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COPSS5 Triggers Ferroptosis Defense by Stabilizing MK2 in

Hepatocellular Carcinoma

Ai-Ling Luo, Wen-Ying Zheng, Qiong Zhang, Yan Yuan, Mei-Qi Li, Kai Du, An-Ran Gao,
Li-jun Pei, Jie Xie, Wen-Hao Chen, Long Zhang, Xiu-Zhu Guo, Xiao-Ran Yang,

Chao Zeng,* Guo-Hua Yang,* and Min Deng*

Sorafenib, which is proven to serve as a potent ferroptosis inducer, is used as
a first-line treatment for patients with advanced hepatocellular carcinoma
(HCC), but it has limited clinical benefits, mainly due to drug resistance.
Herein, using genome-wide CRISPR/Cas9 knockout screening and multiple
functional studies, this work identifies COP9 signalosome subunit 5 (COPS5)
as a driver of sorafenib resistance and a suppressor of ferroptosis in HCC.
Consistently, the amplification and overexpression of COPS5 are frequently
observed in clinical HCC samples, which are associated with poor patient
prognosis and might predict patient response to sorafenib therapy.
Mechanistically, COPS5 stabilized mitogen-activated protein kinase 2 (MK2)
through deubiquitination and, in turn, induced the activation of heat shock
protein beta-1 (HSPB1), a ferroptosis repressor, thereby protecting HCC cells
from ferroptosis and consequently leading to sorafenib resistance and tumor
progression, while its own expression could be induced by sorafenib
treatment via activating transcription factor 4 (ATF4)-activated transcription.
Furthermore, pharmacological inhibition of COPS5/MK2 synergize with
sorafenib to induce ferroptosis and suppress HCC progression. This data
reveals the crucial role of COPS5 in triggering ferroptosis defense and
sorafenib resistance through the activation of the MK2-HSPB1 axis in HCC
and highlights the potential of targeting COPS5/MK2 combined with
sorafenib as a promising strategy for treating HCC.

1. Introduction

Liver cancer is one of the most common
malignancies and the third leading cause
of cancer-related mortality worldwide, with
75 7948 deaths (7.8%) in 2022.11 Hepato-
cellular carcinoma (HCC), which originates
from hepatocytes, is the predominant sub-
type of primary liver cancer and accounts
for ~90% of all liver cancer cases. While sur-
gical resection is recommended for patients
with early-stage HCC, those with advanced-
stage HCC often receive systemic therapies,
including chemotherapeutics and tyrosine
kinase inhibitors. Sorafenib, an oral multi-
kinase inhibitor that mainly targets rapidly
accelerated fibrosarcoma, ¢KIT, platelet-
derived growth factor receptor and vascu-
lar endothelial growth factor receptor-1, is
the first molecular-targeted drug approved
by the United States Food and Drug Ad-
ministration (FDA) for first-line treatment
of advanced HCC, considerably improving
clinical outcomes for a subset of patients.[?!
Another multikinase inhibitor, lenvatinib,
was subsequently approved as a first-line
treatment for advanced HCC; however, it
failed to provide a better overall survival
than sorafenib.’) Although immunother-
apy has opened up new strategies for HCC

A.-L. Luo, W.-Y. Zheng, Q. Zhang, Y. Yuan, M.-Q. Li, K. Du, L.-J. Pei, J. Xie,
W.-H. Chen, L. Zhang, X.-Z. Guo, X.-R. Yang, G.-H. Yang, M. Deng
Guangzhou Institute of Cancer Research

the Affiliated Cancer Hospital

Guangzhou Medical University

Guangzhou 510095, China

E-mail: yangguohuadr@gzhmu.edu.cn; mindeng@gzhmu.edu.cn

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/advs.202416360
© 2025 The Author(s). Advanced Science published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/advs.202416360

Adv. Sci. 2025, 12, 2416360 2416360 (1 of 18)

A.-L. Luo

Department of Hematology and Oncology
Guangzhou Women and Children’s Medical Center
Guangzhou Medical University

Guangdong Provincial Clinical Research Center for Child Health
Guangzhou 510623, China

A.-R. Gao

Department of Laboratory Medicine

Shunde Hospital

Guangzhou University of Chinese Medicine
Foshan 528300, China

C.Zeng

Department of Pathology

the Eighth Affiliated Hospital

Sun Yat-sen University

Shenzhen 518033, China

E-mail: zengch35@mail.sysu.edu.cn

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedscience.com
mailto:yangguohuadr@gzhmu.edu.cn
mailto:mindeng@gzhmu.edu.cn
https://doi.org/10.1002/advs.202416360
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:zengch35@mail.sysu.edu.cn

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

treatment, only a small subset of patients respond to im-
munotherapy. Sorafenib remains the standard therapy for ad-
vanced HCC, as supported by strong evidence and clinical experi-
ence. Unfortunately, the overall response rate to sorafenib is only
~30%, which prolongs the median overall survival of patients
with HCC by 2.8 months.[>*3] Intrinsic or acquired drug resis-
tance is a major obstacle causing the failure of sorafenib therapy
in patients with HCC.!®]

The main mechanisms underlying sorafenib resistance in can-
cers include the activation of alternative signaling pathways, such
as the phosphoinositide 3-kinase-protein kinase B (AKT), epi-
dermal growth factor receptor, mammalian target of rapamycin
and nuclear factor-xB pathways, and the induction of hypoxia-
inducible factors (HIF)-1la or HIF-2a owing to tumor hypoxia
linked to sorafenib therapy.l®) However, the molecular mecha-
nisms that drive sorafenib resistance in HCC have not been
clearly elucidated, and no efficient therapies targeting specific
resistance-related mechanisms have been approved for patients
with sorafenib-resistant HCC. Therefore, it is critical to gain bet-
ter insight into the molecular mechanisms of sorafenib resis-
tance to target the root causes of drug resistance in HCC.

Ferroptosis, a form of programmed cell death driven by Fe?*-
dependent lipid peroxidation, is involved in various pathologi-
cal processes, including acute tissue failure, neurodegenerative
disorders, and cancer.l”! Intriguingly, cancer cells are more sus-
ceptible to ferroptosis than normal cells are, likely because they
use higher levels of iron and lipid metabolites to maintain ag-
gressive growth.[®] Therefore, ferroptosis induction has been pro-
posed as a promising therapeutic strategy against cancer.’) Ac-
cumulating evidence has suggested that the antitumor effect of
sorafenib is mainly due to the induction of ferroptosis through in-
hibition of the critical System Xc- and that insensitivity to ferrop-
tosis is closely associated with sorafenib resistance.[1®!!] There-
fore, increasing the susceptibility of cancer cells to ferroptosis is
expected to improve the efficacy of sorafenib.

In the present study, we performed CRISPR/Cas9 knockout
(KO) screening for HCC using two mouse models to systemati-
cally identify the molecular drivers of sorafenib resistance. Based
on these data, we prioritized a common hit COP9 signalosome
subunit 5 (COPS5), which is the catalytic subunit of the COP9
signalosome complex that inactivates Cullin-RING E3 ubiqui-
tin ligases through deneddylation of the ubiquitin-like activator
NEDDS,[!?] for validation as a critical mediator of sorafenib resis-
tance in HCC, and to determine its negative regulation of ferrop-
tosis. Moreover, we demonstrated that COPS5 amplification and
overexpression in HCC samples were associated with an inferior
prognosis and poor response to sorafenib therapy. Further in-
vestigation has revealed that COPS5 interacts with and stabilizes
mitogen-activated protein kinase 2 (MK2) through deubiquitina-
tion, promoting the phosphorylation of heat shock protein beta-
1 (HSPB1), which is critical for ferroptosis suppression, render-
ing HCC cells resistant to sorafenib treatment. Sorafenib treat-
ment upregulated COPS5 expression by activating transcription
factor 4 (ATF4)-activated transcription. We further demonstrated
that pharmacological inhibition of COPS5/MK2 acts synergisti-
cally with sorafenib to induce ferroptosis and attenuate HCC pro-
gression, suggesting that targeting the COPS5-MK2-HSPB1 axis
is a potential therapeutic strategy against therapy resistance in
HCC.
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2. Results

2.1. CRISPR/Cas9 KO Screening Identifies COPS5 as a Candidate
Driver for Sorafenib Resistance in HCC

We first investigated the activity of sorafenib in 10 HCC cell
lines using a CCK-8 viability assay and demonstrated that, con-
sistent with the limited clinical responses, most HCC cell lines
are intrinsically resistant to sorafenib (Figure 1A). To systemat-
ically identify the critical regulators involved in sorafenib resis-
tance, we conducted in vivo CRISPR/Cas9 KO screening in the
murine HCC cell line H22 using a GeCKOv2.0 murine lentivi-
ral library containing 13 0209 sgRNAs targeting 20 611 protein-
coding and 1175 miRNA mouse genes. First, H22 cells were en-
gineered to express Cas9 and then infected with the GeCKOv2.0
murine lentiviral library. After puromycin selection, the library-
transduced cells were subcutaneously implanted into syngeneic
BALB/c mice and immune incompetent BALB/c nude mice, fol-
lowed by sorafenib or vehicle treatment for 14 days. Allograft tu-
mors were subjected to next-generation sequencing (Figure 1B).
Through negative screening, we identified 29 protein-coding
genes whose sgRNAs were depleted following sorafenib treat-
ment in both mouse models (Figure 1C,D and Table S1, Sup-
porting Information), implying that the depletion of these genes
may have a synergistic antitumor effect with sorafenib. An ex-
amination of the clinical relevance of these genes in human
HCC using the The Cancer Genome Atlas (TCGA) liver hepa-
tocellular carcinoma (LIHC) dataset revealed significant upreg-
ulation of 15 genes in HCC samples compared with normal
liver tissues, of which COPS5, ZRANB2, TSPAN17, HAUSI,
KDELR3, and CDK5R1 levels demonstrated a notable positive
correlation with worse overall survival (OS) in patients with HCC
(Figure 1E,F; Figure S1A,B, Supporting Information). Next, we
examined whether the expression levels of these genes were cor-
related with responsiveness to sorafenib in a cohort of 67 patients
with HCC who received sorafenib therapy via the Gene Expres-
sion Omnibus (GEO) dataset GSE109211.1"3] The results revealed
that patients with HCC who were non-responsive to sorafenib
treatment had higher levels of COPS5, ZRANB2, or TSPAN17
than those who responded well to sorafenib (Figure 1G; Figure
S1C, Supporting Information). COPSS5, which has deubiquitina-
tion activity attributed to the inactivation of cullin-RING E3 lig-
ases through deneddylation,*! has been implicated in tumor
progression and therapeutic resistance.l'>'"] Therefore, we fo-
cused on COPSS5 in the subsequent studies.

In TCGA pan-cancer analysis, we found that COPSS5 expres-
sion levels were higher in tumor tissues than in normal tissues in
most cancer types (Figure S2A, Supporting Information). In ad-
dition to HCC, elevated COPS5 levels were associated with poor
OS in breast invasive carcinoma (BRCA), kidney chromophobe
(KICH), lung adenocarcinoma (LUAD), and pancreatic adeno-
carcinoma (PAAD) (Figure S2B, Supporting Information). To in-
vestigate whether COPSS5 expression levels can predict the re-
sponse of patients with HCC to sorafenib therapy, receiver oper-
ating characteristic (ROC) analysis was conducted. The analysis
results showed that the area under the curve (AUC) was 0.874,
indicating that COPS5 could be used as a predictive biomarker
for the response to sorafenib therapy (Figure 1H). Subsequent
immunohistochemistry (IHC) analysis of 175 HCC samples and

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

) L Sorafenib therapy
A 120 Celllines  1CS0 (uM) K 100 —COPS5 low (n=66) 2 Logrank p=0.026
. ~MHCC97-L 374 2 T —COPS5 high (n=109) © HR=3.49(1.08-11.25)
L 90 ~—MHCCO7-H 286 9 S 80 9 —LowCOPS5
2 - HepG2 12.68 2 60 59 — High COPS5
3 60 — JHH-7 6.62 40 85
o e - ~ NJ4
> aﬁ:?m g 2-2, = g 204 Logrank p<0.001 oo
o - - - HR(high)=2.72(1.79-4.15 N,
8 % ~ Hep3B 765 |7 ol HR(high)=2 72( ) c
o . .~ SNU449 16.21 0 " 20 " 100 150 2
1.0 05 00 05 10 15 = Hepal6 2123 onths after surgery 0 20 4o 80
- H22 14.36 Time (months)
Log Sora (uM) Number at risk
low20 17 4 2 2
B GeCKOV2.0 murine higho 2 1 o 0
lentiviral library Months
\ /vVehche H
_ “Sorafenib H NN

Puromycnn &, / BALB/c

R — P —
/' Vehicle H

PCR amplification

\S
- orafenib :
Deep sequencin
Cas9 lentivirus BALB/c nude . 9
Tumor gDNA extraction
C BALB/c mice (Negative selection) BALB/c nude mice (Negative selection)
T
| Ms4a13 5 Down(n=876) \ s © Gramd1b 4
L * @ Cables1 ¢ \ o ® Wwc2
s © Samadb o o e X p S e
T Lin28a N . mem P~
g 2 Npy6r S| PR gi Plod2 EE
@ © Zbtb44 gl L e Lo a7, © Naaladi1 ]
< Pnma3 o \'&-.‘- | < S Olfr54 a
g9 Rab28 S g o1 1118r1 32
27 ® Tm4sf19 o 2 h ® Dab2 b=
@ 1Izumod .‘I_’ Q@ ® Npbwr1 K
1 ® Cops5 27 ® Cops5 ! 1
3 1 1 8
b1 ! 5
0 5000 10000 15000 20000 @ N T 0 5000 10000 15000 20000
Gene Rank 8 6 -4 _2' Q Gene Rank 6 =i =3
log2FoldChange log2FoldChange
E COPS5 G GSE109211
BALB/c  BALB/c nude < 175 £<0.0001 24 — Low COPS5 TPM i p<0.0001 H 100 GSE109211
% 150 - < — High COPS5 TPM §1 =46
5 126 ! 2° g10{ ° 2 80
3 100 5o 59 2
g 75 2 o7 FS z 60
2 50 8 < o 8 2 40 .
Fas = 4 g°] g7 8 pol - AuC=0874
29 prote?n-coding genes 0 Normal Primary tumor S Logrank p=0.044 . [SIr p<0.0001
and 2 miRNAs (n=50) (n=371) HR(hghyeta 0
g. 0 20 40 60 80 100
0 20 40 60 80 100 120 & 100% - Specificity%
Months éo“
| Patient 1 Patient 2 Sorafenib therapy
NAT HCC NAT HCC
P 6 Pearson r = 0.680
J I COPS5 low 5 p<0.0001
M COPSS5 high g sS4
S & oo
» 100 3 “tatn,
S G 2 2
2 75 0 o
£ )
8 50 g=0
& 3
5 g
x® % 0 20 40 60
0 COPS5 copy number
NAT  HCC
(n=76) (n=175)
Mouse
M Normal Human HCC HCC N Pearson r = 0.731 (o)
S é,\?l g by é’ o © 5 81 p=0011 {g? ™ Amplification
N o N @ ¥ o 5 ain
@§§§ ErFLE53 & g3 as58% | 4 = Diploid
g S35 £ éf 2y 2 2 Y KkDa @g Shallow deletion
-40 8
copss .-n‘.... 8
0
1.0 12 65 78 54 28 7.1 3.1 95 86 9.0
0 5 10 1520 25 Total=371
ICsp Value
GAPDH ..--------..-;35

Figure 1. CRISPR/Cas9 knockout screening indicates COPSS as a candidate driver for sorafenib resistance in HCC. A) The viability of HCC cells treated
with various concentrations of sorafenib (Sora) for 72 h was tested using the CCK-8 assay, and the 1C50 values were determined. B) Schematic overview
of the workflow of the CRISPR/Cas9 knockout screening. This figure was created via BioRende.com. C) Robust ranking aggregation (RRA) scores and
volcano plots showing the genes depleted in sorafenib-treated versus vehicle-treated mice via CRISPR/Cas9 screening. D) Venn diagram showing the
overlap of the depleted genes in the two sorafenib-treated mouse models. E) COPS5 expression in HCC versus normal liver tissues from the TCGA-LIHC
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76 normal adjacent tissues (NATs) confirmed that COPS5 ex-
pression was higher in HCC tissues than in NATs and that high
COPS5 expression was associated with inferior OS in patients
with HCC (Figure 11-K). We further demonstrated that in pa-
tients with HCC who received sorafenib treatment, participants
with high COPS5 expression had a shorter OS time than those
with low COPS5 expression in the Kaplan—-Meier plotter database
(Figure 1L). Additionally, most HCC cell lines expressed high
levels of COPS5, whereas COPS5 expression was almost unde-
tectable in human hepatic cell lines (Figure 1M). More impor-
tantly, in a panel of HCC cell lines with varying degrees of COPS5
expression, there was a negative correlation between COPS5 ex-
pression and sorafenib sensitivity (Figure 1N), suggesting its po-
tential role in driving sorafenib resistance in HCC.

To further explore the mechanism underlying the upregula-
tion of COPS5 in HCC, we conducted a genomic alteration anal-
ysis using TCGA-LIHC cohort in the cBioPortal database. As
shown in Figure 10, 12.1% (45/371) and 50.7% (188/371) of the
HCC samples exhibited amplification and gain of the COPSS5 lo-
cus, respectively. Moreover, COPS5 copy number was strongly
associated with increased COPS5 mRNA expression (Figure 1P),
suggesting that genomic amplification may be one of the mech-
anisms contributing to COPS5 overexpression in HCC. Kaplan—
Meier survival analysis revealed that patients with COPS5 ampli-
fication had shorter OS times than those without COPS5 amplifi-
cation (Figure S1D, Supporting Information). Collectively, these
findings indicate that COPS5 amplification and overexpression
may contribute to sorafenib resistance and disease progression
in HCC.

2.2. COPS5 Depletion Sensitizes HCC Cells to Sorafenib and
Suppresses HCC Cell Growth

To confirm the results of our screening, we knocked out COPS5
using the CRISPR/Cas9 technique in the human HCC cell lines
HepG2 and SK-Hepl as well as in the murine HCC cell line
H22 (Figure 2A; Figure S3A, Supporting Information) and sub-
sequently examined their response to sorafenib. Cell viability and
colony formation assays showed that all COPS5-KO cell lines
were more sensitive to sorafenib treatment, with three to fivefold
lower IC50 values for sorafenib than the respective control cells
(Figure 2B,C; Figure S3B,H, Supporting Information). Similar
results were obtained by shRNA-mediated COPS5 knockdown
(KD) in the parental HCC cell line SNU449 and the sorafenib-
resistant cell subline HUH-7R (Figure 2A,B,D; Figure S3C-E,
Supporting Information), which were derived from the HCC cell
line HUH-7 by continuous selection with sorafenib. Flow cytom-
etry revealed that COPS5 knockout enhanced sorafenib-induced
cell death in HepG2 and SK-Hepl1 cells (Figure 2E; Figure S3I,

www.advancedscience.com

Supporting Information). Additionally, the viability of COPS5-
KO cells treated with sorafenib was rescued by the re-expression
of COPSS5 (Figure 2F-H). COPSS5 deficiency modestly inhibited
cell growth and induced death in HCC cells without sorafenib
treatment (Figure 2C-E; Figure S3H,I, Supporting Information),
suggesting a role for COPSS5 in HCC progression. Additionally, a
stronger effect on sorafenib sensitivity in cells was observed upon
KD of COPS5 than upon KD of MT1G, which has previously been
shown to trigger sorafenib resistance in HCC (Figure S3D-G,
Supporting Information).['® Taken together, these results indi-
cate that ablation of COPS5 suppresses HCC cell growth and sen-
sitizes HCC cells to sorafenib treatment.

2.3. COPS5 Protects HCC Cells from Ferroptotic Cell Death

Given the well-recognized role of sorafenib as a potent ferrop-
tosis inducer,’ we investigated whether COPS5-induced so-
rafenib resistance in HCC was a result of ferroptosis insensi-
tivity. To address this, we applied the corresponding inhibitors
of various forms of cell death to specifically inhibit ferropto-
sis (ferrostatin-1 and deferoxamine), apoptosis (Z-VAD-FMK),
necroptosis (necrostatin-1), or autophagy (chloroquine) and ob-
served that ferrostatin-1, deferoxamine, and Z-VAD-FMK, but not
necrostatin-1 and chloroquine, significantly rescued the viabil-
ity of control cells following sorafenib treatment, whereas only
ferrostatin-1 and deferoxamine markedly enhanced the viabil-
ity of COPS5-KO cells under sorafenib treatment (Figure 3A).
This indicates that alterations in ferroptosis may be involved
in COPS5-mediated sorafenib resistance. COPS5 knockout re-
duced, but COPS5 overexpression enhanced the viability of HCC
cells after exposure to other ferroptosis inducers, such as RSL3
and erastin (Figure 3B,C). As the crucial hallmarks of ferroptosis
are ferrous iron (Fe?*) accumulation and lipid peroxidation,”]
the intracellular Fe?* content and lipid peroxidation levels were
assayed. COPS5 knockout increased the levels of intracellular
iron, lipid peroxidation, and malondialdehyde (MDA), a metabo-
lite of lipid peroxidation, in HCC cells in the absence or pres-
ence of sorafenib, and these effects were reversed by ferrostatin-
1 treatment (Figure 3D-F). Next, we observed the mitochon-
drial morphology of HCC cells via transmission electron mi-
croscopy. COPS5-KO cells showed morphological characteristics
of ferroptosis, such as shrunken mitochondria, reduced or ab-
sent mitochondrial crests, and condensed mitochondrial mem-
brane densities!*! (Figure 3G; Figure S4C, Supporting Informa-
tion). Conversely, COPS5 re-expression in COPS5-KO cells re-
stored their resistance to ferroptosis (Figure 3C,G; Figure S4A-C,
Supporting Information).

To determine whether COPS5 depletion increases the sen-
sitivity to sorafenib-induced ferroptosis in vivo, we used a

dataset was analyzed in the UALACN database. F) Association between COPS5 expression and overall survival was analyzed using TCGA-LIHC data
via the GEPIA website. G) COPS5 expression in HCC tissues from sorafenib non-responders and responders in the GEO dataset GSE109211.1"3] H)
ROC curve depicting the correlation between COPS5 expression and responsiveness to sorafenib in patients with HCC from the GSE109211 dataset.!"3]
I, J) IHC analysis of COPS5 expression in 175 HCCs and 76 NATs. Scale bar: 300 (upper) and 100 um (lower). K) Overall survival curves for patients
with HCC based on COPS5 expression as determined by IHC staining. L) Association between overall survival and COPS5 expression in patients with
HCC receiving sorafenib therapy according to the Kaplan-Meier plotter database. M) The protein levels of COPS5 in HCC and normal hepatic cell lines.
N) Correlations between COPSS5 protein levels and the sorafenib IC50 in HCC cell lines. O) Copy number alterations of COPS5 in HCC samples from
cBioPortal using the TCGA dataset. P) Correlation between COPS5 expression and copy number in TCGA-LIHC samples. Data are presented as mean
+ SD. Statistical analysis was conducted using a two-tailed t-test (E and G), a log-rank test (F, K, and L), and a two-tailed Pearson’s test (N and P).

Adb. Sci. 2025, 12, 2416360 2416360 (4 of 18) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

A ~ oo ~ o ~ o
g & gL & L &
§ 3§ § § 3 3
s O O S O O S O O
S & & S & & $§ § § kba
copssl - ” - H - r40

www.advancedscience.com

D
415, SNU449
% : e I Con
£ M shCOPS-1
> 1.0 ., M shCOPS-2

by

4] .5
Tubulin| e || o e || - -5 3 e
.0
HepG2 SK-Hep1 SNU449 SNU449 Vehicle Sora
B IC50 (
uM) : IC50 (uM) IC50 (UM)
100, P ~cCon 1257 120, KR L con 9.13 120, SNUM9 ~Con 15.98
g - sgCOPS-1 320 < - sgCOPS-1 2.53 9 - shCOPS-1 3.29
< oo 5 59COPS2277 T 00 ~sgCOPS2 242 3 90 ~ ShCOPS-2 4.25
3 60 g 60 8 60
o= = >
= 30 = 3 3 %
[} 3 o

04
-1.0-05 00 05 1.0 1.5
Log Sora (uM)

(9]

sgCOP-1 sgCPS-z

Vehicle

Sora

(o]
-1.0-0.5 0.0 0.5 1.0 1.5
Log Sora (uM)

0:
-1.0-05 0.0 05 1.0 15
Log Sora (M)
sgCOPS-1
COPS

sgCOPS-1
COPS

Vector

Vehicle

Sora

SK-Hep1
315 315
s s . =Eg°80PS 1 g1s =l
> > - ©
Zi1o Z10 B sgCOPS-2 > W sgCOPS-1+Vector
3 3 §10 M sgCOPS1+COPS
Los 205 8 =
5 g E 0.5
[} [} ©
@ 0.0 @ 0.0 °
Vehicle Sora Vehicle Sora x 0.0 ’ 0.0
Vehicle Sora Vehicle Sora
HepG2
sgCOPS-1 sgCOPS-2 HepG2
_«_ [ Con
3.88 8.60 = M sgCOPS-1
& M sgCOPS-2
<
©
@ o
s 3
g =
s 38
Vehicle Sora
2.65 8.32
ot 100 100 10°
105 | 40°40.04 124 146
10* 1
1031 ©
[=3
0
3 b
a 0
g 10.9 63.2 2486 284
~ 0 100 100 10 o 10° 10* 10° o 10 100 10
Annexin V >
F sgCOPS-1 sgCOPS-1 G HepG2 IC50 (M) SK-Hepf 1C50 (M)
< o - @ 1201 - Con 11.87 1205 - Con 10.23
S 69 8‘ & 69 3 g i - sgCOPS-1+Vector 3.58 53 i - sgCOPS-1+Vector 3.10
S8 &8 Swa 7% 2 sgCOPS-1+COPS5 1215 = 90 ~ sgCOPS-1+COPS5 10.80
COPS5|wm - || w40 E 60] £ 60
> >
. = 30. = 30.
Tubuiin | s || e awes 55 3 8
g — 04
HepG2 SK-Hep1 -1.0-0.5 0.0 0.5 1.0 1.5 -1.0-05 0.0 05 1.0 15

Log Sora (uM)

Log Sora (uM)

Figure 2. COPS5 depletion sensitizes HCC cells to sorafenib in vitro. A) Western blots showing COPS5 expression in COPS5-KO/KD and control cells.
B) Cell viability of COPS5-KO/KD and control cells upon treatment with sorafenib for 72 h. C,D) Colony formation analysis of control, COPS5-KO (C),

and COPS5-KD (D) cells treated with 10 uM sorafenib or vehicle.

E) Cell death in COPS5-KO and control cells treated with 10 uM sorafenib or vehicle

for 48 h as quantified via Annexin V-APC/7AA-D staining. F) Western blots verifying COPS5 re-expression in COPS5-KO cells. G,H) Cell viability (G) and
colony formation ability (H) of COPS5-KO cells with or without COPS5 re-expression and control cells following treatment with sorafenib or vehicle.
Data are mean = SD. *p < 0.05, ** p < 0.01, ***p < 0.001 (two-tailed t-test).
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(J)), and MDA levels (K) in the xenograft tumors are shown. Data are mean + SD. *p < 0.05, ** p < 0.01, ***p < 0.001 (two-tailed t-test).
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SD. Statistical analysis was conducted using a two-tailed t-test.
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subcutaneous xenograft model. Consistent with our cellular
studies, COPS5 KO reduced tumor growth and potentiated
tumor growth suppression conferred by sorafenib in BALB/c
nude mice bearing HepG2 subcutaneous xenografts, as de-
tected by both tumor volume and weight, which could be
offset by ferrostatin-1 treatment (Figure 3H-J). Additionally,
elevated levels of the products of lipid peroxidation, MDA, and
4-hydroxynonenal (4-HNE) were detected in COPS5-KO tumors
compared with control tumors in the presence and absence of
sorafenib, whereas these effects were mitigated by ferrostatin-1
(Figure 3K; Figure S4D, Supporting Information). Collectively,
these results demonstrate that the ablation of COPS5 increases
the susceptibility of HCC cells to ferroptosis inducers.

2.4. COPSS5 Activates the MK2-HSPB1 Axis by Stabilizing the
MK2 Protein

To identify COPS5 substrates that mediate COPS5-driven so-
rafenib resistance, we performed quantitative proteomic analy-
sis in COPS5-KO and control HepG2 cells. To rule out the pos-
sibility of non-proteasomal degradation due to secondary effects,
the proteasome inhibitor MG132 was administered to the cells,
and additional proteomic analysis was conducted. As shown in
Figure 4A and Table S2, Supporting Information, 810 differen-
tially expressed proteins (DEPs) were identified in COPS5-KO
cells compared with control cells, including 340 and 252 pro-
teins with downregulated and upregulated expression, respec-
tively. Gene Ontology (GO) enrichment analysis demonstrated
that these DEPs were enriched in gene sets involved in the cell
cycle, cell mitotic division, proteasomal protein catabolic pro-
cesses, and ferroptosis-related processes, such as oxidoreduc-
tase activity and aldo—keto reductase (NADP) activity (Figure
S5A-C, Supporting Information). Among the 340 proteins down-
regulated by COPS5 knockout, the levels of 142 proteins, in-
cluding MK2 (MAPKAPK?2), were rescued by MG132 treatment
(Figure 4B and Table S2, Supporting Information). MK2, a stress-
responsive kinase downstream of p38 MAP kinase, has been
previously reported to promote the survival of cancer cells un-
der various stimuli and chemotherapeutic resistance.l?'?2] Tm-
portantly, its major substrate, HSPB1 (also called HSP27), nega-
tively regulates ferroptosis by reducing intracellular iron accumu-
lation and uptake.!?>-2°] Therefore, we aimed to confirm whether
MK2 was an essential downstream mediator of COPS5 func-
tion in ferroptosis resistance. We first assessed the changes in
MK2 expression levels upon COPS5 modulation. As shown in
Figure 4C and Figure S5D-F, Supporting Information, COPS5
depletion reduced, whereas COPS5 overexpression increased
MK2 protein expression in HCC cells and xenograft tumors with-
out affecting MK2 mRNA levels. Importantly, the downregu-
lation of the MK2 protein in COPS5-depleted cells was abol-
ished by the proteasome inhibitor MG132 (Figure 4D), indicat-
ing that COPS5 regulates MK2 protein levels in a proteasome-
dependent manner. We evaluated the effect of COPS5 on MK2
stability and found that MK2 stability was lower in COPSS5-
KO cells than in control cells (Figure 4E). To further confirm
these results, the Flag-tagged COPS5 plasmid was co-transfected
with the His-tagged MK2 plasmid into HEK293T cells, and MK2
degradation was assessed. As expected, ectopic COPS5 expres-
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sion blocked the degradation of exogenous MK2 (Figure 4F).
To determine whether COPS5 stabilizes MK2 through deubiq-
uitination, we first assessed whether COPS5 is associated with
MK2. Molecular docking predicted the binding of COPS5 to MK2
(Figure 4G). Subsequent co-immunoprecipitation (co-IP) experi-
ments also revealed that MK2 was detected in COPS5 immuno-
complexes, while MK2 co-immunoprecipitated with COPSS, sug-
gesting a physiological interaction between COPS5 and MK2
(Figure 4H,I). The domain mapping assay showed that the C-
terminal domain of COPS5 (aal93-334) interacted with MK2,
whereas the p38 MAPK-binding domain (aa366—400) of MK2 in-
teracted with COPSS5 (Figure S6, Supporting Information). We
then measured the effect of COPS5 on the ubiquitination of MK2
and observed that COPS5 KO in HCC cells led to a noticeable in-
crease in MK2 ubiquitination; however, re-expression of COPS5
offset this effect (Figure 4]). Taken together, these data support
the hypothesis that COPSS5 stabilizes MK2 via deubiquitination.

Unsurprisingly, COPS5 depletion reduced, whereas COPS5
overexpression induced the phosphorylation of MK2 (p-MK2).
Accordingly, the phosphorylation of its downstream effec-
tor HSPB1 (p-HSPB1), which is required for ferroptosis
suppression,1?*%°] was decreased in COPS5-depleted cells and re-
stored in COPS5-reexpressing cells, indicating MK2-HSPB1 ac-
tivation by COPSS5 (Figure 4C; Figure S5D, Supporting Informa-
tion).

We validated our findings by using clinical patient samples.
The results of IHC staining showed that, compared with NATs,
HCC samples presented increased levels of MK2 and p-HSPB1
(Figure S7A, B, Supporting Information). Moreover, the high ex-
pression of MK2 or p-HSPB1 predicted poor OS (Figure S7C,
Supporting Information). More importantly, a noticeable corre-
lation between COPS5 expression and MK2 or p-HSPB1 expres-
sion was observed in HCC tissues (Figure S7D, Supporting In-
formation), further supporting the notion that COPSS5 induces
the MK2-HSPB1 signaling pathway. Additionally, MK2 expres-
sion positively correlated with p-HSPB1 levels (Figure S7D, Sup-
porting Information).

2.5. MK2-HSPB1 Blunts Ferroptosis and Mediates
COPS5-Induced Sorafenib Resistance

We explored the biological significance of MK2-HSPB1 in
regulating COPS5-driven ferroptosis and sorafenib resistance.
We generated MK2-KO HepG2 and SK-Hepl cells and con-
firmed that p-HSPB1 expression was attenuated in these
cells (Figure 5A). As expected, knockout of MK2 strikingly
increased the cytotoxic effect of sorafenib/RSL3, decreasing
the IC50 by three to sixfold, in parallel with the induction
of cellular iron, lipid peroxidation, and MDA, as well as the
typical morphological changes in mitochondria; these effects
were reversed by ferroptosis inhibitors (Figure 5B-D, H and I;
Figure S8A-D, Supporting Information). We also overexpressed
MK2 in COPS5-KO cells and found that MK2 overexpression
rescued the effects of COPS5 KO on cell survival, as well as
cellular iron, lipid peroxidation, and MDA levels after sorafenib
treatment. Moreover, silencing of HSPB1 with small interfer-
ing RNA (siRNA) re-sensitized MK2-overexpressing cells to
sorafenib-induced ferroptosis (Figure 5E-G; Figure S8E-G,
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Figure 5. MK2/HSPBT inhibits ferroptosis and mediates COPS5-induced sorafenib resistance. A) Assessment of the protein levels of MK2, p-MK2, p-
HSPB1, HSPB1, and COPSS5 in the MK2-KO and control cells. B) Viability of MK2-KO and control cells treated with sorafenib for 72 h. C) Effects of MK2
knockout on the colony formation of HCC cells in the presence or absence of sorafenib. D) Viability of the MK2-KO HepG2 cells cotreated with sorafenib
and a ferroptosis inhibitor ferrostatin-1 (1 uM) or deferoxamine (50 uM) for 48 h. E) Western blotting showing the protein levels of MK2, p-MK2, HSPBT,
p-HSPB1, and COPS5 in COPS5-KO cells transfected with the MK2 plasmid alone or in combination with HSPB1 siRNAs. F,G) COPS5-KO cells were
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Supporting Information). Consistent with this, in vivo xenograft
experiments showed that MK2 knockout reduced HCC growth
and increased MDA and 4-HNE levels in tumors. Furthermore,
sorafenib-induced tumor growth inhibition and ferroptosis were
further enhanced after MK2 knockout, which was completely
abolished by ferrostatin-1 treatment (Figure 5]-L; Figure S8H, I,
Supporting Information). Our data provide evidence that COPS5
triggers ferroptosis defense via the MK2-HSPB1 pathway in HCC
cells.

2.6. ATF4 Transcriptionally Activates COPS5 in Response to
Sorafenib Treatment

We investigated whether COPSS expression is regulated by so-
rafenib treatment. The findings revealed robust induction of
COPSS5 expression at both the mRNA and protein levels in HCC
cells after 24 h of sorafenib treatment, with sustained upreg-
ulation of COPS5 observed following prolonged treatment for
up to 30 days (Figure 6A—C). Sorafenib treatment strongly in-
duced MK2 expression and phosphorylation of MK2 and HSPB1
(Figure 6D). Considering the role of sorafenib in regulating
COPS5 mRNA levels, we evaluated whether COPS5 transcription
was activated by sorafenib treatment. A luciferase reporter assay
indicated that the luciferase activity of reporter constructs with
2 kb of the COPS5 promoter increased approximately threefold
in HCC cells after exposure to sorafenib (Figure 61), implying that
the mechanism is likely transcriptional. Previous reports have
shown that sorafenib can modulate several transcription factors,
including ATF2,2°l ATF4,27l NRF2,/%8] HIF1a,?*3% FOXO3,3!
TFEB,32 and p53,/% to affect cell survival or death. Next, we
investigated whether these transcription factors could maintain
the high expression of COPS5 in sorafenib-treated HCC cells.
We first sought to determine whether sorafenib treatment af-
fected the expression of these transcription factors. The qRT-PCR
results confirmed that the expression levels of ATF4, FOXO3,
TFEB, and p53 (TP53) consistently increased in HCC cells in re-
sponse to different concentrations of sorafenib (Figure 6E). We
then individually knocked down ATF4, FOXO3, TFEB, and p53
expression in sorafenib-treated HCC cells to study their effects on
COPSS5 levels. ATF4 KD strongly suppressed sorafenib-induced
COPSS upregulation, whereas KD of TFEB, p53, or FOXO3 had
no or a marginal effect on COPS5 expression (Figure 6F). Con-
sistently, ATF4 KD inhibited the activation of the MK2-HSPB1
axis (Figure 6G). To determine whether ATF4 directly regu-
lated COPS5 expression, we analyzed the chromatin immuno-
precipitation (ChIP) sequencing results of ATF4 in the ENCODE
database and found that ATF4 bound directly to the COPS5 pro-
moter region in HepG2 cells (Figure S9A, Supporting Informa-
tion). We then pinpointed the ATF4 binding sites in the COPS5
promoter using the websites JASPAR and HOCOMOCO, result-
ing in three predicted ATF4 binding sites at —1203 to —1215
(A), —1060 to —1072 (B), and —114 to —130 (C) in the COPS5

www.advancedscience.com

promoter (Figure S9B, Supporting Information). Chromatin im-
munoprecipitation with anti-ATF4 antibodies, followed by qPCR,
confirmed that ATF4 bound to the predicted binding sites in
the COPSS5 promoter region and that ATF4 enrichment in the
COPS5 promoter was heavily elevated upon sorafenib treatment
(Figure 6H). Furthermore, luciferase activity assessment revealed
that when the predicted ATF4 binding site A or C of the COPS5
promoter was deleted, the effect of sorafenib on promoter lu-
ciferase activity was abolished, indicating that 2 of the 3 predicted
ATF4 binding sites are essential for controlling COPSS5 transcrip-
tion (Figure 61). Additionally, ATF4 KD reduced COPS5 promoter
luciferase activity and offset the increase of luciferase activity in-
duced by sorafenib (Figure S9C, Supporting Information). Taken
together, our data indicate that sorafenib upregulates COPS5 ex-
pression via ATF4 induction.

Analysis of RNA sequencing (RNA-seq) data from TCGA-
LIHC and GTEx liver datasets revealed a positive correlation be-
tween ATF4 and COPS5 mRNA expression in both HCC sam-
ples and liver tissues (Figure 6]). Additionally, we observed that
ATF4 mRNA levels were notably higher in HCC samples than
in normal liver tissue samples and that patients with elevated
ATF4 levels had shorter OS times than those with lower ATF4
levels (Figure S9D, E, Supporting Information). To validate the
expression of ATF4 in human HCC, ATF4 protein levels were ex-
amined by IHC staining of human HCC specimens and NAT;,
as described above. As illustrated in Figure S9F,G, Supporting
Information, the ATF4 protein was significantly overexpressed
in HCC and was associated with shortened OS. Importantly,
a strong positive correlation was observed between ATF4 and
COPSS5 protein expression in HCC tissues (Figure 6K), further
supporting our finding that ATF4 positively regulates COPS5 ex-
pression.

2.7. MK2 Inhibitors in Combination with Sorafenib Synergistically
Suppress HCC Progression

Next, we studied the therapeutic efficacy of MK2 inhibitors com-
bined with sorafenib for the treatment of HCC. As expected, treat-
ment with two different MK2 inhibitors, MK2 Inhibitor III and
PF3644022, abolished basal and sorafenib-induced MK2/HSPB1
phosphorylation (Figure 7A). Pharmacological inhibition of MK2
further enhanced cellular iron, lipid peroxidation, and MDA lev-
els induced by sorafenib treatment, resulting in morphological
alterations of mitochondria (Figure 7B; Figure SI0A-C, Support-
ing Information). Importantly, combined treatment of HCC cells
with MK2 inhibitors and sorafenib led to synergistic growth in-
hibitory activity (Figure 7C,D; Figure S10D, Supporting Informa-
tion). To further determine the synergistic effects of the MK2 in-
hibitors and sorafenib, we established a patient-derived organoid
(PDO) model for in vitro studies. The combination of sorafenib
and MK2 Inhibitor III synergistically attenuated the growth of
HCC organoids (Figure 7E,F).

transfected with the MK2 plasmid alone or in combination with HSPB1 siRNAs, followed by exposure to sorafenib or the vehicle. Cell viability (F) and
colony formation (G) assays were performed. H,l) Fe?* content (H) and lipid peroxidation levels (1) of the MK2-KO and control cells exposed to sorafenib
or vehicle. ]-L) BALB/c nude mice were subcutaneously injected with MK2-KO or control HepG2 cells and then treated with vehicle or sorafenib alone
or in combination with ferrostatin-1 for 3 weeks (5 mice/group). Photographs of the tumors (J), tumor volumes (K), and tumor weights (L) are shown.
Data are mean + SD. Statistical analysis was conducted using a two-tailed t-test. *p < 0.05; ** p < 0.01; ***p < 0.001.
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Figure 6. ATF4 transcriptionally upregulates COPS5 in response to sorafenib treatment. A, B) mRNA (A) and protein (B) expression levels of COPS5
in HepG2 and SK-Hep1 cells following treatment with sorafenib for 24 h. C) Protein levels of COPS5 in HepG2 cells exposed to 5 uM sorafenib for 0,

1,3, 7,15, and 30 days. D) Western blots analysis of COPS5, MK2, p-MK2, p-HSPB1, and

HSPB1 expression in HepG2 and SK-Hep1 cells exposed to

sorafenib. E) mRNA expression levels of ATF2, ATF4, NRF2, HIFTA, FOXO3, TFEB, and TP53 in HepG2 and SK-Hep1 cells following treatment with

sorafenib for 48 h. F) mRNA levels of COPSS5, ATF4, FOXO3, TFEB, and TP53 in HepG2 an
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We subsequently studied combination therapy with sorafenib
and MK2 Inhibitor III in an AKT/MET HCC mouse model gen-
erated via hydrodynamic tail vein injection (HDTVi) of the Sleep-
ing Beauty Transposon system to overexpress myr-AKT and MET
(c-MET). The mice were administered sorafenib and MK2 In-
hibitor III daily, either alone or in combination, starting 3 weeks
after HDTVi (Figure 7G). Over the course of a 3-week treatment,
we observed that, compared with monotherapy, the combination
of sorafenib and MK2 Inhibitor III elicited a more pronounced
inhibition of the tumor burden (Figure 7H-M). Serum alanine
aminotransferase (ALT) and aspartate aminotransferase (AST)
levels were substantially reduced only in the combination therapy
group, suggesting a more effective reduction in disease severity
(Figure 7N). Additionally, the combination therapy substantially
prolonged the survival time of mice, whereas single-drug treat-
ments had a limited effect (Figure 70). The body weights of mice
across all groups were comparable, and the internal organs, in-
cluding the heart, lungs, spleen, and kidneys, showed no mor-
phological abnormalities (Figure S11, Supporting Information),
suggesting good tolerability of the treatments in vivo. Together,
these data suggest a synergistic antitumor effect when a combi-
nation of sorafenib and an MK2 inhibitor was used.

2.8. Inhibition of COPS5 with Curcumin Synergizes with
Sorafenib to Attenuate HCC Development

To explore whether the pharmacological inhibition of COPS5
enhances the therapeutic efficacy of sorafenib against HCC,
we used curcumin, a small-molecule compound that has been
demonstrated to inhibit not only COPS5-associated deubiquiti-
nase activity but also COPS5 expression,!>3 for in vitro and
in vivo studies. In this study, treatment of HCC cells with cur-
cumin resulted in a dose-dependent reduction in COPS5 and
MK2 expression, as well as inactivation of the MK2-HSPB1 axis
(Figure 8A). Moreover, curcumin combined with sorafenib treat-
ment efficiently prevented the feedback accumulation of COPS5
elicited by sorafenib treatment, which was concomitant with
the inhibition of MK2-HSPB1 feedback activation (Figure 8B).
Compared with sorafenib alone, curcumin co-treatment caused
stronger increases in the levels of cellular iron, lipid peroxidation,
and MDA, as well as greater inhibition of cell survival. Addition-
ally, curcumin alone modestly induced ferroptosis in cancer cells
and suppressed cell growth (Figure 8C,D; Figure S12, Support-
ing Information), which was consistent with the results of previ-
ous studies.!*3¢ Importantly, results from PDO model demon-
strated that sorafenib and curcumin exhibited synergistic effects
(Figure 8E,F).

We tested the antitumor efficacy of combining curcumin and
sorafenib in vivo using an AKT/MET model. AKT/MET tumor-
bearing mice were administered sorafenib, curcumin, sorafenib

www.advancedscience.com

plus curcumin, or vehicle (Figure 8G). When curcumin and so-
rafenib induced moderate or very mild antitumor effects, com-
bined curcumin and sorafenib treatment led to increased effi-
cacy compared with sorafenib or curcumin alone (Figure 8H-M),
which indicated the synergistic effect of curcumin and sorafenib.
Combination therapy also noticeably improved hepatic func-
tion and exhibited a survival advantage in tumor-bearing mice,
whereas monotherapy had mild or minimal effects on improv-
ing hepatic function and mouse survival (Figure 8N,0). More-
over, single or combined treatment with curcumin and sorafenib
was well tolerated, as we did not observe any body weight loss or
irregularities in internal organs, such as the heart, lungs, spleen,
or kidneys (Figure S13, Supporting Information). Taken together,
our results clearly demonstrated the critical role of curcumin in
improving the efficacy of sorafenib treatment, suggesting a new
combination strategy for the treatment of HCC.

3. Discussion

Sorafenib, a first-line drug for advanced HCC, has limitations
mainly due to drug resistance. However, effective therapeu-
tic approaches to counter the resistance of cancer cells to so-
rafenib treatment are still lacking.!*”] Understanding the mech-
anisms underlying drug resistance is crucial for the design of
improved therapeutic strategies. In the present study, using
CRISPR/Cas9 knockout screening and functional validation, we
identified COPS5 as a key mediator of survival following so-
rafenib treatment in HCC. Consistent with these findings, the
amplification and overexpression of COPS5 were associated with
aworse prognosis and poor response to sorafenib in patients with
HCC. Mechanistically, COPS5 restrained ferroptotic cell death
by activating the MK2-HSPB1 pathway via its ability to stabi-
lize MK2, whereas its expression was induced by sorafenib treat-
ment via ATF4-activated transcription. Furthermore, inhibition
of COPS5 with curcumin or MK2 with MK2 inhibitors synergis-
tically improved the anti-HCC effects of sorafenib.

Ferroptosis has emerged as a significant process that affects
drug sensitivity in cancer cells.*! The induction of ferroptosis
represents a promising strategy to reverse tumor resistance to
antitumor drugs.®®] Numerous studies have characterized the
function of sorafenib in ferroptosis induction.['>2°] However, a
recent report has revealed that sorafenib does not necessarily
trigger ferroptotic cell death in all tumor cell lines and that
classic inhibitors of System Xc-, such as sorafenib and erastin,
can induce ferroptosis only in a subset of cancer cell lines.[*”!
We propose that the intrinsic overexpression of COPSS5 in
many human cancers, including nasopharyngeal,*”l liver,*!]
esophageal,[*?l stomach,[** pancreatic,** lung,* prostate,®!
and breast!*] cancers, may partially account for the resistance
of cancer cells to ferroptosis inducers (e.g., sorafenib). Although

in the presence or absence of 10 uM sorafenib. G) Effects of ATF4 knockdown on the protein levels of COPS5, MK2, and p-HSPB1. H) ChIP-qPCR assay
of ATF4 enrichment on the COPS5 promoter in HepG2 cells treated with sorafenib or the vehicle. The primer pairs for the COPS5 promoter region used
in the ChIP-qPCR assay are shown. 1gG and anti-GAPDH antibodies were used as controls. I) Luciferase reporter assays of the COPS5 promoter region
with either wild-type (WT) or mutated ATF4 binding sites in HEK293T cells with or without sorafenib treatment. J) Correlations between COPS5 and
ATF4 expression levels in the TCGA-LIHC and GTEx cohorts were analyzed using the GEPIA website. K) Representative IHC images showing ATF4 and
COPSS5 staining (left) and the correlation between COPS5 and ATF4 expression levels (right) in human HCC tissues. Scale bar: 150 um. Data are the
mean + SD. Statistical analysis was conducted using a two-tailed t-test (A, E, F, H, and I) and a two-tailed Pearson’s test (] and K). ns, no significance;
#p < 0.05; %% p < 0.01; *¥*¥p < 0.001.

Adb. Sci. 2025, 12, 2416360 2416360 (12 of 18) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

A sora - - - + + + S e - 4+ o+ C
MK2l - 4 - = 4 - - 4 - - 4 - _
PF_- - + - - + - - + - - + kDa =
p-MK2 | e ® ||_ P —— |~55 z
(T334) H
MK2| S || JE——— |-55 E
(6]
PH S [ '||°'--—.-P—|.25 MK2I(UM) 0248 0248 0248 0248 0248 0248 0248 0248
HSPB1| ------H -———-— \»25 D MK21 (uM) MK21(uM)
GAPDH| JE— || |_35
HepG2 SK-Hep1
5 g
HepG2 g
: s KAk 1]
: 9 *x
‘ 5 _8 ey
g Vehicle 23
‘ £9,
A=
, g5
I Sora §§4 e §1.5
[
i 252 z
1A\ MK2! 5 0 S10{d . |
] o NI 3
z FLEE p
/ Sora+MK2| \\é(\\ SN N 205 -
‘ 4 kS o Wl ..
PR R I N R i €00
* " Lip:e?ﬂuo " " MK2I(uM) 0 4 8 0 48 0 4 8
F_1s0 I
3 2107 o
> =
£ g 10¢ *Vehicle
2 8 10s. ., *Sora
= % 2 *MK2I
8 é 104 * Sora+MK2|
3108

G AKTMET Model

<Ko CO0D

SB target SB target
<K myrAKT 0D
SB target SB target
<X D>
SB target SB target

H Vehicle

3 weeks

6 weeks

-

M,
6 = £ o025 —=
g g o20f 7 .
g 9 0.15{ oy .
: oo e ﬁ )
3 8005 ﬁ

%0.00 ¢ & DD

¥
Aé‘{\\o 6‘*@%@’{»

3

ALT (UIL)

3weeks 6 weeks
Sacrifice
Y

3 6 weeks

1 1 >

Sora, MK2I, combined -

or Vehicle

Luminescance J Vehicle Sora MK2I Sora+MK2l

3.0e+6
2.7e+6
2.4e+6
2.1e+6
e L e L R R
1.8e+6 e el 2 3 °4 12 3 ol o
1.5e+6
1.2e+6 K Vehicle _Sora
9.1e+5
6.2e+5’
32045
29et4
(0] — Vehicle
_ 120, —Sora 1*[a |t
3 — MK2I -
g 907 — Sora+MK2| |
7
£ 60
g
e 30
o
0 25 5 75 100

Days after HDTVi

Figure 7. Combining MK2 inhibitors with sorafenib synergistically suppresses HCC growth. A) Protein levels of p-MK2, p-HSPB1, and HSPB1 in HepG2
and SK-Hep1 cells treated with sorafenib (10 uM) alone or in combination with an MK2 inhibitor, 5 uM MK2 Inhibitor Il (MK2I) or 5 uM PF3644022 (PF).
B) Lipid peroxidation levels in HCC cells subjected to the indicated treatments. C) Viability of HepG2 and SK-Hep1 cells cotreated with sorafenib (0, 2,
5, and 10 uM) and MK2 Inhibitor Il (0, 2, 4, and 8 uM). D) Colony formation assay of HepG2 and SK-Hep1 cells treated with a combination of sorafenib
and MK2 Inhibitor Il1. E, F) Representative images (E) and viability (F) of PDOs treated with vehicle, sorafenib, MK2 Inhibitor 11, or sorafenib plus MK2
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the effect of COPSS5 upregulation on the resistance to ferroptosis
inducers in multiple types of cancer remains to be validated,
our collective findings convincingly support the critical role of
elevated COPS5 expression in rendering HCC insensitive to
ferroptosis.

COPSS5 is a multifunctional protein that regulates various cel-
lular processes, including the cell cycle, cell proliferation, apop-
tosis, DNA repair, and signal transduction.[*’! Accumulating ev-
idence suggests that COPS5 is an oncogene that contributes to
cancer initiation and progression, as well as therapeutic resis-
tance in various cancer cell types.* Its best-understood func-
tion is to regulate ubiquitin-mediated protein degradation via
deneddylation and deubiquitination, increasing the stability of
target proteins.['*! For instance, COPS5 prevents the ubiquiti-
nation and degradation of MDM2 and survivin, and promotes
tumorigenesis.[***1 Deubiquitination of Snail by COPS5 facil-
itates cancer cell invasion and metastasis.>*! According to Bae
et al.,5!] COPS5 positively regulates VEGF transcription and an-
giogenesis by interacting with HIF-1a and stabilizing the HIF-1a
protein under hypoxia. Recently, Lim et al.'! have reported that
COPS5 deubiquitinates and stabilizes PD-L1 and that inhibiting
COPS5 with curcumin sensitizes cancer cells to immunotherapy.
In accordance with the aforementioned findings, we discovered
that COPSS5 blocked the ubiquitination of MK2 and increased
its stability in HCC cells, allowing HCC cells to escape ferrop-
tosis, consequently enhancing sorafenib resistance. In contrast,
COPS5 accelerates the degradation of several tumor suppres-
sor proteins, such as p27,°% p57,4!l and NCoR.[“®! For instance,
COPSS confers tamoxifen resistance by proteasomal degradation
of NcoR in ERa-positive breast cancer.[*?] These observations in-
dicated that the regulatory role of COPS5 in protein stability is
context-dependent.

MK2 is a stress-activated protein kinase that is phosphory-
lated by p38 MAPK under stressful conditions (e.g., hypoxia, ox-
idative stress, and radiation). Upon activation, it can phospho-
rylate HSPB1, a small heat shock protein, effectively protecting
cells against stress injury.>>**] Aberrant activation of this path-
way is linked to human diseases such as cancer and inflamma-
tory disorders.[225>5¢] MK2/HSPB1 is upregulated and phospho-
rylated in some cancers and is associated with metastasis, pro-
gression, and response to therapy.>>*’] For example, enhanced
MK2 levels in multiple myeloma drive tumor progression and
drug resistance.l*®>°l MK2/HSPB1 contributes to intestinal car-
cinogenesis and cancer progression, and inhibition of MK2 us-
ing small-molecule inhibitors delayed intestinal carcinogenesis
in an Apc™™/* mouse model.l®) Additionally, the activation of
the MK2-HSPB1 signaling pathway is a major survival mecha-
nism that confers resistance to chemotherapeutic agents in pan-
creatic ductal adenocarcinoma.[?'l More importantly, HSPB1 re-
duces intracellular iron accumulation and uptakel®%2 and serves
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as a negative regulator of ferroptosis in tumors.[?**?° More-
over, HSPB1 phosphorylation is required for its protective func-
tion in drug-induced ferroptosis.[?>%] Herein, phosphorylation
of HSPB1 was increased through COPS5-mediated stabiliza-
tion of MK2, which can mediate COPS5/MK2-induced resis-
tance to ferroptosis, suggesting the possibility of developing ther-
apeutic strategies for improving the response to sorafenib by
chemical inhibition of its upstream regulator COPS5 or MK2
as an alternative to its own inhibition, since there is a lack
of inhibitors directly targeting HSPB1 phosphorylation. Indeed,
we observed that targeting MK2 with small-molecule inhibitors
(MK2 Inhibitor IIT and PF3644022) or targeting COPS5 with
curcumin strongly impaired the basal activation of the MK2-
HSPB1 signaling pathway, and the feedback activation of this
pathway induced by sorafenib, augmented ferroptosis and syn-
ergized with sorafenib to attenuate the growth of HCC cells.
Our study revealed that, as a single agent, MK2 Inhibitor III
or curcumin attenuated HCC progression in AKT/MET mice,
an autochthonous HCC model. MK2 Inhibitor III or curcumin
combined with sorafenib synergistically inhibits HCC develop-
ment without inducing additional toxicity. MK2 inhibitors have
recently been shown to inhibit tumor proliferation and metas-
tasis and increase the efficacy of other agents,[?*%] and an
oral MK2 inhibitor, ATI-450, which prevents MK2 activation by
inhibiting the p38-MAPK-MK2 interaction,[®* is currently be-
ing evaluated in a phase 1/2 clinical trial for individuals with
metastatic breast cancer (NCT06374459). Similarly, curcumin,
a natural dietary supplement, works as an anticancer agent,
as suggested by numerous preclinical studies across cancer
types, %] and as a COPS5 inhibitor, as supported by multiple
studies.!'>** It has advanced into clinical trials for the treatment
of colon cancer (NCT01490996), breast cancer (NCT01740323,
NCT03072992), cervical cancer (NCT06080841), and pancreatic
cancer (NCT00094445, NCT00192842), where it has been used
either alone or in combination with chemotherapy and ex-
hibits safe and tolerable antitumor activities. Thus, targeting the
COPS5-MK2-HSPBI axis in combination with sorafenib may be
an effective and translatable therapeutic strategy for patients with
HCC.

In conclusion, the current study demonstrates that COPS5,
which is overexpressed in HCC in an amplification- and ATF4-
dependent manner, stabilizes MK2 through deubiquitination
and, in turn, induces HSPB1 activation, protecting HCC cells
from ferroptosis, thus promoting sorafenib resistance and tu-
mor progression (Figure S14, Supporting Information). Our
study provides a deeper understanding of the ferroptosis-related
mechanisms driving sorafenib resistance in HCC and suggests
that the inhibition of the COPS5-MK2-HSPB1 axis is a po-
tential therapeutic strategy for overcoming sorafenib resistance
in HCC.

Inhibitor I1I. Scale bar: 250 um. G-O) The AKT/MET HCC models were established via hydrodynamic tail vein injection (HDTVi) of plasmids encoding
the sleeping beauty transposase and transposons with the myr-AKT gene and MET gene. 3 weeks after HDTVi of the plasmids, the mice were treated
with vehicle, sorafenib, MK2 Inhibitor |11, or sorafenib plus MK2 Inhibitor 11l for another 3 weeks (6 mice per group) (G). Representative bioluminescent
images (H) and bioluminescence analysis results (1) of the mice in the four groups were shown. Representative photographs (J) and H&E staining (K)
of livers, liver weights (L), liver body/weight ratios (M), and serum levels of ALT and AST (N) in mice from the four groups at 6 weeks after HDTVi of the
plasmids were also shown. Scale bar: 150 um (K). Kaplan—Meier survival analysis of the survival of mice in the four groups were performed (O). Data are
mean + SD. Statistical analysis was conducted using a two-tailed t-test (B-D, F, I, L, M, and N) and a log-rank test (O). ns, no significance; *p < 0.05;
ek p< 001, :‘:*:’:p < 0.001.
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Figure 8. Curcumin synergizes with sorafenib to inhibit HCC progression. A) Western blots showing COPS5, MK2, p-MK2, p-HSPB1, and HSPB1 levels
in HepG2 and SK-Hep1 cells treated with increasing doses of curcumin (CCM). B) Protein levels of COPS5, MK2, p-MK2, p-HSPB1, and HSPB1in HepG2
and SK-Hep1 cells treated with 10 uM sorafenib alone or in combination with 20 uM curcumin. C) Viability of HepG2 cells cotreated with sorafenib (0, 2,
5, and 10 uM) and curcumin (0, 10, 20, and 50 uM). D) Colony formation assay for HepG2 and SK-Hep1 cells treated with a combination of sorafenib and
curcumin. E, F) Representative images (E) and viability (F) of PDOs treated with sorafenib, curcumin, the combination, or vehicle. Scale bar: 250 um.
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G-0) The AKT/MET mice were treated with sorafenib, curcumin, the combination, or vehicle for 3 weeks (7 mice per group) (G). Bioluminescent images
(H) and statistical analysis of bioluminescent tracking plots (I) of mice are shown. Representative photographs (J) and H&E staining (K) of livers, liver
weights (L), liver body/weight ratios (M), and serum levels of ALT and AST (N) in mice from the four groups at 6 weeks after HDTVi of the plasmids are
also shown. Scale bar: 150 um (K). Kaplan—Meier survival analysis of the survival of mice in the four groups was performed (O). Data are mean + SD.
Statistical analysis was conducted using a two-tailed t-test (C, D, F, I, L, M, and N) and a log-rank test (O). ns, no significance; *p < 0.05; ** p < 0.01;

#p < 0.001.

4. Experimental Section

CRISPR/Cas9 Knockout Screening: The overall knockout screening
workflow for this study is shown in Figure 1B. First, a stable Cas9-
expressing H22 cell line (H22-Cas9) was established by infection of H22
cells with lentiCas9 viruses and selection with 8 ug mL™" blasticidin for
several days. The cells were subsequently transduced with the GeCKOv2.0
murine lentiviral library at a low multiplicity of infection (x0.25) to en-
sure that most cells incorporated only a single sgRNA. After selection with
3 ug mL~" puromycin for 5 days, the transduced cells were subcutaneously
injected into BALB/c mice or BALB/c nude mice, which were then orally
treated with vehicle or sorafenib (30 mg kg™ daily) for 14 days. Tumors
from all groups were collected, and genomic DNA was extracted using a
DNA extraction kit. The sgRNA sequences were amplified using PCR, and
the amplicons were subsequently subjected to high-throughput sequenc-
ing by Novogene Technology (Beijing, China) to assess sgRNA abundance.
Significantly depleted or enriched sgRNAs were identified from the com-
parison between sorafenib- and vehicle-treated tumors using the MAGeCK
algorithm.

Statistical Analysis: Data are presented as the mean + SD from either
independent experiments or independent biological samples. All statisti-
cal analyses were performed using GraphPad Prism 8.0 (GraphPad Prism,
USA). A two-tailed t-test was used to analyze the differences between
groups. The Kaplan-Meier method was used to generate survival curves,
and the log-rank test was used to compare differences between groups.
Pairwise expression correlation analysis was conducted using Pearson’s
correlation test. Differences were considered statistically significant at p
< 0.05.

Ethics Approval Statement: This study involved human participants
and was approved by the ethical standards of the Institutional Review
Board at the Affiliated Cancer Hospital, Guangzhou Medical University. In-
formed consent was provided by all participants. Animal research was ap-
proved by the Institutional Animal Care and Use Committee of Guangzhou
Medical University.
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