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Introduction
Contractile proteins are vital components of the vascular smooth muscle cell (VSMC) cytoskeleton and perform 
kinetic and static regulatory functions in both health and disease. Loss of contractile protein expression has been 
observed in various forms of vascular disease including aneurysms (1–3), atherosclerosis (4–6), and vascular ste-
nosis (7, 8). Such observations may be more than correlative, as multiple genes involved in the VSMC contractile 
apparatus have been implicated in familial forms of thoracic aortic aneurysm (TAA). For instance, pathogenic 
variation in the genes ACTA2 and MYH11 encoding the complementary components of the smooth muscle 
actin-myosin (SMA-myosin) apparatus, α-SMA and smooth muscle myosin heavy chain (smMHC), both have 
been shown to cause TAA in humans (9, 10). Additionally, regulators of this interaction have been implicated in 
TAA, including loss-of-function mutations in MYLK encoding myosin light chain kinase and a recurrent gain-
of-function mutation in PRKG1, a negative regulator of myosin light chain phosphatase (11, 12). These genetic 
data directly implicate gene products involved in VSMC contraction in the pathogenesis of TAA. Disruption in 
a second group of matrix-independent gene products have been implicated in TAA. Syndromic presentations 
(e.g., Loeys-Dietz syndrome, Aneurysms-Osteoarthritis syndrome, or Marfan syndrome) have been described 
with loss-of-function mutations in genes encoding various members of the TGF-β signaling cascade, including 
TGFBR1, TGFBR2, TGFB2, TGFB3, and SMAD3, among others (13–17). These genes encode TGF-β ligands 
(TGFB2/3), TGF-β receptors (TGFR1/2), and downstream mediators of canonical TGF-β signaling (such as 
SMAD3). Both syndromic and nonsyndromic presentations of TAA affect similar anatomic portions of the 
aorta and show similar disruption of tissue architecture, suggesting a shared pathogenesis (18).

The expression of  contractile protein elements such as α-SMA, SM22α, and smoothelin can be induced 
in experimental contexts by exogenously applied TGF-β (19–22), leading to models whereby loss-of-func-
tion genetic variation in the canonical TGF-β signaling cascade may lead directly to deficiency of  contrac-
tile elements. However, increased levels of  TGF-β signaling, as assessed by phosphorylation of  Smad  pro-

Loss-of-function mutations in genes encoding contractile proteins have been observed in thoracic 
aortic aneurysms (TAA). To gain insight into the contribution of contractile protein deficiency in the 
pathogenesis of TAA, we examined human aneurysm samples. We found multiple contractile gene 
products deficient in TAA samples, and in particular, expression of SM22α was inversely correlated 
with aneurysm size. SM22α-deficient mice demonstrated pregnancy-induced aortic dissection, 
and SM22α deficiency worsened aortic aneurysm in Fbn1C1039G/+ (Marfan) mice, validating this gene 
product as a TAA effector. We found that repression of SM22α was enforced by increased activity 
of the methyltransferase EZH2. TGF-β effectors such as SMAD3 were excluded from binding 
SM22α-encoding chromatin (TAGLN) in TAA samples, while treatment with the EZH2 inhibitor 
GSK343 improved cytoskeletal architecture and restored SM22α expression. Finally, inhibition of 
EZH2 improved aortic performance in Fbn1C1039G/+ mice, in association with restoration of contractile 
protein expression (including SM22α). Together, these data inform our understanding of contractile 
protein deficiency in TAA and support the pursuit of chromatin modifying factors as therapeutic 
targets in aortic disease.
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teins (p-SMAD2/3) have routinely been observed in both genetically triggered and sporadic aortic samples 
(18, 23). Despite increased TGF-β signaling, contractile protein elements in aortic specimens from TAA are 
often deficient, and antagonism of  TGF-β signaling has been shown to be therapeutic in noninflammatory 
experimental TAA (24). These observations suggest a discrepancy between transcriptional circuits operat-
ing in VSMCs in health versus those in TAA.

In this study, we analyzed human aneurysm samples to examine proteins of the contractile apparatus in 
TAA. Multiple gene products are deficient in human and murine TAA samples and, in particular, expression 
of the protein SM22α. We first demonstrated that loss of SM22α is a direct effector of aneurysm progression 
and aortic dissection in vivo. Investigation of SM22α transcriptional regulation revealed hypermethylation of  
consensus sequences containing SMAD-transcription factor binding sites (TFBS) at the locus of the TAGLN 
(SM22α-encoding) gene in human aneurysm tissue associating with histone 3 lysine 27 trimethylation (his-
tone 3 lysine 27 trimethylation [H3K27me3]) modifications. Targeting the methyltransferase EZH2 (catalyz-
ing H3K27me3 modifications) with the small molecule inhibitor GSK343 improved aortic performance in 
Fbn1C1039G/+ mice in association with restoration of contractile protein expression. The therapeutic benefit of  
GSK343 inhibitor was comparable to losartan; however, these compounds exhibited distinct molecular mech-
anisms. These data illuminate the critical role of VSMC contractile proteins in aortic homeostasis, describe 
potentially novel epigenetic modification in thoracic aortic disease, and expand the therapeutic options for TAA.

Results
Contractile protein expression is associated with TAA pathology. Contractile protein downregulation has been 
observed in various forms of  vascular disease. To study how this phenomenon may relate to disease progres-
sion in TAA, we choose to evaluate transcript expression of  previously described markers of  the VSMC phe-
notypic state (25) in aortic tissue taken at the time of  surgery. Several genes indicative of  the VSMC synthetic 
state were upregulated in comparison with control aortas. Conversely, transcripts encoding the contractile 
proteins were significantly deficient in tissue from TAA repair and patients who have experienced aortic 
dissection (Figure 1A and Supplemental Table 1; supplemental material available online with this article; 
https://doi.org/10.1172/jci.insight.97493DS1). The TAGLN gene, encoding SM22α in particular, has been 
reported to be downregulated (Fold Change [FC} = 0.12) in patients with aortic dissection (26, 27), and we 
therefore chose to examine this factor further. Expression of  SM22α protein in aneurysm samples collected 
from patients with TAA at the time of  cardiac surgery demonstrate significant repression from patients with 
syndromic and/or nonsyndromic aortic disease (Figure 1B). Examination of  human TAA samples via IHC 
similarly demonstrates that the decrement in contractile proteins localize to the aortic media (Figure 1C). 
To study SM22α regulation in a more controlled system, we examined expression in the Fbn1C1039G/+ mouse 
model of  Marfan syndrome and found a similar repression at both mRNA and protein level (Figure 1, D and 
E). Interestingly, the expression of  SM22α was found to be closely and inversely correlated with aneurysm 
size (Figure 1F). These observations led us to examine the effect of  SM22α deficiency on VSMC behavior. 
Targeting SM22α expression with siRNA-mediated silencing induced cytoskeletal destabilization and vacuole 
formation (Figure 1, G and H), 2 cellular phenotypes directly visualized in classic electron microscopic exam-
ination of  TAA tissue from human patients (28). Furthermore, matrix metalloproteinase (MMP) activity 
known to be associated with aortic aneurysms was activated in SM22α siRNA–treated VSMCs (Figure 1I), 
consistent with previous reports of  SM22α as a negative regulator of  MMP expression (29).

SM22α is required for aortic homeostasis. These data suggest that loss of SM22α expression may contribute 
to the aneurysm progression in TAA. To examine this concept, we crossed SM22α-deficient mice (Tagln–/– or 
Sm22–/–) to Fbn1C1039G/+ mice to generate SM22α-deficient Fbn1C1039G/+ animals and examined aortic aneurysm 
progression. Consistent with the role of SM22α as an important determinant of aortic homeostasis, Fbn1C1039G/+ 
Sm22–/– mice exhibited larger aortas and more rapid aortic growth than age-matched Fbn1C1039G/+ Sm22+/+ mice 
(Figure 2, A and B). Histochemical examination of Sm22–/– aortas revealed increased levels of collagen deposi-
tion in the adventitia when compared with WT mice (Figure 2C). In Fbn1C1039G/+ Sm22–/– mice, collagen deposi-
tion was further accentuated and aortic wall architecture more disrupted than age-matched Fbn1C1039G/+ Sm22+/+ 
mice (Figure 2C). These changes were accompanied by increased MMP activity in Fbn1C1039G/+ Sm22–/– mice 
when compared with Fbn1C1039G/+ Sm22+/+ mice (Figure 2D).

Examination of  aortas from Sm22–/– demonstrated only mild, nonsignificant aortic enlargement when 
compared with Sm22+/+ mice (Figure 2B). However, during the breeding, we noted premature lethality in 
Sm22–/– dams. Postmortem examination of  pregnant mice demonstrated evidence of  hemothorax caused 
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Figure 1. Decrement of members of the VSMC contractile apparatus in patients with TAA. (A) Expression pattern of VSMC phenotypic markers in human 
aortic tissue from control (n = 13) and TAAD (n = 30) donors. Loss of TAGLN (SM22α) transcript were more significant in patients who have experienced 
dissection (TAA FC = 0.55 vs TAAD FC = 0.12). (B) Immunoblotting analysis of SM22α protein in human aortic tissue from control (n = 7) and TAAD (n = 9) 
donors. (C) Anatomical reconstruction of patient images and immunofluorescence staining of contractile proteins of human aortas from control, TAA, and 
TAAD samples (top row). Verhoeff-Van Gieson stain (VVG) staining of aortic samples from patients demonstrates elastin fragmentation. Scale bar: 150 μm 
(second row). Immunofluorescence from aortic samples showing SM22α (magenta), calponin (Cnn) (green), DAPI (blue), vinculin (red), smoothelin (green), 
and DAPI (blue). Scale bar: 50 μm, inset zoom 3-fold magnification. (D) Representative photomicrographs of latex-injected WT and Fbn1C1039G/+ mouse 
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by aortic rupture, suggesting a susceptibility of  the Sm22–/– aorta to pregnancy-induced aortic disease (Fig-
ure 2E). Lethality predominantly occurred during the terminal stages of  pregnancy, similar to pregnan-
cy-induced aortic dissection in humans (Figure 2F). Examination of  postmortem aortic tissue demonstrat-
ed increased collagen deposition across the aortic media (Figure 2G).

Inhibition of  EZH2 activity improves SM22α expression in cellular models. These data support the concept that 
SM22α deficiency represents a critical mediator of TAA pathogenesis. To examine the transcriptional regulation 
of the SM22α (TAGLN gene), we chose to examine the chromatin state directly from human aortic aneurysm 
samples. By using ChIP quantitative PCR (qPCR) assays, we demonstrate that loss of SM22α is caused via an 
increased activity of the methyltransferase EZH2, the catalytic subunit of the PRC2 complex, at the promoter 
and gene body of the TAGLN gene. We also found a robust enrichment of H3K27me3, the catalytic product of  
EZH2, in 2 regions within intron 1 (In1.3 and In1.6) (Figure 3A). We therefore analyzed the primary sequence 
of these 2 regions for possible TFBS using Genomatix (Figure 3B). We identified putative binding sites for 
SMAD3, Myocardin, KLF factors, and MEF2 via bioinformatics profiling. Due to the well-known association 
of TAA with TGF-β signaling, we chose to examine SMAD3 activity in relation to SM22α expression. Silencing 
of SMAD3 in VSMCs revealed that both basal and TGF-β–induced SM22α expression are mediated in part 
by SMAD3 expression (Figure 3C). We therefore examined SMAD3 binding to the In1.3 and In1.6 intronic 
regions in the presence of exogenously added TGF-β. Interestingly, SMAD3 binding was detected in control 
VSMC cultures but not in VSMCs cultured from TAA samples (Figure 3D). The inability of SMAD3 to access 
these promoter regions correlates with an inability of TGF-β to induce TAGLN transcript expression (Figure 
3E). Immunofluorescent staining in TAA aortas showed increased levels of H3K27me3 marks (Figure 3F). 
We therefore tested the ability of GSK343, a potent inhibitor of EZH2, to influence SMAD3-mediated SM22α 
transcriptional regulation. Indeed, isolated TAA VSMCs treated with GSK343 inhibitor recovered the ability to 
induce SM22α expression after stimulation with recombinant TGF-β1 (Figure 3G).

Immunostaining in the murine aorta showed increased levels of  H3K27me3 and increased colocaliza-
tion of  Ezh2 and H3K27me3 in Fbn1C1039G/+ versus WT mice, (Figure 3H and Supplemental Figure 1A). 
To determine if  Ezh2 may be silencing genes related to aortic homeostasis, such as SM22α, we studied 
VSMCs isolated from a murine line capable of  Ezh2 deletion crossed to Fbn1C1039G/+ mice. Strikingly, the 
inability of  TGF-β to induce SM22α expression in Fbn1C1039G/+ cells was recovered in cells from Fbn1C1039G/+ 
mice in which Ezh2 had been deleted (Figure 3, I and J, and Supplemental Figure 1B). Consistent with this 
finding, overexpression of  Ezh2 in VSMCs suppressed SM22α expression (Supplemental Figure 1, C and 
D). In addition to recovery of  SM22α expression, inhibition of  Ezh2 enhanced TGF-β–induced stress fiber 
formation (Figure 3K and Supplemental Figure 1E).

Inhibition of  PRC2 activity ameliorates experimental TAA progression. Increased TGF-β activity as assayed 
by phosphorylation of  smad proteins and increased ligand expression has been reported repeatedly in TAA 
tissue (18). We reasoned that contractile genes important for aortic homeostasis (such as TAGLN) that may 
be induced by TGF-β activity in health are repressed through epigenetic modification in Fbn1C1039G/+ murine 
aorta. The ability of  GSK343 to restore TGF-β–mediated SM22α expression in cell culture prompted us to 
examine EZH2 inhibition as a therapeutic strategy in experimental aneurysms. To address this concept, we 
treated Fbn1C1039G/+ mice with either the angiotensin-2 type 1 receptor blocker, losartan, or GSK343 from 
2–6 months of  life. Activity of  GSK343 compound was verified through examination of  tissue levels of  
H3K27me3 (Supplemental Figure 2). Both losartan and GSK343 demonstrated the ability to improve aor-
tic dimensions in Fbn1C1039G/+ mice (Figure 4A). Examination of  VSMC phenotypic markers demonstrated 
a distinct molecular mechanism for each agent. Losartan treatment showed a better ability to decrease the 
well-known pathologic markers, including Col1a1, Col3a1, Gja1, and Mmp2 (synthetic markers) (Figure 
4B), and improve elastin integrity overall (Figure 4C). While the GSK343 inhibitor showed a better recov-
ery of  contractile elements but not a significant improvement in elastin fiber integrity — possibly due to 

hearts and ascending aortas. Red arrows indicate the ascending portion of the aorta. Aortic elastin fibers were stained with Verhoeff-Van Gieson stain 
(VVG), and immunofluorescence of DAPI (blue), F-actin (green), and Sm22α (magenta). Scale bar: 50 μm. (E) qPCR analysis of Tagln (Sm22α) transcript in 
aortic tissue and plasma from WT (n = 7) and Fbn1C1039G/+ (n = 7) 6-month-old mice. (F) Correlation of Tagln (Sm22α) tissue expression with aortic dimen-
sions in Fbn1C1039G/+ aortas (n = 7) (least squares method used for curve fit). (G) Immunofluorescence staining of contractile proteins in aortic VMSC treated 
with siCtrl or siSM22α. Scale bar: 10 μm, zoom 3-fold magnification. (H) Immunoblotting analysis of SM22α inhibition and loss of its binding partner Cnn 
in aortic VMSC. Quantitation versus β-actin shown below. (I) siSM22α treatment of healthy VSMCs induce MMP activity as assessed by in vitro gelatin 
zymography. (*P < 0.05, **P < 0.01, ***P < 0.001, student’s t test, 2 tailed). FC, fold change; TAA, Thoracic aortic aneurysm; TAAD, Thoracic aortic aneu-
rysm and dissection; Ctrl, control; SMTN, smoothelin; VCL, vinculin.
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Figure 2. Loss of SM22α is a direct effector of aneurysm progression and dissection. (A) Echocardiographic aortic root and ascending aortic quantifica-
tion of WT and Fbn1C1039G/+ mice at 4 months of age. (B) Quantification of aortic dimension of Sm22+/+ (n = 8), Sm22–/– (n = 10), Fbn1C1039G/+ Sm22+/+ (n = 10), 
and Fbn1C1039G/+ Sm22–/– (n = 5) at 4 months of age (1-way ANOVA, post hoc Tukey’s test). (C) Histologic analysis shows abnormal aortic architecture and 
increased collagen deposition in 4-month-old Sm22-deficient mice; H&E scale bar: 250 μm; Masson’s trichrome scale bar: 250 μm (zoom 5×); VVG scale 
bar: 50 μm. (D) Increased MMP activity in 4-month-old Sm22α-deficient mice. (E) Postmortem examination of pregnant mouse shows hemothorax. (F) 
Kaplan-Meier plot of Sm22α survival during pregnancy (Sm22+/+, n = 10, and Sm22–/–, n = 5, log-rank test) (G) Trichrome and VVG staining of aortas from 
pregnant Sm22+/+ and Sm22–/– mice. Scale bar: 50 μm., VVG, Verhoeff-Van Gieson stain.
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Figure 3. Inhibition of the methyltransferase, EZH2 restores SM22α expression. (A) ChIP-qPCR assays in human aortic tissue shows increased interac-
tion of EZH2 protein and H3K27me3 modifications in TAA tissue (n = 8) when compared with control aortas (n = 7) at the TAGLN gene locus. Lower panel 
shows map of H3K27me3 modifications. (*P < 0.05, **P < 0.01, ***P < 0.001, student’s t test versus WT, 2 tailed) (B) Identification of transcription factor 
binding sides in hypermethylated region within intron 1 using Genomatix. V$, vertebrates matrix family. (C) VSMCs treated with siSMAD3 demonstrate 
inhibition of basal and TGF-β–induced SM22α expression. (D) SMAD3 ChIP-qPCR assays in VSMCs cultured from TAA (n = 8) and treated with TGF-β1 (10 
ng/ml) demonstrate decreased SMAD3 binding at TAGLN locus when compared with control VSMC cultures (n = 4) (**P < 0.01, ***P < 0.001, student’s t 
test versus WT, 2 tailed). (E) qPCR analysis of SM22α transcript in control (n = 4) or TAA (n = 8) isolated VSMC cultures treated with recombinant TGF-β1 
(10 ng/ml) (**P < 0.01, ***P < 0.001, 1-way ANOVA). (F) Immunofluorescent staining of H3K27me3 modifications in human tissue from control and TAA 
aortas. Scale bar: 20 μm. Arrows indicate positive H3K27me3 nuclei. (G) Immunoblotting analysis of SM22α in isolated VSMCs from control and TAA VSMC 
cultures treated with EZH2 inhibitor (GSK343 10 μM) and/or TGF-β1 (10 ng/ml). (H) Immunofluorescent staining of Ezh2 (yellow) and H3K27me3 (red) in 
6-month-old Fbn1C1039G/+ and WT mouse aortas. Scale bar: 40 μm. (I) qPCR analysis of Ezh2 and Tagln (Sm22α) transcripts in mouse VSMCs isolated from 
WT, Ezh2–/–, Fbn1C1039G/+, and Fbn1C1039G/+ Ezh2–/– cells. (**P < 0.01, ***P < 0.001, 1-way ANOVA) (J) Immunoblotting analysis of Sm22α in mouse VSMCs 
isolated from WT, Ezh2–/–, Fbn1C1039G/+, and Fbn1C1039G/+ Ezh2–/– cells treated with or without TGF-β1 (10 ng/ml). (K) Immunofluorescent staining of Sm22α 
(magenta) and F-actin (gray) in Fbn1C1039G/+ and WT mouse VSMCs treated with EZH2 inhibitor (GSK343 10 μM) and TGF-β1 (10 ng/ml). Scale bar: 10 μm. 
TAA, thoracic aortic aneurysm; Ctrl, control; H3K27me3, Histone 3 lysine 27 trimethylation; H3K27ac, Histone 3 acetylated lysine 27.



7insight.jci.org   https://doi.org/10.1172/jci.insight.97493

R E S E A R C H  A R T I C L E



8insight.jci.org   https://doi.org/10.1172/jci.insight.97493

R E S E A R C H  A R T I C L E

its inability to repress synthetic markers (Figure 4, B and C) — both losartan or GSK343 demonstrated an 
improvement in aortic architecture and filamentous actin content (Figure 4C). Histologic staining shows 
a significant suppression of  H3K27me3 staining in Fbn1C1039G/+ aortas from GSK343-treated animals when 
compared with either control or losartan-treated Fbn1C1039G/+ mice. Interestingly, despite effective control of  
aortic aneurysm formation, the GSK343 compound did not suppress TGF-β activity, as assessed by phos-
phorylation of  Smad2 or Erk1 protein (Figure 4C). Immunostaining of  aortas demonstrated recovery of  
SM22α protein expression in both treatments when compared with control Fbn1C1039G/+ mice (Figure 4C).

We next wished to determine whether synergism of  both agents could assist regression of  estab-
lished Fbn1C1039G/+ aortic disease. To test this hypothesis, we chose to start treatment of  animals later, after 
established aortic enlargement. Therefore, beginning at 4 months of  age, Fbn1C1039G/+ mice were treated 
with either losartan alone, GSK343 alone, or losartan plus GSK343 and were monitored for an addition-
al 2 months via echocardiography. Remarkably, aortas from Fbn1C1039G/+ mice treated with losartan plus 
GSK343 showed decreasing aortic dimensions (Figure 5, A and B). Histologic investigation of  aortic tissue 
from Fbn1C1039G/+ animals demonstrates decreased collagen deposition staining in losartan-, GSK343-, or 
losartan plus GSK343–treated mice, while improvements in elastin integrity was noted only with losartan 
treatment, either alone or in combination with GSK343 (Figure 5C). Further immunostaining analysis 
showed restoration of  Sm22α, Myh11, and calponin (Cnn) expression in GSK343-treated animals, either 
alone or in combination with losartan (Figure 5C).

Discussion
In humans, TAA is often caused by mutations in genes that affect important aspects of aortic SMC function. 
We undertook this study to discover how contractile protein dysregulation affects TAA. Multiple contractile 
proteins were found to be repressed at the transcriptional level, and in depth analysis of the locus of the TAGLN 
gene, encoding SM22α, revealed epigenetic silencing. In this study, we demonstrated that loss of SM22α, an 
abundant contractile protein, is a mediator of experimental aneurysm progression. SM22α is an actin binding 
enzyme belonging to the Cnn family of proteins, known to have actin binding and actin bundling activities. It 
has been identified as an important modulator of actin dynamics in metastatic cancer cells (30), and in fact, 
multiple tumors show downregulation or deletion of the TAGLN gene (31, 32). Cells deficient in SM22α exhibit 
increased motility, decreased levels of stress fiber formation, and increased expression and activity of MMPs 
(29, 30) — characteristics shared by VSMCs isolated from aneurysms. In PC3 prostate cancer cells deficient in 
SM22α, the reintroduction of expression established decreased motility and impaired ability to invade Matrigel, 
in part through decreased activity of MMPs (30). MMP activity has long been linked to aneurysm progression, 
and we and others have shown that VSMCs similarly increase this activity upon loss of SM22α expression (29) 
(Figure 1I). These data reveal similarities between shared phenotypes in VSMCs in TAA and cancerous cells. To 
interpret the observed transcriptional suppression of SM22α expression, we analyzed the TAGLN gene locus and 
found occupancy of EZH2 and associated H3K27me3 chromatin modifications (Figure 6).

EZH2 is the catalytic subunit of the polycomb repressive complex 2 (PRC2) and mediates methylation of  
lysine 27 of histone subunit 3 (H3K27me3), therefore silencing specific gene loci. EZH2 is recruited during 
development to suppress genes associated with cell fate (33, 34). In some scenarios, such as in cancer stem cells, 
EZH2 is targeted to genes associated with lineage specification and therefore acts to suppress differentiation 
(35). However, this generalization has exceptions, and in some cell types, EZH2 is required for the maintenance 
of cell lineage (36). Although we studied primarily contractile protein regulation, this mechanism may also 
target transcription factors required for the maintenance of VSMC identity. In our system, the observed chro-
matin changes correlated with an inability of transcriptional mediators, such as SMAD3, to bind to promoter 
sequence. Increased TGF-β signaling, as assayed by SMAD protein phosphorylation, has been a redundant 
observation in human and murine TAA tissue, and suppression of TGF-β signaling has demonstrated a ther-

Figure 4. In vivo inhibition of EZH2 activity palliates experimental aortic aneurysm. (A) Echocardiographic aortic root and ascending aortic quanti-
fication (at 6 months of age) of mice treated from 2 months to 6 months of age. WT (PBS, n = 8; losartan, n = 6; GSK343, n = 6) and Fbn1C1039G/+ (PBS, 
n = 8; losartan, n = 6; GSK343, n = 6) mice were treated (1-way ANOVA, post hoc Tukey’s test) (B) Expression pattern of VSMC phenotypic markers in 
aortas from WT or Fbn1C1039G/+ mice treated with losartan or GSK343 from 2–6 months of age (PBS, n = 8; losartan, n = 6; GSK343, n = 6) and Fbn1C1039G/+ 
(PBS, n = 8; losartan, n = 6; GSK343, n = 6). RNA levels were normalized to WT mice treated with PBS. (C) Top: CT scan and histologic analysis of WT or 
Fbn1C1039G/+ mouse aortas treated with either PBS, losartan, or GSK343. Low-magnification aorta VVG scale bar: 250 μm; high-magnification VVG, H&E, 
Masson’s trichrome, and immunofluorescence scale bars: 50 μm. Bottom: Quantification of histologic parameters (1-way ANOVA, post hoc Tukey’s 
test). FC, fold change; VVG, Verhoeff-Van Gieson stain.
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Figure 5. Combination treatment improves aortic dimensions in established aortic enlargement. (A) Aortic measurements and (B) representative echo-
cardiographic images of murine aortas before and after treatment shows regression of aortic dimension in Fbn1C1039G/+ mice treated with a combination of 
losartan/GSK343 (n = 5) from 4–6 months of age, when compared with untreated (n = 8), losartan- (n = 6), and GSK343-treated (n = 5) mice (1-way ANOVA, 
post hoc Tukey’s test). (C) Immunohistochemical and immunofluorescent staining of Sm22α, Myh11, and Cnn in Fbn1C1039G/+ aortic tissue. Scale bar: 50 μm 
(1-way ANOVA, post hoc Tukey’s test). VVG, Verhoeff-Van Gieson stain.
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apeutic response in experimental aneurysm in the Fbn1C1039G/+ mouse model (24, 37). However, similar sup-
pression of TGF-β signaling with anti–TGF-β neutralizing antibodies exacerbated aortic disease in angiotensin 
2–infused mice (38). Furthermore, loss-of-function mutations in canonical TGF-β mediators such as TGFB2 
and SMAD3 underlie syndromic aortic disease, but aortic tissue from patients with these mutations consistently 
shows upregulation of TGF-β signaling. These seeming contradictions of the role of TGF-β in aortic aneurysm 
etiology and progression continue to be controversial (39). Differential transcriptional responsiveness caused by 
epigenetic silencing such as described in this study may help to explain some, but not all, of these paradoxical 
observations. These data offer a paradigm where epigenetic modifications in TAA prevent normal transcription-
al responsiveness in critical genes that would otherwise improve aortic homeostasis in the context of increased 
TGF-β activity, routinely observed in TAA samples. Deficient canonical TGF-β signaling may induce epigenetic 
remodeling of VMSCs and set the stage for compensatory upregulation of TGF-β signaling during aneurysm 
progression. Some effects downstream of TGF-β signaling, including fibrotic cascades (mediating arterial stiff-
ness) and MMP upregulation (mediating extracellular matrix destruction), are harmful to aortic homeostasis, 
and antagonism of such products may improve performance — hence, a rationale for TGF-β antagonism. How-
ever, VSMCs are sensitive to intrinsic inhibition of TGF-β signaling, as demonstrated in models that genetically 
inhibit members of the canonical signaling cascade (such as experiments in Tgfbr2-deficient mice) (40–42) or 
human conditions mediated by loss-of-function mutations in TGF-β mediators (13, 14, 16, 17). Therefore, res-
toration of intrinsic TGF-β signaling activity within VSMCs in TAA may also prove beneficial. Simple models 
of TGF-β signaling as either simply harmful or beneficial fail to incorporate the complexity of compensatory 
signaling events in VSMC biology. Epigenetic silencing of contractile loci may explain the ineffectual nature of  
TGF-β signaling in improving contractile protein expression (SM22α, α-SMA, and smMHC, among others) 
in aortic aneurysms. This type of mechanism is more relevant to the ascending aortic aneurysm, which has a 
unique clinical profile even in the absence of Mendelian association (43) — a mechanistic correlate that has been 
noted in the differential susceptibility to intrinsic VSMC TGF-β inhibition in model systems — when compared 
with descending aortic VSMCs (42).

The observation that EZH2 inhibition allows for more efficient expression of SM22α, a protein necessary 
for proper aortic homeostasis (Figure 2), suggested the opportunity to use this agent as a therapeutic agent to 
treat aortic aneurysm. To this end, we treated experimental aortic aneurysm in Fbn1C1039G/+ mice and found a 
therapeutic response comparable with therapy with losartan. The effect seems to work through a distinct molec-
ular mechanism. TGF-β signaling, as assessed by suppression of smad2 phosphorylation, was reduced in losar-
tan-treated aortic tissue but not in GSK343-treated animals. Conversely, GSK343 significantly decreased aortic 
medial H3K27me3 modifications, while losartan did not. These observations led us to investigate combinatorial 
therapy, which offered additional benefits (Figure 5). The clinical benefits of using combinatorial therapies for 
chronic disease are clear for other cardiovascular diseases such as heart failure, hyperlipidemia, and diabetes, 
and such may be the case in TAA. Despite this promise, EZH2 inhibitors would be expected to have major 
off-target biologic effects, especially if  their use is contemplated for a chronic condition such as aneurysm. For 
this reason, therapeutic strategies hoping to take advantage of pathogenic epigenetic events will require agents 
with greater target specificity or more precise tissue-targeting properties.

Figure 6. Schematic representation of epigenetic repression in TAA. (A) Contractile genes (e.g., TAGLN, MYH11, SMTN) responsible for aortic homeo-
stasis are actively transcribed in VSMCs through the action of transcription factors such as SMAD3, among others. (B) In thoracic aortic aneurysms, the 
EZH2-containing polycomb repressive complex 2 (PRC2) mediates addition of histone 3 lysine 27 trimethylation marks to the promoter and gene body of 
aortic genes, preventing transcription factor access to chromatin. (C) Treatment with the EZH2 inhibitor GSK343 derepresses contractile protein expression 
by allowing transcription factors (such as SMAD3) access to chromatin.
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In general, medical therapy for TAA is limited to different classes of  antihypertensive medications, 
some with anti–TGF-β activity such as angiotensin II receptor blockers (ARBs) or angiotensin-converting 
enzyme inhibitors (ACE inhibitors). This proof-of-concept experiment, demonstrating a therapeutic effect 
of  a chromatin-modifying agent, suggests that unsuspected classes of  medication may have a role in the 
future medical treatment of  TAA.

Methods
Aortic samples. Aortic samples were collected from patients undergoing cardiac surgery at the MGH. Upon 
tissue collection, the media layer was dissected and stored at –80°C for analysis of  RNA and protein expres-
sion. Control aortic tissue was obtained from patients undergoing orthotopic cardiac transplant. IRB per-
missions do not allow for demographic information from discarded tissue to be collected or stored.

Primary aortic SMC lines. Primary human aortic SMCs (HAoSMC) from healthy donors were pur-
chased from Cell Applications Inc. (catalog 354K-05a). Primary aneurysm aortic SMCs were isolated from 
fresh TAA tissue at the moment of  surgery by standard explant of  the aortic media. Mouse aortic SMCs 
were isolated by standard explant of  the ascending section of  the aortas from WT or Fbn1C1039G/+ mice. 
SMC identity was assessed by immunofluorescence staining of  contractile markers, including SM22α, 
Cnn, smoothelin, and vinculin. In order to preserve cell identity, all experiments were carried out at pas-
sages 1–5. Human and murine SMCs were grown with SMC growth medium from Cell Applications Inc. 
(catalog 311-500). See complete unedited blots in the supplemental material.

RNA extraction and qPCR analysis. Total RNA was prepared from tissue or primary cells using RNeasy 
kit (Qiagen) following the manufacturer’s protocol. The cDNA was prepared by reverse transcription, and 
expression of  SMC contractile genes were analyzed by qPCR on SYBR green system (Applied Biosys-
tem). Plasma from WT or Fbn1C1039G/+ mice (50 μl) were used to prepare total RNA, as mentioned above. 
Expression results were analyzed by the ΔΔCT method, and GAPDH (encoding glyceraldehyde-3-phos-
phate dehydrogenase) was used as a housekeeping gene. FCs were calculated by taking the average over 
all of  the control samples as the baseline. Plasmatic levels of  the murine Tagln (SM22α) transcript were 
measured using 100 μl of  plasma in 2 ml of  sterile PBS (Gibco), followed by 2 hours of  ultracentrifugation 
at 100,000 g. The supernatant was removed, and the vesicular fraction was resuspended with 750 μl of  
TRIzol reagent followed by RNA extraction using the RNeasy kit (Qiagen) according to the manufacturer’s 
protocol. We settled on GAPDH as the most stable housekeeping gene, both in healthy SMCs and in our 
plasma samples, through direct testing under our experimental conditions. To achieve this observation, we 
ran qPCR assays using the RT2Profiler PCR Array from Qiagen (human catalog 330231/PAHS-055Z and 
mouse catalog 330231/PAMM-055Z). This array contains 5 commonly used housekeeping genes such 
ACTB (β-actin), B2M (β-2 microglobulin, GAPDH (Glyceraldehyde-3-phospho dehydrogenase), HPRT1 
hypoxanthine phosphoribosyltransferase 1, RPLP0 (Ribosomal protein, large, P0). Additionally, the arrays 
contain 1 human genomic DNA contamination control, 3 reverse transcription controls, and 3 positive 
PCR controls. PCR primers and siRNAs are listed in Supplemental Table 2.

ChIP-qPCR. For ChIP-qPCR from human aortic tissue, 200 mg of  frozen sectioned aortic media from 
controls or TAA donors were fixed with 1% of formaldehyde at 37°C for 20 minutes, quenched with 125 mM 
glycine for 5 minutes at room temperature (RT), and supplemented with 1× of  protease inhibitor cocktail 
(Roche Diagnostics), followed by preparation of  total protein lysates. Next, 50 μg of  total protein lysates were 
sonicated to shear chromatin to an average length of  500–1,500 bp, followed by centrifugation for 10 minutes 
at max speed. Supernatants were collected in a 2-ml tube containing 6 μg of  monoclonal antibodies against 
EZH2 (clone AC22, Active Motif) or H3K27me3 (Abcam, ab4729) and 1 ml of  lysis buffer supplemented 
with 1× of  protease inhibitor cocktail (Roche Diagnostics), followed by incubation overnight (14 hours) at 
4°C. Immunoprecipitates were analyzed using EpiTect ChIP kit according to the manufacturer’s instructions 
(Qiagen). Primers used to scan the promotor and gene body of  TAGLN gene are listed in Supplemental Table 
1. The TAGLN gene intronic regions 1.3 and 1.6 were analyzed for consensus sequence binding motifs using 
Genomatix software. For ChIP-qPCR from cells, 5 million cells from healthy or isolated aortic aneurysm 
VSMCs were first treated with 0.1% of DMSO or 10 ng/ml of  human recombinant TGF-β1 (Abcam) for 
24 hours in growing medium. Then, cells were fixed with 1% of formaldehyde at 37°C for 10 minutes and 
quenched with 125 mM glycine for 5 minutes at RT, followed by preparation of  total protein lysates. Next, 
monoclonal antibodies against SMAD3 were incubated with 20 μg of  lysates and analyzed as described 
above. PCR primers, siRNAs, and antibodies are listed in Supplemental Table 2.
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siRNA inhibition. Healthy VSMCs were transfected with 30 nM of  siCtrl, siSMAD3, or siSM22α for 48 
hours with lipofectamine 2000 (Thermo Fisher Scientific) at 5μl/ml, followed by 24 hours of  normal grow-
ing medium. Then, 30 μg of  total protein was prepared from siRNA-treated cells to analyze the silencing of  
targeted transcripts by immunoblotting or nucleic acid analysis. siRNAs are listed in Supplemental Table 2.

MMP activity. For in vitro MMP activity, healthy VSMCs were transfected with 30 nM of  siCtrl or 
siSM22α, as described above. Proteins (30 μg of  total) were prepared from untransfected, siCtrl, and 
siSM22α-treated cells to measure the MMP activity by gelatin zymography and were analyzed by ImageJ 
software (NIH). For in vivo MMP activity assay, mice were tail-vein injected with 300 μl of  MMPSense 680 
FAST, a near-infrared fluorescence sensor for MMP2 and MMP9 activity from PerkinElmer. Mice were 
sacrificed 24 hours after injection, and aortas were dissected and analyzed using a Kodak image station 
4000MM Pro for macroscopic fluorescence reflectance molecular imaging (44).

Generation of  Ezh2–/– VSMCs. Because genetic depletion of  VSMC-targeted Ezh2 exhibited embryon-
ic lethality, we crossed Fbn1C1093G/+ to Ezh2fl/fl mice (The Jackson Laboratory, Ezh2tm2Sho/J; catalog 022616). 
Then, ascending aortas of  Fbn1C1093G/+ Ezh2fl/fl or Ezh2fl/fl mice at 4 month of  age were isolated as described 
above. At passage 1, isolated VSMC cells were transduced with lentivirus overexpressing CMV-cre to 
deplete Ezh2 gene expression (pFUGW-H1 empty vector was a gift from Sally Temple; Addgene plasmid 
25870). Following 72 hours of  infection, cells were incubated with normal growing media for 24 hours 
before TGF-β1 stimulation as described above.

Overexpression of  a high–chromatin affinity EZH2 isoform. Replacement of  the serine 21 by Alanine in 
the EZH2 (EZH2S21A) protein induces 2- to 4-fold more affinity to bind with histone 3 than its WT 
counterpart (45). The pcDNA3-3myc-6His-EZH2 21A construct was acquired from Addgene (plasmid 
42663, Laboratory of  Mien-Chie Hung, MD Anderson Cancer Center, Houston, Texas). Plasmid (1–2 μg)
was transiently transfected into human SMCs using lipofectamine TLX (Thermo Fisher Scientific) and 
opti-MEM medium (Thermo Fisher Scientific) for 48 hours. Then, cells were supplied with fresh growing 
media containing recombinant TGF-β1 (10 ng/ml) overnight (14 hours).

Echocardiograms and micro-CT scan. Dimensions from each animal represent averages of  measurements 
made on still frames in systole of  the maximal internal diameter of  the aortic valve annulus, aortic sinuses, 
sinotubular junction, or ascending aorta by a cardiologist blinded to genotype. The aorta was imaged using 
a standard parasternal long-axis view. Based on historic controls, the mean diameter of  the WT aortic root 
at 6 months of  life is 1.76 ± 0.2 mm, while in Fbn1C1039G/+ mice, the mean diameter is 2.22 ± 0.25 mm. 
This gives a window to observe therapeutic improvement of  0.46 mm. Nair hair removal cream was used 
on all mice the day prior to echocardiograms. All echocardiograms were performed on awake, unsedated 
mice using the Visualsonics Vevo imaging system and a 30 MHz transducer. All CT images were acquired 
using an Inveon small animal micro CT (Siemens Medical Solutions Inc.). All mice received i.v. iodinated 
contrast (Isovue-370, Bracco Diagnostic Inc.) at 20 μl/min during the scan. CT images had an isometric 
voxel of  0.11 mm. Images were visualized and analyzed in OsiriX software.

Histology. Latex was injected into the left ventricular apex under low pressure until it was visible in the 
femoral artery. Animals were then fixed in formalin (10%) for 24 hours before transfer to 70% ethanol for 
dissection and storage. Aortas were then removed from the animals or dissected in situ for photography 
prior to paraffinization and sectioning (10 μM). Slides were produced for tissue staining or stained with 
standard stains including H&E, collagen deposition (Trichrome Stain Kit, MilliporeSigma), elastin (Ver-
hoeff-Van Gieson, Thermo Fisher Scientific), or F-actin (ActinGreen 488 ReadyProbes, Thermo Fisher 
Scientific) for quantitative analysis. Elastin integrity score was rated by blinded observers and graded on an 
arbitrary scale of  5 (indicating high-quality elastic fiber) to 1 (indicating severe elastin fragmentation). For 
nuclear staining, aortas from human and mice were cryosectioned using OCT standard protocol.

In vitro GSK343 treatment. VSMCs at 60%–70% confluence were supplemented with opti-MEM 24 hours 
before treatment with complete growing media containing GSK343 at a concentration of  10 μM for 4 days. 
Fresh media containing GSK343 was supplied daily. For GSK343/TGF-β1 (10 ng/ml) combo treatment, 
cells were first treated with complete media containing GSK343 at a concentration of  10 μM during the 2 first 
days, followed by GSK343/TGF-β1 combination treatment for the next 2 days. Prior to cellular collection, 
cells were washed with sterile PBS, and RNA or protein extraction were performed as described above.

In vivo drug treatments. Cohorts of  8-week-old WT or Fbn1C1039G/+ mice were treated with oral admin-
istration in drinking water of  either losartan or GSK343 for ~16 weeks (Figure 4). Losartan was dis-
solved in drinking water and filtered to reach a concentration of  0.6 g/l, giving an estimate of  60 mg/
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Kg/day, as described previously. GSK343 inhibitor (25 mg)was dissolved in 1 mL of  DMSO to obtain 
a stock solution of  46 mM. Then, 200 ml of  drinking water was supplemented with 250 μl of  GSK343 
stock solution. Control group for either drug treatment was given with equal volumes of  sterile water. 
Bottles containing either losartan or GSK343 were replaced with fresh water supplied with drugs every 
3 days. For experiments described in Figure 5, 16-week-old WT or Fbn1C1039G/+ mice were treated for 8 
weeks, as described above. Additionally, a group of  mice were given a combination of  both losartan 
and GSK343 at the same concentrations as of  other single-drug treatments. Aortic dimensions were 
monitored monthly by echocardiograms as mentioned above.

Statistics. Results are given as mean ± SD Student’s t test (2-tailed) was applied to determine the statistical 
significance of  difference between control and treated groups (*P < 0.05, **P < 0.01 and ***P < 0.001). For 
all experiments, at least 3 experimental replicates were performed. Least squares method was used to fit line 
in Figure 1F. Scatter graphs show mean ± SD. Data were analyzed and graphs were prepared with Prism 
6.0 (GraphPad Software). Differences between multiple groups (echocardiography and histologic analysis) 
were assessed and P values generated by 1-way ANOVA followed by Tukey’s honestly significance difference 
(HSD) post hoc test (95% CI is plotted). P values of  less than 0.05 were considered statistically significant.

Study approval. All experimental procedures were approved by the IACUC of  the MGH. Human sam-
ples were obtained under a protocol approved by the Partners HealthCare IRB, funded by MGH.
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