Received: 13 October 2022 Revised: 22 May 2023 Accepted: 28 May 2023

DOI: 10.1002/ctm2.1300
CLINICAL AND TRANSLATIONAL MEDICINE

OpenAccess'
RESEARCH ARTICLE ) WILEY

Loss of LncRNA DUXAPS synergistically enhanced
sorafenib induced ferroptosis in hepatocellular carcinoma
via SLC7A11 de-palmitoylation

Zhehao Shi> | Zhiming Li' | BinJin®** | WenYe® | Luhui Wang® |

Sina Zhang® | Jiuyi Zheng? | ZixiaLin? | Bo Chen’ | Fangting Liu®> |

Baofu Zhang® | XiweiDing® | Zhen Yang’ | YunfengShan®>® | Zhengping Yu*® |
Yi Wang® | Jicai Chen' | Qiang Chen'"? | LewisR. Roberts”® | Gang Chen*?

IDepartment of Dermatology, The First
Affiliated Hospital of Wenzhou Medical
University, Wenzhou, China

Graphical Abstract

W &
2Key Laboratory of Diagnosis and

Treatment of Severe Hepato-Pancreatic ﬂ,kA/’\mé N ) . o
Diseases of Zhejiang Province, The First g P sensibilization
Affiliated Hospital of Wenzhou Medical C /\I} ( \r Sis

University, Wenzhou, Zhejiang, China “v}““ki;} 07 T

4 S
3 3 i
Department of Organ Transplantation, . =
7 Sorafenib Resistant

Qilu Hospital, Cheeloo College of 7

- St . HCC cells -
Medicine, Shandong University, , Glutam:
Shandong, China o AO0000 :oocOOO‘
“Department of Hepatobiliary Surgery, O(pOQOOCDOOOOOOOOOOOOCOO(mM

University, Shandong, China

SDepartment of Breast Surgery, The *
Second Affiliated Hospital and Yuying | \

The Second Hospital of Shandong |
°°Ai’WW‘M: de-Palmitoylation

Children’s Hospital of Wenzhou Medical
University, Wenzhou, China

6Department of Gastroenterology, The
Affiliated Drum Tower Hospital of
Nanjing University Medical School,

Palmitoylation
inhibitor

2-BP
. . ncRNA DUXAP8
Nanjing, China Transcription x Mitochondria
"Department of Infectious Diseases,
Shandong Provincial Hospital affiliated to SLC7A11 degradation WW
Shandong University, Jinan, China
Nucleus Cytoplasm

8Department of Hepatobiliary Surgery,
The First Affiliated Hospital of Wenzhou

Medical University, Wenzhou, China + DUXAP8 mediated activation of SLC7A11 restrained the sensitivity of HCC to

9Department of Epidemiology and

LA : sorafenib induced ferroptosis.
Biostatistics, School of Public Health and

Management, Wenzhou Medical * DUXAPS facilitated the previously unknown palmitoylation of SLC7A11 and
University, Wenzhou, China prevented SLC7AL11 lysosomal degradation.
!Department of Hernia and Abdominal * Loss of LncRNA DUXAPS synergistically enhanced sorafenib induced ferrop-

‘Wall Surgery, The First Affiliated Hospital
of Wenzhou Medical University,
Wenzhou, China

tosis in HCC.

Clin. Transl. Med. 2023;13:e1300. wileyonlinelibrary.com/journal/ctm2
https://doi.org/10.1002/ctm2.1300


https://orcid.org/0000-0001-6067-6959
https://wileyonlinelibrary.com/journal/ctm2
https://doi.org/10.1002/ctm2.1300

\
CLINICAL AND TRANSLATIONAL MEDICINE
RS SHI ET AL.

ICancer Centre, Faculty of Health
Sciences, University of Macau, Macau,
Arkansas, China

I2MOE Frontier Science Centre for
Precision Oncology, University of Macau,
Taipa, Macau, Arkansas, China

BDivision of Gastroenterology and
Hepatology, Mayo Clinic College of
Medicine and Science, Rochester,
Minnesota, USA

Correspondence

Gang Chen, M.D. Ph.D., Department of
Hepatobiliary Surgery, The First Affiliated
Hospital of Wenzhou Medical University;
Fuxue Road, Wenzhou, Zhejiang 325035,
China.

Email: chen.gang@wmu.edu.cn

Lewis R. Roberts, M.B. Ch.B., Ph.D., Divi-
sion of Gastroenterology and Hepatology,
Mayo Clinic College of Medicine and Sci-
ence, 200 First Street SW, Rochester, MN
55905, USA.

Email: roberts.lewis@mayo.edu

Qiang Chen, M.D., Ph.D., Cancer Centre,
Faculty of Health Sciences, University of
Macau, Macau, SAR, China.

Email: giangch@um.edu.mo



mailto:chen.gang@wmu.edu.cn
mailto:roberts.lewis@mayo.edu
mailto:qiangch@um.edu.mo

Received: 13 October 2022 Revised: 22 May 2023 Accepted: 28 May 2023

DOI: 10.1002/ctm2.1300
CLINICAL AND TRANSLATIONAL MEDICINE

OpenAccess'
RESEARCH ARTICLE ' WILEY

Loss of LncRNA DUXAPS synergistically enhanced
sorafenib induced ferroptosis in hepatocellular carcinoma
via SLC7A11 de-palmitoylation

Zhehao Shi> | ZhimingLi' | BinJin®** | WenYe® | Luhui Wang® |

Sina Zhang® | Jiuyi Zheng? | ZixiaLin? | Bo Chen’ | Fangting Liu® |

Baofu Zhang® | XiweiDing® | Zhen Yang’ | YunfengShan®>® | Zhengping Yu*® |
Yi Wang® | Jicai Chen' | Qiang Chen'"” | LewisR. Roberts”® | Gang Chen*®

IDepartment of Dermatology, The First Affiliated Hospital of Wenzhou Medical University, Wenzhou, China

2Key Laboratory of Diagnosis and Treatment of Severe Hepato-Pancreatic Diseases of Zhejiang Province, The First Affiliated Hospital of Wenzhou
Medical University, Wenzhou, Zhejiang, China

3Department of Organ Transplantation, Qilu Hospital, Cheeloo College of Medicine, Shandong University, Shandong, China

“Department of Hepatobiliary Surgery, The Second Hospital of Shandong University, Shandong, China

SDepartment of Breast Surgery, The Second Affiliated Hospital and Yuying Children’s Hospital of Wenzhou Medical University, Wenzhou, China
®Department of Gastroenterology, The Affiliated Drum Tower Hospital of Nanjing University Medical School, Nanjing, China

"Department of Infectious Diseases, Shandong Provincial Hospital affiliated to Shandong University, Jinan, China

8Department of Hepatobiliary Surgery, The First Affiliated Hospital of Wenzhou Medical University, Wenzhou, China

9Department of Epidemiology and Biostatistics, School of Public Health and Management, Wenzhou Medical University, Wenzhou, China
ODepartment of Hernia and Abdominal Wall Surgery, The First Affiliated Hospital of Wenzhou Medical University, Wenzhou, China

ICancer Centre, Faculty of Health Sciences, University of Macau, Macau, Arkansas, China

2MOE Frontier Science Centre for Precision Oncology, University of Macau, Taipa, Macau, Arkansas, China

BDivision of Gastroenterology and Hepatology, Mayo Clinic College of Medicine and Science, Rochester, Minnesota, USA

Correspondence
Gang Chen, M.D. Ph.D., Department of Abstract
Hepatobiliary Surgery, The First Affiliated Background: Ferroptosis is an important iron-dependent form of cell death in

Hospital of Wenzhou Medical University;
Fuxue Road, Wenzhou, Zhejiang 325035,

China. to treat advanced HCC but its efficacy is limited by the development of drug
Email: chen.gang@wmu.edu.cn

hepatocellular carcinoma (HCC). Sorafenib, a potent ferroptosis inducer, is used

resistance.
Lewis R. Roberts, M.B. Ch.B., Ph.D.,
Division of Gastroenterology and

Hepatology, Mayo Clinic College of
Medicine and Science, 200 First Street analysis. Sorafenib resistant HCC cell lines were modeled in vitro to study the
SW, Rochester, MN 55905, USA.
Email: roberts.lewis@mayo.edu

Methods: The effects of DUXAP8 expression on HCC progression were eval-
uated by TCGA database, Kaplan-Meier analysis, and in situ hybridization

regulation of DUXAP8 on ferroptosis in HCC induced by sorafenib. We used

RNA pull-down, immunofluorescence assays, acyl-biotinyl exchange assay and

Zhehao Shi, Zhiming Li and Bin Jin contributed equally to this work.

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.

© 2023 The Authors. Clinical and Translational Medicine published by John Wiley & Sons Australia, Ltd on behalf of Shanghai Institute of Clinical Bioinformatics.

Clin. Transl. Med. 2023;13:€1300. wileyonlinelibrary.com/journal/ctm2 1of15
https://doi.org/10.1002/ctm2.1300


https://orcid.org/0000-0001-6067-6959
mailto:chen.gang@wmu.edu.cn
mailto:roberts.lewis@mayo.edu
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/ctm2
https://doi.org/10.1002/ctm2.1300

20f15 CLINICAL AND TRANSLATIONAL MEDICINE
N ‘OpenAccess.

0

Qiang Chen, M.D., Ph.D., Cancer Centre,
Faculty of Health Sciences, University of
Macau, Macau, SAR, China.
Email: giangch@um.edu.mo

Funding information

National Natural Science Foundation of
China, Grant/Award Numbers: 81772628,
82072685; Medical and Health Technology
Project of Zhejiang Province,
Grant/Award Number: 2018KY124; the
Science and Technology Project of
Wenzhou science and technology bureau,
Grant/Award Number: Y2020938

SHIET AL.

mass spectrometry analysis to assess the molecular mechanism of ferroptosis reg-
ulation by DUXAPS. Syngeneic subcutaneous and orthotopic CDX models were
used to assess whether DUXAPS inhibition improves HCC in vivo.

Results: LncRNA DUXAPS, which is highly expressed in liver cancer and
associated with poor prognosis, contributes to sorafenib resistance through
suppression of ferroptosis. In vitro tests revealed that DUXAPS8 reduced the sen-
sitivity of HCC to sorafenib-induced ferroptosis by acting on SLC7A11, a subunit
of the amino acid antiporter system xc-. DUXAPS8 facilitates SLC7A11 palmi-
toylation and impedes its lysosomal degradation, thereby enhancing SLC7A11
action and suppressing ferroptosis. RNA pull-down and immunofluorescence
assays confirmed that DUXAPS decreased membrane translocation and pro-
moted sorting of de-palmitoylated SLC7A11 to lysosomes by binding of DUXAP8
to SLC7A1l. In addition, mass spectrometric analysis found that the Cys414
residue of SLC7A11 might be the predominant mutant site responsible for molec-
ular masking of SLC7A11 lysosomal sorting. Further, the antitumor effect of
DUXAPS knockdown was verified in orthotopic and subcutaneous CDX models.
Conclusions: Our findings suggest that a novel translational strategy combin-
ing sorafenib with DUXAPS silencing to overcome drug resistance may improve

KEYWORDS

1 | BACKGROUND

Primary liver cancer ranked fifth globally in terms of
cancer incidence and was the third leading cause of cancer-
related death in 2020. Hepatocellular carcinoma (HCC),
which accounts for 75%—85% of primary liver cancer, is
diagnosed in more than 700,000 persons each year."? In
recent years, significant progress has been made in the
treatment of HCC, including improved techniques for
surgical resection, tumor ablation, loco-regional therapy,
targeted drug therapy, and immunotherapy.”> Sorafenib,
a multi-targeted tyrosine kinase inhibitor that plays an
important role in promoting apoptosis, inducing ferrop-
tosis, reducing angiogenesis and inhibiting tumor cell
proliferation, was approved by the FDA in 2007 as a
first-line drug for the treatment of HCC, demonstrat-
ing clear clinical benefit in advanced HCC patients.>®
However, the efficacy of sorafenib is limited by drug
resistance, leading to a dissatisfactory 5-year overall sur-
vival rate of advanced HCC patients.”® Novel checkpoint
inhibitor-based regimens extend patient survival but pro-
duce durable responses in only 20—30% of patients.
Receptor tyrosine kinase inhibitors, therefore, remain an
essential component of the therapeutic armamentarium in
HCC.>%!0 Therefore, there is an urgent need to concep-

treatment efficacy in patients with advanced HCC.

DUXAPS, ferroptosis, hepatocellular carcinoma, sorafenib resistance

tualize new strategies for enhancing the effectiveness of
systemic HCC treatments.

System x.~ is an amino acid antiporter that simul-
taneously transports cystine into cells in exchange for
glutamate to synthesize the antioxidant glutathione
(GSH),""which plays a vital role in ferroptosis.'** Solute
carrier family 7 membrane 11 (SLC7A11) is the light chain
subunit of system x.~, and its expression level is positively
correlated with the activity of the antiporter.'* Ferrop-
tosis inducers, including eradicator of ST (erastin) and
sorafenib, can reduce antioxidant capacity and decrease
cysteine amino acid metabolites, leading to ferroptosis
of HCC cells.">'°This suggests the possible involvement
of SLC7A11 in sorafenib resistance via ferroptosis. Nev-
ertheless, the mechanism underlying the regulation of
SLC7A11 expression and its translocation to the HCC cell
membrane remains unclear.

Long noncoding RNAs (IncRNAs) have been linked to
the pathogenesis of various human tumors''® and shown
to interact with proteins, regulating cancer signaling path-
ways through post-translational modifications.'® Double
homeobox A pseudogene 8 (DUXAPS8), a pseudogene-
derived IncRNA, may play a promoting role in pancreatic
cancer,”’ non-small-cell lung cancer,”! and HCC through
actions on the Fork head Box Ml (FoxM1) protein.>
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However, the role of DUXAPS in sorafenib’s therapeutic
effect and drug resistance in HCC treatment remains to be
clarified.

In this study, we confirmed that the expression of
DUXAPS was closely correlated to the malignant pheno-
type and prognosis of HCC. Through effects on SLC7A11
protein levels, DUXAPS deficiency enhanced ferroptosis
and sensitized HCC cells to sorafenib. Our findings reveal
a new mechanistic axis involving IncRNAs and SLC7A11 in
ferroptosis regulation.

2 | METHODS

2.1 | Antibodies and reagents

The primary antibodies for SLC7A11 (12691 (Cell Signaling
Technology), ab175186 (Abcam) and 26864-1-AP (Protein-
tech), Flag tag (14793; Cell Signaling Technology), ACSL4
(ab155282; Abcam), Streptavidin (3419; Cell Signaling Tech-
nology), GPX4(ab125066; Abcam), LAMP2 (66301-1-Ig;
Proteintech), Anti-4Hydroxynonenal (ab48506; Abcam),
GAPDH (ab8245; Abcam), andB-actin (ab8226; Abcam)
were commercially available. The following secondary
antibodies were used in immunofluorescence assays:
AF488-anti-Mouse (Invitrogen), AF594-anti-rabbit (Invit-
rogen), AF594-anti-mouse (Invitrogen), AF568-anti-rabbit
(Abcam), AF647-anti-rabbit (Abcam), and AF647-anti-
mouse (Abcam). Small-molecular compounds such as
Sorafenib (HY-10201), Erastin (HY-15763), Bafilomycin
(HY-100558), MG132 (HY-13259), Cycloheximide (HY-
12320), Chlorquinaldol (HY-17589A), Z-VAD-FMK(HY-
16658B), Necrosulfonamide (HY-100573) and Ferrostatin-1
(HY-100579) were all from MCE. 2-BP (21604) was from
Sigma-Aldrich.

2.2 | Patients and clinical tissue samples

From the Department of Hepatobiliary Surgery at the First
Affiliated Hospital of Wenzhou University, two cohorts of
hepatocellular carcinoma tissues samples were obtained.
All samples analyzed in this study were confirmed as
hepatocellular carcinoma by pathology. Cohort 1 contains
20 cases of fresh frozen specimens, including HCC tis-
sues and paired benign tumor-adjacent tissues (>2 cm
away from the resection margin), collected during the
period between November 2018 and January 2019. Cohort 2
contains paraffin-embedded HCC and adjacent tissue sam-
ples with detailed clinical information from 109 patients
diagnosed between May 2016 and October 2019. Pathol-
ogists with expertise graded postoperative tumor-lymph

3

node-metastasis (TNM) staging and Edmondson-Steiner
grading.

2.3 | Acyl-biotinyl exchange (ABE) assay
and mass spectrometry analysis

The lysis buffer (50 mM Tris-HCL, pH7.5, 150 mM Nacl,
1 mM EDTA, 1%(v/v) Triton X-100) supplied with com-
plete protease inhibitor was prepared for cell lysis. The
cell lysate was harvested subjected to immunoprecipita-
tion with Anti-Flag Sepharose Beads (Millipore, A2220)
and Anti-IgG Sepharose Bead (CST, 3420) for 2 h at 4°C.
After centrifuging, the protein pellets were separated into
two halves and rolling-over in the lysis buffer containing
N-ethylmaleimide at RT for 30 min. Then, one portion
was overturned with hydroxylamine buffer at RT for 1 h to
cleave the thioester bonds of the palmitoylation. Another
with standard lysis buffer was prepared as a control.
Next, HA-biotin labels the newly exposed cysteinyl thiols,
and Streptavidin-HRP affinity purification of biotinylated
proteins. Finally, the pull-down products were subjected
to SDS-PAGE, identification of palmitoylated protein by
Western blot and palmitoylation site by mass spectrometry
analysis (AIMS Mass, CHN).??

2.4 | Animal experiments

Mice were housed at the Laboratory Animal Center of
First Affiliated Hospital of Wenzhou University. To estab-
lish an orthotopic cell line-derived xenograft (CDX) model,
the LM3 cells were transfected with lentivirus carrying
luciferase and sh-DUXAPS or sh-NC plasmids, screened
with puromycin to obtain stable luciferase clones and
amplified in vitro. Under pentobarbital sodium anesthesia,
each nude mouse was injected intrahepatically with 20 uL.
of a mixture of PBS and Matrigel (1:5) containing 1 x 10°
cells. After the operation, the fluorescence intensity was
evaluated weekly by IVIS-SPECTRUM in vivo imaging sys-
tem (PerkinElmer, US). Mice were executed after 21 days of
treatment. 1x10° LM3 cells transfected with sh-DUXAPS or
sh-NC were subcutaneously injected into two groups of 6
male nude mice, respectively. From the 6th day, the tumor
growth was examined every 3 days, and the tumor volume
was recorded and calculated following V = 1/2 (width2x
length). 21 days after implantation, all mice were sacrificed
under anaesthesia, and mice weights, tumor weights and
volumes were determined. 1x10° SR cells transfected with
sh-DUXAP8 or sh-NC were subcutaneously injected into
four groups of 7 male nude mice, respectively. From the
10th day, the sorafenib (30 mg/kg/each) or oral vehicle was
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administered by gavage every day depending on the mice
group, and the tumor growth was examined every 2 days.
Sorafenib was mixed in an oral vehicle containing castor
oil, anhydrous ethanol and water in a ratio of 1:1:6. 24 days
after implantation, all mice were sacrificed under anaes-
thesia, and mice weights, tumor weights and volumes were
determined.

2.5 | Statistical analysis

R program (version 4.0.2) and GraphPad Prism 8.0 soft-
ware (GraphPad Software, Inc.) were used to conduct the
statistical analyses. Data were presented as frequency (%)
or mean + standard deviation (SD). Comparisons of con-
tinuous variables between two groups were performed by
Student’s t-test, whereas the chi-square test or Fisher’s
exact test was used to compare categorical variables. One-
way analysis of variance (ANOVA) model was used to
compare continuous outcomes across several experimen-
tal groups, and the Bonferroni technique was used for
post hoc analysis. For survival analysis, Kaplan-Meier
survival curve techniques were utilized, and a log-rank
test was conducted to compare survival time between
groups. Pearson correlation was performed to assess the
correlation between expressions of two genes. Statistical
significance was defined as a p-value less than 0.05. Addi-
tional materials and methods can be found in Additional
file: Supplementary Methods.

3 | RESULTS
3.1 | DUXAPS expression correlates with
malignant behavior and outcomes of HCC

Using data from the TCGA project, 374 HCC and 50
adjacent tissue samples, including 50 pairs of matching
cancer and adjacent benign tissues, were analyzed for
genomic expression and clinicopathologic characteristics
(Figure 1A). DUXAPS expression was significantly higher
in HCC tissue than in adjacent benign tissue. Applying
Kaplan-Meier (K-M) survival analysis, higher DUXAPS
expression was associated with lower rates of overall sur-
vival (OS) and disease-free survival (DFS) in HCC patients
(Figure 1B). In addition, univariate and multivariate Cox
regression analyses revealed that DUXAP8 expression
level and cancer status were significantly associated with
prognosis of HCC patients (Figure S1A,B).

109 HCC tissues and 100 adjacent benign tissues were
used to assemble tissue microarrays and probed by in-
situ hybridization (ISH) assays for single-molecule visu-
alization of IncRNA DUXAPS8. DUXAP8 expression was

remarkably higher in HCC tissue than normal tissue
(Figure 1C). The difference in DUXAP8 expression level
between tumor and non-tumor tissues was also confirmed
by qRT-PCR assay using 20 pairs of matching HCC and
adjacent non-tumor tissue samples (Figure 1D). In par-
ticular, the expression level of DUXAP8 was positively
correlated with both the pathological grade and TNM stage
of HCC, but there was no statistical association with gen-
der and age (Figure 1E). Survival analysis confirmed that
patients with higher DUXAP8 expression levels had a
worse prognosis (Figure 1F).

In another set of experiments, qRT-PCR confirmed that
DUXAPS expression was remarkably higher in the LM3
and HepaRG cells but lower in Huh7, PLC and Li-7
cells (Figure S2A). Both knockdown and overexpression
of DUXAPS8 were successfully transfected (Figure S2B,C).
DUXAPS depletion prominently suppressed the growth of
LM3 and HepaRG cells (Figure S2D), while DUXAPS over-
expression promoted the growth of Huh7 and Li-7 cells
(Figure S2E). Consistently, colony formation assays con-
firmed that DUXAPS affects the proliferation of HCC cells
(Figure S2F,G). Transwell assays showed that migration
and invasion were impaired by DUXAP8 knockdown in the
sh-DUXAPS8 group (Figures S2HandS2I), and enhanced by
DUXAPS overexpression (Figures S2JandS2K). DUXAP8
enhances the malignant phenotype of HCC cells.

3.2 | Correlation between the expression
of DUXAPS8 and SLC7A11

The pathway network of DXUAP8 in HCC was constructed
using data from the MSigDB database. Three pathways,
including iron ion binding, lipid metabolism, and ROS
biosynthesis, were downregulated in HCC (Figure 2A),
implying a possible role of DUXAP8 in cell ferropto-
sis. Hence, an assessment of ferroptosis-related mRNAs
associated with DUXAP8 in HCC was conducted, and
DUXAPS expression had a closer positive relationship with
SLC7A11 (Figures 2B and S3A). Among 109 HCC patients,
SLC7A11 expression was remarkably lower in HCC tis-
sue of the low-DUXAPS8 group compared to that of the
high-DUXAPS8 group (Figure 2C). Next is investigating
the effect of DUXAPS8 on the subcellular localization of
SLC7A11, which determines the main physiological func-
tions of SLC7A11.*** Immunofluorescence staining and
Western blot (WB) assays showed that silencing DUXAPS
decreased the expression of SLC7A11 on the cell mem-
brane (Figures 2D and S3B). WB assays also showed that
DUXAPS positively regulated SLC7ALI1 protein expression
at the cellular level (Figure S3C-F). The results above
suggested that the involvement of DUXAPS in ferroptosis
might be mediated by SLC7AI1.
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FIGURE 1 LncRNA DUXAPS upregulation and its correlation with poor prognosis in HCC. (A) Expression of DUXAP8 was compared
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tissues from the same patient) (Right) extracted from the TCGA database. (B) Correlation of the DUXAPS expression level with overall
survival (OS) (Left, n = 368) and disease-free survival (DFS) (Right, n = 316) in HCC patients from the TCGA database. (C) Expression of
DUXAPS8 was compared using the data of 109 HCC samples and 100 normal liver tissues obtained in our hospital. Left: representative in-situ
hybridization (ISH) images of DUXAP8. Magnification: x40 (top panel) and X200 (bottom panel). DUXAPS8 expression was classified into
three levels: low positive, positive, and high positive. Right: DUXAPS staining scores in HCC and adjacent non-tumor tissues. (D)
Comparison of DUXAPS expression in 20 pairs of HCC and adjacent normal liver tissues by qRT-PCR. (E) Analysis of DUXAPS expression in
HCC tissues was stratified by pathological differentiation grade (Left), TNM stage (Middle), age and gender (Right). (F) Kaplan-Meier curves
of overall survival of 109 HCC patients with low (n = 65) and high (n = 44) DUXAPS expression levels, the median value was used to
subclassify HCCs into high- and low- expression groups (1-year: 80.6% vs.89.2%; 3-year: 64.7% vs.82.2%; p = 0.0286). *p < 0.05, ** p < 0.01, ***

P < 0.001. NS: not significant.

3.3 | Role of DUXAPS in erastin- and
sorafenib-induced ferroptosis

Erastin and sorafenib induced cell ferroptosis in a
dose-dependent manner (Figure S4A-D). Suppression of
DUXAPS expression significantly increased cell death
induced by erastin and sorafenib in the LM3 and HepaRG
cells (Figure S4E,F). Next, the involvement of DUXAP8
in the accumulation of lipid peroxidation products, an
indispensable signaling event during ferroptosis,’®” was
clarified. DUXAP8 downregulation notably increased mal-
ondialdehyde (MDA) production, the ratio between oxi-
dized glutathione and reduced glutathione (GSSG/GSH

ratio), and the ROS level all induced by sorafenib and
erastin in HCC cells (Figure 3A-C). Transmission elec-
tron microscopy (TEM) showed that mitochondrial cristae
decreased or completely disappeared, and the outer mem-
branes of mitochondria ruptured in LM3 cells treated
with sorafenib; notably, the mitochondrial changes in
ferroptosis were substantially enhanced by sh-DUXAPS
transfection (Figure 3D).

The role of DUXAPS in ferroptosis was also confirmed
by overexpressing DUXAP8 in Huh7 and PLC cells. Erastin
and sorafenib induced ferroptosis in Huh7 and PLC cells in
a dose-dependent manner (Figure S4G-J), and cell death
could be mitigated by overexpression of DUXAPS (Figure
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expression of LncRNA DXUAPS was positively correlated with SLC7A11 mRNA expression (right). (C) Comparison of SLC7A11 expression
between low- (n = 65) and high-DUXAPS (n = 44) patients by qRT-PCR. (D) Cellular localization of SLC7A11(Red) visualized by
immunofluorescence in LM3 cells. Magnification: X400. * p < 0.05. The results represent the mean value from three independent
experiments. sh-DUX: sh-DUXAPS8; DUX: DUXAPS8; ACS: ACSL4; GPX: GPX4; SLC: SLC7A1l.

S4K,L). The levels of critical events in ferroptosis showed
corresponding changes. As expected, the increases in MDA
(Figure 3E), GSSG/GSH (Figure 3F), and ROS accumula-
tion (Figure 3G) induced by erastin and sorafenib were
suppressed by DUXAP8 overexpression. Taken together,
DUXAPS gene silencing may be a potential strategy for
improving the treatment effectiveness of sorafenib in HCC.

3.4 | DUXAPS sensitizes tumor cells to
ferroptosis by regulating SLC7A11 level

The effect of DUXAP8 on SLC7A11 protein levels could
be reversed by SLC7AIll overexpression (Figure S5A,B)
or knockdown (Figure S5C,D). We further manipu-
lated SLC7A11 expression and explored the correspond-
ing ferroptosis-related changes in HCC cells. The results
showed that DUXAP8 knockdown enhanced the promot-
ing effects of erastin or sorafenib on lipid peroxidation
and GSH depletion, and these effects could be blocked
by SLC7A11 overexpression (Figure 4A,B). In addition,
Liperfluo staining and the fluorescent probe FerroOrange
showed that lipid ROS accumulation and intracellular

Fe’* level increased by sh-DUXAPS transfection was
restored by SLC7A11 overexpression (Figures 4C and S5E).
Consistently, the inhibitory effect of DUXAPS8 overexpres-
sion on ferroptosis of both the MDA concentration and the
GSSG/GSH ratio were reversed by SLC7A11 knockdown
(Figure 4D,E). The lipid ROS accumulation and intracel-
lular Fe?* level decreased by DUXAPS overexpression was
restored by SLC7A11 knockdown (Figure 4F). These results
further confirmed that SLC7A11 mediates the regulatory
effect of DUXAPS on ferroptosis.

3.5 | DUXAPS  silencing reverses
sorafenib resistance through enhancing
ferroptosis

Compared with the SMMC-7721-WT (WT) cells, SMMC-
7721-SR (sorafenib resistance,SR) cells were significantly
less susceptible to sorafenib-killing (Figure 5A). The
DUXAPS expression for sorafenib-resistant (SR) cells was
14.68 times larger than that for WT cells (Figure 5B).
Using the real-time cell analyzer (RTCA) system, we
found that silencing of DUXAP8 suppressed the growth
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FIGURE 3 DUXAP8regulates erastin and sorafenib induced ferroptosis in HCC cells. (A) DUXAP8 knockdown promoted the erastin

and sorafenib induced lipid formation (measured by MDA assay) in LM3 (left) and HepaRG (right) cells treated with 10 uM erastin or
sorafenib for 24 h. (B) DUXAPS8 knockdown increased the GSSG/GSH ratios in erastin or sorafenib treated LM3 (left) and HepaRG (right)
cells. (C) DUXAPS knockdown increased the ROS level (assessed by DCFH-DA staining) of LM3 cells (two on the left) and HepaRG cells (two
on the right) treated with erastin (10 uM) or sorafenib (10 uM) for 24 h. (D) Representative TEM images showing sorafenib-induced
ferroptosis in LM3 cells with and without DUXAP8 knockdown. Scale bar: left, 5 um; middle, 1 um; right, 500 nm. (E) DUXAPS8
overexpression suppressed the erastin and sorafenib induced lipid formation (measured by MDA assay) in Huh7 (left) and PLC (right) cells

treated with 5 uM erastin or 2.5 uM sorafenib for 24 h. (F) DUXAPS8 overexpression influenced the intracellular GSSG/GSH ratios in erastin or
sorafenib treated Huh7 (left) and PLC (right) cells. (G) DUXAPS overexpression inhibited the ROS level (assessed by DCFH-DA staining) of
Huh7 (two on the left) and PLC (two on the right) cells treated with erastin (5 uM) or sorafenib (2.5 uM) for 24 h. * p < 0.05, ** p < 0.01, ***

p < 0.001. Results represent the average from three independent experiments. sh-DUX, sh-DUXAPS; EV, Empty vector; OE, pcDNA DUXAPS;
sh-SLC, sh-SLC7A11; OE-SLC, pcDNA SLC7A11.
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FIGURE 4 SLC7A11 mediates the regulatory effect of DUXAPS on ferroptosis. (A, B) The DUXAP8 knockdown-induced increases of

intracellular MDA concentration and GSSG/GSH ratio level were reversed by SLC7A11 overexpression in both LM3 and HepaRG cells

untreated and treated with erastin and sorafenib. (C) Representative IF images showed that the cellular lipid ROS (green) and Fe?* (orange)
levels were elevated by sh-DUXAPS transfection and the elevation could be reversed by SLC7A11 overexpression in LM3 cells untreated and
treated with erastin and sorafenib. Magnification: x400. (D, E) The DUXAP8 knockdown-induced increases of intracellular MDA
concentration and GSSG/GSH ratio level were reversed by SLC7A11 overexpression in both Huh7 and PLC cells untreated and treated with
erastin and sorafenib. (F) Representative IF images showed that the cellular lipid ROS (green) and Fe?* (orange) levels were elevated by
sh-DUXAPS transfection and the elevations could be reversed by SLC7A11 overexpression in Huh7 cells untreated and treated with erastin

and sorafenib. Magnification: X400. * p < 0.05, ** p < 0.01, *** p < 0.001. NS, not significant. Results represent three independent
experiments. sh-DUX, sh-DUXAPS; EV, Empty vector; OE, pcDNA DUXAPS; sh-SLC, sh-SLC7A11; OE-SLC: pcDNA SLC7A11.

of both sorafenib-treated WT and SR cells. This suppres-
sion was not significantly different between WT and SR
cells (Figure 5C). Also, DUXAP8 knockdown increased the
proliferation, migration and invasion abilities of sorafenib-
treated SR cells (Figure S6A,B). Subsequently, a series
of ferroptosis-related parameters were tested. Knock-
down of DUXAPS appeared to increase MDA production
(Figure 5D) and GSSG/GSH (Figure 5E) more markedly
in SR cells treated with sorafenib than in cells without
sorafenib treatment. Total ROS and lipid ROS, as well
as accumulation of ferrous iron, verified that DUXAPS

knockdown could remarkably increase ferroptosis in the
SR cell lines (Figure 5F). The results above confirmed
that DUXAPS8 may contribute to sorafenib resistance and
silencing DUXAPS8 may enhance tumor cell ferroptosis.

3.6 | DUXAPS binds to SLC7A11 protein
and promotes SLC7A11 lysosomal sorting

Further, the molecular mechanism underlying the effect
of DUXAPS on SLC7AI1l protein was investigated. RNA
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FIGURE 5 DUXAPSis a key contributor to sorafenib resistance. To explore the role of DUXAPS in sorafenib resistance of HCC cells, the

HCC sorafenib-resistant cell line SMMC-7721-SR (IC50 14.78 ug/mL) and sorafenib-sensitive parental cell line SMMC-7721-WT (IC50

2.46 ug/mL) were used for in vitro tests. (A) Comparison of sorafenib resistance between SR and WT cells (CCK8 assay). (B) Comparison of
DUXAPS expression between SR and WT cells (QRT-PCR assay). The statistical chart represents the comparison of cell growth inhibition rates
of WT and SR cells after knockdown of DXUXAPS. (C) Inhibitory effect of DUXAP8 knockdown on the cell viability of both sorafenib-treated
wide-type and sorafenib-resistant cells measured by using the RTCA system. (D, E) DUXAP8 knockdown remarkably enhanced the changes
of the MDA concentration (D) and GSSG/GSH ratio (E) induced by sorafenib (5 uM) in SMMC-7721-SR cells. (F) DUXAP8 knockdown
enhanced the sorafenib (5 uM)—induced increases of ROS (red), ferrous iron (yellow), and intracellular lipid ROS (green) in
sorafenib-resistant cells. Magnification: x200. * p < 0.05, ** p < 0.01, *** p < 0.001. Results represent three independent experiments. WT,

SMMC-7721-WT; SR, SMMC-7721-SR; sh-DUX, sh-DUXAPS.

immunoprecipitation revealed a significant binding of
SLC7A11 and DUXAPS in LM3 cells (Figure 6A). RNA
pull-down assay showed that SLC7All was abundantly
enriched in biotinylated DUXAPS precipitates (Figure 6B).
In addition, by blocking protein synthesis with CHX,
we addressed that DUXAP8 knockdown shortened the
half-life of SLC7Al1l1 in LM3 cells (Figure 6C). For
degradation, membrane proteins are transported to lyso-
somes and/or proteasomes. In LM3 cells, sh-DUXAPS-
enhanced SLC7A11 degradation was reduced by the lyso-
some inhibitor Baf Al but unchanged by the proteasome
inhibitor MG-132 (Figure 6D). Immunofluorescence co-
staining demonstrated that the distribution of SLC7A11
in lysosomes significantly increased in the sh-DUXAPS8
group, which could be rescued by Baf Al (Figure 6E).
Also, an assessment of lysosome-related genes associated
with DUXAPS was conducted, and found that 30 genes
were positively correlated with DXAUPS8 and 3 genes were
negatively correlated with DXUAPS8, which confirms that
DUXAPS may be an interacting IncRNA with lysosome
(Table S2). These results suggest that DUXAP8 may inter-
act with SLC7A11 and regulate its stability predominantly
through lysosomal pathway.

3.7 | DUXAPS increases the
palmitoylation of SLC7A11 protein

Translocation of SLC7A11 onto the plasma membrane is
a crucial step in ferroptosis,”®?° while palmitoylation was
important in regulating protein localization and lysosome
sorting.* Therefore, we explored whether DUXAPS facil-
itates SLC7A11 palmitoylation and lysosomal sorting. The
results showed that 2-bromopalmitate (2-BP), a palmitoy-
lation inhibitor, decreased the expression of SLC7All in
a dose-dependent manner (Figures 7A and S7A). 2-BP
in combination with sh-DUXAPS8 transfection could fur-
ther reduce SLC7A11 expression (Figure 7B). The effects
of 2-BP on SLC7A11 localization and expression were also
visualized and confirmed by immunofluorescence stain-
ing (Figure 7C). Acyl biotin exchange (ABE) assay detected
potent SLC7A11 palmitoylation (Figure S7B). ABE assay
demonstrated that DUXAPS attenuated the palmitoylation
of SLC7A11 in LM3 and 293T cells (Figures 7D and S7C,D).
Further, the predictor CSS-palm 4.0 and Swiss-Plam both
consistently predicted six palmitoylation sites of SLC7A1l
within its cysteine residues (Figure S7E,F). SLC7A1l was
then subjected to mass spectrometric analysis and the
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LncRNA DUXAPS directly binds to SLC7A11 and promotes lysosomal sorting. (A) Binding of SLC7A11 and DUXAPS8

detected by RIP assay. (B) SLC7A11 was abundantly enriched in biotinylated DUXAPS precipitates as detected by silver staining and WB assay.
(C) Half-life of SLC7A11 protein in LM3 cells with and without DUXAP8 knockdown. Cycloheximide (CHX), 100 mg/mL. (D) Effects of
MG-132 (20 uM) and bafilomycin Al (Baf Al, 10 uM) treatment for 6 h on SLC7A11 expression in LM3 cells with and without DUXAP8
knockdown. (E) DUXAP8 knockdown reduced the distribution of SLC7A11 (green) in lysosomes (marked by LAMP2, magenta). The scatter
diagram was conducted by using the Image Pro Plus software. * p < 0.05, **p < 0.01, ***p < 0.001. NS, not significant. Results represent three
independent experiments. sh-DUX, sh-DUXAPS; EV, Empty vector; OE, pcDNA DUXAPS.

results confirmed that Cys414 is a single conservative
palmitoylation site (Figure 7E). SLC7A1l palmitoylation
was utterly abolished by substituting the Cys414 residue
with alanine (C414A) (Figures 7F,G and S7G). The C414A
mutation decreased membrane distribution and expres-
sion of SLC7AI1l protein (Figure 7H). The 2-BP-induced
alleviation of SLC7A11 protein content was increased by
the Baf Al (Figure 7I). Next, 2-BP treatment and C414A
mutation resulted in an increase in lysosomal SLC7All
and disrupted SLC7A11 protein stability in LM3 cells, while
Baf Al treatment showed opposite effects and reduced
SLC7A11 in lysosomes (Figure 7J,K). The findings suggest
that DUXAPS8 can enhance palmitoylation of SLC7AIl,

in which Cys414 plays a predominant role, and suppress
SLC7A11 degradation through the lysosomal pathway.

3.8 | Silencing DUXAPS inhibits
tumorigenesis of HCC cells and improves
sorafenib efficacy in vivo

To further evaluate the bio-functional effect of DUXAPS
on tumorigenesis in vivo, we constructed three mouse
models. In the orthotopic-CDX mouse models, the liver
tumor mass grew remarkably slower in the mice of the sh-
DUXAPS group when compared with those in the sh-NC
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FIGURE 7 DUXAP8 promotes SLC7A11 palmitoylation and lysosomal sorting. (A) SLC7A11 expression was decreased by 2-BP in a
dose-dependent manner in LM3 cells. The cells were treated for 24 h. (B) 2-BP (50 uM) significantly decreased SLC7A11 expression in LM3
cells, especially the cells with DUXAP8 knockdown. (C) Visualization (IF staining) of SLC7A11 (green) in LM3 cells treated with 2-BP (50 uM)
for 24 h. Magnification: x400. (D) DUXAPS8 knockdown weakened the palmitoylation of exogenous SLC7A11 in LM3 cells, which were
pretreated with 50 uM Baf Al for 2 h. Lysates were incubated with antibodies against Flag and biotin-tagged NH20H for immunoprecipitation
and immunoblotting, respectively. (E) The single palmitoylation site of SLC7A11 at Cys414 was identified by the mass spectrum. (F) The
alphafold2 database predicted the protein structure of human SLC7A11. (G) LM3 cells overexpressing SLC7A11-Flag or the C414A-Flag mutant
were cultured with or without NH20H were then prepared for the ABE method and then prepared for ABE reaction. The palmitoylated
proteins were precipitated using streptavidin bead conjugate and blotted with Flag and streptavidin HRP antibodies. (H) After transfection of
SLC7A11 or C411A mutant, LM3 cells were immunostained for SLC7A11 (green). Magnification: X400. (I) Expression of SLC7A11 in LM3 cells
pretreated with 2-BP or Baf Al. (J) Representative IF images were showing the co-localization between SLC7A11 (green) and LAMP2
(magenta) incubated with or without 2-BP/ Baf Al. (K) Representative IF images showed the effect of C414A mutation on tumor SLC7A11
lysosomal localization. LM3 cells were ectopically expressed with SLC7A11 or C414A mutants stained for SLC7A11 (green) and LAMP2
(magenta). The cell nucleus (blue) was stained with DAPI. *p < 0.05, **p < 0.01, ***p < 0.001. NS, not significant. Results represent three
independent experiments. sh-DUX, sh-DUXAPS; IP, immunoprecipitation; IB, immunoblotting.
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group (Figures 8A and S8A), and the number and size of
tumors remarkably decreased (Figure 8B,C). IHC testing
revealed that SLC7A11 expression decreased and lipid per-
oxide 4-hydroxynonenal (4-HNE) increased in the tumor
samples of the sh-DUXAP8 group, and a positive corre-
lation was observed between SLC7A11 and 4-HNE levels
(Figure 8D). In addition, multiple lung metastatic lesions
of primary HCC tumors were found in the control group
(Figure S8B). Similar results were observed in the subcu-
taneous CDX models. The mice in the sh-DUXAP8 group
had significantly slower increases of tumor volume and
weight (Figure 8E-G) but did not show a statistically differ-
ence in the body weight (Figure S8C). Tumors formed from
sh-DUXAP8-transfected cells exhibited lower fluorescence
intensity for SLC7A11 (Figures 8H and S8D). In the SR
CDX model, the tumor volume and weight confirmed
that the sensitivity of mice with implantation of SR cells
expressing sh-DUXAPS to sorafenib was markedly higher
(Figure 8I-K). The general condition of mice, assessed
based on body weight, liver and kidney functions, did not
demonstrate significant differences (Figure S8E,F). Others,
as shown in the representative image in Figure S8G, silent
DUXAPS had little effect on cell proliferation, apoptosis
or necrosis in orthotopic and subcutaneous transplanted
tumors in mice. Depriving DUXAPS8 can suppress tumor
growth and improve sorafenib efficacy in clinical HCC
patients.

In summary, IncRNA DUXAPS8 may be used in combi-
nation with sorafenib to achieve a higher anti-liver cancer
efficacy by acting on the SLC7All-mediated ferroptosis
pathway. DUXAPS regulates the palmitoylation level of
SLC7A11 and protein stability (Figure 8L).

4 | DISCUSSION

Treatment options for advanced HCC are still very limited,
such as molecular targeted therapy, often rapidly trigger
compensatory drug-resistance mechanisms that limit their
efficacy.’ 33 The clinical benefit of sorafenib has mainly
been limited by drug resistance developing in patients
with HCC.">3* The lethality of sorafenib in HCC treat-
ment is related to system xc~ inhibition and ferroptosis.*
Thus, the focus of this study was on understanding how to
enhance the ferroptosis induced by sorafenib and suppress
sorafenib resistance.

In the present study, we found that the expression level
of DUXAP8 in HCC tumor tissue was significantly higher
than in adjacent benign tissue using data from TCGA
database and the tissue samples of HCC patients diagnosed
at our hospital. A high expression level of DUXAP8 in
HCC tissues was significantly associated with a worse clin-
ical stage and poor prognosis. In vitro, we showed that

DUXAPS expression enhanced tumor cell proliferation,
migration, and invasion, and promoted HCC progression.
Consistent with published reports,”-*!** DUXAPS is criti-
cal for assessing prognosis which may act as an oncogenic
IncRNA in HCC.

Ferroptosis modulates the pathogenesis and the
progression of HCC. For example, metallothionein-
1G,”® the p62/NRF2 pathway,”® and the S47 variant
of the TP53 gene®’ all protect against ferroptosis and
hepatocarcinogenesis.*** However, the regulation of
SLC7A11 and cell ferroptosis by IncRNA remains largely
uncharacterized. Here, we report that DUXAPS induced
cystine depletion, substantial enhancement of lipid per-
oxidation, and ferrous ion metabolic disorder in HCC cell
lines, while SLC7A11 could reverse the effects of DUXAPS
on ferroptosis in HCC. Further, h-DUXAP8 alleviates
sorafenib resistance and improve sorafenib efficacy in
HCC cells. Targeting DUXAPS8 can be successfully com-
bined with strategies to induce ferroptosis with sorafenib,
if generalizable, it creates an effective strike against HCC
resistant cells.

Previous studies had shown that the cytomem-
brane localized SLC7AIll increases cystine uptake
and glutamate production, consequently mediating
cell ferroptosis. Through promoting protein binding
to the cell membrane,* palmitoylation is a pivotal
mechanism regulating the trafficking and functions
of multiple tumor-related proteins, including PD-LI,
STAT3, and IFNGR1.%#># The solute carrier (SLC)
transporters had been previously shown to be sub-
strates for palmitoylation.*** Hence, we first explored
the role of palmitoylation in the effect of DUAXP8 on
SLC7A11. We found that DUXAPS could bind to SLC7A11,
DUXAPS knockdown impeded SLC7AIll palmitoylation
and prompted sorting to the lysosome for degradation.
In addition, SLC7A11 was palmitoylated on Cys414 and
DUXAPS contributed to SLC7A11 palmitoylation at Cys414
to maintain cytomembrane localization of SLC7A1l. This
phenomenon extended the functional layers of SLC7A1l
regulated by post-translational modifications, and high-
lighted the importance of IncRNA in cancer metabolic
reprogramming and ferroptosis mediated by SLC7AIl.

However, there are certain drawbacks to this study.
The mechanism of DUXAP8 enhancing palmitoylation
of SLC7A11 was unclear. Further experiments are still
needed to explore whether DUXAPS is associated with
a potential lysosomal factor to promote palmitoylation
of SLC7A1l, and the binding site and binding mode of
DUXAPS8 with lysosomal gene. In fact, IncRNAs are not
widely used in clinical applications at present. The vast
majority of IncRNAs are used in clinical disease screening
and diagnosis by means of gene arrays. Notably, siRNAs,
delivered by nanomaterials, lipid mediators and exosomes,
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FIGURE 8 Silencing DUXAPS exerts its antitumor effects in vivo. (A) BALB/c nude mice were orthotopically implanted with
LM3-Luc-shNC or LM3-Luc-shDUXAPS cells. In vivo luminescent imaging was performed weekly starting on day 7. Animals were sacrificed
on day 21. Luminescence intensity ranges from low (blue) to high (red). (B) Representative photograph of the orthotopic tumor of LM3 cells in
mice liver. (C) Comparison of histological features of HCC orthotopic CDX tissues. Magnification: x40 (big) and X200 (small). (D) IHC for
SLC7A11 and 4-hydroxynonenal in sh-DUXAPS and sh-NC LM3 xenografts. Magnification: x40 (top panel) and X200 (bottom panel).
Quantification of the ITHC staining showed the correlation of SLC7A11 and 4-HNE expression (N = 10). Statistical significance was calculated
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can specifically silence disease related genes and are being
explored as anti-cancer agents at a pre-clinical or clinical
stage.*®#! Next, targeting IncRNA DUXAPS via a siRNA
interference approach, might be an efficient treatment in
clinics. Thus, our findings provide considerable insight
into a new strategy for improving clinical prognosis and
neoadjuvant treatment of HCC.

In summary, IncRNA DUXAPS contributes to the malig-
nancies of HCC by inhibiting SLC7A11 de-palmitoylation
and reducing its degradation to suppress ferroptosis.
In addition, DUXAP8 silencing in combination with
sorafenib may improve treatment efficacy in patients with
advanced HCC.

5 | CONCLUSION

In summary, IncRNA DUXAPS contributes to the malig-
nancies of HCC by inhibiting SLC7A11 de-palmitoylation
and reducing its degradation to suppress ferroptosis.
In addition, DUXAP8 silencing in combination with
sorafenib may improve treatment efficacy in patients with
advanced HCC.
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