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ABSTRACT

Smooth muscle cell (SMC) differentiation is an important process during vasculogenesis
and angiogenesis. However, molecular mechanisms controlling VSMC differentiation are
not completely understood. Here, we identified a novel role of Mesenchyme homeobox 1
(Meox1) in SMC differentiation. Transforming growth factor-p (TGF-f) induces Meox|1
expression in the initial phase of SMC differentiation of pluripotent C3H10T1/2 cells.
Knockdown of Meox1 by specific ShRNA suppresses TGF-B-induced expression of SMC
early markers in both in vivo and in vitro. Meox1 overexpression increased these markers
expression. Mechanistically, Meox1 promoted high level Smad3 nuclear retention during
the early stage of TGF-p stimulation, which was achieved by inhibiting phosphorylated
Smad2/3 phosphatase, Mg?*/Mn?* dependent 1A (PPM1A) expression through increasing
its degradation rate, leading to a sustained level of Smad3 phosphorylation and thus
allows Smad3 to precisely regulate SMC marker gene transcription.

SMC is also the main component of the fibrous cap which is participated in plaque
stabilization during atherosclerosis progression. Therefore, elucidating mechanisms

controlling VSMC function during the development of atherosclerosis is critical for the



understanding of disease formation. Here, by using Smad2-SMC knockout LDLR™
mouse model, we found SMC Smad2 deficiency caused a larger atherosclerotic plaque
area in the whole aorta but not the aortic root and led to an unstable plaque formation due
to the increased MMP2/9 expression and activity. Also, SMCs Smad2 was involved in
impeding SMC to macrophage-like cells transdifferentiation.

SMC has multiple functions during abdominal aortic aneurysm (AAA) formation.
However, the role of SMC Smad?2 during AAA development is still unknown. By using a
SMC-specific Smad2 disruption animal model undergone elastase induced AAA
formation, we found that Smad2 deficiency in SMC increased vessel diameter and AAA
incidence as well as increased extracellular matrix degradation and SMCs loss.
Additionally, we observed the increased aorta media layer matrix metalloproteinases
MMP-2 and MMP-9 expression and a thinner adventitia layer with less fibroblasts
proliferation when Smad2 was deleted in SMC. Moreover, we found SMC-derived
factors may partially lead to decreased fibroblasts proliferation in Smad2 sm-/- mice
AAA model. RNA-seq screening indicated that thrombospondingl (TSP1) might be a

potential secreted factor during this process.
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CHAPTER 1

INTRODUCTION

Problem statement

According to World health organization (WHO) statistics updated in 2017,
cardiovascular diseases (CVDs) are the number 1 cause of death, accounting for about
31 % mortality globally. The artery can be divided into three layers: tunica intima, tunica
meida and tunica adventitia. Smooth muscle cells (SMCs) are the major cells in the aorta
media layer involved in blood vessel contraction, pressure regulation, and blood flow
distribution. Additionally, SMCs are essential in maintaining aortic structure and
functions through controlling proliferation and by secreting and maintaining a dynamic
extracellular matrix (ECM).

Previous studies have suggested that several cardiovascular diseases including
atherosclerosis are associated with the diversity of SMCs originating from different
sources. The molecular mechanism and function of activated downstream transcription
factors that are involved in regulating SMC growth and differentiation remain elusive.

As one of the most important cells in vessel, smooth muscle cells are involved in a
variety of cardiovascular diseases including atherosclerosis and aneurysm.
Atherosclerosis is a chronic inflammatory disease characterized by narrowing of blood
vessels due to the formation of atherosclerotic plaque. SMC is a major component of the
fibrous cap, which is critical for plaque stability. Recent studies indicated that SMC

participates in necrotic core formation through differentiation to foam cell. Additionally,



phenotypically modulated SMC may contribute to the weakened atherosclerotic plaque.
Abdominal aortic aneurysm (AAA) is a localized dilatation of the abdominal aorta. A
ruptured AAA is the 15th leading cause of death in the US and the 10th leading cause of
death globally. AAA usually develops in the infra-renal segment characterized by
increased inflammation, extracellular matrix (ECM) degradation, and media SMC
apoptosis. Furthermore, depletion of medial SMC makes an important contribution to this
disease by eliminating a cell population capable of directing connective tissue repair. In
spite of its importance during cardiovascular diseases development, the mechanism
underlying the disease progression regulated by SMC remains largely unknown.

Therefore, the proposed studies investigating the cellular and molecular mechanisms of
SMC differentiation and cardiovascular diseases will lead to a better understanding of the

disease development and further provide potential drug targets for therapeutic invention.

Obijective, hypotheses, and specific aims

Our first aim is to identify the role of a homeobox regulator in TGF-B-induced smooth
muscle cell differentiation. SMC differentiation is essential for vascular development as
well as vascular remodeling, and TGF-B-Smad signaling plays a critical role in this
process. Among transcription factors involved in regulating SMC growth and
differentiation, homeobox proteins appear to regulate vascular development in
embryogenesis, angiogenesis and adult vascular diseases. Particularly, we have found
that mesenchyme homeobox 1 (Meox1) promotes SMC contractile marker expression by
maintaining Smad3 nuclear retention after TGF-p treatment. We hypothesize that Meox 1

is a novel regulator controlling smooth muscle cell differentiation from mesenchymal



progenitor cells through promoting Smad3 nuclear retention during the early stage of
TGF-p stimulation.

The second aim is to establish the role of Smad2 in the development of atherosclerosis.
The role of the anti-inflammatory cytokine TGF-p in atherosclerosis has been a subject of
considerable debate for a decade. In TGF-f signaling pathways, Smad signaling is the
major pathway controlling cell-fate determination, cell-cycle arrest and apoptosis. Our
previous studies have shown that Smad2, an important TGF-f signaling transducer, plays
a critical role in SMC differentiation from neural crest cells and the blood vessel
formation during embryonic development. But it’s unknown if Smad2 is involved in
adult cardiovascular diseases. According to the data that Smad2 deficiency caused more
atherosclerotic plaques and decreased plaque stability. We hypothesize that Smad2 may
protect atherosclerosis formation through maintaining its plaque stability.

Our third aim is to elucidate the role of Smad2 in abdominal aortic aneurysm (AAA)
formation. Current views on whether TGF- promotes or inhibits AAA formation remain
contradictory. It is unknown whether or not Smad2 is involved in the development of
AAA. Our preliminary data have shown that Smad2 SMC deletion leads to an increased
artery dilation with a decreased vessel wall thickness, higher incidence of AAA
development and enhanced level of proteinases for extracellular matrix (EMC)
degradation. We hypothesize that SMC Smad2 deficiency promotes AAA formation

through causing more EMC degradation, SMC loss, and less adventitial proliferation.



CHAPTER 2

LITERATURE REVIEW

TGF-B SIGNALING IN AORTIC ANEURYSM FORMATION

Introduction

Aortic aneurysm

Cardiovascular diseases (CVDs) are the leading cause of death in the world. Every year,
more than 30% death can be attributed to CVDs. Aortic aneurysm is one of the CVDs. In
the United States, aortic aneurysm is the 13th leading cause of death. In 2016, Aortic
aneurysms accounted for 9,846 deaths (1,2).

An aortic aneurysm is a focal, balloon or bulge-like dilation of a blood vessel wall (3).
Aortic aneurysm development starts when the blood vessel wall weakens. The causes of
death of aneurysms mostly are dissection and rupture. During the dissection process, the
pulsating force of blood flow can split the layers of the artery to cause blood leaking
inside. When the rupture happens, the aneurysm bursts and leads to bleeding inside the
body. A localized dilatation of an aortic aneurysm is identified as the diameter of the
aneurysm increases by 150%. Along the different location of the aorta, aortic aneurysms
can be categorized into thoracic aortic aneurysm (TAA) and abdominal aortic aneurysm
(AAA). TAA occurs in the chest and AAA occurs in abdominal aorta where the

infrarenal aorta is the most common location.



Thoracic aortic aneurysm (TAA)

Thoracic aortic aneurysm can be categorized into several groups according to the aorta
locations, such as ascending aortic aneurysms (40% prevalence of all TAAS), aortic arch
aneurysms (10%), descending thoracic aneurysms (35%) and thoracoabdominal
aneurysms (15%). Thoracic aortic aneurysms are rare, occurring in approximately 6-10
individuals per every 100,000 people. About 20% of these cases are linked to family
history.

Risk factor—TAA

Genetically triggered aneurysm syndromes

Marfan syndrome (MFS) is a connective tissue disorder associated with fibrillin-1
deficiency. This mutation leads to the elastin degeneration in artery wall and dilation. As
a result, artery dilation and stiffness occurs(4). Family history is also an important factor
for TAA formation. A study shows that TAA was present in 21.5% of non-MFS patients.
The predominant inheritance pattern was autosomal dominant (5,6). Up to date, several
autosomal-dominant mutation loci have been found including 3p24.2-25(7) and 5q13-14
(8,9).

Aortitis

Noninfectious and infectious aortitis has been increasingly recognized as an important
aneurysm risk factor. The main cause is medial degeneration(10). For example, syphilis
is the most common cause of infectious aortitis. It can cause an endarteritis of the
proximal ascending thoracic aorta and destruction of collagen and elastic tissue. As a

result, the dilation occurs in the aorta (11,12).



Abdominal aortic aneurysm (AAA)

AAA is a localized dilatation of the abdominal aorta which is 1.5-fold larger than normal,
for patients, the diameters are 3.0 cm or greater (13). AAA is the most common aortic
aneurysm (14). The aortic aneurysms occur in the abdominal artery is more than 3 times
higher than that in the thoracic artery (1). Every year, 200,000 people in the U.S. are
diagnosed with an abdominal aortic aneurysm (AAA). In most these cases, patients are
asymptomatic. A ruptured AAA is the 15th leading cause of death in the US, and the 10th
leading cause of death in men older than 55.

Risk factors—AAA

Up to date, though the etiology is still unclear, several risk factors have been identified to
associate with AAA development such as genetics and familial risk high level of
cholesterol and low level of HDL (15-19). Here we mainly focus on introducing several
representatives of these risk factors.

Age and Sex

AAA development is associated with both aging and sex. The AAA in women is 4 times
less than that of men (20). Also, the number of diagnosed patients is increased along with
aging. According to the report from American Heart Association, the prevalence of
AAAs with 2.9-4.9 cm diameter in men increases from 1.3% (age 45-54 years old) to
12.5% (age 75-84 years old) (1). In contrast, the prevalence of women increases from 0%
(youngest age) to 5.2% (the oldest age) (21,22).

It is reported that estradiol (E2) is associated with inhibition of proinflammatory gene
expression and lower MMP2 and MMP9 level in angiotensin 1l (Ang Il) induced AAA

model and elastase infusion AAA model respectively (23,24). This finding is also



supported by the study demonstrated that increased estrogen receptor o (ERa) is related
to the decreased MMP activity and AAA formation. In the meanwhile, it is also observed
a phenomenon that exogenous estrogen inhibits AAA formation in males which implies
that estrogen supplementation is likely a further therapy method to prevent AAA
formation (25).

Smoking

Several studies have shown that a history of smoking has been associated with a 3 to 5
fold increase in AAA prevalence across all age groups. An infrarenal abdominal aortic
aneurysm is the most aneurismal diseases caused by smoking. Especially, the AAA risk
is directly associated with the number of years of smoking (21,26,27) as well as the
number of years after cessation (28). Female smokers experience a higher risk of AAA
than current male smokers (28-30).

The effect of nicotine on AAA development has been well studied. It is reported that
nicotine can facilitate or function alone to induce AAA development in both Angiotensin
Il mouse model and porcine pancreatic elastase (PPE) perfusion model (31). Nicotine has
been demonstrated to promote AAA progression by participating in increasing matrix
metalloproteinase (MMPSs) expression which leads to extracellular matrix degradation
and cellular inflammation (32-34).

Hypertension

Hypertension has been identified to promote AAA development in rat elastase infusion
AAA model. Both MMPs intercellular adhesion molecule expressions are increased
accompanied with elevated nuclear factor kB (NFxB) level in rat with hypertension group

(35). Though hypertension has been demonstrated to be positively correlated with AAA



incidence in men (36), the recent analysis of database study including data on 6,619 AAA
patients have been screened which indicated that hypertension is not associated with

AAA expansion (37).

Animal model

To better study the process of aortic aneurysm and treatment methods, animal models has
been developed. An ideal aortic aneurysm animal model would reflect the pathology of
the human aortic aneurysm and help better understanding the mechanisms underlying this
disease. However, current animal models for aortic aneurysm only share some aspects
(biochemical, cellular mechanism) of similarity of the real human aortic aneurysm.

A variety of animal species have been used as aortic aneurysm animal models, such as
mouse, rat, canine, swine, rabbit, sheep and turkey. Different animal species have their
advantages and disadvantages. For example, the mouse models have low cost and are
relatively easy to handle. This model can mimic some facets of aneurysm symptoms
including medial degeneration, inflammation, and thrombus formation. However, unlike
humans, the mouse usually develops AAA in suprarenal rather than infrarenal (38).
Swine shares similar arterial morphology to humans. However, the cost is high for large
experimental numbers (39). In the meanwhile, swine model also forms several different
aneurysms to human aneurysms (40). Considering a lot of studies have used the mouse as
an arterial aneurysm model species as well as our lab, we only discuss different mouse

model used for aneurysm investigation.



TAA model

Genetically determined TAA model

TAA is one of the characteristics of Marfan syndrome. Marfan syndrome model is often
used for TAA formation study. Fibrillin-1 deficiency can efficiently induce Marfan

syndrome model via connective tissue disorder (41).

Chemical infused TAA model

Angiotensin Il (Angll) infusion

Angiotensin Il infusion can induce mouse TAA formation (42). Kanematsu et al.
demonstrated that C57BL/6J male mice could be induced to form TAA and AAA by co-
administration Angll or deoxycorticosterone acetate (DOCA)-salt with beta-
aminopropionitrile (BAPN). They combined two factors that are associated with human
aortic aneurysm—nhypertension, and degeneration of elastic lamina. Angll or DOCA are
used for hypertension induction, while BAPN is a lysyl oxidase inhibitor which promotes
elastin destruction (43).

Periarterial Calcium Chloride Model

Periarterial calcium chloride model is a unique model of isolated TAA production in the
murine species. Application of periarterial calcium chloride to descending aorta is also a
common method for TAA model induction. Extracellular matrix degradation occurs in

this model (42).



AAA model
Current mouse AAA model includes spontaneously mutated and genetically engineered

mice model and chemical-induced AAA model.

Genetically determined AAA model

Several mutated mouse models are developed with engineered deficiency of in
extracellular matrix, matrix metalloproteinases and lipoprotein receptors. For example,
lysyl oxidase (Lox) deficiency mouse shows highly fragmented elastic fibers and
discontinuity in tunica media layer. This model can cause aneurysm formation and may
lead to rupture. Another example is the hyperlipidemic mouse, besides being a classic
atherosclerosis model, apoE and LDL receptor deficiency mice fed with high-fat diet also
frequently develop AAAs. Recent studies demonstrate that chow diet apoE or LDL
receptor deficiency mice may also develop AAA automatically. However, in this model,
it’s very common that the AAAs develop in suprarenal segment rather than infrarenal

segment where human AAA usually forms.

Chemical-induced AAA model

Periarterial Calcium Chloride Model

Periarterial calcium chloride model was firstly used in rabbit (44) and introduced into a
mouse by a peri-aortic incubation later. A gauze soaked in a calcium chloride solution or
concentrated solution is placed on the aorta between renal branches and iliac bifurcation.
After 14 days, a significant dilation can be observed in the infrarenal region. In this

model, the structure of medial layer is destroyed, and inflammation process occurs.
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Elastase infusion model

The process to develop elastase infusion model is to introduce a catheter at the iliac
bifurcation and isolate the segment of abdominal aorta by a distal suture. Porcine
pancreatic elastase (PPE) is then introduced into the lumen and incubates for 5 minutes
before restoring the blood flow. After 14 days, dilation and inflammation can be found in
the location where PPE was incubated. In this model, destruction of elastin lamellae and
adventitia lead to inflammatory cell infiltration. Elastase infusion model well mimics
human AAA where aneurysm forms in infrarenal. However, because real blood vessel
doesn’t contain as high concentration of PPE as that in this model, this model still has its
own restriction in AAA mechanism study. Recently, periarterial PPE model is also
introduced as an AAA model (45). In this model, PPE is peri-aortic incubated for 5
minutes in the infrarenal segment.

Angiotensin Il (Angll) infusion model

Infusion of Angll into apoE or LDL receptor deficiency mice is a well established AAA
model. Angll solution is infused into the body at 1000ng/kg per minute via osmotic mini-
pump which is subcutaneously implanted in the mouse. After 28-day infusion, apoE or
LDL receptor deficiency mice can form AAA in the suprarenal segment. In this model,
elastin lamellae are destroyed and inflammatory response is activated. In this model, male
mice develop AAA approximately twice more than female mice. Also, study shows that
Angll infusion in AAA model wouldn’t cause hypertension in these hyperlipidemic mice.
Recently, an article reported that C57BL/6J mouse also could be used in Angll infusion
model when co-administration Angll or deoxycorticosterone acetate (DOCA) with beta-

aminopropionitrile (43).
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TGF-p signaling in aortic aneurysm

The transforming growth factor-p (TGF-p) superfamily is mainly composed of 4 groups,
including activins/inhibins family, glial cell line-derived neurotrophic factor family, bone
morphogenetic proteins/growth differentiation factors family and TGF-p family. In TGF-
B family, three TGF-f isoforms (TGF-B1, TGF-B2, TGF-f3) have been identified in
mammals (46,47). TGF-B functions through its signaling pathways. In TGF-f signaling
pathways, the Smad pathways are the major pathway which controls cell-fate
determination, cell-cycle arrest, apoptosis and extracellular matrix synthesis (48). Upon
TGF beta ligand inducement, the type Il receptor transphosphorylates and activates the
type | receptor, which subsequently propagates the signal by phosphorylating receptor-
regulated (R-) SMAD2 and 3. On activation, R-SMADs form heteromeric complexes
with a related partner molecule, the Co-SMAD (SMAD4 in mammals), and import
together into the nucleus where they participate in gene transcription such as connective
tissue growth factor (CTGF), plasminogen activator inhibitor-1 (PAI-1) and multiple
collagens (49).

Many diseases have been proved to be associated with TGF-§ signaling. For example,
researchers have demonstrated that the role of TGF-p in cancer is paradoxical. On the one
hand, TGF-B can act as a tumor suppressor in healthy epithelial cells and early stage of
tumor progression. On the other hand, during tumor progression, TGF- becomes an
oncogenic factor inducing proliferation, angiogenesis, invasion, and metastasis (50,51).
Because TGF-PB signaling has multiple functions in smooth muscle cell as well as
endothelial cell, TGF-p signaling is very active in artery diseases. In recent years, more

and more studies start to focus on the function of TGF-f signaling in the aortic aneurysm.
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Some of the results are even controversial. Here, we summarized different opinions on

the role of TGF-B during aortic aneurysm development.

TGF-B activity and TAA progression

A lot of studies have been conducted to elucidate the role of TGF-f during TAA
development, however, the conclusions are different.

Marfan syndrome--Marfan syndrome is an inherited connective tissue disorder due to the
mutation of the fibrillin-1 gene (FBN1) which is the main component of microfibrils that
form the scaffold for elastin assembly within the extracellular matrix (ECM) (52). TGF-$
is secreted as a large latent complex (LLC) and remains inactive in ECM. Abnormalities
in FBN-1 function may lead to impaired sequestration of latent TGF-B complexes by
leading to LLC disassociation, thereby making more available for activation, and
potentially leading to enhanced TGF-p signaling (53). The increased plasma TGF-f in
MEFS patients also supports this result (54). It is reported that aortic aneurysm in a mouse
model of MFS is associated with increased TGF-beta signaling. In 2006, Habashi et al.
found TGF-beta antagonists such as TGF-B-neutralizing antibody or the angiotensin 11
type 1 receptor (AT1) blocker, losartan may effectively prevent TAA formation in
Marfan syndrome (55). Also, increased activity of TGF-p has been demonstrated from
the increased presence of phosphorylated SMAD?2 (pSmad?2) (56).

Besides the Marfan syndrome which is due to the pathogenesis of FBN1 mutation, the
Marfan syndrome type 2 is a result from TGF-B-receptor 2 (TGFBR2) gene defects (57).
Interestingly, in Marfan syndrome type 2, the loss of TGF-§ signaling appeared to be

linked to aneurysm formation.
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Loeys-Dietz Syndrome--Leys-Dietz syndrome (LDS) is an autosomal dominant disorder
characterized by hypertelorism, bifid uvula, and/or cleft palate, and aggressive
arteriopathy causing vascular aneurysms and dissections. In LDS, an aggressive
syndrome progression developed when TGF- signaling was blocked by TGFBR1 or
TGFBR2 mutation (58) likely suggesting that the loss of TGF-B signaling may be the
underlying cause of LDS. Specifically, TGFBR2 mutation patients are at a high risk of
aortic dissections at relatively small aortic diameters, with reported dissections occurring
with minimal enlargements. But interestingly, tissues derived from affected individuals
showed increased expression of both collagen and connective tissue growth factor, as
well as nuclear enrichment of p-Smad2 indicating that there was an enhancement, not a
repression, of TGF-f signaling in these aortic specimens (59).

Ehlers—Danlos syndrome type 1V--Ehlers—Danlos syndrome type IV primarily affects
the skin and large arteries and can lead to medial degenerative disease of the aorta
resulting in acute dissection. The original cause was linked to a 3.3 kb DNA deletion in
one allele of the type Il procollagen gene (COL3AL1), which results in a truncated
procollagen monomer that has decreased thermal stability, cannot be proteolytically
processed, and cannot be efficiently secreted. Study on patients with vascular EDS
indicates that circulating TGF-B1 and TGF-B2 levels were increased as well as vascular
inflammatory markers (60).

Familial thoracic aortic aneurysms and dissections (FTAAD)--Approximately 20% of
patients with TAAD have a family history of TAAD. The age of patients with FTAAD
are usually younger and present more rapidly enlarging aneurysms than patients without a

family history of aortic diseases suggesting the familial disease is more clinically more
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aggressive than the sporadic disease. Genetic heterogeneity of FTAAD is established, and
four genes were causing the disease have been identified: TGFBR1, TGFBR2, MYH11,
and ACTAZ2. In 2005, Pannu et al.found that TGFBR2 mutations in 4 unrelated families
with familial TAAD but not Marfan syndrome suggesting TGFBR2 can lead to FTAAD

(61).

Mechanism of TGF-p activity during TAA progression

Thoracic aortic aneurysm shows elastic lamellae disruption, accumulation of
glycosaminoglycans, and vascular smooth muscle cell (VSMC) apoptosis with minimal
inflammatory response. During past 20 years, a large amount of research has
demonstrated that TGF-p signaling pathway as a key culprit in the pathogenesis of TAA.
In Marfan syndrome, decreased TGF-P signaling significantly promoted artery dilation,
thoracic aneurysm formation. Gomez et al. found that TGF-B, p-Smad2 as well as Latent
TGF-B Binding Protein 1 (LTBP-1) are up-regulated in syndromic and non-syndromic
aneurysms of the ascending aorta (56). This result is also supported by the research of
another group that overexpression of TGF-f in Marfan syndrome associated with factors
that limited tissue repair and promote aneurysm progression (62). In MFS cultured
VSMCs and adventitial fibroblasts, they found an increased TGF-beta level and apoptosis,
impaired progenitor cell recruitment, and abnormal directional migration. TGF-f can
stimulate extracellular signal-regulated kinase (ERK) 1 and 2 and Smad2 in mouse
Marfan syndrome, and both of them are decreased by either TGF-B antibody or losartan

TAA therapy. In the meanwhile, N-terminal kinase-1 (JNK1) activity was up-regulated

15



in Smad4-deficient Marfan syndrome mice and the JNK antagonist impeded aortic
growth in this mouse model (63).

In the meanwhile, some studies show that TGF-f deficiency promotes the progression of
TAA. Different from the study that neutralizing antibody of TGF-B and losartan
effectively prevent TAA development in Marfan syndrome, in 2016, Chen et al. found
that TGF-B neutralization enhances Angll-induced aortic rupture and aneurysm in both
thoracic and abdominal regions. Supportively, a study has demonstrated augmented aortic
root aneurysms in both TGF-B2 heterozygous deficient and FBN-1 haploinsufficient mice
(64). This result is also confirmed in Leys-Dietz syndrome in which aggressive syndrome
progression developed when TGF-B signaling was blocked by TGFBR1 or TGFBR2
mutation (58). Recently, mutation of Smad3 which is a key player in the TGF-p pathway
has been identified to cause TAA and dissection formation with early-onset osteoarthritis
(65). This finding may provide clues for pharmacological targets for the development of
TAA treatment.

Compared with AAA, TAA doesn’t induce too much severe inflammatory activity.
Matrix metalloproteinases (MMPs) and the tissue inhibitors of metalloproteinases
(TIMPs) have been implicated in the pathogenesis of TAA through functions in the loss
of smooth muscle cells in the aortic media and the destruction of extracellular matrix
(ECM). For example, a study of ascending thoracic aortic aneurysm of Marfan syndrome
patient showed increased proteolytic activity in elastin degradation by increased MMP-12.
Macrophage MMP-12 has been demonstrated to participate in the pathogenesis of
thoracic aneurysm by binding tightly to residual elastin fiber fragments (66). A Recent

study also indicates that MMP-2 and MMP-9 may also play a role in thoracic aortic
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disease. In human ascending thoracic aortic aneurysm, both MMP-2 and MMP-9 were
upregulated when the associated aortic valve was congenitally bicuspid (67). Besides the
role TGF-B in matrix deposition such as collagen synthesis, a recent study has
investigated how altered TGF-beta is involved in ECM degradation in the thoracic
aneurysm. The previous study showed that p38MAPK activation results in the elevated
level of both MMP-2 and MMP-9 in breast cancer cells (68). TGF-p can regulate MMP
transcription level through TGF-B inhibitory element (TIE) because it is reported that
MMP-1, MMP-7, MMP-9 and MMP-13 contain TIE binding sites in their promoters.
Also, the MMP-13 level may also partly be regulated by TGF-B by Smad signaling when

Smad3 interacts with JunB and Runx-2 (69).

TGF-p activity and AAA progression

Different from TAAs which occur in the ascending aorta, arch, and/or descending
thoracic aorta, AAA usually develops in the infra-renal segment. Also, the embryonic
origin of thoracic artery media vascular smooth muscle cells (VSMCs) is from somite
and neural crest while abdominal artery SMCs are given rise from somite. Different
progenitor origin of SMC from different location has distinct response upon TGF-$
stimulation (70). AAA is usually characterized with vascular extracellular matrix (ECM)
changes, accompanied by transmural inflammation, destructive remodeling of the elastic
media, and depletion of medial smooth muscle cells.

In 2010, Mallat et al. demonstrated that TGF-B activity protects against inflammatory
aortic aneurysm progression. In this study, they neutralized TGF-B activity in C57BL/6

mice which are induced with Angll to form AAAs. They found that these mice displayed
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fissuration, double channel formation and even rupture. Besides, TGF-f neutralization
increased matrix metalloproteinase-12 (MMP-12) activity and promoted aneurysm
rupture(71). In 2009, King et al. indicated that neutralization of TGF-p diminished Angll-
induced AAA dilation in Apoe”™ Cxcl10” mice. This result demonstrated that TGF-B
activity could promote AAA progression. This result conflicts with Mallat et al.'s
result(72). Mallat et al indicated that King et al. group didn’t show sufficient data to
support the efficiency of their TGF-f neutralization (71). That TGF-B is protective in
AAA progression is indirectly demonstrated by that Smad3 deficiency promoted artery
remodeling, inflammatory cell infiltration and AAA development (73). In this study, they
also observed that NF-xB and ERK1/2 signaling as well as the expression of nuclear
Smad2, Smad4, and TGF-B1 increased in the vessel wall of smad3 deficiency mice.
However, in 2015, Gao et al. provided a conflicting result from Li et al. and confirmed
King et. al. conclusion. They used smooth muscle cell-specific TGFBR2 disruption mice
to induce AAA by elastase infusion method. As a result, elastin degradation, medial
smooth muscle loss, and inflammatory cell infiltration were observed. This study
demonstrated that TGF-pB signaling pathway in smooth muscle cell plays an important

role in AAA development and disruption can diminish the aneurysm progression (74).

Mechanism of TGF-p activity during AAA progression
Since AAA is characterized by increased inflammation, ECM degradation, and media
SMC apoptosis, we’ll introduce the mechanism of TGF-f separately in these three

aspects.
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TGF-p and inflammation

Compared with its role to induce noninflammatory excessive accumulation of SMCs and
lead to ECM remodeling in TAA, TGF-p plays a distinct role in inflammatory AAA
progression. TGF-pB plays an important role in the control of inflammation, treatment of
TGF-B significantly reduced the capacity of IFN-y, IL-1PB, and TNF-a suggesting TGF-3
as an immune suppressive factor (75). Another group also reported that TGF-f inhibits
the migration of neutrophils through endothelial monolayers activated by TNF-a and
impedes leukocyte adhesiveness to the endothelium at least in part by inhibiting the
expression of E-selectin (76). Also, TGF-p is involved in suppression of macrophages
activation via competition for essential coactivators such as p300 with Smad3 (77).
TGF-p and ECM degradation

AAA is characterized by increased ECM degradation. MMPs and cysteine proteases
majorly function in collagen and elastin degradation and leading to artery wall
destruction. Studies have shown that tissue samples from AAA exhibited increased levels
of (MMPs). For example,elevated MMP-12 participates in ECM degradation and
promotes AAA progression (71). Wang et al. demonstrated that neutralizing TGF-$
activity promoted AAA rupture in angiotensin Il-induced AAA model through
eliminating the blockade of MMP-12 activity.

TGF-p and media SMC apoptosis

In 2014, Shi. et al. demonstrated that elevation of both TGF-$ and Smad3 leads to SMC
secretion of VEGF-A that functions as an autocrine inhibitor of SMC apoptosis (78)

suggesting loss function of TGF-B/Smad3 signaling pathway may cause SMC apoptosis
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and lead to AAA formation. In both rat elastase-infusion model and mouse calcium

chloride model, induced TGF-B1 preserved medial and adventitia layer SMC content (79).

Management

Risk factor reduction

Smoking has been demonstrated to be a common risk factor in aortic aneurysm formation.
The study has indicated that aneurysm development is associated with numbers of
smoking years as well as the numbers of years after cessation. Cessation of smoking

would reduce the risk of aortic aneurysm formation and the rate of aneurysm growth (80).

Hypertension and hyperlipidemia have been reported as risk factors for the aortic
aneurysm. Medications for hypertension and hyperlipidemia treatment have been
recommended to patients with AAA. For example, statins are used for decreasing lipid
level in blood. It may also share a therapeutic benefit with AAA patients to slow AAA
growth(81).

Surgical treatment

The goal of aneurysm treatment is to prevent rupture and death. It is very important to
decide the right time for elective surgery to prevent rupture. For example, surgical
intervention can be done when the size of descending aorta is larger than 6¢cm in patients
with degenerative thoracic aneurysm. Some methods have been introduced to avoid
surgical damage including regional hypothermic protection of the spinal cord by epidural

cooling during surgery and maintenance of distal aortic perfusion during surgery with the
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use of atriofemoral (left heart) bypass to the distal aorta (82). The surgical repair for
AAA includes transabdominal route and the retroperitoneal route.

Endovascular stent graft repair is a less invasive and less expensive alternative compared
to open surgical. Endovascular repair involves insertion of an endograft into the lumen
that effectively excludes an aneurysm from blood flow, minimizing the risk of rupture
(83,84).

Medical treatment

Medical management can slow the progression of an aneurysm and reduces the risks of
dissection or rupture. In 2005 ACC/AHA guideline recommended TGF-f blocker therapy
in patients with AAAs who did not undergo surgery (85). The study has shown that
propranolol (B-blocker) is effective in slowing the rate of aortic dilatation and reducing
the development of aortic complications in some patients with Marfan's syndrome (86).
However, it’s still unknown if this B-blocker can be used for other aneurysm condition.
Another study has demonstrated that Marfan syndrome is associated with TGF-
disruption. Angiotensin Il is important in TGF-B signaling, and blocking TGB-p, using a
neutralizing antibody or the angiotensin Il type 1 receptor blocker losartan, can prevent or

attenuate aneurysm formation in Marfan syndrome (55).

Conclusion

Aortic aneurysm is an asymptomatic disease. It can be induced by many different risk
factors including smoking, sex, age, hypertension, and hyperlipidemia. Aortic aneurysm
can be categorized into TAA and AAA according to their locations. TAA formation is

mostly related to the genetics and familial mutation, while AAA development is most
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commonly associated with inflammation. In recent years, a large amount of research have
been focusing on the role of TGF- in aortic aneurysm progression. For TAA study, most
of the studies demonstrate that TGF-f protects against aneurysm development. However,
for AAA study, the role of TGF-B remains elusive. Understanding of the role of TGF-p

during aneurysm development may provide clues for therapeutic targeting.
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Abstract

Smooth muscle cell (SMC) differentiation is an important process during vasculogenesis
and angiogenesis. VSMC phenotypic alterations are essential for the progression of
several cardiovascular disorders such as atherosclerosis, hypertension, and restenosis
after angioplasty, etc. However, molecular mechanisms controlling VSMC differentiation
are not completely understood. Mesenchyme homeobox 1 (Meox1) is expressed in the
early developing somite and its derivatives during embryogenesis. Somite has been
shown to be one of the origins for SMC. In the present study, we identified a novel role
of Meox1 in SMC differentiation. Transforming growth factor-p (TGF-B) induces Meox 1
expression in the initial phase of SMC differentiation of pluripotent C3H10T1/2 cells.
Knockdown of Meox1 by specific ShRNA suppresses TGF-B-induced expression of SMC
early markers. In vivo, we also found that Meox1l knockdown in mouse embryos
exhibited decreased SMC markers expression in descending aorta of neonatal mice.
Meox1 overexpression, on the other hand, increases the marker expression.
Mechanistically, Meox1 promotes high level Smad3 nuclear retention during the early
stage of TGF-B stimulation, which is achieved by inhibiting phosphorylated Smad2/3
phosphatase, Mg*/Mn*" dependent 1A (PPM1A) expression through increasing its
degradation rate, leading to a sustained level of Smad3 phosphorylation and thus allows
Smad3 to precisely regulate SMC marker gene transcription. Our results indicate that

Meox1 is a novel regulator for TGF-p-induced SMC differentiation.

Keywords: Differentiation, Smooth Muscle, Transforming Growth Factor-f (TGF-f),

Mesenchyme Homeobox 1 (Meox1), SMAD Family Member 3 (Smad3)
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Introduction

Smooth muscle cell (SMC) is mainly involved in blood vessel contraction, pressure
regulation, and blood flow distribution (1). SMCs in different segments of arteries are
derived from a number of precursors such as neural crest, proepicardium, mesothelium,
somites, mesoangioblast, etc. For example, smooth muscles located in dorsal aorta are
originated from somite (2). A number of studies have suggested that several
cardiovascular diseases including atherosclerosis are associated with the diversity of
SMCs originating from different sources (3). However, the underlying mechanisms
remain largely unknown. Several in vitro models are available for exploring mechanisms
controlling SMC differentiation from different progenitors. For instance, Monc-1 cells
originated from mouse neural crest can be induced into contractile SMC by TGF-j
treatment (4), mouse pluripotent embryonal carcinoma derived A404 cells can be induced
to express several SMC markers with the treatment of all-tran retinoic acid followed by
puromycin (5), and the mesoderm-derived C3H/10T1/2 cells can be induced by TGF- to
express SMC markers such as a-SMA, calponin and SM22a (6).

Large amount of previous study have been focused on the receptors and signaling
pathways that activated by growth factors and cytokines in the vascular system during
normal development and pathologic vasculogenesis (7), however, the molecular
mechanism and function of activated downstream transcription factors which are
involved in regulating SMC growth and differentiation are rarely known. Among those
transcription factors, homeobox genes which cell differentiation, proliferation and
migration have been identified as an ideal candidate to study the mechanism of vascular

development in embryogenesis, angiogenesis and adult vascular diseases (8,9). For
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example, in 2013, Hox gene has been reported to participate in SMC differentiation from
adventitia vascular wall-resident multipotent stem cell (10). This finding gives an
important clue for vascular diseases therapy such as tumor vascularization and neointima
formation. In our previous microarray analysis, thousands of genes have been screened
before and after TGF-p treatment in C3H/10T1/2 cells. Among these genes, we found
mesenchyme homeobox 1 (Meox1) which belongs to a diverged subfamily of homeobox
transcription factors (11) has been up-regulated during SMC differentiation. Previous
study has discovered that Meox1 is expressed in the early developing somite and plays an
important role in somitogenesis during embryogenesis (12). In adult, Meox1 is expressed
in a variety of cells including endothelial cells (13) and vascular SMCs (14). Recent
studies show that Meox1 is critical for the specification of endothelial cells in the
endotome of the somites, which further give rise to haematopoietic stem cells (15).
Because Meox1 was expressed by somite-derived cell in embryo and can be induced by
TGF-B during SMC differentiation in 10T1/2 cell according to our microarray analysis,
we hypothesize that Meox1, like a lot other homeobox genes, may be involved in SMC
differentiation during embryonic development.

In the present study, we found that Meox1 was up-regulated along with SMC early
markers in 10T1/2 cells by TGF-B induction. Knockdown or overexpression of Meox1
dramatically altered SMC marker gene expression. In vivo, Meox1 knockdown in mouse
embryos exhibited decreased SMC markers expression in descending aorta of neonatal
mice. Mechanically, Meox1 impeded nuclear Smad3 shuttling back to cytoplasm during
the early stage of TGF-B stimulation. Meox1 appeared to promote Smad3 nuclear

retention through inhibiting the expression of the protein phosphatase, Mg*/Mn?*
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dependent 1A (PPM1A) which is reported to be a p-Smad2/3 phosphatase to terminate
TGF-p signaling (16) via promoting its degradation rate. Our research finds a novel role
of Meox1 in SMC differentiation which is likely important for embryonic vasculature

development.

RESULTS

Meox1 Expression Was Up-regulated in TGF-g-induced SMC Differentiation
TGF-B-induced SMC differentiation of 10T1/2 cells is a widely-used model for studying
SMC differentiation. We confirmed that TGF-f induced the expression of SMC early
differentiation markers a-SMA, Calponin and SM22a in 10T1/2 cells in both mRNA
(Figure. 3.1, A-D) and protein levels (Figure. 3.1, E-1). TGF-f induced Meox1 expression
along with the SMC marker expression. Importantly, Meox1 expression was induced as
early as 2 hours following TGF-f stimulation, suggesting that Meox1 may be involved in

TGF-B-induced SMC differentiation.

Meox1 Was Essential for TGF-g-induced SMC differentiation

To test if Meox1 plays a role in TGF-B -induced SMC differentiation, we knocked down
Meox1 expression using Meox1 shRNA delivered via adenoviral vector prior to the TGF-
B induction. As shown in Figure 2, A, Meoxl and SMC markers were induced
simultaneously by TGF-p significantly. Meox1 expression was effectively blocked by its
shRNA (Figure 3.2, A-B). Of importance, knockdown of Meox1 blocked TGF-B-induced
expression of SMC early markers a-SMA, Calponin and SM22a by 46%, 43% and 48%,

respectively. In addition, knockdown Meox1 in cells treated without TGF-f doesn’t
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change the basal level of SMC markers significantly. These results indicated that Meox1

played a critical role in SMC differentiation.

Meox1 deficiency impeded the embryonic vascular development

To identify Meox1 function during SMC differentiation in vivo, shMeox1 or ctrl
adenoviral vector were intraamniotically administrated into C57BL/6J mouse embryo on
E12.5. Descending aortas of both shMeox1 and ctrl adenoviral vectors administration
groups have been collected after the mice were born on P1. As shown in Figure 3, A-C,
Meox1 as well as SMC markers a-SMA and Calponin mRNA levels were detected in
descending aorta from both ctrl and shMeox1 adenoviral vector delivery groups. Meox1
was significantly knocked down by shMeox1 adenoviral vector in descending aorta. This
result was also confirmed by Meox1 immunofluorescence staining of descending aorta
frozen section (Figure 3, D). To further study the effect of Meox1l deficiency in
embryonic vascular development, SMC markers a-SMA, Calponin expressions were
measured by immunofluorescence staining (Figure 3, E-G). As expected, both SMC
markers expression decreased after Meox1 was knocked down in the medium layer of
descending aorta. The decreased SMC markers may lead to a less contractile artery. In
addition, SMC numbers were analyzed (Figure 3, H) by counting a-SMA positive cells in
Figure 3 D. There is no significant difference of SMC numbers in both control and
shMeox1 adenoviral injection aorta. These data indicated that Meox1 deficiency in
embryo resulted in decreased SMC marker expression in postnatal mouse and may lead

to less contractile artery development.

43



Meox1 is Sufficient for SMC Differentiation of 10T1/2 cells

To further investigate the role of Meox1 in SMC differentiation, we tested if Meox1
alone can induce SMC marker gene expression. Thus, we forcefully expressed Meox1 in
10T1/2 cells via adenoviral transduction of Meox1 cDNA and detected the expression of
SMC early differentiation markers. As shown in Figure 3.4, Meox1l was robustly
expressed in 10T1/2 cells with a 5-fold increase compared with control group.
Importantly, overexpression of Meox1 promoted the protein expression of a-SMA and
Calponin, indicating that Meox1 was able to stimulate 10T1/2 cell to differentiate toward

SMC lineage.

Meox1 Regulated SMC Marker Gene Transcription and Mediated Smad3 Function

Transcriptional activation of SMC genes is one of the molecular mechanisms controlling
SMC differentiation (17-19). Therefore, we sought to test if Meox1 regulates SMC
differentiation by mediating SMC marker gene transcription. We first detected if Meox1
affects SMC marker mRNA levels, and found that knockdown of Meox1 by its ShARNA
dramatically attenuated TGF-B-induced mRNA expression of a-SMA and SM22a genes
but not the basal level of SMC markers (Figure 3.5, A-D), suggesting that Meox1 may be
involved in SMC marker gene transcription. Indeed, knockdown of Meox1 inhibited
TGF-B induction of a-SMA and SM220 promoter activities, as shown by the SMC
promoter-reporter luciferase assay (Figure 3.5, E-F). Remarkably, Meox1l shRNA
reduced a-SMA and SM22a promoter activities by 58.6% and 43%, respectively,

demonstrating that Meox1 is a critical regulator for SMC gene transcription.
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We and others have reported previously that Smad3 is the key factor mediating TGF-p
function in SMC differentiation of 10T1/2 cells (6,20,21). Smad3 mainly regulates gene
transcription of SMC early differentiation markers in the initiation stage of SMC
differentiation (20). Therefore, we sought to determine if Meox1 is involved in Smad3-
mediated SMC gene transcription. As shown in Figure 3.5, G-H, forced expression of
Smad3 markedly up-regulated SMC marker genes a-SMA and SM220, promoter activity.
However, knockdown of Meox1 blocked Smad3 function in increasing the promoter
activities of both a-SMA and SM22a genes. Of importance, Smad3 expression increased
the promoter activities even in the basal state, i.e., without TGF-B treatment, and
knockdown of Meox1l completely blocked Smad3-mediated promoter activities,
indicating that in addition to TGF-B-induced SMC differentiation, the basal level of

Meox1 may also be important for Smad3 activity in the quiescent SMC.

Meox1 Was Essential for Smad3 Nuclear Location

Since Smad3 is continuously shuttling back and forth between cytoplasm and nuclei with
or without TGF-B treatment (22), and Smad3 nuclear translocation is required for its
transcription activity in SMC differentiation, we tested if Meox1 affects Smad3 nuclear
localization. Immunofluorescence staining showed that TGF- treatment for 30 minutes
caused the majority of Smad3 located in the nuclei of 10T1/2 cells (Figure 3.6, A).
However, knockdown of Meox1 by its ShRNA caused less Smad3 located in the nuclei
(Figure 6, A). Since Meox1 is a nuclear protein, these data suggest that Meox1 may be
important for Smad3 nuclear retention. To confirm the Meox1 function in Smad3 nuclear

location, we detected cytoplasmic and nuclear Smad3 levels in TGF-B-treated cells when
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the Meox1 expression was manipulated. As shown in Figure 3.6, B-C, TGF- induction
for 2 hours maintained a significantly higher level of nuclear Smad3 compared to the
untreated cells along with a reduction of cytoplasmic Smad3. Knockdown of Meoxl1,
however, significantly reduced the nuclear Smad3 level with a 48.7% decrease compared
with TGF-B-treated cells with intact Meox1 (Figure 3.6, B-C). These data further

demonstrated that Meox1 played an important role in Smad3 nuclear retention.

Meox1 maintained nuclear Smad3 phosphorylation by limiting PPM1A expression

To determine the mechanism underlying Meox1 function in Smad3 nuclear retention, we
tested if Meox1 regulates Smad3 phosphorylation status because Smad3 phosphorylation
leads to the nuclear location while de-phosphorylation of the protein causes Smad3
export from the nuclei (23). Therefore, the phosphorylated Smad3 reflects the nuclear
Smad3 protein level. Time-dependent study showed that Smad3 was phosphorylated 10
min after TGF-B induction, and the phospho-Smad3 reached the highest level at 10-30
min but gradually decreased after 2 hours of TGF-p treatment (Figure 3.7, A-B).
However, knockdown of Meox1 by shRNA significantly or completely diminished the
phospho-Smad3 level during the course of TGF-f induction. Since Meox1 is not located
in the cytoplasm, it is unlikely that Meox1 blocks TGF-B-induced Smad3
phosphorylation process. Instead, we hypothesized that Meox1 may be essential in
preserving the phospharylation of nuclear Smad3, which can be removed by PPM1A (16).
PPM1A is a phosphatase belongs to protein serine/threonine phosphates (PS/TPs) family
which targets to remove phosphates upon serine/threonine residues (24,25). In 2006,

Feng et al has identified PPM1A as the only phosphatase which may dephosphorylate
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pSmad2/3 on C-terminal and terminate TGF-f signaling among all 49 PS/TPs they
screened (26,27). PPM1A-mediated Smad3 dephosphorylation is known to reduce Smad3
phosphorylation and facilitate Smad3 nuclear export. Indeed, knockdown of Meox1l
significantly enhanced the expression of PPM1A in both vehicle and TGF-p-treated cells
(Figure 3.7, C-D). To investigate the mechanism how Meox1 inhibits PPM1A expression,
degradation level of PPM1A was detected by treating both Ctrl and Meox1 knocked
down cells with cycloheximide (CHX) in a time course method. When Meox1 was
knocked down, PPM1A degradation is slower than that in control group with higher
steady-state level and half-life of PPM1A (Figure 3.7, E-F). This result suggests that
Meox1 inhibits PPM1A expression by increasing its degradation rate. Because knocking
down Meox1 dramatically increased PPM1A expression in 10T1/2 cells (Figure 3.7, C-
D), we also overexpressed Meoxl to detect PPM1A expression in 10T1/2 cells.
Compared with control, PPM1A expression decreased in cells transfected with Meox1
overexpression adenoviral vectors (Figure 3.6, G-H). Nevertheless, these data suggest
that Meox1 facilitated Smad3 nuclear location by inhibiting PPM1A expression through
increasing its degradation rate, and thus preserving the phosphorylation of Smad3 in the

nuclei of the cells.

DISCUSSION

The present studies have demonstrated that Meox1 plays an important role in regulating
TGF-B-induced SMC differentiation. Meox1 is induced along with the expression of
early SMC markers, suggesting that Meox1 may be important for the initiation of SMC

differentiation program. Indeed, knockdown of Meox1 inhibits SMC marker genes
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expression while forced expression of Meox1l enhances the marker expression. The
essential roles of Meox1 in TGF-B-induced SMC marker gene mRNA expression and
promoter activities suggest that Meox1 regulates SMC differentiation by controlling
SMC gene transcription. It appears that Meox1 is involved in Smad3 regulation of SMC
genes because knockdown of Meox1 diminishes Smad3-mediated SMC gene promoter
activities. Mechanistically, Meox1 blocks PPM1A expression, which permits Smad3 to
preserve its phosphorylation status in the nuclei of 10T1/2 cells upon TGF-B treatment,
and thus allows Smad3 to activate SMC gene transcription, leading to the initiation of
SMC differentiation.

TGF-B/Smad signaling plays a critical role in SMC differentiation (28-31). In fact, Smad
proteins are involved in progenitor-specific regulation of SMC differentiation, i.e.,
Smad? is important for neural crest cell differentiation to SMC while Smad3 is essential
for the SMC differentiation from mesenchymal progenitors (32). Although PPM1A
dephosphorylates and promotes nuclear export of both the TGFp-activated Smad2 and
Smad3 (16), we only focus on the effect of PPM1A on Smad3 phosphorylation because
Smad2 appears not to be involved in TGF-B-induced SMC differentiation from
mesenchymal progenitors (33,34). Smad3 activity may be regulated in multiple levels
such as expression, phosphorylation, nuclear translocation, and interactions with other
transcription factor or Smad binding elements on the target gene promoters. Our results
suggest that Meox1 regulates Smad3 phosphorylation status in the nuclei rather than
participating in the TGF-B receptor-mediated Smad3 phosphorylation in the cytoplasm,
largely due to the natural nuclear location of Meox1. Meox1 appears to be a novel

suppressor for PPM1A expression because knockdown of Meox1l promotes the

48



expression of PPM1A, even in the basal state prior to TGF-f stimulation. By PPM1A
degradation detection, the mechanism that Meox1l knockdown accelerates PPM1A
expression is due to decreased PPM1A degradation rate.

In addition to serve as a PPM1A inhibitor, Meox1 is likely to also function as a
transcription factor directly regulating SMC gene promoter. This notion is supported by
the fact that Meox1 alone is sufficient to up-regulate the exogenously-introduced SMC
promoters in quiescent SMCs where Smad3 is mainly located in the cytoplasm. These
results are consistent with a previous report showing that Meox1 may be involved in gene
transcription because it can specifically bind the DNA sequences recognized by Hoxa2
on its functional target genes (35). A future identification of the Meox1 binding element
and in vivo function may provide more detailed insights into the regulatory mechanism
governing Meox1 function in SMC differentiation.

Taken together, our studies have identified Meox1 as a novel regulator for TGF-p-
induced SMC differentiation from mesenchymal progenitors. Meox1 regulates SMC
marker gene expression by preserving Smad3 phosphorylation in cell nuclei through
blocking the PPM1A expression via maintaining certain PPM1A degradation rate and
thus preventing Smad3 dephosphorylation. Meox1 may also serve as a transcription
factor directly regulating SMC gene promoter activation. Since Meox1 is involved in
early somite development, and somite is one of the progenitors for vascular SMCs,
Meox1-mediated SMC differentiation is likely to be important for embryonic vasculature

development.
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EXPERIMENAL PROCEDURES

Cell Culture and Transfection

C3H10T1/2 (10T1/2) cells were cultured in Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum and 5% L-glutamine. Cells were starved in serum-free
medium for 48 h followed by incubating with TGF-p (5 ng/ml) for various times as
needed. For transfection of plasmid DNA, cells were plating on 12-well plates or 6-cm
dishes with 70-80% confluence. 24 h later, transfection was carried out using
Lipofectamine LTX reagents (Life Technologies) according to the manufacturer’s
instruction.

Construction of Adenoviral Vectors

Mouse Meox1 cDNA was inserted into the Xhol site of pShuttle- IREShrGFP-1 (Agilent
Technologies) and was confirmed by sequencing. For Meox1 shRNA adenoviral vector,
double-stranded DNAs coding Meox1 shRNAs were cloned into pPRNAT-H1.1/Adeno
shuttle vector (Genscript). Recombinant adenoviral vector was produced in AD-1
competent cells (Agilent Technologies) according to the manufacturer’s instruction (36).
Short hairpin RNA (shRNA) target sequences for mouse Meox1 were: 5°-GGA CTG
AGC GAA TCT TCA ACG AGC AGC AT-3’ (top strand) and 5°-ATG CTG CTC GTT
GAA GAT TCG CTC AGT CC-3’ (bottom strand).

Viral Inoculation of Mouse Embryo

For timed pregnant mating, noon of the day after mating was considered embryonic day
0.5 (EO0.5). Pregnant C57BL/6J mice with E12.5 embryos were intraamniotic
administrated 3 ul 5.3 x 10° TCID50/ml shMeox1 adenovirus into E12.5 embryo,

shScramble adenovirus served as control. To improve retention of the pregnancy, we
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avoided viral injection of the two embryos next to the ovaries and the two embryos
next to the upper vagina. Injected embryos were placed back to pregnant dams and
allowed to develop after surgery. Postnatal mice descending aorta was collected after the
mice were born on P1.

Quantitative Reverse Transcription-PCR (QPCR)

Total RNA was extracted from cells using Trizol Reagent (Life Technologies) followed
by a reverse transcription using iScript cONA Synthesis Kit (Bio-Rad) according to the
manufacturer’s instructions. qPCR was performed using Mx3005P gPCR machine with
SYBR Green mater mix (Agilent Technologies). Mouse Meox1 primers used were: 5’-
GGA AGG AGA GGA CAG CCT TC-3’ (forward) and 5’-CCC TTC ACA CGT TTC
CAC TT-3’ (reverse). Smooth muscle marker primers were described previously (29,33).
Immunocytofluorescent Staining

10T1/2 cells were seeded on sterile coverslips and transfected with Meox1 or Ctrl ShRNA
in complete medium for 1 day and then starved for 2 days before TGF-f treatment for 30
min and 2 hours. Cells were washed with PBS for 3 times before fixing in 4%
paraformaldehyde (PFA) for 5 min. The fixed cells were washed by PBS for 3 times
followed by incubation with PBS containing 0.1% Triton X-100 for 10 min. After
washing with PBS for 3 times, 5% goat serum in PBS was used to block cells for 30 min.
Anti-Meox1 (Abcam, ab105349) and anti-Smad3 (Cell Signaling Technology, 9523s)
primary antibodies were diluted at 1:50 and 1:100 separately and incubated the cells
overnight. Cells were then incubated with FITC- or TRITC-conjugated secondary
antibodies (1:150 and 1:50 respectively) for 30 min followed by PBS washing for 3 times.

Cells were observed and imaged with Nikon Eclipse 90i microscope, and images were
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captured with Nikon 12.7MP digital Sight DS-Ril color camera as previously described
(37). For tissue immunofluorescent staining, 10um fresh frozen sections were air dried
for 30 minutes at room temperature followed by 10 minutes fixation with 4%
paraformaldehyde. After 3 times washing with phosphate-buffered saline, the section is
permeabilized with 0.01% Triton X-100 in phosphate-buffered saline for 10 minutes,
blocked with 5% goat serum for 30 minutes, and incubated with anti-Meox1, anti-a-SMA
and anti-Calponin antibody overnight at 4<C, followed by incubation with FITC-
conjugated or TRITC-conjugated secondary antibodies. Cell nuclei were stained with
DAPI (Molecular Probes). Stained tissue sections were imaged using a Nikon 12.7MP
digital Sight DS-Ri1 color camera as previously described

Western Blotting

10T1/2 cells were cultured in DMEM and treated with or without TGF-f or other factors
as needed. Total proteins were extracted as previous described (38). Nuclear and
cytoplasmic proteins were extracted using nuclear extraction kit (Millipore) according to
the instruction of manufacturer. Protein concentration was measured using BCA Protein
Assay reagent (Thermo Scientific). Protein lysates were resolved by SDS-PAGE and
transferred to PVDF membrane (Bio-Rad) or nitrocellulose membrane (Bio-Rad) that
were blocked with 5% nonfat dry milk or 5% BSA separately. Membranes were then
incubated with the following primary antibodies in blocking buffers in room temperature
for 2-3 hours or in 4°C overnight: anti-Phospho-Smad3 (Cell Signaling Technology,
9520s), anti-PPM1A (Thermo Scientific, PA5-29275), anti-aSMA (Sigma-Aldrich,
A2547), anti-SM22a (Abcam, ab10135), anti-calponin (Abcam, ab46794), anti-a-Tubulin

(Sigma-Aldrich, T9026), anti-GAPDH (Sigma-Aldrich, G8795). Then, HRP-conjugated
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or immunofluorescent secondary antibodies were incubated with the membranes for 1 h.
The protein expression levels were detected with enhanced chemiluminescence
(Millipore) or scanned by Odyssey fluorescence scanner (LI-COR) (39).
Promoter-reporter Luciferase Assay—a-SMA or SM22a. luciferase promoter constructs
were transfected into 10T1/2 cells with or without other plasmids using Lipofectamine
LTX (Life Technologies) as described previously (40). 24 h after the transfection, 10T1/2
cells were starved for 2 days before TGF-B treatment for 8 hours. Luciferase activity was
measured using the Dual-Luciferase Reporter Assay System (Promega).
Statistical Analysis
All values are expressed as mean =S.E. Data were evaluated with a 2-tailed, unpaired
Student t test or compared by one-way ANOVA followed by Fisher t test. A p value

<0.05 was considered statistically significant.
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Figure legends

Fig 3.1: TGF-p induced Meox1 expression along with SMC early differentiation
markers. A-D, TGF-B induced Meox1 and SMC marker mRNA expression in 10T1/2
cells. Serum-starved 10T1/2 cells were treated with vehicle (-) or TGF-p (5 ng/ml) for the
times indicated. MRNA expression levels were detected by qPCR. *P < 0.01 compared
with the vehicle-treated group (0 h), n=3. E, Meox1 protein expression was induced in
the initial stage of TGF- stimulation in 10T1/2 cells. 10T1/2 cells were starved 48 hours
followed by vehicle (-) or TGF-B (5 ng/ml) induction for the times indicated. Meox1 and
SMC marker protein expression levels were detected by Western blot. F-1, Quantification
of Meox1l and SMC marker expression shown in E. The protein expression was
normalized to the a-Tubulin level. *P < 0.01 compared with the vehicle-treated group (0

h), n=3. (Ctrl, set as 1)
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Figure 3.2: Meox1 was essential for TGF-p-induced SMC differentiation. A, Meox1
knockdown decreased TGF-B-induced SMC marker protein expression in 10T1/2 cells.
10T1/2 cells were transduced with control (shCtrl) or Meox1l shRNA (shMeox1)
adenoviral vector. Following starvation for 48 hours, 10T1/2 cells were treated with
TGF-B for 24 hours. Western Blot were performed to detect Meox1 and SMC marker
protein expression. B-E, Quantification of the protein expression shown in panel A.
Meox1 and SMC marker protein levels were normalized to a-Tubulin. *P < 0.01
compared with the vehicle-treated group (0 h), n=3. *P < 0.01 compared with the TGF-p-
treated cells transduced with Ctrl adenoviral vector, n=3. P < 0.05 compared to the
shCtrl group without TGF-B treatment, n = 3. *P>0.05 compared to the shCtrl group

without TGF-p treatment, n = 3.

Figure 3.3: Knockdown of Meox1 attenuated SMC differentiation during mouse
embryonic development. A, Intraamniotic administration of shMeox1 via adenoviral
delivery into mouse E12.5 embryo attenuated Meox1 expression while inhibiting the
MRNA expression of SMC markers in descending aortas of postnatal day 1 mice as
measured by gPCR. B. Knockdown of Meox1 attenuated SMC marker expression in
aorta of new born mice. Meox1 (green), SMC marker a-SMA (red) and Calponin (red)
protein expression were detected by immunofluorescent staining. 4,6-diamidino-
phenylidole (DAPI) stains the nuclei (200>). Scale: 50 um. C-E, Quantification of the
relative Meox1, a-SMA and calponin levels shown in B by calibrating the positive
staining intensity to the mean signal in aorta and by setting the control shRNA group

(Ctrl) as 1. *P < 0.01 compared with the Ctrl group. F, Quantification of the relative

60



smooth muscle cell numbers in aorta by counting a-SMA positive cells and by setting the

control shRNA group (Ctrl) set as 1. N.S. indicates no significant difference.

Figure 3.4. Meoxl alone was able to induce SMC early differentiation marker
expression. A, Meox1 increased SMC marker expression. 10T1/2 cells were transduced
with Control (Ctrl, GFP adenoviral vector) or Meox1 adenoviral vectors for 48 hours.
Meox1 and SMC marker protein expression were analyzed by Western Blot. B-D,
Quantitative analysis of Meox1 and SMC marker protein expression shown in A by

normalizing to the a-Tubulin level. *P<0.05 compared with the Ctrl group (n = 3).

Figure 3.5. Meox1 was required for the activation of SMC marker promoters by
TGF-p/Smad3. A-D, knockdown of Meox1 diminished SMC marker mRNA expression
in 10T1/2 cells. 10T1/2 cells were transduced with scramble (shCtrl) or Meox1 shRNA
adenoviral vector (shMeox1). 24 hours later, the cells were serum-starved for 48 hours
followed by vehicle (-) or TGF- (5 ng/ml) treatment for 8 hours. Meox1 (A), a-SMA (B)
and Calponin (C) and SM22a (D) mRNA expression was detected by gPCR. *P<0.05
compared with the shCtrl group without TGF-p treatment (n = 3). “P<0.01 compared with
the TGF-B-treated group transfected with shCtrl, n=3. *P<0.05 compared to the shCtrl
group without TGF-p treatment, n = 3. E and F, Knockdown of Meox1 blocked TGF-p-
induced promoter activities of SMC marker genes. 10T1/2 cells were co-transfected with
a-SMA (E) or SM22a. (F) promoter construct with shCtrl or shMeox1 followed by TGF-
B treatment for 8 hours. Luciferase assays were performed. *P<0.01 compared with the

shCtrl group (n=3). G-H, knockdown of Meox1 blocked Smad3 function in enhancing
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TGF-B-induced SMC marker promoter activities. 10T1/2 cells were transduced with
shCtrl or shMeox1 adenoviral vector followed by co-transfection of pcDNA or Smad3
plasmids with a-SMA (G) or SM220 (H) promoter construct. Following 24 hours
starvation, cells were treated with vehicle (Ctrl) or TGF-p for 8 hours followed by
luciferase assays. *P<0.01 compared to the pcDNA/shCtrl groups (n = 3). “P<0.01

compared to the Smad3/shCtrl groups (n = 3).

Figure 3.6. Meox1 was critical for TGF-p-induced Smad3 nuclear localization. A,
Knockdown of Meox1 reduced Smad3 nuclear location. 10T1/2 cells were transduced
with scramble (Ctrl) or Meox1 shRNA (shMeox1) adenoviral vectors for 1 day followed
by 2-day starvation. The cells were then treated with TGF-f (5 ng/ml) for Oh or 30 min.
Immunostaining was performed to detect Smad3 cellular location. DAPI stains nuclei
(600%9. Scale: 20 um. B-C, Knockdown of Meox1l blocked TGF-B-induced Smad3
nuclear accumulation.10T1/2 cells were transduced with Ctrl or shMeox1 similarly as in
A followed by treatment with vehicle (-) or TGF-B (5 ng/ml) for 1 h. Nuclear and
cytoplasmic proteins were extracted to perform Western blot using antibodies as
indicated. C, Quantification of Smad3 levels by normalized to a-Tubulin (cytoplasmic
portion) or Lamin B (nuclear portion). *P<0.05 compared to shCtrl with TGF-p treatment;
#*P>0.05 compared to shMeox1 with vehicle treatment for cytoplasmic Smad3; *P<0.05

compared to all other groups. n=3.
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Figure 3.7. Meoxl preserved Smad3 phosphorylation by inhibiting PPM1A
expression through increasing its degradation. A, knockdown of Meox1 decreased p-
Smad3 level. 10T1/2 cells were transduced with scramble (shCtrl) or Meox1 shRNA
(shMeox1) adenoviral vectors for 1 day followed by 2-day starvation. The cells were then
treated with TGF-p (5 ng/ml) for the times indicated. Total Smad3 and phosphorylated
Smad3 (p-Smad3) levels in total cell lysates were analyzed by Western blot. B, phospho-
Smad3 was quantified by normalizing the p-Smad3 shown in A to GAPDH level in each
time points. *P<0.05 compared with shMeox1-treated group in each time point (n = 3). C,
knockdown of Meox1 increased PPM1A expression. 10T1/2 cells were transduced with
shCtrl or shMeox1 for 1 day followed by 2 day serum starvation. The cells were then
treated with TGF-B (5 ng/ml) for the times indicated. PPM1A expression level was
measured by Western blot. D, Quantification of PPM1A protein levels shown in C by
normalized to the a-Tubulin level at each time point, respectively. *P<0.05 compared
with shCtrl group for each time point, respectively (n = 3). E, knockdown of Meox1
slowed down the degradation of PPM1A. 10T1/2 cells were transduced with shCtrl or
shMeox1 adenoviral vectors for 3 days followed by 30 pg/ml cycloheximide (CHX)
treatment for the indicated time. PPM1A expression level was measured by Western blot.
F, Remaining PPM1A percentage was quantified by normalizing the PPM1A to a-Tubulin
level in each time point. *P<0.05 compared with shMeox1-treated group in each time
point (n = 3). G, Overexpression of Meox1 decreased PPM1A expression. 10T1/2 cells
were transduced with Control (Ctrl, GFP adenoviral vector) or Meox1 adenoviral vectors
for 48 hours. PPM1A expression was analyzed by Western Blot. H, PPM1A was

quantified by normalizing the PPM1A to a-Tubulin level in each time points. *P<0.05
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compared with AdMeox1-treated group in each time point (n = 3).

Figure 3.8. A schematic mechanism by which Meox1 regulates SMC differentiation.
After TGF-B stimulation, Smad3 is phosphorylated and shuttled into nucleus where
Smad3 binds to SBE in SMC marker genes to initiate SMC marker genes transcription
and SMC differentiation. As a mild activator for SMC genes, Smad3 facilitates SMC
differentiation in early stage of TGF- treatment through a temperate and precise
regulation. In late stage, nuclear Smad3 is exported to cytoplasm after dephosphorylating
by PPM1A. In initiation stage of SMC differentiation, Meox1 plays a novel role in
inhibiting PPM1A expression through maintaining certain PPM1A degradation rate
which enhances nuclear Smad3 retention and guarantees SMC marker genes to transcript

and SMC to differentiate properly.
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CHAPTER 4

SMAD2 DEFICIENCY PROMOTES ATHEROSCLEROSIS DEVELOPMENT?

2Kun Dong, Li Li, Xiaobing Cui, Xiaohan Mei, Gui Zhang and Shi-You Chen. To be submitted

to Arteriosclerosis, Thrombosis and Vascular Biology.
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Abstract

Vascular smooth muscle cell (VSMC) is the main component of the fibrous cap that is
critical for plaque stabilization in advanced atherosclerotic lesion. Elucidating
mechanisms controlling VSMC function during the development of atherosclerosis is
critical for the understanding of this cardiovascular disease. By using Smad2 SMC-
specific knockout LDLR” mouse model, we found that Smad2 deficiency in SMC caused
a larger atherosclerotic plaque area in the whole aorta but not in the aortic root. It also
caused an unstable plaque formation due to the increased MMP2/9 expression and
activity. Mechanistically, Smad2 impeded SMC transdifferentiation to macrophage-like

cells.

Keywords: Smooth Muscle Transdifferentiation, Transforming Growth Factor-p (TGF-

B), SMAD Family Member 2 (Smad2), Atherosclerosis, Plague Stability
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Introduction

According to World health organization (WHO) statistics updated in 2017,
cardiovascular diseases (CVDs) is the number 1 cause of death, which represents about
31% mortality globally. Among all deaths from CVD, atherosclerosis-related diseases,
such as myocardial infarction, angina, and stroke are one of the major causes (1,2).
Atherosclerosis is a chronic inflammatory disease characterized by narrowing of blood
vessels due to the formation of atherosclerotic plaque (3). At the late stage of
atherosclerosis, the fibrous cap covering the plaque ruptures, which releases the plaque
into the vessel causing thrombosis in the coronary or cerebral artery, leading to heart
attack and stroke. Plaque instability is one of the major issues in atherosclerosis because
it determines the disease outcome. A stable plaque has several characters such as the
thick fibrous cap with high collagen content, high VSMC content, small lipid pool and
few inflammatory cells (4-7). SMC is the major component in the fibrous cap, which is
critical for plaque stability. Recent studies indicated that SMC participates in necrotic
core formation through differentiation to foam cell. Also, phenotype modulated SMC
may contribute to the weakened atherosclerotic plaque (8,9). In 2014, Owen et al. used
lineage tracing approach found that more than 33% of macrophages in advance plaque
are derived from SMC (10). As a result, SMCs play very important roles in the
development of atherosclerosis.

Smad2 (SMAD Family Member 2) belongs to Smad family in which the proteins are
similar to the gene products of the Drosophila gene 'mothers against decapentaplegic’
(Mad) (11). The main function of Smad2 is a signal transducer and transcriptional

modulator in TGF-B signaling. TGF-B signaling has multiple functions in SMC
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differentiation, fibroblast activation, endothelial to mesenchymal transition and
extracellular matrix synthesis in endothelial cells and vascular smooth muscle cells. In
TGF-p signaling pathways, Smad signaling is the major pathway controlling cell-fate
determination, cell-cycle arrest and apoptosis. Previous studies have demonstrated that
TGF-p signaling is involved in the development of a number of cardiovascular diseases
(12-14). Our previous studies show that Smad2 plays a critical role in SMC
differentiation from neural crest cells and the blood vessel formation during embryonic
development (15). However, it is unknown if Smad2 is involved in the development of
adult vascular diseases, such as atherosclerosis.

To investigate the potential role of Smad2 during the atherosclerosis development,
Smad2-SMC knockout mice in LDLR™ background were used. In our study, we found
that Smad2™ in SMCs promoted atherosclerosis development and caused instable plaques.
The decreased plaque stability was due to the increased MMP2/9 expression and activity.
Smad2” SMCs can become macrophage-like cells, which caused the formation of larger

necrotic core and unstable fibrous cap.

Results

Smad?2 deficiency in SMC increased aorta atherosclerotic plaque formation.

Our previous studies showed that Smad2 plays a critical role in SMC differentiation from
neural crest cells and the blood vessel formation during embryonic development (15). We
sought to determine if Smad2 is involved in the development of adult vascular diseases
such as atherosclerosis. To study the role of SMC Smad2 in atherosclerosis, we generated

SMC-specific Smad2 knockout mouse in LDLR background (LDLR™ SM22a-
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Cre;Smad2"™) and fed mice with high-fat diet for 12 weeks. As shown in Fig 4.1 A-B,
Smad2 deficiency in SMC resulted in the formation of more atherosclerotic plaques as
compared to the control mice.

The aortic root is a common place reflecting the overall plaque formation in animal
models, and it is therefore the most interested area to characterize the atherosclerosis
development. Interestingly, there was no significant difference in plaque area between

Smad2 SMC specific knockout and Ctrl mice (Fig. 4.1, C-D).

SMC Smad2 deficiency contributed to unstable plague formation

Although there was no difference in plaque area between the aortic root, necrotic core
area was increased in Smad2sm-/- aortic root (Fig 4.2, A). We sought to determine if
Smad2 deficiency in SMCs affects plaque stability. Thus, we performed H&E staining to
detect the cap thickness. As shown in Fig 4.2, B, Smad2 deficiency in SMC decreased the
thickness of the fibrous cap. Masson’s Trichrome staining showed that Smad2 deficiency
in SMC also reduced the collagen content (Fig 4.2, C). Since SMCs content is one of the
important characters for plaque stability (33), we used immunohistochemical (IHC)
staining of SMC marker a--SMA to detect SMC content in the fibrous cap. As shown in
Fig 4.2, D, Smad2 deficiency in SMC caused a decreased SMC content in the lesion area,
especially the fibrous cap area. Together, these results suggest that Smad2 knockout in
SMC led to increased plaque vulnerability due to the larger necrotic core area, decreased

fibrous cap thickness, less collagen content and SMC content.
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Smad2 deficiency in SMC increased the expression and activities of Matrix
metalloproteinase MMP2 and MMP9.

MMPs are calcium-dependent zinc-containing endopeptidases participating in the
progression of atherosclerosis and plaque rupture. In MMPs family, MMP-2 and MMP-9
have been identified in the pathogenesis of atherosclerosis and aneurysm formation
causing collagen degradation, SMC migration from the medium layer and less stable
fibrous cap. MMP2/9 can be secreted by macrophage and SMCs (34-36). Since Smad?2
deficiency in SMC caused decrease in collagen content, we detected if Smad2 affect
MMP2/9 expression /activity. IHC staining of MMP2 and MMP9 was performed
respectively to detect their expression in lesions of aortic root. A shown in Fig 4.5, A-B,
Smad2 deletion in SMC increased MMP2/9 expression in the lesion area. In situ
zymography (30-32) showed that Smad2 deletion in SMC also increased MMP2 and
MMP9 activity in the lesion (Fig 4.3, C). The elevated MMP2/9 expression and activity
in Smad2-SMC knockout mice indicated that Smad2 may directly or indirectly regulate

MMP2/9 expression and activity during atherosclerosis development.

Smad? deficiency in SMC increased macrophage content in the lesion.

In atherosclerotic plaque, macrophages are major contributors to the inflammatory
response by secreting pro-inflammatory mediator and MMPs and thus lead to necrotic
core formation and fibrous cap rupture (37,38). Thus, we detected the macrophage
content in in lesions of aortic roots by co-immunostaining of the macrophage maker

CD68 and SMC maker a-SMA. As shown in Fig 4.4, A-B, Smad2 deficiency in SMC
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increased the macrophage content, which may result in more vulnerable atherosclerotic

plaques.

Smad2 played an important role in SMC transdifferentiation to macrophage-like
cells.

Recent studies have reported the contribution of SMC to cholesterol accumulation and
macrophage-like cells in lesion. Since necrotic core formation is due to the foam cell
formation and macrophage-like cell function (9), we detected if Smad2 contributes to the
macrophage or foam cell transition from SMC. Primary cultured rat VSMCs were treated
with water-soluble cholesterol (Chol:MBCD complex) (Chol) in a dose-dependent
manner from 0-40 ug/ml as previously described (39). After 72 hours treatment, cells
were harvested to detect protein expression of Smad2, phosphor-Smad2, SMC and
macrophage markers. As shown in Fig 4.5, A-D, Phospho-Smad2 level decreased by
cholesterol treatment along with a decrease of SMC marker SM22a and an increase of
macrophage marker Mac2, suggesting that Smad2 may inhibit the SMC-macrophage
transition. To test if Smad2 impedes the SMC to macrophage transition, primary cultured
Smad2” SMCs from Smad2 SMC specific knockout mice were transduced with Ad- GFP
(Ctrl) or Ad-Smad2 overexpression adenovirus for 2 days followed by Cholesterol
(30ug/ml) or Ctrl BSA treatment. Quantitative PCR (gPCR) was performed to detect
macrophage marker expression during SMC macrophage-like cell transition. In Ad-GFP-
treated cells, cholesterol successfully induced the expression of macrophage maker.

However, overexpression of Smad2 inhibited the cholesterol-induced macrophage marker
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expression in Smad2” SMCs (Fig. 4.5 E), suggesting that Smad2 blocks the SMC trans-

differentiation to macrophage.

Smad2 deficiency promoted SMC foam cell formation.

To test if Smad2 affects the functional property of macrophage-like cells derived from
SMC, we performed cholesterol loading experiments and used oil red O staining to
observe the lipid uptake by macrophage-like cells converted from SMC. WT SMCs were
transduced with Ad-GFP (Ctrl) or Smad2 shRNA adenovirus (Ad-shSmad2), while
Smad2-/- SMCs were transduced with Ad-GFP or Smad2 overexpression adenovirus
(Ad-Smad?2) for 2 days followed by culturing the cells with DMEM medium containing
Cholesterol (30 ug/ml) or BSA (Ctrl) for 72 hours. WT SMC slightly uptook cholesterol.
When Smad2 was knocked down or knockout, cholesterol uptake was significantly
increased. However, if Smad2 was restored in smad2-/- SMCs, the cholesterol uptake
was inhibited. These data demonstrated that Smad2 deficiency promoted SMC

differentiation to foam cells.

Discussion

SMCs are a group of cells with a wide range of different phenotypes at different stages of
development, and even in the adult organism, the cells are capable of major changes in
their phenotype in response to changes in their local environment (40,41). During
atherosclerosis progression, VSMC is the main component of the fibrous cap, plays a role

in plague stabilization, and may participate in the necrotic core formation through
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differentiation to foam cell. Here we have demonstrated a critical role of Smad2 in the
development of atherosclerosis.

Smad2 SMC knockout increased plaque area in the whole aorta (Fig 1 A-B). In addition,
Smad2™ in SMC caused the formation of unstable plagues due to the larger necrotic core
area, increased fibrous cap thickness, less SMC and collagen content (Fig 4.2). Smad?2
knockout in SMC also led to the increased expression and activity of MMP2 and MMP9,
which in turn caused degradation of extracellular matrix and atherosclerotic plaque
instability (Fig 4.3). Another vulnerable plaque factor, macrophage accumulation was
also increased in the lesions with Smad2 deletion in SMC (Fig 4.4).

Previous studies have shown that TGF-B promotes monocytes-derived macrophages
transdifferentiation into SMC-like cells. During this process, p-Smad2 expression is up-
regulated (42). Our in vitro study showed that phospho-Smad2 level was decreased
during SMC-macrophage transition with water-soluble cholesterol treatment. Importantly,
overexpression of Smad2 in Smad2”~ SMCs inhibited the macrophage marker expression
induced by cholesterol, suggesting that Smad2 inhibited SMC transdifferentiation to
macrophages. Although there is no study showing if Smad2 regulates the macrophage to
SMC-like cell transition, our findings suggest that Smad2 may play an important role in
both SMC-macrophage and macrophage-SMC transitions.

Functional study of macrophage-like cells derived from SMCs revealed that Smad2
knockdown or knockout in SMCs increased the cholesterol uptake. However, when
Smad2 was over-expressed to restore Smad2 expression in Smad2 deficient SMCs, the
cholesterol uptake was blocked (Fig. 4.6). Previous studies suggest that Smad2 is a major

player in inhibiting macrophages uptake of modified LDL in human atherosclerosis (43).
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Our finding indicates that besides the monocyte-derived macrophages, Smad2 also
prevents the lipid uptake of macrophages-like cells derived from SMCs.
Collectively, our results suggest that maintaining or increasing Smad2 level may

represent a promising approach to prevent atherosclerosis.

Materials and Methods

Cell Culture

SMCs were cultured by enzyme digestion method from rat or mouse thoracic aorta as
described previously (8,16,17). The primary cultured SMCs was confirmed by the
expression of smooth muscle a-SMA and SM22a. SMCs were cultured in Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum and 5% L-glutamine.
SMC:s less than 6 passages with 70-80% of confluence were used in the experiments. Rat
VSMC or mouse VSMC were treated with water-soluble cholesterol (Sigma-Aldrich
C4951) (20ug/ml) for 48-72 hours as described (8).

Animal Procedures

Smad2-floxed (Smad2™™) and SM22a-Cre mice were previously described (15,18,19).
To generate Smad?2 deletion in SMCs, SM22a-Cre male mice were crossbred with Smad?2
M mice to produce SM22a-Cre;Smad2™* mice. The male and female SM22a-
Cre;Smad2™* mice were then crossbred to produce SM22a-Cre;Smad2™ mice. SM22q-

2" mice were crossed with

Cre;Smad2*"* littermates serve as controls. SM22a-Cre;Smad
LDLR-deficient mice, also on the SM22a-Cre;Smad2*’* littermates, to generate mice
heterozygous at both loci. These LDLR™ SM220-Cre;Smad2™ mice were then

intercrossed to produce LDLR™™ SM220-Cre;Smad2™ and LDLR™ SM22¢-
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Cre;Smad2™* littermates that were used as controls for studies. Atherosclerosis was
induced by feeding the mice from 12 weeks of age for 12 weeks with a high-fat western-
type diet containing 1.25% cholesterol (ResearchDiets, D12108). All animal protocols
were approved by the Institutional Animal Care Use Committee of the University of
Georgia.

Construction of Adenovirus

Adenoviral vectors expressing scramble or Smad2 short hairpin RNA (shRNA) (shSmad2)
were constructed, and the viruses were purified as described previously (15,20,21).
Western Blot

SMC cells were cultured in DMEM and treated with or without water-soluble cholesterol
or other factors as needed. Total proteins were extracted as previous described (21,22).
Protein concentration was measured using BCA Protein Assay reagent (Thermo
Scientific). Protein lysates were resolved by SDS-PAGE and transferred to PVDF
membrane (Bio-Rad) or nitrocellulose membrane (Bio-Rad) that were blocked with 5%
nonfat dry milk or 5% BSA separately. Membranes were then incubated with the
following primary antibodies in blocking buffers in room temperature for 2-3 hours or in

4°C overnight: anti-Phospho-Smad2 (Cell Signaling Technology, 3108), anti-MMP2

(Abcam, ab37150), anti-CD68 (Bio-Rad, MCA1957), anti-MMP9 (Proteintech, 10375-2-
AP), anti-Mac2 (Abcam, ab2785), anti-aSMA (Sigma-Aldrich, A2547), anti-SM22a.
(Abcam, ab10135), anti-calponin (Abcam, ab46794), anti-o-Tubulin (Sigma-Aldrich,
T9026), anti-GAPDH  (Sigma-Aldrich, G8795). Then, HRP-conjugated or

immunofluorescent secondary antibodies were incubated with the membranes for 1 h.
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The protein expression levels were detected with enhanced chemiluminescence
(Millipore) or scanned by Odyssey fluorescence scanner (LI1-COR) (23).

Quantitative Reverse Transcription-PCR (qPCR)

Total RNA was extracted from cells using Trizol Reagent (Life Technologies) followed
by a reverse transcription using iScript cONA Synthesis Kit (Bio-Rad) according to the
manufacturer’s instructions. qPCR was performed using the Mx3005P gPCR machine
with SYBR Green mater mix (Agilent Technologies). Mouse Smad2 primers used were:
5’-CCG GCT GAA CTG TCT CCT AC -3’ (forward) and 5'-GCA GAA CCT CTC CGA
GTT TG-3' (reverse). Smooth muscle marker primers were described previously (24,25).
Atherosclerosis quantification, Histology, Immunohistochemistry and
Immunofluorescent staining

Mouse aortas were fixed with 4% paraformaldehyde, and paraffin-embedded and aortic
roots were fixed with either 4% paraformaldehyde and paraffin-embedded for 5 pm thick
cross section or fresh frozen and embedded in OCT for 10 pum thick cross section.
Atherosclerosis was quantified on both en face surface area of oil red O-positive lesions
of whole aortas and the plaque area on aortic root cross-sections as previously described
(26). The sections were stained with hematoxylin and eosin staining (H&E staining) for
structural observation, Elastica van Gieson for elastin and Masson's trichrome for
Collagen and captured using a Nikon microscope. For immunohistochemistry, sections
were rehydrated, blocked with 5% goat serum, permeabilized with 0.01% Triton X-100
in phosphate-buffered saline, and incubated with rabbit anti-pSmad2, oa-SMA, MMP2,
MMP9 antibody overnight at 4<C, followed by incubation with horseradish peroxidase

(HRP)—conjugated secondary antibody. Smad2 staining was visualized using Vectastain
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ABC-AP kit by following the manufacturer’s protocol (Vector Laboratories). The vessel
sections were counterstained with hematoxylin. For fluorescent staining, 10um fresh
frozen sections were air dried for 30 minutes at room temperature followed by 10 minutes
fixation with 4% paraformaldehyde. After 3 times washing with phosphate-buffered
saline, the section is permeabilized with 0.01% Triton X-100 in phosphate-buffered
saline for 10 minutes, blocked with 5% goat serum for 30 minutes, and incubated with rat
anti-CD68, mouse anti-a-SMA antibody overnight at 4<C, followed by incubation with
FITC-conjugated or TRITC-conjugated secondary antibodies. Cell nuclei were stained
with DAPI (Molecular Probes). Stained tissue sections were imaged using a Nikon
12.7MP digital Sight DS-Ri1 color camera as previously described (21,27,28).

In situ zymography

MMP activity was determined by in situ zymography, as previously described (29-32).
10um thick frozen cross sections were incubated overnight (37<C) with a fluorogenic
gelatin substrate (Molecular Probes) dissolved in 25 pg/mL in zymography buffer (50
mmol/L Tris-HCI, 10 mmol/L CaCl2, and protease inhibitor cocktail, pH 7.4). The
gelatin with a fluorescent tag remains caged until the gelatin is cleaved by gelatinase
activity. In situ gelatinolysis was revealed by the appearance of fluorescence. In negative
control experiments, sections were incubated with MMP inhibitors (1,10-phenanthroline
and EDTA). MMP2 and MMP9 activity were observed and imaged with Nikon Eclipse

90i microscope and analyzed by Image J software.
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Statistical Analysis

All values are expressed as mean = S.E. Data were evaluated with a 2-tailed, unpaired

Student t test or compared by one-way ANOVA followed by Fisher t-test. A p-value

<0.05 was considered statistically significant.
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Figure legends

Fig 4.1: Smad2 deficiency in SMC caused more atherosclerosis plaque formation.
LDLR ™", Smad2sm-/-LDLR ™" mice fed HFD for 3 months. (A) Representative En face
oil red O staining of the aorta. (B) Quantification of plaque area as a percentage of the
total aorta surface area as analyzed with Image J software. *P < 0.05 compared with the
LDLR™ (Ctrl) group, n=5. (C) Qil red O staining of plaques in aortic roots.
Representative pictures of each genotype are shown (40x). Scale: 400 um. (D)
Quantification of plaque cross-sectional area as a percentage of total aortic root surface

area. *P < 0.05 compared with the Ctrl group, n=5.

Fig 4.2: Smad2 deficiency caused unstable plaques. (A) Necrotic core area was shown
by Masson’s Trichrome staining and normalized to the LDLR™ (Ctrl) group (set as 1)
(40%. Scale: 400 um. The necrotic area was circled by the yellow line. The total necrotic
core area in each aortic root was analyzed by Image J software. *P < 0.05 compared with
the Ctrl group, n=5. (B) Fibrous cap area was shown by HE staining and normalized to
the LDLR ™ (Ctrl) group (set as 1) (100>). Scale: 200 pm. *P < 0.05 compared with the
Ctrl group, n=5. (C) Collagen content was measured by Masson’s Trichrome staining and
quantified as the percentage of the total lesion area (100x). Scale: 200 um. Total collagen
content in each aortic root was analyzed by Image J software, *P < 0.05 compared with

the Ctrl group, n=5. (D) SMC content was measured by IHC staining of a-SMA and
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quantified as the percentage of the total lesion area (100x). Scale: 200 um. *P < 0.05

compared with the Ctrl group, n=5.

Fig 4.3: Smad2 deficiency increased MMP2/9 expression and activity in the lesion.
(A-B) MMP2 and MMP9 expression as the percentage of the lesion area were determined
by IHC. *P < 0.05 compared with the Ctrl group, n=5. (C) MMP2 and MMP9 activity
were detected by in situ zymography and observed with Nikon Eclipse 90i microscope,
and images were captured with Nikon 12.7MP digital Sight DS-Ri1 color camera (100%).
MMP2/9 activity was quantified as fluorescent signal intensity relative to the total lesion

area using Image J software. *P < 0.05 compared with the Ctrl group, n=5. Scale: 200 um

Fig 4.4: Smad2 deficiency increased macrophage content. (A) Macrophage content
was measured by CD68 Immunofluorescent staining (green), and a-SMA staining (red)
shows the cap area (100x). Scale: 200 um. (B) Quantification of macrophage content as

the percentage of the lesion area. *P < 0.05 compared with the Ctrl group, n=5.

Fig 4.5: Smad2 played a role in SMC trans-differentiation to macrophage-like cells.
(A) Smad2 phosphorylation was inhibited during SMC transdifferentiation to
macrophage-like cells. SMC treated with various dosage of cholesterol for 72 hours as
indicated, and phospho-Smad2, total Smad2 and SM22 a levels were detected. (B-D)
Quantification of the protein shown in A by normalized to GAPDH. *P < 0.01 compared
with the vehicle-treated group, n=3. (E) Smad2 impeded SMC transition to macrophage-

like cells. Primary cultured SMCs from Smad2 SMC specific knockout mice were
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transduced with Ad-GFP (Ctrl) or Ad-Smad2 (S2) overexpression adenoviral vector for 2
days followed by treatment with BSA(Ctrl) or Cholesterol (30 ug/ml, Chol) for 72 hours.
Cells were harvested, and mRNA was extracted. Quantitative PCR (qPCR) was
performed to detect Mac2 expression in the Mx3005P gPCR machine using SYBR Green
master mix (Agilent Technologies) *P < 0.05 compared with the Ad-GFP-transduced and
BSA-treated group, n=3. *P < 0.05 compared with the Ad-GFP-transduced and Chol-

treated group, n=3.

Fig 4.6: Smad2 deficiency promoted the cholesterol uptake of macrophage-like cells.

A-H, SMCs isolated from wild type (WT) were transduced with adenovirus expressing control or Smad2

SshRNA (Ad-shSmad2),while SMCs isolated from Smad2sm-/- mice were transduced with adenovirus

expressing control or Smad2 cDNA (Ad-Ad-Smad2) for 2 days followed by treatment with vehicle (Ctrl) or

cholesterol (30ug/ml, Chol) for 72 hrs. Chol uptake was detected by Oil red O staining
(100%). Scale: 200 um. 1, Oil red O staining was quantified by measuring the lipid density
in cells. *P < 0.05 compared with the WT with Chol treatment (E) group, n=3. *P < 0.05

compared with the AdshSmad2 (F) and Smad2-/- (G) with Chol treatment, n=3.
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CHAPTER 5

SMAD?2 DEFICIENCY PROMOTES ABDOMINAL AORTIC ANEURYSM

FORMATION?®

® Kun Dong, Li Li, Xiaobing Cui, Xia Guo, Gui Zhang and Shi-You Chen. To be submitted to

Arteriosclerosis, Thrombosis and Vascular Biology.
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Abstract

Abdominal aortic aneurysm (AAA) is a localized dilation in infra-renal segment of
abdominal aorta characterized by increased inflammatory cell infiltration, extracellular
matrix (ECM) degradation, loss of media smooth muscle cells (SMC), and adventitia
proliferation. SMCs have multiple functions during AAA formation. However, the role of
SMC Smad2 during AAA development remains unknown. By using SMC-specific
Smad?2 knockout mice and topical elastase AAA model, we found that Smad2 deficiency
in SMC (Smad2sm-/-) caused a larger vessel dilation, higher AAA incidence, increased
ECM degradation, and more loss of media SMCs as compared to the wild type control
arteries. The more severe elastin degradation was also observed in AAA tissues of
APOE™" Smad2sm-/- mice treated with Angiotensin Il (Ang 1), another well-established
AAA model. Moreover, matrix metalloproteinase MMP-2 and MMP-9 expression in
aorta media was increased in Smad2sm-/- mice. Interestingly, there was a less fibroblast
proliferation in the adventitia layer of the aneurysm tissues when Smad2 was deleted in
SMC, leading to a smaller tissue mass surrounding the dilated arteries. Additional studies
suggested that SMC-derived factor, but not the fibroblast-intrinsic factors, had caused the
decreased fibroblast proliferation._RNA-seq analysis revealed that thrombosponding-1
(TSP1), a secreting protein, was increased in Smad2-/- SMC. Since TSP1 has been shown
to promote MMPs level and inhibits FGF2 function, Smad2 may impede AAA formation
by inhibiting TSP1 expression. Taken together, our results indicate that Smad2 protects

mice from the aneurysm formation by modulating SMC function.
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Introduction

AAA is a localized dilatation of the abdominal aorta which is 1.5-fold larger than normal,
for patients, the diameters are 3.0 cm or greater (1). Every year, 200,000 people in the
U.S. are diagnosed with an abdominal aortic aneurysm (AAA). A ruptured AAA is the
15th leading cause of death in the US, and the 10th leading cause of death in men older
than 55. AAA usually develops in the infra-renal segment characterized by increased
inflammation, extracellular matrix (ECM) degradation includes elastin and collagen, and
media SMC apoptosis (2). Currently, the therapy for AAA mainly relies on surgery such
as endovascular stent graft repair according to the dilation size (3). For the patients with
smaller AAA which doesn’t reach the size of surgery requirement, B-blocker medication
therapy is commonly used (4). Considering the side effect of [B-blocker such as
bradycardia (5), a better drug treatment is definitely in need. In order to develop the novel
management procedures and therapeutic strategies, a better understanding of AAA
formation mechanism is essential.

SMCs are the major cells in the aorta media layer, and are essential in maintaining aortic
structure and functions through controlling cell proliferation and by secreting and
maintaining a dynamic extracellular matrix (ECM). More importantly, SMC-derived
factors can be involved in AAA formation. For example, Patel et. al. discovered that
medial SMCs isolated from AAA tissue produce significantly higher levels of matrix
metalloproteinases (MMPs) including MMP-2 and MMP-9 which may degrade the ECM
such as elastin and collagen and lead to media SMCs loss and vessel wall dilation (6).
Smad2 (SMAD Family Member 2) is a signal transducer and transcriptional modulator in

TGF-p signaling. In TGF-B signaling pathways, Smad signaling is the major pathway
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controlling cell-fate determination, cell-cycle arrest and apoptosis. Large amount of
studies have been focused on TGF-B, however, the view on that if TGF-f3 promotes or
inhibits AAA formation is still contradictory (7,8). Another important TGF-$
downstream transcriptional modulator, Smad3 deficiency has been demonstrated to
increases wall thickening, inflammatory cell infiltration and result in AAA formation (9).
However, as an essential TGF-B signaling transducer, it is still unknown whether Smad2
is involved in the development of AAA formation.

Because our previous study shows that Smad?2 plays a critical role in SMC differentiation
from neural crest cells and the blood vessel formation during embryonic development
(10), in addition, SMCs have multiple functions during AAA development; we are

interested in if SMC Smad2 participates in AAA formation.

Results

Smad2 deficiency in SMCs attenuated elastase-induced abdominal aortic aneurysm
To investigate the role of SMC Smad2 in AAA development, Wild type (Ctrl) and SMC-
specific Smad2 knockout mice (SM22a-Cre;Smad2™™, Smad2sm-/-) were used in topical
elastase induced AAA model. The abdominal aorta diameters were measured prior to
elastase (PPE) or inactive PPE (IE) treatment and 7 days after PPE or IE treatment. After
PPE treatment, both Ctrl and Smad2sm-/- mice showed an increased artery dilation with
lumen sizes 1.5 times larger than the initial lumen. Importantly, the dilation of
Smad2sm-/- arteries was statistically more than the Ctrl arteries (Fig 5.1, A-B). In
addition, the AAA incidence of Smad2sm-/- mice was 30% higher than the Ctrl mice (Fig

5.1, C), indicating Smad2 deficiency in SMCs promoted AAA development. Interestingly,
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Smad2 expression was not decreased, rather elevated by approximately 12- and 1.8-fold
in human and mouse AAA tissues, respectively (Fig 5.1 D-F), indicating that a protective
response was activated in the AAA tissues. The increased expression of Smad2 is mainly
found in medial SMC layer adjacent to the adventitia layer suggest that SMC Smad2 may

influence the activity of adventitia.

Smad?2 deletion increased extracellular matrix degradation and loss of medial SMCs
in topical elastase AAA model.

AAA is characterized with increased elastin and collagen degradation as well as medial
SMC loss. To detect if Smad2 deficiency in SMC causes structural defects in arteries,
Masson’s staining was used for detecting collagen deposition (Fig 5.2, A); VG staining
was performed to detect elastin fragmentation (Fig 5.2, C); and IHC staining of SMC
marker SMMHC was used for observe SMC content (Fig 5.2, E). As shown in Fig 5.2, B,
D, and F, abdominal aorta from Smad2sm-/- mice exhibited an increased collagen
deposition and elastin degradation as well as more SMC loss after 7 day of the PPE
treatment as compare with the WT Ctrl group. These results were in agreement with our
findings that Smad2 deletion in SMC promotes larger vessel dilation and higher AAA

incidence.

Smad2 deficiency in SMC caused more elastin degradation in Ang Il-induced AAA.
To validate the finding in topical elastase model, we used Ang Il-induced AAA model to
observe the elastin degradation. In order to observe the elastin fragmentation in early

stage of AAA, Ctrl (APOE ' ;SM22a-Cre) and APOE :Smad2sm-/- (APOE ' ;SM22a-
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Cre;Smad2 "™) mice were treated by Ang Il for one week using osmotic minipump. At
this early stage, elastin degradation was not obvious in abdominal aorta of Ctrl mice.
However, Smad2 deficiency in SMC caused elastin breakage (Figure 5.3 A-B). These
results confirmed that Smad2 deficiency in SMC indeed causes elastin degradation in

artery media.

Smad2 deficiency in SMC elevated MMP2 and MMP9 level in artery media

MMPs are proteinases responsible for degrading elastin and collagen network of the aorta.
Previous studies have demonstrated that MMP9, one of the prominently expressed MMPs
in aortic aneurysms, works in concert with MMP2 to promote aneurysm progression (22).
To determine whether MMPs contribute to the more severe defects in artery wall in
Smad2sm-/-mice, we detected MMP2 and MM9 expression by IHC using antibodies
against MMP-2 and MMP-9, respectively. Smad2 deletion in SMC increased the
expression of both MMP-2 and MMP-9 (Figure 5.4, A-B). These results indicate that
Smad2 deficiency in SMC promoted MMP-2/9 levels, which in turn caused more

degradation of elastin lamina.

Smad2 deficiency in SMC increased cell proliferation in adventitial layer.

To detect the vessel wall remodeling in elastase-induced AAA, H&E staining was
performed in abdominal aorta from Ctrl (SM220-Cre) and (SM220-Cre;Smad2™ ) mice
after 7 day of PPE treatment. Aorta from Smad2sm-/- mice exhibited a thinner but more
defects in vessel wall compared with the WT Ctrl vessel (Fig 5.5A). More importantly,

the adventitia layer was significantly thinner in Smad2sm-/- mice based on the analysis of
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adventitia area (Fig 5.5 B). In addition to SMCs, SM22a is also expressed in the
adventitia in balloon injured vessel, suggesting the existence of a stem cell-like reservoir
in the adventitia (23). To determine whether or not the increased adventitia in Smad2sm-
/- aorta was caused by Smad2 deficiency in adventitia cells due to the adventitia SM22a
expression, we generated Myh-Cre;Smad2"™ mice. Since Myosin Heavy Chain 11 (Myh)
also known as SMMHC only expresses in SMCs (24). Myh-Cre mice crossbred with
Smad2 " mouse will delete Smad2 only in SMCs. After 7 days of PPE treatment, we
found that Myh-Cre;Smad2™ mouse abdominal aorta also exhibited an decreased
adventitial mass compared with the WT Ctrl mice (Fig 5.5 C-D), indicating Smad2
deficiency in SMCs, but not in adventitial cells, caused the less adventitial growth. Since
fibroblasts are the major cell population in adventitia, we further detected the effect of
Smad?2 on fibroblast proliferation. Thus, fibroblast proliferation was measured in both
Scramble (Ctrl) or Smad2 shRNA adenoviral vector transduced 10T1/2 cells. As shown
in Fig 5.5 E, Smad2 knockdown didn’t affect the proliferation of fibroblasts because the
fibroblasts proliferated at the same rates with or without Smad2 deficiency. These results
led us to hypothesize that medial SMC-derived factors affect the fibroblast proliferation
in adventitia. To test this, conditioned medium from primary cultured SMCs isolated
from Ctrl (SM22a-Cre) and Smad2sm-/- (SM22a-Cre;Smad2™™ ) mouse abdominal aorta
was used to culture fibroblasts. Interestingly, we found that Smad2sm-/-conditioned SMC
medium inhibited the fibroblast proliferation (Fig 5.5, F). Taken together, our data
suggest that the thinner adventitia in Smad2sm-/- aneurysm tissues was due to the

inhibitory effect of factors secreted from medial SMCs.
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Thrombospondin-1 (TSP1) may be involved in Smad2 deficiency-caused AAA.

To screen the potential SMC-derived factors that induced the fibroblast proliferation,
MRNA profiles of abdominal aortic SMCs isolated from SM22a-Cre (Ctrl) vs SM22a-
Cre;Smad2™ and Myh-Cre vs Myh-Cre;Smad2** mice were analyzed by RNAseq.
Among the genes altered due to Smad2 deficiency, TSP1 was up-regulated in both
Smad2sm-/- mice. TSP1 is an extracellular protein that integrates into the structural
extracellular matrix (25). Previous study has shown that TSP1 induces vascular
inflammation during AAA development. In addition, TSP1 up-regulates MMP2 and
MMP9 levels (26,27). Based on these functional properties, we hypothesized that TSP1
might be a key SMC-secreted factor that regulated fibroblast proliferation in adventitia of
AAA tissues. Thus, we detected TSP1 expression in AAA by immunofluorescent taining.
As shown in Fig 5.6, A-B, TSP1 was expressed in WT Ctrl AAA tissue. However,
Smad2sm-/- caused a much higher TSP1 expression in abdominal aortic aneurysm tissues.
These results confirmed the RNA-seq data that TSP1 was increased in Smad2-deficient
SMC. Moreover, the increased TSP1 expression correlated with the increased MMP-2/9

levels in the medial SMC:s.

Discussion

Despite decades of intensive studies in TGF-f pathway, there are paradoxical discoveries
on the role of TGF- signaling in the development of aneurysm. As an important TGF-f
signaling transducer, the role of Smad2 is also unclear. Our study explored, for the first
time, the role of Smad2 in aneurysm pathophysiology using two murine AAA models.

Dai et. al. has found that Smad3 expression is decreased in both human and mouse AAA
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and Smad2 level is increased when Smad3 is knocked down in mouse CaCl, AAA model.
In addition, Smad3 disruption promotes AAA formation (9). In the present study, we
observed an increased smad2 expression in both human and mouse AAA sample (Fig 5.1
D-F) particularly in the media SMCs adjacent to the adventitia layer. This might be a
protective response compensatory for the loss of Smad3. However, Smad2 deletion in
SMC disrupted this compensatory mechanism and caused more severe AAA formation.
Histological and morphological observation of abdominal artery from Smad2sm-/- mice
exhibited an increased artery dilation, higher incidence of AAA induced by elastase, and
more collagen and elastin degradation and loss of medial SMCs.

In addition, the increased MMP-2 and MMP-9 expression was observed in medial layer
when Smad2 was deleted in SMC. Since MMP-2/9 function as proteinases degrading
EMC, the elevated MMP2/9 level was responsible for the increased elastin fragmentation
as well as collagen degradation in Smad2sm-/- mice, which was confirmed by using the
Angll-induced AAA model.

By using two different Smad2sm-/- models (SM22a-Cre;Smad2™" and Myh-
Cre;Smad2™™), we proved that the Smad2 deficiency-caused fibroblast proliferation was
because of Smad2 function in SMCs, but not in fibroblasts. Unbiased RNAseq analyses
suggest TSP1 as the most promising factors mediating the SMC function in regulating
adventitia proliferation. TSP1 is known to be produced by SMC and secreted out of the
cells (28). Importantly, TSP1 participates in MMP2/9 induction (26,29), which is
consistent with our observation that increased TSP1 in Smad2-/- SMC promoted
MMP2/9 levels and caused ECM degradation. In addition, TSP1 appeared to inhibit

fibroblast proliferation by blocking FGF2 activity. TSP1 has been shown to inhibit
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fibroblast growth factor (FGF) function (30), while FGF has been reported to promote
adventitial cell proliferation and fibroblast differentiation to myofibroblasts (31).
Consistent with the RNA-seq data, TSP1 expression was increased in AAA tissues when
Smad2 was deleted in SMC. Future studies are required to prove that TSP1 is the
essential secreted factor responsible for the less adventitia mass.

Since there is currently no effective drug to treat AAA, understanding the mechanism of
AAA development and progression is essential for therapeutic invention. Smad2
deficiency promoted AAA formation likely due to the increased TSP-1 levels because
increased TSP1 might be responsible for both the increased MM-2/9 level and thinner
vessel wall. Therefore, enhancing Smad2 expression might be a promising therapeutic

strategy for treating AAA.

Method

Cell Culture

SMCs were cultured by enzyme digestion method from mouse abdominal aorta as
described previously (11-13). The primary cultured SMCs were confirmed by the
expression of smooth muscle a-SMA and SM22a. SMCs were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS) and 5% L-
glutamine. SMCs less than 6 passages with 70-80% of confluence were used in the
experiments. A total of 10° mouse primary cultured cells were plated in a 10-cm dish and
incubated overnight. Remove the culture medium and wash the attached cells gently with
PBS for 3 times. Add 10 ml DMEM starving medium (without FBS) to incubate the cells

for 24 hours. The supernatant was transferred to a 15-ml centrifuge tube and centrifuged
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at 1,000 < g for 15 min to remove particles. This conditioned medium was then diluted
with starving medium at 1:1 ratio.

Proliferation Assay

Cells were incubated with a modified thymidine analog, EdU (Millipore, EdU-647),
throughout the treatment period. EdU incorporation and detection were performed as
described by the manufacturer’s protocol.

Animal Procedures

Smad2-floxed (Smad2™™) and SM22a-Cre mice were previously described (10,14,15).
To generate Smad?2 deletion in SMCs, SM22a-Cre male mice were crossbred with Smad?2

"M mice to produce SM22a-Cre;Smad2™™ mice. SM22a-Cre;Smad2*’* littermates serve

as controls. SM22a-Cre;Smad2™™

mice were crossed with ApoE-deficient mice, to
produce ApoE”~ SM220-Cre;Smad2™ and ApoE”~ SM220-Cre;Smad2*’* littermates
that were used as controls for studies. Myh-CreERT mice was from the Jackson
laboratory (Bar Harbor, ME, USA) and crossbred with Smad2"™ mice to produce Myh-
CreERT;Smad2™ mice. The Myh-CreERT;Smad2™ mice were administered with
Tamoxifen (Sigma—Aldrich, T5648) at 8-weeks-old for 5 times consecutively to induce
Smad2 SMC deletion. Myh-CreERT;Smad2™ injected with corn oil (Sigma—Aldrich,
47112-U) serve as control. All animal protocols were approved by the Institutional
Animal Care Use Committee of University of Gerogia.

The mouse model of elastase-induced aortic aneurysm.

The mouse model of elastase-induced AAA has been previously described (16). After

anesthesia, a laparotomy was performed, and the abdominal aorta was isolated in situ.

Then the infrarenal aorta (from just below the left renal vein to the iliac bifurcation) was
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bathed in either 10 pL of 100% elastase (Sigma—Aldrich) or heat-inactivated elastase
(control) for 10 min. After elastase exposure, the wound was closed with 6-0 prolene.
The maximal aortic diameters were measured in situ before elastase application and at
harvest. The standard of AAA was defined as a 100% increase in maximal aortic
diameter compared to baseline diameter before elastase treatment [20]. The abdominal
aortas were harvested at 7 or 14 days after elastase treatment (n = 20 per treatment group
per day) for analysis by histology, immunohistochemistry, and quantitative RT-PCR.

The mouse model of Angiotensin Il1-induced aortic aneurysm

The mouse model of Ang Il-induced aneurysm formation has been previously described
(17). Ang Il was infused via subcutaneous osmotic pumps at 1,000 ng/kg/min for a
maximum of 28 days.

Construction of Adenovirus

Adenoviral vectors expressing scramble or Smad2 short hairpin RNA (shRNA) (shSmad?2)
were constructed, and the viruses were purified as described previously (10,18,19).
Histology, Immunohistochemistry and Immunofuorescent staining

Mouse abdominal aortas were fixed with 4% paraformaldehyde and paraffin-embedded
for 5 um thick cross section. The sections were stained with hematoxylin and eosin
staining (H&E staining) for structural observation, Van Gieson for elastin and Massons
trichrome for Collagen and captured wusing a Nikon microscope. For
immunohistochemistry, sections were rehydrated, permeabilized with 0.01% Triton X-
100 in phosphate-buffered saline, blocked with 5% goat serum, and incubated with rabbit
anti-pSmad2 (Cell Signaling Technology, 3108), SMMHC, MMP2 (Abcam, ab37150),

MMP9 (Proteintech, 10375-2-AP) antibody overnight at 4<C, followed by incubation
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with horseradish peroxidase (HRP)—conjugated secondary antibody. The staining was
visualized using Vectastain ABC-AP kit by following the manufacturer’s protocol
(Vector Laboratories). The vessel sections were counterstained with hematoxylin. For
fluorescent staining, sections were firstly rehydrated. After 3 times washing with
phosphate-buffered saline, the section is permeabilized with 0.01% triton X-100 in
phosphate-buffered saline for 10 minutes, blocked with 5% goat serum for 30 minutes,
and incubated with mouse anti-TSP1, mouse anti-TSP1 antibody (ThermoFisher, MA5-
13377) overnight at 4<C, followed by incubation with FITC-conjugated secondary
antibodies. Cell nuclei were stained with DAPI (Molecular Probe). Stained tissue sections
were imaged using a Nikon 12.7MP digital Sight DS-Ril color camera as previously
described (19-21).

Statistical Analysis

All values are expressed as mean =S.E. Data were evaluated with a 2-tailed, unpaired
Student t test or compared by one-way ANOVA followed by Fisher t test. A p value

<0.05 was considered statistically significant.
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Figure legends

Figure 5.1. Deletion of Smad2 in smooth muscle cell promoted elastase-induced
AAA formation. (A) Representative images of SM22a-Cre (Ctrl) and SM22a-
Cre;Smad2™ (Smad2sm-/-) arteries with 7 days of treatment with inactive elastase (IE)
or elastase (PPE). (B) Maximal aortic diameter was shown for Ctrl and Smad2sm-/-
arteries 7 days after the treatments. *P < 0.05 compared with the Ctrl with IE group, n=5.
*p < 0.05 compared with the Smad2sm” with IE treatment group, n=5. *P < 0.05
compared with the Ctrl and Smad2sm-/- with PPE-7 days-treatment group, n=5. (C)
Percentage of AAA incidence of Ctrl and Smad2sm-/- at day 7 after elastase treatment.
*P < 0.05 compared with the Ctrl with elastase treatment group, n=5. (D) Smad2 IHC

staining of human abdominal aorta from normal and AAA patient, and WT mouse
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abdominal aorta treated with inactive elastase (normal) or PPE (AAA) (200x). Scale: 50
um. (E) Quantification of Smad2 in human normal and AAA samples. *P < 0.05
compared with the normal group (200>, n=5. Scale: 50 um. (F) Quantification of Smad2

in mouse normal and AAA samples. *P < 0.05 compared with the normal group, n=>5.

Figure5.2. Smad2 deficiency in SMC increased medial extracellular matrix
degradation and the loss of SMC in artery media of elastase-induced AAA.
Representative images of abdominal aortic segments of SM22a-Cre (Ctrl) and SM22a-
Cre;Smad2™" (Smad2sm-/-) mice treated with elastase or inactivated elastase (IE) for 7
days. (A) Collagen content was determined by Masson’s Trichrome staining (100X).
Scale: 200 um. (B) Quantitative analysis of collagen content. *P < 0.05 compared with
the Ctrl with elastase treatment group, n=5. (C) Van Gieson’s staining for elastin (200>9).
Scale: 50 um. (D) Semiquantitative analysis of elastin fragmentation grade. *P < 0.05
compared with the Ctrl with elastase treatment group, n=5. (E) SMMHC staining for
SMCs. Brown staining showed SMMHC expression, and sections are counterstained with
hematoxylin (blue) (200>). Scale: 50 um. (F) SMC content was calculated as the
percentage of the SMMH-positive cell relative to total cells. *P < 0.05 compared with the

Ctrl with elastase treatment group, n=5.

Figure 5.3. Deletion of Smad2 in SMCs promoted elastin degradation in Ang I1-
induced AAA. Ang Il was infused via subcutaneous osmotic pumps in APOE ™~
SM220-Cre (Ctrl) and APOE™~ SM22a-Cre;Smad2 "™ (APOE "~;Smad2sm-/-) mice for 1

week. (A) Van Gieson’s staining for elastin (200>). Scale: 50 um. (B) Semiquantitative
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analysis of elastin fragmentation grade. *P < 0.05 compared with the Ctrl with Ang II

treatment group, n=>5.

Figure 5.4. SM-specific deletion of Smad2 elevated MMP2 and MMP9 levels.

Representative images of abdominal aortic segments of SM22a-Cre (Ctrl) and SM22a-
Cre;Smad2™™ (Smad2sm-/-) mice treated with elastase for 7 days. (A) MMP2 and MMP9
IHC staining of Ctrl and Smad2sm-/- (200x). Scale: 50 um. (B) Quantification of MMP2
and MMP9 levels. *P < 0.05 compared with the Ctrl mice with elastase treatment group,

n=>5.

Figure 5.5. Smad2 deficiency in SMC caused increased adventitial fibroblast
proliferation. (A-B) Representative images of abdominal aortic segments of SM22a-Cre
(Ctrl) and SM22a-Cre;Smad2™™ (Smad2sm-/-) mice treated with elastase for 7 days. The
cross section was stained with H&E (100x). Scale: 200 um. The total adventitia area was
measured by image J software. *P < 0.05 compared with the Ctrl mice with elastase
treatment, n=5. (C-D) Representative images of abdominal aortic segments from
tamoxifen pre-treated Myh-CreERT (Ctrl) and Myh-CreERT;Smad2™ (Smad2 sm-/-)
mice with 7 days of elastase treatment. The cross section was stained with H&E. The
relative adventitia area was measured as the ratio of total adventitia area (100>). Scale:
200 um. *P < 0.05 compared with the Ctrl mice with elastase treatment, n=5. (E) 10T1/2
cells transduced with Ad-scramble (Ctrl) or Ad-shSmad2 (shSmad2) adenovirus for 2
days and split into 60 mm dish with a density of 5x10* cell/ml medium. GFP and EdU-

positive cells were accounted and quantified to the total cell numbers of each microscopic
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field (10x) from 10 different microscopic fields. N.S. > 0.05 compared with the Ctrl
group, n=3. (F) Conditioned medium of primary cultured SMCs of SM22a-Cre (Ctrl) and
SM220-Cre;Smad2™ (Smad2sm-/-) mice was diluted with starving medium (DMEM
without serum) at 1:1. 10T1/2 cells were seeded at a density of 5x10* cell/ml in Ctrl or
Smad2sm-/- diluted conditioned medium followed by culture for — days. EdU-positive
cells were accounted and quantified to the total cell numbers of each microscopic field

(10x) from 10 different microscopic fields. *P < 0.05 compared with the Ctrl group, n=3.

Figure 5.6. Smad2 deletion in SMC exaggerated Thrombospondin-1 expression in
elastase-induced AAA tissues. Representative images of abdominal aortic segments
from SM22a-Cre (Ctrl) and SM22a-Cre;Smad2™" (Smad2sm-/-) mice treated with
elastase (PPE) or inactivated elastase (IE) for 7 days. (A) Immunofluorescence staining
of TSP1 (200x9). Scale: 50 um. (B) Quantification of TSP1 by measuring positive staining
area to the total media area. *P < 0.05 compared with the Ctrl with IE group, n=5. P <
0.05 compared with the Smad2sm™ artery with IE treatment, n=>5. %p < 0.05 compared

with the Ctrl and Smad2sm-/- artery with PPE treatment for 7 days, n=5.
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Chapter 6

CONCLUSION

This dissertation work was dedicated to develop novel mechanisms underlying smooth
muscle differentiation and vascular diseases including atherosclerosis and abdominal
aortic aneurysm. We majorly focused on molecular mechanisms that regulated TGF-j
induced SMC differentiation (Chapter 3), atherosclerosis development (Chapter 4) and
abdominal aortic aneurysm (Chapter 5).

In Chapter 3, we hypothesized that Meox1 is a potential regulator in TGF-f induced
SMC differentiation because of its highly up-regulated expression from our microarray
analysis. In function study, we found that knockdown of Meox1 caused down-regulation
of SMC marker genes in both TGF-B induced SMC differentiation in vitro and neonatal
mice that were injected with shMeox1 adenovirus on E12.5. Additionally, overexpression
of Meox1 induced SMC marker gene expression in pluripotent 10T1/2 cells. These
findings confirmed our hypothesis and demonstrated that Meox1 is sufficient and
necessary in regulating TGF-p induced SMC differentiation. To further investigate the
mechanism how Meox1 regulates SMC differentiation, we found Meox1 deficiency
increased PPM1A expression which functions as a phosphatase to dephosphorylate p-
Smad3 level, indicating that Meox1 helped retain p-Smad3 level to allow Smad3 to

precisely regulate SMC marker gene transcription.
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Based on our current findings in Chapter 3, there are still some questions need to be
answered. First, how does Meox1 regulate PPM1A degradation? Meox1 may be involved
in PPM1A ubiquitination. Previous study has shown the presence of nuclear ubiquitin-
proteasome system (1). Since Meox1 is a nuclear protein, Meox1 may impact PPM1A
degradation through nuclear ubiquitin-proteasome system. Second, does Meox1 affect
PPM1A transcription? Figure 3.7 C showed that knockdown of Meox1 increased PPM1A
expression even without TGF-B treatment. Because 10T1/2 cells were transfected with
shMeox1 adenoviral vectors for 2 days before TGF-B stimulation, this time is long
enough for Meoxl to regulate PPM1A transcription and thus impact the protein
expression. Further study may be needed to detect if PPM1A transcription is regulated by
Meox1.

In chapter 4, we found Smad2 deficiency in SMC promotes atherosclerosis development
and decreases plaque stability. The decreased plaque stability is due to the increased
MMP2/9 activity. Smad2-/- SMCs can become macrophage-like cells, which may
contribute to the formation of larger necrotic core and unstable fibrous cap.

There are several limitations in the study of chapter 4. Oil Red O staining (Figure 4.1)
showed that the plaque area in whole aorta increased mainly in abdominal aorta rather
than aortic root. Further study may be needed to investigate why Smad2 deficiency in
SMC promotes more plaque formation in abdominal aorta. Second, MMP2/9 expression
and activity increased when Smad2 was deficient. However, the mechanism underlying
this process is unclear. Since TIMP-1 is the primary inhibitor for MMP9 while TIMP-2
mainly inhibits MMP2, whether or not TIMP-1 and TIMP-2 expression is altered by

Smad2 deficiency can be studied. Additionally, other factors such as hydrogen sulfide,
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peroxisome proliferator activated receptor-y and nitric oxide also contribute to MMP
activity. An extensive detection of other factors may provide significant novel
information. Third, since Cre may degenerate gradually when SM22a expression
decreased during SMC transdifferentiation, a better lineage-tracing model such as
Myh11-CreER™ ROSA floxed STOP eYFP mice may be used to address this potential
issue.

In chapter 5, we discovered that Smad2 knockout in SMC promotes abdominal aortic
aneurysm formation. Smad?2 deficiency causes more severe AAA by increasing MMP-2/9
level and decreasing adventitia compensation. SMC Smad2 deficiency may inhibit
adventitial cell proliferation through paracrine effect of thrombospondin-1 (TSP1).

Based on the findings in chapter 5, it may be necessary to determine if TSP1 is critical for
fibroblasts proliferation in adventitia. Additional experiments are needed to test if TSP1
inhibits fibroblast proliferation through blocking fibroblast grow factor (FGF). Moreover,
since TSP1 has been demonstrated to promote MMP2/9 level, it would be interesting to
study if the increased MMP2/9 level in media layer is due to the elevated TSP1

expression in Smad2-/- SMCs..
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