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Cancer	is	a	Disease	of	the	Genome

In	the	early	1970’s,	Janet	Rowley’s	microscopy	studies	of	leukemia	cell	
chromosomes	suggested	that	specific	DNA-based	alterations	led	to	cancer,	
laying	the	foundation	for	cancer	genomics.
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The	Human	Genome

Human Genome Project
1989-2003



The	Human	Genome	enables	Cancer	Genomics

• The	human	genome	reference	
sequence	is	the	keystone	for	
interpreting	NGS	sequencing	read	data

• Alignment of	reads	to	the	human	
reference	sequence	is	the	first	step	to	
identify	variation	of	all	types:	first	we	
align	tumor	and	normal	separately,	
identify	variants	in	each	and	then	
compare	the	two	to	derive	somatic	and	
germline	alterations

• Alignment	and	analysis	of	RNA	
sequence	data	provides	information	
about	gene	and	isoform/allele	
expression
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The	first	NGS	cancer	whole	genome	sequence	(2008)

• Caucasian	female,	diagnosis	in	
mid-50s,	de	novoM1	AML

• Normal	cytogenetics
(chromosomes)	and	a	family	
history	of	cancer

• Our	analyses	identified	only	
10	genes	with	mutations	(2	
known	previously	in	AML)

• Data	generation	took	9	
months	and	cost	around	$1M	
but	established	a	paradigm	for	
the	use	of	NGS	to	identify	
somatic	alterations	in	an	
unbiased	manner

Ley et	al.,	Nature	2008



Capillary	technology
Applied	Biosystems 3730xl	(2004)

$15,000,000/genome
~5	years,	International	project

Next-gen	technology
Illumina	NovaSeq (2017)

$1,000/genome
~44	hours@20	genomes	per	run

Whole	human	genome	sequencing	costs



Cancer	Genomics	Projects	Worldwide
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Impact	of	Large-Scale	Cancer	Genomics	

Discovery

Nature	Genetics	45:	1113-1120	(2013)

• Cancer	genes	are	shared	across	tissue	sites
• Cancer	genes	are	altered	in	many	ways	
• Specific	cellular	pathways	are	perturbed	by	the
combined	somatic	and	germline	alterations



Shared	Germline and	Somatic	Cancer	Genes

C.	Lu	et	al.,	Nat.	Comm.	2015

• 12	TCGA	projects:	4,034	cases
• Frequency	of	rare	germline	 truncations	 in	114	cancer-susceptibility	genes	varies	
widely,	from	4%	(AML)	 to	19%	(OV),	and	is	notably	high	 in	stomach	cancer	(11%)



Big	Science	=	Big	Data	Resources



Cancer	Genomics

Applying	Discovery	to	Clinical	Translation



Emerging	Paradigm:	Informed	Clinical	Trials

• Big	data	mining	can	inform	the	next	generation	of	targeted	
therapy	trials	by	enabling	the	examination	of:
• Tissue	sites	that	predominate	in	alterations	of	the	target	
gene/protein	driver
• Co-occurrence	and	mutual	exclusivity	of	other	gene	
alterations
• Pathway	level	evaluation	of	the	altered	gene/protein	
impact	in	a	specific	type	or	subtype	of	malignancy

• The	resulting	trials	should	have	enhanced	accrual	and	efficacy



Clinical	Applications	of	Cancer	Genomics

The	challenge	of	NGS	is	we	do	not	understand	the	impact	of	every	variant!!



Targeted	Therapy	Clinical	Trial	Design:	Basket

“Basket	Trial	Design”



Different	tissue	sites
Different	target	gene	drivers

Drug	1	Clinical	Trial

Drug	2	Clinical	Trial

Drug	3	Clinical	Trial

Targeted	Therapy	Clinical	Trial	Design:	Umbrella

“Umbrella	Trial”	Design



• Mutations	in	HER2	and	HER3	kinases	have	been	identified	 in	many	human	
cancer	types,	including	breast,	lung,	 colorectal,	bladder	

• This	report	in	Nature	describes	 the	results	of	the	SUMMIT	“basket”	trial	of	
neratinib,	a	pan-HER	kinase	inhibitor

• Enrolment	of	141	patients,	125/HER2	and	16	with	HER3	mutations,	21	unique	
cancer	types

• Response	to	therapy	involves	the	specificmutation,	 the	tissue of	origin,	and	the	
genomic	context	of	the	mutation.





Genomics	of	Cancer	Susceptibility
Identifying	Inherited	Cancer	Risk



Clinical	Applications	of	Cancer	Genomics



Mismatch	Repair	Defects	and	Checkpoint	Blockade	
Response	

Le	et	al.,	NEJM	2015

US	FDA	approved	Pembrolizumab use	in	all	tumor	types	with	MMR-D



GBM27:	Rapid	Progression	in	CNS

• Male patient, early 30’s, prior history of colon polyps
• GBM removed by craniotomy/Post surgery temozolomide and radiation therapy; 

FMI test indicated high mutation load/pol E mutated germline status
• Spinal metastasis detected after 3 months: treatment with Pebrolizumab
• Second spinal metastasis identified upon complications, removed post-Pembro
• All tumors studied by high coverage exome sequencing compared 

to PBMC normal, and by IHC

Johanns et	al.,	Cancer	Discovery	2016
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GBM27:	Evolving	Immune	Response

• IHC	stains	for	different	
immune	molecules	
indicates	the	treatment	
with	anti	PD-1	therapy	
has	resulting	 in	the	
influx	of	multiple	T-cell	
types	into	the	second	
spinal	metastasis



Brain	Cancer…

…has	now	surpassed	leukemia	as	the	leading	cause	of	cancer-
related	death	in	kids



Clinical	Applications	of	Cancer	Genomics



Victoria:		Our	Inspiration

• Banked	resections	from	a	single,	
pediatric	ependymoma	patient	
initially	diagnosed	early	teens

• Sequencing	 combined	30-fold	
WGS	with	600-fold	exome	and	
RNAseq	from	each	
sample/timepoint

• Treatment	history	is	known
• Genomic	analysis	illustrates	

therapeutic	“response”	based	
on	increasing	clonal	complexity	
over	time

• Patient	recently	had	a	small	
remaining	 tumor	mass	removed	
after	it	began	to	progress.	The	
tumor	was	sequenced	and	
analyzed	as	shown	in	the	lower	
panel.

C.A.	Miller	et	al.,	Molecular	Case	Studies	2018



Genome-guided	Cancer	Vaccine	Design

Cancer	cells	make	abnormal	proteins	due	to	mutations	 that	change	amino	acid	
sequences

We	predict	the	amino	acid	changes	from	NGS	analysis,	then	predict	which	peptides	
will	be	”neo”antigens,	based	on	the	HLA	types	in	the	patient’s	genome

The	most	antigenic	peptides	can	be	used	to	design	a	patient-specific	vaccine	that	will	
elicit	an	immune	response	 to	the	tumor	which	is	highly	 specific	and	has	few	side	
effects



Victoria:	Neoantigen	Predictions

A	DNA	minicassette	vaccine,	designed	with	10	neoantigen sequences	(9	
class	I,	1	class	II),	was	synthesized	for	this	patient.		She	has	had	a	partial	
response	in	her	recurrent	tumor.



Pediatric	Brain	Cancer	Initiative
Collaborative	effort	at	Nationwide	Children’s	Hospital	to	
identify	pediatric	brain	cancer	cases	with	indeterminate	
diagnoses	or	recurrent	disease	and	study	these	patients	by	
NGS-based	analyses

- compare	tumor	to	normal	DNA	for	evidence	of	mutations	
in	genes	that	might	indicate	a	therapy

- sequence	and	characterize	RNA	from	the	tumor	to	aid	in	
molecular	subtyping

- our	first	case	was	identified	end	of	April	2017
- infant	male	pt.	presenting	with	seizures
- brainstem	tumor	based	on	MRI	was	resected
- unclear	differential	diagnosis	by	pathology



Nolan:	Differential	Diagnosis



Nolan:	An	FGFR1:TACC1	Fusion

• A	FGFR1:TACC1	fusion	on	Chr.	8	is	present	and	expressed	in	the	patient’s	tumor	RNA
• Similar	fusion	genes	previously	observed	in	pediatric	&	adult	brain	tumors
• Potentially	TARGETABLE	using	FGFR	inhibitors

TACC1
intron

TACC1
exon

Chromosome	8

Novel	fusion	gene	detected:
FGFR1

FGFR1	exon
Clinical	lab	confirmation:

TACC1	exon
RT-PCR	&	Sanger	sequencing



Tess:		Pilocytic Astrocytoma

• Female	patient,	pilocytic astrocytoma
• Germline ALK	mutation	(pGly1121Asp);	pathogenic
• Somatic	mutation	in	MAEL	(pAla33Val):	cancer	testis	antigen
• CNV	analysis	revealed:	complete	loss	of	one	copy	each	Chr.	1,	

2,	4,	13,	16,	19,	22;		complete	gain	1	copy	of	Chr.	6,	small	
interstitial	gain	Chr 7

• Structural	variant	analysis	revealed…	



This	patient	appears	to	have	the	second	of	the	pictured	fusions	– fusing	
exon	#15	of	KIAA1549	with	exon	#9	of	BRAF.	The	KIAA1549-BRAF	fusions	
have	been	reported	in	low	grade	gliomas	from	large-scale	studies	of	
pediatric	patients.		For	this	patient,	a	MEK inhibitor	is	an	appropriate	
therapy.
Image	from:	https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3194058/

Tess:	Somatic	KIAA154915-BRAF9 fusion



RNA-based	Tumor	Subtyping	by	PCA



NCH	Neuro-oncology	Genomics:	Initial	Results
No. Diagnosis Age Primary	 somatic	finding Primary	 germline	finding

1 Indeterminate,	most	consistent	with	oligodendroglioma 1 FGFR1-TACC1	fusion ---

2 Pilocytic astrocytoma 4 KIAA1549-BRAF ---

3 Medulloblastoma,	WHO	 grade	IV	(Non-WNT,	Non-SHH?) 15 CNV	loss,	including	TP53 ---

4 Pilocytic Astrocytoma 4 KIAA1549-BRAF ---

5 Glioblastoma	(recurrence) 12 PIK3CA	(c.1633G>A:p.Glu545Lys) ---

6 Pilocytic	Astrocytoma	 5 FGFR1	(c.1960A>G:p.Lys654Glu);	missense	SNP	in	PTPN11	(c.205G>A:p.Glu69Lys) --- 

7 Ewing-like	Sarcoma	 6 EWSR1-CREB3L3	 fusion ---

8 Ganglioglioma,	WHO	grade	1 10 BRAF	(c.1799T>A:p.Val600Glu),	previously	reported ATM	(c.2062G>A:p.Glu688Lys) 

9 Diffuse	Midline	Glioma,	H3	K27M-mutant,	WHO	grade	IV 6 PIK3R1	(c.1690A>G:p.Asn564Asp) ---

10 Indeterminate,	high	grade	glioma/astrocytoma 17 Multiple	truncating	mutations	in	ATRX,	NF1	(compound	het),	CBL PMS2	(c.137G>T:p.Ser46Ile)

11 Ganglioglioma,	WHO	grade	1 13 BRAF	(c.1794_1796dupTAC:p.Thr599dup) ---

12 Glioma	(low	grade) 8 --- ---

13 Clival Chordoma 10 Biallelic loss	of		CDKN2A	and	CDKN2B	 (chr9	copy	loss	&	 full	gene	deletion) ---

14 Pilocytic Astrocytoma	 5 KIAA1549-BRAF	fusion ---

15 Atypical	Teratoid Rhabdoid Tumor 1 Biallelic loss	of	function	 of	SMARCB1	(chr22	copy	 loss	&	c.482delA:p.Asp161fs) ---

16 Neuroepithelial tumor	(high	grade) 2 --- ---

17 Ependymoma 15 High	number	of	 CNV	changes,	further	investigation	ongoing ---

18 Choroid	 Plexus	Carcinoma,	WHO	grade	3 4 Hyperhaploidy TP53	(c.625C>T:p.Arg209Trp),	mosaic

Druggable target	(n=9)
Likely	poor	outcome	 (n=6)
Inconclusive	 (n=3)



Future	of	Genomics-based	Diagnostics

• One	clear	challenge	is	accelerating	the	speed	of	data	analysis	
to	identify	genomic	variants	more	quickly	and	accurately

• Data	integration	from	DNA,	RNA,	protein	will	provide	a	more	
complete	picture	of	the	biology	of	disease

• Expanding	our	understanding	of	healthy	tissue	biology	will	
also	provide	an	important	contrast	to	diseased	tissue

• Sharing	information	and	know-how	will	ensure	access	to	all	
patients
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