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Abstract
Objective: The aim was to assess the expression levels of SLC7A11 and GPX4 in relation 
to platinum resistance and prognosis in patients with epithelial ovarian cancer (EOC).
Design: A retrospective cohort study.
Setting: Women's Hospital, Zhejiang University School of Medicine, Hangzhou, 
China.
Population or Sample: We included 192 eligible patients from hospital between 
January 2002 and December 2018.
Methods: We retrospectively analysed the medical records of patients with EOC. 
Surgical specimens of EOC were stained for SLC7A11 and GPX4. Survival analysis 
was performed using the Kaplan–Meier and Cox regression methods.
Main Outcome Measures: Clinical end points include platinum-free interval (PFI), 
progression-free survival (PFS) and overall survival (OS).
Results: Patients with high co-expression levels of SLC7A11 and GPX4 had a 60-fold 
higher risk of platinum resistance compared with those with low co-expression (risk 
ratio, 60.46; 95% confidence interval [CI] 22.76–160.58; p < 0.001). Moreover, high co-
expression level of SLC7A11 and GPX4 was an independent prognostic factor for poor OS 
(p < 0.001, hazard ratio [HR] 4.44, 95% CI, 2.77–7.14) and poor PFS (p < 0.001, HR = 5.73, 
95% CI, 3.86–8.73). For in vitro experiments, SLC7A11 and GPX4 expression were both 
upregulated in platinum-resistant cells compared with their parental ovarian cancer cells, 
and siRNA-induced SLC7A11 and GPX4 inhibition decreased platinum resistance.
Conclusions: High expression levels of SLC7A11 and GPX4 are associated with plati-
num resistance in EOC patients. High co-expression of SLC7A11 and GPX4 may be a 
significant independent prognostic factor and a potential therapeutic target for plati-
num resistance in EOC patients.
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1  |   I N TRODUC TION

Ovarian cancer is the most lethal gynaecological malig-
nancy, with a 5-year survival rate of 30–50%.1 Epithelial 
ovarian cancer (EOC) accounts for >95% of ovarian malig-
nancies.2 Most patients with ovarian cancer are diagnosed at 
an advanced stage (International Federation of Gynaecology 
and Obstetrics [FIGO] 2000 Stage III/IV), and over 75% of 
patients with late-stage ovarian cancer die of the disease. 
Although the development of targeted therapies has grad-
ually changed the prognosis of patients with platinum-
sensitive EOC,3–6 effective treatments for patients with 
platinum-resistant EOC are still lacking.7,8 Therefore, che-
motherapy is still the best therapeutic approach. There is an 
urgent need to improve patient stratification for therapeutic 
strategies to overcome treatment resistance and search for 
new therapeutic targets for platinum resistance in patients 
with ovarian cancer.

Ferroptosis is a cell death modality that differs from 
other forms of cell death morphologically, biochemically 
and genetically, and is characterised by an accumulation of 
iron-dependent lethal lipid reactive oxygen species (ROS).9 
Glutathione peroxidase 4 (GPX4) is the only peroxidase in 
mammals that can reduce phospholipid hydroperoxides 
within cell membranes, and it has been determined to be a 
central regulator of ferroptosis.10 Therefore, GPX4 activity is 
considered a ferroptosis molecular marker.11

Stockwell et al.12 discovered that the cystine/glutamate 
antiporter SLC7A11 (also known as xCT) could import 
cystine, promote glutathione (GSH) biosynthesis, and 
subsequently facilitate the GPX4-mediated detoxification 
of lipid peroxides to inhibit ferroptosis. SLC7A11 plays a 
significant role in regulating GPX4 activity and protecting 
cells from ferroptosis.9,13 One of the main classes of ferro-
ptosis inducers (such as erastin) is a promising anticancer 
strategy that works by inhibiting SLC7A11.14 Therefore, 
SLC7A11 may be a potential therapeutic target in cancer 
by inducing ferroptosis. Moreover, recent studies have 
shown that ovarian cancers with wild-type BRCA are sen-
sitive to targeted-SLC7A11 ferroptosis inducers.15 It is well 
known that BRCA wild-type ovarian cancer is resistant to 
DNA damage and poly(ADP-ribose) polymerases (PARP) 
inhibitors. Therefore, a link may exist between high ex-
pression levels of SLC7A11, ferroptosis and platinum re-
sistance in ovarian cancer. Ferroptosis may also be a new 
therapeutic target in patients with platinum-resistant 
ovarian cancer.

However, the link between SLC7A11 and GPX4 expression 
in platinum-resistant ovarian cancer and its association with 
patient prognosis has not yet been reported. In this study, we 
aimed to verify the association between the co-expression 
levels of SLC7A11 and GPX4 with platinum resistance and 
poor prognosis in patients with EOC.

2  |   M ATER I A L S A N D M ETHODS

2.1  |  Study design and patient characteristics

This retrospective cohort study included patients with 
platinum-resistant EOC at the Women's Hospital, Zhejiang 
University School of Medicine, from January 2002 to 
December 2018. Patients were eligible if they met the follow-
ing criteria:

•	 histological diagnosis of EOC;
•	 having undergone ovarian cancer staging or cytoreduc-

tive surgery at our hospital;
•	 having received the taxane/platinum (TP) protocol set up 

by our hospital after primary surgery;
•	 having completed the first course of TP chemotherapy at 

our hospital and having had an uneventful completion of 
all courses of the TP regimen;

•	 a follow-up of at least 12 months after the last course of 
chemotherapy.

The exclusion criteria were as follows:

•	 pregnant or breastfeeding;
•	 undertaking a non-TP chemotherapy regimen;
•	 treatment regimen changed due to TP-related side effects 

(such as serositis or allergy);
•	 undergoing neoadjuvant chemotherapy before primary 

surgery.

The flow diagram of patient inclusion and exclusion is il-
lustrated in Figure S1.

Platinum-free interval (PFI) was defined as the time be-
tween the end of the last platinum-based chemotherapy and 
disease progression. Using a PFI of 6 months as the thresh-
old, the patients were divided into the platinum-resistant 
(<6  months) and platinum-sensitive (≥6  months) groups.10 
Follow-up was performed by outpatient review or tele-
phone consultation. For patients who did not complete all 
TP courses at our hospital, we utilised their follow-up infor-
mation to ensure that they have received all recommended 
courses at other hospitals and obtained the specific date of 
their last chemotherapy (or if they did not receive it). Finally, 
70 platinum-resistant patients (group 1) were included in 
our study (Figure S1).

After the platinum-resistant group was selected, we es-
tablished a platinum-sensitive group as the control, matched 
by FIGO stage, age and tumour grade, in a ratio of 1:3. We 
employed a random sampling method to select an equal 
number of patients who experienced recurrence between 6 
and 12 months (group 2), more than 12 months but not more 
than 60 months (group 3), or no recurrence for at least five 
natural years (group 4, including patients who experienced 
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recurrence with a PFI more than 60 months, and patients 
who had no recurrence until at least the fifth postoperative 
year to the last follow-up) after the end of the last platinum-
based chemotherapy for the platinum-sensitive group.

The following clinical information was recorded for 
each subject: age, International Federation of Gynaecology 
and Obstetrics (FIGO) stage, tumour grade, preoperative 
serum CA125 level, ascitic f luid volume, date of the initial 
surgical procedure, classification of the surgery, and date 
of completion of TP chemotherapy. Surgery was defined 
as optimal cytoreduction (residual lesion <1.0 cm) or sub-
optimal cytoreduction (residual lesion >1.0 cm) according 
to the GOG-172 criteria.16 Surgery was classified as stage 
I–IV according to the FIGO 2014 guidelines.17 The meth-
ods for calculating progression-free survival (PFS) and 
overall survival (OS) were performed as described in a pre-
vious study.18

2.2  |  Immunohistochemistry

Formalin-fixed and paraffin-embedded (FFPE) tissue sam-
ples obtained from eligible patients with EOC were used 
for immunohistochemical analyses. FFPE sections (5-
μm thickness) were deparaffinised in xylene, rehydrated 
in a graded ethanol series, and quenched with endog-
enous peroxides. The sections were then incubated with 
anti-SLC7A11 (1:600 in NCM universal antibody diluent, 
ab37185; Abcam) and anti-GPX4 antibodies (1:300 in NCM 
universal antibody diluent, ab125066; Abcam). Two serial 
sections from the same paraffin-embedded block were 
stained with the anti-SLC7A11 and anti-GPX4 antibod-
ies. Staining was visualised using a GTVision Detection 
System (GTVision, GK6007710A; Gene Tech). The sec-
tions were counterstained with haematoxylin, dehydrated 
and mounted. The negative control was processed without 
a primary antibody, and only tumour samples contain-
ing at least 70% tumour tissue were included, as described 
previously. The percentage of SLC7A11 and GPX4 expres-
sion was calculated semiquantitatively using positive cells 
in an entire region containing ovarian cancer cells in each 
section. The percentage of cells with positive staining was 
scored using a scale from 1 to 4, wherein 1 indicates 0–
25% of cells were positively stained, 2 indicates 26–50%, 
3 indicates 51–75%, and 4 indicates 76–100%. The stain-
ing intensities were scored from 0 to 3, where 0 = negative, 
1 = weak, 2 = moderate and 3 = strong. Subsequently, the 
percentages and intensity scores were multiplied to obtain 
a total score ranging from 0 to 12.19 Scores of 8–12 were 
defined as high expression and scores of 0–7 as low expres-
sion.20 All pathological diagnoses and staining results were 
confirmed by two expert pathologists who were blinded to 
the clinical details of the cases. This study was approved by 
the Ethics Committee of the Women's Hospital, Zhejiang 
University School of Medicine (November 2018, IRB-
20200227-R). Written informed consent was exempted by 
the Institutional Review Board.

2.3  |  Experimental protocol of the in vitro 
cell study

For in vitro cytological experiments, we used the follow-
ing methods: cell culture, cell viability assay, western blot 
analysis, RNA extraction, RT-qPCR analysis and siRNA 
transfection. All detailed protocols of the cytological ex-
periments and GEO database analysis are presented in 
Tables S1 and S2.

2.4  |  Statistical analyses

Statistical analyses were conducted using an SPSS (ver-
sion 18.0) statistical software package (IBM Corp.). The 
Kolmogorov–Smirnov test was used to test for normality 
in continuous data. Student's t-test and the Mann–Whitney 
U-test were used to compare normally and non-normally 
distributed data, respectively. The Chi-square test was used 
for comparisons between groups, and partitions of the Chi-
square method were used for pairwise comparisons. In cases 
where the number of subjects was less than five, Fisher's exact 
test was used for the contingency tables, and the remaining 
data were tested using the Chi-square test. A logistic regres-
sion model was also applied to sort risk factors based on 
their strengths. Correlation analysis was performed using 
Spearman's correlation coefficient (two-tailed) and scatter 
plot analyses. We used the Kaplan–Meier method to calcu-
late the OS curves and the log-rank test to assess the dif-
ferences in the survival rates. Subsequently, univariate and 
multivariate Cox analyses were conducted, involving all po-
tential predictive factors. Receiver operating characteristic 
(ROC) curves were used to discriminate the potential of each 
important factor identified in the above-described compara-
tive analysis. When the area under the curve (AUC) had a 
low 95% confidence interval (CI) (>0.5), discrimination was 
considered significant. Statistical significance was set at p-
values <0.05 (two-tailed).

3  |   R E SU LTS

Initially, 280 patients were selected for this study. After 
excluding 39 patients whose FFPE tumour tissue content 
was <70% and 49 patients whose staining results were un-
satisfactory, 192 patients were included in the final analy-
sis. Figure S2 illustrates the inclusion of the participants in 
this study. After exclusion, there were no significant dif-
ferences in FIGO stage, age or tumour grade among the 
four groups (p  =  0.108). The median age of the included 
patients was 52 years (range, 31–72 years). Histologically, 
well-differentiated tumours were observed in three patients 
(1.56%, 3/192), moderately differentiated tumours in 13 pa-
tients (6.77%, 13/192) and poorly differentiated tumours in 
the remaining 176 patients (91.67%, 176/192). Most patients 
(76.56%, 147/192) had FIGO stages III or IV, and the remain-
ing 45 (23.43%, 45/192) had FIGO stages I or II. The optimal 
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initial surgery was achieved in 79.17% (152/192) of the in-
cluded patients.

When evaluating the differential expression of SLC7A11 
and GPX4 in the four groups, only group 1 differed sig-
nificantly from the other groups (Tables S3–S6). As such, 
we combined groups 2, 3 and 4 into a platinum-sensitive 
group (n = 144), renamed group 1 the platinum-resistant 
group (n  =  48), and performed several analyses on these 
two groups. Overall, there were 38 deaths (79.17%, 38/48) 
in the platinum-resistant group and 53 deaths (36.81%, 
53/144) in the platinum-sensitive group (p < 0.001). 
Among the 53 deaths, one patient died of breast cancer at 
138 months post-operation without recurrence of ovarian 
cancer.

As we failed to identify the exact date of death in three 
patients, 189 patients were eligible for OS calculation. The 
median OS was 56 months (range, 6–209 months). Similarly, 
only 189 patients were eligible for PFS calculation, and the 
median PFS was 18 months (range, 2–209 months). As we 
failed to identify the exact date of recurrence in three pa-
tients and 44 patients had no recurrence, only 145 patients 
were eligible for calculation of the PFI.

3.1  |  Evaluation of SLC7A11 and GPX4 
expression in ovarian cancer

Staining for SLC7A11 and GPX4 was observed in the cyto-
plasm of EOC tissues obtained from the included patients 
(Figure 1A). EOC cases were classified as SLC7A11-low ex-
pression or SLC7A11-high expression and GPX4-low expres-
sion or GPX4-high expression. Of the 192 included patients, 
43 (22.40%, 43/192) had SLC7A11-high expression and 44 
(22.92%, 44/192) had GPX4-high expression.

SLC7A11 and GPX4 were then selected for validation 
using western blotting and RT-qPCR analyses in two cell 
lines (human ovarian cancer cells A2780, SKOV3 and their 
respective platinum-resistant cells subline A2780/CisR, 
SKOV3/CisR) to confirm further the alterations in protein 
expression revealed by immunohistochemical analyses. 
SLC7A11 and GPX4 expression were both upregulated in 
platinum-resistant cell sublines compared with their parental 
ovarian cancer cell lines, as determined via western blotting 
(Figure 1B). Quantitative PCR analysis showed that SLC7A11 
and GPX4 transcription were both upregulated in platinum-
resistant cell sublines compared with the parental ovarian 

F I G U R E  1   Assessment of SLC7A11 and GPX4 expression in ovarian cancer tissues. (A) Representative micrographs of SLC7A11 and GPX4 staining 
from platinum-resistant and platinum-sensitive tissues from tissues of patients with ovarian cancer. Scale bars (50 and 100 micrometers) are shown on 
the lower right. (B) SLC7A11 and GPX4 expression were both upregulated in A2780/CisR and SKOV3/CisR cells compared with A2780 and SKOV3 cells, 
respectively, as revealed via western blotting. (C) Quantitative PCR analysis showed that SLC7A11 and GPX4 transcription were both upregulated in 
A2780/CisR and SKOV3/CisR cells. *p < 0.05; **p < 0.01; ***p < 0.001.
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cancer cell lines (Figure  1C). These changes were consis-
tent with the immunohistochemical results in EOC tissues. 
Conversely, the inhibition of SLC7A11 and GPX4 decreased 
platinum resistance in ovarian cancer cells (Figure S3).

3.2  |  The association of SLC7A11 and GPX4 
expression with clinicopathological parameters

High SLC7A11 protein expression was significantly asso-
ciated with FIGO stage III/IV (p  =  0.038) and suboptimal 
initial surgery (p  =  0.001) (Table  1). On the other hand, a 
high expression of GPX4 was significantly associated with a 
higher level of serum CA125 (p = 0.010), higher ascitic fluid 
volume (p = 0.002) and suboptimal initial surgery (p = 0.001) 
(Table 2). As expected, the proportions of cases with a high 
expression of SLC7A11 and GPX4 were 62.50% (30/48 cases) 
and 68.75% (33/48 cases), respectively, in platinum-resistant 
ovarian cancer tissues and only 9.03% (13/144 cases) and 
7.64% (11/144 cases), respectively, in platinum-sensitive tis-
sues, both of which were significant (both p < 0.001) (Tables 1 
and 2).

Moreover, there was a significant positive correlation 
between SLC7A11 and GPX4 expression in EOC tissues 

of our included 192 patients, as shown in Figure  S4A 
(r = 0.677, Pearson correlation). Specifically, the percent-
age of SLC7A11 high-expression ovarian cancer tissues 
with a high GPX4 expression was 60.47% (26/43 cases), 
whereas it was only 12.08% (18/149 cases) in SLC7A11 low-
expression tissues; this difference was statistically signif-
icant (p < 0.001). Similar results were obtained using the 
GSE66957 dataset, downloaded from the GEO database 
(Figure S4B).

3.3  |  High protein expression of SLC7A11 and 
GPX4 was associated with platinum resistance

The scatter diagram (Figure  S5A) shows that a higher im-
munohistochemical score for SLC7A11 was associated with 
a shorter PFI. The median SLC7A11 immunohistochemi-
cal score in platinum-resistant cases was higher than in 
platinum-sensitive cases (8 vs. 4, p < 0.001). Similarly, the 
median GPX4 immunohistochemical score was higher in 
platinum-resistant cases than in platinum-sensitive cases (9 
vs. 3, p < 0.001, Figure S5B).

To improve the predictive efficacy of platinum resistance 
in ovarian cancer, a combination of both protein expression 

T A B L E  1   Association of SLC7A11 expression with clinicopathological parameters

Variable SLC7A11-low expression, n (%) SLC7A11-high expression, n (%) p-value

Number of patients age, years 149 (77.60) 43 (22.40) 0.316

<50 50 (73.53) 18 (26.47)

≥50 99 (79.84) 25 (20.16)

FIGO stage

I/II 40 (88.89) 5 (11.11) 0.038*

III/IV 109 (74.15) 38 (25.85)

Tumour grade

I/II 13 (81.25) 3 (18.75) 1.00a

III 136 (77.27) 40 (22.73)

Ascitic f luid volume

<500 ml 96 (82.05) 21 (17.95) 0.065

≥500 ml 53 (70.67) 22 (29.33)

Serum CA125

<500 U/ml 76 (80.85) 18 (19.15) 0.291

≥500 U/ml 73 (74.49) 25 (25.51)

Primary surgery

Optimal 126 (82.89) 26 (17.11) 0.001**

Suboptimal 23 (57.50) 17 (42.50)

Platinum resistance

Sensitive 131 (90.97) 13 (9.03) <0.001***

Resistant 18 (37.50) 30 (62.50)

Abbreviation: FIGO, International Federation of Gynaecology and Obstetrics.
Note: Categorical data are presented as absolute values (%). p-values were calculated using the Chi-square test.
aThese values were calculated using Fisher's exact tests, as more than 20% of the cells had expected frequencies <5.
*p < 0.05; **p < 0.01; ***p < 0.001.
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of SLC7A11 and GPX4 was explored. Logistic regression 
was used to estimate the odds ratio (OR) and the results 
revealed that SLC7A11 and GPX4 had significantly posi-
tive correlations with platinum resistance (OR = 1.588 and 
1.931, respectively; Table S7). Thus, the total score (referred 
to as protein expression) representing the sum of the immu-
nohistochemical scores of 1.588*SLC7A11 and 1.931*GPX4 
(SLC7A11-GPX4) in the same patient was calculated accord-
ing to the logistic regression model. Figure S5C shows that a 
higher SLC7A11-GPX4 score was associated with a shorter 
PFI.

Receiver operating characteristic curve analysis showed 
an AUC value of 0.947 (95% CI 0.917–0.977), indicating 
its discriminatory potential for platinum resistance in 
EOC patients (Figure S3D). The optimal SLC7A11-GPX4 
score cut-off value for platinum resistance was 22.935, 
with 83.33% sensitivity and 92.36% specificity. Patients 
with SLC7A11-GPX4 scores ≥23 had a 60-fold higher risk 
of platinum resistance than those with SLC7A11-GPX4 
scores <23 (risk ratio  =  60.455, 95% CI 22.760–160.579, 
p < 0.001). Thus, an SLC7A11-GPX4 score ≥23 was de-
fined as a ‘high co-expression level of SLC7A11-GPX4’ 
and a score < 23 was defined as a ‘low co-expression level 
of SLC7A11-GPX4’ in subsequent analyses. In the present 

study, 78.431% (40/51) of cases with high co-expression 
levels of SLC7A11-GPX4 suffered from platinum resis-
tance. In contrast, only 5.674% (8/141) of cases with a low 
co-expression of SLC7A11-GPX4 suffered from platinum 
resistance (p < 0.001).

3.4  |  High expression of SLC7A11 and 
GPX4 proteins was associated with poorer 
patient prognosis

Kaplan–Meier survival curves (Figure 2A) showed that pa-
tients with ovarian cancer with a high SLC7A11 expression 
had significantly poorer PFS (p < 0.001) and OS (p < 0.001) 
than patients with a low expression of SLC7A11, which was 
confirmed by our univariate Cox (Table S8) and multivari-
ate Cox proportional hazards regression analyses (hazard 
ratio [HR] = 2.351, 95% CI 1.510–3.659 for PFS, Table S9; 
HR 2.851, 95% CI 1.658–4.902 for OS, Table S10). The asso-
ciation between GPX4 expression and survival was similar 
to that observed for SLC7A11 (Figure 2B). Patients with a 
high co-expression level of SLC7A11-GPX4 had the short-
est survival among EOC patients (Figure 2C). In contrast, 
multivariate Cox proportional hazards regression analysis 

T A B L E  2   Relation between GPX4 expression and clinicopathological parameters

Variable GPX4-low expression n (%) GPX4-high expression n (%) p-value

Number of patients age, years 148 (77.08) 44 (22.92)

<50 51 (75.00) 17 (25.00) 0.611

≥50 97 (78.23) 27 (21.77)

FIGO stage

I/II 38 (84.44) 7 (15.56) 0.179

III/IV 110 (74.83) 37 (25.17)

Tumour grade

I/II 13 (81.25) 3 (18.75) 1.00a

III 135 (76.70) 41 (23.30)

Ascitic f luid volume

<500 ml 99 (84.62) 18 (15.38) 0.002**

≥500 ml 49 (65.33) 26 (34.67)

Serum CA125

<500 U/ml 80 (85.11) 14 (14.89) 0.010*

≥500 U/ml 68 (69.39) 30 (30.61)

Primary surgery

Optimal 125 (82.24) 27 (17.76) 0.001**

Suboptimal 23 (57.50) 17 (42.50)

Platinum resistance

Sensitive 133 (92.36) 11 (7.64) <0.001***

Resistant 15 (31.25) 33 (68.75)

Note: Categorical data are presented as absolute values (%). p-values were calculated using the Chi-square test.
Abbreviation: FIGO, International Federation of Gynaecology and Obstetrics.
aThese values were calculated using Fisher's exact tests, as more than 20% of the cells had expected frequencies <5.
*p < 0.05; **p < 0.01; ***p < 0.001.
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revealed that a high co-expression level of SLC7A11-GPX4 
was an independent prognostic factor for both PFS 
(p < 0.001, HR = 5.729, 95% CI 3.758–8.733, Table S11) and 
OS (p < 0.001, HR = 4.442, 95% CI 2.765–7.136, Table S12). 
Thus, our results suggest that a high co-expression level 
of SLC7A11-GPX4 was a superior predictor for poor prog-
nosis and platinum resistance in ovarian cancer compared 
with the corresponding individual parameters (SLC7A11 
or GPX4 expression).

4  |   DISCUSSION

4.1  |  Main findings

Although ovarian cancer treatment is a global problem, new 
therapeutic strategies are required for this disease. Increasing 
evidence has indicated that ferroptosis plays a crucial role in 
tumorigenesis and cancer therapy.21,22 However, there are 
no robust predictive biomarkers of ferroptosis sensitivity for 

F I G U R E  2   Analysis of the correlation between SLC7A11 and GPX4 expression and patient prognosis. (A) Kaplan–Meier survival curves for PFS and 
OS in ovarian cancer patients with different SLC7A11 expression levels. (B) Kaplan–Meier survival curves for PFS and OS in ovarian cancer patients with 
different GPX4 expression levels. (C) Analysis of SLC7A11-GPX4 expression in the prognostic value of patients with ovarian cancer using Kaplan–Meier 
survival curves.
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selecting tumours most likely to resist platinum-based chem-
otherapy.23 In this study, we evaluated the predictive prog-
nostic value of the ferroptosis-related protein GPX4 and the 
ferroptosis-inducing agent SLC7A11 in ovarian cancer. Our 
clinical analyses revealed that expression of SLC7A11 and 
GPX4 was higher in the platinum-resistant group than in the 
platinum-sensitive group. Our study also revealed that patients 
with high co-expression levels of SLC7A11 and GPX4 had a 60-
fold higher risk of platinum resistance compared with those 
with low co-expression. Moreover, we found that patients with 
a high co-expression level of SLC7A11 and GPX4 exhibited 
poorer PFS and OS compared with those with low expression 
levels of these proteins. Thus, our findings suggest a potential 
therapeutic target in patients with platinum-resistant EOC.

4.2  |  Strengths and limitations

Study design is one of the main strengths of our study. Initially, 
all eligible platinum-resistant EOC patients were screened 
out via detailed clinical follow-up information. Afterwards, 
we established a platinum-sensitive group as the control, 
matched by FIGO stage, age and tumour grade, at a ratio of 
1:3. Finally, we employed a random sampling method to select 
an equal number of patients with three different PFI inter-
vals. Our results from clinical tissue samples were validated 
using in vitro cytological experiments and database analysis. 
Another strength of our study lies in the detailed clinical data 
and follow-up information of the included patients.

Despite these promising results, some questions remain. 
One of the limitations of this study is that the number of 
platinum-resistant ovarian cancer patients was compara-
tively small when compared with platinum-sensitive patients 
(25.00%, 48/192 cases). Moreover, the role of ferroptosis, 
SLC7A11 and GPX4 in platinum resistance in EOC patients 
remains unknown. Further molecular studies are required 
to understand this association better.

4.3  |  Interpretation of results and 
implications for clinical practice

Although improved screening, surgery, chemotherapy and 
targeted therapy have improved survival rates in recent 
years,3,24 effective treatment of patients with platinum-
resistant EOC remains a significant unmet medical need. 
Hence, it is urgent to explore a novel predictor of platinum 
resistance and poor prognosis in EOC patients, and develop 
novel therapeutic target for patients with EOC, especially 
those with platinum resistance. Most of ovarian cancer 
patients carry wild-type BRCA with no significant clinical 
benefits from PARP inhibitors; however, recent studies have 
shown that this subset of patients is sensitive to targeted-
SLC7A11 ferroptosis inducers.15 Based on this knowledge, a 
potential therapeutic strategy (combination of PARP inhibi-
tor and ferroptosis inducers) for BRCA-proficient ovarian 
cancer has been proposed.15 Recently, it has also been shown 

that ferroptosis-related genes such as GPX4 and SLC7A11, 
could serve as a novel biomarker for predicting the prognosis 
in breast cancer (another class of BRCA-related cancer) pa-
tients.25 From this, we conclude that ferroptosis inducers tar-
geting SLC7A11 might be new therapeutic targets for cancer 
patient with wild-type BRCA by potentiating the efficacy of 
PARP inhibitors. Thus, we assessed the expression levels of 
SLC7A11 and GPX4 (a ferroptosis molecular marker) in rela-
tion to platinum resistance and prognosis in patients with 
EOC. We found that targeted-SLC7A11 ferroptosis strategy 
may be a potential therapeutic target for EOC patients with 
platinum resistance.

Most chemotherapeutics, including platinum, can induce 
oxidative stress and elevate intracellular levels of ROS to kill 
cancer cells.26–28 In contrast, ROS-induced chemoresistance 
can be triggered by prolonged or excessive oxidative stress.29 
SLC7A11 is known to maintain intracellular GSH levels and 
prevent oxidative stress-induced cell death mechanisms, 
such as ferroptosis.9,12 A high expression level of SLC7A11 
was associated with altered cell metabolism, characterised 
by increased mitochondrial biogenesis, oxidative phosphor-
ylation or ATP production,30 leading to increased resistance 
to cisplatin in cancers.31,32 Consistent with previous reports, 
we found that high SLC7A11 expression was associated with 
platinum resistance in patients with EOC.

Recently, Lei et al. indicated that SLC7A11 could promote 
resistance mainly by inhibiting ferroptosis.14 There are also 
reports that platinum-tolerant cancer cells with FZD7+ had 
altered GSH metabolism, required GPX4 for survival, and 
were sensitive to eradication via ferroptosis.33 In the analysis 
to determine whether ferroptosis participates in platinum re-
sistance in EOC via SLC7A11, we found a significant positive 
correlation between SLC7A11 and GPX4 expression in EOC 
tissues. Thus our study indicates that targeted-SLC7A11 fer-
roptosis may act as a potential therapeutic target for platinum 
resistance in EOC patients.

5  |   CONCLUSIONS

In summary, our study showed that high expression levels of 
SLC7A11 and GPX4 are associated with platinum resistance 
in ovarian cancer patients, and that a high co-expression 
level of SLC7A11–GPX4 was a superior predictor for poor 
prognosis and platinum resistance in EOC compared with 
the corresponding individual parameters (SLC7A11 or 
GPX4 expression). Moreover, the high co-expression level of 
SLC7A11-GPX4 mayt be a significant independent prognos-
tic factor of poor prognosis and a potential therapeutic target 
for platinum resistance in patients with ovarian cancer.
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