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Abstract

Background: Vascular smooth muscle cell (SMC) apoptosis is involved in major cardiovascular 

diseases. Smad2 is a transcription factor implicated in aortic aneurysm. The molecular mediators 

of Smad2-driven SMC apoptosis are not well defined. Here we have identified a Smad2-directed 

mechanism involving MET and FAS, both encoding cell membrane signaling receptors.

Methods and results: Guided by microarray analysis in human primary aortic SMCs, loss/

gain-of-function (siRNA/overexpression) indicated that Smad2 negatively and positively regulated, 

respectively, the gene expression of Met which was identified herein as anti-apoptotic and that of 

Fas, a known pro-apoptotic factor. While co-immunoprecipitation suggested a physical association 

of Smad2 with p53, chromatin immunoprecipitation followed by quantitative PCR revealed their 

co-occupancy in the same region of the MET promoter. Activating p53 with nutlin3a further 

potentiated the suppression of MET promoter-dependent luciferase activity and the exacerbation 

of SMC apoptosis that were caused by Smad2 overexpression. These results indicated that Smad2 

in SMCs repressed the transcription of MET by cooperating with p53, and that Smad2 also 

activated FAS, a target gene of its transcription factor activity.
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Conclusions: Our study suggests a pro-apoptotic mechanism in human SMCs, whereby 

Smad2 negatively and positively regulates MET and FAS, genes encoding anti-apoptotic and 

pro-apoptotic factors, respectively.

Keywords

Smad2; p53; MET ; FAS ; Apoptosis; Smooth muscle cell

Introduction

Vascular smooth muscle cell (SMC) is the principal cell type that constitutes the strength 

and contractility of the artery wall. Moreover, these cells form a signaling hub, sensing 

microenvironmental perturbation and in response, undergoing cell state transitions. As such, 

dysregulated SMC homeostasis is the basis of major vascular diseases – for example, 

excessive apoptosis contributes to aortic aneurysms [1,2].

SMC apoptosis is a highly regulated program involving complex interplay of extracellular 

signal, cell membrane receptors, and intracellular responses. TGFβ signaling is regarded 

as critical in aortic aneurysms [3]. Smad2 and Smad3 represent major effector proteins of 

TGFβ signaling [4]. Via cytosol-to-nucleus translocation, these two transcriptional factors 

transmit extracellular signals to intracellular reactions to gene expression [5,6]. Whereas 

Smad3 in SMCs is reportedly pro- or anti-proliferative in restenosis or atherosclerosis [7–

10], Smad2 was linked to SMC apoptosis and aortic aneurysm [11–13]. This complexity 

of disparate Smad2/3 functions underscores the importance to delineate the Smad2-specific 

regulatory mechanisms that underlie SMC apoptosis, whereas current knowledge is limited 

[14–17].

To quest for Smad2 downstream signaling mediators, in this study we performed microarray 

after Smad2 silencing in human primary aortic SMCs (AoSMC). Consistent with the 

reported Smad2 function in SMC apoptosis [13], FAS (a.k.a CD95) was prominently down-

regulated. FAS encodes a cell membrane receptor with a pro-apoptotic role well-documented 

in SMCs [18,19]. However, a Smad2 regulation of FAS in SMCs was not previously 

reported. More interestingly, MET (encoding Met), another top-ranked gene, was implicated 

herein as repressed by Smad2. Met is a protooncoprotein known to be pro-proliferative in 

multiple malignancies [20]. Whether it plays a role in SMC apoptosis was not clear. Given 

the background knowledge presented above, it was expectable that Smad2 as a transcription 

activator may turn on the pro-apoptotic gene FAS. However, Smad2-mediated repression of 

MET transcription was somewhat surprising.

We further found that the traditionally regarded activator of transcription, Smad2, partnered 

with p53, a master inhibitory transcription factor that inactivates gene expression. The two 

transcription factors formed a complex binding to the same site of MET promoter thereby 

blocking its transcription. Our data also showed that Met inhibited AoSMC apoptosis. 

Therefore, this study uncovered a Smad2-directed negative and positive regulation of MET 
and FAS, genes encoding anti- and pro-apoptotic factors, respectively. Our results thus 

provide new insight for better understanding the complex Smad2 regulations of apoptosis in 

AoSMCs.
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Results

Smad2 negatively regulates the transcription of Met, which is found here to be anti-
apoptotic in human SMCs

As a top-ranked gene that was upregulated due to Smad2 knockdown, MET caught our 

interest in the microarray analysis (Fig. S1). Met is expressed in SMCs and known as 

a pro-mitotic cell surface signaling receptor [20], yet its role in SMC apoptosis was not 

previously delineated. We thus first verified that Smad2-specific silencing with siRNA 

markedly increased MET expression at both protein (Fig. 1A) and mRNA levels (Fig. 1B) 

in the presence of TGFβ1 (or PDGF-BB). We included PDGF-BB as an extra condition in 

consideration of its reported effect of indirectly activating Smad2 [21]. We then determined 

the role of Met in AoSMC apoptosis through FACS sorting of apoptotic cells and Western 

blotting of cleaved Caspase3. SMCs are relatively resistant to death. The ratio of apoptotic 

cells versus total cells is generally small, and a change in apoptotic SMC number would 

be masked if a comparison were made between total cell numbers. We thus used percent 

apoptotic cells (versus total SMCs) as a parameter for comparison rather than using total 

cells which include mostly non-apoptotic cells and only a small portion of apoptotic cells. 

As shown in Fig. 1C, 8.71% of the total AoSMC population was detected as apoptotic in 

the control of empty vector, and MET overexpression reduced this percentage to 4.96% 

(a 43% reduction, see black bars of averaged values). MET silencing (Fig. 1D), on the 

other hand, increased percent apoptotic cells to 5.3% from 2.5% (scrambled siRNA control). 

In accordance, MET overexpression and silencing substantially decreased and increased 

cleaved caspase3 protein, respectively (Fig. 1E and F). To further confirm the anti-apoptotic 

role of Met observed here in AoSMCs, we next applied H2O2 which aggressively induces 

SMC apoptosis [22,23]. As shown in Fig. 2, treatment with H2O2 exacerbated apoptosis 

in a concentration-dependent manner in AoSMCs transfected either with scrambled siRNA 

or MET-specific siRNA. Of note, more severe apoptosis occurred in AoSMCs with (vs 
without) MET silencing. For example, after 16 h treatment with 0.4 mM H2O2, 58.71% 

(44.30% + 14.41%, late and early phases) of total cells were detected as apoptotic when 

MET was silenced, whereas without MET silencing only 38.88% (23.43% + 15.45%) 

apoptotic cells were detected.

Taken together, we not only identified a Smad2-specific negative regulation of MET, but 

also elucidated an anti-apoptotic role of Met in AoSMCs.

Smad2 and p53 co-immunoprecipitate (co-IP) with each other and co-repress MET 
transcription

Smad2 is well known for transcriptional activation. As such, its inhibitory effect on MET 
expression appeared provocative against the familiar view. Interestingly, using a software 

(LASAGNA-Search 2.0) to predict transcription factor binding sites, we noticed that Smad2 

and p53 may share the same binding region (−209 bp from the transcription start site) 

on the MET promoter. We thus inferred that Smad2 and p53 may function as a complex 

in regulating MET transcription. In order to test this hypothesis, we performed co-IP 

experiments using an antibody for p53 to detect co-IP’ed Smad2 and also an antibody 

for P-Smad2 to detect co-IP’ed p53. The data indicated that while P-Smad2 (activated 
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form) co-IP’ed specifically with p53 against the IgG background (Fig. 3A), p53 also 

co-IP’ed specifically with P-Smad2 (Fig. 3B). Further indicating functional specificity 

of the observed co-IP, while Smad2 overexpression increased the P-Smad2 co-IP with 

p53, activating p53 (with nutlin3a) enhanced its co-IP with P-Smad2 (Fig. 3A and B). 

Importantly, robust P-Smad2/p53 co-IP occurred in the presence of TGFβ1 which stimulates 

Smad2 phosphorylation and its nuclear translocation and hence function. Indicative of 

a functional outcome of this P-Smad2/p53 association, while using TGFβ1 to activate 

Smad2 reduced MET expression (mRNA and protein), activating p53 with nutlin3a further 

significantly potentiated this effect (Fig. 3C). The Smad2-specificity of this effect was 

confirmed in Fig. 3D via Smad2 overexpression. An alternative scenario is that p53 may 

potentiate the Smad2 function by regulating its expression level. However, p53 activation 

did not increase Smad2, neither its total protein nor phosphorylated form (Fig. 3E). Taken 

together, these data indicate that Smad2 and p53 interact with each other or function in the 

same protein complex regulating MET expression in AoSMCs.

Smad2 and p53 co-occupy the same MET promoter region

Given the above result of Smad2/p53 cooperativity in regulating MET expression, 

we next determined whether they functioned by directly binding to the MET 
promoter. We first performed MET promoter activity assay using plasmids containing 

the luciferase gene placed downstream of the MET promoter. As shown in Fig. 

4A, while Smad2 overexpression significantly reduced MET promoter activity, p53 

activation further enhanced this effect. We then used chromatin immunoprecipitation 

(ChIP)-qPCR to determine Smad2/p53’s physical binding to 4 different MET promoter 

regions: 1100 (MET1), −900 (MET2), −200 (MET3), and +50 (MET4). These 

regions were chosen based on software prediction. Interestingly, only one (MET3) 

GAGGCAGACAGACACGTGCTGGGGCGG of the 4 DNA regions exhibited significantly 

more co-IP with the transcription factors as a result of Smad2 overexpression or p53 

activation (Fig. 4B and C). These results suggest that Smad2 and p53 bind to the same 

region in the MET promoter thereby cooperatively regulating MET transcription.

p53 activation further potentiates AoSMC apoptosis that is enhanced by Smad2 
overexpression

Up to this point, we had identified an anti-apoptotic role of Met in AoSMCs and Smad2’s 

negative transcriptional regulation of MET. We had also found p53/Smad2 co-occupancy in 

the same MET promoter region and their cooperativity that potentiated the Smad2 regulatory 

function. Collectively, these new lines of information logically suggested that p53 may 

potentiate the pathophysiological role of Smad2 in promoting AoSMC apoptosis. To test this 

proposition, we first verified the role of Smad2 in AoSMC apoptosis. As shown in Fig. 5 

(A and B), Smad2 silencing promoted, and its overexpression inhibited AoSMC viability, 

suggesting a pro-apoptotic role of Smad2. However, reduced cell viability could result from 

attenuated proliferation or aggravated apoptosis or both. In support of a positive role for 

Smad2 in AoSMC apoptosis, FACS data showed that percent apoptotic AoSMCs dropped 

from 6.57% to 2.67% after Smad2 silencing (Fig. 5C). Consistently, percent apoptotic cells 

rose from 4.1% to 6.3% after Smad2 overexpression (Fig. 5D). More interestingly, activation 
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of p53 by nutlin3a further increased percent apoptotic cells to 12.3% (Fig. 5D). This result 

was also confirmed by Western blot analysis of cleaved caspase3 (Fig. 5E).

Smad2 as a transcription factor positively regulates FAS transcription

We also looked into the positive role of Smad2 as a transcription activator. Among the 

top-ranked genes whose expression was reduced by Smad2 siRNA (microarray, Fig. S1), 

FAS was the only one with an established pro-apoptotic role but not known for regulation 

by Smad2 in SMCs. We therefore verified this microarray result through quantitative real 

time PCR (qRT-PCR) and Western blot analysis for mRNA and protein levels of FAS. 

Indeed, Smad2 knockdown effectively abated FAS expression at both protein (Fig. 6A) 

and mRNA levels (Fig. 6B). We then asked whether Smad2 regulated FAS transcription 

directly. Luciferase assay (Fig. 6C) indicated that Smad2-specific overexpression boosted 

FAS promoter activity by 5-fold. Furthermore, ChIP assay (Fig. 6D) suggested that the 

Smad2 binding to the FAS promoter around the FAS1 (−1450bp) and FAS2 (−1400bp) 

regions was significantly enhanced by Smad2 overexpression as compared to the empty 

vector control (VEC). These results indicate that in SMCs the transcription factor Smad2 

positively regulates the transcription of the pro-apoptotic gene FAS, likely through binding 

to its promoter.

Immunohistochemistry for the expression of Smad2, Fas, and Met in aneurysmal rat 
arteries

Since a pro-aneurysmal role has been reported for Smad2 [12], which was found here 

as an important regulator of MET and FAS in AoSMCs in vitro, we finally determined 

the expression of these players in vivo in aneurysmal arteries where SMC apoptosis is a 

major event [24]. We performed elastase infusion in rat abdominal aortic arteries which 

often induces marked aneurysm 7 days after the infusion [25]. Immunohistochemistry on 

aorta cross sections indicated that Smad2 increased in aneurysmal aortic arteries versus 
non-aneurysmal arteries, in agreement with previous reports [11,15]. More interestingly, 

whereas Fas increased, Met decreased in elastase-treated arteries as compared to normal 

artery controls, in particular in the medial layer where SMCs reside (Fig. 7, Fig. S2). This 

in vivo observation was consistent with our in vitro data that indicated Smad2-directed, 

respective (positive and negative) regulations of FAS and MET expression in AoSMCs that 

underwent apoptosis.

Discussion

In this study we made an interesting finding that Smad2, generally perceived as an activating 

transcription factor [26], repressed the transcription of MET. Namely, Smad2 co-opted p53’s 

function of transcriptional repression to inhibit MET transcription. This Smad2 negative 
regulation of MET in SMCs was not previously reported. We also found that Met was 

anti-apoptotic in AoSMCs, a function that could not be simply extrapolated from its known 

pro-proliferative role because apoptosis and mitosis are disparate cellular programs. On the 

other hand, Smad2 activated the transcription of FAS, a well-documented pro-apoptotic 

gene [18]. With these results, we are able to interpret the Smad2 pro-apoptotic mechanism 

from a bipartite perspective – Smad2 turns on pro-apoptotic FAS while turning off anti-
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apoptotic MET –actions orchestrated for aggravating AoSMC apoptosis. Given a reportedly 

pro-apoptotic role for Smad2 in SMCs with a link to the potentially lethal aortic aneurysms 

[11–13,17], our findings are significant for deciphering Smad2’s molecular regulations that 

underlie AoSMC apoptosis.

We dissected the Smad2/p53 partnership based on different layers of evidence. First, co-

IP data indicated that Smad2 and p53 were interacting or in the same protein complex. 

Second, they bound to the same region of the MET promoter (−209 bp with respect to 

TSS), as revealed by ChIP-qPCR mapping of different MET promoter sequences. Third, 

activating p53 enhanced the Smad2-specific inhibitory effect on MET promoter-dependent 

transcriptional activity and MET gene expression. Fourth, activating p53 did not lead to 

an increase of P-Smad2 or its total protein, ruling out this alternative scenario. Lastly yet 

importantly, the functional outcomes of Smad2 overexpression, p53 activation, and/or MET 
silencing were all consistently verified as exacerbated AoSMC apoptosis. These results 

hence collectively suggest that when activated in the AoSMC apoptotic program, Smad2, 

though commonly known as a transcription activator, repressed MET by recruiting p53. 

Both binding to the same MET promoter site, Smad2 and p53 may form a complex. Their 

occupancy at MET could thereby be stabilized for the repression of MET expression. In 

accordance with an anti-apoptotic role for Met in AoSMCs, an involvement of Met in pro-

proliferative pathways (such as ERK, STAT3, and AKT, Fig. S3) was also observed here in 

AoSMCs, consistent with the Met signaling pathways previously reported with cancer cells 

[27,28]. Of note, a p53/Smad2 partnership was also found in an earlier report [29]. However, 

these two factors were found to regulate CDKN1A through transcriptional activation in 

Xenopus embryos, a mechanism apparently different from that of MET repression observed 

herein. Therefore, although the role of p53 in SMCs appears controversial and context 

dependent [12,30], the results from our experimental setting suggest that p53 and Smad2 

cooperatively repress MET and promote SMC apoptosis. On the other hand, with a focus 

on Smad2 and p53, our data cannot rule out participation of other factors in this MET-

regulatory complex.

By contrast, FAS was positively regulated by Smad2, a result that can be readily interpreted 

based on the known transcription-activating function of Smad2 [31]. Indeed, loss- and gain-

of-function and ChIP-qPCR experiments supported the role for Smad2 as a transcription 

factor directly binding to the FAS promoter activating its transcription. Since no p53-binding 

sequences were found (through software) in the FAS promoter, we do not expect the 

Smad2/p53 cooperativity is applicable for FAS. An early study showed TGFβ1-dependent 

Fas induction and subsequent apoptosis in the human gastric SNU-620 carcinoma cell line 

[32]. However, this study delineated that Smad3 but not Smad2 was responsible for the 

TGFβ1-induced Fas upregulation. Therefore, the discrepancy between our result and this 

early report is interesting which highlights the cell type and context dependent nature of the 

TGFβ/Smad signaling and its biological manifestation [6,33].

In summary, our results collectively unravel a regulatory mechanism whereby Smad2 

represses MET while activating FAS transcription. Likely through this two-pronged 

regulation, Smad2 could effectively execute its pro-apoptotic function (Fig. 6E). Particularly 
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interesting, a Smad2/p53 partnership enables an activation-to-repression transition of 

Smad2’s function in gene expression.

Conclusions

We have identified a previously unrecognized pro-apoptotic regulation in human SMCs, 

whereby the same transcription factor (Smad2) negatively and positively regulates the 

transcription of anti-apoptotic and pro-apoptotic factors (Met and Fas), respectively and 

concurrently. This regulation manifests functionally as Smad2-prompted SMC apoptosis. 

Our findings could contribute to better understanding of the molecular events that occur 

in aortic aneurysms [34], a degenerative vascular disease featuring SMC apoptosis with 

no medical therapy available [24]. Further dissection of Smad2-dominated SMC apoptotic 

mechanisms is needed to evaluate the utility of its targeting toward translational medicine.

Materials and methods

Materials

Human aortic smooth muscle cells (AoSMCs, CC-2571), smooth muscle cell basal 

medium (SmBM, CC-3181), and SmBM plus Single Quots of supplements (CC-3182) 

were purchased from Lonza (Walkersville, MD). Recombinant Human TGFβ1 was 

purchased from Thermo Fisher Scientific (PHG9214). Recombinant Human PDGF-BB 

(520BB050) was from R&D Systems (Minneapolis, M). Cell Titer-Glo 2.0 Assay kit 

was purchased from Promega (G9242). Scrambled control and smad2-or MET-specific 

siRNA were from Thermo Fisher Scientific (Waltham, MA. Scrambled: AM4635; 

SMAD2:4427037, ID-S8397; MET: 4427038, ID-s8700). Opti-MEM I Reduced Serum 

Medium, Lipofectamine3000 and Lipofectamine RNAiMAX Transfection Reagent were 

from Thermo Fisher Scientific (31985062, L3000008 and 13778150). Pierce Fast Western 

Blot Kit was from Thermo Fisher Scientific (35050). Dead Cell Apoptosis Kit with Annexin 

V Alexa Fluor 488 & Propidium Iodide (PI) was from Thermo Fisher Scientific (V13241). 

Nutlin 3a was purchased from Millipore Sigma (SML0580).

Human aortic smooth muscle cell (AoSMC) culture and transfection

Human AoSMCs were cultured in SmBM with supplements (full medium) in a humidified 

incubator with 5% CO2 at 37 °C and used at passage 5–7, as we previously reported 

[35]. For Smad2 plasmid (Addgene, 11734) transfection, AoSMCs were cultured in full 

medium till 80–90% confluence and changed to basal medium (0% FBS) 2 h before 

transfection. The cells were transfected with the Smad2 plasmid using Lipofectamine3000 

(following the manufacturer’s instruction) for 12 h and cultured with fresh basal medium 

(no Lipofectamine) for another 24 h. PDGF-BB (50 ng/ml) or TGFβ1 (10 ng/ml) was then 

added and 12 h after treatment cells were harvested for assays. Transfection with siRNAs 

and treatment with PDGF-BB or TGFβ1 followed the same procedures and conditions 

except that the RNAi Max transfection reagent was used (following manufacturer’s protocol) 

at 70–80% AoSMC confluency. For MET plasmid (Addgene, 37560), lentivirus was 

packaged using LentiX 293T cell line (TaKaRa, 632180) and transduced into AoSMCs. 

Cell apoptosis or Western blot analysis were performed at 48 h post infection.
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Microarray and analysis

We followed the method we used in our recent publication [35]. Briefly, human 

SMCs were transfected with scrambled siRNA or si-Smad2 in basal medium for 24 

h, then stimulated with TGFβ (10 ng/ml) for 12 h. The cells were collected for total 

RNA isolation using TRIzol reagent following the manufacturer’s instruction (Thermo 

Fisher Scientific, Cat#15596026). Microarray (100 ng/sample) was then performed using 

Affymetrix Microarrays (Human Transcriptome Array 2.0). The data were analyzed using 

Transcriptome Analysis Console.

Quantitative real-time PCR (qRT-PCR)

As we previously described [35], total RNA was extracted from cell lysates using the 

TRIzol reagent (Thermo-Fisher Scientific, Cat#15596026) and used for cDNA synthesis 

with the High-Capacity cDNA Reverse Transcription kit (Thermo Fisher Scientific, Cat# 

4368814). In each 20 μl reaction, 10 ng of cDNA was amplified through quantitative 

real-time PCR using PowerUp SYBR Green Master Mix (Thermo Fisher Scientific, 

A25778), and mRNA expression was determined using 7500 Fast Real-Time PCR System 

(Applied Biosystems, Carlsbad, CA). Levels of mRNAs were normalized to glyceraldehyde 

3-phosphate dehydrogenase (GADPH) using the ΔΔCt method. qRT-PCR was done in 

triplicate reactions. The primers used are listed in Table S1.

Western blot analysis

We did the procedures similar to that in our recent report [35]. Briefly, cells were 

lysed in RIPA buffer (50 mM Tris, 150 mM NaCl, 1% Nonidet P-40 and 0.1% sodium 

dodecyl sulfate) containing Halt Protease and Phosphatase Inhibitor Cocktail (Thermo 

Fisher Scientific, Cat#78440). Protein concentration was determined using a Pierce BCA 

Protein Assay kit (Thermo Fisher Scientific, Cat#23227). Whole-cell lysates were mixed 

with Laemmli loading buffer, boiled at 95 °C for 5 min. Proteins were separated by 12% 

SDS–PAGE and transferred to a PVDF membrane. Immunoblotting was carried out using 

specific primary antibodies and Fast Western Optimized HRP Reagent. In order to detect 

multiple proteins, the whole blot was cut into strips prior to hybridization with different 

antibodies (for the original blots, please see Supplemental Materials). Specific protein bands 

on blots were illuminated using ECL detection reagents and recorded with an Azure C600 

imager (Azure Biosystems, Dublin, CA). Band intensity was quantified using the ImageJ 

64 software (https://imagej.nih.gov/ij/). Densitometry data were normalized to GAPDH 

(loading control). The information for the antibodies is presented in Table S2.

Cell apoptosis assay

After 24 h of starvation, transfected AoSMCs were treated for 24 h with DMSO control or 

Nutlin3a (final 5 nM). Harvested cells were washed in cold PBS and then resuspended in 

annexin-binding buffer (106 cells/mL). FITC annexin V (5 μL) and propidium iodide (PI) 

working solution (1 μL) were added (to each 100 μL cell suspension). After incubation 

at room temperature, annexin-binding buffer (400 μL) was added to each 100 μL of cell 

suspension. Analysis of apoptotic cells followed our recent publication [35] using BD FACS 
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Calibur (BD Biosciences, NJ, USA) and the Flow Jo or FCS Express 6 software (specified in 

figure legends).

Cell viability assay

For cell viability assay, 5000 AoSMCs were seeded in each well of the 96-well white plate. 

Then cells were transfected with smad2 plasmid or empty vector, and scrambled siRNA or 

si-Smad2. Following transfection and TGFβ1 or PDGF-BB treatment (or solvent control), 

AoSMCs were washed once with PBS and then 50 μl of PBS plus 50 μl of CellTiter-Glo 

reagent was added in each well. Cell viability was analyzed using the Flexstation 3 plate 

reader to read 96-well plates.

Co-immunoprecipitation (co-IP)

Co-immunoprecipitation was performed following the instruction of Pierce Crosslink 

Immunoprecipitation Kit (Thermo Scientific, 26147). In brief, AoSMCs were transfected 

with empty vector (VEC) or smad2 overexpression plasmid (Addgene, 11734), or AoSMCs 

were starved and treated with Nutlin 3a for 24 h. Post transfected or treated AoSMCs were 

lysed on ice for 30min in IP Lysis/Wash Buffer (included in kit) containing Halt protease 

inhibitor cocktail (Thermo Fisher Scientific, 87785). Cell lysate were centrifuged at 12000 

rpm for 10min at 4 °C. During centrifugation, we performed binding of antibodies to protein 

A/G plus agarose and crosslinking the bound antibodies following the instruction. After 

centrifugation, the pre-cleared lysate was added to the antibody-crosslinked resin in the 

column, and incubated with gentle end-over-end mixing for overnight at 4 °C. The proteins 

were finally eluted from the column and subjected to SDS-PAGE and Western blot analysis.

Luciferase assay for the constructs containing MET promoter or FAS promoter

The 1.7 kb promoter region of MET (−1500 to +200) was cloned from human AoSMC 

genomic DNA. It was then subcloned into a promoter reporter vector (EMPTY_PROM, 

Switchgear Genomics, S790005). Similarly, 2.3 kb FAS gene promoter (with 5′ UTR) 

(−2000 to 300) was amplified and subcloned into the EMPTY_-PROM (Switchgear 

Genomics, S790005). The primers for cloning are presented in Table S3. Correct sequences 

of the clones were verified through sequencing. For luciferase activity assay, we followed 

the manufacturer’ instruction using the Lightswitch luciferase assay reagent (Switchgear 

Genomics, LS010). We first transfected cells with a luciferase assay plasmid, by seeding 

5000 AoSMCs/well in 96-well plates and culturing for 24 h (no Lipofectamine). We then 

transfected the cells with an empty vector (VEC) or Smad2-overexpressing plasmid (Smad2-

OE) for 24 h. For FAS promoter activity assay, the cell culture medium was changed to fresh 

full medium for a 24-h incubation before assay. For MET promoter activity assay, the cell 

culture medium was changed to fresh basal medium and the cells were cultured for 12 h, and 

then treated with Nutlin 3a (5 ng/ml) for 24 h. The luciferase activity assay was performed 

by adding 100 μl Assay Solution per well. The cells were incubated for 30 min at room 

temperature before reading in Luminometer System (Applied Biosystems, Foster City, CA). 

Luciferase activity reading was normalized to cell number, and duplicate plates were used.
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Chromatin immunoprecipitation (ChIP) assay

We used the ChIP assay method we recently reported [35]. ChIP was performed using the 

Pierce Magnetic ChIP kit (Thermo Fisher Scientific, 26157). Briefly, AoSMCs, transfected 

with VEC or Smad2-OE (and treated with 10 ng/ml TGFβ1 for 2 h), or treated with Nutlin3a 

(5 nM for 24 h) were cross-linked with 1% formaldehyde for 10min at room temperature. 

Cross-linking reactions were stopped by the addition of a 1/10 volume of 10X glycine 

and incubated at room temperature for 5 min. The cells were washed with ice-cold PBS, 

collected, and then nuclei were extracted after cell lysis. Micrococcal nuclease was added 

to the nuclei suspension to digest the DNA for 15 min at 37 °C, and MNase Stop Solution 

was added to stop the reaction. The nuclei were recovered and resuspended in IP Dilution 

Buffer, and then sonicated (Four 5-s pulses at 20 Watts for 1 × 106 cells) to break the 

nuclear membrane. Chromatin extracts containing DNA fragments with an average size of 

500 base pairs were immunoprecipitated overnight at 4 °C using an anti-Smad2 antibody 

(Abcam, ab71109), anti-p53 (ab1101), or IgG control (included in kit). ChIP-grade Protein 

A/G Magnetic beads were added and incubated for 4 h at 4 °C. RNAse A and Proteinase 

K were used to digest RNA and protein. The purified DNA was used for qPCR using 

Applied Biosystems 7500 Fast Real-Time PCR System (Applied Biosystems, Carlsbad, CA) 

and PowerUp SYBR Green Master Mix (Thermo Fisher Scientific, A25778). The primers 

designed to amplify selected regions of the MET or FAS promoter are listed in Table S4.

Elastase induced abdominal aortic aneurysm (AAA) in rats

All animal procedures conformed to the NIH Guide for the Care and Use of Laboratory 

Animals and were in compliance with the Institutional Animal Care and Use Committee at 

University of Virginia. All surgeries were performed under isoflurane anesthesia (through 

inhaling, flow rate 2 ml/min), and all efforts were made to minimize suffering. Animals were 

euthanized in a chamber gradually filled with CO2. Male Sprague-Dawley rats of 300–350 

g were used (from Charles River). The animals were kept under standard conditions before 

surgery. AAA was induced using the elastase method detailed in our recent report [25]. In 

brief, in an anesthetized rat, a 10-mm segment of the infrarenal aorta was dissected after 

mid-line laparotomy. From the right saphenous artery, a PE-10 tube was introduced into the 

infrarenal aorta, and the proximal and distal parts of the isolated aorta were temporarily 

ligated. Type-I porcine pancreatic elastase (Sigma-Aldrich) of total 2.7 units in 0.27 ml PBS 

was continuously infused over 0.9 h into the aorta through the PE-10 tube connected to a 

syringe pump. The ligation and PE-10 tube were then removed, the laparotomy was sutured, 

and the animal was kept on a warm pad for recovery.

Immunohistochemistry

Animals were euthanized at 7 days after elastase infusion, and infused and non-infused 

aortas were collected, fixed, paraffin-embedded, and then cut to prepare 5-μm sections. 

We performed essentially the same immunohistochemistry procedures as included in our 

recent report [35]. Briefly, slides were deparaffinized and rehydrated, and then subjected to 

antigen retrieval in citrate buffer at 80 °C in a high-pressure cooker. A primary antibody (see 

antibodies listed in Table S2) and ImmPRESS HRP (horse radish peroxidase) Anti-Rabbit 

IgG Polymer Detection Kit (Vector Laboratories, MP-7451-15) were used to visualize 
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the protein of interest. Images were taken under an EVOS microscope (Thermo Fisher 

Scientific).

Statistical analysis

Data are generally presented as mean ± standard deviation (SD) except for Western 

blots (specified in figure legends) which were repeated in three independent experiments 

performed in different days. After determination of data normal distribution, differences 

between two groups were analyzed by Student’s t-test for independent samples; for 

comparison between more than two sets of experimental conditions, we applied one-way 

analysis of variance (ANOVA) followed by Bonferroni post-hoc test. P values < 0.05 were 

considered as statistically significant. Significance in all figures is indicated as follows: * p < 

0.05, ** p < 0.01, ***P < 0.001.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Met is anti-apoptotic in AoSMCs and negatively regulated by Smad2.

A and B. Smad2 loss-of-function increases MET expression at protein and mRNA levels 

(Western blots in A and qRT-PCR analyses in B).

C and D. Met gain- and loss-of-function respectively inhibits and enhances AoSMC 

apoptosis (FACS assay). Black bars represent averaged values based on three independent 

repeat experiments (mean ± SD, n = 3). The apoptotic cells include Q2 and Q4, late- and 

early-phase apoptotic populations, respectively. The Flow Jo software was used.

E and F. Met gain- and loss-of-function respectively inhibits and enhances AoSMC 

apoptosis (cleaved caspase3 assay).

Human primary aortic SMCs (AoSMCs) were transfected with scrambled siRNA (Scr), 

Smad2-specific siRNA, empty vector (VEC), or overexpression plasmid (OE) for 12 h in 

basal medium (no FBS). The cells were cultured for another 12 h in fresh basal medium (no 
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transfection reagents) to recover, and then treated with solvent or 10 ng/ml TGFβ1 or 50 

ng/ml PDGF-BB for 20 h before harvest for Western blot and qRT-PCR analyses.

Quantification: Densitometry of Western blots (similar ECL exposure) from independent 

repeat experiments was normalized (to GAPDH) and then averaged to calculate mean ± 

SEM (n = 3 independent experiments). Readings of triplicate qRT-PCR reactions were 

normalized (to GAPDH) and averaged to calculate mean ± SD (n = 3 repeats). a.u., arbitrary 

unit.

Statistics: One-way ANOVA followed by Bonferroni post-hoc test in A and B; Student’s 

t-test in C–F; *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 2. 
MET silencing increases H2O2-induced apoptotic AoSMCs.

AoSMCs were transfected with scrambled siRNA (Scr) or MET-specific siRNA for 12 

h in full medium, and then cultured in fresh medium until sub-confluency. The culture 

was continued in the presence of indicated concentrations of H2O2 for another 16 h, and 

then used for FACS assay (A), and the FCS Express 6 software was used. The assay was 

performed in a different time than that in Fig. 1 and 5. Quantification (B): Percent apoptotic 

cells vs total cells; mean ± SD; paired Student’s t-test, **P < 0.01, ***P < 0.001.
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Fig. 3. 
Smad2 cooperates with p53 in regulating MET expression.

A and B. Co-IP between P-Smad2 and p53. C and D. Activating p53 potentiates MET 

transcription inhibition in a Smad2-dependent manner. E. Activating p53 does not reduce 

Smad2. Human primary aortic SMCs (AoSMCs) were cultured, transfected, treated, and 

assayed as described for Fig. 1. Quantification was performed as described for Fig. 1; mean 

± SD for mRNA levels in C (n = 3 repeats) and mean ± SEM for Western blots, n = 3 

independent repeat experiments. Statistics: One-way ANOVA/Bonferroni post-hoc test; *P < 

0.05, **P < 0.01, ***P < 0.001.
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Fig. 4. 
Smad2 and p53 enrich in the same region of MET promoter.

A. p53 activation with nutlin3a enhances the Smad2 function of inhibiting MET promoter 

activity (luciferase assay).

B and C. Smad2 and p53 co-occupy in the same MET promoter region (ChIP-qPCR).

Human primary aortic SMCs (AoSMCs) culture, transfection, and data quantification were 

performed as described for Fig. 1. Cells were treated with nutlin3a for 2 h before harvest. 

Mean ± SD, n = 3 repeats. Statistics: One-way ANOVA/Bonferroni post-hoc test; **P < 

0.01, ***P < 0.001.
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Fig. 5. 
p53 activation potentiates Smad2’s pro-apoptotic function.

A and B. AoSMC viability assay (CellTiter-Glo).

C and D. Apoptosis assay (FACS). Black bars represent averaged values based on three 

independent repeat experiments (mean ± SD, n = 3). The apoptotic cells include Q2 and Q4, 

late- and early-phase apoptotic populations, respectively. The Flow Jo software was used.

E. Apoptosis assay (cleaved caspase3).
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Prior to assays, human primary aortic SMCs (AoSMCs) were cultured, transfected, and 

cytokine-treated, as described for Fig. 1. Quantification was performed as described for Fig. 

1; mean ± SD, n = 3 repeats.

Statistics: One-way ANOVA/Bonferroni post-hoc test; Student’s t-test was performed in C; 

*P < 0.05, **P < 0.01, ***P < 0.001; n.s. not significant.
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Fig. 6. 
Smad2 positively regulates AoSMC expression of FAS.

Human primary aortic SMCs (AoSMCs) were transfected with scrambled siRNA (Scr), 

Smad2-specific siRNA, empty vector (VEC), or Smad2 overexpression plasmid (Smad2-

OE) for 12 h in basal medium (no FBS). The cells were cultured for another 12 h in fresh 

basal medium (no Lipofectamine) to recover, and then treated with solvent or 10 ng/ml 

TGFβ1 or 50 ng/ml PDGF-BB for 20 h before harvest for Western blot and qRT-PCR 

analyses.
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A and B. Smad2 loss-of-function reduces FAS expression at protein and mRNA levels 

(Western and qRT-PCR analyses). C. Smad2 gain-of-function enhances FAS promoter 

activity (luciferase assay). D. Smad2 enrichment at FAS promoter regions (ChIP-qPCR).

Quantification: Densitometry of Western blots (similar ECL exposure) from independent 

repeat experiments was normalized (to GAPDH) and then averaged to calculate mean 

± SEM, n = 3 independent experiments. Readings of triplicate qRT-PCR reactions were 

normalized (to GAPDH) and averaged to calculate mean ± SD (n = 3 repeats). a.u., arbitrary 

unit.

Statistics: One-way ANOVA/Bonferroni post-hoc test; Student’s t-test was performed in C; 

**P < 0.01, ***P < 0.001.

E. Schematic working model of Smad2 regulations of MET and FAS that promote SMC 

apoptosis. While Smad2 partnering with P53 represses the transcription of MET, it also 

activates the transcription of FAS. The sum of decreased Met (anti-apoptotic) and increased 

Fas (pro-apoptotic) prompts SMC apoptosis.
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Fig. 7. 
Immunohistochemistry of Smad2, Fas, and Met in aneurysmal arteries. The elastase-induced 

model of rat abdominal aortic aneurysm was performed as described in Methods. The 

elastase-infused aorta segments or non-infused normal controls were collected at 7 days post 

infusion, and artery cross-sections were prepared for immunostaining.

A. Representative immunostained artery cross-sections. Note different colors: blue-stained 

nuclei and brown-colored staining of Smad2, Fas, and Met. More stained sections from 
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multiple animals are presented in Fig. S2. M = medial layer. Scale bar: 100 μm for low-mag 

pictures and 20 μm for high-mag pictures.

B. Quantification. Percent immunostained area (vs the total imaged artery tissue area) was 

measured using Image-J. The averaged data values (from 4 sections of each animal) were 

used to calculate mean ± SEM (n = 5 rats) for each animal group. Statistics: Unpaired 

Student t-test; ***P < 0.001. (For interpretation of the references to color in this figure 

legend, the reader is referred to the Web version of this article.)
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