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Abstract

Rationale—Abnormal mechanosensing of smooth muscle cells (SMCs) resulting from the 

defective elastin-contractile units has been suggested to drive the formation of thoracic aortic 

aneurysms (TAAs); however, the precise molecular mechanism has not been elucidated.

Objective—The aim of this study was to identify the crucial mediator(s) involved in abnormal 

mechanosensing and propagation of biochemical signals during the aneurysm formation and to 

establish a basis for a novel therapeutic strategy.
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Methods and Results—We used a mouse model of postnatal ascending aortic aneurysms 

(Fbln4SMKO; termed SMKO), in which deletion of Fbln4 leads to disruption of the elastin-

contractile units caused by a loss of elastic lamina-SMC connections. In this mouse, upregulation 

of early growth response-1 (Egr1) and angiotensin converting enzyme leads to activation of 

angiotensin II signaling. Here we showed that the matricellular protein, thrombospondin-1 

(Thbs1), was highly upregulated in SMKO ascending aortas and in human TAAs. Thbs1 was 

induced by mechanical stretch and Ang II in SMCs, for which Egr1 was required, and reduction of 

Fbln4 sensitized the cells to these stimuli and led to higher expression of Egr1 and Thbs1. 

Deletion of Thbs1 in SMKO mice prevented the aneurysm formation in approximately 80% of 

SMKO; Thbs1−/− (termed DKO) animals and suppressed slingshot-1 and cofilin de-

phosphorylation, leading to the formation of normal actin filaments. Furthermore, elastic lamina-

SMC connections were restored in DKO aortas and mechanical testing showed that structural and 

material properties of DKO aortas were markedly improved.

Conclusions—Thbs1 is a critical component of mechanotransduction as well as a modulator of 

elastic fiber organization. Maladaptive upregulation of Thbs1 results in disruption of elastin-

contractile units and dysregulation of actin cytoskeletal remodeling, contributing to the 

development of ascending aortic aneurysms in vivo. Thbs1 may serve as a potential therapeutic 

target for treating TAAs.

Subject Terms

Aneurysm; Cell Signaling/Signal Transduction; Genetically Altered and Transgenic Models; 
Vascular Biology

Keywords

Thoracic aortic aneurysm; mechanotransduction; extracellular matrix; elastic fibers; angiotensin II; 
aneurism; vascular biology; genetically altered mice; cell signaling

INTRODUCTION

Thoracic aortic aneurysms (TAAs) are life-threatening diseases defined as a permanent 

abnormal dilatation of the thoracic aorta. It has been shown that TAAs are associated with 

dysregulation of transforming growth factor beta (TGFβ) signaling 1–3, defects in the 

extracellular matrix (ECM) 4–7, and mutations in smooth muscle cell (SMC) contractile 

genes 8, 9. The anatomical and functional unit connecting SMC and elastic fibers in the 

aortic wall is called elastin-contractile unit and the disruption of this unit was shown to 

cause TAAs due to abnormal mechanosensing of SMCs 10. The relationship between these 

defects and aneurysm pathogenesis have begun to be established using various genetic 

models (reviewed in 11, 12), however, the initiation signal and the signaling pathway 

necessary for sustaining the aneurysmal expansion in each TAA subtype are not fully 

understood.

We previously established a mouse model of postnatal TAA by deleting fibulin-4 gene 

(Fbln4) in vascular SMCs (Fbln4SMKO, termed SMKO). Fibulin-4 is a secreted glycoprotein 

and is a component of elastic fibers, where it is localized to microfibrils 13. In SMKO aortas, 
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elastic fibers fail to form normal elastic lamina-SMC connections during the early postnatal 

period, leading to an upregulation of mechanosensitive molecules, such as early growth 

response 1 (Egr1) and angiotensin converting enzyme (ACE), resulting in a local elevation 

of Angiotensin II (Ang II) signaling 7, 14. We also showed that an increase in serine/

threonine phosphatase slingshot-1 (Ssh1) causes dephosphorylation of cofilin (activated 

form) and disruption of actin filaments 10. Furthermore, inhibition of Ang II signaling 

sufficiently prevented the development of ascending aortic aneurysms and improved elastic 

fiber integrity and restored actin filaments 14. However, the molecule responsible for 

converting the mechanical stress to biochemical signals that result in aneurysm growth has 

yet to be determined.

Thrombospondin-1 (Thbs1) is a homotrimeric glycoprotein secreted by various cells, 

including vascular SMCs and endothelial cells (ECs). Thbs1 negatively regulates cell 

adhesion, migration, proliferation, cell-cell interaction and angiogenesis, while positively 

regulates inflammation and activation of latent TGFβ. This broad spectrum of biological 

functions is attributable to domain structures with distinct binding sites for various ECM 

molecules and cell surface receptors, such as integrins, CD36 and CD47 15–18. Recent 

studies have shown that Thbs1 contributes to the development of abdominal aortic aneurysm 

(AAA) through acceleration of vascular inflammation 19, whereas it was reported that 

attenuation of Thbs1-directed activation of TGFβ resulted in progression of AAA 20. Thus, 

the multi-functionality of Thbs1 has complicated the understanding of its role in aortic 

aneurysms.

Here, we report a dual role for Thbs1 as a mediator of mechanotransduction and critical 

modulator of arterial wall structure in SMKO mice. We demonstrate that Thbs1 is directly 

induced by mechanical stretch and Ang II in SMCs and indirectly activates downstream 

Ssh1-cofilin signaling and leads to actin cytoskeletal remodeling in vivo. Deletion or 

reduction of Thbs1 restored the disruption of elastic lamina-SMC connections and prevented 

aneurysm formation, demonstrating a causative role of Thbs1 in aneurysm development in 

SMKO mice.

METHODS

The authors declare that all supporting data are available within the article and 

supplementary files.

The authors are responsible for maintaining availability and agree to make materials 

available to any researchers.

Detailed descriptions are provided in the Online Data Supplement.

RESULTS

Upregulation of Thbs1 in the aneurysmal wall

As we previously reported, the aortic wall begins to expand in SMKO aortas at postnatal day 

(P) 7, and the aneurysm is established by P30 10, 14. We defined this period as a critical 

therapeutic time window in which aneurysm formation could be prevented by inhibiting Ang 
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II-mediated signaling caused by local upregulation of ACE 14. Transcripts level of Thbs1 in 

SMKO aortas was already increased at P1, before the aneurysm formation and markedly 

increased at P30 (Fig. 1A). Western blot analysis comparing the expression of Thbs1 in the 

ascending (As) and descending (Des) aortas of CTRL and SMKO mice at P30 showed a 

marked upregulation of Thbs1 specifically in the ascending aortas of SMKO mice (Fig. 1B). 

Consistent with Western blot data, immunostaining showed strong expression of Thbs1 in 

the SMKO ascending aortas including the aortic root compared with that of control (CTRL) 

aortas (Figs. 1C, D). Thbs1 was highly expressed in both endothelial cell (EC) and SMC 

layers, which was apparent at P9 SMKO aortas (Online Fig. I). Interestingly, although 

phosphorylated Cofilin (pCofilin) was decreased (=activated) in SMCs of SMKO aortas 

compared with CTRL, cofilin phosphorylation was maintained in ECs. These data indicated 

that Thbs1 was highly expressed in the aneurysmal wall prior to and during aneurysmal 

expansion in SMKO aortas.

Fbln4 deficiency increases the response to Ang II and mechanical stretch, and upregulates 
Thbs1 in SMCs

To understand the upstream signals for Thbs1 induction in SMCs, we turned to an in vitro 

system and performed small interference (si) RNA-mediated knockdown (KD) of Fbln4. 
Fbln4 or scramble siRNA (Scr; as CTRL) was administered to rat SMCs and the efficiency 

of KD was confirmed by qPCR (Fig. 2A). We first examined the response of Fbln4 KD cells 

to Ang II in the absence of serum (Fig. 2B). Ang II induced rapid phosphorylation (p) of 

ERK in 10 min in both Fbln4 KD and CTRL cells. Consistent with previous reports 21, 22, 

Egr1 was induced by Ang II in both groups, but the level of Egr1 was significantly higher in 

Fbln4 KD compared with CTRL. Thbs1 was increased at 60 min in Fbln4 KD cells whereas 

Thbs1 upregulation was observed at 180 min after Ang II stimulation in CTRL cells. Similar 

results on the induction of Thbs1 by Ang II were obtained using primary SMCs isolated 

from P30 SMKO aortas (Online Fig. II), as well as in Fbln4 knockout rat SMCs generated 

by CRISPR-Cas9 genome editing technology (Online Fig. III). However, neither condition 

was sufficient to affect the phosphorylation status of cofilin.

Next, to examine the effects of mechanical stimuli on Thbs1 expression, Scr and Fbln4 KD 

cells were subjected to cyclic stretch (1Hz, 20% strain) for 16 hours (hr). Fbln4 KD 

responded to cyclic stretch and upregulated Egr1 and Thbs1 after 1 hr of stimulation, and the 

amplitude of expression was significantly higher in Fbln4 KD cells compared with CTRL 

cells (Fig. 2C). Upregulation of pERK peaked at 8 hr in both Fbln4 KD and CTRL cells and 

the levels were comparable between the two cells, indicating that ERK activation at the late 

phase was not affected by Fbln4 KD. Since SMCs in SMKO aortas were shown to be less 

differentiated compared with CTRL SMCs 7 and the responses to Ang II and mechanical 

stretch can be influenced by the differentiation status of SMCs 23, 24, it is plausible that 

Fbln4 deficiency exacerbated the response to Ang II and mechanical stretch, leading to the 

increased expression of Egr1 and Thbs1.

Egr1 is required for upregulation of Thbs1

Ang II induces ERK activation by two distinct pathways downstream of Agtr1a, mediated by 

heterotrimeric guanine nucleotide-binding protein (G protein) and β-arrestin 2 (Arrb2) 25, 26. 
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To examine the involvement of these pathways in Ang II-induced Thbs1 induction, 

knockdown for Agtr1a, Agtr2 and Arrb2 was performed. The KD efficiency was confirmed 

by qPCR (Fig. 3A). Cells were cultured in serum- free media overnight and stimulated with 

Ang II (100 nM) for 3 hr. In Scr-treated CTRL cells, upregulation of Thbs1 and ERK 

phosphorylation were reproducibly observed (Fig. 3B). Agtr1a KD inhibited ERK 

phosphorylation and abolished Thbs1 expression, whereas Agtr2 KD showed no effects. 

Arrb2 KD also showed reduced ERK phosphorylation and suppressed Thbs1 expression.

Since it has been reported that G protein-mediated ERK phosphorylation requires the 

activation of protein kinase C (PKC) 25, 26, we tested the effect of a PKC inhibitor 

Ro-31-8425 on Ang II-induced Thbs1 expression (Fig. 3C). Ro-31-8425 suppressed Thbs1 

expression in a dose dependent manner, however, it had no effects on ERK phosphorylation. 

In contrast, pretreatment with PD0325901, a MEK inhibitor, completely blocked pERK and 

suppressed Thbs1 expression. These data suggested that there were pERK-dependent and -

independent pathways downstream of G-proteins that regulate expression of Thbs1. As it has 

been reported that Ang II-induced ERK activation is mediated by Egr1 27 and Egr1 is a 

known activator of Thbs1 28, we tested whether Ang II-induced Thbs1 expression was 

dependent on Egr1 in rat SMCs. Egr1 was knocked-down by 2 sets of siRNA (Fig. 3D) and 

AngII was administered to induce Thbs1 expression. Egr1 KD abolished phosphorylation of 

ERK as well as Ang II-induced Thbs1 expression for both sets of siRNA (Fig. 3E). These 

results indicated that Egr1 was an essential mediator of Thbs1 downstream of Ang II-

Agtr1a.

We also examined the regulation of Thbs1 by mechanical stretch in SMCs. We used Agtr1a, 
Agrt2, Arrbs2, and Egr1 KD cells and subjected them to cyclic stretch (1 Hz, 20% strain) for 

8 hr. As Fig. 3F shows, Thbs1 was induced by cyclic stretch in Scr-treated cells with 

upregulation of Egr1 and pERK. Agtr1a KD modestly suppressed the increase in Thbs1 

expression with stretch, without affecting Egr1. Agtr2 KD or Arrb2 KD did not change the 

effect of stretch on Thbs1 expression or Egr1 expression. In contrast, Egr1 KD completely 

suppressed Thbs1 expression and pERK upregulation in response to stretch, indicating that 

Egr1 is an essential regulator of Thbs1 expression downstream of mechanical stress.

Deletion of Thbs1 attenuates aneurysm formation in SMKO aortas

To test whether Thbs1 contributed to aneurysm formation in SMKO mice, we generated 

SMKO mice on a Thbs1-null background (SMKO;Thbs1−/−; termed DKO). qPCR 

confirmed the absence of Thbs1 mRNA in DKO aortas (Fig. 4A). The aneurysms were 

examined at 3 months of age and compared with respective CTRL littermates. Aneurysms 

were mostly prevented in DKO mice (30/38, 78.9%) and some of SMKO;Thbs1+/− mice 

(12/25, 48%) also showed amelioration of the aneurysm (Fig. 4B and Table 1). Morphology 

of SMCs and collagen deposition in rescued DKO aortas were comparable to that of CTRL 

aortas and DKO aortas contained intact elastic fibers that were visualized by Hart’s staining 

(Fig. 4C). The internal elastic lamina (IEL) perimeter and outer perimeter were smaller in 

DKO compared to SMKO aortas, however, the aortic wall was thicker in DKO aortas 

compared to CTRL (Fig. 4D). We hypothesized that the deletion of Thbs1 enhanced elastic 

fiber maturation and prevented aneurysm formation. To test this hypothesis, we performed in 
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vitro elastogenesis assays using neonatal human dermal fibroblasts (HDFs) 29 and examined 

the function of Thbs1 in elastic fiber assembly by siRNA (Online Fig. IVA). Scr siRNA-

treated cells (CTRL) did not affect elastic fiber formation whereas FBLN4 siRNA 

suppressed the deposition of elastin onto the fibrillin-1-positive microfibrils (Online Fig. 

IVB). THBS1 siRNA-treated cells were indistinguishable from Scr-treated cells and the 

combination of THBS1 and FBLN4 siRNA did not improve elastic fiber assembly. These 

results showed that Thbs1 was not directly involved in elastic fiber assembly in vitro.

To gain more insights into the ultrastructure of DKO aortas, we performed electron 

microscopy, compared with CTRL and SMKO aortas. Consistent with the previous findings, 

SMKO aorta showed severe disruption of elastic fibers and a loss of connections between 

the elastic laminae and SMCs; connections that were evident in CTRL aortas (arrows in 

CTRL, Fig. 4E). Surprisingly, the elastic laminae in rescued DKO aortas were thicker and 

much more organized compared to SMKO aortas and contained numerous short elastin 

extensions extending toward the SMCs (arrowheads in DKO, Fig. 4E). These findings 

suggested that the deletion of Thbs1 promoted the organization of elastic fibers in vivo. To 

examine the impact of improved elastic fiber organization on biomechanics of the aorta, we 

performed pressure-diameter experiments for DKO aortas and compared with CTRL and 

SMKO aortas 30, 31. The outer diameter of DKO aortas exhibited pressure-dependent 

dilatation and significant differences were not found at any pressures compared to CTRL 

(Fig. 4Fa). Compliance, the inverse of stiffness, was higher in SMKO aortas between 0–50 

mm Hg and became significantly lower above physiological pressures (>100 mmHg, Fig. 

4Fb). DKO aortas showed lower compliance than SMKO aortas between 0–50 mmHg 

similar to CTRL, however, it was significantly decreased compared with CTRL between 

125–170 mmHg and behaved similar to SMKO aortas (Fig. 4Fb). We then examined the 

material properties of DKO aortas by calculating tangent modulus using stress-stretch 

relationship (Fig. 4Fc, d). Tangent modulus of DKO aortas was significantly lower than 

SMKO aortas but did not differ from that of CTRL at any pressures, indicating the 

restoration of the material properties in DKO aortas. Taken together, prevention of aneurysm 

development was supported by normalization of material properties and improved quality of 

elastic fibers.

Deletion of Thbs1 suppresses abnormal mechanotransduction in the aneurysmal wall

To determine which signaling pathways were affected in DKO aortas, we performed Western 

blot analyses to compare the signaling molecules dysregulated in SMKO, including ACE, 

Thbs1, Egr1, pSmad2, pERK, pCofilin and Ssh1. While ACE and pERK remained high in 

DKO aortas, Ssh1, and Egr1 were significantly decreased and pCofilin was increased in 

DKO aortas (Fig. 5A). Since Thbs1 is known to activate latent TGFβ, the rescue might have 

been achieved through inhibition of TGFβ. However, pSmad2 levels were unchanged in 

DKO aortas (Fig. 5A), indicating that the rescue was independent of canonical TGFβ 
signaling and that activation of latent TGFβ by Thbs1 was not extensive in SMKO animals. 

Immunostaining results confirmed that pCofilin levels were restored to CTRL levels in DKO 
aortas (Fig. 5B). Accordingly, actin filaments in DKO aortas were continuous compared 

with those of SMKO aortas (Fig. 5C). Interestingly, qPCR analysis revealed that expressions 

of SMC contractile genes were unchanged compared to SMKO aorta except upregulation of 
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Acta2 (Fig. 5D). Since Acta2 is the major actin isotype in SMCs, Acta2 upregulation may 

have been contributed to the increased actin filaments.

Next, to test the possibility that Thbs1 directly inhibited phosphorylation of cofilin in SMCs 

in the absence of Fbln4, we used Fbln4KO rat SMCs (described in Online Fig. III) and 

primary SMCs isolated from SMKO aortas (described in Online Fig. II) and treated with 

recombinant Thbs1 (rThbs1) for 6 hr followed by Western blot analysis. The 

phosphorylation status of cofilin was not affected by addition of rThbs1 in Fbln4KO rat 

SMCs (Online Fig. VA) or primary SMKO SMCs (Online Fig. VB). It has been reported that 

Thbs1 inhibits pCofilin in macrophage 32, which cell type is frequently observed in 

experimental aortic aneurysms 33. Therefore, we evaluated the presence of macrophages in 

the aneurysmal wall of CTRL, SMKO and DKO mice (Online Fig. VI). qPCR analysis 

showed an increase in Cd68 and Mcp1 transcripts in SMKO but not in DKO aortas (Online 

Fig. VIA). However, immunostaining for CD68 in SMKO or DKO aortas showed no 

accumulation of CD68-positive macrophages (Online Fig. VIB), consistent with our 

previous findings 7.

It is of note that Thbs1 was highly expressed in ECs of SMKO aortas from P9 (Online Fig. 

I); however, phosphorylation of cofilin was unaffected. To examine if Thbs1 in ECs 

contributed to the formation of aneurysms via acting on their receptors, we generated double 

knockout mice for SMKO and Cd36 (SMKO; Cd36−/−) as well as SMKO and Cd47 
(SMKO;Cd47−/−), both of which are known Thbs1 receptors expressed in ECs 34, 35. Both 

double knockout mice were evaluated for the presence of aneurysms by gross observations 

at P30 (Online Fig. VIIA). A large aneurysm was observed in the ascending aortas of 

SMKO;Cd36−/− and SMKO; Cd47−/− animals with severe tortuous descending aortas. 

Histological observations revealed thick aortic wall and disrupted elastic fibers in SMKO as 

well as SMKO;Cd36−/− and SMKO; Cd47−/− animals (Online Fig. VIIB). Morphometric 

analysis showed that IEL perimeter, outer perimeter, total vessel area, and wall thickness 

were largely comparable among SMKO, SMKO;Cd36−/− and SMKO; Cd47−/− mice (Online 

Fig. VIIC). These data indicate that Thbs1 does not directly alter phosphorylation of cofilin 

in SMCs and CD36 nor CD47 is involved in the aneurysm formation in SMKO mice.

Thrombospondin-1 is increased in human TAAs

Finally, to evaluate if the THBS1-mediated pathway was involved in the pathogenesis of 

TAA in humans, we examined the expression of THBS1 and pERK levels in TAA samples 

from non-syndromic sporadic TAA patients that underwent surgery. Aortic wall punch 

biopsies obtained from patients undergoing coronary artery bypass surgery (CABG) were 

designated as non-aneurysmal CTRL. There were no differences in sex, age, metabolic rate, 

blood pressure and cardiac functions between CTRL and TAA (Table 2). Western blot 

analysis revealed a significant increase in THBS1 levels in aneurysmal tissues compared to 

CTLR (Fig. 6A). In contrast, pERK levels were comparable between CTRL and TAA 

samples. Histological analysis of TAA with high THBS1 (n=6) and low THBS1 (n=4) both 

showed elastic fiber fragmentation and the degree of fragmentation seems comparable 

between the two groups (Fig. 6B). THBS1 levels did not correlate with clinical features 

(Online Fig. VIII). Electron microscopy images from TAA with high THBS1 exhibited the 
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same loss of elastic lamina-SMC connections that was observed in SMKO aortas (Fig. 6C). 

Taken together, the data demonstrated that THBS1 elevation was associated with non-

syndromic sporadic TAA in humans.

DISCUSSION

In this study, we reported the upregulation of Thbs1 in TAAs of mice and humans and 

showed that genetic deletion of Thbs1 prevented aneurysms in SMKO mice. In SMCs, 

Thbs1 expression was markedly induced by mechanical stretch and Ang II, and Egr1 was 

required for the induction of Thbs1. Deletion of Fbln4 in vitro enhanced the responses to 

these stimuli and led to the increased expression of Egr1 and Thbs1, further contributing to 

the transduction of mechanical stress into biochemical signals in SMCs. Aortas from DKO 
mice showed restoration of elastic lamina-SMC connections with numerous short elastin 

extensions and suppression of Ssh1-cofilin signaling, revealing the unrecognized role of 

Thbs1 as a modulator of arterial wall integrity.

Novel role of Thbs1 in mediating mechanical stress in the aneurysmal wall

Thbs1 is maintained at low levels in the postnatal vessels and elevated in various vascular 

diseases, including pulmonary arterial hypertension 36, aortic aneurysms 37, atherosclerosis 
38, cerebral cavernous malformations 39, and ischemia reperfusion injury 40. The role of 

Thbs1 in these conditions seem to be highly context dependent but is largely associated with 

activation of TGFβ and/or inflammatory cytokine production. For example, in AAAs, Thbs1 

promotes macrophage recruitment and contributes to adventitial inflammation during 

aneurysm formation 19, whereas blockade of Thbs1-directed TGFβ activation or Thbs1 

deficiency promotes inflammation and accelerates AAA 20, 38. Since central pathogenesis of 

TAA is different from that of AAA and a reduced contribution of inflammation has been 

observed 41, we speculated that the mechanistic role of Thbs1 in TAA might be distinct from 

that of AAA. Our current study shows that pathologic Thbs1 contributes to abnormal 

mechanosensing of SMCs and is essential for development of TAAs in SMKO mice.

The pathway(s) involved in Thbs1 upregulation has been investigated in various cell types 

and Ang II is generally known as an upstream regulator of Thbs1 42, 43. TGFβ by forming a 

positive feedback loop, also induces Thbs1 expression in a Smad2-dependent manner 44 and 

this pathway can be amplified by Ang II, as TGFβ is a transcriptional target of Ang II 45. In 

addition, recent studies have shown that physical factors such as hypoxia and disturbed flow 

induce Thbs1 36, 46. In SMKO aortas, Thbs1 is highly upregulated in ECs and inner portions 

of SMCs in the ascending aortas, supporting the relationship between physical factors and 

Thbs1 expression. Thbs1 is more robustly upregulated in Fbln4 KD SMCs than CTRL in 

response to mechanical stretch, indicating that SMKO SMCs may be exquisitely sensitive to 

changes in mechanical stimuli, such as increased pulse pressure 14, decreased compliance, 

and increased elastic modulus observed in SMKO aorta. The unique and complex 

mechanical environment of the ascending aorta 47 in combination with altered SMC 

mechanosensing may contribute to localized Thbs1 signaling. Whereas Ang II quickly 

activates ERK via Agtr1a and upregulates Thbs1 in isolated SMCs, mechanical stretch 

induces Thbs1 at 8 hr with delayed ERK activation. Intriguingly, in both cases, Egr1 is 
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essential for Thbs1 induction. Taken together, our results suggest that Thbs1 is a 

mechanosensitive matricellular protein upregulated by Egr1 that activates ERK, which in 

turn induces Egr1 and produces Ang II via upregulation of ACE, generating a feed forward 

loop for aneurysm expansion in the ascending aorta.

Deletion of Thbs1 prevents aneurysm formation with restored elastic lamina-SMC 
connections in SMKO aorta

Thbs1 is a matriellular protein known to mediate cell-matrix interactions with a limited role 

in tissue morphogenesis. Based on our results using DKO mice, the deletion of Thbs1 is 

sufficient to prevent aneurysm formation in SMKO mice. Surprisingly, the DKO aorta 

showed better quality of elastic fibers with restored connections between elastic lamina and 

SMCs and actin cytoskeletal abnormality is corrected. This suggests that Thbs1 is a negative 

regulator of elastic fiber organization. While we failed to make a direct link between Thbs1 

and inhibition of elastic fiber assembly in vitro, there are possible explanations for the 

potential contribution of Thbs1 in elastic fiber formation. First, electron-microscopy analysis 

showed numerous elastic extensions between elastic laminae and SMCs, indicating the 

restoration of the elastin-contractile units, thus the vessel wall was stabilized in DKO mice. 

The absence of antiadhesive activity of Thbs1 may contribute to the increased formation of 

elastic lamina-SMC connections in DKO mice. This is the first demonstration that a loss of 

Thbs1 improves the elastic fiber organization in the structurally compromised aortas. 

Second, it has previously been shown that inhibition of versican, which is a large 

extracellular matrix proteoglycan, promotes tropoelastin synthesis and elastic fiber 

formation in human leiomyosarcoma SMCs 48. Since versican forms a functional complex 

with Thbs1 and is co-localized on microfibrils 49, deletion of Thbs1 may have disrupted the 

inhibitory complex and facilitate elastic fiber formation in DKO aortas.

Thbs1 is hardly expressed in CTRL aortas whereas it is highly expressed in ECs and SMCs 

of SMKO aortas. Our knockout study using Cd36−/− and Cd47−/− mice did not lead to the 

rescue of aneurysms in SMKO, indicating that the function of Thbs1 is not mediated via 

these receptors. However, we failed to determine whether the function of Thbs1 was cell 

autonomous in SMCs or EC-derived Thbs1 acted on neighboring SMCs. A recent study 

showed that deletion of an AT1 receptor in ECs attenuates the development of ascending 

aneurysms in Marfan model mice, where pathological changes are usually seen in SMCs 50. 

Therefore, it is possible in SMKO mice that an AT1 receptor drives thrombospondin-1 

production in ECs, which is delivered and acts on SMC in a non-cell autonomous manner. It 

will be informative to determine the cell type responsible for production and execution of 

the deleterious effect of Thbs1 during aneurysm formation.

As we have previously shown, the activity of cofilin, which is regulated by its phosphatase 

Ssh1, causes abnormal actin cytoskeletal remodeling in SMKO aortas 10. Although the 

expression of ACE and pERK remained unchanged, Ssh1 levels are decreased and 

phosphorylation of cofilin is increased in DKO aortas. As a result, actin filaments are 

continuous compared with those of SMKO aortas. It is likely that restoration of elastic fibers 

in the absence of Thbs1 indirectly suppresses the Ssh1-cofilin pathway in DKO aortas. 

Alternatively, since Thbs1 has been shown to bind the actin cytoskeleton via its cell surface 
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receptors 51 and/or to increase phosphorylation of FAK in SMCs 52, the absence of Thbs1 

may have altered the actin filaments via the alteration of focal adhesions in SMCs.

Application to human aortic aneurysms

Imaging techniques such as computed tomography (CT), magnetic resonance imaging 

(MRI) and ultrasound are currently used for routine diagnosis and monitoring of aneurysms. 

However, these imaging tools cannot be used to accurately determine the pre-clinical status 

and predict the timing for dissection or rupture of aneurysms (reviewed in 53). It has been 

reported that aortic size does not always provide an accurate prediction for Type A or Type 

B aortic dissection 54–56. Therefore, there is a pressing need for the discovery of blood-borne 

biomarkers that enable us to assess the dissection or rupture risk in a timely manner. Recent 

analysis of differentially expressed proteins in aortic aneurysms in human patients showed 

that Thbs1 is increased in TAAs 37, 57. Although the association of Thbs1 and aortic 

aneurysms is not fully established in humans, it was suggested that a high serum 

concentration of Thbs1 was associated with slower growth of AAA in humans 58. Intra-

arterial thrombus secretome analysis showed a negative association between Thbs1 and 

AAA 59. Our mouse study demonstrates that Thbs1 is directly involved in TAA formation 

and an increase in Thbs1 transcripts is already evident before developing a distinct 

aneurysm. Although our model fails to address the relevance of Thbs1 in aortic dissection, 

temporal analysis reveals that it could potentially predict the pre-clinical status of the 

aneurysm. Second application is to develop anti-THBS1 therapy for prevention/control of 

aneurysm growth. Ang II receptor blockers have been suggested as a new drug to treat 

aneurysm growth in patients with Marfan syndrome 45, however, large clinical trials 

comparing the effects between losartan and β-blocker failed to establish the advantage of 

losartan over atenolol 60. Directly targeting Thbs1 and inhibiting maladaptive upregulation 

of Thbs1 may be effective in controlling the aneurysm growth, especially those with a high 

level of THBS1 at the early clinical stage of aneurysm. Further analysis with human serum 

Thbs1 levels and its association with imaging data will provide a basis for Thbs1-targeted 

therapy as a potential treatment for TAA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms

TAA Thoracic aortic aneurysm

AAA Abdominal aortic aneurysm

SMKO Smooth muscle cell-specific knockout

DKO SMKO;Thbs1 knockout (−/−)

P Postnatal day

p Phosphorylated

SMC Smooth muscle cell

EC Endothelial cell

ECM Extra cellular matrix

Ang II Angiotensin II

TGFβ Transforming growth factor β

Thbs1 Thrombospondin-1

Egr1 Early growth response 1

ACE Angiotensin converting enzyme

PKC Protein kinase C

ERK Extracellular signal-regulated kinase

MEK Mitogen-activated protein kinase kinase

Ssh1 Slingshot-1

G protein Heterotrimeric guanine nucleotide-binding protein

IEL Internal elastic lamina

CABG Coronary artery bypass surgery

MMP Matrix metalloproteinase

CD36, CD47 Cluster of differentiation #

DAPI 4’, 6-diamidino-2-phenylindole

Acta2 α-smooth muscle actin

AR Aortic root

LSA Left subclavian artery

PECAM Platelet and endothelial cell adhesion molecule
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GAPDH Glyceraldehyde-3-phosphate dehydrogenase
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NOVELTY AND SIGNIFICANCE

What Is Known?

• Defective extracellular matrix (ECM) is one of the mechanisms for thoracic 

aortic aneurysm (TAA) formation.

• Alterations in cytoskeletal remodeling in smooth muscle cells (SMCs) is 

observed in TAA.

• Loss of fibulin-4 (Fbln4) causes TAA with disruption of elastin-SMC 

connections and abnormal mechanosensing of SMCs.

• The initial signal that triggers abnormal mechanosensing leading to TAA is 

unknown.

What New Information Does This Article Contribute?

• Thrombospondin-1 (Thbs1) is induced by mechanical stretch and angiotensin 

II in SMCs, and Early growth response 1 (Egr1) is required for this response.

• Thbs1 is highly upregulated in the aneurysm lesions in Fbln4 mutant mice 

and TAA patients.

• Deletion of Thbs1 in Fbln4 mutant mice restores elastin-SMC connections 

and organization of elastic fibers, preventing TAA.

• Thbs1 may be a potential therapeutic target for TAA.

The disruption of elastin-SMC connections plays a critical role in aneurysm formation, 

not only by damaging the structural integrity of the aortic wall but also by altering 

mechanotransduction and cytoskeletal remodeling of SMCs. By using SMC-specific 

knockout for Fbln4 (termed SMKO), we show that disruption of elastin-SMC 

connections causes maladaptive upregulation of Thbs1 in the ascending aorta prior to the 

formation of aneurysms. Thbs1 expression is induced by mechanical stretch and 

angiotensin II in SMCs, which is mediated by Egr1 and enhanced by a loss of fibulin-4. 

Although Thbs1 has a minimal role in the development of the aorta, the deletion of Thbs1 

in Fbln4 SMKO mice significantly suppresses aneurysm formation. This is due to 

restoration of elastin-SMC connections and improvement of material property of the 

aorta. We also show that Thbs1 is upregulated in TAA patients. Further analysis of blood 

and tissue concentrations of Thbs1 associated with each type of TAA are necessary for 

evaluation of the potential application of Thbs1 blocking antibody/inhibitors for 

treatment of TAA.
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Figure 1. Thbs1 is highly expressed in aneurysmal wall
(A) qPCR analysis of Thbs1 from ascending aortas of CTRL (pooled P1, n=12; P7, n=18; 

P14, n=9; and P30, n=12) and Fbln4SMKO (SMKO, pooled P1, n=12; P7, n=18; P14, n=8; 

and P30, n=11) mice performed in technical triplicate. (B) Representative Western blots of 

ascending (As) and descending (Des) aortas of CTRL and SMKO at P30. n=3, Bar are 

means ± SEM. ***P < 0.001, one-way ANOVA. (C) Cross sections of the ascending aorta 

from CTRL and SMKO at P30 immunostained with Thbs1 (red), DAPI (blue), PECAM 

(white). Elastic fibers are green (autofluorescence). n=5. Scale bars are 50 µm. (D) 
Longitudinal sections of the aorta from SMKO mice (a–c) immunostained with PECAM 

(white), Thbs1 (red) and merged image with DAPI (blue). As (ascending aorta), Des 

(descending aorta). Expanded images of ascending aorta (d and e). AR (aortic root), LSA 

(left subclavian artery). Scale bars are 1 cm. n=5.
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Figure 2. Fbln4 deficiency enhances the response to mechanical stress and Ang II in rat SMCs
(A) qPCR analysis confirming knockdown of Fbln4 in rat SMCs. Total RNA from siRNA-

transfected cells were extracted 3 days after transfection. The mRNA levels relative to 

untreated siRNA are shown. n=4, Bars are means ± SEM. *** P < 0.001, one-way ANOVA. 

(B) Rat SMCs treated with scramble siRNA (Scr) or Fbln4 siRNA (Fbln4 KD) cultured in 

serum-free media for 21 hr, then stimulated with Ang II (1 nM) for 10, 30, 60 or 180 min. 

Cell lysates were analyzed by Western blotting with indicated antibodies. Representative 

blots and quantification graphs are shown from quadruplicate experiments. Bars are means ± 

Yamashiro et al. Page 18

Circ Res. Author manuscript; available in PMC 2019 August 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SEM. *P < 0.05, **P < 0.01, ***P < 0.001. Two-way ANOVA. (C) Scr- or Fbln4 KD cells 

were subjected to cyclic stretch (20 % strain, 1.0 Hz) by FlexCell system for 1, 3, 8 or 16 hr. 

Representative Western blots showing expression of Thbs1, Egr1, pERK, total ERK, 

pCofilin, total cofilin and GAPDH. Quantification graph are shown from triplicate 

experiments. Bars are means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. Two-way 

ANOVA.
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Figure 3. Upregulation of Thbs1 is mediated by Egr1
(A and D) qPCR analysis confirming the knockdown of Agtr1a, Agtr2, and Arrb2 (A) and 

Egr1 (D) in rat SMCs. Total RNA from siRNA-treated cells were extracted 3 days after 

transfection. The mRNA levels relative to scramble siRNA (Scr) are shown. Bars indicate 

technical triplicate. (B and E) Scr- or siRNA-treated rat SMCs were cultured in serum-free 

media for 21 hr and stimulated with or without Ang II (100 nM) for 3 hr. Representative 

Western blots and quantification graphs are shown. (C) Rat SMCs were cultured in serum-

free media for 21 hr, then pretreated with or without MEK inhibitor PD0325901 (1 nM, 10 

nM, 100 nM, 1 µM, 10 µM) or PKC inhibitor Ro-31-8425 (100 nM, 1 µM, 10 µM) for 1 hr 

followed by 3 hr of stimulation with Ang II (100 nM). Representative Western blots and 

quantification graphs are shown. Bar are means ± SEM, **P < 0.01, two-way ANOVA. (F) 
Scr- or siRNA-treated rat SMCs were subjected to uniaxial cyclic stretch (20 % strain, 1.0 

Hz) in the presence of 20% FBS for 8 hr. Representative Western blots showing Thbs1, 
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Egr1, pERK, total ERK and GAPDH. Quantification graphs are shown from triplicate 

experiments. Bars are means ± SEM. *P < 0.05, **P < 0.01. One-way ANOVA.
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Figure 4. Deletion of Thbs1 attenuates aneurysm formation in SMKO aortas
(A) qPCR analysis of Thbs1 on aortas harvested from P30 CTRL (pooled n=12), SMKO 
(pooled n=11) and DKO (pooled n=3) mice in technical triplicate. (B) Gross photos of 

CTRL, SMKO and SMKO crossed with Thbs1 null mice (SMKO; Thbs1−/−, DKO) at 3 

months of age. (C) Histological images of cross sections of the ascending aorta from P30 

CTRL, SMKO and DKO stained with hematoxylin and eosin (H&E), Hart’s (elastin) and 

Masson trichrome (collagen). Scale bars, 20 µm. (D) Morphometric analysis showing IEL 

perimeter, outer perimeter, total vessel area and wall thickness. Bars are means ± SEM. *P < 
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0.05, **P < 0.01, ***P < 0.001, one-way ANOVA. Number of animals are indicated in each 

bar. (E) Electron microscopy (EM) images from P30 CTRL (n=3), SMKO (n=3) and DKO 
(n=3) ascending aortas. Elastic lamina (EL) -SMC connections seen in CTRL (red 

arrowheads) were significantly decreased in SMKO and restored in DKO. Scale bars, 2 µm. 

Quantification of the connection between EL and SMC by Kruskal-Wallis test with Dunn’s 

multiple comparisons is shown. (F) Mechanical testing using CTRL (n=7), SMKO (n=7) 

and DKO (n=3) aortas at P30. (a) Aortic pressure-outer diameter curves, (b) Aortic pressure-

compliance curves, (c) circumferential stress-stretch plots, and (d) tangent modulus. Bars are 

means ± SEM. Symbols indicate significant difference (P < 0.05) between CTRL and 

SMKO (*), and CTRL and DKO (#). One-way ANOVA with Tukey’s post-hoc test.
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Figure 5. Thbs1 is upstream of Ssh1-cofilin pathway leading to aneurysm formation
(A) Western blots showing downregulation of Ssh1 expression and upregulation of pCofilin 

levels in P30 DKO aortas. Quantification of Western blots are shown in right graphs. Bars 

are means ± SEM. *P < 0.05, **P < 0.01, one-way ANOVA. (B and C) Cross sections of 

the ascending aorta from P30 CTRL, SMKO and DKO immunostained with pCofilin (red in 

B), Phalloidin (red in C) and DAPI (blue). Elastic fibers are green (autofluorescence). n=3. 

Scale bars are 50 µm in (B), 100 µm in (C). (D) qPCR analysis of SMC-specific genes from 

ascending aortas of CTRL (pooled n=12), SMKO (pooled n=11) and DKO (pooled n=3) 

mice performed in technical triplicate.
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Figure 6. THBS1 expression is significantly increased in human TAA
(A) Representative Western blots showing the comparison of THBS1, GAPDH and pERK 

levels in aortic tissues of control (n=7, pooled 2–3 tissues per group) and TAA samples 

(n=28). Log-converted value of THBS1/GAPDH was compared using unpaired t-test with 

Welch correction. pERK/GAPDH value was compared by unpaired t-test. * P < 0.05. (B) 
Representative histological images of cross sections of the ascending aorta from human TAA 

tissues from high THBS1 group (n=6) and low THBS1 group (n=4) stained with 

hematoxylin and eosin (H&E), Hart’s (elastin) and anti-THBS1. Bars are 50 µm. (C) EM 

images of the ascending aortas from human TAA tissues. The lower panel is an enlargement 

of the area shown in red box. Arrows indicate loss of connections between elastic lamina 

(EL) and SMCs. n=1. Scale bar, 2 µm.
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Table 1

Summary of aneurysm phenotype in SMKO mice with Thbs1 deficiency.

GENOTYPE PHENOTYPE

Aneurysm Dilatation or normal Total number (rescue ratio)

SMKO; Thbs1−/− (DKO) 8 30 38 (78.9 %)

SMKO; Thbs1+/− 13 12 25 (48.0 %)

SMKO; Thbs1+/+ (SMKO) 33 0 33 (0 %)
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Table 2

Characterization of CTRL and TAA patients.

CTRL
(17 Patients)

TAA
(28 Patients)

P-VALUE
(t-TEST)

Male gender 76.5 % 60.7 % -

Median of age (mini – max; years-old) 69 (50 – 81) 66 (47 – 79) 0.357

Body mass index (BMI; kg/m2) 23.40 ± 3.72 22.65 ± 3.35 0.487

Heart rate (HR; bpm) 75.76 ± 11.38 72.29 ± 12.16 0.346

Systolic blood pressure (SBP; mmHg) 127.82 ± 17.58 131.46 ± 19.36 0.530

Aortic diameter (mm) 37.0 ± 4.88 53.28 ± 7.50 0.001*

Ejection fraction (EF; %) 52.88 ± 16.67 61.21 ± 10.05 0.075

Internal ventricular septum (IVS; mm) 9.87 ± 1.87 10.82 ± 1.88 0.117

left ventricular posterior wall (LVPW; mm)) 10.10± 1.48 10.46 ± 1.72 0.490

*
P < 0.05, unpaired t-test.
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