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Summary:

Genetic models suggested that SMARCAS was required for DNA templated events including
transcription, DNA replication and DNA repair. We engineered a degron tag into the endogenous
alleles of SMARCAS, a catalytic component of the imitation switch (ISWI) complexes, in

three different human cell lines to define the effects of rapid degradation of this key regulator.
Degradation of SMARCAS was associated with a rapid increase in global nucleosome repeat
length, which may allow greater chromatin compaction. However, there were few changes

in nascent transcription within the first 6hr of degradation. Nevertheless, we demonstrated a
requirement for SMARCADS to control nucleosome repeat length at G1/S and during the S phase.
SMARCADS co-localized with CTCF and H2A.Z, and we found a rapid loss of CTCF DNA
binding and disruption of nucleosomal phasing around CTCF binding sites. This spatiotemporal
analysis indicates that SMARCAS is continuously required for maintaining nucleosomal spacing.
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In Brief

Bomber et al. utilize degron tagging of the endogenous human chromatin remodeling enzyme
SMARCAS5, coupled with a multi-omics approach, to define the requirements for SMARCA5-
mediated nucleosome sliding. SMARCAG5 co-localized with H2A.Z and CTCF, and was required
for CTCF DNA binding, nucleosomal phasing at these sites, and to maintain nucleosome repeat
length.

Graphical Abstract

SMARCAS is a nucleosome ruler
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Introduction

The basic unit of chromatin is the nucleosome, which consists of approximately 147 bp
of DNA wrapped around a histone octamer corel:2, This allows for both the efficient
packaging of all the genetic material within the nucleus and mediates the accessibility

of the DNA to other regulatory proteins, including those controlling transcription, DNA
replication and DNA repair. Neighboring nucleosomes are typically separated by 20-50
bp of linker DNA, which is more easily accessible to regulatory proteins and can also be
bound by structural proteins, such as histone H1, to promote the formation of higher order
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chromatin structures®-5. Chromatin remodeling enzymes hydrolyze ATP and slide or evict
nucleosomes to modify chromatin structure and accessibility, as well as cooperate with
histone chaperones to facilitate histone variant exchange®-8. Therefore, through complex
mechanisms governing chromatin dynamics, these critical enzyme complexes have the
ability to regulate all DNA-templated cellular processes.

Smarcab (SNF2H) along with Smarcal (SNF2L) encode the two ATPase components of
the imitation switch (ISWI) chromatin remodeling complex and participate in multiple
distinct ISWI subcomplexes. SNF2L associates with BPTF and RbAp46/48 in the NURF
complex, while SNF2H is a component of CERC2-containing remodeling complex
(CERF), ATP-utilizing chromatin assembly factor (ACF), chromatin accessibility complex
(CHRAC), nucleolar remodeling complex (NoRC), Williams Syndrome Transcription Factor
(WSTF)-ISWI chromatin remodeling complex (WICH), and remodeling and spacing factor
(RSF)?-17. 1SWI complexes have been implicated in the control of multiple processes
including DNA replication, DNA repair, and transcription. RNAi mediated knockdown of
SMARCAS impaired DNA replication and S-phase progression, and the ISWI complexes
in particular were important for replication through heterochromatin8-21, Similarly, the
WICH-ISWI complex associated with PCNA and localized to sites of DNA replication?2.
In addition, multiple ISWI complexes have been implicated in the DNA damage response
and double strand break repair?2-2°, Finally, the RSF-ISWI complex is required for the
initiation of transcription from chromatinized DNA templates 7 vitro?, suggesting that
SMARCADS5-containing complexes may directly regulate gene expression. In fact, defects
in transcriptional control were proposed to underlie a number of phenotypes observed in
Smarca5-deficient mouse and zebrafish models?:28,

Unlike the related SWI/SNF chromatin remodeling complexes, the ISWI complex cannot
evict nucleosomes, rather it slides them to maintain appropriately spaced nucleosome
arrays2229-33_ Deletion of Smarca5 from mouse embryonic stem cells revealed that it was
critical for the maintenance of appropriate nucleosome repeat length (NRL)34. As the length
of the core-associated DNA is static (147 bp), changes in nucleosome repeat length reflect
a lengthening or shortening of the linker DNA. Interestingly, NRL correlates with specific
genomic features. For example, the gene body of highly expressed genes tends to have a
relatively short nucleosome repeat length, which may prevent nucleosomal packing, while
heterochromatin is associated with a longer nucleosome repeat length, which may allow
nucleosomal stacking and compaction3. In addition, nucleosome positioning can be variable
at some genomic features, but well defined at others. For instance, chromatin insulators
bound by CTCF and transcription start sites (TSS) of active genes exhibited more rigid
nucleosome phasing patterns®34:35, It is likely that these unique nucleosomal patterns have
both structural and regulatory consequences.

In addition to changes in nucleosome repeat length and consistent with previous studies,
Smarcab deletion in mouse embryonic stem cells resulted in a loss of CTCF binding

and disruption of topology associated domain (TAD) structure, suggesting that Smarca5

is required for CTCF binding and function34. SMARCAS also associates with CTCF

and RAD21 in co-immunoprecipitation assays, further connecting SMARCADS with CTCF
function36-38, However, due to the static nature of the knockout studies, the exact
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mechanism by which Smarca5 altered CTCF binding could not be addressed. These results
suggested that CTCF could direct SMARCADS to slide nucleosomes to organize chromatin
at its DNA binding sites. In contrast, a degron tagged version of the only ISWI member in
Drosophila S2 cells caused changes in nucleosome positioning only around “housekeeping”
genes whose expression was only modestly affected in the first 6hr after degradation3®.
These results may reflect fundamental differences between the Drosophila cell line and
mammalian cells. For example, there is a profound difference in the requirement of CTCF
in Drosophila versus vertebrates, as deletion of CTCF in Drosophila had only modest effects
on genome architecture0,

While germline deletion of Smarca5 caused embryonic lethality, tissue-specific deletion
also suggested a profound role in normal tissue development and differentiation, which was
associated with large changes in gene expression, as well as proliferation defects#1~43. These
genetic deletion models helped define the role of Smarca5 in biology and development,

yet they cannot effectively distinguish direct and indirect chromatin effects, and thus

have not allowed a mechanistic examination of Smarca5 function in cells. In contrast,

in vitro biochemical reconstitution assays have provided details on how these chromatin
remodeling enzymes bind to DNA and hydrolyze ATP to move nucleosomes3244, In fact,
single-molecule analysis of SMARCAS nucleosomal sliding indicated that a 1-2 base

pair step (or sub-step) occurs within 10-30 seconds, highlighting the dynamic nature of
nucleosomal positioning3244. These Jn vivo versus in vitro analyses highlight the challenge
of defining the contribution of nucleosome remodeling complexes to gene expression, DNA
replication and cell cycle progression.

Here, we used CRISPR-Cas9P10A and homology-directed DNA repair to modify the
endogenous allele of SMARCAS5 to make it sensitive to a small molecule proteolysis
targeting chimera (PROTAC), dTAG-47, to begin to close this gap*>46. We modified the
endogenous SMARCAS5 loci in acute myeloid leukemia cells (Kasumi-1), erythroleukemia
cells (HEL), and a diffuse large B-cell lymphoma cell line (OCI-LY1). By using a small
bi-functional molecule to rapidly degrade SMARCAS we were able to show that SMARCAS
had only modest effects on nascent transcription or cytoplasmic pools of mMRNA within the
first 6hr after degradation. Conversely, ATAC-seq and MNase-seq identified rapid changes in
nucleosome repeat length throughout the genome. Moreover, these effects were observed in
synchronized cell cultures at the G41/S phase and in the mid to late S phase of the cell cycle.
This was particularly acute near CTCF DNA binding sites, where CTCF was rapidly lost
from the genome. These results suggest that nucleosome positioning is dynamic throughout
the cell cycle and might suggest that SMARCAGS plays a role as a counterweight to other
nucleosome sliding events in the cell.

Engineering an endogenous SMARCAS5-FKBP12F36V allele for inducible degradation

Chromatin-remodeling enzymes are the subject of intense drug discovery efforts, as they
could be therapeutic targets in cancer, including acute leukemia®24?, and other chronic
disease syndromes*849. Small molecule inhibitors of chromatin remodeling enzymes are
also invaluable tools for the discovery of the mechanism of action of these enzymes, as

Mol Cell. Author manuscript; available in PMC 2024 February 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bomber et al.

Page 5

they allow rapid enzyme inhibition. Because a selective small molecule inhibitor was not
readily available for SMARCAS, we used CRISPR-Cas9P10A njckase to induce two sSDNA
breaks at the end of the coding region of SMARCAS5 and homology-directed repair to insert
FKBP12F36V_FI AG to generate a C-terminal fusion protein in the t(8;21)-containing acute
myeloid leukemia (AML) cell line Kasumi-1, the human erythroleukemia cell line (HEL),
and a diffuse large B-cell lymphoma cell line (OCI-LY1) (Figure 1A)°C. This approach
yielded an endogenous SMARCAGS protein that was rapidly degraded upon treatment with
the PROTAC, dTAG-47 (Figure 1A)45:50, We performed RNA-seq analysis on the parental
and CRISPR-edited Kasumi-1 cells to ensure that the addition of the degron tag alone

did not dramatically alter gene expression. We observed few changes in gene expression
between parental and SMARCA5-FKBP12F36V_FLAG cell lines with a Pearson correlation
coefficient of the log, (FPKM) between these cells of 0.9965 (Figure S1A).

Both germline and Vav-Cre-mediated Smarca5 deletion was embryonic lethal in mice#351,
Therefore, we first tested the effect of SMARCAS degradation on cell growth and viability
(Figure 1B). In Kasumi-1 cells, cell growth slowed 2-3 days after the addition of dTAG-47,
while SMARCADS degradation in HEL and OCI-LY1 cell lines did not cause a decrease in
growth until day 5 (Figure 1B). The decreased cell growth in Kasumi-1 cells was associated
with an increase in CD11b expression, which is indicative of myeloid differentiation
(Figure S1B). There were also subtle changes in BrdU incorporation, suggesting that
SMARCADS may have contributed to efficient transit through the S phase in the Kasumi-1
and HEL cell lines (Figures 1C and S1C), which was previously observed after SMARCAS
knockdown®253, The OCI-LY1 cell line showed a small decrease in the percentage of cells
in the S phase with an accumulation in G;. Degradation of SMARCADS in Kasumi-1 cells
led to a statistically significant increase in Zombie NIR/AnnexinV double positive cells at
48hr and 72hr following dTAG-47 treatment, while HEL and OCI-LY1 cells did not display
increased cell death upon SMARCAS degradation (Figure 1D, 1E and S1D), consistent with
the more dramatic effect on cell growth in Kasumi-1 cells (Figure 1B).

Genomic localization of SMARCAS

When engineering the SMARCAS5-FKBP1276Y allele, we incorporated a FLAG epitope

tag to simplify the analysis of endogenous SMARCAS. We used anti-FLAG in cleavage
under targets and release using nuclease (CUT&RUN) analysis in the presence or absence

of dTAG-47-mediated degradation to localize SMARCAGS throughout the genome®*. We
identified 9,650 SMARCAS peaks in Kasumi-1, 12,048 in HEL, and 8,546 in OCI-LY1 that
were reduced by at least 1.5-fold following dTAG-47 treatment (Figure 2A). These changed
peaks were enriched in promoters, intronic, and intergenic regions (Figure S2), and many

of these sites overlapped between cell lines (Figure 2B). For example, the region around
SERTADI shows multiple conserved SMARCADS (FLAG) peaks (Figure 2C). The consensus
binding site for CTCF and the related BORIS were commonly enriched under the changed
peaks within each cell line (Figure 2D). These results are consistent with ChlP-seq data from
mESCs demonstrating frequent colocalization of CTCF and SMARCAS538,
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SMARCAGS loss affects CTCF localization

Smarca5 deletion in mouse ES cells resulted in a loss of CTCF binding34. Therefore, we
performed CUT&RUN to assess the ability of CTCF to bind DNA during a time course of
SMARCAS degradation (Figure 3A—-C). Remarkably, the intensity of all the CTCF binding
was reduced following SMARCAGS degradation, with the observed decrease beginning at
2hr. While the number of peaks significantly reduced within 2hr of dTAG-47 treatment
varied among the three cell lines, all of the peaks were trending lower and by 6hr there
was a dramatic and significant loss of CTCF DNA binding (Figure 3A-C). Although these
cell types represent different hematopoietic lineages, there was a great deal of conservation
among the CTCF sites that were lost at 6hr (Figure 3D).

Given that it appeared that all CTCF binding sites were changing over the time course of
SMARCAS degradation, we overlapped all CTCF peaks with the SMARCAGS peaks, and
found a 70-80% overlap of CTCF with SMARCADS peaks (Figure 3E-G). For example, in
the region around MMPZ28, there were both SMARCAS and CTCF peaks that were lost
upon degradation of SMARCAS in all three cell lines (Figure 3H). Thus, it appears that
degradation of SMARCAJ5 caused a rapid loss of CTCF DNA binding.

While the loss of CTCF DNA binding was closely associated with the degradation of
SMARCAS, to ensure that other DNA binding proteins were not affected, we performed
CUT&RUN assays to detect RUNX1 (Figure S3A) and the t(8;21) fusion protein, AML1-
ETO (Figure S3E). Only 5 RUNX sites changed within 24hr of SMARCAGS degradation
(Figure S3A), while 7,031 AML1-ETO sites were significantly down-regulated (Figure
S3B). The larger number of AML1-ETO binding sites that were lost was intriguing, so
we used motif analysis and found that these sites were not enriched for a RUNX1-binding
motif, but contained a CTCF motif (Figure S3C). Not surprisingly, these down-regulated
AML1-ETO sites did not overlap with the previously published AML1-ETO regulated
enhancer peaks (Figure S3D)%°. Indeed, many of these AML1-ETO binding sites were
bound by CTCF (Figure S3E), suggesting that the loss of these weak AML1-ETO binding
sites could be secondary to the loss of CTCF.

SMARCAS maintains accessible chromatin around CTCF motifs

Given the ability of SMARCAS to slide nucleosomes along the DNA%6:57 we used ATAC-
seq to identify areas of the genome that were affected by degradation of SMARCA5®8,

We performed a time course analysis at 0, 2, 6, and 24hr after the addition of dTAG-47

to the Kasumi-1 cell line to assess changes in transposase accessibility over time. This
analysis identified few areas of the genome that were affected within the first two hours,
but there were substantial changes within 6hr with 8,513 peaks lost and 6,347 gained, and
by 24hr there were 12,669 peaks lost and 10,766 gained (Figures 4A, S4A, and S4B).

We also performed ATAC-seq after 6hr of dTAG-47 treatment in the HEL and OCI-LY1
cell lines containing the SMARCA5-FKBP12F36V fusion and also found large changes in
accessibility (Figure 4B and 4C). The down-regulated peaks in each of the three cell lines
showed significant overlap with 888 peaks found in all three cell lines and roughly 50%
overlap when comparing just two of the cell lines at a time (Figure 4D). On the other hand,
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the up-regulated peaks showed only 24 overlapping peaks between all three cell lines and
5% overlap when comparing just two cell lines (Figure 4E).

Next, we asked if the accessibility changes were associated with the genomic binding
sites of SMARCAS or with the CTCF binding sites. The ATAC-seq peaks that were

lost showed a significant overlap with CTCF binding sites in all three cell lines (Figure
4F-H). Interestingly, there was a better overlap between SMARCAS5 DNA association

and loss of accessibility in the Kasumi-1 and OCI-LY1 cells than in HEL cells (Figure
4F-H). Nevertheless, motif enrichment analysis of the sequences identified by the down-
regulated ATAC-seq peaks found that the CTCF/BORIS motif was almost 15-fold enriched
in comparison to any other motif in all three cell lines tested (Figure S4C). Moreover,
when considering the 888 ATAC-seq peaks that were found in all three cell lines (Figure
4D), the enrichment for CTCF motifs was 20-fold (not shown). In contrast, there was little
enrichment among the up-regulated peaks.

SMARCAS only modestly affects RNA polymerase dynamics

Next, we sought to determine whether the changes in chromatin accessibility observed

upon SMARCADS degradation were associated with changes in gene expression. Having a
small molecule that rapidly degraded SMARCAS5-FKBP12F36V allowed us to assess gene
expression changes in the first hours after SMARCAS degradation to determine if it directly
regulates transcription. Given that SMARCAGS has been linked to the control of RNA
polymerase elongation®®, we performed precision nuclear run-on sequencing (PRO-seq)®°
at 0, 2, 6, and 24hr after the addition of dTAG-47 to Kasumi-1 cells containing the
SMARCAS5-FKBP12F38V fusion protein (Figure 5 and S5). This analysis identified very
few genes that exhibited reduced or increased gene body (GB) transcription with 50 genes
up and 63 genes down at least two-fold at 6hr after degrading SMARCADS (Figure 5A).
Moreover, there was very little overlap of the transcriptional changes over time with only
19 genes exhibiting increased gene body transcription and 23 genes exhibiting reduced gene
body transcription at all 3 time points (Figure 5B). Roughly a third of these 6hr changed
genes could be associated with a SMARCAS binding site within +/- 25 KB of the TSS
(Figure 5C). Interestingly, many more of these 6hr changed genes were associated with a
nearby CTCF binding site (50 genes within 500 bp of the TSS; Figure 5D). While a similar
number of changes were detected by RNA-seq analysis at 6hr after degrading SMARCADS,
the changes in nascent transcription only affected a small number of mMRNAs even at 24hr
after degradation of SMARCADS (40 down; 18 up; Figure 5E, 5F).

PRO-seq also provides information about RNA polymerase pausing around the TSSs of
expressed genes. We quantified the promoter-proximal (pp) RNA polymerase density and
found that rapid degradation of SMARCADS resulted in only modest effects (Figure SSA-B)
and only 26 of these genes showed a loss of expression in our RNA-seq datasets (Figure
S5C). Interestingly, 53 of these pp down genes contained a CTCF CUT&RUN binding site,
within 500bp of the transcription start site and 46 of these pp down genes were also bound
SMARCAS (Figure S5D-E), suggesting that these effects could be secondary to the loss of
CTCF DNA binding.
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SMARCAGS loss affects chromatin architecture

Given that SMARCADS can position nucleosomes, we further probed the ATAC-seq data to
examine nucleosome repeat length as a measure of nucleosome compaction within the three
different cell lines. The algorithm uses a local regression fit model with two smoothing
parameters (only one shown, red; Figure 6A) to calculate the average nucleosome repeat
length throughout the region of interest34. This analysis detected a lengthening in the
nucleosome repeat length within 6hr of dTAG-47 treatment that was even further increased
by 24hr in Kasumi-1 cells (Figures 6A and 6B). Analysis of the HEL and OCI-LY1
ATAC-seq data also showed a significant increase in global nucleosome repeat length 6hr
after dTAG-47 treatment (Figures 6C—6F). While our ATAC-seq sequencing depth was

not sufficient to measure nucleosome repeat length around individual features within the
genome, it still appeared that SMARCADS was regulating global nucleosome repeat length.

A major advantage of the dTAG system is the ability to probe the action of SMARCAS
during the cell cycle. We used a double thymidine block to synchronize Kasumi-1 cells

at the G1/S boundary prior to the degradation of SMARCA5-FKBP12F36V and used BrdU
incorporation to track the progression of cells through the S phase (Figures S6A-S6C). At
the initiation of the time course, the vast majority of the cells were at G4/S and did not
incorporate BrdU. However, within the first 2hr after removal of the thymidine block, the
cells had re-entered the S phase, indicating that SMARCADS was not required to initiate DNA
replication. Within the first 6hr after release from the block, more than 60% of the cells had
incorporated BrdU (Figure S6A-S6C) and within 12hr the control cells showed a roughly
50% reduction in the percentage of cells in the S phase, as these cells traversed and then
exited the S phase. In contrast, Kasumi-1 cells lacking SMARCAGS were retained in the late
S phase 12hr after release into the S phase and displayed a significant lag in returning to
the G4 phase (Figure S6A-S6C). These data indicate that SMARCAS5 may contribute to the
passage of the late S phase in Kasumi-1 cells.

Using this information, we then performed ATAC-seq on synchronized Kasumi-1 cells
with or without a 6hr degradation of SMARCAS5-FKBP12F36V at G4/S, mid S (6hr after
release), or late S (12hr after release). First, we identified accessible peaks and performed
differential analysis to define the effect of synchronization on general accessibility. This
analysis showed more dramatic changes in chromatin accessibility with a greater loss of
peaks than gain of peaks in each of the cell cycle phases in comparison to untreated cells
(Figure 6G). The up- and down-regulated peaks also showed a high degree of overlap
between these phases of the cell cycle (40-60%; Figure S6D-S6E), and a high degree of
overlap with binding of CTCF at each phase of the cell cycle (Figure S6F-H). This suggests
that loss of CTCF was likely a key component of the loss of accessibility upon degradation
of SMARCAG at these different stages of the cell cycle.

Next, we analyzed the nucleosome repeat length of these populations of cells. We noted that
nucleosome repeat length in the control cells changed as cells progressed from G4/S into

S phase with a longer distance between nucleosomes at mid and late S phase after release
from the block (Ohr time points, Figure 6H-J). Even though the starting point for assessing
the effects of SMARCADS degradation was greater during the S phase, upon degradation

of SMARCAS5, we found a small but reproducible increase of the average length between
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nucleosomes at all three stages of the cell cycle assessed (Figure 6H-K). Together, these
results suggest that SMARCAS regulated chromatin accessibility independent of the cell
cycle, and that SMARCAS was required for nucleosomal spacing and compaction in both
late G1 and the S phase of the cell cycle.

While ATAC-seq is a relatively rapid procedure, to deepen our analysis of chromatin
structure and to examine different genomic features upon inactivation of SMARCADS,

we performed micrococcal nuclease coupled with sequencing (MNase-seq) in Kasumi-1
cells3456.61-63 | jke the ATAC-seq analysis, MNase-Seq detected a subtle lengthening in
the nucleosome repeat length within two hours after the addition of dTAG-47 that was
more distinct by 6hr and continued to expand at the 24hr time point (Figure 7A and

7B). Using the MNase-seq datasets, we were also able to measure the nucleosome repeat
length around other sites throughout the genome. We assessed the nucleosome repeat
length around the TSS of all expressed genes and at CTCF sites. We found no significant
change in nucleosome repeat length over time around the start sites of expressed genes
(Figure S7A and S7B), which is consistent with the small effects that were found on
transcription. Furthermore, there was no change in nucleosome positioning when we plotted
the normalized nucleosome occupancy —0.5kb and + 1kb from the TSSs of expressed genes
(Figure S7C).

Next, we used CUT&RUN to assess the location of H3K27me3 to mark closed chromatin
and to assess the nucleosome repeat length around H3K27me3-marked sites. Although using
subsets of the genome reduced the robustness of the phasing due to the inclusion of fewer
reads in the analysis, it appeared that the nucleosome repeat length around H3K27me3 was
longer than the global nucleosome repeat length at the beginning of the time course, which is
consistent with a more closed chromatin conformation (Figure 7C and 7D). The nucleosome
repeat length still increased in H3K27me3-marked regions upon degradation of SMARCA5
(Figure 7C and 7D).

H2A.Z marks open chromatin and has also been linked to SMARCAGS function, as H2A.Z
was better at stimulating the ATPase activity of SMARCAS than H2A®3. Moreover, H2A.Z
also co-localized to CTCF binding sites®4. Therefore, we used CUT&RUN to map H2A.Z
genomic localization and assessed the co-localization of SMARCAS and CTCF (Figure
S7D). It appeared that all essentially all of the H2A.Z peaks were associated with at least a
low amount of SMARCAS that was lost upon degradation, and roughly 70% of the called
SMARCAS peaks co-localized with both H2A.Z and CTCF (Figure S7E). The majority of
these SMARCAJ5 binding sites were found within the more intense peaks found in clusters
1 and 2 after k-means clustering of the H2A.Z signal (Figure S7D and data not shown).
Likewise, essentially all of the H2A.Z peaks were associated with CTCF, and CTCF was
rapidly lost from these H2A.Z peaks upon degradation of SMARCADS with a larger decrease
associated with clusters 1 and 2 (Figure S7D and S7F). The proportion of down-regulated
CTCF binding sites that overlapped with an H2A.Z site remained consistent throughout the
time course of SMARCAGS degradation (25-30%, Figure S7F).

The nucleosome repeat length was shorter at sites occupied by H2A.Z than the global
nucleosome repeat length, consistent with a more open configuration of H2A.Z-containing
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nucleosomes (Figure 7E, Ohr). While the phasing was less distinct at these areas of open
chromatin, there was a large increase in nucleosome repeat length over the 24hr time course
of SMARCAGS degradation at these regions (Figure 7E and 7F). Similarly, the nucleosome
repeat length around CTCF motifs showed a rather short nucleosome repeat length that
increased dramatically upon degradation of SMARCAGS (Figure 7G and 7H). Because of
the apparent large changes in chromatin structure around CTCEF sites upon SMARCAS5
inactivation, we plotted the normalized nucleosome occupancy centered on the CTCF DNA
binding motif under the CTCF peaks (Figure 71). We found that the nucleosome phasing
around the CTCF motifs was beginning to erode even at the 2hr time point and the phasing
was significantly affected within the first 6hr of SMARCAS degradation (Figure 71). These
data suggest that SMARCAGS is required to maintain the regular nucleosome spacing in
concert with CTCF and H2A.Z, and that SMARCAGS acts across the genome and at different
stages of the cell cycle as a nucleosome ruler to prevent undue chromatin compaction.

Discussion

SMARCAS is an ATP-dependent helicase that is able to slide nucleosomes and order
nucleosome arrays Jn vitroto act as a “ruler”®’. Genetic studies using gene deletion or
siRNA inhibition have implicated SMARCADS as being required for the control of gene
expression, DNA replication and repair, chromatin accessibility, as well as nucleosome
spacing and even higher order chromatin looping19:25:34.37.39.51.59.65 However, these steady-
state analyses performed a few days to weeks after inactivation of SMARCAS were unable
to differentiate direct versus indirect effects. By engineering the endogenous alleles of
SMARCAS for rapid degradation in mammalian cells, we established that SMARCAS is
continuously required to maintain nucleosomal spacing throughout the genome. This implies
that nucleosomes are constantly moving or being moved, and that SMARCADS was required
to push these nucleosomes together to maintain more relaxed or accessible chromatin. These
effects were independent of the phase of the cell cycle or whether the chromatin was more
open or closed and suggests that chromatin is highly dynamic. This is in agreement with
recent findings that individual loci are far more dynamic than previously envisioned®.

Genetic models have established CTCF as a central factor in SMARCA5-mediated
chromatin regulation3437.67, CTCF is required to establish chromatin loops and transcription
activation domains or TADs, which are a key feature of chromosome organization34:66.68-70,
However, because these genetic models reached a steady state in which nearly all CTCF
DNA binding was lost34, these genetic approaches did not have the ability to link
SMARCAS to the loss of CTCF. Our time course approach showed that rapid degradation
of SMARCAS led to a relatively quick decline in all CTCF DNA binding with about

a third of the CTCF sites being significantly reduced within the first 6hr of dTAG-47
addition (Figure 3A-3C). In addition, our CUT&RUN analysis indicated that roughly 70%
of the SMARCADS peaks overlapped with a CTCF and a H2A.Z peak (Figure S7E) and
70-80% of the ATAC-seq peaks that decreased overlapped with a CTCF binding site (Figure
4F-4H). Interestingly, the ATAC-seq peaks that were gained were not linked to CTCF or
another DNA binding factor, indicating that these sites were gained stochastically. Thus, we
hypothesize that inactivation of SMARCADS allowed nucleosomes, likely containing H2A.Z
to be positioned over the CTCF binding sites causing a rapid loss of CTCF binding and
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eventually a loss of DNA looping as observed in mESCs34. This is consistent with a rapid
loss of nucleosomal phasing around CTCF binding sites (Figure 71).

The use of a degron tag allowed us to synchronize the cells prior to SMARCADS degradation,
which indicated that SMARCAGS contributed to maintaining chromatin accessibility at the
G1/S phase boundary, mid S phase and late S/G, phase (Figure 6). Thus, SMARCAS

may contribute to maintaining nucleosomal phasing around CTCF and H2A.Z sites during
multiple phases of the cell cycle. Indeed, even during the S phase, the ATAC-seq peaks

that were lost were strongly associated with CTCF binding motifs (data not shown). These
data argue that the impairment that we observed in Kasumi-1 cells late in the S phase is
unlikely to be due to an effect in the G1 or Go/M phases of the cell cycle and point to a more
direct role for SMARCAS in the S phase?7:28.30.34.37.42.47 |nterestingly, Kasumi-1 cells
have lost an allele of RAD211, which raises the possibility that disruptions of nucleosome
repeat length or CTCF binding could be synthetic lethal with cohesin mutations, which are
prevalent in various types of leukemia and solid cancers. Given that the defect in S phase
transit and the impaired growth were more evident in the t(8;21) cell line (Kasumi-1), than
in the erythroleukemia cell line HEL or DLBCL cell line OCI-LY1 (Figure 1), it is possible
that SMARCADS could be a therapeutic target in t(8;21) AML or other types of cancer
containing cohesin mutations’2-75.

While we have performed deep genomic analysis after degradation of endogenous
SMARCAS in three different cell lines that represent different cell lineages, they are all
hematopoietic cell types. This raises the question as to whether SMARCADS inactivation
would have the same impact in other types of tissues. This is especially important given that
SMARCA1 is not expressed in these cells, such that inactivation of SMARCADS eliminated
all ISWI functions. It is also notable that Kasumi-1 cells are haploinsufficient for the cohesin
RADZ21"L. Given that Kasumi-1 cells showed a more significant growth defect and possible
delay late in the S phase, it is possible that the alterations in accessibility around CTCF sites
were amplified by the cohesion-low state.

STAR Methods

Resource Availability

Lead contact

Further information and requests for resources or reagents should be directed and filled by
Scott Hiebert (scott.hiebert@vanderbilt.edu).

Materials availability—All the materials generated in this study are accessible upon
request.

Data and code availability

. All genomic datasets have been deposited at GEO and are publicly available at
GEO: GSE160470. The raw western blot images were deposited to Mendeley
Data and are publicly as of the date of publication. doi:10.17632/cf5vbhy67d.1.
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. The code and software used in this paper is described in detail on github: https://
github.com/monnieb92/SMARCAS_paper (DOI: 10.5281/zenodo.7438719).

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

Experimental model and Subject details

Cell culture—The Kasumi-1 cell line was purchased from ATCC and grown in RPMI
supplemented with 20% fetal bovine serum, 1% L-glutamine, and 1% penicillin and
streptomycin. The HEL cell line was grown in RPMI supplemented with 10% fetal plex,
1% L-glutamine, and 1% penicillin and streptomycin. The OCI-LY1 cell line was grown

in IMDM supplemented with 10% fetalplex, 1% L-glutamine, and 1% penicillin and
streptomycin. Drosophila S2 cells were grown in Schneider media supplemented with 10%
fetal bovine serum, 1% penicillin and streptomycin.

dTAG-47—The chemical dTAG-47 was synthesized by the Vanderbilt University Molecular
Design and Synthesis Center as previously described>, and reconstituted at 5mM in DMSO
and stored at —20°C.

METHOD DETAILS

Gibson Cloning—The homology directed DNA repair (HDR) plasmids were created
using Gibson cloning (NEB, E5510S) to assemble the 5” and 3° SMARCAS homology
arms (amplified by PCR from genomic DNA) and the FKBP12 plasmid containing

either mCherry or blue fluorescent protein (pAW62.YY 1.FKBP.knock-in.mCherry/BFP;
#104370/104371 AddGene). The homology arms were amplified with Phusion (NEB,
MO0530S). The PCR reactions were performed per NEB manufacture protocol and PCR
products were gel purified (Promega, A9282) before Gibson Assembly. Site directed
mutagenesis (Agilent, 210518) was performed on final BFP and mCherry plasmids per the
manufacturer protocol.

Western blot—Cells were washed with cold phosphate buffered saline (PBS), lysed

with a buffer containing 50mM Tris-HCI pH 7.4, 150mM Nacl, 0.1% SDS, 0.5% DOC,

1% NP40, sonicated briefly on ice, and the lysates were clarified by centrifugation.
Immunoblotting was performed with anti-SMARCAS5 (1:1000 abcam, 72499), anti-GAPDH
(1:1000 SantaCruz, sc-365062), anti-FLAG (1:500 Sigma M2Flag, F1804) in blocking
buffer. The membrane was visualize using fluorescently tagged secondary antibodies from
LICOR Biosciences and visualized with the Odyssey scanner.

CRISPR knock-in and electroporation—Cells were seeded at 6 x 105/ml

the day before electroporation. The gRNAs complexes were mixed at a ratio

of 1.5uL of 100uM crRNA_C (IDT, Alt-R® CRISPR-Cas9 crRNA, 2 nmol): 5’
GATGGCGCACCTGATGGTCG 3’, 1.5uL of 100uM crRNA_D (IDT, Alt-R® CRISPR-
Cas9 crRNA, 2 nmol): 5 GGTGAAGACTGAAAGGGACAA 3, 1.5uL of 200uM
tracrRNA (IDT, 1072532), and 1.5uL of R buffer (Neon Kit), and heated at 95°C for 5
minutes and then allowed to cool to 20° C. Ribonucleoprotein (RNP) complexes were
formed with 10ug of gRNA complex and 15 ug of Cas9D10A-Nickase (IDT, 1081062) by
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incubation at 20° C for 25 minutes. The Neon System was used to electroporate using a
100uL tip (ThermoScientific, MPK100025) with the following conditions: 1350V, 35ms,

1 pulse (Kasumi-1); 1300V, 20ms, 1 pulse (HEL); 1700V, 20ms, 1 pulse (OCI-LY1). 1

x 108 cells were resuspended in 100uL of R buffer (ThermoScientific, MPK100025) and
added to the RNP reaction with 4 ug of mCherry and 4ug of BFP HDR plasmids prior to
electroporation. Electroporated cells were placed in antibiotic free media overnight at 37°C
5% CO5 and the media replaced 24 hours after electroporation.

Cell proliferation—Cells were seeded at 3 x 10%/mL, then treated with 500nM dTAG-47
or DMSO. Cell viability was assessed using Trypan Blue (Gibco, 15250-061) exclusion and
counted on a hemocytometer every day for six days. The cells were re-seeded at 3 x 10°/mL,
then treated with 500nM dTAG-47 or DMSO on the third day.

Cell cycle analysis—Cells were seeded at 3 x 10%/mL (Kasumi-1) or 2 x 105/mL (HEL
and OCI-LY1) and treated with 500nM dTAG-47 at indicated time points. BrdU (20mM)
was diluted 1:1000 into cell cultures for 1.5 hours at 37°C 5% CO, the cells were washed
with PBS, and then fixed overnight with 5 mL of 70% EtOH. Cells were collected using
centrifugation, resuspended in ImL 2N HCI supplemented with 0.5mg/mL Pepsin (Sigma,
P7012-1G) and after 30 min. at 37°C, the solution was neutralized with 3mL of 0.1M
Sodium Tetraborate pH 8.5. The cells were pelleted and washed in 0.5% BSA in PBS, then
permeabilized with 1mL of 0.5% BSA/0.5% Tween-20 in PBS. Cells were stained with
15uL of FITC-anti-BrdU (BD, 556025) in 85uL of 0.5% BSA PBS and incubated for 45
minutes at 20°C in the dark. Cells were washed with 1mL of 0.5% BSA/0.5% Tween-20 in
PBS, collected using centrifugation and resuspended in 400uL of PBS with Proprium lodide
(PI) (BD, 51-66211E) supplemented with RNAse A (Sigma, CAS 9001-99-4) before flow
cytometry in which cells were acquired at 400 events per second.

Synchronized cells—Parental Kasumi-1 and Kasumi-1- SMARCA& KBP12F36V_
expressing cells were seeded at 4 x 10°/mL then treated for 18hr at 37°C 5% CO, with
thymidine (Sigma, T9250-10G) at a final concentration of 2mM. The cells were washed
with pre-warmed PBS then placed in media for 9hrs at 37°C 5% CO,. The cells were treated
with a second thymidine block for 18hrs at 37°C 5% CO,_Before releasing the cells from
the double thymidine block, they were treated for 2hrs with DMSO or 500nM dTAG-47.
Cells were released from G1/S by washing with pre-warmed PBS and incubating with fresh
media. Cells were then collected and analyzed at the indicated time points (Ohr, 2hr, 4hr, 6hr,
8hr, 12hr, 24hr) following the cell cycle analysis methods section mentioned above.

Flow cytometry analysis—Cells were treated for the indicated times with 500nM
dTAG-47 and 1 million cells were harvested and stained with FITC-AnnexinV (BD 556419),
Zombie-NIR (BiolLegend, 423106) following the manufacturer’s protocol (substituting
Zombie-NIR for propidium iodide in the 100uL 1x binding buffer at 1:2000). Cells were
treated for the indicated times with 500nM dTAG-47 and 1 million cells were harvested and
stained with APC-CD11b (BD 550019).

CUT&RUN analysis—Cells at 5 x10%/mL were treated at indicated time points with
500nM dTAG-47. Cells were washed, attached to concanavalin A beads, permeabilized
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with digitonin and incubated overnight with anti-Flag (1:200, Sigma, F1804), anti-CTCF
(1:100, Millipore, 07-729), anti-RUNX1 (1:100, SantaCruz, sc-365644), anti-H3K27me3
(1:200,CST, 9733), anti-H2AZ (1:100, ab4174), or anti-ETOZnf (1:100, made in house)
at 4°C overnight. The next day cells were washed 3 times with PBS, then incubated with
anti-mouse secondary antibody (1:200, abcam, ab46540) or anti-rabbit secondary antibody
(1:200, Invitrogen, 31238) for 1.5 hours at 4°C as described®*. Beads were washed and
incubated with pA/G-MNAse (Epicypher, 15-1116) for 10 min at 20° C and the MNase
activated with 1mM CacCl, for 2 hours at 4° C, before adding the Stop Buffer. Libraries
were created with the NEB Next Ultra II DNA Library Prep Kit (NEB, E7645S) per the
manufacturer’s protocol, amplifying for 14 cycles. The samples were sequenced by the
VANTAGE Sequencing Core on the NovaSeq 6000 instrument.

RNA-seq analysis—Kasumi-1-SMARCAS KBP12F36V _expressing cells at 5 x10°/mL
were treated with 500nM dTAG-47 at the indicated times in duplicate. RNA was extracted
from 5 x 106 Kasumi-1 cells using 0.75mL Trizol (Invitrogen, 15596026) and incubated at
20°C for 10 minutes. The RNA was then further extracted by adding 0.15mL chloroform,
vortexed on high for 1 minute, and centrifuged at 16,000 x G for 15 minutes to separate
the aqueous phase. The RNA was precipitated using isopropanol. DNA was removed
using DNAse | (Invitrogen, 18068-015) degradation and the RNA collected using ethanol
precipitation. The RNA-seq libraries were created and sequenced by the VANTAGE
Sequencing Core (Vanderbilt) on the NovaSeq6000 instrument.

PRO-seq analysis—Kasumi-1-SMARCAS KBPI2F36V_expressing cells at 5 x10%/mL
were treated with 500nM dTAG-47 at the indicated times in duplicate. Nuclei was isolated
and PRO-seq performed as previously described’6:77. The samples were sequenced by
VANTAGE Sequencing Core on the NextSeq instrument.

ATAC-seq analysis—Cells were seeded at 5 x10%/mL then treated with 500nM dTAG-47
at the indicated times in duplicate for the analysis of asynchronous cells. Kasumi-1-
SMARCASKBPI2F36V_axpressing cells were also synchronized with a double thymidine
block as described above Before releasing the cells from the double thymidine block,

they were treated for 6hr with DMSO or 500nM dTAG-47. The nuclei were isolated

and incubated with Tn5 following the protocol as previously described’®, adding in 1%
Drosophila S2 nuclei. The sequencing libraries were created as previously described?8.
The nuclei from either asynchronous cells (Kasumi-1, OCI-LY1, HEL) or synchronous
cells (Kasumi-1) were isolated and incubated with Tn5 following the Active motif protocol
(Active Motif, 53150) adding in 1% Drosophila S2 nuclei. The sequencing libraries were
created and SPRI clean-up was performed with the Active Motif kit per protocol. Samples
were sequenced by the VANTAGE Sequencing Core on the NovaSeq6000 instrument.

MNase-seq analysis—Kasumi-1-SMARCAS KBPI2F36V_expressing cells at 5 x10%/mL
were treated with 500nM dTAG-47 at the indicated times in duplicate. 10 million cells
were lysed with cell lysis buffer (10mM Tris-HCI pH 7.4, 300mM sucrose, 3mM CaCl,,
2M MgCl,, 1% Triton-X100, 100mM DTT), spun down, placed in reaction buffer (50mM
Tris HCI pH8, 5mM CaCl2) and 2 million cell equivalents were incubated with 0.1U/uL
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MNase (Sigma N3755) for 4 minutes at 20°C’9. The sequencing libraries were created from
gel extracted mono-nucleosomes using the NEB Ultra 11 DNA Prep Kit (NEB E7645L)
with 7 cycles of PCR. Samples were sequenced by the VANTAGE Sequencing Core on the
NovaSeq6000 instrument.

QUANTIFICATION AND STATISTICAL ANALYSIS

Raw sequencing data were trimmed and aligned as described in github (https://github.com/
monnieb92/SMARCAS5_paper), using trimmomatic, bowtie2, and samtools89-82, Bam files
were analyzed using MACS?2 for peak calling, bedTools to remove blacklist peaks,

and Diffbind was used to create counts tables. DESeq2 was used for the default
normalization83-87. Due to global changes in SMARCAS5 and CTCF peaks, these analyses
could not use DESeq?2 for normalization, so normalization was done using total read
counts. CUT&RUN data was visualized using deepTools88 and HOMER was used to
annotate peaks and perform motif analysis8®. RNA-seq analysis was performed as using
trimmomatic v0.3280, tophat v2.0.11%, and cuffdiff v2.2.191 as described in github
(https://github.com/monnieb92/SMARCAS5_paper). The heat maps were clustered using the
hierarchical ward.D2 method%2.

PRO-seq data were analyzed as previously described using the Nascent RNA Sequencing
Analysis (NRSA) platform, which yielded differential gene body and promoter proximal
pausing count tables?3:94. The count tables for gene body counts and promoter proximal
counts from Oh (n = 5), 2h (n = 3), 6h (n = 4), and 24h (n = 2) from NRSA were
concatenated and filtered for expressed genes within at least one time point (gene body
density >=0.004 (4 reads/kb) and promoter proximal density > 0.01(0.5 reads/bp in 50
bp bin)). Gene body counts tables were then analyzed and normalized with batch effect
using DESeq283, and promoter proximal counts tables were analyzed using normalization
factor from gene body counts along with providing batch effect as described in the github
(https://github.com/monnieb92/SMARCAS_paper).

ATAC-seq data were trimmed and analyzed as described in github (https://github.com/
monnieb92/SMARCAS_paper), using trimmomatic, bowtie2, and samtools 8982, Data were
further analyzed as described in github (https://github.com/monnieb92/SMARCAS_paper)
using Genrich (v0.6.1, available at https://github.com/jsh58/Genrich, parameters: -q 0.05 -j
-r -E) for peak calling, Diffbind for creating a counts table, and DESeq2 with batch effect
for differential peaks®3-85. CUT&RUN data were visualized using deepTools8. HOMER
was used to annotate peaks®®. Nucleosome repeat length was determined using a previously
published loess model34.

MNase-seq data was trimmed and analyzed as described in github (https://github.com/
monnieb92/SMARCAS_paper), using trimmomatic, “bowtie2—very-sensitive”, and
samtoolsB%-82, MNase-seq data were further analyzed using “deepTools — alignmentseive”
to isolate fragment sizes between 130 and 210 bp as well as remove “blacklist peaks”
from ENCODE hg19 blacklist peaks, then isolated genomic region of interest +/-2kB
with bedTools8, and the data visualized via metaplots using “deepTools—MNase”88, A
previously published loess model algorithm was used to determine nucleosome repeat
length34.95,
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Highlights
Target-specific protein degradation of endogenous human SMARCA5
Degradation of SMARCADS leads to a rapid loss in CTCF DNA binding
SMARCADS regulates nucleosome repeat length independent of the cell cycle

CTCF and SMARCAS5 co-localize at H2A.Z-containing sites
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Figure 1. Selective degradation of endogenously tagged SMARCADS leads to decreased cell

growth.

(A) Degradation time course showing rapid loss of SMARCADS in Kasumi-1, HEL, and
OCI-LY1 cells (Parental and SMARCAS5FKBP12F36V-Flag) after 500nM dTAG-47 treatment.
Western blot of SMARCAS, Flag, and loading control, GAPDH. (B) Cell growth curve

of Kasumi-1, HEL, and OCI-LY1 Parental versus SMARCA5-FKBP12F36V-FLAG cells
over a 6-day period after dTAG-47 treatment. Cell viability was determined using Trypan
Blue exclusion (n=3). (C) Bar graphs of flow cytometry analysis of BrdU incorporation
versus propidium iodide (PI) staining of Kasumi-1, HEL, and OCI-LY1 Parental versus
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SMARCAG5-FKBP12F36V-FL AG-expressing cells after 48h dTAG-47 treatment (n=3). Two-
way repeat measure ANOVA: **** = p<0.0001; *** = p<0.0007; ** = p<0.0014. (D, E)
Bar graphs of flow cytometry analysis of Annexin V staining vs Zombie-NIR staining

of Kasumi-1 (n=5), HEL (n=5), and OCI-LY1 (n=3) SMARCAS5-FKBP12F36V.FLAG-
expressing cells after 48h (D) or 72h (E) dTAG-47 treatment. D, DMSO; dT, dTAG-47,
P-values (Welch two-tailed #test) are indicated by ns = p > 0.05, * = p <0.05, ** p< 0.001.
Error bars show standard deviation.
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Figure 2. Genomic localization of endogenously tagged SMARCA5-FKBP12F36V._FLAG.
(A) MA plots of the changes in peaks upon degradation of SMARCA5-FKBP12F36V._FLAG.

The blue dots represent peaks down-regulated at least 1.5-fold. (B) Venn diagram showing
the overlap between the SMARCAS CUT&RUN decreased peaks from each of the three cell
lines. (C) IGV browser tracks showing an example of peaks conserved in all three cell lines.
(D) Wolcano plots of motif enrichment scores (percent enrichment/percent background)

of the significantly down-regulated peaks versus the Logyg (p-value). Blue dots represent

motifs enriched by 2-fold.
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Figure 3. SMARCAS is required for CTCF DNA binding.
(A-C) MA plots of differential analysis of CTCF CUT&RUN peaks at the indicated

time points in (A) Kasumi-1 (n=2), (B) HEL (n=2), (C) OCI-LY1 (n=2) cells expressing
SMARCAS5-FKBP12F36V_FLAG. The blue dots represent the down-regulated CTCF peaks.
The red dots represent the up-regulated CTCF peaks. (D) Venn diagram showing the

CTCEF sites that were lost 6hr after degradation of SMARCAS5-FKBP12F368V_-FLLAG

from Kasumi-1, HEL, and OCI-LY1 cells. (E-G) Venn diagrams of the SMARCA5
CUT&RUN peaks and CTCF CUT&RUN peaks in (E) Kasumi-1, (F) HEL, (G) OCI-LY1

Mol Cell. Author manuscript; available in PMC 2024 February 16.

2hr 6hr 24hr
8 8 8
Q6 2 6 1 6 " @
S 4 4 4 x
g 2 ) 2 B 2 g‘é
- 0 0 0
2 2| e 2|7 - 2 53
SA T g3 AR g 6e3 | g
96 6 , -6 2
-8 -8 -8
0 2 46 81012 0 2 4 6 8 10 12 0 2 4 6 8 10 12
B Log, (base mean) Log, (base mean) Log, (base mean)
8 8 8
ag") 6 2 6 7 6 10
S 4 4 4 %
5 2 2 i 2 . o}
22 0 0 : 5
5 ————l 34 -
Q-2 : -2 SR 2 M ™ LIIJ
Y -4 -4 . -4 o
g6 1,463 6 14,462 6 15477 | &
-8 -8 -8
0 2 46 8112 0 2 4 6 8 10 12 0 2 4 6 8 10 12
Log, (base mean) Log, (base mean) Log, (base mean)
C 8 8 8
6 6 6
S 4 3 4 31 4 42 P
5 2 b 2 7 O ’2\ e “ 3 >
G 0 = 0 0 = ]
T 2| e 2 - 2] il N5
L4 -af - : 4] N o
§> e 3,621 s 27,590 | . 34620 |Q
— -8 -8 -8
2 4 6 8101214 2 4 6 8 10 12 14 2 4 6 8 10 12 14
Log, (base mean) Log: (base mean) Log, (base mean)
D CTCF Peaks E Kasum-1 F HEL G  ocliy1
Kas1 6hr HEL6hr  SMARCAS5 SMARCA5 SMARCAS5
down down (9,650) (12,048) (8,988)
(11,683 (14,462)
&2 [811\ 2728 i a
8.286 ) @
OCI-LY1 22,622 38,487
6hr down CTCF CTCF CTCF
(27,590) (30,213) (39,312) (46,222)
,-g"”@ e | e lomiibla|
L bl E
E L T T — | o S [ o .
27 m |k ] .
go s —— -3 i .
O 6he < SR
[} 24h e .
é T & | — —l— e
d S war S o _ k= - N
I% o e _ |, |
S g o g Py
5 e . = —_—
24h
garg N e § il
= I o [
T €t _ o
5 on Lt | R ¥ 4
85 g . 5 | ma
Eoeh = o S —
5 g
24h
e ) e —— e——
chr17:34,089,041-34,094,035 MmP28 chr5:133,922,016-133,925,044

Page 26



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bomber et al.

Page 27

cells expressing SMARCAS5-FKBP12F36V-FLAG. (H) IGV browser tracks of SMARCA5
CUT&RUN and CTCF CUT&RUN at the indicated time after dTAG-47 treatment in
Kasumi-1 (purple), HEL (pink), and OCI-LY1 (blue) SMARCAS5-FKBP12F36V_FLAG cell
lines.
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Figure 4. Loss of SMARCADS alters chromatin accessibility.
(A-C) MA plots of differential analysis of ATAC-seq peaks at the indicated time points

of dTAG-47-mediated degradation of SMARCAS5-FKBP12F36V_FLAG in (A) Kasumi-1
(n=4), (B) HEL (n=2), (C) OCI-LY1 (n=2). The blue dots represent peaks down-regulated
and red dots up-regulated by at least 1.5-fold. (D-E) Venn diagrams showing that some
down-regulated (D) and up-regulated (E) ATAC-seq peaks from A, B, and C are conserved
in Kasumi-1, HEL, and OCI-LY1 cells. (F-H) Venn diagrams showing the overlap of

the SMARCAS CUT&RUN peaks, CTCF CUT&RUN peaks, and ATAC-seq 6hr after
degradation of SMARCAS5-FKBP12F36V_FLAG in Kasumi-1 (F), HEL (G), and OCI-LY1
(H) cells.
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Figure 5: Degradation of SMARCAS5 causes modest transcriptional changes.
(A) MA plots of the log, fold change vs the normalized mean counts of the gene body. The

colored dots are the significant (adjusted p-value < 0.05 and fold change > 2; red = Up,
blue = Down) gene body changes. (B) Venn diagram showing the overlap between changes
within the gene body of up- or down-regulated genes at 2, 6, 24hr. (C) Venn diagram
showing the overlap between gene body changes of up- or down-regulated genes at 6hrs
after SMARCAS degradation intersected with SMARCA5 CUT&RUN peaks annotated to
+/-25kb of the TSS of the nearest neighbor gene. (D) Venn diagram showing the overlap
between genes up- or down-regulated 6hr after SMARCADS degradation intersected with

Mol Cell. Author manuscript; available in PMC 2024 February 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bomber et al.

Page 30

CTCF CUT&RUN peaks annotated to +/-500bp of the TSS of the nearest neighbor gene.
(E) Bar graph of the changes in mMRNA pools measured by RNA-seq at 2h, 6h and, 24h

after dTAG-47 treatment to degrade SMARCAS in Kasumi-1 cells. (F) Heatmap of log,
(FPKM/avgFPKM) of each RNA-seq replicate 2h, 6h, and 24h after SMARCADS degradation
for genes regulated in the PRO-seq analysis at 6h.
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Figure 6: SMARCADS regulates nucleosome repeat length independent of the cell cycle.
(A) Nucleosome phasing graph showing changes in the nucleosome repeat length (NRL)

over the time course of degradation of SMARCAS5-FKBP12F38V-FLLAG. Red line shows the
“fit” of the curve versus the observed ATAC-seq signal of one replicate (grey line) using the
entire genome. (B) Bar graph of the NRL of all replicates (n=4) at each of the indicated time
points. (C) Nucleosome phasing graph showing changes in the NRL at 6hr after degradation
of SMARCA5-FKBP12F36V_FLAG in HEL cells using the entire genome. (D) Bar graph

of the NRL of all replicates (n=2) at 6hr after degradation of SMARCAS5 in HEL cells.

(E) Nucleosome phasing graph showing changes in the NRL at 6hr after degradation of
SMARCAS5-FKBP12F36V_FLAG in OCI-LY1 cells using the entire genome. (F) Bar graph
of the NRL of all replicates (n=2) at 6hr after degradation of SMARCAJ5 in OCI-LY1 cells.
(G) MA plots showing changes in accessible peaks 6hr after degrading SMARCAS at the
G4/S, mid S and late S phases of the cell cycle. The blue and red dots represent the changed
ATAC peaks with an at least 1.5-fold change. (H-J) Nucleosome phasing graphs showing
changes in the nucleosome repeat length in Kasumi-1 cells synchronized at G4/S (H), Mid S
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phase (6hr after release from double thymidine block; 1), or late S phase (12hr after release
from block; J). (K) Bar graph of the NRL of individual replicates (dots) at each of the
indicated phases of the cell cycle. For B, D, F and K, the significance was calculated with a
two sampled paired t-test: ****=p<0.0001, ***=p<0.001, **=p<0.01, *=p<0.05; error bars
represent standard deviation.
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Figure 7: SMARCAS maintains nucleosome structure around CTCF motifs in Kasumi-1 cells.
(A) “Phasogram” of the nucleosome repeat length (NRL) during the time course of

SMARCADS degradation (red line, span = 0.1, and green line, span = 1.5) derived from

the MNase-seq signal of a representative replicate (grey line) using the entire genome.

(B) Bar graph quantification from biological replicates of the NRL calculated from the
MNase-seq signal at each of the indicated time points. (C) “Phasogram” of the NRL of
SMARCAS degradation at indicated times around H3K27me3 peaks +/-1kb. (D) Bar graph
guantification of NRL at H3K27me3 peaks from biological replicates calculated using the
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MNase-seq signal at each of the indicated time points. (E) “Phasogram” of the NRL during
the time course of SMARCAGS degradation around H2A.Z CUT&RUN peaks +/-1kb. (F)
Bar graph quantification of the NRL at H2A.Z peaks of biological replicates calculated from
the MNase-seq signal at each of the indicated time points. (G) “Phasogram” of the NRL at
the indicated times within 1kb of the peak center of CTCF CUT&RUN peak motifs. H. Bar
graph quantification of the NRL of biological replicates within 1kb of CTCF motifs at the
indicated time points. I. Histograms of nucleosome occupancy using MNase-seq data plotted
around all CTCF motif centers (31,015) from the CTCF CUT&RUN data. The signal was
plotted +/— 500bp from the motif center and the changes after SMARCAS degradation at the
indicated time points are shown. For B, D, F, and H, the significance was calculated with
Welch’s two sample t-test: ****=p<0.0001, ***=p<0.001, **=p<0.01, *=p<0.05; error bars
represent standard deviation.
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Key resources table
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
CAT#ab72499,
a-SNF2H Abcam RRID:AB_1270821
. . . CAT#F1804
- ® - y
Monoclonal ANTI-FLAG® M2 antibody Sigma-Aldrich RRID:AB._262044
. CAT#sc-365062;
a-GAPDH Antibody (G9) Santa Cruz RRID: AB_10847862
CAT#sc-365644;
a-RUNXL Santa Cruz RRID: AB_10843207
CAT#ab4174, RRID:
a-H2A.Z Abcam AB. 304345
BD Pharmingen™ FITC Mouse a- BrdU Set BD Biosciences CAT#556028
Zombie-NIR BioLegend CAT#423106
- CAT #07-729, RRID:
a-CTCF Millipore AB_441965
Rabbit a -Mouse 1gG H&L Abcam CAT#ab46540
Donkey a -Rabbit 1gG (H+L) Cross-Adsorbed Secondary Antibody Invitrogen CAT#31238
a-ETOZnf Made in house N/A
Cell Signaling CAT#9733I RRID:
a-H3K27me3 Technology AB._ 2616029
CAT#BDB550019;

a-CD11b/MAC-1 Clone ICRF44 APC

Fisher Scientific

RRID: AB_398456

Bacterial and virus strains

Chemicals, peptides, and recombinant proteins

RPMI Fisher Scientific CAT#MT15040CV
IMDM Fisher Scientific CAT#12440053
Gemini Bio-
Fetal Plex Products CAT#100-602
Fetal Bovine Serum R&D Systems CAT#S11150
Corning Penicillin/Streptomycin Fisher Scientific CAT#MT30002ClI
Corning L-glutamine Solution Fisher Scientific CAT#12440053
Vanderbilt
dTAG-47 Chemical gurﬁtﬁgns itiTAG—47
Synthesis Core Y
- . CAT#D8418; CAS:
DMSO Millipore Sigma 67-68-5
CAT#15596026;
Trizol ThermoFisher CAS: 108-95-2,

1762-95-4, 593-84-0

CAT#P3803; CAS:

Phenol:Chloroform:lsoamyl Alcohol Millipore Sigma 108-95-2, 67-66-3,
123-51-3

Biotin-11-CTP PerkinElmer CAT#NEL542001EA

Digitonin Millipore Sigma CAT#300410, CAS:

11024-24-1
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BioMag Plus Concanavalin A Beads

Bangs
Laboratories, Inc

Page 36

CAT#BP531

CAT#1B07080; CAS:

Sarkosyl Fisher Scientific 7631.98-3

Glycine Fisher Scientific gélg?gSBSl; CAS:
RNAse A Sigma-Aldrich CAS: 9001-99-4
Nuclease micrococcal from Staphylococcus aureus Sigma-Aldrich CAT#N3755

Pepsin Sigma-Aldrich CAT#P7012-1G
SUPERase+In™ RNase Inhibito Invitrogen CAT#AM2694
DNAse | Invitrogen CAT#18068-015

Propium lodide

BD Biosciences

CAT#51-66211E

Critical commercial assays

QuickChange Lightning Site-Directed Mutagenesis kit Agilent CAT#210518
High Capacity cDNA Reverse Transcription Kit ThermoFisher CAT#4368814
NEBNext Ultra Il DNA Library Prep Kit NEB CATH#ET7645L
Gibson Assembly Cloning kit NEB CAT#E5510S
QIAGEN QIAfilter Maxi Kit QIAGEN CAT#12263
Wizard® SV Gel and PCR Clean-Up System Promega CAT#A9282
ATAC-Seq Kit Active Motif CAT#53150
Deposited data
GEO GSE160470
i
https://
Mendeley Data data.mendeley.com/
datasets/cf5vbhy67d
ocI-Ly1 %fzggge?ﬁ)”"da NIA
HEL ATCC CAT#TIB-180
Gift from Emily
Drosophila S2 Hodge’s Lab N/A

(Vanderbilt)

Experimental models: Organisms/strains

CAT#CRL-2724;

Kasumi-1 ATCC RRID: CVCL. 0589
Kasumi-1-SMARCA5-FKBP12F36Y This paper N/A

HEL ATCC CAT#TIB-180

HEL -SMARCAS-FKBP12F36V This paper N/A

ocCI-LY1 ATCC

OCI-LY1-SMARCAS-FKBP12F36v This paper N/A
Oligonucleotides

Alt-R® CRISPR-Cas9 tracrRNA Integrated DNA | o aT#1072534

Technologies
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CAT#AI-R®
CrRNA_C SMARCAS (SNF2h): 5" GATGGCGCACCTGATGGTCG 3° Integrated DNA | Cp|spR_Casg
Technologies
CIRNA
CATHAIL-R®
cfRNA_D SMARCAS (SNF2h): 5’ GGTGAAGACTGAAAGGGACAA 3, Integrated DNA CRISPR-Cas9
Technologies orRNA

5’ tgggttgatgtctggtttttccttgaCTGTTAGTCTCTAAGCTTTGATTATTTCAG 3’
(Forward-5hgDNA-SMARCADS)

Integrated DNA
Technologies

Custom DNA Oligo

5’ gatggtttccacctgcactcctccggatccTAGTTTCAGCTTCTTTTTTCTTCCTCGACC 3°
(Reverse-5hgDNA-SMARCADS)

Integrated DNA
Technologies

Custom DNA Oligo

=
ccaccggeggeatggacgagetgtacaagtaaATATGTTTTTGTTTCATAATCACTAACTTTAAACCAG
3” (Forward-BFP-3UTRgDNA)

Integrated DNA
Technologies

Custom DNA Oligo

5’ accggcggcatggacgagcetgtacaagtaaATATGTTTTTGTTTCATAATCACTAACTTTAAACC 3’
(Forward-mCherry-3UTRgDNA)

Integrated DNA
Technologies

Custom DNA Oligo

5’ tcgagctcggtacccggggatcc TGGAATTATAGTCAGTCTTGCTAACAC 3°
(Reverse-3UTRgDNA)

Integrated DNA
Technologies

Custom DNA Oligo

5" GTCTCATACCTATTACTTTGTAGTAGTTGT 3’ (Forward-Fragment 1),

Integrated DNA
Technologies

Custom DNA Oligo

5 tcaaggaaaaaccagacatcaacccacttg 3’ (Reverse-Fragment 1)

Integrated DNA
Technologies

Custom DNA Oligo

5" GGTCGAGGAAGAAAAAAGAAGCTGAAACTAggatccggaggagtgcaggtggaaaccatc 3”
(Forward-Fragment 2)

Integrated DNA
Technologies

Custom DNA Oligo

5" AGTTAGTGATTATGAAACAAAAACATATtacttgtacagctcgtccatgeecgeeggtgg 3’ (Reverse-
mCherry-Fragment 2)

Integrated DNA
Technologies

Custom DNA Oligo

5" AAAGTTAGTGATTATGAAACAAAAACATATtaattaagcttgtgececagtttgetagg 3’ (Reverse-
BFP-Fragment 2)

Integrated DNA
Technologies

Custom DNA Oligo

5’ AATGGATGGCGCACCTGACGGCCGAGGAAGAAAAAAGAAGCTGA 3 (Forward-
SDM)

Integrated DNA
Technologies

Custom DNA Oligo

5 TCAGCTTCTTTTTTCTTCCTCGGCCGTCAGGTGCGCCATCCATT 3’ (Reverse-SDM)

Integrated DNA
Technologies

Custom DNA Oligo

Recombinant DNA

hannonlab.cshl.edu

pAWG62.Y'Y 1.FKBP.knock-in.mCherry AddGene CAT#104370
pAW62.Y'Y 1.FKBP.knock-in.BFP AddGene CAT#104371
pAW62.SMARCAS.FKBP.knock-in.BFP This paper
pAW62.SMARCAS.FKBP.knock-in.mCherry This paper
Software and algorithms

. Langmead and
Bowtie2 (v. 2.2.2) Salzberg, 201281 N/A

i . Fengetal.,

MACS2 peak caller (narrowPeak; g-0.01 or g-0.001, broadPeak g-0.01; v. 2.2.6) 20128487 N/A

. . . https://github.com/
Genrich peak caller (-q 0.05 -j -r -E ; v. 0.6) jsh58/Genrich N/A

P Ross-Innes et al.
DiffBind 201285 N/A
DESeq2 Love et al., 201483 N/A
HOMER Heinz et al., 201080 | N/A
deepTOOLS (v. 3.4.1) Ramirez etal., N/A
P o 2016%

FASTX toolkit (v. 0.0.13) http:// N/A
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TopHat (v. 2.0.11) ;’(r)ir;g(lell etal., N/A

Cuffdiff (v. 2.1.1) ;cr)iggﬂlell etal, N/A

Nascent RNA Sequencing Anaylsis (NRSA) Wang et al., 2018% | N/A

Bedtools (v. 2.27.1) ZQOuli?J!‘%n etal. N/A

Samtools (v. 1.10) Li etal., 200982 N/A
Trimmomatic-0.32 ZBgiigg etal., N/A

Other

Alt-R® S.p. Cas9 D10A Nickase V3 Integrated DNA | ¢ AT41081062

Technologies

CUTANA pAG-MNase for ChIC/CUT&RUN Workflows

Epicypher

CAT#15-1016

Trypan Blue

Gibco

CAT#15250-061
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