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PLACS attenuates pulmonary fibrosis and
inhibits apoptosis of alveolar epithelial
cells via facilitating autophagy

M| Check for updates

Wei Sun', Bo Zhao?, Zhong He?, Lihua Chang®, Wei Song? & Yingying Chen ®?

Idiopathic pulmonary fibrosis (IPF) is an irreversible lung condition that progresses over time, which
ultimately results in respiratory failure and mortality. In this study, we found that PLAC8 was
downregulated in the lungs of IPF patients based on GEO data, in bleomycin (BLM)-induced lungs of
mice, and in primary murine alveolar epithelial type Il (pmATIl) cells and human lung epithelial cell A549
cells. Overexpression of PLACS facilitated autophagy and inhibited apoptosis of pmATIl cells and
A549 cells in vitro. Moreover, inhibition of autophagy or overexpression of p53 partially abolished the
effects of PLACS8 on cell apoptosis. ATIl cell-specific overexpression of PLACS alleviated BLM-
induced pulmonary fibrosis in mice. Mechanistically, PLAC8 interacts with VCP-UFD1-NPLOC4
complex to promote p53 degradation and facilitate autophagy, resulting in inhibiting apoptosis of
alveolar epithelial cells and attenuating pulmonary fibrosis. In summary, these findings indicate that
PLAC8 may be a key target for therapeutic interventions in pulmonary fibrosis.

The most prevalent type of idiopathic interstitial pneumonia is idiopathic
pulmonary fibrosis (IPF), a chronic, progressive, and irreversible lung dis-
ease characterized by progressive lung scarring in the interstitium of the
lungs'. Extensive extracellular matrix and abnormal alveolar architecture
lead to a decline in lung function and ultimately respiratory failure and
death’. The pathogenetic mechanism of IPF is still unknown with few
treatment options’. Now researchers have started to assume that the sus-
tained or repetitive injury of epithelial cells including alveolar epithelial cells
is one of the ways to trigger the initiation of IPF. The injured epithelial cells
interact with multiple cell types through many signaling pathways, and
fibroblasts and myofibroblast differentiation eventually are activated™’.
Alveolar epithelial type IT (ATII) cells are epithelial stem cells that have a
regenerative role in the alveolus to maintain lung homeostasis. ATII cell loss
and aberrant activation will lead to dysregulated repair and pathogenic
fibroblast activation’. Evidence supports that p53 is a critical factor in
promoting apoptosis and senescence of ATII cells, which leads to pul-
monary fibrosis”™.

Autophagy is a common cellular homeostatic process that destroys the
cellular substrates via autophagosome capture and fusion to degradative
lysosomes. Autophagy functions as a pro-survival mechanism in the face of
cellular stress, such as ER stress, starvation, and hypoxia’"'. Impaired
autophagy has been seen as determined by p62 accumulation in lung tissues
of IPF patients, which suggests that autophagy might be a pathogenic

characteristic of IPF". In bleomycin (BLM)-induced mouse fibrotic lung
tissue, BLM activates autophagy determined by decreased p62 and increased
LC3. More importantly, Atg4b deficiency impairs autophagy, which leads to
exacerbating bleomycin-induced lung fibrosis". In addition, in mouse type
1T alveolar epithelial line MLE-12 cells and human lung epithelial line A549
cells, BLM upregulates LC3II and downregulates p62 protein expression
in vitro, and transcription factor EB (TFEB) activation by Torin 1 increases
autophagic flux and improves BLM-induced pulmonary fibrosis in mice'*.
Autophagy may be dysregulated in aberrant epithelial cells and affect the
apoptosis of ATII cells in IPF"°. Meng et al also claimed that LC3B is mainly
localized in Surfactant protein C (SPC)-positive cells (ATII cell marker), and
inhibition of autophagy by 3-MA aggravates pulmonary fibrosis induced by
BLM in mice'".

In this study, we found that placenta associated 8 (PLACS) is
markedly decreased in the lung tissues of IPF patients using the micro-
array dataset GSE110147 from Gene Expression Omnibus (GEO, https://
www.ncbi.nlm.nih.gov/geo/). Moreover, we established a pulmonary
fibrosis murine model using BLM and collected the lung tissues for
mRNA-seq analysis. The results showed that PLAC8 was also sig-
nificantly decreased in BLM-treated mice. PLAC8 has a pro-survival
function by promoting autophagic activity. For instance, in human
macrophage THP-1 cells, forced expression of PLAC8 inhibits LPS-
stimulated IL-1p and IL-18 expression, and inhibition of autophagy using
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3-MA reduces the effects of PLAC8 in THP-1 cells”. PLAC8 promotes
autophagy in human trophoblast cells by regulating p53 degradation,
which results in increasing cell proliferation of trophoblast cells'. PLAC8
is a highly conserved protein between humans and murine and is
expressed in lung tissue'’. Therefore, we hypothesized that the down-
regulated PLAC8 in fibrotic lungs might be involved in impaired
autophagy activity in IPF and induce apoptosis in alveolar epithelial cells.

In this study, we verified that overexpression of PLAC8 promotes
autophagy and inhibits the apoptosis of primary mouse alveolar type 2
epithelial cells (pmATII) and A549 cells. Inhibition of autophagy or over-
expression of p53 partially abolished the effects of PLAC8 on apoptosis.
ATII cell-specific overexpression of PLAC8 using adenovirus alleviated
BLM-induced pulmonary fibrosis in mice. Coimmunoprecipitation/mass
spectrum (COIP/MS) and COIP analysis identified PLACS8 can interact
with protein p53, VCP, UFD1 and NPLOC4 in lung epithelial cell
A549 cells. We demonstrated that PLAC8 may engage in joint VCP-UFD1-
NPLOC4 complex to promote p53 degradation and facilitate autophagy,
resulting in inhibiting apoptosis of alveolar epithelial cells and attenuating
pulmonary fibrosis.

Results

PLACS is decreased in lung tissues of IPF patients and BLM-
induced fibrotic lungs in mice

To investigate which factor plays important roles in the initiation of fibrosis
in BLM-induced pulmonary fibrosis in mice, we examined differentially
expressed genes (DEGs) in control and BML-treated groups by RNA
sequencing (Fig. 1a). Volcano plots and heatmaps showed the DEGs in
Fig. 1b, c. The DEGs were presented in Supplementary data 1. We analyzed a
public microarray dataset GSE110147 and obtained the DEGs between lung
tissues of IPF patients and control donors (Fig. 1d). By crossing the DEGs in
our result and GSE110147, we found that PLAC8 was decreased both in lung
tissues from BLM-treated mice and IPF patients (Fig. 1b, d—f). The dis-
tribution of DEGs following BLM treatment in different mouse chromo-
somes was displayed and PLACS8 is located on chromosome 5 (Fig. 1g). The
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses of common DEGs demonstrated that the
DEGs were mainly enriched in the regulation of immune responses, cell
adhesion, and extracellular matrix, all of which are pathways related to
pulmonary fibrosis (Fig. 1h, 1).

To confirm the altered expression of PLACS in lung tissues of BLM-
treated mice, we established a BLM-induced fibrosis model and examined
the expression of PLACS in the 3, 7, and 14 days after BLM treatment.
Hematoxylin and eosin (HE) and Masson staining on day 14 demonstrated
that BLM induced fibrosis in mouse lungs (Fig. 2a, b). In addition, the
apoptosis of ATII cells was observably increased (Fig. 2c, d). The ATII
marker SPC expression slightly decreased on day 3, but markedly on day 7
and day 14 after BLM treatment. Importantly, the expression of PLAC8 was
decreased starting from day 3 and had a time-dependent decline from day 3
to day 14 (Fig. 2e). Moreover, apoptosis and autophagy were induced by
BLM in fibrotic lungs. The expression change of pro-apoptotic protein
Cleaved caspase-3 was observed on day 3 and the autophagy marker LC31I
was slightly increased when p62 was decreased starting from day 3 (Fig. 2f).
It’s indicated that BLM-induced initiation of apoptosis and autophagy in
lung tissues at the early stage of lung fibrosis. Next, we demonstrated that
PLACS8 was downregulated in alveolar epithelial cells (E-cadherin, epithelial
cell marker) (Fig. 2g, h). The results suggested that BLM decreased PLAC8
expression in alveolar epithelial cells and PLACS likely plays an important
role in pulmonary fibrosis.

Overexpression of PLACS inhibits BLM-induced apoptosis of
pmATII cells and A549 cells in vitro

In vitro assay, BLM significantly decreased PLAC8 in pmATII cells and
A549 cells determined by RT-qPCR and western blot (Fig. 3a—d). Therefore,
we tried to uncover the role of PLAC8 in BLM-induced cell damage. PLAC8
was overexpressed in pmATII cells and A549 cells by adenovirus and

overexpressed plasmid, respectively (Fig. 3e-h). BLM induced the apoptosis
of pmATII cells and A549 cells and forced expression of PLACS8 suppressed
the apoptosis after BLM treatment (Fig. 3i-1). The results indicated that
PLACS can inhibit BLM-induced apoptosis of pmATII cells and A549 cells
in vitro.

Overexpression of PLACS facilitates autophagy in BLM-treated
pmATII cells and A549 cells

Induction of autophagy is a survival-promoting pathway when the cell is
damaged. PLAC8 has been shown to inhibit apoptosis by promoting
autophagy. Therefore, we presumed that PLACS can facilitate autophagy in
BLM-treated ATII cells. To verify our hypothesis, we detected the autop-
hagic activity by monitoring the autolysosomes using transmission electron
microscopy (TEM). Autolysosome was found in BLM-treated pmATII cells
and A549 cells, and more autolysosomes were found in PLACS-
overexpressing cells (Fig. 4a, b). The mCherry-GFP-LC3B reporter was
used as a probe to estimate the populations of autophagosomes (yellow
fluorescence) and autolysosomes (red fluorescence) in A549 cells. BLM
treatment boosted LC3II expression and LC3B puncta formation, and
PLACS overexpression accelerated autophagic flux as evidenced by reduced
yellow autophagosome fluorescence and increased red autolysosome
fluorescence compared to the NC group under BLM administration
(Fig. 4c). Moreover, overexpression of PLAC8 reduced LC3II and p62 levels
in pmATII and A549 cells (Fig. 4d, e). Moreover, inhibition of autophagy by
CQ reversed the PLACS8-prevented cell apoptosis of pmATII cells and A549
cells, as evaluated by cleaved caspase-3 expression and TUNEL staining
(Fig. 4f-i). These data indicate that forced expression of PLACS inhibits cell
apoptosis by facilitating autophagy in BLM-treated pmATII cells and
A549 cells.

PLACS inhibits cell apoptosis by decreasing p53 expression in
BLM-treated pmATII cells and A549 cells

In this study, we attempted to determine whether PLACS affects apoptosis
and autophagy by regulating p53 expression. Our results showed that a
time-dependent upregulation of the p53 expression in lung tissues was
observed in BLM-treated mice (Fig. 5a). In pmATII cells and A549 cells,
BLM also induced the p53 expression and overexpression of PLAC8
downregulated p53 (Fig. 5b, ). Forced expression of p53 increased apop-
tosis and aggravated the autophagy dysregulation in PLAC8-overexpressing
pmATTII cells (Fig. 5d-f) and A549 cells (Fig. 5g-i). These findings indicated
that PLACS inhibits cell apoptosis by suppressing p53 expression in BLM-
treated pmATII cells and A549 cells.

Overexpression of PLAC8 mitigates BLM-induced pulmonary
fibrosis in mice

To evaluate the therapeutic potential of PLACS for pulmonary fibrosis,
mice were given ATII cell-specific overexpression of PLAC8 plasmid
driven by adenovirus contain Surfactant protein B (SPB) promoter (Ad-
SPB-0ePLACS) or negative control Ad-SPB-0eNC one day before BLM
treatment to specifically overexpress PLAC8 in mouse lung ATII cells.
Subsequently, mice received BLM by intratracheal instillation (I.T.) on
the next day, and the pulmonary fibrosis was assessed on day 14 after
BLM treatment (Fig. 6a). We found that overexpression of PLACS in
ATTI cells inhibited pulmonary fibrosis, evaluated by HE and Masson’s
trichrome staining (Fig. 6b-e). When compared to the Ad-SPB-0eNC-
treated group, the lung/body coefficient was decreased in the Ad-SPB-
0ePLAC8 group (Fig. 6f). Collagen content as determined by hydro-
xyproline content and it was also decreased by PLAC8 overexpression
(Fig. 6g). We confirmed that PLAC8 was overexpressed by Ad-SPB-
0ePLACS in lung tissues by western blot. Moreover, the protein levels of
fibrosis markers a-SMA, collagen I and fibronectin were decreased
(Fig. 6h, i). PLACS inhibited the p53 expression and further induced
autophagy under BLM treatment (Fig. 6j, k). These results indicated that
ATII-specific overexpression of PLAC8 could mitigate BLM-induced
pulmonary fibrosis in mice.
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Fig. 1 | Bioinformatic analysis of DEGs from lung tissues of IPF patients and
BLM-induced mice. a Schematic diagram of the RNA sequencing of lung tissues
from BLM-treated mice. The lung tissues were collected on day 3 after BLM treat-
ment. (The schematic pictures were downloaded from sciDraw, mouse: https://doi.
org/10.5281/zenodo.3925901; syringe: https://doi.org/10.5281/zenodo.4152947).

b The volcano plot of mRNA profiling between the lung tissues of BLM-treated and
control mice (n = 6 for the control group, n = 5 for the BLM group). The blue and red
dots represent downregulated and upregulated DEGs, respectively. ¢ The heatmap of
the expression patterns of DEGs. d Microarray dataset GSE110147 from the Gene
Expression Omnibus (GEO) database contained lung tissues of IPF patients and
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control lung tissues (1 = 11 for the control group, n =22 for the IPF group). The
volcano plot of mRNA profiling between the lung tissues of IPF patients and control
donors. The blue and red dots represent downregulated and upregulated differen-
tially expressed genes (DEGs), respectively. e The expression of PLACS in the
GSE110147 dataset. f Venn diagram exhibited the common gene between the
GSE110147 dataset and mRNA-seq from BLM-treated mice. g DEG distribution in
mouse chromosomes following BLM treatment. The red and blue bars represent
upregulated and downregulated DEGs, respectively. h, i KEGG enrichment analysis
and GO enrichment analysis (BP biological processes, CC cellular component, MF
molecular function).

Bioinformatic analysis of PLAC8-interacting proteins in

A549 cells

In this study, to investigate the regulatory mechanism of PLACS affecting
P53 expression in ATII cells, we performed a COIP/MS assay in PLACS-
overexpressed A549 cell lysate with an anti-PLAC8 antibody, and a total of
2161 PLACS8-specific binding proteins were identified using MS analysis
(Fig. 7a, b and Supplementary data 2). Bioinformatic analysis of PLACS-
interacting proteins by the GO and KEGG enrichment analyses was carried

out. PLAC8-interacting proteins are significantly enriched in the lysosome,
autophagy, ubiquitin-mediated proteolysis, and apoptosis in KEGG analysis
(Fig. 7c, d). Additionally, PLAC8-interacting proteins in GO analysis are
significantly mainly enriched in p53 binding, protein acetylation, protein
ubiquitination, DNA-binding transcription factor binding, lysosome
organization, and regulation of autophagy (Fig. 7). The data indicated that
PLACS-interacting proteins may participate in cell apoptosis, autophagy,
acetylation- and ubiquitination-regulated protein activity or degradation,
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Fig. 2 | PLACS is decreased in BLM-induced lungs in mice. a, b Hematoxylin and
eosin (HE) and Masson’s trichrome staining of lung tissues on day 14 post-BLM
administration. ¢ Immunofluorescence analysis of the Surfactant protein C (SPC,
green) and TUNEL (red) in lung tissues. The white arrows were pointing to the
double positive cells. d The percentages of double TUNEL + SPC+- positive cells in
the SPC+- positive cells were determined. e, f Inmunoblotting and semi-quantitative
analysis of SPC, PLACS, cleaved caspase-3, LC3, and p62 protein levels in lungs on

indicated days after BLM treatment. g Immunofluorescence analysis of the PLAC8
(green) and E-cadherin (red) in lung tissues on day 3 after BLM treatment. h The
percentages of double PLAC8 + E-cadherin + positive cells in the E-cadherin+
positive cells were determined. Data represent the mean + SD (6 mice per group;
representative of three independent experiments). Unpaired ¢-test applied for (d and
h), and Tukey’s multiple comparison test after the one-way ANOVA was conducted
for (e, f). *P < 0.05. NS non-significant.
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Fig. 3 | Overexpression of PLACS inhibits BLM-induced apoptosis of pmATII
cells and A549 cells. a—d The pmATII cells and A549 cells were treated with 50 pM
BLM for 24 h. RT-qPCR analysis and immunoblotting analysis of PLACS levels.

e, f The mRNA and protein levels of PLAC8 in pmATII cells after infection of
adenovirus containing the mouse PLAC8 overexpression vector (oe-PLAC8) or
negative control (0e-NC). g, h The mRNA and protein levels of PLAC8 in A549 cells
after transfection of PLACS8 overexpression plasmid (OE-PLACS) or negative

Control

control (OE-NC). Immunoblotting analysis of cleaved caspase-3 protein levels in
PLACS8-overexpressing pmATII cells (i) and A549 cells (j) after BLM treatment. Cell
apoptosis was detected by TUNEL staining of pmATII cells (k) and A549 cells (1).
Data represent the mean + SD (n = 3 per group; representative of three independent
experiments. Unpaired t-test applied for (a and ¢), and Tukey’s multiple comparison
test after the one-way ANOVA was conducted for (e-j). ¥*P < 0.05.

and transcription factor activity. However, p53 was not found in PLACS-
interacting proteins in A549 cells from the MS analysis. This may be because
the expression of p53 is very low in A549 cells in the absence of BLM
treatment (Fig. 5¢), and overexpression of PLACS further downregulated
P53 expression, thus MS analysis did not detect p53 fragment signals. Since
the expression of p53 is mainly mediated by acetylation and ubiquitination
of p53, we analyzed the common proteins in GO terms of biological process
(BP) including autophagy-related pathways, protein ubiquitination, and
protein acetylation. Many proteins are co-enriched in at least two GO terms
of BP including autophagy, autophagosome maturation, lysosome organi-
zation, and proteasome-mediated ubiquitin-dependent protein catabolic

process (Fig. 7f). However, PLAC8-interacting proteins, which can influ-
ence protein acetylation, are quite different from autophagy-related pro-
teins. Next, we analyzed the proteins in GO terms of molecular function
(MF) from Fig. 7e including p53 binding, DNA-binding transcription factor
binding, ubiquitin-dependent protein binding, and ubiquitination-like
modification-dependent protein binding. TP53BP1, SMARCB1, HDACI,
TP53BP2, GSK3B, DNAJB2, VCP, IDE, and USP15 are the common pro-
teins in these MF pathways (Fig. 7g), and protein-protein interaction (PPI)
network analysis by STRING database (https://cn.string-db.org/) indicated
that these proteins, except DNAJB2, might interact with p53 and influence
P53 expression or activity (Fig. 7h).
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cells and A549 cells. a, b Transmission electron microscopy (TEM) images of
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¢ A549 cells were transfected with OE-PLAC8 or OE-NC and infected with
adenovirus-containing a mCherry- EGFP-LC3B reporter, and cells then were
treated with BLM for 24 h. Autophagic flux was measured by counting the LC3
puncta including yellow fluorescence dots (autophagosomes) and red fluorescence
dots (autolysosomes) under a microscope. Immunoblotting analysis of LC3 and p62

OE-PLAC8__ OE-PLAC8+CQ

of Cleaved Caspase-3

Relative protein level

0.0
Cleaved
Caspase-3

[T}
O
x|
w
=

protein levels in pmATII cells (d) and A549 cells (e). The PLAC8-overexpressed
pmATII cells (f) and A549 cells (h) were treated with BLM and autophagy inhibitor
CQ (20 uM) for 24 h, and cell apoptosis was detected by TUNEL staining.

g, i Immunoblotting analysis of cleaved caspase-3 protein levels after BLM and CQ
treatment. Data represent the mean + SD (n = 3 per group; representative of three
independent experiments. Tukey’s multiple comparison test after the one-way
ANOVA was conducted for (c-i). *P < 0.05. NS non-significant.

PLACS inhibits p53 expression through VCP-medicated ubiqui-
tin-mediated protein degradation

Based on the literature search, we found that the interaction between VCP
and PLACS8 has not yet been revealed. We selected VCP as the target protein

of PLACS for further study. First, we identified that PLAC8 can interact with
VCP in A549 cells. It is well known that the VCP-UFD1-NPLOC4 complex
facilitates protein degradation by the ubiquitin-proteasome system and it
has been reported that VCP can interact and reduce p53 expression™”.
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Fig. 5 | PLACS inhibits cell apoptosis by regulating p53 expression in BLM-
treated pmATII cells and A549 cells. a Inmunoblotting analysis of p53 protein
levels in lungs on days 0, 3, 7, and 14 after BLM treatment. The PLACS-
overexpressed pmATII cells (b) and A549 cells (c) were treated with BLM for 24 h,
and p53 protein levels were detected by immunoblotting analysis. The pmATII cells
were infected with oe-PLAC8 with or without oe-TP53 before being treated with
BLM. Immunoblotting analysis of cleaved caspase-3 (d), LC3, and p62 (e) protein

oe-PLAC8 o0e-TP53

OE-PLAC8 OE-NC

OE-TP53

levels were detected. f Cell apoptosis was detected by TUNEL staining. A549 cells
were transfected with OE-PLAC8 with or without OE-TP53 before being treated
with BLM. Immunoblotting analysis of cleaved caspase-3 (g), LC3, and p62 (h) levels
was detected. i Cell apoptosis was detected by TUNEL staining. Data represent the
mean + SD (n = 3 per group; representative of three independent experiments.
Tukey’s multiple comparison test after the one-way ANOVA was conducted for
(a-h). ¥*P <0.05. NS non-significant.

Therefore, we searched the PLAC8-interacting protein list and found that
UFD1 and NPLOC4 also bind with PLAC8 in A549 cells. We hypothesized
that PLACS8 can interact with the VCP-UFD1-NPLOC4 complex and
facilitate p53 degradation exposed to BLM. To verify our hypothesis, using
an anti-PLACS8 antibody to precipitate the proteins in BLM-treated A549
cells, we found that VCP, UFD1, NPLOC4, and p53 could be coimmuno-
precipitated and BLM reduced the interaction among PLAC8 and p53,
VCP, UFD1 and NPLOCH4 (Fig. 8a, b). It also suggested that p53 was not
found in the MS analysis data because of the low expression of p53 in A549
cells without BLM treatment. We demonstrated that overexpression of
PLACS reduced the accumulation of ubiquitinated p53 and increased
degradation of p53 (Fig. 8¢, d), whereas knockdown of VCP or UFD1
resulted in the accumulation of ubiquitinated p53 and inhibited the p53
degradation (Fig. 8e-g). Next, we demonstrated that the knockdown of VCP
weakened the effects of PLACS on A549 cells by impairing autophagy and

inducing apoptosis of BLM-treated cells (Fig. 8h, i). In summary, the results
indicated that PLACS inhibits p53 expression through binding with VCP-
UFD1-NPLOC4 complex and facilitating p53 degradation.

Discussion

Injury of alveolar epithelial cells is a critical step for the initiation of IPF.
Alveolar epithelial type I (ATI) cells are responsible for maintaining the
structural integrity of the epithelial surface area and gas exchange. ATII
cells are the primary progenitors for ATI cells”. ATII cells are more
likely to suffer from apoptosis, senescence, and abnormal differentiation,
which will impair the renewal capacity of ATII cells in IPF lungs.
Growing evidence supports that the reduction of the apoptosis of ATII
cells relieves pulmonary fibrosis. Chen et al found that Testis-specific
serine kinase 4 (TSSK4) is selectively upregulated in ATII cells in fibrotic
lungs of mice and knockdown of TSSK4 ameliorates bleomycin (BLM)-
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d, e Masson’s trichrome staining of lung tissues and quantification of lung fibrosis.
f Lung/body coefficient was calculated. g Collagen measurement by the hydro-
xyproline assay in lungs. Inmunoblotting analysis of PLAC8 and a-SMA (h), col-
lagen T and fibronectin (i), p53 (j), LC3, and p62 (k) in lung tissues of mice. Data
represent the mean + SD (6 mice per group; representative of three independent
experiments). Tukey’s multiple comparison test after the one-way ANOVA was
conducted for (c-k). *P < 0.05.

O@®®

Communications Biology | (2025)8:48


www.nature.com/commsbio

https://doi.org/10.1038/s42003-024-07334-8

Article

COIP with anti-PLAC antibody M
PLAC8
M @ L@ _|[@ i %
» \ » = Common
A * * A p A * * * E Ly
A é é » Y | e 78 (3.4%)
@ ¢ b \ P S —
A @ oy ® A TR ] 33 (1.5%)
* ‘: ? g 2161 (95.1%)
* B en A K ‘& =
é s
é 4 A% |lisixs™ g
5
o 05080%SY  hsa0szyy 50 600200002 CO0030955 o,
W %15 S 153 %e .
KEGG D Description S e K 6o I Description & %%,
o Protein Count % - s Protein Count %
hsa05223 Non-small cell lung cancer & % G0:0002039 P53 binding & ?
N 118
hsa04142 Lysosome §’ 48 36 > 0?50 GO:0006476 Protein deacetylation $ a5 %éé
\ ki & 13 )
hsa04140 Autophagy g Z \ u a% G0:0140036 | Ubiquitin-dependent protein binding 8 A \ 47 1 %
] . g
hsa04520 Adherens junction § 2 2 Go0140035 | Bl Ennﬂon—llka':\odmmln § 75 i H
i > . DNA-binding transcription Q 40 \ o
hsa04120 Ubiquitin mediated proteolysis i 30 g G0:0140297 saindinoiranscriot % v \ 89 8
hsa04216 Ferroptosis g s G0:0006473 Protein acetylation g 2”738 o H
hsa04210 Apoptosis 1L U2 ra G0:0097352 Autophagosome maturation %% 79 107 gé’
% § s,
hsa04110 Cell cycle 2 & G0:0007040 Lysosome organization % &
4 > %,
hsa04217 Necroptosis *’%,,Jo & G0:0043248 | Proteasome assembly , 4
S o o
hsa04145 Phagosome L G0:0005912 Adherens junction g
» 4 &
hsa00480 Glutathione metabolism hsa0040  gyvv0®SH G0:0016241 |  Regulation of macroautophagy " 600005915 112910602
777 FFEZE 888388888888888888888
hsa04066 HIF-1 signaling pathway 288 £285%8 G0:0031625 | Ubiquitin protein ligase binding 2823383328588 8888
— £28 82 iR : Proteasome-medated ubiquitin 8833822382888 88333588
hsa03030 DNA replication - 853 SB8838 count G0:0043161 | _dependent protein catabolic process 82 RaRgaaNeRe 28883
x N T T T G e0e 0,00, (3 Regulation of protein SResoo Lo RgoRe e €
hsa05171 Coronavirus disease - COVID-19 ° ° °, . i G0:0043254 ntaining complex assembly = °® o Count
hsa03018 RNA degradation . L :Au 600016236 Macroautophagy = 00y ° o =
2 ° 50
hsa00270 | Cysteine and methionine metabolism | & 21 e .. o Goi0008125) | I Sfion actoniackviy 20® o0 @150
5 1 .
hsa00010 Glycolysis / Gluconeogenesis 2 [ * G0:0060205 Cytoplasmic vesicle lumen g »
g & .
hsa03013 Nucleocytoplasmic transport 2 & 2 G0:0031983 Vesicle lumen 2o ° . :H°
- 9 15 S o] a 30
hsa04141 Protein processing in ER §° 10 GO:0000502 Proteasome complex §’ 20
H
hsa03050 Proteasome o8 H B G0:0030055 Cell-substrate junction o1 e EA"°
S
%
S
é,g’% &
49 &
S
s &
St S
SRE S
wor’ S
B £
o 8
il 8
4 2
2
392
W g
%
AN
e,

KEGG

[ To—

[[] Apoptosis

[ Macroautophagy

[ Autophagy

[ Proteasome-mediated ubiquiin

dependent prof

[T Lysosome organization [ Autophagosome maturation

tein catabolic process

GO_MF

O
O

DNA-binding transcription
factor binding

[ Viauiin

-dependent protein binding

Ubiquitination-iike modification [ p53 binding

Experimentally
~determined

Textmining = Co-expression —— Gene neighborhood

~—— From curated databases.

-dependent protein binding

Fig. 7 | Bioinformatic analysis of PLACS-interacting proteins in A549 cells.

a Schematic diagram of the COIP/MS analysis of PLAC8-interacting proteins in
A549 cells. b Percentages of specific PLAC8-interacting proteins in A549 cells.

¢ KEGG enrichment analysis of PLAC8-interacting proteins. d The proteins enri-
ched in Lysosome, Apoptosis, and Autophagy pathways in KGEE from (c). e GO
enrichment analysis of PLAC8-interacting proteins. f The proteins enriched in
Autophagy, autophagosome maturation, lysosome organization, and proteasome-

mediated ubiquitin-dependent protein catabolic process pathways in GO analysis of
BP from (e). g The proteins enriched in p53 binding, DNA-binding transcription
factor binding, Ubiquitination-like modification-dependent protein binding, and
Ubiquitination-dependent-protein binding in GO analysis of MF from (e).

h Protein-protein interaction (PPI) network analysis of protein from (g) from the
STRING database (https://cn.string-db.org/).

induced lung fibrosis through inhibiting the apoptosis of ATII cells™.
ATII-specific knockout of endoplasmic reticulum (ER) chaperone Grp78
accelerates tamoxifen-induced lung fibrosis in mice by inducing ER
stress, apoptosis, and senescence in ATII cells*. In addition, thyroid
hormone improves ATII cell mitochondrial function and inhibits
mitochondria-regulated apoptosis in BLM-treated mice”. Our results
showed that PLAC8 was decreased in fibrotic lung both in IPF patients
and BLM-treated mice. Overexpression of PLAC8 promoted autophagy
and reduced BLM-induced apoptosis in pmATII cells and A549 cells.
Moreover, specific overexpression of PLAC8 in ATII cells in mice
relieved the BLM-induced pulmonary fibrosis.

Growing literature demonstrates that PLACS can inhibit cell apoptosis.
Overexpression of PLACS reduces cell apoptosis in breast cancer cells, and
knockout of PLAC8 enhances radio-sensitivity of nasopharyngeal carci-
noma cells by promoting apoptosis*”’. In addition, the downregulation of
PLACS reduced the cell viability of rat insulinoma cell lines INS1 cells and
RINmSF cells”. Autophagy functions as a pro-survival role and anti-
inflammatory effect on injured cells. PLAC8 reduced the inflammatory
factors IL-1b and IL-18 production by promoting autophagy activation'’.
Overexpression of PLAC8 promotes autophagic activity and increases the
cell viability of trophoblast cells by aggravating p53 degradation'. Knock-
down of PLACS increases LC3II accumulation, and p62 expression and
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Fig. 8 | PLACS regulates p53 expression and apoptosis through interacting with
VCP-UFD1-NPLOC4 complex. a Coimmunoprecipitation (COIP) verified the
interaction among PLACS, p53, VCP, UFD1, and NPLOC4 in BLM-treated cells.
b Protein-protein interaction (PPI) network analysis of PLACS8, p53, VCP, UFDI,
and NPLOC4 in ATII cells based on STRING database, COIP/MS analysis, and
COIP experimentally determined. ¢ A549 cells were transduced with OE-PLAC8
and incubated with MG132 and BLM, the ubiquitinated p53 was detected. d The p53
degradation was measured in PLACS8 overexpressing cells after incubation with
CHX and BLM. e Cells were transfected with OE-PLACS8 and siRNA against VCP

(siVCP) or UFD1 (siUFD1) and then treated with MG132 and BLM. The accu-
mulation of ubiquitinated p53 was detected. f, g Immunoblotting analysis of the p53
expression and degradation in OE-PLACS and siVCP transfected cells.

h Immunoblotting analysis of LC3 and p62 in A549 cells. i Cell apoptosis was
detected by TUNEL staining. Data represent the mean + SD (n = 3 per group;
representative of three independent experiments). Tukey’s multiple comparison test
after the one-way ANOVA was conducted for (f and h), Sidak’s test multiple
comparison test two-way ANOVA was conducted for (d and g). *P < 0.05. NS non-
significant.

inhibits autophagosome-lysosome fusion in pancreatic cancer cells”. In
CNE-2 cells, however, knockout of PLAC8 induced autophagy, increased
LC3II expression, and decreased p62 expression™, probably due to proteins
having different behavior and functions depending on the different cellular
contexts. Our results showed that PLAC8 inhibited apoptosis and improved
autophagy dysregulation in ATII cells, an autophagy inhibitor CQ partially
abolished the roles of PLACS in apoptosis and autophagy. It’s suggested that
PLACS inhibits apoptosis by promoting autophagy in BLM-induced
ATII cells.

The expression of p53 is increased in lung tissues and isolated alveolar
epithelial cells from IPF patients*”'. It has been reported that p53 is upre-
gulated in lung tissues in silica-induced and BLM-induced pulmonary
fibrosis, and downregulation of p53 could alleviate pulmonary fibrosis in
both pulmonary fibrosis models™”. In damaged ATTI cells, p53 can induce
cell apoptosis, senescence, and epithelial-mesenchymal transition
(EMT)***, which will contribute to the initiation of pulmonary fibrosis.
Caveolin-1-derived 7-mer peptide (CSP7) improves pulmonary fibrosis by
inhibiting autophagy dysregulation in alveolar epithelial cells. CSP7
decreases p53, LC3II, and p62 expression, and the knockout of p53 in

alveolar epithelial cells abrogates the effects of CSP7 on autophagy . Con-
sistent with their report, our results showed that p53 protein expression was
increased in mouse primary ATII cells and human A549 cells. Moreover, the
forced expression of p53 partially reversed the effects of PLAC8 on BLM-
induced cell apoptosis and autophagy, determined by increased cleaved
caspase-3, LC3II accumulation, and p62 expression.

COIP/MS analysis was used to mine potential regulators in alveolar
epithelial cells that may be involved in the regulation of p53 by PLAC8. The
data showed that PLACS8-interacting proteins are enriched pathways
including apoptosis, autophagy, lysosome organization, autophagosome
maturation, proteasome assembly and ubiquitin-mediated proteolysis, and
p53 binding. The protein p53 degradation can be mediated by the ubiquitin-
proteasome system (UPS) and autophagy-lysosomal (AL) pathway .
Ubiquitin is a unifying factor between the UPS and selective autophagy.
Numerous ubiquitylated proteins are known to be targets of both the
degradative systems, which could be degraded by the UPS and AL
pathways™. Therefore, in ATII cells, overexpression of PLAC8 may decrease
P53 expression by promoting protein degradation. We identified some
common PLACS-interacting proteins, enriched in molecular function
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pathways, that might interact with p53 and regulate its expression and
activity. In this study, we verified the VCP and its cofactors UFD1 and
NPLOCH can bind with PLAC8 and p53 in BLM-treated A549 cells. VCP
forms a complex with UFD1 and NPLOC4 to promote the degradation of
ubiquitinated proteins through delivery to the proteasome®***". VCP can
interact with p53, and the knockdown of VCP upregulates the p53 protein
level’’. We found that the knockdown of VCP and UFD1 inhibited PLACS-
increased p53 degradation and autophagy. Moreover, siVCP promoted cell
apoptosis in PLAC8 overexpressing cells. It indicated that PLAC8 mediated
P53 expression, at least partially, through interacting with the VCP-UFD1-
NPLOC4 complex.

This study is limited by several factors. A549 cell line is not ATII cell
line, but it is served as a model for type II alveolar epithelial cells in vitro
assay. There is an inherent experimental constraint because of its cancerous
character. Thus, the pmATTI cells were isolated from mice to verify the role
of PLAC8 in ATII cells along with A549 cells. Additionally, our results
cannot strictly distinguish between alveolar epithelial type I cells (ATI cells)
and alveolar epithelial type II cells (ATII cells) in terms of PLAC8 function.
We mainly focused the role of PLAC8 on apoptosis and autophagy in ATII
cells as these cells are stem cells that can differentiate into ATI cells.
Therefore, we isolated pmATII cells for in vitro validation tests.

In conclusion, PLACS is decreased in in the IPF patients’ lungs and
BLM-treated lungs. Overexpression of PLACS inhibited cell apoptosis of
pmATII cells and A549 cells in vitro and reduced BLM-induced lung
fibrosis in vivo. Mechanistic studies indicated that PLACS inhibits apoptosis
of ATII cells and promotes autophagy through inhibiting p53 expression. In
addition, we identified PLACS8-interacting proteins in A549 cells and pro-
vided more potential targets of PLACS in IPF. Our findings are anticipated
to be of important value for better understanding the pathogenesis of IPF
and the potential clinical use of IPF given the significance of PLACS
downregulation in alveolar epithelial cell for cell apoptosis.

Methods

Cell isolation and culture

The male 7-week-old C57BL/6 mice were used to isolate pmATII fol-
lowing prior descriptions®. Briefly, the lungs were broken down and
minced in dispase (MX1006, MKBio, China), and the cell suspension was
then passed through nylon meshes that ranged in size from 100-um, 20-
pum to 10-um. Cell pellets were resuspended after being centrifuged at
200 x g for 10 min with the filtered cell suspension. Macrophages and
white blood cells were eliminated using the CD45 MicroBead (130-052-
301, Miltenyi Biotec GmbH, Germany), and endothelial cells were
eliminated using the CD31 MicroBead (130-097-418, Miltenyi Biotec
GmbH) following the manufacturer’s recommendations. The purified
pmATII cells were identified by expressing epithelial marker prosurfac-
tant protein C (pro-SPC) instead of the CD45 and CD31 using immu-
nofluorescence staining assay (Supplementary Fig. 1). The purified cells
were cultured in the DMEM complete medium supplied with 10% FBS.
A549 cells (iCell Bioscience, Shanghai, China) were cultured in F-12K
medium with 10% FBS.

Construction of adenovirus, recombinant plasmids, and siRNA

Herein, an adenovirus vector pDC315 (VT1500, YouBio, Changsha,
China) was used to construct the Ad-SPB-0ePLACS, which will effec-
tively and specifically overexpress PLAC8 in mouse lung ATII cells
in vivo. The Ad-SPB-0ePLAC8 and negative control Ad-SPB-0eNC were
constructed by General Biol (Anhui, China). Briefly, the MCMV pro-
moter in pDC315 had been removed by digestion with Xbal and EcoRI,
and the synthesized SPB promoter fragment was digested with Xbal and
EcoRI and inserted into pDC315 (Ad-SPB-pDC315). The CDS of mouse
Plac8 was ligated with Ad-SPB-pDC315 by digestion with Nhel and
BamHI. The resulting plasmid, Ad-SPB-0ePLAC8 was constructed and
the Ad-SPB-pDC315 was considered as negative control and termed Ad-
SPB-0eNC. In vitro assay, adenovirus vectors containing the CDS of
mouse Plac8 and Tp53 were constructed to overexpress PLAC8 (Ad-oe-

PLACS8) or p53 (Ad-oe-TP53) in pmATII cells. Adenoviruses were
subject to be packaged, multiplied, purified, and gotten ready to use.
Recombinant plasmids overexpressed PLAC8 (OE-PLACS8) and TP53
(OE-TP53) were constructed to overexpress human PLAC8 and TP53 in
A549 cells. The empty plasmid was considered to be a negative control
(OE-NC). PmATII cells were infected with the appropriate adenovirus,
and A549 cells were transfected with indicated overexpressing plasmids
for 24 h. The mRNA and protein levels of target genes were detected
using real-time reverse transcriptase-polymerase chain reaction (RT-
qPCR) and western blot, respectively. The siRNA against VCP (siVCP,
GGGCACAUGUGAUUGUUAUTT) and UFDI (siUFD1, GGA-
GAGCGUCAACCUUCAATT) and negative control sequence (siNC)
were synthesized by JTS Scientific (Wuhan, China).

Animal experiments

Male C57BL/6 mice that were 8 weeks old and pathogen-free were pur-
chased from Liaoning Changsheng Biotechnology (Benxi, China). The mice
were kept in an environment with a 12-h light/dark cycle and temperature
was maintained at 22 + 1 °C, and unfettered access to food and water. Mice
were randomly divided into control mice and model mice that had received
BLM treatment. Mice from the BLM group received 3 U/kg BLM (B802467,
MACKLIN, China) in 50 uL by intratracheal instillation (L.T.) to induce
lung fibrosis. The procedure was carried out on day 0. An identical quantity
of saline solution was given to the control mice. The mice were sacrificed at
3,7, and 14 days after being exposed to bleomycin or saline.

Mice were randomly assigned to four groups to study the effects of
PLAC8 on lung fibrosis: Control, BLM, BLM + Ad-SPB-0eNC, and
BLM + Ad-SPB-0ePLAC8 Adenovirus (5x 10° pfu) carrying the Plac8
overexpression vector driven by SPB promoter (Ad-SPB-0ePLACS) or
control vector (Ad-SPB-0eNC) was given to mice from BLM + Ad-SPB-
0ePLACS8 or BLM + Ad-SPB-0eNC group by LT. on day —1. The BLM or
saline was administered to mice on day 0. Prior to sacrifice, mice were
weighed (body weight) on day 14. Subsequently, the isolated lungs were
weighed (lung weight). The lung/body coefficient of mice was calculated
using the following formula = lung weight/body weight x 100%. After that,
lung tissues were used for further analyses.

Cell treatments

The pmATII cells and A549 cells were received 50 uM BLM for 24 h and
then subjected to mRNA and protein detection using RT-qPCR and
western blot. A549 cells were transfected for 24 h with the overexpressing
vectors (OE-PLACS8, OE-TP53) or siRNAs (siVCP, siUFD1), and
pmATII cells were infected with the adenovirus (Ad-oe-PLAC8, Ad-oe-
TP53) before being treated with BLM for 24 h. To detect the effect of
autophagy on apoptosis, A549 cells were transfected with OE-PLACS for
24h, and then treated with BLM with or without autophagy inhibitor
chloroquine (CQ, 20 uM) for 24 h. Subsequently, the cells were gathered
for TUNEL staining and cleaved caspase 3 detection. To detect cellular
autophagic flux, A549 cells were transfected with the OE-PLAC8 and
then infected with an adenovirus-containing mCherry-GFP-LC3B
reporter (WZ Bioscience, Jinan, Shandong) for 24 h. After treatment
with BLM, the cells were fixed and the numbers of autophagosomes
(yellow dots) and autolysosomes (red dots) in A549 cells were counted
using a fluorescence microscope. In addition, the evaluation of autophagy
in situ in the PLACS8 overexpressing pmATII cells and A549 cells was
also carried out using a transmission Electron Microscopy (H-7650,
Hitachi, Japan). To demonstrate the effect of PLAC8 and the VCP-
UFD1-NPLOC4 complex on p53 ubiquitination degradation, A549 cells
were transfected with OE-PLACS, siVCP, and siUFD1, and treated with a
proteasomal inhibitor MG132 (10 uM) and BLM for 24 h. The ubiqui-
tination of p53 was detected using a COIP assay. In other experiments,
A549 cells were added with 20 ug/mL cycloheximide (CHX, protein
synthesis inhibitor) and BLM, and cultured at different times. Subse-
quently, the protein levels p53 were measured and normalized to the
protein levels at 0 h.
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Hematoxylin and eosin (HE) and Masson’s trichrome staining
The lung tissues from the mice were separated, instantly fixed, and then
embedded in paraffin for histological investigation. To evaluate the
overall lung architecture, the lung tissues were cut into 5 um sections and
stained with hematoxylin and eosin Y. Ashcroft score was used to
evaluate lung fibrosis”. In Masson’s trichrome staining for evaluating
tissue fibrosis, the sections were stained with hematoxylin, ponceau-acid
fuchsin solution, phosphomolybdic acid, and aniline blue solution in
order. The results were observed under the microscope and the images
were photographed.

Hydroxyproline measurement

A hydroxyproline assay kit was purchased from Nanjing Jiancheng
Bioengineering Institute (A030, Nanjing, China) and was used to measure
the amount of hydroxyproline in the lungs of mice.

Immunofluorescence and TUNEL staining

Lung sections were blocked for 15 or 30 min at room temperature with 1%
BSA (A602440-0050, sangon) and co-incubated with the primary mouse
anti-E-cadherin (60335-1-Ig, Proteintech, Wuhan, China) and rabbit anti-
PLACS antibody (orb462681, Biorbyt, Cambridge, UK) at 4 °C overnight.
Subsequently, the sections were treated with s either FITC- or Cy3-
conjugated second antibodies. For TUNEL staining in lung tissues, sections
were stained with TUNEL solution and rabbit anti-SPC primary antibody
(10774-1-AP, Proteintech) in order. After washing, the sections were
stained second antibody to capture the anti-SPC staining. The cell apoptosis
of ATTI cells in vitro was detected using a TUNEL staining assay as well. For
nuclear staining, the sections and cell slides were stained with DAPI
(D106471, Aladdin, China).

RT-qPCR
Total RNA was extracted from lung tissues using TRIpure reagent (RP1001,
BioTeke, China) and cells, and BeyoRT™ II M-MLYV reverse transcriptase
(D7160L, Beyotime) was used following the manufacturer’s instructions to
perform reverse-transcriptase reactions. The PCR Master Mix (PC1150,
Solarbio), primers, cDNA, and SYBR Green were mixed and the RT-qPCR
was performed. The RT-qPCR primers are as follows:

Mus Plac8: Forward, 5'- GGCACCAACAGTTATCG -3/,

Reverse 5- AAAGGTCCCACAGAGGC -3/,

Homo PLACS8: Forward, 5'- GGCATCCCTGGATCTATT -3/,

Reverse 5'- GAAAGTACGCATGGCTCT -3'.

The relative level of GAPDH expression was used to normalize the
target gene’s relative expression.

Western blot

RIPA lysis buffer was used to extract the total protein from lung tissues and
cells, and separated by SDS-PAGE. The protein gels were transferred to
PVDF membranes (IPVH00010, Millipore). The membranes were incu-
bated with Western Blocking Buffer (SW3010, Solarbio) for 1 h followed by
incubation with primary antibodies: anti-SPC (10774-1-AP), anti-PLAC8
(12284-1-AP, Proteintech), anti-Cleaved Caspase-3 (AF7022, Affinity),
anti-LC3B (A19665, Abclonal, Wuhan, China), anti-p62 (A19700, ABclo-
nal), anti-p53 (AF0865, Affinity), anti-a-SMA (AF1032, Affinity), anti-
Collagen I (A1352, ABclonal), and anti-Fibronectin (A16678, ABclonal),
GAPDH (60004-1-Ig, Proteintech) were incubated overnight at 4 °C. The
secondary antibodies were separately incubated with membranes for 1 h.
The proteins were observed with ECL reagent (PE0010, Solarbio) and gel
imaging system.

GEO data, mRNA-seq, and COIP/MS analysis and preprocessing
Microarray dataset GSE110147 from GEO contained twenty-two sam-
ples of IPF patients and eleven normal lung tissues”. DEGs in lung
tissues from the IPF group and control group were identified with |
log2FC| = 1 and p-value < 0.05 using GEO2R. The lung tissues of control
mice and BLM-treated mice from day 3 were subjected to mRNA

sequencing by Lianchuan Biological Technology (Hangzhou, China).
Using [log2FC|> 1 and p-value<0.05 as the threshold, DEGs were
screened out. After identifying the common DEGs from GSE110147
and mRNA-seq of lung tissues from BLM-treated and Control mice,
the GO and KEGG pathway enrichment of DEGs were conducted by
“R package”.

To analyze the PLACS specifically interacting proteins, A549 cells were
transfected with OE-PLAC8 and COIP assay was performed. Subsequently,
IgG and PLACS antibody (#13885, Cell Signaling Technology, MA, USA)
precipitated proteins were analyzed using MS by Qinglianbio (Beijing,
China). PLAC8-specific binding proteins were identified by the exclusion of
IgG-bound proteins in A549 cells and annotated using GO and KEGG
enrichment analyses. The interaction among PLACS, p53, VCP, UFD1, and
NPLOC4 in A549 cells exposed to BLM was detected using an anti-PLACS8
antibody. Additionally, a COIP assay using an anti-p53 antibody was per-
formed to detect the ubiquitination of p53 in indicated experiments and the
precipitates were immunoblotted with an anti-Ubi antibody (10201-2-AP,
Proteintech).

Statistics and reproducibility

GraphPad Prism 8 (San Diego, USA) was used for data analysis. To assess
the difference between the two groups, unpaired, two-tailed Student’s t-tests
were used. To examine the differences between more than two groups, a
one-way ANOVA analysis using the Tukey multiple comparison test was
applied. Two-way ANOVA followed by Sidak’s test were used to evaluate
significance for two groups with two variables. N = 3 biological repetitions
per group for in vitro assay and N = 6 mice per group for in vivo assay. For
the in vitro assay, each group consists of three biological repeats, and for the
in vivo assay, each group consists of six mice. The means * standard
deviations (SD) represent the results. The threshold for statistical sig-
nificance was set at P < 0.05.

Data availability

Microarray dataset GSE110147 contained twenty-two samples of IPF
patients and eleven normal lung tissues were downloaded from Gene
Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/). The
high-throughput data has been deposited in the GEO database
(GSE282477) and are available in Supplementary Data 1 and 2. The source
data for the graphs analyzed in this study can be found in Supplementary
Data 3. The uncropped blot images are provided in Supplementary Fig. 2
in Supplementary Information. The other data will be made available from
the corresponding author upon reasonable request.
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