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Aortic Disease

Mst1/2 Kinases Inhibitor, XMU-MP-1, Attenuates
Angiotensin II-Induced Ascending Aortic Expansion
in Hypercholesterolemic Mice

Michihiro Okuyama, MD, PhD; Weihua Jiang, BSc;
Lihua Yang, BSc; Venkateswaran Subramanian, PhD

Background: Ascending and abdominal aortic aneurysms (AAs) are asymptomatic, permanent dilations of the aorta with surgical
intervention as the currently available therapy. Hippo-Yap signaling cascade plays a critical role in stem cell self-renewal, tissue
regeneration and organ size control. By using XMU-MP-1, a pharmacological inhibitor of the key component of Hippo-Yap signaling,
MST1/2, we examined the functional contribution of Hippo-Yap in the development of AAs in Angiotensin Il (Angll)-infused hyper-
cholesterolemic mice.

Methods and Results: MST, p-MST, p-YAP, p-MOB and TAZ proteins in Angll-infused ascending and abdominal aortas were
assessed by immunohistochemical and western blot analyses. To examine the effect of MST1/2 inhibition on AAs, western diet-fed
low density lipoprotein (LDL) receptor —/— mice infused with Angll were administered with either vehicle or XMU-MP-1 for 5 weeks.
Hippo-YAP signaling proteins were significantly elevated in Angll infused ascending and abdominal aortas. XMU-MP-1 administration
resulted in the attenuation of Angll-induced ascending AAs without influencing abdominal AAs and aortic atherosclerosis. Inhibition
of Hippo-YAP signaling also resulted in the suppression of Angll-induced matrix metalloproteinase 2 (MMP2) activity, macrophage
accumulation, aortic medial hypertrophy and elastin breaks in the ascending aorta.

Conclusions: The present study demonstrates a pivotal role for the Hippo-YAP signaling pathway in Angll-induced ascending AA

development.
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are life-threatening permanent dilations of the

aorta, mediated by totally different etiologies and
have highly distinct pathologies.!* Ascending AAs are
strongly associated with genetic abnormalities of connective
tissues.> Abdominal AAs are positively associated with
aging, smoking, and male gender, with relatively weak
genetic associations.* Both ascending and abdominal AAs
are asymptomatic, and the current therapy mainly relies on
surgical intervention.

Infusion of Angiotensin II (Angll), a bioactive peptide
of the renin-angiotensin system, into hypercholesterolemic
mice promotes ascending and abdominal AAs in addition
to atherosclerosis. However, the underlying pathologies of
Angll-induced ascending and abdominal AAs are dis-
tinct.3¢ For instance, the Angll-induced abdominal AAs
are characterized by small focal regions of leukocyte accu-
mulation in the medial layer of the aorta. In contrast, the

!- scending and abdominal aortic aneurysms (AAs)

Angll-induced ascending AAs are characterized by leukocyte
accumulation predominantly on the adventitial side of the
aorta.’ Currently, the underlying mechanisms and identifi-
cation of key players in the development of Angll-induced
aortic vascular pathologies remain poorly understood.
Mammalian sterile 20-like kinases, MST1 and MST2
(MST1/2), are key components of the Hippo-Yap signaling
cascade that play a critical role in stem cell self-renewal,
tissue regeneration, and organ size control.”® The Hippo-
Y AP signaling pathway is a cascade of kinases formed by
MST1/2; a scaffolding protein, Salvador (Sav); nuclear
Dbf2-related family kinases, LATS1 and LATS2 (LATS1/2);
and an adaptor protein, MOB1. MST1/2 phosphorylates
and activates the LATS1/2-MOBI1 complex, which in turn
phosphorylates YAP. Phospho-YAP is either sequestered
in the cytoplasm by 14-3-3 protein or degraded. When the
Hippo pathway is not active, YAP translocates to the
nucleus and forms a functional hybrid with a transcriptional
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enhancer factor A (TEA) domain transcription factor to
turn on pro-survival and proliferative genes.”® In mice,
genetic alterations in the Hippo-YAP signaling cascade
resulted in sustained tissue growth.!%.!! Recently, in ascending
AA patients, a substantial reduction of YAP in the aortic
media has been reported.!? However, the functional role of
Hippo-YAP in ascending and abdominal AA development
is unknown. Understanding the physiological function of
Hippo-YAP during AA development would yield a novel
insight into AAs mechanisms.

Using a pharmacological inhibitor of MST1/2, we exam-
ined the relative contribution of Hippo-Y AP signaling to
the development of Angll-induced ascending and abdomi-
nal AAs. 4-((5,10-dimethyl-6-0x0-6,10-dihydro-5H-
pyrimido[5,4-b] thieno[3,2-e] [1,4]diazepin-2-yl)amino)
benzenesulfonamide or XMU-MP-1, is a potent and selec-
tive inhibitor of MST1/2.1314 By using XMU-MP-1, our
findings demonstrate a functional role of Hippo-YAP sig-
naling in the development of ascending, not abdominal,
AAs in hypercholesterolemic mice.

Methods

Mice

Both LDL receptor —/— (stock # 002207) and C57BL/6J
(Stock# 000664) mice were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA). LDL receptor —/—
mice were backcrossed 10-fold into a C57BL/6 back-
ground. Age-matched male littermates (8-10 weeks old)
were used for the present study. Mice were maintained in
a barrier facility and fed normal mouse laboratory diet. All
study procedures were approved by the University of
Kentucky Institutional Animal Care and Use Committee
(Protocol # 2011-0907). This study followed the recom-
mendations of The Guide for the Care and Use of Labora-
tory Animals (National Institutes of Health).

Diet

To induce hypercholesterolemia, mice were fed a diet sup-
plemented with saturated fat (21% wt/wt milk fat and
0.15% cholesterol; TD.88137, Harlan Teklad, Indianapolis,
IN, USA) for 5 weeks.15

MST1/2 Inhibitor, XMU-MP-1, Administration

XMU-MP-1 (Cat # 22083) was purchased from Cayman
chemicals, Ann Arbor, MI, USA. The XMU-MP-1 com-
pound was dissolved in dimethyl sulfoxide at a concentra-
tion of 30mg/mL and administered daily by gavage at a
dose of 3mg/kg/day for different intervals of time ranging
from 7 to 35 days.

Angll Infusion

After an initial week of western diet feeding, mice were
implanted with Alzet osmotic minipumps (model 2004;
Durect Corporation, Cupertino, CA, USA), subcutane-
ously into their right flanks, and infused with either saline
or AnglI (1,000 ng/kg/min; Bachem, Torrance, CA, USA)
continuously for a period of 7 or 28 days, as described
previously.1617 Mice were fed a western diet throughout the
infusion study.

Blood Pressure Measurement

Systolic blood pressure (SBP) was measured non-inva-
sively on conscious mice by volume pressure recording of
the tail using a computerized tail cuff blood pressure sys-

tem (Kent Scientific Corp, Torrington, CT, USA).18 SBP
was measured on 3 consecutive days prior to pump implan-
tation, and during the last 3 days of AnglI infusion.

Measurement of Plasma Components

Plasma cholesterol concentrations were measured using a
commercially available enzymatic kit (Wako Chemicals,
Richmond, VA, USA) as described previously.!5

Ultrasound Imaging of Abdominal AAs

Luminal dilation of the abdominal aorta was measured by
using a high frequency ultrasound imaging system (Vevo
2100; Visual Sonics, Toronto, Canada) using a MS400
MicroScanTM transducer with a resolution frequency of
18-38 MHz.1617 Mice were anesthetized and restrained in a
supine position to acquire ultrasonic images. Short axis
scans of abdominal aortas were performed from the left
renal arterial branch level to the suprarenal region.!617
Images of abdominal aortas were acquired and measured
to determine maximal diameter in the suprarenal region of
the abdominal aorta. Aortic images were acquired at day
0 and 28 of Angll-infusion.

Quantification of Atherosclerosis, Ascending and
Abdominal AAs

After saline perfusion through the left ventricle of the
heart, aortas were removed from the origin to iliac bifurca-
tion, and placed in formalin (10% wt/vol) overnight.
Adpventitial fat was cleaned from the aortas. Atherosclero-
sis was quantified on aortic arches and thoracic aorta as
lesion area, and percent lesion area on the intimal surface
by en face analysis, as described previously.!51° Lesion areas
were measured using Image-Pro Plus software (Media
Cybernetics, Bethesda, MD, USA) by direct visualization
of lesions under a dissecting microscope. Abdominal AA
measurements were quantified ex vivo by measuring the
maximum external width of the suprarenal abdominal aor-
tic diameter using computerized morphometry (Image-Pro
Cybernetics, Bethesda, MD, USA), as described previ-
ously.!1620 For ascending AA measurement, aortas were cut
open longitudinally from the inner arch curvature to the
iliac bifurcation, as well as from the outer curvature to the
subclavian branch. Aortas were pinned and photographed
using a Nikon Digital Camera (DXM1200). Intimal areas
of ascending aortas were measured from the ascending
aorta to the subclavian branch using Image-Pro Plus soft-
ware.16:21

Tissue Histology

Ascending and abdominal aortas were placed in optimal
cutting temperature and sectioned (10-ym thickness/section)
in sets of 10 slides serially with 9 sections/slide by using a
cryostat. One of the slides was stained with Verhoeff’s Iron
Hematoxylin staining and measurements were performed
to determine medial thickness and elastin breaks. To
quantify medial thicknesses, every section from each slide
was measured perpendicular from internal to external elastic
lamina. Immunohistochemical staining was performed on
AA sections to detect phospho YAP and YAP using the
rabbit anti-mouse phospho-YAP (Ser127; D9W21, catalog
No: 13008, 1:500) and YAP (D24E4; 1:200, catalog
No: 8418, 1:200) antibodies (Cell Signaling Technology
[CST], Danvers, MA, USA). The following reagent was
used to detect macrophages: rat anti-mouse CD68 (1:200,
catalog No. MCA1957; Bio-Rad, Hercules, CA, USA).
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ANOVA with Holm-Sidak post-hoc analysis). AA, aortic aneurysm.
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Figure 1. Hippo-YAP related proteins are increased in Angll-induced ascending and abdominal AAs. Hippo-YAP related proteins
(MST1, p-MST-1, p-MOB, p-YAP, YAP, p-TAZ and TAZ) in ascending and abdominal aortas from saline and Angll-infused C57/
BL6 male mice (n=6) (A,B). Statistical analysis was performed by using a 2-way ANOVA. Serial cross-sections from saline Angll-
induced ascending AA tissue sections (C) and abdominal AA tissues (D) were stained with anti-YAP by immunofluorescence (C)
and immunohistochemical (D) staining, respectively. Nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI) or
hematoxylin. Scale bars correspond to 50um (200x magnification). Horizontal lines represent significance of P<0.05 (a 2-way

Immunostaining was performed on formalin-fixed frozen
or paraffin-embedded sections, with appropriate negative
controls, as described previously.!522

Immunofluorescence

Immunofluorescence staining on ascending aortic sections
were performed on formalin-fixed frozen sections to detect
phospho YAP and Y AP using the rabbit anti-mouse phospho-
YAP (Ser127; D9W21, catalog No: 13008, 1:500) and
YAP (D24E4; 1:200, catalog No: 8418, 1:200) antibodies
(CST, Danvers, MA, USA). The positive staining was
visualized as red color using fluorescent anti-rabbit second-
ary fluorescent antibodies (Alexa Fluor Plus 594, catalog
No: A32754; Thermo Fisher Scientific, Waltham, MA,
USA). Nuclei were co-stained using mounting media con-
taining 4°,6-diamidino-2-phenylindole (DAPI) reagent
(Fluoroshield with DAPI, catalog No: F6057, Millipore
Sigma, Burlington, MA, USA).

Nuclei Staining

Frozen sections were fixed in ice-cold acetone and permea-
bilized with 0.5% Triton X-100 for Smin at room tempera-
ture. Sections were then mounted with mounting media
containing DAPI reagent Fluoroshield with DAPI (catalog
No: F6057; Millipore Sigma, Burlington, MA, USA). Nuclei
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counts were quantified on 4 aortic segments of equivalent
length (0.25mm) per groups of mice using fluorescent
microscope-captured images.

Western Blot Analyses

Ascending and abdominal aortic tissue lysates were
extracted in radioimmunoprecipitation assay lysis buffer,
and protein content was measured using a Bradford assay
(Bio-Rad). Protein extracts (20-30ug) were resolved by
using sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) (6.0 or 7.5% wt/vol) and transferred
electrophoretically to polyvinylidene difluoride (PVDF)
membranes (Millipore). After blocking with non-dry fat
milk (5% wt/vol), membranes were probed with primary
antibodies. The following antibodies were used: MST1
(CST, catalog No: 3682), Phospho-MST1 (Thr183) (CST,
catalog No: 3681), Phospho-MOBI (Thr35) (D2F10)
(CST, catalog No: 8699), Phospho-YAP (Ser127) (D9 W2I)
(CST, catalog No: 13008), YAP/TAZ (D24E4) (CST,
catalog No: 8418). Membranes were incubated with appro-
priate horseradish peroxidase (HRP)-labeled secondary
antibodies. Immune complexes were visualized by using
chemiluminescence (Pierce, Rockford, IL, USA) and
quantified using a Bio-Rad Imager.
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Zymography

Aortic protein extracts (5mg) were resolved under non-
reducing conditions by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (10% wt/vol), polymerized in the
presence of gelatin (2mg/mL) to measure the activities of
matrix metalloproteinase (MMP) 2 and 9. Gels were washed
with Triton X-100 (2.5% vol/vol) and distilled water for
30min each. Gels were then incubated overnight at 37°C
in Tris buffer containing calcium chloride (5mmol/L) and
sodium azide (0.02% wt/wt), pH 8.0 for MMP2/MMP9.
After incubation, gels were stained with Coomassie Brilliant

Table. Characteristics of the Study Group
Angll+HFD Angll+ XMU-MP-1 +HFD

N 13 14
SBP (mmHg)

Baseline 151+3 150+2

Day 28 184+4* 178+4*
BW (g)

Baseline 22.5+0.8 23.2+0.7

Day 28 25.6+0.6 26.1+0.6
T-Cho (mg/dL) 995+62 926+62

Data are presented as mean+SEM. Angll, angiotensin II; HFD,
high fat diet; XMU-MP-1, 4-((5,10-dimethyl-6-ox0-6,10-dihydro-
5H-pyrimido[5,4-b] thieno[3,2-e] [1,4]diazepin-2-yl)amino)
benzenesulfonamide; SBP, systolic blood pressure; BW, body
weight; T-Cho, total cholesterol concentration. *P<0.05 vs. baseline.

Blue followed by destaining with acetic acid (7% vol/vol)
and methanol (40% vol/vol). Gel images were captured
using a Bio-Rad Imager, and the unstained, translucent,
digested regions represented areas of MMP activity.!?

Statistical Analyses

Data are represented as meantSEM. Statistical analyses
were performed using by SigmaPlot 14.0 (SYSTAT Software
Inc., San Jose, CA, USA). Repeated measurement data
were analyzed with statistical analysis software (SAS)
fitting a linear mixed model expressing the temporal trend
in SBP as a quadratic polynomial in time for each treat-
ment. Student’s t-test or Mann-Whitney rank-sum test was
performed as appropriate for 2-group comparisons. One
or two-way ANOVA with Holm-Sidak post-hoc analyses
were performed for multiple-group and multiple-manipu-
lation analysis. Fisher’s exact probability test was used to
determine differences between groups in the incidence of
aneurysm formation and in mortality due to rupture. Values
of P<0.05 were considered statistically significant.

Results

Angll Infusion Increased Hippo-YAP Signaling Proteins in
Ascending and Abdominal Aortas

To examine the effect of Angll on Hippo-YAP signaling in
the aorta, male C57BL/6J mice were infused with saline or
Angll (1,000ng/kg/min) via osmotic mini-pumps for 7
days. Western blot analyses of ascending and abdominal
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Figure 2. MST inhibition by XMU-MP-1 had
no significant effect on angiotensin Il (Angll)-
induced abdominal aortic luminal dilation
and abdominal aortic expansion. (A) Lumi-
nal diameter of the suprarenal abdominal
aorta measured in vivo by ultrasonography
at day 0, 14 and 28 (n=10). Symbols repre-
sent means and error bars represent SEM.
(B) Measurements of maximal external width
of abdominal aortas on day 28. Blue (vehicle;
n=13) and red (XMU-MP-1; n=14) circles
represent individual mice, diamonds repre-
sent means, and bars are SEMs. (C) Repre-
sentative images of whole aorta in the
vehicle and XMU-MP-1 groups. (D) Repre-
sentative suprarenal aortic tissue sections
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from vehicle and XMU-MP-1 administered
mice stained with Verhoeff's staining. Scale
bars correspond to 50um. Statistical analy-
ses were performed using repeated mea-
sures ANOVA with a Holm-Sidak multiple
comparison post-hoc test (A), or Student’s
t-test with Shapiro-Wilk Normality test and
Brown-Forysthe Equal Variance Test (B).

*P<0.05 week 4 vs. week 0.

Circulation Reports Vol.3, May 2021



XMU-MP-1 in Ascending Aortic Aneurysms

263

aortas showed a significant increase in MST1, p-MST]1,
p-MOB, p-YAP, TAZ and YAP proteins with AnglI infu-
sion, compared to saline controls (Figure 1A,B). However,
AnglI infusion showed a significant striking increase in
MST]1, p-MOB, p-YAP, and YAP proteins in the ascend-
ing aorta compared to the abdominal aorta (Figure 1A,B).
Interestingly, the ratio of p-YAP/t-YAP is not significantly
different upon AnglI infusion compared to saline controls.
In addition, immunofluorescent staining of ascending aortas
from 28 days Angll-infused mice showed increased positive
staining of YAP (Figure 1C) and p-YAP (Supplementary
Figure 1A) proteins, especially in the aortic medial layer. In
addition, higher magnification images showed Y AP-positive
staining areas are co-localized with aortic medial nuclei
(Figure 1C). Similarly, immunohistochemical staining of
abdominal aortic aneurysmal sections from 28 days Angll-
infused LDL receptor —/— mice fed with a western diet
showed a strong positive staining for both YAP and
p-YAP proteins (Figure 1D, Supplementary Figure 1B).

Pharmacological Inhibition of MST1/2 Suppresses Angll-
Induced Ascending AAs

In order to understand whether the activated/increased
Hippo-YAP signaling proteins have any role in Angll-
induced ascending and abdominal aortic aneurysmal
development, we utilized the pharmacological inhibitor,
XMU-MP-1, to inhibit the scaffolding protein, MST1/2.
Based on the literature,!314.23 we tested the effect of XMU-
MP-1 at the dose of 3mg/kg/day on aortic MST-1 phos-
phorylation in mice. Male LDL receptor —/— mice were fed
with a western diet for 2 weeks. To inhibit Hippo-YAP
signaling, mice were administered with either vehicle or
XMU-MP-1 at the dose of 3mg/kg/day by gavage for 2
weeks. After 1 week of western diet and drug administration,
mice were infused with AnglI (1,000 ng/kg/min) via osmotic
mini-pumps for 7 days. Western blot analyses of ascending
aortas showed a significant increase in p-MST1 and total
MST]1, with AngllI infusion, compared to saline controls
(Supplementary Figure 2). However, XM U-MP-1 adminis-
tration completely suppressed MST-1 phosphorylation
with a moderate effect on total MST-1 (Supplementary
Figure 2). Based on the strong effect of XMU-MP-1 on
Angll-induced MST-1 phosphorylation, we utilized the
3mg/kg/day dose of XMU-MP-1 for the subsequent aneu-
rysmal studies.

For aortic aneurysmal studies, male LDL receptor —/—
mice were fed with a western diet for 5 weeks. To inhibit
Hippo-Y AP signaling, mice were administered with either
vehicle or XMU-MP-1 at the dose of 3mg/kg/day by gavage
for 5 weeks. After 1 week of a western diet and drug admin-
istration, mice were infused with AnglII (1,000 ng/kg/min)
for 4 weeks. Mice were continued on a western diet and
pharmacological inhibitor or vehicle throughout Angll
infusion.

Angll infusion for 28 days significantly increased SBP
compared to baseline in both vehicle and XMU-MP-1
administered groups of LDL receptor —/— mice (Table).
Administration of XMU-MP-1 did not have an effect on
body weight and plasma total cholesterol concentrations
(Table). Angll infusion significantly, but equivalently
increased luminal dilation of abdominal aortas in both
vehicle and XM U-MP-1 administered groups, as measured
by ultrasound on days 0,14 and 28 (Vehicle: Day 0 —
1.03£0.03, Day 14— 1.47£0.06, Day 28 — 1.89+0.11; XM U-
MP-1: Day 0—1.0510.04, Day 7—1.60£0.11, Day 28 —2.31+0.24;
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Figure 3. Pharmacological inhibition of MST attenuates
Angll-induced ascending aortic expansion. (A) Intima area of
the ascending aortic arch was measured by en-face method.
Blue (vehicle; n=13) and red (XMU-MP-1; n=14) circles repre-
sent individual mice, diamonds represent means, and bars
are SEMs. (B) Representative anterior ascending aortic tissue
sections from the vehicle and XMU-MP-1 administered Angll-
infused low density lipoprotein (LDL) receptor —/— mice stained
with Verhoeff’s staining. Scale bars correspond to 50 mm. (C)
Quantification of ascending aortic medial thickness from vehicle
and XMU-MP-1 administered Angll-infused LDL receptor —/—
mice. Blue (vehicle) and red (XMU-MP-1) circles represent
individual mice, diamonds represent means, and bars are SEMs.
(D) Serial ascending aortic cross-sections from the vehicle
and XMU-MP-1 administered Angll-infused LDL receptor —/—
mice immunostained with CD68. Nuclei were counterstained
with hematoxylin. Scale bars correspond to 50 um (200x magni-
fication). (E) Quantification of CD68+ area from the vehicle
and XMU-MP-1 administered Angll-infused LDL receptor —/—
mice. Blue (vehicle) and red (XMU-MP-1) circles represent
individual mice, diamonds represent means, and bars are
SEMs. Statistical analyses were performed using the Student’s
t-test with the Shapiro-Wilk Normality test and Brown-Forysthe
Equal Variance Test. *P<0.05 XMU-MP-1 vs. vehicle.

P=NS, Figure 2A,B). In addition, administration of XM U-
MP-1 had no influence on Angll-induced AAA formation
(Figure 2C), as measured by external aortic width expan-
sion (Mean width; Vehicle: 2.00£0.18 mm vs. XM U-MP-1:
2.27£0.29mm, P=NS). Verhoeff’s staining of abdominal
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aortic sections revealed the occurrence of focal aortic
medial elastin layer disruption (Figure 2D) with Angll
infusion in both vehicle and XM U-MP-1 groups. Further-
more, XMU-MP-1 administration had no effect on Angll-
induced atherosclerotic lesion areas in aortic arches
(Percent Lesion: Vehicle: 4.61+1.38 vs. 6.57£1.76; n=13—
14, P=NS, Supplementary Figure 3).

Next, we examined the effect of XMU-MP-1 administra-
tion on the Angll-induced ascending AA formation. Dila-
tion of the ascending aortas was determined by measuring
intimal area of the ascending aorta. XM U-MP-1 adminis-
tration significantly attenuated Angll-induced ascending
aortic dilation compared to vehicle administered groups
(Area; Vehicle: 13.040.67mm?2 vs. XMU-MP-1: 10.840.60mm?,
P=0.022, Student’s t-test, Figure 3A).

Pharmacological Inhibition of MST1/2 Suppressed Angll-

Induced Aortic Medial Thickness in the Ascending Aorta

Histology (Verhoeff’s staining) and CD68 immunostaining
on ascending aortic sections showed the occurrence of
focal elastin disruption (Figures 3B,C) associated with
CD68+ macrophage accumulation (Figures 3D,E). In
addition, AnglI infusion increased ascending aortic medial
thickness (Figure 3B,C), as measured from the inner to
outer elastic lamina. As reported earlier, Verhoeff’s stain-
ing showed that increased aortic medial thickness is associ-
ated with an expansion of intraelastic spaces towards the
adventitial aspect of the media (Figure 3B,C). Administra-
tion of XM U-MP-1 significantly attenuated Angll-induced

medial thickness (P<0.05; Figure 3B,C) in the ascending
aortas of LDL receptor —/— mice. Quantification of CD68+
macrophage staining revealed that XMU-MP-1 adminis-
tration had no effect on accumulation of infiltrated mac-
rophages in the Angll-infused aortas (Figure 3D,E,
Supplementary Figure 4). Furthermore, quantification of
DAPI-stained nuclei revealed that XMU-MP-1 had no
effect on Angll-induced hyperplasia in the ascending aorta
(Supplementary Figure 5).

MST1/2 Inhibition Attenuated Angll-Induced MMP-2
Activation in Ascending Aortas

Activation of matrix metalloproteinases (MMPs) has been
shown to play an associative role in the progression of AAs
in mice, mainly by mediating elastin and other extracellu-
lar matrix protein degradation. Because we observed a
reduction in Angll-induced ascending aortic medial thick-
ness along with preserved medial elastin layer with XMU-
MP-1 administration, we next sought to determine the
effect of XMU-MP-1 administration on Angll-induced
MMP activity in the ascending aortas. Male LDL receptor
—/— mice on a western diet were administered with either
vehicle or XMU-MP-1 (3mg/kg/day) by gavage for 2
weeks. After 1 week of a western diet and drug administra-
tion, mice were infused with AnglI (1,000 ng/kg/min) for 7
days. Angll-infusion significantly increased aortic MMP-2
and MMP-9 activity in both ascending and abdominal
aortas, as analyzed by gelatin-in-gel zymography. Interest-
ingly, XMU-MP-1 administration significantly suppressed
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Angll-induced active MMP-2 but not latent MMP-2 only
in the ascending aorta (Figure 4A-C).

Discussion

Angll infusion into LDL receptor —/— mice is a well-
established model of generating ascending and abdominal
AAs. In this present study, we demonstrated that pharma-
cological inhibition of MST-1/2 signaling attenuates the
development of Angll-induced ascending not abdominal
AAs in male LDL receptor —/— mice. The protective effect
of MST1/2 inhibition was associated with the reduction of
ascending aortic medial degradation and gelatinase-medi-
ated extracellular matrix degradation in the aorta. This
study strongly supports the hypothesis that the underlying
mechanism in the development of ascending AA is
uniquely different from abdominal AAs.

In this present study, AngllI infusion profoundly increased
Hippo-YAP signaling proteins”® such as MST1, p-MOB,
P-YAP, and YAP in both ascending and abdominal aortas;
however, the magnitude of the increase is significantly
higher in the ascending aorta compared to the abdominal
aorta. This finding is supported by an earlier study that
demonstrated that smooth muscle cells (SMCs) harvested
from S-amino propionitrile (BAPN)-induced dissected rat
aortas had elevated MST-1 and p-YAP proteins.?* Inter-
estingly, in our study, AngllI infusion significantly increased
both total and p-Y AP in the aortas, which is quite unusual
in that the classical Hippo-YAP signaling activation
resulted in activated p-YAP with a reduction in total YAP
protein. In contrast, in human aortic endothelial cells,
Wang et al reported that Angll stimulation suppressed
total YAP and increased p-YAP, as observed in other
diseased conditions.? The contrary observation of increased
total and p-YAP in our present study could be due to a
SMC-specific YAP regulation by AnglII. In support of our
observation, an earlier study by Lin et al demonstrated
that Angll infusion increased both total and phospho-
YAP in the right common carotid artery in hypertensive
rats and cultured rat thoracic aorta SMCs via AT1R acti-
vation.?¢ Interestingly, Lin et al also reported that the
p-YAP/t-YAP ratio was decreased in Angll-infused carotid
arteries.26 However, in our present study, we did not
observe any significant difference in the p-YAP/t-YAP
ratio in Angll-infused aortas. The one possible explanation
could be due to differences in the phenotypic response of
medial SMCs of different embryonic origins presented in
aortic media vs. carotid arteries.?” However, further side-
by-side comparison studies using both aortic and carotid
endothelial and SMCs are warranted to explain the regula-
tion of YAP by Angll in the vessel wall. In addition, the
dysregulated YAP protein has been observed in the
ascending aorta of Marfan syndrome patients.'? However,
no information is available on the regulation of Hippo-
YAP signaling in abdominal aortic aneurysmal patients
currently. Activated MST1 has been shown to promote
cellular apoptosis, which in turn leads to a decrease in tissue
cell number and organ atrophy.?$? Consistently, in our
present study, Angll infusion showed dramatic destruction
of the ascending aortic media, which is highly rich in
SMCs. The observed beneficial effect of XMU-MP-1
administration on Angll-induced ascending aortic dilation
is possibly due to its effect on MST1 signaling inhibition
and thereby preventing aortic SMC loss and degradation.

XMU-MP-1 administration attenuated Angll-induced

aortic medial destruction in the ascending aorta. In agree-
ment with previous studies, Angll-induced medial destruc-
tion was associated with the accumulation of CD68+
macrophages throughout the intralamellar spaces on the
adventitial site of the vessel wall.1¢2! The beneficial effect
of XMU-MP-1 on the attenuation of elastin fiber destruc-
tion in the aortic media is mainly due to its effect on the
suppression of Angll-induced matrix metalloproteinases-2
(MMP2) production by infiltrated macrophages in the
ascending aorta. In support, our present data clearly sug-
gested that XMU-MP-1 administration had no effect on
Angll-induced macrophage infiltration into the ascending
aortic medial layer or the total number of nuclei in the
ascending aortic media, whereas it preserved or protected
Angll-induced aortic medial destruction. These data suggest
that XMU-MP-1 may exert its beneficial effect by sup-
pressing MMP production or secretion by infiltrated mac-
rophages into the aortic media. However, our current study
does not explain the mechanism by which XMU-MP-1
administration mediated MST-1 inhibition suppressed
Angll-induced MMP-2 activity. AnglI is known to induce
MMP-2 activity by activating various signaling cascades
such as ERK signaling, JNK/STAT-3 pathway, reactive
oxygen species (e.g., P47 phox), etc.3%32 One possible
explanation for the observed reduction in Angll-induced
aortic MMP-2 activity with XMU-MP-1 administration
could be due to the suppressive effect of XMU-MP-1 on
Angll-induced MST-1. In support, transgenic mice over-
expressing cardiac-specific dominant negative MST-1
resulted in suppression of myocardial infarction-induced
MMP2 in heart tissues.3 However, it is not clear by which
mechanisms MST-1 activation promotes MMP-2 activity
currently. In addition, XMU-MP-1 has been shown to
suppress MMP-9 in mice after subarachnoid hemorrhage
injury by influencing NFkB signaling.?® Further studies are
warranted to explore Hippo-YAP signaling molecules’
potential interaction, especially MST-1 and YAP, with the
known Angll-induced signaling cascades that mediate
Angll-induced MMP-2 activity. However, to our knowl-
edge, this is the first report to examine and demonstrate the
suppressive effect of XMU-MP-1 on Angll-induced MMP2
activity in the aorta.

One possible explanation for the differential effect of
XMU-MP-1 on Angll-induced ascending and abdominal
AAs could be due to the differential expression of Hippo-
YAP signaling molecules by aortic SMCs of differential
embryonic origin between the ascending and abdominal
aortas. The aortic SMCs of the ascending aorta consist of
SMCs originated from the second heart field and cardiac
neural crest, whereas the SMCs in the abdominal aorta
originated from splanchnic mesoderm.#3 In our study,
compared to the abdominal aorta, ascending aortas
expresses 2-fold higher Hippo-YAP proteins upon Angll
infusion, which in turn speculatively suggests that SMCs
of the second heart field or cardiac neural crest origin and/
or adventitial fibroblasts/ endothelial cells in the ascending
aorta activates and promotes higher Hippo-Y AP proteins
in response to Angll compared to SMCs that originated
from splanchnic mesoderm or adventitial fibroblasts /
endothelial cells of abdominal aortas. However, further
studies are warranted to test and understand these differ-
ential responses by utilizing the available MST1 floxed
mice®* and mice expressing Cre recombinase under the
control of MEF2C or a CNC promoter.3s

In conclusion, this study demonstrated for the first time
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that inhibition of Hippo-YAP signaling by the MST1/2
inhibitor, XMU-MP-1, significantly attenuated the devel-
opment of Angll-induced ascending aortic expansion in
LDL receptor-deficient mice. Inhibition of Hippo-YAP
might offer a new therapeutic target to prevent ascending
aortic expansion. Further studies are warranted to determine
the role of specific molecular components of Hippo-YAP
signaling in the development of these Angll-induced vascular
pathologies, which will require mice with genetic deficiency
of specific key proteins of the Hippo-YAP pathway.
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