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Abstract

Introduction Pyroptosis, inflammatory necrosis of cells, is a programmed cell death involved in the pathological
process of diseases. Endoplasmic reticulum stress (ERS), as a protective stress response of cell, decreases the unfold
protein concentration to inhibit the unfold protein agglutination. Whereas the relationship between endoplasmic
reticulum stress and pyroptosis in pulmonary hypertension (PH) remain unknown. Previous evident indicated that
circular RNA (circRNA) can participate in several biological process, including cell pyroptosis. However, the mechanism
of circRNA regulate pyroptosis of pulmonary artery smooth muscle cells through endoplasmic reticulum stress

still unclear. Here, we proved that circSSR1 was down-regulate expression during hypoxia in pulmonary artery
smooth muscle cells, and over-expression of circSSR1 inhibit pyroptosis both in vitro and in vivo under hypoxic. Our
experiments have indicated that circSSR1 could promote host gene SSR1 translation via m6A to activate ERS leading
to pulmonary artery smooth muscle cell pyroptosis. In addition, our results showed that G3BP1 as upstream regulator
mediate the expression of circSSR1 under hypoxia. These results highlight a new regulatory mechanism for pyroptosis
and provide a potential therapy target for pulmonary hypertension.

Methods RNA-FISH and gRT-PCR were showed the location of circSSR1 and expression change. RNA pull-down and
RIP verify the circSSR1 combine with YTHDF1. Western blotting, Pl staining and LDH release were used to explore the
role of circSSR1 in PASMCs pyroptosis.

Results CircSSR1 was markedly downregulated in hypoxic PASMCs. Knockdown CircSSR1 inhibited hypoxia induced
PASMCs pyroptosis in vivo and in vitro. Mechanistically, circSSR1 combine with YTHDF1 to promote SSR1 protein
translation rely on m6A, activating pyroptosis via endoplasmic reticulum stress. Furthermore, G3BP1 induce circSSR1
degradation under hypoxic.

Xiaoyu Guan and Hongxia Du contributed equally to this work.

*Correspondence:
Daling Zhu
zhudaling@hrbmu.edu.cn

Full list of author information is available at the end of the article

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12931-024-02986-w&domain=pdf&date_stamp=2024-9-30

Guan et al. Respiratory Research (2024) 25:355

Page 2 of 16

Conclusion Our findings clarify the role of circSSR1 up-regulated parental protein SSR1 expression mediate
endoplasmic reticulum stress leading to pyroptosis in PASMCs, ultimately promoting the development of pulmonary

hypertension.

Keywords CircRNA, Endoplasmic reticulum stress, m6A, Pyroptosis, Pulmonary hypertension

Introduction

Pulmonary hypertension (PH) is a pathophysiological
state of abnormally elevated blood pressure caused by
several known or unknown reasons [1-3]. The pathologi-
cal changes are extremely complicated in this process,
among them, pulmonary vascular remodeling (PVR) is
the major cause of PH [4]. Growing evidence has indi-
cate that informed of PVR also including proliferation,
autophagy, ferroptosis and apoptosis [5-8]. Undeniably,
the discovery of novel pathological alterations holds
pivotal importance in the quest for effective treatment
modalities to pulmonary hypertension (PH).

Pyroptosis, also known as cell inflammatory necrosis, is
a type of programmed cell death in which cells continue
to be swelling until the cell membrane ruptures, result-
ing in the release of cell contents that activate a strong
inflammatory response [9, 10]. Pyroptosis mainly relies
on inflammatosomes to activate some proteins of the cas-
pase family, causing them to cut and active Gasdermin
protein. The activated Gasdermin protein is translocated
to the membrane, forming pores, and finally leading to
pyroptosis [11, 12]. Furthermore, it has been reported
that pyroptosis participate in the occurrence and pro-
gression of infectious disease, nervous system disease,
chronic liver disease and cancer [12-14]. Our previous
studies provide evidence that pyroptosis is involved in
the inflammatory process of pulmonary artery smooth
muscle cells (PASMCs) and pulmonary artery endothelial
cells (PAECs) in the model of hypoxia pulmonary hyper-
tension [15, 16]. However, the regulatory factors and the
regulatory mechanisms of pyroptosis in PH are not fully
understand.

The endoplasmic reticulum stress (ERS) is a protective
response of cell, the cell therefore reduces the concentra-
tion of unfold protein to prevent aggregating [17-19].
There are three membrane-related proteins in the endo-
plasmic reticulum of cells: inositolr equiring enzyme 1
(IRE1), PRKR-like endoplasmic reticulum kinase (PERK)
and activating transcription factor 6 (ATF6). Under criti-
cal and enduring ER stress could actives cells apoptosis,
manifest the nuclear rupture and cell membrane invagi-
nate but not leading to release of inflammatory fac-
tors [20]. In infectious diseases, it is reported that IRE1
actuates the production of NO and release of IL-1p [21].
Our previous study has proved that BCAT1 combine
with RNA binding protein ZNF423 to active autophagy
through IRE1-XBP-1-RIDD axis in pulmonary hyperten-
sion [22]. In addition to this it is reported endoplasmic

reticulum stress pathway is activated in pyroptosis. Li
et al. showed endoplasmic reticulum stress contribute
pyroptosis through NF-kB/NLRP3 pathway in diabetic
nephropathy [23]. However, the mechanism of regulating
pyroptosis through ER stress signaling pathway has been
not further explored in pulmonary hypertension.

Circular RNAs (CircRNAs) are a special type of non-
coding RNAs via back-splicing of linear RNA and do not
have a 5’ terminal cap and 3’ terminal poly(A) tail [24]. In
comparison to linear RNAs, it is not easy to degrade by
exonucleases and more stable [25]. It had been reported
that circRNA involved in the regulation of pyroptosis
in many diseases. For instance, circRNA_0075723 act
as sponge of miR-155-5p to promote SHIP1 expression
directly inhibit macrophage pyroptosis in pneumonia-
induced sepsis [26]. CircUSP9X interacts with binding
protein EIF4A3 in the cytoplasm to regulate endothelial
cell pyroptosis in atherosclerosis [27]. Our lab has dem-
onstrated that circLrch3 with host gene form a R-Loop to
regulate pyroptosis of pulmonary arterial smooth muscle
cells caused by hypoxic [28]. All the data suggested that
circRNAs are involved in the regulation of pyroptosis in
multiple diseases with different mechanism.

In this study, we first proposed that circSSR1 regulates
pyroptosis by activating endoplasmic reticulum stress
via host protein SSR1 during hypoxia. Mechanically,
circSSR1 regulate host gene expression by combined
with m6A reader YTHDF1 under hypoxia. Our results
highlight a new regulatory mechanism for pyroptosis
and provide a potential therapy target for pulmonary
hypertension.

Results

CircSSR1 was down-regulate expression during hypoxia in
pulmonary artery smooth muscle cells

First, we detected the significance of circSSR1 in pulmo-
nary artery smooth muscle cells, which were exposed to
hypoxia in different period. Our results had proved circ-
SSR1 is down-regulate under hypoxia PASMCs (Fig. 1A).
Besides, to investigate the expression of circSSR1 in
hypoxia PAECs, the results of quantitative PCR showed it
was no significance compared with hypoxia (Fig. 1B). We
extracted gDNA and cDNA to reveal the stability of RNA
(Fig. 1C). The upstream and downstream primers were
designed for cyclization sequence, to verify the cycliza-
tion of circSSR1 by quantitative polymerase chain reac-
tion (qPCR), the results of sanger sequence also proved
that circSSR1 formed by 2 and 3 exons, circSSR1 was
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Fig. 1 CircSSR1 is down-regulate in PASMCs under hypoxia (HYP). A-B, The expression of circSSR1 in human pulmonary artery smooth muscle cells
(PASMCs) and endothelial cells (n=5-7). C, The product of gRT-PCR was detected by agarose gel electrophoresis (AGE) (cDNA, gDNA [genomic DNAJ;
n=3). D, Sanger sequence was verified the correctness of circSSR1 cyclization site. E, CircSSR1 could resistance exonuclease (RNase R) (n=6). F, PASMCs
were cultured for 24 h in HYP conditions, and fluorescence in situ hybridization (FISH) was used to detected circSSR1 distribution,18 S and U6 were con-
trols for localization for cytoplasm and nucleus. Scale bars, 50 um. All values are presented as the mean + SEM. *p<0.05, **p<0.01. Chr6 indicates chromo-
some 6; DAPI indicates 4/, 6-diamidino-2-phenylindole; NOR, normoxia and HYP, hypoxia. NC: negative control
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located on human chromosome 6:7303782-7,310,262
(Fig. 1D). Using RNase R to treat with reverse-tran-
scribed cDNA, the consequence of qPCR and agarose
gel electrophoresis had showed circSSR1 was almost no
change. These assays further approved the possible of
cyclization (Fig. 1E). Next, we aimed to clarify the distri-
bution of circSSR1 and circSSR1 was mainly distribute in
cytoplasm showed by Fluorescence in Situ Hybridization
(RNA FISH) (Fig. 1F).
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Over-expression of circSSR1 could inhibit endoplasm
reticulum stress and pyroptosis under hypoxia

The PASMCs were transfected with SSR1 over-expressed
plasmid and NC mimics were cultured in normal con-
dition and we detected the over-expression efficiency
by qPCR (Figure S1A). Besides, we detected the reac-
tive oxygen species (ROS) standard, we find circSSR1
over-expressed under hypoxia can reverse the increased
caused by hypoxia (Fig. 2A). Western blotting was proved
that over-expression of circSSR1 could inhibit IRE1,
ATF6 and GRP78 expression (Fig. 2B). We used LDH
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Fig. 2 Over-expression of circSSR1 inhibited vascular smooth muscle cell pyroptosis. A, Over-expression of circSSR1 reduce reactive oxygen species
probes (DCFH-DA, green) staining in various groups (n=6). B, Endoplasmic reticulum stress (ERS) related protein ATF6, IRET and GRP78 expression. C, LDH
cytotoxicity assay kit (LDH) was used to detect LDH release (n=6). D, Western blot to demonstrate pyroptosis related protein NLRP3, GSDMD and Cas-
pase-1 expression (n=5). E, Fluorescence staining of IL-1 in PASMCs under hypoxia (n=6). F, Over-expression of circSSR1 plasmid decreased PI positive
cells (n=5). Scale bars, 50 um. All values are presented as the mean + SEM. *p<0.05, **p<0.01, ***p<0.001. NOR, normoxia and HYP, hypoxia. NC: negative
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Cytotoxicity Assay Kit to detect lactate dehydrogenase
to further confirm pyroptosis of PASMC when over-
expression of circSSR1 (Fig. 2C). The results of west-
ern blot (wb) were used to illustrate the expression of
pyroptosis-related indicators, we found the over-expres-
sion of circSSR1 could inhibit the proteins increased,
such as Caspase-1, NLRP3 and Gasdermin D (GSDMD)
(Fig. 2D). The immunofluorescence of IL-1B was also
used to testify this phenomenon (Fig. 2E). The PI stain-
ing was used to demonstrate over-expression of circSSR1
could decrease the rate of positive cells caused by hypoxia
(Fig. 2F). The above results indicate that over-expression
of circSSR1 can prevent PASMCs pyroptosis and ERS in
HYP.

CircSSR1 can inhibit pyroptosis via endoplasmic reticulum
stress in hypoxia

To identify circSSR1 regulate pyroptosis through endo-
plasmic reticulum stress, western blot analysis showed
that hypoxia increased the expression of NLRP3,
GSDMD and Caspase-1; however, the expression of them
decreased after added the ERS inhibitor 4-phenylbu-
tyric acid (4-PBA) (Fig. 3A). PI staining and LDH release
assay were performed positive incidence of cells (Fig. 3B
and C). The consistency of the findings was further
validated by immunofluorescence analysis of the IL-1f
(Fig. 3D). Moreover, we performed ROS assay to validate
whether 4-PBA could restrain release of ROS in PASMCs
(Fig. 3E). Recovery experiments were used to prove circ-
SSR1 regulate pyroptosis through endoplasmic reticulum
stress. We observed that the efficacy of si-1, in terms of
its ability to interfere with circSSR1 expression, sur-
passed that of si-2, as evidenced by the quantitative PCR
results (Figure S1B). Therefore, si-1 was used in subse-
quently experiments. The PASMCs were transfected with
circSSR1 siRNA and added the ERS inhibitor in NOR for
24 h. The LDH release assay and immunofluorescence
of IL-1PB experiments demonstrated that the addition of
4-PBA reversed the effects of only interfering with circ-
SSR1 in NOR (Figure S1C-S1D). Meantime, silencing of
circSSR1 promoted vascular smooth cell pyroptosis in
the normoxic, however, under identical conditions added
ERS inhibitor could prevent the expression of pyrop-
tosis related proteins expression including Caspase-1,
NLRP3 and GSDMD (Figure S1E). Interference with circ-
SSR1 lead to an increase in the number of positive cells
detected by PI staining in NOR, whereas the addition of
4-PBA alleviated this effect (Figure S1F).

CircSSR1 regulates pyroptosis by activating endoplasmic
reticulum stress via host protein SSR1 during hypoxic
CircSSR1 was transcriptional by-product and sub-
sequently we confirmed whether change of circSSR1
would affect the expression of linear mRNA or protein.
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The qPCR and western blot indicate that over-expres-
sion of circSSR1 was no change on mRNA level, how-
ever, it could decrease the protein of SSR1 (Fig. 4A and
B). We used website to predict the function of SSR1, it
is related with ERS and located on membrane (Fig. 4C).
To elucidate the role of SSR1 on circSSR1 in regulat-
ing pyroptosis and ERS of pulmonary artery smooth
cells, we construct a small RNA to interfere with SSR1
and the interference efficiency was detected by western
blot. Western blot results reveal SSR1 protein expres-
sion level significantly down-regulated by si-3 rather than
si-1 or si-2 (Figure S2A). Therefore, we chose the si-3
for the following experiments. Immunofluorescence co-
localization analysis was used to examine the SSR1 and
endoplasmic reticulum markers protein (Fig. 4D). The
siRNA was transfected into PASMCs, and subsequent
experiments measuring LDH release and fluorescence
intensity of IL-1[3 were conducted to verify the induction
of pyroptosis in the PASMCs (Fig. 4E and F). Moreover,
the increased expression of the proteins NLRP3, Cas-
pase-1, GSDMD and increased positivity of PI staining
also get the same results (Fig. 4G and H). When transfect
with SSR1 siRNA into PASMCs, ERS-related proteins
encompassing IRE1, ATF6, GRP78 were down-regulate
in hypoxia (Fig. 41). And fluorescence intensity of GRP78
was increased exposure to hypoxia and reversed by
silencing the SSR1 gene (Fig. 4]). Furthermore, we trans-
fect SSR1 plasmid in PASMCs 4—6 h and then cultured
in incubator overnight. The efficiency of over-expression
was detected by western blot (Figure S2B). The PI stain-
ing and LDH release assay were showed that only expres-
sion of circSSR1 can reduce cell positive rate and LDH
release caused by hypoxia, conversely, the combined
over-expression of circSSR1 and SSR1 reversed this effect
(Figure S2C-S2D). Meantime, immunofluorescence assay
had indicated that co-transfected circSSR1 and SSR1
up-regulate expression of IL-1p and GRP78 (Figure S2E-
S2F). These results showed circSSR1 regulate pyroptosis
of PASMCs through parental protein SSR1.

CircSSR1 combined with YTHDF1 to regulate host gene
expression

To explore the mechanism of circSSR1 regulate PASMC
pyroptosis, we predicted the potential proteins by catR-
APID and finally choose YTHDF1 protein as a target
gene which was related with tranlation (Fig. 5A and B).
The website was used to intuitive representative con-
firm the binding interaction between circSSR1 with
YTHDF]1 (Fig. 5C). RNA pull-down assay and RIP-qPCR
assay were also performed to validate circSSR1 bound to
YTHDEF1 in PASMCs, western blot and qPCR analysis
manifest the relationship between circSSR1 and YTHDF1
(Fig. 5D and F). Besides, fluorescence assay was visual
observed that circSSR1 and YTHDF1 was colocalization
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in the cytoplasm of PASMCs (Fig. 5E). Previous stud-
ies had indicated YTHDF1 can facilitate the target gene
translation. And simultaneously, YTHDF1 is one of a
reader of m6A, we attempted to explore how m6A affects
the SSR1 transcript under hypoxia conditions. First, we
used website to be predicted whether m6A site on SSR1
mRNA (Fig. 5G). Then we used RIP assay to prove exist
mo6A site of SSR1 mRNA and YTHDF1 could recognize

m6A of SSR1 mRNA to promote SSR1 translation. Above
results indicated that YTHDF1 played an important role
in promoting SSR1 translation (Fig. 5H and I). In addi-
tion to this, we detected the mRNA and protein level of
YTHDF1 contract to over-expression of circSSR1 and
found that it had no influence on mRNA expression (Fig-
ure S3A-S3B). Subsequently, we suppose circSSR1 could
promote YTHDF1 degrade, to verify this hypothesis,



Guan et al. Respiratory Research

(2024) 25:355

SSRI GO analysis

Enrichment score

IL-1p

Pl

GRP78

A
SSR1 e S e 321Da cotransiational protein targeting to membrane
practin SEEPEEEEEE x0: IREl-mediated unfolded protein response
c NOR+NC NC cireSSR1
8 HYP - . .
i 20 positive regulation of cell proliferation
o
H 2‘515
z °E endoplasmic reticulum membrane
7] §*
1] g10
2 B & endoplasmic reticulum
k] E20s
k] &£
-4
0.0 integral component membranes
NOR HYP HYP+ NOR HYP HYP+
+NC +NC circSSR1 #NC  +NC circSSR1
D DAPI ER-Tracker SSR1 F DAPI
Q
7
=
z
7 Q
g i
z
. =
= 7
2 ¥
] =
G H Hoechst
Caspase-1 S SSSL & 4skDa 3+ . z
> . —ta E
" + * 7
B-actin . S s 43kDa g
Z 24 "
) - s ”
GSDMD S0kDa ; L g (— >
= EC o . 4
P-actin W SR SRS 31Da s 14 . o &
: . I{-I
- . : |Vi.] I_T-I
NLRP3 ' 118kDa © =
— — 2, . . g
T T T <
B-actin S s S 43kDa GRP78 ATF6 IRE1 I
NOR+NC NC  siSSR1 * NOR+NC HYP+NC HYP+siSSR1 =z
HYP
I DAPI
GRP7S wss SR s 78KDa 6 L g
4 o = <
g i E
P-actin SEEEE S S 3kDa o 4 - b4
o : ol
: m.o=
ATFG W wn ss S 95kDa Q2 . . c
o)
[ 7
2 ass = i
B-actin 43kDa S 4 b 3 ey T LN z
H =
o
z
IRE1 S S 110kDa © . -
i o =
" I 1 ) ;
P-actin W S SN 43kDa Caspase-1 GSDMD NLRP3 =
¥
NOR+NC NC siSSRI * NOR+NC - HYP+NC HYP+siSSR1 &

HYP

LDH Release (%)

Merge

Merge

Merge

Page 7 of 16

ek

NOR
+NC

HYP HYP+
+NC siSSR1

»N & o
o S -

Fluorescence Intensity

o

NOR HYP HYP+
+NC +NC siSSR1

o
S

= 40
2
Z 3
o
o
220
@
§ 10
a
0
NOR HYP HYP+
+NC  +NC siSSR1
60
2
[}
c
o
z40
@
Q
c
8
@ 20
g
o
3
[

°

NOR HYP HYP+

+NC +NC siSSR1

Fig. 4 CircSSR1 regulated pyroptosis and endoplasmic stress through acting on SSR1 expression under hypoxia. A and B, gRT-PCR and western blot
showed over-expression of circSSR1 had no significance on mRNA (n=6) but affect SSR1 translation (n=4). C, DAVID website demonstrated Gene Ontol-
ogy (GO) analysis showed SSR1 was related with unfold protein response. D, Endoplasmic reticulum specific probe (Green) and SSR1 (Red) can localization
proved by ER-Tracker. E, Interfere with SSR1 under hypoxia can prevent hypoxia-induced LDH release (n=6). F, Transfection siRNA decrease immuno-
fluorescence intensity of IL-13 in HYP. G, Pyroptosis markable proteins expression after transfection siSSR1 (n=5). H, PI staining showed the positive cells
after transfect siRNA (n=6). I, Western blot showed ER stress marker proteins expression after transfected with siSSR1 (n=5-6). J, Immunofluorescence
intensity of GRP78 decreased after transfect siRNA (n=6). Scale bars, 50 um. All values are presented as the mean + SEM. *p<0.05, **p<0.01, **p<0.001.
NOR, normoxia and HYP, hypoxia. NC: negative control

co-ip assay was used to indicate YTHDF1 combine with
ubiquitination protein to accelerate YTHDF1 degrada-
tion (Figure S3C). Likewise, the first one was detected
the over-expression efficiency of YTHDF1 (Figure S4A).
The results showed over-expression circSSR1 alone can

restrain cell positive rate and LDH release increased by
hypoxia; nevertheless, over-expression of YTHDFI1 in
the same condition can reverse this phenomenon (Fig-
ure S4B-S4C). We also used immunofluorescence to
prove that over-expression of circSSR1 and YTHDF1 can
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increased over-expression of GRP78 and IL-1f under
hypoxia (Figure S4D-S4E).

G3BP1 regulate the expression of circSSR1 under hypoxia

Recent studies have suggested the degradation of cir-
cRNAs rely on G3BP1 and UPF1 recognize the stem-loop
structure of RNA. However, G3BP1 plays a significant
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role in degradation. We used website to predict inter-
action between circRNAs and G3BP1 (Fig. 6A). Fluo-
rescence co-localization experiment, RNA pull-down
and RIP assay were demonstrated that circSSR1 com-
bine to G3BP1 in the cytoplasm (Fig. 6B—D). We trans-
fected G3BP1 siRNA into PASMCs to silence G3BP1,
three siRNA had the most obvious effects (Fig. 6E). To
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Fig.7 Over-expression of circSSR1 in vivo inhibit the symptoms of pulmonary hypertension. A, Construction of hypoxia model mouse. B, Specificity over-
expression circSSR1 in the mouse lung tissue (n=5-8). C, Right ventricular (RV) systolic pressure (RVSP), RV/left ventricular (LV) + S weight ratio and heart
rate in the HYP-PH mice models. D, Pulmonary arterial velocity time integral (PAVTI) and Pulmonary artery acceleration time (PAT), left ventricular ejection
fraction (LVEF) in the NOR + AAV5-negative control (NC), NOR+ AAV5, HYP + AAV5-negative control (NC), and HYP+AAV5 groups are shown (n=5-10). E,
Immunofluorescence of GSDMD in mouse lung tissue section. Scale bars, 50 um. F, HE and Masson staining showed circSSR1 over-expression prevented
and reversed wall thickening. Scale bars, 100 um. All values are presented as the mean + SEM. *p<0.05, **p<0.01, ***p<0.001. NOR, normoxia and HYP,

hypoxia. NC: negative control

clarify the effect of G3BP1 on circSSR1 expression under
hypoxia, PASMCs were transfected with G3BP1 siRNA,
qRT-PCR results showed transfect G3BP1 siRNA could
up-regulated circSSR1 expression (Fig. 6F). However,
silence G3BP1 in PASMCs under hypoxia have no sig-
nificance on SSR1 mRNA (Fig. 6G). In addition, we found
YTHDF1 and SSR1 expression were evaluated using
western blot (Fig. 6H and I). Based on the above find-
ings, we have conclusively demonstrated that G3BP1 is
responsible for the down regulation of circSSR1 under
hypoxic conditions. This suggests a crucial role of G3BP1
in modulating the expression of circSSR1 under hypoxia.

Over-expression of circSSR1 reversed hypoxia-induced PH
in vivo

Although circSSR1 have no homology with mice and
rat, we structure AAV5 virus carry humanized circSSR1
inject into mice (Fig. 7A). We use DNAMAN software
to contrast the sequence of YTHDF1 between human
and mice, it has higher homology (Figure S5A). RNA
pull-down assay has proved that homolyzed circSSR1
can combine with YTHDF1 in mPASMCs (Figure S5B).
Because of AAV5 could target lung tissue, qQRT-PCR was
used to detected expression of circSSR1 in mice lung tis-
sue (Fig. 7B). We characterized the mice in detail, includ-
ing right ventricular systolic pressure (RVSP), RV/left
ventricular (LV)+Septum weight ratio, hemodynamics,
cardiac function, and vascular remodeling (Fig. 7C and
S5D). Echocardiographic analysis showed that the pul-
monary artery acceleration time (PAAT) and pulmonary
arterial velocity time integral (PAVTI) were significantly
decreased, while the effect was prevented by circSSR1
over-expression. Meanwhile, our results show the left
ventricular ejection fraction (LVEF) hardly any change
(Fig. 7D). Immunofluorescent staining of GSDMD and
YTHDF1 mouse lung tissue section indicate that the flu-
orescence activity in circSSR1 overexpressing mouse lung
tissues was decreased compared with that in NC-treated
mouse lung tissues after hypoxia exposure (Fig. 7E and
S5C). Moreover, we found that circSSR1 over-expression
reversed hypoxia-induced pulmonary vascular remodel-
ing by HE is staining and Masson (Fig. 7F). These results
confirmed that the conserved circSSR1 could regulate the
pathology of PH through pyroptosis in vivo.

Discussion

In this study, we provide compelling evidence that the
decrease of circSSR1 in PASMCs, a novel circRNA, par-
ticipate in progression of PASMCs pyroptosis in PH.
Our research proves the following new concepts in vitro
and in vivo. The first one is hypoxia induced PASMCs
pyroptosis through circSSR1, a novel circRNA. Second,
over-expression of circSSR1 reverse PASMC cells pyrop-
tosis caused by hypoxia via ERS through combine with
YTHDEF]1 to inhibit parental gene SSR1 translation. Third,
G3BP1 as upstream to regulate the expression of circ-
SSR1 under hypoxia. Our results provide potential target
for nucleic acid therapy.

Pyroptosis is a form of programmed cell death, involved
in several disease, such as gastric cancer, obstructive
nephropathy and breast cancer. CircRNA plays a key
role in cell pyroptosis [29]. It has been reported that cir-
cPUMI serve as a scaffold for the interaction between
UQCRCI and UQCRC2 to regulate pyroptosis in esopha-
geal squamous cell carcinoma [30]. CircPIBF1 could pro-
moted the occurrence of lung adenocarcinoma (LUAD)
though binding to nuclear factor erythroid 2-related fac-
tor 2 (Nrf2) [31]. Beyond that circ-calm4 acts as a sponge
of miR-124-3p to promote pulmonary artery smooth
muscle cells pyroptosis through PDCD6 in hypoxia [16].
In our experiments, we provide a solid evident that circ-
SSR1 regulate pyroptosis through inhibit parental gene
SSR1 translation. Our study proposed a new regulatory
mechanism by which circRNA regulates pyroptosis, and
a novel target molecule for the development of therapeu-
tic approaches in pulmonary hypertension.

Endoplasmic reticulum stress (ERS) mainly includes
the unfolded proteins in lumen and the accumulation of
misfolded [32]. In the physiological state, the membrane-
related proteins such as PERK, IRE1, and ATF6 partial
bind to immunoglobulin heavy chain binding protein
(BIP) [33]. These proteins are not active currently. When
stress occurs, a large number of unfold proteins accu-
mulate in the endoplasmic reticulum lumen, and BIP
are released aim to combine with unfold protein, result-
ing in the activation of IRE1, PERK and ATF6, and the
activation of stress pathways [34]. Although a few studies
have reported data on the role of ER stress in PASMCs,
the specific molecular regulatory mechanism is not com-
pletely understood. In this article, we have proved that
SSR1 protein increased by over-expression of circSSR1
in hypoxia. The accumulate of SSR1 protein, which was
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located on ER membrane, activated ER stress. And even
more important, we find that over-expression of circSSR1
in hypoxia can restrain mitochondrial reactive oxygen
species (ROS) release, and the endoplasmic reticulum
stress inhibitor affect the generation of ROS. In a word,
circSSR1 down-expression induced by hypoxia regulate
ER stress via host gene protein expression and finally
facilitate the happen of pyroptosis.

Ras GTPase-activating protein-binding protein 1
(G3BP1), as upstream of circSSR1, regulate signal trans-
duction stimulated by Ras protein [35]. A few research
have indicated that circNUP50 could as a sponge of
miR-197-3p and upregulate the expression of G3BP1 to
mediate p53 ubiquitination resulting to OC platinum
resistance [36]. Besides, it has been raised G3BP1 and
UPF1 could degrade structure-mediated of circRNAs
[37-39]. Some research show that G3BP1 is crucial to
formulate stress granules, as a ribonucleoprotein (RNP)
granule respond to various stress and produce aggrega-
tion in eukaryotic cells, which is participate in liquid-
liquid phase separation (LLPS) [40—42]. At present, there
is no report about G3BP1 as the circRNA upstream to
promote the circRNA degrade in pulmonary hyperten-
sion now. Our study first propose G3BP1 could combine
with circSSR1 and promote circSSR1 down-regulate in
hypoxia. However, the specific mechanism of circSSR1
degradation by G3BP1 whether mediated by LLPS is
unclear.

According to analysis the sequence of circSSR1
between human and mice, we find that the circSSR1
unlike other ncRNAs demonstrate highly homology. Just
like Wang et al. research that homo-LncRNA Inc-TSI
over-expression in mouses to inhibit renal fibrogenesis
through negative regulation of the TGF-p/Smad pathway
[13]. Therefore, we construct virus of AAV5 in vitro to
over-expression humanized circSSR1 in mice through by
the way of nose drop. Our study has proved that human
circSSR1 can specific over-expression in lung tissue. This
is a novel method to construct model of animal of PH. It
is doubt reveal the circSSR1 as a key point in pulmonary
hypertension.

In summary, our experiments have verified circSSR1
play a crucial role in regulation of pyroptosis in hypoxia
PASMCs for the first put forward. As a circSSR1 bind-
ing protein, the m6A reader, YTHDF1 recognize m6A of
SSR1 mRNA to promote translation to active ER stress.
This is a original discovery to reveal mechanism of circ-
SSR1 regulate pyroptosis through regulate the expression
of host protein SSR1. Along with G3BP1 as upstream of
circSSR1 promote degradation under hypoxia. And it
may provide a novel in diagnosis and clinical treatment in
pulmonary hypertension.
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Materials and methods

Animals

To exclude the possible effects of estrogen on the chronic
hypoxic and SuHx induced PH, adult C57BL/6 male mice
weighing approximate 25 g were provided by Experi-
mental Animal Center of Harbin Medical University.
All experimental procedures were performed in accor-
dance with the ethical standards in the 1964 Declara-
tion of Helsinki and its later amendments and approved
by the Ethics Committees of Harbin Medical University.
As previously described by SuHx protocol, in brief, the
mice were injected once a week with SU5416 at 20 mg/
kg body weight per dose exposed in 10% oxygen for 3
weeks and re-exposure to normoxic 2 weeks. Construc-
tion of serotype 5 adenovirus-associated virus (AAV5)
and the hypoxic animal model. To confirm the functional
of circSSR1 in PH, the corresponding target RNA clon-
ing construction and serotype 5 adenovirus-associated
virus (AAV5) was packaged by Genechem (Shanghai,
China). Mice were randomly divided into four groups
and infected with the AAV5 vector at 10" genome
equivalents in 20 to 30 pL Hank balanced salt solution
after isoflurane anesthesia, followed by nasal drops. The
groups were as follow: normoxic environment plus nor-
mal control vector group (NOR+NC, #=10), normoxic
environment plus AAV5 group (NOR+AAV5, n=10),
hypoxic environment plus normal control vector group
(HYP+NC, n=15), hypoxic environment plus AAV5
group (HYP+AAV5, n=15). The mice of HYP+NC and
HYP+AAV5 group were exposed in hypoxic chambers
(HUAYUE P110; Guangzhou, China, 10% O,) for 21 days.
The control group mice were kept in the normoxic envi-
ronment for 5 weeks. Lung tissues were taken for follow-
up experiments after anesthesia, and the right ventricular
(RV) hypertrophy index (ratio of RV free wall weight over
the sum of septum plus left ventricular (LV) free wall
weight), calculating RV/ (LV +S). The study protocol was
approved by the Ethics Committees of Harbin Medical
University (HMUDQ 20231120001).

Statistical analysis

Statistical analysis was performed with GraphPad Prism
8 software. Data were checked for normal distribution
and equal variance (F test) before statistical. Students t
test (unpaired) was used for 2-group analysis with equal
variance, and Welch correction test was used for 2-group
analysis with unequal variance. One-way ANOVA with
Tukey post hoc test was used to compare multiple groups
with equal variance, and Brown Forsythe and Welch
ANOVA with Tamhane T2 post hoc test was used to
compare multiple groups with unequal variance. Non-
parametric analyses, including the Mann-Whitney U test
for 2 groups or Kruskal-Wall is test followed by Dunn
posttest for >2 groups, were performed for nonnormally



Guan et al. Respiratory Research (2024) 25:355

distributed data. Data are presented as the means+SEM,
and P<0.05 was considered statistically significant.

Hematoxylin and eosin (HE) staining and Masson

Lung tissues of mice were immersed in 4% paraformal-
dehyde and then embedding in paraffin wax, cutting into
5-um-thick sections and stained with hematoxylin and
eosin and Masson. In situ hybridization was performed
with kits following the manufacturer’s instructions
(Boster, Wuhan, China).

Cell culture

PAECs and PASMCs in the experiment provided by Pro-
cell Life Science & Technology (Wuhan, China) were
preserved in smooth muscle cell medium, which consists
of ten milliliters fetal bovine serum (FBS), 5 mL smooth
muscle cell growth supplement, and 5 mL penicillin/
streptomycin solution. The system in the state of 37°C,
5% CO2, and 100% relative humidity. PAECs were incu-
bated in endothelial cell medium (ScienCell) containing
25 mL FBS, 5 mL endothelial cell growth factor, and 5 mL
penicillin/streptomycin solution at 37 °C in a 5% CO2
humidified incubator. The hypoxia cells were cultured in
a Tri-Gas Incubator (Thermo Fisher, MA) for 24 h. The
water saturated atmosphere included 3% O2, 5% CO2
and 91% N2 for 24 h.

Cell transfection

PASMCs were hungry culture one night in the incuba-
tor before transfection. The over-expression of circ-
SSR1 plasmid, SSR1 plasmid and YTHDF1 plasmid were
provided by GeneChem (Shanghai, China) and vector
was used to as negative control (NC). The transfection
reagent was Lipofectamine 2000 Reagent (11668019;
Thermo Fisher, MA). Small interfere RNA for circSSR1,
SSR1, YTHDF1 and G3BP1 were provided by GenePh-
arma (Suzhou, China). The transfection reagent was
X-tremeGene. Six hours after transfection, the cells were
cultured in 5% culture medium and exposed to hypoxic
conditions or normoxic conditions for 24 h.

Immunofluorescence staining

The cells were treated with hypoxic or transfection and
washed with 1xPBS for 2-3 times, added the station-
ary buffer (Beyotime Biotechnology) for 10 min at room
temperature. Removed the stationary buffer and washed
with 1x PBS for 2-3 times, then added the transparent
buffer (Beyotime Biotechnology) for 10 min at room tem-
perature. Removed the transparent buffer and washed
with 1xPBS for 2-3 times, then added confining buffer
(Beyotime Biotechnology) for 10 min at room tempera-
ture. Added the prepared the antibody which was diluted
by 1xPBS overnight at 4 C. The samples were washed
with 1xPBS for 2-3 times and added fluorescent second
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antibody for 2 h at 37 ‘C. All samples were stained DAPI
for 10-15 min and washed with 1xPBS. Ultimately, took
pictures by fluorescence microscope or laser confocal
microscope.

Pl staining/Hoechst 33,342

According to the illustrated of manual, the cells were
stained with 6 pL Hoechst 33,342 solution and 6 puL PI at
4 °C avoiding the light for 20 min by using Apoptosis and
Necrosis Assay Kit (Beyotime Biotechnology) and pyrop-
tosis was observation with a fluorescence microscope or
laser confocal microscope (AF6000; Leica, Germany).

Endoplasmic reticulum (ER)-tracker red staining
ER-Tracker Red, an endoplasmic reticulum-specific red
fluorescent probe that can be used to stain the ER in liv-
ing cells, was purchased from Beyotime Biotechnology
(C1041). In brief, the cells were cleaning with 1xPBS,
then prepared the ER-Tracker Red working solution. One
microliter of ER-Tracker Red was added to 1 ml of dilute
ER-Tracker Red and needed incubation at 37 °C before
use. Removed the washing solution, and added the work-
ing solution which was incubated to the cells in the 371
C for 15-30 min. Removed the ER-Tracker Red work-
ing solution and washing the cells by 1-2 times with cell
culture. Ultimately, the samples were detected by fluores-
cence microscope or laser confocal microscope.

Western blot and antibodies

PASMCs were washed three times with cold 1xPBS and
extracted the protein using lysis buffer (Beyotime Bio-
technology), and the RIPA buffer was centrifugal at 4°C
for 20 min. The 5xloading buffer was added into the
supernatant and denatured at 100°C for 5 min. The pro-
tein samples were separated by SDS-PAGE. Antibodies
were used as follows: anti-YTHDF1 (Proteintech, 1:500
dilution), anti-SSR1 (Boster, 1:500 dilution), anti-GRP78
(Boster, 1:500 dilution), anti-IRE1 (Boster, 1:500 dilu-
tion), anti-ATF6 (Boster, 1:500 dilution), anti-Caspase-1
(Abcam, 1:1000 dilution), anti-GSDMD-N (ABclonal,
1:500 dilution), anti-NLRP3 (Boster, 1:500 dilution),
anti-actin (Boster, 1:4000 dilution), anti-m6A (Epigentek
Group Inc, Farmingdale, NY, 1:1000 dilution).

LDH release assay

LDH release, an important indicator of cell membranes
integrity, can be used to detect cytotoxicity and the LDH
Cytotoxicity Assay Kit was purchase from Beyotime
Biotechnology (C0017). In briefly, the cells were treated
with hypoxia and the culture were centrifuge at 400 g for
5 min. Take supernatant added prepared LDH working
solution and avoided the light incubation for 30 min at
25°C. Ultimately, the absorbance was detected by micro-
plate at a wavelength of 490 nm.
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Reactive oxygen species detection

Purchase reactive oxygen species (ROS) assay from Beyo-
time, no serum culture media containing 10 puM 2,7~
dichlorodihydroflfluorescein diacetate probes (S0033S,
Beyotime, Shanghai, China) was treated for cells in a
37 °C incubator for 20 min. Green fluo- rescence was
captured (488 nm excitation/525 nm emission) from >3
optical fields.

RNA isolation and qRT-PCR

The total RNA was extracted from pulmonary arterial
smooth muscle cells or tissues using Trizol (Beyotime).
The trichloromethane was added, the lysis buffer was
vortexed and centrifuged. The supernatant was trans-
ferred to a new centrifugal tube and added isopropyl
alcohol stewing for a while. The samples were centrifuged
and washed with prepared 75% ethanol. The sediment
was air-dried and dissolved with no enzyme water. The
total RNA was reversed transcription using an S1000
Thermal Cycler with random hexamer primers (Thermo-
fisher, USA) or oligo (dt) and random primers (Haigene,
China). A Roche Light Cycler 4801l instrument was used
for real-time quantitative fluorescence analysis with a
two-step method. PCR was performed with 40 cycles at
an annealing temperature of 53 °C. The RNA expression
levels were normalized to B-actin.

RNA immunoprecipitation (RIP) assay

RNA immunoprecipitation Kit was used to research the
relationship between protein and RNA and purchased by
BersionBio (Guang zhou, China). In brief, the cells were
collected in the room temperature, used the lysis buffer
into the cytosol and added relevant antibody to com-
bine with antigen overnight at 4 ‘C. Extracted the RNA
from immunoprecipitation and reverse transcription into
c¢DNA and subjected to qRT-PCR assays.

RNA pull-down assay

RNA pulldown, a technology of researching the rela-
tionship between RNA and protein, was purchase from
BersinBio (Guang zhou, China). In brief, the cells were
collected and washed with PBS. The reagent was added
into the cell pellet, vortexed blending and putted in -80
for 10 min. The lysate was centrifuged for 15 min at 4 ‘C
after melted and transfer the supernatant to a new cen-
trifuge tube. Then added reagents incubated for 1 h at 25
‘C and rotated softy at 4°C according to the specification
to avoid nonspecific adsorption. The cell extract solution
was added prepared probe-magnetic bead complex and
added reagent incubated at 37°C for 2 h. The sample was
washed by solution and eluted at 37°C for 2 h. Proteins
were detected by western blot.
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RNase R treatment

Total RNA (5 pg) was incubated with or without 3 U/pg
of RNase R (Epicenter Biotechnologies, Madison, WI,
USA) for 15 min at 37 °C according to the manufacturer’s
protocol and used for subsequent experiments.

RNA-FISH assay

RNA Fluorescence in Situ Hybridization, an important
technology of non-radioactive hybridization, was used to
detect RNA location. The RNA FISH Kit and probe was
purchased from GenePharma (Suzhou, China). In brief,
the cells were inoculated in culture plate and incubated
overnight at 37 ‘C. Removed the culture and washed with
1x PBS before added 4% paraformaldehyde for 15 min
at room temperature. Removed the paraformaldehyde,
added 0.1% Buffer A (RNA FISH Kit) and washed with
PBS before added with 2xBuffer C (RNA FISH Kit) for
30 min at 37°C. The Buffer E (RNA FISH Kit) and probe
were treated with according to the description. The sam-
ple was avoided the light incubation with probe mixture
at 37°C overnight. The 0.1%Buffer F (RNA FISH Kit) and
2xBuffer C (RNA FISH Kit) were used to wash the sample
in turn. Finally, the diluent DAPI working solution was
incubated with sample and took picture with fluores-
cence microscope or laser confocal microscope before
washed by PBS.
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