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SUMMARY
Cisplatin-based chemotherapy remains the primary treatment for unresectable and metastatic muscle-inva-
sive bladder cancers (MIBCs). However, tumors frequently develop chemoresistance. Here, we established a
primary and orthotopic MIBC mouse model with gene-edited organoids to recapitulate the full course of
chemotherapy in patients. We found that partial squamous differentiation, called semi-squamatization, is
associated with acquired chemoresistance in both mice and human MIBCs. Multi-omics analyses showed
that cathepsin H (CTSH) is correlated with chemoresistance and semi-squamatization. Cathepsin inhibition
by E64 treatment induces full squamous differentiation and pyroptosis, and thus specifically restrains che-
moresistant MIBCs. Mechanistically, E64 treatment activates the tumor necrosis factor pathway, which is
required for the terminal differentiation and pyroptosis of chemoresistant MIBC cells. Our study revealed
that semi-squamatization is a type of lineage plasticity associatedwith chemoresistance, suggesting that dif-
ferentiation via targeting of CTSH is a potential therapeutic strategy for the treatment of chemoresist-
ant MIBCs.
INTRODUCTION

More than half a million people are diagnosed with bladder can-

cer each year, and approximately 40% of them die of it (Tran

et al., 2021). Muscle-invasive bladder cancer (MIBC) is the

most common and lethal type of bladder cancer. Despite recent

progress in targeted therapy and immunotherapy, cisplatin-

based chemotherapy is still the frontline treatment for unresect-
1044 Cancer Cell 40, 1044–1059, September 12, 2022 ª 2022 Elsevi
able andmetastaticMIBCs. It is also increasingly used as neoad-

juvant or adjuvant treatments before or after surgery and

radiotherapy (Roupret et al., 2018). Unfortunately, most patients

develop chemoresistance sooner or later.

Various mechanisms have been proposed for cancer chemo-

resistance, such as increased expressions of multidrug resis-

tance genes, cell death inhibition, and enhanced DNA damage

repair capacity (Vasan et al., 2019). Recent studies suggested
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that cancer stem cells (CSCs) may play a critical role in chemo-

resistance (Batlle and Clevers, 2017; Coombs et al., 2017; Li

et al., 2021; Valent et al., 2012). In bladder cancer, CSCs have

been identified, which could be activated by prostaglandin E2

(Chan et al., 2009; Kurtova et al., 2015). However, the CSC hy-

pothesis has been challenged by several lines of evidence. In

some cancers, almost all tumor cells could perform like CSCs

to regenerate tumors, and it has been shown that there is plas-

ticity between CSCs and non-CSCs (Medema, 2013; Quintana

et al., 2010).

Indeed, lineage plasticity, the ability of cancer cells to transit

from one histological subtype to others, has been proposed to

underlie treatment resistance in cancer (Le Magnen et al.,

2018; Quintanal-Villalonga et al., 2020). For example, lung

adenocarcinoma with epidermal growth factor receptor (EGFR)

mutations could switch into neuroendocrine-like small-cell lung

cancer after repeated EGFR inhibitor treatment (Oser et al.,

2015; Sequist et al., 2011). Similarly, luminal prostate cancer

can gain neuroendocrine phenotype after long-term antiandro-

gen treatment (Ku et al., 2017; Mu et al., 2017; Zou et al.,

2017). Lineage plasticity has been less studied in bladder cancer

(Sfakianos et al., 2020; Yang et al., 2020). However, it has been

shown that there are several subtypes of MIBCs, including basal

and luminal types, associated with distinct prognosis (Choi et al.,

2014b; Robertson et al., 2017). It is believed that basal MIBCs

may express high levels of stemness-related genes and display

resistance to chemotherapy (Choi et al., 2014a; Tran et al., 2021).

Of note, many of these basal MIBCs also expressed squamous

markers. Sometimes, these bladder cancers were categorized

as basal/squamous MIBCs, which has the worst prognosis.

In this study, we investigated whether lineage plasticity would

contribute to chemoresistance in bladder cancer and thus give

rise to susceptibility, by multi-omics and functional studies of

both mouse and human MIBCs.

RESULTS

Generating primary and orthotopic MIBCs in mice with
gene-edited bladder organoids
Several genetically engineered mouse models (GEMMs) of

MIBCs have been reported (Kobayashi et al., 2015; Park et al.,

2021; Puzio-Kuter et al., 2009; Ruan et al., 2019). However, these

GEMMs are time-consuming, expensive, and not open to

including additional genetic drivers. Therefore, we set out to

generate primary, orthotopic, and drivers-defined MIBC mouse

models with genome-edited bladder organoids in mice (Fig-

ure 1A). Bladder organoids were cultured from cyclic guanosine

monophosphate (GMP)-AMP synthase (CGAS-Cas9) mice (Platt

et al., 2014) (Figure S1A). HumanMIBC-associated genetic alter-

ations, including Trp53 and Pten loss, were introduced into these

organoids by CRISPR-Cas9 genome editing, together with Myc

overexpression (transcripts per kilobase million [TPM]). Once or-

thotopically transplanted into the bladder of the recipient mice,

these organoids survived and grew over time, as indicated by

the Myc-linked luciferase living image (Figures 1B and S1B).

The lesion was also observed at the transplant site by magnetic

resonance imaging (Figure 1C). Thesemice had hematuria, a key

clinic feature of bladder cancer patients (Figure 1D). Approxi-

mately 2 months after transplantation, all of the recipients died
of the disease, with enlarged bladders (Figures 1E, S1C, and

S1D). Histological analyses confirmed a diagnosis of MIBC

with tumor cells infiltrating into the muscle layers (Figure 1F). Tu-

mor organoids could be generated from mice and maintain the

pathologic features (Figures S1E and S1F). These mouse tumors

specifically expressed the signature genes of human bladder

cancer (Figure S1G). The luminal and squamous lineage signa-

ture genes were repressed, suggesting that these tumors were

undifferentiated MIBCs (Figure S1H). Thus, we generated a pri-

mary and orthotopic MIBC mouse model with genetically engi-

neered bladder organoids, which represented the histologic

and molecular features of the human disease.

Recapitulating the full chemotherapy course of bladder
cancer in mice
The mouse bladder cancers were treated with cisplatin plus

gemcitabine. The growth of tumors with chemotherapy was

significantly repressed after two treatments rounds (Figures 1G

and 1H). However, all of them relapsed after 4–5 rounds of treat-

ments. To test whether these relapsed tumors were resistant to

chemotherapy, they were transplanted into the secondary recip-

ients and further received chemotherapy. While the previously

untreated tumors (sensitive) were significantly repressed by the

treatment, the tumors from the relapsed donors displayed amin-

imal response (Figure 1I). This result indicated that the relapsed

MIBCs acquired chemoresistance.

The chemosensitive and resistant tumors displayed distinct

histology (Figure 1J). Chemoresistant tumors had fewer Ki67+

cells than the sensitive tumors, consistent with the generally

slow cell cycle for chemoresistant cancers (Kurtova et al.,

2015) (Figures S1I and S1J). Interestingly, the resistant tumors

became positive for EPCAM, CK5, CK14, and p40 staining,

markers for squamous cells, while most of the untreated tumor

cells were negative (Figure S1I). Tumor organoids derived from

sensitive and resistant tumors had distinct morphology that,

while most of the sensitive tumor organoids were hollow, almost

all of the resistant organoids were solid (Figures S1K and S1L).

Consistent with the tumor tissues, the sensitive organoids were

CK14�, while the resistant ones were positive (Figures 1K and

S1L). The half-maximal inhibitory concentration (IC50) of the

resistant organoids to cisplatin treatment was approximately a

4-fold increase compared to the sensitive ones (Figure S1M).

The G2M checkpoint genes were significantly reduced, while

the human MIBC chemoresistance-associated genes increased

in mouse resistant tumors (Bucher and Britten, 2008) (Fig-

ure S1N). Thus, our mouse model faithfully recapitulated the

full course of chemotherapy in human MIBCs.

Increased squamatization signature along the
chemoresistance trajectory revealed by single-cell RNA
sequencing (scRNA-seq)
To dissect the cellular and molecular changes in MIBCs along

chemotherapy, we performed scRNA-seq analyses of the sensi-

tive and resistant tumors. Each population was recognized with

its conventional marker genes (Figures 2A and S2A; Table S1).

On the combined t-distributed stochastic neighbor embedding

(tSNE) plot, while most of the non-tumor cells from the sensitive

and resistant tumors were largely overlapped, there were two

distinct subpopulations, T1 and T2, which were dominant in
Cancer Cell 40, 1044–1059, September 12, 2022 1045



Figure 1. Generating a primary and orthotopic MIBC mouse model and recapitulating the full course of chemotherapy

(A) Schematic diagram of generating chemosensitive and chemoresistant orthotopic MIBCs in mice.

(B and C) Bioluminescent images (B) (representative of n = 6mice) andmagnetic resonance image (C) (representative of n = 6 mice) of control or recipient mice at

20 days after being transplanted with sgTrp53, sgPten, and Myc (TPM) bladder organoids.

(D) Image of urine from control and TPM mice at 20 d after transplantation (representative of n = 6 mice).

(E) Bright-field image of the bladders of control and moribund recipient mice (representative of n = 6 mice). Scale bar, 2 mm.

(F) H&E staining of normal bladder and that bearing TPM tumors (representative of n = 6 mice). Scale bars, 500 mm.

(G) Bioluminescence images of mice with TPM tumors that received vehicle or chemotherapy (representative of n = 3 mice).

(H) The luminescence intensity fold change of tumor-bearing mice during vehicle or chemotherapy. The stars indicate the best response of each mouse

(n = 3 mice).

(I) Bright-field images of bladders from chemosensitive (Sen) or chemoresistant (Res) tumors treated with vehicle or chemotherapy (left). The bar graph shows the

luminescence intensity fold changes of chemosensitive or chemoresistant tumors that received vehicle or chemotherapy (right) (representative of n = 3 mice).

Scale bars, 2 mm. ****p < 0.0001; ns, not significant. Two-sided Student’s t test. Data presented as means ± SEMs.

(J and K) Images show H&E (J) and CK14 (K) staining of chemosensitive and chemoresistant tumors (representative of n = 3 mice). Scale bars, 50 mm (J) and

20 mm (K).

See also Figure S1.
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the sensitive and resistant tumors, respectively (Figures 2B and

S2B). More T2 cells than T1 cells were at the G1 stage

(Figure S2C).

To directly test whether the T1 cells were chemosensitive,

while T2 cells were chemoresistant, we isolated them from the
1046 Cancer Cell 40, 1044–1059, September 12, 2022
sensitive and resistant tumors with the surface marker epithelial

cellular adhesion molecule (EPCAM), a diagnostic marker asso-

ciated with poor prognosis in bladder cancer (Brunner et al.,

2008; Bryan et al., 2014) (Figures S2D and S2E). T1 and T2 cells

were purified according to their EPCAM expressions by flow



Figure 2. Squamous differentiation as a lineage plasticity of MIBC cells during chemotherapy

(A) t-SNE map of single-cell RNA-seq analyses of chemosensitive (Sen) and chemoresistant (Res) tumors from mice, colored by cell subtypes.

(B) t-SNE map shows the sample origins of tumor cells in (A).

(C) Luminescence images of mice transplanted with Sen-T1, Sen-T2, Res-T1, and Res-T2 tumor cells after once receiving chemotherapy (representative of

n = 3 mice).

(legend continued on next page)
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cytometry and then orthotopically transplanted into recipient

mice (Figure S2F). The tumors derived from the Sen-T1 cells

were significantly repressed by the treatment, while ones from

the Res-T2 cells were not. Intriguingly, the response of the

Sen-T2 and Res-T1 tumors was intermediate of the Sen-T1 tu-

mors and the Res-T2 tumors (Figures 2C and 2D).

A chemoresistant trajectory was calculated from the T1 cells of

the sensitive tumors, followed by the T2 cells of the sensitive tu-

mors, to the T2 cells of the resistant tumors (Figures 2E and 2F).

The dynamically expressed genes along the trajectory were

identified and grouped into four modules (Figure S2G). The

four module genes, continuously increased along the trajectory,

were enriched in keratinocyte differentiation pathways (Fig-

ure S2G; Table S1). The squamous signature (Robertson et al.,

2017; Sfakianos et al., 2020) was gradually upregulated along

the trajectory (Figures 2G and S2H). Consistently, Gene

Ontology (GO) analysis and gene set enrichment analysis

(GSEA) showed that multiple gene sets related to keratinization

and squamatization were significantly positively enriched in

resistant tumors compared to sensitive ones, while in contrast,

most of the stem cell-related gene sets were negatively enriched

in the T2 cells (Figures 2H, S2I, and S2J; Table S1). In agreement

with these molecular changes, the resistant tumors displayed

obvious squamous differentiation histology, characterized with

orderly arranged spindle nuclei, dyskeratosis, intracellular

bridges, and nests of polygonal malignant cells (Figure 1J).

These results strongly suggested that squamatization was asso-

ciated with acquired chemoresistance in bladder cancer.

Lineage plasticity underlies acquired chemoresistance
To test whether the chemosensitive T1 cells could transit into

chemoresistant T2 cells, we performed a barcoding assay. The

chemosensitive tumor cells were labeled with DNA barcodes

by lentivirus infection and transplanted into recipient mice. After

a 14-day treatment, the T1 and T2 cells were purified by flow cy-

tometry frommice with vehicle and chemotherapy, respectively,

followed by deep sequencing (Figure 2I). The results showed that

the T2 population maintained diversity similar to that of the T1

population (Figure 2J). A total of 65.9% of the barcodes in the

T1 population were also presented in the T2 population (Fig-

ure 2K). No dominant clones were found in the T2 population

(Figure 2L). Thus, lineage plasticity, but not a positive selection,
(D) Relative luminescence intensity of Sen-T1, Sen-T2, Res-T1, and Res-T2 tumo

sided Student’s t test. Data presented as means ± SEMs.

(E) The diffusion map of mouse tumor cells, showing a chemosensitivity to chem

(F) Boxplot shows the pseudotime in different cell subtypes, measured by scRN

interquartile range (IQR) divided by the median. Whiskers represent the minimum

(G) The diffusion map of tumor cells, colored by the expression levels of squamo

(H) Gene Ontology (GO) enrichment plot of the upregulated genes in T2 compare

(I) Schematic diagram of strategy for barcode-based lineage tracing.

(J) Pie charts show the barcode distribution in T1 (left) and T2 (right) tumor cells.

(K) Venn diagram shows overlapping of the barcodes in T1 and T2 tumor cells.

(L) Scatterplot shows the log10-fold change of the top 100 barcodes in T2 tumo

(M) Schematic diagram of strategy for single clone expansion for chemotherapy.

(N) Living images of chemosensitive human tumor organoid (patient 9) with EPC

n = 3 technical replicates). Scale bar, 20 mm.

(O) EPCAM (green) and CK5 (red) staining of tumors derived from purified sorting

bars, 50 mm.

See also Figure S2 and Tables S1 and S3.

1048 Cancer Cell 40, 1044–1059, September 12, 2022
would underlie the transition from chemosensitive to resis-

tant cells.

To directly visualize the transition, we applied live-cell tracking

on single chemosensitive tumor organoids, which were trans-

duced with a mCherry reporter driven by the EPCAM promoter

(Figure 2M). mCherry+ cells were observed as early as 24 h after

cisplatin treatment and the expression was further increased

over time (Figure 2N). Furthermore, the T2-associated genes

Epcam, Krt5, and Ctsh were significantly upregulated in both

two-dimensional (2D) and 3D cultured T1 cell clones with

chemotherapy, compared to their congenic ones with vehicle

(Figure S2K). In vivo, the tumors derived from the purified Sen-

T1 cells received vehicle or chemotherapy, and the vehicle-

treated tumors remained EPCAMlow. In contrast, tumors treated

with chemotherapy became EPCAM+ and CK5+ (Figure 2O).

Taken together, these data strongly suggested that lineage plas-

ticity to squamatization may underlie acquired resistance to

chemotherapy in bladder cancer.

Acquired chemoresistance is accompanied by stepwise
squamatization in mouse and human MIBCs
To mimic the multiple rounds of chemotherapy in clinical prac-

tice, we performed a serial chemotherapy experiment with the

chemosensitive tumors in mice. RNA-seq and RT-qPCR showed

that squamous signature genes were upregulated in the tumors

treated twice with cisplatin and gemcitabine, compared to the

sensitive tumors, and further upregulated in the tumors treated

four times, compared to those treated twice (Figures 3A, S3A,

and S3B; Table S2). Histologic analyses revealed the gradually

squamous differentiation of the tumor cells after multiple rounds

of chemotherapy, which was correlated with stepwise increased

expressions of squamous markers CK5 and p40 (Figures 3B

and S3C).

The patient-derived xenografts (PDXs) of human MIBCs also

displayed gradually increased squamous features, indicated by

increased expressions of squamousmarkers CK5 and p40, spin-

dle-shaped nuclei, orderly arrangement of cells, intracellular

bridges, and dyskeratosis (Figures 3C–3E; Table S3). The squa-

mous gene signature and keratinocyte pathway were signifi-

cantly positively enriched in PDX tumors with chemotherapy,

compared to those treated with vehicle (Figure S3D). Then,

we analyzed the biopsies of the same patients with MIBCs
r-bearing mice with twice receiving chemotherapy (n = 3 mice). *p < 0.05. Two-

oresistance trajectory. Colored by cell subtypes.

A-seq analysis. ****p < 0.0001. Wilcoxon signed-rank test. Boxplots show the

and maximum values at 1.5*IQRs.

us signature genes.

d to T1 tumor cells.

Every single slice of the circle represents a barcode.

r cells, compared to T1 tumor cells.

AM-promoter-mCherry reporter by 1 mM cisplatin treatment (representative of

Sen-T1 cells with vehicle or chemotherapy (representative of n = 3 mice). Scale



Figure 3. Chemotherapy induces stepwise squamatization in mouse and human MIBCs

(A) The relative expression levels of squamous signature genes in the sensitive, chemo32, chemo34, and resistant mouse MIBC, measured by bulk RNA-seq

analysis (n = 3 mice). *p < 0.05. Two-sided Student’s t test. Box shows the IQR divided by the median, Whiskers represent the minimum and maximum values at

1.5*IQRs.

(B) Statistical graphs show the combinatory squamous scores in the sensitive, chemo32, chemo34, and resistant mouse bladder tumors, quantified from

immunohistochemistry (IHC) staining in Figure S3C (independent sections of n = 3 mice). **p < 0.01; ***p < 0.001. Two-sided Student’s t test. Data presented as

means ± SDs.

(C) Schematic diagram shows the serial chemotherapy in the human MIBC PDX model derived from human patients.

(D) H&E, CK5, and p40 staining of PDX tumors with different rounds of chemotherapy. Black arrow indicated dyskeratosis, and red arrow indicated intracellular

bridges (representative of n = 3 mice). Scale bar, 50 mm.

(E) Statistical graphs show the squamous scores of PDX tumors with different rounds of chemotherapy, quantified from IHC staining in (D) (independent sections

of n = 3 mice). *p < 0.05; **p < 0.01. Two-sided Student’s t test. Data presented as means ± SDs.

(F) Statistical graphs show percentages of p40+, CK5+, CK14+, and CK16+ cells in biopsies of MIBC patients (patients 3–5) pre- and post-chemotherapy.

(G) Heatmap displays the correlation of patient T1 (Hsa.T1) and T2 (Hsa.T2) populations with mouse T1 (Mmu.T1) and T2 (Mmu.T2) populations (n = 1 mouse and

n = 1 patient).

(H) The proportions of T1 and T2 tumor cells in sensitive (Sen) and resistant (Res) MIBC patients (n = 1 patient).

(legend continued on next page)
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pre- and post-chemotherapy. All of the patients had enhanced

levels of squamous markers, including p40, CK14, CK5, and

CK16 after chemotherapy (Figures 3F and S3E).

We further performed scRNA-seq with tumor tissues directly

from MIBC patients treated with or without chemotherapy (Fig-

ure S3F). Two subpopulations, human T1 and T2, of tumor cells

could be recognized, highly similar to the T1 and T2 cells in

mouse MIBCs, respectively, in terms of their gene expressions

(Figure 3G; Table S3). The T1 cells were dominant in the tumors

before chemotherapy, while the T2 cells in the tumors received

chemotherapy (Figure 3H). The human T2 cells also expressed

higher levels of EPCAM than the human T1 cells (Figure S3G).

A pseudotime trajectory could be calculated from the T1 cells

to T2 cells and The Cancer Genome Atlas (TCGA) drug-resis-

tance gene signature was upregulated along the trajectory,

and, of note, also the squamous differentiation signature

(Figures 3I, 3J, and S3H; Table S2).

To directly test whether the human T1 cells could become

squamous, we purified these EPCAMlow T1 cells from the un-

treated human MIBCs and then transplanted into NOD scid

gamma (NSG) recipients, followed by vehicle or chemotherapy.

After four rounds of chemotherapy, the majority of the tumor

cells became EPCAM+ and CK5+, while those treated with

vehicle were still negative for both markers (Figure S3I). Thus,

both mouse and human MIBC cells underwent lineage plasticity

during chemotherapy for acquired resistance.

Multi-omics profiling identifies cathepsin H (CTSH) as
a key gene for chemoresistance
Assay for transposase-accessible chromatin with high-

throughput sequencing (ATAC-seq) showed that the global chro-

matin accessibility was increased in the resistant tumor cells,

which was significantly correlated with increased gene expres-

sions (Figures S4A and S4B; Table S4). The genes with more

open chromatin accessibility in the resistant cells were enriched

in many squamatization and keratinocyte differentiation path-

ways (Figures 4A and S4C). All of the top positively enriched

GO biological process (BP) pathways in the continuously upre-

gulated genes (Bulk_sudo_Up) were related to keratinocyte dif-

ferentiation (Figures S4D and S4E). These Bulk_sudo_Up genes

were significantly overlapped with the genes upregulated along

the chemoresistant trajectory (SC_sudo_Up, module 3 + module

4) (Figures 4B and S2G). The Bulk_sudo_Up and SC_sudo_Up

genes significantly overlapped with the common_Up_1060

genes, and the resulting 93 (common_93) genes shared by all

of them were also enriched in squamous differentiation (Fig-

ure 4B; Table S4). Mass spectrometry-based proteomics ana-

lyses showed that multiple squamous differentiation-related

pathways were significantly enriched in the resistant tumors

compared to the sensitive tumors at the protein level (Fig-

ure S4F). Among the common_93 genes upregulated at the chro-

mosome and transcriptional levels, 50 genes were detected in

proteomics, and 49 of them were also upregulated at the protein

level, which included many very well-known squamous differen-
(I) Principal-component analysis (PCA) map shows the cell subtypes of tumor cells

the pseudotime trajectory (n = 1 patient).

(J) PCA map of human MIBC tumor cells, colored by the expression levels of the

See also Figure S3 and Tables S2 and S3.
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tiation-related genes, such as SPRR1A/B, DSC1/2/3, and TGM1

(Figures 4C, S4G, and S4H; Table S5).

We noticed that CTSH, a lysosomal cysteine proteinase highly

expressed in various human cancers (Olson and Joyce, 2015),

was gradually upregulated along with the mouse and human

chemoresistance trajectory (Figures 4D and 4E). It also stepwise

increased in tumors with multiple rounds of chemotherapy at

both mRNA and protein levels (Figures 4F–4H). In a cohort of

MIBCs with chemotherapy (Faltas et al., 2016), the CTSH locus

was amplified in 43.2% of patients after chemotherapy, but

only 18.8% in those without chemotherapy (Figure S4I). In the

TCGA BLCA cohort, patients with CTSH overexpression had a

significantly increased TCGA_Resistance_UP gene signature

and a significantly decreased Gemcitabine_Resistance_DN

gene signature (Figure S4J). These patients, compared to those

with CTSH downregulation, displayed significantly upregulated

module 4 genes and significantly downregulated module 1

genes of the chemoresistance trajectory (Figures 4I and S4K).

These data suggested that CTSH expression was correlated

with chemoresistance in MIBCs.

CTSH is specifically required for chemoresistant MIBCs
To experimentally test its function in the chemoresistant MIBCs,

Ctsh was disrupted in the organoids derived from the resistant

tumors by CRISPR-Cas9 (Figure S4L). Compared to the

scramble (Scr) single-guide RNA (sgRNA), sgRNAs targeting

Ctsh significantly repressed the growth of the chemoresistant tu-

mor organoids, indicated by reduced organoid numbers and size

(Figures S4M and S4N). Once transplanted into the recipient

mice, the tumors with sgCtsh were significantly smaller than

the control tumors with sgScr (Figure 4J). The remaining sgCtsh

tumors displayed distinct histology, characterized with

increased cell death and lower density of tumor cells (Figure 4K).

In contrast,Ctsh deficiency had aminimal effect on the growth of

the chemosensitive MIBC organoids (Figure S4O). In vivo, the

size of chemosensitive tumors with sgCtsh was comparable to

that with sgScr (Figure S4P).

Then, we tested whether Ctsh was sufficient for chemoresist-

ance by overexpressing it in the chemosensitive tumor organo-

ids. The growth of the Ctsh overexpressed tumor organoids

was comparable to the oneswith vector only in vitro (Figure S4Q).

However, the tumors with Ctsh overexpression relapsed earlier

and grew significantly faster after chemotherapy than the control

tumors in vivo (Figure 4L). Ctsh overexpression significantly

increased the expressions of squamatization-related genes

Krt5 and Krt14 (Figure 4M). Thus, CTSH was essential and suffi-

cient for chemoresistance in MIBCs.

CTSH inhibitor E64 specifically represses the
chemoresistant MIBCs and induces terminal squamous
differentiation
The protease activity of CTSH could be effectively inhibited by

E64, a compound first isolated from the fungus Aspergillus viola-

ceus (Barrett et al., 1981, 1982). We treated the chemosensitive
derived from chemosensitive and resistant MIBC patients. The arrow indicates

squamous differentiation signature (n = 1 patient).



Figure 4. CTSH upregulation underlies MIBC chemoresistance

(A) Venn diagram shows overlapping of the chromatin open genes and upregulated genes in the chemoresistant cells compared to the sensitive cells. Hyper-

geometric test (left). The GO enrichment plot of the 1060 common_Up genes in the resistant cells (right).

(B) Venn diagram shows overlapping of common_Up_1060 genes in RNA-seq and ATAC-seq from (A), the module 3 andmodule 4 genes in the T1 to T2 tumor cell

trajectory from Figure S2G (SC_sudo_Up), and the gradually increased genes in resistant samples, chemo32 samples, and chemo34 samples compared to

sensitive samples (Bulk_sodo_Up). Hypergeometric test (left). The GO enrichment plot of the 93 common upregulated genes in the resistant cells (right).

(C) Heatmap shows the protein levels of the 50 genes of the common_Up_93 ones detected by MS proteomics (n = 3 mice [Sen], n = 2 mice [Res]).

(D) Dynamics of relative expression levels of Ctsh along with the chemoresistance trajectory of mouse MIBCs.

(E) Boxplot shows the relative expression levels of CTSH in human T1 and T2 tumor cells. ****p < 0.0001. Wilcoxon signed-rank test. Boxplots show the IQR

divided by the median. Whiskers represent the minimum and maximum values at 1.5*IQRs.

(F) Bar graph shows the relative expression levels ofCtsh in the sensitive, chemo32, chemo34, and resistant samples, measured by bulk RNA-seq analysis (n = 3

mice). ***p < 0.0001. Two-sided Student’s t test. Data presented as means ± SEMs.

(G and H) CTSH staining in mouse chemosensitive bladder tumors (G) (representative of n = 3mice) and human PDX bladder tumors (patient 6) (H) (representative

of n = 3 mice) with different rounds of chemotherapy. Scale bars, 50 mm.

(I) GSEA shows positive enrichment of the module 4 genes in the TCGA BLCA (n = 413 samples) with CTSH high expression, compared to those with CTSH low

expression.

(legend continued on next page)
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and resistant tumor organoids with E64 and found that the resis-

tant ones were significantly more sensitive to E64 than the sen-

sitive ones (Figure 5A). The bladders of the E64-treated mice

were largely normal and significantly smaller than the control

(Figures 5B and 5C). E64 treatment could also significantly

repress the chemoresistant MIBC tumors subcutaneously trans-

planted into the recipient mice (Figure 5D). However, in contrast,

it had no significant effect on the growth of the chemosensitive

tumors (Figure 5E).

Pathologic analyses revealed that the E64-treated tumors dis-

played large areas of keratin pearls, concentric layers of keratin

deposition, which were pink with H&E staining, and surrounded

with hyperplasia of differentiated keratinocyte-like cells

(Figures 5F and 5G). Involucrin, a specific marker for terminal dif-

ferentiation of squamous cells and a component of the cornified

cell envelope of the uppermost stratified epithelia, was ex-

pressed by the majority of the E64-treated tumor cells while

completely absent in the tumors treated with vehicle (Carroll

et al., 1993; Said et al., 1983; Walts et al., 1985). The remaining

cells were CK16+, a marker for differentiating keratinocytes (de

Jongh et al., 2005) (Figure 5F). However, keratin pearls were

not observed in the chemosensitive tumors treated with either

vehicle or E64 (Figure S5A). Consistently, Ctsh disruption by

CRISPR/Cas9 also gave rise to significantly increased keratin

pearls in the chemoresistant MIBC tumors, similar to those

treated with E64 (Figures 4K and 5H).

Furthermore, both RNA-seq and mass spectrometry (MS)

proteomics analyses showed that the chemoresistance gene

signature was significantly negatively enriched in chemoresist-

ant MIBCs treated with E64 compared to those with vehicle

(Figures S5B and S5C). Given the protease activity of

cathepsin, it was expected that multiple peptidase inhibitor ac-

tivity pathways were upregulated by E64 treatment (Figure S5D;

Table S6). Importantly, all of the top pathways enriched in E64-

treated tumors, compared to those treated with vehicle, were

related to keratinization, consistent with the pathological ana-

lyses (Figures 5I and 5J). Similarly, the expressions of multiple

squamous differentiation-related genes increased in chemore-

sistant tumors with Ctsh loss (Figure 5K). Of note, the protein

levels of squamous differentiation-related genes were mildly

increased in the chemoresistant tumors compared to the che-

mosensitive ones and further increased by E64 treatment (Fig-

ure 5L; Table S5). The combinatory squamous signature was

significantly higher in the chemoresistant tumors than those in

the sensitive tumors and was further significantly increased

by E64 treatment (Figures 5M and 5N). To distinguish the squa-

mous differentiation of the chemoresistant MIBC cells and

those after E64 treatment, we named the lineage transition of

the chemoresistant cells from the chemosensitive ones semi-

squamatization.
(J) The tumor volume fold change of mouse chemoresistant MIBCs with sgScr or

means ± SDs.

(K) H&E staining of mouse chemoresistant MIBCs with sgScr or sgCtsh. The arro

(L) The tumor volume fold change of mouse chemosensitive tumors with or withou

**p < 0.01. Two-sided Student’s t test. Data presented as means ± SDs.

(M) The relative mRNA levels ofCtsh,Krt5, and Krt14 in mouse chemosensitive tum

technical replicates) ****p < 0.0001; ***p < 0.001; **p < 0.01. Two-sided Student’

See also Figure S4 and Tables S3, S4, and S5.
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scRNA-seq analyses of the vehicle and E64-treated chemore-

sistant tumors showed that the tumor subpopulation, called T3,

emerged after E64 treatment (Figures S5E–S5G). The T3 tumor

cells expressed significantly high levels of terminal squamous

differentiation signature genes (Figure S5H). These data indi-

cated that semi-squamatization was strongly associated with

chemoresistance in MIBCs, and CTSH inhibition could promote

their fully squamous differentiation.

Differentiation therapy of chemoresistant humanMIBCs
To test the potential differentiation therapy efficacy of E64 on hu-

man MIBCs, PDXs were established with tumor cells from MIBC

patients in NSGmice (patients 7–9). PDXs of patients 7 and 8 ex-

pressed high levels of CTSH, similar to the PDX tumors of patient

6 (Res) with acquired chemoresistance, while the PDX tumors of

patient 9 were CTSH� (Figure S6A). Consistently, tumors derived

from patients 7 and 8 had almost no response to chemotherapy,

while the tumors of patient 9 were completely repressed (Fig-

ure S6B). E64 treatment significantly repressed the growth of

the chemoresistant PDX tumors of patients 6 (Res), 7, and 8,

while it had no significant effect on the growth of the chemosen-

sitive tumors from patient 9 (Figures 6A and S6C). Organoids

from patients 13 and 14 had significantly higher expression

levels ofCtsh than chemosensitive organoids from patient 9 (Fig-

ure S6D). The organoids of patient 9 were sensitive to chemo-

therapy, while the organoids of patients 13 and 14 were

chemoresistant (Figure S6E). In contrast, E64 treatment signifi-

cantly inhibited the growth of organoids derived from patients

13 and 14 in a dose-dependent manner while having minimal ef-

fect on the ones from patient 9 (Figure S6F). Thus, E64 treatment

could specifically inhibit the growth of both mouse and human

chemoresistant MIBCs. Interestingly, these chemoresistant

MIBC PDX tumors displayed large areas of keratin pearls after

E64 treatment, suggesting terminal squamous differentiation.

Immunofluorescence (IF) staining showed that E64-treated

PDXs expressed high levels of involucrin, which was not ex-

pressed in vehicle-treated chemoresistant PDXs (Figure 6B).

These results indicated that E64 could specifically repress che-

moresistant MIBCs through terminal squamous differentiation.

Tumor necrosis factor (TNF) pathway is activated by
CTSH inhibition and required for differentiation therapy
in chemoresistant MIBCs
We wondered what the molecular mechanism underlying CTSH

inhibition for the chemoresistant MIBCs might be. GSEA re-

vealed that the TNF signaling pathway was significantly upregu-

lated in E64-treated tumors compared to vehicle-treated ones at

both transcription and protein levels (Figures 7A, S7A, and S7B;

Table S6). The increased levels of TNF-a in the chemoresistant

MIBC tumors treated with E64 were confirmed by western
sgCtsh (n = 5 mice). **p < 0.01. Two-sided Student’s t test. Data presented as

w indicating keratin pearls (representative of n = 5 mice). Scale bars, 50 mm.

t Ctsh overexpression during 3 rounds of chemotherapy (n = 3 mice). *p < 0.05;

ors with or withoutCtsh overexpression after 3 rounds of chemotherapy (n = 3

s t test. Data presented as means ± SDs.



Figure 5. Inhibiting CTSH induces terminal squamous differentiation of chemoresistant MIBCs
(A) Dose-response curves of tumor organoids from chemosensitive and chemoresistant tumors treated with E64 (n = 3 technical replicates). **p < 0.01;

***p < 0.001. Two-sided Student’s t test. Data presented as means ± SDs.

(B) Bright-field images of the bladders of chemoresistant MIBC mice treated with vehicle or E64 (representative of n = 5 mice). Scale bars, 2 mm.

(C) Statistical graphs show the size of the bladders of mice with orthotopic chemoresistant MIBCs treated with vehicle or E64 (n = 5 mice). **p < 0.01. Two-sided

Student’s t test. Data presented as means ± SDs.

(D and E) Bar graph shows the relative tumor volume (normalized to vehicle) of subcutaneous chemoresistant (D) or chemosensitive (E) tumors treatedwith vehicle

or E64 (n = 4 mice). **p < 0.01. ns, not significant. Two-sided Student’s t test. Data presented as means ± SDs.

(F) H&E (top) and immunofluorescence (IF; bottom) staining of CK16 (green) and involucrin (red) in mouse chemoresistant tumors with vehicle or E64 treatment

(representative of n = 4 mice). Scale bars, 50 mm.

(G) Bar graph shows the percentages of the keratin pearl area in mouse chemosensitive and chemoresistant tumors with or without E64 treatment (independent

sections of n = 4 mice). *p < 0.05. Two-sided Student’s t test. Data presented as means ± SDs.

(H) Bar graph shows the percentages of the keratin pearl area in mouse chemoresistant tumors with sgScr or sgCtsh (independent sections of n = 3 mice).

*p < 0.05. Two-sided Student’s t test. Data presented as means ± SDs.

(I) Volcano plot shows the differentially expressed proteins in chemoresistant tumor cells treated with E64, compared to those treated with vehicle, measured by

MS proteomics assay.

(J) The GO enrichment plot of the upregulated genes in E64-treated chemoresistant tumor cells compared to vehicle-treated tumors, measured by MS prote-

omics assay.

(K) Relative expression levels of Krt14, Krt6a, Tgm1, Krt16, Sprr1b, and Sprr1a in mouse chemoresistant tumor organoids with sgScr or sgCtsh (n = 3 technical

replicates).

(legend continued on next page)

ll
Article

Cancer Cell 40, 1044–1059, September 12, 2022 1053



Figure 6. CTSH inhibition specifically represses human chemoresistant MIBCs

(A) Curves show the tumor volume fold changes of PDX derived from chemoresistant MIBC patients (patients 6 [Res]–8) or a sensitive MIBC patient (patient 9)

treated with vehicle or E64 treatment (n = 3 mice). *p < 0.05; **p < 0.01; ns, not significant. Two-sided Student’s t test. Data presented as means ± SDs.

(B) H&E (top) and IF (bottom) staining of CK16 (green) and involucrin (red) in PDX tumors from patient 6 (Res) with vehicle or E64 treatment (representative of n = 3

mice). Scale bars, 50 mm.

See also Figure S6 and Table S3.
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blotting (Figure S7C). Recombinant TNF-a reduced the survival

of the chemoresistant tumor organoids in a dose-dependent

manner and significantly increased the expression levels of

squamous differentiation-related genes, such as Krt16, Krt6a,

Sprr1a, and Tgm1 (Figures S7D and S7E). In vivo, infliximab, a

neutralizing antibody for both human and mouse TNF-a (Mitoma

et al., 2018), completely blocked the effect of E64 treatment on

chemoresistant tumors (Figure 7B). The E64 treatment-induced

squamous pearls disappeared in the tumors treated with E64

plus infliximab. The terminal squamous differentiation marker in-

volucrin was highly expressed in the tumors treated with E64

only, but not in those treated with both E64 and infliximab

(Figure 7C).

Disrupting Tnfr1, a TNF-a receptor, with CRISPR-Cas9

moderately increased the numbers of chemoresistant tumor or-

ganoids cultured in vitro (Figure S7F). However, Tnfr1 loss

completely rescued the growth defects of the chemoresistant tu-

mor organoids with sgCtsh (Figure 7D). The in vivo antitumor

activity of E64 was significantly impaired by Tnfr1 deficiency

(Figures 7E and S7G). The keratin pearl formation was

completely blocked by Tnfr1 loss in the E64-treated tumors

(Figures 7F and S7H). The expressions of squamous differentia-

tion markers were also significantly reduced, consistent with the

roles of TNF-a in the differentiation of epidermal keratinocytes
(L) Heatmap shows the relative protein levels of squamous differentiation-relate

resistant tumors (n = 3 mice), measured by MS proteomics assay.

(M and N) Boxplot shows the normalized expression levels of squamous signatu

RNA-seq analysis (M) andMS proteomics assay (N) (n = 3mice, Res group = 2mic

divided by the median. Whiskers represent the minimum and maximum values a

See also Figure S5 and Tables S5 and S6.
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(Banno et al., 2004, 2005) (Figure S7H). In contrast, disruption

of Tnfr1 had minimal effect on the squamous differentiation of

the chemoresistant tumors (Figures S7I and S7J). These data

suggested that the TNF pathway was essential for the terminal

squamous differentiation induced by E64 treatment in chemore-

sistant MIBCs.

Pyroptosis is induced and required for differentiation
therapy of chemoresistant MIBCs
The cell death signature was specifically upregulated in the E64

treatment-specific T3 tumor cells (Figure S7K). GSEA showed

that the pyroptosis pathway was significantly positively en-

riched in chemoresistant cells treated with E64 compared to

those treated with vehicle (Figure S7L). Multiple pyroptosis

genes, including Gsdma, Gsdmb, Gsdmc, and Casp8, were

also upregulated at the protein level, revealed by proteomics

analyses, by E64 treatment (Figure S7M; Table S5). Among

them, gasdermin cells (GSDMCs) are not expressed in normal

bladder epithelial cells but are highly expressed in skin and

have been shown to be involved in breast cancer (Broz et al.,

2020; Hou et al., 2020). We confirmed the increased levels of

GSDMCs in the chemoresistant tumors treated with E64 by IF

staining (Figure S7N). The cleaved GSDMC (GSDMC-N) was

increased, while the full length of GSDMC was reduced in
d genes in the sensitive (n = 3 mice), resistant (n = 2 mice), and E64-treated

re in sensitive, resistant, and E64-treated resistant tumors, measured by bulk

e). **p < 0.01; ****p < 0.0001. Two-sided Student’s t test. Boxplots show the IQR

t 1.5*IQRs.



Figure 7. The TNF pathway is required for E64 treatment in MIBCs

(A) Heatmap shows the expression levels of genes related to the HALLMARK_TNFA_SIGNALING_VIA_NFKB pathway in chemoresistant tumor cells treated with

vehicle or E64, measured by RNA-seq (left) and MS proteomics assay (right) (n = 2 mice, E64 group of MS proteomics, n = 3 mice).

(B) The curves show the fold change of tumor volumes of human chemoresistant tumors treated with vehicle, E64, or E64 plus infliximab (n = 4 mice). **p < 0.01;

***p < 0.001. Two-sided Student’s t test. Data presented as Mean ± SD.

(C) Images show H&E staining and IF staining of CK16 (green) and involucrin (red) of human chemoresistant tumors treated with vehicle, E64, or E64 plus in-

fliximab (representative of n = 4 mice). Scale bars, 50 mm (H&E) and 100 mm (IF).

(legend continued on next page)
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chemoresistant tumors by E64 treatment, together with

increased cleaved caspase 8 (Figure 7G). Similarly, Ctsh loss

also increased the cleavage of cCaspase 8 and GSDMCs (Fig-

ure 7H). Furthermore, E64 treatment induced the cleavage of

caspase 8 and GSDMCs in human chemoresistant MIBCs

treated with E64 (Figures S7O and S7P).

Pyroptosis can be activated by the TNF pathway through cas-

pase 8 (Broz et al., 2020; Orning et al., 2018; Yu et al., 2021). In

the E64-treated chemoresistant tumors, the cleavages of

GSDMCs and caspase 8 were completely abolished by inflixi-

mab (Figure 7I). Tnfr1 loss significantly reduced the levels of

GSDMCs in the E64-treated tumors, as indicated by IF staining

(Figure 7J). Casp8 loss itself had minimal effect on the growth

of these tumor organoids (Figure S7Q). However, tumor organo-

ids with sgCasp8 were significantly more resistant to E64 treat-

ment than the control organoids (Figure 7K). Similarly, they

were also significantly more resistant to TNF-a treatment (Fig-

ure 7L). These data strongly suggested that caspase

8-mediated pyroptosis was essential for the CTSH-TNF-a/

TNFR1-mediated differentiation therapy of the chemoresistant

bladder cancer.

Our study revealed lineage plasticity of semi-squamatization

correlated with acquired chemoresistance in MIBCs. CTSH

was required for the survival of chemoresistant tumor cells and

targeting it with its inhibitor E64 led to terminal squamous differ-

entiation and pyroptosis through the TNF pathway (Figure 7M).

DISCUSSION

Several types of cellular reprogramming have been proposed

for tumorigenesis, metastasis, and treatment resistance (Le

Magnen et al., 2018; Quintanal-Villalonga et al., 2020). Here,

we show that in MIBCs treated with cisplatin-based chemo-

therapy, the basal tumor cells display squamous differentiation,

instead of gaining stemness, indicated by their histology

changes and squamous gene signature. We confirm that

chemotherapy induces squamatization through lineage plas-

ticity, which is consistent with the clinical observation that

MIBC patients with squamous differentiation have a poor prog-

nosis (Choi et al., 2014a, 2014b; Robertson et al., 2017). The

underlying mechanisms for this lineage plasticity need further

investigation and epigenetic and metabolic reprogramming
(D) Organoid numbers of mouse chemoresistant tumor organoids with sgScr o

***p < 0.001; ns, not significant. Two-sided Student’s t test. Data presented as m

(E) The curves show the fold change of tumor volumes of mouse chemoresis

****p < 0.0001; ns, not significant. Two-sided Student’s t test. Data presented as

(F) Bar graph shows the percentages of the keratin pearl area in mouse chemore

sections of n = 4 mice). *p < 0.05; **p < 0.01. Two-sided Student’s t test. Data p

(G) Western blotting plots of GSDMC and caspase 8 in mouse chemoresistant tu

(H) Western blotting plots of GSDMC and caspase 8 in mouse chemoresistant tu

(I) Western blotting plots of GSDMC and caspase 8 in human chemoresistant tum

(J) Statistical graph shows the relative GSDMC fluorescence intensity in chemo

*p < 0.05; **p < 0.01. Two-sided Student’s t test. Data presented as means ± SD

(K) Dose-response curves of chemoresistant tumor organoids with sgScr or s

***p < 0.001; ****p < 0.0001. Two-sided Student’s t test. Data presented as mean

(L) Dose-response curves of mouse chemoresistant tumor organoids with sgS

****p < 0.0001. Two-sided Student’s t test. Data presented as means ± SDs.

(M) The working model of blocking CTSH inducing differentiation and pyroptosis

See also Figure S7 and Tables S3, S5, and S6.
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may be involved (DeBerardinis and Chandel, 2016; Jones and

Baylin, 2002; Na et al., 2022; Pan et al., 2022). Of note, squa-

mous differentiation associated with chemoresistance does

not reach the terminal differentiation stage and is distinct

from the squamous tumors with schistosomiasis, which may

explain some controversies regarding the prognosis of bladder

cancer with squamous differentiation (Li et al., 2017; Matulay

et al., 2019). Therefore, semi-squamatization, a previously un-

recognized type of lineage plasticity, is a feature of acquired

chemoresistance in MIBCs.

Lineage plasticity would lead to drug resistance, for the tu-

mor cells may lose their dependence on the limited oncogenes

and pathways of the original lineage (Le Magnen et al., 2018;

Quintanal-Villalonga et al., 2020). In contrast, we propose that

semi-squamatization may give rise to susceptibility to differen-

tiation therapy. Differentiation therapy was suggested half a

century ago and one of the best examples may be the combi-

nation of retinoic acid and arsenic for acute promyelocytic leu-

kemia (de The, 2018; Pierce and Wallace, 1971). Differentiation

therapy has also been proposed for solid cancers, based on

the hypothesis of CSCs, but there is little success (Cruz and

Matushansky, 2012). However, in chemoresistant MIBCs,

squamous differentiation has been initiated, although only

halfway, and thus makes it more feasible to perform the termi-

nal differentiation downhill from the Waddington landscape

(Waddington, 1957). We show that the inhibition of CTSH,

which is upregulated by chemotherapy and associated with

semi-squamatization in MIBCs, especially represses the growth

of chemoresistant but not chemosensitive tumors through fully

squamous differentiation. Our study provides an example that

solid cancers can be effectively treated with differentiation ther-

apy. It would be interesting to test whether this strategy would

be applied to other epithelial cancers, especially in the case of

lineage plasticity.

CTSH, together with other cathepsins, are generally upregu-

lated in various cancers and associated with poor prognosis

(Lah and Kos, 1998). Cathepsins may have profound effects on

the tumorigenesis, metastasis, and treatment response of can-

cers (Olson and Joyce, 2015). Cathepsin C promotes the metas-

tasis of breast cancer by recruiting neutrophils, and cathepsin L

is associated with chemoresistance in neuroblastoma and

ovarian cancer (Sui et al., 2016; Xiao et al., 2021; Zheng et al.,
r sgCtsh or sgCtsh plus sgTnfr1 (n = 3 technical replicates). ****p < 0.0001;

eans ± SDs.

tant tumors with sgScr or sgTnfr1 treated with vehicle or E64 (n = 4 mice).

means ± SEMs.

sistant tumors with sgScr or sgTnfr1 treated with vehicle or E64 (independent

resented as means ± SDs.

mors treated with vehicle or E64 (n = 3 independent repeats).

mors with sgScr or sgCtsh (n = 3 independent repeats).

ors treated with E64 or E64 plus infliximab (n = 3 independent repeats).

resistant tumors with sgScr or sgTnfr1 (independent sections of n = 4 mice).

s.

gCasp8 treated with E64 (n = 3 technical replicates). *p < 0.05; **p < 0.01;

s ± SDs.

cr or sgCasp8 treated with TNF-a (n = 3 technical replicates). ***p < 0.001;

in chemoresistant bladder cancer.
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2004). CTSH is upregulated in high-grade bladder cancers and

correlated with resistance to multiple drugs in human cancer

cell lines (Dan et al., 2003; Staack et al., 2004). We find that

CTSH is specifically essential for the survival of chemoresistant

MIBC cells. Genetically or pharmaceutically inhibiting CTSH

leads to terminal differentiation of these semi-squamatization tu-

mor cells through the TNF pathway, accompanied by pyroptosis.

Given that several cathepsin inhibitors, including E64d, RWJ-

445380, and MK0822, have been tested in clinical trials for

various diseases and shown to have very low toxicity in humans,

our study warrants a future clinical study to test the efficacy of

the cathepsin inhibitors for chemoresistant MIBCs (Otto and

Schirmeister, 1997; Palermo and Joyce, 2008).
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are deposited in Mendeley: https://doi.org/10.17632/y3h46d6wzn.1. Accession number and links are listed in the key re-

sources table.

d The original code has been deposited at GitHub at https://github.com/Xuelan-Chen/bladder_chemoresistant, and link can be

found in the key resources table.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human specimens
This studywas approved by the Ethical Research Committee of theWest China Hospital (2019-933/2020-330).Written informed con-

sent was signed by patients for providing tissues for research and genomic profiling. Written informed consent was not required for

patients whowere involved in retrospective analysis. All patients were pathologically confirmed to haveMIBCby pathologists inWest

China Hospital. In cases treated with neoadjuvant chemotherapy, T stages before chemotherapywere evaluated based on radiologic

and pathological assessments by the investigator, and the post-chemotherapy T stageswere assessed by pathological diagnosis. All

sample collection procedures complied with the regular routine in clinical practice. Fresh tumor tissues were collected immediately

after surgery in cold preservation medium and delivered to the lab for further analyses and culturing. The characters and related ap-

plications of clinical patients included in this study are shown in Table S3.

Mice
Mice were kept in the specific pathogen-free animal facility at Sichuan University with autoclaved food, bedding and water. Animals

were housed at room temperature (23 ± 2�C) at a humidity of 30–70% on a 12-h light/12-h dark cycle (6:00–18:00). All animal pro-

cedures were approved by the Animal Care and Use Committee of Sichuan University (No. 20181204027). C57BL/6 (Jackson Lab,

Cat# 000664) andCAG-Cas9-EGFPmice (Cat# JAX:026179, RRID: IMSR_JAX:026179) (Male, 8–10weeks and�20 gweight), BALB/

cA-nu mice (Beijing HFK Bioscience, Cat# 13001A) and NCG (GemPharmatech, RRID:SCR_017239) (Male, 6–8 weeks and �20g

weight) were purchased from the indicated providers. Mice were monitored for tumorigenesis by bioluminescent imaging and mag-

netic resonance image scan.

Cell culture
HEK 293T cells (CRL-1573) were from ATCC and cultured at 37�C with 5% CO2 in DMEM supplemented with 10% (vol/vol) fetal

bovine serum (WISENT, Cat#086-150) and penicillin (100 U ml�1)/streptomycin (0.1 mg ml�1). The HEK 293T cell line was routinely

tested for Mycoplasma by PCR. Experiments were performed within 4 weeks after fresh viable cells were thawed.

METHOD DETAILS

Organoid culture
Mouse normal bladder or tumors were cut into 5 mm3 cubes and the isolated tissues were incubated in DMEM/F12 buffer containing

1 mg/mL Collagenase I (GIBCO, Cat# 17100-017) and 0.5 mg/mL Collagenase IV (GIBCO, Cat# 17104-019) for one hour at 37�C,
mechanical pipetting every 15 minutes, followed by filtration through 100 mm cell strainers. After lysing red blood cells in ammo-

nium-chloride-potassium (ACK) lysis buffer, cells were collected by centrifugation and resuspended in ice-cold Matrigel (Corning,

Cat# 356237); the mixture was plated into a 48-well tissue culture plate (40 mL drop with 10,000 cells) and incubated for 15 min at

37�C. Pre-warmed organoid culture medium was then added. The recipe of bladder organoid medium was: DMEM/F12 was supple-

mentedwith penicillin/streptomycin (GIBCO, Cat# 15140-122), 2mMGlutaMAX (Peprotech, Cat# 35050-061), 13B27 (GIBCO, Cat#

A3582801), 1 3 N2 (GIBCO, Cat# 17502048), 1 mM N-acetylcysteine (Sigma, Cat# A9165) and 10mM Nicotinamide (Sigma, Cat#

N0636), 100 ng/mL mouse recombinant FGF10 (Peprotech, Cat# 100-26-1000), 50 ng/mL mouse recombinant EGF (Peprotech,

Cat# AF-100-15-1000), 500 nM A83-01 (Peprotech, Cat# 9094360), 100 ng/mL mouse recombinant Noggin (Peprotech, Cat#

120-10C-250), 125 ng/mL R-spondin-1 (Peprotech, Cat# 120-38-1000), 10% Wnt-3A conditioned medium.

For organoid passaging, bladder organoids were released in TrypLETM (GIBCO, Cat# 12605-028), and mechanical dissociation

was performed every 5 minutes at 37�C, followed by centrifugation at 1,500 rpm for 5 minutes. Ultimately, single cells were reseeded

in Matrigel and cultured as described above. The organoid medium was refreshed every 2–3 d.

Organoid genome editing
sgRNAs designed on the CRISPR Design Tool (http://crispr.mit.edu/) were cloned into the lentiviral vector V2TC which expressed

sgRNA and mCherry, sgRNA sequences were listed in Table S7. Organoids were dissociated using TrypLETM (Gibco, 12605-028)

and cells were mixed with lentivirus and centrifuged for 1 hr at 2,000 rpm, and then incubated for 1.5 hr at 37�C, finally resuspended
with ice-cold Matrigel. Mutation validation was performed by the T7E1 (Vazyme, Cat# EN303-01) assay.

Human MIBC sample processing
Fresh tumor tissues derived from MIBC patients or PDX mice were washed with PBS 3 times and cut into 5 mm3 cubes. After the

tissue preparation, 1 mg/mL Collagenase I (GIBCO, Cat# 17100-017) and 0.5 mg/mL Collagenase IV (GIBCO, Cat# 17104-019)

were used to digest the samples for 2 hours at 37�C, followed by centrifugation at 4003g for 6 minutes. After discarding the super-

natant, 10mL Trypsin-EDTA (Gibco, Cat# 25200072) was added for further dissociation at 37�C for 15min. DMEM/F12 (GIBCO, Cat#

C11330500BT) containing 10% fetal bovine serum (WISENT, Cat# 086-150) was added to stop the digestion and cell suspensionwas

filtered using 100 mm strainers and spun at 3003g for 5 min at room temperature. After lysing red blood cells in ACK lysis buffer, 5mL

0.04% BSA-PBS was used to wash cells. Finally, cells were collected for single-cell RNA-seq or transplantation.
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Mouse models establishment
The primary orthotopic MIBC model was generated by injecting mouse normal bladder organoids with Trp53 and Pten mutation as

well as Myc amplification (TPM) into the bladder. Gene edited organoids were digested with TrypLETM at 37�C for 10 minutes and

spun at 4003g for 5 min at room temperature. The collected cells were resuspended with 50% Matrigel mixed with PBS. Organoid

suspensionwas injected into the bladder wall of BALB/c Nudemice (male, 6–8weeks) using 29-gauge insulin syringe after anesthesia

induction.

For chemosensitive or resistant MIBC model establishment, TPM tumor cells (5*103 cells per mouse) were orthotopically trans-

planted into mouse bladder as described above. Mice were left for at least 5 days for tumor development. After tumor volume

was measured by living image, mice were allocated into two groups for weekly vehicle or gemcitabine and cisplatin (GC) treatment.

Tumor cells from the vehicle or chemotherapy treated bladder tumors were second-transplanted into new mice respectively (5*103

cells per mouse) and their response to chemotherapy were evaluated by weekly Bioluminescence Imaging, and all recipient mice

were sacrificed after 7 rounds of GC treatment.

For PDXmodel establishment, fresh tumor tissueswereminced into pieces and subcutaneously transplanted into NCGmice (male,

6–8weeks). Generally, successfully established PDXmodels could be used for research after 3 passages. For PDXmodels originated

from different patients, their response to GC treatment was evaluated at first; the clinical information of all PDX models we used was

listed in Table S3.

In vitro treatment
For in vitro chemotherapy, mouse chemosensitive or chemoresistant tumor organoids were dissociated in TrypLETM and seeded into

96-well plates (4000 cells per well). After 72 h culturing, organoids were treated with 0, 5, 10, 20, 40, 80 mM cisplatin (three replicate

wells/concentration). The viability of organoids was quantified using Cell Counting Kit-8 (CCK-8) after 72 h treatment and the viability

of treated organoids was calculated by normalizing to vehicle group. For E64 treatment, organoids were treated with 0, 0.45, 1.35,

4.05, 12.15, 25 mM E64 for 72 h. The viability of organoids was quantified using CCK-8 (MCE, HY-K0301) after treatment. In terms of

TNFa treatment, mouse chemoresistant tumor organoids were treated with 0, 4, 20, 100, 500 ng/mL recombinant mouse TNFa

(BioLegend, Cat# 575202) for 72 h. CCK-8 was used to quantify the viability of organoids.

In vivo treatment
When xenograft tumors reached a palpable size, the recipient mice were allocated into different treatment groups: Vehicle control

(0.9% saline); GC treatment group; E64 treatment group; E64 plus Infliximab (anti-TNFa) treatment group. For systematic adminis-

tration of GC treatment, mice were weekly treated with 50mg/kg gemcitabine (Selleck, Cat# S1149) on day 1 and sequential 3 mg/kg

cisplatin (Selleck, Cat# S1166) on day 2 by intraperitoneal injection. In E64 treatment experiments, mice were pretreated with only a

single dose of GC and followed by vehicle or 20 mg/kg E64 (Selleck, Cat# S7379) daily treatment for 14 days. For E64 plus Infliximab

(anti-TNFa) treatment, chemoresistant PDX mice were pretreated with only a single dose of GC, and Infliximab (10 mg/kg; Selleck,

Cat# A2019) was given via intraperitoneal injection on day 1, 5, 9, 13 and 20mg/kg E64was daily given via intraperitoneal injection for

14 days. Tumor volumes were measured every 7 days by Bioluminescence Imaging in orthotopic MIBC mouse models or every

3 days by caliper in subcutaneous models. Mice were sacrificed and analyzed at the indicated time points.

MRI imaging and bioluminescent imaging
MRI Imaging of the bladder was performed by a clinical Siemens 3.0 T MRI scanner equipped with amouse coil. The conventional T2

weighted (T2WI) FSE sequence was TR/TE = 3000 ms/93 ms, slice thickness = 1 mm, slices = 15, Fov = 66 mm3 66 mm and voxel

size = 0.2 3 0.2 3 1.0 mm3.

For bioluminescent imaging, mice were given 250 mL (150 mg/kg) D-luciferin potassium salt (Biovision, Cat# 7903-10PK) intraper-

itoneally and imaged on the IVIS Spectrum In Vivo Imaging System (PerkinElmer).

RNA extraction and RT-qPCR
Total RNA extraction using TRIzol reagent (Applied Biosystems, Cat# 15596026) and complementary DNA (cDNA) synthesization us-

ingM-MLVReverse Transcriptase (Invitrogen, Cat# 28025013) were performed under themanufacturer’s instructions. RT–qPCRwas

performed using Powerup SYBRGreenmaster mix (Applied Biosystems, A25741) in QuantStudio 3 (Applied Biosystems), all primers

for RT-qPCR were listed in Table S7.

Antibodies and reagents
Antibodies of Anti-p40-deltaNp63 (Abcam Cat# ab203826), anti-Cytokeratin 14 (Abcam Cat# ab7800, RRID:AB_306091), anti-EP-

CAM (Abcam Cat# ab71916, RRID:AB_1603782), anti-Ki-67 (Abcam Cat# ab16667, RRID:AB_302459) were from Abcam; anti-

CK5 (Thermo Fisher Scientific Cat# MA5-17057, RRID:AB_2538529) was from Thermo Fisher; anti-b-Actin was from Genscript

(GenScript Cat# A00730, RRID:AB_914100); anti-Cathepsin H (F-7) and anti-involucrin antibody (A-5) were from Santa Cruz; anti-

GSDMC was from ABclonal (Abclonal Cat# A14550, RRID: AB_2769694); anti-Caspase-8 (4C2) (ZEN BIO Cat# 250106) and anti-

TNF alpha (ZEN BIO Cat# 251341) antibodies were from ZEN BIO; anti-TNFR1 (Proteintech Cat# 21574-1-AP, RRID:AB_10734433)

was from Proteintech; anti-Keratin 16 antibody (PTMBIO Cat# PTM-5341) was from PTMBIO; APC Rat Anti-Mouse CD326 (BDCat#

563478) was from BD Pharmingen; FITC anti-human CD326 (EPCAM) antibody (BioLegend Cat# 324204, RRID: AB_756078), PE
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anti-human CD298 antibody (BioLegend Cat# 41704, RRID: AB_2274458) and APC anti-human CD45 antibody (BioLegend Cat#

304037, RRID: AB_2562049) were purchased from BioLegend.

Western blotting
Whole cell and tissue lysates were extracted in RIPA buffer (Beyotime, Cat# P0013) supplemented with protease inhibitors (Beyo-

time, Cat# P1045), followed by SDS–PAGE gel electrophoresis and blotting onto PVDFmembranes. Primary antibodies were applied

at 1:1000-1:5000 dilution in 5% non-fatty milk or BSA in TBST and incubated overnight at 4�C. HRP-conjugated secondary anti-

bodies were applied at 1:10000 dilution. Images were developed by NcmECL Ultra Reagent (NCM biotech).

H&E, immunohistochemistry and immunofluorescence
Tumor sections of 5 mm thickness were cut from tumor tissues fixed by 4% paraformaldehyde. H&E staining was performed accord-

ing to the standard protocol using hematoxylin and eosin. In terms of immunohistochemistry (IHC) and immunofluorescence (IF)

staining, primary antibodies were applied at 1:50-1:500 dilution in 2% goat serum and incubated overnight at 4�C. A two-step detec-

tion kit (PV-9001 and PV-9002) was used for IHC, and hematoxylin for nuclear staining. As for IF, fluorescence-conjugated secondary

antibodies were used.

Squamous score evaluation
To evaluate the squamous score ofmice and human chemosensitive tumorswith different rounds of chemotherapy, the IHC stainings

of p40 and CK5 were performed, and their positive percentages were independently scored by ImageJ (Version1.53a,

RRID:SCR_003070). The total squamous scores were 100 points and each marker accounts for 50%.

Keratin pearl area evaluation
To quantify the keratin pearls area of each tumor, the scanned H&E slices were analyzed by CaseViewer (Version 2.4). At least 3 in-

dependent areas were chosen from each slide and the area of keratin pearls was manually outlined and automatically calculated.

Flow cytometry
Surface antigen detection by FACS (BD, FACSAriaIII) was carried out to isolate T1 and T2 tumor cells from mouse chemosensitive

and chemoresistant TPM and human PDX tumors by surface marker EPCAM. Cells dissociated from tumors as described above

were stained for 30 min and washed twice with PBS containing 2% FBS. After staining prepared, T1 and T2 tumor cells sorting

was performed on FACSAriaIII (BD) and sorted T1 and T2 cells (1*104 cells per mouse) were orthotopically or subcutaneously trans-

planted into mouse to evaluate their growth and response to chemotherapy in vivo.

Protein and peptide processing for mass spectrometry (MS)
Tumor tissue lysates were prepared by RIPA lysis buffer (same as western blotting) containing 20mM Tris (pH7.5) (Beyotime, Cat#

P0013). Samples were incubated in ice for 30 min and then briefly sonicated for 2 mins. The protein concentration was determined

with BCA kit. The protein samples were precipitated at�20�C for 2 h and redissolved in 200 mM TEAB and ultrasonically dispersed.

Trypsin was added at 1:50 trypsin-to-protein mass ratio for digestion overnight. The tryptic peptides desalted with Strata X C18 SPE

column (Phenomenex) and dried by vacuum centrifugation. The TMT/TMTpro reagent (TMT10plex� Isobaric Mass Tagging Kit,

Thermo Scientific, Cat# 90113) was used for labeling based on manufacturer’s protocol. The sample was fractionated into fractions

by high pH reverse-phaseHPLC using Agilent 300 ExtendC18 column. For LC-MS/MS analysis, the resulting peptideswere analyzed

in Q Exactive HF-X Hybrid Quadrupole-Orbitrap MS System (Thermo Scientific) with a nano-electrospray ion source.

Living image tracking
To clarify the acquired chemoresistance by lineage plasticity, we designed an EPCAM-promoter-mCherry reporter assay. 700bp

fragments before EPCAM genomic transcription start site ‘ATG’ were selected as the promoter. Promoter fragments were amplified

by PCR and then cloned into the lentiviral vector V2TC using XbaI and KpnI sites with homologous recombination. To perform the

living image tracking on the chemosensitive tumor cells, the V2TC-EPCAM-promoter vector was packaged as lentivirus and infected

human chemosensitive MIBC organoids as described above. After 72 h, the culture medium was replaced with fresh organoid me-

diumcontaining 1 mMcisplatin and cells were traced for detection of red fluorescence by fluorescencemicroscope (OLYMPUS IX-71)

for 48 h.

Bar-code-based linage tracing
The mouse chemosensitive tumor cells were transduced with a barcoding library with 33219 barcodes of 20bp length in a lentiviral

construct and then orthotopically transplanted into recipient mice as described above. One week after transplantation, the recipient

mice received two rounds of GC treatment and then sacrificed to purify the T1 and T2 cells with anti-EPCAM antibodies using Flow

cytometry. The genome DNA of sorted T1 and T2 cells were extracted and followed by barcode libraries construction with PCR,

which was sequenced by Next Generation Sequencing. The PCR-amplified libraries were analyzed by MAGeCK (Li et al., 2014).
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RNA-seq analyses
RNA-seq libraries were constructed by Illumina Stranded mRNA Sample Preparation Kit (NEB, Cat# E7770) according to the man-

ufacturer’s protocol, and were sequenced by Illumina NovaSeq 6000 sequencing machine with 150-bp paired-end reads. The RNA-

seq reads were aligned to the mouse reference genome (GRCm38) or human reference genome (hg19) by STAR_2.6.0a (Dobin et al.,

2013). Transcript abundance was normalized and measured by Transcripts Per Kilobase Million (TPM). DESeq2 (Love et al.,

2014) (RRID:SCR_015687) was used to identify differential expression genes. Genes with an absolute fold change greater than

0.5 and p-value < 0.05 were counted as differentially expressed genes. Pheatmap (RRID:SCR_016418) was used to display heat-

maps of the expression levels of differentially expressed genes, which normalized by z-score. To identify functional categories of

differentially expressed genes, Gene Ontology and KEGG enrichment analyses (RRID:SCR_012773) were performed using the R

package clusterProfiler (RRID:SCR_016884). The TPM data were used for GSEA (RRID:SCR_003199).

ATAC-seq analyses
Library preparation was performed as previously described (Buenrostro et al., 2013). The library was sequenced by Illumina NovaSeq

6000 sequencing machine with 150-bp paired-end reads. NGmerge (Gaspar, 2018) was used to remove the adapters in raw data.

Bowtie2 (v2.2.1) (Langmead and Salzberg, 2012) (RRID:SCR_016368) was used to align the reads with the mm10 genome. Samtools

(Li et al., 2009)(RRID:SCR_002105) was used to generate the .bam files. MarkDuplicates, implemented in GATK (v4.1.3)

(RRID:SCR_001876) was used with -REMOVE_DUPLICATES = true to remove the PCR duplicates. Bigwig files were generated

by bamCoverage with bins per million (BPM) normalizing to remove library sizes’ effects. For optimizing peaks calling in ATAC-

seq data, HMMRATAC (Tarbell and Liu, 2019) was used as the peak detectors to call peaks region in each sample. The heatmap

and average profile of ATAC-seq peaks were generated with deepTools (Ramı́rez et al., 2016) (RRID:SCR_016366). ChIPseeker

(Yu et al., 2015) was used to annotate the regions in each peak, and global TSS distribution was annotated by using

TxDb.Mmusculus.UCSC.mm10.knownGene as reference genome in R (v3.6.1). FeatureCounts (RRID:SCR_012919) were used to

quantify the count levels in each peak region. The DESeq2 (RRID:SCR_000154) pipeline was used to detect the significantly differ-

entially expressed peaks with padj < 0.01 and |log2-fold change| > 0.5. The clusterProfiler (RRID:SCR_016884) was used for GSEA

enrichment analysis and set the pvalueCutoff = 0.05.

Mass spectrometry (MS) data analysis
All the raw files were searched against the UniProt mouse protein sequence database by using Maxquant (v1.6.15.0). The minimum

amino acid length was set to 7. Proteins with a false discovery rate (FDR) < 1% at both protein and peptide levels. The relative quan-

titative value of the protein is calculated by the following steps:

1. First, after the signal intensity value (I) of the peptide in different samples is transformed by centralization, the relative quanti-

tative value (U) of the peptide in different samples is obtained. The calculation formula is as follows: where i represents the sam-

ple and j represents the peptide.
Uij = Iij
�
MeanðIjÞ

2. In order to eliminate the systematic error of the sample amount of different samples in the mass spectrometry detection, the

relative quantitative value of the peptide needs to be corrected by the median normalization method (NR). Calculated as

follows:
NRij = Uij

�
MedianðUiÞ

3. The relative quantitative value (R) of the protein is expressed as themedian value of the relative quantitative value of the specific

peptide corresponding to the protein. The calculation formula is as follows: where k represents the protein, and j represents the

specific peptide to which the protein belongs.
Rik = MedianðNRij; j ˛ kÞ
The differentially expressed proteins with log2FoldChange >0.5 (or < -0.5). To identify functional categories of differentially ex-

pressed proteins, Gene ontology and KEGG enrichment analyses were performed using the R package clusterProfiler

(RRID:SCR_016884). Pheatmap (RRID:SCR_016418) was used to display heatmaps of the expression levels of differentially ex-

pressed proteins.
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Single-cell RNA-seq analyses
Libraries were prepared using ChromiumSingle Cell 3’ Reagent Kits v2 according to themanufacturer’s protocol (10x Genomics) and

were sequenced using an Illumina NovaSeq 6000 sequencing. The exogenous sequences (the constructs for expressing sgRNAs,

Myc) were added to the reference genome to distinguish the tumor and non-tumor cells. The cellranger (v3.0.0) was used to align

clean reads with the mm10 or hg19. The Seurat (Stuart et al., 2019) (v.3.2.0) pipeline was applied to the analysis and visualize the

single-cell RNA-seq data. Genes expressed in less than 3 cells were not considered, and cells that mitochondrial ratios were lower

than 10% and expressed at least 200 but not more than 6,000 genes were retained for analysis. All data sets were merged by Seurat

function ‘merge’ and 4,000 variable genes identified by ‘vst’ mode were used to calculate the principal components analysis. t-SNE

and DM were used to reduce dimension by considering 30 principal components. The slingshot (Street et al., 2018) was used to

construct the development tree and calculate the pseudotime. The dynamically expressed genes were identified by VGAM function

with a full model of ‘�sm.ns(Pseudotime)’ and q value higher than 10E-50 were filtered. Dynamically expressed gene modules were

identified by calculating the distance of gene-gene Pearson correlation coefficient in monocle3 (Cao et al., 2019) packages. The

expression patterns were visualized by pheatmap (RRID:SCR_016418) package and enrichGO, implemented in clusterProfiler

(RRID:SCR_016884), was used to enrich the gene ontology biological process in each module.

Cell cycle analysis
To calculate the cell cycle score in every single cell, cell cycle phase signatures were obtained from the Seurat pipeline (Nestorowa

et al., 2016). In each cell of single-cell data, CellCycleScoring was used to calculate G2M scores and S scores.

The gene signature definition
We defined the luminal signature as the average expression of CYP2J2, ERBB2, ERBB3, FGFR3, FOXA1, GATA3, GPX2, KRT18,

KRT19, KRT20, KRT7, KRT8, PPARG, UPK1A, UPK2 and XBP1 (Robertson et al., 2017). We defined the squamous signature as

the average expression of CD44, CDH3, COL17A1, DSC3, GSDMC, KRT1, KRT14, KRT16, KRT17, KRT5, KRT6A, KRT6B,

KRT6C, PI3, TGM1 and TP63. We defined the terminal squamous signature as COL17A1, DSC1, DSC2, DSC3, IVL, KRT14,

KRT16, KRT17, KRT5, KRT6A, KRT6B, SPRR1A, SPRR1B, TGM1, TGM3 and TP63. The TCGA resistance up signature was the

top500 up-regulated genes in progressive groups compared to response groups (p-value < 0.05) (Robertson et al., 2017)

(Table S2). SCC-like (squamous cell carcinoma like) signature was the top100 up-regulated genes in the SCC-like subtype compared

to other subtypes in urothelial cell carcinoma (Sjödahl et al., 2012) (Table S2). We defined the cell death signature as the average

expression of genes in positive regulation of cell death (GO:0010942).

QUANTIFICATION AND STATISTICAL ANALYSIS

All in vitro and in vivo experiments were analyzed by GraphPad Prism (RRID:SCR_002798) version 9 and two-tailed Student’s t test

was adopted for quantitative analyses. The numbers of independent experiments, samples or events are indicated in the figure leg-

ends. Data are represented as mean ± standard deviation (SD) or otherwise illustrated in figure legends. For in vitro treatment, all

samples were randomly divided into vehicle or treatment groups. Blinding was performed for tumor measurements and analysis

of organoid numbers and sizes. For in vivo treatment, the treatment and vehicle groups were randomized according to their tumor

burden before treatment. No data were excluded from the study. Statistical analyses of bioinformatics were performed as described

in the Figure legends. Survival was measured using the Kaplan-Meier method.
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Figure S1. Recapitulating the course of chemotherapy in a new MIBC mouse 
model, related to Figure 1. 
(A) Bright-field image of mouse normal bladder organoids (representative of n=3 

technical replicates). Scale bar, 50µm. 
(B) Bioluminescence images of mice transplanted with Cas9; sgTrp53; sgPten; Myc 

(TPM) organoids (representative of n=6 mice). 
(C) The survival curve of mice transplanted with TPM organoids (representative of 

n=6 mice). 
(D) The bladder weights of mice transplanted with or without TPM organoids (n=3 

mice). ***, p < 0.001. Two-sided Student’s t test. Data presented as Mean ± SD. 
(E) Bright-field image of TPM tumor organoids (representative of n=6 mice). Scale 

bar, 50µm. 
(F) H&E staining of TPM tumor organoids (representative of n=6 mice). Scale bar, 

50µm. 
(G) GSEA showing the positive enrichment of the 



OSMAN_BLADDER_CANCER_UP in the TPM tumors, compared to normal 
bladder samples (Control). 

(H) Box plots showing relative expression of luminal signature (left) and squamous 
signature (right) in normal and TPM tumor organoids (n=3 mice). *, p < 0.05; ****, 
p < 0.0001. Two-sided Student’s t test. Box plots show the interquartile range (IQR) 
divided by the median, Whiskers represent the minimum and maximum values at 
1.5*IQRs. 

(I) Images showing IHC staining of Ki67 and IF staining of EPCAM, CK5, p40 and 
CK14 in sensitive (top) and resistant (bottom) bladder tumors (representative of 
n=3 mice). Scale bars, 50μm. 

(J) The percentages of Ki67 positive cells in sensitive and resistant bladder tumors 
(independent sections of n=3 mice). **, p < 0.01. Two-sided Student’s t test. Data 
presented as Mean ± SD. 

(K) Bright-field and H&E staining of organoids generated from sensitive and resistant 
tumors (representative of n=3 mice). Scale bar, 20µm. 

(L) The percentages of solid organoid (left) and CK14 positive cells (right) in sensitive 
and resistant tumor organoids (independent sections of n=3 mice). ***, p < 0.001; 
****, p < 0.0001. Two-sided Student’s t test. Data presented as Mean ± SD. 

(M) Dose-response curves of cancer organoids from sensitive and resistant tumors 
treated with cisplatin (n=3 technical replicates). ****, p < 0.0001. Two-sided 
Student’s t test.  

(N) GSEA showing negative enrichment of the HALLMARK_G2M_CHECKPOINT 
(left) and positive enrichment of the TOOKER_GEMCITABINE_RESISTANCE 
(right) in the resistant tumors, compared to sensitive samples. 

  



Figure S2. Squamous differentiation as a lineage plasticity for MIBC cells during 
chemotherapy, related to Figure 2. 
(A) The dot plot showing the marker genes of each cell type in sensitive and resistant 

mice (n=1 mouse). 
(B) The proportions of T1 and T2 tumor cells in sensitive (sen) and resistant (res) mice. 
(C) The pie charts showing the percentage of cells in different cell cycles in T1 tumors 

(left) and T2 tumors (right). 
(D) Box plots showing Epcam expression in T1 and T2 tumor cells. ****, p < 0.0001. 

Wilcoxon signed-rank test. Box plots show the interquartile range (IQR) divided 
by the median, Whiskers represent the minimum and maximum values at 1.5*IQRs. 

(E) EPCAM staining in mouse sensitive and resistant bladder tumors (representative 
of n=3 mice). Scale bars, 50µm. 

(F) Flow cytometry plots of T1 and T2 tumor cells in mouse bladder tumors 
(representative of n=3 mice). 

(G) The dynamically expressed genes on the tumor trajectory, and the GO enrichment 
plot of the dynamically expressed genes, related to Figure 2E. 



(H) The box plot showing the expression levels of squamous signature in different cell 
subtypes, measured by scRNA-seq analysis. ****, p < 0.0001. Wilcoxon signed-
rank test. Box plots show the interquartile range (IQR) divided by the median, 
Whiskers represent the minimum and maximum values at 1.5*IQRs. 

(I) The Ridge plot showing the enrichments of squamous and keratinocyte 
differentiation related pathways in resistant tumors, compared to the sensitive ones 
analyzed by GSEA, measured by bulk RNA-seq analysis (n=3 mice). 

(J) The Ridge plot showing the stemness-related pathways enrichment in T2, 
compared to the T1 tumor cells analyzed by GSEA, measured by sc-RNAseq 
analysis. 

(K) The relative mRNA expressions of Ctsh, Epcam, and Krt5 in clones treated with 
500 nM cisplatin in 2D and 3D condition (n=3 technical replicates). ns, not 
significant; **, p < 0.01; ***, p < 0.001. Two-sided Student’s t test. Data presented 
as Mean ± SD. 



Figure S3. Chemotherapy induces stepwise squamatization in mouse and human 
MIBC, related to Figure 3. 
(A) GSEA showing positive enrichment of the squamous cell carcinoma like (SCC-

like) signature in chemo×2 tumors, compared to sensitive ones (left) and in 
chemo×4, compared to chemo×2 (right). 

(B) The relative mRNA expressions of Epcam, Trp63, Krt5, Tgm1, and Dsc3 in the 
sensitive, chemo×2, chemo×4 and resistant mouse bladder tumors (n=3 
technical replicates). ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; 
****, p < 0.0001. Two-sided Student’s t test. Data presented as Mean ± SD. 

(C) H&E, CK5, and p40 staining in the sensitive, chemo×2, chemo×4 and resistant 
mouse bladder tumors (representative of n=3 mice). Scale bars, 50µm. 



(D) GSEA showing positive enrichment of the 
DARWICHE_SQUAMOUS_CELL_CARCINOMA_UP pathway (top), and the 
BIOCARTA_KERATINOCYTE_PATHWAY (bottom) in the human MIBC PDX 
models after chemotherapy, compared to sensitive samples. 

(E) Images of p40, CK14, CK5, and CK16 staining in paired pre- or post- 
chemotherapy tumors from clinical MIBC patients (representative of n=3 patients). 
Scale bars, 200µm. 

(F) The t-SNE map of single-cell RNA-seq analyses of chemosensitive and 
chemoresistant tumors from human patients, colored by cell subtypes (n=1 patient). 

(G) The violin graph showing the relative expression level of EPCAM in human T1 
and T2 tumors. ****, p < 0.0001. Wilcoxon signed-rank test. Box plots show the 
interquartile range (IQR) divided by the median, Whiskers represent the minimum 
and maximum values at 1.5*IQRs. 

(H) The PCA map of human tumor cells, colored by the expression of the TCGA 
resistance up-regulated genes. 

(I) Images showing EPCAM (green) and CK5 (red) IF staining of sorted human Sen-
T1 tumors treated with vehicle or chemotherapy (representative of n=3 mice). 
Scale bars, 50µm. 

 
 



Figure S4. CTSH upregulation is underlying MIBC chemoresistance, related to 
Figure 4.  
(A) Heatmap showing the chromatin open and close peaks in the mouse chemoresistant 

tumors, compared to the sensitive ones, measured by ATAC-seq. 
(B) The Venn diagram showing overlapping of the chromatin close genes and those 

down-regulated in mouse chemoresistant tumors, compared to the chemosensitive 
ones. Hypergeometric test. 

(C) The Ridge plot showing the GSEA enrichment of squamous and keratin 
differentiation related pathways in the mouse chemoresistant tumors, compared to 
the chemosensitive ones, measured by ATAC-seq. 

(D) The gradually up-regulated and down-regulated genes from sensitive to chemo×2, 



chemo×4 and resistant tumors, measured by bulk RNA-seq. 
(E) The GO BP enrichment analysis for the up-regulated genes from sensitive to 

chemo×2, chemo×4 and resistant tumors, measured by bulk RNA-seq. 
(F) The Ridge plot showing the enrichment of squamous and keratinocyte 

differentiation pathways in the mouse chemoresistant samples, compared to the 
chemosensitive samples analyzed by GSEA, measured by MS proteomics assay. 

(G) The volcano plot showing the differentially expressed proteins in chemoresistant 
tumors, compared to the chemosensitive ones. 

(H) Heatmap showing the relative protein abundance of squamous differentiation-
related genes in chemosensitive and chemoresistant samples, measured by MS 
proteomics assay. 

(I) Bar graph showing the percentages of pre- and post- chemotherapy MIBC samples 
with CTSH amplifications.  

(J) GSEA showing positive enrichment of the TCGA resistance up regulated genes in 
CTSH high BLCA samples, compared to CTSH low samples in the TCGA cohort 
(left). GSEA showing negative enrichment of the 
TOOKER_GEMCITABINE_RESISTANCE_DN genes in the CTSH high BLCA 
samples, compared to CTSH low samples in the TCGA cohort (right). 

(K) GSEA showing negative enrichment of the Module1 genes in the TCGA MIBC 
with CTSH high expressions, comparing to those with CTSH low expressions. 

(L) Western blotting plots of CTSH in mouse chemoresistant tumor organoids with or 
without Ctsh knockout (n=3 independent repeats). 

(M) Organoid numbers of mouse chemoresistant tumor organoids with sgScr or sgCtsh 
(n=3 independent repeats). ****, p < 0.0001; ***, p < 0.001. Two-sided Student’s 
t test. Data presented as Mean ± SD. 

(N) Organoid sizes of mouse chemoresistant tumor organoids with sgScr or sgCtsh 
(n=3 independent repeats). ****, p < 0.0001; ***, p < 0.001. Two-sided Student’s 
t test. Data presented as Mean ± SD.  

(O) The bar graph showing the organoid numbers of mouse chemosensitive tumor 
organoids with sgScr or sgCtsh (n=3 independent repeats). ns, not significant. Two-
sided Student’s t test. Data presented as Mean ± SD. 

(P) The bar graph showing the tumor volumes of mouse chemosensitive tumors with 
or without Ctsh knockout after 3 rounds of chemotherapy (n=3 mice). Two-sided 
Student’s t test. Data presented as Mean ± SD. 

(Q) The bar graph showing the organoid numbers of mouse chemosensitive tumor 
organoids with or without Ctsh overexpression (n=3 independent repeats). ns, not 
significant. Two-sided Student’s t test. Data presented as Mean ± SD. 

 



Figure S5. Inhibiting CTSH induces terminal squamous differentiation of 
chemoresistant MIBC, related to Figure 5.  
(A) Images showing H&E staining of mouse chemosensitive tumors treated with 

vehicle or E64 (representative of n=4 mice). Scale bars, 50µm. 
(B-C) GSEA showing negative enrichment of the 

KANG_DOXORUBICIN_RESISTANCE_UP pathway in chemoresistant tumor 
cells treated with E64 compared to those treated with vehicle, measured by RNA-
seq analysis (B) or MS (C) proteomics assay. 

(D) GO enrichment analysis for the upregulated genes in Molecular Function term in 
chemoresistant tumor cells treated with E64 compared to those treated with vehicle, 
measured by RNA-seq analysis. 

(E) The t-SNE map of single-cell RNA-seq analyses of mouse chemoresistant tumors 
treated with vehicle or E64, colored by cell subtypes (n=1 mouse). 

(F) The t-SNE map of single-cell RNA-seq analyses of mouse chemoresistant tumors 
treated with vehicle or E64, colored by sample origins (n=1 mouse). 

(G) The proportions of T2 and T3 tumor cells in chemoresistant tumors treated with 
vehicle or E64, measured by scRNA-seq analysis. 

(H) The t-SNE map showing the expression of terminal squamous signature genes in 
mouse chemoresistant tumors treated with vehicle or E64. 

 



Figure S6. CTSH inhibition specifically represses human chemoresistant MIBC, 
related to Figure 6.  
(A) CTSH staining in chemoresistant human PDX tumors (Pt.6(Res), 7 and 8) and 

chemosensitive human PDX tumor (Pt.9) (representative of n=3 mice). Scale bars, 
50µm. 

(B) The tumor volume fold change of MIBC PDX from patients 6-9 with vehicle or 
chemotherapy (Pt.6,7,8: n=4 mice; Pt.9: n=3 mice). *, p < 0.05, **, p < 0.01. Two-
sided Student’s t test. Data presented as Mean ± SD. 

(C) Images of chemoresistant human PDX tumors (Pt.6 (Res), 7 and 8) and 
chemosensitive human MIBC PDX (Pt.9) treated with vehicle or E64 
(representative of n=3 mice). Scale bars, 2mm. 

(D) The relative mRNA levels of CTSH in human PDX organoids Pt.9 (sensitive), Pt.13, 
14 (resistant) (n=3 technical replicates). ** p < 0.001; ****, p < 0.0001. Two-sided 
Student’s t test. Data presented as Mean ± SD. 

(E) Dose-response curves of human PDX Pt.9 (sensitive), Pt.13, 14 (resistant) 
organoids treated with Cisplatin (n=3 technical replicates). *, p < 0.05; **, p < 0.01; 
***, p < 0.001. Two-sided Student’s t test. Data presented as Mean ± SD. 

(F) Dose-response curves of human PDX Pt.9 (sensitive), Pt.13, 14 (resistant) 



organoids treated with E64 (n=3 technical replicates). ns, not significant; *, p < 
0.05; **, p < 0.01; ***, p < 0.001. Two-sided Student’s t test. Data presented as 
Mean ± SD. 





Figure S7. The TNF pathway mediates the differentiation therapy of 
chemoresistant MIBC, related to Figure 7. 
(A) GSEA showing positive enrichment of the 

HALLMARK_TNFA_SIGNALING_VIA_NFKB pathway in E64 treated 
chemoresistant tumors compared to those treated with vehicle, measured by RNA-
seq.  

(B) GSEA showing positive enrichment of the 
HALLMARK_TNFA_SIGNALING_VIA_NFKB pathway in the E64 treated 
chemoresistant tumors compared to those treated with vehicle, measured by MS 
proteomics assay. 

(C) Western blotting plots of TNFα in mouse chemoresistant tumors treated with E64 
or vehicle (n=3 independent repeats). 

(D) Cell viability of mouse chemoresistant tumor organoids treated with vehicle or 
TNFα (normalized to vehicle) (n=3 technical replicates). ***, p < 0.001; ****, p < 
0.0001. Two-sided Student’s t test. Data presented as Mean ± SD. 

(E) The relative mRNA levels of Krt16, Krt6a, Sprr1a, Tgm1 in mouse chemoresistant 
tumor organoids treated with vehicle or 20 ng/ml TNFα (n=3 technical replicates). 
ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001. Two-sided Student’s t 
test. Data presented as Mean ± SD. 

(F) The organoid numbers of mouse chemoresistant tumors with sgScr or sgTnfr1 (n=4 
technical repeats). **, p < 0.01. Two-sided Student’s t test. Data presented as Mean 
± SD. 

(G) Bright-field image of mouse chemoresistant tumors with sgScr or sgTnfr1 treated 
with vehicle or E64 (representative of n=4 mice). Scale bar, 2 mm. 

(H) Images showing H&E staining and immunofluorescence staining of CK16 (green) 
and involucrin (red) of mouse chemoresistant tumors with sgScr or sgTnfr1 treated 
with E64 (representative of n=4 mice). Scale bars, 50µm. 

(I) Images showing H&E staining and immunofluorescence staining of CK16 (green) 
and involucrin (red) of mouse chemoresistant tumors with sgScr or sgTnfr1 treated 
with vehicle (representative of n=4 mice). Scale bars, 50µm. 

(J) The statistical graph showing the relative involucrin positive staining areas of 
Figure S7I (independent sections of n=3 mice). Data presented as Mean ± SD. 

(K) The violin plot shows cell death signature in T2 and T3 tumor cells. ****, p < 
0.0001. Wilcoxon signed-rank test, measured by scRNA-seq analysis. 

(L) GSEA showing positive enrichment of the REACTOME_PYROPTOSIS pathway 
in the E64-treated chemoresistant tumors compared to those treated by vehicle, 
measured by RNA-seq. 

(M) Heatmap showing the relative protein levels of pyroptosis-related genes in the 
chemoresistant tumors with vehicle (n=2 mice) or E64 treatment (n=3 mice). 

(N) Immunofluorescence staining of GSDMC (red) in mouse and human 
chemoresistant tumors treated with vehicle or E64 (n=3 mice). Scale bars, 50µm. 

(O) Western blotting plots of GSDMC and Caspase 8 in chemoresistant PDX treated 
with vehicle or E64 (Patient 6) (n=3 independent repeats). 

(P) Western blotting plots of GSDMC and Caspase 8 in chemoresistant PDX treated 



with vehicle or E64 (Patient 8) (n=3 independent repeats). 
(Q) Organoid numbers of mouse chemoresistant tumor organoids edited with sgScr or 

sgCasp8 (n=3 technical repeats). ns, not significant. Two-sided Student’s t test. 
Data presented as Mean ± SD.  
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