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ORIGINAL RESEARCHARTICLE

MDM2-Mediated Ubiquitination of

Angiotensin-Converting Enzyme 2 Contributes
to the Development of Pulmonary Arterial

Hypertension

BACKGROUND: Angiotensin-converting enzyme 2 (ACE2) converts
angiotensin Il, a potent vasoconstrictor, to angiotensin-(1-7) and is also

a membrane protein that enables coronavirus disease 2019 (COVID-19)
infectivity. AMP-activated protein kinase (AMPK) phosphorylation of ACE2
enhances ACE2 stability. This mode of posttranslational modification

of ACE2 in vascular endothelial cells is causative of a pulmonary
hypertension (PH)-protective phenotype. The oncoprotein MDM2 (murine
double minute 2) is an E3 ligase that ubiquitinates its substrates to

cause their degradation. In this study, we investigated whether MDM?2

is involved in the posttranslational modification of ACE2 through its
ubiquitination of ACE2, and whether an AMPK and MDM2 crosstalk
regulates the pathogenesis of PH.

METHODS: Bioinformatic analyses were used to explore E3 ligase that
ubiquitinates ACE2. Cultured endothelial cells, mouse models, and
specimens from patients with idiopathic pulmonary arterial hypertension
were used to investigate the crosstalk between AMPK and MDM2 in
regulating ACE2 phosphorylation and ubiquitination in the context of PH.

RESULTS: Levels of MDM2 were increased and those of ACE2
decreased in lung tissues or pulmonary arterial endothelial cells from
patients with idiopathic pulmonary arterial hypertension and rodent
models of experimental PH. MDM2 inhibition by JNJ-165 reversed
the SU5416/hypoxia-induced PH in C57BL/6 mice. ACE2-S680L mice
(dephosphorylation at S680) showed PH susceptibility, and ectopic
expression of ACE2-S680L/K788R (deubiquitination at K788) reduced
experimental PH. Moreover, ACE2-K788R overexpression in mice with
endothelial cell-specific AMPKa2 knockout mitigated PH.

CONCLUSIONS: Maladapted posttranslational modification
(phosphorylation and ubiquitination) of ACE2 at Ser-680 and Lys-788
is involved in the pathogenesis of pulmonary arterial hypertension and
experimental PH. Thus, a combined intervention of AMPK and MDM2
in the pulmonary endothelium might be therapeutically effective in PH
treatment.
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Clinical Perspective
What Is New?

e MDM2 (murine double minute 2) expression is
increased in lung tissues from patients with idio-
pathic pulmonary arterial hypertension and animals
with experimental pulmonary hypertension.

e MDM2, an E3 ligase of angiotensin-converting
enzyme 2 (ACE2), ubiquitinates ACE2 at K788.
AMP-activated protein kinase phosphorylates
ACE2 at S680 and inhibits MDM2-mediated ubig-
uitination of ACE2 at K788.

e Functionally, ACE2 phosphorylation and deubig-
uitination increase the endothelial nitric oxide
synthase-mediated nitric oxide bioavailability in
endothelial cells.

What Are the Clinical Implications?

¢ Inhibition of MDM2 (eg, by JNJ-165) has great ther-
apeutic potential for pulmonary arterial hyperten-
sion /pulmonary hypertension by stabilizing ACE2.

e Posttranslational modification of ACE2 is a novel
strategy to develop new therapies for pulmonary
arterial hypertension/pulmonary hypertension.

pressure, fluid and electrolyte balance, and vascu-

lar resistance.” Sustained pulmonary vasoconstric-

tion, concentric pulmonary vascular remodeling, and
in situ thrombosis are major causes for the elevated
pulmonary vascular resistance and pulmonary arterial
pressure in patients with pulmonary arterial hyperten-
sion (PAH).23 Within the RAS system, the angiotensin-
converting enzyme 2 (ACE2)/angiotensin (Ang)-(1-7)/
Mas receptor axis counterposes the ACE1/Ang II/AT1
receptor axis. With a homologous catalytic domain as
for ACE1, ACE2 competes with ACE1 to convert Ang I
to Ang-(1-7), which provides antivasoconstrictive, anti-
inflammatory, antihypertrophic, and antifibrotic effects
on various vascular beds, including the pulmonary vas-
culature.** Thus, inhibiting the canonical RAS (ie, ACE1)
and activating the counterbalancing ACE2/Ang-(1-7)/
Mas axis have complementary efficacies in cardiovascu-
lar diseases, including pulmonary hypertension (PH).5#
Posttranslational modifications (PTMs) play an essen-
tial role in regulating protein expression, activity, and
subcellular distribution. As 2 major modes of PTMs, pro-
tein phosphorylation and ubiquitination are critical for
cellular responses to physiological and pathophysiologi-
cal stimuli.>™® We have previously shown that AMP-acti-
vated protein kinase (AMPK) phosphorylates ACE2 Ser-
680 (S680) in vascular endothelial cells (ECs) and thereby
inhibits the proteasome-mediated ubiquitination of
ACE2 .8 Consequently, ACE2 stability is increased under
conditions in which AMPK is activated (eg, metformin

The renin-angiotensin system (RAS) regulates blood

Circulation. 2020;142:1190-1204. DOI: 10.1161/CIRCULATIONAHA.120.048191

ACE2 Ubiquitination by MDM2 Aggravates PH

treatment).”'2 Activation of the AMPK-ACE2 axis is
beneficial to the pulmonary endothelium, as supported
by the PH-resistant phenotype seen in a mouse line har-
boring the phosphomimetic form of ACE2 (ie, ACE2-
S680D).8 However, the molecular basis underlying ACE2
ubiquitination leading to its degradation and its correla-
tion with the onset of PAH remains elusive.

MDM2 (murine double minute 2), or HDM2 in hu-
mans, is an oncoprotein, in part, through its negative
regulation of p53."3'> Functioning as an E3 ubiquitin
ligase, MDM2 ubiquitinates p53 and induces p53 pro-
tein degradation.’®'® MDMZ2 is upregulated in diverse
cancer cell types, including but not limited to, colorectal
adenocarcinoma, breast carcinomas, lung cancer, and
osteogenic sarcoma.’®'™ JNJ-26854165 (JNJ-165), an
oral MDM2 inhibitor, can induce apoptosis and decrease
proliferation in various tumor models.?%?' Dysregulated
MDM2 is also implicated in cardiovascular impairments.
For example, MDM2 overexpression enhances vascular
calcification by ubiquitinating histone deacetylase 1.22
Nutlin-3a, a small-molecule antagonist of MDM2, miti-
gates both PH and retinal angiogenesis by decreasing
the proliferation of pulmonary artery smooth muscle
cells and ECs, respectively.?324

In this study, we explored the role of MDM2 and
its crosstalk with AMPK in regulating the expression
of ACE2 in the pulmonary endothelium. Our results
showed that AMPK phosphorylation of ACE2 at S680
hindered MDM2 ubiquitination of ACE2 at K788 in ECs.
In concert, these 2 PTM-associated mechanisms regu-
lated the stability of ACE2. A maladapted PTM of ACE2
is implicated in the pulmonary endothelium in patients
with idiopathic pulmonary arterial hypertension (IPAH)
and several animal models of experimental PH.

METHODS

The data that support the findings of this study are available
from the corresponding author on reasonable request.

Cell Cultures and Reagents

Human pulmonary artery ECs (PAECs) were obtained
from the Pulmonary Hypertension Breakthrough Initiative.
Demographic and clinical data of controls and patients with
IPAH are in Table | in the Data Supplement. On the basis of
the Pulmonary Hypertension Breakthrough Initiative facility’s
protocol,?® the cells were isolated from lung tissues of health
controls and patients with IPAH and cultured in endothelial
cell growth medium (EGM-2; Lonza) on fibronectin-coated
plates. Cells were passaged at 70% to 80% confluence by
dissociation from plates using Trypsin-EDTA. Primary cultures
of passage 5 to 8 were used in experiments. PAEC authen-
tication was performed by using antibodies against the EC
markers, CD31, von Willebrand factor, and VE-cadherin, and
fluorescence-activated  cell  sorting/immunocytochemistry.
The percentage positively stained with these EC markers was
>93%. Human umbilical vein endothelial cells were cultured
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in M199 medium (Sigma-Aldrich). Human embryonic kidney
293 (HEK 293) cells and bovine aortic endothelial cells were
obtained from ATCC and maintained in Dulbecco's Modified
Eagle Medium (Life Technologies). All cell cultures were main-
tained at 37°C in 95% air and 5% CO,.

The reagents used and their commercial sources were
as follows: SU5416 (Cayman); cycloheximide, MG132, and
monocrotaline (Sigma-Aldrich); JNJ26854165 (Selleckchem);
Ang-(1-7) ELISA kit (Peninsula Laboratories International);
Microfil MV-122, MV-Diluent, and MV curing agent (Flow
Tech); anti-ACE2 and anti-ACE1 (Abcam); anti-Ub, anti-
endothelial nitric oxide synthase (eNOS), and anti-a-tubulin
(Cell Signaling Technology); anti-MDM2, anti—f3-actin, and
anti-GAPDH (Santa Cruz Biotechnology); anti-peNOS (S1177)
and anti-peNOS (T495) (BD Biosciences). Expression plasmids
encoding ACE2, ubiquitin, eNOS, MDM2, and MDM2 C464A
were purchased from Addgene. ACE2 Ser-680 was mutated
to Asp (D) or Leu (L) and Lys-788 to Arg (R) by using the
QuikChange Lightning Multi Site-Directed Mutagenesis Kit
(Agilent Technologies).

Human Lung Samples

Human lung specimens were from healthy donor lungs or
explanted lungs from subjects with IPAH undergoing lung
transplantation at the University of California, San Diego. The
study was approved by the institutional review board at the
University of California, San Diego; written informed consent
was obtained from all participants. Demographic and clinical
data of controls and patients with IPAH are in Table | in the
Data Supplement.

Cell Transfection and Virus Infection

MDM2 small interfering RNA or scramble control RNA
(Qiagen) was transfected into various cell types at a concen-
tration of 20 nmol/L with the use of Lipofectamine RNAi Max
(Invitrogen). Adenoviruses overexpressing ACE2 wild type
(WT), S680D, S680L, or S680L/K788R were created by using
the ViraPower Adenoviral Expression System (Invitrogen),
with protocols provided by the manufacturer. Adenovirus-
driven ectopic expressing ACE2 (WT) and the various ACE2
mutants in cells were achieved by infecting cultured cells at
10 multiplicity of infection.

In Silico Method

UbiBrowser (http://ubibrowser.ncpsb.org) was used to predict
the E3 ligases. Combining confidence and evidence modes,
a list of putative MDMZ2 E3 ligases is shown in Table Il in the
Data Supplement. For the heat map shown in Figure 1C, we
analyzed a GEO RNA-sequencing data set (GSE79613) gener-
ated from the induced pluripotent stem cell-derived ECs from
patients with PAH?® with the online tool GENE_E (Morpheus)
used to produce the presented heat map.

Western Blot Analysis,
Immunoprecipitation, and Quantitative
Real-Time Polymerase Chain Reaction

Cells or tissue was lysed in the EBC buffer supplemented with
protease inhibitors (Thermo Scientific), phosphatase inhibitors
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(Roche), and ubiquitinase inhibitors (Sigma-Aldrich). Lysates
were resolved by sodium dodecyl sulfate polyacrylamide gel
electrophoresis and immunoblotted with antibodies as indi-
cated. For immunoprecipitation, the lysates were incubated
with the described antibodies for 4 hours at 4°C, followed
by a 2-hour incubation with Dynabeads Protein G (Life
Technologies). Immunoprecipitated products were washed
with the NETN buffer before resolved by sodium dodecyl sul-
fate polyacrylamide gel electrophoresis and immunoblotting
with the indicated antibodies. For quantitative real-time poly-
merase chain reaction, RNA was extracted from homogenized
tissue or cells by using TRIzol reagent (Invitrogen). The cDNA
was synthesized by using Takara (Clontech Laboratories).
Quantitative polymerase chain reaction was performed using
SYBR Green Realtime PCR Master Mix (Bio-Red) with GAPDH
or B-actin as internal controls. The relative gene expression
was quantified by the AACq method. Primer sequences used
for quantitative polymerase chain reaction are listed in Table
lll'in the Data Supplement.

Animal Studies, Hemodynamics,

Histology, and Pulmonary Angiogram

Animal experiments were approved by Institutional Animal
Care and Use Committee of University of California, San
Diego and the Institutional Animal Ethics Committee of
Xi'an Jiaotong University. Adult male mice at 8 weeks old
were given SU5416 (20 mg/kg) once a week and placed
under 10% hypoxia for 5 weeks (12-hour light/dark cycle).
JNJ-165 was administered daily through oral gavage for the
last 2 weeks, and adenovirus (Ad-null, Ad-ACE2L K788R,
Ad-ACE2-WT, and ACE2-K788R) (5x10% plaque-forming
units) was delivered intratracheally (once). Right ventricular
systolic pressure (RVSP) and systemic systolic blood pressure
(were measured with standardized protocols. Fulton index
(right ventricular hypertrophy) was determined as the ratio
of the right ventricular (RV) weight to those of the left ven-
tricle (LV)+septum (S) weight. For investigating vessel wall
remodeling, formaldehyde-fixed, paraffin-embedded lung tis-
sue sections were stained with hematoxylin and eosin and
observed under a NanoZoomer Slide Scanner. For pulmo-
nary angiography, mice were anesthetized by pentobarbital
sodium (120 mg/kg) through intraperitoneal injection. The
chest was opened by median sternotomy, and the thymus
and adipose tissue were carefully excised. Heparin (20 I1U)
was immediately injected into the right ventricle to prevent
blood from coagulation. A catheter composed of PE-20 tub-
ing was inserted into the main pulmonary artery through the
right ventricle, which was ligated together with the ascending
aorta using a 6-0 black silk suture. Mouse lung was initially
perfused with phosphate-buffered saline 0.05 mL/min for 3
minutes using PE-20 tubing until the lung turned white and
then was perfused with Microfil, a casting agent at 0.05 mL/
min. Microfil composition consists of 600 pL of Microfil and
750 pL of diluent. Just before microfil perfusion, 67.5 pL of
curing agent was added. The working time of the Microfil
solution is 15 minutes. Lungs were left overnight at 4°C cov-
ered with wet paper to avoid drying. The next day, the lungs
were separated carefully and placed in phosphate-buffered
saline and kept gently shaking for 15 minutes at room tem-
perature. Phosphate-buffered saline was removed and lungs
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Figure 1. MDM2 level is elevated in PH.

A and B, In the network view, a node is positioned in the center of the canvas showing the putative substrates, surrounded by nodes revealing predicted E3 ligases.
The node colors and characters 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 are positively correlated with the UbiBrowser score. In the evidence mode (B), the edge of each predicted E3-substrate interaction consists
of multiple colored lines, with distinct colors representing different types of supporting evidence, including E3-recognizing motif (blue), network loops (black), and
enriched gene ontology pair (purple). C, RNA-sequencing data for predicted E3 ligases in induced pluripotent stem cell-derived endothelial cells. The heat map shows
the expression of genes involved in patients with familial PAH (FPAH) with BMPR2 mutation versus controls. D and E, gPCR quantification of MDM2 mRNA levels and
Western blot analysis of MDM2 and ACE2 levels in lung tissue from patients with IPAH (n=6) and controls without PAH (n=6). F and G, gPCR quantification of MDM2
mMRNA level in PAECs isolated from IPAH (n=8) and control lungs (n=8) and Western blot analysis of MDM2 and ACE2 levels in PAECs isolated from IPAH (n=4) and
control lungs (n=4). H through K, gPCR quantification of MDM2 mRNA level and Western blot analysis of MDM2 and ACE2 levels in the lung tissues of SuHx-induced
PH mice (n=5) and control mice (n=5) (H and I) and MCT-induced PH rat models (n=9) versus controls (n=9) (J and K). Data are mean+SEM. For data with normal
distribution (D, H, and J), statistical significance was determined by 2-tailed Student t test with Welch correction between 2 indicated groups. Nonnormally distributed
data (E through G, I, and K) were analyzed using the Mann-Whitney U test between 2 indicated groups. *P<0.05 versus control patients (Ctrl) or Normoxia (Nor) or
vehicle (Veh) controls. ACE2 indicates angiotensin-converting enzyme 2; IPAH, idiopathic pulmonary arterial hypertension; MCT, monocrotaline; MDM2, murine double

minute 2; PAEC, pulmonary artery endothelial cells; PH, pulmonary hypertension; gPCR, quantitative polymerase chain reaction; and SuHx, SU5416/hypoxia.

underwent gradient dehydration using ethyl alcohol (50%,
70%, 80%, 95%, and 100% twice) per hour to digest lung
tissue. After dehydration, lungs were immersed in methyl
salicylate to view the lung vasculature. Lungs were photo-
graphed with a camera (MU1000, FMAO50, Amscope). The
periphery of lung was selected with Photoshop and converted
to binary images using National Institutes of Health Image J
to quantitate the total branch length, number of branches,
and number of junctions normalized to area used for analysis.

Statistics

All statistical analyses were performed with SPSS 14.0 or
GraphPad Prism 7 software. The numbers in figure legends
indicate biological replicates performed in each experiment.
Initially, the data sets were analyzed for normality using the
Shapiro-Wilk test (P<0.05) and equal variance using the F test
(P>0.05). For data with normal distribution, 2-tailed Student

Circulation. 2020;142:1190-1204. DOI: 10.1161/CIRCULATIONAHA.120.048191

t test was used to compare 2 groups, and 1-way ANOVA
with Bonferroni post hoc test was used to compare multiple
groups. Two-way ANOVA was used in Figure 2D and 2E and
Figure 3D for comparison with 2 independent variables. For
nonnormally distributed data or experiments with small sam-
ple size (n<5), the Mann-Whitney U test was used to compare
2 groups, and the Kruskal-Wallis test was used for multiple
groups. Data are expressed as mean+SEM and P<0.05 was
considered statistically significant.

RESULTS

MDMZ2 Is Correlated With ACE2 in PH

We used UbiBrowser (http://ubibrowser.ncpsb.org) to
explore the putative E3 ligases that can ubiquitinate
ACE2.?” Combined results of the confidence mode
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Figure 2. MDM2 decreases ACE2 stability through ubiquitination.
A through C, Western blot analysis of ACE2 and MDM2 levels in PAECs transfected with MDM2 or control siRNA (20 nmol/L) for 48 hours (A); JNJ-165 (10 umol/L)

or vehicle for 16 hours (B); and MDM2 overexpression or control plasmid (1 ug/mL) in BAECs for 48 hours (C). D and E, Western blot analysis of ACE2 in HEK
293 cells transfected with MDM2 siRNA (20 nmol/L), MDM2 overexpression plasmids (MDM2-WT), or MDM2 RING domain mutation plasmids (MDM2-C464A)
together with ACE2 overexpression plasmids (1 ug/mL), then treated with CHX (100 pug/mL) for up to 8 hours. F, HEK 293 cells were cotransfected with ACE2 and
ubquitin (Ub) overexpression plasmids (1 ug/mL) and were treated with MG132 (20 umol/L) 10 hours before harvesting the cells. Separately, HEK 293 cells were
treated with JNJ-165 (10 pmol/L) or vehicle for 16 hours before harvesting (a). HEK 293 cells were treated with MDM2 or control siRNA (Continued)
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Figure 2 Continued. (20 nmol/L) and cultured under a normal or hypoxia condition (b and c) for 24 hours. Cell extracts were immunoprecipitated with anti-
ACE2 or IgG and immunoblotted with anti-Ub. The input proteins were immunoblotted with antibodies against ACE2, MDM2, or a-tubulin. G, HEK 293 cells
were transfected with plasmids overexpressing ACE2 or MDM2 (1 pg/mL). H, HUVECs were treated with MG132 (20 pmol/L) for 10 hours. ACE2 or MDM2

was immunoprecipitated. The input protein was immunoblotted with antibodies against ACE2, MDM2, a-tubulin, or GAPDH. Data are mean+SEM from 3 to 5
independent experiments. Normally distributed data (B) were analyzed by 2-tailed Student t test with Welch correction between 2 indicated groups and normally
distributed data (D and E) were analyzed by 2-way ANOVA test between multiple groups. Nonnormally distributed data (A and C) were analyzed using the
Mann-Whitney U test between 2 indicated groups. *P<0.05 versus controls (Ctrl) or control-siRNA (Ctrl-siR). ACE2 indicates angiotensin-converting enzyme 2;
BAEC, bovine aortic endothelial cell; CHX, cycloheximide; HEK 293, human embryonic kidney 293; HUVEC, human umbilical vein endothelial cell; 1B, immunob-
lotted; IgG, immunoglobulin G; IP, immunoprecipitation; MDM2, murine double minute 2; PAEC, pulmonary artery endothelial cells; siR, siRNA, small interfering

RNA; and WT, wild type.

(Figure 1A) and evidence mode (Figure 1B) suggested
that MDM2, NEDDA4L (neural precursor cell expressed
developmentally downregulated gene 4-like), and
MIB1 (mindbomb E3 ubiquitin protein ligase 1) had
the highest scores as E3 ligases to ubiquitinate ACE2.
We then mined a GEO RNA-sequencing data set
(GSE79613; https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE79613) generated from the induced
pluripotent stem cell-derived ECs from patients with
familial PAH. The mRNA level of MDM2, but not that
of NEDD4L, MIB1, and other E3 ligases was elevated
in induced pluripotent stem cells-derived ECs from
patients with familial PAH (heat map in Figure 1C).
We validated these in silico results by examining the
MDM2 and ACE2 expression levels in lung tissues
from patients with IPAH. The protein and mRNA levels
of MDM2 were both increased, but the protein level
of ACE2 was decreased in lung tissues from patients
who had IPAH versus healthy controls (Figure 1D and
1E), which was verified in PAECs from patients with
IPAH (Figure 1F and 1G) and lung tissues from mice
with SU5416/hypoxia (SuHx)-induced PH (Figure 1H
and 11) and rats with monocrotaline-induced PH (Fig-
ure 1J and 1K).

MDM2 Is an E3 Ligase of ACE2

In light of augmented MDM?2 level and decreased ACE2
level in PAECs from patients with IPAH and lung tissues
from rodents with experimental PH, we next explored
whether MDM2 regulates ACE2 stability through its
ubiquitination of ACE2 and hence affects the expres-
sion level of ACE2. MDM2 knockdown by small inter-
fering RNA or inhibition by JNJ-165, an agent targeting
the MDM2 ubiquitinase catalytic domain (RING do-
main), increased ACE2 expression in PAECs (Figure 2A
and 2B). By contrast, MDM2 overexpression in ECs de-
creased ACE2 level (Figure 2C). We performed a cyclo-
heximide pulse-chase experiment to determine wheth-
er MDM?2 affected ACE2 stability. MDM2 knockdown
prolonged, but MDM2 overexpression shortened ACE2
half-life in HEK 293 cells (Figure 2D and 2E). However,
overexpression of the loss-of-function mutant MDM2
C464A (C464 in the RING domain is mutated to A)"
did not affect the protein half-life of ACE2. We next
investigated whether MDM2 ubiquitinates ACE2 and
therefore affects ACE2 stability. ACE2 ubiquitination

Circulation. 2020;142:1190-1204. DOI: 10.1161/CIRCULATIONAHA.120.048191

was significantly attenuated in HEK 293 cells treated
with JNJ-165 or transfected with MDM2 small interfer-
ing RNA (Figure 2Fa and 2Fb). Hypoxia induced ACE2
ubiquitination in HEK 293 cells, which was significantly
attenuated by MDM2 knockdown (Figure 2Fc). We also
explored the interaction between MDM2 and ACE2. As
shown in Figure 2G, exogenously expressed MDM2 and
ACE2 in HEK 293 cells were reciprocally immunopre-
cipitated. The interaction between MDM2 and ACE2
was further confirmed by the endogenously expressed
MDM2 and ACE2 in ECs (Figure 2H). Together, these
results suggest that MDM2 ubiquitinated ACE2 leading
to ACE2 degradation.

MDM2 Ubiquitination of ACE2 at K788

By using UbPred (http://www.ubpred.org), we predict-
ed that ACE2-K788 is a putative ubiquitination site (Fig-
ure 3A). K788 is located 108 amino acids downstream
of S680 which is phosphorylated by AMPK.® Given that
AMPK increases ACE2 stability, we hypothesized that
AMPK phosphorylation of S680 inhibits MDM2 ubig-
uitination of ACE2-K788. To test this hypothesis, we
created ACE2-S680L, a dephosphomimetic of ACE2
(ubiquitination-prone  mutant), and ACE2-S680L/
K788R, its ubiquitination-resistant counterpart. To
examine the crosstalk between AMPK and MDM2 in
regulating ACE2 expression level, we transfected HEK
293 cells with ACE2-S680D (phosphomimetic), ACE2-
S680L, or ACE2-S680L/K788R. Level of ubiquitination
was higher for ACE2-S680L than for ACE2-S680D.
However, ACE2-S680L/K788R reversed the ubiquitina-
tion of ACE2 (Figure 3B). Under hypoxia, the level of
ubiquitination was lower for ACE2-S680L/K788R than
for ACE2-S680L (Figure 3C). Cycloheximide pulse-
chase experiments showed remitted stability of ACE2-
S680L/K788R (Figure 3D). Functionally, ACE2-S680L/
K788R increased the eNOS-mediated nitric oxide (NO)
bioavailability (ie, increased S1177 phosphorylation
and decreased T495 dephosphorylation) to a level simi-
lar to that of ACE2-S680D in both HEK 293 cells and
PAECs. In contrast, ACE1 expression level was lower in
S680L/K788R-transfected cells than ACE2-S680L cells
(Figure 3E and 3F). As the major proteolytic product of
ACE2, Ang-(1-7) level was elevated by =3-fold in PAECs
overexpressing ACE2-S680D or ACE2-S680L/K788R in
comparison with ACE2-S680L (Figure 3G).
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Figure 3. MDM2 ubiquitinates ACE2 at K788.

A, Schematic diagram showing the functional domains, and S680 and K788, as well, of ACE2, which are conserved among human, mouse, and rat. B, HEK

293 cells were transfected with expression plasmids encoding ACE2-S680D, ACE2-S680L, or ACE2-S680L/K788R (ACE2-R) together with Ub plasmids (1 pg/mL)
and MG132 (20 pmol/L) treatment in the last 10 hours. Cell lysates were immunoprecipitated by anti-ACE2 or IgG, then immunoblotted with anti-Ub. The input
proteins were immunoblotted with anti-ACE2 or anti-a-tubulin. C, HEK 293 cells were transfected with ACE2-S680L or ACE2-S680L/K788R together with Ub
plasmids (1 pg/mL) under hypoxia or normoxia for 24 hours with MG132 (20 ymol/L) treatment in the last 10 hours. Ubiquitination of various forms of ACE2 was
analyzed. D, Western blot analysis of ACE2 and a-tubulin in HEK 293 cells transfected with ACE2-S680L or ACE2-S680L/K788R (ACE2-R) plasmids, then treated
with CHX for 0, 4, and 8 hours. E, HEK 293 cells were transfected with ACE2-WT, ACE2-S680D, ACE2-S680L, or ACE2-S680L/K788R (ACE2-R), together with
eNOS expression plasmids (1 ug/mL). Cell lysates were immunoblotted with antibodies against peNOS (S1177), peNOS (T495), eNOS, ACE2, ACE1, or a-tubulin. F,
PAECs were infected with ACE2-WT, ACE2-S680D, ACE2-S680L, and ACE2-S680L/K788R adenovirus (10 MOI). Cell lysates were immunoblotted with antibodies
against peNOS (S1177), peNOS (T495), eNOS, ACE2, ACE1, or a-tubulin. G, ELISA assay of Ang-(1-7) in PAECs infected with ACE2-WT, ACE2-S680D, ACE2-
S680L, and ACE2-S680L/K788R adenovirus (10 MOI). Data are mean+SEM from 3 to 9 independent experiments. Normally distributed data (G) were analyzed

by 1-way ANOVA test between multiple groups, and normally distributed data (D) were analyzed by 2-way ANOVA test between multiple groups. Nonnormally
distributed data (E and F) were analyzed using the Kruskal-Wallis test between multiple groups. *P<0.05 versus WT, #P<0.05 versus D and R. ACE2 indicates
angiotensin-converting enzyme 2; Ang, angiotensin; CHX, cycloheximide; eNOS, endothelial nitric oxide synthase; HEK 293, human embryonic kidney 293; IB,
immunoblotted; IgG, immunoglobulin G; IP, immunoprecipitation; MDM2, murine double minute 2; MOI, multiplicity of infection; PAEC, pulmonary artery endo-

thelial cells; Ub, ubiquitin; and WT, wild type.

MDM2 Inhibition Mitigates PH in Mice

We used 3 mouse models to infer the involvement
of the AMPK/MDM2/ACE2 axis in PH. First, we com-
pared the SuHx-induced PH in C57BL/6 mice admin-
istered with JNJ-165 or vehicle (Figure 4A). RVSP and
Fulton index (RV/LV+S weight) were elevated in mice
with 5-week SuHx treatment (Figure 4B and 4C). JNJ-
165 administration at the beginning of the 4th week
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ameliorated the SuHx-increased RVSP and RV hyper-
trophy (Figure 4B and 4C). Consistent with changes in
hemodynamics, mice receiving JNJ-165 showed abro-
gated pulmonary artery remodeling, as shown by the
hematoxylin and eosin staining (Figure 4D). Moreover,
angiogram revealed better-preserved lung vasculature
in mice receiving JNJ-165 (Figure 4E). At the molecu-
lar level, lung tissues from mice administered JNJ-165

Circulation. 2020;142:1190-1204. DOI: 10.1161/CIRCULATIONAHA.120.048191
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Figure 4. MDM2 inhibition alleviates experimental pulmonary hypertension in mice.

A, Eight-week-old C57BL/6 mice were subjected to normoxia (Nor) or SuHx (10% O, with subcutaneous injection of SU5416 at 20 mg-kg~'-wk™") for 5 weeks. Nor
and SuHx mice were given vehicle (Veh) or JNJ-165 (20 mg-kg™"-d™") during the last 2 weeks by oral gavage. B and C, Summarized data (mean+SEM) showing right
ventricular systolic pressure (RVSP, B) and Fulton index, the ratio of the weight of right ventricle (RV) to the weight of the left ventricle (LV) and septum (S) (RV/
[LV+S], ©) in Nor and SuHx mice treated with Veh or JNJ-165. D, H&E staining of pulmonary arteries (Left) and summarized data (mean+SEM, Right) showing the
pulmonary arterial wall thickness from Nor+Veh, SuHx+Veh, and SuHx+JNJ-165 mice. Scale bar = 20 um. E, Representative lung angiogram (Left) of the left lungs
at 8x (Upper) and 30x (Lower) magnification from Nor+Veh, SuHx+Veh, and SuHx+JNJ-165 mice. Summarized data (mean+SEM, n=4 lungs, Right) showing
the total length of branches, number of branches, and number of junctions of the left lungs from Nor+Veh, SuHx+Veh, and SuHx+JNJ-165 mice. F, Western blot
analysis (Left) of eNOS phosphorylation at S1176 and T494, eNOS, ACE2, and MDM2, along with summarized data (mean+SEM, Right) showing the expression
levels of peNOS (51176), peNOS (T494), ACE2, and MDM2, in lung tissues from Nor+Veh, SuHx+Veh, or SuHx+JNJ-165 mice. G and H, Quantitative polymerase
chain reaction analysis of endothelin-1 (END1), angiopoietin 1 (ANGPT1), prostacyclin synthase (PTGIS), and bone morphogenetic protein receptor Il (BMPR2)
MRNASs (G); vascular cell adhesion molecule 1 (VCAM-1), vascular endothelial growth factor (VEGF), platelet derived growth factor subunit A (PDGFA), interleukin
6 (IL-6), monocyte chemoattractant protein-1 (MCP-1), and interleukin 1B (IL-1() (H) in lung tissues from Nor+Veh, SuHx+Veh, and SuHx+JNJ-165 mice. Data are
mean=SEM (7-9 mice per group). Normally distributed data (B through D, and G) were analyzed by 1-way ANOVA test between multiple groups. Nonnormally
distributed data (E and F) were analyzed using Kruskal-Wallis test between multiple groups. *P<0.05 versus Nor+Veh; #P<0.05 versus SuHx+Veh. ACE2 indicates
angiotensin-converting enzyme 2; eNOS, endothelial nitric oxide synthase; H&E, hematoxylin and eosin; IB, immunoblotted; IP, immunoprecipitation; MDM2,
murine double minute 2; and Ub, ubiquitin.
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showed lower levels of ACE2 ubiquitination and eNOS
T494 phosphorylation, and higher levels of eNOS S1176
phosphorylation and ACE2, as well (Figure 4F). Further-
more, we compared the mRNA levels of genes impli-
cated in the development of PH, including EDN1 (endo-
thelin-1), ANGPT1 (angiopoietin 1), PTGIS (prostacyclin
synthase), and BMPR2 (bone morphogenetic protein re-
ceptor type 2) in mouse lung tissues. JNJ-165 decreased
the mRNA levels of EDN1 and ANGPT1 by =0.3- and
0.5-fold, respectively, but increased those of PTGIS and
BMPR2 by ~2- and 3-fold, respectively, in lung tissues
from SuHx-PH mice (Figure 4G). However, JNJ-165 de-
creased the expression of genes involved in EC prolifera-
tion and inflammation, namely, vascular cell adhesion
molecule 1, vascular endothelial growth factor, platelet-
derived growth factor subunit A, interleukin 6, MCP-1
(monocyte chemoattractant protein-1), and interleu-
kin 18 in lung tissues in SuHx-PH mice (Figure 4H). We
have also performed an additional set of experiments in
which JNJ-165 was administered to C57BL/6 mice at the
beginning of the 5-week period. As shown in Figure |
in the Data Supplement, PH was significantly prevented
in mice receiving JNJ-165 along with SuHx treatment.
Collectively, Figure 4 and Figure | in the Data Supple-
ment suggest the effect of MDM2 inhibition in reducing
experimental PH, which, at least in part, was mediated
through the rectified ACE2 expression.

ACE2-S680L/K788R Attenuates PH in
ACE2-S680L Mice

We previously found that ACE2-S680D (mimicking
constitutively phosphorylated ACE2-S680 leading to in-
creased ACE2 expression) mice showed reduced PH.2 To
substantiate the crosstalk between AMPK and MDM2
in regulating ACE2 in terms of PAH, we created an
ACE2-S680L (mimicking constitutively dephosphory-
lated ACE2-S680 leading to decreased ACE2 expres-
sion) mouse line. In comparison with their ACE2-S680D
counterparts, SuHx treatment caused aggravated PH in
ACE2-5680L mice, as demonstrated by elevated RVSP,
increased Fulton index, and vascular remodeling (Fig-
ure 5A through 5D). The enhanced PH in ACE2-S680L
mice was reminiscent of EC-AMPKa27~ and ACE27-
mice.® To test whether inhibition of ACE2-K788 ubig-
uitination attenuates PH, we administered ACE2-S680L
mice an adenovirus expressing ACE2-S680L/K788R (Ad-
ACE2-S6801/K788R) through intratracheal injection.
Overexpression of the exogenous ACE2-S680L/K788R
(mimicking constitutively dephosphorylated ACE2-S680
and deubiquitinated K788 leading to increased ACE2
expression) mitigated PH in ACE2-S680L mice (Figure 5B
through 5D). However, systolic blood pressure was not
significantly different between these groups (Figure |l
in the Data Supplement). As expected, ACE2 level was
lower in the lung of ACE2-S680L than ACE2-S680D

1198 September 22, 2020

ACE?2 Ubiquitination by MDM2 Aggravates PH

mice under SuHx treatment, which was consistent with
decreased NO bioavailability (Figure 5E). Regarding PH-
related genes, mice overexpressing ACE2-S680L/K788R
showed reduced mRNA levels of EDN1 (=0.3-fold) and
ANGPT1 (=0.3-fold) and increased mRNA levels of PTGIS
(=5-fold) and BMPR2 (=3-fold) (Figure 5F). Collectively,
results in Figure 5 suggest that dephosphorylation of
ACE2-S680 aggravates, but deubiquitination of ACE2-
K788 mitigates, experimental PH.

ACE2-K788R Improves PH in EC-
AMPKa27- Mice

To further decipher the role of MDM2 in modulating
ACE2 through interacting with AMPK, we investigated
whether ectopic expression of ACE2-K788R is sufficient
to rescue SuHx-mediated PH in EC-AMPKa27~ mice.®
To this end, EC-AMPKa2~- mice were under SuHx for
3 weeks before adenovirus-null (Ad-null) and adenovi-
rus-expressing wild type ACE2 (Ad-ACE2-WT) or ACE2-
K788R (Ad-ACE2-K788R) was introduced intratracheal-
ly. Two weeks later, we examined the effects of Ad-null,
Ad-ACE2-WT, or Ad-ACE2-K788R on SuHx-induced PH
in EC-AMPKa27~ mice. SuHx treatment significantly in-
creased RVSP, mean pulmonary arterial pressure (mPAP;
estimated according to the equation: mPAP=0.61
RVSP+2 mmHQg)*® and RV contractility (RV +dP/dt) in EC-
AMPKa27- mice (Figure 6A). Overexpression of ACE2-
K788R in pulmonary endothelium was confirmed by
Western blot revealing increased ACE2 level in lung ECs
isolated from mice receiving Ad-ACE2-K788R (Figure |ll
in the Data Supplement). Increased RVSP/mPAP was as-
sociated with significant pulmonary vascular remodel-
ing as revealed by lung histology (Figure 6B), angiogram
(Figure 6C), and RV hypertrophy (Figure 6D). Administra-
tion of Ad-ACE2-K788R significantly attenuated SuHx-
induced PH. However, EC-AMPKa27- mice receiving Ad-
ACE2-K788R exhibited fewer increases in RVSP/mPAP
(Figure 6A), pulmonary artery wall thickness (Figure 6B),
Fulton index (Figure 6D), and preserved pulmonary ar-
tery branches (Figure 6C) than EC-AMPKa.27~ mice re-
ceiving Ad-null or Ad-ACE2-WT (Figure 6A through 6D).
In line with the in vivo hemodynamic and ex vivo histo-
logical data, ACE2 ubiquitination was decreased and its
expression was increased in SuHx-treated EC-AMPKa2-
mice infected with Ad-ACE2-K788R in comparison
with those infected with Ad-ACE2-WT (Figure 6E and
6F). Furthermore, eNOS S1176 phosphorylation was
increased (=2.5-fold) and eNOS T494 phosphorylation
was decreased by ~0.5-fold (Figure 6E); levels of EDN1
and ANGPT1 mRNA were decreased by =0.5- and 0.7-
fold, respectively, and those of PTGIS and BMPR2 were
increased by =1.5- and 2-fold, respectively, in SuHx-
treated EC-AMPKa2”~ mice with Ad-ACE2-K788R in
comparison with Ad-null or Ad-ACE-WT (Figure 6F).
Ad-ACE2-WT overexpression in EC-AMPKa2” mice
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Figure 5. ACE2-K788R alleviates pulmonary hypertension in ACE2-S680L mice.

A, Eight-week-old ACE2-S680D (ACE2-D) and ACE2-S680L (ACE2-L) mice were subjected to normoxia or SuHx for 5 weeks. The SuHx-treated mice were adminis-
trated adenoviral-null (Ad-N) or adenoviral-ACE2-S680L/K788R (Ad-R) intratracheally at the beginning of the experiments. B and C, Summarized data (mean+SEM)
showing RVSP (B) and Fulton index, the ratio of the weight of right ventricle (RV) to the weight of the left ventricle (LV) and septum (S) (RV/[LV+S], ©) in normoxic
(Nor) ACE2-D and ACE2-L mice and SuHx-treated ACE2-D and ACE2-L mice receiving Ad-N or Ad-R. D, Histological images with H&E staining of pulmonary
arteries (Left) and summarized data (mean+SEM, Right) showing the pulmonary arterial wall thickness from Nor+ACE2-D, Nor+ACE2-L, SuHx+ACE2-D+Ad-N,
SUHX+ACE2-L+Ad-N, or SuHx+ACE2-L+Ad-R mice. Scale bar = 20 um. E, Western blot analysis (Left) of peNOS S1176 or T494, eNOS, ACE2, and MDM2, along
with summarized data (mean+SEM, Right) showing the expression levels of peNOS $1176, peNOS T494, ACE2, and MDM2, in lung tissues from SuHx+ ACE2-
D+Ad-N, SuHx+ACE2-L+Ad-N, or SuHx+ACE2-L+Ad-R mice. F, Quantitative polymerase chain reaction analysis of END1, ANGPT1, PTGIS, and BMPR2 mRNA in
lung tissues from Nor+ACE2-D, Nor+ACE2-L, SUHXx+ACE2-D+Ad-N, SuHx+ACE2-L+Ad-N, or SuHx+ACE2-L+Ad-R mice. Data are mean+SEM (5-9 mice per group).
Normally distributed data (B through D and F) were analyzed by 1-way ANOVA test between multiple groups. Nonnormally distributed data (E) were analyzed
using the Kruskal-Wallis test between multiple groups. *P<0.05 versus Nor+ACE2-L; #P<0.05 versus SUHx+ACE2-L+Ad-N; *P<0.05 between SuHx+ACE2-D+Ad-N
and SuHx+ACE2-L+Ad-N as indicated. ACE2 indicates angiotensin-converting enzyme 2; ANGPT1, angiopoietin 1; BMPR2, bone morphogenetic protein receptor
II; END1, endothelin-1; eNOS, endothelial nitric oxide synthase; H&E, hematoxylin and eosin; MDM2, murine double minute 2; PTGIS, prostacyclin synthase; RVSP,

right ventricular systolic pressure; and SuHx, SU5416/hypoxia.

did not significantly increase ACE2 level, whereas ACE2
ubiquitination level was much higher with SuHx, which
indicates that omission of AMPK phosphorylation at
S680 enhanced ACE2 ubiquitination. Together, these
results suggest that AMPK phosphorylation at S680 was
necessary for ACE2 deubiquitination at K788, which en-
dowed a PH-resistant phenotype.

DISCUSSION

In this study, we demonstrated that the expression level
of ACE2 in ECs was coregulated by a PTM mechanism

Circulation. 2020;142:1190-1204. DOI: 10.1161/CIRCULATIONAHA.120.048191

involving AMPK and MDM2. The implication of this
mechanism in PH builds on the observations that: (1)
MDM?2 level is increased and ACE2 level decreased in
lung tissues and PAECs from patients with IPAH and in
lung tissues from animals with experimental PH and (2)
pharmacological inhibition of MDM2 (which increased
ACE2) or genetic manipulation of ACE2 K788 (which
rendered ACE2 more resistant to MDM2-mediated
ubiquitination and degradation) attenuated the devel-
opment of PH and partially reversed established PH in
mice. Mechanistically, we demonstrated that an inter-
play between the AMPK-mediated phosphorylation of
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Figure 6. ACE2-K788R ameliorates pulmonary hypertension in EC-AMPKa2—-/- mice.

Eight-week-old EC-AMPKa27- mice were subcutaneously injected with SU5416 and exposed to hypoxia (10%

0,) for 3 weeks before adenoviral infection was

introduced intratracheally; the hemodynamic, histological, and angiogram measurements were conducted in the mice 2 weeks after adenoviral infection. A, Repre-
sentative records of right ventricular pressure (RVP) (a), summarized RVSP (b), and estimated mean pulmonary arterial pressure (mPAP, calculated by the equation:
mPAP=0.6 RVSP+2 mmHg, (c) in normoxic mice receiving adenovirus null (Nor-Ad-N) and SU5416/Hypoxia (SuHx)-treated mice with adenoviral null (SuHx+Ad-N)
or adenoviral infection of wild-type ACE2 (SuHx-ACE2-WT) and ACE2-K788R (SuHx+ACE2-R). Representative RV +dP/dt (Continued)

1200 September 22, 2020

Circulation. 2020;142:1190-1204. DOI: 10.1161/CIRCULATIONAHA.120.048191



Shen et al ACE2 Ubiquitination by MDM2 Aggravates PH

Figure 6 Continued. (d) and summarized values of RV +dp/dt__ (e, mean+SEM) from Nor-Ad-N, SuHx+Ad-N, SuHx+ACE2-WT, and SuHx+ACE2-K788R mice
are also shown. f shows averaged heart rate in Nor+Ad-N, SuHx+Ad-N, SuHx+ACE2-WT, and SuHx+ACE2-K788R mice. B, Histological images with H&E stain-
ing of pulmonary arteries (a) and summarized data (mean+SEM) showing the pulmonary arterial wall thickness (b) from Nor+Ad-N, SuHx+Ad-N, SuHx+ACE2-
WT, and SuHx+ACE2-K788R mice. Scale bar = 20 pm. C, Representative lung angiogram (a) of the left lung at 8x (Upper) and 30x (Lower) magnification
from Nor+Ad-N, SuHx+Ad-N, SuHx+ACE2-WT, and SuHx+ACE2-K788R mice. Summarized data (mean+SEM, n=5 mouse lungs, b) showing the total length
of branches (Left), number of branches (Middle), and number of junctions (Right). D, Fulton index, the ratio of the weight of right ventricle (RV) to the
weight of the left ventricle (LV) and septum (S) ([RV/LV+S]), in Nor+Ad-N, SuHx+Ad-N, SuHx+ACE2-WT and SuHx-ACE2-K788R mice. E, Immunoprecipitation
(IP) and Western blot analyses (Left) on Ub, peNOS at S1176 and T494, eNOS, ACE2, and MDM2, along with summarized data (mean+SEM) showing the
expression levels of peNOS S1176, peNOS T494, ACE2, and MDM2, in lung tissues from Nor+Ad-N, SuHx+Ad-N, SuHx+ACE2-WT, and SuHx+ACE2-R mice. F,
gPCR analysis of END1, ANGPT1, PTGIS, and BMPR2 transcripts in lung tissues from Nor+Ad-N, SuHx+Ad-N, SuHx+ACE2-WT, and SuHx+ACE2-R mice. Data
are mean+SEM (6—10 mice per group). Normally distributed data (A, B, and D) were analyzed by 1-way ANOVA test between multiple groups. Nonnormally
distributed data (C, E, and F) were analyzed using the Kruskal-Wallis test between multiple groups. *P<0.05 versus Nor+Ad-N; #P<0.05 versus SuHx+Ad-N
and SuHx+ACE2-WT. ACE2 indicates angiotensin-converting enzyme 2; ANGPT1, angiopoietin 1; BMPR2, bone morphogenetic protein receptor Il; END1,
endothelin-1; eNOS, endothelial nitric oxide synthase; H&E, hematoxylin and eosin; MDM2, murine double minute 2; PTGIS, prostacyclin synthase; RVSP, right

ventricular systolic pressure; and Ub, ubiquitin.

ACE2 at S680 and the MDM2-mediated ubiquitination
of ACE2 at K788 played an important role in determin-
ing the level of ACE2. In mice with experimental PH,
inhibition of ACE2 phosphorylation at S680 and upreg-
ulation of MDM2 expression resulted in ACE2 ubiquiti-
nation at K788 and, consequently, ACE2 degradation
(summarized in Figure 7).

The RAS is intricately balanced between the det-
rimental ACET-Ang II-AT1R axis and the beneficial
ACE2-Ang-(1-7)-Mas axis. Suppressed ACE2 or aggra-
vated ACET have been implicated in PH.?° Herein, the
decreased level of ACE2 in lung tissues of animals with
experimental PH and patients with IPAH, more specifi-
cally, in PAECs from these patients (Figure 1D through
1K) are in line with the previous reports. Although
there might be various mechanisms involved in the
regulation of the 2 axes, alone or in concert, the data
from the current study indicated that MDM2 ubiquiti-
nation of ACE2 would decrease the ratio of ACE2 to
ACE1. Consequently, impaired EC functions became
evident, as suggested by the impaired eNOS-derived

NO bioavailability (Figure 3F). Because ACE1 in the
lung endothelium plays a critical role in regulating
RAS in the cardiovascular system, the dysregulated
MDM2-ACE2 might also potentiate the ACE1-Ang II-
AT1R axis at the system level, which agrees with the
increased serum level of Ang | and Ang Il in patients
with [PAH.3°

Sustained pulmonary vasoconstriction and excessive
pulmonary vascular remodeling attributable to increased
proliferation of PAECs, pulmonary artery smooth mus-
cle cells, and fibroblasts are the major causes of the
elevated pulmonary vascular resistance in patients with
PAH.3' The ACE1-Ang II-AT1R arm promotes vasocon-
striction, proliferation, and growth, which would be
counteracted by the ACE2-Ang-(1-7)-Mas arm.*> We
found that ACE2-S680 phosphorylation and ACE2
K788 deubiquitination increased eNOS-mediated NO
production and Ang-(1-7) in PAECs, which may ac-
count for the decreased RVSP seen in ACE2-S680D
mice and S680L mice infected with ACE2-S680L/K788R
adenovirus (Figure 5).
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Figure 7. Schematic illustration of AMPK and MDM2-modulated the phosphorylation and ubiquitination of ACE2 in PAH.

In functional pulmonary endothelial cells or those under metformin therapy, AMPK phosphorylates ACE2 at S680 to increase its stability to maintain the eNOS-
derived nitric oxide bioavailability. As an E3 ligase of ACE2, MDM2 ubiquitinates ACE2 at K788, resulting in its degradation under hypoxia, thereby inducing disor-
der of RAS system and dysfunction of ECs, eventually lead to PAH. Such pathological modulation may be reversed by JNJ-165 therapy, which inhibits the MDM2 E3
function. ACE2 indicates angiotensin-converting enzyme 2; AMPK, AMP-activated protein kinase; Ang, angiotensin; EC, endothelial cell; eNOS, endothelial nitric
oxide synthase; MDM2, murine double minute 2; PAH, pulmonary arterial hypertension; RAS, renin-angiotensin system; and Ub, ubiquitin.
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PAH has emerged as a cancer-like cardiovascular
disease.**34 This hypothetical notion is supported by
the efficacy of anticancer drugs (eg, imatinib [tyro-
sine kinase inhibitor], everolimus [mammalian target
of rapamycin inhibitor], and dichloroacetate [pyruvate
dehydrogenase kinase inhibitor]) in their use in clini-
cal trials of PAH.** Related to the current work, given
that MDM2 inhibitors are being considered in preclini-
cal experiments and clinical trials for solid malignancies,
these drugs might be useful in treating PAH. One of
these agents, JNJ-165 (also known as serdemetan) has
been suggested to exert both p53-dependent and -in-
dependent effects on killing tumor cells.?*3 The thera-
peutic effect of MDM2 inhibitors on PAH, if any, would
be attributable, at least in part, to their inhibition of the
MDM2-ACE2 axis. Besides MDM2, other E3 ligases (eg,
NEDD4L and MIB1) are likely to be involved in ACE2
ubiguitination through their ubiquitination of K788 or
other Lys residues. Thus, during the pathophysiological
course of PAH, a number of E3 ligases in the pulmonary
endothelium, including MDM2, are activated by the
cancer-like milieu, which results in ACE2 ubiquitination
leading to its degradation.

Data shown in Figures 5 and 6 suggest that ACE2-
S680 phosphorylation is necessary and sufficient for
K788 deubiquitination. In contrast, S680 dephosphory-
lation might potentiate K788 ubiquitination. Both S680
and K788, located at the extracellular domain of ACE2
and PTM of these 2 residues, might modify the 3-di-
mensional conformation of ACE2, which will either hin-
der or favor the catalysis by MDM2. Of note, the bind-
ing of severe acute respiratory syndrome coronavirus 2
Spike glycoprotein (S-protein) to ACE2 is required for
viral infection and development of COVID-19-associ-
ated lung diseases.?*° Although knowledge is lacking
whether COVID-19 aggravates PH, the present study
leads us to speculate that COVID-19 is likely associated
with EC dysfunction through dysregulated ACE2. Re-
combinant human ACE2 can inhibit severe acute respi-
ratory syndrome coronavirus 2 infection of engineered
blood vessels.*' Because ACE2-S680D/K788R has a
longer half-life than the WT ACE2, recombinant hu-
man ACE2-S680D/K788R might potentially be a better
therapeutic strategy.

In summary, this study demonstrates a novel crosstalk
between the metabolic requlator AMPK and the oncop-
rotein MDM2 by which ACE2 in the lung vasculature is
decreased to contribute to the development of pulmo-
nary arterial hypertension. Under normal or physiologi-
cal conditions, AMPK-mediated ACE2 phosphorylation
at S680 hinders MDM2-mediated ACE2 ubiquitination
at K788; thus, the ACE2 stability is maintained and
ACE2-mediated conversion of Ang Il to Ang-(1-7), and,
eNOS-mediated NO production, as well, is enhanced
in lung ECs. A maladapted PTM modification of ACE2
results in the decrease of ACE2 stability attributable
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to MDM2-mediated ubiquitination and degradation,
which then causes increased Ang Il and decreased NO
in lung ECs, contributing to the development and pro-
gression of PAH. Metformin, an activator of AMPK, in-
duces AMPK-mediated ACE2 phosphorylation at S680
and protects ACE2 from MDM2-mediated ubiquitina-
tion, thereby exerting a therapeutic effect on PAH. In
addition, given the specific binding of severe acute re-
spiratory syndrome coronavirus 2 to ACE2, the AMPK/
MDM2-mediated PTM of ACE2 may also be implicated
in severe acute respiratory syndrome coronavirus 2-as-
sociated acute and chronic lung injury and acute respi-
ratory distress syndrome.
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