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ABSTRACT
The E3 ubiquitin ligase 3-hydroxy-3-methylglutaryl reductase degradation (HRD1) was found to be 
a tumor suppressor in diverse types of cancers; we aimed to explore its expression pattern and 
biological function in ovarian cancer (OC). HRD1 expression in OC tumor tissues was detected 
using quantitative real-time polymerase chain reaction (qRT-PCR) and immunohistochemistry 
(IHC). The overexpression plasmid of HRD1 was transfected into OC cells. Cell proliferation, colony 
formation, and apoptosis were analyzed using bromodeoxy uridineassay, colony formation assay, 
and flow cytometry, respectively. OC mice models were established to explore the effect of HRD1 
on OC in vivo. Ferroptosis was evaluated by malondialdehyde, reactive oxygen species, and 
intracellular ferrous iron. Expressions offerroptosis-related factors were examined using qRT-PCR 
and western blot. Erastin and Fer-1 were, respectively, employed to promote or inhibit ferroptosis 
in OC cells. Online bioinformatics tool and co-immunoprecipitation assay were performed to 
predict and verify the interactive genes of HRD1 in OC cells, respectively. Gain-of-function studies 
were carried out to determine the roles of HRD1 in cell proliferation, apoptosis, and ferroptosis 
in vitro. HRD1 was under-expressed in OC tumor tissues. The overexpression of HRD1 inhibited OC 
cell proliferation and colony formation in vitro and suppressed OC tumor growth in vivo. The 
overexpression of HRD1 promoted cell apoptosis and ferroptosis in OC cell lines. HRD1 interacted 
with the solute carrier family 7 member 11 (SLC7A11) in OC cells, and HRD1 regulated the stability 
and ubiquitination in OC. SLC7A11 overexpression recovered the effect of HRD1 overexpression in 
OC cell lines. HRD1 inhibited tumor formation and promoted ferroptosis in OC through enhancing 
SLC7A11 degradation.
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Introduction

Ovarian cancer (OC) is one of the three most 
common malignant tumors of female reproductive 
organs worldwide [1], which has the highest mor-
tality rate among all kinds of gynecological tumors 
[2]. Globally, approximately 313,959 women are 
diagnosed with OC, resulting in 207,252 deaths 
per year [3]. Despite the rise of great advance-
ments in therapeutic strategies for OC patients, 
including surgery, radiotherapy, and chemother-
apy, the 5-year survival rate of OC is still unsatis-
fied [4]. Therefore, to explore the molecular 
mechanisms and to find potential targets are 
urgently needed for OC diagnosis and therapy.

Ferroptosis is a novel form of iron-dependent 
programmed cell death [5]. It is well documented 
that targeting ferroptosis might be a potential 
strategy for cancer therapy, including OC [6]. 

Solute carrier family 7 member 11 (SLC7A11) is 
a cystine/glutamic acid Xc-transport carrier 
responsible for the specific transport of cystine 
and glutamine and acts as the rate-limiting pre-
cursor for glutathione (GSH) biosynthesis [7]. 
SLC7A11 has been reported to be overexpressed 
and associated with poor prognosis in diverse 
cancers including OC [8]. Moreover, SLC7A11, 
as a key suppressor of ferroptosis, has been 
reported to play a role in inhibiting ferroptosis in 
OC [9,10]. Therefore, in-depth insights into the 
regulatory mechanisms of SLC7A11-mediated fer-
roptosis in tumor metabolism could provide us 
with important clues for OC treatment.

3-Hydroxy-3-methylglutaryl reductase degrada-
tion (HRD1), also called synoviolin, is an E3 ubi-
quitin ligase involved in endoplasmic reticulum- 
associated degradation (ERAD) by promoting the 
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degradation of misfolded proteins [11,12]. 
Previous studies have shown that HRD1 functions 
as a tumor suppressor in breast cancer [13–15]. 
On the contrary, the tumor-promoting effects of 
HRD1 have been revealed in colon cancer [16], 
lung cancer [17], and hepatocellular carcinoma 
[18]. However, its involvement in OC tumorigen-
esis remains unknown.

In the present study, we detected the expression 
level of HRD1 in OC. Furthermore, we explored 
the effects of HRD1 on the cell proliferation, 
growth, and ferroptosis of OC in vivo and 
in vitro. Before conducting the experiment, 
a predicted binding site between SLC7A11 and 
HRD1 was found on the UbiBrowser bioinfor-
matics website (http://ubibrowser.ncpsb.org/ubi 
browser/home/index), indicating a potentially reg-
ulatory effect of HRD1 on SLC7A11. Considering 
the importance of SLC7A11 in ferroptosis, we 
speculated that HRD1 might be involved in the 
regulation of ferroptosis, which accounted for its 
role in OC. The goal of this study is to clarify the 
connection between HRD1, ferroptosis, and OC 
and to uncover the potential regulatory 
mechanism.

Materials and methods

Human tissue samples and clinical data

OC tumor tissue samples (n = 15) and nonmalig-
nant ovarian tissue samples (n = 15) were har-
vested from The First Affiliated Hospital of 
Jinzhou Medical University between 
October 2011 and April 2018 from OC patients. 
The inclusion criteria were as follows: patients ≥ 
18 years of age with newly diagnosed advanced, 
high-grade epithelial ovarian, primary peritoneal, 
or fallopian tube cancer who have achieved 
a response after completion of cytoreductive sur-
gery, and initial platinum-based chemotherapy are 
enrolled. The exclusion criteria were as follows: 
patients with other metastatic tumors and/or 
those who had received prior chemoradiotherapy 
or radiotherapy. The clinical characteristics of OC 
patients are listed in Table 1. The tumor stage was 
identified using the International Federation of 
Gynecology and Obstetrics (FIGO) staging system, 
while the histological grades were determined 

according to the World Health Organization’s 
Histological Grading System. Besides, the lymph 
node status of these patients was assessed by 
lymph node dissection. The 15 cases of nonmalig-
nant ovarian tissue samples were obtained from 
patients with benign uterine disease with normal 
ovaries that were subjected to oophorectomy in 
our hospital. This study was approved by the 
Guidelines of The First Affiliated Hospital of 
Jinzhou Medical University and performed 
according to the ethical guidelines of the 
Declaration of Helsinki (approval number: 
NO.202133). Written informed consent was 
achieved from all patients.

Immunohistochemistry (IHC) staining

The expression level of HRD1 in clinically 
respected tissue samples was evaluated using IHC 
staining. Briefly, tissue specimens (three samples 
per group) were randomly selected and embedded 
in paraffin after being fixed with neutral buffered 
formalin (10%). The tissue specimens were then 
cut into 4-μm sections and rested on silane-coated 
slides. The slides were subsequently deparaffinized, 
and the slide sections were incubated with H2O2 
(3%) followed by blocking with bovine serum 
albumin (5%, BSA). Then, HRD1 primary anti-
body (Abcam, Cambridge, MA, USA) was applied 
to treat the sections at 4°C overnight. After that, 
a horseradish peroxide-conjugated secondary anti-
body (Abcam, USA) was employed to incubate the 
slides for 30 min at 37°C. Next, 3,3′- 
diaminobenzidine (DAB) solution and hematoxy-
lin were, respectively, used for staining and coun-
terstaining these slides.

Table 1. The clinical characteristics of OC patients (n = 15).

Parameters
Number of 

cases

HRD1 expression

P valueLow (n = 7) High (n = 8)

Age >0.05
<60 5 2 3
≥60 10 5 5
Tumor stage <0.05
I–II 10 2 8
III–IV 5 4 1
Lymph node 

metastasis
<0.05

No 8 2 6
Yes 7 5 2
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Cell culture

Two OC cell lines (A2780 and SKOV3) were pro-
vided by BeNa Culture Collection (Beijing, China). 
Roswell Park Memorial Institute-1640 medium 
(Sigma-Aldrich, St. Louis, MO, USA), supplemen-
ted with fetal bovine serum (10%, Invitrogen, 
Carlsbad, CA, USA), penicillin (100 U/mL, Sigma- 
Aldrich, USA), and streptomycin (100 μg/mL, 
Sigma-Aldrich, USA) were applied to culture the 
cell lines at 37°C with 5% CO2.

Cell transfection and treatment

Recombinant adenoviral vectors carrying HRD1 or 
SLC7A11 and their corresponding scrambled con-
trols were designed and synthesized by 
GenePharma (Shanghai, China). When reached 
about 80% confluency, A2780 and SKOV3 cells 
were transfected with designated vectors using 
the Lipofectamine 2000 (Invitrogen, USA) accord-
ing to the manufacturer’s instructions.

Ferroptosis inhibitor, ferrostatin-1 (Fer-1) [19] and 
ferroptosis inducer, erastin [20] were both purchased 
from Selleck (Shanghai, China). After transfection 
with HRD1/Vector for 48 h, A2780 and SKOV3 cells 
were re-seeded in 24-well plates and then exposed to 
erastin at 20 μM or Fer-1 at 5 μM for another 24 h.

RNA extraction and quantitative real-time 
polymerase chain reaction (qRT-PCR)

The total RNA from OC tissues and cells was extracted 
using a TRIzol™ LS Reagent (Invitrogen, USA) accord-
ing to the manufacturer’s protocol. A total of 1 µg total 
RNA was reversely transcribed into complementary 
DNA (cDNA) with PrimeScript RT reagent Kit 
(Takara, Shiga, Japan) using oligo(dT) primer at 
42°C for 1 h, and 2 µl the reverse transcription reaction 
mix was amplified by PCR with denaturation at 95°C 
for 2 min, followed by 50 cycles of 95°C for 30 s, 55°C 
for 30 s, and 72°C for 1 min. Then, qRT-PCR assay 
was carried out using SYBR Green PCR Kit (Takara, 
Japan) with the 7300 Real-Time PCR System (Applied 
Biosystems, Carlsbad, CA, USA). The thermocycling 
conditions were 94°C for 30 s, followed by 40 cycles 
for 94°C for 5 s, and 60°C for 30 s. Glyceraldehyde- 
3-phosphate dehydrogenase (GAPDH), as an internal 
control, was used to normalize the mRNA expressions 

of HRD1, glutathione peroxidase 4 (GPX4) and 
SLC7A11. The mRNA expression levels were quanti-
fied using 2−ΔΔCt method. The primers for HRD1 were 
as follows: xF: 5′-AACCCCTGGGACAACAAGG-3′, 
R: 5′-GCGAGACATGATGGCATCTG-3′; the pri-
mers for GPX4 were as follows: F: 5′-TTGCCGC 
CTACTGAAGC-3′, R: 5′-ATGTGCCCGTCGATGT 
C-3′; the primers for SLC7A11 were as follows: F: 5′- 
GAACGAGGAGGTGGAGAAT-3′, R: 5′-ACAGG 
TGAAAACTCAAAGGTG-3′; the primers for 
GAPDH were as follows: F: 5′-AGGGCTGCTTTT 
AACTCTGGT-3′, R: 5′-CCCCACTTGATTTTGGA 
GGGA-3′.

Western blot

The cell lysates were centrifuged at 13,000 rpm for 
5 min at 4°C followed by segregating by 10% 
sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE). After that, the cell lysates 
were transferred onto polyvinylidene difluoride 
(PVDF) membranes purchased from Millipore 
(Bedford, MA, USA). A blocking buffer, bought 
from Sangon Biotech (Shanghai, China), was 
employed to block the filters for 45 min. 
Membranes were subsequently incubated with pri-
mary antibodies anti-HRD1 (1:1000, ab170901, 
Abcam, USA), anti-GPX4 (1:1000, ab125066, 
Abcam, USA), anti-SLC7A11 (1:1000, ab175186, 
Abcam, USA), anti-FTH (1:1000, ab75973, 
Abcam, USA), and anti-β-catenin (1:5000, 
ab32572, Abcam, USA) at 4°C overnight and 
with horseradish peroxidase-labeled secondary 
antibody (1:2000, ab6721, Abcam, USA) at room 
temperature for 2 h. Electrogenerated chemilumi-
nescence (ECL) method was applied to visualize 
the protein bands.

Bromodeoxy uridine (BrdU) cell proliferation 
measurement

To determine the cell proliferation, the OC cell 
lines were seeded in a 96-well plate at a density 
of 5 × 103 cells per well. The proliferating cells 
were labeled with the supplement of a BrdU solu-
tion (10 μL/well; Sigma-Aldrich, USA) following 
the manufacturer’s protocol. After 4 h, the cells 
were cultured with an anti-BrdU antibody (1:100; 
BioLegend, San Diego, CA, USA) at 4°C overnight. 
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Then, a fluorescence-conjugated secondary anti-
body was used to detect the cells. The stained 
cells were subsequently photographed with 
a confocal laser scanning microscope (FV1000, 
Olympus Corporation, Tokyo, Japan) at 200 ×  
magnification, and the percentage of BrdU- 
positive cell lines was calculated. The above experi-
ments were operated three times and analyzed 
from five duplicate wells.

Colony formation assay

After transfection for 48 h, cell lines were seeded 
in 60-mm dishes at a density of 500 cells/dish 
and maintained at 37°C with 5% CO2 for 2 w. 
Then, paraformaldehyde (4%) was used to fix the 
colonies for 30 min at room temperature and 
crystal violet (0.1%) was subsequently used to 
dye them for another 30 min at room tempera-
ture. Finally, the colony cell number was 
counted.

Cell apoptosis assay

Annexin V Fluorescein Isothiocyanate (V-FITC) 
Apoptosis Detection Kit, purchased from BeiNuo 
Biotechnology Co., Ltd. (Shanghai, China), was 
employed to assess apoptotic cells. After transfec-
tion for 48 h, cell lines were harvested, washed 
using PBS, and resuspended in 1 × binding buffer. 
Next, the cell lines were stained with annexin 
V-FITC (5 μL) and propidium Iodide (10 μL, PI). 
Flow cytometry (BD FACSC Canto II, BD 
Biosciences, San Jose, CA, USA) was proceeded 
to quantify the apoptotic cells.

Malondialdehyde (MDA) assay

A Lipid Peroxidation MDA Assay Kit (Beyotime, 
Shanghai, China) was employed to detect the 
intracellular MDA content according to the man-
ual instruction. Absorbance was determined using 
a microplate reader (Bio-Rad, Hercules, CA, USA) 
at 532 nm.

Reactive oxygen species (ROS) assay

ROS levels of OC cell lines were measured 
using probe 2′,7′-dichlorofluorescin diacetate 

(DCFH-DA, (KeyGEN, Shanghai, China). 
Dimethyl sulfoxide (DMSO) was used to dis-
solve the stock DCFH-DA (1 mM). OC cells 
were collected and incubated with DCFH-DA 
(10 μM) at 37°C for 30 min in the dark. Next, 
cells were washed with PBS twice and resus-
pended in FACS buffer. Relative DCF fluores-
cence intensity was determined using a flow 
cytometry (BD FACSC Canto II, BD 
Biosciences, USA).

Iron assay

An iron assay kit, bought from Abcam (ab83366), 
was used to detect the cellular ferrous iron content 
by following the manual instructions. Absorbance 
was determined using a microplate reader (Bio- 
Rad, USA) at 593 nm.

Bioinformatics analysis

UbiBrowser (http://ubibrowser.ncpsb.org/ubibrow 
ser/home/index) [21] is an integrated bioinfor-
matics platform that can be used to predict pro-
teome-wide human E3-substrate networks based 
on naïve Bayesian networks. It currently contains 
1,295 literature-reported E3–substrate interactions 
and 8,255 predicted E3–substrate interactions. We 
use it to predict the potential substrates of 
SLC7A11.

Co-immunoprecipitation (Co-IP)

For immunoblotting (IB) analysis, anti-FLAG anti-
body (GenScrip Biotech Corp, Nanjing, China), 
anti-HRD1 (Cell Signaling Technology, Danvers, 
MA, USA), anti-hemagglutinin (anti-HA, Santa 
Cruz Biotechnology, Dallas, TX, USA), anti- 
SLC7A11 (Cell Signaling Technology, USA), anti- 
Myc (Beijing B&M Bio Tech, Beijing, China), and 
anti-α-tubulin (Merck Millipore, Burlington, MA, 
USA) were used. For IP, TALON beads (GenScrip 
Biotech Corp, China) and anti-HRD1 (Abcam, 
USA) were used. Normal rabbit IgG (Abcam, 
USA) was used as the negative control. A lysis 
buffer, added with protease inhibitor cocktail, 
was contained by 150 mmol/L NaCl, 5 mmol/L 
Tris-base pH 8.0, 1% Nonidet-40 (NP-40), and 
10% glycerin.
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For co-immunoprecipitation, cells overexpres-
sing FLAG-tagged HRD1 and HA-tagged 
SLC7A11 were lysed in the above lysis buffer. 
To remove insoluble materials, the lysate was 
centrifuged at 12,000 rpm for 30 min at 4°C. 
The TALON beads were applied to incubate 
the supernatants at 4°C for 3 h. Resin beads 
were washed five times with wash buffer which 
were including 25 mmol/L Tris-base (pH 8.0), 
300 mmol/L NaCl, and 0.8% NP-40. Then, the 
TALON beads were mixed with a protein load-
ing buffer. The mixture was subsequently boiled 
at 95°C for 20 min. The samples were analyzed 
by immunoblotting. Encoding 6 × His-tagged 
ubiquitin, Flag-HRD1, and HA-SLC7A1, as indi-
cated in the figure legends, were transfected into 
SKOV3 cells (BeNa Culture Collection, China) 
using polyethylenimine (Sigma-Aldrich, USA) 
reagents. Cell lysates were incubated with anti- 
FLAG resin beads to pull down ubiquitinated 
proteins. After incubation for 2 h at 4°C, beads 
were washed 3 times with the lysis buffer, and 
ubiquitinated proteins were eluted with 20 μl of 
elution buffer (5 times SDS sample buffer, 0.05  
M EDTA, and 1% SDS lysis buffer). 
Ubiquitination was determined by SDS-PAGE. 
SLC7A11 or HA antibodies were finally used to 
carry out western blot.

Protein half-life assay

For the SLC7A11 half-life assay, the SKOV3 
cells were seeded in plates (2 cm) to approxi-
mately 60% confluence, and the cells were sub-
sequently transfected with HRD1 or Vector 
plasmids. After 24 h, cells were treated with 
the protein synthesis inhibitor cycloheximide 
(CHX, 10 μg/ml; Sigma-Aldrich, USA) for the 
indicated duration.

In vivo tumor xenograft study

The animal study of our work was approved by 
the Institutional Animal Care and Use 
Committee of The First Affiliated Hospital of 
Jinzhou Medical University and carried out 
according to the National Institutes of Health’s 
Guide for the Care and Use of Laboratory 
Animals (ethical review report number: 

2022022501). Balb/c female nude mice (5–6 w, 
16–20 g; 5 mice/group) were harvested from 
Beijing HFK Bioscience (Beijing, China) and 
kept under specific pathogen-free conditions 
(free access to sterile food and water) at 25°C 
for 12 h light/dark cycle. To establish OC xeno-
graft mice models, the OC cells (SKOV3) that 
transfected with HRD1/Vector were collected 
and then suspended in sterile PBS with 
a density of 5 × 107 [7] cells/mL. Then, a total 
of 100 µL SKOV3 cell suspension liquid was 
subcutaneously inoculated into the ventral of 
the mice. The tumor length and width were 
examined from the first week to the fourth 
week post-injection using a vernier caliper. The 
tumor volumes were determined as follows: 
Tumor volume = length × width2×0.52. At 4 w 
postinjection, the experimental mice were 
anesthetized by intraperitoneal injection with 
10% chloral hydrate (60 µL) that purchased 
from Beyotime (Haimen, China) and subse-
quently sacrificed by cervical dislocation. No 
multiple tumors were present. The heartbeat of 
all the mice had stopped. After confirming that, 
the tumors were collected, weighed, and 
photographed.

Statistical analysis

SPSS 19.0 (IBM, USA) was performed to carry out 
statistical analysis. The data were expressed as the 
mean ± standard deviation (SD). For comparison 
between two groups, unpaired Student’s t-test was 
used for the data of normal distribution, while 
Mann–Whitney test was used for data of non- 
Gaussian distribution. One-way analysis of var-
iance (ANOVA) with Tukey’s post hoc test was 
used to compare the differences between more 
than two groups. P-values <0.05 were considered 
statistically significant.

Results

HRD1 was downregulated in OC tissues

First, the expression levels of HRD1 in 15 cases of 
OC tumor tissue samples and 15 cases of nonma-
lignant ovarian tissue samples were measured 
using qRT-PCR. As shown in Figure 1a, the 
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expression level of HRD1 in OC tumor tissue 
samples was significantly lower than that in non- 
malignant ovarian tissue samples (P<0.01). Images 
from IHC also confirmed that HRD1 was down-
regulated in OC tumor samples when compared to 
that in nonmalignant ovarian tissue samples 
(Figure 1b). As shown in Table 1, HRD1 level 
was correlated with tumor staging and lymphatic 
metastasis. These results indicated that HRD1 
might be a novel biomarker for predicting the 
malignant progression of OC.

The overexpression of HRD1 inhibited OC cell 
proliferation in vitro and tumor growth in vivo

To explore the effect of HRD1 on OC cell prolifera-
tion, the HRD1 overexpression plasmids were con-
structed and transfected into human OC cell lines 
A2780 and SKOV3. Western blot confirmed the trans-
fection efficiency of HRD1 overexpression in both 
A2780 and SKOV3 cell lines (P<0.01, Figure 2a). 
Then, the cell proliferation of A2780 and SKOV3 
cells was detected using BrdU assay. As shown in 
Figure 2b, in A2780 and SKOV3 cell lines, the BrdU- 
positive cell numbers in vector groups were both 
remarkably higher than that in HRD1 groups 
(P<0.01). Besides, cell colony formation assay was 
carried out to observe the cell colony formation. 
Obviously, the colony cell numbers of vector groups 
were both higher than that of HRD1 groups (P<0.01, 
Figure 2c). Next, OC nude mice models were estab-
lished to explore the effect of HRD1 on OC tumor 
growth in vivo. Results from animal experiments dis-
played that the overexpression of HRD1 markedly 
inhibited OC tumor size, weight, and volume in vivo 

(P<0.01, Figure 2d). These data proved that the upre-
gulation of HRD1-suppressed OC cell proliferation 
and colony formation in vitro and repressed OC 
tumor growth in vivo.

The overexpression of HRD1 promoted 
ferroptosis in OC cell lines

Flow cytometry was performed to assess cell apop-
tosis. As shown in Figure 3a, HRD1 transfection 
significantly increased cell apoptosis in both 
A2780 and SKOV3 (P<0.01). To further explore 
the effect of HRD1 overexpression on ferroptosis 
in OC cells, the contents of ferroptosis-related 
indicators (ROS and MDA) in experimental OC 
cells were detected using the corresponding com-
mercial kits, and the relative DCF fluorescent 
intensity was considered to express the content of 
ROS. Obviously, the contents of ROS and MDA in 
HRD1 groups were both higher than that in 
Vector groups (P<0.01, Figure 3b). Then, the 
transfected cell lines were co-treated with Erastin 
or Fer-1 to promote or inhibit ferroptosis. Data 
from flow cytometry also showed that the apopto-
sis caused by HRD1 overexpression and/or Erastin 
treatment was completely offset by FER-1 trea-
ment (P<0.01, Figure 3c). Besides, the contents of 
ferroptosis-related indicators (ROS, MDA, and Fe2 

+) were measured using the corresponding com-
mercial kits. The increases of the ROS, MDA, and 
Fe2+ contents that caused by HRD1 overexpression 
and/or Erastin treatment were also completely 
recovered by FER-1 treament (P<0.01, 
Figure 3d). These above data illustrated that the 

Figure 1. HRD1 was downexpressed in OC tumor tissues. (a) The expression of HRD1 in 15 cases of OC tumor tissue samples and 15 
cases of nonmalignant ovarian tissue samples were detected using qRT-PCR. (b) Representative images of immunohistochemical 
staining of tissues with HRD1 antibody (×200). Data were shown as mean ± SD. **P<0.01 vs Normal group.
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overexpression of HRD1 enhanced ferroptosis in 
OC cell lines.

HRD1 regulated the stability of SLC7A11 in OC 
cell lines

To further define the correlation between HRD1 and 
ferroptosis in OC cell lines, the mRNA and protein 

expressions of ferroptosis-related factors (GPX4, 
SLC7A11, and FTH) were, respectively, measured 
using qRT-PCR and western blot. Data from qRT- 
PCR exhibited that there was no significant difference 
in the mRNA expression of GPX4, SLC7A11, and 
FTH between the Vector groups and HRD1 groups 
in A2780 or SKOV3 cell lines (Figure 4a). However, 
data from western blot showed that the protein 

Figure 2. The overexpression of HRD1 inhibited OC cell proliferation and tumor formation. (a) the efficiency of transfection was 
examined using western blot. (b) The cell proliferation was detected using BrdU assay. (c) The cell colony formation was assessed 
using cell colony formation assay. (d) The tumor size, weights, and volumes of OC mice models were measured and recorded. Data 
were shown as mean ± SD. **P<0.01 vs Vector groups.
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expressions of SLC7A11 expression of Vector groups 
were significantly higher than that of HRD1 groups in 
both A2780 and SKOV3 cell lines (P<0.01), and the 
FTH expression of Vector group was remarkably 
higher than that of HRD1 group in A2780 cell lines 
(P<0.01), while it had no significant difference 

between Vector group and HRD1 group in SKOV3 
cell lines (Figure 4b). The combination of HRD1 and 
SLC7A11 was predicted and verified via online bioin-
formatics tool UbiBrowser (http://ubibrowser.ncpsb. 
org/ubibrowser/home/index) (Figure 4d) and Co-IP 
assay, respectively (Figure 4d–f). The endogenous 

Figure 3. The overexpression of HRD1 promoted ferroptosis in OC cells. (a) The cell apoptosis was detected using flow cytometry. (b) 
The contents of MDA and ROS were assessed using corresponding commercial kits. (c) The cell apoptosis was detected using flow 
cytometry. (d) The contents of MDA, ROS, and Fe2+ were assessed using corresponding commercial kits. Data were shown as mean  
± SD. **P<0.01 vs Vector groups, Vector+Erastin or Vector+Fer-1 groups.

Figure 4. HRD1 regulated the stability of SLC7A11. (a) The mRNA expressions of GPX4, SLC7A11 and FTH were detected using qRT- 
PCR. (b) The protein expressions of GPX4, SLC7A11 and FTH were detected using western blot. The combination between HRD1 and 
SLC7A11 was predicted and verified using UbiBrowser (c) and Co-IP assay (d, e and f), respectively. (g) The stability of SLC7A11 was 
analyzed using protein half-life assay. (h) The ubiquitination of SLC7A11 was measured using Co-IP assay. Data were shown as mean  
± SD. **P<0.01 vs Vector groups.
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SLC7A11 protein was co-precipitated by an HRD1- 
specific antibody, while endogenous HRD1 was co- 
precipitated by an SLC7A11-specific antibody 
(Figure 4d–f). Half-time assay was subsequently car-
ried out to test the stability of SLC7A11 in OC cell 
lines. The half-life of SLC7A11 was examined in the 
presence or absence of HRD1. We treated SKOV3 
cells with or without HRD1 overexpression with CHX 
and examined SLC7A11 expression levels at 0 h, 2 h, 
and 4 h. The half-life of endogenous SLC7A11 was 
markedly shortened in the SKOV3 cell lines with 
HRD1 overexpression (P < 0.01, Figure 4g). To 
explain the mechanism by which HRD1 stabilized 
SLC7A11, we defined whether HRD1 directly modu-
lated the levels of SLC7A11 ubiquitination. As shown 
in Figure 4h, we co-expressed the increasing amounts 
of Flag-tagged HRD1 with His-tagged ubiquitin and 
HA-SLC7A11. TALON beads were employed to pull 
down ubiquitinated proteins, followed by the mea-
surement of SLC7A11 via the HA antibody, and 
Figure 4h shows that the ubiquitination of SLC7A11 
was dose-dependently induced by HRD1. These 
results suggested that HRD1 interacted with 
SLC7A11, reduced its stability, and stimulated its 
ubiquitination.

SLC7A11 overexpression eliminated the effect of 
HRD1 overexpression on OC cell lines

To further verify the interaction between HRD1 
and SLC7A11 in OC cell lines, SKOV3 cell lines 

were divided into four groups (Vector, HRD1, 
HRD1 + NC, and HRD1 + SLC7A11) according to 
different treatments. Images from BrdU assay and 
cell colony formation assay, respectively, showed 
that the inhibition of cell proliferation and colony 
formation caused by HRD1 overexpression was 
significantly abrogated via the overexpression of 
SLC7A11 (P<0.01, Figure 5a,b). Data from flow 
cytometry showed that the increase of cell apopto-
sis which was resulted from HRD1 overexpression 
was obviously reduced by SLC7A11 overexpres-
sion (P<0.01, Figure 5c). In addition, as shown as 
Figure 5d, the enhancement of ferroptosis (ROS, 
MDA, and Fe2+) induced by HRD1 overexpression 
was also repressed with SLC7A11 upregulation 
(P<0.01). These data showed that SLC7A11 over-
expression recovered the effect of HRD1 overex-
pression on OC cell lines.

Discussion

Growing evidence indicates that ferroptosis parti-
cipates in regulating cancer progression [22,23]. 
Here, we identified that elevated expression of 
HRD1 serves as a ferroptosis promoter and inhib-
ited OC growth and metastasis. Furthermore, 
HRD1 downregulated SLC7A11 by promoting 
SLC7A11 degradation in OC cells, thereby indu-
cing ferroptosis and inhibiting OC progression.

Since the pathogenesis of OC is very complex, 
the understanding of the progression of OC is still 
limited. In recent years, extensive studies have 
revealed multifarious regulators in OC 

Figure 5. The overexpression of SLC7A11 eliminated the effect of HRD1 overexpression on OC cells. (a) The cell proliferation was 
detected using BrdU assay. (b)The cell colony formation was assessed using colony formation assay.(c) The cell apoptosis was 
detected using flow cytometry. (d) The contents of MDA and ROS were assessed using corresponding commercial kits.Data were 
shown as mean ± SD. **P<0.01 vs Vector groups or HRD1+NC groups.
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progression, which might be used as prognostic 
indicators for the treatment target of OC. For 
instance, the downregulation of ribosomal protein 
S6 (RPS6) inhibited cell activities in epithelial OC 
cell lines through blocking cells in G0/G1 phase 
[24]. Yang et al. found that transcriptional coacti-
vator with PDZ-binding motif (TAZ) mediated 
a cell density-regulated ferroptosis in OC by mod-
ulating angiopoietin-like 4 (ANGPTL4)-NADPH 
oxidase 2 (NOX2) axis [25]. HRD1, as an E3 
ubiquitin ligase, plays an essential role in the ubi-
quitination and dislocation of misfolded protein in 
ERAD [11,12]. In various types of cancer, the 
expression of HRD1 is dysregulated, and it targets 
different molecules to develop cancer hallmarks or 
suppress the cancer progression [26]. However, its 
role in OC proliferation and ferroptosis is unclear. 
In this study, we show that HRD1 was downregu-
lated in OC tissues based on qRT-PCR and IHC 
analysis. We also showed that HRD1 expression 
was inversely correlated with tumor stage and 
metastasis of OC patients. These results indicate 
that HRD1 is a potential biomarker for OC. 
Furthermore, we demonstrated that HRD1 ectopic 
expression inhibited the proliferation and colony 
formation of OC cells while inducing apoptosis. In 
vivo, overexpression of HRD1 inhibited tumor 
growth. These findings suggest that HRD1 may 
act as a tumor suppressor in OC.

Ferroptosis is a non-apoptotic form of cell death 
caused by the accumulation of toxic lipid peroxida-
tion, and the accumulation of intracellular ROS is 
one of the direct causes of ferroptosis [27,28]. As 
a key regulator of ferroptosis, SLC7A11 can be regu-
lated by a variety of upstream factors, and is involved 
in the progression of OC. For example, Hong et al. 
showed that PARP inhibition promotes the ferrop-
tosis in BRCA-mutant OC via downregulating 
SLC7A11 [29]. Cai et al. reported that long non- 
coding RNA ADAMTS9-AS1 attenuates ferroptosis 
by targeting miR-587/SLC7A11 axis in OC [9]. Jin 
et al. demonstrated that SNAI2 directly binds to 
SLC7A11 promoter and regulate SLC7A11 expres-
sion, thereby promoting the development of OC by 
inducing ferroptosis [10]. The existing data in this 
study illustrated the promotive effect of HRD1 over-
expression on ferroptosis in OC cells. In our work, 
the potential-binding relationship between HRD1 
and SLC7A11 promoter was disclosed by 

a bioinformatics analysis from UbiBrowser (http:// 
ubibrowser.ncpsb.org/ubibrowser/home/index), 
which was further verified by the Co-IP assay. In 
addition, HRD1 upregulation remarkably repressed 
the protein expression of SLC7A11. Mechanistically, 
HRD1 catalyzed SLC7A11 ubiquitination and pro-
moted SLC7A11 degradation. Furthermore, the anti- 
tumor and pro-ferroptosis effects of HRD1 overex-
pression on OC cells in vitro were partially weakened 
by SLC7A11 overexpression, further verifying the 
critical role of HRD1-mediated ferroptosis in OC 
progression. Anyway, we acknowledged some lim-
itations in this study. Further studies are warranted 
to further validate these findings in a larger cohort of 
OC patients. Furthermore, it is still unclear whether 
the regulatory effect of HRD1 on SLC7A11 expres-
sion is directly determined by their direct-binding 
relationship or through indirect inhibition of 
SLC7A11 expression. Further studies will also exam-
ine the effect of HRD1 on other key regulators in OC 
progression.

In conclusion, our paper demonstrated that 
HRD1 suppressed tumorigenesis and development 
of OC by promoting ferroptosis. Moreover, HRD1 
could directly bind to SLC7A11 promoter and 
regulate SLC7A11 expression, which might be the 
potential mechanism underlying HRD1-regulated 
ferroptosis in OC. Our findings elucidated the 
molecular mechanism of ferroptosis-mediated 
OC and provided targets for OC treatments.
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