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Hypoxia-induced TPC2
transcription and glycosylation
aggravates pulmonary arterial
hypertension by blocking
autophagy flux

Chao Li%, Cheng Li%, YuFei Jiang¥?, MoFei Liu', ChengYiYang?, JiaXin Lu* &
YongLiang Jiang®™*

Pulmonary arterial hypertension (PAH) is a serious medical condition that causes a failure in the right
heart. Two-pore channel 2 (TPC2) is upregulated in PAH, but its roles in PAH remain largely unknown.
Our investigation aims at the mechanisms by which TPC2 regulates PAH development. We established
an experimental PAH rat model via monocrotaline administration. Human and rat pulmonary arterial
smooth muscle cells (PASMCs) were treated hypoxia as in vitro cell PAH models. The thickness of
pulmonary arterial wall and obstructive arteriopathy in rats were examined. Autophagy was detected
through TEM, and Ca?* measurement and mRFP-GFP-LC3 transfection. The expression of a-SMA, LC3,
p62, TPC2, HIF1a and STT3B were analyzed by qRT-PCR, western blot or IHC staining. The binding

of HIF1a to TPC2 promoter was determined by ChIP-qPCR and EMSA assays. TPC2 glycosylation was
evaluated by western blot. Transwell assay was applied to analyze cell migration. TPC2 expression
was promoted and autophagy was inhibited in PAH rats and hypoxia-treated PASMCs. HIF1a directly
bound to the promoter of TPC2, thus transcriptionally activating its expression in PAH rats and hypoxic
PASMCs. Knockdown of TPC2 facilitated autophagic flux and repressed PASMC migration. STT3B
enhanced TPC2 glycosylation in hypoxic PASMCs. Furthermore, Overexpression of TPC2 suppressed
autophagic flux and promoted PASMC migration, but these effects were abrogated by STT3B
knockdown or PNGase F, an eraser of N-linked glycans. Suppression of TPC2 enhanced autophagy

and alleviated PAH in vivo. HIF1a-induced TPC2 transcription and subsequent STT3B-dependent TPC2
glycosylation inhibit autophagic flux and aggravate PAH. Our study suggests TCP2 as a potential
therapeutic target for PAH.
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Pulmonary arterial hypertension (PAH) is a devastating disease characterized by high blood pressure that affects
pulmonary artery and heart!. Damage to the lining of pulmonary artery may cause PAH. Although not causal, the
dysfunction and hypoxia of endothelial cells generally aggravate PAH2. The symptoms of PAH include weakness,
chest pain, breathlessness and fatigue, and PAH eventually causes right heart failure and death?. Unfortunately,
there is still no cure for PAH although great progress has been made in PAH therapies recently. PAH treatments
are generally divided into general supportive therapies such as limiting fluid, salt intake and supplemental
oxygen, and PAH specific therapies including phosphodiesterase-5 (PDES5) inhibitors, calcium channel blockers,
drugs targeting endothelin and prostacyclin pathways*?. If therapies do not work, lung transplantation may
be the last opportunity for patients. Thus, exploring the mechanisms underlying the pathogenesis of PAH is
essential for developing novel targeted therapies for PAH.

Two-pore channels (TPCs) are voltage-gated cation channels that are found in endosome and lysosome
membranes and play key roles in regulating intracellular Ca?*. TPCs are divided into TPCI, 2 and 3, and only
TPC1 and 2 are found in mouse and human cells. TPC2 is predominantly expressed in late endosome and
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lysosome®. TPC2 is more selective for Ca?* and contributes to releasing more Ca?* than TPC1°. Hu and colleagues
observed that loss of TPC2 inhibited acetoxymethyl ester derivative of nicotinic acid adenine dinucleotide
phosphate (NAADP-AM)-induced calcium flux and extracellular matrix in endothelial cells, but silencing of
TPC1 hardly caused any physiological changes’. Both TPC1 and 2 are found in rat pulmonary arterial smooth
muscle cells (PASMCs), and hypoxia can induce their expression®®. TPC2 increases autophagosomes with
elevated lysosomal pH in cancer cells by repressing the fusion of autophagosome and lysosome!’. Autophagy is
associated with PAH although the evidence is very limited!"!2. In this study, we hypothesized that TPC2 might
inhibit autophagy via regulating lysosomal Ca?* in PASMCs, contributing to PAH progression.

N-linked glycosylation, a key post-translational modification, refers to coupling glycans or oligosaccharides
to the asparagine residues of proteins that modulates protein folding, targeting, stability and function'.
N-glycosylation widely affects ion channels on the plasma membrane!*!%, but its involvement in the modulation
of intracellular ion channels is largely unknown. TPC 2 is N-glycosylated at residues 599 and 611'°. A previous
study has suggested that hypoxia induces the N-glycosylation of CD133 to repress its degradation and alter
biological activity in glioma!”. However, the mechanisms underlying TPC2 glycosylation and its role in the
regulation of PAH progression are unknown. Oligosaccharyltransferase Complex Catalytic Subunit B (STT3B)
initiates N-glycosylation of target proteins!®, but the interaction between STT3B and TPC2 has not been reported.

Thus, uncovering the involvement of TPC2 and STT3B in PAH deepens the understanding of PAH
pathogenesis. In this study, we found that HIF 1 a activated TPC2 transcription, and subsequently STT3B promoted
TPC2 glycosylation, by which autophagy was suppressed in hypoxia-treated PASMCs. We demonstrated that
hypoxia could induce TPC2 expression and subsequent STT3B-dependent glycosylation, thereby exacerbating
PAH via suppressing autophagic flux. Our findings provide novel insights into PAH pathogenesis and suggest
novel therapeutic targets for PAH.

Methods

Cell culture and transfection

Primary rat and human pulmonary artery smooth muscle cells (RPASMCs and HRASMCs) were provided
by Sigma-Aldrich (St. Louis, MO, USA) and the American Type Culture Collection (ATCC, Manassas, VA,
USA) respectively and maintained in DMEM/10% FBS (Thermo Fisher Scientific, Waltham, MA, USA) culture
medium in a cell incubator. For hypoxia treatment, PASMCs were cultured in a hypoxic condition (5% O,) for
24 h, and cells in the normoxia group were maintained in an incubator of 5% CO,. To inhibit glycosylation,
PASMCs were treated with PNGase F (New England Biolabs, Ipswich, MA, USA) at 25 U/mL for 12 h. Coding
sequences for HIF1a (OE-HIF1a) and TPC2 (OE-TPC2) were cloned into pcDNA3.1 (Thermo Fisher Scientific).
ShRNA constructs for HIF1a (sh-HIF1a), TPC2 (sh-TPC2), STT3A (sh-STT3A) and STT3B (sh-STT3B) and
scramble negative controls (sh-NC) were provided by RiboBio (Guangzhou, China). PASMCs were transfected
with overexpressing or shRNA knockdown constructs with Lipofectamine 3000 (Thermo Fisher Scientific)
following the manual. After 60 h, cells were collected for subsequent analysis.

Rat model of PAH
Rat model of PAH was established as previously described!®. For PAH modeling, Sprague-Dawley rats (male,
200-250 g) provided by from Human SJA Laboratory Animal Co., Ltd. (Changsha, China) were subcutaneously
injected with monocrotaline (Sigma-Aldrich) at 60 mg/kg in the ventral thorax and maintained for 4 weeks.
Rats received administration of rapamycin (2 mg/kg, Sigma-Aldrich), chloroquine (1 mg/kg, Sigma-Aldrich),
PNGase F (100 U/kg) or Ned-19 (2 mg/kg, Sigma-Aldrich) every three days through gavage. Animal experiments
were approved by the Ethics Committee of Hunan Provincial People’s Hospital.

For hypoxia-induced PAH modeling, Sprague-Dawley rats (male, 200-250 g) provided by from Human SJA
Laboratory Animal Co., Ltd. (Changsha, China) were exposed to 10% inspired O2 (Partial Pressure of Oxygen
40 mm Hg) for 4 weeks to establish a rat model of chronic hypoxia-induced PAH.

Transmission electron microscopy (TEM)

Autophagy in PASMCs was monitored via TEM as previously described?’. Briefly, PASMCs were fixed in 2%
glutaraldehyde, scraped and pelleted followed by wash in HEPES and PBS. Then, pellets were incubated in
1% osmium tetroxide for 1 h and stained in 2% uranyl acetate prior to dehydration in 70%, 95% and 100%
ethanol and propylene oxide. Pellets were incubated in 1:1 resin/propylene oxide for 2 h and subsequently in
resin overnight. Pellets were transferred in fresh resin, and the blocks were polymerized. Sections (80 nm) were
prepared, picked up on 200 mesh grids for staining in with 2% uranyl acetate and 0.3% lead citrate and imaged
using a TEM (Thermo Fisher Scientific).

Ca?* measurement
For measuring lysosomal Ca?*, PASMCs were incubated with Fluo4/AM (150 pg/mL, Thermo Fisher Scientific)
overnight at 37 ‘C. After wash, the fluorescence was recorded at Ex/Em =494/506 nm.

Autophagic flux analysis

mRFP-GFP-LC3 adenovirus from Hanbio (Shanghai, China) was used to detect autophagic flux in PASMCs.
PASMCs were infected with mRFP-GFP-LC3 (5X 10° PFU/mL), and cells were fixed in 4% formaldehyde. After
wash, green and red fluorescence were detected under a confocal microscope (Nikon, Tokyo, Japan).

Hematoxylin and eosin stain (H&E) and immunohistochemistry (IHC) staining
Pulmonary arteries were fixed, dehydrated and embedded in paraffin. Subsequently, 5 pm of sections were
prepared and dewaxed in xylene. After rehydration, sections were stained with hematoxylin for 5 min, washed
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5 times in water and processed to stained in eosin for 30 s. Then, sections were dehydrated, cleared in xylene
and mounted. For THC staining, paraffin sections were processed to antigen retrieval in pH 6.0 citrate buffer
(Abcam, Cambridge, UK). After block, sections were incubated with an anti-a-SMA (Proteintech, 14395-1-
AP, 1:1000), anti-LC3 (Proteintech, 14600-1-AP, 1:300), anti-p62 (Abcam, ab109012, 1:200) or anti-TPC2
(Abcam, ab119915, 1:100) overnight. Sections were washed and incubated with a goat anti-rabbit HRP antibody
(Servicebio, GB23303, 1:2000), and DAB (Beyotime, Shanghai, China) was added for signal visualization
followed by hematoxylin staining. Sections were mounted and imaged. All antibodies used in IHC were obtained
from Abcam.

Chromatin immunoprecipitation quantitative PCR (ChIP-qPCR)

PASMCs (~1x107) were crosslinked in 2% formaldehyde for 20 min and rinsed, and cell lysis buffer
supplemented with protease inhibitors (Thermo Fisher Scientific) was added. After 15 min, cell lysates were
collected and processed to ultrasonication for generating DNA fragments with a length of ~500 bp. Then, cell
lysates were centrifugated for 20 min, and supernatants were collected. An anti-HIFla (5 pg, CST, #14179),
anti-Pol II (5 pg, Abcam, ab193468) or anti-H3K27ac (5 ug, Abcam, ab4729) was mixed with the supernatants
and incubated overnight at 4 C. Subsequently, magnetic protein A/G beads (Merck Millipore, Burlington, MA,
USA) was added and incubated for additional 2 h. Samples were placed in magnet for wash, and DNA was
recovered. The enrichment of TPC2 promoter was analyzed by quantitative PCR.

Electrophoretic mobility shift assays (EMSA)

Nuclear protein extracts from PASMCs were prepared with NE-PER Extraction Reagent (Thermo Fisher
Scientific) and subjected to EMSA. Unlabeled and biotin-labeled TPC2 promoter were synthesized by Sangon
(Shanghai, China). EMSA assays were performed using LightShift Chemiluminescent EMSA Kit from Thermo
Fisher Scientific according to the manufacturer’s recommendations, and addition of an anit-HIFla (2 pg, CST,
#14179) caused supershift in electrophoresis.

Transwell assay

The 8 um transwell chamber (Corning, Corning, NY, USA) was used for analyzing PASMC migration. PASMCs
were seeded into the upper chamber, and the lower chamber was filled with fresh medium. Subsequently, cells
were cultured for 24 h for penetration of cells into the lower surface. Then, migratory cells to the lower surface
were fixed and stained with crystal violet (Sigma-Aldrich) for 15 min. After wash, cells were air dried and imaged.

Real-time quantitative reverse transcription PCR (qQRT-PCR)

RNA was isolated from PASMCs and rat pulmonary arteries using E.Z.N.A.® Total RNA Kit I (Omega Bio-
tek, Norcross, GA, USA) following the manual and reversely transcribed into cDNA with PrimeScript High
Fidelity RT-PCR Kit (Takara, Shiga, Japan). The expression of TPC2, HIFla, STT3A and STT3B was examined
by quantitative PCR. GAPDH was used as a normalization control, and the 2724t method was applied. Primers
were listed in Table 1.

Western blot

Protein was extracted from PASMCs and rat pulmonary arteries using protein extraction buffer (Beyotime)
supplemented with protease inhibitors and quantified with Bradford Protein Assay Kit from Beyotime. Protein
(30 pg) was loaded for electrophoresis and transferred to PVDF membranes (Bio-Rad, Hercules, CA, USA).
Antibodies against anti-a-SMA (Proteintech, 14395-1-AP, 1:1000), anti-LC3 (Proteintech, 14600-1-AP, 1:300),
anti-p62 (Abcam, ab109012, 1:200) or anti-TPC2 (Abcam, Ab119915, 1:100) and HIF1a (CST, #14179, 1:500)
were used to examine their abundance. GAPDH was used a normalization control.

Statistical analysis

Results were from three independent experiments and showed as mean+standard deviation (SD). SPSS
Statistics 17.0 was applied for statistical analysis. Fisher’s least significant difference (LSD) method was used for
comparisons of multiple groups. Significance in all figures was indicated as follows: *: P<0.05, **: P<0.01, ***:
P<0.001, N.S.: not significant.

Results

TPC2 expression was enhanced and autophagy was inhibited in PAH rats

We established an experimental PAH rat model via monocrotaline administration to explore the implication
of TPC2 and autophagy in PAH. Compared to rats in the control group, monocrotaline-treated rats showed
increased haematocrit (HCT), heart rate, heart hypertrophy (measured as RV/(LV +S)) (Table 2) and thickness
of pulmonary arterial wall and obstructive arteriopathy (Fig. 1A). Moreover, elevated abundance of a-SMA in
pulmonary arterial tissues from monocrotaline-treated rats was observed (Fig. 1B and C). These observations
confirmed that PAH was successfully modeled in rats. As N-glycosylated TPC2 is an important regulator of
autophagic flux??2, we further examined the expression of two autophagy markers LC3 and p62 and quantified
the ratio of LC3 II to LC3 I. Decreased ratio of LC3 II to LC3 I suggested that the conversion of LC3 I to LC3
II was inhibited, but p62 was upregulated in PAH rats (Fig. 1D and E), suggesting that autophagy might be
suppressed in PAH. Besides, we found that TPC2 was upregulated in pulmonary arterial tissues from PAH rats
(Fig. 1F-H). Collectively, these observations in PAH rats showed that the expression of TPC2 was promoted and
autophagy was suppressed in PAH. Furthermore, PAH rats were administrated with the autophagy inhibitor
bafilomycin Al (Baf Al). The thickened pulmonary arterial wall and obstructive arteriopathy, increased a-SMA
and p62 expression, and downregulation of LC3 in the pulmonary aorta and lung were not changed in PAH rats
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Rat Tpc2 Forward: 5'-TCACCGTAATCGGGATGCTG-3’
Reverse: 5'-CAAGCTTCCATCAGGGTTGT-3’
Rat Hifla Forward: 5'-CAACCTCACCAGACAGAGCA-3’
Reverse: 5'-TGCTGCAGTAACGTTCCAATTC-3'
Rat Stt3a Forward: 5'-GCTCCTCATCCTGTCGATGG-3’
Reverse: 5'-GTACCAAGCCCGGTCATCAA-3’
Rat Stt3b Forward: 5'-CTCATGGCTCTGGGGAACAG-3’
Reverse: 5'-GATGATGCTCTCGAAGCGGA-3'
Rat Gapdh Forward: 5'-GCAAGTTCAACGGCACAG-3’

Reverse: 5'-GCCAGTAGACTCCACGACAT-3’
Human Tpc2 | Forward: 5'-TGCATTGATCAGGCTGTGGT-3’
Reverse: 5'-GAAGCTCAAAGTCCGTTGGC-3’
Human Hifla | Forward: 5-AGAGGTTGAGGGACGGAGAT-3’
Reverse: 5'-GACGTTCAGAACTTATCCTACCAT-3’
Human Stt3a | Forward: 5'-GAACGGATGGCTGAGGGAG-3'
Reverse: 5'-ACACACGACGATCAGTTTGC-3’
Human Stt3b | Forward: 5-CGAGTTCGACCCGTGGTTTA-3’
Reverse: 5'-GCCGCTAAAAGTTGGTGCAA-3'
Human Gapdh | Forward: 5-CTGACTTCAACAGCGACACC-3’
Reverse: 5'-GTGGTCCAGGGGTCTTACTC-3’

Table 1. qRT-PCR primers.

Group RV/(LV+S) | HCT (%) | mPAP (mmHg) | mAP (mmHg) | HR

PAH (n=5) 0.53+0.03 59.7+1.31 | 39.75+1.03 98.7+5.4 384.2+3.5
PAH +Rapa (n=5) 0.31+0.02 38.9+0.98 | 24.83+0.86 90.7+4.9 396.5+3.7
PAH+CQ (n=5) 0.49+0.04 58.7+1.22 | 37.29+1.12 97.9+6.3 383.7+2.9
PAH +PNGase F (n=5) | 0.35+0.03 42.6+1.08 | 25.86+0.93 91.4+5.2 3953+3.8
PAH +ned-19 (n=5) 0.34+0.02 40.1+1.06 | 26.27+1.11 92.3+4.7 393.6+3.2

Table 2. Data analysis of different processing groups.

treated with Baf A1 (Fig. 1A-F). Moreover, increased expression of TPC2 in PAH rats was also not affected by
Baf Al treatment (Fig. 1G and H). These data suggested that Baf A1 treatment did not affect autophagy in PAH
rats.

TPC2 expression and autophagic flux were dysregulated in hypoxia-treated PASMCs

As hypoxia is highly associated with pulmonary hypertension?, we treated human and rat pulmonary arterial
smooth muscle cells (HPASMCs and RPASMCs) with an hypoxic condition to evaluate the changes of TPC2
and autophagy in hypoxia-related PAH. Hypoxia treatment greatly enhanced cell migration and proliferation
compared to normoxia treatment (Fig. 2A and B). Similar with PAH rats, hypoxic PASMCs showed decreased
LC3 expression and ratio of LC3II/LC3I and increased p62 expression (Fig. 2C). Moreover, TEM examination
showed an decreased number of autophagosomes in hypoxia-treated cells (Fig. 2D). Subsequently, mRFP-GFP-
LC3 was transfected into PASMCs to assess autophagic flux. Results showed that compared to normoxic cells,
hypoxic cells exhibited decreased autolysosomes (mRFP* GFP"), indicating that hypoxia might block autophagic
flux (Fig. 2E). As lysosomal Ca?* were closely related to autophagy**?*, we measured and found that lysosomal
Ca?* was decreased in PASMCs in response to hypoxia (Fig. 2F). Further, the expression of TPC2 was elevated
in hypoxia-treated PASMCs (Fig. 2G and H). Thus, our results showed dysregulated TPC2 expression and
autophagic flux in hypoxia-treated PASMCs. In addition, HPASMCs and RPASMCs were divided into normoxia,
hypoxic and hypoxic+Baf Al groups. Increased cell migration and proliferation, reduced autophagy, blocked
autophagic flux, decreased lysosomal Ca** and TPC2 expression in hypoxic PASMCs were not affected by Baf A1
treatment (Fig. 2A-H), suggesting that Baf A1 did not affect autophagy in hypoxic PASMCs.

HIF1la transcriptionally activated TPC2 expression in PAH

HIFla is a key transcription factor that controls hypoxic adaptation?. We examined HIF1a expression and found
that HIF1a was significantly upregulated in pulmonary arterial tissues from PAH rats and hypoxic PASMCs
(Fig. 3A-C). Furthermore, we found that the enrichment of the promoter of TPC2 by antibodies against HIF1a,
Pol IT and H3K27ac was greatly enhanced in pulmonary arterial tissues from PAH rats (Fig. 3D), suggesting that
HIF1la potentially regulated TPC2 transcription. Then, we identified potential binding sites (5-TTTCTCCCT
CTTTCCC-3’) for HIFla in the promoter of TPC2 through AnimalTFDB v4.0 (https://guolab.wchscu.cn/Ani
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Fig. 1. TPC2 expression and autophagy were dysregulated in PAH rats. SD rats were divided into control, PAH
(monocrotaline) and PAH + BafA1l groups. (n=5) (A) H&E staining of pulmonary aorta and the lung. (B-E)
The expression of a-SMA and LC3 was detected via IHC staining and western blot. (F-H) TPC2 was detected
via THC staining, qRT-PCR and western blot. **P <0.01 and ***P < 0.001. Original blots/gels are presented in
Supplementary Fig. 1-3.
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Fig. 2. The expression of TPC2 was enhanced and autophagic flux was blocked in hypoxic PASMCs.
HPASMCs and RPASMCs were divided into normoxia, hypoxic and hypoxic + BafA1l groups. (A and B) Cell
migration and proliferation analysis (n=3). (C) The expression of LC3 and p62 was detected through western
blot. (D) TEM examination of autophagy. Scale bar, 1 um. (E) Autophagic flux was analyzed via mRFP-
GFP-LC3 transfection. Red indicates mRFP, and Green indicates GFP. Scale bar, 20 pm. (F) Measurement of
lysosomal Ca?*. (G and H) qRT-PCR and western blot analysis of TPC2 expression (n=3).*P <0.05, **P <0.01
and ***P <0.001. Original blots/gels are presented in Supplementary Fig. 1-3.
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Fig. 3. HIFla transcriptionally activated TPC2 expression in PAH. SD rats were divided into control and
PAH (monocrotaline) groups, and PASMCs were treated with normoxia and hypoxia. (n=5) (A-C) HIFla
abundance in PAH rats and PASMCs was detected through western blot and IHC. (D and E) ChIP-qPCR
assays for determining the binding of HIF1a, Pol IT and H3K27ac to the promoter of TPC2 in PAH rats and
PASMC:s. (F) The interaction between HIF1a and TPC2 promoter was further evaluated by EMSA assays.

(G and H) qRT-PCR and western blot analysis of HIF-1a and TPC2 expression in HIF1a-overexpressing or
silencing PASMCs. *P < 0.05, **P < 0.01 and ***P < 0.001. Original blots/gels are presented in Supplementary
Fig. 1-3.

malTFDB4/#/), and increased enrichment of TPC2 promoter by antibodies against HIF1a, Pol II and H3K27ac
was observed in hypoxic PASMCs compared to control cells (Fig. 3E). In addition, EMSA assays confirmed
that the binding of HIFla to TPC2 promoter was significantly enhanced in pulmonary arterial tissues from
PAH rats and hypoxic PASMCs (Fig. 3F). To determine whether HIF1a regulates TPC2 expression, HIF1a was
overexpressed or knocked down in PASMCs, and cells were cultured in a hypoxic condition (5% O2) for 24 h
(Fig. 3G and H). We found that overexpression of HIFla facilitated TPC2 expression, whereas knockdown
of HIFla repressed TPC2 expression in hypoxic PASMCs (Fig. 3G and H). Our findings showed that HIF1a
transcriptionally activated TPC2 expression via directly binding to its promoter.

TPC2 affected lysosomal Ca?* release and inhibited autophagosome-lysosome fusion in
hypoxic PASMCs

We further determined TPC2-mediated regulation of autophagy in hypoxia-treated human and rat PASMCs.
Results showed that silencing of TPC2 enhanced autophagy in hypoxia-treated PASMCs (Fig. 4A). Moreover,
silencing of TPC2 elevated lysosomal Ca?* (Fig. 4B). Additionally, autolysosomes (mRFP* GFP-) was increased
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in TPC2-silencing cells (Fig. 4C). p62 was downregulated, and LC3 expression and LC3II/LC3I ratio were
upregulated in TPC2-silencing PASMCs (Fig. 4D). Furthermore, we found that knockdown of TPC2 inhibited
the migration of hypoxic PASMCs (Fig. 4E). Our results suggest that inhibition of TPC2 promotes lysosomal
Ca?* release and restores autophagy flux, thus suppression PASMC migration.

Hypoxia induced STT3B-mediated TPC2 glycosylation

We examined whether hypoxia induced TPC2 glycosylation in human and rat PASMCs, and found that the level
of glycosylation was elevated in hypoxic PASMCs, and it was largely reduced by PNGase E an eraser of N-linked
glycans (Fig. 5A and B). As STT3A and STT3B are primary catalytic subunits of the oligosaccharyl transferase
(OST) complex”, STT3A and STT3B were knocked down in PASMCs, which was confirmed by western blot
assays (Fig. 5C and D). Hypoxia-induced TPC2 glycosylation was significantly suppressed by knockdown of
STT3B, but it was not affected by STT3A silencing (Fig. 5E and F). The putative glycosylation site of TPC2 was
highly conserved in human, nonhuman primates and other mammals and shown in red (Fig. 5G). Thus, hypoxia
induced STT3B-dependent TPC2 glycosylation in PASMCs.

STT3B-dependent TPC2 glycosylation inhibited autophagic flux and enhanced migration in
hypoxic PASMCs

Subsequently, we evaluated STT3B-dependent TPC2 glycosylation-mediated regulation of autophagy. TEM
examination showed that TPC2 overexpression-mediated suppression of autophagy was reversed by STT3B
knockdown or PNGase F treatment in hypoxic PASMCs (Fig. 6A). Moreover, silencing of STT3B and PNGase
F treatment raised lysosomal Ca*" in TPC2-overexpressing PASMCs (Fig. 6B). Blocked autophagic flux in
TPC2-overexpressing cells was promoted by STT3B knockdown or PNGase F treatment (Fig. 6C). Besides, Cell
migration rate was suppressed by silencing of STT3B or PNGase F treatment in PASMCs with overexpression
of TPC2 (Fig. 6D). Collectively, TPC2 glycosylation blocked autophagic flux and inhibited PASMC migration in
response to hypoxia dependent on STT3B.

Inhibition of TPC2 promoted autophagy and alleviated PAH in rats

Rats were induced with PAH and divided into five groups: PAH, PAH + Rapamycin (an autophagy inducer),
PAH + Chloroquine (an autophagy inhibitor), PAH + PNGase F and PAH + Ned-19 (a TPC2 blocker). Increased
HCT, heart rate, RV/(LV +S) and thickness of pulmonary arterial wall and obstructive arteriopathy in PAH
rats were mitigated by rapamycin, PNGase F or Ned-19, but no significant beneficial effects were observed in
the PAH + Chloroquine group (Fig. 7A and Table 3), suggesting that inducing autophagy and blocking TPC2
could ameliorated PAH. Furthermore, increased expression of a-SMA and TPC2 and decreased LC3 expression
were reversed by rapamycin, PNGase F or Ned-19, but chloroquine did not affect their expression (Fig. 7B).
In addition, rapamycin, PNGase F or Ned-19 enhanced autophagy and repressed TPC2 glycosylation in the
lung tissue, but chloroquine did not show these effects (Fig. 7C and D). Our findings implied that induction
of autophagy and suppression of TPC2 alleviated PAH in vivo. In addition, Baf Al administration did not
affect pathological changes, the expression of a-SMA, TPC2 and p62, the number of autophagosome and TPC2
glycosylation in Hypoxia-induced PAH rats (Fig. 8A-D).

Discussion

Autophagy is dysregulated in various diseases such as diabetes, neurodegenerative disorders and cancers
Emerging evidence has suggested that abnormal autophagy is implicated in the pathogenesis of PAH. PAH
patients show increased autophagy with elevated expression of LC3B-II*!. Importantly, many studies have
revealed that inhibition of autophagy contributes to ameliorating PAH. Long et al. found that chloroquine could
alleviate monocrotaline-induced experimental PAH in rats through suppression of autophagy*. In addition,
paclitaxel has been reported to ameliorate experimental PAH by repressing FoxO1-mediated autophagy>. The
mammalian target of rapamycin complex 1 (mMTORC1), a well-known inhibitor of autophagy®, is activated in
PAH?>, and activation of mTOR inhibits autophagy in RPASMCs>®. In consistence with previous studies, we also
found that administration of rapamycin significantly promoted autophagy and alleviated experimental PAH
in rats. TPC2 has been reported to be highly expressed in hypoxia-induced pulmonary artery endothelial cells
and PAH, and silencing of TPC2 shows potential of improving PAH through suppression of calcium signaling’.
However, the mechanisms underlying the regulation of TPC2 in PAH remain largely unknown. For the first
time, we demonstrate that HIFla transcriptionally activates TPC2 expression, and subsequently increased
STT3B-dependent TPC2 glycosylation promotes PASMC proliferation in response to hypoxia and exacerbates
PAH via blocking autophagy (Fig. 9), providing a novel regulatory mechanism involving TPC2 in PAH and
suggesting that targeting TPC2 and autophagy may be potential approaches for PAH management.

Lysosomal Ca2 + signaling plays key roles in autophagy. Medina et al. reported that lysosomal Ca?* signaling
modulated autophagy by controlling calcineurin and TFEB activities?*. During autophagy, lysosomal pH slightly
decreases®, and increased lysosomal pH may lead to autophagic flux blockage®”%. As TPC2 coactivation can
globalize lysosomal Ca?" signaling and regulate lysosomal pH*, we evaluated the effects of TPC2 on lysosomal
Ca?* in PAH. As expected, suppression of TPC2 led to increased lysosomal Ca?* in hypoxia-induced PASMCs.
Strikingly, we found that TPC2 blocked autophagic flux by promoting lysosomal Ca?* release in PASMCs exposed
to hypoxia. Moreover, in experimental PAH rats, autophagy was downregulated, and rapamycin alleviated
the increase of arterial wall thickness and obstructive arteriopathy, suggesting that activation of autophagy
restrained the development of PAH. However, in contrast with our observation, numerous studies have shown
that autophagy is promoted in hypoxic PASMCs and experimental PAH animals although autophagy exerts a
protective activity>>4*4l. We speculate that the level of autophagy may be different in various stages of PAH and
increased autophagy contributes to alleviating PAH, but the microenvironment, such as increased abundance
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Fig. 4. The HIF1a/TPC2 axis promoted lysosomal Ca?* release and inhibited autophagosome-lysosome
fusion in hypoxic PASMCs. PASMCs were divided to control, si-NC, and si-TPC2 groups and treated with
hypoxia. (n=3) (A) TEM examination of autophagy. Scale bar, 1 um. (B) Measurement of lysosomal Ca?*. (C)
Autophagic flux was analyzed through mRFP-GFP-LC3 transfection. Red indicates mRFP, and Green indicates
GFP. Scale bar, 20 um. (D) LC3 and p62 were analyzed via western blot. (E) Cell migration was assessed by
transwell assays. *P < 0.05, **P<0.01 and ***P <0.001. Original blots/gels are presented in Supplementary

Fig. 4-8.

Scientific Reports|  (2024) 14:31223 | https://doi.org/10.1038/s41598-024-82552-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A « B
W o o HPASMC RPASMC .
\50& QQ\QOQ\*Q Q\A _ 1.0+ o B 1.0 “; :ormo.xta
[0} () ypoxia
TPC2 N-glycosylated T o 0.6 i 3 08 Hypoxia
TPC2 —.B-‘ 95 % s 5 +PNGase F
_ 2 5 0.6 . ; 5 0.6
B-actin 23 5 * } . . I
o 04+ o 04 _**
> >
TPC2 N—egcosyIatedE 3 ® ! = -~
TPC2 95 g o 0.2 r r o 0.2+ & 2
» 14 4
TPC2 N-glycosylated  TPC2 TPC2 N-glycosylated TPC2
c HPASMC  RPASMC D
eQ é«,\’b eQ é<<b Control Control
EXPS EXIPS - 1.5 shSTT3A 1.2 — shSTT3B .
STTIA [ e e == 5 3 - » - I
3 : c1.0 - o
B-actin b-— £ -—‘ 42@ % lo I % I
< 2 0.8
KD A a =4
S ¢ & 205 ult o 0
XN S M 2 £ 06 i
STT3E (M e e | 97 2 o
B-actin h- ——r] 0.0 T T 04 T T
— HPASMC RPASMC HPASMC RPASMC
E Hypoxia F
Y R : . ’
Q(\(} é} é\/\‘b é\/\% HPASMC: Hypoxia RPASMC: Hypoxia Control
¢ & &£ Lo W “ 5 _ 0 shNC
TPC2 N-glycosylated| & & 7 — I © * I [
TPCZ[“-- 95 8 2 0¥ 3 0.8 2' 5 1‘ shSTT3A
2 S S shSTT3B
B-aCHN | e s -2 O 5 i R . r
S . a —
0.4 0.4+
TPC2 N-glycosylated[ 3% % = - 2 r rh 2 o> L I.
TPC2 @S S & = 95 U © ;| ] 5 2]
. 0 & o 4
B-actm{.“-|42 % 00 : : 0.0 . |
TPC2 N-glycosylated TPC2 TPC2 N-glycosylated TPC2
G
Homo sapiens: ---PGNSSLAPANGS---
Rattus norvegicus: ---PGNSSLVPDNSS---
Mus musculus: ---PGNSSLVPDNNS---
Bos tarurs: ---PRNSSLASVNGS---
Pan paniscus: ---PGNSSLAPANGS---
Pan troglodytes: ---PGNSSLAPANGS---

Fig. 5. Hypoxia induced STT3B-mediated TPC2 glycosylation. (A and B) TPC2 glycosylation in PASMCs
treated with normaxia, hypoxia or hypoxia + PNGase F was determined by western blot. (C and D) The
expression of STT3A and STT3B in STT3A or STT3B-silencing PASMCs was analyzed by western blot. (E
and F) TPC2 glycosylation in STT3A or STT3B-silencing PASMCs was determined by western blot. (G) The
putative glycosylation site of TPC2 was highly conserved in human, nonhuman primates and other mammals
and shown in red. *P<0.05, **P<0.01 and ***P < 0.001. Original blots/gels are presented in Supplementary
Fig, 4-8.

and glycosylation of TPC2 we identified, can repress autophagy during the progression of PAH. The regulation
of autophagy during PAH needs further investigations.

HIFla is a heterodimeric transcription factor that functions as a master regulator of cellular adaption to
hypoxia and play key roles in various diseases*>*?. Increased HIF1a expression was observed in lung tissue from
PAH patients**°, and the cross-regulation of CD146 and HIFla promoted a synthetic phenotype in PASMCs
and targeting the CD146-HIF1a axis improved experimental PAH. Twona Fijalkowska et al. observed that
HIF1a modulated the metabolic shift in PAH*”. However, the activity of dysregulated HIF1a and its downstream
signaling in PAH have not been well addressed. In addition, the link of HIF1a to TPC2 in PAH has never been
reported. In the present study, we firstly demonstrated that HIF1a transcriptionally activated TPC2 expression
in PAH. More importantly, for the first time, we reported that STT3B initiated the glycosylation of TPC2 in
PAH. Further functional analysis showed that hypoxia induced TPC2 expression and subsequent STT3B-
dependent TPC2 glycosylation suppressed autophagic flux and PASMC migration, identifying a novel regulatory
mechanism responsible for the upregulation and glycosylation of TPC2 and suppression of autophagy in PAH.
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Fig. 6. STT3B-dependent TPC2 glycosylation inhibited autophagic flux and enhanced migration in

hypoxic PASMCs. Human and rat PASMCs were divided into OE-TPC2, OE-TPC2 +si-STT3B and OE-
TPC2 + PNGaseF groups and treated with hypoxia. (n=3) (A) TEM examination of autophagy. Scale bar,

1 um. (B) Measurement of lysosomal Ca?*. (C) Autophagic flux was analyzed through mRFP-GFP-LC3
transfection. Red indicates mRFP, and Green indicates GFP. Scale bar, 20 um. (D) Cell migration was assessed
by transwell assays. *P < 0.05, **P < 0.01 and ***P < 0.001.
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Fig. 7. Inhibition of TPC2 promoted autophagy and alleviated PAH in rats. Rats were divided into PAH,
PAH + Rapamycin, PAH 4+ Chloroquine, PAH + PNGase F and PAH + Ned-19 groups. (n=5) (A) H&E
staining of pulmonary aorta and the lung. Scale bar, 100 um. (B) IHC staining of a-SMA, TPC2 and LC3.
Scale bar, 100 um (C) TEM examination of autophagy in the lung tissue. Scale bar, 500 nm. (D) Western blot
analysis of TPC2 and its glycosylation. *P < 0.05, **P <0.01 and ***P <0.001. Original blots/gels are presented
in Supplementary Fig. 4-8.
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Control (n=5) | 0.21+0.01 35.1+1.02 | 26.6+£0.93 90.2+4.3 393.2+3.9
PAH (n=5) 0.51+0.02 60.8+1.64 | 40.8+1.15 99.5+5.8 385.1+3.2

Table 3. Data analysis of different processing groups.
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Fig. 8. Baf Al administration showed no significant effects on PAH rats. SD rats were divided into Control,
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pulmonary aorta and the lung. (B) The expression of a-SMA, LC3 and p62 was detected via IHC staining. (C)
TEM examination of autophagy. Scale bar, 500 nm. (D) Western blot analysis of TPC2 and its glycosylation.
*P <0.05, **P < 0.01 and **P <0.001. Original blots/gels are presented in Supplementary Fig. 4-8.
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Fig. 9. The mechanical diagram of this study. HIF1a activates TPC2 expression, and increased STT3B-
dependent TPC2 glycosylation promotes PASMC proliferation in response to hypoxia and exacerbates PAH via
blocking autophagy.

The involvement of HIF1a in STT3B-dependent TPC2 glycosylation remains unclear. A possible mechanism is
that hypoxia promotes the expression of glycosyltransferases such as STT3B in a HIF1a-dependent manner*3:4.
Besides, the mechanisms by which STT3B initiates TPC2 glycosylation and how it is regulated in PAH still need
further investigation.

Collectively, we firstly revealed that hypoxia induced HIFla-dependent expression of TPC2 and STT3B-
dependent glycosylation of TPC2 to block autophagic flux via promoting lysosomal Ca?* release, thus
aggravating PAH. Our findings identify a novel mechanism underlying the progression of PAH and suggest
targeting autophagy and other potential therapeutic targets for PAH management although more details and
clinical samples are needed.
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