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Abstract

Background: Smooth muscle cells (SMC) transition into a number of different phenotypes
during atherosclerosis, including those that resemble fibroblasts and chondrocytes, and make
up the majority of cells in the atherosclerotic plaque. To better understand the epigenetic and
transcriptional mechanisms that mediate these cell state changes, and how they relate to risk for
coronary artery disease (CAD), we have investigated the causality and function of transcription
factors (TFs) at genome wide associated loci.

Methods: We employed CRISPR-Cas 9 genome and epigenome editing to identify the causal
gene and cell(s) for a complex CAD GWAS signal at 2922.3. Subsequently, single-cell epigenetic
and transcriptomic profiling in murine models and human coronary artery smooth muscle cells
were employed to understand the cellular and molecular mechanism by which this CAD risk gene
exerts its function.

Results: CRISPR-Cas 9 genome and epigenome editing showed that the complex CAD genetic
signals within a genomic region at 2g22.3 lie within smooth muscle long-distance enhancers

for ZEBZ, a TF extensively studied in the context of epithelial mesenchymal transition (EMT)

in development and cancer. ZEBZregulates SMC phenotypic transition through chromatin
remodeling that obviates accessibility and disrupts both Notch and TGFp signaling, thus altering
the epigenetic trajectory of SMC transitions. SMC specific loss of ZEBZ2resulted in an inability
of transitioning SMCs to turn off contractile programing and take on a fibroblast-like phenotype,
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but accelerated the formation of chondromyocytes, mirroring features of high-risk atherosclerotic
plaques in human coronary arteries.

Conclusions: These studies identify ZEBZ2as a new CAD GWAS gene that affects features
of plague vulnerability through direct effects on the epigenome, providing a new thereapeutic
approach to target vascular disease.
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Introduction

Mapping gene regulatory variation and advances in highly multiplexed genotyping have
allowed us to definitively identify a large number of genetic loci that affect risk for
complex human diseases through genome-wide association studies (GWAS). Translating
GWAS signals into mechanistic understanding, however, has been limited as most genetic
signals lie within non-coding regions of the genome, which remain poorly annotated?: 2.
Thus, identification of the proper gene and cell type is complex and translation of genetic
discoveries into disease mechanisms is difficult?. Human coronary artery disease (CAD),
for example, has over 160 associated genome-wide significant loci, many with uncertain
target genes3-2, Critical first steps toward realizing the therapeutic potential related to CAD
genetics is to identify causal genes in associated loci, the relevant causal cell type(s), and

functionally link these genes into regulatory networks and targetable biological processes
6-9

There is mounting evidence that smooth muscle cell (SMC) state changes play an important
role in vascular diseases3 10-14, The process by which SMC undergo phenotypic modulation
in the face of vascular stress has previously been studied at the cellular and molecular
levelS, but how genetic variation might modulate specific aspects of this process and the
directionality of these effects has not been investigated. Indeed, it has been postulated

that genes affecting different aspects of these cell state changes can have either disease
promoting or inhibitory effects!# 16, For instance, renewed expression of the embryonic
factor 7CF21, which has a role in coronary artery SMC development, has been shown to
promote de-differentiation of SMC into a fibroblast-like fibromyocyte (FMC) phenotype
that may be protective toward CAD risk!3 14, SMC can also adopt an endochondral-like
“chondromyocyte” SMC phenotype (CMC)1# 17. 18 with pseudotime trajectories suggesting
these cells potentially arise from FMC. Identification and characterization of additional
CAD associated genes that regulate SMC phenotypic transitions promises to be informative
regarding molecular effects on cellular anatomy and shed light on the direction of effect
toward disease risk.

Allelic variation in a 3 million basepair (Mb) genomic region at 2922.3 has reached genome-
wide significance as a disease modifier for coronary artery disease risk through numerous
meta-analyses of CAD GWAS data > 19-21, Although distinguished by the absence of
protein coding genes, this area contains evolutionarily conserved elements that likely harbor
enhancers. These putative enhancers encompass SNPs in tight linkage disequilibrium to
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the different lead CAD GWAS variants in this region of the genome. ZEBZis the gene
physically located closest to the cluster of tightly LD-linked lead variants identified through
GWAS, 52252641 519 rs35500812 20, and rs957293 21, ZEB2, a zinc finger homeodomain
transcription factor, shares significant homology to ZEB1 which is known to modulate
SMC behavior?2. Furthermore, ZEBZ2is a binding partner for another CAD associated

gene, SMAD323, Interestingly, ZEB2 has been primarily characterized as a key regulator
of epithelial-mesenchymal transition (EMT), a phenotypic switch with related increased
cellular proliferation and migration, but ZEBZ's involvement in atherosclerosis is unknown.

In the studies reported here, we combined genome and epigenome editing to establish that
the genetic signal at 2922 encodes a long-distance SMC enhancer for ZEB2. SMC-specific
deletion of Zeb2 coupled with single-cell transcriptomic and epigenetic profiling of SMC-
specific lineage traced cells revealed that this CAD associated EMT gene dramatically alters
cell state trajectories of SMC through epigenetic regulation of TGF and Notch signaling,
resulting in altered SMC phenotypes contributing to atherosclerotic plaque composition.

Data availability

All data and materials are currently being deposited to the NCBI Gene Expression Omnibus
and will be available for general public access upon acceptance of this manuscript for
publication. (Accession numbers currently pending.)

Mouse gene manipulation

SMC-specific lineage tracing and gene knockout in atherosclerotic model as previously
described!3. The Zeb2 conditional knockout mice were obtained from the Murphy lab from
Washington Univ®’. The animal study protocol was approved by the Administrative Panel on
Laboratory Animal Care at Stanford University, and procedures followed were in accordance
with institutional guidelines.

Mouse aortic tissue dissociation, cell capture, and sequencing

Please see a detailed description of these methods provided in the Supplemental Methods.

Human coronary artery tissue collection

Human coronary arteries used in this study were dissected from explanted hearts of
transplant recipients, and were obtained from the Human Biorepository Tissue Research
Bank under the Department of Cardiothoracic Surgery from consenting patients with
approval from the Stanford University Institutional Review Board.

Murine aortic tissue processing and histology

Immediately after sacrifice, mice were perfused with 0.4% paraformaldehyde (PFA),

aortic tissue harvested, embedded in OCT and sectioned. Immunofluorescence and
immunohistochemistry were performed, and lesion areas proflied as previously described
13,17 For RNAscope, slides were processed and hybridized according to the manufacturer’s
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instructions, with reagents from ACD Bio. Please see a full description of staining and

quantification in the Supplemental Methods.

Analysis of single cell sequencing data

Please see a full description of methodology for the acquisition and analysis of both

scRNAseq and scATACseq data in the Supplemental Methods.

In vitro genomic studies in HCASMCs and A549 cells

Please see a full description of methodology for the culture of HCASMC, A549 and in vitro
genomic studies in the Supplemental Methods.

Statistical methods

Results

Differentially expressed genes in the SCRNA-Seq data were identified using a Wilcoxon
rank-sum test. Significance determination of histological measurement, luciferase studies,
gPCR results, and composite gene-score were done via unpaired two-tailed t-test for
normally distributed variables, and Mann Whitney test for non-normally distributed values.
Multiple comparisons were corrected via Bonferroni correction when necessary.

CAD associated variation at chromosome 2g.22.3 localizes to SMC-specific enhancers that
modulate expression of ZEB2

The genetic locus at 2q22.3 reached genome-wide significance for association with risk

of coronary artery disease nearly a decade agol® and has been replicated in the past

few years > 20 (Fig. 1A). This signal lies within a 3 Mb gene region with the closest

protein coding gene, ZEBZ, being more than 600,000 bp away. The most recent GWAS
meta-analyses have demonstrated several large distinct haploblocks of highly linked single
nucleotide polymorphisms (SNPs) in this locus, all significantly associated with risk for
CAD 5 19-21 ith the most recent GWAS showing a lead SNP p-value of 5.4x10713,

This region of the genome contains elements which are evolutionarily conserved even

to lower vertebrates (Fig. 1B), suggesting the presence of regulatory functional elements

24 \We identified six conserved candidate enhancer regions in this area of the human
genome (Fig. 1C). To gain information regarding the possible enhancer activity of these
conserved regions in human coronaries, we generated enhancer-specific histone modification
(histone 3 lysine 27 acetylation) (H3K27ac) ChlIP-Seq data for human coronary artery SMC
(HCASMC) (Fig. 1D). H3K27ac peaks overlapped with the conserved regions, suggesting
these regulatory elements were likely functional enhancers. We then analyzed chromatin
conformation capture (Hi-C) data 2° generated in HCASMC. Fit-Hi-C visualization revealed
these evolutionarily conserved regions are topologically associated with the promoter of
ZEBZthrough looping structures (Fig. 1D). Together, these data suggest that the genetic
signal at 2g22.3 lies within a long-distance enhancer for ZEBZ. It is important to note

that INCRNAs TEX41 and LOC101928386 are located in this region, and 7EX41 linked to
aortic valve stenosis 26, but we found no evidence for their being involved with the ZEB2 —
enhancer interaction.
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In order to ascertain whether the SNPs within and around these evolutionarily conserved
regions influence ZEBZ2 gene expression, and whether these gene expression changes are
associated with alteration in risk of CAD in humans, we colocalized the CAD GWAS
signal with human expression quantative trait locus (eQTL) data available from the human
genotype-tissue expression (GTEX) database 4 27. This analysis revealed strong correlation
between SNPs associated with CAD risk and those that influence arterial ZEBZ2 expression
(Fig. 1E) but not expression of other nearby genes (Sup Fig. 1A). Specifically, integration
and combined analysis of genome wide transcriptomic and CAD association data indicated
that variant alleles related to greater expression of ZEBZ2 are protective against CAD risk28,

To experimentally validate the functional significance of these epigenetic marks and looping
chromatin interactions, we performed CRISPR-Cas9 mediated genome editing of this
conserved region in A549 cells. A549 cells were chosen for their high ZEBZ2 expression,
their ability to model EMT, and to avoid HCASMC which senesce after a few cell divisions
in culture and thus cannot be clonally expanded. Taking advantage of the different forms

of genomic repair after Cas9 cutting, we generated distinct clones after treatment with
targeted RNA guides (Fig. 1F). ZEBZ expression was significantly lower in clones with
deletion of the entire enhancer region than those that underwent homologous repair at the
CRISPR sites (Fig. 1G). The expression of the next nearest gene was not altered (Sup Fig.
1B). To further investigate whether any of these conserved elements have enhancer activity
alone, we employed epigenome silencing in each of these regions in HCASMC using
dCas9-KRAB combined with specific guides targeting each conserved element 2°. These
experiments revealed three distinct active enhancers for ZEBZ, as evidence by decreased
ZEBZ expression level with the CRISPRI enhancer silencing (Figs. 1H, I). Taken together,
these data suggest that CAD associated SNPs and their related enhancers regulate ZEB2
expression in the arterial wall to modulate the risk for myocardial infarction.

Zeb?2 expression is activated with SMC phenotypic transition and globally decreases
chromatin accessibility around ZEB binding motifs

To determine which cells in atherosclerotic lesions express Zeb2, we performed single cell
RNA sequencing (scRNAseq) on aortic root tissue from ApoE '~ mice with My#h11-Cre
directed SMC lineage tracing (Myh11CeERTZ ROSAWT* | ApoE'-), at baseline and after
16 weeks of high fat diet (Fig. 2A). In the absence of atherosclerosis, Zeb2was expressed
in macrophages and fibroblasts, but absent in lineage traced quiescent SMCs (Fig. 2B, C,
D). Fibroblast-like “fibromyocyte” (FMC) and chondrocyte-like “chondromyocyte” (CMC)
cells were identified, as previously described 13:14.17.18 ' Zap2 expression was noted to be
activated in the process of phenotypic transition during the development of atherosclerotic
plaques (Fig. 2C). In addition, RNA in situ hybridization identified ZebZ2 expression by

a large number of lineage-traced SMC just below the lesion cap, and also by scattered
macrophages and adventitial cells (Fig 2E, F, G). The same ZEB2 expression pattern was
observed in human coronary arteries (Sup Fig. 2A).

To identify which cells utilize the distal ZEB2 enhancers, and to better understand
how ZebZ2 regulates the epigenome to influence the biology of atherosclerotic plaque,
we mapped single cell chromatin accessibility with the assay for single cell transposase-
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accessible chromatin with sequencing (scCATACseq) within murine aortic atherosclerotic
tissue. The identity of each cluster was determined using a “pseudo-expression” metric
based on chromatin accessibility around specific marker genes, with resulting clusters
similar to those derived from the scRNAseq data (Fig. 2H). Mapping the CAD linked
human enhancers (Figs. 1B, C) on chromosome 2 to conserved regions of the murine
genome allowed assessment of the cell-specific accessibility at the orthologous murine
chromosomal region for the different cell types in the diseased tissue (Fig. 21). These

data identified peaks representing closed chromatin for macrophages and endothelial cells,
compared to open chromatin in transition smooth muscle cells. Comparing transitional to
quiescent SMC revealed dynamic activation of this region of chromatin in the process of
atherosclerosis. Open chromatin was also observed in pericytes and adventitial fibroblasts
but not dynamically regulated, and these cells are not expected to impact lesion pathology.
The observed disease related dynamic regulation of Zeb2 expression and chromatin
accessibility at regions in the murine genome that correspond to the location of the GWAS
genetic signal suggest ZEB2’s CAD risk modifying effect is mediated through SMC but not
endothelial cells or macrophages.

In order to gain a better understanding of Zeb2function in atherosclerosis, we merged
scRNAseq data with sScCATACseq data from SMC-derived cells in murine atherosclerotic
lesions 30. The combined dataset representing lineage traced cells was readily clustered

into quiescent and transition SMC (Fig. 2J). We used the combined matrix with Monocle3
pseudo-temporal analysis3! of the SMC cell state changes to develop a trajectory of the
SMC transition states (Fig. 2K). The smooth muscle trajectory starts with high contractile
gene expression, e.g. Cnnl, that diminishes as SMC lineage cells take on the fibromyocyte
phenotype (Fig. 2L). Zeb2 expression is present in the transition between quiescent and
phenotypically modulated cells, with expression of Zeb2being inversely correlated with
expression of quiescent SMC markers Cnnl, Myocd, etc. (Sup Fig. 2B). Importantly,
initiation of Zeb2 expression is accompanied by a decrease in accessibility around Zeb
binding sites genome wide, as identified with ChromVAR (Fig. 2M, N, 0) 32, In the cells
that appear to be further along the trajectory, toward the chondromyocyte (CMC) phenotype,
Zeb2 expression is lost and accessibility around Zeb motifs is partially recovered. Taken
together, these findings suggest that Zeb2 primarily functions as an epigenetic repressor,
closing chromatin globally at sites where Zeb motifs are present. Depressed relative genome
accessibility around Zeb motifs is further indicated by “footprinting™ analysis at Zeb binding
sites genome wide (Fig. 2P), demonstrating decreased probability of Tn5 insertion 200 bp
either side of the Zeb binding motifs. This is not seen with other classical transcription
factors (Sup Fig 2C).

The pseudo-temporal anti-correlation between Zeb2 expression and mature SMC gene
expression, along with its apparent repressive effect on chromatin accessibility, suggest

it plays a role in phenotypic transition as a repressor of the SMC program to allow for
mature SMC to transition into an FMC phenotype. Given that ZebZ2is a prominent factor in
promoting epithelial mesenchymal transition (EMT), we used the single cell transcriptomic
and chromatin accessibility data to investigate the expression of EMT-associated genes

in SMC phenotypic transitions. Transition and cell-specific expression of classic EMT-
associated genes, 7Twistl, Snaill, Snail2, Gsc, and, Fn were examined within the combined
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scRNAseq and scATACseq object, and were found to be dynamically activated in the
process of phenotypic modulation (Sup Fig 2D). In combination with human genetic data,
these findings suggest that altered ZEBZ2 expression may modulate SMC phenotype and
likely represents the mechanism by which this causal gene regulates the risk for coronary
artery disease in humans.

SMC-specific Zeb2 knockout alters the epigenetic trajectory specifically in transition SMC

The specific role that Zeb2 plays in SMC transition during atherosclerosis was investigated
with conditional Zeb2 knockout mice. In 8-week old mice, prior to the onset of
atherosclerosis, SMC-specific Zeb2 deletion and concurrent activation of the ta7omato
lineage reporter were accomplished using an inducible Myh11-Creallele in Myh11CeERTZ,
Zeh2ASMC/ASMC pOSAMT ApoE~ (Zeb2ASMC) mice. Tamoxifen was administered to
activate Cre function and animals were then maintained for 16 weeks on high fat diet

to induce atherosclerosis. Atherosclerotic lesions in the aortic root were then dissected

and processed for SCATACseq, sScRNAseq, or histological analysis (Fig. 3A) 13:17.33,
SCATACseq data was processed, clustered based on differentially accessible peaks, and
visualized using dimensional reduction with UMAP (Fig. 3B). The identity of each cluster
was determined using the pseudo-expression metric based on chromatin accessibility around
specific marker genes (Sup Fig. 3). Loss of ZebZ2resulted in marked global alteration in
accessibility specifically in transition SMC (Fig 3C). Importantly, the epigenetic landscape
for endothelial cells, inflammatory cells, macrophages, and My#11-expressing mature SMC
was unchanged (Fig. 3C).

To better visualize the epigenetic alterations specifically in Zeb235MC cells, we evaluated
only the SMC lineage-traced cells, and repeated dimensionality reduction using principal
components that defined the epigenetic variance in this population. Differentiated SMC
expressed sarcomeric proteins readily separated from transition smooth muscle cells based
on their marker gene chromatin accessibility (Fig. 3C, D, E). While the control and
Zeb245MC cells overlapped entirely in their epigenome in the quiescent stage, the modulated
SMC showed drastic global epigenetic alterations. Consistent with our hypothesis that
Zeb2 suppresses mature SMC marker gene expression, we saw an increase in chromatin
accessibility at mature SMC genes in modulated Zeb245MC cells, compared to cells from
control mice (Fig. 3F). These data suggest that Zeb2 has a role in transition SMC to
suppress mature SMC marker genes, and may also inhibit modulated SMC from adopting
the chondromycyte phenotype.

To better understand the transcriptional program that is specifically repressed by Zeb2, we
compiled regions across the genome that become preferentially open after the loss of ZebZ.
As expected, these regions were enriched for Zeb binding sites (Fig. 3G). Zeb23MC cells
revealed differentially open chromatin at mature SMC markers such as Cnni, Myhl11, and
Myocd, and there appeared to be earlier and more common chromatin accessibility in the
trajectory around chrondrogenesis-related genes such as Sppl, Sox9and Col2a1l’ (Figs. 3F,
G). Further, differential open chromatin was enriched for both Notch effector Rbpj binding
motifs, as well as TGFp effector, Smad, binding motifs (Fig. 3H). Interestingly the degree of
enrichment for Rbpj and Smad binding was similar to that observed for Zeb motifs. These
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findings suggest that Zeb2 specifically modulates the chromatin accessibility around regions
which mediate Notch and TGFp signaling. Consistent with Zeb2 being antagonistic to Notch
signaling, there appeared to be a strong negative correlation between Zeb2 expression and
accessibility at Notch target genes such as HesZ, and an overall inverse relationship between
expression of Zeb2 and Notch target genes in the process of SMC transition (Fig. 3G, ).
Finally, to investigate the pathways that are differentially regulated by Zeb2 expression, we
used the GREAT algorithm 34 to identify genes that are the likely target of genomic regions
that become accessible with Zeb2 knockout and investigated the pathways enriched with
these genes (Fig. 3J). Terms related to EMT, including “cell-substrate adhesion,” “adherens
junction organization”, and “cell junction organization” were identified. Also, consistent
with Zeb2 being a Smad3 interacting and TGFp signaling regulatory factor 23, multiple
terms specifically related to TGFp signaling, including “response to TGFp signaling” and
“negative regulation of cellular response to TGFp stimulus” were enriched for ZebZ2target
genes.

SMC-specific Zeb2 knockout results in decreased plaque transition SMC, disrupted cap
organization and accelerated chondrogenic transformation

Single cell RNA sequencing data from control and Zeb225MC mice were processed as
previously described 13:30. 33 and unbiased UMAP clustering identified different cell
groups that contribute to the lesion (Fig. 4A). As with SCATACseq data, loss of Zeb2resulted
in transcriptional alteration and phenotypic change in only the transition SMC population,
as marked by lineage tracing (Fig.4A, B, C). Consistent with Zeb2’s epigenetic role, these
changes in SMC cluster composition indicated a substantial change in the SMC transition
trajectory across transcriptome-wide UMAP space. To provide detailed investigation of the
transcriptomic changes associated with Zeb2 loss, we focused analyses on the lineage traced
SMC (Fig. 4B, C). The loss of ZebZsignificantly decreased the fraction of transition SMC
that take on the FMC phenotype and increased the quiescent mature SMC population (Fig.
4D-1). Although the total fraction of lineage traced SMC that takes on the chondromyocyte
fate is unchanged, the total number of CMC represented an increased percentage of the total
transition cells due to the decrease in FMC (Fig. 4H, 1, J). The loss of ZebZ2, therefore,
appears to impair the ability of quiescent SMC to undergo phenotypic transition in the
setting of atherosclerosis, and inhibit SMC from assuming the fibroblast-like proliferative
intermediate FMC phenotype, shunting transition cells toward the CMC phenotype. This is
consistent with the single-cell epigenetic findings where loss of Zeb2resulted in transition
SMC that appeared epigenetically further away from the fibroblast population (Fig. 3C).
The FMC population exhibits the highest expression of cell cycle genes such as CyclinD1,
mirroring “transit amplifying” populations identified in other tissues in the context of
regeneration and repair processes 3°, as well as cells that enter the mesenchymal transition in
EMT.

Consistent with our epigenetic finding that loss of ZebZ2increases chromatin accessibility in
regions of the genome that harbor Smad binding sites, Zeb2loss likely leads to increased
overall TGFB-Smad signaling. The SMC phenotype seen here appears to be opposite to

the phenotype observed with SMC loss of Smad3as we have previously observed, i.e.,
increased phenotypic modulation and increased transition to the most fibroblast-like Mmp3
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and Cxcl12 expressing remodeling SMC (R-SMC) phenotype cells 33, With Zep245MC
cells we observed decreased phenotypic modulation as well as decreased expression of
characteristic R-SMC genes Mmp3and Cxc/12and loss of almost all R-SMC cluster cells
(Fig. 4K-N).

Consistent with our hypothesis that Zeb2 s critical for suppressing expression of mature
SMC genes in the setting of phenotypic transition, with histological analysis we observed
frequent ectopic expression of the mature SMC gene calponin 1 (Cnnl) in isolated smooth
muscle transition cells in the central portion of the plaque below the fibrous cap (Fig. 40—
R). Such displaced and isolated individual cells were rarely observed in the control lesions,
where these mature markers were seen almost exclusively in the media and the fibrous cap
in an organized layer. In addition, while chondromyocytes and their endochondral marker
genes such as Col2al were normally observed only in the base of the plaque near the
internal elastic lamina 17 33, we saw expression of Co/2a1 in individual cells in the body
of the plaque close to the region of the fibrous cap (Fig. 4S, T). The latter finding suggests
that transition SMC are turning into chondromyocytes prematurely in the SMC transition
trajectory. This is consistent with the observed lineage preference for chondromyocytes in
our sScRNAseq data.

Further histological analysis of the plaque identified a decrease in total tdTomato positive
SMC contribution to the atherosclerotic plaque (Fig. 5A, B), although the overall lesion

size was not significantly decreased (Fig. 5C). Trichrome staining of the lesions revealed
that while plague burden was unchanged, there was an increase in acellular areas in the
lesions (Fig. 5 D, E) in regions usually occupied by modulated SMC. Plaque lipid content
as assessed with Oil Red O staining as well as plaque macrophage content (CD68 staining)
and cap thickness were not different between wildtype and knockout mice (Fig 5F-J). These
findings are consistent with recent data from other groups suggesting that decreased lesion
SMC increases high-risk plaque features but does not affect plaque volume 36.

Further, scRNAseq data was employed to identify fundamental pathways differentially
represented in wildtype versus Zeb225MC cells. The Seurat FindMarker algorithm was used
to identify differentially regulated genes that were employed to search for enrichment in
biological function gene ontology genesets. This analysis identified terms that were highly
consistent with observations from the single cell SCATACseq data (Sup Table 1) including
those related to cell migration, smooth muscle proliferation, and Tgfp signaling, all relevant
for EMT, as well as endochondral bone formation terms, including “cartilage development,”
and “regulation of ossification”. This latter finding was consistent with the data showing an
accelerated and relative increase in CMC among transition cells in the Zeb235MC mice.

ZEB2 modulates human coronary artery smooth muscle cell fate, in part through
epigenetic inhibition of TGFB and NOTCH signaling

To determine whether SMC cell fate modulation by ZEBZis preserved in human SMC,

we knocked down ZEBZ (ZEBZ2-KD) in cultured primary human coronary artery smooth
muscle cells (HCASMC). Loss of ZEBZresulted in increased expression of mature SMC
genes such as CANNI and TAGLN, and a decrease in FMC genes such as 7CF21 and KLF4
(Fig 6A), consistent with the /n vivo phenotype. Over-expression of ZEBZresulted in the
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opposite effect on CNNI gene expression and mirrored the effect of NOTCH inhibition (Fig.
6B), as observed /in vivo. Consistent with loss of the more proliferative transient-amplifying
population of FMC observed in vivo, loss of ZEBZresulted in a decrease in the rate of
HCASMC division as assayed by EDU uptake, which is consistent with the decrease in
SMC lineage contribution to plaque in the murine models (Fig. 6C). Bulk RNA sequencing
in knockdown cells showed loss of ZEBZresulted in increased expression of many canonical
NOTCH responsive genes, including HEYZ, HES1, and HESZ. (Sup. Table 2). Also, the
global effect of ZEB2-KD appeared to phenocopy the effect of TGFB stimulation on gene
expression at a whole genome level. This was evident from the strong correlations between
ZEB2-KD and TGFp stimulation, with 84% of significantly differentially regulated genes
altered in identical directions (Fig. 6D). To further investigate the interaction of ZEB2 and
SMADZ3 characterized in other cell types, we performed co-immunoprecipitation of ZEB2
protein and verified that SMAD3 was co-precipitated from HCASMC nuclear extracts (Sup.
Fig. 4A). Over-expression of ZEB2in SMCs appeared to decrease the luciferase activity

of both SMAD responsive elements as well as conserved sequence upstream of CAN1

that contain conserved ZEB, SMAD, and RBPJ binding sites (Sup. Fig. 4B). These data
suggest that ZEB2 may have a direct effect on transcription in addition to the characterized
epigenetic effects.

To determine whether the Zeb?2 effects on chromatin accessibility observed in the mouse
model were also observed in HCASMC, we performed bulk ATAC sequencing with

these cells. A similar dip in accessibility was seen globally around ZEB binding sites
genomewide, as seen in our /1 vivo model (Fig. 6E), in a pattern distinct from other
classical transcription factors (Sup Fig 4C). We trained a base-resolution neural network

to predict chromatin accessibility based on the in vitro ATACseq data 37 to determine

the effect of adding a ZEB binding site /n sifico. The model predicted that adding ZEB
binding sites would decrease the expected accessibility in HCASMC (Sup Fig 4D). Given
that multiple TFs have motifs that may be similar to ZEB2, to further test specifically the
chromatin-closing ability of ZEB2, we performed perturb-ATACseq with ZEBZ2-KD in these
cells. Consistent with our /n vivo findings that Zeb2 functions as a repressor of chromatin
accessibility, loss of ZEBZresulted in a global increase by greater than 50% for 15% of all
ATAC peaks (14,258 of 93,391 total peaks), whereas only 2% of peaks (2,276 of 9,3391
total peaks) had decreased accessibility (Fig. 6F). Motif analysis for ZEB2-KD differentially
open peaks revealed significant enrichment in ZEB binding sites. SMAD and RBPJ binding
sites were also enriched as noted with the /n vivo murine disease model, though to a lesser
extent (Fig. 6G, and Supplementary Table 3).

To investigate whether NOTCH inhibition is a direct result of ZEB2 mediated epigenetic
regulation or simply an indirect effect from alteration of cell-fate, we specifically
investigated chromatin accessibility around regulatory regions of NOTCH responsive genes
HES1, HESZ, HEY1, and HEYZ2 as well as the SMC lineage determining factor MYOCD.
Consistent with a role for ZEB2 in epigenetically regulating NOTCH-RBPJ signaling, loss
of ZEBZresulted in a significant increase in accessibility around the promoters of all

these genes (Fig. 6H). NOTCH, specifically Notch3, activation is critical for arterial SMC
lineage determination during development 38. Further, NOTCH3 is known to be activated
by SMC at the fibrous cap in human atherosclerotic lesions 39, and inhibition of Notch
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signaling appears to be necessary for murine SMC to undergo phenotypic modulation in
atherosclerosis 40. We hypothesized, therefore, that ZEB2 may be regulating this NOTCH
mediated lineage determination process and that ZEB2-mediated inhibition of NOTCH
signaling promotes phenotypic modulation. Consistent with this hypothesis, activation of
NOTCH signaling in HCASMC by over-expression of NOTCH3 intracellular domain
resulted in an increase in both NOTCH-responsive genes such as HE Y2, and mature
SMC markers such as CNN1. Both of these NOTCH-mediated effects were blocked by
simultaneous over-expression of ZEBZ2 (Figure 61). While HCASMC do not easily form
chondromyocytes in culture, an increase in chromatin accessibility was also observed around
endochondral calcification genes such as SOX9and SPP1, suggesting that ZEB2 target
genes also contribute to the lineage preference for chondromyocyte cell fate (Fig. 6H).

Functional analysis using the GREAT algorithm demonstrated that differentially regulated
ATACseq peaks were enriched for genes with biological processes related to SMC biology
and angiogenesis, as well as epithelial biology, despite this cell type not really being a
single layered epithelium (Fig. 6J). These findings were consistent with our in vivo results
that ZEBZ epigenetically regulates smooth muscle phenotypic modulation in an EMT-like
process.

Discussion

In this study, we used CRISPR-Cas9 genome and epigenome editing to demonstrate that
the genome wide CAD association signals at chromosome 2g22.3 are located in distal
vascular smooth muscle enhancer(s) for the ZEB2 gene. Single cell RNAseq and ATACseq
studies in mouse atherosclerotic tissues indicated that Zeb2is expressed transiently in
SMC as they de-differentiate and undergo transition to a modulated phenotype and localize
near the fibrous cap. Pseudotime analysis of the sSCATACseq data mapped the trajectory

of contractile SMC transitioning to fibromyocytes which give rise to chondromyocytes.
For contractile SMCs positioned early in the trajectory before Zeb2 expression, chromatin
regions containing Zeb2 binding motifs were open, but these regions were closed in FMC
expressing ZebZ2. These data are consistent with an epigenetic repressive effect toward gene
expression of SMC lineage-determining genes. SMC-specific knockout of Zeb2led to a
marked shift in the SMC transition trajectory with a significant decrease in the number of
FMC and a relative increase in premature differentiation to CMC. Interestingly, a number
of the transition knockout SMCs continued to ectopically express contractile markers in
the middle of the plaque and failed to proliferate. Motif enrichments in regions of altered
accessibility and gene expression suggested modulation of TGFp and NOTCH signaling as
key drivers in Zeb2 mediated epigenetic and transcriptional processes.

Macroscopic plaque features observed in SMC-specific loss of Zeb2 mirrored several high-
risk features of human atherosclerotic plaques. Decreased SMC content in plaques and
increased acellular regions have long been associated with an increased risk of plaque
rupture and are observed in these Zeb24SMC lesions. Furthermore, the disorganized pattern
of calponin staining is akin to heterogenous plaques with disrupted fibrous caps, a feature
associated with higher risk of plaque rupture 41-43. Also important is the observed early
chondromyocyte differentiation in more superficial regions of the intima in a disorganized
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or dispersed pattern resembling spotty calcifications seen on both IVUS and CT that are
characteristic signs of plaques that may rupture 44-46. The presence of these high-risk
features may explain the increased risk of myocardial infarction in humans with genetic
variation linked to lower in vivo ZEBZ expression in SMC and suggests ZEBZis an
epigenetic regulator of these high-risk features. Of note, the same genomic region where the
CAD variation is localized also contains lead SNPs discovered by GWAS for human aortic
stenosis 26, an interstitial calcification process heavily regulated by Notch signaling 47 48. In
these studies, ZEB2and TEX41 were identified as possible causal genes. This observation
suggests our findings likely extend to other important cardiovascular conditions. Finally,
studies with HCASMC validated the murine model findings, showing that ZEBZ2 opposes
TGFp and NOTCH signaling, and suppresses chromatin accessibility at sites containing
ZEB binding sites in the vicinity of genes that regulate EMT like processes, NOTCH
signaling, and chondrogenesis.

This work represents the first genome-wide study of vascular SMC epigenomics at the
single cell level and significantly extends our understanding of how SMC transitions are
regulated by targeted global modification of chromatin accessibility. Previous studies have
identified other chromatin modifiers such as KLF4 4 and TET2 %0 as regulators of plaque
SMC behavior, suggesting that much of SMC phenotypic modulation is orchestrated by
precise epigenetic modifications. Disruption of this process, such as those induced by one of
many FDA-approved epigenetic modifying therapies, including hypomethylating agents and
HDAC inhibitors, may harbor previously unrecognized risks or benefits for cardiovascular
events such as myocardial infarction. Targeted therapeutics that augment the epigenetic
effect of ZEBZ could also be explored as a possible treatment for CAD. Further analysis of
the scATACseq data will allow identification of novel biological mechanisms of disease risk.

The discovery of an EMT regulator, ZEBZ, as a modulator of SMC phenotype and

CAD risk is revealing. Although not previously discussed or investigated in detail, the
de-differentiation, proliferation and migratory activity of epithelial cells during EMT is
analogous to activities exhibited by transition SMC. Both processes are associated with the
down-regulation of mature lineage marker genes, and the activation of a similar complement
of signature genes. This connection is further supported by numerous CAD GWAS signals
near other EMT related genes, including 7GFB1and TW/ST1. Further, It is important to
consider the implications of Zeb2expression in SMC just below the fibrous cap. Through
this observation and other results described above, a compelling argument can be made
that the migration of transition SMC occurs first from the media to the fibrous cap, with
subsequent migration into the inner plaque. This possibility contradicts common belief that
the fibrous cap forms from plaque cells regaining SMC gene expression and contractile
phenotype 40. This possibility is further supported by the observation that fibrous cap cells
expressing mature SMC markers are frequently seen in early lesions without SMC-derived
plaque cells 51. The Zeb2expression pattern and its correlation to SMC-trajectory offers
convincing support for this hypothesis (Fig. 7). The movement of SMC into the plaque

is analogous to an epithelial cell EMT process and is likely regulated by ZebZ, given the
disruption of the disease SMC single cell trajectory phenotypes. For instance, we identified
individual transition SMC below the fibrous cap that express Cnni and Myh11, apparently
unable to adopt the FMC phenotype. Further, we also identified Co/2al expressing cells,
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presumably CMC, in the body of the lesion instead of the base of the plaque near the
internal elastic lamina where we have characterized their normal location 17:33, This finding
suggests that these cells are prematurely adopting the CMC phenotype while migrating in
an abluminal direction. Through better understanding of these complex SMC transitions we
may be better able to understand the contribution of each of these cell types to CAD risk.

Despite the highly significant effect of Zeb2 deletion on the epigenetic profile of disease
cells, there was no change in the magnitude of plaque burden in the Zeb2knockout murine
disease model. There was instead a significant increase in lesion features that mirror human
high-risk plaques. These contradictions between human risk and murine plaque size have
been consistently found in non-lipid CAD modifier genes 13: 36, 40.52-54 ' many of which
modulate intrinsic lesion cell biology. These observations mirror both decades old and
emerging human epidemiologic data whereby a variety of higher risk plaque features, rather
than plaque size or lumen narrowing, are much better predictors of myocardial infarction
45,55,56 Thus, a convergence of different types of information points to the critical
importance of utilizing finer molecular phenotyping at higher resolution to better understand
the biology that influences risk for vascular events related to atherosclerosis.
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Clinical Perspective
What is new?

. From human genetics, we discovered that ZEBZ, a master regulator of
epithelial to mesenchymal transition associated with many cancers, is a
coronary artery disease associated gene.

. Lower Zeb2in SMC results in plagues with high risk features.

. Zeb?2 epigenetically regulates whether plaque SMC proliferate or calcify,
through global suppression of specific transcriptomic programs in conjunction
with Notch and TGFp signaling.

What are the clinical implications?

. Therapies that specifically regulate smooth muscle behavior can alter risk
of plaque rupture and may be used to further reduce risk of myocardial
infarction.

. Existing chemotherapies, and additional drugs in development, that modulate

epigenetic silencing (i.e. HDAC inhibitors and hypomethylating agents) may
increase risk of myocardial infarction.
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Figure 1: Human CAD GWAS signals at 2g22.3 localize to a distal enhancer for ZEB2.
(A) Locus-Zoom plot of CAD GWAS signal at 2g22.3 from CARDIOGRAM+C4D-UK

Biobank meta-analysis °, displaying a region with a large number of high LD-linked

SNPs that span an area with high evolutionary conservation. (B) Sequence conservation
among different vertebrates, Y axis represents percent sequence conservation. Data and track
display from ECR browser 24, (C) Representation of putative enhancers within this area
based on sequence conservation. (D) Top: Fit-Hi-C representation of HiC data generated
from HCASMC 25, demonstrating that the evolutionarily conserved regions are topologically
associated with the ZEBZ2 promoter. Bottom: H3K27ac Chip-Seq data generated in
HCASMC, demonstrating regions of enhancer histone modification overlie regions of
evolutionary conservation. (E) Co-localization of p-value of SNPs associated with altered
arterial ZEBZ2expression, plotted against p-value of GWAS for CAD2 demonstrating SNPs
associated with CAD risk colocalize with those associated with altered ZEBZ2 expression
from human aorta GTex data as visualized using LocusCompare 4. Lead SNP indicated here
had most recent CAD GWAS pValue of 5.4x107135,_ (F, G) CRISPR-Cas9 genome editing
with clonal selection to test functionality of this evolutionarily conserved region in A549
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cells, with ZEBZ expression of clones of different genotype quantified. (H, I) Enhancer-
inhibition using dCas9-KRAB along with CRISPR guides designed against enhancers from
(C), with expression of ZEBZ after transduction of CRISPRI or putative enhancer regions
quantified via gPCR. *Statistical tests with p<0.05.
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Figure 2: Zeb2 is expressed in SMC during phenotypic transition and decreases chromatin
accessibility around Zeb2 motifs.

(A) UMAP of scRNAseq data for all cells from the aortic root of ApoE£~~ mice before
(baseline, blue) and after 16 weeks of high-fat diet (HFD) (16 wks HFD, red). (B) Unbiased
clustering of data from A into distinct cell types. (C) Imputed Zeb2 expression in the
different cell clusters in A. (D) Cell-specific cluster markers for the different populations
of cells labeled in B. (E) RNA-scope of Zeb2 (red color) in the aortic root of ApoE "~

mice after 16 weeks of high-fat diet. Arrows point to Zeb2 expressing cells near the

fibrous cap. Adv, adventitia; med, media. (F, G) Two color RNA-scope of Zeb2 (blue)

and tdTomato (red) in Myh11CeERTZ OSAWT | ApoE~ mice after 16 weeks of high-fat
diet. Yellow arrows indicate ZebZ2 expressing lineage traced fo7omato positive cells. (H)
UMAP of scATACseq data for all cells from the aortic root of ApoE~'~ mice after 16
weeks of high-fat diet, clustered to match distinct cell types identified in B. (1) Pooled
(pseudo-bulk) accessibility of different cell types in H in the region of CRISPRi validated
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active conserved enhancer elements (1 and 2). (J) UMAP of combined scRNAseq and
SCATACseq data from all lineage-traced cells from ApoE~'~ mice after 16 weeks of high-fat
diet, with cells clustered into quiescent (SMC), transition (FMC) cells, and pericytes. (K)
Pseudotime trajectory of SMC transition during atherosclerosis, as determined by Monocle3.
(L) Gradient of Cnn1 expression for cells from J. (M) ZebZ2 expression vs Zeb motif
accessibility for cells across the pseudotime trajectory, demonstrating a negative correlation
between accessibility and expression. (N) Featureplot of imputed Zeb2 expression and (O)
Zeb motif accessibility plotted on the same UMAP. (P) Normalized probability of Tn5
insertion across the genome centered around predicted Zeb motifs demonstrating negative
enrichment of Tn5 insertion genome-wide +/- 100 bp around predicted Zeb motifs.
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Figure 3: Loss of Zeb2 alters the epigenetic trajectory of disease related SMC transitions.
(A) Schematic of experimental design. (B) UMAP of scATACseq dataset from all cells in

control and Zeb225MC qortic root after 16 weeks of high-fat diet, demonstrating presence of
all expected different cell types. (C) Same UMAP of scATACseq data colored by control vs
Zeb22SMC cells. (D) UMAP of only SMC-lineage traced cells, clustered at low resolution
into quiescent and modulated SMC as well as pericytes. (E) The same UMAP grouped

to demonstrate location of control and Zeb2ASMC cells. (F) Featureplots of chromatin
accessibility around Crni, Myh11, Spp1, and Sox9in control and Zeb235MC lineage
traced cells. (G) Pseudo-bulk accessibility around Cnni, Myocd, Spp1and Hes1 in control
and transition SMCs. Teal color represents accessibility in Zev2ASMC cells, dark red-grey
color represents accessibility in control cells. (H) Top 9 enriched motifs in differentially
open peaks in Zeb235MC transition SMCs compared to control. (1) Correlation of Zeb2
expression with Notch target gene expression along pseudotime demonstrating a strong
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negative correlation. (J) Pathway analysis of differentially accessible region comparing
control and Zeb225MC transition SMCs.
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Figure 4: Loss of Zeb2 impairs SMC phenotypic transition into FMC and accelerates
chondromyocyte development.

(A) UMAP visualization of scRNAseq data of cells in the aortic root pooled from 4 control
mice prior to initiation of HFD, as well as cells from 8 control and 8 ZetASMC mice after

16 weeks of HFD. (B) Featureplot of fd7omato demonstrating populations of cells derived
from smooth muscle cells. (C) SMC-derived cells grouped by time points: blue, baseline
mice prior to initiation of HFD; red, control animals on HFD; green, Zeb225MC animals

on HFD. (D, E, F) UMAP of scRNAseq data from smooth muscle derived cells in control
and Zeb225MC qortic root, with principal components generated from dominant variances

in this population. (D) Red; control, blue; Zeb24SMC cells. (E) Highlighting only control,
and (F) highlighting only ZetAMC cells. Red arrows indicate cell groups exclusively seen in
Zeb2ASMC cells; blue arrows indicate cell groups missing in Zeb235MC mice. (G) Clustering
of lineage traced cells showing SMC, FMC, and CMC subsets. (H, I) Fraction of SMC,
FMC, CMC in all SMC lineage traced cells in control and Zeb235MC qortic root. Each dot
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represents data from separate 10X captures. (J) Fraction of FMC and CMC in all transition
SMC in control and Zeb24SMC lineage-traced cells in the aortic root. (K) FeaturePlot of
Mmp3expression in control and (L) Zeb225MC [ineage-traced cells in the aortic root. (M)
Distribution of Mmp3and (N) Cxcl12expression in Zeb225MC control, and Zep2ASMC
SMC-lineage traced cells. (O) Cnnl staining of representative lesions in the aortic root in
control and (P) Zeb2A5MC atherosclerotic mice. (Q, R) Quantification of ectopic and isolated
Cnn1 expressing cells in control and Zeb23SMC |esions. Each dot represents quantification
from 40X images of lesions from identical level sections from individual animals, with up to
three cusps quantified per section. (S) Representative Co/2al RNA-scope of atherosclerotic
lesions in control and Zeb24SMC mice, demonstrating ectopic Co/2al expression near the
cap, with (T) the number of ectopic cells quantified. Each dot represents quantification from
40X images of lesions from identical level sections from individual animals, with up to three
cusps quantified per section. Error bars are standard error of mean, * p<0.05.
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Figure 5: Loss of Zeb2 Decreases SMC contribution to lesion resulting in lesions with larger
acellular area

(A) Representative image and (B) tdTomato quantified positive area in control and
Zeb22SMC animals. Each dot represents identical level sections from individual animals.

(C) Lesion size comparison between control and Zeb235MC animals, as defined by total area
encompassed by the internal elastic lamina. (D) Acellular plaque area comparison between
control and Zeb24SMC animals. (E) Representative trichrome and (F) Oil Red O stained
images of control and Zeb245MC animals, low power (left) and high power magnification
(right). (G) Oil Red O positive area comparison between control and Zeb2A5MC animals.
(H) Oil Red O positive fractional area relative to total plaque size in control and Zep2ASMC
animals. (1) CD68 positive stained area comparison between control and Zeb235MC animals.
(9) Cap thickness comparison between control and Zeb235MC animals, as defined by the
thickest part of Tagln staining on each cusp. NS, Non-significant, ** p<0.01. Each dot
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represents individual animal replicates, except for cap thickness where each dot represents a
measurement from each individual cusp.

Circulation. Author manuscript; available in PMC 2023 February 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Cheng et al. Page 29

A CNN1 TAGLN TCF21 KLF4 B Proliferation
3 254 % 15 * 15 * s
[ — i — = 3 E
5 20 P g
? 2 104 4 10 ot b
g 15 . =
s £
2 1.0
31 & % 05 05 K
o : 05 £
c & =
Q 7]
O 0.0 0.0 0.0 L
D Y D> © S © S ©
N o“’* & v"‘* &
1'0 ,vo ,b@ 2
.
D £ E
c
Z ‘q::: o
=) T 045]
j=2
S E 3
= =
o : = 04
&F t s 0
= 3 | ot
@, = 83%
[CRY] " o 0.35]
s " @
[<] w y y : 3 . ® Peaks with increased access
- . 200 —100 0 100 200 = Peaks with deceased access
: Position Relative To ZEB2 Motif = Unchanged peaks
Fold (log2) Change with Zeb2 KD
MYOCD HEY1 HEY2
Rank Motif p-Value 110, Control 540 i
AT \ = [0 ZEB2-KD
TECACCTRAE o o= 3 [l
2 ¢4 (& (ZEBRev)10%
2 SECICCTCS% esronor €
ATy 3
AGTCISA w0 w0e
4 SXECAGCTRISE @Ew) 10
100 |
’E\ [‘
4
£ A
| -
@
o
@
Q
['4
1 CNN1 J Binomial p value
8 10 12 14 16 18 20 22
*% regulation of epithelial cell migration [N I N I N | 22.10
10 *% 1 regulation of vasculature development | I N 20.63
positive regulation of myeloid cell differentiation l16.40
8 . regulation of angiogenesis 116.22
regulation of endothelial cell migration 116.12
response to lipopolysaccharide I 15.88
positive regulation of hemopoiesis I 15.52

negative regulation of vasculature development
positive regulation of epithelial cell migration
regulation of endothelial cell proliferation Il
regulation of epithelial cell differentiation
positive regulation of angiogenesis
endothelium development
positive regulation of myeloid leukocyte differentiation
regulation of smooth muscle cell proliferation Il 10.02
positive regulation of vasculature development Il 9.96
negative regulation of smooth muscle cell proliferation Il 9.80

Gene expression

Figure 6: ZEB2 Regulates SMC cell fate and modulates NOTCH and TGF Signaling in
HCASMC.

(A) gPCR of mature SMC and transition SMC markers in HCASMC in control vs ZEBZ-
KD. (B) CNNI expression with ZEBZ2 overexpression and Notch inhibition. (C) Percent of
EDU labeled cells in control vs ZEB2-KD HCASMC. (D) Plot of fold-changes in highly
differentially regulated genes with TGFB stimulation vs ZEB2-KD (E) Relative probability
of Tn5 insertion relative to ZEB2 motif locations genome wide in HCASMC. (F) Proportion
of peaks identified by scATACseq that were more open (red), closed (green), or unchanged
(grey) upon knockdown of ZEBZ. (G) Top 4 motifs enriched in differentially open peaks.
ZEB Rev indicates Reverse complement of the ZEB motif on opposite DNA strand.

(H) Relative chromatin accessibility around promoters and enhancers of SMC lineage
determining factor MYOCD, NOTCH responsive genes HESI, HESZ, HEY1, HEYZ, and
chondromyocyte regulators SPP1and SOXY, or unrelated control genes UBC, ACTB,
COL1AIin control (green) or ZEB2-KD (salmon), overlap appears brown. (1) Relative
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expression of HEY2and CNNIin HCASMC infected with viruses over-expressing N3/CD
and ZEBZ. (J) Biological processes enriched in differentially accessible peaks comparing
ZEB2-KD vs control, as analyzed by GREAT.
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Figure 7. Model for SMC transition along pseudo-time and spatial trajectories in atherosclerotic
lesions.

Overlay of plaque anatomy, Zeb2 expression, and SMC pseudotime trajectory suggest cap
cells may be the source of plaque SMC-derived cells. The Cnn1 positive cap cells that
exhibit Zeb2 expression undergo a migratory event into the plaque, and eventually turn off
Zeb2 expression and initiate expression of chondrocyte genes including Co/2a1 at the base
of the plaque. These events are consistent with the order of expression of Cnni, Zeb2, and
Col2al from the cap to the base of the lesion, and along the SMC pseudotime as shown in
experiments reported here.
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