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ABSTRACT

Thoracic aortic aneurysm and dissection (TAAD) is the most fatal macro vascular disease. The mortality of 48h
after diagnosis of dissection is up to approximately 50-68%. However, the genetic factors and potential
mechanism underlying sporadic TAAD remain largely unknown. Our previous study suggested rs12455792
variant of SMAD4 gene significantly contributed to the increased risk and might participated the pathological
progression of TAAD. This investigation aims to test (1) the associations between rs12455792 and M@
recruitment, inflammatory response in aggressiveness of TAAD, and (2) the molecular mechanism accounting
for their effects. In TGF-B signaling molecular detection, rs12455792 C>T variant activated the canonical and
non-canonical TGF-B mediators. It also increased the secretion of chemotactic factors of HASMCs. To confirm
the impact of this change, we detected M@ recruitment and infiltration in HASMCs and aortic tissues of TAAD
patients. We found that M@ recruitment in cells and tissues with rs12455792 variant genotypes was increased
than that in wild type groups. Moreover, rs12455792 variant increased M1 type inflammatory response, which
might contribute much to TAAD progression. To mimic the SMAD4 suppression effect of rs12455792 in vivo, we
constructed the SMAD4 KD mouse. After induction with Ang Il for 4w, the thoracic aorta dilatation and vascular
remodeling were more serious than that of wild type group. In conclusion, rs12455792 increased M@
recruitment, M1 type inflammatory response via activated TGF-B signaling, and further promoted vascular
remodeling and pathological progress of TAAD.

INTRODUCTION

Aortic aneurysm and dissection is the most fatal macro
vascular disease, accounting for over 152,000 new
deaths in the United States per annum [1]. Related
studies have shown that the pathological mechanism of
thoracic aortic aneurysm and dissection (TAAD)
involves macrophages (M) recruitment, inflammatory

reactions and vascular remodeling [2]. M@ is a pivotal
mediator involved in vascular remodeling and aneurysm
dissection and rupture [3]. Increasing evidences
revealed that M@ presented anti-inflammatory effects
via secreting proinflammatory factors and chemokines
in vascular injury region, thus initiated wound-healing
and tissue remodeling [4]. M@ acquires distinct
functional phenotypes via different polarization
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phenotypes-M1 or M2. The imbalance between M1 and
M2 type MO accelerated the progression or rupture of
aortic aneurysms [3].

SMAD4, also known as DPC4 (Deleted in pancreatic
carcinoma 4, DPC4), is located at 18q21.1 [5]. It
encodes the unique co-Smad molecule in the TGF-f
signaling pathway [6]. TGF-/Smad signaling plays an
important role in the pathophysiological processes of
vascular disorders such as revascularization and injury
repair for vessel wall [7]. Generous studies revealed that
mutations of members in TGF-B/Smad signaling were
causative for macro vascular disease, e.g. Marfan
syndrom (MFS) or Loeys-Dietz syndrome (LDS) [8-
10]. SMAD4 mutations were proven causing thoracic
aortopathy and vascular malformation [11-13] since it
was essential in vascular development [6]. Furthermore,
SMAD4 haploin sufficiency resulted in aortic aneurysm
exacerbation in a MFS mouse model [14]. Zhang et al.
also demonstrated that SMAD4 deficiency elevated MO
infiltration and initiated thoracic aortic aneurysm and
dissection formation in mouse model [15]. However,
the genetic effect and exact role of SMAD4 in the
pathogenesis of human thoracic aortic disorders is
largely unknown.

At first, we screened 20 SNPs (nearest gene were
FBN1, TGFBR1, SMAD4, TYW1, LINC02398 and so
on) using recent Genome-wide associated studies
(GWAS) based TAAD reports [16-18] and OMIM
database. Then candidate SNPs were genotyped in 202
TAAD patients and 400 healthy controls. 5 significant
SNPs were identified. Among them, rs12455792
(SMAD4) C>T variant significantly increased TAAD
risk and correlated with increased aortic diameter. We
further detected the impact of other 4 SMAD4 SNPs on
TAAD risk, and the potential impact of rs12455792 on
SMAD4 expression and cell function [19]. But the
potential mechanism between rs12455792 variant, M@
infiltration, vascular remodeling and pathological
progression of TAAD remained unclear.

Here we identified 5 significant SNPs on the basis of
GWAS-based TAAD reports. Among them, rs12455792
was correlated with aortic diameter of patients. We
further explored whether rs12455792 contributed to the
M@ recruitment, vascular remodeling and TAAD
progression. To mimic the impact of rs12455792 -
SMAD4 low expression generally, we constructed the
SMAD4 KD mouse and detected the associated patho-
logical progress of thoracic aortic aneurysm and
dissection. Our study elucidated the potential mecha-
nism for differences in susceptibility and prognosis of
TAAD between patients with CC, CT or TT genotypes.
These novel findings may shed light on the role of
rs12455792 and SMAD4 in pathogenesis of TAAD and

provide a predictive marker for optimizing clinical trial
design and individualizing therapeutic plans.

RESULTS
Genetic association studies

The demographic characteristics and clinical features of
the study participants in screening and validation cohort
were listed in Supplementary Table 1. Data of 400
healthy controls were documented in our previous study
[19]. The candidate 20 SNPs were genotyped in 202
TAAD patients and 400 healthy controls using MALDI-
TOF MS (Fig. 1A). Large vessels CT angiography and
3D scanning images for thoracic aortic aneurysm and
dissection patients were shown in Fig. 1B.

The discriminations of genotype distribution for 20
candidate SNPs between cases and healthy controls
were statistical analyzed using multiple regression
(Supplementary Table 2). Genotype frequencies of all
the SNPs in healthy controls were conformed to Hardy-
Weinberg equilibrium (HWE) (P>0.05). Of the 20
SNPs,  1rs12913975, 110757278, 1510770612,
rs10733710 and rs12455792 were significantly associ-
ated with increased TAAD susceptibility, with ORs of
1.489 (P=0.012), 2.006 (P=0.005), 1.767 (P=0.003),
1.412 (P=0.005), 1.585 (P=0.011) adjusting for age and
gender, respectively. Among them, the functional SNP
rs12455792 C>T variant was correlated with increased
aortic diameter of TAAD patients (r=0.164, P=0.020,
positive correlation in screening data), yielding the most
significant results (Supplementary Table 3). rs12455792
was bioinformatical predicted as a proximal trans-
cription regulatory loci, i.e. it was a functional SNP.
And we have proved that rs1245792 variant reduced the
expression of SMAD4 [19]. Collectively, we further
investigated the relationship between rs12455792 and
pathological progression of TAAD.

rs12455792 C>T variant enhanced both canonical
and non-canonical TGF- signaling transduction in
HASMCs

To determine the TGF-B signaling changes with
rs12455792 C>T variant in HASMCs, we isolated
normal human thoracic aortic SMCs and cultured them
to passage 3 in SMC special medium. Since we have
proved that rs12455792 variant suppressed SMAD4
expression, SiRNA-SMAD4 were transfected into
HASMCs to mimic the impact of rs12455792 variant
genotype. Real-time PCR was used to detect the
transcription of canonical ligands and downstream
targets in TGF-f signaling in HASMC:s transfected with
siRNA-NC or siRNA-SMAD4. We found there was no
change for the expression of TGFB1, TGFB2, TGFB3
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Figure 1. The MALDI-TOF MS spectrum of candidate SNPs and large vessels CT angiography for clinical features
of TAAD patients. (A) The MALDI-TOF MS spectrum of candidate SNPs. Genotypes of SNPs are determined by plotting peak
intensity (y-axis) against mass (Da) (x-axis). The spectrum of rs12455792 is indicated by a circle. (B) Large vessels CT
angiography and 3D scanning images for clinical features of thoracic aortic aneurysm (a, c) and dissection (b, d) patients.

and ID-1 between control and SMAD4 low-expression
group. But the expression of PAI-1 was obviously
reduced in SMAD4 low-expression group. PAI-1 was a
direct target of canonical TGF-f pathway. Compared to
control, we also found an obvious increase for the
expression of CTGF in SMAD4 low-expression group
(Fig. 2A). This increase was offset with addition of
canonical and non-canonical TGF-f signaling mediator
inhibitors (Supplementary Figure 2). CTGF, an essential
regulator in fibronectin assembly and vascular re-

modeling, is a well-known factor in TGF-f respon-
siveness.

Furthermore, we examined the activation of
intracellular mediators in canonical or non-canonical
TGF-B signaling. The results revealed an enhanced
activation of SMAD2, SMAD3, JNK and ERK in
SMAD4 low-expression group (Fig. 2B, D). We also
demonstrated the increased activation of SMAD2, and
JNK in HASMC:s carrying rs12455792 variant geno-
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Figure 2. Enhanced canonical and non-canonical TGF-B signaling in SMAD4-interfered HASMCs. (A) Real-time PCR assay for
the expression of canonical and non-canonical TGF-B signaling molecules in different HASMCs. (B) Western blot assay for the expression
of canonical and non-canonical TGF-B signaling mediators in HASMCs transfected with siRNA-NC or siRNA-SMADA4. (C) Western blot assay
for the expression of canonical and non-canonical TGF-f signaling mediators in HASMCs carrying rs12455792 CC, CT or TT genotypes. (D,
E) Quantitative analysis for B and C, respectively. (F) Real-time PCR assay for the expression of essential chemotactic factors in different
HASMCs. The experiments were repeated three times. Data were presented as mean + SD. *P<0.05, **P<0.01, ns: not significant.
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types without gene dosage effect, compared to that with
wild type genotype (Fig. 2C, E). These data confirmed
that both canonical and non-canonical TGF- signaling
responsiveness elevated by SMAD4 low-expression or
1812455792 variant in HASMC:s.

rs12455792 C>T variant leads to MO recruitment
accompanied by the increased expression of
chemotactic factors

Next, we investigated whether TGF-f signal interfering
in HASMCs could directly trigger M@ recruitment.
First, we checked the alterations for chemotactic factors
in HASMCs transfected with siRNA-SMAD4. The real-
time PCR data declared a significant upregulation of
numerous chemokines, including CCL2, CXCL3,
CXCL9, CXCL10 and CXCL12 in siRNA-SMAD4
group (Fig. 2F). Among these CCL and CXCL family
members, CCL2 and CXCLI12 have been previously
reported to facilitate monocyte chemotactic activity and
be involved in vascular inflammation [20]. Therefore,
we further detected M@ chemotaxis status with
SMADA4-low expression and rs12455792 variant. Before

siRNA-SMAD4
v

functional assay, HASMCs were identified with over
95% SM220 immunostained and M@ was successfully
induced from THP-1 human monocyte cell line by
100ng/ml PMA. The transwell migration assays verified
an evident stimulating role of the SMAD4-silenced
HASMCs on M@ chemotaxis, in compliance with the
excessive CCL2 and CXCLI2 secretion from the
SMAD4-silenced HASMCs (Fig. 3A-B). Similarly, we
observed rs12455792 C>T variant strikingly promoted
MO migrating to HASMCs (Fig. 3C-D).

rs12455792 C>T variant facilitates MO infiltration
in human TAAD specimens

To evaluate the actual phenomena of M@ infiltration in
human thoracic aorta specimens from TAAD patients
with different genotype, we examined immuno-
fluorescence staining for CD68 with frozen sections of
specimens under a laser scanning confocal microscopy.
The number of CD68+ cells in rs12455792 CT and TT
group was significantly higher than that in CC group
(Fig. 4A-B). This suggested that rs12455792 C>T
variant notably facilitated M@ infiltration in human
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Figure 3. rs12455792 C>T variant promote the chemotaxis of M@ to HASMCs. (A) Representative fluorescence images of
M@ migrating to HASMCs transfected with siRNA-NC or siRNA-SMAD4 in transwell assay. (B) The quantitative analysis of M@ cell
numbers in different groups, n=5/group. (C) Representative fluorescence images of M@ migrating to HASMCs carrying rs12455792
CC, CT or TT genotypes in transwell assay. (D) The quantitative analysis of M@ cell numbers in different groups, n=5/group. Red: Dil-
prestained M@; Green: Dio-prestained HASMCs; Blue: DAPI. Data are means * SD. **P<0.01, ns: not significant. Scale bar: 50um.
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Figure 4. rs12455792 C>T variant promotes M@ infiltration in human thoracic aorta specimens. (A)
Representative confocal-microscopy graphs of immunostaining for CD86 in specimens from thoracic aortic aneurysm
patients with rs12455792 CC, CT or TT genotypes. Red: CD68; Blue: DAPI. (B) The quantitative analysis of M@ cell
numbers in different groups, n=8/group. Data are means * SD. ¥*P<0.01, ns: not significant. Scale bar: 100um.

TAAD specimens. Furthermore, we detected the
expression of pro-inflammatory marker TNF-o (M1
type MO) and anti-inflammatory marker CD206 (M2
type MO) in human TAAD specimens with different
genotype. The average integral optical density of TNF-a
in CT or TT group was markedly increased, compared
to that in CC group (Fig. 5A-B). rs12455792 C>T
variant elevated M1 type M@ marker expression,
indicating that the variant led to an activated inflam-
matory circumstance initiated via M@ polarization. But
there was no significant change for CD206 expression
with rs12455792 variant.

SMAD4 knockdown facilitates the progression of
TAAD in animal model

To mimic the impact of rs12455792 - SMAD4 low
expression generally, we constructed the SMAD4 KD
mouse and detected the associated pathological progress
of TAAD. Animal model was constructed with
peritoneal injection of 15mg/kg.d Angll for 4w. The
procedure was shown in Fig. 6A. The SMAD4 KD
mouse was a heterozygote with one chromosome insert-

ed by red fluorescence protein (RFP) flag and piggyBac
(PB) transposon in exon 8 of SMAD4 (Fig. 6B). It was
identified by electrophoresis of mouse tail DNA (Fig.
6C). Applying ultraviolet transmission, the red
fluorescence of inserted RFP flag was observed in the
naked skin of SMAD4 KD mice (Fig. 7A). With Angll
administration for 4w, we found SMAD4 knockdown
strikingly contributed to the progressive dilatation of
both thoracic aortas and abdominal aortas using echo-
cardiography (from 1w to 4w) (Fig. 7B-D). Moreover,
we separated the aortas in different groups and stained
them by oil-red (Fig. 8A). As the aneurysm developed,
SMAD4 KD mice displayed typical pathological
performances of the inherited predispose to TAAD,
including aortic diameter increase, plaque accumu-
lation, aortic wall thickening, monocytes infiltration and
medial degeneration characterized by destructive
vascular matrix remodeling (Fig. 8B-E). Notably,
histological analysis of the thoracic aortic wall in
SMAD4 KD mice revealed that aortic dissection rapidly
developed, accompanied with erythrocyte extravasation
into the media lesion region and intense inflammatory
cell infiltration (Fig. 8D-E).
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Figure 5. rs12455792 C>T variant enhances TNF-a but not CD206 expression in human
thoracic aorta specimens. (A) Immunofluorescence staining for TNF-a and CD206 in specimens from
thoracic aortic aneurysm patients with rs12455792 CC, CT or TT genotypes. Red: TNF-a; Green: CD206;
Blue: DAPI. (B) The plot of average integral optical density for TNF-a and CD206 expression in different
groups, n=8/group. Data are means * SD. *P<0.05, **P<0.01, ns: not significant. Scale bar: 100um.

DISCUSSION

In the present study, we investigated the effects of 20
TAAD risk- related polymorphisms screened by GWAS
and OMIM database. There was 5 significant SNP were
identified using MALDI-TOF MS in 202 patients and
400 controls, 112913975 (SMADG6), 110757278
(CDKN2B-AS1), 1510770612 (LINC02398), 1510733710
(TGFBRI) and 1512455792 (SMAD4). Among them,
rs12455792 was most associated with thoracic aorta
dilatation and was chosen for further analysis.
Functional experiments demonstrated that rs12455792
C>T polymorphism activated TGF-B signaling,
enhanced MO recruitment and M1 type inflammatory
response, thus facilitated vascular remodeling and
pathological progress of TAAD. To the best of our
knowledge, this is the first study to demonstrate poten-

tial impact of rs12455792 on TGF-B signalling, MO
infiltration and pathogenesis of TAAD.

Our case-control study revealed a significant association
between subjects carrying at least one T allele (CT, TT)
of 1512455792 in SMAD4 promoter with 1.59 fold
increased risk of TAAD (Supplementary Table 2). In
bioinformatical analysis, rs12455792 was an eQTL,
located at -650C of SMAD4 gene, a transcription factor
binding site with proximal transcription regulatory
potential. Our further experiments confirmed that
rs12455792 C>T change reduced transcriptional activity
and SMAD4 expression [19]. Numerous studies
suggested that SMAD4, the only one co-smad molecule
in TGF-B/smad signaling, was essential in M@ infil-
tration and development of aortopathy [11-13, 15].
SMAD4 mutations have been identified as a genetic
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cause of hereditary vascular malformation syndrome
and aortopathy [12, 13]. However, the potential mecha-
nism between rs12455792 variant, M@ infiltration,
vascular remodeling and pathological progression of
TAAD remained unclear. Thus we examined the TGF-f
signaling change and M@ chemotaxis with rs12455792
variant.

In detection for TGF- signaling molecules, there was
an enhanced canonical and non-canonical signaling
activation in SMAD4 low-expression or rs12455792
variant groups. Activation of TGF-B signaling always
contribute to uncontrolled cell growth and inflammatory
response, leading to vascular disorders such as
aneurysm [6]. The regulation of TGF-B signaling path-
way is essential in the maintenance of vascular wall
homeostasis. It plays a pivotal role in the synthesis and

degradation of the extracellular matrix. Studies have
confirmed the excessive activation of TGF-B signaling
in the aortic wall of thoracic aortic aneurysm patients
[21, 22]. TGF-B signaling stimuli always activates the
downstream molecules-SMAD2/3 by binding it to
SMAD anchor for receptor activation (SARA), forming
a SMAD-SARA complex. Then it is recognized by
TGF-B receptor. SMAD2/3 are transported to the
nucleus after phosphorylation. In this process, SMAD4
acts as a synergistic factor to form a stable SMAD2/3/4
complex, and assistances R-SMAD to regulate
downstream gene expression [23]. Of note, we
demonstrated that rs12455792 C>T variant elevated the
phosphorylation of SMAD2 in canonical TGF-§
signaling, and JNK in non-canonical TGF-B signaling,
indicating that the change of rs12455792 participated in
the abnormal activation of TGF-f signaling.
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M@ was crucial mediators for the progression of aortic
aneurysms and dissection, presumably through secreting
many inflammatory factor to directly damage vascular
matrix [24, 25]. We speculated that rs12455792 related
TGF-B signal interfering in HASMCs could directly
trigger M@ recruitment. Real-time PCR data revealed a
significant upregulation of numerous chemokines with
SMAD4 low-expression (Fig. 2F). Among these factors,
CCL2 and CXCL12 have been previously reported to
facilitate monocyte chemotactic activity and be
involved in vascular inflammation [20]. Next, transwell
assays verified an evident stimulating role of the
SMAD4-silenced HASMCs on M@ chemotaxis, in com-
pliance with the excessive CCL2 and CXCLI2
secretion from the SMAD4-silenced HASMCs (Fig. 3A-

B). Similarly, we observed rs12455792 C>T variant
strikingly promoted M@ migrating to HASMCs (Fig.
3C-D). In human TAAD specimens, we also observed
that rs12455792 C>T variant notably facilitated M@
infiltration (Fig. 4). The expression of pro-inflammatory
marker TNF-o (M1 type M@) in human TAAD speci-
mens with CT or TT genotype was markedly higher
than that of CC genotypes (Fig. 5). rs12455792 C>T
variant promoted the activation of inflammatory
circumstance, which contributed much to aggressive-
ness of TAAD. Our evidences are first to clarify a
stimulating role of HASMCs with rs12455792 related
TGF-B signaling disorder in facilitating thoracic aorta
wall inflammation, which ultimately contribute to the
progression of TAAD.
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To address the role of rs12455792 on vascular
remodeling in TAAD, we constructed SMAD4 KD
mouse to mimic the impact of rs12455792. With Angll
administration for 4w, we found SMAD4 knockdown
strikingly contributed to the progressive dilatation of
thoracic aortas using echocardiography (Fig. 7B-D). As
the aneurysm developed, SMAD4 KD mice displayed
typical pathological performances of the inherited
predispose to TAAD, including aortic diameter in-

crease, plaque accumulation, aortic wall thickening,
monocytes infiltration and medial degeneration
characterized by destructive vascular matrix remodeling
(Fig. 8B-E). Notably, histochemistry analysis of the
thoracic aortic wall in SMAD4 KD mice revealed that
aortic dissection rapidly developed, accompanied with
erythrocyte extravasation and intense inflammatory cell
infiltration (Fig. 8D-E). These phenomena suggested
that SMAD4 low-expression, similar to the impact of
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rs12455792, promoted the pathological remodeling of
the aorta and trigger the formation of TAAD in vivo.
Our data was consistent with the report that SMAD4
deletion largely recapitulates vascular phenotypes of
LDS patients, with widespread aneurysm and early
dissection [15].

In conclusion, we identified 5 significant SNPs on the
basis of GWAS-based TAAD reports in 602 subjects.
Among them, rs12455792 was correlated with aortic
diameter of TAAD patients. This variant enhanced M@
recruitment, M1 type inflammatory response via
activating TGF-p signaling, further promoted vascular
remodeling and TAAD progression (Fig. 9). In mouse
model, we verified that SMAD4 knock down facilitated
the pathological development of TAAD. Our study elu-

cidated the potential mechanism for differences in
susceptibility and prognosis of TAAD between patients
with CC, CT or TT genotypes. These novel findings
may shed new light on the role of rs12455792 and
SMAD4 in pathogenesis of TAAD and provide a pre-
dictive marker for optimizing clinical trial design and
individualizing therapeutic plans.

CONCLUSIONS

1. The variant rs12455792 in SMAD4 gene significantly
elevated canonical and non-canonical TGF-f signaling.

2. The variant rs12455792 reduced SMAD4 expression
and influenced its effects on chemotactic factors
secretion, M@ recruitment.
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3. 1812455792 C>T variant promoted M@ infiltration
and M1 type inflammatory response in human
aneurysm specimens, further influenced vascular
remodeling and pathological progression of TAAD.

Understanding the genetic features of thoracic aortic
aneurysm and dissection can lead to precision surgery
strategy. In this study, we demonstrated that
rs12455792 in SMAD4 gene, which reduced transcrip-
tion activity and SMAD4 expression, enhanced MO
recruitment, M1 type inflammatory response via
activating TGF-f signaling, further promoted vascular
remodeling and TAAD progression. These findings may
provide a predictive marker for optimizing clinical trial
design of TAAD.

MATERIALS AND METHODS
Subjects

All experiments referring human or animal samples
were approved by Institutional Review Board (IRB), the
first affiliated hospital of Soochow University (Jan.
2010 - Dec. 2016). All subjects were chosen from Han
Chinese population of eastern China. 202 cases of
screening cohort, 227 cases of validation cohort and 400
healthy controls were included in this study. They have
signed the informed consent. The inclusion criteria of
sporadic TAAD patients was described in previous
report [19]. Controls were frequency matched via age
and gender to cases. The aorta status of patients were
measured by echocardiography, angiography, CT or
MRI. The demographic and clinicopathological infor-
mation were documented in patients' interview. Fresh
thoracic aorta tissues around focus were collected from
39 TAAD npatients receiving the Bentall procedures in
Department of Cardiovascular Surgery, the first
affiliated hospital of Soochow University.

SNP selecting and genotyping

We selected 30 SNPs essential in pathogenesis of
TAAD by analyzing GWAS-based TAAD reports [16-
18], OMIM database (http://www.omim.org/) and Han
Chinese data from 1000 Genome Project resources
(http://www.1000genomes.org). Among them, 10 SNPs
were difficult to detected using matrix-assisted laser
desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS) and excluded, by virtue of homo-
logous interference, hairpin structure, short intervals
and so on. All the candidate SNPs meet the following
criteria: (1) the minor allele frequency (MAF)>0.05; (2)
2>0.80 for each paired SNPs. Functinal SNPs were bio-
informatical analyzed wusing online tools- rsnp
(http://rsnp.psych.ac.cn/) and snpinfo (http://snpinfo.
niehs.nih.gov/cgi-bin/snpinfo/snpfunc.cgi).

Candidate SNPs were genotyped using MALDI-TOF
MS as previously described [19]. Briefly, The PCR
product was dispensed into a 384-format SpectroCHIP
and the MALDI-TOF MS assay was performed on a
MassARRAY Compact Analyzer (Sequenom, San
Diego, CA, USA). Amplification and single-base exten-
sion primers in multiple PCR were synthesized by
Benegene (Benegene Biotechnology, Shanghai, China)
and all the sequences were listed in Supplementary
Table 4. Genotype calling was carried out with
MassARRAY RT package 3.0. Genotyping quality was
evaluated by Sanger sequencing for ~15% randomly
chosen samples, finally generating a 100% concor-
dance. The success rate of SNP genotyping was >99%.

Animal models

The SMAD4 knock-down (KD) mouse were designed
and constructed by Biogle (Biogle Inc., Hangzhou,
China). All mice were maintained with C57BL/6J
genetic background. Experiments regarding to animal
model were performed according to institutional
guidelines for laboratory animals. To induce aneurysm
formation of TAA model, we chose 10-12w old mice
and intraperitoneal injected with Angiotensin II (Ang II)
(Sangon Inc., Shanghai, China) (15mg/kg.d, n =10 per
group). All experiments were conducted using both
male and female mice. Controls were sex-matched
littermates. Four weeks later, mice were sacrificed, and
thoracic aortas were histochemistry stained and
evaluated.

Echocardiography

Mice were anesthetized with 5% isoflurane by Small
Animal Anesthesia Ventilator System (RWD Life
Science Inc,. Shenzhen, China). The thoracic aortic
diameter was evaluated using a Vevo2100
cardiovascular ultrasound system with MS400 (30mHz)
microprobe (VisualSonics Inc., Toronto, Canada).
Echocardiographic detection was performed in B mode.
Each experiment was repeated at three times from 10
mice per group.

Cell culture

Primary patients human aortic smooth muscle cells
(HASMCs) were isolated from thoracic aorta of TAAD
patients who received Bentall procedures. Normal
HASMCs was obtained from aorta from patients during
aortic valve replacement. In brief, the media of fresh
thoracic aortas were tore off and cut into 1mm? pieces,
then cultured in 10cm dishes with human SMC medium
(Sciencell, San Diego, CA, USA). Three days after
primary culture, HASMCs were spread out from aortic
tissues. With growth to 80% confluence, cells were
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digested by 0.25% trypsin-EDTA and passaged. In the
experiments, HASMCs were used in passage 3-8 with at
least 95% purity.

Real-time PCR and western blotting

Real-time PCR was performed on an ABI
StepOnePlus™ Real-Time PCR System (ABI, Carlsbad
CA, USA). The primers used for amplification of
chemotactic factors and TGF- molecules were listed in
Supplementary Table 5. In western blotting assay,
proteins were extracted from HASMCs or human
thoracic aorta tissues and subjected to immunoblotting
with rabbit polyclonal antibodies against p-ERK. p-
JNK. p-GSK, mouse monoclonal antibodies against
pSMAD2, pSMAD3 (1:1000, Santacruz, California,
USA). GAPDH was used as internal control. Gel-Pro
analyzer 4.0 software package was used to analysis the
grey scales of target proteins, which were standardized
against that of GAPDH (Media Cybernetics, Silver
Spring, MD, USA).

Chemotatic assay

MO was derived from THP-1 monocytes with 100ng/ml
PMA induction for 48h. Cell chemotaxis were measured
using 24-well Transwell® units (8.0 um pore, Costar
Corning, NY, USA). One hour before experiment, MO
was stained with Dil (red, Beyotime, Shanghai, China),
a bioactive fluorescence probe. HASMCs were stained
with Dio (green, Beyotime, Shanghai, China). Then,
M@ (5x10°) in 100 pl medium was added into each
upper insert, and HASMCs in different group (5%10%) in
500 pl medium were added into lower chamber. The
plate were incubated at 37 °C, 5% CO, for 24h. To
examine M@ chemotaxic-migrating to lower chamber,
cells was fixed by methanol for 10 minutes, washed,
and stained with DAPI. Finally, the images of
chmotaxic-migrated M@ were captured with an
inversion fluorescence microscope (Olympus IX51,
Tokyo, Japan). M@ was quantified by counting 10
independent visual fields per group via Image Pro Plus
6.0 software (Media Cybernetics, Silver Spring, MD,
USA). Each assay was performed in triplicate.

Quantification of aortic lesions

The aortic tissue of mouse was removed from the
ascending aorta to the iliac artery branch and fixed with
4% paraformaldehyde overnight at 4°C. After fixation,
the aortic intimal surface was exposed by a longitudinal
cut through the aortic arch that extended down the
whole length of the aortic tree. Then the aortic tissues
were stained using Oil Red-O and images were
captured. To quantify the phanerous lesions in intimal

surface, mean lesion areas was analyzed by Image Pro
Plus 6.0 software (Media Cybernetics, Silver Spring,
MD, USA).

Histological and
characterization of TAAD

immunocytochemical

To evaluate the pathological performances of TAAD,
murine aortas were separated and fixed in the 4%
paraformaldehyde after 4w of treatment. Serial paraffin
cross section (5 pwm) of murine thoracic aortas were
prepared for histological analysis. Aorta sections were
stained with eosin and hematoxylin for morphological
assessment. Immunostaining of CD86 and polarization
markers (TNF-o, CD206) (1:1000, Santacruz,
California, USA) was performed to detect M@ in-
filtration in frozen sections of human thoracic aortas.
The images of immunofluorescence were digitally
captured on a Carl Zeiss LSMS880 laser scanning
confocal microscope (Carl zeiss, Jena, Germany).
CD68+ Cell numbers or average integral optical density
of CD206 and TNF-o in the aortic wall were
quantitative analyzed from 10 samples per group using
Image Pro Plus 6.0 software (Media Cybernetics, Silver
Spring, MD, USA).

Statistical analysis

Differences of the demographic and clinical features,
and frequencies of genotypes in case-control study were
tested by Student's ¢ test (for continuous variables) or
Chi-square test (for categorical variables). The
comparisons of cell numbers, mean intergral optical
density, lesion areas and so on were using Student's ¢
test (between 2 groups) or One way ANOVA (between
more than 2 groups). Hardy—Weinberg equilibrium
(HWE) was evaluated using online analytical tools. For
analyzing main effect of candidate SNPs, univariate or
multivariate logistic regression models were performed
to generate ORs and corresponding 95%CIs with
adjustment by possible confounders. All statistical tests
were two tailed and conducted using Statistical Program
for Social Sciences (SPSS 18.0, Chicago, IL, USA) or R
software (http://www.r-project.org/). P value <0.05 was
considered statistically significant.

Abbreviations

TAAD: thoracic aortic aneurysm and dissection; M@:
macrophage; TGF-B: transforming growth factor-f,
GWAS: genome-wide association study; MALDI-TOF
MS: matrix-assisted laser desorption ionization time-of-
flight mass spectrometry; SNP: single nucleotide
polymorphism; SMCs: smooth muscle cells; HASMCs:
human aortic smooth muscle cells.
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SUPPLEMENTARY MATERIAL

SUPPLEMENTARY FIGURES
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Supplementary Figure 1. Significantly reduced SMAD4 expression in SMAD4-KD mouse. (A)
Western blot for SMAD4 expression in Wild Type and SMAD4-KD mouse. (B) Quantitative analysis for (A)
Data were presented as mean + SD. **P<0.01.
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Supplementary Figure 2. CTGF and MMPs expression in different HASMCs. (A) gPCR detection for
CTGF expression in HASMCs treated with siRNAs or SMAD2/INK phosphorylation inhibitors. (B) gqPCR
detection for MMPs expression in HASMCs transfected with siRNA-NC or si-RNA-SMAD4. Data were presented

as mean + SD. *P<0.05, ns: not significant.
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SUPPLEMENTARY TABLES

Supplementary Table 1. Demographics and clinical features of the TAAD patients involved

in this study.
Screening cohort Validation cohort

ftem n=202 n=227 P
Age 54.1£14.2 55.2+12.7 0.633
Men(%) 75.2 72.1 0.727
Hypertension(%) 40.1 37.3 0.423
Diabetes(%) 14.4 12.6 0.652
Smoking(%) 52.0 46.5 0.543
Body mass index (kg/m?) 23.944.0 24.544.2 0.768
Thoracic aortic diameter(mm) 53.2+8.0 52.249.7 0.439
D-dimer(pg/ml) 7.82+3.98 7.82+3.98 0.185
CRP(pg/ml) 13.22+6.33 13.2246.33 0.299
HDL-c 1.15+0.29 1.26+0.29 0.071
LDL-c 2.45+0.80 2.39+0.87 0.299

Supplementary Table 2. Logistic regression analysis of associations between candidate SNPs and TAAD risk.

Loci (Gene) HWE,P  Crude OR (95%CI) P Adjusted OR (95%CI)  P®

rs12913975(SMAD6) G>A 0.189 1.500(1.113-2.022) 0.009 1.489(1.101-2.009) 0.012
rs17470137(CCDC100) G>A 0.072 1.119(0.102-12.239) 1.000 1.108(0.097-12.230) 1.000
rs10757278(CDKN2B-AS1) A>G 0.349 2.020(1.353-3.016) 0.001 2.006(1.342-3.002) 0.005
rs6045676(PDYN-AS1) C>G 0.391 1.057(0.811-1.377) 0.743 1.046(0.800-1.362) 0.855
1s875971(CRCP) T>C 0.472 0.730(0.613-1.068) 0.112 0.722(0.601-1.052) 0.236
1s755251(FBN1) A>G 0.563 1.001(0.860-1.164) 1.000 0.987(0.853-1.159) 1.000
rs10258739(TYW1) A>T 0.411 1.027(0.874-1.206) 0.832 1.015(0.869-1.201) 0.952
rs10852932(SMG6) T>G 0.237 0.985(0.653-1.485) 0.941 0.976(0.642-1.471) 0.989
rs1825630(FHIT) C>T 0.089 1.020(0.911-1.143) 0.809 1.009(0.893-1.131) 0.925
rs10770612(LINC02398) A>G 0.152 1.773(1.252-2.510) 0.001 1.767(1.245-2.497) 0.003
1s2659915(RABGEF1) G>A 0.723 0.901(0.717-1.132) 0.407 0.893(0.708-1.121) 0.519
rs10263935(KCTD7) G>A 0.171 0.938(0.750-1.174) 0.605 0.938(0.750-1.174) 0.753
rs4774517(FBN1) G>T 0.526 0.994(0.864-1.143) 1.000 0.987(0.859-1.137) 1.000
rs1036477(FBN1) A>G 0.109 0.959(0.775-1.188) 0.755 0.952(0.769-1.181) 0.829
rs1333049(CDKN2B-AS1) G>C 0.652 0.714(0.563-1.119) 0.543 0.709(0.558-1.112) 0.597
rs10519177(FBN1) A>G 0.328 1.005(0.875-1.153) 1.000 1.001(0.870-1.149) 1.000
rs2118181(FBN1) T>C 0.419 0.959(0.775-1.188) 0.755 0.952(0.769-1.181) 0.837
rs10733710(TGFBR1) G>A 0.563 1.431(1.143-1.792) 0.002 1.412(1.140-1.785) 0.005
rs12455792(SMAD4) T>C 0.936 1.591(1.093-2.312) 0.009 1.583(1.091-2.304) 0.011
rs6045666(PDYN-AS1) C>T 0.723 1.048(0.805-1.362) 0.747 1.043(0.802-1.360) 0.823

Cl, confidence interval; OR, odds ratio; The results were in bold, if P <0.05.
2 Chi-square test for genotype distributions between cases and controls. ® Adjusted for age, sex, smoking status in logistic regress

models.
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Supplementary Table 3. The association between significant SNPs and thoracic aortic diameter in

the study.
Significant SNPs D-Thoracic aortic diameter (mm)
Genotypes Screening data (n=202) Validation data (n=227)

D<40/40<D<50/D>50 P* D<40/40<D<50/D>50  P°

rs10733710
GG 44/49/26 0.477 51/51/28 0.501
GA+AA 36/30/17 41/37/20
rs10757278
AA 29/28/12 0.396 33/31/15 0.357
AG+GG 51/51/31 59/57/33
1512455792
CC 29/17/8 0.020 34/22/12 0.016
CT+TT 51/62/35 57/66/36
rs12913975
GG 63/53/27 0.046 70/55/26 0.042
GA+AA 17/26/16 22/33/22
rs1333049
GG 31/41/19 0.387 38/46/23 0.452
GC+CC 49/38/24 54/42/25

The significant P value were in bold.
MM/Mm/mm: Major homozygote/heterozygote/minor homozygote.
2 For screening data. ® For validation data.

Supplementary Table 4. Primers for PCR and single-base extension reaction in MALDI-TOF MS assay.

Loci Chr:position  Forward primer® Reverse primer® Extension primer Amplicon
(Gene) size(bp)
rs12913975 15:66764823  linker- linker- TCCATCCAGCTAGCA 212
(SMAD®6) TCCTTCTTTGATCTCACGGC GGGTACTTGATGTCAGCAAC
rs17470137 5:123195653  linker- linker- CGCTGTAGGCTCAGT 145
(CCDC100) TTCTTTGCTTACGCTGTAGG TCAGAATCGTCCCATCCAAG
rs10757278 9:22124478  linker- linker- TATTCTGCATCGCTGC 167
(CDKN2B- AGTTGGAACTGAACTGAGGC ACTCTGTCTTGATTCTGCAT
AS1)
1s6045676 20:1960525 linker- linker- CACCAGCATACCTGTATA 192
(PDYN-ASI) GAATTCATCACCAGCATACC TCAGACTCCCATCTGGTATC
rs875971 7:66152608  linker- linker- GGAGGAAATCTTTCAAGC 182
(CRCP) AACAGGCTGAGGTTGTCAGG AAAGGCCGTGGAGGAAATCT
rs755251 15:48519823  linker- linker- CATTTGCTACTTAGCACAG 101
(FBN1) ACTGGGATTAGATTTGGGAC CTCAGGCAATATTTAGTGGC
rs10258739 7:66597948 linker- linker- CCAATACCACCCTCATTTCA 95
(TYW1) GAGTGAATAATACCACCCTC CTGAGTTCACCACGAGTTTC
rs10852932 17:2240166  linker- linker- CCCGCCACTTTAGTCAGTGA 107
(SMG6) GAGATGACTCTGTCCCTATC  TCACAAGGCAGCCACTTTAG
rs1825630 3:59917075 linker- linker- AAGAGATCCAAGTTCAACAA 229
(FHIT) ATGGACTCTGAGCCCATTGT GGGCTGGAGAGAACCATTAT
rs10770612 12:20077705  linker- linker- GGGGTTACCAATACAGGAAC 171
(LINCO02398) AGAGTCTAATCTGTTTGGGC  ATCTCTGTGCCAATACCCTG
1s2659915 7:66688114  linker- linker- CCTTGCCACTCCTGATGTCAT 155
(RABGEF1) TGTTATTGCACTCCAGCCT TGCCTAACATATGGCCACTC T
rs10263935 7:66631041 linker- linker- CTCTAGGACCTACAGAATAA 91
(KCTD7) TCTGAGCCCTTGATATACAC  GCACCCACAGGACATGAAAA GC
rs4774517 15:48467094  linker- linker- GGACAACTAGTGGAGTCCTA 102
(FBN1) ATGGGTGACAACTAGTGGAG TCAAAATAGGCCTCAGAAAG AT
rs1036477 15:48622729  linker- linker- AGGTATAGGTAAAGATAAGA 201
(FBN1) CCTACAGCCCAAAGATGGAC GTGGAAGTTGAAGGTATAGG GT
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rs1333049 9:22125504  linker- linker- ATACTAACCATATGATCAAC 124
(CDKN2B- ATGGTCACTACCCTACTGTC ~ GCATACTTTTGTCAACACAG  AGTT

ASI)

rs10519177  15:48464998  linker- linker- GGTCGACATGGAGGAATCAC 178
(FBN1) CTTATGCAGAGCACAAGGAG AGCCATGAGCCATGGTTTTC  ACAA

rs2118181 15:48623687  linker- linker- GGAAAGACAATCATGACAAA 113
(FBN1) TCATGCGGCCAATTCCTACA  CAAGCAGCACATCCAAAGAG ATTCA

10733710 9:99145142  linker- linker- GGGGAACATAGTAGGTGCCC 97
(TGFBR1) TGATGAAAGGTTGCCCTTCC ~ ACCTATTAGACGATTGGCAC  TATAAA

1512455792 18:51046270  linker- linker- CTGAGATGGATATATCAAAA 106
(SMAD4) AGTGAGGGTCCAATTTCTCG ~ GCTACTTCATACCTACTGAG  AGACAATA

156045666 20:1959858 linker- linker- ACTTTGCCAAATTTGATGTAA 121
(PDYN-AS1) GCTTGAAGGAGAAATAATGG  GGGTTCACTGGGTTTCTTCA  ACAAAA

2linker=10-mer linker ACGTTGGATG placed at 5'-end of each primer.

Supplementary Table 5. Primers of TGF-B signaling molecules and chemotactic factors in
real-time PCR assay.

Gene Species Primer sequence Amplicon
size(bp)

GAPDH Human 5’-GAGCACAAGAGGAAGAGA-3’ 167
5’-CACAGGGTACTTTATTGATGG-3’

IL1-B Human 5’-CAGAAGTACCTGAGCTCGCC-3’ 153
5’-AGATTCGTAGCTGGATGCCG-3’

CX3CL1 Human 5’-CGCGCAATCATCTTGGAGAC-3’ 200
5’-AGGACCACAGACTCGTCCAT-3’

CXCL3 Human 5’-AACCGAAGTCATAGCCACACT-3’ 192
5’-ATTTTCAGCTCTGGTAAGGGC-3’

CXCL9 Human 5’-TTTCCCGAAGGAAAAGGGCT-3’ 227
5’-TCCACTAACCGACTTGGCTG-3’

CXCL10 Human 5’-CGCTGTACCTGCATCAGCAT-3’ 239
5’-TGCATCGATTTTGCTCCCCT-3’

CXCL12 Human 5’-CTACAGATGCCCATGCCGAT-3’ 226
5’-GTGGGTCTAGCGGAAAGTCC-3’

CXCL13 Human 5’-TGACTCTGCTAATGAGCCTGG-3’ 232
5’-ATTCCCACGGGGCAAGATTT-3’

CCL2 Human 5’-TTCCCCTAGCTTTCCCCAGA-3’ 204
5’-TCCCAGGGGTAGAACTGTGG-3’

CCL3 Human 5’-GCTCTCTGCAACCAGTTCTCT-3’ 164
5’-CGGCTTCGCTTGGTTAGGAA-3’

CCL5 Human 5’-CAGTCGTCTTTGTCACCCGA-3’ 194
5’-CGGGTGGGGTAGGATAGTGA-3’

TGFB1 Human 5’-CTGTCCAACATGATCGTGCG-3’ 216
5’-TGACACAGAGATCCGCAGTC-3’

TGFB2 Human 5’-CGAAACTGTCTGCCCAGTTG-3’ 239
5’-TCCGTTGTTCAGGCACTCTG-3’

TGFB3 Human 5’-GTGCCGTGAACTGGCTTCT-3’ 209
5’-TCTTCATTGGCTGGGGTGTG-3’

CTGF Human 5’-AAGGGCAAAAAGTGCATCCG-3’ 219
5’-CTTCTTCATGACCTCGCCGT-3’

ID-1 Human 5’-AAACGTGCTGCTCTACGACA-3’ 256
5’-AGGAACGCATGCCGCC-3’

PAI Human 5’-AGAACCTGGGAATGACCGAC-3’ 223

5’-TTGTGCCGGACCACAAAGAG-3’
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