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Abstract

Objective: Currently, there are no approved drugs for abdominal aortic aneurysm (AAA)
treatment, likely due to limited understanding of the primary molecular mechanisms underlying
AAA development and progression. BAF60a, a unique subunit of the SWItch/Sucrose Non-
Fermentable (SWI/SNF) chromatin remodeling complex, is a novel regulator of metabolic
homeostasis, yet little is known about its function in the vasculature and pathogenesis of AAA. In
this study, we sought to investigate the role and underlying mechanisms of vascular smooth muscle
cell (VSMC)-specific BAF60a in AAA formation.

Approach and Results: BAF60a is upregulated in human and experimental murine AAA
lesions. /n vivo studies revealed that VSMC-specific knockout of BAF60a protected mice from
both Angll- and elastase-induced AAA formation with significant suppression of vascular
inflammation, monocyte infiltration, and elastin fragmentation. Through RNA-sequencing and
pathway analysis, we found that the expression of inflammatory response genes in cultured human
aortic smooth muscle cells (HASMCs) was significantly downregulated by siRNA mediated
BAF60a knockdown while upregulated upon adenovirus mediated BAF60a overexpression.
BAF60a regulates VSMC inflammation by recruiting BRGL1, a catalytic subunit of the SWI/SNF
complex, to the promoter region of NF-xB target genes. Furthermore, loss of BAF60a in VSMCs
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prevented the upregulation of the proteolytic enzyme cysteine protease cathepsin S, thus
ameliorating extracellular matrix (ECM) degradation within the vascular wall in AAA.

Conclusions: Our study demonstrated that BAF60a is required to recruit the SWI/SNF complex
in order to facilitate the epigenetic regulation of VSMC inflammation, which may serve as a
potential therapeutic target in preventing and treating AAA.
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Introduction

Abdominal aortic aneurysm (AAA) affects more than 5% of men® and 1.3% of women over
65 years old? and is associated with a mortality rate of 50%-80% upon rupture. AAA is a
focal dilation of the abdominal aorta to a diameter of = 30mm in human and is mostly
asymptomatic.3 Although endovascular and open surgical repair can spare patients from
fatal or severe outcomes, no medical therapy has been conclusively shown to prevent or treat
AAA, partially due to the incomplete understanding of the molecular mechanisms of AAA
development and progression.

Recent evidence has highlighted the importance of innate and adaptive immunity in the
initiation and expansion of AAA.# As a hallmark of AAA, the intense transmural
inflammatory response involves different kinds of cells constituting the vascular wall,
including endothelial cells,® VSMCs® and resident immune cells, along with a major influx
of exogenous leukocytes to the media and adventitia.3 4 VSMC inflammatory response
promotes vascular disease progression through enhanced secretion of pro-inflammatory
cytokines, adhesion molecules, as well as proteolytic enzymes.’” Nevertheless, the molecular
biology aspects linking VSMC inflammation and its role in AAA development remain
largely elusive.

As one of the four major families of ATP-dependent chromatin remodelers, SWI/SNF
complexes have been suggested to play an essential role in the pathogenesis of many human
diseases by controlling physiological relevant gene expression through alterations of
chromatin accessibility.8: © Assembled from up to 15 components, the SWI/SNF complexes
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contain one of the two catalytic subunits, BRG1 or BRM, and other subunits collectively
referred to as BAFs (BRG1/BRM associated factors).10 BAF60a, encoded by the
SMARCDI (SWI/SNF related, matrix associated, actin dependent regulator of chromatin,
subfamily d, member 1) gene, is one of the three mutually exclusive 60-kDa subunits and
functions by recruiting a number of transcription factors.12-13 /5 vivo studies indicated that
BAF60a plays an important part in regulating hepatic fatty acid oxidation,12 restricting
embryonic stem cell pluripotency networks,4 integrating circadian signals,® and
controlling systemic metabolic homeostasis.1® A recent study has demonstrated that BAF60a
deficiency in hepatocytes protected mice from diet-induced atherosclerosis,16 which was the
first study to link BAF60a with cardiovascular disease. Data from several microarray-based
genome-wide human gene expression profiles showed an upregulation of BAF60a in
AAAs! and intracranial aneurysms, 18 indicating a potential role of BAF60a in altering
vascular homeostasis.

In the current study, we identified a causative role of BAF60a-dependent chromatin
remodeling in AAA development through regulation of VSMC inflammation and the
proteolytic enzyme cathepsin S expression. Disrupting this pathway by VSMC-specific loss
of BAF60a prevented AAA formation in two different mouse models. Our findings here
expand our knowledge of the epigenetic regulation of AAA and position BAF60a as an
attractive potential therapeutic target for AAA prevention and treatment.

Materials and Methods

The authors declare that all supporting data are available within the article and its Data
Supplement.

Human Patients’ Aortic Samples

Human aortic tissues from AAA patients or heart transplant donors were obtained from the
Cardiovascular Health Improvement Project (CHIP) core of the Cardiovascular Center at the
University of Michigan, with the Institutional Review Board approval from the Human
Research Protection Program and Institutional Review Boards of the University of Michigan
Medical School.

Mice AAA models

The BAF60af mice in the C57BL/6J background were described previously,® and were
crossbred with SMMHC-CreERT2 micel® to generate the SMMHC-CreERT2-BAF60a’f
mice. Tamoxifen (80 mg/kg/day) was given to 6-8 weeks old male SMMHC-CreERT2-
BAF60a’f mice and BAF60af mice for consecutive 5 days by intraperitoneal injection to
induce VSMC-specific BAF60a knockout (BAF60aSMKO), The Angll-induced murine AAA
model was performed as previously described,20: 21 with a release rate of Angll (Bachem,
#H-1706, Vista, CA) at 1,500 ng/kg/min (or an equivalent volume of saline solution, as
sham control) for 28 days. In the elastase-induced AAA model, 30pL elastase
(MilliporeSigma, #E1250, 44 units/mL) or heat-inactivated elastase (as sham control) was
applied to the adventitial layer of the infrarenal aorta as described previously.22: 23 The
maximal external diameters of suprarenal or infrarenal abdominal aortas were assessed /n
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situ using a digital caliper (Fisher Scientific, #14-648-17) in the Angll- and elastase-induced
AAA models, respectively. AAA was defined as a dilation of the abdominal aortic diameter
>50% larger than its adjacent region.24 All animal procedures were approved by the
Institutional Animal Care & Use Committee (IACUC) at the University of Michigan.

Immunostaining and Immunohistochemistry

Human and murine aortic samples were fixed with 10% buffered formalin in PBS (Fisher
Healthcare, #245685) for 24h and embedded in paraffin. Histology was made in serial
sections (5 um thick, 200 um apart) of mouse suprarenal abdominal aortas (Angll-induced
AAA) and infrarenal abdominal aortas (elastase-induced AAA). Sections were applied for
Verhoeff Van Gieson’s staining or immunofluorescence staining. At least 6 sections were
analyzed for elastin degradation grade®® and 4 sections were used to measure the
macrophage content in the vascular wall.

Flow Cytometry Analysis of Murine Aorta

Mouse abdominal aortas were harvested, minced, and digested in enzymatic digestion
solution containing 450 U/mL collagenase type I (Gibco, #17100-017), 125 U/mL
collagenase type XI (Sigma-Aldrich, #C7657), 60 U/mL hyaluronidase type I-s (Sigma-
Aldrich, #H3506) and 60 U/mL DNase-1 (Roche, #10104159001) at 37°C for 60 minutes.
Single cells were released using a 70pum cell strainer and stained with the indicated
antibodies, followed by flow cytometry analysis on a MoFlo Astrios cell sorter (Beckman
Coulter, Brea, CA). Antibodies used for flow cytometry are listed in the major resource
table. Dot plots were generated using the FlowJo Software.

RNAscope In Situ Hybridization

RNAscope® 2.0 HD Brown Chromogenic Reagent Kit was used for RNA in situ
hybridization assay according to the manufacturer’s instructions (ACD, Hayward, CA).26
Briefly, abdominal aortas were fixed and processed into 8 pm cross-sections before being
subsequently treated with a peroxidase blocker, target retrieval solution, and protease plus
reagent. Probes targeting mouse Ctss (ACD #579891) and DapB (ACD #310043, serves as
negative control) were hybridized on the sections, followed by signal amplification and
detection.

Isolation of Mouse Aortic Smooth Muscle Cells

Mouse aortic smooth muscle cells (MASMCs) were isolated from 8-week-old male
BAF60aff and BAF60aSMKO mice as described previously.2” To ensure BAF60a KO /n
vitro, MASMCs isolated from BAF60a’" and BAF60aSMKO mice were infected with
adenovirus expressing GFP (Ad-CMV-GFP) or Cre recombinase (Ad-CMV-iCre, Vector
Biolabs, #1045N) respectively before experiments. MASMCs at passage 5—7 were used for
co-Immunoprecipitation and ChIP assay experiments.

RNA-sequencing (RNA-seq)

Total RNA was extracted from HASMCs transfected with siControl or siBAF60a for 72h
(n=3/group) or HASMCs infected with AdGFP or AdBAF60al2 (n=3/group) and submitted
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to the DNA sequencing core of the University of Michigan. Briefly, the RNA library was
prepared with TruSeq RNA Library Prep Kit v2 (lllumina) and 50bp non-stranded single-
end sequencing was performed on a HiSeq 4000 platform (lllumina), with an average of 43
million reads for each sample. RNAseq read mapping was performed as described
previously.28 Gene expression quantification was performed using Salmon v0.14.0,2° and
differential expression analysis was performed with DeSeq2 package in R.30 Gene Set
Enrichment Analysis (GSEA)3! was performed to interpret gene expression profiles of
siControl/siBAF60a or AdGFP/AdBAF60a treated HASMCs. Genes were mapped to the
HALLMARK gene set in the Molecular Signatures Database (MSigDB) for pathway
analysis.

Chromatin Immunoprecipitation (ChIP) Assay

ChIP assay was performed according to the protocol from SimpleChIP Enzymatic
Chromatin IP Kit (CST, #9003). In brief, cells were treated with 2mM disuccinimidyl
glutarate (DSG, ThermoFisher, #20593) at room temperature for 45 min for cross-link
before 1% paraformaldehyde incubation for 10 min. Chromatin was immunoprecipitated
with indicated antibodies at 4°C overnight with rotation. DNA was captured, eluted, cross-
link reversed, and purified followed with real-time PCR amplification. ChlP assay primer
sequences are listed in the Online Supplemental Table VIII.

Chromatin immunoprecipitation followed by sequencing (ChiP-seq)

Samples containing 30 ng of DNA were immunoprecipitated with antibodies against BRG1,
H3K9Ac and H3K27Ac, together with their respective inputs, were sent to the DNA
sequencing core at the University of Michigan for quality control, library preparation
(NEBNext® Ultra™ 11 FS DNA Library Prep Kit for lllumina) and sequencing on an
Illumina Novaseq S1 flowcell with 100bp pair-end reads. An average of 40 million reads
was generated for each sample. ChlP-seq reads were aligned to the human genome
(GRCh19) using bowtie2 version 2.3.5. Peaks were called by MACS232 software. Samples
were normalized to adjust for sequencing depth. The peaks were visualized in Integrative
Genomics Viewer (IGV).33

Raw data of RNA-seq and ChlP-seq have been deposited in the Gene Expression Omnibus
database (https://www.ncbi.nlm.nih.gov/geo/) under the accession code: GSE153449.

Statistical Analyses

Statistical analyses were performed using GraphPad Prism 8.0 software (GraphPad
Software, San Diego, CA) or R (for RNA-seq and ChIP-seq). Data are presented as mean +
standard error of the mean (SEM). If data were normally distributed and with similar
variances, Student’s t test (parametric) was used to compare the difference between two
groups, and one-way ANOVA followed by Tukey’s post hoc analysis or two-way ANOVA
followed by Holm-Sidak post hoc analysis were performed for comparison among three or
more groups. For data that did not pass the normality test, Mann-Whitney test
(nonparametric), Chi-squared analysis (distribution) or Mantel-Cox test (survival
percentage) were used to compare differences between the two groups. Results with p < 0.05
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were considered as statistically significant. All results are representative of at least 3
independent experiments.

Results

BAF60a is Highly Expressed in Human and Murine AAA Lesions

We first compared the expression of BAF60a in human AAA samples and normal abdominal
aortic tissues (Table I in the online-only Data Supplement) by quantitative real-time PCR
(gPCR) and Western blot, and the results showed significantly increased BAF60a mMRNA
and protein abundance in aneurysmal lesions (Figure 1A, Figure I-A in the online-only Data
Supplement). The upregulated BAF60a expression in human AAA was also confirmed by
immunofluorescence staining (Figure 1B). We also assessed BAF60a levels in two distinct
murine AAA models. In the Angll model2® using adeno-associated virus (AAV) carrying a
gain-of-function mutation of the mouse proprotein convertase subtilisin/kexin type 9 (AAV-
Pcsk9.D377Y, hereafter AAV-Pcsk9) (Figure 1-B in the online-only Data Supplement), both
the MRNA and the protein levels of BAF60a exhibit a significant increase in mouse AAAS
(Figure 1C and 1D). We then monitored BAF60a abundance during the pathogenic process
of elastase-induced AAA by immunofluorescence staining (Figure I-C in the online-only
Data Supplement). Similarly, increased expression of BAF60a was observed at 7 and 14
days after elastase exposure (Figure 1E). Altogether, these data indicate a potential
pathogenic role of BAF60a in AAA development.

BAF60a Deficiency in VSMCs Attenuates Angll- and Elastase-Induced Murine AAA
Formation

VSMCs play a crucial role in maintaining vascular homeostasis, and their dysfunction is a
hallmark of AAA.34 To determine the function of BAF60a in the pathogenesis of AAA, we
generated VSMC-specific BAF60a knockout mice (BAF60aSMKO) by crosshreeding
BAF60a floxed mice (BAF60af") with SMMHC-CreERT2 mice followed with tamoxifen
induction (Figure 11-A in the online-only Data Supplement). BAF60a knockout efficiency
was verified by gPCR and Western blot (Figure 11-B and 11-C in the online-only Data
Supplement), with some remaining signal likely from adventitia and endothelium. Next, 8 to
10 weeks old male BAF60aff and BAF60aSMKO mice were subjected to Angll-induced
AAA formation (Figure I11-A in the online-only Data Supplement) or sham treatment. No
significant differences were found in survival rate, systolic blood pressure, body weight,
serum total cholesterol and total triglyceride levels between Angll infused BAF60af and
BAF60aSMKO mice (Figure 111-B through 111-F and Table 11 in the online-only Data
Supplement). In sham control groups, no mice developed AAA (Figure 111-G through Il1-1 in
the online-only Data Supplement). In the presence of Angll, a 57.14% AAA incidence was
observed in BAF60a’f mice, while only 8.33% of BAF60aSMKO mice developed aneurysms
in their suprarenal aortas (Figure 2A and 2B). Furthermore, Angll-infused BAF60aSMKO
mice showed a significant decrease in maximal outer diameters compared with BAF60a/f
mice (BAF60af 1.41 + 0.09mm vs. BAF60aSMKO 1,05 + 0.05mm, £=0.0001, Figure 2C).

To further demonstrate the role of VSMC-specific BAF60a deletion in attenuating AAA
formation, the elastase-induced aneurysm model?2: 23 was performed on 10 to 12 weeks old
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male BAF60af and BAF60aSMKO mice (Figure IV-A in the online-only Data Supplement).
Fourteen days after elastase exposure, systolic blood pressure, body weight, serum total
cholesterol, and serum triglyceride levels were comparable between the two groups (Figure
IV-B through IV-E and Table 111 in the online-only Data Supplement). No mice developed
AAA after exposure to the heat-inactivated elastase (Figure V-A through V-C in the online-
only Data Supplement). However, and consistent with the Angll model, BAF60a depletion
in VSMCs significantly reduced elastase-induced AAA incidence (BAF60aff 72.22% vs.
BAF60aSMKO 6 67%, p=0.0002, Figure V-D and V-E in the online-only Data Supplement)
and maximal infrarenal aortic diameter (BAF60a'f 0.83 + 0.04mm vs. BAF60aSMKO 0,58 +
0.02mm, p<0.0001, Figure V-F in the online-only Data Supplement).

BAF60a Deficiency in VSMCs Reduces ECM Degradation in AAA Lesion

Elastin fragmentation is well recognized to play a pivotal role in aortic wall dilation and can
be detected through Verhoff Van Gieson staining.2> No elastin breakage was identified in
either suprarenal or infrarenal aortic sections from mice subjected to control treatment in
each model (Figure VI-A and VI-B in the online-only Data Supplement). Notably,
BAF60aSMKO mice were protected from severe ECM degradation induced by Angll infusion
(Figure 2D; Figure VII-A in the online-only Data Supplement) or elastase exposure (Figure
VI11-B and VII-C in the online-only Data Supplement), when compared to the BAF60af!/fl
mice, indicating a reduced level of protease production or activity.

We then checked the expression of several proteolytic cysteine cathepsins reported to
contribute to the pathogenesis of AAA3® in the medial layer of aortas harvested from the
Angll-induced AAA model. Notably, the mRNA level of cathepsin S, encoded by the C7S5S
gene, was significantly downregulated in aortas from BAF60aSMKO mice compared with
BAF60a’" mice (Figure 2E). This finding was confirmed by RNAscope assay, a novel RNA
in situhybridization technology using specific probes to measure gene expression within
tissues.28 Abundant brown staining representing Ctss RNA was detected in the aortic
sections of BAF60a’f mice, mainly located in the media and adventitia, while the equivalent
aortic area from BAF60aSMKO mice demonstrated faint staining with a reduction in both the
amount and density of the punctate signals (Figure 2F). Furthermore, deletion of BAF60a in
VSMCs largely inhibited the aneurysm-associated increase3® in cathepsin S protein
expression as indicated by Western blot (Figure 2G).

Next, we investigated the effect of BAF60a depletion in VSMCs on matrix
metalloproteinases (MMPSs) expression, specifically MMP2 and MMP9, two well-
recognized members of MMP family reported to contribute to the ECM degradation during
AAA formation.38: 37 gPCR showed that the mMRNA abundance of MMP9, not MMP2, was
significantly decreased in the aortic media of Angll-infused BAF60aSMKO mice (Figure VII-
D in the online-only Data Supplement). Immunofluorescence staining further confirmed the
reduction of MMP9 in the tunica media of the abdominal aortas of Angll and elastase
treated BAF60aSMKO mice (Figure VII-E and VII-F in the online-only Data Supplement).
Interestingly, reduced signals for both MMP9 and MMP2 were noted in the adventitia of the
abdominal aortas of BAF60aSMKO mice. Given that macrophages are a major source of
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MMPs, the discrepancy between MMP2 qPCR and immunofluorescence staining may be
due to suppressed recruitment of immune cells into the aortic wall of BAF60aSMKO mice.

BAF60a Deficiency in VSMCs Suppresses inflammatory response in AAA Lesion

To explore whether the protective effect of VSMC-specific BAF60a knockout in AAA
development is related to reduced immune cell recruitment, flow cytometry analysis was
performed on single cells isolated from abdominal aortas.38 There was no significant
difference in the proportions of CD45+ leukocytes and CD11b*/F4/80* macrophages
between BAF60a’f and BAF60aSMKO mice subjected to control treatment (Figure VIII-A
through VI1II-F in the online-only Data Supplement). However, upon exposure to Angll or
elastase, significantly decreased numbers of CD45* leukocytes and CD11b*/F4/80*
macrophages were noticed in BAF60aSMKO aortas (Figure 2H through 2J; Figure IX-A
through IX-C in the online-only Data Supplement). Further immunofluorescence staining of
Mac2 confirmed the attenuated macrophage accumulation in the aortic wall of BAF60aSMKO
mice compared with BAF60a’f mice (Figure 2K; Figure IX-D in the online-only Data
Supplement). Systemic inflammatory response was then determined by ELISA measuring
the concentration of circulating monocyte chemoattractant protein-1 (MCP-1/CCL2) and
interleukin-6 (IL-6), two inflammatory cytokines that were reported as elevated in human
AAA disease.® 39 In the Angll model, the serum MCP-1 concentration in BAF60aSMKO
mice was significantly lower compared with that in BAF60a’f mice (Figure 2L); the serum
IL-6 level was also decreased in BAF60aSMKO mice, although without statistical
significance due to wide variation (Figure 2M). In elastase-induced AAA model, however,
circulating MCP-1 and IL-6 concentration were not significantly changed in the
BAF60aSMKO mice (Figure IX-E and IX-F in the online-only Data Supplement), likely as a
result of the highly localized nature of the stimulus in this model.

BAF60a Regulates Vascular Smooth Muscle Cell Inflammation

To further explore the molecular mechanisms underlying the function of BAF60a in AAA
development, small interfering RNA (siRNA) was used to knockdown BAF60a (siBAF60a)
in cultured human aortic smooth muscle cells (HASMCs) (Figure 3A), and RNA sequencing
was performed to uncover the transcriptomic changes relative to HASMCs transfected with
control siRNA (siControl). Gene Set Enrichment Analysis (GSEA)3! was employed to
search for overrepresented pathways across the Molecular Signatures Database (MSigDB)
and the top ten up-regulated and down-regulated HALLMARK pathways are listed (Figure
X-A and Table 1V in the online-only Data Supplement). Notably, inflammatory response and
TNFa signaling via NF-xB were highly enriched as the top two down-regulated pathways in
HASMCs transfected with siBAF60a, indicating suppressed inflammation upon BAF60a
knockdown in VSMCs (Figure 3B). Decreased expression of several pro-inflammatory
cytokines regulated by NF-xB (nuclear factor kappa-light-chain-enhancer of activated B
cells) (Figure X-B and Table V-a in the online-only Data Supplement) was validated through
gPCR (Figure 3C). Silencing of BAF60a in HASMCs decreased TNFa (tumor necrosis
factor alpha)-induced MCP-1 secretion to the culture medium, as determined by ELISA
(Figure 3D). Consistently, macrophage migration assay2 also indicated a decreased level of
cytokine secretion, as demonstrated by significantly reduced recruitment of RAW264.7 cells
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(a mouse macrophage cell line) towards the conditioned medium of BAF60a-deficient
HASMCs (Figure 3E).

As a complementary approach, BAF60a was overexpressed in HASMCs (Figure X-C in the
online-only Data Supplement) followed by RNA sequencing. GSEA uncovered that the
inflammatory response and TNFa signaling via NF-xB pathways are highly enriched in the
BAF60a-overexpressing HASMCs (Figure 3F and Table VI in the online-only Data
Supplement). Moreover, BAF60a overexpression upregulated the mRNA levels of several
NF-xB target genes encoding pro-inflammatory cytokines (Figure X-D and Table V-b in the
online-only Data Supplement) and enhanced macrophage migration (Figure 3G). Taken
together, these data indicate that BAF60a induces VSMC inflammatory response.

BAF60a Regulates Cathepsin S Expression in VSMCs

RNA-seq in HASMCs also indicated an alteration in the mRNA levels of various cathepsins
upon BAF60a knockdown and overexpression (Table VII in the online-only Data
Supplement). Notably, cathepsin S expression was significantly down-regulated (log, fold
change = —1.080, adjusted p value = 2.5E-21) in BAF60a deficient HASMCs, while up-
regulated in BAF60a-overexpressing HASMCs (log, fold change = 1.430, adjusted p value =
5.1E-4), which was later confirmed by gPCR (Figure 4A and Figure 4B), respectively.
Furthermore, TNFa stimulation upregulated cathepsin S protein level in cultured HASMCs,
while knockdown of BAF60a significantly reduced cathepsin S protein expression (Figure
4C). Consistently, silencing of BAF60a decreased the concentration of cathepsin S secreted
into the culture media of HASMC:s either in the presence or absence of TNFa., as measured
by ELISA (Figure 4D).

BAF60a is Required for SWI/SNF Recruitment to the Promoters of NF-xB Target Genes

As the NF-xB family of transcription factors plays a central role in inflammatory gene
expression during immune response, regulation of the NF-xB pathway is crucial to maintain
cellular homeostasis upon environmental stimuli. Consistent with BAF60a’s role in
regulating transcription at the chromatin level, its deficiency in cultured HASMCs did not
alter the rapid nuclear translocation of NF-xB subunit p65 (RelA) after TNFa stimulation
(Figure XI-A and XI-B in the online-only Data Supplement). To address whether BAF60a
mediates SWI/SNF-dependent chromatin remodeling to facilitate NF-xB target gene
transcription,*% chromatin immunoprecipitation followed by sequencing (ChIP-seq) was
performed for BRG1 in HASMCs transfected with either siBAF60a or siControl. In this
study, 8699 genome-wide binding sites for BRG1 were discovered (Figure 5A). Compared
with the siControl group, BAF60a knockdown in HASMCs resulted in significantly
decreased BRG1 genomic binding (Figure 5A; Figure XII-A in the online-only Data
Supplement), without altering the protein abundance of BRG1 or other core SWI/SNF
subunits (Figure XI1-B in the online-only Data Supplement). Next, we plotted the binding of
BRG1 within a £3kb region surrounding the transcription start site (TSS) of NF-xB target
genes, according to a recently published database (http://www.bu.edu/nf-kb/gene-resources/
target-genes/). Similarly, knockdown of BAF60a in HASMCs resulted in a significantly
decreased enrichment of BRG1 around the TSS of NF-xB target genes (Figure 5B). Through
ChiIP-seq, we also examined changes in the histone modification markers H3K9Ac and
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H3K27Ac, two chromatin signatures reported to be enriched at active promoters.#1: 42 A
decreased binding of H3K9Ac was identified around the TSS of NF-xB target genes, in
concert with the impaired activation of the NF-xB pathway (Figure 5C). Additionally, we
performed ChIP assay in primary aortic smooth muscle cells?’ isolated from BAF60af/f and
BAF60aSMKO mice, and reduced binding of BRG1 was identified in the promoters of several
NF-xB target genes (Figure 5D; Figure XI1-C in the online-only Data Supplement).

To further explore the mechanism of BAF60a-dependent regulation of cathepsin S
expression, we analyzed the BRG1 ChIP-seq data and identified a significantly reduced
signal at the promoter region of the C75S gene upon knockdown of BAF60a in HASMCs
(Figure 5E). Similarly, silencing of BAF60a resulted in a suppressed enrichment of the
activation histone marker H3K9Ac within the CT7SS promoter (Figure 5E), indicating
impaired transcription. Interestingly, an NF-xB binding site was found to reside within the
BRG1 peak by MatlInspector®3 in the human C75S promoter, and a reduced binding of
BRGL1 to this NF-xB site was confirmed in HASMCs transfected with siBAF60a (Figure
XI1I-D in the online-only Data Supplement). In parallel, attenuated recruitment of BRG1 to
the corresponding NF-xB binding site in the mouse Ctss promoter was validated by ChIP
assay in primary aortic smooth muscle cells isolated from BAF60aSMKO mice compared
with BAF60a" mice (Figure X11-E in the online-only Data Supplement). Further
investigation uncovered that p65 accumulation to the C75S promoter induced by TNFa was
significantly dampened upon silencing of BAF60a in VSMCs (Figure 5F). These data define
CT75Sas a novel direct target of p65 regulated by BAF60a-dependent recruitment of the
SWI/SNF complex to the promoter.

As one of the best-characterized co-factors of NF-xB, p300, a member of the histone
acetyltransferase (HAT) family, is associated with increased transcription of inflammatory
response genes.** Besides, previous reports have demonstrated a physical interaction
between the SWI/SNF complex and p300, suggesting a synergistic role of these chromatin
remodelers in modulating transcription factor accessibility.*> 46 Consequently, we
performed co-immunoprecipitation (co-1P) and found that p300 interacts with both BAF60a
and BRG1 in cultured HASMCs (Figure 5G). Direct interaction between BAF60a and p300
was further confirmed by using a promiscuous biotin ligase-BirA*-fused to the BAF60a
protein,*” BAF60a-BirA*, stably expressed in A7r5 cells (a rat aortic smooth muscle cell
line). We found that p300 interacting with BAF60a-BirA* was labeled with biotin and
immunoprecipitated by streptavidin (Figure XII1-A and XI111-B in the online-only Data
Supplement). Furthermore, knockdown of BAF60a in HASMC:s significantly reduced the
interaction between p300 and BRG1 (Figure 5H), which may serve as an explanation to the
reduced histone acetylation. In addition, the attenuated interaction between p300 and BRG1
was further identified in primary aortic smooth muscle cells isolated from BAF60aSMKO
mice compared with BAF60a’f mice (Figure XI11-C in the online-only Data Supplement).
Collectively, these data indicate that BAF60a is required for SWI/SNF recruitment in
mediating NF-xB target gene expression in VSMC inflammation.

In summary, our data provide evidence that loss of BAF60a in VSMCs impaired NF-xB
transcriptional activity and reduced cysteine protease cathepsin S expression, thus
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contributing to protect from AAA formation by simultaneously inhibiting ECM degradation
and reducing the overall inflammatory response.

Discussion

Although the SWI/SNF chromatin remodeling complex has been demonstrated to be an
important regulator of many chromatin accessibility checkpoints for maintaining cellular
homeostasis in various human diseases,® ? its role in the biology and pathophysiology of the
vasculature remains largely unknown. The mutually exclusive incorporation of BAF60
family members (BAF60a, b and c) into distinct SWI/SNF complexes suggests different
biological functions. Thus, BAF60a regulates fatty acid oxidation and cholesterol
homeostasis, while BAF60c is involved in glucose metabolism in liver and muscle.*8
BAF60a is the only 60-kDa subunit involved in all three mammalian SWI/SNF assemblies
including canonical BAF (cBAF), polybromo-associated BAF (PBAF) and non-canonical
BAF (ncBAF)*9. However, its role in vascular biology remains unexplored. Our results here
show that loss of BAF60a in VSMCs protected mice from Angll- and elastase-induced AAA
formation by suppressing vascular inflammation and ECM degradation, which sheds new
light on the molecular mechanisms of this disease. In this study, BAF60a was found to be
required for recruiting the catalytic subunit BRG1 of the SWI/SNF complex to the promoter
of NF-xB target genes, underscoring a critical role of BAF60a in regulating VSMC
inflammatory response. Furthermore, we uncovered that NF-xB regulates the expression of
cathepsin S in a BAF60a-dependent fashion, thus providing the first evidence that NF-xB
and BAF60a regulate concurrently the VSMC inflammatory response and the ECM
remodeling, two hallmark features of AAA.

The transcription factors of the NF-xB family regulate a large fraction of the inflammatory
transcriptome. According to the kinetics of transcriptional activation, NF-xB target genes
can be divided into two classes: primary response genes with chromatin landscape poised for
immediate activation, such as 7A/F, and secondary response genes with delayed
transcription, such as most of the cytokines and chemokines, with promoters that are
frequently found to contain a positioned nucleosome overlapping the TATA box.%0 In this
scenario, chromatin remodelers, such as the SWI/SNF complex which alters DNA/histone
contacts, are essential to increase the accessibility for transcription. BRG1, the catalytic
subunit of the SWI/SNF complex, contains a DNA dependent ATPase domain and was
shown to cooperate with other co-factors such as histone acetyltransferase (HAT) to
configure the chromatin and facilitate NF-xB target gene expression.#? In this study, by
performing ChlP-seq, we identified BAF60a as a bridge able to recruit BRG1 in the
SWI/SNF complex to the transcriptional target genes of NF-xB. Silencing of BAF60a in
HASMCs resulted in a noticeable decrease in BRG1 genome-wide occupancy, especially
within a 6-kb region around the transcriptional start site of NF-xB-dependent secondary
response genes, without altering the expression of primary response genes. As one of the
best-characterized co-factors of NF-xB, p300 functions as an acetyltransferase to enhance
transcriptional activity through acetylation of p65 and histones residing in the promoters.4!
Acetylated p65 presents stabilized binding to DNA and suppresses interaction with IkBa.,
leading to enhanced NF-xB transcription activation.*# Interestingly, in this study, we
identified a physical interaction between BAF60a and p300. Based on our observations, we

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chang et al.

Page 12

propose a novel model for the BAF60a-dependent regulation of NF-xB transcription of
inflammatory genes (mainly secondary response genes) where BAF60a plays a central role
in linking NF-xB transcriptional co-factors with the SWI/SNF chromatin remodeling
complex (Figure 6).

In summary, through the use of VSMC-specific BAF60a-deficient mice in Angll- and
elastase-induced murine aneurysm models, our study demonstrates for the first time that
BAF60a regulates inflammatory signaling and cysteine protease cathepsin S expression in
VSMCs, crucial in AAA development. Mechanistically, BAF60a regulates inflammatory
gene expression in VSMCs by recruiting the SWI/SNF chromatin remodeling complex to
the promoter of NF-xB target genes and by interacting with the NF-xB transcriptional co-
factor p300. Of relevance, it is remarkable that targeting of individual genes or pathways
have failed to translate into clinically relevant drugs so far. A coordinated, genome-wide
chromatin remodeling, such as that uncovered here for BAF60a, in response to the stimuli
from AAA risk factors, could help explain the paucity of favorable results for targeted
treatments in AAA. As local and tissue-specific delivery strategies continue to develop,
inhibition of VSMC BAF60a may eventually contribute to the pharmacological treatment of
AAA and other inflammatory diseases of the vascular wall.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
. BAF60a is upregulated in human and experimental murine abdominal aortic
aneurysm (AAA) lesions.
. BAF60a plays a critical role in regulating vascular smooth muscle cell

(VSMC) inflammation and extracellular matrix degradation.

. VSMC-specific knockout of BAF60a attenuates both Angll- and elastase-
induced murine AAA formation.
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Figure 1. BAF60a is upregulated in human and murine AAA lesions.
A, BAF60a mRNA expression was determined by qPCR in human AAA lesions (n=10) and

control abdominal aortas (n=10). B, Representative immunofluorescence staining of
BAF60a (green) in human AAA samples (n=3) and control abdominal aortas (n=3). SM22a,,
red; DAPI blue. Scale bar=20 um. For the images, the upper side is the adventitial side and
lower side is the lumen side. C-D, Relative BAF60a mRNA and protein levels were
determined by qPCR (C, n=6 for each group) and Western blotting (D, n=4 for each group)
in abdominal aortas of C57BL/6J mice infused with saline or Angll for 28 days. E,
Representative immunofluorescence staining of BAF60a (red) in the infrarenal abdominal
aortas of C57BL/6J mice at 0, 7, or 14 days after elastase exposure (n=3 for each group).
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SM22a., green; DAPI, blue. Scale bar=100 um; L, lumen. Data are presented as mean=SEM.
Student’s t-test for A, C and D.
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Figure 2. VSMC-specific BAF60a knockout attenuates Angll-induced AAA in mice.
In the Angll-induced AAA model, 8 to 10 weeks old male BAF60aff (n=24) and

BAF60aSMKO (n=25) mice were given AAV-Pcsk9 (i.p.) and Western diet to generate
hypercholesterolemia followed by Angll (1,500 ng/kg/min) infusion for 28 days. A,
Representative morphology of aortas. B, Incidence of AAA,; rupture events in the thoracic
aorta were excluded from the AAA incidence. C, Quantification of maximal external
diameters of suprarenal abdominal aortas. D, Representative images of Verhoff Van Gieson
staining in suprarenal abdominal aortic sections and quantification analysis of elastin
fragmentation (n=9 for each group). Scale bar=100 um. E, Cathepsin S mRNA expression
was determined by gPCR in the aortic RNA extracts (n=6 for each group). F, Representative
images of RNAscope /n situ hybridization assay to detect Cathepsin S mRNA in aortic
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sections (n=3 for each group). Scale bar=100 um. G, Cathepsin S protein level was
determined by Western blot in abdominal aortic protein extracts (n=3 for each group). H-J,
Single cells were isolated from abdominal aortas of BAF60a’f (n=3) and BAF60aSMKO
(n=3) mice after 28 days of Angll infusion and subjected to flow cytometry analysis. H,
Representative dot plots showing the gating strategy to obtain the macrophage population
(CD11b*F4/80™) from gated CD45* leukocytes. 1, Quantitative analysis of the percentage of
CD45™" leukocytes. J, Quantitative analysis of the percentage of CD11b*F4/80*
macrophages. K, Representative images of Mac2 staining (red) and quantification analysis
of Mac2* fraction in abdominal aortas of BAF60af (n=5) and BAF60aSMKO (n=5) mice.
Scale bar=100 pm; L, lumen. L-M, Serum concentrations of MCP-1 (BAF60a, n=16;
BAF60aSMKO n=12) (L) and IL-6 (BAF60af, n=16; BAF60aSMKO, n=10) (M) were
determined by ELISA. Data are presented as mean + SEM. Chi-squared test for B, Mann-
Whitney test for C, Student’s t-test for D, E, G, and I-M.
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Figure 3. BAF60a regulates vascular smooth muscle cell infl

set

ammation.

A-B, HASMCs were transfected with siControl or siBAF60a (30 nM). After 72 hours, total
RNA was extracted for RNA-seq (n=3 for each group). A, BAF60a mRNA expression was
determined by gPCR. B, Negative enrichment in the pathways for Inflammatory Response
(left) and the TNFa Signaling via NF-xB (right) is shown in GSEA plots (siBAF60a vs.
siControl). C, qPCR Validation of representative NF-xB target genes identified by RNA-seq
in 3 independent sets of samples treated as in A. n=3 for each group. D, MCP-1

concentration was measured by ELISA in the cell culture

medium of HASMCs transfected

with siControl or siBAF60a for 48 hours followed by treatment with or without TNFa (20

ng/ml, 24h). n=3. E, Representative images (magnified fi
(right) of the macrophages migrated through the transwel

eld, left) and quantitative analysis
| toward the conditioned media
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from HASMCs transfected with siControl or siBAF60a, with or without TNFa stimulation
(20 ng/ml, treated for 4 hours before changing to fresh medium and incubated for another 20
hours). n=3. Scale bar=100 um. F, HASMCs were infected with AdGFP or AdBAF60a (20
MOI). After 48 hours, total RNA was extracted for RNA-seq (n=3 for each group). Positive
enrichment in the Inflammatory Response (left) and the TNFa Signaling via NF-xB (right)
pathways is shown in GSEA plots (AdBAF60a vs. AJGFP). G, quantitative analysis of the
macrophages migrated through the transwell toward the conditioned media from HASMCs
infected with AAGFP or ADBAF60a, with or without TNFa stimulation (20 ng/ml, treated
for 4 hours before changing to fresh medium and incubate for another 20 hours). n=3. Data
are presented as mean + SEM. *p< 0.05. Student’s t-test for A, one-way ANOVA followed
by Tukey’s post hoc analysis for C, and two-way ANOVA followed by Holm-Sidak post hoc
analysis for D-E and G.
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Figure 4. BAF60a regulates cathepsin S expression in VSMCs.
A, HASMCs were transfected with siControl or siBAF60a (30 nM). After 72 hours, CTSS

mMRNA expression was determined by gPCR. n=3. B, HASMCs were infected with AdGFP
or AdBAF60a (30 MOI). After 48 hours, CTSS mRNA expression was determined by
gPCR. n=3. C-D, HASMCs were transfected with siControl or siBAF60a (30 nM). After 48
hours, cells were treated with or without TNFa (20 ng/ml) for 24h. C, Cathepsin S protein
level was determined by Western blot. n=3. D, Cathepsin S concentration in the culture
medium was measured by ELISA. n=3. Data are presented as mean + SEM. Student’s t-test
for A-B, two-way-ANOVA followed by Holm-Sidak post hoc analysis for C-D.
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Figure 5. BAF60a is required for SWI/SNF recruitment to the promoters of NF-xB target genes.
A-C and E, HASMCs were transfected with siControl or siBAF60a (30 nM). After 72

hours, ChIP-seq was performed for BRG1, H3K9Ac and H3K27Ac. A, BRG1 genomic
binding on target sites within a £2kb range centered on each peak is presented by a heatmap.
B, Histogram of ChlP-seq reads of BRG1 +3kb surrounding the TSS of NF-xB target genes.
C, Normalized ChiIP-seq reads of BRG1, H3K9Ac and H3K27Ac in the CXCL6 gene
promoter and coding region are shown in IGV. D, BRG1 binding on the NF-xB binding site
located in the mouse Cxc/6 promoter was detected by ChlP assay in primary aortic smooth
muscle cells isolated from abdominal aortas of BAF60af and BAF60aSMKO mice. n=3. E,
Normalized ChlP-seq reads of BRG1, H3K9Ac and H3K27Ac around the TSS of the C75S
gene shown in IGV. F, p65 binding on the NF-xB binding site located in the C75S promoter
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was detected by ChlIP assay in HASMCs transfected with 30 nM siControl or siBAF60a for
72h followed by 1h treatment with TNFa (20 ng/ml). n=3. G, Physical interaction between
p300, BRG1, and BAF60a in cultured HASMCs was detected by Co-IP. IgG was used as a
negative control. n=3. H, HASMCs were transfected with siControl or siBAF60a (30 nM).
After 72 hours, physical interaction between p300 and BRG1 was detected by Co-IP. IgG
was used as a negative control. n=3. Data are presented as mean + SEM. Two-way-ANOVA
followed by Holm-Sidak post hoc analysis for D and F.
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Figure 6. Schematic model of BAF60a regulation of VSMC inflammation and ECM degradation
in AAA development.

VSMC, vascular smooth muscle cells; ECM, extracellular matrix; MMPs, matrix
metalloproteinases.
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