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Abstract

High-grade T1 (HGT1) bladder cancer is the highest risk subtype of non–muscle-invasive bladder 

cancer with unpredictable outcome and poorly understood risk factors. Here, we examined 

the association of somatic mutation profiles with nonrecurrent disease (GO, good outcome), 

recurrence (R), or progression (PD) in a cohort of HGT1 patients. Exome sequencing was 

performed on 62 HGT1 and 15 matched normal tissue samples. Both tumor only (TO) and 

paired analyses were performed, focusing on 95 genes known to be mutated in bladder cancer. 

Somatic mutations, copy-number alterations, mutation load, and mutation signatures were studied. 

Thirty-three GO, 10 R, 18 PD, and 1 unknown outcome patients were analyzed. Tumor mutational 

burden (TMB) was similar to muscle-invasive disease and was highest in GO, intermediate in PD, 

and lowest in R patients (P = 0.017). DNA damage response gene mutations were associated with 

higher TMB (P < 0.0001) and GO (P = 0.003). ERCC2 and BRCA2 mutations were associated 

with GO. TP53, ATM, ARID1A, AHR, and SMARCB1 mutations were more frequent in PD. 

Focal copy-number gain in CCNE1 and CDKN2A deletion was enriched in PD or R (P = 0.047; 

P = 0.06). APOBEC (46%) and COSMIC5 (34%) signatures were most frequent. APOBEC-A 

and ERCC2 mutant tumors (COSMIC5) were associated with GO (P = 0.047; P = 0.0002). 

pT1b microstaging was associated with a genomic cluster (P = 0.05) with focal amplifications of 

E2F3/SOX4, PVRL4, CCNE1, and TP53 mutations. Findings were validated using external public 

datasets. These findings require confirmation but suggest that management of HGT1 bladder 

cancer may be improved via molecular characterization to predict outcome.

Significance: Detailed genetic analyses of HGT1 bladder tumors identify features that correlate 

with outcome, e.g., high mutational burden, ERCC2 mutations, and high APOBEC-A/ERCC2 

mutation signatures were associated with good outcome.

Introduction

With 430,000 new cases diagnosed worldwide annually and 165,000 associated cancer 

deaths (1), bladder cancer is a major source of morbidity and mortality. At initial diagnosis, 

approximately 75% of patients have non–muscle-invasive bladder cancer (NMIBC), either 
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confined to the mucosa [Ta and carcinoma in situ (CIS)] or invading the bladder lamina 

propria but not the muscularis propria (T1). High-grade T1 (HGT1) bladder cancer accounts 

for 25% to 43% of all NMIBC and has a higher risk of recurrence and progression to 

invasive disease than other forms of NMIBC (2). Recent data suggest that the risk of 

recurrence for HGT1 disease is about 40% over 5 years, whereas the risk of progression to 

muscle-invasive bladder cancer (MIBC) is about 21% at 5 years (2).

HGT1 tumors can present with similar histopathologic characteristics but very different 

clinical behavior. Consequently, management recommendations range from conservative 

bacillus Calmette-Guérin (BCG) bladder instillations, to repeat trans-urethral resection 

of the bladder, to immediate radical cystectomy. Unfortunately, prognostic models and 

algorithms (EORTC, Cueto; ref. 3) designed for the broader NMIBC populations have not 

been validated in HGT1. Even though some prognostic factors are incorporated into current 

treatment guidelines, outcome prediction accuracy for this group of tumors is uncertain (2). 

Further information on risk factors for recurrence and progression for HGT1 disease based 

on molecular assessment could enable a personalized treatment approach maximizing the 

benefit of cystoscopic screening for recurrence, as well as using cystectomy selectively.

We previously performed a meta-analysis of published HGT1 studies addressing the 

question of which clinicopathologic prognostic factors were predictors of recurrence, 

progression, and cancer-specific survival. Interestingly, deep lamina propria invasion 

(microstaging pT1a vs. pT1b) had the greatest negative impact on disease outcome. 

Lymphovascular invasion, associated CIS, nonuse of BCG, tumor size >3 cm, and older 

age were also associated with progression and shorter cancer-specific survival (2).

Several attempts have been made to find drivers of progression and recurrence in HGT1 

tumors, based on cancer gene mutations, without clear success. Expression signatures 

using microarrays have also been evaluated, with discordant results across studies (4, 5). 

Targeted next-generation sequencing has yielded some preliminary results but in limited 

and retrospective HGT1 patient cohorts (6, 7). A recent metacohort analysis based on 

publicly available expression data tried to identify potentially lethal profiles of NMIBC, 

but incomplete clinical annotation prevented definitive conclusions (8). Several authors have 

concluded that high-risk NMIBC may display MIBC traits (8-10). We have recently reported 

that HG-NMIBC and MIBC have very similar tumor mutation spectra and overall mutation 

burden, based on analysis of 472 bladder cancers of various stages (11).

To provide more definitive information on genetic changes associated with progression of 

HGT1 to MIBC, we analyzed a large set of selected genes in a prospective cohort of 

HGT1 patients with well-defined clinicopathologic characteristics (12). Adjacent normal 

tissue was used as a companion specimen when available. The tumor genetic findings were 

used to assess associations with good outcome (GO, no recurrence), recurrence (R), and 

progression to MIBC (PD) during 7.4 years of median follow-up. In addition, an exploratory 

analysis was performed to examine potential genomic differences between pT1a and pT1b 

microstaging.
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Materials and Methods

Patient samples and clinical information

Patients from University Hospital Vall d’Hebron (HVH) were included in a previous 

protocol registered at clinicaltrials.gov (NCT02113501). An additional cohort of patients 

managed in the same way at Hospital del Mar was added. Informed consent from the 

patients was obtained, and studies were conducted in accordance with ethical guidelines 

as per the Declaration of Helsinki. For the present study, further approval for the genomic 

analysis was granted by the Dana Farber Cancer Institute, Hospital del Mar, and HVH Ethics 

Committee.

Patients with extensive concomitant CIS were excluded. Tumors were graded according to 

the 2004 WHO system (2006) after pathologic assessment of the total specimen.

Three pathologists (I. de Torres, N. Juanpere, and J. Lloreta-Trull) reviewed and selected 

the cases. An independent review with selection of tumor-rich regions and normal areas for 

sequencing was done by a fourth pathologist (J. Barletta).

Nucleic acid isolation

Ten μm cores were obtained from 128 formalin-fixed paraffin-embedded (FFPE) tumor 

samples. DNA was extracted from FFPE tumor areas and “normal” bladder areas using the 

QIAamp DNA Mini Kit (Qiagen).

DNA sequencing and data processing

Whole-exome sequencing (WES) was performed at the Broad Institute using the pipeline 

developed by the Cancer Genome Analysis group. Apart from new refinements, all of 

the methods were used in The Cancer Genome Atlas (TCGA) projects. Briefly, exome 

capture was performed using the Agilent SureSelect Human All Exon 50 Mb probe set, 

with 0.2 to 0.5 μg of DNA, and sequencing libraries were prepared by standard methods 

including addition of indexed sequencing adaptors. Seventy-seven HGT1 tumors and 27 

matched normal samples had sufficient DNA for WES. The Picard and Firehose pipelines 

were used to perform basic alignment of reads using Burrows–Wheeler Aligner (http://

bio-bwa.sourceforge.net/bwa.shtml; ref. 13) on the UCSC human reference genome version 

hg19 yielding BAM files, quality control to make sure tumor and normal are matched; local 

realignment of reads at site of indels in the reads; identification of somatic single-nucleotide 

variants (SNV) in the tumor compared to normal (or panel of normals) using the MuTect 

(14) algorithm (version 1); and identification of somatic insertions and deletions using 

the Indelocator algorithm. The final output from this analysis is a Mutation Annotation 

Format (MAF) file that lists all variants detected and additional information, including: the 

read frequency of the variant allele, the read frequency of the reference allele, category of 

mutation, genomic coordinates, cDNA coordinates, protein coordinates, and information on 

whether the gene was found to be mutated in the COSMIC database.

We reviewed all variants in the maf file using IGV 2.4 (15). Variants were removed if there 

were artifacts due to repetitive sequence or misalignments, known SNPs, had minor allele 
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frequency <5%, were present in intergenic regions or had no effect on coding sequence, 

or caused a synonymous amino acid change. MAF files generated for this study have been 

deposited at the European Genome-phenome Archive (EGA), which is hosted by the Center 

for Genomic Regulation, under accession number EGAS00001004603.

Tumor only analysis

Gene selection—Ninety-five genes were selected for detailed mutation analysis in the 

TO cohort of samples, based on significantly mutated genes (SMG) identified by TCGA 

(16) and additional genes selected based on involvement in other urothelial cancer subtypes 

(Supplementary Table S1A).

Sample selection—The average coverage for each gene for each sample was calculated 

using the Broad Institute’s internal pipeline Firehose. Samples were removed from further 

analysis if more than 25 genes (~25% of 96 selected genes) contained an average coverage 

of less than 30x sequencing depth. Sixty-two of 77 tumor samples met this criterion to be 

considered for further analysis.

Results

Demographic, clinical, and pathologic data

Seventy-seven clinically annotated samples of HGT1 urothelial carcinoma were obtained 

from two different centers in Spain (Hospital del Mar and HVH, both in Barcelona). The 

study cohort began on April 2005 with last assessment performed in February 2014 with 

a median follow-up of 7.4 years (range, 2–9 years). All patients were treated with BCG 

following initial diagnosis. Follow-up included cytology every 3 months together with 

cystoscopy or imaging in alternating manner for the first 2 years and every 6 months until 

5 years thereafter (12). Clinical outcome was classified as GO when no recurrence or 

progression was seen, recurrent disease (R) when recurrent disease with the same stage or 

less, or progressive disease (PD) when progression to muscle invasion or metastasis was 

seen after at least 4 years of follow-up. At last assessment, the outcome for this set of 

patients was GO in 33 patients, R in 10 patients, PD in 18, and 1 with unknown clinical 

status. High-quality data were obtained from 62 samples by WES, and further analysis 

was restricted to those samples. Clinicopathologic characteristics of these 62 patients are 

presented in Table 1.

Tumor mutational burden analysis

Due to a lack of control tissue or blood DNA samples for the majority of patient 

samples, tumor-only mutation-calling was performed (see Materials and Methods). After 

stringent filtering for germline variants using the COSMIC and ExAC databases (17), 

20,661 SNVs affecting coding sequence (missense, nonsense, splice site) and 6,816 silent 

or nonsynonymous mutations were identified. The median mutation rate including both 

nonsilent and silent variants across 62 TO samples was 8.6 per Mb (median 303 SNVs 

per sample). Fifteen samples had matched normal tissue, enabling a tumor-normal analysis, 

which identified 5,956 SNVs with a median of 284 mutations per sample, similar to the 

median in TO set. To test the performance of the TO analysis, we ignored the matched 
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normal in the 15 TN cases and compared the resulting mutations. The overall sensitivity and 

precision were 80% and 73% for all nonsilent variants, respectively.

The median nonsilent mutation rate for these 62 samples was 6.5 mutations per Mb, slightly 

higher than that seen in MIBC in the TCGA analysis where the average and median were 7.7 

and 5.5 per Mb, respectively (18). This higher median is likely partially due to the lack of 

matched normal samples for our TO samples, leading to misidentification of rare germline 

variants as somatic. However, our previous analysis of a different sample set of patients with 

bladder cancer at the Dana Farber Cancer Institute (DFCI) also showed a relatively high 

tumor mutational burden (TMB) in high-grade NMIBC, similar to MIBC but also with the 

limitations of the lack of normal control (11). Interestingly, there was a significant difference 

in overall TMB among patients with GO, PD, and R, with median mutation rates of 9.6/Mb, 

7.3/Mb, and 5.7/Mb, respectively (Fig. 1A, P = 0.017 by Kruskal–Wallis).

Significantly mutated genes

Seventeen genes were identified as being mutated at a statistically significant rate (SMGs) 

in this sample set, with mutations identified in more than 10% of the samples (q < 0.1; Fig. 

2) by MutSig2CV (19). TP53 mutations were seen in 40% of the samples (25 of 62) and 

rarely overlapped with MDM2 amplification (2 of 10, P = 0.14 by one-tailed Fisher exact). 

Notably, alterations in the TP53 pathway (TP53 mutation or MDM2 amplification) were 

not seen in samples with FGFR3 mutation or amplification (P = 0.03 by one-tailed Fisher 

exact) or TSC1 mutations or deletions (P = 0.013 by one-tailed Fisher exact), as previously 

observed (18).

Alterations in chromatin genes were the most frequent in our cohort. Seven of the 17 SMGs 

were chromatin modifying or regulatory genes: histone demethylases (KDM6A 24%), 

histone methyltransferases (KMT2C 21%, KMT2D 27%), histone acetylases (CREBBP 
21%, EP300 16%), a member of the SWI/SNF chromatin remodeling complex (ARID1A 
11%), and polycomb group genes (ASXL2 13%). These genes are all known to be 

recurrently and significantly mutated in MIBC (16). In addition, 9% of tumors showed 

deletions in CREBBP.

Cell-cycle–related genes were the second most frequently altered set of genes, including: 

CDKN2A deletion (31%), RB1 mutation (18%), and TP53 mutations (40%). DNA damage 

response (DDR) genes were also mutated at significant frequency (ERCC2 16%, BRCA2 
11%, STAG2 13%, and ATM 10%). Finally, several genes of the RAS/RTK/PI3K signaling 

pathway were found to be frequently mutated (FGFR3 13%, PIK3CA 13%, ERBB2 15%, 

ERBB3 16%, and RHOB 15%).

Associations between gene mutations and clinical outcome in HGT1

To consider associations between genes with mutations and clinical outcome, we considered 

the 17 SMGs identified in this cohort, 54 SMGs identified in the TCGA MIBC analysis (16), 

and 42 genes identified as important in NMIBC in the literature (Supplementary Table S1A), 

for a total of 95 genes.
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The heterogeneous mutation burden across samples is a significant confounding factor in 

identifying associations of mutated genes with clinical outcome or other covariates. To 

mitigate this, we used a permutation-based method that maintains the overall number of 

nonsilent mutations per sample and gene (see Materials and Methods; ref. 20) to identify 

significant associations. We considered only the 30 genes seen to be mutated in ≥4 samples 

(single hypermutant phenotype sample due to POLE mutation was excluded) and adjusted 

empirical P values by FDR (Fig. 1B).

ERCC2 was the only gene for which mutations were strongly associated with GO (9/33 in 

GO, 0/10 in R, and 1/18 in PD; P# = 0.003, q = 0.1, by random-permutation and P* = 0.022 

by one-tailed Fisher exact). Modest enrichment for BRCA2 mutations was also seen in the 

GO subset (6/33 in GO, 1/10 in R, and 0/18 in PD, P# < 0.05, but corrected q = 0.3).

In contrast, TP53 mutations were modestly enriched in the PD subset (11/33 in GO, 3/10 

in R, and 10/18 in PD; Fig. 1C; P# = 0.012 and P* = 0.09, q = 0.23). Several other 

genes showed modest associations with different clinical outcomes (Fig. 1B), but none were 

significant after correcting for multiple hypothesis testing, including ATM, ARID1A, AHR, 

and SMARCB1 in PD; and RHOB and ARID1A in the R subset.

When the same random-permutation method was applied for the association of gene 

mutations with overall mutation burden (Mann–Whitney P value was used as a statistic 

for each permutation), ERCC2 mutations were significantly (q = 0.11, P# = 0.003, and 

P* = 0.00014) associated with TMB, suggesting that the higher mutation burden in GO 

(vs. PD/R) is due in part to enrichment in ERCC2 mutations. ERBB3, KMT2C, and TP53 
mutations were also enriched in high mutation burden samples with P# < 0.05, but were not 

significant after correcting for multiple hypothesis testing (Supplementary Fig. S1).

Alterations in DDR genes

DDR gene alterations have been described in high-grade NMIBC tumors (but not in low 

grade) at a rate similar to MIBC and associated with a higher mutational burden (10). To 

better understand the role of DNA damage and repair processes in HGT1, we assessed 

34 genes encompassing major DNA repair pathways (Supplementary Table S1B). We 

found that 60% of samples (36 of 62) had at least one nonsilent DDR gene mutation 

(Supplementary Fig. S2) and were more frequent in the GO group (22/33, 65%) compared 

with R (4/10, 40%) and PD (10/18, 55%; P = 0.003). The presence of DDR gene mutations 

was also associated with higher mutation burden (Supplementary Fig. S3, P < 0.0001 

Mann–Whitney). ERCC2 missense mutations were the most common DDR gene alteration, 

occurring in 16% (10 of 62) of the cases. Mutations were also seen in BRCA2 in 11%, 

STAG2 in 13%, and ATM in 10%. Indeed, DDR mutations were no longer associated to GO 

when removing ERCC2 mutations from the analysis (P = 0.15), suggesting that mutations 

in ERCC2 were the drivers of this association. Consistent with the association of high TMB 

with GO, ERCC2-mutated tumors had a significantly higher mutational burden than ERCC2 
wild-type (Fig. 1A). When focusing on nucleotide excision repair genes overall (including 

ERCC2), we found that mutations in this group (after correcting for mutational burden) were 

predictors of GO.
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Mutational signature analysis

Nonnegative matrix factorization (NMF; Bayesian version, SignatureAnalyzer; ref. 21) 

was used to perform de novo mutation signature analysis of the 62 samples for 27,477 

SNVs stratified into 96 base substitution types, and identified five mutation signatures 

(Fig. 3A). Two distinct APOBEC signatures were identified, APOBEC-A and APOBEC-B 

(corresponding to COSMIC2 and COSMIC13; named SBS 2 and SBS13 in COSMIC 

mutational signatures v3), accounting for 30% and 16% of all mutations respectively); a 

POLE signature (COSMIC10, SBS10 in v3, accounting for 16% of all mutations, seen in a 

single sample with extremely high TMB, 109 SNVs per Mb); a signature with predominance 

of C>T_CpG mutations, resembling both COSMIC1 and 6 (SBS 1 and 6), accounting 

for 5% of all mutations; and a signature resembling COSMIC5 (SBS 5), accounting for 

34% (19). APOBEC-mediated mutagenesis (COSMIC2 and 13) was the major source of 

mutations in this tumor sample set, with overall activity 46%, rising to 55% after removal 

of the POLE mutations seen in a single sample, and was similar to that seen in the TCGA 

MIBC cohort (~60%; see Supplementary Materials and Methods).

The single, hypermutant sample with TMB 109 SNVs/Mb had more than 95% mutations 

attributable to the POLE signature and harbored a POLE hotspot dinucleotide mutation, 

L424V, in addition to N423K in the same read. We also identified two samples with a 

predominant C>T at CpG mutations, vh122 (≥80%) and vh73 (≥60%), in contrast to less 

than 20% activity for that signature in the remaining samples (Supplementary Fig. S4A). 

The mutation spectrum of each of those 2 samples showed a high cosine similarity to each 

of COSMIC1 (0.93 and 0.92, respectively) and COSMIC6 (0.9 and 0.91, respectively). 

Because COSMIC6 is known to be associated with defective DNA mismatch repair 

and commonly found in microsatellite unstable tumors, we searched those samples for 

mutations in mismatch repair genes. Indeed, vh122 harbored a splice-site mutation in MSH2 
(NM_000251.2:c.793–1G>A) annotated as likely pathogenic (in ClinVar; ref. 22), and vh73 

had a splice-site mutation in MLH1 (NM_000249.3:c.1989+2T>C).

As previously demonstrated in MIBC (20), the activity of COSMIC5 signature was 

significantly higher in ERCC2-mutant samples of our cohort (median 280 vs. 87, P = 

0.0002 by one-tailed Mann–Whitney, q < 0.1 and P# = 0.002 by random-permutation test). 

KMT2C mutations were also significantly associated with the COSMIC5 signature after 

correcting for mutation burden (Supplementary Fig. S1). Furthermore, ERCC2 mutation was 

associated with overall number of SNVs (P# = 0.004, q = 0.11 by random-permutation 

test, Supplementary Fig. S1), indicating that the increase of mutation burden in GO 

patients is partly attributed to the activity of COSMIC5 (median 109 vs. 85, P = 0.22 by 

Mann–Whitney) in addition to APOBEC mutagenesis. Notably, the activity of COSMIC2 

characterized by predominant C>T mutations at TCW (W = A/T) was much higher in GO 

samples (Fig. 3B, median 51 vs. 16 between GO vs. others, P = 0.047 by Mann–Whitney), 

although the overall activity of APOBEC mutagenesis (COSMIC2 + COSMIC13) did not 

reach statistical significance (median 133 vs. 89, P = 0.21 by Mann–Whitney). Although 

GO samples had somewhat higher overall APOBEC and COSMIC5 activities (Fig. 3B), this 

was not statistically significant (P = 0.09 and P = 0.08, respectively). C>T_ CpG signature 
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was higher in R, but overall contribution across samples was small. All signature enrichment 

analyses were performed without the POLE-mutated sample.

In addition, we performed an unsupervised clustering analysis based upon the activity of the 

five mutational signatures and identified five mutational signature clusters, MSig1–5. Each 

cluster associated with specific trends in disease outcome; MSig4 was also associated with 

pT1b microstaging (see Supplementary Results; Supplementary Figs. S4B and S5).

Somatic copy-number alterations

GISTIC analysis supplemented by manual inspection identified focal amplifications (copy 

ratio > 4) at multiple genes: PVRL4 (44%), YWHAZ (35%), CCND1 (26%), ERBB2 
(22%), PPARG (22%), MDM2 (19%), SOX4 (19%), CCNE1 (17%), E2F3 (15%), AHR 
(13%), FGFR3 (6%), and EGFR (4%). Focal deletions (copy ratio < 0.62) were identified 

at CDKN2A (31%), TSC1 (19%), CREBBP (9%), and RB1 (6%). PVRL4 amplifications 

were somewhat enriched in the recurrent tumors (70% in R vs. 40% in PD or GO, P = 

0.08 by one-tailed Fisher exact test; Fig. 2). Several other copy-number (CN) changes were 

associated to a minor degree with outcome: amplifications at 6p22.3, encompassing SOX4 
and E2F3, were more frequent in the progressors (33% in PD vs. 13% in GO or R, P = 0.1 

by one-tailed Fisher exact test); PPARG amplifications were more frequent in GO (29% in 

GO vs. 12% in PD or R; P = 0.12 by one-tailed Fisher exact test); CDKN2A deletions (44% 

in PD or R vs. 18% in GO; P = 0.04 by Fisher exact test) and CCNE1 amplifications (28% 

in PD or R vs. 7% in GO; P = 0.0.05 by Fisher exact test) were both more frequent in PD or 

R tumors; and three RB1 deletions were seen only in GO. Chromosomal arm-level somatic 

copy number alterations (SCNA) involved several chromosomal arms containing genes 

known to be altered in bladder cancer, including chromosome 9 deletions, chromosome 20 

amplification, 8p amplification, and 10q deletions. No particular patterns or enrichments in 

outcome were observed in arm-level SCNAs (Supplementary Fig. S6, right heatmap).

An unsupervised hierarchical clustering of focal SCNA identified three main clusters 

(Supplementary Fig. S5, left heatmap). Cluster one was characterized by consistent loss 

of chromosome 9, similar to the genomic subtype 2 (GS2) seen in Ta (9). Cluster two 

was characterized by high frequency of CN events with a trend toward enrichment of PD 

patients. Cluster three is CN quiet with no or a few CNAs, similar to GS1 of Ta (9).

Mutation and CN clusters

The TCGA 2014 study identified three biologically distinct groups in 125 MIBC samples 

based on mutations in SMGs and focal SCNAs via unsupervised NMF clustering: 

(i) a “focally amplified” group with enriched focal SCNAs in several genes as well 

as mutations in KMT2D; (ii) “CDKN2A-deficient/FGFR3-altered” group with enriched 

papillary histology; and (iii) “TP53/cell-cycle-altered” group with TP53 mutations in nearly 

all samples as well as frequent RB1 mutations and amplifications in E2F3 and CCNE1 
(18). A similar analysis based on gene expression also identified two major genomic 

circuits in a mixed cohort of NMIBC and MIBC (23): one circuit was characterized by 

FGFR3 alterations, CCND1 overexpression, 9q, and CDKN2A deletions, and the other was 

defined by E2F3 amplification, RB1 deletions, and 5p gain. We performed a consensus 
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NMF-based clustering for 46 genetic alterations, comprising mutations in 23 genes (≥5% 

across samples), focal amplifications and deletions in 13 genes, and 10 recurrent arm-level 

gain or loss. We consistently identified three clusters based on mutations (Mut) and CN 

events, which we called MutCN1–3 (Fig. 3C; Materials and Methods).

MutCN1 (n = 19) was characterized by TP53 mutations and focal SCNAs gain in CCNE1, 
PVRL4, YWHAZ, E2F3-SOX4, and PPARG, mainly corresponding to the “TP53/cell-cycle-

altered” group in MIBC. MutCN2 (n = 22) was associated with mutations in RB1 and 

ERCC2, and several chromatin-modifying genes, CREBBP, KMT2D, KMT2C, and EP300. 

MutCN3 (n = 20) was associated with mutations and amplification in FGFR3, CDKN2A 
deletions and amplifications in CCND1 and MDM2, and losses of chromosomes 9, 17, and 

20, which is analogous to the “CDKN2A-deficient FGFR3 mutated” group in MIBC.

MutCN clustering was associated with clinical outcome (Fig. 3D, P = 0.04 by Fisher exact 

test): MutCN1 was associated with progression or recurrence with a much higher proportion, 

with an overall prevalence of 12/19 (63%) of cases [PD (n = 7, 37%) and R (n = 5, 26%)] 

compared with GO (n = 7, 37%); MutCN2 had a largely favorable clinical outcome with 

the highest proportion of GO (n = 16, 73%) relative to PD (n = 6, 27%); MutCN3 was 

intermediate, comprising an average mix of PD (n = 5,25%), R (n = 5,25%), and GO (n 
= 10, 50%). MutCN clusters were also significantly associated with microstaging between 

pT1a versus pT1b (Fig. 3E, P = 0.05 by Fisher exact test), which was also linked with 

outcome in our original clinical cohort (12). The progression-prone MutCN1 harbored the 

highest proportion of pT1b (17 of 19; 89%), whereas MutCN2 had fewer pT1b (12 of 22, 

55%), and the proportion of pT1b in MutCN3 was intermediate (14 of 20, 70%).

Discussion

HGT1 tumors are clinically challenging because they represent an heterogeneous group 

of tumors in which histopathologic characteristics have limited ability to predict outcome. 

The decision to offer conservative local treatment with close surveillance versus radical 

cystectomy is currently made in the absence of validated prognostic biomarkers. Some 

clinical and pathologic prognostic factors have been identified in a meta-analysis (2), but 

lack sufficient power to be used routinely for clinical decision making. Mutation patterns 

that discriminate between patients with low or high risk of disease progression have not 

been identified previously (24). In the broader set of NMIBC, several expression signatures 

have been described with potential ability to predict disease progression to MIBC (4, 5, 25). 

However, these gene sets show very limited overlap.

In the present study, we performed detailed genetic analysis of HGT1 bladder tumors to 

identify features that correlate with outcome. One of the main findings in our study is that 

ERCC2 mutations, the most commonly mutated DDR gene, are strongly associated with GO 

(P# = 0.003, q = 0.1), defined as lack of recurrence or progression. Interestingly, ERCC2 
mutations have also been associated with better outcome in MIBC (23). In addition, we 

found that high TMB is also linked to good disease outcome, in line with preliminary 

observations made by Meeks and colleagues in high-risk NMIBC (6).
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A comparison of our findings in HGT1 tumors with other genomic datasets highlights and 

confirms changes between NMIBC and MIBC. Consistent with previous reports (7) and 

with our recent clinical series at DFCI (11), TMB in HGT1 is higher than in low-grade 

NMIBC (6) and similar to MIBC (Supplementary Fig. S7). In our cohort, this relatively 

high mutation burden is mainly due to APOBEC-mediated mutagenesis (COSMIC2 and 

13), but also likely due to mutations in ERCC2 that cause its distinctive mutation signature, 

COSMIC5 (20). We also previously observed a higher prevalence of mutations in DDR 

genes going from NMIBC to MIBC (20). This higher frequency of DDR mutations can 

potentially explain acquisition of mutations due to impaired DNA repair, leading to growth 

advantage and invasive capabilities (26). TP53 and KMT2D mutations are also more 

frequent in HGT1 than in the overall NMIBC population and similar to MIBC (24, 27, 

28). We found a higher frequency of TP53 mutations in progressors compared with patients 

with GO, conflicting with findings in previous studies (6, 29). Mutation rates for some 

chromatin modifier genes (e.g., KDM6A) and signaling genes (e.g., FGFR3, PIK3CA, and 

STAG2) were found lower than in low-grade NMIBC (9, 30) and at similar levels to MIBC 

(16), confirming our previous findings (11). However, we recognize that the results of these 

comparisons are tentative, because it is possible that technological, experimental, and/or 

clinical differences in the different cohorts and analyses may explain some of the differences 

we have observed.

APOBEC-mediated mutagenesis is the major mutagenic process in this cohort accounting 

for more mutations than in Ta tumors (9) but similar to TCGA MIBC (16). This progressive 

increase of APOBEC-mediated mutagenesis compared with low-grade NMIBC might 

suggest that APOBEC may drive disease progression in NMIBC from low to high grade 

(27) and subsequent progression to muscle-invasive disease. Interestingly, MSig4, a cluster 

of tumors based on mutational signatures, identified a subgroup, characterized by very high 

APOBEC activity with all samples harboring TP53 mutations and high TMB. The likelihood 

of association of these TP53 mutations to APOBEC compared with TP53 mutations in 

other samples supports the hypothesis that APOBEC might drive these TP53 mutations (31) 

through signatures 2 and 13, as recently described (32). In addition, we observed that this 

cluster was enriched in patients with pT1b (deeper invasion into the lamina propria) and with 

a trend to poor outcome.

We identified three mutation and CN clusters (MutCN1–3) with similarities to genomic 

clusters identified in the TCGA study (18). In addition, the clusters that we identified 

matched subgroups of tumors in other studies of NMIBC (9, 10, 27): (i) the MutCN2 cluster 

was associated with GO and resembles the GS2 group of Ta tumors (9); (ii) the MutCN3 

cluster was also associated with GO, similar to what was observed in gene expression–based 

class 1 UROMOL tumors (Urobasal in the Lund classification; refs. 10, 27); and (iii) the 

MutCN1 cluster characterized by cell-cycle alterations and associated with poor outcome is 

similar to the Genomically Unstable (GU) expression group of the Lund classification (10). 

The GU group was reported to present higher frequencies of multifocal tumors, concomitant 

CIS, lymphovascular invasion, and deeper invasion depth compared with Uro cases (33). 

The GU group has been shown to largely overlap with class 2 UROMOL, characterized 

by poor prognosis, late cell-cycle genes, and epithelial–mesenchymal transition activation 

(27). Interestingly, class 2 UROMOL tumors were mostly classified as having high risk 
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of progression by a 12-gene expression prognostic signature (4, 5). Consistent with this, 

MutCN1 is associated in our series with deeper invasion into the lamina propria, consistent 

with a more aggressive pattern of genomic alterations in pathologic pT1b microstaging. Of 

note, this is the first time that pathologic substaging for HGT1 has a defined correlative 

genomic profile, highlighting the value of this genomic finding in predicting specific 

pathologic patterns of aggressiveness. It will be of interest to examine whether the MutCN1 

cluster features and the 12-gene expression signature directly correlate with each other in 

HG T1 bladder cancers. Although CDKN2A deletions and CCNE1 amplifications were 

common events (31% and 25% of patients, respectively), we found a trend, that did not meet 

significance, associating these CN events with recurrence and progression, consistent with 

other studies (6, 7).

Despite the homogeneity of this cohort, which comprises exclusively HGT1 tumors with 

long-term follow-up, our study had several limitations. First, our sample size was moderate, 

and unfortunately, we were not able to obtain germline DNA for matched tumor-normal 

analysis in most patients, meaning that we could not confirm that identified variants were 

somatic and not germline. Nonetheless, analysis of tumor-normal pairs for 15 (24%) samples 

indicated that overall sensitivity and precision were 80% and 73% for all nonsilent variants 

called, respectively. This concordance was even higher for the 95 genes important in bladder 

cancer development that we considered here.

A second major limitation is the lack of analysis of a parallel cohort of low-grade NMIBC 

and MIBC samples by identical methods. Instead, we compared to prior publications with 

results of mutation analysis in related sets of bladder cancer. As above, the results of these 

comparisons are considered tentative, because it is possible that technological, experimental, 

and/or clinical differences in the different cohorts and analyses may explain some of the 

observed differences.

A third major limitation is the lack of a second dataset that could be used to validate the 

predictive associations we have identified. However, we used HGT1 samples from three 

previous publications to look for support of our findings: 63 samples from Nassar (11), 38 

from Pietzak (7), and 78 RNA sequencing samples from Hedegaard (27) cohorts (for more 

details on the datasets, see Supplementary Materials and Methods). We could confirm the 

correlations between ERCC2 mutations and TMB [P = 0.057 (11), P = 6.786e-3 (7)], TMB 

and DDR mutations [P = 8.565e-06 (11), P = 7.553e-4 (7)], and ERCC2 mutations with 

COSMIC5 [P = 0.002 (11)]. With respect to prognostic associations, ERCC2 mutations were 

more common in samples from GO patients compared with R/PD [21% vs. 7% (7); 25% 

vs. 11% (11)]. We could not confirm this finding in the Hedegaard cohort (27) due to low 

expression of ERCC2 gene across samples, which translated into insufficient coverage to 

perform variant calling. We confirmed a higher prevalence of DDR mutations in GO patients 

compared with R/PD [P = 0.01 (11), P = 0.03 (27), P = 0.17 (7)]. TMB was higher in 

nonrecurring patients [P = 0.08 (7), P = 0.18 (27)] and moderately associated to PFS [P = 

0.15 (27)]. Although all of these findings are consistent with the new analysis reported here, 

they are not statistically significant due to a smaller number of cases being studied, a shorter 

period of clinical follow-up (24–30 months median follow-up), and to a limited number of 

events in Nassar series (11).
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Thirty-one BCG-treated samples were included in the Nassar dataset (11) and were 

studied in greater detail. In this subset, there was a stronger association of ERCC2, DDR 

mutations, and TMB with outcome compared with HGT1 patients who did not receive BCG 

(Supplementary Table S2), suggesting that high TMB and DDR mutations are prognostic 

for BCG response. Overall, these external datasets confirmed the association of ERCC2, 

TMB, and DDR mutations with GO in HGT1 patients. We were not able to validate 

the relationship of mutational signatures with outcome, likely due to the limited genome 

coverage of panel sequencing.

Based on our findings, we propose some tentative guidelines to help decide which HGT1 

patients can be safely offered conservative bladder-sparing management versus those in 

whom cystectomy is preferred. (i) Patients with favorable clinicopathologic characteristics 

and high TMB, or ERCC2 or other DDR gene mutations, may be best considered for 

a conservative treatment approach with BCG immunotherapy and serial cystoscopy. (ii) 

Patients with HGT1 tumors harboring TP53 mutations, CDKN2A deletions or focal CCNE1 
amplification, or those with MSig4 signature or MutCN1 signature, early cystectomy may 

be appropriate for prevention of progression to muscle-invasive disease (Fig. 4 and Table 2). 

As stated, we consider these recommendation to be tentative, which should be validated in 

independent and larger cohorts.

The apparent importance of TMB and DDR mutations, especially ERCC2, suggests 

the possibility that DNA damage agents like PARP inhibitors with or without immune 

checkpoint inhibitors may be good therapeutic approaches for patients with HGT1 who 

carry these alterations. As all our patients received BCG, it is possible that high TMB 

is not a prognostic factor per se, as in MIBC (16), but rather a biomarker of response 

to intravesical BCG (6). Higher TMB has also been associated with response to immune 

checkpoint inhibitors in patients with metastatic solid tumors, including bladder (34, 35). 

However, to formally address this question, it would require analysis of another cohort in 

which randomization to BCG or not occurred with assessment of outcome.

In summary, high mutational burden, ERCC2 mutations, and high APOBEC-A/ERCC2 

(COSMIC2 and COSMIC5) mutation signatures were significant predictors of GO in HGT1. 

TP53 mutations and CN gain in CCNE1 combined with CDKN2A deletion were associated 

with disease progression. While awaiting independent validation, our findings suggest 

consideration of mutational analysis of HGT1 bladder cancers to assess these mutational 

and CN features, to improve prediction of GO or the risk of recurrence or progression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A, Nonsilent (left) and overall TMB (right) in HGT1-NMIBC. Overall nonsilent TMB 

good outcome subjects (GO), progressors (PD), and recurrent (R) tumors were 9.6/Mb, 

7.3/Mb, and 5.7/Mb, respectively (P = 0.017 by Kruskal–Wallis). B, Outcome association 

of bladder cancer–related genes (mutated in ≥4 samples). The percentage of samples with 

nonsilent mutations is shown in the x axis, and the empirical P value (P#) for association 

with outcome from the random-permutation method (see Materials and Methods), partially 

correcting heterogeneous mutation burdens among different outcome groups, is shown on 

the y axis. Black circle, genes with FDR < 0.1; half circle, genes with P value < 0.05. 

Numbers are the number of mutated samples in the group (GO/R/PD) compared with the 

total number of samples with mutations in that gene. C, Number of patients with mutations 

in the 17 SMG grouped by disease outcome (n = 61). ERCC2 is significantly associated with 

outcome (χ2 test, P < 0.05).
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Figure 2. 
Landscape of mutations and copy-number alterations in 62 HGT1 bladder cancer samples. 

Top to bottom: (i) Overall mutation burden, mutations per MB, top row. (ii) Normalized 

activity of five mutational signatures (two samples with highest COSMIC1 activity actually 

belong to COSMIC6). (iii) Clinical features, including outcome, squamous histology, 

micropapillary histology, pT1b, and gender; black, presence of the feature. (iv) Somatic 

mutations in SMGs with frequency ≥4.8%. (v) Focal CNA for selected genes. (vi) 

Chromosome arm level CN events.
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Figure 3. 
A, Mutational signatures of 62 high-grade non–muscle-invasive urothelial tumors identified 

by a Bayesian nonnegative matrix factorization algorithm (top to bottom). Five distinct 

mutational signatures were identified that are most similar to COSMIC signatures 1, 2, 5, 10, 

and 13 (17). Two are due to APOBEC activity (COSMIC2, COSMIC13; APOBEC-A and 

APOBEC-B, respectively); one is attributable to POLE mutation (COSMIC10); one more 

uniform mutation signature that resembles COSMIC signature 5; and finally a signature 

characterized by C>T at CpG that corresponds to the aging signature (COSMIC1). However, 

two samples in which this signature was predominant (vh122 and vh73, Supplementary Fig. 

S4A) are MSI high samples, and hence in those two samples, the signature likely reflects 

the mutagenic effects of defective DNA mismatch repair. B, Association of mutational 

signatures and SNVs with disease outcome (excluding POLE sample vh102). *, COSMIC1 

includes the two samples dominated by COSMIC6 signature. Significant associations (P < 

0.05) are indicated by †. Y axis is exponential scale. C, Mutation and focal CN (MutCN) 

clusters. Normalized strength of association of 46 genetic alterations to the three MutCN 
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clusters is shown. D, Frequency of disease outcome. E, Microstaging by MutCN clusters. 

Barplots depict the percentage of patients (number of patients in white).
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Figure 4. 
Proposed treatment algorithm based on main genomic characteristics predicting outcome in 

HGT1 bladder cancer.
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Table 1.

Clinical, histologic, and genomic variables of 62 HGT1 patients.

N = 62 %

Gender

 Male/Female 51/10 82.3/16.1

 Unknown 1 1.6

Microstaging

 T1a/T1b 18/13 29.0/69.4

 Unknown 1 1.6

Pattern

 Papillary 35 56.5

 Solid or papillary 13 21.0

 Both 12 19.4

 Unknown 2 3.2

Multifocality

 Single/Multiple 26/33 41.9/53.2

 Unknown 3 4.8

Vascular permeation

 Yes/No 12/46 19.4/74.2

 Unknown 4 6.5

Cis

 Yes/No 17/33 27.4/53.2

 Unknown/Other 12 19.4

Size

 <3 cm/>3 cm 20/39 32.3/62.9

 Unknown 3 4.8

Significantly mutated genes

 TP53 25 (20, 4, 1) 40

 KMT2D 17 (7, 2, 8) 27

 KDM6A 15 (5, 1, 9) 24

 KMT2C 13 (11, 0, 2) 21

 CREBBP 13 (6, 2, 5) 21

 RB1 11 (3, 4, 4) 18

 ERBB3 10 (9, 1, 0) 16

 ERCC2 10 (10, 0, 0) 16

 EP300 10 (4, 2, 4) 16

 RHOB 9 (9, 0, 0) 14

 ERBB2 9 (9, 0, 0) 14

 STAG2 8 (4, 1, 3) 13

 PIK3CA 8 (8, 0, 0) 13

 FGFR3 8 (8, 0, 0) 13

 ASXL2 8 (6, 0, 2) 13
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N = 62 %

 ARID1A 7 (0, 1, 6) 11

 BRCA2 7 (7, 0, 0) 11

Note: The 17 significantly mutated genes in more than 10% of the samples across 62 tumors by MutSig2CV (q < 0.1) are listed. The total number 
of mutations is broken down by type (missense, splice site, and nonsense).
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