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Abstract

Ubiquitin-like modifier 1 ligating enzyme 1 (UFL1) is a unique E3 ligase of the UFMylation system. Recent studies have
shown that this enzyme plays a crucial role in the processes of endoplasmic reticulum stress (ER stress) and apoptosis.
Lipopolysaccharide (LPS) can cause injury to ovarian granule cells and hinder follicular development by triggering ER stress
and apoptosis. Our study aimed to investigate the mechanism by which UFL1 alleviates ER stress and apoptosis caused by
LPS in human granulosa-like cells (KGNs). In this study, we found that the protein levels of UFL1 were increased obviously
under LPS stimulation in KGN and that ER stress and apoptosis were further aggravated when UFL1 was knocked down;
in contrast, these events were rescued when UFL1 was overexpressed. Next, we showed that the levels of ferroptosis-related
proteins were relatively altered, accompanied by the accumulation of reactive oxygen species (ROS) and Fe2™, following
the inhibition of UFL1 expression. In contrast, the overexpression of UFL1 reversed the ferroptosis process by regulating
the P53/SLC7AL11 (solute carrier family 7, member 11, SLC7A11) system and autophagy in response to LPS stimulation.
Furthermore, apoptosis and ER stress in KGNs are rescued by the administration of the ferroptosis inhibitor ferrostatin-1
(Fer-1). Collectively, our research demonstrated a new mechanism for UFL1 that can alleviate ER stress and apoptosis
stimulated by LPS; this occurred via the regulation of the ferroptosis pathway in KGNs and may provide a new strategy for
research in the field of reproduction.
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Introduction

Ubiquitin-like modifier 1 ligating enzyme 1 (UFL1), also
known as KIAAO776 or Maxer, is a unique E3 ligase of the
UFMylation ubiquitin-like modification system, which con-
jugates ubiquitin fold modifier 1 (UFM1) to its substrate dur-
ing the process of UFMylation (Tatsumi et al. 2010; Wei and
Xu 2016; Xie et al. 2019). In addition to playing an indispen-
sable role in the UFMylation system, UFL1 also participates
in multiple other cellular responses, including DNA damage,
inflammation, endoplasmic reticulum (ER) stress, apoptosis,
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autophagy, and oxidative stress in the hematopoietic, heart,
breast, ovary, and other important organs (Li et al. 2019,
2018; Wang et al. 2020; Zhang et al. 2015). Recent research
has reported that the depletion of UFL1 could promote the
excessive activation of autophagy in bone marrow cells
(BMCs) stimulated by lipopolysaccharides (LPS), increase
mitochondrial mass and reactive oxygen species (ROS), and
ultimately lead to increased oxidative stress and cell death
(Li et al. 2019). In addition, knockout of the UFL1 gene
in BMCs led to increased ER stress and unfolded protein
response (UPR), an enhanced DNA damage response, p53
activation, and cell death in hematopoietic stem cells (HSCs)
(Li et al. 2019, 2018). Interestingly, the activation of P53
and autophagy are closely related to the occurrence of fer-
roptosis (Hu et al. 2020; Jiang et al. 2015; Kang et al. 2019).
Thus, existing research indicates that UFLI is a key regula-
tor of the cellular stress response and may be related to the
occurrence of ferroptosis in the process of maintaining cell
homeostasis.
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Unlike canonical cell programmed death (apoptosis),
ferroptosis is a newly discovered form of cell death that is
characterized by iron dependence, increased ROS, and lipid
peroxidation, and involves the activation of Xc-/GPX4, P62-
Keap1-NRF2 (kelch-like ECH-associated protein 1, Keapl;
nuclear factor (erythroid-derived 2)-like 2, NRF2), P53/
SLC7A11 (solute carrier family 7, member 11, SLC7A11),
and other pathways (Cao and Dixon 2016; Guan et al. 2021,
Stockwell et al. 2017; Xie et al. 2016). Although ferroptosis
and apoptosis are quite different, some studies have reported
that there is a mutual relationship between these processes in
that inducer of ferroptosis can promote apoptosis via tumor
necrosis factor (TNF)-related apoptosis-inducing ligand
(TRAIL) and that this can switch apoptosis to ferroptosis
(Lee et al. 2019; Zheng et al. 2017). Recent studies have
shown that the ER stress response induced by ferroptosis
may mediate other types of cell death, such as apoptosis
(Chen et al. 2019; Lee et al. 2018; Su et al. 2019). Neverthe-
less, the specific mechanisms linking ferroptosis, ER stress,
and apoptosis have yet to be elucidated.

Different physiological and pathological stress conditions
can disrupt the homeostasis of the ER; these stressors can
cause the accumulation of unfolded or misfolded proteins,
thus inducing the unfolded protein response (UPR) which
ultimately results in ER stress (Di Conza and Ho 2020;
Rashid et al. 2015). The maintenance of ER homeostasis
is crucial during follicular development and maturation in
granulosa cells (GCs); ER stress can cause follicular atresia
and premature ovarian follicle (POF) (Huang et al. 2016).
In addition, excessive ER stress can elevate the UPR tran-
scription factor C/EBP homologous protein (CHOP) and
subsequently activate the apoptosis pathway, thus resulting
in a reduction in the number of normal follicles (Hetz 2012;
Xiong et al. 2020; Zeng et al. 2017). Lipopolysaccharide
(LPS) was recently demonstrated to induce ER stress both
in vivo and in vitro (Huang et al. 2020; Pang et al. 2019).
Once induced, ER stress can result in the activation of PKR-
like ER kinase (PERK), one of the transmembrane sensors
in the UPR, thus leading to the overexpression of CHOP
and the subsequent initiation of apoptosis (Lebeaupin et al.
2015). Recent studies have shown that UFL1 can regulate
LPS-induced ER stress and apoptosis in BMCs (Li et al.
2019). But until now, the mechanism of UFL1 regulating
ER stress and apoptosis in GCs has not been determined.
Considering that mouse GCs do not passage well during
culture, we selected human granulosa-like cells (KGNs) for
this study; this is a human granulosa-like tumor cell line that
is considered to be a very useful model for understanding the
regulation of GC growth and apoptosis and can retain the
physiological characteristics of normal GCs, multiply, and
undergo passage in culture (Nishi et al. 2001).

In this study, we first investigated the effects of UFL1
on ER stress and apoptosis by using LPS-treated KGNs as
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an in vitro cell model. Then, we investigated the protective
function of UFL1 in KGNs and found that this protein can
alleviate the ER stress and apoptosis stimulated by LPS by
regulating the ferroptosis pathway.

Materials and methods
Cell culture and treatment

KGN cells were purchased from the Cell Bank of the Type
Culture Collection of the Chinese Academy of Sciences
(Shanghai, China). The KGNs were cultured in DMEM sup-
plemented with 10% fetal bovine serum (Gibco, Staley Rd
Grand Island, NY, USA) and 200 U/mL of penicillin and
streptomycin (Solarbio) and incubated at 37 °C in a humid-
ified atmosphere containing 5% CO,. KGNs were treated
with different doses of LPS for 16 h and then subjected to
various assays. After the concentration gradient assay, we
selected 5 pg/mL LPS for subsequent experiments. KGN
were treated with 2 pM Fer-1 for 16 h.

Cell viability assay

KGNs were seeded into a 96-well plate at the concentration
of 2000 cells/well. The cells were cultured for 24 h, and
then treated with LPS (Sigma) and Fer-1 (Sigma) in different
concentrations for 16 h followed by the addition of 20pL of
CCK-8 solution (TransGen Biotech, Beijing, China) directly
into the medium (200 pL per well) and incubation at 37 °C
for 1-2 h. Eventually, we use a microplate reader to detect
the absorbance at 450 nm.

Cell transfection

We used UFL1 shRNA to knock down the expression of
UFLI and used the pEX-3 vector to clone the UFL1 cDNA
plasmid to overexpress UFL1. The sequence and antisense
sequence of the shRNA were 5'-GAAACACTTCTGTGT
CAGAAA-3" and 3'-GCTCTGGAACATGGGTTGATA-5'
and were purchased from Sigma. Lentiviruses were made
in accordance with the manufacturer’s protocol. KGNs were
cultured to a confluency of 50-60% in 6-well dishes and then
transfected with prepared lentiviruses. After 48 h of trans-
fection, the successful depletion of UFL1 protein expression
was confirmed by western blot analysis.

The UFL1 plasmid was constructed by GenePharma
(Shanghai, China) and was sequenced by JinsiruiBio
Company (Nanjing, China). The amplified products were
purified and cloned into the pEX-3 vector. KGN cells
were cultured to a confluency of 50-60% in 6-well dishes
and transfected with 2 pg of the pcDNA3.1-UFL1 or the
pcDNA3.1 empty vector in OptiMEM (Gibco, Carlsbad,
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CA, USA) using Lipofectamine 2000 (Invitrogen, Carls-
bad, CA, USA) according to the manufacturer’s protocol.
After 48 h of transfection, the successful overexpression
of UFL1 protein expression was confirmed by western blot
analysis.

Western blot

Proteins in KGN samples were extracted by RIPA Lysis
Buffer (Applygen, Beijing, China). Protein concentrations
were measured with a BCA kit (Applygen, China). The
proteins underwent polyacrylamide gel electrophoresis and
were then transferred to the PVDF membrane (Millipore,
Darmstadt, Germany). The membranes were blocked with
5% bovine serum albumin solution for 6 h and then the
primary antibodies were incubated. The primary antibod-
ies used in this study included UFL1 (ab226216, Abcom,
Cambridge, UK, 1:2000 for western blot), BIP (66,574—1-Ig,
Proteintech, Wuhan, China, 1:5000 for western blot), XBP1s
(ab37152, Abcom, Cambridge, UK, 1:2000 for western
blot), CHOP (15,204—1-AP, Proteintech, Wuhan, China,
1:1000 for western blot), BAX (WL01637, Wanleibio, Shen-
yang, China, 1:2000 for western blot), BCL-2 (12,789-1-
AP, Proteintech, Wuhan, China, 1:1000 for western blot),
P53 (10,442-1-AP, Proteintech, Wuhan, China, 1:5000
for western blot), SLC7A11 (26,864—1-AP, Proteintech,
Wuhan, China, 1:2000 for western blot), GPX4 (67,763—1-
Ig, Proteintech, Wuhan, China, 1:2000 for western blot),
P62 (WL02385, Wanleibio, Shenyang, China, 1:1000 for
western blot), NRF2 (WL02135, Wanleibio, Shenyang,
China, 1:1000 for western blot), LC3 (WL01506, Wanlei,
Shenyang, China, 1:1000 for western blot), FTH1 (DF6278,
Affinity, Cincinnati, USA, 1:2000 for western blot), and
TUBULIN (10,094-1-AP, Proteintech, Wuhan, China,
1:5000 for western blot). After incubation of the secondary
antibody (Affinity Biosciences, Cincinnati, USA), the blots
were imaged using the EasySee Western Blot Kit (DW101-
01, TransGen Biotech, China). Analyzer Image AI600 and
Image J were used to scan and analyze the images.

Detection of intracellular levels of reactive oxygen
species

Dihydrorhodamine (DHR, KeyGen BioTECH, China)
was used to measure the total levels of intracellular ROS
in accordance with the manufacturer’s guidelines. In brief,
10 pM of DHR working solution was added to the wells
containing KGNs and incubated for 1 h in the dark. Hoechst
33,342 was then used to stain the nuclei. A NIKON Eclipse
80i fluorescence microscope was used to observe the stain-
ing intensity.

Detection of the levels of intracellular Fe**

FerroOrange (DojinDo, Japan) was used to detect the levels of
intracellular Fe?* in accordance with the manufacturer’s proto-
col. KGNs were seeded onto confocal dishes and washed with
Hank’s balanced salt solution (HBSS) (Gibco, USA) to remove
residual reagents. Cells were then treated with 1 pmol/L of
FerroOrange with HBSS for 30 min at 37 °C. The cells were
finally observed under a confocal laser scanning microscopy
(Nikon A1, Japan).

Statistical analysis

The statistical analysis was performed using GraphPad
Prism 8 software. One-way ANOVA was used to detect
statistical differences between multiple sets of data. A p
value < 0.05 was considered statistically significant. All data
are presented as the mean + standard error from at least three
independent experiments. It is considered that p <0.05 was
a significant difference.

Results

LPS treatment caused UFL1 elevation, ER stress,
and apoptosis

UFL1 is a key regulator of ER stress (Zhang et al. 2015).
Firstly, we confirmed the protein expression changes of
UFL1 and cell viability in KGNs following LPS stimula-
tion. In order to investigate the changes of UFL1 under dif-
ferent drug concentrations, the dose of LPS was gradually
increased from 0 to 20 pg/mL. We found that the expression
of UFL1 was significantly increased in an LPS dose-depend-
ent manner, at least to a certain extent (5 pg/mL), but did not
change when the concentration of LPS was increased further
(Fig. la, b). Furthermore, LPS stimulation was shown to
inhibit cell viability; this also depended on the dose of LPS
(Fig. 1c). Therefore, we chose a low concentration range
from O to 5 pg/mL (where UFL1 changed significantly) to
explore the influence of ER stress. The protein levels of spe-
cific markers of ER stress (BIP, XBP1s, and CHOP) were
significantly increased after LPS stimulation (Fig. 1d-g). The
expression levels of BAX and the ratio of apoptosis BAX/
BCL-2 also increased (Fig. 1h-k). In general, the expression
of UFL1 increased in the presence of ER stress and follow-
ing the appearance of apoptosis, thus indicating that UFL1
may be involved in the process of ER stress and apoptosis.

The knockdown of UFL1 aggravated LPS-induced ER
stress and apoptosis

To verify that UFL1 is involved in the process of cellular
ER stress and apoptosis in response to LPS treatment, we
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Fig.1 LPS stimulation led to UFLI1 elevation, ER stress, and the
occurrence of apoptosis. a, b Changes in UFL1 protein levels after
16 h of treatment with different LPS concentrations. ¢ Changes in cell
activity under different LPS doses. d—g The effect of different con-

knocked down the expression of UFL1 in KGNs (Fig. 2a,
b). The proliferation of KGN cells was successfully inhib-
ited after UFL1 knockdown (Fig. 2¢) (p <0.05). Compared
with the LPS treatment group alone, the combination of
UFL1 knockdown and LPS treatment resulted in reduced
cell viability (Fig. 2d) (p <0.01). Compared with the control
group, the UFL1 knockdown group was more vulnerable to
ER stress and apoptosis when treated with LPS. As shown
in Fig. 2e-h, the levels of protein markers of ER stress (BIP,
XBP1s, and CHOP) were significantly increased; a similar
trend was observed for BAX and the ratio of BAX/BCL-2
(Fig. 2i-1). These results prove that the level of UFL1 may
ameliorate ER stress and apoptosis.
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centrations of LPS on the marker proteins BIP, XBP1s, and CHOP.
h—k Changes in the levels of key apoptosis proteins (BAX and BCL-
2) under different LPS concentrations. *p<0.05, **p<0.01, and
*#%p <0.001

The overexpression of UFL1 effectively alleviated
LPS-induced ER stress and apoptosis

Next, we overexpressed UFLI to investigate the protec-
tive effect of UFL1 against LPS stimulation in KGNs. As
shown in Fig. 3a and b, we successfully overexpressed
UFL1. The CCKS8 assay showed that the overexpression of
UFL1 did not affect the growth of KGNs (Fig. 3¢). How-
ever, compared with the LPS treatment group, the overex-
pression of UFLI1 alleviated the LPS-induced decline in
the cell viability of KGNs (Fig. 3d) (p <0.001). Further-
more, the overexpression of UFL1 alone did not affect cel-
lular endoplasmic reticulum homeostasis when compared
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Fig.2 The inhibition of UFL1 expression aggravated LPS-induced
apoptosis and ER stress. a, b UFL1 siRNA changed the expression
levels of UFL1 n KGNs. ¢ The cell growth curve in KGNs in which
UFL1 had been knocked down. d Cell viability, as detected by CCK-
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to controls; there was no change in the protein levels of
ER stress indicators (Fig. 3e-h). These results showed that
the protein levels of ER stress markers in the UFL1 over-
expression group were obviously reduced when compared
with the LPS group, although the levels of ER stress pro-
teins had not been recovered to a normal level, thus sug-
gesting that UFL1 can only rescue LPS-induced ER stress
to a certain extent in KGNs (Fig. 3i-1). In addition, the
degree of apoptosis had been alleviated by the overexpres-
sion of UFL1; this was similar to the trend we observed for
the effects of UFL1 on ER stress (Fig. 3m-p). Together,
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with LPS stimulation in KGNs in which UFL1 had been knocked
down. i~k Changes in the protein expression of BAX and BCL-2 with
LPS stimulation in KGNs in which UFL1 had been knocked down.
1 The ratio of BAX/BCL-2 in LPS-stimulated KGNs after UFL1
knockdown. *p <0.05, **p <0.01, and ***p <0.001

our data indicated that UFL1 can protect KGNs from the
ER stress and apoptosis caused by LPS stimulation.

The knockdown of UFL1 led to ferroptosis
and oxidative stress

Next, we investigated how UFL1 might relieve ER stress
and apoptosis in KGNs. To do this, we detected the lev-
els of ferroptosis-related proteins and the products of
lipid peroxidation after knocking down the expression
of UFLI1. Our results showed that the expression of P53
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Fig.3 The overexpression of UFL1 alleviated LPS-induced apopto-
sis and ER stress. a—b The overexpression of UFL1 in KGNs. ¢ The
cell growth curve in KGNs overexpressing UFL1. d Cell viability, as
detected by CCK-8 assays. e-h Changes in the protein expression of
BIP, XBP1s, and CHOP after the overexpression of UFL1 alone. i-1

was significantly increased whereas the protein levels of
SLC7A11 and GPX4 were downregulated, thus prov-
ing that ferroptosis occurred following the inhibition of
UFL1 (Fig. 4a-e). Autophagy is a crucial mechanism of
ferroptosis; therefore, we investigated the expression lev-
els of ferroptosis-related autophagy proteins. The knock-
down of UFL1 increased the protein levels of LC3-II and
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Changes in the protein expression of BIP, XBP1s, and CHOP under
LPS stimulation after UFL1 overexpression. m—o Changes in the
protein levels of BAX and BCL-2 under LPS stimulation after UFL1
overexpression. p The ratio of BAX/BCL-2 under LPS stimulation
after UFL1 overexpression. *p <0.05, **p <0.01, and ***p <0.001

downregulated the protein levels of P62, NRF2, and FTH1
(Fig. 4f-i). The analysis also showed that UFL1 knock-
down increased the production of ROS and the accumula-
tion of Fe?* (Fig. 4], k). Collectively, these data indicated
that the silencing of UFL1 triggered ferroptosis and oxida-
tive stress and that UFL1 may be a key factor regulating
ferroptosis and oxidative stress.



UFL1 alleviates ER stress and apoptosis stimulated by LPS via blocking the ferroptosis pathway... 491
a con si-UFL1 b -
e 851'5 gzz.s -
g3 10 5315
o - [~
ST 05 cis 10
@5 i
2 o0 2 o0 T
— d & e &
L2 o3
GEJ.E 1.0 g:, 1.0
Lo === o  if 53
LC3-11 14kD £5 05 £& 05
S 20
2 °%
N N < N
) 2
f g h i
c_ 15 c= 15 = Z 20 c= 15
SZ S5 p S3 * S35
2> — 23 2@ 15 — 23
@m 1.0 510 ] L3510
a2 o~ o El S
5E 5 5= 10 5=
™ I
ggo.s gnz: 0.5 .530.5 gt 0.5
go 2% e%s 2%
2 o0 T = . = o . o
c'0‘\ \}Q\/\ QQ\:\
& &
j k
CON si-UFL1 CON si-UFL1
ROS FerroOrange

Fig.4 UFLI knockdown led to ferroptosis and oxidative stress. a)
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UFL1 reduced ER stress and apoptosis via the P53/Xc
system and autophagy-dependent ferroptosis

To investigate whether ferroptosis and autophagy are
the protective mechanisms induced by UFLI to rescue
ER stress and apoptosis, we treated KGNs with LPS and
overexpressed UFL1 simultaneously. The analysis found

down. j The production of ROS in KGNs in which UFL1 had been
knocked down. Bar=200 pm. k FerroOrange was used to detect
changes in iron ions (Fe.** in KGNs in which UFLI had been
knocked down. Bar=100 pm. *p <0.05, **p <0.01, and ***p <0.001

that UFL1 overexpression inhibited P53 activation and
reversed the downregulation of SLC7A11 and GPX4
induced by LPS stimulation (Fig. 5a-d). Apart from affect-
ing the P53/Xc system, the LPS + UFL1 group exhibited
a restriction in the upregulation of LC3-II and the down-
regulation of P62, NRF2, and FTH1 when compared with
the LPS group (Fig. 5e-h). Furthermore, FerroOrange
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experiments showed that fluorescence intensity in the
LPS + UFL1 group was obviously increased as compared
with the LPS group, thus indicating that UFL1 reduced
the accumulation of Fe?* (Fig. 51). Furthermore as shown
in Fig. 5j, the generation of ROS increased significantly
when we overexpressed UFL1. Collectively, these results
indicated that the overexpression of UFL1 exerts rescue
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The inhibition of ferroptosis reduced ER stress
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ferroptosis-specific inhibitor Fer-1 (2 pM, 16 h) under LPS
stimulation. Analysis showed that the expression levels of
SLC7A11 and GPX4 were upregulated in the LPS + Fer-1
group, thus indicating that Fer-1 effectively inhibited ferrop-
tosis in LPS-treated KGN (Fig. 6a-c). Compared with the
LPS group, the protein levels of the ER stress markers BIP,
XBP1ls, and CHOP decreased significantly as well as the
apoptosis factors BAX and the ratio of BAX/BCL-2 when
treated with Fer-1 and LPS simultaneously, thus suggesting
that Fer-1 alleviated the damage in KGNs caused by LPS
(Fig. 6e-1). In addition, we found that the cell viability of the
Fer-1+4LPS group was better than that in the LPS group, but
did not completely recover to normal levels, thus indicating
that Fer-1 only rescued cell death caused by LPS treatment
to a certain extent (Fig. 6d). Taken together, these data sug-
gested that blocking ferroptosis alleviated LPS-induced ER
stress and apoptosis and that ferroptosis might play a key
role in LPS-induced cell damage.

Discussion

In this study, we first evaluated the injury caused by LPS
stimulation to KGNs and found that the mechanism of cell
damage was related to ER stress and apoptosis. Interest-
ingly, LPS stimulation resulted in the increased expression
of UFL1; therefore, we hypothesized that UFL1 might be
involved in cell homeostasis. Next, we investigated the effect
of changing UFL1 expression on ER stress and apoptosis
and found that the knockdown of UFL1 enhanced the degree
of ER stress and apoptosis whereas the overexpression of
UFL1 obviously reversed this tendency. These studies
indicated that the overexpression of UFL1 protected cells
against LPS-induced ER stress and apoptosis to maintain
cell homeostasis; these findings are consistent with the out-
comes of previous studies relating to UFL1 function in the
heart, breast, and other tissues (Li et al. 2019, 2018; Wei and
Xu 2016). In addition, many previous studies have demon-
strated that ferroptosis is closely associated with ER stress
and apoptosis (Lee et al. 2018; Zheng et al. 2017). In the
present study, we found that the levels of ferroptosis-related
proteins were elevated when the expression of UFL1 was
silenced, thus indicating that UFL1 influences the occur-
rence of ER stress and apoptosis by regulating ferroptosis.
In a previous study, Zhang et al. reported that the loss of
UFL1 induced the DNA damage response and p53 activation
in HSCs (Zhang et al. 2015). However, Liu et al. demon-
strated that P53 is one of the substrates of UFL1 in mouse
embryonic fibroblasts (MEF) and that p53 protein levels
were significantly reduced when UFL1 was knocked down
(Liu et al. 2020a). In addition, Li et al. reported that UFL1
knockdown aggravated LPS-induced autophagy and that
LC3-1II protein expression was particularly increased while

P62 protein expression was significantly reduced (Wang
et al. 2020). To investigate the role of UFL1 in LPS-induced
damage in KGNs, we detected the alteration of ferroptosis-
specific markers related to two classic ferroptosis pathways:
the P53/SLC7A11 system and autophagy-dependent ferrop-
tosis (Hou et al. 2016; Hu et al. 2020; Xie et al. 2016). We
found that the expression of P53 was activated after UFL1
knockdown; these findings were consistent with those of
Zhang’s study but differed from the results of Liu et al. Then,
we speculated that UFL1 might perform various functions
in different cell lines. Furthermore, our data showed that
the expression levels of LC3-II and P62 had increased and
decreased, respectively; these findings were similar to those
of Li et al. Furthermore, we found that the protein levels
of SLC7A11 and GPX4, considered to be key proteins
related to ferroptosis (Hadian and Stockwell 2020; Lei et al.
2021), were significantly reduced following the depletion
of UFL1. We also observed the significant accumulation of
ROS and Fe?*, thus implying the occurrence of ferroptosis
(Hou et al. 2016; Kong et al. 2019; Tian et al. 2020). Fer-
ritin heavy chain 1 (FTH1) is one of the components of the
main iron storage protein ferritin and can degrade ferritin
during autophagy to yield free Fe** and trigger the occur-
rence of ferroptosis. Our data showed that the expression
of FTH1 was significantly reduced after UFL1 knockdown,
thus indicating that UFL1 may be crucial for the regulation
of ferroptosis.

Ferroptosis, a newly discovered type of cell death, has
been widely associated with tumorigenesis. However, few
studies have explored the specific connection between fer-
roptosis and tumorigenesis, such as synergy or antagonism
between ferroptosis and ER stress/apoptosis (Cao and Dixon
2016; Hassannia et al. 2019; Lee et al. 2019). GPX4 belongs
to the glutathione peroxidase family and catalyzes the reduc-
tion of lipid peroxides, thereby protecting cells against the
ferroptosis caused by oxidative damage (Bersuker et al.
2019; Yang and Stockwell 2016). In our study, the activa-
tion of P53 caused a reduction in the downstream molecule
SLC7A11, eventually inhibiting the activity of GPX4 after
the knockdown of UFL1, thus leading to the accumulation
of Fe?* and ROS, thereby triggering ferroptosis (Lee et al.
2018; Zheng et al. 2017). NRF2, a key regulator of the cel-
lular antioxidant response, and also considered to be an
important regulatory factor for ferroptosis, can be activated
by the autophagy adaptor protein P62 in selective autophagy
(Dodson et al. 2019; Hybertson et al. 2011; Levine and
Kroemer 2019; Sun et al. 2016). The depletion of UFL1
led to excessive autophagy, accompanied by a reduction in
NRF2 and FTH1, thereby enhancing the degradation of fer-
ritin and promoting the occurrence of ferroptosis (Zhang
et al. 2020). In contrast, by inhibiting the p53/SLC7A11
axis and autophagy, the overexpression of UFL1 reversed
the ferroptosis process and reduced the accumulation of
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Fig.6 The administration of a ferroptosis inhibitor reduced cell dam-
age caused by LPS stimulation. a—¢ Changes in the protein expression
of SLC7A11 and GPX4 in LPS-stimulated KGNs treated with Fer-1.
d Changes in cell activity in LPS-stimulated KGNs treated with Fer-

ROS and Fe?*, thus suggesting that UFL1 exerts antioxi-
dant effects. In contrast to other molecules that were reduced
by the overexpression of UFL1 such as P53 and LC3-II,
the protein levels of NRF2 increased in the LPS group and

@ Springer

1. e-h Changes in the protein expression levels of BIP, XBPls, and
CHOP in LPS-stimulated KGNs treated with Fer-1. i-1 Changes in
the protein expression levels of BAX and BCL-2 in LPS-stimulated
KGNS treated with Fer-1. ¥p <0.05, **p <0.01, and ***p <0.001

remained continuously elevated after the overexpression of
UFLI. Previous studies showed that NRF2 appears to play
a cytoprotective role against oxidative stress in a variety of
diseases and that the activation of NRF2 has emerged as a
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potential therapeutic target for many diseases (Dong et al.
2016). Lin et al. found that baicalin could alleviate hydro-
gen peroxide-induced HK-2 cytotoxicity by inhibiting ER
stress (decreased BIP and CHOP expression) and by acti-
vating NRF2 signaling (increased NRF2 expression) (Lin
et al. 2014). These data indicate that the overexpression of
UFL1 may further enhance the antioxidant capacity of cells
by promoting the release of NRF2, thus enhancing the resist-
ance of cells to ferroptosis. On the other hand, we found
that UFL1 overexpression alleviated LPS-induced ER stress
(the decreased expression of BIP). BIP, an ER molecular
chaperone, can recognize misfolded proteins in the ER and
trigger the unfolded protein responses (UPR) to alleviate
ER stress (Pobre et al. 2019). When misfolded proteins were
reduced or when oxidative stress was alleviated, BIP expres-
sion returned to normal levels. In addition, the ferroptosis
inhibitor Fer-1 alleviated the ER stress and apoptosis caused
by LPS; these findings were consistent with previous studies
of acute kidney injury (AKI) and acute lung injury (ALI)
(Hu et al. 2020; Liu et al. 2020b; Miotto et al. 2020). Our
experiments indicate that the function of UFL1 reduces ER
stress and apoptosis via the ferroptosis pathway.

Conclusions

Our present research showed that UFL1 can rescue the ER
stress and apoptosis caused by LPS stimulation via the P53/
SLC7A11 system and by autophagy. This study highlights
the novel role of UFLI in the regulation of ER stress and
apoptosis in KGNs and indicates that UFL1 may be an effec-
tive target to reduce LPS-reduced cellular damage by adjust-
ing the ferroptosis pathway.
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