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RPS4XL encoded by lnc-Rps4l inhibits
hypoxia-induced pyroptosis by binding
HSC70 glycosylation site
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Pyroptosis is involved in pulmonary hypertension (PH); how-
ever, whether this process is regulated by long non-coding
RNAs (lncRNAs) is unclear. Some lncRNAs encode peptides;
therefore, whether the regulation of pyroptosis in PH depends
on lncRNAs themselves or their encoded peptides needs to be
explored. We aimed to characterize the role of the peptide
RPS4XL encoded by lnc-Rps4l and its regulatory mechanisms
during pyroptosis in PH. Transgenic mice overexpression of
lnc-Rps4l was established to rescue the inhibition of hypoxia-
induced pyroptosis in pulmonary artery smooth muscle cells
(PASMCs). An adeno-associated virus 9 construct with a muta-
tion in the open reading frame of lnc-Rps4l was used to verify
that it could inhibit hypoxia-induced PASMCs pyroptosis
through its encoded peptide RPS4XL. Glutathione S-
transferase (GST) pull-down assays revealed that RPS4XL
bound to HSC70, and microscale thermophoresis (MST) was
performed to determine the HSC70 domain that interacted
with RPS4XL. Through glycosylation site mutation, we
confirmed that RPS4XL inhibited hypoxia-induced PASMCs
pyroptosis by regulating HSC70 glycosylation. Our results
showed that RPS4XL inhibits pyroptosis in a PH mouse model
and hypoxic PASMCs by regulating HSC70 glycosylation.
These results further clarify the important mechanism of
vascular remodeling in PH pathology.
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INTRODUCTION
The rise in pulmonary arterial pressure and pulmonary vascular resis-
tance during pulmonary hypertension (PH) can lead to right heart
failure.1,2 PH is the third most serious cardiovascular disease, making
it a significant public health risk. The pathological changes in this pro-
cess are extremely complicated and, among them, pulmonary
vascular remodeling (PVR) mainly manifests as dysfunction of the
pulmonary vascular endothelium, pulmonary artery smooth muscle
cell (PASMC) accumulation, and adventitial fibroblasts.3,4 Addition-
ally, the formation of PVR can also include pathological processes
such as proliferation, apoptosis, autophagy, and ferroptosis.5–9 The
920 Molecular Therapy: Nucleic Acids Vol. 28 June 2022 ª 2022
This is an open access article under the CC BY-NC-ND license (http
discovery of new pathological changes is undoubtedly a key to
revealing the complex pathological process of PVR.

Pyroptosis is a novel form of programmed death that manifests as the
continuous expansion of the cell membrane until it ruptures and re-
leases inflammatory factors. Pyroptosis is mediated by the inflamma-
some, which depends on the activation of caspase-1.10–13 Recently,
pyroptosis was reported to occur in hypoxia-induced PVR, leading
to PH.14,15 The hypoxia-induced increase in the GLI1 triggered an in-
crease in the transcription level of ASC expression and induced
PASMC pyroptosis.14 Plasma membrane damage causes NLRP3-
dependent interleukin (IL)-1b release and induces pyroptosis during
Mycobacterium tuberculosis infection.15 Sphingomyelin synthase 1
mediates hepatocyte pyroptosis through the PKC6/NLRC4/
caspase-1 axis to trigger non-alcoholic steatohepatitis.16 Thus, the
mechanism of pyroptosis regulation is complicated and the underly-
ing mechanisms require further exploration.

Long non-coding RNAs (lncRNAs) include transcripts that are
greater than 200 nt and participate in complicated mechanisms that
regulate gene expression, including regulation of transcription, trans-
lation, protein modification, and the formation of RNA-protein com-
plexes;17–20 therefore, lncRNAs could play critical roles in various
biological functions and disease processes. Accumulating evidence in-
dicates that lncRNAs are powerful regulators of pyroptosis. For
example, the lncRNA H19 initiates microglial pyroptosis and
neuronal death in retinal ischemia/reperfusion injury,21 and knock-
down of lncRNAs of maternally expressed 3 binds to miR-18a and
alleviates hyperoxia-induced lung injury by inhibiting thioredoxin-
interacting protein-mediated pyroptosis. However, the role of
://creativecommons.org/licenses/by-nc-nd/4.0/).
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lncRNAs in regulating pyroptosis has not been reported in PH, and,
thus, its underlying mechanisms need to be addressed.

Recent studies have shown that some lncRNAs contain short open
reading frames (sORFs) that encode functional peptides, and many
peptides encoded by lncRNAs are important for disease progression.
For example, the peptide CIP2A-BP encoded by LINC00665 inhibits
triple-negative breast cancer progression by binding to the CIP2A.22

Additionally, HOXB-AS3 suppresses colon cancer growth and
showed that colon cancer patients with low levels of the HOXB-
AS3 peptide had poorer prognoses.23 A key question that remains
is whether the effects of lncRNAs in disease processes are lncRNA
dependent or lncRNA-encoded peptide dependent. Our previous
study reported that lnc-Rps4l encodes the peptide RPS4XL. RPS4XL
is downregulated in hypoxic PASMCs and participates in PH, sug-
gesting that RPS4XLmay play a key regulatory role in PH.24 However,
whether RPS4XL is involved in the regulation of PASMC pyroptosis
under hypoxia remains unclear.

Our main innovation in this study is to clarify the regulatory mecha-
nism of the peptide RPS4XL encoded by lnc-Rps4l during hypoxic
PASMC pyroptosis and the functional domain of RPS4XL. The dis-
covery of the function and mechanism of RPS4XL in pyroptosis regu-
lation will provide a new regulatory network for PVR and help
address the complexity of the pathological process of PH to provide
more comprehensive therapeutic approaches and targets for PH.
RESULTS
Overexpressed lnc-Rps4l blocks hypoxia-induced pyroptosis in

PASMCs in vivo and in vitro

In order to detect the effect of lncRNA on hypoxia-induced PASMC
pyroptosis, we constructed an overexpression transgenic mouse
model based on the Rps4l sequence, which was confirmed to be
downregulated in hypoxic PASMCs.25 The tissue specificity and effi-
ciency of lnc-Rps4l overexpression were shown in previous
studies.24,25 After 21 days of hypoxia, the ratio of the right ventricle
to the left ventricle plus the ventricular septum was measured, which
indicated that lnc-Rps4l overexpression in vivo significantly
improved right ventricular hypertrophy symptoms caused by hypoxia
(Figure S1A). Additionally, ultrasound testing showed that lnc-Rps4l
overexpression significantly improved cardiac function in hypoxic
mice (Figure S1B) and reversed the hypoxia-induced increase in pul-
monary artery pressure (Figure S1C) compared with wild type. In or-
der to more intuitively observe the effect of lnc-Rps4l on pyroptosis in
PASMCs, we removed and fixed the lung tissue to observe changes in
Figure 1. Overexpression of Rps4l in vivo and in vitro inhibits hypoxia-induced

(A) Electronmicrographs of PASMCs of lung tissues in Rps4lTg and wild-type (WT) hypox

and breakage (down, scale bar, 1 mm). Immunofluorescence analysis of (B) c-caspase-

mice (scale bar, 25 mm). Western blotting analysis of (E) c-caspase-1, NLRP3, ASC, IL-

Electron micrographs of hypoxic and normoxic PASMCs. The arrow points to the locatio

2 mm). (G) LDH release assay in hypoxic and normoxic PASMCs transfected with OE-Rp

Rps4l or OE-NC (scale bar, 50 mm). (I) Flow cytometry analysis of hypoxic and normox

mean ± SEM (*p < 0.05, **p < 0.01, and ***p < 0.001; n R 3). NOR, normoxia; HYP, h
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cell morphology using electron microscopy. Under hypoxia or nor-
moxia, in the lung tissues of wild-type or lnc-Rps4l-overexpressing
mice, we observed PASMCs that were undergoing pyroptosis (Fig-
ure 1A). Pyroptosis was detected by immunofluorescence and the
results showed that lnc-Rps4l overexpression had a significant inhib-
itory effect on the expression of the pyroptosis activator caspase-1
that is induced by hypoxia (Figure 1B). In addition, lnc-Rps4l overex-
pression inhibited the expression of the inflammasome proteins
NLRP3 and ASC (Figures 1C and 1D). The same results were ob-
tained by western blotting (Figure 1E). The expressions of inflamma-
tory factors IL-18 and IL-1b were also decreased after overexpression
of lnc-Rps4l (Figure 1E). Thus, lnc-Rps4l overexpression improved
hypoxia-induced PH in vivo.

To further examine the regulatory effect of lnc-Rps4l on pyroptosis
in vitro, we first detected pyroptosis in PASMCs cultured under nor-
moxic and hypoxic conditions. The results showed that pyroptosis
could be detected under these conditions (Figure 1F). Using a lactate
dehydrogenase (LDH) release assay and propidium iodide (PI) stain-
ing, we showed that the pyroptotic cell death induced by hypoxia was
reversed by lnc-Rps4l overexpression (Figures 1G and 1H). The over-
expression efficiency of lnc-Rps4l is shown in Figure S2A. Immuno-
blotting also showed that lnc-Rps4l overexpression inhibited the
increased expression of pyroptosis-related indicators that are nor-
mally induced by hypoxia (Figures S2B–S2F). Cell flow cytometry ex-
periments also showed that Rps4l reduced hypoxia-induced PASMC
pyroptosis (Figure 1I).
lnc-Rps4l contributes to pyroptosis by encoding RPS4XL

After clarifying the regulatory role of lnc-Rps4l in pyroptosis, we
further explored its functional mechanism. There are many known
mechanisms for lncRNA function, including miRNA adsorption
and protein binding.26,27 However, with the discovery that lnc-
Rps4l encodes the functional peptide RPS4XL,24 we investigated
whether lnc-Rps4l can regulate hypoxia-induced PASMCs pyroptosis
through encoding peptide RPS4XL, thereby improving vascular re-
modeling. To test whether RPS4XL regulates pyroptosis, we mutated
the open reading frame (ORF) of Rps4l to disrupt the encoding pro-
cess.24 We found that the mutation in lnc-Rps4l successfully reversed
the increased expression of RPS4XL caused by lnc-Rps4l overexpres-
sion (Figure 2A). An LDH release assay and PI staining showed that
lnc-Rps4l overexpression inhibited hypoxia-induced pyroptosis in
PASMCs, and that this phenomenon could be reversed by expressing
the mutant lnc-Rps4l variant (Figures 2B and 2C). Immunoblotting
and cell flow cytometry results were consistent with these results,
pyroptosis

ic and normoxic mice. The arrow points to the location of the cell membrane swelling
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Figure 2. lnc-Rps4l-encoded peptide RPS4XL in-

hibits hypoxia-induced pyroptosis of PASMCs

(A) Western blotting analysis of RPS4XL in hypoxic and

control PASMCs transfected with OE-Rps4l, Mut-Rps4l,

or OE-NC. (B) LDH release assay using hypoxic and con-

trol PASMCs transfected with OE-Rps4l, Mut-Rps4l, or

OE-NC. (C) PI staining in hypoxic and control PASMCs

transfected with OE-Rps4l, Mut-Rps4l, or OE-NC (scale

bar, 50 mm). Western blotting analysis of (D) c-caspase-

1, (E) NLRP3, ASC, IL-1b, and IL-18 in hypoxic and nor-

moxic PASMCs transfected with OE-Rps4l, Mut-Rps4l,

or OE-NC. (F) Flow cytometry analysis in hypoxic and con-

trol PASMCs transfected with OE-Rps4l, Mut-Rps4l, or

OE-NC. All values are represented as the mean ± SEM

(*p < 0.05, **p < 0.01, and ***p < 0.001; nR 3). NOR, nor-

moxia; HYP, hypoxia.
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further indicating that lnc-Rps4l inhibits hypoxia-induced PASMC
pyroptosis through its encoded peptide RPS4XL (Figures 2D–2F).

This mutant was introduced into the mouse model to test whether
RPS4XL functions in vivo.24 After 21 days of hypoxia, the lung tissue
proteins in the infected mice by adeno-associated virus 9 were ex-
tracted for immunoblotting. We found that the expression of
caspase-1, NLRP3, ASC, IL-1b, and IL-18 was upregulated in samples
from mice expressing the lnc-Rps4l mutant compared with lnc-Rps4l
overexpression lines (Figures S3A–S3E). These results indicate that
Rps4l can inhibit hypoxia-induced pyroptosis in vivo by encoding
the peptide RPS4XL.

The exogenous peptide RPS4XL inhibits hypoxia-induced py-

roptosis in PASMCs

To more intuitively explore the regulation of RPS4XL, we purified
RPS4XL in vitro using its amino acid sequence (Figure 3A). We found
that the addition of exogenous RPS4XL effectively inhibited hypoxia-
induced PASMC pyroptosis in mice (Figures 3B and 3C), potentially
through the inhibition of pyrolysis-related proteins that are induced
by hypoxia (Figures 3D and 3E). These results confirmed the regula-
tory effect of RPS4XL on pyroptosis.

To better explore the function of RPS4XL, we added exogenous
RPS4XL to human PASMCs and observed its effect on pyroptosis.
Western blotting detected the expression of caspase-1, NLRP3,
ASC, IL-1b, and IL-18, indicating that exogenous RPS4XL could
inhibit hypoxia-induced pyroptosis in human PASMC (Figures
S4A–S4E).

RPS4XL binds to and inhibits the expression of HSC70

To further investigate the downstream regulatory factors of RPS4XL,
we constructed an RPS4XL-glutathione S-transferase (GST) fusion
protein in an overexpression vector. The GST pull-down assay de-
tected a variety of proteins that directly bind to RPS4XL, which
were analyzed then by Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) (Figure 4A). We also predicted
proteins that could interact with RPS4XL using bioinformatics (Fig-
ure 4B). Among these proteins, HSC70 had the highest mass spec-
trometry scores of the candidate proteins (Figure 4C). Furthermore,
HSC70 was of interest because it was reported to protect against lipo-
polysaccharide (LPS)-induced inflammatory cell necrosis.28,29 There-
fore, we asked if HSC70 participated in hypoxia-induced pyroptosis.
Before selecting HSC70 as the downstream molecule of RPS4XL, we
verified that HSC70 could bind to RPS4XL (Figure 4D). Immunoblot-
ting analysis indicated that HSC70 expression was upregulated in
hypoxic PASMCs (Figure S5A). In lnc-Rps4l overexpression trans-
genic hypoxic mouse lung tissue protein, we found that the hypox-
Figure 3. Exogenous RPS4XL treatment of PASMCs inhibits hypoxia-induced p

(A) Synthetic sequence of the exogenous peptide RPS4XL. (B) LDH release assay using

hypoxia. (C) PI staining in PASMCs treated with 10 mg/mL RPS4XL under hypoxia (scal

and IL-18 in PASMCs treated with 5 mg/mL, 7.5 mg/mL, or 10 mg/mL RPS4XL under hyp

SEM (*p < 0.05, **p < 0.01, and ***p < 0.0001; n R 3). NOR, normoxia; HYP, hypoxia
ia-induced upregulation of HSC70 was inhibited (Figure S5B). These
in vivo and in vitro experiments showed that overexpression of lnc-
Rps4l inhibits the expression of HSC70 induced by hypoxia, but
this phenomenon is reversed by the mutant ORF (Figures 4E and
4F). In addition, the addition of exogenous RPS4XL also downregu-
lated HSC70 expression in hypoxic PASMCs (Figure S5C). Based
on the above results, we believe that the regulatory effect of lnc-
Rps4l on HSC70 occurred through its encoded peptide RPS4XL.

Interference of HSC70 inhibits hypoxia-induced pyroptosis in

PASMCs

To understand the relationship between HSC70 and pyroptosis, we
constructed an HSC70 interference model (Figures S6A and S6B). Us-
ing an LDH release assay and PI staining, we found that interfering
with HSC70 inhibited PASMC pyroptosis caused by hypoxia
(Figures S7A and S7B).Western blotting showed that HSC70 interfer-
ence inhibited the upregulation of hypoxia-induced pyroptosis-
related indicators (Figures S7C–S7G), indicating that HSC70 can
participate in the regulation of hypoxia-induced PASMC pyroptosis.

The domain of RPS4XL regulates cell pyroptosis and HSC70

We have previously described the regulatory role of Rps4l on pyrop-
tosis and HSC70, but we did not clarify its functional domain of
RPS4XL. To do this now, due to the structural similarity with
RPS4X, RPS4XL is divided into three segments according to the
RPS4X domains on Uniprot. We created the overexpression con-
structs of each domain: 1–41 amino acids (aa), 42–104 aa, and 105–
262 aa. The spatial structure of the three RPS4XL domains are shown
in Figure 5A. The global and local quality estimates and standardized
QMEAN4 scores for the structural model are shown in Figure S8. Af-
ter transfecting the overexpression domain constructs into mouse
PASMCs, we found that overexpression of the second and third
RPS4XL domains inhibited the increased expression of HSC70 that
is induced by hypoxia (Figure 5B). Subsequent PI staining and
LDH release assays showed that the second domain of RPS4XL was
involved in the regulation of pyroptosis (Figures 5C and 5D). There-
fore, the second domain of RPS4XL participates in the inhibition of
hypoxia-induced pyroptosis-related indicators (Figures 5E and 5F),
potentially through its inhibitory effect on hypoxia-induced HSC70
expression.

RPS4XL inhibits hypoxia-induced pyroptosis in PASMCs by in-

hibiting HSC70 glycosylation

After clarifying the specific domains that support RPS4XL function,
we wanted to further explore the regulatory mechanism of HSC70.
We divided HSC70 into three segments according to its domains
for in vitro purification and fluorescein isothiocyanate (FITC) label-
ing. After mixing the three labeled fluorescent protein fragments
yroptosis

PASMCs treated with 5 mg/mL, 7.5 mg/mL, or 10 mg/mL exogenous RPS4XL under

e bar, 50 mm). Western blotting analysis of (D) c-caspase-1, (E) NLRP3, ASC, IL-1b,

oxia. FLAG was used as a negative control. All values are represented as the mean ±

.
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with exogenous RPS4XL, microscale thermophoresis showed that the
first domain of HSC70 (1–393 aa) has a strong intermolecular inter-
action with RPS4XL (Figure 6A), while the other two domains did not
(Figures S9A and S9B). Protein glycosylation is one of the most com-
mon post-translational modifications of proteins and can change the
conformation of polypeptides and increase protein stability.30–32

Therefore, we predicted that the first segment domain of HSC70 con-
tained glycosylation sites glycosylation. Using bioinformatics, we
found that there were only four N-glycosylation sites in the first
domain of HSC70 (Figures 6B, S10A, and S10B) and no
O-glycosylation sites (Figures S10C and S10D). Next, the glyco-
sylation inhibitor tunicamycin was used to verify the effect of glyco-
sylation on hypoxic PASMC pyrolysis. We found that the addition of
tunicamycin effectively inhibited the expression of HSC70 and pyrop-
tosis induced by hypoxia (Figures S11A–S11G). To determine
whether RPS4XL regulates pyrolysis by affecting HSC70 glycosyla-
tion, we mutated the predicted N-glycosylation site in the HSC70 first
domain (Figure 6B). We found that the addition of exogenous
RPS4XL inhibited hypoxia-induced PASMC pyroptosis, and could
be reversed by overexpression of HSC70. However, when the
N-glycosylation site of HSC70 was mutated, HCS70 could not inhibit
the effects of RPS4XL (Figures 6C–6F). Therefore, RPS4XL inhibits
hypoxia-induced PASMC pyroptosis by binding to HSC70 and inhib-
iting its glycosylation.

DISCUSSION
In this study, the new discovery is that we found the peptide RPS4XL
encoded by lnc-Rps4l relieved PH by inhibiting pyroptosis in
PASMCs. The mechanism by which RPS4XL functions is through
its binding to HSC70 and inhibition of HSC70 glycosylation. These
results suggest that RPS4XL plays an important regulatory role in
hypoxia-induced PVR, which is a critical event in the PH.

LncRNA was considered to be an RNAmolecule with no coding abil-
ity that participated in different disease, such as cardiovascular dis-
eases, malignant tumors, respiratory diseases, and PH.33–35 It has
been reported that the lncRNA TYKRIL acts as a protein decoy
that contributes to PH via the p53-mediated regulation of
PDGFRb.36 Moreover, the lncRNA TUG1 regulates PASMC prolifer-
ation by adsorbing miR-328–3p.37 Most studies of lncRNAs have
focused on their function, but recent studies have shown that some
lncRNAs have sORFs that can be translated into functional small pep-
tides.38–41 For example, a peptide encoded by the lncRNA HOXB-
AS3 suppresses colon cancer growth and the SRSP peptide encoded
by lncRNA LOC90024 contributes to RNA splicing in colorectal can-
cer.23,42 We also found that RPS4XL encoded by the lnc-Rps4l was
Figure 4. RPS4XL interacts with HSC70

(A) GO and KEGG analysis of the proteins isolated by a GST pull-down assay using RPS4

trometry of specific segments of HSC70. (D) Western blotting analysis of HSC70 expres

immunoprecipitation (coIP) using an anti-FLAG antibody (top), and RPS4XL in PASMCs u

expression in hypoxic and normoxic PASMCs transfected with OE-Rps4l, Mut-Rps4l, o

infected with serotype 9 adenovirus-associated virus (AAV9)-NC, AAV9-Rps4l, and AA

***p < 0.001; n R 3). NOR, normoxia; HYP, hypoxia.
involved in hypoxia-induced PASMC proliferation in PH.24 These
findings undoubtedly fill the gap in our understanding of the func-
tions of lncRNA-encoded peptides in PH.

Because the mechanisms that lead to PVR are not limited to PASMC
proliferation, other potential functions of RPS4XL in PVR need to be
explored. More importantly, whether the role of lncRNAs in PH de-
pends on whether the lncRNAs themselves or their encoded peptides
need to be identified. Our current research answers a key scientific
question: does the Rps4l-encoded peptide RPS4XL or the lnc-Rps4
regulate the pathological process of pyroptosis?

Pyroptosis is a type of inflammasome-mediated programmed necro-
sis that participates in the process of hypoxia-induced PVR.8,14 Hyp-
oxia can induce the expression of caspase-1, which aggravates
PASMC pyroptosis and causes pulmonary artery fibrosis.43,44 Howev-
er, the mechanism of caspase-1 activation during pyroptosis remains
unclear. In this study, we used in vivo overexpression transgenic
mouse and adeno-associated virus mouse models, in vitro overexpres-
sion and mutation constructs, and the addition of exogenous RPS4XL
to show that lnc-Rps4l can encode the peptide RPS4XL, which in-
hibits hypoxia-induced caspase-1. Our results showed that lnc-
Rps4l had a significant inhibitory effect on the hypoxia-induced
expression of pyroptosis activator caspase-1 both in vivo and
in vitro, and the effect was dependent on its encoded peptide
RPS4XL, which serves as a trigger that activates pyroptosis.

Our previous study confirmed that RPS4XL has the ability to inhibit
hypoxia-induced PASMC proliferation and does not conflict with
the inhibition of hypoxia-induced PASMC pyroptosis by RPS4XL
demonstrated in this study. Under hypoxic conditions, PASMCprolif-
eration caused vascular wall thickening and increased pyroptosis-
induced fibrosis, which led to PVR.45,46What causes PVR is a complex
molecular regulatory network.We exploredRPS4XL inhibition of hyp-
oxia-induced PASMC proliferation by reducing RPS6 phosphoryla-
tion, and inhibited hypoxia-induced PASMC pyroptosis by inhibiting
HSC70 glycosylation. Our study demonstrates that RPS4XL regulates
proliferation and pyroptosis through different signaling pathways,
leading to PVR. The discovery that RPS4XL inhibits hypoxia-induced
PASMC pyroptosis provides a potential therapeutic target for PH
vascular remodeling. This is the first study to confirm the multiple
functions of lncRNA-encoded peptides in the regulation of PH, and
further reveals the importance of lncRNA-encoded peptide research.

Another important and novel finding of our study was the identifica-
tion of HSC70 as a key protein that regulates pyroptosis in PASMCs
XL. (B) Bioinformatics prediction of the RPS4XL interaction network. (C) Mass spec-

sion in PASMCs transfected with the ORF-FLAG construct under normoxia after co-

nder normoxia after coIP using an anti-HSC70 antibody (bottom). (E) HSC70 protein

r OE-NC. (F) Western blotting analysis of HSC70 in the lung tissues of hypoxic mice

V9-mut. All values are represented as the mean ± SEM (*p < 0.05, **p < 0.01, and

Molecular Therapy: Nucleic Acids Vol. 28 June 2022 927

http://www.moleculartherapy.org


(legend on next page)

Molecular Therapy: Nucleic Acids

928 Molecular Therapy: Nucleic Acids Vol. 28 June 2022



www.moleculartherapy.org
in response to hypoxia. Indeed, HSC70 knockdown in PASMCs re-
sulted in attenuated hypoxia-induced pyroptosis. HSC70 participates
in a variety of metabolic processes in organisms, such as promoting
the removal of individual peroxisomes affected by oxidative stress.47

It is also associated with hepatitis C virus particles and can modulate
virus infectivity.48 HSC70 is involved in the transcriptional stimula-
tion of the DNA-binding protein Hap46/BAG-1M, and can bind bac-
terial LPS to mediate LPS-induced inflammatory responses.49 In this
study, we confirmed for the first time that HSC70 participates in the
activation of caspase-1.

RPS4XL inhibits HSC70 N-glycosylation. Glycosylation mainly oc-
curs in the endoplasmic reticulum and Golgi apparatus and is
involved in the regulation of various diseases, such as Alzheimer’s dis-
ease, cancer, and inflammatory diseases.50–53 However, there are only
a few reports of N-glycosylation in PH, suggesting that our under-
standing of its function is limited. The use of tunicamycin as a
glycosylation inhibitor confirmed the role of glycosylation in PH.
Furthermore, the combination of RPS4XL and HSC70 glycosylation
sites blocked the N-glycosylation process of HSC70, resulting in
decreased HSC70 stability and reduced caspase-1 activation.

In conclusion, our results indicate that RPS4XL encoded by lnc-Rps4l
plays a significant and unique role in PH by modulating pyroptosis in
PASMCs. We demonstrated for the first time that RPS4XL plays a
critical regulatory role in pyroptosis in vivo and in vitro by inhibiting
HSC70 N-glycosylation. This finding suggests that RPS4XL is a po-
tential pharmacological target for the treatment of PH.

MATERIALS AND METHODS
Animals

C57BL/6 male mice weighing 20–30 g were obtained from the Exper-
imental Animal Center of Harbin Medical University, and C57BL/6
transgenic mice overexpression of Rps4l were obtained from Beijing
Weitongda Biotech.25 They were randomly divided into normal
groups (inhaled oxygen concentration was 0.21) and hypoxic groups
(inhaled oxygen concentration was 0.10). After 21 days of breeding,
RV/LV + S and right ventricular systolic blood pressure (RVSP)
were detection to prove that the hypoxic PH model was successfully
constructed. Pentobarbital sodium was injected intraperitoneally at
a concentration of 1% and 40 mg/kg to anesthetize mice.

Construction of serotype 9 adenovirus-associated virus and the

hypoxic animal model

As previously described,24 the adeno-associated virus was synthesized
by Genechem (Shanghai, China), and the virus infects mice intrana-
Figure 5. The functional domain of RPS4XL

(A) Schematic diagram of the vector construction with the different RPS4XL domains.

HSC70 protein expression in hypoxic and normoxic PASMCs overexpressing RPS4XL 1–

PASMCs overexpressing the RPS4XL 1–41 aa, 42–104 aa, and 105–262 aa domains (

expressing the RPS4XL 1–41 aa, 42–104 aa, and 105–262 aa domains. Western blottin

moxic PASMCs overexpressing the RPS4XL 1–41 aa, 42–104 aa, and 105–262 aa do

***p < 0.001; n R 3). NOR, normoxia; HYP, hypoxia; NS, no significance.
sally. After the mice were anesthetized, the lung tissue proteins were
extracted after ultrasound and right ventricular pressure were de-
tected, which were directly used for detection.

RNA extraction

The cells were lysed byTRIzol (Invitrogen, Carlsbad, CA,USA) accord-
ing to the manufacturer’s protocol after washing with PBS three times.

Real-time PCR

The isolated RNA was reverse transcribed into cDNA using a reverse
transcription kit (Haigene, China). The primers were as follows,
HSC70: forward primer, 50-CTTCAATGSCTCTCAGCGACA-30,
reverse primer, 50-AATAGCAGCAGCAGTTGGTTC-30.

siRNA and plasmid design and transfection

Cell density was cultivated to 50%–60%. Specific small interfering
RNAs (siRNAs) (Guangzhou, China) and X-treme were used in the
transfection process. Corresponding detection was performed 24 h
after transfection. si-HSC70 target sequence: GATGAGAAGCAG
AGAGATA. The plasmids were synthesized by Genechem (Shanghai,
China) according to the sequence.

Western blot analysis

RIPA lysis buffer (Beyotime, Shanghai, China) was used to extract tissue
or cell proteins, and 10%–12% polyacrylamide gels were prepared for
protein separation. After the proteins on the gel were transferred to
the nitrocellulose membrane, they were incubated with 5% milk for 1
h. Primary antibodies against caspase-1 (1:250), NLRP3 (1:500), ASC
(1:400), IL-1b (1:400), IL-18 (1:1,000), HSC70 (1:1,000), and RPS4XL
(1:2000)wereused,withb-actin (1:3,000) as an internal control. The cor-
responding primary antibody, secondary antibody, and ECL (Beyotime,
Shanghai, China) were incubated for chemiluminescence detection.

Immunofluorescence

The corresponding lung tissue frozen section was prepared and
placed at room temperature for 20 min before proceeding to the
next step, in which 4% paraformaldehyde was used to soak the sec-
tions to fix the tissue. Then PBS was used to wash three times,
5 min each time, and 0.3% Triton X-100 was added for 30 min at
37�C. After washing three times with PBS, it was incubated for
30 min at 37�C with 5% BSA. Subsequently, the tissues were incu-
bated with anti-caspase-1 antibody (1:100), anti-NLRP3 antibody
(1:100), or anti-ASC antibody (1:100) mixed with anti-a-SMA anti-
body (1:100) at 4�C overnight. After washing three times with PBS,
fluorescently labeled secondary antibody was used to incubate for
2 h at 37�C. After washing three times with PBS, DAPI was incubated
SWISS-MODEL schematic structural model of the different RPS4XL domains. (B)

41 aa, 42–104 aa, and 105–262 aa domains. (C) PI staining in hypoxic and normoxic

scale bar, 100 mm). (D) LDH release assay in hypoxic and normoxic PASMCs over-

g analysis of (E) c-caspase-1, (F) NLRP3, ASC, IL-1b, and IL-18 in hypoxic and nor-

mains. All values are represented as the mean ± SEM (*p < 0.05, **p < 0.01, and
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at room temperature for 15 min. Confocal laser scanning microscope
(CLSM) was used to acquire images.

Electron microscopy

For lung tissue sample preparation, after the animals were anesthe-
tized with sodium pentobarbital, the lung tissues were removed,
and the pulmonary arteries were dissected. Then 2.5% glutaraldehyde
was dripped for fixation. A new, oil-free sharp (double-sided) blade
was used to cut the material into small pieces about 1 mm wide
and 1 mm long. Finally, the small piece was placed into the EP tube
filled with cold fresh fixative, and put into the refrigerator compart-
ment to fix at low temperature (0～4�C).

For cell sample preparation, PASMCs were cultured in a small cell
flask, the culture solution was poured out first, then an appropriate
amount of glutaraldehyde fixative was added, it was placed in an
ice bath for 3 to 5 min, then the cells gently scraped on the bottle
wall with a spatula, the fixative containing the cells was transferred
to a centrifuge tube and centrifuged at low speed (2,000 rpm) for
15 min to make the cells aggregate into clumps, and the supernatant
was discarded and replaced with fresh fixative to continue fixing.

The prepared samples were submitted to the Harbin Veterinary
Research Institute of the Chinese Academy of Agricultural Sciences
for further testing.

Cell flow cytometry

As previously described,54 PASMCswere cultured at 60%–70%density,
and the cells were transfectedwith siRNAor treatedwith drugs. The cell
culture medium was aspirated into a suitable centrifuge tube, and the
cells were washed with PBS. An appropriate amount of trypsin was
added to digest the cells until the cells could be beaten down. The pre-
viously collected cell culture fluidwas added to stop the digestion, and it
was centrifuged at 1,000� g for 5 min. The supernatant was discarded,
the cells were collected, 195mL of Annexin Ⅴ-FITC-binding solution
was added, and the cells were gently resuspended.Next, 5mL ofAnnexin
Ⅴ-FITC was added and mixed gently, then 10mL of potassium iodide
staining solution was added and mixed gently. It was incubated for
15 min in the dark at room temperature. The cells were resuspended
three times during the incubation process for flow cytometry. All re-
agents usedwere purchased fromBeyotimeC1062L (Shanghai, China).

Purification and use of exogenous peptides

As previously described,24 the exogenous peptide was synthesized by
Detaibio (Nanjing China) and added to the cell culture medium at the
corresponding concentration.
Figure 6. RPS4XL inhibits HSC70 glycosylation, which inhibits hypoxia-induce

(A) Schematic diagram of the in vitro purification of the HSC70 protein domains. Microsc

(B) Bioinformatics analysis the N-glycosylation site in the 1–393 aa domain of HSC70, and

in hypoxic and normoxic PASMCs transfected with OE-HSC70, Mut-HSC70, or treated w

with OE-HSC70, Mut-HSC70, or treated with 10 mg/mLRPS4XL (scale bar, 50 mm).Wes

and normoxic PASMCs transfected with OE-HSC70, Mut-HSC70, or treated with 10

**p < 0.01; n R 3). NOR, normoxia; HYP, hypoxia.
PI staining

PASMCs were cultured in 24-well plates at 60%–70% density, and the
cells were transfected with siRNA or treated with drugs. Next, 8 mL of
Hoechst 33342 solution was added, the cells were incubated at 37�C
for 10 min, followed by straining with 3 mL of PI for 15 min. The in-
cubation process was carried out in the dark.

GST pull-down and mass spectrometry

Rps4l-GST fusion plasmid was synthesized by Genechem (Shanghai,
China), and was transfected into PASMCs. Next, protein lysate was
sent to BiotechPack (Beijing, China) for GST pull-down and mass
spectrometry.

LDH assay

PASMCs were cultured in 96-well plates at 60%–70% density, the cells
were transfected with siRNA or treated with drugs, and 120 mL of
400 � g centrifuged culture solution was pipetted. Next, 60mL of
LDH test solution was added at 25�C in the dark for 30 min. The
absorbance was then measured at 490 nm.

Co-immunoprecipitation assay

To cultivate PASMCs, after the cells were full, the culture medium
was discarded, washed with PBS three times, and then cell lysate
was added. After centrifugation at 13,500 rpm at 4�C, the superna-
tant was collected. Then the corresponding antibody was added
overnight at 4�C. Next day, it was incubated with protein A + G
magnetic beads for 3 h. After centrifugation, the supernatant was
carefully removed, and PBS was added to the pellet, which was
repeated five times. The resulting protein was used for further
detecting.

Microscale thermophoresis

For microscale thermophoresis (MST) experiments, RPS4XL synthe-
sis was done by Detaibio (Nanjing China). HSC70 was divided into
three segments according to its structural domain, which was synthe-
sized by Zoonbio (Nanjing, China) and labeled with FITC. Four mi-
croliters of FITC-labeled HSC70 fragment and 6 mL of RPS4XL of
different concentration gradients were mixed. A Monolith NT.115
system (NanoTemper Technologies, Munich, Germany) was used
for measurements.55

Use of glycosylation inhibitors

Tunicamycin (Tu, ab120296) was purchased from Abcam (Cam-
bridge, MA, USA) and dissolved in DMSO. Tu was added to the
PASMC culture medium at a concentration of 1 mg/mL.56 After 24
h, the corresponding assay was performed.
d pyroptosis in PASMCs

ale thermophoresis of the HSC70 1–393 aa and different concentrations of RPS4XL.

schematic diagram of the HSC70 glycosylation sitemutation. (C) LDH release assay

ith 10 mg/mL RPS4XL. (D) PI staining in hypoxic and normoxic PASMCs transfected

tern blotting analysis of (E) c-caspase-1, (F) NLRP3, ASC, IL-1b, and IL-18 in hypoxic

mg/mL RPS4XL. All values are represented as the mean ± SEM (*p < 0.05, and
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Bioinformatics analysis

The protein-protein interaction network was analyzed by STRING
(https://string-db.org/) and was then visualized using the Cytoscape
program (http://cytoscape.org/). GO and KEGG analysis was made
by DAVID (https://david.ncifcrf.gov/). Glycosylation site prediction
was through NetNGlyc (http://www.cbs.dtu.dk/services/NetNGlyc/)
and DictyOGlyc (http://www.cbs.dtu.dk/services/DictyOGlyc/). The
construction of the RPS4XL domain model was through SWISS-
MODEL (https://swissmodel.expasy.org/).

Statistical analysis

One-way ANOVA followed by Dunnett’s test and Student’s t tests
were used for comparisons among multiple groups and between
two groups, respectively. The data were expressed as mean ± SEM.
When p < 0.05, it was considered statistically significant.
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