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Let’s	  begin	  by	  taking	  a	  look	  back…	  



Interpreta3on	  Issues…	  



Interpreta3on	  Issues	  

•  Do	  we	  know	  what	  we	  are	  looking	  for?	  
	  



Let	  (recent)	  history	  be	  our	  guide…	  

•  Before	  the	  Human	  Genome	  Project	  (2003)	  
– Human	  genome	  ~	  100,000	  –	  120,000	  genes	  

•  Before	  the	  ENCODE	  Project	  (2007)	  
– Vast	  majority	  of	  genome	  is	  ‘Junk’	  (“Junk	  DNA”)	  
– Genes	  are	  sufficient	  to	  understanding	  biology	  



Number	  of	  genes	  
Post-‐HGP	  



Gene-‐Centric	  View	  
Post	  ENCODE	  Project	  

“I	  once	  wrote	  a	  book	  called	  The	  Language	  of	  the	  Genes,	  but	  now	  biologists	  
are	  beginning	  to	  face	  up	  to	  the	  uncomfortable	  truth	  that	  they	  have	  only	  been	  
looking	  at	  the	  nouns	  in	  life's	  lexicon	  —	  the	  crudest	  and	  most	  basic	  elements	  
of	  any	  tongue.	  Now	  we	  are	  reading	  the	  spaces	  in	  between	  —	  verbs,	  adverbs,	  
adjec3ves,	  pronouns	  and	  all	  the	  rest,	  and	  they	  are	  complicated	  indeed.”	  
	  
Dr.	  Steve	  Jones,	  University	  College	  London	  (2007)	  



Gene3c	  Nostradamus?	  
“HGP	  scien3sts	  thought,	  and	  s3ll	  do,	  that	  they	  could	  find	  a	  small	  
number	  of	  genes	  that	  were	  key	  to	  these	  diseases.	  However,	  this	  
strategy	  is	  flawed,	  because	  for	  most	  mul3factorial	  diseases	  
affected	  by	  many	  genes	  those	  genes	  have	  small,	  not	  large	  
effects.	  And	  genes	  with	  small	  effects	  are	  very	  hard	  to	  find.”	  
	  
Dr.	  Richard	  Strohman,	  UC	  Berkeley	  (2001)	  



Where	  are	  we?	  
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What	  did	  we	  hope	  to	  uncover	  with	  
GWAS?	  

•  Common	  variants	  underlying	  common	  disease	  
•  We	  wanted	  more	  “APOEs”	  

– e4	  allele	  ~	  10-‐15%	  frequency	  
– Effect	  size	  ~	  3-‐4	  (odds	  ra3o)	  for	  AD	  

	  



What	  did	  we,	  in	  fact,	  uncover?	  



What	  did	  we	  find?	  
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Has	  GWAS	  Been	  Successful	  for	  
Complex	  Disease?	  
•  It	  Depends…	  

•  But	  more	  importantly,	  it	  depends	  on	  what	  you	  
define	  as	  success	  



Defining	  Success	  for	  GWAS	  

•  Gain	  insights	  into	  biology,	  popula3on	  gene3cs,	  
gene-‐flow,	  evolu3on	  
– Generally,	  a	  success	  but…	  

•  It	  was	  a	  really	  expensive	  experiment	  

– Good	  for	  advancing	  basic	  biological	  knowledge	  
– Minimal	  public	  health	  impact	  on	  its	  own	  



Single	  Polymorphism	  

Single	  	  
Polymorphism	  

Molecular	  Precision	  

Tradi3onal	  
GWAS	  



Single	  Polymorphism	  

•  The	  original	  GWAS	  approach	  
•  Some	  (limited)	  success	  

– Novel	  targets	  have	  been	  iden3fied	  	  
– However…	  

•  Minimal	  public	  health	  impact	  
•  Can’t	  explain	  more	  than	  5-‐10%	  of	  heritability	  	  
•  Missing	  Heritability	  



2009	  



Missing	  Heritability	  
Variance	  Explained	  (h2)	  

Trait/Disease	   Family	  Studies	   SNP	  by	  SNP	  

Height	   0.80	   0.10	  

Body	  Mass	  Index	   0.40-‐0.60	   0.05-‐0.10	  

Type	  2	  diabetes	   0.30-‐0.60	   0.05-‐0.10	  

HDL	  cholesterol	   0.50	   0.10	  

Breast	  cancer	   0.30	   0.08	  

Mul3ple	  sclerosis	   0.30-‐0.80	   0.10	  

Schizophrenia	   0.70-‐0.80	   0.01	  

Bipolar	  disorder	   0.60-‐0.70	   0.02	  

Adapted	  from:	  Visscher	  et	  al.	  (2012),	  AJHG.	  



Searching	  for	  the	  Missing	  Heritability	  	  



Why	  are	  GWAS	  signals	  so	  small?	  



Allelic	  Spectrum	  of	  Disease	  

Bush	  &	  Moore	  (2012)	  in	  PLOS	  Comp	  Biol.	  



Allelic	  Spectrum	  of	  Disease	  

Bush	  &	  Moore	  (2012)	  in	  PLOS	  Comp	  Biol.	  

Linkage	  	  
Analysis	  



Allelic	  Spectrum	  of	  Disease	  

Bush	  &	  Moore	  (2012)	  in	  PLOS	  Comp	  Biol.	  

APOE-‐4	  	  
and	  AD	  



Allelic	  Spectrum	  of	  Disease	  

Bush	  &	  Moore	  (2012)	  in	  PLOS	  Comp	  Biol.	  

Genome-‐Wide	  
Associa3on	  



Where	  is	  this	  heritability?	  



Is	  the	  heritability	  really	  there?	  

Genome-‐Wide	  
Polymorphisms	  
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Molecular	  Precision	  



Is	  the	  heritability	  really	  there?	  

Genome-‐Wide	  
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2010	  



Genome-‐wide	  Complex	  Trait	  Analysis	  
(GCTA)	  
•  What	  does	  it	  do?	  

– Provides	  an	  es3mate	  of	  heritability	  using	  genome-‐
wide	  data	  from	  unrelated	  samples	  

•  How	  is	  this	  different	  than	  a	  family/twin	  study?	  
– Disentangles	  issues	  related	  to	  the	  family	  
environment	  inherent	  in	  twin	  studies	  

•  Limita3on	  
– Need	  fairly	  large	  sample	  sizes	  (>	  5000)	  to	  
adequately	  power	  the	  approach	  



Finding	  Heritability	  
Variance	  Explained	  (h2)	  

Trait/Disease	   Family	  Studies	   SNP	  by	  SNP	   All	  SNPs	  

Height	   0.80	   0.10	   0.50	  

Body	  Mass	  Index	   0.40-‐0.60	   0.05-‐0.10	   0.20	  

Type	  2	  diabetes	   0.30-‐0.60	   0.05-‐0.10	   TBD	  

HDL	  cholesterol	   0.50	   0.10	   TBD	  

Breast	  cancer	   0.30	   0.08	   TBD	  

Mul3ple	  sclerosis	   0.30-‐0.80	   0.10	   TBD	  

Schizophrenia	   0.70-‐0.80	   0.01	   0.30	  

Bipolar	  disorder	   0.60-‐0.70	   0.02	   0.40	  

Adapted	  from:	  Visscher	  et	  al.	  (2012),	  AJHG.	  



Finding	  Heritability	  

•  It	  appears	  to	  be	  there,	  just	  very	  difficult	  to	  find	  
•  The	  ques3on	  then	  becomes…	  

– How	  do	  we	  find	  it?	  



Do	  we	  need	  to	  find	  it	  at	  all?	  

•  Research	  groups	  focused	  exclusively	  on	  
finding	  the	  missing	  heritability	  

•  Research	  groups	  abandoning	  gene3c	  studies	  
•  Research	  groups	  approaching	  gene3c	  factors	  
as	  one	  of	  many	  components	  underlying	  a	  
phenotype/disease	  



Bo:om	  line:	  GCTA	  performs	  quite	  poorly	  in	  stra3fied	  samples!	  



Also	  in	  2009…	  	  



Schizophrenia	  Consor3um	  



”Post-‐GWAS	  Era”	  

Gene3c	  Heritability	   Polygenic	  Risk	  Scores	  



”Post-‐GWAS	  Era”	  

Gene3c	  Heritability	   Polygenic	  Risk	  Scores	  

Global	  Samples!	  



Polygenic	  Risk	  Scores	  



Polygenic	  Risk	  Scores	  

•  Overview	  
•  How	  are	  they	  used?	  
•  How	  are	  they	  constructed?	  



Polygenic	  	  
Scores	  (PGS)	  



What	  is	  a	  PGS?	  

•  Sum	  of	  the	  copies	  of	  an	  allele	  (usually	  the	  
“risk”	  allele)	  within	  an	  individual	  

•  Oxen	  a	  weighted	  sum	  of	  alleles	  weighted	  by	  
parameter	  es3mates	  (regression)	  from	  a	  
previous	  study	  



Different	  forms	  of	  the	  PGS	  

•  Top	  hits	  
– Only	  SNPs	  that	  reach	  some	  (stringent)	  level	  of	  
sta3s3cal	  significance	  (1e-‐8)	  

•  Genome-‐wide	  
– All	  SNPs	  or	  all	  below	  some	  nominal	  level	  of	  
significance	  (0.5)	  

– All	  SNPs	  available	  	  



Where	  does	  the	  data	  come	  from?	  

•  Generally,	  large	  consor3a	  will	  generate	  the	  
associa3on	  results	  that	  ul3mately	  become	  a	  
polygenic	  score	  



GIANT	  Consor3um	  



Psychiatric	  outcomes	  



Educa3onal	  A:ainment	  



Accessing	  the	  data	  

•  Quite	  accessible	  
– Most	  results	  are	  available	  online	  to	  download!	  

•  GIANT	  Consor3um	  	  



How	  are	  PGS	  being	  used?	  



Characterizing	  an	  outcome	  









Improving	  predic3on	  



Alzheimer’s	  Disease	  



Iden3fying	  shared	  vulnerability	  







Construc3ng	  a	  PGS	  



Some	  issues	  to	  consider	  

•  Addi3ve	  Assump3ons	  
•  Strand	  Ambiguity	  
•  Weights	  
•  LD	  Considera3ons	  



Addi3ve	  Assump3ons	  

•  Polygenic	  scores	  are	  constructed	  addi3vely	  
– Sum	  of	  the	  count	  of	  alleles	  over	  many	  SNPs	  

•  However,	  en3rely	  reasonable	  to	  consider	  
other	  models	  if	  they	  are	  established	  
– Dominant	  coding,	  recessive	  coding	  on	  a	  SNP-‐by-‐
SNP	  basis	  



Strand	  Ambiguity	  



Strand	  Orienta3on	  

•  Strand	  unambiguous	  
– A/G	  alleles	  -‐>	  T/C	  alleles	  	  

•  Strand	  ambiguous	  
– A/T	  and	  C/G	  



Strand	  Repor3ng	  
•  Probe/Target	  

–  Generically	  as	  A/B	  
–  Illumina/Affymetrix	  	  

•  Plus	  (+)	  /	  Minus	  (-‐)	  
–  5’	  end	  at	  the	  3p	  of	  the	  short	  arm	  =	  plus	  
–  1000	  genomes,	  HapMap	  

•  FWD	  /	  REV	  
–  Based	  upon	  submi:ed	  flanking	  DNA	  sequence	  	  
–  dbSNP	  (NCBI)	  

•  TOP/BOT	  
–  Based	  upon	  flanking	  sequences	  
–  Illumina	  	  



Strand	  issues	  

•  In	  a	  “top	  hits”	  PGS,	  you	  can	  examine	  SNP-‐by-‐
SNP	  to	  determine	  the	  correct	  strand	  
– Authorita3ve	  info	  hard	  to	  come	  by	  
– Allele	  frequencies	  have	  to	  align	  

•  In	  a	  full	  genome-‐wide	  PGS,	  much	  more	  
difficult	  
– People	  tend	  to	  discard	  a	  lot	  of	  ambiguous	  SNPs	  to	  
simplify	  the	  issue	  



Weights	  



Weights	  

•  Each	  SNP	  weighted	  by	  the	  magnitude	  of	  its	  
es3mated	  effect.	  
– For	  con3nuous	  traits	  :	  the	  es3mated	  regression	  
coefficient	  (’beta’)	  

– For	  dichotomous	  traits	  :	  log(OR)	  

•  Pay	  a:en3on	  to	  the	  direc3on	  of	  the	  effect!	  
– Nega3ve	  effect	  es3mate	  

•  Alterna3ve	  allele	  =	  “risk”	  allele"	  



GIANT	  Consor3um	  Data	  



LD	  Considera3ons	  



LD	  Considera3ons	  

•  Too	  many	  variants	  in	  LD	  could	  lead	  to	  
overemphasis	  of	  that	  region	  in	  the	  PGS	  

•  Instead	  of	  LD	  pruning,	  LD	  clumping:	  
– Select	  variants	  in	  LD	  blocks	  that	  are	  most	  highly	  
associated	  with	  outcome	  



Hot	  off	  the	  press…	  	  



Simple	  Example	  
SNP	   Risk	  Allele	   Weight	  

1	   A	   0.06	  

2	   A	   0.07	  

3	   A	   0.13	  

4	   C	   0.22	  



Simple	  Example	  

ID	   SNP1	   SNP2	   SNP3	   SNP4	   PGS(u)	   PGS(w)	  

1	   AG	  (1)	   AA	  (2)	   GG	  (0)	   CT	  (1)	   4	   0.55	  

2	   GG	  (0)	   AG	  (1)	   AG	  (1)	   TT	  (0)	   2	   0.20	  

3	   AA	  (2)	   AA	  (2)	   AA	  (2)	   CC	  (2)	   6	   0.96	  

SNP	   Risk	  Allele	   Weight	  

1	   A	   0.06	  

2	   A	   0.07	  

3	   A	   0.13	  

4	   C	   0.22	  



Overall	  limita3ons	  

•  Polygenic	  Scores	  only	  capture	  GWAS	  variants	  
– Common	  variants	  
– Rela3vely	  constant	  predic3on	  across	  
environments	  

•  Conserva3ve	  method	  for	  tes3ng	  GxE	  
– Need	  to	  establish	  PGS	  within	  environments	  

•  Ethnic	  homogeneity	  
– Most	  (if	  not	  all)	  scores	  derive	  from	  predominantly	  
European	  samples	  





Polygenic	  Scores	  

•  European	  PGS	  
– Based	  upon	  32	  SNPs	  in	  Speliotes	  et	  al	  

•  African-‐American	  PGS	  
– Based	  upon	  8	  SNPs	  in	  Monda	  et	  al	  









PGS	  in	  Whites/Blacks	  

•  Performed	  very	  similarly	  
•  PGS	  (European)	  was	  slightly	  weaker	  in	  blacks	  
•  More	  inter-‐con3nental	  and	  global	  samples	  are	  
necessary	  to	  fully	  appreciate	  how	  PGS	  impact	  
health	  




