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SUMMARY
Chromothripsis, a hallmark of cancer, is characterized by extensive and localized DNA rearrangements
involving one or a few chromosomes. However, its genome-wide frequency and characteristics in urothelial
carcinoma (UC) remain largely unknown. Here, by analyzing single-regional and multi-regional whole-
genome sequencing (WGS), we present the chromothripsis blueprint in 488 UC patients. Chromothripsis
events exhibit significant intertumoral heterogeneity, being detected in 41% of UC patients, with an increase
from 30% in non-muscle-invasive disease (Ta/1) to 53% in muscle-invasive disease (T2-4). The presence of
chromothripsis correlates with an unstable cancer genome and poor clinical outcomes. Analysis of multi-
regional WGS data from 52 patients revealed pronounced intratumoral heterogeneity with chromothripsis
events detectable only in specific tumor regions rather than uniformly across all areas. Chromothripsis events
evolve under positive selection and contribute to tumor dissemination. This study presents a comprehensive
genome-wide chromothripsis landscape in UC, highlighting the significance of chromothripsis in UC devel-
opment.
iScience 28, 111510, January 17, 2025 ª 2024 The Author(s). Published by Elsevier Inc. 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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INTRODUCTION

Urothelial carcinoma (UC) is a highly invasive malignancy within

the urinary tract. Most UC cases, approximately 90%–95%, orig-

inate in the bladder, while tumors located in the renal pelvis and

ureter are less common, accounting for 5%–10% of all UCs. De-

pending on the degreeof tumor invasion, UCcan beclassified into

non-muscle-invasive (pTa/1) and muscle-invasive (pT2-T4) sub-

types. A long-standing challenge in the clinical management of

UC is the absence of effective targeted therapeutic drugs, espe-

cially for patients with muscle-invasive disease.1–3 A comprehen-

sive understanding of the molecular mechanisms underlying the

onset of UC is crucial for effectively managing the disease.

Chromosomal instability has been implicated in UC develop-

ment.4–6 This instability can lead tochromothripsis, aphenomenon

characterized by extensive and localized DNA rearrangements

involvingoneora fewchromosomes.7–10This intricategenomic re-

arrangementmosaic arises from the continuous, inaccurate repair

of shattered DNA fragments, leading to the swift accumulation of

numerous rearrangements within only a few cell divisions. Chro-

mothripsis has been observed across a wide spectrum of tumor

types and is associated with aggressive biological behavior in

certain entities.11–13 Notably, chromothripsis has been identified

to be the major driver of tumor-suppressor gene inactivation and

oncogenes amplification, suggesting a pivotal role in both driving

and potentially initiating cancer development. One molecular

mechanism of chromothripsis-dependent oncogene amplification

is through extrachromosomal DNA (ecDNA).7,11

The breakthrough in unraveling chromothripsis in cancer is

facilitated by the development of computational tools for identi-

fying chromothripsis in cancer using whole-genome sequencing

(WGS) data.11 The landscape of chromothripsis, including its fre-

quency, distribution, intratumoral diversity/heterogeneity, and

clinical significance, is not well understood in UC. Moreover, it

is unclear how chromothripsis shapes the genomic heterogene-

ity within cancer cells. To address this, this study provides a

comprehensive analysis of the chromothripsis landscape in UC

using single-regional and multi-regional WGS data, combined

with bulk transcriptome, from a large cohort of UCs (N = 488

patients).

RESULTS

Chromothripsis is a major driver in UC development
To explore the chromothripsis landscape in UC, we performed

chromothripsis analysis using ShatterSeek11 on paired tumor-

germline WGS data from our in-house dataset (N = 465 patients)

and the Beijing Institute of Genomics (BIG) dataset (N = 3 pa-

tients).14 In addition, we performed multi-regional WGS on

20 UC patients. The entire cohort includes the WGS data from

629 tumors, 491 germline samples, and 166 time-matched urine

samples from 488 UC patients (Figure 1A; Tables S1 and S2).

Among these patients, 52 (11%) had multi-regional tumor WGS

data. The cohort included 362 (74%) males and 126 (26%) fe-

males, with a median age of 68 years. Muscle-invasive diseases

(pT2-T4) were diagnosed in 232 (48%) patients. Clinical meta-

data—including age, gender, stage, and survival, as well as

sequencing information—are provided in Tables 1 and S1.
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The widely accepted model of chromothripsis suggests that,

duringDNAshattering, some fragments are lost (Figure 1A).7,11,15

As a result, the oscillation of copy number (CN) between two

states serves as a primary indicator of chromothripsis events.

We utilized the ShatterSeek11 method to identify chromothripsis

events from paired tumor-germlineWGS data (Figure 1A). Based

on established criteria,9,11 chromothripsis events were catego-

rized into high-confidence (HC) and low-confidence (LC) groups.

The LC calls involved 4–6 segments between two states,

whereas HC calls comprised a minimum of 7 adjacent segments

(Figure 1B). Chromothripsis events, including both HC and LC

calls, were identified in 41% (199 out of 488) of UC patients (Fig-

ure 1C; Table S3), indicating that chromothripsis is a common

mutational event in UC. Moreover, about 21% of these events

were canonical (Figure 1C), in which more than 60% of CN seg-

ments in the affected region exhibited oscillation between the

two states. In approximately 86% of tumors, the centromere

was included in the segment affected by chromothripsis (Fig-

ure S1A). Notably, nearly half (49%, 97 out of 199) of chromo-

thripsis+ UC patients exhibited multiple chromothriptic chromo-

somes (Figures 1E, S1B, and S1C).

We observed a significant increase in chromothripsis events in

patients withmuscle-invasive or high-grade tumors compared to

those with non-muscle-invasive or low-grade tumors (Figure 1F;

grade, p = 3.48e�10; stage, p = 2.11e�07; Fisher’s exact test,

two-sided). This suggests that chromothripsis occurs during tu-

mor development and might be linked to increased tumor malig-

nancy. Moreover, patients with chromothripsis+ tumors have a

poorer prognosis compared to those with chromothripsis� tu-

mors (Figure 1G; log rank test, p = 3.558e�04). To further assess

the prognostic significance of chromothripsis, we performed a

Cox proportional hazards regression analysis, adjusting for

age, gender, and tumor location. Patients who carried chromo-

thripsis+ tumors exhibited a significantly higher risk of mortality

(Figure 1H; hazard ratio = 1.82; p < 0.001) compared to patients

with chromothripsis� tumors. These findings highlight chromo-

thripsis as a key driver of UC progression.

Chromothripsis+ tumors have distinct genetic and
transcriptional features
Given the significant impact of chromothripsis on UC prognosis,

we further investigated the molecular characteristics associated

with chromothripsis. Comparative analysis revealed that

chromothripsis+ tumors exhibited higher tumor mutation

burden (TMB) and structural variants (SVs) compared to

chromothripsis� tumors. Consistently, chromothripsis+ tumors

were significantly more chromosomally unstable, as indicated

by increased ploidy and a higher fraction of genome altered

(FGA) (Figures 2A and S2A; Wilcoxon rank-sum test; TMB,

p = 1.5e-05; SV, p = 1.24e�27; ploidy, p = 1.2e�12; FGA,

p = 2.3e�16). Genome instability is closely linked to focal ampli-

fications and whole-genome duplication (WGD), both of which

were significantly enriched in chromothripsis+ tumors (Fig-

ure S2B; Fisher’s exact test, two-sided; WGD, p = 1.53e�13;

focal amplification, p = 2.72e�21). Additionally, Apolipoprotein

B mRNA editing enzyme catalytic polypeptide (APOBEC) muta-

genesis, a well-established driver in UC development, was more

prevalent in chromothripsis+ tumors, with higher proportions



Figure 1. Chromothripsis landscape in UC

(A) Overview of the experimental workflow and a brief model illustrating the process of chromothripsis (created with BioRender.com).

(B) Classification of chromothripsis events into high-confidence (HC) and low-confidence (LC) categories.

(C) Patterns and prevalence of chromothripsis across the entire cohort (488 UC patients).

(D) Percentage of canonical and non-canonical chromothripsis events at the chromosome level (N = 402).

(E) Percentage of patients with single and multiple (2–7) chromothriptic chromosomes.

(F) Presence of chromothripsis by clinical subgroup across 488 UC patients (Fisher’s exact test, two-sided).

(G) Kaplan-Meier survival curves illustrating the overall survival of UC patients stratified by chromothripsis status (log rank test).

(H) Hazard ratios with ±95% confidence intervals and p values for chromothripsis status, gender, age, and tumor location calculated using a Cox regression on

overall survival.
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Table 1. Clinical and WGS information of patients included in the

present study

Category No. (%)

No. of patients 488

Age, yr-no. (%)

%65 200 (41)

>65 288 (59)

Gender-no. (%)

Male 362 (74)

Female 126 (26)

Tumor site-no. (%)

Pelvis 107 (22)

Ureter 80 (16)

Bladder 301 (62)

Histologic grading-no. (%)

Low 106 (22)

High 382 (78)

T-category-no. (%)

Muscle-invasive (pT2-T4) 232 (48)

Non-muscle-invasive (pTa/1) 256 (52)

Multi-regional WGS-no. (%)

Yes 52 (11)

No 436 (89)
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of APOBEC-related signatures observed compared to chro-

mothripsis� tumors (Figure 2B; Wilcoxon rank-sum test;

Catalogue Of Somatic Mutations In Cancer (COSMIC) SBS2,

p = 0.0059; COSMIC SBS13, p = 0.0015). Moreover, chromo-

thripsis+ tumors exhibited a significantly higher frequency of al-

terations in pathways related to the cell cycle (87% vs. 74%;

p = 0.0002), TP53 (82% vs. 54%; p = 6.607e�11), WNT signaling

pathway (80% vs. 68%; p = 0.005), PI3K signaling pathway (61%

vs. 45%; p = 0.0007), MYC signaling pathway (58% vs. 45%; p =

0.006), transforming growth factor b (26% vs. 15%; p = 0.002),

and NRF2 (17% vs. 5%; p = 0.0002) pathways16 (Figure 2C;

Fisher’s exact test, two-sided). Overall, these data suggested

that chromothripsis is linked to an unstable cancer genome

in UC.

To further investigate the impact of chromothripsis on tran-

scriptional changes, we compared the transcriptome between

chromothripsis� and chromothripsis+ tumors. Differentially ex-

pressed gene (DEG) analysis revealed that 206 genes were spe-

cifically up-regulated in chromothripsis� tumors, while 20 genes

showed specific up-regulation in chromothripsis+ tumors (Fig-

ure S3A). Enrichment analysis indicated that these genes

were predominantly involved in endocytosis, focal adhesion,

and mitogen-activated protein kinase signaling pathways (Fig-

ure S3B; Table S4). We also examined a curated set of well-

defined functional pathways related to UC5 (Table S5). Notably,

chromothripsis� tumors exhibited remarkably elevated expres-

sion of fibroblast growth factor receptor 3 (FGFR3)-associated

markers (Figure S3), implying a potential therapeutic benefit

from FGFR3 inhibitors. In contrast, chromothripsis+ tumors

demonstrated enhanced expression of markers associated
4 iScience 28, 111510, January 17, 2025
with ‘‘epithelial-mesenchymal transition (EMT),’’ ‘‘extracellular

matrix (ECM),’’ ‘‘smooth muscle,’’ ‘‘squamous,’’ and ‘‘immune

checkpoint’’ markers (Figure S3). Collectively, these data sug-

gest that chromothripsis is associated with increased genome

instability, APOBEC-related mutation burden, and distinct tran-

scriptomic signatures.

TP53 alterations are more frequently detected in
chromothripsis+ UC
The tumor suppressor p53, encoded by TP53, is crucial for

maintaining genome integrity through its roles in DNA damage

response, cell-cycle arrest, apoptosis, and inhibition of angio-

genesis. Disruption of TP53 facilitates genomic instability.17,18

Previous research has shown that TP53 is frequently subjected

to somatic mutations in UC.2,4,5 To explore the potential rela-

tionship between TP53 alterations and chromothripsis, we

analyzed somatic TP53 mutations in 488 UC cases. We found

that TP53 alterations were significantly more common in chro-

mothripsis+ tumors (52%, 104 out of 199) compared to the

chromothripsis� tumors (25%, 73 out of 289; Fisher exact

test, p = 1.31e�09, two-sided) (Figures 2C and S2B), implying

a potential mechanism of co-evolution between TP53 mutation

and chromothripsis.

Frequent co-localization of chromothripsis with ecDNA
and kataegis
Chromothripsis, followed by circular recombination, contributes

to increased gene dosage in cancer.7,19 To study the

relationship between chromothripsis and ecDNA, we applied

the AmpliconArchitect20 method to reconstruct the structure of

ecDNA and focal amplification fromWGS data. Overall, we iden-

tified ecDNA and focal amplification signatures within chromo-

thripsis regions in 9% (18 out of 199) and 29% (57 out of 199)

of chromothripsis+ UC patients (Figure S4A; Table S6), suggest-

ing that chromothripsis serves as an initiating event for some

ecDNAs or focal amplifications. For example, in CCGA-UBC-

075T, we detected CCND1 (a well-known driver in UC)-contain-

ing ecDNA in chromothripsis regions (Figures 3A–3C). CCND1

amplification was validated by DNA fluorescent in situ hybridiza-

tion (FISH) of interphase spread chromosomes. It is noteworthy

that once ecDNA and focal amplification form, the occurrence of

chromothripsis phenomena may diminish in the absence of sus-

tained drivers promoting chromosomal instability,11 which might

explain the relatively low co-occurrence frequency of ecDNA

(9%)/focal amplification (29%), and chromothripsis may be

underestimated. Nevertheless, our results prove that chromo-

thripsis is associated with the genome-wide formation of ecDNA

and focal amplification in UC.

Kataegis is a genomic phenomenon characterized by local-

ized clusters of point mutations, often linked to specific muta-

genic processes and associated with cancer development. We

identified kataegis in 94% of UC patients (458 out of 488). Pa-

tients with kataegis mutations exhibited a significantly higher fre-

quency of chromothripsis events compared to those without ka-

taegis (Figure S4B; two-sided Fisher’s test, p = 2.933e�06).

Furthermore, we examined kataegis occurrences within chro-

mothripsis regions and found that kataegis was present in

57% of these regions (229 out of 402) (Figure S4C). These



Figure 2. Hallmarks of chromothripsis on UC genome instability, mutation, and transcription

(A) Patient classification by chromothripsis status. The asterisk denotes a statistically significant association with the presence of chromothripsis (Wilcoxon rank-

sum test for age, ploidy, TMB, SV burden, and FGA; two-sided Fisher’s exact test for other factors). FGA, the fraction of genome altered; TMB, tumor mutation

burden; SV, structural variation; fSCNA, focal somatic copy number amplification. BFB, breakage-fusion-bridge; WGD, whole-genome duplication.

(B) Proportion of APOBEC-related mutations (COSMIC SBS2 and SBS13) between chromothripsis� and chromothripsis+ tumors (Wilcoxon rank-sum test).

(C) Percentage of patients with alterations for 10 canonical oncogenic pathways (Fisher’s exact test, two-sided).
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findings corroborate previous observations that chromothripsis

frequently co-localizes with kataegis.
The landscape of intratumoral chromothripsis
heterogeneity
Chromothripsis represents a significant contributor to intratu-

mor heterogeneity,21 yet its intertumoral diversity is largely un-

explored. We performed multi-regional WGS analysis (two to

six tumor regions per patient) from 193 tumors and 52 germ-

line samples, collected across 52 UC patients (Figure 4A).

Chromothripsis events were identified in 67% of (35 out of

52) UC cases (Figure 4A). In most chromothripsis+ UC patients

(86%, 30 out of 35), chromothripsis was selectively detected

in specific tumor regions, a phenomenon of intertumoral

heterogeneity and referred to as branch chromothripsis here-

after (Figure 4A). In five cases (CUGA-MR-001/023/033/035;

CUGA-006), chromothripsis was detected in all analyzed tu-

mor regions (Figures 4A and 4B). For instance, in CUGA-

MR-001, we observed chromothripsis events involving chro-

mosomes 6 and 13 were detected only in regions tumor-R3

and lymph node metastasis (LNM) tissues (Figure 4D). The

identical chromothripsis event in both primary and metastatic

tumor tissue also indicated the involvement of chromothripsis

in the process of tumor dissemination. These data suggest

that most chromothripsis events are likely a later manifestation
of genomic instability and provide a strong selective advan-

tage (Figure 4E).
Discovery of chromothripsis events in the urine of UC
patients
We previously demonstrated that extrachromosomal circular

DNA with size less than 1 kb (eccDNA) and ecDNA could

be detected in urine sediment-derived DNA.22,23 Therefore,

we next sought to investigate if chromothripsis could be

detected in the urine, a reservoir of biological waste from the

urinary tract. To achieve this, we analyzed WGS data from

166 matched tumor-urine samples. Due to the significantly

lower tumor purity in urine sediments (Figure 5B; paired t

test, p = 3.79e�23), chromothripsis events were detected in

the urinary genomic DNA but less frequently (25%, 42 out

of 166) compared to tumor tissues (42%, 70 out of 166)

(Figures 5A and 5C). Furthermore, the incidence of chromo-

thripsis in urine was higher in patients with bladder tumors

(36%, 33 of 92) than in patients with pelvis (13%, 6 out of

46) or ureter tumors (11%, 3 out of 28) (Figure 5D; Fisher exact

test, p < 0.05, two-sided). Among 21 patients, chromothripsis

was detected in both urine and tumor samples, but the

regions of chromothripsis events differed significantly between

the two types of samples (Figure S5). Notably, in 13% (21 out

of 166) of cases (Figure 5C), chromothripsis was exclusively
iScience 28, 111510, January 17, 2025 5



Figure 3. Co-occurrence of chromothripsis with ecDNA and focal amplification

(A) Chromothripsis event (chromosome 11) detected in CCGA-UBC-75T.

(B and C) Structural variant and breakpoint graph (B), along with the structure (C) of the CCND1-containing ecDNA identified in CCGA-UBC-75T. The CCND1-

containing ecDNA is localized within chromothripsis regions.

(D) CCND1 amplification validated through interphase fluorescent in situ hybridization (FISH). Scale bars, 10 mm.
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detected in urine samples, further emphasizing the need

to consider intratumoral heterogeneity of chromothripsis

events in UC.

DISCUSSION

A long-standing challenge in the clinical management of UC is

the absence of effective targeted therapeutic drugs, particularly

for patients with muscle-invasive disease. Among the limited

drugs with Food and Drug Administration-approved usage,

FGFR inhibitors such as pemigatinib or erdafitinib currently

stand out. By integrating single-regional and multi-regional

WGS data from a large cohort of UC patients, we revealed the

frequency and diversity of chromothripsis in UC and demon-

strated that chromothripsis is a major contributor to UC hetero-

geneity. Survival analysis revealed that, in comparison to pa-

tients with chromothripsis� tumors, those with chromothripsis+

tumors are more likely to succumb during the follow-up period.

Detecting chromothripsis in UC tumors is crucial in laying the

foundation for precision medicine interventions specifically de-

signed to target chromothripsis.

At the genomic level, chromothripsis in UC is associated with

extensive CN variations, which are evident in the amplification

and deletion patterns observed across multiple chromosomes

in our cohort. The presence of multiple chromothriptic chromo-

somes in nearly half of the chromothripsis+ UC patients suggests

a recurrent and potentially orchestrated process of genomic

disruption. This widespread chromosomal fragmentation likely

results from a combination of factors, including DNA replication

stress and defective DNA repair mechanisms. To further explore

the transcriptional impact of chromothripsis in UC, we

found that chromothripsis� tumors had higher expression of

FGFR3-related markers, suggesting potential responsiveness
6 iScience 28, 111510, January 17, 2025
to FGFR3 inhibitors. In contrast, chromothripsis+ tumors were

enriched for markers of EMT, ECM, squamous features, and im-

mune checkpoints, highlighting their distinct transcriptomic pro-

files and increased genomic instability.

We show the spatial intratumoral heterogeneity of chromo-

thripsis in UC evolution. Even within different tumor regions of

the same patient, some tumor regions manifest detectable chro-

mothripsis, while others do not. Previous studies and our data

have indicated an association between chromothripsis and

drug resistance and tumor metastasis,19,24 underscoring that

targeting trunk driver events (such as FGFR3 mutations) in can-

cer treatment may be affected by the occurrence of chromo-

thripsis events in the later stages of tumor evolution. This obser-

vation supports ongoing efforts to enhance early detection

methods for UC. Moreover, our data emphasize the importance

of multi-region tumor sampling for comprehensive chromothrip-

sis profiling.

Considering the clinical implications of chromothripsis, it is

crucial to employ non-invasive methods for detecting chromo-

thripsis-driven tumors. Urothelial tumor tissue directly con-

tacts urine, potentially resulting in the presence of tumor cells

in the urine. In this study, we decode chromothripsis events

from urine samples based on genome sequencing data. We

revealed a significantly lower detection rate of chromothripsis

in urine (25%) compared to that in tumor tissue (42%).

This phenomenon may be explained by the presence of a

higher proportion of non-cancerous cells, such as white blood

cells, in the urine of UC patients.25,26 Further studies could

explore the potential of initially enriching tumor cells from

the urine of cancer patients, followed by chromothripsis

detection. Identifying chromothripsis in urine samples opens

a wide range of diagnostic opportunities in genitourinary

tumors.



Figure 4. Intratumoral chromothripsis heterogeneity in UC

(A) Oncoprint tables of samples from the multi-regional WGS cohort (N = 193 tumors from 52 patients are shown). Each column represents one tumor. Genetic

alterations, including chromothripsis, WGD, ecDNA, BFB, other fSCNA, and TP53 disrupted, as well as the number of chromosomes affected by chromothripsis,

are indicated. fSCNA, focal somatic copy number amplification. BFB, breakage-fusion-bridge; WGD, whole-genome duplication.

(B) Proportion of trunk and branch chromothripsis events across 35 patients with chromothripsis+ tumors. A trunk chromothripsis event was defined as chro-

mothripsis detectable across all tumor regions in the same patient, while a branch chromothripsis event was specific to specific tumor regions.

(C) Representative images illustrating the multi-regional sampling sites of patient CUGA-MR-001.

(D) Example of heterogeneous chromothripsis events involving chromosomes 6 and 13, detected in regions R3 and LNM from patient CUGA-MR-001.

(E) A schematic illustration of chromothripsis evolution in cancer. Initiating driver instigates the initiation of tumors. After genome doubling of cancer cells, a subset

of cancer cells experiences chromothripsis events, while others do not. As the tumor progresses, cells with chromothripsis undergo parallel evolution, whereas

another subset, under the pressure of natural selection, generates new chromothripsis events and actively contributes to tumor metastasis. These dynamic

processes collectively contribute to the subclonal evolution of the tumor.
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Chromothripsis has been implicated in intratumoral heteroge-

neity. In this study, we have shown that chromothripsis is an in-

dependent prognostic factor for UC patients. It is associated

with increased mutational load, higher genome instability, onco-

gene amplification, and tumor dissemination. Further studies of

the mechanisms of chromothripsis formation and maintenance

may uncover new combinatorial therapies for UC patients.

Limitations of the study
The study primarily focused on the frequency and characteristics

of chromothripsis but did not investigate the underlying mecha-
nisms or potential therapeutic implications. Future studies

should address these limitations and explore the broader impli-

cations of chromothripsis in cancer development and treatment.
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Lead contact

Requests for further information and resources should be directed to and will

be fulfilled by the lead contact, Yonglun Luo (alun@biomed.au.dk).

Materials availability

This study did not generate new unique reagents.
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Figure 5. Discovery of chromothripsis in urinary genomic DNA from UC

(A) Chromothripsis and other genetic alterations in paired tumor and urine samples (N = 166). Each column represents one patient. Each row indicates genetic

alterations detected in preoperative urine sediment (indicated by ‘‘U’’) and paired tumors (indicated by ‘‘T’’).

(B) Comparison of the tumor purity between urine and paired tumor samples (paired t test). Tumor purity was calculated from WGS data using the FACETS

algorithm. Values are represented as median with 25th and 75th percentile.

(C) Proportion of patients with indicated events: T+ & U+: chromothripsis detected in both tumor and urine samples. T+ & U�: chromothripsis detected only in

tumors. T� & U+: chromothripsis detected only in urine. T� & U�: chromothripsis undetected in both tumor and urine samples.

(D) Proportion of urine samples with chromothripsis, stratified by tumor location (Fisher’s exact test, two-sided).
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Data and code availability

d WGS and RNA sequencing data have been deposited at Genome

Sequence Archive (GSA) as HRA005963, HRA003461, HRA004718,

and HRA005001 and China National GeneBank as CNP0003498 and

are publicly available as of the date of publication.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this

paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human samples
We collected 71 tumors and 20 adjacent tumor samples from 20 UC patients, who had not undergone systemic therapy before sur-

gery. There was no selection of patients for specific clinical features. For multifocal urothelial tumors, we sampled tissues from

different sites, while for solitary urothelial tumors, we collected samples from distinct tumor regions that were at least 5 mm apart

and located away from the tumor margin. Paired adjacent tumor tissues (ATs) were collected at a minimum distance of 2 cm from

the tumor margin. To ensure privacy, the identifiers of patients were reassigned. Tissue samples were promptly collected within

30 minutes post-surgery and immediately snap-frozen in liquid nitrogen for subsequent processing. The histology of tumors was

evaluated by three pathologists. The study adhered to both national and local laws and regulations and received approval from

the Research Ethics Committee of Yantai Yuhuangding Hospital. Before enrollment, all participating patients provided written

informed consent, and no compensation was provided for their participation.

METHOD DETAILS

Datasets
We collected WGS data from 558 tumors, 471 germline samples, and 166 urine samples, along with RNA-seq data from 328 tumors

sourced fromboth our in-house and BIG datasets.14 Clinical and sequencing information of included patients is provided in Tables S1

and S2.

Genomic DNA isolation
Genomic DNA was isolated from fresh frozen tissues using the MagAttract HMW DNA kit (Qiagen) according to the manufacturer’s

instructions. The concentration and integrity of DNA were assessed using Qubit dsDNA BR (Invitrogen) and electrophoresis on a

0.8% agarose gel, respectively.

Whole genome sequencing (WGS)
500 ng of genomic DNAwas subjected to theWGS library construction using theMGIEasy DNA Library Preparation Kit (MGI). Briefly,

the genomic DNAwas fragmented, ligated with adapters, and subjected to PCR amplification. The constructed libraries were quality-

controlled using the Qubit dsDNA HS (Invitrogen), and Agilent 2100 system, and were deep sequenced on DNBSEQ with 150 bp

paired-end reads.

WGS processing
FastQC (v0.11.7) was performed to assess the sequencing quality of FASTQ files. Subsequently, fastp27 (v0.23.2) was utilized to trim

reads of adapters, N content, and low-quality bases. The processed reads, meeting all filtering criteria, were aligned to the human

reference genome GRCh38 using BWA-MEM28 (v0.7.17), resulting in the generation of BAM files. SAMtools29 (v1.11) was then em-

ployed to sort and index the BAM files. Coverage analysis was conducted using SAMtools, and the mean coverage for theWGS data

used in this study was determined to be 41X (Table S2).

Variant calling
SNVs and indels

Somatic mutations were detected from tumor samples, using matched germline samples as controls. In detail, somatic point muta-

tions were detected using Mutect230 (v4.2.5.0). Somatic small indels were detected using Mutect2,30 and Strelka231 (v2.9.10). Two

software were run independently. The indels detected by two callers were merged using BEDTools (v2.30.0). The combined variant
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format files (VCF) files were split and left trimmed using GATK (v4.2.5.0). The VCF was annotated using ANNOVAR.32 To remove ar-

tifacts and false positives, we filtered for variants with > 0.01 allele frequency in 1000 Genomes or Exome Aggregation Consortium

(ExAC)33 unless ClinVar34 flags it as pathogenic.

SVs

Somatic SVs were identified from paired tumor-germline WGS data using four callers: Delly235 (v1.1.3), SvABA36 (v 1.1.0), Lumpy37

(v0.2.13), and Manta38 (v1.6.0). Each algorithm was executed independently. The SVs generated by each caller were merged using

SURVIVOR39 (v1.0.7), with a 1 Kb allowance for slop at the breakpoints. Only calls generated by at least two algorithmswere retained.

We calculated the number of SV for each sample.

CNVs

Tumor purity and ploidy were computed for all tumor and urine samples using FACETS40 (v0.5.14). FACETS provides allele-specific

estimations of the copy numbers. As previously described,41 if the fraction of the genome with a major copy numberR 2 was greater

than 50%, samples were classified as exhibiting whole genome duplication (WGD). Somatic CNVswere inferred by CNVkit42 (v0.9.9).

GISTIC243 was applied to evaluate the gene copy number status. The somatic variations (including CNV, SNV, and indel) in ten 10

canonical signaling pathways were assessed using maftools44 (2.14.0).

Kataegis detection
We used maftools (v2.14.0)44 to identify kataegis by analyzing mutation clusters across the genome.

Chromothripsis calling
Chromothripsis events were identified through ShatterSeek11 (v1.1) using CNV and SV data as input. These chromothripsis events

were classified into high-confidence (HC) and low-confidence (LC) categories based on established criteria outlined by Cortés-Cir-

iano et al. LC calls encompassed 4-6 segments between two states, while HC calls consisted of a minimum of 7 adjacent segments.

Both HC and LC calls were retained for subsequent analysis. Moreover, we defined chromothripsis events in whichmore than 60%of

the CN segments in the affected region oscillated between two states as canonical chromothripsis events.

Focal amplifications calling
To identify the presence of focal amplifications, we applied the AmpliconSuite-pipeline wrapper as previously described.45 For seed

detection, the wrapper pipeline integrated CNVKit42 in tumor-normal mode, calling somatic CNVs against matched germline WGS

data for each case. The amplified_intervals.py script was then utilized to filter regions with a copy number exceeding 4.5 and a

size larger than 50 Kb, yielding a set of seed regions. Subsequently, the wrapper invoked AmpliconArchitect20 (v1.3.r6) in default

mode on the WGS BAM files to scrutinize seed regions and profile the architecture of focal amplifications. AmpliconClassifier46

(v0.4.12) was used to predict the types of amplifications present in AmpliconArchitect’s output. Through this approach, we catego-

rized focal amplifications into ecDNA, BFB, and other fSCNA (including complex non-cyclic and linear focal amplifications).

Mutational signature analysis
Point mutations, including non-synonymous and synonymous mutations, were classified into 96 substitution types, based on six

base substitutions (C > A, C > G, C > T, T > A, T > C, and T > G) and their neighboring bases. The MutationalPatterns47 R package

was employed to assess the activity of APOBEC-related mutational signatures (COSMIC SBS2 and SBS13) for each sample.

CNV signature quantification
The activities of the CNV signature were quantified using sigminer (v2.2.0) software.

Processing of RNA-seq data
The raw RNA-seq data from 328 tumors were evaluated for quality using FastQC (v. 0.11.7). We then used TrimGalore (v.0.6.7) to

remove low-quality bases and adapter sequences. The clean reads were aligned to the human reference genome (GRCh38) using

STAR48 (v.2.7.10a). Transcript quantification was calculated using RSEM49 (v.1.3.3). We filtered out genes with no expression in all of

the samples for downstream GSVA analysis. Single-sample gene set enrichment analysis scores for each sample were calculated

using the previously defined gene sets and the GSVA (v.1.46.0)50 R package. DEG analysis was performed by DESeq2

(v.1.40.2).51 ClusterProfiler (v.4.6.2)52 R package was performed for KEGG pathway analysis.

Interphase FISH
Interphase FISH was carried out using the ZytoLight � SPEC CCND1/CEN 11 Dual Color Probe to confirm CCND1 amplification in

four available FFPE tumor samples. Briefly, FFPE samples were deparaffinized, rehydrated, and underwent heat-induced epitope

retrieval. Slides were dehydrated, and FISH probes in a hybridization buffer were applied. Denaturation occurred at 72�C for 5 mi-

nutes, followed by overnight hybridization at 37�C. Slides were washed in 23SSC/0.3% NP-40 (pH 7.0-7.5) and stained with 10ml

of DAPI buffer. Images were captured using OLYMPUS BX53.
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Analysis of clinical outcomes
The prognostic values of chromothripsis were assessed in our cohort. The sample size was N = 436 (272 chromothripsis+; 164 chro-

mothripsis-). We employed the log-rank test to evaluate survival differences and conducted Cox proportional hazards regression

analysis to identify independent prognostic factors. Survival curves were generated using the R package Survminer (v.0.4.9).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical tests were performed in R (v4.2.2). Statistical tests, test statistics, and p values are indicated in figure legends and the

results section. p-values < 0.05 were considered statistically significant.
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