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Module 1: Whole Genome Analysis 



Whole Genome Analysis 

o A	
  genome-­‐wide	
  search	
  for	
  disease-­‐
causing	
  variants	
  	
  

•  Karyotype	
  –	
  Chromosomes	
  under	
  the	
  
microscope	
  

•  Cytogenomic	
  Arrays	
  for	
  large	
  dele:ons/
duplica:ons	
  

•  Whole	
  Exome	
  Sequencing	
  (WES)	
  
•  Whole	
  Genome	
  Sequencing	
  (WGS)	
  



Going From Sequence to Clinical  Use 



Sequencing 

TTCTCTTAGCTTCAGGCTTA---------------------TACCCAGTAGATTT	
  

TCGGCTCGGATCGTTTCTCTT------------------CTAGGTGACTGACTGA!

GCTAGGCTAGCTTTCGA--------------------CGGATCGGATCGG!

TAGCTTAGCTAGGCTAGCTTT----------------ATCGATTCGGAT!

GATCGGCTCGGAT---------------CAGGCTTATGCTAGGTGAC!

TCGGCTCGGATCGTTTCTCTT----------CTAGGTGACTGACTGA!

CTGACTAAATCGATACC-------------GCTACCGAGACTGG	
  

DNA	
   FRAGMENTS	
   SEQUENCE	
  THE	
  ENDS	
  OF	
  EACH	
  FRAGMENT	
  

ACGTAGCTAGCTTA---------------------------TCGATTCGGATCGGATC 
TAGCTTAGCTAGGCTAGCTTT----------------ATCGATTCGGAT 

GCTAGGCTAGCTTTCGA--------------------CGGATCGGATCGG 

GATCGGCTCGGAT---------------CAGGCTTATGCTAGGTGAC CTGACTAAATCGATACC-------------GCTACCGAGACTGG 
TTCTCTTAGCTTCAGGCTTA-----------------------TACCCAGTAGATTT 

GTAGATTTCTAGCTACCG------- TCGGCTCGGATCGTTTCTCTT----------CTAGGTGACTGACTGA 

GCTTTCGATCGATTCGGATCGATTCGG---------------TCGGATCGTTTCTCTT 

ALIGN	
  ALL	
  SEQUENCES	
  TO	
  THE	
  OTHERS	
  

“De	
  Novo”	
  Alignment	
  
ACGTAGCTAGCTTAGCTAGGCTAGCTTTCGATCGATTCGGATCGATTCGGATCGGATCGGCTCGGATCGTTTCTCTTAGCTTCAGGCTTATGCTAGGTGACTGACTAAATCGATACCCAGTAGATTTCTAGCTACCGAGACTGG!



Resequencing 
 

ACGTAGCTAGCTTAGCTAGGCTAGCTTTCGATCGATTCGGATCGATTCGGATCGGATCGGCTCGGATCGTTTCTCTTAGCTTCAGGCTTATGCTAGGTGACTGACTAAATCGATACCCAGTAGATTTCTAGCTACCGAGACTGG!

TTCTCTTAGCTTCAGGCTTA---------------------TACCCAGTAGATTT	
  

TCGGCTCGGATCGTTTCTCTT------------------CTAGGTGACTGACTGA!

GCTAGGCTAGCTTTCGA--------------------CGGATCGGATCGG!

TAGCTTAGCTAGGCTAGCTTT----------------ATCGATTCGGAT!

GATCGGCTCGGAT---------------CAGGCTTATGCTAGGTGAC!

TCGGCTCGGATCGTTTCTCTT----------CTAGGTGACTGACTGA!

CTGACTAAATCGATACC-------------GCTACCGAGACTGG	
  

DNA	
   FRAGMENT	
  
SEQUENCE	
  EACH	
  FRAGMENT	
  END	
  

Reference	
  Sequence	
  

TCGGCTCGGATCGTTTCTCTT---------     -CTAGGTGACTGACTAA!ACGTAGCTAGCTTA---------------------------TCGATTCGGATCGGATC GTAGATTTCTAGCTACCG-------	
  

TAGCTTAGCTAGGCTAGCTTT----------------ATCGATTCGGAT!

GCTAGGCTAGCTTTCGA--------------------CGGATCGGATCGG!

GATCGGCTCGGAT---------------CAGGCTTATGCTAGGTGAC!CTGACTAAATCGATACC-------------GCTACCGAGACTGG	
  
TTCTCTTAGCTTCAGGCTTA-----------------------TACCCAGTAGATTT	
  

ALIGN	
  EACH	
  SEQUENCE	
  TO	
  THE	
  REFERENCE	
  
GCTTTCGATCGATTCGGATCGATTCGG---------------TCGGATCGTTTCTCTT 



There is  No Single “Human Genome” 

o  There	
  is	
  no	
  “normal”	
  or	
  “control”	
  	
  human	
  
genome,	
  there	
  are	
  billions	
  of	
  different	
  genomes	
  

o  To	
  provide	
  some	
  sort	
  of	
  standard,	
  a	
  “reference	
  
genome”	
  was	
  constructed	
  as	
  a	
  consensus	
  among	
  
mul:ple	
  sequences	
  

o Any	
  person’s	
  genome	
  differs	
  from	
  the	
  reference	
  
at	
  millions	
  of	
  sites,	
  ranging	
  from	
  single	
  nucleo:de	
  
differences	
  up	
  to	
  hundreds	
  of	
  thousands,	
  even	
  
millions	
  of	
  base	
  pairs	
  

o Reference	
  s:ll	
  has	
  gaps	
  in	
  regions	
  where	
  no	
  
sequence	
  could	
  be	
  obtained	
  



Exome Capture for WES 
 
 

DNA	
  

SHORT	
  SYNTHETIC	
  DNAS	
  
COMPLEMENTARY	
  TO	
  ALL	
  
EXONS	
  –	
  ATTACHED	
  TO	
  

MAGNETIC	
  BEADS	
  

EXON	
  1	
  	
  	
  	
  EXON	
  2	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  EXON	
  3	
  	
  	
  	
  EXON	
  4	
  

FRAGMENTS	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

ACGTAGCTAGCTTAGCTAGGCTAGCTTTCGATCGATTCGGATAGATTCGGATCGGATCGGCTCGGATCGTTTCTCTTAGCTTCAGGCTTATGCTAGGTGACTGACTAAATCGATACCCAGTAGATTTCTAGCTACCGAGACTGG!

Reference	
  Sequence	
  
TCGGCTCGGATCGTTTCTCTT---------     -CTAGGTGACTGACTAA!              ---------------------------TAGATTCGGATCGGATC 

                     ----------------ATCGATTCGGAT!

                 --------------------CGGATCGGATCGG!

GATCGGCTCGGAT---------------CAGGCTTATGCTAGGTGAC!
TTCTCTTAGCTTCAGGCTTA	
  

EXON	
  

SEQUENCE	
  



W hole  genome vs  whole  exome sequencing 

Why	
  study	
  just	
  the	
  exome?	
  
o More	
  predictable	
  effect	
  of	
  muta:ons	
  
o >85%	
  of	
  known	
  muta:ons	
  for	
  rare	
  Mendelian	
  
disorders	
  occur	
  in	
  the	
  exome	
  

o Cheaper,	
  faster	
  and	
  easier	
  to	
  analyze	
  just	
  2%	
  
rather	
  than	
  the	
  en:re	
  genome	
  



What WES can reliably detect 

•  Small	
  variants	
  (SNVs	
  or	
  small	
  indels)	
  -­‐	
  Read	
  Depth!	
  
•  Some	
  CNVs	
  
•  Not	
  larger	
  indels	
  or	
  trinucleo:de	
  repeats	
  
•  Exon	
  dele:ons	
  are	
  hit-­‐or-­‐miss	
  using	
  depth	
  of	
  
coverage	
  measures	
  

WARNING:	
  The	
  technology	
  is	
  evolving	
  rapidly	
  and	
  
new	
  	
  advances	
  will	
  change	
  this	
  current	
  snapshot	
  



Read depth (coverage) 

o Would	
  you	
  believe	
  this	
  person	
  is	
  heterozygous	
  (A/G)	
  
for	
  a	
  variant	
  with	
  a	
  read	
  depth	
  of	
  3?	
  

CCCACATCTTCTCCATCTCCGACAACGCCTATCAGTACATGCTGACAGGTGAAGGCCCTGGA!
!
                    GACAACGCCTATCAGTACATGCTGACAGGTGAA !
            CCATCTCCGACAACGCCTGTCAGTACATGCTGACAGGTGAAGGCCCTGGA!
     ATCTTCTCCATCTCCGACAACGCCTATCAGTAC!

Reference	
  



How about Now? 

CCCACATCTTCTCCATCTCCGACAACGCCTATCAGTACATGCTGACAGGTGAAGGCCCTGGATTTTGCA!
!
                    GACAACGCCTATCAGTACATGCTGACAGGTGAA !
            CCATCTCCGACAACGCCTGTCAGTACATGCTGACAGGTGAAGGCCCTGGA!
     ATCTTCTCCATCTCCGACAACGCCTGTCAGTAC!

Reference	
  

                CCGACAACGCCTATCAGTACATGCTGACAGGT!
             TCTCCGACAACGCCTGTCAGTACATGCTGACAGGTGAAGGCCCTGGATTT!
   ATCTTCTCCATCTCCGACAACGCCTATCAGTAC	
  

                CCGACAACGCCTGTCAGTACATGCTGACAGGT!
             TCTCCGACAACGCCTGTCAGTACATGCTGACAGGTGAAGGCCCTGGATTTTGC!
      TTCTCCATCTCCGACAACGCCTATCAGTACATGCTGACA	
  

                CCGACAACGCCTATCAGTACATGCTGACAGGT!
             TCTCCGACAACGCCTGTCAGTACATGCTGACAGGTGAAGGCCCTGGATTT!
   ATCTTCTCCATCTCCGACAACGCCTATCAGTAC	
  

                  GACAACGCCTATCAGTACATGCTGACAGGTGAA !
          CCATCTCCGACAACGCCTGTCAGTACATGCTGACAGGTGAAGGCCCTGGA!
   ATCTTCTCCATCTCCGACAACGCCTGTCAGTAC!

	
                  CCGACAACGCCTATCAGTACATGCTGACAGGT!
             TCTCCGACAACGCCTGTCAGTACATGCTGACAGGTGAAGGCCCTGGATTTTGC!
      TTCTCCATCTCCGACAACGCCTATCAGTACATGCTGACA	
  

9/18	
  G	
  
9/18	
  A	
  



Module 2: Clinical interpretation of 
variants 



Going From Sequence to Clinical  Use 



Typical  Indiv idual  Di f ferences  f rom Reference 

•  ~5-­‐10	
  million	
  SNVs	
  (varies	
  by	
  popula:on)	
  
•  40-­‐100,000	
  SNVs	
  in	
  coding	
  exons	
  

•  10,000-­‐12,000	
  synonymous	
  (no	
  amino	
  acid	
  change)	
  

•  8,000-­‐11,000	
  non-­‐synonymous,	
  in	
  4,000-­‐5,000	
  genes	
  

•  200,000-­‐500,000	
  indels	
  (1-­‐1000	
  bp)	
  (varies	
  by	
  popula:on)	
  
•  ~150	
  in-­‐frame	
  indels	
  in	
  exons	
  
•  ~200-­‐250	
  shim	
  the	
  reading	
  frame	
  of	
  an	
  exon	
  

•  500-­‐1000	
  CNVs	
  >1,000	
  bp	
  



Basic annotation of  variants 

o  Gene	
  name	
  (if	
  in	
  a	
  gene)	
  
o  Chromosome	
  loca:on	
  of	
  the	
  change	
  (posi:on	
  in	
  reference	
  genome)	
  
o  Loca:on	
  of	
  the	
  change	
  within	
  the	
  mRNA/cDNA	
  
o  Loca:on	
  of	
  the	
  amino	
  acid	
  change	
  in	
  the	
  protein	
  
o  Effect	
  on	
  protein	
  (if	
  in	
  a	
  gene)	
  

Gene	
   Chr.	
   Genomic	
   cDNA	
   Protein	
   Effect	
  

BRCA1	
   17	
   g.37038192G>T	
   c.199G>T	
   p.Gly67Trp	
   Non-­‐synonymous	
  

BRCA1	
   17	
   g.37042469_37042470delTG	
   c.231_232delTG	
   p.Cys77Ter	
   Stop-­‐gained	
  



Advanced annotation of  variants 

o Variant	
  dependent	
  methods	
  
•  Allele	
  frequency	
  
•  Predicted	
  effect	
  of	
  variant	
  on	
  protein	
  
•  Evolu:onary	
  conserva:on,	
  protein	
  structure,	
  amino	
  
acid	
  proper:es	
  

•  Func:onal	
  characteriza:on	
  of	
  variant	
  (in	
  vitro	
  and/or	
  
in	
  vivo)	
  

o Disease-­‐dependent	
  methods	
  
•  Mode	
  of	
  inheritance	
  
•  Cosegrega:on	
  with	
  disease	
  is	
  families	
  
•  Prior	
  associa:on	
  of	
  the	
  gene	
  with	
  disease	
  
•  Pathway	
  analysis	
  



Criteria used to evaluate variants 

o Variant	
  dependent	
  methods	
  
•  Allele	
  frequency	
  
•  Predicted	
  effect	
  of	
  variant	
  on	
  protein	
  
•  Evolu:onary	
  conserva:on,	
  protein	
  structure,	
  amino	
  
acid	
  proper:es	
  

•  Func:onal	
  characteriza:on	
  of	
  variant	
  (in	
  vitro	
  and/or	
  
in	
  vivo)	
  

o Disease-­‐dependent	
  methods	
  
•  Mode	
  of	
  inheritance	
  
•  Cosegrega:on	
  with	
  disease	
  is	
  families	
  
•  Prior	
  associa:on	
  of	
  the	
  gene	
  with	
  disease	
  
•  Pathway	
  analysis	
  



Allele frequency in general  population 

o For	
  a	
  suspected	
  Mendelian	
  disease,	
  a	
  variant	
  
observed	
  in	
  the	
  general,	
  healthy	
  popula:on	
  is	
  
assumed	
  non-­‐pathogenic	
  

o 1000	
  Genomes	
  (www.1000genomes.org)	
  
o dbSNP	
  
o And	
  others…..	
  



Pr ed i c t i n g  th e  e f f ec t  o f  a  va r i an t  i s  C HA L L E NGING 

Probably	
  
Damaging	
  

Stop-­‐loss	
  
Stop-­‐gained	
  
Frameshim	
  
Splice	
  disruptor	
  

Possibly	
  Damaging	
  
Non-­‐synonymous	
  
In-­‐frame	
  In/Del	
  

Likely	
  not	
  Damaging	
  
5’/3’	
  UTR	
  
Synonymous	
  
Intergenic	
  
Intronic	
  
Non-­‐coding	
  genes	
  



Pr ed i c t i n g  th e  e f f ec t  o f  n on - syn onymou s  va r i an t s  

o  Evolu:onary	
  conserva:on	
  
o  Protein	
  structure	
  
o  Amino	
  acid	
  proper:es	
  
o  These	
  criteria	
  are	
  applied	
  together	
  by	
  various	
  
computer	
  algorithms	
  to	
  assess	
  how	
  damaging	
  a	
  
change	
  might	
  be	
  



Evolutionary conservation 

Muta:ons	
  in	
  conserved	
  posi:ons	
  more	
  likely	
  deleterious	
  

CFTR	
  gene	
  



A mi n o  a c i d  p r o p er t i e s  a n d  p r o te i n  s t r u c tu r e  

Not	
  all	
  amino	
  acid	
  changes	
  are	
  
equivalent	
  
	
  
Conserva:ve	
  changes	
  less	
  likely	
  
to	
  affect	
  protein	
  structure/
func:on	
  
	
  
Loca:on	
  of	
  change	
  within	
  protein	
  
masers	
  as	
  well	
  



In vitro/in vivo functional studies 

In	
  vivo	
  (animal	
  models)	
  In	
  vitro	
  (cell-­‐based	
  assays)	
  



Criteria used to evaluate variants 

o Variant	
  dependent	
  methods	
  vary	
  in	
  their	
  
ability	
  to	
  predict	
  the	
  effect	
  of	
  a	
  variant	
  on	
  
gene	
  or	
  protein	
  func:on.	
  Some	
  are	
  highly	
  
predic:ve,	
  others	
  are,	
  at	
  best,	
  sugges:ve	
  or	
  
circumstan:al.	
  



Criteria used to evaluate variants 

o Variant	
  dependent	
  methods	
  
•  Allele	
  frequency	
  
•  Predicted	
  effect	
  of	
  variant	
  on	
  protein	
  
•  Evolu:onary	
  conserva:on,	
  protein	
  structure,	
  amino	
  
acid	
  proper:es	
  

•  Func:onal	
  characteriza:on	
  of	
  variant	
  (in	
  vitro	
  and/or	
  
in	
  vivo)	
  

o Disease-­‐dependent	
  methods	
  
•  Cosegrega:on	
  with	
  disease	
  is	
  families	
  
•  Prior	
  associa:on	
  of	
  the	
  gene	
  with	
  disease	
  (OMIM)	
  
•  Pathway	
  analysis	
  



C o se g r e ga t i o n  o f  va r i a n t  w i th  d i se a se  i n  f a m i l i e s  

D

D

D D D D D

D

D

DD

D



Prior association of  gene with disease 

hsp://www.ncbi.nlm.nih.gov/omim	
  
hsps://www.ncbi.nlm.nih.gov/clinvar/	
  

hsp://www.hgvs.org/dblist/dblist.html	
  



Gene in a disease pathway 



Typical classification scheme 

o Known	
  pathogenic	
  
o Likely	
  pathogenic	
  
o Variant	
  of	
  unknown	
  significance	
  (VOUS	
  or	
  VUS)	
  
o Likely	
  benign	
  
o Benign	
  



Classifying Variants 



Classifying Variants 



“Typ i ca l ”   Va r i an t  C l ass i f i ca t i on  Tes t  Rep or t  

o  “Muta:ons	
  in	
  this	
  gene	
  have	
  been	
  previously	
  reported	
  to	
  
cause	
  this	
  disease”	
  

o  “This	
  variant	
  affects	
  a	
  highly	
  conserved	
  cysteine	
  residue	
  in	
  
gene	
  XYZ	
  resul:ng	
  in	
  the	
  subs:tu:on	
  of	
  a	
  posi:vely	
  charged	
  
amino	
  acid,	
  arginine,	
  for	
  a	
  sulfur-­‐containing	
  amino	
  acid	
  in	
  
an	
  important	
  func:onal	
  domain	
  of	
  the	
  enzyme	
  encoded	
  by	
  
gene	
  XYZ”	
  

o  “Published	
  biochemical	
  studies	
  have	
  shown	
  this	
  
subs:tu:on	
  causes	
  loss	
  of	
  ac:vity	
  of	
  the	
  enzyme”	
  

o  “This	
  variant	
  has	
  been	
  reported	
  in	
  3	
  unrelated	
  pa:ents	
  with	
  
this	
  disease”	
  

o  “In	
  one	
  unrelated	
  pa:ent,	
  the	
  disease	
  was	
  co-­‐inherited	
  with	
  
the	
  muta:on	
  in	
  5	
  other	
  affected	
  members	
  of	
  the	
  family”	
  	
  



Module 3: Using NGS for diagnostic 
dilemmas 



A typical diagnostic odyssey 
 

Delayed	
  
diagnosis,	
  
medical	
  
expenses	
  

Tes:ng	
  

Mis-­‐diagnosis	
  

Ineffec:ve	
  
treatment	
  

Disease	
  
progression	
  



Ending a “Diagnostic Odyssey” 

Making	
  a	
  defini9ve	
  diagnosis:	
  Successful	
  clinical	
  
applica9on	
  of	
  whole	
  exome	
  sequencing	
  in	
  a	
  child	
  with	
  

intractable	
  inflammatory	
  bowel	
  disease	
  
	
  

Elizabeth	
  A.	
  Worthey	
  et	
  al.	
  Genet	
  Med	
  2011:13(3):255–262.	
  	
  
Medical	
  College	
  of	
  Wisconsin	
  



Intractable  inf lammator y  bowel  disease  

•  Whole	
  Exome	
  Sequencing	
  of	
  15	
  month	
  old	
  male	
  infant	
  

•  ~16,000	
  total	
  variants	
  within	
  coding	
  por:on	
  of	
  genes	
  	
  (SNVs,	
  small	
  
duplica:ons	
  or	
  dele:ons.	
  ~1500	
  were	
  “novel”	
  	
  

•  	
  	
  ~7,100	
  were	
  non-­‐synonymous	
  subs:tu:ons,	
  premature	
  stops,	
  or	
  
small	
  inser:ons	
  or	
  dele:ons	
  in	
  coding	
  exons	
  of	
  which	
  ,	
  ~	
  1,100	
  
were	
  novel,	
  not	
  present	
  in	
  databases	
  of	
  normal	
  variants	
  

•  136	
  variants	
  fit	
  an	
  autosomal	
  recessive	
  (AR)	
  or	
  X-­‐linked	
  (XL)	
  
inheritance	
  model	
  

•  1	
  variant	
  among	
  the	
  136	
  that	
  fit	
  AR	
  or	
  XL	
  inheritance,	
  altered	
  a	
  
conserved	
  amino	
  acid,	
  was	
  predicted	
  to	
  be	
  damaging,	
  was	
  not	
  
present	
  in	
  reference	
  genome,	
  and	
  was	
  not	
  in	
  a	
  gene	
  in	
  which	
  
deleterious	
  muta:ons	
  causing	
  a	
  different	
  phenotype	
  was	
  known.	
  	
  

	
   E.A.	
  Worthey	
  et	
  al.	
  Genet	
  Med	
  2011:13(3):255–262.	
  



Mode of  inheritance 

o Dominant	
   o Recessive	
  
Both	
  copies	
  of	
  gene	
  affected	
  

Homozygote	
  
	
  
	
  
Compound	
  
heterozygote	
  
	
  
	
  
X-­‐linked	
  

One	
  copy	
  of	
  gene	
  affected	
  

Heterozygote	
  

~7,000	
  poten:ally	
  damaging	
  variants	
  
in	
  genes,	
  1,100	
  of	
  them	
  novel	
  

136	
  fit	
  	
  these	
  inheritance	
  paserns	
  

XIAP	
  
Indica:on	
  for	
  bone	
  marrow	
  

transplanta:on	
  



Using unrelated patients 
Boycott et al. Ann Rev Med 2014  



The Trio in Whole Genome Analysis 

Original Article  
Clinical Whole-Exome Sequencing for the 

Diagnosis of Mendelian Disorders 

Yaping Yang, Ph.D. et al. . 

N Engl J Med 
Volume 369(16):1502-1511 

October 17, 2013 

250 consecutive patients with undiagnosed 
diseases undergoing trio analysis	
  



The Trio in Whole Genome Analysis 



Mode of  inheritance 

o Dominant	
   o Recessive	
  
Both	
  copies	
  of	
  gene	
  affected	
  

Homozygote	
  
	
  
	
  
	
  
Compound	
  
heterozygote	
  
	
  
	
  
X-­‐linked	
  

One	
  copy	
  of	
  gene	
  affected	
  

Heterozygote	
  

New	
  variant	
  in	
  the	
  pa:ent	
  not	
  
	
  present	
  in	
  either	
  parent	
  

o  New	
  Muta:on	
  



Representative Filtering Scheme 

~40,000	
  variants	
  

Whole	
  Genome	
  Sequencing	
  

Whole	
  Exome	
  Sequencing	
  



Which patients are getting WES 

Yang Y et al. N Engl J Med 2013;369:1502-1511 



Diagnostic yield in 250 WES patients 

•  The	
  underlying	
  gene:c	
  defect	
  was	
  found	
  	
  in	
  62	
  
(25%)	
  of	
  250	
  consecu:ve	
  pa:ents	
  

•  33	
  were	
  dominant	
  (with	
  29	
  new	
  muta:ons)	
  
•  16	
  recessive	
  
•  9	
  X-­‐linked	
  
•  4	
  had	
  two	
  diseases	
  

Yang Y et al. N Engl J Med 2013;369:1502-1511 



•  Tested	
  4	
  unrelated	
  individuals	
  with	
  mandibulofacial	
  dysostosis	
  
•  Assump:ons:	
  All	
  individuals	
  would	
  have	
  a	
  muta:on	
  in	
  the	
  same	
  gene	
  

(not	
  necessarily	
  the	
  same	
  muta:on).	
  Condi:on	
  is	
  rare	
  

WES to identify a gene for MFDM 

Lines et al. Am J. Hum. Genet. 2012  

Gene	
  with	
  SNV	
  in	
  N	
  
pa9ents,	
  N=1,2,3,4	
   1	
   2	
   3	
   4	
  

Gene	
  mutated	
  in	
  N	
  
pa:ents,	
  N=1,2,3,4	
   1	
   2	
   3	
   4	
  

Missense,	
  nonsense,	
  
in/del,	
  splice	
   2,500	
   200	
   20	
   2	
  

Allele	
  frequency	
  <	
  1%	
   1,500	
   160	
   8	
   1	
  

MUC4	
  

0	
  

Included	
  
EFTUD2	
  4th	
  pa:ent	
  had	
  probable	
  dele:on	
  in	
  EFTUD2	
  



Iden t i f i ca t ion  o f  d i sease  genes  us ing  NGS 

Boycott et al. Ann Rev Med 2014  



Module 4: Practical aspects 



The “Incidentalome” 

o  Unan:cipated	
  Pathogenic	
  Variants:	
  Variants	
  that	
  appear	
  deleterious	
  and	
  
might	
  be	
  of	
  significance	
  but	
  were	
  not	
  what	
  was	
  originally	
  being	
  looked	
  for.	
  

o  Chosen	
  to	
  be	
  “ac:onable”	
  	
  -­‐	
  would	
  improve	
  the	
  care	
  of	
  the	
  pa:ent	
  
•  Example:	
  Finding	
  a	
  hereditary	
  cancer	
  predisposi:on	
  gene	
  during	
  the	
  search	
  for	
  the	
  cause	
  

of	
  a	
  neurodegenera:ve	
  disease	
  

o  Are	
  these	
  Fortunate	
  Discoveries	
  or	
  False	
  Alarms?	
  

o  How	
  much	
  real	
  good	
  did	
  you	
  do	
  uncovering	
  these?	
  

•  Ac:onability	
  vs.	
  Unnecessary	
  anxiety	
  &	
  higher	
  health	
  care	
  costs	
  



Incidental findings during WGS 

American	
  College	
  of	
  Medical	
  Gene:cs	
  and	
  
Genomics	
  	
  recommenda:ons	
  (revised	
  2014)	
  
o Unless	
  the	
  pa:ent	
  specifies	
  otherwise,	
  the	
  
laboratory	
  must	
  report	
  any	
  clearly	
  pathogenic	
  
muta:ons	
  in	
  one	
  of	
  an	
  ini:al	
  set	
  of	
  56	
  genes,	
  
regardless	
  of	
  the	
  age	
  of	
  pa:ent	
  or	
  the	
  
indica:on	
  for	
  which	
  tes:ng	
  was	
  originally	
  
ordered.	
  



Where to get tested 

o NIH	
  Undiagnosed	
  Disease	
  Program	
  (UDP)	
  
o Rare	
  Genomics	
  Ins:tute	
  
o Academic	
  medical	
  center	
  laboratories	
  
o Many	
  commercial	
  op:ons	
  



In f o r med  consen t  –  p r oposed  min imum e lements  
to  i n c l u d e  

o Scope	
  and	
  Descrip:on	
  	
  –	
  What	
  is	
  being	
  tested	
  
o Benefits 	
  	
  
o Risks 	
  	
  
o Tes:ng	
  is	
  Voluntary	
   	
  	
  
o Alterna:ve	
  test 	
  	
  
o Confiden:ality	
  
o Future	
  use 	
  	
  
o  Incidental	
  findings 	
  	
  

Ayuso	
  et	
  al.,	
  European	
  Journal	
  of	
  Human	
  GeneMcs	
  (2013)	
  21,	
  1054–59	
  



In f o r med  consen t  f o r  WGA –  W hat  mus t  pa t i en t s  be  
to l d ?  

1.  As	
  with	
  all	
  medical	
  care,	
  the	
  test	
  is	
  voluntary	
  
2.  What	
  other	
  tes:ng	
  op:ons	
  are	
  available?	
  
3.  We	
  may	
  not	
  find	
  the	
  cause	
  of	
  your	
  condi:on	
  
4.  The	
  study	
  has	
  limita:ons	
  –	
  we	
  cannot	
  find	
  everything	
  that	
  

may	
  be	
  significant	
  to	
  you	
  
5.  The	
  study	
  will	
  uncover	
  changes	
  in	
  your	
  genes	
  that	
  we	
  are	
  not	
  

able	
  to	
  interpret	
  today	
  
6.  If	
  uninterpretable	
  variants	
  are	
  later	
  shown	
  to	
  be	
  disease-­‐

causing,	
  we	
  cannot	
  guarantee	
  we	
  can	
  find	
  you	
  to	
  give	
  a	
  
revised	
  report	
  



In f o r med  consen t  f o r  WGA –  W hat  mus t  pa t i en t s  be  
to l d  ( Pa r t  2 ) ?  

7.  The	
  study	
  may	
  uncover	
  changes	
  in	
  your	
  genes	
  that	
  we	
  think	
  are	
  of	
  
medical/clinical	
  importance	
  but	
  are	
  not	
  the	
  reason	
  we	
  sent	
  the	
  test	
  
–	
  do	
  you	
  want	
  them?	
  

8.  We	
  may	
  uncover	
  variants	
  that	
  are	
  of	
  clinical	
  significance	
  not	
  only	
  
to	
  you	
  but	
  to	
  other	
  family	
  members	
  

9.  Informa:on	
  will	
  be	
  saved	
  and	
  protected	
  as	
  with	
  all	
  other	
  personal	
  
health	
  informa:on	
  but	
  it	
  will	
  be	
  used	
  for	
  quality	
  improvement	
  and	
  
quality	
  assurance	
  purposes	
  

10.  There	
  is	
  a	
  risk	
  of	
  unintended	
  disclosure	
  and,	
  where	
  applicable,	
  
impact	
  on	
  insurance	
  or	
  employment	
  not	
  currently	
  protected	
  under	
  
non-­‐discrimina:on	
  laws	
  

11.  There	
  is	
  a	
  risk	
  we	
  may	
  uncover	
  variants	
  that	
  indicate	
  family	
  
rela:onships	
  are	
  not	
  what	
  they	
  are	
  	
  currently	
  understood	
  to	
  be	
  	
  



The Bottom Line 

o Whole	
  Genome	
  Analysis	
  is	
  complex	
  at	
  many	
  
levels	
  including	
  
•  Technology	
  –	
  limita:ons	
  
•  Interpreta:on	
  
•  Pa:ent	
  consent	
  


