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SWI/SNF (BAF) complexes are a diverse family of ATP-dependent chromatin remodelers produced by combinatorial
assembly that are mutated in and thought to contribute to 20% of human cancers and a large number of neurologic
diseases. The gene-activating functions of BAF complexes are essential for viability of many cell types, limiting the
development of small molecule inhibitors. To circumvent the potential toxicity of SWI/SNF inhibition, we identified
small molecules that inhibit the specific repressive function of these complexes but are relatively non-toxic and im-
portantly synergize with ATR inhibitors in killing cancer cells. Our studies suggest an avenue for therapeutic
enhancement of ATR/ATM inhibition and provide evidence for chemical synthetic lethality of BAF complexes as a
therapeutic strategy in cancer.
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Figure 1: Strategy for assessing hyper-synthetic lethality of combination BD98 and ATRi (A) Macromolecular assembly of
SWI/SNF complexes. BAF/PBAF-specific subunits labelled in blue/red respectively. (B) Workflow of screen used to identify pu-
tative BAF inhibitors. (C) Structure of BD98. (D) Summary of results (combination index scores, normalized isobolograms)
obtained in Chou-Talalay method for assessment of synergy


https://doi.org/10.1101/660456

bioRxiv preprint doi: https://doi.org/10.1101/660456; this version posted June 4, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

INTRODUCTION

The accessibility of the genome to DNA repair, recombination, and
transcriptional machinery is regulated by several processes includ-
ing DNA methylation, histone modifications and ATP-dependent
chromatin remodeling. The human genome encodes 29 ATPases
related to the chromatin remodeling ATPase, SWI2, which was
first discovered in yeast'>. These ATPases are largely non-redun-
dant and often observed as multi-subunit assemblies. Among this
family of ATP-dependent chromatin regulators, mSWI/SNF or
BAF (Brg Associated Factor) complexes are highly mutated in hu-
man cancer’ and appear to play dose-dependent roles in tumor
suppression®, neural development®, oncogenesis®, and maintaining
HIV latency””. These complexes are combinatorially assembled
from 16 subunits encoded by 31 genes (Figure 1A) giving them
specific roles in many biologic processes. Recently, BAF com-
plexes have been found to take on non-canonical assemblies
(ncBAF) %1158 \which are essential in malignant rhabdoid tumors'®
and synovial sarcoma'! (Figure 1A). Although many of the subu-
nits are required for essential cellular mechanisms'?!3, other
subunits have highly selective functions'*'”. For example, the
nBAF complex, found only in neurons, is also combinatorially as-
sembled and plays instructive roles in reprograming fibroblasts to
neurons'’. The highly selective nature of these protein assemblies
raises the possibility to develop specific inhibitors with precise
therapeutic roles. Despite being mutated in roughly 20% of human
cancers'®, there is a significant dearth of SWI/SNF inhibitors with
utility in treating cancer. For example, PFI-3, which targets the bro-
modomain of ATPase containing subunit'®, has been shown to have
no measurable effects on inhibiting the growth of cancer cells®,
despite its ability to impair trophoblast development. A class of
phospho-aminoglycosides (phospho-kanamycin) inhibits the yeast
SWI2/SNF2 complex but also have limited utility in mammalian
cells, are relatively non-specific ATPase inhibitors, and would
likely be highly toxic in this context?'. Recently, a BRG1 ATPase
inhibitor was discovered®, yet its non-specific inhibition of both
BRGI and BRM would likely be toxic in patients due to the essen-
tial nature of the core ATPase subunits in cellular viability in many
cell types.'?

As members of the thrithorax group proteins, mSWI/SNF com-
plexes are generally thought to be activators of transcription.
However, they can also directly inhibit expression of PRC1 genes
in murine embryonic stem cells?. To exploit the repressive func-
tions of BAF complexes, we previously developed screens for one
of these specialized functions: the ability to repress the Bmil
gene?!. Utilizing a luciferase reporter gene inserted in-frame into
the Bmil locus, we screened for molecules that could specifically
de-repress its expression in mouse embryonic stem cells (mESCs)
(Figure 1B)*. This strategy had the particular advantage of being
able to selectively screen for BAF functionality orthogonal to the
ATPase function, which would likely result in high levels of tox-
icity or even oncogenesis. We identified multiple 12-membered
macrolactam candidates from a library of diversity-oriented-syn-
thesis molecules®?® (Figure 1C) which appear to bind to ARID1A-
specific complexes?’. These inhibitors are remarkably non-toxic in
most cell lines and do not appear to independently produce the full
decatenating checkpoint arrest found with deletion or depletion of
essential subunits such as BRG1 (SMARCA4), BAF57
(SMARCE1) or BAF53a (ACT6LA)?. This class of structures ap-
pears to bind to complexes containing homologous BAF250a/b
(ARID1A/B) subunits®’ which play critical, but redundant roles in

mammalian BAF function, and are specific to canonical-BAF com-
plexes® (Figure 1A) . However, it is likely that the molecules bind
an interfacial surface of BAF250 produced by the junction with an-
other subunit which has made precise target-identification of the
binding site non-trivial.

The decatenation checkpoint arrest observed upon deletion of es-
sential subunits of the BAF complex appears to be related to the
inability of Topoisomerase Ila to bind to DNA and relieve cate-
nated chromosomes at mitosis'®. This results in anaphase bridges
and cell cycle arrest mediated by ATR kinase (Ataxia-Telangiecta-
sia Mutated and Rad3-related protein kinase) 2. Having recently
validated this macrolactam class of SWI/SNF inhibitory molecules
as reversal agents for HIV latency??!, we sought to ascertain
whether these inhibitors of the repressive function of BAF may
provide a therapeutic strategy for cancer, without resulting in broad
toxicity, as would be expected from BRG1 ATPase inhibitors. Re-
cently, inhibitors of the ATR kinase demonstrated enhanced
chemotoxic effects of DNA damaging agents*>*. ATR and ATM
are known to phosphorylate BAF170 (SMARCC?2) and BRG1 and
induce the localization of these complexes to sites of DNA dam-
age®. In addition, potent small molecule inhibitors of ATR have
been shown to induce a synthetic lethal function in cancer cell lines
depleted of the ARID1A/B subunits of the BAF complex?. This
synthetic lethal interaction has been attributed to the increased de-
pendency of ARIDIA/B-deficient cells on the ATR-mediated
G2/M decatenation checkpoint following loss of ARIDIA/B-
mediated interactions of the BAF complex with TOP2A!*3, These
results suggested that ATR and SWI/SNF inhibition might func-
tionally synergize because they work on contingent steps®. To
address the potential of BAF-inhibitory molecules to function as
chemical-genetic mimetics, we developed a high-throughput
Chou-Talalay method of synergy assessment (Figure 1D) (Chory
& Divakaran, unpublished), to demonstrate a synergistic, chemi-
cal-synthetic lethality in cancers containing canonical BAF
complexes, when combining SWI/SNF and ATR inhibitors. Our
data indicate that the use of selective, non-toxic BAF inhibitors
might provide a strategy for enhancement of chemotherapeutics in
cancer.

RESULTS AND DISCUSSION

SWI/SNF inhibition sensitizes cancer cells to ATR inhibition

We recently reported a medium-throughput screen to identify small
molecules that result in increased expression of Bmil, a known ge-
netic target of BAF whose expression is increased about 10- fold
upon deletion of the Smarca4 subunit of the BAF complex®.
Through the development of a high-throughput, Bmi! luciferase re-
porter assay, we identified multiple 12-membered macrolactam
candidates from a library of diversity-oriented-synthesis® mole-
cules which exhibited stereospecificity and provided insight into a
structure-activity-relationship?”. While many of the molecules we
identified blocked cell cycle progression and had toxic effects (as
might be expected from a general inhibitor of the BAF complex),
one class of molecules was both non-toxic and exhibited robust ac-
tivation of Bmil as well as other BAF targets, suggesting that it
selectively inhibited the repressive functions of the canonical BAF
complex. Of the most potent molecules, BRD-K98645985 (which
we refer to as BD98) (Figure 1C) was selected for further analysis
for synergy with the ATR inhibitor VE-821 on the viability of can-
cer cells containing intact BAF complexes. We have previously
shown that BD98 is able to selectively bind and in vitro thermo-
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stabilize ARID1A/B (BAF250A/B)?, enrich BAF subunits
ARIDIA, BAF155, PBRM1, and BAF47 by small-molecule pull-
down, and activate Bmil at an ECso of ~2.4 uM?. Hence, we
loosely refer to it as a BAF inhibitor although its direct binding
target has not been identified with complete confidence. Previous
studies showed that upon acute deletion of ARIDIA, the IC50 of
the ATR inhibitor VE-821 in HCT116 colorectal cancer cells
shifted from ~10uM to ~1uM after 5 days of treatment*. In this
study, we treated HCT116 cells with increasing doses of VE-821
(1uM-50uM) and increasing doses of BD98 (1uM—-30uM) inde-
pendently for 5 days to establish the respective dose responses of
the two (Figure 2A). Then, cells were treated with all possible
combinations of 5 doses of both VE-821 (1.25-20uM) BD98 (1.25-
20uM) for a total of 25 total combinations, in 8 replicates (Figure
2B). By simultaneously treating HCT116 cells with increasing con-
centrations of VE-821 and the putative BAF inhibitor, BD98, we
observed dose-responsive decreases in VE-821 IC50s ranging from
~4uM at the lowest dose of BD98 (1.25uM) to an IC50 ~1uM at
the highest dose tested in combination (Figure 2B). This indicated
that co-inhibition of both BAF and ATR could phenocopy the dose-
responsive shift previously observed by ARID1A knockdown in
HCT116 cells *.

Combination BD98/ATRI treatment is synergistic

Occasionally, combining two drugs that act on contingent steps
will result in enhanced potency. To assess whether the combined
effect is greater than the predicted individual potencies, and hence
truly synergistic, requires a rigorous quantitative analysis of both

A

VE-821 Dose Response BD98 Dose Response

the independent and combined effects of the two molecules,
through the generation of isobolograms and quantification of a
combination index (Figure 1D). Synergism in drug combinations
allows for the use of lower doses of both molecules, which can re-
duce adverse effects. We first aimed to validate the combination of
VE-821 and BD98 for synergistic therapeutic value. To assess drug
synergy, the Chou-Talalay method was employed to provide a

mechanism-independent method to quantify the synergism of drug
interactions®. This method combines elements of the Scatchard,
Michaelis-Menten, Hill, and Henderson-Hasslebalch equations
through the law of mass-action®*" to generate a statistical and
quantifiable assessment of synergy. Molecules were tested both
independently and then in 25 different combinations in HCT116
cells for 5 days as described above. A combination index (CI),
which is a statistically-significant representation of synergy, was
determined by generating median-effect equations of the two-re-
spective from their respective dose responses. The median-effect
equation was used to calculate a median-effect dose, and
(Dx)atri,pos values which correspond for the respective doses of
the BD98 and ATRi compounds and correlate with a given percent-
age of cells affected by the individual treatments. Normalized
index values (IaTri, IBpos), and the combination index are a ratio
between the treatment dose, and the Dx for a given fraction of af-
fected cells. Combination indices less than 0.9 are statistically
synergistic, while values ranging from 0.9 to 1.1 are additive, and
ClIs above 1.1 are antagonistic. Isobolograms and combination in-
dex values were calculated for the tested dose combinations of VE-
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Figure 2: BAF and ATR Inhibition is synergistic (A) Dose response curves of HCT116 cell line exposed to increasing concen-
trations of ATR inhibitor (VE-821) and putative BAF inhibitor (BD98) for 5 days. (B) Shifting IC50 dose-response curves of
HCT116 cells treated with VE-821 and increasing doses of BD98 for 5 days. (C) Normalized isobologram of synergy between VE-
821 and BD98 in HCT116 cells. (D) Combination index values quantify synergy between BD98 and VE-821. (E) Plot of the dose
reduction index of increasing concentrations of VE-821 and 5 concentrations of BD98§ against the fraction of affected cells.
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821 and BD98 (Figure 2C-2D). The average combination index
observed in HCT116 cells was 0.53 + 0.05 which indicates clear
synergism between VE-821 and BD9S§ (Figure 2D). Further, the
dose reduction index (an inverse relation to the combination index)
was calculated to demonstrate that at low concentrations, the com-
bination of VE-821 and BD98 can reduce the dosing over 10-fold,
while at higher concentrations of VE-821 the dose reduction index
reaches nearly 100 (Figure 2E), indicating that the combination
has the potential to significantly lower the dosing of the toxic ATR
inhibitor.

Putative SWI/SNF inhibitor phenocopies ARID1A/B loss

To analyze the effects of ARID1A on the synergistic combination,
we made use of HCT116 cells for which we have both isogenic
ARIDI1A"* and ARID1A47" cell lines. The primary target of our orig-
inal screen (Bmil), is induced by loss of SMARCA4, which is
present in human BAF, PBAF, and ncBAF complexes ** (Figure
1A). PBAF complexes differ from BAF complexes by incorpora-
tion of orthogonal subunits, specifically, ARID2 (as opposed to
ARID1A/B), PHF10 (BAF45a) (as opposed to DPF10/BAF45d),
and PBRM1. PBAF-specific subunits are also frequently mutated
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Figure 3: Putative BAF Inhibitor, BD98 phenocopies knockdown of ARID1A (A) Cell survival data from HCT116 cells infected
with shRNA lentivirus targeting ARID2 (blue), ARID1A (green), Control (red), and HCT116(ARID1A -/-) cells (green-dashed). Fol-
lowing lentiviral transduction and selection, cells were exposed to VE-821 or BD98 for 5 continuous days. Error bars represent s.d. of
eight technical replicates in three separate experiments in 384-well plates. (B) Gene expression of ARID1A, ARID2, and ARIDI1B in
HCT116 (WT, shARID1A, shARID2). Delta-Delta CT values compared to Gapdh and WT HCT116. (C) Shifting IC50 plot of WT
HCT116 cells, ARID1A -/- HCT116 cells, and HCT116 cells infected with shRNA lentivirus targeting ARID2 or ARIDIA treated with
VE-821 and increasing doses of BD98 for 5 days. (D) Normalized isobologram plots of WT HCT116 cells, ARID1A -/- HCT116 cells,
and HCT116 cells infected with shRNA lentivirus targeting ARID2 or ARIDI1A (as treated in 3C). (E) Average combination indexes
for HCT116 cells infected with shRNA lentivirus targeting ARID2, ARID1A, WT, and HCT116 (ARID1A-/-).
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in cancer, specifically renal clear cell carcinomas and cholangio-
carcinomas®®*. To narrow whether in HCT116 cells, the lead
compound is acting on BAF or PBAF-related pathways, we consti-
tutively knocked down ARIDIA or ARID2 by Ientiviral
transduction of ARIDIAY* HCT116 cells and compared the
BD98/ATRi synergy to the wild-type and knockout (ARIDIA™",
ARID1A4™) cells. Knockdown shARID1A cells demonstrated in-
creased sensitivity to VE-821 as expected, as did the homozygous
loss-of-function 4RIDIA HCT116 (ARIDIA™) cell line, which
contains mutations p.Q456*/p.Q456*. In contrast, sShARID2 cells
responded to ATR treatment similar to wildtype cells (Figure 3A).
Importantly, upon knockdown of ARID1A or ARID2 (Figure 3B),
the synergistic effect observed between BD98 and VE-821 was
only ablated upon loss of ARID1A (Figure 3C-E) (Clsharipia =
1.48 £ 0.14, Claripia(-) = 1.44 £ 0.12), but not loss of shARID2
(Clsharip2 = 0.42 £ 0.04) (Figure 3D-E). This suggests that in the
context of colorectal cancer, BD98 is acting through ARIDIA-
dependent mechanisms, or specific sub-units and/or functions of
such complexes. Additionally, both sShARIDIA and ARIDIA™
cells were slightly, but not-significantly less sensitive to BD98 than
wild-type HCT116 cells. This minor effect is likely due to the fact
that ARID1A is partially redundant with ARID1B in colon cancer,
but could also be related to an off-target effect independent of
ARID1 proteins.

Analysis of additional library screen hits

From our original BmiI-luciferase screen®, we chose 8 representa-
tive compounds to compare to the lead candidate which were either
commercially available, or structurally similar to the 12-member
macrocyclic lactam stereoisomer backbone of BD98. We have
published an analysis of striking stereospecificity of the BD9S re-
lated molecules?, so we sought to assess whether any additional
molecules from our primary screen would phenocopy ATRIi sensi-
tivity. First, we tested their ability to arrest mouse embryonic stem
cells (mESCs) in G2/M but observed that G2/M arrest in mESCs
was not directly correlated with the Bmil and Ringla induction ob-
served in the primary screen (Figure 4A-4B). This suggests that
many initial hits may be disrupting different SWI/SNF related
mechanisms'®, or may be non-specific Bmil activators. Next, syn-
ergy was assessed between each hit and VE-821, as described
above. We observed that the two structurally similar molecules
(2A03 and 2C05), indeed demonstrated comparable synergy with
VE-821 in HCT116 cells (Cl2a03 = 0.65+0.05, Clacos = 0.69+0.08)
(Figure 4C-D). However, the administration of all other com-
pounds tested resulted in strictly additive or antagonistic effects
when combined with VE-821 (Supplemental Figure 1A). Inter-
estingly, the published PFI-3 BRGI bromodomain inhibitor
showed no measurable dose-responsive or synergy effects in the
ARIDIA"* or ARID1A”- HCT116 cell lines (Supplemental Figure
1B), suggesting that inhibition of the acetyl-lysine-binding

Figure 4: Structure Activity Relationship of Putative BAF
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function of BRG1 is not the major mechanism through which syn-
ergy is observed. These studies underly the specificity of the action
of the structurally related SWI/SNF inhibitors compared to other
hits from our Bmil-induction screen, that also derepress the HIV
LTR and terminate HIV latency®*?".

ATRIi/BD98 Inhibition results in cell cycle defects

Given that we find that BD98 is largely non-toxic in mESCs, we
sought to understand the mechanism by which BD9S kills cells in
the presence of ATR inhibitors. T o investigate this, we synchro-
nized cells in the early G1/S phase and then tracked their
progression through the cell cycle upon release into media contain-
ing BD98. To assess the full cell cycle, time points were collected
beginning at early G0/G1 of the second cell division following re-
lease from thymidine block. We observed that HCT116 ARIDIA™"
cells exhibited slightly delayed progression through S-Phase com-
pared to both acutely BD98 treated (10uM) and untreated HCT116
ARIDIA™ cells, but overall progressed through the cell cycle at
similar rates (~11hr per cycle) (Figure SA-5B). This is consistent
with our observation that BD98 independently has minimal tox-
icity or effect s on proliferation. We were curious as to the
mechanism by which BD98 in combination with ATRi kills cells,

A HCT116 Cell Cye + ATRIi

HCT116 Cell Cycle

so we further tracked the progression of cells released into media
containing VE-821 (10uM) in the presence or absence of BD98
and compared to ARIDIA™ cells under the same conditions (Fig-
ure 5B). Consistent with previous results*, we observed that
HCT116 ARIDIA™ cells displayed delayed progression through S
phase, which is exacerbated by ATRi through relief of the pile-up
and premature entry into mitosis (Figure SA-5B). In addition,
when treated with 10uM BD98 in combination with VE-821, WT
HCT116 cells similarly exhibited delayed progression through S
Phase (Figure SB-C), comparable to ARID1A knockout. This re-
sult suggests that delayed progression through S Phase as a result
of BD98, is likely due to either an inability of ARID1A-containing
complexes to repair DNA damage, or perhaps collapsed/stalled
replication forks, which result from defective function of the BAF
complex*. We have previously demonstrated that deletion of Brgl
in mouse embryonic stem cells (mESCs) results in the appearance
DNA bridges during anaphase'®. To examine whether inhibiting
loss of BAF complexes results in increased double stranded breaks,
we turned to mES cells which have stable genomes, in contrast to
HCT116 cells. Using Brgi1o*¥* (Brg1%*) Actin-creER mouse em-
bryonic stem cells, we performed single cell gel electrophoresis
(comet assay) and observed that the deletion of a single copy of the
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Figure 5: BAF inhibition results in cell cycle defects and is exacerbated by DNA damage (A) Representative histograms of the
cellular Propidium iodide-stained DNA content determined by FACS, in HCT116 ARID1A +/+, ARID1A -/-, and ARID1A+/+ treated
with 10uM of BD98 at the indicated time points following release from cell synchronization in GO/G1, in the absence (left) or presence
of 10uM VE-821 (right). Time points begin at maximum GO0/G1 of second division following release from thymidine block (10hr post
release). (B) Time course illustrating the percentage of cells in GO/G1 (red), S (blue), or G2/M (green) phase of synchronously growing
HCT116 cells (as treated in 5A). (C) Percent differences of ARID1A null or ED89 treated cells in G2 following 6, 7, or 8 hours post-
release from GO, as compared to wildtype. (D) Comet analyses of Brgl1o*¥* (Brg11*) Actin-creER mESCs. (Left) Quantitative analysis
of three independent experiments showing the percentage of cells with medium or high levels of DNA breaks. (Right) Representative
images.(E) Model of BD98/ATRIi induced hyper-synthetic lethality mechanism and sensitivity to DNA damage response.
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sessed between VE-821 and TOP2A/B
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inhibitors in WT and KO ARID1A HCT116
cells. Both cell lines were treated with in-
creasing doses of the TOP2A inhibitor
Etoposide, and the TOP2B inhibitor
(XK469)* for 5 days (Supplemental Fig-
ure 2A) with increasing doses of VE-821
(Figure 6A, Supplemental Figure 2B), and
the synergy between them was calculated
(Figure 6B-C, Supplemental Figure 2C).
Modest synergy was observed when both
wild type and ARID1A knockout cells were
treated with the TOP2B inhibitor
(Clxkaeoc++) = 0.75+0.05, Clxkaeo¢--) = 0.85+0.09) (Supplemental
Figure 2C). However, VE-821 and Etoposide demonstrated mod-
erate synergy in the ARID1A™"*, but “strong synergy” was observed
in the knockout (Figure 6B-C). To confirm the added synergism
observed upon functional inhibition of ARID1A, the assay was re-
peated with both knockdown of ARIDIA, and treatment with
10uM BD98. In all three cases of deletion, knockdown, and chem-
ical inhibition, loss of ARIDIA functionality resulted in
statistically stronger responses to co-administration of TOP2A and
ATR inhibition. This suggests that in the absence of functional ca-
nonical BAF complexes, by either chemical or genetic deletion,
cancer cells may be unable to repair DSBs which results in rapid
cell death following checkpoint bypass due to ATR inhibition.

- 0

1.875

BAF inhibition in mutant SWI/SNF cell lines

In ARID1A-deficient tumors, ATR inhibition is thought to trigger
premature mitotic entry and chromosome instability that cannot be
resolved, resulting in mitotic catastrophe®. Recent reports have
demonstrated that loss-of-function BRG1 mutations have in-
creased sensitivity to topoisomerase II inhibition in the presence of
PRC2 inhibitors®, and that cancers with oncogenic BAF mutations
may also exhibit increased sensitivity to PRC2 inhibition*. We
sought to assess which cancers, including BAF-deficient cancers,
might be susceptible to ATR sensitization by inhibiting SWI/SNF

10
VE-821 Dose [uM]

Etoposide Concentration [uM]
375 ==~ 15

== 75 === 30

Average Combination Index

0.00

wT ARID1A
(-F)

HCT116 Cell Line

shARID1A WT+10uM
BD98

Figure 6: Sensitivity of ARID1A deficient cells to VE-821 and Etoposide (A) Shift-
ing dose responses of HCT116 cells, ARIDIA-/- HCT116, shARIDIA cells, and
HCT116 cells treated with BD98, following 5-days of treatment with 25 dose combi-
nations of VE-821 and Etoposide. (B) Combination index grids of cell lines (as treated
in 6A). (C) Average combination indexes for HCT116 treated with Etoposide and VE-
821 (as treated in 6A).

pathways. We tested the efficacy of BD98 and ATRi on six addi-
tional human cancer cell lines including two highly mutated
proliferative cells lines (Cal-51 and MCF-7), two synovial sarcoma
cell lines (Aska, Yamato) which are driven by non-canonical BAF
functions (ncBAF), and two renal-cell carcinoma lines (A-704,
ACHN), which harbor a mutation in the PBAF-specific subunit,
PBRM1% or are heterozygous mutants for PBRMI, respectively.
Interestingly, Cal-51 is ARID1A null (Figure S3A), but appears to
be ARID1B-dependent, as we were unable to successfully knock
down ARID1B with well-established knockdown constructs (Fig-
ure S3B)Y.

To assess synergy, each cell line was treated with combinations of
5 doses of VE-821 and 5 doses of BD98 as described above. Both
synovial sarcoma cell lines demonstrated no measurable dose-re-
sponse to BD98 (Figure 7A-B), and no quantifiable synergy
between BD98 and VE-821 could be obtained. This supports the
evidence that BDO9S is likely acting on a canonical BAF pathway,
as it has recently been discovered that the proliferation of synovial
sarcoma and malignant rhabdoid tumors are dependent on ncBAF
complexes, which contain neither ARIDIA or ARID1B, among
other subunits (Figure 1A)%, Interestingly, BD98 sensitized both
MCF-7 and Cal-51 cells lines to ATR inhibition (Clmcr7 =
0.45+0.04, Clcal.s1 = .57+0.09) (Figure 7C-E), despite the total
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Figure 7: BD98 sensitization in SWI/SNF mutant cell lines (A) Dose responses of synovial
sarcoma cell lines treated with VE-821 or ED89. (B) No observable shifting dose response
curves of synovial sarcoma cell lines treated with increasing combinations of VE-821 and
ED89. (C) Shifting dose response curves of Cal-51 and MCF7 cell lines treated with in-
creasing combinations of VE-821 and ED89. (C) Normalized isobolograms of Cal-51 and
MCFT7 cell lines treated with increasing combinations of VE-821 and ED89. (C) Combina-

suggests that inhibitors of canonical
BAF have the potential for broader
therapeutic utility, beyond classically
disrupted BAF-related cancers such as
synovial ~ sarcomas®”, ~ malignant
rhabdoid tumors™*, and renal clear
cell carcinomas®#!,

tion index plots of Cal-51 and MCF7 cell lines treated with increasing combinations of VE-

821 and BD98.

loss of ARID1A in the Cal 51 line. Because Cal-51 cells have bi-
allelic loss of ARIDIA (Supplemental Figure 3A), the synergy
observed in this line most likely results from the actions of the re-
dundant ARID1B*®, but highlights the non-obvious nature of
identifying potential clinical target populations. Finally, in both re-
nal-cell carcinoma lines (ACHN, A-704), the drug combination
demonstrated no measurable synergy (Supplemental Figure 3C-
D). Together, these results suggest that BD98’s mechanism is act-
ing through an ARIDI]-related pathway, as synovial sarcoma’s
have no canonical BAF and the dependency of renal clear cell car-
cinomas proliferation is on PBAF.

Discussion

In this study, we assess whether small-molecule inhibition of a spe-
cialized function of canonical BAF complexes can serve as a viable
therapeutic strategy for the treatment of cancer. The 15 subunits of
BAF complexes are combinatorially assembled from the products
of 31 genes giving remarkable biologic specificity to these com-
plexes*®. This conceptual advance led us to search for inhibitors
of the specific repressive function of canonical BAF complexes in

Therapeutic targeting of multi-subunit

complexes has been a challenge due to

the varied functions, compositions,
and specificity of such complexes. Suspected inhibitors of protein
complexes likely lack substrate affinity for a single subunit, but
rather interact with composite surfaces produced by combinatorial
assembly. This poses significant barriers to traditional biochemical
characterizations, as demonstrated by our prior efforts to identify
the specific target of interaction?’. Further, challenges surrounding
complex purification, along with the lack of structural insights into
such complexes (as there is no published crystal structure) has kept
the development of specific inhibitors largely out-of-reach. Based
on previous work!>*, we reasoned that small molecules that block
canonical ARID1A-containing BAF complexes may also be syner-
gistic with ATR inhibition. Many of the putative BAF inhibitors
that we discovered in our primary screens were highly toxic, as
would be expected based on the essential role of most subunits of
the BAF complex. However, specific molecules that block the tran-
scriptional repressive function of BAF complexes appear non-toxic
and yet we show are highly synergistic with ATR inhibition in sev-
eral human cell lines. Of the initial hits that arose from our previous
screen’*?’, we have observed that the macrolactam candidates ex-
hibited exquisite stereospecifity which will aid in the development
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of better and more potent inhibitors of SWI/SNF-dependent path-
ways. Despite the observation of strong synergy between BD98
and ATRi, challenges remain to transition these compounds into
animal models. These macrocyclic inhibitors are synthesized
through a nucleophilic aromatic substitution intramolecular ring-
forming process with stereochemical dependencies®, and as such,
scale-up remains a bottleneck and the limiting quantities of com-
pound can be prohibitive to downstream characterizations. This
further highlights the need for early validation assays that require
very little compound, such as the synergy method employed in this
work (Chory & Divakaran, unpublished).

Our studies and previous observations indicate that the mechanism
underlying synergy between BD98 and ATR inhibition is likely re-
lated to ATR/ATM phosphorylation of BRG]l and BAF170
promoting the interaction of BAF with sites of DNA damage'®,
which is further exacerabated upon treatment with inhibitors of
TOP2A (Figure 5E). Therefore, we hypothesize that synergy of
the two inhibitors arrises from the roles of ATR in recruiting BAF
to sites of DNA damage, BAF-dependent DNA damage repair, and
role of ATR in checkpoint arrest. Failure at each of these
contingent steps could lead to synergistic cell death. While acute
ARID1A loss has been shown to provide synthetic lethality with
ATR inhibition** the role of ATR in the localization of BAF to
sites of DNA damage suggest a broader role of BD9S, and like
molecules, in treating cancer than just cancers that have mutations
in ARIDIA or ARID1B. This, coupled with recent findings that
tumor cells deficient in BAF complexes exhibit synthetic lethality
from a variety of chemotherapeutics (anti-PD-1, checkpoint kinase
inhibitors, EZH2 inhibitors)****!, suggests that chemical inhibition
of BAF complexes may have synergistic value by sensitizing can-
cers to a range of therapeutics.

METHODS

Cell culture. HCT116 ARID1A(+/+) and ARID1A(-/-) cell lines
were courtesy of Dr. Diana Hargreaves, and originally obtained
from Horizon Discovery. Cancer cell lines were obtained from
American Type Tissue Collection. All cancer cell lines were grown
in McCoy’s 5a Media supplemented with 10% FBS. mES cells
were cultured with standard conditions on gelatin coated plates in
DMEM media containing 7.5% FBS, 7.5% Serum-replacement
and LIF. Media was replenished daily, and cells were passaged
every 48 hours. For complete reagents, cell line details, and meth-
ods see Supplemental Experimental Procedures.

Synergy viability assays. Viability assays were performed in 384-
well plates. Cells were plated at 500 cells/well. 25 dose combina-
tions were administered 24 hours after seeding and media
containing fresh drug was replaced every 48 hours. After 5 days,
cellular viability was measured and combination index values were
calculated utilizing R (R-package: EChormatin/SynergyCalc”), as
described by Chou and Talalay®. See Supplemental Experimental
Procedures.

Lentiviral preparation and infection. Lentiviruses were pro-
duced LentiX-HEK293T cells via spinfection  with
polyethylenimine transfection. HEK293T cells were cultured using
standard conditions in DMEM media containing 10% FBS.
HEK293T cells were transfected with PEI with lentiviral pLKO
shARID1A, GIPZ shARID2, GIPZ shARID1B knockdown vec-
tors, co-transfected with packaging vectors psPAX2 and pMD2.G
as previously described®. Viral supernatant was collected and

used to for spin-fection. Infected cells were selected with puromy-
cin 48h following transfection and maintained under selection for
2-3 passages. See Supplemental Experimental Procedures.
RT-qPCR analysis. RNA was extracted from cells; cDNA was
synthesized, and samples were analyzed by qPCR. See Supple-
mental Experimental Procedures and Supplemental Table 1.

Cell synchronization. HC T116 cells were plated 6-well plates and
incubated with thymidine for 18hr, released into fresh media for 8
h, and re-incubated with thymidine again for 16hr, washed several
times with PBS, and released into fresh media to synchronize into
Gl/early S and then collected at respective time points. The mESCs
were incubated with thymidine for 8h, released into fresh media for
7 h, and then incubated with thymidine again for 7h. Cells were
washed several times with PBS, released into fresh media, and col-
lected at respective time points. See Supplemental Experimental
Procedures.

Cell cycle analysis. For hour-by-hour analysis, cancer cells were
collected, rinsed with PBS, fixed in 70% ethanol. Cells were fixed
overnight, pelleted, rinsed in PBS, stained with Propidium lodide,
and analyzed by flow cytometry. For mESCs, cell cycle analysis
was performed by staining with BrdU-FITC/7-AAD and analyzed
by flow cytometry. See Supplemental Experimental Procedures.

Comet Assay. mES cells were dissociated and analyzed with sin-
gle cell gel electrophoresis. After staining with vista Green DNA
dye, comet images were captured by fluorescence microscopy. See
Supplemental Experimental Procedures.

Western Blot. Nuclear extracts were prepared by benzonase treat-
ment and nuclear extract buffer containing HEPES, KCl, EDTA,
MgCl2, Glycerol, NP-40 Protease inhibitors, DTT, and Benzonase
(See supplemental experimental procedures for full details. Nuclei
were lysed in RIPA buffer and protein concentrations were deter-
mined by Bradford assay (Biorad). Proteins were separated by
SDS—-PAGE electrophoresis with a 4-12% Bis-Tris protein gel
(Thermo Scientific) and then transferred to an Immobilon-FL
membrane (Millipore). Blots were probed with primary antibodies,
rabbit a-Aridla(D2A8u) (1:1000, Cell Signalling #12354), and
mouse o-Arid1b (D2D) (1:1000, Novus Biologicals # H00057492-
MO1) followed by fluorescence-conjugated secondary antibodies
(Li-Cor) and bands were detected using an Odyssey CLX imaging
system (Li-Cor).
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Figure S1: Synergy analysis amoung putative SWI/SNF inhibitors. (A) Shifting dose response curves and synergy analysis of
6 putative SWI/SNF inhibitors. (B) Left: Dose response curves of HCT116 cell line exposed to increasing concentrations of ATR
inhibitor (VE-821) and PFI-3 for 5 days. Right: Shifting IC50 dose-response curves of HCT116 cells treated with VE-821 and
increasing doses of PFI-3 for 5 days.
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Table S1. qPCR primers

Gene Sequence

hARID1A F1 ACCTCTATCGCCTCTATGTGTCTGT
hARIDIA R1 CTGGCAGCACTGCTTGATGT
hARIDI1B F2 GCAAGGTGTGAGTGGTTACTG
hARID1B R2 GGACTGGGACGGCAGATACT
hARID2 F2 CAAGTGCAGGGCCAGCCTAAC
hARID2 R2 AACCTGTGAGGGTGTCTGAAACC
hTOP2A F1 GAATGTGACAGTGAAGAAGACAGC
hTOP2A R1 AGACACCAGAATTCAAAGCTGGATC
hTOP2B F1 CGGATTCAGAATTTGGCATTCCAAAGA
hTOP2B R1 GCTTGTTGTTTTGGATGTTTTCCTGC
hGAPDH F1 GCCAGCCGAGCCACAT

hGAPDH R1 CTTTACCAGAGTTAAAAGCAGCCC
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Supplemental Experimental Procedures

Cell culture. Isogenic HCT116 ARID1A(+/+) and ARID1A(-/-) cell lines were courtesy of Dr. Diana Hargreaves, and originally
obtained from Horizon Discovery. The Aska-SS and Yamato-SS cell lines were provided by Kazuyuki Itoh, Norifume Naka, and
Satoshi Takenaka (Osaka University, Japan). MCF-7, Cal-51, A-704, and ACHN cell lines were obtained from American Type
Tissue Collection. All cancer cell lines were grown in McCoy’s 5a Media supplemented with 10% FBS. mES cells were cultured
on gelatin coated plates in DMEM media (Life Technologies) containing 7.5% ES-sure FBS (Applied StemCell), 7.5% KnockOut
SR (Life Technologies), HEPES buffer (Life Technologies), Glutamax (Life Technologies), Penicillin-Streptomycin (Life Tech-
nologies), 2-mercapto-ethanol (Life Technologies), and MEM-NEAA (Life Technologies), and LIF. Media was replenished daily
and cells were passaged every 48 hours.

Chemicals. VE-821 was purchased from Selleck Chem. BD98 was synthesized as described by Fitzgerald and colleagues®’. Chlo-
ridine (Pyrimethamine), Madrasin, Etoposide, and XK469 were purchased from Sigma-Aldrich. Cam1-7 and Cam1-40 (Pubchem
CID 49792165) were purchased through Evotec. 1L03 (Pubchem CID 46902783), 2A03 (Pubchem CID 54631898), and 2C05
(Pubchem CID 54631408) were provided by the Broad Institute.

Synergy viability assays. Viability assays were performed in 384-well plates. Cells were plated at 500 cells/well. Each drug was
administered in 5-doses with 4 replicates per plate, and each 5x5 drug combination was administered with 8 replicates per plate, 24
hours after seeding. All error bars represent 4 or 8 technical replicates averaged over 3 independent experiments. Media containing
fresh drug was replaced every 48 hours. After 5 days, cellular viability was measured using CellTitre blue, as described by the
manufacturer. Combination index values were calculated utilizing R (R-package: EChormatin/SynergyCalc”), as described by Chou
and Talalay®.

Lentiviral preparation and infection. Lentiviruses were produced HEK 293 cells (ATCC) via spinfection with polyethylenimine
transfection. HEK 293 cells (ATCC) were cultured using standard conditions in DMEM media (Life Technologies) containing 10%
FBS (Applied StemCell). and Penicillin-Streptomycin (Life Technologies). HEK 293 cells were transfected with PEI (Polysciences
Inc., 24765) with lentiviral pLKO shARID1A, GIPZ shARID2, or GIPZ shARID1B knockdown vectors, co-transfected with pack-
aging vectors psPAX2 and pMD2.G as previously described®. PLKO shRNA construct targeting ARID1A (TRCN0000059090:
shRNA-2) was a gift from Dr. Jesse R. Raab®, GIPZ Human ARID2 shRNA was purchased from Dharmacon
(Cloneld:V2LHS_74399), and GIPZ shARID1B was provided by Dr. Diana Hargreaves* (originally from Dharmacon). 12h after
transfection, media was changed, after another 48h, media was collected and supernatant was used to spinfect cells in the presence
of 10 pg/ml Polybrene (Santa Cruz Biotechnology) at 1000g for 1hr. Infected cells were selected with 2 pg/ml puromycin beginning
48hr after infection, and maintained under selection for 2-3 passages.

RT-qPCR analysis. RNA was extracted from cells using Trisure (Bioline) and cDNA was synthesized from lug RNA using the
SensiFAST SYBR Lo-Rox (Bioline). Delta Samples were run on a QuantStudio 6 Flex system (Life Technologies). 222¢T was
calculated as described by Livak and Schmittgen ¥ where:

—AACT = (CTco1— CTgapdn)4rip14¢--) — (CTcor —CTGapdn)4rip14¢++). Primers for qPCR are included in Supplementary Table 1.

Cell synchronization. HCT116 cells were plated at 2E6 cells/well in 6-well plates and incubated with 2mM thymidine for 18hr,
released into fresh media for 8 h, and incubated with thymidine again for 16hr, washed several times with PBS, and released into
fresh media containing either 10uM BD98, 10uM VE-821, or both to synchronize into G1/early S. To begin collection at the max-
imum percent of cells in G0/G1, cells were allowed to proceed through one cell cycle for 9 hours, and then collected at respective
time points. The maximum GO0/G1 time point occurred at 10 hours post-release from thymidine block. The mESCs were incubated
with 2mM thymidine for 7-8h, released into fresh media for 7 h, and then incubated with thymidine again for 7h. Cells were washed
several times with PBS, released into fresh media, and collected at respective time points.

Cell cycle analysis. For hour-by-hour analysis, cells were collected, rinsed with PBS, and vortexed while adding ImL ice cold 70%
ethanol. Cells were fixed overnight, pelleted at 1000xg, rinsed in PBS, resuspended in PBS containing 50 ug/mL RnaseA and 10
ug/mL Propidium lodide and incubated at 37C for 30min. Flow cytometry analysis was performed on a BD Accuri Flow Cytometer.
Individual cells were gated based on forward and side scatter, auto-fluorescent cells were omitted, and remaining cells were then
analyzed for propidium iodide levels. To determine the percent of cells in each phase, DNA content histograms histograms were
analyzed using R-package “mixtools” EM algorithm for mixtures of univariate normals. The areas of each mixed normal distribution
were calculated to represent the total number of cells in each phase of the cell cycle. For mESCs, cell cycle analysis was performed
using BD Biosciences BrdU-FITC FACS kits. The mESCs were incubated with BrdU for 1h, stained with 7-AAD, and analyzed
on a BD FACScan.

Comet Assay. Briefly, the mES cells were dissociated by 0.05% trypsin, and 1,000 cells were used in single cell gel electrophoresis
(comet assay) with the Cell BioLab’s OxiSelect Comet Assay Kit according to the manufacturer’s instructions. Alkaline solution
was used for electrophoresis with 15V, ~270-300mA for 22 mins. After staining with vista Green DNA dye, comet images were
captured by fluorescence microscopy. For each experiment, >300 cells were counted from >20 images per experiment for 3-4
experiments for each condition. In each sample, the percentage of cells with medium and high tail moments was calculated to
represent the cells with DNA breaks. Brgl1o*¥* Actin-creER mESCs were treated with EtOH for 1uM tamoxifen for 24h, and
passaged 3-5 times before the analysis.
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Figure Legends

Figure 1: Strategy for assessing hyper-synthetic lethality of combination BD98 and ATRi (A) Macromolecular assembly of
SWI/SNF complexes. BAF/PBAF-specific subunits labelled in blue/red respectively. (B) Workflow of screen used to identify pu-
tative BAF inhibitors. (C) Structure of BD98. (D) Summary of results (combination index scores, normalized isobolograms)
obtained in Chou-Talalay method for assessment of synergy

Figure 2: BAF and ATR Inhibition is synergistic (A) Dose response curves of HCT116 cell line exposed to increasing concen-
trations of ATR inhibitor (VE-821) and putative BAF inhibitor (BD9S8) for 5 days. (B) Shifting IC50 dose-response curves of
HCT116 cells treated with VE-821 and increasing doses of BD9S for 5 days. (C) Normalized isobologram of synergy between VE-
821 and BD98 in HCT116 cells. (D) Combination index values quantify synergy between BD98 and VE-821. (E) Plot of the dose
reduction index of increasing concentrations of VE-821 and 5 concentrations of BD98 against the fraction of affected cells.

Figure 3: Putative BAF Inhibitor, BD98 phenocopies knockdown of ARID1A (A) Cell survival data from HCT116 cells infected
with shRNA lentivirus targeting ARID2 (blue), ARID1A (green), Control (red), and HCT116(ARID1A -/-) cells (green-dashed).
Following lentiviral transduction and selection, cells were exposed to VE-821 or BD98 for 5 continuous days. Error bars represent
s.d. of eight technical replicates in three separate experiments in 384-well plates. (B) Gene expression (RNA levels) of ARIDIA,
ARID2, and ARIDIB in HCT116 (WT, shARID1A, shARID2). Delta-Delta CT values compared to Gapdh and WT HCT116. (C)
Shifting IC50 plot of WT HCT116 cells, ARID1A -/- HCT116 cells, and HCT116 cells infected with shRNA lentivirus targeting
ARID2 or ARID1A treated with VE-821 and increasing doses of BD98 for 5 days. (D) Normalized isobologram plots of WT
HCT116 cells, ARID1A -/- HCT116 cells, and HCT116 cells infected with shRNA lentivirus targeting ARID2 or ARID1A (as
treated in 3C). (E) Average combination indexes for HCT116 cells infected with shRNA lentivirus targeting ARID2, ARID1A,
Control, and HCT116 (ARID1A -/-) cells.

Figure 4: Structure Activity Relationship of Putative BAF Inhibitors (A) Assessment of toxicity of putative inhibitors in
ARIDla+/+, ARID1A-/- HCT116 cells and shARID1A ARID1a+/+HCT116 cells by cell cycle analysis arrest in ESCs after release
from double thymidine block. Data represent three separate cell-cycle analyses. (B) Induction of Bmil and Ringla expression of 6
putative hits, compared to WT mESCs or Brgl f/f actin-CreER mESCs following tamoxifen treatment. Data represents results from
original screen. (C) Structures, shifting dose response, and CI grid of putative inhibitors demonstrating synergism: 2A03 and 2C05
following treatment with increasing doses of VE-821 (1-30uM) and increasing doses of each putative inhibitor (1-30uM) for 5 days.
(D) Average combination indexes for HCT116 treated with putative BAF inhibitors and VE-821 (as treated in 4C).

Figure 5: BAF inhibition results in cell cycle defects and is exacerbated by DNA damage (A) Representative histograms of the
cellular Propidium iodide-stained DNA content determined by FACS, in HCT116 ARID1A +/+, ARIDIA -/-, and ARID1A+/+
treated with 10uM of BD98 at the indicated time points following release from cell synchronization in GO/G1, in the absence (left)
or presence of 10uM VE-821 (right). Time points begin at maximum GO0/G1 of second division following release from thymidine
block (10hr post release). (B) Time course illustrating the percentage of cells in GO/G1 (red), S (blue), or G2/M (green) phase of
synchronously growing HCT116 cells (as treated in 5A). (C) Percent differences of ARIDIA null or ED89 treated cells in G2
following 6, 7, or 8 hours post-release from GO0, as compared to wildtype. (D) Comet analyses of Brgl1o*¥* (Brg1%*) Actin-creER
mESCs. (Left) Quantitative analysis of three independent experiments showing the percentage of cells with medium or high levels
of DNA breaks. (Right) Representative images.(E) Model of BD98/ATRi induced hyper-synthetic lethality mechanism and sensi-
tivity to DNA damage response.

Figure 6: Sensitivity of ARID1A deficient cells to VE-821 and Etoposide (A) Shifting dose responses of HCT116 cells,
ARIDIA-/- HCT116, shARID1A cells, and HCT116 cells treated with BD98, following 5-days of treatment with 25 dose combi-
nations of VE-821 and Etoposide. (B) Combination index grids of cell lines (as treated in 6A). (C) Average combination indexes
for HCT116 treated with Etoposide and VE-821 (as treated in 6A).

Figure 7: BD98 sensitization in SWI/SNF mutant cell lines (A) Dose responses of synovial sarcoma cell lines treated with VE-
821 or ED&9. (B) No observable shifting dose response curves of synovial sarcoma cell lines treated with increasing combinations
of VE-821 and ED89. (C) Shifting dose response curves of Cal-51 and MCF7 cell lines treated with increasing combinations of
VE-821 and ED89. (C) Normalized isobolograms of Cal-51 and MCF7 cell lines treated with increasing combinations of VE-821
and ED8&9. (C) Combination index plots of Cal-51 and MCF7 cell lines treated with increasing combinations of VE-821 and ED8&9.
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