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Identification of host determinants of coronavirus infection informs
mechanisms of viral pathogenesis and can provide new drug targets. Here

we demonstrate that mammalian SWItch/Sucrose Non-Fermentable (mSWI/
SNF) chromatin remodeling complexes, specifically canonical BRG1/

BRM-associated factor (cBAF) complexes, promote severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection and represent host-directed
therapeutic targets. The catalytic activity of SMARCA4 is required for mSWI/

SNF-driven chromatin accessibility at the ACE2locus, ACE2 expression and
virus susceptibility. The transcription factors HNF1A/B interact with and
recruit mSWI/SNF complexes to ACE2 enhancers, which contain high HNF1A
motif density. Notably, small-molecule mSWI/SNF ATPase inhibitors or
degraders abrogate angiotensin-converting enzyme 2 (ACE2) expression
and confer resistance to SARS-CoV-2 variants and aremdesivir-resistant
virusin three celllines and three primary human cell types, including airway
epithelial cells, by up to 5logs. These data highlight the role of mSWI/SNF
complex activities in conferring SARS-CoV-2 susceptibility and identify a
potential class of broad-acting antivirals to combat emerging coronaviruses
and drug-resistant variants.

While coronavirus disease 2019 vaccines are effective, inadequate vac-
cination rates, breakthrough infections and viral evolution highlight
the need for new antiviral strategies against current and emerging
coronaviruses'. Enhanced understanding of virus—host interactions
at the cellular and molecular levels is critical for the development of
both prophylactic and therapeutic approaches® Currently authorized
direct-acting antivirals target the viral polymerase (remdesivir and

molnupiravir) and viral protease (paxlovid). However, viral resistance,
drug-druginteractions and variable efficacy highlight the need for new
drug classes withbroad activity®”. Host-directed therapeutics provide
aparticularly promising approach given the potentially higher barrier
to drug resistance, increased breadth of activity across coronavirus
variants and species and the likelihood of synergy with direct-acting
antiviral drugs®°.

A full list of affiliations appears at the end of the paper.
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Coronavirus entry is mediated by the interaction of the viral spike
(S) glycoprotein with a cellular receptor. Three of the seven human
coronaviruses including the severe acute respiratory syndrome
(SARS)-related beta-coronaviruses (sarbecoviruses) SARS-CoV-1and
SARS-CoV-2, as well as the common cold coronavirus HCoV-NL63,
use angiotensin-converting enzyme 2 (ACE2) as a receptor, whereas
Middle East respiratory syndrome coronavirus (MERS-CoV) uses
dipeptidyl peptidase-4 (DPP4)"**. The S glycoprotein requires pro-
teolytic processing before entry, which can be mediated by several
proteases including transmembrane protease serine 2 (TMPRSS2)
and the endosomal protease cathepsin L” ', On viral entry, viral RNA
is released into the cytoplasm where it is translated and establishes
viral replication and transcription complexes before assembling and
budding”?.

We recently performed a genome-wide CRISPR-Cas9-based
screen to identify host genes essential for highly pathogenic coro-
navirus infection in African green monkey Vero E6 cells?’. Many top
proviral genes for SARS-CoV-2 encoded subunits of the mammalian
SWitch/Sucrose Non-Fermentable (mSWI/SNF) complex: SMARCA4,
ARID1A, DPF2, SMARCE1, SMARCBI and SMARCCI (ref. *). These sub-
unit genes have also been identified in other CRISPR screens per-
formed across several different human cell lines*%. mSWI/SNF or
BRG1/BRM-associated factor (BAF) complexes are ATP-dependent
chromatin remodeling complexes that modulate genomic archi-
tecture and gene expression® 2%, mSWI/SNF complexes are highly
conserved across eukaryotes and form three subcomplexes, each
with distinct subunit composition, genomic localization proper-
ties, nucleosome binding interactions and functions: canonical BAF
(cBAF or BAF), polybromo-associated BAF (PBAF) and noncanonical
BAF (ncBAF) complexes®~'. All mSWI/SNF complexes contain an
ATPase subunit, SMARCA4 or SMARCA2 (also known as BRG1 and
BRM, respectively),and anarray of both shared and complex-specific
subunits®**2, The cBAF (or BAF) subcomplex is the most stoichiometri-
cally abundant mSWI/SNF complex in mammalian cells, localizing
primarily to cis-regulatory enhancer elements on the genome* %,
As a family, mSWI/SNF complexes represent the most frequently
mutated chromatin regulatory entity in human cancer, with >20%
of human cancers bearing mutations, including several rare can-
cers in which mutations are uniformly driving®®??***#°, Further,
mSWI/SNF genes are frequently perturbed in neurodevelopmen-
tal disorders®*!. Importantly, well-tolerated and orally bioavaila-
ble small-molecule inhibitors and degraders targeting mSWI/SNF
family complexes have been recently developed and are currently
in human phase I clinical trials across a range of oncology-centered
indications (NCT04879017, NCT04891757). However, the mecha-
nism by which mSWI/SNF complexes mediate SARS-CoV-2 infection
isunknown.

In this study, we demonstrate that functional mSWI/SNF com-
plexes are required for SARS-CoV-2 infection and viral entry in cell
lines and three primary human cell types. We show that mSWI/SNF
complex catalyticactivity is essential for DNA accessibility at the ACE2
locus and ACE2 expression. Enhanced BAF complex targeting to the
ACE2locus is mediated by the transcription factors HNF1A/B, which
bind BAF complexes and direct them to sites of high local HNF1A/B
motif density. Finally, inhibition of mSWI/SNF ATP-dependent chro-
matin remodeling activity using three different SMARCA4/2-specific
orally bioavailable small-molecule inhibitors and degraders
attenuates ACE2 expression and reduces infection of numerous
SARS-CoV-2 variants. SMARCAA4 inhibitors also inhibit infection of
aremdesivir-resistant SARS-CoV-2, highlighting the utility for new
antiviral drug classes. Notably, mSWI/SNF complexes do not regulate
mouse ACE2 expression, suggesting species-specific regulation of
ACE2. Together, these dataimplicate mSWI/SNF complexes as critical
regulators of SARS-CoV-2infection and new host-directed therapeutic
targets.

Results

cBAF isrequired for SARS-CoV-2 infection

Our previous screens identified genes encoding mSWI/SNF complex
subunits as critical for SARS-CoV-2 infection, most notably, those subu-
nits corresponding to the cBAF complex*>***? (Fig.1aand Extended Data
Fig.1a,b). To determine which of the three mSWI/SNF family complexes
regulate SARS-CoV-2 infection, we generated polyclonal knockout
cells of SMARCA4 (shared subunit), ARID1A (cBAF-specific subunit),
ARID2 (PBAF-specific subunit) and BRD9 (ncBAF-specific subunit)
and ACE2 as a positive control in Vero E6 cells using CRISPR-Cas9.
We challenged cells with a replication-competent infectious clone
of SARS-CoV-2 expressing the fluorescence-based reporter mNeon-
Green (SARS-CoV-2-mNeonGreen) and quantified the frequency of
infected cells by microscopy*. Genetic inactivation of SMARCA4
and ARID1A conferred resistance to SARS-CoV-2-mNG relative to a
control single-guide RNA (sgRNA). Inactivation of ARID2 and BRD9
did not reduce infection (Fig. 1b). Consistent with this, disruption of
SMARCA4 and ARIDIA, but not ARID2 and BRD9, reduced the frequency
of SARS-CoV-2-induced cell death (Extended Data Fig. 1c). Similarly,
inactivation of SMARCA4 and ARID1A, but not ARID2 or BRD9, inhib-
ited SARS-CoV-2 pseudovirus entry (Extended Data Fig. 1d,e). Collec-
tively, these data demonstrate that the cBAF complex, marked by the
complex-specific subunit ARID1A, is required for SARS-CoV-2 entry
into cells.

To assess whether the proviral role of SMARCA4 is restricted
to Vero E6 cells, we generated polyclonal SMARCA4 knockout
cells in human Huh7.5 and Calu-3 cells, derived from human liver
and lung, respectively. Both cell lines endogenously express ACE2
and support SARS-CoV-2 infection. SMARCA4 disruption reduced
SARS-CoV-2-induced cell death, SARS-CoV-2 replication and pseu-
dovirus entry in Huh7.5 cells (Extended Data Fig. 2a-e). Similarly,
disruption of SMARCA4 in Calu-3 cells conferred protection from
SARS-CoV-2-induced cell death and reduced pseudovirus entry
(Extended Data Fig. 2f,g). These findings demonstrate a conserved
role for ATPase-competent cBAF across cell types and primate species.

cBAF ATPase activity enables SARS-CoV-2 infection

SMARCAA4, the catalytic subunit of mSWI/SNF complexes, most of
which associates with cBAF, was second only to ACE2 in our CRISPR
screens”. We generated four independent single-cell SMARCA4
knockout clones in Vero E6 cells using CRISPR-Cas9 and confirmed
knockout efficiency by western blot (Extended Data Fig. 3a). All four
SMARCA4 knockout clones wereresistant to SARS-CoV-2-induced cell
death, SARS-CoV-2replicationand pseudovirus entry (Extended Data
Fig. 3b-d). To test whether the observed phenotypes resulted from
the absence of SMARCA4 catalytic activity (rather than removal of the
five-subunit ATPase module of BAF complexes that SMARCA4 nucle-
ates”), we reintroduced wild-type (WT) SMARCA4, an ATPase-dead
mutant (K785R) or empty vector controlinto SMARCA4 knockout cells
(clone no. 3) and confirmed expression by western blot (Fig. 1c)*****,
mSWI/SNF complexes are essential for organism survival and mouse
early development; loss of SMARCA4 in mice is embryonic lethal**™5,
All four SMARCA4 knockout clones exhibited similar proliferation
kinetics to WT cells demonstrating that SMARCAA4 is not essential for
Vero E6 cellreplication or viability (Extended DataFig. 3e). Importantly,
reintroduction of WT SMARCA4, but not the K785R mutant, rescued
virus replication in knockout cells (Fig. 1d). Similarly, we observed an
approximate 3-log reduction of viral replicationin SMARCA4 knockout
and K785R catalytically inactive cells. This was rescued by complemen-
tation with WT SMARCA4 (Fig. 1e).

Next, we asked whether the proviral role of SMARCA4 was specific
to SARS-CoV-2. Weinfected cells with either SARS-CoV-2, abat corona-
virus HKUS expressing the SARS-CoV-1S protein (HKU5-SARS-CoV-1-S),
or MERS-CoV. The catalytic activity of SMARCA4 was necessary for
virus-induced cell death fromboth SARS-CoV-2 and HKU5-SARS-CoV-1.
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Fig. 1| ATPase activity-competent mSWI/SNF complexes are essential for
SARS-CoV-2infection. a, Schematic of the three mSWI/SNF family complexes,
cBAF, PBAF and ncBAF, with subunits colored according to scores in the Vero E6
SARS-CoV-2 CRISPR-Cas9 screen. The average proviral z-scores for each complex
are shown. Complex-specific scores represent the sum of two complex-specific
subunits, one core subunit and one reader subunit. b, Bar graph depicting the
percentage of mNeonGreen-expressing Vero E6 cells (control cells or those with
polyclonal CRISPR-mediated knockout of shared or unique mSWI/SNF subunits
or ACE2) after infection by icSARS-CoV-2-mNG at an MOl of 1. ¢, Immunoblot
performed in SMARCA4 knockout Vero E6 cells reconstituted with empty
vector, WT SMARCA4 or SMARCA4 ATPase-dead mutant (K785R).d, SMARCA4
knockout-complemented and WT Vero E6 cells were infected with icSARS-CoV-
2-mNGatan MOI of 1. Infected cells were imaged via fluorescence microscopy
(left); mNeonGreen-expressing cell frequency was measured 2 d after infection

(right). e, SMARCA4 knockout-complemented and WT Vero E6 cells were
infected with SARS-CoV-2 atan MOl of 0.1. Virus titer was measured by plaque
assay. PFU, plaque-forming unit. f, SMARCA4 knockout-complemented and WT
Vero E6 cells were infected with SARS-CoV-2 (left), HKU5-SARS-CoV-1-S (middle)
and MERS-CoV (right) at an MOl of 0.2. Cell viability relative to a mock-infected
control was measured 3 d after infection with CellTiter-Glo (CTG). RLUs, relative
light units. g, SMARCA4 knockout-complemented and WT Vero E6 cells were
infected with VSV pseudovirus (VSVpp): VSVpp-VSV-G; VSVpp-SARS-CoV-2-S
(left), VSVpp-SARS-CoV-1-S (middle) and VSVpp-MERS-CoV-S (right). Luciferase
relative to the VSVpp-VSV-G control was measured 1d after infection. Datainb
and d-g were analyzed by one-way ANOVA with Tukey’s multiple comparison
test. Themean + s.e.m. are shown. **P < 0.01, **P < 0.001, NS, not significant.
n=3biological replicates. Datain c are representative one of three independent
experiments.

In contrast, MERS-CoV-induced cell death was independent of
SMARCAA4 (Fig. 1f). In agreement with these findings, pseudovirus
assays indicated that the ATPase activity of SMARCAA4 is essential for
viralentry of SARS-CoV-2 and SARS-CoV-1but not MERS-CoV (Fig.1g).
These data demonstrate that SMARCA4 specifically promotes sarbe-
covirusinfectionin an ATPase activity-dependent manner.

cBAF regulates ACE2 levels and is essential for viral entry

We next sought to define the mechanism underpinning the essentiality
of mSWI/SNF, specifically cBAF complexes, in SARS-CoV-2 infection. We
performed genome-wide localization studies using CUT&Tag (C&T)*
and DNA accessibility profiling using assay for transposase chromatin
with sequencing (ATAC-seq)°**' in Vero E6 SMARCA4 knockout cells
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rescued with empty vector, WT SMARCA4 or the SMARCA4 K785R
ATPase-dead mutant (Fig. 2a). Rescue of WT SMARCA4 resulted in
increased numbers of BAF complex peaks and ATAC-seq-determined
accessible peaks, as expected from previous studies performed in
other cellular contexts® (Extended Data Fig. 4a-d). Integration and
clustering analyses of these datasets enabled us to define three clusters
of genomic sites including: those unoccupied by BAF complexes in
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all conditions (cluster 1); those with moderate gains in BAF complex
occupancy and accessibility on SMARCA4 rescue (cluster 2); and those
withsubstantial gains in BAF targeting and accessibility after expression
of only WT SMARCA4 but not the catalytically dead SMARCA4 K785R
mutant (ATPase activity-dependent sites) or empty vector control (clus-
ter 3) (Fig. 2b,c). These ATPase activity-dependent sites were largely
localized to sites distal to transcription start sites (TSS) and resulted
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Fig.2| Top-ranked sites of ATPase-active BAF complex occupancy and DNA
accessibility include ACE2. a, Immunoblot performed on nuclear extract
(input) and anti-V5 immunoprecipitates from SMARCA4 knockout Vero E6

cells expressing either empty vector, WT V5-SMARCA4 or V5-SMARCA4 K785R.
b, Heatmap and clustering analysis performed on the merged BAF complex
(SMARCA4, SMARCC1and ARID1A), H3K27ac occupancies (n = 1) and ATAC-seq
(n=2biological replicates) peaks performed in Vero E6 cells rescued with the
conditions shownin a, grouped into three clusters. ¢, Metaplots of SMARCA4
occupancy (C&T) and ATAC-seq peaks at WT SMARCA4-dependent sites
(cluster 3).d, Distance to TSS distribution of C&T and ATAC-seq merged peaks
for all conditions across clusters1-3 fromb. e, Cumulative distribution function
plotreflecting genes nearest to SMARCC1 gained sites in SMARCA4 knockout
cells rescued with WT SMARCA4 versus empty vector in cluster 3 from b; the
top one-tenth fraction reflects genes associated with the top changed sites;
sites highlighted in red indicate genes that scored as proviral determinantsin

the CRISPR screen. f, ATAC-seq and C&T tracks at the ACE2locus in SMARCA4
knockout Vero E6 cells rescued with empty vector, WT SMARCA4 or SMARCA4
K785R. g, Reads per kilobase of transcript per million reads mapped (RPKM)
levels for ACE2in Vero E6 cells across the conditions shown (n = 2 biological
replicates). The Pvalues shown were calculated in edgeR using a quasi-likelihood
negative binomial test. h, Volcano plots reflecting gene expression changes
(RNA-seq) (n =2 biological replicates) between the conditions shown.

i, Overexpression of hACE2 in SMARCA4 knockout Vero E6 cells. j, VSVpp-based
pseudovirus entry assay and plaque assays in WT Vero E6 cells and SMARCA4
knockout cells rescued with human ACE2. Datain aand i are representative of
one of three independent experiments. Data in j were analyzed using a one-way
ANOVA with Tukey’s multiple comparisons test. The mean + s.e.m. are shown.
**P<0.01,**P<0.001, n=3biological replicates. The dashed line indicates limit
of detection.

in the establishment of the H3K27ac and H3K4mel chromatin marks,
highlighting their potential role in mediating enhancer accessibility
and activation (Fig. 2d and Extended Data Fig. 4e).

We next wanted to identify the most highly increased sites of
BAF complex targeting and DNA accessibility within cluster 3 as a
strategy to identify gene loci that may underpin the requirement
for BAF complexes in SARS-CoV-2 infection. We ranked de novo BAF
complex target sites (SMARCCI1, SMARCA4 or ARID1A-gained sites)
inSMARCA4 knockout cells rescued with WT SMARCA4 versus empty
vector within cluster 3 and identified genes closest to these sites. This
strategy led us toidentify ACE2 as atop-regulated locus (Fig. 2e). Nota-
bly, a number of additional genes localized to SMARCA4-dependent
genomic regions were those found to mediate viral infection in our
CRISPR screen along with ACE2, such as SLC4A4 and HNFI1A (Fig. 2e
and Extended Data Fig. 4f), thus suggesting that mSWI/SNF complexes
regulate a coronavirus susceptibility gene expression axis. We identi-
fied three putative enhancer sites, two distal and one proximal, and
the promoter of ACE2, for which BAF complex occupancy and result-
ing DNA accessibility depended on the catalytic activity of SMARCA4
(Fig. 2f). Importantly, WT SMARCA4 was required for ACE2 expression
inVeroE6 cells (Fig. 2g,h). Notably, among the 236 transcripts that were
dependent on ATPase-competent BAF complexes, three genes, ACE2,
SLC4A4and HNFIA, overlapped with screening hits and were dependent
on WT SMARCA4 for BAF complex targeting and genomic accessibil-
ity (Fig. 2e,h and Extended Data Fig. 4f-i). Taken together, these data
underscore the critical role for ATPase-competent BAF complexes in
regulating the accessibility of genes critical for SARS-CoV-2 infection,
particularly the ACE2locus.

Finally, given that ACE2 was among the most highly regulated
genes upon SMARCAA4 deletion (Fig. 2h and Extended Data Fig. 4j,k),
we sought to determine if SARS-CoV-2 infectivity could be rescued in

SMARCA4 knockout cells after rescue with human recombinant ACE2
(hACE2).Indeed, Ientiviral expression of hACE2 in SMARCA4 knockout
VeroE6 cellsrescued SARS-CoV-2infectivity as assessed by pseudovirus
entry and plaque assay (Fig. 2i,j), underscoring that BAF-mediated
regulation of ACE2 specifically is responsible for the pro-SARS-CoV-2
phenotype observed.

Enhanced cBAF complex targeting at ACE2 is mediated by
HNF1A

We next sought to determine the mechanism by which the ACE2locus
is regulated by the BAF complex. We performed motif analyses using
HOMER v4.9 and MEME on the ATPase activity-dependent sites (cluster
3; Fig. 2b-d) to determine whether specific DNA motifs dominated
these genomic regions. Indeed, motifs corresponding to the tran-
scription factors HNF1A and HNF1B were highly enriched (Fig. 3a).
Further, HNF1A (but not HNF1B) messenger RNA (mRNA) and protein
levels were dependent on SMARCA4 in Vero E6 cells, suggesting that
the nuclear abundance of HNF1A and its subsequent targeting to its
cognate motifs is controlled by BAF complex activity (Fig. 3b,c and
Extended Data Fig. 5a).

Giventhat the ATPase-dependentsites, including the HNF1A gene
locus itself, showed the greatest enrichment of HNF1 motifs, we next
sought to define the potential role for HNF1A and HNF1B factors in
directing BAF complex occupancy and activity to genomic sites such
as the ACE2locus. To do this, we generated HNF1A and HNF1B knock-
out Vero E6 cells and confirmed significant reduction of both ACE2
mRNA and proteinlevels (Fig. 3d). Notably, genetic depletion of either
HNF1A or HNF1B decreased SARS-CoV-2 infection in Vero E6 cells, as
measured by mNeonGreen, plaque assays and pseudovirus entry assays
(Fig.3e-g). We confirmed these resultsin human Huh7.5 cells (Extended
DataFig.5b-e).

Fig.3 | HNF1A-BAF complex binding cooperates with high motif density

atthe ACE2locus to regulate ACE2 expression. a, Transcription factor motif
enrichment analysis at BAF-gained sites (cluster 3). b, Transcription factor motif
enrichment at BAF-occupied gained sites after rescue of Vero E6 SMARCA4
knockout cells with WT SMARCA4 plotted against log, fold change of the
transcript levels of the transcription factors (empty vector versus WT SMARCA4
conditions). HNF1A and HNF1B are circled inred. ¢, Immunoblot of HNF1A/B
across WT Vero E6 and SMARCA4 knockout cells rescued with empty vector,

WT SMARCA4 or SMARCA4 K785R. d, ACE2 expression in HNF1A and HNF1B
knockout Vero E6 cells measured by RT-qPCR (left) and immunoblot (right).

e, WT and HNF1A/B knockout Vero E6 cells were infected with icSARS-CoV-2-mNG
atan MOl of 1. The frequency of infected cells was measured using mNeonGreen
expression 2 d after infection. f, Vero E6 cells were infected with SARS-CoV-2 at
an MOl of 0.1. Virus production was measured by plaque assays. g, HNF1A and
HNF1B knockout Vero E6 cells were infected with SARS-CoV-2 pseudovirus.

Luciferase relative to VSVpp-VSV-G control was measured 1 d after infection.

h, Coimmunoprecipitation of endogenous SMARCA4 and HNF1A in nuclear
extracts isolated from Vero E6 cells. i, HNF1 dimerization and association studies
inWT and SMARCA2/4 double-knockout HEK 293T cells. j, Heatmap of SMARCA4
and SMARCC1 merged C&T (n =1) and ATAC-seq (n = 2) peaks in control and
HNF1A knockout Vero E6 cells, divided into three clusters. k, Bar graph depicting
the fraction of sites with an HNF1 motif near cluster A (lost sites), cluster B
(gained sites) and cluster C (unchanged sites) fromj. I, Normalized gene rank of
genes closest to cluster Asites plotted against the number of HNF1 motifs per
gene at cluster A sites; selected genes within the top 10% of sites regulated by
HNF1A are shown. m, C&T and ATAC-seq tracks at the ACE2locus in control and
HNF1A knockout Vero E6 cells. The datain ¢, d, handi are representative of one of
three independent experiments. The datain d-g were analyzed using a one-way
ANOVA with Tukey’s multiple comparisons test. The mean + s.e.m. are shown.
***P<0.001, n=3biological replicates.
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We next asked whether HNF1A, HNF1B or both could bind BAF
complexes. To evaluate this, we expressed humaninfluenzahemagglu-
tinin (HA)-tagged HNF1A and HNF1B in HEK 293T cells and performed

expressed at co

immunoprecipitation assays. Notably, while HNF1A and HNF1B were

mparable levels, immunoprecipitation of SMARCA4,

and hence the BAF complexes, captured HA-HNF1A but not HA-HNF1B.
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This interaction was dependent on nucleic acids because benzonase
treatment abolished binding in the nucleus (Extended Data Fig. 5f,g).
Consistent with the overexpression data, immunoprecipitation

of endogenous
HNF1A but not HNF1B, despite similar nuclear protein levels (Fig. 3h).
Given that both HNF1A and HNF1B motifs were enriched in mSWI/

BAF complexes in Vero E6 cells also captured only

Nature Genetics | Volume 55 | March 2023

| 471-483

477


http://www.nature.com/naturegenetics

Article

https://doi.org/10.1038/s41588-023-01307-z

Fig. 4 |Small-moleculeinhibition of the SMARCA4 ATPase of mSWI/SNF
complexes downregulates ACE2 expression and blocks SARS-CoV-2 infection.
a, Top: chemical structures of the mSWI/SNF SMARCA4/2 ATPase inhibitors,
Compl2 and Compl4. Bottom: three-dimensional structure highlighting
Compl12 docked in the ATPase site of the SMARCA2/4 ATPase subunit (Protein
DataBank ID: 6EG2). b, Vero E6 cells were treated with 1.25 uM Compl2 for the
indicated times. ACE2 mRNA and protein levels were measured using RT-qPCR
and immunoblot, respectively. c, Vero E6 cells were pretreated with Comp12
inhibitors for 2 d and then infected with SARS-CoV-2 at an MOl of 0.2. Cell viability
was measured 3 d after infection. d, Vero E6 cells were pretreated with 1.25and

2.5 uM Compl2 for 2 d and theninfected with SARS-CoV-2 pseudovirus. The

ACE2 antibody was preincubated with cells for 1 h before infection as a positive
control. Luciferase relative to VSVpp-VSV-G control was measured 1 d after
infection. e, SARS-CoV-2 production in Compl12 pretreated Vero E6 cells with the

indicated concentrations of Comp12 for 2 d. f, ACE2 transcript and protein levels
in Comp12-treated Vero E6, Huh7.5 and Calu-3 cellsfor2 d at 1.25and 2.5 uM.

g, ACE2transcript and protein levelsin inhibitor and degrader-treated Vero and
Huh7.5cells for2 d at1.25and 2.5 pM. h, Vero E6 and Huh7.5 cells were pretreated
withtheindicated inhibitors and/or degraders at 2.5 pM for 2 d and then infected
withicSARS-CoV-2-mNG. The frequency of infected cells was measured by
mNeonGreen expression. i, Vero E6 cells were pretreated with 2.5 uM Comp12

for 2 d and then infected with the indicated SARS-CoV-2 variants at an MOl of

0.2. Cell viability was measured 3 d after infection. j, Vero E6 or Calu-3 cells were
pretreated with 2.5 uM of Comp12 for 2 d and then infected with the SARS-CoV-2
WA1and E802D viruses. Virus production was measured by plaque assays 1d after
infection. Datain b—jwere analyzed using a one-way ANOVA with Tukey’s multiple
comparisons test. The mean * s.e.m. are shown. *P < 0.05, **P< 0.01, **P < 0.001,
n=3biological replicates.

SNF-dependent sites and both HNF1 family transcription factors medi-
ated viralinfection, yet only HNF1A was shown to bind BAF complexes,
we performed reciprocalimmunoprecipitations to determine whether
HNF1A/Bfactors dimerized. Consistent with previous studies, we iden-
tified homo- and heterodimers of both HNF1A and HNF1B*>**, Further,
SMARCA4/2 knockout reduced HNF1A homo- and heterodimerization
but did not affect HNF1B homodimerization (Fig. 3i), implicating cBAF
asascaffold for HNF1A function. Taken together, these data highlight
the specific tethering of HNF1A to BAF complexes, which can either
homo- or heterodimerize inamanner dependent on the physical scaf-
fold of the BAF complex ATPase module SMARCA4/2.

We next performed C&T and ATAC-seq to evaluate changes in
genome-wide BAF complex targeting and DNA accessibility, respec-
tively, upon HNF1A knockout. Notably, we identified a cluster of 8,029
sites over which BAF complex occupancy and accessibility was sub-
stantially reduced after HNF1A knockout (cluster A, lost sites), along
with another cluster of gained sites (cluster B, n = 8,188) and a large
cluster of unchanged sites (cluster C, n = 40,363, 71% all sites) (Fig. 3j
and Extended Data Fig. 5h-j). Importantly, sites losing BAF complex
targeting and associated DNA accessibility upon HNF1A knockout
exhibited the highest HNF1A motif density (Fig. 3k and Extended Data
Fig. 5k). Further, within cluster A (lost sites), the ACE2 locus scored
amongthesites of highest HNF1A motif density (Fig. 3],m and Extended
Data Fig. 51). Taken together, these results highlight the critical role
for the HNF1IA-BAF complex binding interaction in directing BAF
complex localization and remodeling activities to HNF1A target sites
genome-wide. These findings underscore the impact of transcription
factor DNA motif density in dictating the degree to which BAF com-
plexeslocalize and act over a given target sequence.

SMARCAA4 inhibition blocks ACE2 expression and viral
infection

To investigate the potential of ATPase-competent cBAF complexes
as host-directed therapeutic targets for coronavirus disease 2019,
we next evaluated the effect of two analogous orally bioavailable
small-molecule inhibitors of SMARCA2/4 ATPase activity, Comp12

and Comp14, on SARS-CoV-2 infection® (Fig. 4a). Given the role of
mSWI/SNF complex ATPase activity in facilitating DNA accessibility
overthe ACE2locus and ACE2 gene expression, we evaluated the impact
of Compl2 treatment on ACE2mRNA and protein expressionin Vero E6
cells (Fig. 4b). Notably, mRNA levels of ACE2 were reduced as early as
4 h after treatment with Comp12, while maximal reduction of protein
levelsrequired 48-72 hof treatment (Fig. 4b). Further, Comp12 had no
effect on DPP4 expression, which was similar to the SMARCA4 knockout
genetic results (Fig. 2h and Extended Data Fig. 6a). Importantly, we
observed dose-dependentinhibition of SARS-CoV-2-induced cell death
with Comp12 (half maximalinhibitory concentration (ICs,) = 310 nM),
whereas the cell death induced by MERS-CoV was unaffected (Fig. 4¢
and Extended Data Fig. 6b). In addition, SMARCA2/4 inhibition with
Compl2 reduced SARS-CoV-2 infection and viral entry (Fig. 4d,e) but
had no effect on MERS-CoV entry (Extended Data Fig. 6¢). We also
observed inhibition of ACE2 expression in Huh7.5 and Calu-3 cells
demonstrating that this is generalizable across monkey and human
cell lines (Fig. 4f).

Finally, to assess alternate compounds that might block SMARCA4
activity, we tested an analog of Comp12, Compl4 (ref.>) and a com-
pletely independent PROTAC degrader of SMARCA2/4 and PBRM1
(ACBI1)*. As a negative control, we also tested a PROTAC degrader
of the ncBAF-specific protein BRD9 (dBRD9)*’". Both Comp14 and
ACBI1 inhibited ACE2 expression in both Vero E6 and Huh7.5 cells
(Fig. 4g), whereas targeting BRD9 had no effect, which is consistent
with our geneticresults above. Consistent with ACE2 downregulation,
Compl4and ACBI1 treatmentinhibited icSARS-CoV-2-mNGrreplication,
virus production and pseudovirus entry (Fig. 4h and Extended Data
Fig.6d,e).

To confirmthat the mechanism of ACE2 downregulationidentified
inVero E6 cells was consistentin human cell lines, we profiled BAF com-
plexand HNF1A chromatin occupancy (C&T), DNA accessibility (ATAC-
seq) and gene expression (RNA sequencing (RNA-seq)) in Huh7.5and
Calu-3 cells treated with dimethyl sulfoxide (DMSO) or Comp12.Inboth
cases, we identified a cluster of sites co-occupied by HNF1A and cBAF
(marked by SMARCA4, SMARCC1and ARID1A) over which occupancy of

Fig.5|SMARCAA4 is required for ACE2 expression and sarbecovirus
susceptibility in primary human cells. a, Schematic of SMARCA4/2 ATPase
inhibitor treatment and virus infection in primary HBECs. b-e, HBECs were
pretreated with 2.5and 5 pM Comp12 for 4 d and then infected with SARS-
CoV-2 (b), HKUS5-SARSI-S (c), MERS-CoV (d) and IAV (e). Virus replication was
measured by plaque assay and/or RT-qPCR. f, HBECs were pretreated with

2.5 uM Compl2for 4 d and then infected with SARS-CoV-2 WA1 or E802D virus at
an MOl of 0.5. The virus titer was measured using plaque assay. Remdesivir was
added right after infection. g, ACE2 expression was measured using RT-qPCR;
SARS-CoV-2replication was measured using a plaque assay after virus infection
inHBECs pretreated with 2.5 pM of the indicated compounds for 4 d. h, hPSC-

derived pneumocyte-like cells were pretreated with Compl2 for 2 d and then
infected with SARS-CoV-2 atan MOl of 0.1.1,j, Infectivity was measured by the
accumulation of viral nucleoprotein in the nucleus of the cells 2 d after infection.
ACE2 expression and SARS-CoV-2 infection were measured in HIEs (i) and MIEs
(j) pretreated with 2.5 uM of the indicated compounds for 3 d except remdesivir,
which was added right after virus infection. k, Model depicting the mechanism
of mSWI/SNF complex-mediated regulation of ACE2 expression and SARS-CoV-2
entry.Inb, ¢, d, f,gandi, the dashed line indicates the limit of detection. Datain
b-jwere analyzed using a one-way ANOVA with Tukey’s multiple comparisons
test. The mean + s.e.m. are shown. **P < 0.01, **P < 0.001, ***P<0.0001,n=3
biological replicates.
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both HNF1A and cBAF was lost after treatment with Comp12 (cluster 2)
(Extended DataFig.7a). These sites also exhibited a corresponding loss

enriched in HNF motifs (Extended Data Fig. 7b-e). Upon ranking
cluster 2 sites in both Huh7.5 and Calu-3 cells based on the change in

in DNA accessibility, were primarily distal in nature and were highly  SMARCA4 occupancy in DMSO versus Comp12 conditions, ACE2scored
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again as a top affected locus (Extended Data Fig. 7f). Transcriptional
analysis further identified downregulation of ACE2transcriptlevelsin
Compl2-treated Huh7.5 and Calu-3 cells, underscoring similar regula-
tion of ACE2 expression by the cBAF complex and HNF1A across the
group of cell lines evaluated (Extended Data Fig. 7g).

We next asked whether mSWI/SNF ATPase inhibition could inhibit
diverse SARS-CoV-2 variants and virus resistant to a direct-acting
antiviral. Like the antiviral effects observed with the prototypic
SARS-CoV-2 WA/01, Compl2 protected cells from infection against
nine SARS-CoV-2 variants including: B (Germany); B.1.5 (UK); B.1.1.222
(UK);B.1.1.298 (Denmark); B.1.1.7 (Alpha); B.1.351 (Beta); P.1 (Gamma);
B.1.617.2 (Delta); and B.1.1.529 (Omicron) (Fig. 4i). We next determined
whether Compl2 can overcome drug-resistant virus infection using a
remdesivir-resistant SARS-CoV-2 virus, which contained a point muta-
tion, E802D, in the NSP12 RNA-dependent RNA polymerase®. Notably,
Compl2exhibited better efficacy against the ES02D mutant virus com-
pared to remdesivir (Fig. 4j). Taken together, these data indicate that
inhibition of mSWI/SNF complex ATPase activity is a viable approach
to attenuate diverse sarbecoviruses, including SARS-CoV-2 variants of
concern and drug-resistant mutants.

BAF inhibition blocks SARS-CoV-2 infection in primary cells
We next sought to evaluate the antiviral effects of mSWI/SNF com-
plex ATPase inhibition in physiologically relevant primary cells. We
firstevaluated the impact of SMARCA2/4 ATPase inhibitionin primary
human bronchial epithelial cells (HBECs) cultured at air-liquid inter-
face (ALI) (Fig. 5a). Remarkably, Compl2 treatment nearly completely
blocked SARS-CoV-2 viral replication and virus production in HBECs
by approximately 5 logs as measured by plaque assay and quantita-
tive PCR (qPCR) (Fig. 5b). Comp12 did not result in cytotoxicity at the
concentrations tested in HBECs (Extended Data Fig. 8a). Consistent
with our findings across three cell lines, Comp12 downregulated ACE2
expression in HBECs (Extended Data Fig. 8b). Comp12 pretreatment
of HBECs blocked SARS-CoV-2 infection and downregulated both
ACE2 and HNFIA (Fig. 5b and Extended Data Fig. 8b,c). Consistently,
ACE2 was one of the most highly downregulated genes in HBECs after
Compl2treatment (Extended Data Fig. 8d). Pathway analysis of dif-
ferentially regulated genes in response to Comp12 treatment did not
identify common antiviral pathways, which is consistent with ACE2
downregulation as the main, if not exclusive, mechanism of action
(Extended DataFig. 8e).

To evaluate the antiviral specificity of Comp12, we challenged
Compl2-treated HBECs with HKU5-SARS-CoV-1-S, MERS-CoV and
influenza A virus (IAV, A/WSN/1933). As expected, Compl2 blocked
HKUS-SARS-1-Sreplication, which also uses the ACE2 receptor, whereas
replication of MERS-CoV and IAV, which use DPP4 and sialic acid as
receptors, respectively™®*’, were unaffected (Fig. 5c-e). We next
tested the efficacy of Compl2 in overcoming remdesivir-resistant
E802D mutant SARS-CoV-2 infection in HBECs. Comp12 treatment
restricted ES02D virus replication compared to remdesivir treat-
ment, highlighting the potential usefulness of mSWI/SNF inhibition
to combat antiviral drug resistance from currently approved drug
classes (Fig. 5f). Consistent with Comp12, Comp14 and ACBI1 treatment
downregulated ACE2and HNF1A expression and restricted SARS-CoV-2
infection (Fig. 5g and Extended Data Fig. 8f). Further, Comp12 treat-
mentalsorestricted SARS-CoV-2infectionininduced pluripotent stem
cell-derived ACE2-expressing cells (Fig. 5h). Taken together, these data
demonstrate the tolerability, antiviral efficacy and viral specificity of
SMARCAZ2/4 ATPase inhibition in primary human cells.

Finally, we investigated the therapeutic potential of cBAF ATPase
inhibitioninvivoin mice (Extended DataFig. 9a). Surprisingly, Comp14
treatment of WT C57BL/6) mice did not confer protection from
mouse-adapted SARS-CoV-2/MA10 as measured by weight loss and
virus titers in the lung (Extended Data Fig. 9b-d). We did not observe
significant body weight loss in Compl4-treated mice compared to

a DMSO control, demonstrating tolerance of mSWI/SNF inhibition
(Extended Data Fig. 9b). Consistent with the lack of antiviral efficacy,
Ace2expression levelsin Comp12-treated mice was comparable to that
inDMSO-treated mice (Extended DataFig. 9e). Given this discrepancy
between mouse and cell-based human data, we hypothesized that
Ace2 expression in mice is not regulated by the cBAF-HNF1 axis as in
humans. To test this hypothesis, we measured the impact of cBAF
ATPase inhibition on ACE2 expression in human and murine intestinal
enteroids (MIEs), which endogenously express high levels of ACE2
(ref.*%). Notably, targeting cBAF ATPase activity downregulated ACE2
expression and blocked SARS-CoV-2 infection in human intestinal
enteroids (HIEs) but notin mouse enteroids (Fig. 5i,j), demonstrating
fundamental differences between mouse and human ACE2 regulation.
Consistent with this, the density of HNF1 transcription factor binding
motifs around the ACE2locus was markedly reduced in mice compared
to humans (Extended Data Fig. 9f). Collectively, these data suggest that
the cBAF complex-HNF1transcription factor axis specifically regulates
ACE2 accessibility and expression in primates (Fig. 5k).

Discussion

Inthis study, we identified that the transcription factor HNF1A binds to
and directs cBAF complexestothe ACE2locus. This resultsin DNA acces-
sibility and induces ACE2 expression and promotes SARS-CoV-2 suscep-
tibility. Thismechanismis conserved across three primate cell linesand
three human primary cell types, including airway epithelial cells, and
canbetherapeutically targeted by orally bioavailable small-molecule
inhibitors and degraders of SMARCA4/2 ATPase subunits. mSWI/
SNF complex disruption, by either genetic or small-molecule means,
potently reduces ACE2 expression and sarbecovirus infection in cell
lines and primary human airway epithelial cells by up to 5Slogs, under-
scoring the potential prophylactic and therapeutic activity of mSWI/
SNF inhibitors for current and emerging pandemic sarbecoviruses.

Viral receptor expression is a major determinant of pathogen-
esis®**, Understanding the molecular mechanisms of the regulation
and dynamics of ACE2 expression may inform host range, tissue and
celltypesusceptibility, as well as disease severity. Recent studies have
revealed that ACE2 expression increases with age®, smoking®®, infec-
tion®” and interferons®*’; however, the molecular mechanisms govern-
ing the dynamicregulation of ACE2 gene expression areincompletely
understood. The detrimental phenotypes associated with Ace2 ger-
mline disruptionin mice are attributed to the increase inangiotensin|I
resulting from Ace2 deficiency. The effects and tolerability of transient
ablation of ACE2, such as that resulting from SMARCA4 inhibition, in
adultanimalsis unclear™®™,

Several genome-wide CRISPR-Cas9 screens in the context of
SARS-CoV-2 have been now described®**”77, SMARCA4 was identi-
fied as the second highest hit next to ACE2in our screen**and was also
enrichedinarecentscreen”. SMARCA4 and other mSWI/SNF complex
genes were not identified in several other screens, probably owing to
thefactthat these celllines ectopically overexpressed ACE2 (thatis, in
A549 cellsand Huh7.5 cells), thus decoupling ACE2 expression from the
endogenous gene regulatory elements needed for mSWI/SNF action,
as we show also in this study (Fig. 2i)**”*”’. Further, in two screens
performed at 37 °C with Huh7.5 cells expressing only endogenous
ACE2, ACE2 itself was not detected as a statistically significant hit>”*;
similarly, inascreen performed at 33 °C with Huh7.5 cells, ACE2 ranked
only at 171 out 0f 19,364 genes®. These discrepancies highlight the
challengesin detecting genesimportant for ACE2 regulationin Huh7.5
genome-wide screens and may be due to the limited virus-induced cell
deathinthis cell context. Importantly, we validated the importance of
SMARCA4-mediated catalytic activity of mSWI/SNF complexesin Vero
E6,Huh?7.5, Calu-3 and primary HBEC cells, humaninduced pluripotent
stem cellsand HIEs and identified the mechanism by whichit regulates
ACE2 expression, reconciling these screening-based discrepancies in
thefield.
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We identified a mechanistic axis by which mSWI/SNF complexes
remodel the ACE2 and HNFIA loci, generating DNA accessibility and
activating gene expression. HNF1A protein, production of which is
dependent on ATPase-active mSWI/SNF complexes, binds mSWI/SNF
complexes, guiding complex targeting on the genome to sites of high
HNF1A/B motif density, including the ACE2locus. Further, our finding
that HNF1A but not HNF1B binds BAF complexes, and that homo- and
heterodimerization of HNF1factors requires SMARCA4 and hence fully
formed BAF complexes containing the ATPase module®**, suggests a
role for BAF complex chromatin binding and nucleosome remodeling
for the dimerization of transcription factors such as HNF1A/B. These
data will require additional biochemical and structural studies to fur-
ther define the nature of dimeric transcription factor-BAF complex
interactions. Interestingly, HNF1A/B transcription factors exhibit
substantial functional differences between mice and humans, with
HNF1 transcription factor motifs depleted at the mouse Ace2 locus
relative to the primate ACE2 locus’®. Consistent with this, we did not
observe Ace2 downregulation or antiviral activity of SMARCA4 inhibi-
torsin mouse enteroids or in vivo in mice. This highlights a limitation
ofrodent models for assessing Ace2 expression and drugs modulating
mSWI/SNF complexes or Ace2.

New therapeutics are needed for current and emerging corona-
viruses to increase antiviral breadth, combat emerging drug resist-
ance and improve tolerability. Currently, host-directed therapeutics
predominantly focus on modulating pathogenic immune activation,
suchaswith the steroid dexamethasone’**°. In this study, we describe
the SMARCA4/2 ATPase, whichis specific to mSWI/SNF complexes, as a
host-directed therapeutic targetindependent ofimmune modulation.
SMARCAZ2/4 ATPase antagonists are currently in phase I clinical trials
for SMARCA2/4-dependent cancers, such as uveal melanomaand acute
myeloid leukemia (NCT04879017 and NCT04891757) highlighting the
feasibility of this approach. Targeting mSWI/SNF complexesinatran-
sient manner offers several potential advantages in the regulation of
ACE2expression and sarbecovirusinfection. First, given the mechanism
of mSWI/SNF complexes in regulating genomic accessibility in the host
cell, viral antagonism is anticipated to be synergistic with existing,
direct-acting antiviral and host immunomodulatory drugs. Second,
by downregulating ACE2, SMARCA4 inhibitors can inhibit diverse
ACE2-utilizing viruses including HCoV-NL63, SARS-CoV-1, SARS-CoV-2
variants, including remdesivir-resistant forms, and sarbecoviruses
recently discovered in bats, which represent a substantial risk for
causing future pandemicsin humans®*, Taken together, our data sug-
gest that comprehensive studies in humans to evaluate the safety and
efficacy of small-molecule antagonists of SMARCA4-mediated mSWI/
SNF ATPase activity are warranted and may provide prophylactic and
therapeutic benefit for pandemic coronaviruses.
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Methods

Blinding statement

Data collection and analysis were not performed blind to the condi-
tions of the experiments.

Data exclusion statement
No animals or data were excluded from the analyses in this study.

Cells

HEK293T (cat.no. CRL-3216, ATCC), Vero E6 (cat. no. CRL-1586, ATCC)
and Huh7.5 (Washington University in St. Louis) cells were cultured in
DMEM with 10% heat-inactivated FCS and 1% penicillin-streptomycin
unless otherwise indicated. Calu-3 (cat. no. HTB-55, ATCC) cells
were cultured in RPMI 1640 medium with GlutaMAX, 10% FCS, 1%
penicillin-streptomycin and 16 ng ml™ of hepatocyte growth fac-
tor (Stem Cell Technology) to preserve viability and support robust
growth. For Vero E6 and Huh7.5 cells, 5 ug ml™ of puromycin (Gibco)
and 5 pg ml™blasticidin (Gibco) were added as appropriate. For Calu-3
cells, 1 pg ml™ of puromycin was added as appropriate.

ALI culture of HBECs and infection
Primary HBECs were purchased from Lonza (cat. no. CC-2541) and
differentiated in ALI culture as described previously®®. HBECs were
culturedinsuspensioninPneumaCult-Ex Plus Medium according tothe
manufacturer’sinstructions (STEMCELL Technologies). To generate the
ALl cultures, HBECs were plated on collagen-coated transwell inserts
with a 0.4-p pore size (Corning) at 5 x 10* cells per ml per filter and
insertedinto 24-well culture plates. Cells were maintained for the first
3 din PneumacCult-Ex Plus Medium then changed to PneumacCult-ALI
Medium (STEMCELL Technologies) containing the ROCK inhibitor
Y-27632for 4 d. Fresh medium, 100 plin the apical chamberand 500 pl
in the basal chamber, was provided every day. On day 7, the medium
at the apical chambers was removed, while the basal chambers were
maintained with 500 pl of PneumacCult-ALI Medium. Medium in the
basal chamber was changed every 2-3 d. HBECs were maintained at
ALl culture for 28 d, allowing them to differentiate.

Differentiated HBECs were pretreated with inhibitors or DMSO for
1-4 datbothapical and basal sides. HBECs were washed five times with
PBS andinoculated with SARS-CoV-2, HKU5-SARS-CoV-1-S, MERS-CoV
andIAV from the apical side at a multiplicity of infection (MOI) of 0.5;
the cell number per filter support was approximately 5 x 10°. After 1 h
of incubation at 37 °C, HBECs were rinsed with PBS twice to remove
unbound viral particles. Infected HBECs were further maintained
under ALl conditions at 37 °Cin 5% CO,. At different time points, 100 pl
of fresh mediumwas added to the apical surface and the cultures were
incubated for 30 min at 37 °C. The supernatants were collected at
different times after virus infection and the viruses were titrated by
plaque assays on Vero E6 cells. The cell lysates were collected in TRIzol
for qPCR analysis.

HIE and MIE culture and infection

HIEs (J2) derived from a biopsy specimen were kindly provided by
M. Estes from Baylor College of Medicine through the Texas Medi-
cal Center Digestive Diseases Center Enteroid Core. Protocols for
the culture, maintenance and differentiation of HIEs were based on
previous studies®”*s, Briefly, frozen vials of HIEs were thawed out and
resuspended in Cultrex Reduced Growth Factor Basement Membrane
Extract (BME) (equivalent of Matrigel), Type 2, Select (R&D Systems).
The BME mixture (25 pl per well) was plated as droplets onto 24-well
tissue culture plates and polymerized at 37 °C for 10 min. Then, 500 pl
of growth medium was added to each well and changed every other
day. After approximately 7-10 d, HIEs were expanded from 1 well to 3
wells. For HIEs differentiation, growth medium was replaced with an
equal volume of differentiation medium and incubated for 4-5 d with
medium being changed every other day until use.

MIEs were derived from theileal tissue of C57BL/6) mice that were
approximately 6 weeks old. MIEs were derived by collecting the dis-
tal ileal tissue aseptically under the hood. The intestine was flushed
and washed with PBS and opened longitudinally to further remove
intestinal contents. With sterile scissors, ileal tissues kept on icein a
dish were minced until pieces were small enough to be pipetted with
aP1000. Then, 1 ml of collagenase solution (100 mg collagenase type
Iand 0.001% v/v gentamicin mixed in washing medium) was added to
the minced tissue and incubated at 37 °C for 20 min and pipetted every
5 min. The tissue mixture was filtered through a 40-pm strainer and
thenwashed with 9 mlwashing medium (DMEM/F12,100% L-glutamine,
100x penicillin-streptomycin, 10% FCS). Filtrate mixture (containing
the crypts) was transferred into a15-ml falcon tube and were pelleted
at400 gfor 5 min. Pelleted crypts were suspended into 25 pl BME per
well and plated onto 24-well plates. Then, 500 pl of growth medium
(50% conditioned medium L-WRN)®* was added to each well. After
approximately 5 d, MIEs were expanded from1well to 3-4 wells. For MIE
differentiation, growth medium was replaced with the same volume
of differentiation medium and incubated for approximately 4 d with
medium changed every other day before use.

Differentiated HIEs and MIE cells were pretreated with the indi-
cated small molecules or DMSO for 3 din three-dimensional organoid
culture. HIEs and MIEs were infected with SARS-CoV-2 at 10° PFU ml ™.
After 1 h of incubation at 37 °C, the medium was replaced with fresh
medium. The cells with medium were frozen and thawed. The super-
natants were collected and the viruses were titrated by plaque assays
onVeroE6 cells.

H9 stem cell-derived pneumocyte-like cell differentiation and
SARS-CoV-2infection

Human pluripotent stemcells (hPSC cells) (H9) (obtained from WiCell)
were grown with mTeSR (cat. no. 85850, STEMCELL Technologies) on
Vitronectin XF-coated (cat. no. 07180, STEMCELL Technologies) tissue
culture plates and divided using Gentle Cell Dissociation Reagent every
5-6 d(cat.no. 07174, STEMCELL Technologies). Alveolar differentiation
was produced as described previously®. On day 9 after differentiation
induction, the biosafety level 3 (BSL-3) facility performed viral infec-
tions in accordance with Icahn School of Medicine at Mount Sinai
(ISMMS)-developed biosafety protocols. Two days before infection,
the medium was replaced with100 pl of medium containing the com-
pound of interest at concentrations 50% greater than those indicated,
includingaDMSO control. Plates were then transferred into the BSL-3
facility and 4,000 PFU (MOI = 0.1) of SARS-CoV-2/WA1 was added in
50 pl of medium, bringing the final compound concentrations to those
indicated. Plates were then incubated for 48 hat 37 °C. Afterinfection,
supernatants were removed and cells were fixed with 4% formaldehyde
for 24 h before being removed from the BSL-3 facility. Cells were then
immunostained for the viral nucleoprotein (an in-house monoclonal
antibody 1C7, provided by T. Moran) with a DAPI counterstain. Infected
(488 nM) and total cells (DAPI) were quantified using the Celigo (Nex-
celom Bioscience) imaging cytometer. Infectivity was measured by
the accumulation of viral nucleoprotein in the nucleus of the cells
(fluorescence accumulation). Percentage infection was quantified as
((infected cells/total cells) — background) x 100 and the DMSO control
was then set to 100% infection for analysis. The IC;, and IC,, for each
experiment were determined using Prism 8 (GraphPad Software).
Cytotoxicity was measured using the MTT assay (Roche) according
to the manufacturer’s instructions. In uninfected cells, cytotoxicity
was measured with same compound dilutions and concurrently with
the viral replication assay. All assays were performed in biologically
independent triplicates.

Expression constructs and lentiviral infection
All constructs were PCR-amplified from complementary DNA (cDNA)
using Q5 High-Fidelity DNA Polymerase with GC buffer (New England
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Biolabs). For HA- or FLAG-tag HNF1A and HNF1B, the purified fragments
were cloned into a lenti-cytomegalovirus vector containing puromy-
cin resistance. pLX307-WT SMARCA4 and its K785R mutant were as
described previously**. All constructs were sequence-validated. For
lentiviral transduction, cells were transduced at 50% confluency and
selected with puromycin 48 h later.

Viral stocks

To generate viral stocks (Supplementary Table 1) Vero E6 or Vero
E6-ACE2-TMPRSS?2 cells were inoculated with HKU5-SARS-CoV-1-S
(NR-48814), SARS-CoV-2isolate USA-WA1/2020 (NR-52281), Germany
isolate B (NR-52370), B.1.5 (NR-53944), B.1.222 (NR-53945), B.1.1.298
(NR-53953), B.1.1.7 (NR-54000), B.1.351 (NR-54008), P.1 (NR-54982),
B.1.617.2 (NR-55611) and MERS-CoV (NR-48813) from BEI resources.
B.1.1.529 was isolated from a patient at Yale New Haven Hospital®®
(icSARS-CoV-2-mNG (provided by the World Reference Center for
Emerging Viruses and Arboviruses))* at an MOl of approximately 0.01
for 3 d to generate a P1stock. The P1stock was then used to inoculate
Vero E6 or Vero E6-ACE2-TMPRSS2 cells for 1-3 d at approximately
50% cytopathic effects. Supernatant was collected and clarified by
centrifugation (450 g x 5 min) and filtered through a 0.45-pm filter
and then aliquoted for storage at —80 °C. Virus titer was determined
by plaque assay using Vero E6 cells. All work with infectious virus was
performed in a BSL-3 laboratory and approved by the Yale University
Biosafety Committee.

SARS-CoV-2 plaque assays

Vero E6 or Vero E6-ACE2-TMPRSS2 cells were seeded at 4 x 10° cells per
well onto 12-well plates. The following day, the medium was removed
andreplaced with100 pl of tenfold serial dilutions of virus. Plates were
incubated at 37 °C for 1 h with gentle rocking. Subsequently, overlay
medium (DMEM, 2% FCS, 0.6% Avicel RC-581) was added to each well. At
2 d afterinfection, plates were fixed with10% formaldehyde for 30 min,
stained with crystal violet solution (0.5% crystal violetin 20% ethanol)
for 30 min and then rinsed with deionized water to visualize plaques.

SARS-CoV-2fluorescence-based reporter virus assay

Cells were plated at 2.5 x 10° cells per well onto a 384-well plate and
incubated at 37 °C overnight. Cells were infected with icSARS-CoV-
2-mNGatanMOIl of 1. The frequencies of infected cells were measured
by mNeonGreen expression and were assessed 2 d after infection using
high-content imaging (Cytation 5, Agilent Technologies). Infection
frequencies were calculated as the ratio between mNeonGreen® cells
and total cells in bright-field*.

Generation of polyclonal knockout cell lines

Oligonucleotides corresponding to the target sequences were
synthesized by Yale Keck Oligo facility (Supplementary Table 2).
Double-stranded oligonucleotides were cloned into the lentiCRISPR-V2
vector and cotransfected packaging plasmidsinto 293T cells. Lentiviral
particleswere collected and used to transduce Vero E6, Huh7.5 or Calu-3
cells. Infected cells were selected with puromycin for 2 weeks before
additional experiments were performed.

Toisolate aclonal Vero E6 or Huh7.5 HNF1A and HNF1B knockout
celllines, polyclonal HNF1A and HNF1B knockout cells were diluted and
plated onto 96-well plates. Single colonies were grown and clones were
screened for HNF1A or HNF1B knockout by western blot.

Generation of SMARCA4 knockout and complemented cells

Vero E6 SMARCA4 knockout cells were generated by lipofection of
Cas9 ribonucleoproteins (RNPs). CRISPR guide RNA (gRNA) were
synthesized by Integrated DNA Technologies (Supplementary Table 2).
gRNAs were complexed at a 1:1 molar ratio with ATTO550-labeled
trans-activating CRISPR RNA (tracrRNA) in TE buffer by heating at
95 °C for 5 min followed by cooling to room temperature to form

crRNA-tracrRNA duplexes. Alt-R Cas9 enzyme was combined with
the crRNA-tracrRNA duplex at room temperature for 20 min to form
RNP complexesin Opti-MEM with 50 pltotal volume. Complexes were
mixed with Lipofectamine RNAiMAX for 10 min at room temperature
before transfection was performed. Single cells were then sorted by
flow cytometry and SMARCA4 knockout was confirmed by western
blot. SMARCA4 knockout clones were complemented by lentiviral
transduction of pLX307 vector or containing full-length SMARCA4 or
ATPase-dead mutant K785R with a C-terminal V5 tag. Two days after
transduction, puromycin was added and cells were selected for 5d.
The expression of SMARCA4 in complemented cells was detected by
western blot.

SMARCAZ2/4 inhibitor treatment for cell lines

ACBI1 was purchased from MedChemExpress (cat. no. HY-128359);
Compl12 and Compl4 were synthesized as described previously®. Vero
Eé6 cells (1.5 x 10*) were pretreated with the indicated concentration of
Compl2 for 48 h and then infected with SARS-CoV-2 or MERS-CoV at
an MOI of 0.2. Cell viability was quantified by CTG 3 d after infection.
Vero E6, Huh7.5 and Calu-3 cells (1 x 10°) were pretreated with 2.5 uM
Compl2 for 48 h, then ACE2 expression was detected by quantitative
PCRwithreverse transcription (RT-qPCR) and western blot. Cytotox-
icity was not observed in these cell lines during the time and at the
concentration of drug used.

Pseudovirus production

Vesicular stomatitis virus (VSV)-based pseudotype viruses were pro-
duced as described previously?**'. Briefly, 293T cells were transfected
with pCAGGS or pcDNA3.1 vector expressing the CoV S glycoprotein
and then inoculated with a replication-deficient VSV virus that con-
tained the expression cassettes for Renilla luciferase instead of the
VSV-G openreading frame. After anincubation period of 1hat 37 °C, the
inoculum was removed and cells were washed with PBS before medium
supplemented with anti-VSV-G clone I4 was added to neutralize residual
input virus (no antibody was added to cells expressing VSV-G). Pseu-
dotyped particles were collected 24 h after inoculation, clarified from
cellular debris by centrifugation and stored at -80 °C before use.

Pseudovirus entry assay

A total of 1x10* Vero E6, Huh7.5 or Calu-3 cells were seeded in 100 pl
total volumein each well of ablack-walled clear bottom 96-well plate.
The following day pseudovirus was added at a 1:10 final concentra-
tionv/vandincubated for1d. Cells were lysed with Renilla Luciferase
Assay System (Promega Corporation) according to the manufacturer’s
instructions. Luciferase activity was measured using a microplate
reader (Synergy or Cytation 5, BioTek Instruments).

Small-molecule inhibitor treatment and SARS-CoV-2 (MA10)
infectionin mice

C57BL/6) mice were injected intraperitoneally daily with Comp14
(25 mg kg™ for 1-4 d or Comp12 (10 mg kg™) for 5 d. For the Comp12
treatment, tissues (lung, liver, heart and small intestine) were col-
lected and homogenized in 1 ml of DMEM supplemented with 2%
heat-inactivated FCS and 1% penicillin-streptomycin. Then, 250 pl of
homogenate was mixed with 750 pl of TRIzol LS (Invitrogen) and RNA
was extracted with Direct-zol RNA MiniPrep Plus Kit (Zymo Research)
for ACE2 expression. For infections, mice were anesthetized with 30%
v/visoflurane diluted in propylene glycol (30% isoflurane) and admin-
istered mouse-adapted SARS-CoV-2 MAlOQ intranasally in 50 pl of PBS.
At2 dafterinfection, theleftlobe of the lung was collected and homog-
enized in 1 ml of DMEM supplemented with 2% heat-inactivated FCS
and 1% penicillin-streptomycin. Lung homogenates were clarified by
centrifugation at 3,200 g for 10 min and stored in aliquots at —80 °C.
Viral burden was measured in lung homogenates by plaque assay on
Vero E6 cells. In addition, 250 pl of lung homogenate was mixed with
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750 pl of TRIzol LS and RNA was extracted with the Direct-zol RNA
MiniPrep Plus Kit according to the manufacturer’s instructions. Mice
ofboth sexes aged between 8 and 10 weeks old were used for this study.
Allwork with SARS-CoV-2 (MA10) was performed in a BSL-3 facility with
approval from Environmental Health and Safety and the Institutional
Animal Care and Use Commiittee at Yale University. Mice were rand-
omized based on sex for these experiments.

RT-qPCR

Total RNA was isolated from cells using the Direct-zol RNA MiniPrep
Plus Kit and 1 pg RNA was used for cDNA synthesis. qPCR was carried
out using specific primers outlined in Supplementary Table 3.

Coimmunoprecipitation

Cells were lysed in1 mI NP-40 lysis buffer (cat. no.J60766, Alfa Aesar).
For eachimmunoprecipitation, 0.5-2 pg of the indicated antibody or
controlIgGand 30 pl of Protein G Sepharose (GoldBio) were incubated
with 0.5 ml lysate for at least 3 h. The Sepharose beads were washed
three times with lysis buffer containing 500 mM NaCl. The precipitates
were analyzed by western blot.

Western blot

Cells were collected and lysed in NP-40 lysis buffer. The cell lysates or
coimmunoprecipitates were fractionated on SDS-polyacrylamide gel
electrophoresis and transferred to a polyvinylidene fluoride mem-
brane. Immunoblotting analyses were performed with the indicated
antibodies and visualized either with horseradish peroxidase-coupled
goat anti-mouse/rabbit IgG using a chemiluminescence detec-
tion system (ChemiDoc MP, BioRad Laboratories) or by IR680/
IR800-conjugated anti-rabbit/mouse antibodies (imaged using an
Odyssey CLx imaging system, LI-COR Biosciences).

RNA-seq

Cellular RNA (2 x 10° cells) was extracted in two biological replicates
using the Direct-zol RNA MiniPrep Kit. RNA from Vero E6 cells was
submitted to the Yale Center for Genome Analysis for library prepara-
tion and sequenced on a NovaSeq 6000 instrument. Huh7.5, Calu-3
and HBEC RNA libraries were prepared using the NEBNext Ultra I RNA
Library PrepKit for Illumina (New England Biolabs) and sequenced on
aNextSeq 500 instrument.

ATAC-seq

The omni-ATAC protocol was used to probe DNA accessibility with
slight modifications covered below™. A total of 100,000 cells per
sample were trypsinized and washed with cold PBS to remove trypsin.
Cell pellets were lysed in 50 pl cold resuspension buffer (RSB) sup-
plemented with fresh NP-40 (final 0.1% v/v), Tween-20 (final 0.1% v/v),
digitonin (final 0.01% v/v) (RSB recipe: 10 mM Tris-HCI, pH 7.4,10 mM
NaCl and 3 mM MgCl,). The lysis step was quenched with 1 ml of RSB
supplemented with Tween-20 (final 0.1% v/v) and nuclei were pelleted
at500 gfor10 minat 4 °C afterincubating onice for 3 min. Nuclei were
resuspended in 50 pl transposition reaction mix containing 25 pl 2x
Tagmentation DNA Buffer (Illumina), 2.5 pl Tn5 transposase (Illumina),
16.5 pl1x PBS, 0.5 pl 1% digitonin (final 0.01% v/v), 0.5 pl 10% Tween-20
(final 0.1% v/v) and 5 pl nuclease-free water. The transposition reaction
wasincubated at 37 °C for 30 min with constant shaking (1,000 r.p.m.)
on a thermomixer. Tagmented DNA was purified using the QIAGEN
minElute Reaction CleanupKit. A standard ATAC-seq amplification pro-
tocolwith seven cycles of amplification was used to amplify tagmented
libraries®*. Libraries were sequenced on aNextSeq 500 (Illumina) using
37-bp paired-end sequencing.

C&T
C&T was carried out using a protocol developed by Epicypher (www.
epicypher.com/content/documents/protocols/cutana-cut&tag-

protocol.pdf) in 8-strip PCR tubes with slight modifications as
described below. Briefly, concanavalin A-coated (ConA) magnetic
beads were activated with Bead Activation Buffer containing 20 mM
HEPES, pH 7.9,10 mMKCI, 1 mM CaCl,,1 mM MnCl,; beads were stored
oniceuntilused. Atotal of300,000 cells per sample were trypsinized
and pelleted by centrifugation at room temperature (600 gfor 3 min).
Cells were lysed using cold Nuclear Extraction Buffer containing
20 mM HEPES-KOH, pH 7.9,10 mM KCl, 0.1% Triton X-100, 20% glyc-
erol supplemented with fresh 0.5 mM spermidine and cOmplete,
Mini, EDTA-free protease inhibitor (Roche) for 2 min. Nuclei were
pelleted by centrifugation (600 g for 3 min), resuspended in 100 pl
per sample RSB (20 mM HEPES-KOH, pH 7.9, 150 mM NaCl supple-
mented with fresh 0.5 mM spermidine and cOmplete, Mini, EDTA-free
protease inhibitor) and incubated with activated ConA beads atroom
temperature for 15 min. The nucleus-ConA bead complex was resus-
pended in Antibody 150 Buffer containing 20 mM HEPES, pH 7.5,
150 mM NaCl, supplemented with fresh 0.5 mM spermidine, protease
inhibitor, 0.01% digitonin and 0.5 pg primary antibody per sample.
After overnight incubation at 4 °C on a nutator, supernatant was
discarded and beads were washed once with Digitonin 150 Buffer
containing 20 mM HEPES, pH 7.5,150 mM NacCl, supplemented with
fresh 0.5 mM spermidine, protease inhibitor, and 0.01% digitonin.
The ConA-nuclei complexes were thenincubated with Digitonin 150
Buffer supplemented with 0.5 pg per sample secondary antibody for
1h at room temperature on a nutator. They were then washed with
Digitonin 150 Buffer twice before resuspension in 50 pl cold Digitonin
300 Buffer containing 20 mM HEPES, pH 7.5,300 mM NaCl, supple-
mented with fresh 0.5 mM spermidine, protease inhibitor and 0.01%
digitonin. Then, 2.0 pl CUTANA pAG-Tn5 (Epicypher) was added to
each sample and incubated onanutator for 1 hatroomtemperature.
After incubation, beads were washed twice with cold Digitonin 300
Buffer. Targeted chromatin tagmentation and library amplification
were carried out according to the Epicypher’s protocol cited above.
Libraries were sequenced on a NextSeq 500 instrument using 37-bp
paired-end sequencing.

Antibodies
All primary and secondary antibodies used in this study are listed in
Supplementary Table 4.

Next-generation sequencing data processing

C&T, ATAC-seq and human RNA-seq samples were sequenced with
the lllumina NextSeq 500 platform; RNA-seq samples from Vero E6
cells were sequenced with the Illumina NovaSeq 6000 platform. For
the RNA-seq data, reads were aligned to either the chiSab2 (NCBI
annotation release 100) or the hgl9 reference genome using STAR
aligner v2.7.3a% with the parameters --winAnchorMultimapNmax
200--outFilterMultimapNmax 100--quantMode GeneCounts. big-
Wig files were generated using the deepTools v.3.1.3 bamCoverage
function’ with the normalizeUsingRPKM option. Output gene count
tables from STAR were used as input into the edgeR v.3.12.1R software
package®” to evaluate differential gene expression. For the ATAC-seq
data, read trimming was carried out using Trimmomatic v.0.36 (ref. *®)
followed by alignment, duplicate read removal and read quality filter-
ing using Bowtie2 (ref.”), Picard v.2.8.0 (http://broadinstitute.github.
io/picard/) and SAMtools v.0.1.19 (ref. *®), respectively. ATAC-seq peaks
were called with MACS2 v.2.1 (ref. °°) using the BAMPE option and a
broad peak cutoff of 0.001. For ATAC-seq track generation, output
BAM files were converted into bigWig files using the MACS2 and UCSC
utilities'*® to display coverage throughout the genomein reads per mil-
lion (RPM) values. For the C&T libraries, the CutRunTools pipeline was
leveraged to perform read trimming, quality filtering, alignment, peak
calling and track building using default parameters'®. All sequencing
data analyzed in this study have been deposited at the NCBI's Gene
Expression Omnibus (GEO) under accession no. GSE186201.
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C&T and ATAC-seq data analyses

Heatmaps and metaplots displaying signals aligned to peak cent-
ers were generated using ngsplot v.2.63 (ref. °?). RPM values were
quantile-normalized across samples and k-means clustering was
applied to partition the data into groups. The bedtools multi-
IntersectBed and merge functions were used for peak merging'®;
distance-to-TSS peak distributions were computed using Ensembl
gene coordinates provided by the UCSC genome browser. Principle
component analysis was performed using the wt.scale and fast.svd
functions from the corpcor R package on C&T quantile-normalized
log,-transformed RPKM values within merged peaks'*'*, Transcription
factor motif positions within peaks were identified using the MEME
FIMO v.4.12.0 software'*° with position frequency matrices curated
previously'”’; motif fractions of occurrence within clusters of peaks
were computed using in-house scripts.

Quantification and statistical analysis

All statistical analyses were performed in Prism 8 unless otherwise
stated. The error bars represent the s.e.m. Viral shedding over time
was analyzed by repeated-measures analysis of variance (ANOVA). All
statistically analyzed pairwise comparisons are indicated with a bar
and the Pvalue is represented by *P < 0.05, **P < 0.01, **P < 0.0001
and ***P < 0.00001. The absence of a bar indicates that no statistical
pairwise comparisons were made. Pvalues are listed in Supplementary
Table5.

Ethics statement

This research complies with all relevant ethical regulations and the
research protocols are approved by the Yale School of Medicine,
Dana-Farber Cancer Institute and ISMMS. All animal work was approved
by the Institutional Animal Care and Use Committee at Yale University
School of Medicine according to its guidelines. All infection work
was performed in an animal BSL-3 facility at Yale University School of
Medicine.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

The RNA-seq, CUT&Tag and ATAC-seq datagenerated during thisstudy
are available at GEO under accession no. GSE186201. Source data are
provided with this paper.

Code availability

No custom code was generated for this study.
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Extended Data Fig. 4 | ATPase-competent cBAF promotes ACE2 gene
expression. (a) Venn diagrams depicting overlap of BAF subunit (SMARCA4,
SMARCCI, ARID1A) or H3K27ac histone mark occupancy (CUT&Tag) and
ATAC-Seq peaks in rescued SMARCA4 KO Vero E6 cells. (b) Metaplots of BAF
subunit occupancy (SMARCA4, SMARCC1, ARID1A), H3K27ac histone mark, as
measured by CUT&Tag, and ATAC-Seq peaks at all sites in rescued SMARCA4 KO
Vero E6 cells. () PCA plots of merged SMARCC1 occupancy (CUT&Tag) (right)
and ATAC-Seq (left) in rescued SMARCA4 KO Vero E6 cells (d) Scatter plots of
ATAC-Seq replicates in SMARCA4 KO Vero E6 cells expressing Empty control,
SMARCA4 WT and SMARCA4 K785R. The correlation coefficient ‘r’is indicated
(top left). (e) Metaplots of H3K4mel and H3K27ac histone mark occupancy
(CUT&Tag) at SMARCA4 WT-dependent sites (Cluster 3 from Fig. 2b). (f)
Cumulative distribution function plots reflecting genes nearest to SMARCA4
and ARID1A gained sites in SMARCA4 KO cells rescued with SMARCA4 WT versus

empty vector in Cluster 3 from Fig. 2b; top 1/10th or 1/20th fraction reflect genes
associated with top-changed sites, sites highlighted in red indicate genes that
scored as pro-viral determinants in CRISPR screen. (g) CUT&Tag and ATAC-Seq
tracks at SLC4A4 and HNF1A enhancers in rescued SMARCA4 KO Vero E6 cells.
(h) Correlation between BAF subunit occupancies as profiled by CUT&Tag. (i)
Venn diagram of overlap between ATPase-competent BAF-dependent transcripts
(adj. p-value <0.01, calculated using EdgeR quasi-likelihood negative binomial
generalized log-linear model, followed by Benjamini-Hochberg corrections) and
proviral genes in the SARS-CoV-2 CRISPR screen (Z-score > 2). (j) RPKM levels

of ACE2, HNF1A, and SLC4A4 in Vero E6 cells across indicated conditions (n =2
biological replicates). (k) Heatmap of top differentially expressed genes (DEGs)
inVero E6 WT and SMARCA4 KO cells rescued with empty vector, SMARCA4 WT
or SMARCA4 K785R. Red rectangle highlights ACE2.
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Extended Data Fig. 5| HNF1A directs BAF complex targeting and regulates
ACE2 expression. (a) RPKM levels for HNF1A and HNF1Bin Vero E6 WT and
SMARCA4 KO cells rescued with empty vector (Empty), SMARCA4 WT (A4 WT) or
SMARCA4 K785R (A4 K785R) (n = 2 biological replicates). (b-c) ACE2 expression
in HNF1A and HNF1B polyclonal KO Huh7.5 cells as measured by immunoblot (b)
and RT-qPCR (c). (d) Huh7.5 cells were infected with icSARS-CoV-2-mNG at an
MOI of 1. Infected cell frequency was measured by mNeonGreen expression at

2 dpi. (e) HNF1A and HNF1B polyclonal KO Huh7.5 cells were infected with VSV
pseudovirus (VSVpp): VSVpp-VSV-G, VSVpp-SARS-CoV-2-S. Luciferase relative

to the VSVpp-VSV-G control was measured 1dpi. (f) Co-immunoprecipitation of
SMARCA4 with HNF1A and HNF1B in HEK293T cells. (g) Co-immunoprecipitation
of SMARCA4 with Flag-tagged HNF1A (F-HNF1A) in the presence of benzonase

in HEK293T cells. (h) PCA plot of merged ATAC-Seq peaks in Vero E6 Control and
HNF1A KO cells. (i) Scatter plots of ATAC-Seq replicates in Vero E6 Control and
HNF1A KO cells. The correlation coefficient ‘r’is indicated (top left). (j) Distance
to TSS distribution of CUT&Tag and ATAC-Seq merged peaks for all conditions,
across Clusters A-Cin Vero E6 Control and HNF1A KO cells. (k) Heatmap depicting
TF motif enrichment in Clusters A-C from Fig. 3j in Vero E6 Control and HNF1IA KO
cells. (I) Metaplots of SMARCA4, SMARCC1, H3K27ac and H3K4mel chromatin
occupancy (CUT&Tag) and DNA accessibility (ATAC-Seq) across Cluster A sites
(lost sites) from Fig. 3j in Vero E6 Control and HNF1A KO cells. Datain (b, f-g) is
one representative one of three independent experiments. Data in (c-e) were
analyzed by one-way ANOVA with Tukey’s multiple comparison test. Shown are
mean + SEM. *p < 0.05, *p < 0.01, **p < 0.001, n = 3 biological replicates.
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Extended Data Fig. 6 | Small molecule targeting of mSWI/SNF complexes
inhibits SARS-CoV-2 but not MERS-CoV infection. (a) Vero E6 cells were treated
with1.25 pM Comp12 for the indicated times, DPP4 transcript level was measured
by RT-qPCR. (b) Vero E6 cells were pretreated with Comp12 for 2 days and then
infected with MERS-CoV at an MOl of 0.2. Cell viability relative to an uninfected
control was measured 3 dpi with CellTiter Glo. (c) Vero E6 cells were pretreated
with1.25or 2.5 pM Comp12 for 2 days and then infected with VSV pseudovirus
(VSVpp): VSVpp-VSV-G, and VSVpp-MERS-S. Luciferase relative to a VSVpp-VSV-G
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control was measured 1dpi. (d) Vero E6 and Huh7.5 cells were pre-treated with
indicated inhibitors/degraders (2.5 uM) for 2 days prior to infecting with SARS-
CoV-2.Virusreplication was measured using plaque assay. Dash line, limit of
detection. (e) Vero E6 and Huh7.5 cells were pre-treated with indicated inhibitors/
degraders (2.5 uM) for 2 days prior to infecting with SARS-CoV-2 pseudovirus

to assay for viral entry. Datain (a-e) were analyzed by one-way ANOVA with
Tukey’s multiple comparison test. Shown are mean + SEM. *p < 0.05, **p < 0.01,
**p <0.001, n =3 biological replicates.

Nature Genetics


http://www.nature.com/naturegenetics

Article https://doi.org/10.1038/s41588-023-01307-z

Huh7.5 Calu-3
a SMARCA4 SMARCC1 ARID1A HNF1A H3K27ac ATAC-Seq SMARCA4 SMARCC1 ARID1A HNF1A H3K27ac ATAC-Seq
DMSO  Compt2 DMSO Compl2 DMSO Compl2 DMSO Compl2 DMSO Compl2 DMSO  Compt2 DMSO  Compf2 DMSO Compt2 DMSO Compt2 DMSO Compf2 DMSO Compl2 DMSO Compt2
§ g
2
g 3
2o g Cluster 1
e Cluster 1 £3 (BAF unoccupied)
£ (BAF unoccupied) 2%
38 >3
&4 R
32 H
3% B3
28 &
2° ] = ] Cluster 2
e : Cluster 2 g : (BAF, HNF1A co-occupied)
3 i (BAF, HNF1A co-occupied) & :
3 - Cluster 3
Cluster 3 (BAF occupied)
(BAF occupied)
s 0 e F%s s L T oo A&?m s s [ s s
ARG LA Cluster 1: 71448 sites; Cluster 2: 21365 sites; Cluster 3: 18523 sites e Cluster 1: 84820 sites; Cluster 2: 18310 sites; Cluster 3: 26969 sites
Peak Center Peak Center
b Peak distribution (rel. to TSS) c SMARCA4 occupancy HNF1A occupancy ATAC-Seq
Merged CUT&Tag and ATAC-Seq peaks a Cluster 2 P Cluster 2 o Cluster 2
Huh7.5 Calu-3 =& =& ot S
1.00 1.00
Huh7.5
<
018 078 DistanceToTSS )
5 B 100000 % N PN S S W, N
8 Il +0000-100000 Lk T T S T T S T T
L 050 050 - g ™ 0 1000 -1000 0 1000 ~1000 0 1000
] -
8 [l 100-1000 3 = e — &
W o100 x
025 0.25
I I Calu-3
0.00 -- 0.00 -
c1 Cc2 c3 o Ggup @ —_— e
Group T T T T T T T T T
~1000 o 1000 1000 o 1000 1000 o 1000
d ATAC-Seq replicate correlation (Huh7.5 DMSO/ Comp12) e
SR I % —096 Huh7.5 Cluster 2 TF motif enrichment (HOMER)  Calu-3 Cluster 2 TF motif enrichment (HOMER)
3 -0 J 8 =0
Z - 5 - rneia| I s
g g nraa{ [l Fral
3 o g o a2 JunB
5 o~ B~ coup-Tri{ [l BATF
; | ; _ era{ [l AP-1
2 3 roxat.1{ [l Fra2
B e e e e e ° —— cesr | Fost2
0 1 2 3 4 5 6 0 1 2 3 4 5 6 roxat.2{ [l i
roxv1 [l HNFTA
HUHT.5 ATAC-Seq DMSO Rep1 HUH7.5 ATAC-Seq Comp12 Rep1 e
ATAC-Seq replicate correlation (Calu-3 DMSO/ Comp12) Foe3 | [l
roxevox{ [l ELF3
o B rrare] [l EHF
% r=097 & E r=098 & RXR . Bach2
é " R wre{ | TEAD
z . § o esro{ ] TEAD4
g g Foxt1] [l Evi
& w4 & o cataz| [i] ETS1
4 g tHro{ | ERG
g‘ = 3 Foxx1{ [l TEAD2
O iy 8 o {Wr 0 500 1000 1500 200
T T T T T T T T T T T T -Log P.value —Log.P.value
o 1 2 3 4 5 o 1 2 3 4 5
CALU-3ATAC-Seq DMSO Rep1 CALU-3ATAC-Seq Comp12 Rep1
Huh 7.5 Cluster 2 sites Calu-3 Cluster 2 sites 9 Huh 7.5 Comp12 vs. DMSO RNA-Seq Calu-3 Comp12 vs. DMSO RNA-Seq
o e
=] - ’~ :
® ACE2 s | TR N
Top 15% Top 15% & ACE2 8 c e :
______________________________ -t
@ @ . i vk
2 4 HNF1A 8
T - T
x x 2 B
§ @ s < = _ =]
g o 7 ¢ o ? g ?
3 B < e g4
] S g 5
s 8 -
£ < £ <« - K
£ r £ t o
S o S o = =)
2 z §, @
3 s g
e 4
] N -
o o
2
o _| <
=5 =] o .
T T T T T T T T T T T - - - ° . : .
-4 -2 0 2 4 -4 -2 0 2 4 6 -5 0 5 5 0 5
Comp12 vs. DMSO SMARCA4 LogFC Comp12 vs. DMSO SMARCA4 LogFC Log2 Fold Change Fold Ch
Log2 Fol ange

Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7| HNF1A and cBAF regulate ACE2 expressionin Huh7.5
and Calu-3 cells. (a) Heatmap and clustering analyses performed on merged
BAF complex (SMARCA4, SMARCC1 and ARID1A), HNF1A, H3K27ac occupancies
(n=1),and ATAC-Seq (n = 2) peaks performed in Huh7.5 and Calu-3 cells treated
with DMSO or 1.25 pM Comp12. (b) Distance to TSS distribution of CUT&Tag
and ATAC-Seq merged peaks for all conditions, across Clusters 1-3 from (a). (c)
Metaplots of SMARCA4, HNF1A occupancy (CUT&Tag) and ATAC-Seq peaks

at BAF, HNF1A co-occupied sites (Cluster 2). (d) Scatter plots of ATAC-Seq
replicatesin DMSO and Compl12 treated cells. The correlation coefficient ‘r’ is

indicated (top left). (e) Transcription factor motif enrichment analyses at BAF,
HNF1A co-occupied sites (Cluster 2) (HOMER uses a binomial distribution to
determine enrichment scores and p-values for known motifs). (f) Normalized
rank of Cluster 2 sites plotted against SMARCA4 occupancy fold change after
Compl2 treatment. (g) Volcano plots reflecting gene expression changes (RNA-
Seq) between indicated conditions.The adj. p-value was calculated using EdgeR
quasi-likelihood negative binomial generalized log-linear model, followed by
Benjamini-Hochberg corrections.
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Extended Data Flg. 8|Small molecule targeting of mSWI/SNF complexes expression changes (RNA-seq) in HBECs after 4 days treatment of Comp12 at
in primary cells downregulates ACE2 expression. (a) Cell viability of HBECs 2.5 uM. (e) Pathway analysis (Metascape) in Comp12 treated HBECs (n = 2 RNA-
after 4 days treatment of Compl12 at 2.5and 5 uM. (b) HBECs were pre-treated Seqbiological replicates). P-values calculated using a hypergeometric test by
with Comp12 for the indicated times, ACE2 expression was measured by RT- Metascape. (f) HBECs were pretreated with theindicated inhibitors at 2.5 uM for
qPCR.HBECs were pre-treated with Compl12 for the indicated times and then 4 days, HNF1A and SLC4A4 expression were measured by RT-qPCR. Datain (a-c, f)
infected with SARS-CoV-2 atan MOl of 0.5. Virus titer in the apical supernatant were analyzed by one-way ANOVA with Tukey’s multiple comparison test. Shown
was measured by plaque assay. Dashed line, limit of detection. (c) HBECs were aremean + SEM. *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001, n = 3 biological
pre-treated with Compl2 at 2.5 uM for the indicated times, HNF1A and SLC4A4 replicates.

expression was measured by RT-qPCR. (d) Volcano plots reflecting gene
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Extended Data Fig. 9 | BAF and HNF1A-mediated regulation of ACE2
expression and SARS-CoV-2infection is not conserved in mice. (a) Schematic
of Compl4 SMARCA4/2 ATPase inhibitor treatment (i.p. daily at 25 mg/kg) and
virus infectionin C57BL/6 ] mice. (b) Body weight change of mice injected with
Compl4 following the protocol outlinedin (a). (c, d) SARS-CoV-2 MA10 virus
titers (c) and viral genome levels (d) in lung tissues at 2 dpi. (e) C57BL/6 ) mice

500K 200K 100K 50K
Base pair windows up and downstream of ACE2

werei.p. injected with Comp12 daily at 10 mg/Kg for 5 days and Ace2 expression
in different tissues was measured by RT-qPCR. (f) HNF1 motif density around
the ACE2 locus in human and mouse genomes. Data in (b-d) were analyzed by
one-way ANOVA with Tukey’s multiple comparison test. Shown are mean + SEM.
*p <0.05,*p < 0.01, **p < 0.001, n = 7 mice, or n =3 mice. Datain (e) were
analyzed by two-tailed t-test, n = 8 mice for DMSO, n = 12 mice for Comp12.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

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

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

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

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

|X’ For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

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

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

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

Software and code

Policy information about availability of computer code

Data collection  All packages used for data analysis and collection are listed below in ChIP-seq section.
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Data analysis NGS Data Processing
CUT&Tag, ATAC-Seq and human RNA-Seq samples were sequenced with the Illumina NextSeq 500 technology, and RNA-seq samples from
Vero E6 cells were sequenced with Illumina NovaSeq 6000 technology. For the RNA-Seq data, reads were aligned to either the chlSab2 (NCBI
annotation release 100) or the hg19 reference genome using STAR aligner v2.7.3a with parameters --winAnchorMultimapNmax 200 --
outFilterMultimapNmax 100 --quantMode GeneCounts, and bigWig files were generated using the deeptools v3.1.3 bamCoverage function
with the normalizeUsingRPKM option. Output gene count tables from STAR were used as input into the edgeR v3.12.1 R software package to
evaluate differential gene expression. For ATAC-Seq data, read trimming was carried out by Trimmomatic v0.36, followed by alignment,
duplicate read removal, and read quality filtering using Bowtie2, Picard v2.8.0 (http://broadinstitute.github.io/picard/), and SAMtools v 0.1.19,
respectively, and ATAC-seq peaks were called with MACS2 v2.1 using the BAMPE option and a broad peak cutoff of 0.001. For ATAC-Seq track
generation, output BAM files were converted into BigWig files using MACS2 and UCSC utilities in order to display coverage throughout the
genome in RPM values. For CUT&Tag libraries, the CutRunTools pipeline was leveraged to perform read trimming, quality filtering, alignment,
peak calling, and track building using default parameters.

CUT&Tag and ATAC-seq Data Analyses

Heatmaps and metaplots displaying signals aligned to peak centers were generated using ngsplot v2.63. K-means clustering was applied to
output RPM values in order to partition the data into groups. The Bedtools multilntersectBed and merge functions were used for peak
merging, and distance-to-TSS peak distributions were computed utilizing Ensembl gene coordinates provided by the UCSC genome browser.
Principle Component Analysis was performed using the wt.scale and fast.svd functions from the corpcor R package on log2-transformed RPKM
values within merged peaks. Transcription factor motif positions within peaks were identified by the MEME FIMO v 4.12.0 software tool with
position frequency matrices curated previously, and motif fractions of occurrence within clusters of peaks were computed using in-house
scripts.

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

Data

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

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

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

All genomics data has been deposited under Gene Expression Omnibus GSE186201.
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Life sciences study design

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

Sample size No sample-size calculations were performed, sample sizes were chosen based on the norm in the field of experimentation. All biochemical
studies are performed in technical and experimental at least n>=3 replicates and genomic studies (ATAC,RNA) were carried out in duplicate
across the cell lines and across multiple BAF subunits (one replicate each) for CUT&Tag studies, most appropriate for the evaluation of the
biologic inquiries at hand.

Data exclusions  No data exclusions were conducted in this study.

Replication All biochemical studies we were performed in triplicate (n=3) or greater for all experiments. Genomic studies from cell lines were all carried
out in duplicate (ATAC, RNA) or probing mulitple BAF complex members independently (one replicate each) (CUT&Tag). All attempts at
replication for data shown in the study were successful. Extensive measures were taken to verify reproducibility of results, including the utility
of mutliple cell lines, where appropriate, multiple experiments performed by different individuals, and consistent validation of constructs
used.

Randomization Mice were randomized based on sex in the in vivo experiments, randomization was not required at any other stage of this study. Control of
covariates was also not required since experiments performed were designed to measure the impact of genetic perturbations and small
molecules across experimental conditions in cell lines or primary cells and not primary specimens or human patients.

Blinding Blinding was not necessary in this study since it was not a clinical trial involving human patients. Investigators needed to have knowledge of
the experimental groups and conditions.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| |Z ChiIP-seq
Eukaryotic cell lines g |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging
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Antibodies

Antibodies used Antibody; Vendor; Catalog number; Application.
Anti-ACE2, ProSci, Cat#3217, Western blot: 1:2000
Anti-GAPDH antibody, BioLegend, Cat#607902, Western blot: 1:1000
Anti-LMNB1 antibody, BioLegend, Cat#869801, Western blot: 1:1000
Anti-Flag antibody, Sigma-Aldrich, Cat# F3165, Western blot: 1:1000
Anti-SMARCA4 antibody, Santa Cruz Biotechnology, Cat#sc-17796, Western blot: 1:2000, Co-IP: 1:200
Anti-SMARCA4 antibody, Cell Signaling Technology, Cat#49360, Western blot: 1:2000, CUT&Tag: 4ul/sample
Anti-SMARCC1 antibody, Cell Signaling Technology, Cat#11956, Western blot: 1:2000, CUT&Tag: 4ul/sample
Anti-ARID1A antibody, Cell Signaling Technology, Cat#12354, Western blot: 1:2000, CUT&Tag: 4ul/sample
Anti-H3K27ac antibody, Cell Signaling Technology, Cat#8173, CUT&Tag: 4ul/sample
Anti-H3K4mel antibody, Abcam, Cat#ab176877, CUT&Tag: 0.5 ug/sample
Anti-HNF1A antibody, Abcam, Cat#ab272693, CUT&Tag: 0.5 ug/sample
Guinea Pig anti-Rabbit IgG, Antibodies-online, Cat#ABIN101961, CUT&Tag: 0.5 ug/sample
Anti-V5 antibody, Cell Signaling Technology, Cat#13202, Western blot: 1:1000, Co-IP:1:200
Anti-GAPDH, Santa Cruz Biotechnology, Cat#sc365062, Western blot: 1:5000
Anti-HNF1A antibody, Cell Signaling Technology, Cat# 89670, Western blot: 1:1000
Anti-HNF1B antibody, Thermo Fisher Scientific, Cat# 720259, Western blot: 1:1000
Anti-HA antibody, BioLegend, Cat# 901513, Western blot: 1:1000
Goat anti-mouse IgG antibody, IRDye 680RD conjugated, LI-COR Biosciences, Cat#926-68070, Western blot 1:10,000
Goat anti-rabbit 1gG antibody, IRDye 800RD conjugated, LI-COR Biosciences, Cat#926-32211, Western blot 1:10,000
Goat anti-rabbit 1gG/HRP, Jackson ImmunoResearch, Cat#111-035-003, Western blot 1:10,000
Goat anti-rat IgG/HRP, Jackson ImmunoResearch, Cat#112-035-003, Western blot 1:10,000
Goat anti-mouse IgG/HRP, Jackson ImmunoResearch, Cat#115-035-003, Western blot 1:10,000

Validation All primary antibodies were validated in our laboratory for on-target specificity using cell lines in which the target was inactivated.
These studies were performed in addition to the validation studies performed by the commercial vendor (use catalog numbers listed
above to access this data on the websites of the vendors).

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) HEK293T (ATCC, CRL-3216)
Vero E6 (ATCC, CRL-1586)
Huh7.5 (Washington University in St. Louis cell culture facility)
Calu-3 (ATCC, HTB-55)
HBEC (Lonza CC-2541)
H9 (WiCell)
Human Intestinal Enteroid (J2) (Texas Medical Center Digestive Diseases Center Enteroid Core).

Authentication All cell lines were subjected to standard cell line fingerprinting analyses via our in-house cell line identify verification pipeline
(Yale University and Dana-Farber Molecular Diagnostics Laboratory). ATCC performed STR profiling for HEK293T and Calu-3
cells. No Vero E6 or HBECs authentication was found on the vendors websites.

07 Y2ID

Mycoplasma contamination All cell lines used in this study were routinely tested for mycoplasma contamination and were confirmed to be negative
throughout the study.

Commonly misidentified lines  None of the cell lines used in this study are known to be commonly misidentified.
(See ICLAC register)




Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals 8—10 week old C57BL/6J mice (purchased from Jackson labs) of both genders were used in vivo experiments. All infections
experiments were conducted in animal biosafety level 3 (ABSL-3) facilities at Yale University. All mice were housed in individually
ventilated microisolator cages in a facility maintained at Yale University School of Medicine, on a 12 h light/dark cycle maintained at
40-60% humidity and 72 degrees F+/-2 degrees. Regular chow diet and water were given until the defined experimental endpoints.
Researchers were not blinded during in vivo experiments.

Wild animals No wild animals were used in this study
Field-collected samples  No field collected samples were used in this study

Ethics oversight All animal work was approved by Institutional Animal Care and Use Committee (IACUC) at Yale University School of Medicine
according to guidelines. All infection work was performed in an animal biosafety level 3 (ABSL-3) facility at Yale University School of
Medicine.

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

ChlIP-seq

Data deposition
X, Confirm that both raw and final processed data have been deposited in a public database such as GEO.

IE Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links All genomics data has been deposited under GSE186201,
May remain private before publication.  https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186201

Files in database submission GSM5640292 ATACseq.VERO.HNF1AKO.Rep1
GSM5640293 ATACseq.VERO.HNF1AKO.Rep2
GSM5640294 ATACseq.VERO.LentiCRISPRv2.Control.Repl
GSM5640295 ATACseq.VERO.LentiCRISPRv2.Control.Rep2
GSM5640296 ATACseq.VERO.SMARCA4KO.EmptyVector.Repl
GSM5640297 ATACseq.VERO.SMARCA4KO.EmptyVector.Rep2
GSM5640298 ATACseq.VERO.SMARCA4KO.SMARCA4K785R.Repl
GSM5640299 ATACseq.VERO.SMARCA4KO.SMARCA4K785R.Rep2
GSM5640300 ATACseq.VERO.SMARCA4KO.SMARCA4AWT.Repl
GSM5640301 ATACseq.VERO.SMARCA4KO.SMARCA4AWT.Rep2
GSM5640302 CutAndTag.VERO.HNF1AKO.H3K27ac
GSM5640303 CutAndTag.VERO.HNF1AKO.H3K4mel
GSM5640304 CutAndTag.VERO.HNF1AKO.SMARCA4
GSM5640305 CutAndTag.VERO.HNF1AKO.SMARCC1
GSM5640306 CutAndTag.VERO.LentiCRISPRv2.Control.H3K27ac
GSM5640307 CutAndTag.VERO.LentiCRISPRv2.Control.H3K4me1l
GSM5640308 CutAndTag.VERO.LentiCRISPRv2.Control.SMARCA4
GSM5640309 CutAndTag.VERO.LentiCRISPRv2.Control.SMARCC1
GSM5640310 CutAndTag.VERO.SMARCA4KO.EmptyVector. ARID1A
GSM5640311 CutAndTag.VERO.SMARCA4KO.EmptyVector.H3K27ac
GSM5640312 CutAndTag.VERO.SMARCA4KO.EmptyVector.H3K4mel
GSM5640313 CutAndTag.VERO.SMARCA4KO.EmptyVector.SMARCA4
GSM5640314 CutAndTag.VERO.SMARCA4KO.EmptyVector.SMARCC1
GSM5640315 CutAndTag.VERO.SMARCA4KO.SMARCA4K785R.ARID1A
GSM5640316 CutAndTag.VERO.SMARCA4KO.SMARCA4K785R.H3K27ac
GSM5640317 CutAndTag.VERO.SMARCA4KO.SMARCA4K785R.H3K4mel
GSM5640318 CutAndTag.VERO.SMARCA4KO.SMARCA4K785R.SMARCA4
GSM5640319 CutAndTag.VERO.SMARCA4KO.SMARCA4K785R.SMARCC1
GSM5640320 CutAndTag.VERO.SMARCA4KO.SMARCA4WT.ARID1A
GSM5640321 CutAndTag.VERO.SMARCA4KO.SMARCA4WT.H3K27ac
GSM5640322 CutAndTag.VERO.SMARCA4KO.SMARCA4AWT.H3K4mel
GSM5640323 CutAndTag.VERO.SMARCA4KO.SMARCAAWT.SMARCA4
GSM5640324 CutAndTag.VERO.SMARCA4KO.SMARCAAWT.SMARCC1
GSM5640325 RNAseq.VERO.SMARCA4KO.EmptyVector.Repl
GSM5640326 RNAseq.VERO.SMARCA4KO.EmptyVector.Rep2
GSM5640327 RNAseq.VERO.SMARCA4KO.SMARCA4K785R.Repl
GSM5640328 RNAseq.VERO.SMARCA4KO.SMARCA4K785R.Rep2
GSM5640329 RNAseq.VERO.SMARCA4KO.SMARCA4WT.Repl
GSM5640330 RNAseq.VERO.SMARCA4KO.SMARCA4WT.Rep2
GSM5640331 RNAseq.VERO.WT.Repl
GSM5640332 RNAseq.VERO.WT.Rep2
GSM6254270 ATACseq.CALU3.C12.Repl
GSM6254271 ATACseq.CALU3.C12.Rep2
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Genome browser session
(e.g. UCSC)

Methodology
Replicates

Sequencing depth

GSM6254272 ATACseq.CALU3.DMSO.Repl
GSM6254273 ATACseq.CALU3.DMSO.Rep2
GSM6254274 ATACseq.HUH7.C12.Repl
GSM6254275 ATACseq.HUH7.C12.Rep2
GSM6254276 ATACseq.HUH7.DMSO.Repl
GSM6254277 ATACseq.HUH7.DMSO.Rep2
GSM6254278 CutAndTag.CALU3.C12.ARID1A
GSM6254279 CutAndTag.CALU3.C12.H3K27ac
GSM6254280 CutAndTag.CALU3.C12.HNF1A
GSM6254281 CutAndTag.CALU3.C12.1gG
GSM6254282 CutAndTag.CALU3.C12.SMARCA4
GSM6254283 CutAndTag.CALU3.C12.SMARCC1
GSM6254284 CutAndTag.CALU3.DMSO.ARID1A
GSM6254285 CutAndTag.CALU3.DMSO.H3K27ac
GSM6254286 CutAndTag.CALU3.DMSO.HNF1A
GSM6254287 CutAndTag.CALU3.DMSO.1gG
GSM6254288 CutAndTag.CALU3.DMSO.SMARCA4
GSM6254289 CutAndTag.CALU3.DMSO.SMARCC1
GSM6254290 CutAndTag.HUH7.C12.ARID1A
GSM6254291 CutAndTag.HUH7.C12.H3K27ac
GSM6254292 CutAndTag.HUH7.C12.HNF1A
GSM6254293 CutAndTag.HUH7.C12.1gG
GSM6254294 CutAndTag.HUH7.C12.SMARCA4
GSM6254295 CutAndTag.HUH7.C12.SMARCC1
GSM6254296 CutAndTag.HUH7.DMSO.ARID1A
GSM6254297 CutAndTag.HUH7.DMSO.H3K27ac
GSM6254298 CutAndTag.HUH7.DMSO.HNF1A
GSM6254299 CutAndTag.HUH7.DMSO.1gG
GSM6254300 CutAndTag.HUH7.DMSO.SMARCA4
GSM6254301 CutAndTag.HUH7.DMSO.SMARCC1
GSM6254302 RNAseq.CALU3.C12.Repl
GSM6254303 RNAseq.CALU3.C12.Rep2
GSM6254304 RNAseq.CALU3.DMSO.Repl
GSM6254305 RNAseq.CALU3.DMSO.Rep2
GSM6254306 RNAseq.HBEC.C12.Repl
GSM6254307 RNAseq.HBEC.C12.Rep2
GSM6254308 RNAseq.HBEC.DMSO.Repl
GSM6254309 RNAseq.HBEC.DMSO.Rep2
GSM6254310 RNAseq.HUH7.C12.Repl
GSM6254311 RNAseq.HUH7.C12.Rep2
GSM6254312 RNAseq.HUH7.DMSO.Repl
GSM6254313 RNAseq.HUH7.DMSO.Rep2

N/A

All ATAC-Seq and RNA-seq experiments were performed with at least two experimental replicates.

Sample ;Raw; Mapped; Uniquely Mapped; Length; Type
ATACseq.VERO.SMARCA4KO.EmptyVector.Repl 50064446 47960635 18811100 35 Paired-End
ATACseq.VERO.SMARCA4KO.EmptyVector.Rep2 54553022 52199365 21231096 35 Paired-End
ATACseq.VERO.SMARCA4KO.SMARCA4WT.Repl 97178490 93511756 21931011 35 Paired-End
ATACseq.VERO.SMARCA4KO.SMARCA4WT.Rep2 48942350 47275025 12850909 35 Paired-End
ATACseq.VERO.SMARCA4KO.SMARCA4K785R.Repl 46208267 44452426 12905870 35 Paired-End
ATACseq.VERO.SMARCA4KO.SMARCA4K785R.Rep2 53378858 51234025 16266283 35 Paired-End
ATACseq.VERO.LentiCRISPRv2.Control.Rep1 40703413 39303072 27152478 35 Paired-End
ATACseq.VERO.LentiCRISPRv2.Control.Rep2 46296458 44684410 32434560 35 Paired-End
ATACseq.VERO.HNF1AKO.Rep1 50040529 48183631 34580401 35 Paired-End
ATACseq.VERO.HNF1AKO.Rep2 35637193 34419439 25112053 35 Paired-End
CutAndTag.VERO.LentiCRISPRv2.Control. SMARCA4 15843744 15151271 3598525 35 Paired-End
CutAndTag.VERO.LentiCRISPRv2.Control.SMARCC1 1641509 1577751 987386 35 Paired-End
CutAndTag.VERO.LentiCRISPRv2.Control.H3K27ac 21821593 21181148 16267911 35 Paired-End
CutAndTag.VERO.LentiCRISPRv2.Control.H3K4me1 36782896 35501871 29345293 35 Paired-End
CutAndTag.VERO.HNF1AKO.SMARCA4 7600038 7262921 2276367 35 Paired-End
CutAndTag.VERO.HNF1AKO.SMARCC1 11897081 11406285 5600223 35 Paired-End
CutAndTag.VERO.HNF1AKO.H3K27ac 25502037 24727475 18616363 35 Paired-End
CutAndTag.VERO.HNF1AKO.H3K4me1l 37867845 36540432 30818736 35 Paired-End
CutAndTag.VERO.SMARCA4KO.EmptyVector.SMARCA4 83033 74900 54129 35 Paired-End
CutAndTag.VERO.SMARCA4KO.SMARCA4WT.SMARCA4 8470011 8009993 2821037 35 Paired-End
CutAndTag.VERO.SMARCA4KO.SMARCA4K785R.SMARCA4 711296 668318 334248 35 Paired-End
CutAndTag.VERO.SMARCA4KO.EmptyVector.SMARCC1 8924313 8378840 5050556 35 Paired-End
CutAndTag.VERO.SMARCA4KO.EmptyVector.ARID1A 10483042 9948455 2529762 35 Paired-End
CutAndTag.VERO.SMARCA4KO.EmptyVector.H3K27ac 8760810 8440780 7779031 35 Paired-End
CutAndTag.VERO.SMARCA4KO.EmptyVector.H3K4mel 9679958 9418710 8480066 35 Paired-End
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CutAndTag.VERO.SMARCA4KO.SMARCA4WT.SMARCC1 10070988 9476553 3780608 35 Paired-End
CutAndTag.VERO.SMARCA4KO.SMARCA4WT.ARID1A 10177954 9478853 1929227 35 Paired-End
CutAndTag.VERO.SMARCA4KO.SMARCA4WT.H3K27ac 10034560 9651293 8358126 35 Paired-End
CutAndTag.VERO.SMARCA4KO.SMARCA4WT.H3K4me1 11494931 10863752 9330520 35 Paired-End
CutAndTag.VERO.SMARCA4KO.SMARCA4K785R.SMARCC1 9763351 9214464 6155927 35 Paired-End
CutAndTag.VERO.SMARCA4KO.SMARCA4K785R.ARID1A 12028716 11281821 2983073 35 Paired-End
CutAndTag.VERO.SMARCA4KO.SMARCA4K785R.H3K27ac 10135395 9716169 8669656 35 Paired-End
CutAndTag.VERO.SMARCA4KO.SMARCA4K785R.H3K4me1l 11735226 11321496 10337708 35 Paired-End
RNAseq.VERO.SMARCA4KO.EmptyVector.Rep1 34972676 32117051 30588498 195 Paired-End
RNAseq.VERO.SMARCA4KO.EmptyVector.Rep2 39372910 37047505 34781556 195 Paired-End
RNAseq.VERO.SMARCA4KO.SMARCA4K785R.Repl 41272795 38920061 37201048 195 Paired-End
RNAseq.VERO.SMARCA4KO.SMARCA4K785R.Rep2 35911806 34089197 32522672 195 Paired-End
RNAseq.VERO.SMARCA4KO.SMARCA4WT.Repl 29688599 27850389 26549323 195 Paired-End
RNAseq.VERO.SMARCA4KO.SMARCA4WT.Rep2 37186405 35158173 33428929 195 Paired-End
RNAseq.VERO.WT.Rep1 35001460 33276812 31937466 195 Paired-End

RNAseq.VERO.WT.Rep2 30525617 28792825 27513620 195 Paired-End
ATACseq.HUH7.DMSO.Rep1 73552084 72910492 39745383 35 Paired-End
ATACseq.HUH7.DMSO.Rep2 94977254 94074492 50054494 35 Paired-End
ATACseq.HUH7.C12.Repl 114859074 113578633 56233500 35 Paired-End
ATACseq.HUH7.C12.Rep2 71218896 70661392 33309222 35 Paired-End
ATACseq.CALU3.DMSO.Repl 104751662 103861624 82231751 35 Paired-End
ATACseq.CALU3.DMSO.Rep2 95012850 94174177 76705963 35 Paired-End
ATACseq.CALU3.C12.Repl 86556466 85804953 70609291 35 Paired-End
ATACseq.CALU3.C12.Rep2 108666628 107456305 89666621 35 Paired-End
CutAndTag.HUH7.DMSO.SMARCA4 5085029 4918511 2425331 35 Paired-End
CutAndTag.HUH7.DMSO.ARID1A 5663126 5461988 2475931 35 Paired-End
CutAndTag.HUH7.DMSO.SMARCC1 2241316 2169597 1248939 35 Paired-End
CutAndTag.HUH7.DMSO.HNF1A 3532572 3400988 1300143 35 Paired-End
CutAndTag.HUH7.DMSO.H3K27ac 25896526 25562504 20723209 35 Paired-End
CutAndTag.HUH7.DMSO.1gG 26795 25815 17162 35 Paired-End

CutAndTag.HUH7.C12.SMARCA4 5325436 5113629 2462887 35 Paired-End
CutAndTag.HUH7.C12.ARID1A 6005413 5783054 3432016 35 Paired-End
CutAndTag.HUH7.C12.SMARCC1 8836719 8527034 3725423 35 Paired-End
CutAndTag.HUH7.C12.HNF1A 12455961 12037067 5292795 35 Paired-End
CutAndTag.HUH7.C12.H3K27ac 17183864 16936723 12582524 35 Paired-End
CutAndTag.HUH7.C12.1gG 31809 30732 20404 35 Paired-End

CutAndTag.CALU3.DMSO.SMARCA4 7296925 7117743 2772901 35 Paired-End
CutAndTag.CALU3.DMSO.ARID1A 4461567 4357105 1900877 35 Paired-End
CutAndTag.CALU3.DMSO.SMARCC1 931569 907737 636903 35 Paired-End
CutAndTag.CALU3.DMSO.HNF1A 4671727 4479874 1838186 35 Paired-End
CutAndTag.CALU3.DMSO.H3K27ac 22349971 22105999 15002181 35 Paired-End
CutAndTag.CALU3.DMSO.IgG 7712 7494 6493 35 Paired-End

CutAndTag.CALU3.C12.SMARCA4 5154448 4980944 1547165 35 Paired-End
CutAndTag.CALU3.C12.ARID1A 2547564 2443563 1005072 35 Paired-End
CutAndTag.CALU3.C12.SMARCC1 844705 817911 466813 35 Paired-End
CutAndTag.CALU3.C12.HNF1A 3007548 2911133 1528035 35 Paired-End
CutAndTag.CALU3.C12.H3K27ac 17481621 17242408 11051405 35 Paired-End
CutAndTag.CALU3.C12.1gG 9045 7855 6349 35 Paired-End

RNAseq.HUH7.DMSO.Rep1 27473853 27281475 21718543 75 Single-End
RNAseq.HUH7.DMSO.Rep2 30866627 30665354 24449432 75 Single-End

RNAseq.HUH7.C12.Rep1 27881121 27685709 21158144 75 Single-End

RNAseq.HUH7.C12.Rep2 31563767 31340468 23870488 75 Single-End

RNAseq.CALU3.DMSO.Repl 32724097 32471665 24937325 75 Single-End
RNAseq.CALU3.DMSO.Rep2 33967040 33707698 25763308 75 Single-End
RNAseq.CALU3.C12.Repl 30218878 29987337 22481939 75 Single-End

RNAseq.CALU3.C12.Rep2 30671807 30430405 22859537 75 Single-End

RNAseq.HBEC.DMSO.Rep1 37562554 37276351 28924591 75 Single-End
RNAseq.HBEC.DMSO.Rep2 32775690 32525618 25390844 75 Single-End

RNAseq.HBEC.C12.Rep1 32092433 31869140 24173958 75 Single-End

RNAseq.HBEC.C12.Rep2 38469728 38223369 29057408 75 Single-End
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Antibodies Antibody for CUT&Tag; Vendor; Catalog number; Lot number
anti-SMARCA4 (Cell Signaling Technology Catalog#: 41360 Lot:3),
anti-ARID1A (Cell Signaling Technology Catalog#: 12354 Lot:3),
anti-SMARCC1 (Cell Signaling Technology Catalog#: 11956 Lot:4),
anti-H3K27ac (Cell Signaling Technology Catalog#: 8173 Lot:6),
anti-H3K4me1 (Abcam Catalog#: ab176877 Lot:GR208955-5)

Peak calling parameters  For ATAC-Seq data, read trimming was carried out by Trimmomatic v0.36, followed by alignment, duplicate read removal, and read
quality filtering using Bowtie2, Picard v2.8.0, and SAMtools v 0.1.19, respectively. ATAC-seq peaks were called with MACS2 v2.1 using
the BAMPE option and a broad peak cutoff of 0.001. For CUT&Tag libraries, the CutRunTools pipeline was leveraged to perform read
trimming, quality filtering, alignment, duplicate read removal, peak calling, and track building using default parameters. From this
pipeline, we used narrow peaks called by MACS2 with a g-value cutoff of 0.01. For the RNA-Seq data, reads were aligned to either the
chlSab2 (NCBI annotation release 100) or the hg19 reference genome using STAR aligner v2.7.3a with parameters --
winAnchorMultimapNmax 200 --outFilterMultimapNmax 100 --quantMode GeneCounts, and bigWig files were generated using the
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deeptools v3.1.3 bamCoverage function with the normalizeUsingRPKM option. Output gene count tables from STAR were used as
input into the edgeR v3.12.1 R software package to evaluate differential gene expression.

Data quality Sample Peak.Count
ATACseq.VERO.SMARCA4KO.EmptyVector.Repl 21276
ATACseq.VERO.SMARCA4KO.EmptyVector.Rep2 22174
ATACseq.VERO.SMARCA4KO.SMARCA4WT.Repl 42491
ATACseq.VERO.SMARCA4KO.SMARCA4WT.Rep2 32296
ATACseq.VERO.SMARCA4KO.SMARCA4K785R.Repl 21693
ATACseq.VERO.SMARCA4KO.SMARCA4K785R.Rep2 23110
ATACseq.VERO.LentiCRISPRv2.Control.Repl 63567
ATACseq.VERO.LentiCRISPRv2.Control.Rep2 71290
ATACseq.VERO.HNF1AKO.Rep1 70060
ATACseq.VERO.HNF1AKO.Rep2 58042
CutAndTag.VERO.LentiCRISPRv2.Control. SMARCA4 23243
CutAndTag.VERO.LentiCRISPRv2.Control. SMARCC1 11860
CutAndTag.VERO.LentiCRISPRv2.Control.H3K27ac 70129
CutAndTag.VERO.LentiCRISPRv2.Control.H3K4mel 165824
CutAndTag.VERO.HNF1AKO.SMARCA4 22895
CutAndTag.VERO.HNF1AKO.SMARCC1 28224
CutAndTag.VERO.HNF1AKO.H3K27ac 67782
CutAndTag.VERO.HNF1AKO.H3K4mel 173560
CutAndTag.VERO.SMARCA4KO.EmptyVector.SMARCA4 119
CutAndTag.VERO.SMARCA4KO.SMARCA4WT.SMARCA4 25905
CutAndTag.VERO.SMARCA4KO.SMARCA4K785R.SMARCA4 4049
CutAndTag.VERO.SMARCA4KO.EmptyVector. SMARCC1 8072
CutAndTag.VERO.SMARCA4KO.EmptyVector.ARID1A 1502
CutAndTag.VERO.SMARCA4KO.EmptyVector.H3K27ac 35055
CutAndTag.VERO.SMARCA4KO.EmptyVector.H3K4mel 76005
CutAndTag.VERO.SMARCA4KO.SMARCA4WT.SMARCC1 16538
CutAndTag.VERO.SMARCA4KO.SMARCA4WT.ARID1A 6369
CutAndTag.VERO.SMARCA4KO.SMARCA4WT.H3K27ac 56642
CutAndTag.VERO.SMARCA4KO.SMARCA4WT.H3K4me1 53281
CutAndTag.VERO.SMARCA4KO.SMARCA4K785R.SMARCC1 13239
CutAndTag.VERO.SMARCA4KO.SMARCA4K785R.ARID1A 3662
CutAndTag.VERO.SMARCA4KO.SMARCA4K785R.H3K27ac 40032
CutAndTag.VERO.SMARCA4KO.SMARCA4K785R.H3K4mel 74073
ATACseq.CALU3.C12.Repl.broadPeak 52932
ATACseq.CALU3.C12.Rep2.broadPeak 56324
ATACseq.CALU3.DMSO.Repl.broadPeak 90676
ATACseq.CALU3.DMSO.Rep2.broadPeak 87435
ATACseq.HUH7.C12.Repl.broadPeak 25955
ATACseq.HUH7.C12.Rep2.broadPeak 22498
ATACseq.HUH7.DMSO.Rep1l.broadPeak 52593
ATACseq.HUH7.DMSO.Rep2.broadPeak 56964
CutAndTag.CALU3.C12.ARID1A.narrowPeak 3271
CutAndTag.CALU3.C12.H3K27ac.narrowPeak 34824
CutAndTag.CALU3.C12.HNF1A.narrowPeak 445
CutAndTag.CALU3.C12.IgG.narrowPeak O
CutAndTag.CALU3.C12.SMARCA4.narrowPeak 7773
CutAndTag.CALU3.C12.SMARCC1.narrowPeak 301
CutAndTag.CALU3.DMSO.ARID1A.narrowPeak 14917
CutAndTag.CALU3.DMSO.H3K27ac.narrowPeak 53863
CutAndTag.CALU3.DMSO.HNF1A.narrowPeak 3287
CutAndTag.CALU3.DMSO.IgG.narrowPeak O
CutAndTag.CALU3.DMSO.SMARCA4.narrowPeak 20035
CutAndTag.CALU3.DMSO.SMARCC1.narrowPeak 1444
CutAndTag.HUH7.C12.ARID1A.narrowPeak 1982
CutAndTag.HUH7.C12.H3K27ac.narrowPeak 45330
CutAndTag.HUH7.C12.HNF1A.narrowPeak 5088
CutAndTag.HUH7.C12.1gG.narrowPeak 1
CutAndTag.HUH7.C12.SMARCA4.narrowPeak 3272
CutAndTag.HUH7.C12.SMARCC1.narrowPeak 7484
CutAndTag.HUH7.DMSO.ARID1A.narrowPeak 10897
CutAndTag.HUH7.DMSO.H3K27ac.narrowPeak 76144
CutAndTag.HUH7.DMSO.HNF1A.narrowPeak 7662
CutAndTag.HUH7.DMSO.IgG.narrowPeak 2
CutAndTag.HUH7.DMSO.SMARCA4.narrowPeak 12134
CutAndTag.HUH7.DMSO.SMARCC1.narrowPeak 6136
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Software NGS Data Processing
CUT&Tag, ATAC-Seq and human RNA-Seq samples were sequenced with the Illumina NextSeq 500 technology, and RNA-seq samples
from Vero E6 cells were sequenced with lllumina NovaSeq 6000 technology. For the RNA-Seq data, reads were aligned to either the
chlSab2 (NCBI annotation release 100) or the hg19 reference genome using STAR aligner v2.7.3a with parameters --
winAnchorMultimapNmax 200 --outFilterMultimapNmax 100 --quantMode GeneCounts, and bigWig files were generated using the
deeptools v3.1.3 bamCoverage function with the normalizeUsingRPKM option. Output gene count tables from STAR were used as




input into the edgeR v3.12.1 R software package to evaluate differential gene expression. For ATAC-Seq data, read trimming was
carried out by Trimmomatic v0.36, followed by alignment, duplicate read removal, and read quality filtering using Bowtie2, Picard
v2.8.0 (http://broadinstitute.github.io/picard/), and SAMtools v 0.1.19, respectively, and ATAC-seq peaks were called with MACS2
v2.1 using the BAMPE option and a broad peak cutoff of 0.001. For ATAC-Seq track generation, output BAM files were converted into
BigWig files using MACS2 and UCSC utilities in order to display coverage throughout the genome in RPM values. For Cut and Tag
libraries, the CutRunTools pipeline was leveraged to perform read trimming, quality filtering, alignment, peak calling, and track
building using default parameters.

CUT&Tag and ATAC-seq Data Analyses

Heatmaps and metaplots displaying signals aligned to peak centers were generated using ngsplot v2.63. K-means clustering was
applied to output RPM values in order to partition the data into groups. The Bedtools multilntersectBed and merge functions were
used for peak merging, and distance-to-TSS peak distributions were computed utilizing Ensembl gene coordinates provided by the
UCSC genome browser. Principle Component Analysis was performed using the wt.scale and fast.svd functions from the corpcor R
package on log2-transformed RPKM values within merged peaks. Transcription factor motif positions within peaks were identified by
the MEME FIMO v 4.12.0 software tool with position frequency matrices curated previously, and motif fractions of occurrence within
clusters of peaks were computed using in-house scripts.
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