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Abstract
Objectives  In this study, we investigated whether neural precursor cell–expressed developmentally down-regulated 
gene 4-like (NEDD4L) is the E3 enzyme of angiotensin-converting enzyme 2 (ACE2) and whether NEDD4L degrades 
ACE2 via ubiquitination, leading to the progression of pulmonary arterial hypertension (PAH).

Methods  Bioinformatic analyses were used to explore the E3 ligase that ubiquitinates ACE2. Cultured pulmonary 
arterial smooth muscle cells (PASMCs) and specimens from patients with PAH were used to investigate the crosstalk 
between NEDD4L and ACE2 and its ubiquitination in the context of PAH.

Results  The inhibition of ubiquitination attenuated hypoxia-induced proliferation of PASMCs. The levels of NEDD4L 
were increased, and those of ACE2 were decreased in lung tissues from patients with PAH and in PASMCs. NEDD4L, 
the E3 ligase of ACE2, inhibited the expression of ACE2 in PASMCs, possibly through ubiquitination-mediated 
degradation. PAH was associated with upregulation of NEDD4L expression and downregulation of ACE2 expression.

Conclusions  NEDD4L, the E3 ubiquitination enzyme of ACE2, promotes the proliferation of PASMCs, ultimately 
leading to PAH.

Keywords  Pulmonary arterial hypertension, Neural precursor cell–expressed developmentally down-regulated gene 
4-like, Ubiquitination, Angiotensin-converting enzyme 2, Pulmonary arterial smooth muscle cells
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Introduction
Pulmonary arterial hypertension (PAH) is a fatal disease 
characterized by a progressive increase in pulmonary 
vascular pressure [1]. The pulmonary vasculature suf-
fers occlusive lesions, abnormal vasoconstriction, and 
pulmonary vascular resistance (PVR). Obstructive PVR 
in PAH increases right ventricular afterload, leading to 
right ventricular dysfunction and ultimately death [2]. 
The vascular cells of pulmonary arteries include inner 
endothelial cells, media smooth muscle cells, and adven-
titial fibroblasts. A proliferative and apoptosis-resistant 
phenotype of pulmonary artery smooth muscle cells 
(PASMCs) results in medial thickening and occlusive 
vascular lesions [3, 4]. Hypoxia, a fundamental stimu-
lus in the pulmonary microenvironment, triggers a cas-
cade of cellular and molecular events that culminate in 
PASMCs hyperplasia [5]. This proliferative response is 
orchestrated by a complex interplay of growth factors, 
cytokines, and signaling pathways, ultimately leading to 
an imbalance in the homeostatic mechanisms govern-
ing vascular architecture [6]. This proliferation serves as 
the cornerstone of PVR, a pathological hallmark in the 
progression of PAH [7]. However, there are currently no 
effective treatments to stop its development [8]. Accord-
ing to our previous study, decreased expression of angio-
tensin-converting enzyme 2 (ACE2) promotes expression 
of focal adhesion kinase, which in turn leads to increased 
proliferation of PASMCs, resulting in PVR and ultimately 
PAH [9].

Identified in 2000 [10], ACE2—which shares approxi-
mately 61% sequence homology with the catalytic 
domains of its homolog ACE1—primarily hydrolyses Ang 
II into Ang-(1–9) and Ang-(1–7) with high efficiency [11]. 
Both Ang-(1–9) and Ang-(1–7) promote vasodilation 
and decrease cell growth and inflammatory responses 
[12, 13]. Since upregulation of Ang II expression and sig-
naling has been reported in PASMCs of remodeled ves-
sels in the lungs of patients with idiopathic PAH, infusion 
of recombinant human ACE2 (NCT01884051) has been 
shown to offer potential hemodynamic benefits for PAH 
treatment [11, 14]. However, the mechanisms by which 
ACE2 expression decreases are still unclear [15].

Ubiquitination is key to the dynamic regulation of 
programmed cell death. Dysregulation of this process 
by regulating enzymes and targets of fundamental cel-
lular processes involved in cell death and inflammation 
can lead to disease consequences [16, 17]. The ubiquitin-
proteasome system regulates protein degradation and 
the development of PAH, but knowledge about how E3 
ubiquitin ligase affects ACE2 expression is limited [18]. 
Ubiquitinated degradation of ACE2 is one of the mecha-
nisms of pneumonia in studies of SARS-CoV-2 infection 
[19, 20]. Similar conclusions have been reached in stud-
ies of hypertension [21, 22]. An increase in pulmonary 

intravascular pressure is associated with lung inflamma-
tion in PAH patients [23, 24]. Thus, we hypothesized that 
the decrease in ACE2 is associated with its degradation 
via ubiquitination in PAH.

Neural precursor cell–expressed developmentally 
down-regulated gene 4-like (NEDD4L, also known as 
NEDD4-2) is the dominant E3 ligase of the NEDD4 fam-
ily, and related signaling plays fundamental roles in car-
diovascular diseases [25]. MG-132, a protease inhibitor, 
can inhibit proteases in the ubiquitination system, allow-
ing proteins that should be degraded by ubiquitination to 
survive [26]. In a PAH model, the expression of NEDD4L 
was increased, while these changes were suppressed by 
treatment of PAH rats with MG-132 [27]. However, it is 
unclear whether NEDD4L, a possible E3 ligase of ACE2, 
exacerbates PAH by degrading ACE2.

Materials and methods
Isolation and culture of PASMCs
This study was approved by the Animal Ethics Com-
mittee of Xuzhou Medical University (approval num-
ber: 2022105068). C57BL/6 wild-type male mice aged 
6–8 weeks were obtained from Beijing Weitong Lihua 
Experimental Animal Technology Co., Ltd. The animal 
license number is SCXK (Beijing) 2021-0011. Mice were 
anesthetized with pentobarbital sodium prior to eutha-
nasia by right ventricular haemorrhage. PASMCs were 
obtained using an improved method of tissue piece inoc-
ulation via digestion with trypsin [28]. Cell morphology 
was observed under an inverted phase-contrast micro-
scope, and a cell growth curve was generated by counting 
the cells. Immunofluorescence (IF) staining for α-smooth 
muscle actin (α-SMA) was used to assess the cell type 
and purity of PASMCs (shown in green, Supplementary 
Fig.  1). PASMCs were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) containing 15% fetal bovine 
serum, 100 U/mL penicillin, and 100 U/mL streptomycin, 
and placed in an incubator at 37 °C, saturated humidity, 
and 5% CO2. PASMCs were subjected to hypoxic treat-
ment in a hypoxic chamber (MIC-101, Billups-Roche, 
USA) with an O2 concentration of 4% for 24 h.

The reagents used and their commercial sources were 
as follows: cycloheximide (CHX; 239763, Sigma‒Aldrich, 
Germany); MG132 (M7449, Sigma‒Aldrich, Germany); 
DMEM (iCell-0001, iCell Bioscience, China); anti–α-
SMA (ab7817, Abcam, UK); anti-ACE2 (21115-1-AP, 
Proteintech, USA); anti–glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH; 60004-1-Ig, Proteintech, USA); 
anti-NEDD4L (ab46521, Abcam, UK); anti–caspase-3 
and anti-mouse double minute 2 (MDM2; ab259265, 
Abcam, UK); Cell Counting Kit-8 (CCK-8; HY-K0301, 
MedChemExpress, USA); coraLite488-conjugated goat 
anti-mouse immunoglobulin (Ig)G (H + L) (SA00013-1, 
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Fig. 1 (See legend on next page.)
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Proteintech, USA); and an EdU staining kit (KGA331, 
Keygen Biotech, China).

Human lung samples
This study was also approved by the Ethics Committee 
of the Affiliated Hospital of Xuzhou Medical Univer-
sity (approval number: XYFY2022-KL401-01) and reg-
istered in the clinical trial center (registration number: 
ChiCTR2200066496). These samples were obtained from 
the Affiliated Hospital of Xuzhou Medical University 
and Wuxi People’s Hospital. The patients/participants 
provided written informed consent to participate in the 
study. The authors affirm that human participants pro-
vided informed consent for publication of the images 
in Fig.  1A. After the subjects provided informed con-
sent and agreed to undergo lung biopsy, lung biopsy was 
performed to obtain lung tissue samples from six PAH 
patients who underwent lung transplantation and six 
patients who underwent pneumonectomy for benign 
nodules without PAH. Based on ethical considerations, 
we selected patients with PAH who underwent lung 
transplantation with a primary diagnosis of hypoxic PAH 
for the PAH group and patients who underwent pulmo-
nary nodule resection with a primary diagnosis of benign 
pulmonary nodules for the control group.

Cell transfection
First, 20 nM NEDD4L-siRNA or scramble control RNA, 
designed and synthesized by GUANGZHOU IGE Bio-
technology Ltd. (China), was transfected into PASMCs at 
a concentration (Every 1.5 µL Lipofectamine RNAi Max 
Reagent with 25 µL OPTI-MEM) of Lipofectamine RNAi 
Max (13778150, Invitrogen, USA). NEDD4L-pEGFP-
N1 and ACE2-pEGFP-N1 were designed by SnapGene 
(https://www.snapgene.com/) and constructed by Bio-
health. NEDD4L-pEGFP-N1, ACE2-pEGFP-N1, and vec-
tor were transfected into PASMCs using Lipofectamine 
3000 (L3000001, Invitrogen) diluted with OPTI-MEM 
(11058021, Gibco, USA).

In silico method
UbiBrowser (http://ubibrowser.ncpsb.org) was used to 
predict the E3 ligases. Based on the combination of con-
fidence and evidence models, the species selected was 

Homo sapiens, and a list of putative ACE2 E3 ligases is 
shown in Fig. 2A. To develop the correlation scatter plot 
shown in Fig. 1H, we analyzed a gene expression omni-
bus (GEO) RNA-sequencing dataset (GSE22356) gen-
erated from peripheral blood mononuclear cells from 
patients with and without scleroderma-associated pul-
monary hypertension using the online tool Sangerbox 
(http://sangerbox.com/home.html).

Western blot analysis and quantitative PCR
Cells or tissues were lysed in radioimmunoprecipitation 
assay (RIPA) lysis buffer (P0013B, Beyotime Biotech-
nology, China) supplemented with protease inhibitors 
(HY-B0496, MedChemExpress). Lysates were resolved 
by sodium dodecyl sulfate‒polyacrylamide gel electro-
phoresis (SDS‒PAGE; P0012A, Beyotime Biotechnol-
ogy) on a 10% gel and immunoblotted with antibodies, 
as indicated. For immunoprecipitation, the lysates were 
incubated with the described antibodies at 4 °C for 12 h, 
followed by 2 h of incubation at 25 °C with diluted horse-
radish peroxidase (HRP)-conjugated goat anti-mouse IgG 
(1:1,000; 91196, Cell Signaling, USA) or goat anti‑rabbit 
IgG (1:3,000; 7074, Cell Signaling, USA). The immu-
noprecipitation products were observed by gel imag-
ing (AlphaImager HP, ProteinSimple, USA) after using 
enhanced chemiluminescence (ECL) developer (WBKLS, 
Millipore Corporation, USA).

Coimmunoprecipitation (Co-IP) assays were carried 
out using a Co-IP kit (Bes3011, BerSinBio, China) fol-
lowing the manufacturer’s protocols. HEK293 cells were 
transfected with ACE2 and ubiquitin-overexpressing 
plasmids (1  µg/mL) for 48  h, and control-siRNA and 
NEDD4L-siRNA (20 nM) were added for 24 h. After that, 
PASMCs or HEK293 cells were treated with MG132 for 
10 h. Then, PASMCs or HEK293 cells were harvested and 
lysed. Antibodies (5 g) or IgG (5 L) were incubated with 
cell lysates at 4  °C overnight and then incubated with 
protein A/G magnetic beads at room temperature for 3 h. 
Finally, the IP products were washed with NETN buffer 
before being resolved by SDS‒PAGE and immunoblot-
ting (IB) with the indicated antibodies.

For qPCR, RNA was extracted from homogenized 
tissue or cells by using TRIzol reagent (T9424, Sigma‒
Aldrich, Germany). qPCR was performed using ChamQ 

(See figure on previous page.)
Fig. 1  The protein expression levels of NEDD4L and ACE2 negatively correlate under hypoxia. We collected lung tissue samples from patients diagnosed 
with PAH caused by hypoxia. These samples underwent HE staining for histological assessment and western blot analysis to quantify protein expression 
levels. HE-stained histological images of pulmonary arteries (A), with the white arrow indicating the pulmonary artery (diameter ≤ 200 μm). Musculariza-
tion (B) and the proportions of media fraction thickness (C) were determined by selecting 20–40 pulmonary arterioles with a diameter of ~ 50 μm. The 
protein expression levels of NEDD4L (D, E) and ACE2 (D, F) were detected by western blotting, and GAPDH was used as an internal reference. The correla-
tion between the expression in the samples (G) and that in the GEO database (H) was analyzed (GSE22356; https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE22356). GEO RNA-Sequencing dataset (GSE22356) was generated from peripheral blood mononuclear cells from patients with and without 
scleroderma-associated pulmonary hypertension. N = 4, **P < 0.01, ***P < 0.001. NEDD4L, neural precursor cell–expressed developmentally downregulated 
gene 4-like; ACE2, angiotensin-converting enzyme 2; PAH, pulmonary arterial hypertension; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GEO, 
Gene Expression Omnibus

https://www.snapgene.com/
http://ubibrowser.ncpsb.org
http://sangerbox.com/home.html
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE22356
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE22356
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Fig. 2  NEDD4L may be the E3 ubiquitin ligase of ACE2 and inhibit the expression of ACE2 in PAH. In the network view, a node is positioned in the center 
of the canvas, showing the putative substrate ACE2, which is surrounded by nodes revealing predicted E3 ligases. The node colors and characteristics 
denote the E3 ligase type, with the edge width and node size representing the confidence score. In the confidence mode (A), both edge width and node 
size positively correlate with the UbiBrowser score. The top 1 to 6 genes were selected for qPCR to observe the effect of hypoxia and MG-132 on mRNA 
expression (B-H), and then, NEDD4L and MDM2 were selected for western blot analysis to observe the effect of hypoxia and MG-132 on protein expres-
sion. GAPDH was used as an internal reference (I-J). n = 6, **P < 0.01. NEDD4L, neural precursor cell–expressed developmentally downregulated gene 
4-like; ACE2, angiotensin-converting enzyme 2; PAH, pulmonary arterial hypertension; qPCR, quantitative PCR; MDM2, mouse double minute 2; GAPDH, 
glyceraldehyde-3-phosphate dehydrogenase
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SYBR color qPCR master mix (Q411, Nanjing Novozan 
Biotechnology, China) and HiScript® II 1st strand cDNA 
synthesis kit (R211, Nanjing Novozan Biotechnology, 
China) with thioredoxin-binding protein (TBP) as an 
internal control. The relative gene expression was quanti-
fied by the ΔΔCt method. The sequences of primers used 
for qPCR are listed in Supplemental Table S1.

Histology
The pulmonary tissue was fixed with 4% paraformalde-
hyde (P0099, Beyotime Biotechnology, China) at 25  °C 
for 24 h, dehydrated using an ascending ethanol gradient, 
embedded in paraffin, and cut into 4-µm-thick sections. 
The sections were dewaxed using xylene, rehydrated with 
a descending graded ethanol series, stained with hema-
toxylin–eosin (HE; C0105, 0.5% hematoxylin for 5  min 
followed by 0.5% eosin for 1 min, both at 25 °C), hydrated 
with a graded alcohol series, and dehydrated with xylene. 
Images were acquired using an inverted light microscope 
(magnification, ×400; model, Leica DMi8; Leica Micro-
systems GmbH, Germany) under white light. Pulmonary 
arterioles with a diameter of ~ 50  μm were examined 
using Image‑Pro Plus (version 6.0; Media Cybernet-
ics, USA). The pulmonary artery comprises three layers: 
the inner, middle (muscular), and outer layers. The total 
diameter and media thickness of pulmonary arterioles 
were measured separately using HE staining, and the 
proportions of media fraction thickness was calculated 
by dividing the latter by the former [29].

IF and EdU staining (C0081, Beyotime Biotechnology, 
China) of PASMCs were performed on frozen cell sec-
tions. The instructions for EdU staining were followed. 
For IF staining, the cells were fixed in 4% paraformalde-
hyde at 4  °C for 30 min. Triton X-100 (0.5%, 9036-19-5, 
Sigma‒Aldrich, Germany) was mixed with phosphate-
buffered saline (PBS; C0221A, Beyotime Biotechnology, 
China) at a ratio of 1:1, and 10% goat serum (C0265, Bey-
otime Biotechnology, China) was added to the mixture, 
which was blocked for 120 min. The cells were incubated 
with anti-ACE2 antibody and coraLite488-conjugated 
goat anti-rabbit IgG (H + L) (P0176-1, Beyotime Bio-
technology, China), and stained with DAPI (DAPI: 
PBS = 1:1000, C1005, Beyotime Biotechnology, China), 
after which one drop of Fluoromount-G (P0176-3, Beyo-
time Biotechnology, China) was added to complete IF 
staining. Images were acquired using an inverted light 
microscope (magnification, ×100; model, Leica DMi8; 
Leica Microsystems GmbH, Germany).

Flow cytometry
After collection, PASMCs were stained with fluores-
cein isothiocyanate (FITC)-conjugated annexin V and 
propidium iodide (PI) in accordance with the manufac-
turer’s instructions (Annexin V-FITC apoptosis assay 

kit, abs50001, Absin, China). By comparing the fluores-
cence intensity distribution of PASMCs, the proportion 
of apoptotic cells was quantitatively analyzed. The per-
centage of apoptotic cells was defined as the sum of early 
apoptotic cells and late apoptotic cells.

Statistical analyses
All the statistical analyses were performed with SPSS 
22.0 or GraphPad Prism 8.0.2 software. All experiments 
were performed at least thrice with similar results. Ini-
tially, the datasets were analyzed for normality using 
the Shapiro‒Wilk test (P < 0.05) and for equal variance 
using the F test (P > 0.05). For normally distributed data, 
two-tailed Student’s t tests were used to compare two 
groups, and one-way ANOVA with the Bonferroni post-
hoc correction was used for multiple groups. Two-way 
ANOVA was used in Fig.  1B for comparisons between 
two independent groups. Pearson correlation analysis 
was used in Fig. 1G and H. For non-normally distributed 
data or experiments with small sample sizes (n < 5), the 
Mann‒Whitney U test was used to compare two groups, 
and the Kruskal‒Wallis test was used for comparisons 
among multiple groups. The data are expressed as the 
mean ± standard error of the mean (SEM), and P < 0.05 
was considered to indicate statistical significance.

Results
Inhibition of ubiquitination attenuates hypoxia-induced 
proliferation of PASMCs
Compared with normoxia, hypoxia promoted cell via-
bility of PASMCs, and MG132 inhibited this effect in 
a dose-dependent manner (Fig.  3A). Flow cytometry 
revealed that hypoxia inhibited the apoptosis of PASMCs, 
while MG132 promoted PASMCs apoptosis (Fig. 3C and 
F). Moreover, hypoxia inhibited the expression of ACE2 
and caspase-3 in PASMCs, while MG132 increased their 
expression in a dose-dependent manner (Fig.  3B and 
D, and 3E). We tentatively speculate that the inhibition 
of ubiquitination attenuates hypoxia-induced PASMCs 
proliferation, possibly by inhibiting cell proliferation and 
promoting apoptosis.

NEDD4L may bind to ACE2 and reduce its expression in 
PAH via ubiquitination
UbiBrowser (http://ubibrowser.ncpsb.org) was used to 
predict the E3 ubiquitin ligase of ACE2 (Fig.  2A). The 
mRNA and protein expression levels of were decrease in 
response to hypoxic treatment, whereas they showed an 
increase following treatment with MG132(Fig.  2B, I, J). 
The mRNA and protein expression levels of MDM2 and 
NEDD4L were increased in hypoxia-treated PASMCs, 
whereas the mRNA and protein expression levels were 
decreased after MG132 treatment (Fig.  2C-D and I-J). 
The mRNA expression of ligases 3 to 6 did not change 

http://ubibrowser.ncpsb.org
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Fig. 3  Ubiquitination promotes the hypoxia-induced proliferation of PASMCs. PASMCs were subjected to hypoxia or normoxia according to the pro-
tocol and were treated with low (0.05 µmol/L), medium (0.1 µmol/L), or high (0.2 µmol/L) doses of MG132. MG132, a proteasome inhibitor, can inhibit 
proteasome-mediated protein degradation via ubiquitination. The effects of ubiquitination on PASMCs viability (A) and the expression of ACE2 (B, C) and 
caspase-3 (B, D) were investigated to determine the role of ubiquitination in PVR. GAPDH was used as an internal reference. We then observed apoptosis 
of each group of PASMCs by flow cytometry, and the proportion of apoptotic cells is shown in (E), with representative images (F). The percentage of apop-
totic cells was defined as the sum of early apoptotic cells and late apoptotic cells. n = 6, *P < 0.05, **P < 0.01. PVR, pulmonary vascular resistance; PASMCs, 
pulmonary arterial smooth muscle cells; ACE2, angiotensin-converting enzyme 2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase
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significantly (Fig. 2E-H). Since there have been no stud-
ies on the correlation between NEDD4L and PAH in the 
literature, we selected NEDD4L for further research.

Hypoxia is accompanied by high expression of NEDD4L 
and reduced expression of ACE2
HE staining revealed that the number of fully muscular 
small arteries in the patients with PAH was significantly 
greater than that in the control group (Fig. 1A-B). Simi-
larly, compared with those in the control group, the pro-
portions of media fraction thickness in the treated group 
were also significantly greater (Fig.  1A, C). The expres-
sion of NEDD4L in the lung tissue of patients with PAH 
increased (P < 0.01), the expression of ACE2 decreased 
(P < 0.01, Fig.  1D-F), and the expression trend of the 
two genes correlated negatively (P = 0.028, r = − 0.4477, 
Fig.  1G). We analyzed the expression of NEDD4L and 
ACE2 in the GEO database for the PH group and the 
control group by Pearson correlation analysis and found 
a negative correlation between NEDD4L and ACE2 
(P = 0.04, r = − 0.34; Fig. 1H).

The expression of NEDD4L negatively correlates with that 
of ACE2 in PASMCs under hypoxia
After NEDD4L-siRNA transfection, the expression 
of NEDD4L in PASMCs decreased, indicating that 
NEDD4L-siRNA was successfully constructed (Fig.  4A, 
B). After NEDD4L-overexpression(OE) transfection, 
the protein expression of NEDD4L was significantly 
increased, indicating that NEDD4L-OE was success-
fully constructed (Fig.  4C, D). After transfection with 
NEDD4L-siRNA, ACE2 expression was significantly 
increased. However, after transfection with NEDD4L-OE, 
ACE2 expression was significantly decreased (Fig. 4E, G). 
Then, we observed that cell viability increased to vary-
ing degrees in each group over time. At 72 h, the viabil-
ity of the NEDD4L-OE group was significantly greater 
than that of the other groups, while the viability of the 
NEDD4L-siRNA group was significantly lower than 
that of the other groups (Fig.  4H). Finally, we observed 
PASMCs apoptosis by flow cytometry and found that 
the percentage of apoptotic cells in the NEDD4L-siRNA 
group was significantly greater than that in the control-
siRNA group and the control-OE group. The percentage 
of apoptotic cells in the NEDD4L-OE group was signifi-
cantly lower than that in the control-siRNA group and 
the control-OE group, indicating that NEDD4L has a 
partial inhibitory effect on PASMCs apoptosis (Fig. 4I, J).

Overexpression of ACE2 reverses the inhibition of ACE2 
expression by NEDD4L and decreases PASMCs activity and 
proliferation
To further determine whether NEDD4L promotes 
PASMC activity and proliferation by inhibiting ACE2 

expression, we subjected PASMCs to two treatments, 
namely NEDD4L overexpression and NEDD4L + ACE2 
overexpression. After transfection with NEDD4L-OE, 
the expression of ACE2 in PASMCs decreased, and 
the expression of NEDD4L increased. However, after 
transfection with NEDD4L-OE + ACE2-OE, the expres-
sion of ACE2 increased (Fig.  5B, C), and the expres-
sion of NEDD4L decreased compared with those in 
the NEDD4L-OE group (Fig.  5A, C). We used IF stain-
ing to examine the expression of ACE2 in PASMCs, and 
observed this phenomenon (Fig. 5I, K). The CCK-8 results 
showed that overexpression of NEDD4L promoted the 
proliferation of PASMCs, while NEDD4L-OE + ACE2-
OE reversed this effect (Fig. 5D). EdU staining was used 
to observe the proliferation of PASMCs. Similar to the 
CCK-8 results, the proliferation of PASMCs transfected 
with NEDD4L-OE increased, while the proliferation 
of PASMCs transfected with NEDD4L-OE + ACE2-OE 
decreased (Fig. 5J, L). We observed apoptosis of PASMCs 
by flow cytometry. PASMCs treated with NEDD4L-OE 
exhibited decreased apoptosis, whereas ACE2-OE par-
tially reversed this effect (Fig. 5E-H).

NEDD4L may inhibit ACE2 expression through 
ubiquitination
Co-IP experiments were conducted in HEK293 cells 
(Fig.  6A) and PASMCs (Fig.  6B), and the binding of 
NEDD4L to ACE2 via ubiquitination was evaluated. In 
HEK293 cells, compared with those in the control siRNA 
group, we found significant downregulation of ACE2 
ubiquitination and upregulation of ACE2 expression 
after NEDD4L siRNA intervention. Similarly, NEDD4L 
and ACE2 coprecipitated in PASMCs. These results indi-
cate that NEDD4L can act as an E3 ubiquitination ligase 
to regulate the ubiquitination-mediated degradation of 
ACE2(Fig. 6C).

Discussion
Our experiments demonstrated that (1) inhibition of 
ubiquitination attenuated hypoxia-induced prolifera-
tion of PASMCs; (2) NEDD4L was the E3 ligase of ACE2; 
(3) in patients with PAH, the expression of NEDD4L 
increased, while the expression of ACE2 decreased, 
which were negatively correlated; and (4) NEDD4L 
inhibited the expression of ACE2 in PASMCs, possibly 
through ubiquitination-mediated degradation.

Our results showed that hypoxia promoted cell viabil-
ity and inhibited the expression of ACE2 and caspase-3 
in lung tissue, while MG132 reversed these effects in a 
dose-dependent manner. This finding is consistent with 
previous studies that have shown that chronic hypoxia 
can upregulate proteasome activity and promote the pro-
liferation of PASMCs [30–33]. The proteasome inhibi-
tor MG-132 can inhibit the proliferation and migration 
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Fig. 4  Effects of NEDD4L inhibition or overexpression on ACE2 protein expression. NEDD4L siRNA (A-B) and NEDD4L-OE (C-D) were constructed and 
transfected into PASMCs to examine the expression of NEDD4L. Plasmid transfection was carried out in accordance with the manufacturer’s protocol, and 
the protein expression of ACE2 (E, G) and NEDD4L (F, G), cell viability (H), and apoptosis (I-J) were evaluated. GAPDH was used as an internal reference for 
western blotting. N = 6, *P < 0.05, **P < 0.01, **** P < 0.0001. NEDD4L, neural precursor cell–expressed developmentally downregulated gene 4-like; ACE2, 
angiotensin-converting enzyme 2; PAH, pulmonary arterial hypertension; GAPDH, glyceraldehyde-3-phosphate dehydrogenase
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Fig. 5  Overexpression(OE) of ACE2 can partially reverse the inhibition of cell apoptosis by NEDD4L. PASMCs in the two groups were treated with NEDD4L 
or NEDD4L + ACE2. The expression of NEDD4L and ACE2 in the three groups was examined (A-C). Then, PAMSCs were aspirated at 0, 24, 48, and 72 h after 
transfection, and their cell activity was examined through a CCK-8 assay (D). Cell apoptosis was observed by flow cytometry (E-H). Finally, IF (I, K) and 
EdU (J, L) staining were performed to observe the expression of ACE2 and cell proliferation in PASMCs. n = 6, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
NEDD4L, neural precursor cell–expressed developmentally downregulated gene 4-like; ACE2, angiotensin-converting enzyme 2; PAH, pulmonary arterial 
hypertension; GAPDH, glyceraldehyde-3-phosphate dehydrogenase
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Fig. 6 (See legend on next page.)
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of PASMCs, thereby affecting PVR [34]. Pretreatment of 
PASMCs with MG-132 can inhibit hypoxia-induced cell 
proliferation to some extent [35]. Our results revealed 
that MG-132 inhibited hypoxia-induced proliferation of 
PASMCs.

We then screened the E3 ubiquitination enzymes of 
ACE2 and selected NEDD4L as a research target. Our 
previous study showed that hypoxia inhibited the expres-
sion of ACE2 in PASMCs, but we did not reveal the 
underlying mechanism [9]. NEDD4L, the E3 enzyme of 
ACE2, has been widely studied in various pathophysi-
ological processes of cardiovascular diseases (such as 
hypertension, myocardial hypertrophy, and heart fail-
ure) [25, 36, 37]. However, there have been no studies on 
NEDD4L in PAH. According to a study on right-heart 
failure, microRNA-454 can inhibit the expression of 
NEDD4L, thereby exerting a protective effect on myocar-
dial cells [38]. This suggests that NEDD4L may be highly 
expressed in PASMCs in PAH, given the correlation 
between PAH and right-heart failure [39].

In this study, we found that the expression of NEDD4L 
increased and the expression of ACE2 decreased in the 
lung tissue of PAH patients, and there was a negative 
correlation between the two. Zhu reported increased 
expression of NEDD4L in the lung tissue of rats with 
PAH induced by monocrotaline, which is consistent with 
our study [40]. NEDD4L-mediated ubiquitination-based 
degradation of ACE2 could lead to hypertension [41–43], 
and this result is also consistent with our study.

The inhibition of ACE2 by NEDD4L was verified by 
transfecting PASMCs with NEDD4L-siRNA, NEDD4L-
OE, or ACE2-OE. NEDD4L-mediated ubiquitination-
based degradation of ACE2 has been confirmed in 
COVID-19 infection [44], and correlation between 
NEDD4L and ACE2 has further been demonstrated in 
COVID-19–induced vascular inflammation [45]. Due to 
the close correlation between PAH and vascular inflam-
mation [23], a decrease in ACE2 is one of the mecha-
nisms underlying the development of PAH [46, 47]. We 
hypothesized that the ubiquitination-mediated degrada-
tion of ACE2 by NEDD4L may inhibit PVR in PAH by 
reducing vascular inflammation.

This study had many shortcomings. As shown in 
Fig. 1G/H, there was a negative correlation between ACE2 
and NEDD4L expression levels, and we constructed 
the following regression curves: Y = − 1.448X + 3.676 in 

Fig.  1G (R2 = 0.2005) and Y = − 0.41X + 5.13 in Fig.  1H 
(R2 = 0.115). No correlation between NEDD4L and ACE2 
in PAH has been reported to date. Hypoxia, the mecha-
nism of hypoxic PH, can lead to pulmonary edema [48]. 
Hypoxia impairs epithelial sodium channel (ENaC) activ-
ity and alveolar Na+ absorption and transport, probably 
by reducing ENaC expression at the apical membrane 
of alveolar epithelial cells [49]. NEDD4L mediates the 
hypoxia-induced decrease in ENaC in alveolar epithelial 
cells and inhibits amiloride-sensitive Na+ currents across 
the apical membrane [50]. Supplementation with hACE2 
in vitro can activate ENaC, attenuate reactive oxygen 
species and tissue-factor generation, and restore barrier 
function in human lung microvascular endothelial cell 
(HL-MVEC) monolayers [51]. Amiloride, a prototypical 
inhibitor of ENaC, can be an ideal candidate for COVID-
19 patients because of its ability to increase ACE2 levels 
and increase the cytosolic pH [52]. Moreover, in our cel-
lular experiments, we found that NEDD4L and ACE2 
were strongly negatively correlated. We believe that this 
unexpected result may be related to the sample process-
ing of lung tissue, where instrumental limitations led to 
errors in not separating PASMCs from other cells in the 
lungs. PASMCs were also not separated in the database 
we selected.

Due to limited research time and tools, we completed 
only cell experiments and partial clinical studies without 
performing animal experiments. Further validation of 
ubiquitination is necessary.

Conclusions
PAH is associated with upregulation of NEDD4L expres-
sion and downregulation of ACE2 expression. NEDD4L, 
the ubiquitination E3 enzyme of ACE2, promotes the 
proliferation of PASMCs, ultimately leading to PVR. Our 
present study provides an important experimental basis 
for NEDD4L as a potential target to treat patients suf-
fered from PAH.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12931-024-02953-5.

Supplementary Material 1: Table S1. Sequences of Primers Used for qPCR

Supplementary Material 2: Fig. 1. Results of the isolation and cultivation 
of PASMCs. Cell morphology was observed under an inverted phase-
contrast microscope, and a cell growth curve was plotted by cell counting 

(See figure on previous page.)
Fig. 6  NEDD4L may inhibit ACE2 expression through ubiquitination. Before Co-IP, HEK293 cells were transfected with ACE2 and ubiquitin-overexpressing 
plasmids (1 µg/mL) for 48 h, and then, control-siRNA and NEDD4L-siRNA (20 nM) were added for 24 h. After that, HEK293 cells were treated with MG132 
for 10 h (A). Before Co-IP, PASMCs were treated with MG132 for 10 h (B). A correlation between NEDD4L and ACE2 was detected in HEK293 cells (A) and 
PASMCs (B) by co-IP. The mechanism by which NEDD4L-mediated ubiquitination of ACE2 affects PAH (C). Inhibiting the expression of NEDD4L can reduce 
its ability to bind to ACE2 via ubiquitination, thereby increasing the expression of ACE2, promoting the apoptosis of PASMCs, and alleviating pulmo-
nary vascular remodeling. IgG, immunoglobulin G; IP, immunoprecipitation; IB, immunoblotting; Ub, ubiquitin; NEDD4L, neural precursor cell–expressed 
developmentally downregulated gene 4-like; ACE2, angiotensin-converting enzyme 2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PASMCs, 
pulmonary arterial smooth muscle cells; HEK293, human embryonic kidney 293
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and observed under ×40 and ×100 mirrors (A). Immunofluorescence stain-
ing of α-smooth muscle actin (α-SMA) was used to assess the cell type 
and purity of PASMCs and A549 cells (control, CL0024, Fenghuishengwu, 
China), which were observed at ×100 and ×200 (B)
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