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ABSTRACT
Background  As an emerging treatment strategy for 
triple-negative breast cancer (TNBC), immunotherapy acts 
in part by inducing ferroptosis. Recent studies have shown 
that protein arginine methyltransferase 5 (PRMT5) has 
distinct roles in immunotherapy among multiple cancers 
by modulating the tumor microenvironment. However, 
the role of PRMT5 during ferroptosis, especially for TNBC 
immunotherapy, is unclear.
Methods  PRMT5 expression in TNBC was measured 
by IHC (immunohistochemistry) staining. To explore 
the function of PRMT5 in ferroptosis inducers and 
immunotherapy, functional experiments were conducted. 
A panel of biochemical assays was used to discover 
potential mechanisms.
Results  PRMT5 promoted ferroptosis resistance in 
TNBC but impaired ferroptosis resistance in non-TNBC. 
Mechanistically, PRMT5 selectively methylated KEAP1 and 
thereby downregulated NRF2 and its downstream targets 
which can be divided into two groups: pro-ferroptosis and 
anti-ferroptosis. We found that the cellular ferrous level 
might be a critical factor in determining cell fate as NRF2 
changes. In the context of higher ferrous concentrations 
in TNBC cells, PRMT5 inhibited the NRF2/HMOX1 pathway 
and slowed the import of ferrous. In addition, a high 
PRMT5 protein level indicated strong resistance of TNBC 
to immunotherapy, and PRMT5 inhibitors potentiated the 
therapeutic efficacy of immunotherapy.
Conclusions  Our results reveal that the activation of 
PRMT5 can modulate iron metabolism and drive resistance 
to ferroptosis inducers and immunotherapy. Accordingly, 
PRMT5 can be used as a target to change the immune 
resistance of TNBC.

INTRODUCTION
As the most frequently diagnosed carci-
noma, breast cancer is considered the 
leading cause of cancer-associated mortality 
in women.1 2 Triple-negative breast cancer 
(TNBC), a subtype that lacks human 
epidermal growth factor 2, progesterone 
receptor, and estrogen receptor expression, 
accounts for 16% of all patients with breast 

carcinoma. However, more than 30% of 
breast cancer-associated deaths are attributed 
to TNBC.3

In recent years, chemotherapy has been 
the main choice for the treatment of patients 
with TNBC due to the deficiency of ther-
apeutic targets.4 With an in-depth under-
standing of the immune microenvironment 
of breast cancer,5 6 the advent of immuno-
therapy, which can reinvigorate inactivated T 
cells, has improved the prognosis of patients 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Triple-negative breast cancer (TNBC) is the worst 
subtype of breast carcinoma which has lacked ef-
fective targets in past years. Immunotherapy is an 
emerging strategy which acts in part by inducing 
ferroptosis. However, immune-resistance is inev-
itable during the treatment and combined therapy 
might be a strategy to solve the problem. Recent 
studies have shown protein arginine methyltrans-
ferase 5 (PRMT5), a promising druggable target, has 
distinct roles in immunotherapy among various can-
cers by modulating tumor microenvironment. But 
the role of PRMT5 during ferroptosis, especially for 
TNBC immunotherapy, is unclear.

WHAT THIS STUDY ADDS
	⇒ PRMT5 downregulated NRF2/HMOX1 pathway and 
slowed down the import of ferrous by methylating 
and stabilizing KEAP1. In the context of higher fer-
rous concentration in TNBC cells, PRMT5 promoted 
the resistance of ferroptosis and immunotherapy.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Our study demonstrated that the activation of 
PRMT5 can modulate iron metabolism and drive 
resistance to ferroptosis inducers and immunother-
apy. Accordingly, PRMT5 can be used as a marker 
to screen candidates and as a promising target to 
change the immune resistance of TNBC.
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with TNBC.7–9 However, only a few patients with TNBC 
respond to immunotherapy, and it is still difficult to accu-
rately distinguish patients with early TNBC with different 
responses.10 Consequently, novel markers for patient 
stratification and therapeutic targets to improve efficacy 
are urgently needed.

Regulated cell death (RCD), which includes necrosis, 
apoptosis, pyroptosis, etc, has become increasingly 
important in tumor therapy in recent years, as it can 
target specific tumor cells and increase the efficacy 
of drug killing while reducing side effects in normal 
tissues. Ferroptosis has been found to be an RCD in 
recent studies. Ferroptosis is generated by excessive iron 
and is characterized by the peroxidation of polyunsatu-
rated fatty acids.11 12 It is believed that ferroptosis mainly 
results from ferrous ion accumulation, antioxidant system 
malfunction, free radical production, and lipid peroxi-
dation.13 However, the precise mechanisms underlying 
ferroptosis have not been fully elucidated. A variety of 
studies have shown that ferroptosis plays an important 
role in breast cancer treatment; ferroptosis activators 
such as RSL3 and erastin induce breast cancer cell death, 
and a variety of clinically used drugs, such as sorafenib, 
sulfasalazine, and statins, can also induce ferroptosis in 
cancer cells.14–18 Recent studies have demonstrated that 
ferroptosis induced by interferon (IFN)-γ plays a major 
role in the immunotherapy of TNBC19 20; thus, targeting 
ferroptosis could furnish new therapeutic opportunities 
for augmenting immunotherapy efficacy.

Protein arginine methyltransferase 5 (PRMT5) is an 
important arginine methyltransferase.21 By transfer-
ring methyl groups to targeted proteins, PRMT5 can 
regulate gene transcription and participate in various 
signaling networks associated with tumor initiation and 
progression.22 Due to the materiality of PRMT5 in tumor 
progression, the usage of PRMT5 inhibitors, such as 
GSK3326595, in the treatment of solid tumors, as well as 
its activity and safety, were investigated by a phase I clin-
ical trial, and obvious remission was observed in a propor-
tion of patients who received PRMT5 inhibitors orally, 
suggesting the great potential of PRMT5 inhibitors for 
therapeutic applications.23

Recent findings have reported that PRMT5 exerts an 
effect in a cancer-specific way in the immunotherapy of 
diverse cancers. The inhibition of PRMT5 can augment 
the efficacy of immunotherapy against melanoma and 
cervical cancer.24 25 However, attenuation of immunother-
apeutic efficiency and induction of immune resistance 
were also observed in lung cancer after treatment with 
PRMT5 inhibitors.26 However, the role of PRMT5 in the 
resistance of TNBC to immunotherapy and its association 
with ferroptosis are completely unknown.

Herein, we aimed to discover the function of PRMT5 in 
the immunotherapy of breast cancer, and explore poten-
tial therapeutic targets for overcoming immune resis-
tance in TNBC. We found that PRMT5 can regulate the 
NRF2/HMOX1 axis by methylating KEAP1 to influence 
ferroptosis in breast cancer and that targeting PRMT5 is 

a promising strategy to enhance sensitivity to immuno-
therapy by regulating the intracellular iron concentration 
to facilitate ferroptosis in TNBC.

METHODS
Cells and cell culture
The cells used in this study were supplied by Pricella 
(Wuhan, China) and authenticated by the supplier. All 
cells were cultivated in a specialized medium purchased 
from Pricella and maintained at 37°C in a 5% CO2 
incubator.

Antibodies and reagents
MG132 (HY-13259), Z-VAD-FMK (HY-16658B), erastin 
(HY-15763), 3-MA (HY-19312), Fer-1 (HY-100579), necro-
statin-1 (HY-15760), cycloheximide (HY-12320) and 
RSL3 (HY-100218A) were obtained from MedChemEx-
press. JNJ-64619178 (S8624) and GSK3326595 (S8664) 
were purchased from Selleck Chemicals. Mouse anti-
PD-1 antibody (BE0146) and IgG control (BE0089) were 
purchased from Bio X Cell. Recombinant murine IFN-γ 
(P6137) was purchased from Beyotime. PRMT5 (D5P2T), 
actin (8H10D10), and symmetric di-Methyl arginine 
motif (13222) were purchased from Cell Signaling Tech-
nology (Massachusetts, USA). KEAP1 antibody (10 503–2-
AP), NRF2 antibody (16 396–1-AP), HMOX1 antibody 
(10 701–1-AP), V5 antibody (14 440–1-AP), HA antibody 
(51 064–2-AP), TRIM25 antibody (12 573–1-AP), FLAG 
antibody (20 543–1-AP), SLC7A11 antibody (26 864–1-
AP), and GPX4 antibody (67 763–1-Ig) were purchased 
from Proteintech.

MTT assay
Cell viability was assessed using MTT assays as directed by 
the manufacturer. Cells were cultivated at the appropriate 
density in 96-well plates. Thiazolyl blue was dissolved in 
sterile PBS (phosphate buffered saline) and added to 
each well. The supernatant was removed after 3 hours of 
incubation, and 150 µl of DMSO (dimethyl sulfoxide) was 
used to dissolve the formazan. The absorbance at 570 nm 
was determined using a plate reader.

Flow cytometry
The viability of cells was estimated by PI and Annexin 
V-FITC staining coupled with flow cytometry. PI-nega-
tive and Annexin V-FITC-negative cells were considered 
viable cells. Each cell line was analyzed in three indepen-
dent experiments.

BODIPY 581/591 C11 assay
C11-BODIPY 581/591 (D3861, Thermo Fisher Scientific, 
Massachusetts, USA) was used to determine the level 
of lipid ROS (reactive oxygen species). The cells were 
cultured in confocal dishes, and 1 µM RSL3 was added for 
12 hours. Fluorescence was detected by confocal micros-
copy at excitation wavelengths of 565 nm and 488 nm 
after 1 hour of staining with 5 µM BODIPY 581/591 C11 
at 37°C and two washes with PBS. Fluorescence at an 
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emission wavelength of 590 nm represented normal cells, 
while fluorescence at 510 nm represented oxidized cell 
membranes.

Malondialdehyde assay
A Lipid Peroxidation MDA Assay Kit (ab118970, Abcam, 
UK) was employed to assess the level of malondialdehyde 
(MDA). After homogenization of the collected cells or 
tissues in 400 µl specialized lysis buffer, the supernatant 
was collected by sonication and centrifugation. After a 
1-hour incubation at 95°C, a mixture of 600 µl of TBA 
(thiobarbituric acid) solution and 200 µl of supernatant 
was applied to determine the absorbance at 532 nm.

Quantitative RT-PCR
For RNA extraction and cDNA synthesis, TRIzol reagent 
(TaKaRa, China) and a reverse transcription kit (TaKaRa) 
were employed. Then, RT-PCR detection was performed. 
β-actin expression was applied for the normalization of 
target gene expression. The sequences of the primers are 
shown in online supplemental table S1.

Coimmunoprecipitation and western blotting
Protease inhibitor cocktail containing RIPA (radioimmu-
noprecipitation assay buffer) buffer was employed to lyse 
the collected cells or tissues. Then, the lysates were incu-
bated with the indicated antibodies for 12 hours at 4°C 
and mixed with protein A/G magnetic beads for 4 hours. 
After three washes using PBST (phosphate buffered saline 
with Tween-20) and 8 min of boiling, immunoblotting was 
performed to determine the eluents. Briefly, after separa-
tion using SDS-PAGE (sodium dodecyl sulfate polyacryl-
amide gel electrophoresis), a nitrocellulose membrane 
was used to combine with the protein samples. Next, 
after 1 hour of blocking using 5% fat-free milk, overnight 
incubation of the membranes with particular antibodies 
was performed at 4°C. Then, after three washes using 
PBST and a 1-hour incubation with the corresponding 
HRP (horseradish peroxidase)-conjugated secondary 
antibody, enhanced chemiluminescence was applied to 
examine the protein bands.

Intracellular iron assay
An iron assay kit from Abcam (ab83366) was used to 
determine the intracellular ferrous levels.

FerroOrange assay
To determine the concentrations of iron in cells, Ferro-
Orange (Dojindo, Japan) was employed. Briefly, after a 
30-min incubation with 1 mM FerroOrange in confocal 
dishes at 37°C, the iron concentration in the cells was 
examined under a confocal microscope at 561 nm to 
examine the fluorescence.

In vivo tumorigenesis assay
To explore the function of PRMT5 inhibitors on the 
immune resistance of tumors in vivo, a 4T1 cell-bearing 
murine model was employed. Briefly, 1×105 4T1 cells in 
100 µl PBS and Matrigel (47 743–720, Corning) mixture 

(1:1) were injected into the mammary fat pads. Then 
3 days later, five intraperitoneal injections (two times a 
week) with 100 µg mouse anti-PD-1 antibody (BE0146, 
Bio X Cell) were performed. Mouse IgG was also injected 
as a negative control. Meanwhile, treatment with the 
PRMT5 inhibitor GSK3326595 (40 mg/kg, oral gavage, 
daily) or vehicle control was also performed for 15 days. 
The volume of the tumor was measured as 0.5 × width2 × 
length, and the tumor was collected after 20 days of treat-
ment. The study was approved by the Air Force Medical 
University Experimental Animal Ethics Committee.

Patient samples
Eight patients who received immunotherapy were retro-
spectively screened for PRMT5, NRF2, and HMOX1 
protein expression. Four patients had a better clinical 
response, while the other four patients had a poor clinical 
response. PRMT5 protein expression was determined by 
immunohistochemistry (IHC) staining.

IHC staining
The breast cancer tissues embedded in paraffin were 
provided by The First Affiliated Hospital, Fourth Military 
Medical University, Xi’an, China. All enrolled subjects 
signed the informed consent form before the initiation 
of this study. Then tissue sections (5 µm) were prepared. 
The slides were incubated with anti-PRMT5 (1:100) anti-
body, anti-KEAP1 (1:100) antibody, anti-NRF2 (1:100) 
antibody and anti-HMOX1 (1:100) antibody.

Statistics
Student’s t-tests were conducted to compare two treatment 
groups. Except tumor volume which is expressed as the 
mean±SEM, all results are presented as the mean±SD. The 
raw data were analyzed by SPSS V.22.0, and a p value less 
than 0.05 was set as a significant difference. A minimum 
of three independent replications were performed for all 
experiments.

RESULTS
PRMT5 prevents ferroptosis of TNBC cells
First, we investigated whether PRMT5 could regulate the 
ferroptosis induced by RSL3 and erastin in TNBC cell 
lines. Due to the comparable expression of PRMT5 among 
different TNBC cells (online supplemental figure S1A,B), 
MDA-MB-231 and HCC1937, two classical TNBC cell lines, 
were selected for subsequent studies. PRMT5-overexpressing 
or PRMT5-silenced cells were treated with RSL3 or erastin 
for 24 hours. We found that PRMT5 overexpression signifi-
cantly promoted cell viability in the presence of ferroptosis 
inducers, while silencing PRMT5 obviously increased the 
ferroptosis caused by ferroptosis inducers (figure 1A).

It has been widely used to detect ferroptosis by measuring 
lipid peroxidation. To evaluate the effect of PRMT5 on lipid 
peroxidation in the presence of RSL3, BODIPY-581/591 
staining and MDA detection were performed. As expected, 
lipid ROS accumulation and MDA levels were markedly 

https://dx.doi.org/10.1136/jitc-2023-006890
https://dx.doi.org/10.1136/jitc-2023-006890
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increased in the PRMT5-silenced cells and decreased in the 
PRMT5-overexpressing cells (figure 1B,C).

Moreover, the increased ferroptosis caused by PRMT5 
silencing (siRNA sequences are shown in online supple-
mental table S1) in the presence of RSL3 was reversed by 
Fer-1 but not agents for autophagy (3-MA), necroptosis 
(necrostatin-1), or apoptosis (Z-VAD-FMK) (figure 1D). 

This suggests that PRMT5 overexpression can inhibit 
TNBC ferroptosis.

PRMT5 induces the resistance of TNBC cells to ferroptosis by 
downregulating HMOX1
To discover potential mechanisms of PRMT5-regulated 
ferroptosis, the GSE132407 and GSE65965 databases 
were employed. The analysis showed differential gene 

Figure 1  PRMT5 overexpression prevents the ferroptosis of TNBC cells. (A) After knockdown or overexpression of PRMT5, 
HCC1937 and MDA-MB-231 cells were treated with 0, 1, 2, 4, 8, and 16 μM erastin or 0, 0.5, 1, 2, 4, and 8 μM RSL3 for 24 
hours. The killing efficiency was examined using the MTT assay. (B,C) PRMT5 overexpressing or PRMT5-deficient HCC1937 
and MDA-MB-231 cells were treated with 3 μM RSL3 (3 μM) for 12 hours, and then BODIPY 581/591 C11 staining (B) and 
MDA assays (C) were conducted to detect the content of cellular lipid ROS (B) and MDA (C), respectively. (D) After 24 hours of 
treatment with 1 μM RSL3 in combination with 60 μM 3-MA, 10 μM Z-VAD-FMK, 10 μM necrostatin-1, or 1 μM Fer-1, the death 
of PRMT5-deficient HCC1937 and MDA-MB-231 cells was examined by flow cytometry. Average of three experiments. *p<0.05; 
**p<0.01; NS, no significance. PRMT5, protein arginine methyltransferase 5; TNBC, triple-negative breast cancer; DMSO, 
dimethyl sulfoxide; ROS, reactive oxygen species.

https://dx.doi.org/10.1136/jitc-2023-006890
https://dx.doi.org/10.1136/jitc-2023-006890
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expression in the case of PRMT5 knockdown or inhibition 
(online supplemental figure S2A). Then, we intersected 
the differentially expressed genes and ferroptosis-
associated genes from the FerrDb data set and identified 
five ferroptosis-associated genes that might be regulated 
by PRMT5 (online supplemental figure S2B).27 Among 
the genes, HMOX1 was selected because of its induc-
ible effect on ferroptosis in a previous study,28 as well as 
the changes in its expression after PRMT5 knockdown. 
Hence, we focused on HMOX1 in the following studies.

We first measured the mRNA levels of HMOX1 on 
PRMT5 overexpression. We found that overexpression 

of PRMT5 dramatically reduced the transcription of 
HMOX1 in the presence of RSL3 but not in the control 
group without RSL3 (figure 2A). Next, HMOX1 protein 
expression was determined by western blotting. As 
expected, PRMT5 overexpression greatly decreased the 
protein expression of HMOX1 in the presence of RSL3, 
while JNJ-64619178, a potent PRMT5 inhibitor, markedly 
increased HMOX1 protein expression (figure 2B,C). To 
further explore the function of HMOX1 during PRMT5-
regulated ferroptosis, PRMT5-overexpressing HCC1937 
and MDA-MB-231 cells were transfected with HMOX1 
and then treated with RSL3. MTT and MDA assays 

Figure 2  PRMT5 suppresses the ferroptosis of TNBC cells by downregulating HMOX1. (A,B) After 6 hours of treatment with 
3 μM RSL3, the expression of HMOX1 in differentially treated MDA-MB-231 and HCC1937 cells at the mRNA (B) and protein 
(C) levels was examined by RT-qPCR (B) and western blotting (C), respectively. (D–F) HCC1937 and MDA-MB-231 cells 
overexpressing or not overexpressing HMOX1 were transfected with PRMT5 and then treated with 1 μM RSL3. After 12-hour 
and 24-hour treatments, MTT and MDA assays were performed to determine cell viability and intracellular MDA, respectively. 
Intracellular ferrous content was assessed by an Iron Assay Kit after 6 hours. Average of three experiments. **p<0.01. PRMT5, 
protein arginine methyltransferase 5; TNBC, triple-negative breast cancer; DMSO, dimethyl sulfoxide; JNJ, PRMT5 inhibitor, 
Onametostat (JNJ-64619178).

https://dx.doi.org/10.1136/jitc-2023-006890
https://dx.doi.org/10.1136/jitc-2023-006890
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demonstrated that HMOX1 overexpression enormously 
impaired the protective function of PRMT5 overexpres-
sion (figure  2D,E). Recent studies have revealed that 
HMOX1 can increase the concentration of ferrous ions 
in tumor cells.28 29 Thus, we next investigated whether 
the intracellular ferrous ion concentration could be 
regulated by PRMT5 overexpression. Strikingly, the 
ferrous ion concentration in both cell lines was obviously 
decreased by PRMT5 overexpression in the presence of 
RSL3, but this effect was reversed by HMOX1 overexpres-
sion (figure 2F). Taken together, these findings indicated 
that PRMT5 renders TNBC cells resistant to ferroptosis by 
suppressing HMOX1.

PRMT5 inhibits NRF2/HMOX1 by methylating and stabilizing 
KEAP1
To gain insight into the molecular mechanisms for the 
downregulation of HMOX1 by PRMT5, the upstream 
molecules of HMOX1 were measured. In the presence 
of RSL3, PRMT5 overexpression significantly decreased 
the protein expression of NRF2, a classical transcription 
factor of HMOX1, and further increased the protein 
expression of KEAP1, which constitutively ubiquitinated 
NRF2 and vice versa (figure  3A,B).30 Additionally, obvi-
ously decreased expression of HMOX1 and other target 
genes of NRF2 was also observed after PRMT5 overex-
pression. However, no obvious changes in KEAP1 and 
NRF2 transcription were noted between cells with or 
without PRMT5 overexpression (online supplemental 
figure S3A).

PRMT5 is a methyltransferase that can modify histones 
and other proteins to regulate their function and 
stability.31 Therefore, the interaction of PRMT5 with 
KEAP1 or NRF2 was speculated by coimmunoprecip-
itation (co-IP) and mass spectrometry. As expected, a 
potential interaction between KEAP1 and PRMT5 was 
observed (online supplemental figure S3B). Additionally, 
we observed an obvious interaction between PRMT5 and 
KEAP1. Meanwhile, we also observed symmetrical meth-
ylation of KEAP1 in vivo, and this methylation was signifi-
cantly impaired by PRMT5 knockdown (figure 3C,E).

Next, the stability of KEAP1 after di-methylation at the 
arginine was investigated. To this end, the half-life of 
KEAP1 in PRMT5-deficient cells was determined using 
cycloheximide. We found that PRMT5 knockdown accel-
erated KEAP1 protein turnover in both cell lines and that 
the suppression of KEAP1 expression caused by PRMT5 
deficiency could be reversed by MG132. (figure  3F,H). 
Furthermore, PRMT5 and mutant PRMT5-R368A plas-
mids were transfected into HEK293T cells. The half-life 
of the protein was increased in the former but not in the 
latter (figure 3G; Online supplemental figure S3C). Addi-
tionally, IHC was used to assess the protein expression 
of PRMT5 and KEAP1 in breast carcinoma tissues and 
explore their clinical relevance in breast cancer. A signifi-
cantly positive association was observed between PRMT5 
and KEAP1 (figure  3I; Online supplemental table S3). 

These data suggested that PRMT5 could inhibit NRF2/
HMOX1 by methylating and stabilizing KEAP1.

PRMT5 inhibits TRIM25-mediated KEAP1 ubiquitination by 
inducing KEAP1R596me2

To discover the potential mechanism for the regulation 
of KEAP1 stability by methylation, the ubiquitination 
levels of KEAP1 were determined. Significantly decreased 
ubiquitination of KEAP1 was observed in the PRMT5-
overexpressing HEK293T cells but not in the PRMT5-
R368A cells(figure  4A). A previous study showed that 
KEAP1 is directly ubiquitinated by TRIM25 in its lysine 
at position 615,32 so we speculate that the methylation 
of KEAP1 could perturb the ubiquitination conducted 
by TRIM25. As expected, the interaction of KEAP1 and 
TRIM25 was significantly disrupted as PRMT5 was over-
expressed but not its inactivated mutants, and this effect 
can be effectively reversed by the inhibition of PRMT5 
(figure 4B). Moreover, the expression of KEAP1 was obvi-
ously rescued by the double knockdown of PRMT5 and 
TRIM25 in both cell lines (figure 4C) (siRNA sequences 
are shown in online supplemental table S1).

Next, to further clarify the domains involved in the 
binding of PRMT5 with KEAP1, different truncated 
mutants of PRMT5 and KEAP1 were constructed. For 
KEAP1, we generated three mutants composed of the 
BTB, IVR, or DGR domain. The co-IP assay suggested that 
both the IVR and DGR domains interact with PRMT5; 
however, only KEAP1 mutants containing the DGR 
domain could be methylated by PRMT5 (figure 4D). In 
addition, the interaction between KEAP1 and the TIM 
barrel domain of PRMT5 was also discovered (figure 4E).

Then, predictive tools for methylation, such as GPS-
MSP and PRmePred, were applied to screen and iden-
tify the potential residue that can be methylated PRMT5 
(online supplemental table S2). Four arginine residues 
in the DGR domain were selected for further analysis 
(Figure  4F). Furthermore, we generated four KEAP1 
mutants with Arg362, Arg415, Arg596 and Arg601 
replaced by lysine (termed R362K, R415K, R596K and 
R601K). These findings suggested that the replacement 
of Arg596 by Lys596 dramatically suppressed the meth-
ylation and enhanced the ubiquitination of KEAP1 
(figure  4G,H), suggesting the binding of PRMT5 to 
KEAP1 at R596 and suppression of ubiquitination and 
degradation. Collectively, these results demonstrate that 
PRMT5 inhibits TRIM25-mediated KEAP1 ubiquitination 
by inducing KEAP1R596me2.

Cellular ferrous levels might be the key to determining cell 
fate in the case of alterations in PRMT5 or NRF2 protein levels
NRF2 is a critical regulatory protein in ferroptosis, but 
the role of NRF2 is controversial in different cellular 
and biological contexts.30 We found that the overex-
pression of PRMT5 or NRF2 resulted in the opposite 
outcome in different cell lines. In TNBC cells, such as 
BT549, HCC1937, MDA-MB-436, and MDA-MB-231 cells, 
the overexpression of PRMT5 and NRF2 significantly 

https://dx.doi.org/10.1136/jitc-2023-006890
https://dx.doi.org/10.1136/jitc-2023-006890
https://dx.doi.org/10.1136/jitc-2023-006890
https://dx.doi.org/10.1136/jitc-2023-006890
https://dx.doi.org/10.1136/jitc-2023-006890
https://dx.doi.org/10.1136/jitc-2023-006890
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increased cell viability and death in the presence of RSL3. 
However, elevated cell sensitivity to RSL3 and enhanced 
cell survival were observed in non-TNBC cell lines (such 
as T-47D, MCF7, SKBR3, and AU565) after PRMT5 and 
NRF2 overexpression, respectively (figure  5A). More-
over, we also observed significantly negative correlations 
between the expression of NRF2 and the prognosis of all 
patients with breast cancer, as well as a positive correlation 
with the prognosis of patients with TNBC (figure 5B).33

A previous study showed that compared with non-TNBC 
cells, TNBC cells exhibited high sensitivity to ferroptosis 
and increased iron importer expression.34 Thus, the 
ferrous ion concentration between TNBC and non-TNBC 
cells, such as 4T1, HCC1937, BT549, MDA-MB-231, MDA-
MB-436, T-47D, MCF7, AU565, SKBR3 and MCF10A, was 
investigated using an Fe2+ iron probe known as FerroOr-
ange. We observed that compared with the non-TNBC 
cells, the TNBC cells emitted much stronger orange 

Figure 3  PRMT5 inhibits NRF2/HMOX1 by methylating and stabilizing KEAP1. (A,B) PRMT5 overexpression promotes the 
translation of KEAP1 and suppresses the expression of NRF2 and its targets (HMOX1, SLC7A11, and GPX4) in the presence 
of RSL3 and vice versa. (C,D) Representative blots showing the interaction of PRMT5 and KEAP1, as well as the methylation 
of KEAP1. (E) Deficiency of PRMT5 decreases the methylation of KEAP1 in MDA-MB-231 and HCC1937 cells. (F) Deficiency 
of PRMT5 significantly accelerated KEAP1 degradation in both cell lines. (G) Overexpression of PRMT5 increased the half-life 
of KEAP1. Representative graph showing the summarized results of the left panel. (H) The decreased expression of KEAP1 
in HCC1937 and MDA-MB-231 cells caused by PRMT5 deficiency was blocked by MG132. (I) The positive correlation of 
PRMT5 expression with KEAP1 expression in human breast cancer specimens was determined by immunohistochemistry. 
Representative staining results are shown. Average of three experiments. *p<0.05. PRMT5, protein arginine methyltransferase 5.
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fluorescence (figure 5C). These results indicated that the 
cellular ferrous ion levels might be the key to influencing 
cell fate in the case of alterations in PRMT5 or NRF2 
protein levels.

PRMT5 inhibitors potentiated the therapeutic efficacy of 
immunotherapy
Recent studies have revealed that by promoting ferro-
ptosis, IFN-γ can eliminate tumor cells in vivo. Thus, 

Figure 4  PRMT5 inhibits TRIM25-mediated KEAP1 ubiquitination by inducing KEAP1R596me2. (A) Overexpression of PRMT5 
suppresses the ubiquitination of KEAP1 in an arginine methyltransferase activity-dependent manner. (B) PRMT5 overexpression 
interfered with TRIM25 binding to KEAP1 in an arginine methyltransferase activity-dependent manner. The cells transfected with 
the indicated plasmids were extracted following IP and IB analysis. (C) The level of KEAP1 protein was restored by the double 
silencing of PRMT5 and TRIM25. (D) Representative graph showing the regions in KEAP1 that interact with PRMT5. KEAP1 
179-321 aa and 322-624 aa could bind to PRMT5 while KEAP1 322-624 aa can be methylated. (E) Identification of the domain 
in PRMT5 involved in the interaction with KEAP1. The 1-324 aa region participates in the interaction of PRMT5 with KEAP1. (F) 
Representative graph showing the putative methylated residues of KEAP1. (G) R596 of KEAP1 can be methylated by PRMT5. 
After transfection with different plasmids, HEK293T cells were collected, and co-IP was conducted to determine methylation 
at the indicated site. (H) The level of ubiquitination of KEAP1-R596K was significantly lower than that of the other mutants. 
Average of three experiments. IB, immunoblotting; IP, immunoprecipitation; PRMT5, protein arginine methyltransferase 5; HA, 
anti-HA tag.
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Figure 5  Cellular ferrous levels might be the key to influencing cell fate in the case of alterations in PRMT5 or NRF2 protein 
levels. (A) Different breast cancer cell lines were transfected with PRMT5 or NRF2 plasmids and then treated with RSL3 for 24 
hours. Then, an MTT assay was conducted to determine cell viability. (B) NRF2 expression-related survival curves of all patients 
with breast cancer or patients with triple negative breast cancer. (C) Cellular ferrous levels of a panel of breast cancer cell 
lines were determined using FerroOrange. Scale bar, 100 μm. Average of three experiments. *p<0.05. PRMT5, protein arginine 
methyltransferase 5; TNBC, triple-negative breast cancer.
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4T1 murine mammary cancer cells were transfected with 
mock and PRMT5 plasmids following RSL3, erastin, and 
IFN-γ treatment. Markedly increased cell viability was 
found after PRMT5 overexpression (figure 6A). Further-
more, we found that the inhibition of PRMT5 markedly 
reduced the KEAP1 protein expression and upregulated 
the protein expression of NRF2 under treatment with 
RSL3, erastin, and IFN-γ (figure 6B).

Given that immunotherapy with an anti-PD-1 antibody 
was largely dependent on the activity of CD8+ T cells, we 
further explored whether PRMT5 inhibitors promote 
immunotherapy-induced ferroptosis in vivo. To this 
end, 4T1 cells were injected to generate a syngenetic 
BALB/c mouse model. Mice were subdivided into four 
groups and administered IgG antibody, anti-PD-1 anti-
body, GSK3326595 (a PRMT5 inhibitor), and anti-PD-1 
antibody combined with GSK3326595. The co-treatment 
dramatically inhibited tumor growth in comparison to 
anti-PD-1 antibody alone (figure  6D–F). However, no 
obvious influence was observed in body weight among the 
groups (data not shown). Meanwhile, we also observed 
markedly enhanced MDA in the mice from the co-treat-
ment group in comparison to the mice from other groups 
(figure 6G).

Next, the protein levels of KEAP1, HMOX1, and NRF2 
were measured. Western blotting results suggested 
that compared with the mice from other groups, the 
mice of the co-treatment groups showed significantly 
decreased KEAP1 production and increased NRF2 and 
HMOX1 production (figure  6H). Moreover, survival 
data suggested that the prognosis of patients who 
had been treated with immunotherapy was signifi-
cantly associated with HMOX1 expression (figure 6I). 
Furthermore, we obtained eight human specimens 
derived from patients with TNBC who received immu-
notherapy and then measured the protein expression 
of PRMT5, NRF2 and HMOX1. Strikingly, the levels of 
these proteins were closely associated with the tumor 
response to immunotherapy (figure 6J; online supple-
mental figure S4). Taken together, these findings indi-
cated that PRMT5 inhibitors can be applied as drug 
targets for tumor immunotherapy in the clinic due to 
their promotive effect on antitumor immune responses.

DISCUSSION
Due to having the worst prognosis, TNBC is perceived 
as the most challenging subtype of breast carcinoma. 
Although emerging immunotherapy has brought 
promise for TNBC, resistance to immunotherapy also 
exists.35 Therefore, identifying novel molecular targets 
combined with immunotherapy is undoubtedly a prom-
ising strategy to overcome immune resistance.36 37

Previously, we demonstrated the elevated expression of 
PRMT5 in breast carcinoma and its regulatory function 
in the resistance of breast cancer cells to chemothera-
pies by regulating RNA m6A modification and governing 
stemness.38 39 In the current research, we explored the 

importance of PRMT5 in the regulation of ferroptosis in 
the immunotherapy response of TNBC. We found that 
PRMT5 can methylate and stabilize KEAP1, a ubiquiti-
nated enzyme, thereby inhibiting the downstream NRF2/
HMOX1 pathway to promote resistance to ferroptosis 
and immunotherapy in breast cancer.

As mentioned in the introduction, PRMT5 has been 
implicated in the communication of tumor and immune 
cells in the process of immunotherapy.24 However, less 
attention has been focused on the function of PRMT5 in 
the inherent immune tolerance of cancer cells. Here, our 
results demonstrated that PRMT5 overexpression could 
downregulate the expression of NRF2 and its downstream 
genes to promote inherent resistance to immunotherapy. 
The regulatory effect of PRMT5 on NRF2 and its target 
genes is consistent with the findings obtained by Chang et 
al but incongruent with those studies showing that PRMT5 
promotes an increase in SLC7A11 mRNA levels.40 41 The 
reason for the discrepancy may be attributed to differ-
ences in the tumor context.

Various types of tumors have been linked to ferroptosis 
since the term ferroptosis was proposed in the last decade. 
However, some contradictions remain to be explored, 
perhaps the most notable example involves NRF2, a critical 
ferroptosis regulator. While some NRF2 target genes (ie, 
GPX4, SLC7A11, and GCLC) serve anti-ferroptotic func-
tions, some evidence has revealed that NRF2/HMOX1 
promotes the ferroptosis-associated cascade in some specific 
contexts42 43; however the underlying mechanisms are 
completely unknown. Previous studies have suggested that 
TNBC is more susceptible to ferroptosis than non-TNBC.34 44 
Moreover, the amounts of iron import-associated proteins 
are higher in TNBC, while iron export-associated proteins 
are lower. Our study has shown that the levels of ferrous ion 
(Fe2+) in TNBC are significantly higher than those in non-
TNBC, which may induce different cell fate transitions in the 
case of NRF2 overexpression.

In the context of oxidative stress, NRF2 expres-
sion is dramatically increased, which in turn activates 
downstream targets, including HMOX1 and GPX4.45 
HMOX1 catalyzes heme breakdown and releases biliv-
erdin, Fe2+, and monoxide. In TNBC, which exhibits 
a high ferrous ion concentration, the rapid upregu-
lation of HMOX1 leads to a rapid rise in ferrous ion 
concentration and further promotes oxygen radical 
storms. However, the increase in Fe2+ levels may be 
slight and modest for non-TNBC with a low intracel-
lular ferrous ion concentration. Moreover, the accu-
mulation of anti-ferroptosis regulators, such as GPX4, 
can reduce lipid peroxidation products and prevent 
ferroptosis effects. This is compatible with previous 
findings from Fang et al.29 Moreover, the survival 
analysis also suggested the importance of HMOX1 
in immunotherapy. Collectively, our results further 
illustrated the importance of iron metabolism for 
ferroptosis and may provide a reasonable basis for 
recommending a high-iron diet for patients treated 
with immunotherapies.

https://dx.doi.org/10.1136/jitc-2023-006890
https://dx.doi.org/10.1136/jitc-2023-006890


11Wang Z, et al. J Immunother Cancer 2023;11:e006890. doi:10.1136/jitc-2023-006890

Open access

Figure 6  PRMT5 inhibitors potentiated the therapeutic efficacy of immunotherapy. (A) PRMT5 overexpression prevents the 
cytotoxic effect of IFN-γ, RSL3 and erastin on murine 4T1 mammary carcinoma cells. (B) Representative blots showing the 
expression of NRF2, HMOX1, and KEAP1 in 4T1 cells treated with RSL3 (3 µM), erastin (8 µM) or IFN-γ (20 ng/mL) in combination 
with or without PRMT5 inhibitors. (C) Schematic showing the animal anti-PD1 administration scheme. Tumor-bearing mice were 
given anti-PD1 antibody or IgG as a control on the indicated days for a total of five treatments. (D) Excised tumors collected 
on day 19. (E) Representative graph showing the calculated tumor volume at the indicated time points. (F) The tumor weights 
of excised tumors were measured at the end of the experiment. (G) Representative graph showing the content of MDA in 
the tumors collected at day 19. (H) PRMT5 inhibitors in combination with anti-PD1 significantly decreased the translation of 
KEAP1 and increased the production of NRF2 and HMOX1 at the protein level in the indicated tumor tissues. (I) The HMOX1 
expression-related survival curves of patients with cancer who received immunotherapy. (J) Expression of PRMT5, NRF2 
and HMOX1 protein in human specimens derived from eight patients with TNBC who received immunotherapy. *p<0.05. CR, 
complete response; IFN, interferon; PD, progressive disease; PR, partial response; PRMT5, protein arginine methyltransferase 5; 
SD, stable disease.
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Recently, PRMT5 has been considered a promising 
treatment target, and multiple PRMT5-targeted agents 
are currently in clinical trials for a wide variety of 
tumors.46 47 Regrettably, it is difficult to obtain TNBC spec-
imens treated by immunotherapy and validate the ther-
apeutic efficacy of PRMT5 inhibitors in patient-derived 
tumor xenograft models or clinical trials. However, our 
study demonstrated that combining PRMT5 inhibitors 
with immunotherapy might hold immense promise for 
TNBC treatment.

The current study revealed that PRMT5 induces 
KEAP1/R596me2 to prevent KEAP1 ubiquitination 
mediated by TRIM25, subsequently suppressing NRF2/
HMOX1 expression, and thereby preventing the ferro-
ptosis of TNBC cells during immunotherapy. Thus, 
PRMT5-targeted drugs combined with immunotherapy 
may be a potential treatment strategy for TNBC.
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