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Abstract

Background The AU-rich element (ARE)-binding factor 1 (AUF1) acts as a switch for septic shock, although its underly-
ing mechanisms remain largely unknown. In this study, we examined the biological significance and potential molecular
mechanism of AUF1 in regulating ferroptosis in sepsis-induced acute lung injury (ALI).

Methods Alveolar epithelial cells (AECs) challenged with ferroptosis-inducing compounds and cecum ligation and puncture
(CLP)-induced ALI were used as the in vitro and in vivo model, respectively. The stability of AUF1 and its degradation by
ubiquitin—proteasome pathway were examined by cycloheximide chase analysis and co-immunoprecipitation assay. The
regulation of AUF1 on nuclear factor E2-related factor 2 (NRF2) and activation transcription factor 3 (ATF3) was explored
by RNA immunoprecipitation (RIP), RNA pull-down, and mRNA stability assays. Functionally, the effects of altering
AUF1, NRF2 or ATF3 on ferroptosis in AECs or ALI mice were evaluated by measuring cell viability, lipid peroxidation,
iron accumulation, and total glutathione level.

Results AUF1 was down-regulated in AECs challenged with ferroptosis-inducing compounds, both on mRNA and protein
levels. The E3 ubiquitin ligase FBXW7 was responsible for protein degradation of AUF1 during ferroptosis. By up-regulating
NRF2 and down-regulating ATF3, AUF1 antagonized ferroptosis in AECs in vitro. In the CLP-induced ALI model, the
survival rate of AUF1 knockout mice was significantly reduced and the lung injuries were aggravated, which were related
to the enhancement of lung ferroptosis.

Conclusions FBXW7 mediates the ubiquitination and degradation of AUF1 in ferroptosis. AUF1 antagonizes ferroptosis by
regulating NRF2 and ATF3 oppositely. Activating AUF1 pathway may be beneficial to the treatment of sepsis-induced ALI.
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«Fig. 1 Ubiquitin—proteasome pathway mediates AUF1 degrada-
tion in AECs during ferroptosis. AECs were treated with Eras-
tin (5 pM), Sorafenib (10 pM), RSL3 (10 pM), or Sulfasalazine
(20 pM) for 12 h. Ferroptosis was assessed by measuring cell viabil-
ity using MTT assay (A), BODIPY staining (B), intracellular MDA
(C), iron (D), and total glutathione E levels. F The expression lev-
els of ferroptosis-related markers GPX4, ACSL4, SLC7All, and
SLC11A2 were examined by RT-PCR in control or Erastin-treated
AECs. G The expression levels of indicated RBPs were examined by
RT-PCR in control or Erastin-treated AECs. H The protein level of
AUF1 was examined by western blot in AECs stressed with Erastin,
Sorafenib, RSL3, or Sulfasalzine. I The degradation of AUF1 protein
was examined by CHX chase assay, where AECs were treated with
CHX (5 pg/mL) for indicated time periods. The ubiquitination of
AUF1 was examined by Co-IP using anti-AUF1 antibody, after pro-
teasome signaling of AECs was blocked with MG-132 (25 pM) for
2 h, then AECs were treated with Erastin (5 pM), Sorafenib (10 pM),
or RSL3 (10 pM) for 12 h (J); after proteasome signaling of AECs
was blocked with MG-132 (25 pM) for 2 h, then AECs were treated
with Erastin (5 pM) for indicated time periods (K); after AECs were
treated with Erastin (5 pM), without or with Liproxastatin-1 (25 nM)
or Ferrostatin-1 (100 nM) for 12 h (L). *P<0.05, **P<0.01 and
*#%P <0.001

Introduction

Sepsis is a life-threatening systemic condition and a
leading cause of acute lung injury (ALI), including its
more severe and advanced form: acute respiratory dis-
tress syndrome (ARDS). ALI/ARDS is strongly related
to the development of multiple organ dysfunction syn-
drome and the increased mortality of sepsis patients [1].
The pathophysiological features of ALI include diffuse
damage to alveolar epithelial cells (AECs) and microvas-
cular endothelial cells, pulmonary edema, and excessive
neutrophil-derived inflammation [2, 3]. Apoptosis is the
major mechanism responsible for AEC damage in ALI,
yet recent studies suggest that ferroptosis also contributes
to AEC death in ALI induced by various stresses, such as
radiation, ischemia/reperfusion, lipopolysaccharides and
oleic acid [4-7]. However, there is limited information on
the potential contribution of ferroptosis to sepsis-induced
ALIL

Ferroptosis is a form of iron-dependent and apopto-
sis-independent cell death [8, 9]. Many compounds have
been identified to induce ferroptosis, such as erastin, ras-
selective lethal small molecule 3 (RSL3), RSLS5, sorafenib,
buthioninesulfoximine, acetaminophen, aretesunate, and
sulfasalazine [9]. At the cellular level, ferroptosis is char-
acterized by reduced cell viability, increased intracellular
iron level and lipid peroxidation, and decreased antioxi-
dant capacities (such as glutathione depletion) [8]. Several
signal transduction pathways that regulate ferroptosis by
targeting iron metabolism and lipid peroxidation have been
revealed, which lead to the identification of multiple fer-
roptosis regulators. For example, voltage-dependent anion
channel 2/3 (VDAC2/3), Ras, NOX, p53, cysteinyl-tRNA

synthetase (CARS), acyl-CoA synthetase long-chain fam-
ily member 4 (ACSL4), solute carrier family 11 member 2
(SLC11A2), and activation transcription factor 3 (ATF3)
are positive regulators of ferroptosis, whereas glutathione
peroxidase 4 (GPX4), system X_.~ (a heterodimer com-
posed of SLC7A11 and SLC3A2), and nuclear factor
E2-related factor 2 (NRF2) are negative regulators of fer-
roptosis [8-10].

To understand the link between ferroptosis and sep-
sis-induced ALI, we focused on the AU-rich element
(ARE)-binding factor 1 (AUF]1, also known as heteroge-
neous nuclear ribonucleoprotein D [HNRNPD]). AUF1
is an mRNA-binding protein (mRBP), which is a cru-
cial switch to turn off the inflammatory response and
to alleviate sepsis-related symptoms [11]. Furthermore,
AUF1 could impact the mRNA stability of two ferrop-
tosis regulators NRF2 and ATF3 [12, 13]. In this study,
we combined AECs cultured in vitro and a mouse model
of sepsis induced by cecum ligation and puncture (CLP),
and examined the alteration of AUF1 during ferroptosis,
the molecular mechanism leading to this change, the bio-
logical significance of AUF1 in ferroptosis and sepsis-
induced ALI, as well as the signaling pathways responsible
for the role of AUF1. We provided the first evidence that
by positively regulating NRF2 and negatively modulating
ATF3, AUF]1 is a critical negative regulator of ferroptosis.
Consequently, the knockdown of AUF1 aggravates sepsis-
induced ALI damages and deteriorates the overall survival
of mice in a ferroptosis-dependent manner. We also dem-
onstrate the E3 ligase FBXW?7 is responsible for protein
degradation of AUF1 during ferroptosis.

Materials and methods
Cell culture and reagents

The human primary pulmonary AECs were purchased from
Cell Biologics (Chicago, IL, USA) and cultured in Complete
Human Epithelium Cell Medium (Cell Biologics). Cells
between passages 2 and 4 were used in the study. Erastin
(E7242), Sorafenib (S7397), Sulfasalazine (S1576), RSL3
(S8155), Actinomycin D (S8964), Ferrostatin-1 (S7243),
and Liproxstatin-1 (S7699) were all obtained from Selleck
Chemicals (Houston, TX, USA). Cycloheximide (CHX,
C4859) and MG-132 (M7449) were purchased from Sigma
(St. Louis, MO, USA).

3-(4, 5-dimethylthiazolyl-2)-2,
5-diphenyltetrazolium bromide (MTT) assay

Cells were seeded in 96-well plates at a density of
2% 10* cells/mL. Then 20 pL of MTT solution (5 mg/mL
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in PBS, Sigma) was added to each well and the plates were
incubated at 37 °C for a further 3 h. The medium was then
discarded and 100 L of dimethyl sulfoxide (DMSO, Sigma)
was added to each well and incubated for 2 h in the dark at
room temperature. DMSO dissolved the formazan crystals
and created a purple color. Finally, the optical density (OD,
proportional to the number of live cells) was assessed with a
Microplate Reader Bio-Rad 550 at 570 nm. The percentage
(%) of cell viability was calculated as (ODyerimenODpiank)/
(ODcontrol_ODblank) X 100%.

Lipid peroxidation, iron, and GSH detection

The malondialdehyde (MDA) concentration in cell
lysates was assessed using a Lipid Peroxidation Assay
Kit (ab118970, Abcam) according to the manufacturer’s
instruction. Also, the relative iron concentration and total
glutathione level in cell lysates were assessed using an Iron
Assay Kit (ab83366, Abcam) and a Glutathione Assay Kit
(CS0260, Sigma), respectively, according to the manufac-
turer’s instructions. Myeloperoxidase (MPO) Activity Assay
Kit (ab105136, Abcam) was used to test MPO activity in
lung tissues.

BODIPY staining

The staining of lipid peroxides in cells was performed as
described previously [14] using BODIPY 581/591 Cl11
Probe (D3861, Thermo Fisher Scientific, Waltman, MA,
USA). The level of BODIPY staining was detected by flow
cytometry using FACSCalibur (BD Biosciences, San Jose,
CA, USA).

Generation and transduction of lentivirus

Lentiviral vectors overexpressing AUF1, ATF3, shRNA tar-
geting FBXW7 (shFBXW?7), shNRF2, or control shRNA
(shNC) were constructed and produced by GeneCopoeia
(Guangzhou, China). To generate lentivirus, lentiviral and
packaging vectors were co-transfected into 293T cells. At
48 h after the transfection, the supernatant containing lenti-
virus was collected and concentrated using Lenti-Pac Len-
tivirus Concentration Solution (GeneCopoeia) according to
the manufacturer’s instruction. After determining the titer,
lentivirus was transduced into target cells at a multiplicity
of infection (MOI) of 50 in the presence of polybrene (8 pg/
mL, Sigma) overnight.

RNA extraction and real-time PCR (RT-PCR)
Total RNA was extracted from cells or mouse lung tissues

using Trizol (Invitrogen, Carlsbad, CA, USA) and reversely
transcribed into cDNA using SuperScript III Reverse

@ Springer

Transcriptase (Invitrogen). RT-PCR was performed with
SYBR Green Master Mix (Applied Biosystems, Foster
City, CA, USA) on the ABI PRISM 7900 Sequence Detec-
tion System (Applied Biosystems). Primer sequences used
for RT-PCR were purchased from Sangon Biotech (Shang-
hai). The gene relative expression was calculated using the
27AAC method and presented as a ratio to that of B-actin
(internal control).

Western blotting

The cultured cells and mouse lung tissues were lysed with
RIPA buffer (Thermo Fisher Scientific) and the protein
concentration was measured using the BCA Protein Assay
Kit (Thermo Fisher Scientific). Then 20 pg of total protein
from each sample was separated on 10% SDS-PAGE and
electro-transferred to polyvinylidence difluoride (PVDF)
membrane. After blocking with 5% non-fat milk at room
temperature for 1 h, the membrane was incubated with pri-
mary antibodies (all from Cell Signaling Technology, Dan-
vers, MA, USA, unless otherwise indicated) at 4 °C over-
night: anti-AUF1 (#12382, 1:1000), anti-ubiquitin (#3936,
1:1000), anti-FBXW7 (ab109617, 1:1500, Abcam), anti-
GPX4 (ab125066, 1:2000, Abcam), anti-ACSL4 (ab155282,
1:1500, Abcam), anti-SLC7A11 (, 1:2000), anti-SLC11A2
(ab55735, 1:2000, Abcam), anti-NRF2 (#12721, 1:1000),
anti-heme oxygenase 1 (HO-1, #70081, 1:1000), anti-ATF3
(#18665, 1:2000), and anti-f-actin (#3700, 1:3000). After
three washes, the membrane was incubated with horserad-
ish peroxidase-conjugated secondary antibodies (1:2000).
The bands were detected with ECL substrate (Thermo Fisher
Scientific) and normalized to B-actin.

Co-immunoprecipitation (Co-IP)

Cultured cells were lysed in 25 mM Tris—-HCI (pH 7.4)
containing 150 mM NaCl, 1 mM EDTA, 1% NP-40, 5%
glycerol, and protease/phosphatase inhibitor cocktail (Cell
Signaling Technology). IP was performed using Pierce Co-
Immunoprecipitation Kit (Thermo Fisher Scientific) together
with either anti-ubiquitin antibody (ab140601, Abcam), anti-
AUF1 (#12382, Cell Signaling Technology) or anti-FBXW7
(ab109617, Abcam) antibody. The IP complex was analyzed
by western blot.

RNA immunoprecipitation (RIP) assay

The RIP experiment was performed using the Magna RIP
RNA-Binding Protein Immunoprecipitation Kit (17-700,
Millipore) following the manufacturer’s instruction. After
incubation of the cell lysate with the magnetic beads con-
jugated to anti-AUF1 (#12382, Cell Signaling Technology)
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Fig.2 E3 ubiquitin ligase FBXW7 is responsible for the degradation
of AUF1 during ferroptosis. A Network indicated potential E3 ubiq-
uitin ligases for AUF1 (HNRNPD) as predicted using UbiBrowser
database (http://ubibrowser.ncpsb.org.cn/ubibrowser/). Thicker lines
indicated higher likelihood ratio. B The expression levels of FBXW?7,
MDM?2 and STUB1 were compared by RT-PCR between control
and Erastin-treated AECs (Erastin at 5 pM for 12 h). C The inter-
action between FBXW?7 and AUF1 was examined by Co-IP using
anti-FBXW?7 antibody in control and Erastin-treated AECs (Erastin
at 5 pM for 12 h). IgG antibody was used as the negative control. D
Lentivirus expressing either control sShRNA (shNC) or four distinct

shRNA targeting FBXW7 (shFBXW7-1 to -4) was transduced into
AECs for 48 h. Non-transduced AECs were used as control. The
protein level of FBXW7 was examined by western blot. E, F The
expression of AUF1 was determined by western blot E and RT-PCR
F in control, shNC- or shFBXW7-transfeted AECs challenged with or
without Erastin (5 pM for 12 h). G The ubiquitination of AUF1 was
examined by Co-IP using anti-AUF1 antibody in control, shNC- or
shFBXW7-transfeted AECs challenged with or without Erastin (5 pM
for 12 h) upon MG-132 pre-treatment (25 pM for 2 h). *P <0.05,
*#P<0.01 and ***P <0.001. n.s. not significant
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Fig.3 AUFI antagonizes Erastin-induced ferroptosis. A AUF1-over-
epressing and control vector lentiviruses were transduced into AECs
for 48 h. The protein level of AUF1 was determined by western blot.
B-F Ferroptosis was assessed by measuring cell viability using MTT
assay (B), intracellular iron (C), BODIPY staining (D), MDA (E),
and total glutathione F levels in vector or AUF1 overexpressed AECs
challenged with or without Erastin (5 pM for 12 h). G The expression

or normal rabbit IgG (Cell Signaling Technology) antibody,
the NRF2 or ATF3 expression in co-precipitated RNA was
detected by qPCR. Target RNA detected from total RNA was
used as the input control. The RNA binding with IgG was
used as the negative control.

RNA pull-down assay
Biotin-labeled RNA transcripts were synthesized by in

vitro transcription with T7 RNA polymerase in the presence
of biotin-UTP. PCR fragments corresponding to 5’-UTR,

@ Springer

levels of GPX4, ACSL4, SLC7A11, and SLC11A2 were examined by
RT-PCR in vector or AUF1 overexpressed AECs challenged with or
without Erastin (5 pM for 12 h). H The expression levels of GPX4
and SLC7A11 were examined by western blot in vector or AUF1
overexpressed AECs challenged with or without Erastin (5 pM for
12 h). *P<0.05, **P<0.01 and ***P <0.001

coding sequence (CDS) and 3’-UTR of human NRF2 or
ATF3 gene were amplified with forward primers containing
T7 RNA polymerase promoter sequences and reverse prim-
ers containing T3 RNA polymerase promoter sequences.
Purified PCR products were used as DNA template for in
vitro transcription. Whole cell lysates (300-500 pg per sam-
ple) were incubated with purified biotinylated RNA probes
(~ 10 pmol) for 25 min at 30 °C. RNA—protein complexes
were further isolated by streptavidin sepharose high perfor-
mance beads (GE Healthcare). The recruited proteins were
detected by western blot.
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Measurement of mRNA stability

To measure mRNA stability, cells were treated with Actin-
omycin D (2.5 pg/mL) for indicated time periods. Target
mRNAs were then detected by RT-PCR analysis.

Establishment of CLP-induced sepsis model

AUF]1 knockout (KO) and wildtype (WT) mice (n=20 per
group) were purchased from SJA Laboratory Animal Co,
Ltd (Changsha, Hunan, China). All animal protocols were
reviewed and approved by the Institutional Animal Care and
Use Committee of Guangzhou Medical University (Guang-
zhou, Guangdong, China). CLP procedure was performed
as described previously [15]. Briefly, under anesthesia, an
incision of 1 cm in length was made along the midline and
the cecum was exposed. Then the cecum was ligated with
a 3/0 silk suture in the middle and punctured twice using
a 21-gauge needle close to the distal end. A small amount
of stool was extruded. The cecum was repositioned and
the abdomen was closed. For sham group, mice received
the same surgical procedure but not ligation and puncture.
Immediately after the surgery, all mice received a subcuta-
neous injection of 1 mL 37 °C normal saline for fluid resus-
citation. For ferrostatin-1 treatment, 1 mg/kg ferrostatin-1
was intraperitoneally injected into mice for two consecutive
days before CLP operation. Mice survival was monitored
daily and lung tissues, serum, and bronchoalveolar lavage
fluid (BALF) were collected after 24 h for further analyses.

Histopathology analysis

The mouse lung tissues were fixed in 10% neutral formalin,
embedded in paraffin, and processed into serial sections of
4 pm in thickness. Hematoxylin and eosin (HE) staining was
performed using HE staining Kit (Vector Labs, Burlingame,
CA, USA) according to the manufacturer’s instruction. The
severity of lung injury was scored as described previously [16].
What’s more, the injury of lung tissues was measured by the
TUNEL assay using In Situ Cell Death Detection Kit (Roche,
Basel, Switzerland) following the manufacturer’s instruction.

Lung wet-to-dry (W/D) weight ratio

The lung tissues were excised, washed in PBS, gently dried
using blotting paper, and weighed. The tissues were then
dried at 60 °C for 72 h and reweighed.

Collection and procession of BALF and serum

BALF was collected as described previously [17] and centri-
fuged at 400 X g for 10 min to separate the supernatant from

cells. The total cell number from BALF was counted using
a hemocytometer. Blood was collected 24 h after operation
and serum was separated upon centrifugation at 2000 X g for
10 min. The concentrations of TNF-a, IL-1f, and IL-6 in
serum and BALF supernatant were measured using ELISA
kits for the corresponding cytokines. All the ELISA Kkits are
from Abcam, except IL-6 ELISA Kit (R&D System, Min-
neapolis, MN, USA).

Statistical analysis

All data were analyzed by GraphPad Prism 6.0 and pre-
sented as mean + standard deviation (SD) from three inde-
pendent experiments (for in vitro assays) or from multiple
mice within each group (for in vivo experiments). Differ-
ences between experimental groups were assessed by the
Student’s ¢ test or one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test. The overall survival curve
was mapped with Kaplan—-Meier method and analyzed using
the log rank test. A P value of less than 0.05 was considered
statistically significant.

Results

Ubiquitin-proteasome pathway mediates AUF1
degradation in AECs during ferroptosis

To understand the pathogenic mechanism underlying fer-
roptosis in acute lung injury, we treated AECs with four
distinct ferroptosis-inducing compounds including Eras-
tin, Sorafenib, RSL3, and Sulfasalazine [9]. As shown
in Fig. 1A, all four compounds significantly reduced cell
viability, when compared to those treated with vehicle con-
trol. Correspondingly, staining with BODIPY (for meas-
uring lipid peroxides) (Fig. 1B), the intracellular levels of
MDA (an end-product of lipid peroxides) (Fig. 1C) and iron
(Fig. 1D) were significantly increased, while the level of
total glutathione was decreased (Fig. 1E) in stressed cells.
At the molecular level, the mRNA level of GPX4 was
decreased, whereas the mRNA levels of ACSL4, SLC7A11,
and SLC11A2 were upregulated (Fig. 1F) in AECs following
Erastin treatment. These data indicate the successful induc-
tion of ferroptosis by these compounds.

To explore the involvement of RBPs in this process, we
compared the expression of a panel of RBPs between control
and Erastin-treated AECs (Fig. 1G). We found that HuR,
SRSF1, ACO1, IGF2BP3 and CELF2 were all significantly
up-regulated, while ZFP36, AUF1, STAU1, PUMI, and
MBNL1 potently down-regulated by Erastin, suggesting the
significance of RBPs in ferroptosis. Next, we focused on
AUF1 because all four compounds that induced ferroptosis
significantly reduced the protein level of AUF1 in AECs
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«Fig.4 AUFI1 alleviates ferroptosis by up-regulating NRF2. A The
expression levels of NRF2 and HO-1 were examined by western blot
in vector or AUF1 overexpressed AECs challenged with or without
Erastin (5 pM for 12 h). B The mRNA level of NRF2 was examined
by RT-PCR in vector or AUF1 overexpressed AECs challenged with
or without Erastin (5 pM for 12 h). C The binding of AUF1 to NRF2
mRNA in AECs was examined by RIP assay using anti-AUF1 anti-
body. IgG was used as the negative control. D The binding of AUF1
to CDS and 3’-UTR of NRF2 mRNA was examined by RNA pull-
down assay. E The vector or AUF1 overexpressed AECs were treated
with Actinomycin D (2.5 pg/mL) for indicated time periods and
NRF2 mRNA was determined at indicated time points. F-J Ferrop-
tosis was assessed by measuring cell viability using MTT assay (F),
intracellular iron (G), BODIPY staining (H), MDA (I), and total glu-
tathione J levels in indicated cells after AUF1 was overexpressed and/
or NRF2 was knocked down for 48 h and cells were then challenged
with or without Erastin (5 pM for 12 h). K The expression levels of
GPX4 and SLC7A11 were examined by western blot in indicated
cells after AUF1 was overexpressed and/or NRF2 was knocked down
for 48 h and cells were then challenged with or without Erastin (5 pM
for 12 h). *P<0.05, **P <0.01 and ***P <0.001

(Fig. 1H). Since the ubiquitin—proteasome system critically
controls the decay of AUF1 protein [18], we then measured
the decay of AUF1 protein in control and Erastin-treated
cells using the CHX chase analysis. As shown in Fig. 11,
Erastin significantly boosted the degradation of AUF1 pro-
tein. Next, we treated AECs with MG-132, a proteasome
inhibitor, with or without the ferroptosis-inducing com-
pounds. Compared to control group, MG-132 significantly
increased total but reduced ubiquitinated AUF1 protein
levels, while the co-treatment of cells with MG-132 and
Erastin, Sorafenib, or RSL3 partially or almost completely
abolished the inhibition of MG-132 on the ubiquitination of
AUF1, and thus reduced total AUF1 protein level (Fig. 1J).
The ubiquitination-promoting effect of Erastin on AUF1
was time-dependent (Fig. 1K) and antagonized by ferrop-
tosis inhibitor, Liproxstatin-1 [19] or Ferrostatin-1 [20],
as either was sufficient to reduce ubiquitinated AUF1 and
elevated total AUF1 protein level (Fig. 1L). Collectively,
these data suggested that ferroptosis-inducing compounds
significantly reduced AUF1 expression level in AECs via the
ubiquitin—proteasome system and this regulation is closely
associated with ferroptosis.

E3 ubiquitin ligase FBXW7 is responsible for the degra-
dation of AUF1 during ferroptosis.

To identify the E3 ubiquitin ligases responsible for
AUFI1 degradation in AECs, we used UbiBrowser (http://
ubibrowser.ncpsb.org.cn/ubibrowser/). This bioinformat-
ics analysis showed that MDM2, STUB1, and FBXW7
were the top three E3 ubiquitin ligases that presented the
highest likelihood score to interact with AUF1 (HNRNPD,
Fig. 2A). Next, we detected the expression of these E3 ubiq-
uitin ligases in Erastin-treated AECs and found that only
FBXW7 was significantly up-regulated by Erastin (Fig. 2B),
suggesting that FBXW7 might be the E3 ubiquitin ligase for

degradation of AUF1. Co-IP analysis showed that AUF1
interacted with FBXW?7 in non-treated AECs and this inter-
action was further boosted in Erastin-treated cells, despite
the reduction of total AUF1 protein level (Fig. 2C). To assess
the significance of FBXW7 in mediating the degradation of
AUF1, we established lentivirus expressing shRNA specifi-
cally targeting FBXW7 (shFBXW7). Among the four shF-
BXWT7 lentiviruses tested, #2 presented the best knockdown
effect on FBXW?7 (Fig. 2D) and thus was used for further
experiments. Knockdown of FBXW?7 not only boosted the
AUF]1 protein level in control cells, but abolished Erastin-
induced reduction of AUF1 protein (Fig. 2E). In contrast,
the knockdown of FBXW7 minimally affected the mRNA
level of AUF1, in the absence or the presence of Erastin
(Fig. 2F). Consistent with the function of FBXW7 as E3
ubiquitin ligase, sShFBXW7 significantly reduced the ubiq-
uitinated AUF1 and thus boosted total AUF1 level in control
and Erastin-treated cells (Fig. 2G). Taken together, these
data suggest that FBXW?7 is the E3 ubiquitin ligase respon-
sible for AUF1 protein degradation in AECs.

AUF1 antagonizes Erastin-induced ferroptosis

The downregulation of AUF1 by ferroptosis-inducing com-
pounds (Fig. 1H) suggested that AUF1 might be functionally
important for ferroptosis. To understand the biological sig-
nificance of AUF1 in ferroptosis, we overexpressed AUF1 in
AECs (Fig. 3A). Upon Erastin treatment, the overexpression
of AUF1 significantly improved cell viability (Fig. 3B) and
intracellular total glutathione level (Fig. 3F), while reduced
intracellular iron level (Fig. 3C), the level of BODIPY
staining (Fig. 3D), or the intracellular MDA level (Fig. 3E).
Among the four ferroptosis-related biomarkers, overex-
pressing AUF1 rescued Erastin-induced downregulation of
GPX4, further up-regulated SLC7A11 at mRNA (Fig. 3G)
and protein (Fig. 3H) levels, but minimally impacted the
mRNA levels of ACSL4 or SLC11A2 (Fig. 3G). These data
indicated that AUF1 played a potent role in inhibiting Eras-
tin-induced ferroptosis.

AUF1 alleviates ferroptosis by up-regulating NRF2

To understand the molecular mechanism underlying AUF1-
mediated protection against ferroptosis, we focused on two
transcription factors, NRF2 and ATF3. The former can miti-
gate ferroptosis [21] and the latter can stimulate it [10]. As
shown in Fig. 4A, B, both the protein and mRNA levels of
NRF2 were significantly increased in Erastin-treated cells,
but were further boosted in Erastin+ AUFI1 cells, suggest-
ing the sufficiency of AUF1 in up-regulating NRF2. Con-
sistently, HO-1, a downstream target of NRF2, presented
the same pattern of changes as NRF2 in response to Eras-
tin and/or AUF1 (Fig. 4A). RIP assay showed that AUF1
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«Fig.5 AUF]I protects against ferroptosis by down-regulating ATF3.
(A-B) The expression levels of ATF3 were examined by western blot
A and RT-PCR B in vector or AUF1 overexpressed AECs challenged
with or without Erastin (5 pM for 12 h). C The binding of AUF1 to
ATF3 mRNA in AECs was examined by RIP assay using anti-AUF1
antibody. IgG was used as the negative control. D The binding of
AUF1 to 3’-UTR of ATF3 mRNA was examined by RNA pull-down
assay. E The vector or AUF1 overexpressed AECs were treated with
Actinomycin D (2.5 pg/mL) for indicated time periods and ATF3
mRNA was determined at indicated time points. F—J Ferroptosis was
assessed by measuring cell viability using MTT assay (F), intracellu-
lar iron (G), BODIPY staining (H), MDA (I), and total glutathione J
levels in indicated cells after AUF1 and ATF3 were overexpressed for
48 h and cells were then challenged with or without Erastin (5 pM for
12 h). K The expression levels of GPX4 and SLC7A11 were exam-
ined by western blot in indicated cells after AUF1 and ATF3 were
overexpressed for 48 h and cells were then challenged with or without
Erastin (5 pM for 12 h). ¥*P <0.05, **P <0.01 and ***P <0.001

specifically bound to the mRNA of NRF2, but not that of
GAPDH (Fig. 4C). RNA pull-down analysis revealed the
binding of AUF1 to CDS and 3’-UTR, but not 5’-UTR of
NRF2 mRNA (Fig. 4D). To measure the impact of AUF1 on
the mRNA stability of NRF2, we treated AUF1-overexpress-
ing or vector control cells with Actinomycin D and found
that NRF2 mRNA was noticeably more stable in AUF1-
overexpressing cells (Fig. 4E).

To understand the significance of NRF2 in ferroptosis, we
first knocked down endogenous NRF2 level in AECs with
lentivirus expressing ShANRF2, and exposed cells to vehicle
or Liproxstatin-1 (inhibitor of ferroptosis). As shown in Sup-
plementary Fig. S1, when compared to shNC cells, sSANRF2
cells presented significantly reduced viability (supplemen-
tary Fig. S1A) and intracellular total glutathione level (Sup-
plementary Fig. S1D), but robust increase of intracellular
iron level (Supplementary Fig. S1B) and BODIPY stain-
ing level (Supplementary Fig. S1C). Applying Liproxsta-
tin-1 partially abolished ferroptosis-promoting effect of
shNRF2 (supplementary Fig. S1A-D). Next, we simultane-
ously expressed AUF1 and knocked down NRF2 in AECs
(AUF1 + shNRF2), and used AUF1 + shNC as a negative
control. In response to Erastin challenge, AUF1-overexpress-
ing cells (Erastin + AUF1) presented significantly improved
cell viability (Fig. 4F) and total glutathione level (Fig. 4]),
but reduced intracellular iron level (Fig. 4G), the BODIPY
staining level (Fig. 4H), or the intracellular MDA level
(Fig. 41), when compared to Erastin + Vector cells. These
anti-ferroptosis effects of AUF1 were mostly abolished in
AUF1 + shNFR?2 cells (Fig. 4F-J). On the molecular level,
compared to AUF1 + shNC cells, we observed the inhibition
of GPX4, but no appreciable effect on SLC7A11 expres-
sion in AUF1 + shNRF2 cells (Fig. 4K). In collection, these
findings suggested that AUF1 directly up-regulated NRF2
by stabilizing its mRNA. In return, NRF2 mediated the anti-
ferroptosis function of AUF1 by regulating GPX4 level.

AUF1 protects against ferroptosis
by down-regulating ATF3

Next, we investigated the effects of AUF1 on the other tran-
scription factor, ATF3. The protein (Fig. 5A) and mRNA
(Fig. 5B) levels of ATF3 were both significantly upregulated
in Erastin-treated cells, but the increase in ATF3 expression
was completely abolished in Erastin+ AUF1 cells. RIP assay
showed that AUF1 directly and specifically bound to the
mRNA of ATF3 (Fig. 5C) and RNA pull-down identified
that the binding was limited to 3’-UTR, but not 5’-UTR or
CDS of ATF3 mRNA (Fig. 5D). mRNA stability assay fur-
ther showed that the overexpression of AUF1 significantly
promoted the degradation of ATF3 mRNA (Fig. SE). When
ATF3 was overexpressed in Erastin-challenged AUF1 cells
(AUF1 + ATF3), we found that it deteriorated the anti-fer-
roptosis effects of AUF1 by reducing cell viability (Fig. 5F)
and total glutathione level (Fig. 5J), while increasing the
iron level (Fig. 5G), BODIPY staining level (Fig. 5H), and
MDA level (Fig. 5I). On the molecular level, GPX4 was
not altered, but SLC7A11 was reduced in Erastin-treated
AUFI1 + ATF3 cells, when compared to Erastin-treated
AUF]1 cells (Fig. 5K). These findings suggested that down-
regulating ATF3 and subsequent SLC7A11 also played a
role in mediating the anti-ferroptosis function of AUF1.

Ferroptotic damage mediates sepsis-induced ALl in
vivo

The findings of in vitro studies suggested that AUF1, by
oppositely regulating NRF2 and ATF3, protected AECs
from Erastin-induced ferroptosis. To understand whether
these findings are relevant in mice involving ferroptosis, we
established a sepsis-induced ALI mouse model, which is
a disease model involving ferroptosis [22]. We first exam-
ined the effect of inhibiting ferroptosis with ferrostatin-1
in alleviating CLP-induced sepsis, with specific focus on
the lung injury. As shown in Fig. 6A, ferrostatin-1 had no
impact on the survival of sham-operated mice, but improved
the survival of CLP mice. Moreover, we observed obvious
pulmonary damages in the CLP group, as demonstrated
by alveolar epithelium disruption, pulmonary interstitial
hyperemia and edema, and massive infiltration of inflam-
matory cells (Fig. 6B). All these changes were at least par-
tially improved in CLP + ferrostatin-1 mice. Quantitatively,
we observed a robust increase in the lung injury score in
CLP mice, which was markedly reduced in CLP + ferro-
statin-1 mice (Fig. 6C). A similar pattern of changes was
also observed in cell death in lung tissues by TUNEL stain-
ing (Fig. 6D-E), and the production of pro-inflammatory
cytokines such as TNF-a, IL-1p, and IL-6 from the serum
(Fig. 6F) and BALF (Fig. 6G), pulmonary edema (Fig. 6H),
pulmonary MPO activity (Fig. 6I), total cell number in
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«Fig.6 Ferroptotic damage mediates sepsis-induced ALI in vivo.
Sham- or CLP-operated mice were pre-treated with or without fer-
rostatin-1 (1 mg/kg body weight, intraperitoneal injection for two
consecutive days; n=20/group). A Percent survival of mice in each
group was determined using Kaplan—Meier method. At 24 h after
the CLP surgery, B representative HE images of lung tissues from
each group, scale bar: 100 pm; C lung injury was scored and com-
pared between the groups; D-E cell death in lung tissues examined
by TUNEL staining; F-G the pro-inflammatory cytokines TNF-a,
IL-1p, and IL-6 were measured by ELISA from serum F and BALF
G of indicated groups of mice; H-M lung tissues from indicated
groups were measured for lung W/D weight ratio (H), MPO activity
), total cells in BALF (J), iron (K), total glutathione (L), and MDA
M) levels. *P <0.05, **P <0.01 and ***P <0.001

BALF (Fig. 6J), and pulmonary ferroptosis as represented
by increased iron (Fig. 6K) and MDA (Fig. 6M) levels, but
reduced total glutathione level (Fig. 6L). Together, these
in vivo data suggested that inhibiting ferroptosis improved
the survival rate of CLP mice, and it significantly alleviated
injuries and ferroptotic response in the lung tissues.

AUF1 depletion aggravates CLP-induced lung
injuries and ferroptosis

Lastly, we established sepsis-induced ALI model in AUF1
knockout (KO) and wildtype (WT) mice and assessed the
effects of AUF1 depletion. The AUF1 KO mice presented
no difference in the survival compared with AUF1 WT mice
in sham operation group, but the survival rate of AUF1 KO
mice was significantly lower than that of WT mice in CLP
group (Fig. 7A). In the lung tissues, we observed more
severe histological abnormalities (Fig. 7B, C), increased
TNF-a, IL-1p and IL-6 levels in serum (Fig. 7D) and BALF
(Fig. 7E), increased lung W/D weight ratio (Fig. 7F), pul-
monary MPO activity (Fig. 7G), and total cell number in
BALF (Fig. 7H) in AUF1 KO mice than in AUF1 WT mice
with CLP treatment.

Further analyses of the lung tissues showed that pul-
monary iron (Fig. 8A) and MDA (Fig. 8C) levels were
significantly elevated in AUF1 WT mice, and were fur-
ther increased in AUF1 KO mice with CLP operation. In
contrast, the pulmonary total glutathione level was sig-
nificantly reduced in WT mice with CLP operation and
was further lowered in AUF1 KO mice (Fig. 8B). On the
molecular level, we observed the reduction of GPX4 in
CLP-operated WT mice and a further reduction in CLP-
operated KO mice (Fig. 8D). In contrast, the expression
levels of ASCL4, SLC7A11, and SLC11A2 were signifi-
cantly increased in CLP-operated WT mice. There were no
changes in ASCL4 or SLC11A2 expression between KO
and WT mice following CLP operation. But the expression
level of SLC7A11 was further induced in KO mice with
CLP operation (Fig. 8D-E). Furthermore, we detected sig-
nificant downregulation of NRF2 and upregulation of ATF3

in lung tissues from KO mice (either in sham-operated or
CLP-operated mice, when compared to the corresponding
WT mice), on both the protein (Fig. 8F) and the mRNA
(Fig. 8G) levels. These findings supported that knocking out
AUF1, by down-regulating NRF2 and up-regulating ATF3,
promoted ferroptosis in lung tissues and aggravated CLP-
induced lung injuries.

Discussion

Several mechanisms responsible for cell death, including
apoptosis, oncosis (also known as ischemic cell death) and
autophagy, all contribute to ALI [23]. In this study, we
demonstrated a new regulatory mechanism of ferroptosis
in sepsis-induced ALI. First, ferroptosis could be induced
in AECs by different compounds, which was associated
with the reduction of AUF1 at both mRNA and protein lev-
els. Second, the E3 ubiquitin ligase FBXW7 mediated the
ubiquitination of AUF1 through the proteasome pathway,
thereby promoting the degradation of AUF1 protein during
ferroptosis. Third, AUF1 played a vital role in inhibiting fer-
roptosis by regulating NRF2 and ATF3 inversely. Fourth, the
depletion of AUF1 shortened the survival rate and increased
the lung injuries of septic mice, which was associated with
aggravated ferroptosis.

Ferroptosis is a cell death distinct from apoptosis and
characterized by iron-dependent accumulation of lipid per-
oxides [8, 9, 24]. Since the concept of ferroptosis was first
proposed in 2012 [25], increasing information has been
acquired on its mechanism and significance in multiple
organs and disease paradigms, such as cancers [26-28],
renal failure [29-31], and heart failure [32, 33]. Sepsis is
an infection-induced clinical condition that often rapidly
progresses into multiple organ dysfunction syndrome as
a result of complicated interaction involving multiple cell
types, tissues, organs, and systems [34]. Over the past few
years, evidence has begun to suggest a link between fer-
roptosis and sepsis. GPX4, the essential negative regula-
tor for ferroptosis by targeting lipid peroxidation, inhibited
macrophage pyroptosis and alleviated polymicrobial septic
lethality [35]. Dexmedetomidine, by targeting myocardial
ferroptosis, rescued septic heart injury [36]. In this study,
using an in vivo sepsis-induced ALI model, we showed that
inhibition of ferroptosis with ferrostatin-1 significantly alle-
viated ALI symptoms and pulmonary ferroptosis, support-
ing the involvement of ferroptosis in at least sepsis-induced
ALI We also noticed not only the benefits of ferrostatin-1
produced in the lung tissues, but also its significant effects
on improving the survival and inhibiting inflammation
response, suggesting that ferroptosis may act on multiple
tissues, organs, or systems, and present diverse biological
effects. For example, Erastin, a ferroptosis-inducer, inhibited
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Fig.7 AUFI1 depletion aggravates CLP-induced lung injuries. Sham
or CLP operation was performed in AUF1 wildtype (WT) or knock-
out (KO) mice (n=20/group). A Percent survival of mice in each
group was determined using Kaplan—-Meier method. At 24 h after
the surgery, B representative HE images of lung tissues from each
group, scale bar: 100 pm; C lung injury was scored and compared

the NF-kB signaling pathway and the expression of inflam-
matory cytokines (such as TNF-a and IL-1p) in lipopol-
ysaccharide-challenged macrophages and alleviated septic
shock [37]. In contrast, NF-xB signaling was shown to target
ferroptosis in ER stress-challenged intestinal epithelial cells
and to alleviate ulcerative colitis [38]. Therefore, future stud-
ies should focus on the differential mechanisms and effects
of ferroptosis under different conditions of sepsis in order
to develop specific strategies to maintain the benefits and
limit the side effects of ferroptosis. In the in vivo model
used in this study, we administered ferrostatin-1 for 48 h
before CLP procedure, which, although demonstrated the
important contribution of ferroptosis in ALI development,
is not quite practical in clinical settings. Consequently, it
would be interesting to examine in the future study whether

@ Springer

between the indicated groups; D-E the pro-inflammatory cytokines
TNF-a, IL-1p, and IL-6 were measured by ELISA from serum D and
BALF E of indicated groups of mice; F-H lung tissues from indi-
cated groups were measured for lung W/D weight ratio (F), MPO
activity (G), and total cells in BALF (H). *P<0.05, **P<0.01 and
%P <0.001

a similar protective effect would be achieved if ferrostatin-1
is administered after CLP.

In addition to revealing the importance of ferroptosis in
sepsis-induced ALI, we identified AUF1 as a new important
player in ferroptosis. Besides its well characterized function
as an ARE-binding protein that regulates mRNA degrada-
tion on the post-transcriptional level as well as gene expres-
sion on transcriptional or translational level, AUF1 plays
diverse roles in multiple physiological and pathological par-
adigms [39]. In this study, we showed for the first time that
AUF1 was down-regulated in AECs challenged with mul-
tiple ferroptosis-inducing compounds, both on the mRNA
and protein levels, suggesting the functional importance of
reducing AUF]1 in executing ferroptosis in these cells. Con-
sistently, the overexpression of AUF1 in Erastin-challenged
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Fig.8 AUFI depletion exacerbates CLP-induced ferroptosis in lung
tissues. Sham or CLP operation was performed in AUF1 wildtype
(WT) or knockout (KO) mice (n=20/group). At 24 h after the sur-
gery, A—C lung tissues from indicated groups were measured for iron
(A), total glutathione (B), and MDA (C) levels; D-E the expression

AECs was sufficient to reverse all ferroptotic phenotypes. In
the sepsis-induced ALI model, we showed that the survival
rate of AUF1 KO mice was significantly lower than that of
WT mice. Correspondingly, lung injury and pulmonary fer-
roptosis were more severe in CLP-operated AUF1 KO mice,
supporting the essential role of AUF1 in antagonizing fer-
roptosis and sepsis-induced ALI. Similar to our findings, Lu
et al. showed that endotoxic shock was more severe in AUF1
KO mice and was associated with the failure to degrade the
mRNA s of pro-inflammatory cytokines, such as TNF-a and
IL-1p [11].

The functional diversity of AUF1 is partly contributed
by four different AUF1 isoforms that reside in different
subcellular compartments or by the crosstalk between

levels of GPX4, ACSL4, SLC7A11 and SLC11A2 in lung tissues by
RT-PCR D and western blot (E); F-G the expression levels of NRF2
and ATF3 in lung tissues were tested by western blot F and RT-PCR
(G). ¥*P<0.05, **P<0.01 and ***P <0.001

AUF1 and other mRNA-binding proteins. For example,
HuR and AUF1 frequently co-occupy and co-regulate
(synergistically, sequentially, or oppositely) the same
mRNA target [40-42]. Although we did not analyze the
mechanism leading to reduced AUF1 mRNA or charac-
terize the AUF1 isoforms in AECs, we did identify the
E3 ubiquitin ligase FBXW7, which is responsible for the
degradation of AUF1 protein in ferroptotic AECs. Zhang
et al. reported that FBXW?7 contributed to ferroptosis
by targeting ZEP36 protein expression [43]. We further
showed that AUF1 stabilized the stability of NRF2 mRNA
and at the same time promoted the degradation of ATF3
mRNA, and both were functionally important for AUF1-
mediated resistance to ferroptosis. Consistent with our
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findings, Poganik et al. reported that by binding to the
3’-UTR of NRF2 mRNA, HuR promoted the NRF2 mRNA
maturation and nuclear export, and AUF1 stabilized NRF2
mRNA, thus collectively enhancing NRF2 activity [13].
Pan et al. showed that HuR and AUF1 oppositely regulated
ATF3 mRNA stability [12]. Although we are not clear
about the mechanisms underlying the differential regula-
tion of NRF2 and ATF3 by AUF1 in ferroptotic AECs, we
did notice that AUF1 bound not just to CDS and 3°-UTR
of NRF2 mRNA, but it also bound to the 3’-UTR of ATF3
mRNA. Furthermore, unlike AUF1, HuR was up-regulated
in Erastin-treated AECs, suggesting their opposite expres-
sions and crosstalk may also contribute to ferroptosis.

The role and significance of NRF2 in ferroptosis have
been quite well established [21]. As a transcription factor,
NRF?2 regulated multiple genes constituting ferroptotic
cascade, including but not limited to GPX4, SLC7A11,
HO-1, the glutamate cysteine ligase, ferroportin, and ferri-
tin [21, 44]. As a result, targeting NRF2 to alter ferroptosis
has proved beneficial for certain diseases, such as neurode-
generation and cancers [45-49]. In our study, we showed
the inhibitor of ferroptosis, Liproxstatin-1, reversed the
ferroptosis-promoting effects in AECs caused by NRF2
silence. In contrast, the role of ATF3 in ferroptosis is still
poorly understood. Wang et al. showed that ATF3 nega-
tively regulated the transcription of SLC7A11 and pro-
moted ferroptosis [10]. In this study, we showed that AUF1
was sufficient to up-regulate both GPX4 and SLC7A11,
but not the other two ferroptosis-related markers ACSL4
and SLC11A2 in Erastin-treated AECs. Furthermore, the
regulation on GPX4 was achieved by up-regulating NRF2,
while the upregulation of SLC7A11 was obtained by
down-regulating ATF3, although another study suggested
that NRF2 could regulate the expression of SLC7A11
[50]. At this point, although it is not clear whether Erastin
directly regulates the transcription of GPX4, downregulat-
ing the AUF1/NRF2 pathway is a potential mechanism by
which Erastin downregulates GPX4 in AECs.

In summary, we demonstrated the pivotal role of AUF1,
by oppositely regulating two transcription factors, NRF2
and ATF3, in protecting AECs against ferroptosis. This
anti-ferroptotic role of AUF1 alleviated sepsis-induced
ALI and prolonged sepsis-induced survival. Thus, boost-
ing AUF1 signaling may be beneficial in the treatment of
sepsis-induced ALI. Since the study was only performed
in cultured cells and sepsis-induced ALI mice, we should
carefully examine the relevance of current findings to clini-
cal condition in future studies. Also, exploration AUF1
signaling in the regulation of ferroptosis under treatment
of other ferroptosis-inducing compounds such as sorafenib,
Sulfasalazine, and RSL3 also will strengthen our conclusion.
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