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ARTICLE INFO ABSTRACT

Keywords: Abdominal aortic aneurysm (AAA) is a catastrophic disease with little effective therapy. Myocardin related
Aortic aneurysm transcription factor A (MRTFA, MKL1) is a multifaceted transcription factor, regulating diverse biological pro-
MKL1 cesses. However, a detailed understanding of the mechanistic role of MKL1 in AAA has yet to be elucidated. In
g::xi:ze this study, we showed induced MKL1 expression in thoracic and abdominal aneurysmal tissues, respectively in
Inflammation both mice and humans. MKL1 global knockout mice displayed reduced AAA formation and aortic rupture

compared with wild-type mice. Both gene deletion and pharmacological inhibition of MKL1 markedly protected
mice from aortic dissection, an early event in Angiotensin II (Ang II)-induced AAA formation. Loss of MKL1 was
accompanied by reduced senescence/proinflammation in the vessel wall and cultured vascular smooth muscle
cells (VSMCs). Mechanistically, a deficiency in MKL1 abolished AAA-induced p38 mitogen activated protein
kinase (p38MAPK) activity. Similar to MKL1, loss of MAPK14 (p38a), the dominant isoform of p38MAPK family
in VSMCs suppressed Ang II-induced AAA formation, vascular inflammation, and senescence marker expression.
These results reveal a molecular pathway of AAA formation involving MKL1/p38MAPK stimulation and a VSMC
senescent/proinflammatory phenotype. These data support targeting MKL1/p38MAPK pathway as a potential
effective treatment for AAA.

1. Introduction

Aortic aneurysm is permanent dilatation, largely occurring in
thoracic and abdominal segments of aortas, thus referred to as thoracic
aortic aneurysm (TAA) and abdominal aortic aneurysm (AAA), respec-
tively. Though genetic distinctions, such as population prevalence, in-
heritance means, and risk genes exist in the etiology of TAA and AAA,
each shares certain pathological similarities, including elastic tissue
degeneration, smooth muscle cell (SMC) loss, and rupture [1]. AAA is
the most common aortic aneurysm, defined by weakening and localized
dilatation of the abdominal aorta (AA) with a diameter exceeding 50%

greater than the normal diameter [2-4]. AAA grows asymptomatically
until rupture occurs, which is catastrophic and carries a mortality of
65%-85% of cases [5]. Beyond risky open surgical or endovascular
intervention for large AAA, there is currently no proven pharmaceutical
treatments to prevent AAA progression. The pathophysiology of AAA is
highly complex, which is underpinned by an interplay of genetic risk
factors, such as a positive family history and male sex, and environ-
mental exposures, including cigarette smoking, hypertension, and cor-
onary artery disease [5,6]. AAA is a degenerative vascular complication,
pathologically hallmarking vascular smooth muscle cell (VSMCs)
depletion, dysregulation of reactive oxygen species (ROS), extracellular
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matrix (ECM) degradation, and inflammatory cell infiltration [6]. An
intense inflammatory response in the vessel wall has long been recog-
nized as a crucial trigger for AAA formation [6,7]. In addition, recent
studies have linked cellular senescence to AAA pathogenesis [8,9].
Therefore, unveiling key regulator(s) that dictate vascular inflammation
and senescence is essential for developing effective therapies to AAA.

Myocardin related transcription factors (MRTFs), including Myo-
cardin (MYOCD), Myocardin-related transcription factor A (MRTFA,
MKL1), and Myocardin-related transcription factor B (MRTFB, MKL2),
comprise a family of coactivators that potentiate the transcriptional
activity of serum response factor (SRF) [10,11]. In contrast to MYOCD, a
component of a molecular switch of VSMC differentiation [12], the
precise function of MRTFs in the adult cardiovascular system remains
incomplete. Though a similar role to MYOCD in promoting vascular
smooth muscle differentiation has been reported [13,14], MKL1 is un-
able to compensate for loss of MYOCD in the transactivation of VSMC
contractile gene program [15]. Further, global deficiency of MKL1 fails
to exert an adult vascular phenotype under physiological conditions
[14]. Therefore, MKL1 is seemingly dispensable for vascular homeo-
stasis. In contrast, a human genetic screening study revealed that
enhanced MKL1 activity was associated with susceptibility to coronary
artery diseases [16]. Increased MKL1 activity underlies several vascular
complications, including restenosis, atherosclerosis, and vascular
fibrosis [17,18]. This is likely attributable to disparate gene programs
activated by MKL1 to necessitate vascular maladaptation, such as VSMC
migration, macrophage cell apoptosis, excessive activation of ROS, and
vascular stiffness. However, a detailed understanding of the mechanistic
role of MKL1 in AAA development and progression has yet to be
elucidated.

The stress responsive pathway, p38MAPK, has been reported as a
pivotal regulator in inflammation, proliferation, migration, and
apoptosis, and contributes to a number of vascular diseases [19,20].
However, the definitive role of MAPK14, which encodes p38a, the major
isoform of the p38MAPK family in VSMCs, and its upstream regulator(s)
during AAA formation, remain to be explored.

In the present study, we show that MKL1 expression was induced in
TAA and AAA tissues from both mice and humans. Through genetic and
pharmacological approaches, we demonstrate a critical pro-aneurysmal
role for MKL1 in a well-recognized angiotensin II (Ang II)-induced AAA
mouse model. We provide evidence that supports MKL1 in promoting
vascular senescence and inflammation, likely through a VSMC-
P38MAPK pathway. These findings may provide important insight into
novel therapeutic strategies for AAA via targeting MKL1 and the
P38MAPK pathway.

2. Material and methods
2.1. Mouse experiments

All animal experiments were conducted in accordance with experi-
mental protocols that were approved by the Institutional Animal Care
and Use Committee (IACUC) at Albany Medical College. All mice were of
C57BL/6J background and born at the expected Mendelian ratio. Mkl1
global knockout (Mkl1 ~/~) mice [14] were bred with ApoE (apolipo-
protein E) knockout (Apoe’/ ~) mice (Jackson Laboratory) to generate
Mki1~/ -, Apoe’/ ~ (KO) mice. Since female MkI1 ™/ mice are unable to
nurse their offspring due to dysfunction of the mammary gland [14],
female MklI1™/~, Apoe ~/~ mice were utilized to breed with male
Mkl1*/~, Apoe™~ or Mkl1~/~, Apoe™’~ mice for generating KO. To
minimize animal breeding, Mkl1 +/ * Apoe’/ ~ (WT) mice from either
littermate or sibling mate were used as control to KO mice. Sm22-Cre
and Mapk1 4f mice were obtained as described previously [21,22] and
bred to generate Sm22-Cre, Mapk1 47f mice for SMC-specific deletion of
Mapk14. Sm22-Cre, Mapkl 4% mice were then bred to Apoe_/ ~ to
generate Sm22-Cre, Mapk14", Apoe™/~ mice. Both Mapk14 WT control
mice from littermate (Mapk1 47 f, Apoe’/ 7) and sibling mate (Sm22-Cre,
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Mapk14*/*, Apoe™' ™) were utilized. 6 month-old male mice were used
for experiments infused with Ang II (A9525, Sigma-Aldrich) for 7 or 28
days subcutaneously (1 mg/kg/min, 1.44 mg/kg/day) by implantation
of Alzet osmotic minipumps (Model 1004, Alzet, Cupertino, CA) per the
published protocol [23]. Given the lower incidence of Ang II- induced
AAA model in females and the protective phenotype of both Mkl1~/~,
Apoe™’~ and Sm22-Cre, Mapk14"f, Apoe™/~ mice, we limited our ex-
periments to male mice. For MKL1 inhibitor experiments, CCG-1423
(Cayman Chemical Company, MI) was dissolved in 30% DMSO/15%
ethanol/55% PBS and administrated at a dose of 1 mg/kg/day via
intraperitoneal injection from 3 days prior to until 7 days post Ang II
pump implantation.

The mice that died after Ang Il infusion were immediately necropsied
to determine the cause of death. For sample collection, mice were
euthanized with pentobarbital (150 mg/kg, i. p), aortas were perfused
with saline, dissected, and cleaned by removing the surrounding con-
nective tissues. AAA was defined as a 50% or greater increase in the
external width of the AA compared to that from saline-infused mice.
AAA incidence was calculated as the percentage of AAA formation to
total mouse number per group. Measurements of maximal diameter and
Doppler ultrasound imaging of AA luminal diameter were conducted as
previously described [24,25].

2.2. Human sample study

Human abdominal aortic tissue specimens were provided by the
Munich Vascular Biobank from patients undergoing elective open AAA
repair and organ donors (kidney transplant surgery) [26]. Human
ascending thoracic aortic aneurysm and dissection and control normal
aortic segments were from our existing aortic tissue bank as described in
our recent publication [27], respectively. The related protocols were
approved by the Institutional Review Board (IRB) at the Klinikum rechts
der Isar of the Technical University Munich and Baylor College of
Medicine, respectively. The experiments were conducted in accordance
with the guidelines and regulations described in the individual IRB
protocols. We utilized portion of AAA segments for QqRT-PCR and TAA
for Western blot of MKL1 per our standard methods descried below.
Patients’ characteristics are included in Supplementary Tables 1 and 2

2.3. Immunofluorescence staining

Portions of suprarenal or thoracic aortas were collected and fixed
with 4% paraformaldehyde overnight at 4 °C before paraffin embedding
for sectioning. Cross sections (5 pm) were collected serially at intervals
of 100 pm for immunostaining as described previously [20]. Sections
were deparaffinized, rehydrated, followed by high pressure-mediated
antigen retrieval for 10 min. Sections were permeabilized, blocked
with a blocking solution (Dako, X0909) for 30 min at room temperature
(RT), and probed for the indicated primary antibody overnight at 4 °C
and second antibody for 1 h at RT. Finally, slides were mounted with
Fluoroshield™ with DAPI (F6057, Sigma-Aldrich) before image acqui-
sition. Fluorescence images were captured by confocal microscopy
(Leica DMI4000 B, Leica Microsystems) and the relative signal intensity
was quantified by Image J. Identical acquisition parameters were uti-
lized for each experiment. Information on primary and secondary anti-
bodies is described in Supplementary Table 3.

2.4. Histological analyses

After deparaffinization and rehydration, mouse sections were sub-
jected to standard hematoxylin and eosin (H&E), Masson trichrome, or
Verhoeff-van Gieson (VVG) (HT25A, Sigma-Aldrich) staining for
morphometric analyses. Elastin degradation score was analyzed as
described [28]. Collagen content was quantified as the fraction of pos-
itive staining area within the whole area using Image J.
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2.5. Senescence-associated f-galactosidase (SA-f-gal) staining

SA-p-gal staining was conducted to measure senescence using a
commercial kit (ab65351, Abcam) according to the manufacturer’s in-
struction. Briefly, freshly isolated aortas were fixed in 4% para-
formaldehyde overnight at 4 °C and washed with PBS followed by the
incubation with the staining solution at 37 °C for 24 h. Cells with blue
color were considered SA-B-gal positive and senescent cells. SA-B-gal
positive area was quantified by Image J. Serial cross sections (5 pm)
from SA-B-gal stained aortas were collected for imaging to further assess
the distribution of senescent cells.

2.6. Cell culture and treatment

Primary human and mouse aortic SMCs (HASMCs and MASMCs)
were prepared and maintained as previously described [20]. Bone
marrow derived macrophages (BMDMs) were prepared according to a
published protocol [24]. SK-LMS-1 (SKLMS) were obtained from ATCC
and maintained in DMEM medium (Gibco) supplemented with 10% fetal
bovine serum. Generation and transduction of lentivirus carrying short
hairpin RNA targeting MKL1 (lenti-shMKL1) and control vector (len-
ti-shCtrl) were conducted as described previously [29]. HASMCs were
fed growth medium containing equal amount of shMKL1 and shCtrl
supplemented with polybrene (TR-1003, Sigma-Aldrich) for 24 h. Cells
were then refreshed with growth medium for another 48 h followed by
Ang II treatment (100 nM, Sigma-Aldrich) for 24 h for RNA isolation or
48 h for protein isolation. For IL1p (5 ng/ml, 201-LB-005, R&D Systems)
and TNFa (10 ng/ml, 210-TA-005, R&D Systems) induction, cells were
serum-starved overnight prior to the stimulation for 0.5-1 h as indicated
in the individual figure legend. The transduction of VSMCs with
adenovirus carrying the constitutively active MKK6 (Ad-MKK6) and the
negative control empty adenovirus (Ad-empty) were described previ-
ously [30].

2.7. RNA isolation and quantitative reverse Transcriptase-PCR (qRT-
PCR)

Periadventitial adipose tissue-free mouse aortas and human aortic
tissues were homogenized by a Minilys homogenizer (Bertin Technolo-
gies, Rockville, MD) using Precellys Lysing Kit (VWR Scientific, Radnor,
PA). Total RNA from homogenized aortic tissues or cultured cells was
extracted using miRNeasy mini kit (217004, Qiagen). The concentration
of RNA was measured using a Nanodrop 2000 spectrophotometer
(Thermo Fisher Scientific). 200-500 ng (ng) of total RNA was used for
cDNA synthesis using iScript cDNA kit (Bio-Rad). qRT-PCR was carried
out using Universal SYBR Green Supermix (Bio-Rad) and CFX386 Tou-
ch™Real-Time PCR Detection System (Bio-Rad). Sequences of primers
used in this study are listed in Supplementary Table 4.

2.8. Western blot analysis

Freshly isolated and periadventitial adipose tissue-free aortas and
human TAA tissues were homogenized by a Minilys homogenizer (Bertin
Technologies) using Precellys Lysing Kit (VWR Scientific). Total protein
from homogenized aortic tissues or cultured cells was extracted with ice-
cold lysis buffer (9803, Cell Signaling Technology) supplemented with a
protease inhibitor cocktail (Sigma). Protein was resolved on SDS-PAGE
gel to probe for with the indicated antibodies as described previously
[20]. Information of antibodies for Western blot is provided in Supple-
mentary Table 3.

2.9. RNA sequencing (RNA-seq)
Total RNA of cultured BMDMs from WT and KO mice with Ang II

Infusion for 7 days was subjected to bulk RNA-seq conducted by Geno-
mics Research Center at the University of Rochester Medical Center.
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Detailed information of library construction and data analysis was
described previously [31]. Heatmap was illustrated using the raw count
value of all related transcripts and presented as the log transformation of
the normalized raw count data. Mkl1 gene expression in different cell
clusters in control versus aneurysmal aortas induced by Ang II infusion
combined with high fat diet, was based on our recently published single
cell RNA-seq study [27]. We used dimensional reduction and shared
nearest neighbor (SNN) modularity clustering algorithm to assess cell
population deconvolution. Cell clusters were defined according to a set
of highly expressed differential/conservative/cell marker genes. High
expression levels of SMC marker genes (Acta2, Myh11, Mylk), macro-
phage marker genes (Cd68, Adgerl, F13al), and endothelial cell (EC)
marker genes (Pecaml, Vwf) were utilized to define each cell type.
Within each cluster, Mkll was identified as one of differentially
expressed genes (DEGs) between two groups of cells by using a Wilcoxon
rank sum test.

2.10. Statistical analyses

All experiments were repeated independently at least three times.
Statistical analyses were performed using GraphPad Prism 7.0. Quanti-
tative results were presented as mean + standard error of mean (SEM).
The normality and equal variance of the data were assessed. For com-
parison between 2 groups, unpaired 2-tailed Student t-test was used to
determine statistical difference for normally distributed variables, and
nonparametric Mann-Whitney test was used for data without normal
distribution. Welch’s correction was applied for data with unequal
variance. For comparison of multiple groups, two-way ANOVA followed
by Sidak multiple comparison test was used for normally distributed
variables. Fisher’s exact test and log-rank test were used for analyzing
AAA incidence and survival, respectively. Repeated-measure two-way
ANOVA was used for blood pressure experiment. p < 0.05 was consid-
ered statistically significant.

3. Results

3.1. MKLI1 expression is induced in both AAA and TAA lesions in mice
and humans

To determine if MKL1 is associated with aortic aneurysm develop-
ment, we assessed its expression in aortas from Apoe’~ mice subjected
to Ang II infusion, a well-recognized experimental aortic aneurysm
model. Aortas infused with Ang II for 1 week normally exhibit typical
pathological manifestations of aneurysm, including aortic dilation,
media interruption, macrophage infiltration, and VSMC apoptosis [32,
33] and therefore were assayed for MKL1 expression. QqRT-PCR showed
that MklI mRNA was elevated in aortas infused with Ang II relative to
saline controls (Fig. 1A). Similar induction of MKL1 protein was
confirmed by Western blot (Fig. 1B). Immunofluorescence staining
revealed an upregulation of MKL1 protein in both medial layer and
adventitia of suprarenal aortas triggered by Ang II (Fig. 1C). To identify
cell-specific induction of MKL1 protein, we carried out double staining
for MKL1 with either MYH11, a definitive marker protein for SMC
lineage, or CD45, a leucocyte marker in suprarenal aortas from saline or
Ang Il-infused Apoe ™~ mice. Co-localization of MKL1 and MYH11 was
observed in suprarenal aortas from both groups, indicative of induction
of MKL1 in VSMCs. There was a large number of CD45 positive cells with
strong MKL1 staining accumulated in the adventitia of Ang II-infused
suprarenal aortas (Fig. 1D). Similar induction was seen in TAA tissues
compared with normal thoracic aortas (TAs) in a high fat diet and Ang II
infusion aortic aneurysm mouse model (Fig. 1E) [34]. Consistently,
single cell RNA-seq (scRNA-seq) analysis of TAA lesion versus control
TAs in this model showed increased expression of Mkll transcript in 7
different SMC clusters and other cell types, such as activated fibroblasts,
monocytes, pericytes, myofibroblasts, as well as macrophages (Fig. 1F).
These results show that MKL1 was induced in SMCs as well as other
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Fig. 1. MKL1 expression is induced in both AAA and TAA lesions in mice and humans. A, qRT-PCR analysis of Mkl1 in total RNA extracted from aortas of Apoe—/—
mice exposed to saline or angiotensin II (Ang II) for 1 week (n = 6). Unpaired two-tailed Student’s t-test. B, Representative Western blot images and quantification of
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MKL]1 in aortas of Apoe—/— mice exposed to saline or Ang II for 1 week (n = 8). Unpaired two-tailed Student’s t-test with Welch’s correction. C and D, Representative
confocal microscopy images for immunofluorescence staining of the indicated proteins in cross-sections of the suprarenal aortas from Apoe—/— mice infused with
Ang II or saline for 1 week (n = 3). E, Representative confocal microscopy images for immunofluorescence staining of the indicated proteins in cross-sections of the
thoracic aortas from C57BL/6 mice infused with high fat diet (HFD) with Ang II or saline for 4 weeks (n = 3). F, Dot plot graph from single-cell RNA-sequencing
analysis [27] in aortas of C57BL/6 mice fed with HFD plus Ang II infusion vs C57BL/6 mice fed with chow diet without Ang II infusion (n = 3, pooled). The size of
circle represents the percent of cells expressing Mkl1 in each cluster; the color scale indicates the expression level. G, Representative confocal microscopy images for
immunofluorescence staining of the indicated proteins in cross-sections of human AAA versus non-aneurysmal aortic tissues (n = 3). H, qRT-PCR analysis of MKLI in
total RNA extracted from control aortic tissues (control, n = 6) from organ donors versus human AAA samples (AAA, n = 24). Mann-Whitney test. I, Western blot
image and the quantitation for MKL1 protein in aortic tissues from organ donors (control, n = 10) and patients with ascending thoracic aortic aneurysm (ATAA, n =
16). Mann-Whitney test. *P < 0.05, **P < 0.01, ***P < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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vascular cell types during aortic aneurysm formation. To translate the segments. MKL1 protein staining was much stronger in AAA lesions
above findings to humans, we firstly performed MKL1 immunostaining compared with control non-aneurysm aortic tissues, whereas ACTA2, a
in human abdominal aneurysm tissues and non-aneurysm control aorta SMC marker protein, was reciprocally expressed in those tissues,
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indicating that VSMC phenotypic switching occurs during AAA forma-
tion in humans (Fig. 1G). Consistently, qRT-PCR showed more than
6-fold increase of MKLI mRNA expression in human AAA tissues relative
to non-diseased aortas from organ donors (Fig. 1H). Finally, Western
blot for human ascending thoracic aortic aneurysm (ATAA) tissues and
normal aorta segments from organ donors revealed that MKL1 protein
levels were substantially higher in ATAA samples (Fig. 1I). Taken
together, these data demonstrate increased MKL1 expression in both
AAA and TAA lesions in mice and humans.

3.2. Deletion of MKL1 protects mice from Ang Il-induced AAA formation
and aortic rupture

Given that AAAs are the most common aortic aneurysms occurring in
humans, we sought to determine the functional role of MKL1 in AAA
development. Age-matched (6 months) male Mkl1 +/ * Apoe’/ - (WD)
and Mkl1~/ -, Apoe’/ ~ (KO) mice were challenged with Ang II infusion
for 4 weeks. MKL1 deficiency was confirmed in aortas from KO mice by
qRT-PCR, Western blot, and immunostaining (Supplementary
Fig. 1A-C). KO mice developed normally and their systolic blood pres-
sure was comparable to WT mice both prior to and 4 weeks post Ang II
infusion (data not shown). There was no significant difference in blood
cell count between the WT and KO mice after infusion with Ang II for 4
weeks (Supplementary Table 5). There was no aneurysm formation in
both WT and KO mice infused with saline control for 4 weeks, and no
distinguishable difference was seen in the gross morphology of aortas
under this baseline condition (data not shown). 4 weeks of Ang II
infusion led to a 66.7% incidence of AAA formation (13/20) in WT mice
compared with only 17.65% (3/17) in KO mice (Fig. 2A and B). In our
study, the majority of abdominal aortas (AAs) were characterized by
prominent bulging containing transmural thrombus in the suprarenal
region, which was categorized as Type III AAA according to the mea-
surement protocol for this model (Fig. 2A) [35]. 5 out of 20 WT mice
died due to aortic rupture within the first week of Ang II infusion. By
contrast, all KO mice survived through the 4-week Ang II exposure
(Fig. 2B and C). To monitor the dilation of the AA in vivo, we performed
Doppler ultrasound imaging before and after 4 weeks of Ang II infusion.
Ang II induced an evident dilation of suprarenal aortas in WT mice,
which was sharply attenuated in KO mice (Fig. 2D). This result was
confirmed by ex vivo maximal diameter measurement of AAs, which
revealed a significantly enlarged external diameter of AAs in WT mice
relative to KO after Ang II infusion for 4 weeks; saline-infused control
mice from both groups showed comparable AA diameters (Fig. 2E).
Histologically, 4 weeks of Ang II infusion in WT mice resulted in the
formation of intraluminal thrombus, resulting from medial dissection
evidenced by erythrocyte extravasation in H&E staining (Fig. 2F). Se-
vere degradation of elastin lamina and matrix remodeling of the
adventitia was also observed in the suprarenal aortas (Fig. 2G and H).
These pathological structural damages largely occurred in Ang II-infused
WT but not KO mice. Taken together, these results demonstrate a strong
role for MKL1 in promoting AAA formation and aortic rupture.

3.3. Depletion of MKL1 inhibits Ang II-induced vascular cell senescence

There is accumulating evidence supporting the contribution of
cellular senescence to the pathogenesis of age-related vascular diseases
such as atherosclerosis and aortic aneurysm [8,9,36,37]. Consistent with
this notion, Western blot showed that one of the senescence markers,
p21, was markedly induced in aortas from WT mice infused with Ang II
(Supplementary Fig. 2A). We asked if the protective role of MKL1 defi-
ciency in AAA development was attributable to its influence on senes-
cence induced by Ang II. We first stained for SA-p-Gal activity, a
well-recognized biomarker of cellular senescence in whole aortas from
Ang II infused WT and KO mice. Positive SA-p-Gal staining was seen in
the entire aorta while more robust signal was limited in AAs of WT mice
infused with Ang II for 4 weeks. In contrast, there was barely detectable
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SA-p-gal staining in aortas of KO mice (Fig. 3A). A closer examination on
suprarenal aortic sections showed that SA-B-Gal positive cells were
predominantly located in the remodeled adventitia and its adjacent
medial smooth muscle cell (SMC) layer (Fig. 3B). Western blot analysis
of aortas cleaned of periadventitial tissue showed that several key
senescence marker proteins, including p16, p53, and p21, were signifi-
cantly reduced in aortas from KO compared with WT after 1 week Ang II
infusion (Fig. 3C). Of note, saline-infused WT and KO mice displayed
undetectable levels of p16 and insignificant difference in levels of p21
and p53 protein (Supplementary 2B). These results indicate that loss of
MKL1 prevented vascular cell senescence in Ang II-induced AAA model.

It has been increasingly recognized that VSMC phenotypic modula-
tion and reprograming play a critical role in aneurysm formation [38,
39]. In addition, VSMC senescence has been reported to contribute to
aneurysm formation [9]. To determine the specific role of VSMC-MKL1
in Ang II-triggered senescence, we depleted MKL1 in cultured primary
HASMC s using lenti-shMKL1 followed by Ang II induction. Consistent
with the in vivo data, MKL1 depletion inhibited the upregulation of the
gold standard senescence marker, CDKN2A (p16) by Ang II, at both
mRNA and protein levels; no such effect was seen at baseline (Fig. 3D,
left panel, E). Similar results were observed in MASMCs isolated from
Mkl1™’~ mice and Mkl1™/" littermates (Supplementary Fig. 2C). In
addition, the mRNA levels of CDKN1A (p21) showed an insignificant
downregulation by lenti-shMKL1 in HASMCs induced by Ang II (Fig. 3D,
right panel), and adenoviral-mediated MKL1 overexpression in HASMCs
significantly induced p21 protein expression (Supplementary Fig. 2D).
Collectively, these findings suggest that loss of MKL1 in VSMCs dampens
vascular senescence under conditions of Angll-induced AAA formation.

3.4. Depletion of MKL1 suppresses vascular inflammation

Excessive activation of vascular inflammation has been documented
as a critical determinant to AAA initiation and progression [2,7,40]. We
asked if MKL1 deficiency could attenuate the activation of vascular
inflammation and thus suppress AAA progression. Accordingly, we
performed immunofluorescence staining for CD45 and MAC3 in supra-
renal aortas. Our results showed that after 4 weeks of Ang II infusion,
there were much less CD45 positive cells accumulated within the
remodeled adventitia of suprarenal aortas in KOs compared with those
from WT mice (Fig. 4A). Similarly, substantial accumulation of MAC3
positive macrophages in adventitia and medial SMC layer was only seen
in suprarenal aortas from WT but not KO mice infused with Ang II for 1
week (Fig. 4B). These results are in agreement with previous findings
[23,32,41], indicating a critical role for MKL1 in the activation of
vascular inflammation triggered by Ang II infusion.

Given the importance of VSMCs and macrophages in governing
vascular inflammation and AAA formation, and the induction of MKL1
in both cells types revealed by scRNA-seq in Fig. 1, we sought to
determine if MKL1 can regulate proinflammatory gene expression in
these two cell types. Depletion of MKL1 by lenti-shMKL1 in cultured
HASMCs decreased mRNA levels of several important pathological
markers of AAA, including IL6, CCL2, and MMP2 [40,42,43] (Fig. 4C).
This result was validated in 3 different HASMC isolates (data not shown)
and MASMCs isolated from Mkl1~/~ versus Mkl1*/* mice with and
without the Apoe™~ background (Supplementary Fig. 3A and B). On the
other hand, since macrophages originating from bone marrow-derived
monocytes contribute substantially to macrophage accumulation and
subsequent transmural inflammation in AAA [44], we asked if MKL1
regulated inflammation in BMDMs. As such, we isolated bone marrow
cells from WT versus KO mice and differentiated them for 1 week to
macrophages followed by RNA isolation for bulk RNA-seq analysis and
qRT-PCR validation. RNA-seq showed a widespread downregulation of
mRNA levels of proinflammatory genes in BMDMs from KO mice
compared with their counterparts from WT mice (Fig. 4D, E,
GSE155298). Downregulation of several representative proin-
flammatory genes, including 116, Il1b, Mmp14, Ccl2, and Cxcll was
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Fig. 3. Depletion of MKL1 inhibits Ang II-induced vascular cell senescence. A and B, Representative images and quantification (unpaired two-tailed Student’s t-test)
of the senescence-associated beta-galactosidase (SA-p-gal)-stained whole aorta (n = 3) (A) and cross-sections of the suprarenal aorta from Mkl1 e Apoe’/ ~(WT) and
Mkl1~/—, Apoe’/ ~ (KO) mice infused with Ang II for 4 weeks (n = 5) (B). C, Representative Western blot images and quantification of senescence markers in aorta
homogenates of WT and KO mice infused with Ang II for 1 week (n = 6 for p53 and p21, unpaired two-tailed Student’s t-test; n = 4 for p16, Mann-Whitney test). D
and E, qRT-PCR analysis (n = 4) (D) and representative Western blot images and quantification (n = 5) (E) of relative levels of MKL1 and senescence markers from
human aortic smooth muscle cells (HASMCs) transduced with control or shMKL1 lentivirus for 72 h followed by Ang II (100 nM) or vehicle treatment. Pair matched
two-way ANOVA followed by Sidak multiple comparison test. *P < 0.05, **P < 0.01, NS: not significant.

validated by qRT-PCR. Together, the above results point to a critical role
for MKL1 in activating a proinflammatory gene program in both VSMCs
and macrophages.

3.5. MKL1 deficiency through gene deletion or inhibitor administration
blocks Ang II-induced aortic dissection

It has been documented that aortic dissection, originated from micro-
ruptures in the intima and medial layer followed by the formation of
intramural hematoma, is a common event preceding mature AAA for-
mation in the Ang Il-infused aneurysm model [32]. To determine if
MKL1 deficiency can prevent this critical early event for AAA formation,
we challenged WT and KO mice with Ang II for 1 week to induce aortic
dissection. 1 week of Ang II infusion resulted in 47.6% (10/21) inci-
dence of aortic dissection and 14.3% of aortic rupture in WT mice but
only 14.3% (3/21) incidence of aortic dissection and no rupture in KOs
(Fig. 5A). VVG staining of suprarenal aortas showed severe lamina
elastin degradation and evident hematoma formation in WT aortas but
such pathological features of aortic dissection were barely observed in
KO mice (Fig. 5B). This result indicated that MKL1 is essential to the
occurrence of aortic dissection. To determine whether MKL1 represents
a potentially druggable target in aortic dissection and AAA, we treated
Apoe™~ mice with CCG-1423, a well-recognized pharmacological in-
hibitor of MKL1 [45]. Daily intraperitoneal injection of CCG-1423
starting 3 days before until 7 days after Ang II pump implantation
(Fig. 5C) markedly suppressed aortic dissection (Fig. 5D). 1 week of Ang
II infusion led to a 62.5% (10/16) incidence of aortic dissection in
vehicle treated compared with only 25% (4/16) in CCG-1423 treated
mice. During this interval, 4 out of 16 vehicle-treated and 1 of 16
CCG-1423 treated mice died due to aortic rupture (Fig. 5E). Similar to
KO, CCG-1423 treated Apoe ™ mice displayed relatively intact vascu-
lature in suprarenal aortas compared with vehicle treated controls
(Fig. 5F). Further, in accordance with our observation in KO mice, im-
munostaining for MAC3 and CD45 showed that the infiltration and
accumulation of macrophages and leukocytes within the remodeled
adventitia were largely abrogated by CCG-1423 administration
(Fig. 5G). These results demonstrate that inhibition of MKL1, either by
gene deletion or pharmacological inhibitor, blocked aortic dissection, a
critical early event for AAA formation induced by Ang II infusion.

3.6. MKL1 deficiency inhibits pP38MAPK activity in VSMCs

The p38MAPK pathway is a pivotal activator of proinflammatory
gene program [19]. In addition, p38MAPK was reported to mediate Ang
[I-induced phenotypic switching of VSMCs [20,30] and induce senes-
cence contributing to aging associated diseases [46,47]. To gain insight
into the mechanism underlying the protection from AAA exerted by
MKL1 deficiency in mice, we examined the activation status of
p38MAPK pathway in AAs after Ang II infusion via immunofluorescence
staining for phosphorylated form of p38 (p-p38). The intensity of p-p38
staining was markedly reduced in suprarenal aortas from KO at both 1
and 4 weeks after Ang II infusion, as well as CCG-1423 treated Apoe ™~
mice with 1 week Ang II infusion relative to their individual control mice
(Fig. 6A and B). It has been reported that p38MAPK can activate
inflammation through STAT3 [48]. Western blot showed that levels of
phosphorylated form of STAT3 (p-STAT3) were increased after 7 days
Ang 1I infusion, indicating that the activation of STAT3 pathway may
participate in Ang II-induced AAA formation (Supplementary Fig. 4A).

Consistently, p-STAT3 was lower in aortas of KO mice with Ang II
infusion for 1 week (Fig. 6C). Because IL1p is upregulated in human AAA
and involved in Ang Il-induced AAA formation [49,50], we used IL1p as
a proinflammatory stimulus for in vitro cultured VSMCs. Western blot
showed a reduction of p-p38 in MASMCs dispersed from KO mice
compared with the counterparts from WT at both baseline levels and
upon IL1p stimulation for 1 h (Fig. 6D). This result was reproduced in
HASMCs treated with lenti-shMKL1 (Supplementary Fig. 4B and C).
Taken together, these data support VSMC-MKL1 in the activation of
P38MAPK, a key pathway governing both inflammation and senescence,
ultimately contributing to AAA development.

3.7. MAPK14 (p38a) deficiency in SMCs ameliorates AAA formation
and vascular senescence and inflammation

The aforementioned data suggest that activated p38MAPK pathway
in VSMCs may cooperate with MKL1 to promote AAA progression. To
test this, we generated hyperlipidemic, SMC-specific Mapk14 knockout
mice (Sm22Cre, Mapkl 4f/f, Apoe’/ 7) and WT littermate controls
(Mapk1 4f/f, Apoe_/ 7). These mice breed normally and exhibit no
apparent differences under physiological conditions (data not shown).
Mapk14 deficiency in VSMCs was verified by immunofluorescence
staining in AAs (Supplementary Fig. 5). To directly address the specific
role of VSMC-derived p38a in AAA, we challenged Sm22Cre, Mapk14™”,
Apoe™’~ (SMC-Mapk14 KO) and two different Mapk14 WT control mice,
Mapk14”, Apoe’~ and Sm22Cre, Mapk14™/*, Apoe™’~ with Ang II
infusion for 4 weeks. Notably, Mapk14 depletion in SMCs led to a sig-
nificant decrease in both the severity (Fig. 7A) and incidence (Fig. 7B) of
AAA in comparison to Mapkl4 WT mice. Echocardiography further
demonstrated the marked dilation of suprarenal AAs in Mapkl4 WT
mice compared with the modest dilation in mutant mice (Fig. 7C). While
there was no significant difference in maximal diameter of suprarenal
AAs and vessel wall integrity between Mapk14 WT and SMC-Mapk14 KO
mice at baseline, Mapk14 WT AAs displayed significantly increased
maximal diameters and severely degraded elastin lamina relative to KO
mice after exposure to Ang II infusion for 4 weeks (Fig. 7D and E). As
described above, the protection of MKL1 deficiency against AAA
development was associated with the suppression of vascular senescence
and inflammation. We henceforth examined the role of SMC-derived
Mapk14 in these processes. Immunostaining showed that 4-week Ang
II treatment in Mapkl4 WT mice induced a prominent accumulation of
CD45 positive leucocytes and MAC3 positive macrophages within the
adventitia and medial layer of suprarenal AAs. By contrast, CD45 posi-
tive or MAC3 positive cells were barely observed in these regions of
aortas from Ang II-infused SMC-Mapk14 KO mice (Fig. 7F). Consistently,
Western blot revealed significantly reduced levels of phosphorylated
form of p65 (p-p65) (Fig. 7G) and p-STAT3 (Fig. 7H) in AAs from SMC-
Mapk14 KO mice relative to Mapk14 WT control mice infused with Ang
II for 1 week. These results indicate that reduced inflammatory response
may underlie, at least partially, the protection of SMC-deficiency of
Mapk14 against AAA formation. We also found that, senescence marker
proteins, including p53 and p21 were significantly reduced in aortas
from SMC-Mapkl4 KO mice (Fig. 7G). Consistently, activation of
p38MAPK pathway via forced expression of Ad-MKK6, an upstream ki-
nase of p38MAPK, upregulated p21 protein expression (Supplemental
Fig. 6A), which was blunted by siRNA-mediated MAPK14 knockdown
(Supplemental Fig. 6B) in a SMC cell line, SKLMS, suggesting that
activation of MAPK14 promoted SMC senescence. These in vivo and in
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Fig. 4. Depletion of MKL1 suppresses vascular inflammation. A and B, Representative confocal microscopy images for immunofluorescence staining and quantifi-
cation (unpaired two-tailed Student’s t-test) of the relative fluorescence intensity of the indicated proteins in cross-sections of the suprarenal aorta from Mkl1™/™,
Apoe’/ ~ (WT) and Mkl1~/~, Apoe’/ ~ (KO) mice infused with Ang II for the indicated time (n = 3). C and E, qRT-PCR analysis of relative mRNA level of indicated
inflammatory genes from HASMCs transduced with control or shMKL1 lentivirus for 72 h (n = 5, Mann-Whitney test for MKL1 and IL6, Unpaired two-tailed Student’s
t-test for CCL2 and MMP2) (C) and primary cultured bone marrow derived macrophages (BMDMs) from WT versus KO mice infused with Ang II for 1 week (n = 5-7,
Mann-Whitney test for Mkl1 and Cxcl1, Unpaired two-tailed Student’s t-test for 116, Il11b, Mmp14 and Ccl2) (E). D, Heatmap representation of transcriptomic profiling
of key inflammatory mediators based on deep RNA-sequencing (RNA-seq) of BMDMs from KO versus WT mice infused with Ang II for 1 week. n = 4 per group. *P <
905, **P < 0.01, ****P < 0.0001.
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with Ang II for 1 week (n = 4). Location of extensive elastin degradation was labeled with yellow arrowhead. C, Timeline for vehicle or CCG-1423 (1 mg/kg/day)
treatment. D, Representative en face photographs showing aortas from vehicle and CCG-1423 treated Apoe’~ mice (n = 16). E, The incidence of AD and rupture in
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reader is referred to the Web version of this article.)
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Fig. 6. MKL1 deficiency inhibits p38MAPK activity in VSMCs. A and B, Representative confocal microscopy images for immunofluorescence staining and quanti-
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Mkl1~/, Apoe’/ ~ (KO) mice infused with Ang II for the indicated time (A), or from vehicle and CCG-1423 treated Apoe’/ ~ mice infused with Ang II for 1 week (B) (n
= 3/group). Quantifications were performed on at least 3 separate sections from 3 animals from each group, the average value from all the sections of a given animal
was used for comparison. C, Representative Western blot images and quantification of indicated proteins in aorta homogenates of WT and KO mice infused with Ang
II for 1 week (n = 7). Unpaired two-tailed Student’s t-test. D, Representative Western blot images for the indicated proteins of mouse aortic SMCs (MASMCs) isolated
from WT or KO mice treated with vehicle (IL1p-) or IL1p (5 ng/ml) for the indicated time, and the quantitation for the groups treated with vehicle and IL1p for 1 h (n
= 5). Pair matched two-way ANOVA followed by Sidak multiple comparison test (D). Expression levels of p-STAT3 (C) and p-p38 (D) are normalized with GAPDH
and total p38a, respectively. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, NS: not significant.

vitro data are in line with the protective phenotype observed in MKL1 aneurysm, but also uncovered a critical pro-aneurysm pathway
null mice. They further demonstrate that similar to MKL1, the lack of composed of MKL1/p38MAPK in VSMCs. Given the strong effect of
MAPK14 in VSMCs reduced the susceptibility to AAA formation and MKL1 deficiency on mitigation of aortic dissection and AAA, MKL1

severity in AAA pathology induced by Ang II, at least partially via could be considered a promising therapeutic target for aortic aneurysm.
modulation of vascular inflammation and senescence. MKL1, together with MKL2 and MYOCD, belongs to Myocardin-

related transcription factors (MRTFs). Though commonality of these
4. Discussion three family members has been established as a cofactor of SRF to

transactivate CArG-dependent genes and SMC differentiation [13,51,
The present study demonstrated that deficiency of MKL1 prevented 52], they each exhibit distinct roles in the cardiovascular system. While

aortic dissection and AAA formation. Several lines of mechanistic evi- genetic studies from knockout mouse models revealed that both MYOCD
dence were provided supporting the pro-aneurysmal fashion of MKL1 in and MKL2 are indispensable for embryonic development and homeo-
Ang II-induced AAA model. We first showed that MKL1 expression was stasis of adult blood vessels owing to their vital role in VSMC differen-
induced in murine and human TAA and AAA lesions. This induction was tiation [15,53,54], global deficiency of MKL1 has no obvious effect on
found to be detrimental given that both genetic ablation and pharma- these physiological processes [14]. In contrast, MKL1 has recently
cological inhibition of MKL1 strongly protected mice from aortic emerged as a critical driver for several vascular disorders, including
dissection and AAA. The mode of MKL1 action on AAA initiation and injury-induced stenosis, atherosclerosis, and hypoxic pulmonary hy-
progression is likely through induction of senescence and inflammation, pertension [17,55]. This functional distinction between MKL1 and
involving its positive regulation on p38MAPK, at least in VSMCs. Our MYOCD is likely attributable to their differential tissue expression pro-
study, for the first time, not only linked MKL1 induction to human aortic file and regulatory gene programs triggered by vascular

12
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Fig. 7. MAPK14 deficiency in VSMCs ameliorates AAA formation and vascular senescence and inflammation. A-F, All mice were infused with saline or Ang II for 4
weeks. A, Representative en face photographs showing aortas from Mapk14 WT (Sm22-Cre, Mapk14*+/*, Apoe™'~) and SMC-Mapk14 KO (Sm22-Cre, Mapk14™/, Apoe™
) mice. B, The incidence of AAA in Ang II-infused Mapk14 WT (n = 34, including n = 22 of Mapk14”/, Apoe™’~ and n = 12 of Sm22-Cre, Mapk14*/~, Apoe™’~) and
SMC-Mapk14 KO (n = 26) mice. Chi-square test. C, Representative Doppler ultrasound images of abdominal aortas before (baseline) and 4 weeks after Ang II (Ang II
4 wk) (n = 10). D, The maximal abdominal aortic diameter (the width of the maximal expanded portion of suprarenal aorta) quantified from excised aortas as shown
in A (n = 7 for Mapk14™, Apoe™’~ and n = 6 for SMC-Mapk14 KO were included for saline control group; n = 24 for Mapk14 WT and n = 17 for SMC-Mapk14 KO
were included for Ang II 4wk group). Two-way ANOVA followed by Sidak multiple comparison test. E, Representative images and quantification of elastin
degradation (Unpaired two-tailed Student’s t-test) from VVG staining of cross-sections of suprarenal aortas (n = 5). Quantifications were performed on at least 3
separate sections from 4 animals from each group, the average value from all the sections of a given animal was used for comparison. F, Representative confocal
microscopy images for immunofluorescence staining of indicated proteins in cross-sections of the suprarenal aortas (n = 4). G and H, Western blot images and
quantification of the indicated proteins in aorta homogenates from Mapk14 WT and SMC-Mapk14 KO mice infused with Ang II for 1 week (n = 6, G; n = 5, H).
I‘anaired two-tailed Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001, NS: no significant.

pathophysiological stimuli. Compared with MYOCD, whose expression
is tightly restricted in VSMCs as a molecular switch of VSMC differen-
tiation [12], MKL1 is ubiquitously expressed in different cell lineages
and modulates disparate gene programs. Therefore, it is much expected
that diverse biological processes resulting in vascular maladaptation,
such as migration [17,56], proliferation [57], fibrosis [58], and
apoptosis [57] are governed by MKL1 in a context-dependent manner.
Our study, through both genetic and pharmacological approaches,
demonstrated a strong role for MKL1 in promoting aortic dissection and
AAA, further underscoring its detrimental role in different vascular
complications.

While this manuscript was in preparation, a descriptive paper enti-
tled “MRTF-A promotes angiotensin II-induced inflammatory response
and aortic dissection in mice” was published in PLoS One. [59]. The data
reported here confirms and substantially extends the latter study’s
findings in several important ways. First, we translated our findings of
MKL1 induction in murine AAA and TAA to humans. Second, we focused
on AAA development, the most common type of aortic aneurysm using a
well-established Angll-infused hyperlipidemic AAA mouse model.
Finally, we illuminated a mechanistic pathway involving p38MAPK
activation of vascular inflammation and senescence to facilitate AAA
development. We also wish to point out that the aortic dissection model
utilized previously has a very low incidence according to the original
report [60]. Therefore, it is currently unclear how the latter study
showed such a high frequency of aortic dissection in control mice
without a hyperlipidemic challenge. Finally, the dose of CCG compound
reported previously [59] was more than 300-fold higher relative to the
dosed used here, suggesting likely toxicity/off target in mice.

Another distinguishing feature of our study is the positive role of
MKL1 in vascular senescence. An increased SA-B-Gal activity and higher
expression of senescence markers, such as pl6, p21 and p53, were
observed in AAs of WT mice compared with MKL1 KO mice. This in-
dicates that MKL1 might be essential to senescence activation during
AAA development. This in vivo finding was confirmed in cultured aortic
SMCs wherein MKL1 deficiency alleviated Ang II-induced expression of
pl6 (CDKN2A), a definitive senescence marker, at both mRNA and
protein levels. It is widely accepted that senescent cells exhibit a unique
senescence-associated secretory phenotype (SASP), characterized by the
release of multiple cytokines, chemokines, growth factors and proteases
to fuel a proinflammatory and proteolytic toxic microenvironment. As
such, SASP underlies the pathogenesis of a variety of human diseases,
including Alzheimer’s disease [61], reinopathy [62], type 2 diabetes
mellitus [63], and atherosclerosis [64]. Though the definitive role of
senescence has yet to be established in aortic aneurysm, both GWAS and
genetic deletion of senescence associated genes in mice have implicated
a destructive role in this significant human health problem [9,36,37,65].
Our finding that deficiency of MKL1 blunts vascular senescence
accompanied by the marked mitigation of aneurysm occurrence and
pathology, not only suggests a novel role for MKL1 in promoting
vascular cell senescence, but also supports the detrimental impact of
senescence on aortic aneurysm formation.

The mechanism through which MKL1 activates vascular senescence
is currently unknown. MKL1 has been reported as an important
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regulator to epigenetically activate NOX family genes [66] and NOX
gene activation has been documented to contribute to cellular senes-
cence [67]. It will be of importance to determine if NOX family members
are involved in MKL1-mediated VSMC senescence and thus AAA for-
mation. Nevertheless, based on our observation of MKL1 deficiency on
both senescence and inflammation, one might postulate that MKL1
could be a nodal regulator of both processes and thus bridge sustained
VSMC inflammation and senescence during AAA progression. It should
be noted that the majority of cells with high SA-p-Gal activity in our
study were localized in adventitia and its adjacent medial SMC layer,
presumably adventitial fibroblasts and VSMCs. However, unambiguous
definition of the role of cellular senescence in AAA formation requires
rigorous tools, such as p16-3MR transgenic mice and p1 6tdTom lineage
tracing reporter system [68,69]. This is particularly important given the
lack of reliable p16 antibodies for immunostaining in vivo and the
extensive heterogeneity of cell components in aneurysmal vasculature.

The regulation of MKL1 on both senescence and inflammation is
intriguing. Although senescent cells can propagate inflammation in both
cell autonomous and paracrine manners, the activation of inflammation
exerted by MKL1 in VSMC and macrophages, two major cells for aneu-
rysm pathogenesis, may also be subject to modulation by senescence-
independent pathway(s). Indeed, previous in vitro studies from Xu’s
group have reported that MKL1 activates pro-inflammatory gene pro-
gram in different vascular cells, both transcriptionally as a co-activator
to p65, and epigenetically as a chromatin modifier to establish an active
chromatin status in the regulatory regions of proinflammatory genes
[70,71]. Though we could not extend MKL1/p65 pathway to our study
in aneurysm context, given that our Western blot failed to reveal
consistent differences in p-p65 expression in aortas from the WT versus
KO infused with AnglI for 7 days (data not shown), we did find that the
activation of p38MAPK, another well-known proinflammatory signal
pathway, was suppressed upon MKL1 deficiency. This finding therefore
suggests a novel pathway utilized by MKL1 to direct VSMC inflammation
during AAA development. However, the detailed mechanism underlying
this regulatory axis remains to be defined. We were unable to detect the
physical interaction between MKL1 and p38a in VSMCs under different
conditions (data not shown), indicative of the indirect influence of MKL1
on p38 activity. One possibility is that most of these proinflammatory
genes activated by MKL1 encode inflammatory mediators, such as CCL2,
IL6, and MMP2, which can activate p38 pathway in either autocrine or
paracrine pathways. Finally, given that MKL1 is a bona fide cofactor for
SRF to converge signal from actin dynamic to gene transcription, it will
be of importance to determine if this regulatory event is dependent upon
SRF/CArG or whether MKL1 interacts with another transcription factor
and its cis regulatory element.

Current efforts to understand MKL1-mediated gene regulation have
been largely focused on cellular actin dynamics, which determines
nucleocytoplasmic shuttling of MKL1 for gene transcription [72].
However, there should exist additional regulatory layers influencing
MKL1 activity beyond nuclear translocation, such as the direct modu-
lation of MKL1 expression. Results from our studies in murine and
human aneurysm samples demonstrated an induction of MKL1 in
aneurysmal tissues. As supported by both immunostaining and single
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cell RNA-seq analysis, this induction could be attributable to increased
Mkl1 gene expression in multiple cell types, including different SMC and
macrophage clusters, monocytes, pericytes, and myofbroblasts. We
suspect that this universal MKL1 induction in different cell types may
collectively promote AAA progression, though the contribution of MKL1
from individual cell types to AAA pathogenesis requires utilization of
cell-specific Mkl1 knockout mouse models. The molecular mechanism
underlying Mkl1 mRNA upregulation during aneurysm development is
unknown in our current study. Mkl1 has been reported as a target of
miR-1-mediated posttranscriptional regulation [17]. Whether Mkl1
mRNA induction results from decreased miR-1 expression or involves
novel transcriptional pathway (s) during AAA development awaits
future investigation.

We previously reported that VSMC deficiency of MAPK14 (p38a), the
primary isoform of p38 family in VSMCs, is essential for ligation injury-
induced neointima formation via promoting VSMC phenotypic modu-
lation and inflammation [20]. Despite that activated p38MAPK has been
frequently linked to aortic aneurysm, the causative role of p38 pathway
in this disease has yet to be explored. Our results showed that
SMC-specific depletion of MAPK14 recapitulated the protective pheno-
type seen in MKL1 global KO mice, similarly evidenced by decreased
proinflammatory response and senescence marker expression. It should
be noted, beyond the documented proinflammatory role of p38MAPK,
this pathway has emerged as a critical activator of cellular senescence
and contributes to multiple aging associated diseases such as cancer and
cognitive decline [47,73]. The reduced senescence marker protein
expression and proinflammatory response seen in SMC-specific MAPK14
knockout mice in the Ang II induced AAA model are in agreement with
these published functions. However, the detailed molecular mechanisms
underlying p38MAPK governance of vascular inflammation and senes-
cence warrants further investigation.

In conclusion, our data demonstrate a critical role for MKL1 in pro-
moting AAA formation via enhancing vascular senescence and inflam-
mation. The mode of MKL1 action on AAA formation involves MAPK14,
whose deficiency in VSMCs recapitulates the phenotype seen in Mkl1
KO. Given that genetic and pharmacological inhibition of MKL1 ame-
liorates AAA formation and the strong induction of MKL1 expression in
human AAA tissues, MKL1 represents a promising druggable target for
pharmacologic intervention in the prevention and/or treatment of AAA.
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