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KEY WORDS Abstract Pulmonary fibrosis (PF) is the pathological structure of incurable fibroproliferative lung dis-
eases that are attributed to the repeated lung injury-caused failure of lung alveolar regeneration (LAR).

finhg?;elj . Here, we report that repetitive lung damage results in a progressive accumulation of the transcriptional
MDI%/IZ'J ok repressor SLUG in alveolar epithelial type II cells (AEC2s). The abnormal increased SLUG inhibits

Protein—protein AEC2s from self-renewal and differentiation into alveolar epithelial type I cells (AEC1s). We found that
interaction; the elevated SLUG represses the expression of the phosphate transporter SLC34A2 in AEC2s, which
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reduces intracellular phosphate and represses the phosphorylation of JNK and P38 MAPK, two critical

Proteolysis;
Ubiquit}i,nation' kinases supporting LAR, leading to LAR failure. TRIB3, a stress sensor, interacts with the E3 ligase
UPS MDM?2 to suppress SLUG degradation in AEC2s by impeding MDM?2-catalyzed SLUG ubiquitination.

Targeting SLUG degradation by disturbing the TRIB3/MDM?2 interaction using a new synthetic staple
peptide restores LAR capacity and exhibits potent therapeutic efficacy against experimental PF. Our study
reveals a mechanism of the TRIB3—MDM2—-SLUG—SLC34A2 axis causing the LAR failure in PF,
which confers a potential strategy for treating patients with fibroproliferative lung diseases.

© 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Pulmonary fibrosis (PF) is not only considered an independent
alveolar lung disease but is also recognized as the crucial patho-
logical change in a range of chronic fibroproliferative lung dis-
eases'. Although advanced IPF patients can be treated with lung
transplantation, only a few patients receive this therapy due to
limited donor organ resources’. Recent studies have not only
provided significant mechanistic insight into PF pathogenesis but
also have two FDA-approved anti-PF agents with definite prom-
ise™, although neither of them have been shown to confer a
significant survival benefit in clinical trials®. Thus, new, safer and
more effective anti-PF drugs are urgently needed.

There are distinct differences between acute and chronic lung
injury induced PF. Patients who are infected with coronavirus
(COVID-19) may develop to respiratory failure derived from acute
respiratory distress syndrome (ARDS), and a considerable per-
centage of the survivors of COVID-19 ARDS progress to PF.
However, the post-ARDS PF is not progressive and recoverable®.
The recovery period for the post-ARDS PF takes one year, indi-
cating that the lung regeneration occurs in acute lung injury
induced PF. However, persistent and repeated injury to the lung
epithelium causes chronic inflammation and irreversible PF, sug-
gesting that failure of lung alveolar regeneration (LAR) is an
important mechanism in progressive PF’*. Although several types
of cells are involved in lung regeneration’, alveolar epithelial type
2 cells (AEC2s), which have secretory, host defense, self-renewal
and differentiation [into alveolar epithelial type 1 cells (AEC1s)]
abilities, are the main alveolar stem cells responsible for LAR'".
AEC2s undergo rapid proliferation and differentiation in response
to acute lung injury'', but the epithelial cells sorted from IPF
patients using AEC2 markers present a diversity of transcriptional
states compared with cells sorted from healthy donors, suggesting
AEC2 dysfunction in PF pathogenesis'?. Additionally, the self-
renewal and the differentiation capacity of AEC2s are limited in
patients with IPF'>'# Although transplantation of pluripotent
stem cell-derived AEC2s holds great promise for the treatment of
diseases affecting lung alveoli'>'®, understanding the molecular
mechanism of AEC2 dysfunction in PF may be a key for devel-
oping anti-PF drugs.

Recent studies have indicated that the transcription repressor
SLUG is upregulated in alveolar epithelial cells from IPF patients,
and the changed AEC2s trigger fibroblast activation via their secre-
tory phenotype'>'”'8, As a zinc-finger transcriptional repressor of
the SNAIL superfamily, SLUG inhibits the transcription of a set of
genes involved in adhesion, differentiation, stemness and cellular
plasticity through sequence-specific interaction with DNA'’. SLUG

also promotes cancer development by controlling stem cell self-
renewal and differentiation® and regulates epithelial cell survival
and wound healing®'. Furthermore, SLUG promotes the develop-
ment of pulmonary hypertension secondary to PF through regulating
the function of macrophage®”. In this study, we hypothesized that
elevated SLUG expression contributes to LAR failure by impeding
AEC?2 self-renewal and differentiation in PF. Therefore, we proposed
that accelerating SLUG degradation might be a promising thera-
peutic strategy directed at LAR failure to reduce PF development and
progression.

2. Materials and methods
2.1.  Human fibrotic lung specimens

The human normal lung specimens surgically removed from au-
topsy tissue following accidental death and the human fibrotic
lung specimens used for Western blotting and confocal analyses
were obtained from Alenabio (Xi’an, China). Frozen sections of
human normal and fibrotic lung tissues were purchased from
OriGene Inc. (MD, USA). The frozen sample IDs are
FROO016BFA, FR5B33585A, FRO00180AD, FR5B33819D,
FR5B336AFD, and FROOOI809E. All protocols using human
specimens were approved by the Institutional Review Board of the
Chinese Academy of Medical Sciences and Peking Union Medical
College. Informed consent was obtained from all subjects. The
study conforms to the principles outlined in the Declaration of
Helsinki.

2.2.  Animal studies

B6; FVB-Tg (SFTPC-rtTA)5 Jaw Tg (tetO-cre)1 Jaw/Smoc (Sftpc-
TetO-Cre) mice and B6.129X1-Gt (ROSA)26Sortm1 (EYFP)Cos/J
(ROSA-EYFP) mice were purchased from Shanghai Model Or-
ganisms Center, Inc. B6.129S1-Snai2<tm1Grid>/J mice were
purchased from Jackson Laboratories. Sfipc-TetO-Cre mice were
crossed with ROSA-EYFP mice to generate Sftpc-Cre;ROSA-
EYFP mice. Sftpc-Cre;ROSA-EYFP mice were maintained on
water containing doxycycline (1 mg/mL) after the vehicle or BLM
challenge. 7rib3 conditional knockout (Trib3" %) mice were
generated as previously described”™’. Sfipc-TetO-Cre mice were
crossed with Trib3"°* mice to generate Sfipc-Cre; Trib3"*/ox
mice. C57 BL/6 mice (18 g, male, 6—8 weeks of age) (Vital River
Lab Animal Technology, Beijing, China) were maintained in the
animal facility at the Institute of Materia Medica under specific
pathogen-free (SPF) conditions. The sample size was pre-
determined empirically according to previous experience using the
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same strains and treatments. For animal studies, mice were ear-
marked before grouping and then were randomly distributed into
groups by an independent researcher. The investigators were not
blinded to mouse allocation during experiments and outcome
assessment. All animal procedures were conducted in accordance
with the guidelines of ARRIVE and approved by the Institutional
Committee for the Ethics of Animal Care and Treatment in
Biomedical Research of the Chinese Academy of Medical Sci-
ences and Peking Union Medical College (Permit No. 002802).

The mouse model of irreversible PF was generated by repeti-
tive intratracheal BLM injury as previously described with some
modification”**. Briefly, mice were anesthetized with 400 mg/kg
avertin i.p. (Sigma—Aldrich). Bleomycin (BLM) (1 U/kg, Nippon
Kayaku, Japan) in 50 puL of LPS-free PBS was instilled into the
trachea 6 times, with 14 days between each challenge. Mice were
sacrificed by excessive anesthesia on Day 40 after the last BLM
challenge. The reversible PF model was generated by single
intratracheal instillation of BLM (3 U/kg) in 50 uL of LPS-free
PBS, and the mice were sacrificed by excessive anesthesia at the
indicated time points after exposure. The mouse model of silicosis
was generated by intratracheal single dose of 125 mg/kg silica
particle suspension (Sigma—Aldrich) as described previously”.
Mice were sacrificed by excessive anesthesia on Day 50 after the
SiO, challenge. Mice in the sham groups were intratracheally
administered an identical volume of PBS. For therapeutic exper-
iments, mice were administered the indicated agents intravenously
every 3 days from Day 10 after the last BLM injury or on Day 50
after SiO, challenge; the mice were sacrificed by excessive
anesthesia on Day 40 after the last BLM injury or on Day 80 after
the SiO, challenge. For inhibition of Mdm?2 in mice, the mice
were administered MX69 at dose of 100 mg/kg/day (i.p.) for a
period of 3 days after every BLM challenge and 3 days before the
mice were sacrificed. To overexpressing Mdm?2 in lung tissue, the
mice were intratracheal instilled of lentivirus overexpressing
Mdm2 (1 x 10" TU/mouse) 10 days after the last BLM challenge.
For knockdown Slc34a2 in lung, the mice were intratracheal
instilled of Slc34a2-shRNA lentivirus (1 X 107 TU/mouse) 10
days after the first and the last BLM challenge. To overexpressing
Slc34a2 in lung tissue, the mice were intratracheal instilled of
Slc34a2 adenovirus (5 x 10® pfu/mouse) 10 days after the last
BLM challenge.

2.3.  Lung function measurement

Mice were anesthetized with 400 mg/kg Avertin i.p. and placed on a
flexivent system (Flexivent, SCIREQ Inc., Montreal, Canada). Mice
were mechanically ventilated with a tidal volume of 10 mL/kg, a
respiratory rate of 150 breaths/min and 3 cm H,O positive end-
expiratory pressure (PEEP) for evaluating lung function as
described previously’®. Dynamic pulmonary compliance was
measured by Snapshot-150 perturbation.

2.4.  Isolation of primary AEC2s

Primary mouse lung epithelial cells were isolated as described
previously®’. In brief, mice were sacrificed by excessive anes-
thesia and cleaned with 70% ethanol. The left and right ventricles
were perfused with cold PBS until the lungs turned white. The
lungs were lavaged with 1 mL of cold PBS 3 times and then
perfused with 1 mL of dispase (1 mg/mL; Roche) and 0.5 mL of
warm 1% low melt agarose (ThermoFisher). The lungs were
removed, and each lobe was cut from the main stem bronchi. The

lobes were digested in a 50-mL tube containing dispase
(1 mg/mL) at room temperature for 45 min. The lobes were
transferred into another 50-mL tube containing 10 mL of DMEM
and 50 U/mL DNase (Sigma—Aldrich); then, the lung tissue was
dissociated by pipetting up and down. The cells were filtered with
100-pum, 70-pm, 40-um, and 20-pm cell strainers. The red blood
cells were removed using ACK lysis buffer (ThermoFisher). The
cells were harvested by centrifuging at 550 x g for 5 min, and the
lung cells were re-suspended in 500 uL of DMEM with 50 U/mL
DNase. To remove the lineage cells, lung cells were incubated
with biotinylated antibodies against CD45 (leukocytes, BioLegend
103104), CD16/32 (monocytes/macrophages, NK cells and neu-
trophils, BioLegend 101303), CD31 (endothelial cells, BioLegend
102504), Ter 119 (erythroid cells, BioLegend 116204), and
integrin $4 (club cells, distal lung progenitor cells and lineage-
negative epithelial stem/progenitor cells, BioLegend 346-11A)
for 60 min on ice. At the end of the incubation, the cells were
washed with DMEM and re-suspended in 500 pL. of DMEM with
50 U/mL DNase. The cells were then incubated with streptavidin-
labeled magnetic beads (2.5 pL of SA MyOne T1 beads/
1 x 10° cells) for 30 min on a rotator, and the lineage-positive
cells were removed by a magnetic separator. The isolated cells
were then cultured in a 10-cm dish for 45 min at 37 °C to make the
fibroblast adherence, and the suspended AECs were collected by
centrifuging at 550 x g for 5 min. Newly isolated AECs were used
for FACS sorting and Mdm?2 activity detection. The AECs were
labeled with anti-streptavidin-PE antibodies (BioLegend 405204)
and anti-EpCAM-APC antibodies (BioLegend 118214), and the
DAPI™ live, LinprCAM+ cells were sorted. Human
CD31-CD45 EpCAMYHTII-280AEC2s were isolated from
single-cell suspensions of broncho alveolar lavage fluid (BALF)
from patients with PF. For protein analysis, the sorted cells were
lysed with radioimmunoprecipitation assay (RIPA) buffer. For
other assays, the newly isolated AEC2s were cultured on
fibronectin-coated dishes with DMEM containing 10% fetal
bovine serum (FBS) supplemented with insulin/transferrin/sele-
nium, non-essential amino acids, 0.25 pg/mL amphotericin B,
100 IU/mL penicillin, and 100 pg/mL streptomycin for 2 days.

2.5.  Matrigel culture of AEC2s

5 x 10 flow-sorted mouse AEC2s were cultured in 100 pL of
Matrigel/DMEM ~ (1:1) mixture containing 2 x 10°
MLg2908 cells. The Matrigel/DMEM mixture was plated into 0.4-
wm Transwell chambers. A volume of 500 pL of culture medium
was added to the lower chamber and was changed every day. The
culture medium contained DMEM supplemented with insulin/
transferrin/selenium, 10% FBS, 0.25 pg/mL amphotericin B,
100 IU/mL penicillin, and 100 pg/mL streptomycin. Colonies with
a diameter of >50 pum were counted using a Zeiss Axiovert 40
inverted microscope, and the colony-forming efficiency (CFE)
was determined by the ratio of the number of colonies to the
number of input AEC2s on Day 14 after plating. For the phosphate
feeding experiment, the Matrigel was mixed with phosphate-free
DMEM (Gibco 11971025, 1:1), and phosphate-free DMEM cul-
ture medium was added to the lower chambers with different
concentrations of phosphate buffer (mixture of Na,HPO, and
NaH,PO,, pH 7.4). For the detection of the level of Agp5 mRNA
level, the Matrigel/DMEM chambers were infused with cell re-
covery solution (Corning), and the colonies were collected by
centrifuging at 550 x g for 5 min. Total RNA in the colonies was
prepared using TRIzol reagent (Invitrogen).
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2.6. Isolation of primary mouse lung fibroblasts

Primary mouse lung fibroblasts were isolated as described previ-
ously”®. In brief, mice were sacrificed by excessive anesthesia and
cleaned with 70% ethanol. The lung tissue was collected and
washed with sterile PBS. Cut the tissue into ~1 mm pieces using
scalpel and digested with Liberase Blendzyme 3 (Roche) at 37 °C
for 60 min. After centrifuged at 550 x g for 5 min, the pellet was
resuspended with DMEM/F12 media with 15% FBS, and cultured
at 37 °C in a 10-cm dish. The dish was checked every day for
fibroblasts growth, and the fibroblasts were harvested for passage
or other assays after 7—14 days culture.

2.7.  Phosphate concentration evaluation

Mice were sacrificed by injection with an overdose of Avertin and
lavaged with 1 mL of sterilized saline through a 20-gauge angio-
catheter inserted into the trachea. BALF from patients with PF or from
patients without chronic inflammatory lung diseases were obtained
from Beijing Friendship Hospital (Supporting Information Table S1).
All the subjects gave appropriate informed consent to participate in
this study. The study design was approved by the institutional ethical
committee. Briefly, 50 mL of sterilized saline at body temperature
was instilled through the bronchoscope. Mucus was removed from
the fluid by filtration through two sheets of gauze. The BALF was
centrifuged for 10 min at 400 x g at 4 °C. Phosphate concentration
was measured with a Phosphate Colorimetric Assay Kit (BioVision)
following the manufacturer’s instructions. For intracellular phosphate
determination, 1 x 10® AEC2s were washed with cold saline twice
and suspended in 1 mL of double-distilled water. The suspension was
sonicated for 30 s six times at 10 s intervals. The samples were
centrifuged for 15 min at 4 °C at 12,000 x g, and intracellular
phosphate in the supernatant was measured.

2.8.  Assay of in vitro ubiquitination

Purified SLUG protein (200 ng, OriGene) was pre-incubated with
MDM2 protein (200 ng, Millipore) on ice for 30 min. The SLUG/
MDM?2 complexes were incubated with a 20 uL reaction mixture
containing some or all of the following components: E1 (200 ng,
Boston Biochem, USA), UbcHS5c¢ (500 ng, OriGene), Ubiquitin
(10 pg, Origene), 2 pL of a 10 x reaction buffer (Boston Bio-
chem), and ATP (4 mmol/L, Boston Biochem). The reaction was
carried out at 37 °C for 60 min with continuous agitation. Purified
TRIB3-GST protein (300 ng, SinoBiological Inc.) was then added,
followed by additional incubation (30 min). After the reaction was
complete, the mixture was boiled in 5 x sample buffer, resolved
by 10% SDS-PAGE and immunoblotted with an antibody against
SLUG (CST 9585) or MDM2 (abcam ab16895).

2.9.  Assays of E2-ubiquintin conjugate, MDM?2 binding and
discharge

Formation of E2-ubiquintin conjugate were performed as
described previously”. Purified E2 (UbcH5¢), El, ubiquitin, and
ATP were incubated at 37 °C for 6 h in reaction buffer (25 mmol/L
Tris—HCL [pH 7.6] containing 5 mmol/L MgCl, and 100 mmol/L
NaCl). For the in vitro binding assays, purified MDM2 and TRIB3
proteins were pre-incubated at 4 °C for 30 min. Then, the MDM2
protein and E2-Ub conjugate were mixed at 37 °C for 1 h in PBS
buffer containing 0.2% Tween 20 and 2 mmol/L DTT. The reac-
tion mixtures were precipitated with Protein A/G Plus-Agarose

(Santa Cruz) and MDM?2 antibody (abcam ab16895) at 4 °C
overnight and then washed four times with PBS buffer. The bound
proteins were eluted with 2 x SDS loading buffer and detected by
immunoblot (IB). To analyze the discharge, E2-Ub conjugate and
purified MDM?2 were mixed. TRIB3 protein was then added and
incubated with the mixture in 50 mmol/L MES (pH 6.5) at 37 °C
for 6 h. The disappearance of the E2-Ub conjugate was analyzed
by IB using an E2 antibody (abcam ab106315).

2.10. MDM? binding protein identification

For protein identification via mass spectrometry, AEC2 from PBS- or
BLM-treated mice were isolated, and the cell lysates were extracted
and immunoprecipitated with anti-MDM2 antibody (abcam
ab16895) using a Pierce Co-IP Kit (ThermoScientific 26149, USA).
The eluents were separated on an SDS-PAGE gel followed by silver
staining, and the bands were extracted from the gel and subjected to
LC—MS/MS sequencing and data analysis by QLBio Biotechnology
Co., Ltd. (Beijing, China). In brief, the proteins were digested in the
gel and extracted. The digestion products were separated by a 120/
60 min gradient elution at a flow rate of 0.600 L/min with the EASY-
nLC 1000 system, which was directly interfaced with the Thermo
Orbitrap Fusion mass spectrometer. The mass of the peptides was
identified by an LC—MS/MS Q Exactive Hybrid Quadrupole-
Orbitrap Mass Spectrometer (Thermo Scientific, USA). The MS/MS
data were compared against a UniProt protein FASTA file using an
in-house Proteome Discoverer (Version PD1.4, Thermo-Fisher Sci-
entific, USA). Only peptides assigned to a given protein group were
considered unique. The proteins that bound to Mdm?2 in fibrotic
AEC2s but not in healthy AEC2s are listed in Supporting Information
Table S2.

2.11.  RNA sequencing and analysis

Total RNA from AEC2s from mice was obtained, and the RNA
quantity and quality were measured using a NanoDrop ND-1000.
Libraries were constructed according to standard Illumina pro-
tocols. The quality of the RNA and complementary DNA was
monitored using an Agilent Bioanalyzer 2100, and sequencing
was performed on an Illumina HiSeq 4000 by KangChen Biotech
Company (Shanghai). The series numbers are GSE110430 and
GSE110479 in this study.

2.12.  Analysis of surface plasmon resonance

Binding kinetics between TRIB3 and indicated peptides were
measured by surface plasmon resonance using a BIAcore T200
instrument (GE Healthcare, Pittsburgh, USA) as described previ-
ouslyzs. The dissociation constant (Kp) was calculated according
to the BIA-evaluation software. Langmuir module was used to
determine the Kp, for all the peptides.

2.13.  Circular dichroism analysis

Far-UV circular dichroism (300—190 nm) experiments were per-
formed using a Jasco J-815 spectrometer equipped with a Jasco
PTC-423S/15 temperature system consisting of a Peltier type
constant-temperature cuvette holder and temperature controller
(Jasco Corporation, Japan). Indicated peptides were dissolved in
water for circular dichroism analysis. The conditions of mea-
surement were as follows: 0.5 nm step resolution, 50 nm/min
speed, 6 accumulations, 1 s response, 20 °C and 1 mm path length.
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All spectra were the average of 6 accumulations after background
subtraction and converted to a uniform scale of molar CD
extinction coefficients. The contents of secondary structures were
calculated using the built-in algorithms (Eq. (1)):

CD (mdeg)

1.CD =
mol. €D === = 37980

(1)

2.14.  Analysis of cellular uptake of peptides

Lung epithelial cells were treated with indicated concentrations of
FAM-conjugated peptides for 24 h. The intracellular peptide was
detected by flow cytometer (BD).

2.15.  Statistics

Data are expressed as the mean =+ standard error of the mean
(S.E.M.). Comparisons between two groups were performed by
unpaired two-tailed Student’s r-test. One-way ANOVA with
Bonferroni’s multiple comparison test was used to analyze mul-
tiple groups with equal variances, and Kruskal—Wallis one-way
ANOVA was used to analyze multiple groups with unequal vari-
ances. The correlations among groups were determined by Pear-
son’s correlation test. Generally, all assays were carried out with
n > 3 biological replicates. P < 0.05 was considered statistically
significant.

2.16.  Data availability

The datasets generated during and/or analyses during the current
study are available from the corresponding author on reasonable
request.

3. Results

3.1.  Repetitive lung injury elevates slug expression causing LAR
failure

To determine the role of LAR in PF development, we generated
2 mouse models of lung injury with fibrosis change by either
single or multiple intratracheal instillation of bleomycin’ (SBLM
or mBLM). sBLM mice developed acute lung injury and PF on
Day 21, but the lesion regressed spontaneously on Day 45 after
BLM challenge, with a steady restoration of lung function;
however, mBLM mice showed progressive lung injury with
fibrosis change indicated by septal thickening, loss of alveolari-
zation and a progressive decline in lung function (Supporting
Information Fig. STA and S1B). The AEC2 to AECI transition
is a crucial process in LAR'®'*'*. Thus, we examined the
expression of NKX2.1 and Hopx in fibrotic lung tissue, both of
which are expressed in intermediate cells during trans-
differentiation ~ from  AEC2  to  AECI".  The
NKX2.1*HOPX * AEC2s were increased on Day 45 after SBLM
challenge; however, this realveolarization did not occur after
mBLM challenge (Fig. S1C). The proliferation of AEC2s in
sBLM or mBLM mice was either increased or decreased on Day
45 after BLM challenge (Fig. S1D). To determine AEC2 dif-
ferentiation, the mBLM PF model was generated in Sftpc-
Cre:ROSA-EYFP mice. The doxycycline treatment led to lineage
labeling of approximately 77%—86% pro-SPC positive cells
(Supporting Information Fig. S2A). The number of elongated

EYFP' AECIs differentiated from AEC2s in mBLM mice was
comparable with that in control mice after tracing for 3 months
(Fig. 1A). Because AEC2s can show the stemness in vitro, we
isolated primary AEC2s from mouse lung tissue, and these high
purity AEC2s contained few P63- or KRT5-positive basal cells or
lineage-negative epithelial stem/progenitor cells (Fig. S2B and
S2C). AEC2 colonies were observed after 12 days (Fig. 1B)
and further differentiated into AECls (Fig. 1C) in a 3D culture
system, indicating the LAR ability. AEC2s from mBLM mice
(mBLM AEC2s) displayed markedly lower colony-forming ef-
ficiency (CFE) and a smaller colony size than AEC2s from sham
mice (sham AEC2s) (Fig. 1D—F). The proliferation and differ-
entiation of AEC2s were enhanced after the first bleomycin
exposure, but this enhancement receded after the fourth bleo-
mycin exposure, as indicated by a decrease in Ki67 and NKX2.1/
HOPX staining (Supporting Information Fig. S3A and S3B).
Indeed, the expression of AEC2-related genes was suppressed,
while that of AECIl-related genes was disordered in mBLM
AEC2s (Fig. 1G). These data suggest that repetitive lung injury
causes LAR failure and progressive PF.

The morphology of mBLM AEC2s was changed from squa-
mous to spindle-shaped after adherent culture in fibronectin-
coated culture dishes (Fig. 2A). These AEC2s expressed lower
E-cadherin levels compared with sham AEC2s (Fig. 2B).
Consistently, the expressions of Snail and Slug but not those of
TWIST and ZEB1, which are all E-cadherin repressors‘”, were
increased in mBLM AEC2s (Fig. 2C). We thus examined
whether SNAIL or SLUG contributed to the dysfunction of
AEC2s in PE. The CFE of AEC2s was reduced with Slug
overexpression but not with Snail, Twist or Zeb I overexpression
(Fig. 2D). Additionally, the colonies formed by mBLM AEC2s
exhibited higher Slug and lower PDPN expression levels
compared with those from control mice (Fig. 2E). Slug-
overexpressing AEC2s showed reduced expression of develop-
ment- and differentiation-related genes but enhanced expression
of inflammation- and injury repair-related genes (Fig. 2F).
Furthermore, the expression of SLUG in AEC2s returned to a
normal level after a transient increase in sBLM mice, but a
progressive elevation of SLUG expression was found in mBLM
AEC2s (Fig. 2G, Supporting Information Fig. S3C). Consistent
with this finding, Slug™~ mice showed fewer fibrotic changes
(Fig. 2H and I) and better lung function (Fig. 2J) in response to
mBLM challenge than wild type (WT) mice. The number of
NKX2.1"HOPX™" cells and the CFE of AEC2s from Slug '~
mBLM mice were higher than those in cells from WT mBLM
mice (Fig. 2K and L). To evaluate the contribution of Slug in
AEC2s on fibroblast activation, we examined secretion pheno-
type of AEC2s isolated from mBLM mice. The concentrations of
IL-23, IL-25, IL-33, TNF-«, IL-13, and TGF-8 were higher in
the culture supernatant of mBLM AEC2s than that of control
mice (Supporting Information Fig. S4A). While, the levels of IL-
25, IL-33, IL-14, and TGF-8 were significantly lower in Slug ™'~
AEC2s compared with that in WT AEC2s after mBLM exposure
(Supporting Information Fig. S4A). The supernatant from mBLM
AEC2s not only stimulated migration (Fig. S4B) and prolifera-
tion (Fig. S4C) of lung fibroblasts, but also enhanced the
secretion of collagen lal (Fig. S4D). Indeed, the AEC2s isolated
from Slug™~ mBLM mice lost the pro-fibrotic features (Fig.
S4B—S4D). These in vivo and in vitro data not only indicate
that SLUG in AEC2s is crucial for PF development but also
show that elevated SLUG expression in AEC2s causes LAR
failure during chronic lung injury.
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cant. (B) Representative colony formation by AEC2s from Sftpc-Cre; ROSA-EYFP mice in a 3D co-culture system on Day 14. Scale bars, 50 um.
(C) Confocal images showing the pro-SPC and PDPN expression in AEC2 colonies (n = 4). Scale bars, 50 um. (D) Images of the indicated AEC2
colonies growing in a 3D co-culture system (n = 3). (E) Colony-forming efficiency of AEC2s sorted from vehicle- or mBLM-challenged mice
(n = 5). (F) Colony sizes of AEC2s from vehicle- or mBLM-challenged mice (n = 50). (G) Heatmap showing the expression of AEC2- or AEC1-
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value intensities. Statistical significance between the two groups was determined by unpaired two-tailed Student’s z-test. ***P < 0.001.

3.2.  SLUG inhibits LAR by repressing SLC34A2 mediated
phosphate homeostasis

Given that chronic lung injury reduces the expression profile of the
development- and differentiation-related genes in AEC2s, we sus-
pected that elevated SLUG expression might repress the expression
of these genes. We found that the mRNA expression of Slc34a2 but
not Etv5, Bex2, Sftpal, Sfipb, Sftpc, ABCA3, LAMP3, Napsa, and
Lpcatl which are down-regulated in fibrotic AEC2s (Fig. 1G), was
repressed in Slug-overexpressed AEC2s (Fig. 3A). Additionally, the
protein expression of Slc34a2 was reduced in mBLM AEC2s
(Fig. 3B), and which was negatively correlated with that of SLUG
(Fig. 3C and D). SLC34A2 is a sodium-dependent phosphate
transporter. Reduced SLC34A2 expression has been observed in
AEC2s from IPF patients‘z, and a loss-of-function mutation in
SLC34A2 causes pulmonary alveolar microlithiasis™>. We reasoned
that SLUG might suppress AEC2 self-renewal and differentiation
by repressing SLC34A2 expression. We found that overexpression
of SLUG reduced the promoter luciferase activity of SLC34A2
(Fig. 3E). Additionally, SLUG repressed the expression of
SLC34A2 by binding to the M2 region in the promoter of SLC34A2,
which contains two putative SLUG binding sites (Fig. 3F and G).
Indeed, chromatin immunoprecipitation (ChIP) of SLUG-Myc was
enriched for one conserved promoter region of SLC34A2 (—297 to
—178), and the putative SLUG DNA binding motif in this region
was well conserved across species (Fig. 3H and I). In addition, the
phosphate level was significantly higher in BALF from patients
with PF than in that from patients without chronic lung disease
(Fig. 3] and Table S1) and from mBLM mice (Fig. 3K). In contrast,
the intracellular phosphate level was decreased in mBLM AEC2s
(Fig. 3L).

Notably, the CFE was reduced in Sic34a2-knockdown AEC2s
(Fig. 4A) but was increased with elevated extracellular phosphate
concentrations in a phosphate-free culture medium (Fig. 4B).
Phosphorus is a critical element for biological function, espe-
cially for intracellular signal transduction and energy produc-
tion®>. We found that phosphorylation of ERK1/2, P38 and JNK
was increased in AEC2s isolated from sBLM-exposed mice but
not in mBLM AEC2s (Fig. 4C). The p38 inhibitor SB203580 and
the JNK inhibitor SP600125, but not the MEKI1/2 inhibitor
PD0325901, decreased the CFE of AEC2s (Fig. 4D), suggesting
that activation of these two kinases is crucial for LAR. The levels
of phosphorylated p38 and JNK were increased on Day 7 after
sBLM exposure, and this elevation persisted for 3 weeks. Similar
to sBLM injury, the enhanced phosphorylation of P38 and JNK
could be found at the 10th day after the 3rd bleomycin exposure
but decreased from the 10th day after the 4th bleomycin expo-
sure in the mBLM model (Fig. 4E). To verify the role of
SLC34A2 in LAR, we instilled Sic34a2 adenovirus into lung
tissue 10 days after mBLM challenge. We found that over-
expression of Slc34a2 in lung tissue not only reduced collagen
deposition and the hydroxyproline content in lung tissue
(Fig. 4F—H) but also enhanced the CFE of mBLM AEC2s
(Fig. 41). Moreover, silencing Slc34a2 expression interfered with
the resolution of PF (Fig. 4J—L), disrupted phosphate homeo-
stasis (Fig. 4M and N), reduced the levels of p-P38 and p-JNK
(Fig. 40), and suppressed AEC2 self-renewal in mBLM-exposed
Slug™~ mice (Fig. 4P). These data indicate that reduced
SLC34A2 expression decreases the intracellular phosphate
concentration, which hinders the phosphorylation of JNK and
P38 MAPK in AEC2s and mediates SLUG-suppressed LAR in
PF.
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Figure 2 SLUG suppresses differentiation of AEC2s into AEC1s in PF. (A) Sample phase contrast micrographs showing the morphology of
AEC2s sorted from vehicle- or mBLM-challenged mice (n = 3). Scale bars, 100 um. (B) Semi-quantification analysis showing E-cadherin (E-
cad) expression in AEC2s sorted from the indicated mice (n = 3). GAPDH was used as the loading control. (C) Sample immunoblots and semi-
quantitative analyses of the expression of E-cadherin repressors in AEC2s sorted from the indicated mice (n = 3). GAPDH was used as the
loading control. (D) The CFE of AEC2s infected with the indicated adenovirus (n = 3). (E) Confocal images showing Slug and PDPN expression
in colonies formed by AEC2s sorted from vehicle- or mBLM-challenged mice (n = 3). Scale bars, 50 um. (F) Gene ontology analyses of Slug-
adenovirus-infected AEC2s versus Con-adenovirus-infected AEC2s. The top 10 significant upregulated and downregulated GO terms and their
enrichment scores are displayed. (G) Immunoblotting of Slug in AEC2s from mice at the indicated days post BLM challenges (n = 3). GAPDH
was used as the loading control. (H—J) Masson staining (H), hydroxyproline content in the right lung (I), and Crs (J) were assessed to evaluate the
fibrotic changes and lung function in lungs from WT and Slug '~ mice after mBLM exposure (n = 6). Scale bars, 200 um. (K) Co-localization of
the AEC2 marker NKX2.1 and AEC1 marker Hopx in lung tissues from WT or Slug”’ mice after mBLM challenge (n = 3). Scale bars, 50 pm.
(L) The colony-forming efficiency of AEC2s sorted from WT or Slug ™'~ mice after mBLM challenge (n = 3). Statistical significance between the
two groups was determined by unpaired two-tailed Student’s ¢-test; Statistical significance among groups was determined by one-way ANOVA.
*P < 0.05, #*P < 0.01, ***P < 0.001.

3.3. Loss of MDM? function impedes SLUG degradation mBLM AEC2s (Fig. SE). MDM2 elevation was detected in AEC2s

from PF patients and from mBLM and SiO, PF mice (Fig. SF—H).
Because chronic lung injury did not enhance the mRNA expression Knockdown of Mdm2 further decreased the mRNA level of E-
of Slug in mBLM AEC2s (Fig. 5A), we assumed that the elevated cadherin in mBLM AEC2s (Fig. 5I). To determine whether the
Slug expression might be due to its abnormal degradation. SLUG increased MDM2 in AEC2s is functional, we examined the cata-
degradation was suppressed by the ubiquitin—proteasome system Iytic activity of MDM2 using in vitro ubiquitination assay. The

(UPS) inhibitor MG132 but not by the autophagy inhibitor 3 MA activity of MDM2 in fibrotic lung tissue was reduced, as indicated
(Fig. 5B). Indeed, ubiquitinated Slug was reduced in AEC2s from by the in vitro ubiquitinated Slug level (Fig. 5J). These data indi-
mBLM-challenged mice and from SiO,- exposed mice, another cate that dysfunction of the E3 ligase MDM2 suppresses SLUG
reliable PF mouse model (Fig. 5C and D). Among the four E3 ubiquitination and degradation in PF.

ubiquitin ligases that catalyze SLUG ubiquitylation, MDM2, To further detect the role of MDM?2 in the development of PF,
FBXWS8, FBXL14, and 3-TRCP***’, only MDM2 was elevated in we treated the mice with MX69 which promoting MDM?2 self-
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Figure 3  SLUG represses SLC34A2 expression by binding to the Slc34a2 promoter. (A) Quantitative analyses of mRNA expression of the
AEC2 maturation-related genes in Slug-overexpressing AEC2s (n = 3). (B) Confocal images showing the pro-SPC and SLC34A2 expression in
lung tissues from mBLM challenged mice (n = 5). Scale bars, 50 um. (C, D) Correlation between Slug expression and Slc34a2 expression in
lungs after mBLM challenge. The Y-axis denotes the relative Slc34a2 expression, and the X-axis denotes the relative Slug expression. Each point
represents the value from one mouse. The P value was calculated with Spearman’s rank correlation test in the mBLM group (C, vehicle, n = 12;
mBLM, n = 24). Sample immunoblots of the expression of SLUG and SLC34A2 in lungs from vehicle- or mBLM-exposed mice (D). (E)
Relative expression of SLC34A2 promoter-driven luciferase reporters in SLUG-overexpressing primary human alveolar epithelial cells (PHAECs)
(n = 3). (F) Canonical SLUG binding motif in the promoter of SLC34A2 gene obtained by JASPAR. (G) The relative expression of the truncated
SLC34A2 promoter-driven luciferase reporters in SLUG-overexpressing PHAECs (n = 3). (H) ChIP analysis of Slug binding to the SLC34A2
promoter in PHAECs (n = 3). (I) Schematic depiction of the SLC34A2 promoter with putative Slug binding sites. (J, K) The phosphate con-
centration in BALF from patients with PF (J, Con n = 9; PF, n = 11) and from mBLM-exposed mice (K, n = 6). (L) The phosphate con-
centration in AEC2s isolated from the indicated mice (n = 6). Statistical significance between the two groups was determined by unpaired two-
tailed Student’s #-test. **P < 0.01, ***P < 0.001.

ubiquitination and protein degradation®®. Significant fibrotic promotes Slug degradation during the development of PF

change in lung tissue was found in the mice treated with MX69
after mBLM challenging (Supporting Information Fig. S5A).
However, inhibition of MDM?2 did not induce PF without BLM
injury (Fig. S5A). Inhibition of MDM2 after lung injury signifi-
cantly increased the hydroxyproline content in the lungs and
decreased the lung function of fibrotic mice (Fig. S5B and S5C).
MX69 treatment decreased the protein level of MDM?2, and
increased the level of Slug in AEC2s isolated from fibrotic mice
but not control mice (Fig. S5D), further suggesting that MDM2

Meanwhile, the capacity of AEC2s mediated LAR was further
declined in MX69 treated group (Fig. S5E). In addition, we
enhanced the Mdm?2 function following mBLM exposure through
intratracheal instillation of lentivirus overexpressing Mdm?2.
Overexpressing MDM2 in lung attenuated PF (Fig. S5F and S5G),
and improved lung function of the fibrotic mice (Fig. S5H).
Furthermore, we found that the Slug level was decreased
(Fig. S5I), and the self-renewal capacity of mBLM AEC2s was
restored in Mdm?2 overexpressed mBLM AEC2s (Fig. S5J).
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Figure4 Reduced SLC34A2 mediates SLUG-induced LAR failure and PF. (A) The CFE of AEC2s infected with lentiviral particles containing Con-

shRNA or Sic34a2-shRNA (n = 4). (B) The CFE of AEC2s cultured with the indicated concentrations of phosphate (n = 3). (C) Sample immunoblots
showing the expression of the indicated proteins in AEC2s from the mice after sSBLM exposure for 40 days or from the mice after mBLM exposure for 40
days (n = 5). (D) The CFE of AEC2s in the presence of MEK1/2 (PD0325901), P38 (SB203580) or JNK (SP600125) inhibitor (n = 3). (E) Sample
immunoblots showing the expression of the indicated proteins in AEC2s from the mice at different timepoints post sSBLM or mBLM exposure (n = 3).
(F) Masson staining was performed to evaluate fibrotic changes in lungs from mBLM-exposed mice after intratracheal instillation of Slc34a2 adenovirus
(n = 6). Scale bars, 200 um. (G) Sample immunoblots of the expression of SLUG and SLC34A2 in AEC2s sorted from the indicated mice (n = 3).
GAPDH was used as the loading control. (H) Hydroxyproline content in the right lung of the indicated mice (n = 6). (I) The colony-forming efficiency
of AEC2s sorted form the indicated mice (n = 3). (J) Masson staining was performed to evaluate PF after intratracheal instillation of Slc34a2-shRNA
lentivirus in mBLM-exposed WT mice or Slugfl ~ mice (n 5). Scale bars, 200 pm. (K) Sample immunoblots of the expression of SLUG and
SLC34A2 in AEC2s sorted from the indicated mice (n = 3). GAPDH was used as the loading control. (L) Hydroxyproline content in the right lung of the
indicated mice (n = 5). (M) The phosphate concentration in BALF from the indicated mice (n = 6). (N) The phosphate concentration in AEC2s isolated
from the indicated mice (n = 6). (O) Sample immunoblots of the expression of the indicated proteins in AEC2s (n = 5). (P) The CFE of AEC2s from the
indicated mice (n = 3). Statistical significance between the two groups was determined by unpaired two-tailed Student’s #-test; Statistical significance
among groups was determined by one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5 Dysfunction of MDM2 suppresses SLUG degradation. (A) Quantitative analyses of Slug mRNA content in AEC2s from the indicated

mice. N.S.: not significant. (B) Quantitative analyses of SLUG degradation in AEC2s in the presence of protein synthesis inhibitor cycloheximide
(CHX) (10 pg/mL) and 3 MA (5 mmol/L) or MG132 (10 pmol/L). The half-lives (#,,,) of Slug degradation were calculated by one phase decay
analysis (n = 3). GAPDH was used as the loading control for IB. (C, D) IP assay analyses of ubiquitinated Slug in lung tissues from mBLM mice
(C) and SiO,_challenged mice (D) (n = 5). (E) Protein levels of Slug-related E3 ligases in AEC2s sorted from the indicated mice (n = 3).
GAPDH was used as the loading control for IB. (F—H) Confocal images showing the co-localization of MDM2 and pro-SPC in lung tissues from
PF patients (F) and from mice after mBLM (G) or SiO, (H) exposure (n = 3). Scale bars, 50 um. (I) E-cad mRNA levels in sorted AEC2s after
transfection with the indicated siRNA (n = 3). (J) Sample immunoblots showing the E3 activity of MDM2 in AECs from mBLM mice in the
presence of E1, E2 (UbcHS5c¢), Ub, ATP, and subtract (SLUG) (n = 3). Statistical significance between the two groups was determined by unpaired
two-tailed Student’s 7-test; Statistical significance among groups was determined by one-way ANOVA *P < 0.05 **P < 0.01, ***P < 0.001.

(Fig. 6G) and from mBLM or SiO, PF mice (Fig. 6H and I).
Because SLUG interacted with MDM2 at residues 211—300°°, we
constructed a series of MDM?2 deletion mutants to examine
whether TRIB3 binds MDM?2 in the same region (Supporting
Information Fig. S6A). TRIB3 interacted with the zinc- and
RING-finger domains of MDM2, suggesting that TRIB3 binds
with MDM2 next to the SLUG binding region, and the inhibitory
effect of TRIB3 on the SLUG/MDM2 interaction might be due to
steric hindrance between these two proteins (Fig. S6A). The
MDM2-binding region of TRIB3 was located at the C-terminal
region within the KD domain (Fig. S6B). Additionally, TRIB3
impeded the SLUG/MDM?2 interaction in a concentration-
dependent manner (Fig. 6J).

3.4. TRIB3 disturbs MDM2-mediated SLUG degradation

Using mass spectrum analysis, 24 proteins were identified as
binding with Mdm?2 in fibrotic AEC2s but not in normal AEC2s
(Fig. 6A and Supporting Information Table S2). Among these
Mdm2-binding proteins, Trib3 is a stress sensor involved in in-
flammatory diseases, including tissue fibrosis, by interacting with
cellular signaling and functional proteins® *', and its expression
was increased in the lungs of PF patients (Fig. 6B and C) and in
mBLM AEC2s (Fig. 6D). Endogenous TRIB3 interacted with
MDM2 in lung epithelial cells (Fig. 6E), and this was confirmed
by GST pull-down assays (Fig. 6F) and by colocalization of
MDM?2 with TRIB3 in fibrotic lung tissues from PF patients
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Figure 6 MDM2 inhibits SLUG degradation by physically interacting with TRIB3. (A) AEC2s were sorted form lung tissues of the vehicle- or

mBLM-exposed mice. AEC2s lysate was IP with anti-Mdm2 antibody, and silver-staining shows the MDM2 binding proteins in AEC2s. (B)
Quantitation of TRIB3 expression in lung samples from healthy controls or patients with pulmonary fibrosis (PF) (n = 6). GAPDH was used as
the loading control for immunoblotting. (C) Sample confocal images showing co-localization of TRIB3 and pro-SPC in lung tissues from PF
patients (n = 3). Scale bars, 50 um. (D) The protein level of TRIB3 in AEC2s was detected with IB (n = 3). GAPDH was used as the loading
control for IB. (E) IP assay analyses of the TRIB3/MDM?2 interaction in lung epithelial cells. Cells extracts were IP with normal IgG or anti-
TRIB3 antibody (Ab) and blotted with anti-MDM2 Ab (n 3). (F) GST pull-down assay showing in vitro interaction of TRIB3/MDM2
(n = 3). GST-only protein was used as the negative control. GST fusion proteins were stained with Coomassie Blue. (G—I) Confocal images
showing the co-localization of MDM?2 and TRIB3 in lung tissues from PF patients (G) and in lung tissues from the mice after mBLM (H) or SiO,
injury (I) (n = 3). Scale bars, 50 pm. (J) Competitive ELISA analyses of binding of SLUG to MDM2 in the presence of TRIB3-GST or GST-
tagged protein (n = 3). (K) Sample immunoblots showing the E3 activity of MDM?2 in the presence of E1, E2 (UbcHS5c), Ub, ATP, and subtract
(SLUG), plus or minus TRIB3, in vitro (n = 3). (L) Sample immunoblots showing UbcHS5c—UDb conjugation in the presence of E1, Ub, and ATP
plus or minus TRIB3 in vitro (n = 3). (M) Sample immunoblots showing the binding ability of MDM2 to UbcH5¢—Ub (n = 3). (N) Sample
immunoblots showing UbcHS5¢c—Ub conjugation in the presence of TRIB3 (n = 3). Statistical significance between the two groups was deter-
mined by unpaired two-tailed Student’s z-test. **P < 0.01, ***P < 0.001.

We verified whether the TRIB3 interaction with the RING
domain of MDM2 reduced the E3 ubiquitin ligase activity of
MDM?2 using an in vitro ubiquitination assay. Recombinant

MDM2 readily produced ubiquitinated SLUG in the presence of
E1l, ATP, UbcH5c, and ubiquitin. When recombinant TRIB3 was
added to the reaction system, the ubiquitination of SLUG was
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suppressed (Fig. 6K), suggesting that TRIB3 interacts with
MDM2 and interferes with MDM2-catalyzed ubiquitination. The
UPS degradation process requires the consecutive action of E1, E2
and E3 ubiquitin enzymes*”. In the presence of TRIB3, El en-
zymes activated ubiquitin and conjugated it to E2 enzymes
(Fig. 6L). However, TRIB3 reduced the association of ubiquitin-
conjugated E2 enzymes with MDM2 (Fig. 6M) and prevented
MDM2-induced liberation of ubiquitin from the E2—ub com-
plexes (Fig. 6N). Indeed, neither overexpressing nor silencing
Trib3 affected Slug transcription in AEC2s (Supporting Informa-
tion Fig. S7A). Instead, Trib3 overexpression prolonged the half-
life of SLUG degradation (Fig. S7B). Moreover, colocalization of
SLUG and TRIB3 was found in fibrotic lungs (Fig. S7C).

3.5.  Knockout of TRIB3 in AEC2s prevents PF development

To verify the critical role of TRIB3 in PF pathogenesis via
MDM2-mediated SLUG degradation in AEC2s and SLUG-
mediated LAR failure in PF, we generated AEC2-specific Trib3-
deficient mice by crossing mice containing a floxed 7rib3 exon 3
with mice expressing Cre-recombinase under control of the Sftpc
promoter (referred to as Sfipc-Cre; Trib3"°¥) These mice were
viable and fertile and were born at the expected Mendelian ratio
without apparent abnormalities in adult mice. Knockout of Trib3
in AEC2s reduced Slug expression, prevented PF development
and restored the self-renewal capacity of mBLM AEC2s
(Supporting Information Fig. SSA—S8D). Moreover, the concen-
tration of phosphate in BALF was lower and the intro-AEC2s
phosphate level was higher in Sfipc-Cre; Trib3"°* mice in
comparison with WT mice (Fig. S8E and S8F). Knockout 7rib3 in
AEC2s also increased the phosphorylation of P38 and JNK post
mBLM injury (Fig. S8G). More importantly, Sftpc-Cre; Trib3"*
fox mice showed significant protection following challenge with
intratracheal instillation of SiO, indicated by the reductions in
SLUG expression in AEC2s (Fig. S8H) and fibrotic changes in
lung tissues (Fig. S8I and S8J); enhances in CFE of AEC2s
(Fig. S8K), phosphate homeostasis (Fig. SS8L and S8M) and the
phosphorylation of p-P38 and p-JNK (Fig. S8N).

3.6.  Disturbing the TRIB3/MDM?2 interaction restores LAR and
reduces PF

Given that the TRIB3/MDM2 interaction stabilizes SLUG to
suppress LAR in PF, disturbing this interaction might be a
promising therapeutic strategy for PF. We screened the zinc-finger
and RING-finger domains of MDM?2 with the I-TASSER server to
predict the MDM?2 secondary structure. In total, four a-helix
structures were found in the TRIB3-binding domain, but only
MR2 (seq. 460—470) and MR3 (seq. 409—417) were at least 9
amino acids (AA) in length (Fig. 7A). MR2 and MR3 were syn-
thesized with N-terminal and C-terminal protective AA (Fig. 7A),
and their binding ability with TRIB3 was measured. MR2 dis-
played a high affinity for TRIB3 (Kp = 46.0 £ 2.1 nmol/L),
whereas there was no interaction between MR3 and TRIB3
(Fig. 7B). To determine whether MR2 disturbed the TRIB3/
MDM?2 interaction to accelerate SLUG degradation, a fusion
peptide, PMR2, was designed by linking the cell-penetrating
peptide Pep 2 to MR2*. Similarly, PMR3 was generated as a
control peptide by connecting Pep2 to MR3. Both PMR2 and
PMR3 could penetrate lung epithelial cells (Fig. 7C and D), but
only PMR2 disturbed the TRIB3/MDM?2 interaction (Fig. 7E) and
enhanced the association of SLUG with MDM2 (Fig. 7F).

Additionally, PMR2 increased the SLUG ubiquitination (Fig. 7G)
and caused SLUG degradation in an UPS-dependent manner
(Fig. 7H). Furthermore, we observed whether PMR2 can break the
known protein—protein interactions mediated by TRIB3 or
MDM2. We found that PMR2 only interrupted the MDM2/
MDMX™** interaction but not the interactions of MDM2/p53™,
MDM2/PML*, TRIB3/AKT*’, TRIB3/p62*’, and TRIB3/
SMAD3*’ (Supporting Information Fig. SOA—SO9F).

To overcome the shortcomings of a natural a-helix peptide for
potential therapy against PF*®, three all-hydrocarbon staple MR2
peptides were designed to reinforce the a-helical structure and
enhance cell penetration. The i+4 stapled analogs of MR2 se-
quences (named SMR1/2/3) were synthesized (Fig. 8A), and these
stapled peptides showed higher affinity for MDM?2 in comparison
with PMR2 (Fig. 8B). The highest helix-ratio peptide SMR3 not
only showed a better druggability than PMR2 (Fig. 8C,
Supporting Information Fig. SIOA and S10B) but also restored
TRIB3- suppressed AEC2 self-renewal and differentiation (Fig.
S10C and S10D).

SMR3 readily penetrated AEC2s (Fig. S10E) and exhibited a
good safety profile (Fig. SIOF—S10H). It reduced collagen depo-
sition, inflammation (Fig. 8D, Supporting Information Fig. S11A)
and hydroxyproline levels (Fig. 8E, Fig. S11B) and improved lung
function (Fig. 8F, Fig. S11C) in mBLM mice and SiO, mice. SMR3
reduced Slug expression but enhanced Slc34a2 expression in
AEC2s (Fig. 8G, Fig. S11D). Additionally, SMR3 increased AEC2
proliferation and promoted the AEC2/AECTI transition in lung tissue
from mBLM mice (Fig. 8H and I, Fig. SI1E and S11F). Moreover,
SMR3 improved the self-renewal and differentiation capacities of
AEC2s from fibrotic mice or PF patients in comparison with those
from control mice or patients (Fig. 8J—L, Fig. SI1G—SI1I).
Importantly, SMR3  restored  phosphate = homeostasis
(Fig. S11J—S11M) and phosphorylated capacity of P38 and JNK in
AEC2s from both mBLM- and SiO,-induced PF mice (Fig. SI1N
and S110). In sum, the stapled peptide SMR3 is a highly selec-
tive, stable and cell-penetrable leading compound with a potent
therapeutic efficacy and thus could be further developed for therapy
directed at LAR against PF (Fig. 8M).

4. Discussion

Recent studies indicate that acute lung injury caused acute PF is
reversible after the removal of inciting damage, such as virus
infection or a single intratracheal BLM administration™"'*. How-
ever, repetitive lung epithelium injury is commonly considered an
initiating factor in irreversible PE**. LAR failure not only leads to
progressive PF'? but is also a critical reason for the limited efficacy
of disease-modifying therapy in IPF and across progressive lung
alveolar diseases’’. In this study, we found that the acute PF in a
sBLM mouse model is the self-recovery process because of the
restored regenerative capacity of AEC2s'”. In contrast, this recov-
erable LAR is not observed both in an irreversible PF model and in
IPF patients. The repeated alveolar damage is one of the important
prerequisites for the occurrence of fibrotic diseases in lung, so the
mBLM model is more in line with the mechanism of clinical pul-
monary fibrosis’. At the same time, the pathological changes of the
mBLM model were closer to those of clinical patients with PE
Importantly, we showed that repetitive lung injury causes progres-
sive augmentation of Slug protein in AEC2s, which represses
AEC2s from transition into AEC1s and interferes with PF resolu-
tion. Moreover, the Slug high expressed AEC2s may serve as
driving force to trigger the fibroblast activation. Genetic inhibition
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Figure 7

Disturbing the TRIB3/MDM?2 interaction promotes SLUG degradation. (A) I-TASSER server analyses of the secondary structure of

the TRIB3 binding region in MDM2 and the peptide sequences containing the indicated a-helical sequence and protective AA. Highlighted
sequence is the « -helix structure in the peptides. (B) Surface plasmon resonance (SPR) analyses of the kinetic interaction between MR2 and
TRIB3 (n = 3). (C, D) Sample immunofluorescence image (C) and flow cytometry plot (D) showing the cellular penetration of MR2, PMR2 and

PMR3 conjugated with FAM (n

3). Scale bars, 20 um. (E) Sample immunoblot shows PMR2 but not PMR3 disturbing the interaction of

TRIB3/MDM2 in primary human alveolar epithelial cells (PHAECs) (n = 3). (F) Sample immunoblot showing PMR?2 restoring the interaction of
MDM2/SLUG in PHAECs (n = 3). (G) Sample immunoblots showing PMR2 but not PMR3 restoring the TRIB3-suppressed ubiquitination of

SLUG in cells (n

3). (H) Quantitative analyses of SLUG and MDM2 expression in TRIB3-overexpressing PHAECs treated with 5 pmol/L

PMR3 or PMR2 or 10 pmol/L MG132 (n = 3). GAPDH was used as the loading control for IB. Statistical significance among groups was

determined by one-way ANOVA. **P < 0.01.

of Slug expression and accelerated Slug degradation partially
restored LAR capacity and reduced PF. In addition, the microen-
vironment of lung alveolar niche induced by chronic lung injury
prohibits epithelial repair also’. Thus, the abnormal function of
AEC2 cells and the dysregulated alveolar microenvironment
together inhibits the process of LAR. The repeated alveolar
epithelial injury leads to persistent chronic inflammation, and the
molecular mechanism of this inflammation is very different from
that caused by acute lung injury. The immune microenvironment
after acute lung injury can lead to rapid self-renewal and differ-
entiation of AEC2 cells. However, our study shows that AEC2 cells
in chronic PF have reduced stemness and themselves become a
source of inflammation that promotes fibrosis progression. The
AEC?2 cells dysfunction may be the result of repeated injury of lung
alveoli, and may also be the consequence of changes in the immune
microenvironment. This change includes the interaction between
different types of cells in alveoli such as inflammatory cells, fi-
broblasts, and vascular endothelial cells, and includes the regulation
of the systemic inflammation on the local injury lung tissue.
SLUG, a member of the SNAIL family of transcriptional re-
pressors, plays an important role in embryonic development by
regulating stem cell function®”'. However, Slug overexpression has
been reported to lead to cancer stem cell traits in several cancer
types, including breast, ovarian, and intestinal cancer, by repressing
E-cadherin expression and activating epithelial—mesenchymal

transition (EMT)’>>>. Nevertheless, it has been illustrated that
SLUG decreases the self-renewal of hematopoietic stem cells>*. In
this study, we found that Slug inhibits the AEC2/AEC1 transition
and self-renewal of AEC2s from mice with irreversible PE. We
observed that enhanced Slug stability suppresses the LAR capacity
of AEC2s by repressing the expression of Slc34a2, a sodium-
dependent phosphate transporter. Slc34a2 gene mutation or loss of
function can disrupt phosphate homeostasis and directly induce
pulmonary alveolar microlithiasis in which calcium phosphate
crystal formation in the alveolar space results in progressive PF and
respiratory failure’”, and reduced expression of this type IIb sodium-
phosphate transporter has been found in AEC2s from patients with
PF'?. Notably, we found that reduced SLC34A2 expression inhibits
phosphate influx in AEC2s, which impedes the phosphorylation of
JNK and P38 MAPK, two crucial kinases for supporting LAR>. Our
work thus identifies the SLUG—SLC34A2 axis serving as a link
between the chronic injury of AEC2s and LAR failure in PF. It is
well known that SLUG plays an important role in cancer by pro-
moting EMT. We found that SLUG induces mesenchymal-like
transition in AEC2 cells. The function of AEC2 cells undergoing
EMT in the pathogenesis of PF are currently unclear, since AEC2
cells undergoing EMT are not an important source of myofibroblasts
in PF°°. Our results found that the mesenchymal-like changed AEC2
cells are important source of inflammation, which triggers fibroblast
activation by releasing profibrotic factors. Therefore, AEC2 cells
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Figure 8  Targeting SLUG degradation restores LAR and reduces PF. (A) Structural analysis of the stapled MR2 peptide helices. (B) The
indicated concentration of stapled MR2 peptides was passed over immobilized TRIB3 on CMS5 sensor chips, and the kinetic interaction of the
peptides with TRIB3 was determined by SPR analysis (n = 3). (C) The helicity of the peptides was detected via circular dichroism analysis.
(D—F) Masson staining (D), hydroxyproline content in the right lung (E), and Crs (F) were assessed to evaluate PF and lung function (n = 8).
Scale bars, 200 pm. (G) Sample blots show the expression of Slug and Slc34a2 in AEC2s from the indicated mice (n = 5). (H) Co-staining and
quantification of pro-SPC and Ki67 in lung tissues from fibrotic mice (n = 3). Scale bars, 50 pm. (I) Co-localization of the AEC2 marker NKX2.1
and AECI marker HOPX in lung tissues from mBLM-challenged mice (n = 3). Scale bars, 50 pm. (J) Images of the indicated AEC2 colonies
growing in a 3D co-culture system and the colony-forming efficiency of AEC2s from vehicle or mBLM-challenged mice (n = 3). (K) The colony-
forming efficiency of AEC2s from patients with or without PF treated with SMR3 (5 mmol/L) (n = 5). (L) The Agp5 mRNA level in colonies
formed by AEC2s from the indicated mice (n = 3). (M) Schematic diagram illustrating that MDM2 dysfunction-induced Slug accumulation
promotes PF development by inhibiting LAR and that the anti-fibrotic role of SMR3 results from disturbance of the TRIB3/MDM?2 interaction.
Statistical significance between the two groups was determined by unpaired two-tailed Student’s #-test; Statistical significance among groups was
determined by one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001.

that develop EMT are likely to promote PF disease progression with SMAD?3 determines SLUG transcription and activity'”. In addition
a profibrotic phenotype. to this classical signaling pathway, few studies have investigated

The bleomycin model of PF is partly driven by enhanced the post-transcriptional modification of SLUG in PF. This study is
TGF-( signaling, and the cooperation with TGF-@-activated mainly focus on the protein stability and the biological function of
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SLUG. As a transcriptional factor, SLUG is an extremely labile
protein, and its protein level in cells is tightly controlled by
posttranslational modification, particularly via the UPS’"*
Indeed, the low level of SLUG in healthy tissue is due to its fast
degradation; once SLUG degradation is impeded, its transcrip-
tional regulatory effects are amplified and sustained’®. In this
study, we found that the stress sensor TRIB3 interacts with
MDM?2, a RING-finger-dependent E3 ubiquitin ligase, to reduce
SLUG degradation and impede AEC2 stemness, which the
importance of MDM?2 in SLUG stabilization. A previous study
indicated that MDM2 is required for SLUG degradation in cancer
cells®®. However, there are other E3 ligases, including FBXWS,
FBXL14, and 8-TRCP, that belong to the F-box protein family and
can mediate SLUG degradation®***’. Unlike RING-finger-
dependent E3 ligases, F-box protein family E3 ligases need to
form a Skp, Cullin, and F-box-containing complex (SCF complex)
to ubiquitinate their substrates’’. We did not find these F-box
proteins to be involved in SLUG accumulation in AEC2s from
fibrotic lung tissue. TRIB3 interacts with the RING-finger domain
of MDM?2 to inhibit the E3 ubiquitin ligase activity of MDM2.
Additionally, TRIB3 interacts with the zinc-finger domain of
MDM2, which causes the disassociation of SLUG from MDM?2.
Thus, the TRIB3/MDM2 interaction induces a double inhibition
of MDM2-mediated SLUG degradation. Therefore, our current
work provides novel insights into the role of UPS in the regulation
of LAR and PF development. Besides ubiquitination, the protein
stability and activity of SLUG are also determined by other post-
transcriptional modification such as phosphorylation and
SUMOylation(’”‘(’l. Thus, further studies are needed to evaluate the
relationship of these modifications of SLUG and LAR.

Although TRIB3 does not have the ability to phosphorylate
other proteins, it acts as an accomplice via interaction with
intracellular signaling or functional proteins to control funda-
mental processes extending from mitosis and cell activation to
apoptosis and the modulation of gene expression®*>%. We
recently reported that TRIB3 promotes invasion and migration
across human cancer cells by interacting with SMAD3 to promote
TGF-1-induced EMT*’. Interestingly, Tomcik et al.*' recently
explored the profibrotic role of TRIB3 in renal tissue and systemic
sclerosis through the activation of TGF-f1 signaling. In addition,
we have found that TRIB3 promotes liver fibrosis by inhibiting
autophagy in hepatic stellate cells®*. These observations support
our finding that TRIB3 plays a critical role in PF pathogenesis. In
this study, we found that TRIB3 promotes PF by interacting with
MDM2 and interfering with its E3 ubiquitin ligase function. This
action prolongs SLUG degradation, leading to LAR failure.
Therefore, we believe that TRIB3 in fibroblasts promotes pul-
monary fibrosis progression by inducing fibroblast activation,
while TRIB3 in alveolar epithelial cells impedes pulmonary
fibrosis recovery by inhibiting lung regeneration. Our previous
work indicated that TRIB3 interacts with P62, a selective auto-
phagic receptor, to suppress the degradation of several cancer-
promoting factors*’, and TRIB3 interacts with PML-RARa, thus
promoting acute promyelocytic leukemia progression via inhibi-
tion of PML-RAR«a degradation”’. Also, we found that the
interaction of TRIB3/GSK38 maintains the pro-fibrotic phenotype
of macrophage®. These studies suggest that TRIB3 is a critical
modulator of intracellular protein quality control systems.

Substantial progress has been made in the treatment of PF
using disease-modifying therapies instead of anti-inflammatory
agents. A number of compounds targeting extracellular matrix
deposition, tyrosine kinases, and the immune system have

undergone clinical trials, raising hopes for new clinical therapies
for IPF°°. Although epithelial or stem cell transplantation shows
some definite benefits for IPF patients'>'®, there is no reliable
drug targeting LAR. This may be due to the fact that the molecular
mechanism of LAR failure is still unclear, especially in response
to chronic inflammation. Also, the effect of these anti-fibrotic
medicines on LAR is totally unknown. Besides promoting LAR,
the inhibition of EMT, epithelial cells apoptosis, epithelial cells
senescence, or pro-fibrotic factors releasing from AEC2s may
contribute to the change of PF also. Thus, targeting the dysfunc-
tional or injured AEC2s in fibrotic lung tissue should be a
defensible strategy to treating PF. Our study indicates that accel-
erating SLUG degradation in AEC2s is a promising therapy for PF
by promoting AEC2/AECI transition. With this hypothesis, we
translated the finding that interrupting the TRIB3/MDM?2 inter-
action accelerates the clearance of SLUG and promotes LAR into
an anti-fibrosis therapeutic strategy. We modified the «-helical
peptide MR2 using a hydrocarbon stapling technique, which sta-
bilized its «-helical structure and enhanced the cell penetrance
ability, suggesting that this all-hydrocarbon stapling technique
improved the pharmaceutical properties of this peptide by
enhancing its Kp and stability. Indeed, disturbing the TRIB3/
MDM?2 interaction using this stapled peptide promoted AEC2
differentiation by accelerating Slug degradation and restoring
Slc34a2 expression. Critically, this peptide exhibited a potent
in vivo therapeutic efficacy in different self-recovery-limited PF
models. Our work coincides with the observation that targeting
protein—protein interactions is emerging as a therapeutic strategy
for chronic diseases®’. Considering that SLUG plays critical roles
in the pathogenesis of PF and that Slug cannot feasibly be
accessed by therapeutics such as antibodies or small molecular
compounds, targeting of Slug degradation, as presented in the
current study, may represent a significant therapeutic advance in
the treatment of PF and other lung alveolar diseases. However,
elucidation of the precise mechanism by which this peptide binds
to the TRIB3/MDM2 complex requires further study. Addition-
ally, whether the protective effects of this peptide are related to a
more general effect of regulating the abundance of MDM?2 sub-
strates other than SLUG should be further studied.

5. Conclusions

In this study, we found that LAR failure is a consequence of post-
transcriptional-regulated SLUG expression. Critically, the
elevated expressions of SLUG in IPF alveolar epithelial cells
suggest that the accumulation of SLUG is responsible for the
dysfunction of AEC2s'*'®. Although the roles of the Slug-
supported epithelial—mesenchymal transition in PF are subject
to debate, these cells can release large quantities of fibrogenic and
inflammatory factors to activate resident fibroblasts to become
myofibroblasts in pulmonary and renal fibrosis®®®. Indeed, we
found that the proliferation and differentiation abilities of AEC2s
are repressed and that the expression of Slc34a2 is reduced in
Slug-positive AEC2s. In addition, Slug-positive AEC2s cannot
further differentiate into AECls and lose self-renewal capacity.
Thus, our work provides a potential mechanism to explain the
phenotype of mesenchymal changed AEC2s in PF.
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