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Significance

SLC7A11 is a key determinant for 
cystine transport and ferroptosis, 
and is often dysregulated in many 
human diseases, including 
cancer. However, how the 
stability of SLC7A11 is regulated 
under physiological conditions, 
remains elusive. Here, we report 
that the SLC7A11 stability is 
regulated negatively by CRL3KCTD10 
E3 ligase, and positively by USP18 
deubiquitylase. The levels of 
KCTD10, SLC7A11, and USP18 are 
coordinately regulated by 
environment cystine. Through 
targeting SLC7A11, the KCTD10–
USP18 axis regulates ferroptosis. 
Combination of inhibitors of 
Cullin-RING ligase-3 (CRL-3) and 
SLC7A11 enhances the antitumor 
efficacy. Our study reveals a 
regulatory mechanism of the 
SLC7A11 stability through the 
CRL3KCTD10/E3-USP18/DUB axis 
upon cystine starvation and 
provides a sound rationale of 
drug combination to enhance 
anticancer efficacy.
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SLC7A11 is a cystine transporter and ferroptosis inhibitor. How the stability of SLC7A11 
is coordinately regulated in response to environmental cystine by which E3 ligase and 
deubiquitylase (DUB) remains elusive. Here, we report that neddylation inhibitor 
MLN4924 increases cystine uptake by causing SLC7A11 accumulation, via inactivating 
Cullin-RING ligase-3 (CRL-3). We identified KCTD10 as the substrate-recognizing 
subunit of CRL-3 for SLC7A11 ubiquitylation, and USP18 as SLC7A11 deubiqui-
tylase. Upon cystine deprivation, the protein levels of KCTD10 or USP18 are decreased 
or increased, respectively, contributing to SLC7A11 accumulation. By destabilizing or 
stabilizing SLC7A11, KCTD10, or USP18 inversely regulates the cystine uptake and 
ferroptosis. Biologically, MLN4924 combination with SLC7A11 inhibitor Imidazole 
Ketone Erastin (IKE) enhanced suppression of tumor growth. In human breast tumor 
tissues, SLC7A11 levels were negatively or positively correlated with KCTD10 or USP18, 
respectively. Collectively, our study defines how SLC7A11 and ferroptosis is coordinately 
regulated by the CRL3KCTD10/E3-USP18/DUB axis, and provides a sound rationale of 
drug combination to enhance anticancer efficacy.

CRL3-KCTD10 | USP18 | SLC7A11 | ferroptosis | protein stability

Cell death is essential for normal development and homeostasis maintenance, which is 
often dysregulated in a plethora of human diseases, including cancer (1, 2). A hallmark 
of cancer cells is their ability to evade cell death, which contributes to tumor development 
and therapeutic resistance (3). Among many types of cell death defined, ferroptosis, driven 
by iron-dependent lipid peroxidation, is morphologically, genetically, and biochemically 
unique (4, 5) with considerable attention, as its induction selectively kills certain types of 
cancer cells, offering the potential to overcome the resistance of cancer therapies (6).

Cystine, an oxidative cysteine dimer, was transported into cells via system Xc
−, a heterod­

imeric plasma membrane cystine/glutamate antiporter consisting of the transporter subunit 
solute carrier family 7 member 11 (SLC7A11) and the transmembrane regulatory subunit 
SLC3A2 (7). Once imported into cells, cystine is reduced to cysteine, which acts as the 
rate-limiting substrate for the biosynthesis of antioxidant glutathione (GSH), thus contrib­
uting to cellular redox homeostasis (8). GSH is subsequently utilized by glutathione peroxidase 
4 (GPX4) to reduce lipid hydroperoxides to lipid alcohols, thus preventing lipid peroxidation 
in the cellular membranes, and eventually blocking ferroptosis (9). Given the cyst(e)ine/GSH/
GPX4 axis is the mainstay defense system against ferroptosis (6), system Xc

−, especially 
SLC7A11, is regarded as a cardinal regulator of ferroptotic cell death (4). Although SLC7A11 
plays an important role in cystine transport, and acts as a crucial determinant of ferroptosis, 
how SLC7A11 stability is coordinately regulated by which pairs of E3-deubiquitylase, and 
under what physiological and pathological conditions, is currently unknown.

Neddylation, an ubiquitylation-like posttranslational modification, is a biochemical 
reaction to attach NEDD8 onto the lysine residue of a substrate, which is catalyzed by 
NEDD8-activating enzyme (NAE/E1), NEDD8-conjugating enzyme (E2), and NEDD8 
ligase (E3) (10). Cullin family proteins, the scaffold component of Cullin-RING ligase 
(CRL), are the best-characterized physiological substrates of neddylation (10). A typical 
CRL modular complex is composed of a scaffold cullin, an adaptor protein, a 
substrate-recognizing receptor, and a RING protein (10). Cullin neddylation activates 
CRLs, the largest family of E3 ubiquitin ligases that control many biological processes 
through ubiquitylation and degradation of many key signaling proteins (10).

Neddylation, which is overactivated in cancer and predictive of a poor clinical outcome 
(11), has been validated as a promising anticancer target (10). MLN4924, also known as 
pevonedistat, is the first-in-class small molecule inhibitor of NAE (12), currently in several 
phases I-III clinical trials for anticancer therapy as a single agent or in combination with 
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chemo-drugs (10). Neddylation was also found to regulate various 
metabolic processes, including adipogenesis, lipid droplet forma­
tion, mitochondrial function, and cellular redox status (10, 13). 
Recently, we found that neddylation inactivation remarkably alters 
global metabolic profiling via inhibiting mitochondrial function 
and promoting glycolysis (14), and also induces glutamine uptake 
and metabolism by targeting CRL3SPOP E3 ligase (15). Given that 
cystine metabolism via Xc

− system orchestrates glutamine metab­
olism and sustains tumor cell growth (16, 17), it is likely that an 
undefined neddylation-CRL(s) system controls the levels and 
function of Xc

− system to regulate ferroptosis.
Here, we reported that MLN4924 promotes cystine uptake by 

inactivating CRL3 to cause accumulation of SLC7A11. 
Mechanistically, CRL3KCTD10 is an E3 ligase, whereas USP18 is a 
DUB for SLC7A11, and the levels of the KCTD10–USP18 axis 
are coordinately regulated in response to environmental cystine 
for coordinated control of the SLC7A11 stability. Biologically, 
KCTD10 and USP18 confer breast cancer cells’ sensitivity or 
resistance to ferroptosis, respectively, via targeting SLC7A11. In 
breast cancer tissues with reduced cystine abundance, a negative 
correlation between KCTD10 and SLC7A11 and a positive cor­
relation between USP18 and SLC7A11 were observed, respec­
tively. Therapeutically, the combination of MLN4924 with 
SLC7A11 inhibitor Erastin or its derivative IKE markedly 
enhanced the killing of breast cancer cells both in vitro and in vivo. 
Collectively, we defined how the CRL3KCTD10/E3-USP18/DUB 
axis regulates ferroptosis by modulating SLC7A11 stability with 
translational implication by targeting both neddylation and 
SLC7A11 simultaneously for enhanced anticancer efficacy.

Results

Inactivation of CRL3 E3 Increases Cystine Uptake via SLC7A11 
Accumulation. We have recently shown that MLN4924 markedly 
changed global metabolisms, particularly glutamine metabolism, 
and significantly regulated the survival of breast cancer cells  
(14, 15). Given that environmental cystine and the Xc

− system are 
actively involved in glutaminolysis (16, 17), a hallmark of cancer 
metabolism (18), we hypothesized that neddylation may regulate 
the glutamine metabolism through modulating the Xc

− system. We 
first found that MLN4924 treatment lowered the levels of cystine 
in the culture supernatant (Fig. 1A), suggesting an activation of 
Xc

− system for increased cystine uptake. We then found that after 
MLN4924 treatment, SLC7A11 levels were remarkably increased 
in time- and dose-dependent manners in multiple lines of cancer 
cells, while the SLC3A2 levels were increased moderately in a cell 
line–dependent manner (Fig. 1 B and C and SI Appendix, Fig. S1 
A–C). We further used TAS4464, another selective inhibitor of 
NAE (19), and obtained similar results (SI Appendix, Fig. S1D). 
Moreover, MLN4924 significantly increased SLC7A11 mRNA 
levels (Fig. 1D and SI Appendix, Fig. S1E). Given both neddylation 
inhibitors robustly increased SLC7A11 levels, we focused on 
SLC7A11 for the rest of study.

We next knocked down NAEβ, the catalytic subunit of NAE 
to which MLN4924 inhibits, and found that the SLC7A11 levels 
were increased (Fig. 1E and SI Appendix, Fig. S1F), suggesting that 
SLC7A11 accumulation upon MLN4924 or TAS4464 treatment 
is an on-target effect. A rescuing experiment showed that SLC7A11 
knockdown (SI Appendix, Fig. S1G) reduced MLN4924-induced 
cystine uptake (Fig. 1F and SI Appendix, Fig. S1H). Thus, enhanced 
cystine uptake by neddylation inactivation is likely via inducing 
SLC7A11 accumulation.

Remarkable accumulation of SLC7A11 by neddylation inhib­
itors strongly suggests that SLC7A11 is a substrate of CRLs, but 

which one? We, therefore, knocked down all five cullins (Cul-1, 
-2, -3, -4A, -4B, -5) individually, and found that only Cul-3 
knockdown caused SLC7A11 accumulation in multiple breast 
cancer cell lines (Fig. 1G and SI Appendix, Fig. S1I). Consistently, 
treatment of breast and lung cancer cells with a specific Cul-3 
inhibitor (DI-1859) (20) also caused SLC7A11 accumulation in 
a dose-dependent manner (Fig. 1H). The immunoprecipitation 
(IP) pull-down assay showed that SLC7A11 bound only to 
cullin-3 (Fig. 1I and SI Appendix, Fig. S1J). Finally, Cul-3 knock­
down increased cystine uptake (Fig. 1J and SI Appendix, Fig. S1K). 
Thus, SLC7A11 appears to be a new substrate of CRL3 ligase, 
whose accumulation, upon CRL3 inactivation, is responsible for 
increased cystine uptake.

KCTD10 Binds to and Negatively Regulates SLC7A11 Levels. CRL3 
ligase recognizes the downstream substrates through its substrate-
receptor subunit (21). To identify the receptor subunit that is 
responsible for SLC7A11 binding, the siRNA-based knockdown 
approach was used. Given SLC7A11 is a potential oncoprotein, 
we selected 13 receptor proteins with known putative tumor 
suppressor function, and silenced them individually by a pool of 
three independent siRNAs. Knockdown of KLHL13, KLHL25, and 
KCTD10 increased the levels of SLC7A11 (SI Appendix, Fig. S2A). 
The IP-based pull-down assay showed that ectopically expressed 
SLC7A11 bound to endogenous KLHL25 and KCTD10, but not 
KLHL13 (Fig. 2A). In a reciprocal IP assay, ectopically expressed 
KCTD10, but not KLHL25, bound to endogenous SLC7A11 
(Fig. 2B). Importantly, endogenous SLC7A11 bound to endogenous 
KCTD10 under physiological condition (Fig. 2C).

We next defined the SLC7A11-binding domain on KCTD10 
by generating two SLC7A11 truncation mutants, MT-1: 
SLC7A11-1~470 and MT-2: SLC7A11-44~501 (SI Appendix, 
Fig. S2B) (22). A pull-down assay showed that wild-type 
SLC7A11 and MT-1, but not MT-2 bound to KCTD10 
(Fig. 2D), indicating that the first 43 amino acids of SLC7A11 
mediate KCTD10 binding. We then defined the KCTD10 bind­
ing domain on SLC7A11 by constructing two mutants: a BTB 
delete mutant (KCTD10ΔBTB) which fails to binds to Cul-3 
and a C-terminal delete mutant (KCTD10ΔC), which fails to 
bind to substrate (23, 24) (SI Appendix, Fig. S2B). The IP-based 
pull-down assays showed that wildtype KCTD10 pulled down 
both endogenous SLC7A11 and Cul-3. KCTD10ΔBTB 
mutant pulled down endogenous SLC7A11, but not Cul-3, 
whereas the KCTD10ΔC mutant pulled endogenous Cul-3, 
but not SLC7A11 (Fig. 2E), indicating the C-terminal domain 
of KCTD10 is responsible for SLC7A11 binding. Collectively, 
the KCTD10–SLC7A11 binding is mediated by the N-terminal 
domain of SLC7A11 and the C-terminal domain of KCTD10 
(SI Appendix, Fig. S2B). Although SLC7A11 is a membrane 
protein, its N-terminal domain is inserted into cytoplasm (25). 
The immunofluorescent staining showed that KCTD10 has both 
cytoplasmic and membrane localizations, and some of KCTD10 
do colocalize with SLC7A11 (SI Appendix, Fig. S2C). Finally, 
we measured whether KCTD10 manipulation would actually 
change the levels of SLC7A11 after binding. Indeed, in both 
breast and colon cancer cells, KCTD10 knockdown caused the 
accumulation of endogenous SLC7A11 (Fig. 2F and SI Appendix, 
Fig. S2D), whereas KCTD10 overexpression reduced the levels of 
endogenous SLC7A11 in a dose-dependent manner (Fig. 2G and 
SI Appendix, Fig. S2E). Furthermore, KCTD10 knockdown had 
a minor, if any, effect on the SLC7A11 mRNA (Fig. 2H and 
SI Appendix, Fig. S2F). Collectively, CRL3KCTD10 ligase appears 
to interact with and negatively regulates SLC7A11 at the post­
translational levels.
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CRL3KCTD10 Is an E3 that Promotes SLC7A11 Ubiquitylation and 
Destabilization. We next used an in  vivo ubiquitylation assay 
to determine whether CRL3KCTD10 ligase promoted SLC7A11 
ubiquitylation. Indeed, KCTD10, but not KLHL25, promotes poly­
ubiquitylation of exogenously expressed and endogenous SLC7A11 
(SI Appendix, Fig. S3 A and B). Moreover, only wild-type KCTD10, 
but not its two mutants, promoted SLC7A11 polyubiquitylation 
(Fig. 3A). Consistently, in an in vitro ubiquitylation assay, SLC7A11 
polyubiquitylation was clearly detected by CRL3KCTD10 E3 in the 
presence of purified ubiquitin, E1, and E2 (Fig. 3B). Finally, since 
the ubiquitin linkage via the K11 or K48 residue is doomed for 
substrate degradation, we used two sets of ubiquitin mutants with 
only K11 or K48 residue available or abrogated, and found that 
KCTD10-mediated SLC7A11 polyubiquitylation is via the K48 
linkage (Fig. 3C).

Finally, we performed the protein half-life experiment and found 
that KCTD10 knockdown markedly extends, whereas KCTD10 
overexpression shortens the protein half-life of endogenous 
SLC7A11 (Fig. 3 D–G and SI Appendix, Fig. S3 C–F). Collectively, 

KCTD10 destabilizes SLC7A11 by promoting its polyubiquityla­
tion for subsequent proteasome degradation, leading to shortened 
protein half-life. Thus, SLC7A11 is a bona fide substrate of 
CRL3KCTD10 E3 ligase.

USP18 Is a Deubiquitylase that Promotes SLC7A11 Deubiq­
uitylation and Stabilization. The level of a given protein is 
dynamically regulated by an E3 ubiquitin ligase for destabilization, 
and a deubiquitylase for stabilization (26). To define exactly how 
the stability of SLC7A11 is regulated, we aimed to identify the 
DUBs responsible for SLC7A11 binding and stabilization. An 
IP-based pull-down assay after transient transfection of a battery 
of DUBs showed that USP2, USP3, USP8, USP18, and USP21 
interacted with endogenous SLC7A11 (SI Appendix, Fig. S4A). We 
then determined which of these DUBs could remove the ubiquitin 
chain from SLC7A11, and found that USP18 is the only one that 
significantly reduced SLC7A11 polyubiquitylation (SI Appendix, 
Fig. S4B). Moreover, in an in vitro deubiquitylation assay, purified 
USP18 protein significantly removed polyubiquitylated chains 
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Fig. 1.   MLN4924 promotes cystine uptake through SLC7A11. (A) MDA-MB-231 cells were treated without or with 300 nM MLN4924 for 24 h and subjected to 
measurement of cystine levels in culture supernatant (mean ± SD, n = 3). (B and C) BT549 cells were treated with indicated concentrations of MLN4924 for 24 h  
(B) or indicated time points (C), analyzed by immunoblotting. (D) BT549 cells were treated with MLN4924 for 24 h, followed by qRT-PCR analysis (mean ± SD, n = 3). 
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of SLC7A11 (Fig. 4A). Thus, we focused on USP18 for further 
detailed characterization.

We first validated the interaction between SLC7A11 and 
USP18, and found that ectopically expressed SLC7A11 interacts 
with endogenous USP18 (Fig. 4B). Moreover, the interaction 
between SLC7A11 and USP18 at endogenous levels was also 
detected (Fig. 4C). We next made a series of UPS18 deletion 
mutants (27) to map the region that mediates SLC7A11 binding, 
and found that the internal domain of USP18 (AA 51-150) is 
required for its interaction with SLC7A11 (Fig. 4D and 
SI Appendix, Fig. S4C), whereas the N-terminal domain of 
SLC7A11 (AA 1-43) is responsible for its binding with USP18 
(Fig. 4E and SI Appendix, Fig. S4C). The immunofluorescent 
staining showed that USP18 has both cytoplasmic and membrane 

localizations, and colocalization of USP18 with SLC7A11 was 
detectable (SI Appendix, Fig. S4D).

We next examined the DUB activity of USP18 on SLC7A11, and 
found that wild-type USP18, but not the enzyme-dead mutant 
USP18-C64S (27) nor USP18 (151-372) mutant with the SLC7A11 
binding domain-deleted, markedly removed polyubiquitylated chains 
of SLC7A11 (Fig. 4 F and G and SI Appendix, Fig. S5 A and B).

Finally, we determined whether USP18 manipulations would 
affect SLC7A11 levels and its protein half-life. Indeed, USP18 
knockdown significantly reduced SLC7A11 levels in multiple 
human cancer lines (Fig. 4H and SI Appendix, Fig. S5C), but 
had moderate effects on SLC7A11 mRNA levels (Fig. 4I and 
SI Appendix, Fig. S5D). Moreover, USP18 overexpression 
increased SLC7A11 levels in a dose-dependent manner (Fig. 4J 
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Fig. 2.   KCTD10 interacts with SLC7A11 and negatively regulates SLC7A11 levels. (A) HEK293 cells were transfected with a plasmid encoding FLAG-SLC7A11, 
followed by IP-IB analysis of the indicated proteins. (B) SUM159 cells were transfected with plasmids encoding FLAG-KCTD10 or FLAG-KLHL25, respectively, 
followed by IP-IB analysis of the indicated proteins. (C) IP-IB analysis of the indicated proteins under physiological condition. (D) HEK293 cells were transfected 
with indicated plasmids, followed by IP-IB analysis of the indicated proteins. (E) MDA-MB-231 cells were transfected with indicated plasmids, followed by IP-IB 
analysis of the indicated proteins. The asterisks indicate the corresponding proteins expressed. (F) Breast cancer cells were transfected with siRNAs (si-NC or 
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and SI Appendix, Fig. S5E). Consistently, USP18 knockdown 
shortened, and USP18 overexpression extended the protein 
half-life of SLC7A11 (Fig. 4 K–N and SI Appendix, Fig. S5 F–I), 
respectively. To further confirm the role of USP18 in regulating 
SLC7A11 turnover, we generated USP18 knockout MDA- 
MB-231 cells through the CRISPR-Cas9 approach, and found 
that USP18 deletion decreased SLC7A11 levels (SI Appendix, 
Fig. S5J), shortened its protein half-life (SI Appendix, Fig. S5 K 
and L), and increased the polyubiquitylation of SLC7A11 
(SI Appendix, Fig. S5M). Taken together, USP18 appears to be 
a bona fide DUB for SLC7A11 stabilization at posttranslational 
levels.

Cystine Regulates SLC7A11 Levels and Cell Viability via the KCTD10–
USP18 Axis. We next determined under what physiological or stress 
conditions that SLC7A11, KCTD10, and USP18 are coordinately 
regulated. Given that the change of SLC7A11 level is associated with 
glutamine metabolism (16, 17), we first measured the levels of these 
three proteins under glutamine deprivation conditions, and found 
that glutamine deprivation caused a time-dependent increase in the 
levels of SLC7A11 and USP18 (in a cell line–dependent manner), 
but had no effect on KCTD10 (SI Appendix, Fig. S6 A and B, Left). 
SLC7A11 was reported to be subjected to glucose upregulation (28), 
we then measured possible glucose regulation of these three proteins. 
Glucose deprivation increased the levels of SLC7A11 and USP18, 
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Fig. 3.   KCTD10 promotes SLC7A11 ubiquitylation and shortens SLC7A11 protein half-life. (A) HEK293 cells were transfected with indicated plasmids, followed by 
Ni-beads pulldown and immunoblotting for SLC7A11. (B) For in vitro ubiquitylation assay, purified HA-SLC7A11, as the substrate, was incubated with or without 
purified FLAG-KCTD10 in a reaction mixture containing E1 (UBE1), E2 (UbcH5a and Cdc34), ATP, and ubiquitin, followed by immunoblotting. (C) HEK293 cells 
were transfected with indicated plasmids, encoding wild type or mutant ubiquitins, followed by Ni-beads pulldown and immunoblotting for SLC7A11. (D and E) 
BT549 cells were transfected with siRNAs (si-NC or si-KCTD10s), then incubated with CHX for various time points before harvesting for immunoblotting (D), the 
band density of SLC7A11 was quantified and normalized to α-tubulin to draw a decay curve (mean ± SD, n = 3) (E). (F and G) BT549 cells were transfected with 
plasmid encoding FLAG-KCTD10, along with the vector control, then incubated with CHX for various time points before harvesting for immunoblotting (F), the 
band density of SLC7A11 was quantified and normalized to α-tubulin to draw a decay curve (mean ± SD, n = 3) (G).
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Fig. 4.   USP18 interacts with and deubiquitylates SLC7A11. (A) For in vitro deubiquitylation assay, HEK293T cells transfected with His-Ub and HA-SLC7A11. 
Ubiquitinated SLC7A11 was purified with IP using anti-HA Ab and was incubated without or with purified USP18, followed by immunoblotting. (B) SUM159 
cells were transfected with a plasmid encoding FLAG-SLC7A11, followed by IP-IB analysis of the indicated proteins. (C) IP-IB analysis of the indicated proteins 
under physiological condition. (D) HEK293 cells were transfected with HA-SLC7A11 and indicated FLAG-tagged USP18 plasmids, followed by IP-IB analysis of the 
indicated proteins. (E) HEK293 cells were transfected with FLAG-USP18 and indicated HA-tagged SLC7A11 plasmids, followed by IP-IB analysis of the indicated 
proteins. (F and G) SK-BR-3 cells were transfected with indicated plasmids, followed by Ni-beads pulldown and immunoblotting for SLC7A11. (H and I) SK-BR-3 
cells were transfected with siRNAs (si-NC or si-USP18s) for 48 h, followed by immunoblotting (H) and qRT-PCR analysis (mean ± SD, n = 3) (I). (J) SK-BR-3 cells were 
transfected with FLAG-USP18 plasmid, along with the vector control for 48 h, followed by immunoblotting. (K and L) BT549 cells were transfected with siRNAs 
(si-NC or si-USP18s), then incubated with CHX for various time points before harvesting for immunoblotting (K), the band density of SLC7A11 was quantified and 
normalized to α-tubulin to generate decay curve (mean ± SD, n = 3) (L). (M and N) BT549 cells were transfected with FLAG-USP18, along with the vector control, 
then incubated with CHX for various time points before harvesting for immunoblotting (M), the band density of SLC7A11 was quantified and normalized to α-
tubulin to generate decay curve (mean ± SD, n = 3) (N).
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but had no effect on the levels of KCTD10 (SI Appendix, Fig. S6 
A and B, Right). Thus, unlike KCTD10, SLC7A11 and USP18 
(to a lesser extent) are subjected to regulation by stresses, such as 
deprivation of glutamine and glucose.

Given SLC7A11 plays a major role of cystine transportation 
and was subjected to cystine regulation (29), we next focused 
mainly on cystine regulation on these three proteins. Strikingly, 
complete cystine deprivation increased the levels of SLC7A11 and 
USP18, but decreased the levels of KCTD10 in a time-dependent 
manner (Fig. 5A). Moreover, the levels of SLC7A11 and USP18 
were negatively correlated, whereas the levels of KCTD10 were 
positively correlated with the levels of cystine in the culture media, 
respectively (Fig. 5B and SI Appendix, Fig. S6 C and D). Further­
more, the increase of SLC7A11 and USP18 and decrease of KTD10 
proteins induced by cystine deprivation could be largely rescued 
by cystine resupply in a time-dependent manner (Fig. 5C and 
SI Appendix, Fig. S6E). Interestingly, we found that TRIM26, 
SOCS2, and ZRANB1, three E3s reported to regulate SLC7A11 
in liver cancer cell lines (30), mouse liver (31), or kidney renal clear 
cell carcinoma (32), and OTUB1 and DUBA, two DUBs, reported 
to regulate SLC7A11 in few types of human cancer cell lines (22) 
or differentiated cancer stem cells (33), respectively, were not sub­
jected to cystine regulation in breast cancer cells (Fig. 5 A–C and 
SI Appendix, Fig. S6 C–E). Thus, increased USP18 protein levels 
coupled with decreased KCTD10 protein levels in response to 
environmental cystine starvation ensure the high levels of SLC7A11 
to enhance cellular uptake of cystine.

We further investigated whether cystine deprivation affects the 
interaction of SLC7A11 with KCTD10 or with USP18. Significantly, 
cystine deprivation caused dissociation of SLC7A11 with KCTD10 
(Fig. 5D and SI Appendix, Fig. S6F), and inhibited SLC7A11 poly­
ubiquitylation induced by KCTD10 (Fig. 5E). On the other hand, 
cystine deprivation enhanced the SLC7A11–USP18 interaction 
(Fig. 5F and SI Appendix, Fig. S6G), and promoted SLC7A11 deu­
biquitylation induced by USP18 (Fig. 5G). Furthermore, under the 
cystine-deprived condition, either KCTD10 overexpression or 
USP18 knockdown delayed the process of SLC7A11 accumulation 
(Fig. 5 H and I and SI Appendix, Fig. S6 H and I), further suggesting 
that SLC7A11 levels induced upon cystine deprivation are subjected 
to regulation by KCTD10 and USP18. Taken together, the levels 
and interaction among SLC7A11, KCTD10, and USP18 are coor­
dinately regulated in response to cystine starvation to ensure the 
highest level of SLC7A11 for effective cystine uptake.

Finally, we performed biological assays to determine whether 
KCTD10 or USP18 coordinates with SLC7A11 to regulate the cell 
viability and clonogenic survival of breast cancer cells. Under either 
cystine-enriched or cystine-starved condition, SLC7A11 knockdown 
inhibited, whereas KCTD10 knockdown promoted cell viability 
and clonogenic survival (Fig. 5 J and K and SI Appendix, Fig. S6 J 
and K), suggesting that SLC7A11 promotes cell viability and sur­
vival, whereas KCTD10 inhibits them in breast cancer cells. 
Interestingly, coknockdown of both SLC7A11 and KCTD10 also 
suppressed cell viability and clonogenic survival (Fig. 5 J and K and 
SI Appendix, Fig. S6 J and K), suggesting SLC7A11 plays a major 
role. Likewise, USP18 knockdown inhibited cell viability, which was 
rescued by ectopic SLC7A11 expression (Fig. 5L and SI Appendix, 
Fig. S6L), suggesting the survival-promoting role of USP18 is medi­
ated via up-regulating SLC7A11. Collectively, regulation of cell 
viability and survival by KCTD10 and USP18 is centered in target­
ing SLC7A11.

The KCTD10–USP18 Axis Regulates Cell Viability via Ferroptosis by 
Targeting SLC7A11. To pursue the nature of cell viability regulation, 
we focused on ferroptosis, which is regulated by SLC7A11 (4, 

34). We first confirmed that KCTD10 knockdown significantly 
promoted cystine uptake (SI Appendix, Fig. S7 A and B), indicating 
that KCTD10 inhibits cystine transport via targeting SLC7A11 
for degradation. We then determined whether ferroptosis induced 
by cystine deprivation (34, 35) is regulated by KCTD10. Indeed, 
cystine deprivation significantly suppressed cell viability via 
ferroptosis, which was reversed by ferroptosis inhibitor Ferrostatin-1 
(Ferr-1) (36) (Fig. 6A and SI Appendix, Fig. S7C), as well as by 
KCTD10 knockdown (Fig.  6A and SI  Appendix, Fig.  S7C). 
KCTD10 knockdown also rescued viability inhibition induced by 
RSL3, a small molecule that induces ferroptosis through binding 
to and inactivating GPX4 (9), and this effect was blocked by 
Ferr-1 (Fig. 6B and SI Appendix, Fig. S7D). Similar rescue effect 
of KCTD10 knockdown were also observed when cells were 
treated with Erastin, a small molecule that induces ferroptosis by 
inhibiting cystine/glutamate transporter SLC7A11 (4), which was 
also blocked by Ferr-1 (Fig. 6C and SI Appendix, Fig. S7E). Finally, 
we validated that KCTD10 suppression of ferroptosis was through 
targeting SLC7A11 by knocking down KCTD10 or SLC7A11, 
individually, or in combination. Indeed, ferroptotic inhibition 
by KCTD10 knockdown was largely rescued by simultaneous 
SLC7A11 knockdown, and this effect was further enhanced by 
Erastin treatment (Fig.  6D and SI Appendix, Fig.  S7 F and G). 
Collectively, these results demonstrated that the KCTD10 regulation 
of cell viability is via modulating ferroptosis by targeting SLC7A11.

We next investigated whether USP18 also affected the cell via­
bility of breast cancer cells via modulating ferroptosis. We first 
confirmed that USP18 knockdown indeed reduced cystine uptake 
(SI Appendix, Fig. S7 H and I). Significantly, USP18 knockdown 
sensitized breast cancer cells to ferroptosis, induced by cystine 
deprivation, treatment with RSL3, or Erastin, which was all res­
cued by Ferr-1 (Fig. 6 E–G and SI Appendix, Fig. S7 J–L). We 
further confirmed that USP18 modulation of ferroptosis was 
through SLC7A11, since ectopic SLC7A11 expression largely 
rescued ferroptotic cell death induced by Erastin and enhanced 
by USP18 knockdown (Fig. 6H and SI Appendix, Fig. S7M).

The Correlation between SLC7A11 and the KCTD10–USP18 Axis 
in Breast Cancer Tissues. We next searched the Cancer Genome 
Atlas (TCGA) database for altered expression of SLC7A11, 
KCTD10, and USP18 in human cancer tissues. Compared to 
normal tissues, expression of SLC7A11 and USP18 was increased, 
whereas expression of KCTD10 was decreased in multiple types 
of human cancers, including breast cancer (SI Appendix, Fig. S8 
A–G). The IHC staining of human breast cancer tissues showed 
that in general, the SLC7A11 levels were positively correlated with 
USP18 levels, but negatively correlated with the KCTD10 levels 
in both nontumor and tumor tissues (Fig. 7A). Consistently, the 
IHC-staining of a breast tumor tissue microarray, containing large 
number of tumor tissues (n = 142) and the adjacent normal tissues 
(n = 58) showed that compared to adjacent normal tissues, tumor 
tissues had significantly higher levels of SLC7A11 and USP18, but 
low levels of KCTD10 (Fig. 7 B–D and SI Appendix, Fig. S8H). 
Furthermore, in 123 cases with low-level of KCTD10, greater 
than 95% of cases had high SLC7A11 (Fig. 7E), whereas in 130 
cases with high-level of USP18, more than 96% of cases had high 
SLC7A11 (Fig. 7F). Thus, high levels of E3 ligase (KCTD10) are 
correlated with low levels of its substrate (SLC7A11), whereas it is 
just opposite in case of DUB (USP18) with its substrate.

Finally, we analyzed our recent results of LC-MS/MS-based 
targeted metabolomics between breast normal and tumor tissues 
(15). In paired samples from the same patient, the levels of cystine 
were significantly lower in cancer tissues than in normal tissues 
(Fig. 7G and SI Appendix, Fig. S8I). Increased SLC7A11 levels 
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(increased cysteine transport), coupled with reduced cystine levels 
in tumor tissues highly suggested an enhanced cystine metabolism. 
Collectively, this correlation study suggested that high levels of 
SLC7A11, likely as the consequence of low levels of KCTD10 
and high levels of USP18 in cancer tissues, would trigger enhanced 
cystine transport to facilitate rapid cystine metabolism, eventually 
leading to cystine addiction in breast cancer cells.

Enhanced Therapeutic Efficacy in Combination of MLN4924 and 
SLC7A11 Inhibitors. As SLC7A11 accumulation by MLN4924 
increased cystine uptake (Fig. 1), we then determined whether 
increased cystine uptake regulates cell survival. Indeed, under 
neddylation blocked condition, cystine starvation enhanced 
inhibition of cell viability dependent of the doses of both 
MLN4924 and cystine (Fig.  7H and SI  Appendix, Fig.  S8J). 

- 35
- 55

- 40
- 35

- 40
IP:

FLAG

SLC7A11

FLAG

α-tubulin

SLC7A11

FLAG

Input

FLAG-vector
FLAG-KCTD10

+ - -
- + +

kDa

SK-BR-3

Cys + + -

- 40

- 40

- 55

- 40

- 40
IP:

FLAG

SLC7A11

FLAG

α-tubulin

SLC7A11

FLAG

Input

FLAG-vector

FLAG-USP18
+ - -

- + +
kDa

SK-BR-3

Cys + + -

α-tubulin - 55
FLAG - 35

HA
- 40

Pull down:
Ni-beads
IB: SLC7A11

Vector

His-Ub
HA-SLC7A11

+ - - -
+ + + +
- + + +

FLAG-KCTD10 - - + +
Cys + + + -

-
+
+
-
-

- 55
- 40

- 70
- 100
- 130
kDa

HEK293

α-tubulin - 55

FLAG - 40
HA

- 40

Pull down:
Ni-beads
IB: SLC7A11

Vector

His-Ub
HA-SLC7A11

+ - - -
+ + + +
- + + +

FLAG-USP18 - - + +
Cys + + + -

-
+
+
-
-

- 55
- 40

- 70
- 100
- 130
kDa

HEK293

A B C

D E F

G

p=
0.

00
1

p=0.017

p=
0.

00
2

p=0.005

p=0.004

p=0.002

p=0.018 p=0.002

p=
0.

00
1

p=
0.

00
1

p=
0.

00
4

p=
0.

00
3

p=0.004

p=0.024 p=0.021

p=
0.

00
2

p=
0.

04
2

p=0.046

p=0.002 p=0.048

H

J

SLC7A11

α-tubulin

SLC7A11

USP18

KCTD10

BT549

Cys (%)

OTUB1 - 35

- 55

- 40
- 35
- 35

- 70DUBA

kDa

TRIM26

SOCS2
- 55

- 15
ZRANB1 - 70

α-tubulin

USP18

OTUB1

KCTD10

0 6 12 24 6 12 24 (h)

Cys (-) Cys (+) rescue

BT474

- 55

- 40

- 35

- 35
- 35

- 70DUBA

kDa

TRIM26

SOCS2
- 55

- 15

ZRANB1 - 70

α-tubulin

SLC7A11

USP18

KCTD10

- 35
- 35
- 40

- 55

6 12 24 (h)0

Cys-

BT474

OTUB1 - 35

- 70DUBA

kDa

TRIM26

SOCS2
- 55

- 15

- 70ZRANB1

SLC7A11

Cys-

si-NC

BT474

USP18

α-tubulin

0 6 12 24 0 6 12 24 0 6 12 24 (h)

si-USP18#1 si-USP18#2

1.0 8.610.5 15.81.0 3.9 4.0 4.8 1.0 7.5 8.2 12.6

kDa
- 35

- 35
- 55

BT474

α-tubulin

SLC7A11

FLAG

1.0 12.5 10.3 21.4 1.0 3.5 6.0 6.0

Cys-
FLAG-vector

0 6 12 24 0 6 12 24 (h)

FLAG-KCTD10

kDa
- 35

- 35
- 55

p=
0.

00
5

p=0.038

p=
0.

02
9

p=0.003

p=0.002 p=0.002

p=
0.

00
4

p=
2.

92
E-

4

p=0.001

p=0.024

p=
0.

00
1

p=
0.

01
8

I

K L

Fig.  5.   Cystine deprivation regu-
lates KCTD10- and USP18-mediated 
ubiquitylation of SLC7A11. (A) BT474 
cells were cultured with cystine-free 
medium for different time points, 
followed by immunoblotting. (B) 
BT549 cells were cultured with 
indicated percentage of cystine 
for 24 h, followed by immunob-
lotting. (C) BT474 cells were cul-
tured with cystine-free medium 
for different time points, followed 
by cystine addition at 24 h time-
point for different time points, 
followed by immunoblotting. (D) 
SK-BR-3 cells were transfected 
with FLAG-KCTD10 plasmid, along 
with the vector control, cultured in 
cystine-containing or cystine-free 
media for 24 h, followed by IP-IB 
analysis of the indicated proteins. 
(E) HEK293 cells were transfected 
with indicated plasmids, cultured 
in cystine-containing or cystine-
free media for 24 h, followed by 
Ni-beads pulldown, immunoblot-
ting for SLC7A11. (F) SK-BR-3 cells 
were transfected with FLAG-USP18 
plasmid, along with the vector con-
trol, cultured in cystine-containing 
or cystine-free media for 24 h, 
followed by IP-IB analysis of the 
indicated proteins. (G) HEK293 
cells were transfected with indicat-
ed plasmids, cultured in cystine-
containing or cystine-free media 
for 24 h, followed by Ni-beads 
pulldown, immunoblotting for SL-
C7A11. (H) BT474 cells were trans-
fected with FLAG-KCTD10 plasmid, 
along with the vector control for 48 
h, then cultured with cystine-free 
medium for different time points, 
followed by immunoblotting. (I) 
BT474 cells were transfected with 
siRNAs (si-NC or si-USP18s) for 48 h, 
then cultured with cystine-free me-
dium for different time points, fol-
lowed by immunoblotting. (J and K) 
MDA-MB-231 cells were transfected 
with indicated siRNAs and cultured 
with medium containing 100% and 
3.125% cystine, respectively, then 
cell viability (J) and clonogenic sur-
vival (K) were measured (mean ± SD, 
n = 3). (L) MDA-MB-231 cells were 
transfected with indicated siRNAs 
and plasmids, cultured with medi-
um containing 100% and 3.125% 
cystine, respectively, for 48 h, then 
cell viability was measured (mean 
± SD, n = 3).

http://www.pnas.org/lookup/doi/10.1073/pnas.2320655121#supplementary-materials
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Moreover, SLC7A11 knockdown further enhanced inhibition of 
cell viability by MLN4924 (Fig. 7I and SI Appendix, Fig. S8K). 
Thus, it appears that SLC7A11 accumulation by MLN4924 
promoted cystine uptake to support breast cancer survival, which 
would compromise the anticancer activity of MLN4924.

We next tested our working hypothesis that SLC7A11 inhibitor 
Erastin would sensitize breast cancer cells to MLN4924. Indeed, 
in the cell culture setting, Erastin increased inhibitory effects of 
MLN4924 (Fig. 7J and SI Appendix, Fig. S8L). In an in vivo xen­
ograft model of MDA-MB-231 cells with MLN4924 alone or in 
combination with IKE, an Erastin derivative (37) at nontoxic 
doses (SI Appendix, Fig. S8M), we observed that compared to the 
vehicle control, tumor growth was significantly inhibited by 
MLN4924 or IKE alone, and with maximal inhibition by the 
combination, as evidenced by growth rate, and remarkable reduc­
tion in tumor size and weight (Fig. 7K and SI Appendix, Fig. S8 
N and O). Thus, the combination of neddylation inhibitor 
MLN4924 and SLC7A11 inhibitor IKE would be a strategic 
choice for effective therapy against breast cancer.

Given breast tumor growth was significantly suppressed in an 
in vivo xenograft model following neddylation blockage and 
SLC7A11 inhibition, it promoted us to determine whether targeting 
KCTD10 or USP18 in combination with SLC7A11 inhibition could 
similarly affect tumor growth in this model. Given no KCTD10 
activators or USP18 inhibitors were reported, the genetic approaches 
were used to knockdown/knockout KCTD10 or USP18, respec­
tively. Stable cells were implanted into nude mice, followed by the 
treatment of SLC7A11 inhibitor IKE. Consistent with the in vitro 
cell culture model, tumors with KCTD10 knockdown (SI Appendix, 
Fig. S8P) are more resistance to IKE-induced growth inhibition 
(SI Appendix, Fig. S8Q), whereas tumors with USP18 knockout 
(SI Appendix, Fig. S5J) are more sensitive (SI Appendix, Fig. S8R). 

Collectively, KCTD10 has growth-suppressive, while USP18 has 
growth-promoting role in breast cancer cells. Combination of 
KCTD10 activation or USP18 inactivation with SLC7A11 inhibi­
tion appears to be an effective approach to inhibit tumor growth.

Discussion

In this study, we showed that in addition to its role in regulation 
of mitochondrial energy reprograming (14) and glutamine metab­
olism (15), MLN4924 also altered cystine metabolism by increasing 
cystine uptake via inactivating CRL3 E3 ligase to cause accumula­
tion of SLC7A11, a cystine transporter. We further characterized 
that SLC7A11 as a substrate of CRL3KCTD10 E3 ligase and USP18 
deubiquitylase, and the SLC7A11 stability is precisely regulated by 
this E3-DUB pair in response to environmental cystine.

SLC7A11 is a key regulator of ferroptosis, which are associated 
with various pathological conditions (35). SLC7A11 level is subjected 
to regulation at the multiple layers. At the transcriptional levels, 
SLC7A11 is up-regulated by ATF4, NRF2, and TEAD-dependent 
YAP/TAZ but down-regulated by p53 (38–40). At the posttranscrip­
tional levels, SLC7A11 is up-regulated by LncRNA HEPFAL and 
down-regulated by BAP1 and m6A reader YTHDC2 (41–43). At 
the posttranslational levels, SLC7A11 activity is negatively regulated 
by SLC7A11 phosphorylation at Ser26 residue, mediated by 
mTORC2 (44). At the posttranslational level, SLC7A11 levels are 
regulated by the ubiquitin–proteasome system (UPS). Specifically, 
SLC7A11 was reported to be a substrate of CRL5SOCS2 E3 ligase (30) 
or of TRIM26 E3 ligase (31). Interestingly, a recent study showed 
that ZRANB1, a deubiquitinase acts as an E3 ubiquitin ligase for 
SLC7A11 ubiquitylation (32). On the other hand, OTUB1 (22) and 
DUBA (33) were two deubiquitylases reported to stabilize SLC7A11. 
However, the characterizations of these SLC7A11 E3s and DUBs 
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Fig. 6.   KCTD10 and USP18 regulate ferroptosis through SLC7A11. (A–C) MDA-MB-231 cells were transfected with indicated siRNAs (si-NC or si-KCTD10s), followed 
by cystine deprivation (A), treatment with RSL3 (B), and Erastin (C) alone or in combination with Ferr-1 for 24 h as indicated, then cell viability was measured (mean 
± SD, n = 3). (D) MDA-MB-231 cells transfected with indicated siRNAs (si-NC or si-KCTD10s) for 24 h, then treated without and with Erastin for 48 h, followed by cell 
viability measurement (mean ± SD, n = 3). (E–G) MDA-MB-231 cells were transfected with indicated siRNAs (si-NC or si-USP18s), followed by cystine deprivation (E), 
treatment with RSL3 (F) and Erastin (G) alone or together with Ferr-1 for 24 h, as indicated, followed by cell viability measurement (mean ± SD, n = 3). (H) MDA-MB-231 
cells transfected with indicated siRNAs (si-NC or si-USP18s) and plasmid (HA-SLC7A11) for 24 h, then treated without and with Erastin for 48 h, followed by cell viability 
measurement (mean ± SD, n = 3).
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were mainly based upon overexpression approaches. It is unknown 
under what physiological or pathological conditions in which 
SLC7A11 is subjected to regulation by these E3s or DUBs.

Here, we reported that CRL3KCTD10 E3 ligase is responsible for 
SLC7A11 ubiquitylation in response to environmental cystine 
levels in breast cancer cells. Our conclusion is supported by the 
following lines of evidence: 1) pharmacological inhibition of ned­
dylation or siRNA-based knockdown of Cul-3 causes SLC7A11 
accumulation; 2) KCTD10 binds to SLC7A11 via its C-terminal 
region and SLC7A11 interacts with KCTD10 via its N-terminal 
domain; 3) KCTD10 overexpression or knockdown decreases or 
increases SLC7A11 levels, respectively; 4) KCTD10 overexpres­
sion or knockdown shortens or extends SLC7A11 protein half-life, 

respectively; 5) KCTD10 promotes SLC7A11 ubiquitylation for 
proteasome degradation. Thus, our study adds SLC7A11 to the 
repertoire of the growing list of KCTD10 substrates (23).

It was reported that KCTD10 interacts and promotes polyubiq­
uitylation of its substrates via either K27 linkage for degradation of 
EIF3D and TRIF (45, 46), or the K63 linkage in RhoB for modu­
lating its subcellular localization, activity, and lysosomal degradation 
(47). Our study has, however, revealed that KCTD10 utilizes the 
K48-linkage for SLC7A11 polyubiquitylation, a canonical linkage 
type for proteasome degradation (48). Furthermore, it is known that 
CRL3Keap1 and SCFβ-TrCP are two E3 ligases for targeted ubiquityla­
tion and degradation, respectively, of NRF2 and ATF4 (49, 50), two 
transcription factors known to transactivate SLC7A11 mRNA 
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Fig. 7.   Correlation between SLC7A11 and the KCTD10–USP18 axis, and cotargeting neddylation and SLC7A11 enhances cancer killing. (A) Representative staining 
images of SLC7A11, KCTD10, and USP18 in consecutive breast tissues (normals vs. tumors). The green and red boxes indicate normal and tumor regions, respectively. 
(B–D) The relative proportion of the levels of SLC7A11 (B), KCTD10 (C), and USP18 (D) by IHC staining in adjacent nontumor and tumor tissues of the breast. (E and F) 
The correlation analysis of the staining levels between KCTD10 and SLC7A11 (E) as well as USP18 and SLC7A11 (F) in breast tumor sections. (G) Paired human breast 
normal and tumor tissues were analyzed by targeted metabolomics, and relative abundance of cystine was compared between each individual pair of normal vs. 
tumor tissues (n = 12). (H) MDA-MB-231 cells were treated with MLN4924 under various percentage of cystine in culture media for 48 h, followed by cell viability 
measurement (mean ± SD, n = 3). (I) MDA-MB-231 cells were transfected with siRNAs (si-NC or si-SLC7A11s) and then treated with DMSO control or MLN4924 
for 48 h, followed by cell viability measurement (mean ± SD, n = 3). (J) MDA-MB-231 cells were treated with different concentrations of MLN4924 without or with 
Erastin for 48 h, followed by cell viability measurement (mean ± SD, n = 3). (K) The in vivo growth of MDA-MB-231 xenograft tumors after treatment of MLN4924, 
or IKE, alone or in combination, along with vehicle control for 14 d. Tumor growth was monitored (mean ± SEM, n = 6). (L) A working model: See text for the detail.
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expression (39, 40). Inactivation of CRL E3 ligase through neddyl­
ation blockage (by MLN4924) would, therefore, cause the accumu­
lation of SLC7A11 at the transcriptional levels by the 
Keap1-NRF2-SLC7A11 and β-TrCP-ATF4-SLC7A11 axes through 
increased transcription, and at the posttranslational level by the 
KCTD10–SLC7A11 axis through reduced degradation.

In this study, we also characterized USP18 as a deubiquitylase 
that stabilizes SLC7A11 with the following lines of supporting 
evidence: 1) USP18 binds to SLC7A11 through its intermediate 
domain (AA 51-150) and SLC7A11 interacts with USP18 through 
its N-terminal domain; 2) USP18 overexpression or knockdown 
increases or decreases SLC7A11 levels, by extending or shortening 
the SLC7A11 protein half-life, respectively; 3) USP18 decreases 
the levels of SLC7A11 polyubiquitylation.

Whether or under what physiological and pathological conditions 
that SLC7A11 is subjected to KCTD10 and USP18 regulation? 
Here we showed a dynamic regulation of the SLC7A11 stability by 
KCTD10 and USP18 in response to cystine levels in the culture, as 
evidenced by 1) cystine deprivation decreases the levels of KCTD10, 
but increases the levels of USP18, which is reversed/rescued by cys­
tine resupply, and 2) cystine deprivations disrupts the SLC7A11–
KCTD10 interaction to reduce SLC7A11 ubiquitylation, whereas 
increases the SLC7A11–USP18 interaction to enhance SLC7A11 
deubiquitylation. Importantly, none of previously reported SLC7A11 
E3s (TRIM26, SOCS2, and ZRANB1) nor DUBs (OTUB1 and 
DUBA) are subjected to cystine regulation (Fig. 5).

What is the biological significance of coordinated regulation of 
the SLC7A11 stability by KCTD10 and USP18, particularly upon 
cystine starvation? We propose that during breast carcinogenesis, 
decreased KCTD10 and increased USP18 would cause SLC7A11 
accumulation to increase cystine uptake and consumption for the 
maintenance of rapid metabolism. Consistently, the high levels of 
SLC7A11 and USP18, and low levels of KCTD10 are coordi­
nately coupled with decreased cystine levels in breast cancer tissues 
(Fig. 7), indicating the pathological relevance. While SLC7A11 
is up-regulated in diverse tumors which predicts adverse outcomes 
of patients (8), the underlying mechanisms by which cancer cells 
adapt to increased SLC7A11 levels remain largely unknown. Our 
study here elucidated, at least in part, the mechanism by which 
some types of cancer, including breast cancer, adjust elevated 
SLC7A11 levels to meet a high requirement of cystine consump­
tion, and subsequent cysteine-depleted microenvironment to 
ensure their survival (51). Taken together, the precise and dynamic 
regulation of the SLC7A11 stability by the KCTD10–USP18 axis 
under the conditions of cystine deficiency vs. sufficiency is patho­
logically relevant and biologically significant.

Inhibition of the cystine/GSH/GPX4 pathway induces ferroptosis 
and suppresses tumor growth with SLC7A11 as a hub of this axis 
(6). By modulating the stability of SLC7A11, we reported here that 
both KCTD10 and USP18 regulate ferroptosis, either positively or 
negatively, in a SLC7A11-dependent manner. Although KCTD10 
was shown to be involved in the growth of different cancer cell lines 
(52–54), its role in regulation of cell death, particularly ferroptosis, 
is completely unknown. Here, we showed that KCTD10 knockdown 
increased the viability and clonogenic survival of breast cancer cells 
by stabilizing SLC7A11 to confer resistance to ferroptosis, which was 
abrogated by either SLC7A11 knockdown or treatment with a fer­
roptosis inducer. Thus, KCTD10 suppressed the survival of breast 
cancer cells by promoting ubiquitylation and degradation of 
SLC7A11 to induce ferroptosis.

USP18 is a multifunctional protein and is implicated in a variety 
of pathological conditions including cancer (55). One recent study 
showed that USP18 inhibition induces pyroptotic cell death (56). 
Although USP18 was shown to regulate lipid metabolism (57), no 

study was reported to demonstrate its role in ferroptosis. We showed 
here that USP18 knockdown reduced cell viability by destabilizing 
SLC7A11 to induce ferroptosis, which is blocked by either ectopic 
expression of SLC7A11 or treatment with a ferroptosis inhibitor. 
Thus, in contrast to KCTD10, USP18 promotes the survival of 
breast cancer cells by stabilizing SLC7A11 to suppress ferroptosis. 
Our correlation study using the human breast cancer tissues also 
revealed a negative association between KCTD10 and SLC7A11, 
and a positive association between USP10 and SLC7A11 at both 
mRNA and protein levels, indicating a pathological relevance of 
our finding. Finally, we showed that the combination of MLN4924 
with Erastin or IKE exhibits a better activity against the growth 
and survival of breast cancer cells in both in vitro cell-culture setting 
and in vivo xenograft tumor models, providing a proof-of-concept 
evidence and sound strategy for effective anticancer therapy by 
MLN4924 in combination of SLC7A11 inhibitors.

In summary, our study fits the following working model: 
MLN4924 inactivates CRL3 to cause accumulation of SLC7A11, 
which is a new substrate of CRL3KCTD10 for ubiquitylation and 
degradation, and of USP18 for deubiquitylation and stabilization. 
Upon cystine starvation, the levels of KCTD10 or USP18 are 
decreased or increased, respectively, to cause accumulation of 
SLC7A11, leading to enhanced cystine uptake/consumption and 
resistance to ferroptosis (Fig. 7L). The combination of MLN4924 
and SLC7A11 inhibitor IKE effectively blocks tumor growth, 
revealing a sound therapeutic strategy.

Materials and Methods

The use of human breast cancer tissues in the study was approved by the ethical 
committee of Sir Run Run Shaw Hospital, Zhejiang University School of Medicine, 
China. Informed consent was obtained from all of the subjects involved as previ-
ously described (15). Immunoblots and IP, protein half-life measurement, in vivo 
ubiquitylation assay, metabolic profiling analysis, and cell viability and clono-
genic survival assay were performed as previously described (14, 15). Additional 
materials and methods are available in SI Appendix, SI Materials and Methods.

Data, Materials, and Software Availability. Fragments per kilobase million 
(FPKM) normalized expression profile data from The Cancer Genome Atlas (TCGA) 
was downloaded from UCSC Xena data hub (https://xena.ucsc.edu/) (58) using R 
(version 4.2.0) and R packages. All other study data are included in the article and/
or SI Appendix.
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