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Pulmonary hypertension (PH) is a life-threatening disease characterized by vascular remod-
eling. Exploring new therapy target is urgent. The purpose of the present study is to inves-
tigate whether and how spliced x-box binding protein 1 (xbp1s), a key component of endo-
plasmic reticulum stress (ERS), contributes to the pathogenesis of PH. Forty male SD rats
were randomly assigned to four groups: Control, Monocrotaline (MCT), MCT+AAV-CTL (con-
trol), and MCT+AAV-xbp1s. The xbp1s protein levels were found to be elevated in lung tis-
sues of the MCT group. Intratracheal injection of adeno-associated virus serotype 1 carrying
xbp1s shRNA (AAV-xbp1s) to knock down the expression of xbp1s effectively ameliorated
the MCT-induced elevation of right ventricular systolic pressure (RVSP), total pulmonary re-
sistance (TPR), right ventricular hypertrophy and medial wall thickness of muscularized distal
pulmonary arterioles. The abnormally increased positive staining rates of proliferating cell
nuclear antigen (PCNA) and Ki67 and decreased positive staining rates of terminal deoxynu-
cleotidyl transferase (TdT)-mediated dUTP nick end labeling (TUNEL) in pulmonary arterioles
were also reversed in the MCT+AAV-xbp1s group. For mechanistic exploration, bioinformat-
ics prediction of the protein network was performed on the STRING database, and further
verification was performed by gRT-PCR, Western blots and co-immunoprecipitation (Co-IP).
DNA damage-inducible transcript 3 (Ddit3) was identified as a downstream protein that inter-
acted with xbp1s. Overexpression of Ddit3 restored the decreased proliferation, migration
and cell viability caused by silencing of xbp1s. The protein level of Ddit3 was also highly
consistent with xbp1s in the animal model. Taken together, our study demonstrated that
xbp1s-Ddit3 may be a potential target to interfere with vascular remodeling in PH.

Introduction
Pulmonary hypertension (PH) is a disease defined by a mean pulmonary arterial pressure >25 mmHg
within the low-pressure system of pulmonary circulation [1,2]. The combination of vasoconstriction, vas-
cular remodeling and in situ thrombosis contributes to increased vascular resistance during the develop-
ment of PH [3]. Recent therapies, including exogenous prostacyclin analogs, inhaled NO and sildenafil
and endothelin receptor antagonists, are all based on the vasodilator hypothesis of PH [4]. The curative
effects of these therapies are far from satisfactory, the prognosis of PH patients remains poor. Thera-
pies targeting vascular remodeling urgently require further exploration. Medial wall thickening of distal
pulmonary arterioles is the main abnormality contributing to the remodeling process, and the predomi-
nant cell component of the medial wall is pulmonary arterial smooth muscle cells (PASMCs) [5]. There-
fore, elucidating the mechanisms that drive abnormal proliferation, migration, and apoptotic resistance
of PASMCs during PH may provide clues to interfere with vascular abnormalities.

X-box binding protein (xbpl) is a member of the cyclic AMP response element binding pro-
tein/activating transcription factor family of transcription factors [6]. There are two isoforms of
xbpl: unspliced xbpl (xbplu) and spliced xbpl (xbpls). Xbplu is an inactive form, while xbpls
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is an active form that participates in endoplasmic reticulum stress (ERS). ERS occurs when cells are exposed to
external or internal stress, such as hypoxia, perturbations in Ca’>* homeostasis, and protein folding defects. Cells
initiate ERS to help cells restore homeostasis. It was reported previously that inhibitors of ERS, 4-phenylbutyric acid
(4PBA) and hydrogen sulfide (H,S) could mitigate the development of hypoxia and monocrotaline (MCT)-induced
PH [7-11], but the underlying mechanism is still unclear.

Inositol-requiring enzyme 1 (IRE1), one of the three unfolded protein response (UPR) sensors, plays an important
role in keeping ER homeostasis [6]. Upon ERS, IREl«x is activated, splicing 26 nucleotides from the open reading
frame of the XBP1 mRNA and transforming it from xbplu to xbp1s [12]. DNA damage-inducible transcript 3 (Ddit3)
is a transcription factor during ERS that regulate a variety of genes involved in a broad range of physiological processes
[13]. Although xbp1ls and Ddit3 might be involved in the pathogenesis of PH in some studies, whether and how they
influence the proliferation, migration, cell viability and apoptosis of PASMCs, and whether there is direct interaction
between xbp1ls and Ddit3 have not been demonstrated yet.

In the current study, we aimed to explore whether xbpls plays a role in MCT-induced PH and tried to elucidate
the underlying molecular interplay involved. Our in vitro and in vivo results demonstrated that xbp1s-Ddit3 could
be the molecular axis that is responsible for the biological abnormalities of PASMCs, which eventually resulted in
vascular remodeling and led to the development of PH.

Materials and methods
MCT-induced animal model of PH

The present study was approved by the Animal Experimentation Ethics Committee of Tongji Medical College,
Huazhong University of Science and Technology, Wuhan, China. All animal care and experimental procedures con-
form to the guidelines from current NIH guidelines. Forty male Sprague-Dawley (SD) rats (weighing 140-190 g,
aged 5 weeks) were obtained from Shulaibao Biotech (Wuhan) and housed in a specific pathogen-free (SPF) environ-
ment in Tongji Medical College Animal Center. Adeno-associated virus serotype 1 (AAV) was designed by Hanbio.
The concentration was not below 10'? v.g/ml. Then, 150 pl of AAV1 carrying scrambled shRNA (AAV-CTL) or
AAV-xbpls was intratracheally injected into rats in the corresponding group. The dose of monocrotaline (MCT) was
60 mg/kg. Initially, MCT powder was dissolved in a solvent (ethanol:saline = 2:8), and rats were given an intraperi-
toneal injection of MCT to induce PH. Rats were randomly assigned to four groups: the control group, which was
injected with MCT dissolvant; the MCT group, which was injected with MCT; and the MCT+AAV-CTL group, which
was injected with MCT and AAV-CTL. The MCT+AAV-xbpls group was injected with MCT and AAV-xbpls. The
time course of administration is described in Figure 1A. At killing, rats were anesthetized with sodium pentobar-
bital (60 mg/kg) through intraperitoneal infection and subjected to hemodynamic measurement. A well-designed
catheter (Scicominc, U.S.A.) was placed in the right position through the right external jugular vein to measure right
ventricular systolic pressure (RVSP, mmHg). A harder catheterization device (Scicominc, U.S.A.) was placed directly
into the left carotid artery to measure systemic blood pressure (SBP, mmHg). Cardiac output measurements were
obtained through a signal sensing and exaggeration system (mlt1402, ml313). Data were recorded using a PowerLab
data acquisition system (ADInstruments, New Zealand).

HE staining, immunohistochemical staining and TUNEL assay

Lung tissues were fixed in 4% paraformaldehyde for 24 h, embedded in paraffin, sectioned at 4-pm thickness and
stained with Hematoxylin and Eosin (H&E). For immunohistochemistry staining, paraffin-embedded lung sec-
tions were stained with «x-SMA (GB111364, Servicebio, 1:1000), PCNA (GB11010, Servicebio, 1:500), and Ki67
(GB13030-2, Servicebio, 1:200). The terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling
(TUNEL) assay was conducted with a Fluorescein (FITC) TUNEL Cell Apoptosis Detection Kit (Servicebio, G1501).
It was designed to label the 3’-end of fragmented DNA of apoptotic cells, and green fluorescence represented positive
staining. Procedures were performed according to the manufacturer’s instructions.

Cell culture

Rats PASMCs were commercially obtained from iCELL (Shanghai) and passages 3-5 were applied for our experi-
ments. Cells were grown in DME-F12 culture medium (HyClone) supplemented with 10% fetal bovine serum, 80
U/ml penicillin, and 0.08 mg/ml streptomycin. Normoxia (21% O3, 5% CO,, 37°C) or hypoxia (2% O,, 5% CO,,
37°C) was achieved in an airtight chamber (Thermo Fisher).
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Figure 1. Knockdown of xbp1s mitigated MCT-induced PH

Forty SD male rats were randomly assigned to four groups. MCT was administered through intraperitoneal injection, and AAV was
administered through intratracheal injection. AAV-xbp1s was designed to knock down the expression of xbp1s in rodents. Rats in
the control group were injected with MCT dissolvant , the MCT group was injected with 60 mg/kg MCT, the MCT+AAV-CTL group
was injected with MCT and AAV-carried scrambled shRNA (AAV-CTL), and the MCT+AAV-xbp1s group was injected with MCT and
AAV-xbp1s. (A) Experimental design and time course of the rodent PH model. (B) Image captured by fluorescence microscopy
to trace the location and expression of injected AAV in rodent lung tissues. (C) Representative image of RVSP measurement.
Summarized data of RVSP (D), total pulmonary resistance (TPR) (E), right ventricular hypertrophy index (F), systemic blood pressure
(SBP) (G), cardiac output (H) and body weight at killing (I). Data are represented as the mean + SD, n=8-10. ns, no significance,
*P<0.05, *P<0.01, ***P<0.0001.
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gRT-PCR

Total RNA was extracted and purified from PASMCs, followed by reverse transcription to cDNA (TaKaRa RR036A)
and cDNA amplification (TaKaRa, RR420A). Primer sequences are as follows: Xbpls: forward: 5-CTG AGT CCG
CAG CAG GTG-3, reverse: 5-GAC CTC TGG GAG TTC CTC CA-3'. Ddit3: forward: 5-GTC ACA AGC ACC
TCC CAA AGC C-3/, reverse: 5'-CGC ACT GAC CAC TCT GTT TCC G-3'. Hsp90b1: forward: 5'-GGC CCT CAA
GGA CAA GAT CG-3, reverse: 5'-CTT GCC CGT CTG GTA TGC TT-3". Hspa5: forward: 5'-GTG CCC ACC AAG
AAG TCT CA-3, reverse: 5'-AGG GGT CGT TCA CCT TCG TA-3'. Ernl: forward: 5-GCG CAG GTG CAA TGA
CAT AC-3/, reverse: 5-CCT GCA GGA CTG GAT CTT CTT-3. ATF2: forward: 5-GTT CCT GTA CCA GGC CCA
TT-3/, reverse: 5-GAC TGG CCG AAC AAG TGG GA-3'. ATF3: forward: 5'-ATG TCA GTC ACC AAG TCT GAG
G-3', reverse: 5'-TCT CCA GTT TCT CTG ACT CCT TCT G-3'. ATF4: forward: 5'-CATG GGT TCT CCA GCG
ACA A-3, reverse: 5-CCG GAA AAG GCA TCC TCC TTG-3'. ATF6: forward: 5'-ACG ACA GAG TCT CTC AGG
TTG-3, reverse: 5'-GCT GAG AAT TCG AGC CCT GT-3". Crebl: forward: 5-CAA ACA TAC CAG ATT CGC
ACA G-3/, reverse: 5'-TCT CTT TCG TGC TGC TTC TT-3'. Actin: forward: 5-CGT AAA GAC CTC TAT GCC
AAC A-3, reverse: 5-CGG ACT CAT CGT ACT CCT GCT-3'. The relative quantifications were performed using
the 2724(4€) method.

Western blot

Cells were harvested after the indicated treatments, and total protein was extracted using RIPA buffer (Servicebio).
Proteins with different molecular weights were separated by SDS/polyacrylamide gel electrophoresis, and then, sep-
arated proteins on gels were transferred onto polyvinylidene fluoride (PVDF) membranes. The membranes were
blocked in 5% skim milk for 1 h, rinsed with Tris-buffered saline with Tween 20 (TBST), incubated with di-
luted primary antibodies at 4°C for 24 h, rinsed again, and then incubated with secondary antibodies for 1 h at
room temperature. After rinsing, the membrane was prepared for detection with SuperSignal West Femto Substrate
(Thermo Fisher). Primary antibodies used are listed as follows: Xbpls (CST, 40435s), Ddit3 (CST, 2895), Hsp90b1
(Proteintech,14700-1-AP), and Actin (Proteintech, 66009-1-Ig).

Co-immunoprecipitation

Cells were isolated in lysis buffer (Nonidet P-40: cocktail: PMSF: Phosphorylation protease inhibitor A: Phosphory-
lation protease inhibitor B = 1000:20:10:10:10:10). Xbp1s and rabbit IgG were immunoprecipitated from lysates with
the corresponding primary antibodies: Xbp1s (CST, 40435s) and rabbit IgG (Beyotime, A7016). The immunoprecip-
itates were subjected to Western blots and incubated with Ddit3 primary antibody.

siRNA and plasmid transfection

Xbpls-specific siRNA oligonucleotides were designed and purchased from RiboBio. The siRNA sequence of xbpls
was GATTGAGAACCAGGAGTTA (RiboBio). Plasmids designed to overexpress Ddit3 were purchased from Shang-
hai GeneChem. PASMCs were transiently transfected with siRNA or plasmid in Opti-MEM medium. In the experi-
ments in vitro, when cells were transfected with siRNA to reduce the expression of xbp1s and transfected with plasmid
to overexpress Ddit3. Scramble RNA and control vector of plasmid were transfected as the negative control, namely
the ‘NC’ in the ‘Hypoxia+NC’ group. Transfection reagents were Lipo3000 and P3000 (Thermo). Assays were per-
formed according to the manufacturer’s recommendations.

EdU staining assay and cell viability assay

Cell proliferation was assessed by EAU incorporation into PASMCs using a proliferation detection kit (Cell-Ligh
EdU Apollo567 In Vitro Kit (RiboBio)). Cell viability was measured by Cell Counting Kit-8 assays (MCE, HY-K0301).
Detailed procedures were performed according to instructions from the kit.

tTM

Transwell assay

Cell migration was assessed using a Transwell cell culture chamber (8 pm pore size, Corning). Equal numbers of 1.0
x 10* cells in each group were seeded in the upper chamber, and then, cells were cultured under normoxia or hypoxia
for 24 h followed by fixation, staining, washing, and picture capture.
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Statistical analysis

GraphPad Prism (version 8.0) was used for statistical analysis. Data are expressed as the mean =+ standard deviation
(SD). All experiments were conducted for at least three independent replications. For comparisons within multiple
groups, one-way ANOVA was applied. P<0.05 was considered statistically significant.

Results
Knockdown of xbp1s led to hemodynamic improvement in MCT-induced
PH

To explore the role of xbpls and Ddit3 in a rodent model of PH, we randomly assigned male SD rats aged 5 weeks
to four groups, and after 1 week of accommodation to adapt to the housing environment, the rats were subjected
to intratracheal injection of AAV-carried scrambled shRNA (AAV-CTL) as a negative control or AAV-carried xbpls
shRNA (AAV-xbpls) to knock down the expression of xbp1s. After 2 weeks, the virus was expressed in rats, and then,
we conducted intraperitoneal injection of MCT (60 mg/kg) to induce a PH model. Three weeks after MCT injection,
the rats were anesthetized and killed for hemodynamic measurement (Figure 1A). Since AAV was designed to express
enhanced green fluorescence protein (eGFP) as a reporter gene, we were able to trace the location and expression of
the injected virus and confirmed that it was indeed expressed in pulmonary vessels (Figure 1B). MCT successfully
induced PH manifested as significant elevation of RVSP (Figure 1C,D), total pulmonary resistance (TPR) (Figure
1E), and right ventricular hypertrophy (Figure 1F) and a decrease in cardiac output (Figure 1H). Administration of
AAV-xbpls that knocked down xbpls expression alleviated all these manifestations. No alleviation was observed in
the rats administered AAV-CTL. No impact on systemic blood or body weight was observed following administra-
tion of AAV or MCT (Figure 1G,]I). In short, knockdown of xbp1s could improve hemodynamic deterioration in an
MCT-induced PH model, relieving elevated RVSP, TPR and right ventricular hypertrophy and recovering cardiac
output without impacting systemic blood pressure or body weight.

Knockdown of xbp1s ameliorated vascular thickening and

muscularization of pulmonary arterioles

To evaluate the distal pulmonary vascular abnormalities in the MCT-induced PH model, we conducted histological
studies. Distal pulmonary arterioles with a diameter of 50-200 wm were analyzed. HE staining showed that MCT
administration resulted in significant vascular remodeling with remarkable medial wall thickening, which is a key
characteristic of PH. Knockdown of xbp1s by intratracheal injection of AAV-xbp1s strikingly attenuated medial wall
thickening (Figure 2A,C). Immunohistochemical staining of «-smooth muscle actin (x-SMA, a marker for smooth
muscle cells) revealed that in the PH model group, the expression of x-SMA (evaluated by average optical density,
AOD = (integrated optical density, IOD)/area) was notably higher in thickening vessels, which indicated neomuscu-
larization of the distal pulmonary arterioles. Administration of AAV-xbpls obviously decreased the muscularization
level (Figure 2B,D). We also detected the protein level of xbpls in the lung tissues of rats in each group. Notably, the
protein level of xbpls increased nearly four-times in the MCT group compared with that in the control group, and
administration of AAV-xbpls successfully knocked down the expression of xbpls. Moreover, the Ddit3 protein level
was consistent with the protein level of xbpls, namely, up-regulated in the MCT group and down-regulated in the
MCT+AAV-xbpls group (Figure 2E). In summary, MCT induced vascular remodeling and muscularization of distal
arterioles, accompanied by elevated protein levels of xbpls and Ddit3 in the lung tissues of rats. Administration of
AAV-xbpls decreased the protein level of xbpls and attenuated vascular remodeling and muscularization.

Knockdown of xbp1s suppressed MCT-induced proliferation and

apoptotic resistance of pulmonary arterioles

Vascular remodeling in PH is largely due to proliferation and apoptosis imbalance within the vascular wall [14]. To
evaluate whether there is such an imbalance in the MCT-induced PH model, we performed immunohistochemical
staining of PCNA and Ki67 to assess proliferation, and a TUNEL assay to assess apoptosis. PCNA and Ki67 are classic
proliferative biomarkers, and positively stained cell rates were strongly increased in the MCT and MCT+AAV-CTL
groups. Administration of AAV-xbp1ls with knockdown of xbp1s largely decreased the positive staining rates (Figure
3A,C,D), indicating that knockdown of xbp1s suppressed the activated proliferation state of cell components within
the vascular wall. TUNEL is a widely used method to detect apoptotic cells in tissue sections, and cells that undergo
extensive DNA degradation during the late stages of apoptosis will be positively stained [15]. We analyzed all arterioles
with a diameter of 50-200 um in the rats with PH but observed nearly no apoptotic cells in the thickened vascular

(© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons 2471
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Figure 2. Knockdown of xbp1s alleviated MCT-induced vascular remodeling in the PH model

(A) Representative image of HE staining, which was performed to quantify the medial wall thickness of the distal pulmonary ar-
terioles (original magnification, x200). (B) Representative image of immunohistochemical staining of «-SMA, which reflects the
muscularization of distal pulmonary arterioles (original magnification, x200). Summarized data of HE staining (C) and average op-
tical density of x-SMA (D). Medial wall thickness was calculated by the ratio of mean vessel thickness (um) to mean outer vessel
thickness (um). (E) Representative Western blot and relative quantification analysis of xbp1s and Ddit3 protein expression in rodent
PH model lung tissues. Data are represented as the mean + SD, n=8-10. ns, no significance , ***P<0.0001.
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Figure 3. Knockdown of xbp1s restored MCT-induced proliferation and antiapoptotic effects in the PH model

(A) Representative image of immunohistochemical staining of PCNA and Ki67, which both reflect the proliferation of the detected
sample. (B) Representative image of TUNEL staining. TUNEL-positive staining reflects the apoptotic state of the detected sample.
Summarized data of PCNA- (C), Ki67- (D) and TUNEL- (E) positive rates. Data are represented as the mean + SD, n=10. ns, no
significance, ***P<0.0001.
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wall; in other words, there was apoptotic resistance within the vascular wall, which would positively contribute to
vascular remodeling. Correspondently, in the rats injected with AAV-xbpls, which developed less severe PH and a
less thick vascular wall, the apoptotic rates returned to normal (Figure 3B,E). In short, in the MCT-induced PH model,
there was an imbalance in proliferation and apoptosis within the vascular wall to promote arteriole thickening, and
administration of AAV-xbp1s with knockdown of xbp1s returned it to a balanced state.

Bioinformatics analysis and verification of protein interactions with xbp1s
To identify the proteins that interact with xbpls, we performed bioinformatics analysis with the STRING database,
which is a comprehensive global resource providing protein—protein interaction analysis based on various clues
[16,17]. First, we found that the protein ID of xbpls (Rattus norvegicus) is QOR1S4 on UniProt. Then, we used
QYR154 as a query protein on STRING. Under the term protein by sequence, we selected the organism as R. norvegi-
cus. Then, we obtained the protein network shown in Figure 4A, and we identified ten associated proteins: ATF2,
ATF4, ATF6, Hspa5, Ddit3, Ernl, ATF3, Crebl, Hsp90b1, and Ppplrl5a. The network image is composed of nodes
and edges. Different colored edges represent different kinds of evidence that are based on predicting interactions.
Among all the associations, only Ppplrl5a is connected with a single yellow edge connection predicted from text
mining, which is relatively weak evidence. The other nine proteins all have at least two edges connected with xbpls,
indicating evidence from at least two perspectives. Therefore, we next performed qRT-PCR to determine whether
these molecules have a similar variation pattern with xbpls. Based on our previous study, hypoxia can trigger ERS
and up-regulate the expression of xbpls, so we cultured PASMCs in normoxia, hypoxia and hypoxia with xbp1s si-
lencing. Then, we detected the expression of the nine proteins described above to determine whether they are also
up-regulated by hypoxia and down-regulated when xbp1s is silenced under hypoxia.

As Figure 4B shows, Ddit3, Hsp90b1 and ATF6 shared a similar variation pattern with xbp1ls. ATF6 is a transmem-
brane protein located on the endoplasmic reticulum membrane; together with PERK and upstream of xbp1s-IRE1,
they are three branches of ERS [18], which is inconsistent with a role as a putative downstream factor of xbp1s. Ddit3
and Hsp90b1 are proteins involved in crucial physiological processes such as apoptosis, cell survival, cell cycle control,
and hormone signaling [19,20]. DNA damage was thought to be related to the proliferative and apoptosis-resistant
phenotype observed in PH vascular cells [21]. And the accumulation of HSP90 in the mitochondria was reported to
be a feature of PH-PASMCs and a key regulator of mitochondrial homeostasis contributing to vascular remodeling
in PH [22]. Therefore, we next performed Western blotting to verify the expression levels of Ddit3 and Hsp90b1. As
shown by the results (Figure 4C-F), although silencing of xbp1s resulted in a decrease in the HSP90b1 protein level, its
expression was not up-regulated by hypoxia. HSP90b1 belongs to the HSP90 family, which is responsible for myriad
cellular processes. There are different isoforms of HSP90; some are constitutively expressed, while some are only in-
duced under stress conditions [23,24]. According to our results, HSP90b1l may belong to the constitutively expressed
type, so hypoxia failed to up-regulate its expression. The other tested protein, Ddit3, showed a variation pattern that
was highly consistent with xbp1s. Therefore, we further performed a co-immunoprecipitation (Co-IP) experiment to
explore the relationship between xbpls and Ddit3, and xbp1ls was able to pull down Ddit3 in both normoxic and hy-
poxic conditions (Figure 4G). In conclusion, based on STRING database prediction, qRT-PCR verification, Western
blot validation, and Co-IP exploration, we targeted Ddit3 as the protein that interacts with xbp1s.

Decreased proliferation, migration, and cell viability by silencing of xbp1s

was restored by overexpressing Ddit3

Since we found that Ddit3 could interact with xbpls, we next investigated whether it meditated the biological ef-
fect of xbp1s. Silencing xbpls by transfecting siRNA and overexpressing Ddit3 by transfecting plasmids resulted in
decreased expression of xbpls and enhanced expression of Ddit3 (Figure 5A). PASMCs were cultured in different
contexts, and hypoxia-induced up-regulation of xbp1s and Ddit3 expression, accompanied by enhanced proliferation
(Figure 5B,F), migration (Figure 5C,G), and cell viability (Figure 5E). Silencing xbp1s by transfecting siRNA led to
decreased expression of xbp1s and Ddit3, accompanied by reduced proliferation, migration, and cell viability. Impor-
tantly, overexpression of Ddit3 restored the biological effects caused by silencing xbp1s. But overexpression of Ddit3
had no significant effect on the up-regulated apoptosis rate (Figure 5D,H). Taken together, our study demonstrated
that the protein levels of xbpls and Ddit3 were positively related to the proliferation, migration, and cell viability of
PASMCs. Ddit3 is a downstream effector of xbpls, and Ddit3 overexpression restored the decreased proliferation,
migration, and cell viability resulting from xbp1s silencing.

(©) 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
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Figure 4. Proteins that interact with xbp1s

(A) Image showing the protein interaction network focused on xbp1s. Data were predicted by the STRING database. (B) gRT-PCR
results showing the relative expression of proteins predicted to interact with xbp1s. Expression was detected in PASMCs cultured

under normoxia, hypoxia, and hypoxia with xbp1s silencing. (C) Western blots showing

xbp1s, Hsp90b1, and Ddit3 expression

levels in PASMCs cultured in the indicated context. N-normoxia, H-hypoxia, Hsi-hypoxia+si-xbp1s. Relative quantification analysis
of Hsp90b1 (D), xbp1s (E), and Ddit3 (F) shown in Figure 1(C). (G) Co-IP of Ddit3 with xbp1s. Data are represented as the mean +

SD, n=3. ns, no significance, *P<0.05, **P<0.01, **P<0.001, ***P<0.0001. Abbreviation

: Co-IP, co-immunoprecipitation.
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Figure 5. Overexpression of Ddit3 restored the proliferation rate, migration ability, and cell viability of rat PASMCs with
silencing of xbp1s under hypoxia

(A) Western blots of xbp1s and Ddit3 and relative quantification analysis. PASMCs were cultured under normoxia, hypoxia with
negative control transfection, hypoxia with siRNA transfection to silence xbp1s expression, hypoxia with cotransfection of siRNA
to silence xbp1s and plasmid to overexpress Ddit3. (B) Representative image of the EdU staining assay, which was performed to
detect the proliferation of PASMCs. (C) Representative image of the Transwell assay, which was performed to detect the migration
ability of PASMCs. (original magnification, x100). (D) Representative images and summary data of Annexin-V FITC/PI double
staining. (E) Results of the cell viability assay, which was determined by Cell Counting Kit 8 (CCK-8). (F) Summarized data of EQU
staining. (G) Summarized data of migrated cell numbers. (H) Summarized data of apoptosis rates. The early and late apoptosis rates
were summed to calculate the total apoptosis rate. Data are represented as the mean + SD, n=3. ns, no significance, *P<0.05,
*P<0.01, **P<0.001, ***P<0.0001.
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Discussion

In the present study, we found that xbpls was highly elevated in MCT-induced PH. Intratracheal injection of
adeno-associated virus serotype 1 to knock down the expression of xbpls (AAV-xbpls) significantly attenuated
MCT-induced increases in RVSP, TPR, right ventricular hypertrophy and the medial wall thickness of muscular-
ized distal pulmonary arterioles. Abnormally increased proliferation and decreased apoptosis in arterioles were also
reversed in the rats with MCT-induced PH after administration of AAV-xbpls. To elucidate the underlying mecha-
nisms mediating the function of xbpls, we generated a protein—protein network (PPI) with the STRING database.
Through verification using qRT-PCR, Western blots and Co-IP, we finally attested that Ddit3 could interact with
xbpls. Overexpression of Ddit3 restored the decreased proliferation, migration, and cell viability caused by silencing
of xbpls, and no significant effect on the increased apoptosis rate was observed. Taken together, our study demon-
strates that the xbp1s-Ddit3 axis promotes MCT-induced PH, indicating this pathway could be a potential target for
the treatment of PH.

As a potent transcription factor, xbpls has been extensively studied in pulmonary diseases. In some case, xbpls
plays a protective role. In heart failure with preserved ejection fraction, the expression of xbpls was found to be
decreased in the myocardium of both rodent models and human patients, and overexpression of xbp1s in cardiomy-
ocytes ameliorated the phenotype [25]. In heart ischemia/reperfusion, xbp1ls acts as a protective factor in response to
injury [26,27]. Xbp1ls mediates cardioprotective effects in cardiac disease and heart failure [28]. Knockdown of xbp1s
in endothelial cells decreased proliferation, knockout of xbpls specifically in endothelial cells retarded early-stage
retinal vasculogenesis and impaired angiogenesis in ischemic muscle tissues, and global deletion of xbp1ls reduced
vessel formation during embryonic development [29]. However, in some cases, xbpls has a harmful effect. Xbpls
promoted the pathogenesis of idiopathic pulmonary fibrosis through regulation of muc5b [30]. Xbpls expression
was increased in mild asthma and associated with both type 2 inflammation and IFN-stimulated genes [31]. Xbpls
was found to play a positive role in promoting angiogenesis in both the tumor, cardiac, and brain vascular systems
[29,32-36]. Regarding the role of xbp1ls in PH, related research is very limited to our knowledge. However, there are
some studies elucidating the role of ERS in PH. In both MCT- and hypoxia-induced PH animal models, adminis-
tration of 4PBA, a well-known inhibitor of ERS, inhibited the three branches of ERS and concurrently attenuated
PH manifested by decreasing pulmonary vascular resistance, pulmonary artery remodeling, and right ventricular
hypertrophy [7-9,11]. Another inhibitor of ERS, H,S, effectively inhibited hypoxia-induced increases in prolifera-
tion, migration, and oxidative stress in PASMCs. In vivo experiments further demonstrated that H,S could prevent
and reverse hypoxia-induced PH [10]. Xbp1s promoted the proliferation and migration of smooth muscle cells, lead-
ing to neointimal formation [37]. In this study, our experiments in vivo ascertained that xbp1ls plays a harmful role
in MCT-induced PH through induction of Ddit3. Administration of AAV1-xbpls to knock down the expression of
xbpls reversed MCT-induced PH. Our experiments in vitro demonstrated that xbp1ls positively affected the prolif-
eration, migration, cell viability and apoptosis resistance in PASMCs. These results suggested that xbpls and Ddit3
play an important role in regulating biological phenotypes of PASMCs and pathogenesis of MCT-PH.

The relationship between xbpls and Ddit3 (C/EBP homologous protein, chop/CHOP) is under debate. In the
context of the endoplasmic reticulum, chop is regulated by PERK-pelF2x-ATF4, and chop-GADD34-protein phos-
phatase 1 (PP1) dephosphorylates eukaryotic initiation factor-2 (eIF2«x) in a negative feedback loop [38,39]. Among
various studies, some have indicated that xbp1s negatively regulate the expression of chop. In cardiomyocytes, Sigma
1 receptor (Sigmarl)-dependent activation of IRE1-xbpls was associated with inhibition of chop expression [40]. In
chondrocytes and chondrosarcoma, si-xbp1ls increased the expression and nuclear translocation of chop, while over-
expression of xbp1lsled to the opposite result [41]. In hepatocytes, in vivo and in vitro experiments demonstrated that
knockdown of xbp1s increased the expression of chop [42]. Some studies have indicated that xbp1s is not associated
with chop expression. In mouse embryo fibroblasts, chop was not significantly induced by xbp1s [43]. However, some
studies also indicated that xbp1ls positively regulated chop expression. Overexpression of xbp1ls resulted in a nearly
four-fold increase in chop mRNA levels, and chromatin immunoprecipitation (ChIP) assays demonstrated that xbp1s
can bind to the promoter regions of chop genes [44]. In mesangial cells, xbp1s bound to the promoter region of chop
and up-regulated chop expression [45]. The regulation of xbp1ls and chop is controversial, and researchers obtained
different conclusions in different cell lines and animal models. Here, in PASMCs, gqRT-PCR and Western blots illus-
trated that the expression of chop was consistent with xbp1s, and silencing xbp1s led to a decrease in chop at both the
mRNA and protein levels. Co-IP identified a direct interaction of xbp1ls and chop. In short, our study revealed chop
to be the downstream effector of xbp1s in PASMCs.

Ddit3, also referred to as growth arrest and DNA damage-inducible gene 153 (GADD153) or chop/CHOP, is a key
component of ERS-induced apoptosis [13,46,47]. Ddit3 is a multifunctional transcription factor, and plays a dual role
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both as an inhibitor of CCAAT/enhancer-binding protein (C/EBP) function and as an activator of other genes, which
means it can both positively regulate a subset of genes and also negatively regulate another subset of genes [13,48].
When the endoplasmic reticulum can cope with stress, a series of responses are initiated to program the survival
process. However, when facing severe and prolonged stress, the endoplasmic reticulum triggers a proapoptotic pro-
gram via up-regulation of Ddit3 expression [20,46]. It was reported that inhibiting histone deacetylase 6 (HDAC®),
which represents a new promising target to improve PH [49], was able to induce DNA damage, up-regulate the ex-
pression of Ddit3, and enhance cell death [50]. In rat cell lines, overexpression of chop resulted in down-regulation
of bcl2 expression, depletion of cellular glutathione, and exaggerated production of reactive oxygen species, thus pre-
disposing cells to ERS-induced apoptosis [51]. In mice, mouse embryonic fibroblasts (MEFs) derived from chop~/'~
animals exhibited apoptotic resistance compared with that of wildtype animals [52]. Although chop is widely known
to function as a positive regulator of apoptosis, it also functions as a pro-proliferative factor in some cases. Overex-
pression of chop led to apoptosis in type-II alveolar epithelial cells but resulted in proliferation and collagen produc-
tion in lung fibroblasts [53]. In research on atherosclerosis, chop was found to potentiate vascular smooth muscle
cell (VSMC) proliferation and migration through the TRIB3/miR-208/TIMP3 axis [54]. In SM220-CHOP-deficient
mice, VSMC-specific CHOP deficiency displayed a reduced content of o-Actin-positive cells and decreased pro-
liferation of aortic explant-derived VSMCs [55]. In our study, we confirmed that chop mediated the proliferative
and migratory effects of xbpls in PASMCs. Overexpression of chop restored the impaired proliferation and migra-
tion caused by silencing of xbp1ls. However, overexpression of chop did not increase the apoptosis of PASMCs when
xbpls was silenced, probably because although overexpression of chop predisposes cells to ERS-induced apoptosis,
it did not directly cause apoptosis when cells were not in a state of unresolved ERS. In the animal model, although
the protein level of chop was obviously increased in hypertensive rats with significant vascular remodeling, TUNEL
staining showed remarkably decreased apoptosis in thickened arterioles. We thought this was due to the imbalance
between proliferation and apoptosis. On one hand, chop alone did not initiate apoptosis; on the other hand, a key
component of thickened vessels, PASMCs, exhibited highly increased proliferation and migration rates when PH de-
veloped. Therefore, increased proliferation and migration played a predominant role and eventually resulted in the
thickening of pulmonary arterioles. This finding is consistent with a study on high glucose-induced apoptosis in renal
mesangial cells, in which the expression of chop was not positively related to apoptosis. In that case, chop participated
in XBP1S-regulated necrosis but not apoptosis [45]. In brief, as a mediator of ERS apoptosis, overexpression of chop
restored the proliferation and migration of PASMCs when xbp1s was silenced but did not increase the apoptotic rates.

There are some limitations of our study. Although MCT-induced PH is one of the most widely applied animal
models to investigate PH, it does not display identical clinical manifestations as human PH [56]. MCT is activated to
monocrotaline pyrrole (MCTP) by cytochrome P450 in the liver and then transported by red blood cells (RBCs) to
the lung, triggering endothelial injury and eventually leading to MCT syndrome [57,58]. MCT syndrome is a series of
injuries, including PH, alveolar edema, alveolar septal cell hyperplasia, myocarditis, hepatic veno-occlusive disease,
and renal insufficiency [56,59]. Although PH is the main characteristic of MCT syndrome, injuries involving other
organs are not associated with human PH.

To conclude, our study demonstrated that xbp1s and Ddit3 were highly elevated in the lung tissues of rodents with
MCT-induced PH. Administration of AAV-xbp1s to knock down the expression of xbp1s alleviated MCT-induced in-
creases in RVSP, TPR, right ventricular hypertrophy, and the medial wall thickness of muscularized distal pulmonary
arterioles. Knocking down xbpls was also able to mitigate the imbalance between proliferation and apoptosis in ar-
terioles. The expression of Ddit3 was highly consistent with xbp1ls, and Co-IP revealed a direct interaction of xbp1ls
and Ddit3. Overexpression of Ddit3 restored impaired proliferation, migration, and cell viability of PASMCs caused
by silencing of xbp1ls. These data demonstrated that xbp1s-Ddit3 could be a potential target for the treatment of PH.

Clinical perspectives

e PHisadisease with high morbidity and mortality, and elucidating the specific mechanism contributing
to pathogenic development is urgently needed. Inhibitors of ERS were reported to mitigate PH. The
present study was designed to determine whether and how xbp1s, a key factor of ERS, plays a role
in the development of PH.

e Administration of AAV-xbp1s to knock down xbp1s was sufficient to ameliorate MCT-induced PH.
Silencing xbp1s resulted in decreased proliferation, migration, and cell viability and increased apop-
tosis in PASMCs, while overexpression of Ddit3 reversed most effects.

(©) 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
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e Recent therapies, including exogenous prostacyclin analogs, inhaled NO and sildenafil and endothe-
lin receptor antagonists, are mainly focused on the vasodilator hypothesis of PH. Our study provides

insights into interfering with vascular remodeling, the key process of PH pathogenesis, which could
be a potentially important therapeutic strategy to prevent the irreversible vascular thickening process.
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