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The IL6/JAK/STAT3 signaling axis is
a therapeutic vulnerability in
SMARCB1-deficient bladder cancer
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Pavlos Msaouel 15,16,17 , Shyam M. Kavuri 6 & Nagireddy Putluri 1,2,5

SMARCB1 loss has long been observed in many solid tumors. However,
there is a need to elucidate targetable pathways driving growth and
metastasis in SMARCB1-deficient tumors. Here, we demonstrate that
SMARCB1 deficiency, defined as genomic SMARCB1 copy number loss
associated with reduced mRNA, drives disease progression in patients
with bladder cancer by engaging STAT3. SMARCB1 loss increases the
chromatin accessibility of the STAT3 locus in vitro. Orthotopically
implanted SMARCB1 knockout (KO) cell lines exhibit increased tumor
growth and metastasis. SMARCB1-deficient tumors show an increased
IL6/JAK/STAT3 signaling axis in in vivo models and patients. Further-
more, a pSTAT3 selective inhibitor, TTI-101, reduces tumor growth
in SMARCB1 KO orthotopic cell line-derived xenografts and a SMARCB1-
deficient patient derived xenograft model. We have identified a gene
signature generated from SMARCB1 KO tumors that predicts SMARCB1
deficiency in patients. Overall, these findings support the clinical eva-
luation of STAT3 inhibitors for the treatment of SMARCB1-deficient
bladder cancer.

Bladder cancer (BLCA) is a commonmalignancy that causesmore than
150,000 deaths per year worldwide1. It is the fourth most common
cancer in men and ninth overall among other cancer types2. So far,
there are only a few FDA-approvedmolecularly targeted agents for the
treatment of metastatic BLCA3–5.

BLCA represents a broad spectrumof diseases, from low-risk, low-
grade non-muscle invasive to high-grade muscle invasive cancers to
locally advanced unresectable or, metastatic disease6. One of the
challenging aspects of clinically managing BLCA is its heterogeneity
with respect to invasion and formation of new or recurring tumors in

the bladder. Deciphering the molecular mechanisms involved in the
development of BLCA metastasis is essential for developing effective
tumor-specific therapies.

The genomic landscape of patients with BLCA revealed that >60%
of cases have inactivation in the components of the SWItch/Sucrose
Non-Fermentable (SWI/SNF) nucleosome remodeling family of
complexes7. SWI/SNF complexes are comprised of multiple subunits,
including SMARCB1, SMARCA4, ARID1A, ARID1B, PBRM1, BRD7,
SMARCC1, and SMARCC28,9. The SMARCB1 (SWI/SNF-Related Matrix-
Associated Actin-Dependent Regulator of Chromatin Subfamily B
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Member 1) subunit, also known as integrase interactor 1 (INI-1), or BRG1
associated factor 47 (BAF47), is critical for the chromatin remodeling
function of SWI/SNF complexes10–15.

Recent data suggest that low SMARCB1 expression facilitates
BLCA growth via the activation of STAT316. This is corroborated by the
notable STAT3 pathway upregulation found in renal medullary carci-
noma, a highly aggressive renal cell carcinoma subtype characterized
by the loss of SMARCB117. However, themolecularmechanisms behind
these observations remain to be elucidated, and the utility of STAT3
pathway targeting has not been investigated in SMARCB1-deficient
tumors. In the present study, we hypothesized that targeting STAT3
would be most efficacious in BLCA tumors harboring SMARCB1 defi-
ciency defined as SMARCB1 copy number loss associated with
decreased SMARCB1 mRNA expression. To test this hypothesis, we
sought to elucidate the impact of SMARCB1 loss and subsequent
STAT3 pathway activation on bladder orthotopic tumor growth,
metastasis, and BLCA disease-specific survival. Additionally, we
examined the molecular mechanisms of metastasis and examined
therapeutic strategies to overcome tumor growth and metastasis in
SMARCB1-deficient BLCA driven by STAT3 pathway upregulation.
Further, we established a transcriptional signature, which can be used
to identify subgroups of patients with SMARCB1-deficient BLCA. These
findings could provide preclinical rationale for effectively treating this
subset of patients with SMARCB1-deficient BLCA.

Results
Low SMARCB1 expression in BLCA tumors is associated with
worse patient outcomes and IL6/JAK/STAT3 pathway
upregulation
To obtain better insights on individual SWI/SNF components in BLCA,
we assessed the association of survival with the mRNA expression of
each of these subunits (low vs high) using maximally selected rank
statistics18 from The Cancer Genome Atlas Urothelial Bladder carci-
noma (TCGA-BLCA) cohort (refer tomethods section) 7. We found that
low expression of SMARCB1 (p =0.031) (Fig. 1A; Supplementary
Data 1A), ARID1A (p = 0.047)19, and SMARCD1 (p =0.047) (Supple-
mentary Fig. 1) were significantly associated with worse survival out-
comes. We subsequently focused our investigation for this study on
SMARCB1 because it showed the strongest association with survival
and is an established tumor suppressor and key driver of other geni-
tourinary malignancies such as Renal Medullary Carcinoma (RMC)17.
We performed gene set enrichment analysis (GSEA) to identify the
pathways significantly enriched in BLCA tumors harboring low
SMARCB1 expression. Hallmark signaling pathways associated with
inflammatory responses and IL6/JAK/STAT3 signaling pathways were
among the top enriched gene sets associated with low SMARCB1
expression (Fig. 1B, C; Supplementary Data 2).

To verify these findings, we performed transcriptomic analysis in
additional previously published BLCA datasets20–22, and again con-
sistently found that SMARCB1 low tumors were significantly
enriched for the IL6/JAK/STAT3 pathway (Supplementary Fig. 2A–C;
Supplementary Data 3). The lowest SMARCB1 levels in the TCGA-BLCA
cohort were noted in the subset of tumors that harbored either deep or
shallow SMARCB1 deletions (~34% of BLCA tumors) (Fig. 1D). Further-
more,GSEAanalysis of theTCGA-BLCAcohortdemonstrated significant
enrichment of the IL6/JAK/STAT3 signaling pathway in tumors harbor-
ing either deep or shallow SMARCB1 deletions compared with
SMARCB1 diploid tumors (Supplementary Fig. 2D; Supplementary
Data 4). In contrast to SMARCB1 shallow/deep deletions, the frequency
of SMARCB1 mutations in BLCA was very low (n = 5 out of 402; Sup-
plementary Fig. 2E). Broader interrogation of the TCGApan-cancer data
(excluding BLCA) revealed that ~24% of tumors harbor deep or shallow
deletions associated with low SMARCB1 mRNA expression (Supple-
mentary Fig. 2F; Supplementary Data 5). Further, we categorized BLCA
tumors into six different groups based on the presence of SMARCB1

genomic alterations (shallow/deep deletions, diploid, gain, and ampli-
fication) along with SMARCB1 mRNA expression levels. We observed
that only group I (SMARCB1 shallow/deep deletions and low mRNA),
which we referred hereafter as the “SMARCB1-deficient” BLCA cohort,
showed significant increase of pSTAT3 as compared to either diploid or
gain of SMARCB1 BLCA cohorts (Fig. 1E; Supplementary Data 1B).

Loss of SMARCB1 increases tumor growth and metastasis
To investigate the role of SMARCB1 loss in mediating tumor growth
and metastasis, we used CRISPR/Cas9 to knockout (KO) SMARCB1
(from clone C16) in the human T24 BLCA cell line (Supplementary
Fig. 3). As shown in Fig. 2A, our immunoblot analysis confirmed
depletion of SMARCB1 protein in KO cell lines compared to respective
controls expressing non-targeting sgRNA (empty vector). To validate
the specificity of the KO phenotype, we generated a SMARCB1
rescue cell line by re-expressing the full-length SMARCB1 in the KO
background cells as confirmed by immunoblot analysis (Fig. 2A). All
the cells were luciferase labeled to facilitate Bioluminescence imaging
(BLI) in vivo. To investigate whether loss of SMARCB1 promotes BLCA
disease progression, we used an orthotopic mouse NOD/SCID/IL2rγ-
null (NSG) model wherein luciferase labeled T24 human bladder can-
cer cells (control, KO, or rescue)were directly injected into the bladder
wall (orthotopic site) using two independent KO (SMARCB1 loss)
clones (C16 and C45) and respective SMARCB1 rescue lines. We mon-
itored orthotopic tumor growth using BLI signal. Within 2–3 weeks
post-injection, we observed significantly increased BLI signal in the
bladder region of mice implanted with SMARCB1 KO (clone C16) cells
comparedwith T24 control cells (Fig. 2B; Supplementary Fig. 4A).Mice
implanted with rescue cells had similar levels of luciferase signal to
control cells, ruling out the possibility that the observed phenotype in
KO cells was due to off-target effects. At the endpoint (~week 3) the
weight of KO xenografts tumors was >10-fold compared to controls
(Fig. 2C). The increased tumor growth in SMARCB1 KO was evidently
abrogated in rescue cells, wherein SMARCB1 expression was similar
to control (Fig. 2C). This observation was further confirmed in the
independent SMARCB1 KO clone (C45) derived from the T24 BLCA
cell lines (Supplementary Fig. 4B). Tumors from these cells also
showed >10-fold increase in the KO compared to the control or rescue
(Supplementary Fig. 4C).

SMARCB1 functions in the stabilization of the SWI/SNF complex,
and therefore loss of this gene leads to instability of the SWI/SNF
complex regulation of the promoter/enhancer regions of the target
genes23. To determine whether SMARCB1 KO affected the expression
of SWI/SNF complex subunits, we measured the endogenous protein
expression of core complex genes SMARCA4, SMARCC1, and
SMARCC2 in both T24 SMARCB1 KO and rescue cells from clone C16.
Our protein analysis did not reveal any changes to the other core
subunits upon KO of SMARCB1, suggesting that the observed pheno-
type is specific to the loss of SMARCB1 (Supplementary Fig. 4D). We
successfully generated SMARCB1 knockdown (KD) using two inde-
pendent shRNAs to generate T24 SMARCB1KDcell lines (KD1 andKD2)
and confirmed the decrease in SMARCB1 mRNA and protein expres-
sion levels compared with SMARCB1 KO T24 cell lines (Supplementary
Fig. 4E, F). We further investigated the effect of tumor growth using
these cell lines. Our orthotopic xenograft studies revealed that both
KDs and KO (clone 16) showed increased tumor growth, but KO had
significant effect of tumor growth compared to KDs (Supplementary
Fig. 4G). To validate our findings, we used the luciferase labeled T24
cells from the C16 clone (control, KO, rescue) to perform spheroid
assays and observed increased spheroid growth in SMARCB1 KO
compared to control and rescue (Supplementary Fig. 5).

To further assess the role of SMARCB1 in metastatic progression,
we harvested and analyzed BLI signal for lungs, liver, kidneys, and
stomach & intestines from each mouse by ex-vivo. All ex-vivo lungs,
liver, and stomach & intestines from mice bearing SMARCB1 KO cells

Article https://doi.org/10.1038/s41467-024-45132-2

Nature Communications |         (2024) 15:1373 2



exhibited the BLI signal, but only a few ex-vivo kidneys exhibited the
BLI signal (Supplementary Fig. 6A). BLI signal and total flux in organs
harvested frommice bearing SMARCB1 KO xenografts were increased
compared to mice bearing control and rescue xenografts (Fig. 2D, E).
Hematoxylin and eosin (H&E) analysis of the lungs, liver, kidneys, and
intestine sections from SMARCB1 KO xenografts confirmed the
metastatic potential of SMARCB1 KO orthotopic tumors (Fig. 2F).
Immunohistochemistry (IHC) analyses for SMARCB1 on the sections
derived from metastatic lesions also validated that these metastatic
lesions are derived from SMARCB1 KO orthotopic tumors, suggesting
that loss of SMARCB1 increased BLCA metastasis (Supplementary
Fig. 6B), whereas the organs derived from mice bearing control and

SMARCB1 rescue xenografts did not show any presence of metastatic
lesions (Supplementary Fig. 7A). Overall, these in vivo experimental
findings suggest that loss of SMARCB1 increased BLCA tumor growth
and metastasis, consistent with the clinical association of low
SMARCB1 BLCA tumors with worse outcomes.

To validate these findings in a clinical setting, we evaluated pri-
mary and matched metastatic tissues from seven patients with BLCA
treated in a Phase II clinical trial (NCT02788201) from the National
Cancer Institute (NCI). We found decreased mRNA expression of
SMARCB1 in the metastatic lesions compared to matched primary
tumors indicating that low SMARCB1 levels are associated with distant
metastases (Supplementary Fig. 7B).
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SMARCB1 loss leads to activation of IL6/JAK/STAT3 signaling
To identify SMARCB1-specific targets enriched upon SMARCB1 loss
(KO) and gain (rescue of SMARCB1), we performed transcriptomic
profiling (RNA-seq) from T24 Control, SMARCB1 KO (clone 16) and
SMARCB1 rescue orthotopic xenografts using both Salmon and
XenofilteR methods. We performed GSEA comparing SMARCB1 KO
over control and SMARCB1 rescue over KO to identify pathways enri-
ched by SMARCB1 loss. IL6/JAK/STAT3 signaling was one of the
top most positively enriched pathways in SMARCB1 KO (Fig. 3A; Sup-
plementary Fig. 8A–F; Supplementary Data 6) and this pathway was
negatively enriched upon rescue of SMARCB1 (Fig. 3B; Supplementary
Fig. 8A–F; Supplementary Data 6).

Since our transcriptomic comparisons consistently showed
enrichment of the IL6/JAK/STAT3 pathway in SMARCB1-deficient BLCA
tumors, we further verified the transcript levels of IL6, JAK1, and STAT3
by qRT-PCR from orthotopic tumors. Our analysis revealed sig-
nificantly increased mRNA expression of STAT3, IL6 and JAK1 in
SMARCB1 KO T24 xenografts (clone 16) which were decreased upon
rescue of SMARCB1 (Fig.3C; Supplementary Fig. 9A, B). In the same
setting, immunoblot analysis revealed significantly increased STAT3
and pSTAT3 (Y705) protein levels in SMARCB1 KO compared with
SMARCB1 control and rescue tumors (Fig. 3D). Furthermore, immu-
noblot analysis in T24 spheroids revealed a significant increase in the
total JAK1 protein expression (Supplementary Fig. 9C). However, we
were unable to detect phosphorylated form of JAK1 (pJAK1) by
immunoblot analysis. Thus, weperformedReverse PhaseProtein Array
(RPPA) analysis for pJAK1 in SMARCB1 KO compared with control and
SMARCB1 rescue spheroids, and the results revealed a significant
increase in pJAK1 levels in SMARCB1 KO spheroids (Supplementary
Fig. 9D). We subsequently measured the IL6 levels in supernatants
from control, KO and rescue derived cell lines and found increased IL6
levels in KO cell supernatants compared to SMARCB1 control and
rescue cell supernatants (Supplementary Fig. 9E). We notably
observed increased levels of IL6 in mouse plasma isolated from mice
bearing SMARCB1 KD and KO xenografts (Supplementary Fig. 9F).
Further, we observed increased levels of pSTAT3 (Y705) and STAT3 in
both KD and KO xenograft tumors (Supplementary Fig. 9G).

To investigate the chromatin changes induced by SMARCB1 loss
in BLCA cells, we performed an assay for transposase-accessible
chromatin with sequencing (ATAC-seq) analysis on SMARCB1 KO,
control, and rescue BLCA cell lines (Supplementary Fig. 10A–F). We
noted 53952 overlapping peaks that were decreased in SMARCB1
KO over control and increased in SMARCB1 rescue over SMARCB1 KO.
Moreover, 30172 overlapping peaks were increased in SMARCB1
KO over control and decreased in SMARCB1 rescue over SMARCB1 KO
(Supplementary Fig. 10B). Mapping of these peaks to hallmark path-
ways identified IL6/JAK/STAT3 signaling pathway as one of the path-
ways demonstrating increased accessibility upon SMARCB1 KO

(Supplementary Fig. 10C; Supplementary Data 7). Further tran-
scriptomic motif enrichment analysis shows an increase of STAT3
accessibility upon SMARCB1 KO (Supplementary Fig. 10D; Supple-
mentary Data 8). SMARCB1 KO cells demonstrated increased accessi-
bility of the STAT3 and IL6 loci as compared to control or SMARCB1
rescue (Supplementary Fig. 10E, F). These results suggest that
SMARCB1 may repress STAT3 pathway expression by affecting the
chromatin accessibility. To verify this, we performed chromatin
immunoprecipitation (ChIP) followed by quantitative real-time PCR
(qPCR) on the STAT3 promoter locus relative to a negative control
region of no enrichment (Fig. 3E; Supplementary Fig. 10G). Our results
revealed enrichment of histones H3K27ac and H3K4me3 at the STAT3
promoter regions in SMARCB1 KO compared to control and rescue
T24 cell line-derived orthotopic xenografts (Fig. 3E). We further ver-
ified the binding of SMARCB1 to the STAT3 promoter by ChIP-qPCR
and observed decreased SMARCB1 enrichment in KO which was res-
cued upon rescue of SMARCB1 (Fig. 3F). Similarly, ChIP-qPCR in
SMARCB1 knockdown (KD2) cell line-derived orthotopic xenografts
showed significantly increased accessibility at the STAT3 promoter
compared to control derived xenografts (Supplementary Fig. 10G).
These mechanistic findings suggest that SMARCB1 deficiency directly
deregulates STAT3 expression. To further investigate the upstream
target that drives the increased pSTAT3 (Y705) levels observed in
SMARCB1 KO BLCA cells, we treated spheroids with Itacitinib, a spe-
cific JAK1 inhibitor24,25, that abrogated pSTAT3 (Y705) levels in
SMARCB1 KO derived spheroids (Fig. 3G).

STAT3 is critical for SMARCB1-deficient BLCA tumor growth and
metastasis
To understand the role of STAT3 in SMARCB1-deficient BLCA pro-
gression, we generated KD of STAT3 using shRNA in T24 BLCA cells
using both the control and SMARCB1 KO (using clone C16) (Supple-
mentary Fig. 11A; Fig. 4A). These STAT3 KD in SMARCB1 KO and cor-
responding control cells were engrafted into orthotopic xenografts
using NSG mice. We found that STAT3 KD reduced tumor growth
(Fig. 4B, C) and lungmetastasis (Fig. 4D) comparedwith STAT3 control
in SMARCB1 KO BLCA tumors. Furthermore, in vitro spheroid assays
demonstrated that STAT3 KD in BLCA cells expressing normal
SMARCB1 levels did not affect spheroid formation (Supplementary
Fig. 11B). Conversely, STAT3 KD in SMARCB1 KO cells showed
decreased spheroid formation (Supplementary Fig. 11C).

STAT3 inhibition is an effective therapeutic strategy in
SMARCB1 KO BLCA tumors
To investigate the therapeutic effect of STAT3 inhibition, we utilized
the specific STAT3 inhibitor, TTI-101 which directly and competitively
targets the Tyrosine phosphorylation (Y705) on STAT326. We ortho-
topically engrafted SMARCB1 KO (clone C16) T24 BLCA cells. After 7

Fig. 1 | SMARCB1 deficiency is associatedwith worse outcomes and enrichment
for STAT3 signaling. A Low expression of SMARCB1 was associated with worse
survival in TCGA-BLCA. Kaplan–Meier plot with bladder cancer (n = 406) cohort
defined by low (n = 331) or high (n = 75) SMARCB1 mRNA expression based on
maximally selected rank statistics [log-rank test (P =0.031; two-sided); only patients
with survival information were represented]. B Ranking of hallmark gene sets that
are enriched in low SMARCB1 (n = 331) compared to high SMARCB1 (n = 75) based
on maximally selected rank statistics in TCGA-BLCA patients (n = 406). C Gene set
enrichment analysis (GSEA) plot for the HALLMARK IL6/JAK/STAT3 signaling
pathway comparing SMARCB1 low (n = 331) with SMARCB1 high (n = 75) in TCGA-
BLCA patients (n = 406) (NES= 2.3494; P =0.0011). GSEA analysis was performed
using 1000 permutations to determine a significance p-value. D Association
between SMARCB1 mRNA expression and SMARCB1 copy number alterations
including deep deletion (n = 3); shallow deletion (n = 138), diploid (n = 184), gain
(n = 69); amplification (n = 8) (4 patients’ copy number alteration data was una-
vailable) in the TCGA-BLCA cohort. Violin plots represent the expression levels of

SMARCB1 mRNA expression with respect to copy number alterations of SMARCB1
in the TCGA-BLCA patient cohort. E Violin plot showing the correlation between
pSTAT3 (Y705) levels (RPPA-TCGA) and SMARCB1 in the TCGA-BLCA cohort.
SMARCB1 mRNA levels were defined based on KMplot in Fig.1A. The patients were
divided into six groups by considering SMARCB1 copy number alterations and
SMARCB1 mRNA levels (Group I: SMARCB1 shallow/deep deletion with low
SMARCB1 mRNA; Group II: SMARCB1 diploid with low SMARCB1 mRNA; Group III:
SMARCB1gainwith lowSMARCB1mRNA;Group IV: SMARCB1 shallowdeletionwith
high SMARCB1 mRNA; Group V: SMARCB1 diploid with high SMARCB1 mRNA;
Group VI: SMARCB1 gain/ amplification with high SMARCB1 mRNA) [Note: pSTAT3
(Y705) data were obtained from RPPA-TCGA and available for matched patients
with copynumber alterations and survival (n = 334out of 406 used for analysis, and
refer to “Methods” section)]. For panels D and E, P-values were determined by
unpaired two-tailed Student’s t-test. Source data are provided as a Source Data file.
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days of implantation (Fig. 5A), mice were randomized to TTI-101
treatment or vehicle control based on BLI signal. Treatment of
SMARCB1 KO (clone C16) xenografts with TTI-101 showed a significant
decrease in BLI signal compared to the vehicle control (Fig. 5B), indi-
cative of decreased tumor growth. Following 4 weeks of treatment
(29 days; at endpoint), we observed a significantly decreased ortho-
topic bladder tumor weight in mice that were treated with TTI-101 as

compared to vehicle treated mice (Fig. 5C). Furthermore, there was
significantly decreased BLI signal at metastatic sites following TTI-101
treatment compared to vehicle control (Fig. 5D), suggesting decreased
metastatic lesions. Moreover, we measured the plasma IL6 levels in
TTI-101 and vehicle treatedmice andobserved a significant decreaseof
IL6 levels following TTI-101 treatment (Fig. 5E). Conversely, TTI-101 did
not affect tumor growth, metastasis, or plasma IL6 levels compared
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Fig. 2 | Effect of SMARCB1 on BLCA tumor growth and metastasis. A Validation
of CRISPR/Cas9 based SMARCB1 KO (clone 16) and rescue (ectopic overexpression
of SMARCB1 in KO derived from clone 16) by immunoblot analysis in the T24 BLCA
cell line. GAPDH was used as loading control. B Representative bioluminescence
images (BLI) ofmicebearing T24Control (ctrl), SMARCB1KO, and SMARCB1 rescue
orthotopic xenografts on day 15. C Weight of orthotopic mice bladders harboring
tumors (endpoint, day 23) fromT24 ctrl (n = 9), SMARCB1 KO (n = 7), and SMARCB1
rescue (n = 9) [Data are represented as mean ± standard deviation (SD)].
DRepresentative ex-vivo BLI images ofmetastatic lesions (lungs, liver, kidneys, and
stomach & intestine) from mice bearing T24 ctrl, SMARCB1 KO, and rescue
orthotopic xenografts. [Note: Representative ex-vivo BLI images were cropped

from different non overlapping regions of same images for lungs, liver, kidneys,
and stomach & intestine]. E Scatter plots represent the quantification of BLI signal
of lungs, liver, kidneys, and stomach & intestine of mice bearing orthotopic
xenografts from T24 ctrl (n = 9), SMARCB1 KO (n = 7) and rescue (n = 9) (quantified
by BLI signal; photons/sec/cm2/sr) [Data are represented as mean± standard
deviation (SD)]. FHistology images of Hematoxylin and eosin (H&E) staining of ex-
vivo metastatic organs derived from SMARCB1 KOmetastatic lesions derived from
panel (D). The metastatic lesions were highlighted with dotted boxes. Scale bar
represents 100 µm. For panelsC and E, P-values were determined by unpaired two-
tailed Student’s t-test. Source data are provided as a Source Data file.
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Fig. 3 | SMARCB1 loss upregulates STAT3 expression. A, B Gene set enrichment
analysis (GSEA) of RNA-seq data from orthotopic tumors derived fromT24 control,
SMARCB1 KO and SMARCB1 rescue xenografts. Volcano plot represents the hall-
mark pathways that were enriched inA SMARCB1 KOover T24 control (FDR <0.25)
and B SMARCB1 rescue over SMARCB1 KO (FDR <0.25). C Relative fold change in
mRNA levels of STAT3 fromT24 ctrl (n = 6 replicates sampled across three different
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technical replicates) and SMARCB1 rescue (n = 6 replicates sampled across three
different mice; each one analyzed under three technical replicates) orthotopic
xenografts. Normalized with β-actin [Data are represented as mean± standard
deviation (SD)].D Immunoblot analysis of pSTAT3 (Y705), STAT3, SMARCB1 in T24
ctrl, SMARCB1 KO and SMARCB1 rescue orthotopic tumors (n = 3). Same lysate was
used for upper and bottom panels. β-actin was used as loading control. Scatter

plots show relative expression of the target proteins after background subtraction
and normalization to β-actin [Data are represented as mean± standard deviation
(SD)]. E ChIP-qPCR analysis shows increased levels of H3K4me3 and H3K27ac on
STAT3 promoter in SMARCB1 KO xenografts (n = 4; two biological replicates ana-
lyzed under two technical replicates) [Data are represented as mean± standard
deviation (SD)]. F ChIP-qPCR analysis shows decreased levels of SMARCB1 on
STAT3 promoter in SMARCB1 KO xenografts which was rescued in SMARCB1 re-
expression (n = 6; three biological replicates analyzed under two technical repli-
cates) [Data are represented as mean ± standard deviation (SD)]. G Immunoblot
analysis of pSTAT3 (Y705), STAT3, and SMARCB1 in T24 ctrl, KO, and rescue
spheroids treated with the JAK1 inhibitor, Itacitinib for 10 days at 1000nM con-
centration. β-actin was used as loading control. For panels C, D, E and F, P-values
were determined by unpaired two-tailed Student’s t-test. Source data are provided
as a Source Data file.
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with vehicle control in orthotopic xenografts using T24 control cells
(Supplementary Fig. 12A–C).

TTI-101 inhibits tumor growth in SMARCB1-deficient BLCA PDXs
We preclinically investigated the efficacy of TTI-101 in PDX models.
The TM00020 PDX with SMARCB1 deletion was obtained from
Jackson Labs (Supplementary Data 9). We further verified SMARCB1
mRNA expression by qRT-PCR and pSTAT3 (Y705) by IHC comparing
with BCM-BL8091 PDX obtained from Baylor College of Medicine
(BCM) Patient-Derived Xenograft (PDX) core. Our analysis revealed
that TM00020 PDX had low SMARCB1mRNA and high pSTAT3 (Y705)
levels (Supplementary Fig. 13A–C). Based on the results we specified
TM00020 as SMARCB1-deficient compared with BCM-BL8091
PDX (high SMARCB1). Mice harboring the SMARCB1-deficient

PDX were treated daily with TTI-101 or vehicle control for
14 days whereas those harboring the SMARCB1 high PDXwere treated
daily for 77 days. Similarly, to the orthotopic SMARCB1 KO xenografts,
the SMARCB1-deficient PDX model demonstrated a significant inhibi-
tion of tumor growth with TTI-101 compared to vehicle treatment
(Fig. 6A, B). However, TTI-101 treatment did not significantly affect
the tumor growth in BCM-BL8091 (high SMARCB1) BLCA PDX mod-
el (Fig. 6C, D) even after 77 days of treatment. Total body weight
of the mice was monitored during treatment, and we observed no
significant loss of body weight with TTI-101 treatment in either
PDX model (Supplementary Fig. 13D–E). Collectively, these results
provide a strong pre-clinical rationale for TTI-101 as a therapeutic
strategy for SMARCB1-deficient BLCA with concomitant activation of
pSTAT3 (Fig. 6E).
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tion (SD)]. D Left panel shows the representative ex-vivo BLI signal of lungs from
mice bearing T24 SMARCB1 KO with scrambled sh or STAT3 KD in SMARCB1 KO
orthotopic xenografts. Right panel shows the scatter plot representing the quan-
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t-test. Source data are provided as a Source Data file.
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Identification of transcriptional signature from SMARCB1 loss
xenografts to predict SMARCB1-deficient BLCA
We identified 393 genes (59 upregulated and 334 downregulated)
that are deregulated upon SMARCB1 loss and restored upon gain
of SMARCB1 in T24 BLCA xenografts (clone 16) (Supplementary
Fig. 14A–F; SupplementaryData 10).We then examined the ability of 55
out of 59 upregulated genes to distinguish patients with SMARCB1-
deficient BLCA (Refer to Fig. 1E). To assess the discrimination perfor-
mance, using the logistic regressionmodel as a classifier and as shown
in Supplementary Fig. 14G, the concordance probability between
predicted (using the 59 gene signature) and observed SMARCB1-
deficient BLCA versus all other BLCA was 76%.

Discussion
Asmany as 50% of patients withmuscle invasive BLCAmayhave occult
metastasis that becomes clinically apparent within 5 years of initial
diagnosis, and around 5% will have distant metastasis at the time of
initial diagnosis. The lymph nodes, bones, lungs, liver, and peritoneum

are the most common sites of metastasis in BLCA. In addition to tra-
ditional chemotherapy27, a variety of new therapeutic agents including
immune checkpoint therapy, FGFR3 inhibitor, and antibody-drug
conjugates have been approved by the FDA for the treatment of
metastatic BLCA as recently reviewed28. However, about 30-80% of
bladder cancer patients still do not respond to these therapeutic
agents. Thus, identifying novel therapeutic targets that drive metas-
tasis and poor patient outcomes is of paramount importance for the
development of biomarker-guided, genomic alteration-based, effec-
tive therapies for patients with metastatic BLCA.

In this study, we demonstrate that SMARCB1 deficiency, defined
as the presence of deep or shallow SMARCB1 deletion and low
SMARCB1 mRNA, may drive BLCA disease progression in approxi-
mately 32% of patients with BLCA. These findings are in line with
existing reports suggesting that SMARCB1 loss is a frequent driver of
tumorigenesis across multiple malignancies10,12,15,17,29–32. This relation-
ship is predominantly due to somatic, as opposed to germline,
SMARCB1 alterations. An analysis of pathogenic germline variants in
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BLCA xenografts. A Schematic overview of experimental plan for SMARCB1 KO
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images of mice bearing SMARCB1 KO orthotopic xenografts which were treated
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representing BLI signal on day 24 from vehicle and TTI-101 treated mice (oral
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harboring tumors (day 29) from T24 SMARCB1 KO treated with vehicle (n = 8) and
TTI-101 (n = 10) [Data are represented as mean± standard deviation (SD)]. D Left

panel shows representative ex-vivo BLI images of lungs of T24 SMARCB1 KO cell-
bearing mice treated with vehicle (n = 8) and TTI-101 (n = 10) at endpoint day 29.
Right panel shows scatter plot representing the quantification of BLI signal of lungs
[Data are represented as mean± standard deviation (SD)]. E Quantification of
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treated with vehicle (n = 8 mice) and TTI-101 (n = 8 mice) inhibitor at endpoint day
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provided as a Source Data file.
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analysis of PDX [BCM-BL8091 obtained from BCM PDX core; high SMARCB1mRNA
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microenvironment. Source data are provided as a Source Data file.
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10,389 cancers33 identified one patient with ovarian cancer and a
SMARCB1 mutation. In addition, up to 20% of malignant rhabdoid
tumors have germline SMARCB1 deletions ormutations14. However, no
associationbetween SMARCB1 germlinemutations and BLCA has been
reported to date. Future studies should investigate the possibility that
polygenic germline interactionsmay influence SMARCB1 expression in
urothelial carcinomas.

Mechanistically, we noted in vitro and in vivo that SMARCB1
deficiency may drive BLCA growth by engaging the IL6/JAK/
STAT3 signaling pathway. ATAC-seq and ChIP-qPCR analyses revealed
increased accessibility of the STAT3 promoter upon both complete
(KO) and partial (KD) SMARCB1 loss.We subsequently investigated the
efficacy of the pSTAT3 selective inhibitor, TTI-101, in SMARCB1 KO
orthotopic BLCA cell line-derived xenografts as well as SMARCB1-
deficient PDX model. TTI-101 durably inhibited in vivo tumor growth
throughout the course of drug treatment in both the orthotopic
SMARCB1 KO cell line-derived xenograft and the SMARCB1-deficient
PDX model. Furthermore, TTI-101 potently inhibited metastatic
spread in the orthotopic xenograft model. Conversely, TTI-101 was
ineffective in SMARCB1 high orthotopic cell line-derived xenografts
and PDX model.

Our data demonstrate the preclinical efficacy of TTI-101 in
SMARCB1-deficient tumors and suggest that SMARCB1 deficiency may
predict response to STAT3 inhibition in metastatic BLCA. TTI-101 is
being tested across solid tumors in a phase I study (NCT03195699) and
SMARCB1 deficiency can be considered as a predictive biomarker for
evaluating TTI-101 clinical efficacy. Based on our preclinical findings,
we propose that TTI-101 merits clinical investigation in the subset of
patientswith SMARCB1-deficient BLCA. Towards this purpose, we have
also identified a gene signature to identify SMARCB1 deficiency in
BLCA and accordingly help screen for patients who could benefit from
STAT3 therapy. Further research is warranted to elucidate the impact
of other pathways beyond IL6/JAK/STAT3 in SMARCB1-deficient BLCA.

Methods
All the experiments for the study were performed following standards
according to the protocol approved by the Institutional Biological &
Chemical (IBC) Safety Committee, Baylor College of Medicine (BCM)
under the protocol number D-499. All mouse experiments were per-
formed at BCM and approved following the guidelines of BCM Insti-
tutional Animal Care and Use Committee (IACUC) under the protocol
number AN-7324. BCM-BL8091 patient-derived xenograft (PDX) was
acquired from the BCM PDX core. The PDX core obtained approval for
the generation of the PDX through IRB protocol H-25708 and subse-
quently implanted it under the IACUC-approved protocol number AN-
2289. All the BLCApatients’ tissues specimens (PDXs and FFPE) used in
this study were obtained by informed patient consent.

Kaplan–Meier analysis and GSEA analysis of TCGA-BLCA
SMARCB1mRNA expression and survival data of TCGA-BLCA (Refer to
Fig. 1A) dataset was downloaded from the National Cancer Institute
Genomic Data Commons (NCI-GDC) Data Portal34 using the R package
TCGA biolinks (v 2.12.6)35, and SMARCB1 copy number alterations of
TCGA-BLCA7 (Refer to Fig. 1D; Supplementary Fig. 2E) dataset was
downloaded from cBioPortal.

For the preprocessing of survival data, the overall survival day is
defined as the maximum value in days to last follow-up and days to
death. Additionally, patients with missing overall survival day or vital
status were removed. Patients with bladder cancer were divided into
SMARCB1 high group and SMARCB1 low group based on their
SMARCB1 gene expression values using maximally selected rank
statistics18 (Refer to Source data). The survival analysis was conducted
using the R package Survival (v 3.2-11) and the R package Survminer
(v 0.4.9) for the generation of figures.

Gene set enrichment analysis (Refer to Fig. 1B, C) of TCGA- BLCA
was performed by R package fgsea (version 1.14.0)36 and plotted by
ggplot2 (version 3.3.5)37. ByGSEAmethod38, enrichment of genes in the
HALLMARK IL6/JAK/STAT3 gene set, within bladder tumors with low
SMARCB1 expression which was defined based on maximally selected
rank statistics.

We delved into the GSEA focusing on SMARCB1 copy number
alterations from TCGA-BLCA (Supplementary Fig. 2D). Specifically, we
compared gene expression between SMARCB1 shallow/deep deletion
vs SMARCB1 diploid. Differential gene expression analysis was carried
out using DESeq2 (v 1.28.1)39, and the subsequent GSEAwas conducted
using the GSEA software40.

Correlation of SMARCB1 copy number alterations, mRNA
expression, and pSTAT3 protein expression from TCGA-BLCA
Asdescribed above, copy number alterations,mRNA for SMARCB1was
obtained from TCGA-BLCA were downloaded from the NCI-GDC Data
Portal34,40,41 by the R package and pSTAT3 from reverse-phase protein
array (RPPA) from the broad institute’s firehose data portal (http://
gdac.broadinstitute.org).

Next, we selected the matched patients from (1) TCGA-BLCA
contains the pSTAT3 protein from RPPA, (2) SMARCB1 copy
number alterations from TCGA-BLCA7, and (3) SMARCB1 mRNA
(maximally selected rank statistics) from TCGA-BLCA34 used for
KM plot to divide the patient population into following six groups.
Group I: SMARCB1 shallow/deep deletion with low SMARCB1 mRNA,
Group II: SMARCB1 diploid with low SMARCB1 mRNA, Group III:
SMARCB1 gain with low SMARCB1 mRNA, Group IV: SMARCB1
shallow deletion with high SMARCB1 mRNA, Group V: SMARCB1
diploid with high SMARCB1 mRNA and Group VI: SMARCB1 gain/
amplification with high SMARCB1 mRNA. Data was analyzed using
GraphPad Prism v10.

GSEA analysis of publicly available BLCA cohorts (GSE48276,
GSE32548 and GSE31684)
For GSEA analysis for Supplementary Fig. 2A, B, C, genes in each
dataset20–22 were ranked from low to high Pearson’s correlation with
SMARCB1 expression (using log2- transformed expression values).
Gene Set Enrichment Analysis (GSEA) was performed using the GSEA
software38.

SMARCB1 mRNA and copy number analysis of pan-cancer
from TCGA
For SMARCB1 copy number analysis in TCGA pan-cancer (BLCA was
excluded in this analysis), the copy number alterations were down-
loaded from the broad institute’s firehose data portal (http://gdac.
broadinstitute.org). The copy number alterations were mapped to
corresponding SMARCB1mRNAexpression levels and represented as a
violin plot using GraphPad Prism v10.

Generation of SMARCB1 KO cells from human bladder cancer
T24 cell lines
Knockout of SMARCB1 was achieved by lentivirus generated in HEK-
293T cells using pLentiCRISPR v2 plasmids harboring gRNA (guide
RNA). The generation and infection of T24 bladder cancer cell lines
were done according to a previously published study17. Puromycin
selection was performed to select lentiviral transduced single-cell
clones. As a negative control, we used cells transduced by lentivirus
generated using pLentiCRISPR v2 plasmid harboring non-targeting
control gRNA and selected with puromycin (Sigma, MO). The
sequences for generating the SMARCB1 knockout and non-targeting
control gRNA were provided in Supplementary Table 1. The cell lines
were tagged with luciferase by blasticidin selection for tracking the
metastatic potential and tumor growth.
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DNA isolation and Sanger sequencing of PCR products
DNA was isolated from cell pellets using a QIAGEN DNA isolation kit
(QIAGEN). PCR was performed with primers (Supplementary Table 2)
flanking the targeted genomic region. PCR products were then run on
1% agarose gels and purified with a QIAGEN Gel extraction kit (QIA-
GEN). 10 ng of purified PCR product was then verified by Sanger
sequencing and the obtained peaks were analyzed by Chromas soft-
ware and shown in Supplementary Fig. 3.

Generation of orthotopic cell line-derived xenografts
For orthotopic xenografts, cells were resuspended in 25 µl of media.
The resuspended cellswere thenmixedwith 25 µl ofMatrigel (Corning,
NY) for the engraftment. After mice randomization, ~ 50 µl of Matrigel-
media mix was then orthotopically injected into the bladder wall of
6–8-week-old NOD/SCID/IL2rγnull (NSG) (Jackson labs, USA) female
mice. Tomeasure the tumor growth andmetastasis, a total of 200,000
control or SMARCB1 KO (C16 or C45) or rescue cells (Fig. 2B–D and
Supplementary Fig. 4A and 4C) or SMARCB1 KD cells (Left panel of
Supplementary Fig. 4G) were injected into the bladder wall. 100,000
cells of SMARCB1 KO with shCtrl or STAT3 KD (Fig. 4) were injected
into the bladder wall. T24 SMARCB1 KO therapeutic experiments
50,000 cells (Fig. 5) were injected into the bladder wall. T24 control
cells for therapeutic experiments, a total of 500,000 cells (Supple-
mentary Fig. 12), were injected into the bladder wall. After seven days
of the implantation of cells for orthotopic in vivo experiments, wound
clips were removed, and the bioluminescence imaging (BLI) signal was
measured. The measurement of BLI signal was performed by injecting
100 µl of luciferin (15mg/ml in PBS; GoldBio, USA) substrate via the
retro-orbital route in anesthetized mice. The weight of the mice was
measured and recordedweekly. BLI signalmeasurementswere plotted
using GraphPad Prism v10.

Ex-vivo BLI measurements from organs
The body weight of mice was used to determine the time for eutha-
nasia. Before euthanizing the mice, 100μl of luciferin was retro-
orbitally injected and euthanasia was performed by cervical
dislocation under anesthetic conditions. Bladder, lungs, liver, kidneys,
stomach, and intestine organs were immediately collected, and
imaged for BLI signal using an In Vivo Imaging System (IVIS). The
measured BLI signal was quantified using IVIS lumina software (Perkin
Elmer, MA) and plotted using GraphPad Prism v10. Raw data was
available in Source Data.

RNA isolation from mouse orthotopic xenografts and
PDX tumors
For transcriptomics analysis frommouse xenografts, RNAwas isolated
from frozen tissues using the QIAGEN RNAeasy microkit (QIAGEN,
Germany). GenomicDNAdigestionwasperformed to remove traces of
genomic DNA during RNA extraction. RNA quantification from frozen
tissues was measured by Qubit and the RNA quality was determined
using Agilent Tapestation 4200 (Agilent Technologies, CA).

RNA sequencing from mouse orthotopic xenograft tumors
For RNA sequencing from frozen tissues derived from mouse xeno-
grafts, 100 ng of total RNAwas used for preparing sequencing libraries
using RNAHyperPrep Kit with RiboErase (HMR) kit (Roche sequencing
solutions). The first depletes rRNA from total RNA. After depletion of
ribosomal RNA, the remaining RNA is digested by DNaseI (Thermo-
Scientific, MA) to remove traces of genomic DNA contamination. For
cDNA synthesis, RNA was purified, fragmented, and primed. It is then
reverse transcribed into first-strand cDNA using random primers. The
next step is the removal of the RNA template and synthesis of a
replacement strand, incorporating dUTP in place of dTTP to generate
double-stranded cDNA. To separate double-stranded cDNA from the
second strand reaction mix pure beads (KAPA BIOSYSTEMS) are used.

This resulted in blunt-ended cDNA. 3′ends of blunt fragments were
added with a single ‘A’ nucleotide. Next, multiple indexing adapters,
containing a single ‘T’ nucleotide on the 3′end of the adapter, are then
ligated to the ends of double-stranded cDNA preparing them for
hybridization onto flow cells. These adapter libraries were then
amplified by PCR, purified using pure beads, and validated for
appropriate size on a 4200-tapestation D1000 screen tape (Agilent
Technologies, Inc.). Quantification of DNA libraries was performed
using the KAPA Biosystems qPCR kit and was pooled together in an
equimolar fashion. Eachpool ofDNA librarywasdenatured anddiluted
to 350pM with 1% PhiX control library. This was then loaded onto a
NovaSeq reagent cartridge for 100 paired-end sequencing and
sequenced on a NovaSeq6000 according to the manufacturer’s
instructions (Illumina Inc.).

SMARCB1 mRNA expression from patient tumors
For Supplementary Fig. 7B, the plotted data originates from RNA
sequencing performed inDr. ApoloAndrea’s lab at theNationalCancer
Institute, under the IRB approved study number 16-C-0121 and shared
the processed data for this study was used to check SMARCB1
expression.

Briefly, for transcriptomics from FFPE tissues of matched primary
and metastatic patient samples, total RNA isolation protocol from
Illumina (San Diego, CA) was used. This protocol involves the removal
of ribosomal RNA (rRNA) using biotinylated, target-specific oligos
combined with Ribo-Zero rRNA removal beads (Illumina, CA). First-
strand cDNA was synthesized by reverse transcribing with reverse
transcriptase and random primers, followed by synthesis of second
strand using DNA polymerase I and RNase H (Roche, USA). The syn-
thesized double-strand cDNA is used as input for Standard Illumina
library prep with end-repair, ligation with adapters, followed by PCR
amplification that would go into the sequencer. Quantification of the
final purified productwas done by qPCR before cluster generation and
sequencing.

For RNA sequencing from FFPE tissues (Dr. Apolo Andrea’s
lab, NCI), the TruSeq Stranded RNA libraries were pooled and
sequenced on one NovaSeq6000 (Illumina, CA) using 2 × 151
cycles kit for pair-end run. For processing raw data files, the
HiSeq Real-Time Analysis software (RTA 3.4.4) was used. Demul-
tiplexing and conversion of binary base calls and qualities to fast
q formation were done using the Illumina bcl2fastq2. Sequencing
reads were trimmed, and low-quality bases were removed using
Cutadapt (version 1.18). The trimmed reads were mapped to
mouse reference genome mm10 and GENCODE annotation v21
using STAR aligner (version 2.7.0 f) with a two-pass alignment
option. RSEM (version 1.3.1) was used for gene and transcript
quantification based on the GENCODE annotation file. All of these
experiments were carried out at Dr. Apolo Andrea’s lab at NCI,
and the processed data was shared to check the SMARCB1
expression.

RNA-seq data processing frommouse xenografts and statistical
analysis
We performed RNA-seq analysis comparing control vs. SMARCB1 KO
and SMARCB1 KO vs. rescue to identify differentially expressed genes.
To mitigate the effect of mouse mRNA contamination and estimate
mouse contamination rates, we used both competitive and non-
competitive quantification methods described below.

Quality control and adapter trimming were conducted on the raw
sequencing reads (FASTQ files) using Trim-galore (v 0.6.6). We then
concatenated the human reference transcripts (GENCODE GRCh38)
and the mouse reference transcripts (GENCODE GRCm39)42 to per-
form the first competitive quantification analysis using Salmon (v
1.4.0)43. The concatenated reference transcripts were used to evaluate
the transcript expression levels from trimmed sequencing reads. The
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contamination rates estimatedby Salmonwere calculated using Eq. (1).
The estimated human transcript-level expression was further sum-
marized to gene-level expression using the R package Tximport (v
1.16.1)44.

Salmon Estimation = ðSumðcount of mouse transcriptsÞÞ=
ðSumðcount of mouse transcriptsÞ+ Sumðcount of human transcriptsÞÞ

ð1Þ

We used STAR (v 2.7.8a)45 for the second competitive quantifica-
tionmethod to obtain a comprehensive view ofmouse contamination.
To accomplish this, we first annotated the genome transcripts with
chromosome labels for the human (GENCODEGRCh38) and themouse
reference genome (GENCODE GRCm39). Then, these annotated
reference genomes from human and mouse were concatenated toge-
ther. The same annotation and file combination processes were per-
formed for the human (GENCODE GRCh38) and the mouse gene
annotation file (GENCODE GRCm39). The trimmed sequencing reads
from different samples were then aligned to the combined human and
mouse reference genome. The contamination rates estimated by STAR
can be calculated using Eq. (2).

STAR Estimation= ðSumðnumber of mouse readsÞÞ=
ðSumðnumber of mouse readsÞ+ Sumðnumber of human readsÞÞ

ð2Þ

For the non-competitive quantification method, we first used
STAR to align trimmed sequencing reads to both the human reference
genome (GENCODE GRCh38) and the mouse reference genome
(GENCODE GRCm39). The mouse reads were then filtered using the R
package XenofilteR (v 1.6)46 which also generated an estimation of
contamination rates (Supplementary Data 6C). The raw read counts
were generated by HTSeq-count (v 0.12.4)47.

After the quantification by either competitive or non-competitive
method, we used the R package DESeq2 (v 1.28.1)39 to normalize the
raw count and conduct differential analysis of gene expression. Mouse
contamination rates estimated by both Salmon/XenofilteRwere added
to the expression model of DESeq2 as a covariate to improve the
accuracy of detecting differentially expressed genes. The differentially
expressed genes (FDR <0.05, Fold Change >2) identified by both the
competitive and non-competitive methods were reported, used for
further analysis, and represented as heat maps (Supplementary
Fig. 14A–D).

GSEA analysis of transcriptomics from mouse xenografts
GSEA was performed using the GSEA software38. The gene list that
ranked based on the test statistics from DESeq2 served as an input to
the GSEA pre-rank test. Additionally, the correlation analysis on nor-
malized enrichment scores (NES) was performed to test the result of
the GSEA. The hallmark gene sets that were significant (FDR <0.25)
under both the competitive and the non-competitive methods were
reported and represented as volcano plots. GSEA analysis was
performed to determine a significant p-value and p-values were
determined using the Kolmogorov–Smirnov test and permutation test
(One-sided and Benjamini–Hochberg corrections).

Immunohistochemistry (IHC) and Hematoxylin and eosin (H&E)
staining
IHC was performed on formalin-fixed paraffin-embedded tumor tissue
sections. Five µMsections were used for the IHC analyses. The sections
were stained with mouse monoclonal SMARCB1 antibody (BD Bios-
ciences, USA), and mouse monoclonal pSTAT3 (Y705) antibody
(Santha Cruz, USA), and the dilutions were specified in Supplementary
Table 3. IHC staining was scored by a board-certified anatomic
pathologist for extent and intensity. The extent score represents the

estimated percentage of tumor cells with positive staining. All staining
steps were performed using standard IHC protocols. The intensity
score represents the average staining intensity of all positive cells in
the section, such that a score of 0 is negative, 1 is weak, 2 is moderate,
and3 is strong. The total staining coreor immunoreactive (IRS) score is
the product of the intensity and extent scores. All the positive and
negative controls for IHC were available in Source Data. All IHC stains
were interpreted in conjunction with Hematoxylin and eosin-stained
sections.

RNA isolation and qRT-PCR analysis
RNA extraction from mouse xenografts was carried out as described
above (RNA isolated from mouse xenografts). cDNA was synthesized
from 1 µg of RNA using qScript cDNA Supermix (Quantabio). Primers
for the target genes were obtained from IDT technologies, and their
sequences are available upon request. Real-time PCR was performed
using SYBR green master mix (Life Technologies, CA) or Taqman
probes (Sigma, MO). The primer sequences used in this study are
provided in Supplementary Table 4.mRNA expressionwas normalized
using respective housekeeping genes (18srRNA or GAPDH or β-actin)
and fold change was calculated by averaging technical replicates. The
fold change values were analyzed using GraphPad Prism v10.

Enzyme-linked immunosorbent assay (ELISA) in both in vitro
and in vivo
BLCAcellswere cultured in a conditionedmedium (Mediawith 2%FBS)
for 24h. The conditioned medium was diluted at 1:50 with media
(without FBS) and the IL6 levels were quantified using ELISA kits from
BioLegend (San Diego, CA).

For ELISA frommouse plasma, bloodwas collected retro-orbitally
in which the mice were penetrated with a capillary tube. Blood was
drawn into Microvette® CB 300 Lithium heparin LH, capillary blood
collection tube (Sarstedt AG & Co.KG) and spun down at 9600 × g for
10min at 4 °C to separate the red blood cells and plasma. Plasma was
then diluted to 1:10 with the ELISA buffer and measured the IL6 levels
in 96 well plate in duplicates.

For ELISA measurements from cell lines and mouse plasma, a
standard curve was plotted with known IL6 concentrations, and an
interpolation equation was used to calculate the final concentration of
IL6 in conditioned media and plasma samples. Measurements of IL6
from plasma were run in duplicates and the average of IL6 con-
centration was taken for representation using GraphPad Prism v10. In
the case of cell lines, the conditioned media was run in four replicates
and an average of IL6 was represented.

Spheroid assays and JAK1 inhibitor treatment
For spheroid assays, 5000 cells were resuspended in 25μl of media.
The suspension was then mixed with 25 µl of Matrigel and plated on
non-adherent plates as a spheroid for one hour at 37 °C. After incu-
bation, growth media was added to the cells and cultured. Brightfield
images of the spheroids were captured at 2.5× magnification and
then the different fields of view stitched together using Biotek
Gen5 software. BLI measurements for the spheroids were taken by
adding 100μl of luciferin (15mg/ml) to thewells and luminescencewas
captured by IVIS. All the experiments were performed three times
independently. Spheroids fromT24Control, SMARCB1 KO, and rescue
cell lines were treated with JAK1 inhibitor (Itacitinib) for 10 days at
1000 nM concentration. At the terminal point, spheroids were incu-
bated with cell dissociation solution (Corning, USA) for 1 h on ice, and
protein lysates were prepared using the RIPA buffer (Sigma, MO).

Immunoblotting
Cell pellets andmouse xenograft tumors were homogenized using the
RIPA buffer (Sigma, MO). After homogenization, the protein lysates
were sonicated for 30 s and centrifuged at 18800× g for 30min at 4 °C.
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The supernatant was separated and transferred into a fresh tube.
Protein concentration was measured using Pierce BCA protein assay
kit (ThermoScientific, MA). Antibodies used for this study were listed
in the Supplementary Table 3. GAPDH and β-actin were used as
housekeeping genes. Multiple target proteins were detected on the
same blot by RestoreTM stripping buffer (ThermoScientific, MA). For
the development of immunoblot, the western blot super signal
Immobilon western chemiluminescent HRP substrate (Millipore, MA)
was used. Immunoblots were quantified using Image J software by
considering the integrating density and relative expression values for
the target proteins were analyzed and normalized to associated
housekeeping genes. All the raw images are available in the Source
Data. All the experiments were performed three times independently.

Reverse-phase protein array (RPPA) analysis
RPPA assays were performed as described previously with minimal
changes48–50. Protein lysates were prepared from spheroids. Protein
lysates at a concentration of 0.5mg/ml were denatured in SDS sample
buffer with 2.5% (vol/vol) 2-mercaptoethanol at 95 °C for 5min, and then
were spotted onto nitrocellulose-coated slides (Grace Bio-labs, Bend,
OR) by an Quanterix 2470 Arrayer (Quanterix , Billerica, MA), with an
array format of 960 lysates/slide (2880 spots/slide). Before primary
antibody incubation, each slide was blocked with 1X I-block (Thermo
Fisher, Waltham, MA). Each slide was stained with a targeted antibody,
using an automated slide stainer, Autolink 48 (Agilent, Santa Clara, CA).
One slide was incubated with antibody diluent instead of primary anti-
body and served as a negative control. Subsequently, the slides were
incubated with a biotinylated secondary antibody followed by tyramide
signal amplification (TSA) using the VECTASTAIN Elite ABC-HRP Kit
(Vector Laboratories, Burlingame, CA) and TSA plus biotin (AKOYA
Biosciences, Marlborough, MA). Visualization was completed with the
addition of streptavidin-conjugated IRDye680 fluorophore (LI-COR
Biosciences). There were 3 washes with 1× TBS-T (Dako, Carpinteria, CA)
following incubation steps during the staining process. Total protein
was assessed by fluorescent staining with Sypro Ruby Protein Blot Stain
following the manufacturer’s instructions (Molecular Probes,
Eugene, OR).

The fluorescence-labeled slides were scanned on a GenePix 4400
AL scanner, and images were analyzed with GenePix Pro 7.0 software
(MolecularDevices, Sunnyvale, CA). Thefluorescence signal intensities
of each spot were obtained after subtraction of the negative control
signal and were then normalized against the total protein signal as
described48. The normalized data were used for further analysis by
taking the average of three technical replicates using GraphPad
Prism v10.

Library preparation for ATAC-seq using BLCA cell lines
A total of 50,000 cells per replicate were prepared for ATAC-seq
libraries using the Omni-ATAC protocol51. To isolate nuclei, cells were
resuspended in 50μl of lysis buffer (0.1% Tween-20, 0.1% NP-40, and
0.01% digitonin in RSB buffer (10mM Tris–HCl pH 7.5, 10mM NaCl,
3mM MgCl2)) and incubated on ice for 3min. RSB buffer supple-
mentedwith0.1%Tween-20was used towashout lysis buffer, and then
nuclei were pelleted by centrifugation for 10min at 500 × g. For
transposition, nuclei were resuspended in 50 µl of Transposition mix
plus 25 µl of Tagmentation DNA buffer (2.5 µl Tagment DNA enzyme
(Illumina), 25 µl of TagmentationDNAbuffer (Illumina), 0.1% Tween-20
and 0.01% Digitonin) and incubated for 30min at 37 °C. A MinElute
PCR purification kit (Qiagen) was used to purify the transposed DNA,
and libraries were amplified by PCR with barcoded Nextera primers
(Illumina) using 2× NEB Next High-Fidelity PCR Master Mix. The
libraries were purified, and sizes selected with AMPure XP beads
(Beckman Coulter) for fragments between ~100 and 1000bp in length
according to the manufacturer’s instructions. Paired-end sequencing
was performed on an Illumina NextSeq 500 high-output flow cell.

ATAC-seq data processing and data analysis
Sequence reads were mapped to the hg38 human reference genome
using Bowtie 2.1.052, as previously described53 Duplicate fragments and
readswithmapping quality <10wasdiscarded. Differential peak calling
was performed using DESeq2 (ver. 1.38.3)39 using default parameters
and requiring fold changes >1.5-fold in either direction or FDR-
adjusted P-values < 0.10. To construct the PCA plot for the ATAC-seq
data,weemployed theDESeq2package (ver. 1.38.3). For estimating the
overlap between BED files, we utilized bedtools (ver. 2.28). Peak calling
was performed byMACS 2.1.154. Motif enrichment was measured using
HOMER (version 4.11)55.

Chromatin immunoprecipitation (ChIP) followed by qPCR
Chromatin immunoprecipitation (ChIP) assays were performed at the
Epigenomics Profiling Core at MD Anderson Cancer Center following
the high throughput ChIP protocol with some modifications56. Briefly,
cellswere crosslinked in 1% formaldehyde, followedby incubationwith
glycine to stop crosslinking. Cells were collected and washed with ice-
cold PBS and incubated with cell lysis buffer (5mM PIPES pH 8.0,
85mMKCl, and 0.5%NP-40) to isolate nuclei. The nuclei were lysed for
30min on ice using nuclei lysis buffer (12mM Tris–HCl pH 7.5, 6mM
EDTA pH 8.0, 0.5% SDS) supplemented with protease inhibitors.
Lysates were fragmented with a Bioruptor (Diagenode) to obtain DNA
fragments ranging from 200–600bp. The supernatant was incubated
with respective antibodies conjugated with Dynabeads Protein G
(Invitrogen) overnight at 4 °C. The antibodies for SMARCB1 (#91735)
was from Cell Signaling Tech and H3K27ac, H3K4me3 and H3 were
fromAbcam shown in Supplementary Table 3. The immunocomplexes
were collected using Dynamag, washed extensively as described in the
protocol, and reverse crosslinked overnight followed by DNA extrac-
tion. The DNA region of interest was detected by SYBR green real-time
quantitative PCR (qPCR) using primers encompassing H3K27ac and
SMARCB1 enrichment locus on human STAT3 promoter determined
using previously published ChIP-Seq datasets57. The sequences of the
forward and reverse primers used for ChIP-qPCR are described in
Supplementary Table 5. Data was analyzed using GraphPad Prism v10.

shRNA-mediated knockdown of SMARCB1 and STAT3
Lentiviruses for SMARCB1 knockdown and scrambled shRNA were
obtained from Sigma, MO. Cells transfected were selected using pur-
omycin selection. Lentiviruses for STAT3 knockdown and scrambled
shRNA were synthesized by C-BASS core (BCM, USA), and lentiviral
transduction was performed by manufacturer’s instructions (Sigma,
MO). The sequences for shRNAs are provided in Supplementary Table 6.

TTI-101 treatment of orthotopic cell line-derived xenografts
SMARCB1 KO cells and Control cells were transplanted independently
into the bladder wall of immune-deficient 6–8-week-old female NSG
mice (Jackson Labs, USA). Once tumors were established, mice were
randomized based on the BLI signal. Mice were treated with vehicle
[60% Labrasol (Gattefosse, USA) with 40% PEG-400 (Selleckchem,
USA)] or with TTI-101 (Obtained from Tvardi therapeutics) (50mg/kg;
Dissolved in 60% Labrasol with 40% PEG-400).

Characterization of patient-derived xenografts (PDXs) and
therapeutic experiments using TTI-101
TM00020 PDX obtained from Jackson Labs has SMARCB1 deletion
(Supplementary Data 9). BLCA PDXs were originally derived by trans-
planting a freshpatient bladder tumor biopsy into themammary gland
fat pad of immunocompromised C.B-17/lcrHsd-PrkdcscidLystbg-J (SCID
BEIGE) mice. BLCA tumor fragments from TM00020 were implanted
into male recipient mice with intact mammary fat pads while tumor
fragments from BCM-BL8091 (Obtained from Baylor College of Med-
icine, PDX core) were implanted in female recipient mice with cleared
mammary fat pads. Tumor samples (2 × 2mm) were serially passaged
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in SCID BEIGE mice by fat pad transplant under general anesthesia58.
The weight of the mice was recorded, and tumor volumes were mea-
sured and calculated [0.5 × (long dimension) × (short dimension)2]
accordingly. When tumors reached an average size of 100–200mm3,
micewere randomized (in ≥ 5 per group) and treatmentwith TTI-101 or
vehicle control was initiated.

All mouse experiments were conducted with 3–5 mice per cage
and maintained in a specific pathogen free environment with a~14-h
light cycle/~10-h dark cycle, ~20–23 °C temperature, ~30–70% humid-
ity, food (PicoLab® Select Rodent 50 IF/6 F) and water provided ad
libitum. For all the mice experiments, tumor volumes 1500mm3 or
endpoint, the maximum allowed weight loss was 10% of total body
weight and the maximum limit for tumor burden and weight loss was
not exceeded in this study.

Statistical analysis for in vitro and in vivo experiments
Two-sided statistical analysis or three-way comparisonwas considered
statistically significant at p <0.05. The statistical analysis was per-
formed either in GraphPad Prism v10 for the graphs or with the R
software for the heat maps. Error bars represent mean ± the standard
error of the mean (SEM) or standard deviation (SD) wherever
indicated.

Identification of transcriptional signature from mouse xeno-
grafts and correlation with survival analysis in patients
with BLCA
Among 393 differentially expressed genes with a fold change >2 and
FDR <0.05, we identified 59 upregulated and 334 downregulated. We
have used 59 upregulated genes to further evaluate and identified that
55 gene data was available in TCGA-BLCA7. 55 out of 59 upregulated
genes to predict patients with SMARCB1-deficiency (activation of
pSTAT3) using TCGA-BLCA. For the classification model, we utilized
the mRNA expression (RSEM-RNA-seq expectation maximalization) of
55 genes from TCGA-BLCA. Our classification model in patients with
1-sensitivity [True positive rate (TPR)] vs 1-specificity [False positive
rate (FPR)] by Receiver Operating Characteristic (ROC) analysis using
the logistic regression classifier. All statistical analysis was performed
using R Statistical Software (version 4.1.1; R Foundation for Statistical
Computing, Vienna, Austria).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All the raw data was available in Source Data. Raw and processed RNA-
Seq data from mouse xenografts are available at GEO Hub with
accession number GSE212762. High-throughput data generated in this
study (ATAC-seq) have been deposited in the Gene Expression Omni-
bus (GEO) database with accession number GSE213964. Raw data and
uncropped blots corresponding to Figs and Supplementary Figs are
included in a zipped folder within the Source Data file or Supple-
mentary data. Source data are provided with this paper.
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