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Abstract

Aberrations in genes coding for subunits of the BAF chromatin remodeling complexes are highly
abundant in human cancers. Currently, it is not understood how these loss-of-function mutations
contribute to cancer development and how they can be targeted therapeutically. The cancer-type-
specific occurrence patterns of certain subunit mutations suggest subunit-specific effects on BAF
complex function, possibly by the formation of aberrant residual complexes. Here, we
systematically characterize the effects of individual subunit loss on complex composition,
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chromatin accessibility and gene expression in a panel of knock-out cell lines deficient for 22 BAF
subunits. We observe strong, specific and sometimes discordant alterations dependent on the
targeted subunit and show that these explain intra-complex co-dependencies, including the
synthetic lethal interactions SMARCA4-ARID2, SMARCA4-ACTB and SMARCC1-SMARCC2.
These data provide insights into the role of different BAF subcomplexes in genome-wide
chromatin organization and suggest approaches to therapeutically target BAF mutant cancers.
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Introduction

The human SWI/SNF complexes (BRG1/BRM associated factor (BAF) complexes) are
ATP-dependent chromatin remodelers that regulate DNA accessibility dynamically and
thereby play important roles in essential cellular processes such as transcription, DNA repair
and replication. These large, polymorphic complexes are formed of up to 15 subunits
encoded by more than 29 genes!2. Three major complexes can be discriminated, BAF,
PBAF (Polybromo-associated BAF) and non-canonical BAF (ncBAF, GBAF), that exist in
multiple compositions as several subunit positions can be occupied alternatively by proteins
encoded from paralogous genes. The catalytic ATPase, encoded by SMARCAZ or
SMARCA4, is essential for the function of BAF complexes in sliding nucleosomes along the
DNA or evicting them from chromatin. Nearly the full remodeling activity of the entire
complex is reconstituted /n7 vitro when the ATPase subunits are bound to SMARCB1,
SMARCC1, and SMARCC23. A further important complex position, alternatively occupied
by ARID1A, ARID1B, or PBAF-specific ARID2, is thought to recruit the complex to
chromatin®. Other subunits harbor additional chromatin binding domains, but much less is
known about their contribution to complex function. Currently, there is no high resolution
structure of the BAF complexes with subunit assignment available.

Mutations in BAF subunits have been observed with high frequency in human cancers®®.
Mostly, these are loss-of-function mutations that result in the loss of the mutated subunits on
the protein level. All subunits can be affected, but mutation prevalence is cancer-dependent,
suggesting context- and subunit-specific effects on complex function. Currently, it remains
unclear how exactly BAF mutations contribute to cancer initiation and/or progression and
how they affect BAF complex composition and function. Since loss-of-function mutations
are not directly druggable, a focus has been on the identification of synthetic lethalities with
BAF mutations. It has been shown that loss of SMARCA4 makes cells dependent on the
SMARCA?2 gene’9, and ARID1B becomes essential following AR/D1A mutation10-12,
These data suggest that paralogous subunits occupying the same key complex positions exert
at least in part redundant functions and can compensate for each other.

To systematically evaluate the impact of BAF subunit loss on complex architecture,
chromatin accessibility and transcription, we established and comprehensively characterized
isogenic mutant cell lines for 22 targetable BAF subunits in HAPL cells. In these cell lines
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we further tested all intra-complex synthetic lethalities and identified ARID2 and ACTB as
potential therapeutic targets for SMARCA4-mutant cancers as well as SMARCC?2 in
SMARCCI-mutated cancers and vice versa.

Results

An isogenic cell line panel for loss of individual BAF subunits

We established and comprehensively characterized a panel of isogenic HAP1 cell lines with
individual knock-outs for 22 targetable BAF subunits (Fig. 1a). The knock-outs were
validated on the genetic level by mapping the mutation site (Supplementary Table 1), and on
the protein level by Western blot (Fig. 1b, Supplementary Note 3.1). In addition to loss of
the targeted subunit, we also observed co-regulation of other BAF members in some of these
clonal cell lines, for example between PBAF specific subunits. ARID2 knock-out (KO)
reduced levels of PBRM1 and BRD7 and a moderate reduction of PHF10. Also BRD7KO,
PHF10X0 and SMARCA4KO cells had reduced PBRM1 levels.

BAF complex composition changes upon knock-out of single BAF-coding genes

In order to investigate the effect of loss of individual BAF-coding genes on complex
composition, we developed a BAF immunoprecipitation (IP) approach with quantitative
mass spectrometry as readout. We performed IP for ARID1A, a BAF-specific subunit, and
for SMARCAA4, a subunit incorporated into all BAF complex subtypes. These bait proteins
were enriched in IPs from the different cell lines, except in the respective knock-out cells
(Supplementary Fig. 1a). ARID1A levels were additionally reduced in SMARCC1KO cells
that express low levels of ARID1A. Furthermore, we did not observe enrichment for the
mutually exclusive subunits ARID1B and ARID2 in the ARID1A IP nor for SMARCAZ2 in
the SMARCAA4 IP, suggesting paralog specificity of the antibodies used (Supplementary Fig.
1b, c). All other BAF and PBAF members were enriched in the SMARCA4 IP, except
ACTL6B, BCL11A and BCL11B that were not or only very lowly expressed in HAP1 cells.
As expected, the PBAF-specific subunits PBRM1, PHF10, BRD7 and ARID2 were detected
in the SMARCAA4 IPs but not in the ARID1A IPs. Also BRD9 was only detected in the
SMARCAA4 IPs, in line with its incorporation in GBAF/ncBAF complexes that do not
contain any ARID subunit13.14,

Analyses of the relative abundance of the detected subunits revealed knock-out-specific
alteration of complex compositions (Fig. 2a/b, Supplementary Fig. 1d). None of the tested
knock-outs led to a complete disruption of the BAF complexes in contrast to an observed
dissociation of the SWI/SNF complex upon loss of Snf5, Snf6, and Snf12 in yeast!516, This
is likely due to the evolution of modularity of the mammalian SWI/SNF complex. For
example, Snfi12has three orthologs in humans, namely SMARCD1, SMARCDZ, and
SMARCDS3, and our data suggest that the loss of either is compensated by increased
incorporation of a paralog-encoded protein. Snf6 does not have an ortholog in humans and
SMARCRBI, the ortholog of Snf5, could not be tested as the gene is essential in HAP1
cellst’.
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Loss of one protein was often compensated by increased incorporation of its paralogous
proteins into the complex, for example for ARID1A-ARID1B-ARID2, SMARCA2-
SMARCA4, SMARCC1-SMARCC2, SMARCD1-SMARCD2-SMARCD3, DPF1-DPF2-
DPF3-PHF10, and BCL7A-BCL7B-BCL7C. This argues for the mutually exclusive
incorporation of these subunits to fulfill the requirement to keep the respective complex
position occupied. While in most instances such compensatory effects occurred in a mutual
fashion irrespective of which subunit was targeted, there are also cases where these
mechanisms appear unidirectional.

Clustering of the subunits by their relative abundance in SMARCA4 IPs revealed clear co-
regulation of the PBAF-specific subunits ARID2, PBRM1, PHF10 and BRD7. They were all
increased in complexes isolated from ARID1AKO cells, whereas they were lost in ARID2KO
and to a lesser degree in BRD7XC clones. Loss of PHF10 only resulted in a mild reduction
of PBRM1 incorporation whereas PBRM1 loss did not affect the level of any other PBAF-
specific subunit in the complexes. These data suggest a clear hierarchy in the assembly of
the PBAF complexes: ARID2>BRD7>PHF10>PBRML. This observation is in line with a
previous report showing that ARID? is important for the stability of PBRM1 and the PBAF
complex and not vice versal®. Furthermore, we found that BRD7KXC cells expressed less
PBRM1 on the protein level and also showed reduced enrichment of specific PBAF-
members in SMARCA4 IPs, suggesting feedback mechanisms by destabilization of non-
incorporated proteins.

The multiple positions that can alternatively be occupied by different subunits suggest that
these complexes can theoretically exist in thousands of different configurations and it is
unknown which of these exist in human cells. In order to simulate which subunits directly
lead to the increased (“interaction’) and decreased (‘competition”) incorporation of other
subunits into the BAF complexes, we implemented a genetic algorithm that tested all
pairwise combinations using the IP-MS data as input. We first investigated the BAF
complexes using the ARID1A IP-MS data (Fig. 2c,d, Supplementary Fig. 2a,b). The
computational analysis confirmed very strong competition between SMARCD1-
SMARCD2-SMARCD3 and SMARCC1-SMARCC2. It further suggested competition
between ARID1B-DPF3 and SMARCA2-BRD9-BCL7B. We then repeated the analysis
with just the SMARCA4 IP-MS data and with all data combined providing input for all
possible BAF and PBAF complexes that contain either SMARCA4 and/or ARID1A
(Supplementary Fig. 2c-h). In addition to the competitions already found in the ARID1A-
containing BAF analysis, these data revealed competition between BCL7A-BCL7B-BCL7C,
DPF1-DPF2, DPF3-PBRM1, and ARID1A-ARID1B-ARID2. The analyses further provide
strong support for the interaction between SMARCC1-ARID1A and between the PBAF-
specific subunits ARID2-BRD7-PHF10-PBRM1.

We performed the IP experiments under stringent conditions, but were still able to identify
some interaction partners of the BAF complexes (Supplementary Fig. 3a). Among the most
strongly enriched interaction partners found in the SMARCAA4 IP were Bromodomain-
containing Protein 4 (BRD4) and BRD4 Interacting Chromatin Remodeling Complex
Associated Protein (Like) (BICRA and BICRAL). They were not identified in the ARID1A
IPs. Moreover, the interaction with all three proteins was lost in SMARCD1KO cells, and
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BRD4 and BICRA enrichment was also reduced in BRD9KC and BCL7BKO cells (Fig. 2a,
Supplementary Fig. 3b). Interestingly, a common feature of these three cell lines is
decreased incorporation of BRD9 into the complexes, in line with the specificity of these
proteins for the recently described GBAF/ncBAF complex!3.14.19 and the presence of a
functional SMARCD1-BRD9-BICRA (GLTCR1) module in fitness correlation network
analyses from RNAI screens20. Accordingly, we observed stronger enrichment of BRD4 and
BICRA when we used an antibody against BRD9 for IP, compared to ARID1A, ARID2 or
common BAF subunit IPs (Supplementary Fig. 3c).

Knock-out of single BAF-coding genes alters global chromatin accessibility

We next systematically investigated the functional consequences of the loss of individual
BAF-coding genes on chromatin accessibility by applying the assay for transposase
accessible chromatin with high-throughput sequencing (ATAC-seq) in the HAP1 wild-type
(WT) and knock-out cells. The overall quality of the samples and the global distribution of
open chromatin regions were highly comparable across all samples (Supplementary Fig. 4a-
e, Supplementary Table 2). In general, chromatin accessibility was observed mainly at 5’
UTRs, transcription start sites (TSS), enhancers and at regions harboring marks that are
associated with active chromatin (Supplementary Fig. 4f-h).

While many genomic sites were accessible in all cell lines, we observed also knock-out-
specific differences at specific loci (Fig. 3a). This prompted us to systematically assess
global similarity in chromatin accessibility across the various knock-out cells (Fig. 3b,
Supplementary Fig. 4i). These analyses revealed that there are differences in chromatin
accessibility for all knock-out clones compared to WT cells with the strongest alterations in
the SMARCC1XO, ARID1AKO and SMARCA4KO clones. This picture was confirmed by
the locus-specific analysis of regions significantly de-regulated for each knock-out:
SMARCA4KO, ARID1AKO, and SMARCC1KO cells grouped together and showed,
compared to WT cells, reduced accessibility at many regions across the genome (blue
cluster), and accessibility gain at fewer other regions (red cluster) (Fig. 3c,d). This is in line
with observations in colorectal cancer cells, where knock-down of ARID1A led to reduced
accessibility at many genomic locill. In contrast, ARID1BKO cells gained chromatin
accessibility at numerous genomic loci compared to WT cells (green cluster). In line with
these findings, the total open chromatin fraction was reduced in the SMARCA4KO,
ARID1AKO, and SMARCC1KO cells and increased in ARID1BKOC cells compared to WT
cells (Supplementary Fig. 4j). By leveraging the paired-end ATAC-seq data, we also
investigated how nucleosome positions in these regions changed (Fig. 3e). Sites with
reduced accessibility upon knock-out gained nucleosome signal at the center of ATAC-seq
peaks compared to WT cells and vice versa, providing functional implications of
nucleosome positioning changes on chromatin accessibility.

In order to assess the chromatin context of the sites that changed accessibility, we performed
ChiIP-seq in HAP1 WT cells and associated them to the differential ATAC-seq regions (Fig.
3¢, Supplementary Table 3). The sites of the blue and green clusters showed enrichment for
members of the BAF chromatin complexes as well as for enhancer marks in HAP1 WT
cells, indicating that preferentially BAF-bound active regulatory regions are changing
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accessibility when a specific BAF subunit is lost and confirming a function of the BAF
complex not only at transcription start sites, but also at distal regions1:1221.22_ On the other
hand, the sites of the red cluster were rather enriched for inactive histone modifications such
as H3K27me3 and H3K9me3 and not bound by the BAF complexes under WT condition.
These sites, however, are bound by ARID1A-containing BAF complexes in SMARCA4KO
cells, which show the strongest gain of chromatin accessibility in these regions
(Supplementary Fig. 5). Together, the data provide strong evidence that intact BAF
complexes containing SMARCA4, ARID1A, and SMARCCL1 are important for the
recruitment of BAF complexes to cell-specific enhancer sites and their activation. Our data
further hint that BAF and PBAF complexes occupy different genomic loci (Supplementary
Fig. 6a-g). While the BAF complex is preferentially bound to active enhancers (marked with
H3K4mel and H3K27ac), the PBAF-enriched sites are either active (marked with
H3K4me3/H3K36me3/POLR2A) or inactive (marked with H3K27me3/H3K9me3) regions.

Analyses of shared and discordantly changing accessibility across the different cell lines
illustrated again the highly similar changes in SMARCA4KO, SMARCC1KO, and
ARID1AKO cells that are distinct from the accessibility changes in the other cell lines (Fig.
3f, Supplementary Fig. 7a). Furthermore, knock-out of mutually exclusive subunits resulted
in similar as well as discordant changes at certain genomic loci. For example, accessibility at
some genomic loci is changed in the opposite direction in ARID1AKO vs, ARID1BKO cells,
in line with published data?3. Accordingly, the regions of altered accessibly in the two
different knock-outs showed opposite patterns for their localization across the genome,
transcription factor (particularly pluripotency factors) and ChlIP-seq signal enrichment (Fig.
3g-i, Supplementary Fig. 7b). Overall, the data suggest that the structural compensation of
mutually exclusive subunits may not necessarily rescue the function of the lost protein as
they might have partly distinct regulatory roles.

Expression changes correlate with altered chromatin accessibility

To test whether the observed alterations in chromatin accessibility go along with changes in
gene expression, we measured the transcriptome of all BAF mutant HAP1 clones using RNA
sequencing (Supplementary Table 4). We first analyzed the BAF member expression pattern
across the different samples, suggesting a transcriptional co-regulation of some subunits
(Supplementary Fig. 8).

Investigating the global gene expression changes, the knock-out cells showing similar
changes in chromatin accessibility also clustered together in regard to their transcriptomes
(Fig. 4a,b). This was especially obvious for the knock-out cells with prominent accessibility
changes, namely SMARCA4KO, ARID1AKO, and SMARCC1KO cells that also showed the
most differentially expressed genes (Fig. 4c, Supplementary Fig. 9a). In general, nearly
similar numbers of up- and down-regulated genes were observed in each cell line. Despite
overall coordination in expression changes between the knock-out cell lines, we also found a
small number of genes with opposite directions of change, especially compared to the
SMARCA4KO cells (Fig. 4d).

To test an association between ATAC-seq and RNA-seq data, we next compared the changes
in the ATAC-seq enrichment to the expression alterations of the associated genes and found
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an overall good correlation (Fig. 4e-g). This suggests a causative relationship between
chromatin remodeling and the resulting cellular expression status. We then analyzed the
transcriptome changes regarding enrichment for transcription factor binding sites and gene
ontology terms. For example, genes down-regulated in SMARCA4KO, ARID1AKO or
ARID1BKO cells were related to cell migration and transcription regulation (Fig. 4h,
Supplementary Fig. 9b). In general, the down- and up-regulated genes in ARID1AKO and
SMARCAA4KO cells were enriched for similar gene ontology (GO) terms (Supplementary
Fig. 10).

Systematic targeting of multiple BAF subunits identifies novel intra-complex synthetic

lethalities

We next applied the fully characterized cell line panel to identify intra-complex synthetic
lethality with BAF mutations. We therefore assembled pools of siRNAs targeting all BAF
subunits individually and all possible combinations of alternative subunits. We then
transfected all HAP1 clones with these siRNA pools and measured viability following 5
days in cell culture (Supplementary Table 5). While transfection of the non-targeting control
(NTC) did not reduce the viability of the cells, knock-down of Polo Like Kinase 1 (PLK1),
whose inhibition has been shown to induce apoptosis in leukemic cells?4-25, led to cell death
across all cell lines included in the screen (Supplementary Fig. 11a). This argues for similar
efficiency of RNAI mediated knock-down across all included cell lines. Unbiased clustering
of cell viability data revealed that the sensitivities and resistances of the BAF mutant cell
lines can in part be explained by the alterations we observed in BAF complex composition
and in part by the chromatin and transcriptome changes (Fig. 5a, b, Supplementary Fig. 11a-
d). For example, ARID2KO, BRD7XC, and PBRM1KO cells were most sensitive, while
BCL7BKO and ARID1BKO clones, for which we had observed similar changes in gene
expression, were resistant to further siRNA knock-down of many BAF subunits.

The three cell lines that showed strong loss of chromatin accessibility did not show co-
clustering in the siRNA screen, but they were all sensitive to knock-down of their respective
paralog: SMARCA4KO cells required SMARCA2 for their survival, ARID1AKO cells were
sensitive to ARID1B knock-down, both in line with previous reports’~12, but also
SMARCC1KO cells were sensitive to loss of SMARCC2. The subunits SMARCC1 and
SMARCC?2, despite high sequence homology, are thought to both be incorporated into BAF
complexes simultaneously?’, but we observe the same signatures for these proteins as for the
alternative subunits SMARCA2-SMARCA4 and ARID1A-ARID1B. Therefore, our data
suggest to re-evaluate whether these subunits are incorporated into BAF complexes as
monomer, homodimer, and/or heterodimer. In addition, we observed that SMARCA4KO
cells were sensitive to knock-down of ARID2, ACTB, and SMARCB1. SMARCA2KO cells
had reduced viability upon knock-down of PBRM1, and DPF2KO cells were sensitive to
knock-down of SMARCA4 and ACTL6A.

We then assessed changes in viability of BAF mutant cell lines relative to HAP1 WT cells in
relation to changes in complex compositions observed by co-immunoprecipitation (Fig. 5b).
We observed that subunits that are incorporated with increased abundance in BAF
complexes following a particular knock-out often constitute vulnerabilities of these cell

Nat Genet. Author manuscript; available in PMC 2020 February 19.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Schick et al.

Page 8

lines. For example, in SMARCA4KO cell lines there is increased complex incorporation of
SMARCAZ2, and siRNA-mediated targeting of SMARCAZ2 specifically caused a growth
disadvantage in SMARCA4KO cells. Also the following subunits show increased BAF
complex incorporation and evidence of requirements for cell viability: ARID1B in
ARID1AKO cells, SMARCC2 in SMARCC1KO cells, DPF1 in ARID2XO and BRD7KO
cells, SMARCA? in BRD7XO cells, and DPF3 in SMARCA4KO cells. On the other hand,
cell lines were often relatively more resistant to knock-down of subunits that showed
reduced complex incorporation in a particular knock-out. This is most prominently
exemplified by the loss of ACTL6A in SMARCA4 mutant complexes and the resistance of
SMARCA4KO cells to ACTL6A knock-down, which goes along with the described direct
binding of ACTL6A to SMARCA428. Additional examples are BCL7B and BRD7 in
DPF1KO cells, DPF1 in BRD9KOC and BCL7BKO cells, and SMARCD3 in SMARCC2KO
cells.

Intra-complex synthetic lethalities alter BAF complex composition

To choose the most robust intra-complex synthetic lethal pairs, we next analyzed the data for
reciprocal synthetic lethalities observed in both cell line/knock-down combinations. There,
the following pairs stood out: SMARCA4-ACTB, SMARCA4-ARID2, and SMARCC1-
SMARCC2 (Fig. 5¢). Growth curves by quantifying nuclei after Hoechst staining following
SiRNA treatment confirmed slower growth under the synthetic lethal conditions
(Supplementary Fig. 11e). We next validated these synthetic interactions using CRISPR/
Cas9-mediated gene targeting as alternative approach to siRNA mediated knock-down.
Therefore, we applied a multicolor competition assay with flow cytometry as a readout (Fig.
5d, Supplementary Fig. 11f, g). While transduction of the vectors without any gRNA barely
showed a change of the different populations with time, the population of cells that
contained both gRNAs of the new synthetic lethalities decreased over time nearly as strong
as when the well-described synthetic lethal genes SMARCA4 and SMARCAZ were targeted
(Fig. 5e). These data independently validate and confirm all three synthetic lethalities under
conditions of full genetic knock-out.

We next explored biochemical relationships between the synthetic lethal subunits that may
explain the phenotype. We used siRNA to knock-down the synthetic lethal subunit in the
corresponding HAP1 knock-out cell line for the pairs SMARCA4-ARID2, SMARCA4-
ACTB, and SMARCC1-SMARCC?2 and analyzed cell cycle distribution and complex
composition (Supplementary Fig. 12). When we targeted SMARCC1 in SMARCC2KO cells
and vice versa, we observed strong reductions of the global protein levels of key BAF
subunits SMARCA4, SMARCBL1, ARID1A, and SMARCD1 (Supplementary Fig. 12a).
This is in line with similar observations in HEK293T cells!3, published during the revision
of our manuscript. Therefore, near-complete destabilization of BAF complexes is likely
causative for reduced viability and proliferation when both SMARCC1 and SMARCC?2 are
lost (Supplementary Fig. 12b). For the other two synthetic lethalities, we investigated the
BAF complex compositions in the combined versus single perturbed condition by
SMARCC1 IP-MS (Supplementary Fig. 12c). The data revealed that both constitutive and
acute loss of SMARCAA4 resulted in increased ACTB incorporation into BAF complexes.
Similar to other examples where increased complex incorporation results in increased
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dependency on a particular subunit, also ACTB then specifically becomes essential to the
viability of SMARCA4KO cells. Analyzing the SMARCC1 IP-MS data further enabled us to
assess the effects of SMARCA4 loss on incorporation of PBAF specific subunits,
information that cannot be obtained from the SMARCA4 and ARID1A-IPs. Besides reduced
incorporation of ACTL6, BCL7 and DPF1 into BAF complexes, SMARCA4 KO resulted in
strong loss of PBRM1 expression and complex incorporation (Fig. 1b, Supplementary Fig.
12c), whereas the other PBAF subunits ARID2, BRD7 and PHF10 were present at normal or
slightly increased levels. When ARID2 was depleted in SMARCA4KO cells, these other
PBAF-specific subunits were lost in addition to PBRM1. Overall, the changes we observed
in complex composition after targeting of two subunits correlated well with the expected
changes based on the network that we previously generated from the IP-MS data across the
different knock-out cells (Supplementary Fig. 12d). We further validated that HAP1
SMARCAA4 KO cells contain PBAF complexes with less PBRM1 by ARID2 IP
(Supplementary Fig. 12¢). Moreover, combined perturbation of SMARCA4 and ARID2 led
to accessibility changes of regions related to cell death and gene expression alterations of
cell cycle genes (Supplementary Fig. 13). In summary, these data suggest that in the case of
SMARCAA4-ARID2 synthetic lethality, the effects of the single lost subunits add up to result
in more severe perturbation of BAF complexes and consequent detrimental chromatin and
gene expression changes.

Validation of intra-complex synthetic lethalities in other cell lines

Finally, we tested whether the synthetic lethalities are conserved across different cell types
by first analyzing publically available datasets on gene essentiality in cancer cell lines
(depmap: CRISPR (Avana) Public 18Q4) (Supplementary Fig. 14)2%-34. As only few cancer
cell lines included in the dataset harbor mutations in the synthetic lethal subunits
SMARCC1, SMARCC2, ARID2, ACTB and the functional consequences of these
mutations are often uncharacterized, we compared the sensitivity of the top 10% versus the
bottom 10% BAF subunit expressing cells lines to depletion of the other synthetic lethal
BAF subunits by CRISPR or RNAI (Fig. 5f). The analyses revealed high conservation of the
SMARCA4-SMARCAZ2 synthetic lethality, frequent occurrence of ARID1A-ARID1B,
SMARCC1-SMARCC?2, and SMARCA4-ACTB synthetic lethality, while SMARCA4-
ARID2 synthetic lethality seemed not widely conserved in other cell lines. Weaknesses of
these analyses are the arbitrary thresholds for high/low expressing cells and the low
variability of expression levels across cell lines for some BAF genes, such as SMARCCL,
SMARCC?2 or ARID2. Therefore, we directly tested the three novel synthetic lethality
candidates in 23 different cell lines originating from multiple tissues using the multicolor
competition assay (Fig. 5g, Supplementary Fig. 15a, Supplementary Table 1). Some of these
cell lines (NB4, NCIH727, A498, HEK293T, RCH-ACV, NCIH522) appeared mostly
resistant to all perturbations, including the well-established SMARCA2-SMARCA4
synthetic lethality (Supplementary Fig. 15b-d), possibly in part due to low editing efficiency
in certain cell lines (Supplementary Note 2.1). The fractions of SMARCA4-ARID2 double
targeted cells and of SMARCA4-ACTB double targeted cells each were depleted more than
two-fold over a 14-day period in approximately one third of the cell lines tested. In contrast
to the homozygous SMARCAA4-mutant cell lines, depletion of ARID2 or ACTB alone was
not able to reduce cell viability of heterozygous SMARCA4 mutant cells (CORL23),
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suggesting that complete loss of SMARCA4 is necessary for these synthetic lethalities.
These data validate the two synthetic lethalities, but also highlight their context-dependency.
For the SMARCC1-SMARCC?2 pair we observed strong synthetic lethality in fourteen of the
tested cell lines, to a similar level and in the same cell lines as the known SMARCA4-
SMARCAZ2 vulnerability. Importantly, in SKMES1-cells that harbor a SNP in SMARCC1
resulting in very low SMARCC1 expression, targeting of SMARCC?2 alone depletes cells
nearly as efficiently as concomitant targeting of SMARCC1-SMARCC2. In summary, these
data confirm that additional cell lines respond to combined SMARCA4-ARID2 and
SMARCAA4-ACTB targeting and indicate that SMARCC1-SMARCC?2 is a highly conserved
and strong synthetic lethality that can be exploited in cancers cells with low expression of
either subunit.

Discussion

Loss-of-function mutations of different subunits of the BAF chromatin remodeling
complexes have been detected in many human cancers, however, the cellular consequences
and differences between the loss of individual subunits are hardly understood. Here we
present a systematic investigation of single BAF subunit loss in human cells. The study
provides a basis for understanding subunit dependencies on several layers (Fig. 6a), the role
of single subunits in BAF function (Fig. 6b,c) and the cellular consequences that occur in
BAF-mutated cancers. It suggests that preferred configurations of the human SWI/SNF
complexes beyond BAF/PBAF/ncBAF exist and their distribution is altered by loss of single
subunits. BAF mutations ultimately result in alterations of chromatin accessibility and gene
expression, strongly dependent on the subunit that is lost. Most prominent are the global
reduction of chromatin accessibility in ARID1AKO, SMARCC1KO, and SMARCA4KO cells
and an increase in accessibility following mutation of ARID1B. This revealed similar
cellular consequences upon loss of subunits that occupy different positions and functions in
the complex, while mutually exclusive subunits were functionally not completely redundant.
By observing clonal cell lines, we have described the long-term changes following subunit
loss allowing complex rewiring and homeostasis to select for viability and proliferation,
processes that may also occur in carcinogenesis. Furthermore, we observe that chromatin
accessibility five days after SMARCA4 knock-down is already very similar to the changes
observed in SMARCA4KO cells. Future work will extend these studies to include kinetic
resolution immediately after subunit loss thus allowing the investigation of processes related
to tumor initiation.

In addition to the known intra-complex synthetic lethalities ARID1A-ARID1B10-12 and
SMARCA4-SMARCA27-9, we identified SMARCC1-SMARCC2, SMARCA4-ACTB and
SMARCAA4-ARID2 as prominent synthetic lethal interactions. Integrative analyses of effects
on complex composition, chromatin accessibility and gene expression in the synthetic lethal
conditions enabled us to provide mechanistic hypotheses for explaining these intra-complex
co-dependencies. Future studies will further characterize these synthetic lethalities,
including their dependence on the levels and catalytic activities of core ATPases. Finally and
most importantly, steps need to be taken to test whether these results can be translated /in
vivo. In addition to genetic models, the development of pharmacological tools to perturb
specific BAF subunits will dramatically accelerate these approaches.
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Overall, our study characterizes the impact of individual subunits on BAF complex
compositions, their functions and intra-complex dependencies, providing a basis and
potential novel targets towards the goal of developing targeted treatments for BAF-mutated
cancers.

HAP1 wild-type and knock-out cells were cultured in Iscove’s Modified Dulbecco’s
Medium (IMDM, Thermo Fisher Scientific, 21980-032) supplemented with 10% heat
inactivated Fetal Bovine Serum (FBS, Thermo Fisher Scientific, 10500) and 1% Pen Strep
(100 units/ml Penicillin, 100 ug/ml Streptomycin, Thermo Fisher Scientific, 15140-122). For
the multicolor competition assay, following Cas9-expressing cells were used: A549 cells
were cultured in F-12K Nut Mix (Thermo Fisher Scientific, 21127-022) supplemented with
10% FBS; HEK293T, MG-63 and SKNAS cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM, Thermo Fisher Scientific, 41965-039) with 10% FBS; KBM7 and
HAP1 in IMDM with 10% FBS; MOLM13, NB4, RCH-ACV, A673, SK-N-MC, BT474,
K562, THP1, A498, NCIH727 (NCI-H727 [H727] ATCC® CRL-5815TM, ATCC), A427,
A375, COR-L23 (Sigma-Aldrich, 92031919-1VL), NCIH1568, NCIH522, and HCC366
were cultured in RPMI Medium 1640 (Thermo Fisher Scientific, 21875-034) with 10% FBS,
and SK-MES-1 (ATCC® HTB-58™, ATCC) in Lonza™ BioWhittaker™ Minimal Essential
Medium Eagle (EMEM, Lonza, 12-662F) with 1% GlutaMAX™:-| (Thermo Fisher
Scientific, 35050061) and 10% FBS. A list of all used cell lines is provided in
Supplementary Table 1.

SiRNA screen

ON-TARGET p/us SMARTpool siRNA (pool of four siRNAs targeting the same gene;
Dharmacon, see Supplementary Table 1) were transferred to the screening plates using an
Echo 550 liquid handler (Labcyte) and dried. 30-90 min prior to seeding of the cells, the
appropriate amount of transfection reagent in Opti-MEM | Reduced Serum Medium
(Thermo Fisher Scientific, 31985070) was added to the siRNAs. In particular, 500 HAP1
cells were seeded per well of a 96-well plate and 0.0125 uM siRNA was transfected with
0.075% Dharmafect 1 (Dharmacon, T-2001-03). Cell viability was measured 5 days after
siRNA transfection using CellTiter-Glo Luminescent Cell Viability Assay (Promega,
G7570). After equilibration of the plates and the reagent to room temperature, the CellTiter-
Glo reagent was added to the wells using a Multidrop™ Combi Reagent Dispenser (Thermo
Fisher Scientific). The readout was performed after 20 min incubation using a 2104
EnVision™ Multilabel Plate Reader (PerkinElmer).

Western Blot

Cell pellets were lysed rotating at 4°C for 1 h in RIPA buffer (50 mM Tris pH 8, 1% NP-40,
0.5% Sodiumdeoxycholate, 0.1% SDS, 150 mM NaCl, 5 mM EDTA, 1% Glycerol, 2.5 mM
MgCl,, 2 MM NagVOy,) containing 1x cOmplete™, EDTA-free Protease Inhibitor Cocktail
(Sigma, 4693132001). Protein content of the supernatant after centrifuging for 10 min, 4°C,
13,000 rpm was measured using Bradford assay (AppliChem, A6932). Equal amounts of
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protein were loaded on acrylamide gels using 4x SDS loading buffer (0.2 M Tris pH 6.8,
40% glycerol, 4% SDS, Bromphenol Blue, 0.04% p-Mercaptoethanol) as well as a protein
ladder (Precision Plus Protein™ All Blue Prestained Protein Standards, Bio-Rad, 1610373).
After gel electrophoresis the proteins were transferred to Immobilon-FL PVDF membranes
(Merck, IPFL00005; pre-wetted in 100% methanol). Transfer conditions were 1.5 h 125 mA
for 12% acrylamide gels and 1.5 h 200 mA for 7% acrylamide gels. After blocking in TBST
+ 1% casein, the membranes were incubated over-night with primary antibody in 5% milk in
TBST (Supplementary Table 1). The next day, membranes were washed in TBST, incubated
with fluorescently labeled secondary antibodies diluted in TBST + 1% casein for 1 h at RT,
washed again in TBST and imaged on a Bio-Rad ChemiDoc™ MP. Image analysis was
performed using Bio-Rad Image Lab software. In cases where chemiluminescence detection
was used, proteins were transferred to Amersham Protran 0.45 um nitrocellulose membranes
(GE Healthcare, 10600002), membranes were blocked in 5% milk in TBST and secondary
antibodies were diluted in TBST. Membranes were then developed using Clarity Western
ECL Substrate (Bio-Rad, #170-5060) and imaged on a Bio-Rad ChemiDoc™ MP.

Nuclear extraction and immunoprecipitation

Cells were harvested by scraping and washed several times with cold PBS. Cell pellets were
then resuspended in 3x volume of Buffer N (300 mM sucrose, 10 mM HEPES pH 7.9, 10
mM KCI, 0.1 mM EDTA, 0.1 mM EGTA, 0.1 mM DTT, 0.75 mM spermidine, 0.15 mM
spermine, 0.1% NP-40, 50 mM NaF, 1 mM NazVO,, 1 mM PMSF, TPCK, protease
inhibitor), vortexed and incubated on ice for 5 min. The supernatant contained the
cytoplasmic fraction. Nuclear pellets were resuspended in Buffer N and pelleted by
centrifugation two more times. Pellets were resuspended in 1x Buffer C420 (20 mM HEPES
pH 7.9, 420 mM NacCl, 25% glycerol, 1L mM EDTA, 1 mM EGTA, 0.1 mM DTT, 50 mM
NaF, 1 mM NazgVOy4, 1 mM PMSF, TPCK, protease inhibitor) and shaked in a Thermomixer
at 4°C, 1,400 rpm for 30 min. Salt concentration of the supernatant obtained after
centrifugation was reduced to 150 mM by diluting the sample with HEPES | (20 mM
HEPES pH 7.9, 50 mM NaF, 1 mM NazgVOg4, 1 mM PMSF). NP-40 (final concentration
0.1%), 20 U/ml benzonase (Novagene, D00150432) and 50 ng/ml RNase A (Sigma, R4875)
was added and the samples incubated for 15 min at 4°C. Protein amounts were quantified
using Bradford assay (AppliChem, A6932). Protein lysates were incubated overnight at 4°C
with SMARCA4 (Abcam, ab110641, GR150844-22), ARID1A (Abcam, ab182560,
GR269670-9), SMARCCL1 (Cell signaling, 11956S, Lot2), SMARCC2 (Cell signaling,
12760, Lotl), ARID2 (Thermo Fisher Scientific, PA5-35857, RJ2288871K), SMARCE1
(Abcam, ab137081, GR106541-6), SMARCB1 (Abcam, ab126734, Y1080106CS), or BRD9
(Abcam, ab137245, GR257571-5) antibody. Samples were incubated for 3 h with washed
Protein G dynabeads (Thermo Fisher Scientific, 10004D). Captured protein complexes were
washed three-times with Buffer | (50 mM HEPES pH 7.9, 150 mM NaCl, 5 mM EDTA,
0.5% NP-40, 50 mM NaF, 1 mM NazVOy4, 1 mM PMSF, TPCK, protease inhibitors) and
twice with Buffer 11 (50 mM HEPES pH 7.9, 150 mM NaCl, 5 mM EDTA). Proteins were
eluted from the beads using SDS buffer (50 mM HEPES pH 7.9, 150 mM NaCl, 5 mM
EDTA, 2% SDS). For preparation of the mass spectrometry samples, condition of the mass
spectrometry runs and the data analyses, please see Supplementary Note.
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Multicolor competition assay

gRNA oligonucleotides were phosphorylated, annealed and ligated into Bbsl-linearized
pKLV2-U6gRNAS5(BbsI)-PGKpuro2AZsG-W (Addgene, #67975) or pKLV2-
U6gRNAS5(BbsI)-PGKpuro2AmCherry-W (Addgene, #67977) vectors. One Shot Stbl3
Chemically Competent Escherichia coli (Invitrogen, C7373-03) were used for
transformation and Qiagen kits for the purification of the plasmids. Virus was produced with
HEK?293T cells transfected with psPAX2 (Addgene, 12260), pMD2.G (Addgene, 12259)
and the gRNA plasmid using polyethylenimine (PEI, Polysciences, 23966-1). Adherent
target cells were seeded the day before transduction with the virus and the help of 8 ug/ml
polybrene (Santa Cruz, SC-134220). Suspension cells were seeded in medium with
polybrene, virus was added and the cells were spin transduced for 45 min at 2,000 rpm.
Final gRNAs are listed in Supplementary Table 1. Samples were measured with a BD
LSRFortessa™ flow cytometer (BD Biosciences) using B/E Alexa Fluor 488 (GFP) and
YG/D PE Texas Red (mCherry) 4 d, 10 d and 14 d after transduction.

Cell cycle FACS analysis

ATAC-seq

EdU cell cycle analyses were performed with the Click-iT™ Plus EdU Alexa FluorTM 488
Flow Cytometry Assay Kit (Thermo Fisher Scientific, C10633) according to manufacturer’s
instructions. In brief, cells were treated for 1 h with 10 uM EdU and then harvested by
trypsinization. 1 million cells were fixed in Click-iT fixative for 15 min at room temperature,
followed by a 15 min incubation at room temperature in Click-iT saponin-based
permeabilization and wash reagent. The fixed and permeabilized cells were incubated for 1 h
at 37°C with Roche /n Situ Cell Death Detection Kit (Sigma-Aldrich, 12156792910).
Subsequently, the Click-It reaction was performed according to manufacturer’s protocol in a
total volume of 100 pl (2 ul Copper protectant, 0.5 pl Fluorescent dye picolyl azide, 0.2 pl
secondary antibody, 10 pl reaction buffer additive, 87.3 ul PBS) for 1 h at room temperature
in the dark. After two washes with Click-1t saponin-bases permeabilization and wash
reagent, cells were resuspended in PBS with 5 pg/ml DAPI. Samples were measured with a
BD LSRFortessa™ (BD Biosciences) using V/C Horizon V450 (DAPI), B/E Alexa Fluor
488 (EdU), and YG/D PE-Texas Red (TMR-red).

ATAC-seq was performed according to Buenrostro et al. with small adaptations 3°. In brief,
50,000 cells were resuspended in 25 pl transposase reaction mix (0.05% digitonin, 1x TD
buffer, 0.08% TDE1 (Nextera DNA Library Preparation Kit, Illumina, FC-121-1031)) and
incubated for 30 min, 37°C, 300 rpm. Then DNA was purified using MinElute kit (Qiagen,
28004) and eluted in 11 pl elution buffer. 1 ul was used to determine cycle number for PCR
using a gPCR approach. The remaining 10 pl were complemented with 1x NEBnext High-
Fidelity PCR master mix (New England BioLabs, M0541), 1.25 uM index primer 1 and 1.25
UM index primer containing a barcode (Supplementary Table 1). PCR was performed: 5 min
72°C, 30 sec 98°C, X cycles of 10 sec 98°C + 30 sec 63°C + 1 min 72°C, 1 min 72°C and
then cleaned-up using Agencourt AMPure XP beads (Beckman Coulter, A63880). The
libraries were checked on a Bioanalyzer instrument using High Sensitivity DNA Chips
(Agilent), quantified using Qubit dSDNA HS Assay kit (Thermo Fisher Scientific, Q32854)
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and pooled. Libraries were sequenced using the Illumina HiSeq3000/4000 platform with the
75 bp paired-end configuration.

RNA was isolated using the RNeasy Mini kit (Qiagen, 74106). The amount of total RNA
was quantified using Qubit 2.0 Fluorometric Quantitation system (Life Technologies) and
the RNA integrity number (RIN) was determined using Experion Automated Electrophoresis
System (Bio-Rad). RNA-seq libraries were prepared with TruSeq Stranded mRNA LT
sample preparation kit (Illumina) using Sciclone and Zephyr liquid handling robotics
(PerkinElmer). Library amount was quantified using Qubit 2.0 Fluorometric Quantitation
system (Life Technologies) and the size distribution was assessed using Experion
Automated Electrophoresis System (Bio-Rad). Libraries were pooled, diluted and sequenced
using the Illumina HiSeq3000/4000 platform with the 50 bp single-read configuration.

Cells were fixed in 1% formaldehyde (Thermo Fisher Scientific, 28908) for 10 minutes at
room temperature. The fixation was quenched using 0.125 M glycine pH 2.5 for 5 min at
4°C. After several washes with PBS, the cells were collected by scraping. Cells were then
resuspended in buffer L1 (50 mM HEPES KOH pH 7.5, 140 mM NaCl, 1 mM EDTA pH
8.0, 10% glycerol, 0.5% NP-40, 0.25% Triton-X 100) and incubated 10 min on ice. After
centrifugation, the pellet was resuspended and incubated for 5 min on ice in buffer L2 (200
mM NaCl, 1 mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0, 10 mM Tris pH 8.0). The pellet was
resuspended in buffer L3 (1 mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0, 10 mM Tris pH 8.0,
100 mM NacCl, 0.1% Na-deoxycholate, 0.17 mM N-Lauroyl sarcosine, 1x protease
inhibitor) and washed twice in shearing buffer (10 mM Tris-HCI, pH 7.8, 1 mM EDTA pH
8.0, 0.1% SDS). Then the chromatin was sheared in harsh shearing buffer (10 mM Tris-HCI
pH 7.8, 2 mM EDTA pH 8, 0.25% SDS, 1x protease inhibitor) using a Covaris S220 (duty
cycle: 5%, intensity: 4, peak incident power: 140 W, cycles per burst: 200, time: 30 min).
Supernatant after centrifugation was diluted 1:1.5 in equilibration buffer (10 mM Tris-HCI
pH 8.0, 223 mM NacCl, 1.66% Triton X-100, 0.166% DOC, 1 mM EDTA pH 8, 1x protease
inhibitor). Antibody incubation was performed over night at 4°C, followed by a three hours
incubation with dynabeads protein G (Thermo Fisher Scientific, 10004D). The beads were
then washed twice in RIPA-LS (10 mM Tris-HCI pH 8.0, 140 mM NaCl, 1 mM EDTA pH
8.0, 0.1% SDS, 0.1% Na-Deoxycholate, 1% Triton x-100), RIPA-HS (10 mM Tris-HCI pH
8.0, 1 mM EDTA pH 8.0, 500 mM NaCl, 1% Triton x-100, 0.1% SDS, 0.1% DOC) and then
RIPA-LIiCI/Doc (10 mM Tris-HCI pH 8.0, 1 mM EDTA pH 8.0, 250 mM LiCl, 0.5% NP-40,
0.5% DOC). After a transfer of the beads in TE to a new tube, the bound chromatin were
eluted in elution buffer (1% SDS, 0.1 M NaHCO3) twice for 20 minutes at room
temperature. Eluted material was incubated with RNase for 30 minutes at 37°C, with
proteinase K for 2.5 h at 55°C and decrosslinked overnight at 65°C. DNA was then extracted
using phenol-chloroform, precipitated and then dissolved in TE buffer. Libraries were
prepared using NEBNext Ultra Il DNA Library Prep Kit for Illumina (New England Biolabs,
E7645S) and sequenced using the Illumina HiSeq3000/4000 platform with the 50 bp single-
read configuration.
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Histone and CTCF ChlIP-seq data were generated using the ChlPmentation method as
described previously38.

Pre-processing of the ATAC-seq and ChIP-seq data

Reads were trimmed using Skewer3’ and aligned to the GRCh37/hg19 assembly of the
human genome using Bowtie238 with the “-very-sensitive’ parameter. Duplicate reads were
removed using sambamba3®, and only properly paired reads with mapping quality > 30 and
alignment to the nuclear genome were kept. All downstream analyses were performed on the
filtered reads. For visualization exclusively, we generated genome browser tracks with the
genomeCoverageBed command in BEDTools* and normalized such that each value
represents the read count per base pair per million mapped and filtered reads. This was done
for each sample individually and for replicates merged. ATAC-seq peak calling was
performed with MACS24! using the ‘-nomodel” and ‘-extsize 147’ parameters, and peaks
overlapping blacklisted features as defined by the ENCODE project#? were discarded. For
ChlIP-seq and ChlPmentation, library quality was assessed with the phantomPeakQualtools
scripts*3, and we used HOMER findPeaks** in “factor” mode to call peaks with matched
IgG controls as background. We used ChromHMM?® to segment the genome into 12 states
using 6 ChIP-seq marks (H3K27ac, H3K27me3, H3K36me3, H3K4me3, H3K4mel,
H3K9me3) and ATAC-seq, creating HAP1-specific chromatin states.

Pre-processing of the RNA-seq data

Base calls provided by the Illumina Realtime Analysis software were converted into BAM
format using Illumina2bam and demultiplexed using BamIndexDecoder (https://github.com/
wisi-npg/illumina2bam). Reads were trimmed with Trimmomatic#® and aligned to the
GRCh37/hg19 assembly of the human genome using Bowtie14’ with the following
parameters: “-¢ -p 6 -a -m 100 -minins 0 -maxins 5000 -fr -sam -chunkmbs 200”. Duplicate
reads were removed with Picard’s MarkDuplicates utility with standard parameters before
transcript quantification with BitSeq*® using the Markov chain Monte Carlo method and
standard parameters. To obtain gene-level quantifications, we assigned the expression values
of its highest expressed transcript to each gene. Differential gene-level expression between
each knockout and wild-type was performed using DESeq24® from the raw count data with a
significance threshold of 0.05.

Bioinformatic analyses

A consensus map of chromatin accessibility sites was created by merging a 1-kb window
around the summit of ATAC-seq peaks from all samples using the BEDTools merge
command??. The chromatin accessibility of each region in each sample was quantified using
Pysam, counting the number of reads from the filtered BAM file that overlapped each
region. To normalize read counts across samples, we performed quantile normalization using
the normalize.quantiles function from the preprocessCore package in R. We annotated each
region with the identity of and distance to the nearest transcription start site and the overlap
with Ensembl gene annotations (promoters were defined as the 2,500-bp region upstream of
the transcription start site). Annotation with chromatin states was based on the 12-state
ChromHMM genome segmentation on ChIP-seq marks.
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Unsupervised analysis was performed with the scikit-learn library®0 for principal component
analysis (sklearn.decomposition.PCA) applied to the chromatin accessibility values in the
consensus map for all ATAC-seq samples. Supervised analysis was performed using
DESeq249, comparing chromatin accessibility between each knockout and wild-type using
the raw count data. We considered a region differential if having a FDR-adjusted P value
smaller than 0.01 and absolute log, fold-change higher than 1. Region set enrichment
analysis was performed on the significant regions of each group using LOLAS! with its core
databases: transcription factor binding sites from ENCODE 42, tissue clustered DNase
hypersensitive sites®2, the CODEX database>3, UCSC Genome Browser annotation tracks®#,
the Cistrome database>® and data from the BLUEPRINT project®6. Motif enrichment
analysis was performed with HOMER findMotifs* the AME tool from the MEME suite®’
using 250 bp sequences centered on the chromatin-accessible regions.

To assess the relationship between chromatin accessibility differences and nucleosome
occupancy, data were pooled between replicates and we used NucleoATAC®8 with default
parameters to output nucleosome signal, call nucleosome dyads and nucleosome-free
regions. To get a complementary view on the relation of ATAC-seq signal to nucleosome
position, we further split the ATAC-seq fragments in bins depending on their size:
nucleosome-free fragments up to 100 bp; nucleosome-fragments between 180 bp and 247
bp. We then quantified bulk ATAC-seq signal, the NucleoATAC smooth nucleosome
occupancy signal, NucleoATAC predicted dyad positions and signal from nucleosome-free
fragments and nucleosome-associated fragments in the sets of differential chromatin regions
discovered with DESeq2, in the center of CTCF binding sites and center of all regions in the
consensus chromatin accessibility region set.

In figures where log, fold-change of chromatin accessibility is reduced to one value per
gene, we took the maximum or minimum value of change for the regulatory elements
associated with a gene if all values agreed in the direction of change (positive or negative) by
a two-thirds majority or otherwise the mean of all values.

To detect differential BAF- vs PBAF-bound sites, we used the ChIP-seq peaks from samples
of BAF complex members (ARID1A, ARID1B, ARID2, PBRM1, SMARCA2 and
SMARCAA4) and created a consensus regions set as for ATAC-seq data. Signal was
quantified and normalized in the same fashion. We calculated mean signal intensity and log,
fold-change between ARID2 and ARID1A ChlPs and standardized the fold-change in 250
bins along the mean. We then fit a Bivariate Gaussian Kernel (scipy.stats.gaussian_kde) on
the two variables and selected differential sites as the ones in the 51 percentile of density
and with absolute normalized log, fold-change higher than 1.5.

Nomenclature

For clarity, gene names were also used for proteins. A list of alternative names can be found
in the Supplementary Note.
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Statistics and reproducibility

The statistical tests used are described in the respective figure legends and method sections.
Additional information regarding sample size and statistics is available in Supplementary
Table 6.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Anisogenic cell line panel for loss of individual BAF subunits.
(a) Scheme illustrating which BAF subunits are included in the isogenic HAP1 knock-out

cell panel and which experiments were applied to these cells. (b) Cropped Western blots for

HAP1 wild-type (WT) and different knock-out cells stained for BAF subunits to confirm
their knock-outs and check for subunit dependencies.
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Fig. 2. BAF complex composition changes upon knock-out of single BAF-coding genes.
(a) Heatmap showing enrichment of BAF subunits in SMARCA4 immunoprecipitation in

the different HAP1 knock-out cells relative to their enrichment in HAP1 WT cells.
Hierarchical clustering of the knock-outs and the BAF subunits was done based on
Euclidean distance. n = 2 biological independent experiments. Significant changes were
calculated as described in the Supplementary Note and resulting FDR values are indicated

* (* < 1%, ** < 0.1%, *** < 0.01%). (b) Same as in a) for the results of the ARID1A IP-
MS. (c) Weighted frequencies of all pairwise interactions (blue) or competitions (red)
between the subunits of the BAF complexes as inferred from simulations based on the
ARID1A IP-MS data. The weight of an interaction or competition is given by the
normalized sum of the fitnesses of all simulated graphs in which it was observed. A cut-off
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of weight > 0.1095 was used, corresponding to the minimal weight at which all subunits
form a single connected graph. (d) Putative organization of the BAF complexes obtained by
combining interactions and competition classes with direct experimental evidence and most
likely interactions inferred from the simulations based on the ARID1A IP-MS data (using a
cut-off of weight > 0.42 to result in a single connected graph).
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Fig. 3. Knock-out of single BAF-coding genes alters global chromatin accessibility.
(a) Example browser tracks of ATAC-seq data. (b) Principal component analysis of the

ATAC-seq data for individual replicates using all regions in which a peak was called in any
sample (154533 regions). KO gene is indicated. (c) Left: Clustering of samples and regions
significantly different between any KO compared to WT ATAC-seq data. Hierarchical
clustering was performed with Pearson correlation as distance measure between accessibility
values transformed with a Z-score per row. Right: ChIP-seq enrichment for indicated
proteins at differential ATAC-seq regions in WT cells. (d) Number of up -and down-
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regulated regions in each KO compared to WT cells. (¢) Nucleosome occupancy as
determined with the NucleoATAC method for selected cell lines are shown around indicated
genomic sites. (f) The percentage of regions that are changing in two KOs concordantly
compared to WT are shown in blue for down-regulated regions and in red for up-regulated
regions. The number of disconcordantly changing regions are indicated with green dots. (g-i)
Enrichment in (g) chromatin states, (h) transcription factor motif and (i) ChlP-seq data from
the ENCODE and Blueprint consortia, as determined by the location overlap analysis
(LOLA) method, of up- and down-regulated regions in indicated KO cells. For panels f), h)
and i), significance of overlap was assessed with a one-sided Fisher’s Exact Test and no
adjustments were made for multiple comparisons. All panels were derived from at least n =
2 biologically independent ATAC-seq experiments.

Nat Genet. Author manuscript; available in PMC 2020 February 19.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Schick et al.

principal component 2

knock-out

h

number of differentially

I
o
5
S EMARCAZ, [
g f 2P
: L)
o BOL7A
FX e SMARCA4
@ ®
[ 4

%CUWB

principal component 1

differential genes (n = 3728)

expression (row Z-score)
L o =
5 &

(14.92% variance) — —
S ¥ £ P8gfsz@eeggsggsaergde &
8 £8=t
1000 g £ 2 99zEE238:x3dE838358¢8¢88
< Z <o g8gz8°E83°53¢%3
: £ < = o2 <3
] 3 5 3 35
knock-out
» 50
g e
5 " AR
> =
25
0 “ g ARID1B
3 I'III'II l"- 2 RID2
2 P L] ’[U BCL11A
o < 50 i BCL11B
8 Z BCL7A
g w = e
o
S [ BRDO @
g Bl 4
o 3 ¢ B &
= - - & 1
IZIRESoRPI0,E323558880L T 10 (] PHF10
S8doEggongonokagacgaca <] SMARCA2
Exlzocligiegefamcggogo = L]
ERSE L S L £ 3 3 oo "SRRGS
@ % 3 5 55 » 8 o0s ° SMARCC2
@ L] B SMARCD1
2 eeo® SMARCD2
L 00 1 SMARCD3
Py DCONIRLOE P NP Oy SN D
g e 00 10 20 30 ggggggzzggk‘&&é%g&%% Pearson
g I <gz<pglQeeooogircecees AR
3 abs log2 fold-change (ATAC-seq) << @a afg2LLLLg i
3 Mo i |
; s ATAC-seq (gene-level) 030003
. g
g ARID1A SMARCA4
,g I—zuu T s g s
3 e 4
5 300 © ©
£ =
L ?
h-] k]
A° 8 2
gQs
= D o % o
1 8 9
2 Hos
5 g g
Elos id @
LAY < Q
- g s r=0170 E s r=0274
-5 [} 5 -5 0 5

SMARCD2 »
SMARCD3

RNA-seq (log2 fold-change)

[T T Cm rFm Tom [ e M O e (01 LT

{[— -
= -
— i -
T h
T "=
|
l— -—
-
{ -
H =
— -
- =
— - | -
— -
— ! -
R Oy Pt QN T NS IR R TN € e 3T DUl T N N RS N T
OFRrrSaLrsrRO0Q -0 r0RORS0rlecsd0Q3S 00000 0O Y
EoLSLT 2000005008 32080000 2LE00FE0S 500098
EeI&EoporeEPeegeb0oaegoppeentioeeiEeEggeaedn
TR <IzZEIQ% a3 g fa®3g TR L]
S $3<sz8g S £3 $2% z@oz3g
] 535 3 E 55 33 & 2a3

DPF3

Nat Genet. Author manuscript; available in PMC 2020 February 19.

RNA-seq (log2 fold-change)

posive egulaton ofntelein-2 secreton
ulation of vesse! branchi
posl(llv‘e regu\aunn of dendnle deve\opment
ulatio otaxis
A s A—
nucleate erymmcyte differentiation
positive regulation of eosinophil differentiation
negative régulation of substrate- derendem cell migration, attachment
nedative requiation of eptthelal cell mgrat
negative reguiaion of cell maration in olherorgamsm
positive regulation of mesodermal to mesenchymal trar
positive regu\ahon of transcription involved in neuron Hifarantiation
egative quiation of ranscrpton, DNA- empl jated
skeletals
Yo e Syebam develup
Extragoular skeietal fuscle Gevelop
R oSiannof YO bets 1 exracelunay matrx
positive regu\a\mn of peptdyityrosine phosphorylation
extracellular m:
Collagen fbril orgamzah

388
883

iZati
naptic es.c»e docking

il gr wolved in left ventricle morphogenesis

Wit Signaling pathway involved n reguiation-of wound healing

negalive reguiaton of & Kdocardial cushion fo mesenchymal ransition

mgemlna\ herve development
brane depolarization during AV node cell action potential
nesis

Sgnal peptide processing

platelet degranulat

negative regu\allon 3l blood coagulation

negative regulation of non-canonical Wnt signaling pathway

posmve regulation of apoptotic process.

o=wa

S
row Z-score of enrichment

Fig. 4. Expression changes correlate with altered chromatin accessibility.
(a) Principal component analysis of RNA-seq data in HAP1 WT and KO cells (KO gene is

indicated) using all expressed genes. (b) Clustering of samples based on differentially
expressed genes between any KO and WT cells (KO gene is indicated). Hierarchical
clustering was performed with Pearson correlation as distance measure between expression
values transformed with a Z-score per row. (¢) Number of up- and down-regulated genes per
KO. (d) The percentage of genes that change in two KOs concordantly compared to WT are
shown in blue for down-regulated and in red for up-regulated genes. The number of
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disconcordantly changing genes are indicated with green dots. Significance of overlap was
assessed with a one-sided Fisher’s Exact Test without adjustments for multiple comparisons.
(e) Relationship of expression and ATAC-seq signal aggregated per genes across all KOs.
Genes were binned into groups based on ATAC-seq change. (f) Pearson correlation of log
fold-changes in KO versus WT cells (KO gene indicated) between RNA-seq and ATAC-seq.
(9) Scatter plot and Pearson correlation coefficient for HAP1 ARID1AKC and SMARCA4KO
cells between RNA-seq and ATAC-seq log fold-changes relative to HAP1 WT cells. (h)
Over-representation enrichment analysis of Gene Ontology terms for up- or down-regulated
genes in different HAP1 KO cells. A row Z-score on the —logo(~ value) of a one-sided
Fisher’s Exact Test (Enrichr software) is displayed without adjustments for multiple
comparisons. RNA-seq data of all panels are derived from n = 3 biologically independent
experiments per clone.
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Fig. 5. Systematic targeting of multiple BAF subunitsidentifies novel intra-complex synthetic

lethalities.

(a) Heatmap showing viability difference between HAP1 knock-out cell lines (y-axis) and
HAP1 WT cells upon single siRNA treatment (x-axis). (b) Effect on viability in different
knock-out cells (black) upon siRNA treatment (red) (SiRNA screen data, y-axis) is compared
to the change of subunit incorporation (red) in different knock-out cells (black) relative to
their incorporation in WT cells (IP-MS data, x-axis). (c) Boxplot showing viability 5 d after
siRNA knock-down for three selected synthetic lethalities. Mann-Whitney test was used to
calculate significant viability difference in knock-out cells relative to wild-type cells upon
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the same SiRNA treatment (n = 4 independent measurements from two biologically
independent experiments). First and third quartiles are denoted by lower and upper hinges.
Whiskers extend to smallest and largest values. (d) Scheme explaining CRISPR/Cas9
multicolor competition assay. (e) Multicolor competition assay in HAP1 cells. Bar graphs
show percentage of the four different cell populations 4, 10 and 14 days after transduction of
the gRNA s targeting the genes indicated above (Green, Red: vectors only with the
fluorescent marker). (f) Heatmap showing if cells expressing low levels of the gene (left) are
more sensitive to CRISPR (C) or RNAI (R) targeting a BAF subunit (top) as cells that
express high levels of this gene. The analyses were done with public data (depmap: CRISPR
(Avana) Public 18Q4; Combined RNAI). (g) Multicolor competition assay results for three
synthetic lethalities across various cell lines. log,(d14/d4) is displayed for each population.
Targeted subunits are indicated above.
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Fig. 6. Integrative view of BAF complex subunit dependencies and functional similarity.
(a) Joint visualization of effects of single BAF subunit perturbation on the remaining

complex subunits. Data from four assays have been used: 1) Transcriptional changes

Page 29

compared to WT cells (log, fold-change); 2) total protein changes relative to WT cells as
measured by Western blot; 3) Subunit incorporation into BAF complexes relative to WT
cells as measured by IP-MS; 4) Synthetic interactions via SiRNA knock-down in knock-out
cells compared to the WT background (% difference to WT). Not detected or performed

measurements are shown in grey. (b,c) Functional similarity of BAF complex subunits
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assessed through similarity of enriched terms in each KO cells compared to WT cells. In b),
differential chromatin regions (measured by ATAC-seq, n = 2 biologically independent
experiments), whereas in c), differentially expressed genes (measured by RNA-seq, n = 3
biologically independent experiments) were used. The strength of similarity is reflected in
the 2D proximity between subunits and in the width and transparency of the edges
connecting them. Distances between subunits were derived by the Pearson correlation of
enrichment significance (one-sided Fisher’s Exact test 2 value without adjustments for
multiple comparisons). In the case of epigenome similarity, enriched terms from the LOLA
tool were used, whereas for transcriptome various ontology, pathway and perturbation terms
from the Enrichr tool were used. Top enriched terms specific to each cluster of subunits were
extracted by comparing the mean enrichment values across subunits in the same cluster
versus all other subunits.
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