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Abstract

Cysteine, a thiol-containing amino acid, is critical for the synthesis of sulfur-containing
biomolecules that control multiple essential cellular activities. Altered cysteine metabolism has
been linked to numerous driver oncoproteins and tumor suppressors, and to malignant traits

in cancer. Cysteine can be acquired from extracellular sources or synthesized de novo via the
transsulfuration (TSS) pathway. Limited availability of cystine in tumor interstitial fluids raises
the possible dependency on de novo cysteine synthesis via TSS. However, the contribution of
TSS to cancer metabolism remains highly contentious. Based on recent findings, we provide new
perspectives on this critical but understudied metabolic pathway in cancer.
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CELLULAR FUNCTIONS OF CYSTEINE AND ITS CRITICAL ROLE IN
CANCER

Over the past decade, research in cysteine metabolism has skyrocketed. As described in this
review, cysteine has a myriad of cellular functions, including critical roles in cancer cells.

Therefore understanding how cells maintain their cysteine pools, either through uptake from
the environment or de novo synthesis through the TSS pathway is key for understanding the
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many functions of this perplexing amino acid. Although most studies in cancer cells have
focused on cysteine replenishment by extracellular uptake of its oxidized dipeptide, cystine,
recent studies point to de novo cysteine synthesis via TSS as an additional mechanism

to retain critical cysteine pools. However, the role of the TSS in cancer cells remains
contentious due to a paucity of definitive supportive experimental data. One emerging view
is that TSS may have a transient and context-specific role in cancer cell survival and
behavior during intermittent periods of extracellular cystine depletion, such in harsh tumor
microenvironments. Together, this calls for a reappraisal of the role of the TSS pathway in
cancer. In this review, we provide new perspectives on the biology of the TSS pathway and
its regulation, and how this might be exploited by transformed cells.

Apart from being a proteogenic amino acid, thiol-containing cysteine is indispensable for
synthesis of essential metabolites involved in a myriad of biological processes (Figure 1).
Cysteine supplies sulfur for biosynthesis of iron-sulfur (FeS) clusters [1] and coenzyme A
(CoA) [2-3], both essential for metabolic enzymes in anabolic and catabolic pathways [1-
3]. Cysteine is also a component of the Cys-Gly-Pro-Cys motif of thioredoxins that maintain
protein dithiol/disulfide balance across all kingdoms [4-5]. Cysteine is rate-limiting for
production of glutathione (GSH), a prominent antioxidant in mammalian cells [1,6-7].
Mitochondrial GSH import is essential for activity of FeS cluster proteins and mitochondrial
mRNA translation [8]. GSH dysregulation contributes to many pathological conditions,
including neurodegenerative disorders, anemia, aberrant aging, and cancer initiation and
progression [7-8]. Cysteine is also a pivotal regulator of ferroptosis, a form of iron-
dependent programmed cell death triggered by lipid peroxidation, involved in both health
and pathological conditions [9-11], and GSH is a co-factor for the lipid hydroperoxidase,
GPX4, which limits ferroptosis [10-11]. Therefore, despite being a conditionally essential
amino acid, cysteine is vital for a plethora of pathophysiological processes (Figure 1).

Enhanced interest in cysteine metabolism in cancer emanates from landmark discoveries
over the past 5-10 years that causally connect oxidative stress and/or GSH biogenesis

with cancer biology, including cancer cell stemness [12], anchorage-independent growth
[13-14], oncogenesis [15-16], ferroptosis [9,17-18], and metastatic dissemination [19-20].
Several studies have identified augmented uptake of cystine (the oxidized cysteine dimer) in
cancer [21-25], directly linking this process to the oncogenic/tumor suppressive functions of
oncoproteins such as mutant KRAS and EWS-FLI1, and tumor suppressors such as p53 and
BAP1 [21-23,25], as described in Box 1.

HOW CANCER CELLS COPE WITH DIMINISHED EXTRACELLULAR
CYSTINE SUPPLY

Despite enhanced cysteine requirements in many cancers, an unresolved question is, what
happens when the extracellular supply chain of cystine is diminished? Cystine levels in
plasma and in particular tumor interstitial fluids are limited compared to many other
amino acids [29-31]. Moreover, cystine uptake via the cystine/glutamate antiporter XCT,
a predominant route for cystine acquisition (see Box 1), reduces intracellular glutamate
pools and increases NADPH consumption for cystine-to-cysteine reduction, which can
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induce redox crisis and metabolic vulnerabilities in cancer cells [27,31-35]. Alternative
pathways for cysteine acquisition in tumor cells are known, such as cysteine salvage from
GSH degradation, macropinocytosis and protein scavenging, and de novo cysteine synthesis
via the TSS pathway [6]. However, cysteine is one of the least abundant amino acid in
proteins due to its high reactivity [36], and therefore proteins may not be a major cysteine
source. Although extracellular GSH degradation is an important source of cysteine during
organismal development, it represents a small fraction of available extracellular cysteine [6],
and its long-term role is unclear in cancer. Similarly, cysteine scavenging from intracellular
GSH degradation is likely unsustainable because GSH is essential for redox homeostasis
[1,6-7] and for mitochondrial function via FeS clusters [8]. The TSS pathway is largely
understudied in cancer, and its importance is still under considerable debate. Recent studies
point to activation of this pathway in specific cancers, and demonstrate its importance
during tumor progression through enhanced de novo cysteine synthesis. New studies have
also identified novel rate-limiting factors for TSS in cancer, and the activity or availability
of these factors may underlie the contrasting roles of TSS in different cancers. Moreover,
multiple GSH-independent cytoprotective mechanisms under cyst(e)ine starvation involving
TSS have been uncovered. Together, these findings call for a reappraisal of the role of the
TSS pathway in cancer.

THE TSS PATHWAY

Basic biology and functions of the TSS pathway

The TSS pathway is essential for de novo cysteine synthesis in normal cells. For
example, TSS is a major source of cysteine in astrocytes [37], and ~half of cysteine
molecules used for GSH production are generated through TSS in hepatic cells [38]. In
genetically engineered mice with liver-specific ablation of Thioredoxin reductase-1 ( 7xnrdl)
and Glutathione reductase (Gsr), major downstream effectors of NADPH that support
antioxidant pathways, methionine-fueled TSS activity can adequately supply cysteine
precursors for GSH synthesis, thereby sustaining cytosolic redox homeostasis [39]. The
TSS pathway also generates H,S, a gaseous signaling molecule important for protein
sulfhydration, which enhances resistance to oxidative stress and increases lifespan in
nematodes, fruit flies, mice, and humans [40-42]. The role of H,S has been covered
elsewhere [43-44], and this review will mainly focus on the role of the TSS pathway in
de novo cysteine synthesis.

As indicated by the name, transsulfuration involves the transfer of sulfur from methionine
to serine through multiple reactions (Figure 2; the flow of different moieties is color-coded).
Sulfur transfer is indirect, and Hcy (homocysteine), an intermediate metabolite from the
methionine cycle, is the sulfur-containing precursor that is channelled to the TSS pathway.
The Hcy-to-cysteine conversion is sequentially catalyzed by two enzymes, Cystathionine
B-Synthase (CBS) and Cystathionine y-Lyase (CGL, or Cystathionase, CTH). Specifically,
CBS condenses Hcy and serine into cystathionine, which is then cleaved and hydrolyzed by
CTH to form cysteine, alpha-ketobutyrate and NH4* (Figure 2).
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Regulation of the TSS pathway

TSS activity is regulated at multiple levels, including bioavailability of precursors and
expression and activity of TSS metabolic enzymes, as described below and in Figure 2.

1. CBS and CTH: CBS and CTH play pivotal roles in TSS, directly executing the
formation and splitting of cystathionine, respectively, leading to transfer of sulfur from
methionine to serine to form cysteine (Figure 2). Consistent with the major contribution of
TSS to cysteine pools (~50%) in liver [38], both CBS and CTH are highly expressed in liver
[45-46], which is controlled by the transcription factor HNF4a (Hepatocyte nuclear factor
4A), key for liver development [47]. In addition to transcriptional control, protein stability
of CBS is allosterically activated by the TSS pathway precursor, S-adenosyl methionine
(SAM) [48], an abundant methionine cycle metabolite in the liver [38]. In support, defects
in SAM-generating enzymes, such as of MAT1A in liver cancer cells, substantially impair
CBS expression, rendering those cells susceptible to oxidative stress [48]. In other tissues
where basal expression of CBS and CTH is relatively low, cells maintain cysteine and

redox homeostasis through TSS activation via transcriptional positive feedback of CBS and
CTH when exogeneous cystine is depleted [25,49-53]. This has been documented in normal
fibroblasts, striatal cells, and various cancer cells [25,49-53]. CTH can also be stimulated by
cell stress, including ER stress, Golgi stress, oxidative stress, and mitochondrial respiratory
chain dysfunction [54-55]. ATF4, activated by the PERK/GCN2-elF2a pathway [50,52—
54,56], and the master regulator of redox homeostasis, NRF2 [57-59], are key transcription
factors for CBSand CTH expression. Both enzymes are physiologically important, based on
mice with Cbsor Cthablation (see Box 2) [60-62].

2. Serine: Serine is a non-essential amino acid but is crucial for TSS, as all carbon

and nitrogen atoms in newly synthesized cysteine derive from serine (Figure 2). Thus,
stable isotope-tracing using 13C and/or 1°N labeled serine is often used to quantify de

novo cysteine synthesis [25,50,65-66]. Active de novo serine synthesis correlates with high
cysteine metabolism in human cancers [67], and disruption of serine synthesis or exogenous
serine depletion decreases GSH pools and exacerbates oxidative stress [68—69]. Under serine
depletion, de novo synthesized serine is utilized for GSH rather than nucleotide synthesis,
which is critical for counteracting oxidative stress [69]. However, previous studies have

not elucidated whether serine-to-cysteine flux actually contributes to GSH pools, focusing
instead on serine-derived glycine [68—69]. Thus, although serine is essential for TSS, it
remains uncertain if aberrant serine metabolism is “rate-limiting” for cysteine dysregulation
in cancer.

3. Methionine cycle metabolites and enzymes: Methionine, an essential amino
acid, is an upstream precursor of TSS as it donates the sulfur atom present in newly
synthesized cysteine (Figure 2). Recent studies point to certain metabolites of this cycle that
are critical for TSS. Studies in both yeast and human cells reveal that capacity to convert
SAM to SAH (S-adenosyl homocysteine), generated during SAM-mediated substrate
methylation (e.g. on phospholipids, histones, and amino acids), is a major determinant

of TSS activity [50,70]. SAH is the predominant precursor of Hcy (homocysteine) which

is then funneled into the TSS pathway [71] (Figure 2). In support, in methionine-replete

Trends Cell Biol. Author manuscript; available in PMC 2023 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 5

and cystine-depleted cultures, Hcy supplementation can often fully rescue cell survival
[25,50,65], highlighting the critical role of downstream metabolites of the methionine cycle
rather than methionine itself for TSS activity.

Hydrolysis of SAH by the enzyme SAHH (S-adenosylhomocysteine hydrolase) is the
only source of Hcy in mammals [71]. The SAHH gene is frequently amplified in human
malignancies, including cervical and colon cancers [72-73]. Enzymatic activity of SAHH
is critical for Hcy generation, TSS activity, GSH synthesis, and resistance to ferroptosis
induced by the XCT inhibitor, erastin [74]. Hcy sits at the crossroads between entry

into the TSS pathway versus recycling back to methionine upon Hcy re-methylation
(Figure 2), utilizing folate-dependent or -independent pathways [54]. Hcy utilization in
the methionine cycle is linked to generation of SAM, a predominant reactive methyl
donor [75]. The balance between those two routes of Hcy usage determines the activity
of TSS versus methionine regeneration. In support, deficiency of CBS, the first enzyme
in the TSS pathway, tilts the balance toward methionine recycling and is associated with
hypermethioninemia [76]. In contrast, preferential Hcy usage in TSS is recently reported
in cancer cells [77]. In breast cancer, PIK3CA mutations direct Hcy flux towards TSS to
meet cellular cysteine demands, as these mutants transcriptionally suppress XCT expression
and inhibit XxCT activity via mTORC2-mediated phosphorylation [77-78]. This shifts the
balance of Hcy usage away from methionine regeneration, thereby creating a methionine-
dependency in these cancer cells [77].

CYTOPROTECTIVE FUNCTIONS OF THE TSS PATHWAY IN CANCER

In support of the role of cysteine in critical biological processes (Figure 1), dependence on
cyst(e)ine supply is supported by distinct tumor models, whereby extracellular cyst(e)ine
depletion by cyst(e)inase effectively blocks tumor growth both /in vitroand in vivo [2,16].
Moreover, to circumvent the limited supply of cystine in plasma and tumor interstitial fluids
in rapidly growing tumors [29-31], tumor cells enhance cystine uptake by upregulating the
XCT cystine transporter [21-24, and Box 1]. However, it is reasonable to speculate that by
continuously drawing on a limited supply of extracellular cystine, particularly during rapid
tumor growth or metastatic dissemination, where cells experience high oxidative stress [19],
tumor cells may become increasingly reliant on de novo cysteine synthesis via the TSS
pathway. Having said this, the requirement for TSS might be tempered /n vivo by reduced
cell division rates compared with /n vitro cultures, a potential caveat of this notion. As
mentioned, while a role for TSS in malignant cells is not universally accepted, several levels
of evidence support the importance of TSS, which will now be reviewed.

Activation and cytoprotective functions of the TSS pathway in cancer

Cystine deprivation induces feedback upregulation of CBS and CTH in various tumor types,
such as neuroblastoma, glioblastoma, melanoma, fibrosarcoma, Ewing sarcoma, breast
cancer, colorectal cancer, pancreatic ductal adenocarcinoma, and ovarian cancer [25,57,79—
80,51,65]. In HCC cells, post-translational activation of CBS under TNFa-induced oxidative
stress enhances TSS activity, mediated by a proteolytically cleaved and highly active

form of CBS, enhancing cystathionine and GSH production [81]. In breast cancer,
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transcriptional and posttranslational inhibition of XCT by oncogenic PI3KCA enhances TSS
activity, promoting de novo cysteine synthesis [77], and recent studies found that CTH is
constitutively expressed in clear cell carcinoma of the ovary and endometrium [82-83].
After prolonged treatment the XCT inhibitor erastin [9], ovarian cancer cells upregulate
CBS, promoting TSS activity and GSH pools [57]. CBS depletion re-sensitizes the resistant
cells to erastin-induced ferroptosis, and ectopic CBS expression protects the parental (erastin
sensitive) cells by enhancing TSS flux and blocking ferroptosis [57]. In Ewing sarcoma,
ILIRAP (IL1 receptor accessory protein), a cell surface protein transcriptionally induced

by driver EWS-FLI1 and EWS-ERG oncoproteins of this disease, not only enhances xCT
uptake of cystine, but also promotes CTH transcription and TSS activity, thereby conferring
survival under cystine deprivation [25].

Cytoprotection by TSS is further exemplified by supplementation with cystathionine

or Hcy, which both restore growth in cystine-free media in diverse tumor types
[25,50,65,74,77]. Accordingly, enhanced Hcy supply from the methionine cycle confers
ferroptosis resistance during cystine depletion in NSCLC cells [74]. Mechanistically,
SAH-to-Hcy conversion mediated by SAHH is augmented by PARK7, which promotes
SAHH activity [74]. Moreover, Hcy and cystathionine each increase production of cysteine-
containing metabolites such as y-glutamyl-cysteine and GSH [25,50,65]. Stable isotope
tracing using 13C- and/or 15N-serine and 13C-methionine further demonstrates activity

of the TSS pathway in neuroblastoma, Ewing sarcoma, breast, and pancreatic cancers
[25,50,65,77], which can be blocked by depletion of CBSor CTH [25,50].

Pharmacological inhibition of CBS or CTH induces tumor ferroptosis

Cysteinyl-tRNA Synthetase is a newly identified suppressor of cystine starvation-induced
ferroptosis, whereby its depletion upregulates CBS and CTH, as well as cystathionine and
cysteine pools, rendering cells ferroptosis resistant [49]. Blocking the TSS pathway by
CBS knockdown or the CTH inhibitor (propargylglycine; PAG) each markedly enhance
ferroptosis in tumor cells [49]. In colorectal (SW480) and breast cancer (MDA-MB-468)
cells that are resistant to cystine starvation, pharmacological inhibition of CTH by beta-
cyano-L-Alanine specifically blocked cell growth under cystine starvation, while no effect
was observed in complete growth media [65]. A similar observation was made in HelLa
cells via CTH inhibition by PAG [84]. Moreover, a newly identified CBS inhibitor (CH004)
blocks CBS and TSS activity, leading to Hcy accumulation and reduced H2S formation,
inducing ferroptosis in HCC cells [80], highlighting the dependency of these cells on the
TSS pathway.

Evidence supporting the role of the TSS pathway in vivo

The importance of TSS in cancer has also been confirmed /n vivo. CBS depletion severely
blunted neuroblastoma xenograft growth and decreased cystathionine and GSH pools in the
tumors that eventually did form [50]. In prostate cancer, high CTH expression correlates
with advanced clinical stage and decreased survival in patients, and CTH depletion in
tumor xenografts suppressed tumor growth and metastasis to lymph nodes and bone, while
overexpression of C7H promoted these malignant traits [79]. In Ewing sarcoma, high CTH
expression is associated with poor prognosis, and CTH knockdown reduced primary tumor
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growth and local invasion, and dramatically reduced spontaneous lung metastasis, which was
rescued by CTH re-expression [25]. Collectively, these findings demonstrate the biochemical
and functional importance of de novo cysteine synthesis in redox stress adaptation, cell
survival, and malignant progression in cancer.

EVIDENCE AGAINST A ROLE FOR THE TSS PATHWAY IN CERTAIN
CANCERS

Despite the above evidence, TSS dependency is not a universal feature of transformed cells.
In a large panel of NSCLC cell lines, short-term cystine deprivation almost completely
depleted intracellular cysteine pools in all lines tested, and most lines underwent ferroptosis,
arguing against compensatory de novo cysteine synthesis to maintain cell survival [66].
Moreover, stable isotope tracing of starved cells with 13C3-serine revealed minimal 13C-
cysteine (M+3) and 13C-GSH (M+3) pools in both sensitive and resistant cells, arguing
against a role for TSS activity in these cells [66]. In colorectal, breast, and pancreatic cancer
cell lines, cystine deprivation /n vitro also led to ~100% intracellular cysteine depletion in all
lines tested, although several lines were resistant to cystine starvation [65]. Thus, exogenous
cyst(e)ine supply appears to be essential in these cells. Moreover, pharmacological inhibition
of XCT by erastin, Sorafenib, or analogs induced close to 100% cell death in diverse cancer
cell lines [51,85-87]. Extracellular cyst(e)ine depletion alone by cyst(e)inase, an engineered
enzyme that depletes cyst(e)ine both /n vitro cultures and /n vivo, was highly effective in
inducing cell death and blocking tumor growth in prostate, breast, and pancreatic cancers
[2,16]. These findings imply that exogenous cyst(e)ine supply instead of de novo synthesis is
critical, and that TSS may not be important in these malignancies. Certain cancer cells with
epigenetic silencing of CBS have diminished TSS activity, including gastric and colorectal
cancers [88]. CBS induces apoptosis and suppresses HCC tumor growth /n vivo, and
reduced CBS expression correlates with unfavorable prognosis in HCC patients, although

a causative role for CBS loss remains unproven [47,89]. De novo cysteine synthesis did not
mediate the tumor suppressor function of CBS in HCC, but instead suppressed IL-6/STAT3
signaling and blocked epithelial-to-mesenchymal transition (EMT) [47,89]. Taken together,
these findings starkly contrast with those of the previous section, suggesting that the role of
the TSS in tumors is highly context specific.

FACTORS INFLUENCING EXPERIMENTAL ASSESSMENT OF THE TSS
PATHWAY

Several factors may contribute to the apparent dichotomy described in the above sections.
Complicating the assessment of TSS activity, acute cystine depletion can markedly increase
ROS accumulation [25,50,52,65]. High ROS in turn can oxidize cysteine residues of
multiple core components of the mMRNA translation machinery to block global translation
[90], which may impair proper feedback activation of the TSS pathway. Thus, we speculate
that under high ROS load during experimental acute cystine deprivation /n vitro (e.g. OuM
cystine), rapidly proliferating cancer cells may not have sufficient time or fitness to execute
meaningful feedback activation of the TSS pathway. Therefore, measuring de novo cysteine
synthesis under complete cystine starvation might be prone to artificially negative results.
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To circumvent these challenges, culture media supplemented with B-mercaptoethanol is
often used to preserve redox homeostasis during de novo cysteine analysis in cystine-free
cultures [25,50]. This strategy has facilitated the evaluation of TSS activities in other
cancers, demonstrating CBS- and CTH-dependent TSS activity as validated by gene
depletion or rescue of these enzymes [25,50]. However, it should be noted that the use of -
mercaptoethanol has its own caveats, including potential disruption of disulfides within the
cell, release of lysosomal cystine as cysteine into the cystosol, and loss of persulfides from
proteins. Thus, isotope tracing such as with 13C-serine is necessary to properly assess de
novo cysteine synthesis [25,50] and increase the reliability of results, if p-mercaptoethanol is
used to overcome cystine deprivation-induced high ROS.

GSH-INDEPENDENT CYTOPROTECTIVE MECHANISMS

Several other newly described mechanisms can also explain why some cancer cells do not
rely on TSS during cyst(e)ine depletion, including several TSS-independent mechanisms
that confer resistance versus sensitivity to cystine starvation [65-66]. Firstly, a study
characterized a GSH-independent mechanism that promotes cell survival under acute cystine
deficiency. They found that glutamate accumulation (and resulting glutamate stress) leads

to cell death upon cystine starvation [66]. Glutamate consumption via -y-glutamyl-peptide
synthesis (rather than a lack of GSH synthesis due to cysteine deficiency) protects cells

from cystine starvation-induced ferroptosis [66] (Figure 3). Non-canonical activity of the
Glutamate-Cysteine Ligase Catalytic subunit (GCLC), which generates y-glutamyl-cysteine
during GSH synthesis, mediates y-glutamyl-peptide synthesis to alleviate glutamate stress
during cystine starvation [66]. Secondly, another study identified that ROS generated by the
polyamine synthesis pathway downstream of the methionine cycle triggers cell death upon
cystine starvation, even though methionine can donate also sulfur atoms to the TSS pathway
[65] (Figure 3). Blocking key enzymes of during spermidine and spermine synthesis, such as
Adenosylmethionine decarboxylase 1 (AMD1), Polyamine oxidase (PAOX), and Spermine
oxidase (SMOX), alleviated ROS levels and protected cells from cystine starvation-induced
cell death [65] (Figure 3). This study concludes that this mechanism, rather than a
requirement for the TSS activity, correlates with sensitivity to cystine starvation in cancer
cells.

Other studies have identified mechanisms harnessing coenzyme Q10 (CoQ10) antioxidants
to prevent lipid peroxidation and thus ferroptosis when the GSH system is compromised
[91-93] (Figure 4). Specifically, apoptosis-inducing factor mitochondria-associated 2
(AIFM2/FSP1) [91-92] and dihydroorotate dehydrogenase (DHODH) [93] reduce ubiquinol
(CoQ10) in the cytosol and mitochondria respectively, reducing lipid peroxidation and
ferroptosis when the GSH-GPX4 defense system is inhibited (Figure 4). Genetic screens
identified the tetrahydrobiopterin (BH4) biosynthesis pathway as another mechanism
preventing ferroptosis when the GSH-GPX4 system is blocked [94]. By trapping radicals,
BH4 protects lipid membranes from autoxidation, and enzymes promoting BH4 production
including GCH1, PTS, and SPR are important cytoprotective enzymes in this context [94]
(Figure 4). Phospholipase A2 group VI (iPLA2p) suppresses ferroptosis when the GSH/
GPX4 system is blocked [95-96], mediated by hydrolysis of peroxidized phospholipids
that trigger ferroptosis (Figure 4). Finally, genetic and pharmacologic screens revealed
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that deubiquitinating enzymes (DUBS) act as cytoprotective factors when GSH is depleted
in breast cancer cells. Mechanistically, DUBs mitigate GSH depletion-induced buildup of
ubiquitinated proteins that cause proteotoxic and ER stress, increasing tolerance to GSH
depletion in some cancer cell types [97]. Therefore, although not all cancer cells express
high levels of some of these enzymes, or produce BH4, we speculate that cells that can
utilize these mechanisms might bypass TSS pathway dependency to withstand cystine
starvation or diminished GSH production (Figure 4). Together, these mechanisms and
accompanying factors may explain the lack of contribution of the TSS pathway in certain
cancers such as NSCLC and pancreatic cancers [65-66].

DE NOVO CYSTEINE SYNTHESIS: NECESSARY BUT INSUFFICIENT FOR
CANCER CELL GROWTH?

Although some cancer cell lines can survive under cystine starvation, to our knowledge,
none have been shown to proliferate robustly under such conditions, even when TSS activity
is functionally linked to cellular viability [25,50,57,65]. Although the TSS pathway is
critical for cell survival in neuroblastoma, Ewing sarcoma, and erastin-resistant ovarian
cancer cells when extracellular cystine is limited, proliferation was not observed under these
conditions [25,50,57]. In Ewing sarcoma cells, despite the crucial role of CTH-mediated de
novo cysteine synthesis in ferroptosis resistance during partial cystine deprivation, complete
cystine starvation was still highly cytotoxic [25]. These observations argue that while de
novo cysteine synthesis via TSS is necessary for cell survival in some cancers during
cysteine crisis, it is insufficient for sustaining growth on its own. Supporting this notion,

the TSS substrate SAH, generated by the GNMT enzyme, is reduced in some cancers [50],
which may limit de novo cysteine synthesis. Indeed, overexpressing GNMT to promote SAH
production, or supplementing with Hcy, each restored cell survival and proliferation upon
cystine starvation [25,50,65]. Moreover, PARKY, a redox-sensitive chaperone and oxidative
stress sensor that augments SAHH activity, is critical for TSS activity and ferroptosis
resistance in erastin-treated NSCLC cells [74]. These experiments were performed under
methionine and serine replete conditions, each key for de novo cysteine synthesis, further
corroborating that intermediary metabolites such as SAH and Hcy (and corresponding
enzymes), are likely rate-limiting for TSS capacity, at least in some cancer cells.

Taken together, the above studies suggest that de novo cysteine synthesis is likely contextual
as a transient but highly plastic emergency stress response program in some cancer cell
types, such as when extracellular cystine levels become limited or uptake is blocked. This
further suggests that such tumor cells might be able to switch back and forth between
cystine import and TSS activity for maintaining cysteine pools, depending on acute cystine
availability. It is tempting to speculate that cancer cells that are able to exploit this form

of TSS-based plasticity, despite being unsustainable long-term, have a survival advantage
during the intermittent stresses imposed by the metastatic cascade or in nutrient-scarce
microenvironments during tumor progression /n vivo, which is likely more variable than the
all-or-none cystine starvation imposed in vitro.
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CONCLUDING REMARKS

The role of de novo cysteine synthesis via TSS in cancer remains controversial and
understudied. Pre-clinical studies demonstrate the potent effectiveness of targeting cysteine
metabolism in various cancer models, including systemic cysteine depletion using an
engineered cyst(e)inase [2,16], or pharmacological blockade of xCT with erastin and
analogs, sulfasalazine, and a newly identified agent HG106 [9,51,98-100]. These findings
support the dominant role of cystine uptake in maintaining tumor growth, and suggest that
de novo cysteine synthesis cannot fully compensate for loss of exogenous cyst(e)ine in
some cancers. Nevertheless, accumulating evidence in other cancer types indicates that TSS
enzymes are highly responsive to cystine deprivation and are functionally important for
oncogenesis /in vivo. Methods currently used to evaluate TSS activity (i.e. under cystine
depletion which induces high ROS) are problematic. p-mercaptoethanol supplementation to
facilitate redox homeostasis, although with its own caveats, offers a partial solution [25,50].
While isotope tracing can increase the reliability of such assays [25,50], an exploration of
alternative approaches is warranted for future studies of de novo cysteine synthesis. Despite
the demonstrated role of TSS in certain cancers, de novo synthesis alone does not appear

to support long term tumor cell proliferation. This, as stated in the Outstanding questions,
further studies are needed to understand if TSS represents a transient and highly plastic
mechanism for cytoprotection under short-term cystine limitation and oxidative stress. This
mechanism may function as a “backup plan” for maintaining cysteine pools and redox
homeostasis in harsh tumor microenvironments, where nutrient availability can be unstable,
or during specific phases of the metastatic cascade during which high oxidative stress can
occur [19]. Efforts are also warranted to determine if other cytoprotective mechanisms

that are independent of GSH (which is highly dependent on cysteine supply), drive the
apparent lack of contribution of TSS in certain cancers. Finally, it should be noted that
despite the remarkable efficacy of reducing exogeneous cyst(e)ine with cyst(e)inase in tumor
models, tumor growth was not fully curbed in these studies [2,16,98-100]. Further studies
are necessary to determine if TSS-mediated de novo cysteine synthesis drove the residual
(and sometimes considerable) tumor growth when the cyst(e)ine supply was limited in these
models. In conclusion, addressing remaining gaps in knowledge is critical for effectively
targeting cysteine metabolism including TSS in cancer and possibly other disorders, as a
deeper understanding of this pathway is crucial for unravelling effective therapeutic avenues.
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Outstanding Questions

Is de novo cysteine synthesis via the TSS pathway a minor player or a critical but
underappreciated process in cancer? Is this tumor type specific or does it depend on the
genetic/metabolic state of tumors?

Is de novo cysteine synthesis necessary but insufficient for cell growth in cancer? The
current experimental evidence suggests that the TSS pathway is likely a transient but
highly plastic emergency stress response program under short-term cystine crisis (and the
associated oxidative stress).

What are the relative contributions of de novo cysteine synthesis versus cyst(e)ine uptake
from exogenous sources, e.g. tumor interstitial fluids and stromal or other cells in the
tumor microenvironment?

Does de novo cysteine synthesis via the TSS pathway drive the residual (and sometimes
considerable) tumor growth upon limiting the cyst(e)ine supply in reported various tumor
models? If so, can simultaneous inhibition of cyst(e)ine supply and de novo cysteine
synthesis synergistically eradicate tumors?

Under cyst(e)ine starvation and the high oxidative stress associated with this condition,
cancer cells can exploit other cytoprotective mechanisms independent of antioxidant
GSH (that is highly dependent on cysteine supply), do these mechanisms drive the lack of
contribution of the TSS pathway in certain cancers?
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Highlights

Cysteine is critical for synthesis of sulfur-containing biomolecules that control essential
cellular activities, such as redox homeostasis, mitochondrial electron transport chain
reactions, and the mRNA translation machinery.

During oncogenesis, cystine uptake by the xCT transporter is controlled by driver
oncoproteins and tumor suppressors. However, cyst(e)ine levels are limited in tumor
interstitial fluids, creating a potential dependency on de novo cysteine synthesis via the
TSS pathway.

The contribution of de novo cysteine synthesis in cancer cells is highly contentious.

Novel rate-limiting factors for the TSS pathway and GSH-independent cytoprotective
mechanisms have been identified in cancer cells under cystine deprivation.

De novo cysteine synthesis is likely a transient but highly plastic emergency stress
response mechanism in cancer cells that encounter intermittent cystine deficiency /in vivo.
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Box 1.
Augmented cystine uptake in diverse cancers

Due to oxidizing conditions within the extracellular environment, cysteine is mainly
present in an oxidized dipeptide form linked via a disulfide bond, Ze. cystine.

The cystine/glutamate antiporter XCT (together with the heavy chain subunit CD98/
SLC3A2) is critical for the uptake of cystine in exchange for intracellular glutamate,
and cystine is rapidly reduced to cysteine by NADPH intracellularly [6,26-27]. The
mutant KRAS oncoprotein and tumor suppressors such as p53 and BAP1 activate

or repress XCT expression, respectively, which is critical for their biological function
during tumorigenesis [21-23]. Expression of xCT is implicated in the oncogenesis

and therapeutic resistance of multiple cancers such as triple-negative breast cancer,
glioblastoma, non-small cell lung cancer (NSCLC), pancreatic cancer, colorectal cancer,
and hepatocellular carcinoma (HCC) [24]. Certain cancers that lack high xCT expression,
such as chronic lymphocytic leukaemia (CLL), rely on alanine-serine-cysteine (ASC)
transporters to uptake cysteine released by bone marrow stromal cells in the tumor
microenvironment [28]. This alternative source of cysteine supply is utilized for GSH
synthesis and ROS (reactive oxygen species) detoxification that are important for CLL
cell survival, further corroborating the crucial role of cysteine metabolism in malignant
cells.
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Box 2.
Pathophysiological roles of key TSS enzymes CBS and CTH

Cbs™I~ mice suffer growth retardation and only survive for about two weeks after birth,
and mice also display various abnormalities, including severe hepatopathy, vascular
abnormalities, and skeletal deformities [62]. In contrast, Ct/7/~ mice develop normally,
but exhibit acute skeletal muscle atrophy when fed a low cyst(e)ine diet, which leads to
lethality due to severe paralysis of the extremities [60-61]. Supplementation of cysteine
but not NaHS (an H-,S donor) in the drinking water of Ct7/~ mice restores plasma
cysteine and GSH levels, as well as body weight, supporting animal survival on a low
cyst(e)ine diet, underlining the physiological importance of de novo cysteine synthesis
by TSS [61]. Although de novo cysteine synthesis is impaired in both Cbs™~ and Cth™~
mice, only Cbs~/~ mice display deleterious phenotypes with a standard diet, which is
likely due to homocystinuria resulted from CBS deficiency, a more severe disorder than
cystathioninuria caused by CTH deficiency [60,63].

Loss of CthhmRNA expression has been causally linked to Huntington’s disease [52—
53,64], and mutant Huntingtin (Htt), the pathological driver of this disease, sequesters
the transcription factor Specificity protein 1 (SP1), leading to reduced Ct/1expression
[64]. This abnormality drives heightened oxidative stress and neurodegeneration, and
cysteine supplementation delays these deleterious effects both in cultured cells and in
mouse models [64]. Moreover, pharmacological strategies may also be used to rescue
CTH deficiency in Huntington disease cells, e.g. a mild Golgi stress response by subtoxic
levels of the ionophore monensin stimulates C7H expression via ATF4 upregulation,
which protects those cells from cell death elicited by cystine deprivation [53].
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Figure 1.
The multifaceted role of cysteine in a myriad of biochemical and biological processes.
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Figure 2. Schematic showing the metabolic pathways that contribute to de novo cysteine
synthesis.

Folate cycle, methionine cycle, and the transsulfuration (TSS) pathway mediate de novo
cysteine synthesis. Atoms are colour-coded to indicate their flow in the metabolic reactions.
This sulfur transfer process is indirect, and Hcy (homocysteine), an intermediate metabolite
from the methionine cycle, is the sulfur-containing precursor that ultimately gets channelled
to the TSS pathway. Hcy can either enter the TSS pathway to transfer the sulfur atom

to serine, eventually leading to cysteine synthesis, or Hcy is recycled back to methionine
using folate cycle metabolite 5-methyl-tetrahydrofolate (5-me-THF) as the methyl donor
and vitamin B12 as a cofactor. The Hcy-to-cysteine conversion is again indirect, and is
sequentially catalyzed by two enzymes: Cystathionine p-Synthase (CBS) and Cystathionine
v-Lyase (CGL, also named Cystathionase or CTH). Specifically, CBS condenses Hcy
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and serine into a single molecule called cystathionine, which is then cleaved and
hydrolyzed by CTH to form cysteine, alpha-ketobutyrate and NH4+. Abbreviations: B12,
Vitamin B12; CBS, Cystathionine beta-synthase; CTH, Cystathionine gamma-lyase; Hcy,
Homocysteine; MAT, Methionine adenosyltransferase; MS, Methionine synthase; SAHH,
S-Adenosylhomocysteine Hydrolase; SAH, S-Adenosyl homocysteine; SAM, S-Adenosyl
methionine; THF, Tetrahydrofolate.
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Figure 3. Mechanisms in the TSS pathway that regulate cystine deprivation-induced ferroptosis
independent of de novo cysteine synthesis and GSH.

A non-canonical function of GCLC, an enzyme that is known to catalyze y-glutamyl-
cysteine formation during GSH synthesis, mediates -y-glutamyl-peptide synthesis upon
cystine deprivation. This non-canonical mechanism alleviates glutamate stress and prevents
cystine starvation-induced ferroptosis in cancer cells. Genetic or pharmacological blockade
of GCLC sensitizes cancer cells to cystine deficiency-induced ferroptosis. In contrast,
activation of the polyamine synthesis pathway downstream of methionine promotes ROS
(H»05,) production, which triggers cell death upon cystine starvation. Blocking each

of the key enzymes in the polyamine synthesis pathway, such as AMD1, PAOX and
SMOX, alleviates ROS levels and protects cells from cystine starvation-induced ferroptosis.
Abbreviations: GCLC, Glutamate-cysteine ligase catalytic subunit; GSS, Glutathione
synthetase; AMD1, Adenosylmethionine decarboxylase 1; PAOX, Polyamine oxidase;
SMOX, Spermine oxidase; dcSAM, decarboxylated S-adenosylmethionine.
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Figure 4. Alternative cytoprotective mechanisms exploited by cancer cells when cyst(e)ine-
mediated GSH antioxidant system is compromised.

First, apoptosis-inducing factor mitochondria-associated 2 (AIFM2/FSP1) and
dihydroorotate dehydrogenase (DHODH) promote reduction of ubiquinone to ubiquinol
(two forms of CoQ10) in the cytosol and mitochondria respectively, thereby mitigating
lipid peroxidation and ferroptosis when the GSH-GPX4 system is inhibited. Second,
radical-trapping antioxidant BH4 (tetrahydrobiopterin) protects lipid membranes from
autoxidation, and enzymes promoting BH4 production such as GCH1, PTS, and SPR
are exploited by cancer cells for survival when the cytoprotective GSH-GPX4 axis

is blocked. Third, phospholipase A2 group VI (iPLA2B) promotes the hydrolysis of
peroxidized phospholipids, thereby preventing ferroptosis when the GSH/GPX4 system
is disabled. Finally, deubiquitinating enzymes (DUBSs) mitigate GSH depletion-induced
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buildup of ubiquitinated proteins that cause proteotoxic stress and ER stress, thereby
increasing tolerance to GSH depletion in various cancers. These mechanisms may

facilitate cancer cells bypassing the TSS pathway to withstand cystine starvation or
diminished GSH production. Abbreviations: FSP1, ferroptosis suppressor protein 1;
DHODH, dihydroorotate dehydrogenase; CoQ, coenzyme Q; GPX4, Glutathione peroxidase
4; FMN, flavin mononucleotide; FMNH2, 1,5-dihydro flavin mononucleotide (reduced
form); GCH1, GTP cyclohydrolase I; PTS, 6-pyruvoyltetrahydropterin synthase; SPR,
sepiapterin reductase; iPLA2p, phospholipase A2 group VI; BH4, tetrahydrobiopterin;

BH2, oxidized tetrahydrobiopterin; NH2TP, 7,8-dihydroneopterin triphosphate; 6-PTP, 6-
pyruvoyltetrahydropterin.
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