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Multiomics profiling of urothelial carcinoma
in situ reveals CIS-specific gene signature
and immune characteristics

Meenakshi Anurag,1,10 Trine Strandgaard,2,3,10 Sung Han Kim,4,5 Yongchao Dou,1 Eva Comperat,6

Hikmat Al-Ahmadie,7 Brant A. Inman,8 Ann Taber,2,3 Iver Nordentoft,3 Jørgen Bjerggaard Jensen,3,9

Lars Dyrskjøt,2,3,* and Seth P. Lerner4,11,*
SUMMARY

Urothelial carcinoma in situ (CIS) is an aggressive phenotype of non-muscle-invasive bladder cancer. Mo-
lecular features unique to CIS compared to high-grade papillary tumors are underexplored. RNA
sequencing of CIS, papillary tumors, and normal urothelium showed lower immune marker expression
in CIS compared to papillary tumors. We identified a 46-gene expression signature in CIS samples
including selectively upregulated known druggable targets MTOR, TYK2, AXIN1, CPT1B, GAK, and
PIEZO1 and selectively downregulated BRD2 andNDUFB2. High expression of selected genes was signif-
icantly associated with CIS in an independent dataset. Mutation analysis of matched CIS and papillary tu-
mors revealed shared mutations between samples across time points and mutational heterogeneity.
CCDC138 was the most frequently mutated gene in CIS. The immunological landscape showed higher
levels of PD-1-positive cells in CIS lesions compared to papillary tumors. We identified CIS lesions to
have distinct characteristics compared to papillary tumors potentially contributing to the aggressive
phenotype.

INTRODUCTION

Urothelial carcinoma in situ (CIS) is a flat malignant lesion comprising high-grade malignant urothelial cells confined to the urothelium of the

bladder, urethra, or upper urinary tract. On cystoscopic evaluation, CIS may be confused with cystitis or other inflammatory conditions of the

bladder making the diagnosis challenging. CIS is not visible with white light cystoscopy in up to 50% of lesions; however, more CIS lesions are

detectablewith enhanced cystoscopy technologies such as hexaminolevulinate and narrow-band imaging.1 CIS is groupedwith the non-mus-

cle-invasive bladder cancers but has the potential to progress to muscle-invasive disease2 and also shares molecular features with subsets of

muscle-invasive bladder cancers (MIBCs).3 The pathologic diagnosis of CIS is challenging because of its wide histologic spectrum and poten-

tial benign mimics (Figure 1).4,5 It may occur as an isolated pathological finding or may be associated with non-invasive papillary and/or inva-

sive urothelial carcinomas.6 Moreover, the clinical behavior of CIS is highly variable with differences attributed to focality, association with

concomitant or prior papillary tumors, and treatment resistance.

Intravesical immunotherapywith Bacillus Calmette-Guérin (BCG) is the primary treatment for CIS following resection of all visible disease in

the absence of muscle-invasive cancer. BCG induction and maintenance therapy reduces the risk of recurrence and progression of CIS with

initial complete response rates ranging between 70% and 84%; however, later disease recurrences/progression are common.7–9 There is a

need to understand the biological mechanisms associated with response or failure to BCG treatment.10 At the molecular level, mutations

in TP53 and the TERT promoter region are common genetic events in CIS,10,11 but comprehensive genomic studies addressing themolecular

biology of CIS are largely lacking. The Cancer Genome Atlas (TCGA) offers the most comprehensive molecular analysis of MIBC,3 and study-

ing themutational landscape and expression profiles of CIS will help establish howMIBCmay evolve from its most common precursor, CIS. A
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Figure 1. Morphologic spectrum and subtype heterogeneity of urothelial carcinoma in situ (CIS)

(A) Full thickness, partially detached CIS with prominent nuclear pleomorphism and hyperchromasia, architectural disorder, and lack of polarity (10x);

(B) prominent denudation and discohesion of CIS with a single layer of tumor attached to the basement membrane. Note the prominent vasculature in the

lamina propria (block arrows); (C) High-grade UC involving von Brunn’s nests, which may mimic invasion (4x). The surface tumor is both papillary (shown) and

flat (not shown); (D) variable tree showing site, gender, and subtypes for 19 high-quality samples.
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significant barrier to genomic and transcriptomic profiling of CIS is the challenge of getting nucleic acids of sufficient quantity and quality from

small formalin-fixed paraffin-embedded (FFPE) specimens.

In this project, we tested the hypothesis that comprehensive analysis of the molecular biology of CIS and comparison to papillary tumors

and tumors that progressed to MIBC will help define progression pathways and BCG treatment response/resistance mechanisms in bladder

cancer. We describe methodology for extracting mRNA and DNA from small FFPE CIS samples and RNA- and whole-exome sequencing

(WES) for expression profiling, pathway analysis, mutation characterization, and association with outcomes. Furthermore, we performed

immunohistochemical (IHC) and multiplex immunofluorescence (mIF) analysis to delineate the spatial organization of immune cells in CIS le-

sions and matched papillary tumors. Finally, we performed exploratory analyses of CIS and its micro-environment and specific signatures

of CIS.
RESULTS

Histology and complexities of profiling CIS

As expected, we observed diverse histology in our CIS samples. Figure 1 shows hematoxylin and eosin-stained CIS tissues reflecting the

morphological and pathological heterogeneity among CIS samples. Intraepithelial urothelial carcinoma cells with large hyperchromatic

nuclei, prominent nuclear pleomorphism, and high nucleus/cytoplasm ratio with partial detachment of mucosal basement membrane are

also shown (Figures 1A and 1B). A CIS lesion with partial discohesion of lesional cells and dilated vasculature below the basement membrane

in the superficial lamina propria is noted in Figure 1B, and von Brunn’s nests with CIS may be confused with lamina propria invasion

(Figure 1C).
Cohort A

The bulk RNA sequencing cohort (cohort A) consisted of a total of 32 samples, comprising 15 CIS, 9 adjacent papillary tumors, and 8 normal

samples. The overall aligned read distribution of CIS was lower for CIS samples as compared to papillary tumor or normal tissue samples

(Figure S1A).While there was no statistically significant difference in DV200 (measure of RNA stability) across CIS, papillary tumors, and normal

samples (average score 33.5, 39.7, and 35.4, respectively), we identified five CIS samples with a low number of aligned reads (Figure S1B).

These samples, four of which were from male and one from female subjects, were excluded from further analysis. Hence, the total analytical
2 iScience 27, 109179, March 15, 2024
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Figure 2. CIS gene signature and pathway analysis

(A) Gene signature categorizing samples into luminal, ECM and smooth muscle, EMT and claudin, basal, squamous, Immune, neuronal differentiation, CIS

surrounding, and Sonic hedgehog markers.

(B) Composite signature scores shown as boxplots for CIS and tumor samples (Wilcoxon rank-sum test derived p-value shown) (C) Differentially expressed

hallmark pathways specific to CIS tumors. Upregulated and downregulated pathways are shown in red and blue, respectively.
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cohort consisted of 10 CIS, 9 papillary tumor (P), and 8 normal tissue (N) samples. We performed subtyping of tumor samples using multiple

methods as shown in Figure S1C including non-muscle invasive bladder cancer (NMIBC) UROMOL,12 TCGA,13 and consensus14 classifiers to

CIS and papillary tumor (P) (Figure 1D). The majority of the samples were characterized as the high-risk classes 2a and 2b (six and four out of

fifteen, respectively), indicating that CIS lesions share characteristics with high-risk NMIBC.

Ten CIS tumors were predicted to be of Class 2 and three as Class 3 (Figure 1D). These results are consistent with an earlier report showing

that CIS tumors were more frequently overlapped with Class 2 tumors.15

Urothelial cancer marker and differential pathway analysis

We used normalizedmRNA expression data to investigate publishedmolecular gene signatures13 categorized into luminal, extracellular ma-

trix (ECM) and smooth muscle, EMT and claudin, basal, squamous, immune, neuronal differentiation, CIS surrounding, and Sonic hedgehog

markers (Figure 2A). FOXA1 was the only luminal marker that was significantly over-expressed (p = 0.02) in CIS tumors as compared to

papillary tumors. On the contrary, basal markers including CD44 and KRT14 were significantly downregulated in CIS tumors (p = 0.001,

0.01 respectively). The immunemarkerCXCL11 and neuronal differentiationmarkersAPLP1 andMSI1were also downregulated in CIS tumors.

Investigating gene-expression-based immune cell scores, we found Th2 subset of CD4+ T cells and myeloid dendritic cells to be significantly

downregulated in CIS tumors (Figure S2A). CIS tumors showed significantly low expression of the ‘‘CIS surrounding’’ markers16 CTSE and

MSN. Interestingly, cumulative scores for ‘‘CIS surrounding up’’ genes were significantly lower in CIS tumors compared to papillary tumors

(Figure 2B). To further explore the systematic characterization and biological pathways associated with CIS lesions in contrast to papillary

tumors, we performed gene set enrichment analysis (GSEA) using differentially expressed genes as input for the KEGG pathway analysis.

The Notch signaling, Fanconi anemia, and lysine degradation pathways were significantly enriched in CIS lesions as compared to papillary

tumors (Figure 2C). Individual enrichment plots for Notch signaling and lysine degradation pathways are shown in Figures S2B and S2C,

respectively.

CIS-specific gene signature

Identification of differentially regulated pathways prompted us to apply an additional filter to differentially expressed genes that were over- or

under-expressed when compared not just to papillary tumors but also to normal samples. CIS-specific gene signature was identified by em-

ploying a combination of two statistical filtering criteria including Wilcoxon rank-sum test (p < 0.05) comparing CIS and papillary tumors, fol-

lowed by an ANOVA test comparing CIS, papillary Ta/T1, and normal samples (p < 0.05). This resulted in a set of 46 differentially expressed

up- and downregulated genes. Unsupervised hierarchical clustering showed clear segregation of CIS samples fromother samples (Figure 3A).

Interestingly, the upregulated gene set included six druggable targets consisting of MTOR, TYK2, AXIN1, CPT1B, GAK, and PIEZO1. Differ-

ential levels of druggable kinases MTOR, GYK1, and TYK2 across sample types are shown (Figure S3A). To assess the robustness of these

markers in an independent dataset from GSE3167 (9) consisting of 5 CIS and 55 other tumor samples, we found expression information

for 36 out of 46 genes. Principal-component analysis (PCA) plot shows samples colored by their type based on these genes (Figure S3B).

Average expression of these 36 genes was used as input for area under curve (AUC) calculation. Five CIS samples were treated as cases

and the 55 other samples as control. The 36-gene signaturewas able to accurately predict theCIS samples by receiver operating characteristic

(ROC) analysis (AUC = 0.90; Figure 3B). At individual gene levels, we validated selective overexpression of MTOR, GUSBP11, KMT2D, and

URB1 and under-expression of HMGB1, RPS7, NDUFB4, BRD2, HNRNPK, CANX, and HSP90B1 in CIS samples (Figure 3C).

Cohort B

Mutational analysis of CIS lesions and intrapatient similarity

In total, DNA from 34 CIS lesions and 33 tumor samples was analyzed using WES. CIS lesions were sequenced to a mean coverage of 142X.

Mutations in CIS lesions were observed at significantly lower-variant allele frequencies (VAFs) compared tomutations observed in other tumor

samples (p < 0.0001; mean = 0.08 vs. 0.2; Figure S4A). Themajority of single-nucleotide variants observed in the samples were C>T alterations

(Figure S4B) with increasing relative contribution with increasing VAFs (Figure S4C). In papillary tumors, mutation VAFs were found to vary

between alteration types, being highest for C>G and C>T mutations. In CIS samples, VAFs were lower and more uniform, potentially due

to low carcinoma cell content (Figure S4D). The read orientation phred-scaled quality (ROQ) score describes the possibility of read orientation

artifacts. Artifacts related to FFPE sampling processes will likely have a strand or read orientation bias toward one of the directions, whereas

true mutations should have an equal distribution of forward and reverse strands.17 We filtered out mutations with ROQ scores below or equal

to 30 to remove potential FFPE artifacts. Of the remainingmutations, C>T alterations had the lowest ROQ scores in CIS samples, compatible

with the fact that this mutation type is often introduced during formalin fixation of the tissue (Figure S4E). In papillary tumors, C>Amutations

had the lowest ROQ scores. C>A mutations have been associated with the COSMIC single-base signature (SBS) 4, which is associated with

tobacco smoking. Double-base signature (DBS) 2 has been shown to be associated with SBS4 and showed transcriptional strand bias,
4 iScience 27, 109179, March 15, 2024



Figure 3. CIS gene signature in CIS and papillary tumors with validation at individual gene level

(A) CIS-specific gene signature composed of 46 genes (up- and downregulated) were identified. Unsupervised clustering shows clear segregation of CIS samples

from other samples.

(B) AUC curve showing performance of CIS-specific gene signature average score in predicting CIS samples from an independent cohort (GSE3167).

(C) volcano plot showing fold change and p value for individual gene validation from the signature in GSE3167 dataset. Genes passing both Log2 fold change

cutoff of 0.5 and Wilcoxon rank-sum test p value cutoff of 0.05 are shown as red dots.
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Figure 4. Mutational landscape of CIS and papillary tumor samples (moderate and high impact SNVs and indels)

Columns correspond to unique samples. Groups of columns correspond to all analyzed samples from a single patient. Top: the number of the fourmutation types

in every sample. Middle: oncoplot showing the four mutation types in selected genes, sorted bymutation frequency across patients. Frequencies of patients with

mutations in the given gene are indicated to the left. Bars to the right indicate the numbers of the different mutation types within each gene across the samples in

the cohort. Bottom: clinical and sample information. BCG outcome: high-grade disease within two years after BCG treatment or progression to muscle-invasive

bladder cancer (MIBC) progression to MIBC. BCG Timing: sample timing in relation to BCG treatment.
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potentially explaining the low ROQ scores for these mutations.18 The number of mutations in the samples varied but was generally high

(Figure S4F) with median TMBs for CIS and papillary of 44 mutations/Mb and nine mutations/Mb, respectively.

Because of the relatively small cohort size, we investigatedmutations in genes frequently mutated in high-risk NMIBC patients11 (Figure 4).

Generally, when analyzing mutations within patients, we observed that the same alteration types were present in the same genes across mul-

tiple tumor samples fromdifferent time points and tumor types, indicating clonality. Additionally, many alterationswere detected both before

and after BCG treatment. KDM6A was the most frequently mutated gene across CIS and papillary tumor samples. When analyzing CIS sam-

ples alone, CCDC138 was the most frequently mutated gene (Figure S5). We did not observe any significant differences when analyzing the

mutational landscape of CIS and papillary tumors based on BCGoutcome, progression status, or sampling time in relation to BCG treatment.

Immune contexture of CIS and papillary tumors

Using mIF and IHC, we investigated the immunological landscape of 24 CIS and papillary tumors from 15 patients estimating the levels of

cytotoxic T cells (CTLs), T helper cells, Tregs, B cells, M1 and M2 macrophages, and cells expressing PD-1 and PD-L1 from cohort B. Tissue

biopsies were separated into epithelial (normal urothelium, CIS, and papillary tumor) and stromal (normal stroma, CIS stroma, papillary tumor

stroma, and deep stroma) regions of interest (ROIs) using digital pathology, and the immune cells within each were counted (Figure 5A). A

detailed overview of sample types and ROIs within each is provided in Figure S6A. We did not observe any significant differences when

analyzing the immune landscape of normal tissue, CIS, and papillary tumors, and more immune cells were observed in stromal regions

compared to epithelial areas (Figure 5B) and significantly higher fractions of T helper cells, regulatory T cells (p = 0.0063), and B cells

(p = 0.0039) in all stromal areas combined (Figure 5C). When analyzing all stromal regions separately, we observed that T helper cell and

B cell fractions were high in all stromal regions, although not significant in most cases for B cells (Figure S6B). There were no significant dif-

ferences between immune cell infiltration in CIS stroma and papillary stroma (Figure S6B). Additionally, there was a significantly larger fraction

of PD-1-expressing cells in CIS regions and in stroma compared to papillary regions (p = 0.031 and p = 0.014; Figure 5C).

DISCUSSION

Whole transcriptomic profiling of bladder cancer with RNA sequencing is widely available, and protocols are well established for doing this

with larger FFPE tumors. CIS is a flat, intraepithelial high-grade cancer with histologic features similar to invasive cancer and is often a pre-

cursor to invasive bladder cancer. It has both a variable morphology and treated natural history, may be focal or diffuse, and may occur as
6 iScience 27, 109179, March 15, 2024
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Figure 5. Immunofluorescence and immunohistochemistry workflow and immune cell characterization

(A) Workflow of the mIF and IHC methods. Multiple visits from the same patients are marked with different letters, and numbers following letters mark samples

collected from the same clinical visit. Sections stained with different mIF panels or antibodies are shown in the order it was applied. Examples of analyzed regions

of interest (ROIs) are shown.

(B) From top bar to bottom bar: percentage of immune cells in ROIs. Immune cell proportions in regions where all stainings were available. Heatmap indicating

the levels of immune cells and markers in different ROIs/patients. Bottom annotation includes sample information with patient of origin, sample types, and ROIs

as well as clinical information with prior BCG treatment, post-BCG outcome (CR: complete response at 6 months. Failure: any persistent high-grade cancer), and

progression status (T-stage progression).

(C) Comparisons of the levels of immune cell types and markers in different ROIs. All stromal areas have been combined to one ROI. Adjusted p values are

indicated when below-significance level of 0.05 (Wilcoxon rank-sum test).
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isolated CIS or associated with papillary non-invasive cancer or muscle-invasive cancer. To understand the variable biology and behavior of

CIS, molecular subtyping has been performed using targeted gene panels, and two broad subtypes, luminal and basal, have been identi-

fied.19 A transition from luminal to basal subtypemay occur in the context of progression toMIBC;15 however, subtype callsmay also be deter-

mined by the overall tissue contexture associated with CIS and MIBC. CIS presents a significant challenge for standard whole-transcriptome

RNA sequencing due to very small tumor sizes, an inability to reliably detect it with white light cystoscopy, and often low RNA quality from

FFPE-derived tissues.While enhanced cystoscopy with hexaminolevulonic acid and narrow-band imaging have improved our ability to detect

CIS, we are still limited by sampling challenges to obtain fresh tissue to optimize RNA sequencing. In the present study, we determined that

established dual nucleic acid extraction protocols for FFPE samples were not feasible due to small biopsy sample sizes and that protocols

should be optimized for either RNA or DNA.We therefore curated a convenience cohort of patients with previously untreated FFPE CIS sam-

ples with a subset with matched papillary (Ta or T1) and normal tissues and tested the hypothesis that we could obtain RNA samples with

adequate quality for whole transcriptome profiling to demonstrate proof of concept of feasibility, determine subtypes, and identify potential

pathways associated with risk of progression. Furthermore,WESwas performed in separate cohort of CIS samples fromBCG-treated patients

(BCG-naive and post-BCG CIS lesions).

We found that most CIS samples were luminal (TCGA) or Class 2a/2b (UROMOL) with increased expression of the luminal (FOXA1) marker

and low expression of basalmarkers (CD44, KRT14), immune (CXCL11), and neuronal (APLP1,MS1)markers.Most high-grade papillary tumors

were also Class 2a or 2b (85%), which is associated with the least favorable prognosis due to late cell-cycle activation with TP53-, ERBB2-, and

APOBEC-related pathways.12 UROMOL Class 2B has immune-infiltrative features that indicate a potential poor response to BCG. Applying

the TCGA classifier, 7/9 tumors of Class 2A tumors were of luminal subtypes, supporting previous findings of Class 2A being primarily

luminal.12 A minority of CIS and papillary tumors were Basal or Class 3 which has a dormant luminal MIBC type with higher long noncoding

RNA (lncRNA) associated with MIBC progression.12

We identified the Notch, Fanconi anemia, and lysine degradation signaling pathways to be significantly associated with CIS compared to

adjacent papillary tumors. Notch activation has been described previously and affects cell-cycle regulation and stemness.20 The Fanconi ane-

mia pathway is characterized by a defect in DNA cross-link repair, and mutations in FANC are associated with response to cisplatin-based

chemotherapy.21 Lysine can be modified by acetylation, methylation, and ubiquination and can lead to aberrant dysregulated histone acet-

ylation.22 At the individual gene level, we identified a 46-gene expression signature that differentiates CIS samples from papillary tumors and

normal urothelium samples and validated most expression changes in an independent patient cohort. Because of small sample size and lack

of uniform treatment of the cases, we were unable to observe any association with BCG response.

However, this signature includes increased expression of Mammalian target of rapamycin (MTOR), TYK2, and GAK kinases which may be

potential actionable targets for CIS treatment. Although the work has no immediate implications for therapy, it could inform the design of

tests to track treatment response for targeted therapy including clinical trials focused on Rapamycin (MTOR inhibitor) including but not

limited to NCT04375813.

In a separate cohort of synchronous and metachronous matched CIS and papillary tumors, we focused on DNA-based genomic profiling

and described the mutation and immune profiles of CIS and paired papillary tumors. TMB was higher in CIS compared to papillary tumors

supporting the preference for immunotherapy with BCG as the primary treatment for CIS. KDM6A was the most frequently mutated gene

across CIS and papillary tumors, and CCDC138 was the most frequently mutated gene across CIS alone. KDM6A, a lysine-specific demethy-

lase, is a tumor suppressor that alters chromosomal stability, decreases cell growth,3 and influences natural killer cell signaling and cisplatin

sensitivity.23 Previous studies identified KDM6A mutations as a prognostic factor for immune tumor escape in bladder cancer24 and found

more KDM6A mutations in females with non-invasive cancer.25 The role of the CCDC138 gene product is not yet fully understood, but it

is known to interact with ubiquitin C, a molecule involved in ubiquitination and degradation of proteins.26 High TMB has been associated

with response to both chemotherapy and immunotherapy in patients with muscle-invasive or metastatic disease.

Our analysis of paired CIS and papillary tumors using mIF and immunohistochemistry showed a higher immune cell density—including T

helper cells, T reg, and B cell fractions—in stromal areas compared to CIS and papillary tumors. Moreover, when CIS regions were compared

with papillary tumor, T cells were the only type of immune cells detected in significant numbers. We also identified a larger fraction of PD-1-

expressing cells in CIS and surrounding stroma compared to papillary tumors providing a biologic explanation for the utility of checkpoint

inhibition targeting CIS as shown in early studies of BCG-treated patients.27 This may represent a high level of PD-1-positive T cells in and

around CIS lesions, likely due to the high-grade features of CIS lesions and genomic alterations, potentially leading to immune cell exhaus-

tion. However, this needs to be analyzed in larger studies.
8 iScience 27, 109179, March 15, 2024
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Conclusion

This study met its primary objective of proof of concept for whole transcriptomic profiling of CIS and genomic profiling of matched CIS and

papillary tumors and determination of spatial orientation of immune cells associatedwith these cancers. There are several potential limitations

including curated and retrospective cohorts, modest sample sizes, and FFPE specimens failing RNA quality control. This research confirms

that CIS is largely luminal and of the UROMOL class 2a/2b and suggests that CIS and papillary tumors may share a similar evolutionary

pathway with common genomic alterations and actionable targets. The large fraction of PD-1-expressing cells in CIS and in stroma supports

the rationale for use of drugs targeting checkpoint inhibition for treatment of CIS. Validation in larger cohorts and ongoing clinical trials will

further our understanding of the biology of CIS toward the goal of identifying predictive and prognostic biomarkers.

Limitations of the study

Overall, though we have validated CIS-specific 46-gene signature findings in an independent patient cohort, small sample size in such an

analysis is an inherent issue. Hence, limitations of the study include small cohort sizes and lack of overlay between genomics and transcrip-

tomic analyses. The findings from the study warrant further validation in larger cohorts. Due to small cohort sizes, it was not possible to corre-

late results to sex, gender, and age.
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Strandgaard et al.11
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Chemicals, peptides, and recombinant proteins

PD-L1 monoclonal antibody (Rabbit) Ventana Clone: Sp263
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CD3 monoclonal antibody (Rabbit) Ventana Clone: 2GV6

CD8 monoclonal antibody (Mouse) Dako Clone: C8/144B
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Twist Human RefSeq Panel Twist Bioscience Cat# 101023

Gentra Puregene Tissue Kit (Proteinase K,

RNase A Solution, Cell Lysis Solution, Protein

Precipitation Solution, ATE buffer)

Qiagen Cat# 19131, 158922, 158906,

1045701, 1067929, respectively

Qiasymphony DSP DNA midi kit Qiagen Cat# 937255

Deposited data

RNAseq data This paper Table S1

Whole Exome Sequencing Data This paper and a subset

from Strandgaard et al.11
Processed and non-sensitive

data provided upon request

Immune contexture This paper Processed and non-sensitive

data provided upon request

Software and algorithms

STAR (2.7.1a) Dobin et al.28 https://github.com/alexdobin/STAR

RSEM (v 1.3.1) Li and Dewey29 https://github.com/deweylab/RSEM

WebGestalt Liao et al.30 http://www.webgestalt.org

MSigDB Subramanian, Tamayo et al.31 https://www.gsea-msigdb.org/gsea/msigdb

R v4.1.2 R Core Team 2020 https://www.r-project.org

Visiopharm (Version 2018.9.5.59.52) Visiopharm A/S, Hørsolm, Denmark

PurBayes Plummer et al.32 https://cran.r-project.org/web/

packages/PurBayes/index.html

bwa mem v.0.7.17. Li33 (https://arxiv.org/abs/1303.3997) https://github.com/lh3/bwa

MuTect2 Benjamin et al.34 (doi: https://doi.

org/10.1101/861054)

https://github.com/broadinstitute/gatk

SnpEffv4.3i Cingolani et al.35 http://pcingola.github.io/SnpEff/

12 iScience 27, 109179, March 15, 2024

https://github.com/alexdobin/STAR
https://github.com/deweylab/RSEM
http://www.webgestalt.org
https://www.gsea-msigdb.org/gsea/msigdb
https://www.r-project.org
https://cran.r-project.org/web/packages/PurBayes/index.html
https://cran.r-project.org/web/packages/PurBayes/index.html
https://arxiv.org/abs/1303.3997
https://github.com/lh3/bwa
https://doi.org/10.1101/861054
https://doi.org/10.1101/861054
https://github.com/broadinstitute/gatk
http://pcingola.github.io/SnpEff/


ll
OPEN ACCESS

iScience
Article
RESOURCE AVAILABILITY

Materials are not available. No unique reagents were generated for this project.

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Seth P. Lerner, MD (slerner@

bcm.edu).

Data and code availability

� Data:
Cohort A (Bulk RNA-seq cohort): The raw sequencing data is not available as majority of the patients were consented at Paris. Pro-

cessed gene expression matrix and data that support the findings of this study are available from the corresponding authors upon

reasonable request.

Cohort B (WES and mIF/IHC cohort): The raw sequencing data are not publicly available as this compromise patient consent

and ethics regulations in Denmark. Processed non-sensitive data are available upon reasonable request from the corresponding

authors.
� Code:
No custom code other than standard coding was used.
STUDY PARTICIPANT DETAILS

Ethics approval and consent to participate

The study was approved by the Institutional Review Board of the Baylor College of Medicine (H-14435, H-42629) and The Danish National

Committees on Health Research Ethics (#1708266), and all study protocols were performed in accordance with the approved guidelines

and regulations. Relevant informed consent was obtained from all subjects.

Cohort description and analysis overview

Cohort A (bulk RNA-seq cohort)

For the study of mRNA, 24 patients with newly diagnosed NMIBC were enrolled. Their tissues were obtained from either transurethral resec-

tion or cystoscopic biopsies of bladder tumor under general anesthesia. Three matched samples of bladder including normal mucosa, papil-

lary tumor, and CIS lesions were obtained in each patient. Relevant histologic sections were re-reviewed by a genitourinary pathologist for

histologic confirmation and identification of the area(s) of interest. A total of 32 samples from 24 patients were selected to enter the analysis.

All were adults and 22 were male; 6 were female; sex was not recorded in 4.

Cohort B (WES and mIF/IHC cohort)

For WES, a separate cohort of 19 patients (13 males and six females) with matched CIS and papillary tumor samples was analyzed (nCIS = 34

and npapillary = 33). Using mIF/IHC analyses, 24 samples from 15 patients (8 of these overlapping with WES-analyzed patients) were

analyzed for the presence of cytotoxic T-cells (CTLs), T-helper cells, regulatory T-cells (Tregs), B-cells, M1 and M2 macrophages and

PD-1 and PD-L1-expressing cells. All were adults and ten were male and five were female. Detailed long-term follow-up was available

for cohort B.

METHOD DETAILS

RNA - Sequencing

Transcriptome data was generated for 32 formalin fixed paraffin embedded (FFPE) samples in this study. For this, strand-specific, poly-A+

RNA-seq libraries for sequencing on the Illumina platform similar to prior work described by Peters et al.36 Briefly, poly-A+ mRNA was ex-

tracted from 1 mg total RNA, followed by fragmentation and first strand cDNA synthesis. The resultant cDNA was end-repaired, A-tailed

and ligated with IlluminaDual barcode adapters. Libraries were sequenced onNovaSeq 6000 instruments using the S4 reagent kit (300 cycles)

to generate 23 150 bp paired-end reads. Between 59.96 and 112.62M total reads were generated for these 32 samples. The average strand-

specificity and rRNA rate was 97.04% and 1.79% respectively.

mRNA expression and subtyping

The paired-end reads weremapped to the human genome version GRCh38.d1.vd1 (fromGDC) using STAR-2.7.1a. The gene expression esti-

mation was performed using RSEM-1.3.129 and the RSEM value was normalized using the gene-centering/upper quantilemethod. TCGA sub-

typing was performed using the R script provided by Dr Jaegil Kim upon request. The details of the methods have been earlier published.37

UROMOL12 and Consensus14 classification was also applied.
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DNA extraction, WES, and data processing

CIS samples were obtained from FFPE specimens and DNAwas extracted from 20 serial sections of 10 mmusingGeneRead FFPE Kit (Qiagen)

with an extra deparaffinization solution (320 mL). DNA from tumor was extracted from 20 to 25 serial cryosections of 20 mm using Gentra Pure-

gene Tissue Kit. Leukocyte DNA from peripheral blood (for germline reference) was extracted using Qiasymphony DSP DNA midi kit (Qia-

gen).11 Carcinoma cell percentage was estimated for CIS and papillary tumors using PurBayes 17. CIS samples had a mean carcinoma cell

percentage of 17% (range: 7%–45%; missing info for one sample). Papillary tumor samples had a mean carcinoma cell percentage of 72%

(range: 8%–100%).

Libraries forWES and subsequent capture were prepared using Twist Enzymatic Fragmentation Library prep andHumanCore Exome cap-

ture kit (Twist Bioscience). To lower error rates, UMI adapters were applied. CIS samples were sequenced to a median coverage of 138 X

(Range: 19X-359X) and papillary tumor samples to a median of 153X (range: 72X-196X). Reads were mapped against the hg38 genome using

bwamem v.0.7.17.33 Aftermapping, consensus reads were generated fromUMIs with at least three identical UMIs supporting each consensus

mutation call. Mutations were called using MuTect2.34 All somatic alterations were annotated using SnpEffv4.3i35 and hg38 build. Samples

were sequenced using Illumina platforms.

To avoid potential erroneous calls, only mutations with a frequency above 0.02, ROQ (read orientation phred-scaled quality) scores above

30 and mutations where the frequency of the alternate allele was more than four times the frequency of the reference allele were kept for

further analysis.
Multiplex immunofluorescence and immunohistochemistry

CIS samples were analyzed for the presence and spatial distribution of immune cells and immune evasion markers similar to prior work from

our lab in Taber et al.38,39 In short, two sections of 3 mmwere stained from each tissue block with two different panels of mIF antibodies using a

tyramide signal amplification strategy. The first antibody panel targeted T-cells (CD3, CD8 and FOXP3) and the second targeted B-cells and

macrophages (CD20, CD68 and CD163). Following the mIF staining, the sections were stained with a chromogenic antibody targeting pan-

cytokeratin to separate stromal areas from epithelial areas. Two additional sections were stained against PD-1 and PD-L1 using standard

bright field immunohistochemistry and aligned to a final section stained against pan-cytokeratin.

Stained sections were scanned and images processed using the Visiopharm software version 2018.9.5.59.52 (Visiopharm A/S, Hørsolm,

Denmark). Guided by the pan-cytokeratin staining, the tissues were separated into epithelial and stromal areas by the software. Hereafter,

a manual subdivision of the areas into epithelial and stromal regions of interest (ROIs) was performed. ROIs annotated in the tissues included

normal urothelium, CIS and papillary tumor as epithelial ROIs and stromal areas adjacent to the epithelial areas, normal stroma, CIS stroma

and papillary stroma as well as deep stroma. Expert pathologists made histological evaluations of the sections before analysis and annotated

the cell regions in the tissue. Due to technical issues with sample processing and staining, it was not possible to determine the level of all

immune cells and evasion markers in all samples, and not all cell types were assessed in all samples.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Gene set enrichment analysis (GSEA) was performed using signed -log10 p value of differential expression of genes in high quality CIS sam-

ples as compared against the rest of the tumor samples usingWebGestalt.40,41 For GSEA, we utilized Hallmark and Reactome geneset within

the Molecular Signatures Database (MSigDB) to compare sample groups. A false discovery rate (FDR) of 0.05 was utilized to define the sta-

tistical significance of GSEA in this study.

For identification of a CIS specific gene signature, a combination of two statistical filtering criteria were applied. These includedWilcoxon

rank-sum test (p < 0.05) comparing CIS and papillary tumors, followed by an ANOVA test comparing CIS, papillary Ta/T1 and normal samples

(p < 0.05). This resulted in a set of 46 genes that were observed to be differentially expressed in CIS (including up and downregulated genes)

compared to remaining tumor samples. The R was used for all the analyses.

Receiver operating characteristic (ROC) curve analysis was applied to the RNA sequencing data of tumor samples from the GSE3167

cohort.16 R package pROC was used to draw the ROC curves and calculate the area under curve (AUC). Only 36 out of 46 genes were found

in themicroarray expression set for this cohort and average expression of these 36 genes was used as input for AUC calculation. A higher AUC

value means the gene can better distinguish between CIS samples (case) as compared to other bladder samples (control).
14 iScience 27, 109179, March 15, 2024
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