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Abstract

Recent research has uncovered a surprisingly high occurrence of aberrant expression and mutations in the genes
that encode subunits of the SWI/SNF chromatin-remodeling complexes (SCRC). Nevertheless, the carcinogenic
effects of aberrant expression and mutations in SWI/SNF genes have only been acknowledged in recent times,
resulting in a comparatively limited understanding of these modifications. In this study, we comprehensively
analyzed the expression difference, somatic mutation, potential biological pathways, stromal or immune cell
infiltration, and drug sensitivity of SCRC-related genes (SCRGs) in pan-cancer. Furthermore, the evolutionary trend,
prognostic signature, and immunotherapy response of SCRGs in kidney renal clear cell carcinoma (KIRC) were
also evaluated. The expression of SCRGs was changed in 13 out of 14 tumor types, strongly linked to prognosis,
and mutated in 30.9% of tumor patients. SCRGs were also closely associated with immune-related pathways

and tumor metastasis pathways. The expression of SCRGs was positively associated with the immune score or
stromal score but negatively correlated with Tumor purity. Three potential drugs (FK866, Ispinesib mesylate, and
WZ3105) were identified to target the SCRGs. In KIRC, scRNA-seq analysis showed that the enrichment of SCRC
and the communication frequency with immune cells were significantly declined during tumor cell progression.
A prognostic signature was constructed in KIRC and was effective in predicting the prognosis for KIRC. Aberrant
expression of eleven prognostic genes identified from the KIRC prognostic signature and the cytotoxicity of FK866
and Ispinesib mesylate to KIRC were verified by gqRT-PCR and CCK-8 assay, respectively. Our study identified SCRGs
as potential biomarker and therapeutic targets, providing new insights into SCRC for tumor-targeted therapy.
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Introduction

The SWI/SNF chromatin remodeling complex (SCRC)
is a subfamily of ATP-dependent chromatin remodeling
proteins that play broad roles in regulating gene expres-
sion through the modification of chromatin structure [1].
The SCRC is composed of two ATPases, SMARCA4 and
SMARCA?2, along with other core subunits, including
SMARCBI, PBRM1, SMARCCI, ARID1A, ARID1B, and
others [2].

Emerging studies have indicated that there is a high
prevalence of mutations in the genes responsible for
encoding the subunits of the SWI/SNF complex in mul-
tiple cancer types [3]. SMARCBI is silenced by biallelic
mutations in almost all instances of rhabdoid tumors,
which typically develop in children under the age of
3 with a notably unfavorable prognosis [4]. The pres-
ence of the PBRM1 mutation, in addition to the VHL
mutation which is a hallmark of kidney clear cell renal
carcinoma (KIRC), contributes to the development
of bilateral and multifocal clear cell kidney malignan-
cies [5]. SMARCA4 has been identified as frequently
mutated in lung cancer and has driven cancer progress,
leading to the development of highly sophisticated undif-
ferentiated malignancies and an elevated occurrence of
metastasis [6]. Recently, the first small-molecule inhibi-
tor (Tazemetostat) of EZH2 exhibited a promising safety
profile and demonstrated anticancer effectiveness in
patients diagnosed with B-cell non-Hodgkin lymphoma
and INI1 or SMARCA4-negative tumors [7]. EZH2 is
a methyltransferase, and its enzyme activity is tightly
and reversely regulated by the SWI/SNF complex [8].
Thus, impeding mutations associated with the SWI/SNF
complex represent a promising therapeutic strategy for
mutation-addicted cancers. Despite the fact that aber-
rant expression and mutations in the SWI/SNF complex
are prevalent in cancers and a few mutations have been
investigated in certain cancer types, the landscape of the
SWI/SNF complex in pan-cancer is still in need of addi-
tional refinement and mapping.

Results

Investigation of disparities in gene expression, genetic
alterations, immune infiltration, effect on signaling
pathways, and responsiveness to drugs in SCRGs

The materials and methods are thoroughly documented
in the Supplementary Materials section. The cancer types
with abbreviations and twenty-nine SWI/SNF-related
genes identified for the analysis are listed in Sup. Tables 1
and 2, respectively. The flow chart of this study is shown
in Sup. Figure 1.

The SCRGs mRNA levels exhibited considerable fluc-
tuations in 13 tumor types, especially in LUSC (24/29),
KIRC (21/29), BRCA (20/29), LIHC (20/29), and THCA
(20/29) (Fig. 1A). Specifically, most SCRGs had significant
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differential expression across BRCA, GBM, KIRC, LUAD,
LUSC, and STAD tumor subtypes (Fig. 1B). Furthermore,
the survival analysis employing Cox proportional risk
regression models demonstrated a substantial correlation
between the expression of SCRGs and the prognoses of
several types of tumors, particularly LGG and KIRC (Sup.
Table 3 and Fig. 1C). Besides expression profile, the top
5 mutation frequencies of SCRGs were ARID1A (26%),
PBRM1 (13%), ARID2 (13%), SMARCA4 (12%), and
ARIDI1B (11%), and the top 10 mutated SCRGs in total
were present in 69.73% (2209/3168) of tumor patients
(Fig. 1D). All the mutated SCRGs were detected in UCEC
and SKCM, while PCPG, TGCT, LAML, KICH, and
UVM harbored much fewer mutations (Sup. Figure 2).
Nevertheless, the occurrence of simultaneous mutations
in more than one subunit is infrequent. One probable
explanation is that in such cases, the patient’s chances
of survival and prognosis may be significantly dimin-
ished (Sup. Figure 3). Substantial copy number variations
(CNVs) of SCRGs were also noticed in most tumor types
(Sup. Figure 4). The expression of SCRGs in most tumor
types showed a positive correlation with CNV levels,
especially BRCA, LUSC, and OV (Sup. Figure 5). In con-
trast, for LAML, DLBC, and THCA, the expression of
SCRGs did not exhibit a significant association with CNV
levels (Sup. Figure 5). Intriguingly, SCRGs correlated
positively with tumor mutation burden (TMB) in SARC
but negatively in seven other cancer types (PRAD, LUSC,
LIHC, LUAD, ACC, PAAD, and CESC) (Sup. Figure 6 A).
Similarly, SCRGs were positively correlated with micro-
satellite instability (MSI) in COAD but negatively in ten
other cancer types (LUSC, HNSC, LUAD, PRAD, STAD,
LIHC, SKCM, PCPG, OV, and TGCT) (Sup. Figure 6B).

Immune infiltration of malignancies correlates strongly
with clinical outcomes [9]. The expression of SCRGs was
positively correlated with stromal score, immune score,
and ESTIMATE scores while negatively correlated with
tumor purity (Fig. 1E). Immune cell infiltration showed
a positive association between SCRGs and immune-
inflammatory cells such as CD8 naive cells, B cells, and
CD4 T cells, while displaying a negative association with
immunosuppressive cells such as macrophages, DC,
and NK cells (Fig. 1F). SCRGs were positively correlated
with chemokine genes in distinct tumor types, showing
that SCRGs also promote chemokine expression (Sup.
Figure 7).

In terms of signaling pathway regulation, our analyses
showed that the TNFa signaling via NF-«B, P53 path-
way, IL-2/STAT5 signaling, IL-6/JAK-STAT3 signaling,
inflammatory response, epithelial-mesenchymal transi-
tion, and apoptosis pathways were significantly activated,
and the oxidative phosphorylation, Myc, G2M check-
point, and E2F pathways were significantly inhibited in
multiple cancer types (Fig. 1G). Lastly, drug sensitivity
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Fig. 1 (See legend on next page.)
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Fig. 1 Gene expression, genetic alteration, immune infiltration, effect on the signaling pathway, and responsiveness to drugs of SWI/SNF complex-relat-
ed genes (SCRGs). (A) Differential expression analysis of SCRGs in 14 tumor types that meet the inclusion criteria with more than 10 available normal tis-
sues adjacent to the tumors, represented by log2(FC) and false discovery rate (FDR) values. The color scale represents log2(FC) values, with red indicating
upregulation (log2 (FC)>0) and blue indicating downregulation (log2(FC) <0). (B) Differential expression analysis of SCRGs in different tumor subtypes.
The redder the color, the higher the FDR value. (C) Prognostic survival analysis of SCRGs for 33 tumor types. The Hazard Ratio (HR) value is indicated by
the color, with a higher HR value in redder colors. (D) The waterfall plot shows the mutation distribution and types of the top 10 mutated genes in SCRGs.
(E) Spearman correlation analysis of the ESTIMATE score and single-sample gene set enrichment analysis (sSGSEA) score: positive correlation in red, nega-
tive correlation in blue. *P<0.05, **P<0.01, ***P<0.001. (F) Spearman correlation analysis of gene set variation analysis (GSVA) score and immune cell
infiltration. *P < 0.05; #FDR < 0.05. (G) Gene set enrichment analysis (GSEA) of SCRGs in pan-cancer. The size of the circles represents the FDR value for each

enrichment cancer pathway, and the color represents the normalized enrichment score (NES) for each enrichment cancer pathway

prediction showed that three potential drugs (WZ3105,
Ispinesib mesylate, and FK866) exhibited high sensi-
tivity to the expression of the majority of SCRGs (Sup.
Figure 8).

Tumor cell evolution and construction of the prognostic
signature of SCRGs in KIRC
Based on our above analyses, KIRC was identified as one
of the two tumor types, along with LUSC, that had the
highest number of altered SCRGs (Fig. 1A). Thus, KIRC
was chosen as a representative tumor type for the fol-
lowing analysis. Nine cell types and ten subpopulations
from the single-cell RNA sequencing (scRNA-seq) data
(GSE159115) in KIRC were further identified (Sup. Fig-
ure 9A-B). Enrichment analysis revealed that SCRGs
were highly enriched in tumor cell clusters 1, 3, and 7
and less enriched in clusters 0, 4, and 9 (Fig. 2A and Sup.
Figure 9B-C). Pseudotime analysis showed that KIRC
tumor cells evolve into three branches, starting in state 1
(which mainly consists of clusters 1, 3, and 7) and going
on to state 3 (which mainly consists of clusters 2, 5, and
6) and state 2 (which mainly consists of clusters 0, 2, 4,
8, and 9) (Fig. 2B and Sup. Figure 9D-E). The enrichment
level of SCRGs in state 1 was significantly higher than
the other two branches, while state 3 was higher than
state 2 (Fig. 2C). The cellular communication analysis
also revealed that tumor cells exhibiting elevated levels
of SCRGs displayed a greater propensity for intercel-
lular communication with DC, monocyte, and macro-
phage immune cells (Sup. Figure 9F-G). Additionally, the
communication between tumor cells with high and low
SCRGs enrichment and immune cells showed significant
differences in ligand-receptor pairings (Sup. Figure 10).
The abnormal pattern of SCRGs in tumors is strongly
correlated with prognosis. Based on the 21 SCRGs that
were differentially expressed in KIRC (Sup. Table 4), a
prognostic signature for KIRC consisting of 11 screened
prognostic SCRGs was developed by multivariate Cox
regression analysis (Sup. Table 5). This signature pro-
duced risk assessments for each individual and catego-
rized them as either “high-risk” or “low-risk” based on
the median results. The ROC curves demonstrated the
reliability of the prognostic signature, as indicated by the
AUC values of 0.75, 0.75, and 0.85 for 1, 5, and 10-year

survival, respectively (Fig. 2D). The Kaplan-Meier (K-M)
survival curves demonstrated that low-risk patients sur-
vived longer than high-risk patients by the log-rank test
(Fig. 2E). To further improve KIRC prognosis, a nomo-
gram was created to combine risk group and clinical
phenotype, such as age, laterality, M stage, T stage, and
stages (I - IV) (Fig. 2F). Next, the nomogram employ-
ing these prognostic parameters revealed that lateral-
ity, age, risk group, T stage, and stages are important
for KIRC overall survival (OS) prediction (Fig. 2G). The
calibration plots for internal validation of the line graphs
revealed excellent agreement between predicted prob-
abilities and actual observations of 1, 5, and 10-year
OS (Fig. 2H). The predictive accuracy of the prognostic
signature was enhanced by the nomogram, as indicated
by AUC values of 0.87, 0.82, and 0.85 for the 1-year,
5-year, and 10-year, respectively (Fig. 2I). The high-
risk group had elevated levels of LAG3, CTLA4, CD28,
PDCD1, LMTK3, CD40, and TIGIT immune check-
points, whereas there were no differences observed in
SIGLEC15, HAVCR2, PDCD1LG2, and CD274 (Fig. 2]).
TIDE scores also showed that the high-risk group had
higher scores, which indicated more immune escape
and a worse immunotherapy response, than the low-risk
group (Fig. 2K).

Experimental validation
The transcript level of 11 prognostic genes identified
from the KIRC prognostic signature was evaluated in
two KIRC tumor cell lines (786-O and Caki-1) and nor-
mal human renal proximal tubular epithelial cells (HK-2)
by using quantitative reverse transcription-polymerase
chain reaction (qQRT-PCR) (Sup. Table 6). Concisely,
compared to HK-2 cells, SMARCC2 and SMARCD1
remained unchanged in 786-O cells but were still upregu-
lated in Caki-1 cells (P<0.001). Furthermore, upregula-
tion of the other four prognostic genes (ACTB, BRD9,
BCL11A, and BCL7B) and downregulation of all five
prognostic genes (SMARCA?2, PHF10, ARID1B, BCL7A,
and SMARCC1) were observed in both 786-O and
Caki-1 cells (Sup. Fig. 11A), which were consistent with
our calculations.

In addition, we evaluated the cytotoxic effects of two
commercially available drugs, FK866 and Ispinesib
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Fig. 2 Tumor cell evolution and construction of the prognostic signature of SCRGs in KIRC. (A) The T-distributed Neighbor Embedding (tSNE) plots visu-
ally illustrate the enrichment levels of SCRGs in each cell. The area under the curve (AUC) value represents SCRGs'enrichment levels. The brighter the color,
the higher the AUC. (B) The pseudotime trajectory plot for KIRC was constructed based on risk scores and clinical phenotypes. (C) Violin plots indicate the
enrichment levels of SCRGs for the three proposed chronological branches. *P<0.05, **P<0.01, ***P<0.001. (D) Receiver operating characteristic (ROC)
curves for prognostic signature. (E) Survival curves for prognostic signature. (F) Forest plots of risk groups and clinical phenotypes (G) A nomogram for
KIRC was constructed based on risk scores and clinical phenotypes. (H) Calibration curves of internal validation of the nomogram. () ROC curves for the
nomogram at 1,5, and 10 years of prediction. (J) Comparison of the expression of immune checkpoint genes in high- and low-risk groups. (K) Comparison
of tumor immune dysfunction and exclusion (TIDE) scores in high- and low-risk groups

mesylate, using cell counting kit-8 (CCK-8) assays. Both  showed strong cytotoxicity to the two tumor cell lines
FK866 and Ispinesib mesylate exhibited cytotoxic effects  in a dose-dependent manner (Sup. Fig. 11B). This find-
on 786-O and Caki-1 cells. Notably, Ispinesib mesylate  ing suggests that drug prediction analysis in this study is
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reliable and provides an effective way to find personal-
ized drug selection in clinical practice.

Conclusion

This study represents the initial attempt to perform a
thorough pan-cancer examination of SCRGs, which have
demonstrated potential as therapeutic targets and auton-
omous prognostic epigenetic biomarkers. The analysis
uncovers the extent of mutational and copy number vari-
ations in SCRGs across a diverse array of cancers. Our
analyses indicate a possible strong association between
the SWI/SNF chromatin remodeling complex and anti-
cancer drugs. The single-cell RNA sequencing investiga-
tion demonstrated a strong correlation between SCRC
and the phenomenon of cancer cell evolution in KIRC.
Moreover, a novel set of eleven-gene-signature was devel-
oped specifically for KIRC. Furthermore, in KIRC tumor
cells, the transcript level of eleven prognostic genes and
the cytotoxicity of potential drugs (FK866 and Ispinesib
mesylate) were also validated using qRT-PCR and CCK-8
assays. In conclusion, we provide new information
regarding the putative anti-tumor mechanisms linked to
the SWI/SNF chromosomal complex, warranting further
investigation and confirmation.
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