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Background: Advances in cancer genome sequencing have led to the development of various next-generation sequencing
(NGS) platforms. There is paucity of data regarding concordance of different NGS tests carried out in the same patient.

Methods: Here, we report a pilot analysis of 22 patients with metastatic urinary tract cancer and available NGS data from paired
tumor tissue [FoundationOne (F1)] and cell-free circulating tumor DNA (ctDNA) [Guardant360 (G360)].

Results: The median time between the diagnosis of stage IV disease and the first genomic test was 23.5 days (0–767), after a
median number of 0 (0–3) prior systemic lines of treatment of advanced disease. Most frequent genomic alterations (GA) were
found in the genes TP53 (50.0%), TERT promoter (36.3%); ARID1 (29.5%); FGFR2/3 (20.5%), PIK3CA (20.5%) and ERBB2 (18.2%).
While we identified GA in both tests, the overall concordance between the two platforms was only 16.4% (0%–50%), and 17.1%
(0%–50%) for those patients (n¼ 6) with both tests conducted around the same time (median difference¼ 36 days). On the
contrary, in the subgroup of patients (n¼ 5) with repeated NGS in ctDNA after a median of 1 systemic therapy between the two
tests, average concordance was 55.5% (12.1%–100.0%). Tumor tissue mutational burden was significantly associated with
number of GA in G360 report (P< 0.001), number of known GA (P¼ 0.009) and number of variants of unknown significance
(VUS) in F1 report (P< 0.001), and with total number of GA (non-VUS and VUS) in F1 report (P< 0.001).

Conclusions: This study suggests a significant discordance between clinically available NGS panels in advanced urothelial
cancer, even when collected around the same time. There is a need for better understanding of these two possibly
complementary NGS platforms for better integration into clinical practice.
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Introduction

Advances in cancer genome sequencing aim to help clinicians with

prevention, early detection, diagnosis, and treatment decisions.

Well-known examples include BRCA1/2, EGFR, HER2, KRAS, ALK,

ROS, and BRAF alterations, among others [1–3]. Urothelial cancer

is an excellent model for studying tumor biology, genomic features,

and the role of gene–environment interaction in cancer progression

via serial sampling; moreover, it is among the tumors with the high-

est frequency of germline and somatic mutations [4–6]. A variety of

next-generation sequencing (NGS) platforms analyzing tumor tissue

and more recently, cell-free circulating tumor (ct) DNA are available

for clinical testing of genomic alterations (GA) [7–10]. A few studies

have looked at the concordance between different NGS platforms.

Recently, Kuderer et al. [7] showed significant discordance between
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these same NGS panels in a limited number of patients with diverse

solid tumors. To this end, very little is known about the concordance

of NGS platforms using different specimens (tissue, ctDNA) from

the same patient with metastatic bladder/urothelial cancer.

Methods

The Institutional Review Board of the Cleveland Clinic Foundation
approved this retrospective study. All patients were seen in the Taussig
Cancer Center, Cleveland Clinic. Twenty-two patients with metastatic
bladder cancer with available NGS data from both archival tumor tissue
(FoundationOne) and ctDNA (Guardant360) were analyzed. The
FoundationOne (F1; Foundation Medicine) test used formalin-fixed,
paraffin-embedded (FFPE) tumors to sequence exons from 315 cancer-
associated genes and introns from 28 genes involved in rearrangements
[8]. The Guardant360 (G360, Guardant Health) test used ctDNA from
blood to sequence 73 different genes [9]. As the G360 platform recently
updated the number of alterations tested (from 68 to a total of 73 genes,
as for now), the authors discussed with GuardantHealth team about
which GA could be identified by G360 test to assess accurate concord-
ance. Synonymous (silent) mutations were excluded from both tests.

We compared reports from F1 and G360 tests and listed all known GA as
well as variants of unknown significance (VUS) detected by F1. Potential

ongoing clinical trials suggested in F1 and G360 reports were presented.
Tumor mutational burden (TMB) and microsatellite stability data were re-
ported in F1 reports. To assess concordance between tests, the number of
mutually tested GA divided by the number of total GA (present in either
test) for each patient was assessed; median/range of concordance in all pa-
tients was calculated (only GA detectable by both platforms were con-
sidered). For calculation of concordance between F1 and G360, the first
G360 test was the closest to the time of tissue collection in the five patients
with serial ctDNA testing. The cases with no GA found in G360 (patient 13,
18) were excluded for the calculation of concordance rates.

The concordance of recommended systemic therapies was the result of
the number of genes (with GA noted in both assays) with at least one sug-
gested therapy, divided by the total number of genes with suggested therapies
in either report. Descriptive statistics were used; paired samples t-tests were
used to compare the mean number of known GA in the two platforms; and
linear regression was used to compare tumor tissue mutational burden and
the number of known GA, number of VUS, and the number of total GA
[both known (non-VUS) and VUS]; P< 0.05 was considered significant.

Results

Clinical characteristics of patients and tumors are summarized in

Table 1. Twenty-two patients (16 men and 6 women), 20 with

predominant urothelial carcinoma, a man with small-cell

Table 1. Patient’s and disease’s characteristics

Patient’s characteristics Tumor tissue characteristics

No. Age/gender Tumor
location

Primary
histology

No. lines
txa

Tissue sample
used

MSI
status

No. VUS
(F1 report)

Mutational burden
(F1 report) (mutations/Mb)

1 49/f Bladder Adenoca. 0 Rec. S 20 14
2 82/m Bladder Uro. Ca 0 Rec. S 36 53
3 76/m Bladder Uro. Ca 1 Primary S 9 12
4 62/m Bladder Uro. Ca 2 Primary S 4 5
5 52/m Bladder Uro. Ca 1 Rec. S 19 14
6 55/m Bladder Uro. Ca 1 Primary S 11 4
7 79/m Bladder Uro. Ca 1 Primary S 15 17
8 74/m Bladder Uro. Ca 0 Primary S 5 4
9 73/m Bladder Uro. Ca 0 Primary S 11 6
10 74/m Bladder Uro. Ca 0 Rec. S 7 6
11 74/m Bladder Uro. Ca 1 Primary S 12 7
12 76/f Upper tract Uro. Ca 0 Primary High 57 78
13 72/m Bladder Uro. Ca 0 Primary S 13 7
14 75/f Bladder Uro. Ca 1 Rec. S 7 8
15 54/m Upper tract Uro. Ca 0 Primary High 22 30
16 54/f Bladder Uro. Cab 0 Rec. S 25 22
17 69/m Bladder Uro. Ca 1 Primary Unkn. 6 Unkn.
18 76/f Upper tract Uro. Ca 0 Primary S 6 6
19 76/m Bladder SC Ca 3 Primary S 15 18
20 70/m Bladder Uro. Ca 0 Primary Unkn. 4 Unkn.
21 74/f Bladder Uro. Ca 0 Primary S 13 8
22 70/m Bladder Uro. Ca 1 Primary S 13 7

aNumber of prior lines of therapies for stage IV disease before first genomic testing ordered.
bUrothelial carcinoma with small-cell component.
Adenoca., adenocarcinoma; F1, Foundation1 NGS test; GA, genomic alterations; G360, Guardant360 NGS test; Mo., months; MSI, microsatellite instability sta-
tus; No., number; S, stable; SC Ca, small-cell carcinoma; Rec., recurrent disease; Unkn., unknown; Undif. Ca, undifferentiated carcinoma; Uro. Ca, urothelial
carcinoma; VUS, variants of unknown significance.

Annals of Oncology Original article

Volume 28 | Issue 10 | 2017 doi:10.1093/annonc/mdx405 | 2459
Downloaded from https://academic.oup.com/annonc/article-abstract/28/10/2458/4083187
by Cleveland Clinic Alumni Library user
on 16 November 2017

Deleted Text: .[
Deleted Text: ; 
Deleted Text: .[
Deleted Text: was 
Deleted Text: <italic>p</italic>
Deleted Text: small 


carcinoma of bladder and a woman with adenocarcinoma of

bladder, median age 74 (range 49–82), were included in this ana-

lysis. Tumor samples (FFPE) from primary (n¼ 16) or recurrent

(n¼ 6) disease were used. Median time difference between arch-

ival tumor acquisition and ctDNA collection for NGS testing was

8.0 (0–32.8) months. All G360 tests were ordered in the advanced

disease setting. Archival tissue used for F1 was collected before

the diagnosis of metastatic disease in 59% (n¼ 13) of the cases,

and blood was collected either around the same time or after the

diagnosis of metastatic disease, for each patient. In 6 cases (pt. 2,

10, 12, 13, 16, 22), tumor tissue for F1 and blood for G360 were

collected with a median difference of 35.5 (0–71) days between

the two. Median time between the diagnosis of stage IV and the

first genomic test was 23.5 days (0–767) after a median number of

0 (0–3) prior systemic lines of treatment of advanced disease

(Table 2).

Most frequent GA found (no. ctDNA/tissue; total %) in this

cohort involved the genes TP53 (10/12; 50.0%), TERT promoter

(14/2; 36.3%); ARID1 (5/8; 29.5%); FGFR2/3 (4/5; 20.5%),

PIK3CA (5/4; 20.5%), and ERBB2 (2/6; 18.2%). Specific GA

found in each NGS test are summarized in supplementary Table

S1, available at Annals of Oncology online. There was no signifi-

cant difference between the frequency of those GA noted here

and the frequency of those GA reported in the TCGA study

(P¼ 0.078), which was based on tumor tissue.

Tumors had a median of 12 (4–57) VUS in F1 reports. There

was numerical but no statistically significant difference between

the number of known GA [8.82 in G360 versus 3.10 in F1;

P¼ 0.209 (paired samples correlation test)]. The average con-

cordance between paired tests among all patients was 16.4%

(0%–50%). In the six patients (pt. 2, 10, 12, 13, 16, 22) with F1

and G360 collected around the same time, average concordance

was 17.1% (0%–50%). Notably, 5 patients (pt. 1, 12, 14, 16, 22)

had 2 ctDNA tests: the second test was carried out after a median

of 7.4 (2.6–10.0) months and 1 (1–2) systemic therapy. The most

common GA in those five patients were detected in the genes

TP53 (100.0%), NOTCH1 (60.0%), ERBB2 (60.0%) and BRAF

(50.0%), and the average concordance between the two ctDNA

tests was 55.5% (12.1%–100.0%).

There was a median of two and one systemic therapies sug-

gested in F1 and G360 reports. Concordance of recommended

systemic therapies was 14%, 65.9%, and 57.0% systemic therapies

were recommended by F1 and G360 reports, respectively. Table 3

summarizes the ongoing clinical trials with agents targeting the

most frequent (�15%) known GA found in F1 and G360 tests.

All genes with GA, except for TERT promoter and ARID1, had

multiple suggested relevant clinical trials. Most tumors (81.8%)

were microsatellite stable, and the median tumor tissue muta-

tional burden was 8 mutations/Mb. Tumor tissue mutational

burden was associated with the number of known GA in F1

Table 2. Genomic alterations found in F1 and G360 platforms

No.
patient

Interval time
difference
(F1–G360)a, mo.

F1, total non-
VUS GA, No.

G360, total
GA, No.

Genes altered
in both F1 and
G360, No. (%)

GA in both
F1 and G360,
No. (%)

Specific GA in
both F1 and G360

1 18.3 3 3 1 (20) 1 (20) TP53(P152L)
2 2.2 4 13 4 (40) 3 (21) FGFR2(N549K); FGFR3(S249C); CTNNB1(S33F)
3 1.4 3 4 2 (40) 2 (40) CCND1(ampl.); TP53(R280T)
4 24.4 1 4 1 (25) 1 (25) FGFR3(FGFR3-TACC3 fusion)
5 10.3 2 2 0 (0) 0 (0) –
6 14.1 3 4 1 (17) 1 (17) TP53(G244D)
7 5.8 2 5 2 (50) 2 (40) KRAS(G12C); PIK3CA(E545K)
8 3.0 1 4 0 (0) 0 (0) –
9 2.9 3 2 1 (25) 1 (25) EGFR(ampl.)
10 0 3 3 2 (50) 2 (50) FGFR3(S249C); TERT prom(124C>T)
11 27.2 3 5 1 (17) 1 (14) TP53(E285K)
12 0.6 6 101 5 (9) 2 (2) HNF1A(R272H); TP53(R249M)
13 2.4 2 0 0 (0) 0 (0) –
14 7.4 3 4 1 (20) 0 (0) –
15 11.7 5 5 2 (33) 1 (11) PIK3CA(R108H)
16 0.3 5 5 0 (0) 0 (0) –
17 12.6 4 3 1 (17) 1 (17) ARID1A(Q2209*)
18 4.2 4 0 0 (0) 0 (0) –
19 32.8 3 12 1 (8) 1 (7) TP53(E294*)
20 11.0 2 7 1 (14) 1 (13) PTEN(l8fs*16)
21 2.4 6 2 1 (25) 1 (14) TP53R273H)
22 1.8 3 6 1 (14) 1 (13) TP53(S183*)

aTime interval between archival tissue acquisition and cell-free ctDNA collection.
Ampl., amplification; F1, Foundation1 NGS test; GA, genomic alterations; G360, Guardant360 NGS test; Mo., months; prom, promoter; Rec., recurrent disease;
VUS, variants of unknown significance.
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report (P¼ 0.009), number of VUS in F1 report (P< 0.001), total

number of GA (VUS and non-VUS) in F1 report (P< 0.001), and

number of GA in G360 report (P< 0.001). The number of VUS

in F1 report also correlated with the number of GA in G360

(P¼ 0.012) and number of total GA (VUS and non-VUS)

(P< 0.001) in F1 report.

Discussion

Recent genome-wide expression and sequencing studies have

helped identify unique molecular features serving as key drivers

in muscle-invasive bladder cancer [11, 12]. A comprehensive

analysis of 131 high-grade, muscle-invasive urothelial bladder

carcinomas as part of the TCGA project identified significant re-

current alterations in 32 different genes with a frequency of 4%–

49%; however, updated data were presented at the 2017 Annual

ASCO Meeting and will be published soon [11]. Not surprisingly,

GA identified in our study represent genes involved in cell-cycle

regulation, proliferation, growth, survival, signaling, DNA repair,

chromatin remodeling among other pathways, and are similar to

those reported in TCGA and other tissue-based NGS studies [11–

15]. In line with the TCGA analysis, ERBB2 was the only frequent

gene (>15%) found in our cohort with detected in <10% of the

TCGA cases. Of note, the second most common alteration was

identified in the promoter region of TERT gene (36%), which is a

non-exomic region not sequenced by TCGA [11, 16].

There remains an urgent need for new treatments in advanced

urothelial cancer, since most patient progress on front-line

chemotherapy and until the recent approval of five immune

checkpoint inhibitors, there was no standard of care for second

line therapy of advanced disease [17–23]. To our knowledge, this

is one of the first studies performing intra-individual compari-

sons of different NGS platforms with paired tumor tissue and

ctDNA, and the first analysis including only patients with

advanced urothelial/bladder cancer [7, 24–26]. Our results sup-

port the need for further assessment of the clinical utility of NGS

testing in informing treatment decisions for these patients, espe-

cially in the current era with multiple targeted agents in develop-

ment and a need for patient selection, as shown in Table 3.

Nevertheless, despite the high number of GA detected, not all of

them are targetable (TP53 is a good example); and when they are,

NGS-based treatment—in the context of precision oncology—

needs further evaluation in different trials, such as NCI-MATCH

(NCT02465060), MY Pathway (NCT02091141), BISCAY

(NCT02546661), among others [27–29].

Although our numbers are small, the median number of sys-

temic therapies suggested by F1 and G360 and the low number

(0.41) of concordant genes with suggested therapies in both F1

and G360 could indicate that these tests may have ‘additive’

value. Even if tumor tissue might have more abundant DNA, gen-

omic material from a single site may not represent the overall

tumor burden and heterogeneity across different body sites. As

hypothesis generating for future research, it is plausible that these

tests might serve complementary (and not interchangeable) func-

tions—possibly one for increased ‘single-site sensitivity’, and the

other for increased ‘across-sites sensitivity’; providing further in-

formation of the ‘ever evolving’ tumor biology.

In this study, we also evaluated the number of VUS (F1 report)

to capture more broadly the genomic landscape of these tumors,

and we noted a significant correlation between the number of re-

ported VUS and the mutational burden of tumors. Similarly, mu-

tational burden of tumor tissue correlated highly with the total

number of GA (known and VUS) in F1 reports, raising the ques-

tion whether the total number of GA in ctDNA may be a surro-

gate marker for mutational burden, which was also noted in our

cohort. This is a clinically relevant question since tumor tissue

mutational burden was a potent predictor of response to atezoli-

zumab (anti-PDL1 immune checkpoint inhibitor) in the phase II

IMvigor210 trial that led to its FDA approval in platinum-

refractory advanced urothelial cancer [18, 19]. The used ctDNA

platform in our study evaluated up to 73 genes, which limits the

ability to comprehensively assess TMB. If TMB in urothelial can-

cer correlates with total detectable ctDNA mutational allele bur-

den and the number of GA in ctDNA, then circulatory surrogate

biomarkers may be further evaluated; specific gene mutation al-

lele fraction is also important [5, 30].

As recognized in prior studies the type/origin of cancer, differ-

ent timing of bio-specimen collection, and site/location of ana-

lyzed tissue are important factors affecting the degree of

concordance between these two NGS platforms. In our cohort,

the majority of analyzed tissues were from the archival primary

tumor. While most patients (n¼ 13) had archival tissue available

before any systemic treatment was used for advanced disease,

ctDNA was collected with a median of less than a month from

diagnosis of advanced disease, after a median of 8 months after

Table 3. Ongoing clinical trials for patients with advanced urothelial/bladder cancer for most frequent (�15%) gene alterations found in F1/G360 platforms

Gene altered Drug Phase Clinical trial identification

ERBB2 Neratinib, Trastuzumab Emtansine, Trastuzumab/Pertuzumab,
Erlotinib-2 Vaccine

1, 2 NCT02465060, NCT01953926, NCT02091141, NCT01376505

FGFR2/3 JNJ-42756493, BGJ398, TAS-120, BAY1163877, INCB054828, JNJ-
42756493, ARQ 087, Pazopanib

1, 2 NCT01962532, NCT01004224, NCT02160041, NCT02052778,
NCT02393248, NCT01108055, NCT01976741, NCT01703481,
NCT01752920

PI3KCA BKM120, Palbociclib, Taselisib, Pictilisib, AZD5363, PF-05212384,
BYL719, MLN1117, MLN0128, Sirolimus

1, 2 NCT01899053, NCT01991938, NCT02389842, NCT02576444,
NCT01470209, NCT01920061, NCT02077933, NCT01938573

TP53 Alisertib, ALT-801, MK-1775, ENMD-2076, APR-246, AMG 900,
Kevetrin, SNS-314, TAS-119, AZD1775, MLN2480, Ganetespib,
AZD1775

1, 2 NCT02214147, NCT02327169, NCT01625260, NCT02261805,
NCT02482311, NCT02576444
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archival tissue collection. Tumor progression and interim thera-

pies may have allowed clonal evolution and further tumor het-

erogeneity that may have affected NGS testing concordance [31,

32]. The potential effect of these variables on testing concordance

was shown in a recent study using whole-exome sequencing and

clonality assessment in urothelial cancer samples before and after

chemotherapy that demonstrated intra-patient mutational het-

erogeneity and discordant mutations among different tumor sites

[31]. Moreover, chemotherapy may induce mutagenesis that can

further affect tumor evolution over time. Nevertheless, in the six

patients with both tissue and ctDNA collected around the same

time, testing concordance was still low, further suggesting that

these tests might be complementary. The optimal cut-point of

ctDNA mutation allele detection and level of gene amplification

are additional factors that may affect the concordance and the

biological relevance of the results; further refinement and har-

monization is needed.

Importantly, different studies have detected circulating tumor

cells (CTC) in <50% in patients with advanced urothelial cancer

and CTC have not yet shown clinical utility in this disease [33,

34]. The higher concordance rates noted in different neoplasms,

such as lung and breast cancer, support the concept that specific

tumor type is a decisive factor impacting the degree of concord-

ance between tissue and ctDNA-based platforms [35, 36]. It is

also worth emphasizing that the concordance of altered genes be-

tween tests (20.0%) was only modestly higher than the concord-

ance for specific GA (16.4%).

Insight into tumor biology via NGS can be utilized at baseline

(pre-treatment) to identify putative therapeutic targets and po-

tential prognostic/predictive biomarkers; it may also have the po-

tential to be used serially to assess response, mechanisms of

resistance to therapy, and clonal evolution. Prospective clinical

trial designs are being explored to approach those questions, and

discussions are ongoing in the co-operative research group set-

ting on these topics to further assess applications of clinical

utility.

Although preliminary and in a small number of patients, our

findings suggest a significant discordance between clinically avail-

able NGS panels in urothelial cancer, even when collected around

the same time. Tumor type, timing of specimen collection, intra-

tumoral heterogeneity, clonal evolution, discrete gene alteration

types and assays, also with different gene content, partially ex-

plain the discordance. However, we observed high concordance

between serial ctDNA tests in the longitudinal evaluation of five

patients despite interim systemic treatments. The results also sug-

gest that serial sampling may reveal ‘truncal’ and ‘branching’ GA

in the course of the disease [37].

So far, tumor tissue NGS has been the most commonly used

method to inform clinical decision making. Besides being easier,

more feasible, less labor-intensive, and less invasive, ctDNA has

the potential to be used to monitor response/resistance and pre-

dict outcomes, as shown in a recent study in patients treated with

immune checkpoint inhibitors [38]. The data supporting the use

of ctDNA are promising, and the impact of using that approach

on outcomes should be tested in additional clinical trials, along

with tumor tissue testing. As different NGS platforms are increas-

ingly being used, prospective studies and larger cohorts may help

better understand and integrate their results into clinical practice,

and also further define the so dynamic tumor biology.

Acknowledgements

The authors would like to acknowledge Becky Nagy, MS LGC,

and Siraj Ali, MD PhD, for their input on methodology and

concordance assessment.

Funding

None declared.

Disclosure

The authors have declared no conflicts of interest.

References

1. Shen T, Pajaro-Van de Stadt SH, Yeat NC, Lin JCH. Clinical applications

of next generation sequencing in cancer: from panels, to exomes, to gen-

omes. Front Genet 2015; 6: 215.

2. Kang HP, Maguire JR, Chu CS et al. Design and validation of a next gen-

eration sequencing assay for hereditary BRCA1 and BRCA2 mutation

testing. PeerJ 2016; 4: e2162.

3. Sakai K, Tsurutani J, Yamanaka T et al. Extended RAS and BRAF muta-

tion analysis using next-generation sequencing. PLoS One 2015; 10:

e0121891.

4. Gu J, Wu X. Genetic susceptibility to bladder cancer risk and outcome.

Per Med 2011; 8: 365–374.

5. Lawrence MS, Stojanov P, Polak P et al. Mutational heterogeneity in can-

cer and the search for new cancer-associated genes. Nature 2013; 499:

214–218.

6. Chalmers ZR, Connelly CF, Fabrizio D et al. Analysis of 100,000 human

cancer genomes reveals the landscape of tumor mutational burden.

Genome Med 2017; 9: 34.

7. Kuderer NM, Burton KA, Blau S et al. Comparison of 2 commercially

available next-generation sequencing platforms in oncology. JAMA

Oncol 2017; 3(7): 996–998.

8. Frampton GM, Fichtenholtz A, Otto GA et al. Development and valid-

ation of a clinical cancer genomic profiling test based on massively paral-

lel DNA sequencing. Nat Biotechnol 2013; 31: 1023–1031.

9. Lanman RB, Mortimer SA, Zill OA et al. Analytical and Clinical valid-

ation of a digital sequencing panel for quantitative, highly accurate evalu-

ation of cell-free circulating tumor DNA. PLoS One 2015; 10: e0140712.

10. Shyr D, Liu Q. Next generation sequencing in cancer research and clin-

ical application. Biol Proced Online 2013; 15: 4.

11. Network CGAR. Comprehensive molecular characterization of urothelial

bladder carcinoma. Nature 2014; 507: 315–322.

12. Goebell PJ, Knowles MA. Bladder cancer or bladder cancers? Genetically

distinct malignant conditions of the urothelium. Urol Oncol 2010; 28:

409–428.

13. Knowles MA, Hurst CD. Molecular biology of bladder cancer: new in-

sights into pathogenesis and clinical diversity. Nat Rev Cancer 2015; 15:

25–41.

14. Ross JS, Wang K, Khaira D et al. Comprehensive genomic profiling of

295 cases of clinically advanced urothelial carcinoma of the urinary blad-

der reveals a high frequency of clinically relevant genomic alterations.

Cancer 2016; 122: 702–711.

15. Iyer G, Al-Ahmadie H, Schultz N et al. Prevalence and co-occurrence of

actionable genomic alterations in high-grade bladder cancer. J Clin

Oncol 2013; 31: 3133–3140.

16. Iyer G, Bagrodia A, Cha EK et al. Comparison of genetic alterations from

the bladder cancer genome atlas (TCGA) and a prospective set of high-

grade urothelial carcinoma tumors using a CLIA laboratory next gener-

ation sequencing assay. Journal of Clinical Oncology 33(Suppl 7): abstr

298.

Original article Annals of Oncology

2462 | Barata et al. Volume 28 | Issue 10 | 2017
Downloaded from https://academic.oup.com/annonc/article-abstract/28/10/2458/4083187
by Cleveland Clinic Alumni Library user
on 16 November 2017

Deleted Text: .[
Deleted Text: .[
Deleted Text: less than 
Deleted Text: . 
Deleted Text: .[
Deleted Text: ``
Deleted Text: '' 
Deleted Text: ``
Deleted Text: '' 
Deleted Text: .[
Deleted Text: .[
Deleted Text: is 


17. Naidoo J, Li BT, Schindler K, Page DB. What does the future hold for im-

munotherapy in cancer? Ann Transl Med 2016; 4: 177.

18. Rosenberg JE, Hoffman-Censits J, Powles T et al. Atezolizumab in patients

with locally advanced and metastatic urothelial carcinoma who have pro-

gressed following treatment with platinum-based chemotherapy: a single-

arm, multicentre, phase 2 trial. Lancet 2016; 387: 1909–1920.

19. Balar AV, Galsky MD, Rosenberg JE et al. Atezolizumab as first-line

treatment in cisplatin-ineligible patients with locally advanced and meta-

static urothelial carcinoma: a single-arm, multicentre, phase 2 trial.

Lancet 2017; 389: 67–76.

20. Sharma P, Callahan MK, Bono P et al. Nivolumab monotherapy in re-

current metastatic urothelial carcinoma (CheckMate 032): a multicentre,

open-label, two-stage, multi-arm, phase 1/2 trial. Lancet Oncol 17:

1590–1598.

21. Bellmunt J, de Wit R, Vaughn DJ et al. Pembrolizumab as second-line

therapy for advanced urothelial carcinoma. N Engl J Med 2017; 376:

1015–1026.

22. Massard C, Gordon MS, Sharma S et al. Safety and efficacy of

Durvalumab (MEDI4736), an anti-programmed cell death ligand-1 im-

mune checkpoint inhibitor, in patients with advanced urothelial bladder

cancer. J Clin Oncol 2016; 34: 3119–3125.

23. Apolo AB, Infante JR, Balmanoukian A et al. Avelumab, an anti-

programmed death-ligand 1 antibody, in patients with refractory meta-

static urothelial carcinoma: results from a multicenter, phase Ib study.

J Clin Oncol 2017; 35: 2117–2124.

24. Chae YK, Davis AA, Carneiro BA et al. Concordance between genomic

alterations assessed by next-generation sequencing in tumor tissue or cir-

culating cell-free DNA. Oncotarget 2016; 7: 65364–65373.

25. Sfakianos JP, Cha EK, Iyer G et al. Genomic characterization of upper

tract urothelial carcinoma. Eur Urol 2015; 68: 970–977.

26. Mullane SA, Bellmunt J. Re: John P. Sfakianos, Eugene K. Cha, Gopa Iyer

et al. Genomic characterization of upper tract urothelial carcinoma. Eur

Urol 2015; 68: 970–977. Eur Urol 2016; 70: e71.

27. Simon R, Polley E. Clinical trials for precision oncology using next-

generation sequencing. Personalized Med 2013; 10: 485–495.

28. Horak P, Frohling S, Glimm H. Integrating next-generation sequencing

into clinical oncology: strategies, promises and pitfalls. ESMO Open

2016; 1: e000094.

29. Sohal DP, Rini BI, Khorana AA et al. Prospective clinical study of preci-

sion oncology in solid tumors. J Natl Cancer Inst 2015; doi:

org/10.1093/jnci/djv332.

30. Bettegowda C, Sausen M, Leary RJ et al. Detection of circulating tumor DNA

in early- and late-stage human malignancies. Sci Transl Med 2014; 6: 224ra224.

31. Faltas BM, Prandi D, Tagawa ST et al. Clonal evolution of

chemotherapy-resistant urothelial carcinoma. Nat Genet. 2016; 48:

1490–1499.

32. Chen C, Qi XJ, Cao YW et al. Bladder tumor heterogeneity: the impact

on clinical treatment. Urol Int 2015; 95: 1–8.

33. Flaig TW, Wilson S, van Bokhoven A et al. Detection of circulating

tumor cells in metastatic and clinically localized urothelial carcinoma.

Urology 2011; 78: 863–867.

34. Gallagher DJ, Milowsky MI, Ishill N et al. Detection of circulating

tumor cells in patients with urothelial cancer. Ann Oncol 2009; 20:

305–308.

35. Thompson JC, Yee SS, Troxel AB et al. Detection of therapeutically tar-

getable driver and resistance mutations in lung cancer patients by next-

generation sequencing of cell-free circulating tumor DNA. Clin Cancer

Res 2016; 22: 5772–5782.

36. Maxwell KN, Soucier-Ernst D, Tahirovic E et al. Comparative clinical

utility of tumor genomic testing and cell-free DNA in metastatic breast

cancer. Breast Cancer Res Treat 2017; 164(3): 627–638.

37. Werner B, Traulsen A, Sottoriva A, Dingli D. Detecting truly clonal alter-

ations from multi-region profiling of tumours. Sci Rep 2017; 7.

38. Cabel L, Riva F, Servois V et al. Circulating tumor DNA changes for early

monitoring of anti-PD1 immunotherapy: a proof-of-concept study. Ann

Oncol 2017; 28(8): 1996–2001.

Annals of Oncology Original article

Volume 28 | Issue 10 | 2017 doi:10.1093/annonc/mdx405 | 2463
Downloaded from https://academic.oup.com/annonc/article-abstract/28/10/2458/4083187
by Cleveland Clinic Alumni Library user
on 16 November 2017



Characterization of Metastatic Urothelial Carcinoma via
Comprehensive Genomic Profiling of Circulating Tumor DNA

Neeraj Agarwal, MD1; Sumanta K. Pal, MD2; Andrew W. Hahn, MD 1; Roberto H. Nussenzveig, PhD1;

Gregory R. Pond, PhD3; Sumati V. Gupta, MD1; Jue Wang, MD4; Mehmet A. Bilen, MD5; Gurudatta Naik, MD 6;

Pooja Ghatalia, MD7; Christopher J. Hoimes, DO8; Dharmesh Gopalakrishnan, MD9; Pedro C. Barata, MD10;

Alexandra Drakaki, MD, PhD11; Bishoy M. Faltas, MD12; Lesli A. Kiedrowski, MS, MPH13; Richard B. Lanman, MD 13;

Rebecca J. Nagy, MS13; Nicholas J Vogelzang, MD14; Kenneth M. Boucher, PhD15; Ulka N. Vaishampayan, MD16;

Guru Sonpavde, MD17; and Petros Grivas, MD, PhD10

BACKGROUND: Biomarker-guided clinical trials are increasingly common in metastatic urothelial carcinoma (mUC), yet patients for

whom contemporary tumor tissue is not available are not eligible. Technological advancements in sequencing have made cell-free cir-

culating DNA (cfDNA) next-generation sequencing (NGS) readily available in the clinic. The objective of the current study was to

determine whether the genomic profile of mUC detected by NGS of cfDNA is similar to historical tumor tissue NGS studies. A second-

ary objective was to determine whether the frequency of genomic alterations (GAs) differed between lower tract mUC (mLTUC) and

upper tract mUC (mUTUC). METHODS: Patients from 13 academic medical centers in the United States who had a diagnosis of mUC

between 2014 and 2017 and for whom cfDNA NGS results were available were included. cfDNA profiling was performed using a com-

mercially available platform (Guardant360) targeting 73 genes. RESULTS: Of 369 patients with mUC, 294 were diagnosed with

mLTUC and 75 with mUTUC. A total of 2130 GAs were identified in the overall mUC cohort: 1610 and 520, respectively, in the mLTUC

and mUTUC cohorts. In the mLTUC cohort, frequently observed GAs were similar between cfDNA NGS and historical tumor tissue

studies, including tumor protein p53 (TP53) (P 5 1.000 and .115, respectively), AT-rich interaction domain 1A (ARID1A) (P 5 .058 and

.058, respectively), phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA) (P 5 .058 and .067, respectively),

erb-b2 receptor tyrosine kinase 2 (ERBB2) (P 5 .565 and .074, respectively), and fibroblast growth factor receptor 3 (FGFR3) (P 5

.164 and .014, respectively). No significant difference was observed with regard to the frequency of GAs between patients with

mLTUC and mUTUC. CONCLUSIONS: Among patients with mUC for whom no tumor tissue was available, cfDNA NGS was able to

identify a similar profile of GAs for biomarker-driven clinical trials compared with tumor tissue. Despite the more aggressive clinical

course, cases of mUTUC demonstrated a circulating tumor DNA genomic landscape that was similar to that of mLTUC. Cancer

2018;000:000-000. VC 2018 American Cancer Society.

KEYWORDS: bladder cancer, circulating tumor DNA, metastatic urothelial carcinoma, next-generation sequencing, upper tract uro-

thelial carcinoma.

INTRODUCTION
In 2016, a total of 76,690 new cases of urothelial carcinoma (UC) were diagnosed in the United States.1 Of patients with

muscle-invasive UC, approximately 50% develop metastatic disease.2 Metastatic urothelial carcinoma (mUC) is incur-

able, with high cancer-related mortality. The backbone of first-line treatment for mUC remains cisplatin-based chemo-

therapy regimens, yet approximately 50% of patients are ineligible for these regimens due to preexisting medical

comorbidities.3,4 Five novel immune checkpoint inhibitors were recently approved for the treatment of patients with
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mUC.5-9 However, the prognosis for these patients
remains grim, with only 10% to 25% of patients reported
to respond to immune checkpoint inhibitors.

UC has one of the highest tumor mutation burdens
across all malignancies, and many genes are thought
to contribute to tumor progression, including tumor
protein p53 (TP53), retinoblastoma transcriptional core-
pressor 1 (RB1), and phosphatidylinositol-4,5-bisphosphate
3-kinase catalytic subunit alpha (PIK3CA).10 Despite the
multiplicity of genomic alterations, to the best of our
knowledge, no targeted therapies are currently approved for
the treatment of mUC, most likely due to a lack of optimal

patient selection in clinical trials. Biomarker-guided clinical
trials are increasingly common, due in part to the growing
availability of next-generation sequencing (NGS), ushering
in an era of precision oncology. Recent clinical trials of tar-
geted therapies in patients with mUC harboring specific
genomic alterations (GAs) have shown promise.11,12

To date, all biomarker-guided clinical trials in
patients with mUC have relied on NGS of tumor tissue to
capture the mutational profile of a tumor.13,14 Biopsies to
obtain tumor tissue are expensive, labor-intensive, and
invasive; do not address intrapatient tumor heterogeneity;
and often are technically and logistically difficult. These
limitations often delay treatment with biomarker-guided
therapy either on or off clinical trials. Cell-free circulating
DNA (cfDNA) NGS, also referred to as “liquid biopsy,”
is an attractive alternative that can provide a real-time

profile of a tumor’s mutational landscape in a dynamic
(serial) fashion, attempting at the same time to recapitu-
late tumor heterogeneity and treatment resistance mecha-
nisms. Herein, we compared the mutational landscape
detected in circulating tumor DNA (ctDNA) with tumor
tissue in what to the best of our knowledge is the largest
cohort of patients with UC presented to date (369
patients; 294 with metastatic lower tract UC [mLTUC])
and 75 with metastatic upper tract UC [mUTUC]).
Because UTUC is a distinct clinical entity with a more
aggressive clinical course compared with LTUC, we
believe the current study is the first to provide a compari-
son of GAs in ctDNA from patients with mLTUC versus
those with mUTUC.15,16

MATERIALS AND METHODS
In this study, two 10-cc Streck tubes of blood were collected
from patients with a diagnosis of mUC (either mLTUC or
mUTUC) at 13 academic medical centers across the United
States and sent to Guardant Health Inc for cfDNA NGS.
cfDNA NGS was performed by Guardant Health (Guar-
dant360; Redwood City, California), a Clinical Laboratory
Improvement Amendments (CLIA)-licensed, College of
American Pathologists-accredited, New York State Depart-
ment of Health-approved clinical laboratory, using their
standard collection protocol. This comprehensive genomic
test performs complete exon sequencing of all critical exons
(those with known hotspots) and reports all 4 major classes
of GAs (single-nucleotide variants [SNVs] in 73 genes,
indels in 23 genes, fusions in 6 genes, and copy number
amplifications [CNAs] in 18 genes). As per Guardant360’s
standard protocol, blood is collected in two 10-mL Streck
tubes to obtain 5.0 ng to 30.0 ng of cfDNA from plasma
and analyzed as described previously.17 Patient demo-
graphics were obtained by retrospective review of specimen
submissions for both cohorts (Table 1). Wholly deidentified
data were used for the current analysis. Approval for the
study, including a waiver of informed consent and a Health
Insurance Portability and Accountability Act (HIPAA)
waiver of authorization, was obtained from the Western
Institutional Review Board (Protocol No. 20152817).

Two-sided Fisher’s exact tests were used to compare
the frequency of GAs between ctDNA NGS and historical
tumor tissue studies (see Supporting Table 1). The false dis-
covery rate method of Benjamini and Hochberg was used to
adjust the P value for multiple comparisons.18 The specific
GAs and mutational landscape identified in both patient
cohorts, mLTUC and mUTUC, were compared (see Sup-
porting Table 2). Hotspot mutations were identified using
MutationMapper (v 1.0.1), as described in Cerami et al.19

TABLE 1. Patient Characteristics

Diagnosis mLTUC mUTUC

No. of patients 294 75

Patients with GA, no. (%) 265 (90) 71 (95)

Median age (range), y 69 (31-91) 69 (40-90)

Female, no. (%) 66 (22) 30 (40)

Male, no. (%) 228 (78) 45 (60)

Time between diagnosis and G360, mo

Average 24 12

Median 11 6

Range 0-147 0-49

Samples for which dx date was

unknown, no. (%)

223 (67) 58 (72)

Genomic alterations

SNV, no. of positive tests

(% of tests with GAs)

292 (98) 77 (100)

CNA, no. of positive tests

(% of tests with GAs)

94 (31) 24 (31)

Indels, no. of positive tests

(% of tests with GAs)

23 (8) 11 (14)

Fusions, no. of positive tests

(% of tests with GAs)

6 (2) 3 (4)

Abbreviations: CNA, copy number amplifications; dx, diagnosis; G360,

Guardant360; GA, genomic alteration; mLTUC, metastatic lower tract uro-

thelial carcinoma; mUTUC, metastatic upper tract urothelial carcinoma;

SNV, single-nucleotide variant.
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The different types of GAs detected were grouped into

mutational pathways for further analysis. The pathways used

were DNA damage, cell cycle regulation, phosphoinositide

3-kinase (PI3K)/AKT/mammalian target of rapamycin

(mTOR), WNT/B-catenin, SWItch/sucrose nonferment-

able (SWI/SNF), signal transduction, receptor tyrosine

kinase (RTK), and RAS/RAF/mitogen-activated protein

kinase (MAPK). The specific genes used for each pathway

can be found in the legend for Figure 1.

RESULTS
Between October 2014 and April 2017, comprehensive

somatic genomic profiling testing (CGP) of cfDNA from

369 patients with a diagnosis of mUC was performed

(male:female ratio of 273:96 and a median age of 69 years

[range, 39-91 years]). Of these 369 patients, 294 were

diagnosed with mLTUC and 75 were diagnosed with

mUTUC. GAs were identified in 336 patients (91.1%);

265 patients had mLTUC (90%) and 71 patients had
mUTUC (95%). A total of 2130 GAs were identified in

the overall mUC cohort: 1610 and 520, respectively, in

the mLTUC and mUTUC cohorts. Patient demographic

data for both cohorts are listed in Table 1.
An average of 5.4 GAs (range, 0-35 GAs) and 6.8

GAs (range, 0-101 GAs), respectively, per patient were

detected in the mLTUC and mUTUC cohorts. The 10

most frequent alterations in the mLTUC cohort were in
TP53 (48%), AT-rich interaction domain 1A (ARID1A)

(17%), phosphatidylinositol-4,5-bisphosphate 3-kinase

catalytic subunit alpha (PIK3CA) (14%), neurofibromin

1 (NF1) (12%), Erb-B2 receptor tyrosine kinase 2

(ERBB2) (10%), telomerase reverse transcriptase (TERT)

(10%), fibroblast growth factor receptor 2 (FGFR2)
(10%), FGFR3 (10%), MET (9%), and BRCA1 (9%)

(Fig. 2A). For patients with mLTUC, frequently observed

Figure 1.

Figure 1. Mutational landscape pathway analysis for the type
of genomic alteration (GA) in (A) metastatic lower tract uro-
thelial carcinoma (mLTUC) and (B) metastatic upper tract uro-
thelial carcinoma (mUTUC) and (C) the overall frequency of
GAs in both cohorts. Pathway definitions are: receptor tyrosine
kinase (RTK) (epidermal growth factor receptor [EGFR]; fibro-
blast growth factor receptor 1 [FGFR1]; FGFR2; FGFR3; KIT;
MET; MPL proto-oncogene, thrombopoietin receptor [MPL];
and platelet-derived growth factor receptor alpha [PDGFRA]),
cell cycle (cyclin E1 [CCNE1], cadherin-1 [CDH1], cyclin-
dependent kinase 4 [CDK4], CDK6, cyclin-dependent kinase
inhibitor 2A [CDKN2A], CDKN2B, F-box and WD repeat
domain containing 7 [FBXW7], and RB1), DNA damage (ATM,
BRCA1, BRCA2, cyclin D1 [CCND1], MutL homolog 1 [MLH1],
and TP53), PI3K/AKT/mTOR (AKT serine/threonine kinase 1
[AKT1], mechanistic target of rapamycin kinase [MTOR],
PIK3CA, phosphatase and tensin homolog [PTEN], serine/thre-
onine kinase 11 [STK11], and TSC complex subunit 1 [TSC1]),
RAS/RAF/MAPK (BRAF; ERBB2; guanine nucleotide-binding
protein subunit alpha-11 [GNA11]; HRAS; KRAS; mitogen-
activated protein kinase 1 [MAP2K1]; MAP2K2; mitogen-
activated protein kinase 1 [MAPK1]; MAPK3, neurofibromin 1
[NF1]; NRAS; Raf-1 proto-oncogene, serine/threonine kinase
[RAF1]; Ras-like without CAAX 1 [RIT1]; and A-Raf proto-onco-
gene, serine/threonine kinase [ARAF]), signal transduction
(anaplastic lymphoma kinase [ALK]; androgen receptor [AR];
discoidin domain receptor tyrosine kinase 2 [DDR2]; estrogen
receptor 1 [ESR1]; GATA-binding protein 3 [GATA3]; G protein
subunit alpha Q [GNAQ]; GNAS; MYC; NOTCH1; neurotrophic
receptor tyrosine kinase 1 [NTRK1]; NTRK3; tyrosine-protein
phosphatase nonreceptor type 11 [PTPN11]; RET; Ras homolog
gene family, member A [RHOA]; ROS proto-oncogene 1, recep-
tor tyrosine kinase [ROS1]; and SMAD family member 4
[SMAD4]), and SWI/SNF (ARID1A). Abbreviations: CNA, copy
number amplificiation; InDel, insertion/deletion; Mis, missense;
NS, nonsense; Syn, synonymous; splice, splice-site.
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GAs were similar between ctDNA NGS and historical
tumor tissue studies, including TP53 (P 5 1.000 and
.115, respectively), ARID1A (P 5 .058 and .058, respec-
tively), PIK3CA (P 5 .058 and .067, respectively),
ERBB2 (P 5 .565 and .074, respectively), and FGFR3 (P
5 .164 and .014, respectively) (Fig. 3A)20,21 (see Support-
ing Table 1). The 10 most frequent alterations in the
mUTUC cohort were TP53 (51%), PIK3CA (23%),
ARID1A (20%), TERT (17%), epidermal growth factor

receptor (EGFR) (14%), BRCA1 (11%), ERBB2 (11%),
FGFR3 (11%), NF1 (11%), and MET (10%) (Fig. 2B). In
patients with mUTUC, the frequency of GAs significantly
differed between ctDNA NGS and historical tumor tissue
studies for TP53 (P 5 .000 and .000) and FGFR3 (P 5

.000 and .000) (Fig. 3B) 22,23 (see Supporting Table 1).
The 3 most common CNAs in the mLTUC cohort were
in Raf-1 proto-oncogene, serine/threonine kinase (RAF1)
(13.8%); cell cycle (cyclin E1) (CCNE1) (13.3%); and

Figure 2. Distribution of genomic alterations in (A) 265 patients with metastatic lower tract urothelial carcinoma (mLTUC) and
(B) 71 patients with metastatic upper tract urothelial carcinoma (mUTUC). VUS indicates variant of unknown significance.
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ERBB2 (11.4%). In contrast, the 3 most common CNAs
in the mUTUC cohort were in PIK3CA (15.6%), CCNE1
(15.6%), and RAF1 (10.9%). A total of 9 FGFR3-TACC

gene fusions were detected in the overall cohort (6 in the

mLTUC cohort and 3 in the mUTUC cohort).
Somatic alterations in TP53 were prevalent in both

cohorts; however, position R248Q/R/W, within the

DNA-binding domain, a hotspot gain-of-function muta-

tion, was present at a greater frequency (19 cases; 7.3%) in

the mLTUC cohort compared with the mUTUC cohort

(2 cases; 3%) (Fig. 4).26 Hotspot mutations in PIK3CA
(E545K and E542K), FGFR3 (S249C), and ERBB2
(S310F/Y) were detected as well, albeit at similar frequen-

cies between cohorts (Fig. 4).27-30

GA-based pathway analysis was segregated by cohort

(Figs. 1A and 1B). Overall, frequent alterations were

found in genes coding for components of signal transduc-

tion pathways, DNA damage, and RAS/RAF/MAPK.

Alterations in the PI3K/AKT/mTOR pathway, cell cycle

pathway, and SWI/SNF pathway also were observed,

although alterations in the individual genes comprising

these pathways were less frequent. Overall frequencies of

pathway-specific GAs were similar for both cohorts,

although minor distinctions could be noted in the DNA

damage and signal transduction pathways (Fig. 1C). Path-

way analysis indicated targeted therapies against genes

within the DNA damage, RTK, or RAS/RAF/MAPK

pathways may have a greater chance of success. A trend

toward an increased number of GAs in several genes

within the mUTUC versus mLTUC cohort was observed

(eg, PIK3CA [23% vs 14%], TERT [17% vs 10%], and

EGFR [14% vs 8%]) (see Supporting Table 2).

DISCUSSION
Biomarker-driven oncology (precision oncology) has the

goal of driving clinical decisions and therapeutics based

Figure 3.

Figure 3. Frequency of genomic alterations (GAs) in tumor
protein p53 (TP53), AT-rich interaction domain 1A (ARID1A),
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic sub-
unit alpha (PIK3CA), Erb-B2 receptor tyrosine kinase 2
(ERBB2), and fibroblast growth factor receptor 3 (FGFR3) in
different reported data sets. (A) Comparisons of the frequency
of tissue-based GAs identified in the 5 genes between the
tissue-based studies from The Cancer Genome Atlas (TCGA)20

and Ross et al21 with the circulating tumor DNA (ctDNA) in
lower tract urothelial carcinoma (LTUC) in the current study.
(B) Comparisons of the frequency of GAs identified in the 5
genes between the tissue-based studies from Sfakianos et al22

and Moss et al23 with the ctDNA in upper tract urothelial carci-
noma (UTUC) in the current study. (C) Comparisons of the fre-
quency of GAs between data sets in the current study,
Vandekerkhove et al,24 and Barata et al25 in ctDNA from LTUC.
Asterisk indicates a statistically significant difference (P<.05)
between the ctDNA next-generation sequencing results in the
current study and both tumor tissue studies.
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Figure 4. Lollipop plot highlighting genomic alterations of select genes (tumor protein p53 [TP53], phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic subunit alpha [PIK3CA], fibroblast growth factor receptor 3 [FGFR3], and Erb-B2 receptor tyro-
sine kinase 2 [ERBB2]) in metastatic upper tract urothelial carcinoma (mUTUC) and metastatic lower tract urothelial carcinoma
(mLTUC). Hotspot amino acid substitutions are indicated for each gene. Circles are colored with respect to the corresponding
mutation types, and the height of the line is proportional to the number of mutations at the specified position. In the case of dif-
ferent mutation types at a single position, the color of the circle is determined with respect to the most frequent mutation type.
Mutation types and corresponding color codes are as follows. Green circle indicates missense mutations; brown circle, truncating
mutations (nonsense, nonstop, frameshift deletion, frameshift insertion, and splice site); black circle, inframe mutations (inframe
deletion and inframe insertion); purple circle, other mutations (all other types of mutations).
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on the identification of actionable targets within a tumor’s
mutational landscape. cfDNA NGS is an ideal platform
for upfront as well as recurrent testing at the time of dis-
ease progression in patients with advanced cancer due to
its ease of collection, patient safety, ability to capture
tumor heterogeneity, and reasonable cost compared with
repeat tissue biopsy plus tissue NGS.31,32 The primary
objective of the current study was to characterize the
mutational landscape of patients with mUC in cfDNA
and compare these with historical tumor tissue NGS con-
trols. A secondary objective was to compare the GAs in
those with LTUC and UTUC. To the best of our knowl-
edge, the current study is the second largest cohort (365
cases) to characterize the mutational landscape in UC to
date and the largest plasma-based NGS evaluation of
mUC.

When compared with previous reports of CGP in
tumor tissue of LTUC by Ross et al (295 cases)21 and The
Cancer Genome Atlas (TCGA; 412 cases), the mutational
landscape and frequency of GAs detected in ctDNA from
the current study cohort (294 mLTUC cases) are very
similar (Fig. 3A)20,21 (see Supporting Table 1). In all 3
studies, TP53 was the most common GA in LTUC
(median, 48%; range, 48%-56%). The prevalence of
potentially targetable GAs in LTUC, such as PIK3CA
(median, 20%; range, 14%-22%), FGFR3 (median, 14%;
range, 10%-21%), and ERBB2 (median, 12%; range,
10%-17%) also was similar between all 3 cohorts (see
Supporting Table 1). Similar to studies using NGS of
tumor tissue, mutations detected by NGS of cfDNA in
FGFR3, PIK3CA, and ERBB2 were more frequent at
known hotspots (Fig. 4).20 ERBB2 amplifications (7%)
and SNVs (5% in LTUC) serve as an example of a much
needed candidate gene for targeted therapy in patients
with mUC. The majority of the characterized sequence
alterations in ERBB2 observed were S310F/Y (15 cases),
although there were 2 other cases in the extracellular
domain as well as 9 in the protein kinase domain.

In the current study, cfDNA NGS was performed
using a commercially available, CLIA-certified, and Col-
lege of American Pathologists-accredited platform (Guar-
dant360) that tests for GAs in 73 genes. In contrast, the
tissue-based studies by Ross et al and TCGA were based
on either large gene capture panels (>230 genes) or
whole-exome sequencing, respectively. Therefore, due to
the absence of select genes in our panel, several common
GAs identified in the tumor tissue cohorts were not tested
in the current study, including MLL2, KDM6A, and
cyclin-dependent kinase inhibitor 2B (CDKN2B). A pos-
sible approach to remedy this issue would be to increase

the number of genes examined in the cfDNA panel, per-
haps up to �400 genes as currently used in several other
commercially available panels for tumor tissue NGS. Sig-
nificantly, Guardant Health plans to release a 500-gene,
plasma-based NGS panel before the end of 2018, which
will enable such future investigations with liquid biopsy.
There is evidence with this assay that targetable alterations
with variant allele fractions <0.1% may respond to
“matched therapy,” and therefore exquisite ctDNA sensi-
tivity is critical.33 Nevertheless, because to our knowledge
none of the excluded genes currently have targeted thera-
pies with proven clinical benefit available, their absence
does not limit the clinical usefulness of this cfDNA NGS
panel for precision treatment in patients with mUC. Fur-
thermore, only somatic alterations are reported in Guar-
dant360 reports, not germline alterations. Germline
alterations are called and excluded as per a proprietary
bioinformatics process performed at Guardant Health
Inc.

UTUC comprises only approximately 5% of all
cases of UC, and therefore there have been far fewer geno-
mic profiling studies of UTUC than LTUC.34 Although
to our knowledge the current study is the first analysis of
GAs in mUTUC performed by cfDNA NGS, it also is to
our knowledge the second largest CGP of UTUC after a
study of 83 patients by Sfakianos et al.22 In comparison
with tumor tissue NGS studies by Sfakianos et al22 and
Moss et al (31 cases),23 the results of the current study
using cfDNA NGS detected a similar landscape of GAs,
albeit at different frequencies than previously reported
(Fig. 3B)22,23 (see Supporting Table 1). In the current
study cohort, we identified significantly fewer FGFR3
alterations and a far greater prevalence of TP53 alterations
in ctDNA compared with tumor tissue NGS studies (Fig.
3B)22,23 (see Supporting Table 1). However, a similar
prevalence was noted for PIK3CA and ARID1A genes in
all 3 studies (Fig. 3B)22,23 (see Supporting Table 1). There
are several possible explanations for the discrepancy in the
frequency of GAs detected between studies of UTUC. All
3 studies have relatively small cohorts (<100 patients)
and reflect different tumor stages and tumor DNA sources
(primary tumor tissue DNA vs ctDNA). Approximately
53% of patients in the tissue-based NGS study by Sfakia-
nos et al22 had noninvasive bladder cancer (pTa or pT1),
whereas all patients in the current study cohort had meta-
static disease treated with possible interim therapies that
may have induced clonal selection pressure at several time
points. A prior study reported that early-stage UC is char-
acterized by a greater prevalence of FGFR3 mutations; in
contrast, an increased frequency of TP53 alterations is
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found in patients with advanced stage disease.35 Despite
the discordance in the frequency of GAs detected among
the 3 cohorts, a consistent mutational landscape was
noted when comparing tumor tissue and cfDNA NGS,
thereby supporting the use of liquid biopsies to expedite
the enrollment of patients in biomarker-guided clinical
trials in mUC.

Despite a similar histologic appearance, UTUC is
characterized by a more aggressive clinical course with a
poorer prognosis compared with LTUC.15,16 In the cur-
rent study, we also reported what to our knowledge is the
first comparison of the ctDNA mutational landscape in
mLTUC and mUTUC. We did not observe a significant
difference in the frequency of GAs between patients with
mLTUC (294 patients) and mUTUC (75 patients).
These results suggest that GAs alone do not fully explain
the different clinical courses observed between mLTUC
and mUTUC. This is consistent with previous studies
that have demonstrated that epigenetic changes are more
common in UTUC, and epigenetic alterations are not
detected by NGS of ctDNA.36 To our knowledge to date,
2 additional studies with much smaller cohorts have used
tumor tissue NGS to compare the frequency of GAs
between UTUC and LTUC.22,23 In a cohort of 31
patients with UTUC, Moss et al reported a similar land-
scape of GAs in tumor tissue compared with the TCGA’s
LTUC cohort.23 In contrast, significant differences in the
frequency of GAs in tumor tissue were noted in a study of
83 patients with UTUC and 102 patients with LTUC.
The results indicated that FGFR3 and HRAS alterations
were more common in UTUC, whereas TP53 and RB1
alterations were more common in LTUC.22

Liquid biopsies have garnered increasing attention
because they may capture a contemporary profile of a
tumor’s genomic landscape while avoiding many of the
technical and logistical complications associated with
tumor tissue biopsy. However, to the best of our knowl-
edge, only limited data are available regarding cfDNA
NGS in UC, with only 2 studies performed in much
smaller cohorts currently reported for LTUC.24,25 Includ-
ing the current study, all 3 studies reported that >50% of
patients with LTUC had detectable ctDNA alterations.
Furthermore, the landscape of GAs detected in cfDNA
NGS was similar in all 3 studies, albeit at different fre-
quencies, most likely due to distinct cohort sizes and
patients (Fig. 3C)24,25 (see Supporting Table 1). Barata
et al reported significant discordance in the mutational
landscape in an intrapatient comparison of paired tumor
tissue and ctDNA with advanced LTUC.25 Vandeker-
khove et al analyzed levels of ctDNA in patients with both

localized LTUC and mLTUC, and found that patients

with localized LTUC had significantly less to no ctDNA

compared with patients with metastatic disease.24 They

also noted a direct relationship between the levels of

ctDNA, the frequency of mutant alleles, and the presence

of distant metastasis.
The cost of the cfDNA test depends on the plat-

form/assay used and may be less expensive compared with

tumor tissue NGS, especially if the gene panel is smaller.

Considering the recent approval by the US Food and

Drug Administration of a tumor tissue-based NGS plat-

form, it will be interesting to assess the implications for

the cost of cfDNA assays.37 There is a growing body of lit-

erature regarding cfDNA NGS, including for example the

report that if cfDNA NGS is repeated on the same patient

with UC over time (especially with intervening therapies)

tumor heterogeneity and evolution may be noted, which

also is observed in other genitourinary malignancies.25,38

There also is variability depending on the assay used; dif-

ferent companies may use different gene panels, plat-

forms, bioinformatics methods, and cutoff levels of

calling variants. The dynamic nature and ease of the

cfDNA NGS can render it attractive for the possible ear-

lier detection of treatment resistance or disease recur-

rence/progression, as well as for the assessment of

resistance mechanisms. There are emerging data that

cfDNA may correlate with tumor burden and treatment

response.39,40 Ongoing research is aiming to answer these

questions regarding the appropriate use of ctDNA NGS.
Although to the best of our knowledge no targeted

therapies currently are approved for the treatment of

mUC, ctDNA NGS tests can be used for multiple GAs

that have matched targeted therapies currently under

investigation. In the current study, PIK3CA was found to

be altered in 14% of patients with LTUC and 23% of

patients with UTUC. There is significant interest in

PIK3CA in mUC, with 10 novel agents currently being

studied in phase 1 or 2 clinical trials.25 ERBB2 was

another commonly altered gene in all cohorts of LTUC

(Fig. 1A). There are many ERBB2 inhibitors currently

approved for the treatment of other malignancies, yet to

our knowledge none is approved for UC. Despite poor

response rates to monotherapy with lapatinib or trastuzu-

mab, especially in unselected patients, a recent report sug-

gested that the combination of trastuzumab plus

pertuzumab is promising, and studies of combinations of

trastuzumab with small-molecule antihuman epidermal

growth factor receptor 2 tyrosine kinase inhibitors, such

as lapatinib, neratinib, or tucatinib, are ongoing.41-45
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One limitation of the current study was that no clin-
ical data were available with which to correlate clinical
outcomes or prior lines of treatment for metastatic disease
with GAs detected. In addition, we did not have primary
or metastatic tumor tissue available with which to com-
pare GAs detected between tissue and cfDNA NGS plat-
forms and thus we believe studies with paired tumor tissue
and cfDNA analysis can validate the current study results
further. Guardant360 reports variant allele frequencies
with a higher sensitivity/lower limit of detection than
tissue-based assays and comprehensive plasma-based
assays and thus reports frequencies that are <1%, while
maintaining near-perfect specificity. Due to tumor het-
erogeneity, allele frequencies in ctDNA are representative
of multiple subclones, some of which are major whereas
some are minor. It is not feasible to determine with cer-
tainty whether GAs that occur at similar frequencies origi-
nate from the same clone. Finally, normal DNA controls
were not performed in the current study.

Conclusions

To the best of our knowledge, no targeted therapies cur-
rently are approved for the treatment of mUC, but
biomarker-based patient selection remains critical. Cur-
rently, to enroll in any biomarker-guided clinical trials in
mUC, patients must have tumor tissue NGS available.
The results of the current study demonstrate that cfDNA-
based liquid biopsy detects a similar profile of GAs when
compared with tumor tissue NGS in patients with mUC.
Therefore, cfDNA-based liquid biopsy could guide and
expedite clinical trial enrollment, especially in those
patients who do not have archived tumor tissue readily
available or in cases in which fresh tumor tissue biopsies
are not feasible. Based on the totality of available data, it
appears logical that tumor tissue and/or cfDNA may be
used for clinical trial eligibility and stratification.
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Abstract

Cell-free circulating DNA (cfDNA) can be used for noninvasive profiling of tumor
genomic aberrations. We hypothesized that molecular alterations may inform prognos-
tication in advanced urothelial carcinoma (aUC). We evaluated 124 aUC patients who
underwent cfDNA analysis using a 73-gene sequencing panel (Guardant360). The
association of molecular alterations and clinical factors with overall survival (OS) and
failure-free-survival (FFS) was evaluated using the Kaplan-Meier method and Cox
proportional-hazards regression. The median age was 72 yr, and 65 patients (52.4%)
received prior therapy with platinum, 21 (17.1%) with a taxane, and ten (8.1%) with a PD-
1/PD-L1 inhibitor. At least one genomic alteration was detected in 112 patients (90.3%).
The median number of alterations per sample was four (range 0–80). Commonly altered
genes included TP53 (54.8%), PIK3CA (24.2%), ARID1A (22.6%), ERBB2 (19.4%), EGFR
(16.1%), NF1 (13.7%), RB1 (12.9%), FGFR3 (11.3%), BRAF (10.5%), BRCA1 (10.5%), and
RAF1 (8.9%). BRCA1 and RAF1 alterations were associated with worse OS (hazard ratio
[HR] 2.48; p = 0.07; HR 4.87; p = 0.007) and FFS (HR 2.35; p = 0.016; HR 2.40; p = 0.047).
Poor Eastern Cooperative Oncology Group performance status and the presence of
visceral metastasis were associated with shorter OS; genomic evolution was observed.
In conclusion, cfDNA molecular alterations were detected in most aUC patients. BRCA1
and RAF1 alterations were negatively prognostic, supporting further evaluation of DNA
damage response and RAF kinase inhibitors.
Patient summary: Noninvasive testing of cell-free circulating DNA in advanced
urothelial carcinoma identifies clinically relevant molecular aberrations. Alterations
in BRCA1 and RAF1 genes appear to be negatively associated with clinical outcomes,
supporting further study of DNA damage response and RAF kinase inhibitors in
selected patients.
© 2019 European Association of Urology. Published by Elsevier B.V. All rights reserved.
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The treatment landscape for advanced urothelial carcinoma
(aUC) has expanded recently from a backbone of platinum-
based chemotherapy to now include immune checkpoint
blockade. Ongoing phase 3 studies are evaluating innovative
combination and sequential strategies, as well as novel
therapeutic targets [1]. The rich genomic diversity of UC has
historically been elucidated through the logistically chal-
lenging interrogation of tumor tissue [2,3]. Contemporary
data have shown that analysis of cell-free circulating tumor
DNA (cfDNA) from peripheral blood can be used for
noninvasive profiling of somatic genomic alterations in
aUC relatively comparably to tumor tissue [4]. However, the
correlation of relevant cfDNA findings with clinical annota-
tion has been lacking. We hypothesized that the presence of
specific alterations might have prognostic value; to the best
of our knowledge, this is the first study to evaluate the
association of cfDNA molecular alterations with clinical
outcomes in aUC.

This pilot study included patients with locally advanced
unresectable or metastatic UC from seven academic medical
centers across the USA. Blood was collected in two 10-cm3

Streck tubes and sent to Guardant Health (Redwood City,
CA, USA) for cfDNA analysis (Guardant360), which included
complete or critical exon sequencing with reporting
of single-nucleotide variants (SNVs; 73 genes), indels
(23 genes), fusions (6 genes), and copy-number alterations
(CNAs; 18 genes) [5] (Supplementary Fig. 1). Patient and
disease characteristics were described using summary
statistics. We identified cfDNA alterations using a previous-
ly described methodology [4,5]. The association of genomic
alterations and clinical factors with failure-free survival
(FFS; defined as the time from initiation of systemic therapy
to date of progression or death) and overall survival (OS;
defined as the time from initiation of systemic therapy to
the date of death), was assessed. Patients were censored at
their last follow-up visit. FFS and OS were estimated using
Kaplan-Meier methodology, and Cox proportional-hazards
models were generated to estimate hazards ratios (HRs). All
statistical tests were two-sided. The study was approved by
local institutional review boards and conducted in accor-
dance with Good Clinical Practice Guidelines and the
Declaration of Helsinki.

Our analytic cohort included 124 patients diagnosed
with aUC from June 2014 to May 2018 who underwent
cfDNA analysis and were treated and followed according to
local institutional practice (Table 1). The median age was
72 yr, 77% were Caucasian, 78% had Eastern Cooperative
Oncology Group performance status (ECOG PS) of 0–1, and
66% had visceral metastasis. Overall, 52.4% received prior
platinum-based chemotherapy, 17.1% a prior taxane, and
8.1% a prior PD-1/PD-L1 checkpoint inhibitor, while 39.5%
were previously untreated. More than one sample was
collected for 5.6% of the patients. The median follow-up for
survivors was 4.1 mo (4.0 mo for the entire cohort). The six-
mo OS was 83% (95% confidence interval [CI] 73.2–89.4), and
1-yr OS 67.5% (95% CI 53.4–78.3%). FFS was 45.8% (95% CI
34.6–56.2%) at 6 mo and 35.8% (95% CI 25.0–46.8%) at

Table 1 – Patient and disease characteristics for the 124 patients in
the study cohort.

Characteristic Result

Mean age, yr (standard deviation) 70.0 (10.5)
Median age, yr (range) 72 (37–89)
Race, n (%)
Caucasian 95 (76.6)
African-American 10 (8.1)
Other/unknown 19 (15.3)

Eastern Cooperative Oncology Group performance status, n (%)a

0 27 (22.0)
1 69 (56.1)
2 22 (17.9)
3 4 (3.3)
4 1 (0.8)

Visceral disease, n (%)b 82 (66.1)
Unresectable or metastatic urothelial
carcinoma, n (%)c

85 (93.4)

Prior systemic therapy (perioperative
or advanced setting), n (%)

71 (57.3)

Prior platinum-based chemotherapy,
n (%)

65 (52.4)

Prior PD1/PDL1 inhibitor therapy, n (%) 10 (8.1)
Prior taxane, n (%)a 21 (17.1)
Outcomes
Overall survival
Deaths, n (%) 25 (20.2)
6-mo overall survival rate, %

(95% confidence interval)
83.0 (73.2–89.4)

1-yr overall survival rate, %
(95% confidence interval)

67.5 (53.4–78.3)

Failure-free survival
Events, n (%) 55 (44.4)
6-mo failure-free survival rate, %

(95% confidence interval)
45.8 (34.6–56.2)

1-yr failure-free survival rate, %
(95% confidence interval)

35.8 (25.0–46.8)

Alterations
Number of alterations/patient, n (%)
0 12 (9.7)
1 17 (13.7)
2–5 62 (50.0)
6+ 33 (26.6)

Number of unique alterations/patient
0 12 (9.7)
1 21 (16.9)
2–5 68 (54.8)
6+ 23 (18.5)

Alterations present in �10% of patients, n (%)
TP53 68 (54.8)
PIK3C 30 (24.2)
ARID1 28 (22.6)
ERBB2 24 (19.4)
EGFR 20 (16.1)
NF1 17 (13.7)
RB1 16 (12.9)
FGFR3 14 (11.3)
BRAF 13 (10.5)
BRCA1 13 (10.5)
RAF1 11 (8.9)

Patients with at least one alteration, n (%)
Copy number variant 39 (31.5)
Fusion 3 (2.4)
Indel 14 (11.3)
Nonsynonymous single-nucleotide

variant
110 (88.7)

a Data available for 123 patients.
b Data recorded as “no spread” or “ureter only” were combined with “soft
tissue or node metastases only” and categorized as not visceral disease.
c Transitional cell carcinoma or urothelial carcinoma component. Data
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available for 91 patients.
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Fig. 1 – Kaplan-Meier curves for failure-free survival (FFS) and overall survival (OS) for patients with advanced urothelial carcinoma harboring
alterations in (A, C) BRCA1 or (B, D) RAF1. HR = hazard ratio.
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Genomic alterations were detected in 90.3% (n = 112) of
patients. Specifically, 88.7% (n = 110) had nonsynonymous
SNV mutations, 31.5% (n = 39) had CNAs, 11.3% (n = 14) had
indels, and 2.4% (n = 3) had fusions. The median number of
alterations per sample was four (interquartile range 2–6).
The most commonly altered genes are listed in Table 1. On
univariate analysis, BRCA1 alterations were associated with
shorter FFS (HR 2.35, 95% CI 1.18–4.69; p = 0.016) and a trend
towards shorter OS (HR 2.48, 95% CI 0.94–6.64; p = 0.07;
Supplementary Table 1, Fig. 1). Similarly, RAF1 alterations
were associated with shorter OS (HR 4.87, 95% CI 1.54–
15.36; p = 0.007) and FFS (HR 2.40, 95% CI 1.01–5.69;
p = 0.047). Notably, the number of alterations per patient
was not associated with FFS or OS. There were no significant
Please cite this article in press as: Grivas P, et al. Circulating Tu
Association with Clinical Outcomes: A Pilot Study. Eur Urol Onco
differences in cfDNA alterations between previously un-
treated (n = 49) and treated patients (n = 75), or among
specific prior regimens. Poorer ECOG PS (p = 0.036) and the
presence of visceral metastasis (p = 0.039) were associated
with significantly shorter OS.

This analysis demonstrates that cfDNA molecular altera-
tions were detected in most patients with aUC. Our findings
are consistent with and build on previous studies evaluating
cfDNA alterations in this setting, particularly given the relative
concordance of our results with prior studies using tumor
tissue [2,6,7]. Furthermore, these data reinforce the concept
that cfDNA analysis is feasible and can provide a noninvasive
approach for monitoring mutation allele fractions and
assessing potential mechanisms of treatment resistance.
mor DNA Alterations in Advanced Urothelial Carcinoma and
l (2019), https://doi.org/10.1016/j.euo.2019.02.004

https://doi.org/10.1016/j.euo.2019.02.004


E U R O P E A N U R O L O G Y O N C O L O G Y X X X ( 2 0 1 9 ) X X X – X X X4

EUO-187; No. of Pages 5
Our main findings suggest that nonsynonymous altera-
tions in BRCA1 and RAF1 are associated with shorter OS and
FFS. BRCA1 functions in a number of pathways to maintain
genomic stability, including DNA damage response [8]. Ear-
ly clinical data have demonstrated that various tumors
with apparent defects in homologous DNA repair are
susceptible to platinum-based chemotherapy and PARP
inhibitor therapy [9]. Our data suggest a prognostic value
of BRCA1 alterations, further supporting the ongoing
evaluation of PARP inhibition for exploiting potential
synthetic lethality in aUC (NCT03397394, NCT03375307,
NCT03459846, NCT02546661). Furthermore, tissue micro-
array analysis in UC has shown that RAF1 alterations are
associated with high tumor grade, advanced stage, and
poor survival [10]. Given the implications of downstream
activation of the MEK/ERK signaling pathway and cell
proliferation, our findings also suggest the potential
therapeutic benefit of RAF kinase inhibition. Notably, the
fact that two known clinical factors, poor ECOG PS and
visceral metastasis, were significant negative prognostic
factors in our data set lends credibility to the hypothesis-
generating findings from this pilot study.

The data should be interpreted in the context of this
retrospective analysis, given the potential for selection and
confounding biases. Paired tumor tissues were not available
for comparison and would be beneficial to validate our
findings in future prospective studies; however, cfDNA may
capture tumor genomic heterogeneity and thereby could
possibly circumvent tumor sampling bias. The functional
consequences of specific alterations require further valida-
tion [11], while detailed analysis of serial samples was
limited by the sample size. The cfDNA platform used was
not considered optimal for assessing tumor mutation
burden. There was significant variability and heterogeneity
in treatments, cfDNA collection time points, response
monitoring, and follow-up duration. Multivariable analysis
was not performed owing to concerns regarding insufficient
power to account for clinical information in addition to
genomic alterations. However, the significant association of
the previously recognized prognostic factors ECOG PS and
visceral metastasis with OS lends credibility to our analysis.

In conclusion, genomic alterations were detected in most
aUC patients via cfDNA profiling and these appear
comparable to those observed in prior tumor tissue studies.
We showed that alterations in BRCA1 and RAF1 have
negative prognostic value, supporting the pursuit of
therapeutic strategies targeting these alterations in ongoing
clinical trials. Larger prospective studies may also provide a
deeper understanding of tumor biology evolution in this
genomically unstable malignancy.
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