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Abstract

Vascular sites have distinct susceptibility to atherosclerosis and aneurysm, yet the
biological underpinning of vascular site-specific disease risk is largely unknown.
Vascular tissues have different developmental origins that may influence global
chromatin accessibility, and understanding differential chromatin accessibility, gene
expression profiles, and gene regulatory networks (GRN) on single cell resolution may
give key insight into vascular site-specific disease risk. Here, we performed single cell
chromatin accessibility (sSCATACseq) and gene expression profiling (scRNAseq) of
healthy adult mouse vascular tissue from three vascular sites, 1) aortic root and
ascending aorta, 2) brachiocephalic and carotid artery, and 3) descending thoracic
aorta. Through a comprehensive analysis at single cell resolution, we discovered key
regulatory enhancers to not only be cell type, but vascular site specific in vascular
smooth muscle (SMC), fibroblasts, and endothelial cells. We identified epigenetic
markers of embryonic origin with differential chromatin accessibility of key
developmental transcription factors such as Tbx20, Hand2, Gata4, and Hoxb family
members and discovered transcription factor motif accessibility to be cell type and
vascular site specific. Notably, we found ascending fibroblasts to have distinct
epigenomic patterns, highlighting SMAD2/3 function to suggest a differential
susceptibility to TGFp, a finding we confirmed through in vitro culture of primary
adventitial fibroblasts. Finally, to understand how vascular site-specific enhancers may
regulate human genetic risk for disease, we integrated genome wide association study
(GWAS) data for ascending and descending aortic dimension, and through using a

distinct base resolution deep learning model to predict variant effect on chromatin
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accessibility, ChromBPNet, to predict variant effects in SMC, Fibroblasts, and
Endothelial cells within ascending aorta, carotid, and descending aorta sites of origin.
We reveal that although cell type remains a primary influence on variant effects,
vascular site modifies cell type transcription and highlights genomic regions that are
enriched for specific TF motif footprints — including MEF2A, SMAD3, and HANDZ2. This
work supports a paradigm that the epigenomic and transcriptomic landscape of vascular
cells are cell type and vascular site-specific and that site-specific enhancers govern

complex genetic drivers of disease risk.
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Introduction

The risk to develop vascular disease is vascular site-specific — a clinical
observation that has been well described for over a half century’-3, yet the biological
mechanisms by which this occurs remain poorly understood. Smooth muscle cells
(SMC), fibroblasts, and endothelial cells, which make up vascular tissues, have distinct
developmental origins*'° and this embryonic lineage diversity has been hypothesized to
contribute to vascular site specific susceptibility to disease®. Genome wide association
studies (GWAS) of vascular disease have revealed unique loci for disease in individual
vascular sites, highlighting differential genetic and molecular etiologies for disease in
differing vascular tissues''-'”. Understanding the fundamental mechanisms that mediate
this differential susceptibility to disease is critical to understand mechanisms of vascular
disease and discover novel therapeutic targets.

Genomic structure and chromatin accessibility within the cell is intricately linked
to function and governs transcriptional programs that drive disease risk'. This context
is important when considering that heritability of complex disease is determined by
common genetic variation that largely mediates disease risk through modifying genomic
enhancer function within regions of open chromatin'®. The recent advancement of single
cell global chromatin accessibility profiling through Assay for Transposase Accessible
Chromatin sequencing (scATACseq) in combination with single cell transcriptomic
analysis (scRNAseq) has further defined that genetic risk of cardiac?®?" and vascular
disease?>? is driven in part through modification of cell type specific enhancers

regulating expression of disease modifying genes in a cell type specific manner.
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97 During vasculogenesis in early life, the carotid arteries and great vessels of the
98 heart form from the pharyngeal arch arteries which appear in a craniocaudal sequence
99  and then regress or remodel to form a definitive vascular pattern?>-28. The adult murine
100  aorta is composed of vascular cells from diverse embryonic origin including the
101  secondary heart field, neural crest, and somitic mesoderm?® and reside in spatially
102  distinct domains®. Further, analysis of smooth muscle cells from adult healthy vascular
103  tissue in mouse has shown a differential gene expression profile across vascular sites,
104  which suggests relevance to vascular site-specific disease risk??-3°,
105 Epigenomic landscape of tissues may be influenced by embryonic origin, yet cell
106  type specific enhancers of vascular tissues between vascular sites have yet to be
107  mapped. By performing scATACseq combined with scRNAseq of healthy adult mouse
108  aortic tissue from three vascular sites, 1) aortic root and ascending aorta, 2)
109  brachiocephalic and carotid artery, and 3) descending thoracic aorta — representing the
110  secondary heart field and neural crest, neural crest, and somitic mesoderm, respectively
111  — we report that cell type specific enhancers of vascular cells are vascular site specific,
112 suggest a developmental “memory”, and are related to disease risk genes. Through a
113 comprehensive approach utilizing gene regulatory networks (GRN), in vitro culture of
114  primary adventitial fibroblasts, and a novel technique to develop machine learning
115 neural networks (ChromBPNet) to predict human variant effect within cell types across
116  vascular sites, we not only reveal key differential chromatin accessibility of transcription
117  factor (TF) motifs between vascular sites but provide data to support the hypothesis that
118  genetic variants regulate cell function in not only a cell type, but vascular site-specific

119  mechanism. This work provides important insights into disease risk across vascular
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120  tissues and supports the concept that the epigenomic landscape of vascular cells is

121  vascular site-specific and regulates disease risk.

122

123 Results

124  Single cell analysis of vascular tissue reveals cell type and vascular site specific
125 epigenomic profiles

126 We performed microdissections to collect the vascular tissues from three

127  vascular sites in 16 healthy adult C57BI/6 male mice (14-16 weeks of age) including the
128 1) ascending aorta and aortic root, 2) brachiocephalic and right common carotid

129  arteries, and 3) descending thoracic aorta (Fig 1A). Tissues were pooled by vascular
130  site, underwent enzymatic digestion and mechanical dissociation, live cells were FACS
131  sorted, and cells were then partitioned for either scRNAseq or for subsequent nuclei
132  isolation and scATACseq using 10X genomics platform as previously described??31:32,
133 Following quality control and removal of low-quality cells, data was normalized and

134  underwent linear dimensional reduction following standard protocols in R packages

135  Seurat and Signac®3. A total of 37,394 cells and 40,275 cells were of high data quality
136  and were profiled with scRNAseq and scATACseq respectively with roughly 10,000-
137 15,000 cells per vascular site and sequencing modality. Visualization with UMAP

138  methodology for both scRNAseq and scATACseq datasets was performed (Fig 1B&C).
139  UMARP visualization of scRNAseq and scATACseq data reveals a specific pattern where
140  vascular site origin distinguishes cell clusters (Fig 1B&C).

141 Given the interrelationship between RNA expression and global chromatin

142 accessibility, these datasets were then integrated together as previously described??33,
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143  Integrated scRNAseq and scATACseq datasets underwent additional non-linear

144  dimensional reduction and UMAP visualization (Fig 1D). The integrated UMAP

145  representing both transcriptomic and chromatin accessibility visually reveals significant
146  differences between cell types by vascular site (Fig 1D). Analysis of RNA expression of
147  canonical genes to differentiate cell type shows strong correlation to overall gene

148  chromatin activity (e.g. Myh11 — smooth muscle, Fig 1E&F). Integrated cell clusters
149  were then assigned to the major cell types of the vascular wall, vascular smooth muscle
150 cells (SMCs), fibroblasts, endothelial cells, and macrophages (Fig 1G) using known

151 lineage markers. To further focus on SMC and fibroblast cell populations, a subsetted
152  analysis of SMC and fibroblasts was performed with UMAP visualization of scRNAseq,
153  scATACseq, and integrated datasets, demonstrating clear separation of cells by original
154  vascular site, demonstrating a unique vascular site-specific chromatin and RNA profile
155 by cell type (Fig 1H&I).

156

157  Epigenomic patterns of vascular SMCs are cell type and vascular site specific
158 UMAP clustering of SMCs from RNA, ATAC, and integrated datasets

159 demonstrate a pattern where SMCs from the ascending aorta, carotid artery, and

160  descending thoracic vascular sites are distinct from one another (Fig 1H). Chromatin
161 peak accessibility analysis between ascending and descending thoracic aorta SMCs
162 identifies 4,805 peaks which are differentially accessible (Fig 2A). Peak locations were
163  analyzed using Genomic Regions Enrichment of Annotations Tool (GREAT)3*. GREAT
164  performs genomic region-gene associations by assigning a regulatory domain for each

165 gene, and then each genomic region is associated with all genes whose regulatory
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166  domain it overlaps. Of these peaks, the majority (3,971/4,805; 83%) are associated with
167 2 genes within a region (Fig 2B, Table S1). A distribution of region-gene association
168  distances to TSS is observed where most peaks lie downstream of the TSS (Fig 2C).
169  Roughly 12% of region-gene associations are within 5kb of the TSS of a gene (Fig 2C)
170  and approximately 43% (4,496/8,789) of region-gene associations are within 50kb of a
171  TSS (Fig 2C).

172 When comparing peak accessibility between ascending and descending aorta,
173 specific chromatin regions are identified as having marked differential accessibility.

174  Among the top differentially accessible peaks in the ascending SMC population lie at
175 ¢chr8-57320451-57321235 and chr14-63244897-63245811, 140bp and 83bp upstream
176  from the TSSs for Hand2 and Gata4 (Fig 2D&E). Coverage plots of chromatin

177  accessibility reveal Hand2 regulatory regions to be open in ascending and carotid SMCs
178  while closed in descending SMCs (Fig 2D). This contrasts with regulatory regions of
179  Gata4 that appear to be in an open state in the ascending SMC however in a largely
180 closed state in the carotid and descending SMCs (Fig 2E). Consistent with the role of
181 Hox genes during the development of somites, top peaks that have increased

182  accessibility in the descending aortic SMC include genomic regions that lie near the

183  Hoxb family of transcription factors (i.e. chr11-9686379-96287301 at Hoxb7, Fig 2F,
184 Table S1). Featureplots of peak accessibility for Hand2 and Hoxb7 peaks (Fig 2G-l)
185  highlight distinct differential accessibility dependent on SMC vascular site of origin.

186  Consistent with epigenetic marks, RNA expression analysis reveals Hand2 expression
187  in the ascending and carotid SMC while absent expression in the descending SMC (Fig

188  2J). Top differential peak analysis identifies other cardiac and vascular development
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189  genes that have higher chromatin accessibility within the ascending aorta include

190  Tbx20, Thx2, Gata4, and Wnt16, while homeobox genes such as the Hoxa/b/c family of
191 genes, Smad2, and are identified as having higher chromatin accessibility within the
192  descending aorta (Tables S2&S3).

193 Evaluation of biological processes of differentially accessible chromatin regions
194  using GREAT identifies key development pathways that characterize the ascending

195 aorta SMC such as ‘outflow tract morphogenesis’, ‘cardiac septum development’, and
196  ‘embryonic heart tube development’ as well as other pathways involving cellular

197  signaling such as ‘transmembrane receptor protein signaling’, ‘regulation of Ras protein’
198  (Fig S1A). Biological processes that characterize the descending aorta SMC include
199 developmental programs such as ‘anterior/posterior pattern specification’, however

200 notable processes regulating cytoskeletal organization such as ‘actin cytoskeleton

201  organization’, ‘actomyosin structure organization’, and ‘regulation of SMC

202 differentiation’, as well as processes involved in the negative regulation of TGFf3

203  signaling such as ‘negative regulation of TGFp receptor signaling’ (Fig S1B).

204 We then performed transcription factor motif accessibility analysis using

205 ChromVAR as previously described3. In comparing ascending versus descending aorta
206 SMCs, we identified that ascending SMCs have notable transcription factor motif

207  enrichment for AP1 factors (i.e. FOS:JUNB ‘TGAGTCA', Fig 2K), neural crest and

208 secondary heart field transcription factors such as HAND2, GATA4, and TCF21 (i.e.
209 HANDZ2, Fig 2L), as well as TFs with known roles in SMC differentiation such as

210  TWIST1 and TEAD factors (Table S4). Top differentially accessible motifs in the

211  descending SMCs highlight GC rich KLF motifs (i.e. KLF15, Fig 2M), numerous AT rich
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212 homeobox transcription factor motifs including HOX factors/Cdx1 (caudal type

213 homeobox 1)/Lhx1 (LIM homeobox 1), and MEF2 factors (i.e. MEF2A, Fig 2N, Table
214  85). Motif enrichment analysis of the carotid SMCs suggest similarities to ascending
215 SMCs with notable enrichment for AP1 and HAND2 motifs (Table S6), however we
216 identified additional motif enrichment that appeared to be largely distinct to the carotid
217  SMC including distal-less homeobox (DLX) motifs (DLX5, Fig 20) as well as

218 neurodevelopmental E-box TFs such as NEUROD1 and NEUROG2 (NEUROD1, Fig
219  2P).

220 Gene expression analysis using FindMarker from scRNAseq data of SMCs

221 reveals 252 genes which have differential expression among vascular sites (147

222  ascending, 77 carotid, 28 descending) (Table S7) that largely match genes identified by
223  differential peak accessibility analysis (Fig 2Q). Top differentially expressed genes

224 within the ascending SMC population includes expected developmental genes such as
225  Tbhx20 and Hand?2 (Fig 2Q), secondary heart field marker Tnhnt2 (Fig 2Q&R), but also
226  numerous genes with previously demonstrated roles in atherosclerosis suggesting

227  vascular site-specific disease risk mechanisms (Fig 2Q), including Ccn3 (cellular

228 communication network factor 3) which has previously reported vascular protective
229 effects by inhibiting neointimal formation and plaque development®37 and Dcn (decorin)
230 that has been shown to be protective in atherosclerosis®. Notably, we identify specific
231  vascular development and inflammation genes as having higher expression within

232  SMCs isolated from the carotid artery, such as Kif4, Fosb, Jun, and Atf3 (Fig 2Q&R).
233 Fosb and Jun have specific roles in mediating cellular and arterial contractility3®, Atf3 is

234 a CAD GWAS gene and has recently been identified to have vascular protective effect

10


https://doi.org/10.1101/2022.05.18.492517
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.18.492517; this version posted May 6, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

235 in atherosclerosis?®, and Klf4 has critical roles in mediating SMC phenotypic modulation
236  and promotes atherosclerosis*®. Specific genes which have higher expression within the
237  descending thoracic SMCs include signal transduction genes such as Rgs5 (Regulator
238  of G protein signaling 5) (Fig 2Q, Table S7), Fn1 (fibronectin 1), and Ccdc3 (coiled-coil
239  domain containing 3). Rgsb has been reported to be a specific marker of peripheral

240  arterial smooth muscle, is downregulated in atherosclerosis, and acts to inhibit SMC
241  proliferation and neointimal formation*'42, Fn1 is a putative CAD GWAS gene thought to
242 be protective in CAD and loss of function has been implicated in thoracic aortic

243 aneurysm*344 and Ccdc3 has been found to inhibit TNFo mediated vascular

244 inflammations.

245

246  Fibroblast cell subset analysis reveals vascular site-specific gene programs and
247 disease risk genes

248 Evaluation of fibroblast subset population similarly reveals differences in

249  chromatin accessibility and gene expression across vascular sites (Fig 11). Peak

250 accessibility analysis between fibroblasts from the ascending and descending aorta

251 reveals 7,008 peaks that are differentially accessible (Fig 3A, Table S8). Top peaks
252 that have higher accessibility in the ascending aorta include peaks located at chr9-

253 24773921-24774837 and chr14-63244897-63245811 that lie 95bp and 85bp upstream
254  from the TSSs of Tbx20 and Gata4 respectively, while peak chr15-57985530-57986444
255 isincreased in both ascending and carotid and lies 568bp downstream from the TSS of
256 Fam83a (Fig 3B-D). Top peaks with higher accessibility in the descending aorta

257  fibroblast population includes peaks near Hox related family members (i.e. chr11-

11
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258  96298662-96299576 at Hoxb6) (Fig 3E), however additional peaks include chr17-

259  35590469-35591345 in a gene desert 23,457bp downstream of noncoding RNA

260 2300002M23Rik, as well as chr8-114679333-114680184 that lies within an intron and
261  240,104bp downstream of the TSS of Wwox (Fig 3F&G). Featureplots of peak

262  accessibility to peaks that correspond to Fam83a and Wwox (chr15-57985530-

263 57986444 and chr8-114679333-114680184 respectively) highlight distinct vascular site-
264  specific chromatin accessibility (Fig 3H&I).

265 Peak to gene association analysis with GREAT reveals top genes with higher
266  peak accessibility in the ascending aorta to include expected key developmental genes
267 such as Tbx20, Gata4, Tcf21, and Hand2, as well as signaling genes such as Fam83a,
268  Cul4b, and Cdkn2b (Table S9). Peaks with higher accessibility within the descending
269 aorta include peaks that lie near the Hoxa/b/c family of transcription factors as well as
270  other developmental transcription factors such as Pax7 and Foxd1 (Table S10). Gene
271  ontology pathway analysis using GREAT identifies top pathways to be enriched in the
272  ascending aorta to include developmental pathways such as ‘cardiac septum

273  morphogenesis’ and ‘embryonic heart tube development’, but also pathways that

274  suggest a distinct response to TGFf such as ‘regulation of TGFB receptor signaling’
275  and ‘regulation of cellular response to TGF stimulus’ (Fig S2A). Pathways enriched
276  within the descending aorta fibroblast include an enrichment of pathways involved in
277  extracellular structure organization such as ‘extracellular matrix organization’, ‘collagen
278  fibril organization’, and ‘negative regulation of cell-cell adhesion’ (Fig S2B).

279 Motif accessibility analysis using ChromVar within fibroblast populations reveals

280 ascending fibroblasts to have a marked increase in accessibility of TCF21 and other

12
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281  bHLH family of transcription factors, similar to what was observed in the SMC

282  ascending population (Fig 3J&K, Table $11). However, motif enrichment appears to
283  further identify regulators of TGFf signaling including the SMAD2:3:4 and TGIF1 motifs
284  (Fig 3L). SMAD3 is a member of the TGFf superfamily and has causal roles in

285 aneurysm*® and coronary artery disease*’. Like that observed in the SMC, descending
286  aortic fibroblast appear to have increased accessibility of motifs that relate to homeobox
287  transcription factors such as HOX family of TFs (i.e. HOXA13, Fig 3M), MEIS1/2, GC
288  rich KLF family members, as well as SOX9 and other SOX TFs further appear enriched
289 in the descending fibroblasts (Fig 3N, Table $12). Motif enrichment for carotid fibroblast
290  appear to show a distinct increase in accessibility to developmental TF NKX6-1 (Fig
291  30) as well as related TFs with similar sequence (i.e. MEOX1/2)(Table S13).

292 RNA expression analysis between vascular sites demonstrates significant

293  concordance with peak accessibility analysis. Fibroblast specific gene expression

294  analysis reveals 597 genes which have differential expression between vascular sites
295 (314 ascending, 149 carotid, 134 descending)(Fig 3P, Table S14). The top 10 genes
296  which differentiate vascular sites include expected development genes such as Thx20,
297  Tcf21 (ascending), Igfbp4, Sod3 (carotid), and Hoxa7, Col1a2 (descending)(Fig 3Q). A
298 notable observation is that descending fibroblasts appear to be enriched for

299  extracellular structure organization pathways by scATACseq (Fig S2B) and by RNA we
300 observe a pattern of increased expression of collagen extracellular matrix genes (Fig
301 3Q&R). These genes overlap with known causal genes for hereditary thoracic

302 aortopathy (HTAD) and loci associated with aortic dimension and aortic dissection

303  risk*®4°, Evaluation of these genes reveal a pattern where TGFp related HTAD genes in

13
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304  which gain of function leads to disease (i.e. TGFBR1/2, TGFB2, SMAD3) show

305 increased expression in the ascending fibroblasts, while collagen and matrix related
306 HTAD and other collagen genes where loss of function leads to disease (i.e. FBNT,

307 COL3A1, LOX) there is decreased expression (Fig 3R). This suggests distinct

308 regulation of extracellular matrix and TGFf signaling genes in fibroblasts in a vascular
309 site-specific manner that may suggest a relationship to risk of thoracic aortic disease.
310

311  Endothelial cell subset analysis shows distinct vascular site-specific chromatin
312 accessibility

313 Single cell analysis of endothelial cell subset population reveals vascular site-
314  specific chromatin accessibility and gene expression programs. Visualization with

315 UMAP demonstrates separation of endothelial cells from the ascending aorta with

316 somewhat less pronounced differences between endothelial cells from the carotid artery
317 and descending aorta based on RNA, ATAC, and integrated datasets (Fig 4A-C). Peak
318  accessibility analysis between endothelial cells from the ascending and descending
319 aorta identifies 935 peaks with differential accessibility meeting significance using an
320 adjusted P value of 0.05 (Fig 4D) with 14,388 peaks meeting an unadjusted P value of
321 0.05 (Table S15). Top peaks that have increased accessibility in the ascending aorta
322 includes peak chr6-134981212-134982145 which lies 39bp upstream of the TSS of

323  Apold1 (Fig 4E&F). Apold1 (apolipoprotein L domain containing 1, aka VERGE) has
324  been previously reported as an endothelial cell specific stress response gene and

325 protects against vascular thrombosis®?%'. Peak analysis further highlights peaks related

326  to Wnt signaling including peak chr6-18031351-18032250, which lies 1216bp upstream

14


https://doi.org/10.1101/2022.05.18.492517
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.18.492517; this version posted May 6, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

327 ofthe TSS for Wnt2 (Fig 4G). Coverage plot of this genomic region demonstrates that
328 chromatin accessibility is nearly entirely closed in the descending aorta with only minor
329 accessibility in the carotid (Fig 4G). Notably, the descending aorta endothelial cells

330 have increased accessibility of Hox related genes (i.e. peak chr6-52225707-52226553,
331 Hoxa9)(Fig 4H&I), as well as peaks related to genes involved in Notch signaling such
332 as chr2-137109516-137110365 which lies 6707bp downstream of the TSS for Jag7 (Fig
333  4J) where coverage plot of this genomic region reveals differential peak accessibility
334  with carotid and descending endothelial cells having similar accessibility (Fig 4J). Jag1
335 (jagged 1) and associated Notch pathway signaling has important roles in suppressing
336  vascular smooth muscle chondrogenic fate and in the formation of the atherosclerotic
337 fibrous cap®%°3.

338 Motif accessibility analysis was performed comparing ascending and descending
339 aortic endothelial cell populations. Top differentially accessible motifs in the ascending
340 endothelial cells highlight LEF1 (Fig 4K, Table $16). LEF1 plays a critical role in Wnt 3-
341 catenin signaling and regulates endothelial cell fate specification®*. Other motifs

342  enriched in the ascending population including Hand?2 as well as multiple ETS factors
343 (Table $16). ETS factors play important roles in cellular growth and differentiation and
344  regulate vascular inflammation and remodeling where inhibition of ETS transcription
345 factors promotes vessel regression®>%. Top motifs enriched in the descending aortic
346  endothelial cells highlights NFIC (Fig 4L, Table S17) where motif accessibility appears
347 to be enriched in both the carotid and descending endothelial cells. Other motifs include

348  multiple Hox family members, TEAD family members, and other nuclear factors such as
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349  NFIX (Table S$17). Motif enrichment in carotid endothelial cells highlights nuclear factors
350 such as NFIA/C/X as well as AP1 factors (Table S$18).

351 Differential gene expression analysis reveals specific patterns differentiating

352 endothelial cell programs by vascular site (Fig 4M) with FindMarker analysis identifying
353 397 differentially expressed genes between vascular sites (174 ascending, 127 carotid,
354 96 descending) (Table $19), where heatmap analysis suggests greater similarity

355 between carotid and descending endothelial cells compared to ascending (Fig 4M).

356  Ascending aortic endothelial cells have increased expression of VEGF receptors Kdr
357 (kinase insert domain receptor, aka VEGFR), Flt1 (fms related receptor tyrosine kinase
358 1, aka VEGFR1), and Flt4 (fms related receptor tyrosine kinase 4, aka VEGFR3)

359  (Figure 4N&O). Descending aortic endothelial cells have notable increase in expression
360 of Edn1 as well as other BMP factors (i.e. Bmp4) as well as interestingly xenobiotic

361 transformation gene Cyp1b1 (cytochrome p450, 1b1) (Fig 4P&Q). Vascular site-specific
362  expression of Cyp1b1 is particularly notable as it contributes to abdominal aortic

363 aneurysm and suggests a vascular site-specific mechanism of aneurysm>®”-%8, Carotid
364 endothelial cells have higher expression of specific genes that appear to play unique
365  roles within the cerebral vasculature such as Efemp1 (EGF containing fibulin

366  extracellular matrix protein 1) (Fig 4R) an extracellular matrix glycoprotein which

367 regulates vessel development and has been associated with intracranial vascular

368 disease and white matter density through large genome wide association studies®°.

369

370  Macrophage cells have minimal epigenomic and transcriptional variation across

371 vascular sites
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372 Given the significant vascular site-specific epigenomic and RNA transcriptional
373  profiles observed within vascular SMCs, fibroblasts, and endothelial cells, we next

374  evaluated if resident macrophages within healthy vascular tissues harbor specific

375 epigenomic and transcriptional profiles. Macrophage cells from integrated

376  scATACseq/scRNAseq data were subsetted and subsequently analyzed. Importantly,
377  UMARP visualization of macrophage cells with RNA, ATAC, and integrated datasets

378 reveals no significant differences in macrophage cells across vascular sites (Fig S3A-
379  C). Differential peak accessibility analysis between ascending and descending aorta
380 macrophages do not reveal any peaks which meet statistical significance as

381 differentially accessible (Fig S3D). Differential gene expression analysis with scRNAseq
382 data reveal very minimal differences in gene expression (Fig S3E). This lack of vascular
383  site-specific macrophage diversity across the aorta is notable given the contrasting

384  finding within SMCs, fibroblasts, and endothelial cells, and that significant leukocyte

385 diversity develops within the aorta during atherosclerosis®.

386

387 Cell type and vascular site-specific gene regulatory networks highlight distinct
388 ascending fibroblast regulatory networks

389 These data indicate that epigenomic landscape is not only cell type but vascular
390 site-specific with key differences in transcription factor motif accessibility. To further

391 understand how TF regulatory elements may further control gene expression on a cell
392  type and vascular site-specific basis, we utilized this multi-modal single-cell data to infer
393  gene regulatory networks (GRNs) with Pando®'. By integrating scRNA and scATAC

394  datasets and subsetting across vascular cell type and vascular site of origin, we utilized
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395  Pando to infer GRNs through modeling gene expression with understanding the

396 interaction of TF expression with TF binding sites and gene targets (Fig 5A). With

397 Pando, we initiated GRN analysis by scanning candidate genomic regions and identified
398  TF binding motifs to then infer GRN modules. To understand how regulatory networks
399  may differ within cell type based on vascular site, we identified TF modules for aortic
400 SMCs and Fibroblasts in both ascending and descending aortic sites. In these modules,
401 we identified GRN TF and TF gene targets. In the SMC population, we identified 37 and
402 38 TF modules in the ascending and descending cells, respectively. In the fibroblast
403  population, we identified 56 and 40 TF modules in the ascending and descending cells,
404  respectively (Fig 5B&C). In both SMC and fibroblast cell populations, the majority of TF
405 modules appear to be shared between ascending and descending cells (Fig 5B&C),
406  with key TFs including Atf3, Creb5, Fosb, KIf2/4/6. However, although SMC TF modules
407  show relatively equal proportion of TF modules that are distinct to ascending and

408 descending, ascending fibroblasts appear to have a notable increase in distinct TF

409 modules (20 vs 4) (Fig 5C). Distinct ascending fibroblast GRN TF modules include

410 Meox1, which has recently been described as a master regulator of fibroblast activation
411 in cardiac fibroblasts through epigenetic mechanisms?°. GRN TF gene targets appear to
412  have less overlap between ascending and descending cell populations in both SMCs
413  and fibroblasts (Fig 5SD&E), however consistent with GRN TF modules, there is a

414  greater proportion of ascending fibroblast GRN gene targets compared to descending
415 (108 vs 43) (Fig 5D&E). Visualization of ascending fibroblast GRN highlights the

416  proximity of Meox1 to other developmental TFs Tbx20 and Gata4 (Fig 5F). Other
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417  distinct fibroblast ascending GRN TF modules include Tcf21, Irf7/8, Sox4/7/17, and
418 E2f8.

419

420 Vascular site-specific Meox1 activation implicates epigenetic ‘priming’ for

421  fibroblast activation in ascending aortic fibroblasts

422 Our findings implicate a cell type and vascular site-specific ‘epigenetic memory’
423  of important regulatory enhancer elements with functional effect on disease relevant
424  pathways. A notable observation from evaluation of GRNs is that ascending fibroblasts
425  have increased proportion of distinct regulatory networks from descending fibroblasts
426  highlighting the TF Meox1. We interrogated our scRNAseq and scATACseq fibroblast
427 integrated dataset where we see that Meox7 has increased RNA expression in

428  ascending fibroblasts, but this expression is largely limited to a specific cell population
429  that represents valvular fibroblasts (Fig 5G&H). Importantly, we see that Meox1

430  chromatin accessibility is much more expansive and extends throughout all ascending
431  and includes carotid fibroblasts, with increased total chromatin accessibility in the

432  ascending/carotid fibroblast populations (Fig 51). This discrepancy of chromatin

433  accessibility and RNA expression for non-valvular ascending fibroblasts may suggest
434  evidence to support an epigenetic ‘priming’.

435

436  Primary adventitial fibroblast response to TGFf is dependent on vascular site and
437  implicates functional developmental epigenomic memory

438 We have shown that vascular SMCs, fibroblasts, and endothelial cells have

439  transcriptional and epigenomic features that are distinct to vascular site. Further, TF
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440  motif accessibility analysis in fibroblasts reveals an increased accessibility of AP1, and
441 SMADZ2:3:4, and TCF21 motifs in the ascending fibroblast population compared to

442  carotid and descending fibroblasts (Fig 3), with further gene regulatory network analysis
443  suggesting distinct regulatory TF module activity in ascending fibroblasts highlighting
444  master regulator of fibroblast activation Meox7 (Fig 5). This differential chromatin

445  accessibility would suggest the potential for heightened biological response to TGFf in
446  ascending fibroblasts. To evaluate the functional effect of this differential chromatin
447  accessibility and to identify if differential gene expression is retained following removal
448  from vascular site flow conditions, we isolated and cultured primary adventitial

449  fibroblasts from healthy 14 week old C57BL/6 mice from the ascending and descending
450 aorta, passaged cells 3X allowing for separation from hemodynamic effects, and

451  stimulated them with control or TGF (10ng/mL, 48hrs) and performed bulk RNA

452 sequencing (n = 3 per condition) (Fig 6A).

453 Principal component analysis (PCA) of RNAseq data reveals distinct separation
454  of samples based on origin of vascular site and stimulation with TGF (Fig 6B). Upon
455  evaluation of differential gene expression by vascular site, we observe 1342

456  differentially expressed genes between ascending and descending fibroblasts (Fig 6C,
457  Table S20). Ascending fibroblasts have increased expression of genes including

458  Hand2, Tbx20, Pcolce2, Tcf21, and Gata4 (Fig 6C, Fig S4A), while descending

459  fibroblasts have increased expression of Hox family of genes (i.e. Hoxb9, Hoxa7,

460 Hoxc8), Col6a3, and Pax1 (Fig 6C, Fig S4B). When evaluating response to TGFf

461  stimulation, comparing all samples by TGFp treatment, we identify 4,234 DE genes,

462  with top upregulated genes including Ada, Snx30, Wisp1, Cthrc1, LoxI2, and Akap5,
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463  while top downregulated genes include Adm, Gstm1, Mcc, Rras2, ll6ra, and Vegfd (Fig
464 6D, Table S21). To evaluate the effect of TGFf by vascular site, we compared the

465  transcriptomic effect of TGFp stimulation within ascending and descending fibroblast
466 samples. We identify TGF[ stimulation to induce a markedly higher transcriptional effect
467 in ascending fibroblasts, with 6,733 DE genes (Fig 6E, Table $S22) while only 2,250 DE
468  genes within descending fibroblasts (Fig 6F, Table S23).

469 By performing an interaction analysis, we reveal key genes with differential

470  response to TGFf by vascular site. In this analysis, 422 genes meet FDR cutoff for

471  interaction significance (Fig S5, Table S24). When plotting the log2FC _interaction

472  (log2FC > 0 represents greater effect TGF in ascending; log2FC < 0 represents

473  greater effect TGF in descending), we identify that matrix gene Eln is the top

474  interacting gene that has much lower expression in descending fibroblasts but is rapidly
475  upregulated in response to TGF (Fig S5A&B). Here, we identify that Meox1 has a

476  marked interaction in response to TGF with greater effect in ascending fibroblasts,
477  where although low expression of Meox1 is present in ascending fibroblasts, Meox1
478  expression significantly increases with TGFp treatment, an effect not seen in

479  descending fibroblasts (Fig S5C). This relationship also includes other TGFj response
480 genes such as Gdf6 that are more highly induced in ascending fibroblasts, while Tgfb1
481 and Tgfb3 are more induced in descending fibroblasts (Fig S5C, Table $S24). Numerous
482  collagen genes have differential response to TGFp by vascular site, where Col8a1 and
483  Col5aZ2 are upregulated by TGFp to a greater extent in descending fibroblasts (Fig

484  S5D). Alternatively, Col28a1 and Col6a1 are downregulated by TGFp to a greater

485  extentin descending fibroblasts (Fig S5D). TFs such as KIf4 and Ptx3 are more highly
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486  expressed in ascending fibroblasts and then downregulated by TGF to a greater extent
487  than descending fibroblasts (Fig SSE). However, Ahr is downregulated by TGFp in

488  descending fibroblasts only while Hoxb5 shows differing effects by vascular site, where
489 itis modestly upregulated in ascending while downregulated in descending fibroblasts
490 (Fig S5E).

491 By evaluating the 200bp DNA sequence upstream of the TSS of differentially

492  expressed RNA transcripts in ascending versus descending fibroblast comparison, we
493  evaluated TF motif enrichment using HOMER®2. In control samples, DE genes

494  upregulated in ascending vs descending fibroblasts reveal enrichment of key TFs

495  including SMAD3 (TWGTCTGV), KLFs including KLF4 (GCCACACCCA), FOS

496 (NDATGASTCAYN), and HIF1a (TACGTGCV)(p-values 1.0E-10, 1.0E-13, 1.0E-07, and
497  1.0E-05, respectively). DE genes upregulated in descending fibroblasts reveal

498  enrichment of TFs including HOXA11 (TTTTATGGCM), HOXA9 (RGCAATNAAA),

499 HOXC6 (GGCCATAAATCA), (p-values 1.0E-07, 1.0E-06, 1.0E-03, respectively) (Fig
500 6G). We then similarly evaluated the motif enrichment of the 200bp sequence upstream
501 ofthe TSS of upregulated genes in ascending fibroblasts in response to TGF3 and then
502  for descending fibroblasts in response to TGFp (Fig 6H&I). In this comparison, although
503  motif enrichment to TGFp has similarities between ascending and descending

504 fibroblasts with GC rich motifs such as SP2/5 and KLF factors similarly enriched (Fig
505  6H&I), distinct differences emerge. Ascending fibroblast response to TGF3 motif

506 enrichment highlights AP1 factors, SMAD3, as well as MEF2 factors (Fig 6H). In the
507 descending fibroblast response to TGFf highlights ETS factors and other NRF factors

508 and to a lesser extent AP1 factors (Fig 61). However SMAD3 and MEF2 factors are not
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509 identified as being enriched. The differential enrichment of these TFs in differentially
510 expressed genes between vascular site and in response to TGFp suggests this

511 differential chromatin accessibility to have functional effect on global transcriptome.

512

513  Aortic dimension GWAS identifies genes with vascular site-specific expression
514 Our data indicates that epigenomic landscape are not only cell type, but vascular
515  site-specific. However, it is unclear if these vascular site-specific enhancers and gene
516  programs relate to human genetic evidence of disease. To evaluate this question, we
517 leveraged the data from a recently performed GWAS to understand the genetic

518 determinants of ascending versus descending aortic dimension'”. Through an algorithm
519 based method to evaluate cardiac MRI imaging of UK Biobank participants, Pirrucello et
520 al. (2022)" identified 82 and 47 genomic loci which met genome wide significance for
521 ascending and descending aortic dimensions, respectively. We hypothesized that if

522  vascular site-specific regulatory enhancers influence genetic disease risk, that we would
523  observe aortic dimension GWAS genes to be differentially expressed in a vascular site-
524  specific manner. By taking the nearest gene for each locus, we evaluated if these

525 GWAS genes are enriched in the ascending versus descending differentially expressed
526  RNA gene lists for each cell type (SMC, Fibro, Endo). Following performing a differential
527 gene expression analysis between ascending and descending aortic SMC, Fibro, and
528  Endo, cell types, we evaluated the proportion of GWAS aortic dimension genes to be
529  differentially expressed. We observed that these GWAS genes are enriched in the

530 differential gene analysis within SMC, Fibroblasts, and Endothelial cells. In SMCs, 25%

531  (21/82) and 21% (10/47) of ascending and descending aortic dimension GWAS genes

23


https://doi.org/10.1101/2022.05.18.492517
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.18.492517; this version posted May 6, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

532  are differentially expressed (p=5.4E-6 and p=2.5E-4, compared to random gene

533  set)(Fig 7A-C). In Fibroblasts, 32% (26/82) and 34% (16/47) of ascending and

534  descending aortic dimension GWAS genes are differentially expressed (p=9.9E-5 and
535 p=1.8E-4, compared to random gene set)(Fig 7D-F). Whereas, in endothelial cells, 15%
536  (12/82) and 17% (8/47) of ascending and descending aortic dimension GWAS genes
537  are differentially expressed (p=0.024 and p=0.019, compared to random gene set)(Fig
538  7G-l). These data highlight that a large proportion of genes that regulate aortic

539 dimension are differentially expressed across vascular sites within a cell type and

540  possibly suggests fibroblasts to be a primary cell type.

541

542  ChromBPnet predicts human genotype effect of chromatin accessibility in a cell
543  type and vascular site-specific manner

544 These data indicate that genes for which variants regulate aortic dimension have
545  not only cell type but vascular site-specific expression and epigenomic patterns. This
546  may suggest that a gene variant can have a differing effect on TF motif binding,

547  chromatin accessibility, and gene regulation in not only a cell type but a vascular site-
548  specific context. To better understand this vascular site-specific epigenomic regulation,
549  we aimed to predict how a gene variant that influences aortic dimension (Pirruccello et
550 al., 2022)'" may affect chromatin accessibility in a cell type and vascular site specific
551  manner using ChromBPNet®. ChromBPNet is a novel, bias factorized, base-resolution
552  deep learning model of chromatin accessibility®3. Prior training of the ChromBPNet

553  model has been predicated on the concept that gene variants affect TF binding of cis-

554  regulatory elements (cREs) in a cell context-specific manner®3. Training of a
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555  convolutional neural network (CNN) for ChromBPNet has utilized chromatin accessibility
556  data across 5 ENCODE Tier 1 cell lines®3, however, although this takes into account
557 how a variant may affect TF binding and chromatin accessibility within cell type, it does
558 not allow for the investigation of a variant effect within cell type but across vascular

559 sites. To overcome this barrier, we utilized our multiomic single cell RNA and ATAC
560  sequencing data and trained the ChromBPNet model in 9 different groups (Ascending
561 aorta, Carotid, and Descending aorta, within SMC, Fibroblasts, and Endothelial cells) in
562  our mouse dataset. Given this ‘genome-agnostic’ approach, this model can predict the
563  fundamental effect of base pair change on chromatin accessibility. These individual cell
564  type and vascular site-specific models can then be applied to the human genome. We
565 leveraged the variants identified from the prior GWAS on aortic dimension'’, performed
566 linkage disequilibrium (LD) expansion to identify SNPs in LD with lead SNPs, and used
567 each of the 9 models to score variant effect for 27,556 variants based on cell type and
568  vascular site. We identified 469 high scoring aorta diameter LD-expanded GWAS

569 variants across all of the vascular site datasets (example, rs2959350, in LD with lead
570  SNP rs55736442 at ANGPT1 locus, chr8:107367260:G:A, Ascending Endothelial cells,
571  Fig 8A). In this model, the variant allele has a pronounced activating effect on

572  chromatin accessibility across a ~300bp region.

573 For each variant, we scored the absolute log fold change (abs_logFC) from

574  variant effect as well as the p-value of the abs_logFC (abs_logFC.pval). To understand
575 how predicted variant effect may vary within cell type across vascular site, we first

576  evaluated the abs_logFC.pval and compared between ascending and descending SMC

577  models (Fig 8B). This reveals significant variation in p-value of logFC for a given SNP
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578  between vascular sites (Fig 8B). However, upon evaluation of the variation of

579 abs_logFC for each SNP within SMC across vascular site, variation is significantly

580 reduced (Fig 8C). A similar level of variation of variant effect is seen when comparing
581 ascending and descending fibroblast and endothelial cell models (Fig 8D&E). To

582 understand the predicted variant effect between cell types, we then compared the

583  predicted abs_logFC in ascending SMC vs Fibro, SMC vs Endo, and Fibro vs Endo (Fig
584 8F-H). We observe a consistent pattern of a greater degree of variation in comparing
585  between cell types as opposed to within cell type across vascular site, consistent with
586 an overall understanding that variant effect is primarily influenced by cell type, however
587  within cell type, vascular site continues to have significant variant effect.

588 Following linear regression analysis of the abs_logFC within cell type between
589 ascending and descending models (i.e. Asc SMC vs Desc SMC), we identified the top
590 1% of deviant SNPs (furthest away from linear regression line). These top 1% deviant
591  SNPs highlight specific variants that appear to have vascular site-specific effect. For
592  example, rs11677932 is the lead SNP (chr2:237315312:G:A) at the COL6A3 locus, a
593  gene we have previously highlighted as having differential expression within cell type
594  across vascular site. The variant effect is predicted to lead to epigenetic silencing;

595 however, this effect is greatest in SMC, compared to fibroblast and endothelial cells,
596  and within SMCs, this effect is greatest in descending SMC compared to ascending
597  SMC (Fig 8l).

598 The identification of variants that have vascular site-specific effects on chromatin
599 accessibility may suggest that variants can change pioneer TF binding to motifs that

600 influence vascular site-specific epigenetic patterns. To better understand these variants
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601 and the potential TF motifs that they regulate, we took the top 1% of deviant SNPs away
602 from the linear regression, and from these SNPs, we selected a 200bp genomic window
603  (+/- 100bp around each SNP) and performed unbiased Motif Discovery function with
604 MEME Suite®*. Known motif analysis of top discovered motifs was then performed using
605 TOMTOM (HOCOMOCOvV11)%. This analysis was performed for top deviant SNPs in
606 SMC, fibroblast, and endothelial cell populations, and here, we identified novel motifs
607  enriched in the genomic regions of these SNPs with differential effect on vascular site.
608 TOMTOM analysis of discovered motifs revealed numerous TF motifs that we have

609  similarly identified as having differential motif accessibility between vascular sites. For
610 example, analysis of top discovered motif from SMC data reveals motif enrichment for
611 MEF2A/C, consistent with our prior finding of enriched MEF2A/C motif in descending
612 SMC (Fig 8J). Similarly, in analysis of the top discovered motif from fibroblast data, we
613 observe an enrichment for multiple zinc finger motifs including IKZF1 and ZN250,

614 however we also see an enrichment for TEAD4 (Fig 8K), a motif we have previously
615 observed to have differential accessibility. Further, in the second top motif in this

616 fibroblast data, we observe an enrichment for a SMAD3 motif (Fig 8L), consistent with
617  our previously observed increased in SMAD3 motif accessibility in ascending aortic

618 fibroblasts. Finally, evaluation of these SNPs from endothelial data further reveals a

619  discovered motif that is notably enriched for a HANDZ2 motif (Fig 8M), a motif we had
620  similarly seen enriched in ascending aortic cell types. These data suggest that variants
621 that have differential effect on chromatin accessibility between vascular sites lie in

622  genomic regions enriched for motifs that have differential accessibility between vascular
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623  sites. These data further support our hypothesis that vascular site-specific epigenomic
624  patterns influence human genetic determinants of vascular disease risk.

625

626  Discussion

627 Chromatin architecture and cis-regulatory elements such as enhancers and

628 promoters are critical in mediating cellular gene programs in a cell type specific

629 manner'®. Disease associated gene variants identified through GWAS are now

630 increasingly being recognized to influence disease risk through modification of these
631  regulatory regions of the genome®®. Additionally, there is now growing experimental
632  evidence that vascular disease associated gene loci influence disease risk in cell type
633  specific mechanisms, where common human genetic variation can modify the function
634  of cell type specific enhancers?223. Risk of vascular diseases, such as atherosclerosis,
635 aneurysm, or autoinflammatory vasculitides, are vascular site-specific, with disease
636  associated genetic loci suggesting differing genetic mechanisms of disease. These
637 observations raise the question as to what extent do cell type specific enhancers and
638 gene programs vary by vascular site, and do these variations contribute to disease risk?
639 Here, we evaluated cell type and vascular site-specific enhancer and gene

640 expression profiles of healthy vascular tissue in adult mice from three disease relevant
641 vascular sites, 1) ascending aorta and aortic root, 2) brachiocephalic and right common
642  carotid arteries, and 3) descending thoracic aorta (Fig 1A). These vascular sites

643  represent the developmental diversity that makes up the aorta, with these regions

644  arising from the secondary heart field and neural crest, neural crest, and somitic

645 mesoderm, respectively. This work has revealed thousands of differentially accessible
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646  enhancers within vascular smooth muscle, fibroblasts, and endothelial cells. Through
647  use of this single cell epigenomic and transcriptomic multi-omic data, computational
648 analysis of gene regulatory networks, in vitro culture of primary aortic fibroblast cells,
649  and by using a novel machine learning approach to train and predict gene variant effect
650 on chromatin accessibility across vascular sites in the human genome (ChromBPNet),
651 we have defined an important observation — that epigenomic patterns are not only cell
652  type but vascular site specific. This data supports our understanding that gene variants
653  appear to regulate chromatin accessibility through influencing pioneer TF motif binding
654 of key TF (i.e. SMAD3, MEF2A/C, HANDZ2, TEAD4) in a vascular site-specific

655 mechanism. These data have important implications for our understanding of vascular
656  site-specific disease risk and may give insight into novel mechanisms of disease.

657 The activation of key developmental transcription factors is crucial in the

658 coordinated cellular development of the fetal and adult vasculature. Although

659  expression of genes such as Hand2, Tbx20, Gata4, Wnt and those encoding related
660  WNT signaling molecules, and Hoxa/b/c family of transcription factors have previously
661  been known to mediate vascular development®825-28 the residual chromatin

662  accessibility and gene expression of these developmental transcription factors in the
663  adult vasculature has been less well characterized. A notable observation of our study
664 s that key regulatory enhancers of development genes Tbx20, Hand2, and Gata4 have
665 increased chromatin accessibility in the ascending aorta and carotid artery in

666  comparison to the descending aorta in smooth muscle and fibroblasts (Figs 2&3).

667 Whereas Hoxb and Hoxa/Hoxc family of transcription factors have increased chromatin

668  accessibility in the descending aorta (Figs 2&3). Although it is possible that
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669  hemodynamic factors may be contributing to these epigenetic differences across

670  vascular sites, our data from culturing primary adventitial fibroblasts in vitro suggests
671 that these transcriptomic patterns are retained even when culturing in a dish and across
672 3 passages (Fig 6). These findings suggest that these vascular cells retain an

673  epigenetic ‘memory’ of their developmental program, suggesting these cells are poised
674  to turn on these gene programs.

675 This finding further raises the question as to the role of these development genes
676 in mediating vascular disease risk in adulthood. Although genetic variation in TBX20
677 has been associated with a spectrum of congenital cardiac lesions relating to cardiac
678 and vascular development®’, there have been increasing observations that genetic loci
679 near TBX20 meet genome wide significance for disease in adulthood including coronary
680 artery disease®, myocardial infarction®®, blood pressure’, and aortic dimension and
681  distensibility!”-7'. Similarly, variants near GATA4 and members of the HOXB family of
682  transcription factors such as HOXB7 have been associated with hypertension’?73, while
683  HAND2 variants are associated with aortic dimension and atrial fibrillation'”.74, The

684  vascular site and cell type-specific chromatin accessibility observed in our study of

685 these developmental transcription factors may suggest their ongoing role in mediating
686  vascular disease in adulthood in a vascular site-specific mechanism. This hypothesis of
687 developmental TFs involved in vascular disease pathogenesis has been similarly

688  supported by work from our lab on developmental TFs TCF21 and ZEB2??32. These
689  TFs — which have important roles in vascular development, regulating cell state

690 transitions and endothelial to mesenchymal transition’>’® — have been identified

691  through GWAS as having additional roles in the development of CAD'277. SMC specific
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692  deletion of Tcf21 and Zeb2 in the mouse revealed a significant effect on transcriptional
693  regulation, epigenetic landscape, and plaque characteristic, further defining their roles
694  as causal CAD genes??32,

695 TF motif accessibility analysis identified an important observation that

696 SMAD2:SMAD3 motif is enriched in ascending aortic fibroblasts, highlighting a potential
697  vascular site-specific response to TGFf signaling. It was first identified nearly 30 years
698 ago in chick embryos that vascular SMCs derived from the neural crest have enhanced
699 response to TGFp signaling compared to ectoderm derived SMCs’87°. More recently,
700 transcriptomic differences across vascular sites and organ specific fibroblast

701  transcriptomic identity has been reported3?#°. However, epigenomic landscape and

702  differential motif accessibility across vascular sites has not been reported. By isolating
703  and culturing primary adventitial fibroblasts from ascending and descending aorta, in
704 vitro experiments with TGF( stimulation with bulk RNA sequencing confirmed that

705  differential gene expression by vascular site is retained following isolation and in vitro
706  culture and revealed ascending fibroblasts to have a markedly greater response to

707  TGFp than descending fibroblasts (Fig 6), and motif accessibility analysis of

708 differentially expressed genes further suggests distinct response to AP1 factors such as
709  JUN, SMAD2/3, and MEF2 factors (Fig 6H). These are two important observations that
710  reveals 1) DE genes by vascular site in fibroblasts are independent of differential

711  laminar and turbulent flow and 2) implicates differential chromatin accessibility and

712 relevant TF motif accessibility to have causal biological and disease relevant function.
713 Evaluation of GRNs on a cell type and vascular site-specific basis highlights the

714 ascending aortic fibroblasts to have a notable activation of Meox? as a key GRN TF

31


https://doi.org/10.1101/2022.05.18.492517
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.18.492517; this version posted May 6, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

715  (Fig 5). MEOX1 is a master regulator of fibroblast activation Meox7?° and we further
716 identified an epigenetic ‘priming’ of key disease relevant genes. Primary fibroblast

717  culture shows similar baseline RNA expression of Meox1 between vascular sites, but
718  Meox1 is upregulated to a much greater extent in ascending fibroblasts in response to
719  TGFp (Fig S5C), consistent with epigenetic priming and activation of key vascular site-
720  specific GRN.

721 Prior work has discovered that genomic variants identified through GWAS have
722 cell type specific effects, however, understanding if gene variants may have not only a
723  cell type but vascular site-specific effect is challenging to determine. Our data here

724 highlights that many of the GWAS genes identified from a recent aortic dimension

725  GWAS" are differentially expressed when comparing ascending versus descending
726  aortic SMC, fibroblasts, and endothelial cells, with a notable enrichment of these genes
727  in the fibroblast DE gene analysis (Fig 7). However, to understand how these variants
728  may regulate chromatin accessibility on a base pair resolution, we applied a unique
729  model, where by training a ChromBPNet model in each cell type and vascular site, we
730  employed 9 distinct models to predict variant effect of aortic dimension on a cell type
731  and vascular site-specific context. This work revealed that although cell type remains
732  the primary influence on chromatin accessibility, vascular site is an important influence.
733 Our work further highlights that variants that appear to modify effect based on vascular
734  site are enriched for genomic positions that have key TF motifs, suggesting that these
735  variants may modify the binding of TFs such as SMAD3, MEF2A and others and

736  regulate disease risk in a vascular site-specific mechanism (Fig 8).

737
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738  Limitations

739 In this study, our aim was to evaluate single cell enhancer and transcriptional
740  profiles across vascular sites in healthy tissue. A limitation of this study is that we did
741  not evaluate the epigenomic profiles in a disease state across vascular sites. However,
742 by isolating and culturing primary adventitial fibroblasts and evaluating differential

743  response to TGFp, we gained further insight into this mechanism. We anticipate that
744  there are dynamic changes in chromatin accessibility and gene expression programs in
745  disease, as has been previously observed??>23, and future studies will be aimed at

746  understanding how these dynamic chromatin accessibility changes occur across

747  vascular sites. Similarly, recent work has demonstrated changes in chromatin

748  accessibility in vascular tissue with aging®'. Our study selected for adult mice that are
749  14-16 weeks of age, which represents a young adult. We anticipate that chromatin

750  accessibility dynamically changes with aging and future studies to evaluate how this
751  change differs across vascular sites may be particularly insightful.

752

753  Conclusions

754 By performing combined scRNAseq and scATACseq on vascular tissue across
755  three vascular sites, we reveal for the first time that the epigenomic landscape and

756  transcriptional profiles of vascular smooth muscle, fibroblasts, and endothelial cells, are
757  specific to anatomic origin, that genomic regions and genes that differentiate cells by
758  vascular site are weighted towards developmental genes, and that vascular cells have
759  an epigenetic ‘memory’ of their developmental program. We discovered that differential

760  chromatin accessibility appears to ‘prime’ vascular site-specific gene regulatory
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761  networks in disease relevant mechanisms, and finally, that genetic variants that

762 influence aortic dimension appear to regulate chromatin accessibility in not only a cell
763  type, but vascular site-specific mechanism. This work supports the paradigm that

764  genetic mechanisms of disease influence disease risk in a vascular site-specific

765  manner, gives unique insight into vascular site-specific transcriptional and epigenetic
766  programs, and further creates a valuable single cell atlas for the vascular biology

767  community.

768

769  Methods

770  Data Availability

771 All scRNAseq, scATACseq, and bulk RNAseq data has been deposited to the
772 National Center for Biotechnology Information Gene Expression Omnibus under GEO
773  accession numbers GSE296197 (scRNA/ATACseq) and GSE296074 (bulk RNAseq).
774

775  Mice and Micro-Dissections

776 Male 14-16-week-old C57BI/6 mice were purchased from Jackson Laboratory
777  (Bar Harbor, ME). The animal study protocol was approved by the Administrative Panel
778  on Laboratory Animal Care at Stanford University and procedures were followed in
779  accordance with institutional guidelines.

780 Mice were anesthetized with isoflurane and sacrificed with cervical dislocation
781  technique. Vascular tissue was flushed with injection of 5mL of phosphate buffered
782  saline (PBS) into the left ventricle after an incision was made at the right atrium. Aortic

783  tissue was dissected including the aortic root and ascending aorta up to the take-off of
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784  the brachiocephalic artery. The brachiocephalic artery and its extension into the right
785  common carotid artery were carefully dissected under stereoscope. The descending
786  thoracic aorta was then isolated from past the left subclavian artery down to the renal
787  arteries.

788

789  Vascular Tissue Dissociation, Cell Capture, and Sequencing

790 Tissues were collected and dissociated for single cell capture as previously

791  described??31:32, Briefly, vascular tissue was washed three times in PBS, tissues were
792  then placed into an enzymatic dissociation cocktail (2 U ml-1 Liberase (5401127001;
793  Sigma-—Aldrich) and 2 U ml-1 elastase (LS002279; Worthington) in Hank’s Balanced
794  Salt Solution (HBSS)) for 45min at 37 °C. Tissues were then gently minced and

795  dissociated with pipette. The cell suspension was strained and then pelleted by

796  centrifugation at 500g for 5 min. The enzyme solution was then discarded, and cells
797  were resuspended in fresh HBSS. To increase biological replication, two sets of 8 mice
798 (16 mice total) were used to obtain two single-cell suspensions for each vascular tissue
799  (aortic root/ascending aorta, brachiocephalic/carotid, and descending thoracic aorta).
800 Cells were FACS sorted and live cells were identified as previously described3?2. Cells
801  were sorted on a Sony SH800S cell sorter, where cells were gated on forward/side

802  scatter parameters to exclude small debris and then gated on forward scatter height
803  versus forward scatter area to exclude obvious doublet events. Approximately 100-
804 150,000 live cells were sorted for each vascular site for each capture, where a portion of

805  cells were taken directly to scRNAseq capture. For single cell ATAC, cells were
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806  collected in BSA-coated tubes, and nuclei isolated per 10X recommended protocol, and
807  captured on the 10X scATAC platform.

808 All single-cell capture and library preparation was performed in the Quertermous
809 Lab. Cells were loaded into a 10x Genomics microfluidics chip and encapsulated with
810  barcoded oligo-dT-containing gel beads using the 10x Genomics Chromium controller
811 according to the manufacturer’s instructions. Single-cell libraries were then constructed
812 according to the manufacturer’s instructions (lllumina). Libraries from individual samples
813  were multiplexed into one lane before sequencing on an lllumina platform with targeted
814  depth of 50,000 reads per cell for RNA and 75,000 reads/cell for ATAC. Sequencing
815 was performed by MedGenome (Foster City, CA). Post filtering for non-cells, mean

816 number of reads within peaks per cell in scATAC data was 18,000-20,000 as was seen
817  in our prior report?2.

818

819  Analysis of Single-Cell Sequencing Data

820 scRNAseq

821 Fastq files from each vascular site (6 total RNA captures) were aligned to the
822  reference genome (mm10) individually using CellRanger Software (10x Genomics).

823  Dataset was then analyzed and captures were integrated using the R package Seurat.
824  The dataset was trimmed of cells expressing fewer than 1000 genes, and genes

825  expressed in fewer than 50 cells. The number of genes, number of unique molecular
826 identifiers and percentage of mitochondrial genes were examined to identify outliers. As
827  an unusually high number of genes can result from a ‘doublet’ event, in which two

828  different cell types are captured together with the same barcoded bead, cells with >7500
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829  genes were discarded. Cells containing >7.5% mitochondrial genes were presumed to
830  be of poor quality and were also discarded. QC of nFeature_ RNA, nCount_RNA, and
831 percent.mt are included in Figure S6A-C. The gene expression values then underwent
832 library-size normalization and normalized using established Single-Cell Transform

833  function in Seurat. Principal component analysis was used for dimensionality reduction,
834  followed by clustering in principal component analysis space using a graph-based

835  clustering approach via Louvain algorithm. Batch correction was performed with

836  reciprocal PCA (RPCA). UMAP was then used for two-dimensional visualization of the
837  resulting clusters. Analysis, visualization and quantification of gene expression and

838  generation of gene module scores were performed using Seurat’s built-in function such
839  as “FeaturePlot”, “VInPlot”, and “FindMarker.”

840

841 ScATACseq

842 Fastq files from each vascular site (6 total ATAC captures) were aligned to the
843  reference ATAC genome (mm10) individually using CellRanger Software (10x

844  Genomics). Individual datasets were aggregated and peak calling was performed using
845 the CellRanger aggr command without subsampling normalization. The aggregated
846  dataset was then analyzed using the R package Signac?3. The dataset was first trimmed
847  of cells containing fewer than 1000 peaks, and peaks found in fewer than 10 cells. The
848  subsequent cells were then again filtered based off TSS enrichment, nucleosome

849  signal, and percent of reads that lies within peaks found within the larger dataset. Cells
850  with greater than 20,000 reads within peaks or fewer than 3000 peaks, <2 transcription

851  start site (TSS) enrichment, or <15% reads within peaks were removed as they are
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852  likely poor-quality nuclei. QC of pct_reads_in_peaks, peak_region_fragments,

853  TSS.enrichment, and nucleosome_signal are included in Figure S6D-G. Fragment

854  histograms based on high and low nucleosome group (NS >4, NS <4) and TSS Plot
855 based on high and low TSS enrichment (TSS >2, TSS <2) are included in Figure

856 S6H&I. The remaining cells were then processed using RunTFIDF(), RunSVD()

857  functions from Signac to allow for latent semantic indexing (LSI) of the peaks®?:83, which
858  was then used to create UMAPs. Batch correction for UMAP visualization was

859 performed with Harmony. Differentially accessible peaks between different populations
860  of cells were found using FindMarker function, using number of peaks as latent variable
861  to correct for depth. Motif matrix was obtained from JASPAR 2020, aligned onto

862 BSgenome.Mmusculus.UCSC.mm10. Accessibility analysis around transcription factor
863  motifs was performed using ChromVar3®. Merging of scRNA and ATAC data was

864  performed using Pseudo-expression of each gene created using scATACseq

865  GeneActivity function to assign peaks to nearest genes expressed in the scRNA

866 dataset, and mapped onto each other using Canonical Correlation Analysis. For gene
867  regulatory network (GRN) analysis, RNA and ATAC integrated datasets were

868  subsampled based on cell type and GRNs were inferred using Pando®’. In this method,
869  variable features are identified from RNA dataset and GRN is initiated with

870  ‘initiate_grn()’ function. Candidate regions for TF binding motifs are identified and GRNs
871 are inferred using ‘infer_grn()’ function. GRN modules are then identified using

872  ‘find_modules() function for each cell type and vascular site reported. Network graphs
873  are then visualized using ‘plot_network_graph()’ function and further analysis was

874  performed following standard Pando workflow.
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875
876 ChromBPNet

877 Processing of single-cell ATAC-seq data

878 Methods for ChromBPNet model has been recently described in detail®38+4. For
879  each cell type and vascular site cluster (i.e. SMC/Fibro/Endo, Asc/Car/Desc) from the
880 dataset, we created pooled all of the fragments that belonged to each cluster based on
881 barcode to cell type maps to create pseudobulk fragment files. We then splitting each
882  fragment in half to obtain one read per strand and converted each fragment file to a
883  tagalign file. We then used these files as input to the ENCODE ATAC-seq pipeline

884  v1.10.0 (available at https://github.com/ENCODE-DCC/atac-seg-pipeline), which

885  generated peak calls using MACS2 (available at https://github.com/macs3-

886  project/MACS). For downstream analyses involving ChromBPNet, we used the overlap

887  peak set, which only includes peaks called from the original sample that overlap with
888  peak calls from both of the pseudo-replicates created by the pipeline by randomly
889 allocating the reads from the original sample into each synthetic replicate.

890 Training ChromBPNet models

891 To model the cell type and vascular—specific chromatin accessibility in each
892  vascular bed cell type, we trained ChromBPNet models on their cell type—resolved
893  pseudobulk ATAC-seq profiles (ChromBPNet is available at

894  https://github.com/kundajelab/ChromBPNet). For each sample, we used as input the

895 peak and tagalign files generated by the ENCODE ATAC-seq pipeline, along with a
896  Tnb-bias model trained on the descending aorta SMC. We trained the ChromBPNet

897  models using a 5-fold cross-validation scheme — ensuring that each chromosome
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898 appeared in the test set of at least one cross-validation fold. Table $25 outlines the

899  chromosomes included in the train, validation, and test splits for each fold in mouse.
900 Upon completion of training, any model that continued to respond to the tn5

901 motif's consensus sequences after unplugging the bias model, indicating an

902 unsuccessful bias-correction procedure, was re-trained until the model showed a limited
903 response to the tn5 motif's consensus sequences embedded in random genomic

904  backgrounds. Specifically, this retraining was performed if the maximum prediction from

905 the profile head for any base-pair from the examples containing the tn5 motif exceeded

906  0.002.
907 Creating the Variant List
908 To create a comprehensive set of variants associated with aorta diameter, we

909 first obtained all of the genome-wide significant GWAS variants from Pirruccello et al."”
910  (p-value < 5e-8). Next, we used Plink v1.9 to find all variants from the AFR, AMR, EAS,
911 EUR, and SAS populations in 1000 genomes that are in high LD (r2 > 0.8) with the

912  genome-wide significant GWAS variants, and we used TopLD to do the same for the
913  African, East Asian, European, and South Asian populations in TOPMed. The final

914 variant list included all of the genome-wide significant variants and any variants in high
915 LD with them from any of the above populations in either 1000 genomes or TOPMed.
916 Predicting variant effects using ChromBPNet models

917 To score each variant in this study, we used the ChromBPNet models for each
918 cell type to predict the base-resolution scATAC-seq coverage profiles for the 1 kb

919 genomic sequence centered at each variant and containing the reference and alternate

920 allele. We then estimated the variant’s effect size using two measures: (1) the log2 fold
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921 change in total predicted coverage (total counts) within each 1 kb window for the

922 alternate versus reference allele and (2) the Jensen—Shannon distance (JSD) between
923  the base-resolution predicted probability profiles for the reference and alternate allele
924  (capturing changes in profile shape).

925 We assessed statistical significance for these scores using empirical null distributions
926  constructed by shuffling the 2114 bp sequence around each variant multiple times while
927  preserving dinucleotide frequency. Next, each shuffled sequence was duplicated, and
928 the variant’s reference or alternate allele was inserted at the center, resulting in a total
929  of one million null variants for each set of observed variants scored. Each null variant
930 was scored with the same procedure as the observed variants. For each observed

931 variant, we then computed the proportion of null variants with an equally high or higher
932  (more extreme) score to derive empirical P-values for the log2 fold change and JSD

933  scores. The code base for scoring variants is at https://github.com/kundajelab/variant-

934  scorer.

935 Motif enrichment analysis from scored ChromBPNet variants

936 To identify variants that have differential effect based on vascular site (i.e.

937 between ascending and descending aortic cell types), we performed linear regression
938 analysis for absolute log fold change between all scored variants between ascending
939 and descending SMC, fibroblasts, and endothelial cell ChromBPNet models. We

940 identified the top 1% of variants that ‘deviate’ from the linear regression line that

941 represent the top 1% of variants that have a differing effect based on vascular site
942  within cell type. The genomic position of this top 1% variant list was expanded 100bp

943  upstream and downstream to have a 200bp window that was converted to a BED file.
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944  These genomic positions were then used unbiased Motif Discovery function with MEME
945  Suite®*. Known motif analysis of top discovered motifs was then performed using

946 TOMTOM (HOCOMOCOvV11)%°,

947

948  Primary adventitial fibroblast culture and bulk RNA sequencing

949 We isolated the aortic root and ascending aorta from 6, 12-week-old male

950 C57/BL6 mice as well as the descending thoracic aorta to the level of the renal arteries
951 and carefully separated the media from the adventitia by gentle traction with forceps.
952  Adventitia was cut into small pieces with microscissors and plated into 12 well plates
953  with DMEM media with 5% FBS. Following cell attachment to the plate, cells were

954  cultured at 37C and expanded for 48 hours. Cells were washed with PBS and passaged
955 1x and plated into a 12 well plate at 65,000 cells/mL. Upon cell culture reaching ~80%
956  confluence, cells were treated with either solute control or mouse TGFf (invitae)

957  (10ng/mL) for 48 hours. Following 48hr treatment, RNA was isolated using Qiagen

958 RNeasy kits and RNA/cDNA library was sequenced with 250M paired end reads. Fastq
959 files were aligned to MM10 murine genome and raw read count and expression

960  normalization was performed with featureCounts® and DEseq288, respectively. Using
961 DEseq2 standard pipeline, we performed differential gene expression analysis between
962  groups (i.e. Asc-control versus Desc-control; Asc-TGFp versus Desc-TGFf3; Asc-control
963  versus Asc-TGFp; Desc-control versus Desc-TGFp). Further interaction analysis was
964 performed where DESeq2 pipeline evaluates genes whose response to TGF( is not the
965 same in both regions — genes that are regulated by TGF[3 in one aortic region but not

966  the other, or that change in opposite directions, helping identify region-specific
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967 responses to TGF. Differential predicted transcription factor motif accessibility from

968  bulk RNAseq analysis of the 200bp upstream of the transcription start site (TSS) from
969 differentially expressed genes was performed with Hypergeometric Optimization of Motif
970  EnRichment (HOMER)®2.
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1322 Figure 1. Transcriptomic and epigenomic landscape of single vascular cells.

1323  Single cell RNA seq (scRNAseq) and single cell ATAC seq (scATACseq) was

1324  performed on vascular tissue in adult healthy mice C57BI/6) in three vascular sites
1325  (aortic root/ascending aorta, brachiocephalic/carotid artery, descending thoracic

1326  aorta)(A). UMAP of scRNAseq data (B), scATACseq data (C), and integrated datasets
1327 (D). RNA expression Myh11 in integrated dataset (E). Chromatin accessibility of Myh11
1328 in integrated dataset (F). Differentiation of major cell populations of the vascular wall
1329  (G). Subset analysis for scRNA, scATAC, and integrated datasets in SMC (H) and

1330  Fibroblast (1).
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1332  Figure 2. SMC subset analysis reveals differential chromatin peak accessibility,
1333 gene expression, and transcription factor motif accessibility between vascular
1334  sites. Volcano plot of differentially accessible peaks comparing ascending and

1335 descending SMC (A). Peak to gene analysis revealing number of associated genes per
1336  genomic region (B). Histogram of distance from peak to associated gene TSSs (C).
1337  Coverage plots of Hand2 (D), Gata4 (E), and Hoxb (F) for ascending, carotid, and

1338  descending SMC. UMAP of scATACseq data for SMC subset (G). Featureplot of Hand?2
1339  (H) and Hoxb7 (1) peaks. Violin plot of Hand2 RNA expression between vascular sites
1340  (J). Featureplot of motif accessibility and motif sequence for AP1 (K), Hand2 (L), KIf15
1341 (M), Mef2a (N), DIx5 (O), and Neurod1 (P). Dotplot of RNA expression for top

1342 differentially expressed transcripts (Q). Violinplot of SMC RNA expression across

1343 vascular sites for Tnnt2, Kif4, and Fn1 (R).
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1347  Figure 3. Fibroblast subset analysis reveals vascular site-specific enhancers for
1348 developmental and disease genes. Volcano plot of differentially accessible peaks
1349  between ascending and descending aortic fibroblasts (A). Coverage plot for ascending,
1350 carotid, and descending aortic fibroblasts at Tbx20 (B), Gata4 (C), Fam83a (D), Hoxb6
1351  (E), chr17 gene desert (F), and Wwox (G). Featureplot of sScCATACseq data of fibroblast
1352 subset for peaks near Fam83a (H) and Wwox (l). UMAP of scATACseq data from

1353  fibroblast subset by vascular site (J). Featureplot of sScATACseq for motif accessibility
1354  and motif sequence for Tcf21 (K), Smad2:3:4 (L), Hoxa13 (M), Sox9 (N), and Nkx6-1
1355 (O). Heatmap of scRNAseq differentially expressed genes in ascending, carotid, and
1356  descending fibroblast subset (P). Dotplot of scRNAseq transcript expression for top
1357  differentially expressed genes in fibroblast subset (Q). Dotplot of scRNAseq transcript

1358  expression for hereditary aortopathy genes (R).
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1360  Figure 4. Endothelial cell subset analysis identifies differentially accessible

1361 chromatin peaks and differential transcription factor (TF) motif accessibility.

1362  UMAP of RNA (A), ATAC (B), and integrated (C) datasets for endothelial cell subset.
1363  Volcano plot of differentially accessible peaks between ascending and descending
1364  endothelial cells (D). Featureplot of peak accessibility of Apold1 peak (E). Coverage
1365 plots for Apold1 (F) and Whnt2 (G) genomic regions in endothelial cell subset.

1366  Featureplot of peak accessibility of Hoxa9 peak (H). Coverage plots for Hoxa9 (1) and
1367  Jag1 (J) genomic regions in endothelial cell subset. Violinplot of motif accessibility and
1368  motif sequence for LEF1 (K) and NFIC (L). Heatmap of differential RNA expression by
1369  endothelial cell vascular site (M). Violinplots of RNA expression in endothelial cells for
1370  Kdr, FIt1, and Flt4 (N). Featureplots of RNA expression for Kdr and Flt1 (O). Violinplots
1371  of RNA expression in endothelial cells for Edn1, Bmp4, and Cyp1b1 (P). Featureplots of
1372 RNA expression for End1 and Cyp1b1 (Q). Dotplot of scRNAseq transcript expression

1373 for top differentially expressed genes in endothelial cell subset (R).
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1375 Figure 5. Gene regulatory network analysis reveals cell type and vascular site-
1376  specific regulatory networks within the vessel wall. Schematic diagram of gene
1377  regulatory networks (GRN)(A). Venn diagrams of GRN transcription factors comparing
1378 ascending and descending SMCs (B) and fibroblasts (C). Venn diagrams of GRN

1379  transcription factors gene targets comparing ascending and descending SMCs (D) and
1380 fibroblasts (E). GRN visualization for ascending fibroblasts network analysis (F). UMAP
1381  of scRNA/scATAC integrated fibroblast dataset by vascular site (G). Featureplot of
1382  Meox1 RNA expression (H) and chromatin accessibility (1) in integrated fibroblast

1383  dataset.

1384
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1387  Figure 6. Primary adventitial fibroblasts retain vascular site-specific
1388 transcriptomic features following in vitro culture revealing vascular site-specific

1389 response to TGFB. Schematic diagram of primary adventitial fibroblast culture,
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1390 treatment, and bulk RNA sequencing (A). Principal component analysis (PCA) by

1391 vascular site and TGFp treatment (B). Volcano plots showing differential gene

1392  expression analysis of all samples by vascular site (C) and by TGFp treatment (D).

1393  Volcano plot of DE gene analysis in response to TGFf in ascending (E) and descending
1394  (F) fibroblasts. Motif sequences of identified enriched transcription factors of 200bp

1395  sequences upstream of gene TSSs with increased expression in ascending and

1396  descending fibroblasts (G). Motif sequences of identified enriched transcription factors
1397  of 200bp sequences upstream of gene TSSs in of upregulated genes in ascending

1398 fibroblasts in response to TGFp treatment (H) and descending fibroblasts in response to
1399  TGFp treatment (I).
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1402  Figure 7. Aortic dimension GWAS genes are differentially expressed in a cell type
1403  and vascular site specific context. VVolcano plots of ascending versus descending
1404  differential RNA expression and highlighting ascending and descending aortic

1405  dimension GWAS genes in SMC (A-B), fibroblast (D-E), and endothelial cells (G-H).
1406  Stacked barcharts showing the proportion of ascending/descending aortic dimension

1407  GWAS genes differentially expressed compared to random gene list in SMCs (C),
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1408 fibroblasts (F), and endothelial cells (I). P values represent chi-quared statistical test for

1409  significance compared to random 100 gene list.

1410
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1412 Figure 8. ChromBPNet machine learning models predict variant effect on

1413 chromatin accessibility to be cell type and vascular site-specific. Example locus of
1414  ChromBPNet prediction of chromatin accessibility in reference and alternative alleles for
1415 rs2959350 at ANGPLT3 locus with predicted base pair contributing effects (A). Scatter
1416  plot of absolute log fold change (abs_logFC) p values for scored variants in ascending
1417  SMC versus descending SMC models (B). Scatter plots of abs_logFC for scored

1418  variants in ascending SMC versus descending SMC models (C), ascending fibro versus
1419  descending fibro models (D), ascending endothelial versus descending endothelial

1420 models (E), ascending SMC versus ascending fibroblast models (F), ascending SMC
1421  versus ascending endothelial models (G), and ascending fibroblast versus ascending
1422  endothelial models (H). Example locus of ChromBPNet prediction of chromatin

1423 accessibility in reference and alternative alleles for rs11677932 at COL6A3 locus for
1424  ascending and descending SMCs, fibroblasts, and endothelial cell models (I). Examples
1425  of discovered and matched motifs in SMC — MEF2A (J), Fibroblasts — TEAD4 (K),

1426  Fibroblasts — SMADS3 (L), and Endothelial - HAND2 (M).
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