viability/cytotoxicity kit was used to
measure cell viability according to manufacturer’s instruction (In-
vitrogen). Data were expressed as percentage survival compared to
control untreated cells.

Real-time quantitative polymerase chain reaction

RNeasy mini columns were used to extract total RNA according to
the manufacturer’s instruction. First-strand cDNA was synthesized
using 0.5 ug of RNA and used for reverse-transcribed gene analysis
using SYBR Green. cDNA was further amplified by real-time quan-
titative polymerase chain reaction Slc7all primers. Data were nor-
malized to Actb.

Enzyme-linked immunosorbent assay

TSLP, granulocyte-macrophage colony-stimulating factor, CCL20,
and CXCL1 levels in cell culture supernatants were detected using
enzyme-linked immunosorbent assay kits according to the manu-
facturer's instructions (R&D Systems).

Molecular modeling

Our all-atom models were created from the alignment of two crystal
structures of OTUBI, with one containing the charged Ub and
UBCH5A [Protein Data Bank ID (PDBID): 2ESK] and another
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providing the second Ub in the distal site (PDBID: 416L). The thio-
ester bond between the Ub and UBCHS5A was then created by hand
in each model, and GSH was added to the corresponding cysteines
via Schrédinger’s Maestro (75). Each model was then minimized
and solvated with transferable intermolecular potential 3P
(TIP3P) water and neutralized with salt using Schrodinger’s
System Builder software (75). After equilibration, each model was
run through an initial Desmond (76) relaxation followed by simu-
lation in an NPT ensemble at 300 K for 100 ns with a recording in-
terval of 4.8 ps. Nose-Hoover thermostat and MartynaTobiasKlein
(MTK) barostat were combined with a 9-A cutoff for Coulombic
interactions. All minimization, relaxation, and production simula-
tion were done with the OPLS4 force field (77). Visual Molecular
Dynamics (VMD) and PyMOL were used for visualization and
the generation of all figures (78, 79).

CRISPR-Cas9 generation of OTUBT knockout cells
CRISPR-Cas9—mediated knockout of OTUBI in H522 cells was
generated as previously described (80, 81). Briefly, three 20-base
pair targeting OTUBI sequences were generated [single-guide
RNA 1 (sgRNA1): (forward) CAC CGG GAT GTA CGA GTA
CTT TTT G and (reverse) AAA CCA AAA AGT ACT CGT ACA
TCC C; sgRNA2: (forward) CAC CGA TCC GCA AGA CCA
GGC CTG A and (reverse) AAA CTC AGG CCT GGT CTT
GCG GAT C; and sgRNA3: (forward) CAC CGA GGC CAG
ACA GTT AAC ACC T and (reverse) AAA CAG GTG TTA ACT
GTC TGG CCT C] and transfected in H522 cells followed by flow
sorting for positively transfected cells. Only pools of cells that suc-
cessfully exhibited OTUBI knockout were propagated and used in
experiments.

Plasmids and mutagenesis

Human untagged clone of OTUBI was purchased from OriGene
(catalog no. SC108722), and site-directed mutagenesis was per-
formed with an Agilent QuickChange system using the following
primers: for C23S, 5'-catcataggccagactgttaacaccttcggagtcg-3’ and
5'-cgactccgaaggtgttaacagtctggectatgatg-3'; for C91S, 5'-ageccgata
gaaactgttgccgtcaggee-3' and 5'-ggectgacggcaacagtttctatcggget-3';
for C204S, 5'-cacctectgetggetgaactcecttgacag-3" and 5'-ctgtcaaggagtt
cagccageaggaggtg-3'; and for C2128, 5'-tcgctctecttgetcatgggetecace-
3’ and 5'-ggtggagcccatgagcaaggagagega-3'. Following site-directed
mutagenesis, OTUBI plasmid mutations were sequence verified,
and large-scale plasmid preparations were made using Qiagen En-
dofree Plasmid Maxi Kits.

Proximity ligation assay

OTUBI1 CRISPR H522 cells were platted in glass chamber slides and
transfected with SLC7A11-HA in combination with OTUB1-WT or
pCMV vector control. A Duolink proximity ligation assay (PLA) kit
was used to label the HA tag (for SLC7A11) and SLC3A2 according
to the manufacturer’s protocol. Images were obtained using the
confocal microscopy with 4’,6-diamidino-2-phenylindole nuclei
as a counter stain.

In situ PSSG staining

PSSG staining was performed as described previously (82). Briefly,
tissue sections were dewaxed, and free thiols were blocked using N-
ethylmaleimide (Thermo Fisher Scientific). GLRX switch—based re-
action mix containing GLRX, GR, GSH, NADPH, EDTA, and tris-
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HCI was then incubated with the tissue for an hour followed by la-
beling the newly reduced cysteines with 1 mM 3-(N-maleimido-
propionyl) biocytin (Sigma-Aldrich). Tissue sections were incubat-
ed with a streptavidin-conjugated fluorophore before imaging using
the confocal microscopy.

Bioinformatics/TCGA database

All TCGA data including LUAD genotype and RNA sequencing da-
tasets were downloaded from the National Cancer Institute GDC
Data Portal (Portal.gdc.cancer.gov). Before and after plots were gen-
erated with custom R scripts [R version 4.2.2 (2022-10-31)], while
OncoPrint plots were created using the ComplexHeatmap
package v.2.14.0.

Statistical analysis

Experiments presented here were repeated at least three times with n
= 3 per group (unless otherwise stated). Results are expressed as
means = SEM. Analysis and statistical differences were determined
using GraphPad Prism software (Graphpad 8.2.1) using ¢ test (for
groups of two) or one-way analysis of variance (ANOVA) with
Tukey post hoc correction test for multiple comparisons. TCGA
gene expression values in tumor versus adjacent normal are ex-
pressed as reads per kilobase of transcript per million mapped
reads. Welch two-sample ¢ test analysis was performed using base
R [R version 4.2.2 (2022-10-31)]. *P < 0.05, **P < 0.01, ***P <
0.001, and ***P < 0.0001.

Supplementary Materials
This PDF file includes:
Figs. S1 to S5
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