
JOHN A. MARTIGNETTI,  MD, PhD!
!

ICAHN SCHOOL OF MEDICINE AT MOUNT SINAI!
DEPARTMENTS of GENETICS AND GENOMIC SCIENCES,!

PEDIATRICS, OBSTETRICS/GYNECOLOGY & REPRODUCTIVE 
SCIENCES and!

ONCOLOGICAL  SCIENCES!

Data  Mining  TCGA  Breast  and  Ovarian  Exomes 
for  Novel  Susceptibility  Markers 



The  Problem:!

OVARIAN CA!
!

~ 20,000 cases!
!

~ 14,000 deaths!
!
!

1/70!

BREAST CA!
!

~ 210,000 cases!
!

~ 41,000 deaths!
!
!

1/8!



Specimen acquisition: Mount Sinai BioRepository!
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Tumor	  
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Cell culture!

Primary Cell Culture!

Primary Cell Culture!

Proteomics!

ALL  GYN / ONC PATIENTS  TREATED  AT  MOUNT SINAI*  ARE  INVITED  TO  
PARTICIPATE!

Next Generation Sequencing!
digitized record!

Animal Models!

Mount Sinai Hospital – Beth Israel Medical Center – 
Elmhurst – Englewood Hospital - Mount Sinai Queens – 
Beth Israel Brooklyn - Roosevelt Hospital – St. Luke’s 

Hospital!



Ovarian Cancer:  Natural History 
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Important strides in detecting 
increased risk for some forms 

of cancer. 



RATIONALE  FOR  THE  APPROACH: 
FAMILY-BASED  STUDY  TO  IDENTIFY 

OVARIAN  AND  BREAST  CANCER  SUSCEPTIBILITY  GENES!
•  Family history is the strongest single predictor of a woman's chance of 

developing breast and / or ovarian cancer(s). !

•  While BRCA1/2 mutations still represent the strongest known genetic 
predictors, they are responsible for less than 50% of all families 
containing two or more cases in first-degree relatives and explain less 
than 50% of the excess familial cancer risk. !

•  Genetic studies seeking to identify breast and ovarian cancer 
susceptibility genes have therefore focused on those families with a 
high incidence of cancer across multiple generations.  Avoids many of 
the technical, clinical, statistical issues associated with GWAS.!

•  Overcomes issues of “rare” alleles: no bias against identification of rare 
disease-causing alleles.  Some families will harbor a “private” mutation; 
whereas others may share a gene.!



Patient-centric / Family-centric bias.!
!

Things may become evident on the population 
level which were not evident when viewed in 

isolation.!



MATERIALS & METHODS!
•  To identify these novel susceptibility genes, we sequenced germline DNA of 

selected families with hereditary breast and ovarian cancer lacking deleterious 
BRCA1/2 mutations !

! ! !	  
Breast Cancer: > 70 families with 3 or more affected (Univ. of Chile)!

[ a number of families with male affecteds ]!
!

! ! ! !Ovarian Cancer: 72 families with > 2 affecteds (Roswell Park)!

•  21 Exomes were sequenced at the Icahn School of Medicine at Mount Sinai 
using Illumina sequencing technology and Agilent SureSelect Exome Capture 
protocol with on-target coverage depths ranging from ~80x to 250x!

•  Read alignments and small variations called by a standard BWA-GATK 
bioinformatics pipeline !

•  Variants were annotated, visualized, and analyzed within GenePool™ (Station 
X, Inc., San Francisco, CA) !



16 - age of onset 48;  06 - age on onset 43;  55 - age onset 25 !

Ovarian Cancer Family 311!

3! 3!

REPRESENTATIVE  PEDIGREES!



REPRESENTATIVE  PEDIGREES!
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Average Coverage Per Base for BRCA1 and BRCA2 Exons!

11!

BRCA1 mutation –!
Family excluded from!
further analysis!



Selecting for Candidate Mutations: Germlines of Related Ovarian Cancer Patients!

12!



Variants Likely to Validate!



Variants Unlikely to Validate!



Allele:	  Novel	  All	  validated	  
by	  Sanger	  Sequencing	  

Fam311: 24 Candidate OvCA Genes!

F311-‐55	  F311-‐16	  

F311-‐06	  

	  
	  

	  
	  

24!



TCGA: OvCA Germline Variant Landscape!

NameFraction,of,Samples Average,Number,of,Variants Average,per,Kilobase #,Het #,Hom #,CompHet #,High #,Moderate
ankyrin'repeat'domain'360.8125 4.04375 0.703138585 130 47 125 8 130
aquaporin'7 0.925 3.94375 3.858855186 148 0 148 2 148
chromosome'11'open'reading'frame'630.0375 0.04375 0.018784886 6 0 1 0 6
calcium'channel,'voltageCdependent,'N'type,'alpha'1B'subunit0.81875 0.8625 0.123673645 131 0 7 0 131
COBW'domain'containing'60.8875 1.975 1.683716965 142 4 134 39 141
centrosomal'protein'89kDa0.475 1.03125 0.442027432 76 0 58 1 76
interferon,'gammaCinducible'protein'160.05 0.05 0.02293578 8 0 0 0 8
laminin,'gamma'20.10625 0.1125 0.031610003 17 0 1 0 17
macrophage'stimulating'1'(hepatocyte'growth'factorClike)'pseudogene'90.9625 6.5625 99.43181818 154 67 146 55 154
mucin'16,'cell'surface'associated0.825 4.6375 0.106756446 132 0 132 5 132
notch'2'NCterminal'like0.875 2.21875 3.138260255 140 0 83 37 137
olfactory'receptor,'family'2,'subfamily'T,'member'20.56875 0.625 0.641683778 88 4 8 1 91
PDZ'domain'containing'80.075 0.075 0.021676301 12 0 0 0 12
period'homolog'3'(Drosophila)0.1 0.1125 0.031380753 16 0 2 0 16
protease,'serine,'1'(trypsin'1)0.93125 1.78125 2.410351827 149 0 112 0 149
psoriasis'susceptibility'1'candidate'10.46875 0.5 1.098901099 67 8 5 72 8
Rh'family,'B'glycoprotein'(gene/pseudogene)0.39375 0.4 0.344827586 52 11 1 59 5
steroid'receptor'RNA'activator'10.34375 0.55 0.779036827 39 16 23 35 52
thrombospondin'30.05625 0.05625 0.019932672 8 1 0 0 9
transmembrane'phosphatase'with'tensin'homology0.975 1.7125 1.082490518 140 31 65 47 156
tetratricopeptide'repeat'domain'240.1875 0.2 0.115008626 30 0 2 0 30
transcription'termination'factor,'RNA'polymerase'II0.14375 0.15 0.043277553 22 1 1 0 23
ubiquitin'specific'peptidase'6'(TreC2'oncogene)0.65 1.18125 0.281786737 104 0 48 3 102
zinc'finger'protein'705G0.65 1.89375 2.108853007 103 5 96 0 104

O
vC
A	  
Ca
nd

id
at
es
	  



TCGA: OvCA Germline Variant Landscape!

NameFraction,of,Samples Average,Number,of,Variants Average,per,Kilobase #,Het #,Hom #,CompHet #,High #,Moderate
ankyrin'repeat'domain'360.8125 4.04375 0.703138585 130 47 125 8 130
aquaporin'7 0.925 3.94375 3.858855186 148 0 148 2 148
chromosome'11'open'reading'frame'630.0375 0.04375 0.018784886 6 0 1 0 6
calcium'channel,'voltageCdependent,'N'type,'alpha'1B'subunit0.81875 0.8625 0.123673645 131 0 7 0 131
COBW'domain'containing'60.8875 1.975 1.683716965 142 4 134 39 141
centrosomal'protein'89kDa0.475 1.03125 0.442027432 76 0 58 1 76
interferon,'gammaCinducible'protein'160.05 0.05 0.02293578 8 0 0 0 8
laminin,'gamma'20.10625 0.1125 0.031610003 17 0 1 0 17
macrophage'stimulating'1'(hepatocyte'growth'factorClike)'pseudogene'90.9625 6.5625 99.43181818 154 67 146 55 154
mucin'16,'cell'surface'associated0.825 4.6375 0.106756446 132 0 132 5 132
notch'2'NCterminal'like0.875 2.21875 3.138260255 140 0 83 37 137
olfactory'receptor,'family'2,'subfamily'T,'member'20.56875 0.625 0.641683778 88 4 8 1 91
PDZ'domain'containing'80.075 0.075 0.021676301 12 0 0 0 12
period'homolog'3'(Drosophila)0.1 0.1125 0.031380753 16 0 2 0 16
protease,'serine,'1'(trypsin'1)0.93125 1.78125 2.410351827 149 0 112 0 149
psoriasis'susceptibility'1'candidate'10.46875 0.5 1.098901099 67 8 5 72 8
Rh'family,'B'glycoprotein'(gene/pseudogene)0.39375 0.4 0.344827586 52 11 1 59 5
steroid'receptor'RNA'activator'10.34375 0.55 0.779036827 39 16 23 35 52
thrombospondin'30.05625 0.05625 0.019932672 8 1 0 0 9
transmembrane'phosphatase'with'tensin'homology0.975 1.7125 1.082490518 140 31 65 47 156
tetratricopeptide'repeat'domain'240.1875 0.2 0.115008626 30 0 2 0 30
transcription'termination'factor,'RNA'polymerase'II0.14375 0.15 0.043277553 22 1 1 0 23
ubiquitin'specific'peptidase'6'(TreC2'oncogene)0.65 1.18125 0.281786737 104 0 48 3 102
zinc'finger'protein'705G0.65 1.89375 2.108853007 103 5 96 0 104

O
vC
A	  
Ca
nd

id
at
es
	  

8 candidates!

5 of these had the specific variant in frequencies!
of 1-2% in our WT BRCA subpopulation!

 – 2 of these were ENRICHED from the general population!



P284S	  

Parallel lines of support:  Functional Impact of Mutations!

The population frequency of this 
variant is ~0.7% in European 
and ~0.6% in American 
populations (1000 genomes) !

7	  variants	  are	  assessed	  as	  func=onal:	  
6	  variants	  are	  likely	  result	  in	  loss	  of	  
func=on;	  1	  variant	  is	  a	  poten=ally	  new	  
type	  of	  “switch	  of	  func@on”	  muta=on;	  
5	  variants	  do	  not	  have	  popula=on	  
frequency	  in	  1000	  genomes	  variant	  
frequencies;	  	  
2	  variants	  have	  minor	  popula=on	  
frequencies	  (~1%);	  
3	  variants	  affect	  genes	  which	  are	  
involved	  in	  cancer	  



Cancer t ype

M ut at ion dat a

CNA dat a

+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + +

- + + + + + + + + + - - + + + + + - + + - + + + + + + + - + + + + + - + + + + - - - + + - + + - + + + + + - - - - -

M
el

an
om

a 
(B

ro
ad

)

M
el

an
om

a 
(T

CG
A)

Lu
ng

 a
de

no
 (T

CG
A)

Lu
ng

 s
qu

 (T
CG

A)

Lu
ng

 s
qu

 (T
CG

A 
pu

b)

Lu
ng

 a
de

no
 (T

CG
A 

pu
b)

Lu
ng

 a
de

no
 (B

ro
ad

)

St
om

ac
h 

(T
CG

A)

Bl
ad

de
r (

TC
GA

 p
ub

)
Bl

ad
de

r (
TC

GA
)

Es
op

ha
gu

s 
(B

ro
ad

)
Lu

ng
 S

C 
(JH

U)
Ce

rv
ic

al
 (T

CG
A)

NC
I-6

0

He
ad

 &
 n

ec
k 

(T
CG

A 
pu

b)

He
ad

 &
 n

ec
k 

(T
CG

A)
ch

RC
C 

(T
CG

A)

Co
lo

re
ct

al
 (G

en
en

te
ch

)
Ut

er
in

e 
(T

CG
A)

Ut
er

in
e 

(T
CG

A 
pu

b)

He
ad

 &
 n

ec
k 

(B
ro

ad
)

Li
ve

r (
AM

C)

Co
lo

re
ct

al
 (T

CG
A)

Co
lo

re
ct

al
 (T

CG
A 

pu
b)

GB
M

 (T
CG

A)

Ut
er

in
e 

CS
 (T

CG
A)

GB
M

 (T
CG

A 
20

13
)

Pr
os

ta
te

 (M
IC

H)
Br

ea
st

 (S
an

ge
r)

AC
C 

(T
CG

A)
Pr

os
ta

te
 (T

CG
A)

Pa
nc

re
as

 (T
CG

A)

Pr
os

ta
te

 (B
ro

ad
/C

or
ne

ll 
20

13
)

cc
RC

C 
(T

CG
A 

pu
b)

M
el

an
om

a 
(Y

al
e)

cc
RC

C 
(T

CG
A)

Br
ea

st
 (T

CG
A 

pu
b)

Br
ea

st
 (T

CG
A)

pR
CC

 (T
CG

A)
Br

ea
st

 (B
ro

ad
)

Lu
ng

 S
C 

(C
LC

GP
)

M
M

 (B
ro

ad
)

Ov
ar

ia
n 

(T
CG

A 
pu

b)
Ov

ar
ia

n 
(T

CG
A)

Br
ea

st
 (B

CC
RC

)
Gl

io
m

a 
(T

CG
A)

Pr
os

ta
te

 (B
ro

ad
/C

or
ne

ll 
20

12
)

Pa
nc

re
as

 (I
CG

C)
Th

yr
oi

d 
(T

CG
A)

CC
LE

AM
L 

(T
CG

A)

AM
L 

(T
CG

A 
pu

b)
AC

yC
 (M

SK
CC

)
M

BL
 (P

CG
P)

Bl
ad

de
r (

BG
I)

M
BL

 (I
CG

C)
M

BL
 (B

ro
ad

)
cc

RC
C 

(B
GI

)

0%

10%

20%

30%

40%

50%

60%

70%

80%

Al
te

ra
tio

n 
fr

eq
ue

nc
y

Mutat ion

TCGA: PAN Cancer ANALYSIS – cBIO PORTAL!



C11ORF63 1%

IFI16 0%

LAMC2 0%

PDZD8 0%

PER3 0%

THBS3 1%

TTC24 0%

TTF2 0%

CACNA1B 0%

RHBG 1%

MUC16 6%

C8ORF59 0%

NOTCH2NL 0%

TCGA Case Set – Serous OvCA (TCGA, Nature 2011): !
316 samples!



NO MUTATIONS IDENTIFIED IN ENTIRE OVCA3 GENE IN THE 70 
OVCA FAMILIES ….however……!
!
!
!
Ovarian TCGA:  ! ! ! ! !E210D
! ! ! ! ! ! ! ! !N310S !
! ! ! ! ! ! ! ! !D739H !
!
Breast: ! ! ! ! ! ! !R955G!
! ! ! ! ! ! ! ! !L51V!
! ! ! ! ! ! ! ! !D383H!
! ! ! ! ! ! ! ! !S930C!
!
!

CANDIDATE  OVCA3: 
MUTATION  PROFILE  

 
A  RARE  PRIVATE  ALLELE!
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Integrated analysis of germline and somatic
variants in ovarian cancer
Krishna L. Kanchi1,*, Kimberly J. Johnson1,2,3,*, Charles Lu1,*, Michael D. McLellan1, Mark D.M. Leiserson4,

Michael C. Wendl1,5,6, Qunyuan Zhang1,5, Daniel C. Koboldt1, Mingchao Xie1, Cyriac Kandoth1,

Joshua F. McMichael1, Matthew A. Wyczalkowski1, David E. Larson1,5, Heather K. Schmidt1,

Christopher A. Miller1, Robert S. Fulton1,5, Paul T. Spellman3, Elaine R. Mardis1,5,7, Todd E. Druley5,8,

Timothy A. Graubert7,9, Paul J. Goodfellow10, Benjamin J. Raphael4, Richard K. Wilson1,5,7 & Li Ding1,5,7,9

We report the first large-scale exome-wide analysis of the combined germline–somatic

landscape in ovarian cancer. Here we analyse germline and somatic alterations in 429 ovarian

carcinoma cases and 557 controls. We identify 3,635 high confidence, rare truncation and

22,953 missense variants with predicted functional impact. We find germline truncation

variants and large deletions across Fanconi pathway genes in 20% of cases. Enrichment of

rare truncations is shown in BRCA1, BRCA2 and PALB2. In addition, we observe germline

truncation variants in genes not previously associated with ovarian cancer susceptibility (NF1,

MAP3K4, CDKN2B and MLL3). Evidence for loss of heterozygosity was found in 100 and 76%

of cases with germline BRCA1 and BRCA2 truncations, respectively. Germline–somatic inter-

action analysis combined with extensive bioinformatics annotation identifies 222 candidate

functional germline truncation and missense variants, including two pathogenic BRCA1 and

1 TP53 deleterious variants. Finally, integrated analyses of germline and somatic variants

identify significantly altered pathways, including the Fanconi, MAPK and MLL pathways.
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common variants, reference sequence errors and recurrent
artifacts, a total of 3,635 high confidence, rare (o1%
population minor allele frequency (MAF)) germline truncation
variants were identified in 2,214 genes, 115 of which are in 40
known cancer genes (Fig. 1, Supplementary Fig. 2; Supplementary
Data 4 and Methods)9. These 115 variants were validated using
genomic DNA or a source of whole-genome-amplified DNA
that differed from that used for discovery (Supplementary
Data 5). We used several approaches to identify known and
potentially pathogenic germline missense variants in the
Caucasian subset (Table 1, n¼ 387). Specifically, a total of
22,953 missense variants in 3,637 genes were predicted to be
functionally deleterious by Condel10 and also had population
MAFs o1% in Caucasian data from the 1,000 Genomes, and the
current cohorts (TCGA ovarian cancer cases and WHISP exome
controls; Fig. 1, Supplementary Data 6 and Supplementary Fig. 3).
After limiting our analyses to genes with an average expression

Reads Per Kilobase per Million mapped reads (RPKM)40.5
(Methods), we identified 17,348 missense variants in a total of
2,810 genes in this subset. We processed 557 WHISP samples
using the same software tools and filtering strategies and
identified 7,889 rare (o1% MAF in the population and cohort)
truncation variants and 30,335 rare missense variants defined as
functionally deleterious by Condel and in expressed genes
(Supplementary Data 7 and 8).

Finally, although we performed a genome-wide germline copy-
number analysis using single nucleotide polymorphism (SNP)
array data, our manual review of the results indicated many false
positives with very few passing our review criteria. Therefore, we
focused our analysis of copy-number alterations on BRCA1,
BRCA2 and TP53, coupled with extensive manual review. Here
three high-confidence germline deletion events in BRCA1 were
identified in three cases (TCGA-36-2539, TCGA-31-1959
and TCGA-23-1028; Fig. 2). Two cases (TCGA-31-1959 and
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Figure 1 | Overview of the integrated analysis of germline and somatic variants in 429 TCGA serous ovarian cases. A total of 27,280 somatic mutations
were identified, including 6 SMGs (blue shaded area). Germline variants included a total of three BRCA1 large-scale deletions, following filtering of
variants with 41% MAF in the population, TCGA ovarian cancer cases and WHISP controls; a total of 3,635 truncation variants and 22,953 missense
variants (17,348 in expressed genes) remained for TCGA cases. For WHISP controls, a total of 10,443 truncation and 30,335 missense variants
(in expressed genes) remained. After applying the burden test using WHISP exome sequence data, a total of 3 and 24 genes were significantly enriched for
truncation events and missense variants, respectively (orange shaded area). The germline–somatic interaction analysis (purple shaded area) that
retained variants in expressed genes in ovarian cancer that met two out of five criteria identified a total of 222 candidate germline susceptibility variants.
The pathway analysis identified three significant pathways involved in ovarian cancer pathogenesis, Fanconi, MAPK and MLL.
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Will disguise gene names but can use as an example!
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NYBR01: SEQUENCING STRATEGY!



Selecting for Candidate Mutations from Germlines of Multiple Families with  
Breast Cancer!

24!
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Will disguise gene names but can use as an example!

dx	  60s	  
91	  

3	   2	   7	  

dx	  60s	  
68	  

dx-‐57	  
63	  

dx-‐40’s	  
55	  
MDACC	  

	  
50’s	  

	  
Dx	  -‐74	  
MSH	   7	   3	  

	  
Dx-‐72	  

Dx-‐30	  
35	  

BRCA	  nega=ve	  Breast	  Ca	  (Myriad)	  

dx-‐29	  
~60	  

dx-‐63	  
~60	  

Cancer	  –	  not	  breast	  

Colon	  
30’s	  

Hodgkin’s	  lymphoma	   Throat	  

lymphoma	  

Colon	  

(58-‐75)	   (62-‐78)	  

001	  

002	   003	   004	  

009	  

005	   006	  

010	  

NYBR 01!

F311-‐03	  NYBR-‐10	  

F311-‐01	  

	  
	  

	  
	  

22!
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NYBR01: 22 Candidate Genes Shared by all Three Affecteds!
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Will disguise gene names but can use as an example!

dx	  60s	  
91	  

3	   2	   7	  

dx	  60s	  
68	  

dx-‐57	  
63	  

dx-‐40’s	  
55	  
MDACC	  

	  
50’s	  

	  
Dx	  -‐74	  
MSH	   7	   3	  

	  
Dx-‐72	  

Dx-‐30	  
35	  

BRCA	  nega=ve	  Breast	  Ca	  (Myriad)	  

dx-‐29	  
~60	  

dx-‐63	  
~60	  

Cancer	  –	  not	  breast	  

Colon	  
30’s	  

Hodgkin’s	  lymphoma	   Throat	  

lymphoma	  

Colon	  

(58-‐75)	   (62-‐78)	  

001	  

002	   003	   004	  

009	  

005	   006	  

010	  

NYBR 01!

NYBR01: Sanger Sequencing of 22 Candidate Genes!
in 6 Affecteds!
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Will disguise gene names but can use as an example!

dx	  60s	  
91	  

3	   2	   7	  

dx	  60s	  
68	  

dx-‐57	  
63	  

dx-‐40’s	  
55	  
MDACC	  

	  
50’s	  

	  
Dx	  -‐74	  
MSH	   7	   3	  

	  
Dx-‐72	  

Dx-‐30	  
35	  

BRCA	  nega=ve	  Breast	  Ca	  (Myriad)	  

dx-‐29	  
~60	  

dx-‐63	  
~60	  

Cancer	  –	  not	  breast	  

Colon	  
30’s	  

Hodgkin’s	  lymphoma	   Throat	  

lymphoma	  

Colon	  

(58-‐75)	   (62-‐78)	  

001	  

002	   003	   004	  

009	  

005	   006	  

010	  

NYBR 01!

Candidate genes:!
!

6 / 6 affecteds share 1 gene!
5 / 6 affecteds share 5 genes!
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NYBR- 01 – Candidate #1! BRCA1!

Identification of a Candidate Gene with Biologic Potency!
Affecting Long-term Survival in Breast Cancer and comparison 

with BRCA1!



CONCLUSIONS!

•  A number of high interest “candidate” ovarian and breast cancer 
susceptibility mutations were discovered within (“personalized”) 
and between families.!

 !
•  The use of germline TCGA data allowed refinement of this 

candidate list.!
!
Validation studies are now planned. !
!-  Generation of mutation-specific ovarian cancer cell lines and 
“humanized” mouse line for understanding the biology of 
OVCA#3.!

!
!- Sequencing of NYBR01 candidate in an independent breast 
cancer family cohort and functional studies in cultured cell lines.!

!
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