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Abstract  
 
Background: Loeys-Dietz Syndrome (LDS) is an inherited disorder predisposing individuals to 
thoracic aortic aneurysm and dissection (TAAD). Currently, there are no medical treatments 
except surgical resection. Although the genetic basis of LDS is well-understood, molecular 
mechanisms underlying the disease remain elusive impeding the development of a therapeutic 
strategy. In addition, aortic smooth muscle cells (SMC) have heterogenous embryonic origins 
depending on their spatial location, and lineage-specific effects of pathogenic variants on SMC 
function, likely causing regionally constrained LDS manifestations, have been unexplored.  
Methods: We identified an LDS family with a dominant pathogenic variant in TGFBR1 gene 
(TGFBR1A230T) causing aortic root aneurysm and dissection. To accurately model the molecular 
defects caused by this mutation, we used human-induced pluripotent stem cells (hiPSC) from 
subject with normal aorta to generate hiPSC carrying TGFBR1A230T, and corrected the mutation 
in patient-derived hiPSC using CRISPR-Cas9 gene editing. Following their lineage-specific 
SMC differentiation through cardiovascular progenitor cell (CPC) and neural crest stem cell 
(NCSC) lineages, we employed conventional molecular techniques and single-cell RNA-
sequencing (scRNA-seq) to characterize the molecular defects. The resulting data led to 
subsequent molecular and functional rescue experiments employing Activin A and rapamycin. 
Results: Our results indicate the TGFBR1A230T mutation impairs contractile transcript and protein 
levels, and function in CPC-SMC, but not in NCSC-SMC. ScRNA-seq results implicate 
defective differentiation even in TGFBR1A230T/+ CPC-SMC including disruption of SMC 
contraction, and extracellular matrix formation. Comparison of patient-derived and mutation-
corrected cells supported the contractile phenotype observed in the mutant CPC-SMC. 
TGFBR1A230T selectively disrupted SMAD3 and AKT activation in CPC-SMC, and led to 
increased cell proliferation. Consistently, scRNA-seq revealed molecular similarities between a 
loss-of-function SMAD3 mutation (SMAD3c.652delA/+) and TGFBR1A230T/+. Lastly, combination 
treatment with Activin A and rapamycin during or after SMC differentiation significantly 
improved the mutant CPC-SMC contractile gene expression, and function; and rescued the 
mechanical properties of mutant CPC-SMC tissue constructs.  
Conclusions: This study reveals that a pathogenic TGFBR1 variant causes lineage-specific SMC 
defects informing the etiology of LDS-associated aortic root aneurysm. As a potential 
pharmacological strategy, our results highlight a combination treatment with Activin A and 
rapamycin that can rescue the SMC defects caused by the variant.  
 
Key Words: Loeys-Dietz Syndrome; TGFBR1; hiPSC; Vascular biology; Smooth muscle cell 
differentiation; Single-cell RNA-Sequencing; Activin A; Rapamycin 
 
Non-standard Abbreviations and Acronyms 
TAAD Thoracic aortic aneurysm and dissection 
LDS Loeys-Dietz Syndrome 
MFS Marfan Syndrome 
SMC Smooth muscle cells 
hiPSC Human-induced pluripotent stem cells 
CPC Cardiovascular progenitor cells 
NCSC Neural crest stem cells 
TGFBR1 Transforming Growth Factor Beta Receptor 1 
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A230T Alanine 230 to Threonine substitution in TGFBR1 
iWT Patient-corrected cells 
scRNA-Seq Single cell RNA-Sequencing 
SCDE  Single cell differential expression analysis 
GSEA Gene Set Enrichment Analysis 
UMAP Uniform Manifold Approximation and Projection 
ACA Activin A 
 
Clinical Perspective 

 

What is new?  

• We characterize lineage-specific cell signaling defects associated with a pathogenic 

TGFBR1 variant. 

• We provide a molecular-phenotype tailored treatment to prevent the SMC contractile 

defects caused by an LDS variant. 

• We highlight an hiPSC-based pipeline to gain mechanistic insight into pathogenic 

variants associated with syndromic TAAD. 

 

What are the clinical implications? 

• Our results indicate that selective defects on CPC lineage SMC trigger aortic root 

aneurysm in LDS patients.  

• Using hiPSC disease modeling, we identify potential therapeutic agents for the treatment 

of root aneurysm in LDS.  
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Introduction  

Thoracic aortic aneurysm (TAA) is a focal dilatation of the thoracic aorta that is highly 

hereditary. There are few pharmacological treatments to prevent or reverse TAA, and the only 

therapy to prevent subsequent aortic dissections is surgical repair.1 TAA formation is associated 

with dominant mutations in genes involved in canonical transforming growth factor-β (TGF-β) 

signaling, extracellular matrix (ECM) modeling, and vascular SMC contraction.2-6 Transforming 

Growth Factor Beta Receptor type I and II (TGFBR1 and TGFBR2) mutations predispose 

patients to thoracic aortic aneurysm and dissection (TAAD), and is known as Loeys-Dietz 

Syndrome (LDS).2 The mouse model of LDS carrying the p.M318R mutation in Tgfbr1 also 

recapitulated aortic root aneurysms observed in humans.7 Early reports about LDS-related 

disorders including Marfan Syndrome (MFS) led to the speculation that elevated TGFβ signaling 

is the major driver of TAAD.8-10 However, subsequent molecular studies revealed that 

pathogenic variants in TGFβ pathway genes (TGFBR1, TGFBR2, SMAD3, TGFB2, and TGFB3) 

are loss-of-function mutations.11-17 The paradoxical elevation in TGFβ signaling in end-stage 

aneurysmal tissue from patients with inactivating mutations suggests that end-stage tissue may 

not be ideal to discern the early molecular events underlying TAAD.  

Vascular SMC of different aortic regions have distinct embryonic origins. Ascending 

aorta SMC are derived from both neural crest stem cells (NCSC) and cardiovascular progenitor 

cells (CPC) in the second heart field while the SMC in the aortic root are mainly derived from 

CPC lineage.18,19 Given the cellular and ECM abnormalities of aortic medial layer in TAA 

patients, vascular SMC have been the central focus in understanding the pathophysiology of 

aneurysm formation. Individuals with loss-of-function mutations in SMC contractile genes or 

early loss of myosin light chain phosphorylation are predisposed to TAAD.20,21 Notably, TGFβ 
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signaling plays a critical role in vascular SMC differentiation,22 and regulates contractile gene 

expression.23 Deletion of a TGFBR downstream effector, SMAD2, causes defective 

differentiation of NCSC-derived SMC (NCSC-SMC)24, while a loss-of-function SMAD3 

mutation disrupts CPC-derived SMC (CPC-SMC) contractile function in a human induced 

pluripotent stem cell (hiPSC) disease model.25 However, it remains unclear how pathogenic 

variants of TGFβ pathway genes alter downstream signaling events and SMC differentiation 

from CPC and NCSC lineages.  

Here we report an LDS family with TAAD, carrying an autosomal dominant pathogenic 

variant (TGFBR1A230T) in the TGFBR1 gene. To investigate the molecular defects caused by this 

mutation, we generated mutant hiPSC using hiPSC from subject with normal aorta, and corrected 

the mutation in patient derived hiPSC using CRISPR-Cas9 gene editing. We observed that 

TGFBR1A230T altered the differentiation dynamics and contractile function in CPC-SMC, but not 

in NCSC-SMC. Single-cell profiling revealed significant differentiation defects in mutant SMC 

with de-enrichment of ECM organization, and contractile function genes. Comparison of patient 

and patient-corrected CPC-SMC recapitulated the molecular and functional phenotype associated 

with the mutation. In downstream signaling, TGFBR1A230T impaired SMAD3 and AKT 

activation. Consistent with this finding, a loss-of-function mutation in SMAD3 exhibited a 

largely overlapping molecular phenotype with TGFBR1A230T. Motivated by the molecular 

characterization, we rescued the molecular and functional defects caused by the mutation using a 

combination treatment with Activin A and Rapamycin in vitro, offering a potential 

pharmacological strategy to prevent aortic root aneurysm in LDS patients with TGFBR1 

mutations. 

 

 

D
ow

nloaded from
 http://ahajournals.org by on Septem

ber 24, 2021



10.1161/CIRCULATIONAHA.121.054744 

5 

Methods  

All experiments were performed according to the protocols approved by the Institutional Review 

Board at the University of Michigan. All materials can be made available from the corresponding 

authors upon reasonable request. The raw and processed scRNA-seq data have been deposited to 

the Gene Expression Omnibus (GEO) database under the accession number GSE175647. 

Detailed descriptions of additional experimental procedures are available in the Supplemental 

Material. 

Lineage-specific induction of hiPSC 

Lineage-specific induction of hiPSC to generate CPC-SMC, and NCSC-SMC were performed as 

described previously.25-29 For CPC-SMC differentiation, hiPSC were seeded on Matrigel-coated 

plates at a density of 3×104 cells/cm2 in TesRE8 medium with 10μM Y27632 (Stemgent), and 

then incubated in CPC differentiation medium (DMEM/F12 (Gibco), B27 (without vitamin A, 

Life Technologies), 25ng/mL BMP4 (PeproTech), 8μM CHIR99021 (Biogen), 50μg/mL 

ascorbic acid (Sigma), 400μM 1-thioglycerol (Sigma), and 1% Penicillin-Streptomycin (Gibco)) 

for 3 days. The resulting CPC were seeded at a density of 1.5×104 cells/cm2 in CPC-SMC 

medium (DMEM/F12, B27, 1% Penicillin-Streptomycin, 400 μM 1-thioglycerol, 2 ng/mL TGF-

β1 (PeproTech) and 10 ng/mL PDGFBB (PeproTech)), and incubated for 7 days. For NCSC-

SMC differentiation, hiPSC were seeded on Matrigel-coated dishes at a density of 2×104 

cells/cm2 in TesRE8 medium with 10μM Y27632. After reaching ~50% confluency, they were 

incubated in NCSC differentiation medium (DMEM/F12, 1× N2 supplement (Life 

Technologies), 0.1% BSA (Sigma), 1% pen/strep) plus 10μM SB4315421 (Stemgent) and 1 μM 

LDN193189 (Stemgent)) for 6 days. From day 2 to day 6, 3μM CHIR99021 was added to the 

medium. The resulting NCSC were seeded at a density of 8×104 cells/cm2 in NCSC medium 
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with 10μM Y27632. One day later, cells were induced with NCSC-SMC medium (DMEM/F12, 

20% knockout serum replacement (Thermo Fisher Scientific), 1% Penicillin-Streptomycin, 2 

ng/mL TGF-β1) for 8 days. 

Statistical Analyses for qRT-PCRs, Western Blots, and Functional Assays 

All quantitative data was presented as mean± standard deviation (std) with at least three 

biological replicates. We conducted a Shapiro-Wilk normality test prior to all analyses. When 

analyzing more than two groups that are normally distributed, we tested for equal variance using 

Brown-Forsythe test. If the standard deviations are not significantly different, we performed one-

way ANOVA analysis with Dunnett’s multiple comparison test to compare the mean of each 

column with the mean of a control column. As a result, each p value is adjusted to account for 

multiple comparisons. When analyzing only two datasets that are normally distributed, we used 

unpaired t-test. If the variances are significantly different, we conducted unpaired t-test with 

Welch’s correction. The statistical analyses were performed using the recommended tests by 

GraphPad Prism 9 Software. 

 

Results 

Identification of a novel TGFBR1 variant causing Loeys-Dietz Syndrome and Lineage-

specific hiPSC disease modeling  

We identified a family with hereditary cardiovascular phenotypes including aortic root aneurysm 

and dissection at Michigan Medicine. Based on the clinical inquiry, seven family members 

spanning three generations were diagnosed with LDS (Figure 1A). One relative died from aortic 

dissection prior to the identification of the family. Imaging studies indicated aortic root aneurysm 

as the most common phenotype in the family (Figure 1B). Notably, patients IV-1 and IV-2 
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developed aortic root dilatation with early onset at ages 14, and 16 respectively (IV-1= Size: 38 

mm, Z-score: 3.86). Clinical genetic testing (Connective Tissue Gene Test) revealed that all 

family members diagnosed with LDS carry a dominant pathogenic variant (c.688G>A) in 

TGFBR1 gene resulting in Alanine 230 to Threonine substitution (p.Ala230Thr), denoted as 

TGFBR1A230T. 

To predict how the TGFBR1A230T variant affects TGFBR1 function, we conducted 

structural modeling of the protein using the COACH program, which generates ligand binding 

site predictions.30 Alanine 230 residue along with the nearby residues (211- 213, 219, 232, 260, 

280-284, 286-287, 337-338, 340, 350-351) is located inside the ATP binding pocket. When ATP 

was docked in the protein using PatchDock31, the mutated residue was located far away from 

ATP suggesting the larger Threonine could fill up the binding pocket making the binding site 

inaccessible to ATP (Figure 1C, Figure IA in the Supplement). Based on this prediction, we 

concluded the TGFBR1A230T mutation potentially inhibits TGFBR1 kinase activity by disrupting 

its ATP binding ability. 

For in vitro disease modeling of LDS, we used healthy donor cells (TGFBR1+/+) from 

subject with normal aorta, and generated integration-free hiPSC carrying c.G688A mutation by 

CRISPR-Cas9 gene editing (Figure 1D).32 We generated two heterozygote (TGFBR1A230T/+), and 

two homozygote (TGFBR1A230T/A230T) clones to compare with the isogenic donor cells (Figure 

1D). Importantly, TGFBR1A230T mutation did not affect the hiPSC pluripotency (Figure IB in the 

Supplement). Furthermore, we generated hiPSC (Patient A230T/+) from Patient IV-1 peripheral 

blood mononuclear cells (Figure 1A, 1D), and corrected the mutation in the patient-derived 

hiPSC (iWT +/+). All CRISPR-Cas9 edited cell lines were verified by Sanger sequencing. To 

address the lineage-specific effects of TGFBR1A230T, hiPSC were differentiated into CPC-SMC, 

 

D
ow

nloaded from
 http://ahajournals.org by on Septem

ber 24, 2021



10.1161/CIRCULATIONAHA.121.054744 

8 

and NCSC-SMC using conventional in vitro differentiation protocols (Figure 1E).25-29 Although 

the resulting SMC express low levels of late-differentiation marker MYH11, they have robust 

expression of SMC contractile genes including ACTA2, SM22α (TAGLN), CNN1, as well as 

MYOCD, a master regulator of SMC contractile gene expression.33  

TGFBR1A230T mutation impairs contractile gene expression and function in CPC-SMC, but 

not in NCSC-SMC 

Following the lineage-specific differentiation of hiPSC, we compared the contractile transcript 

and protein levels, and function in the mutant (TGFBR1A230T/+, TGFBR1A230T/A230T) and isogenic 

control cells (TGFBR1+/+). Since LDS is inherited in an autosomal dominant manner (Figure 

1A), TGFBR1A230T/+ SMC likely represent a better in vitro model to mimic the disease 

phenotype. Compared to the control CPC-SMC, mutant cells, including TGFBR1A230T/+ CPC-

SMC, showed decreased expression of SMC markers (p < 0.01); ACTA2, CNN1, SM22α, and 

MYOCD (Figure 2A). Interestingly, we did not detect significant changes in contractile gene 

expression both in TGFBR1A230T/+, and TGFBR1A230T/A230T NCSC-SMC, indicating the lineage-

specific transcriptional defects caused by the mutation (Figure 2A). 

To confirm the transcript changes at the protein level, we performed immunoblots for key 

SMC markers. We observed that ACTA2, CNN1, SM22α, and MYH11 levels in the mutant 

CPC-SMC were significantly reduced compared to the control (Figure 2B-C). Strikingly, the 

contractile protein levels, except ACTA2, were unaltered in TGFBR1A230T/+, and 

TGFBR1A230T/A230T NCSC-SMC (Figure 2B-C). Next, we measured the contractile function in 

mutant CPC-SMC by collagen gel contraction and carbachol assays. Both assays revealed 

decreased contractility in the mutant CPC-SMC compared to their isogenic control (Figure 2D-

E). As expected, TGFBR1A230T mutation did not affect contractile function in NCSC-SMC 

 

D
ow

nloaded from
 http://ahajournals.org by on Septem

ber 24, 2021



10.1161/CIRCULATIONAHA.121.054744 

9 

(Figure IC in the Supplement). Collectively, these data suggest that TGFBR1A230T mutation 

impairs SMC contractile phenotype in a lineage-specific manner targeting CPC-SMC. Given that 

aortic root is mostly populated with CPC-SMC, our in vitro findings suggest a potential 

explanation for the aortic root aneurysm observed in TGFBR1A230T/+ LDS patients.  

Single Cell Profiling of TGFBR1+ and TGFBR1A230T CPC-SMC 

To elucidate the transcriptional changes caused by the mutation, we performed large-scale, single 

cell RNA-sequencing (scRNA-seq) using an automated microwell-based platform.34-36 We 

obtained scRNA-seq profiles from three CPC-SMC populations (Figure 3A, Figure IIA in the 

Supplement): TGFBR1+/+ (6,929 cells), TGFBR1A230T/+ (6,021 cells), and TGFBR1A230T/A230T 

(5,980 cells).  To identify molecularly distinct cell clusters in an unsupervised manner, we used 

Louvain community detection as implemented by Phenograph37 and embedded the scRNA-seq 

profiles in two dimensions using Uniform Manifold Approximation and Projection (UMAP).38 

Binomial specificity analyses revealed specific and pervasive markers in each cluster 

(Supplemental Excel File I).39  

We detected eight cell clusters (denoted as C1-C8), many of which were differentially 

distributed among the control and mutant SMC (Figure 3B). C2, and C7 were enriched in 

TGFBR1+/+; C4-C6 were more abundant in TGFBR1A230T/+; and C3, and C8 were enriched in 

TGFBR1A230T/A230T (Figure 3B).  We also identified a more evenly distributed and pervasive C1 

cluster enriched in several fibroblast markers (Supplemental Excel File I). Interestingly, the 

identification of multiple unique clusters including fibroblast-like cells among TGFBR1+/+ cells 

indicate the molecular heterogeneity of CPC-SMC generated using the standard differentiation 

protocol.25-27,29 Less than 3% of TGFBR1+/+ cells clustered in TGFBR1A230T/A230T enriched C3, 

and C8 clusters, highlighting the large expression differences caused by the mutation. The 
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distribution of TGFBR1A230T/+ cells were intermediate between the control and TGFBR1A230T/A230T 

cells. The SMC contractile markers validated in Figure 2 were downregulated in C3, and C8 

clusters, while cell division markers were upregulated in mutant enriched clusters implying 

increased proliferation among the mutant cells (Figure 3C).   

Next, we plotted the cluster-level average expression of top binomially-specific markers 

(Fold-change (FC) > 2, FDR < 0.01) and the contractile markers across different clusters (Figure 

3D, Supplemental Excel File I). The SMC contractile markers were significantly enriched in C2, 

C6, and C7 (FDR < 0.01, Supplemental Excel File I); which we named as SMC1, SMC2 and 

SMC3 (Figure 3D). Nearly 70% TGFBR1+/+ cells were clustered in SMC1, SMC2 and SMC3 

compared to only 23% of TGFBR1A230T/+, and 5% TGFBR1A230T/A230T cells indicating the 

decreased SMC identity in the mutant cells. C4, C5, and C8 clusters were enriched in cell cycle-

related genes. Fibroblast marker DCN was significantly enriched in C1, C3, and C8 suggesting a 

fibroblast-like identity for the majority of TGFBR1A230T/A230T cells (FDR < 0.01, Figure 3D).40 

SMC phenotypic modulation to fibroblast-like cells was previously reported in scRNA-seq 

studies of human atherosclerotic lesions, and murine MFS aortic aneurysm model.41,42 

Modulated SMC markers such as SERPINE1, and TCF21 were significantly enriched in 

TGFBR1A230T/+ CPC-SMC enriched clusters C4-C6 (Supplemental Excel File I). SMC1 cluster 

was highly enriched in BGN (FDR < 0.01, Figure 3D, Supplemental Excel File I), loss-of-

function mutation of which causes TAAD43, while SMC3 was enriched in an early SMC 

differentiation marker; ACTG2 (FDR < 0.01, Figure 3D, Supplemental Excel File I), implying 

that SMC1, and SMC3 clusters could be representing similar cell types at different stages of 

development. Furthermore, SMC1 and SMC3 were significantly enriched in TGFBI 

(Transforming Growth Factor Beta Induced), expression of which is induced by TGFβ signaling.  
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To further characterize the molecular differences, we performed single-cell differential 

expression (SCDE) analysis comparing the control and mutant CPC-SMC (Supplemental Excel 

File II).44 We identified thousands of differentially expressed genes in each comparison, 

highlighting the drastic differentiation defects. Many contractile and ECM genes including 

TAAD-associated MMP2, and COL1A145,46 were downregulated both in TGFBR1A230T/+, and 

TGFBR1A230T/A230T CPC-SMC (Figure 3E). Strikingly, a recent scRNA-seq comparison of control 

and aneurysmal human aortic tissue suggested ERG as a regulator of aortic wall function47, 

which was also significantly downregulated in the mutant CPC-SMC. Using GeneSet enrichment 

Analysis (GSEA), we identified Gene Ontology sets enriched in each condition.48 GSEA 

revealed that key biological processes for SMC physiology including ECM remodeling, cell 

adhesion, collagen fiber formation and SMC migration were downregulated, while cell cycle-

related, and RNA processing gene sets were upregulated in the mutant CPC-SMC (Figure 3F, 

Supplemental Excel File III). TGFβR signaling gene set showed enrichment in the control 

consistent with the structural prediction about the inactivating nature of the mutation (Figure 3F). 

We also performed scRNA-seq of TGFBR1+/+ NCSC-SMC to infer lineage-specific differences 

based on the gene expression profiles (Figure IIB in the Supplement). We identified many 

transcripts differentially expressed in CPC-SMC vs. NCSC-SMC comparison (Supplemental 

Excel File II). MFS-associated FBN1 was significantly enriched in CPC-SMC (Figure IIC in the 

Supplement, Supplemental Excel File II), while MFAP5 and PTPN11, mutations of which cause 

ascending aneurysm and root dilation were enriched in NCSC-SMC.5 This implies potential 

lineage-specific effects of other aneurysm-associated mutations. Furthermore, NCSC-SMC were 

significantly enriched in JNK, MAPK and Ras Protein Signaling Cascades (Figure IID in the 
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Supplement, Supplemental Excel File III), suggesting the involvement of additional signaling 

components in NCSC-SMC regulation.  

To identify molecular signatures of each CPC-SMC cluster, we conducted cluster-level 

GSEA using Reactome pathway database gene sets. SMC Contraction, Cell Surface Interactions 

at the Vascular Wall, and IGF Transport/Uptake gene sets were significantly enriched in SMC1 

cluster, while TGFβR signaling activates SMADs gene set was highly enriched in SMC3 cluster 

(Figure 3G, Supplemental Excel File III). Furthermore, SMC1, SMC2, and SMC3 showed 

enrichment in Elastic Fiber Formation gene set. In contrast, mutant cell enriched clusters were 

upregulated for WNT signaling and Rho GTPase effectors gene sets, which are involved in 

vascular SMC proliferation (Figure 3G, Supplemental Excel File III).49,50 Based on these 

findings, we validated higher proliferative activity in the mutant cells by EdU stainings, which 

label mitotically active cells (Figure 3H). In sum, our cluster-level GSEA analysis confirmed the 

molecular deficits and reduced SMC identity in the mutant CPC-SMC, and revealed key 

biological processes such as Elastic Fiber Formation, Collagen Formation and IGF 

Transport/Uptake that are co-regulated with contractile gene expression.  

TGFBR1A230T mutation impairs CPC-SMC contractile gene expression by disrupting 

SMAD3 and AKT signaling 

To further validate the role of TGFBR1A230T mutation in CPC-SMC gene expression and 

function, we generated hiPSC (Patient A230T/+) from peripheral blood mononuclear cells harvested 

from female Patient IV-1 (IV-1, Figure 1A), and corrected the mutation (iWT+/+). iWT+/+ CPC-

SMC had significantly higher expression of ACTA2, CNN1, SM22α, and MYOCD compared to 

Patient A230T/+ (Figure 4A). Consistently, the contractile function of iWT+/+ cells was significantly 

improved in gel contraction assay (Figure 4B). To uncover genome-wide transcriptional changes, 
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we performed scRNA-seq on Patient A230T/+ (3,473 cells) and iWT+/+ CPC-SMC (1,483 cells), and 

compared their expression profiles with TGFBR1A230T/+ and TGFBR1+/+. To do this, we 

embedded the scRNA-seq profiles of TGFBR1+/+, TGFBR1A230T/+, TGFBR1A230T/A230T  CPC-SMC 

in two dimensions using UMAP as in Figure 3A, and projected the single-cell profiles of Patient 

A230T/+ and iWT+/+ CPC-SMC onto this embedding (Figure 4C).51 Kernel density estimates for the 

projections of Patient A230T/+ and iWT+/+ cells were represented with contour lines. Patient A230T/+ 

cells projected onto mutant CPC-SMC enriched clusters (Figure 3B) with negligible density on 

SMC1, and SMC3 clusters. Interestingly, iWT+/+ cells had significant projection density on 

TGFBR1+/+ enriched SMC1, and SMC3 clusters indicating the potent effects of mutation-

correction on global CPC-SMC transcription (Figure 4C). Overall, these results demonstrate that 

correction of TGFBR1A230T mutation in patient-derived cells significantly improves contractile 

gene expression and function in CPC-SMC.  

To reveal the downstream signaling defects caused by TGFBR1A230T mutation, we 

assayed the phosphorylation status of key TGFBR downstream effectors in CPC-SMC and 

NCSC-SMC by immunoblots. TGFBR can activate various downstream signaling mechanisms 

via SMAD-dependent and independent pathways including the MAPK and AKT signaling 

cascades.52 To induce phosphorylation of TGFBR1 downstream effectors, we treated 

differentiated SMC with 2 ng/ml TGFβ1 for 1 hour prior to protein extraction. We observed that 

p-SMAD3, p-AKT-T308, and pAKT-S473 levels were significantly reduced both in 

TGFBR1A230T/+ and TGFBR1A230T/A230T CPC-SMC compared to TGFBR1+/+ CPC-SMC (Figure 

4D-E). Consistent with the contractile function recovery in iWT+/+ CPC-SMC, the 

phosphorylation levels of these proteins were elevated in iWT+/+ compared to Patient A230T/+ cells 

(Figure 4D-E). Strikingly, pERK, pSMAD2, and pMTOR levels were not different between the 

 

D
ow

nloaded from
 http://ahajournals.org by on Septem

ber 24, 2021



10.1161/CIRCULATIONAHA.121.054744 

14 

control and mutant CPC-SMC suggesting unaltered SMAD2, MAPK and MTOR regulation in 

the mutant cells (Figure 4D, Figure IIIA in the Supplement). The phosphorylation level of WNT 

signaling intracellular signal transducer, β-Catenin (CTNNB), was also unaltered between the 

control and mutant CPC-SMC after TGFβ1 stimulation (Figure IIIA in the Supplement). In 

agreement with the lack of contractile phenotype in TGFBR1A230T NCSC-SMC, p-SMAD3, p-

AKT-T308, and pAKT-S473 levels did not change between the control and mutant NCSC-SMC 

(Figure IIE in the Supplement). These results suggest that TGFBR1-SMAD3, and TGFBR1-

AKT cascades play key roles in mediating the cellular response to TGFBR1 activation.  

Based on these results, we hypothesized that transcriptional changes caused by 

TGFBR1A230T and loss-of-function SMAD3 mutations in CPC-SMC should resemble each other. 

To compare the molecular deficits caused by TGFBR1A230T mutation and SMAD3 deficiency in 

the same isogenic background, we utilized hiPSC carrying heterozygous SMAD3c.652delA 

frameshift mutation, which is associated with TAAD.25 This mutation causes non-sense mediated 

decay of SMAD3 protein as confirmed by immunoblots (Figure IIIB in the Supplement). We 

performed large-scale scRNA-seq on SMAD3c.652delA/+ CPC-SMC (8,447 cells), and projected 

their single cell profiles onto the expression profiles of TGFBR1+/+, TGFBR1A230T/+, 

TGFBR1A230T/A230T CPC-SMC as in Figure 4C (Figure 4F). We observed significant projection 

density of SMAD3c.652delA/+ CPC-SMC on mutant CPC-SMC, with negligible projection density 

on SMC1, SMC2, and SMC3 clusters (Figure 4F). To compare global transcriptional defects 

caused by SMAD3c.652delA/+, and TGFBR1A230T/+ mutations, we performed SCDE analysis 

comparing isogenic TGFBR1+/+, and SMAD3c.652delA/+ CPC-SMC. Many significantly enriched 

transcripts in SMAD3c.652delA/+ versus TGFBR1+/+ comparison (FC > 2, FDR adjusted p values 

(padj) < 0.01) were also enriched in TGFBR1A230T/+ versus TGFBR1+/+ comparison (Figure 4G, 
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Supplemental Excel File II). Similarly, significantly downregulated genes largely overlapped 

between both comparisons (Figure 4G, Supplemental Excel File II) suggesting that 

SMAD3c.652delA/+ mutation largely mimics the global transcriptional defects caused by 

TGFBR1A230T/+ mutation in CPC-SMC. However, there were additional ECM genes such as 

Col8a2 and Col12a1 downregulated in TGFBR1A230T/+ CPC-SMC (Supplemental Excel File II) 

indicating the contribution of SMAD3-independent signaling deficits in TGFBR1A230T phenotype. 

To confirm the effects of loss-of-function SMAD3 mutations on contractile protein levels, we 

also performed immunoblots using a SMAD3 mutant human aortic root aneurysmal sample, 

which showed decreased contractile protein levels consistent with our findings (Figure IIIC in 

the Supplement).  

Combination treatment with Activin A and Rapamycin increases contractile mRNA and 

protein levels in TGFBR1A230T CPC-SMC 

Our molecular characterization revealed SMAD3 and AKT as potential mediators of TGFBR1 

signaling in CPC-SMC. Furthermore, mutant CPC-SMC are more proliferative compared to 

control SMC which can influence contractile gene expression. Based on these findings, we 

reasoned that mutant SMC contractile gene expression and function can be improved by 

activating SMAD3 and AKT cascades, while inhibiting SMC proliferation in a TGFBR1-

independent manner. Similar to TGFβ1, Activin A (ACA), a member of TGFβ superfamily, 

induces intracellular signaling via SMAD2/3 signaling cascade.53,54 Importantly, ACA signals 

through Activin receptors, providing an alternative strategy to activate SMAD3 bypassing 

TGFBR1. Activin receptors are abundantly expressed in both control and mutant CPC-SMC 

according to our scRNA-seq data. Rapamycin is a widely used AKT activator55,56 that can be 

exploited to activate AKT in a TGFBR1 independent manner (Figure 5A). Rapamycin also 
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inhibits aortic SMC proliferation57 allowing us to reduce SMC proliferation while activating 

AKT cascade.  

To induce mutant CPC-SMC contractile gene expression, we first treated them with 

vehicle (DMSO), 2ng/ml ACA, 20nM rapamycin, or a combination of both agents 

(ACA+Rapamycin) during the conversion of CPC to CPC-SMC (early treatment). We confirmed 

that TGFBR1A230T CPC-SMC treated with both agents have higher SMAD3, AKT as well as 

SMAD2 phosphorylation (Figure IIID in the Supplement). Rapamycin treatment also inhibited 

CPC-SMC proliferation as confirmed by EdU stainings (Figure IVA in the Supplement). ACA 

treatment increased ACTA2, SM22α, CNN1, and MYOCD expression in mutant CPC-SMC, while 

rapamycin’s effect on contractile gene expression appeared more targeted on SM22α (Figure 

5B). Strikingly, treatment of mutant cells with both agents elevated contractile gene expression 

considerably more than individual treatments suggesting their combinatorial activity (Figure 5B). 

ACA+Rapamycin treated TGFBR1+/+ and TGFBR1A230T/+ cells had higher contractile mRNA 

levels than untreated TGFBR1+/+ indicating that saturating TGFBR1-SMAD3 and TGFBR1-

AKT cascades promote contractile gene expression even in the control CPC-SMC (Figure IVB 

in the Supplement). To validate the robust effects of the combination treatment on TGFBR1A230T 

CPC-SMC at the protein level, we measured ACTA2, SM22α, CNN1 and MYH11 levels by 

immunoblots (Figure 5C, Figure IVC in the Supplement). Consistent with the transcript levels, 

all four contractile proteins were elevated in the treated mutant CPC-SMC (p < 0.01, Figure 5D).  

Next, we measured the effectiveness of combination treatment on differentiated CPC-

SMC. To do this, CPC-SMC were reseeded at the end of the differentiation protocol (Figure 1E), 

and treated with vehicle (DMSO) or ACA+Rapamycin for two additional days (late treatment). 

ACA+Rapamycin treatment increased the contractile mRNA levels both in TGFBR1A230T/+ and 
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TGFBR1A230T/A230T CPC-SMC (Figure 5E, Figure IVB in the Supplement). Immunoblots for 

ACTA2, SM22α, CNN1 and MYH11 were also consistent with qPCR results (Figure 5F-G, 

Figure IVC in the Supplement). Overall, these results indicate that the combination treatment is 

effective in improving contractile mRNA and protein levels in mutant CPC-SMC, when 

administered during or after CPC-SMC differentiation. Furthermore, individual and combination 

treatment data support TGFBR1-SMAD3 cascade as the principal target of TGFBR1 signaling. 

Although not effective independently, TGFBR1-AKT signaling and inhibition of cell 

proliferation appear to be crucial in reinforcing SMAD3-dependent contractile gene expression.   

Combination treatment rescues contractile function and mechanical properties of 

TGFBR1A230T CPC-SMC 

Given the effectiveness of combination treatment at the molecular level, we asked how increased 

contractile protein levels in the mutant CPC-SMC translate into contractile function. To evaluate 

functional recovery, we treated control and mutant CPC-SMC with both agents during or after 

SMC differentiation (early and late treatment), and examined them by gel contraction assay. 

Contractile function in treated mutant CPC-SMC significantly improved with TGFBR1A230T/+ 

CPC-SMC reaching control CPC-SMC levels (Figure 6A-B). Mutant CPC-SMC contractile 

function significantly increased even after late treatment indicating its efficiency on 

differentiated cells (Figure 6A-B).  

To investigate the functional properties of treated CPC-SMC, we measured their 

mechanical properties using ring-shaped tissue constructs (tissue rings).58-60 To accomplish this, 

TGFBR1+/+ and TGFBR1A230T/+ CPC-SMC were seeded around 2 mm agarose molds to allow 

them to form tissue rings for seven days. We then treated them with both agents for seven 

additional days. We measured their tensile strength (maximum stress) and stiffness (maximum 

 

D
ow

nloaded from
 http://ahajournals.org by on Septem

ber 24, 2021



10.1161/CIRCULATIONAHA.121.054744 

18 

tangent modulus) by performing uniaxial tensile test.59  Both tensile strength and stiffness were 

reduced in mutant CPC-SMC tissue rings, but showed significant recovery after the treatment 

(Figure 6C-D, Figure IVD in the Supplement). Strikingly, the mechanical properties of treated 

mutant CPC-SMC rings were comparable to control CPC-SMC rings demonstrating the potency 

of combination treatment (Figure 6C-D, Figure IVD in the Supplement). To assess SMC 

organization and contractile protein levels in tissue rings, we performed MYH11 and CNN1 

immunostainings. Mutant CPC-SMC rings were disorganized with reduced MYH11 and CNN1 

levels compared to the controls (Figure 6E). Following the treatment, mutant CPC-SMC had 

elevated levels of contractile proteins, and elongated morphology along the edges, forming a 

healthy contiguous cell layer (Figure 6E, Figure IVE in the Supplement). In sum, the 

combination treatment significantly improved the mechanical properties and contractility of 

mutant CPC-SMC, providing a pharmacological strategy to improve mutant SMC function. 

 

Discussion 

Although the LDS mutations clearly indicate that loss of TGFβ signaling is responsible for the 

aortic disease, the role of secondary increases in TGFβ signaling is still debated. Previously, we 

reported that the pathogenic SMAD3c.652delA variant causes defective differentiation of CPC-SMC 

sparing NCSC-SMC.25 In this study, we identified the pathogenic TGFBR1A230T variant in an 

LDS family with aortic root aneurysm. Our results demonstrate that TGFBR1A230T mutation also 

preferentially affects CPC-SMC. Strikingly, TGFBR1A230T mutation significantly impaired 

SMAD3 activation, and SMAD3c.652delA/+ mutation largely recapitulated genome-wide 

transcriptional changes in TGFBR1A230T/+ CPC-SMC, indicating the importance of SMAD3 in 

mediating TGFBR1 downstream signaling. Given that the aortic root is mostly populated with 
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CPC-SMC, lineage specific effects of TGFBR1A230T implicate an etiology for LDS-associated 

aortic root aneurysm. This is consistent with the clinical presentations in patients with TGFBR1 

and SMAD3 mutations who are prone to developing aortic root aneurysms sparing the ascending 

aorta. Our findings are also consistent with recent observations in the Tgfbr1M318R/+ LDS mouse 

model, which reported dysregulation of TGFβ signaling in CPC-derived SMC contributes to 

aortic root aneurysm formation.7 

To characterize the molecular changes, we employed both conventional molecular 

methods and scRNA-seq, and compared knock-in TGFBR1A230T mutant cells, and patient hiPSC-

derived SMC with their respective isogenic controls. This allowed us to analyze not only the 

standard SMC markers but also global gene expression changes caused by the mutation. 

Significant global transcriptional defects were noted in mutant CPC-SMC including 

TGFBR1A230T/+ CPC-SMC demonstrating the potent effects of this pathogenic mutation 

mimicking the autosomal dominant genotype in the LDS family. Several biological processes 

critical for SMC function, including SMC contraction and TGFBR signaling, were de-enriched 

in mutant CPC-SMC confirming the impaired contractile phenotype, and the inactivating nature 

of the mutation, while cell proliferation has increased as confirmed by EdU stainings. 

Furthermore, ECM organization and fiber formation gene sets were significantly downregulated 

in the mutant CPC-SMC, likely contributing to aneurysm development and other connective 

tissue abnormalities observed in LDS patients such as translucent skin, easy bruising and arterial 

tortuosity.   

Our work also highlights the advantages of hiPSC disease modeling over the study of 

primary human aortic SMC and end-stage aneurysmal tissue in investigating the molecular 

defects caused by TAAD-associated pathogenic variants. Primary aortic SMC exhibit a 
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significantly altered phenotype after a few passages, and surgical operation on patients with 

TGFBR1 mutations is rare, making it difficult to obtain enough SMC for molecular studies 

compared to the unlimited source of cells in hiPSC model. Furthermore, primary SMC are 

usually a mixture of NCSC- and CPC-derived SMC preventing the study of lineage-specific 

pathogenicity. Meanwhile, dissected human tissue has epigenetic and compensatory changes that 

accumulate over many years61,62, obscuring the early events in disease development. Increased 

SMAD2/3 phosphorylation is observed in end-stage aneurysmal samples from both LDS patients 

and animal models11,14,15, while our data shows the defective TGFBR1-SMAD3 cascade as the 

key driver of the mutant phenotype. This discrepancy suggests compensatory mechanisms being 

activated overtime in response to SMC abnormalities caused by the mutations.   

Currently, there is no pharmacological treatment that could prevent TAAD formation. 

Although losartan, an Angiotensin II receptor antagonist and anti-hypertensive agent, reversed 

aortic dilatation in mouse models, a clinical trial revealed it is not more effective than β-

blocker.9,63-65 Importantly, it is unclear whether any physiological effect of losartan is mediated 

by lowering systemic blood pressure rather than targeting the molecular mechanisms underlying 

aneurysm development. By detailed molecular characterization, we identified SMAD3 and AKT 

cascades as the TGFBR1 targets in CPC-SMC, guiding our pharmacological approach. Our 

hiPSC model allowed us to examine the early defects caused by the TGFBR1A230T variant, and 

we speculate that these early events may activate compensatory feedback loops and indirect 

stress-related changes that lead to the activation of other signaling components such as ERK 

overtime. Furthermore, NCSC-SMC are more dependent on SMAD2 activity compared to CPC-

SMC24, which could explain the lack of SMAD2 regulation in CPC-SMC in our model. We also 
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recently reported that SMAD3 deficiency significantly impairs in vitro differentiation of CPC-

SMC but not NCSC-SMC further supporting the lineage-specific roles of SMADs.25 

Our data indicates impaired TGFBR1-SMAD3 cascade is the main culprit for the mutant 

phenotype. AKT is a negative regulator of FOXO transcription factors, which inhibit MYOCD 

transcriptional activity. TGFBR1-SMAD3, and TGFBR1-AKT cascades likely converge on 

SMAD3 given that MYOCD and SMAD3 directly interact with each other to promote TGFβ 

induced downstream signaling.66,67 FOXO4, an inhibitor of MYOCD activity in SMC,68 could be 

at the intersection of TGFBR1-SMAD3 and TGFBR1-AKT cascades, as FOXO4 

phosphorylation is induced by the combination treatment (Figure IIIE in the Supplement). By 

targeting TGFBR1-SMAD3 and TGFBR1-AKT cascades and inhibiting cell proliferation using 

ACA and Rapamycin, we significantly improved contractile mRNA and protein levels, and 

function in mutant CPC-SMC in vitro. The combination treatment also effectively rescued the 

mechanical properties of the mutant CPC-SMC tissue constructs. Although in vivo efficiency of 

this treatment is currently unknown, our hiPSC model provides key molecular insights as to how 

to treat patients carrying pathogenic variants, and a robust platform to screen drugs against other 

pathogenic variants associated with syndromic aortic aneurysm. 
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Figure Legends 

 

Figure 1. A novel LDS mutation and Lineage-Specific hiPSC Disease Modeling. A) A four-

generation pedigree highlighting the family members diagnosed with LDS (filled symbol) or 

aortic dissection (AD). All LDS patients (+ symbol) underwent targeted gene sequencing, 

revealing that they carry the autosomal dominant TGFBR1A230T(c.G688A) variant (TGFBR1A230T/+). 

Slash symbol: not alive. B) Three-dimensional reconstruction of aortic root from Patients III-1 

and IV-1. C) PDB structure of TGFBR1 protein (colored in green) in complex with ATP 

(spheres). The mutated residue is shown in magenta. In the mutant structure, the docked ATP is 

far away from residue 230. D) The Sanger sequencing results showing the position of the knock-

in mutation, and the corrected base in the patient-derived hiPSC (red rectangle). E) Diagram 

summarizing the lineage-specific differentiation of hiPSC to CPC-SMC and NCSC-SMC. 

 

Figure 2. A230T substitution impairs the contractile phenotype only in CPC-SMC. A) 

Relative mRNA levels of SMC markers in TGFBR1+/+ (black), TGFBR1A230T/+ (blue), and 

TGFBR1A230T/A230T (red) CPC- and NCSC-SMC. The average expression levels in the control 

samples were set to 1. n= 4 biological replicates, mean +/- standard deviation (std). *p < 0.05; 

**p < 0.01; NS, not significant; one-way ANOVA with Dunnett’s multiple comparison test. B) 

Western blots of protein extracts from the control and the mutant SMC (n= 4, mean +/- std). Two 

independent clones (Clone1 and Clone2) for each condition showed consistent patterns. Due to 

the low MYH11 levels in CPC-SMC, separate immunoblots with higher protein input were 

performed to measure MYH11 levels with respect to GAPDH. The asterisks highlight the same 

GAPDH control used for the quantification of SMC markers in NCSC-SMC. C) Quantification 
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of western blot data showing relative protein levels of SMC markers in TGFBR1+/+ (black), 

TGFBR1A230T/+ (blue), and TGFBR1A230T/A230T (red) CPC- and NCSC-SMC. n= 4, mean +/- std, 

one-way ANOVA with multiple comparison test. D) Representative gel contraction images from 

the control and the mutant CPC-SMC, and quantification of the area reduction in percentages. n= 

4, mean +/- std, one-way ANOVA with multiple comparison test. E) Quantification of surface 

reduction in CPC-SMC after carbachol treatment. n= 20 cells; mean +/- std; one-way ANOVA 

with multiple comparison test.  

 

Figure 3. Single-cell Profiling reveals the molecular defects in TGFBR1A230T CPC-SMC. A) 

UMAP projection of the combined dataset of 18,930 scRNA-seq profiles. Individual samples are 

highlighted in different colors. B) Left: UMAP projection colored based on cluster identity. 

Right: Fraction of each sample in different clusters (normalized to the total cell number in each 

sample); TGFBR1+/+: black, TGFBR1A230T/+: blue, TGFBR1A230T/A230T: red. Cell clusters were 

ranked based on their abundance with C8 being the least abundant cluster in the combined 

dataset. C) Scaled expression of contractile, and cell proliferation genes on UMAPs. D) Heatmap 

(scaled by row) showing average expression of binomially specific cluster markers (FDR < 0.01) 

as well as contractile genes across eight cell clusters. E) Log-transformed FC values for protein-

coding genes that are differentially expressed in both TGFBR1A230T/A230T vs. TGFBR1+/+ and 

TGFBR1A230T/+ vs. TGFBR1+/+ comparisons (padj < 0.001). F) GSEA showing significantly 

regulated gene ontology gene sets across two comparisons. Circle sizes indicate the log-

transformed p values. NES, normalized enrichment score. G) GSEA showing the cluster-level 

enrichment or depletion of canonical pathway gene sets from Reactome Pathway Database. The 

clusters are colored based on log-transformed p-values. H) Percent of EdU+ cells in the control 
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and mutant CPC-SMC. n=5; mean +/- std; *p < 0.05; **p < 0.01; one-way ANOVA with 

multiple comparison test.    

 

Figure 4. TGFBR1A230T mutation impairs CPC-SMC contractility by disrupting SMAD3 

and AKT signaling. A) Relative mRNA levels of SMC markers in Patient A230T/+ (blue) and 

iWT+/+ CPC-SMC (black). The average expression levels in the control samples were set to 1. n= 

3, mean +/- standard deviation (std). *p < 0.05; **p < 0.01; unpaired t-test. B) Representative gel 

contraction images from the control and the mutant CPC-SMC, and the quantification of the area 

reduction. n= 3, mean +/- std, unpaired t-test. C) Top: Combined UMAP embedding of 

TGFBR1+/+, TGFBR1A230T/+ and TGFBR1A230T/A230T CPC-SMC, and the location of SMC1, 

SMC2, and SMC3 clusters as in Figure 3B. Bottom: Patient A230T/+ and iWT+/+ CPC-SMC are 

projected onto the combined UMAP embedding, and their density is represented with contours. 

D) Western blots of intracellular mediators from the control and the mutant SMC with or without 

TGFβ1 treatment. E) Quantification of western blot data for pSMAD3, pAKT(S473), and 

pAKT(T308). For quantifications, each phosphorylated protein was normalized to its respective 

non-phosphorylated form. n= 3, mean +/- std. *p < 0.05; **p < 0.01; NS, not significant; one-

way ANOVA with multiple comparison test or unpaired t-test (Patient A230T/+ vs. iWT+/+ 

comparison). F) UMAP projection of SMAD3c.652delA/+ CPC-SMC onto TGFBR1+/+, 

TGFBR1A230T/+ and TGFBR1A230T/A230T CPC-SMC embedding. G) Scatterplot of fold change (FC) 

versus log-transformed FDR adjusted p-values (padj) for all transcripts in the TGFBR1A230T/+ vs. 

TGFBR1+/+ comparison (grey). Significantly enriched (red) and depleted (blue) genes (FC > 2, 

padj < 0.01) in SMAD3c.652delA/+ vs. TGFBR1+/+ comparison are highlighted on the scatterplot.  
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Figure 5. Combination treatment with Activin A and Rapamycin increases contractile 

mRNA and protein levels in TGFBR1A230T CPC-SMC. A) Diagram summarizing the strategy 

to activate SMAD3 and AKT while inhibiting cell proliferation in TGFBR1A230T CPC-SMC. B) 

Relative mRNA levels of SMC markers in TGFBR1+/+ (black), TGFBR1A230T/+ (blue), and 

TGFBR1A230T/A230T (red) CPC-SMC treated with vehicle (DMSO, denoted as -), Activin A only 

(ACA), Rapamycin only (Rapa.), and Activin A and Rapamycin combination (ACA+Rapa.) 

during SMC differentiation (early treatment). n= 3, mean +/- std. mean *p < 0.05; **p < 0.01; 

one-way ANOVA with Dunnett’s multiple comparison test. C) Representative western blot 

images of contractile proteins in TGFBR1A230T/+, and TGFBR1A230T/A230T CPC-SMC treated with 

vehicle (-) or Activin A and Rapamycin combination (ACA+Rapa.) during SMC differentiation. 

D) Relative protein levels of SMC markers in TGFBR1+/+ (black), TGFBR1A230T/+ (blue), and 

TGFBR1A230T/A230T (red) CPC-SMC under different conditions. n= 4, mean +/- std, unpaired t-

test. E) Top: Diagram showing the late treatment paradigm. Bottom: Relative mRNA levels of 

SMC markers in different CPC-SMC populations treated with vehicle (-), or ACA+Rapamycin 

for two days after SMC differentiation. n= 3, mean +/- std. mean *p < 0.05; **p < 0.01; unpaired 

t-test. F) Representative western blot images of contractile proteins in TGFBR1A230T/+, and 

TGFBR1A230T/A230T CPC-SMC treated with vehicle (-) or ACA+Rapamycin for two days after 

SMC differentiation. G) Relative protein levels of SMC markers in in different CPC-SMC 

populations. n= 3, mean +/- std, unpaired t-test. 

 

Figure 6. Combination treatment rescues contractile phenotype in TGFBR1A230T CPC-

SMC. A) Representative gel contraction images from TGFBR1A230T/+, and TGFBR1A230T/A230T 

CPC-SMC treated with vehicle (-), or ACA+Rapamycin during or after SMC differentiation 
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(early and late treatment). B) Quantification of the relative area reduction in ACA+Rapamycin 

treated CPC-SMC during or after SMC differentiation. n= 4, mean +/- std. *p < 0.05; **p < 0.01; 

unpaired t-test. C) Representative stress-strain curves from different samples. D) Mechanical 

parameter of maximum tangent modulus compared between different samples. n= 5, mean +/- 

std, **p < 0.01, one-way ANOVA with multiple comparison test. E) Immunostainings of CPC-

SMC tissue rings for CNN1 and MYH11. Scale bars: 50 μm.  
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