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9p21.3 locus polymorphisms have the strongest correlation with coronary artery disease,
but as a noncoding locus, disease connection is enigmatic. The IncRNA ANRIL found
in 9p21.3 may regulate vascular smooth muscle cell (VSMC) phenotype to contribute
to disease risk. We observed significant heterogeneity in induced pluripotent stem cell-
derived VSMC:s from patients homozygous for risk versus isogenic knockout or nonrisk
haplotypes. Subpopulations of risk haplotype cells exhibited variable morphology, pro-
liferation, contraction, and adhesion. When sorted by adhesion, risk VSMCs parsed into
synthetic and contractile subpopulations, i.e., weakly adherent and strongly adherent,
respectively. Of note, >90% of differentially expressed genes coregulated by haplotype
and adhesion and were associated with Rho GTPases, i.e., contractility. Weakly adherent
subpopulations expressed more short isoforms of ANRIL, and when overexpressed in
knockout cells, ANRIL suppressed adhesion, contractility, and xSMA expression. These
data suggest that variable IncRNA penetrance may drive mixed functional outcomes
that confound pathology.

shear stress | sorting | INcRNA | adhesion | contractility

Cardiovascular diseases are the leading causes of death in the United States, of which
coronary artery disease (CAD) accounts for over 370,000 deaths annually (1). Of the
more than 10° single nucleotide polymorphisms (SNPs) in our genome (2-4), most SNPs
are located in noncoding regions, making mechanisms through which they enhance disease
risk enigmatic (5). SNPs having the strongest association with CAD are found in the
noncoding 9p21.3 locus (6-8), occur with significant frequency and in linkage disequi-
librium in most populations, and are associated with up to 60% increased risk (7). While
prevalence and impact are now being widely studied, understanding mechanisms employed
by the most common SNPs in 9p21.3, i.e., the “risk haplotype”, has been further com-
plicated by their presence only in higher-order primates (9, 10). Mechanisms may also be
cell type specific, given that clinical presentation can vary widely and affect different cell
types differently (11).

Vascular smooth muscle cells (VSMCs), which are the primary cell type in the arterial
wall and regulate vascular tone (12, 13), dedifferentiate and migrate into the intima in
response to endothelium injury as part of plaque formation (14-16) forming the main
cell type in the neointima (16, 17). The role of VSMCs in atherosclerosis has become
increasingly recognized, with lineage tracing studies identifying that VSMC content in
plaques has historically been underestimated and VSMCs misidentified as macrophages
(16, 18). VSMCs exhibit remarkable plasticity, in which they dedifferentiate, from a
quiescent, contractile phenotype, to a more proliferative and migratory synthetic pheno-
type (13-16, 19, 20). While environmental cues—ranging from substrate stiffness
(13, 21-24) to soluble factors (16, 19, 25)—can direct VSMC phenotype, distinct VSMC
subpopulations from unique developmental origins have been identified within the vessel
wall and as a function of CAD (26).

Being limited typically to human models, studies examining 9p21.3 primarily have
relied on population surveys, postmortem analyses, or primary cells isolated from other
organ systems; these approaches preclude actively perturbing systems to validate causal
relationship. Recently, however, patient-specific induced pluripotent stem cells (iPSCs)
were generated with haplotypes representing patients who are homozygous for the risk
allele (RR), homozygous nonrisk (NN), or whose RR was knocked out (KO) (27). With
this approach, direct subpopulation comparisons, which originated from the same isogenic
patient cell line, are possible and can more easily identify key pathways related to pheno-
typic plasticity. This approach also lends itself well to single-cell analyses, which can point
to specific genomic mechanisms. Here, we observed phenotype heterogeneity in
iPSC-derived VSMCs from patients homozygous for the risk haplotype, and via a func-
tional sort based on adhesion, we could identify both weakly adherent (WA) and strongly
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adherent (SA) subpopulations within the risk haplotype. The phe-
notype appears to be directly modulated by the presence of the
long noncoding RNA (IncRNA) ANRIL (28) isoforms containing
a proximal transcription termination in exon 13, suggesting that
variable IncRNA penetrance could drive a range of functional
outcomes that lead to complex pathology.

Results

Haplotype Mediates iPSC-Derived VSMC Phenotype with Patient-
Specific Penetrance. iPSCs were derived from male patients
who are homozygous for the RR, determined by genotyping at
rs1333049, 12383207, and r10757278 (27) or NN. To validate
effects, isogenic TALEN edited knock out (RR KO) lines were
created as well. iPSCs stained positive for pluripotency makers
Nanog, Sox2, and Oct4 (Fig. 14) and were differentiated into
VSMC:s (Fig. 1B) using a protocol developed by Cheung et al
for VSMC:s (29), specifically deriving cells from the lateral plate
mesoderm (30, 31) as in vivo. iPSC-VSMCs from all haplotypes
stained positive for SMC makers calponin and SM22 (Fig. 10);
however, there were notable morphological differences comparing
haplotypes, with both RRWT patient lines significantly smaller
than the NN and RRKO lines. Differences between RRWT lines
from two independent donors were observed, while maintaining
significant alteration when compared to RRKO and NNWT
(Fig. 1 Cand D). Given the critical role that adhesion complexes
play in cell spreading and morphology, we assessed integrin
transcript differences via hierarchal clustering of bulk RNA
sequencing data from multiple patient and clonal lines from
each haplotype (27) (Dataset S1). RRWT lines (red color-coded
columns) clustered together and exhibited deficits in fibronectin
and collagen binding integrins, as shown by the extracellular
matrix (ECM) binding partners color coded in rows (Fig. 1E). We
also measured integrin expression at the protein level by comparing
expression of ITGA3 expression, a promiscuous integrin that
binds collagen, fibronectin, and laminin, in all four haplotypes
seeded on cither collagen (S/ Appendix, Fig. S1A), laminin
(SI Appendix, Fig. S1D), or fibronectin (ST Appendix, Fig. S1E),
using immunofluorescent staining (SI Appendix, Fig. S1C) and
found that both RRWT patients expressed less ITGA3 than
NN and RR KO haplotypes only while VSMCs were seeded
on collagen. RRWT also expressed less ITGA2 (SI Appendix,
Fig. S1B) when seeded on collagen. To determine whether such
deficits in RRWT patients resulted in functional deficits, cell
adhesion strength to collagen, which also is the primary ECM
constituent of the tunica media (32, 33), was investigated using
a spinning disk assay (S Appendix, Fig. S2). Comparing the shear
stress value at which 50% of the population detached, i.e., 75,
VSMCs derived from both RR patient lines were lower than
both the NN and RRKO, indicating reduced adhesion strength
(Fig. 1F). These morphological, transcriptomic, and adhesion
strength differences between haplotypes suggest that haplotype-
specific changes to VSMC phenotype might impact function and
CAD progression, i.e., VSMC dedifferentiation from a contractile
to synthetic phenotype (13-16, 19, 20). However, phenotype
plasticity may not be universally penetrant, so we next employed
single-cell assays to sort cells into distinct phenotypic populations,
i.e., strongly versus weakly adherent cells.

Patient-Specific Adhesion Sorting Creates Heterogeneous but
Morphologically Distinct VSMC Subpopulations. Adhesion sorting
was achieved by placing cells in a microfluidic device coated with
collagen that exposed cells to acute, uniform fluidic shear stress
and collected those cells that detached, i.e., the WA population,

https://doi.org/10.1073/pnas.2217122120

relative to the population that remained adherent, i.e., the SA
population (87 Appendix, Fig. S3). The population fraction that
detached was measured from device flowthrough at a shear stress
of 90 dynes/cm”, which is just below the s, for the risk haplotype.
A greater percentage of cells detached for both RRWT patient
lines compared to both NN and RRKO (Fig. 1F), confirming
that adhesion deficits in RRWT VSMCs are captured by both
systems, whether population or single cell based.

To understand what cell phenotype(s) composed each popula-
tion, we collected and analyzed the WA and SA populations for
each haplotype at 90 dynes/cm®. As expected, RRWT patient lines
had a greater percentage of WA cells than their NN or RRKO
counterparts (Fig. 2 A, Inser). WA cells were smaller and more
circular than their SA counterparts for most haplotypes (Fig. 2
Aand B), i.e., at this shear, this population was generally smaller
than 2,000 pm? (>90% of the population when it exists) with a
shift to high circularity values. Smaller, more circular cells are
indicative of a synthetic phenotype (19, 34), suggesting that the
microfluidic device could be used to sort cells into disease-relevant
subpopulations. Conversely, SA cells are on average larger and
less circular for both RR patient lines, but the SA population
for RRWT patient 1 has considerable overlap with the WA pop-
ulation, with only 65% of the WA smaller than the average cell
area for the line compared to 96% for RRWT patient 2 (Fig. 2).
These data suggest that there could be patient-specific sorting
parameters.

To sort a more distinct WA population for RRWT patient 1,
we adjusted the sort parameters to be more selective for WA cells
by reducing shear stress to 30 dynes/cm’. With a smaller WA
population (31% of cells; Fig. 2 C, [nset) 96% of the population
was smaller than the 2,000 pm” average unsorted cell area
(Fig. 2C), suggesting that by using patient-specific parameters,
adhesion strength can sort VSMCs into morphologically distinct
subpopulations. VSMCs have been shown to become more syn-
thetic over time while in culture (35); hence, we determined
whether time in culture would impact sorting. Over ten cell pas-
sages, we noted thac—while there were batch effects—there was
no trend linking increasing culture time to a population shift to
smaller, more circular cells for either RRWT patient line
(SI Appendix, Fig. S4). While all subsequent experiments were
performed using VSMCs having fewer than 10 passages, these
data overall suggest that the RRWT lines have a persistent more
heterogeneous adhesive phenotype and a greater presence of WA
cells. This phenotype is solely due to the genetic difference of the
haplotype and not altered by environmental stimuli or culture
conditions.

Adhesion Sorted Cells Exhibit Functional Differences. Having
established patient-specific parameters that can separate
morphologically distinct subpopulations, we next investigated
whether sorted cells also exhibited functional characteristics aligned
with synthetic and contractile phenotypes. Presort RRWT cells
are less contractile than the NN and RRKO lines (87 Appendix,
Fig. S5A) by traction force microscopy (TFM), but after sorting
RRWT patlent 1 (using the patient-specific shear stress of 30
dynes/cm”), the WA subpopulation was also less contractile than
SA and unsorted control (US) subpopulations (Fig. 3 4 and B).
Substrate stiffness can influence VSMC contractility (13, 21, 23,
24), but even on 10-kPA gels, a fivefold stiffer substrate, WA cells
exert less strain energy compared to SA and US cells (S7 Appendix,
Fig. S5B). Concurrently, alpha smooth muscle actin (aSMA) is
increased in the contractile phenotype (13, 19, 25), and aSMA
comparisons across haplotypes showed decreased expression in

RRWT patient lines compared to NN and RRKO lines for the
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Fig. 1. iPSC-VSMC phenotype is haplotype mediated but has patient-specific penetrance depending on integrins. (A) Staining of patient-derived iPSCs for
self-renewal markers Nanog (red), Sox2 (green), and Oct4 (white) as well as nuclei (blue). (Scale bar is 500 um.) (B) Schematic of differentiation process based
on Cheung et al. (29) The timeline illustrates conditions, timing, and growth factors required. (C) iPSC-derived VSMCs from the indicated patient or clone with
haplotype indicated by color were stained for calponin and SM22 expression. (Scale bar is 100 um.) (D) Cell area for the same haplotypes. N = 1,229, 1,286, 130,
and 295 for RRWT patient 1, RRWT patient 2, NN WT patient 1, and RR KO patient 1, respectively. (F) Heatmap of integrin expression for VSMCs from the indicated
haplotypes (annotated in Dataset S1), noting their extracellular matrix binding partner (at right). Hierarchical clustering of bulk RNA-seq data (27) using Euclidean
distance was performed on both genes and patient samples with haplotype indicated by color; data were scaled within rows. (F) Adhesion strength, measured as
the shear stress required to detach 50% of the population, i.e., t5, (measured in dynes/cm?) using a spinning disk assay, is plotted for the indicated haplotypes.
N =10, 11, 7, and 8 for RR WT patient 1, RR WT patient 2, NN WT patient 1, and KO of RR patient 1, respectively. (G) Cells from the same haplotypes were also
characterized for their percent detachment at 90 dynes/cm2 using a microfluidic device. N = 4, 15, 4, and 4 for RR WT patient 1, RR WT patient 2, NN WT, and KO
of RR patient 1, respectively. *P < 0,05, **P < 1072, ***P < 1073, and ****P < 10™* for one-way ANOVA with Tukey’s multiple comparison test.

population (S7 Appendix, Fig. S5 C and D) as well as single cells
(SI Appendix, Fig. SSE). Postsort, aSMA expression in the WA cell
fraction of RRWT patient 1 was significantly less than SA or US
control populations (Fig. 3 Cand D). We also compared ITGA3
expression of the sorted populations, having found that deficits

PNAS 2023 Vol.120 No.24 e2217122120

in RRWT patient lines and integrin deficits are reported in the
synthetic phenotype, and found that SA expressed significantly
more ITGA3 than the WA and US (Fig. 3E). Finally, while RR
patient lines proliferated significantly faster than their NN and
RRKO counterparts (S Appendix, Fig. S5F) as shown previously,

https://doi.org/10.1073/pnas.2217122120 3 of 11
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Fig. 2. Haplotype- and patient-specific shear-based sorting stratifies VSMC phenotype. (A) Postsort at 90 dynes/cm?, cell area and circularity measurements
were plotted for weakly adherent (WA; pink) and (SA; orange) populations of the indicated haplotypes (text color coded from Fig. 1). The Inset bar graphs show
the percentage of the population that each adhesion fraction constitutes, averaged across multiple sorts. Within the scatter plots, percentages are shown to
indicate the amount of data above or below the dashed line for SA and WA cells, respectively. Note that the dashed line represents the average cell area for each
haplotype. For WA cells, N = 504, 57, 22, and 0 for RR WT patient 1, RR WT patient 2, RR KO patient 1, and NN WT patient 1, respectively. For SA, N = 140, 127,
57, and 77 for RR WT patient 1, RR WT patient 2, RR KO patient 1, and NN WT patient 1, respectively. (B) Images of sorted iPSC-VSMCs (weak or strong) stained
by a membrane dye. (Scale bar is 100 pm.) (C) RR WT patient 1 was sorted at 30 dynes/cm?, and area and circularity were plotted and consistent with weaker
adhesion from Fig. 1 (Fand G). Note that a higher percentage of WA cells are now below the dashed line because of sorting at the lower, more selective shear
stress. N = 49 and 149 for WA and SA, respectively. *P < 0.05 and ****P < 10~ for two-way ANOVA comparing haplotype area and circularity between WA and

SA, with interaction and column factor comparisons, respectively.

(27) we did not find proliferation differences between our sorted
population (Fig. 3F). These findings suggest that cells can be
sorted by adhesion strength into populations, one of which is less
contractile, expresses less contractile phenotype markers, and yet
is not more proliferative. Moreover, this population is also stable
and does not artificially appear due to differences in cell cycle and
temporary rounding during cytokinesis.

Differentially Expressed Genes (DEGs) Are Both Disease Relevant
and Coregulated by Haplotype and Adhesion. Underlying
functional differences, we sought to understand transcriptional
differences resulting from the risk haplotype and adhesion. Bulk
RNA sequencing was performed on the sorted and unsorted
populations from RRWT and RRKO patient 1 using multiple
passages and differentiation batches. Mapped sequence run counts

https://doi.org/10.1073/pnas.2217122120

were used to generate a Pearson correlation heat map for unsorted
samples, which resulted in RRWT and RRKO samples from patient
1 to group together based on similarity in the whole transcriptome
(SI Appendix, Fig. S6A). Three-dimensional principal component
analyses (PCA) of the unsorted RRWT and RRKO transcriptome,
including similar VSMC data from Lo Sardo et al (27), showed
clustering by haplotype, irrespective of batch, culture time, or
data source (SI Appendix, Fig. S6B). Similarly, when clustering
by adhesion strength and using culture time as a covariant, 3D
PCA plots show divergence of sorted cells from unsorted RRWT
parental cells in opposite directions; centroids for WA and SA cells
show noticeable differences in PC1 and PC3 (Fig. 44). However,
within the transcriptomes of the WA and SA cell populations,
we found 2,206 DEGs—defined as a p-adj. value less than 0.05
(Dataset S2 and Fig. 4B). Using PANTHER to assess gene
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Fig. 3. RR WT patient 1 weakly adherent (WA) subpopulations exhibit
reduced contractility and reduced contractile phenotype marker expression.
(A) Heatmap displaying traction forces for a single cell measurement from
traction force microscopy (TFM) performed on RR WT patient 1 VSMCs sorted
at 30 dynes/cm? representative of the weakly adherent (WA) and strongly
adherent (SA) populations. (Scale bar is 50 pm.) (B) Tangential strain energy
normalized to cell area plotted for weakly adherent, strongly adherent, and
unsorted (US) from at least three differentiation batches and sorts from RRWT
patient 1. N = 17, 15, and 14 for unsorted, weakly adherent, and strongly
adherent, respectively. **P < 1072 and 'P = 0.107 for one-way ANOVA with
the Kruskal-Wallis multiple comparison test. (€) Immunofluorescence
staining of alpha smooth muscle actin («aSMA) and DAPI for the sorted
populations from RR WT patient 1, also over multiple differentiation batches
and sorts. (Scale bar is 100 pm.) (D) aSMA expression was measured using
immunofluorescence staining and measuring the integrated intensity for
individual cells (au). N = 137, 114, and 294 for unsorted, weakly adherent,
and strongly adherent, respectively. **P < 1072 and ****p < 10™* for one-
way ANOVA with Tukey's multiple comparison test. (£) ITGA3 expression was
measured by immunofluorescence staining and measuring the integrated
intensity for individual cells (au), with cell area identifiable by staining for DAPI
and F-actin with rhodamine phalloidin. Multiple differentiation batches and
sorts used. N =220, 195, and 188 for unsorted, weakly adherent, and strongly
adherent, respectively. ****p < 107 for one-way ANOVA with the Kruskal-
Wallis multiple comparison test. (F) Doubling time (measured in hours). N =5,
5, and 7 for unsorted, weakly adherent, and strongly adherent, respectively.

ontology (GO) enrichment for molecular function (MF) terms,
several of the top 30 GO terms mapped to relevant concepts with
CAD, adhesion, and the cytoskeleton (Dataset S3 and Fig. 4C).
Using the same approach with haplotype comparisons, we found
693 DEGs between RRWT and RRKO (Dataset S4), and of those,
154 DEGs were common to sorted cell comparisons (Fig. 4D) for
which we mapped GO terms from PANTHER (Dataset S5). Fold
change for adhesion (x) and haplotype (y) were plotted against
each other to determine coregulation, and we found that >90%
of DEGs were coregulated with 67% being both up-regulated
(Fig. 4E). Mapping the most common ontological term associated
with each DEG, the most commonly coregulated genes with GO
terms included regulation of cell adhesion, microtubule processing,
circulatory system development, and cytoskeleton organization

(Dataset S6 and Fig. 4E).

WA Populations Have Reduced Signaling by Rho Family
GTPases and are Driven by Specific Isoforms of IncRNA ANRIL.
To identify gene pathways differentially regulated by VSMC
adhesion, ingenuity pathway analysis was performed on adhesion

PNAS 2023 Vol.120 No.24 e2217122120

and haplotype DEGs. Signaling by RhoA family GTPases was
a top pathway match for adhesion (P value < 1 x 107) and
haplotype (P < 0.05) (Fig. 5). Thirty-one adhesion DEGs and
eight haplotype DEGs mapped to the pathway, and of those, the
majority showed downregulation, i.e., negative z-scores, in WA
and risk haplotype-containing VSMCs. Most of these WA and/or
RRWT DEGs associated with actin polymerization, contraction,
proliferation, cytokinesis, and AP-1 gene—dependent expression,
and this is consistent with prior GO terms, decreased adhesion,
contractility, and lower *SMA expression. Data are also consistent
with possibility that WA and SA cells are phenotypically distinct,
with increased prevalence of WA cells in RRWT patients.

To investigate how SNPs at 9p21 could regulate RhoA signaling
and result in an increased WA cell fraction, expression of ANRIL—
the IncRNA which overlaps with the 9p21 locus—was measured.
ANRIL is subject to posttranscriptional splicing resulting in mul-
tiple isoforms, comprising isoforms with a proximal termination
of transcription in exon 13 or with a distal termination of tran-
scription in exon 20 (87 Appendix, Fig. S7). We used a quantitative
PCR method, previously described, to determine the abundance
of ANRIL isoforms on our differently adherent cells. Previously,
we have reported the detection of only long isoforms A2 and A3
and short isoforms A11 and A12 in VSMCs derived from our
iPSC lines (27). Long isoforms were detected by using qPCR
primers spanning exons 19-20 (annotated as ANRIL 18,19 in ref.
27), while short isoforms were detected using primers binding the
exon 6-7 junction. Only isoforms A2 and A3 contain exons 19-20,
while A2, Al1, and A12 contain the exon 6-7 junction. Risk
VSMCs showed higher expression of ANRIL isoforms containing
the 6-7 exon junction concomitant to equal level of isoforms con-
taining the exon 19-20 junction. A2 and A3 (containing exons
19-20) were not detected in the RRKO, consistent with the loca-
tion of TALEN-mediated deletion. Long isoforms of ANRIL
containing exons 19-20 were not differentially expressed between
RRWT and NN, whereas ANRIL variants containing exons 6-7
were higher in RRWT (87 Appendix, Fig. S8). These data suggest
that isoforms of ANRIL containing exons 6-7 but lacking exons
19-20 (which include A1l and A12) were up-regulated in the
RRWT phenotype. Next, we tested whether heterogeneous
ANRIL 11 or 12 expression correlates with phenotypic heteroge-
neity within RRWT VSMCs, comparing expression of sorted
RRWT populations. For RRWT patient 1, WA cells expressed more
ANRIL containing exons 6-7 compared to both the SA and US
cells, and ANRIL containing exons 19-20 long remained
unchanged (Fig. 64), again suggesting that splice variants con-
taining exons 6-7 but not exons 19-20, which is limited to Al1
and A12 in these iPSC-VSMCs, are responsible for the VSMC
phenotype change.

To determine whether the short isoforms of ANRIL, e.g., A11
or A12, were causative—and not just correlative—of phenotype
plasticity, we used lentivirus to deliver A11 and A12 separately to
RRKO VSMCs to determine whether it could induce an
RRWT-like phenotype (SI Appendix, Fig. S9A). Across multiple
differentiations and viral batches, we found that adding back A11
and A12 in a dose-dependent manner scaled directly with short
ANRIL expression; rtTA and doxycycline alone—without the
presence of A11 or A12 plasmids—did not increase ANRIL 6 -7
expression (81 Appendix, Fig. S9 B and C). Using the lowest dosage
to most closely mimic ANRIL 6-7 expression levels from RRWT,
we compared RRKO cells overexpressing All or Al2, ie.,
“RRKO+A11” and “RRKO+A12”, to parental cells in morphol-
ogy and aSMA expression. Both RRKO+A11 and RRKO+ A12
were smaller and had reduced expression of aSMA compared to

RRKO (SI Appendix, Fig. S9 D and E) as a direct result of the
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Fig. 4. RNA sequencing of sorted populations reveals differentially expressed genes (DEGs) that are coregulated between haplotype and adhesion. (A) RNA
sequencing of RR WT patient 1 VSMC sorted populations was performed, and principal component analysis (PCA) was plotted in 3D, with the centroids for each
condition shown in the color of each respective population (unsorted, weakly adherent, and strongly adherent). (B) Volcano plot of the 2,206 DEGs between
weakly adherent and strongly adherent, defined as genes with p-adj < 0.05. (C) The top 30 ontological terms associated with the DEGs in B including molecular
function terms, plotted using -log, (Fischer Classic Value) and highlighting terms of interest in gray. (D) Venn diagram of DEGs for weakly adherent versus
strongly adherent (light gray) and RR WT versus RR KO (dark gray), highlighting the 154 genes differentially expressed between both group comparisons.
(E) DEGs common between both weakly adherent versus strongly adherent and RR WT versus RR KO were plotted based on the fold change for each comparison
such that DEGs that were overexpressed in weakly adherent versus strongly adherent as well as RR WT versus RR KO were plotted in the top right quadrant
(67%) and those that were overexpressed in strongly adherent versus weakly adherent and RR KO versus RR WT were plotted in the bottom left quadrant (23%).
The percentage of the 154 common DEGs in each quadrant is shown, with 90% of the common DEGs coregulated color coded by associated ontological terms.

overexpression and not doxycycline treatment (S Appendix, Fig. S9
Fand G). In addition to size and marker expression, we sorted
cells by adhesion strength to determlne whether A1l and A12
shifted populations; at 90 dynes/cm” shear stress, a greater per-
centage of WA cells in RRKO patient 1 expressing A1l or Al12
detached compared to RRKO cells cultured with or without dox-
yeycline (Fig. 6B and SI Appendix, Fig. S104). WA cells were
smaller and more circular (Fig. 6B), had reduced expression of
aSMA (Fig. 6C), and were less contractile (Fig. 6D) than their SA
counterparts for both RRKO+A11 and RRKO+A12. The WA
were also less contractile than the SA and US controls, as measured
by TEM for multiple sorts, differentiation and infection batches
of RR KO+A11 and RR KO+A12 (Fig. 6D), further indicating
that WA cells made up a different phenotype than SA cells.
Notably, culturing cells in doxycycline without A11 or A12 did

https://doi.org/10.1073/pnas.2217122120

not decrease cell contractility or adhesion (87 Appendix, Fig. S10B)
as observed previously (27).

Discussion

Genome-wide association studies have identified many disease-
related SNPs; however, since many occur in noncoding loci, the
mechanism(s) through which those enhance disease remains rel-
atively unclear (2, 4, 36). SNPs at the 9p21 locus have the highest
odds ratio for CAD, yet how they result in disease remains poorly
understood (7-9, 37), partly due to the inadequacy of animal
models, the polymorphisms occurring in linkage disequilibrium
(38), overlapping risk regulators (5, 39), and the potential for
bulk measurements masking important biology (40). VSMCs,
which account for the majority of cells within the fibrous cap
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(18), are an important cell type in atherosclerosis. As illustrated
here, we used a genome editing strategy to isogenically assess
variants in patient-specific, iPSC-derived VSMCs and a micro-
fluidic approach to sort heterogeneous VSMCs into disease-
relevant phenotypes. The risk haplotype increased the presence of
a less adherent, less contractile phenotype within a VSMC pop-
ulation, but phenotype penetrance was variable; heterogeneous
expression of specific isoforms of an IncRNA, which could poten-
tially exacerbate CAD and was especially apparent when popula-
tions were sorted, could drive the variability that we observed in
the lines across and within patients. Although we focused specif-
ically on the 9p21 locus, the majority of disease-associated SNPs
are in noncoding loci, and thus, it is important to recognize that
some of the heterogeneity observed in disease progression (41-43)
could be due to this. We believe that our findings are supportive
of a general approach to exploring mechanisms by which noncod-
ing loci enhance risk for disease and in which cellular heteroge-
neity is a hallmark.

It is becoming widely recognized that transcriptional differences
exist even in established culture models, immortalized cell lines,
or isogenic populations, and this can lead to variations in pheno-
type and disease penetrance. Biological markers can sort cells by
function (44) but are best when used in combination (45). Here,
even using a gene-edited, iPSC-based system to recapitulate disease
phenotypes, we noted increased heterogeneity in morphology and
cellular adhesion in the risk haplotypes consistent with variable
penetrance in vivo (46). Unlike conventional biomarkers, our
approach with a microfluidic device enables one to perform a

PNAS 2023 Vol.120 No.24 e2217122120

functional sort of cells based on their adhesion strength to ECM.
While adhesion sorting is not novel, it has primarily been used to
study cancer (47) or sort rare populations from blood, such as
circulating tumor cells (48—50) or stem cells (51). Many diseases,
including CAD, progress through the development of divergent
behaviors within a cell type (41-43, 52); thus, application of bio-
physical sorting has the potential to unveil key insights where
other methods cannot. For example, we found that adhesion-based
sorting of VSMC:s allowed us to isolate subpopulations of weakly
and strongly adherent phenotypes and directly compare them to
better assess phenotype plasticity. Many studies have assessed
causes of VSMC plasticity (13, 19, 21-24), but sorting VSMCs
also allowed us to establish causative links to RNA-based mecha-
nisms and correlate them with CAD. These data also established
patient-to-patient variance as well, both in phenotype plasticity
and sensitivity, which is perhaps less surprising given variability
in patient-derived iPSC models (53).

Not only did WA cells exhibit reduced area and increased cir-
cularity, which are morphological characteristics of synthetic
VSMC:s (19), but they were also less contractile than SA cells.
While reduced contractility may be expected for WA cells, the
correlation is not implied; previous studies of epithelial breast,
prostate, and lung cancer cells did not find such a relationship
(47), suggesting a cell type—specific relationship in addition to
patient-to-patient variance. Other factors, e.g., morphology,
height and shape, membrane rheology, focal adhesion complex
turnover rate, and cell cycle, play a role in determining a cell’s
adhesion strength, (54) and therefore, VSMC sorting into more
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Fig.6. Overexpression of A11/A12 isoforms of INcRNA ANRIL restores phenotypic heterogeneity of RR VSMCs. (A) Expression of the IncRNA ANRIL in the sorted
populations (WA and SA) and unsorted (US) for RR WT patient 1 was plotted after normalization to housekeeping gene PPIA and the average expression of cells
seeded in the device but not exposed to shear stress (to account for phenotype changes from sorting). Isoforms were measured using primers binding exons 6-7
(Left; N=9, 9, and 10 for US, WA, and SA, respectively) or exons 19-20 (right; N =7, 10, and 7 for unsorted, weakly adherent, and strongly adherent, respectively).
**p < 107 for one-way ANOVA with Tukey’s multiple comparison test. (B) RR KO VSMCs overexpressing A11 (Left) and A12 (Right) were exposed to 90 dynes/
cm? of shear stress, with postsort morphology of the weakly adherent (pink) and strongly adherent (orange) populations plotted. The /nset bar graphs show the
percentage of the population that each adhesion fraction constitutes, averaged across multiple sorts. Note that the dashed lines represent the average cell area
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comparing haplotype area and circularity between for weakly adherent and strongly adherent, respectively, with interaction and column factor comparisons,
respectively. (C) xSSMA expression was measured using immunofluorescence staining and measuring the integrated intensity for individual cells (au). N = 342,
454, 76, and 297 for null control of RR KO, A11 overexpressing unselected, weakly adherent A11 overexpressing, and strongly adherent A11 overexpressing,
respectively. N = 343, 338, 70, and 242 for null control of RR KO, A12 overexpressing unsorted, weakly adherent A12 overexpressing, and strongly adherent A12
overexpressing, respectively. *P < 0.05, ***p < 1073 and ****p < 10™ for one-way ANOVA with Tukey’s multiple comparison test. (D) Tangential strain energy,
normalized to cell area, was plotted for weakly adherent, strongly adherent, and unsorted populations from RR KO VSMCs overexpressing A11 (Left) and A12
(Right) and RR KO controls. N = 20, 13, 7, and 8 for RR KO null control, A11 overexpressing unsorted, weakly adherent, and strongly adherent, respectively, and
N =12, 9, and 13 for A12 overexpressing unsorted, weakly adherent, and strongly adherent, respectively. *P < 0.05, **P < 1072, and ***P < 10> for one-way
ANOVA with the Kruskal-Wallis multiple comparison test.
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and less contractile populations using adhesion strength was non-
trivial. Because substrate stiffness has been shown to influence
VSMC phenotype plasticity and contractility (13, 21-23), we
additionally performed TFM using hydrogels of greater stiffness
and found that the WA are less contractile than SA, independent
of substrate stiffness. While the WA are not more proliferative
than the SA, as we found the risk patient lines to be relative to the
nonrisk, this indicates that the contractility differences were not
artificially measured due to transient phenotypic changes that
occur during cell division and that WA and SA phenotypic differ-
ences measured were independent of cell cycle status. Such trends
are similar to epithelial cells (47); hence, further verification for
each cell type is implied by our data contrasted with others.

As noted above, cellular heterogeneity appears linked to natural
variance in IncRNA expression for ANRIL even within the same
patient and haplotype, as identified by postsort population com-
parisons, i.e., variance was observed in only isoforms of ANRIL
truncating at exon 13 and lacking exons 19, 20. While mechanical
effects via adhesion differences naturally varied in the unsorted
parent populations, especially for RRWT cells, it was surprising
that similar variance was observed in RRKO cells artificially
expressing A11 or A12 after lentiviral transformation. While virus
copy number and batch effects could certainly vary between cells
and data points, respectively, variance up to an order of magnitude
was surprising especially when considering that RRKO cells them-
selves exhibited almost no variance. Although unrelated to adhe-
sion, similar IncRNA heterogeneity in cancer can be found in and
between tumors (55) and can be a predictor of distant metastasis
(56); opposing adhesive behavior in epithelial carcinomas (47)
versus vascular smooth muscle may also suggest that their regula-
tion is from heterogeneous IncRNA expression. For vascular cells
specifically, association studies have implicated a number of loci
containing IncRNAs (6-8) to disease, with strongest association
and functional regulation of VSMCs (27) found in 9p21. While
here we link function to adhesion and heterogeneous expression
of ANRIL, we were unable to find similar heterogeneous IncRNA
regulation of vascular cells, independent of mechanics. Despite
that, numerous examples exist describing IncRNAs and VSMC
adhesion; the IncRNA PAXIP1-AS1 has been associated with the
synthetic phenotype and reduced adhesion as observed in idio-
pathic pulmonary arterial hypertension (57). Conversely, the
IncRNA VINAS regulates cell-cell adhesion in endothelial cells,
and its silencing decreased expression of leukocyte adhesion mol-
ecules and impaired the ability of those cells to bind to the
endothelium (58). While heterogeneity is not described explicitly
in these systems, variance in IncRNA expression may still be pres-
ent in the disease context, and our data suggest that such explo-
ration may be warranted.

Finally, it is important to put these data in the appropriate
disease context. The transcriptomic variance we observed suggests
that ANRIL may have more genome-wide roles than regulating
CDKN2A and CDKN2B as previously implied, and there are
likely many more isoform-specific tasks than indicated here, e.g.,
alternatively spliced transcripts are attributed to opposing effects
in endothelial cells during atherosclerosis (59). It is also not clear
how SNPs drive IncRNA alternative splicing and what causes
differential expression within an isogenic VSMC population.
Regardless, patients with the 9p21 risk haplotype have an over-
abundance of VSMC:s in their atherosclerotic lesions (46), and
our data here suggest that this could be due to heterogeneous
phenotypic switching as a result of variable expression of short
isoforms of ANRIL, leading to less contractile, WA cells that
heighten the risk for atherosclerotic disease. Notably, the increased
heterogeneity of disease-relevant phenotypes, identifiable due to

PNAS 2023 Vol.120 No.24 e2217122120

the adhesion-based sorting strategy, could explain the incomplete
penetrance of CAD by SNPs at 9p21 in patients, i.e., through
incomplete penetrance of a less contractile, more synthetic WA
phenotype in risk patients.

Materials and Methods

Ethical Compliance and Cell Lines. The authors have complied with all ethical
regulations. Human subjects were enrolled, and informed consent was obtained
under a study approved by the Scripps IRB (#115676) and cells were transferred
and maintained under a study approved by UCSD IRB (#141315). The lines
included in this study were from three patients: C151 (NN; clone WF9), C512
(RRWT clones 1-5 and 2-3 and isogenic RR KO clones 1-9 and WB46), and C021
(RRWT clone ED2-70 and isogenic RR KO clone ED2-65). Isogenic KO lines were
derived by TALEN-mediated genome editing as previously described (27).

iPSC Maintenance and Smooth Muscle Cell Differentiation. iPSCs were
cultured on Matrigel (BioLegend) coated six-well platesin mTSER stem cell culture
media (Stem Cell Technologies), with media changed daily and cells passaged
using Versene (Thermo Fisher) and a cell scraper. To induce differentiation, a
previously established SMC differentiation protocol (29) was followed, specif-
ically the method for deriving SMCs from the intermediate lateral plate meso-
derm. One day prior to passaging, "Day -2", when colonies were modestly sized
(70% confluency), media were changed to chemically defined media, "CDM"
with 5 mg/mL bovine serum albumin, fraction V (BSA, Calbiochem), 12 ng FGF2
(Proteintech Group), and 10 ng/mLactivin A(BioLegend). CDM media consisted of
1:1IMDM [+ L-glutamine +25 mM HEPES] (Thermo Fisher): F12 [Ham nutrient
mix + L-glutamine] (Thermo Fisher) 1% (v/v) chemically defined lipid concen-
trate (Thermo Fisher), 0.015 mg/mLtransferrin (Athens Research and Technology),
0.007 mg/mL insulin (Kerafast), and 0.004% (v/v) monothioglycerol (Sigma-
Aldrich). The following day, 'Day -1", cells were passaged using Versene onto
0.1% (w/v) gelatin (porcine, type A; Sigma) coated plates into T mg/mLpoly(vinyl
alcohol) (Sigma-Aldrich) CDM, "CDM PVA', and 12 ng/mL FGF2 and 10 ng/mL
activinA.On "Day 0, cells were inducted into the mesoderm by changing media to
CDM PVAwith 20 ng/mLFGF2, 10 uM LY294002 (LC Laboratories), and 10 ng/mL
BMP4 (HumanZyme).Thirty-six h later, on "Day 1.5", media were changed to CDM
PVAwith 20 ng/mLFGF2 and 50 ng/mL BMPA4. Forty-eight h later, “Day 3.5", half
of the media were replaced. Thirty-six h later, on "Day 5", cells were split onto new
gelatin-coated wells, at 190,000 cells/well, using TrypleE (Thermo Fisher), and
resuspending in "Day 5" media, which constituted of CDM PVA with 10 ng/mlL
PDGF (BioLegend) and 2 ng/mLTGF-B (BioLegend). Twenty-four h later, media
were changed with "Day 5" media, and for the next 12 d, media were changed
every two to three d using the same. When cells became confluent, they were split
1:3 using TrypleE and the same "Day 5" media. On day 18, the differentiation was
complete, and media were changed to DMEM/F12 (Thermo Fisher) with 10% (v/v)
fetal bovine serum (FBS, Gemini Bio-Products) 1% (v/v) penicillin-streptomycin
(Gemini Bio-Procuts) and 0.2% (v/v) MEM nonessential amino acid concentrate
100x (Thermo Fisher). VSMCs were cultured as such, changing media every two
to three d and passaged using TrypleE 1:3 at least once before any experiments
were performed or cells were frozen down for storage in liquid nitrogen (using
the described DMEM/F12 media with 10% dimethyl sulfoxide (Sigma-Aldrich).

Microfluidic Device Channel Design and COMSOL Validation. Microfluidic
device channels were designed in AutoCAD, which was printed onto mylar film
transparencies (Outputcity) using the 2D design to serve as the photomasks for
photolithography. Channels were designed for simplicity of microfabrication as
rectangular with a height of 150 pm, large enough for cells to be transported
through the channel in the streamline (h = 75 pm) but small enough to result
in laminar flow with a large surface to maximize the number of cells and the
throughput. Laminar flow was verified by calculating the Reynolds number, which

fora rectangular channel is defined as Re = 222 with D, = 2hforh < wwhere

pisfluid's density, U, is velocity, Dy is hydraulilé diameter, and p is viscosity. The
maximum flow rate, 90 ml/min, was calculated by solving for flow rate with a
Reynolds number of 2,000, which results in shear stresses of 2,670 dynes/cmz,
a magnitude of order larger than the shear stresses identified using the spin-
ning disk assay to remove 50% of the cell populations. A larger surface area of
2,214 mm?is achieved using a channel with a width of 1.5 mm and turns with a
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radius of curvature of 1 mm, which allow the channel to cover a large area on the
4-inch silicon wafer onto which the design is microfabricated. The 3D design was
imported into COMSOL Multiphysics software, and the laminar flow physics (spf)
was used to simulate fluid flow of an incompressible fluid and shear stress over
the channel surface was plotted for various input flow rates using the equation
7 =y * u,wheret =shear stress, y = shear rate, and u = viscosity, (or COMSOL
as spf.mu*spf.sr).

Photolithography and Silicon Wafer Fabrication. Mastermolds with channel
features were microfabricated using SU-8 2,100 (MicroChem), a permanent epoxy
negative photoresistin Nano3 clean room facilities. Asilicon wafer (University Wafer)
was cleaned with IPA, acetone, and H,0 and coated with SU-8 2,100 by using the
recommended spinning parameters described by Microchem for a feature height
of 150 um. Specifically, 4 mLof SU-8 2100 was spun firstat 500 rpm for 105, accel-
erated at 100 rpm/s and then at 200 rpm for 30 s, and accelerated at 300 rpm/s.
Once coated, edge beads were removed, and the wafer was baked for 5 min at 65
°Cand then 28 to 30 min at 95 °C or until dry. The softly baked photoresist-coated
wafer was then exposed to UV while in hard contact with the photomask using a
Karl Suss Mask Aligner for 23.6 s, delivering 11 mW/cm? of power and 260 mJ/cm?
of energy to cure exposed regions. The wafer was baked postexposure at 65 °C for
5minand then for 12 min at 95 °C.The uncured photoresist was then removed by
washing in SU-8 developer for 15 to 17 min. Feature height was measured using
a DekTak Surface Profiler, and finished wafers were coated using chemical vapor
deposition with dichlorodimethylsilane (DCDMS, Arcos) overnight.

Soft Lithography and Microfluidic Device Fabrication. Microfluidic
devices were fabricated using polydimethylsiloxane, PDMS, Sylgard 184 (Dow
Chemical Company) 1:10 curing agent to silicone elastomer and cast onto the
master mold wafer. Cast samples were degassed in a vacuum chamber and
cured either overnight at room temperature or at 65 °C. Inlet and outlet holes
were formed by using a 1-mm biopsy punch and PDMS. PDMS was cleaned
with IPA, water, and scotch tape and bound to a 10.6 cm x 10.2 cm glass slide
(The Gel Company) by plasma treating each surface for 30 s using an AutoGlow
Plasma System (GLOW Research), with its chamber's oxygen pressure set to
0.85Torrand radio frequency (RF) set point at 30 W. Samples were then baked
foran hour at 80 °C.

Quantification of Adhesion Strength under Uniform Shear Stress and
Adhesion Sorting. To expose cells to a uniform shear stress in the microflu-
idic device, the inlet is connected to a syringe pump with a programmable
flow rate through a syringe (Becton Dickinson), tubing with 1/8-inch inner
diameter (Fisher Scientific), polypropylene luer fixtures (Cole Parmer), and
stainless steel inlet needle (Vita Needle). Bound microfluidic devices were
sterilized by running 70% ethanol through the device, having autoclaved the
tubing, luerlocks, and needles for 15 min at 121 °C prior. The devices are then
coated with gelatin for 10 min and then serum proteins for 30 min by flowing
0.1% gelatin and DMEM/F12 +10% FBS + 0.2% amino acid concentrate +1%
P/S through the device till it coats the surface. SMCs are then seeded in the
device by flowing concentrated cell suspension at 300,000 cells/mLto resultin
approximately 4,000 cells/cm” through the channels at 0.1 mL/min for 0.5 mL,
a low enough flow rate that the resultant shear stresses are considered not
physiologically relevantand using a volume large enough to coat the device.
Seeded devices are then incubated overnightat 37 °Cand 5% C02 to allow for
cell attachmentand placed in a closed petri dish to prevent media evaporation
through the porous PDMS and inlet/outlet overnight.
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To perform shear assays and select for the weakly and SA populations, the
chosen shear stress is achieved by adjusting the input volumetric flow rate, using
the following relationship between flow rate and shear stress:

6uQ
T=—
wh?

where t = shear stress Q = the flow rate, p = viscosity of the fluid, w = width
of the channel, and h = height of the channel, as measured by the DekTak. To
select the WA population, 4.5 mg/mL dextrose (Fisher) in phosphate-buffered
saline (Gibco) was loaded into the syringe and run over the cells for 2 min at
a preselected flow rate, while the outlet flow through containing cells was col-
lected into a conical tube. Flow through was then counted using a hemocytometer
and centrifugation at 1,500 RPM for 3 min. The cells were then either replated
on gelatin-coated plates at 3,000 cell/cm? for immunofluorescent analysis or
resuspended in another reagent for a different biochemical assay, such as Qiazol
(Qiagen) to isolate RNA for gPCR.

The SA population was then collected by enzymatic dissociation, flowing TryplE
through the device at 0.1 mL/min for 0.5 mL, enough volume to coat the surface.
The device was then incubated for 4 min, or until the cells were lifted, and the SA
population was then collected ina conical tube atthe outlet by running 1 mL DMEM/
F12 media through the device at T mL/min. This fraction is counted, centrifuged,
and resuspended in the same media or reagent for further analysis as was done for
the WA.To measure the percentage of cells that detached from the device ata given
shear stress or chosen flow rate, the transparency of the device was utilized to count
the number of cellsin three different representative areas of the channel, drawn onto
the glass bottom. The number of cells in each area was counted and averaged before
exposure to shear stress and then again immediately after WA selection.

Spinning Disk Assay. VSMCs were seeded onto collagen-coated glass coverslips
and spun using a spinning disk protocol previously described (60).

Data, Materials, and Software Availability. RNA-seq data have been depos-
ited in NCBI Gene Expression Omnibus (GEO) Database (GSE120099 (61) and
GSE211144 (62)).
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