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SUMMARY

Precision oncology relies on the accurate molecular characterization of individual patients with cancer at the
time of treatment initiation. However, tumor molecular profiles are not static, and cancers continually evolve
because of ongoing mutagenesis and clonal selection. Here, we performed genomic analyses of primary tu-
mors, metastases, and plasma collected from individual patients to define the concordance of actionable
genomic alterations and to identify drivers of metastatic disease progression. We observed a high degree
of discordance of actionable genomic alterations, with 23% discordant between primary and metastatic dis-
ease sites. Among chromatin-modifying genes, ARID1A mutations, when discordant, were exclusive to the
metastatic tumor samples. Our findings indicate that the high degree of lesion-to-lesion genomic heteroge-
neity may be a barrier to precision oncology approaches for bladder cancer and that circulating tumor DNA

profiling may be preferred to tumor sequencing for a subset of patients.

INTRODUCTION

Therapy selection is increasingly guided by prospective molecu-
lar analyses designed to identify clinically actionable molecular
alterations in individual patients with cancer. In molecularly
selected patients with cancer, targeted therapies that inhibit
mutated oncoproteins can induce dramatic and durable re-
sponses.’ In addition to serving as predictive biomarkers of
drug response, genomic alterations can also influence the likeli-
hood of disease recurrence and patterns of metastatic spread.?
However, a major hurdle to the broader adoption of precision
oncology paradigms is the evolution of tumor genomes as can-
cers progress from a localized to metastatic disease state.
New somatic mutations and structural alterations arise in tumors
over time because of impaired DNA replication, ongoing expo-
sure to mutagens, or in response to the selective pressure of sys-
temic therapy.®® This ongoing mutagenesis and clonal selection
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results in intratumoral and lesion-to-lesion genomic heterogene-
ity that can influence treatment response and clinical outcomes.

To date, most large-scale tumor profiling studies of patients
with bladder cancers have focused on the analysis of primary tu-
mor samples.” Only recently have metastatic samples been pro-
filed, and the number of patients with matched primary and met-
astatic samples analyzed was limited, thus the concordance of
actionable genomic alterations between primary and metastatic
disease sites remains poorly characterized.®'° With the recent
FDA approval of erdafitinib, a selective fibroblast growth factor
receptor (FGFR) inhibitor for the treatment of FGFR2/3-mutated
metastatic urothelial cancers, tumor genomic profiling is now
recommended for all patients with advanced urothelial cancers
as a guide to treatment selection.”" There is thus an urgent clin-
ical need to define the mutational concordance of primary and
metastatic bladder cancers for FGFR3 and other potentially
actionable genomic alterations. Advances in sequencing and
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bioinformatic methodology have also made feasible the detec-
tion and mutational profiling of tumor-derived DNA circulating
in plasma (cell-free DNA [cfDNA]) as an alternative to tumor
sequencing.'? cfDNA provides the opportunity for serial sam-
pling and may be preferable to analysis of archival primary tumor
samples in patients with metastatic disease who have received
extensive prior therapy.

Here, we leveraged a prospective institution-wide tumor
sequencing initiative to define the concordance of oncogenic al-
terations in primary and metastatic disease sites. Through paired
analysis of primary and metastatic tumors and cfDNA isolated
from plasma collected from the same individual, we also sought
to identify genomic alterations that contribute to metastatic dis-
ease progression, the primary mediator of morbidity and cancer-
specific death in bladder cancer and most other cancer types.

RESULTS

Patient and tumor characteristics

To identify differences in the genomic landscape of primary and
metastatic urothelial cancers, we collected detailed demo-
graphic, clinical, and treatment data from patients with urothelial
cancer who underwent prospective tumor DNA profiling as a
guide to treatment selection. Between 2014 and 2021, 1,313 pa-
tients with bladder urothelial carcinoma were prospectively
analyzed using the MSK-IMPACT next-generation sequencing
assay (Figures 1A and 1B; Table 1). As a primary objective of
the MSK-IMPACT initiative was to identify mutations that could
serve as predictive biomarkers of systemic therapy response,
this cohort was enriched for patients who had metastatic disease
at diagnosis or developed recurrent disease during their disease
course (57% versus 42% for The Cancer Genome Atlas [TCGA]
bladder cancer cohort).

We compared the frequency of commonly mutated genes in
tumors collected from primary and metastatic disease sites to
understand genomic alterations associated with an increased
risk for metastatic progression. For tumors collected from the
primary tumor site, we stratified patients into clinically relevant
groups based on tumor grade and stage: low-grade non-mus-
cle-invasive tumors (pTa/pT1, n = 69); high-grade non-invasive
tumors (pTis/pTa, n = 235); high-grade invasive tumors (>pT1,
n=777); and metastatic tumors (n = 232). The frequency of onco-
genic mutations in targetable kinases, chromatin-modifying
genes, and TP53 pathway genes were then compared across
the different tumor stage groups (Figure 1C). The frequency of
all genes with >5% mutational frequency stratified by tumor
grade and stage are summarized in Table S1. Further subgroup
analyses of mutational frequencies stratified by low-grade, car-
cinoma in situ, Ta/T1 high-grade non-muscle-invasive papillary,
muscle-invasive/locally advanced, and metastatic sites are sum-
marized in Figure S1.

The frequency of mutations in TP53 (g < 0.001) and RB1
(g < 0.001) and alterations in ERBB2 (q = 0.001) were more
frequent in higher-grade and -stage tumors as reported in previ-
ous studies.”'® Conversely, mutations in FGFR3 (q < 0.001), and
PIK3CA (g = 0.04) were more frequently altered in lower-grade
and -stage patients. Notably, ARID1A was the only chromatin-
modifying gene more commonly mutated in high-grade invasive
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and metastatic samples (25% and 28%, respectively) compared
with low- and high-grade non-invasive tumors (14% and 19%
respectively; 4-group comparison q = 0.06). Mutations in chro-
matin-modifying genes are common in bladder cancer, and
recent studies have shown that these mutations are often pre-
sent in the surrounding benign-appearing urothelium of patients
with urothelial cancer, suggesting that mutations in genes that
regulate chromatin state may be an early initiating event in at
least a subset of bladder cancers.'*'®

Matched pairs of primary bladder and upper tract
urothelial carcinomas and metastases

To determine whether differences in the mutation rate of individ-
ual genes in primary versus metastatic tumors were reflective of
the timing at which mutations in these genes arose during tumor-
igenesis, or rather the impact of the mutation on the likelihood of
metastatic spread, we performed whole-exome sequencing
(WES) of primary-metastasis urothelial cancer pairs from the
same patient. Only the 22 primary-metastasis pairs with an esti-
mated tumor purity of 25% or greater based on FACETS were
included in the subsequent concordance analysis to avoid the
confounding effects of tumor purity on sensitivity of mutation
detection (Figure 2A). While estimates of tumor mutational
burden (TMB) were not significantly different between the pri-
mary and metastatic tumor sites (one-sided Wilcoxon signed
rank, p = 0.1), the average mutational concordance rate
was low at 42% for all mutations (ranged between 6% and
84%; Figure 2B). Furthermore, although TMB was often similar
between the primary tumors and paired metastasis, phyloge-
netic analysis revealed that this was often due to a large, but
similar, number of private mutations being present in both
tumors, a pattern consistent with an early branched evolution
(Figures 2C and 2D). As mutational concordance between pri-
mary and metastatic tumors is likely influenced by exogenous
pressures, we correlated the percentage of shared mutations
between primary and metastatic tumors and the length of time
between specimen collection but did not observe a significant
trend (goodness of fit, R2 = 0.17, p = 0.053). Furthermore, exclu-
sion of patients with intervening treatment did not change the
directionality or significance of this trend.

Given the high degree of genomic discordance between pri-
mary and metastatic pairs, we next performed mutation signature
deconvolution to determine whether the predominant mutational
signatures differed. While the mutational processes in the primary
and metastatic lesions were similar (Figure S2A), an analysis of
concordance of known or likely oncogenic alterations revealed
several notable findings (Figures S2B-S2D). Most notably,
ARID1A mutations were present in the metastases of three pa-
tients but absent in their corresponding primary tumors (Fig-
ure 2A). As a representative example, WES of the primary tumor
from patient P-0012205 collected at the time of radical cystec-
tomy and a lung metastasis that developed 6 months later re-
vealed shared mutations in TERT, KDM6A, FGFR3, PIK3CA,
TP53, CDKN1A, and CREBBP but an ARID1A mutation
(E1783*) exclusive to the metastatic sample (Figure 2C). Discor-
dance of potentially actionable kinase mutations was also
observed in multiple primary/metastatic pairs analyzed by WES.
For example, patient P-0048306 presented with carcinoma in
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Figure 1. Clinical characteristics of prospectively sequenced urothelial carcinomas
(A) Clinical and tumor features of the prospective Memorial Sloan Kettering Cancer Center (MSK) and retrospective The Cancer Genome Atlas (TCGA) bladder

urothelial carcinoma cohorts.

(B) Distribution of the biopsied metastatic disease sites in the MSK urothelial carcinoma study cohort.

(C) Frequency of alterations in frequently mutated oncogenes in the MSK urothelial cancer cohort stratified by disease state (low-grade primary tumors, non-
invasive and invasive high-grade [HG] primary tumors, and metastatic sites). Significant values are labeled as adjusted p value (q value): *q < 0.05, **q < 0.01,
***q < 0.001. Adjustment for multiple comparisons using the false discovery method demonstrated no loss in significance of the highlighted genes but a loss of

significance for KDM6A and ARID1A (p = 0.03, q = 0.06).
See also Figure S1 and Tables 1 and S1.

situ (CIS), which was treated with 3 courses of intravesical BCG,
but later developed a lymph node metastasis. WES of the primary
tumor and lymph node metastasis revealed a shared TP53 muta-
tion (V157F) but an actionable PIK3CA (E545K) mutation exclu-
sive to the lymph node metastasis (Figure 2D).

While WES has the potential to identify alterations not covered
by the MSK-IMPACT panel design, MSK-IMPACT can detect
some targetable alterations including gene fusions often missed
by WES. As an example, one patient was found to have an
FGFR3-TACC3 fusion detected by MSK-IMPACT that was
exclusive to the metastatic samples. Therefore, to determine
whether the higher depth and uniformity of sequencing coverage

afforded by targeted sequencing would identify evidence of
additional discordance in known or likely oncogenic mutations
and to increase our statistical power to detect mutational discor-
dance in known and presumed cancer-associated genes, we
expanded the dataset by performing MSK-IMPACT targeted
sequencing on the original 22 paired samples, as well as on an
additional 124 urothelial carcinoma primary-metastasis pairs.
Among these 148 matched primary-metastatic pairs, two were
excluded from the mutational concordance analysis as they
were hypermutated, microsatellite instability-high (MSI-H) tu-
mors. There were also three patients with primary urothelial car-
cinomas and presumed lung metastases that, upon review of the
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Table 1. Characteristics of patients profiled by MSK-IMPACT
compared with TCGA

MSK TCGA
(n=1,313) (n =407) p
Age 66 (58,73) 69 (60,76) <0.001
Gender (%) 0.32
Male 1,009 (77%) 303 (74%)
Female 304 (23%) 104 (26%)
Smoking (%) <0.001
Never 444 (35%) 110 (28%)
Former 669 (53%) 197 (50%)
Active 146 (12%) 89 (22%)
Unknown 54 11
Intravesical treatment (%) <0.001
Naive 902 (70%) 370 (91%)
BCG 258 (20%) 37 (9%)
Chemo 30 (2%) 0 (0%)
Both 91 (7%) 0 (0%)
Unknown 32 0
Systemic treatment (%) <0.001
Naive 1,000 (79%) 407 (100%)
Chemotherapy 221 (17%) 0 (0%)
Immunotherapy 16 (1%) 0 (0%)
Both 30 (2%) 0 (0%)
Unknown 46 0

MSK-IMPACT results, were deemed to be separate primary tu-
mors. Four additional primary-metastasis pairs were excluded
and evaluated separately as the metastatic sites were collected
prior to the primary site with intervening systemic treatment.
Most metastatic specimens were collected from distant metas-
tases (74%), with the remainder from sites of regional lymph
node metastasis. The median time between tumor collection
was 10.5 months (interquartile range [IQR] 2.6-25.5), with 41%
of patients receiving systemic treatment between collection of
the primary and metastatic tumors. Intervening systemic treat-
ment was chemotherapy in 38 (32%) patients, immunotherapy
in 5 (4%), and both in 6 (5%) (Figure 3A).

Consistent with the WES data above, the mean TMB as
inferred from MSK-IMPACT sequencing of the primary and met-
astatic cohorts was similar (11.7 and 11.2, respectively; Fig-
ure 3B). Overall, in the expanded 119 patient primary-metastasis
tumor pair cohort, the mutational concordance for known and
likely oncogenic alterations was 85% (Figure 3A). Of relevance
to ongoing efforts to develop targeted therapies for patients
with urothelial carcinoma, 23% of potentially actionable gene
mutations (FGFR3, PIK3CA, TSC1, ERBB2) were discordant in
the primary-metastasis pairs (Figure 3C). For example, in pa-
tients with oncogenic and targetable FGFR3 alterations in at
least one tumor, the FGFR3 alteration was exclusive to the
metastatic sample in 9% of patients, with both patients with
discordant FGFR3 mutational status having received intervening
systemic therapy. These results suggest that archival tumor
tissue may not always be adequate for FGFR3 genotyping in

4 Cell Reports 41, 111859, December 20, 2022

Cell Reports

patients with urothelial carcinoma being considered for erda-
fitinib therapy. Mutational discordance was also common for
ERBB2, PIK3CA, and TSC1, with 38%, 27%, and 17% of pa-
tients with mutations in these genes exhibiting discordance be-
tween the primary and metastatic tumor samples, respectively.
We also assessed the concordance of the chromatin-modi-
fying genes commonly mutated in bladder cancer as several of
these epigenetic regulators are potentially targetable with
EZH2 inhibitors. As observed in the WES analysis, mutations in
ARID1A were never present only in the primary tumor but were
exclusive to the metastatic samples of 16% of patients in which
an ARID1A mutation was detected in either. These results indi-
cate that ARID1A mutations often arise later in tumor pathogen-
esis, consistent with the higher rates of ARID1A mutation noted
in high-grade, muscle-invasive, and metastatic urothelial carci-
noma samples (Figure 1C). To assess whether intratumoral het-
erogeneity within the primary sample accounted for the ARID1A
discordance among select primary-metastatic pairs, we re-
sampled and sequenced multiple spatially distinct regions of 3
of the ARID1A discordant pairs. As shown in Figure S3, we did
not identify the oncogenic ARIDTA mutation in the resampled
regions of the primary tumors of any of the discordant cases.
Additionally, for patients with discordant ARID1A mutations by
MSK-IMPACT analysis, a manual review of the BAM files was
performed to ensure that the primary tumor did not have evi-
dence of the ARID1A mutation at a variant allele frequency below
the threshold for mutation calling by our pipeline. Notably, this
manual review of the BAM files did not detect any ARID1A
mutant reads in the primary tumors of discordant cases.

Mutational concordance of plasma-derived cfDNA and
tumor in patients with metastatic urothelial cancer

As analysis of a single metastatic tumor site cannot assess for
genomic discordance between metastatic tumors, we performed
ultra-high depth sequencing (~20,000x raw coverage, 1,000
collapsed duplex coverage) of 129 cancer-associated genes us-
ing plasma cfDNA collected from 45 patients for whom we had
sequenced a primary and metastatic tumor pair. Among these
45 patients, 20% of targetable mutations as defined by the
OncoKB knowledgebase'® were identified only by the plasma
cfDNA analysis (Figures 4A and 4B). Given this high degree of
discordance between tumor and plasma cfDNA, we expanded
the analysis to include 123 patients with at least one bladder can-
cer tumor sample (either a primary or metastatic disease site) and
cfDNA (Figure S4). While 60% of targetable alterations were
concordant between tumor and plasma cfDNA, 17% were exclu-
sive to cfDNA only, and 23% were exclusive to tumor samples
(Figure 4C). These results suggest that the analysis of primary-
metastatic tumor pairs underestimated the discordance of
targetable alterations in patients with bladder cancer. One
notable patient had an FGFR3 wild-type primary tumor but four
oncogenic FGFR3 alterations (three oncogenic hotspot FGFR3
mutations and an FGFR3-TACCS3 fusion) detected in cfDNA,
only one of which was detected in the metastatic tumor sample,
suggesting convergent evolution (Figure 4D). Additional FGFR3
mutations were identified by cfDNA analysis in blood samples
collected during erdafitinib therapy, including a N540S mutation,
which is paralogous to N546 of FGFR1, and K650E, which is
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Figure 2. Whole-exome sequencing of 22 paired primary and metastatic urothelial cancers

(A) OncoPrint of whole-exome sequencing data from 22 primary-metastasis urothelial cancer pairs. Tumor mutational burden (mutations/megabase [MB]) and
select recurrently mutated genes are shown. Each column represents an individual patient with the mutational status of the primary tumor on the left and the
metastatic specimen on the right.

(B) Mutational concordance and discordance between primary and metastatic tumor samples shown as the fraction of mutations that were shared, exclusive to
the primary tumor or to the metastasis.

(C and D) Phylogenic analysis of the primary and metastatic tumors from two representative patients. Shown are the mutation matrix colored as trunk (dark green)
or exclusive (light green) for the respective phylogeny, fraction of tumor cells mutated (cancer cell fractions, shades of blue) and inferred evolutionary relationship.

Numbers indicate shared or private mutation counts.
See also Figure S2.

paralogous to K660 of the FGFR2 lllb isoform (Figure S5), muta-
tions that have been shown previously to be associated with
resistance to FGFR kinase inhibitors.'”'® ¢cfDNA analysis also
identified a V553M FGFR3 mutation, a previously unreported
FGFR3 mutation that is near the putative gatekeeper and there-
fore a likely contributor to acquired erdafitinib resistance in this
patient. In sum, the results suggest that cfDNA analysis is com-
plementary to analyses of archival primary tumor tissue or
biopsy of a single metastatic site for guiding treatment selection

in patients with metastatic urothelial cancer and that analysis of
both tissue and cfDNA may be required for some patients.

DISCUSSION
Precision oncology, or the tailoring of cancer therapy to individ-
ual patients, requires knowledge of the timing at which onco-

genic and potentially actionable genomic alterations arise during
tumor initiation and metastatic progression and the influence of
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Figure 3. Frequent discordance of actionable genomic alterations in primary and metastatic urothelial carcinomas
(A) Targeted sequencing of 119 paired primary and metastatic urothelial cancer samples. Each column represents an individual patient with the mutational status
of the primary tumor on the left and the metastatic specimen on the right. Only oncogenic and likely oncogenic mutations, fusions, and ERBB2 amplifications were

included in the OncoPrint.

(B) Comparison of tumor mutational burden (TMB) in primary and metastatic tumor sites.
(C) Mutational concordance of select frequently mutated genes including targetable kinases and chromatin-modifying genes. Percentages reflect only patients
with a mutation in the designated gene in either the primary or metastasis or both.

See also Figure S3.

genomic heterogeneity on treatment response. In the current
study, we sought to explore the degree to which tumor heteroge-
neity may be a barrier to precision oncology strategies in bladder
cancer by examining the concordance of potentially actionable
genomic alterations in primary and metastatic disease sites
and circulating tumor DNA in plasma. While TMB was not signif-
icantly different between primary and patient-matched metasta-
tic tumors, less than half of mutations, on average, were present
at both disease sites. The results are consistent with earlier
smaller series of paired primary and metastasis samples that
suggested that bladder cancers are characterized by early
branched evolution, which gives rise to significant intratumoral
and lesion-to-lesion genomic heterogeneity, including discor-
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dance of FGFR3 mutations between primary and metastatic dis-
ease sites.” %' However, the larger size of the current cohort
provided sufficient power to detect a high degree of discordance
of potentially actionable genomic alterations including mutations
in FGFR3, ERBB2, TSC1, and PIK3CA. Finally, comparisons of
cfDNA with tumor sequencing suggested that analysis of circu-
lating tumor-derived DNA in plasma could identify some target-
able genomic alterations, such as FGFR3 mutation, not present
in archival tissue samples.'?

Intrinsic and acquired drug resistance remain major barriers to
the broader adoption of precision oncology paradigms. Second-
site mutations that impair drug binding and co-alterations that
reduce dependence on the mutated oncoprotein (oncogenic
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Figure 4. Concordance of oncogenic mutations between tumor and cell-free DNA (cfDNA) in patients with metastatic urothelial cancer

(A) Concordance between primary and metastatic tumor sites and plasma-derived cfDNA in 45 patients with metastatic urothelial cancer stratified by all mu-
tations, oncogenic/likely oncogenic mutations only, and actionable mutations only as defined by OncoKB levels 1-4.
(B) OncoPrint of select actionable/oncogenic genes in patient-matched primary, metastatic, and cfDNA samples.

(C) Paired comparison of tumor and cfDNA samples from 123 patients with metastatic urothelial cancer.

(legend continued on next page)
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bypass) are well-described mechanisms of targeted therapy
resistance.”°®> Whether mutational subclonality and discor-
dance among disease sites of targetable mutated oncogenes is
a common mechanism of treatment resistance remains largely
unknown. This is because the vast majority of clinically validated
actionable mutated oncoproteins such as EGFR, KRAS (G12C),
ALK, ROS1, and RET in lung cancer and BRAF V600E in mela-
noma are drivers of tumor initiation that arise early during disease
pathogenesis and are almost always clonal and concordant be-
tween primary and metastatic disease sites in the cancer sub-
types in which drugs targeting these oncoproteins have proven
effective.’>?*" Studies of mutational clonality have also been
hindered by technical limitations of older polymerase chain reac-
tion- and mass spectrometry-based companion diagnostics that
were incapable of quantitating the clonality of individual genetic
alterations. With the adoption of high-depth-of-coverage next-
generation sequencing clinical assays, including methods that
use cfDNA from plasma, oncologists will increasingly be con-
fronted with patients who have theoretically actionable but sub-
clonally mutated oncogenes. Our results suggest that a major
contributing factor to the lower success to date with targeted ther-
apies in patients with bladder cancer compared with lung cancer
may be the higher likelihood that potentially actionable mutations
identified by clinical tumor profiling arise later in disease patho-
genesis and are subclonal or discordant among disease sites. %

An additional noteworthy finding of our study was that ARID1A
mutations, when discordant, were exclusive to the metastatic
samples of 16% of patients with an ARID1A mutation detected
at either tumor site. ARID1A is an essential regulatory compo-
nent of SWI/SNF chromatin remodeling complexes and a tis-
sue-specific regulator of chromatin structure and assembly,
with prior studies suggesting that ARID1A function is highly
cell-type and tissue specific.”?®' Loss of ARID1A has been
shown to promote tumor cell invasion and metastatic progres-
sion in animal models of hepatocellular and endometrial cancers,
and our data suggest it may play a similar role in patients with ur-
othelial cancer. Our finding of frequent discordance in ARID1A
mutational status in primary and metastatic samples may have
therapeutic implications, as ARID1A has emerged as a potential
biomarker of immune checkpoint inhibitor sensitivity and may
also be predictive of EZH2 inhibitor sensitivity.**>3

Current guidelines recommend routine clinical testing for FGFR
alterations in patients with locally advanced or metastatic urothe-
lial cancer as a guide to erdafitinib therapy.'"** However, these
guidelines do not specify whether primary or metastatic tumor
specimens should be utilized. Our analysis of pairs of patient-
matched primary and metastatic urothelial carcinomas revealed
a high rate of discordance of oncogenic mutations including tar-
gets for FDA-approved and investigational therapies. The results
suggest that analysis of archival tumor tissue collected from the
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primary bladder tumor site will fail to detect clinically actionable
mutations in as many as 35% of patients with metastatic bladder
cancer and that both tissue and cfDNA analyses may be required
for some patients to maximize the likelihood of detecting an
actionable genomic alteration when present.

Limitations of the study

There was variability in the time between collection of the primary
and metastatic sites among patients as well as the details of
intervening treatment. However, this heterogeneity reflects
real-world practice patterns and, in fact, allowed for hypothe-
sis-generating subset analyses to evaluate the influence of these
factors. Additionally, the current analysis focused exclusively on
alterations detectable through analysis of DNA. Given the fre-
quency and co-occurrence of mutations in genes that regulate
chromatin state in bladder tumors, there are likely significant
epigenetically mediated differences in gene regulation and tumor
microenvironmental differences between primary and metasta-
tic disease sites that contribute to disease progression and influ-
ence treatment response. Finally, there were differences among
patients in the interval between the metastatic biopsy and collec-
tion of cfDNA, and thus mutational discordance in some cases
may have been the result of ongoing mutagenesis or clonal se-
lection driven by intervening treatment. Nevertheless, the current
study represents the largest series to date of sequenced meta-
static bladder cancer specimens, providing insights that may
lead to clinically useful prognostic markers of disease progres-
sion and targets for future drug development.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Patient eligibility
O Matched primary-metastasis pairs
e METHOD DETAILS
O Next-generation sequencing
® QUALIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
celrep.2022.111859.

(D) Patient P-0033799 presented with localized bladder cancer and was treated with neoadjuvant chemotherapy followed by radical cystectomy. The patient later
developed multiple lung metastases and was treated with pembrolizumab. Upon further progression, a biopsy of a lung metastasis identified an actionable
FGFR3 mutation (S371C) not present in the primary tumor sample. Plasma collected for cfDNA analysis prior to initiation of erdafitinib identified two additional
actionable FGFR3 mutations (R248C and S249C) and a FGFR3-TACC3 fusion. While on therapy, cfDNA analyses identified 4 additional FGFR3 mutations, a
subset of which have been previously been shown to confer resistance to FGFR-directed therapy. Numbers correspond to the interval in months between each

specimen collection.
See also Figures S4 and S5.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, David B. Solit (solitd@

mskcc.org).

Materials availability

This study did not generate new unique reagents.
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Data and code availability
® The raw sequencing data for the MSK-IMPACT cohort are protected and are not broadly available due to privacy laws. The
clinical and processed genomic data for the MSK-IMPACT cohort are publicly available through the cBioPortal for Cancer Ge-
nomics.>® WES data has been deposited in dbGAP. Link and accession number are listed in the key resources table.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patient eligibility

Following institutional review board approval (ClinicalTrials.gov, NCT01775072), demographic, pathologic, genomic, and treatment
data were collected on patients with localized or metastatic bladder urothelial carcinoma evaluated at Memorial Sloan Kettering Can-
cer Center (MSK) from 1999 to 2021. Blood was collected as a source of germline DNA. All tumor specimens were examined by a
board-certified genitourinary pathologist (H.A-A.) to confirm the histologic diagnosis, to assess for evidence of divergent differenti-
ation and macro-dissected to enrich tumor content. Tumors with pure variant histology were excluded. However, tumors with a
mixture of urothelial and divergent differentiation were included. Clinical information including patient demographics, smoking, treat-
ment history and survival outcomes were extracted from electronic medical records and are summarized in Table 1.

Matched primary-metastasis pairs

Patients enrolled in the MSK-IMPACT sequencing cohort who had undergone biopsy or resection and tumor genomic analysis of
both primary and metastatic tumor samples were identified. Additional patients were included when corresponding primary-metas-
tasis paired samples (either primary or metastatic) sufficient for genomic analysis could be obtained from the MSK institutional tumor
bank or from an outside institution. Metastases included both synchronous and metachronous lesions. Locoregional recurrences
deemed to be secondary to positive surgical margins or tumor spillage were excluded.

METHOD DETAILS

Next-generation sequencing

Targeted deep sequencing was performed using the Memorial Sloan Kettering Integrated Mutation Profiling of Actionable Cancer
Targets (MSK-IMPACT) assay on DNA derived from patient-matched tumor and blood (as a source of germline DNA). MSK-
IMPACT is a hybridization, capture-based next-generation sequencing platform that detects somatic mutations, copy number alter-
ations, and structural variants in the coding regions and select noncoding regions of up to 505 cancer-associated genes, depending
on the assay version.*®*° Oncogenic and likely oncogenic alterations were identified using the OncoKB knowledgebase.'® Speci-
mens that were processed but lacked any somatic alterations and had an estimated tumor purity <20% were excluded. Mutational
concordance rate of primary-metastatic pairs was calculated based on altered pairs only.

Whole Exome Sequencing (WES) was performed from newly extracted DNA or through re-capture of existing MSK-IMPACT
sequencing libraries using the xGen Exome Research Panel v1.0 (IDT). For WES re-capture, PCR amplification for 8 cycles was per-
formed on post-capture MSK-IMPACT libraries. Samples were analyzed on either a HiSeq 4000 or HiSeq 2500 in rapid mode in a
100bp or 125bp paired-end run using the HiSeq 3000/4000 SBS Kit or HiSeq Rapid SBS Kit v2 (lllumina) or on a NovaSeq 6000
in a 100bp paired-end run using the NovaSeq 6000 SBS v1 Kit and an S2 flow cell (lllumina).>® The median WES target coverage
for tumor and normal samples was 151X and 86X, respectively.

WES sequencing data was analyzed using the TEMPO (Time-Efficient Mutational Profiling in Oncology; https://github.com/mskcc/
tempo) pipeline. Briefly, demultiplexed FASTQ files were converted to BAM files and aligned to the b37 assembly of the human refer-
ence genome.’”*® Somatic mutations (point mutations and small insertions and deletions) were identified using MuTect2®' and
Strelka2.“C Structural variants were identified using Manta®' and Delly.*” Tumor mutation burden (TMB) was calculated as the num-
ber of non-synonymous exonic mutations per megabase of the target capture. MS| was assessed genomically using MSlsensor®®
with MSI status defined based on MSlsensor scores: <3, microsatellite stable (MSS); >3 and <10, microsatellite indeterminate
(MSI-I); and >10, MSI-high (MSI-H). Mutational signatures were inferred from single-nucleotide mutations for all sequenced samples
with five or more such mutations. The fraction of mutations attributable to each of 30 known mutational signatures® was determined
using a basin-hopping algorithm (https://github.com/mskcc/mutation-signatures), which assigns a weight to each of the 30 signa-
tures based on the distribution of six types of single-nucleotide substitutions (C to A, G, or T; T to A, C, or G) and their trinucleotide
context in a sample. Signatures with a known common source of somatic hypermutation were considered together e.g. signatures 6,
14, 15, 20, 21 and 26 as mismatch-repair deficiency/MSI-associated.

Copy number analysis was performed using FACETS (https://github.com/mskcc/facets) and processed using facets-suite (https://
github.com/mskcc/facets-suite).”” In cases where FACETS failed to estimate tumor purity, mutation-based purity was calculated
externally as the median variant allele frequency of the mutations located in diploid regions. Clonality was estimated in each affected
tumor specimen (fraction of tumor cells harboring the indicated mutation) as described previously.*>* Briefly, we inferred the cancer
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cell fraction (CCF) for all mutations using the mutant allele fraction, locus-specific read coverage, and an analytical estimate of tumor
purity using a binomial distribution and maximum likelihood estimation to generate posterior probabilities. For clonality analysis, a
somatic mutation was considered clonal if the CCF was greater than 0.8, or greater than 0.7 while the upper bound of the 95% Cl
of its CCF was greater than 0.9. Additionally, if the clonal fraction of the segment harboring the mutation loci was less than 0.6 times
purity then we considered the clonality call to be indeterminable. Mutation phylogeny between primary and metastatic tumors were
inferred using the union of somatic mutations called in any of the paired samples and performed with R package ape.*’

Cell Free DNA (cfDNA) analysis was performed using the Memorial Sloan Kettering Analysis of Circulating cfDNA to Evaluate
Somatic Status (MSK-ACCESS) assay, an ultrasensitive, capture-based liquid biopsy test for the detection of somatic alterations
in select coding and noncoding regions of 129 key cancer-associated genes.*®** Concordance of mutations between primary,
metastasis and cfDNA sample pairs was performed on the shared regions covered by the MSK-IMPACT and MSK-ACCESS assays.
cfDNA samples without any mutations were excluded from analysis. In those patients with multiple samples, the samples closest in
time were selected. After assessing concordance between primary, metastasis and cfDNA sample pairs, the cohort was expanded to
include any patient with a primary/metastatic bladder cancer tumor sequenced and a cfDNA sample. Paralogy analysis of FGFR1/2/3
was performed using Jalview.*® Alignment conservation annotation was calculated to characterize the physico-chemical properties
seen at each position in a multiple protein sequence alignment.®®

QUALIFICATION AND STATISTICAL ANALYSIS

Chi-square test was used to define statistical significance of difference between clinical and demographic categorical variables
and Wilcoxon rank-sum test for continuous variable comparisons. In a comparison of cancer-related genes by stage, a Chi-
square test was utilized, the results were adjusted for the false discovery rate with g-value <0.05 considered as statistically signif-
icant. Analyses were conducted using R version 3.6.2 (http://www.R-project.org/). R packages used included gtsummary*
(https://CRAN.R-project.org/package=gtsummary), clinfun (https://CRAN.R-project.org/package=clinfun) and survminer (https://
CRAN.R-project.org/package=survminer).
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