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Visible haematuria is one of the symptoms most 
strongly correlated with bladder cancer diagnosis; 
3 year positive predictive values are 7·4% (95% CI 
6·8–8·1) in men and 3·4% (2·9–4·0) in women.66 
Patients without haematuria typically have a longer 
time from onset of symptoms (eg, urgency or recurrent 
infections) to diagnosis.67 At presentation, most 
patients present with a solitary lesion smaller than 
15 mm.68

Screening
In the general adult population, non-visible haematuria 
is found in 2–7% of men and 3–15% of women.69 
Non-visible haematuria is often intermittent and varies 
in intensity over time; as such, the diagnostic yield of 
screening with dipstick urine testing is too small to make 
screening cost-eff ective,70 even in selected high-risk 
groups, such as heavy smokers and individuals with 
environmental exposure to bladder carcinogens.71,72 A 
Cochrane analysis73 published in 2015 concluded that the 
quality of the screening studies was too low to support 
any recommendation.

Diagnostic assessment
In patients in whom urothelial cancer is suspected, CT 
urography is used to assess the upper urinary tract, and 
cystoscopy is used to assess the lower urinary tract. In 
the detection of bladder tumours, CT urography and 
cystoscopy have sensitivities of 0·87 versus 0·87, 
specifi cities of 0·99 versus 1·0, positive-predictive values 
of 0·91 versus 0·98, and negative predictive values of 
0·98 versus 0·98.74

Two new technologies have been introduced to improve 
the detection of malignant lesions in the bladder, 
especially fl at lesions: blue-light cystoscopy (or 
photodynamic diagnosis) and narrow-band imaging 
(appendix). Blue-light cystoscopy is done with 
hexaminolevulinate hydrochloride (Hexvix [known as 
Cysview in the USA], Photocure ASA, Oslo, Norway) and 
is approved by the US Food and Drug Administration as 
an adjunct to white-light cystoscopy. A meta-analysis75 of 
data from prospective studies showed that blue-light 
cystoscopy signifi cantly improved the rate of detection of 
Ta (non-invasive papillary) tumours (odds ratio [OR] 
4·90, 95% CI 1·94–12·39) and carcinoma in situ lesions 
(OR 12·37, 6·34–24·13) and was associated with lower 
recurrence rates for up to 12 months in patients with T1 
(superfi cial cancer) or carcinoma in-situ lesions (relative 
risk [RR] 0·70, 95% CI 0·48–1·00; p=0·05) and 
Ta tumours (RR 0·80, 0·65–0·99; p=0·040). A consensus 
document76 about blue-light cystoscopy outlines some 
details of this procedure.

Narrow-band imaging improves the visibility of blood 
vessels and other structures on the bladder mucosa. In 
one study,77 the diagnostic OR on a per-person basis was 
185·32 (95% CI 45·71–751·26) for narrow-band imaging 
and 42·93 (8·09–227·88) for white-light cystoscopy. The 
area under the curve for detection of carcinoma in situ 
with narrow-band imaging was 0·94 (SE 0·03).77 A meta-
analysis78 showed that patients undergoing narrow-band 
imaging had a lower recurrence rate than patients 
undergoing white-light cystoscopy (OR 0·48, 95% CI 
0·28–0·80), but found no diff erence in recurrence rates 
between narrow-band imaging and blue-light cystoscopy. 
New imaging technologies such as virtual cystoscopy, 
optical coherence tomography, confocal laser 
endomicroscopy, and Raman spectroscopy could in the 
future be added to the diagnostic armamentarium for 
bladder cancer.

Urinary markers
At present, cytological or molecular analysis of urine has 
a restricted role in the initial diagnostic tests for a 
suspected urothelial tumour. Several urine-based tumour 
markers have been developed that are based on 
diff erential expression of tumour-related proteins, DNA, 
RNA, or cellular markers.79–81 A review80 designed to 
compare the diagnostic performance of cytological and 
molecular analysis of urine showed that cytology had low 
sensitivity (34–55%), especially in the detection of 
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Figure 3: Molecular subtype classifi cation of bladder cancer and breast cancer
Subtype grouping in each dataset were made independently and associations 
between subtype calls were assigned on the basis of The University of 
Texas MD Anderson Cancer Center (MDA) classifi ers,3 except for the Curie 
dataset. The Curie subtype was matched to the other subtypes on the basis of 
the basal-like markers that the authors used in their study.50 The colour bars 
indicate the subtype classifi cation made by each institution. Expression of 
molecular markers in each subtype are shown in the appendix. TCGA=The Cancer 
Genome Atlas. UNC=University of North California. CURIE=Institut Curie. 
SCC=squamous cell carcinoma. LUND=Lund University. UroB=Orobasal B

UNC=	University	of	North	California,	CURIE=	Institute	Marie	Curie,		
MDA	=	MD	Anderson	Cancer	Center,	LUND	=	University	of	Lund	
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consensus classes were enriched in T2 vs T3-4 tumours (P=0.009 and P=4.2x10-4) as 

compared to other classes. Patients less than 60 years old were overrepresented 

among LumP tumours (P=0.001), whereas the LumNS consensus class was enriched 

with older patients (> 80 years old; P=0.03). 

 

Overall survival was strongly associated with the consensus classes (Figure 5b, 

P=2.5x10-5). Patients with LumP tumours had the best prognosis when compared to 

all consensus classes (HR=0.65, P=2.1x10-4, Supplementary Table 5a). The two other 

luminal classes were associated with poorer prognoses (HRLumNS/LumP=1.51, P=4.7x10-

2; and HRLumU/LumP=1.32, P=0.12), although the differences were modest or not 

significant in this setting. Despite the variable differentiation states among samples 

from the Stroma-rich class, patients with these tumours showed a similar overall 

survival to that associated with LumP tumours (HRStroma-rich/LumP=1.18, CI95 = [0.85, 
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Figure 5 : Clinical characteristics and prognostic associations
Overall survival (n = 873)

a
b

Gender

Clinical stage

Age

Pr
op

or
tio

n

*

*
*

*

*

Ba/Sq vs others  
P(Fisher) = 1.45 x 10-5

LumNS vs others  
P(Fisher) = 0.03
LumP vs others  
P(Fisher) = 0.001

Ba/Sq vs others  
P(Fisher) = 2.8 x 10-7

*
LumU vs others  
P(Fisher) = 0.009

*
LumP vs others  
P(Fisher) = 0.009
LumU vs others  
P(Fisher) = 4.2 x 10-4

Clinically relevant signaturesc

%
 p

at
ie

nt
s a

liv
e

+ High expression is associated with response to the treatment
- High expression is associated with resistance to the treatment

fre
qu

en
cy

0 10 20 30 40 50 60

0

0.2

0.4

0.6

0.8

1

logrank test
p−value = 2.5e−05
P(logrank) = 2.5 x 10-5

(n = 241)
(n = 53)
(n = 110)
(n = 137)
(n = 314)
(n = 18)

EGFR−targeted therapies      

FGFR3−targeted therapies      

Immunotherapies      

PD−1/PD−L1 blockade      

Radiotherapy      

EGFR ligands

FGFR3−coexpressed genes

Immune checkpoint
Antigen presenting machinery

IFN−gamma
CD8 T effector
PD−1
PD−L1
Pan−fibroblast TGF−beta

Hypoxia
Cell cycle
DNA replication

−1
−0.5
0
0.5
1

centered 
mean expression

LumP
LumNS
LumU
Stroma−rich
Ba/Sq
NE−like

LumP
LumNS
LumU

Stroma−rich
Ba/Sq
NE−like

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/488460doi: bioRxiv preprint first posted online Dec. 7, 2018; 

1750	MIBC	transcriptomic	profiles	from	6	published	
classification	cohorts	identifies	6	molecular	classes	



CAN GENETICS HELP US TO 
IMPROVE TREATMENT 
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Preliminary	results	suggest	activity	of	FGFR	
inhibitors	in	metastatic	Urothelial	Carcinoma	

with	FGFR3	alterations	
Erdafitinib	

(JNJ-42756493)	
Rogaratinib	 BGJ398	

Pal	S,	et	al.	Cancer	Discov	2018;36	
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Figure 1.  Waterfall plot delineating responses to BGJ398 in 60 evaluable patients (n = 60). Only patients with baseline and at least one 
post-baseline assessment of target lesion using the same assessment method are included; 7 patients are not included in this figure.
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Figure 2.  A, Kaplan–Meier estimate of progression-free survival (PFS). Median PFS was 3.75 months (95% confidence interval, 3.09–5.39 months).  
B, Duration of treatment with BGJ398 and associated FGFR3 alterations.
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study population would be required to further explore any 
potential relationships.

Safety
Of the 67 patients enrolled, 66 experienced treatment- 

emergent adverse events (AE) regardless of study drug relation-
ship, with 46 patients (68.7%) developing grade 3/4 toxicities 

(Table 2). The most frequent AEs (all grades) were hyper-
phosphatemia (46.3%), elevated creatinine (41.8%), fatigue 
(37.3%), constipation (37.3%), anemia (35.8%), and decreased 
appetite (32.8%). The most frequent grade 3/4 AEs were hyper-
lipasemia (10.4%), fatigue (7.5%), anemia (7.5%), hypophos-
phatemia (7.5%), and palmar–plantar erythrodysesthesia 
(7.5%). Among AEs of interest, grade 3/4 hyperphosphatemia  

Cancer Research. 
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Precision	Medicine	in	Neoadjuvant	CT	Can we predict response and survival after neoadjuvant
chemotherapy?

Biomarker N Translational relevance Reference

ERCC2 mutation 50 Association with pathologic response Van Allen EM et al, Cancer Discov 2014

ERCC2 mutation 48+54 Association with improved OS in 2 independent 
cohorts of cisplatin-treated MIBC patients 

Liu D et al. JAMA Oncol 2016
Plimack ER et al, Eur Urol 2015

Plimack ER et al, ASCO 2014

ATM/RB1/FANCC 
mutations 34 Association with improved pT<2 response and OS Plimack ER et al, Eur Urol 2015

ATM/RB1/FANCC 
mutations 25 Association with improved pT<2 response Anari F et al, Eur Urol Oncol 2018

ERBB2 mutations 71 Association with pT0 response Groenendijk FH et al, Eur Urol 2015

DNA damage response
(DDR) gene alterations 46 Association with pT<2 response and RFS with dose-

dense GC Iyer G et al, J Clin Oncol 2018

Single-sample genomic
subtyping classifier 343 Basal tumors benefited the most from neoadjuvant

chemotherapy administration Seiler R et al, Eur Urol 2017



dataset that combined patients from TCGA, MDA, and the
University of Lund datasets (n = 476). We validated the
relative changes in outcome by GSC subtype in patients
treated with and without NAC (Fig. 4A). Patients with GSC

basal tumors had a 3-yr OS rate of 49.2% (95% confidence
interval [CI] 39.5–61.2%; p < 0.001) in the non-NAC cohort
compared with 77.8% (95% CI 67.2–90.0%; p < 0.001) in the
NAC cohort.

had the worst outcome, the prognosis of patients with basal tumors significantly improved when treated with NAC. (B) OS stratified according to the
MDA subtypes. Patients with MDA luminal tumors had the best outcome in both the non-NAC (left) and NAC (right) settings. In the presence of NAC,
patients with p53-like tumors had a significantly shorter OS when compared with patients with MDA luminal tumors. (C) OS stratified according to
the TCGA clusters. Clusters I and II clearly subdivide luminal tumors into two subsets—a subset with good prognosis (cluster I) and a subset with poor
prognosis (cluster II)—although neither was affected by NAC. Basal tumors were subdivided into two subsets with similar prognosis in the non-NAC
setting, but discrepant responses to NAC. The OS of patients with cluster III tumors was superior when treated with NAC, whereas that of patients with
cluster IV tumors was poor regardless of NAC. (D) OS stratified according to the Lund subtypes. Patients with luminal tumors (Uro A and genomically
unstable) had the best outcome without (left) and with (right) NAC. The OS of patients with basal tumors (Uro B and SCC-like) was inferior to that of
Uro A tumors in the absence of NAC (left). However, with NAC (right) the outcome was similar to that in Uro A patients. The p values represent Cox
proportional hazard ratios. MDA = MD Anderson Cancer Center; NAC = neoadjuvant chemotherapy; OS = overall survival; SCC = squamous cell
carcinoma; TCGA = The Cancer Genome Atlas; UNC = University of North Carolina; Uro = urobasal.

[(Fig._3)TD$FIG]

Fig. 3 – Discovery and validation of the GSC. (A) Proposed GSC bladder cancer classes derived from a consensus of four models (UNC, MDA, TCGA, and
Lund). Colors indicate each class: claudin-low (gray), basal (red), luminal-infiltrated (light blue), and luminal (dark blue). (B) GSC cross-validation
scores for each sample in the NAC dataset. The vertical bands represent the probability of each sample belonging to each class. The bottom bars
indicate the classes predicted by GSC as well as the consensus classes. (C) Performance of the GSC in the discovery (10-fold cross validation for model
performance) and two independent validation cohorts (NAC validation cohort and non-NAC validation cohort). Across all the cohorts, GSC was able to
predict all subtypes significantly with a high area under the curve (compared with consensus classes). AUC = area under the curve; CI = confidence
interval; Cons. = consensus; GSC = genomic subtyping classifier; inf = infiltrated; MDA = MD Anderson Cancer Center; NAC = neoadjuvant chemotherapy;
TCGA = The Cancer Genome Atlas; UNC = University of North Carolina.
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Genomic	Subtyping	Classifier	(GSC)	to	predict	
consensus	subtypes	with	highest	clinical	impact	

in	the	context	of	NAC.		

[(Fig._4)TD$FIG]

Fig. 4 – Clinical significance of GSC with and without cisplatin-based NAC. (A) Kaplan–Meier plots for OS in non-NAC (left) and NAC (right) datasets
stratified according to the classes predicted by GSC. (B) OS of the NAC dataset according to major pathological downstaging stratified by claudin-low
(upper left), basal (upper right), luminal-infiltrated (lower left), and luminal (lower right) subtypes. GSC = genomic subtyping classifier; inf = infiltrated;
NAC = neoadjuvant chemotherapy; OS = overall survival.
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Fig. 4 – Clinical significance of GSC with and without cisplatin-based NAC. (A) Kaplan–Meier plots for OS in non-NAC (left) and NAC (right) datasets
stratified according to the classes predicted by GSC. (B) OS of the NAC dataset according to major pathological downstaging stratified by claudin-low
(upper left), basal (upper right), luminal-infiltrated (lower left), and luminal (lower right) subtypes. GSC = genomic subtyping classifier; inf = infiltrated;
NAC = neoadjuvant chemotherapy; OS = overall survival.
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BRCA1	mRNA	levels	associate	better	
outcome	

multivariate analysis, only lymphovascular invasion and
BRCA1 mRNA expression levels emerged as independent
prognostic factors for overall survival (hazard ratios:
lymphovascular invasion, 6.1, P < 0.0001; high BRCA1
expression, 2.7, P = 0.02) (Table 4).

discussion

In the present study, we have observed a significant correlation
between BRCA1 mRNA levels and response and survival in

locally advanced bladder cancer patients treated with
neoadjuvant cisplatin-based chemotherapy. The subgroup of
patients with low and intermediate BRCA1 levels obtained
a significant benefit from preoperative chemotherapy, with
a 5-year survival rate of 64%, in spite of the fact that the
majority of patients had locally advanced disease and/or lymph
node involvement. In contrast, the subgroup of patients with
the highest levels of BRCA1 expression had a poor prognosis,
with a 5-year survival rate of only 12%. In the multivariate

Table 2. Characteristics of patients according to BRCA1 messenger RNA

levels by terciles

Variable BRCA1 mRNA expression levels P

£13.57 13.57–26.77 >26.77

Age, n (%) 0.985

£64 years 10 (35) 9 (32) 9 (32)

>64 years 11 (37) 9 (31) 9 (31)

Histology, n (%) 0.563

TCC 16 (35) 16 (35) 14 (30)

TCC with others 5 (45) 2 (18) 4 (36)

Lymphovascular invasion, n (%) 0.789

Absent 17 (35) 16 (33) 15 (31)

Present 4 (44) 2 (22) 3 (33)

Hydronephrosis, n (%) 0.755

Yes 8 (32) 9 (36) 8 (32)

No 13 (40) 9 (28) 10 (31)

TNM, n (%) 0.576

T3N0 11 (35) 12 (38) 8 (26)

T4N0 7 (44) 4 (25) 5 (31)

T1–4N + M0–1 3 (30) 2 (20) 5 (50)

Chemotherapy regimen, n (%) 0.439

CMV 12 (33) 13 (36) 11 (30)

Cisplatin/gemcitabine 9 (45) 4 (20) 7 (35)

TCC, transitional cell carcinoma; CMV, cisplatin, methotrexate, and

vinblastine; mRNA, messenger RNA.

Figure 1. Overall survival according to BRCA1 messenger RNA levels

(low/intermediate versus high). CI, confidence interval

Table 3. Univariate analysis for overall survival

Variable N Survival

(months)

95% CI P

Age (years) 0.92

£64 28 53 0–117.9

>64 29 70 0–140.2

Histology 0.13

TCC 46 70 15.6–124.4

TCC with other 11 32 0.7–63.3

Lymphovascular invasion <0.0001
Present 9 14 8.1–19.8

Absent 48 124 30.2–217.8

Hydronephrosis 0.08

Yes 25 45 22.7–67.2

No 32 124 1.7–246.3

Clinical stage 0.009

T3N0M0 31 124 31.5–216.5

T4N0M0 16 144 0–306.6

T1–4N + M0–1 10 22 0–44.8

Chemotherapy regimen 0.73

CMV 36 54 0–135.6

Cisplatin/gemcitabine 21 46 17.9–74.1

Surgical results 0.002

Complete resection 48 142 24.1–223.8

Incomplete/no surgery 9 12 6.2–17.8

Pathological stage <0.0001
T0–1N0M0 28 NR –

T2–4N0M0 16 45 6.9–99.1

TxN+M0 9 11 8.1–13.9

BRCA1 levels 0.008

Low (<13.57) 21 124 57.7–190.3

Intermediate (13.57–26.77) 18 NR –

High (>26.77) 18 34 14.5–53.5

CI, confidence interval; TCC, transitional cell carcinoma; CMV, cisplatin,

methotrexate, and vinblastine; NR, not reached.

Table 4. Multivariate analysis for overall survival

HR 95% CI P

BRCA1 mRNA levels 0.02

£26.77 1 ref. 1.16–6.39

>26.77 2.73

Lymphovascular invasion <0.0001
No 1 ref. 2.35–15.91

Yes 6.12

HR, hazard ratio; CI, confidence interval; mRNA, messenger RNA.

original article Annals of Oncology
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A Phase I Pharmacologic Study of 
Necitumumab (IMC-11F8), a Fully Human  
IgG1 Monoclonal Antibody
Andreas G. Bader1, David Brown1, and Matthew Winkler1,2

ABSTRACT The Mammary Prevention 3 (MAP.3) placebo-controlled randomized trial in 4,560 
high-risk postmenopausal women showed a 65% reduction in invasive breast can-

cer with the use of exemestane at 35 months of median follow-up. Few differences in adverse events 
were observed between the arms, suggesting a promising risk:benefi t balance with exemestane for 
use in chemoprevention. Yet, the MAP.3 design and implementation raise concerns about limited data 
maturity and not prospectively including key bone-related and other toxicities as study endpoints. 
Exemestane for prevention is juxtaposed against selective estrogen receptor modulators and the other 
aromatase inhibitors. Additional issues for prevention, including the infl uence of obesity, alternative 
dosing, and biomarker use in phase III trials, are addressed. 

SIGNIFICANCE: The recently completed MAP.3 trial of exemestane for breast cancer prevention offers 
a potential new standard for pharmaceutical risk reduction in high-risk postmenopausal women. In 
addition to describing key fi ndings from the publication of MAP.3 and related trials, our review under-
takes a detailed analysis of the strengths and weaknesses of MAP.3 as well as the implications for 
future prevention research. Cancer Discov; 2(X); XXX–XXX. ©2012 AACR.

 ABSTRACT     Cisplatin-based chemotherapy is the standard of care for patients with muscle-inva-
sive urothelial carcinoma. Pathologic downstaging to pT0/pTis after neoadjuvant 

cisplatin-based chemotherapy is associated with improved survival, although molecular determinants 
of cisplatin response are incompletely understood. We performed whole-exome sequencing on pre-
treatment tumor and germline DNA from 50 patients with muscle-invasive urothelial carcinoma who 
received neoadjuvant cisplatin-based chemotherapy followed by cystectomy (25 pT0/pTis “respond-
ers,” 25 pT2+ “nonresponders”) to identify somatic mutations that occurred preferentially in respond-
ers.  ERCC2 , a nucleotide excision repair gene, was the only signifi cantly mutated gene enriched in the 
cisplatin responders compared with nonresponders ( q  < 0.01). Expression of representative  ERCC2  
mutants in an  ERCC2 -defi cient cell line failed to rescue cisplatin and UV sensitivity compared with 
wild-type ERCC2. The lack of normal ERCC2 function may contribute to cisplatin sensitivity in urothe-
lial cancer, and somatic  ERCC2  mutation status may inform cisplatin-containing regimen usage in 
muscle-invasive urothelial carcinoma. 

  SIGNIFICANCE:  Somatic  ERCC2  mutations correlate with complete response to cisplatin-based chemo-
sensitivity in muscle-invasive urothelial carcinoma, and clinically identifi ed mutations lead to cisplatin 
sensitivity  in vitro . Nucleotide excision repair pathway defects may drive exceptional response to 
conventional chemotherapy.  Cancer Discov; 4(10); 1140–53. ©2014 AACR.  

  See related commentary by Turchi et al., p. 1118.                   
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mutations occurred in the cisplatin-sensitive tumors ( P  < 0.001; 
Fisher exact test).  ERCC2  remained signifi cantly enriched in 
responders following false discovery analysis performed on 
genes in which the mutation frequency afforded adequate 
power ( q  = 0.007; Benjamini–Hochberg;  Fig. 2B ). Moreover, the 
enrichment for  ERCC2  mutations in the responder group was 
signifi cant when adjusted for differences in the overall muta-
tion rate between responders and nonresponders ( P  = 0.04; 

binomial test). Toward this end, the median background muta-
tion rate for  ERCC2 -mutant tumors (15.5 mutations/Mb) was 
signifi cantly elevated compared with  ERCC2  wild-type (WT) 
tumors (5.1 mutations/Mb;  P  = 0.01; Mann–Whitney test; Sup-
plementary Fig. S1B), consistent with a possible DNA-repair 
defect and prior reports ( 22 ).  

 The somatic  ERCC2  mutation frequency in the responder 
cohort was also compared with two unselected bladder 

 Figure 2.      Three tests examining selective enrichment of  ERCC2   mutations in cisplatin-responder tumors. A, plot of MutSigCV gene-level signifi cance 
[−log 10 (MutSigCV  P  value)] and responder enrichment signifi cance [−log 10 (Fisher exact test  P  value)]. The size of the point is proportional to the number of 
responder patients who harbor alterations in the gene. Genes with a responder enrichment  P  value of <0.01 are shown in red; others are in gray, and the 
dashed line denotes a  P  value of 0.01. Only  ERCC2   reaches statistical signifi cance in the responder cohort ( P  < 0.001; Fisher exact test). B, among genes 
with suffi cient number of alterations for cohort comparisons ( n  = 9), only  ERCC2   somatic mutations occur exclusively in the cisplatin responders, which is 
signifi cant when accounting for the elevated mutation rate in responders compared with nonresponders ( * ,  P  < 0.05). Compared with the unselected TCGA 
and Guo et al. urothelial carcinoma cohorts, C shows that  ERCC2   somatic mutations are signifi cantly enriched in the responder cohort ( * ,  P  < 0.01).   

A

B C

ERCC2

Responder
Alterations

Max.

Min.

RB1
TP53

KDM6A

ARID1A

R
es

po
nd

er
 s

ig
ni

fic
an

ce
[–

lo
g 1

0  
(P

-v
al

ue
)]

MutSigCV significance
[–log10(P-value)]

Responders (pT0/Tis)

ERCC2

NF1

PIK3CA

ERBB4

RB1

FAT4

ARID1A

KDM6A

TP53

*

*

Responders
Unselected

Nonresponders (pT2+)

Number of patients

P
at

ie
nt

s 
w

ith
 s

om
at

ic
 E

R
C

C
2 

m
ut

at
io

ns
 (

%
)

pT0/Tis
(n = 25)

TCGA
(n = 130)

Guo et al.
(n = 99)Number of patients

0
1

2
3

4

0 5 10 15

10 5 0 0 5 10

15

0
10

20
30

40

Research. 
on February 24, 2019. © 2014 American Association for Cancercancerdiscovery.aacrjournals.org Downloaded from 

Published OnlineFirst August 5, 2014; DOI: 10.1158/2159-8290.CD-14-0623 

1144 | CANCER DISCOVERY"OCTOBER  2014 www.aacrjournals.org

Van Allen et al.RESEARCH ARTICLE

mutations occurred in the cisplatin-sensitive tumors ( P  < 0.001; 
Fisher exact test).  ERCC2  remained signifi cantly enriched in 
responders following false discovery analysis performed on 
genes in which the mutation frequency afforded adequate 
power ( q  = 0.007; Benjamini–Hochberg;  Fig. 2B ). Moreover, the 
enrichment for  ERCC2  mutations in the responder group was 
signifi cant when adjusted for differences in the overall muta-
tion rate between responders and nonresponders ( P  = 0.04; 

binomial test). Toward this end, the median background muta-
tion rate for  ERCC2 -mutant tumors (15.5 mutations/Mb) was 
signifi cantly elevated compared with  ERCC2  wild-type (WT) 
tumors (5.1 mutations/Mb;  P  = 0.01; Mann–Whitney test; Sup-
plementary Fig. S1B), consistent with a possible DNA-repair 
defect and prior reports ( 22 ).  

 The somatic  ERCC2  mutation frequency in the responder 
cohort was also compared with two unselected bladder 

 Figure 2.      Three tests examining selective enrichment of  ERCC2   mutations in cisplatin-responder tumors. A, plot of MutSigCV gene-level signifi cance 
[−log 10 (MutSigCV  P  value)] and responder enrichment signifi cance [−log 10 (Fisher exact test  P  value)]. The size of the point is proportional to the number of 
responder patients who harbor alterations in the gene. Genes with a responder enrichment  P  value of <0.01 are shown in red; others are in gray, and the 
dashed line denotes a  P  value of 0.01. Only  ERCC2   reaches statistical signifi cance in the responder cohort ( P  < 0.001; Fisher exact test). B, among genes 
with suffi cient number of alterations for cohort comparisons ( n  = 9), only  ERCC2   somatic mutations occur exclusively in the cisplatin responders, which is 
signifi cant when accounting for the elevated mutation rate in responders compared with nonresponders ( * ,  P  < 0.05). Compared with the unselected TCGA 
and Guo et al. urothelial carcinoma cohorts, C shows that  ERCC2   somatic mutations are signifi cantly enriched in the responder cohort ( * ,  P  < 0.01).   
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Fisher exact test).  ERCC2  remained signifi cantly enriched in 
responders following false discovery analysis performed on 
genes in which the mutation frequency afforded adequate 
power ( q  = 0.007; Benjamini–Hochberg;  Fig. 2B ). Moreover, the 
enrichment for  ERCC2  mutations in the responder group was 
signifi cant when adjusted for differences in the overall muta-
tion rate between responders and nonresponders ( P  = 0.04; 

binomial test). Toward this end, the median background muta-
tion rate for  ERCC2 -mutant tumors (15.5 mutations/Mb) was 
signifi cantly elevated compared with  ERCC2  wild-type (WT) 
tumors (5.1 mutations/Mb;  P  = 0.01; Mann–Whitney test; Sup-
plementary Fig. S1B), consistent with a possible DNA-repair 
defect and prior reports ( 22 ).  

 The somatic  ERCC2  mutation frequency in the responder 
cohort was also compared with two unselected bladder 

 Figure 2.      Three tests examining selective enrichment of  ERCC2   mutations in cisplatin-responder tumors. A, plot of MutSigCV gene-level signifi cance 
[−log 10 (MutSigCV  P  value)] and responder enrichment signifi cance [−log 10 (Fisher exact test  P  value)]. The size of the point is proportional to the number of 
responder patients who harbor alterations in the gene. Genes with a responder enrichment  P  value of <0.01 are shown in red; others are in gray, and the 
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Fig 1. 
(a) Overall Survival with and without somatic ERCC2 mutations in the current (Fox 
Chase Cancer Center) validation cohort. Kaplan Meier analysis of overall survival by the 
presence or absence of a somatic ERCC2 mutation. There is a statistically significant 
difference in survival (log-rank test p = 0.03)
(b) Overall Survival with and without somatic ERCC2 mutations in a previously 
reported1 (Dana Farber Cancer Institute + Memorial Sloan Kettering Cancer Center 
combined) discovery cohort. Kaplan Meier analysis of overall survival by the presence or 
absence of a somatic ERCC2 mutation. There is a statistically significant difference in 
survival, log-rank test p = (0.049)
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Abstract

Background: Cisplatin-based neoadjuvant chemotherapy (NAC) before cystectomy is
the standard of care for muscle-invasive bladder cancer (MIBC), with 25–50% of patients
expected to achieve a pathologic response. Validated biomarkers predictive of response
are currently lacking.
Objective: To discover and validate biomarkers predictive of response to NAC for MIBC.
Design, setting, and participants: Pretreatment MIBC samples prospectively collected
from patients treated in two separate clinical trials of cisplatin-based NAC provided the
discovery and validation sets. DNA from pretreatment tumor tissue was sequenced for
all coding exons of 287 cancer-related genes and was analyzed for base substitutions,
indels, copy number alterations, and selected rearrangements in a Clinical Laboratory
Improvements Amendments–certified laboratory.
Outcome measurements and statistical analysis: The mean number of variants and
variant status for each gene were correlated with response. Variant data from the
discovery cohort were used to create a classification tree to discriminate responders
from nonresponders. The resulting decision rule was then tested in the independent
validation set.
Results and limitations: Patients with a pathologic complete response had more altera-
tions than those with residual tumor in both the discovery (p = 0.024) and validation
(p = 0.018) sets. In the discovery set, alteration in one or more of the three DNA repair
genes ATM, RB1, and FANCC predicted pathologic response (p < 0.001; 87% sensitivity,
100% specificity) and better overall survival (p = 0.007). This test remained predictive for
pathologic response in the validation set (p = 0.033), with a trend towards better overall
survival (p = 0.055). These results require further validation in additional sample sets.
Conclusions: Genomic alterations in the DNA repair-associated genes ATM, RB1, and
FANCC predict response and clinical benefit after cisplatin-based chemotherapy for
MIBC. The results suggest that defective DNA repair renders tumors sensitive to
cisplatin.

* Corresponding author. Department of Hematology/Oncology, Fox Chase Cancer Center, Temple
Health, 333 Cottman Avenue, Philadelphia, PA 19111-2497, USA. Tel. +1 215 7283889;
Fax: +1 215 7283639.
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according to gene expression data: basal, p53-like, and
luminal. In total, 33 of our AMVAC discovery samples had
both genomic alteration data and an assigned subset. The
ATM/RB1/FANCC signature did not correlate with subset
assignment. Alterations predicted to be deleterious did
not reliably result in the absence of gene expression. For a
cutoff of p< 0.05 we found that deleterious ATR and VHL
mutations occurred more commonly in the p53-like
cluster, while deleterious SMARCA4 mutations occurred

exclusively in the basal cluster (Supplementary Table 3).
We did not identify any genes for which expression was
significantly associated with ATM or RB1 mutation status;
however, the expression levels of multiple genes, including
the GAGE cancer testes antigens, were significantly (false
discovery rate <0.05 and fold-change >2.0 or <0.5)
associated with FANCC alterations. This pattern was not
discernable in the two FANCC altered bladder cancer samples
in the TCGA data set, although the low frequency of FANCC

[(Fig._2)TD$FIG]

Fig. 2 – Progression-free survival (PFS) and overall survival (OS) by ATM/RB1/FANCC mutation status for the AMVAC discovery and DDGC validation sets.
Alteration in any one of ATM/RB1/FANCC predicts better PFS (p = 0.0085) and OS (p = 0.007) in the AMVAC discovery set, with a trend towards
significance for OS (p = 0.0545) in the DDGC validation set. wt = wild type; mut = mutation; PTs = patients.

Table 3 – Number of alterations as a predictor of response

Set Response RSPs NRSPs Mean alterations, n (median) {range} p value

definition (n) (n) NRSPs RSPs

Discovery (n = 34) pT0pN0cM0 14 20 18.65 (16) {8–32} 25.36 (27) {11–39} 0.024

Discovery (n = 34) !pT1pN0cM0 15 19 18.58 (16) {8–32} 25.00 (26) {11–39} 0.030

Validation (n = 24) pT0pN0cM0 9 15 15.33 (13) {7–29} 22.67 (22) {14–35} 0.018

Validation (n = 24) !pT1pN0cM0 11 13 16.15 (15) {7–29} 20.36 (21) {8–35} 0.181

RSPs = responders; NRSPs = nonresponders.
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Multicenter Prospective Phase II Trial of Neoadjuvant
Dose-Dense Gemcitabine Plus Cisplatin in Patients With
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A B S T R A C T

Purpose
Neoadjuvant chemotherapy followed by radical cystectomy (RC) is a standard of care for the
management of muscle-invasive bladder cancer (MIBC). Dose-dense cisplatin-based regimens have
yielded favorable outcomes compared with standard-dose chemotherapy, yet the optimal neo-
adjuvant regimen remains undefined. We assessed the efficacy and tolerability of six cycles of
neoadjuvant dose-dense gemcitabine and cisplatin (ddGC) in patients with MIBC.

Patients and Methods
In this prospective, multicenter phase II study, patients received ddGC (gemcitabine 2,500 mg/m2

on day 1 and cisplatin 35 mg/m2 on days 1 and 2) every 2 weeks for 6 cycles followed by RC. The
primary end point was pathologic downstaging to non–muscle-invasive disease (, pT2N0). Patients
who did not undergo RC were deemed nonresponders. Pretreatment tumors underwent next-
generation sequencing to identify predictors of chemosensitivity.

Results
Forty-nine patients were enrolled from three institutions. The primary end point was met, with 57%
of 46 evaluable patients downstaged to , pT2N0. Pathologic response correlated with improved
recurrence-free survival and overall survival. Nineteen patients (39%) required toxicity-related dose
modifications. Sixty-seven percent of patients completed all six planned cycles. No patient failed to
undergo RC as a result of chemotherapy-associated toxicities. The most frequent treatment-related
toxicity was anemia (12%; grade 3). The presence of a presumed deleterious DNA damage re-
sponse (DDR) gene alteration was associated with chemosensitivity (positive predictive value for
, pT2N0 [89%]). No patient with a deleterious DDR gene alteration has experienced recurrence at
a median follow-up of 2 years.

Conclusion
Six cycles of ddGC is an active, well-tolerated neoadjuvant regimen for the treatment of patientswith
MIBC. The presence of a putative deleterious DDR gene alteration in pretreatment tumor tissue
strongly predicted for chemosensitivity, durable response, and superior long-term survival.

J Clin Oncol 36:1949-1956. © 2018 by American Society of Clinical Oncology

INTRODUCTION

Randomized trials in patients with muscle-invasive
bladder cancer (MIBC) have established that neo-
adjuvant cisplatin-based chemotherapy before radical
cystectomy–pelvic lymph node dissection (RC-
PLND) improves long-term survival compared
with surgery alone, providing level 1 evidence that

supports multimodality management as a stan-
dard of care.1 A pivotal trial that used neoadjuvant
methotrexate, vinblastine, doxorubicin, and cis-
platin (M-VAC) demonstrated that three cycles of
chemotherapy over 12 weeks reduced the positive
surgical margin rate, did not compromise surgical
management, and could achieve pathologic down-
staging at RC-PLND, which was associated with
long-term survival.1 Subsequent trials modified the
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(homologous recombination), ATR and CHEK2 (DNA damage
sensing), and RECQL4 (double-strand break repair), and correlated
with chemosensitivity. The association between high mutation
burden and deleterious DDR gene alterations is in agreement with
other studies that correlated the disruption of key DDR pathways
with increased genomic instability. It highlights the need for
a stringent definition for loss-of-function DDR gene alterations to
discriminate known or likely deleterious mutations from passenger
events and the need for functional validation of such alterations.25

Finally, most responders (62%) did not harbor deleterious DDR
gene alterations, which suggest that additional factors affect che-
mosensitivity. SWOG S1314 is examining the use of gene expression
profiling to predict for neoadjuvant chemotherapy response. These
data may provide validation for our findings and identify novel bio-
markers of chemosensitivity in DDR pathway wild-type responders.

Limitations of our study include the lack of a comparator arm
and the relatively small sample size. Moreover, potentially dele-
terious DDR gene alterations were analyzed together. Larger
studies are needed to determine whether chemosensitivity varies
on the basis of specific mutant alleles within individual genes or
which DDR gene is mutated. Unbiased genomic profiling—not
feasible because of limited tumor tissue—may have identified
additional putative biomarkers of chemosensitivity, particularly in
DDR gene wild-type patients. Such profiling could also detect and
correlate genome-wide mutation signatures with response, in-
cluding the APOBEC signature, homologous recombination de-
ficiency signatures that are associated with BRCA1/2 functional
impairment, or the signature 5*, which is associated with ERCC2
alterations and NER deficiency.26-28 Moreover, whereas germline
DNA was used to delineate somatic alterations, this study did not
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Fig 3. (A) Onco-print showing the alterations identified in 32 pretreatment transurethral resection specimens from patients who underwent radical cystectomy (RC) –pelvic
lymph node dissection after treatment with dose-dense gemcitabine and cisplatin. Samples are organized into responders or nonresponders with mutation burden
displayed for each sample. (Top) Alterations within DNA damage response (DDR) genes. (Bottom) Alterations within the top 10 most frequently altered genes within this
tumor cohort. (B) Two-year recurrence-free survival (RFS) in patients with or without DDRmutant tumors (DDR mut [mutant] v DDR wt [wild type]). (C) Mutation burden in
responders versus nonresponders and in any patient with deleterious DDR gene alterations (Del DDRmut+) compared with those without (Del DDRmut-). Mb, megabase.
(*)P , .05.
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TMB	and	response	to	anti-PD1	

Yarchoan	et	al.	N	Engl	J	Med	2017	



MissMatch	Repair	defects	are	frequently	
observed	in	urothelial	carcinoma	

Carlo	M.	ASCO	2017	



Efficacy	in	patients	in	progression	to	cisplatin	
Pembrolizumab1	 Atezolizumab2	 Nivolumab3	 Avelumab4	 Durvalumab5	

	

Study	design	 Phase	3	 Phase	3		 Phase	2	 Phase	1b	 Phase	1/2	

N	 270	 462	 265	 44	 191	

Dose	 200	mg/3w	 1200	mg/3w	 3	mg/kg/2w	 10	mg/kg/2w	 10	mg/kg/2w	

ORR	 21.1%	 13%	 19.6%	 18.2%	 17.8%	
	

Ongoing	
(%;Median	FU)	

72%/14.1m	 63%/17.3m	
	

77%/7m	 75%/16.5m	 81%/5.8m	

PFS	(median)	 2.1	 2.1*	 2.0	 2.7	 1.5	m	

OS	(median)	 10.3	 8.6	 8.7	 13.6	 18	m	

Toxicity		
G3-5	
G5	

	
13.5%	

1.5	%	(0.5%	IR)	

	
20%	
1%	IR	

	
18%		
1%	

	
6.8%	
0%	

	
7.5%	
1.5%	

1	Belmunt	J.	N	Engl	J	Med	2017;	2	Powles	T.	EAS	2017;	3	Sharma	P.	Lancet	Oncol	2017;	4	Apolo	A.	J	Clin	Oncol	2017;	5	Powles	T.	JAMA	Oncol	2017	



KEYNOTE-045:	Pembrolizumab	associates	long-lasting	
responses	and	improves	Overall	Survival	in	cisplatin	

treated	patients	

Belmunt	J.	N	Engl	J	Med	2017	

Median		7.4	vs	10.3	m	
HR	0.70	(IC95%0.57-0.86)	



IMvigor211	
Key	Eligibility	Criteriaa	

•  mUC	with	progression	during	or	
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chemotherapy	
–  ≤	2	prior	lines	of	therapy	

•  Measurable	disease	per	RECIST	
v1.1	
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component	
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•  Chemotherapy	(vinflunine	vs.	

taxanes)	

Chemotherapy	
(investigator’s	choice)	
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HR = 0.87 (95%CI: 0.63, 1.21), P = 0.41 

Events/	
Patients 
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Events/	
Patients 

Median	OS	
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12-mo	OS	Rate	
(95%	CI) 

Atezolizumab 324/467 8.6 mo (7.8, 9.6) 39% (35, 44) 

Chemotherapy 350/464 8.0 mo (7.2, 8.6) 32% (28, 37) 

HR = 0.85 (95% CI: 0.73, 0.99); P = 0.038 

Primary	Endpoint	
(PDL1	2/3)	

ITT	



Efficacy	in	patients	1st	line	un-fit	
Pembrolizumab1	
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Atezolizumab2	
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(%;Median	FU)	
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PFS	(median)	 2	 2.7	

OS	(median)	 NR	 15.9	

Toxicity		
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•  G5	
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<0.01	(1	pt)	

	
16%	

<0.01	(1	pt)	
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Phase	3	trials	of	CheckPoint	Inhibitors	
plus	chemotherapy	

Trial	 Population	 Study	Arms	 Primary	Endpoints/Expected	

KEYNOTE-361	 Advanced	or	Metastatic	
Urothelial	
Carcinoma	
(N=	990)	

Pembro	+-	CT	vs	CT	
	

PFS,	OS	(2019)	

IMvigor-130	 Advanced	or	Metastatic	
Urothelial	Carcinoma	
(N	=	1200)	

Atezo	+-	CT	vs	CT	 PFS,	OS	(2020)	

DANUBE	 Cisplatin	Elegible	or	Inelegible	
(N=1340)	

Avelumab	+-	Tremelimumab	vs	
SOC	

PFS,	OS	(2018)	

CHECKMATE-901	 Cisplatin	Elegible	or	Inelegible		
(N=1097)	

IPI	+	NIVO	vs	SOC	 PFS,	OS	(2020)	

May	2018.	FDA	halts	accrual	of	low	PD-L1	patients	due	to	relatively	worse	OS	in	single	
agent	anti-PD1/PDL1	arms	



Bladder	Cancer:		Personalized	therapies	

•  Clinical	criterias	(ECOG,	Renal	function..)	are	the	most	
important	factors	to	date.	

•  PD-L1	positivity	is	required	for	the	treatment	of	cisplatin-
inelegible	patients	with	front	line	CPI.	

•  Molecular	subtypes	and	genomic	aberrations	(DDR,	ERCC2)	
are	included	in	the	design	of	current	clinical	trials	

•  Future	trials	include	CT	and	CPI,	and	BKs	in	this	setting	need	
to	be	validated.	



Molecular	Genetics	of	ccRCC		

MODEL OF ccRCC DEVELOPMENT

VHL, PBRM1, SETD2, and BAP1 are within a 50 Mb stretch on
chromosome 3p, in a region that is lost in approximately 90% of
sporadic ccRCCs.11 Deletion of this region simultaneously inactivates
one allele of four ccRCC tumor-suppressor genes, leaving cells vulner-
able to the loss of the remaining allele.11

The available data support the following model of ccRCC devel-
opment (Fig 3). ccRCC may be initiated by an intragenic mutation of
VHL, followed by the loss of chromosome 3p. VHL mutations are an
initiating event and VHL inactivation has been observed in isolated
cells lining tubules and in single-layered cysts.66,67 Mutations in the
remaining PBRM1 allele would contribute to transformation and may
synergize with subsequent mutations in SETD2. A second path in-
volves mutation of the remaining BAP1 allele, which may confer
greater aggressiveness. The frequency of tumors simultaneously mu-
tated for BAP1 and PBRM1 is lower than expected11,12; simultaneous
inactivation of these two tumor-suppressor genes in the same tumor
cell may reduce fitness. However, because simultaneous mutations do
occur in some tumors, there may be a context-dependent advantage.

In a fraction of ccRCCs, there are no deletions of 3p; instead,
there is copy-neutral LOH.6 Analyses of data provided6 reveal that
these tumors also exhibit mutations in PBRM1, SETD2, and BAP1.
Overall, MARs for these genes are similar to those observed in VHL,
suggesting that, as for VHL, mutations in these genes preceded the
chromosome 3p duplication event.

It is noteworthy that SMARCC1 (encoding BAF155, a subunit of
both BAF and PBAF complexes) is located on 3p21.31, between the

VHL and PBRM1 genes (Table 2). Because of its location, one copy of
SMARCC1 is lost in most ccRCCs. This would make inactivating the
second allele as accessible to the tumor cell as the inactivation of
PBRM1. However, whereas PBRM1 is mutated in 45% of ccRCCs,
mutations in SMARCC1 have not been detected among 459 kidney
tumors with information in COSMIC.32 This difference may be bio-
logically significant and suggests that, in contrast to BAF180, BAF155
is not a ccRCC-tumor suppressor.35 Furthermore, BAF155 function
may be required for cell fitness.68-70 Because of the selective loss of one
allele in ccRCC, these tumors may be particularly sensitive to strategies
inhibiting BAF155-dependent BAF/PBAF complexes.

The evolution of ccRCCs with mutations in TCEB1 may be
different from those with mutations in VHL, as TCEB1 is on chromo-
some 8. Sato et al6 provided extensive data on five tumors with TCEB1
mutations. Mutations in PBRM1, SETD2, and BAP1 were found in
only one tumor (which had a BAP1 mutation). The absence of PBRM1
mutations potentially highlights the importance of the physical loca-
tion of tumor-suppressor genes in tumor evolution.

MUTATIONS IN mTORC1 PATHWAY GENES

Growth factor signaling pathways are frequently deregulated in can-
cer.71 In ccRCC, however, receptor tyrosine kinases are rarely mu-
tated.5,6 Receptor activation leads to the recruitment of adaptor
proteins, as well as class IA PI3K, to the plasma membrane.72 Class IA
PI3Ks are made up of a catalytic subunit (p110) and a regulatory
subunit (p85; Fig 1). Among the different catalytic subunits, p110!
(encoded by the PIK3CA gene) is the most frequently mutated in
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Fig 3. Model for clear-cell renal cell car-
cinoma (ccRCC) development. The genes
VHL , BAP1, and PBRM1 are all located on
chromosome (Chr) 3p (SETD2 is also in
this region; not shown). Following an in-
tragenic mutation in VHL , loss of 3p,
which is observed in the majority of
ccRCCs, inactivates the remaining VHL
allele along with one allele of BAP1 and
PBRM1. Subsequent mutation in the re-
maining PBRM1 or BAP1 allele results in
ccRCC with different pathologic features
and outcomes.
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1).5,6,36,37 Like VHL and PBRM1, SETD2 is a two-hit tumor suppres-
sor gene and is located on chromosome 3p. SETD2 mutations tend to
be in the shared group.6,7 Analyses of data provided by Sato et al6 show
that SETD2 MARs are lower than VHL MARs in one third of ccRCCs,
suggesting that in these tumors SETD2 mutations are subclonal. In
addition, sampling studies have shown different SETD2 mutations in
different samples of the same tumor.7 This mutation convergence
suggests a high selective pressure to mutate SETD2 in some contexts; a
meta-analysis suggests that SETD2 mutations cooperate with muta-
tions in PBRM1.11 Though the molecular basis remains unclear, both
BAF180 and SETD2 converge on histones, one as a reader (BAF180)
and the other as a writer (SETD2).

How biallelic SETD2 inactivation leads to ccRCC is unclear. The
SETD2 protein is a nonredundant histone H3 lysine 36 trimethylating
(H3K36me3) enzyme.38 Though H3K36 methylation is generally
linked to active transcription, it is also associated with alternative

splicing and transcriptional repression.39 Interestingly, a recent study
has linked SETD2 and H3K36me3 to DNA mismatch repair,40 and
microsatellite instability was found in a subset of ccRCC.41 In addi-
tion, a link has been reported in ccRCC between SETD2 mutation and
DNA methylation.5

BAP1 IS A DRIVER OF TUMOR AGGRESSIVENESS

The BRCA1 associated protein-1 (BAP1) gene is mutated in 10% to
15% of patients with ccRCC.12,42 BAP1 was originally identified in a
yeast two-hybrid screen for BRCA1-interacting proteins,43 but endog-
enous BAP1 seems not to bind BRCA1 in mammalian cells. Guo et al42

performed exome sequencing in a small number of ccRCCs with
targeted sequencing of selected genes in an expansion cohort. They
reported a list of 12 genes that mutated in ccRCC at frequencies higher

Table 2. SWI/SNF Genes and Proteins

Location Gene Subunit Complex Mutated in ccRCC

ATPase
9p22.3 SMARCA2 BRM BAF !

19p13.2 SMARCA4 BRG1 BAF/PBAF !!

Targeting
1p35.3 ARID1A BAF250A BAF !!!

6q25.1 ARID1B BAF250B BAF !!

12q12 ARID2 BAF200 PBAF
3p21 PBRM1 BAF180 PBAF (!!!!!!!!!!!!!!!)2

Other
12q13.2 SMARCC2 BAF170 BAF/PBAF !!

3p21.31 SMARCC1 BAF155 BAF/PBAF
12q13-q14 SMARCD1 BAF60A BAF/PBAF !!

17q23-q24 SMARCD2 BAF60B BAF/PBAF
7q35-q36 SMARCD3 BAF60C BAF/PBAF
17q21.2 SMARCE1 BAF57 BAF/PBAF
3q26.33 ACTL6A BAF53A BAF/PBAF
7q22 ACTL6B BAF53B BAF/PBAF
22q11 SMARCB1 BAF47 BAF/PBAF !

 Ac

BAF180
(PBRM1)

 
 

PBAF complex

Fuhrman grade
Necrosis
mTORC1 activity
HR (death)

High
Present/absent

High
2.7 (95% CI, 0.99 to 7.6, P = .044)

Low/high
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Fig 2. PBRM1- and BAP1-mutant tumors
are associated with different biology, patho-
logic features, and outcomes, setting the foun-
dation for a molecular genetic classification of
clear-cell renal cell carcinoma (ccRCC). (A)
BAF180 (encoded by the PBRM1 gene) con-
tains six tandem bromodomains that bind to
acetylated lysine residues in histone tails,
thereby localizing the PBAF chromatin remod-
eling complex to specific chromatin regions
and regulating gene expression. (B) BAP1 in-
teracts with HCF-1 and functions to deubiquiti-
nate proteins, including histone H2AK119ub1.
By deubiquitinating its substrates, BAP1 may
inhibit protein degradation or, in the case of
H2A, alter gene expression. PBRM1- and
BAP1-mutant tumors are associated with dif-
ferent gene expression signatures, pathologic
features, mTORC1 activation, and outcomes
(Kapur et al30). (C) Pie chart representation of
ccRCC subtypes and their approximate fre-
quencies. HR, hazard ratio; other, tumors with-
out detectable mutations in PBRM1 and
BAP1.

Molecular Genetics of ccRCC

www.jco.org © 2014 by American Society of Clinical Oncology 1971

Downloaded from ascopubs.org by 62.175.11.100 on February 25, 2019 from 062.175.011.100
Copyright © 2019 American Society of Clinical Oncology. All rights reserved.

1).5,6,36,37 Like VHL and PBRM1, SETD2 is a two-hit tumor suppres-
sor gene and is located on chromosome 3p. SETD2 mutations tend to
be in the shared group.6,7 Analyses of data provided by Sato et al6 show
that SETD2 MARs are lower than VHL MARs in one third of ccRCCs,
suggesting that in these tumors SETD2 mutations are subclonal. In
addition, sampling studies have shown different SETD2 mutations in
different samples of the same tumor.7 This mutation convergence
suggests a high selective pressure to mutate SETD2 in some contexts; a
meta-analysis suggests that SETD2 mutations cooperate with muta-
tions in PBRM1.11 Though the molecular basis remains unclear, both
BAF180 and SETD2 converge on histones, one as a reader (BAF180)
and the other as a writer (SETD2).

How biallelic SETD2 inactivation leads to ccRCC is unclear. The
SETD2 protein is a nonredundant histone H3 lysine 36 trimethylating
(H3K36me3) enzyme.38 Though H3K36 methylation is generally
linked to active transcription, it is also associated with alternative

splicing and transcriptional repression.39 Interestingly, a recent study
has linked SETD2 and H3K36me3 to DNA mismatch repair,40 and
microsatellite instability was found in a subset of ccRCC.41 In addi-
tion, a link has been reported in ccRCC between SETD2 mutation and
DNA methylation.5

BAP1 IS A DRIVER OF TUMOR AGGRESSIVENESS

The BRCA1 associated protein-1 (BAP1) gene is mutated in 10% to
15% of patients with ccRCC.12,42 BAP1 was originally identified in a
yeast two-hybrid screen for BRCA1-interacting proteins,43 but endog-
enous BAP1 seems not to bind BRCA1 in mammalian cells. Guo et al42

performed exome sequencing in a small number of ccRCCs with
targeted sequencing of selected genes in an expansion cohort. They
reported a list of 12 genes that mutated in ccRCC at frequencies higher

Table 2. SWI/SNF Genes and Proteins

Location Gene Subunit Complex Mutated in ccRCC

ATPase
9p22.3 SMARCA2 BRM BAF !

19p13.2 SMARCA4 BRG1 BAF/PBAF !!

Targeting
1p35.3 ARID1A BAF250A BAF !!!

6q25.1 ARID1B BAF250B BAF !!

12q12 ARID2 BAF200 PBAF
3p21 PBRM1 BAF180 PBAF (!!!!!!!!!!!!!!!)2

Other
12q13.2 SMARCC2 BAF170 BAF/PBAF !!

3p21.31 SMARCC1 BAF155 BAF/PBAF
12q13-q14 SMARCD1 BAF60A BAF/PBAF !!

17q23-q24 SMARCD2 BAF60B BAF/PBAF
7q35-q36 SMARCD3 BAF60C BAF/PBAF
17q21.2 SMARCE1 BAF57 BAF/PBAF
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Fig 2. PBRM1- and BAP1-mutant tumors
are associated with different biology, patho-
logic features, and outcomes, setting the foun-
dation for a molecular genetic classification of
clear-cell renal cell carcinoma (ccRCC). (A)
BAF180 (encoded by the PBRM1 gene) con-
tains six tandem bromodomains that bind to
acetylated lysine residues in histone tails,
thereby localizing the PBAF chromatin remod-
eling complex to specific chromatin regions
and regulating gene expression. (B) BAP1 in-
teracts with HCF-1 and functions to deubiquiti-
nate proteins, including histone H2AK119ub1.
By deubiquitinating its substrates, BAP1 may
inhibit protein degradation or, in the case of
H2A, alter gene expression. PBRM1- and
BAP1-mutant tumors are associated with dif-
ferent gene expression signatures, pathologic
features, mTORC1 activation, and outcomes
(Kapur et al30). (C) Pie chart representation of
ccRCC subtypes and their approximate fre-
quencies. HR, hazard ratio; other, tumors with-
out detectable mutations in PBRM1 and
BAP1.
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1).5,6,36,37 Like VHL and PBRM1, SETD2 is a two-hit tumor suppres-
sor gene and is located on chromosome 3p. SETD2 mutations tend to
be in the shared group.6,7 Analyses of data provided by Sato et al6 show
that SETD2 MARs are lower than VHL MARs in one third of ccRCCs,
suggesting that in these tumors SETD2 mutations are subclonal. In
addition, sampling studies have shown different SETD2 mutations in
different samples of the same tumor.7 This mutation convergence
suggests a high selective pressure to mutate SETD2 in some contexts; a
meta-analysis suggests that SETD2 mutations cooperate with muta-
tions in PBRM1.11 Though the molecular basis remains unclear, both
BAF180 and SETD2 converge on histones, one as a reader (BAF180)
and the other as a writer (SETD2).

How biallelic SETD2 inactivation leads to ccRCC is unclear. The
SETD2 protein is a nonredundant histone H3 lysine 36 trimethylating
(H3K36me3) enzyme.38 Though H3K36 methylation is generally
linked to active transcription, it is also associated with alternative

splicing and transcriptional repression.39 Interestingly, a recent study
has linked SETD2 and H3K36me3 to DNA mismatch repair,40 and
microsatellite instability was found in a subset of ccRCC.41 In addi-
tion, a link has been reported in ccRCC between SETD2 mutation and
DNA methylation.5

BAP1 IS A DRIVER OF TUMOR AGGRESSIVENESS

The BRCA1 associated protein-1 (BAP1) gene is mutated in 10% to
15% of patients with ccRCC.12,42 BAP1 was originally identified in a
yeast two-hybrid screen for BRCA1-interacting proteins,43 but endog-
enous BAP1 seems not to bind BRCA1 in mammalian cells. Guo et al42

performed exome sequencing in a small number of ccRCCs with
targeted sequencing of selected genes in an expansion cohort. They
reported a list of 12 genes that mutated in ccRCC at frequencies higher

Table 2. SWI/SNF Genes and Proteins

Location Gene Subunit Complex Mutated in ccRCC

ATPase
9p22.3 SMARCA2 BRM BAF !

19p13.2 SMARCA4 BRG1 BAF/PBAF !!

Targeting
1p35.3 ARID1A BAF250A BAF !!!

6q25.1 ARID1B BAF250B BAF !!

12q12 ARID2 BAF200 PBAF
3p21 PBRM1 BAF180 PBAF (!!!!!!!!!!!!!!!)2

Other
12q13.2 SMARCC2 BAF170 BAF/PBAF !!

3p21.31 SMARCC1 BAF155 BAF/PBAF
12q13-q14 SMARCD1 BAF60A BAF/PBAF !!

17q23-q24 SMARCD2 BAF60B BAF/PBAF
7q35-q36 SMARCD3 BAF60C BAF/PBAF
17q21.2 SMARCE1 BAF57 BAF/PBAF
3q26.33 ACTL6A BAF53A BAF/PBAF
7q22 ACTL6B BAF53B BAF/PBAF
22q11 SMARCB1 BAF47 BAF/PBAF !

 Ac

BAF180
(PBRM1)

 
 

PBAF complex

Fuhrman grade
Necrosis
mTORC1 activity
HR (death)

High
Present/absent

High
2.7 (95% CI, 0.99 to 7.6, P = .044)

Low/high
Absent

Low
1

PBRM1-mutant BAP1-mutant

 

BAP1 

HCF-1
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Ub
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C

BAP1 (12%)
BAP1/PBRM1 (3%)
PBRM1 (45%)
Other (40%)

Fig 2. PBRM1- and BAP1-mutant tumors
are associated with different biology, patho-
logic features, and outcomes, setting the foun-
dation for a molecular genetic classification of
clear-cell renal cell carcinoma (ccRCC). (A)
BAF180 (encoded by the PBRM1 gene) con-
tains six tandem bromodomains that bind to
acetylated lysine residues in histone tails,
thereby localizing the PBAF chromatin remod-
eling complex to specific chromatin regions
and regulating gene expression. (B) BAP1 in-
teracts with HCF-1 and functions to deubiquiti-
nate proteins, including histone H2AK119ub1.
By deubiquitinating its substrates, BAP1 may
inhibit protein degradation or, in the case of
H2A, alter gene expression. PBRM1- and
BAP1-mutant tumors are associated with dif-
ferent gene expression signatures, pathologic
features, mTORC1 activation, and outcomes
(Kapur et al30). (C) Pie chart representation of
ccRCC subtypes and their approximate fre-
quencies. HR, hazard ratio; other, tumors with-
out detectable mutations in PBRM1 and
BAP1.

Molecular Genetics of ccRCC

www.jco.org © 2014 by American Society of Clinical Oncology 1971

Downloaded from ascopubs.org by 62.175.11.100 on February 25, 2019 from 062.175.011.100
Copyright © 2019 American Society of Clinical Oncology. All rights reserved.

Brugarolas	J.	JCO	2014	

sensitivity, and other studies have shown comparable mutation fre-
quencies.12 The majority of mutations are truncating, and PBRM1
functions as a two-hit tumor suppressor gene.23 Furthermore, PBRM1
is on the same chromosome arm as VHL and the second allele is
frequently codeleted with VHL.23 As expected, most PBRM1 muta-
tions are accompanied by loss of the protein.12 Analyses of MARs (as
well as tumor sampling studies) show that PBRM1 mutations may
be ubiquitous.6,7

PBRM1 encodes BAF180, a component of a nucleosome-
remodeling complex. Nucleosomes are histone octamers composed,
typically, of two copies of each of four canonical histone proteins
(H2A, H2B, H3, and H4), around which 147 bp of DNA are
wrapped.24 DNA binding to histones limits its accessibility to tran-
scription factors and RNA polymerases. DNA accessibility is regulated
by remodelers, which unwrap, reposition, and eject nucleosomes.25

There are currently four different families of remodeler com-
plexes, including the switching defective/sucrose nonfermenting
(SWI/SNF) family.25 These families differ in subunit composition and
biologic function.25 SWI/SNF complexes are organized around an
ATPase that provides energy to break DNA/histone contacts, brahma
homolog (BRM), and brahma-related gene 1 (BRG1).26,27 According
to the subunit composition, SWI/SNF complexes are subdivided into
BRG1-associated factor (BAF) and polybromo BRG1-associated fac-
tor (PBAF) complexes (Table 2). Both contain approximately 15 sub-
units, but whereas BAF complexes contain either a BRM or BRG1
subunit, only a BRG1 is in PBAF complexes.27,28 BAF complexes are
thought to be targeted to chromatin by BAF250 proteins, whereas
targeting of PBAF complexes involves BAF180 and BAF200.27,29

BAF180 (encoded by the PBRM1 gene) contains six tandem
bromodomains, two bromo-adjacent homology (BAH) domains
and a high-mobility group (HMG) box.29 Bromodomains bind

acetylated lysine residues in histone tails and may target PBAF to
chromatin (Fig 2A). Different BAF180 bromodomains show dif-
ferent affinities for acetylated lysine residues in vitro, and BAF180
may target PBAF to a specific pattern of acetylated lysines.29,31

Disruption of a single bromodomain may suffice to abrogate tu-
mor suppressor function.12,31

Other genes encoding subunits of the SWI/SNF complex are
mutated in ccRCC but at much lower frequencies (Table 2).5,6,32

However, these mutations are not exclusive with PBRM1,6,23 and how
they cooperate in tumor development is unclear.

How PBRM1 loss promotes tumorigenesis is poorly understood.
In keeping with its role in nucleosome remodeling, ccRCCs deficient
in PBRM1 are associated with a distinct gene-expression signature.30

PBRM1-mutant ccRCCs are enriched for genes in pathways impli-
cated in the cytoskeleton and cell motility.30 In addition, reintroduc-
tion of PBRM1 into PBRM1-deficient cells induces the expression of
the cyclin-dependent kinase inhibitor p21.33 This is accompanied by a
reduction in cell proliferation.33 Finally, PBRM1 was identified in a
small-hairpin RNA (shRNA) screen for genes whose inactivation
would extend the proliferative capacity of primary fibroblasts in
culture.34 Thus, PBRM1 appears to regulate cell proliferation.
Studies in insect cells and mice suggest that SWI/SNF complexes are
in a functionally antagonistic relationship with polycomb group pro-
teins.26 However, whether this will offer opportunities for therapeutic
intervention remains to be determined.35

SETD2 GENE

The gene encoding SET domain containing protein 2 (SETD2) is
somatically mutated in approximately 10% to 15% of ccRCCs (Table
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Fig 1. Interplay between VHL and mTORC1
pathways. In the presence of growth factors,
transphosphorylation by the intracellular do-
mains of receptor tyrosine kinases leads to
recruitment of the regulatory subunit of class
IA PI3K, p85 (either directly or through adaptor
proteins like IRS) and releases its inhibition of
the catalytic subunit (p110!; encoded by
the PIK3CA gene), which phosphorylates
phosphatidylinositol-4,5-trisphosphate to gen-
erate phosphatidylinositol-3,4,5-trisphosphate
(PIP3). PIP3 recruits interacting proteins to the
plasma membrane, such as Akt, which is
phosphorylated and activated by PDK1 and
mTORC2 (mTOR complex 2). Akt phosphory-
lates TSC2, which is in a complex with TSC1
and TBC1D7, releasing its inhibition on Rheb.
Activated Rheb binds to and activates
mTORC1. mTORC1 is inhibited by PRAS40,
and this inhibition is also released by AKT
activation. mTORC1 is also inhibited by
REDD1 in a manner that requires TSC1/TSC2.
REDD1 is transcriptionally induced by both
HIF-1 and HIF-2, which are activated following
the inactivation of the VHL complex through
mutations in either VHL or TCEB1 (encoding
Elongin C). mTORC1 is inhibited by temsiroli-
mus and everolimus, which interact with
FKBP12 and subsequently bind to mTORC1.
Brown ovals, oncoproteins activated by muta-
tion in ccRCC; blue ovals, tumor-suppressor
proteins inactivated by mutation in ccRCC.

James Brugarolas

1970 © 2014 by American Society of Clinical Oncology JOURNAL OF CLINICAL ONCOLOGY

Downloaded from ascopubs.org by 62.175.11.100 on February 25, 2019 from 062.175.011.100
Copyright © 2019 American Society of Clinical Oncology. All rights reserved.



Clear-Cell	Renal	Cell	Cancer	

in the initial tumor clone represent ubiquitous passengers.9 Only a
subset of mutations (possibly fewer than 10 protein-coding gene mu-
tations) are drivers. In addition, driver mutations may be found
among shared and private mutations.

Mutation heterogeneity may be advantageously exploited. The
best therapeutic targets may be found in pathways deregulated by
ubiquitous driver mutations present in every tumor cell. These muta-
tions may be more easily identified by exploiting mutation heteroge-
neity. Furthermore, tumors likely develop as a set of conditional
dependencies in which new mutations build on the confines imposed
by pre-existing mutations,10 and the degree of dependency of a tumor
on a pathway may be related to how early the corresponding muta-
tion occurred. This conditional or contextual nature of oncogenic
mutations fits well with the empiric observation that mutations
exert their protumorigenic effect in a tissue-dependent manner.11

For example, in dominantly inherited familial cancer-prone syn-
dromes, tumors develop in a subset of tissues despite the presence
of the mutation in every diploid cell.

Experimentally, whether a mutation is ubiquitous can be in-
ferred from sampling multiple areas of the tumor.7 In addition,
mutant-allele ratios (MAR), referring to the fraction of mutant
over mutant plus wild-type alleles for each mutation, may also help
determine the prevalence of a mutation. Ubiquitous heterozygous
mutations have MARs of approximately 0.5. However, if the mu-
tation arose later and is only present in 50% of the tumor cells, the
MAR would be 0.25. Similar MARs may be found in mutations
arising around the same time, and this approach was used by Sato
et al6 to define subclonal populations. However, MARs are con-
founded by DNA copy-number alterations as well as by contam-
ination with normal DNA (from stroma or inflammatory cells).
While cumbersome, the problem of contamination may be
resolved by implanting the tumors in mice, which results in the
selective expansion of tumor cells while the stroma is replaced
by the host.12 Although the focus of this article is on genetic
events, epigenetic alterations most likely contribute to can-
cer development.13

VHL COMPLEX IS BROADLY INACTIVATED IN ccRCC

The von Hippel-Lindau (VHL) gene is inactivated by either mutation or
methylationinover80%ofccRCC.6,14-16 VHLwasoriginally identifiedas
the gene responsible for the ccRCC-predisposing syndrome, von Hippel-
Lindau.17 VHL is a two-hit tumor suppressor gene and, typically, one
allele is inactivated through an intragenic mutation and the second is
deleted as part of large deletion. The VHL gene is on chromosome
3p25.3 and deletions in this region, which often involve the whole short
armofchromosome3,areobservedinapproximately90%ofccRCC.18-20

At times, a VHL mutation is found without a 3p deletion. However, a
deletion may have occurred, accompanied by duplication of the remain-
ing chromosomal region, resulting in copy-neutral loss of heterozygosity
(LOH). Consistent with this, ccRCCs with VHL mutations and copy-
neutral LOH exhibited VHL MARs that were higher than for control
genes (mutated genes in diploid regions without LOH).6 In this setting,
both alleles of VHL would be inactivated by the same mutation.

The VHL protein forms a complex with Elongin B, Elongin C, Cul2,
and Rbx1 that functions as an E3 ubiquitin ligase toward, most promi-
nently, the ! subunits of HIF (hypoxia-inducible factor) transcription
factors (Fig 1).21 Many mutations in VHL disrupt protein expression, but
missense mutations often cluster in the interface between VHL and
Elongin C.22 Interestingly, the Elongin C gene (called TCEB1) is mutated
in 0.5% to 5% of ccRCCs (Table 1).6 TCEB1 mutations are uniformly
associatedwithLOHof8q21,whereTCEB1 is located.6 Asexpected, these
mutations are exclusive with VHL mutations (P! .0001).6 This is consis-
tentwith thenotionthatmutations ineitherVHLorTCEB1aresufficient
to inactivate the function of the complex.

Enigmatically, TCEB1 mutations are not typical loss-of-function
mutations. All mutations reported by Sato et al6 were missense muta-
tions at two conserved residues, Tyr79 (n " 7) and Ala100 (n " 1).
These mutations seemingly interfere with VHL binding to Elongin C
and lead to the stabilization of HIF-! subunits. However, the pattern
of mutation suggests that the situation is more complex. Perhaps other
functions of elongin C need to be preserved.

Overall, Sato et al6 found evidence of VHL complex inactivation
in 92% of ccRCC (97 of 106 tumors). In this cohort, VHL mutations
were found in 66% (70 of 106 tumors),VHL methylation in 21% (22 of
106 tumors), and TCEB1 mutation in 5% (five of 106 tumors).
Whether the VHL complex is inactivated in the remaining tumors is
unclear.InthenineremainingccRCCs,nomutationswerefoundinother
complex components.6 However, immunohistochemistry (IHC) analy-
ses showed that seven tumors expressed HIF-! (HIF-1!, HIF-2!, or
both) at levels comparable to VHL-deficient tumors and several of
these had low mutation numbers, raising the possibility that some
mutations may have been missed. In addition, VHL may have been
inactivated through mutations outside sequenced regions. The
remaining two ccRCCs had no detectable HIF-! expression. One
of these was a translocation carcinoma involving the TFE3 gene,
and translocation carcinomas may lack VHL mutations.5 Thus,
most, if not all, ccRCC may have deregulation of the VHL pathway.

PBRM1 IS THE SECOND MOST FREQUENTLY MUTATED GENE
IN ccRCC

Polybromo 1 (PBRM1) is mutated in approximately 45% of ccRCC.23

Lower mutation frequencies in recent studies5,6 may reflect reduced

Table 1. ccRCC-Mutated Genes

Genes

TCGA Cohort Japanese Cohort!

Tumors With
Mutation

(%)

Passenger
Probability
(q value)

Tumors With
Mutation

(%)

Passenger
Probability
(q value)

VHL 52.3 ! .0001 39.6† ! .0001
PBRM1 32.9 ! .0001 26.4 ! .0001
SETD2 11.5 ! .0001 11.3 ! .0001
BAP1 10.1 ! .0001 7.5 ! .0001
MTOR 6 ! .0001 5.7 .0431
TCEB1 0.7 .0566 4.7‡ ! .0001
PIK3CA 2.9 ! .0001 4.7 .0268
KDM5C 6.7 ! .0001 3.8 .12
TP53 2.2 ! .0001 2.8 .0176
PTEN 4.3 ! .0001 1.9 .116

Abbreviations: ccRCC, clear-cell renal cell carcinoma; TCGA, The Cancer
Genome Atlas.

!Mutations found by whole exome sequencing.
†Including complementary approaches overall VHL mutation rate, 66%.
‡Possibly higher TCEB1 mutation rates in preselected ccRCC population.

Data are obtained from Creighton et al (Table S4).5 and Sato et al (Table S4).6
For methodology, see Creighton et al5 and Sato et al.6
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Tumour heterogeneity and cancer evolution
As Nowell first described 40  years ago81, genetic diver-
sity within tumours is thought to provide the substrate 
upon which selection can act, to enable tumours to adapt 
to new microenvironmental pressures and metabolic 
demands during the natural history of the cancer (FIG. 4a). 
Such genetic diversity has been studied extensively 
in ccRCC. For example, in a study of four patients with 
ccRCC who had multiple tumours and were subjected 

to multiregion genetic analysis, VHL mutation and 3p 
loss of heterozygosity were found to be ubiquitous events 
across all regions sampled17. By contrast, common driver 
events, such as SETD2, PBRM1, MTOR, PIK3CA, PTEN 
and KDM5C mutations, were present heterogeneously 
within the primary tumour and metastatic sites — in 
some regions but not others. Such genetic characteristics 
enable the construction of tumour phylogenies, whereby 
the ‘trunk’ of the evolutionary tree depicts mutations 
found in the most recent common ancestor (MRCA) 
that are also present in every tumour cell. ‘Branched’ 
mutations are found in some subclones but not others; 
these mutations may be regionally distributed across the 
tumour, occupying distinct regional niches within the 
primary tumour or different niches between the primary 
and metastatic sites of disease.

Furthermore, parallel evolution has been observed, 
whereby recurrent branch alterations in subclones 
affect the same gene, the signal transduction pathway 
or the protein complex (FIG. 4b). In some cases — such 
as BAP1, PBRM1 and SETD2 mutations — such recur-
rent but distinct alterations can be readily explained as 
the ‘second-hit’ event in the evolution of the tumour. 
In other cases, parallel evolution suggests considerable 
selection pressures for disruption of the same signalling 
pathway or protein complex. In addition, convergence of 
genetic characteristics has been noted in several studies 
of ccRCC19 ,23,82, whereby mutations in genes occur at dif-
ferent time points but result in similar overall genomic 
and phenotypic profiles; a ‘braided river’ model has 
been conceived to illustrate this phenomenon69 (FIG. 4c). 
Regardless of the modality, a follow-up study of ccRCC 
samples from eight patients demonstrated evidence 
for branched evolution, in which 73–75% of driver 
 alterations were found to be subclonal18.

Multiregion tumour analyses suggest the intriguing 
possibility that evolutionary trajectories are remarkably 
constrained in ccRCC, which — as our knowledge of 
microenvironmental, therapeutic and host selection 
pressures grows — could render the evolutionary routes 
predictable and, therefore, therapeutically tractable. For 
example, it has been shown that patients who responded 
well to mTOR inhibition harboured recurrent regionally 
separated aberrations in components of the mTOR path-
way75. Furthermore, some subclonal alterations might 
be involved in the initiation and maintenance of cell-to- 
cell variation that are necessary for clonal selection. 
For example, SETD2 loss of function has been shown 
to impair nucleosome compaction, mini chromosome 
maintenance complex component 7 (MCM7) function 
and DNA polymerase-δ loading to chromatin, result-
ing in impaired DNA replication fork progression. 
In addition, failure to load lens epithelium-derived 
growth factor p75 splice variant (LEDGF; also known 
as PSIP1) and DNA repair protein RAD51 homologue 1 
(RAD51) — which are involved in DNA break repair — 
has also been observed upon SETD2 loss, resulting in 
homologous recombination repair deficiency83. These 
events are, accordingly, plausible genomic biomarkers in 
ccRCC that are dispersed within distinct regional niches 
within each tumour19 ,84.

Figure 3 | VHL inactivation in clear cell renal cell carcinoma and its implication 
in targeted therapy. Loss of VHL (which encodes pVHL) is the most frequent genetic 
feature of clear cell renal cell carcinoma (ccRCC). Its loss relieves the cell of negative 
regulation of the hypoxia-inducible factors (HIFs), which results in increased HIF target 
gene expression and ensuing changes in cellular metabolism and signalling that enhance 
cell survival. For example, increased vascular endothelial growth factor (VEGF) 
expression increases angiogenesis in concert with increased growth factor signalling 
in endothelial cells in the tumour microenvironment (including fibroblast growth factor 
(FGF) and hepatocyte growth factor (HGF)). Collectively, these changes provide the 
targets for therapeutic agents to impede tumour growth, as indicated. Dashed inhibitory 
line indicates indirect inhibition shown in limited reports. EIF4EBP1, eukaryotic 
translation initiation factor 4E-binding protein 1; FGFR, FGF receptor; HRE, HIF response 
element; MET, hepatocyte growth factor receptor; mTORC, mechanistic target of 
rapamycin complex; PI3K, phosphoinositide 3-kinase; PTEN, phosphatase and tensin 
homologue; RHEB, GTP-binding protein Rheb; S6K1, ribosomal protein S6 kinase; 
TSC, tuberous sclerosis complex; VEGFR, VEGF receptor.
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including the first report of ccRCC profiled in a post-mortem
setting. To our knowledge, this is the largest study of its kind
to date, offering broad insights into the diverse spectrum of
modes of progression from primary to metastatic disease. A
key objective of the TRACERx Renal study is to reduce sampling
bias and provide clonal resolution of the primary tumor, such
that the metastasis seeding clones can be distinguished from
metastasis incompetent clones more reliably. Clonal resolution
facilitates an improved understanding of the genomic events,
and broader clonal characteristics, that drive metastasis and
mortality risk. In addition, the wide range of metastatic tissue
sites sampled in this study allows detailed analysis of the vary-
ing metastatic phenotypes in ccRCC.

First, in characterizing metastases, we show profound evi-
dence of evolutionary bottlenecking, with metastatic sites being
both more homogeneous (proportion of clonal variants = 0.87)
and harboring fewer driver somatic alterations (mean = 9),
compared to their matched primary tumors (0.32 and 12).
Furthermore, only a minority of driver events (5.4%) were found
to be private (or de novo) in metastases, indicating that the
majority of driver diversity accumulated at the primary tumor
site, which then serves as the substrate for selection of metas-
tasis-competent populations. Tumor clones that were
‘‘selected’’ and progressed from primary to metastatic sites
of disease were characterized by elevated levels of somatic
copy-number alterations, increased proliferation, and evidence
of immune evasion (in the form of HLA LOH), but not by
increased driver SNV/INDEL counts. 9p loss was found to be
a potent driver of both metastasis and ccRCC mortality risk,

Figure 7. Summary of Key Conclusions
from the Study

even after adjustment for established
clinically prognostic indicators. Loss of
14q also showed a trend towards signif-
icance, and taken together these two
events represent hallmark genomic alter-
ations in ccRCC metastasis (overall 36 of
38 TRACERx Renal cases had loss of at
least one of these chromosome arms).
Furthermore, 71% (n = 27) of the meta-
static cases in the TRACERx renal
cohort had loss of both 9p and 14q,
compared to only 35% (n = 22) of cases
without metastatic disease at presenta-
tion (n = 62) (Turajlic et al., 2018a), sug-
gesting these events interact to drive
metastatic risk. While investigation of
functional mechanisms is beyond the
scope of this study, we note that p16
(encoded by CDKN2A on 9p) has been
shown to modulate VEGF expression
via its interaction with HIF-1alpha, en-
coded by HIF1A on 14q (Zhang et al.,
2010). Critically, in the context of their
potential utility as biomarkers both 9p

and 14q loss were predominantly subclonal in our multi-
regional analysis of primary ccRCC (Turajlic et al., 2018a) and
may be missed by single biopsy approaches.
Secondly, our analyses highlight distinct modes of metastatic

dissemination (Figure 7). In primary tumors characterized by low
ITH and high wGII, metastatic competence is acquired within
themost recent common ancestor, which drives rapid dissemina-
tion, leading to surgical failure, poor response to systemic therapy
and early death from disease. These observations are consistent
with the presence of occult micrometastases at the time of sur-
gery. The ‘‘multiclonal driver’’ case K548, examined at post-mor-
tem, is an exemplar of the disseminated metastatic seeding from
such tumors. In this context, we note that these cases are a mi-
nority in the TRACERx Renal cohort which was weighted towards
operable patients (Turajlic et al., 2018a); hence, low ITH/high wGII
pattern may be prevalent in patients who are deemed inoperable.
Acquisition of the metastatic potential at the early stage of tumor
evolution has been reported in pancreatic (Notta et al., 2016) and
breast cancers (Gao et al., 2016) and uveal melanoma (Field et al.,
2018), consistent with the tendency of some tumors to metasta-
size rapidly. Improving outcomes in such cases presents a signif-
icant challenge.
We observed a contrasting phenotype in primary tumors char-

acterized by lower wGII, high ITH, and ‘‘attenuated progression’’
(Figure 4). Metastatic competence was acquired gradually and
was limited to certain subpopulations in the primary tumor at
the time of surgical resection. The clinical course was character-
ized by an initial solitary or oligometastatic pattern, withmetasta-
tic capacity increasing over time resulting in more efficient and
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interactions with the tumor microenvironment, the immune sys-
tem and altered epigenetic states (Giancotti, 2013).

Spatial Resolution of Metastases through Post-Mortem
Sampling
To explore the clonal dynamics of multiple metastases we
sampled two cases at post-mortem(Figure 6; Table S1A) through
the PEACE study (NCT03004755). Case K548 presented with a
primary ccRCC which had already disseminated to multiple sites
including adrenal, loco-regional and mediastinal lymph nodes,
liver, and pleura (Table S1). All disease sites, including the primary
tumor, were sampled at post-mortem (Figure 6A). Clonal muta-
tions were detected in VHL, PBRM1, and SETD2 genes, and
accordingly this casewascategorizedasa ‘‘multiple clonal driver’’
subtype. The primary tumor had low ITH and high wGII, and all 13
metastatic sites sampled were seeded by the dominant clone
which was characterized by 9p and 14q loss (Figure 6A). We
note this patient progressed rapidly through two lines of systemic
therapy and died 6 months after the diagnosis of ccRCC (Table
S1). The evolutionary features of the primary tumor are in keeping
with those we observe in the TRACERx Renal cases with ‘‘rapid
progression’’ (Figure 4A).
In case K489 the patient presented with a primary ccRCC and

underwent a nephrectomy with curative intent (Figure 6B). 7
years following surgery two pancreatic metastases were de-
tected on imaging and the patient underwent a complete meta-

stasectomy (Figure 6B; Table 1). 4 years later, they presented
with lymph node and lung metastases (Figure 6B). They received
multiple lines of systemic therapy, subsequently developing me-
tastases at additional sites including liver and bone, and suc-
cumbing to their disease 17 years after the original diagnosis
(Figure 6B; Table 1). We obtained fresh samples at post-mortem
from multiple lymph node sites, liver, lung, and contralateral
kidney metastases, and we accessed the primary tumor and
the resected pancreatic metastases from archived FFPE
material. The primary tumor harbored a clonal VHL mutation
and 3p loss, and a subclonal PBRM1 and multiple SETD2
mutations, indicating parallel evolution. These features were
consistent with the ‘‘PBRM1/SETD2’’ evolutionary subtype
(Turajlic et al., 2018a). In accordance with our observations in
the TRACERx renal cohort (Figure 4), the pattern of disease
spread was consistent with ‘‘attenuated progression.’’ The two
pancreatic metastases were seeded by separate clones (indi-
cating potentially distinct waves of metastatic spread) neither
of which harbored 9p loss. By contrast, subsequent metastases
to the lymph nodes, liver, lung, and kidney were seeded by a
subclone harboring additional SCNA events, including loss of 9p.

DISCUSSION

We present an integrated analysis of 575 primary and 335 met-
astatic biopsies across 100 patients with metastatic ccRCC,
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The	ages	of	ccRCC	

parenchyma. Partial nephrectomy is indicated for 
patients with a T1 tumour (according to the Union for 
International Cancer Control TNM staging system) 
and a normal contralateral kidney (elective indication). 
Moreover, partial nephrectomy is strongly recom-
mended (imperative absolute indications) in patients 
with RCC who have only one kidney (anatomically 
or functionally), in those with bilateral synchronous 
RCC and in those with von Hippel–Lindau syndrome. 
Similarly, imperative relative indications include con-
ditions that can impair renal function (for example, 
kidney stones, hypertension, diabetes mellitus and 
pyelo nephritis). Indeed, partial nephrectomy offers 
lower renal function impairment135 –137  and equivalent 
oncological survival outcomes compared with radical 
nephrectomy in those with T1 tumours138 ,139 . More con-
troversial is the favourable effect of partial nephrectomy 
on overall survival140 ,141 because conventional wisdom 
dictates that removal of the whole kidney is better in 
terms of oncological outcome. In this scenario, surgical 
feasibil ity remains the main factor that influences the 
final  decision-making process.

In the past decade, nephrometry scoring systems 
have been proposed to predict the complexity of the 
partial nephrectomy procedure and to predict peri-
operative outcomes according to the anatomical and 

topographical tumour characteristics142  (TABLE 3). The 
R.E.N.A.L. and PADUA nephrometry systems are still 
the most popular and most used tools to preoperatively 
classify tumours143. These first-generation systems, 
along with the Centrality Index system, mainly factor in 
tumour-related anatomical parameters, including face 
location (that is, anterior or posterior faces, according 
to their coverage by the anterior or posterior layers of 
the renal fascia, respectively), longitudinal polar loca-
tion, rim location (that is, whether the tumour is located 
at the lateral or medial rim of the kidney), the degree 
of tumour extension into the parenchyma, renal sinus 
involvement, upper urinary collecting system involve-
ment and the clinical maximal diameter of the tumour. 
Clinical studies demonstrated that such nephrometry 
systems were able to predict the risk of bleeding and 
postoperative complications in patients who underwent 
partial nephrectomy142 . Thus, these systems represent 
valid tools for counselling patients and selecting the ideal 
candidate for partial nephrectomy according to surgeon 
experience143. Second-generation nephrometry systems, 
such as Diameter-Axial-Polar system, Zonal NePhRO 
scoring system and Arterial Based Complexity system, 
should be externally validated and tested head-to-head 
against a first-generation system before being introduced 
into clinical practice.

Figure 7 | Therapeutic evolution and survival outcome of metastatic clear cell renal cell carcinoma through 
the four different eras. a | Before 2005, two drugs were available to treat renal cell carcinoma (RCC; with a median 
survival of ~15 months). This so-called dark age of treatments was followed by the modern age (2005–2014), 
which saw seven additional regimens gain approval (increasing the median survival to ~30 months). Currently, 
the golden age has already witnessed the introduction of three drugs, with more anticipated over the next decade. 
b | These advances promise to be translated to a significant number of patients (~50%), achieving durable remissions 
under active surveillance by 2025 with a median survival of ~5 years. The ultimate goal of the future diamond age of 
drug approvals is >80% of patients with metastatic clear cell RCC achieving long-term survival. Dashed lines represent 
predicted survival.
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Overall survival favored nivolumab plus ipi lim-
umab over sunitinib across subgroups (Fig. 2). 
Similarly, the objective response rate was higher 
with nivolumab plus ipilimumab than with suni-
tinib in all subgroups (Fig. S3 in the Supplemen-
tary Appendix).

Secondary End Points in the Intention-to-Treat 
Population

In the intention-to-treat population (patients with 
favorable, intermediate, or poor risk), the 12-month 
overall survival rate was 83% (95% CI, 80 to 86) 
with nivolumab plus ipilimumab versus 77% 

Figure 1. Overall Survival and Progression-free Survival among IMDC Intermediate- and Poor-Risk Patients.

Progression was defined according to the Response Evaluation Criteria in Solid Tumors, version 1.1. For progres-
sion-free survival, the between-group difference did not meet the prespecified threshold (P = 0.009) for statistical 
significance. IMDC denotes International Metastatic Renal Cell Carcinoma Database Consortium, NE not estimable, 
and NR not reached.
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Overall survival favored nivolumab plus ipi lim-
umab over sunitinib across subgroups (Fig. 2). 
Similarly, the objective response rate was higher 
with nivolumab plus ipilimumab than with suni-
tinib in all subgroups (Fig. S3 in the Supplemen-
tary Appendix).

Secondary End Points in the Intention-to-Treat 
Population

In the intention-to-treat population (patients with 
favorable, intermediate, or poor risk), the 12-month 
overall survival rate was 83% (95% CI, 80 to 86) 
with nivolumab plus ipilimumab versus 77% 

Figure 1. Overall Survival and Progression-free Survival among IMDC Intermediate- and Poor-Risk Patients.

Progression was defined according to the Response Evaluation Criteria in Solid Tumors, version 1.1. For progres-
sion-free survival, the between-group difference did not meet the prespecified threshold (P = 0.009) for statistical 
significance. IMDC denotes International Metastatic Renal Cell Carcinoma Database Consortium, NE not estimable, 
and NR not reached.
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mab plus ipilimumab than with sunitinib across 
PD-L1 expression levels (Fig. S4 in the Supplemen-
tary Appendix). The 12-month overall survival rate 
with less than 1% PD-L1 expression was 80% 
(95% CI, 75 to 84) with nivolumab plus ipilim-
umab and 75% (95% CI, 70 to 80) with suni-

tinib, and the 18-month overall survival rate was 
74% (95% CI, 69 to 79) and 64% (95% CI, 58 to 70), 
respectively; the median overall survival was not 
reached in both groups (hazard ratio for death, 
0.73; 95% CI, 0.56 to 0.96). In patients with 1% or 
greater PD-L1 expression, the 12-month overall 

Figure 2. Subgroup Analysis of Overall Survival among IMDC Intermediate- and Poor-Risk Patients.

Patients with intermediate risk had an IMDC score of 1 or 2, and those with poor risk had a score of 3 to 6. IMDC 
risk scores are defined by the number of the following risk factors present: a Karnofsky performance-status score  
of 70 (on a scale from 0 to 100, with lower scores indicating greater disability; patients with a performance-status 
score of <70 were excluded from the trial), a time from initial diagnosis to randomization of less than 1 year, a he-
moglobin level below the lower limit of the normal range, a corrected serum calcium concentration of more than  
10 mg per deciliter (2.5 mmol per liter), an absolute neutrophil count above the upper limit of the normal range, 
and a platelet count above the upper limit of the normal range. Bone, liver, lung, and lymph-node metastases were 
not protocol-prespecified subgroups. PD-L1 denotes programmed death ligand 1.
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The objective response rate was 59.3% (95% 
CI, 54.5 to 63.9) in the pembrolizumab–axitinib 
group and 35.7% (95% CI, 31.1 to 40.4) in the 
sunitinib group (P<0.001); 5.8% of patients in the 

pembrolizumab–axitinib group and 1.9% in the 
sunitinib group had a complete response (Ta-
ble 2). The median duration of response was not 
reached in the pembrolizumab–axitinib group 
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The objective response rate was 59.3% (95% 
CI, 54.5 to 63.9) in the pembrolizumab–axitinib 
group and 35.7% (95% CI, 31.1 to 40.4) in the 
sunitinib group (P<0.001); 5.8% of patients in the 

pembrolizumab–axitinib group and 1.9% in the 
sunitinib group had a complete response (Ta-
ble 2). The median duration of response was not 
reached in the pembrolizumab–axitinib group 
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PBMR1	associates	with	greater	benefit	from	Anti-PD1	
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perturbations in the PBAF complex (20). Loss of
BAF180 or the related PBAF subunit BRG1, en-
coded by the gene SMARCA4, prevents formation
of the intact PBAF complex (20). We performed
gene-expression analyses of BAF180-null (A704)
cell lines versus PBAF–wild type (A704-BAF180) cell
lines, as well as BRG1-null (A704-BAF180BRG1−/−)
cell lines versus A704-BAF180 cell lines (Fig. 4A).
Differential gene-expression analysis showed sub-
stantial overlaps (~50%) between the top 100 genes
differentially expressed in A704 versus A704-
BAF180 cell lines andA704-BAF180BRG1−/− versus
A704-BAF180 cell lines (table S4). This reflects
the fact that BAF180 is essential to the PBAF, but
not the BAF, complex, whereas BRG1 is a re-
quired subunit of both. Thus, the BAF180-null
and BRG1-null cell lines have some shared char-
acteristics but are also biologically and pheno-
typically distinct.
Gene set enrichment analysis (GSEA) on 50

“hallmark” gene sets representingmajor biological
processes (21) revealed five gene sets whose ex-
pression was significantly enriched in cell lines
that were PBAF deficient. These included genes
linked to IL-6 (interleukin-6)–JAK-STAT3 (Janus
kinase–signal transducers and activators of tran-
scription 3) signaling, TNF-a signaling via NF-kB,
and IL-2–STAT5 signaling (Fig. 4A and table S5,

A and B). As expected, the hallmark hypoxia gene
set was upregulated in A704 versus A704-BAF180
cell lines [family-wise error rate (FWER) q=0.071]
(table S5A) (20). Across themore refined “founder”
gene sets describing these five significantly en-
riched hallmark gene sets, the most strongly en-
riched gene set in PBAF-deficient cell lines was
the Kyoto Encyclopedia of Genes and Genomes
(KEGG) cytokine-cytokine receptor interaction
gene set (FWER q = 0.0020 for A704 versus A704-
BAF180, and q = 0.023 for A704-BAF180BRG1−/−

versus A704-BAF180) (Fig. 4A and table S5, C to L).
This gene set includes both immune-stimulatory
(e.g., IL12, CCL21) and immune-inhibitory (e.g.,
IL10) genes, but GeneOntology term analysis (11)
showed that the genes most strongly enriched in
PBAF-deficient cell lines were immune stimula-
tory (table S6). Previously reported GSEA analysis
of untreated ccRCC from The Cancer Genome
Atlas (TCGA) database and a murine model of
PBRM1 loss also show amplified transcriptional
outputs of hypoxia-inducible factor 1 (HIF1) and
STAT3, involved in hypoxia response and JAK-
STAT signaling, respectively, in PBRM1-mutant
versus PBRM1–wild type states (19). GSEA analy-
sis of RNA-seq from pretreatment tumors in the
discovery and validation cohorts of this study
(n = 18 PBRM1-LOF versus n = 14 PBRM1-intact)

confirmed increased expression of the hypoxia
and IL-6–JAK-STAT3 gene sets in the PBRM1-LOF
tumors (Fig. 4B and tables S7, A and B, and S8).
Given JAK-STAT3 pathway gene involvement in
the interferon gamma (IFN-g) signaling pathway
and IFN-g–dependent cancer immunostimulation
(22), differential expression of these genes may
affect the response of PBRM1-LOF patients to
anti–PD-(L)1 therapy.
In addition to assessing tumor-intrinsic gene

expression with GSEA, we further characterized
the quality of the tumor-immunemicroenviron-
ment in PBRM1-LOF versus PBRM1-intact ccRCC
in three independent cohorts: patients from the
TCGA database (6), an independent cohort of
untreated ccRCC tumors (Sato) (23), and patient
tumors from this study (table S8). In all three co-
horts, tumors harboring LOFmutations inPBRM1
showed lower expression of immune-inhibitory
ligands (e.g., CD276 andBTLA) (24) than thosewith-
out PBRM1mutations. This findingwas somewhat
unexpected, as high PD-L1 staining is associated
with increased responsiveness to anti–PD-(L)1
agents in other cancer types (25, 26). However,
the magnitudes of these differences were small
and potentially confounded by differing degrees
of tumor-stromal admixture (fig. S7, A to C) (9).
We also examined LOF mutations in VHL, the
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Fig. 2. Analysis of tumor-genome features in discovery cohort reveals a
correlation between PBRM1 LOFmutations and clinical benefit from
anti–PD-1 therapy. (A) Mutations in the discovery cohort. Patients are
ordered by response category, with tumor mutation burden in decreasing
order within each response category. Shown are all genes that were
recurrently mutated at a significant frequency, as assessed by MutSig2CV
analysis (table S1E). CNA, copy-number alteration. (B) Enrichment of
truncating mutations in tumors from patients in the CB versus NCB groups.
Red dashed line denotes q<0.1 (Fisher’s exact test). Mutations in genes above

the black dotted line are enriched in tumors of patients with clinical benefit
from anti–PD-1 therapy, and mutations in genes below the line are enriched in
tumors of patients with no clinical benefit. (C) Kaplan-Meier curve comparing
overall survival of patients treated with anti–PD-1 therapy whose tumors did
or did not harbor LOFmutations in PBRM1. See also fig. S5 for Kaplan-Meier
curve comparing PFS of these patients. (D) Spider plot showing objective
decrease in tumor burden in PBRM1-LOF (light blue) versus PBRM1-intact
(yellow) tumors.Three patients with early progression on anti–PD-1 therapy
and truncating mutations in PBRM1 (dark blue) had long and/or censored OS.
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perturbations in the PBAF complex (20). Loss of
BAF180 or the related PBAF subunit BRG1, en-
coded by the gene SMARCA4, prevents formation
of the intact PBAF complex (20). We performed
gene-expression analyses of BAF180-null (A704)
cell lines versus PBAF–wild type (A704-BAF180) cell
lines, as well as BRG1-null (A704-BAF180BRG1−/−)
cell lines versus A704-BAF180 cell lines (Fig. 4A).
Differential gene-expression analysis showed sub-
stantial overlaps (~50%) between the top 100 genes
differentially expressed in A704 versus A704-
BAF180 cell lines andA704-BAF180BRG1−/− versus
A704-BAF180 cell lines (table S4). This reflects
the fact that BAF180 is essential to the PBAF, but
not the BAF, complex, whereas BRG1 is a re-
quired subunit of both. Thus, the BAF180-null
and BRG1-null cell lines have some shared char-
acteristics but are also biologically and pheno-
typically distinct.
Gene set enrichment analysis (GSEA) on 50

“hallmark” gene sets representingmajor biological
processes (21) revealed five gene sets whose ex-
pression was significantly enriched in cell lines
that were PBAF deficient. These included genes
linked to IL-6 (interleukin-6)–JAK-STAT3 (Janus
kinase–signal transducers and activators of tran-
scription 3) signaling, TNF-a signaling via NF-kB,
and IL-2–STAT5 signaling (Fig. 4A and table S5,

A and B). As expected, the hallmark hypoxia gene
set was upregulated in A704 versus A704-BAF180
cell lines [family-wise error rate (FWER) q=0.071]
(table S5A) (20). Across themore refined “founder”
gene sets describing these five significantly en-
riched hallmark gene sets, the most strongly en-
riched gene set in PBAF-deficient cell lines was
the Kyoto Encyclopedia of Genes and Genomes
(KEGG) cytokine-cytokine receptor interaction
gene set (FWER q = 0.0020 for A704 versus A704-
BAF180, and q = 0.023 for A704-BAF180BRG1−/−

versus A704-BAF180) (Fig. 4A and table S5, C to L).
This gene set includes both immune-stimulatory
(e.g., IL12, CCL21) and immune-inhibitory (e.g.,
IL10) genes, but GeneOntology term analysis (11)
showed that the genes most strongly enriched in
PBAF-deficient cell lines were immune stimula-
tory (table S6). Previously reported GSEA analysis
of untreated ccRCC from The Cancer Genome
Atlas (TCGA) database and a murine model of
PBRM1 loss also show amplified transcriptional
outputs of hypoxia-inducible factor 1 (HIF1) and
STAT3, involved in hypoxia response and JAK-
STAT signaling, respectively, in PBRM1-mutant
versus PBRM1–wild type states (19). GSEA analy-
sis of RNA-seq from pretreatment tumors in the
discovery and validation cohorts of this study
(n = 18 PBRM1-LOF versus n = 14 PBRM1-intact)

confirmed increased expression of the hypoxia
and IL-6–JAK-STAT3 gene sets in the PBRM1-LOF
tumors (Fig. 4B and tables S7, A and B, and S8).
Given JAK-STAT3 pathway gene involvement in
the interferon gamma (IFN-g) signaling pathway
and IFN-g–dependent cancer immunostimulation
(22), differential expression of these genes may
affect the response of PBRM1-LOF patients to
anti–PD-(L)1 therapy.
In addition to assessing tumor-intrinsic gene

expression with GSEA, we further characterized
the quality of the tumor-immunemicroenviron-
ment in PBRM1-LOF versus PBRM1-intact ccRCC
in three independent cohorts: patients from the
TCGA database (6), an independent cohort of
untreated ccRCC tumors (Sato) (23), and patient
tumors from this study (table S8). In all three co-
horts, tumors harboring LOFmutations inPBRM1
showed lower expression of immune-inhibitory
ligands (e.g., CD276 andBTLA) (24) than thosewith-
out PBRM1mutations. This findingwas somewhat
unexpected, as high PD-L1 staining is associated
with increased responsiveness to anti–PD-(L)1
agents in other cancer types (25, 26). However,
the magnitudes of these differences were small
and potentially confounded by differing degrees
of tumor-stromal admixture (fig. S7, A to C) (9).
We also examined LOF mutations in VHL, the
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Fig. 2. Analysis of tumor-genome features in discovery cohort reveals a
correlation between PBRM1 LOFmutations and clinical benefit from
anti–PD-1 therapy. (A) Mutations in the discovery cohort. Patients are
ordered by response category, with tumor mutation burden in decreasing
order within each response category. Shown are all genes that were
recurrently mutated at a significant frequency, as assessed by MutSig2CV
analysis (table S1E). CNA, copy-number alteration. (B) Enrichment of
truncating mutations in tumors from patients in the CB versus NCB groups.
Red dashed line denotes q<0.1 (Fisher’s exact test). Mutations in genes above

the black dotted line are enriched in tumors of patients with clinical benefit
from anti–PD-1 therapy, and mutations in genes below the line are enriched in
tumors of patients with no clinical benefit. (C) Kaplan-Meier curve comparing
overall survival of patients treated with anti–PD-1 therapy whose tumors did
or did not harbor LOFmutations in PBRM1. See also fig. S5 for Kaplan-Meier
curve comparing PFS of these patients. (D) Spider plot showing objective
decrease in tumor burden in PBRM1-LOF (light blue) versus PBRM1-intact
(yellow) tumors.Three patients with early progression on anti–PD-1 therapy
and truncating mutations in PBRM1 (dark blue) had long and/or censored OS.
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perturbations in the PBAF complex (20). Loss of
BAF180 or the related PBAF subunit BRG1, en-
coded by the gene SMARCA4, prevents formation
of the intact PBAF complex (20). We performed
gene-expression analyses of BAF180-null (A704)
cell lines versus PBAF–wild type (A704-BAF180) cell
lines, as well as BRG1-null (A704-BAF180BRG1−/−)
cell lines versus A704-BAF180 cell lines (Fig. 4A).
Differential gene-expression analysis showed sub-
stantial overlaps (~50%) between the top 100 genes
differentially expressed in A704 versus A704-
BAF180 cell lines andA704-BAF180BRG1−/− versus
A704-BAF180 cell lines (table S4). This reflects
the fact that BAF180 is essential to the PBAF, but
not the BAF, complex, whereas BRG1 is a re-
quired subunit of both. Thus, the BAF180-null
and BRG1-null cell lines have some shared char-
acteristics but are also biologically and pheno-
typically distinct.
Gene set enrichment analysis (GSEA) on 50

“hallmark” gene sets representingmajor biological
processes (21) revealed five gene sets whose ex-
pression was significantly enriched in cell lines
that were PBAF deficient. These included genes
linked to IL-6 (interleukin-6)–JAK-STAT3 (Janus
kinase–signal transducers and activators of tran-
scription 3) signaling, TNF-a signaling via NF-kB,
and IL-2–STAT5 signaling (Fig. 4A and table S5,

A and B). As expected, the hallmark hypoxia gene
set was upregulated in A704 versus A704-BAF180
cell lines [family-wise error rate (FWER) q=0.071]
(table S5A) (20). Across themore refined “founder”
gene sets describing these five significantly en-
riched hallmark gene sets, the most strongly en-
riched gene set in PBAF-deficient cell lines was
the Kyoto Encyclopedia of Genes and Genomes
(KEGG) cytokine-cytokine receptor interaction
gene set (FWER q = 0.0020 for A704 versus A704-
BAF180, and q = 0.023 for A704-BAF180BRG1−/−

versus A704-BAF180) (Fig. 4A and table S5, C to L).
This gene set includes both immune-stimulatory
(e.g., IL12, CCL21) and immune-inhibitory (e.g.,
IL10) genes, but GeneOntology term analysis (11)
showed that the genes most strongly enriched in
PBAF-deficient cell lines were immune stimula-
tory (table S6). Previously reported GSEA analysis
of untreated ccRCC from The Cancer Genome
Atlas (TCGA) database and a murine model of
PBRM1 loss also show amplified transcriptional
outputs of hypoxia-inducible factor 1 (HIF1) and
STAT3, involved in hypoxia response and JAK-
STAT signaling, respectively, in PBRM1-mutant
versus PBRM1–wild type states (19). GSEA analy-
sis of RNA-seq from pretreatment tumors in the
discovery and validation cohorts of this study
(n = 18 PBRM1-LOF versus n = 14 PBRM1-intact)

confirmed increased expression of the hypoxia
and IL-6–JAK-STAT3 gene sets in the PBRM1-LOF
tumors (Fig. 4B and tables S7, A and B, and S8).
Given JAK-STAT3 pathway gene involvement in
the interferon gamma (IFN-g) signaling pathway
and IFN-g–dependent cancer immunostimulation
(22), differential expression of these genes may
affect the response of PBRM1-LOF patients to
anti–PD-(L)1 therapy.
In addition to assessing tumor-intrinsic gene

expression with GSEA, we further characterized
the quality of the tumor-immunemicroenviron-
ment in PBRM1-LOF versus PBRM1-intact ccRCC
in three independent cohorts: patients from the
TCGA database (6), an independent cohort of
untreated ccRCC tumors (Sato) (23), and patient
tumors from this study (table S8). In all three co-
horts, tumors harboring LOFmutations inPBRM1
showed lower expression of immune-inhibitory
ligands (e.g., CD276 andBTLA) (24) than thosewith-
out PBRM1mutations. This findingwas somewhat
unexpected, as high PD-L1 staining is associated
with increased responsiveness to anti–PD-(L)1
agents in other cancer types (25, 26). However,
the magnitudes of these differences were small
and potentially confounded by differing degrees
of tumor-stromal admixture (fig. S7, A to C) (9).
We also examined LOF mutations in VHL, the
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Fig. 2. Analysis of tumor-genome features in discovery cohort reveals a
correlation between PBRM1 LOFmutations and clinical benefit from
anti–PD-1 therapy. (A) Mutations in the discovery cohort. Patients are
ordered by response category, with tumor mutation burden in decreasing
order within each response category. Shown are all genes that were
recurrently mutated at a significant frequency, as assessed by MutSig2CV
analysis (table S1E). CNA, copy-number alteration. (B) Enrichment of
truncating mutations in tumors from patients in the CB versus NCB groups.
Red dashed line denotes q<0.1 (Fisher’s exact test). Mutations in genes above

the black dotted line are enriched in tumors of patients with clinical benefit
from anti–PD-1 therapy, and mutations in genes below the line are enriched in
tumors of patients with no clinical benefit. (C) Kaplan-Meier curve comparing
overall survival of patients treated with anti–PD-1 therapy whose tumors did
or did not harbor LOFmutations in PBRM1. See also fig. S5 for Kaplan-Meier
curve comparing PFS of these patients. (D) Spider plot showing objective
decrease in tumor burden in PBRM1-LOF (light blue) versus PBRM1-intact
(yellow) tumors.Three patients with early progression on anti–PD-1 therapy
and truncating mutations in PBRM1 (dark blue) had long and/or censored OS.
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perturbations in the PBAF complex (20). Loss of
BAF180 or the related PBAF subunit BRG1, en-
coded by the gene SMARCA4, prevents formation
of the intact PBAF complex (20). We performed
gene-expression analyses of BAF180-null (A704)
cell lines versus PBAF–wild type (A704-BAF180) cell
lines, as well as BRG1-null (A704-BAF180BRG1−/−)
cell lines versus A704-BAF180 cell lines (Fig. 4A).
Differential gene-expression analysis showed sub-
stantial overlaps (~50%) between the top 100 genes
differentially expressed in A704 versus A704-
BAF180 cell lines andA704-BAF180BRG1−/− versus
A704-BAF180 cell lines (table S4). This reflects
the fact that BAF180 is essential to the PBAF, but
not the BAF, complex, whereas BRG1 is a re-
quired subunit of both. Thus, the BAF180-null
and BRG1-null cell lines have some shared char-
acteristics but are also biologically and pheno-
typically distinct.
Gene set enrichment analysis (GSEA) on 50

“hallmark” gene sets representingmajor biological
processes (21) revealed five gene sets whose ex-
pression was significantly enriched in cell lines
that were PBAF deficient. These included genes
linked to IL-6 (interleukin-6)–JAK-STAT3 (Janus
kinase–signal transducers and activators of tran-
scription 3) signaling, TNF-a signaling via NF-kB,
and IL-2–STAT5 signaling (Fig. 4A and table S5,

A and B). As expected, the hallmark hypoxia gene
set was upregulated in A704 versus A704-BAF180
cell lines [family-wise error rate (FWER) q=0.071]
(table S5A) (20). Across themore refined “founder”
gene sets describing these five significantly en-
riched hallmark gene sets, the most strongly en-
riched gene set in PBAF-deficient cell lines was
the Kyoto Encyclopedia of Genes and Genomes
(KEGG) cytokine-cytokine receptor interaction
gene set (FWER q = 0.0020 for A704 versus A704-
BAF180, and q = 0.023 for A704-BAF180BRG1−/−

versus A704-BAF180) (Fig. 4A and table S5, C to L).
This gene set includes both immune-stimulatory
(e.g., IL12, CCL21) and immune-inhibitory (e.g.,
IL10) genes, but GeneOntology term analysis (11)
showed that the genes most strongly enriched in
PBAF-deficient cell lines were immune stimula-
tory (table S6). Previously reported GSEA analysis
of untreated ccRCC from The Cancer Genome
Atlas (TCGA) database and a murine model of
PBRM1 loss also show amplified transcriptional
outputs of hypoxia-inducible factor 1 (HIF1) and
STAT3, involved in hypoxia response and JAK-
STAT signaling, respectively, in PBRM1-mutant
versus PBRM1–wild type states (19). GSEA analy-
sis of RNA-seq from pretreatment tumors in the
discovery and validation cohorts of this study
(n = 18 PBRM1-LOF versus n = 14 PBRM1-intact)

confirmed increased expression of the hypoxia
and IL-6–JAK-STAT3 gene sets in the PBRM1-LOF
tumors (Fig. 4B and tables S7, A and B, and S8).
Given JAK-STAT3 pathway gene involvement in
the interferon gamma (IFN-g) signaling pathway
and IFN-g–dependent cancer immunostimulation
(22), differential expression of these genes may
affect the response of PBRM1-LOF patients to
anti–PD-(L)1 therapy.
In addition to assessing tumor-intrinsic gene

expression with GSEA, we further characterized
the quality of the tumor-immunemicroenviron-
ment in PBRM1-LOF versus PBRM1-intact ccRCC
in three independent cohorts: patients from the
TCGA database (6), an independent cohort of
untreated ccRCC tumors (Sato) (23), and patient
tumors from this study (table S8). In all three co-
horts, tumors harboring LOFmutations inPBRM1
showed lower expression of immune-inhibitory
ligands (e.g., CD276 andBTLA) (24) than thosewith-
out PBRM1mutations. This findingwas somewhat
unexpected, as high PD-L1 staining is associated
with increased responsiveness to anti–PD-(L)1
agents in other cancer types (25, 26). However,
the magnitudes of these differences were small
and potentially confounded by differing degrees
of tumor-stromal admixture (fig. S7, A to C) (9).
We also examined LOF mutations in VHL, the
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Fig. 2. Analysis of tumor-genome features in discovery cohort reveals a
correlation between PBRM1 LOFmutations and clinical benefit from
anti–PD-1 therapy. (A) Mutations in the discovery cohort. Patients are
ordered by response category, with tumor mutation burden in decreasing
order within each response category. Shown are all genes that were
recurrently mutated at a significant frequency, as assessed by MutSig2CV
analysis (table S1E). CNA, copy-number alteration. (B) Enrichment of
truncating mutations in tumors from patients in the CB versus NCB groups.
Red dashed line denotes q<0.1 (Fisher’s exact test). Mutations in genes above

the black dotted line are enriched in tumors of patients with clinical benefit
from anti–PD-1 therapy, and mutations in genes below the line are enriched in
tumors of patients with no clinical benefit. (C) Kaplan-Meier curve comparing
overall survival of patients treated with anti–PD-1 therapy whose tumors did
or did not harbor LOFmutations in PBRM1. See also fig. S5 for Kaplan-Meier
curve comparing PFS of these patients. (D) Spider plot showing objective
decrease in tumor burden in PBRM1-LOF (light blue) versus PBRM1-intact
(yellow) tumors.Three patients with early progression on anti–PD-1 therapy
and truncating mutations in PBRM1 (dark blue) had long and/or censored OS.

RESEARCH | REPORT

on February 25, 2019
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

perturbations in the PBAF complex (20). Loss of
BAF180 or the related PBAF subunit BRG1, en-
coded by the gene SMARCA4, prevents formation
of the intact PBAF complex (20). We performed
gene-expression analyses of BAF180-null (A704)
cell lines versus PBAF–wild type (A704-BAF180) cell
lines, as well as BRG1-null (A704-BAF180BRG1−/−)
cell lines versus A704-BAF180 cell lines (Fig. 4A).
Differential gene-expression analysis showed sub-
stantial overlaps (~50%) between the top 100 genes
differentially expressed in A704 versus A704-
BAF180 cell lines andA704-BAF180BRG1−/− versus
A704-BAF180 cell lines (table S4). This reflects
the fact that BAF180 is essential to the PBAF, but
not the BAF, complex, whereas BRG1 is a re-
quired subunit of both. Thus, the BAF180-null
and BRG1-null cell lines have some shared char-
acteristics but are also biologically and pheno-
typically distinct.
Gene set enrichment analysis (GSEA) on 50

“hallmark” gene sets representingmajor biological
processes (21) revealed five gene sets whose ex-
pression was significantly enriched in cell lines
that were PBAF deficient. These included genes
linked to IL-6 (interleukin-6)–JAK-STAT3 (Janus
kinase–signal transducers and activators of tran-
scription 3) signaling, TNF-a signaling via NF-kB,
and IL-2–STAT5 signaling (Fig. 4A and table S5,

A and B). As expected, the hallmark hypoxia gene
set was upregulated in A704 versus A704-BAF180
cell lines [family-wise error rate (FWER) q=0.071]
(table S5A) (20). Across themore refined “founder”
gene sets describing these five significantly en-
riched hallmark gene sets, the most strongly en-
riched gene set in PBAF-deficient cell lines was
the Kyoto Encyclopedia of Genes and Genomes
(KEGG) cytokine-cytokine receptor interaction
gene set (FWER q = 0.0020 for A704 versus A704-
BAF180, and q = 0.023 for A704-BAF180BRG1−/−

versus A704-BAF180) (Fig. 4A and table S5, C to L).
This gene set includes both immune-stimulatory
(e.g., IL12, CCL21) and immune-inhibitory (e.g.,
IL10) genes, but GeneOntology term analysis (11)
showed that the genes most strongly enriched in
PBAF-deficient cell lines were immune stimula-
tory (table S6). Previously reported GSEA analysis
of untreated ccRCC from The Cancer Genome
Atlas (TCGA) database and a murine model of
PBRM1 loss also show amplified transcriptional
outputs of hypoxia-inducible factor 1 (HIF1) and
STAT3, involved in hypoxia response and JAK-
STAT signaling, respectively, in PBRM1-mutant
versus PBRM1–wild type states (19). GSEA analy-
sis of RNA-seq from pretreatment tumors in the
discovery and validation cohorts of this study
(n = 18 PBRM1-LOF versus n = 14 PBRM1-intact)

confirmed increased expression of the hypoxia
and IL-6–JAK-STAT3 gene sets in the PBRM1-LOF
tumors (Fig. 4B and tables S7, A and B, and S8).
Given JAK-STAT3 pathway gene involvement in
the interferon gamma (IFN-g) signaling pathway
and IFN-g–dependent cancer immunostimulation
(22), differential expression of these genes may
affect the response of PBRM1-LOF patients to
anti–PD-(L)1 therapy.
In addition to assessing tumor-intrinsic gene

expression with GSEA, we further characterized
the quality of the tumor-immunemicroenviron-
ment in PBRM1-LOF versus PBRM1-intact ccRCC
in three independent cohorts: patients from the
TCGA database (6), an independent cohort of
untreated ccRCC tumors (Sato) (23), and patient
tumors from this study (table S8). In all three co-
horts, tumors harboring LOFmutations inPBRM1
showed lower expression of immune-inhibitory
ligands (e.g., CD276 andBTLA) (24) than thosewith-
out PBRM1mutations. This findingwas somewhat
unexpected, as high PD-L1 staining is associated
with increased responsiveness to anti–PD-(L)1
agents in other cancer types (25, 26). However,
the magnitudes of these differences were small
and potentially confounded by differing degrees
of tumor-stromal admixture (fig. S7, A to C) (9).
We also examined LOF mutations in VHL, the
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Fig. 2. Analysis of tumor-genome features in discovery cohort reveals a
correlation between PBRM1 LOFmutations and clinical benefit from
anti–PD-1 therapy. (A) Mutations in the discovery cohort. Patients are
ordered by response category, with tumor mutation burden in decreasing
order within each response category. Shown are all genes that were
recurrently mutated at a significant frequency, as assessed by MutSig2CV
analysis (table S1E). CNA, copy-number alteration. (B) Enrichment of
truncating mutations in tumors from patients in the CB versus NCB groups.
Red dashed line denotes q<0.1 (Fisher’s exact test). Mutations in genes above

the black dotted line are enriched in tumors of patients with clinical benefit
from anti–PD-1 therapy, and mutations in genes below the line are enriched in
tumors of patients with no clinical benefit. (C) Kaplan-Meier curve comparing
overall survival of patients treated with anti–PD-1 therapy whose tumors did
or did not harbor LOFmutations in PBRM1. See also fig. S5 for Kaplan-Meier
curve comparing PFS of these patients. (D) Spider plot showing objective
decrease in tumor burden in PBRM1-LOF (light blue) versus PBRM1-intact
(yellow) tumors.Three patients with early progression on anti–PD-1 therapy
and truncating mutations in PBRM1 (dark blue) had long and/or censored OS.
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Fig. 2 | Baseline tumor gene signature analyses. a, Heatmap showing expression of genes of interest (rows) in 263 pretreatment tumors (columns). 
Normalized counts of genes related to angiogenesis (brown), immune and antigen presentation (purple), and myeloid inflammation (gray) were  
z-score transformed before visualization. Sample annotations include PD-L1 IHC status for tumor-infiltrating ICs, presence of sarcomatoid features, 
Memorial Sloan Kettering Cancer Center (MSKCC) score, tumor stage, number of mutations (TMB), and mutation status of VHL and PBRM1. b, Mean 
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PD-L1 protein expression levels on IC by IHC (one-sided Wald test, P!= !3.26!× !10−20) and (d) intratumoral CD8A protein expression by IHC (two-tailed  
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the AngioHigh and AngioLow populations for each treatment arm. Error bars represent 95% CI for ORR; P values calculated using a two-sided χ 2 tests.  
f, Forest plots of PFS HRs and CIs for AngioHigh vs. AngioLow populations within each treatment arm. g,h, Kaplan–Meier curves showing the probability of 
PFS across treatment arms in the AngioLow (g) and AngioHigh (h) subgroups; HR calculated vs. sunitinib. i, ORR (PR!+ !CR) in the Teff

High and Teff
Low populations 

for each treatment arm. Error bars represent 95% CIs for ORR; P values calculated using two-sided χ 2 tests. j, Forest plots of PFS HRs and CIs for Teff
High 

vs. Teff
Low populations within each treatment arm. k,l, Kaplan–Meier curves showing probability of PFS across treatment arms in Teff

Low (k) and Teff
High (l) 

subgroups; HR calculated vs. sunitinib. m,n, Kaplan–Meier curves showing probability of PFS in Teff
HighMyeloidLow (m) and Teff

HighMyeloidHigh (n) subgroups; 
HR calculated vs. atezolizumab monotherapy. Censored data indicated by vertical tick marks in Kaplan–Meier curves. All HR and CI values for PFS were 
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Fig. 2 | Baseline tumor gene signature analyses. a, Heatmap showing expression of genes of interest (rows) in 263 pretreatment tumors (columns). 
Normalized counts of genes related to angiogenesis (brown), immune and antigen presentation (purple), and myeloid inflammation (gray) were  
z-score transformed before visualization. Sample annotations include PD-L1 IHC status for tumor-infiltrating ICs, presence of sarcomatoid features, 
Memorial Sloan Kettering Cancer Center (MSKCC) score, tumor stage, number of mutations (TMB), and mutation status of VHL and PBRM1. b, Mean 
CD31 IHC staining intensity is higher in AngioHigh than in AngioLow (two-tailed t test, P!= !4.19!× !10−21). c,d, Teff signature scores are associated with (c)  
PD-L1 protein expression levels on IC by IHC (one-sided Wald test, P!= !3.26!× !10−20) and (d) intratumoral CD8A protein expression by IHC (two-tailed  
t test, P!= !1.26!× !10−28). Box plot elements in b–d are defined in Methods. Sample numbers per group indicated above each graph. e, ORR!= !PR!+ !CR in  
the AngioHigh and AngioLow populations for each treatment arm. Error bars represent 95% CI for ORR; P values calculated using a two-sided χ 2 tests.  
f, Forest plots of PFS HRs and CIs for AngioHigh vs. AngioLow populations within each treatment arm. g,h, Kaplan–Meier curves showing the probability of 
PFS across treatment arms in the AngioLow (g) and AngioHigh (h) subgroups; HR calculated vs. sunitinib. i, ORR (PR!+ !CR) in the Teff

High and Teff
Low populations 

for each treatment arm. Error bars represent 95% CIs for ORR; P values calculated using two-sided χ 2 tests. j, Forest plots of PFS HRs and CIs for Teff
High 

vs. Teff
Low populations within each treatment arm. k,l, Kaplan–Meier curves showing probability of PFS across treatment arms in Teff

Low (k) and Teff
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subgroups; HR calculated vs. sunitinib. m,n, Kaplan–Meier curves showing probability of PFS in Teff
HighMyeloidLow (m) and Teff
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HR calculated vs. atezolizumab monotherapy. Censored data indicated by vertical tick marks in Kaplan–Meier curves. All HR and CI values for PFS were 
extracted from Cox proportional hazard regression models; median survival time per group is indicated. P values reported are for descriptive purposes only 
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Fig. 2 | Baseline tumor gene signature analyses. a, Heatmap showing expression of genes of interest (rows) in 263 pretreatment tumors (columns). 
Normalized counts of genes related to angiogenesis (brown), immune and antigen presentation (purple), and myeloid inflammation (gray) were  
z-score transformed before visualization. Sample annotations include PD-L1 IHC status for tumor-infiltrating ICs, presence of sarcomatoid features, 
Memorial Sloan Kettering Cancer Center (MSKCC) score, tumor stage, number of mutations (TMB), and mutation status of VHL and PBRM1. b, Mean 
CD31 IHC staining intensity is higher in AngioHigh than in AngioLow (two-tailed t test, P!= !4.19!× !10−21). c,d, Teff signature scores are associated with (c)  
PD-L1 protein expression levels on IC by IHC (one-sided Wald test, P!= !3.26!× !10−20) and (d) intratumoral CD8A protein expression by IHC (two-tailed  
t test, P!= !1.26!× !10−28). Box plot elements in b–d are defined in Methods. Sample numbers per group indicated above each graph. e, ORR!= !PR!+ !CR in  
the AngioHigh and AngioLow populations for each treatment arm. Error bars represent 95% CI for ORR; P values calculated using a two-sided χ 2 tests.  
f, Forest plots of PFS HRs and CIs for AngioHigh vs. AngioLow populations within each treatment arm. g,h, Kaplan–Meier curves showing the probability of 
PFS across treatment arms in the AngioLow (g) and AngioHigh (h) subgroups; HR calculated vs. sunitinib. i, ORR (PR!+ !CR) in the Teff

High and Teff
Low populations 

for each treatment arm. Error bars represent 95% CIs for ORR; P values calculated using two-sided χ 2 tests. j, Forest plots of PFS HRs and CIs for Teff
High 

vs. Teff
Low populations within each treatment arm. k,l, Kaplan–Meier curves showing probability of PFS across treatment arms in Teff

Low (k) and Teff
High (l) 

subgroups; HR calculated vs. sunitinib. m,n, Kaplan–Meier curves showing probability of PFS in Teff
HighMyeloidLow (m) and Teff

HighMyeloidHigh (n) subgroups; 
HR calculated vs. atezolizumab monotherapy. Censored data indicated by vertical tick marks in Kaplan–Meier curves. All HR and CI values for PFS were 
extracted from Cox proportional hazard regression models; median survival time per group is indicated. P values reported are for descriptive purposes only 
and were not adjusted for multiple comparisons. Sample numbers per group indicated below the graphs in e, g–i, and k–n, and within the graphs in f and j.
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IMPACT analysis was performed for all samples, with
97% of exons covered at >100!. Whole-exome analysis
at standard depth ("85!) was performed for a subset of
samples using the Agilent SureSelect XT HumanAllExon
50 Mb on Illumina HiSeq 2000. Single-nucleotide var-
iants, small insertions/deletions, and copy-number
alterations (CNA) were interrogated. Further details on
experimental methodology, algorithms used for mutation
calling, and run statistics for both IMPACT and whole-
exome analysis are outlined in the Supplementary Mate-
rials and Methods (Supplementary Figs. S1 and S2; Sup-
plementary Tables S3–S5). Mutations of interest were
confirmed by orthogonal bidirectional Sanger sequencing
(Supplementary Figs. S3 and S4). Lists of all identified
mutations and a summary of alterations of interest are
included in the Supplementary Materials and Methods
(Supplementary Tables S6 and S7).

Results
Clinical features for 5 patients with long-term response to

temsirolimus (n¼ 4) or everolimus (n¼ 1) are summarized
in Table 1. Histologic subtypes included clear cell (n ¼ 4)
and non–clear cell phenotypes (n ¼ 1; further details
provided in Supplementary Table S1). All subjects had
previously received other targeted agents (range, 1–3 prior
regimens), and all were pretreated with sunitinib (median
treatment duration, 5 months). The median duration of
rapalog therapy across the group was 28 months. One
patient remains on therapy, whereas the remaining 4 have
discontinued drug due to disease progression (individual
treatment duration, 20, 27, 28, 34, and 45þ months).

For patient 1, IMPACT analysis of the primary tumor at
region 1 (R1) revealed presence of a previously unreported
somatic TSC1 single nucleotide deletion (c.932delC) with
frameshift truncation (Fig. 1A). Copy-number analysis

TSC1 frameshift (c.932delC) TSC1 frameshift (c.1738delAT) mTOR missense (Q2223K)  
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Figure 1. Genomic alterations along the coremTORC1 pathway are identified in patients with exceptional rapalog response using the IMPACT assay. A and B,
Integrated Genomics Viewer (IGV) snapshots of R1 of the primary tumors and matched adjacent normal tissues illustrate the c.932delC (P311fs%4)
and the c.1738delAT (I580fs%7) frameshift mutations of TSC1 in patients 1 (A) and 2 (B), respectively. Number of reads carrying the mutation is noted. C, IGV
snapshots of R1 and adjacent normal in patient 3 illustrate the mTOR Q2223K missense kinase domain mutation. D, copy-number plots of patients
1 to 5 with notations on pertinent chromosomal alterations. TSC1 andmTOR reside on chromosome bands 9q34 and 1p36, respectively. E, a diagram of the
central mTORC1 signaling pathway illustrates mutations identified in the core components from rapalog (everolimus and temsirolimus) responders.
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In this study, we analyzed archived tissue from nephrec-
tomy specimens and metastases for a small group of
patients, who had previously achieved sustained disease
control with rapalog therapy. Our objective was to explore
the oncogenomic basis for such exceptional therapeutic
benefit with attention to intratumor heterogeneity.

Materials and Methods
Study population and data collection

Five outlier cases of advanced RCC previously treated at
our centerwere selected for tumor genetic analysis. Eachhad
achieved extended duration of disease control with single-
agent mTOR inhibitor therapy and had archived tumor
tissue available for genomic analysis. To correct for slow
growth kinetics as a possible confounder, we selected
patients for whom the treatment duration with rapalogs

markedly exceeded prior benefit from first-line VEGF-tar-
geted therapy (Table 1).

Basic demographic information, baseline clinical fea-
tures, details on prior treatments, and the effects of rapalog
therapy were collected through individual chart review.
Archived specimens were reviewed by a genitourinary
pathologist, masked to the results of the oncogenomic
analysis, for confirmation of diagnosis (Supplementary
Table S1).

This study was approved by our institutional review
board; all patients had previously provided written consent
to an institutional tissue procurement protocol.

Sample selection
All patients had previously undergone a nephrectomy

(median interval to rapalog therapy 18months), and fresh-
frozen tumor specimens (FFS) were available for analysis.
Adjacent normal kidney tissue was used for extraction of
germline DNA. Intratumor heterogeneity was investigated
through extraction of additional DNA samples from mor-
phologically distinct regions within the primary tumor (3
patients; formalin-fixed paraffin-embedded specimens; dif-
ferent regions coded as R1, R2, R3, etc.), andmetastatic sites
(2 patients; FFS; coded as M1). A dedicated genitourinary
pathologist reviewed all sections and selected areas of tumor
andhealthy tissue formacrodissection andDNAextraction.

Procedures
DNA from tumors and matched normal tissue was

subjected to analysis by two next-generation sequencing
platforms. Our custom Integrated Mutation Profiling of
Actionable Cancer Targets (IMPACT) assay is a targeted
exome capture assay with ultradeep sequencing coverage
(median, 570!) using Illumina HiSeq 2000. Target-spe-
cific probes for hybrid selection were designed as previ-
ously described (11, 12) to capture all protein-coding
exons of 230 oncogenes, tumor suppressor genes, and
components of pathways deemed actionable by targeted
therapies (for full list see Supplementary Table S2).

Table 1. Patient characteristics

Sex Age

Histologic
RCC
subtype

MSKCC
risk
scorea,b

Number
of prior
regimens

Treatment duration
on prior VEGF-targeted
agent (months; agent)

Number of
metastatic
sites Rapalog

Treatment
duration on
rapalog
(months)

1 F 58 Clear Int 1 14 (sunitinib) "3 Temsirolimus 27
2 F 73 Clear Int 1 3 (sunitinib)c 1 Temsirolimus 34
3 M 66 Clear Int 2 5 (sunitinib) "3 Everolimus 20
4 F 60 Clear Fav 3 11 (sunitinib) "3 Temsirolimus 28
5 F 50 Unclassified Fav 1 2 (sunitinib) "3 Temsirolimus 45þ

Abbreviations: Fav, favorable; Int, intermediate; MSKCC, Memorial Sloan-Kettering Cancer Center
aAt the time of first rapalog dose.
bMotzer et al., J Clin Oncol 1999;17:2530–40.
cDiscontinued due to treatment toxicity.

Translational Relevance
Although the rapalog-type mTOR inhibitors everoli-

mus and temsirolimus are standard agents in the man-
agement of advanced renal cell carcinoma (RCC), effi-
cacy is typically modest and progressive disease ensues
within a few months for most cases. A subset of patients
can achieve long-term disease control with these agents.
The molecular basis for this is unclear, but one can
hypothesize that tissue biomarkers might help to iden-
tify these subjects a priori. We here present the first data
linking genomic tumor analyses with long-term
response to rapalog therapy in advanced RCC. Our
findings suggest that oncogenomic events activating the
targetedpathway can sensitize tumors tomTORcomplex
1 inhibitors and put forth several candidate genes for
future biomarker development in this class of agents.
This will have important implications for this disease
and others for which rapalogs are already approved or
being studied.
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Table 3. Summary of significant oncogenomic findings across all specimens analyzed for patients 1 to 5

Patient Oncogenomic findings
Mechanisms for
rapalog response

1 R1 R2 R3
PI3K/Akt/mTOR Somatic mutations Complete functional

pathway alterations TSC1 frameshift (c.932delC) X X loss of TSC1
TSC1 nonsense (Q527!) X
CNA
Heterozygous loss of Chr 9 X X X

Other pertinent Somatic mutations

genomic alterations VHL nonsense (E94!) X X X
PBRM1 missense (E991D) X X X
CNA
Heterozygous loss of Chr 3p X X X

2 R1 R2 R3 M1
PI3K/Akt/mTOR Somatic mutations Complete functional

pathway alterations TSC1 frameshift (c.1738delAT) X X X X loss of TSC1
CNA
Heterozygous loss of Chr 9 X X X X

Other pertinent Somatic mutations

genomic alterations VHL missense (H115N) X X X X
TP53 missense (R273H) X X X X
CNA

3 R1 R2 R3 R4
PI3K/Akt/mTOR Somatic mutations mTOR activation

pathway alterations mTOR missense (Q2223K) X X " mutation/complete
TSC1 nonsense (Q781!) X X functional loss of TSC1
CNA
Heterozygous loss of Chr 9 X X

Other pertinent Somatic mutations

genomic alterations VHL frameshift (c.635delGA) X X X X
BAP1 splice (G220_splice) X X "
BAP1 splice (Q85_splice) X X
CNA
Heterozygous loss of Chr 3p X X X X

4 R1 M1
PI3K/Akt/mTOR Somatic mutations Unclear

pathway alterations None
CNA
None

Other pertinent Somatic mutations
genomic alterations VHL missense (L118P) X X

PBRM1 frameshift
(c.4019delTCACTGCTGAA)

X X

CNA
Heterozygous loss of Chr 3p X X

(Continued on the following page)

Voss et al.

Clin Cancer Res; 20(7) April 1, 2014 Clinical Cancer Research1960

on February 25, 2019. © 2014 American Association for Cancer Research. clincancerres.aacrjournals.org Downloaded from 

Published OnlineFirst March 12, 2014; DOI: 10.1158/1078-0432.CCR-13-2345 

Predictive Biomarkers and Personalized Medicine
See related article by Chism and Rathmell, p. 1721

Tumor Genetic Analyses of Patients with Metastatic Renal
Cell Carcinoma and Extended Benefit from mTOR Inhibitor
Therapy

Martin H. Voss1,8, A. Ari Hakimi2,6, Can G. Pham6, A. Rose Brannon3, Ying-Bei Chen3, Luis F. Cunha6,
Oguz Akin4, Han Liu6, Shugaku Takeda6, Sasinya N. Scott3, Nicholas D. Socci5, Agnes Viale7,
Nikolaus Schultz5, Chris Sander5, Victor E. Reuter3, Paul Russo2, Emily H. Cheng3,6,
Robert J. Motzer1,8, Michael F. Berger3,6, and James J. Hsieh1,6,8

Abstract
Purpose: Rapalogs are allosteric mTOR inhibitors and approved agents for advanced kidney cancer.

Reports of clonal heterogeneity in this disease challenge the concept of targeted monotherapy, yet a small

subset of patients derives extended benefit. Our aim was to analyze such outliers and explore the genomic

background of extreme rapalog sensitivity in the context of intratumor heterogeneity.

Experimental Design: We analyzed archived tumor tissue of 5 patients with renal cell carcinoma, who

previously achieved durable disease control with rapalogs (median duration, 28 months). DNA was

extracted from spatially separate areas of primary tumors and metastases. Custom target capture and

ultradeep sequencing was used to identify alterations across 230 target genes. Whole-exome sequence

analysis was added to investigate genes beyond this original target list.

Results: Five long-term responders contributed 14 specimens to explore clonal heterogeneity. Genomic

alterations with activating effect onmTOR signaling were detected in 11 of 14 specimens, offering plausible

explanation for exceptional treatment response through alterations in two genes (TSC1 andMTOR). In two

subjects, distinct yet functionally convergent alterations activated the mTOR pathway in spatially separate

sites. In 1 patient, concurrent genomic events occurred in two separate pathway components across different

tumor regions.

Conclusions: Analysis of outlier cases can facilitate identification of potential biomarkers for targeted

agents, and we implicate two genes as candidates for further study in this class of drugs. The previously

reported phenomenon of clonal convergence can occur within a targetable pathway which might have

implications for biomarker development beyond this disease and this class of agents.Clin Cancer Res; 20(7);

1955–64. !2014 AACR.

Introduction
In recent years, a better understanding of disease biol-

ogy has led to the development of several molecularly
targeted agents for the clinical management of advanced

renal cell carcinoma (RCC; ref. 1). Temsirolimus and
everolimus are analogs of rapamycin (rapalogs) and allo-
steric inhibitors of mTOR complex 1 (mTORC1). Large
randomized trials led to their approval in this disease (2,
3), and an unplanned subgroup analysis suggested effi-
cacy for temsirolimus across different RCC subtypes (4).
The clinical benefit of these agents is typically modest
with reported median progression-free survival of less
than 6 months (2, 5). In part, such limitations may relate
to clonal heterogeneity that has been reported for this
disease (6) and poses a challenge to the use of single-
agent targeted therapy, as well as to the development of
predictive tissue biomarkers (7). Despite such concerns,
isolated patients can achieve extended periods of freedom
from disease progression while on rapalog therapy (8, 9).
Not all such cases can be attributed to slow kinetics of
disease, as some subjects achieve extended benefit fol-
lowing rapid progression on other approved targeted
agents such as inhibitors of angiogenesis (10). The bio-
logic basis for this has previously been unknown.

Authors' Affiliations: 1Departments of Medicine, 2Surgery, 3Pathology,
4Radiology, and 5Computational Biology; 6Human Oncology and Patho-
genesis Program; 7Genomics Core Laboratory, Memorial Sloan-Kettering
Cancer Center; and 8Department of Medicine, Weill Medical College of
Cornell University, New York, New York

Note: Supplementary data for this article are available at Clinical Cancer
Research Online (http://clincancerres.aacrjournals.org/).

M.H. Voss and A. Ari Hakimi contributed equally to this article.

Corresponding Authors: James J. Hsieh, Memorial Sloan-Kettering Can-
cer Center, Z801, 415 E. 68th Street, New York, NY 10065. Phone: 646-
888-3263; Fax: 646-888-3266; E-mail: hsiehj@mskcc.org; and Martin H.
Voss, Phone: 646-422-4631; E-mail: vossm@mskcc.org; and Michael F.
Berger, Phone: 646-888-3386; E-mail: bergerm1@mskcc.org

doi: 10.1158/1078-0432.CCR-13-2345

!2014 American Association for Cancer Research.

Clinical
Cancer

Research

www.aacrjournals.org 1955

on February 25, 2019. © 2014 American Association for Cancer Research. clincancerres.aacrjournals.org Downloaded from 

Published OnlineFirst March 12, 2014; DOI: 10.1158/1078-0432.CCR-13-2345 

Voss	MH.	Clin	Cancer	Res	2014	



Clear-Cell	Renal	Cell	Carcinoma:	
Precision	Medicine	

•  Current	treatments	are	guided	by	clinical	
factors	and	drug	coverage	by	the	health	
systems	

•  Currently	proposed	BK	need	to	be	
prospectively	validated	in	combination	
treatments	
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Lessons	from	Advanced	disease	

Robinson,	D.	et	al.	Cell	161,	1215–1228	(2015).	
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Metastasis	pattern	of	spread	
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The	evolutionary	history	of	lethal	
metastatic	prostate	cancer.		
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Plasma	DNA	study	is	clinically	relevant	
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Concordance	of	Circulating	Tumor	DNA	and	Matched		
Metastatic	Tissue	Biopsy	in	Prostate	Cancer		

	

Wyatt,	A.	W.	et	al.	J	Natl	Cancer	Inst	110,	1–9	(2017)	
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Figure 3. Concordance of genome copy number between liquid and solid biopsies. A) Shows representative scatter plots showing the correlation for coverage log ratio
across the 72 genes in our targeted panel. Each gene is represented as a single circle. B) Shows the R2 value for this correlation across all samples in the cohort and the
relationship to circulating cell-free tumor DNA (ctDNA) fraction. C) Bubble plots showing the concordance for copy number calls across individual genes, and how con-
cordance depends on ctDNA fraction. Discordant calls are indicated in red, with patient ID annotated. ctDNA ¼ circulating cell-free tumor DNA.
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Figure 3. Concordance of genome copy number between liquid and solid biopsies. A) Shows representative scatter plots showing the correlation for coverage log ratio
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Multiple Genomic markers Correlate with TTP 

Adapted from Kim Chi at 2017 ASCO Annual Meeting 

Includes	patients	without	ctDNA.		**	Mutation,	deletion	or	rearrangement.	***	includes	trial	arm,	presence	of	quantifable	ctDNA	and	clinical	prognostic	factors	(LDH,	ALP,	
Visceral	Mets,	ECOG	PS).	
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Median	sPFS:	3.60	versus	15.5	months	
HR,	4.33;	95%	CI	1.94-9.68;	P	<	0.001	

Median	rPFS:	3.90	months	versus	not	reached	
HR,	8.06;	95%	CI,	3.26-19.93;	P	<	0.001	

Median	OS:	medians	not	reached	
HR,	11.08;	95%	CI,	2.16-56.95;	P	=	0.004	
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Abstract

Plasma androgen receptor (AR) gain identifies metastatic castration-resistant prostate
cancer (mCRPC) patients with worse outcome on abiraterone/enzalutamide, but its
relevance in the context of taxane chemotherapy is unknown. We aimed to evaluate
whether docetaxel is active regardless of plasma AR and to perform an exploratory
analysis to compare docetaxel with abiraterone/enzalutamide. This multi-institutional
study was a pooled analysis of AR status, determined by droplet digital polymerase chain
reaction, on pretreatment plasma samples. We evaluated associations between plasma
AR and overall/progression-free survival (OS/PFS) and prostate-specific antigen (PSA)
response rate in 163 docetaxel-treated patients. OS was significantly shorter in case of AR
gain (hazard ratio [HR] = 1.61, 95% confidence interval [CI] = 1.08–2.39, p = 0.018), but
not PFS (HR = 1.04, 95% CI 0.74–1.46, p = 0.8) or PSA response (odds ratio = 1.14, 95%
CI = 0.65–1.99, p = 0.7). We investigated the interaction between plasma AR and treat-
ment type after incorporating updated data from our prior study of 73 chemotherapy-
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AR-V7 expression in mCRPC men can be considered a
treatment-specific biomarker associated with superior
survival for taxane therapy compared with AR therapies
[6,7]. Here, we explored whether plasma AR gain status is
associated with resistance to taxanes in an abiraterone/
enzalutamide-naïve population and, to avoid the influence
of possible cross-resistance events on the interpretation of
survival data, we compared it with the effect seen in taxane-
naïve abiraterone/enzalutamide-treated patients [10]. The
absence of a difference in outcome by AR status in
treatment-naïve docetaxel-treated patients introduces the
hypothesis that AR-gained patients would derive greater
benefit from treatment with taxanes in preference to
abiraterone/enzalutamide. However, we recognize some
limitations of our study, including the significantly different
durations of median follow-up of alive patients between the
docetaxel and the abiraterone/enzalutamide cohort (24 vs
32 mo, with overall follow-up of 24 mo); the relatively
modest sample size of the cohorts, especially of AR-gained
patients treated with abiraterone/enzalutamide (n = 10);
and the retrospective, nonrandomized design. The majority
of patients were treated with taxanes in centers when
abiraterone or enzalutamide were not widely available prior
to chemotherapy. Nonetheless, there could be a bias due to

patient selection, given the different toxicity profiles of
taxanes compared with AR-targeting drugs. Additionally,
detection of an AR-gained clone may be more likely at
higher circulating tumor fraction that in itself is prognostic;
this could bias the ability to ascertain the predictive value of
plasma AR with AR-targeting drugs but would not change
the interpretation of the absence of difference in our
treatment-naive taxane-treated cohort. Lastly, we only
considered AR gain, but other concurrently assessed AR
aberrations (somatic point mutations or splice variants)
could provide additional or overlapping information. Our
findings suggest that AR gain detected in plasma is
associated with resistance to abiraterone/enzalutamide
but not with taxanes when used in the first-line setting.
In conclusion, prospective randomized trials are warranted
to validate the utility of plasma AR status for treatment
selection in mCRPC patients.

Author contributions: Gerhardt Attard had full access to all the data in
the study and takes responsibility for the integrity of the data and the
accuracy of the data analysis.

Study concept and design: Conteduca, Jayaram, Wetterskog, Castro,
Gonzalez-Billalabeitia, Olmos, Attard, De Giorgi.

Fig. 2  – Association of plasma AR status with clinical outcome in castration-resistant prostate cancer patients treated with either docetaxel or AR-
directed therapies (abiraterone or enzalutamide) as first-line treatment. Interaction between AR status and treatment type, after including data from
abiraterone- or enzalutamide-treated patients for (A) OS and (B) PFS. (C) Forest plot shows the hazard ratio and 95% confidence interval for (C) OS and
(D) PFS in AR-normal and AR-gained patients. Abi = abiraterone, AR = androgen receptor; doce = docetaxel; enza = enzalutamide; OS = overall survival;
PFS = progression-free survival.

E U R O P E A N U R O L O G Y X X X ( 2 0 18 ) X X X – X X X4

EURURO-8056; No. of Pages 5

Please cite this article in press as: Conteduca V, et al. Plasma Androgen Receptor and Docetaxel for Metastatic Castration-resistant
Prostate Cancer. Eur Urol (2018), https://doi.org/10.1016/j.eururo.2018.09.049

AR-V7 expression in mCRPC men can be considered a
treatment-specific biomarker associated with superior
survival for taxane therapy compared with AR therapies
[6,7]. Here, we explored whether plasma AR gain status is
associated with resistance to taxanes in an abiraterone/
enzalutamide-naïve population and, to avoid the influence
of possible cross-resistance events on the interpretation of
survival data, we compared it with the effect seen in taxane-
naïve abiraterone/enzalutamide-treated patients [10]. The
absence of a difference in outcome by AR status in
treatment-naïve docetaxel-treated patients introduces the
hypothesis that AR-gained patients would derive greater
benefit from treatment with taxanes in preference to
abiraterone/enzalutamide. However, we recognize some
limitations of our study, including the significantly different
durations of median follow-up of alive patients between the
docetaxel and the abiraterone/enzalutamide cohort (24 vs
32 mo, with overall follow-up of 24 mo); the relatively
modest sample size of the cohorts, especially of AR-gained
patients treated with abiraterone/enzalutamide (n = 10);
and the retrospective, nonrandomized design. The majority
of patients were treated with taxanes in centers when
abiraterone or enzalutamide were not widely available prior
to chemotherapy. Nonetheless, there could be a bias due to

patient selection, given the different toxicity profiles of
taxanes compared with AR-targeting drugs. Additionally,
detection of an AR-gained clone may be more likely at
higher circulating tumor fraction that in itself is prognostic;
this could bias the ability to ascertain the predictive value of
plasma AR with AR-targeting drugs but would not change
the interpretation of the absence of difference in our
treatment-naive taxane-treated cohort. Lastly, we only
considered AR gain, but other concurrently assessed AR
aberrations (somatic point mutations or splice variants)
could provide additional or overlapping information. Our
findings suggest that AR gain detected in plasma is
associated with resistance to abiraterone/enzalutamide
but not with taxanes when used in the first-line setting.
In conclusion, prospective randomized trials are warranted
to validate the utility of plasma AR status for treatment
selection in mCRPC patients.

Author contributions: Gerhardt Attard had full access to all the data in
the study and takes responsibility for the integrity of the data and the
accuracy of the data analysis.

Study concept and design: Conteduca, Jayaram, Wetterskog, Castro,
Gonzalez-Billalabeitia, Olmos, Attard, De Giorgi.

Fig. 2  – Association of plasma AR status with clinical outcome in castration-resistant prostate cancer patients treated with either docetaxel or AR-
directed therapies (abiraterone or enzalutamide) as first-line treatment. Interaction between AR status and treatment type, after including data from
abiraterone- or enzalutamide-treated patients for (A) OS and (B) PFS. (C) Forest plot shows the hazard ratio and 95% confidence interval for (C) OS and
(D) PFS in AR-normal and AR-gained patients. Abi = abiraterone, AR = androgen receptor; doce = docetaxel; enza = enzalutamide; OS = overall survival;
PFS = progression-free survival.
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Rb1	and	Trp53	cooperate	to	suppress	prostate	cancer	
lineage	plasticity,	metastasis,	and	antiandrogen	resistance		

	

and motility analogous to the behavior of their
corresponding tumors in vivo (fig. S8, A to G).
Enzalutamide sensitivity was highest in SKO
cells, reduced in DKO cells, and lowest in cells
frompostcastration recurrent DKO (DKOCr) and
TKO tumors (fig. S8H).
We tested two Ezh2 inhibitors (Ezh2i), GSK126

and EPZ6438, and found that they both sensi-

tized TKO and DKOCr cells to enzalutamide
when used at concentrations sufficient to inhibit
histone H3K27 methylation but without signifi-
cant single-agent cell growth inhibitory activity
(Fig. 4, A to C, and fig. S9, A and B). Ezh2i plus
enzalutamide also had a greater effect on DKO
cells than either drug as single agents (fig. S9C),
and Ezh2i pretreatment inhibited DKO cell mo-

tility (fig. S9E). Ezh2i did not significantly alter
the enzalutamide sensitivity of SKO cells (fig.
S9D), suggesting that its effects are specific for
NEPC variants. We also evaluated the effects of
Ezh2i in vivo. We propagated a primary DKOCr
tumor by transplantation into SCIDmice and then
treated the mice with Ezh2i and enzalutamide,
alone or in combination. Enzalutamide plus

Ku et al., Science 2017 355, aah4199 6 January 2017 4 of 6

Fig. 3. Rb1 loss causes deregulation of epigenetic reprogramming fac-
tors and widespread changes in gene expression. (A) Venn diagrams
showing the number of differentially expressed genes between the indicated
genotypes (wild type,WT; n = 4 or 5 mice per genotype). (B) Plot showing the
signature scores for mouse (SKO, DKO, and TKO) and human (PADC and
NEPC) prostate cancer by using the Beltran et al. (23) weighted gene ex-
pression signature. Dots represent individual patients. Bars represent the
mean and interquartile range. (C) Selected gene sets enriched in DKO versus
SKO tumors, with the x axis representing normalized enrichment score (NES).
(D) Tumor sections stained with antibodies directed against indicated proteins.
Scale bar, 100 mm. (E) Quantitation of Sox2 immunostaining in tumor sections

of the indicated genotypes. Each dot represents one analyzed image
taken from three different mice for each genotype, with bars representing
the mean and standard deviation. Sox2 immunostaining in DKO tumors is
greater than in SKO tumors (t test P < 0.0001) and greater in TKO tumors
than in DKO tumors (P = 0.01). (F) Quantitation of Ezh2 immunostaining as
in (E). Ezh2 immunostaining is greater in DKO tumors than in SKO tumors
(P < 0.0001), but immunostaining in DKO and TKO tumors is not sig-
nificantly different (P = 0.25). (G) A heat map comparing gene expression
data from human (5, 23) and the indicated mouse specimens. The select
genes deregulated in DKO and TKO tumors are similarly deregulated in
human NEPC.
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Ezh2i treatment slowed tumor growth signifi-
cantly compared with treatment with enzalu-
tamide [two-way analysis of variance (ANOVA)
P = 0.037] or Ezh2i (P = 0.027) alone (Fig. 4D).
Enzalutamide treatment alone did not slow
tumor growth relative to vehicle control (P =
0.43), confirming that the DKOCr tumor was
ADT-resistant.
To genetically verify Ezh2 as the relevant

target of Ezh2i, we silenced Ezh2 expression
using short hairpin RNA (shRNA). Ezh2 silenc-
ing sensitized DKOCr cells to enzalutamide (Fig.
4, E and F). Silencing Ezh2 also increased AR
expression, augmented AR activity, increased ex-
pression of the luminal lineage marker Krt8,
and decreased expression of neuroendocrine
lineage markers (Fig. 4, F and G). Ezh2i treat-
ment also increased AR expression and decreased

Syp expression in vitro (Fig. 4H). Ezh2i-treated
transplanted DKOCr tumors showed evidence
of increased AR expression in vivo (Fig. 4I), al-
though immunostaining was patchy with both
ARhigh and ARlow regions present. These find-
ings suggest that Ezh2i sensitizes NEPC variants
to enzalutamide by reversing or suppressing
lineage transformation.
To investigate whether Ezh2i has similar ef-

fects in human prostate cancer, we used LNCaP-
AR cells from Mu et al. (26) in which RB1 and
TP53 expression is stably silenced. Because LNCaP-
AR cells were PTEN-null (27), RB1- and RB1/TP53–
silenced derivatives were analogous to DKO
and TKO mouse cells, respectively. As in mouse
cells, RB1 and RB1/TP53 silencing reduced AR
levels and enzalutamide sensitivity, but enzalu-
tamide sensitivity was restored by Ezh2i (Fig. 4J

and fig. S9F). Thus, enzalutamide resistance is
reversible in both human and mouse NEPC
variants.
Rb1 and Trp53 repress epigenetic reprogram-

ming factors such as Ezh2 and Sox2, which are
important in generating induced pluripotent
stem cells (24, 28, 29). The data presented here
support a hypothesis in which RB1 and TP53
loss in prostate cancer derepresses these same
factors, creating a stem cell–like epigenetic en-
vironment permissive for lineage plasticity
(Fig. 4K). Lineage plasticity is proposed to drive
prostate cancer progression by enabling adap-
tation to selective pressures experienced dur-
ing metastasis and ADT. Because the mouse
models characterized in this study develop
metastatic PADC reminiscent of human NEPC
variants, they will be useful for testing this

Ku et al., Science 2017 355, aah4199 6 January 2017 5 of 6

Fig. 4. Ezh2 inhibition restores enzalutamide
sensitivity. (A) A TKO cell line was treated with
enzalutamide or dimethyl sulfoxide (DMSO), with
or without Ezh2i, at the indicated concentrations,
and the viable cells were then counted. Mean cell
number and standard error are shown for three
experiments. Asterisks indicate significant differ-
ences (P < 0.05). (B) A DKOCr cell line was treated
and analyzed as in (A). (C) A DKOCr cell line was
plated at low density, then treated as indicated.
Resulting colonies were stained 10 days later. A
representative result is shown (quantitation is pro-
vided in fig. S8A). (D) A DKOCr tumor was trans-
planted into a cohort of mice, and the mice were
treated with GSK503 (GSK) and/or enzalutamide
(Enza) as indicated.Tumor volume for each mouse
(n = 7 or 8 for each treatment) was recorded every
other day.The mean and standard error for all mice
are shown. Asterisk indicates significantly slower
growth than any of the other treatments (ANOVA,
P < 0.05). (E) Ezh2 -targeted shRNA (shEzh2), or
nonsilencing control (NS), were expressed in DKOCr
cells. The cells were then treated with enzalutamide
or DMSO, and cell number was measured as in
(A). The mean and standard error for three exper-
iments are shown. (F) RNA was extracted from
DKOCr cells in (E) and analyzed by means of real-
time PCR for the indicated genes. The mean and
standard error of fold change (FC) relative to
the NS control are shown for two experiments
in duplicate. (G) DKOCr cells silenced for Ezh2 as
in (C) were treated with AR ligand R1881 (DHT)
and/or enzalutamide (Enza), RNA was extracted,
and the expression of AR target gene Fkbp5 was
assayed by means of real-time PCR. Mean and
standard error of FC relative to the NS control are
shown for two experiments in duplicate. (H) DKO
cells were treated as indicated, and protein ex-
tracts were analyzed by means of Western blot
for the listed proteins. Gapdh serves as loading
control. (I) Tumors dissected from transplanted
mice in (D) after 17 days of the indicated treatment
were sectioned and immunostained for AR. Inset
image is magnified so as to highlight nuclear staining. Scale bar, 100 mm. Ezh2i treatment restores patchy AR expression. (J) LNCaP-AR cells stably expressing
RB1 (shRB) or RB1/TP53 shRNA (shRBP53) were treated as indicated, and viable cells were counted as in (A). The mean and standard error of three
experiments are shown. (K) A model summarizing the proposed role of Rb1 and Trp53 in suppressing lineage plasticity, neuroendocrine lineage trans-
formation, and ADT resistance.
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plasticity as proposed by others (18). Whether
the progenitor-like transition state induced by
SOX2 in the setting of TP53 and RB1 loss re-
flects a normal cell type present during the
development of the prostate gland or an aberrant
cell type only observed in cancer remains to be
defined.
The lineage plasticity described here, together

with observations of intratumoral heterogeneity
from genomic sequencing analysis (28), presents
major therapeutic challenges. Our observation
that antiandrogen resistance can be reversed
by inhibiting SOX2 raises some hope that ap-
propriate clinical interventions could prevent
or overcome resistance. Direct pharmacologic
inhibition of SOX2 is not feasible currently, but
it may be possible to prevent SOX2 transcrip-
tional up-regulation following the loss of TP53
and RB1. Although the details of SOX2 up-
regulation in prostate cancer remain to be de-
fined, there are clear mechanisms of RB1 and
TP53 regulation of SOX2 in fibroblasts that
could be relevant. RB1 directly represses SOX2
by recruitment to E2F binding sites in the SOX2
promoter, where it creates repressive chromatin
marks (24). TP53 indirectly inhibits SOX2 by
up-regulation of its target gene miR-34 that
targets SOX2 mRNA (29). Careful elucidation
of the SOX2 chromatin landscape across various
stages of prostate cancer might yield specific
strategies to block expression with inhibitors of
appropriate chromatin-modifying enzymes.
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Fig. 4. SOX2 is required for lineage plasticity and enzalutamide
resistance induced by inactivation of TP53 and RB1. (A) Relative
gene expression of SOX2 and lineage marker genes in LNCaP/AR cells
transduced with annotated hairpins in a stable vector system. (B) Cell
numbers of LNCaP/AR transduced with annotated hairpins (shTP53
and RB1 versus shTP53 and RB1+shSOX2 ), normalized to the parental
−Enz group. Cells were treated for 7 days with enzalutamide or DMSO in
CSS medium, following LNCaP/AR protocol A. (C) Tumor growth curve

of xenografted LNCaP/AR cells transduced with annotated hairpins.
+Enz denotes enzalutamide treatment at 10 mg/kg orally 1 day after
grafting. For panels (A) to (C) unless otherwise noted, mean ± SEM
(error bars) is represented and P values were calculated using multiple t
tests. (D) Model depicting the lineage plasticity change and anti-
androgen resistance in CRPC-Adeno due to TP53 and RB1 alterations
(TP53 Alt,RB1Alt) compared to CRPC-Adeno with WT TP53 and RB1
(TP53 WT,RB1WT).
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mPCa	is	associated	with	increased	presence	of	
germ-line	mutations	
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PARP	inhibition	increases	activity	of	antiandrogen	
therapy	in	unselected	patients	

Articles

www.thelancet.com/oncology   Vol 19   July 2018 981

progression, and ten (19%) died before progression. rPFS 
was significantly longer in the olaparib and abiraterone 
group than the placebo and abiraterone group (median 
13·8 months [95% CI 10·8–20·4] vs 8·2 months [5·5–9·7]; 
HR 0·65 [95% CI 0·44–0·97], p=0·034; figure 2A). 
Sensitivity analyses for attrition and evaluation-time bias 
were consistent with the primary analysis (appendix p 6).

We did prespecified subgroup analyses of rPFS by 
HRR mutation status. In the 21 patients with HRR 
mutations, eight (73%) of 11 patients in the olaparib 
group and seven (70%) of ten patients in the placebo 
group had radiographic progression or died, and 
median rPFS was 17·8 months (95% CI 2·9–27·6) in 
the olaparib group compared with 6·5 months 
(2·7–not reached) in the placebo group (figure 2B). Of 
the 35 patients with wild-type HRR, eight (53%) of 
15 patients in the olaparib group and 17 (85%) of 20 in 
the placebo group had radiographic progression or died, 
with a median rPFS of 15·0 months (95% CI 
5·4–not reached) in the olaparib group versus 
9·7 months (2·9–17·5) in the placebo group (figure 2C). 
Of the 86 patients with partially characterised HRR 

status, 30 (67%) of 45 patients in the olaparib group and 
30 (73%) of 41 in the placebo group had radiographic 
progression or died, and median rPFS was 13·1 months 
(95% CI 8·1–22·4) in the olaparib group versus 
6·4 months (5·3–8·2) in the placebo group (figure 2D).

By the data cutoff, 37 (52%) of 71 patients in the olaparib 
group and 45 (63%) of 71 patients in the placebo group 
had a second progression event or died. Median PFS2 
was 23·3 months (95% CI 17·4–not reached) in the 
olaparib group compared with 18·5 months (16·1–23·8) 
in the placebo group (figure 3A). At the data cutoff, 
43 (61%) of 71 patients in the olaparib group and 45 (63%) 
of 71 in the placebo group had died. Median overall 
survival was 22·7 months (95% CI 17·4–29·4) in the 
olaparib and abiraterone group compared with 
20·9 months (17·6–26·3) in the placebo and abiraterone 
group (figure 3B).

In the patients with measurable disease at baseline 
(n=33 in the olaparib group; n=38 in the placebo group), 
no significant difference was identified between the 
treatment groups in the proportion of patients who 
achieved an overall objective response (nine [27%] of 

Figure 2: Radiographic progression-free survival in the (A) intention-to-treat population, (B) HRR mutation-positive subgroup, (C) wild-type HRR subgroup, and (D) partially characterised 
HRR status subgroup
HRR=homologous recombination repair. HR=hazard ratio.
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PCa	can	be	hypermutated	and	
associated	with	MSI-high		

Lynch	syndrome	increases	the	risk	of	prostate	cancer	

Raymond	VM.		J	Clin	Oncol	2013	

Advanced	PCa	can	be	associated	with	complex	MSH2	and	
MSH6	mutations	

Pritchard	CC.		Nat	Comm	2014		



MSI	is	observed	in	3%	of	Prostate	
Cancers	in	large	cohorts	

demonstrated somatic acquisition of MSI-H/dMMR status in

mCRPC tumors obtained later in their disease course,whereas

their earlier tumors showed no evidence of MSI. The earlier

tumors had adequate tumor content as quantitated by histo-

pathologic review (50%-70%) and bioinformatically (24%-

60%) (eMethods in theSupplement). The remaining4patients

hadevidenceofMSI-H/dMMRinall profiled tumors, including

1 patient with a germline PMS2mutation.

Clinical Characteristics of Patients

WithMSI-H/dMMRProstate Cancer
The clinical characteristics of the 32 patients with MSI-H/

dMMR cancer are summarized in eTable 2 in the Supple-

ment. Median age at diagnosis was 64.5 years (range, 39-85

years). One patient had pure small-cell histologic findings.

Among the 31 patients with prostate adenocarcinoma,

21 (67.7%) had mCRPC as their last disease state. For those

patients, the median time to castration resistance was 8.6

months (range, 1.2-54.2months) and themedian duration of

treatmentwith first-line abiraterone acetate or enzalutamide

for mCRPC was 9.9months (range, 3.0-34.5months).

ResponsestoAnti–PD-1/PD-L1TherapyinMSI-H/dMMRmCRPC
As of May 2018, 11 of the 32 patients with MSI-H/dMMR had

receivedananti–PD-1or anti–PD-L1agent formCRPCasmono-

therapy or in combination with another immunomodulatory

agent (Figure 4). The remaining 21 patients had not received

immunecheckpointblockadeowing todeathbeforepembroli-

Figure 2. Integrative Analysis of Microsatellite Instability (MSI), TumorMutation Burden (TMB), Mutational Signature Decomposition,

andMismatch Repair (MMR) Gene and Protein Status
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A notable finding from our study was that the MSI-H/

dMMR phenotype was acquired somatically later during dis-

ease evolution in 2 of 6 patients who underwent longitudinal

tumorprofiling.AlthoughMSImayhavebeen subclonal in the

earlier samples and thus missed owing to tumor heteroge-

neity, this result indicates that it was not a truncal event and

would have beenmissed if only an older archival sample had

been profiled. These data suggest that metastatic tissue may

represent the optimal material for assessment of MSI status.

Because the MSI-H/dMMR phenotype is uncommon in

prostate cancer, data describing responses to immune check-

point blockade in this disease subset remain limited. Herein,

we report clinical outcomes for the largest group of patients

with MSI-H/dMMR mCRPC treated with anti–PD-1/PD-L1

therapy.Overall,45.5%ofpatientswithMSI-H/dMMRmCRPC

derived durable clinical benefit, in line with other MSI-H/

dMMRmalignant neoplasms.5Because approximately half of

patients with MSI-H/dMMR had no response to immuno-

therapy, future studies should explore mechanisms of resis-

tance in this population,whichmay involve alterations in the

tumor antigen–presenting machinery and tumor-extrinsic

factors, including inadequate T-cell activation.

Limitations
Our study has several limitations. It is a single-center retro-

spective analysis, and thenumberof patientswithMSI-Hwho

were treated with anti–PD-1/PD-L1 therapy is limited. Immu-

nohistochemical analysis was not possible in all patients be-

cause of limited tumor tissue. Not all patients had tumors of

sufficient quality for MSIsensor analysis, which could be ad-

dressed in the future with emerging cell-free DNA platforms.

Conclusions

In conclusion, we propose a comprehensive sequencing-

based approach to identify patients with MSI-H/dMMR pros-

tate cancer. Our results demonstrate that anti–PD-1/PD-L1

therapy is associatedwithmeaningful clinical benefit innearly

half of MSI-H/dMMRmCRPC.
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Figure4.Responses to ImmuneCheckpointBlockade inMicrosatellite Instability–HighandMismatchRepairDeficient (MSI-H/dMMR)ProstateCancer
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Eleven patients with MSI-H/dMMR castration-resistant prostate cancer received

an anti–programmed cell death protein 1 (PD-1)/programmed cell death 1 ligand

1 (PD-L1) agent. Best prostate-specific antigen (PSA) response from baseline to

date, and radiographic responses (partial response [PR], stable disease [SD],

progressive disease [PD]) are noted. As of May 31, 2018, 5 patients continued to

receive treatment with greater than 50% declines in PSA levels, 4 of whom had

objective radiographic responses (eFigure 5 in the Supplement). One patient

(eFigure 5B in the Supplement) had an initial radiographic PR, progressed in the

prostate and by PSA, underwent palliative radiotherapy to the prostate, and

continued to receive immune therapy with further clinical benefit. One patient

had stable disease (SD) for approximately 6months. Five patients showed

no benefit, one of whom died, possibly owing to drug-related toxic effects.
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Prostate	Cancer:	Precision	
Medicine	

•  Current	treatments	in	mCRPC	are	guided	by	
clinical	factors,	toxicity	profile	and	drug	
coverage	by	the	health	systems	

•  Molecularly	guided	clinical	trials	are	needed	
•  Currently	proposed	BK	need	to	be	
prospectively	validated	in	clinical	trials	
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