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Epigenetic control of gene expression and cellular phenotype is influenced by changes in the local microenvironment, yet how
mechanical cues precisely influence epigenetic state to regulate transcription remains largely unmapped. Here, we combine
genome-wide epigenome profiling, epigenome editing, and phenotypic and single-cell RNA-seq CRISPR screening to identify

a class of genomic enhancers that responds to the mechanical microenvironment. These “mechanoenhancers” can be
preferentially activated on either soft or stiff extracellular matrix contexts and regulate transcription to influence critical cell
functions including apoptosis, adhesion, proliferation, and migration. Epigenetic editing of mechanoenhancers reprograms the
cellular response to the mechanical microenvironment and modulates the activation of disease-related genes in lung
fibroblasts from healthy and fibrotic donors. Epigenetic editing of mechanoenhancers holds potential for precise targeting of

mechanically-driven diseases.

The cellular microenvironment is a potent regulator of cellu-
lar behavior (7, 2). Advances in epigenetic profiling and
CRISPR screening have deepened our understanding of how
chemical stimuli including hormones, cytokines, and phar-
macologic interventions shape the epigenetic landscape (3-
6). Mechanical stimuli from the microenvironment, such as
stiffness of the extracellular matrix (ECM) or applied forces,
are also potent regulators of many fundamental cell pro-
cesses, including growth, death, differentiation, and migra-
tion, and play keys roles in tissue development, regeneration,
aging, and disease pathology such as fibrosis, tumor for-
mation, and atherosclerosis (7-10). Mechanosensitive gene
regulation occurs across a variety of pathways through
nucleo-cytoplasmic shuttling of transcriptional co-regulators
(I1), including YAP and MRTF (12-14). These proteins shuttle
to the nucleus through pathways responsive to mechanical
cues, such as nuclear pore deformation (15) and F/G-actin ra-
tios (16-18). Mechanical force has additionally been shown to
modulate epigenetic modifications (19-22) and directly de-
form chromatin (23, 24), both of which can influence patterns
of gene expression.

Traditionally, the binding of transcription factors and co-
activators at promoter regions has been the classical mecha-
nism for modulation of target gene expression. However,
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genome annotation efforts over the last two decades have de-
scribed the critical role of non-coding gene regulatory regions
that occur predominantly outside promoters (25). For in-
stance, the mechanosensitive co-activators YAP/TAZ can
bind to distal enhancers in cells cultured on rigid tissue cul-
ture plastic (26, 27). Enhancers act across variable genomic
distances to regulate transcription and are marked by a com-
bination of chromatin accessibility, presence of active histone
marks (e.g., H3K27ac), depletion of repressive histone marks
(e.g., H3K9me3), transcription factor binding, and chromatin
looping to distal target genes (28). The complex logic of gene
regulation by these distal elements has been notoriously dif-
ficult to dissect, but advances in high-throughput CRISPR
screening and single-cell genomics have transformed the ca-
pability to classify how and where these cis-regulatory ele-
ments modulate transcription across the genome (4, 5, 29,
30).

Despite these recent developments, the impact of mechan-
ical stimuli on the non-coding genome and the resulting tran-
scriptional and phenotypic responses remain largely
unmapped. Here, we utilized genome-wide chromatin acces-
sibility profiling, epigenetic editing, high-throughput CRISPR
screening, and single-cell sequencing to characterize how
ECM stiffness cues activate cis-regulatory elements to
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regulate gene expression. Through this work we identify and
validate a novel set of cis-regulatory elements that are re-
sponsive to changes in the mechanical microenvironment.
For simplicity, we term these regions as “mechanoenhancers”
and show they behave as key drivers for downstream me-
chanically-driven behaviors in human cells. This work pro-
vides new insights into the regulation of gene expression by
mechanical cues.

Results

Widespread changes in gene expression and chromatin
accessibility result jfrom short-term exposure to
physiologically soft or stiff substrates

We first characterized the response of gene expression and
chromatin structure to changes in ECM stiffness cues by cul-
turing primary human neonatal foreskin fibroblasts (HFF
cells) and A549 tumor-derived lung epithelial cells on sub-
strate stiffness conditions mimicking a range of pericellular
environments found in both healthy and diseased tissues. Fi-
broblasts were chosen due to their key role in ECM synthesis
and their contribution to tissue fibrosis (31), and have been
extensively profiled via functional genomics. Similarly, the
A549 cell line responds to ECM stiffness (32), complements
skin fibroblasts, and has extensive functional genomics data
readily available (33-35). Cells were cultured for 20 hours on
either soft (elastic modulus, E = 1 KPa, mimicking soft con-
nective tissues) or stiff (E= 50 KPa, mimicking organized mus-
culoskeletal tissues or fibrotic lesions) polyacrylamide
hydrogels (9, 36, 37), as well as on tissue culture plastic (TCP,
E= ~1 GPa). The 20-hour time point minimizes transcrip-
tional feedback that could further complicate understanding
the direct influence of ECM stiffness on epigenetic state. After
20 hours, cells were harvested to examine both transcrip-
tional changes (RNA-seq) and chromatin accessibility
changes (ATAC-seq) in response to these ECM stiffness cues
(Fig. 1A). We performed all sequencing experiments in at
least duplicate per condition, and all RNA-seq and ATAC-seq
data were highly reproducible and met appropriate quality
control metrics (fig. S1 and table S1).

Transcriptomic analysis identified 4,009 differentially ex-
pressed genes in HFFs and 221 differentially expressed genes
in A549 cells (defined as false discovery rate (FDR) <0.05 and
absolute value(log,[Fold-Change]) > 0.5) (Fig. 1, B and C, and
tables S2 and S3). The disparity in the number of differen-
tially expressed genes between the two cell types may reflect
the difference in mechanical memory between primary cells
and immortalized lines, with transcriptional adaptation po-
tentially occurring after longer subculturing and increased
mechanical memory in A549 cells (38). Notably, 76 genes
were differentially expressed in both cell types, including ca-
nonical genes associated with YAP/TAZ translocation
(CYR61, CTGF, AMOTL2, ANKRDI1, and NUAK2) up-
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regulated on stiffer materials (Fig. 1D), consistent with previ-
ous studies (39, 40).

We next compared changes in chromatin accessibility be-
tween the soft and stiff hydrogels by ATAC-seq. After 20
hours of culture, we observed widespread changes in chro-
matin accessibility in both cell types, with ~23% of identified
accessible chromatin peaks showing significant (FDR < 0.01,
abs(Log2 Fold-Change)>1) differential accessibility in HFF
cells and ~15% in A549 cells between the two materials (Fig.
1, E and F, and tables S4 and S5). In both cell types, there was
an equal distribution of peaks exhibiting increased accessi-
bility on soft and stiff conditions. Both cell types shared only
about 10% of peaks that were more accessible on soft hydro-
gels (N=1,071 peaks) or stiff hydrogels (N=4,522 peaks) (Fig.
1G). The main difference between substrate conditions was
that more promoters were accessible on 50 kPa hydrogels
(fig. S2). This highlights that while these regions are some-
times shared between cell types, the vast majority of these
regions were cell type-specific (Fig. 1, H and I), in accordance
with previous observations of cell type specificity of genomic
enhancers (41). We then investigated the short-term reversi-
bility of changes in chromatin accessibility in response to
small molecule inhibitors of intracellular acto-myosin con-
tractility (Y-27632) and key co-activator protein-protein inter-
actions, verteporfin (TEAD-YAP interaction) and CCG-222740
(MRTF-A/CArG) (42, 43) (supplementary text 1, figs. S5 and
S6, and tables S6 and S31). HFFs cultured on 50 kPa hydro-
gels had 7,131 differentially accessible peaks after one hour
treatment with Y-27632. Treatment with verteporfin and
CCG-222740 for 18 hours resulted in similar magnitude
changes in differentially accessible peaks, with newly closed
peaks being enriched for TEAD and CArG/SRF motifs for
each inhibitor, respectively. These results highlight the role
of mechanical force and mechanosensitive signaling in alter-
ing the accessible chromatin landscape.

To further identify transcription factor modules that
might be driving these accessibility changes, we performed
de novo transcription factor motif analysis on the differen-
tially accessible peaks for both material conditions and cell
types, revealing enrichment for ATF, FOXF1, and CEBPA on
soft hydrogels and TEAD, FOXA, HNF1B, and LEF motifs on
stiff hydrogels (fig. S3). We additionally performed TOBIAS
transcription factor footprinting analyses on the ATAC-seq
data (44) to determine if there were stiffness-mediated
changes in protein-DNA engagement within these differen-
tially accessible chromatin peaks across material stiffness
conditions. Footprinting analysis showed more protein en-
gagement around TEAD family motifs on 50 kPa hydrogels in
HFF and A549 cells, and at HNF1 motifs in A549 cells on 50
kPa (Fig. 1, J and K; fig. S4; and tables S24 and S25). The
enrichment of TEAD on stiff materials is consistent with the
known role of TEAD in YAP/TAZ-mediated
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mechanotransduction (26, 45-47). On soft 1 kPa hydrogels,
CEBP family motifs and ZBTB motifs were the most prefer-
entially bound in HFF and A549 cells, respectively (Fig. 1, J
and K). Other motif families with differential engagement
across 1 and 50 kPa hydrogels in both HFF and A549 cells
included JUN/FOS (AP1), ATF, and ELK. In summary, both
motif analysis and transcription factor footprinting identify
TEAD, HNF, and CEBP as being the most differentially en-
gaged transcription factor families across materials of differ-
ential stiffness in HFF and A549 cells.

Previous work suggests chromatin looping can facilitate
interactions between cis-regulatory elements and the genes
they regulate. To investigate if mechanical stimuli altered
3-D chromatin interactions, we performed HiCAR (Hi-C on
accessible regulatory DNA) on HFF cells cultured on either
soft (1 kPa) or stiff (50 kPa) hydrogels. Of the called loops
(tables S7 and S8), ~12.5-12.8% were unique to a given stiff-
ness condition, whereas ~43.5-46.7% of called loops had over-
lapping loop anchors for both materials (fig. S7, A and B). We
next compared the chromatin loops and the differentially ac-
cessible ATAC-seq peaks for each ECM stiffness condition,
and 42.4%-42.9% of chromatin loop anchors overlapped at
least one differentially accessible ATAC-seq peak. For both
soft and stiff hydrogels, a larger proportion of ATAC-seq
peaks that overlap loop anchors were substantially more ac-
cessible in the ECM stiffness condition for which the loop was
called (fig. S7C). Specifically, 51.2% of differentially accessible
ATAC-seq peaks that overlapped a chromatin loop in cells
cultured on soft hydrogels were more accessible on soft hy-
drogels compared to stiff hydrogels (fig. S7D). Similarly,
55.7% of differentially accessible ATAC-seq peaks that over-
lapped a chromatin loop in cells cultured on stiff hydrogels
were more accessible on stiff hydrogels compared to soft hy-
drogels (fig. S7D). These results indicate that long-range chro-
matin interactions, in part, may facilitate the observed
changes in gene expression between cells cultured on soft or
stiff hydrogels.

Mechanoenhancers increase gene expression on stiff
materials

We next determined if any stiffness-sensitive chromatin re-
gions could harbor functional putative regulatory elements
(pREs). We first noted that one of the most differentially ac-
cessible regions across 1 and 50kPa hydrogels was an inter-
genic pRE located ~14kb upstream of FZD2 (fig. S13 and
supplementary text 2). This region had exogenous enhancer
activity in reporter constructs that responded to small mole-
cule perturbations in cell contractility. dCas9-KRAB repres-
sion of this upstream distal pRE was found to regulate FZD2
activity, confirming the role of this region as a mechanically-
responsive enhancer (or “mechanoenhancer”) of FZD2 that
becomes activated on stiffer materials.
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Given that cell contractility is necessary to maintain the
stiffness-dependent changes in chromatin accessibility ob-
served on stiff hydrogels (fig. S5), we next investigated cis-
regulatory mechanisms controlling the non-muscle myosin
genes MYH9, MYHI10, and MYH14. These genes encode non-
muscle myosins ITA IIB, and IIC respectively, which are the
primary drivers of cellular contractility in non-muscle cells
(48). In HFF cells, MYH9 was the predominantly expressed
non-muscle myosin and the only one to exhibit ECM stiffness-
dependent changes in expression, with a large absolute tran-
scriptional shift between 1 and 50kPa hydrogels (Fig. 2A). Our
ATAC-seq analysis identified 14 stiffness-sensitive chromatin
regions within 100kb of the MYH9 transcriptional start site
(TSS), so we next tested if any of these cis-regulatory regions
might be regulatory elements that modulate MYH9 expres-
sion in response to mechanical cues.

To perturb the epigenetic state at any specific genomic lo-
cus, we utilized CRISPR interference (CRISPRi) with the
dCas9**® epigenome editor. dCas9**® induces epigenetic si-
lencing by recruiting factors that catalyze the addition of re-
pressive histone marks at the target site (e.g., H3K9me3), also
leading to the removal of active histone marks (e.g.,
H3K4me3/H3K27ac) and decreased chromatin accessibility
(49, 50). We first performed a CRISPRi screen with a gRNA
library tiling all ATAC-seq peaks in HFF cells within +44.0 kb
of the MYH9 TSS regardless of whether they were mechani-
cally sensitive (114 regions, 5,192 gRNAs) (Fig. 2B). Cells were
fixed, stained for MYH9 (NMIIA), sorted into MYH9-high and
MYH9-low expression bins, and compared for their distribu-
tions of gRNAs (supplementary text 3, fig. S8, tables S9 and
S10, and methods). We identified five pREs as strong regula-
tors of MYHO protein expression, including two in the MYH9
promoter/TSS region and three within a ~5 kb section of in-
tron 3 of MYHO (Fig. 2, C and D). Of the three pREs in intron
3, only the first pRE was differentially accessible between soft
and stiff hydrogels (Fig. 2E). Further analysis of H3K27ac
across diverse ENCODE biosamples around the sub-region of
differential accessibility showed low H3K27ac signal in sus-
pension (e.g., K562 cells) or weakly adherent cell lines, but
greater H3K27ac signal across increasingly adherent and con-
tractile cell lines (e.g., HUVEC/HSMM; Fig. 2F). Singleton
validation of the screen hits confirmed the cis-regulatory role
of all of three hit pRE regions (fig. S9), with targeting of the
stiffness-sensitive intron 3 pRE#1 reducing MYH9 mRNA lev-
els by as much as 54% compared to controls (Fig. 2G), to ex-
pression levels consistent with those seen on soft ECM (Fig.
2A). Targeting the MYH9 promoter resulted in ~87% repres-
sion of MYH9 transcript levels (Fig. 2G). Immunostaining
with flow cytometry analysis confirmed similar trends in
MYH9 protein levels 15 days after transduction of the gRNA
along with dCas9**® (fig. S10). Vinculin-containing focal ad-
hesions (FAs) are Kkey mechanoresponsive subcellular
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structures, and their size and shape are strongly dependent
on myosin activity (48, 51). Repression of the MYH9 promoter
on tissue culture plastic showed substantial changes in cell
size and a near complete loss of vinculin-containing focal ad-
hesions (fig. S11). However, repression of the pRE#1 mecha-
noenhancer on rigid tissue culture plastic resulted in
significantly reduced FA size and altered actin organization
(Fig. 2, H to K, and fig. S11), indicating a lower contractile
state of these cells compared to cells that received the non-
targeting control gRNA. Thus, the MYH9 intron 3 pRE#1
functions as a mechanoenhancer and dictates MYH9 expres-
sion in response to ECM stiffness cues.

Nuclease-active Cas9 and densely tiled saturating gRNA
libraries can be used to determine key motifs involved in en-
hancer function by introducing a variety of disruptive small
insertions and deletions through non-homologous end join-
ing (NHEJ)-based DNA repair (52). Sequence changes in cells
with a loss of enhancer function are then used to identify key
transcription factor motifs. We adapted this Cas9 screening
approach to identify motifs in the MYH9 intron 3 mecha-
noenhancer that control MYH9 expression. Using a stable
HFF-Cas9 cell line, we introduced all 64 potential gRNAs til-
ing across the MYH9 intron 3 mechanoenhancer, and sorted
cells based on MYH9 protein expression as the screen end-
point (Fig. 2L and table S11). We identified three gRNAs that
substantially decreased MYH9 expression on TCP relative to
the other gRNAs across the mechanoenhancer (Fig. 2M). Of
these gRNAs, gRNA #24 targeted regions overlapping an
SRF/CaRG motif and gRNAs #43 and #65 both overlapped an
HLTF (helicase like transcription factor) motif (Fig. 2, N and
0). Upon delivery of these individual gRNAs, MYH9 mRNA
expression was significantly decreased, with a maximum of
~30% repression by gRNA #24 (Fig. 2P). Cytosolic G-actin ra-
tios regulate the mechanically responsive nuclear shuttling of
MRTF-A, which then interacts with DNA-bound SRF to fur-
ther regulate transcription (17). In further support of this SRF
motif region being critical for MYH9 mechanoenhancer ac-
tivity, the transcription factor footprinting analysis showed
signals suggestive of enriched protein binding around this
site that was increased on 50 kPa hydrogels (fig. S12). HLTF
is a key member of the SWI/SNF complex, which has been
implicated in actin-based YAP/TAZ release and subsequent
DNA binding (53). Together, these results support that actin-
associated mechano-signaling processes drive MYH9 mecha-
noenhancer activity.

An intronic mechanoenhancer of BMF is more active on
soft materials and is a key driver of the ECM stiffness-
driven apoptotic response

Low substrate stiffness, reduced adhesion, and limited cell
spreading have been shown to increase apoptosis or adipo-
genesis (7, 8, 54, 55). Apoptosis triggered by loss of ECM
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engagement is termed anoikis (56, 57), and developing re-
sistance to anoikis is a key step in cancer progression (58).
From our RNA-seq analysis, we noted that BMF, a key tran-
scriptional effector of anoikis, was strongly up-regulated on
soft substrates (Fig. 3A). We also identified a cluster of ATAC-
seq peaks near BMF that were significantly more accessible
on soft hydrogels (Fig. 3B). To examine if these peaks func-
tion as regulatory elements of BMF transcription, we cloned
the genomic DNA from the top three differentially accessible
regions (pRE1-3) into a luciferase reporter plasmid and trans-
fected these reporter plasmids into HFF cells cultured on
TCP. Luciferase activity was measured after 24 hours. Since
BMF transcription was increased in the low contractility con-
text of soft materials, we hypothesized that the addition of
ROCKi Y-27632 would further increase luciferase activity.
Only BMF pRE#1 in intron 4 demonstrated any basal en-
hancer reporter activity on TCP, which was significantly in-
creased following treatment with 10 uM Y-27632 compared to
DMSO, while other regions remained at basal levels (Fig. 3C).
This indicates that pRE#1 enhancer activity is increased in
low-contractility environments, further supporting the func-
tion of this region in driving increased BMF expression pref-
erentially on soft substrates.

We next tested the ability of BMF pRE#1 to regulate BMF
transcription and anoikis. Latrunculin-A (LatA) treatment is
a canonical model system for anoikis that is used to depoly-
merize the actin cytoskeleton to induce loss of FAs and integ-
rin engagement to mimic loss of adhesion to the ECM (59).
We transduced HFF cells with dCas9**® and either a non-
targeting gRNA or a gRNA targeting BMF pRE#1 or the BMF
promoter. After eight days, we evaluated BMF mRNA levels.
Treatment with LatA increased BMF expression ~60-fold
compared to DMSO-treated cells (Fig. 3D). Epigenetic repres-
sion of BMF pRE #1 and the BMF promoter reduced this LatA-
dependent increase in BMF expression by ~60% and ~85%,
respectively (Fig. 3D). We then assessed changes in apoptosis
by measuring caspase-3/7 activity using a luciferase reporter
system 14 days post-transduction (8 days +LatA). Repression
of BMF pRE #1 reduced LatA-induced apoptosis by ~50%,
while repression of the promoter completely prevented LatA-
induced apoptosis relative to the DMSO-treated control con-
dition (Fig. 3E). These observations were further supported
by direct measures of cell number, wherein cells were seeded
onto tissue culture plastic and one day later challenged with
LatA for three days prior to fixation and cell counting. BMF
promoter epigenetic repression was found to completely
block LatA-induced changes in cell number, and BMF en-
hancer repression showed significantly reduced cell number
compared to cells treated with a non-targeting gRNA (Fig.
3F), suggesting increased cell death or reduced proliferation.
Collectively, these data show that BMF pRE#1 acts as a mech-
anoenhancer of BMF, becomes activated on softer ECM
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stiffness, and regulates the apoptotic cellular response in
states of reduced cytoskeletal engagement and ECM attach-
ment.

High-throughput CRISPR screening identifies key
mechanoenhancers regulating cellular growth and
migration

To identify cis-regulatory elements that contribute most
strongly toward mechanosensitive cellular behaviors, we per-
formed high-throughput CRISPRi screening with cellular
growth and migration as the phenotypic readouts. We gener-
ated a library of 21,458 gRNAs targeting the top 1000 non-
promoter ATAC-seq peaks, ranked by their increased accessi-
bility on stiff hydrogels (tables S4 and S8). We also included
gRNAs targeting the promoters of 53 genes known to modu-
late migration (60) as positive controls, and 1000 non-target-
ing gRNAs as negative controls. HFF cells were transduced
with the library and then assessed for changes in growth or
migration (Fig. 4A). For the growth screen, gRNA enrichment
was determined on day 8 and day 29/30 (after ~14 population
doublings). The migration screen involved two consecutive
overnight transwell assays at eight days post-transduction,
with gRNA enrichment compared between migrated and
non-migrated cells (methods).

We observed strong negative effects on cell proliferation
when targeting the promoters of the positive control DepMap
essential genes (e.g., GPKOW, EIF3E, ACTGI1, CSNKIAI,
PCYTIA, PTPN23) (61, 62) and genes related to proliferation
(e.g., ABLI1, ITGB8, G3BP2, OTUDG6B) (63, 64). In the migra-
tion screen, we found that promoter-targeted repression of
key genes known to influence cell adhesion and force gener-
ation, including ITGAV, ACTGI1, CDC42, and TPM3 (60), led
to decreased cell migration (fig. S14:). Perturbation of me-
chanically sensitive pREs led to effects comparable to those
observed in the positive control promoter targets (fig. S14). Z-
score enrichment was found to be driven by a small fraction
of the gRNAs across both screens (Fig. 4, B and C), consistent
with previous reports on epigenetic editing of regulatory ele-
ments (30). In total, we identified 58 pREs regulating migra-
tion and 50 pREs affecting proliferation, with 7 regions
regulating both phenotypes (Fig. 4D, tables S12 and S13, and
methods). Although ECM stiffness is known to influence both
cell proliferation and migration (65, 66), we found no corre-
lation between the phenotypic scores across pREs regulating
either or both phenotypes (fig. S15A). Furthermore, perturba-
tions of pREs that regulated only migration or both pheno-
types had greater effects on migration compared to pREs that
regulated only growth (fig. S15B). There was no difference be-
tween the same groups for the growth phenotype. We next
asked whether any of the pREs from the growth and migra-
tion screens were functional in other cell types and tissues by
examining their overlap with accessible chromatin regions in
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95 ENCODE biosamples (table S14, supplementary text 4, and
fig. S16). pRE hits from functional screening had the greatest
overlap with accessible chromatin regions for highly adher-
ent cell types (e.g., skeletal muscle myoblast and fibroblast
lineages, 96-99% of pREs in accessible chromatin) and the
least overlap with suspension cell types (e.g., T cells and K562
cells with only 19% of pREs accessible). Together, these anal-
yses show the functional pREs that become activated on stiff
ECM are shared across multiple cell types and can be active
across many adherent cell types.

Single cell CRISPRi screening identifies gene targets
regulated by mechanoenhancers that drive cellular
growth and migration

To identify gene targets regulated by the pREs identified in
the proliferation and migration screens, we performed CRIS-
PRi followed by single cell RNA-seq. We designed a sub-
library of gRNAs targeting 87 pREs, selecting those with the
largest effect sizes from the previous screens, with 10 gRNAs
per pRE (methods). This library also included positive con-
trols of promoter-targeting and known enhancer-targeting
gRNAs, and 100 non-targeting negative control gRNAs, re-
sulting in a total of 1,005 gRNAs (table S15). We transduced
HFF cells expressing dCas9¥®® cultured on TCP with this
gRNA library at a multiplicity of infection (MOI) of 0.33, and
eight days post-transduction we profiled 103,440 quality sin-
gle cell transcriptomes (Fig. 4E). We recovered a median of 1
gRNA per cell and identified an average of 159 cells contain-
ing each gRNA (fig. S17, A and B). To link pREs to their gene
targets, we compared the expression of all genes within +1
Mb of each targeted pRE in cells that received the gRNA
against those that did not receive the gRNA (Fig. 4F, table
S16, and methods). This +1Mb window was chosen as previ-
ous studies suggest that most cis-regulatory interactions oc-
cur within this genomic distance (29, 67-69).

In total, we identified 201 significant pRE-gene connec-
tions total and connected 65 pREs to at least one gene (74.7%,
65/87), with a median of 2 genes linked to every significant
PRE and 1 pRE to each gene with at least one connection (fig.
S17, C to E, and methods). In contrast to the expectation that
a cis-regulatory element targets its nearest gene, we found
that a median of 3 and a mean of 6.5 genes were “skipped” by
PREs to regulate a more distant target gene (methods). In
fact, 37.1% of pRE-gene links skipped at least one other gene,
and 21.8% skipped five or more genes (fig. S22, A and B, and
supplementary text 5). One notable pRE had over 10 gene
linkages and was accessible in multiple ENCODE biosamples
(“ubiquitous” cluster in fig. S16, fig. S18, and supplementary
text 6). For the positive controls, we recovered 92% of ex-
pected promoter-targeting gRNA and 100% of enhancer-tar-
geting gRNA connections with their target gene (fig. S1I9A),
with all effects showing significant decreases in target gene
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expression as expected (fig. S19, B to E). Notably, perturba-
tion of the MYHY intron 3 enhancer (Fig. 2) reduced MYH9
expression and also up-regulated two additional genes,
APOL2 (~90kb downstream) and RAC2 (~900Kb upstream)
(table S16). Across the identified pRE-gene linkages, the mag-
nitude of gene repression correlated positively with the basal
expression level of the target gene, with more highly ex-
pressed genes showing stronger repression (fig. S20A). Gene
expression changes diminished as the distance between the
PRE and the target gene increased (fig. S20, B to D), con-
sistent with previous work (29). To determine the taxonomy
of the pREs, we intersected the pREs with predicted cis-reg-
ulatory elements in human cell types and tissues (70) and
chromatin state annotations in HFF cells (7I). The majority
of pREs identified by both bulk and single cell screening ap-
proaches overlapped distal enhancer-like signature (dELS) el-
ements and genomic regions annotated as having
“Enhancer”-like chromatin state (fig. S21, A to D).

Genes linked to mechanically regulated pREs play key
roles in diverse cellular functions

Next we examined the downstream target genes regulated by
PREs that showed strong functional significance in driving
growth or migration in our screens. Initially, we examined
the effects of perturbing the positive control MYH9 promoter
and its associated mechanoenhancer. We observed that tar-
geting the MYH9 intron 3 mechanoenhancer led to ~50% of
the repression as targeting the MYH9 promoter (Fig. 4G), in
agreement with the previous singleton gRNA experiments
(Fig. 2G). We compared the effect size of the top eight pRE-
gene linkages from the growth and migration screens (ranked
by phenotype Z-score) to the impact on target gene expres-
sion in the single cell RNA-seq screen (Fig. 4, F and G). For
comparison, we also included the top two pRE-gene linkages
that most strongly influenced gene expression without any
requirements for functional screen enrichment (Fig. 4F). Of
note, pRE#62 showed the strongest combination of effects on
gene expression and migration, and was found to modulate
the transcription of CYR61. Similarly, perturbation of pRE
#740 led to strong effects on both CTGF expression and cellu-
lar growth (Fig. 4, F and G). Both CYR61 and CTGF are canon-
ical YAP/TAZ target genes, with CYR61 being strongly linked
to migratory phenotypes across many cell-types (72), and
CTGF playing key roles in cellular growth (73, 74). Using this
single cell CRISPRIi screening approach we further identified
PREs as strong drivers of cell migration that also changed the
expression of genes known to function in mechanoresponsive
and cell migration-related pathways (Fig. 4F). These genes in-
clude CYR61 (CCN1, fig. S23), DUSP4 (fig. S24, A and B),
FAM98B and RASGRPI (fig. S25), and RANGAPI (fig. S26)
(supplementary text 7). Similarly, perturbation of pREs driv-
ing cellular growth led to changes in expression of genes with
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known functions in cell proliferation, including CTGF (also
known as CCN2, Fig. 5E), NF2 (fig. S23, C and D), and SKP2
(fig. S27), as well as in genes not previously linked to cell pro-
liferation including RFLNB (fig. S24, C and D) (supplemen-
tary text 8).

To validate the pRE-gene linkages identified in the single
cell RNA-seq CRISPRI screen, we selected 13 pRE-gene con-
nections for singleton gRNA validations and validated 30
gRNAs across these connections in HFF cells. We delivered
individual gRNAs to the same HFF CRISPRI cell line cultured
on TCP and assayed for changes in gene expression via RT-
qPCR at eight days post-transduction. We confirmed 10 out
of 13 pRE-gene connections, validating mechanoenhancers of
CTGF, RFLNB, SKP2, NF2 (growth) and CYR61, DUSP4,
FAM98B, RASGRPI1, RANGAPI, and ZC3H7B (migration) (Fig.
4, F and G; figs. S23 to S27; and table S17). The changes in
mRNA expression in the validations correlated with the gene
expression changes observed in the single cell screen (fig.
S28). Collectively, these data demonstrate that many of the
identified pREs are bona fide mechanoenhancers that regu-
late the expression of key genes and ultimately alter cell
growth and migration in response to ECM stiffness cues.

Epigenetic repression of validated mechanoenhancers
impairs cellular mechanosensitivity across cell types
and ECM stiffness

Next, we selected three validated mechanoenhancers for ad-
ditional analysis (SKP2, CTGF, and MYH9) based on their re-
sponsiveness to both material stiffness and cell contractility
inhibition, as well as their implicated role in fibrosis (13, 75-
77). Specifically, we first tested the effect of epigenetic repres-
sion of these mechanoenhancers on transcription in HFFs
and A549 cells cultured on the fibronectin-coated hydrogel
system (1 and 50 kPa) as well as TCP on which the screens
were performed. All three mechanoenhancers were accessible
and responsive to CRISPRi under at least one condition in
each cell type (Fig. 5). The SKP2 mechanoenhancer (~4Kkb
downstream of the TSS, Fig. 5A) was responsive to CRISPRi
on TCP, but not on the hydrogels in HFF cells (Fig. 5B). How-
ever, in A549 cells, this SKP2 mechanoenhancer was re-
pressed by CRISPRI in all conditions and showed increased
magnitude of response with increasing stiffness (Fig. 5C). The
intergenic CTGF mechanoenhancer (~133kb upstream of the
TSS, Fig. 5D) showed strongly increasing transcriptional con-
tributions with increasing ECM stiffness in HFF cells (Fig.
5E). In contrast, the CTGF mechanoenhancer showed more
modest activity and limited stiffness response in A549 cells
(Fig. 5F). Finally, transcriptional contributions from the
MYH9 intron 3 mechanoenhancer (~57kb downstream of the
TSS, Fig. 5G) were strongly stiffness-dependent in both cell
types (Fig. 5, H and I). Epigenetic repression of each mecha-
noenhancer nearly completely removed stiffness-driven

(Page numbers not final at time of first release) 6

G202 ‘9z Jequeldss uo A1SBAIUN peAeH e 610'80us 10s'Mmm//sdny Wodj pepeoumod


https://science.org/

increases in transcription, resulting in levels of transcription
that were similarly low across all material conditions.

Tissue fibrosis is associated with changes to ECM compo-
sition and stiffening of local matrix mechanical properties
that can provide positive feedback to pathological progres-
sion (78). Gene targets of our identified mechanoenhancers
have been implicated in fibrotic disease, including of CTGF,
which is a hallmark of fibrosis across numerous tissues and
CTGF expression is specifically found to be up-regulated in
patients diagnosed with idiopathic pulmonary fibrosis (IPF)
(75). To determine if these validated mechanoenhancers are
functional in cell types relevant to fibrotic disease, we char-
acterized activity of these mechanoenhancers in primary hu-
man lung fibroblasts isolated from four control healthy
donors and four donors with IPF (Fig. 5, J to L). Lung fibro-
blasts were harvested from tissue using a magnetic-activated
cell sorting (MACS)-based enrichment approach, cultured,
transduced with a lentivirus encoding dCas9**8, and subse-
quently transduced with an additional lentivirus encoding a
gRNA targeting either the SKP2, CTGF, or MYH9 mechanoen-
hancers. First, we studied IPF and healthy donor fibroblasts
stimulated with PDGF« as a baseline mitogen allowing for
cell outgrowth (79, 80). All primary fibroblasts were seeded
on rigid TCP to induce strong baseline fibrogenic activation
and assess mechanoenhancer activity. Immunostaining re-
vealed modestly increased alpha smooth muscle actin
(xSMA), a marker of fibroblast activation, in the IPF-derived
fibroblasts relative to cells from healthy donors under these
conditions (Fig. 5K). At baseline, the expression of CTGF,
SKP2, and MYH9 was generally similar across healthy and
IPF donor fibroblasts with PDGF« treatment alone (Fig. 5L).
This is potentially due to the rigid TCP culture conditions
outweighing the effect of the disease state of the original do-
nor in driving activity of these mechanoenhancers. We also
compared the transcriptional responses between healthy
lung fibroblasts activated in vitro with TGFB1 to induce the
fibroblast to myofibroblast transition implicated in fibrosis
(81). Strongly increased immunostaining of «SMA confirmed
that TGFpR1 treatment successfully activated healthy lung fi-
broblasts relative to the baseline PDGFo + TCP treatment
(Fig. 5K). In cells treated with a non-targeting gRNA, TGFp1
treatment reduced SKP2 expression by ~60%, increased
CTGF by nearly 100-fold, and slightly increased MYH9 ex-
pression compared to the baseline PDGF« treatment (Fig.
5L).

We next used CRISPRi of the SKP2, CTGF, and MYH9
mechanoenhancers to assess their specific transcriptional
contributions across these eight donor-derived cell lines and
two fibrotic model culture systems. Notably, repression of
these mechanoenhancers reduced transcriptional activity of
their target genes across all eight donor lines (Fig. 5L). This
strong conservation across samples suggests a broad role of
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these mechanoenhancers in gene regulation. Moreover, epi-
genetic repression of the CTGF mechanoenhancer prevented
96% of the 100-fold increase in transcription induced by
treatment of healthy donor fibroblasts cultured on TCP sup-
plement with TGFR1. These findings highlight the critical,
context-dependent role of these mechanoenhancers in regu-
lating gene expression in response to mechano-chemical
stimuli, including ECM stiffness and pro-contractile soluble
cues. Epigenetic editing of these mechanoenhancers effec-
tively reduced ECM stiffness-mediated transcriptional re-
sponses and prevented the activation of genes known to be
associated with the fibroblast-to-myofibroblast transition in
isolated lung fibroblasts from healthy and IPF donors, includ-
ing CTGF and MYHO (75, 82).

Conclusions

Using complementary modern technologies for functional ge-
nomics, we identified a class of cis-regulatory elements that
are responsive to changes in material stiffness, which we re-
fer to as “mechanoenhancers.” Mechanoenhancers could be
more active on either soft or stiff substrates and were depend-
ent on intracellular contractility. Functional screening re-
vealed that some pREs could act as Kkey transcriptional
drivers of fundamental cell processes, including ECM mech-
anosensing, apoptosis, cellular growth, and migration. Nota-
bly, these mechanoenhancers were active in lung fibroblasts
isolated from healthy and IPF donors when cultured on tissue
culture plastic (Fig. 5). The gene-to-mechanoenhancer con-
nections identified through unbiased transcriptome-wide
screening revealed that, unlike promoter-based regulation,
mechanoenhancers often regulate multiple downstream gene
targets, with a median of two linkages per pRE, spanning
large genomic distances (figs. S17 and S20). This provides one
example of how mechanical and chemical cues, particularly
those that regulate contractility, may combine to regulate
mechanoenhancers. Together, this work suggests that epige-
nome editing of mechanoenhancers can be an effective
means of decoupling mechanically-driven behaviors from the
mechanical stimuli.

On stiff ECM conditions, we found that the activities of
multiple mechanosensitive signaling pathways likely drive
the activity of mechanoenhancers. We observed that mecha-
noenhancers were enriched with binding sites for canonical
mechanosensitive transcription factors including TEAD and
SRF/CarG (Figs. 1 and 2 and figs. S3 and S4) (26, 40, 45), in
addition to motifs for protein families that have not previ-
ously been strongly associated with mechanosensing path-
ways (e.g., LEF, FOXA, HNF) (figs. S3 and S4). A key question
for future work will be determining how multiple mechano-
sensitive proteins and pathways work in combination to reg-
ulate changes in gene expression at mechanoenhancers.

While mechanosensitive signaling pathways that increase
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transcription on stiff ECM are well-described, comparatively
less is known about those that drive increased transcription
preferably on soft ECM. Previous studies examining chroma-
tin accessibility in soft hydrogel conditions with ATAC-seq
did not find peaks with increased accessibility preferentially
on soft materials (45, 47). However, through the use of on-
plate ATAC-seq processing that did not require de-adhesion
of cells prior to collection, we identified a large subset of
peaks that were more accessible on soft ECM (Fig. 1, E to GQ),
with one region preferentially open on soft ECM found to
function as a BMF mechanoenhancer. One potential mecha-
nism driving this pattern of activity is stiffness-induced epi-
genetic repression. For instance, dynamic mechanical stretch
can induce the H3K27me3 repressive histone mark and tran-
scriptional down-regulation (20-22). YAP-based epigenetic
repression around this BMF mechanoenhancer on TCP was
previously noted in non-small cell lung cancer (NSCLC)
treated with kinase inhibitors, further supporting a stiffness-
induced epigenetic repression mechanism (83) (supplemen-
tary text 9). A key aspect of future work will be to determine
if stiffness-induced epigenetic repression is a common mech-
anism of mechanoenhancer regulation.

One common characteristic of mechanically-induced dis-
ease states, including cancer and fibrosis, is the excessive ac-
tivation of positive feedback loops that amplify mechanical
signaling and drive disease progression (78, 84-87). In this
process, initial increases in ECM stiffness trigger gene expres-
sion changes that further sensitize cells to, or increase, ECM
stiffness cues. This work identified mechanoenhancers that
drive the activation of multiple genes likely contributing to
these positive feedback loops, including CTGF, CYR61, MYHO,
RFLNB, RANGAP1, RASGRPI, and NF2. For example, we
found that the MYH9 mechanoenhancer drives increased ex-
pression of MYH9 in response to ECM stiffness, thereby ini-
tiating a possible mechanical signaling loop wherein
enhanced contractility potentially further activates the mech-
anoenhancer which sensitizes the cell ECM stiffness changes
(87). Another potential example of propagating mechanical
feedback loops is through the mechanoenhancer for
RANGAPI, a key factor in cytoplasmic-nuclear shuttling that
promotes increased import into the nucleus (75, 88). In this
proposed positive feedback loop, mechanical forces activate
the mechanoenhancer resulting in increased RANGAPI ex-
pression, which potentially promotes nuclear import and fur-
ther increases the sensitivity of that cell to subsequent
mechanical signals. This extends current models of how me-
chanical force can directly bias nuclear transport (89), by sug-
gesting that this process may be further tuned by
transcriptional feedback from mechanoenhancers of key nu-
clear transport machinery like RANGAP]I.

By epigenetic editing of mechanoenhancers activated by
increased ECM stiffness, we could prevent increased
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expression of key genes (e.g., CTGF) associated with fibrotic
disease. These effects are likely due to reduced activation of
mechanosensitive positive feedback loops. Moving forward,
epigenome editing of mechanoenhancers will be a powerful
tool for precisely engineering cellular responses to the me-
chanical microenvironment, and could have widespread ap-
plications in both cell engineering and gene therapy.
Therapeutic modulation of known gene targets implicated in
mechanically-driven disease states like cancer, atherosclero-
sis, fibrosis, and aging has historically proven to be challeng-
ing, as strong modulation of genes and their products can
disrupt both pathogenic and essential functions. If therapeu-
tic epigenome editing of key mechanoenhancers can modu-
late pathogenic positive feedback loops while leaving
essential signaling functions intact, this approach may enable
novel treatment strategies in mechanosensitive diseases.

Materials and methods

Cell culture for RNA/ATAC-seq

Primary human neonatal fibroblasts (HFF cells) were ac-
quired from ATCC (CRL-2097) and cultured in DMEM with
10% FBS, 1% AntiAnti, and 1% NEAA (Sigma) on TCP. A549
cells were cultured in F-12K Medium from ATCC (30-2004)
with 10% FBS. All work was performed within 30 doublings
from the initial passage of the vial.

RNA-seq and Omni-ATAC-seq

Cell culture and soft hydrogel processing

Polyacrylamide hydrogel 35 and 150 mm PetriSoft EasyCoat
dishes (Matrigen) with an Elastic Modulus of 1 kPa (“soft”)
and 50 kPa (“stiff”) were used for all NGS experiments. These
dishes were incubated for 5 min with sterile PBS, rinsed two
more times with sterile PBS, followed by addition of 10 ug/mL
fibronectin (Sigma) for 30 min at room temperature. Fibron-
ectin was then removed, and dishes were rinsed twice with
sterile PBS, followed by a 20-min incubation with complete
growth media while cells were passaged. Media was removed
from the dishes and cell suspensions were added and allowed
to attach overnight.

Bulk RNA-seq

40k HFF cells were seeded on 35mm 50 kPa dishes and TCP
dishes, while 70k HFF cells were seeded on 1 kPa 35mm
dishes to achieve the same effective plating density due to
slightly reduced HFF attachment rates (and spreading) on
1kPa hydrogels. Similarly, A549 cells were seeded on Mat-
rigen T75 flasks (1 kPa and 50 kPa) at slightly variable densi-
ties to account for reduced cell attachment on softer
substrates (2 million cells and 1.25 million cells, for 1 and 50
kPa flasks). 20 hours after seeding, cells were trypsinized
spun down at 300g for 5 min and then RNA was isolated from
the cells using the Norgen Total RNA Purification Kit
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(#17250) according to the manufacturer’s protocol, and sam-
ples were run on an RNA TapeStation (Agilent) to verify all
samples had a RIN score > 8. cDNA Libraries were built from
our RNA inputs using the TruSeq Stranded Library Prep Kit
(IMumina #RS-122-2101) according to manufacturer’s instruc-
tions. Quality control was performed by running the ampli-
fied libraries out on a High Sensitivity D1000 Tapestation
(Agilent) to confirm expected size, and Qubit dsDNA HS as-
says were performed to determine a final concentration. Li-
braries were diluted to 10nM and pooled together in equal
volumes, followed by sequencing performed on an Illumina
HiSeq 2500 using a 50bp PE RapidRun Kit. Resulting reads
were subjected to adapter trimming using Trimmomatic
v0.32 (90), aligned to GRCh38 with the STAR v2.4 aligner
(91), and counts were retrieved using featureCounts (92) from
subread version 1.4.6p4 with Gencode v22 gene annotations
used as reference. Differential expression analysis was per-
formed using edgeR quasi-likelihood methodology (93) and
data was visualized using Degust (94) and Rstudio. Genes
with significant differential expression were determined us-
ing a threshold of FDR < 0.05 and absolute value of Log,(FC)
> 0.5.

Omni ATAC-seq

HFFs were seeded on 35mm Matrigen dishes of varying stiff-
ness (1, 12, 50 kPa elastic modulus) at slightly variable densi-
ties to account for reduced cell attachment on softer
substrates (70K, 45Kk, 40k HFF cells seeded per group) and al-
lowed to culture for 20 hours. A549s were seeded in a similar
fashion with Matrigen T75 flasks (1, 50 kPa elastic modulus)
seeded with either 2 million and 1.25 million cells per flask,
respectively and allowed to culture for 20 hours. For Y-27632
ROCKi experiments, the cells were seeded as normal, but 1
hour prior to harvest 10 uM Y-27632 ROCKi (StemCell Tech)
in growth media was added to the cells. For verteporfin
(Sigma-Aldrich) and CCG-222740 (MedChemExpress) stud-
ies, these inhibitors were added 18 hours prior to harvest and
used at 0.7 uM and 20 pM, respectively. The Omni-ATAC-seq
protocol was used to minimize mitochondrial reads from the
preps (95), however no trypsinization was used and instead
on-plate disruption/removal of nuclei (using the digitonin
present in the lysis buffer) was used to better preserve nu-
clear mechanical context and connectivity prior to transposi-
tion by the Tn5. Following the final PCR, libraries were
cleaned with a 0.5x/1.8x double-sided SPRI clean. Libraries
were subjected to quality control by determining the number
of cycles required to reach 25% of the peak threshold in the
diagnostic PCR, as well as running the amplified libraries out
on a High Sensitivity D1000 Tapestation (Agilent) to confirm
expected size, and Qubit dsDNA HS assays were performed
to determine a final concentration. Libraries were individu-
ally diluted to 6nM and then pooled at equal volumes prior
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to sequencing on an Illumina HiSeq 4000 using a single lane
of 50bp single end reads. FastQC (96) was used to identify
read quality, and adapter reads were trimmed using Trimmo-
matic v0.32 (90) followed by Bowtie (97) alignment (v1.0) of
the reads to the reference genome using the settings: -v 2
-best -strata -m 1 with duplicate reads removed using Picard
MarkDuplicates (v1.13) and ENCODE hg38 blacklist reads re-
moved using bedtools2 v2.25 (98). Peak calling was per-
formed using MACS2 with narrowPeak settings and a
threshold of FDR < 0.001 (99), and a master peak set was
generated as the union set of all called peaks across every
sample analyzed (224,906 unique regions total). Count matri-
ces were made using featureCounts (92) and DEseq2 v1.36
was used for differential accessibility analysis (Z00). Annota-
tion of genomic regions was performed using ChIPSeeker
(101), interactive visualization of processed data was done us-
ing Degust (94) and Rstudio along with ggplot2 and tidyverse
plugins were used to generate data visualizations. Sequenc-
ing-depth normalized ATAC bigWig files were generated us-
ing deeptools bamCoverage v3.0.1 (102). All motif analysis
was performed using the HOMER suite (103).

Footprinting

A TOBIAS-based footprinting analysis was performed to as-
sess differential transcription factor (DTF) binding in A549
cells and HFF cells under distinct conditions (1kPa vs 50 kPa).
Replicates for each condition were merged using samtools
(v1.21). The resulting BAM files were then sorted and indexed.
To correct for Tn5 insertion bias, ATAC-seq BAM files and
peak sets were processed by TOBIAS (version 0.17.1) ATACor-
rect with the hg38 reference genome (44), which generated
corrected BigWig files for downstream analysis and visuali-
zation. TOBIAS FootprintScores were then applied to the cor-
rected files and corresponding union peaks to generate
footprint scores for each condition. DTF binding analysis was
performed using TOBIAS BINDetect, with motif definitions
from the JASPAR 2024 CORE vertebrates non-redundant da-
tabase in MEME format. TOBIAS PlotTracks was used to vis-
ualize DTF footprints at specific genomic loci. ATAC-seq
signal tracks and corresponding footprint scores from both 1
kPa and 50 kPa conditions were plotted across selected ge-
nomic regions defined in a custom BED file. High-confidence
binding sites were overlaid as both sites and highlight tracks
to emphasize regions of interest. Gene annotations were in-
corporated from the GENCODE v47 GTF file, and distinct
color codes were applied to facilitate condition-specific com-
parison.

HiCAR

HFF cells were seeded on Matrigen T75 flasks (1 kPa and 50
kPa) at slightly variable densities to account for reduced cell
attachment on softer substrates (2 million and 1.25 million).
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After 20 hours, HiCAR libraries were prepared as previously
described, with the following modification: glycine was
added to a final concentration of 0.125 M and incubated at
room temperature for 5 min to quench formaldehyde (104).
This protocol included a rapid fixation step prior to Tn5
transposition. 200,000 crosslinked cells were used for each
replicate. Nuclei were isolated using NPB buffer (5% BSA in
PBS, ImM DTT, 0.2% IGEPAL, Protease Inhibitor) and incu-
bated with assembled Tn5 transposase in 1X TB buffer (33
mM Tris-AC pH 7.8, 66 mM KCI-AC, 10 mM Mg-AC, 16%
DMF) at 37C on a rotator for 1 hour. Chromatin digestion was
performed with Msel, followed by in situ ligation with T4
DNA ligase and DNA purification. Purified genomic DNA was
further digested with NIalIl and circularized with T4 DNA
ligase, followed by DNA purification and PCR amplification.
After size selection, the libraries were sequenced using the
Illumina Novaseq X.

The analysis pipeline to process the HiCAR libraries can
be found at https://nf-co.re/hicar/1.0.0 with the following pa-
rameters: --genome GrCh38, --profile singularity, --ensyme
‘Msel’, --restriction_sites ‘ATAA’, --resample_pairs, --
qval_thresh 0.01. Briefly, quality reads were determined us-
ing FASTQC
[https://www.bioinformatics.babraham.ac.uk/projects/fastq
c/] then adapters were trimmed using cutadapt (105). Reads
were aligned to the reference genome using bwa mem
[https://bio-bwa.sourceforge.net/bwa.shtml#12]. Aligned
reads were then processed using pairtools (106) and quality
control was performed using pairsqc
[https://github.com/4dn-dcic/pairsqc]. MACS2 (99) was used
to call peaks and MAPS (107) was used to find genomic inter-
action loops. Differential analysis was performed using edgeR
(93) and files for visualization were generated using Cooler
(108) and Juicer (109). To compare the chromatin loops be-
tween ECM stiffness conditions, we used bedtools pairtopair
with the -type parameter set to both, either, or neither (110).
To compare the chromatin loops with the differentially acces-
sible ATAC-seq peaks, we used bedtools pairtobed (110).

MYHQ locus screening

Library design and cloning

Using the ATAC-seq data, every open chromatin region that
was within 440 kb of the MYH9 TSS was used as input to
generate an oligo pool. For each ATAC-seq peak, we included
any gRNA that had a GuideScan specificity score of > 0.2,
which has previously been shown to increase the quality of
non-coding screens (11I). This resulted in 114 peaks repre-
sented in the library, with an average of ~41 gRNA/peak. We
also included 500 non-targeting gRNA as negative controls
(112). This combined gRNA library of 5,192 gRNA was synthe-
sized as an oligo pool by Twist Biosciences with common
overhangs for cloning into our lentiviral backbone.
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This oligo pool was PCR amplified, and a hU6-driven len-
tiviral gRNA vector (pBDC119) was then digested with Esp3I,
gel purified, and then ligated along with the amplified oligo
pool by Gibson assembly. Following a 1x SPRI cleaning, the
Gibson assembly was transformed into Endura competent
cells (Lucigen) according to the manufacturer’s protocol, and
cultured overnight before maxi-prepping the gRNA-library
plasmid. A PCR amplicon across the gRNA region of the re-
sulting plasmid was sequenced to a depth of ~100k-1M read
pairs on an Illumina miSeq in order to verify coverage across
the entire gRNA library (fig. S29).

Lentiviral generation and functional titering of MYHO locus
library

gRNA library plasmid was co-transfected into ~18M
HEK293T cells along with two lentiviral packaging plasmids
using Lipofectamine 3000 (ThermoFisher). 20 hours post-
transfection, the transfection media was removed and fresh
growth media was added. Media containing viral particles
was removed one day later at 48 hours post-transfection and
stored, replaced with fresh media and collected one day later
before being stored at 4C. Combined media containing viral
particles was filtered through 0.45 pm low-protein binding
filters, and then concentrated using Lenti-X Concentrator
(Takara Bio) according to the manufacturer’s protocol. Func-
tional titering to determine MOI was performed by transduc-
ing HFF cells across a 50x-10,000x dilution range of the viral
stock, and then subjecting the cells to FACS-based cell sorting
to identify what percent of the population was mCherry+ for
each viral stock dilution.

CRISPRi locus screen

A stable HFF line was created using a lentiviral dCas9-KRAB
construct [pLV-hUbC-dCas9-KRAB-2A-Blast (pJB289)], fol-
lowed by the gRNA library being transduced at an MOI of
~0.33 and Puro selection for four days at 1 ug/mL. Cells were
maintained for an additional four days, prior to trypsiniza-
tion and fixation at Day 10 post-transduction. Following tryp-
sinization with 0.25% Trypsin-EDTA for 5 min at 37C, trypsin
was neutralized with 1X volumes of complete growth media
following by 300g for 5 min centrifugation and aspiration of
the supernatant, one rinse with 1X volume PBS followed by
another centrifugation and aspiration leaving 200uL of PBS
above the pellet. The eBioScience ICC Fixation kit (Ther-
moFisher) was used to fix/permeabilize cells according to
manufacturer’s instructions, with both reagents being equili-
brated to room temp prior to usage. Fixation was performed
through the addition of 500uL. eBioSciences Fix/Perm Buffer
(ThermoFisher) to the 200uL. PBS and pellet, and incubation
at room temperature for 20 min. At the end of this incubation
1X Permeabilization Buffer was added to 8mL total volume,
spun at 600g for 5 min, followed by an additional perm buffer
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rinse. Following this step: HFF cells were counted, and ~2M
cells were removed to be used for unsorted controls, and
~500K cells were set aside to be control samples for single
channel compensation controls. Immunostaining of MYH9
was performed using a AlexaFluor-488 conjugated Rabbit
monoclonal anti-NMMIIA antibody (clone EPR8965, Abcam,
#ab204675) at a ratio of 0.5 uL antibody per 300k HFF cells
per 100uL. of Perm Buffer which was determined to be the
ideal staining ratio using an antibody titration series. HFF
cells were incubated for 30 min at room temperature in the
dark on a nutating rocker, a 600g for 5 min spin, and two
repeats of 3mL 1X Perm Buffer rinse/spin cycles. Following
the last spin down, cells were resuspended in FACS Buffer [1X
PBS supplemented w/ 1% BSA (Sigma) and 0.5mM EDTA
(Sigma)] at density of ~OM cells/mL and sorted. A SH800 Cell
Sorter (Sony Biotechnologies) was used to separate out the
top/bottom-expressing MYH9 fractions following im-
munostaining. Compensation panels were set up using single
channel expressing cell populations including untreated
cells, antibody-only cells, mCherry-only cells. The top 10%
and lower 10% of the MYH9 population was sorted off and
used for downstream gRNA-enrichment analysis and se-
quencing.

gDNA recovery and library preparation

Cells were counted following sorting to verify enrichment,
followed by DNA recovery/extraction from fixed cells using
the PicoPure DNA extraction kit (ThermoFisher) according to
manufacturer’s instructions. Recovery digests were per-
formed for 20 hours at 65C using up to 1.5M HFF cells per
reaction volume. All gDNA was split between sample-indexed
100uL. Q5 PCR reactions (up to ~340ng max input per 100uL.
reaction) to amplify out the gRNA protospacer from HFF
cells. These PCRs from gDNA were run as follows [ 98C for
30s / 25x: 98C for 10s, 60C for 30s, 72C for 15s / 72C for 2 min]
with primers in table S19, followed by individual PCRs being
pooled together and subjected to a double-sided 0.65X/1X
SPRI clean-up. Quality control was performed by running the
amplified libraries out on a High Sensitivity D1000 Tapesta-
tion (Agilent) to confirm expected size, and Qubit dsDNA HS
assays were performed to determine a final concentration. All
libraries were pooled to an effective concentration of 4 nM
and combined in equal volumes prior to sequencing on an
Illumina MiSeq, using a v2 50 cycle reagent kit with Readl
being 21 cycles (protospacer) and index read 1 being 6 reads
(sample barcoding).

MYHQ locus library analysis

Resulting FASTQ files were aligned to a custom reference se-
quence corresponding to the given gRNA library using bow-
tie2 and all downstream analyses were performed in R. All
gRNA were verified to be represented in the baseline
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untreated library dat Day 8 post-transduction, and counts+1
for each gRNA were taken (to normalize for samples that
dropped out in one condition) and normalized by sequencing
depth for each library before downstream analysis (in counts
per million reads sequenced, “CPM”). Due to the highly ap-
parent strand bias in the positive-strand when targeting the
MYH9 gene body (supplementary text 1), we only included
the non-interfering gRNA from the negative strand (2,863
gRNA). A ratio was taken of the CPM for each gRNA of the
low MYH9 expression group to high MYH9 expression group
to identify whether the gRNA perturbation led to increases in
enrichment in either expression bin. Next, for each screen
replicate the Z-score was calculated for each gRNA relative to
the control non-targeting gRNA population using similar
methodologies as previously described in (6). First, each sam-
ple’s ratio was converted to a log2 fold-enrichment, and pop-
ulation statistics for the negative control non-targeting
gRNAs (median, standard deviation, gRNA number) were cal-
culated. For each individual gRNA, the median of the nega-
tive control fold-enrichment was subtracted from each
individual gRNA'’s log2 fold-enrichment value, and this value
was further divided by the standard deviation of the negative
control non-targeting gRNA population to get an individual
Z-score relative to the negative control population. Raw Z-
score values from both replicates were pooled to calculate
PRE-wide effects. Phenotype scores (t-score based) were cal-
culated as:

Svar ~ Svar
Nexp NCTL
Svar =Var(pRE)*(N (pRE)~1)+Var(CTL)*(Nctl -1)

Phenotype Score = U(pRE) -U CTL/ [

Individual gRNA validations

For gRNA validations of all 5 hit pRE across the MYH9 locus
(including the two promoter/exonl regions). Oligos contain-
ing protospacer sequences were synthesized by IDT and
cloned into pLV_hU6-sgRNA_hUbC-GFP-P2A-PuroR
(Addgene plasmid #162335). Sanger sequencing was used to
confirm the identity of the gRNA. Lentivirus was generated
as previously described (methods). dCas9-KRAB expressing
HFF cells were seeded onto TCP and transduced on day 0. 24
hours post-transduction, lentivirus was removed and re-
placed with fresh growth media. Puromycin selection was ap-
plied as described for the bulk screen, and cells were
harvested nine days post-transduction. mRNA was isolated
using the Norgen Total RNA Purification Kit (#17250) accord-
ing to the manufacturer’s protocol. 100 ng mRNA was used
as input for cDNA amplification using the Invitrogen Super-
Script VILO cDNA Synthesis Kit. For RT-qPCR, each reaction
contained 1 uL cDNA, 7 uL H20, 1 uL. Tagman probe for TBP,
1 uL Tagman probe for MYH9, and 10 uL. Quantabio PerfeCTa
FastMix II. Delta delta Ct analysis was performed in
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Microsoft Excel. Graphpad Prism was utilized to conduct one-
way ANOVA tests followed by Tukey’s HSD for post-hoc test-
ing. Significance is reported in Fig.s as follows: *p-value <
0.05, **p-value < 0.01, ***p-value < 0.001. Tagman probe in-
formation provided in table S20. A portion of the transduced
cells for the MYH9-intron 3 pRE were propagated to day 15
and then subjected to MYH9 immunostaining and flow cy-
tometry as described in the bulk screen section, with gain val-
ues held constant across all collections across samples.
Populations were plotted to show shifts relative to transduc-
tion with the non-targeting gRNA. Noting high values of
MYH9 promoter-targeting gRNA, we did a similar transduc-
tion and examined RNA expression at day 6 post-transduc-
tion and saw markedly lower levels of MYH9 expression,
supporting the idea that MYH9 deficiencies in cytokinesis led
to a dropout of transduced cells over longer timeframes (fig.
S10).

Actin & vinculin labeling/immunostaining and focal adhe-
sion tmaging/analysis

HFF cells were seeded into 24 well-plates while being trans-
duced with lentiviruses encoding an all-in-one construct that
expressed dCas9-KRAB/hU6-gRNA (Addgene plasmid
#71236) with the gRNA being either a non-targeting control,
an gRNA for the MYH9 intron 3 enhancer, and a gRNA for
the MYHO promoter. Viral media was removed 20 hours later,
and replaced with complete growth media. Puromycin selec-
tion was started 2 days post-transduction, wherein 1.5 ug/mL
Puromycin was added to the growth media for 3 days prior
to removal of the antibiotic selection and continued passag-
ing of the cells for expansion. Six days post transduction our
transduced HFF cells were seeded at at ~5k cells/well into p-
Slide 8 Well Glass Bottom (ibidi) chamberslides that were
coated with 10 ug/mL fibronectin for 45 min at room temp
and rinsed 1x with PBS prior to seeding. Following an over-
night culture, the media was removed on the chamberslide
and 200uL of 4% PFA was gently added to each well and cells
were fixed at room temp for 15 min, rinsed 2x with PBS, and
then permeabilized with a permeabilizing solution [PBS sup-
plemented with 0.5% TritonX-100, 10% w/v sucrose, 600uM
MgCl2] for 10 min at 4C. Permeabilizing solution was then
removed from cells, followed by 2x PBs rinses, and blocked
with a labeling solution [1% bovine serum albumin (Sigma)
in PBS] for 30 min at room temperature. Fresh labeling solu-
tion was added that contained a 1:300 dilution of a Rabbit
monoclonal anti-Vinculin antibody (clone EPR8185, Abcam,
#ab129002) and incubated in a nutating rocker in the dark
overnight at 4C. The next morning the primary antibody was
removed, rinsed 2x with labeling solution, and then a second-
ary solution that contained a 1:200 dilution of AlexaFluor488
Goat anti-Rabbit secondary (Thermo #A-11008), a 1:100 dilu-
tion of AlexaFluor647-Phalloidin (Thermo #A22287) and a
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1:5000 dilution of DAPI was added for 1 hour at room tem-
perature on a nutating rocker in the dark. Following three
PBS rinses, chamber-slide wells were mounted with Vec-
tashield Antifade Mounting Media (Vector Laboratories, H-
1000-10). All focal adhesion and actin imaging was performed
using a 20x/0.8NA objective on a Zeiss AxioObserver 7 and a
quad-bandpass filter. Focal adhesion morphometric charac-
teristics were quantified using vinculin images input to an
online web tool, the Focal Adhesion Analysis Server (FAAS)
(113). For this analysis the minimum adhesion size was set to
0.21 pum? and the stdev_thresh was set to 5.5. Each value is
reported as the average across an individual cell within the
group, with N=39-45 cells/per group for either the control
non-targeting gRNA or the MYHO intron 3 targeting gRNA.

MYH9 intron 3 saturation mutagenesis screening
Library design and cloning

For the MYHO intron 3 pRE saturation mutagenesis library,
we included any gRNA that was within the hit pRE from the
MYHO9 locus library, which resulted in 64 gRNA across the
library. We also included 25 non-targeting gRNA (712) and 11
safe-targeting gRNA (114) as negative controls. This com-
bined gRNA library of 100 gRNA was synthesized as an oligo
pool by Twist Biosciences with common overhangs for clon-
ing into our lentiviral backbone. This oligo pool was PCR am-
plified, and pLV_hU6-sgRNA_hUbC-GFP-P2A-PuroR
(Addgene plasmid #162335) was then digested with Esp3I, gel
purified, and then ligated along with the amplified oligo pool
by Gibson assembly. Following a 1x SPRI cleaning, the Gibson
assembly was transformed into Endura competent cells (Lu-
cigen) according to the manufacturer’s protocol, and cultured
overnight before maxi-prepping the gRNA-library plasmid. A
PCR amplicon across the gRNA region of the resulting plas-
mid was sequenced to a depth of ~100k-1M read pairs on an
Illumina miSeq in order to verify coverage across the entire
gRNA library (fig. S29).

Lentiviral generation and functional titering

gRNA library plasmid pool was co-transfected into ~7.8M
HEK293T cells along with two lentiviral packaging plasmids
using Lipofectamine 3000 (ThermoFisher). 20 hours post-
transfection, the transfection media was removed and fresh
growth media was added. Media containing viral particles
was removed one day later at 48 hours post-transfection and
stored, replaced with fresh media and collected one day later
before being stored at 4C. Combined media containing viral
particles was filtered through 0.45 pm low-protein binding
filters, and then concentrated using Lenti-X Concentrator
(Takara Bio) according to the manufacturer’s protocol. Func-
tional titering to determine MOI was performed by transduc-
ing HFF cells across a 0.75x-100x dilution range of the viral
stock, and then subjecting the cells to FACS-based cell sorting
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to identify what percent of the population was mCherry+ for
each viral stock dilution.

MYHQ saturation mutagenesis screen

HFF cells were transduced with a lentiviral SpCas9 construct
[FUGW-SpCas9-2A-HygroR  (pVG54)], selected with
100ug/mL hygromycin for 4 days with hygromycin in order
to make a stable line. Following four passages the cells were
frozen and used for subsequent screening experiments and
validations. 600k HFF cells were transduced with lentivirus
encoding the MYH9 intron 3 saturation pool. For screening,
the same protocol was used as described above for the MYH9
CRISPRI locus screen, with 8 days of culture time prior to
fixation, MYH9 immunostaining, FACS for the top/bottom
10% of cells, PicoPure gDNA recovery, and gRNA PCR and
processing for enrichment across the low and high MYH9 ex-
pression bins.

Individual gRNA validations

For gRNA validations of all 3 hit gRNA that had significantly
altered MYH9 expression and a non-targeting control gRNA,
oligos containing protospacer sequences were synthesized by
IDT and cloned into pLV_hU6-sgRNA_hUbC-GFP-P2A-
PuroR (Addgene plasmid #162335). Sanger sequencing was
used to confirm the identity of the gRNA. Lentivirus was gen-
erated as previously described above. Cas9 expressing HFF
cells were seeded onto TCP and transduced on day 0. 24
hours post-transduction, lentivirus was removed and re-
placed with fresh growth media, cells were grown for 8 days
(with 4 days of 1.5ug/mL puromycin selection). And for har-
vest cells were split with 500k cells for gDNA harvested fol-
lowing FACS (as detailed below) and RNA was harvested
from 500Kk cells using a Norgen Total RNA Purification Kit
(#17250). qPCR for MYH9 expression was performed as de-
scribed above for the MYH9 locus screen.

8RNA validation indel enrichment across MYH9 expression
bins

Additionally, 500Kk cells were processed similarly to the
screen that included cell fixation, MYH9 immunostaining,
FACS for the top/bottom 10% of cells, PicoPure gDNA recov-
ery. A MYHO9 intron 3 PCR was performed with an amplicon
size of 666 bp. All gDNA was split between sample-indexed
100uL Q5 PCR reactions (up to ~340ng max input per 100uL.
reaction) to amplify out the gRNA protospacer from HFF
cells. These PCRs from gDNA were run as follows [ 98C for
30s / 25x: 98C for 10s, 60C for 30s, 72C for 15s / 72C for 2 min]
with primers in table S15, followed by individual PCRs being
pooled together and subjected to a double-sided 0.65X/1X
SPRI clean-up. Quality control was performed by running the
amplified libraries out on a High Sensitivity D1000 Tapesta-
tion (Agilent) to confirm expected size, and Qubit dSDNA HS
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assays were performed to determine a final concentration. All
libraries were pooled to an effective concentration of 4 nM
and combined in equal volumes prior to sequencing on an
Illumina MiSeq, using a v2 50 cycle reagent kit with Readl
being 21 cycles (protospacer) and index read 1 being 6 reads
(sample barcoding). FASTQ reads were run through Cris-
presso2 (115) and indel enrichment in the low MYH9 bin was
used to examine any overlapping TF motifs on common indel
sites.

BMF/FZD2 enhancer characterization

Luciferase enhancer reporter assays

BMF/FZD2/MYHO regions with differential accessibility were
identified, and primers were designed to amplify these re-
gions from gDNA isolated from HFF cell-lines. Briefly, 2x
25uL. reactions were run wherein 30ng gDNA was input with
2x KAPA HiFi Hot Start MM and 0.75uL. of 10uM PCR primers
(table S21) for either Region #1/2/3 with an annealing temp
of 63C. Sequences were confirmed via Sanger sequencing.
These enhancer fragments were then assembled into an im-
proved STARR-seq enhancer luciferase reporter vector (116)
via Gibson assembly and clones were sequences via Sanger
sequencing to confirm the fragment addition. To perform the
luciferase assay, 15k HFF cells and 10k A549s were seeded per
well into a 24 well-plate one day prior to transfection, and the
day of transfection fresh media was added immediately prior
to lipofection, with either DMSO only or blebbistatin (2, 10,
40 uM), Y-27632 (10 uM), nocodazole (10 uM) added. A Rho
agonist, Rho Activator II #CN03 (Cytoskeleton Inc, #CN03)
was also utilized at a final concentration of 1 pg/mL. Lipofec-
tamine LTX (2.25ul. per well for HFF, 2.5ul. per well for
A549) was used to transfect luciferase reporter plasmids
(300ng for HFF, 500ng for A549) at a mass ratio of 90% ex-
perimental firefly luciferase plasmid to 10% Renilla luciferase
PRL-CMV control plasmid (Promega) into cells. Cells were
harvested 24 hours later and the Promega DualGlo Luciferase
Assay was performed according to manufacturer’s instruc-
tions, with luciferase activity read on a Promega GloMax Dis-
cover instrument (0.3s integration time). The average of four
blank wells was then set as the background level and sub-
tracted from all experimental values. Firefly luciferase values
for each well were normalized to the Renilla luciferase values.
Each experiment was further normalized to the performance
of an empty luciferase reporter plasmid or FZD2 pRE re-
porter levels as baseline.

Latrunculin A induction experiment culture

Oligos containing protospacer sequences were synthesized by
IDT and cloned into an all-in-one lentiviral vector expressing
dCas9-KRAB-P2A-PuroR from an hUbC promoter and a
gRNA from an hU6 promoter (Addgene plasmid #71236). All
gRNA were selected as (-) strand gRNA to minimize the
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strand-bias artifact (supplementary text 1). gRNA protospac-

ers selected for further use were BMF-pREI-g3
(“CGTACATTCGTGACCGTCCC”), BMF-pREI1-g4
(“GGCCAGGCGCGGCCTGCAGT”) and BMF-prom

(“TCACGCCGAGGACTGACCAA”). Sanger sequencing was
used to confirm the identity of the gRNA following cloning.
Lentivirus was generated as described above for MYH9. HFF
cells were transduced and seeded per well in a 24 well-plate
on day 0, by adding 25uL. of 20x concentrated virus along
with 5Kk cells and growth media. 24 hours post-transduction,
lentivirus was removed. Antibiotic selection was applied for
four days and cells were grown for eight days post-transduc-
tion. At 9 days post-transduction cells were trypsinized, and
were re-seeded at 5k HFF cells/well in a 24 well-plate for RNA
experiments or 20k HFF cells/well in a 12WP for Cleaved
Caspase 3/7 experiments. To model detachment, on 11 days
post-transduction the media was replaced with growth media
containing either DMSO or 0.5 uM Latrunculin A. Cells were
harvested for RNA or CaspaseGlo 3/7 analysis one day follow-
ing the addition of Latrunculin A.

Transcriptional expression and Cleaved Caspase 3/7-activity
assays

mRNA was isolated using the Norgen Total RNA Purification
Kit (#17250) according to the manufacturer’s protocol. 100 ng
mRNA was used as input for cDNA amplification using the
Invitrogen SuperScript VILO cDNA Synthesis Kit. For RT-
qPCR, each reaction contained 1 uL ¢cDNA, 7 ul. H20, 1 uL
Tagman probe for TBP, 1 uL. Tagman probe for BMF or FZD2,
and 10 uL Quantabio PerfeCTa FastMix II. Delta delta Ct
analysis was performed in Microsoft Excel. Graphpad Prism
was utilized to conduct one-way ANOVA tests followed by
Tukey’s HSD for post-hoc testing. Significance is reported in
Figs as follows: *p-value < 0.05, **p-value < 0.01, ***p-value
< 0.001. Tagman probe information provided in table S20.
For Caspase-3/7 activity assays, HFF cells were subjected to
the CaspaseGlo 3/7 Assay (Promega) and Cell TiterGlo Assay
(Promega) according to manufacturer’s instructions with lu-
ciferase values read out on a Promega GloMax Discover in-
strument (0.3s integration time). The average of two blank
wells per assay was then set as the background level and sub-
tracted from all experimental values. CaspaseGlo3/7 values
per group were further normalized to cell counts per group
determined from the CellTiterGlo data.

Bulk growth and migration functional CRISPRi
screens

Library design and cloning

The top 1000 regions from the ATAC-seq data that were in-
creasingly-accessible on the stiff 50kPa substrates as com-
pared to the soft 1 kPa substrate were used as input to
generate an oligo pool (BDC03 ATAC libraries). For each
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peak, we included any gRNA that had a GuideScan specificity
score of > 0.2, which has previously been shown to increase
the quality of non-coding screens (111). This resulted in 969
peaks represented in the library, with an average of ~20
gRNA/peak. We also included 1000 non-targeting gRNA
(112), and 249 promoter-targeting gRNA for 83 positive con-
trol genes that have previously been shown to be key modu-
lators of transwell migration following RNAi screens (60),
with 3 gRNA per gene taken from the Dolcetto library (117).
This combined gRNA library of 21,458 gRNA was synthesized
as an oligo pool by Twist Biosciences with common over-
hangs for cloning into our lentiviral backbone. This oligo pool
was PCR amplified, pLV_hU6-sgRNA_hUbC-GFP-P2A-PuroR
(Addgene plasmid #162335) was digested with Esp3I and gel
purified, and then the oligo pool and digested vector were li-
gated by Gibson assembly. Following a 1x SPRI cleaning, the
Gibson assembly was transformed into Endura competent
cells (Lucigen) according to the manufacturer’s protocol, and
cultured overnight before maxi-prepping the gRNA-library
plasmid. A PCR amplicon across the gRNA region of the re-
sulting plasmid was sequenced to a depth of ~100k-1M read
pairs on an Illumina miSeq in order to verify coverage across
the entire gRNA library (fig. S29).

Lentiviral generation and functional titering

Concentrated lentivirus was generated by the Duke Viral Vec-
tor Core from this plasmid pool. Functional titering to deter-
mine MOI was performed by transducing HFF cells across a
50x-10,000x dilution range of the viral stock, and then sub-
jecting the cells to a qPCR-based titering protocol that has
been previously described in detail (118).

Migration/growth pRE library screen

To perform screening, 600k HFF cells were transduced with
the lentiviral library virus at 10.8 MOI to achieve a coverage
of ~279 cells per gRNA. 20 hours after transduction the viral
media was removed and replaced with fresh media, and start-
ing 48 hours after transduction HFF cells were selected with
1 ug/mL puromycin for 4 days. Puromycin selection media
was then removed and HFF cells were grown out for two ad-
ditional days until day 8. On day 8, ~11M cells were counted
and split between migration and growth screens. Coverage of
at least 279 cells/gRNA was maintained for each group
throughout the entire experiment.

Migration screening: On day 8, the bottoms of 8 um
transwell inserts for 6WP were coated with 10 ug/mL fibron-
ectin at room temp for 45 min and then rinsed 1x with PBS
for 30 min before use. HFF cells were counted, placed into
low serum conditions (0.2% FBS) and seeded at 240Kk cells per
transwell insert across 18 inserts (~4.4M cells total). These
inserts were placed into 10% serum and cells were allowed to
migrate for 24 hours. Following this first day of migration,
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each side of the membrane was separately trypsinized and
counted, where 27% of the initial cells were recovered as mi-
gratory cells (~1.2M cells) and non-migrated cells were recov-
ered from the top of the insert. These migratory and non-
migratory populations were re-seeded (separately by group)
in the same way on new fibronectin-coated transwell inserts,
with 4-5 inserts seeded at 240k cells/insert and allowed to
migrate overnight. Following these two rounds of migration
we trypsinized and collected the cells that either migrated
twice or did not migrate twice (with a similar number of cells,
24%, being found to have migrated during this second round)
and isolated gDNA using DNeasy Kits (Qiagen).

Growth screening: HFF cells were counted on day 8 post-
transduction, and gDNA from 2M HFF cells were harvested
as the “Day 0” reference population using a DNeasy Blood
and Tissue Kit (Qiagen). Around 1M HFF cells were reseeded
into 15 cm dishes for ongoing culture, and then serially-pas-
saged as normal for 14 doublings (either 21 days post-“Day0”
for replicate 1 or 22 days post-“Day0” for replicate 2) while
maintaining at least 1M cells per dish during each passaging,
prior to the final gDNA harvest using a DNeasy Blood and
Tissue Kit (Qiagen).

Library preparation and sequencing

All gDNA was split between sample-indexed 100uL. Q5 PCR
reactions (up to ~340ng max input per 100uL reaction) to am-
plify out the gRNA protospacer from HFF cells. These PCRs
from gDNA were run as follows [ 98C for 30s / 25x: 98C for
10s, 60C for 30s, 72C for 15s / 72C for 2 min] with primers in
table S19, followed by individual PCRs being pooled together
and subjected to a double-sided 0.65X/1X SPRI clean-up.
Quality control was performed by running the amplified li-
braries out on a High Sensitivity D1000 Tapestation (Agilent)
to confirm expected size, and Qubit dsSDNA HS assays were
performed to determine a final concentration. All libraries
were pooled to an effective concentration of 4 nM and com-
bined in equal volumes prior to sequencing on an Illumina
MiSeq, using a v2 50 cycle reagent kit with Readl being 21
cycles (protospacer) and index read 1 being 6 reads (sample
barcoding).

Screen analysis

Resulting FASTQ files were aligned to a custom reference se-
quence corresponding to the given gRNA library using bow-
tie2 and all downstream analyses were performed in R. All
gRNA were verified to be represented in the baseline un-
treated library at day 8 post-transduction, and counts+1 for
each gRNA were taken (to normalize for samples that
dropped out in one condition) and normalized by sequencing
depth for each library before downstream analysis (in counts
per million reads sequenced, “CPM”). For migration screens:
A ratio was taken of the CPM for each gRNA of the 2x
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migrated group to the 2x non-migrated group to identify mi-
gratory or non-migratory enrichment. For growth screens: A
ratio was taken of the CPM of the Day 0 population relative
to the final Day 21/22 population for each replicate. Next, for
each screen replicate the Z-score was calculated for each
gRNA relative to the control non-targeting gRNA population
using similar methodologies as previously described (6).
First, each sample’s ratio was converted to a log2 fold-enrich-
ment, and population statistics for the negative control non-
targeting gRNAs (median, standard deviation, gRNA num-
ber) were calculated. For each individual gRNA, the median
of the negative control fold-enrichment was subtracted from
each individual gRNA’s log2 fold-enrichment value, and this
value was further divided by the standard deviation of the
negative control non-targeting gRNA population to get an in-
dividual Z-score relative to the negative control population.
Raw Z-score values from both replicates were pooled to cal-
culate pRE-level effects. An individual gRNA was called as a
“hit” if the Z-score was above 2 or below -2. pRE-level stats
were generated by performing a Fisher’s exact text relative to
the non-targeting gRNA population, and a pRE-level was la-
beled significant for follow-up if the pval was less than 0.1. To
select pREs for validation in single cell RNA-seq, we further
selected the pRE hits that had more than one gRNA as a “hit”
and had at least 10 gRNA/DHS in order to enable higher-pow-
ered analysis of the downstream data.

Comparison of phenotype scores between regions regulating
growth, migration, or both phenotypes

Each significant region was labeled for the phenotype it reg-
ulated (one of growth, migration, or both). The phenotype
(pZ) scores were compared between the three groups using a
One-way ANOVA test followed by Tukey’s post-hoc tests us-
ing the aov and TukeyHSD functions in R.

Analysis of chromatin accessibility across ENCODE
biosamples

We obtained the union set of DNase peak calls across 95
ENCODE biosamples using the “Table Browser” utility on the
UCSC Genome Browser (downloaded February 2023; “wgEn-
codeRegDnaseClustered”). The union DNase peak calls were
intersected with all regions included in the bulk screen li-
brary using bedtools intersect. Next, each region significant
in at least one of two screens was labeled as “1” or “0” if the
region did or did not overlap an accessible region in at least
one biosample, respectively. The region X biosample visuali-
zation was generated using the pheatmap package in R with
the following parameters: scale = “none”, cluster_cols =
TRUE, cluster_rows = TRUE. To extract the clusters, we used
the cutree_col function specifying h=8. We then compared
the phenotype scores between each cluster by performing
One-way ANOVA tests followed by Tukey’s post-hoc tests
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using the aov and TukeyHSD functions in R.

To determine if significant screen regions were enriched
or depleted from accessible regions in specific biosamples, we
performed Fisher’s exact tests separately for each biosample
comparing the number of significant and nonsignificant
screen regions that overlapped or did not overlap an accessi-
ble region using the fisher.test function in R.

Single cell RNA-seq screen

8RNA library design and cloning

Following hit identification from the combined migration
and growth screens (as described above), a library was de-
signed that included the top 10 gRNA by pZ value across ei-
ther screen for the 87 hit pRE (870 gRNA total). 100 non-
targeting control gRNA with similar sequence composition to
the targeting gRNAs were included in the library, and 25
gRNA targeting the promoters of contractile genes including
MYH9, RANGAPI, and CRIMI were included, as well as the
top gRNA from the MYH9 intron 3 enhancer as positive con-
trols. In total our library contained 1005 gRNA sequences,
which were synthesized as an oligo pool by Twist Biosciences
with common overhangs for cloning into our lentiviral back-
bone. This oligo pool was PCR amplified, and a hU6-driven
lentiviral gRNA CROP-seq vector (Addgene Plasmid #106280)
was then digested with Esp3l, gel purified, and then ligated
along with the amplified oligo pool by Gibson assembly. Fol-
lowing a 1x SPRI cleaning, the Gibson assembly was trans-
formed into Endura competent cells (Lucigen) according to
the manufacturer’s protocol, and cultured overnight before
maxi-prepping the gRNA-library plasmid. A PCR amplicon
across the gRNA region of the resulting plasmid was se-
quenced to a depth of ~100k-1M read pairs on an Illumina
miSeq in order to verify coverage across the entire gRNA li-
brary (fig. S29).

Lentiviral generation and functional titering

gRNA library plasmid was co-transfected into ~18M
HEK293T cells along with two lentiviral packaging plasmids
using Lipofectamine 3000 (ThermoFisher). 20 hours post-
transfection, the growth media was removed and fresh
growth media was added. Media containing viral particles
was removed at 48 hours, replaced, and removed at 72 hours
post-lipofection before being stored at 4C. Combined media
containing viral particles was filtered through 0.45 um low-
protein binding filters, and then concentrated using Lenti-X
Concentrator (Takara Bio) according to the manufacturer’s
protocol. Functional titering to determine MOI was per-
formed by transducing HFF cells across a 50x-10,000x dilu-
tion range of the viral stock, and then subjecting the cells to
a qPCR-based titering protocol that has been previously de-
scribed in detail (118).
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Single cell CRISPRi screen

To perform screening, 775k HFF cells stably expressing
dCas9-KRAB were transduced at 0.33MOI with the CROP-seq
lentivirus to maintain a coverage of at least 150 cells/gRNA.
Following 20 hours, viral media was removed and replaced
with regular growth media, and 48 hours post-transduction
the cells selected with puromycin (1.5 ug/mL) for 4 days. Fol-
lowing puromycin selection, HFF cells were maintained until
day 8, at which point cells were trypsinized and 150Kk cells
were moved on to library prep.

Single cell RNA-seq library preparation

Cells were washed 3x with PBS and then resuspended to a
final concentration of 1000 cells/ul. Approximately 20,000
cells were loaded onto each channel of a 10X Genomics’ 3'
Gene Expression (GEX) v3.1 assay chip. Downstream pro-
cessing was performed according to the manufacturer’s pro-
tocol. To recover the protospacer sequences (gRNA libraries),
a tri-nested PCR was performed separately for each GEX li-
brary using 10% of the purified cDNA as input to reaction 1
as previously described (29). Briefly, 4ng cDNA was input into
a 50 uL reaction with KAPA HiFi and PCR primers prLRB470
and prLRB471 (table S22). The reaction was amplified for 12
cycles and then purified using 25 uL. of AMPure XP DNA
beads and eluted in 25 uL. H20. 1 uL of the purified sample
was input into reaction 2 using PCR primers prLRB472 and
prLRB473 (table S22). The reaction was amplified for 14 cy-
cles and purified as described above. 1 uL. of the purified sam-
ple was input into reaction 3 using PCR primers prLRB473
and prLRB289-302 (table S22), amplifying each sample with
a unique i7 sequencing index. The reaction was amplified for
7 cycles, purified using 25 ul. of AMPure XP DNA beads
(Beckman Coulter #A63881), and eluted in 25 uL. Buffer EB
(Qiagen #19086). Quality control of final libraries was per-
formed prior to sequencing using the Agilent 2200 TapeSta-
tion with High Sensitivity DNA 5000 reagents, Qubit High
Sensitivity dsDNA reagents, and KAPA Library Quantifica-
tion Kit for Illumina platforms.

Sequencing

GEX libraries were pooled and sequenced on a NovaSeq 6000
S4 flow cell using the parameters: 28x10x10x90. gRNA librar-
ies were pooled and sequenced on a NovaSeq 6000 S1 flow
cell using the parameters: 28x10x10x90.

Data processing

Cell Ranger: All data processing steps were performed using
CellRanger v6.0.1 and the human reference genome (“refdata-
gex-GRCh38-2020-A”) was downloaded from 10X Genomics’
software downloads webpage. Fastq files for each flow cell
lane and sequencing run were generated from .bcl files using
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the cellranger mkfastq pipeline. The corresponding fastq files
for each sample were then merged. The merged fastqs were
then processed using the cellranger count pipeline with the
number of expected cells specified (--expect-cells = 15000).
The gene expression libraries were then aggregated using the
cellranger aggr pipeline. The gRNA libraries were aligned to
a custom bowtie index containing all protospacer sequences
included in the pooled gRNA library and the UMI counts cor-
responding to each gRNA-cell pair were obtained.

Seurat: The gene expression and gRNA UMI count data
was imported into Seurat v3.1. A gRNA was defined as “ob-
served in a cell” if the gRNA had at least 5 UMI counts and
comprised at least 0.5% of the total gRNA UMI counts in that
cell. We then calculated the total percent of mitochondrial
reads per cell and filtered for quality cells as follows:

cells[[“percent.mt”]] <- PercentageFeatureSet(cells, pat-
tern = “AMT-")

cells <- subset(cells, subset = nCount_RNA > 10000 & per-
cent.mt < 20)

Differential expression analysis

Using the gRNA-cell assignments, differential expression
testing was performed using the MAST framework (119)
within Seurat v3.1 (120), comparing cells in which a given
gRNA was observed versus all other cells with at least one
gRNA observed excluding the given gRNA and testing all
genes within +1Mb of the midpoint of the pRE in which the
gRNA is located. Gene coordinates were obtained from the
Ensembl Human Gene v104 reference file. P-values were then
FDR-corrected on an individual gRNA-level for all tests. All
genes within +1Mb of any targeting gRNA were used as input
features for NT gRNA tests (N=1,313). Significant gRNA-gene
and corresponding pRE-gene pairs are defined as FDR < 0.01.

Calculation of interaction distance (ep_length)

The distance between the gRNA and the paired gene was cal-
culated as follows: 1) the gRNA midpoint (gRNA_mid) was
defined as (gRNA_start + gRNA_end)/2, the gene start coor-
dinate (gene_start) was defined as the start coordinate for
genes on the “+” plus strand, and end coordinate for genes on
the “-” strand. “ep_length” was calculated as gRNA_mid -
gene_start.

Effect size comparison between targeting and control gRNAS
For each gene with a TSS- or validated enhancer-targeting
gRNA, we compared the avg_logFC of expression for the re-
spective gene between TSS-control, enhancer-control, pRE-
targeting, and NT-control gRNAs (FDR < 0.01), using a one-
way ANOVA followed by Tukey’s HSD with Bonferroni cor-
rection (adj. p-value). Significant differences in the change in
gene expression were defined as adj. p-value < 0.05.
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Interaction distance versus effect size

Using all significant pRE-targeting gRNA gene pairs, the
avg_logFC and effect size (avg_logFC*(1-FDR)) were plotted
versus the logl0-transformed ep_length
(loglO(abs(ep_length+1))). Spearman correlation R? values
were calculated using the “stat_cor” function from the
“ggpubr” R package.

Nearest gene prediction analysis

For each potential pRE-gene pair, we calculated the number
of genes “skipped” by the element to regulate the gene as fol-
lows. First, for the significant pRE-gene connections, we de-
fined the start and end coordinates for a given element and
the start and end coordinates, and strand, for the paired gene.
Next, we counted the number of genes detected in the gene
expression dataset for which the entire gene body was con-
tained within the region between the element and the con-
nected gene. We repeated this for all significant pRE-gene
connections.

Comparison to microC looping

We obtained chromatin contact data (table S19) and inter-
sected all targeted pREs, TSS regions (+1kb) of every gene and
all genes for which a differential expression test was per-
formed, separately extended by +500bp with anchor 1 and
anchor 2, using bedtools window -w 500. We then quantified
the number of pREs, TSSs, and genes with at least one chro-
matin contact, defined as at least one intersection with an-
chor 1 or anchor 2. Next, for all regions that intersected a
region in the anchor 1 set, we quantified the number of pRE-
gene pairs for which the corresponding contact in the anchor
2 set overlapped either the same TSS/gene or a different
TSS/gene. We repeated this for pREs intersecting the anchor
2 set with comparison of contacts for TSSs/genes in the an-
chor 1 set.

Comparison to ENCODE candidate cis-regulatory elements
(cCREs) and chromHMDM annotations

We obtained cCRE annotations from all human tissues and
chromHMM annotations in human foreskin fibroblast pri-
mary cells (table S23). The cCREs and annotated regions were
intersected with all regions included in the bulk screen and
single cell screen libraries using bedtools intersect. To deter-
mine if significant screen regions were enriched or depleted
from accessible regions in specific biosamples, we performed
Fisher’s exact tests comparing the number of significant and
nonsignificant screen regions that overlapped or did not
overlap an annotation using the fisher.test function in R.

Single cell screen versus individual gRNA validations

For the 10 pRE-gene connections with at least one significant
individual gRNA validation, we calculated the Spearman
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correlation (R%) and p-value between the change in mRNA
expression measured via RT-qPCR (DDCt) versus the gene ex-
pression change observed in the single cell screen (avg_logFC
of the most significant gRNA-gene connection per DHS) us-
ing the “stat_cor” function from the “ggpubr” R package.

Individual gRNA validations: HFF cells

Oligos containing protospacer sequences were synthesized by
IDT and cloned into pLV_hU6-sgRNA_hUbC-GFP-P2A-
PuroR (Addgene plasmid #162335). Sanger sequencing was
used to confirm the identity of the gRNA. Lentivirus was gen-
erated as described above. dCas9-KRAB expressing HFF cells
were seeded onto TCP and transduced on day 0. 24 hours
post-transduction, lentivirus was removed. Antibiotic selec-
tion was applied and cells were harvested eight days post-
transduction. mRNA was isolated using the Norgen Total
RNA Purification Kit (#17250) according to the manufac-
turer’s protocol. 100 ng mRNA was used as input for cDNA
amplification using the Invitrogen SuperScript VILO cDNA
Synthesis Kit. For RT-qPCR, each reaction contained 1 uL
cDNA, 7 uL. H20, 1 uL. Tagman probe for TBP, 1 uL. Tagman
probe for gene of interest, and 10 uL. Quantabio PerfeCTa
FastMix II. Delta delta Ct analysis was performed in Mi-
crosoft Excel. Graphpad Prism was utilized to conduct one-
way ANOVA tests followed by Tukey’s HSD for post-hoc test-
ing. Significance is reported in Fig.s as follows: *p-value <
0.05, **p-value < 0.01, ***p-value < 0.001. Tagman probe in-
formation is provided in table S16.

Individual gRNA validations: A549 / HFF cells

Oligos containing protospacer sequences were synthesized by
IDT and cloned into pLV_hU6-sgRNA_hUbC-GFP-P2A-
PuroR (Addgene plasmid #162335). Sanger sequencing was
used to confirm the identity of the gRNA. Lentivirus was gen-
erated as described above. dCas9-KRAB expressing
A549/HFF cells were seeded onto TCP and transduced on day
0. 24 hours post-transduction, lentivirus was removed and re-
placed with fresh media. 2 days post-transduction, antibiotic
selection was applied. 8 days post-transduction, cells were
seeded on 24 well Matrigen dishes of varying stiffness (1 or
50 kPa elastic modulus) or TCP at slightly variable densities
to account for reduced cell attachment on softer substrates
(20,000 on 1 kPa and 12,500 on 50 kPa/TCP for A549 and
30,000 on 1 kPa and 18,750 on 50 kPa/TCP) and allowed to
culture for 20 hours overnight. mRNA was isolated using the
Norgen Total RNA Purification Kit (#17250) according to the
manufacturer’s protocol. 100 ng mRNA was used as input for
cDNA amplification using the Invitrogen SuperScript VILO
cDNA Synthesis Kit. For RT-qPCR, each reaction contained 1
uL. ¢cDNA, 7 uL. H20, 0.5 uLL Tagman probe for TBP, 0.5 uL.
Tagman probe for gene of interest, and 10 uL. Quantabio Per-
feCTa FastMix II. Delta delta Ct analysis was performed in
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Microsoft Excel. Graphpad Prism was utilized to conduct one-
way ANOVA tests followed by Tukey’s HSD for post-hoc test-
ing. Significance is reported in Fig.s as follows: *p-value <
0.05, **p-value < 0.01, ***p-value < 0.001. Tagman probe in-
formation is provided in table S20.

Patient derived lung [fibroblast isolations and
validations

Human lung tissue dissociation

Human lung dissociation was performed as described previ-
ously (121). Briefly, approximately 2-3 g of human lung tissue
was washed with PBS containing 1% Antibiotic-Antimycotic
followed by removal of pleura, small airway and visible vas-
culature. Remaining tissue was cut into small pieces followed
by incubation with enzyme mixture (Collagenase type I: 1.68
mg/ml, Dispase: 5U/ml, DNase: 10U/ml) at 37°C for 1-1.5
hours with rotation. The cells were filtered through a 100pm
strainer and rinsed with DMEM containing 10% FBS. Cell
suspension was spun down at 450 g for 10 min and the cell
pellet was resuspended in red blood cell lysis buffer for 5min,
washed with DMEM containing 10% FBS and filtered
through a 40um strainer. Total cells were centrifuged at 450
g for 5 min at 4°C and the cell pellet was used for isolation of
fibroblasts.

Primary human fibroblasts enrichment by MACS

Fibroblast enrichment was done using magnetic activated
cell sorting (MACS) as previously described (122). Briefly, fol-
lowing lung dissociation, cells were incubated in MACS
buffer (1% BSA, 2mM EDTA, antibiotic/antimycotic in PBS,
pH 7.2) containing CD14:6 (Miltenyi Biotec 130-093-596, 1:50),
CD45 (Miltenyi Biotec 130-04:5-801, 1:50), and CD326 (Mil-
tenyi Biotec 130-061-101, 1:50) microbeads at 4°C for one hour
with rotation. Cells were then washed and incubated with
CD31 biotinylated antibody (Miltenyi Biotec, 130-110-805,
1:50) at 4°C for 10 min followed by washes and incubation
with streptavidin microbeads (Miltenyi Biotec, 130-048-102,
1:10) at 4°C for 15 min. Magnetic separation of antibody
bound cells was performed using Miltenyi Biotec LS columns
(130-042-401). Fibroblasts collected from the flowthrough
were resuspended in fibroblast growth media (advanced
DMEM/F12, Antibiotic/Antimycotic (Gibco 15240062, 100X),
HEPES (Thermo Fisher Scientific, 15630080), GlutaMAX
(Thermo Fisher Scientific, 35050061), B27 supplement
(Thermo Fisher Scientific, 17504044:), N2 supplement
(Thermo Fisher Scientific, 17502048), N-acetylcysteine
(Sigma-Aldrich, A9165) and 10ng/mL PDGF« (Biolegend
773708), plated cultured on 5% Matrigel (Corning 354230)
coated dish. Media was changed every 2-3 days.

Primary human fibroblast culture and viral transduction
To facilitate gene loss of function, fibroblasts were first
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transduced with lentivirus (1:50) containing dCas9-KRAB.
Medium was changed 24 hours post transduction followed
treatment with 8ug/mL blasticidin for 5 days. Blasticidin-se-
lected fibroblasts were then grown in fibroblast growth me-
dia without blasticidin for 24 hours, trypsinized, and re-
plated in a 24 well plate. Fibroblasts were then transduced
with one of the following lentiviruses (1:100): Skp2 gRNA,
CCN1 gRNA, CCN2 gRNA, Mint3 gRNA, or Non-targeting
control. Medium was changed 24 hours after transduction,
and fibroblasts were grown for one day in fibroblast growth
media followed by treatment with 0.5ug/mL puromycin for 3
days. After selection, the media was changed to either stand-
ard fibroblast growth media, or fibroblast growth media sup-
plemented with 10ng/mL hTGFp1 (Biolegend 580702). Cells
were collected for RNA isolation on day 5.

Immunofluorescence staining of primary human fibroblasts
Fibroblasts were fixed in 4% paraformaldehyde for 15 min at
room temperature. Samples were washed three times with
PBS, permeabilized with PBST (0.1%Triton-X 100 in PBS) fol-
lowed by blocking and incubation with primary antibodies:
PDGFRA (R&D Systems, AF-307-SP, 1:500), Ki67 (eBioscience
14-5698-82, 1:500), and oSMA-cy3 (Sigma-Aldrich C6198,
1:500) overnight at 4°C with. Fibroblasts were washed 3 times
with PBST and incubated with the following secondary anti-
bodies: Donkey-anti-goat IgG Alexa Fluor 647 (Invitrogen A-
21447, 1:500) and donkey-anti-rat IgG Alexa Fluor 488 (Invi-
trogen A-21208, 1:500) for one hour. Samples were then
washed three times with PBST, once with PBST containing
DAPI followed by one wash in PBST. Confocal images were
captured using Olympus FV3000 microscope with 10X objec-
tive.

Human lung specimens
See Tables 1 and 2 for descriptions of healthy and IPF donors,
respectively.
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Table 1. Healthy donors.

Age Cause of death Smoking history
Donor 1 33 Unknown No
Donor 2 63 Head trauma; gun- No
shot wound
Donor 3 33 Head trauma; gun- No
shot wound
33 Intracranial hemor- Yes
Donor 4
rhage
Table 2. IPF donors.
Age Gender Smoking history
63 Female Unknown
Donor 1
Donor 2 75 Male Unknown
Donor 3 53 Female Unknown
Donor 4 58.9 Female Yes
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Fig. 1. Short-term culture on physiologically soft materials results in broad changes in gene expression and
chromatin structure. (A) To assess how physiologically soft mechanical microenvironments affect the cellular
epigenetic state, primary human neonatal foreskin fibroblasts (HFF cells) and A549 cells were cultured on soft
(Elastic modulus, E=1kPa) or stiff (E= 50kPa) fibronectin-coated polyacrylamide hydrogels for 20 hours. (B to D)
RNA-seq analysis revealed differentially expressed genes (FDR < 0.05, abs(Log2[Fold-Change])>0.5) in (B) HFF and
(C) A459 cells, with overlapping differentially expressed genes shown in (D). (E to G) ATAC-seq analysis revealed
differentially accessible chromatin regions (FDR < 0.01, abs(Log? Fold-Change)>1) in HFF and A549 cells cultured
on soft 1 kPa or stiff 50 kPa hydrogels [(E) and (F)], with overlap in accessibility between the two cell types displayed
in (G). (H and 1) ATAC-seq tracks showing representative regions with significantly higher accessibility (highlighted
in grey) on soft 1 kPa hydrogels (e.g., near IGFBP1, ARHGEF2, RASL12) or on stiff 50 kPa hydrogels (e.g., near TLN2,
GKN1, RAD18). The top two rows highlight peaks shared between both cell types, while the subsequent rows show
cell type-specific peaks. (J and K) Transcription factor footprinting analysis using TOBIAS identified significantly
enriched protein binding around key transcription factor motifs in differentially accessible regions on either 1 kPa or
50 kPa substrates in both HFF and A549 cells.
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Fig. 2. CRISPRI screen reveals a mechanoenhancer in MYH9 intron 3 that regulates MYH9 expression and cell
contractility. (A) RNA-seq data showing expression of MYH9 on soft 1 kPa hydrogels, stiff 50 kPa hydrogels, and
TCP (N=2 reps/group). (B) Schematic of CRISPRi screening procedure for finding genomic regulators of MYH9
protein expression. (C) Individual gRNA enrichment in Low/High MYHO9 expression bins following the MYH9 locus
screen averaged across two replicates. (D) CRISPRI screening results across the MYH9 locus as shown by MYH9
Repression Phenotype Scores (t-score) and average effect size (z-score) as calculated for each DHS in the screen.
Blue points indicate DHS was differentially accessible in ATAC-seq data between soft/stiff hydrogel conditions
across both screen replicates. (E) ATAC-seq signal in the MYH9 intron 3 enhancer region, highlighting the force-
sensitive pRE#1 subregion in yellow. (F) Normalized ENCODE H3K37ac signal around differentially accessible pRE#1
peak from MYH9 intron 3 region, compared across nine available ENCODE tier 1 cell lines. (G) Relative MYHS RNA
expression 10 days post-lentiviral transduction with dCas9**® and either a non-targeting gRNA, a MYH9 intron 3
enhancer-targeting gRNA, or an MYH9 promoter-targeting gRNA. The control (CTL) group represents cells without
transduction. (H) Representative immunostaining images of F-actin and vinculin focal adhesions, with
corresponding quantifications (I to K) of focal adhesion morphological parameters in HFF cells after transduction
with either a non-targeting or a MYH9 intron 3 enhancer-targeting gRNA (N=39-45 FA/group, ** = p <0.01, **** =
p<0.0001 by Student’s t test). Red line indicates group means. (L) Schematic of Cas9 nuclease saturation indel
screening performed across the MYH9 int3 enhancer region in HFF cells. (M) Results of the Cas9 screen, showing
the ratio of gRNA enrichment in low vs. high MYH9 expression bins across the MYH9 intron 3 enhancer, compared
to non-targeting gRNAs and ENCODE safe-targeting gRNAs. Data points represent averages across all three
replicates. (N and O) gRNA positions of top hits relative to key motifs, including the core SRF CaRG motif (gRNA#24)
and HLTF motif (gRNA#43). (P) Relative MYH9 expression in validation experiments for the top three gRNA hits from
the screen, measured six days post-transduction (N=3 replicates/group).
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Fig. 3. BMF intron #4 mechanoenhancer has increased activity with reduced contractility and is a mediator of
anoikis. (A) BMF RNA expression from RNA-seq in HFF cells cultured under different stiffness conditions (N=2
replicates per stiffness condition). (B) Comparison of ATAC-seq data for HFF cells grown on soft and stiff hydrogels.
Grey highlights mark regions of differential chromatin accessibility between the stiffness conditions. (C) Luciferase
enhancer reporter readouts from three of the BMF regions with and without 24 hours of 10 uM Y-27632 treatment,
showing relative firefly luciferase activity controlled by these enhancers normalized to a control co-transfected
renilla luciferase reporter. Box and whisker plots show median, plus indicates the group mean, and bars indicate the
top/bottom 10% expression range (N=4 replicates/group). (D) Relative BMF RNA expression (N=3) and
(E) normalized apoptosis as measured by Cleaved Caspase-3/7 activity (N=4 replicates/group) in HFF cells either
untreated or transduced with various gRNAs following 24 hours of 0.5 uM Latrunculin-A (“LatA™) treatment. (F) HFF
cells transduced with dCas9-KRAB and either a non-targeting, BMF promoter, or BMF pRE#1 gRNA were seeded on
TCP for one day in normal growth media, followed by treatment with either DMSO or 0.5 uM Latrunculin-A added to
the media for an additional 72 hours. Following treatment, each HFF group was subjected to on-plate fixation
followed by DAPI staining of cell nuclei and cell counting. All data shown was normalized to DMSO treated wells for
each gRNA condition. All data are presented as mean + SEM and are representative of at least two independent
experiments. **** indicates p<0.0001, * indicates p <0.05 by Student’s t test. Cleaved Caspase 3-7 activity and
luciferase assay statistics are shown compared to the DMSO control group, while RNA expression comparisons are
shown with overlay bars. “nt gRNA" refers to “non-targeting” gRNA.
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Fig. 4. Functional migration and growth screening paired with single cell CRISPRi screening identifies
mechanosensitive regulatory elements driving functional behaviors and their target genes. (A) Schematic of
the experimental setup for the paired migration and cellular growth screens in HFF cells, transduced with a
CRISPRIilibrary containing 21,498 gRNAs targeting the top 1,000 differentially accessible ATAC-seq peaks on stiff
substrates. (B and C) Z-scores for migration (B) and growth (C) phenotypes, showing promoter positive controls,
the top five pREs with the highest Z-scores for each phenotype, and three representative pREs ranked among the
highest Z-scores for the other phenotype. Each dot represents a gRNA targeting a given pRE. Red dashed line
indicates a Z-score threshold of two. (D) Venn diagram comparing the hit pREs regulating both phenotypes or only
one. (E) Workflow overview of the single cell CRISPRi screen. A gRNA library targeting pREs identified from
migration and growth screens was delivered to CRISPRi HFF cells, and single cell transcriptomes were profiled
eight days later. (F) Volcano plot showing the change in target gene expression (InFC) versus significance
[-loglO(FDR)] for each gRNA-gene connection. Significant gRNA-gene connections are colored as follows:pRE
(“NT," red), previously identified enhancers (“Enhancer,” purple), promoter regions (“Promoter,” green), and non-
targeting controls (“NT,” black), with an FDR < 0.01. Non-significant (“NS") gRNA-gene connections are shown in
light grey. (G) Average effect on target gene expression for MYH9 promoter-targeting positive control gRNAs,
intron 3 enhancer-targeting positive control gRNA (grey), and the top ten pREs affecting migration (yellow) and
growth (purple). Points represent individual gRNA-gene linkages, with all regions showing significant target gene
reduction (FDR < 0.01). (H) Z-scores of hit gRNAs for each pRE from functional screening plotted versus the
average effect on target gene expression from the same pRE in the single cell screening. Points represent the top
10 pREs by Z-score from functional screening, along with the greatest absolute fold-change of pRE-gene linkages
from the single cell RNA-seq screen.
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Fig. 5. Epigenetic repression of validated mechanoenhancers inhibits cellular mechano-responses across cell
lines and pro-fibrotic disease contexts. (A) ATAC-seq and pRE-gene linkages in HFF cells showing SKP2 regulation
by the mechanoenhancer at pRE#32. (B and C) Singleton validations of dCas9**8-induced mechanoenhancer SKP2
repression in (B) HFF cells and (C) A549 cells. (D) ATAC-seq and pRE-gene linkages in HFF cells showing regulation
of CTGF and LINC1013 by the mechanoenhancer at pRE#740. (E and F) Singleton validations of dCas9¥*8-induced
CTGF mechanoenhancer repression in (E) HFF cells, and (F) A549 cells, (G) ATAC-seq and pRE-gene linkages in HFF
cells and A549 cells showing regulation of MYH9 by the mechanoenhancer at pRE#264. (H and I) Singleton
validations of dCas9¥*8-induced MYH9 mechanoenhancer repression across (H) HFF cells and (1) A549 cells. Each
dot represents an independent biological replicate for HFF and A549 cells. (J) Lung fibroblasts were isolated from
four healthy donors and four IPF patients. The baseline response of healthy donor cells (treated with PDGFa on TCP)
was compared to IPF cells in the same conditions. Further, healthy donor cells were activated with TGFg on TCP, and
this response was compared to control baseline conditions. (K) Representative images show differences in «SMA
staining under these conditions. (L) Singleton validations of dCas9***8-induced mechanoenhancer repression of the
SKP2, CTGF, and MYH9 mechanoenhancers.
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	          Table 1. Healthy donors.
	          Table 2. IPF donors.

