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Abstract

Background: Aortic root smooth muscle cells (SMC) develop from both the second heart field
(SHF), and neural crest (NC). Disparate responses to disease-causing Fbn1 variants by these
lineages are proposed to promote focal aortic root aneurysm formation in Marfan syndrome
(MFS), but lineage-stratified SMC analysis /n vivo is lacking.

Methods: We generated SHF lineage-traced MFS mice and performed integrated multiomic
(single-cell RNA and ATAC sequencing) analysis stratified by embryologic origin. SMC subtypes
were spatially identified via RNA /n situ hybridization. Response to 7W/ST1 overexpression was
determined via lentiviral transduction in human aortic SMCs.

Results: Lineage stratification enabled nuanced characterization of aortic root cells. We
identified heightened SHF-derived SMC heterogeneity including a subset of 7nnt2-expressing
cells distinguished by altered proteoglycan expression. MFS aneurysm-associated SMC
phenotypic modulation was identified in both SHF-traced and non-traced (NC-derived) SMCs
however transcriptomic responses were distinct between lineages. SHF-derived modulated SMCs
overexpressed collagen synthetic genes and small leucine-rich proteoglycans while non-traced
SMCs activated chondrogenic genes. These modulated SMCs clustered focally in the aneurysmal
aortic root at the region of SHF/NC lineage overlap. Integrated RNA-ATAC analysis identified
enriched 7wistl and Smaad2/3/4 complex binding motifs in SHF-derived modulated SMCs.
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TWIST1 overexpression promoted collagen and SLRP gene expression /n vitro, suggesting
TWIST1 may drive SHF-enriched collagen synthesis in MFS aneurysm.

Conclusions: SMCs derived from both SHF and NC lineages undergo phenotypic modulation

in MFS aneurysm but are defined by subtly distinct transcriptional responses. Enhanced TWIST1
transcription factor activity may contribute to enriched collagen synthetic pathways SHF-derived
SMCs in MFS.
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Introduction:

Thoracic aortic aneurysm (TAA) and the attendant risk of acute dissection remain significant
clinical challenges without effective medical therapies. Monogenic hereditary thoracic aortic
aneurysm syndromes such as Marfan syndrome (MFS) and Loeys-Dietz syndrome account
for a minority of TAA patients but represent highly penetrant and clinically severe variants
within a spectrum of heterogeneous clinical presentations. MFS is characterized by diffuse
connective tissue pathology resulting from mutations in the extracellular matrix glycoprotein
fibrillin-1 (FBNI)L. Intriguingly, although the biological effects of these genetic variants

are systemic, MFS patients typically develop focal aortic root aneurysm while the adjacent
ascending aorta and arch remain normal caliber. While the mechanisms behind this remain
unclear, we hypothesize that disparate responses by aortic root SMCs arising from distinct
embryologic origins (namely cardiac second heart field ‘SHF’ proximally and neural

crest ‘“NC’ distally)?—* may represent a key feature in disease susceptibility.> Previous
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studies using induced pluripotent stem cell models of aortic SMC development provide /in
vitro proof-of-concept for embryologic origin-specific pathology in cell lines with disease-
causing FBN variants®’ and SMAD3 loss-of-function®. Further, aortic SMCs demonstrated
distinct, lineage-specific TGF-B responsiveness in a murine Loeys-Dietz syndrome model®.
Despite this progress, the impact of embryologic origin on global SMC phenotype evolution
during thoracic aortic aneurysm development /77 vivo remains incompletely characterized.

We recently reported dynamic SMC transcriptomic changes during aortic aneurysm
formation in MFS at single-cell resolution, highlighting gradually reduced contractile gene
expression and mixed synthetic/proteolytic pathway activation.19 Given the preponderance
of SHF-derived SMCs within the aneurysmal aortic root, we hypothesized that the SMC
subset destined for this modulated phenotype may derive specifically from SHF progenitors.
Here, to specifically test this theory, we generated a novel SHF lineage-traced MFS mouse
model and applied integrated single cell transcriptomics/epigenomics to rigorously parse
the influence of embryologic origin on SMC phenotype modulation during MFS aortic root
aneurysm development.

Data Availability

All scRNAseq data (raw FASTQ and processed gene expression matrices) have been
made publicly available at the gene expression omnibus (GEO) repository under accession
GSE186845.

Statistical Analysis

For data with continuous variables from non-omics assays (echocardiography and RT-
gPCR), normality of the distributions were assessed before testing. Data were first assessed
for deviation from normality using the Shapiro-Wilk test in GraphPad. If no significant
deviation from normal distribution was identified then parametric tests were used to
improve statistical efficiency. Equal variance among groups was not assumed, therefore
Brown-Forsythe and Welch ANOVA testing was performed using the Dunnett T3 multiple
comparisons test. Adjusted p values <0.05 were considered statistically significant. RT-
gPCR data from cultured cells was analyzed using four paired technical replicates from two
separate human subjects (biological replicates). Relative expression values were determined
by the ACT method using GAPDH as a housekeeping gene, where expression relative

to GAPDH was calculated as 2-(CT(@ene)-CT(GAPDH)) For experiments with sample size

less than n=4, non-parametric (Kruskal-Wallis test followed by Dunn’s test for multiple
comparisons) was used.

For single cell RNA and ATAC data, pairwise Wilcoxon rank-sum testing was applied
between biologic groups wherever differential expression testing is described in the text.
P values were adjusted for multiple comparisons using the Bonferroni method, adjusted p
values <0.05 were considered significant.
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Mouse Models

All animals were maintained according to protocols prospectively approved by the
Institutional Animal Care and Use Committee. All models were maintained on

the C57BL/6J background. Nkx2-5"RES-CTe (strain #024637) and fluorescent reporter
RosatdTomato/tdTomato (strajn #007909) mice were purchased from the Jackson Laboratory
(Bar Harbor, ME) and successively crossed with £6n1¢2041G/* Marfan mice (strain
#012885) to generate experimental mice. Each allele was genotyped using sequence-specific
PCR primers. Marfan (Fbn1¢1041G/#) and littermate control (Fbn1*/*) mice from the same
breeding pairs were utilized for all experiments.

Transthoracic Echocardiography

Mice were anesthetized with inhaled isoflurane and prepared for echocardiography as
previously described.10 Briefly, replicate end-diastolic aortic root measurements were taken
in long axis with an MS700 70 MHz MicroScan transducer on the Vevo 2100 system
(VisualSonics, Toronto, Canada) by a blinded technician.

Aortic Tissue scRNAseq/scATACseq

Detailed methods for multiomic data acquisition and analysis are available in the
Supplemental Materials.

Aortic histologic tissue preparation

Mice were anesthetized with inhaled isoflurane followed by cervical dislocation. Tissue
fixation was achieved via whole-body perfusion with 10 mL of fresh 4% paraformaldehyde
in PBS through left ventricular puncture. The aortic root was then resected en b/oc with

the left ventricular outflow tract and severed at the level of the transverse arch. Tissues

were further fixed in 4% paraformaldehyde overnight then passed through a sucrose gradient
and embedded in optimal cutting temperature (OCT) compound in either long or short axis
orientation. Tissue blocks were then preserved at —80 degrees Celsius until cryosectioning at
10uM thickness.

RNA In Situ Hybridization

Auortic tissue sections were briefly dried at room temperature, rehydrated in PBS,

and prepared for RNA hybridization via on-slide fixation with 4% paraformaldehyde,
dehydration in ethanol, heat-activated target retrieval and protease treatment according

to the RNAscope protocol (ACD Bio, Newark, CA). Sections were then incubated with
sequence-specific probes for genes of interest (td7omato, Igfbp2, Thnt2) followed by
serial amplification probes using the chromogenic red and duplex chromogenic RNAscope
procedure kits according to supplier specifications. Following chromogenic detection,
sections were counterstained with 50% hematoxylin and coverslipped with Vectamount
media (\Vector Laboratories, Burlingame, CA).

Western Blotting

Tissue samples were snap frozen in liquid nitrogen immediately after dissection. Aortic
segments were suspended in tissue protein extraction reagent (T-PER, ThermoFisher
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Scientific) and homogenized with a rotor-stator homogenizer. Lysates were centrifuged at
21,000xg to remove debris and supernatants were concentrated using an Amicon Ultra
10K 0.5mL spin column (EMD Millipore). Protein concentrations were determined via
bicinchoninic acid assay (Thermo Scientific, Waltham, MA). 8ug of protein in Laemmli
sample buffer with 5% 2-mercaptoethanol were prepared for each sample and were
denatured at 95°C for 5 minutes. The proteins were loaded on 4-15% polyacrylamide

gels (Bio-Rad Laboratories), separated onto gels by SDS-PAGE, and then transferred

to nitrocellulose membranes (Thermo Scientific). After 30 minutes of blocking with

5% wi/v bovine serum albumin in TBS, the membranes were incubated with primary
antibodies overnight at 4°C to detect: Twistl (1:500, Proteintech, Rosemont, IL),

and p -Tubulin (1:500, Cell Signaling Technology, Boston, MA) as loading control.
Secondary anti-rabbit HRP (1:3000, Cell Signaling Technology) was used to detect primary
immuno-complexes. Detection was performed using an enhanced chemiluminescent (ECL)
horseradish peroxidase (HRP) substrate (Thermo Scientific). Intensities of bands were
measured by densitometry scanning using ImageJ software (National Institute of Health,
Bethesda, MD).

Human aortic SMC tissue culture

Results:

All studies conducted on samples from human subjects were approved by the IRB and
prospective informed consent was obtained. Human aortic tissue was processed for SMC
culture as described previously.1! Briefly, aortic tissues were collected from the operating
room immediately upon surgical resection and maintained in cold Hanks balanced salt
solution (HBSS). Tissues were then dissected to remove the intimal and adventitial layers
completely. The tunica media was then finely minced and placed in aortic smooth muscle
cell media (Lonza, Basel Switzerland). Once a confluent monolayer of aortic SMCs was
observed as outgrowth from the tissue, cells were trypsinized, filtered and passaged. Cells
were then maintained at subconfluency and passaged at 70% confluence. Cells from passage
3-6 were used for /n vitro experiments. Additional detailed methods for human cell line
experiments is available in the Supplemental Materials.

Lineage-resolved single cell transcriptomics of the murine postnatal thoracic aorta

To enable aortic root cellular fate tracking and downstream isolation stratified by lineage,

we bred a validated SHF lineage-tracing construct (Vkx2-5-cre knock-in1213 combined

with Cre-inducible za/7omato fluorescent reporter!4, Figure 1A) into the Fbn1C1041G/* MFS
strain. Histologic assessment of 4-month-old lineage-traced (‘SHF'I"”) mice demonstrated
highest T fluorescent cell density (SHF-derived SMCs) in the aortic root tunica media with
gradually reduced density encompassing only the outer layers more distally in the ascending
aorta (Figure 1B). Lineage-traced cells were observed in tunica intima and adventitia layers
throughout the proximal aorta and within the aortic valve annulus/interstitial cells, consistent
with multiple prior transgenic SHF fate-mapping reports.3412 As in prior studies!0.15.16,
MFS mice developed significant aortic root dilatation compared to littermate SHF'I" controls
regardless of sex, and male MFS mice had greater root diameter than age-matched MFS
females (2.15+0.11mm vs. 1.96+0.08mm at age 16 weeks, n=6 p=0.041 Figure 1C). To
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encompass the overlapping regions of SHF- and NC-derived aortic SMCs, we performed
aortic root/ascending tissue enzymatic digestion and fluorescence-activated cell sorting
(FACS) to isolate SHF and non-traced cell suspensions from 4-month-old MFS and control
SHF!IN mice (Figure 1D). Lineage-segregated cell suspensions were then split into two
partitions and either 1) processed fresh for single cell RNA sequencing (scRNAseq) library
preparation or 2) subjected to cell lysis, nuclear extraction, and single cell assay for
transposase-accessible chromatin (ATAC) sequencing. Separate cohorts of male and female
mice (n=4 individual animals pooled in each cohort) were utilized for each genotype.
Library preparation and sequencing were performed in parallel for all samples to negate
batch effect.

We first assessed the total dataset (comprising 39,031 cells from 8 libraries) to validate the
separation of SHF and non-traced cells during sample processing. Unsupervised clustering
of all scRNA samples identified eight major and five minor (each <1% of dataset) cell types.
Major clusters broadly included four SMC subtypes, adventitial fibroblasts, aortic valve
cells, macrophages, and endothelial cells (Figure 2A). Stratifying the dataset by lineage
revealed largely similar distributions in uniform manifold approximation and projection
(UMAP) space but distinct cell proportions between lineages including expected absence

of SHF-derived macrophages (Figure 2B—C). Detection of fd7omato mRNA transcripts

was restricted to SHF sorted cells, confirming successful lineage partitioning by FACS
(Figure 2D). Having validated the SHF lineage-tracing model, we next examined the dataset
stratified by genotype and sex. Consistent with our prior report comparing MFS to control
animals with scRNAseq, we found that the principal distinctions were the presence of a
disease-enriched SMC subset and heightened density of inflammatory cells in MFS (Figure
2E). These changes were identified in separate samples from both male and female mice
(Supplemental Figure 1).

Lineage-stratified SMC profiling highlights aortic root phenotypic diversity

While the spatial distribution of SHF and NC lineage-derived aortic SMCs is well
understood, the functional differences resulting from these distinct developmental pathways
in the postnatal aorta in both homeostasis and disease are unknown. To better determine

the broad differences between these SMC populations, we first assessed the four distinct
SMC subtypes identified by unsupervised clustering (Figure 3B). The main sub-population
consisted of quiescent SMCs, as distinguished by high mature contractile gene (e.g., Myh11)
expression (‘SMC’ cluster, 79.1% of all SMCs). We also identified a distinct SMC subset
primarily distinguished by highly specific expression of cardiac troponin T (‘“Tnnt2+ SMC’,
10.2%), a modulated SMC cluster marked by reduced My#h11 and uniquely enriched /gfbp2
expression (‘modSMC’, 9.0%) and a rare Rgs5-expressing pericyte population (1.8%,
Figure 3B). We next stratified the SMC dataset by genotype and lineage to determine the
distribution of SMC types between samples. ‘Tnnt2+ SMC’ showed SHF enrichment in both
MFS and control mice, comprising 16% of all SMCs in the SHF samples and only 2.5% of
all non-traced SMCs (Figure 3C). To confirm these SMCs reside in the aortic tunica media
(rather than epicardial or coronary arteries), we performed RNA in-situ hybridization with a
Tnnt2 sequence-specific probe, confirming the restricted spatial distribution of Tnnt2+ SMC
within outermost layers of the aortic root segment, consistent with aortic SHF derivatives
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(Figure 3D). We compared the 7nnt2+ subset to the main SMC cluster to determine its
unique transcriptomic phenotype, identifying 253 differentially expressed genes (Figure 3E,
Supplemental Table 1) including enriched the small leucine-rich proteoglycans (SLRP),
lumican (Lum) and decorin (Dcn, Figure 3F). Conversely, 7nnt2+SMCs expressed reduced
elastin (£/n), periostin (Postr) and fibronectin (Fn7Z) compared to the major SMC cluster.
Given the focal presence of 7nnt2+ SMCs within the site of aneurysm in the aortic root, we
directly compared MFS and healthy control SMCs within this cluster. While we observed
some transcriptomic differences between genotypes (104 DEGS) including modestly reduced
Cnnland Myh11 expression, MFS Tnnt2+SMCs did not show activation of typical genes
associated with aneurysm (e.g., collagens, MMPs, or TGF-g ligands, Supplemental Figure
2). These findings suggest this SHF-derived SMC subset responds to perturbation related to
MFS but may not directly be the pathogenic population for aneurysm.

We next examined the modSMC cluster to test our overall hypothesis that SHF-derived
SMCs have altered propensity for phenotype shift during aneurysm progression. These
modSMCs are remarkable for significantly reduced core SMC contractile gene expression
(e.g., Cnni, Myhl11, ActaZ) concomitantly with enriched Mmp2, Tgfb1, Collal, and were
predominantly found in MFS samples (18.1% of all MFS SMCs vs. 2.2% of control,
Supplemental Figure 3), consistent with prior studies of advanced MFS aneurysm. After
stratifying the dataset by lineage and sex to examine individual scRNA libraries, we found
that SMCs from both the SHF and non-traced (NC) lineages underwent transition to the
modulated phenotype. Male MFS mice demonstrated higher modSMC density compared
to females, particularly in the non-traced subset (18.3% of all SMCs vs. 11.5% for SHF
lineage, 29.7% vs. 10.9% for NC, Figure 4A) though this analysis is limited by a single
technical replicate of pooled mice for each sex. While this variable modSMC density
between MFS male and female mice is consistent with the described sexual dimorphism
in MFS, we found no significant difference in core modSMC markers between sexes
(Supplemental Figure 4), confirming that more severe disease in males correlates with a
greater fraction of modSMCs rather than a fundamentally distinct phenotypic modulation
process. Accordingly, we compared SMC and modSMC clusters in downstream analyses in
a sex-agnostic fashion.

To validate the finding of lineage-agnostic phenotype shift, we performed duplexed RNA

in situhybridization for fd7omato (SHF lineage) and /gfbp2, a robust and highly specific
marker for early activated MFS modulated SMCs.10 We found enriched /gfp2 transcripts in
the MFS aortic root tunica media layer corresponding to both fa7Tomato* (SHF-traced) and
non-traced SMCs (Figure 4B). We also identified small /gfbp2-expressing cell populations
in control mouse aortic root sinuses consistent with rare modSMCs in the scRNAseq dataset.
To spatially assess whether modSMCs arise diffusely in the diseased MFS aorta or focally
within the aneurysmal segment we studied /gfbp2 expression in long-axis aortic sections.
MFS aortas showed grouped /gfbp2* cells from both SHF and non-traced SMCs at the site
of aneurysm formation with minimal expression distal to the sinotubular junction (Figure
4C).

After discovering MFS modSMCs develop from both lineages, we hypothesized
embryologic origin may promote distinctly abnormal phenotypes in MFS. Because
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modSMCs from control mice represented a tiny fraction of total SMCs (2.2%), the

small absolute number of cells from each lineage precluded robust statistical comparisons
and suggested limited biologic relevance of these cells in healthy aortas. We therefore
compared only MFS modSMCs stratified by lineage, identifying 79 genes with lineage-
specific expression patterns (complete list in Supplemental Table 2). While SMC contractile
genes were similarly reduced compared to the quiescent SMC cluster between lineages
(Figure 4D), SHF-derived modSMCs showed significantly increased expression of multiple
fibrillar collagen isoforms: Co/lal (average log2FC=0.33, p=3.8x107°), Co/3al (average
log2FC=0.36, p=4.7x107%)), and SLRPs: Dcn (average log2FC=1.27, p=2.2x10718) and
Lum (average log2FC=1.10, p=1.8x10712) suggesting enhanced collagen biosynthetic
pathway activation. Conversely, NC-derived modSMCs expressed greater aggrecan (Acar,
average log2FC=0.47, p=1.3x10722)), sclerostin (Sost, average log2FC=0.41, p=9.7x107%)
and osteoprotegerin ( 7nfrsf11b, average log2FC=0.39, p=1.2x10-3) consistent with a more
chondrogenic phenotype (Figure 4E). These data suggest both SHF and NC SMC undergo
phenotypic modulation in the setting of MFS, however, their distinct embryologic origins
trigger varying transcriptomic responses to the aneurysmal trigger.

Single-cell epigenomics identifies lineage-specific regulatory motif enrichment

Given the finding of differential gene expression in modSMCs from distinct lineages, we
hypothesized that altered epigenetic landscapes may account for distinct responses; and that
activation of unique transcription factors may influence the SMC modulatory process in
each embryologic origin. To study this, we assessed the concurrently generated SCATAC
dataset to enable integrated gene regulatory network analysis of distinct SMC phenotypic
subtypes /n vivo. The sCATAC dataset was initially subjected to independent unsupervised
dimensional reduction and clustering using the Signac package in R (Figure 5A) and
SMC clusters were selected based on enriched DNA accessibility peaks within typical SMC
genes (e.g., Myh11, Figure 5B). SMCs from SHF and non-traced lineages occupied distinct
projections in UMAP space (Figure 5C) suggesting unique epigenetic profiles. To broadly
establish the unique epigenomic distinctions between SMC lineages, we first performed
differential peak accessibility testing between all SMCs in the dataset based exclusively on
lineage. Using the FindMarkers function, we identified 33 peaks enriched in SHF SMCs and
a single enriched peak within the upstream regulatory region of the Air2f1 gene, a critical
regulator of NC cell gene expression,18 in non-lineage traced cells. Using GREAT29, we
found that the 33 SHF marker peaks are enriched for regulatory regions relevant to multiple
cardiac developmental processes including endocardial cushion development, regulation of
heart morphogenesis, and outflow tract morphogenesis (Figure 5D). Enrichment of these
pathways was primarily driven by peaks within the regulatory regions for critical cardiac
related transcription factors including /s/1, Gata4, Twistl, and Hand2 (Supplemental Table
3).

Combining scRNA and scATAC data enables investigation of the epigenetic changes
associated with transcriptomic phenotype modulation. To fully integrate the scRNA and
SCATAC datasets, we next performed integrative label transfer for these SMCs using the
SHF!in scRNA dataset as a reference, identifying enriched modSMCs presence in MFS
(Figure 5E). To specifically parse the epigenetic signals associated with SMC modulation
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in MFS and interrogate the influence of embryologic origin on this process, we selected the
SMC/modSMC clusters from MFS mice only for downstream analyses. Direct comparison
of the modSMC/SMC clusters identified 336 peaks enriched in modSMCs compared to only
29 enriched peaks in SMCs, suggesting generally heightened chromatin accessibility and
phenotypic heterogeneity associated with this transition. We assessed for potential upstream
regulatory transcription factors associated with global SMC modulation by employing
chromVARZ0 to quantify the genome-wide signature of accessible transcription factor
motifs within the SMC/modSMC subsets. We identified 242 transcription factor motifs with
enriched activity and 103 with diminished activity associated when comparing modSMCs
to SMC (top three up- and down-regulated in Figure 5F, complete list in Supplemental
Table 4). To identify regulatory signals with lineage-specific activity profiles, we directly
compared modSMCs from SHF and non-traced lineages, identifying 36 transcription
factors with enriched activity in SHF cells, while non-traced cells had no specific motif
enrichment. Among these 36 SHF-enriched transcription factor motifs, 22 overlapped

with the modSMC-enriched set, including NFIC (2.1-fold enriched, p=6.6x10~7), TWIST1
(1.9-fold, p=7.7X1077), ZBTB18 (1.9-fold, p=3.3x1076), OSR2 (1.8-fold, p=2.6x1077),

and the SMAD2:SMAD3:SMAD4 complex (1.8-fold p=1.3x10-8). These findings identify
candidate regulatory signals that may contribute to distinct epigenetic and transcriptomic
responses to upstream signals in aortic aneurysm progression on the basis of embryologic
origin.

We examined this set of 22 overlapping transcription factor sets to identify possible novel
regulators of SMC modulation in SHF derivatives. Critically, enhanced SMAD complex
motif accessibility in SHF modSMCs suggests variable responses to transforming growth
factor-beta (TGF-B) signaling, a central pathway dysregulated in MFS aneurysm.2-23 We
identified TWIST1 as a transcription factor of particular interest due to the combination of
heightened motif accessibility and enriched promoter accessibility at the 7w’stI locus in
SHF cells (Supplemental Table 3), suggesting this ‘epigenetic memory’ in SHF derivatives
may impact their transcriptome. Furthermore, given the known roles of 7wistZ as a promoter
of fibrotic gene activation?* and a critical regulator of ECM organization during cardiac
outflow tract development?®, we hypothesized that this transcription factor may play

an active role in the evolution of MFS aneurysm. The parallel enrichment of TWIST1

motif activity and canonical TGF- signaling mediators (SMADS) in the SHF modSMC
subset (Figure 6A) suggested a potential synergistic effect of these transcription factors.
Interrogating individual cell activity levels for both TWIST1 and SMAD2:SMAD3:SMAD4
motifs identified a moderate linear correlation for these values (Pearson coefficient 0.57,
Figure 6B). Because unsupervised genome-wide transcription factor motif accessibility
(chromVAR) analysis suggested a functional role for 7iwistZ in MFS, particularly within
SHF-derived modSMCs, we next assessed 7wistI mRNA and protein expression in MFS.
Within the scRNA dataset, we identified a greater fraction of SMC/modSMCs with
detectable 7iwistZ mRNA expression (at least one transcript) in SHF cells compared to non-
traced for both control samples and MFS, with a heightened fraction of 7iwistZ-expressing
cells for each lineage in MFS vs. control (Figure 6C). This coincided with significantly
greater Twist1 protein expression in 16-week-old MFS aneurysm tissue (aortic root and
ascending aorta) compared to controls (3.3-fold, p=0.009, Figure 6D). Conversely, we found
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no significant difference in Twistl protein level in the non-dilated descending thoracic aorta
between genotypes (p=0.62). While these data confirm 7w/stI overexpression correlates
with aneurysm in MFS and suggest a heightened functional role in SHF-derived SMCs
during modulation, they do not provide a direct association between with the SHF-enriched
gene signature.

TWIST1 promotes SHF-enriched gene signature in vitro

To determine whether TWIST1 augments the fibrillar collagen and SLRP overexpression
identified /n7 vivo in SHF'I" mice, we sought to translate our findings to a clinically relevant
model by manipulating 7W/ST1 expression in primary aortic root smooth muscle cell

lines derived from two young MFS patients. We performed lentiviral-mediated transduction
of 1) TWIST1shRNA, 2) scrambled (Scr) shRNA, or 3) TWIST1 overexpression (OE)
constructs. Stably transfected lines were established with puromycin treatment and 7W/ST1
overexpression was confirmed in both cell lines by RT-PCR and western blot (Supplemental
Figure 5). We then performed RT-PCR for SHF-enriched markers from the mouse
scRNAseq dataset, demonstrating significantly enriched expression for COL1A1, COL3AI,
LUM, and DCN following 7WIST1 overexpression compared to scrambled control.
Furthermore, COL1A1 expression was significantly reduced following 7W/ST1 silencing
via sShRNA in both patient lines (Figure 7A). Conversely, expression of multiple non-
lineage-traced SMC markers (7TMVFRSF11B and SOST) increased with 7WI/ST1 silencing in
both cell lines, with trivial (mean 1.35-fold) enrichment of TAVFRSF11B in one cell line with
TWISTI overexpression (Figure 7B). Finally, to determine whether 7W/ST1 overexpression
induces altered chromatic accessibility for SHF-enriched genes, we performed bulk ATAC
sequencing on stably transduced aortic SMCs (ShRNA, Scr, and OE). We observed enriched
chromatin accessibility in the promoter regions for both COL1A1and LUM as well as and
in multiple enhancer peaks upstream of COL1A1 for TWIST1-OE cells compared to Scr and
shRNA treated cells (Figure 7C). Collectively, these data suggest a critical role for 7iwistI
activity as a contributor to the SHF-specific modSMC transcriptome in MFS.

Discussion

Vascular SMC phenotype modulation is a core marker of thoracic aortic aneurysm in

MFS and may participate in aortic wall degeneration and ECM remodeling.10.11.26 The
mechanisms underlying focal dilation of the aortic root segment in MFS remain elusive. By
utilizing a SHF lineage-tracing strategy in a well-studied MFS mouse model and applying
integrated, lineage-stratified single cell transcriptomics/epigenomics, we have identified
critical gene regulatory pathways involved in MFS SMC phenotype modulation and parsed
the influence of embryologic origin on this process.

Conceptually, the presence of SMCs derived from two distinct developmental pathways in
this region has presented an attractive model whereby one lineage (presumably SHF-derived,
given the predominance of these cells in the aortic root) either demonstrates heightened
propensity for modulation in response to disease-causing FBNI mutations or undergoes

a uniquely pathologic process during disease development. In MFS, applying single-cell
multiomics enabled rigorous, parallel investigation of SMC phenotype in distinct SHF- and
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NC-derived SMC subsets. We demonstrate that SMCs from both lineages exhibit similar
propensity for de-differentiation in MFS, but that the SHF lineage retains DNA accessibility
surrounding critical cardiac-related developmental TFs which may ultimately impact

the ECM-modulatory transcriptome adopted during aneurysm development. While SMC
modulation was globally similar between lineages, SHF-derived SMCs exhibited enriched
expression of multiple fibrillar collagen isoforms (e.g., Col1al, Col3al) and activation of the
SLRPs Lumand Dcn. This is consistent with our previous report identifying heightened
type | collagen expression in induced pluripotent stem cell-derived SMCs from MFS
patients directed through the SHF developmental pathway compared to NC.” Furthermore,
while the precise effect of collagen deposition in MFS remains controversial, anatomically
specific type 1 collagen overexpression in the root segment is a reproducible clinical

finding in MFS patient tissues.11:26 Our general hypothesis based on clinical studies?’-29

is that this process promotes enhanced tissue stiffness, reduced distensibility and ultimately
increases propensity for aneurysm growth and acute dissection; data from this study suggests
that SHF-specific overactivation of the collagen synthetic pathway mechanistically may
contribute to the anatomically focal nature of this phenomenon.

The role played by the SLRPs Lum and Dcn during aneurysm development is comparatively
less well understood. Clinically, increased circulating Lum may be a useful biomarker for
thoracic aortic aneurysm and dissection.3%:31 SLRPs are known ECM structural components
of semilunar valves and the aortoventricular junction expressed spatiotemporally with TGF-
B signaling activation during development.32 Physiologically, SLRPs participate in collagen
fibrillogenesis and matrix organization33 and regulate diverse cell signaling pathways.34
Notably, Lumand Dcn expression also marked the distinct 777t2* SMC cluster. The
physiologic significance of this subset of SMCs, which predominantly arose from the SHF,
is unclear. While 7nnt2* SMCs represented a distinguishing feature of the SHF and the
anatomic aortic root, these cells appeared resistant to phenotype modulation in MFS and are
therefore of uncertain significance to aneurysm progression. Nevertheless, we consider the
unique transcriptome of these cells (including reduced £/nand increased SLRP expression)
a defining feature of the normal aortic root microenvironment. Taken together, we propose
that SHF lineage-specific Dcr/Lum overexpression, which distinguishes the aortic root
segment at baseline and is further activated during aneurysm development, may participate
in enhanced collagen synthesis33:3% and global ECM disarray, ultimately contributing to
distinct regional aortic wall biomechanical properties.

We also report the activation of several chondrogenic ECM-modulatory genes (e.g.,
Acan, Sost, Tnfrsf11b) by untraced (ostensibly NC-derived) SMCs in this model. Acan
accumulation is a recognized marker of thoracic aortic aneurysm which is proposed to
induce tissue swelling and ECM disarray.36:37 By contrast, enriched sclerostin (Sosf
expression has not been previously described in thoracic aortic aneurysm, but forced
overexpression was shown to reduce atherosclerosis and abdominal aortic aneurysm

in Apoe~'~ mice.38 Notably, these cells did not progress fully to a characteristic
chondromyocyte phenotype (characterized by Sox9and Col2al expression3?) though our
analysis was limited to a fairly early time point in the disease spectrum. The functional
significance of this NC-specific ECM modulatory signature is unclear but given that
modSMCs were anatomically restricted to the aortic root regardless of lineage, it is likely
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that both lineages contribute to the characteristic ECM disarray found in MFS aortic root
aneurysm in distinct ways. The finding of greater modSMC density (particularly in the
non-traced SMC lineage) in MFS males compared to females (Figure 4A) is noteworthy
given the propensity of males in the C1041G/+ MFS strain to develop greater aneurysmal
dilation of the distal ascending aorta.1® As in our previous report, direct comparison of
modSMCs between male and female MFS mice did not identify sex-specific pathways,
instead disclosing distinctions only in the ratio of quiescent to modulated SMCs. We
interpret this data as a further indication that SMC modulation is a reliable marker of
aneurysm disease severity, though it remains possible that sex-specific mechanisms promote
this process disproportionately in males. Ultimately a devoted investigation with multiple
technical replicates for each sex will be needed to further explore these mechanisms.

Uniquely, we performed concurrent sSCATACseq to simultaneously profile genome-wide
chromatin accessibility toward the goal of identifying lineage-specific enriched transcription
factor motifs. To our knowledge, this is the first application of integrated single cell
epigenomic techniques to complement gene expression analyses in thoracic aortic aneurysm.
In assessing the SMC-modSMC transition we identified over 200 transcription factor motifs
with differential activity across this phenotypic spectrum, generating a new pool of potential
regulatory targets governing patterned SMC transcriptomic changes in MFS. We further
identified enrichment of the SMAD2/3/4 and TWIST1 motifs in modSMCs from the SHF
lineage, suggesting an amplified role for these regulatory signals within the SHF-enriched
aortic root. Activation of the TGF-B-Smad2/3/4 signaling axis is known to participate

in later stages of aneurysm progression in murine MFS models?2:2340 and drives excess
collagen | expression in MFS patient-derived aortic SMCs /n vitro.11.26 We therefore
propose that SHF-specific enriched TGF-B-SMAD mediated gene regulation may participate
in this anatomically focal collagen synthetic pathway gene activation. Conversely, little

is known about the role of 7wistZ in aortic aneurysm development. While we note that
heightened 7wistI mRNA expression and DNA motif accessibility were not specific to the
SHF lineage, enrichment of these signals suggested a potential role for this regulatory signal
in SHF-derived SMCs. Confirmation that forced overexpression of 7W/ST1 in human aortic
SMCs could effectively induce the SHF-enriched gene signature (fibrillar collagen and
SLRP overexpression) without activating markers of non-traced SMCs (e.g., TNFRSF11B
and SOST) and of a TWIST1-responsive enhancer for COL1A1 further supports this
concept. Given the recognized role of 7W/ST1 as a mediator of pathologic fibrosis?4 and
SMC contractile gene silencing*! as well as its SMC phenotype-modulatory role in coronary
artery disease*?, we conclude that this transcription factor represents an important target for
further mechanistic investigation via targeted knockdown and potential future therapeutic
design.

Given that aortic SMCs from both SHF and NC lineages showed propensity for SMC
modulation but that this process was anatomically confined to the root segment, a critical
question remains what factors influence this regional specificity in MFS. We found that

a rare subset (approximately 2%) of SMCs in control aortas demonstrated the modulated
phenotype and that these cells were also restricted to the aortic root sinuses (Figure

4C), suggesting that physiologic conditions alone may be sufficient to drive focal but
macroscopically inconsequential SMC pathology in this region. Indeed, supraphysiologic
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pressure overload is sufficient to induce a remarkably similar SMC phenotypic signature to
MFS in the proximal thoracic aorta.#3 We therefore propose that a unique combination of
region-specific ECM properties and mechanical strain distribution enhance SMC propensity
for modulation in the root, which is further exacerbated by underlying loss-of-function
mutations in the elastic ECM apparatus (e.g., Fbnl). Furthermore, the embryologic origin-
specific, ECM-modulatory transcriptome adopted by resident SMCs may further exacerbate
this pathology, in particular the activation of collagen deposition by SHF-derived SMCs.
Clinically, epidemiologic data highlights the more virulent clinical course of dilatation
within the aortic root segment compared to the ascending aorta in non-syndromic TAA,
suggesting heightened propensity for aortic degeneration in the root segment in general.#4

This study has several limitations. We chose to use a single lineage-tracing marker for
SHF-derived cells, leading to potential uncertainty about the origins of non-traced SMCs
which we consider as NC-derived. While this allows direct comparison of SMCs from

the same pool of mice, adding an NC lineage-tracing strain (e.g., Wnt1-Cre) would
further augment the study of NC-specific changes. Our analysis is also limited by the
inclusion of a single time point for this study. We elected to study mice at 16 weeks

to augment our previous report of SMC phenotype at 4 and 24 weeks and predictably
found an intermediate level of de-differentiation in the MFS-specific modSMC cluster.

It remains possible that the SMC phenotypes of may diverge further or converge upon

a more cohesive identity with aneurysm progression over time. Ultimately, longitudinal
analyses of these mechanisms will further augment our understanding of the functional
consequences of lineage-specific pathology. While we separated male and female data
with respect to aneurysm severity and ratios of modSMCs to quiescent SMCs, analyzing
SCRNA/scATAC data from males and females together limits our ability to comment on
the interplay of sex dimorphism and embryologic origin. Nevertheless, this approach may
provide a more heterogeneous sampling of SMC phenotype within the spectrum of MFS
biology enabling more robust statistical comparisons. Our analysis is also limited by

the application of several, discrete pairwise comparisons within the complete SCRNAseq
dataset comprising multiple experimental variables (genotype, sex, embryologic origin).
While this methodology lends itself to implementation of well-validated computational
pipelines employing pairwise non-parametric tests, performing select comparisons based
on pre-determined experimental questions may induce bias and increase error compared
to a more comprehensive multiple group comparison. Finally, while we have identified
graded 7wist1 activation based on SMC origin as a likely regulator of spatially augmented
collagen synthetic pathways in the aortic root, we cannot definitively determine whether this
represents a deleterious response. Future targeted inhibition of this gene regulatory axis /n
vivowill ultimately be necessary to make this determination.
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Highlights:

. Aortic root smooth muscle cells derived from both second heart field and
neural crest lineages undergo aneurysm-associated phenotypic modulation in
murine Marfan syndrome

. The smooth muscle cell modulation signature is distinguished by enriched
fibrillar collagen and small leucine-rich proteoglycan expression.

. Integrated single-cell transcriptomic and epigenomic analysis enables the
identification of novel aneurysm-related gene regulatory signals in the second
heart field lineage, including Twistl and TGF-B-Smad2/3/4
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Figure 1:
Second heart field (SHF) lineage-tracing Marfan mouse development and sScRNAseq

workflow. A SHF lineage-tracing strategy. IRES- Cre recombinase cassette inserted into the
3’ untranslated region of Nkx2-5locus enables upstream stop signal deletion in fad7omato
gene inserted into Rosa26 locus, leading to permanent fluorescence B Stitched serial long
axis images and inset 20X magnification images of a representative 16-week-old healthy
control male SHF-traced mouse thoracic aorta. DAPI = nuclear counterstain, Elastin = green
autofluorescence, tdTomato = red fluorescent signal from SHF-derived cells C Transthoracic
echocardiography data for aortic root diameter in 16-week-old Fbn1¢1041G/+ (MFS) mice
and littermate controls (WT). Line indicates mean diameter for n=6 animals of each sex. D
Experimental workflow. Aortic tissue from the aortic valve to mid ascending aorta (dashed
lines) digested to single cell suspension and sorted based on tdTomato fluorescent signal.
Individual single cell (RNA) and nuclei (ATAC) libraries were generated and processed in
parallel.
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Figure 2:
Complete aortic root scRNAseq dataset. A Unsupervised clustering of >39,000 aortic root

cells from MFS and control mice. EC = endothelial cell B Overlaid UMAP distributions
of second heart field (SHF) and non-traced cell populations C Cell cluster breakdown

by lineage. Each lineage comprises aggregated separate male and female samples (n=3
each sex) of both Fbn1C1041G/+ and control genotype D Raw a/7omato mRNA transcript
count per cell stratified by sorted lineage E Total sScRNAseq dataset stratified by genotype
demonstrates increased macrophage density (black arrow) and disease-associated smooth
muscle cell cluster (red arrow) in MFS mice.
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Aortic SMC subcluster analysis. A UMAP projection of four distinct SMC subtypes B
Enriched markers for each subcluster. Major SMC group (purple) is characterized by peak
expression of mature contractile markers such as My#/11 compared to other subsets C SMC
population distribution in UMAP space split into original sample subtypes (top) and pie
charts for fraction of each SMC cluster in sample (bottom). 7nnt2+ SMCs (light blue)

are enriched in SHF lineage regardless of genotype, while modSMCs (green) are largely
limited to MFS samples. D Long axis chromogenic RNA /n situ hybridization for 7Tnnt2
localizes this SMC cluster within the outer layers of the aortic root segment. E Heatmap
for top up- and down-regulated genes in 7nnt2+ cluster compared to major SMC subset.

F Violin plots for markers of interest in 7nnt2+ SMCs. Boxes denote interquartile range
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(IQR), line denotes median, whiskers extend 1.5 IQR from box hinges. p value <0.001 for
all comparisons, log2FC denotes 7/nt2+ subset over main SMC cluster.
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Page 23

“ 5 MFS

Control

IMFS

|Control

Modulated SMC localization and phenotype stratified by lineage. A Proportion of all SMCs
belonging to modSMC cluster by sample. SHF=lineage traced second heart field-derived
cells, Non=untraced cells. B Short axis chromogenic RNA /n-situ hybridization for SHF
lineage marker (fd7omato) and insulin-like growth factor binding protein-2 (/gfbp2), a
specific marker for the modSMC subset. 16-week-old MFS animals show modSMCs from
both SHF (double stain, red arrowheads) and non-traced (blue stain only, blue arrowheads)
while control animals demonstrate rare /gfop2-positive cells (black arrowheads). Left image
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is stitched image of entire root circumference with boxes marking inset 20X magnification
images. C Long-axis RNA localization shows modSMCs are concentrated in the MFS

aortic root segment regardless of lineage (SHF-derived = red arrowheads, non-traced =

blue arrowheads) while control animals show trivial /gfbop2 expression D Myh11and Acta?
expression levels are similar between MFS modSMCs from SHF and non-traced lineages

E Multiple collagen isoforms and proteoglycans are enriched in SHF-derived modSMCs
(top panel) while Acan, Sost, and Tnfrsf11bare enriched in non-traced modSMCs (bottom).
Boxes denote interquartile range (IQR), line denotes median, whiskers extend 1.5 IQR from
box hinges. ‘ns’ indicates fold change not calculated between lineages due to non-significant
difference, otherwise p < 0.001 for all genes with log2FC displayed.
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Figure 5:
Single-cell ATAC dataset. A Unsupervised clustering of total SCATAC data comprising MFS
and control samples from SHF and non-traced lineages. Dashed lines indicate cells sub-
selected for analysis B Enriched DNA accessibility peaks within the My#f11 gene confirm
SMC identity of sub-selected clusters C UMAP projection of MFS SMCs reveals distinct
profiles for SHF (red) and non-traced (blue) SMCs D GREAT output depicting top enriched
biological processes for genes with regulatory regions corresponding to SHF-derived SMC
marker peaks from the SCATAC dataset E Integrated label transfer from scRNA dataset
(left) onto scATAC dataset confirms modSMC enrichment in MFS samples. F ChromVAR
output depicting top transcription factor DNA binding motifs in genome-wide assessment
of enriched peak regions for modSMC subset (top) and quiescent SMC (bottom) from MFS
mice only, all results statistically significant (p < 1x1070).
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Figure 6:

Integrated SCRNA/sCATAC reveals 7wist! as a marker of SHF-SMC modulation. A
Transcription factor binding motif accessibility signal for SHF-enriched motifs with
enhanced signal in modSMC cluster compared to quiescent subset in MFS SMC/
modSMC clusters. ‘ns’ indicates fold change not calculated between lineages due to
non-significant difference, otherwise p < 0.001 where log2FC displayed. B Scatter plot

for SMAD2:SMAD3:SMAD4 and TWIST1 maotif activity for individual cells within the
SCATAC dataset. C 7wistI mRNA expression for SMC/modSMCs from individual samples
within scRNA dataset (white diamonds indicate males, circles indicate females). Cells with
at least one 7wistI transcripts considered positive. D Aortic tissue lysate western blots for
aneurysmal segment (root/ascending) and non-dilated region (descending) from n=3 male
16-week-old mice with band density quantification relative to loading control (tubulin).
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Figure 7:
TWISTI overexpression induces fibrillar collagen and small leucine-rich proteoglycan

expression in aortic SMCs. A RT-qPCR data for SHF-enriched modSMC markers from
MFS mouse model (n=4 paired technical replicate values in n=2 distinct MFS patient

aortic root SMC lines) following 7W/ST1 silencing (ShRNA) or overexpression (OE). All
values plotted as fold change (FC) relative to scrambled shRNA control. Dashed lines
indicate FC=1 B RT-gPCR data for chondrogenic markers of non-SHF traced modSMCs
from MFS mouse model C Chromatic accessibility tracks for single MFS aortic SMC line
following stable lentiviral transduction of denoted construct. Blue bars indicate peaks called
by MACS2 for total sample pool, grey boxes indicate first exon for denoted genes.
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