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Significance

Ferroptosis is pivotal in various 
physiological and pathological 
processes, yet our understanding 
of its mechanisms and 
implications for tissue 
homeostasis and cancer 
immunotherapy remains 
incomplete. This study elucidates 
the critical role of ubiquitin-
specific protease 8 (USP8) in 
regulating lipid peroxidation and 
ferroptosis in colon homeostasis, 
tumorigenesis, and cancer 
immunotherapy. Specifically, we 
reveal that USP8 deubiquitinates 
glutathione peroxidase 4 (GPX4), 
safeguarding it from 
proteasome-mediated 
degradation. Importantly, 
targeting the USP8-GPX4 axis 
enhances the efficacy of anti-
PD-1 immunotherapy in mouse 
tumor models, offering broad 
avenues for combinatorial 
therapeutic strategies in tumor 
immunotherapy.
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Ferroptosis is an iron-dependent type of regulated cell death resulting from extensive 
lipid peroxidation and plays a critical role in various physiological and pathological 
processes. However, the regulatory mechanisms for ferroptosis sensitivity remain incom-
pletely understood. Here, we report that homozygous deletion of Usp8 (ubiquitin-specific 
protease 8) in intestinal epithelial cells (IECs) leads to architectural changes in the 
colonic epithelium and shortens mouse lifespan accompanied by increased IEC death 
and signs of lipid peroxidation. However, mice with heterozygous deletion of Usp8 in 
IECs display normal phenotype and become resistant to azoxymethane/dextran sodium 
sulfate–induced colorectal tumorigenesis. Mechanistically, USP8 interacts with and 
deubiquitinates glutathione peroxidase 4 (GPX4), leading to GPX4 stabilization. Thus, 
USP8 inhibition destabilizes GPX4 and sensitizes cancer cells to ferroptosis in vitro. 
Notably, USP8 inhibition in combination with ferroptosis inducers retards tumor 
growth and enhances CD8+ T cell infiltration, which potentiates tumor response to 
anti-PD-1 immunotherapy in vivo. These findings uncover that USP8 counteracts fer-
roptosis by stabilizing GPX4 and highlight targeting USP8 as a potential therapeutic 
strategy to boost ferroptosis for enhancing cancer immunotherapy.

USP8 | GPX4 | ubiquitination | ferroptosis | immunotherapy

Ferroptosis is a nonapoptotic form of regulated cell death that results from the accumu-
lation of lipid peroxides in an iron-dependent manner and plays a critical role in regulating 
various physiological and pathological processes (1, 2). The cystine-glutamate antiporter 
(System xc−)/glutathione (GSH)/glutathione peroxidase 4 (GPX4) axis is one of the sur-
veillance mechanisms to inhibit ferroptosis and promote tumorigenesis through converting 
potentially toxic phospholipid hydroperoxides to nontoxic lipid alcohols (3, 4). Increasing 
evidence has demonstrated that boosting ferroptosis by targeting the system xc−/GPX4 
pathway exhibits a potential therapeutic strategy for cancer treatment (5–9). Of note, 
several selective small-molecule inhibitors for targeting system xc− or GPX4 have been 
developed and displayed the potent antitumor effect through triggering ferroptosis of 
tumor cells in vitro and in vivo (7, 10–12). Moreover, emerging evidence suggests that 
these ferroptosis inducers can further strengthen the antitumor efficacy of current cancer 
therapies, including radiation therapy, chemotherapy, and immunotherapy, in multiple 
preclinical tumor models (13–16). However, the molecular regulatory mechanisms of 
controlling ferroptosis sensitivity and how those regulations influence tumorigenesis and 
cancer therapy are still largely unclear. Thus, delineating the molecular mechanisms that 
regulate ferroptosis holds great value in the development of previously unappreciated 
combination therapies for improving anticancer efficacy.

The protein ubiquitination and deubiquitination governed by ubiquitin E3 ligases and 
deubiquitinating enzymes (DUBs) play an important role in regulating protein homeostasis 
to control various biological processes (17, 18). Dysregulation of the ubiquitin system has 
been associated with human diseases, including cancers (19). Some DUBs are emerging 
as attractive therapeutic targets for cancer therapies, and increasing selective small-molecule 
inhibitors targeting various DUBs have been developed for cancer treatment in preclinical 
animal tumor models (20). Ubiquitin-specific protease 8 (USP8, also named UBPY) is a 
member of DUBs and frequently removes the ubiquitination from its substrates to control 
cellular protein fates (21). Recent studies have demonstrated that USP8 plays a critical 
role in regulating cell division and tumorigenesis (22–25). Additionally, investigations have 
revealed that USP8 confers ferroptosis resistance in liver cancer cells through different 
mechanisms (26, 27). However, whether USP8 regulates ferroptosis in tissue homeostasis 
and cancer immunotherapy remains incompletely understood.

Herein, we report that homozygous deletion of Usp8 in intestinal epithelial cells (IECs) 
shortens mouse survival, accompanied by colon architectural disarray and increased lipid 
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peroxidation in colon tissues. However, mice with heterozygous 
deletion of Usp8 in IECs are viable and exhibit a comparable phe-
notype to those of wild-type (WT) mice. Heterozygous deletion of 
Usp8 impedes colon tumorigenesis and tumor progression in a 
murine colorectal cancer model. We further find that knockdown 
or pharmacological inhibition of USP8 increases the sensitivity of 
colorectal cancer cells to ferroptosis. USP8 interacts with and deu-
biquitinates GPX4, thereby preventing GPX4 protein degradation. 
Notably, USP8 inhibition in combination with ferroptosis inducers 
suppresses the tumor growth and promotes CD8+ T cell infiltration 
in the tumor microenvironment, which sets up a situation that 
makes the PD-1/PD-L1 blockade more effective in vivo. Together, 
our study elucidates the physiological role of USP8 in suppressing 
extensive lipid peroxidation and ferroptosis via stabilizing GPX4 
and highlights targeting the USP8-GPX4 axis as a potential strategy 
to enhance the efficacy of anti-PD-1 immunotherapy.

Results

Homozygous Deletion of Usp8 in IECs Shortens Mouse Lifespan 
Accompanied by Impaired Colon Homeostasis and Increased 
IEC Death. Studies have shown that whole-body Usp8 knockout 
in mice leads to embryonic lethality, although the underlying 
regulatory mechanism is still poorly understood (28). Moreover, 
mice with T cell–specific Usp8 knockout spontaneously 
developed colitis and died within 20 wk (25). To further unravel 

the physiological role of Usp8 in mice, we generated mice with 
IEC-specific knockout of Usp8 through mating mice with loxP-
flanked (floxed, fl) Usp8 alleles (Usp8fl/fl) with Villin-Cre (Vil-
Cre) transgenic mice (SI Appendix, Fig. S1 A and B). Wild-type 
littermates (Usp8fl/fl), heterozygous mice (Usp8fl/+;Vil-Cre), and 
homozygous mice (Usp8fl/fl;Vil-Cre) were born with expected sex 
ratios and Mendelian inheritance ratios (SI Appendix, Fig. S1 C 
and D). Unexpectedly, Usp8fl/fl;Vil-Cre mice exhibited dramatical 
growth retardation, severely reduced body weight, and shortened 
colon length on day 10 after birth compared with Usp8fl/fl and 
Usp8fl/+;Vil-Cre mice (Fig. 1 A–C). Usp8fl/fl;Vil-Cre mice became 
moribund from day 5 after birth and died within 25 d, whereas 
there was no significant difference in survival between Usp8fl/fl 
and Usp8fl/+;Vil-Cre mice (Fig. 1D and SI Appendix, Fig. S1D). 
Usp8fl/fl and Usp8fl/+;Vil-Cre mice thrived with no remarkable 
abnormalities (Fig. 1 A–D and SI Appendix, Fig. S1 E–I). These 
results suggest that homozygous deletion of Usp8 gene in IECs 
impairs colon homeostasis and causes premature death of mice.

To identify the possible cause of premature death due to Usp8 
loss, we performed the hematoxylin and eosin (H&E) staining of 
colon sections derived from the 10-d-old mice. Colons of 
Usp8fl/fl;Vil-Cre mice displayed visible perturbed tissue architecture 
with loss of goblet cells and distortion of crypt architecture (Fig. 1E). 
In contrast, Usp8fl/+;Vil-Cre mice developed a comparable mucosal 
appearance to that of Usp8fl/fl mice and did not show the histopatho-
logical damage observed in colon sections of Usp8fl/fl;Vil-Cre mice 
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Fig. 1.   Homozygous deletion of Usp8 in IECs shortens mouse lifespan accompanied by impaired colon homeostasis and increased IEC death. (A–D) Representative 
general appearance (A), body weight (B), representative colon and rectum appearance (C), and survival rate (D) of Usp8fl/fl, Usp8fl/+;Vil-Cre, and Usp8fl/fl;Vil-Cre pups. 
N = 16, 16, and 7 mice per group (B). N = 20 mice per group (D). (E–G) Representative H&E (E) and TUNEL (F) staining images of distal and proximal colon from 
Usp8fl/fl, Usp8fl/+;Vil-Cre, and Usp8fl/fl;Vil-Cre mice at P10. The blue color indicated DAPI staining of nuclei, and the green color in nuclei indicated TUNEL-positive 
signals. The TUNEL-positive cells were counted in three randomly selected fields per biological replicate (G). N = 5 mice (E) or 3 mice (F and G) per group. (Scale 
bar, 50 μm.) (H–K) Representative immunohistochemical (IHC) staining images of 4-HNE, cleaved-caspase 3, and N-terminal domain of GSDMD (GSDMD-N) in 
colons from Usp8fl/fl, Usp8fl/+;Vil-Cre, and Usp8fl/fl;Vil-Cre mice at P10. [Scale bar, 50 μm (H).] The 4-HNE staining (I) and GSDMD-N (J) were quantified by randomly 
selecting three fields per biological replicate on the basis of average optical density (AOD). The cleaved-caspase-3-positive cells (K) were counted in randomly 
selecting three fields per independent sample. N = 3 mice per group. In (B, G, and I–K), data were presented as mean ± SD; one-way ANOVA test with Tukey’s 
test. In (D), log-rank (Mantel-Cox) test was employed. ns, not significant, ***P < 0.001.
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(Fig. 1E). Remarkably, terminal deoxynucleotidyl transferase (TdT)–
mediated deoxyuridine triphosphate (dUTP) Nick End Labeling 
(TUNEL) staining revealed an increased number of dead cells in the 
colon sections from Usp8fl/fl;Vil-Cre mice (Fig. 1 F and G), suggesting 
that homozygous loss of Usp8 might lead to IEC death. Furthermore, 
IHC analysis showed that the expression of 4-hydroxynonenal 
(4-HNE), a lipid peroxidation marker, was significantly increased 
in colon tissues of Usp8fl/fl;Vil-Cre mice, suggesting an increase in 
lipid peroxidation (Fig. 1 H and I), with no significant differences 
in the staining of the executor of pyroptosis, N-terminal domain of 
GSDMD (GSDMD-N), or the apoptosis marker, cleaved caspase-3, 
among colon sections derived from Usp8fl/fl, Usp8fl/+;Vil-Cre, and 
Usp8fl/fl;Vil-Cre mice (Fig. 1 H, J, and K).

Vitamin E, a lipid-soluble antioxidant, plays a pivotal role in 
protecting from lipid peroxidation–mediated cell death in vitro 
(29, 30). Importantly, previous studies have reported that vitamin 
E supplementation protects from detrimental lipid peroxidation in 
Gpx4 null endothelial cells, hepatocytes, and IECs in mice, effec-
tively rescuing the associated phenotypes induced by Gpx4 deple-
tion (31–33). To investigate whether dietary supplementation with 
vitamin E alleviated phenotypes induced by homozygous loss of 
Usp8 (Usp8fl/fl;Vil-Cre), we employed a dietary intervention strategy. 
Female Usp8fl/flmice were mated with Usp8fl/+;Vil-Cre males, and 
the pregnant mice were provided with a vitamin E–enriched diet 
throughout gestation. The mothers were kept on this diet until the 
newborns were weaned, and the offspring remained on the same 
dietary regimen thereafter (SI Appendix, Fig. S1J). As anticipated, 
Usp8fl/fl;Vil-Cre mice from mothers maintained on normal diets 
exhibited reduced body weight and failure to thrive (SI Appendix, 
Fig. S1 K–M). Encouragingly, Usp8fl/fl;Vil-Cre pups from mothers 
treated with vitamin E–enriched diets displayed improved appear-
ance, increased body weight, and remarkably prolonged survival 
(SI Appendix, Fig. S1 K–M). Moreover, the histomorphology of the 
colon in Usp8fl/fl;Vil-Cre pups from vitamin E–enriched diet treated 
mothers showed beneficial changes, with decreased colonic 4-HNE 
levels and reduced number of TUNEL-positive cells (SI Appendix, 
Fig. S1 N–P). Collectively, these results suggest that Usp8 plays an 
indispensable role in regulating IEC death, colon homeostasis, and 
mouse survival, which is associated with Usp8-restricted lipid 
peroxidation.

Heterozygous Deletion of Usp8 in IECs Suppresses Tumorigenesis 
in Mice. To elucidate the role of Usp8 in colorectal carcinogenesis 
and tumor progression, we utilized a well-established azoxymethane 
(AOM)/dextran sodium sulfate (DSS)-induced mouse colorectal 
cancer model. Both heterozygous Usp8fl/+;Vil-Cre and wild-type 
Usp8fl/fl mice were treated with AOM/DSS to induce carcinogenesis 
(Fig. 2A). Usp8fl/+;Vil-Cre mice developed fewer and smaller tumors 
in the colon than Usp8fl/fl mice, indicating that Usp8 deficiency in 
IECs inhibits the colorectal tumorigenesis and tumor progression 
(Fig. 2 B–D). Meanwhile, the Usp8 protein levels were reduced 
in colon tumor tissues from Usp8fl/+;Vil-Cre mice compared to 
Usp8fl/fl mice (Fig. 2 E and F). Furthermore, the 4-HNE levels 
were significantly increased in tumor sections from heterozygous 
Usp8fl/+;Vil-Cre mice compared to Usp8fl/fl mice, indicating that 
heterozygous deletion of Usp8 leads to increased lipid peroxidation 
in tumors (Fig. 2 G and H). However, GSDMD-N or cleaved 
caspase-3 did not show significant differences in colon sections 
derived from Usp8fl/+;Vil-Cre and Usp8fl/fl mice (SI  Appendix, 
Fig.  S2 A–C). To further investigate the relevance of Usp8 
depletion–mediated lipid peroxidation in tumorigenesis, we treated 
Usp8fl/+;Vil-Cre mice with a lipophilic radical trapping inhibitor, 
ferrostatin-1 (Fer-1) (Fig. 2I). Notably, Fer-1 treatment significantly 
accelerated tumorigenesis and tumor growth accompanied by  

a decreased expression of 4-HNE in Usp8fl/+;Vil-Cre mice compared 
with the vehicle-treated group (Fig. 2 J–O). These results reveal a 
crucial role of Usp8 deletion–derived lipid peroxidation in retarding 
colorectal tumor progression.

Moreover, we further investigated the role of Usp8 in lung 
tumor development in the KrasLSL-G12D/+;Trp53fl/fl (KP) mouse 
model (34). To this end, the Usp8fl/fl mice were crossed with KP 
mice to generate KrasLSL-G12D/+;Trp53fl/fl;Usp8fl/fl (KPU) mice 
(SI Appendix, Fig. S2 D and E). The lung tumorigenesis was 
induced by intranasal injection of adenovirus expressing Cre 
recombinase (Ad-Cre) (SI Appendix, Fig. S2F). We found that the 
tumor sizes and areas in the lungs of KPU mice were significantly 
smaller than those of KP mice (SI Appendix, Fig. S2 G–J), indi-
cating that Usp8 deficiency inhibits lung tumor progression. 
Consistent with this, the Usp8 protein levels were reduced in 
tumor tissues from KPU mice compared to KP mice (SI Appendix, 
Fig. S2 K and L). The 4-HNE levels were significantly increased 
in tumor sections from KPU mice compared to KP mice 
(SI Appendix, Fig. S2 M and N). Taken together, our results suggest 
that deletion of Usp8 significantly inhibits colorectal and lung 
tumorigenesis and tumor progression accompanied by increased 
lipid peroxidation in tumors.

USP8 Inhibition Sensitizes Cancer Cells to Ferroptosis In Vitro. 
Ferroptosis is a form of cell death caused by unrestricted lipid 
hydroperoxides. To identify potent DUBs that modulate ferroptosis 
sensitivity, we carried out a siRNA-based screen targeting 96 human 
DUBs in HCT116 cells, followed by treatment with the ferroptosis 
inducer erastin (Fig. 3 A and B). Several previously reported DUBs 
that participate in ferroptosis regulation were identified, such as 
BAP1 (35) and OTUB1 (36) (Fig. 3B and SI Appendix, Fig. S3A), 
validating the robustness of this screen. Of note, we found that 
USP8 and USP50 were the most potent DUBs conferring resistance 
to erastin treatment in HCT116 cells (Fig. 3B and SI Appendix, 
Fig. S3A). Analyzing the correlation between gene expression and 
drug sensitivity using data from the Cancer Therapeutics Response 
Portal (CTRP) (37), we observed that the expression of USP8, but 
not USP50, positively and significantly correlated with resistance 
to multiple ferroptosis inducers, including erastin, RSL3, ML210, 
and ML162, in various colorectal cancer cell lines, suggesting that 
USP8 may confer ferroptosis resistance in colorectal cancer cells 
(Fig.  3C and SI  Appendix, Fig.  S3 B–E). In keeping with this 
finding, we screened a panel of DUB inhibitors, showing that the 
USP8 inhibitor, DUB-IN-2, was the most potent in suppressing 
the cell viability and increasing cell death in HCT116 cells after 
treating with erastin (Fig. 3 D and E). Moreover, DUB-IN-2, but 
not other DUB inhibitors we examined, combined with erastin 
treatment markedly decreased the cell viability and increased lipid 
peroxidation of PC9 cells (SI Appendix, Fig. S3 F and G). Together, 
these results suggest that USP8 inhibition may sensitize cancer 
cells to ferroptosis.

We further confirmed that knockdown of USP8 decreased the 
viability of HCT116 and SW620 cells upon erastin and RSL3 
treatments (Fig. 3 F, G, J, and K and SI Appendix, Fig. S3 H and I).  
In keeping with these results, knockdown of USP8 in HCT116, 
SW620, and PC9 cells increased erastin- and RSL3-induced cell 
death (Fig. 3 H and L and SI Appendix, Fig. S3 J–M). In particular, 
the cell death induced by erastin or RSL3 could be almost rescued 
by the ferroptosis inhibitor Fer-1, but not by the apoptosis inhib-
itor Z-VAD-FMK (Z-V) nor necroptosis inhibitor necrostatin-1 
(Nec-1) (Fig. 3 H and L and SI Appendix, Fig. S3 J–M). Consistent 
with these findings, inhibition of USP8 by shRNAs or the phar-
macologic inhibitor DUB-IN-2 significantly increased erastin- or 
RSL3-induced lipid peroxidation in HCT116 and SW620 cells, 
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and the upregulation of lipid peroxidation was largely attenuated 
by Fer-1 (Fig. 3 I and M and SI Appendix, Fig. S3 N–Q). Through 
examining the sensitivity of several cell lines, including HCT116, 
SW620, PC9, and H1299, to ferroptosis inducers, our results 
indicated that H1299 cells were relatively more sensitive to erastin 
and RSL3 compared to the other three cell lines (SI Appendix, 
Fig. S3 R–Y). Furthermore, USP8 knockdown significantly 
increased erastin- and RSL3-induced cell death in H1299 cells 
(SI Appendix, Fig. S3 Z and ZA). These results indicate that USP8 
inhibition increases the sensitivity of cancer cells to ferroptosis in 
multiple cancer cell lines.

USP8 Stabilizes GPX4 through Removing K48-Linked Ubiquiti­
nation on GPX4. To further explore the molecular mechanism 
of USP8-mediated ferroptosis regulation, we examined whether 
USP8 could modulate the expression of key proteins involved 
in the ferroptosis pathway. Intriguingly, among the ferroptosis-
related proteins we examined, USP8 knockdown dramatically 
decreased the protein abundance of GPX4 in multiple cancer 
cell lines (Fig. 4 A and B and SI Appendix, Fig. S4 A and B). 
Additionally, our investigations in HCT116 and SW620 cells 
did not reveal substantial alterations in the protein expression 
of β-catenin and FTL upon USP8 knockdown (Fig. 4 A and 
B), despite recent studies showing that USP8 deficiency could 

impact the protein levels of β-catenin and FTL in liver cancer 
cells (26, 27). These results suggest that the role of USP8 in 
ferroptosis regulation may depend on the cellular context or 
cancer type. Moreover, USP8 deficiency did not significantly 
affect the mRNA level of GPX4, indicating that USP8 may 
function as a deubiquitinase to regulate GPX4 protein abundance 
at the posttranslational level (SI Appendix, Fig. S4 C and D). 
Consistently, pharmacological inhibition of USP8 by DUB-
IN-2 decreased the protein levels of GPX4 in various cancer  
cell lines including HCT116, SW620, PC9, and H460 (Fig. 4 
C and D and SI Appendix, Fig. S4 E and F). To further explore  
the role of USP8 in regulating GPX4, we first developed GPX4 
WT and its enzymatic inactive mutant U46S (38) constructs  
and confirmed that overexpression of this GPX4 WT protein 
was functional in inhibiting RSL3-induced ferroptosis, whereas 
it’s inactive mutant GPX4 U46S had no such effect (SI Appendix, 
Fig.  S4 G and H). As expected, ectopic expression of USP8 
increased the protein abundance of GPX4 (SI  Appendix, 
Fig. S4I). Furthermore, the cycloheximide (CHX)-chase assay 
showed that knockdown of USP8 dramatically shortened the 
GPX4 protein half-life in multiple cancer cell lines, further 
supporting that USP8 might regulate GPX4 protein abundance 
at the posttranslational level (Fig. 4 E and F and SI Appendix, 
Fig. S4 J–L).
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model. i.p., intraperitoneal. (B–D) Representative images of the tumor-burned colon and rectum (B), representative H&E staining (C), and tumor number per 
mouse (D) of colonic tissues from female Usp8fl/fl and Usp8fl/+;Vil-Cre mice after AOM/DSS treatment. The tumor number per mouse was measured at the end of 
the experiment. [Scale bar, 1 mm (C).] N = 7 mice per group (D). (E–H) Immunoblot (IB) analysis of Usp8 expression (E) and representative IHC staining of 4-HNE 
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Since there are two major systems to govern protein homeostasis 
in cells, namely the proteasome-mediated degradation system and 
the autophagy-lysosome system (39), we aimed to determine the 
major system in regulating USP8-mediated GPX4 protein stability. 
Our results revealed that the proteasome inhibitor MG132, but 
not the lysosome inhibitors bafilomycin A1 (BafA1) nor chloro-
quine (CQ), almost rescued the shUSP8-mediated destabilization 
of GPX4 in HCT116 cells (Fig. 4G and SI Appendix, Fig. S4M). 
This finding suggests that USP8-mediated regulation of GPX4 
homeostasis largely depends on the proteasome system. In keeping 
with this finding, USP8 interacted with GPX4 and removed the 
ubiquitination on GPX4 (Fig. 4 H–J and SI Appendix, Fig. S4 
N–P). Moreover, the enzymatically inactive mutant USP8-C786A 
(40) failed to remove the ubiquitin chains from GPX4, suggesting 
that USP8 removes the ubiquitination on GPX4 through its deu-
biquitinating enzymatic activity (Fig. 4J). It is well known that the 
ubiquitin molecule can be conjugated to form distinct ubiquitin 
chains through one of its seven lysine (K) residues (K6, K11, K27, 
K29, K33, K48, and K63) (41). Our result showed that GPX4 

was heavily modified by the K27- and K48-linked ubiquitination 
(SI Appendix, Fig. S4Q). However, ectopic expression of USP8 
dramatically decreased the K48-linked ubiquitination on GPX4 
while leaving the K27-linked ubiquitination unaffected, indicating 
that USP8 predominantly removes the K48-linked ubiquitination 
on GPX4 (SI Appendix, Fig. S4R). The in vivo ubiquitination  
assay and in vitro deubiquitination assay showed that ectopic 
expression of USP8 removed the K48-linked ubiquitination on 
GPX4 in a deubiquitinase activity-dependent manner (Fig. 4K and 
SI Appendix, Fig. S4S).

Previous studies have reported several lysine residues, including 
K48, K125, K127, K135, and K151, as potential ubiquitination 
sites of GPX4 (42, 43). To investigate which lysine residue of 
ubiquitination can be targeted by USP8, we conducted in vivo 
ubiquitination assays and observed that GPX4 K48R, K125R, 
K127R, and K151R mutants displayed a reduction in K48-linked 
ubiquitination (SI Appendix, Fig. S4T). Furthermore, ectopic 
expression of USP8 dramatically reduced the ubiquitination of 
GPX4 WT, K125R, K127R, and K151R mutants, but it failed 
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to remove the ubiquitination of the GPX4 K48R mutant 
(SI Appendix, Fig. S4U). These results suggest that although several 
lysine residues on GPX4 undergo ubiquitin modification, USP8 
primarily removes the ubiquitination of GPX4 at K48 residues. 
Taken together, these results suggest that USP8 functions as a key 
upstream regulator for stabilizing GPX4 largely by removing the 
K48-linked ubiquitination on GPX4 to prevent its 
proteasome-mediated degradation. However, whether other deu-
biquitinases target additional ubiquitination sites or ubiquitin 
linkage chains on GPX4 warrants further in-depth study.

USP8 Inhibition in Combination with Ferroptosis Inducers 
Retards Tumor Growth and Promotes CD8+ T Cell Infiltration. 
To further explore the role of USP8 in regulating ferroptosis and 
cancer therapy in vivo, we evaluated the therapeutic efficacy of the 
USP8 inhibitor (DUB-IN-2) in combination with the ferroptosis 
inducer imidazole ketone erastin (IKE), an analog of erastin 
known for its high in vivo metabolic stability and water solubility 
(44–46). Our results demonstrated that DUB-IN-2 combined 
with IKE dramatically suppressed the subcutaneous CT26 tumor 
growth and increased tumoral 4-HNE levels compared to single-
agent treatment (SI Appendix, Fig. S5 A–E). Sulfasalazine (SAS), 
a Food and Drug Administration-approved drug commonly 
used for clinical treatment, is identified as a class 1 ferroptosis 
inducer for in vivo treatment (14, 47). The combination of DUB-
IN-2 and SAS significantly suppressed the subcutaneous CT26 
tumor growth and dramatically increased 4-HNE expression in 
tumor tissues (Fig. 5 A–F). Moreover, the ferroptosis inhibitor, 
liproxstatin-1 (Lip-1) (48), significantly rescued the combination 
of DUB-IN-2/SAS-mediated growth retardation and reduced 
4-HNE expression in inoculated CT26 tumors (SI  Appendix, 
Fig. S5 F–J). Notably, through analyzing the tumor-infiltrating 
immune cells, we found that DUB-IN-2 in combination with SAS 
treatment increased the tumor-infiltrating CD8+ T cells, but not 
other immune cells we examined (Fig. 5 G and H and SI Appendix, 
Fig. S5 K–M). This result suggests that the combination therapy 
may reshape the tumor microenvironment to recruit CD8+  

T cells, setting up a situation that may improve the efficiency of 
T cell–based immunotherapy.

To confirm these findings, we utilized the AOM/DSS-induced 
autochthonous colorectal tumor model to evaluate the therapeutic 
efficacy of SAS in Usp8fl/+;Vil-Cre and Usp8fl/fl mice (Fig. 5I). 
Remarkably, Usp8fl/+;Vil-Cre mice exhibited the most effective 
tumor control when receiving SAS treatment, evidenced by a sig-
nificant decrease in tumor number and size (Fig. 5 J–L and 
SI Appendix, Fig. S5N). Moreover, the 4-HNE levels were signif-
icantly increased in tumors derived from the Usp8fl/+;Vil-Cre mice 
with SAS treatment (Fig. 5 M and N). Consistent with the results 
in the syngeneic CT26 tumor models, the percentage of CD8+ T 
cells, but not CD4+ T cells, was significantly increased in tumors 
derived from Usp8fl/+;Vil-Cre mice treated with SAS (Fig. 5 O and 
P). Additionally, Usp8 inhibition combined with SAS treatment 
also significantly suppressed the primary lung cancer tumorigen-
esis and development in the KP mouse model (SI Appendix, 
Fig. S5 O–S). The percentage of CD8+ T cells was also elevated 
in tumor-burden lung tissues derived from KPU mice treated with 
SAS (SI Appendix, Fig. S5 T and U). These data together suggest 
that USP8 inhibition by its pharmacologic inhibitor or genetic 
deletion in combination with SAS treatment effectively suppresses 
tumor growth and enhances CD8+ T cell infiltration in tumors.

USP8 Inhibition in Combination with Ferroptosis Inducer 
Sensitizes Tumors to Anti-PD-1 Immunotherapy In Vivo. Our 
results above demonstrated that USP8 inhibition in combination 
with the ferroptosis inducer SAS not only retarded the tumor 
growth but also increased the tumor-infiltrating CD8+ T cells. 
Thus, we speculated that USP8 inhibition in combination with 
SAS might enhance the efficacy of anti-PD-1 immunotherapy. To 
test this hypothesis, the subcutaneous CT26 murine colon tumor 
model was generated (Fig. 6A). Our results demonstrated that the 
triple combination of DUB-IN-2, SAS, and anti-PD-1 antibody 
significantly suppressed the CT26 tumor growth compared with 
the other groups (Fig.  6 B–D). Analysis of tumor-infiltrating 
immune cells showed that the triple therapy significantly increased 
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the intratumoral penetration of CD8+ T cells, but not CD4+ T 
cells (Fig. 6 E and F). Moreover, the infiltration of IFNγ+ or TNF+ 
CD8+ T cells was also significantly increased in tumors with the 
triple therapy (Fig. 6 G and H).

Subsequently, we further evaluated the therapeutic efficacy of 
anti-PD-1 antibody in combination with SAS in inhibiting the 
AOM/DSS-induced colorectal tumor growth in Usp8fl/+;Vil-Cre and 
Usp8fl/fl mice (Fig. 6I). As observed in Usp8fl/fl wild-type mice, the 
combined treatment of anti-PD-1 antibody and SAS moderately 
suppressed tumor development compared to PD-1 blockade alone 
(Fig. 6 J–M). However, PD-1 blockade combined with SAS treat-
ment in Usp8fl/+;Vil-Cre mice exerted the most potent inhibitory 
effect on the tumor development, significantly reducing tumor num-
ber and size in colons (Fig. 6 J–M). Consistently, anti-PD-1 therapy 
combined with SAS treatment displayed the most robust antitumor 
effects in KPU mice compared with the other groups (SI Appendix, 
Fig. S6 A–D). Collectively, these data suggest that the triple therapy 
of USP8 inhibition, SAS, and anti-PD-1 antibody remarkably 
retards the tumor progression in multiple murine tumor models.

Discussion

Ferroptosis plays a critical role in regulating tissue homeostasis, 
tumorigenesis, and cancer therapy (6, 7). Therefore, delineating the 
molecular mechanisms that regulate the process of ferroptosis in 
physiological or pathological conditions is required for designing 

novel therapeutic strategies for human disease. In this study, we 
elucidate the role of USP8 in regulating tissue homeostasis, cancer 
progression, ferroptosis sensitivity, and GPX4 abundance, offering 
potential optimized targeting strategies for cancer treatment, such 
as inducing ferroptosis. Targeting the PD-1/PD-L1 axis has been 
widely used for treating various types of tumor (49). Increasing 
evidence has revealed that ferroptosis is involved in T cell immunity 
and cancer immunotherapy (13, 16, 29). In our study, we demon-
strated that USP8 inhibition in combination with the ferroptosis 
inducer, SAS, significantly retarded the tumor growth and pro-
moted the CD8+ T cell infiltration in the tumor microenvironment, 
thereby enhancing the effectiveness of anti-PD-1 immunotherapy 
in multiple mouse tumor models. Previous studies have demon-
strated that high expression or gain of function mutations of USP8 
are frequently observed in human cancers (40, 50, 51). Together 
with our findings, we propose a working model wherein USP8 
stabilizes GPX4 through inhibiting its ubiquitination and degra-
dation, thus decreasing the sensitivity of tumor cells to ferroptosis, 
promoting tumorigenesis, and conferring resistance to PD-1/PD-
L1 blockade (SI Appendix, Fig. S6 E, Left). Conversely, inhibition 
of USP8 by genetic ablation or its pharmacological inhibitor  
(DUB-IN-2) down-regulates GPX4, sensitizing tumor cells to fer-
roptosis, retarding tumor growth, and increasing tumor-infiltrating 
CD8+ T cells that potentiates the PD-1/PD-L1 blockade therapy 
(SI Appendix, Fig. S6 E, Right). However, our study, along with 
other reports, reveals an important role of USP8 in embryonic 
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development and tissue homeostasis. Specifically, whole-body Usp8 
deletion is embryonic lethal and conditional Usp8 deletion in IECs 
or T cells leads to premature death of mice. Thus, it is crucial to 
consider the potential side effects of systemically therapeutic tar-
geting USP8 in the future by controlling the dosage and treatment 
windows.

In summary, our study not only advances our understanding 
of the role of USP8 in regulating ferroptosis in colon homeostasis 
and tumorigenesis but also highlights a potential combined ther-
apeutic strategy for enhancing cancer treatment.

Materials and Methods

Cell Culture, Transfection, and Virus Infection. HEK293T, HCT116, SW620, 
PC9, A549, and H460 were cultured in Dulbecco’s modified Eagle’s medium 
(D6429, Sigma) supplemented with 10% fetal bovine serum (10437-028, Gibco) 
and 1% penicillin–streptomycin (SV30010, Hyclone). All cell lines were authen-
ticated by short tandem repeats analysis and tested to ensure the absence of 
Mycoplasma contamination using MycoAlert (Lonza). Details about transfection 
and virus infection were described in SI Appendix.

Cell Viability Assay. Cells were seeded in 96-well plates with a density of 5,000 
cells per well for overnight attachment and treated with different doses of erastin 
or RSL3 for the indicated time. The culture medium was replaced with 100 μL 
fresh medium containing 10 μL CCK8 reagent. Cells were incubated for 1 to 2 h 
at 37 °C, and the absorbance at 450 nm was determined using a Multiskan FC 
microplate reader (Thermo Fisher Scientific).

Cell Death Assay. Cells were seeded in six-well plates before treatment of the 
indicated drugs. After treatment, cells were collected, washed by PBS, and stained 
with 5 μg/mL propidium iodide (PI) (KGA108, KeyGEN BioTECH). The dead cells 
that exhibited PI positivity were detected by the FACS flow cytometer (Beckman, 
Cytoflex) and analyzed with FlowJo 10.6.2 software.

Lipid Peroxidation Assay. Cells were seeded in 12-well plates and treated 
with DMSO or indicated compounds for appropriate time at 37 °C. Then, cells 
were harvested and suspended in PBS containing 5 μM BODIPY™ 581/591 
C11 (D3861, Invitrogen) for 30 min at 37 °C. After washing twice with PBS, 
cells were resuspended in cold PBS and strained through a 40 μM cell strainer, 
immediately followed by flow cytometric analysis on Beckman CytoFLEX, and 
the signals from oxidized C11 (FITC channel) were monitored. Data were 
acquired on CytExpert Software 2.3. Lipid peroxidation–positive cells are 
defined as cells with FITC fluorescence greater than 99.9% of the unstained 
cancer cells.

siRNA Screening for Identifying Deubiquitinase Regulating Ferroptosis. 
The human ON-TARGETplus siRNA library targeting 96 human deubiquitinating 
enzymes (G-104705-01, Horizon Discovery) was used to perform the screen. 
HCT116 cells were transfected with siRNA duplexes using Lipofectamine™ 3000 
(L3000150, Invitrogen) according to the manufacturer’s protocol. The details 
about siRNA transfection are provided in SI Appendix.

Immunoblot and Immunoprecipitation. Immunoblotting and immunopre-
cipitation assays were carried out as previously described (52). The information 
for the antibodies used for immunoblotting and immunoprecipitation is provided 
in SI Appendix.
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Fig. 6.   USP8 inhibition in combination with ferroptosis inducer sensitizes tumors to anti-PD-1 immunotherapy in vivo. (A) A schematic illustration of the treatment 
strategy for BALB/c mice bearing subcutaneous CT26 tumors. Mice bearing CT26 tumors were treated with control vehicle, DUB-IN-2 (1 mg/kg) plus SAS (100 
mg/kg), PD-1 mAb (100 μg per mouse), or triple combined treatment (DUB-IN-2 plus SAS plus PD-1 mAb), respectively. i.p., intraperitoneal. mAb, monoclonal 
antibody. (B–D) The tumor growth curves (B), images of endpoint tumors (C), and endpoint tumor weight (D). N = 6 mice per group. (E–H) Flow cytometry analysis 
of the percentage of tumor-infiltrating CD8+ T cells (E), CD4+ T cells (F), IFNγ+CD8+ T cells (G), or TNF+CD8+ T cells (H) from CT26 tumors with indicated treatments. 
N = 6 mice per group. (I) A schematic strategy for AOM/DSS-induced colorectal tumorigenesis in Usp8fl/fl and Usp8fl/+;Vil-Cre mice and treatment with SAS and PD-1 
mAb. The mice were intraperitoneally injected with PD-1 mAb (100 μg per mouse) every 3 d and SAS (100 mg/kg) daily with a break every 7 d. (J–M) Representative 
images of gross appearance of colon and rectum (J) and H&E staining of colorectal tumors (K) from Usp8fl/fl and Usp8fl/+;Vil-Cre mice at the end of the experiment. 
[Scale bar, 2 mm (K).] The tumor number per mouse was measured at the end of the experiment (L and M). N = 5 mice per group. In (B), data were presented as 
mean ± SD; two-way ANOVA test with Dunnett’s test. In (D, E–H, L, and M), data were presented as mean ± SD; one-way ANOVA test with Dunnett’s test. ns, not 
significant, *P < 0.05, **P < 0.01, ***P < 0.001.
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The Protein Half-Life Analysis. To analyze GPX4 protein half-life, cells were 
treated with 200 μg/mL CHX and harvested at indicated time points, followed by 
immunoblotting analysis of the whole-cell lysates. The signal intensity of immu-
noblot bands was quantified using ImageJ software. The GPX4 protein levels were 
normalized to vinculin. The relative amount of protein remaining at each time 
point was calculated by comparing it to time point 0 h.

In Vivo Ubiquitination Assay. HEK293T cells transfected with His-ubiquitin 
and desired constructs were treated with 10 μM MG132 for 12 h and lysed in 
buffer A (6 M guanidine-HCl, 0.1 M Na2HPO4/NaH2PO4, and 10 mM imidazole 
[pH 8.0]). Cell lysates were sonicated and incubated with nickel-nitrilotriacetic 
acid (Ni-NTA) beads (30230, QIAGEN) for 3 h at room temperature. Subsequently, 
Ni-NTA beads were washed twice with buffer A, twice with buffer A/TI (1 volume 
of buffer A and 3 volumes of TI), and once with buffer TI (25 mM Tris-HCl and 
20 mM imidazole [pH 6.8]). The pull-down proteins were suspended in 30 μL 
2 × protein loading buffer, boiled for 10 min, and resolved by SDS-PAGE for 
immunoblotting.

GST Pull-Down Assay. Recombinant glutathione S-transferase (GST)-tagged 
USP8 WT and C786A were purified from Escherichia coli BL21. The recombinant 
GST-tagged proteins were purified by using glutathione-sepharose resin (17-
0756-05, GE Healthcare). The details about the GST pull-down assay are provided 
in SI Appendix.

In Vivo Experimental Therapy in Mouse Tumor Models. Animal research was 
approved by the Institutional Animal Care and Use Committee of Wuhan University 
(MRI2022-LAC039, MRI2022-LAC145, MRI2022-LACA13, MRI2021-LAC28, and 
MRI2023-LAC167). All animal experiments were conducted according to the eth-
ical guidelines for animals. Six-week-old female BABL/c mice were purchased from 
Vital River. The Usp8 floxed (Usp8fl/fl) mice were purchased from GemPharmaTech. 
Villin-Cre (Vil-Cre) transgenic mice were purchased from Cyagen Biosciences. All 
mice were maintained in the Specific Pathogen Free animal facility at the Medical 
Research Institute of Wuhan University. The details about the generation of Usp8fl/fl 
mice, vitamin E supplemental feeding, subcutaneously implanted tumor models, 
AOM/DSS-induced colorectal cancer, the autochthonous lung tumor model, and flow 
cytometry analysis were incorporated in SI Appendix.

H&E, IHC staining, and TUNEL Staining. H&E and IHC staining were carried 
out as previously described (22). The information for the antibodies used for 
IHC staining and the details about the quantification of 4-HNE and GSDMD-N 

staining are provided in SI Appendix. TUNEL staining was performed according to 
the manufacturer’s protocol (11684817910, Roche), and the details are provided 
in SI Appendix.

Statistical Analysis. All data are presented as mean ± SD of three independ-
ent experiments or biological replicates. All statistical analyses were carried 
out using GraphPad Prism 8.0 unless otherwise indicated. The statistical sig-
nificances were analyzed using a two-tailed Student’s t test, one-way ANOVA 
test, or two-way ANOVA test. The correlation between USP8 expression and the 
area under the curve (AUC) of the dose–response curve for indicated drugs was 
analyzed using Pearson’s correlation coefficient. For the Kaplan–Meier survival 
curve, the log-rank test was used. P values of less than 0.05 (P < 0.05) were 
considered significant.

Data, Materials, and Software Availability. The data (Fig. 3C and SI Appendix, 
Fig. S3 B–E) were derived from the CTRP (http://www.broadinstitute.org/ctrp/) 
(53). All other data are included in the manuscript and/or SI Appendix.
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