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SNPs associated with human stroke risk have been identified in the intergenic region
between Forkhead family transcription factors FOXF2 and FOXQI, but we lack a mech-
anism for the association. FoxF2 is expressed in vascular mural pericytes and is impor-
tant for maintaining pericyte number and stabilizing small vessels in zebrafish. The
stroke-associated SNPs are located in a previously unknown transcriptional enhancer for
FOXF2, functional in human cells and zebrafish. We identify critical enhancer regions
for FOXF2 gene expression, including binding sites occupied by transcription factors
ETS1, RBP], and CTCF. rs74564934, a stroke-associated SNP adjacent to the ETS1
binding site, decreases enhancer function, as does mutation of RPB]J sites. rs74564934
is significantly associated with the increased risk of any stroke, ischemic stroke, small
vessel stroke, and elevated white matter hyperintensity burden in humans. Foxf2 has a
conserved function cross-species and is expressed in vascular mural pericytes of the vessel
wall. Thus, stroke-associated SNPs modulate enhancer activity and expression of a regu-
lator of vascular stabilization, FOXF2, thereby modulating stroke risk.

stroke | FOXF2 | pericyte

Stroke is a leading cause of death and disability, caused by an interruption of blood flow
to the brain that results in neural damage. Even though the cause of some rare inherited
forms of stroke has been determined, genetic risk factors leading to most stroke types are
unknown. Genetic susceptibility to stroke in the general population has been explored
through genome-wide association studies (GWAS). Single-nucleotide polymorphisms
(SNPs) that associate with higher stroke risk have been identified in individuals of muldi-
ple ancestries (1-4), but mechanistic insight as to how risk SNPs lead to stroke is lacking.
GWAS-identified SNPs are often located in the noncoding genome, in regions without
functional annotation. The lead SNP (the SNP having the strongest statistical association
with the disease) is not necessarily the causal variant, and there are often many SNPs in a
contiguous region of linkage disequilibrium (LD) surrounding the lead SNP. Which of
these individual SNPs mediates risk, and how SNPs modulate disease at the DNA, pro-
tein, and cellular levels, is not obvious. One hypothesis is that stroke-associated SNPs
may modify the transcription of genes essential for the stability of the vascular wall, either
directly through affecting transcription factor binding sites, or indirectly, by affecting
three-dimensional genome structure.

The vascular wall comprises an endothelial cell lining surrounded by vascular mural
cells (pericytes and vascular smooth muscle cells [vSMCs]) that contribute extracellular
matrix (ECM) to ensure support of the blood vessel. Endothelial and mural cells signal
to one another to maintain quiescence. Pericytes support the smaller vessels of the brain,
while vSMCs surround larger vessels. Both cells also modulate contractility of brain ves-
sels. Critical pathways required for cerebral vascular stability include the platelet-derived
growth factor (PDGF), vascular endothelial growth factor (VEGF), Notch, transforming
growth factor-f, Wnt, and angiopoietin pathways. In particular, mutations in the Notch
receptor NOTCH3, basement membrane collagens COL4A1 or COL4A2, serine pepti-
dase HTRAI, transcription factor FOXCI, transcription and export protein 7REX, and
alpha galactosidase GLA lead to inherited cerebral small vessel disease (CSVD), a cause
of 20% of ischemic strokes (5, 6). CSVD affects the microvessels of the brain that are
stabilized by pericytes, and is particularly devastating as it is a major contributor to com-
promised blood—brain barrier, cognitive decline, dementia, and stroke.

While extrinsic signaling pathways are well studied in vascular stabilization, the roles
of intrinsic transcription factors are less well characterized. Forkhead box transcription
factors FOXF2 and FOXCI are associated with vascular mural cell development
(1, 7-10). FOXCI1 is required for basement membrane deposition and is associated with
CSVD (8-11). FOXCI is dosage sensitive, as mutation, deletion, duplication, or SNPs
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Significance

An increased risk of stroke is
associated with the presence of
high-risk genetic variants in the
intergenic region between FOXF2
and FOXQ1. We show that some
variants are present in a short
genomic region that acts as a
transcriptional enhancer of FOXF2,
a gene that stabilizes the blood
vessel wall. We identify
transcription factors that bind to
the enhancer to drive activity.
Activity of the enhancer is
significantly decreased when
high-risk versus low-risk variants
are present. Thus, SNPs in a FOXF2
enhancer modulate the fine levels
of FOXF2 gene transcription,
which, in turn, stabilizes the
vascular wall, preventing stroke.
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within a single allele in humans lead to CSVD (8). FOXCI is
part of a conserved FOX cluster of genes, FOXQI, FOXF2, and
FOXC1, linked within 300 kb. A small number of patients with
a contiguous deletion of FOXF2 and FOXCI show an increase
in MRI white matter hyperintensities, a marker of neuronal
damage, over patients with FOXCI alone deleted, suggesting
that the loss of FOXF2 could cause or enhance CSVD (1), but a
mechanistic basis has not been determined. Foxf2 is expressed in
pericytes of the brain vasculature and developing vSMCs in
mouse and fish, with some expression in mouse endothelial cells
(1, 12). Loss of Foxf2 in mice leads to hemorrhage, changes in
pericyte number, and defects in blood-brain barrier formation
(12). Loss of one or two zebrafish foxf2 genes leads to decreased
smooth muscle coverage of developing cerebral vessels (1).

Common variants leading to stroke in the general population
have been identified in an intergenic region between FOXF2
and FOXQ!I (1, 3, 13). The lead SNP in the article by Chau-
han et al., rs12204590 is associated with the risk of all types of
stroke (1). A total of 38 additional SNPs with an # > 0.5 with
the lead SNP were identified spanning a 4.7-kb region. This
genomic region has no known function, but spans a DNase
hypersensitive region, with H3K27 acetylation peaks and is pre-
dicted to bind a large number of transcription factors, hall-
marks of an enhancer. Genetic association of stroke with this
genomic region was confirmed and expanded in additional
cohorts (3, 13).

Here, we establish the function of stroke-associated SNPs
adjacent to FOXF2 using in vitro and in vivo experiments. We
show that the SNPs are located within a strong transcriptional
enhancer for human FOXF2. We identify three transcription fac-
tors critical for FOXF2 activation in this region, ETS proto-
oncogenel (ETS1), recombination signal binding protein for
immunoglobulin kappa ] region (RBPJ) and CCCTC-binding
factor (CTCF). We show that Notch signaling is functionally
important for FOXF2 expression in vitro and in vivo in zebra-
fish. We demonstrate a mechanistic link between a SNP in an
ETS1 binding site that modulates enhancer activity, is associated
with stroke, its clinical subtypes, and relevant MRI markers in
humans.

Results

Foxf2 Promotes Pericyte Number and Vascular Stabilization.
The role of FoxF2 in zebrafish pericyte biology is not completely
clear. We previously showed that mutation of foxf2b, one of the
two human FOXF2 orthologs, leads to decreased cerebral
smooth muscle, but found no significant effects on vascular sta-
bilization, potentially because of compensation from the foxf2
paralog (1). To observe the full loss of function phenotypes, we
created foxf2a mutants. foxf24°”" has a 11-bp deletion leading to
a premature truncation after 78 amino acids, expected to pro-
duce no functional protein. We found a significant decrease
in the number of brain pericytes in foxf2a " ;foxf2b™"~ double
mutants versus foxf24"" ;foxf267" controls (average of 25 peri-
cytes in the brains of controls that is reduced to 14 in double
mutants, P = 0.01; S/ Appendix, Fig. S1). Decreased pericyte
number is strongly correlated with decreased vascular stability in
mouse and zebrafish models (14). Correspondingly, we found
that 6% of fox2a""* ;foxf2b"~ mutants and 10% of fox2a"" ;
foxf26~"~ mutants have brain hemorrhage, and this is signifi-
cantly increased to 36% in fbxf.?a*/f,ﬁﬁbf/f double mutants
(P < 0.02 and 0.03 respectively; SI Appendix, Fig. S1). These
data suggest that Foxf2 controls vascular stabilization via peri-
cytes in zebrafish.
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Stroke-Associated Risk SNPs Are Located in a Transcriptional
Enhancer. GWASs identify a strong region of risk linked with all
stroke types on human chromosome 6, in an intergenic region of
unknown function. A total of 38 variants in LD (#* > 0.5) with
the lead variant rs12204590 were identified, many of which were
also identified by a second study (1, 3) (S/ Appendix, Fig. S2).
The variants associated with “all stroke,” “ischemic stroke,” and
“small vessel disease” are located between FOXF2 and FOXQ! as
shown by locus zoom plots (SI Appendix, Fig. S3); both genes are
expressed by vascular mural cells (Fig. 1A4). The regulatory poten-
tial of this genomic region has not been studied. Pericytes and
vSMCs are differentiated cells that can only be cultured as primary
cells, which are not ideal for enhancer studies. As a first step to
understand FOXF2 regulation, we used HEK293 cells that endog-
enously express high levels of FOXF2 (SI Appendix, Fig. S4) as a
model to determine (1) whether the GWAS-identified region
could act as a transcriptional enhancer, (2) whether silencing or
deletion of the enhancer affects FOXF2 expression, (3) which
transcription factors and pathways control expression from this
region, and (4) whether variants affect expression of FOXF2 from
this enhancer.

We cloned construct A, a ~5-kb region including lead var-
fants 1512204590 and rs4959130 and other risk SNPs as well
as ~2-kb construct D, derived from expanded GWAS analysis
(Fig. 1 Band C (3)). We confirmed that HEK cells are homo-
zygous for major (low-risk) SNP alleles in this region. Subcon-
structs 3.4-kb B and 1.6-kb C were cloned to narrow down
critical regions of function within A, and 0.75-kb E and 1.3-kb
F are derived from D. Locations of H3K27Ac peaks and candi-
date regulatory elements, H3K27 acetylation, DNase hypersen-
sitivity, and transcription factor binding on ENCODE were
used to choose subconstructs. Constructs were cloned upstream
of a minimal promoter and the luciferase reporter. Transcrip-
tional activation was determined by luciferase assay. Constructs
A, B, and C elicit an average 5.5-, 4.8-, and 4.4-fold increase in
luciferase activity over background, respectively (Fig. 1D).
Furthermore, construct A activity is not significantly different in
forward and reverse configurations. Construct D had only two-
fold activity, while subconstruct E had the highest transcrip-
tional enhancer activity of any tested (11.3-fold). In contrast,
and construct F (construct D that omits E) had only threefold
activity. We thus identify a transcriptional enhancer within the
genomic region identified by GWAS and focus on construct E
for further study as it had the highest transcriptional activation.

As a test of enhancer activity in vivo, we expressed constructs
D through F in zebrafish. Human constructs were cloned
upstream of a minimal promoter and green fluorescent protein
(GFP) in a Tol2 transposon vector for expression. Interest-
ingly, constructs D and E drive the expression of GFP in zebra-
fish perivascular cells (PVCs) in a high proportion of transgenic
animals (71 and 73%, respectively), showing cross-species
interpretation of the enhancer (Fig. 1F and S/ Appendix, Fig.
S5). There were no statistically significant differences in activ-
ity between construct D and E in vivo (chi-square test),
although no perivascular expression was seen from construct F
(P < 0.001), which is not surprising given that it lacks the
enhancer elements. Thus, a human FOXF2 enhancer functions
as an enhancer in an evolutionary distant vertebrate, with expres-
sion in PVCs.

High-Risk SNPs Decrease Transcriptional Output of the Enhancer.
We predicted that the SNP haplotype may affect enhancer activ-
ity. Human DNA corresponding to constructs A, B, C, and E
was cloned from the major (low-risk) and minor allele (high-risk)
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Fig. 1. Stroke-associated intergenic variants are located in a transcriptional enhancer. (A) Schematic of the relative location of SNPs and how they may act in a
previously unknown FOXF2 distal enhancer to modify expression of FOXF2. Other genes in the region are also shown. (B) Map of the intergenic region between
FOXF2 and FOXQ1. Box marks the ~7-kb subregion that contains SNPs associated with elevated risk of stroke. ENCODE ChIP-seq peaks of H3K27Ac and CTCF
are shown. (C) Enlargement showing all SNPs in the region, a GWAS-led SNP, ENCODE candidate cis-regulatory elements (cCREs), and H3K27Ac marks. Locations
of subconstructs A-F are indicated (numbers refer to length in base pairs). Schematic of expression constructs placing construct A-F upstream of a basal pro-
moter and luciferase. (D) Fold increase in luminescence over empty vector when constructs A-F are transfected into cells. (E) Luciferase activity of constructs
A-E containing either low-risk or high-risk SNPs to enhance transcription. (F) Example of construct E: GFP expression in a perivascular cell (PVC) adjacent to
endothelium (EC) in zebrafish. One-way ANOVA with Tukey's post hoc test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. n = 3 technical replicates of

3 independent biological replicates.

haplotypes into luciferase expression vectors (sequences are in
SI Appendix, Figs. S6 and S7). Constructs A, B, and C with low-
risk SNPs showed comparable enhancer activity to their high-risk
counterparts (5.6-fold versus 4.6-fold for A; 4.8-fold versus 4.8-fold
for B; 4.4 versus 3.0 for C) (Fig. 1E). However, the activity of

PNAS 2022 Vol. 119 No.35 2121333119

construct E significantly decreased from 8.5 (low-risk C-T haplo-
type) to 5.4 (high-risk T-A haplotype), a 36% reduction in activity
after introducing 2 point mutations. These data strongly suggest
that high-risk nucleotide variants strongly affect construct E
enhancer activity.
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Identification of Enhancer Regions Promoting Endogenous FOXF2
Expression. To identify the critical sequences for enhancer func-
tion, we used temporally controlled inducible CRISPR interfer-
ence (iCRISPRi). Guide RNAs direct a catalytically dead Cas9
(dCas9) fused to the Kriippel-associated box (KRAB) domain to
specific genomic sequences. dCas9-KRAB acts as a transcrip-
tional repressor by inducing local, transient heterochromatin for-
mation (15). We designed guides to target putative ETS1 and
RBPJ sites within construct E, and an adjacent CTCF site (Fig.
2 A and B). Changes in FOXF2 mRNA were detected by qRT-
PCR. Compared to empty guide vector-transfected controls,
iCRISPRi guides targeting the ETSI sites significantly reduce
FOXF2 expression to 66% of control (P < 0.001, Fig. 2D),
while guides targeting the CTCEF site reduce expression to 62%
of control (P < 0.001). However, guides to RBPJ-1 or RPBJ-2
do not change FOXF2 expression (P < 0.24). As a positive con-
trol, guides directly targeting the FOXF2 exon reduce the expres-
sion of endogenous FOXF2 to 39% of wild type (P < 0.0001).
We confirmed that iCRISPRi did not change the expression of
the closely linked FOXCI, indicating that the enhancer specifi-
cally promotes endogenous FOXF2 expression (Fig. 2E).

CTCF, RBPJ, and ETS1 Proteins Bind to the FOXF2 Intergenic
Enhancer. ENCODE data from multiple cell types suggests that
CTCF, ETS1, and RBPJ bind the enhancer (Fig. 34). RBPJ
sites are frequently located near CTCEF sites (16), and ETS1 and
RBPJ can physically bind each other, suggesting that physical
interactions between these factors may be critical for enhancer

A chré,310,000

1,335,000

function (17-19). Interestingly, ENCODE data show RBP]
binding strongly over the canonical ETSI binding sequence, but
weakly to canonical RBP] binding sites (RBPJ1 and -2) located
100 to 200 bp away from this site (Fig. 34).

We used chromatin immunoprecipitation qPCR (ChIP-
gqPCR) with antibodies against CTCF, RBP]J, and ETS1. Nega-
tive controls for all of the experiments included glyceraldehyde
3-phosphate dehydrogenase (GAPDH) and the human SAT2
repeat element. We included a positive control of a known
RBPJ-binding site near HES1. Fig. 3 shows data for biological
replicate 1, while replicates 2 and 3 are found in SI Appendix,
Fig. S8. We show that ETS1 binds to the predicted ETS1 site
(Fig. 3B), RBPJ binds to the RBPJ1 and -2 sites, and to the
positive control HES1 (Fig. 3 C, E, and F), and CTCF binds
to its predicted site in HEK cells (Fig. 3D). Thus, the predicted
transcription factor binding sites in the enhancer are occupied
by their cognate transcription factors.

As the transcription factor RBPJ is a transducer of Notch, we
tested whether Notch activity modulates FOXF2 expression in
human cells using two y-secretase inhibitors (Fig. 3£). DAPT 20
MM or LY411575 reduced human FOXF2 expression to 42%
(P = 0.007) and 47% (P = 0.0005) of untreated cells, respec-
tively, demonstrating that Notch activity positively regulates
FOXF2 expression (Fig. 3F). Zebrafish foxf2b is reduced ~50%
by LY411575 and 40% by DAPT at 72 hpf (P < 0.0028 and
P < 0.010, respectively) (Fig. 3G). Thus, Notch signaling posi-
tively regulates FOXF2 in two species, which is consistent with
occupied RBPJ sites in the FOXF2 intergenic enhancer.
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Fig. 2. iCRISPRI targeting of sites in the intergenic enhancer reduces FoxF2 transcription. (A) Low-resolution map of the region containing the SNPs indicat-
ing ENCODE ChlIP-seq peaks for the transcription factors ETS1, RBPJ, and CTCF. (B) Higher resolution view of the 750-bp enhancer (E) and locations of CRISPR
guides (red) centered over putative sites of transcription factor binding. Note the 3 control sites in the FoxF2 exon in (4). (C) Schematic of the iCRISPRi dead
Cas9 (dCas9) fused to a KRAB transcriptional repressor and resulting repression of local gene expression. (D and E) Relative expression of (D) FOXF2 and
(E) FOXC1 as determined by qPCR after iCRISPRI. (ns = not significant, **P < 0.01, ****P < 0.0001 by 1-way ANOVA with Tukey's post hoc test; FOXF2: 3 technical
replicates of 7 to 11 biological replicates; FOXC1: 3 technical replicates of 3 biologically independent replicates).
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sus binding sequences; however, there are adjacent RBP) sites (1, 2) a short distance away. (B-D) Representative ChIP-qPCR analysis of binding of antibodies
to (B) ETS1, (C) RBPJ, or (D) CTCF (blue bars) or immunoglobulin G control (orange bars) from a single experiment (replicates are in S/ Appendix, Fig. S4).
GAPDH and SAT2 are negative controls. Gray lines indicate site of PCR product. (£) Schematic of Notch inhibitor experiment. (F) Notch inhibitor treatment
reduces expression of (F) human FOXF2 and (G) zebrafish foxf2b at 75 hpf using the indicated inhibitors and doses. *P < 0.05, **P < 0.01, ***P < 0.001 by
1-way ANOVA with Tukey’s post hoc test; human cells, n = 3 biological replicates; zebrafish, n = 4 biological replicates.

Single SNPs Affect FOXF2 Enhancer Activity. To directly test an
enhancer role for the region containing ETS1 and RBPJ1 sites,
we used two CRISPR guides to delete a ~250-bp fragment in
cells (Aenhancer). As a control, we ablated FOXF2 transcription
by deleting the promoter and exonl coding sequence (Aexon;
Fig. 4C and SI Appendix, Fig. S9). AEnhancer cells express
FOXF2 at 17% of control (P < 0.015; Fig. 44), confirming

PNAS 2022 Vol.119 No.35 2121333119

that this short region is an essential FOXF2 enhancer. AExon
cells have no detectable FOXF2 expression at all (2 < 0.0006;
Fig. 4B). As expected, FOXCI is not changed by either deletion,
while FOXQI is unaffected by Aenhancer, but strongly reduced
by Aexon. This suggests that while the enhancer specifically reg-
ulates the transcription of FOXF2, transcription of FOXF2 regu-
lates FOXQI likely through direct transcriptional activation via
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Fig. 4. The FOXF2 enhancer is critical for FOXF2 transcription; risk variants adjacent to ETS1 decrease enhancer activity. (A and B) Relative expression of
FOXF2, FOXQ1, and FOXC1 after targeted excision of the FOXF2 (A) enhancer or (B) exon 1. P values are from a Student’s t test for each gene pair (control and
Aenhancer), 3 biological replicates. (C) Schematic of the locus, marking the CRISPR targets for enhancer and exon 1. (D) Model of regulatory relationships based
on enhancer and exon 1 deletion. The enhancer regulates FOXF2, while FOXF2 transcription regulates FOXQ1 and LINC01394. (E) Sequences of mutated
enhancer fragments. Boldface lettering indicates transcription factor binding sites, while red indicates SNPs. (F) Schematic of the luciferase construct used to
test expression. (G) Maps of mutated constructs derived from construct E with the following modifications: low-risk SNPs (control), 2 high-risk SNPs, single
high-risk C-T SNP, or single high-risk T-A SNP mutated, with high-risk SNPs both deleted, and a construct with 2 putative RBPJ binding sites mutated to sequen-
ces not predicted to bind RBP). (H) Luciferase activity reporting transcriptional activation of the constructs in B (**P < 0.01, ****P < 0.0001 by ANOVA and Dun-
nett's post hoc test, n = 4 biological replicates). (/) Forest plot of association of rs74564934 with stroke subtypes (AS, any stroke; AlIS, all ischemic stroke; SVS,
small vessel stroke; CES, cardioembolic stroke; LAS, large artery stroke). (/) Model of how ETS1, CTCF, and RBP) bind the FOXF2 enhancer to activate FOXF2
expression in conjunction with the promoter. High-risk SNPs adjacent to the ETS1 site reduce the ability of the enhancer to promote FOXF2 expression.
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binding of FOXF2 protein to the FOXQI enhancer, as has been
shown (20) (Fig. 4D). Thus, reporter assays, CRISPR inhibition,
and CRISPR deletion data agree that this short intergenic region
is a critical FOXF2 enhancer.

We next asked whether GWAS variants modulate enhancer
activity. The ETSI site is proximate to a stroke-associated SNP.
Single-cell RNA sequencing from human brain shows enrichment
of ETSI expression in cells expressing PDGFRp, FOXF2,
NOTCHI, NOTCH3, and COL4AI, which are canonical peri-
cyte markers (S Appendix, Fig. S10 (21)). We synthesized six
permutations of construct E with mutations and deletions (Fig. 4
Eand G). 1574564934 (C/T) is located 2 bp from the canonical
ETSI site, while 1s77779542 (T/A) is located 14 bp proximally.
We designed mutant constructs with both major “low-risk”
alleles (CT) and both minor “high-risk” alleles (TA). We created
a single rs74564934 high-risk SNP in the low-risk background
(TT) and a single high-risk 1rs77779542 in the low-risk back-
ground (CA). Furthermore, we created a 42-bp deletion of both
the ETSI sites and adjacent SNPs (—). We also created a con-
struct in which RBPJ1 and -2 are mutated to sequences not pre-
dicted to bind RPBJ (mutants 1 to 2 (22)). These six construct E
mutants were cloned upstream of luciferase, and expression mea-
sured relative to the low-risk construct (Fig. 4F). We show that
all six mutated constructs had significantly decreased luciferase
expression as compared to wild-type construct E (Fig. 4H). The
most severe decrease in activity came after the deletion of a 42-bp
segment containing low-risk SNPs near ETS1 (33% activity of
control P < 0.0001). Mutating both SNPs from low risk to high
risk (T-A) reduced expression to 51% of control. The mutation
of 1574564934 reduces expression to 69% of wild-type (P <
0.0001). Mutation of the more proximal SNP rs77779542
reduces expression to 83% of wild-type (P < 0.01). Mutation of
RBPJ1 and -2 together also decreased expression (62% of control,
P < 0.0001). Our data strongly suggest that high-risk SNPs in
the enhancer modulate transcriptional activity, with rs74564934
having the strongest effect on activity. RBPJ sites are also impor-
tant for transcriptional enhancer activity.

rs74564943 Is Strongly Associated with Small Vessel Stroke
and Its Endophenotype in Humans. rs74564934 is in moderate
LD (# = 0.61) with rs12204590, the lead SNP reported to be
associated with “incident any stroke” in 1000 Genomes Euro-
pean ancestry samples (1), but was not previously followed up.
We explored the association of rs7456934 with any stroke
(n = 40,585/406,111), any ischemic stroke (» = 34,217/
404,630), and clinical subtypes of ischemic stroke: cardioem-
bolic stroke (7 = 7,193), large artery stroke (n = 4,373), and
small vessel stroke (7 = 5,386), using European ancestry
GWAS summary data from the MEGASTROKE Consortium
(3). We observed that the less frequently occurring T allele (fre-
quency 0.13 in Europeans) of rs7456943 is significantly associ-
ated with increased risk of any stroke, any ischemic stroke, and
small vessel stroke (Fig. 4/ and SI Appendix, Table S1). The asso-
clation of rs7456943 was not significant for cardioembolic and
large artery ischemic stroke, suggesting that the association with
any stroke and ischemic stroke is primarily driven by small vessel
stroke. We further explored the association of rs7456943 with
MRI markers of CSVD using the data from the largest GWAS
on white matter hyperintensities (WMH) burden (7 = 48,454)
(13) in European ancestry samples and subcortical brain infarct
(n = 2,021/17,223), any brain infarct (n = 3,726/17,223) (23),
and brain microbleeds (7 = 3,556/22,306) (24) in transethnic
samples. We observed that the T allele of rs7456943 is signifi-

cantly associated with an increased burden of WMH in the
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general population after correcting for multiple tests for 4 MRI
markers of SVD (P < 1.25E—2), whereas the association was
not significant for subcortical brain infarct, any brain infarct,
and brain microbleeds. Thus, a SNP that decreases FOXF2
enhancer transcriptional activity in vitro is significantly associ-
ated with markers of CSVD and stroke in humans.

Discussion

Despite the large number of GWASs identifying highly signifi-
cant disease-associated loci, correlation between GWAS-identified
SNPs and a biological function has been a major barrier in
implementing the findings, particularly when variants are located
in intergenic regions. Our data fill this gap for stroke-associated
variants near FOXF2. We show that stroke-associated SNPs can
decrease the activity of a previously unknown FOXF2 transcrip-
tional enhancer. Decreased expression of Foxf2 affects vascular
wall stability in mouse and fish models. Furthermore, rs7456943,
the SNP adjacent to an ETS1 site in the enhancer, is associated
with stroke in humans. Mechanistically, we propose that
decreased expression of FOXF2 in the vascular wall over a lifetime
in humans contributes to decreased vascular integrity and stroke.

Key to our approach is using cell- and animal-based methods
to identify enhancer subregions by inhibiting, mutating, or delet-
ing SNPs to demonstrate function. By dissecting a ~6-kb region
encompassing risk SNPs guided by in vitro enhancer assays, puta-
tive candidate cisregulatory elements (CREs) from ENCODE,
and H3K27 acetylation sites, we narrowed the strongest enhancer
to a 2-kb region D, and further to E, a 750-bp enhancer. E has
the highest enhancer activity of all of the constructs in vitro,
while D also has only modest enhancer activity in vitro. In vivo,
constructs D and E are expressed in PVCs in developing zebrafish
with roughly equal efficiency, showing that the sequence syntax
is interpreted as a transcriptional enhancer across evolutionary
distant species (25), even though there is no obvious sequence
conservation to mouse or zebrafish. Why does construct D have
only modest activity in vitro, but shows activity in PVCs in vivo?
In vitro luciferase assays are quantitative, while expression assays
in zebrafish are qualitative and are scored as presence or absence
of expression in PVCs, but do not distinguish signal intensity
(this is not possible to score in a transient mosaic expression
assay). We dissected the strongest enhancer E activity down to
250 bp, then 42 bp, and identified critical SNPs that modulate
its expression.

We find that ETS1 binds to canonical sites adjacent to risk
SNPs. Two ETSI sites are separated by 14 bp, suggesting ETS1
could bind as a homodimer. Mutation of these SNPs from low- to
high-risk sites resulted in a significant decrease in enhancer activity,
implicating ETS1 in FOXF2 regulation. ETS1 family members
(ETS1, ETV2, FLI1) have important roles in endothelial cell biol-
ogy downstream of VEGF signaling (26, 27), but no known role
in vascular mural cell biology or vascular stabilization. ETSI also
has no known association with stroke in humans. Thus, it was
somewhat surprising that the critical SNP that we identified inter-
fered with an ETS1 binding site. However, recent human brain
single-cell sequencing analysis shows that ETS1 has enriched
expression in pericytes similar to other pericyte markers (21).

In this light, a recently identified critical binding partner of
ETS1 is the NOTCH intracellular domain (NICD). ETS1 facil-
itates NOTCH-dependent transcription in T-cell acute lympho-
blastic leukemia (17) by binding to RBPJ and Mastermind-like
downstream of Notch signaling to form a transcriptional com-
plex. ETS1, NOTCHI1, RBPJ, and H3K27Ac peaks show high
co-occupancy in the human genome (17). The human FOXF2
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enhancer has enriched H3K27Ac, completely overlapping RBPJ
and ETS1 ChIP sequencing peaks. One model is that a higher-
order ETS1-RBPJ-NICD complex may form, whether RBPJ
binds adjacent sites in the enhancer or more remote sites is
unknown (model Fig. 4/).

RBPJ can bind constantly at “static” sites in the genome or
dynamically at “inducible” sites in regions of open chromatin
where NICD cobinds (28). Dynamic NOTCH sites occur within
enhancers also containing constitutive CTCF binding (16). CTCF
is a DNA-binding protein with transcriptional activation, insula-
tion, and structural activities (29). The human FOXF2 enhancer
we identify has a deeply conserved site that binds CTCF. Using
iCRISPRi, we show that the CTCF site positively regulates FOXF2
expression. CTCF and RBPJ cobind at NOTCH-responsive supet-
enhancers (16).

We show that Notch signaling is necessary for FOXF2
enhancer activity and expression. Although RBPJ-targeted iCRIS-
PRi did not show changes in transcriptional activity, mutation of
the RBPJ sites decreased enhancer activity. We used two iCRIS-
PRi guides for each of the two predicted RBP]J sites, but these
may have not been enough to fully repress the enhancer, as
iCRISPRi experiments often need multiple guides. The involve-
ment of Notch signaling in the expression of FOXF2 and foxf2b
is supported by reduced FOXF2 expression with the use of Notch
inhibitors.

Mouse and zebrafish models demonstrate a role for FoxF2 in
pericyte and smooth muscle differentiation, vascular stabiliza-
tion, and in the intestine (1, 12, 30). Interestingly, zebrafish
foxf2 mutants have a decreased number of pericytes, while mouse
Foxf2 mutants have increased pericyte numbers (12). However,
both gain- and loss-of-function models result in a disrupted vas-
cular wall and vascular stability defects. Similarly, Notchl and
Notch3 activity is also critical for pericyte and smooth muscle
differentiation (18, 31-35). Human autosomal dominant
NOTCH3 mutations cause cerebral arteriopathy with subcortical
infarcts and leukoencephalopathy 1 (CADASILI), a disease that
leads to stroke and dementia (36). Recessive mutations in
NOTCHS3 are associated with Sneddon syndrome, leading to
pediatric stroke (37). Importantly, for our study, Notch3 is
essential for the maturation of both vSMCs and pericytes
(38-41). The downstream targets of Notch in vascular stabiliza-
tion are unknown; here, we show that human FOXF2 enhancer
is a candidate. FOXF2 is one of the few examples in which a
gene outside of the canonical NOTCH targets (e.g., Hesl,
Hey?2) has been shown to be regulated by RBPJ. Notch has mul-
tiple roles in vascular mural cells. Both gain- and loss-of-function
human mutations in NOTCH3 lead to vascular stability pheno-
types. Furthermore, loss of RBPJ in human aortic smooth mus-
cle cells leads to an up-regulation of the vSMC program (18). As
RBPJ binds DNA and represses gene expression in the absence
of a NOTCH NICD signal, context-specific activation of
NOTCH would be expected to transform bound RBPJ from
repression to transcriptional activation. In both human cells and
zebrafish embryos, we show that Notch inhibition results in
decreased FOXF2 expression, similar to blocking (iCRISPRi) or
mutating RBPJ sites in luciferase assays.

Human SVD and resulting stroke can be caused by a num-
ber of genes that are not obviously linked in a direct pathway,
although all of them affect the structural stability of the vascu-
lar wall. Mutations in NOTCH3, COL4A1, and FOXCI cause
CSVD. A unifying convergent model for CSVD in humans has
emerged, suggesting that causative genes are involved in the
higher-level control of the matrisome (ECM proteins secreted
around blood vessels) and vascular stability (42). The factors

8 of 9 https://doi.org/10.1073/pnas.2121333119

modulating the expression of matrisome genes are incompletely
known. Mouse and zebrafish FoxF2 mutants have compro-
mised vascular integrity, and mouse FoxF2 mutants have
decreased Collagen IV expression (12). FoxF2 is therefore a
potential intermediate transcription factor in vascular stabiliza-
tion pathways surrounding ECM deposition. Notch has not
been reported to directly activate COL4AI gene expression,
although the loss of Notchl and -3 in mice and cells leads to
decreased Collagen IV deposition (18, 35).

We show that the developmental loss of FoxF2 in zebrafish
results in the reduction of vascular stabilization in development.
In contrast, the GWASs that initiated the present work suggest
that the risk SNPs in the FOXF2 intergenic enhancer contrib-
ute to stroke in older populations. We identify rs74564934 as a
critical SNP that potentially interferes with ETSI binding in a
FOXF2 enhancer. We then reanalyzed population data that
stratify risk for different stroke subtypes to understand whether
1574564934 modifies stroke risk for different stroke types (1, 3,
13, 23, 24). The presence of the minor allele of rs74564934 is
significantly associated with any stroke, ischemic stroke, small
vessel stroke, extreme small vessel disease, and white matter
intensities, demonstrating that our in vitro experiments identify
a disease-relevant SNP. The association of this SNP with small
vessel disease, WMH, and small vessel stroke is consistent with
a role for FOXF?2 in pericytes and vascular stabilization of small
vessels, allowing further mechanistic studies on stroke suscepti-
bility and possible treatments.

Mechanistically, patients with risk SNPs may undergo a life-
time with slightly reduced FOXF2 expression, leading to
slightly decreased ECM deposition. Mild defects would become
more apparent with age. Additional enhancers and potentially
additional SNPs may modulate FOXF2 expression; however,
our experiments suggest that we have identified a critical SNP
for FOXF2 gene expression as no other subconstructs in the
region were able to modulate transcriptional activity as effec-
tively. Taken together, the combination of GWASs with in vitro
and in vivo models allowed us to dissect and identify the func-
tion of important genomic loci in human stroke.

Methods

The methods are described in detail in S/ Appendix, SI Text, which includes sec-
tions covering the following: cell lines, zebrafish, expression of dCas9, CRISPR,
RNA isolation and gPCR analysis, gateway cloning of intergenic enhancer con-
structs, luciferase reporter assay, ChIP, drug inhibition studies, statistics, and
genetic association. The animal procedures used in this study were approved by
the Institutional Animal Care and Use Committee at the University of Calgary.

Data, Materials, and Software Availability. All data and materials are
available in the main text or the supplementary materials.
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