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Abstract
Background  Nucleolin (NCL) plays an important regulatory role in angiotensin II (Ang II)-induced phenotypic 
switching of vascular smooth muscle cells (VSMCs). The aim of this study was to discuss its potential regulatory 
mechanisms.

Results  We investigated if the pathways involving Ang II type 1 receptor (AT1R) and PKC/MAPK are responsible for 
Ang II’s effects on VSMC phenotypic switching. Ang II upregulated NCL expression and activated the PKC/MAPK 
signaling pathway to induce VSMC phenotypic switching. In addition, Ang II promoted the translocation of NCL 
from the nucleus to the cell membrane. NCL was shown to bind to AT1R, whereas the binding of NCL to AT1R was 
greatly attenuated after the deletion of the GAR region. In addition, when peptide-N-glycosidase F (PNGase F) was 
applied, the N-glycosylation of NCL protein and the phenotypic switching of VSMC were inhibited. Ang II-induced 
AT1R internalization, whereas overexpression of NCL delayed Ang II-induced AT1R internalization by inhibiting AT1R 
phosphorylation and recruited Rab4 and Rab11 to promote recycling, and knockdown of NCL showed the opposite 
effect and reversal of AT1R binding by the use of rasarfin reversed the effects of sh-NCL. In in vivo experiments, 
knockdown of NCL expression inhibited Ang II-induced blood pressure rise and vasculopathy.

Conclusions  Our study demonstrates that NCL promotes Ang II-mediated phenotypic switching of VSMCs by 
regulating AT1R internalization function.
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Introduction
Vascular smooth muscle cells (VSMCs) are the most 
abundant cells in blood vessels. Vascular injury stimu-
lates the transformation of contractile VSMCs into a 
dedifferentiated type, also known as synthetic VSMCs, 
with high migration and proliferation capacity for repair-
ing vascular injury [1]. This process, called phenotypic 
switching, is often the first step in vascular pathology. 
VSMC phenotypic switching plays an important role in 
vascular remodeling and many cardiovascular diseases, 
including vascular aging, atherosclerosis [2], and aor-
tic aneurysms [3]. Synthetic VSMCs are characterized 
by increased proliferation and migration, and increased 
secretion of extracellular matrix (ECM), MMP, pro-
inflammatory cytokines, and exosomes [4]. Therefore, 
inhibition of VSMC phenotypic switching is important 
for the treatment of cardiovascular diseases.

Under normal physiological conditions, fewer VSMC 
have a synthetic phenotype, but they can be converted 
from a contractile to a synthetic phenotype in response 
to vascular injury or other extracellular stimuli such 
as angiotensin II (Ang II) [5]. The function of Ang II is 
mainly dependent on the activation of the G protein-
coupled receptor (GPCR) family member Ang II type 1 
receptor (AT1R) [6, 7]. Ang II binds to its receptor AT1R 
at the cell membrane surface and on the one hand acti-
vates downstream signaling pathways to exert its bio-
logical roles, including AT1R/phospholipase C (PLC)/
protein kinase C (PKC), mitogen-activated protein 
kinases (MAPK), and Janus kinase (JAK)/signal trans-
ducer of activation (STAT) signaling pathways; on the 
other hand, it rapidly undergoes internalization in the 
form of lattice protein-encapsulated vesicles [8]. The acti-
vation of AT1R by Ang II triggers the phosphorylation of 
the GPCR kinase, promotes binding to β-arrestins, and 
leads to desensitization, internalization, and altered sig-
naling of GPCR [9, 10]. Due to the classical effects of Ang 
II, AT1R internalization has been reported to be closely 
associated with many cardiovascular diseases [11].

Nucleolin (NCL) is a multilocalized protein that is 
mainly localized to the nucleolus but has also been found 
to be localized to the cell membrane, cytoplasm, and 
nucleoplasm [12]. It has been found to alter the distribu-
tion of NCL under several stress conditions. Binding to 
other molecular partners of NCL located on the surface 
of the plasma membrane regulates cell differentiation, 
leukocyte trafficking, angiogenesis, and tumorigenesis 
[13]. Our previous studies revealed that NCL promotes 
Ang II-induced VSMC phenotypic switching and stimu-
lates up-regulation of AT1R expression, and its role may 
be related to its cellular shuttling function as well as cell 
membrane localization [14, 15]. However, the specific 
relationship between the role of NCL and AT1R needs to 
be further investigated.

In the present study, we sought to investigate whether 
NCL could be involved in Ang II-mediated regulation of 
VSMC phenotypic switching as a novel AT1R-associated 
protein, and the molecular mechanism of NCL involve-
ment in AT1R signaling.

Methods
Cell isolation and treatment
VSMCs were isolated from the de-endothelialized tho-
racic aorta of mice by applying enzymatic digestion 
according to a previous report [16, 17]. The de-endothe-
lialized thoracic aorta was isolated from four-week-old 
male C57BL/6 mice on ice. The aorta was cleaned and 
rinsed with PBS using a syringe, followed by enzymatic 
digestion at 37 °C with agitation. After mincing the tissue, 
a second digestion was performed, and the suspension 
was filtered through a cell strainer. The cells were then 
centrifuged and cultured in M199 medium (PM150610, 
Pricella) with 10% fetal bovine serum (FBS), penicillin/
streptomycin, and plasmocin.

To test the effect of Ang II on VSMCs, we constructed 
the following two groups: Control (VSMCs without any 
treatment), and Ang II (VSMCs were treated with Ang II 
for 48 h (10− 5 mmol/L, HY-13948, MCE)) [14].

To investigate whether the AT1R and PKC/MAPK 
pathways mediate the effects of Ang II on VSMC, we 
constructed the following six groups: Control, Ang II, 
Ang II + Valsartan (VSMCs were pre-treated with 1 µM 
valsartan (AT1R inhibitor, HY-18204, MCE) for 1  h, 
and then treated with Ang II) [23], Ang II + LY317615 
(VSMCs were pre-treated with 10 µM LY317615 (PKC 
inhibitor, HY-10342, MCE) for 1 h, and then treated with 
Ang II), Ang II + SP600125 (VSMCs were pre-treated 
with 10 µM SP600125 (JNK inhibitor, HY-12041, MCE) 
for 1 h, and then treated with Ang II for 48 h), and Ang 
II + SB203580 (VSMCs were pre-treated with 10 µM 
SB203580 (p38 MAPK inhibitor, HY-10256, MCE) for 
1 h, and then treated with Ang II) [18].

To explore the role of glycosylation on NCL, we con-
structed the following two groups: Ang II and Ang 
II + peptide-N-glycosidase F (PNGase F).

To test the mechanism of action of NCL on AT1R, 
we constructed the following four groups: Control, Ang 
II, Ang II + oe-NC, and Ang II + oe-NCL (VSMCs were 
treated with Ang II and then transfected with oe-NC 
(negative control) or oe-NCL (overexpressed-NCL)).

To investigate the mechanism by which NCL mediated 
the role of Ang II in the VSMC phenotypic switching, we 
constructed the following four groups: Ang II + sh-NC, 
and Ang II + sh-NCL (VSMCs were transfected with 
sh-NC (negative control) or sh-NCL (silenced-NCL) 
and then treated with Ang II), Ang II + sh-NCL + DMSO 
(VSMCs were transfected with sh-NCL and then treated 
with Ang II and DMSO (AWC0148, Abiowell)), Ang 
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II + sh-NCL + Rasarfin (VSMCs were transfected with 
sh-NCL and then treated with Ang II and rasarfin (AT1R 
internalization blocker, 50 µM, HY-139950, MCE) for 
30 min) [19].

Plasmids construction and transfection
The sequence of oe-NCL (HG-MO010880) was cloned to 
the pcDNA3.1(+) vector. The sequences of sh-NC (5’-​T​A​
C​C​T​G​G​T​A​C​G​G​T​A​A​A​C​C​G​T​G-3’) and sh-NCL (5’-​C​C​T​
T​T​C​C​T​A​C​A​G​T​G​C​A​A​C​A​A​A-3’, HG-LV010880sh1168) 
were cloned to the pCDH-CMV-MCS-3xFlag-EF1-
GFP + Puro vector with EF-1α promoter. In addition, to 
probe the binding of NCL to AT1R, we purchased the 
NCLΔGAR (HG-MO010880-M1) and NCLΔGARΔRBD 
(HG-MO010880-M2) plasmids. The above plasmids were 
synthesized by HonorGene.

For transfection, 5 µL of plasmid solution (concentra-
tion: 200 nM) and 5 µL of Lipofectamine 2000 (11668500, 
Thermo Fisher Scientific) were each mixed with 95 µL 
of serum-free DMEM/F12 medium in separate tubes. 
These mixtures were gently agitated and incubated at 
room temperature for 5 min. Subsequently, the contents 
of both tubes were carefully combined to achieve a total 
volume of approximately 200 µL. The combined solution 
was further incubated at room temperature for an addi-
tional 20 min before being evenly dispensed into VSMCs. 
After a 6-h incubation period at 37  °C within the incu-
bator, the cells were replenished with fresh complete cul-
ture medium.

Immunofluorescence (IF)
VSMCs were centrifuged for 3  min, the cell substrate 
was aspirated, and 3 µL was pipetted onto a slide, then 
added 0.3% Trilatone at 37℃ for 30  min. The slide was 
blocked with 5% BSA for 60 min. The sections were incu-
bated with primary antibodies overnight at 4℃, followed 
by incubation with Goat anti-Rabbit IgG (H + L) Second-
ary Antibody (AWS0005a, 1:500, Abiowell) at 37  °C for 
60 min.

The mouse thoracic aorta tissue slices were subjected 
to dewaxing using xylene and then rehydrated through 
a series of ethanol concentrations. Following this, the 
tissue slices were immersed in a 0.01  M citrate buffer 
with a pH of 6.0, heated to boiling, then the heating was 
stopped, and the sections were boiled continuously for 
20  min, cooled, and washed with PBS. The slices were 
placed in sodium borohydride solution and treated using 
0.3% H2O2 for 15 min. Subsequently, a blocking step and 
an antibody incubation step are carried out as described 
above. Moreover, the slices were subjected to a 5-min 
incubation at 37  °C with TYP-570 fluorescent dye. For 
nuclear visualization, DAPI staining was utilized. The pri-
mary antibodies include OPN (ab63856, Abcam), α-SMA 
(14395-1-AP, Proteintech), and Ki67 (ab16667, Abcam).

Real-time quantitative PCR (RT-qPCR)
Total RNA was extracted through Trizol and then con-
verted to cDNA by HiFiScript cDNA Synthesis Kit 
(CW2569, CWBIO). Gene expression was assessed 
on the ABI 7900 system using Ultra SYBR Mixture 
(CW2601, CWBIO). β-actin was used as an internal ref-
erence to calculate via the 2−ΔΔCt method Table 1.

Western blot (WB)
Total protein was extracted from cells by RIPA 
(AWB0136, Abiowell). After quantification using a BCA 
kit (AWB0104, Abiowell), total protein was separated 
by SDS-PAGE and adsorbed on nitrocellulose mem-
branes by gel electrophoresis. Primary antibody include 
NCL (ab136649, Abcam), AT1R (25343-1-AP, Protein-
tech), p38 (AWA00938, Abiowell), p-p38 (AWA48964, 
Abiowell), p-JNK (AWA45692, Abiowell), JNK 
(AWA45693, Abiowell), p-ERK (AWA01140, Abiow-
ell), ERK (AWA01141, Abiowell), p-PKCα (AWA43973, 
Abiowell), PKCα (AWA43970, Abiowell), α-SMA 
(AWA00778, Abiowell), SM22α (AWA47343, Abiow-
ell), OPN (AWA43353, Abiowell), β-arrestin1 (#47698, 
CST), β-arrestin2 (#3857, CST), Clathrin (AWA43132, 
Abiowell), AP-2 (AWA41820, Abiowell), Caveolae-1 
(AWA47438, Abiowell), Rab4 (AWA00556, Abiowell), 
Rab11 (AWA46835, Abiowell), β-actin (AWA80002, 
Abiowell), and PCNA (AWA00425, Abiowell) were incu-
bated at 4  °C overnight. The HRP-conjugated secondary 
antibody was incubated. β-actin, and PCNA were used as 
an internal reference. The original bands were displayed 
in the supplementary file.

Cell counting kit-8 (CCK-8)
To evaluate cell viability, we conducted the CCK-8 assay 
(AWC0114a, Abiowell). Each experimental group com-
prised three replicate wells. Post-seeding, the cells were 
exposed to 10 µL of CCK-8 reagent per well and allowed 
to incubate for a duration of 4 h. This CCK-8 reagent has 
the ability to generate a colored formazan compound 
within viable cells. Subsequently, the absorbance was 
quantified at a wavelength of 450  nm using an enzyme 
marker instrument (MB-530, HuiSong).

5-ethynyl-2-deoxyuridine (EDU) staining
The EDU assay kit (C10310, RiboBio) was used to assess 
cell proliferation. In brief, cells after different treatments 
were seeded in 96-well plates at a density of 5 × 104 cells 

Table 1  Primer sequences
Gene Sequences (5’-3’)
M-β-actin Forward: 5’- ACATCCGTAAAGACCTCTATGCC − 3’

Reverse: 5’- TACTCCTGCTTGCTGATCCAC − 3’
M-NCL Forward: 5’- GAGGGCGATATCGAGGGTTC − 3’

Reverse: 5’- TATCCGCTCTCAGCTCCTCC − 3’



Page 4 of 17Fang et al. Biology Direct           (2025) 20:24 

per well. Diluted EDU was then added to each well and 
incubated overnight. Each well was sequentially incu-
bated with 4% paraformaldehyde for 30  min, 2  mg/mL 
glycine for 5  min, and 0.5% TritonX-100 for 10  min. 
Subsequently, 1 × Apollo staining solution was added 
and incubated for 30 min. After washing with 0.5% Tri-
tonX-100, Hoechst33342 reaction solution was added 
and incubated for 30  min in the dark, followed by 
re-staining of the nuclei with DAPI. Finally, positive 
labeling was determined by fluorescence microscopy 
(CX41-72C02, Olympus) and counted.

Scratching assay
Even horizontal lines were drawn on the back of a 6-well 
plate using a marker pen, and they were marked using a 
ruler. Next, approximately 5 × 105 cells were seeded into 
each well. Once the cells had evenly spread across the 
plate, a perpendicular scratch was carefully made using 
the tip of a pipette. Images of the scratch were captured 
at 0 h, 24 h, and 48 h.

Enzymatic deglycosylation analysis of glycoprotein
In VSMCs treated with AngII, the N-linked oligosaccha-
rides were removed by treating with PNGase F (P0704S, 
NEB) at 37  °C for 1  h prior to immunoblotting analysis 
[20]. Specifically, 20  µg of lysed protein was added to 
10 µL of 1 × glycoprotein denaturation buffer (contain-
ing 0.5% SDS and 40mM DTT) and denatured at 100 °C 
for 10 min. After the addition of 1% NP-40 and 1 × Gly-
coBuffer 2, a two-fold diluted PNGase F was introduced, 
and the reaction mixture was incubated at 37 °C for 1 h. 
The separation of the reaction products was visualized 
through SDS-PAGE.

Detection of AT1R phosphorylation
As described in previous reports [21], we examined the 
phosphorylation of AT1R. Briefly, VSMCs were trans-
fected with HA-AT1R (101659, Addgene) and cultured 
in serum-free medium overnight and then in phosphate-
free medium supplemented with [32P] orthophosphate 
(342483, Sigma). Cells were lysed and proteins were 
pulled onto protein A-agarose (11719408001, Roche) 
using 12CA5 anti-HA antibody (11583816001, Roche). 
SDS-PAGE separation was then performed as described 
above. Lane intensity was measured in the ImageJ soft-
ware and the densitometric quantification of phosphory-
lation bands normalized to total phosphorylated protein.

Co-immunoprecipitation (Co-IP)
To detect the interaction of NCL with AT1R, proteins 
were isolated from cell lysates using cell lysis buffer 
(AWB0144, Abiowell), and then incubated with normal 

mouse IgG (B900620, Proteintech) or NCL antibody at 
4  °C overnight. To achieve protein specificity, the pro-
tein complexes were incubated with protein A/G agarose 
beads for 2  h at 4  °C. Subsequently, the immunocom-
plexes underwent heat treatment at 95  °C for 5  min 
before being analyzed using WB. The primary antibodies 
included NCL and AT1R for WB.

To detect the interaction of AT1R with Rab4, and 
Rab11, proteins were incubated with normal rabbit IgG 
(B900610, Proteintech) or AT1R antibody (25343-1-AP, 
Proteintech). The remaining steps are consistent with the 
above. The primary antibodies included AT1R, Rab4, and 
Rab11 for WB.

Animal and treatment
Male C57BL/6J mice (4 weeks old, from the Hunan Slake 
Jinda Laboratory Animal Center) were utilized in the 
study. After one week of acclimatization, the mice were 
treated as follows. Mice were anesthetized by intraperi-
toneal injection of 50  mg/kg sodium pentobarbital, and 
an osmotic micropump filled with Ang II was implanted 
subcutaneously. The osmotic pump delivered Ang II at a 
rate of 400 ng/kg/min per day for 28 d [22]. The Sham 
group substituted saline for Ang II 7 d before implanta-
tion of the Ang II pumps, and the mice received tail-vein 
injections of the lentiviruses (1 × 1011 vector genomes) 
carrying sh-NC and sh-NCL [23]. Blood pressure was 
detected by the tail-cuff system and five stabilized blood 
pressures were recorded. After mice were euthanized by 
intraperitoneal injection of sodium pentobarbital, the 
thoracic aorta was isolated for subsequent testing.

H&E staining
Tissues were collected and fixed using 4% paraformalde-
hyde. The collected tissues were fixed and subsequently 
embedded in paraffin. Following this, tissue sections were 
prepared and stained using a combination of hematoxylin 
(AWI0001a, Abiowell) and eosin (AWI0029a, Abiowell) 
stains. The stained sections were covered with a layer of 
neutral gum and subsequently examined using a light 
microscope (BA210T, Motic) for further observation.

Statistical analysis
All collected data were analyzed using GraphPad Prism 
9 software. The results are depicted as mean values with 
corresponding standard deviations. To assess statistical 
significance between the two groups, the Student’s t-test 
was used. Statistical analyses for comparisons among 
multiple groups were performed using one-way ANOVA 
or two-way ANOVA, followed by Tukey’s post hoc test. 
A p-value less than 0.05 was considered statistically 
significant.
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Results
Ang II stimulates NCL expression and activates PKC/MAPK 
to induce VSMC phenotypic switching
We demonstrated successful extraction of VSMCs by 
observing the morphology of our VSMCs isolated from 
mouse thoracic aorta and the IF results of α-SMA, a spe-
cific VSMC contractile protein (Fig. 1A and B). RT-qPCR 
and WB results showed increased expression of NCL in 
VSMCs after treatment with Ang II (Fig. 1C). In addition, 
Ang II increased the expression of AT1R and promoted 
the phosphorylation of p38 MAPK, JNK, ERK, and PKCα 
(Fig.  1D). To investigate whether the AT1R and PKC/
MAPK pathways mediate the role of Ang II on VSMC 
phenotypic switching, we treated VSMCs with valsartan 
(AT1R inhibitor), LY317615 (PKC inhibitor), SP600125 
(JNK inhibitor), and SB203580 (p38 MAPK inhibitor) 
respectively. We detected contractile phenotypic markers 
(α-SMA and SM22α) and synthetic phenotypic markers 
(OPN) in VSMCs. The results demonstrated that, when 
compared to the Control group, Ang II treatment sig-
nificantly reduced the expression of α-SMA and SM22α 
while elevating the expression of OPN. Conversely, val-
sartan, LY317615, and SP600125 treatments significantly 
reversed the changes induced by Ang II, as shown in 
Fig.  1E–G. This suggests Ang II promoted the pheno-
typic switching of VSMCs, and inhibition of the AT1R 
and PKC/MAPK pathways contributed to the conversion 
of VSMCs from a synthetic phenotype to a contractile 
phenotype. Overall, Ang II stimulates NCL expression 
and activates PKC/MAPK to induce VSMC phenotypic 
switching.

Ang II promotes VSMC phenotype switching through NCL
To investigate whether NCL mediates the promotion of 
Ang II on VSMC phenotypic switching, we silenced NCL 
expression in VSMCs. RT-qPCR and WB experiments 
verified that NCL expression was successfully silenced 
(Fig.  2A). As shown in Fig.  2B and C, Ang II promoted 
the expression of NCL, and the expression of NCL was 
suppressed after silencing NCL. In addition, we detected 
that Ang II promoted the cell viability, proliferation, 
migration, and phenotypic switching of VSMCs, whereas 
silencing of NCL partially reversed the effects of Ang II 
(Fig. 2D–H). These results suggest that Ang II promotes 
VSMC phenotypic switching through NCL.

Ang II stimulates NCL translocation to the cell membrane 
surface to bind to AT1R
We further explored the mechanism of action of NCL 
involved in the VSMC phenotypic switching. We initially 
examined the distribution of NCL in VSMCs. Under nor-
mal conditions, NCL was predominantly localized in the 

nucleus, as depicted in Fig. 3A. Intriguingly, upon stimu-
lation with Ang II, there was a notable increase in NCL 
expression in the cell membrane and cytoplasm, accom-
panied by a significant decrease in nuclear localization, as 
illustrated in Fig. 3B. NCL consists of a number of func-
tional structural domains, including an amino-terminal 
charged region, a central region consisting of four RNA-
binding (RBD) structural domains, and a carboxy-termi-
nal glycine/arginine (GAR)-rich domain [24]. To verify 
the binding of NCL to AT1R and to further identify the 
binding site of NCL to AT1R, we deleted the GAR and 
RBD fragments of NCL (Fig. 3C). Co-IP results showed 
that WT-NCL bound to AT1R, whereas the binding 
of NCLΔGAR to AT1R was markedly attenuated, and 
the binding of NCLΔGARΔRBD to AT1R was absent 
(Fig.  3D). These results suggest that Ang II stimulates 
NCL translocation to the cell membrane surface to bind 
to AT1R.

NCL translocation to the cell membrane is regulated by 
glycosylation
It has been shown that glycosylation is necessary for NCL 
expression on the cell membrane surface [25]. Therefore, 
we used PNGase F to test whether NCL translocation is 
regulated by glycosylation. The WB results demonstrated 
that when Ang II-induced VSMCs were treated with 
PNGase F, the reduction of the molecular weight of NCL 
by about 25–30 kDa was observed (Fig. 4A). In addition, 
as shown in Fig. 4B, PNGase F reversed the promotional 
effect of Ang II on the VSMC phenotypic switching. 
These results suggest that NCL translocation to the cell 
membrane is regulated by glycosylation.

NCL delays Ang II-induced AT1R internalization and 
recruits Rab4 and Rab11 to promote recycling by inhibiting 
AT1R phosphorylation
By overexpressing NCL in VSMCs, we further explored 
the mechanism of action of NCL with AT1R. As 
shown in Fig. 5A, after transfection with oe-NCL, the 
expression of NCL in VSMCs increased by 266.1% and 
166.6% at the mRNA and protein levels, respectively. 
WB assay revealed that AT1R was mainly expressed 
at the cell membrane in the Control group, and Ang 
II activated AT1R and induced AT1R translocation to 
the cytoplasm, whereas oe-NCL partially reversed the 
effect of Ang II (Fig. 5B). The detection of endocytosis 
process-related indicators (β-arrestin2, Clathrin, AP-2, 
and Caveolae-1) on cell surface receptors indicated 
that Ang II promoted AT1R internalization, while 
oe-NCL inhibited this process (Fig.  5C). Since inhibi-
tion of GPCR phosphorylation reduces the affinity of 
the receptor for β-arrestin thereby delaying GPCR 
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Fig. 1  Ang II stimulates NCL expression and activates PKC/MAPK to induce VSMC phenotype switching. A. Morphology of isolated VSMCs. Scale bar = 100 
µM. B. IF assay for detecting α-SMA expression. Scale bar = 25 µM. C. RT-qPCR and WB analysis of NCL expression in VSMCs without and with Ang II treat-
ment. D. WB analysis of AT1R, p-p38MAPK/p38MAPK, p-JNK/JNK, p-ERK/ERK, and p-PKCα/PKCα expression in VSMCs without and with Ang II treatment. 
*p < 0.05 vs. Control. E. WB analysis of α-SMA, SM22α, and OPN expression in VSMCs. F-G. IF assay for detecting α-SMA and OPN expression in VSMCs. 
VSMCs were treated with Ang II and valsartan, LY317615, SP600125 or SB203580, respectively. Scale bar = 25 µM. *p < 0.05 vs. Control, #p < 0.05 vs. Ang II. 
n = 3
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internalization [26]. Therefore, we also examined the 
effect of NCL on AT1R phosphorylation. The results 
showed that Ang II promoted AT1R phosphorylation, 
while oe-NCL reversed this effect (Fig.  5D). Recircu-
lation of AT1R is coordinately regulated by Rab4 and 
Rab11 [27]. We re-validated the AT1R’s interaction 
with Rab4 and Rab11 by Co-IP experiments, which 
showed that AT1R interacted with Rab4 and Rab11, 

respectively (Fig. 5E). In addition, we also examined the 
effect of NCL on Rab4 and Rab11. WB results showed 
that Ang II increased the expression of Rab4 and 
Rab11, while oe-NCL further increased their expres-
sion (Fig.  5F). These results suggest that NCL delays 
Ang II-induced AT1R internalization and recruits Rab4 
and Rab11 to promote recycling by inhibiting AT1R 
phosphorylation.

Fig. 1  (continued)
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Fig. 2 (See legend on next page.)
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NCL induces VSMC phenotypic switching by reducing Ang 
II-induced AT1R internalization resulting in sustained AT1R 
activation
To investigate whether the effect of NCL on AT1R inter-
nalization is critical in mediating VSMC phenotypic 
switching, we applied the AT1R internalization blocker 
rasarfin. sh-NCL was shown to promote AT1R internal-
ization while rasarfin inhibited the process by detecting 
indicators related to the endocytosis process and AT1R 
phosphorylation (Fig.  6A and B). Meanwhile, sh-NCL 
reduced the expression of Rab4 and Rab11, suggesting 
that sh-NCL inhibited AT1R recirculation, while rasar-
fin reversed this effect (Fig.  6C). In addition, as shown 
in Fig.  6D–G, rasarfin reversed the inhibitory effect of 
sh-NCL on the proliferation, migration, and phenotypic 
switching of VSMCs. These results suggest that NCL 
induces VSMC phenotypic switching by reducing Ang II-
induced AT1R internalization leading to sustained AT1R 
activation.

NCL promotes VSMC phenotypic switching in mice
To further validate the effect of NCL on VSMC pheno-
typic transition in vivo, we constructed a mouse model 
knocking down the expression of NCL using Ang II 
treatment and injection of sh-NC or sh-NCL lentivi-
ruses via tail vein. RT-qPCR and WB results revealed 
a significant decrease in the expression of NCL in mice 
in the sh-NCL group, showing reductions of 78.23% 
and 53.75% at the mRNA and protein levels, respec-
tively, compared to the sh-NC group (Fig.  7A). These 
findings indicate a successful knockdown of NCL 
expression in mice. By examining the blood pressure of 
mice in each group over 28 days, it was found that Ang 
II significantly elevated the blood pressure of mice, 
and sh-NCL reversed this effect (Fig. 7B). In addition, 
H&E staining of isolated mouse thoracic aortas showed 
that the intimal layer of the thoracic aorta in the Sham 
group consisted of a layer of endothelial cells on top 
of an internal elastic lamina, the Ang II group and the 
Ang II + sh-NCL group exhibited increased medial aor-
tic thickness and perivascular fibrosis as well as aortic 
tissues that showed significant adhesions, dilatation, 

and entrapment, and sh-NCL attenuated these phe-
nomena (Fig. 7C). Further, the WB result showed that 
the expression of NCL was increased in the thoracic 
aorta of mice in the Ang II group as compared with 
the Sham group, whereas the expression of NCL was 
decreased by the application of sh-NCL (Fig.  7D). IF 
results showed that Ang II promoted Ki67 expression, 
which was reversed by sh-NCL (Fig. 7E). As shown in 
Fig.  7F–H, Ang II promoted AT1R endocytosis and 
recycling and facilitated VSMC phenotypic switch-
ing, whereas sh-NCL further enhanced the promo-
tion of AT1R endocytosis by Ang II, while reversing 
the promotion of AT1R recycling and VSMC pheno-
typic switching by Ang II. In addition, the expression 
of the PKC/MAPK pathway was also examined, and the 
results showed that Ang II activated the PKC/MAPK 
pathway, while sh-NCL inhibited the PKC/MAPK 
pathway (Fig. 7I). These results suggest that NCL pro-
motes VSMC phenotypic switching in mice.

Discussion
In this study, we identified NCL as a novel AT1R-asso-
ciated protein and elucidated the molecular mechanism 
by which NCL is involved in the Ang II-induced VSMC 
phenotypic switching. Ang II stimulates AT1R activa-
tion at the plasma membrane of VSMCs and up-regu-
lates the intracellular NCL, which localizes to the plasma 
membrane through its shuttling property and binds to 
AT1R, inhibits AT1R internalization by regulating AT1R 
phosphorylation and recycling, and affects PKC/MAPK 
downstream signaling pathways, leading to the sustained 
activation of AT1R signaling and inducing VSMC pheno-
typic switching. The upregulated NCL, through its shut-
tling properties, localized to the plasma membrane and 
bound to AT1R, inhibited AT1R internalization by regu-
lating AT1R phosphorylation and recycling, and affected 
the PKC/MAPK downstream signaling pathway, leading 
to the sustained activation of AT1R signaling and VSMC 
phenotypic switching.

Five AT1R-associated proteins have been identi-
fied, such as Ang II type 1 receptor-associated protein 
(ATPAP), Ang receptor-associated protein 1 (ARAP1), 

(See figure on previous page.)
Fig. 2  Ang II promotes VSMC phenotype switching through NCL. A. RT-qPCR and WB analysis of NCL expression in VSMCs transfected with sh-NC or 
sh-NCL. *p < 0.05 vs. sh-NC. B-C. RT-qPCR and WB analysis of NCL expression in VSMCs. D. CCK-8 assay for evaluating cell viability of VSMCs. E. EDU assay 
for detecting cell proliferation in VSMCs. Scale bar = 50 µM. F. Scratch assay for detecting cell migration in VSMCs. Scale bar = 100 µM. G. WB analysis of 
α-SMA, SM22α, and OPN expression. H. IF assay for detecting α-SMA and OPN expression in VSMCs. Scale bar = 25 µM. VSMCs were transfected with sh-NC 
or sh-NCL and then treated with Ang II. *p < 0.05 vs. Control, #p < 0.05 vs. Ang II + sh-NC. n = 3
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Fig. 3  Ang II stimulates NCL translocation to the cell membrane surface to bind to AT1R. A. WB analysis of NCL expression in the cell membrane, cyto-
plasm and nucleus of VSMCs. *p < 0.05 vs. Membrane, #p < 0.05 vs. Cytoplasm. B. WB analysis of NCL expression in the cell membrane, cytoplasm and 
nucleus of VSMCs without and with Ang II treatment. *p < 0.05 vs. Control. C. The diagram of the structure of NCL. D. Co-IP assay for validating the interac-
tion of WT-NCL, NCLΔGAR, and NCLΔGARΔRBD with AT1R. n = 3
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GABAA receptor-associated protein (GABARAP), 
metalloendopeptidase 24.15 (EP24.15), and GDP/
GTP-converting factor-like protein (GLP), which are 
all specifically bind to the carboxyl terminus of AT1R 
protein and mediate AT1R internalization [8]. Little is 
known about other AT1R-associated proteins on the 
cell membrane surface of VSMCs that are involved in 
regulating VSMC phenotypic switching. Consistent 
with our previous studies [14, 15], Ang II stimulation 
of VSMCs resulted in up-regulation of NCL expression 
and translocation of NCL from the nucleus to the cyto-
plasm and cell membrane. In addition, the promotional 
effect of Ang II on phenotypic switching was abol-
ished after the down-regulation of NCL expression. 
These results confirm that NCL up-regulation plays 
an important regulatory role in Ang II-induced VSMC 
phenotypic switching, and that this role may depend 
on its cytosolic localization. Ang II function is mainly 
mediated by its receptor, AT1R. Ang II binds to AT1R 
on the surface of the cell membrane and activates the 
downstream signaling pathway, PKC/MAPK, to exert 
its biological roles [28]. Therefore, we speculated 
that NCL might act as a novel AT1R-related protein 
involved in Ang II-induced VSMC phenotypic switch-
ing by regulating the function of AT1R. This conjecture 
was confirmed by our results. Co-IP results showed 
that NCL bound to AT1R, and the binding of NCL 
to AT1R was significantly attenuated when the GAR 
structural domain of NCL was knocked down. The 
GAR structural domain is the decisive factor contribut-
ing to the localization of NCL at the plasma membrane 

[29]. This further suggests that NCL binds to AT1R at 
the cell membrane. In addition, NCL undergoes com-
plex N- and O-glycosylation in extra-nuclear isoforms, 
and N-glycosylation is required for its expression at the 
cell membrane [30]. We inhibited the N-glycosylation 
of NCL proteins by applying PNGase F, which signifi-
cantly inhibited the phenotypic switching of VSMCs. 
This also provides a new basis for the application of 
glycosylation inhibitors in regulating VSMC pheno-
typic switching. However, in the present study, we were 
unable to directly observe the intracellular localization 
of NCL via IF and failed to directly measure changes in 
the glycosylation level of NCL, which represent limita-
tions of this research. We plan to address this short-
coming in future research endeavors.

A decrease in the cell membrane surface density of 
the AT1R along with an increase in intracellular AT1R 
levels is thought to be an increase in receptor inter-
nalization, and enhanced receptor internalization 
reduces the likelihood of receptor and agonist reor-
ganization at the plasma membrane, thereby decreas-
ing the receptor’s sensitivity to agonists [31]. In recent 
years, internalization of AT1R has played an impor-
tant role in maintaining cardiovascular homeosta-
sis, and a decrease in AT1R internalization is closely 
associated with cardiovascular diseases (e.g., hyper-
tension) caused by abnormal AT1R activation [32]. 
However, the mechanisms that reduce AT1R internal-
ization are not fully understood. The process of AT1R 
internalization consists of four components (binding 
of the agonist Ang II to the receptor AT1R, receptor 

Fig. 4  NCL translocation to the cell membrane is regulated by glycosylation. A. WB analysis of the glycosylation changes in NCL protein extracted from 
VSMCs was treated with Ang II and PNGase F. B. WB analysis of α-SMA, SM22α, and OPN expression in VSMCs. VSMCs were treated with Ang II and PNGase 
F. *p < 0.05 vs. Ang II. n = 3
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phosphorylation, endocytosis, and recirculation). 
Phosphorylation is usually the trigger for AT1R. Inhi-
bition of AT1R phosphorylation reduces the affinity of 
the receptor for beta-blockers thereby delaying AT1R 
internalization. In most cases, AT1R internalization is 
followed by dephosphorylation in the nuclear endo-
some and then recycled to the plasma membrane, lead-
ing to re-sensitization [26]. Internalization of AT1R 
affects not only the density of receptors at the plasma 
membrane but also the strength of the signaling 

pathway transduction [33]. Reduced AT1R internaliza-
tion may lead to aberrant AT1R activation, which pro-
motes the development of cardiovascular diseases such 
as hypertension [34]. It has been shown that up-regula-
tion of AT1R-related protein ATPAP, down-regulation 
of AT1R-related protein ARAP1, or increasing the ratio 
of ATPAP and ARAP1 decreases the internalization of 
AT1R, which contributes to AT1R-induced cardiovas-
cular disease onset and progression [8]. In our study, 
we found that overexpression of NCL was able to delay 

Fig. 5  NCL delays Ang II-induced AT1R internalization and recruits Rab4 and Rab11 to promote recycling by inhibiting AT1R phosphorylation. A. RT-qPCR 
and WB analysis of NCL expression in VSMCs transfected with oe-NC or oe-NCL. *p < 0.05 vs. oe-NC. B. WB analysis of AT1R expression in the cell mem-
brane and cytoplasm of VSMCs. C. WB analysis of β-arrestin2, Clathrin, AP-2, and Caveolae-1 expression in VSMCs. D. Detection of AT1R phosphorylation in 
VSMCs. Pulldown Westerns are indicated by pulldown (PD). E. Co-IP assay for validating the binding of AT1R to Rab4 and Rab11, respectively. F. WB analysis 
of Rab4 and Rab11expression in VSMCs. VSMCs were transfected with oe-NC or oe-NCL and then treated with Ang II. *p < 0.05 vs. Control, #p < 0.05 vs. 
Ang II + oe-NC. n = 3
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Ang II-induced AT1R internalization by inhibiting 
AT1R phosphorylation. Some AT1Rs that are cyto-
solized into the cytoplasm can be recirculated to the 
plasma membrane to maintain the density of receptors 
at the plasma membrane, which is called recycling [35]. 
The current studies suggest that Rab4 and Rab11 are 
involved in the regulation of AT1R recycling [27, 36]. 
Similarly, our study confirms that Rab4 and Rab11 bind 
to AT1R and that overexpression of NCL promotes 

the expression of Rab4 and Rab11, thereby facilitating 
AT1R recycling. It is the inhibition of AT1R internal-
ization and the promotion of recycling by NCL that 
leads to the sustained activation of AT1R, thus induc-
ing the VSMC phenotype switching. In in vivo experi-
ments, we also confirmed the above effects of NCL and 
demonstrated the inhibitory effect of knockdown of 
NCL expression on Ang II-induced blood pressure rise 
and vascular lesions.

Fig. 6  NCL induces VSMC phenotypic switching by reducing Ang II-induced AT1R internalization leading to sustained AT1R activation. VSMCs were 
transfected with oe-NC or oe-NCL and then treated with Ang II and 50 μm rasarfin. A. WB analysis of β-arrestin2, Clathrin, AP-2, and Caveolae-1 expression 
in VSMCs. B. Detection of AT1R phosphorylation in VSMCs. C. WB analysis of Rab4 and Rab11expression in VSMCs. D. EDU assay for detecting cell prolifera-
tion. Scale bar = 50 µM. E. Scratch assay for detecting cell migration. Scale bar = 100 µM. F. WB analysis of α-SMA, SM22α, and OPN expression. G. IF assay 
for detecting α-SMA and OPN expression. Scale bar = 25 µM. VSMCs were transfected with sh-NC or sh-NCL and then treated with Ang II and rasarfin. 
*p < 0.05 vs. Ang II + sh-NC, #p < 0.05 vs. Ang II + sh-NCL + DMSO. n = 3
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Fig. 6  (continued)
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Fig. 7  NCL promotes VSMC phenotypic switching in mice. A. RT-qPCR and WB analysis of NCL expression in mice. B. Blood pressure monitoring in mice. 
C. H&E staining of thoracic aorta from mice. Scale bar = 100 and 25 µM. D. WB analysis of NCL expression. E. IF staining for detecting Ki67 expression. 
Scale bar = 25 µM. F. WB analysis of β-arrestin1, β-arrestin2, Clathrin, AP-2, and Caveolae-1 expression. G. WB analysis of Rab4 and Rab11expression. H. 
IF assay for detecting α-SMA and OPN expression. Scale bar = 25 µM. I. WB analysis of AT1R, p-p38MAPK/p38MAPK, p-JNK/JNK, p-ERK/ERK, and p-PKCα/
PKCα expression. The mice were treated with Ang II and injected with sh-NC or sh-NCL lentiviruses in the tail vein. *p < 0.05 vs. sh-NC. *p < 0.05 vs. Sham, 
#p < 0.05 vs. Ang II + sh-NC. n = 5
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Conclusions
Taken together, the present study demonstrates that 
NCL, a novel AT1R-associated protein, induces VSMC 
phenotypic switching by regulating AT1R internalization 
and recycling, leading to sustained activation of AT1R 
signaling. This provides a novel target for the treatment 
of cardiovascular-related diseases due to VSMC pheno-
typic switching.
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