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Abstract

Background Low barometric pressure hypoxia at high altitudes triggers vascular remodeling, resulting in high-
altitude pulmonary hypertension (HAPH). The key step is the transformation of pulmonary artery smooth muscle
cells (PASMCs) from a contractile to synthetic phenotype. Protein kinases and phosphatases contribute to phenotype
transformation by altering phosphorylated protein expression.

Objectives In this study, we aimed to investigate the role of phosphohistidine phosphatase 1 (PHPT1) in PASMC
transformation and its regulatory pathway in HAPH.

Methods An HAPH model was constructed in wild-type, PHPT17/7, and PHPT1%/* rats by placing them in a
hypobaric chamber. Evaluations included hemodynamic measurements, echocardiography, histopathological
analysis, and various cellular assays. RNA-seq and western blotting were used to identify intervention targets, and
co-immunoprecipitation was used to determine the interaction between PHPT1 and TRPVS.

Results PHPT1 protein expression was downregulated in HAPH, and its knockdown impaired cardiopulmonary
functions, including elevated mean pulmonary artery pressure (mPAP), right ventricular systolic pressure (RVSP), and
increased right ventricular thickness, and enhanced PASMC proliferation and migration. PHPT1 directly interacted
with TRPV5 phosphorylation sites, whereas Asp30Ala/Arg157Ala functioned to prevent this interaction. PHPT1
overexpression protected against cardiopulmonary damage, reducing mPAP, RVSP, the D/W ratio, and MWT%.
Additionally, PHPT1 overexpression mitigated PASMC proliferation and migration, resulting in restored TRPV5, p-Akt,
p-SMAD?2/3, and p-TGF-(3 expression under hypoxic conditions.
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Conclusions These findings underscore that PHPT1 inhibits PASMC proliferation and migration through TRPV5
signaling, thereby reducing mPAP and improving right ventricular function in HAPH. Therefore, PHPT1 targeting could
potentially contribute to the development of novel therapeutic approaches for treating HAPH.

Keywords PHPT1, High-altitude pulmonary hypertension, TRPV5 signaling, Ca®* signaling
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Introduction

More than 80 million people worldwide permanently live
in high-altitude areas (i.e., >2500 m), and more than 40
million people visit these areas annually, exposing them-
selves to chronic hypobaric hypoxia [1]. At altitudes
>2500 m, the barometric pressure is low, and the actual
amount of oxygen reaching the alveoli is lower than that
at sea level, thereby leading to hypoxia. Hypoxia triggers
abnormal smooth muscle production, vascular remod-
eling, and, ultimately, increased pulmonary artery pres-
sure [2]. The transformation of pulmonary artery smooth
muscle cells (PASMCs) from a contractile to a synthetic
phenotype is considered a key step in vascular remodel-
ing during the development of high-altitude pulmonary
hypertension (HAPH) [3].

Phosphorylation is believed to play a key role in the
development of pulmonary arterial hypertension (PAH)
and has also been implicated in regulating the phenotypic
transformation of PASMCs [4]. Protein phosphatases
catalyze the dephosphorylation of phosphorylated pro-
teins. They work in tandem with protein kinases to form
a phosphorylation and dephosphorylation switching sys-
tem [5]. We previously investigated the impact of low
oxygen at high altitudes on differentially expressed his-
tidine phosphatases; the expression of phosphohistidine
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phosphatase 1 (PHPT1), was approximately 20-fold lower
than that of the normal group [6]. PHPT1 encodes an
enzyme that catalyzes the reversible dephosphoryla-
tion of histidine proteins. Notably, PHPT1 is primarily
distributed in the heart, skeletal muscle, lung, and other
tissues and has been previously proven to be associated
with pulmonary diseases, consistent with the expres-
sion of cell proliferation or apoptosis regulatory factors
[7]. Furthermore, PHPT1 has been implicated in lung
cancer cell migration by mediating TGF-B1 signaling
through the PI3Ky/Akt/Racl pathway [8]. FBXO32 tar-
gets PHPT1 for ubiquitination to regulate the growth of
EGFR mutant lung cancer [9]. Nevertheless, the poten-
tial involvement of PHPT1 in the development of HAPH
remains largely unclear.

In the present study, we sought to elucidate the pos-
sible role and underlying mechanisms in high-alti-
tude-induced pulmonary hypertension. We identified
a novel molecular mechanism underlying the action of
the PHPT1-TRPV5-Akt pathway in alleviating HAPH.
TRPV5 and Akt inhibition significantly mitigated HAPH
severity under hypobaric hypoxic conditions. Specifi-
cally, PHPT1 inhibition induced Ca®" misalignment by
upregulating TRPV5 phosphorylation, subsequently dys-
regulating spontaneous Ca®* events and Ca®" current.
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Our findings provide the first mechanistic basis for
PHPT1-derived TRPV5 alleviation of HAPH and identify
a promising target for treating this complication at high
altitudes.

Materials and methods
Reagents
The reagents were described in Table S1.

Animals

Sprague—Dawley rats (250—-300 g) were provided by the
Animal Experiment Center of the People's Liberation
Army (PLA) General Hospital. PHPT1 conditional over-
expression (PHPT1-OE) PASMC and PHPT1 conditional
knockdown (PHPT1-KD) rat models were generated by
Biocytogen Pharmaceuticals Ltd. (Beijing, China) using
the Biocytogen Extreme Genome Editing System. The
primers for identifying rat DNA were designed and used
accordingly, and their sequences are provided in Table
S2. Animal experiments were approved by the PLA Gen-
eral Hospital Animal Ethics Committee and performed
in accordance with NIH guidelines for laboratory ani-
mal care and use (Approval ID: 2020-X16-01). Control
rats were housed in a normoxic environment (n = 12).
To simulate an altitude of 5500 m, the animals in the
hypoxia-induced pulmonary hypertension group were
kept in a hypobaric chamber (380 mmHg) for 4 weeks (n
= 12) .The rats of both sexes were included and the time
or dose choices of hypoxia followed the previously exper-
iment [10].

Echocardiography

Rats were anesthetized with isoflurane gas and then
placed in a supine position on a heated platform with
electrodes attached to all four limbs for heart rate moni-
toring. Transthoracic echocardiography was conducted
using the Vevo 2100 system with a 30-MHz transducer
(VisualSonics, Canada), measuring tricuspid annular
plane systolic excursion (TAPSE) and pulmonary accel-
eration time/pulmonary ejection time (PAT/PET).

Hemodynamic measurement

After hypoxia exposure, rats were tracheotomized and
received breathing assistance through a rodent venti-
lator (Kent Scientific, Torrington, CT, USA). A Millar
SPR-838 pressure-volume catheter (ADInstruments,
Colorado Springs, CO, USA) was inserted into the right
ventricle and subsequently advanced into the pulmonary
artery. Pressure measurements were performed using the
MPVS Ultra system in conjunction with a PowerLab data
acquisition system (ADInstruments, Colorado Springs,
CO, USA), followed by right ventricular systolic pressure
(RVSP) and mean pulmonary artery pressure (mPAP)
estimation.
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Tissue sampling and histopathological analysis

The animals were euthanized and immediately dis-
sected. The chest cavity was opened, the lung tissue was
removed, and its total weight was recorded. Next, the
lung tissue was placed in an oven and dried completely
for 72 h at 160 °C. The dry and wet weight ratio was
then calculated to determine pulmonary edema sever-
ity. The right ventricular hypertrophy index (RVHI) was
calculated as the ratio of the right ventricular weight to
the combined weight of the left ventricle and septum
(RV/LV + IS). Hearts and right lung tissues were snap-
frozen in liquid nitrogen. Further fresh heart and upper
left lung tissues were fixed with 4% paraformaldehyde
for hematoxylin and eosin (H&E), Masson, and immu-
nofluorescence staining. Immunofluorescence staining
was performed on lung sections using proliferating cell
nuclear antigen (PCNA)-specific and anti-a-SMA pri-
mary antibodies to evaluate PASMC proliferation in vivo.
ProLong Gold Antifade reagent with DAPI (4/,6-diamid-
ino-2-phenylindole; Invitrogen, Carlsbad, CA, USA) was
used to mount and counterstain the slides. The shortest
external diameter (2 x wall thickness/external diameter),
with the average thickness, was described as the mean
wall thickness (MWT). All images were analyzed using
the Image] software (Washington, DC, USA).

Cell culture

PASMCs were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS). For hypoxia-related studies, the cells were
cultured in a cell precision control system (AVATAR,
Xcellbio, USA) at 37 °C with 5 % CO, and 1% oxygen for
24 h. Lentiviral vectors, constructed by Jikai Gene Chem-
ical Technology Ltd. (Shanghai, China), were used to
overexpress or knock down PHPT1. PHPT1 overexpres-
sion, knockdown, and negative control lentiviruses were
titrated at 10® transfection units per milliliter. TRPV5
mutant (Argl57Ala and Asp30Ala)-encoding plasmids
were generated and transfected using Lipofectamine
3000 (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s protocol. Cells were collected 48-72 h
post-transfection for subsequent analyses.

Cell proliferation and migration assays

For proliferation assessment, basal cell impedance was
continuously recorded using a Nanion CardioExcyte
96 electrophysiological detector (Nanion Technologies,
Munich, Germany). Cells were seeded in 96-well plates,
and their impedance values were recorded. Moreover,
cell proliferation was evaluated using a CCK8 assay
(Dojindo Laboratories, Shanghai, China). Cell migra-
tion was assessed using a scratch assay, making straight
scratches with a 200-pL pipette tip. Transwell chambers
(pore size: 8 um, Corning Inc., Corning, NY, USA) were
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Fig. 1 (See legend on next page.)
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(See figure on previous page.)

Fig. 1 PHPT1 is downregulated in the lungs and pulmonary arteries in HAPH rats. A Cardiac hemodynamics and ultrasonic images of the control (C),
hypoxia model (M), and macititan treatment groups (Y) of a rat HPH model. B mPAP, RVAW, and PAT/PET level quantifications (n = 12). C Heatmap pre-
senting DEG downregulation during hypoxia and drug treatment-induced reversal. D PHPT1 level quantification in the lungs and pulmonary arteries (n
=12). EPHPT1 expression level in the lungs and pulmonary arteries of HAPH rats assessed by western blotting. F Pulmonary rat lung sections both from
the control and HAPH groups. Sections were immunostained with antibodies against a-SMA and PHPT1. DAPI was used to stain nuclei. G PHPT1 protein
expression levels in hypoxic PASMCs assessed by western blotting. H PHPT1T mRNA expression levels in hypoxic PASMCs determined by RT-gPCR. I PHPT1
levels in Tibetan individuals compared with those in the Han population measured using a proteomics assay. H PHPT1 enzyme activity in hypoxic PASMCs
was assessed using the phosphatase probe Sox-H4P. HAPH, high-altitude pulmonary hypertension; PASMCs, pulmonary artery smooth muscle cells; DEG,
differentially expressed gene; mPAP, mean pulmonary artery pressure; RVAW, right ventricular anterior wall; PAT/PET, pulmonary acceleration time/pulmo-

nary ejection time. *p < 0.05 relative to control. #p < 0.05 relative to the hypoxia model group.

used for migration analysis. PASMCs were seeded in the
upper chambers in a 0.5% FBS-containing medium, while
the lower chambers in 24-well plates contained medium
with 10% FBS. After 24 h of incubation, the cells on the
lower membrane surface were fixed in 4% paraformal-
dehyde and stained with crystal violet (Solarbio, China).
Subsequently, the cells were resuspended in DMSO, and
the absorbance was measured at 590 nm using a micro-
plate reader (Thermo Fisher).

Real-time PCR

The rat heart or lung samples and PASMC were used for
real-time PCR evaluations. Total RNA was isolated using
the TRIzol reagent, and the DNase-treated RNA was
reverse-transcribed using the PrimeScript RT Reagent
Kit (Takara Bio Inc., Shiga, Japan). Real-time quantitative
PCR was performed with SYBR Premix Ex Taq II (Takara
Bio Inc., Shiga, Japan). The target gene Ct values were
normalized against the housekeeping gene actin. Rela-
tive mRNA expression was calculated using the 2 "AACt
method, setting the control sample mean as 1. Gene spe-
cific primers, whose sequences are listed in Table S3.

Western blotting

The rat heart or lung samples and PASMC were subjected
to western blotting. The rat tissue samples were homog-
enized in liquid nitrogen and lysed on ice for 30 min in
RIPA buffer (Applygen Technologies, Beijing, China)
supplemented with protease and phosphatase inhibitors.
For the cell samples, protein lysis was performed directly
in RIPA buffer on ice for 1 h. Next, 15-30 pg total pro-
tein-containing samples were loaded onto a 10% SDS-
PAGE gel. The following primary antibodies were used
at specified dilutions as follows: anti-PHPT1 (1:1000,
ProteinTech, China ), anti-GAPDH (1:2000 Servicebio,
China), anti-p tubulin (1:2000, ProteinTech, China), anti-
SMA (1:1000 CST, USA), anti-CDKN1A (1:1000, Pro-
teinTech, China), anti-Rac1/Cdc42 (1:1000, CST, USA),
anti-KCNN4/KCa3.1 (1:1000, LSBio, USA), anti-Smad3
(1:1000, CST, USA), anti-p-Smad3(1:1000, CST, USA),
anti-Smad2 (1:1000, CST, USA), anti-p-Smad2 (1:1000,
CST, USA), anti-Akt (1:1000, ProteinTech, China), anti-
p-Akt (1:1000, ProteinTech, China), anti-TRPV5(1:1000,
Boster Bio, Pleasanton, CA, USA), anti-TGF-pR 1II

(1:1000, CST, USA), anti-p-TGF-BR II (1:10000, Abcam,
United Kingdom), anti-EGFR (1:1000, CST, USA), and
anti-p-EGFR (1:1000, CST, USA). HRP-conjugated goat
anti-rabbit and goat anti-mouse were used as second-
ary antibodies (Servicebio, China), visualizing the pro-
tein bands with pre-stained protein ladders (Thermo
Fisher Scientific, United Kingdom) for molecular weight
estimation.

Co-immunoprecipitation (Co-IP)

The cells were lysed in enhanced RIPA buffer containing
protease and phosphatase inhibitors. A total of 1 mg of
cellular protein was incubated with 10 pg of agarose-con-
jugated primary antibody (PHPT1 Antibody, Santa Cruz
Biotechnology, Dallas, TX, USA) at 4 °C for 1 h with rota-
tion. Immunocomplexes were collected by centrifuga-
tion and washed thrice with PBS (pH 7.4). Bound protein
samples were eluted by boiling in 2x loading buffer at 95
°C for 5 min and analyzed by SDS-PAGE and western
blotting.

Capillary isoelectric focusing

Four micrograms of protein were prepared in RIPA buffer
for capillary isoelectric focusing using the Nanopro-1000
system (ProteinSimple, Santa Clara, CA) according to
the manufacturer’s instructions. Proteins were focused
for 40 min at 60 mW, crosslinked to the capillary for 90 s,
and then incubated sequentially with primary (1:50) and
secondary (1:100) antibodies for 120 and 60 min, respec-
tively. The results are represented as the relative chemi-
luminescence intensity plotted against pl values, with
distances converted into pI values using internal fluores-
cent standards. Reproducibility was confirmed with a pI
variation below 0.05 units among the replicates.

Potassium ion channel detection in PASMCs

Suspensions of PASMC cells were prepared at a concen-
tration of 1 x 10°-5 x 10 cells/mL. Approximately 10—15
uL of this suspension was placed in the cell chamber of a
patch-clamp system, where electrode chips of 2—-3.5 MQ
were used. Proper cell sealing and membrane rupture
were confirmed by assessing capacitance (Cs > 4 pF) and
series resistance (Rs < 20 MQ). Calcium ion channel data
were recorded following the initiation of the experiment.
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Fig.2 PHPT1 deficiency exacerbates pulmonary vascular remodeling and aggravates HAPH in hypobaric hypoxia rats. A Upper panel: Western blot analy-
sis of PHPT1 protein expression in the lung tissue samples. Tubulin was used as a loading control. Lower panel: Quantification of the western blot analysis
from the upper panel. B Cardiac hemodynamics images of the control, PHPT1-KD, hypoxia model, and hypoxia model with PHPT1-KD groups. C) mPAP
and RVSP quantification (n = 12). D Cardiac ultrasonic images of the control, PHPT1-KD, hypoxia model, and hypoxia model with PHPT1-KD groups. E PAT/
PET, RVDAW, RVSAW, TAPSE, EF, and FS determined by echocardiography. F Images of heart tissue samples stained with hematoxylin and eosin (H&E) and
Masson's staining. G RV to LV+IS ratio quantification (n = 12). H Microscopic images of lung tissue samples stained with H&E. Scale bar: 100 um. I Lung dry-
to-wet weight ratio. The results are represented as the mean + SD (n = 12). KD, knockdown; mPAP, mean pulmonary artery pressure; RVSP, right ventricular
systolic pressure; PAT/PET, pulmonary acceleration time/pulmonary ejection time; RVDAW, right ventricular diastolic annular wall; RVSAW, right ventricular
systolic annular wall; TAPSE, tricuspid annular plane systolic excursion; EF, ejection fraction; FS, fractional shortening; RV to LV+IS ratio, right ventricular to

left ventricular + interventricular septum ratio. *p < 0.05 relative to the control. #p < 0.05 relative to the hypoxia model group

Cellular calcium ion concentration detection

Cells were seeded at a density of 1 x 10° cells per well
in six-well plates. Fluo-4 AM fluorescent dye (Thermo
Fisher Scientific, USA) was prepared by dissolving 50 pg
of dye in 22 pL of F127 helper dye (Biotium Corp., Fre-
mont, CA, USA), with 1 pL Fluo-4 AM added to 1 mL
hanks solution to create a working solution. Cells were
washed twice with PBS (pH 7.4) before being supple-
mented with the Fluo-4 AM solution and incubated for
45 min in the dark. After removing the dye solution, cells
were rinsed twice with hanks solution, and fluorescence
intensity was detected under a microscope (SpectraMax
M3, Molecular Devices, USA) at 495 nm excitation.

RNA-seq and analysis

Total mRNA was extracted from frozen rat lung tissues,
sequenced, and analyzed by RiboBio (Guangzhou, China)
using an Illumina HiSeq3000. Briefly, RNA integrity was
assessed using an Agilent 2200 TapeStation, and only
samples with RINe >7.0. mRNAs were fragmented to
approximately 200 bp, converted to cDNA, and prepared
for sequencing using the TruSeq RNA LT/HT Sample
Prep Kit (Illumina, San Diego, CA, USA). Library qual-
ity control was performed with the Agilent 2200 TapeS-
tation, Qubit 2.0, and sequencing was conducted on a
HiSeq3000. Raw data were deposited in the Gene Expres-
sion Omnibus database (accession no: CRA017617). Bio-
informatics analysis was performed using the OmicShare
tools (www.omicshare.com/tools).

Statistical analysis

Data are represented as the mean + standard devia-
tion (SD). Statistical significance was assessed using an
unpaired two-tailed Student’s t-test for comparisons
between two groups, and the provided data were nor-
mally distributed. For comparisons among three or more
groups, one-way analysis of variance (ANOVA) followed
by the Bonferroni multiple comparison test or Kruskal—
Wallis test or two-way ANOVA with Bonferroni’s post
hoc analysis was performed as appropriate. Data were
analyzed using GraphPad Prism version 5.0, considering
p-values of p < 0.05 statistically significant.

Results

PHPT1 is downregulated in lungs and pulmonary arteries
in HAPH

As shown in Fig. 1A and B, the mean pulmonary artery
pressure (mPAP) and right ventricular anterior wall
(RVAW) increased in the model and recovered in the
treatment group. Contrastingly, pulmonary acceleration
time/pulmonary ejection time (PAT/PET) decreased
in the model and recovered in the treatment group. We
isolated the lung and pulmonary arteries from the rats
and applied a fast-seq proteomic workflow. We identi-
fied differentially expressed genes (DEGs) and found
that PHPT1 was significantly downregulated during
hypoxia and could be rescued by treatment (Fig. 1C).
PHPT1 expression in the lung and pulmonary arteries is
shown in Fig. 1D. We further examined PHPT1 protein
transcription levels using western blotting analyses and
revealed a significant reduction in PHPT1 expression in
HAPH models compared with that in the control group
(Fig. 1E). Immunofluorescence staining of rat lung tissue
showed that PHPT1 protein colocalized with pulmonary
artery smooth muscle and displayed lower expression in
the hypoxia group (Fig. 1F). Isolated PASMCs treated
with low oxygen and pressure showed a similar decrease
in PHPT1 expression through RT-qPCR and western
blotting (Fig. 1G and H). In addition, we determined that
the PHPT1 expression in the peripheral blood of Tibetan
individuals permanently residing at high altitudes was
lower than that in the Han population (Fig. 1I). Using the
small-molecule phosphatase probe Sox-H4P, which selec-
tively targets p-His phosphatases, we found that the level
of the remaining p-His was higher in the hypoxia group
than in the controls (Fig. 1J). The above data indicate
that PHPT1 decreased in lung and pulmonary arteries of
HAPH, and might play a vital role in HAPH disease.

PHPT1-KD impairs cardiopulmonary function and
aggravates HAPH in hypobaric hypoxia

Based on our observation of decreased PHPT1 expres-
sion in HAPH models, we hypothesized that PHPT1 defi-
ciency might contribute to HAPH pathogenesis. To test
this hypothesis, we utilized CRISPR/Cas9 technology
to generate PHPT1 gene knockdown rats, as depicted
in Fig. S1. Protein expression in PHPT1-KD rats was
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Fig. 3 PHPT1-knockdown results in cardiopulmonary injury by disrupting
ion binding and the PI3K/Akt pathway. A Left: Cell proliferation determina-
tion using a cell counting kit-8 (CCK-8) under normoxic or hypoxic (1 %
0,) conditions with or without PHPT1 KD, and absorbance measured at
450 nm. Right: CCK8 analysis quantification (n = 6). B Left: Cell proliferation
determination using impedance detection under normoxic or hypoxic
conditions with or without PHPT1 KD. Right: Impedance analysis quantifi-
cation (n = 6). C Left: PASMCs were exposed to normoxic or hypoxic (1 %
0,) conditions with or without PHPT1 KD for 48 h. Right: Representative
images of the wound closure area (scale bars, 50 um). Right: Wound clo-
sure area quantification (n = 6). D Left: PASMCs were seeded into the upper
chamber of transwell plates and exposed to normoxic or hypoxic (1% O,)
conditions with or without PHPT1 KD for 48 h. Right: Representative im-
ages of the migrated cells (scale bars, 500 um). Right: The migrated cells
were quantified by detecting crystal violet levels (n = 6). E Venn diagram of
DEGs between WT and PHPT1-KD rat lung samples with or without hypox-
ia. F PCoA using the Bray—Curtis distance calculated based on the relative
abundance of species. The 95% confdence ellipses are shown by circles.
G Results of GO analysis. H Results of KEGG analysis. The significant KEGG
sets in environmental information processing, organismal systems and
human disease. I Heatmap showing the DEGs among CW, CP, MW and MP
groups. J Top 20 genes with maximum abundance of MW or MP. K Results
of GSEA analysis. L PCR verification of the RNA-seq results. M Up: Volcano
plots of DEGs between WT and PHPT1-KD rat lungs; TRPV5 was signifi-
cantly increased. Down: PCR verification of the RNA-seq results of TRPVS.
N Up: Gene Ontology assignment of DEGs between WT and PHPT1-KD
rat lungs exposed to hypoxia. Down: Kyoto Encyclopedia of Genes and
Genomes pathway enrichment of DEGs between WT and PHPT1-KD rat
lungs exposed to hypoxia. O Up: Heatmap showing the DEGs between WT
and PHPT1-KD rat lungs; CDKN1A was significantly decreased. Down: PCR
verification of the RNA-seq results of TRPV5 and CDKNTA. P Western blot
analysis of TRPVS5, KCNN4, CDKNTA, p-Akt, p-SMAD2, p-SMAD3, p-TGF-{3,
RAC1, and p-EGFR protein expression compared with that of the 3-tubulin
loading control in WT and PHPT1-KD rat lungs with or without hypoxia
exposure. Q Western blot result quantifications (n = 6). The relative expres-
sion of each protein was normalized to that of B-tubulin. The results were
obtained from three independent experiments and are represented as the
mean + SD. KD, knockdown; WT, wild type; DEGs, differentially expressed
genes; RNA-seq, RNA sequencing; PASMCs, human pulmonary artery
smooth muscle cells. *p < 0.05 relative to the control. #p < 0.05 relative to
the hypoxia model group. CW, control; CP, PHPT1-KD; MW, hypoxia model;
MP, hypoxia model with PHPT1-KD.

confirmed using western blotting (Fig. 2A). The HPAH
model was successfully established after continuously
exposing the rats to a high altitude (5500 m) for 28 days.
The rats displayed elevated mPAP and right ventricu-
lar systolic pressure (RVSP) compared with those in the
control group (Fig. 2B and C), along with increases in
the ratio of PAT/PET and RVAW and a decrease in tri-
cuspid annular plane systolic excursion (TAPSE) (Fig. 2D
and E). Under hypobaric hypoxia intervention, PHPT1-
KD rats showed higher elevations in mPAP, RVSP, and
RVAW and a decrease in PAT/ PET and TAPSE. Histo-
logical analysis using hematoxylin and eosin (H&E) stain-
ing revealed that the pulmonary tissue of PHPT1-KD
rats exhibited destroyed alveolar structures in the lungs
and thickened right ventricular (RV) walls in hearts com-
pared with those in wild-type (WT) rats (Fig. 2F and G).
Under hypobaric hypoxia intervention, PHPT1-KD rats
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Fig. 4 PHPT1 interacts with TRPV5, influencing spontaneous Ca®* activity and Ca current. A Co-immunoprecipitation analysis of TRPV5-PHPT1. B Upper
panel: TRPV5 and KCNN4 phosphorylation-related protein sample analysis. Lower panel: Protein phosphorylation result quantifications (n = 6). C PHPT1
interaction with TRPV5 predicted using HDOCK (http://hdock.phys.hust.edu.cn). Blue and pink represent TRPV5 and PHPT1, respectively, along with the
3D interaction image below. D Amino acid mutations in three TRPV5 variants. E PHPT1 expression and three TRPV5 mutations. Following the PHPT1
immunoprecipitation and TRPV5 protein mutations, TRPV5 and PHPT1 were assessed by immunoblotting. F Protein expression quantification (n = 6). G
Left: Western blot results of changes in TRPV5 mutations on calcium pathway. The calcium pathway proteins include SERCA2, p -CaMK2, and CaMK2. The
protein expression compared with that of the 3-tubulin loading control. Right: Protein expression quantification. H Left panel: External membrane current
activated by pulmonary artery smooth muscle cell depolarization. Right panel: |-V curve of the outgoing current. | Summary of the peak amplitudes as

cytosolic Ca®* changes detected by Fluo-4 fluorescence (F/FO).

presented with thickening and fibrosis of the alveolar
septa and the decrease in the D/W ratio compared with
that in WT rats (Fig. 2H and I). These findings indicate
that PHPT1-knockdown induced cardiopulmonary
injury and aggravated HAPH in hypobaric hypoxia.

PHPT1-KD results in cardiopulmonary injury by influencing
spontaneous ion binding and the PI3K/Akt pathway

The hypoxia-induced phenotypic transformation of
PASMC:s in vitro was established to mimic in vivo con-
ditions. To confirm the cause-effect relationship between
PHPT1 and the phenotypic transformation of PASMCs,
we established gene knockdown by transfecting PASMCs
with adenovirus. The results showed that the proliferation
of PASMCs was significantly increased under hypoxic
conditions. PHPT1 knockdown led to further prolifera-
tion of hypoxia-treated PASMCs, as evidenced by CCK8
analysis (Fig. 3A). Moreover, impedance results show that
PHPT1 knockdown enhanced the hypoxia-induced pro-
liferation of PASMCs (Fig. 3B). To explore the effects of
PHPT1 on hPASMC migration, transwell migration and
scratch wound assays were conducted. Cell migration was
significantly increased after hypoxic stimulation for 48 h,
and PHPT1 knockdown significantly increased migration
(Fig. 3C). The wound closure levels in the scratch wound
assay were consistent with the results of the trans-well
migration assay (Fig. 3D). To identify the molecular
pathways underlying PHPT1-induced lung injury dur-
ing HAPH, RNA sequencing (RNA-seq) analysis was
performed on lung tissue from WT and PHPT1-KD rats
after 4 weeks of high-altitude exposure. We screened 652
DEGs between the PHPT1-KD (MP) and WT (MW)
model groups for analysis (Fig. 3E and Table S4). Fur-
thermore, a principal coordinate analysis (PCoA) plot
demonstrated distinct clusters among CW, CP, MW and
MP over the first two dimensions (Fig. 3F), Gene ontol-
ogy analysis of the DEGs among the four groups related
to biological process(yellow), molecular function(pink)
and cellular component(green) (Fig. 3G). Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway analysis
of the DEGs among the four groups related to environ-
mental information processing(yellow), organismal
systems(pink) and human disease(purple) (Fig. 3H). The
significant DEmRNAs among the four groups were visu-
alized in a heat map shown in Fig. 3I and verified by PCR

(Fig. 3P). The top 20 genes with maximum abundance of
MW/MP were shown in green/red (Fig. 3]). The GSEA
results showed that the DEGs were mainly involved in
the activation of Oxidative phosphorylation, proteasome,
disease, DNA replication immune response, pentose
phosphate pathway and so on. Gene ontology analysis of
the DEGs between MP and MW revealed the enrichment
of terms related to ion binding, especially Ca** binding
and protein kinase activity. Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis confirmed the
enrichment of pathways related to the PI3K/Akt signaling
pathway (Fig. 3N). Among the top DEGs, TRPV5 were
significantly upregulated in PHPT1-KD lung tissues (Fig.
3M). Among the top DEGs, CDKN1A were significantly
downregulated in PHPT1-KD lung tissues (Fig. 30).
Additionally, we analyzed TRPV5 expression and pos-
sible signaling using western blotting. TRPV5, KCNN4,
CDKNI1A, p-Akt, p-SMAD2, p-SMAD3, p-TGF-f, RACI,
and p-EGFR expression was activated in the lungs of the
HPAH group. The expression of TRPV5, KCNN4, p-Akt,
p-SMAD?2, p-SMAD3, p-TGE-f, RAC1, and p-EGFR was
further upregulated in PHPT1-KD lungs under hypo-
baric hypoxia intervention (Fig. 3P and Q). These find-
ings suggested that PHPT1-knockdown-induced lung
injury was impaired due to spontaneous ion binding and
disrupted expression of core proteins involved in PI3K/
Akt pathway.

PHPT1 interacts with TRPV5 and KCNN4, influencing
spontaneous Ca”* events and Ca current

TRPV5 and KCNN4 have been identified as PHPT1
substrates. Therefore, we confirmed a direct association
among PHPT1, TRPV5, and KCNN4 using co-immuno-
precipitation (Co-IP) assays. In contrast to the increased
expression of TRPV5 and KCNN4 in the hypoxia and
PHPT1-KD groups, their protein expression was reduced
in the PHPT1-OE group, as indicated by immunopre-
cipitation (IP). Furthermore, the interaction between
PHPT1 and TRPV5 or KCNN4 showed no obvious dif-
ferences among the hypoxia, PHPT1-KD, or PHPT1-OE
groups, as shown by IP (Fig. 4A). Next, we determined
TRPV5 and KCNN4 phosphorylation using nanopro-
teomic analysis. The results revealed that PHPT1 down-
regulated the expression of phosphorylated TRPV5 and
KCNN#4 (Fig. 4B). Subsequently, we performed mutation
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Fig. 5 TRPV5 inhibition suppresses PASMC proliferation and migration. A PASMCs were treated with RuR (0-5000 nmol/L) for 24 h, then assessed using
a cell counting kit-8 under normoxic or hypoxic (1 % O,) conditions with or without PHPT1-KD. The absorbance was measured at 450 nm (n = 6). B Left
panel: PASMCs treated with RuR (0-5000 nmol/L) and exposed to normoxic or hypoxic conditions with or without PHPT1-KD for 48 h. Representative
images of the wound closure area. Right panel: Wound closure area quantification (n = 6). C PASMCs were seeded into the upper chambers of Transwell
plates, treated with RuR, and exposed to normoxic or hypoxic conditions with or without PHPT1-KD. Representative images of migrated cells. D Left panel:
western blot analysis of TRPV5, KCNN4, CDKN1A, p-Akt, p-SMAD2, p-SMAD3, p-TGFB, RACT, and p-EGFR protein expression compared with that of the
B-tubulin loading control in WT and PHPT1-KD PASMCs treated with RuR for 24 h. Right panel: Quantification of western blot results.

and IP experiments. To explore the regulatory mecha-
nisms of PHPT1, we used the HDOCK server to predict
how the Arg 157 and Asp 30 residues of TRPV5 inter-
act with PHPT1 (Fig. 4C). We constructed two mutant
variants by individually substituting the two residues
with alanine (Argl57Ala, Asp30Ala), and a third vari-
ant by mutating both residues with alanine simultane-
ously (Argl57Ala+Asp30Ala) (Fig. 4D). Co-precipitation
of TRPV5 (WT) and the three mutant variants revealed
that the Argl57Ala and Asp30Ala mutations partially
impaired interaction between TRPV5 and PHPT1. The
near disruption of contact occurred when both residues
were mutated (Fig. 4E and F). TRPV5 acts as a transient
receptor potential cation channel and an intermediate-
conductance Ca’*-activated potassium channel. The
hypoxia group showed increased phosphorylation of
CaMK2 and downregulated SERCA2. Furthermore, the
TRPV5 mutation groups showed lower levels of phos-
phorylation of CaMK2 and higher levels of SERCA2 (Fig.
4G and H). To determine the Ca channel currents, we
used the whole-cell patch clamp method. The Ca cur-
rent recorded in PHPT1-KD cells was lower than that in
untransfected cells (Fig. 4G). Additionally, the results of
the Ca imaging of PASMCs showed spontaneous calcium
activity (Fig. 4H). Meanwhile, the fluorescence intensity
in PHPT1-KD cells was lower than that in untransfected
ones (Fig. 4I). These findings suggest that PHPT1 inter-
acted with TRPV5 and maintained the Ca2+-activated
potassium channel.

Inhibiting TRPV5 and PI3K suppresses PASMC proliferation
through PHPT1 silencing

To investigate whether TRPV5 and PI3K/Akt pathways
mediate the alterations in PASMC phenotype and HPAH
development, hypoxia and PHPT1 silencing-induced
PASMCs were treated with RuR, a small molecule widely
used to inhibit TRPV5, and AS252424, a PI3K/AKT path-
way inhibitor. Relative to the hypoxia and PHPT1-KD
groups, treatment with RuR or AS252424 significantly
reduced the proliferative activity of PASMCs, as shown
by CCK8 analysis (Figs. 5A and 6A). Cell migration was
significantly increased in the hypoxia and PHPT1-KD
groups, whereas TRPV5 and PI3K blockade by RuR and
AS252424 attenuated the increases in migration (Figs.
5B and 6B). The wound closure levels in the scratch
wound assay were consistent with the results of the tran-
swell migration assay (Figs. 5C and 6C). RuR treatment

significantly suppressed the expression of TRPVS5,
KCNN4, p-Akt, p-SMAD3, p-TGF-B, and p-EGFR and
upregulated that of CDKN1A (Fig. 5D). Treatment with
AS252424 significantly downregulated the expression
of p-Akt, p-SMAD3, and p-TGF-f, and augmented the
expression of CDKN1A but not that of TRPV5, KCNN4,
or p-EGER (Fig. 6D). In summary, our findings indicated
that TRPV5 and PI3K dysregulation downstream effects
of PHPT1 inhibition and impaired PASMC function.

PHPT1-OE improves cardiopulmonary function and
alleviates HAPH in hypobaric hypoxia

To examine whether PHPT1 overexpression ameliorates
cardiopulmonary function in HAPH, we used CRISPR/
Cas9 technology to generate PHPT1 knock-in rats. The
protein overexpression of PHPT1 in PHPT1-OE rats was
confirmed using western blotting (Fig. 7A and S2). The
HAPH model was successfully established after continu-
ously exposing the rats to high-altitude conditions (5500
m) for 28 days. The rats exhibited elevated mPAP and
RVSP, as well as reduced PAT/PET and TAPSE, com-
pared with those in the control group. Under hypobaric
hypoxia intervention, PHPT1-OE rats displayed signifi-
cantly decreased RVSP and mPAP, accompanied by ele-
vated PAT/PET and TAPSE (Fig. 7B and C). Histological
analysis using H&E staining showed that the pulmonary
tissue of PHPT1-OE rats had a superior lung alveolar
structure and thinner RV walls in hearts compared with
those of WT rats exposed to hypoxia (Fig. 7D and E).
Under hypobaric hypoxia conditions, PHPT1-OE rats
showed a significantly reduced D/W ratio and an attenu-
ated MWT increase compared with those in WT rats
(Fig. 7F). Overall, our results suggest that overexpression
of PHPT1 alleviated HAPH and improved cardiopulmo-
nary function in vivo.

PHPT1 overexpression inhibits PASMC proliferation/
migration and restores TRPV5 and p-Akt/p-SMAD3/p-TGF-f8
expression under hypoxic conditions

Further CCK8 and impledance experiments were con-
ducted to assess the properties of PASMCs in PHPT1-
OE groups. hPASMC proliferation significantly increased
under hypoxic conditions, whereas PHPT1 overexpres-
sion inhibited hPASMC proliferation (Fig. 8A-C). Cell
migration was significantly enhanced after hypoxic
stimulation for 24 h. In contrast, PHPT1 overexpres-
sion attenuated the elevation in migration (Fig. 8D).
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Fig. 6 Inhibition of PI3K suppresses the proliferation and migration of PASMCs. A PASMCs were treated with AS252424 (0-10 umol/L) for 24 h and as-
sessed using cell counting kit-8 under normoxic or hypoxic conditions with or without PHPT1-KD, and absorbance was measured at 450 nm (n = 6). B Left
panel: PASMCs were treated with AS252424 (0-10 umol/L) and exposed to normoxic or hypoxic conditions with or without PHPT1-KD for 48 h. Represen-
tative images of the wound closure area. Right panel: Quantification of the wound closure area (n = 6). C PASMCs were seeded into the upper chambers
of transwell plates, treated with AS252424, and exposed to normoxic or hypoxic conditions with or without PHPT1-KD for 48 h. Representative images of
migrated cells are shown. D Left panel: Western blot analysis of TRPV5, KCNN4, CDKN1A, p-Akt, p-SMAD2, p-SMAD3, p-TGF{3, RACT, and p-EGFR protein
expression compared with that of the B-tubulin loading control in WT and PHPT1-KD PASMCs treated with AS252424 for 24 h. Right panel: Western blot
result quantifications. PASMCs, pulmonary artery smooth muscle cells. *p < 0.05 relative to the control. #p < 0.05 relative to the hypoxia model group.

#p < 0.05 relative to the hypoxia with the PHPT1-KD group.

The wound closure levels in the scratch wound assay
were consistent with the results of the transwell migra-
tion assay (Fig. 8E). Moreover, the Ca current recorded
in PASMCs was significantly decreased under hypoxic
conditions, but this effect was mitigated by PHPT1
overexpression. Ca imaging of PASMCs demonstrated
spontaneous calcium activity. In addition, fluores-
cence intensity significantly decreased under hypoxic
conditions. However, the overexpression of PHPT1
significantly inhibited this decrease (Fig. 8F and 7G).
The expression of TRPV5, KCNN4, CDKNI1A, p-Akt,
p-SMAD2, p-SMAD3, p-TGF-B, RAC1, and p-EGFR
were upregulated in the hypoxia group. By contrast,
PHPT1-OE markedly downregulated the expression of
these signaling markers and correspondingly augmented
the protein expression of CDKN1A (Fig. 8H and I).
Moreover, PHPT1 may be a promising therapeutic tar-
get for HAPH treatment by maintaining TRPV5/p-Akt
protein expression and inhibiting uncontrolled PASMC
proliferation.

Discussion

Some studies have described PHPT1's implication in lung
cancer pathogenesis. For instance, study revealed that
PHPT1 expression was significantly increased in the lung
tissue of patients with lung cancer [11]. Furthermore,
PHPT1 was not only expressed in the cytoplasm but also
in lung cancer cell nuclei [12]. PHPT1 protein overex-
pression in the lung cancer tissue is consistent with pre-
vious PHPT1 mRNA expression results, which positively
correlate with lung cancer stage and lymph node metas-
tasis [13]. PHPT1 is reportedly likely functionally related
to cell migration in lung cancer cells [14]. Additionally, in
highly metastatic lung cancer CL1-5 cells, PHPT1 knock-
down inhibited migration and invasion in vitro, although
it did not alter the cell proliferation rate [15]. Proteome
analysis elucidated different protein expression profiles,
suggesting potential PHPT1 involvement in cytoskeletal
recombination, which was further confirmed by F-actin
filament staining [16]; it is closely related to lamellar
pseudopodium formation, corresponding to an impor-
tant cell movement structure, which considerably affects
the biological functions of cell movement, including
tumor cell metastasis [17]. Beyond lung cancer, PHPT1
is also reportedly functionally related to hepatic stellate

cell migration in liver fibrosis [18]. The HAPH-related
role of PHPT1 in PASMCs closely resembles its recently
described functions in human cancers [19]. Herein, we
uncovered a previously unrecognized role of PHPT1 in
high-altitude-induced pulmonary hypertension as well as
cardiac hypertrophy and dysfunction. We demonstrated
that PHPT1 dysfunction upsets the balance between
PASMC growth, death, and migration ability, favoring
increased vasculature muscularization.

However, the underlying reason for the inhibited
PHPT1 expression and activity in hypoxia-induced
PASMCs remains elusive. Bioinformatics tools predicted
that the Ca®* binding pathway might involve a potential
PHPT1-binding transcription factor. In the present study;,
we identified a novel mechanism, in which PHPT1 inhi-
bition impaired Ca®* homeostasis by TRPV5 expres-
sion upregulation. Ca** signaling is involved in multiple
cardiac diseases, including coronary heart disease, atrial
fibrillation, atherosclerosis, and heart failure [20].
KCa3.1, a PHPT1 phosphatase substrate, is a potassium-
dependent Ca?* channel protein. Abnormal K* chan-
nel involvement has been reportedly implicated in HAPH
induction [21]. The B1 group in KCa is important in vaso-
constriction through the main mechanism of vascular
tension increase, thereby increasing pulmonary blood
vessel pressure [22]. KCa mRNA and protein expression
levels are upregulated during hypoxia, with pulmonary
artery wall thickening and increased pressure [23]. Fur-
thermore, KCa3.1 and TRPV expression is associated
with oxygen-glucose deprivation-induced astrogliosis
[24].

TRPV5 serves as an active Ca’* reabsorption gate-
keeper [25] and mediates Ca®* influx into the cells as the
first step in transepithelial Ca®" transport [26]. The kinase
domain of WNK lysine-deficient protein kinase 3 could
reportedly increase TRPV5-mediated Ca?* transport
[27]. Previous studies revealed that KCa3.1 and TRPV5
are both PHPT1 substrates. PHPT1 directly regulates the
TRPV5 plasma membrane (PM) channel through revers-
ible histidine phosphorylation, and this regulation is bio-
logically significant [28, 29]. Herein, we demonstrated
that inhibiting PHPT1 significantly enhanced TRPV5
phosphorylation. PHPT1 is a 125-amino acid-containing
human cytoplasmic protein, with residues at its active
site identified as Lys21, Glu51, Tyr 52, His53, Arg78,
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Tyr3, and Met95. This active site provides a suitable envi-
ronment for phosphohistidine-containing substrate bind-
ing [30]. PHPT1 mutation at the dibasic amino acids at
positions 53 or 102 reportedly induces histidine phospha-
tase activity loss in PHPT1 [31]. Recently, a salt bridge
was identified between the R78 guanidinium moiety and
the C-terminal carboxyl group on Y125, which is critical
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Fig.7 PHPT1 overexpression rescues pulmonary vascular remodeling and
alleviates HAPH in hypobaric hypoxia rats. A Upper panel: Western blot
analysis of PHPT1 protein expression in lung tissue. Tubulin was used as a
loading control. Lower panel: Quantification of western blot analysis from
the upper panel. B Left panel: RVSP and mPAP were determined using in-
vasive hemodynamic measurements. Right panel: Quantification of mPAP
and RVSP (n =12) C PAT/PET and TAPSE were measured using echocar-
diography. D Left panel: Microscopic images of lung tissues stained with
H&E. Right panel: Quantification of lung dry-to-wet ratio (n =12). E Left
panel: Images of heart tissues stained with H&E and Masson’s staining.
Right panel: Quantification of Heart RV to LV+IS ratio (n =12). F Lung tissue
sections were stained with antibodies against a-SMA and the cell prolifera-
tion marker PCNA. MWT was determined using histological analysis. RVSP,
right ventricular systolic pressure; mPAP, mean pulmonary artery pressure;
PAT/PET, pulmonary acceleration time; pulmonary ejection time; TAPSE,
tricuspid annular plane systolic excursion; H&E, hematoxylin and eosin; RV
to LV+IS ratio, right ventricular to left ventricular + interventricular septum
ratio; PCNA, proliferating cell nuclear antigen. *p < 0.05 relative to the con-
trol. #p < 0.05 relative to the hypoxia model group.

for PHPT1 ligand binding [32]. Using HDOCK predic-
tion, we analyzed the impact of His-89 and Trp-120 on
PHPT1 binding with the Asp30 and Argl57 mutations of
TRPV5. We observed that Co-IP prevented the interac-
tion between PHPT1 and TRPV5. However, Asp30Ala
and Argl57Ala partially impaired PHPT1 binding with
TRPV5. Overall, these results demonstrate that PHPT1
downregulation leads to impaired phosphorylation at
Asp30 and Argl57 in TRPV5 and PASMC, thereby con-
tributing to pulmonary hypertension injury development.
Therefore, our discoveries indicate that PHPT1 inhibition
could upregulate TRPV5 activation and increase PASMC
proliferation and migration. Likewise, deleting the
TRPV5 gene in B cells results in dysfunctional spread-
ing and contraction [33]. It was previously reported that
TRPV5 acts as a transient receptor potential cation chan-
nel and an intermediate-conductance Ca”*-activated
potassium channel mediated by NDPK-B and PHPT1
[34]. SERCA2, a sarcoplasmic reticulum Ca*-ATPase
pump, is a calcium pump protein that can mediate sar-
coplasmic reticulum Ca®" reuptake. Decreased SERCA2
activity has been detected in heart failure [35]. CaMK2,
a Ca*/calmodulin-dependent protein kinase II, has been
reported to be involved in inflammation. High levels of
CaMK2 expression and phosphorylation indicate heart
failure [36]. Our findings verify that hypoxia enhanced
the phosphorylation levels of CaMK2 as well as the
downregulation of SERCA2, which is consistent with
the findings of earlier research. As previously described,
TRPV5 acts as a transient receptor potential cation chan-
nel and regulate calcium-mediated signaling [26]. In our
study, TRPV5 mutation elevated CaMK2 phosphoryla-
tion, and downregulated SERCA2 in PASMC, as con-
firmed by western blotting, suggesting the important
role of TRPV5 and its involvement in the regulation of
calcium signaling as a downstream of PHPT1 in HAPH.
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Fig. 8 Overexpression of PHPT1 mitigates the proliferation and migration of PASMCs and upregulates TRPV5/p-PI3K/p-Akt expression under hypoxic
conditions. A Western blot analysis of PHPT1 protein expression in PASMCs. Tubulin was used as a loading control. Quantification of western blot analysis
from the upper panel. B Cell proliferation was determined using a cell counting kit-8 under normoxic or hypoxic conditions with or without PHPT1-OFE,
and absorbance was measured at 450 nm (n = 6). C Left panel: Cell proliferation was determined using impedance detection under normoxic or hypoxic
conditions with or without PHPT1-OE. Right panel: Quantification of impedance analysis (n = 6). D Left panel: PASMCs were exposed to normoxic or hy-
poxic conditions with or without PHPT1-OE. Representative images of the wound closure area. Right panel: Quantification of the wound closure area (n
= 6). E PASMCs were seeded into the upper chambers of Transwell plates and exposed to normoxic or hypoxic conditions with or without PHPT1-OE for
48 h. Representative images of migrated cells are shown. The migrated cells were quantified by detecting crystal violet levels (n = 6). F Left panel: External
membrane current activated by depolarization of PASMCs. Right panel: The |-V curve of the outgoing current. G Summary of the peak amplitudes as cyto-
solic Ca** changes detected by Fluo-4 fluorescence (F/F0). H Western blot analysis of TRPV5, KCNN4, CDKNTA, p-Akt, p-SMAD2, p-SMAD3, p-TGF-3, RACT,
and p-EGFR protein expression compared with that of the 3-tubulin loading control in WT and PHPT1-OE rat lungs with or without hypoxia exposure.
I Western blot result quantifications. The relative expression of each protein was normalized to that of 3-tubulin. The results were obtained from three
independent experiments and are represented as the mean + SD. PASMCs, pulmonary artery smooth muscle cells; O, overexpression. *p < 0.05 relative

to the control. #p < 0.05 relative to the hypoxia model group.

In addition, RuR, a TRPV5 inhibitor, markedly allevi-
ated PASMC proliferation by blocking TRPV5 expression
through PHPT1 inhibition. In conclusion, these findings
demonstrate that PHPT1 interacted with TRPVS5, influ-
encing Kca3.1 expression and impaired Ca** influx and
PASMC function balance, thereby contributing to pul-
monary hypertension injury development.

In this study, RNA-seq identified several genes highly
enriched in the PI3K-Akt signaling pathway. PI3K is a
widely expressed lipid kinase that phosphorylates phos-
phoinositides at the D-3 position of the inositol ring [37].
Growth factors and hormones trigger this phosphoryla-
tion event, which, in turn, coordinates cell growth, cycle
entry, migration, and survival [38, 39]. Based on hema-
topoietic stem cell migration, PHPT1 was identified as a
specific PI3Ky/Akt/Racl pathway mediator that regulates
hepatic stellate cell migration, thereby participating in
hepatic fibrosis. The dephosphorylation role of PHPT1
against the phosphorylated G protein G dimers posi-
tioned PI3K as a Gp subunit downstream effector [40].
However, another study described PHP14's dephosphor-
ylation role against phosphorylated Akt in lung cancer
cells. PI3K/AKT pathway inhibitor AS252424 treatment
reduced PHPT1 overexpression-mediated Akt phosphor-
ylation [41]. Consistent with these results, we noted that
PHPT1 regulated the Akt downstream effector and its
pathway. The difference in the role of PHPT1 against Akt
phosphorylation might be dependent on cell phenotype-
and the specific stimulus. However, near-complete but
not complete disruption of contact resulted when Arg-
157Ala and Asp30Ala, the two residues, were mutated,
although other unidentified interactions could also exist.

To conclude, our findings mechanistically delineate
that PHPT1 expression significantly decreased in high
altitude-induced pulmonary hypertension. Pulmonary
artery-specific PHPT1 deficiency was further aggravated
in pulmonary artery-specific PHPT1 knockout trans-
genic rats. Mechanistically, PHPT1 deficiency upregu-
lated TRPV5 expression to inactivate the PI3K/AKT/
SMAD pathway, which resulted in pathological pulmo-
nary vascular remodeling. (graphical abstract).

However, our study has some limitations. There were
no human data or population validation on the effective-
ness of PHPT1 for treating HAPH. In addition, near but
not incomplete disruption of contact resulted when Arg-
157Ala and Asp30Ala, the two residues were mutated.
There may be a third or fourth interaction part not fully
exhibited. There were no upstream regulators of PHPT1
validation on the effective of PHPT1 for treating HAPH.
Further studies on the activated upstream regulators of
PHPT1should be discussed. However, we proved that
PHPT1 could be a therapeutic strategy for the treatment
of HAPH. Thus, further studies on the specific thera-
peutic effects and safety of the drugs targeting PHPT1
in HAPH treatment might help to exploit the potential
HAPH treatment approaches for clinical translation.

Conclusions

This study demonstrates that PHPT1 attenuates high
altitude-induced pulmonary hypertension and cardiac
hypertrophy by downregulating TRPV5/Akt signaling,
and PHPT1 targeting could contribute to the develop-
ment of novel HAPH treatment approaches.
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