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Abstract

Multiple myeloma (MM) is a prevalent hematologic malignancy with improved survival rates over
recent decades, although still uncurable. MM with chromosome 1q Gain (1q+) are clinically and
biologically heterogeneous. In this study, we found that NR5A2, located on chromosome 1q and
encoding an essential transcriptional regulator of lipid metabolism, has higher mRNA expression in
1q+ patients and could further stratify the prognosis of MM patients. Omics data were analyzed and
related experiments were conducted. We demonstrated for the first time that NR5A2 promotes
the proliferation and invasion of MM cells by regulating phospholipid metabolism and further inhibit
ferroptosis by reducing the related specific substrate in MM cells. Through integrated analysis of the
lipid metabolism and proteome, MBOAT | and MBOAT2 were determined to be the downstream
targets of NR5A2. Furthermore, it has been determined that the high expression of NR5A2 is
closely related to the resistance of MM cells to dexamethasone (Dexa). Interestingly, we found for
the first time that arachidonic acid co-culture with MM cells can promote their sensitivity to Dexa
and significantly reverse the resistance to Dexa caused by high expression of NR5A2. These findings
provide insights into disease-causing mechanisms and new therapeutic targets for MM patients with
Iq+.
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Introduction

diagnosed MM (NDMM), and those with relapsed
refractory MM (RRMM), respectively(5).
Furthermore, there may be higher likelihood of

Multiple myeloma (MM), presenting with
abnormal proliferation of plasma cells, is the second
most common hematologic malignancy after

non-Hodgkin’s lymphoma(1,2). The survival of MM
patients has been significantly improved with the
advent of novel therapeutic approaches in recent
decades. However, MM is still uncurable(2-4)
Chromosome 1q Gain (1q+) is the most common
cytogenetic abnormality in MM, with a detection rate
of 30-50% and 70% in individuals with newly

relapse in MM patients with 1q+(6).

In the context of increased metabolic demands of
highly proliferative tumor cells, it promotes the
reprogramming of various metabolic pathways,
including fatty acid oxidation, mitochondrial energy
metabolism, etc(7). Recent studies have elaborated the
relationship between MM and lipid metabolism(8,9).
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For example, the overall survival (OS) is significantly
lower in obese MM patients under the age of 65 than
that of the normal group(10), while patients with
higher levels of apolipoprotein Al exhibit longer
0S(11). In addition, Noopur Raje et al. discovered
promoted proliferation of MM cells under low
concentrations of free fatty acids(12).

Lipid metabolism plays a central role in cellular
ferroptosis, a form of programmed cell death that is
propelled by iron-dependent peroxidation of
phospholipids (PLs), with plasma membrane rupture
as its ultimate manifestation(13). PLs undergo
endogenous synthesis and dynamic remodeling
through fatty acyl deacylation and reacylation, a
process referred to as the land’s cycle. It comprises
two steps(14): the catalysis of PL deacylation by
phospholipase A2, and the mediation of
lysophospholipid reacylation by lysophosphatidyl-
choline acyltransferase (LPCAT). These two enzymes
are potential regulators of ferroptosis. Currently, we
know little about the specific relationship between
lipid metabolism, ferroptosis, and drug resistance in
MM cells.

The protein encoded by NR5A2 serves as a
crucial  transcriptional  regulator in  lipid
metabolism(15). In 2005, the team led by Holly A.
Ingraham indicated that PLs can serve as ligands to
directly bind to NR5A2. In addition, high expression
of NR5A2 has been reported to be closely related to
tumor drug resistance. In T-cell leukemia and prostate
cancer, NR5A2 exhibited resistance to
glucocorticoid(16) and darolutamide(17) respectively.
However, so far, there is currently no report on the
relationship between NR5A2 and drug resistance in
MM cells.

Divertingly, MBOAT1/2 have been reported to
enable an independent inhibition of ferroptosis
directly, apart from glutathione peroxidase 4 (GPX4, a
key regulator of ferroptosis)(18). However, there have
been no reports on the relationship of NR5A2 with the
MBOAT superfamily and ferroptosis. Accordingly, in
this study, we explored the expression of NR5A2 in
1g+ MM patients, and its association with poor
prognosis in these patients. Then, this study
continued to investigate the relationship of NR5A2
with MBOAT1 and MBOAT?2 (downstream effectors)
through analyses omics and proteomics and
CUT&Tag qPCR. Furthermore, we sought to
investigate the internal mechanisms by which the
NR5A2-MBOAT1/2 axis promoted MM cell
proliferation and invasion. The findings of this study
may offer potential new targets for the treatment of
MM.

Methods

Patients and samples

In this study, 27 NDMM and 22 healthy donors
(HD) were recruited for niacin flush test (Table S1).
Detailed methods are described in the Supplementary
methods. For whole exon sequencing (WES), bone
marrow mononuclear cells (BMMC)(19) collected
from 7 monoclonal gammopathy of undetermined
significance (MGUS) patients, 5 smoldering MM
(SMM), 47 NDMM and 17 RRMM patients were
included in this study (Table S2). From 2013 to 2021,
584 NDMM who underwent ferritin and FISH
(Fluorescence in situ Hybridization) were contained in
this study. The electronic records of the relevant cases
were examined, and comprehensive clinical data are

provided in the Table S3.

The CoMMpass study, registered as a
prospective observational clinical trial
(NCT01454297), entails thorough genomic and

transcriptomic profiling of individuals diagnosed
with NDMM. Data acquisition was facilitated through
the MMRF Researcher Gateway (https://
research.themmrf.org).

The diagnoses of MGUS, SMM, MM, as well as
the definition of progressive disease (PD), were
established following the criteria in accordance with
the International Myeloma Working Group (IMWG)
in 2018(20) 2010(21), and 2016(22).

Under the terms of informed permission, this
study adhered to the World Medical Association’s
Declaration of Helsinki and was approved by the
Ethics Committee (B2017-031R) of Zhongshan
Hospital, Fudan University.

Description of the experimental Method

The adenosine triphosphate (ATP) content was
assessed using an Enhanced ATP Assay Kit
(Beyotime, S0027) following the manufacturer's
instructions. The intracellular levels of reactive
oxygen species (ROS) in HMCLs were quantified
utilizing a Reactive Oxygen Species Assay Kit with
the DCFH-DA probe (Beyotime, S0033M). The cellular
oxygen consumption rates (OCRs) were assessed
using the Seahorse XF Cell Mito Stress Test Kit
(Seahorse Bioscience, USA) with an XFe96
Extracellular Flux analyzer. The intracellular levels of
Fe* in HMCLs were quantified utilizing a Fe2+
indicator (Shanghai Maokang BiotechnologyCo).
CUT-Tag was performed according to the
instructions(23). Quantitative real-time polymerase
chain reaction (QRT-PCR) (Table S4) and Western blot

(WB) (Table S5), proteome profiling and
comprehensive  metabolomics-lipidomics, CCK-8
assay, trans-well assay, transmission electron
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microscopy (TEM), Malondialdehyde (MDA) and Oil
red O staining were performed.

Results

High expression of NR5A2 in 1q+ MM patients
and its predictive role of poor prognosis in MM
patients

According to an analysis of WES data from 47
NDMM, 5 SMM, 7 MGUS, and 17 RRMM patients,
high frequency of gene amplifications or deletions
were found during the clonal evolution of MM
compared to MGUS and SMM, especially for
chromosome 1 abnormalities (Figure 1A). Further
analysis of the chromosome 1q region revealed more
frequent gene amplifications or deletions in NDMM
and RRMM patients than in those with MGUS and
SMM (Figure 1B), highlighting the critical role of 1q in
MM tumor progression.

Based on further analysis of the WES data from
our center, 20 transcription factors with significantly
amplified gene copy numbers were identified in
NDMM patients compared to those with MGUS. The
specific markers involved NHLH1, GON4L, USF1,
PRRX1, NR5A2, PIAS3, ETV3, NR1I3, ATF6, TBX19,
BLZF1, ZBTB37, LHX4, ZNF648, ZBTB41, LHX9,
ZNF124, ZNF496, ZNF672, and ZNF692 (Supplement
Figure 1A). Through subsequent validation using
RNA-Seq data from 29 MM patients in another cohort
of our center, amplification of the NR5A2 gene,
located in the 1g32 region, led to elevated transcrip-
tomic expression (Figure 1C, p=0.006; Supplement
Figure 1B). This study continued to examine the
expression of transcription factors in 1q- and 1q+ MM
patients and their mRNA levels in relation to survival
outcomes, as supported by data from the MMRF
CoMMpass database, including FISH data from 574
MM patients, with elevated NR5A2 expression
detected in 1q+ MM patients (Figure 1D, p=0.020). In
additional, based on the survival data of these 574
MM patients, compared to those with low expression,
MM patients with high expression of NR5A2 showed
significantly worse progression-free survival (PFS,
p=0.011) and OS (p=0.023) (Figure 1E, 1F).

Promoting roles of NR5A2 in the proliferation
and invasion of human myeloma cell lines
(HMCLs)

We validated the expression of NR5A2 at mRNA
and protein levels in HMCLs, respectively. The
expression of NR5A2 was low in AMO1 and
RPMI-8226 cells, but high in NCI-H929 and U266 cells
(Supplement Figure 2A), respectively. Accordingly,
this study established a stable NR5A2-overexpressing
(OE) in AMO1 and RPMI-8226 cells, and

NR5A2-knockdown (KD) in H929 and U266 cells
(Supplement Figures 2B and 2C). As evidenced by the
CCK-8 assay to evaluate the impact of NRSA2 on MM
cell proliferation, the OE of NR5A2 stimulated MM
cell proliferation (Figure 2 A). Furthermore, Trans-
well assay hinted significantly enhanced invasion in
AMO1-NR5A2-OE  and  RPMI-8226-NR5A2-OE
groups, while declined invasion in NCI-H929-
NR5A2-KD and U266-NR5A2-KD groups (Figure 2
B). In addition, we conducted an exploration in the
OCI-MY5 (1g-), and the results revealed that
OCI-MY5-NR5A2-OE had a statistically significant
difference compared with the control only at 72 hours
(p=0.0009). The trans-well invasion assay showed that
OCI-My5-NR5A2-OE had statistically significant
differences compared with the NC group at 48
(p=0.018) and 72 hours (p=0.005) (Supplement Figure
3). Compared with the significant difference in 1q+
MM cells as shown in Figure 2 and the significantly
higher expression of NR5A2 in 1q+ MM patients as
shown in Figure 1, these pieces of evidence suggest
that NR5A2, is of great significance to 1q+ MM
patients.

NR5A2 inhibits ferroptosis in HMCLs

KEGG pathway enrichment analysis on
proteomics data between AMO1-NR5A2-NC and
AMO1-NR5A2-OE revealed the involvement of
NR5A2 in ferroptosis pathways and glycerol-
phospholipid metabolism (Figure 3 A). Given that
Fe?* is a substrate for ferroptosis, Fe?* staining was
conducted to further elucidate whether NR5A2
affected ferroptosis in HMCLs. AMO1-NR5A2-OE
group had weaker red fluorescence than that of the
AMOI1-NR5A2-NC group (p<0.001), indicating that
NR5A2 regulates Fe?* levels (Figure 3B, 3C).
Furthermore, MDA is a key product of membrane
lipid peroxidation, also serving as an indicator of this
process. MDA levels in the AMO1-NR5A2-OE group
were significantly lower than those in the
AMO1-NR5A2-NC group (p<0.001) (Figure 3D). In
addition, ferroptosis is often accompanied by an
increase in ROS accumulation. Hence, with the
measurement of ROS, weaker green fluorescence was
detected in the AMO1-NR5A2-OE group than that in
the NR5A2-NC group (p<0.001) (Figure 3E, 3F).

The effect of NRSA2 on mitochondrial structure
and function was also investigated to unveil the
regulation of NR5A2 on HMCLs ferroptosis. TEM
showed that the KD of NR5A2 led to more fractured
mitochondrial cristae structures in HMCLs (Figure
3G). Then ATP level was measured to be significantly
lower in NCI-H929-NR5A2-KD cells than NC group
(p<0.001) (Figure 3H). Finally, compared to the
AMOI1-NR5A2-NC group, the AMO1-NR5A2-OE
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group exhibited significant increases in OCRs (Figure = MM patients with FISH results at our center,
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Figure 1. A. Comparison of the ratio of chromosomal gene amplifications and deletions in 47 NDMM, 5 SMM, 7 MGUS, and 17 RRMM in our center. Genomic landscape of
chromosomal amplifications/deletions in NDMM (n=47), SMM (n=5), MGUS (n=7), and RRMM (n=17) patients. B. Ratio of chromosomal 1q segment gene amplification and
deletion across MM disease stages. C. NR5A2 exhibited high mRNA expression in patients with 1q+(p = 0.0055). D. NR5A2 exhibited high mMRNA expression in patients with
Iq+ in MMRF Compass (p = 0.020). E. Elevated NR5A2 mRNA expression correlated with inferior progression-free survival (p = 0.011) in multiple myeloma patients from the
MMRF CoMMpass cohort. F.High NR5A2 mRNA expression was associated with worse OS in the MMRF CoMMpass MM cohort (p = 0.023).
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(p=0.009), obviously decreased levels of high-density
lipoprotein cholesterol (p=0.003), apolipoprotein Al
(p=0.001), and apolipoprotein (a) (p=0.030)
(Supplement Figure 4 B). Therefore, patients with 1q+
MM were observed with suppressed ferroptosis and
dysregulated lipid metabolism, which were consist
with our in vitro experiments.
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Figure 2. A. CCK-8 detection experiments confirmed that high expression of NR5A2 can promote proliferation of HMCLs. B. Tans-well invasion experiments indicated that

NR5A2 promotes invasion of HMCLs.
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AMOI1-NR5A2-OE  group compared to the
AMOI1-NR5A2-NC group (Figure 4B).

Previous studies have shown that membrane
PLs containing polyunsaturated fatty acids (PUFA)
are critical substrates for ferroptosis(13), supporting
our exploration of changes in fatty acids in PLs after
NR5A2 overexpression. Phosphatidylethanolamine
(PE) with a single arachidonic acid (AA) or 22:4 PUFA
tail, PLs containing two PUFA tails, or
PUFA-containing ether lipids have been identified as
specific lipids driving ferroptosis(24). In our study,
after NR5A2 overexpression, there were decreased.
PE containing one AA or one Adrenaline Acid (AdrA)
(Figure 4C), and significantly reduced expression
abundances of ether lipids containing PUFA (Figure 4
D). Collectively, NR5A2 overexpression resulted in
obviously decreased expression abundances of most
specific lipids driving ferroptosis, further confirming
the inhibition of ferroptosis in HMCLs after NR5A2
overexpression.

Niacin-induced skin flushing was considered as
a marker of the levels of AA and AdrA(25,26). Skin
niacin flush response tests were conducted on 27 MM
patients and 22 HD collected at our center. The clinical
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baseline characteristics are presented in Table S1. MM
patients exhibited a significantly attenuated niacin
flushing response compared to healthy controls (p =
0.0005). Patients with 1q+ MM demonstrated a
significantly reduced niacin flushing response relative
to those with 1g- MM (p = 0.0439), indicating a
deficiency of AA and AdrA in MM patients. No
significant change was observed in the niacin flushing
reactivity of MM patients before versus after
treatment. Among 16 longitudinally followed MM
patients, those with high niacin flushing reactivity
showed longer OS and PFS than patients with low
reactivity. Compared to HD, MM patients exhibited a
significantly ~ decreased niacin flush response
(Supplement Figure 5).

NR5A2 regulates MBOAT1/2 to inhibit
non-GPX4-dependent ferroptosis in HMCLs

To further explore the downstream regulatory
network of NR5A2, we performed a comprehensive
screening in lipidomics and proteomics comparing
NR5A2-OE and NR5A2-NC, as illustrated in Figure
5A. This analysis revealed GPAT3, MBOATI, and
MBOAT?2 as potential downstream targets.
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Figure 3. A. KEGG enrichment analysis of NR5A2 OE and NR5A2 NC. B-C. Fe2+ staining showed that after NR5A2 OFE, the fluorescence intensity was weakened. D. Decreased
malondialdehyde (MDA) in NR5A2-OE cells. E-F. ROS staining showed that after NR5A2 OE, the fluorescence intensity was weakened. G. After NR5A2 KD, transmission
electron microscopy reveals fractionated mitochondrial cristae structure. H. After NR5A2 OE, there is an increase in ATP production. |. After NR5A2 OE, the OCR significantly

increases.

https://www.ijbs.com



Int. J. Biol. Sci. 2025, Vol. 21 5795
. .. PE
A Oil Red O staining C
AMO1 RPMI-8226 (24:2)
; 3 35 : 22:6) 4 OO
b - (22:5) e e .
. (22:4)
- (22:3) ®
(21:3) [ ] ®
20:5) —
NR5A2-OE 220:4) 7. e Q © . D
(20:3) @
(18:2) [ ]
NRSAZKD (24:1) °
(22:1)
(21:1) ©
(20:1) °
- EIE o
18:1) —
AMO1 8226 Ho29 U266 (71 @
20 bk 250 2 200 i EER 9 ¢ T
— Fkokk — 24:0) -] .
g p<0.0001 WER @ — ° Fk kK ° (24:0)
£ 15 2 2004 p<00001 T £ 20 f i 2 150 p<0.0001 (22:0) S
8 8 ] p<0.0001 §
g g 150 g1 g (18:0) | @)
g 10 3 3 3 100 e (17:0) @ .
i i 100 i 10 i &g:gg 4 © O (o]
k L]
§ s 5 50 5 = § s (14:0) -
= = = = rrrrrrrrrrrrrrrrrrrr1rrrr1r 11T
S000000C 888 eSS TN 0 SaaNn TE T
NC NR5A2-OE NC NR5A2-OF NC NR5A2-KD NC NR5A2-KD SASoaatN g seas Souadsas a8 I8 s
FAl1
B FA D pce:oerz0:4) PC(32:4e) PE(35:5¢)
°) ° FA i i L]
1.0 p=0.0002
0.
GL 2o g
2 2
- ° G.P DG o TG £o. 2
2 05
£ ° e CL o LPE
O e o . o ° . o dMePE o PC
% (] °n s & n. . .... % ... °@ e LPA e PE NC NR5A2-OE NC NR5A2-OE NC NR5A2-OE NC NRSA2-OE
£ 00 " ” @ o LPC o PG PS(38:2¢) PS(40:de) —_—
> . ® 0 ) o LPE o PS * Jxokk
<) o 2 r—]
3 o *'e [ ORN ° e ‘ ..¢ '! ° '. _.'. sP !_| £<0.0001
09 ", o Cer o SM 2 3=
05| © ° 24 z
P-value S H
® 001 En =
: 002
003
-10 o @ 004
Lipid Classfication NC NR5A2-OE NC NR5A2-OE NC NR5A2-OE

Figure 4. A. Oil Red O staining showing lipid accumulation in NR5A2-OE HMClLs. B. After overexpression of NR5A2, the most significant change in lipids is observed in
glycerophospholipids. C. The changes of various lipids in phosphatidylethanolamine (PE) after NR5A2 overexpression. D. After overexpression of NR5A2, the expression

abundance of PUFA containing ether lipids were significantly decreased.

Subsequent validation of the mRNA levels of
these molecules showed that MBOAT1 and MBOAT1
changed in the same direction as NR5A2 at the mRNA
level (Figure 5B). CUT-Tag qPCR to validate the
relationship between NR5A2 and MBOAT1/
MBOAT?2 indicated that NR5A2 could regulate the
expression of MBOAT1 and MBOAT?2 (Figure 5C).

Further investigation focused on the exploration
of whether NR5A?2 affects the proliferation, invasion
and ferroptosis of HMCLs through MBOAT1 and
MBOAT?2. Firstly, overexpression and knockdown
experiments were conducted for MBOAT1 and
MBOAT2 in H929-NR5A2-KD and AMO1-NR5A2-OE
cells to perform phenotype restoration, with the
verification of the mRNA and protein levels
(Supplement Figure 6A; Supplement Figure 6B).
Meanwhile, MBOAT1 and MBOAT?2 could reverse the
effect of NR5A2 on HMCLs cell proliferation and
invasion, as indicated by the results of CCK-8 and

Trans-well assays (Figure 5D; Figure 5E).
Subsequently, according to a series of well-established
ferroptosis assays, the H929-NR5A2-KD MBOATI/2-OE
group was detected with significantly decreased Fe?*
and MDA (Figure 5 F; Figure 5G, p<0.001), as well as
reduced ROS level (Figure 5H, p<0.001). TEM
observation revealed that the H929-NR5A2-
KDMBOATI/20E cells had clearer inner mitochondrial
cristae structures (Figure 5I). The H929-NR5A2-
KDMBOATI/20E  group was also observed with
remarkably increased ATP level (p<0.001) (Figure 5]J).
In rescue OCRs, the AMO1-NR5A2-OEMBOAT1/2-OE
group had obviously declined spare respiratory
capacity and non-mitochondrial oxygen consumption
when compared to the AMO1-NR5A2-OEMBOAT1/2-NC
group (Figure 5K; Supplement Figure 7A). These
findings, supported by strong statistical results,
indicated the regulatory role of NR5A2 in ferroptosis
by MBOAT1 and MBOAT?2.

https://www.ijbs.com



Int. J. Biol. Sci. 2025, Vol. 21 5796

AMO1-NRSA2-NC

B SPATS) MBOAT meoaz  C D AMO1-NR5A2-OE-MBOAT1 AMO1-NR5A2-OE-MBOAT2
. " 2 PRI
Lipid Metabolism Sequencing 249 wy F 5207 3 1. 1.
(AMO1-NREA2-NC VS AMO1-NR5A2-OF) £, g - R o | 7 MBOATING 5 | = MBoAT2NC
i e §' 6 £ | = wmsoaTrkD £ | = msoarzx0 -
E o 2] 81 g1
Top2 KEGG Pathway % H s 3
H o
H o3 e - Z
Proteomics DEG &l e ™ .
Sl F o & oS
& ® & &€ + T T T
\ & i ety & & S T & & 2
Giyosrolioid * & ¥ E Time(Hours) Time(Hours)
Metabokem MBOAT! MBOAT2
518 15 510 H929-NR5A2-KD-MBOAT1 H929-NR5A2-KD-MBOAT2
1] e P ] e 1+ e JRETS
GPAT3 FRLS [ 10 - 2
3 MBOATI ¢ F F » 1.
MBOAT2 E os Wy E.. %o 5
] alml 1= . S
oo o0 200 £
L L S 3
fé’ & & f«i’ & & o — S
s o 2 @ 7 2 @
S S8 S ’ . —
H929-NR5A2-KD Fe2+ staining  AMO1-NR5A2-OE
E AMOI-NRSA2-0E AMOI-NRSA2-OF MEOATILKD
Rt « AMO1-NR5AZ-OE-MBOATI-NG

1009 = AMO1-NRSA2-OE-MBOAT1-KD

oH
MBOAT2-NC

24H
Time (Hours)
MBOAT2 KD MBOATI-OE MBOAT2-OE MBOATI-KD MBOAT2-KD
+ AMOINRSAZ.OE-MBOAT2 NG
+ AVOT-NRSAZ OEMBOATZ KD H929-NR5A2-KD H929.NRSA2-KD AMO1-NRSA20E  AMO1-NR5A2-0
a0 ey iy
o 80, Ll a0 | 0y o
so g ] 2w - 8
e S H § o
“I g £ g o g
§ w0 5w . H 5 w0
& ] H EoN Z @ £
} < A A A
: § 2 § 20 F 5
72H g o R . $ 2 FH H
MBOATING MBOATIKD MBOATZ-NC 3 o 2w am 7w . . .
Time (Hours) °
*
G & s
S
& &
H929-NR5A2-KD H929-NR5A2-KD AMO1-NR5A2-OE AMOT-NREAZOE |
Z00q =i w009ty 25001 w000 i
2200 s o 2400 L =
200 wol P
2000 . 200 .
- e I 200 -
1800- T 1800- 2000 1400
9 &
& ¢ & ¢ © &
& TP AP o
o & Ra & i e 2
B & « . ] ‘
H MBOAT2-NC MBOAT2-OE
H929- 5A2-KD o dain AMOI1-NR5A2-OE
ROS staining
- - - - S P
MBOATI-NC MBOAT2-NC MBOATI-NC MBOAT2-NC
- - - - MBOATI-NC MBOAT2-KD
MBOATI-OE MBOAT2-OF MBOATI-KD
H929-NR5A2-KD H929-NR5A2-KD AMOT-NRSA2O0E  AMOT-NRSA2OE | H929-NR5A2-KD H929-NR5A2-KD AMO1-NR5A2-OE AMO1-NRSA2-OE
80- s 150- sk 20 i - oo "
] | — =3 * L T ¥
g 3 8 I g B [ e s Yy = [
2 60 2 £ 60 £ g0 g - B H g2
] £ 100 g 8 310 3 1o o 3 10 3
H g H g £ & g s
3 40 H S 4 3 40 < < 5 <
= - i & g 2 2 2 10
= 50 R 2 2 o 2
5 P P 3 i gos H
= H = H & & & - & 05 .
0 0- 0 0- o 0 0.0 0.0-
¢ & o o ¢ & © ©
¢ & € S & € F & S AP & F
& o & o e & &
¥ «® & ® ® L4 &
K Mitochondrial Respiration Mitochondrial Respiration
—8— AMO1-NR5A2-OE-MBOAT1-KD —@— AMO1-NR5A2-OE-MBOAT1-NG —®— AMO1-NR5A2-OE-MBOAT2-KD —8— AMO1-NR5A2-OE-MBOAT2-NC
4000 Oligomycin FCCP Retone & antimycin 400.0 Oligomycin Feccp Retone & antimycin
350.0 350.0
£ 3000 = 3000
£ 2500 E 2500
£ 3 o o
£ 200.0 E 200.0
2 =3
150.0 | 5
s 5 150.0
© 100.0 © 100.0
50.0 50.0
0.0 00
o 10 20 30 40 50 60 70 80 “o 10 20 30 40 50 60 70 80
Time (min) Time (min)
Mitochondrial Respiration Mitochondrial Respiration
—e— H929-NR5A2-KD-MBOAT1-NC —@— H929-NR5A2-KD-MBOAT1-OE —®— H929-NR5A2-KD-MBOAT2-NC —@— H929-NR5A2-KD-MBOAT2-OE
450.0 Oligomycin FCCP Retone & antimycin 350.0 Oligomycin FCcP Retone & antimycin
300.0 300.0 -
£ = 1
E 2500 E 2500
S 200.0 S 200.0
13 £
2 1500 £ 150.0
o o
& 1000 Q 100.0 -
o o
50.0 50.0 -
0.0 0.0
80 0 10 20 30 40 50 60 70 80
Time (min) Time (min)

Figure 5. A. Key Downstream Molecule Screening Flowchart. B. PCR confirmed that MBOAT 1 and MBOAT?2 exhibit concordant changes with NR5A2 at the mRNA level. C.
CUT-Tag validation demonstrated that NR5A2 can regulate the expression of MBOATI and MBOAT2. D. CCK-8 assay reveals that NR5A2 affects HMCLs proliferation by
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regulating the expression of MBOAT1 and MBOAT?2. E. Trans-well assay reveals that NR5A2 affects HMCLs invasion by regulating the expression of MBOATI and MBOAT?2.
F. NR5A2 affected the content of Fe2+ in HMCLs through MBOAT | and MBOAT2. G. NR5A?2 affected the generation of MDA in HMCLs through MBOAT1 and MBOAT?2. H.
NR5A?2 affected the generation of ROS in HMCLs through MBOAT | and MBOAT?2. |. TEM observation revealed that NR5A?2 affects mitochondrial cristae structure via MBOAT
and MBOAT?2. J. NR5A?2 affected the generation of ATP in HMCLs through MBOAT 1 and MBOAT?2. K. NR5A?2 affected mitochondrial energy metabolism in HMCLs through

MBOATI and MBOAT?2.
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Figure 6. A. NR5A2-OE confers dexamethasone resistance, while NR5A2-KD sensitizes HMCLs to dexamethasone. B. Xenograft tumor experiments in mice suggested that
NR5A2 can promote proliferation of HMCLs in vivo and NR5A2 inhibitor ML-180 significantly inhibited tumor growth in mice upon administration. C. Proliferation assay of fatty
acid co-culture with AMO1-NR5A2-NC, including SFA (14:0), MUFA (18:1), and PUFA (20:4). D. Proliferation assay of PUFA (20:4) co-culture with AMO1-NR5A2-OE.

To further elucidate the mechanism by which
NR5A?2 inhibits ferroptosis in MM cells, we first
examined the expression of key ferroptosis
regulators(27,28): GPX4, SLC7A11, and ACSL4 in cell
lines. As shown in Supplementary Figures 8A and 8B,
NR5A2 modulation had no significant effect on GPX4
or SLC7A11 expression at either the mRNA or protein
level.

Intriguingly, we observed that overexpression of
NR5A2 markedly downregulated ACSL4, a critical
pro- ferroptosis regulator. ACSL4 catalyzes the
activation of long-chain PUFA, particularly AA and
adrenic acid (AdA), into their respective acyl-CoA
esters (AA-CoA, AdA-CoA)(29). This process
increases the pool of specific substrates susceptible to
peroxidation during ferroptosis, aligning with our
lipid metabolism findings. Furthermore, immuno-
histochemical analysis of murine xenograft tumors

corroborated this conclusion (Supplement Figure 8 C).

Arachidonic acid reverses dexamethasone
resistance in NR5A2-overexpressing HMCLs

To validate the effect of the NR5A2 inhibitor
ML-180 on MM proliferation in vivo, we conducted
xenograft tumor experiments in NOG-SCID mice.
Results revealed significant increase in tumor volume
in the AMO1-NR5A2-OE group compared to that in
the NR5A2-NC group. Moreover, ML-180
significantly inhibited tumor growth, with a stronger
effect in the AMO1-NR5A2-OE group (Figure 6B),
indicating that MM patients might benefit more from
NR5A2 inhibition.

Previous studies have shown competitive
binding of NR5A2 to the glucocorticoid receptor to
trigger glucocorticoid resistance (16). Accordingly,
this study found promoted Dexa sensitivity in the
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NR5A2- KD group (Figure 6A). Additionally, under
treatment with 100 pmol Dexa, the levels of ROS, Fe?*,
and MDA were reduced in the NR5A2-OE group, but
increased in the NR5A2-KD group (Supplement
Figure 9 A-C).

A detailed analysis of lipid metabolism data
revealed significant changes in myristic acid (MA,
14:0), oleic acid (OA, 18:1), and AA within saturated
(SFA), monounsaturated (MUFA), and PUFA
(Supplement Figure 10). Co-culture experiments were
employed to assess whether these fatty acids affected
HMCL sensitivity to Dexa. Consequently, MA did not
affect, whereas OA decreased, and AA increased Dexa
sensitivity (Figure 6C). We also verified that AA could
reverse Dexa resistance induced by high NR5A2
expression in MM cells (Figure 6D).

Finally, upon literature review, XPO1 emerges as
a pivotal nuclear export protein. Selective XPO1
inhibitors (e.g., Selinexor) can bind to XPO1, leading
to the activation of anti-cancer proteins and
restoration of hormone sensitivity. NR5A2 can
compete with the glucocorticoid receptor, resulting in
glucocorticoid resistance(16). Based on this, we
conducted assays to determine if Selinexor can
counteract Dexa resistance induced by high NR5A2
expression. Our experiments showed that Selinexor
significantly inhibited NR5A2 expression
(Supplement Figure 11 A) and counteracted Dexa
resistance (Supplement Figure 11 B).

Discussion

MM patients with 1q+ usually have drug
resistance and poor prognosis, remaining a significant

challenge to be adequately addressed. Identifying the
mechanisms driving the malignant phenotype from
clinical samples can help pinpoint precise therapeutic
targets for clinical translation. In this study, we
identified NR5A2 as a key transcription factor in a
large cohort of 1g+ MM patients using WES. The
NR5A2-MBOAT1/MBOAT2 axis can inhibit
ferroptosis in tumor cells, promoting tumor
progression. Moreover, for the first time, this study
proposes that NR5A2 inhibitors can reverse Dexa
resistance, offering a novel therapeutic strategy
(Figure 7).

Copy number variations are often associated
with genomic instability and malignant tumor
phenotypes(30,31). This study intended to decipher
the unique oncogenic mechanisms in 1q+ MM
patients by comprehensively analyzing genes in the
1q region using WES data from our center, combined
with the CoMMpass database. Strikingly, NR5A2,
located in the 1g32 region, was significantly
overexpressed in 1q+ patients compared to 1g-
patients; and elevated NR5A2 expression was
correlated with shorter PFS and OS in a large patient
cohort. Consistently, previous studies have linked
NR5A2 to malignant phenotypes in pancreatic
cancer(32), glioma(33), and cutaneous squamous cell
carcinoma(34), etc. Further in wvitro and in vivo
experiments confirmed the pivotal oncogenic role of
NR5A2 in 1g+ MM, which may be a key molecular
marker in this subgroup of patients.

Given the crucial role of NR5A2 in 1q+MM
patients, this study continued to explain its
mechanisms by employing proteomics and

MM cell
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Figure 7. NR5A2-MBOATI/MBOAT?2 axis inhibits GPX4-independent ferroptosis of MM cells by regulating phospholipid remodeling and promotes the malignant proliferation

of MM cells.
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non-targeted lipid metabolomics. With the integration
of sequencing results, NRSA2 was found to have an
intimate association with ferroptosis in MM patients
(Figure 3A), coupled with validation through a series
of experiments. Ferroptosis, a form of programmed
cell death characterized by iron-dependent lipid
peroxidation(35,36), has been shown in prior studies
to involve key regulators such as GPX4, SLC7A11 and
ACLS4(37). This study demonstrated that NR5A2
suppresses ferroptosis in MM cells primarily by
downregulating the expression of ACSL4, a critical
pro- ferroptosis regulator. The key function of
ACSLA4(29,38) is to promote the biosynthesis of pro-
ferroptosis phospholipid polyunsaturated fatty acids
(PUFA-PLs). These PUFA-PLs serve as essential
substrates for lipid peroxidation during the execution
phase of ferroptosis. This mechanism aligns precisely
with our lipidomic findings. Through integrative
omics analyses and CUT-Tag qPCR, MBOAT1/
MBOAT2 were identified as downstream mediators
of NR5A2. Liang et al.(39) have reported similarly that
MBOAT1/2 was a potent ferroptosis inhibitor in
human osteosarcoma, which was independent of
GPX4. Furthermore, members from the MBOAT
family, regulated by sex hormone receptors, can
confer benefits from hormone interference therapies
in breast and prostate cancers. Nevertheless, given the
distinct tumor origin and pathogenesis of MM
compared to these cancers, there is limited theoretical
basis for applying hormone-based interventions in
MM treatment.

NR5A2 has been implicated in lipid metabolism
through its role in regulating bile acid biosyn-
thesis(15) and intestinal epithelial glucocorticoid
production(40). But there is still no such report on its
connection to lipid metabolism in MM. This study
utilized lipidomic mass spectrometry analysis to
explore the lipid regulatory function of NR5A2 in
MM. As a result, overexpression of NR5A2 led to
significantly reduced PE containing AA or AdrA, as
well as ether lipids enriched with PUFA, highlighting
the critical role of NR5A2 in reprogramming lipid
metabolism in MM. Interestingly, these specific
metabolites  are  recognized  substrates  for
ferroptosis(41,42), and their depletion is commonly
associated with suppressed tumor cell ferroptosis.
This further strengthens our hypothesis that NR5A2
can regulate ferroptosis via a non-GPX4-dependent
pathway, providing new evidence for its involvement
in tumor cell survival mechanisms.

Clinically, NR5A2 is often recognized as a
marker of drug resistance in cancer therapy. Previous
study confirmed that NR5A2 has a synergistic effect
with NCOA3 in breast cancer, inhibiting ferroptosis
by up-regulating NRF2 and leading to resistance to

BET inhibitors(43). In pancreatic cancer, NR5A2
mediates chemoresistance via the SOX2/MYC
axis(44). Additionally, evidence has shown that
NR5A?2 interacts with the glucocorticoid receptor in
T-cell acute lymphoblastic leukemia, contributing to
glucocorticoid resistance(16). Similarly, in our study,
NR5A2 overexpression in HMCLs led to significant
Dexa resistance compared to the controls. Dexa serves
as the cornerstone treatment for MM, its efficacy is a
critical determinant of patient prognosis. Recent
studies(9,45) suggest that introducing appropriate
metabolic substrates during cancer therapy can
effectively reverse resistance and enhance therapeutic
sensitivity. Based on our lipidomics analysis, we
combined MA, OA, and AA with Dexa to treat
HMCLs. Interestingly, only AA demonstrated a
dose-dependent reversal of Dexa resistance. Our data
indicate that AA reverses dexamethasone resistance
in multiple myeloma cells by promoting ferroptosis.
In conclusion, co-treatment with AA offers a
promising approach to overcome Dexa resistance in
MM, thereby profoundly enhancing the therapeutic
efficacy for MM.

In this study, we elucidated the role of NR5A2 in
promoting 1q+ MM cell proliferation and invasion
and identified for the first time that the
NR5A2-MBOAT1/MBOAT?2 axis inhibits ferroptosis
in MM cells. Overexpression of NR5A2 resulted in a
marked reduction of ferroptosis-related substrates
and induced resistance to Dexa. Notably, addition of
AA reversed Dexa resistance in MM. These findings
highlight a novel mechanism of drug resistance in
MM and suggest potential therapeutic strategies
targeting lipid metabolism to enhance treatment
efficacy.

Supplementary Material
Supplementary methods, figures and tables.
https:/ /www.ijbs.com/v21p5789s1.pdf
Acknowledgements
The authors thank all collaborators of the study.

Funding

This work was supported by the National
Natural Science Foundation of China under Grant
82100215, the Natural Science Foundation of Shanghai
under Grant 227ZR1411400, and the Natural Science

Foundation of Fujian Province under Grant
2023J05291.
Ethics approval statement

This study was approved by the Ethics

Committee (B2017-031R) of Zhongshan Hospital,
Fudan University. All aspects of the study complied

https://www.ijbs.com



Int. J. Biol. Sci. 2025, Vol. 21

5800

with the criteria established in the Declaration of
Helsinki.

Author contributions

Peng Liu raised this clinical issue and designed

the framework for this study. Peng Liu and Jiadai Xu
were responsible for overall study design and giving

comments on manuscript revisions.

Panpan Li

conducted assays, interpreted the data and wrote the
paper. Xiaowen Hu provided assistance in data
processing for the lipid metabolism. Bei Xu assisted in
the review and revision of the manuscript. Wang
Yawen assisted in the construction of the stable
transfer. Bei Xu and Yaqin Xiong assisted in verifying
the data. All authors have read and agreed to the
published version of the manuscript.

Competing Interests

The authors have declared that no competing

interest exists.

References

1.

10.

11

12.

13.

14.

15.

16.

17.

Cowan AJ, Green D], Kwok M, Lee S, Coffey DG, Holmberg LA, et al.
Diagnosis and Management of Multiple Myeloma: A Review. JAMA. 2022 Feb
1,327(5):464-77.

Brody H. Multiple myeloma. Nature. 2011 Dec 14;480(7377):S33.

van de Donk NWC]J, Pawlyn C, Yong KL. Multiple myeloma. Lancet. 2021 Jan
30;397(10272):410-27.

Rajkumar SV. Multiple myeloma: 2024 update on diagnosis, risk-stratification,
and management. Am ] Hematol. 2024 Sep;99(9):1802-24.

Barbieri E, Martino EA, Rivolti E, Quaresima M, Vigna E, Neri A, et al.
Anti-CD38  monoclonal — antibodies in multiple myeloma with
gain/amplification of chromosome arm 1q: a review of the literature. Expert
Opin Biol Ther. 2024 May;24(5):365-81.

Wang Y, Xu J, Xu B, Li P, Yang Y, Wang W, et al. The prognostic role of 1q21
gain/amplification in newly diagnosed multiple myeloma: The faster, the
worse. Cancer. 2023 Apr 1;129(7):1005-16.

Carracedo A, Cantley LC, Pandolfi PP. Cancer metabolism: fatty acid
oxidation in the limelight. Nat Rev Cancer. 2013 Apr;13(4):227-32.

Besse L, Besse A, Mendez-Lopez M, Vasickova K, Sedlackova M, Vanhara P, et
al. A metabolic switch in proteasome inhibitor-resistant multiple myeloma
ensures higher mitochondrial metabolism, protein folding and sphingomyelin
synthesis. Haematologica. 2019 Sep;104(9):e415-9.

Li Z, Liu H, He J, Wang Z, Yin Z, You G, et al. Acetyl-CoA Synthetase 2: A
Critical Linkage in Obesity-Induced Tumorigenesis in Myeloma. Cell
Metabolism [Internet]. 2021 Jan [cited 2024 Feb 20];33(1):78-93.e7. Available
from: https:/ /linkinghub.elsevier.com/ retrieve/ pii/S1550413120306665

Ren L, Xu T, Ren Y, Liu P. The obesity paradox in multiple myeloma: A report
from Multiple Myeloma Research Foundation (MMRF) dataset. Cancer Med.
2023 Dec;12(23):21400-7.

Liang L, LiJ, Fu H, Liu X, Liu P. Identification of High Serum Apolipoprotein
Al as a Favorable Prognostic Indicator in Patients with Multiple Myeloma. J
Cancer. 2019;10(20):4852-9.

Panaroni C, Fulzele K, Mori T, Siu KT, Onyewadume C, Maebius A, et al.
Multiple myeloma cells induce lipolysis in adipocytes and uptake fatty acids
through fatty acid transporter proteins. Blood. 2022 Feb 10;139(6):876-88.
Stockwell BR. Ferroptosis turns 10: Emerging mechanisms, physiological
functions, and therapeutic applications. Cell. 2022 Jul 7;185(14):2401-21.
Cheng CW, Yilmaz OH. FAOund the Link: Phospholipid Remodeling and
Intestinal Stem Cell Growth and Tumorigenesis. Cell Stem Cell. 2018 Feb
1,22(2):141-3.

Lee JM, Lee YK, Mamrosh JL, Busby SA, Griffin PR, Pathak MC, et al. A
nuclear-receptor-dependent phosphatidylcholine pathway with antidiabetic
effects. Nature. 2011 May 25;474(7352):506-10.

Michalek S, Goj T, Plazzo AP, Marovca B, Bornhauser B, Brunner T.
LRH-1/NR5A2 interacts with the glucocorticoid receptor to regulate
glucocorticoid resistance. EMBO Rep. 2022 Sep 5;23(9):e54195.

Shiota M, Ushijima M, Tsukahara S, Nagakawa S, Blas L, Takamatsu D, et al.
NR5A2/HSD3B1 pathway promotes cellular resistance to second-generation
antiandrogen darolutamide. Drug Resist Updat. 2023 Sep;70:100990.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Liang D, Feng Y, Zandkarimi F, Wang H, Zhang Z, Kim J, et al. Ferroptosis
surveillance independent of GPX4 and differentially regulated by sex
hormones. Cell. 2023 Jun 22;186(13):2748-2764.e22.

Sun SJ, Aguirre-Gamboa R, de Bree LCJ, Sanz J, Dumaine A, van der Velden
WIJEM, et al. BCG vaccination alters the epigenetic landscape of progenitor
cells in human bone marrow to influence innate immune responses.
Immunity. 2024 Sep 10;57(9):2095-2107.e8.

Kumar SK, Rajkumar SV. The multiple myelomas - current concepts in
cytogenetic classification and therapy. Nat Rev Clin Oncol. 2018 Jul;15(7):409-
21.

Kyle RA, Durie BGM, Rajkumar SV, Landgren O, Blade ], Merlini G, et al.
Monoclonal gammopathy of undetermined significance (MGUS) and
smoldering (asymptomatic) multiple myeloma: IMWG consensus perspectives
risk factors for progression and guidelines for monitoring and management.
Leukemia. 2010 Jun;24(6):1121-7.

Kumar S, Paiva B, Anderson KC, Durie B, Landgren O, Moreau P, et al.
International Myeloma Working Group consensus criteria for response and
minimal residual disease assessment in multiple myeloma. Lancet Oncol. 2016
Aug;17(8):e328-46.

Xie XD, Tang M, Yi SL, He Y, Chen SY, Zhao Y, et al. Polysaccharide of
Asparagus cochinchinensis (Lour.) Merr regulates macrophage immune
response and epigenetic memory through TLR4-JNK/p38/ERK signaling
pathway and histone modification. Phytomedicine. 2024 Feb;124:155294.
Liang D, Minikes AM, Jiang X. Ferroptosis at the intersection of lipid
metabolism and cellular signaling. Mol Cell. 2022 Jun 16;82(12):2215-27.

Jiang T, Wang D, Chai R, Hu Y, Zhu L, Fang F, et al. Attenuated Niacin Skin
Flushing Response in Diabetic Peripheral Neuropathy Patients: A Novel
Clinical Diagnostic Tool. Diabetes Metab Res Rev. 2025 May;41(4):e70042.
Javaid A, Mudavath SL. Niacin-induced flushing: Mechanism,
pathophysiology, and future perspectives. Arch Biochem Biophys. 2024
Nov;761:110163.

Zhou Q, Meng Y, Li D, Yao L, Le J, Liu Y, et al. Ferroptosis in cancer: From
molecular mechanisms to therapeutic strategies. Signal Transduct Target Ther.
2024 Mar 8;9(1):55.

Dixon SJ, Olzmann JA. The cell biology of ferroptosis. Nat Rev Mol Cell Biol.
2024 Jun;25(6):424-42.

Wu D, Zuo Z, Sun X, Li X, Yin F, Yin W. ACSL4 promotes malignant
progression of Hepatocellular carcinoma by targeting PAK2 transcription.
Biochem Pharmacol. 2024 Jun;224:116206.

Brioude F, Kalish JM, Mussa A, Foster AC, Bliek ], Ferrero GB, et al. Expert
consensus document: Clinical and molecular diagnosis, screening and
management of Beckwith-Wiedemann syndrome: an international consensus
statement. Nat Rev Endocrinol. 2018 Apr;14(4):229-49.

Kopinski PK, Singh LN, Zhang S, Lott MT, Wallace DC. Mitochondrial DNA
variation and cancer. Nat Rev Cancer. 2021 Jul;21(7):431-45.

Guo F, Zhou Y, Guo H, Ren D, Jin X, Wu H. NR5A2 transcriptional activation
by BRD4 promotes pancreatic cancer progression by upregulating GDF15. Cell
Death Discov. 2021 Apr 13;7(1):78.

Yang Q, Deng L, Li ], Miao P, Liu W, Huang Q. NR5A2 Promotes Cell Growth
and Resistance to Temozolomide Through Regulating Notch Signal Pathway
in Glioma. Onco Targets Ther. 2020;13:10231-44.

Ye W, Ya-Xuan C, Shan-Shan T, Qiu L, Ting M, Shao-Jie C, et al. NR5A2
promotes malignancy progression and mediates the effect of cisplatin in
cutaneous squamous cell carcinoma. Immun Inflamm Dis. 2024
Feb;12(2):e1172.

Zheng ], Conrad M. Ferroptosis: when metabolism meets cell death. Physiol
Rev. 2025 Apr 1;105(2):651-706.

Nakamura T, Conrad M. Exploiting ferroptosis vulnerabilities in cancer. Nat
Cell Biol. 2024 Sep;26(9):1407-19.

Sun S, Shen J, Jiang J, Wang F, Min J. Targeting ferroptosis opens new avenues
for the development of novel therapeutics. Signal Transduct Target Ther. 2023
Sep 21;8(1):372.

Doll S, Proneth B, Tyurina YY, Panzilius E, Kobayashi S, Ingold I, et al. ACSL4
dictates ferroptosis sensitivity by shaping cellular lipid composition. Nat
Chem Biol. 2017 Jan;13(1):91-8.

Long Z, Luo Y, Yu M, Wang X, Zeng L, Yang K. Targeting ferroptosis: a new
therapeutic opportunity for kidney diseases. Front Immunol. 2024;15:1435139.
Cobo I, Martinelli P, Flandez M, Bakiri L, Zhang M, Carrillo-de-Santa-Pau E, et
al. Transcriptional regulation by NR5A2 links differentiation and
inflammation in the pancreas. Nature. 2018 Feb 22,554(7693):533-7.

Kraft VAN, Bezjian CT, Pfeiffer S, Ringelstetter L, Miiller C, Zandkarimi F, et
al. GTP Cyclohydrolase 1/Tetrahydrobiopterin Counteract Ferroptosis
through Lipid Remodeling. ACS Cent Sci. 2020 Jan 22;6(1):41-53.

Zou Y, Henry WS, Ricq EL, Graham ET, Phadnis VV, Maretich P, et al.
Plasticity of ether lipids promotes ferroptosis susceptibility and evasion.
Nature. 2020 Sep;585(7826):603-8.

Qiao J, Chen Y, Mi Y, Jin H, Huang T, Liu L, et al. NR5A2 synergizes with
NCOAS3 to induce breast cancer resistance to BET inhibitor by upregulating
NRF2 to attenuate ferroptosis. Biochem Biophys Res Commun. 2020 Sep
17;530(2):402-9.

Zheng Q, Tang J, Aicher A, Bou Kheir T, Sabanovic B, Ananthanarayanan P, et
al. Inhibiting NR5A2 targets stemness in pancreatic cancer by disrupting
SOX2/MYC signaling and restoring chemosensitivity. ] Exp Clin Cancer Res.
2023 Nov 28;42(1):323.

https://www.ijbs.com



Int. J. Biol. Sci. 2025, Vol. 21 5801

45. Sun L, Zhang H, Gao P. Metabolic reprogramming and epigenetic
modifications on the path to cancer. Protein Cell. 2022 Dec;13(12):877-919.

https://www.ijbs.com



