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Aberrant vascular smooth muscle cell (VSMC) homeostasis and proliferation
characterize vascular diseases causing heart attack and stroke. Here

we elucidate molecular determinants governing VSMC proliferation by
reconstructing gene regulatory networks from single-cell transcriptomics
and epigenetic profiling. We detect widespread activation of enhancers at
disease-relevantlociin proliferation-predisposed VSMCs. We compared
generegulatory network rewiring between injury-responsive and
nonresponsive VSMCs, which suggested shared transcription factors but
differing target loci between VSMC states. Through insilico perturbation
analysis, we identified and prioritized previously unrecognized regulators
of proliferation, including RUNX1 and TIMP1. Moreover, we showed that
the pioneer transcription factor RUNX1 increased VSMC responsiveness
and that TIMP1 feeds back to promote VSMC proliferation through
CD74-mediated STAT3 signaling. Both RUNX1 and the TIMP1-CD74 axis
were expressed in human VSMCs, showing low levels in normal arteries and
increased expressionin disease, suggesting clinical relevance and potential
asvascular disease targets.

Vascular smooth muscle cell (VSMC) proliferation underlies cell accu-
mulation in atherosclerotic artery disease and vascular restenosis,
which occurs following stenting and grafting. While genetic studies
pointto VSMCs asimportant hereditary determinants of cardiovascular
disease'”, their clinical targeting is presently unexplored. VSMC lesion
investment in experimental atherosclerosis results from extensive
clonal expansion of asmall number of cells**. Similar VSMC oligoclonal-
ity hasbeen shownin other vascular disease models using genetic VSMC
lineage tracing®’, and clonal VSMC contribution in human disease has
been proposed®’. Modification of VSMC clonality by altered cell-cell
communication' and aging" suggests that changes in activation fre-
quency could underlie increased vascular disease risk.

Single-cell RNA-sequencing (scRNA-seq) studies in mouse models
and human vascular disease have shown the remarkable transcriptional
heterogeneity of VSMC-derived cells. VSMCs can adopt states that
range from quiescence, with high expression of contractile genes (such
as MYHI11 and ACTA2), in healthy arteries, to cells that have induced
signatures of other cell types, including fibromyocytes (for example,
TNFRSF11B), macrophages (LGALS3) and chondrocytes (RUNX2) in
addition to extracellular matrix (ECM) proteins and remodellers that
are characteristic of the so-called synthetic state generated by classical
VSMC phenotypic switching™¢,

Functional genomic analyses in lineage-traced animals have shed
light on genetic determinants and mechanisms regulating VSMC
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state changes in disease*". These experimental approaches have
also revealed unexpected regulators of VSMC investment, such as
the pluripotency factor OCT4 (ref. 18), and identified a mesenchymal
VSMC-derived state marked by expression of vascular celladhesion pro-
tein1(VCAMI) and stem cell antigen 1 (SCA1)**'°. SCA1-positive VSMCs
arefoundinfrequently in healthy arteriesbut more abundantly in disease
models, and have been linked to VSMC priming and proliferation'*'*'>?°,
Thismolecular heterogeneity may explainthe apparent distinct effects
of VSMC regulatorsin different contexts*?2. However, the events govern-
ingactivation of clonal VSMC proliferation are understudied®.

Theintegration of scRNA-seq data with epigeneticinformationled
totheidentification of factors regulating developmental processes and
disease®*. Here we use this approach to model gene regulatory networks
uponacute vascular injury when VSMC proliferationinitiates. We find
differential use of transcription factorsindistinct VSMC transcriptional
states along a proliferation-associated trajectory, possibly explaining
context-specific effects of VSMC regulators. The analysis identifies
knownand candidate regulators that are prioritized usinginsilico simu-
lation analysis. We functionally implicate Runt-related transcription
factor1(RUNX1) and Tissue Inhibitor of Metalloproteinases-1(TIMP1)
indriving the activation of VSMC proliferation and suggest that these
factors also operate in human disease development.

VSMC activationis associated with de novo
chromatin opening at distal sites linked to
vascular-disease-associated genes

Toinvestigate the molecular regulation of VSMC proliferation, weelic-
itedaninjury response by carotid artery ligation, whichleads to repro-
ducible VSMC phenotypic switchingand proliferation after 5-7 days®.
Surgery was performed in Myh11-CreERt2, Rosa26-EYFP (Myh11-EYFP)
animals after tamoxifeninduction of heritable reporter-EYFP expres-
sionin VSMCs to overcome the rapid loss of VSMC marker expression
afterinjury. VSMCs expressing SCAl have increased proliferative capac-
ity and represent cells with pronounced phenotypic switching at this
stage of injury"'®?°, We therefore mapped chromatin accessibility
using the assay for transposase-accessible chromatin with sequenc-
ing (ATAC-seq) in populations of SCAI" lineage-traced (EYFP*) VSMCs
fromanimals 7 days after surgery and compared it with the chromatin
accessibility of EYFP* VSMCs from no-injury littermate controls. We
also profiled SCA1 cells frominjured arteries, whichinclude VSMCsin
remodeled areas that show less extensive phenotypic changes and cells
in adjacent carotid artery regions without obvious injury responses.
Samples from all three conditions (control, injury SCA1* and injury
SCAT") had a high signal-to-noise ratio and strong replication of peak
intensity (Fig. 1a and Extended Data Fig. 1a-c).

Accessibility changes were minor at Myh1il and other contractile
genes that are downregulated after injury (Fig. 1a), consistent with
the documented retention of the active H3K4me2 marker at contractile
genes in synthetic VSMCs*”. Increased accessibility was found at,

for example, Sppl1, which is induced in both SCAI" and SCA1” VSMCs,
whereas the chromatin at the SCAl-encoding Ly6a locus became more
accessible selectivelyin SCA1" cells (Fig. 1a). Of all peaks detected across
the three conditions, 96% were accessible in SCA1" cells (Fig. 1b). This
genome-wide de novo chromatin opening in SCA1" (82,000 peaks)
compared with that in control samples (57,000) was consistent with
the scRNA-seq transcript levels, which gradually increase across the
VSMC population after injury (Fig. 1c).

ATAC-seq signal intensity was also generally higher in SCAI* sam-
ples thanin control VSMCs (Fig.1d), in particular at regions with lower
accessibility, which is a characteristic of enhancers. Consistently, the
ATAC-seq peak intensity was shifted upward for non-promoter peaks,
but not changed for promoters and CpGislands, and the proportion of
peaks at distal elements was also higher in SCA1" cells than in control
samples (Fig. 1e,f). Asignificantly higher signal intensity was detected at
28,303 peaksin SCA1"samples compared with control VSMCs, whereas
only 839 peaks were higher in controls compared with SCA1" (Fig. 1g).
The SCA1™ sample showed intermediate results, possibly reflecting
the heterogeneity of the cell population and the continuum of VSMC
transcriptional statesinduced by injury®. Genes associated with regions
selectively assessiblein control cells were enriched for muscle contrac-
tiongene ontology (GO) terms (for example, Tcap; Fig.1h and Extended
Data Fig. 1d). By contrast, genes associated with the regions with the
biggest chromatin accessibility increase in SCA1* compared with control
samples were enriched for vascular diseases, including atherosclerosis,
and biological process ontology terms linked to VSMC proliferation,
such asregulation of signal transduction (Mapké), inflammation (Ccl2)
andcelladhesion (LambI;Fig.1h and Extended DataFig.1le-g). Thisanal-
ysis shows thatinjury-induced VSMC activation results in the opening
of chromatin atenhancers of genesrelated to the functions of synthetic
VSMCs and vascular disease, particularly in SCAl-expressing VSMCs.

Rewiring of factors shared between
injury-induced VSMCstates
To identify factors controlling activation of VSMC proliferation, we
compared how gene expressionis orchestrated in VSMCs that respond
toinjury versus those that do not. We used scRNA-seq profiles of VSMCs
analyzed atthe very onset of VSMC proliferation (5 days after theinjury),
inwhichwe previously identified a proliferation-associated trajectory.
VSMCs were classified based on their position along this trajectory
as ‘non-responding’ (‘non-RSP’, defined by persistently high levels of
contractile gene expression), a‘linking’ cell population (‘LNK’), leading
ontoapre-proliferative state thatincludes cells expressing SCA1(‘PrP’)
and, finally, actively cycling cells that express Mki67 and have high
G2/S cell cycle phase scores (‘CYC’; Fig. 2a and Extended Data Fig. 2a).
To construct gene regulatory networks (GRNs) for these four
VSMC sstates, we first generated a VSMC-specific transcription factor—
targetinteraction network based onall detected ATAC-seq peaks, which
was combined with gene expression profiles. This was done for each of

Fig.1| Activation of VSMCs results in widespread epigenetic activation of
distal elements relevant for VSMC function and disease. a, ATAC-seq traces
for markers of contractile VSMCs (Myh11), the synthetic phenotype (SppI)

and a VSMC transition state (Ly6a, encoding SCA1) in EYFP" lineage-traced
VSMCsisolated from healthy control Myh11-EYFP animals (green), and either
EYFP'SCAL (SCAT, blue) or EYFP*'SCAL" (SCAL, red) cellsisolated from injured
arteries. Aligned reads for independent experiments with cells from different
animals (R1and R2) and reproducible peaks (horizontal bars) are shown.
Uniform manifold approximation and projections (UMAPs, top) show associated
normalized, log-transformed gene expression levels (counts/cell) in scRNA-seq
profiles of VSMC-derived cells 7 days after injury (GSE162167). b, Venn diagram
representing the overlap of ATAC-seq peaks in the three sample types.

¢, UMAP (asina), showing the number of detected transcripts (unique molecular
identifiers (UMI)) per cell (counts/cell). d, Scatterplot showing the read density
in control (x-axis) and SCA1" VSMCs after injury (y-axis) for ATAC-seq peaks at

promoters (light blue) and peaks that are not at promoters (purple). e, Violin
plots showing distribution of peak read densities in each sample for all peaks, or
only non-promoter, promoter and CpG island peaks. f, Pie charts showing the
proportion of peaks within1kb of TSSs, at promoter proximal regions (proximal),
within genes (genic) or at intergenic elements (distal). g, Volcano plots showing
the fold change of the peak intensity (differential accessibility (DA)) between
indicated samples. Horizontal lines indicate significance thresholds of P,4;< 0.01
(top) and P,4;< 0.05 (bottom). Differentially accessible peaks used for pathway
enrichment analysis are highlighted (fold change > 2 and of P,4; < 0.0, or the top
4,000 ranked by fold change for SCAT" cells (LIMMA-modified ¢-test, two sided).
The total number of peaks with increased accessibility in SCA1" cells is 28,000
versus the control and 14,000 versus SCA1"). h, Normalized, log-transformed
gene expression (counts/cell) and ATAC-seq data tracks (asina) for genes
showing higher accessibility in control samples (Tcap) or SCAT" cells after injury
(Mapké, Lambl, Ccl2).
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the VSMC states (non-RSP, LNK, PrP and CYC), using CellOracle*, and
the resulting four GRNs had comparable centrality score distribution
(Extended Data Fig. 2b). We found a substantial overlap between the

a Myh11 Spp1

z

networks, with 233 out of 597 (37%) shared nodes, including 82 out of
140 (59%) transcription factors (Fig. 2b and Supplementary Table 1a,b).
Despite the high number of common nodes, few interactions were
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present in all GRNs (Fig. 2c, lower panel). Accordingly, abundant
changes in the network topology rankings, such as degree centrality,
were observed between networks (Fig. 2d and Supplementary Table I1c).
GRN modeling using the scRNA-seq profiles of VSMCs analyzed 7 days
afterinjury was conductedin parallel and produced comparable results
(Extended Data Fig. 2d).

The network nodes were enriched for processes related to VSMC
biology or vascular injury, including ECM organization, actin organi-
zation, response to stimuliand regulation of cell proliferation (Fig. 2c
and Supplementary Table 1b). Overall, specific regulatory circuits
driving biological processes were not detected (Extended Data
Fig. 2c). However, the CYC network included a substructure consist-
ing of cell-cycle-associated genes regulated by RAD21, a subunit of
the cohesion complex that has roles in mitosis, genome stability and
transcriptional regulation (Extended DataFig. 2b,c). The CYC network,
which had the most unique factors (14 transcription factors; Fig. 2b),
was dominated by genes driving cell cycle progression, such as Myc,
Mybl1, Ergand Rad21 (Fig. 2d). To study processes and factors driving
activation, rather than progression, of VSMC proliferation, we focused
on comparison to the PrP network (Fig. 2e).

Geneswith most network changesin the PrPrelative to the non-RSP
network were predominantly transcription factors (36 out of 50) and
fellinto three groups by expression pattern (Fig. 2f). Group lincreased
expression along the injury-associated trajectory, and genesincluded
markers of VSMC phenotypic switching (Spp1, Fnl, Mgp), Vcam1 (that
marksactivated VSMCs"), TimpI and transcription factors Scx, Cebpb,
RunxI and Enol. Group 2 genes, which showed reduced expression
along the trajectory, included Mef2c; Thra; Hes; Heyl; Kriippel-like
factors (KLF) 9,13 and 15; and inhibitor of differentiation (Id) genes.
Finally, group 3 genes showed little variation in expression between
the non-responding and proliferation-associated states. This group
contained factors reported to affect VSMC regulation, for example,
Klf4,Egr1, Atf3and AP-1subunits. We identified significant colocaliza-
tion events between human VSMC expression quantitative trait loci
(eQTLs) and signals in genome-wide association studies for coronary
artery disease (CAD) for 13 human orthologs of the 50 genes with
the highest rewiring scores (for example, KLF2/4/13/15, HEYL, TCAP,
S100A10, VCAMI; Supplementary Table 1d,e), indicating causality of
VSMC regulatory rewiring in disease.

Injury-induced GRNs are relevantin
atherosclerosis

To assess the relevance of the regulation detected ininjury to disease-
associated VSMC changes, we used available datasets from VSMC-
derived cells in experimental atherosclerosis”. First, we considered
geneswith higher expressioninthe PrP compared with the non-RSP state
ininjury. Expression of this ‘PrP signature’ was increased in VSMC sub-
sets characterized by reduced expression of contractile genes (Fig. 3a,b
and Extended Data Fig. 3a). Secondly, we found substantial overlap in
transcript regulation between the two disease models for GRN nodes.
Differential expression between contractile (cluster 1) and modulated
(clusters O + 3) VSMC clusters in atherosclerosis was visualized on the
PrP network (Fig. 3c), revealing a similarity to the observed changesin
injury (Fig.2e).Ingeneral, transcription factors withincreased expres-
sionin modulated VSMCsin atherosclerosis had positive connections

toupregulated target genesin the PrP-GRN (for example, Sox9-Vcaml,
Enol-Tmsb10/Lgals3, Cebpb-Clu).Vice versa, transcription factors with
reduced expressionin modulated versus contractile VSMCsin athero-
sclerosis, suchas THRA, had positive GRN interactions with genes that
were also downregulated in modulated cells (for example, Csrp2, Mfap4,
Sost, Myl9; Fig. 3c). This analysis suggests similarity of the VSMC states
inatherosclerosis and injury, and indicates that regulatory relationships
mappedininjury are also relevant in atherosclerosis.

To compare withhumandisease, we isolated scRNA-seq profiles of
mural cells from a published analysis of human carotid plaques”. The
cellswere clustered into six groups that were characterized by marker
analysis (Fig. 3e and Supplementary Table 2b). Clusters 0-2 had abun-
dant contractile gene expression, cluster 3 cells expressed TNFRSF11B
that was identified as a fibromyocyte marker", VCAMI was expressed
mainlyinclusters3and4, and cluster Shadincreased levels of ribosomal
proteins (Extended Data Fig. 3d,e). We then visualized the expression
profiles for human orthologs of injury-rewired genes inthe human cell
clusters ordered by contractile gene expression. To capture regulatory
relationships, we included the top 10 genes (by GRN rewiring score)
andtheir directinteractors. Genes were visualized inthe same order in
human plaque and mouse injury cells (hierarchically clustered by their
expression along the proliferation-associated trajectory; Fig. 3f). This
side-by-side comparison showed similar expression patternsin mouse
injury and carotid plaque VSMCs, indicating that the GRN analysis
identified regulation thatis relevantin human atherosclerosis.

Prioritization of candidate regulators of VSMC
activation

Transcription factors changed topology scores between the GRNs
(Fig. 4a), prompting a motif enrichment analysis for ATAC-seq peak
regions showing differential accessibility between conditions (Fig. 4b).
The MEF2 and SRF motifs were enriched for peaks showing higher acces-
sibility in control samples compared with SCA1* VSMCs from injured
arteries. Peaks that gained de novo accessibility after injury were enriched
for AP-1, NFkB, CEBP, ETS and RUNX binding sites. Interestingly, RUNX,
NFkBand CEBP motifs were alsofound to colocalize with AP-1binding sites
(Extended DataFig.4a), suggesting co-regulatory interaction at someloci.

The generated GRNs enabled computational simulation of how
perturbation of transcription factor levels would affect cell state*.
KLF4, aknown regulator of VSMC phenotypic switching that promotesa
macrophage-like state inatherosclerosis®, had high centrality in all net-
works apart from that of proliferating cells (CYC). Insilico simulation of
KLF4 depletion predicted ageneral shift towards the non-responding
cell state, concomitantly with promotion of CYC cells (Fig. 4c).
Such context-specific effects of KLF4 depletion are consistent with
the delayed downregulation of contractile genes, but accelerated
neointima formation in VSMC-specific KLF4 knockout after injury
animals™.

To systematically predict function, we generated in silico per-
turbation scores (PSs) for each transcription factor in the networks.
Positive scores, reflecting stimulation of progression along the
proliferation-associated trajectory?’, and negative scores, indicat-
ing blocking effects, were calculated for loss of function (knock-
out, KO) and gain of function (overexpression, OE) separately and
showed strong correlation (R*> 0.9; Extended Data Fig. 4b and

Fig.2| VSMCstate-specific GRNSs. a, Force-directed graph representation of
scRNA-seq data from VSMC-derived cells isolated 5 days after injury (GSE162167)
shaded by VSMC states (left; gray, non-assigned) or proliferation-associated
pseudotime (right; yellow (low) to red (high) color scale, arbitrary units). FA:
ForceAtlas2 dimension. b, Euler diagrams for all nodes and transcription factors
inthe four GRNs color coded as ina. The total number of nodes or transcription
factors for each GRNis shown in brackets. ¢, The union and intersection of non-
RSP, LNK, PrP and CYC networks colored by associated GO terms. The symbol size
reflects node degree centrality scores separately in the union and intersection

network. d, Nodes with top (30) degree centrality scores in each GRN. e, Network
interactions in the PrP GRN with connectivity score > 0.1. Differential expression
(fold change in log, scale) between PrP and non-RSP cellsis indicated by ablue
(higher in non-RSP) to red (higher in PrP) color scale, white denotes 0. Black
bordersindicate significant differential expression (P,4; < 0.05, two-sided
Wilcoxon rank-sum test). Edge widths reflect connectivity magnitude. f, Heat
map showing scaled expression for the genes with the 50 highest rewiring

scores for PrP versus non-RSP GRNs. Supplementary Fig. 4 shows panels d-fat
enlargedsize.
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and PRRX1 were predicted to mainly stimulate trajectory progres-
sion (negative KO score < -1, positive KO score <0.75 (Fig. 4d,e and

Supplementary Table 1g). Transcription factors scoring highly for
Extended Data Fig. 4c,d)). The factors predicted to block trajectory

both positive and negative PSs were predicted to have context-specific
effects (Fig. 4d and Extended Data Fig. 4c,d). RUNX1, FOSL1, TWIST1
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progression (positive KO score > 1) were enriched for TGF-beta sign-
aling (KEGG:04350), IL-17 signaling (KEGG:04657) and parathyroid
hormone synthesis, secretion and action (KEGG:04928). Interestingly,
thyroid hormonereceptor alpha (THRA), which hasbeen suggested to
impact VSMC cholesterol metabolism?®’, was among trajectory-blocking
factors (Fig.4d). Thrais downregulated in PrP compared with non-RSP
VSMCs and negatively interacts with synthetic genes (Spp1, Vcami and
Mgp) in the PrP network, while promoting cytoskeletal genes (Actg2,
Pdlim4, Cdc42ep3) inthe non-RSP GRN (Supplementary Table 1a). Simu-
lation of THRA perturbation also suggested that THRA may safeguard
the contractile state (Fig. 4e and Extended Data Fig. 4c-d).

Next, we used the GRN analysis to investigate how targets of this
transcriptional rewiring may impact VSMC biology. To this end, we
performed pathway analysis of the nodes with high target gene scores
(‘in-degree centrality’) inthe PrP or CYC GRNs that are alsoinducedin
PrP compared with non-RSP cells (Supplementary Table 1c,d). This
highlighted GO terms including ECM organization (Spp1, Vcam1, Cxcl2,
Postn) and regulation of cell adhesion (Eln, Lum, Fbln2). We also found
modulators of proteolysis (Timpl1, Serpinel, ThbsI) among the targets
of rewired transcription factors, consistent with cellular niche remod-
eling by activated VSMCs.

Overall, this analysis highlights both known and putative VSMC
regulators. To experimentally test factors highlighted by the GRN
analysis, we selected RUNX1 as a candidate stimulating transcription
factor, based on top ranking in the PS analysis combined with motif
enrichmentin de novo accessible chromatin, and TIMP1as anexample
of ahighly rewired target gene that, interestingly, was predicted to be
indirectly induced by RUNXI.

RUNX1 promotes VSMC proliferation

The GRN analysis highlighted RUNX1, which belongs to the Runt-related
transcription factor family and plays a key role in hematopoiesis, as
a potent stimulator of VSMC activation. Consistent with this, Runx1
transcripts were increased in the PrP and CYC states compared with
non-responding cells, increased chromatin accessibility was detected
at both RunxI promoters in SCA1* VSMCs compared with the control
samples, and we detected RUNXI1 in lineage-labeled VSMCs after
injury (Fig. 5a and Extended Data Fig. 5a,b). By contrast, the RUNX
family members Runx2 and Runx3 were lowly expressed at this stage
of VSMC activation (Extended Data Fig. 2a). The RUNX motif was also
highlighted inrelation to VSMC regulation by studies in experimental
atherosclerosis', and RUNXI transcript levels were higher inmodulated
compared with contractile VSMCsin mouse and human atherosclerosis
(Fig. 3d and Extended Data Fig. 3f).

GRN-based simulation of elevated RUNX1 expression predicted
that RUNX1 promotes the transition towards VSMC proliferation
(Fig. 5b), as expected from the limitation of proliferation observed
when simulating RunxI-knockout (Fig. 4e and Extended DataFig. 4c,d).
The PrP GRN predicted that RUNX1 stimulates injury-induced genes,
including Vcami, Lum and Mmp14, and GO analysis of all direct and
indirect RUNXI target genes suggested that RUNXI1 could affect

cell-substrate adhesion (Fbin2, Mmp14), response to stimulus (Cp, Mt2)
and ECM organization (Eln) (Fig. 5¢c). Interestingly, 4 of the 15 direct
RUNXI1 target genes were previously associated with activated, SCA1*
VSMCs in healthy arteries™. We also found that expression of the pre-
dicted RUNXI target, matrix metalloproteinase 14 (MMP14), is a hall-
mark of SCAI" VSMCs (Extended Data Fig. 5c), further indicating that
RUNXI1supports astate thatis primed for proliferation.

We experimentally tested how RUNX1 affects gene expression
in freshly isolated lineage-traced VSMCs. Lentiviral-induced RUNX1
overexpression significantly increased the expression of predicted
direct targets Mmp14, Timpl and Cebpd. Conversely, the depletion of
RunxImediated by shortinterfering RNA (siRNA) significantly reduced
Mmp14 and blunted TimpI expression (Fig. 5d and Extended Data
Fig.5d,e). Totest whether RUNX1 affects activation of VSMC prolifera-
tion, we adapted an in vitro proliferation assay that reproduces the
low-frequency clonal VSMC expansion observed in vascular disease
models®. Lentivirus expressing red fluorescent protein (RFP) was
introducedinlineage-labeled EYFP* VSMCs at low titer and expanding
RFP/EYFP double-positive clonal VSMC patches identified by repeated
live cell imaging over 3 weeks. This showed a significantly increased
clonal patch-forming ability of RUNX1-overexpressing versus control
cells (Fig. Se).

In human VSMCs (hVSMCs), RUNX1 depletion decreased the
percentage of EAU" cells and, vice versa, overexpression of RUNX1
increased the percentage of EdU cells, relative to their respective con-
trols. This suggests that stimulation of VSMC proliferation by RUNX1
is conserved in humans (Fig. 5f and Extended Data Fig. 5f). To assess
RUNX1 functionsinhumandisease, weimmunostained arteries without
detectable plaques but showing varying degrees of intimal thicken-
ing and carotid plaques. RUNXI1 protein was detected infrequently
inalpha smooth muscle actin (6dSMA)* cells in arteries with a healthy,
organized morphology of the medial layer, but a higher proportion of
medial RUNX1'aSMA’ cells were observed in arteries with evidence of
perturbation (Fig.5g). For example, in arteries showingintimal thicken-
ing, many aSMA" cells within the intima expressed RUNX1 (Fig. 5Shand
Extended DataFig. 5g). Substantial heterogeneity in RUNX1expression
was observedinhuman atherosclerotic lesions; interestingly, however,
aSMA'RUNXT" cells were also observed in the fibrous cap (Fig. 5i).
Jointly, these results show that RUNX1 regulates gene expression in
VSMCs and promotes their proliferation, and indicates that RUNX1is
implicated in human disease development.

TIMP1 promotes VSMC proliferationinan
MMP-independent manner

TIMP1 was among the most central nodes and was selected
among the targets of regulatory rewiring as increased TIMP1
protein levels have been associated with cardiovascular dis-
ease and severity’*’. In the PrP GRN, TIMP1 was predicted to be
induced by multiple factors including Cebpd, Myc, Prrx1 and Scx
(Figs. 2e and 6a), and an indirect RUNXI target (see above). TIMP1
transcripts were also upregulated by VSMCs in human and mouse

Fig.3| GRN rewiring after injury aligns with gene expression changesin
human and mouse atherosclerosis. a-d, Analysis of GRN node expressionin
experimental atherosclerosis using sScRNA-seq profiles of lineage-traced VSMCs
from Apoe-null animals (GSE155513) fed a high-fat diet. a, UMAPs showing cell
clusters and annotation (left) and normalized, log-transformed expression
(counts/cell) of VSMC state marker genes (right). b, UMAP (as in a) showing the
UCell enrichment scores (arbitrary units) of the PrP signature genes (increased
expression in PrP versus non-RSP cells, log, fold change (FC) > 0.5, P,4; < 0.05,
two-sided Wilcoxon rank-sum test). ¢, The PrP network, as shown in Fig. 2e, but
the shading of nodes represents differential expression (fold change in log, scale)
between modulated and contractile VSMCs in the atherosclerosis mouse model
(blue, higher in contractile VSMCs (cluster 1); red, higher in modulated VSMCs
(clusters O + 3); white denotes 0). Black borders indicate significant differential

expression (P,g; < 0.05, two-sided Wilcoxon rank-sum test). d, UMAP (asin a)
showing normalized, log-transformed expression (counts/cell) for selected
genes with high rewiring scores. e,f, Analysis of GRN node expressionin VSMCs
from a human carotid plaque scRNA-seq dataset (GSE155512).

e, UMAPs annotated with cell clusters, patients and normalized, log-transformed
expression (counts/cell) of contractile (MYH11) and modulated VSMC genes
(TNFRSF11B). f, Heat map showing scaled expression of genes ranked in the top 10
according to rewiring score (PrP versus non-RSP GRNs), and their direct strong
interactors (connectivity score > 0.1), in human carotid plaque VSMCs (right)
andinthe mouse injury dataset (left). Genes are clustered based on correlated
expression along the mouse injury VSMC trajectory (left). Supplementary Fig. 5
shows panels cand fat enlarged size.
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atherosclerosis scRNA-seq datasets (Fig. 3d, Extended Data Fig. 3f and

refs.1,13,16).

TIMP1 protein was expressed in clonally expanded VSMCsin both
mouse atherosclerotic and injury-induced lesions, and also detected
inaSMA’ cells located in the medial layer of non-plaque human arter-
ies (Fig. 6b,c and Extended Data Fig. 6a,b). This suggested that TIMP1
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Fig. 4 | Rewiring of GRNs across cell states identifies candidate regulators of

VSMCactivation. a, Comparison of the out-degree centrality scores in PrP and
non-RSP GRNs indicating top-scoring nodes. b, Summary of motif enrichment
analysis for peaks showing higher accessibility relative to all peaks for the
indicated comparisons (left). Detected motifs are shown on the right. ¢, Force-
directed graph projections with shading showing normalized, log-transformed

KIf4 expression (counts/cell) (left) and simulation vector field (middle; colors
indicate the VSMC state as in Fig. 2a), or the PS values (right) as predicted by
insilico knockout of KIf4. d, Sum of positive versus sum of negative PSs for
systematic in silico KO (left) and OE (right) simulations. Top-ranked transcription
factorsareindicated. e, Force-directed graphs showing PSs fromin silico
simulation of knockout phenotypes for indicated transcription factors.
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We found a small, but significant, increase in the percentage of EAU"
cells in TIMP1-treated hVSMCs versus controls (Fig. 6d), similar to a
recent study®*. TIMP1treatment also stimulated the clonal expansion
of quiescent VSMCs isolated directly from aortas of lineage-labeled
Myh11-Confetti animals (Fig. 6e,f). TIMPL increased the frequency
of VSMC clone formation to a similar degree as PDGF-BB treatment
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(Fig. 6f). However, TIMP1did not change the size of clonal patches, in
contrast to platelet-derived growth factor (PDGF)-BB (Fig. 6f, lower

ting that the establishment and growth of VSMC clones
ndependently.

TIMP1 functions both as an MMP inhibitor and as a cytokine®?.
We found no effect of a broad-spectrum MMP inhibitor (GM6001)
on clone dynamics, neither in control cells nor in TIMP1-treated cells

suggested that the ability of TIMP1 to promote clonal

Nature Cardiovascular Research | Volume 3 | June 2024 | 714-733

722


http://www.nature.com/natcardiovascres

Article

https://doi.org/10.1038/s44161-024-00474-4

Fig. 5| RUNX1-mediated regulation of VSMC proliferation. a,b, Force-directed
graph of VSMCsiisolated 5 days after injury showing normalized, log-transformed
Runx1 expression (counts/cell) (a) or the result of RUNX1 overexpression
simulation (b; colors indicate VSMC states as in Fig. 2a). ¢, Direct and indirect
targets of Runxlin the PrP GRN showing differential expression between PrP

and non-RSP cells on ablue (higher in non-RSP) to red (higher in PrP) scale where
white denotes no change (left, black borders indicate significantly differential
expression (fold change in log, scale), P,4; < 0.05, two-sided Wilcoxon rank-sum
test) or GO terms for nodes (right). Edge widths reflect connectivity magnitude,
and colors show positive (red) and negative (blue) interactions. d, MmpI4 and
Timpl transcript levels detected by quantitative RT-PCRin lineage-labeled
VSMCs transfected with non-targeting (NTC) or RunxI-targeting siRNA (RunxI-
siRNA), or transduced with an empty vector (CTRL-EV) or RUNXI-overexpressing
(RUNX1-OE) lentivirus. The symbols (circles, squares, triangles and inverted
triangles) represent values from independent animals (V= 5), the lines represent
means and the error bars represent s.e.m.; Pvalue: two-tailed ¢-test or Mann-
Whitney U. e, Schematic of clonal proliferation assay; RFP-expressing lentivirus is

used to test the effect of RUNX1 cDNA relative to an empty control vector (EV) on
the ability of lineage-labeled VSMCs from Myh11-EYFP animals to form colonies
(left). The right panel shows the percentage of cells forming a clonal VSMC patch
in RUNX1-OE and empty vector control cells (CTRL-EV). The points indicate mean
values from individual animals (N = 4 animals analyzed in triplicate), the lines
indicate means and the error bars represents.e.m.; P=1.97 x 1072, generalized
linear model. f, Fold change in the percentage of EdU" cells after siRNA-mediated
RUNXI1depletion (RUNXI1-siRNA, relative to non-targeting siRNA-treated cells)
and lentivirus-mediated RUNX1 overexpression in hVSMCs (RUNXI-OE, relative
to cells transduced with empty vector virus). The points are the averages of
quadruplicate replicates for independent hVSMCisolates (N = 6 donors), the
linesindicate means and the error bars indicate s.e.m.; Pvalue: two-tailed ¢-test.
g-i, Representative immunostaining of non-plaque aorta (g,h, N=10 donors) or
carotid endarterectomy samples (i, N = 6 donors) for RUNX1 (brown) and aSMA
(blue). FC, fibrous cap; I, intima; M, media. Examples of RUNX1" cells are indicated
by closed arrowheads, and examples of RUNX1"aSMA" cells are indicated by open
arrowheads.

VSMC proliferationis not linked to the inhibition of proteolysis, simi-
lar to established hVSMC cultures™. Taking all these results together,
we conclude that TIMP1 stimulates clonal VSMC proliferation in an
MMP-independent manner.

TIMP1induces STAT3 phosphorylation toinduce
VSMC proliferation

The signaling pathways activated by TIMP1 show context
dependency****¥, so we screened for TIMP1-mediated phosphoki-
nase activationin hVSMCs. This suggested that signal transducer and
activator of transcription (STAT3) phosphorylation at serine 727 (S§727)
is strongly increased in TIMP1-treated cells, which was confirmed by
westernblottinginindependenthVSMCisolates (Fig. 7a,b and Extended
Data Fig. 7a). Increased phosphorylation was observed at both S727
and Tyr705, while total STAT3 protein levels were unchanged (Fig. 7b,c
and Extended Data Fig. 7b,c). The rapid and transient induction of
STAT3 phosphorylationsuggests adirect response to TIMP1 (Fig. 7b,c).
We also analyzed the effect of TIMP1 on signal transducers known to
regulate VSMC growth. Similar to STAT3, phosphorylation of AKT (Ak
strain transforming) was induced by TIMP1, whereas phosphorylation
levels of p38 mitogen-activated protein kinase (p38) were variable
between hVSMCs from different individuals (Fig. 7b,c and Extended
DataFig.7b,c).

The role of these signaling pathways in TIMP1-mediated stimu-
lation of clonal VSMC proliferation was investigated by addition of
small-moleculeinhibitorsin the clonal VSMC proliferation assay. Inhi-
bition of STAT3 using TT-101 abolished the increased clone number in
response to TIMP1, whereas the impact of AKT and p38 inhibition was
less obvious (Fig. 7d). To further test the specificity, we depleted STAT3
using siRNA, which also prevented the TIMP1-mediatedincreasein clone
formation (Fig. 7e). Phosphorylation of STAT3 leads to dimerization,
nuclearimportand binding at target gene promoters’®. Consistent with
itsactivation, STAT3 chromatinimmunoprecipitation showedincreased
binding in TIMP1-treated cells, specifically at promoters of canoni-
cal STAT3 target genes (JUNB, TWIST1), compared with control cells
(Fig. 7).

VSMC-derived cells in atherosclerotic plaques and neointimal
lesions expressed high levels of pSTAT3 compared with medial cells
(Fig. 7gand Extended DataFig.7d), indicatingitsinvolvementin clonal
VSMC expansion. To further assess whether STAT3 phosphorylation
islinked with VSMC proliferation, we co-stained hVSMCs for KI67 and
pSTAT3 (S727) after TIMP1 treatment. Overall, KI67" cells had higher
nuclear pSTAT3 levels compared with KI67" cells and there was sig-
nificantly increased pSTAT3 expression 15 min after TIMP1stimulation
(Fig. 7h,i). There was no effect of TIMP1on hVSMC proliferation within
this time frame (Extended Data Fig. 7e). We next analyzed VSMCs
isolated from aortas of lineage-labeled mice and cultured to mimic
phenotypicswitching and activation of proliferation. STAT3 phospho-
rylationwas alsoinduced by TIMP1after 4 days of culture, but this effect
was less pronouncedin cells analyzed at day 7 (Extended Data Fig. 7f).
Interestingly, baseline pSTAT3 intensity was higher in cells cultured
for 4 days after isolation, compared with day 7 cells, suggesting the
existence of a ‘window of opportunity’ with higher responsiveness to
TIMP1. Overall, these datalink TIMP1-mediated STAT3 phosphorylation
to the activation of VSMC proliferation.

TIMP1 signals through CD74 toinduce VSMC
proliferation
Signaling by TIMP1 can be executed via several surface receptors that
bind to different TIMP1 protein domains®. We found that the ability to
induce clonal VSMC proliferation was retained by the N-terminal part of
TIMP1 (Fig. 8a), which binds the HLA class Il histocompatibility antigen
gamma chain, CD74 (ref. 39), that has also been detected inmodulated
or ‘macrophage-like’ VSMCs in experimental atherosclerosis*’.
Immunostaining revealed that Myhl1-lineage-labeled VSMCs
also express CD74 protein after vascular injury in vivo (Fig. 8b and
Extended Data Fig. 8a), providing evidence that TIMP1 could func-
tion via CD74 in VSMCs, as suggested**. CD74 was also detected in
culturedlineage labeled mouse VSMCs (mVSMCs) (Fig. 8c); we found
an association between high pSTAT3 and greater CD74 expression
(Fig.8c,d), indicating that CD74 signaling results in phosphorylation of
STAT3. Todirectly test whether TIMP1acts viaCD74 in VSMCs, we used

Fig. 6| GRN analysis identifies TIMP1 as a functional gene target and driver of
VSMC proliferation. a, TIMP1 connections in the PrP GRN annotated as

inFig. 5c. b, TIMPlimmunostaining of an atherosclerotic lesion from Myh11-
Confetti/Apoe animals showing signals for fluorescent proteins (FP) in
lineage-labeled VSMCs (Confetti: cyan (C)FP, blue; red (R)FP, red; yellow (Y)

FP, yellow; green (G)FP, green), TIMP1 (magenta) in a single confocal z-section.
Representative of three animals. Scale bar = 50 um (applies to both panels).

¢, Representative immunohistochemistry image for xSMA (blue) and TIMP1
(brown) innon-plaque humanaorta (N=7 donors); scale bar = 500 pm (overview),
100 pm (zoomed view).d, Fold change in the percentage of EQU* hVSMCs

following 16 h of EdU incorporationin cells treated with 500 ng mI™ rhTIMP1
relative to vehicle controls. Dots indicate the average of independent hVSMC
isolates (N =6 donors), the line indicates the mean and the error bars indicate
thes.e.m.; Pvalue: two-tailed t-test. e, Representative images of lineage-labeled
VSMC s isolated from Myh11-Confetti aortas and cultured for 21 days in the
presence of a vehicle control, 500 ng ml™ recombinant mouse TIMP1or 2 ng ml™
PDGF-BB. Scale bars = 500 pm. f,g, Quantification of the number and size of
clonally expanded patches of Confetti* VSMCs over 21 days of culture. The points
indicate the mean (N =4 animals, triplicate analysis of cells from each animal), and
theerror barsindicate the s.e.m.; P=5.2 x107°, generalized linear model.
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aCD74-blocking antibody, which abolished TIMP1-augmented VSMC  blocking the effect of TIMP1 secreted by VSMCs after culture-induced
clone formation (Fig. 8e). Interestingly, anti-CD74 also reduced the = phenotypic switching, or other CD74 ligands such as MIF. Blocking
frequency of clone formationin untreated cells, which couldbedueto  CD74 in VSMCs overexpressing RUNX1also abolished the stimulation
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increase in Timp1 expression could be important for the RUNX1-OE

phenotype.
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To assess whether the TIMP1-CD74-pSTAT3 axis is active in ath-

erosclerosis, we investigated lineage-labeled Apoe™~ animals after

a 4-week exposure to a high-fat diet, at a timepoint before robust
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Fig. 7| TIMP1signaling induces STAT3 phosphorylationin human and mouse
VSMCs. a, Phosphokinase array and densitometric quantification of serum-
starved hVSMCs treated for 15 min with 500 ng mI™ rhTIMP1 or vehicle control
(N=1donor). b, Western blot of total STAT3, phospho-STAT3 (S727 or Tyr705),
total AKT, phospho-AKT (pAKT), total p38a, phospho-p38a (p-p38a) and GAPDH
inserum-starved hVSMCs after O min, 5 min, 10 min, 15 minand 30 minrhTIMPL.
¢, Quantification of relative western blot band intensity, normalized to GAPDH.
The points show independent hVSMCisolates (N = 4), the bars indicate the
means, and the error barsindicate s.e.m.; Pvalue: one-way ANOVA.d, Number of
clonally expanded patches formed by lineage-labeled VSMCs following 21 days
of culture, without (white, circles) or with 500 ng rmTIMP1 (blue, squares) in
samples treated with vehicle (DMSO), 10 uM TT101 (STAT3i), 100 nM MK-2206
(AKTi), 10 uM SB202474 (control inhibitor, ctrl), 10 uM SB203580 (p38il) or

10 pM SB202190 (p38i2). The points show averages (N = 3 Myh11-Confetti
animals analyzed in triplicate), the barsindicate means, the error bars indicated
s.e.m.; Pvalue: two-tailed t-test. e, Quantification over time of clonally expanded
patches formed by lineage-labeled VSMCs, treated with non-targeting control

(NTC) or Stat3-targeting siRNA (siSTAT3) +500 ng rmTIMP1. The points indicate
means (N =3 Myh11-Confetti animals analyzed in triplicate), and the error bars
indicated s.e.m.; P=2.2 x107, generalized linear model. f, ChIP-qPCR analysis at
STAT3 targets (TWIST and JUNB) and negative control (AMICAI), in serum-starved
control and rhTIMP1-treated hVSMCs (15 min, 500 ng ml™), showing anti-STAT3
and control-IgG precipitated DNA as a percentage of the input. The bars show the
means of independent hVSMC isolates (N =3 donors), and the error bars indicate
the s.e.m.; Pvalue: two-tailed ¢-test. g, pSTAT3 S727 immunostaining (magenta)
incryosections from carotid plaque in an Myh11-Confetti/Apoe animal (11 weeks
HFD) with Myh11-Confetti signals (CFP, blue; RFP, red; YFP, yellow; GFP, green).
Representative of three animals. Scale bar = 50 um (applies to bothimagesin
panel). h,i, pSTAT3 S727 and KI67 immunostaining (h) and quantification (i) of
serum-starved control hVSMCs +500 ng mI™ rhTIMP1 treatment (15 min, h) or
indicated time points (i). The arrowheads indicate K167 cells. Scale bars = 50 pm.
The symbols show average values forindependent hVSMC isolates (N = 3 donors,
analyzed intriplicate), the lines represent means and the error bars represent
s.e.m.; Pvalue: two-way ANOVA, *P = 0.0498; NS, not significant.

VSMC contribution in lesions'>?°, Imaging flow cytometry showed
alow frequency of K167 lineage-labeled VSMCs, as expected, and
this varied between animals. We found a striking enrichment of CD74
expressioninKI67" cells (Fig. 8f), and the levels of phospho-STAT3 were
higherin proliferating (KI67") and in CD74* VSMCs, compared with all
lineage-labeled cells (Fig. 8g). This suggests that CD74 and phospho-
rylation of STAT3 are linked to VSMC proliferation. TIMP1 treatment
furtherincreased pSTAT3 levelsin CD74", butnotin CD74", proliferating
VSMCs (Fig. 8h and Extended Data Fig. 8c), providing in vivo evidence
linking this signaling pathway to the initiation of VSMC proliferationin
atherosclerosis.

Next, we explored the TIMP1-CD74-pSTAT3 axis in humans.
As shown in Fig. 8i, TIMP1l-induced STAT3 phosphorylation was
reduced in cells co-treated with the anti-CD74 antibody and a similar
effect was observed using a CD74-blocking peptide*, showing that
TIMP1-mediated induction of STAT3 phosphorylation is downstream of
CD74 (Fig. 8i,j). We found that CD74 was detected by immunostaining
in aSMA” cells in non-plaque arteries from human organ donors and
insamples taken after carotid endarterectomies (Fig. 8k and Extended
DataFig. 8d). To quantify expression, we performed multi-probeinsitu
hybridization (Fig. 8],m). TIMP1 and CD74 transcripts were detected
in ACTA2" VSMCs in non-plaque arteries, but were observed at low
frequency. Compared with medial cells in arteries without lesions,
the frequency of CD74 and TIMP1 expressing cells was elevated in
samples with obvious plaques. Quantification of positive cells revealed
substantial co-expression of TIMP1 and CD74 with ACTA2 (12-43% of

ACTA2" plaque cells expressed TIMP1; 1-41% for CD74). Altogether,
these findings suggest that the induced expression of TIMP1 upon
VSMC activation could stimulate VSMC proliferation by binding to
CD74 viaactivation of STAT3 phosphorylation.

Discussion

Wehereused GRN modelingafteracutevascularinjurytoidentify factors
governing the activation of VSMC proliferation, which could beimpor-
tanttoreduce vascular disease susceptibility and for disease prevention
strategies. Our analysis indicates that differential use of shared tran-
scription factors playsanimportantrolein this process. This also sug-
gests that VSMC state-dependent mechanisms may underlie observed
context-specific functions, such as the dichotomous function of mono-
cyte chemoattractant protein-1 (MCP-1), encoded by Ccl2 (ref. 22).
Usinginsilicosimulation experiments, we prioritize both factors known
to control VSMCs in disease and candidate regulators proposed to
safeguard the contractile state (for example, THRA) or promote cell
activation (for example, RUNX1, CEBP/D, ENO1). We experimentally
validate RUNX1 and the TIMP-STAT3-CD74 axis in vivo and in vitro as
VSMCregulators withrelevance to human diseases. Genetic evidence
linking these factorsto vascular diseaseincludes a variantin the RUNX1
locus associated with stroke (rs116262092-A) and colocalization of a
STAT3VSMC eQTL with a CAD GWAS signal (Supplementary Table 1g).
Furthermore, vascular abnormalities and increased aneurysm risk
have beenidentified in patients with missense STAT3 variants causally
implicating this pathway in vascular regulation***,

Fig. 8| TIMP1signals to STAT3 via CD74 in a disease-relevant mechanism.

a, Number of clonal patches formed by lineage-labeled VSMCs, treated with

500 ng ml™ recombinant TIMP1 or equimolar N-TIMP1 over 21 days of culturing.
The pointsindicate means (N =4 Myh11-Confetti animals analyzed in triplicate),
and theerror barsindicate s.e.m.; Pvalue: generalized linear model. b, CD74
immunostaining (magenta), Myh11-Confetti signal and DAPI nuclear staining
(white) in carotid arteries 10 days after ligation. The magnified view of the

boxed region shows only the RFP Confetti reporter. White pointers mark CD74/
RFP double-positive cells. N = 5Myh11-Confetti animals. Scale bars =100 pm
(overview), 30 pm (zoom). ¢, Immunostaining for pSTAT3 S727 (red) and CD74
(green) with nuclear DAPI (blue) inmVSMCs treated with 500 ng mI™ rmTIMP1

4 days after isolation. The arrowheads mark STAT3-high (red) and STAT3-low
cells (white). Scale bars = 50 pm. d, Quantification of cellular CD74 levelsinc,
stratified by nuclear pSTAT3 S727 intensity. The dots show the average per animal
(N =4 animals analyzed in quadruplicate), the lines indicate means and the error
barsindicate s.e.m.; Pvalue: two-tailed ¢-test. ¢, Number of clonal patches formed
by lineage-labeled VSMCs 500 ng mI™ rmTIMP1 and/or CD74-blocking antibody
or peptide. The points indicate means (N = 4 Myh11-Confetti animals analyzed in
triplicate), and the error bars indicated s.e.m.; Pvalue: generalized linear model
(CTRL as base variable). Independent generalized linear modeling (TIMP1 as base
variable) showed a significant difference between TIMP1 and CD74-antibody"

TIMP1 (P=0.049).f-h, Quantification of imaging flow cytometry of lineage-
labeled aortic VSMCs from 13-week-old, HDF-fed (4 weeks) Myh11-EYFP/Apoe
animals treated with rmTIMP1 or vehicle control. The symbols show values for
individual animals (N =4 (ctrl), 5 (TIMP1)), the barsindicate means and the error
barsindicate s.e.m.; Pvalue: two-tailed t-test. f, Percentages of all VSMCs, or
indicated subpopulations, expressing K167 and CD74. g-h, pSTAT3 S727 median
fluorescence intensity. i j, Representative western blot (i) and quantification (j)
of serum-starved control and rhTIMP1-treated hVSMCs (5 min) + pretreatment
with CD74-blocking antibody (CD74-ab) or peptide (CD74-pep). The points show
independent hVSMCisolates (N = 4 donors), the lines indicate means and the
error bars indicate s.e.m.; Pvalue: one-way ANOVA. k, CD74 (brown) and aSMA
(blue) immunohistochemistry in non-plaque human aorta. Scale bars = 500 pm
(overview),100 pm (zoom). N =7 donors.l, RNA in situ hybridization for

ACTA2 (green), TIMPI (blue) and CD74 (red) in a human healthy aortaand a
plaque-containing carotid artery. The arrows indicate TIMPI/ACTA2' (red) and
CD74/ACTAZ" cells (blue). Scale bars =250 um (overview), 50 pm (zoom).

m, Quantification of TIMPI or CD74 expressionin ACTA2" cells in non-plaque
aortas (Healthy media) or carotid endarterectomy regions (Media under plaque,
Plaque). The symbolsindicate different donors (N = 4 donors per condition), the
lines indicate means and the error bars indicate s.e.m.; Pvalue: one-way ANOVA.
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RUNX1 has well-known functions in hematopoiesis and also
impacts differentiation and proliferation in other contexts, includ-
ing cardiovascular cells****. We here show that RUNX1 increases the
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frequency of VSMCs that start proliferating, possibly by directly induc-
ing the expression of VSMC ‘transition state’ genes, such as MMPI4. Itis
therefore tempting to speculate that this pioneer transcription factor
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could drive the activation of alternative transcriptional programs in
VSMCs. The expression of RUNX1 proteinin human arteries with intimal
thickeningis higher compared with those with a healthy morphology,
suggesting that RUNX1 may indeed play a role in vascular changes
predisposing to disease.

We show that TIMP1, atarget of transcriptional rewiring, promotes
the establishment of clonal VSMC proliferationitself, suggesting a posi-
tive feedback loop that might impact vascular disease susceptibility.
TIMP1alsostimulates proliferationin hVSMC cultures®*, and higher TIMP1
serum levels have been associated with elevated cardiovascular disease
riskin humans®. Future studies are needed to assess whether increased
TIMP1in serum is a cause or consequence of activated VSMCs within
diseased arteries. In experimental atherosclerosis, Apoe™, Timp1™ ani-
mals had smaller plaques with reduced VSMC content compared with
Apoe™ controls®*#°, By contrast, femoral artery injury yielded larger
neointimal lesions and increased MMP activity in TimpI™~ animals®. As
VSMC lineage tracing was not performed, the impact on VSMC prolifera-
tionwas not assessed in these studies. Interpreting the effects of global
TIMP1manipulation on VSMC functionis further complicated by, firstly,
the dual effect of TIMP1on MMP activity and cell signaling and, secondly,
the ability of TIMP1 signaling to impact multiple cell types in vascular
disease’*. Whereas TIMP1 depends on AKT in macrophages®*, CD74
signaling via STAT3 is required for TIMP1 stimulation of VSMC clonal
proliferationin vitro, and this axisis also active in vivo.

The regulatory interactions observed here are consistent with
gene expression changesin atherosclerosis and include factorsimpact-
ing on cultured VSMCs and VSMC-derived plaque cells. For example,
enriched motifsinsingle cell ATAC-seq analysis of human CAD patients
include AP-1, RUNX and CEBP, and also highlighted the importance
of STAT3 in human vascular disease” Similarly, AP-1 and STAT motifs
were highlighted by analysis of lineage-traced VSMCs that adopt a
more fibroblastic phenotype during mouse atherogenesis'. We also
detected RUNX1 and CD74 within aSMA" cells in developed human
atheroscleroticlesions. However, whether enrichment of these motifs
inatherosclerosis is caused by ongoing VSMC activation in disease or
impliesthat these factors also function at later disease states remains
to be tested. Interestingly, studies in zebrafish heart regeneration
showed that RUNX1 promotes expression of smooth muscle cell genes
in mesenchymal cells®, suggesting thatinaddition to regulating VSMC
proliferation, it could also impact fibrous cap formation. The poten-
tial links between mechanisms regulating VSMC proliferation and
VSMC-derived atherosclerotic plaque cell phenotypes are an exciting
topic for future research.

Methods

Detailed methods are available in Supplementary Information; anti-
bodies are listed in Supplementary Table 4 and primer sequences in
Supplementary Table 5.

Animals and procedures

All experiments were done according to UK Home Office regulations
(project licenses P452C9545 and PP7513347) and were approved
by the Cambridge Animal Welfare and Ethical Review Body. Mice
(C57BI/6) were housed on a 12 h dark and light cycle at 19-21°C and
45-65% humidity. Alleles were previously generated; Myh11-CreERt2
(RRID:IMSR_JAX:019079) is a Y-linked transgene that confers expres-
sion of a tamoxifen-inducible Cre recombinase in smooth muscle
cells, Rosa26-Confetti (RRID:IMSR_JAX:013731) and Rosa26-EYFP
(RRID:IMSR_JAX:006148) are Cre-recombination reporter alleles,
KI67-RFP (RRID:IMSR JAX:029802) is aninsertion in the Mki67 locus
resulting in expression of a KI67-RFP fusion protein, and the mutant
Apoeallele (RRID:IMSR_JAX:002052) sensitizes mice to atherosclerosis
induced by a high-fat diet (HFD). VSMC lineage labeling was achieved
by administration of tamoxifen (10 intraperitoneal injections of
1mg ml™ over 2 weeks). Note that Confetti-GFP induction occurs at

low frequency*. Myh11-CreERt2 is Y linked, so males were used for
VSMClineage tracing. The animals were allowed torest for >1 week after
the last injection to allow tamoxifen washout before tissue harvest,
HFD feeding (21% fatand 0.2% cholesterol, Special Diets Services) and
vascular injury, or randomized into groups receiving intraperitoneal
injections of recombinant mouse TIMP1 protein (200 pg kg™, N=5)
or vehicle (phosphate-buffered saline (PBS), N = 4) daily for 9 days at
the end of a 4 week HFD protocol. Pre-operative analgesic was given
subcutaneously (-0.1 mg per kg body weight, buprenorphine) and the
left carotid artery was tied off with asilk suture just under the bifurca-
tion point under isoflurane anesthesia (inhalation, 2.5-3%; 1.5  min™
induction, maintained at1.5%). The animals were euthanized (cervical
dislocation or CO,asphyxiation) 5-28 days after surgery and perfused
with cold PBS before tissue removal.

Human tissue

Human arteries were collected after informed consent and approval by
the Cambridgeshire1or East of England—Cambridge South Research
Ethics Committee (REC ref 15/EE/1052, HO0/514) were obtained.
Non-plaque aortaswere obtained fromorgandonorsviathe Cambridge
Collaborative Biorepository for Translational Medicine. Carotid endar-
tectomy samples were obtained from the Royal Papworth Hospital
research tissue bank. Cell isolates from atotal of 13 donors (age (years)
and sex: 27, male; 20, male; 70, male; 75, female; 45, female; 65, male; 62,
female; 51, male; 68, female; 69, male; 72, female; 68, male; 61, male) and
histological analysis of 9 carotid artery samples (72, female; 82, male;
80, female; 67, male; 67, female; 58, female; 74, male; 54, male; and 50,
female) and 10 aortas (60, male; 24, male; 84, female; 65, male; 49, male;
35, male; 41, male; 75, female; 18, male; 59, female) were included. Both
male and female tissue and cell isolates were included in all analyses.
The experiments with human samples conformed to the principles
outlined in the Declaration of Helsinki.

VSMCisolation, culture and treatment

The hVSMCs were cultured from the aortas of patients undergoing car-
diac transplantation or aortic valve replacement in an hVSMC-specific
medium (Promocell, SMC-GM2, C22062) supplemented withantibiotics.
The hVSMCswere serumstarved in mediasupplemented with 0.1% BSA
before TIMP1treatment. Single-cell suspensions of mVSMCs were gener-
ated from freshly isolated aortas of wild-type or VSMC lineage-labeled
animals (Myhl1-Confetti or Myh11-EYFP) and cultured in DMEM sup-
plemented with10% FCS and antibiotics (complete medium).

The RUNXI1 overexpression lentiviral vector was generated by
inserting full-length mCherry and Runx1 cDNA (Runx1-202) linked
by T2Ainto a pLentiGFP backbone (Addgene, catalog number 17448).
VSMCs were transduced with lentivirus in media containing 10 pg ml™*
protamine sulfate (Sigma, P3369). Transfection with siRNA (50 nM
ON-TARGETplus SMART Pool, Dharmacon, targeting human RUNX1
(L-003926-00-0005), mouse RunxI (L-048982-00-0005), mouse Stat3
(L-040794-01-0005) or non-targeting control siRNA, Control Pool,
D-001810-10-05) was done using Lipofectamine RNAiMAX transfection
reagent (13778030, Invitrogen).

Cells were treated with recombinant (r) mouse (m) or human (h)
protein, peptide or small-molecule inhibitors as detailed in the figure
legends and Supplementary Table 3. Transfection with siRNA was per-
formed the day before TIMP1 addition, and cells were pre-treated for
1h (CD74 antibody, GM6001, STAT3i, AKTi, p38il, p38i2, p38 control
i) or 6 h (CD74 peptide) before TIMP1 treatment.

Clonal VSMC proliferation assay

Cells (EYFP*VSMCsfromaortasofMyhl11-EYFPisolated by flow-cytometry-
assisted cell sorting or medial cells from Myhl1-Confetti animals mixed
with medial cells from wild-type animals in a 1:3 ratio) were seeded in
96-well imaging plates (5,000 cells per well, CellCarrier-96 Ultra, Per-
kin Elmer) in complete medium. Low-titer lentiviral transduction with
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RUNX1 and control virus was performed 3 days after seeding, or cells
weretreated asindicated in complete medium from day 4 after seeding.
Mediumwith freshreagents was added twice weekly. Cellswereimaged 4,
7,14 and 21 days after plating using an Opera Phenix high-content screen-
ing system (Perkin ElImer). Image analysis was done using Harmony soft-
ware V5 (Perkin Elmer), and quantification was performed in Fiji v2.15.1.
Patches were defined as three or more contiguous EYFP*RFP* (RUNX1
experiment) or same-color lineage-traced Confetti* cells (TIMP1 assays).

ATAC-seq

Single-cell suspensions of carotid arteries from 4 to 5 lineage-labeled
Myh11-EYFP/Mki67-RFP animals (11 weeks old) were generated 7 days
after carotid ligation surgery, stained for SCA1 and EYFP*SCAL" or
EYFP'SCAT cells isolated by cell sorting (BD FACSAria Ill, BD Biosci-
ence). In parallel, lineage-traced (EYFP*) VSMCs were isolated from
non-ligated carotid arteries of a non-ligated littermate. The Omni-ATAC
protocol*® was used to process 5,000 cells from each sample type in
parallel (two independent replicates generated on separate days),
using 10-13 PCR amplification cycles and libraries sequenced with a
50 bp paired-end run cycle (Illumina HiSeq or HiSeq2500-RapidRun,
40-60 million reads per sample).

The details of ATAC-seq data analysis are provided in Supplemen-
tary Information. Condition-specific peak lists include peaks overlap-
pingatleast 50% betweenbiological replicates, and the pan-VSMC peak
list is the union of condition-specific lists. Peaks were associated with
genomic features using ChlPseeker v.1.24.0. Differential accessibil-
ity was scored in LIMMA (SeqMonk v.1.47.2) using a >2-fold change
threshold and a Benjamini-Hochberg adjusted P < 0.01. Peaks were
annotated to genes and GO term enrichment analysis performed using
GREAT v.4.0.4 (ref. 49; http://great.stanford.edu/public/html/index.
php) with default settings and all genes as abackground. For the SCA1*
condition, the top 4,000 peaks ranked by fold change were used. Motif
enrichment analysis was done on 500 bp genomic sequences centered
on ATAC-seq peak summits using MEME-ChIP v.5.4.1 (ref. 50) for dif-
ferentially accessible peaks using HOCOMOCO mouse v.11.

GRN analysis

The scRNA-seq profiles of VSMCsisolated from mouse carotid arteries
5daysafter carotid ligation surgery (GSE162167) and the bulk ATAC-seq
data generated here (accession number below) were used for GRN
modeling using CellOracle v.0.10.5 (ref. 24). A ‘BaseGRN’, including a
list of all potential transcription factor-target gene interactions, was
constructed using pan-VSMC ATAC-seq peaks. Transcriptional start
site (TSS) annotation and motif scan were performed with this union
peak data using the default settings of CellOracle. Cells from the day 5
carotid ligationinjury scRNA-seq data, clustered as described®’, were
annotated with VSMC states (cluster 9 as CYC; clusters 4 and 3 as PrP;
cluster 2 as LNK; clusters 0, 5, 7 and 8 as non-RSP; cluster 1 as stress;
and clusters 6 and 10 as path 2 (Fig. 2a and Extended Data Fig. 2a)) and
processed using Scanpy v.1.9.1 (ref. 51). For GRN modeling, the top
4,000 highly variable genes were supplemented with transcription
factors showing pseudotime-dependent expression (Enol, Id3, Mef2c,
Hifla, Nfia, Hmgal, Ebf1, Rora, KIf9,Jund, Foxpl, Thra, PrrxI1, Nfix), and
Stat3, Twistl and Runx2.

GRNs were constructed with the top 2,000 interactions for all
VSMC states. Topological analyses of GRNs were performed with Cel-
I0racle, and GRNs were visualized with Cytoscape v.3.7.2 (ref. 52).
GRNs for the stress and path 2 states (colored gray in Fig. 2a) were
notinvestigated further. Venn and Euler diagrams were created using
CRAN R package eulerr v.7.0.0. GO term analysis and visualization
were performed with BINGO v.3.0.4 and GOlorize v.1.0.0.betal with
the default settings, hypergeometric test, Benjamini-Hochberg false
discovery rate correction and asignificance level of 0.05. Communities
were detected using clusterMaker2 v.1.3.1 (ref. 53) with the MCODE
algorithm®* (fluff option on).

Arewiring score was calculated for each node as the sum of abso-
lute change in connectivity score between the PrP and non-RSP net-
worksinRv.4.2.2 usingigraphv.1.4.2 (https://igraph.org) functions to
obtain adjacency matrices. Differential gene expression values for cells
in PrP versus non-RSP cell states were calculated using the Wilcoxon
rank-sum test (with Bonferroni correction as the method for multiple
testing correction), and gene expression values were plotted using
Seurat v.4.3.0 (ref. 55) based on sctransform-normalized values®.

Insilico simulations were performed with the default settings and
top 10,000 interactionsin all GRNs with an expression value of zero for
the knockout simulations or of 1.5 times the maximum gene expression
value for the overexpression simulations. Systematic knockout and
overexpression simulations were performed for all TFs presentin the
GRNs with the same parameters along the proliferation-associated
trajectory including cells from the non-RSP, LNK, PrP and CYC popu-
lations. TFs were scored based on the sum of positive or negative PSs,
which were calculated as the inner product of developmental flow and
simulation vectors as described*. Root cell selection for pseudotime
calculation was based on MyhlI expression and cell clustering.

Before GRN modeling with the post-carotid ligation day 7 dataset,
these data were integrated with the day 5 dataset with sctransform-
based normalization using Seurat v.4.3.0 (ref. 55) and further clustered
(24 principal components and 1.9 resolution) to identify cell clusters
corresponding to equivalent cell states. This information was then
used for the GRN modeling.

Analysis of published scRNA-seq datasets

Filtered scRNA-seq profiles (GSE155513) of VSMC-lineage labeled cells
from mouse atherosclerotic arteries from 3 time points (8, 16 and
22 weeks) were integrated with sctransform-based normalization
(Seuratv.4.3.0)* and clustered (20 principal components at 0.3 reso-
lution). Differential expression testing for each cell cluster versus all
other VSMCs, or for modulated (clusters 3 and 0) versus contractile
(cluster 1) cells, was done with the Wilcoxon rank-sum test (adjusted
P-value (P,q;) < 0.05, Bonferroni corrected).

Gene set signatures were assessed using UCell v.2.2.0 (ref. 56).
PrP-state signature genesinclude those showing differential expression
between PrP and non-RSP cells (log, fold change (FC) > 0.5, P, < 0.05;
Supplementary Tablele). ‘Positive regulator’ signatures were defined
as TFswith the top 10 highest positive PSs for overexpression simula-
tion or negative PSs for knockout simulation plus the target genes of
these TFs in the PrP GRN (edge connectivity > 0.1). ‘Negative regula-
tor’ signatures contained TFs with the top 10 highest negative PSs for
overexpression simulation or positive PSs for knockout simulation plus
the target genes of these TFsin the PrP GRN (edge connectivity > 0.1).

The scRNA-seq profiles (GSE155512) of human atherosclerotic
carotid plaques® were filtered to include only cells with aminimum of
200 and amaximum of 4,000 genes, total counts >500 and mitochon-
drialreads <10%, and data from three different patientsintegrated. Data
integration and clustering were repeated after subsetting VSMCs (17
principal components; Seurat v.4.3.0)*. Differential expression testing
was performed for each cell cluster against all other VSMCs as above,
with log, fold change (FC) > 0.25 threshold. Heat maps were created
withthe CRANR package pheatmap v.1.0.12 with complete linkage and
correlation as the distance metric.

Colocalization analysis

Colocalization analyses were done for human orthologs of genes rank-
inginthe top 50 for the rewiring score or top 10 for a positive or anega-
tive PS, plus factors associated with TIMP1 signaling (STAT3, CD74).
Summary statistics for CAD GWAS>’ were converted from hgl9 to
hg38 build with CrossMap*® and colocalized with VSMC cis-eQTL from
smooth muscle cellsisolated from human umbilical cord (N =1,499)%
and human aorticsmooth muscle cell cis-eQTL for quiescent (VN =139)
and proliferative (N =145) cells®’. For eCAVIAR, variants with P < 0.001
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within 1 mb of the top cis-eQTL association for each gene were over-
lapped with corresponding GWAS variants (P < 0.001) in the same
locus. An eCAVIAR colocalization test was performed for genes that
had five or more overlapping variants with GWAS summary data. Link-
age between overlapping variants was estimated from individuals
of European ancestry in the 1000 Genomes Phase 3 using PLINK®"%%,
Analysis based on Summary-based Mendelian Randomization (SMR)
was done with SMR v1.3.1 (ref. 63) with default settings and peqtl-smr
setto 0.001. European samplesinthe 1000 Genomes project served as
reference for linkage disequilibrium estimation. Colocalization events
with eCAVIAR colocalization posterior probability (CLPP) > 0.01 or
Psyr < 0.05 was considered significant.

Bulk gene expression

RNA was extracted using an RNeasy Mini kit (Qiagen, 74104), and
cDNAwas generated using QuantiTect Reverse Transcriptase (Qiagen,
205311). Bulk RNA-seq was conducted on RNA isolated from of six dif-
ferenthVSMCisolates following 3 h of serum starvationin serum-free
media containing 0.1% BSA, followed by 6 h of TIMP1 (or vehicle) treat-
mentinserum-free media containing 0.1% BSA. Libraries were prepared
fromoligo-dT-purified mRNA and sequenced (150 bp paired-end reads,
Illumina Novaseq 6000). Raw data reads were trimmed with Trim
Galorev.0.6.7 and aligned to the human genome (GRCh38) with Kallisto
v.0.46.2. Gene set enrichment analysis®* was performed after trimmed
mean of M values (TMM) normalization. Quantitative real-time PCR
was performed using SsoAdvanced Universal SYBR Green Supermix
(Biorad, 1725270).

Protein detection

Whole-cell protein lysates were prepared in RIPA buffer freshly supple-
mented with proteinase inhibitors (Millipore) and phosphatase inhibi-
tors (Millipore) and separated on gradient (4-12%) polyacrylamide gels.
Protein concentration was determined using the BCA method (23227,
Pierce BCA protein assay kit, Thermo Fisher). Primary antibodies were
detected by HRP-labeled secondary antibodies using chemilumines-
cence detection (Amersham ECL detection reagent, GE Healthcare) and
exposure to photographic film. Phosphokinase array (R&D Systems,
ARY003C) was incubated with cell lysates according to the manufac-
turer’s instructions. Densitometry values of spots were calculated in
ImageJ and expressed as arbitrary units.

Immunostaining, EAU incorporation and imaging
Cryosections (14 um) of ligated left carotid arteries from
lineage-labeled Myhll-Confetti animals and plaque-containing
arteries from Myhl11-Confetti/Apoe animals after high-fat feeding
were permeabilized, stained and mounted in RapiClear 1.52 (Sun-
jin Lab). Confocal imaging was done with a Leica SP8 scanning laser
microscope (Leica) using a x20 lens, and image analysis was done in
Imaris v9.2.

Human arteries were formaldehyde fixed and paraffinembedded,
andsections (4 pm) were dewaxed and processed for antigenretrieval;
sequential sections were either H&E stained, or co-stained for aSMA
and either RUNX1, TIMP1or CD74.

Cells cultured in 96-well plates and treated as indicated in fig-
ure legends were fixed and stained. Cells seeded in 96-well imaging
plates (10,000 per well) were incubated with EQU (10 pM) for 16 h, and
EdU incorporation was detected using the Click-iT EdU kit (C10340,
Thermo Fisher Scientific), stained with DAPI for 10 min. Cells were
imaged using an Opera Phenix high-content screening system, with
a x20 water objective (Perkin Elmer). Image analysis was done using
Harmony software (Perkin EImer), quantification based on intensity
values with nuclei defined by DAPIstaining, and for mouse VSMCs from
Myh11-EYFP animals, within cell borders (EYFP). Quantification of EdU*
cells was done by thresholding intensity values measured in detected
nuclei.

Chromatinimmunoprecipitation
Chromatinimmunoprecipitation (ChIP) was performed on 3 x 106 hVS-
MCs using a SimpleChlP kit according to the manufacturer’s instruc-
tions (Cell Signaling Technology, 56383). Cells were cross-linked with
formaldehyde (1% final concentration, 15 min). Chromatin (5 pg)
sheared using a Diagenode bioruptor (15 pulses of 30 switha30 s
rest) wasimmunoprecipitated with10 pl STAT3 antibody (Clone D3Z2G,
Cell Signaling Technology, 12640) or an equal amount of control IgG
(Cell Signaling Technology, 2729). Antibody-bound protein-DNA
complexes were captured using protein-G-coated magnetic beads,
reversed cross-linked and digested with proteinase K. DNA was purified
and quantified using quantitative (q) PCR.

Flow cytometry

Single-cell suspensions were incubated with 5 pg ml™ TruStain FcX
anti-mouse CD16/32 antibody (Biolegend) in FACS buffer (0.5% (w/v)
BSA in PBS) for 15 min on ice, stained with primary antibody for
30 min at room temperature and washed twice (FACS buffer). Sam-
ples were then incubated with secondary antibody (in FACS buffer,
30 min at room temperature) and washed twice (FACS buffer), for
non-conjugated antibodies. Intracellular targets were stained using the
Foxp3 staining buffer set (eBioscience). Cells were analyzed using an
Imagestream system (Amnis ImageStream XMk II, Luminex) using
IDEASv6.2 or sorted (BD FACSArialll, BD Bioscience). Gating was done
using cells stained with control IgG or non-expressing cell populations.

RNA scope

RNA in situ hybridization was performed using RNA Scope Multiplex
Fluorescent v2 kits, according to the manufacturer’s instructions
(ACD). Experiments used Hs-TIMP1-C2 coupled to opal 570, Hs-CD74-C3
coupled to opal 620 and Hs-ACTA2-C1 coupled to opal 690 (ACD).
Imaging was done using a ZEISS Axioscan slide scanner. Analysis was
performed in QuPath using the subcellular detection feature.

Statistical analysis

Groupsize and replicate numbers were decided on following power cal-
culationsbased on observed or expected variation using a power of 90%
and a0.05% typelerror rate. Where technical repeats were conducted
ofthe same cell line or animal, these have been averaged and biological
repeats used for statistical analysis. Data visualization and analysis were
conducted usingR, the IGV browser and GraphPad Prism V8. Statistical
testinginformationis providedin Supplementary Table 6. Data meeting
normality (P> 0.05, Shapiro-Wilk test) and equal variance criteriawere
subjected to two-sided Student’s t-tests (with F-tests for equal variance)
or ANOVA (Brown Forsythe and Bartlett testing for equal variances),
unless otherwise stated. When these assumptions were not met, appro-
priate nonparametric tests were chosen. ANOVA was followed by post
hoctesting (Dunnett’s test for comparisons against the control; Tukey’s
test for all pairwise comparisons) to calculate multiplicity-adjusted
Pvalues. For the analysis of clonal patch formation over time, generalized
linear modeling (Poisson regression) was used. Model suitability was
assessed by ensuring residual deviance was smaller thanthe degrees of
freedom and checking for over-dispersion, where the variance of the
response variable is not greater than the mean as assumed by the Pois-
sondistribution. Diagnostic checks, including examination of deviance
residuals and consideration of alternative models, were performed to
assess goodness of fit and model adequacy. Clonal patch sizes were
analyzed using linear modeling. In cases where data were not normally
distributed, log transformation was applied to achieve normality. Nor-
mality of residuals was assessed using quantile-quantile (QQ) plotting
and the Shapiro-Wilk test. Differential expression and accessibility
analyses were done using default tests in LIMMA (two-sided modified
t-test, Benjamini-Hochberg correction for multiple testing) and Seurat
v.4.3.0 (two-sided nonparametric Wilcoxon rank-sum test, Bonferroni
correction). UCell is based on the Mann-Whitney U statistic.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The ATAC-seq datasets (GSE246646) and bulk RNA-seq data from
TIMP1-treated hVSMCs and controls (GSE246647) have been deposited
to the NCBI gene expression omnibus (GEO). The scRNA-seq data-
sets of VSMCs from mouse arteries after injury (GSE162167 (ref. 20)),
mouse atherosclerosis (GSE155513 (ref.13)) and human carotid plaque
cells (GSE155512 (ref. 13)) are available from GEO. CAD GWAS*” was
downloaded from the GWAS catalog. The cis-eQTL data are VSMC
cis-eQTL from smooth muscle cells isolated from human umbilical
cord (N=1,499)* and human aortic smooth muscle cell cis-eQTL for
quiescent (VN =139) and proliferative (N =145) cells*®. Source data are
provided with this paper.

Code availability

Data analysis was done using available packages, as listed in Methods.
Scripts used for GRN inference, rewiring calculation and analysis of
published scRNA-seq datasets are available in GitHub (https://github.
com/hfj22/Lambert_Oc_et_al 2024 NCVR).
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Extended DataFig. 2| GRN analysis supplement. a, Force-directed graph coloured by gene ontology terms as in Fig. 2c. d, Nodes with top (30) degree
of scRNA-seq profiles of VSMCs analyzed 5 days after injury showing the cell centrality scores for the equivalent GRNs constructed with scRNA-seq profiles
clusters and normalized, log-transformed expression of markers characteristic of VSMCs analyzed 7 days after injury. Supplementary Fig. 6 shows paneld at
of different VSMC states and selected genes. b, Degree distributions for enlarged size.

constructed GRNs. ¢, Community detection in the union of all four networks,
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Extended Data Fig. 3| Gene expression changes of GRN nodes in human

and murine atherosclerosis scRNA-seq datasets. a-d, Analysis of sScRNA-seq
profiles of VSMC lineage-traced cells from a murine atherosclerosis model
(GSE155513). a, UMAP showing cluster annotation for cells isolated after 8,16 or
22 weeks. b, Dot plot showing expression across VSMC clusters for contractile
genes (Myhll, Acta2), markers of ‘minor SMCs’ (Rgs5, Pan et al., 2020), genes
expressed by synthetic VSMCs (Spp1, Col8al, Tnfrsfl11b),aVSMC transition state
(Vcamli, Ly6a) and fibroblast-like (F3), fibrochondrocyte (Sox9) or macrophage-
like (C1gc) VSMCs. Scaled expression levels are shown on a gray-to-blue scale
and dot size represent the percentage of expressing cells. c-d, UMAP showing
normalized, log-transformed expression of indicated genes (c) or the UCell
signature enrichment scores for the 10 top trajectory-stimulating (Positive

regulators) or trajectory-blocking (Negative regulators) transcription factors
(ranked by perturbation score), and associated direct target genes (positive
interactions, connectivity score>0.1, d). e-f, Analysis of VSMC profiles from
human carotid plaque scRNA-seq dataset (GSE155512). e, Dot plot showing gene
expression across VSMC subclusters for contractile VSMC markers (MYH11,
ACTA2, TAGLN, CNNI), genes associated with phenotypically modulated VSMCs
(COL8A1, TNFRSF11B, MMP2, MGP, VCAMI) and genes associated with different
VSMC clusters (CCL2, RPS6, RPS12).Scaled expression levels are shown on a gray
to blue scale and dot size represent the percentage of expressing cells.
f,Normalized, log-transformed expression of selected genes is shown on a gray-
blue scale on a UMAP.
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Extended DataFig. 4 | Insilico network simulation results. a, The RUNX, CEBP
and NFkB motifs were detected adjacent to the AP-1motif in peaks showing
increased accessibility in SCA1+ cells after injury compared to control VSMCs
from no-surgery animals. b, Schematic explaining how perturbation scores
were generated. Left panels show vector fields for inferred cell state trajectory
(i) and results of in silico perturbation of transcription factor levels (i) on a

force directed graph representation. Right panels show the computed cell

perturbation score on aforce directed graph representation (iii) or as a function
of pseudotime (iv). Negative (pink) and positive scores (green) were summarized
separately for cellsin the Non-RSP, LNK, PrP and CYC states. (c, d) Force-directed
graph of VSMCs isolated 5 days after injury, showing perturbation scores from
insilico knockout (KO, c) or overexpression (OE, d) simulation for the indicated
transcription factors with the color-coding described in b.
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Extended Data Fig. 5| Analysis of RUNX1 as a candidate VSMC regulator.

a, ATAC-seq data tracks for the RunxI locus, annotated as described in Fig. 1a.

b, RUNX1immunostainingin cryosections from the injured left carotid artery of
aMyhll-Confetti animal, Scale bar=50 pm. Representative of 2 animals. Signals
for RUNX1 (magenta), nuclear DAPI (white) and confetti lineage-labeling are
shownasindicated. ¢, Imagestream analysis of lineage-labeled EYFP+ (green)
VSMCs from Myh11-EYFP animals stained for SCA1 (red) and MMP14 (magenta).
Left columns show brightfield images. Representative of 3 animals. d, RunxI and
Cebpd transcript levels detected by quantitative RT-PCR in mVSMCs transfected
with non-targeting (NTC) or RunxI-targeting siRNA (Runx1-siRNA), or transduced
withan empty vector (CTRL-EV) or RUNX1-overexpressing (OE) lentivirus.

Dots show values for cells from independent animals (N = 5), lines mean,

error bars SEM, p-value: two-tailed MWU (Runxl) or two-tailed ¢-test (Cebpd).
e-f, Immunofluorescence staining of RUNX1in mVSMCs (e) and hVSMCs (f)
transfected with non-targeting (NTC) or Runx1-targeting siRNA (Runx1-siRNA),
or transduced with an empty vector (CTRL-EV) or RUNXI1-overexpressing (OE)
lentivirus. Scale=100 pM. Graph shows quantification of nuclear RUNX1signals.
Dots show values for cells from individual animals (E, N = 4, p-value: two-sided
MWU) or hVSMCisolates from different donors (F, N = 3, p-value: two-sided
t-test), lines mean, error bars SEM, p-value: two-tailed ¢-test. g, Representative
images (N = 5) of non-plaque aorta with intimal thickening showing sequential
sections after H&E (left) orimmunostaining for xSMA (blue) and RUNX1 (brown).
Scale bars =100 pm. Lumen, intima, media and adventitia are indicated.
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Extended Data Fig. 6 | See next page for caption.
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Extended DataFig. 6 | Impact of TIMP1on VSMCs. a, Example
immunohistochemistry images for a-smooth muscle actin (aSMA, blue) and
TIMP1 (brown) in non-plaque human aorta. Scale bar=500 pm. N =7 donors.

b, Representative images of TIMP1immunostaining in cryosections of an
atherosclerotic plaque from Myhl11-Confetti/Apoe animals fed a HFD (right, N = 3)
or aninjured Myhll-Confetti carotid artery (left, N = 3 animals). Signals for TIMP1
(magenta), nuclear DAPI (white) and confettilineage-labeling (CFP: blue, RFP:
red, YFP: yellow, GFP: green) are shown as indicated. White box indicate region

shownin Fig. 6b. Scale bar =50 um (left), 20 pm (right).

¢, Enrichment plots from gene set enrichment analysis (GSEA) for E2F targets
(pag;=0.005), G2M checkpoint genes (p,q= 0.04), adipogenesis (p,q;= 0.023)
bile acid metabolism (p,q;=0.00376), fatty acid metabolism p,q;= 0.00337) and
oxidative phosphorylation (p,q;=0.022) in bulk RNA-seq data from hVSMCs
treated with 500 ng/mL recombinant human TIMP1for 6 hours versus control
cells (N = 6 independent human VSMC isolates/donors).
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7| TIMP1induces phosphorylation of STAT3 in VSMCs.

a, Heatmap showing relative spot intensity of phosphokinase array analysis of
hVSMCs following 15 minutes 500 ng/mL rhTIMP1 or vehicle control treatment
onablack (low) to red (high) scale [AU]. N =1. b, Western blots of hVSMCs from

4 different donors showing total, pS727 and pTyr705 STAT3, total and phospho
AKT, total and phospho-p38 (p-p38), and GAPDH in serum-starved cells after
0,510, 15 or 30 minutes rhTIMP1 treatment. ¢, Quantification of relative band
intensity in (b) for total STAT3, total AKT and total p38 protein levels, normalized
to GAPDH. Points show independent hVSMCisolates (N = 4 donors), bars mean,
error bars SEM. d, pSTAT3 S727 immunostaining (magenta) in cryosections from
injured carotid artery of Myh11-Confetti (top, N = 3 animals) or atherosclerotic

plaque from Myh11-Confetti/Apoe animals fed a HFD (lower panel, N = 3). Signals
for nuclear DAPI (white) and confetti lineage-label are also shown. White box
indicate region shownin Fig. 6g. Scale bar=50 um. e, %KI67+ hVSMCs in samples
treated with 500 ng/mL rhTIMP1 following serum-starvation for indicated
timepoint. Symbols show average values forindependent hVSMCisolates (N =3,
analyzedintriplicate), lines the mean, error bars SEM. f, Nuclear pSTAT3 (S727)
intensity in FACS-isolated EYFP+ mVSMCs without (CTRL, dots) or with 500 ng/
mL rmTIMP1 (squares) either 4 (left) or 7 days post seeding (right). Symbols
show average values fromindependent (N = 4 Myh11-EYFP animals analyzed in
quadruplicate), lines mean, error bars SEM, p-value: two-tailed ¢-test.
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Extended Data Fig. 8 | CD74 expression and function in VSMCs. a, Example
images of immunostaining for CD74 (magenta) in cryosections of Myh11-Confetti
lineage-labeled carotid arteries, analyzed 28 days (left) or 10 days post carotid
ligation (right). Arrows mark CD74+ lineage labeled VSMCs. Scale bars: 100 pm
(overview), 30 pm (zoomed). N = 5animals. b, Bar graph showing the percentage
of EdU+lineage-labeled VSMCs in samples infected with lentivirus carrying an
empty vector (EV) or overexpressing RUNX1 (OE) in the presence of a control
(IgG) or aCD74 blocking antibody (CD74). VSMC-lineage labeled medial cells

were isolated from mouse aorta. Points show values for different animals (N = 8),
bars the mean, error bars SEM, p-value: one-way ANOVA. ¢, Example imagestream
analysis of lineage-labeled EYFP+ (green) VSMCs from Myh11-EYFP/Apoe animals
stained for KI67 (orange), pSTAT3 S727 (magenta) and CD74 (red). Left columns
show brightfield images. d, Example images of CD74 (brown) and aSMA (blue)
immunostaining in non-plaque human aorta. Scale bar=500 pm. N = 7 tissue
samples from different donors.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

/a | Confirmed

>

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] A description of all covariates tested
IZ A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  IDEAS® Image Analysis Software v.6.2 was used to collect data for imaging flow cytometry

Data analysis ATAC-seq raw sequence reads were assessed using the FASTQC package (Andrews, 2010). Adaptor sequences and base-calls with Phred score
< 20 were removed using Trim Galore v.0.6.1, running Cutadapt v.1.18. Alignment to the GRC38.98 Mus musculus genome was done using
Bowtie2 v.2.3.5. BAM files were generated using samtools v.1.18 and BigWig files using deeptools v.3.4.3. Peak-calling was done using MACS2
v.2.2.7.1. Genomic features annotation was done using ChlPseeker v.1.24.0. Differential accessibility was scored in LIMMA (SegMonk
v.1.47.2). Peaks were annotated to genes and gene ontology (GO) term enrichment analysis was performed using the online version of GREAT
v.4.0.4 (MclLean et al, 2010) (http://great.stanford.edu/public/html/index.php). ATAC-seq peak summits were identified using the refinePeak
command in MACS2 v.2.2.7.1 (Zhang et al., 2008). Masking of repetitive elements was done using RepeatMasker v.4.1.1 (https://
www.repeatmasker.org/cgi-bin/WEBRepeatMasker). Motif enrichment analysis was done using MEME-ChIP v.5.4.1 (Ma et al, 2014).
HOCOMOCO mouse (v.11) was used as the transcription factor motif database.

Gene regulatory networks (GRNs) were modelled using CellOracle v.0.10.5, and visualised with Cytoscape v.3.7.2. CellOracle v.0.10.5 was also
used for in silico perturbation experiments and for calculation of perturbation scores. Venn and Euler diagrams were created by using CRAN R
package eulerr v.7.0.0. Gene Ontology term analysis and visualization were performed with BINGO v.3.0.4 and GOlorize v.1.0.0.betal.
Communities were detected using clusterMaker2 v.1.3.1 (Morris et al, 2011) with the MCODE algorithm (Bader & Hogue, 2003)(fluff option
on). Differential gene expression was calculated using Seurat v.4.3.0. Rewiring calculations was done using iGraph v.1.4.2. Heatmaps were
created with pheatmap v.1.0.12. Gene set signatures were assessed by using UCell v.2.2.0

Colocalisation analysis was done using eCAVIAR (Hormozdiari et al. 2016) and SMR v1.3.1 (Zhu et al. 2016).
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Image analysis was done using Harmony v5, Fiji v2.15.1 and Imaris v9.2.

Flow cytometry data was analysed in FlowJo v10.8.1

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The ATAC-seq datasets (GSE246646) and bulk RNA-seq data from TIMP1-treated hVSMCs and controls (GSE246647) have been deposited to the NCBI gene
expression omnibus, (GEO). SCRNA-seq datasets of VSMCs from mouse arteries after injury (GSE162167, (Worssam et al, 2022)), murine atherosclerosis
(GSE155513, (Pan et al, 2020)) and human carotid plaque cells (GSE155512, (Pan et al, 2020)) are available from GEO. Other data will be made available upon
request. CAD GWAS (Aragam et al, 2022) was downloaded from the GWAS Catalog. The cis-eQTL data are VSMC cis-eQTL from smooth muscle cells isolated from
human umbilical cord (n = 1499) (Solomon et al, 2022, PMID: 35735005) and human aortic smooth muscle cell (HAoSMC) cis-eQTL for quiescent (n = 139) and
proliferative (n = 145) cells (Aherrahrou et al, 2023, 36597873). Source data for experimental analysis is provided as Supplementary information.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Cell isolates from a total of 12 donors (age and sex; 27M, 20M, 70M, 75F, 45F, 65M, 62F, 51M, 68F, 69M, 72F, 68M, 61M)
and histological analysis of 9 carotid artery samples (72F, 82M, 80F, 67M, 67F, 58F, 74M, 54M and 50F) and 10 aorta (60M,
24M, 84F, 65M, 49M, 35M, 41M, 75F, 18M, 59F) were included. Both male and female tissue and cell isolates were included
in all analyses. Gender information is not available

Reporting on race, ethnicity, or  Tissue was obtained from anonymised donors and this information is not available.
other socially relevant

groupings

Population characteristics Not applicable

Recruitment Recruitment was done by the Papworth Tissue Bank after informed consent (Tissue donors did not receive compensation).
Ethics oversight Human arteries were collected after informed consent and approval by the Cambridgeshire 1 or East of England - Cambridge

South Research Ethics Committee (REC ref 15/EE/1052, HO0/514).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Group size and replicate numbers were decided following power calculations based on observed or expected variation using a power of 90%
and a 0.05% type | error rate. Where technical repeats were conducted of the same cell line/ animal, these have been averaged and biological
repeats used for statistical analysis.

Data exclusions | No data points were excluded from analysis

Replication ATAC-seq was performed in parallel for each condition: SCA1- and SCA1+ cells were isolated from a single cell suspension of injured arteries,
and control cells were isolated from littermate controls. Two independent experiments were performed on different days with independent
animals; replicate profiles showed strong correlation. GRN construction was replicated in two different dataset producing similar results.
VSMC clonal proliferation assays were done with cells from independent animals (seeded in triplicate), in at least two batches run
independently - none of the data were excluded. Experiments with human VSMCs were done using VSMC isolates from different donors.
Technical replicates of each sample were included in e.g. in gPCR analyses and clonal proliferation assays, but the data shown are averages of
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technical replicates for each independent sample.

Randomization  For the in vivo TIMP1 treatment experiment, animals were randomised into control (PBS) and TIMP1 groups.

Blinding Images were blinded during quantification of VSMC patches in the clonal proliferation assay, quantification of immunofluorescence staining
and throughout processing samples from TIMP1/control-injected animals. For the in vivo TIMP1 treatment experiment, the personnel

performing injections were aware of the group allocation (due to repeat injections), but the data collection was done in a blinded fashion and
unblinding was not done until after sample processing, data collection and data analysis.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
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IZI |:| Plants

Antibodies

l

Antibodies used arget ,Clone,Source,Cat number,Lot number,Assay ,"Dilutions, or final concentrations'
CD74,clone LN1,Biolegend, 151002,B227379,IF-cryosection/IF-culture, 10 ug/ml
CD74,clone LN1,Biolegend, 151003,B331359,Imagestream,2.5 ug / mL
CD74 blocking antibody,clone LN-2,Santa Cruz,sc-6262,lot J1121,IHC-FFPE,0.4 ug / mL
TIMP1,polyclonal,Proteintech,16644-1-AP,23865,IF-cryosections,2.5 ug / mL
TIMP1,clone F31 P2 A5, ThermoFisher,MA1-773,,IHC-FFPE,1 ug / mL
STAT3 pS727,polyclonal,Abcam,ab86430,GR3359229-3,IF-cryosections/IF-culture/Imagestream, lug/mL
STAT3 antibody,Clone D3Z2G,Cell Signaling Technology,12640,,ChIP,10 ul per 5 ug chromatin
1gG,isotype ctrl,Cell Signaling Technology,2729,,ChIP,1 ul per 5 ug chromatin
total STAT3,124H6,Cell Signaling Technologies,9139,lot 12,WB,1 in 1000
STAT3 pS727,polyclonal,Cell Signaling Technologies,9134,lot 21,WB,1 in 1000
STAT3 pTyr705,D3A7,Cell Signaling Technologies,9145,lot 43,WB,1 in 1000
total AKT,2C5D1,Proteintech,60203-2-1G,lot 10022173, WB,1 in 6000
AKT S473,polyclonal ,Cell Signaling Technologies,9271,lot 15,WB,1 in 1000
total P38,M138,Abcam,ab31828,lot GR3358093-1,WB,1 in 1000
P38 pThr180/Tyr182,polyclonal ,Cell Signaling Technologies,9211,lot 25,WB,1 in 1000
GAPDH,14C10,Cell Signaling Technologies,2118,lot 16,WB,1 in 3000
KI67,MIB-1,Santa Cruz,sc-101861,12418,Imagestream,1 in 200
KI67,S0lA15,eBioscience,14-5698-80,lot 2383503, IF-culture,5 ug / mL
aSMA, 1A4,DAKO,M0851, multiple, IHC-FFPE, 1 in 400
RUNX1,clone A-2,Santa Cruz,sc-365644,lot F2822,IHC-FFPE/IF-culture,2 ug / mL
MMP14,polyclonal,Abcam,ab53712,lot GR3231349-15,Imagestream,1 in 100
SCA1,D7 ,Miltenyi,130-102-343,lot 5141007347,Imagestream,2 ug / mL
RUNX1,polyclonal,Abcam,ab23980,,IF-cryo,1 in 200
Rabbit IgG,SignalStain® Boost IHC Detection Reagent ,Cell Signaling Technologies,8114,multiple,IHC-FFPE,optimised for each antibody
Rabbit IgG,HRP-linked,Cell Signaling Technologies,7074S,multiple, WB secondary,1 in 3000

Validation Target ,Clone,Source,Cat number,validation
CD74,clone LN1,Biolegend,151002,Validated in house via singal over IgG and subcellular localisation. Manufacturer validation
statement: Each lot of this antibody is quality control tested by immunofluorescent staining with flow cytometric analysis.
CD74,clone LN1,Biolegend,151003,Validated in house via singal over IgG and subcellular localisation. Manufacturer validation
statement: Each lot of this antibody is quality control tested by immunofluorescent staining with flow cytometric analysis.
CD74 blocking antibody,clone LN-2,Santa Cruz,sc-6262,CD74 blocking antibody - confirmed using blocking peptide. References for
use as a blocking antibody; https://doi.org/10.4049/jimmunol.177.12.8730
TIMP1,polyclonal,Proteintech, 16644-1-AP,"antigen affinity purified and has been used in published studies 17 times, signal was
compared to approrpitate isotype control "
TIMP1,clone F31 P2 A5, ThermoFisher,MA1-773,staining of negative and postitive control tissues was performed in parallel.
Manufacturer validation statment: Advanced Verification
.., This Antibody was verified by Cell treatment to ensure that the antibody binds to the antigen stated.
STAT3 pS727,polyclonal, Abcam,ab86430,"Validated in house via signal over IgG and subcellular localisation. Manufacturer validation
statement: Ab86430 has <30% cross reactivity with unmodified STAT3 as determined by ELISA, according to the vendor"
STAT3 antibody,Clone D3Z2G,Cell Signaling Technology,12640,"Antibody was validated by no gPCR amplication at a control, non-




binding locus. Manufacturer validation statement: This antibody has been validated using SimpleChIP® Enzymatic Chromatin IP Kits.
Antibody has been referenced for ChIP 22 times. "

1gG,isotype ctrl,Cell Signaling Technology,2729,NA

total STAT3,124H6,Cell Signaling Technologies,9139,validated by Molecular weight assessment and QC'ed by the vendor

STAT3 pS727,polyclonal,Cell Signaling Technologies,9134,validated by Molecular weight assessment and QC'ed by the vendor
STAT3 pTyr705,D3A7,Cell Signaling Technologies,9145,validated by Molecular weight assessment and QC'ed by the vendor

total AKT,2C5D1,Proteintech,60203-2-1G,validated by Molecular weight assessment and QC'ed by the vendor

AKT S473,polyclonal ,Cell Signaling Technologies,9271,validated by Molecular weight assessment and QC'ed by the vendor

total P38,M138,Abcam,ab31828,validated by Molecular weight assessment. Manufacturer validation statement: this antibody has
been KO validated.

P38 pThr180/Tyr182,polyclonal ,Cell Signaling Technologies,9211,validated by Molecular weight assessment and QC'ed by the
vendor

GAPDH,14C10,Cell Signaling Technologies,2118,validated by Molecular weight assessment and QC'ed by the vendor
KI67,MIB-1,Santa Cruz,sc-101861,"Antibody was validated by subcellular localisation, %proliferating cells compared to existing EdU
data, and use of positive control cells (splenocytes)"

KI67,S0lA15,eBioscience, 14-5698-80," Antibody was validated by subcellular localisation, %proliferating cells compared to existing
EdU data, and use of positive control cells (splenocytes). Manufacturer validation statement: Advanced validation. This Antibody was
verified by Cell treatment to ensure that the antibody binds to the antigen stated."

aSMA,1A4,DAKO,M0851,staining of negative control tissue was performed in parallel

RUNX1,clone A-2,Santa Cruz,sc-365644,staining of negative control tissue was performed in parallel
MMP14,polyclonal,Abcam,ab53712,MMP14 has been referenced 29 times

SCA1,D7 ,Miltenyi,130-102-343,"SCA1 was tested using VSMCs from healthy arteries as (general) negative control (<1% positive) and
using adventitial fibroblasts as a positive control, and tested for singal above IgG control"
RUNX1,polyclonal,Abcam,ab23980,subcellular localisation

Rabbit IgG,"SignalStain® Boost IHC Detection Reagent (HRP, Rabbit)",Cell Signaling Technologies,8114,staining of negative control
tissue was performed in parallel

Rabbit IgG,"Anti-rabbit 1gG, HRP-linked",Cell Signaling Technologies,7074S,

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

All VSMCs were primary cultures derived in house; human VSMC lines were derived from both male and female donors.
Murine VSMC cultures were generated from enzyme digestion of the medial layer of aortas from lineage-traced animals.
Lineage tracing was done using a Y-linked Cre driver (Myh11-Creert2) so all cells were from males. HEK293F/HEK293FT cells
were used for lentiviral production

The identity of murine VMSC was verified using the lineage label (sorting, imaging). Human VSMCs were used within 10
passages to avoid drift and VSMC identity confirmed by visual inspection of cell morphology and growth rate. HEK293F/
HEK293FT cells were not authenticated formally but had a characteristically high transfection efficiency and produced
functional virus particles.

Mycoplasma contamination Primary mouse VSMC were analysed within 3 weeks of culture and were not tested. Human VSMCs and HEK293F/HEK293FT

cells were regularly tested for mycoplasma contamination, with negative results.

Commonly misidentified lines  HEK293F and HEK293FT

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research
Laboratory animals
Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Mus musculus, C57BI/6, 9-33 weeks, housing on a 12h dark/light cycle, at 19-21 degree C and 45-65% humidity.

the study did not involve wild animals

Lineage labelling was done using the Myh11-CreERt2 (offermanns) allele, which is Y-linked. Males were therefore used for the study
The study did not involve samples collected from the field

The Cambridge Animal Welfare and Ethical Review Body

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Flow Cytometry

Plots
Confirm that:

|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

Mouse VSMCs were isolated by enzymatic (collagenase and elastase) digestion of freshly harvested aorta or carotid arteries
(ATAC-seq), hVSMCs were cultured from human tissue samples and harvested by trypsinization. Single-cell suspensions were
incubated with 5 pg/mL TruStain FcX anti-mouse CD16/32 antibody (Biolegend) in FACS buffer (0.5% (w/v) BSA in PBS) for 15
minutes on ice, stained with primary antibody for 30 minutes at room temperature and washed twice (FACS buffer). This was
followed by incubation with a secondary antibody (in FACS buffer, 30 minutes at room temperature) and washed twice (FACS
buffer) for non-conjugated antibodies. Intracellular targets were stained using the Foxp3 staining buffer set (eBioscience).

Cells were analysed using an Imagestream system (Amnis® ImageStream®XMk II, Luminex), BD Accuri C6 Flow Cytometer (BD
Bioscience) or sorted using a BD FACSAria™ IIl (BD Bioscience).

Data collection and cell sorting was done using BD FACS Diva v8.0.1. For flow cytometry data was collected using BD
CSampler™ software. Data was analysed in FlowJo v10.8.1. Imagestream data was collected and analysed using IDEAS v6.2..

EYFP+SCA1+ cells represented 0.4% of the total cell population. Sort conditions were optimised for an estimated >95% purity,
validated by computational analysis of sorted cells.

To isolate cells for ATAC-seq, a population of live cells were gated from FSC/SSC plots, singlets from FSC-A/FSC-W plots. The
gate for EYFP+ VSMCs were identified based on cells from wild type cells, or from unstained adventitial cell, that do not
express the VSMC lineage label. The gate for SCA1+ cells were based on a control sample stained with conjugated control IgG
(negative) and adventitial cells stained for SCA1 were used as postive controls. For EJU incorporation analysis, a population
of live cells were gated from FSC/SSC plots, the gate for EdU+ cells was identified based on cells without EdU added, or cells
without fluorophore-conjugated click-it reagent.

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

>
Q
8
c
@
o
]
=
o
=
—
®
©
]
=
S
(e}
wv
c
3
3
Q
<




	Network-based prioritization and validation of regulators of vascular smooth muscle cell proliferation in disease

	VSMC activation is associated with de novo chromatin opening at distal sites linked to vascular-disease-associated genes

	Rewiring of factors shared between injury-induced VSMC states

	Injury-induced GRNs are relevant in atherosclerosis

	Prioritization of candidate regulators of VSMC activation

	RUNX1 promotes VSMC proliferation

	TIMP1 promotes VSMC proliferation in an MMP-independent manner

	TIMP1 induces STAT3 phosphorylation to induce VSMC proliferation

	TIMP1 signals through CD74 to induce VSMC proliferation

	Discussion

	Methods

	Animals and procedures

	Human tissue

	VSMC isolation, culture and treatment

	Clonal VSMC proliferation assay

	ATAC-seq

	GRN analysis

	Analysis of published scRNA-seq datasets

	Colocalization analysis

	Bulk gene expression

	Protein detection

	Immunostaining, EdU incorporation and imaging

	Chromatin immunoprecipitation

	Flow cytometry

	RNA scope

	Statistical analysis

	Reporting summary


	Acknowledgements

	Fig. 1 Activation of VSMCs results in widespread epigenetic activation of distal elements relevant for VSMC function and disease.
	Fig. 2 VSMC state-specific GRNs.
	Fig. 3 GRN rewiring after injury aligns with gene expression changes in human and mouse atherosclerosis.
	Fig. 4 Rewiring of GRNs across cell states identifies candidate regulators of VSMC activation.
	Fig. 5 RUNX1-mediated regulation of VSMC proliferation.
	Fig. 6 GRN analysis identifies TIMP1 as a functional gene target and driver of VSMC proliferation.
	Fig. 7 TIMP1 signaling induces STAT3 phosphorylation in human and mouse VSMCs.
	Fig. 8 TIMP1 signals to STAT3 via CD74 in a disease-relevant mechanism.
	Extended Data Fig. 1 Quality assessment of ATAC-seq data and gene ontology analysis of differentially accessible genes.
	Extended Data Fig. 2 GRN analysis supplement.
	Extended Data Fig. 3 Gene expression changes of GRN nodes in human and murine atherosclerosis scRNA-seq datasets.
	Extended Data Fig. 4 In silico network simulation results.
	Extended Data Fig. 5 Analysis of RUNX1 as a candidate VSMC regulator.
	Extended Data Fig. 6 Impact of TIMP1 on VSMCs.
	Extended Data Fig. 7 TIMP1 induces phosphorylation of STAT3 in VSMCs.
	Extended Data Fig. 8 CD74 expression and function in VSMCs.




