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Abstract

Angiotensin Il type 1 receptor (AT{R) is a vital therapeutic target for hypertension. Sorting

nexin 1 (SNX1) participates in the sorting and trafficking of renal dopamine Ds receptor,

while angiotensin and dopamine are counter-regulatory factors in regulating blood pressure.

Thus, we supposed whether SNX1 has an effect on the AT;R sorting and trafficking. Snxz/~
mice, generated using the CRISPR/Cas9 system, showed a dramatic elevation in blood pressure
compared to wild-type littermates. The angiotensin Il-mediated contractile reactivity of mesenteric
arteries and AT;R expression in aortas also rised in SnxZ~~ mice. Moreover, immunofluorescence
and immunoprecipitation analysis, respectively, revealed that SNX1 and AT{R were colocalized
and interacted in aortas from wild-type mice. /n vitro studies disclosed that AT;R protein level and
its downstream calcium signaling were upregulated in A10 cells treated with SNX1 siRNA. This
may result from decreased ATR protein degradation because AT{R mRNA level had no change,
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but the expression of AT1R protein was less degraded when SNX1 knockdown, as reflected by

the cycloheximide chase assay. Furthermore, the proteasomal rather than lysosomal inhibition
increased AT¢R protein content, accompanied by decayed binding of ubiquitin and AT1R after
SNX1 knockdown. Confocal microscopy uncovered that AT;R colocalized with PSMD8, a
proteasome marker, and the colocalization was reduced after SNX1 knockdown. These findings
suggest that SNX1 sorts AT¢R to proteasomal degradation and SNX1 impairment increases arterial
AT R expression, leading to higher vasoconstriction and increased blood pressure.
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Introduction

Hypertension, one of the most common chronic diseases worldwide, has been identified

as the leading risk factor for cardiovascular events such as heart attack, heart failure,
aneurysm, chronic kidney disease, stroke, cognitive impairment, and dementia [1]. Despite
substantial progress has been made in understanding the epidemiology, pathophysiology, and
risk associated with hypertension, hypertension and its complications remain a heavy burden
of global medical care [2, 3].

Pathophysiological changes of the vasculature have been considered to play a critical role in
the development of hypertension [4-6]. Blood vessels are not merely mechanical channels
through which the blood flows, a variety of receptors distributed there, exerting their
physiological functions in modulating blood pressure. Angiotensin Il (Ang I1), a crucial
effector hormone, causes vasoconstriction and blood pressure increment, while Ang 11 type
1 receptor (AT1R), a G protein-coupled receptor (GPCR) mediating most effects of Ang

I1, is well known to participate in the process of hypertension. Both AT1R expression and
functions are enhanced in hypertension [7, 8]. Furthermore, AT4R is not only involved

in the contraction of vascular smooth muscle cells (VSMCs) [9], but also related to

other pathophysiological alterations such as increased oxidative stress [10, 11], chronic
inflammation [12, 13] and cardiovascular remodeling [14, 15].

The balance of GPCR recycling and degradation is pivotal for cellular homeostasis, while
the perturbation of it may lead to impaired homeostatic responses and morbid states such as
coronary artery disease and hypertension [16-18]. Sorting nexins (SNXs), a diverse group
of cellular sorting proteins characterized by the phox homology (PX) domain that can

bind to phosphoinositide [19], are key in orchestrating the process of protein sorting and
trafficking including endocytosis, endosomal sorting, and endosomal signaling [16]. Studies
in human renal proximal tubule cells (hnRPTCs) and in mice have shown that SNXs exert
their physiological effects via regulating the expression and function of GPCRs [20-22], and
SNXs impairment-caused GPCR dysfunction is associated with cardiovascular diseases [16,
23]. Among SNXs, SNX1 is the first mammalian sorting nexin that characterized and is

the ortholog of the yeast vacuolar protein-sorting (Vps)5p, a protein involved in trans-Golgi
network trafficking [24]. Previous studies have reported that renal SNX1 is involved in blood
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pressure modulation via sorting and recycling the dopamine Ds receptor (DsR) back to

the cell membrane in hRPTCs [20]. However, whether arterial SNX1 exerts physiological
effects in blood pressure regulation is still unknown. Moreover, Ang Il and dopamine are
counter-regulatory hormones participating in blood pressure controlling [25, 26]. Thus, we
speculated that arterial SNX1 may take part in the sorting and trafficking of AT{R in
vascular smooth muscle cells (VSMCs). The aim of this present study was to investigate
the regulation of SNX1 on the expression and function of arterial AT{R and its underlying
mechanisms.

Transgenic mice

The SNX1-deficient mice in C57BL/6 background were generated via CRISPR/Cas9-
mediated genome engineering by Cyagen (Cyagen Biosciences, Guangzhou, China). The
mouse SNX1 gene (GenBank accession number: NM_019727.2) is located on mouse
chromosome 9, and the exon 1 was selected as the target site. Cas9 mRNA and

guide RNAs (gRNAS) (gRNA1: 5'-CCCTGGCATGGATCCGGAGTCGG-3'; gRNA2: 5'-
GGATATTTTCACTGGCGCCGCGG-3') generated by /n vitro transcription were injected
into fertilized eggs for knockout mouse productions. The founders were genotyped by
polymerase chain reaction (PCR) followed by DNA sequencing analysis. Then the positive
founders were breeding to the next generation which was genotyped by PCR and agarose gel
electrophoresis.

Genotyping of Snx1™~ mice

Genomic DNA was extracted from mouse tail tissue using mammalian genomic DNA
extraction kit (Beyotime, Jiangsu, China). The target DNA was amplified by PCR

using the specific primers (forward: 5'-CAGCCTTGCGGTTCAGTGCTT-3'; reverse: 5'-
AAATGCCCGCTGAATCCTTGG-3"), and the PCR was carried out in the following
conditions: 1 pL of template at a concentration of 100 ng/uL, 10 uL of GoTaq Green Master
Mix (Promega, Madison, WI, USA), 1 uL forward primer (10 pmol/L, Sangon Biotech,
Shanghai, China), 1 L reverse primer (10 pmol/L, Sangon Biotech, Shanghai, China), and
nuclease-free water (Promega, Madison, WI, USA) was added to a final volume of 20 uL per
reaction.

The PCR protocol consisted of an initial denaturing step at 95 °C for 3 min, 30 cycles at 95
°C for 30 s, 59 °C for 30 s, and 72 °C for 1 min, followed by a final extension at 72 °C for 5
min in a T100™ thermal cycler (Bio-Rad, Hemel Hempstead, UK). Then the PCR products
were then analyzed by 1% agarose gel electrophoresis.

Measurement of blood pressure

Blood pressure of mice was measured by the tail-cuff plethysmography method using

a programmed electro-sphygmomanometer Softron BP-2010A (Softron Biotechnology,
Beijing, China) as described previously [27-29]. Briefly, 10-week-old mice were trained to
adapt to the environment before blood pressure measurement. The mice were gently placed
in a small soft cage without being anesthetized, and after a period time of stabilization
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of their behavior and heart rates, the systolic, diastolic and mean blood pressures were
recorded, and the average of 10 recorded values was used for further statistical analysis.

Preparation and study of small resistance arteries

Mesenteric artery ring studies were performed according to previous reports [30-32]. In
brief, second-order mesenteric artery branches were cut into 2 mm rings, and then each
segment was suspended between two tungsten wires (25 um in diameter) in chambers of a
Multi Myograph System (DMT-620, Aarhus, Denmark) to measure isometric tension, and
the chambers were filled with physiological saline solution (PSS) and continuously bubbled
with carbogen (95% O,, 5% CO,) at 37 °C [33]. After a 15-min equilibration period,
mesenteric arterial rings were stretched to the optimal luminal diameter for active tension
development. In the first set of experiments, rings were contracted with phenylephrine HCI
(PHE; 10 pmol/L) and high-potassium PSS (125 mmol/L) to reach the maximum tension,
followed by rinse with PSS. Then different drugs were administrated to test the reactivity
of artery rings, and the response curves were measured by a cumulative concentration-
dependent protocol.

Immunohistochemical and immunofluorescent staining of the aortas

Cell culture

Aorta samples were fixed in 4% paraformaldehyde and dehydrated in increasing
concentrations of ethanol. Samples were then cleared in xylene and embedded in
paraffin. The samples were cut into 4 um thick sections for further experiments.

The immunohistochemical staining was carried out using a rabbit anti-AT{R antibody
(1:100, Proteintech, Wuhan, China). Reactions were detected by horseradish peroxidase-
conjugated goat anti-rabbit 1gG and the color was developed with 3,3'-diaminobenzidine
tetrahydrochloride (Solarbio, Beijing, China) and stopped by rinsing in deionized water.

For the immunofluorescent staining of aortic sections, we followed the protocol described
previously [34]. In brief, the sections were permeabilized and blocked, then primary
antibodies (rabbit anti-ATR, 1:100, Proteintech, Wuhan, China; goat anit-SNX1, 1:100,
Sigma-Aldrich, St. Louis, MO, USA) were incubated overnight at 4 °C. After rinse, the
secondary antibodies (Alexa Fluor 488-labeled goat anti-rabbit 1gG 1:100, Zsbio, Beijing,
China; Cy3-conjugated affinipure donkey anti-goat IgG 1:100, Proteintech, Wuhan, China)
were applied for 1 h at room temperature, while for negative controls, the samples

were incubated with the isotypematched control primary antibodies. Additionally, the 4',6-
diamidino-2-phenylindole (DAPI) was used to stain nuclei. Colocalization analysis was
performed with the ImageJ Colocalization Finder plugin, and the Pearson’s correlation
coefficient (Rr) and the overlap coefficient (R) were calculated [35-37].

Embryonic thoracic aortic smooth muscle cells (passage 10~20) from normotensive Berlin-
Druckrey IX rats (A10; CRL 1476, ATCC) were cultured at 37 °C in 95% air and 5%

CO, in Dulbecco’s modified Eagle’s medium (DMEM, HyClone, South Logan, UT, USA)
supplemented with 10% v/v fetal bovine serum (Invitrogen Life Technologies, Karlsruhe,
Germany) and 1% v/v penicillin/streptomycin (Invitrogen Life Technologies, Karlsruhe,
Germany).
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SNX1 knockdown via small interfering RNA

The small interfering RNA (siRNA) against SNX1 mRNA and its control scrambled
siRNA were purchased from Ruibo Biotechnology (Guangzhou, China). The target
sequence of SnxZ siRNA (siSNX1) was 5'-GCCTAATAGGAATGACAAA-3', the sense
strand was 5'-GCCUAAUAGGAAUGACAAAITIT-3, and the antisense strand was
5-UUUGUCAUUCCUAUUAGGCATdT-3". The RNA interference experiments were
performed using Lipofectamine RNAIMAX Reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instruction. Briefly, cells were cultured in 6-well plates
until 60% confluence, then 30 pmol siSNX1, scrambled siRNA and negative control were
mixed with 9 pL of RNAIMAX, respectively, in 150 pL of Opti-MEM (Invitrogen, Carlsbad,
CA, USA). Cells were then incubated for 24 h for mRNA extraction or 48 h for protein
extraction.

Immunoblotting

Immunoblotting studies were performed according to procedures described in our previous
reports [38, 39]. Briefly, proteins were extracted from mice aortas or A10 cells with ice-cold
Tissue Extraction Reagent (Thermo Scientific, Waltham, MA, USA) containing protease
inhibitor cocktail (Roche, Indianapolis, IN, USA). Protein samples (50 g) were separated
by 10% sodium dodecy! sulfate polyacrylamide gel electrophoresis, followed by electron-
transferring to nitrocellulose membranes. Ponceau S staining was used as quality control

for the transferring. Then, the blocked membranes were incubated at 4°C overnight with
primary antibodies including rabbit anti-AT1R antibody (1:500, Proteintech, Wuhan, China),
rabbit anti-AT5R antibody (1:300, Beyotime, Jiangsu, China), rabbit anti-DgR antibody
(1:500, Proteintech, Wuhan, China), rabbit anti-SNX1 antibody (1:1000, Thermo Fisher
Scientific, Waltham, MA, USA), and mouse anti-GAPDH (1:5000, Proteintech, Wuhan,
China). The blotted membranes were then washed and incubated with the IRDye 800
labeled goat anti-rabbit secondary antibody (1:15000, Li-Cor Biosciences, NE, USA) or
IRDye 680 labeled goat anti-mouse secondary antibody (1:15000, Li-Cor Biosciences, NE,
USA) at room temperature for 1 h. Membranes were washed 3 times in Tris-buffered
saline/Tween (TBST), and bands were detected using the Odyssey Infrared Imaging System
(Li-Cor Biosciences, NE, USA). The images were analyzed using the ImageJ Software to
obtain integrated intensities.

Enzyme-linked immunosorbent assay

The supernatants of cultured A10 cells were collected and centrifuged at 1000 x g at 4 °C
for 20 min, then the levels of Ang Il were assessed by the enzyme-linked immunosorbent
assay (ELISA) kit (Cloud-Clone Corp., Wuhan, China) according to the manufacture’s
instruction. The absorbance was measured at 450 nm, and the concentration of Ang Il was
calibrated with the standard curve.

Real-time quantitative polymerase chain reaction

SNX1 and AT1R mRNA levels in mice aortas or A10 cells were quantified by real-time
quantitative polymerase chain reaction (QPCR) with forward and reverse primers (Table 1),
following the protocol in our previous study [38]. The following PCR condition was applied:
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95°C for 3 min, 40 cycles at 95°C for 10 sec and 62°C for 30 sec followed by 62°C 10 sec.
Since there are several different transcriptional variants of mouse GAPDH, mouse B-actin
was used instead as the internal control.

Immunoprecipitation

Equal amounts of cell lysates (1000 g total protein) were incubated with anti-SNX1
antibody (5 pg; SNX1-AT{R immunoprecipitation) or anti-ubiquitin antibody (5 ug,
Proteintech, Wuhan, China) overnight at 4°C, then 50 L protein G Plus-agarose

beads (Santa Cruz, CA, USA) were added and incubated for another 4 h at 4°C.

The immunoprecipitates were subjected to immunaoblotting with anti-ATR antibody.
Additionally, rabbit 1gG (negative control) and AT1R antibody (positive control) were used
as the immunoprecipitants to test the specificity of the bands on the immunoblots.

Confocal microscopy

A10 cells (1x10* cells/well) were seeded in the 20 mm Glass Bottom Culture Dishes
(Nest, Wuxi, China). After incubated with siSNX1 for 48 h, cells were fixed with 4%
paraformaldehyde for 30 minutes at 4°C, followed by permeabilization and blocking

with the Immunostaining Blocking Buffer (Sangon Biotech, Shanghai, China). The cells
were then incubated overnight at 4°C with primary antibodies including mouse anti-AT{R
antibody (1:50, Santa Cruz, CA, USA), rabbit anti-SNX1 antibody (1:100, Thermo Fisher
Scientific, Waltham, MA, USA), rabbit anti-PSMD6 antibody (1:100, Sigma-Aldrich, St.
Louis, MO, USA) and rabbit anti-LAMP1 antibody (1:100, Sigma-Aldrich, St. Louis, MO,
USA). For checking the colocalization of AT{R and Rab5, the rabbit anti-AT;R antibody
(1:100, Proteintech, Wuhan, China) and mouse anti-Rab5 (1:50, Santa Cruz, CA, USA)
were applied. After incubation with the secondary antibody (Alexa Fluor 488-labeled goat
anti-rabbit 1gG 1:100, Zshio, Beijing, China; Cy3-conjugated affinipure goat anti-mouse
IgG, 1:100, Proteintech, Wuhan, China) and DAPI, samples were observed under confocal
microscope (Olympus Corporation, Tokyo, Japan). Colocalization analysis was performed
with the ImageJ Colocalization Finder plugin. The index of colocalization corresponds to the
mean + standard deviation (SD) of the overlap coefficient (R)x100 obtained for at least 10
cells for each colabeling [37].

Intracellular calcium measurement

Intracellular calcium was labeled by Fluo-4 AM (Beyotime, Jiangsu, China) following the
manufacturer’s instruction. Briefly, cells were plated in 6-well plates, loaded with 5 uM
Fluo-4AM for 30 min at 37 °C, and then incubated in the dark for another 30 min. Cells
were treated with Ang Il (10~ mol/L) with or without 15 minutes of losartan (10~ mol/L)
pretreatment [7]. Images were captured and analyzed as described previously [40, 41], and
quantifications were performed using the ImageJ software.

Statistical analysis

Data were expressed as mean + SD values. Statistical significance was tested via ANOVA
followed by a post hoc Dunnett’s test for multi-group (>2) comparison, and Student’s t-test
was used for two-group comparison. For assays involving mesenteric arterial rings, the
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comparison was made by repeated-measures ANOVA (or paired t-test when only 2 groups
were compared) [32]. A value of A<0.05 was considered statistically significant.

Generation and identification of the Snx1~~ mice

The Snx27/~ mice in C57BL/6 background were generated using CRISPR/Cas9-mediated
genome engineering, as the schematic diagram illustrated (Fig. 1a). The offsprings were
genotyped by PCR and agarose gel electrophoresis, the homozygous genotype (Snx27")
showed a single band of 565 base pairs (bp), the wild-type (WT, SnxZ*/*) showed a single
band of 645 bp, and the heterozygous genotype (SnxZ*'~) showed both bands of 565 and
645 bps (Fig. 1b). Furthermore, the qPCR and immunoblotting results, respectively, showed
that there were SNX1 mRNA and protein expressions in aortas from WT mice, but not from
Snx17I~ mice (Fig. 1c, d).

Elevated blood pressure and enhanced reactivity of mesenteric artery to Ang Il in Snx17/~

mice

The Snx27/~ mice showed elevated systolic blood pressure (Fig. 2a), diastolic blood pressure
(Fig. 2b) and mean blood pressure (Fig. 2c) compared to their WT littermates, as measured
by the tail-cuff method. The artery ring studies indicated that there were no obvious
differences between SnxZ~/~ and WT mice in PHE-induced contraction (Fig. 3a) and
SNP-mediated relaxation (Fig. 3b). However, the Ang Il-induced contraction was the most
remarkably changed among the applied drugs, in which the Ang Il-induced contraction of
mesenteric arteries was much higher in SnxZ~~ mice than WT littermates (Fig. 3c).

Increased AT;R expression in aortas from Snx1~~ mice

We next investigated the expression of main receptors of Ang |1, and found that AT{R
protein level was significantly elevated in aortas from SnxZ~/~ mice, as reflected by

the immunoblotting result (Fig. 4a). Similarly, immunohistochemical staining of AT{R

also suggested increased AT;R expression in aortas from SnxZ~~ mice compared to WT
littermates (Fig. 4b). However, the expression of AT,R, another Ang Il receptor, was not
different between SnxZ~/~ and WT mice (Fig. 4c). Besides, the expression of DsR, another
GPCR that has been shown to promote AT{R degradation [42], was not changed in aortas
from SnxZ~~ mice (Fig. 4d). Furthermore, we tested if there was interaction between SNX1
and AT¢R in aortas from WT mice via the immunofluorescence laser confocal microscopy,
the results of the quantification indicated that SNX1 and AT1R were colocalized in tunica
media (Fig. 4e). The results of immunoprecipitation also suggested that SNX1 could bind to
AT1R in the aortas (Fig. 4f).

Upregulated AT1R protein level in SNX1 knockdown A10 cells

In vitro studies in A10 cells also confirmed that the protein expression of AT1R was
upregulated after SNX1 knockdown via specific siRNA (Fig. 5a). Moreover, the calcium
signal, which could be activated by the stimulation of AT1R and then causes VSMC
contraction [9, 43], was elevated in siSNX1-treated A10 cells in the basal state and increased
more significantly after Ang Il treatment. However, when pretreated with losartan, an AT{R
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antagonist, the elevation in calcium concentration was abolished (Fig. 5b). Furthermore,

we checked the colocalization between Rab5, an endosome marker, and AT1R after SNX1
knockdown. The quantified results from confocal microscopy disclosed an increase in AT1R
mean fluorescence intensity but a decrease in the colocalization of Rab5 and AT;R in
SiISNX1-treated A10 cells (Fig. 5¢). Additionally, we tested the content of Ang II, the ligand
of AT1R, in supernatants, and found that it was not altered after SNX1 knockdown (Fig. 5d).
Moreover, the immunoprecipitation indicated the interaction between AT1R and SNX1 in
A10 cells (Fig. 5e).

Involvement of the proteasome pathway in SNX1-mediated AT{R protein degradation

We further explored the underlying mechanism by which AT{R protein level rised. The
gPCR was performed and its result showed that the AT{R mRNA level was not changed
when SNX1 knockdown (Fig. 6a). However, AT{R protein was less degraded in siSNX1-
treated A10 cells at different time points in the presence of cycloheximide (500 pmol/L)

[44] which inhibited de novo protein synthesis (Fig. 6b). This indicated that upregulated
AT1R protein level was result from reduced degradation, rather than increased mMRNA
expression. We further added chloroquine (100 pmol/L) [45] or clasto-lactacystin beta-
lactone (CLBL, 10 pmol/L) [46], respectively, to inhibit the activity of lysosomes or
proteasomes, and found no change of ATR content after chloroquine and cycloheximide co-
treatment, but it was markedly increased after CLBL and cycloheximide co-treatment, and
the difference was more pronounced in siSNX1-treated A10 cells. (Fig. 6¢). Additionally,
the immunoprecipitation showed that there was an interaction between ubiquitin and

AT1R, which was decreased after SNX1 knockdown (Fig. 6d). Moreover, the results of
immunofluorescence laser confocal microscopy revealed that AT{R mainly colocalized with
PSMD6, a proteasomal marker, rather than LAMP1, a lysosomal marker, at the cytoplasm of
A10 cells, and the colocalization of AT1R and PSMD6 was reduced after SNX1 knockdown
(Fig. 6e).

DISCUSSION

The present study suggests that SNX1 plays an important role in the regulation of arterial
AT 1R expression and function; deficiency of SNX1 in mice leads to increased AT1R protein
expression and enhanced AT1R protein function in arteries. Mechanistically, SNX1 interacts
with AT1R and participates in AT{R sorting and trafficking to the proteasome for its
degradation in A10 cells. Thus, SNX1 is involved in the regulation of blood pressure.

SNX1 is originally identified as a sorting protein interacts with the cytoplasmic sequences,
including the tyrosine kinase domain and the adjacent lysosomal targeting signal, of the
epidermal growth factor receptor (EGFR), and vital in the degradation of EGFR [47, 48].
More importantly, in hRPTCs, SNX1 initiates the sorting of ligand-activated DsR at the
plasma membrane by tagging the receptor for endocytosis, which has a crucial effect on
DsR trafficking; further studies in mice have found that renal specific SNX1 depletion

via the renal subcapsular infusion of siSNX1 resulted in blunted natriuretic response to
DsR stimulation and elevated blood pressure [20]. Our present study shows that compared
with WT littermates, the systolic blood pressure, diastolic blood pressure and mean blood
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pressure of SnxZ~'~ mice were all elevated. It is a limitation that the blood pressure was
measured by the noninvasive tail-cuff method. However, the result was consistent with

our previous study, in which the blood pressure was accessed by telemetry [49], a more
accurate and reliable but invasive technique [50]. These studies all suggest that SNX1 plays
a vital role in the regulation of blood pressure. However, our previous study only disclosed
increased renal oxidative stress and impaired natriuretic in the kidney in SrxZ~/~ mice

[49], but not investigated the role of SNX1 in the regulation of blood vessels, which also
contribute to hypertension. Thus, in our present study, we explored the effects of SNX1 on
the vascular tone and its intrinsic mechanisms.

There are multiple humoral systems related to high blood pressure, among which the renin-
angiotensin system (RAS) has attracted the most attention. Ang Il is classically considered
as the main mediator of RAS and exerts its effects via two major distinct GPCRs: the

AT1R and the AT,R. Most Ang Il actions are mediated by AT{R, which is involved

in the development of hypertension via increasing vasoconstriction [9, 51], renal sodium
reabsorption [52], inducing vasopressin release [53], and facilitation of sympathetic nerve
activity [54]. Thus, the regulation of AT{R expression and function is of great significance
for the prevention and treatment of hypertension. However, little attention has been paid

to the sorting and trafficking of AT{R and its effect on blood pressure. Our current

study focused on the pivotal role of SNX1 in AT¢R sorting and explored the underlying
mechanisms, which might indicate a novel aspect of blood pressure regulation. Our

studies in small resistance arteries revealed that, among the applied drugs, Ang Il-induced
contraction was much enhanced in SrxZ~/~ mice. This might be ascribed to upregulated
AT1R expression, because AT;R protein level was increased in both aortas from Snxz~/~
mice and SNX1 knockdown A10 cells. Similar results were found in previous studies which
show elevated AT;R expression in siSNX1 treated mice kidneys [20], kidneys from Snx17/~
mice [49] and siSNX1 transfected hRPTCs [20]. Furthermore, to evaluate the function of
AT1R in siSNX1 treated A10 cells, we tested the concentration of intracellular calcium,
which could be activated by stimulation of ATR and then causes VSMC contraction [55,
56], as did in our previous investigation [7]. We found it was significantly elevated in
siSNX1-treated A10 cells in the basal state, and the difference was more pronounced after
Ang Il treatment. More importantly, the elevation could be blocked by pretreatment of
losartan, an inhibitor of ATR. These results uncovered a crucial role of SNX1 in the
regulation of AT{R expression and function in VSMCs, and SNX1 depletion could lead to
increased AT¢R protein level and higher Ang I1-mediated mesenteric artery contractility,
which further contributes to hypertension. However, one limitation of our present study is
the lack of losartan-blocking experiments /7 vivo or ex vivo, which needs to be improved in
future studies.

We next investigated regulatory mechanisms of SNX1 on AT4R expression, and found
that AT{R protein but not mMRNA level was elevated after SNX1 knockdown in A10
cells, suggesting SNX1 may be involved in the process of AT{R protein degradation. The
cycloheximide chase assay, a classical method to analyze protein degradation [57, 58],
further revealed that AT1R protein expression was increased in siSNX1-treated A10 cells
after incubation with cycloheximide [44], proving the reduced AT{R protein degradation
after SNX1 knockdown. Moreover, immunofluorescence laser confocal microscopy and
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immunoprecipitation assay, respectively, indicated the spatial colocalization and physical
interaction in aortas and A10 cells. Since colocalization has been often conducted in a rather
ad hoc fashion, and could be subject to misinterpretation and inconsistencies [59-61], we
quantified the colocalization via ImageJ as previous reports [35-37]. It should be noted

that the Forster resonance energy transfer (FRET) and proximity ligation assay (PLA) are
more reliable methods to investigate the protein-protein interactions, to which more attention
should be paid in future investigations. /n vitro studies also showed that the colocalization of
AT1R and Rab5 was reduced in siSNX1-treated A10 cells, which indicated the role of SNX1
in AT{R sorting. SNX1 has also been found to modulate functions of renal D5R, which
mediates renal tubular AT{R degradation [20, 42]. Thus, we further explored the expression
of aortic DsR in SnxZ~~ mice, but found no obvious change. Therefore, we proposed that
the regulation of aortic AT1R by SNX1 might be independent of DgR.

The proteasomes and lysosomes represent two most important proteolytic machineries in
cells [62, 63]. The activity of GPCRs could be tightly controlled by their endocytosis,
which drives the receptors into divergent lysosomal and recycling pathways [64], while

the signaling proteins may also undergo regulated ubiquitination in response to GPCR
activation, and the regulated ubiquitination could cause proteasomal degradation [65]. AT;R
has been reported to be degraded through the ubiquitin-proteasome pathway mediated by
activation of D5R in hRPTCs [42]. This is also confirmed by another study showing that
stimulation of DgR, not D;R, leads to the degradation of AT;R in RPTCs, which could be
completely blocked by clasto-lactacystin beta-lactone, a proteasome inhibitor [46]. Studies
have shown that SNXs are involved in the protein degradation, for example, SNX1 has

been suggested to sort protease-activated receptor-1 from early endosomes to lysosomes

for its degradation [66]. In our study, the proteasomal inhibition, rather than lysosomal
inhibition, increased AT1R expression in A10 cells, and the increment was more pronounced
after siSNX1 knockdown, accompanied by decreased interaction between ubiquitin and
AT1R. We also found that AT{R was mainly colocalized with PSMD6, a proteasomal
marker, rather than LAMP1, a lysosomal marker, at the cytoplasm of A10 cells, and the
colocalization of AT;R and PSMD6 was decayed after SNX1 knockdown. These indicate
that SNX1-mediated AT{R degradation is mainly through the proteasomal pathway, not the
lysosomal pathway.

In conclusion, our data reveal a crucial role of SNX1 in AT4R sorting and degradation in
VSMCs. Depletion of SNX1 results in higher AT1R mediated-mesenteric artery contractility,
which may represent a novel mechanism for the regulation of blood pressure.
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Fig. 1. Generation and identification of Snx1™/~ mice.
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a Schematic diagram showing the generation of SnxZ~/~ mice based on CRISPR/Cas9. b
Agarose gel electrophoresis demonstrating genotype determinations using DNA from three
individuals representing Snx27/=, Snx1*'=, and WT mice. ¢ Representative images of the
agarose gel electrophoresis of qPCR products, indicating the expression of SNX1 mRNA in
aortas from WT mice, but not from SnxZ~'~ mice. d Immunoblots showing the expression of
SNX1 protein in aortas from WT mice, but not from SnxZ~/~ mice.
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Fig. 2. Elevated blood pressure in Snx17/~ mice measured using the tail-cuff plethysmography.
a The systolic blood pressure was increased in SnxZ~~ mice compared to wild-type (WT)

littermates (122.0 + 4.2 mm Hg vs. 99.8 £ 3.3 mm Hg, */<0.05 vs. WT, 7=5). b Increased
diastolic blood pressure in SnxZ~/~ mice compared to WT littermates (69.6 + 2.8 mm Hg vs.
59.4 + 3.1 mm Hg, */<0.05 vs. WT, /=5). ¢ Elevated mean blood pressure in SnxZ™~ mice
compared to WT littermates (80.8 = 3.1 mm Hg vs. 67.8 £ 2.2 mm Hg, *~<0.05 vs. WT,
=5).
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Fig. 3. Enhanced reactivity of mesenteric artery to Ang 11 in Snx1™/~ mice.
a Phenylephrine (PHE)-induced contractions of mouse mesenteric arteries were not changed

in SnxI~~ mice, no significant difference between WT and SnxZ~/~ mice (/=5). b Sodium
nitroprusside (SNP)-induced relaxations of mouse mesenteric arteries were not remarkable
changed in SnxZ~/~ mice (/=5). ¢ Ang Il-induced contractions of mouse mesenteric arteries
were increased in SnxZ~~ mice (*£<0.05 vs. WT, 77=5).
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Fig. 4. Increased AT1R expression in aortas from Snx1~/~ mice.
a AT4R protein level was upregulated in the aortas from SnxZ~/~ mice (*/£<0.05 vs. WT,

=5). b Immunohistochemistry staining of AT{R revealed increased expression of AT{R in
Snx17'~ mice compared to WT mice (these studies were repeated 3 times; NC, negative
control; scale bar = 50 um). ¢ AT,R expression was not changed in the aortas from SnxZ~/~
mice, analyzed by immunoblotting (/7=5). d DsR expression was not changed in the aortas
from SnxZ™~ mice, analyzed by immunoblotting (7=3). e The colocalization of ATR and
SNX1 detected by immunofluorescence laser confocal microscopy. Representative images
suggesting the colocalization of AT{R and SNX1 in aortic sections from WT mice (scale bar
=50 um) (el). The quantification of colocalization was analyzed by ImageJ Colocalization
Finder plugin, and the Pearson’s correlation coefficient (Rr) and the overlap coefficient (R)
were calculated (e2). f Immunoprecipitation assay indicated the interaction between AT1R
and SNX1 in the aortas from WT mice (these studies were repeated 3 times; NC, negative
control; PC, positive control).
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Fig. 5. Upregulated AT1R protein level in SNX1 knockdown A10 cells.
a AT{R protein level was upregulated after SNX1 knockdown, indicated by immunaoblotting

studies (*/<0.05 vs. control, 7=3). b Intracellular calcium concentration was increased in
SNX1 knockdown A10 cells, revealed by representative images of Fluo-4 AM fluorescent
(b1) and the statistic results (b2) (scale bar = 20 um, */£<0.05 vs. control, 7=3). ¢

The colocalization of AT1R and Rab5 detected by immunofluorescence laser confocal
microscopy. Representative images revealing the colocalization of AT1R and Rab5 in
control and siSNX1-treated A10 cells (scale bar = 20 pm) (c1). AT1R mean fluorescence
intensity was quantified by ImageJ (*£<0.05 vs. control, 7=10 cells) (c2). The quantification
of colocalization was analyzed by ImageJ Colocalization Finder plugin, the index of
colocalization corresponds to the mean * standard deviation (SD) of the overlap coefficient
(R)x%100 (*P<0.05 vs. control, 7=10 cells) (c3). d Ang Il concentration in the supernatant of
cultured A10 cells was not changed after SNX1 knockdown, determined by enzyme-linked
immunosorbent assay (ELISA) (7=3). e Immunoprecipitation analysis of the interaction
between SNX1 and AT1R in A10 cells (these studies were repeated 3 times; NC, negative
control; PC, positive control).

Hypertens Res. Author manuscript; available in PMC 2021 November 13.



Liuetal. Page 20

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

. Control SiISNX1
a Clcontrol b Control SISNX1 c PBS Chl CLBLPBS Chl CLBL
o 15 Elsaramble Oh _4h 12h 24h Oh 4h 12h 24h CHX + + + + + +
5 ; e pp—— | ATR == PR TR
2 HlsiSNX1 RN 50 KDa) [ = = = =l 50KDa)
E_% ———— | e —— | GAPDH l—--—-- GAPDH
§910 — (36 KDa) 36 KDa
o Control 20 |:|PBS ( )
3 s -e- SISNX1 x? ¥
o x 1.0 c = I=CLBL “
E i £2L15
2 <05 <s ac
g° * 32 0§10
o N 805 ER
= TS &3
EJ © 505
o x
w
SNX1 AT,R Z o0 = 00
12 24 Time (h) Control SISNX1
d 1007 =Control ”
m=SiSNX1
2 4

a o N
o O o

0

N
o

Index of AT,R colocalization (%)

30-

Red: AT,R Red: AT,R

Blue: DAPI Blue: DAPI LAMP1 PSMDe

Fig. 6. Involvement of the proteasome pathway in SNX1-mediated AT1R protein degradation.
a The AT1R mRNA level, determined by qPCR, was not changed after SNX1 knockdown

(*£<0.05 vs. control, 7=3). b The degradation of AT1R protein was reduced when SNX1
knockdown, as reflected by immunaoblotting. The cells were incubated with cycloheximide
(500 umol/L) for indicated times. Results are expressed as the percentage change of the
control in each group (*P<0.05 vs. 77=3). ¢ Proteasome but not lysosome inhibition increased
AT 1R protein expression, and the increment was more pronounced in siSNX1-treated

A10 cells. (500 pmol/L cycloheximide was co-administered; CHX, cycloheximide; Chl:
chloroquine, a lysosomal inhibitor, 100 pmol/L; CLBL.: clasto-lactacystin beta-lactone, a
proteasomal inhibitor, 10 pmol/L, */<0.05 vs. control, /7=3). d Immunoprecipitation analysis
indicates a decayed interaction between AT1R and ubiquitin when SNX1 knockdown.

e Representative images of immunofluorescence laser confocal microscopy and the
quantification of colocalization indicated that AT1R mainly colocalized with PSMD6 (a
proteasomal marker) rather than LAMP1 (a lysosomal marker), and the colocalization of
AT1R and PSMD6 was reduced after SNX1 knockdown. The quantification of colocalization
was analyzed by ImageJ Colocalization Finder plugin, the index of colocalization
corresponds to the mean + standard deviation (SD) of the overlap coefficient (R) x100

(scale bar = 20 pm, */<0.05 vs. control, /=10 cells).
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Table 1

Primers sequences used for gPCR

Gene Gene Bank . o Product Size
Name Number Primer Sequence (5'-3") (bp)
Mouse Foreword: ATGGATCCGGAGTCGGAAGGG
NM_019727.2 115
SNX1 Reverse: GAGACTGGGGCTTAGTGGCTG
Mouse Foreword: TAAAACCCGGCGGCGCAA
. NM_007393.5 92
B-actin Reverse: GGTGTGGACCGGCAACGAA
Rat Foreword: CGACTCCCTCCGCCCTTC
NM_053411.1 136
SNX1 Reverse: ACTGGGGCTTACTAGCTGCC
Rat NM_030985.4 Foreword: AGCATCATCTTTGTGGTGGGAA
59
AT,R NM_031009.2 Reverse: AAGTAAATGACAATCACCACCAAGC
Rat Foreword: AACACGGAAGGCCATGCCAG
NM_017008.4 81
GAPDH Reverse: GCATCCACTGGTGCTGCCAA
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