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Abstract

Increased xCT and transsulfuration pathway has been associated with metabolic reprogramming of colorectal cancer. However, the
correlation between these 2 events and the underlying molecular mechanism remains obscure. XCT expression was determined in
tissue microarrays of colorectal cancer. RNA sequencing and functional assays iz vitro was adopted to delineate the involvement of
transsulfuration pathway in the proper function of xCT in maintaining the chemoresistant phenotype. The synthetic lethality of
blocking xCT and the transsulfuration pathway was investigated both in vitro and in vive. The up-regulation of the transsulfuration
pathway after inhibiting xCT in colon cancer cells was evident and exogenous H,S partially reversed the loss of chemoresistance
phenotype after inhibiting xCT. Mechanistically, CTH derived H,S increased the stability of xCT through persulfidation of OTU
domain-containing ubiquitin aldehyde-binding protein 1 at cysteine 91. AOAA and Erastin resulted in synthetic lethality both in
vitro and in vivo, which was mediated through increased ferroptosis and apoptosis. Our findings suggest that a reciprocal regulation
exists between xCT and the transsulfuration pathway, which is a targetable metabolic vulnerability. Mechanistically, CTH derived H,S
increased the stability of xCT through persulfidation of OTU domain-containing ubiquitin aldehyde-binding protein 1 at cysteine

91.
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Introduction

As the second leading cause of cancer related mortality, colorectal
cancer (CRC) remains a hot field in research on targeted cancer therapy.
[1] xCT, the functional subunit of system Xc-, imports cystine which
upon its conversion to cysteine serves as a precursor for the biosynthesis

of glutathione (GSH) [2]. Increased expression of xCT has been related
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with the phenotype of chemoresistance and nutrient dependency in multiple
types of cancer [3,4]. Immunotargeting xCT with vaccine based on Bovine
Herpes virus demonstrated commendable results against breast cancer [5].
Recently, ferroptosis, a newly recognized, iron-dependent form of cell death,
has been related with inhibiting xCT in cancer cells [6,7]. Interestingly,
increased expression of Cystathionine-f-synthase (CBS), an enzymatic
component of transsulfuration pathway, was evident in cells with resistance
to ferroptosis induced by Erastin, a common used inhibitor of xCT [8].
The transsulfuration pathway together with the methionine cycle, acts as
an important source of endogenous cysteine, especially in the ablation
of xCT mediated extracellular source of cysteine [9]. CBS has also been
confirmed as an independent regulator of ferroptosis [10,11]. Cysteine,
imported by xCT, is a substrate for CBS and cystathionine-y-lyase (CTH)
in the transsulfuration pathway to produce hydrogen sulfide (H,S) [12].
Endogenous H,S, a byproduct of the transsulfuration pathway and the
third confirmed gaseous transmitter, is intimately involved in tumor cell
physiology and under delicate regulation in multiple types of cancer [13,14].
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Recently, persulfidation of cysteine residues mediated by endogenous H,S
has been reported by accumulating studies as an important post-translational
modification of proteins [15,16]. However, the interplay between xCT and
the transsulfuration pathway and the targeting value of combined blocking
of these 2 events remains elusive.

In the current study, we explored the reciprocal regulation between xCT
and the transsulfuration pathway and the involvement of this interplay
in the chemoresistance and ferroptosis of colon cancer cells. Our data
demonstrated that xCT downregulation induced decreased endogenous H,S
levels and increased expression of CTH, a major enzymatic component
of the transsulfuration pathway. Besides, endogenous H,S, derived from
the transsulfuration pathway, increased the stability of xCT through
persulfidation of OTU domain-containing ubiquitin aldehyde-binding
protein 1 (OTUBI) at cysteine 91. The reciprocal regulation between
endogenous H,S and the stability of xCT led to the investigation of the
potential of targeting these 2 events in CRC and the results revealed a
synthetic lethal effect of combining AOAA and Erastin both in vitro and in
vivo.

Materials and methods

Cell lines and culture

Human colorectal cancer cell lines (HCT-116 and HT-29) were obtained
from American Type Culture Collection and cultured in McCoy’s 5A
supplemented with 10% fetal bovine serum and antibiotics (100 U/ml
penicillin and 0.1 mg/ml streptomycin) at 37°C with 5% CO, in a
humidified atmosphere. All the cell lines were tested for mycoplasma
contamination before use and validated by short tandem repeat profiling.

Lentivirus, plasmids and siRNA transfection and selection of stable
transfection cell lines

Cells were transduced with lentiviruses containing shRNA
sequences targeting CTH and xCT (shCTH: Sigma-Aldrich SHCLNYV,
clone TRCN0000416390; shxCT: Sigma-Aldrich SHCLNYV, clone
TRCN0000043123. A non-targeting control shRNA sequence was used
as negative control. Colon cancer cells were infected at a MOI of 3 with
hexadimethrine bromide (8 pg/ml). Puromycin (4ug/ml) were added 3
d after transfection and clones with stable transfection were collected.
The plasmid pcDNA 3.1 —OTUB1 (Keapl-WT) was purchased from
Vigenebio (China). Successful point mutation of Cysteine23, Cysteine91,
Cysteine204, or Cysteine 212 to alanine was confirmed by DNA sequencing.
The expression plasmids were transfected into cells with Lipofectamine
3000 reagent (Thermofisher, USA). SiRNAs targeting CTH, OTUBI1 and
the scrambled negative control RNAs were purchased from GenePharma

(China).

Tissue microarrays and immunobistochemistry (IHC) analysis

Tissue microarrays (CO1801) containing 90 CRC cancer tissues and
paired adjacent normal tissues were purchased from US Biomax and THC
analysis of xCT was performed utilizing rabbit anti-xCT antibodies (Abcam,
UK). Another set of specimens composed of 19 paired primary CRC and liver
metastasis (LM) sites were collected and analyzed at the Peking University
First Hospital with written informed consent.

RNA extraction and real-time PCR

Total RNA isolation and ¢cDNA synthesis were performed with Trizol
(Thermofisher, USA) and RevertAid First Strand ¢cDNA Synthesis Kit

(Thermofisher, USA). Quantitative real-time PCR analysis was performed
with 7500 real-time PCR System (Applied Biosystems). RNA relative
expression was calculated as fold change using the comparative threshold cycle

(CT) method (2=24€T) with GAPDH serving as the internal control. The
primers are listed in the supplementary Table S1.

Detection of HS levels

A fluorescent probe of H,S, kindly provided by Professor Long Yi
from Beijing University of Chemical Technology, was utilized to visualize
endogenous H,S in cells and photos were taken under CarlZeiss LSM710
confocal microscope (CarlZeiss, German) [17]. H,S levels in tumor tissues
were determined as previously described [18]. Briefly, tumor tissues were
lysed and protein concentration was determined by BCA method. Lysates
were incubated with a reaction mixture containing pyridoxal-5-phosphate
(2 mM) at 37°C for 30 min. Next, trichloroacetic acid solution (10%) was
added to each sample followed by zinc acetate (1%). Then, N,N-dimethyl-
p-phenylendiamine sulfate (DPD, 20 mM) in HCI (7.2 M) and FeCl3 (30
mM) in HCI (1.2 M) were added, and the absorbance of the solutions was
measured at a wavelength of 650 nm. H,S production was plotted against a
standard curve generated by serial dilution of NaHS.

RNA sequencing

Total RNA was extracted and purified using a TRIzol reagent kit
(Thermofisher, USA) and Oligo (dT)-attached magnetic beads were used
to purified mRNA. Purified mRNA was fragmented into small pieces with
fragment buffer and the first-strand cDNA was generated in First strand
reaction system by PCR, and the second-strand cDNA was generated as well.
The reaction product was purified by magnetic beads. The cDNA fragments
with adapters were amplified by PCR, and the products were purified by
Ampure XP Beads. The library was assessed quality and quantity using the
Agilent 2100 bioanalyzer. Then, undergo DSN treatment. The DSN treated
library was assessed quality to ensure the high quality of the sequencing data
by 2 methods: checked the distribution of the fragments size using the Agilent
2100 bioanalyzer, and quantified the library using real-time quantitative PCR
(gPCR). The qualified library was amplified on cBot to generate the cluster
on the flowcell. And the amplified flowcell was sequenced single end on the

HiSeq4000 platform (BGI-Shenzhen, China).
Western blotting

Proteins extracts were analyzed by western blotting following standard
protocols with primary antibodies specific for xCT (ab37185, Abcam), CBS
(#14782, CST), CTH (#60234-1-Ig, Proteintech), MPST (sc-376168, Santa
cruz), GAPDH (#5174, CST), OTUBI (#3783, CST), CD44s (ab185924,
Abcam), PARP (#9532, CST), Cleaved PARP (#5625, CST), Caspase 3
(#9662, CST) and Cleaved Caspase 3 (#9664, CST). Images were collected
utilizing Syngene GeneGenius gel imaging system (Syngene, UK) following
the manufacturer’s instructions.

Immunoprecipitation (IP)

IP was performed with xCT antibodies (ab37185, Abcam) and Pierce
Protein A/G Magnetic Beads following the manufacturer’s recommendations.
Briefly, 50 ul of magnetic beads was incubated with control or xCT
antibodies (1ug) overnight at 4°C with constant rotation. Cell lysates were
incubated with antibody-conjugated beads for an additional 12 h. After
incubation, beads were washed and the precipitated proteins were eluted
with loading buffer and boiled for 10 min at 99°C. The supernatants
were subjected to SDS-PAGE followed by immunoblotting with specific
antibodies.
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Colony formation assays (CFA)

Forty-eight hours after transfection with siRNAs, cells were seeded into 6-
well plates at density of 1000 cells per well and incubated with indicated doses
of 5- fluorouracil (5-FU) for 2 wk. After fixation with 4% formaldehyde,
cells were stained with 0.05% crystal violet for 2 min at room temperature,
followed by washing with PBS and drying.

Cell viability assays

Cellular activity was tested by the CCK-8 assay (Beyotime, China).
Briefly, 5000 cells were added to each well of a 96-well plate (Corning,
USA). Cells were treated with gradient concentrations of 5-FU, AOAA, SAS,
or Erastin for 48 h and the IC50 values of corresponding reagents were
measured. Combination index was calculated with Chou-Talalay method as
described previously [19].

Cycloheximide chase assays

Cycloheximide chase assays were performed as described previously [20].
Briefly, 48 h after transfection with siRNAs or 24 h after pretreatment with
AOAA and Erastin, cells were treated with 30pug/ml cycloheximide (#66-81-
9, Sigma-Aldrich) for indicated times and lysed for immunoblotting analysis.

Modified Biotin switch assay of persulfidation

A modified biotin switch assay was performed utilizing a biotin
switch assay kit (ab236207, Abcam) with little modifications [21]. Briefly,
cell or tissue samples were homogenized in HEN buffer (250 mM
HEPES-NaOH [pH 7.7] supplemented with 1 mM EDTA and 0.1 mM
neocuproine) containing 150 uM deferoxamine, 1% Nonidet-P40 (NP-
40), and protease/phosphatase inhibitors. The homogenized samples were
sonicated and centrifuged at 13000 x g for 20 min at 4°C. The lysates were
added to HEN buffer supplemented with 2.5% SDS and 20 mM methyl
methanethiosulfonate (MMTS). The samples were frequently shaken at 50°C
for 30 min. Then, the MMTS was removed by adding acetone and the
samples were precipitated at -20°C for 1 h. The pellets were suspended in
HEN buffer containing 1% SDS and 4 mM biotin-HPDP. After 3 h of
incubation at 25°C, the proteins were purified with acetone. Finally, the
proteins were dissolved in solution buffer, purified with streptavidin—agarose
beads and subjected to western blotting with an anti-OTUBI1 antibody
(#3783, CST). Cells treated by dithiothreitol (DTT) (I mmol/L) served as

negative control group.

Immunofluorescence (IF)

Cells cultured on coverslips were rinsed with PBS and fixed by 100%
acetone at -20°C for 1 min. Coverslips were then rinsed in PBS followed
by blocking with 1% bovine serum albumin for 2 h at room temperature.
Subsequently, coverslips were incubated with 5pug/mL rabbit monoclonal
anti-xCT antibody (ab37185, Abcam) overnight at 4°C. After being washed
with PBS, coverslips were incubated with goat anti-rabbit immunoglobulin
conjugated to Alexa488 (1:300 dilutions; #A-11034, Thermofisher) in 1%
bovine serum albumin for 1 h at room temperature. After being washed with
PBS, coverslips were mounted using ProLongTM Gold Antifade Mountant
with DAPI reagent (P36935, Thermofisher) and stored at 4°C in dark
until analyzed. The fluorescence was visualized under LSM710 confocal
microscope (Carl Zeiss).

Tumorigenesz’: in nude mice

This study has been approved by the institute review board at Peking
University First Hospital (No. 202030) and performed in accordance with
the Helsinki Declaration. Male BALB/c nude mice (3 wk old) were purchased
from Vital River (Beijing, China) and raised in the containment unit of the
Laboratory Animal Center at the Peking University First Hospital. Mice were
allowed to adapt to the environment for 1 wk before any treatment. HCT-
116 cells (10° cells/mouse, 0.2 ml DMEM) were subcutaneously injected
into the flank fat pads of 4-wk-old male nude mice. Five days later when the
xenografts were palpable, mice were randomly assigned to 1 of 4 groups and
subjected to IP injection: control (PBS), AOAA (5 mg/kg in PBS, 5 d per
wk), Erastin (10 mg/kg in PBS, 5 d per wk), and Erastin4+-AOAA. Tumor
volume was monitored every 3 d according to the following formula: tumor
volume (mm?®) = 47 xyz/3, where 2x, 2y, and 2z represent 3 perpendicular
diameters of the tumor. After 30 d, mice were anaesthetized with diethyl ether
and sacrificed by cervical dislocation and xenografts were harvested.

GSH assays

The reduced GSH concentration in cell lysates was measured by using the
Reduced Glutathione (GSH) Assay kit (#K464-100, BioVision) following
the manufacturer’s instructions. The results were normalized to total protein
concentrations.

Malondialdehyde (MDA) assays

The MDA concentration in tumor tissues was measured by using
the Lipid Peroxidation (MDA) Assay Kit (Colorimetric/Fluorometric)
(ab118970, Abcam) following the manufacturer’s recommendations. The
results were normalized to total protein concentrations.

Statistical analysis

All the data are presented as means with their standard error of the mean
(means + SEM). Analyses were performed by using GraphPad Prism Software
8.0 (San Diego, CA, USA). Student # test were used for 2 groups, and One-
way ANOVA was applied for comparing more than 2 groups. A P < 0.05
was used to indicate statistical significance.

Results

Increased expression of xCT and the up-regulation of the
transsulfuration pathway after inhibiting xCT in colon cancer cells

A tissue microarray composed of 90 CRC tissues and paired adjacent
normal tissues was initially utilized to analyze the expression of xCT and the
results indicated a significantly increased expression of xCT in CRC tissues
(Fig. 1A). THC analysis of samples collected from 19 primary CRC tissues
and paired LM sites further indicated an increased expression of xCT in the
LM sites, indicating a potential role of xCT in the process of LM (Fig. 1B).
Colon cancer cell lines with acquired resistance to 5-FU were developed from
parental HT-29 and HCT-116 cell lines by increasing doses of exposure and
the overexpression of xCT in both protein and mRNA levels were evident in
cell lines with acquired resistance to 5-FU (Fig. 1C). Considering the role of
intracellular cysteine, imported by xCT, as a major source of synthesis of H,S,
we propose that xCT might be involved in the regulation of endogenous H,S
levels. Not surprisingly, we observed significantly increased H,S levels in both
5-FU resistant cell lines (Fig. 1D). Analysis of TCGA database also revealed
increased expression of xCT mRNA in colon cancer tissues and increased
expression of xCT together with another subunit of system Xc-, SLC3A1, was
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Fig. 1. Increased expression of xCT in CRC and 5-FU resistance. (A) IHC analysis of xCT expression in tissue microarray composed of 90 CRC and paired
adjacent normal tissues. (B) Representative images and results of IHC analysis of xCT expression in 19 paired primary and LM sites. (C) Immunoblot and
mRNA results showing increased expression of xCT in 5-FU resistant cells. (D) H,S fluorescent probe indicating increased H,S levels in 5-FU resistant
cells. (E) GEPIA online analysis showing significantly higher expression of xCT was observed in tumor patients (N =275) compared with healthy controls
(N = 349) in TCGA database. (F) High expression of xCT together with SLC3A2 is associated with a decrease in overall survival in CRC patients. (G) Leading
upregulated genes after xCT knockdown in HCT-116 cells. (H) and (I) Quantitative real-time PCR and immunoblot images showing increased CBS and
CTH levels in HCT-116 cells with xCT knockdown. J, H,S fluorescent probe indicating decreased H,S levels in HCT-116 cells with xCT knockdown. (*P
< 0.05,** P < 0.01)
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related with worse prognosis in CRC (Fig. 1E and F). HCT-116 cell lines with
stably decreased expression of xCT was constructed with shtRNA and RNA
sequencing was further performed to investigate the role of xCT in CRC.
Surprisingly, CTH, the rate-limiting enzyme in the transsulfuration pathway
as well as a major producer of H, S, was among the leading up-regulated genes
in cells with decreased expression of xCT (Fig. 1G). We further analyzed the
expression of CBS, CTH and MPST, which were the producers of H,S in
colon cancer cell lines, and the results revealed increased expression of both
CBS and CTH, not MPST, in both protein and mRNA levels after inhibiting
xCT in HCT-116 cell lines (Figs 1H and I). CBS and CTH are the enzymatic
components of transsulfuration pathway with H,S as a byproduct of this
process. A H,S fluorescent probe was adopted to investigate the intracellular
H,S levels and the results indicated decreased H,S levels after inhibiting xCT
in HCT-116 cells (Fig. 1J). Considering the pivotal role of both xCT and
transsulfuration pathway in the metabolism of cancer cells, we set out to
investigate the correlation and targetable potential between these 2 events.

xCT regulates endogenous HS levels and CTH-H,S axis stabilizes xCT

SiRNAs were utilized to inhibit the expression of xCT or CTH in colon
cancer cell lines and their efficacy was validated by western blotting (Fig. 2A).
CFA assays indicated that both xCT and CTH contributed to the phenotype
of 5-FU resistance in colon cancer cells, which was also in accordance with
IC50 assays (Figs. 2B and C). xCT and transsulfuration pathway were 2 major
sources of cysteine, which was the limiting precursor in the synthesis of GSH
[22]. Indeed, both inhibiting xCT and CTH decreased GSH levels (Fig 2D).
We further tested H, S levels, a byproduct of transsulfuration pathway, and the
results indicated decreased endogenous H,S after inhibiting xCT and CTH
(Fig. 2E). These results reveal a regulatory effect of both xCT and CTH
on the endogenous H,S levels. We further set out to investigate the effect
of H,S on the attenuation of 5-FU resistance induced by xCT inhibition.
Surprisingly, GYY4137, a slow releasing donor of H,S [23], saved the 5-FU
resistant phenotype from xCT inhibition, demonstrating a functional role of
H,S in the cancer-promoting effect of xCT (Figs. 2F and G). GYY4137 also
significantly alleviated the decreased GSH values induced by interfering xCT
(Fig. 2H). We further tested the effect of the CTH-H,S axis on the expression
of xCT and the results indicated that CTH inhibition induced decreased
levels of xCT protein, which was ameliorated by GYY4137 (Fig. 2I). What’s
more intriguing was that neither inhibiting CTH with siRNA nor GYY4137
exerted an effect on xCT mRNA levels (Fig. 2]). These results indicated that
CTH-H,S axis might regulate the xCT levels in post-translational levels.

CTH derived H,S persulfidates OTUBI at cysteine 91 to regulate its
binding with xCT

Cyclohexamide chase assay is a classical method for detecting protein
stabilization and the results indicated that inhibiting CTH dramatically
decreased the stability of xCT in HCT-116 cells, which was ameliorated
by GYY4137 (Fig. 3A). These results indicated that a reciprocal regulation
between xCT and CTH-H,S axis might exist. Persulfidation of specific
cysteine residues has been reported to be a wide spread modification of
proteins mediated by H,S [24]. OTUBI, a deubiquitinase, has been reported
to be involved in the regulation of xCT stability by directly conjugating
with xCT and CD44s [25]. The amino acid sequence data of OTUBI1 was
obtained from Uniprot and 4 cysteine residues (C23, C91, C204, C212),
which might be targets for persulfidation mediated by H,S, were identified.
We further adopted the modified biotin-switch assays to investigate the
persulfidation of OTUBI and the results indicated that inhibiting CTH
with siRNA decreased the persulfidation of OTUBI, which was ameliorated
by GYY4137 (Fig. 3B). IPs with xCT antibodies were further performed
to investigate the regulatory effect of persulfidation of OTUBI on its
conjunction with xCT and the results indicated that inhibiting CTH

decreased the conjunction of OTUBI with xCT and CD44s as well as
decreased the protein levels of xCT, which was ameliorated by GYY4137
(Fig. 3C). The results of IF of xCT was in accordance with IP and western
blotting, further indicating the regulatory role of CTH-H,S on the steady
state levels of xCT (Fig. 3D). To delineate the essential cysteine residues for
the regulatory effect of H,S on the conjunction of OTUBI with xCT, we
further constructed OTUBI expressing plasmids with point mutation from
cysteine to alanine (C23A, C91A, C204A and C212A). Biotin switch assays
indicated that none of these plasmid alone could abrogate the persulfidation
of OTUBI1 mediated by H,S, indicating that H,S persulfidates OTUBI at
multiple cysteine residues (Fig. 3E). Small interfering RNAs targeting the
3’UTR region of OTUB1 mRNA was constructed to rule out the influence
of endogenous OTUBI, while at the same time retaining the expression of
exogenous OTUBLI expressing plasmids. Biotin switch assays following co-
transfection suggested that C91A, instead of other 3 plasmids, abrogated
the increase of xCT levels induced by GYY4137 (Fig. 3F). GYY4137
induced increased conjunction of OTUB1 with xCT in cells transfected with
OTUBI1siRNA and OTUB1 C23A expressing plasmids (Fig. 3G). However,
C91A expressing plasmids abrogated the increased conjunction of OTUBI
with xCT and CD44s induced by GYY4137 (Fig. 3H). Together, these results
indicated that endogenous H,S could increase the binding of OTUB1 with
xCT by persulfidating OTUBI at cysteine 91 to regulate the stability of xCT.

Synthetic lethality of blocking xCT and transsulfuration pathway in

colon cancer cells

The reciprocal regulation between xCT stability and transsulfuration
derived H, S led us to investigate the potential of targeting these 2 events at the
same time. AOAA, an inhibitor of pyridoxal phosphate -6 dependent enzymes
including both CBS and CTH, was adopted to targeting the transsulfuration
pathway [26]. Both sulfasalazine (SAS) and Erastin were adopted to targeting
the activity of xCT. Synergistic effect of AOAA with both SAS and Erastin
was noticed in inhibiting the viability of both HCT-116 and HT-29 cells,
with more pronounced effect of combing AOAA and Erastin, featured by
smaller combination indexes (Figs. 4A and B). The combination of AOAA
and Erastin was adopted in the following assays. The results indicated that
combing AOAA and Erastin significantly exaggerated the decreased GSH
levels as well as increased expression of PTGS2 and MDA levels, which were
widely accepted markers of ferroptosis (Figs 4C, D and E). Elevated cleavage
of both PARP and Caspase 3 indicated that increased apoptosis might also
be involved in the synthetic lethality induced by this combination (Fig 4F).
The results of IF validated further decreased xCT and endogenous H,S levels
induced by this combination (Figs 4G and H). This combination resulted
in further decreased persulfidation of OTUB1 compared with either AOAA
or Erastin alone (Fig. 4I). Besides, IPs indicated decreased levels of xCT
and decreased conjunction between OTUBI and xCT after incubation with
this combination (Fig. 4]). Cyclohexamide chase assays revealed drastically
decreased stability of xCT following incubation with this combination
(Fig. 4K). Together, these results indicated the synthetic lethality of targeting
xCT and the transsulfuration pathway through adopting AOAA and Erastin
in colon cancer cells.

In vivo validation of H,S mediated persulfidation of OTUBI and
synthetic lethality

Subcutaneous tumor growth assays were performed after inhibiting the
expression of CTH (Fig. 5A). Decreased growth rate was noticed in cells
with stably decreased expression of CTH (Fig. 5B). IHC analysis indicated
decreased expression of xCT and inhibited proliferation marker proliferating
cell nuclear antigen (PCNA) intensity in shCTH tumors (Fig. 5C). Decreased
H,S levels and decreased persulfidation of OTUBI was evident in shCTH
groups (Figs. 5D and E). Besides, inhibiting CTH resulted in decreased
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fluorescent probe indicating decreased H,S levels in both cell lines after inhibiting xCT or CTH. (F) GYY4137 saved the attenuated clonogenicity in both
cell lines after inhibiting xCT. (G) and (H) GYY4137 saved the decreased IC50 of 5-FU and GSH values after inhibiting xCT in both cell lines. (I) GYY4137
promoted the attenuated levels of xCT after inhibiting CTH expression with siRNAs. (J) Quantitative real-time PCR showing no effect of either inhibiting
CTH or GYY4137 on xCT mRNA levels. (* P < 0.05 vs negative control [NC], #P < 0.05 vs xCT siRNA groups)
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Fig. 3. H,S improves the stability of xCT through persulfidation of OTUBI at cysteine 91. (A) Cycloheximide chase assays showing decreased stability of
xCT after inhibiting xCT, which was ameliorated by 500uMGYY4137 (* P < 0.05 vs CTH siRNA). (B) Modified biotin switch assays showing decreased
persulfidation of OTUBL after inhibiting xCT, which was ameliorated by GYY4137. (C) Immunoblots following IP showing decreased expression of xCT and
decreased conjunction between xCT and OTUBI after inhibiting CTH in HCT-116 cells, which was ameliorated by GYY4137. (D) IF of xCT indicating
decreased xCT expression after inhibiting xCT, which was ameliorated by GYY4137. (E) Modified biotin switch assays showing no effect of these expressing
plasmids on the persulfidation mediated by GYY4137 in HCT-116 cells, dithiothreitol (DTT) treated samples served as negative controls. (F) Immunoblots
showing that OTUB1 C91A expressing plasmids abrogated the increased xCT levels induced by GYY4137 in HTC-116 cells transfected with exogenous
OTUBI expressing plasmids and OTUBI1 siRNAs. (G) Immunoblots after IP showing no effect of OTUB1 C23A plasmids on the increased persulfidation
and increased conjunction between OTUBI and xCT induced by GYY4137. (H) OTUB1 C91A plasmids abrogated the increased persulfidation and increased
conjunction between OTUBI and xCT induced by GYY4137.



468 Endogenous hydrogen sulfide regulates xCT stability through persulfidation of 0TUB1 at cysteine 91 in colon cancer cells

Neoplasia Vol. 23, No. xxx 2021

S. Chen et al.

A HCT-116

120 © AOAA+SAS
I 4 AOAA
_ 90 4 SAS
&
©
? 60
X
8 *
30 *
*
T T T T 1
0 200 400 600 800 1000
Doses(pM)
B HCT-116
120

4% AOAA
-® AOAA+Erastin

CCK-8(%)
g

HT-29
@ AOAA+SAS

4 AOAA
- SAS

T T T
0 200 400 600 800 1000

Doses(uM)
HT-29
1207
4% AOAA
g @ AOAA+Erastin
803
S
o
¥ 60
(3] *
o
304

* *

T T T T 1
0 200 400 600 800 1000

Doses(uM)
C = NC
80 Em Erastin
AOAA
= in+
'.5, 60 BN ErastintAOAA
3 x %
é;m T .
£ # T
T2 #
0
HTC-116 HT-29
F AOAA - - %
Erastin
PARP ‘— — —
Cleaved —_— —_ -‘
PARP

GAPDH -— e —

AOAA  — -+ 4+

Erastin - + - +

oTuBL-SSH E

AOAA = - + +

Erastin  — + - +

coass | (N N N

P OTUB1  w—

KT - w— —v—

omized
coass Wi D in

xCT W —

Input
OTUB] ™ e GHENS S

GAPDH | il WD wNEw s

D

30

PTGS2 mRNA levels
Fold by Realtime PCR

HCT-116

()

0 T T T T 1
0 200 400 600 800 1000

Doses(pM)
E
mm NC
Bl Erastin
AOAA
Em Erastin+tAOAA

#

HT-29

Control Erastin

o .. comml. .
C 3
aspase AGHE AOAA
Cleaved
Caspase 3

AOAA
Erastin

Chx

xCT

GAPDH

xCT level
(Relative to base line)

1.07 ® HCT-116
£ 0.8 B HT-29
|73
5 os

CI=0.822

0.4
8
O 0, ]

o 02 Cl=0.646

0.0 0.2 0.4 0.6 0.8 1.0

FIC50 of AOAA
1.09 @ HCT-116
£ 0.8 H HT-29
8
g 0.6
k]
o 0.4
n ]
202{ cr0536®

CI=0.591

0. T T T d
0.0 0.2 0.4 0.6 0.8 1.0

FIC50 of AOAA

= NC

mm Erastin
AOCAA

B ErastintAOAA

#

N
S

@

MDA
(nmol/mg protein)
a 3

o

HCT-116 HT-29

Control Erastin

= - - + + +
- - - + + +
0 8 16 0 8 16 h
S Ga— c—— —
—mm anld SNy | | quume GEND SN
125 -@- Control
- Erastin+tAOAA
100
75
50
25
0 T T 1
0 8 16
Hours

Fig. 4. Synthetic lethality of combing AOAA with SAS or Erastin. (A) CCK-8 assays showing increased lethality induced by AOAA+-SAS compared with either
alone in HCT-116 and HT-29 cells and isobologram indicating a synergistic effect of AOAA+SAS in both cell lines. In left middle panels, x axis indicated
doses used for both AOAA and SAS. (*P < 0.05 vs cither alone). (B) CCK-8 assays showing increased lethality induced by AOAA+Erastin compared with
either alone in HCT-116 and HT-29 cells and isobologram indicating a synergistic effect of AOAA+Erastin in both cell lines. In left and middle panels, x
axis indicated doses used for AOAA with Erastin at a fixed dose (54M for both cell lines). (*P < 0.05 vs either alone). (C) Combining Erastin and AOAA
induced further decreased intracellular GSH levels in both cell lines. (D) Quantitative real-time PCR showing that combining Erastin and AOAA induced
further increased PTGS2 mRNA levels in both cell lines. (E) Combining Erastin and AOAA induced further increased MDA levels in both cell lines. (* P
< 0.05 vs negative control[NC], #P < 0.05 vs either AOAA or Erastin alone groups). (F) Immunoblots showing increased cleavage of PARP and Caspase 3
after combing AOAA and Erastin in HCT-116 cells. (G) IF showing drastically deceased intensity of xCT after combining AOAA and Erastin in HCT-116
cells. (H) Further decreased H,S levels in HCT-116 cells treated with the combination of AOAA and Erastin. (I) Modified biotin switch assays indicating
decreased persulfidation induced by AOAA and Erastin alone and further decreased persulfidation induced by combination. (]) Immunoblots following IP
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Fig. 5. Inhibiting CTH decreases xCT stability in vivo. (A) Immunoblots showing decreased CTH expression in HCT-116 shCTH cells. (B) Mice injected
with shCTH cell lines exhibited decreased tumor volume compared with control animals injected with HCT-116 cell lines transfected with negative control
plasmids. (C) IHC images showing decreased xCT and Ki67 intensity in shCTH tumors. (D) Decreased H,S levels in shCTH tumors. (E) Modified biotin
switch assays showing decreased persulfidation of OTUBI in shCTH tumors. (F) Immunoblots following IP showing decreased xCT levels and decreased
conjunction between OTUB1 and xCT in shCTH tumors. (G) Decreased GSH levels in shCTH tumors. (H) Quantitative real-time PCR showing increased

PTGS2 mRNA levels in shCTH tumors. (*2 < 0.05 vs Control).

xCT levels and decreased conjunction between xCT and OTUBI (Fig. 5F).
Decreased GSH levels and increased ferroptosis, featured by increased mRNA
levels of PTGS2 (Figs 5G and H) was validated in shCTH groups.

The synthetic lethality of combining AOAA and Erastin was further
validated iz vivo. The results indicated that this combination resulted in
significant inhibition of tumor growth (Fig. 6A), as well as a further decreased
H,S levels and persulfidation of OTUBI (Fig. 6B and C). Reduced xCT
levels and decreased conjunction of OTUB1 with xCT was also evident
in the group of combination (Fig. 6D). This combination also resulted in
significantly increased ferroptosis, featured by increased mRNA levels of
PTGS and increased MDA levels (Fig. 6E and F).

Discussion

xCT, aka SLC7AL11, is the functional subunit of system Xc-, a cysteine-
glutamate antiporter, which provides substrate for synthesis of GSH [27].
Increased expression of xCT has been validated in multiple types of cancer
including CRC [28,29]. Accumulating studies have recognized xCT as a

critical nexus of linking anti-oxidation and metabolic reprogramming of
cancer cells [30]. Very recently, a close relationship between xCT and
ferroptosis, a newly recognized, iron-dependent form of cell death, has been
revealed [31]. Suppression of xCT was a major contributor to ferroptotic cell
death induced by both radiotherapy and immunotherapy [32]. The proper
function of the tumor suppressor molecule p53 also relied on inhibiting
xCT [33]. However, despite the fact of increased xCT levels in CRC and
multiple mechanisms revealed underlying the inhibition of xCT potentiated
by therapeutic approaches and tumor suppressor genes, the mechanisms
maintaining the elevated xCT levels in tumor cells especially in the challenge
of treatment remain largely elusive. We observed that xCT was overexpressed
in CRC and further increased expression was illustrated in LM and cell lines
with resistance to 5-FU. Interfering xCT resulted in increased expression
of CTH and CBS, which were major components of the transsulfuration
pathway. Besides, interfering xCT significantly decreased endogenous H,S
levels. While, supplementation of H,S with GYY4137 saved the loss of
resistance to 5-FU induced by xCT interfering, demonstrating a functional
role of H,S in mediating the effect of xCT in maintaining chemoresistance.
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Fig. 6. Synthetic lethality and regulation of xCT stability of H,S mediated persulfidation of OTUB1 iz vivo. (A) Combined treatment with AOAA and Erastin
resulted in further decreased tumor volume compared with either alone. (**P < 0.01) (B) Combination of AOAA and Erastin induced further decreased H,S
levels in tumors. (*P < 0.05 vs Control, #P < 0.05 vs either Erastin or AOAA alone). (C) Combination induced further decreased persulfidation of OTUBI in
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further increased PTGS2 mRNA and MDA levels in tumors. (*P < 0.05 vs Control, #P < 0.05 vs either Erastin or AOAA alone). (G) Schematic diagram
showing reciprocal regulation between xCT stability and the transsulfuration pathway before and after combined blocking with AOAA and Erastin.
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Strikingly, CTH-H,S increased the steady state xCT protein levels without
significant influence on xCT mRNA levels. These results led us to investigate
the potential post-translational regulatory effect of H,S on xCT levels.

Persulfidation of specific cysteine residues has been involved in the post-
translational modification of multiple proteins mediated by endogenous H,S.
Both enhancement and attenuation of the function of proteins could be
resulted by persulfidation in a context specific manner [34,35]. Modified
biotin switch assays were widely adopted to detect the persulfidation levels
of proteins utilizing specific antibodies [36]. OTUBI is a deubiquitinating
enzyme that promotes protein stabilization through unconventional
mechanisms [37,38]. Recent studies revealed that overexpressed OTUB1
promotes tumor development by stabilizing xCT through direct conjunction
[24]. We investigated the potential regulation of OTUBI persulfidation
mediated by CTH-H,S axis. Intriguingly, persulfidation of OTUBI and its
conjunction with xCT was closely related with endogenous H,S levels. To
delineate the cysteine residue accounted for the effect of H,S on the binding
of OTUBI with xCT. OTUBI expressing plasmids with point mutations
from cysteine to alanine were constructed respectively in correspondence
to the 4 cysteine residues (C23, C91, C204, C212) in OTUBI amino
acid sequence. The results indicated that neither one of these mutations
abrogated the persulfidation of OTUBI exerted by H,S. However, C91A
plasmids abrogated the increased xCT levels induced by H,S. Besides,
C91A also prevented the increased conjunction between OTUBI and xCT
potentiated by H,S. Previous studies suggested that point mutation in C91
to alanine fully retains the ability of OTUBI to stabilize the target proteins
including xCT, which ruled out the influence of the potential change of
OTUBI function caused by this point mutation [24,39]. Together, these
results indicated that CTH-H,S axis maintains the stability of xCT through
persulfidation of OTUBI at cysteine 91.

Ferroptosis is a newly recognized form of cell death, feature by lipid
peroxidation, which has been related with the therapeutic effects and
mechanism of radiation, chemotherapeutic reagents and most importantly
checkpoint inhibitors based immune therapy [40—42]. Both transsulfuration
pathway and xCT have been confirmed to be regulators of ferroptosis in
cancer cells, mainly through providing cysteine as substrates for the synthesis
of GSH, the dominant antioxidants [7,10]. Based on the previous reports
and our results, we set out to investigate the potential of combine blocking
of xCT and the transsulfuration pathway. Interestingly, synergistic effect was
revealed between AOAA, an inhibitor of CBS and CTH, with SAS and
Erastin in inhibiting the viability of colon cancer cells. The combination of
AOAA and Erastin resulted in further decreased intracellular GSH levels and
consequently increased ferroptosis, characterized by increased PTGS2 mRNA
levels and MDA, the end product of lipid oxidation [43,44]. Considering the
central role of reactive oxygen species in inducing apoptosis in canner cells,
we further analyzed apoptosis induced by this combination and found that
increased apoptosis also contributed to the synthetic lethality induced by this
combination [45]. Besides, further decreased xCT levels and endogenous H, S
levels were induced by this combination. Together, these results suggested
that the decreased persulfidation of OTUBL resulting from the inhibited H,S
levels led to drastically decreased stabilization of xCT protein levels through
attenuation of its binding with xCT.

Finally, we set out to investigate the persulfidation of OTUBI and
the synthetic lethality of combing AOAA and Erastin in wvive. The
results indicated that inhibiting CTH expression significantly truncated
the proliferation of tumor xenografts. Decreased expression of xCT and
persulfidation of OTUBI was evident in shCTH tumors. Besides, inhibiting
CTH resulted in decreased tumor derived H,S as well as intracellular GSH
levels, accompanied by increased ferroptosis, featured by increased PTGS2
mRNA levels. Xenograft models further supported the synthetic lethality of
combining AOAA and Erastin. The decreased xCT levels and persulfidation
mediated regulation of OTUBI binding with xCT was also validated

in vivo.

Our present study revealed a reciprocal regulation between xCT and
the endogenous H,S derived from the transsulfuration pathway. Cystine,
imported by xCT, provided substrate for the production of H,S through
the transsulfuration pathway, which was composed of rate limiting enzymes
including CBS and CTH [46]. On the other hand, the transsulfuration
pathway-H,S axis (mainly CTH-H,S axis) stabilized the xCT through
persulfidation of OTUBI. This reciprocal regulation created a targetable
vulnerability in the metabolic reprogramming of cancer. Indeed, combining
AOAA and Erastin induced synthetic lethality in colon cancer cells,
accompanied with increased ferroptosis and apoptosis elicited by intracellular
oxidation crisis created by this combination.

Overall, our findings suggest that a reciprocal regulation exists between
xCT and endogenous H,S levels. H,S maintains the stability of xCT via
persulfidation of OTUBLI at Cysteine 91. Combined blocking with AOAA
and Erastin resulted in synthetic lethality which was mediated mainly through
induction of ferroptosis (Fig. 6G).
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