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ABSTRACT 

SMARCA4 (BRG1) and SMARCA2 (BRM) are the mutually exclusive ATPase subunits of 

the SWI/SNF chromatin remodeling complexes often altered in cancers. Concurrent loss of 

SMARCA4/2 is found in some aggressive cancer types including small cell carcinoma of the ovary, 

hypercalcemic type (SCCOHT), a rare and lethal ovarian cancer affecting young women, and a 

subset of non-small cell lung cancers (NSCLCs), associated with chemotherapy resistance and 

poor outcome. Through a functional genetic approach, we identified that inhibition of MCL1, an 

anti-apoptotic protein of the BCL-2 family, is synthetic lethal with SMARCA4/2 loss in these 

cancer cells. MCL1 suppression by RNAi or a small molecule inhibitor, S63845, selectively 

induced apoptosis in SMARCA4/2-deficient SCCOHT and NSCLC cells but not in SMARCA4/2-

proficient controls. Mechanistically, SMARCA4/2 directly promote mRNA expression of BCL-xL, 

encoding another key anti-apoptotic protein of the BCL-2 family; SMARCA4/2 loss therefore 

results in downregulation of BCL-xL leading to MCL dependency to suppress apoptosis in these 

cancer cells. Furthermore, single agent treatment of S63845 resulted in significant suppression of 

tumor growth in patient derived xenografts of SMARCA4/2-deficient NSCLC and SCCOHT. 

Collectively, our work uncovered MCL1 as a synthetic lethal target in SMARCA4/2-deficient 

cancers that may be exploited therapeutically.  

 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

Introduction 

The switch/sucrose non-fermentable (SWI/SNF) complexes utilize chemical energy through 

ATP hydrolysis to remodel nucleosome positioning and conformation to control gene expression 

1-3. The abnormalities in different SWI/SNF subunits are implicated in the development of a broad 

range of human malignancies 4,5. SMARCA4 and SMARCA2 are the two mutually exclusive 

SWI/SNF ATPases that are frequently altered in cancers. Inactivating SMARCA4 mutations are 

found in ~7.2% of human cancers, including ~100% of small cell carcinoma of the ovary, 

hypercalcemic type (SCCOHT), a rare and aggressive ovarian cancer subtype and ~10% of non-

small cell lung cancers (NSCLCs) 6-9. In contrast, SMARCA2 is often lost through epigenetic 

silencing, which is thought to cooperate with SMARCA4 deficiency for tumorigenesis in 

SCCOHT as well as in a subset of NSCLCs and other poorly differentiated aggressive cancers 10-

15. SMARCA4/2-deficient cancers often lack known druggable mutations and exhibit resistance to 

standard chemotherapy regimens, making them difficult to treat 6,16,17.  

In search of alternative treatment strategies, previous studies have shown that SMARCA4/2-

deficient cancers rely on epigenetic reprogramming and are responsive to inhibitors targeting the 

polycomb repressive complex 2, histone deacetylases, bromodomain-containing protein 4, and 

histone demethylase KDM6 in preclinical models 18-22. We and others also found that these cancer 

cells are sensitive to drugs targeting receptor tyrosine kinases 23, CDK4/6 24,25, arginine metabolism 

26, as well as oxidative phosphorylation and glutamine metabolism 27. However, most of these 

inhibitors primarily suppress proliferation, and drug resistance is expected to arise quickly - 

underscoring the need for novel therapeutic strategies that actively induce cancer cell death to 

achieve tumor eradication. 

Anti-apoptotic proteins of the B-cell lymphoma-2 (BCL-2) family are promising therapeutic 

targets in cancer, as dysregulation of apoptosis – resulting from an imbalance between pro-

apoptotic and anti-apoptotic factors - is a central hallmark of tumor development and progression 

28-30. Two key BCL-2 family proteins, myeloid cell leukemia sequence 1 (MCL1) and BCL2 Like 

1 (BCL2L1, commonly referred to as BCL-x), coordinate in regulating BAK/BAX-dependent 

apoptosis and promoting cell survival 31-33. MCL1 is anchored in the outer mitochondrial 
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membrane through its hydrophobic tail 34 and sequesters the proapoptotic proteins BAK/BAX via 

its hydrophobic groove in BCL-2 homology (BH) 3 domain 35. BCL-x, encoded by the BCL2L1 

gene, has two isoforms produced through alternative splicing: BCL-xL and BCL-xS. The long 

isoform BCL-xL contains BH1-BH3 domains and exerts its anti-apoptotic function by inhibiting 

activation of BAX, like MCL1 36,37. In contrast, the short isoform BCL-xS is a pro-apoptotic 

protein – it lacks the BH1 and BH2 domains and binds to BCL-xL, causing the release of the pro-

apoptotic BAK 38. BCL-xL is the most abundant BCL-x protein in most cells. Overexpression of 

MCL1 and BCL-xL is widely observed in various cancers associated with poor prognosis and 

therapy resistance 39-41. Therefore, a range of therapeutic agents targeting these anti-apoptotic 

proteins—such as small-molecule inhibitors (e.g., S63845 and Navitoclax)—have been developed 

to overcome resistance and improve clinical outcomes 42,43. 

In this study, we uncovered that SMARCA4/2-deficient ovarian and lung cancer cells are 

selectively dependent on MCL1 through a systematic approach. We validated the selective MCL1 

dependency in these cancer cells and tumors and uncovered the underlying mechanism, supporting 

MCL1 as a potential druggable target in SMARCA4/2-deficient cancers.  
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RESULTS  

SMARCA4/2-deficient lung and ovarian cancer cells are selectively sensitive to MCL1 

inhibition 

To systematically uncover genetic vulnerabilities in SMARCA4/2-deficient cancer cells, we 

analyzed publicly available RNA-sequencing data from the Cancer Cell Line Encyclopedia (CCLE) 

44,45 to stratify 111 ovarian and lung cancer cell lines into two groups based on SMARCA4 mutation 

status and SMARCA2 expression levels (see Methods). The lung cancer panel included 9 

SMARCA4/2-deficient NSCLC cell lines 46 and 65 SMARCA4/2-proficient lines. The ovarian 

cancer cell line panel comprised 5 SMARCA4/2-deficient lines—including three SCCOHT cell 

lines (BIN-67, SCCOHT-1, and COV434) 14,47 and two dedifferentiated ovarian cancer lines 

(TOV-112D and OVK18) 20,47—alongside 32 SMARCA4/2-proficient lines.   

    Next, we analyzed the genome-wide CRISPR/Cas9 knockout screens in these cell lines from 

the Cancer Dependency Map (DepMap, https://depmap.org) and used the ΔCERES (difference in 

the CERES scores), a metric that quantifies the difference in gene dependency between two cell 

line groups, to measure this selective lethality. We found that MCL1, but not other BCL-2 family 

members, was one of the top-ranked candidate genes whose knockout was selective lethal to 

SMARCA4/2-deficient cells in both cancer types (ΔCERES<-0.25, -log10(p-value)>2) (Fig. 1a and 

Supplementary Fig. 1), suggesting a unique role of MCL1 in promoting the survival of cancer cells 

with SMARCA4/2 loss. Furthermore, we queried the Genomics of Drug Sensitivity in Cancer 

(GDSC) database 48 for the available cell line drug response data corresponding to the lung and 

ovarian cancer cell lines used in the CCLE dataset in Figure 1a. Consistently, SMARCA4/2-

deficient cells exhibited significantly lower half-maximal inhibitory concentrations (IC50) for 

three different MCL1 inhibitors (AZD5991, MIM1, and UMI-77) compared to SMARCA4/2-

proficient cells (Fig. 1b). Together, these findings suggest that SMARCA4/2-deficient cancer cells 

are particularly vulnerable to MCL1 inhibition.   
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Validating this, knockdown of MCL1 using two independent shRNAs strongly suppressed 

growth in long-term colony formation assay in SMARCA4/2-deficient NSCLC cells (H1703) but 

had little effect on SMARCA4/2-proficient NSCLC cells (H1437) (Fig. 1c and Supplementary 

Data 1). As expected, MCL1 knockdown increased apoptosis as indicated by elevated levels of 

cleaved PARP (Fig. 1d). A similar trend was seen in ovarian cancer: SMARCA4/2-deficient 

SCCOHT cell lines, SCCOHT-1 and BIN-67, were much more sensitive to MCL1 knockdown 

compared to SMARCA4/2-proficient OVCAR4 high-grade serous carcinoma (HGSC) cells (Fig. 

1e–f).  

In line with the above RNAi results, the selective MCL1 inhibitor S63845 42,49 elicited 

pronounced sensitivity in SMARCA4/2-deficient NSCLC lines (A427, H661, H1703, H23) 

compared to their proficient counterparts (H358, H1437, HCC827) in colony-formation and 

viability assays (Fig. 1g–h and Supplementary Data 1). Furthermore, S63845 treatment induced a 

partial but significant inhibition of tumor growth in a SMARCA4/2-deficient NSCLC patient-

derived xenograft (PDX) model 27 (Fig. 1i and Supplementary Data 1). Similar results were also 

obtained in ovarian cancer models, where SMARCA4/2-deficient SCCOHT cells (COV434, 

SCCOHT-1, BIN-67) displayed marked sensitivity to S63845, contrasting with the reduced 

sensitivity of SMARCA4/2-proficient controls, including OVCAR4 and FT190, an immortalized 

but non-transformed fallopian cell line (Fig. 1j, k). Single agent treatment of S63845 also 

significantly suppressed the growth of SCCOHT xenografts in vivo (Fig. 1l). Together, these above 

data validated that SMARCA4/2-deficient cancer are vulnerable to MCL1 inhibition both in vitro 

and in vivo. 

 

SMARCA4/2 loss causes the selective sensitivity to MCL1 inhibition 

Our above results established the correlation of SMARCA4/2 deficiency and sensitivity to 

MCL1 inhibition. We next investigated whether SMARCA4/2 loss contributes to this selective 

dependency on MCL1 inhibition. Supporting this, re-expression of SMARCA4 in SMARCA4/2-
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deficient A427 and H1703 NSCLC cells conferred resistance to S63845 in both cell viability and 

colony formation assays (Fig. 2a-d and Supplementary Data 1), which was accompanied with 

suppressed apoptosis as indicated by reduced expression of cleaved PARP upon S63845 treatment 

(Fig. 2e-f). In contrast to lung cancer cells, restoration of SMARCA4 in SCCOHT cells is known 

to cause strong growth repression 14,24, making long-term growth assays challenging. Nevertheless, 

short-term S63845 treatment assay also showed that ectopic SMARCA4 expression partially 

alleviated apoptosis induced by MCL1 inhibition (Fig. 2g). Conversely, CRISPR/Cas9-mediated 

SMARCA4 knockout in SMARCA4/2-proficient FT190 and H1437 cells partially sensitized them 

to S63845 although not statistically significant, and SMARCA2 knockdown using two independent 

shRNAs in these SMARCA4 knockout cells further increased their drug sensitivities 

(Supplementary Fig. 2 and Supplementary Data 1). Notably, SMARCA4 knockout in these cells 

resulted in reduced SMARCA2 expression, which requires further investigations but nevertheless 

supports the causal role of these two paralogs in regulating S63845 sensitivity. Taken together, 

these data indicate that SMARCA4/2 loss in lung and ovarian cancer cells results in selective 

sensitivity to MCL1 inhibition, at least partly mediated through enhanced apoptosis. 

 

SMARCA4/2 loss results in BCL-xL deficiency 

Next, we investigated the mechanism underlying this selective MCL1 dependency of 

SMARCA4/2 loss. Given the well-established role of MCL1 in apoptosis control and 

SMARCA4/2 in gene expression regulation, we hypothesized that SMARCA4/2 loss may result 

in either aberrant MCL1 expression or dysregulation of other BCL-2 members leading to MCL1 

dependency. To investigate this, we analyzed RNA-seq datasets from SMARCA4/2-proficient 

NSCLC H358 cells to profile BCL-2 family gene expression before and after SMARCA4 

knockdown 50. In parallel, we also examined how restoring SMARCA4 or SMARCA2 affected 

the expression of these genes in SMARCA4/2-deficient models, including NSCLC (A427, H1703) 

and SCCOHT (COV434, SCCOHT-1, BIN-67) cell lines 24,51. As shown in Figure 3a, among the 

12 key BCL-2 family members, BCL2L1 was the only gene obviously regulated by SMARCA4 or 
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SMARCA2 across all cell lines – downregulated upon SMARCA4 knockdown and upregulated 

upon restoration of SMARCA4 or SMARCA2, whereas MCL1 expression remained largely 

unaffected.  

BCL2L1 encodes BCL-xL and BCL-xS isoforms that arise from alternative splicing and have 

opposing functions in inhibiting and promoting apoptosis, respectively 52. Closer examination of 

the RNA-seq data showed that the dominant isoform in BIN-67 cells is BCL-xL, which was 

upregulated upon SMARCA4 restoration and was ~ 40 folds more abundant than BCL-xS 

(Supplementary Fig. 3a, b). Given that BCL2, another key anti-apoptotic protein, was also 

expressed at low levels among all cell lines independent of SMARCA4/2 status (Fig 3a), these 

observations highlight the potential key role of BCL2L1 regulation by SMARCA4/2 in this context 

of MCL1 dependency. In line with these cell lines data, analysis of the RNA-seq datasets of 

SCCOHT 17 and TCGA HGSC tumors 53 showed that SCCOHT tumors expressed significantly 

lower BCL2L1 than HGSCs (Fig. 3b). These observations suggest that SMARCA4/2 loss causes 

reduced BCL-xL expression leading to increased dependency on MCL1 in these cancer cells to 

suppress apoptosis.  

Further supporting the regulation of BCL-xL by SMARCA4/2, ectopic expression of 

SMARCA4 in SMARCA4/2-deficient SCCOHT and NSCLC cell lines significantly increased 

BCL-xL mRNA levels, as shown by qPCR (Fig. 3c and Supplementary Fig. 3c), and concurrently 

a trend of BCL-xL protein level elevation (Fig. 3d). Moreover, analysis of a panel of 21 NSCLC 

cell lines revealed a positive correlation between SMARCA4/2 expression status and BCL-xL 

protein levels (Fig. 3e and Supplementary Fig. 4) - while SMARCA4/2-deficient cells exhibited 

the lowest BCL-xL expression, among SMARCA4-deficient lines that retain SMARCA2 

expression, BCL-xL expression positively correlated with SMARCA2 levels, which is in line with 

the functional redundancy between SMARCA4 and SMARCA2 in regulating BCL-xL expression 

(Fig. 3c). Together, these results indicate that SMARCA4/2 loss results in reduced BCL2L1 

expression leading to BCL-xL reduction, which may underlie MCL1 dependency. 
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SMARCA4/2 directly controls chromatin accessibility of the BCL2L1 locus  

Given the chromatin remodeling role of SWI/SNF, we also examined the chromatin architecture 

of the BCL2L1 locus and its potential direct regulation by SMARCA4/2. Indeed, upon SMARCA4 

restoration, ChIP-seq analysis in BIN-67 cells 51 revealed SMARCA4 occupancy at the promoter 

and regulatory regions of BCL2L1 (Fig. 3f), suggesting that SMARCA4 directly regulates BCL2L1 

expression. Supporting this, we found that ChIP-seq signals of H3K27Ac, a chromatin mark 

associated with active promoters and enhancers, were elevated at these regions upon re-expression 

of SMARCA4 or SMARCA2 in both BIN-67 and H1703 cells 25. In addition, the Assay for 

Transposase-Accessible Chromatin using sequencing (ATAC-seq) peaks at these genomic regions 

were also elevated upon restoration of SMARCA4 or SMARCA2 in BIN-67 and H1703 cells (Fig. 

3f), indicating enhanced chromatin accessibility at the BCL2L1 locus when SMARCA4/2 was 

present. These data support a model in which SMARCA4/2 promote BCL2L1 transcription by 

directly remodeling chromatin structure at its gene locus. 

 

BCL-xL deficiency underlies the synthetic lethal interaction between MCL1 inhibition and 

SMARCA4/2 loss 

Our data thus far suggest that SMARCA4/2 loss leads to reduced BCL-xL expression, which 

could limit the total anti-apoptotic capacity in SMARCA4/2-deficient cancer cells and renders 

their sensitivity to MCL1 inhibition. If this hypothesis is correct, forced elevation of BCL-xL 

should rescue these cancer cells from MCL1 inhibition. Indeed, ectopic expression of BCL-xL 

conferred resistance to S63845 treatment in H1703 and SCCOHT-1 cells in both colony-formation 

and cell viability assays (Fig. 4a-d and Supplementary Data 1) and suppressed apoptosis induction 

(Fig. 4e-f). MCL1 overexpression also yielded a similar phenotype, although the effect was less 

pronounced at higher concentrations of S63845. This is expected, as S63845 targets MCL1, and 

higher concentrations of the drug may saturate the available MCL1 pool. Similarly, ectopic 

expression of BCL-xL protected H1703 cells from the growth inhibition and apoptosis induction 
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caused by a shRNA targeting the 3′UTR of MCL1 (Fig. 4g-h and Supplementary Data 1). As a 

control, ectopic expression of an MCL1 cDNA lacking 3′UTR also rescued these phenotypes 

induced by this shRNA against MCL1 (Fig. 4g-h and Supplementary Data 1).  

While our above data established that reduced BCL-xL expression in SMARCA4/2-deficient 

cancer cells contributes to their increased dependency on MCL1 for apoptosis inhibition, it 

remained unclear if this is the main cause since SMARCA4/2 regulate expression of diverse genes 

and pathways. To test this, we took advantage of the fact that SMARCA4/2-deficient NSCLC cells 

can better tolerate restoration of SMARCA4 and performed “double rescue” experiments. As 

shown in Figure 4i, while restoration of SMARCA4 in both A427 and H1703 cells conferred 

resistance to MCL1 inhibition by S63845, addition of WEHI-539, a selective BCL-xL inhibitor, 

completely reversed their sensitivity to S63845. Importantly, WEHI-539 treatment alone did not 

suppress the growth of the cells. These results indicate that reduced BCL-xL expression in 

SMARCA4/2-deficient cancer cells is the main underlying cause for their dependency on MCL1 

(Supplementary Fig. 5). 
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DISCUSSION  

In this study, we identified and validated MCL1 as a druggable dependency in SMARCA4/2-

deficient ovarian and lung cancers. We demonstrated that this selective MCL1 dependency is 

associated with the downregulation of BCL-xL induced by SMARCA4/2 loss and may be 

exploited therapeutically using MCL1 inhibitors.  

 MCL1/BCL-xL ratio has been previously shown to predict the efficiency of MCL1 inhibition 

in NSCLC cell lines, although the genetic events causing this MCL1/BCL-xL imbalance were not 

known 54. Our findings are in line with this study and provide the mechanistic link between 

SMARCA4/2 deficiency and altered MCL1/BCL-xL ratio. We demonstrated that SMARCA4/2 

directly regulate BCL-xL mRNA expression and SMARCA4/2 loss thus results in BCL-xL 

deficiency leading to MCL1 dependency in both SCCOHT and NSCLC cells. While SMARCA4 

has been shown to influence splicing programs, no differential BCL2L1 (BCL-x) splicing upon 

SMARCA4 perturbation was detected 55. Consistent with this, SMARCA4 restoration in SCCOHT 

cells increased mRNA expression of both isoforms, with BCL-xL being the dominant isoform 

expressed in these cancer cells. Forced re-expression of SMARCA4 conferred resistance to MCL1 

inhibition in SMARCA4/2-deficient cancer cells. This resistance was reversed by co-treatment 

with a selective BCL-xL inhibitor. supporting the causal role of reduced BCL-xL expression in 

mediating the synthetic lethal interaction between SMARCA4/2 loss and MCL1 inhibition.  

The MCL1 inhibitor S63845 has demonstrated significant anti-tumor activity in models of 

multiple myeloma, lymphoma, and myeloid leukemia, where 45-68% of cell lines tested exhibited 

high sensitivity to S63845 (IC50<0.1μM) 42,56. Its derivative, S64315, is currently being evaluated 

in clinical trials for these hematologic malignancies 56. While our results showed that S63845 was 

also highly effective in targeting SMARCA4/2-deficient SCCOHT and NSCLC cells in vitro 

(IC50<0.1μM), it had modest anti-tumor activity in vivo against the PDX models. Future studies 

with SMARCA4/2-proficeint models as controls may help better establish this potential utility of 

S63845 for SMARCA4/2-deficient tumors. This modest in vivo anti-tumor activity of S63845 

could be potentially attributed to limited drug penetration due to the compactness of the solid tumor 

in contrast to leukemic cancers. Treatment strategies combining MCL1 inhibitor and other agents 
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may help overcome this and enhance its clinical utility. In fact, S63845 is mostly used in 

combination with other drugs, such as nucleoside azacitidine 57 and BCL-2 inhibitor venetoclax 58. 

Notably, our previous study demonstrated that the loss of SMARCA4/2 confers chemotherapy-

induced apoptosis in lung and ovarian cancers due to downregulation of ITPR3, a critical ion 

channel that mediates Ca²⁺ flux from the endoplasmic reticulum to mitochondria—a process 

essential for apoptosis induction 17. Therefore, combining cisplatin with an MCL1 inhibitor may 

enhance tumor cell sensitivity by promoting apoptosis in these SMARCA4/2-deficient cancers 

with BCL-xL deficiency. Notably, a previous study reported that separase-dependent cleavage of 

MCL1 and BCL-xL can induce apoptosis and cell death in shortened mitosis, indicating that these 

factors also participate in cell cycle regulation 59. Thus, combined MCL1 and CDK4/6 inhibitors 

may have a synergistic effect targeting SMARCA4/2-deficient cancers. Given that CDK4/6 have 

been shown to be effective in suppressing preclinical models of these SWI/SNF-deficient cancers 

24,25,60, such potential combination strategies warrant future investigations. 

In summary, our study uncovered MCL1 as a synthetic lethal target in SMARCA4/2-deficient 

lung and ovarian cancers. Given the clinical advancement of MCL1 inhibitors in hematologic 

malignancies, MCL1 inhibition may also be considered for the treatment of SMARCA4/2-

deficient cancers. 
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Methods 

Cell culture Cells were cultured in Dulbecco’s modified Eagle medium (Thermo Fisher Scientific, 

11995-065) or Roswell Park Memorial Institute 1640 Medium (Thermo Fisher Scientific, Cat# 

11875-093) supplemented with 7% fetal bovine serum (Sigma, Cat# F1051), 2 mM L-glutamine 

(Thermo Fisher Scientific, 25030-081), and 1% penicillin/streptomycin (Thermo Fisher Scientific, 

15140-122) at 37°C and 5% CO₂. Mycoplasma contamination was routinely tested using 

MycoAlert (Lonza, LT07-318). Short tandem repeat (STR) profiling confirmed cell line identity. 

Compounds and antibodies S63845 (HY-100741) and WEHI-539 (HY-15607) were from 

MedChemExpress. Antibodies against β-Actin (sc-47778), HSP90 (sc-13119), SMARCA2 

(11996), MCL1 (94296S), BCL-xL (2764), cleaved PARP (5625), and cleaved caspase-3 (9664) 

were used at 1:1000; SMARCA4 (A300-813A) was used at 1:5000. 

Plasmids and lentiviral transduction shRNAs and ORFs were from the Mission TRC library 

(Sigma) via McGill Genetic Perturbation Service (GPS) and McGill Platform for Cellular 

Perturbation (MPCP). Constructs included shMCL1#1 (TRCN0000196390), shMCL1#2 

(TRCN0000197024), pLKO_TRC001, pReceiver-Lv105, pReceiver-SMARCA4 (GeneCopoeia), 

and pLX304 vectors (MCL1 ccsbBroad304_00985, BCL-xL CCSBBroad304_053D1_C02, GFP 

ccsbBroad304_07515; Transomic). Lentivirus was produced in 293T cells via CaCl₂-mediated 

transfection with psPAX2 and pMD2.G. Supernatants were harvested 24 and 36 h post-

transfection and used to infect target cells. Selection was done with puromycin (2 μg/mL) or 

blasticidin (20 μg/mL) for 2–4 days. 

RNA isolation and qRT-PCR Trizol (Invitrogen) was used to isolate total mRNA and Maxima 

First Strand cDNA Synthesis Kit (Thermo Scientific) was used to convert mRNA to cDNA. qRT-

PCR (Quantitative real-time reverse transcription PCR) was performed using SYBR® Green 

master mix (Roche) according to manufacturer’s protocol. Relative mRNA levels of indicated 

genes were determined by normalizing to the housekeeping gene ACTB. The sequences of the 

qRT-PCR primers are as follows: ACTB_Forward (Fwd), GTTGTCGACGACGAGCG; 
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ACTB_Reverse (Rev), GCACAGAGCCTCGCCTT; BCL-xL Forward (Fwd), 

CCTAAGGCGGATTTGAATAATCTT; BCL-xL Reverse (Rev), 

CCCGGTTGCTCTGAGACATT. 

Colony formation assay Cells (2–8 × 10⁴/well) were seeded in 6-well plates. Drugs or vehicle 

were added the next day and refreshed every 3 days for 10–14 days. Colonies were fixed in 3.75% 

formaldehyde, stained with 0.1% crystal violet. All colony formation assays were independently 

reproduced at least two to three times and quantified by ImageJ plugin ColonyArea 

(https://github.com/Turku-BioImaging/ColonyArea) as shown in Supplementary Data 1. 

Cell viability assay Cells (1,000–6,000/well) were plated in 96-well plates and treated after 24 

hours with compound dilutions. After 4 days, viability was measured by CellTiter-Blue (Promega) 

at 560/590 nm in a Tecan Infinite M200 PRO multimode microplate reader. Data were normalized 

to vehicle controls. 

Immunoblotting Cells were lysed in SDS buffer 24 h post-treatment. Lysates were separated using 

NuPAGE gels (Thermo Fisher) and transferred to membranes. β-Actin and HSP90 served as 

loading controls. Uncropped scans of western blots are shown in Supplementary Figure 6. 

Transcriptome and chromatin profiling RNA-seq, ATAC-seq, and ChIP-seq data were obtained 

from GSE151026, GSE117735, GSE121755, and GSE162611. Reads were aligned to hg19 using 

STAR (v2.6.1c) 61 and quantified using featureCounts (v1.6.4) 62. IGV 63 was used for visualization. 

RNA-seq read counts from 13 SCCOHT tumors 17,64 and 379 ovarian cancer tumors retrieved from 

UCSC Xena (http://xena.ucsc.edu/) were processed uniformly using the same computational 

pipeline. The fragments per kilobase of transcript per million mapped reads (FPKM) values were 

calculated as (RCg × 10⁹)/(RCpc × L), in which RCg is the number of reads mapped to the gene; 

RCpc is the number of reads mapped to protein-coding genes; and L is mean of lengths of the gene 

isoforms. ggplot2 (v3.3.3) 65 was used for visualization. Cell lines were defined as SMARCA4/2-

dual deficient according to literature references (SCCOHT-1, COV434, BIN-67, TOV112D, 

OVK18, H1703, A427, H522, H23) 46 or if the cell lines displayed damaging mutations on 

SMARCA4 and low SMARCA2 expression (Log2(TPM+1) <3). Isoform-level quantification of 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

BCL-xL and BCL-xS from the RNA-seq dataset in BIN-67 cells (GSE151026) was conducted: 

reads were aligned to hg19 with STAR and transcript abundances were normalized to total counts 

per sample to generate counts per million (CPM). A Sashimi plot was generated to visualize 

alternative splicing (AS) pattern of the BCL2L1 gene. 

In vivo experiments PDX tumors (NRTO-1, TM01563) were implanted in NSG mice. Mice (n=3–

5/group) received vehicle or 25 mg/kg S63845 (intraperitoneal injection) twice weekly. S63845 

was dissolved in 25 mM HCl and 20% hydroxypropyl-β-cyclodextrin. Tumor size was measured 

twice weekly by blinded assessors. Procedures were approved by the McGill Animal Care 

Committee. 

Statistical analysis Statistical significance was tested using unpaired two-tailed Student’s t-test 

when comparing two groups, and one-way analysis of variance (ANOVA) with Dunnett’s post 

hoc test for multiple groups. p-values: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Graphs 

represent mean values and error bars represent ± standard deviation (s.d.).  

Data availability  

DepMap CRISPR screen: https://depmap.org/portal/. Gene expression/mutation: CCLE 

(https://portals.broadinstitute.org/ccle), UCSC Xena (http://xena.ucsc.edu/). Drug response: 

GDSC (https://www.cancerrxgene.org/). Dependency scores: CERES. Public datasets: 

GSE151026 51, GSE117735 66, GSE121755 25, GSE162611 50. 

 

Code availability  

All analyses were conducted in R using standard packages for data visualization and statistics. No 

custom algorithms were developed. The code and analysis scripts are available upon request. 
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Figure legends 

Figure 1.  SMARCA4/2-deficient lung and ovarian cancer cells are selectively sensitive to MCL1 

inhibition 

a, Volcano plot of DepMap genome-wide CRISPR/Cas9 screens showing differential gene dependency 

(ΔCERES) between SMARCA4/2-deficient and -proficient NSCLC and ovarian cancer cell lines (A4/2ᴰᵉᶠ vs 

A4/2ᴾʳᵒ). All BCL2 family proteins were labeled. b, Violin plots showing IC₅₀ values (log₂) of MCL1 inhibitors 

in SMARCA4/2-dual deficient (A4/2ᴰᵉᶠ) and -proficient (A4/2ᴾʳᵒ) lung and ovarian cancer cell lines (the plotted 

cell lines represent the common set found in both the GDSC and CCLE databases). For AZD5991, n = 44 

(A4/2ᴾʳᵒ) vs 7 (A4/2ᴰᵉᶠ); for MIM1, n = 48 (A4/2ᴾʳᵒ) vs 10 (A4/2ᴰᵉᶠ); for UMI-77, n = 45 (A4/2ᴾʳᵒ) vs 7 (A4/2ᴰᵉᶠ). 

Each point represents a cell line (gray: lung; red: ovary). **p < 0.01; ***p < 0.001, unpaired two-tailed Student’s 

t-test. c–d, Colony formation (c) and immunoblot (d) analyses of NSCLC cells expressing control or MCL1 

shRNAs. MCL1 knockdown suppressed long-term growth and increased cleaved PARP in SMARCA4/2-

deficient H1703 cells but not in proficient H1437 cells. e–f, Colony formation (e) and immunoblot (f) analyses 

of ovarian cancer cells expressing control or MCL1 shRNAs. SMARCA4/2-deficient SCCOHT-1 and BIN-67 

cells were sensitive to MCL1 knockdown, whereas SMARCA4/2-proficient OVCAR4 high-grade serous 

carcinoma cells were less affected. g–h, Colony formation (g) and cell viability (h) assays showing that 

SMARCA4/2-deficient NSCLC lines (A427, H661, H1703, H23) were more sensitive to the selective MCL1 

inhibitor S63845 than proficient lines (H358, H1437, HCC827). i, Tumor growth curves of SMARCA4/2-

deficient NSCLC PDX (TM01563) models treated with vehicle or S63845 (25 mg/kg, intraperitoneally, twice 

weekly). S63845 significantly suppressed tumor growth, n = 3 (Vehicle) vs 4 (S63845). Error bars, mean ± s.d.; 

****p < 0.0001, two-way ANOVA. j–k, Colony formation (j) and cell viability (k) assays showing that 

SMARCA4/2-deficient SCCOHT cells (COV434, SCCOHT-1, BIN-67) were markedly sensitive to S63845 

compared with OVCAR4 and FT190 controls. Tumor growth curves of SMARCA4/2-deficient SCCOHT PDX 

(NRTO-1) models treated with vehicle or S63845 n = 5 (Vehicle) vs 5 (S63845), showing significant tumor 

growth inhibition in vivo. Error bars, mean ± s.d.; ****p < 0.0001, two-way ANOVA. 

 

Figure 2. SMARCA4 re-expression reduces sensitivity to MCL1 inhibition in SMARCA4/2-deficient 

cells. 

a–d, Cell viability (a, b), n= 3-6, Error bars, mean ± s.d., colony formation (c) and immunoblot (d) showing that 

re-expression of SMARCA4 in SMARCA4/2-deficient NSCLC cells (A427, H1703) conferred resistance to 

S63845 compared with vector controls. Immunoblot analyses verifying SMARCA4 restoration in A427, 

H1703. e-g, Immunoblots of A427 (e), H1703 (f) and SCCOHT-1 (g) cells with or without SMARCA4 treated 

with or without S63845 for 24 hours. 

 

Figure 3. SMARCA4/2 deficiency mediates synthetic lethality with MCL1 inhibition through 

downregulation of BCL-xL expression. 

a, Expression levels of apoptosis-associated genes in ovarian and lung cancer cell lines ± SMARCA4/2 

restoration or SMARCA4 knockout. Each dot represents a gene. For all cell lines presented, each condition 

includes ≥3 technical replicates. Ctrl: control, A2: SMARCA2, A4: SMARCA4. b, BCL2L1 mRNA levels in 

SCCOHT (n = 13) and HGSC (n = 21) patient tumor samples. ***p < 0.001, unpaired two-tailed Student’s t-
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test. c, Real-time PCR analysis of BCL-xL mRNA levels in SMARCA4/2-deficient cell lines expressing vector 

control (Ctrl), SMARCA4 (A4) or SMARCA2 (A2). n = 3, error bars: mean ± s.d., *p < 0.05; **p < 0.01; ****p 

< 0.0001, Brown-Forsythe and Welch ANOVA. d, Immunoblots of indicated cell lines ± SMARCA4 re-

expression measuring MCL1 protein levels. Actin was used as a loading control. e, Western blots of 21 NSCLC 

cell lines using antibodies against SMARCA4, SMARCA2, MCL1 and BCL-xL. HSP90 served as loading 

control. A4: SMARCA4, A4/2: SMARCA4/2, Pro: proficient, Def: deficient, KRAS: KRAS mutation. 

f, Representative genome browser tracks showing SMARCA4/2, H3K27Ac ChIP-Seq and ATAC-Seq peaks at 

the BCL2L1 locus in BIN-67 and H1703 cells re-expressing SMARCA4/2.  

 

Figure 4. BCL-xL deficiency predominantly contributes to MCL1 dependency. 

a,b, Colony formation assays of H1703 (a) and SCCOHT-1 (b) cells stably expressing pLX304-GFP, pLX304-

MCL1, or pLX304-BCL-xL, cultured with indicated concentrations of MCL1 inhibitor for 14 days. c-h, Cell 

viability assays of H1703 (c) and SCCOHT-1 (d) cells stably expressing pLX304-GFP, pLX304-MCL1, or 

pLX304-BCL-xL, treated with MCL1 inhibitor for 5 days. n = 3, error bars: mean ± s.d. Western blot analysis of 

H1703 (e) and SCCOHT-1 (f) cells expressing the indicated constructs and treated with increasing doses of 

MCL1 inhibitor for 24 hours. Blots were probed for SMARCA4, cleaved PARP, MCL1, BCL-xL, cleaved 

caspase-3, and HSP90. The ectopically expressed proteins were highlighted by the arrows. Colony formation 

assay (g) and immunoblot analysis (h) of H1703 cells expressing the indicated constructs and co-infected with 

pLKO control or MCL1 3′UTR-targeting shRNA. Western blots probed with antibodies against SMARCA4, 

cleaved PARP, MCL1, BCL-xL, and HSP90. i, Colony formation assays of A427 and H1703 cells ± SMARCA4 

re-expression, cultured with MCL1 inhibitor ± 1 μM WEHI-539 (BCL-xL selective inhibitor) for 14 days. All 

plates were fixed at the same time. 
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