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NEDDA4L facilitates granulosa cell ferroptosis by
promoting GPX4 ubiquitination and degradation
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Abstract

Background: Polycystic ovary syndrome (PCOS) is an androgen disorder and ovarian
dysfunction disease in women of reproductive age. The cell death of granulosa cells
(GCs) plays an important role in the development of PCOS. However, the mechanism of

GC death is still unclear.

Methods: In the current study, NEDD4L was found to be elevated in PCOS GEO (Gene
Expression Omnibus) databases and mouse models. The cell viability was analyzed by
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CCK-8 and FDA staining. The expression of ferroptosis markers was assessed by ELISA
and immunofluorescence. The direct interaction of GPX4 and NEDD4L was verified by

co-immunoprecipitation assay.

Result: Functionally, results from CCK-8 and FDA staining demonstrated that NEDD4L
inhibited the cell viability of KGN cells and NEDD4L increased the levels of iron,
malonyldialdehyde, and reactive oxygen species and decreased glutathione levels.
Moreover, the cell death of KGN induced by NEDD4L was blocked by ferroptosis inhibitor,
suggesting that NEDD4L regulates KGN cell ferroptosis. Mechanistically, NEDD4L directly
interacts with GPX4 and promotes GPX4 ubiquitination and degradation.

Conclusion: Taken together, our study indicated that NEDD4L facilitates GC ferroptosis by
promoting GPX4 ubiquitination and degradation and contributes to the development of PCOS.
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Introduction

Polycystic ovary syndrome (PCOS) is an androgen
disorder and ovarian dysfunction disease in women of
reproductive age. PCOS is responsible for more than 90%
of adult and adolescent hyperandrogenism (1, 2). The
pathogenesis of PCOS remains controversial. Recently,
more and more studies have suggested that functional
ovarian hyperandrogenemia is the main inducement
of PCOS (3), which is exacerbated by insulin-resistant
hyperinsulinemia (4, 5). Insulin-resistant hyperinsulinism
and androgen alter the function of granulosa cells (GCs)
(6, 7). GCs play a key role in the maturation and ovulation
of oocytes. Recently, studies have reported that oxidative
stress and oxidative stress-induced cell death in GCs are
associated with the pathogenesis of PCOS (8, 9). However,
the underlying mechanism of GC death remains unclear.

Ferroptosis is a recently identified new form of
programmed cell death that is characterized by reactive
oxygen species (ROS) generation and iron overload (10,
11). Ferroptosis has different biochemical, morphological,
and genetic properties from other forms of programmed
cell death, such as necroptosis and apoptosis (12, 13).
Ferroptosis can be considered as a kind of cell death that is
triggered by the imbalance between the antioxidant system
and oxidative stress (12, 14). There are two major pathways
that contribute to the development of ferroptosis: the
enzyme-regulated pathway and transporter-dependent
pathway. The enzyme-regulated pathway activates
ferroptosis by inhibiting glutathione peroxidase 4 (GPX4)
and promoting lipid peroxidation (15). The transporter-
dependent pathway activated ferroptosis by inhibiting
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SLC7A11 (16). As we know, oxidative stress and oxidative
stress-induced cell death in GCs are associated with
the pathogenesis of PCOS (9, 17). However, whether
oxidative stress-mediated GC ferroptosis is involved in the
development of PCOS is still unclear.

Given the role of ubiquitination in the development
of PCOS and the regulation of ferroptosis, we investigated
whether ubiquitination contributes to the development
of PCOS by regulating GS ferroptosis. In the current
study, we found that neural precursor cell-expressed
developmentally down-regulated 4-like (NEDD4L), a
member of the Nedd4 family, was increased in PCOS mice.
Here, we confirmed that NEDD4L facilitates the ferroptosis
of GCs. Moreover, NEDD4L facilitates ubiquitination-
mediated degradation of GPX4.

Methods
Animals

Adult female C57BL/6] mice were purchased from Cyagen
Bioscience (Santa Clara, CA, USA). Prior to the experiment,
the animals were allowed to adapt to the environment for
1 week. For this study, all procedures were approved by the
Ethics Committee of Shanghai Seventh People’s Hospital
(item number: 2021-AR-059). Adult female C57BL/6] mice
were housed with access to food and water ad libitum. The
PCOS mouse model was established as described previously
(18). In brief, female C57BL/6] mice (4 weeks old) were
subcutaneously injected with DHEA (6 mg/0.1kg body
weight) daily for 20 days.

KGN cell culture

Human ovarian cancer GC line KGN cells were purchased
from the ATCC and cultured in DMEM/F-12 culture
medium (Gibco) containing 10% FBS, 100 U/mL penicillin,
and 100 pg/mL streptomycin. For in vitro cell model, KGN
cells were treated with dihydrotestosterone (DHT) 500 nM
for 24 h.

Cell counting kit-8 assay

KGN cell viability was analyzed by Cell counting kit-8
(CCK-8) assay (Abcam) according to the instructions. In
brief, 5 x10* KGN cells with different pretreatments were
inoculated on 96-well plates for 24 h. Then, 10 uL CCK-8
solution was added to each well and incubated at 37°C with
5% CO, for additional 4 h, and then the absorbance of

each well was taken by using a microplate reader at optical
density 450 nm.

Fluorescein diacetate staining

KGN cells with different pretreatments were treated
with 20 pL of fluorescein diacetate (FDA) reagent (5 mg/
mL; Sigma) for 20 min, and then KGN cells images were
captured by a fluorescence microscope (Olympus IX71).

Fe?* concentration

The concentration of iron (Fe?*) in KGN cells was detected
by an iron assay kit (Abcam ab83366) according to the
instructions.

Lipid ROS assay

The level of lipid ROS in KGN cells was assessed by using
C11-BODIPY probe assay kit (Invitrogen) according to the
instructions. Briefly, 5 x10* KGN cells were seeded in 96-well
plates and cultured with 1 uM C11-BODIPY probe for 30 min,
and then the level of lipid ROS was read by flow cytometer.

MDA and GSH content

The KGN cell malonyldialdehyde (MDA) content was
assessed by a lipid peroxidation assay kit (Sigma, MAKO8S5)
according to the standard protocol. The content of GSH in
KGN cells was assessed by a glutathione assay kit (Sigma,
CS0260) according to the instructions.

Transient transfection of NEDDA4L or si-NEDDA4L

To overexpress NEDD4L, lentivirus production of NEDD4L
was purchased from GeneChem (Shanghai, China)
and infected KGN cells according to the instructions.
To knockdown NEDD4L, si-NEDD4L was transfected
into KGN cells by using Lipofectamine 3000. Briefly,
KGN cells were transfected with 20 nM of si-NEDD4L
(AGUCAUAAAUCUCGAGUCA) or si-control RNA
(CAACUUGAGCAACUUAUUU).

Quantitative real-time PCR

Total RNA of KGN cell or PCOS mouse tissue was isolated
by using the Trizol reagent (Invitrogen). Then, the
reverse transcription-PCR was performed by using the
iScript cDNA synthesis kit (Bio-Rad), and the real-time
quantitative PCR was performed by using PrimeScript
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RT Master Mix kit (TaKaRa) in accordance with the
following protocol: 95°C for 5 min, 40 cycles of 95°C for
10's, and 55 °C for 20 s. The fold changes of target genes
were analyzed by the 2-2*“t method, and GAPDH was
used as an internal control.

Western blotting analysis

Total protein of KGN cells and PCOS mice was extracted
by using Minute™ total protein extraction kit (Invent,
Eden Prairie, MN, USA), and the concentration of protein
was detected by BCA (bicinchoninic acid) protein assay
kit (Abcam). The primary antibodies were SKP2 antibody
(1:500, Abcam, ab183039), NEDDA4L antibody (1:500,
Abcam, ab168349), GPX4 antibody (1:500, Abcam,
ab134953), UB antibody, and anti-GAPDH (glyceraldehyde-
3-phosphate dehydrogenase) (1:5000, Abcam, ab9485).
The membranes were washed with TBST (TBS with
Tween-20) for three times after incubation with primary
antibodies for 2 h. Thereafter, membranes were incubated
with goat anti-rabbit IgG H&L (HRP) (1:5000, ab205718)
for 1 h at 37°C. The signals were visualized using enhanced
chemiluminescence (Beyotime, Shanghai, China).

Co-immunoprecipitation

KGN cells were lyzed by NP-40 buffer, and the lysate was
coated with anti-NEDDA4L or anti-GPX4 for 4 h, and then
Protein A/G beads were added to the immunoprecipitation
complex and rotated at 4°C overnight. The next day, the
Protein A/G beads were washed by PBS for three times.
The immunoprecipitate complex was detected by western
blotting with anti-NEDDA4L or anti-GPX4.

Statistical analysis

All experimental data are displayed as mean +SD. The
statistical analyses were performed by SPSS 20.0. The
significance between two groups was evaluated by the
Student’s t-test, and more than two groups was determined
by one-way ANOVA followed by the Tukey-Kramer multiple
comparison test, and P < 0.05 was considered statistically
significant.

Results
NEDD4L was upregulated in PCOS mice

To investigate whether ubiquitination genes are involved
in the occurrence of PCOS, the differentially expressed

ubiquitination genes in PCOS were obtained from
GSE80432 and GSE106724. Of these, 88 differentially
expressed ubiquitination genes in GSE80432 and 66
in GSE42952 with significant changes ( P < 0.05) were
filtered out, and the common ubiquitination genes were
obtained by Venn diagram analysis. Figure 1A shows
that eight common ubiquitination genes were identified
(FBXL11, SKP2, NEDD4L, RNF6, USP34, FBXL7, RNF148,
and FBXO21). The expression of these eight genes was
assessed in PCOS mice using qPCR analysis. As shown in
Fig. 1B, the mRNA expression of SKP2 and NEDD4L was
markedly increased in PCOS mice compared with control
mice. Similar to the qPCR results, the data from western
blotting indicated that NEDD4L, but not SKP2, was
significantly increased in PCOS mice. These results suggest
that NEDD4L may contribute to the development of PCOS
(Fig. 1ICand D).

NEDDA4L overexpression promoted granulosa
cells ferroptosis

Previous research has demonstrated that the function of
GCs is crucial to the development of PCOS. Therefore,
the function of NEDD4L in GCs was evaluated. To clarify
its role, NEDD4L was overexpressed in KGN cells. qRT-
PCR and western blotting were used to confirm the
effectiveness of NEDD4L-OE (Fig. 2A and B). The CCK-8
assay and FDA staining were used to determine the cell
viability of KGN cell. As shown in Figs. 2C and D, KGN cell
viability was obviously lower in the NEDD4L-OE group
compared to the control group. Further evidence for this
conclusion was confirmed by FDA staining.

Multiple modes of programmed cell death are related
to cell viability, including cell apoptosis, cell necroptosis,
and cell ferroptosis. Therefore, the cell viability of
NEDD4L-OE KGN cells treated with necrostatin-1 (a
specific inhibitor of necroptosis), ZVAD-FMK (a specific
inhibitor of apoptosis), and ferrostatin-1 (a specific
inhibitor of ferroptosis) was further analyzed by the
CCK-8 assay. As shown in Fig. 2E, our data revealed that
ferrostatin-1, but not necrostatin-1 or ZVAD-FMK,
significantly reversed the decrease of cell viability caused
by NEDDA4L-OE. To further confirm the function of
NEDDA4L in GC ferroptosis, the ferroptosis signaling was
assessed in NEDD4L-OE and control KGN cells. Figure 2F,
G and H showed that NEDD4L-OE significantly increased
the level of Fe?*, MDA content, and ROS level in KGN cells.
In addition, the GSH level in KGN cells was significantly
decreased by NEDD4L-OE (Fig. 2I). These data indicated
that NEDD4L-OE facilitated GCs' ferroptosis.
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NEDD4L knockdown inhibited GC ferroptosis

In a DHT-induced PCOS cell model, NEDD4L was knocked
down by si-NEDD4L, and the expression of NEDD4L was
confirmed by qRT-PCR and western blotting. As shown
in Fig. 3A and B, NEDD4L expression was promoted by
500 nM DHT, whereas the effect was blocked by NEDD4L
knockdown. KGN cell viability was inhibited by DHT
treatment, while these effects were restored by NEDD4L
knockdown (Fig. 3C). Moreover, FDA staining results
showed that NEDD4L knockdown restored the KGN
cell viability that had been decreased by DHT treatment
(Fig. 3D). In addition, the levels of iron, MDA content, and
ROS were markedly increased by DHT treatment, while
these effects were restored by NEDD4L knockdown (Fig. 3E,
F, and G). Moreover, the GSH content was significantly
decreased by DHT treatment, while the effect was restored
by NEDD4L knockdown (Fig. 3H).

GPX4 is the direct target of NEDD4L

Previous studies have shown that dysregulated
ubiquitination contributes to the development of diseases
by regulating cell ferroptosis. Therefore, the target of
NEDD4L was predicted by ubibrowser (http://ubibrowser.
bio-it.cn/ubibrowser/) (Supplementary Fig. 1, see section
on supplementary materials given at the end of this article),

H Tang et al. 12:4 €220459
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Figure 1

NEDD4L contributed to the development of PCOS.
(A) Venn diagram of differentially expressed
ubiquitination genes in the datasets GSE80432
and GSE106724. (B) The mRNA level of eight
genes in the PCOS mouse model was assessed by
gRT-PCR (n=5) *P < 0.05, **P < 0.01. (C and D)
The protein level of NEDDAL in PCOS mice was
assessed by western blot. ***P < 0.001.

PCOS
and we found that GPX4, a key gene of ferroptosis, is the
target of NEDD4L. Next, the mRNA and protein expression
of GPX4 were analyzed in the NEDD4L knockdown KGN
cell. As shown in Fig. 4A and B, NEDD4L knockdown did
not promote GPX4 mRNA expression but promoted GPX4
protein expression. The GPX4 expression in the PCOS
mouse model was further verified by qRT-PCR and western
blotting. Figure 4C and D showed that GPX4 protein
expression was markedly increased in the PCOS model
compared with control mice, but the mRNA expression did
not increase.

NEDDA4L facilitated the ferroptosis of GCs by
promoting the ubiquitin-mediated proteasome
degradation of GPX4

To further confirm that GPX4 is the target of NEDD4L,
reciprocal co-immunoprecipitation (Co-IP) experiments
were conducted to verify that NEDD4L directly interacts
with GPX4. Figure SA shows that a positive GPX4 signal
was detected in the protein complex pulled down by an
anti-NEDD4L-specific antibody. Besides, NEDDA4L signals
were also detected in the protein complex pulled down by
the anti-GPX-specific antibody. Moreover, a cycloheximide
experiment was conducted to analyze GPX4 protein
stability in NEDD4L-KO (knock-out) KGN cells. As shown
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Figure 2

NEDDA4L overexpression promoted granulosa cell ferroptosis. (A and B) gRT-PCR and western blot analysis of NEDD4L mRNA and protein levels in GCs
with and without NEDDAL overexpression (n = 3). ***P < 0.001. (C) The GC viability was assessed by the CCK-8 assay (n = 3). **P < 0.01. (D and E) The GC
viability was assessed by FDA (n = 3). **P < 0.01. (E) The cell viability of NEDD4L-OE GCs was determined using the CCK-8 assay in the presence or
absence of ZVAD-FMK (5 M), necrostatin-1 (10 M), or Fer-1 (2 M).0.05. **P < 0.01; ns, not significant. (F-I) The level of Fe?*, the content of MDA, the level of
ROS, and the content of GSH in NEDD4L-OE GCs was analyzed by ELISA (n = 3) *P < 0.05, **P < 0.01.

in Fig. 5B and C, GPX4 protein stability was markedly
increased in NEDD4L-KO KGN cells. To further verify that
NEDDL4 regulates GPX4 through ubiquitin proteasome,
NEDD4L-OE KGN cells were treated with proteasome

inhibitors MG132 (20 uM). Figure 5D shows that MG132
restored GPX4 expression levels in NEDD4L-OE KGN
cells, suggesting that the ubiquitin proteasome pathway
contribute to the degradation of GPX4. Next, the
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NEDD4L knockdown alleviated granulosa cell ferroptosis. (A and B) The mRNA and protein level of NEDDA4L in DHT-induced GCs was analyzed by gRT-PCR
and western blot with or without si-NEDDA4L treatment (n = 3). **P < 0.01, ***P < 0.001. (C) The cell viability of DHT-induced GCs was analyzed by the
CCK-8 assay after treatment with or without si-NEDD4L (n = 3). **P < 0.01. (D) The cell viability of DHT-induced GCs was analyzed by FDA staining after
treatment with or without si-NEDD4L (n = 3). *P < 0.05, **P < 0.01. (E-H) the level of Fe?*, the content of MDA, the level of ROS, and the content of GSH in
DHT-induced GCs were assessed by the ELISA assay after treatment with or without si-NEDDA4L (n = 3). *P < 0.05, **P < 0.01.

ubiquitination level of GPX4 was detected through IP
(immunoprecipitation) with anti-GPX4 antibody and IB
(immunoblotting) with anti-ubiquitin antibody. Figure
SE showed that NEDD4L-KO significantly decreased the
ubiquitination of GPX4. Taken together, our data suggest
that NEDD4L directly interacts with GPX4 and facilitates
its degradation.

Discussion

PCOS is an androgen disorder and ovarian dysfunction
disease in women of reproductive age. Oxidative stress and
oxidative stress-induced cell death in GCs are associated
with the pathogenesis of PCOS (20). Ferroptosis is a kind
of programmed cell death characterized by iron overload
and ROS generation. However, whether ferroptosis
contributes to the development of PCOS is still unclear.
In the current study, we verified that NEDDA4L facilitates

GC ferroptosis by promoting GPX4 ubiquitination
and degradation, as evidenced by the following: (i)
NEDD4L was upregulated in the PCOS mice; (ii) NEDD4L
overexpression promoted GC ferroptosis; (iii) NEDD4L
knockdown inhibited GC ferroptosis; (iv) GPX4 is the
direct target of NEDD4L; (v) NEDDA4L facilitated the
ferroptosis of GCs by promoting the ubiquitin-mediated
proteasome degradation of GPX4.

NEDDA4L, a member of the HECT (homologous to
E6AP C terminus) family of E3 ligases, has been implicated
in the regulation of various diseases by regulating the
ubiquitination of substrates. Peng Gao et al. reported that
Nedd4l promotes type I interferon production in response
to virus by catalyzing ubiquitination of the cysteine in
TRAF3 (21). Deping Kong et al. reported that the D2/DP1
axis reduces age-related Th1l activation and consequent
hypertensive response by increasing NEDD4L-mediated
T-bet degradation via ubiquitination (22). In recent
years, accumulating evidence has indicated that NEDD4L
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GPX4 is the direct target of NEDD4L. (A and B) The mRNA and protein level of GPX4 in NEDDAL knockdown GCs was assessed by qRT-PCR and western-
blot. **P < 0.01. (C and D) The mRNA and protein level of GPX4 in the PCOS mouse model were assessed by qRT-PCR and western-blot. ***pP < 0.001.

contributes to the development of various diseases by
regulating cell proliferation. However, the function
of NEDDL4 in cell proliferation is multifaceted. Some
studies indicate that NEDD4L inhibited cell proliferation.
Yi Zeng et al. reported that Nedd4L overexpression
inactivated factor-g/Smad2/3
signaling pathway and depressed cell apoptosis (23).
Suyoun Chung et al. found that NEDD4 promotes keloid
development by increasing fibroblast proliferation and
invasion (24). While some studies indicated that NEDD4L
promotes cell proliferation. Xuming Wang et al. found
that NEDDA4L significantly suppressed cell proliferation,
migration, and invasion abilities of non-small cell lung
cancer cell (25). Fengbo Zhao et al. demonstrated that
knockdown of Nedd4L could significantly promote the
proliferation of HCC cells by CCK-8 and colony formation
assays in vitro (26). These studies suggest that NEDD4L
inhibits cell proliferation. In the current study, we found
that NEDD4L was significantly increased in PCOS mice and
cell models. An in vitro study showed that NEDD4L inhibits
GC proliferation by promoting the ferroptosis of GCs.
Consistent with our results, Rui Liu et al. found that ESR1
and NEDDA4L functioned together after radiation treatment
and finally induced ferroptosis in breast cancer cells (27).

transforming  growth

This work, as well as other studies, further confirms that
theregulation of NEDD4L on cell proliferation is a complex
and diverse process.

In PCOS, follicles have a relative abnormal function
of GCs and/or degenerating GCs, indicating abnormal
GC proliferation or death (28). GCs regulate the destiny
of the follicle by delivering nutrients and growth factors
to the oocyte (29). Therefore, both GC cell proliferation
and apoptosis are related to the development of PCOS.
Ferroptosis is a form of cell death different from apoptosis
and necroptosis, characterized by the imbalance between
oxidation and antioxidant, which is also the key cause
of the development of PCOS (30). Lingzhi Zhang et al.
reported that transferrin receptor-mediated ROS promotes
KGN cell ferroptosis by regulating NOX1/PINK1/ACSL4
signaling (31). Dan Zhang et al. reported that circ-RHBG
suppresses PCOS cell ferroptosis through the circ-RHBG/
miR-515-5p/SLC7A11 axis in PCOS (32). These studies
suggest that ferroptosis contributes to the development
of PCOS. In the current study, we found that NEDD4L
mediated GC ferroptosis. Combining these studies with
our experimental results, we speculate that NEDD4L may
contribute to the development of PCOS by promoting the
GC ferroptosis. However, the mechanism is still unclear.
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Figure 5

NEDDA4L accelerated the ferroptosis of GCs by promoting the ubiquitin-mediated proteasome degradation of GPX4. (A) NEDDA4L interacts with GPX4
directly. The protein lysis from GCs was immunoprecipitated with IgG or antibodies against NEDDAL or GXP4 and then IB with NEDD4L and GXP4 (n = 3).
(B and C) GPX4 protein stability is regulated by NEDD4L. GCs with or without NEDD4L knockdown were treated with 15 pg/mL cycloheximide (CHX) for
various times, as indicated by the GPX4 protein stability assessed by western blot (n = 3). **P < 0.01. (D) NEDDA4L regulates GPX4 stability through
proteasome-mediated ubiquitination and degradation pathway. GC cells with or without NEDD4L-OE were treated with MG132 (20 uM) and then
analyzed by western blotting. (E) Cell lysates were extracted from scramble and si-NEDDA4L-infected GCs and immunoprecipitated with anti-GPX4
antibody and then analyzed by western blot using anti-ubiquitin antibody (n = 3).

Aswe know, NEDD4Lisa HECT type E3 ligase and regulates ~ facilitated the ferroptosis of GCs by promoting the
protein expression of target genes through ubiquitination. ubiquitin-mediated proteasome degradation of GPX4.
Peng Gao et al. reported that Nedd4L promotes antiviral
innate immunity by catalyzing K29-linked cysteine —__
ubiquitination of TRAF3 (21). Laura Novellasdemunt et al. Supplementary materials
reported that NEDD4 and NEDDAL regulate Wnt signaling This is linked to the online version of the paper at https://doi.org/10.1530/
. . o . EC-22-0459.
and intestinal stem cell priming by degrading the LGRS
receptor (33). In the current study, we found that GPX4 is
the direct target of NEDD4L, and in vitro data showed that beclaration of interest
. sps . . eclaration ot interes
NEDDA4L promOted GPX4 ublqultlnatlon and dEgradatlon The authors declare that they have no known competing financial interests
in GCs. Taken together, our data suggest that NEDD4L  or personal relationships.
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