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Abstract

Background—Thoracic aortic aneurysm (TAA) and dissection (TAD) are fatal diseases, which
cause aortic rupture and sudden death. The small GTP-binding protein GDP dissociation
stimulator (SmgGDS) is a crucial mediator of the pleiotropic effects of statins. Previous studies
revealed that reduced force generation in AOSMCs causes TAA and TAD.

Methods—To examine the role of SmgGDS in TAA formation, we employed an angiotensin Il
(Angll, 1,000 ng/min/kg, 4 weeks)-induced TAA model.

Results—33% Apoe’SmgGDS*" mice died suddenly due to TAA rupture, whereas there was no
TAA rupture in Apoe™~ control mice. In contrast, there was no significant difference in the ratio
of abdominal aortic aneurysm rupture between the two genotypes. We performed ultrasound
imaging every week to follow the serial changes in aortic diameters. The diameter of the
ascending aorta progressively increased in Apoe " SmgGDS*"~ mice compared with Apoe ™ mice,
whereas that of the abdominal aorta remained comparable between the two genotypes.
Histological analysis of Apoe " SmgGDS*" mice showed dissections of major thoracic aorta in
the early phase of Angll infusion (day 3~5) and more severe elastin degradation compared with
Apoe "~ mice. Mechanistically, Apoe"SmgGDS*" mice showed significantly higher levels of
oxidative stress, matrix metalloproteinases, and inflammatory cell migration in the ascending
aorta compared with Apoe ™~ mice. For mechanistic analyses, we primary cultured aortic smooth
muscle cells (AoSMCs) from the 2 genotypes. After Angll (100 nM) treatment for 24 hours,
Apoe"SmgGDS* AoSMCs showed significantly increased MMP activity and oxidative stress
levels compared with Apoe”~ AoSMCs. In addition, SmgGDS deficiency increased
cytokines/chemokines and growth factors in AoSMCs. Moreover, expressions of FBN1, ACTAZ2,
MYH11, MLK and PRKGL1, which are force generation genes, were significantly reduced in
Apoe"SmgGDS* AoSMCs compared with Apoe”’~ AoSMCs. Similar tendency was noted in
A0SMCs from TAA patients compared with those from controls. Finally, local delivery of the
SmgGDS gene construct reversed the dilation of the ascending aorta in Apoe”-SmgGDS*'~ mice.
Conclusions—These results suggest that SmgGDS is a novel therapeutic target for the
prevention and treatment of TAA.

Key Words: thoracic aortic aneurysm; thoracic aortic dissection; SmgGDS
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Clinical Perspective

What is new?

Downregulation of SmgGDS in aortic smooth muscle cells (AoSMCs) contributes to the
pathogenesis of thoracic aortic aneurysm (TAA) and dissection (TAD), which involves
dysfunction of AoSMCs, and enhanced oxidative stress and matrix metalloproteinases
(MMPs) activities.

Using genetically modified mice, we demonstrated a pathogenic role of SmgGDS in the
development of Angll-induced TAA and TAD.

Local overexpression of SmgGDS around the thoracic aorta inhibited aortic dilatation and
rupture in SmgGDS-deficient mice.

What are the clinical implications?

The present study adds to the current understanding of TAA pathology, showing that
mechanical stretch induces SmgGDS and downstream force generation proteins, all of which
are important for mechanical support in the aortic wall.

Given the severe side effects of protease inhibitors in clinical trials, SmgGDS could be a
promising and potentially safe drug target.

Additionally, further studies are needed to use SmgGDS as a diagnostic biomarker for TAA.
Genome screening for the SmgGDS gene and SmgGDS-associated genes could be beneficial
for TAA patients.
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Introduction
Thoracic aortic aneurysm (TAA) and dissection (TAD) are fatal diseases, which cause aortic
rupture and sudden death.! A major cause of TAA is genetic disorders, whereas risk factors for
abdominal aortic aneurysm (AAA) are also involved, including male sex, smoking, and higher
plasma low-density lipoprotein.?  Many gene mutations have been identified to cause TAA and
TAD, such as FBN1,®> ACTA2,* MYH11,®> MYLK,® TGFB2,” TGFB3,® TGFBR1,° TGFBR2,%°
SMAD3,! and PRKG1.12  These genes encode proteins involved in contractile components and
functional signaling pathways of aortic smooth muscle cells (AoSMCs).2® It is suggested that
impaired ability of AoSMCs to generate force through the elastin-contractile units in response to
pulsatile hemodynamic stress may be the major promoting factor for TAA and TAD.1*  The
disruption of the elastin-contractile unit leads to impaired mechanosensing of AOSMCs, resulting
in dilatation and destabilization of the aortic wall.  Other triggers for TAA and TAD, such as
hypertension, aging, and atherosclerosis, also potentially cause changes in mechanosensing and
signaling pathways and affect the elastin-contractile unit.** Marfan syndrome is a disorder, in
which FBN1 gene mutation causes progressive TAA and TAD.®  Fbn1 is the major component
of the extracellular matrix (ECM) and allows the formation of elastic fibers.'*> FBN1 mutation
causes loss of connections between AoSMCs, elastin fibers, and force generation.* Taken
together, reduced force generation in AoSMCs causes TAA and TAD.!3

An early event of TAA formation seems to be the phenotypic switching of AoSMCs.*®
A0SMCs with contractile phenotype are essential for stabilization of the aortic wall.®  Multiple
signaling pathways, such as transforming growth factor-p (TGF-f)-dependent, RhoA-dependent,

and p38-dependent signaling, have been identified that maintain contractile AoSMC phenotype
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through regulation of AoSMC-specific transcriptional machinery.!” However, gene mutations
in proteins involved in cell contraction and stabilization, such as ACTA2,* MYLK,® and MYH11,°
induce switching of AoSMCs from a contractile to a synthetic inflammatory phenotype.
AoSMCs with the synthetic phenotype secrete abundant matrix metalloproteinases (MMPS),
inflammatory cytokines/chemokines, and growth factors,® resulting in the recruitment of
inflammatory cells to the aortic wall.  Additionally, the phenotypic switching of AoSMCs from
the normal contractile phenotype to the synthetic and inflammatory one induces the production
of reactive oxygen species (ROS) and proteoglycans.’®  Inflammatory cells accumulated in the
aortic wall, especially those in the adventitia, create a vicious circle leading to the increased
production of ROS.!8  All these changes promote the degradation of ECM and weakening of the
aortic wall, resulting in TAA rupture.’>®  The mechanisms through which dissection and
rupture frequently occur in the ascending aorta have not been fully elucidated yet. However, it
has been shown that the embryonic origins of AoSMCs in the ascending aorta are different from
those of AoSMCs located in other parts of the aorta, which may explain the potential of
A0SMCs to alter their phenotype and develop TAA and TAD.?°

RhoA is one of the small GTPases, and contributes to the maintenance and morphological
support of the aortic structure.?>  Moreover, Rho GTPase-accelerating proteins (GAPs) play a
protective role against TAA formation by preventing the switch of AoSMCs from the contractile
type to the synthetic and pro-inflammatory phenotype.'® By keeping AoSMCs in their normal
contractile cell phenotype, small GTPases that maintain RhoA in its active form, contribute to
the stability of Rho-kinase, and activate downstream substrates, such as calponin (CNN1), a-

smooth muscle actin (aSMA, ACTA2), myosin light chain kinase (MYLK), myosin-11 (MYH11),
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and myosin phosphatase target subunit 1 (MYPT1, PPP1R12A).??2 As mentioned above, gene
mutations of these force generation proteins cause hereditary TAA and TAD. In addition to the
genetic background, environmental factors, such as vascular injury, hypoxia, oxidative stress,
and angiotensin Il (Angll), accelerate phenotype switching of AoSMCs from the normal
contractile type to the synthetic inflammatory phenotype. In contrast, the active form of RhoA
helps to keep AoSMCs as the normal contractile phenotype by increasing gene expression of
contractile proteins and contractility.?® Thus, small GTPases contribute to maintaining
A0SMC:s in their contractile phenotype and morphologically support and stabilize the aortic
wall.

Small GTP-binding protein GDP dissociation stimulator (SmgGDS) is one of the guanine
nucleotide exchange factors (GEF),2* which interacts with RhoA,? kinesin-associated protein 3
(KIFAP3),% and GTPase HRas (HRAS).?” Here, SmgGDS controls the small G proteins,
including the Rho and Rap1 family members, as well as KRAS,?® thereby promoting the
GDP/GTP exchange reactions, while inhibiting the interactions with membranes. Importantly,
SmgGDS regulates the link between human chromosome-associated polypeptide (HCAP) and
KIF3A/B, a kinesin superfamily protein located in the nucleus, which plays a crucial role in the
interaction of chromosomes with an ATPase motor protein.?®  Additionally, SmgGDS
translocates Racl into the nucleus to degrade it.?® Indeed, we have demonstrated that statins
selectively inhibit Rac1,% promoting its degradation and preventing Angll-induced cardiac
hypertrophy and fibrosis in a SmgGDS-dependent manner.3:-3  Thus, SmgGDS has multiple
roles to regulate the activities of RhoA and epigenetic gene modifications. In the present study,

to determine whether SmgGDS participates in the pathogenesis of TAA and TAD, we employed
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a multidisciplinary translational approach. We report that the deletion of SmgGDS promotes
the phenotypic switching of AoSMCs into the synthetic and inflammatory phenotype. Using
SmgGDS-knockout mice, we demonstrated the protective role of SmgGDS against the
development of Angll-induced TAA and TAD. Importantly, in Angll-induced TAA mouse
model, local delivery of the SmgGDS gene construct reversed the dilatation of the ascending
aorta in SmgGDS-knockout mice.  Thus, our data demonstrate that SmgGDS is a novel and

promising therapeutic target in TAA and TAD.

Methods

Additional detailed methods are included in the online-only Data Supplement. The data that
support the findings of this study are available from the corresponding author upon reasonable
request.

Human Aorta Samples

All protocols using human specimens were approved by the Institutional Review Board of
Tohoku University, Sendai, Japan (No. 2017-1-094).  Aortic tissues were obtained from
patients with thoracic aortic aneurysm (TAA) or non-TAA such as coronary bypass. All
patients provided written informed consent for the use of the aortic tissues for the present study.
Isolation of Human AoSMCs

Human aortic smooth muscle cells (AoSMCs) were primary cultured from aortic tissues.
AoSMCs were cultured in Dulbecco’s modified eagle medium (DMEM) containing 10% fetal
bovine serum (FBS) at 37°C in a humidified atmosphere of 5% CO- and 95% air. A0SMCs of

passages 4 to 7 at 70% to 80% confluence were used for experiments.
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Animal Experiments

All animal experiments were performed in accordance with the protocols approved by the
Tohoku University Animal Care and Use Committee (No. 2015-Kodo-002) based on the
ARRIVE guideline. In all animal experiments, we used littermates or saline treatment group as
controls. We used an angiotensin Il (Angll)-induced aneurysm model to assess the effect of
SmgGDS deficiency on TAA development in Apoe” mice. We infused 6- to 8-week-old male
Apoe~SmgGDS*~ mice on a normal chow diet with 1000 ng/kg/min Angll (MP Biomedicals) or
saline for 4 weeks. We dissolved Angll in sterile saline and infused with ALZET osmotic
pumps (model 2004, DURECT). We anesthetized the mice with isoflurane (1.0%) and placed
the pumps into the subcutaneous space through a small incision in the back of the neck that we
closed by suturing.  All incision sites healed rapidly without any infection. To determine the
effect of SmgGDS deficiency on Angll-induced aneurysm formation, we quantified TAA and
AAA incidence and aortic diameters. For in vivo ultrasound images, the aortic diameter was
monitored in isoflurane (1.0%)-anesthetized mice by high-frequency ultrasound with a VVevo
2100 (Visualsonics, Toronto, Canada). Maximal internal diameters of aortic images were
measured using Vevo 2100 software, version 1.6.0. We quantified aneurysm incidence based
on a definition of aneurysm as an external width of the aorta that was increased by 50% or
greater! compared with the same aortas before Angll infusion (http://cvrc.med.uky.edu/lab-
protocols).

Generation of Mice

SmgGDS*~ mice were obtained from Dr. Takai in Kobe University and were backcrossed to

C57BL/6J mice for 10 generations. Apoe’mice on a C57BL/6J background were obtained
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from the Jackson Laboratory (Bar Harbor, Maine, USA). Double knockout (Apoe ™
SmgGDS*") mice were generated by crossing SmgGDS*~ mice with Apoe”’ mice. The F1
generation was backcrossed with Apoe ™ mice to fix the Apoe genotype, and littermates were
crossed. All mice were genotyped by PCR on tail clip samples using primers specific for the
SmgGDS gene (RAP1GDS1) (5'-CCGCTTGGGTGGAGAGGCTAT-3 and 5'-
ATCGAGGTTGAGCCTAGCAA-3") and the Apoe gene (5'-GCCTAGCCGAGGGAGAGCCG-
3, 5-TGTGACTTGGGAGCTCTGCAGC-3' and 5-GCCGCCCCGACTGCATCT-3). All
experiments were performed with generations F4-F6 using littermate Apoe-SmgGDS** as
controls.  All experiments were performed with 8-10 weeks old male mice.

Statistical Analyses

All results are shown as mean + SEM. Comparisons of means between 2 groups were
performed by unpaired Student’s t-test. Comparisons of means in some treatment groups
against one control group were performed with the Dunnett’s test for multiple comparisons.
Comparisons of mean responses associated with the two main effects of the different treatments
were performed by two-way analysis of variance (ANOVA) with interaction terms, followed by
Tukey’s HSD (honestly significant difference) for multiple comparisons. The survival rates of
SmgGDS deficiency and control mice during Angll infusion were analyzed with the log-rank
test. Statistical significance was evaluated with JMP 12 (SAS Institute Inc, Cary, America) or
R version 3.3.2 (http://www.R-project.org/). The ratio of fully muscularized vessels was
analyzed by the Poisson regression with the offset equals to the sum of total vessels with
multcomp 1.4-6 package of R.  All reported P values are 2-tailed, with a P value of less than

0.05 indicating statistical significance.
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Results

Reduced Aortic SmgGDS Expression in Patients with TAA

To test the hypothesis that SmgGDS is related to the pathogenesis of TAA, we compared
SmgGDS expression in the ascending aorta between patients with TAA and non-TAA controls
undergoing bypass surgery (Supplementary Fig. 1A). Immunostaining showed that, in the
aortic walls of the ascending aortas, SmgGDS was more weakly expressed in TAA patients than
in controls (Supplementary Fig. 1A). To further confirm the phenotype of AoSMCs in TAA
patients, we established cell libraries of primary cultured AoSMCs obtained from TAA patients
(TAA-A0SMCs) undergoing aortic replacement surgery for artificial blood vessels and
performed gene expression microarray analysis (Supplementary Table 1). The microarray
analysis showed significant changes in 1262 genes, which were up-regulated or down-regulated
in TAA-A0oSMCs compared with control AoSMCs (Supplementary Fig. 1B). Genes with
significant changes were submitted to Ingenuity Pathway Analysis (IPA) software to reveal gene
sets representing specific biological processes or functions. Interestingly, heatmap analysis
showed that the gene sets from TAA-A0SMCs showed downregulations of the pathways related
to cellular assembly, connective tissue, and cardiovascular development compared with control
A0SMCs (Supplementary Fig. 1C). For example, the IPA analysis showed significant
alteration in signaling related to cell proliferation/apoptosis, senescence, and inflammation in
TAA-A0SMCs (Supplementary Table 2). Real-time PCR (RT-PCR) showed that the
expression of SmgGDS was lower in TAA-A0SMCs than in control AoSMCs (Supplementary
Fig. 1D). Importantly, immunostaining showed that the expression of Fbnl, which is a large

extracellular matrix glycoprotein functioning as a structural component, was reduced in the

10
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aortic walls of the ascending aortas of TAA patients compared with those of the controls
(Supplementary Fig. 1E). Fbn1l provides force bearing structural support in elastic tissue
throughout the body, contributing to the stabilization of the aortic morphology.® Here, the
expression of Fbnl was significantly lower in TAA-A0oSMCs than in control AoSMCs
(Supplementary Fig. 1F). Additionally, the expressions of Acta2 and Myh11, mutations of
which cause TAA and TAD, were reduced in TAA-A0oSMCs compared with control AoSMCs
(Supplementary Fig. 1F). These results suggest that SmgGDS in AoSMCs may be involved in
the development of TAA and TAD.

Deletion of SmgGDS Promotes the Development of Angll-induced TAA Formation

To examine the role of SmgGDS in Angll-induced TAA formation (Supplementary Fig. 1G),
we newly developed Apoe’-SmgGDS*~ mice (Supplementary Table 3).  Since complete
SmgGDS disruption (SmgGDS ) in mice results in perinatal lethality,3* we used SmgGDS*~
mice in the present study. Apoe’SmgGDS*~ mice and controls (Apoe”~ mice) showed normal
growth under physiological conditions. Systolic blood pressure was comparable between the
two genotypes during the time course of Angll infusion (Supplementary Fig. 2A). The
morphology of the ascending aortas in saline-infused Apoe"SmgGDS*~ mice did not differ from
that of Apoe’~ mice (Supplementary Fig. 2B). In contrast, a significant difference in the
medial thickness and degradation of the ascending aorta was noted after the animals were
subjected to Angll infusion for 4 weeks (Supplementary Fig. 2B). During Angll treatment,
33% of Apoe~SmgGDS*~ mice died suddenly due to TAA rupture, whereas there was no TAA
rupture in Apoe” mice (Fig. 1A). In contrast, there was no significant difference in the ratio of

AAA rupture between the two genotypes (Fig. 1B). Angll treatment rapidly triggered TAA or
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lethal TAD in 40% of Apoe~SmgGDS*~ mice, whereas this treatment did not induce TAA or
lethal TAD in Apoe”’ mice (Fig. 1C). In contrast, there was no significant difference in the
development or rupture of AAA between the two genotypes (Fig. 1D). To analyze the aortic
aneurysm formation, we performed ultrasound imaging every week to follow the changes in
aortic diameter (Supplementary Fig. 3). Diameters of the ascending aorta were significantly
larger and progressively increased in Apoe~SmgGDS*~mice compared with Apoe~ mice (Fig.
1E). In contrast, the diameters of the abdominal aorta were comparable between the 2
genotypes (Fig. 1F). Histological analysis of Elastica-Masson (EM) staining showed that
disruption and degradation of medial elastic lamina in the ascending aorta were more severe in
Apoe"SmgGDS*~ mice compared with Apoe”~mice (Fig. 1G, H). In contrast, there was no
significant difference in the disruption and degradation of medial elastic lamina in the abdominal
aorta between the 2 genotypes (Fig. 1H). Consistent with the significant increase in the
incidence of TAA formation and rupture in Apoe"SmgGDS*~ mice, EM staining showed
dramatic changes in the walls of the ascending aorta (Supplementary Fig. 4). The degradation
of the ascending aortic walls was especially severe in the lamina beside the adventitia, resulting
in the disconnection of the medial walls (arrow, Supplementary Fig. 4). These results indicate
that SmgGDS plays important protective roles against the development of TAA and TAD (Fig.
11).

Deletion of SmgGDS Induces TAD at Day 3 after Angll Infusion

Apoe"SmgGDS*~ mice suddenly died due to TAA rupture in the early days after Angll infusion.
To evaluate the initial changes in the ascending aorta before TAA rupture, we harvested aortas at

day 3 (Fig. 2A). Interestingly, there was no change in the aorta of Angll-infused Apoe™ mice,

12
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whereas we found frequent aortic dissection in the ascending aorta harvested from Apoe™
SmgGDS* mice (Fig. 2A). EM staining showed that there was no change in the aorta of Apoe™
" mice at day 3 (Fig. 2B). In contrast, the elastic lamina was partially disrupted and degraded in
the ascending aorta of Apoe"SmgGDS* mice (Fig. 2C), and an entry could be seen, in which
red blood cells were present between the elastic laminas of the degraded aortic walls (Fig. 2C,
arrow). Additionally, in the descending aorta (Fig. 2D), we found accumulation of red blood
cells in the false lumen of the aortic wall, which was connected to the enlarged abdominal aorta
(Fig. 2E). In the aorta of Apoe~mice, almost all cells within the medial layer showed
immunoreactivity for ACTA2 (Fig. 2B), whereas most of the cells in the aortic wall showed low
ACTAZ2 expression in the thoracic aorta of Apoe’"SmgGDS*~ mice, especially around the
dissection site (Fig. 2F, G, arrows). In contrast, the degradation of AoSMCs in the abdominal
aorta was not severe compared with that observed in the ascending aorta of ApoeSmgGDS*~
mice at 3 days after Angll infusion (Fig. 2H). These histological changes were confirmed by
electron microscopic analysis, showing the degradation of elastic fibers in the ascending aortic
walls of Apoe"SmgGDS* mice after Angll treatment (Supplementary Fig. 5, red arrows).
Recent studies have shown that CD45" leukocytes in the adventitia are crucial for the
development of TAA.3  Thus, to determine the migration and accumulation of CD45*
leukocytes at 3 days after Angll infusion, we used immunofluorescence and confocal
microscopy (Fig. 3A). At day 3 after Angll infusion, CD45" leukocytes were only present in
the adventitia of the ascending aorta obtained from Apoe-SmgGDS* mice (Fig. 3A).
Moreover, we found that the ACTAZ2 expression in the ascending aorta was reduced in Apoe™~

SmgGDS*~ mice compared with Apoe” mice, especially in the outer medial area of Apoe ™~
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SmgGDS*~ aorta (Fig. 3A and Supplementary Fig. 6, yellow arrows). These results indicate
that A0OSMCs in the ascending aorta of Apoe " SmgGDS*~ mice show phenotype switching at the
early phase of Angll infusion.

Deletion of SmgGDS Reduces Fbnl Expression in AoSMCs

Fbnl is secreted from AoSMCs and polymerizes to form microfibrils. Thus, mutations at this
level disrupt the aortic structure and cause deposition of microfibrils into the matrix.®* In light
of the crucial role of Fbnl as a secretory protein that provides force bearing structural support in
elastic tissues, we then examined the role of SmgGDS in Fbn1l expression in the ascending aorta
of both types of mouse. Immunostaining showed that Fbnl expression was reduced in the
aortic walls of Apoe’"SmgGDS*~ mice compared with Apoe” mice (Fig. 3B). Consistently,
RT-PCR showed that Fbn1 expression was significantly lower in the ascending aorta of Apoe™
SmgGDS*~ mice compared with Apoe”™ mice (Fig. 3C). Thus, to further evaluate the role of
SmgGDS in AoSMCs, we performed microarray analysis using Apoe~ and Apoe"SmgGDS*~
Ao0SMCs. Heat map analysis showed significant changes in gene expressions of cardiovascular
system development and function in Apoe - SmgGDS*~ AoSMCs (Supplementary Fig. 7A).
Importantly, IPA analysis showed downregulations of TGF-p1 and ROCK pathways in Apoe ™
SmgGDS*~ AoSMCs compared with Apoe -AoSMCs (Supplementary Fig. 7B, C). Inthe
aortic wall, the expression of Fbnl was increased in the smooth muscle layers of both types of
mouse. Thus, to further examine the possible role of SmgGDS in the development of TAA in
vivo, we performed mechanistic experiments using AOSMCs in vitro. To evaluate the role of
SmgGDS in AoSMCs, we harvested AoSMCs from the ascending aorta of Apoe” and Apoe ™~

SmgGDS* mice. As a result, immunostaining showed that Fbn1 expression was reduced in
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Apoe"SmgGDS*~ AoSMCs compared with Apoe”’~ AoSMCs (Fig. 3D). Consistently, RT-
PCR showed that Fbn1 expression was significantly lower in Apoe " SmgGDS*~ AoSMCs
compared with Apoe"AoSMCs (Fig. 3E). Additionally, compared with Apoe "~ AoSMCs, RT-
PCR with Apoe " SmgGDS*~ AoSMCs showed significantly reduced expression of Acta2, MIK,
Myh11, and Prkgl, all of which are causative gene mutations of TAA and TAD, compared with
Apoe™ AoSMCs (Fig. 3F). Importantly, Apoe~SmgGDS*~ AoSMCs showed significantly
reduced protein levels of SmgGDS, as well as Acta2 and calponin, compared with Apoe™~
A0SMCs (Fig. 3G). Additionally, Apoe’"SmgGDS*~ AoSMCs showed increased migration
compared with Apoe”~ AoSMCs (Fig. 3H). Apoe’SmgGDS*~ AoSMCs also showed
significantly reduced activities of RhoA and Rap1 compared with Apoe”’~ AoSMCs (Fig. 31).
Finally, we assessed the RhoC activity in response to cyclic stretch and Angll. Interestingly,
Angll treatment significantly increased RhoC activity in Apoe”"AoSMCs, which was
significantly lower in Apoe"SmgGDS*A0oSMCs (Fig. 3J). In contrast, cyclic stretch
significantly recued RhoC activity in Apoe"AoSMCs, which was again significantly lower in
Apoe"SmgGDS* A0oSMCs (Fig 3J). These results indicate that deletion of SmgGDS in
A0SMCs reduces expression of cytoskeleton genes and induces the pro-migrative phenotype in
A0SMCs (Fig. 3K).

Based on the phenotype switching resulting from SmgGDS deficiency, we then
examined the factors involved in the induction of SmgGDS in AoSMCs. In patients with TAA
or TAD, pulsatile hemodynamic stress is one of the major promoting factors.!*  Thus, we
stimulated AoSMCs with cyclic stretch (1 Hz) for 0, 3, and 24 hours (Fig. 3L and

Supplementary Fig. 8A). Interestingly, we found significant upregulation of SmgGDS after
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cyclic stretch for 3 hours (Fig. 3L and Supplementary Fig. 8A). SmgGDS interacts with
RhoA? as a GEF?* and controls the Rho and Rap1 family members,?® promoting the GDP/GTP
exchange reactions. Thus, we next checked the downstream signaling of RhoA. Interestingly,
we observed stretch-mediated upregulation of RhoA, ROCK1, and ROCK2 in AoSMCs in a
time-dependent manner (Fig. 3L and Supplementary Fig. 8A). Here, we further used Apoe
and Apoe-SmgGDS*~ AoSMCs to evaluate the response to cyclic stretch.  Importantly, Apoe™
SmgGDS*~ AoSMCs showed significantly lower protein levels of Acta2 and calponin compared
with Apoe” AoSMCs before and after the cyclic stretch (Supplementary Fig. 8B).
Additionally, cyclic stretch significantly increased protein levels of Acta2 and calponin only in
Apoe™~ AoSMCs (Supplementary Fig. 8B). In contrast, protein levels of Myh11 was
significantly increased by cyclic stretch in Apoe’"SmgGDS*~ AoSMCs but not in Apoe™
A0SMCs (Supplementary Fig. 8B). Next, examined the response to cyclic stretch in
SmgGDS*'* (wild-type) AoSMCs and SmgGDS*~ AoSMCs (C57BL6 wild-type background) to
evaluate the response to cyclic stretch. At baseline, there was no difference in the RhoA
activity between SmgGDS** and SmgGDS*~ AoSMCs (Supplementary Fig. 8C). However,
cyclic stretch significantly reduced RhoA activity only in SmgGDS*~ AoSMCs in a time-
dependent manner (Supplementary Figure 8C). In contrast, RhoC activity was significantly
lower in SmgGDS*~ AoSMCs compared with SmgGDS** AoSMCs at baseline, which was
further exaggerated by cyclic stretch in a time-dependent manner (Supplementary Figure 8C).
Additionally, gene mutations for TAA include the downstream signaling of TGF- members,
such as TGFB2, TGFB3, TGFBR1, TGFBR2, and SMAD3.”'*  Here, Apoe’SmgGDS*"~

AoSMCs showed significantly reduced phosphorylation of Smad2/3 and protein levels of TGF-§,
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and compensatory upregulation of Smad4, compared with Apoe”~ AoSMCs (Fig. 3M and
Supplementary Fig. 8D). These results indicate that mechanical stretch induces SmgGDS,
which activates downstream signaling of RhoA/Rho-kinase and TGF-/Smad2/3/4 in AoSMCs
(Supplementary Fig. 8E).

Vascular SmgGDS, But Not Bone Marrow-derived SmgGDS, Plays a Protective Role
Against TAA Formation

Inflammation is a prerequisite for the development of cardiovascular diseases.*® Indeed, it has
been reported that mitogen-activated protein kinase (ERK1/2),%” c-Jun N-terminal kinase
(INK),% and TGF-B* promote the development of aortic aneurysms. Here, to further elucidate
the role of SmgGDS, we examined the levels of inflammatory cytokines and expressions of these
signaling molecules in the thoracic aorta of Apoe”~ and Apoe"SmgGDS*~ mice. We found
higher levels of interleukin (IL)-1p, IL-2, IL-5, IL-6, IL-10, and CXCL1 in Apoe”’SmgGDS*~
aortas than in Apoe™~ aortas (Fig. 4A). Moreover, Western blotting showed that
phosphorylation of ERK1/2 and JNK, and protein levels of TGF-§ were significantly increased
in thoracic aortas of Apoe " SmgGDS* mice compared with Apoe " mice (Fig. 4B and
Supplementary Fig. 9A). As these molecules are activated by several cytokines and
chemokines, these results are consistent with the higher levels of inflammatory cytokines in
Apoe"SmgGDS* mouse aorta. Next, we analyzed the serum levels of cytokines/chemokines
and growth factors in Apoe” and Apoe " SmgGDS* mice. Again, we found higher levels of
cytokines and growth factors in Apoe”"SmgGDS*~ mice compared with Apoe™~ mice
(Supplementary Fig. 9B), suggesting that SmgGDS deficiency promotes aortic inflammation.

Based on these results, we hypothesized that SmgGDS deficiency in inflammatory cells may
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play crucial roles toward the development of aortic inflammation and TAA formation. Indeed,
it is widely known that bone marrow (BM)-derived cells are involved in the pathogenesis of
aortic aneurysm.*®  Thus, we hypothesized that SmgGDS deficiency in BM cells could promote
Angll-induced TAA in Apoe"SmgGDS* mice. To test this hypothesis, green fluorescent
protein (GFP)-positive BM cells were transplanted into irradiated Apoe or Apoe”"SmgGDS*~
mice (Fig. 4C). After reconstitution of the BM, chimeric mice were exposed to Angll for 4
weeks. En face aortic staining showed that the number of GFP* cells adhered to the aortic
endothelial layer in the ascending aorta was greater in Apoe”-SmgGDS*"~ mice than in Apoe™
mice (Fig. 4D). Moreover, the number of GFP* cells in the adventitia of the chimeric mice was
greater in Apoe-SmgGDS*"~ mice than in Apoe™ mice (Figs. 4E, F). In particular, degradation
of AoSMCs occurred in the medial layers adjacent to adventitial layers (Supplementary Fig.
10). Importantly, ACTAZ2 expressing aortic walls in the ascending aorta were degraded and
invaded by GFP* BM-derived cells (Figs. 4F, Supplementary Fig. 10, yellow arrow). To
further elucidate the cell phenotypes in the adventitia, we performed immunostaining of CD45"
leukocytes (Fig. 4G). The number of CD45" leukocytes in the aortic walls was significantly

-~ chimeric mice

higher in Apoe"SmgGDS*" chimeric mice compared with Apoe
(Supplementary Fig. 11). Moreover, GFP* cells migrated into the aortic walls between the
elastic lamina (Fig. 4G, white arrows), and the aortic wall was degraded and almost ruptured
(Fig. 4G, yellow arrow), suggesting a crucial role of BM-derived cells in Angll-induced TAA
formation. Interestingly, the expression of cyclophilin A (CyPA), which augments ROS

production,*® was especially elevated in the accumulated inflammatory cells located within the

adventitia or atherosclerotic lesions (Fig. 4H, Supplementary Fig. 12). Consistently, the
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secretions of cytokines/chemokines and growth factors were significantly increased in AOSMCs
harvested from the thoracic aorta of Apoe’"SmgGDS*~ mice compared with Apoe’~ mice
(Supplementary Fig. 13A). We prepared conditioned medium (CM) from Apoe ™’ or Apoe ™’
SmgGDS*~ AoSMCs (Supplementary Fig. 13B). Treatment of AoSMCs showed significantly
higher proliferation with Apoe " SmgGDS*~ CM than Apoe~ CM (Supplementary Fig. 13C).
Moreover, treatment of AoSMCs with Apoe"SmgGDS*~ CM resulted in significantly higher
ROS production, assessed by staining with 2,7-dichlorodihydrofluorescein (DCF) and
dihydroethidium (DHE), compared with Apoe™ CM (Supplementary Fig. 13C). Thus,
contrarily to our original notion, these results indicate that enhanced aortic inflammation in
Apoe~SmgGDS*~ mice is due to phenotypic changes in AoSMCs and upregulated inflammation
in the recipient aorta. These results indicate that SmgGDS deficiency in the aorta promotes
inflammatory cell migration and aortic rupture in response to Angll (Supplementary Fig. 13D).
Deletion of SmgGDS Increases ROS in the Ascending Aorta

Considering the importance of SmgGDS in AoSMC phenotypic changes, we next focused on the
intracellular metabolic roles of SmgGDS toward inducing a higher inflammatory status. Recent
studies have shown an emerging role of SmgGDS in nuclear translocation and degradation of
Rac1, which is one of the components of NADPH oxidases.?>%  To examine the role of
SmgGDS as a modulator of ROS and mitochondrial function in AoSMCs, we used Apoe ' and
Apoe"SmgGDS*- AoSMCs. CellROX staining showed significantly higher levels of ROS in
Apoe"SmgGDS*~ AoSMCs than in Apoe™~ AoSMCs in response to Angll (Fig. 5A, B).
Analyses with DCF and DHE also showed significantly higher levels of ROS in Apoe™”

SmgGDS*~ AoSMCs than in Apoe - AoSMCs in response to Angll (Fig. 5C, D). Likewise,
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MitoSOX analysis showed significantly higher levels of mitochondrial ROS in Apoe™
SmgGDS*~ AoSMCs than in Apoe~ AoSMCs in response to Angll (Fig. 5E). Recent studies
have suggested a mechanistic link among NADPH oxidase activities, ROS production, and
SmgGDS-mediated Rac1 degradation.®3  Thus, we next examined the expression of NOX
isoforms and NADPH activities in Apoe™ and Apoe " SmgGDS*~ AoSMCs.  Interestingly,
Apoe-SmgGDS*~ AoSMCs showed higher Nox1 expression compared with Apoe”~ AoSMCs,
whereas there were no significant changes in Nox2 or Nox4 after Angll treatment (Fig. 5F).
Moreover, Racl expression was significantly increased in Apoe’-SmgGDS*~ AoSMCs compared
with Apoe”~AoSMCs after Angll treatment (Fig. 5G).  Additionally, expression of Nrf2, which
plays protective roles against oxidative stress, was significantly reduced in Apoe’"SmgGDS*~
A0SMCs compared with Apoe”~AoSMCs after Angll treatment (Fig. 5G). Consistently, Apoe™
SmgGDS*~ AoSMCs showed higher NADPH oxidase activities compared with Apoe”~
A0SMC:s after Angll treatment (Fig. 5H).

To examine the effect of SmgGDS deficiency on ROS generation in vivo, aortic sections
were incubated with DHE, in the presence of superoxide forms oxy-ethidium. In saline-infused
ascending aorta, ROS production (red fluorescence) was very low in both Apoe ™ and Apoe ™’
SmgGDS* mice (Fig. 51). After 7 days of Angll treatment, oxy-ethidium fluorescence was
increased in Apoe - mice aortas (Fig. 51). Moreover, in Apoe " SmgGDS* mice, ROS
production was significantly higher in response to Angll compared with Apoe’~ mice (Fig. 51,
J). These in vivo and in vitro data suggest that Angll-induced ROS production in AoSMCs is
inhibited by SmgGDS. Consistently, Racl levels were significantly increased in Apoe ™~

SmgGDS*~ aortas compared with Apoe ™ aortas (Fig. 5K). These results indicate that

20


http://circ.ahajournals.org/

8T0Z ‘0z aunr uo 159nb Aq /BJo'sfeuno feye-aa19//:dny wioly papeo jumoq

10.1161/CIRCULATIONAHA.118.035648

SmgGDS plays protective roles against Angll-induced NADPH oxidase activation and ROS
production in AOSMCs.

SmgGDS Prevents MMP Activation and Perivascular Inflammation

Development of aortic aneurysm and rupture depends on MMP activities in the aortic wall,
which are promoted by extracellular CyPA-mediated ROS augmentation.'84%41  Secreted CyPA
activates MMPs through the extracellular MMP protein inducer (EMMPRIN).*>#3  Based on the
increased ROS in Apoe”’~SmgGDS*~ aortas compared with Apoe™ aortas, we considered that
MMP activities would increase in the absence of SmgGDS. Indeed, RT-PCR showed
significantly higher expression of Mmp2 and Mmp9 in Apoe-SmgGDS*~ AoSMCs compared
with Apoe”~ AoSMCs (Fig. 6A). Consistently, MMP activities, assessed by in situ zymography
(DQ gelatin), which generates green fluorescence in the presence of active MMPs, were
significantly increased in Apoe"SmgGDS*~ AoSMCs compared with Apoe™ AoSMCs after
Angll treatment (Figs. 6B, C). Moreover, secretion of CyPA from AoSMCs was significantly
higher in Apoe"SmgGDS*~ AoSMCs than in Apoe ™~ AoSMCs (Fig. 6D), suggesting an
inhibitory role of SmgGDS in CyPA-mediated MMP activation. To examine the effect of
SmgGDS deficiency on MMP activation in vivo, ascending aortic sections were incubated with
DQ gelatin.  MMP activity was negligible in the saline-treated aorta (Fig. 6E). Following
Angll treatment, the media and adventitia of Apoe " SmgGDS*" mice showed higher MMP
activity compared with Apoe’~ mice (Figs. 6E, F).  Similarly, CyPA expression was higher in
ascending Apoe"SmgGDS*~aorta compared with Apoe™~ aorta, especially in the TAA lesions
with higher MMP activities (Supplementary Fig. 14). In organ culture, conditioned medium

obtained from the aorta of Angll-treated Apoe”~SmgGDS*~ mice showed higher levels of
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proMMP-9 and activated MMP-9 assessed by zymography compared with the Apoe ™ aorta (Fig.
6G). Additionally, Western blotting showed that secretion of MMP-12 from AnglI-treated
Apoe-SmgGDS*" aorta was significantly higher compared with the Apoe” aorta (Fig. 6H).
Next, since the activation of MMPs promotes perivascular inflammation, we further examined
the protective roles of SmgGDS against Angll-induced inflammatory cell migration. As
expected, Angll exacerbated perivascular inflammation in the Apoe™aorta, whereas the Apoe™
SmgGDS*~ aorta showed more accumulation of perivascular Mac-3* inflammatory cells
(Supplementary Fig. 15). These in vivo and in vitro data indicate that SmgGDS plays
protective roles against MMP activation and perivascular inflammation through inhibition of
CyPA secretion (Fig. 61).

SmgGDS Inhibits CyPA-mediated MMP Activation in TAA-A0SMCs

Based on the influence of SmgGDS on MMP activities and CyPA secretion in vivo and in vitro,
we next examined the role of SmgGDS in human TAA lesions. SmgGDS expression was lower
in the ascending aortic wall of TAA lesions, especially in the areas with active MMPs (Fig. 7A).
Based on the inhibitory role of SmgGDS on MMPs, we considered that MMP activities would be
reduced by SmgGDS in TAA-A0SMCs. Here, we used TAA-A0SMCs to evaluate SmgGDS-
mediated MMP activities. Importantly, Angll-mediated secretion of CyPA from AoSMCs was
significantly higher in TAA-AoSMCs compared with control AoSMCs (Fig. 7B). Consistently,
plasma levels of CyPA were significantly increased in patients with TAA compared with
controls (Fig. 7C and Supplementary Table 4). Moreover, plasma CyPA levels were
significantly increased in patients with AAA compared with controls (Fig. 7C). In response to

Angll, MMP activity was strongly increased in TAA-A0SMCs compared with control AoSMCs
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(Fig. 7D). Consistently, Angll-mediated ROS production, assessed by DCF and DHE, was
significantly increased in TAA-A0SMCs compared with control AoSMCs (Fig. 7E).

Moreover, Angll-mediated mitochondrial ROS production, assessed by MitoSOX, was
significantly increased in TAA-A0SMCs compared with control AoSMCs (Fig. 7E).
Importantly, Angll treatment of AoSMCs for 3 days significantly reduced ACTAZ2 levels in
TAA-A0SMCs, but not in control AoSMCs (Fig. 7F). In contrast, Angll treatment of AoSMCs
for 3 days significantly reduced calponin levels in both TAA-AoSMCs and control AoSMCs
(Fig. 7F). Moreover, Angll treatment of AoSMCs significantly reduced SmgGDS levels only
in TAA-A0oSMCs in a time-dependent manner (Fig. 7G). These results suggest the Angll-
mediated downregulation of SmgGDS in TAA-A0SMCs, plays crucial roles in CyPA secretion,
MMP activation, and ROS production in human TAA lesions. Thus, SmgGDS-mediated
phenotypic control of TAA-A0SMCs may play a crucial role in the maintenance of the ascending
aorta and inhibit aortic dilatation and TAA. Thus, we finally performed an in vivo study aiming
at rescuing Apoe "SmgGDS*~ mice from the development of TAA by local overexpression of
SmgGDS in the ascending aorta (Fig. 8A). Local delivery of SmgGDS gene construct around
the ascending aorta successfully enabled the overexpression of SmgGDS in the ascending aorta
of Apoe"SmgGDS*" mice (Fig. 8B). Pathological analyses of the ascending aorta showed an
enhanced expression of SmgGDS, especially in the adventitia (Fig. 8C), reduced ROS
production (Fig. 8D), and MMP activities (Fig. 8E) in the ascending aortas of Apoe " SmgGDS*"
mice after Angll treatment for 3 days. Importantly, Angll-mediated degradation of the
ascending aorta was protected by local SmgGDS overexpression in Apoe-SmgGDS*"~ mice

(Fig. 8F). Thus, local SmgGDS overexpression completely inhibited TAA rupture in Apoe™~
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SmgGDS*~ mice (Fig. 8G). In contrast, local SmgGDS overexpression in the ascending aorta
did not affect AAA formation in Apoe”"SmgGDS*~ mice (Fig. 8H). Finally, local SmgGDS
overexpression completely inhibited ascending aortic dilatation in Apoe’"SmgGDS*~ mice (Fig.
81), whereas there was no change in the abdominal aorta (Fig. 8J).  These results indicate that
local SmgGDS overexpression rescues Apoe - SmgGDS*~ mice from TAA formation and rupture

through downregulation of ROS production and MMP activation in AOSMCs.

Discussion

The present study demonstrates for the first time that downregulation of SmgGDS in AoSMCs
contributes to the pathogenesis of TAA, which involves dysfunction of AoSMCs, and enhanced
ROS production and MMP activities. These conclusions are based on the following findings;
SmgGDS deficiency (1) enhanced the development of Angll-induced TAA and TAD in mice, (2)
increased migration of inflammatory cells, (3) reduced gene expression of force generation
proteins, (4) increased ROS production and activated MMPs, (5) increased
cytokines/chemokines and growth factors in AoSMCs, (6) promoted phenotypic switching from
the contractile phenotype to the synthetic and inflammatory one in AoSMCs, and (7) local
overexpression of SmgGDS around the thoracic aorta inhibited aortic dilatation and rupture in
SmgGDS-deficient mice. Thus, the present study proposes SmgGDS as a novel target toward
the development of innovative therapies for patients with TAA and TAD.

SmgGDS as a Novel Pathogenic Protein in TAA

A0SMC:s in the aorta need to adhere to the extracellular matrix to form contractile elements that

link to microfibrils surrounding the elastin fibers.'®*  Fbn1 is a cysteine-rich glycoprotein that
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plays a major role in the function mechanism of microfibrils.®®* Genetic mutation of FBN1
predisposes patients with Marfan syndrome to thoracic aortic disease.**  In addition, genome-
wide association studies (GWAS) have shown that common variants in FBN1 predispose the
general population to TAA and TAD.*® In the present study, we showed a significant reduction
of Fbnl expression in the aortas and AoSMCs as a result of SmgGDS deletion in mice.
Importantly, we found lower expression of FBN1 and SmgGDS in AoSMCs from non-Marfan
TAA patients, suggesting that Fbnl may also play a crucial role in non-heritable TAA patients.
The mechanistic link between SmgGDS inhibition and downregulation of Fbnl in TAA patients
still remains unclear. However, we consider that the risk factors for TAA, such as
hypertension, aging, and smoking, enhance ROS production, thereby reducing SmgGDS in
A0SMCs, resulting in destabilization of the aortic walls and promotion of TAA formation. In
the present study, mechanical stretch induced SmgGDS expression, which stabilizes the active
form of RhoA and increases expression of force generating proteins in AOSMCs.  Thus,
mechanical stretch-mediated SmgGDS induction may play a crucial role toward protecting the
ascending aorta from continuous mechanical stretch, which in turn, prevents the ascending aorta
from dilatation, dissection, and rupture, especially in patients with hypertension. Indeed, force
generation genes, such as Myh11, MIk, Acta2, and Prkgl, were significantly downregulated in
SmgGDS*~ AoSMCs.  Since mutations of these force generation genes cause hereditary TAA
and TAD, SmgGDS-mediated activation of RhoA and downstream Rho-kinase should be
substantially involved in the conservation of the contractile phenotype of AoSMCs.?®  Indeed,
SmgGDS is one of the GEFs for RhoA, and therefore, regulates its activities.?® In contrast,

SmgGDS deficiency reduces RhoA activity, leading to the phenotypic switching of AOSMCs.
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Since Fbnl is one of the ECM that maintains the aortic wall, phenotypic switching of AoSMCs
and altered gene interactions may downregulate the Fbnl expression. Interestingly, AOSMCs
exposed to Angll for a long period of time reduced their SmgGDS expression in a time-
dependent manner.  Additionally, SmgGDS translocate Rap1 to the plasma membrane,*® which
in turn inhibits GAPs, leading to inactivation of RhoA.*”  Thus, this switching phenomenon
from the active form of RhoA to its inactive one, results in reduced expression of force
generation genes and promotes the synthetic phenotype in AoSMCs (Supplementary Fig. 16).
Further analyses will help us clearly understand the mechanisms driving the SmgGDS-mediated
regulations of Fbnl and force generation genes.

SmgGDS Deficiency Induces ROS Production

ROS levels in the aortas are significantly increased in mouse models of Marfan and Loeys-Dietz
syndromes.*34®  SmgGDS degrades Rac1, which is a key component of NADPH oxidases.?
Angll stimulates Oz generation by activating an NADH/NADPH oxidase and leads to vascular
hypertrophy. In addition, Nox1-dependent ROS generation is regulated by Rac1.%® In the
present study, expressions of Racl and NADPH oxidase activities were increased in SmgGDS*~
A0SMCs after Angll treatment.  In addition, secretion of CyPA from AoSMCs, which
augments ROS production,*® was significantly increased in SmgGDS*~ AoSMCs and aortic
tissues. Indeed, deletion of SmgGDS augmented ROS production in AoSMCs and the aortic
walls after Angll treatment. Increased ROS production promotes migration of inflammatory
cells and ECM production, and results in the destabilization of the aortic wall. Moreover,
secretion of cytokines/chemokines and growth factors significantly increased in SmgGDS*~

A0SMCs, which enhanced the production of ROS in an autocrine/paracrine manner.
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Importantly, we found a significant increase in ROS production in the ascending aorta at day 3
after Angll treatment. In the early phase of Angll treatment, deletion of SmgGDS significantly
induced ROS production in the ascending aorta. When we consider the role of ROS in the
augmentation of vascular inflammation and recruitment of BM-derived cells in the adventitia,
the early and enhanced production of ROS, resulting from the deletion of SmgGDS, should
considerably contribute to the dilatation and dissection of the ascending aorta in SmgGDS-
deficient mice. Through precise histological analyses with confocal microscopy, we found
accumulation of BM-derived cells in the adventitia, and showed their migration between the
elastic laminas in the ascending aorta of chimeric mice at day 3 after Angll treatment. Thus,
enhanced ROS production in the aortic walls may be the initial and principal mechanism
governing the secretion of cytokines/ chemokines and growth factors and subsequent recruitment
of excessive BM-derived cells in the aorta of SmgGDS*mice. Following this process,
migration of BM-derived cells in response to chemotactic factors secreted from the aortic wall
leads to the destruction of the elastic lamina and induces TAA and TAD in SmgGDS*" mice.
The vicious circle through which ROS are produced by AoSMCs and inflammatory cells
destabilizes the SmgGDS*' aortas in response to Angll treatment.  Taken together, SmgGDS
prevents Angll-induced ROS production, which in turn inhibits inflammatory cell recruitment
and aortic dissection.

SmgGDS Deficiency Activates MMPs and ECM Remodeling

Activation of MMPs, which degrade arterial elastin and promote destabilization of the aorta,
plays a crucial role in a wide range of vascular diseases.>> In patients with Marfan syndrome

and bicuspid aortic valve, the expression of MMP-2 is increased in AoSMCs, which results in
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their apoptosis.>® Enhanced inflammation and ROS production directly activates MMPs,>*
promoting the development of aortic aneurysms.>>*  Additionally, in mouse models of Marfan
syndrome, MMPs play a key role in the development of TAA.5" ECM affects cellular
behavior in physiological and pathological processes, and provides structural support.>®
Moreover, ECM affects the inflammatory signaling in response to extracellular growth factors,
and thereby, controls cell proliferation and migration.®® In the present study, we demonstrated
that the deletion of SmgGDS dramatically increased the expression of MMP-2 and MMP-9, the
secretion of CyPA, and MMP activities in vivo and in vitro.  Consistently, we found significant
upregulation of ERK and JNK signaling, as well as an enhanced non-canonical TGF-f pathway,
in SmgGDS*mice. ROS production was increased by SmgGDS deficiency, resulting in
increased MMP activities in the ascending aorta. Thus, SmgGDS deficiency increased
ascending aortic dissection and aneurysm formation in vivo. These results suggest that
SmgGDS prevents ECM remodeling and development of TAA by downregulating the expression
of MMP-2 and MMP-9, as well as decreasing CyPA secretion and TGF-f signaling.

SmgGDS Deficiency Promotes Phenotypic Switching in AoSMCs

The initial event leading to aortic aneurysm formation is the phenotypic switching of AoSMCs.®
The synthetic and pro-inflammatory phenotype is the basal status for the degradation of the
ECM, the weakening of the aortic wall, and TAA rupture.!® In the present study, SmgGDS*"
A0SMCs showed reduced expression of force generation genes and increased secretion of
cytokines/ chemokines and growth factors. Here, SmgGDS is one of the GEFs for RhoA and
Rac1, which controls the contraction of AoSMCs.?*?®  Thus, lower expression of SmgGDS

leads to reduced RhoA activity, resulting in the phenotypic switching of AoSMCs.  Synthetic
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and inflammatory phenotype in AoSMCs produces inflammatory cytokines, resulting in the
increased recruitment of inflammatory cells, ROS production, and MMP activation.
Accumulated inflammatory cells in the aortic walls also produce abundant ROS and MMPs,
promoting the conversion of AoSMCs into the synthetic type.!® These processes represent a
vicious circle leading to increased ROS production and MMP activation in the ascending aorta,
and the development of TAA. Importantly, the expression of ACTA2 was significantly reduced
in SmgGDS* aortas and AoSMCs.  The expression of ACTA2 is controlled by the transcription
factors in the promoter region and is an important indicator of the normal contractile phenotype
in AoSMCs.*®  Indeed, dilatation of the aortic root has been shown in ACTA2 knockout mice.°
Interestingly, in the present study, the incidence of AAA was not affected by the deletion of
SmgGDS, suggesting a different pathogenesis involved between TAA and AAA. Thus, the
development of AAA is not regulated by SmgGDS-mediated phenotypic switching of AoSMCs.
Taken together, these results suggest that SmgGDS plays a protective role against the phenotypic
switching of AoSMCs, and prevents the development of TAA and TAD.

A Novel Therapeutic Target for TAA

The present study suggests that SmgGDS plays protective roles against the development of TAA.
Indeed, local delivery of SmgGDS gene construct in the aortic arch reduced the dilatation of the
ascending aorta in SmgGDS* mice. Thus, upregulated SmgGDS in the ascending aorta may
prevent aortic dilatation and the development of TAA in clinical settings.  This suggests that
agents that upregulate SmgGDS may represent novel drugs for TAA. Thus, it is important to
explore molecules that upregulate SmgGDS in AoSMCs. The traditional approach toward

developing a novel drug and bringing it to the clinical stage is costly. To solve this problem,
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drug repositioning is an attractive approach. Among the drugs currently used for the treatment
of other diseases, we may find a drug that upregulates SmgGDS in AoSMCs and inhibits the
development of TAA. In the future, screening of agents that upregulate SmgGDS in AoSMCs
may provide a novel strategy toward curing patients with TAA. Hypertension increases
mechanical stress in the ascending aorta and leads to aortic dissection and rupture.? Thus, the
present study provides a molecular mechanism for the SmgGDS-mediated protection of the
ascending aorta from excessive dilatation, and may explain, in part, the importance of lower
control of blood pressure toward preventing TAA and TAD.? Interestingly, we have previously
demonstrated that administration of statins upregulates SmgGDS in the peripheral leucocytes of
healthy volunteers.3!  Consistently, statins have been shown to inhibit the development of TAA
and TAD.®  However, the mechanisms for the upregulation of SmgGDS by statins remain
unclear. Thus, we need to elucidate the detailed mechanisms that regulate SmgGDS expression
in AoSMCs, which is downregulated by risk factors of TAA.

Study Limitations

The present study has several limitations. First, we were unable to directly demonstrate the
mechanisms that regulate SmgGDS-mediated gene expressions of force generation proteins.
Second, the number of analyses of clinical samples was not high enough to allow the assessment
of SmgGDS in patients with TAA and TAD. Additional studies are needed to enable the
clinical application of the present study.

Clinical Implication and Conclusions

Despite the rapid progress in the last decade regarding the research on TAA, only a few cures

have been proposed to prevent this devastating disease.®> TAA is a progressive disease,
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developing silently, and rupture leads to a fatal outcome. Thus, early diagnosis and medical
therapy are urgently needed. Previous studies showed that genetic disorders cause TAA?Z, in
which phenotypic switching of AoSMCs plays a crucial role. In this regard, the present study
adds to the current understanding of TAA pathology, showing that mechanical stretch induces
SmgGDS and downstream force generation proteins, all of which are important for mechanical
support in the aortic wall.  Given the severe side effects of protease inhibitors (such as broad-
spectrum MMP inhibitors) in clinical trials, SmgGDS could be a promising and potentially safe
drug target. Moreover, further studies are needed to use SmgGDS as a diagnostic biomarker for
TAA. Itis now widely accepted that epigenetic modifications are key factors in aortic diseases,
following environmental stimuli (e.g., hypertension and infection).®*®* DNA methylation is a
common epigenetic modification, and the methylation status of the SmgGDS gene in TAA-
A0SMCs would represent a promising research area. Furthermore, epigenetic modification can
be modulated by SNPs, as clearly illustrated in several studies related to cardiovascular diseases.
Thus, genome screening for the SmgGDS gene and SmgGDS-associated genes could be
beneficial for TAA patients.  Finally, risk factors that reduce SmgGDS expression should be
confirmed to prevent TAA formation and rupture.

In conclusion, the present study demonstrates that SmgGDS in the ascending aorta plays
important protective roles against excessive aortic dilatation and inflammation, thereby

preventing the development of TAA and TAD.
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Figure Legends

Figure 1. Deletion of SmgGDS Induces thoracic aortic aneurysm (TAA) and rupture

(A) Death due to TAA rupture in Apoe™ (n=13) and Apoe " SmgGDS*" mice (n=15) during
Angll infusion for 4 weeks. (B) Death due to abdominal aortic aneurysm (AAA) rupture in
Apoe™ and Apoe-SmgGDS*~ mice during Angll infusion for 4 weeks. (C) TAA incidence in
Apoe™~ and Apoe-SmgGDS*~ mice during Angll infusion for 4 weeks. (D) AAA incidence in
Apoe™~ and Apoe-SmgGDS*~mice during Angll infusion for 4 weeks. (E) Left, maximal
diameter of ascending aorta assessed by ultrasound imaging in Apoe”~ and ApoeSmgGDS*~
mice during Angll infusion for 4 weeks. *P<0.05 (Apoe™ vs. Apoe - SmgGDS*~at each
week). Right, maximal diameters of ascending aorta in Apoe”~ and Apoe " SmgGDS*"~ mice
before and after Angll infusion for 4 weeks. (F) Left, maximal diameter of abdominal aorta
assessed by ultrasound imaging in Apoe”~ and Apoe”~SmgGDS*~mice during Angll infusion for
4 weeks. Right, maximal diameter of abdominal aorta in Apoe ” and Apoe” SmgGDS*" mice
before and after the Angll infusion for 4 weeks. (G) Representative Elastica-Masson staining
of aorta in Apoe ™ and Apoe " SmgGDS*" mice after infusion of Angll or saline for 4 weeks.
Scale bars, 100 um. (H) Elastin degradation grade of ascending aorta in Apoe” and Apoe™
SmgGDS* mice after infusion of Angll or saline for 4 weeks (n=5 each). Comparisons of
parameters were performed with two-way ANOVA, followed by Tukey's HSD test for multiple
comparisons. (I) Schematic representation of SmgGDS-mediated prevention of elastin

degradation and aortic dilatation. *P<0.05.
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Figure 2. Deletion of SmgGDS induces thoracic aortic dissection (TAD) at day 3 after
angiotensin Il (Angll) infusion

(A) Representative pictures of whole aortas of Apoe” (n=6) and Apoe " SmgGDS*~ (n=7) mice
at day 3 after Angll infusion. *P<0.05. (B) Representative pictures of staining for Elastica-
Masson and ACTA2 in ascending aortas of Apoe mice at day 3 after Angll infusion. (C—E)
Representative pictures of Elastica-Masson staining in the aortas of Apoe” SmgGDS*~ mice at
day 3 after Angll infusion. (F—H) Representative pictures of ACTAZ staining in aortas of

Apoe™ SmgGDS*~ mice at day 3 after Angll infusion. Scale bars, 100 pm.

Figure 3. Deletion of SmgGDS induces phenotypic switching in AoSMCs

(A) Representative immunofluorescence staining for ACTA2 (red, Alexa flour 546) and CD45
(green, Alexa flour 488) in the ascending aortas of Apoe™~and Apoe”’"SmgGDS*~ mice at day 3
after angiotensin Il (Angll) infusion. Scale bars, 50 um. (B) Representative immunostaining
for Fibrillin-1 (Fbnl) in ascending aortas of Apoe”’ and Apoe” SmgGDS* mice. Scale bars,
100 pm. (C) mRNA expression of Fbn1 in ascending aortas of Apoe - and Apoe " SmgGDS*~
mice (n=10 each). (D) Immunofluorescence staining for Fbnl (green, Alexa flour 488) and
Tubulin (red, Alexa flour 546) in Apoe - and Apoe"SmgGDS*~ AoSMCs after treatment with
saline or Angll (100 nM) for 24 hours.  Scale bars, 10 um. (E) RT-PCR analysis of Fbnl
mRNA in Apoe ™ and Apoe " SmgGDS*~ AoSMCs (n=6 each). (F) RT-PCR of Acta2, Mk,
Myh11, and Prkgl mRNA in Apoe”and Apoe’"SmgGDS*~ AoSMCs after treatment with saline
or Angll (100 nM) for 4 hours (n=6 each). (G) Western blot analysis of SmgGDS, Acta2 and

calponin in Apoe”~and Apoe”"SmgGDS*~ AoSMCs after treatment with saline or Angll (100
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nM) for 24 hours (n=4 each). (H) Migration (n=4 each) assays in Apoeand Apoe ™
SmgGDS*~ AoSMCs in response to 10% fetal bovine serum (FBS). (1) Activity assays for
RhoA and Rap1 in Apoe™ and Apoe’~ SmgGDS*~ AoSMCs (n=4 each). (J) Activity assays for
RhoC in Apoe™ and Apoe’~ SmgGDS*~ AoSMCs in response to Angll and cyclic stretch (n=3
each). (K) Schematic representation of the SmgGDS-mediated prevention of phenotype
switching in AoSMCs. (L) Western blot analysis of SmgGDS, RhoA, ROCK1, and ROCK2 in
A0SMC:s after treatment with cyclic stretch (1 Hz) for 0, 3, 24 hours (n=3 each). (M) Western
blot analysis of ratio (phosphorylated Smad2/3 per total Smad2/3), Smad4 and TGF-B in Apoe™
or Apoe"SmgGDS*"~ AoSMCs treated with saline or Angll (100 nM) for 24 hours. Data
represent the mean £ s.e.m. *P<0.05. Comparisons of parameters were performed with

Tukey's honest significant difference test for multiple comparisons.

Figure 4. SmgGDS deficiency in the aortic walls augments migration of bone marrow
(BM)-derived cells

(A) Levels of cytokines and chemokines in aortas from Apoe " and Apoe’"SmgGDS*~ mice after
treatment with saline or angiotensin Il (Angll, 1000 ng/kg/min) for 3 days (n=5 each). (B)
Western blot analysis of phosphorylated ERK, total ERK, phosphorylated JNK, total JUNK and
TGFB1 proteins in aortas of Apoe”~and Apoe"SmgGDS*~ mice after treatment with Angl| for 3
days (n=5 each). Data represent the mean £+ SEM. *P<0.05. Comparisons of parameters
were performed with the unpaired Student’s t-test.  (C) The protocols for BM transplantation
experiments. (D) Representative en face aortic immunostaining for GFP (green) and CD31

(red, Alexa flour 546) in ascending aortas of Apoe” and Apoe"SmgGDS*" chimeric mice after
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infusion of Angll for 4 weeks. (E) Representative immunostaining for GFP (green), ACTA2
(Cy3, red), and DAPI (blue) in ascending aortas of Apoe and Apoe’"SmgGDS*~ chimeric mice
after infusion of Angll for 4 weeks. (F) Assessment of the number of GFP-positive cells in
Apoe ™ and Apoe " SmgGDS*" mice after Angll treatment. (G) Representative immunostaining
for GFP (green), CD45 (red, Alexa flour 546), and DAPI (blue) in ascending aortas of Apoe ™
and Apoe”~SmgGDS*~ chimeric mice after infusion of Angll for 4 weeks. (H) Representative
immunostaining for GFP (green), cyclophilin A (CyPA, red, Alexa flour 546), and DAPI (blue)
in ascending aortas of Apoe”~and Apoe”’-SmgGDS*~ chimeric mice after infusion of Angll for 4

weeks. Scale bars, 100 pm.

Figure 5. Deletion of SmgGDS increases ROS production in the ascending aorta

(A) Representative images of CellROX staining in Apoe”~and Apoe " SmgGDS*~ AoSMCs after
treatment with saline or angiotensin Il (Angll, 100 nM) for 4 hours. Scale bars, 10 pum. (B)
Quantitative analysis of CellROX fluorescence intensity in Apoe - and Apoe™-SmgGDS*~
A0SMCs after treatment with saline or Angll (100 nM) for 4 hours (n=8 each). (C-E)
Quantitative analysis of fluorescence intensities for 2,7-dichlorodihydrofluorescein (DCF, C),
dihydroethidium (DHE, D), and MitoSOX (E) in Apoe ™’ and Apoe " SmgGDS*~ AoSMCs after
treatment with saline or Angll (100 nM) for 4 hours (n=8 each). (F) RT-PCR for Nox1, Nox2,
and Nox4 in ascending aortas of Apoe’~and Apoe " SmgGDS* mice at day 3 after Angll infusion
(n=6 each). (G) Western blot analysis of Racl and Nrf2 in Apoe”~and Apoe”’-SmgGDS*~
A0SMCs after treatment with saline or Angll (100 nM) for 24 hours. (H) Lucigenin assay for

NADPH oxidase activity in Apoe”~and Apoe"SmgGDS*~ AoSMCs after treatment with saline
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or Angll (100 nM) for 24 hours (n=6 each). (I) Representative images of DHE staining in
ascending aortas of Apoe ™ and Apoe"SmgGDS*" mice after treatment with saline or Angl|
(1000 ng/min/kg) for 3 days. Scale bars, 10 um. (J) Densitometric analysis of DHE
fluorescence in ascending aortas relative to controls (n=5 each). (K) Western blot analysis of
Rac1 protein in ascending aortas of Apoe’~and Apoe " SmgGDS*" mice after treatment with
Angll (1000 ng/kg/min) for 3 days. Data represent the mean + s.e.m. *P<0.05.
Comparisons of parameters were performed with Tukey's honest significant difference test for

multiple comparisons.

Figure 6. SmgGDS inhibits MMP activation in AoSMCs

(A) RT-PCR analysis of Mmp9 and Mmp2 mRNA expression in Apoe”~and Apoe” SmgGDS*~
A0SMC:s after treatment with saline or angiotensin 11 (Angll, 100 nM) for 4 hours (n=6 each).
(B) Representative immunofluorescence images of in situ zymography (DQ gelatin) and
immunostaining for tubulin (red, Alexa flour 546) in Apoe”’ and Apoe’ SmgGDS*~ AoSMCs
after treatment with saline or Angll (100 nM) for 24 hours. Scale bars, 10 um. (C)
Quantitative analysis of fluorescence intensity in Apoe and Apoe " SmgGDS*~ AoSMCs after
treatment with saline or Angll (100 nM) for 24 hours (n=8 each). (D) Western blot analysis of
cyclophilin A (CyPA) in conditioned medium (CM) prepared from Apoe ™’ and Apoe "~
SmgGDS*~ AoSMCs after treatment with saline or Angll for 24 hours (n=4 each). (E)
Representative immunofluorescence images of in situ zymography (DQ gelatin, green) and
immunostaining for CyPA (red, Alexa flour 546), and DAPI (blue) in Apoe™ and Apoe™

SmgGDS*~ascending aortas after treatment with saline or Angll (1000 ng/kg/min) for 7 days.
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Scale bars, 100 um. (F) Densitometric analysis of MMP activities in ascending aortas assessed
by DQ gelatin (n=5 each). (G) Gelatin zymography to detect proMMP-9, MMP-9, proMMP-2
and MMP-2 in the ascending aortas of Apoe’~and Apoe " SmgGDS*" after treatment with Angl|
(1000 ng/kg/min) for 7 days (n=5 each). (H) Western blot analysis of MMP-12 (43kDa
activated form) in conditioned medium from Apoe ' and Apoe " SmgGDS*" ascending aortas
after treatment with Angll (1000 ng/kg/min) for 7 days (n=5 each). (I) Schematic
representation of the SmgGDS-mediated inhibition of reactive oxygen species (ROS) production
and matrix metalloproteinases (MMPSs) activation via suppression of CyPA secretion from
A0SMCs. Data represent the mean £ s.em. *P<0.05. Comparisons of parameters were

performed with Tukey's honest significant difference test for multiple comparisons.

Figure 7. Downregulation of SmgGDS in ascending aorta in patients with TAA

(A) Representative immunofluorescence images of in situ zymography (DQ gelatin, green) and
immunostaining for SmgGDS (red, Alexa flour 546) in ascending aortas of patients with thoracic
aortic aneurysm (TAA). Scale bars, 200 um (left) and 20 um (right). (B) Western blot
analysis of cyclophilin A (CyPA) in conditioned medium (CM) prepared from control and TAA-
A0SMCs (n=6 each). (C) Plasma levels of CyPA (ng/mL) in controls (n=25) and patients with
TAA (n=52) or abdominal aortic aneurysm (AAA, n=16). *P<0.05 by Dunnett’s test. (D)
Representative immunofluorescence images of in situ zymography (DQ gelatin) in control
A0SMCs and TAA-A0SMCs after treatment with saline or Angll (100 nM) for 24 hours. Scale
bars, 10 um. (E) Quantitative analyses of fluorescence intensities for 2,7-

dichlorodihydrofluorescein (DCF), dihydroethidium (DHE), and MitoSOX in control and TAA-

44


http://circ.ahajournals.org/

8T0Z ‘0z aunr uo 159nb Aq /BJo'sfeuno feye-aa19//:dny wioly papeo jumoq

10.1161/CIRCULATIONAHA.118.035648

A0SMCs after treatment with saline or angiotensin Il (Angll, 100 nM) for 4 hours (n=8 each).
(F) Western blot analyses of ACTAZ2 and Calponin in control and TAA-A0SMCs after treatment
with saline or Angll for 3 days. (G) Western blot analysis of SmgGDS in control and TAA-

A0SMCs after treatment with Angll for 0, 1, 3, and 5 days.

Figure 8. SmgGDS transfection rescues Apoe”-SmgGDS*~ mice from thoracic aortic
dissection (TAD) and rupture

(A) Protocols for local delivery of SmgGDS plasmid around the ascending aorta. (B) Western
blot analysis of SmgGDS levels in ascending aortas after SmgGDS overexpression. (C)
Representative immunostaining for SmgGDS (red, Alexa flour 546) and DAPI (blue) in the
ascending aortas of Apoe"SmgGDS*"~ mice after treatment with Angll (1000 ng/min/kg) for 3
days. Scale bars, 10 um. (D) Representative images of dihydroethidium (DHE) staining (red)
in ascending aortas of Apoe”SmgGDS*~ mice after treatment with Angll (1000 ng/min/kg) for 3
days. Scale bars, 10 um. (E) Representative immunofluorescence images of in situ
zymography (DQ gelatin, green) and DAPI (blue) in Apoe’SmgGDS* ascending aortas after
treatment with Angll (1000 ng/min/kg) for 3 days. Scale bars, 50 um. (F) Elastin degradation
grade of the ascending aorta in Apoe’"SmgGDS*~ mice after infusion of Angll for 4 weeks.
*P<0.05 (SmgGDS plasmid vs. control plasmid, n=11 each). Comparisons of parameters were
performed with two-way ANOVA, followed by Tukey's HSD test for multiple comparisons.

(G) Death due to TAA rupture in control plasmid group versus SmgGDS plasmid group (n=11
each). (H) Death due to AAA rupture in control plasmid group versus SmgGDS plasmid group

(n=11 each). (1) Maximal diameters of the ascending aorta assessed by ultrasound imaging in
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Apoe-SmgGDS*~ mice during Angll infusion for 4 weeks (n=11 each). *P<0.05 (SmgGDS
plasmid vs. control plasmid at each week). (J) Maximal diameters of the abdominal aorta
assessed by ultrasound imaging in Apoe’"SmgGDS*~ mice during Angll infusion for 4 weeks

(n=11 each).
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Supplementary Methods

Microarray

Total RNA was extracted from the primary cultured AoSMCs obtained from TAA patients
(TAA-A0SMCs) and non-TAA controls undergoing bypass surgery, and was quantified using
NanoDrop 2000C (Thermo Fisher Scientific). For microarray expression profiling, samples
were processed using the Agilent SurePrint G3 Mouse GE 8x60K Microarray Kit (Agilent
Technologies, Santa Clara, CA) according to the manufacturer’s instructions. The statistical
computing software R (version 3.3.2.) and samr (version 2.0) package of R were used for
preprocessing and statistical analysis. Differentially expressed genes were considered
significant at SAM t-test P values of < 0.05. Genes with significant changes were further
subjected to pathway analysis using Ingenuity Pathway Analysis (IPA)
(http://www.ingenuity.com) to identify gene sets representing specific biological processes or
functions.

Blood Pressure and Metabolic Measurements

Blood pressure at baseline was measured by the tail-cuff system (Muromachi Kikai Co, Ltd,
MK-2000ST NP-NIBP Monitor, Tokyo, Japan) without anesthesia as described previously.
Blood samples were obtained from the mice before sacrifice. The blood was collected from the
abdominal vena cava at sacrifice. Serum cholesterol and triglyceride were determined by a
commercially available enzymatic assay kit (FUJIFILM, DRI-CHEM 7000V).

Elastin Degradation Analysis

Degradation of medial elastic lamina were analyzed as described previously.!  Briefly, based on
elastin degradation-grading (no degradation, mild degradation, severe degradation and aortic
rupture), degradation of medial elastic lamina was scored.

Histological Analyses

After ultrasound imaging, animals were anesthetized with isoflurane (1.0%). For morphological
analysis, aortas were perfused with cold phosphate-buffered saline (PBS) and fixed with 10%
phosphate-buffered formalin at physiological pressure for 5 minutes. The whole aortas were
harvested, fixed for 24 hours, embedded in paraffin, and cross-sections (3 um) were prepared.
The whole heart and lungs were embedded in paraffin, and cross-sections (3 pwm) were prepared.
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Paraffin sections were stained with Elastica-Masson (EM) or used for immunostaining. The
antibody to ACTA2 (1:400, Sigma-Aldrich), Fibrillin-1, phosphorylated and total ERK, JNK, and
TGFB1 were used. As a negative control, species- and isotype-matched 1gG were used in place
of the primary antibodies.

Transmission Electron Microscopy

The ultrastructures of mouse aortic walls were visualized using transmission electron microscopy
(TEM). For TEM assessment, aortas were perfused with cocktail consisting of 4%
paraformaldehyde and 25% glutaraldehyde. The whole aortas were harvested and fixed with this
cocktail for 3 hours.  Ultrathin sections were made using Leica EM UC7 (Leica Microsystems,
Wetzlar, Germany) and observed with a H-7600 transmission electron microscope (Hitachi High-
Technologies Co., Tokyo, Japan).

Immunofluorescence Staining

Aortic tissues were embedded in optimum cutting temperature compound and quickly frozen.
The tissues were cut into 10 pum thick slices. AoSMCs were plated on glass based dishes (AGC
Techno Glass, Shizuoka, Japan) maintained in DMEM containing 10% FBS at 37°C in a
humidified atmosphere.  After Angll or saline treatment, cells were washed by cold PBS and
added 4% paraformaldehyde phosphate buffer solution. Antibodies used were as follows:
ACTAZ2, CD45, Fibrillin-1, SmgGDS, and Cyclophilin A.  Slides and dishes were viewed with a
fluorescence confocal microscopy (LSM 780, Carl Zeiss, Oberkochen, Germany).*

Bone Marrow Transplantation

Bone marrow (BM) transplantation was performed as previously described.>®  Briefly, recipient
mice were lethally irradiated and received an intravenous injection of 5x10° donor GFP* BM cells
suspended in 100 pL calcium-and magnesium-free PBS with 2% FBS. After transplantation,
the mice were placed on a regular chow diet for 4 weeks followed by Angll infusion (1000
ng/kg/min) for 4 weeks. Transgenic mice ubiquitously expressing GFP were obtained from the
Jackson Laboratory.

Bone Marrow-derived Cell Recruitment Assays
Analyses of leukocyte migration were performed 4 weeks after Angll infusion. Migrating GFP
positive cells were analyzed by using a confocal microscopy (Zeiss, LSM780).
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Harvest of Mouse AoSMCs

Apoe™ and Apoe”-SmgGDS*~ AoSMCs were cultured from the aortas of male mice (23-26g
BW) and maintained in DMEM containing 10% FBS at 37°C in a humidified atmosphere with
5% CO- as previously described.! AoSMCs of passages 4-7 at 70-80% confluence were used
for experiments.

Preparation of Conditioned Medium

Conditioned medium (CM) from Apoe™~ and Apoe”~SmgGDS*~ AoSMCs incubated for 24 hours
in DMEM were collected and filtered to remove cell debris. The collected medium was
concentrated 100-fold with an Amicon ultra filter (Merck Millipore, Billerica, MA) to yield
concentrated CM.57

Cell Proliferation Assay

For the assessment of cell proliferation, AOSMCs were seeded in 96-well plates (3,000 cells/well)
in DMEM with 10% FBS and were incubated with compounds at each concentration for 48
hours. Cell proliferation was measured by the Cell-Titer 96 AQueous One Solution Cell
Proliferation Assay kit (Promega, Madison, USA).8

Measurements of Reactive Oxygen Species,

A0SMCs were plated on 96-well plate in 3,000 cells/well concentration maintained in DMEM
containing 10% FBS at 37°C in a humidified atmosphere with 5% CO,. A0SMCs were allowed
to adhere for 24 hours and treated with vehicle or Angll (1 uM) for 4 hours.  After the
treatment, 2,7-dichlorofluorescin diacetate (DCF, final concentration 10 uM, Sigma-Aldrich),
CellROX Deep Red (final concentration 5 uM, Thermo Fisher Scientific), dihydroethidium
(DHE, final concentration 2 uM, SIGMA), or MitoSOX Deep Red Reagent for oxidative stress
detection (final concentration 5 uM, Thermo Fisher Scientific) were added to the culture medium
according to the manufacturer’s instruction.  After the incubation for 30 min at 37°C, cells were
washed twice with warmed PBS, and the fluorescence intensity was measured with SpectraMax
i3 (Molecular Devices, Sunnyvale, CA).

NADPH Oxidase Activity Assay
NADPH oxidase activity was measured by a lucigenin-enhanced luminescence assay as described
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previously.®1° Briefly, AoSMCs that had been treated with Angll (1 uM) or saline for 4 hours
were washed, and cells were scraped from the plate. These cells were washed with cold PBS
and lysed with cell lysis buffer (Cell Signaling) and protease inhibitor cocktail (Sigma-Aldrich)
after the incubation period. Protein content was standardized for total protein content using the
BCA Protein Assay kit (Thermo Scientific).> NADH/NADPH oxidase activity was measured in
a luminescence assay with 500 UM lucigenin as the electron acceptor and either 100 uM NADH
or 100 uM NADPH as the substrate. The reaction was started by the addition of 100 pL of
homogenate (100-200 ug protein). Luminescence intensity was measured with SpectraMaxi3
(Molecular Devices, Sunnyvale, CA).

Confocal Microscopy

A0SMCs were plated on glass based dishes (AGC Techno Glass, Shizuoka, Japan) maintained in
DMEM containing 10% FBS at 37°C in a humidified atmosphere with 5% CO,. A0SMCs were
allowed to adhere for 24 hours and treated with saline or Angll (1 uM) for 12 hours. After the
treatment, AOSMCs were stained using prewarmed (37°C) staining solution containing CellROX
Deep Red in DMEM according to the manufacturer’s instruction.  Cells on dishes were rinsed in
warmed PBS and then fixed in 3.7% formaldehyde and PBS for 30 min.  Cells were mounted
using ProLong Diamond Antifade Mountant with DAPI (Thermo Fisher Scientific) and was
visualized on a LSM780 confocal microscope (Carl Zeiss, Oberkochen, Germany).

Measurement of Cytokines/Chemokines and Growth Factors

Protein levels of cytokines/chemokines and growth factors in the conditioned medium (CM) or
the aortas were measured with a Bioplex system (Bio-Rad, Tokyo, Japan) according to the
manufacturer’s instructions. We measured cytokines/chemokines and growth factors in CM
from AoSMCs after treatment with saline or Angll (1uM, 100-mm dish, 10 mL DMEM). To
analyze the plasma levels of cytokines/chemokines, we collected the blood from the abdominal
vena cava at sacrifice, which were added with EDTA and centrifuged (4°C, 10,000g, 15 min).
Thoracic aortas were perfused with cold PBS and the circulating blood was completely removed.
Aortic tissues were homogenized with tissue protein extraction reagent (Pierce, Rockford,
America) and centrifuged (4°C, 15,0009, 15 min), and thereafter, clear supernatants were
standardized for total protein content using the BCA Protein Assay kit (Pierce, Rockford,
America). >*12 Mouse cytokines/chemokines and growth factors were measured with
commercially available kits (Bio-Rad, 9-Plex, MD0-00000EL and 23-Plex, M60-009RDPD).
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RNA Isolation and Real-time PCR

Isolation of total RNA from human PASMCs were performed using the RNeasy Plus Mini Kit
(Qiagen) according to the manufacturer’s protocol. Total RNA was converted to cDNA using
PrimeScript RT Master Mix (Takara Bio Inc., Kusatsu). Human primers (FBN1, ACTA2,
MYLK, MYH11, PRKG1, and NRF2) and mouse primers (Fbnl, Mlk, Myh11, Acta2, Prkgl,
Nox1, Nox2, Nox4, Mmp2, and Mmp9) were purchased from Life Technologies (TagMan assays,
Applied Biosystems, US). After reverse transcription, quantitative real-time PCR on the CFX
96 Real-Time PCR Detection System (Bio-Rad) was performed using either SsoFast Probes
Supermix (Bio-Rad) for TagMan probes. The Ct value determined by CFX Manager Software
(version2.0, Bio-Rad) for all samples was normalized to housekeeping gene Gapdh and the
relative fold change was computed by the AACt method.*®

Western Blot Analysis

Human AoSMCs were seeded in 100-mm dishes in DMEM with 10% FBS. A0SMCs were
allowed to adhere for 24 hours, washed two times and starved in serum-free medium for 24
hours. PASMCs were then treated with Angll (1 uM) for 24 hours.  After the incubation
period, these cells were washed with cold PBS and lysed with cell lysis buffer (Cell Signaling,
Beverley, MA) and protease inhibitor cocktail (Sigma-Aldrich). Total cell lysates and the aorta
homogenates were loaded on the sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) membranes (GE Healthcare,
Buckinghamshire, UK), following blocking for 1 hour at room temperature in 5% bovine serum
albumin (BSA) or 5% skim milk in tris-buffered saline with Tween 20 (TBST).X®* The primary
antibodies were as follows; B-actin (1:3000, Abcam, Cambridge, UK), SmgGDS (1:500, BD
Biosciences), Cyclophilin A (1:1000, Enzo) phosphorylated-JNK (1:500, Cell Signaling), total-
JNK (1:1000, Cell signaling), Rac1 (1000:1, Millipore), RhoA (500:1, Cell Signaling), RhoC
(500:1, Cell Signaling), phosphorylated-ERK1/2 (1:1000, Cell Signaling), total-ERK1/2 (1:1000,
Cell Signaling), ACTAZ2 (1:1000, Abcam), Calponin (1:1000, Abcam), ROCK1 (1:1000, BD
Biosciences), ROCK2 (1:1000, BD Biosciences), RhoA (1:1000, Cell Signaling),
phosphorylated-Smad2/3 (1:1000, Abcam), total-Smad2/3 (1:1000, Cell signaling), Smad4
(1:1000, Cell signaling) and TGF-B (1:1000, NOVUS). The regions containing proteins were
visualized by the enhanced chemiluminescence system (ECL Prime Western Blotting Detection



Reagent, GE Healthcare). Densitometric analysis was performed by the Image J Software
(NIH, Bethesda, MD).

RhoC Activity

Measurement of active RhoC levels was determined by the GLISA assay (Cytoskeleton
#BK121). Active RhoC was determined using the RhoC activation assay kit with a rabbit
monoclonal anti-RhoC (Cell Signaling) antibody at 1:100 concentration. Active RhoC levels
were normalized to total Rho GTPase levels determined by immunoblotting.

ROS Analysis

Aortas were perfused with PBS (pH7.4) at 100 mmHg for 5 min at 4°C.  Aortas were perfused
with PBS (pH 7.4) at 100 mmHg for 5 min at 4°C.  Aortic tissue was harvested, and the
abdominal aorta were embedded in OCT and snap-frozen. Dihydroethidine hydrochloride (5
uM, Molecular Probes) was topically applied to the freshly cut frozen aortic sections (10 pm) for
30 min at 37°C to reveal the presence of ROS as red fluorescence (585 nm) by confocal
microscopy (LSM780, Carl Zeiss, Oberkochen, Germany). All sections are shown with the
luminal aspect facing upwards and the adventitia facing downwards.

MMP Activity

The evaluation of MMP activities in response to Angll was performed as described previously.
To verify the role of SmgGDS in Angll-induced MMP activation, AOSMCs were treated with
Angll (1 uM) in culture medium. For in situ and in vitro zymography, freshly cut frozen aortic
sections (10 um) and AoSMCs were incubated with a fluorogenic gelatin substrate (DQ gelatin,
Molecular Probes) dissolved to 25 mg/mL in zymography buffer (50 mmol/L Tris-HCI pH 7.4
and 15 mmol/L CaCl2) according to the manufacturer’s protocol. Proteolytic activity was
detected as green fluorescence (530 nm) by confocal microscopy (LSM780, Carl Zeiss,
Oberkochen, Germany). All sections are shown with the luminal aspect facing upwards and the
adventitia facing downwards.

Overexpression of SmgGDS in Mice and Human AoSMCs

The human SmgGDS (RAP1GDS1)-overexpressing plasmid were provided by Dr. Williams.14
The human SmgGDS plasmid was cloned into the pcDNA3.1(+) vector, and control plasmid
DNA was also produced. We coated the ascending aorta and transverse aorta with special gel
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containing SmgGDS-overexpressing plasmid, which enables to release SmgGDS gene
continuously. We anesthetized the mice with isoflurane (1.0%), exposed the ascending and
transverse aorta, and applied the atelocollagen (AteloGene Local Use "Quick Gelation”, KOKEN,
Japan) with SmgGDS or control plasmid DNA according to the manufacturer’s instructions.
After the transfection, we infused 6-8 weeks old male Apoe”~-SmgGDS*~ mice with 1000
ng/lg/min Angll (MP Biomedicals) for 4 weeks. The human SmgGDS gene was transfected to
human AoSMCs with Lipofectamine 3000 reagent (Thermo Fisher Scientific) according to the
manufacturer’s instructions.

Measurements of Plasma Levels of Cyclophilin A

The Ethical Review Board of Tohoku University approved the study protocol, and written
informed consent was obtained from all patients (No. 2008-470). Patients with hypertension
were regarded as being at risk if their blood pressure was >140/90 mmHg or if they had a history
of antihypertensive drug use. Patients with diabetes mellitus were regarded as being at risk if
their fasting glucose level was >126 mg/dL or if they had a history of hypoglycemic drug or
insulin use. Patients with dyslipidemia were regarded as being at risk if their LDL cholesterol
level was >140 mg/dL or their HDL cholesterol level was <40 mg/dL, or if they were taking a
lipid-lowering drug. Fasting blood samples were collected for measurement of CyPA
concentration from the antecubital vein in the supine position. Plasma samples were collected
using EDTA and were centrifuged for 10 min at 2,500 g within 30 min of blood collection, and
aliquots were stored at -80°C. Plasma CyPA levels were measured using an immunoassay
based on the sandwich technique according to the manufacturer’s protocol (Human Cyclophilin
A ELISA Kit, CSB-E09920h, Cusabio).



Supplementary Table 1

Baseline Characteristics (Related to Supplementary Figures 1 and 8)

Controls TAA

(n=4) (n=6)

Age — years 55+13 61+6

Female sex — no. (%) 1(25) 3 (50)

Body-mass index 21+4 22+ 2
Medication — no. (%)

ACE inhibitor/ARB 2 (50) 6 (100)

Ca channel blocker 0 (0) 3 (50)

B-blocker 3 (75) 3 (50)

Statin 2 (50) 3 (50)
Aortic diameter (mm)

Maximum thoracic aorta 307 50+8

Supplementary Table 2

Top 10 Significant Canonical Pathways in TAA-A0SMCs

i
o

Top canonical pathways

Aryl hydrocarbon receptor signaling
Role of BRCAL in DNA damage response
Hereditary breast cancer signaling
Unfolded protein response
Glucose and glucose-1-phosphate degradation
Growth arrest and DNA damage 45 (GADDA45) signaling
DNA damage-induced 14-3-3c signaling
Death receptor signaling

© 00 N oo o1 B~ W N PP

Tumor necrosis factor (TNF) R1 signaling
Ataxia telangiectasia-mutated (ATM) signaling

=
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Supplementary Table 3

Baseline Characteristics

Apoe™- Apoe-SmgGDS*- p
Body weight 25+ 2 24 +2 NS
Total cholesterol 507 £ 93 514 + 85 NS
Triglyceride 150 £ 50 149 + 38 NS
NS, no significant difference. Results are mean + SD.
Supplementary Table 4
Baseline Characteristics (Related to Figure 8)
Controls TAA AAA
(n=25) (n=52) (n=16)
Age — years 56 £ 12 74+9 72+8
Female sex — no. (%) 13 (52) 8 (15) 1(4)
Body-mass index 24 +3 22 + 4 24 +3
Medication — no. (%)
ACE inhibitor/ARB 9 (36) 33 (63) 8 (50)
Ca channel blocker 7 (28) 31 (60) 9 (56)
B-blocker 3(12) 19 (37) 4 (25)
Statin 9 (36) 18 (35) 12 (75)
Smoking 6 (24) 11 (21) 9 (56)
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Supplementary Figure 1. Expressions of SmgGDS, Fibrillin-1, and contractile genes in
ascending aortas of patients with thoracic aortic aneurysm (TAA)

(A) Representative immunostaining for SmgGDS (red, Alexa flour 546) in ascending aortas of
control and TAA patients. (B) Volcano plots of gene expression variations in primary cultured
A0SMCs obtained from TAA patients (TAA-AoSMCs) and control AocSMCs. Blue plots
represent probes for SmgGDS. Dashed lines represent an adjusted P value of 0.05 and + 1-fold
change. (C) Heat map analysis of gene microarray analyses by Ingenuity Pathway Analysis
software. (D) RT-PCR analysis of SmgGDS mRNA in control (n=4) and TAA-A0SMCs (n=6).
(E) Representative double-immunostaining for Fbnl (green, Alexa flour 488) and ACTA2 (red,
Alexa flour 546) in ascending aortas of control and TAA patients. (F) RT-PCR analysis of
Fbnl, Acta2, Myh1l mRNA in control (n=4) and TAA-A0SMCs (n=6). (G) Schematic protocol
of Angll (1000 ng/kg/min) infusion in Apoe™~ (n=13) and Apoe”~SmgGDS*~ (n=15) mice by
osmotic pump implantation for 4 weeks. Scale bars, 100 um. Data represent the mean + SEM.
*P<0.05. Comparisons of parameters were performed with the unpaired Student’s t-test.
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Supplementary Figure 2. Blood pressure measurement and elastin degradation of the
aortic walls after angiotensin Il (Angll) treatment
(A) Blood pressure measurement of Apoe™~ and Apoe”~-SmgGDS*~ mice during the treatment
with saline or Angll (1000 ng/kg/min) (saline, n=5 each; Angll; n=13-15). (B) Representative
Elastica-Masson staining and assessment of ascending aortas from Apoe™ and Apoe™
SmgGDS*'~ mice after treatment with saline or Angll for 4 weeks (saline, n=5 each; Angll,
n=13-15). Scale bars, 100 um. Data represent the mean £ SEM. *P<0.05.
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Supplementary Figure 3. Aortic dilatation in response to angiotensin Il (Angll) treatment
Representative ultrasound imaging of ascending aortas and abdominal aortas after treatment with
saline or Angll (1000 ng/kg/min) for 4 weeks. Yellow bars show the maximum diameters of
ascending and abdominal aortas. White scale bars, 1 cm.
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m Apoe-~SmgGDS* (Angll, 4 wks) Supplementary Figure 4

S

B

Supplementary Figure 4. Elastin degradation in ascending aorta of Apoe”-SmgGDS*-
mice in response to angiotensin Il (Angll) treatment

Representative Elastica-Masson staining of ascending aortas from Apoe™-SmgGDS*~ mice after
treatment with Angll (1000 ng/kg/min) for 4 weeks. Scale bars, 200 pm.
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Supplementary Figure 5

B Apoe”~-SmgGDS*-

Supplementary Figure 5. Electron microscopic analysis
Representative electron microscopic images of ascending aortas from Apoe™ and Apoe™~

SmgGDS*~mice after treatment with saline or Angll (1000 ng/kg/min) for 7days. ~Scale bars,
10pm
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Supplementary Figure 6. Expression of ACTA2 and migrating CD45* leucocytes
Representative immunofluorescence staining of ACTAZ2 (red) and CD45 (green) in the ascending
aortas of Apoe™ and Apoe”-SmgGDS*"~ mice treated with angiotensin 11 (Angll, 1000 ng/kg/min)
for 3 days (n=5 each). Scale bars, 100 um. Data represent the mean £ SEM. *P<0.05.

18



Supplementary Figure 7

Downregulated in Apoe~—-AoSMCs

Upregulated in Apoe~-SmgGDS*--AoSMCs

Cellular Functionand
Maintenance

[
|
‘Connective Tissue De..  Embryonic Devel . Cell-To-Cell Tissue
5 | e
[ |

—. .:I
H mE

IE=lil=
Devel... -

Organ

| Repeoductive System Disesre prna =“_ Lﬁm-“

1 |
CardiovascularSystem | | - .T- ll
Development and ] e
pEml B IEmEEE

NEKBIA




Supplementary Figure 7. Gene microarray analyses in Apoe™ and Apoe”-SmgGDS*-
AoSMCs

(A) Heat map analysis of gene microarray analyses by Ingenuity Pathway Analysis software.
(B) TGFBL1 pathway was downregulated in Apoe”-SmgGDS*~ AoSMCs. (C) ROCK pathway
was downregulated in Apoe”~SmgGDS*~ AoSMCs.
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Supplementary Figure 8. Mechanical stretch upregulates SmgGDS and downstream
signaling

(A) Western blot analysis of SmgGDS, RhoA, ROCK1, and ROCK2 in AoSMCs after treatment
with cyclic stretch (1 Hz) for 0, 3, 24 hours (n=3 each). (B) Western blot analysis of
phosphorylated Smad2/3, total Smad2/3, Smad4 and TGF-B in Apoe™ or Apoe™~SmgGDS**-
A0SMCs treated with saline or Angll (100 nM) for 24 hours. (C) Western blot analysis of
Acta2, Calponin, Myh11, and p-actin in Apoe™ or Apoe™-SmgGDS*~ AoSMCs after treatment
with cyclic stretch (1 Hz) for 0, 3, 24 hours (n=3 each). (D) Activity assays for RhoA and RhoC
in SmgGDS** (wild-type) and SmgGDS*~ AoSMCs after treatment with cyclic stretch (1 Hz) for
0, 3, and 24 hours (n=3 each). (E) Schematic representation of the SmgGDS-mediated
protection of AoSMCs from phenotypic switching protective role against mechanical stress and
Angll. Mechanical stretch induces SmgGDS, which activates downstream signaling of
RhoA/Rho-kinase and TGF-/Smad2/3/4 in AoSMCs. Data represent the mean = SEM.
*P<0.05.
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Supplementary Figure 9. SmgGDS deletion augments inflammation in the ascending
aortas

(A) Representative immunostaining of phosphorylated ERK, phosphorylated JNK, and TGFf1 in
ascending aortas of Apoe™and Apoe™-SmgGDS*~ mice after treatment with saline or angiotensin
I1 (Angll) for 4 weeks. Scale bars, 100 um. (B) Serum levels of cytokines/chemokines and
growth factors in Apoe™ (n=14) and Apoe™~SmgGDS*~ (n=18) mice after infusion of Angll for 4
weeks. Data represent the mean + SEM. *P<0.05.
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Supplementary Figure 10
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Supplementary Figure 10. Expression of ACTA2 and migration of GFP* bone marrow
(BM)-derived cells

Representative immunostaining for GFP (green), ACTA2 (Cy3, red), and DAPI (blue) in
ascending aortas from Apoe™~and Apoe”-SmgGDS*~ chimeric mice after treatment with
angiotensin Il (Angll, 1000 ng/kg/min) for 4 weeks. Yellow bar indicates the migration of
GFP* BM-derived cells into the aortic walls in Apoe”-SmgGDS*~ mice. Scale bars, 100 pm.
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Supplementary Figure 11
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Supplementary Figure 11. SmgGDS deficiency promotes migration of CD45* cells
Representative immunostaining for GFP (green), CD45 (red), and DAPI (blue) in ascending
aortas from Apoe~~and Apoe”~-SmgGDS*- chimeric mice after treatment with angiotensin |1
(Angll, 1000 ng/kg/min) for 4 weeks. Scale bars, 100 um.
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Supplementary Figure 12
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Supplementary Figure 12. Expression of cyclophilin A (CyPA) in migrating GFP* bone
marrow (BM)-derived cells

Representative immunostaining for GFP (green), CyPA (red), and DAPI (blue) in ascending
aortas from Apoe™~and Apoe”~SmgGDS*'~ chimeric mice after treatment with angiotensin I
(Angll, 1000 ng/kg/min) for 4 weeks. Scale bars, 100 um.
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Supplementary Figure 13. Deletion of SmgGDS in AoSMCs promotes secretion of
cytokines/chemokines and growth factors

(A) Levels of cytokines/chemokines and growth factors in conditioned medium (CM) prepared
from Apoe™ and Apoe”~SmgGDS*~ AoSMCs after treatment with saline or Angll (100 nM) for
24 hours.  (B) The protocol for preparation of CM from Apoe™ and Apoe”~SmgGDS*~ AoSMCs
to stimulate AoSMCs. (C) Left, AoSMC proliferation by treatment with Apoe™and Apoe™
SmgGDS*~CM (10% CM/volume, n=8 each). Right, quantification of 2,7-
dichlorodihydrofluorescein (DCF) and dihydroethidium (DHE) fluorescence intensity in
A0SMCs after treatment with CM for 4 hours (10% CM/volume, n=5 each). (D) Schematic
representation of the increased secretion of cytokines/chemokines and growth factors, production
of reactive oxygen species (ROS), and proliferation/migration of AoSMCs by deletion of
SmgGDS. Data represent the mean + s.e.m. *P<0.05. Comparisons of parameters were
performed with Tukey's honest significant difference test for multiple comparisons.
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Supplementary Figure 14
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Supplementary Figure 14. Co-localization of cyclophilin A (CyPA) and active MMPs
Representative immunofluorescence images of in situ zymography (DQ gelatin, green),
immunostaining for CyPA (red), and DAPI (blue) in Apoe™ and Apoe™-SmgGDS*"- aortas after
treatment with angiotensin Il (Angll, 1000 ng/kg/min) for 7 days. Scale bars, 100 um.
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Supplementary Figure 15. Deletion of SmgGDS increase inflammatory cell migration
(A) Representative immunostaining for Mac-3 (CD107b) in Apoe™~and Apoe-SmgGDS*~
ascending aortas after treatment with angiotensin Il (Angll, 1000 ng/kg/min) for 4 weeks. (B)
Quantification of Mac3-positive cells in the adventitia per vessel in Apoe™and Apoe™~
SmgGDS*~ ascending aortas. Data represent the mean + SEM.  *P<0.05.
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Supplementary Figure 16
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Supplementary Figure 16. Mechanical stretch-induced SmgGDS prevents phenotypic
switching of AoSMCs

Schematic representation of the molecular mechanisms that SmgGDS plays a protective role
against AoSMC phenotypic switching. Mechanical stretch-mediated upregulation of SmgGDS
activates RhoA and RhoC and downstream Rho-kinase signaling. SmgGDS prevents reactive
oxygen species (ROS) production and downregulates activities of matrix metalloproteinases
(MMPs).
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