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A B S T R A C T

Background: Recent evidence shows that inducing ferroptosis may improve efficacy of tumor therapy. How-
ever, ferroptosis-related genes have been little studied in patients with breast cancer especially in the neoad-
juvant setting. ACSL4 and GPX4 have been well established as the positive and negative regulator of
ferroptosis, respectively. This study aimed to explore the predictive value of ACSL4 and GPX4 for patients
with breast cancer administered neoadjuvant chemotherapy.
Methods: This study included patients treated with paclitaxel-cisplatin-based neoadjuvant chemother-
apy. Immunohistochemistry staining of ACSL4 and GPX4 was carried out on the core needle biopsy speci-
mens. Logistic regression was performed to explore the predictive biomarkers of pathological complete
response (pCR). Survival analyses were examined by log-rank test and Cox proportional hazard
regression.
Findings: A total of 199 patients were included for the analyses. Both ACSL4 expression and ACSL4/GPX4 com-
bination status could serve as independent predictive factors for pCR. The interaction for pCR was observed
between ACSL4 and clinical tumor stage. Besides, ACSL4 expression, GPX4 expression, and their combination
status were independent prognostic factors for disease-free survival. Analyses of the Kaplan-Meier Plotter
database suggested that higher ACSL4 expression is related to better overall survival, and higher GPX4
expression is related to better distant metastasis-free survival. Pathway analyses revealed that ACSL4 and
GPX4 might function in crucial pathways including apoptosis, autophagy, cell adhesion, lipid metabolism, etc.
Interpretation: This study revealed the critical value of ACSL4 and GPX4 serving as novel predictive and prog-
nostic biomarkers for patients with breast cancer receiving neoadjuvant chemotherapy. It might be a novel
strategy to induce ferroptosis to promote chemosensitivity. Future studies are required to elucidate the
potential mechanisms.
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1. Introduction

Neoadjuvant chemotherapy has become one of the most impor-
tant strategies for patients with locally advanced breast cancer, since
it not only reduces tumor burden and thereby provides surgical and
even breast-conserving opportunities, but also facilitates assessment
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Research in context

Evidence before this study

In recent years, ferroptosis has gained a lot of interest as a new
form of programmed cell death, characterized by iron-depen-
dent accumulation of lipid reactive oxygen species to lethal lev-
els. Reportedly, ferroptosis can be induced by
chemotherapeutic drugs, targeted therapeutic agents, and
radiotherapy. ACSL4 and GPX4 are the key genes that promote
and inhibit the occurrence of ferroptosis, respectively. How-
ever, few studies focused on their predictive values of chemo-
sensitivity for patients with breast cancer especially in the
neoadjuvant setting.

Added value of this study

This study reveals the critical value of ACSL4 and GPX4 as novel
predictive and prognostic biomarkers for patients with breast
cancer receiving neoadjuvant chemotherapy. This might help
not only screen the candidate responders but also determine
the optimal strategy.

Implications of all the available evidence

It is of highly practical value for a high ACSL4/low GPX4 profile
to predict pathological complete response for neoadjuvant che-
motherapy in breast cancer.
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of individual response at early time [1]. A great number of large clini-
cal trials have revealed that patients who achieve pathological com-
plete response (pCR) after neoadjuvant chemotherapy have better
prognosis than those who do not [2]. However, patients are still
trapped in a low proportion of pCR currently [3]. To improve pCR rate
is a vital goal of neoadjuvant chemotherapy [4,5]. Therefore, identify-
ing patients with superior response to neoadjuvant chemotherapy in
early time naturally becomes the main focus in the research on breast
cancer at this stage.

In recent years, ferroptosis has gained a lot of interest as a new
form of programmed cell death, characterized by iron-dependent
accumulation of lipid reactive oxygen species (ROS) to lethal levels
[6]. Till date, emerging genes have been identified as related to the
crucial process of ferroptosis. For instance, glutathione peroxidase 4
(GPX4) inhibits the occurrence of ferroptosis by reducing ROS level
through converting potentially toxic lipid hydroperoxides (L-OOH) to
non-toxic lipid alcohols (L-OH) [7,8]. Inactivation of GPX4 through
erastin or RSL3 overwhelmingly enhances lipid peroxidation and ulti-
mately results in ferroptosis [7,9]. Interestingly, Hangauer et al. dem-
onstrated that drug-tolerant persister cells are vulnerable to GPX4
inhibition in breast cancer BT474 cell line, which might indicate a
promising therapeutic strategy of targeting GPX4 to reverse acquired
drug resistance [10]. On the other hand, acyl-CoA synthetase long
chain family member 4 (ACSL4) catalyzes the acetylation of long-
chain polyunsaturated fatty acids to produce lipid peroxides that
arise esterification via interaction with membrane phospholipids and
then leads to ferroptosis [11,12]. Highly expressed ACSL4 remarkably
increases cellular sensitivity to ferroptosis [13,14]. Nevertheless, the
clinical significance of such ferroptosis-related genes has never been
studied in breast cancer especially in the neoadjuvant setting.

Reportedly, ferroptosis can be induced by chemotherapeutic
drugs (cisplatin [15,16] and paclitaxel [17,18]), targeted therapeutic
drugs (lapatinib [19] and siramesine [20]), and radiotherapy [6]. As a
programmed cell death mode, ferroptosis may potentially reflect
patients’ sensitivity to chemotherapy as well as other treatments.
Since ACSL4 and GPX4 have been well established as the positive and
negative regulator of ferroptosis, respectively [21], we hypothesized
that their expression and disequilibrium status might help predict
neoadjuvant chemosensitivity for patients with breast cancer, which
was elucidated in this retrospective study of our prospective clinical
trials.

2. Methods

2.1. Study population

In this study, we included women aged 18 to 70 years with histo-
logically confirmed locally advanced invasive breast cancer (T2-4 or
N1-3) from two separately registered clinical trials, SHPD001
(NCT02199418) and SHPD002 (NCT02221999). The study protocols
were published previously [22]. Briefly, paclitaxel at 80 mg/m2 on
day 1, 8, 15, and 22 combined with cisplatin at 25 mg/m2 on day 1,
8, and 15 was given intravenously every 28 days for 4 cycles for all
the patients. For human epidermal growth factor receptor 2 (HER2)-
positive patients, trastuzumab was recommended at a loading dose
of 4 mg/kg, followed by a maintenance dose of 2 mg/kg on day 1
weekly for 16 weeks. In SHPD002, patients with hormone receptor
(HorR)-positive breast cancer were randomized to chemotherapy
combined with endocrine therapy according to their menstrual sta-
tus (letrozole for postmenopausal women and ovarian function sup-
pression for premenopausal women) or chemotherapy alone.
Premenopausal patients with triple negative breast cancer (TNBC)
were randomized to chemotherapy with or without ovarian func-
tion suppression in SHPD002. Planned surgery was given sequen-
tially after neoadjuvant chemotherapy at Department of Breast
Surgery, Renji Hospital, School of Medicine, Shanghai Jiao Tong Uni-
versity.

Between March 2014 and February 2019, 199 patients with quali-
fied biopsy specimens before neoadjuvant chemotherapy and treated
with surgery were available for the analysis.

2.2. Data collection

Baseline information was collected prospectively including
patients’ age, menopausal status, body mass index (BMI), family his-
tory, tumor size, clinical tumor (T) stage, clinical nodal (N) stage,
estrogen receptor (ER), progesterone receptor (PR), HER2, and Ki-67.
The high expression levels of ACSL4 and GPX4 were determined by
the cutoff values of 0.107 and 0.159, respectively, calculated by Max-
stat analysis. Family history was defined as any cancer diagnosed in
the first-degree relatives [23]. The follow-up data was also prospec-
tively collected.

All the biopsy tissues were confirmed as invasive breast cancer at
Department of Pathology, Renji Hospital. ER and PR positivity were
defined as ⩾ 1% of tumor cells with positive nuclear staining. HER2
positivity was defined as immunohistochemistry (IHC) 3+ or amplifi-
cation confirmed by florescent in situ hybridization [24]. The cutoff
value of Ki-67 was 30%. Molecular subtypes were defined as follows
according to the St. Gallen Consensus [25]: luminal A-like (ER and/or
PR positive, HER2 negative, and Ki-67 < 15%), luminal B-like (ER and/
or PR positive; HER2 negative and Ki-67 ⩾ 15% or HER2 positive),
HER2-enriched (ER and PR negative, and HER2 positive), and basal-
like (ER, PR, and HER2 negative).

2.3. Outcomes

In this study, the definition of pCR was only a few scattered tumor
cells remained or residual tumor less than 0.5 cm in diameter in the
breast [26]. Disease-free survival (DFS) was calculated as the time
from surgery to the first occurrence of locoregional, ipsilateral, con-
tralateral, distant recurrence, and death from any cause.
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2.4. IHC

IHC was performed on formalin-fixed paraffin-embedded tissue
sections. ACSL4 and GPX4 were detected using the rabbit anti-ACSL4
antibody (1:100; RRID: AB_2714020; Cat#ab155282, Abcam, UK) and
anti-GPX4 antibody (1:100; RRID: AB_10973901; Cat#ab125066,
Abcam, UK), respectively [27�30]. Slides were incubated with pri-
mary antibodies overnight at 4°C followed by wash and incubation
with goat anti-rabbit secondary antibodies (1:1; Cat#ab214880,
Abcam, UK) at room temperature for 45 min. Negative controls were
treated identically without the primary antibodies.

Biopsy tissue sections were photographed using Leica Aperio CS2
digital pathology scanner (Leica Microsystems Imaging Solutions Ltd,
Germany), and analyzed with 4 representative regions of tumor cells
randomly captured at £200 magnification using Leica ImageScope
v12.3.2 (Leica Microsystems Imaging Solutions Ltd, Germany). The
IHC staining intensity of ACSL4 and GPX4 was analyzed by Image-Pro
Plus v6.0 (Media Cybernetics Inc, USA). Protein expression was pre-
sented by mean optical density, which was calculated as the inte-
grated optical density (IOD) of positively stained area divided by
tumor area in each image [31].

2.5. Cell culture

The human breast cancer cell lines MCF7 (RRID: CVCL_0031;
Cat#HTB-22), MDA-MB-231 (RRID: CVCL_0062; Cat#HTB-26), and
Hs578T (RRID: CVCL_0332; Cat#HTB-126) were obtained from the
American Type Culture Collection (ATCC), authenticated by Short tan-
dem repeat (STR) profiling (Supplementary materials), and confirmed
free from mycoplasma. MDA-MB-231 was cultured in L15 (Gibco,
USA) supplemented with 10% fetal bovine serum (Gibco, USA) and 1%
penicillin/streptomycin (Sigma-Aldrich, USA) at 37°C in a humidified
incubator without CO2. Other cell lines were cultured in DMEM
(Gibco, USA) supplemented with 10% fetal bovine serum and 1% peni-
cillin/streptomycin at 37°C in a humidified incubator with 5% CO2.

2.6. Cell transfection

To knock down gene expression, small interfering RNAs (siRNAs)
were transfected into cells with jetPRIME� (Polyplus-transfection
Inc, France) according to the manufacturer’s instructions. The
sequences of siRNAs were as follows: siACSL4, 50-GGGAGUGAU-
GAUGCAUCAUAGCAAU-30; siGPX4, 50-ACGAAGAGAUCAAAGAGUU-
30. Negative control was a scrambled siRNA that targets unknown
gene sequence. The transfection efficiency was verified by real-time
quantitative polymerase chain reaction (RT-qPCR) and western blot
(WB) analysis after 48 h.

2.7. RNA extraction and RT-qPCR

Total RNA of cells was extracted using Simply P Total RNA Extrac-
tion kit (Bioer Technology, China) and reverse transcribed to comple-
mentary deoxyribonucleic acids (cDNAs) using HiScript� II Q RT
SuperMix (Vazyme Biotech co., ltd, China). Obtained cDNAs were
quantified by RT-qPCR assay using ChamQ SYBR Color qPCR Master
Mix (Vazyme Biotech co., ltd, China) on LightCycler� 96 (Roche, Ger-
many) following the manufacturer’s instructions. The gene-specific
primers used were listed in Supplementary Table 1. Gene expression
levels were normalized to GAPDH expression using the
2�4CT method. Each cDNA sample was triplicated in 96-microwell
plates.

2.8. WB

To isolate protein, cells were lysed with RIPA Lysis Buffer (Merck
Millipore, Germany) and protease inhibitor (Merck Millipore,
Germany). Protein concentration was measured with BCA Protein
Assay Kit (Beyotime Biotechnology, China). Equal amount of protein
was loaded and separated by 10% SDS-PAGE gels and then transferred
to PVDF membranes (Merck Millipore, Germany). After blocked in 5%
skimmed milk, the membranes were incubated with primary anti-
bodies at 4°C overnight and then incubated with horseradish peroxi-
dase-conjugated goat anti-rabbit secondary antibodies (1:3000;
RRID: AB_2099233; Cat#7074, Cell Signaling Technology, USA) at
room temperature for 1 h. Enhanced chemiluminescence was per-
formed with Immobilon Western Chemiluminescent HRP Substrate
(Millipore, USA) and detected by Chemidoc Touching Imaging System
(BIO-RAD, USA). The primary antibodies used were shown as follows:
ACSL4 (1:10000; RRID: AB_2714020; Cat#ab155282, Abcam, UK),
GPX4 (1:1000; RRID: AB_10973901; Cat#ab125066, Abcam, UK), and
b-actin (1:1000; RRID: AB_2242334; Cat#3700, Cell Signaling Tech-
nology, USA).

2.9. Bioinformatics analysis

The Cancer Genome Atlas (TCGA) datasets were employed to cal-
culate the associations of ACSL4 and GPX4 expression with pathologi-
cal tumor features [32]. Correlations of gene expression were
calculated using TCGA breast cancer datasets downloaded by Univer-
sity of California Santa CRUZ (UCSC) Xena [33]. The Kaplan-Meier
Plotter database (http://kmplot.com/analysis/) was used to perform
survival analysis of distant metastasis-free survival (DMFS) and over-
all survival (OS), detected by log-rank test as well as Cox proportional
hazard regression [34]. The gene profiles GSE40968 and GSE162069
were downloaded from Geno Expression Omnibus (GEO; https://
www.ncbi.nlm.nih.gov/geo/) datasets to derive the differentially
expressed genes (DEGs), which were then analyzed with gene ontol-
ogy (GO) enrichment and kyoto encyclopedia of genes and genomes
(KEGG) pathway by Database for Annotation, Visualization and Inte-
grated Discovery (DAVID) [35,36]. Pathway interaction analyses were
drawn by the R package “clusterProfiler” [37]. The StarBase database
(http://starbase.sysu.edu.cn/) was used to predict RNA binding pro-
teins of ACSL4 and GPX4 [38], which were utilized to conduct pro-
tein-protein association networks by STRING database [39].

2.10. Statistical analysis

The mean density of ACSL4 and GPX4 was shown as average §
standard deviation (range). The combination status of ACSL4 with
GPX4 expression levels was categorized into ACSL4high/GPX4low,
ACSL4high/GPX4high, ACSL4low/GPX4low, and ACSL4low/GPX4high. The
relationships between ACSL4 or GPX4 expression levels and clinico-
pathological characteristics (age, menopausal status, clinical T stage,
clinical nodal status, ER, PR, HER2, Ki-67, molecular subtype, BMI,
and family history) were analyzed as categorical variables by Chi-
squared test or Fisher’s exact test and as continuous variables by
Spearman’s rank correlation test. Student's t test was performed for
comparing continuous variables following normal distribution
between two groups. Patients were divided into the pCR group and
the non-pCR group according to treatment outcomes. Univariate and
multivariate logistic regression analyses were performed to derive
odds ratios (ORs) and 95% confidence intervals (CIs) when analyzing
the predictive value of ACSL4 or GPX4 for pCR in whole group and
subgroups, and the interactions between ACSL4 or GPX4 and clinico-
pathological variables. The reverse Kaplan-Meier method was used
to calculate the estimated median follow-up period [40,41]. Survival
curves were compared by Kaplan-Meier method, and survival rates
were compared by log-rank test. Cox proportional hazard regressions
were used to calculate hazard ratios (HRs) with 95% CIs for DFS, with
baseline age, menopausal status, clinical T stage, clinical nodal status,
ER status, HER2 status, and BMI as adjustment factors. Gene correla-
tion analysis was performed by Pearson correlation method. All
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Fig. 1. Expression of ACSL4 and GPX4 in pre-NAC breast cancer specimens. Notes: Representative immunohistochemistry pictures of high ACSL4 expression (a), low ACSL4 expres-
sion (b), high GPX4 expression (c), and low GPX4 expression (d) at £200 magnification. Scale bar = 200 mm.

Table 1
Mean density of ACSL4 and GPX4.

Staining Density

Mean Standard Deviation Range
ACSL4 0.092 0.070 0.002-0.370
GPX4 0.092 0.072 0.003-0.436
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statistical analyses were performed by R language v3.6.3 (http://
www.R-project.org). The P value < 0.05 was considered significant.

2.11. Ethics approval and consent to participate

Both trials were ethically approved by the Ethics Committee of
Renji Hospital, School of Medicine, Shanghai Jiao Tong University
(SHPD001, approval ID [2014]14K; SHPD002, approval ID [2017]088).
All the participants signed written informed consents.

2.12. Role of the funding source

The funder of the study had no role in study design, data collec-
tion, data analysis, data interpretation, or writing of the report. The
authors had full access to all the data in the study and accept respon-
sibility to submit for publication.

3. Results

3.1. Baseline features

Both ACSL4 and GPX4 were expressed mainly in the cytoplasm
and occasionally in the interstitial of breast cancer cells. The repre-
sentative IHC staining images are shown in Fig. 1. The mean density
of ACSL4 and GPX4 was 0.092 § 0.070 (range, 0.002�0.370) and
0.092 § 0.072 (range, 0.003�0.436), respectively (Table 1). As cate-
gorical variables, GPX4 was positively associated with ER (P=0.004)
and luminal-like subtype (P=0.025; Chi-squared test; Table 2). As
continuous variables, GPX4 was inversely related to Ki-67 (Spear-
man’s r=-0.16, P=0.026; Fig. 2).

In the TCGA datasets, we observed an inverse correlation of ACSL4
expression with ER (P < 0.001), PR (P < 0.001), and HER2 (P=0.024;
Student’s t test; Fig. 3a), and a positive correlation of GPX4 expression
with ER (P=0.001) and PR (P=0.002; Student’s t test; Fig. 3b).

3.2. Relationships of ACSL4 and GPX4 levels with therapeutic effect

Among 199 patients, 101 (50.8%) achieved pCR while 98 (49.2%)
failed to. ACSL4 expression was significantly higher in the pCR group
than in the non-pCR group (P=0.002; Student’s t test; Fig. 4a). How-
ever, there was no significant difference of GPX4 expression between
the pCR group and non-pCR group (P=0.657; Student’s t test; Fig. 4b).
On the other hand, the pCR rate was 64.2% in ACSL4 high-expression
group, much higher than 45.9% in ACSL4 low-expression group
(P=0.023; Chi-squared test; Fig. 5a), while the pCR rates showed no
significant difference according to GPX4 expression levels (51.4% vs.
45.8%, P=0.607; Chi-squared test; Fig. 5b). According to the combina-
tion status of the two proteins, patients with the highest pCR rate
appeared to be ACSL4high/GPX4low group (66.7%), followed by ACSL4-
high/GPX4high group (58.8%), ACSL4low/GPX4low group (47.5%), and
ACSL4low/GPX4high group (14.3%; P=0.038; Chi-squared test; Fig. 5c).

In the univariate logistic regression analysis, ACSL4 level
(OR=2.110, 95% CI 1.103-4.037, P=0.024) and the combination of
ACSL4 with GPX4 levels (OR=2.234, 95% CI 1.047�4.767, P=0.038)
were predictors of pCR. However, GPX4 level alone was not capable
of predicting pCR (OR=0.799, 95% CI 0.340�1.881, P=0.608; likelihood
ratio test; Table 3), which remained non-significant after adjustment
(OR=1.573, 95% CI 0.572�4.325, P=0.380; likelihood ratio test;
Table 4). The multivariate logistic regression analysis suggested that
both ACSL4 expression level (OR=3.487, 95% CI 1.505-8.077, P=0.004;
likelihood ratio test; Table 5) and the combination of ACSL4 with
GPX4 expression levels (OR=2.708, 95% CI 1.035�7.086, P=0.042;
likelihood ratio test; Table 6) could serve as independent predictors
of pCR, along with age, clinical T stage, ER status, HER2 status, and Ki-
67 (P < 0.05; likelihood ratio test; Tables 5, 6).

3.3. Subgroup analysis

Patients with higher ACSL4 expression achieved higher pCR rates than
the low-expression group in those aged ⩾ 35 years (adjusted OR=3.810,
95% CI 1.570�9.246, P=0.003) and postmenopausal (adjusted OR=7.082,
95% CI 2.044�24.537, P=0.002), clinical T4 (adjusted OR=15.893, 95% CI
2.430�103.931, P=0.004), clinical node-positive (adjusted OR=3.144, 95%
CI 1.322�7.481, P=0.010), HorR-positive (adjusted OR=4.781, 95% CI
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Table 2
Relationships of ACSL4 and GPX4 expression with clinicopathological factors.

Factors Total ACSL4 GPX4

(N=199) Low (N=146) High (N=53) P Low (N=175) High (N=24) P

Age 0.542 0.505
<35 15 (7.5%) 10 (6.8%) 5 (9.4%) 14 (8.0%) 1 (4.2%)
⩾35 184 (92.5%) 136 (93.2%) 48 (90.6%) 161 (92.0%) 23 (95.8%)
Menopausal status 0.112 0.783
Premenopausal 86 (43.2%) 68 (46.6%) 18 (34.0%) 75 (42.9%) 11 (45.8%)
Postmenopausal 113 (56.8%) 78 (53.4%) 35 (66.0%) 100 (57.1%) 13 (54.2%)
Clinical T stage 0.695 0.306
T1 1 (0.5%) 1 (0.7%) 0 1 (0.6%) 0
T2 46 (23.1%) 31 (21.2%) 15 (28.3%) 41 (23.4%) 5 (20.8%)
T3 91 (45.7%) 69 (47.3%) 22 (41.5%) 76 (43.4%) 15 (62.5%)
T4 61 (30.7%) 45 (30.8%) 16 (30.2%) 57 (32.6%) 4 (16.7%)
Clinical nodal status 0.572 0.404
Node negative 23 (11.6%) 18 (12.3%) 5 (9.4%) 19 (10.9%) 4 (16.7%)
Node positive 176 (88.4%) 128 (87.7%) 48 (90.6%) 156 (89.1%) 20 (83.3%)
ER status 0.643 0.004
ER negative 69 (34.7%) 52 (35.6%) 17 (32.1%) 67 (38.3%) 2 (8.3%)
ER positive 130 (65.3%) 94 (64.4%) 36 (67.9%) 108 (61.7%) 22 (91.7%)
PR status 0.223 0.086
PR negative 54 (27.1%) 43 (29.4%) 11 (20.8%) 51 (29.1%) 3 (12.5%)
PR positive 145 (72.9%) 103 (70.6%) 42 (79.2%) 124 (70.9%) 21 (87.5%)
HER2 status 0.549 0.403
HER2 negative 117 (58.8%) 84 (57.5%) 33 (62.3%) 101 (57.7%) 16 (66.7%)
HER2 positive 82 (41.2%) 62 (42.5%) 20 (37.7%) 74 (42.3%) 8 (33.3%)
Ki-67 0.935 0.261
<30% 48 (24.1%) 35 (24.0%) 13 (24.5%) 40 (22.9%) 8 (33.3%)
⩾30% 151 (75.9%) 111 (76.0%) 40 (75.5%) 135 (77.1%) 16 (66.7%)
Molecular subtype 0.407 0.025
Luminal A-like 15 (7.5%) 12 (8.2%) 3 (5.7%) 12 (6.9%) 3 (12.5%)
Luminal B-like 140 (70.3%) 98 (67.1%) 42 (79.3%) 119 (68.0%) 21 (87.5%)
HER2-enriched 19 (9.6%) 15 (10.3%) 4 (7.5%) 19 (10.9%) 0
Basal-like 25 (12.6%) 21 (14.4%) 4 (7.5%) 25 (14.2%) 0
Family history 0.824 0.802
Negative 145 (72.9%) 107 (72.3%) 38 (71.7%) 127 (72.6%) 18 (75.0%)
Positive 54 (27.1%) 39 (26.7%) 15 (28.3%) 48 (27.4%) 6 (25.0%)

Abbreviations: T, tumor; ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2.
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1.824�12.529, P=0.001), HER2-positive (adjusted OR=17.816, 95% CI
1.845-171.996, P=0.013), Ki-67 ⩾ 30% (adjusted OR=5.626, 95% CI
1.994�15.879, P=0.001), luminal B-like (adjusted OR=2.747, 95% CI
1.236�6.107, P=0.013), BMI < 25 (adjusted OR=3.214, 95% CI
1.201�8.602, P=0.020), and family history-negative subgroups (adjusted
OR=3.422, 95% CI 1.263�9.271, P=0.016; likelihood ratio test; Fig. 6).
Besides, a significant interactionwas observed between ACSL4 expression
and clinical T stage (P=0.047; likelihood ratio test; Fig. 6).

In parallel, pCR was more easily achieved by ACSL4high/GPX4low

patients compared with others in clinical T4 (adjusted OR=10.577,
95% CI 1.713-65.317, P=0.011), HorR-positive (adjusted OR=4.238,
95% CI 1.475�12.174, P=0.007), Ki-67 ⩾ 30% (adjusted OR=3.457, 95%
CI 1.084�11.019, P=0.036), luminal B-like (adjusted OR=2.595, 95% CI
1.014�6.644, P=0.047), and family history-negative subgroups
(adjusted OR=3.337, 95% CI 1.012�11.003, P=0.048; likelihood ratio
test; Fig. 7).
3.4. Survival analysis

The median follow-up period was 41.2 months (range, 4.2�78.5
months). In all, 24 events were observed in the total patients. There was
a marginally significant advantage of DFS in ACSL4 high-expression
group over the low-expression group (log-rank P=0.086), while ACSL4
expression could serve as an independent prognostic factor of DFS in
the multivariate analysis (adjusted HR=0.283, 95% CI 0.083�0.966,
P=0.044; likelihood ratio test; Fig. 8a). Besides, GPX4 high-expression
group achieved a longer DFS than those with lower GPX4 expression
(log-rank P=0.048; Fig. 8b). When patients were divided into four
groups by the combination status of ACSL4 and GPX4 expression levels,
the best DFS was observed in ACSL4high/GPX4high group and the worst
in ACSL4low/GPX4low group (log-rank P=0.174; adjusted HR=0.320, 95%
CI 0.109�0.938, P=0.038; likelihood ratio test; Fig. 8c). In HorR-positive
subgroup, better DFS were also observed in those with higher ACSL4
expression (log-rank P=0.017; adjusted HR=0.098, 95% CI
0.013�0.743, P=0.025; likelihood ratio test; Fig. 9a), higher GPX4
expression (log-rank P=0.055; Fig. 9b), and the ACSL4high/GPX4high

group women (log-rank P=0.064; adjusted HR=0.134, 95% CI
0.019�0.942, P=0.043; likelihood ratio test; Fig. 9c).

We further performed survival analyses of external breast cancer
cohorts based on the Kaplan-Meier Plotter database, a well-known
public database that is capable to assess the effect of 54k genes on
survival in 21 cancer types. It suggested that patients with higher
ACSL4 expression showed better OS compared with those with lower
ACSL4 expression (log-rank P=0.0012; HR=0.68, 95% CI 0.54�0.86;
Fig. 10a), although there was no significant difference in DMFS (log-
rank P=0.15; HR=0.87, 95% CI 0.71�1.05; Fig. 10b). However, the
DMFS in patients with higher ACSL4 expression was significantly bet-
ter than those with lower expression in ER-positive (log-rank
P=0.0032; HR=0.6, 95% CI 0.42�0.84; Fig. 10c) and TNBC women (log-



Fig. 2. The correlations of ACSL4 and GPX4 density with tumor size, ER, PR, and Ki-67. Notes: Distribution of the data is present along the diagonals. The upper part exhibits correla-
tion coefficients and P values calculated by Spearman’s rank correlation analysis (* P < 0.05, ** P < 0.01, and *** P < 0.001). The lower part shows scatter plots with smooth fitting
curves. There was a significant correlation between GPX4 and Ki-67 (r=-0.16, P=0.026), ER and PR (r=0.67, P < 0.001), ER and Ki-67 (r=-0.35, P < 0.001), and PR and Ki-67 (r=-0.28,
P < 0.001). Abbreviations: ER, estrogen receptor; PR, progesterone receptor.
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rank P=0.04; HR=0.59, 95% CI 0.35�0.98; Fig. 10d), but not in HER2-
positive women (log-rank P=0.094; HR=0.57, 95% CI 0.29�1.11;
Fig. 10e). In terms of GPX4, there was no statistical difference of OS
(log-rank P=0.2; HR=0.85, 95% CI 0.67�1.09; Fig. 11a), whereas GPX4
high-expression group achieved significantly longer DMFS than
GPX4 low-expression group (log-rank P=0.0086; HR=0.77, 95% CI
0.63�0.94; Fig. 11b). Consistent results were observed in ER-positive
women (log-rank P=0.014; HR=0.6, 95% CI 0.4�0.91; Fig. 11c), while
no DMFS difference showed in TNBC patients (log-rank P=0.36;
HR=0.8, 95% CI 0.49�1.29; Fig. 11d) or HER2-positive (log-rank
P=0.15; HR=1.87, 95% CI 0.78�4.47; Fig. 11e).

3.5. GO, KEGG, and pathway interaction analysis

To further investigate the potential roles of ACSL4 and GPX4 in
breast cancer, we searched through GEO database and obtained the



Fig. 3. The correlations of ACSL4 (a) and GPX4 (b) expression with ER, PR, and HER2 in TCGA datasets (n=1070). Abbreviations: ER, estrogen receptor; PR, progesterone receptor;
HER2, human epidermal growth factor receptor 2.

R. Sha et al. / EBioMedicine 71 (2021) 103560 7
gene profiles GSE40968 and GSE162069, which respectively revealed
the DEGs after overexpressing ACSL4 and knocking down GPX4 in
breast cancer cell lines. The gene expression data GSE40968 was
applied to bioinformatics analysis to explore the potential function of
ACSL4 in breast cancer. As depicted by the volcano plot, a total of 412
and 252 genes were upregulated and downregulated, respectively,
after overexpressing ACSL4 in SKBR3 cell line (Fig. 12a). GO enrich-
ment pointed out that the downregulated DEGs might participate in
multiple crucial biological processes including signal transduction,
autophagy, and glucose metabolic process, while the upregulated
DEGs play great roles in negative regulation of transcription, apopto-
sis, cyclin-dependent protein kinase activity, long-chain fatty-acyl-
coA biosynthetic process, and lipid metabolic process (Fig. 12b). The
DEGs also take great part in steroid metabolism (Fig. 12c, d). Besides,
KEGG analysis highlighted several important pathways such as plate-
let activation, thyroid hormone synthesis, and fatty acid metabolism
(Fig. 12e).

The gene profile GSE162069 was analyzed to investigate the
potential function of GPX4 in breast cancer. There were 442 genes
upregulated and 399 genes downregulated after knocking down
GPX4 in MDA-MB-231 cell line (Fig. 13a). GO analysis suggested that
the downregulated DEGs might function in apoptosis, and the upre-
gulated DEGs might regulate cell adhesion, mitotic nuclear division,
chromosome segregation, etc. (Fig. 13b). The DEGs were also active in
cell cycle arrest and autophagy (Fig. 13c, d). In addition, GPX4 was
implicated to be involved in lysosome and protein processing in
endoplasmic reticulum by KEGG analysis (Fig. 13e).

Furthermore, we conducted the protein-protein interaction net-
work for the potential RNA binding proteins of ACSL4 and GPX4 pre-
dicted by StarBase database, an open-source platform for studying
molecule interactions from CLIP-seq, degradome-seq, and RNA-RNA
interactome data (Fig. S1). It implicates the interactions between the
potential binding proteins of ACSL4 and GPX4.

3.6. Validation of the DEGs

For verification of the DEGs, ACSL4 siRNAs were transfected into
MCF7, MDA-MB-231, and Hs578T cell lines and the interfering effi-
ciency was detected by both RT-qPCR (Figs. 14a, S2a) and WB
(Figs. 14b, S2b). Interfering ACSL4 significantly decreased the expres-
sion of NR3C1, HIPK3, OPA1, PAWR, TP63, PLAGL1, STK17B, all of
which take part in the apoptotic process, in MCF7 (Fig. 14c). BCL11B



Fig. 4. ACSL4 and GPX4 expression between pCR and non-pCR groups. Notes: (a) ACSL4 density was higher in pCR group than non-pCR group (P=0.002; Student’s t test). (b) No dif-
ference of GPX4 density was detected between pCR and non-pCR group (P=0.657; Student’s t test). Abbreviations: pCR, pathological complete response; ns, not significant.

Fig. 5. The pCR rates of patients with different ACSL4 or GPX4 levels. Notes: (a) The pCR rate was higher in ACSL4-high group than ACSL4-low group (P=0.023; Chi-squared test). (b)
No difference was detected in pCR rates between GPX4-high and GPX4-low groups (P=0.607; Chi-squared test). (c) The pCR rates in the four subgroups were as follows: 66.7% in
ACSL4high/GPX4low, 58.8% in ACSL4high/GPX4high, 47.5% in ACSL4low/GPX4low and 14.3% in ACSL4low/GPX4high (P=0.038; Chi-squared test). Abbreviations: pCR, pathological complete
response; ns, not significant.
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and PPP4R3B, two critical proteins for regulation of lipid metabolic pro-
cess, and HACD2, which regulates long-chain fatty-acyl-coA biosyn-
thetic process, were also reduced after interfering ACSL4 (Fig. 14c). One
out of the genes that negatively regulates transcription from RNA poly-
merase II promoter, PITX2, was dominantly decreased after knocking
down ACSL4 in MCF7 (Fig. 14c), MDA-MB-231 (Fig. S2c), and Hs578T
(Fig. S2d). Besides, GDF15, which partakes signal transduction, was sig-
nificantly increased after knocking down ACSL4 in Hs578T cell line (Fig.
S2d). These gene changes were in consistence with those of GSE40968
dataset. The relationships between these genes and ACSL4 were further
verified with their expression in breast cancer tissues of public cohorts.
Consistently, it revealed a significantly reverse correlation between
ACSL4 and GDF15, while other DEGs were positively correlated to
ACSL4 in TCGA breast cancer dataset (Fig. 14d).

To knock down GPX4, the three breast cancer cell lines were
transfected with GPX4 siRNAs and detected for interfering efficiency
by RT-qPCR (Figs. 15a, S3a) and WB (Figs. 15b, S3b). As a result, GPX4
knockdown significantly reduced the expression of BMP4 and RARG,
which could negatively regulate apoptotic process, in MDA-MB-231
(Fig. 15c) and MCF7 (Fig. S3c). Besides, the expression of genes that
play roles in cell adhesion were significantly enhanced after interfer-
ing GPX4 in MDA-MB-231 (Fig. 15c) and Hs578T (Fig. S3d), including
SDCBP, DDX6, DDX3X, PERP, CHMP2B, ASAP1, and PICALM. These
results validated those of the bioinformatics analysis for GSE162069
dataset. In TCGA breast cancer dataset, positive associations were
detected between BMP4 as well as RARG and GPX4, whereas reverse
associations were seen between SDCBP, DDX6, DDX3X, PERP,
CHMP2B, ASAP1, PICALM, EPS15, and GPX4 (Fig. 15d). The public clin-
ical data for gene expression correlation well supports the in vitro
experimental results.

4. Discussion

To the best of our knowledge, this study for the first time reported
not only the predictive value of ferroptosis-related genes ACSL4 and
GPX4 for pCR but also their prognostic value for survival outcomes in
locally advanced breast cancer treated with neoadjuvant chemotherapy.

Our data first revealed an inverse association between GPX4
expression and Ki-67 index in patients with breast cancer. Besides,
there was a positive association observed between GPX4 and ER. The



Table 3
Univariate analyses of the predictive markers of pCR.

Characteristics Comparison for OR Univariate OR 95% CI P

GPX4 High vs. low 0.799 0.340 1.881 0.608
ACSL4 High vs. low 2.110 1.103 4.037 0.024
ACSL4/GPX4 combination ASCL4high/GPX4low vs. others 2.234 1.047 4.767 0.038
Age (years) ⩾35 vs. <35 0.348 0.107 1.133 0.080
Menopausal status Post- vs. pre-menopausal 1.145 0.653 2.006 0.637
Clinical T stage T4 vs. T1-3 0.466 0.251 0.863 0.015
ER status Positive vs. negative 0.177 0.091 0.343 <0.001
HER2 status Positive vs. negative 4.159 2.268 7.626 <0.001
Ki-67 ⩾30% vs. <30% 3.761 1.841 7.680 <0.001

Abbreviations: pCR, pathological complete response; OR, odds ratio; CI, confidence interval; T, tumor; ER, estro-
gen receptor; HER2, human epidermal growth factor receptor 2.

Fig. 6. Subgroup analysis of pCR according to ACSL4 expression levels. Abbreviations: pCR, pathological complete response; OR, odds ratio; CI, confidence interval; T, tumor; HorR,
hormone receptor; HER2, human epidermal growth factor receptor 2; BMI, body mass index.
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TCGA datasets also indicated that GPX4 expression was positively
related to HorR status. Supporting our results, Rusolo et al. reported
GPX4 is downregulated in breast cancer MCF7 and MDA-MB-231 cell
lines compared with non-cancerous breast MCF10A cell line [42].
Consistently, Cejas et al. demonstrated lower GPX4 expression in
breast tumor cells than in benign ductal epithelium [43]. Addition-
ally, they observed a positive correlation of GPX4 expression with ER
and PR staining. Moreover, GPX4 expression was repressed in poorly
differentiated breast invasive ductal carcinoma compared with the
well-differentiated type [43]. Altogether, GPX4 might serve as a
tumor suppressor and indicate better differentiated status in breast
cancer. On the other hand, the TCGA datasets suggested that ACSL4
expression was inversely associated with HorR and HER2 status. In
line with it, Wu et al. summarized the inverse relationships of ACSL4
with ER and HER2 based on multiple public databases [44]. Monaco
et al. [45] and Yen et al. [46] also found a negative correlation
between expression of ACSL4 and ER. Besides, ACSL4 is overex-
pressed in breast cancer tissues compared with adjacent normal tis-
sues [47]. In vitro, ACSL4 inhibition significantly suppresses cell
proliferation, invasion, and migration in MDA-MB-231 cell line
[48,49]. Taking the evidence together, aggressive biological behavior
is indicated to ACSL4 overexpressed tumors.



Fig. 7. Subgroup analysis of pCR according to the combination of ACSL4 and GPX4 expression levels. Abbreviations: pCR, pathological complete response; OR, odds ratio; CI, confi-
dence interval; T, tumor; HorR, hormone receptor; HER2, human epidermal growth factor receptor 2; BMI, body mass index.
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This study demonstrated that ACSL4 expression is an independent
predictive factor for pCR, with higher expression contributing to
enhanced sensitivity to neoadjuvant chemotherapy in breast cancer.
It is supported by the TCGA data that tumors with ACSL4 overexpres-
sion are more often ER-negative, PR-negative, and HER2-negative,
which is exactly the most sensitive subtype to neoadjuvant cisplatin-
and paclitaxel-based treatment [22]. Our results are supported by the
findings of basic research as well. Ferroptotic cell death has been rec-
ognized as one of the key mechanisms through which
Fig. 8. Cumulative disease-free survival curves of patients with different ACSL4 or GPX4 exp
(a), GPX4 expression levels (b), and their combination status (c). Abbreviations: HR, hazard ra
chemotherapeutic drugs kill cancer cells [15�18]. Doll’s study found
that ferroptosis is much easier to be induced by the ferroptosis
inducer RSL3 in ACSL4 high-expressed cell lines MDA-MB-157, MDA-
MB-231, and MDA-MB-468 than the low-expressed AU565, MCF7,
and T47D [13]. Yuan’s study found that ferroptosis-sensitive cell lines
HepG2 and HL60 express ACSL4 at relatively high levels, while target-
ing ACSL4 significantly suppresses ferroptotic cell death induced by
erastin [14]. Therefore, we speculated that patients with higher
ACSL4 expression might respond better to chemotherapy due to their
ression levels. Notes: Kaplan-Meier plots according to different ACSL4 expression levels
tio; CI, confidence interval.



Table 4
Multivariate analysis of the predictive markers of pCR using GPX4 expression level.

Characteristics Comparison for OR Multivariate OR 95% CI P

GPX4 High vs. low 1.573 0.572 4.325 0.380
Age (years) ⩾35 vs. <35 0.219 0.055 0.880 0.032
Menopausal status Post- vs. pre-menopausal 1.108 0.534 2.301 0.782
Clinical T stage T4 vs. T1-3 0.445 0.205 0.969 0.041
ER status Positive vs. negative 0.169 0.079 0.362 <0.001
HER2 status Positive vs. negative 4.463 2.216 8.985 <0.001
Ki-67 ⩾30% vs. <30% 2.530 1.088 5.881 0.031

Abbreviations: pCR, pathological complete response; OR, odds ratio; CI, confidence interval; T, tumor;
ER, estrogen receptor; HER2, human epidermal growth factor receptor 2.

Table 5
Multivariate analysis of the predictive markers of pCR using ACSL4 expression level.

Characteristics Comparison for OR Multivariate OR 95% CI P

ACSL4 High vs. low 3.487 1.505 8.077 0.004
Age (years) ⩾35 vs. <35 0.234 0.056 0.973 0.046
Menopausal status Post- vs. pre-menopausal 0.908 0.424 1.942 0.803
Clinical T stage T4 vs. T1-3 0.444 0.201 0.982 0.045
ER status Positive vs. negative 0.154 0.071 0.335 <0.001
HER2 status Positive vs. negative 5.082 2.444 10.566 <0.001
Ki-67 ⩾30% vs. <30% 2.561 1.087 6.033 0.031

Abbreviations: pCR, pathological complete response; OR, odds ratio; CI, confidence interval; T, tumor;
ER, estrogen receptor; HER2, human epidermal growth factor receptor 2.

Table 6
Multivariate analysis of the predictive markers of pCR using combination of ACSL4 and GPX4 expression levels.

Characteristics Comparison for OR Multivariate OR 95% CI P

ACSL4/GPX4 combination High vs. low 2.708 1.035 7.086 0.042
Age (years) ⩾35 vs. <35 0.239 0.059 0.968 0.045
Menopausal status Post- vs. pre-menopausal 1.011 0.481 2.125 0.977
Clinical T stage T4 vs. T1-3 0.420 0.193 0.913 <0.029
ER status Positive vs. negative 0.184 0.087 0.389 <0.001
HER2 status Positive vs. negative 4.688 2.301 9.549 <0.001
Ki-67 ⩾30% vs. <30% 2.501 1.073 5.825 0.034

Abbreviations: pCR, pathological complete response; OR, odds ratio; CI, confidence interval; T, tumor; ER,
estrogen receptor; HER2, human epidermal growth factor receptor 2.
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hypersensitivity to ferroptosis. To further explore the association
between chemosensitivity and ACSL4, we performed bioinformatics
analysis and validated the DEGs for ACSL4. It highlighted the crucial
function of BCL11B, which is increased after ACSL4 overexpression, in
lipid metabolism. Yang et al. reported that BCL11B expression greatly
sensitizes HepG2 and Huh7 hepatocarcinoma cell lines towards
doxorubicin [50]. Besides, the signaling transduction factor GDF15,
which is a secreted cytokine of TGF-b superfamily, is decreased after
Fig. 9. Cumulative disease-free survival curves of patients with different ACSL4 or GPX4 exp
ent ACSL4 expression levels (a), GPX4 expression levels (b), and their combination status (
HorR, hormone receptor.
ACSL4 overexpression. Zhao et al. found that high pretreatment
serum GDF15 level is correlated with the occurrence of resistance to
paclitaxel-carboplatin-based chemotherapy in patients with epithe-
lial ovarian cancer [51]. Therefore, ACSL4 might sensitize breast can-
cer cells to cytotoxic drugs through promoting BCL11B and inhibiting
GDF15, which requires future study to elucidate. Of note, two basic
studies found ACSL4 inhibitor PRGL493 slows down breast cancer
cell proliferation treated by low-dose chemotherapeutic agents, but
ression levels in HorR-positive subgroup. Notes: Kaplan-Meier plots according to differ-
c) in HorR-positive subgroup. Abbreviations: HR, hazard ratio; CI, confidence interval;



Fig. 10. Kaplan-Meier plots of patients with different ACSL4 expression levels in Kaplan-Meier plotter database. Notes: Cumulative OS curves in the whole group (a) and DMFS
curves in the whole group (b), ER-positive subgroup (c), TNBC subgroup (d), and HER2-positive subgroup (e). Abbreviations: OS, overall survival; DMFS, distant metastasis-free sur-
vival; HR, hazard ratio; ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; TNBC, triple-negative breast cancer.
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the role of ACSL4 in chemotherapy-induced ferroptosis is to be inves-
tigated [48,52]. In future, ferroptosis-inducing agents may become a
new therapeutic strategy in breast cancer. Moreover, ACSL4 may be a
novel predictive biomarker for neoadjuvant chemotherapy.

Additionally, we discovered the combination status of ACSL4 and
GPX4 expression could independently predict pCR. The pCR rates ele-
vated step by step with increase of ACSL4 and decrease of GPX4. We
postulated that this phenomenon might be associated with the
equilibrium state of the two genes. As known about apoptosis,
another classical form of cell death that is promoted and inhibited by
Bax and Bcl2, respectively, the balance of Bax and Bcl2 will determine
the cells’ fate to apoptosis [53�54]. Similarly, ACSL4 is involved in
lipid metabolism to promote ferroptosis [55], while GPX4 takes part
in amino acid metabolism to inhibit occurrence of ferroptosis [7,55].
Therefore, the hypersensitivity to chemotherapy of ACSL4high/
GPX4low patients might be related to the combined action of ACSL4



Fig. 11. Kaplan-Meier plots of patients with different GPX4 expression levels in Kaplan-Meier plotter database. Notes: Cumulative OS curves in the whole group (a) and DMFS
curves in the whole group (b), ER-positive subgroup (c), TNBC subgroup (d), and HER2-positive subgroup (e). Abbreviations: OS, overall survival; DMFS, distant metastasis-free sur-
vival; HR, hazard ratio; ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; TNBC, triple-negative breast cancer.
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and GPX4 in ferroptosis. On the contrary, ACSL4low/GPX4high patients
might be resistant to the chemotherapeutic agents that mainly
induce ferroptotic cell death. It hints us that ACSL4 inducer and/or
GPX4 inhibitor might promote treatment efficacy for these patients.
Clinical research will be necessary to unearth the utility of this prom-
ising strategy.

Interestingly, we found that ACSL4 expression level and its combi-
nation with GPX4 expression level could both predict pCR for family
history-negative patients rather than those with family history. We
postulated that it might be associated with the different forms of cell
death induced by platinum between patients with and without fam-
ily history. Reportedly, about 20% of breast cancer with family history
can be explained by homologous recombination repair gene muta-
tions such as BRCA1/2 mutations [56], while this proportion rises to
55% in patients with family history of both breast and ovarian cancer
[57]. Previous research has revealed that platinum-induced double-



Fig. 12. Bioinformatics analyses of ACSL4. Notes: (a) Visualization of differentially expressed genes (DEGs) after overexpressing ACSL4 in SKBR3 cell line. (b) Gene ontology (GO)
enrichment of the downregulated and upregulated DEGs. (c) The netplot of GO pathways of the DEGs. (d) The mapplot of GO pathways of the DEGs. (e) Kyoto encyclopedia of genes
and genomes (KEGG) pathway analysis of the downregulated and upregulated DEGs. Abbreviations: FC, fold change.
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strand breaks are more easily accumulated in homologous recombi-
nation deficient tumors to cause apoptotic cell death [58�60]. Thus,
ferroptotic cell death might be a less important process compared
with apoptosis through which platinum kills cancer cells in patients
with family history. In contrast, our data suggested the ACSL4high/
GPX4low group achieved pCR more easily than others among family
history-negative women. Thus, it might implicate ferroptosis as the
potentially main pattern of platinum-induced cell death in breast
cancer without family history.

Our study showed that ACSL4 and/or GPX4 expression could be
independently prognostic for breast cancer treated with neoadjuvant
chemotherapy, especially in HorR-positive subgroup. It suggested
that pCR benefits with high ACSL4 expression could successfully
translate into survival benefits. On the other hand, as a biomarker
inversely correlated to Ki-67, GPX4 might prevent pCR and improve
prognosis by inhibiting cell proliferation [61,62]. Our results were
supported by previous evidence by Chen et al., that patients with
higher ACSL4 expression achieved superior OS in the PrognoScan
breast cancer cohort [63]. Besides, the prognosis analyses from
Kaplan-Meier Plotter datasets were in line with ours. The OS in
patients with higher ACSL4 expression was superior to that in the
low-expression patients. Patients with higher GPX4 expression
obtained longer DMFS than those with lower GPX4 expression.
And the subgroup results of ER-positive women were also consis-
tent with ours. Notably, our study is the first to focus on the
prognostic values of ACSL4 and GPX4 in patients that receive neo-
adjuvant chemotherapy. Prolonged follow-up period is necessary
in future study.

There are still limitations in this study. First, the sample size was
relatively small. Nevertheless, since this is an exploratory study of
the prospective trials, it provides intrinsic rules which require valida-
tion with enlarged sample size. Second, subgroup analysis was not
mature in TNBC. It signifies the necessity to expand the sample size
as well. Third, our follow-up time was too limited to perform analysis
of OS. However, public databases were utilized to analyze OS with
ten-year follow-up period. Prolonged follow-up time are underway
for our cohort. In addition, this study focused on two of the ferropto-
sis-associated genes to evaluate their predictive value of patients’
response to neoadjuvant chemotherapy as well as their prognostic
value in the neoadjuvant setting. Actually, ferroptosis is a newly



Fig. 13. Bioinformatics analyses of GPX4. Notes: (a) Visualization of differentially expressed genes (DEGs) after knocking down GPX4 in MDA-MB-231 cell line. (b) Gene ontology
(GO) enrichment of the downregulated and upregulated DEGs. (c) The netplot of GO pathways of the DEGs. (d) The mapplot of GO pathways of the DEGs. (e) Kyoto encyclopedia of
genes and genomes (KEGG) pathway analysis of the downregulated and upregulated DEGs. Abbreviations: FC, fold change.
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discovered form of programmed cell death regulated by multiple
genes. The clinical significance of the remaining genes is still to be
explored.

In conclusion, our study for the first time reported that the
expression of ferroptosis-related genes ACSL4 and GPX4 could serve
as novel predictive and prognostic biomarkers for neoadjuvant che-
motherapy for patients with breast cancer. It might help screen can-
didate responders and determine chemotherapy strategies. Basic
research is required to elucidate the mechanism of ferroptosis affect-
ing chemosensitivity.
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Fig. 14. Verification of the differentially expressed genes of ACSL4. Notes: (a) Interfering efficiency in MCF7 cell line detected by RT-qPCR. (b) Interfering efficiency in MCF7 cell line
detected by WB. (c) Differentially expressed genes validated by RT-qPCR after transfecting ACSL4 siRNAs into MCF7 cell line. (d) Correlation analyses for the differentially expressed
genes and ACSL4 in TCGA breast cancer dataset (n=1247). * P < 0.05, ** P < 0.01, and *** P < 0.001 (Student’s t test).
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MB-231 cell line detected by WB. (c) Differentially expressed genes validated by RT-qPCR after transfecting GPX4 siRNAs into MDA-MB-231 cell line. (d) Correlation analyses for the
differentially expressed genes and GPX4 in TCGA breast cancer dataset (n=1247). * P < 0.05, ** P < 0.01, and *** P < 0.001 (Student’s t test).
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