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The Lecture 

o  MODULE	
  1:	
  Background	
  
•  Mendelian	
  vs.	
  complex	
  diseases	
  
•  How	
  do	
  we	
  know	
  a	
  trait	
  has	
  a	
  gene;c	
  component	
  

o  MODULE	
  2:	
  GWAS	
  methods	
  
•  Genotyping	
  
•  Study	
  designs	
  
•  Confounding	
  and	
  bias	
  

o  MODULE	
  3:	
  GWAS	
  analysis	
  
•  Significance	
  tes;ng	
  

o  MODULE	
  4:	
  GWAS	
  interpreta;on	
  
•  Measures	
  of	
  effect	
  
•  External	
  validity	
  

o  MODULE	
  5:	
  What	
  do	
  we	
  know	
  about	
  the	
  gene;cs	
  of	
  common,	
  
complex	
  diseases?	
  



MODULE 1:  Background 



Spectrum of  genetic disease 

Infec2ous	
  diseases	
  

Hun2ngton’s	
  disease	
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  environmental	
  

Mendelian	
  gene;c	
  diseases	
  

‘Environmental’	
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Complex	
  diseases	
  



Mendelian vs. complex diseases 

o  	
  	
  
Mendelian	
  
Clear	
  inheritance	
  paIern	
  	
  
(dominant,	
  recessive,	
  etc.)	
  
High	
  penetrance	
  

Complex	
  
No	
  clear	
  inheritance	
  paIern	
  

Why????	
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Phenocopies 

Non-­‐gene;c	
  form	
  of	
  disease	
  that	
  is	
  indis;nguishable	
  at	
  
the	
  clinical	
  level	
  from	
  gene;c	
  form	
  of	
  disease	
  

D

D

D

Only	
  10%	
  of	
  breast	
  cancer	
  is	
  thought	
  to	
  be	
  gene;c	
  



Incomplete penetrance 

Not	
  all	
  gene;cally	
  suscep;ble	
  people	
  develop	
  disease	
  

Cumula;ve	
  risk	
  of	
  breast	
  (♦)	
  and	
  ovarian	
  
(▪)	
  cancer	
  in	
  BRCA1-­‐muta;on	
  carriers.	
  

Penetrance	
  =	
  	
  
Probability	
  of	
  disease	
  
in	
  muta4on	
  carriers	
  



Variable expressivity 

Same	
  gene;c	
  factor	
  causes	
  mul;ple	
  phenotypes	
  

Early	
  onset	
  
unilateral	
  BC	
  

Early	
  onset	
  
bilateral	
  BC	
  

Early	
  onset	
  
breast	
  cancer	
  

D

Ovarian	
  
cancer	
  

D

D

D

D



Genetic heterogeneity 

Muta;ons	
  in	
  different	
  genes	
  can	
  lead	
  to	
  same	
  disease	
  

MAP3K1	
  

BRCA1	
  

BRCA2	
  

FGFR2	
  

TOX3	
  

TP53	
  



Complex vs Mendelian traits 

o Mendelian	
  
•  Typically	
  rare	
  diseases	
  (<1%	
  prevalence)	
  with	
  
single	
  cause	
  that	
  is	
  gene;c	
  

•  High	
  penetrance	
  
o Complex	
  
•  Usually	
  common	
  diseases	
  with	
  mul;ple	
  causes,	
  
both	
  gene;c	
  and	
  non-­‐gene;c	
  

•  Low	
  penetrance	
  



Symptoms suggest ive  of  a  genet ic  
condi t ion 

o  Earlier	
  age	
  at	
  onset	
  of	
  
disease	
  than	
  expected	
  

o  Condi;on	
  in	
  the	
  less	
  oXen	
  
affected	
  sex	
  

o  Family	
  history	
  with	
  
mul;ple	
  genera;ons	
  
affected	
  

o  Disease	
  in	
  the	
  absence	
  of	
  
known	
  risk	
  factors	
  

MI	
  @	
  25	
  yrs	
   MI	
  @	
  80	
  yrs	
  

Diabetes	
  in	
  lean	
  	
   Diabetes	
  in	
  obese	
  	
  

Breast	
  Ca	
  in	
  male	
   Breast	
  Ca	
  in	
  female	
  



Human genet ic  approaches  for  f inding 
disease  genes  

	
   	
  	
  	
  	
  	
  	
  	
  Candidate	
  gene	
   	
  Genome-­‐wide	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  
Popula;ons	
  
	
  
	
  
	
  
Families	
  
	
  

	
  
	
  

	
  
	
  

√	
  

√	
  

√	
  

√	
  

Gene;c	
  
associa;on	
  

Linkage	
  analysis	
  

GWAS	
  

NGS	
  for	
  rare	
  
variants	
  

Best	
  for	
  Mendelian	
  diseases	
  

Best	
  for	
  complex	
  diseases	
  



Question 

Which	
  of	
  the	
  following	
  is	
  NOT	
  a	
  characteris;c	
  of	
  
complex	
  diseases?	
  
	
  
A.  Gene;c	
  heterogeneity	
  
B.  Mendelian	
  inheritance	
  
C.  Variable	
  expressivity	
  
D.  Reduced	
  penetrance	
  



Answer 

	
  
	
  
B.	
  	
  Mendelian	
  inheritance	
  
	
  
Complex	
  traits	
  are	
  characterized	
  by	
  a	
  departure	
  
from	
  Mendelian	
  paIerns	
  of	
  inheritance	
  



MODULE 2: Genome-wide association 
study methods 



Theory behind GWAS strategy 

Common	
  disease	
  –	
  
common	
  variant	
  

Common	
  disease	
  –	
  
rare	
  variant	
  

Cumula4ve	
  effect	
  of	
  many	
  common,	
  low	
  
penetrance	
  variants	
  

Different	
  single,	
  rare,	
  high	
  penetrance	
  
variants	
  



GWAS approach 

Genotyping	
   • Haplotype	
  tagging	
  

Study	
  
popula;on	
  

• Cohort	
  
• Case	
  control	
  
• Confounding	
  and	
  bias	
  

Analysis	
  and	
  
interpreta;on	
  

•  Significance	
  tes;ng	
  
• Measures	
  of	
  effect	
  
•  External	
  validity	
  



Genotyping Platform 



Genotyping ar rays/SNP chips 

o 1,000,000	
  SNPs	
  in	
  one	
  experiment	
  
o Direct	
  and	
  indirect	
  capture	
  of	
  ‘all’	
  
common	
  variants	
  by	
  using	
  ‘tag’	
  SNPs	
  

An	
  associa;on	
  with	
  a	
  tag	
  
SNP	
  helps	
  define	
  the	
  

region	
  (block)	
  harboring	
  
the	
  causal	
  variant	
  

Genotyping	
  any	
  ONE	
  of	
  these	
  four	
  captures	
  all	
  

?	
  

?	
  



Genomic coverage of  SNP chips 

o  How	
  well	
  do	
  these	
  chips	
  capture	
  common	
  variants?	
  

Captured"

Not 
captured"

%	
  of	
  common	
  variants	
  captured	
  by	
  1M	
  
SNP	
  chip	
  in	
  Europeans/Asians	
  

Captured"

Not 
captured"

%	
  of	
  common	
  variants	
  captured	
  by	
  1M	
  
SNP	
  chip	
  in	
  African	
  ancestries	
  

67-­‐89%	
   46-­‐66%	
  



Study Designs 
 
o Common	
  observa;onal	
  studies	
  
•  Cohort	
  
•  Case-­‐control	
  

o Common	
  biases	
  
•  Confounding	
  
• Misclassifica;on	
  bias	
  



Cohort studies 

;me	
  

Disease-­‐free	
   Who	
  has	
  the	
  disease?	
  
Who	
  has	
  the	
  gene;c	
  variant?	
  

Drawbacks	
  
•  Need	
  to	
  be	
  large	
  for	
  rare	
  diseases	
  
•  Need	
  to	
  follow	
  a	
  long	
  ;me	
  for	
  diseases	
  with	
  long	
  latency	
  



Case-control studies 

Disease-­‐free	
  With	
  disease	
  

How	
  many	
  have	
  gene	
  variant?	
   How	
  many	
  have	
  gene	
  variant?	
  

Drawbacks	
  
•  Prone	
  to	
  confounding	
  and	
  other	
  biases	
  



Confounding 

Gene;c	
  variant	
  more	
  prevalent	
   Gene;c	
  variant	
  less	
  prevalent	
  

Diabe;c	
  cases	
   Non-­‐diabe;c	
  controls	
  

✔	

✔	



La;no	
  
Smoker	
  
Obese	
  

Non-­‐La;no	
  
Non-­‐smoker	
  
Non-­‐obese	
  

How	
  else	
  might	
  these	
  two	
  groups	
  systema;cally	
  differ?	
  



Race is  a  common confounder  in  GWAS 
(aka populat ion s t rat i f icat ion)  

•  Can	
  lead	
  to	
  false	
  posi4ve	
  or	
  false	
  nega4ve	
  associa4ons	
  
•  Must	
  be	
  controlled	
  in	
  design	
  or	
  analysis	
  

Genotype	
   Disease	
  

Confounder	
  

Race/ethnicity	
  ✔	

 0	
   5	
   10	
   15	
   20	
  

European	
  

Na;ve	
  American	
  

African	
  

Asian	
  

%	
  of	
  US	
  adults	
  with	
  diabetes	
  



Misclassification bias 

•  Some	
  cases	
  erroneously	
  classified	
  as	
  controls	
  

Cases	
   	
   	
   	
   	
  Controls	
  

How	
  does	
  this	
  happen?	
  



Misclassification bias (cont’d) 

Genotypes	
  assigned	
  incorrectly	
  

Shillert	
  et.	
  al.	
  BMC	
  Proceedings	
  2009	
  3(Suppl	
  7):	
  S58	
  

True	
  AB	
  (green)	
  
erroneously	
  called	
  
AA	
  (red)	
  or	
  missing	
  
(black)	
  



Effect of  misclassification bias 

Randomly	
  distributed	
  

o E.g.	
  misclassifica;on	
  of	
  
disease	
  irrespec;ve	
  of	
  
genotype	
  

o E.g.	
  genotyping	
  error	
  
equally	
  as	
  likely	
  in	
  cases	
  
and	
  controls	
  

o False	
  nega;ve	
  (bias	
  
toward	
  the	
  null)	
  

Differen;ally	
  distributed	
  

o E.g.	
  misclassifica;on	
  of	
  
disease	
  in	
  one	
  genotype	
  
vs	
  another	
  

o E.g.	
  genotyping	
  error	
  
occurs	
  in	
  controls	
  but	
  
not	
  cases	
  

o False	
  nega;ve	
  or	
  false	
  
posi;ve	
  



Question 

Which	
  study	
  design	
  is	
  more	
  prone	
  to	
  
confounding	
  and	
  bias?	
  
	
  
	
  
A.  Case-­‐control	
  
B.  Cohort	
  



Answer 

A.	
  Case-­‐control	
  
	
  

Case-­‐control	
  studies	
  are	
  more	
  prone	
  to	
  
confounding	
  and	
  bias	
  than	
  cohort	
  studies	
  
because	
  cases	
  and	
  controls	
  are	
  oXen	
  difficult	
  to	
  
match	
  on	
  important	
  variables	
  



MODULE 3: Genome-wide association 
study — analysis 



For  a  given SNP,  how many people  car r y  
the  var iant  a l le le?  

o  Sta;s;cal	
  test	
  to	
  compare	
  the	
  propor;on	
  of	
  diseased	
  
and	
  non-­‐diseased	
  individuals	
  with	
  the	
  variant	
  allele	
  	
  

50%	
  carry	
  variant	
  

With	
  disease	
   Without	
  disease	
  

17%	
  carry	
  variant	
  



Need to  account  for  fact  that  humans have 
2  copies  of  each gene 

With	
  disease	
   Without	
  disease	
  

50%	
  carry	
  variant	
  
25%	
  have	
  2	
  copies	
  

25%	
  have	
  1	
  copy	
  

17%	
  carry	
  variant	
  
3%	
  have	
  2	
  copies	
  

14%	
  have	
  1	
  copy	
  



A stat is t ica l  test  te l l s  us  how l ike ly  the  
resul ts  are  t r ue   

o  Compare	
  propor;on	
  of	
  diseased/non-­‐diseased	
  with	
  zero,	
  
one	
  or	
  two	
  copies	
  of	
  variant	
  allele	
  

o  Sta;s;cal	
  test:	
  Armitage	
  trend	
  test	
  (1	
  d.f.)	
  	
  

With	
  
disease	
  

Without	
  
disease	
  

2	
  copies	
  
1	
  copy	
  

0	
  copies	
  

25	
  (25%)	
  	
  	
  	
  	
  	
  	
  26	
  (3%)	
  
25	
  (25%)	
  	
  	
  	
  	
  124	
  (14%)	
  
50	
  (50%)	
  	
  	
  	
  	
  750	
  (83%)	
  



Hypothesis testing and p values 

o Sta;s;cal	
  test	
  tells	
  you	
  whether	
  the	
  
difference	
  in	
  allele	
  distribu;on	
  
between	
  the	
  two	
  groups	
  is	
  likely	
  to	
  
be	
  due	
  to	
  chance	
  or	
  not	
  

o What	
  does	
  a	
  p<0.05	
  mean?	
  

o <5%	
  probability	
  that	
  the	
  observa;on	
  is	
  due	
  
to	
  chance	
  (i.e.	
  a	
  false	
  posi;ve)	
  

o This	
  associa;on	
  is	
  ‘sta;s;cally	
  significant’	
  



Cor rection for multiple testing 

o  p<.05	
  not	
  stringent	
  enough	
  in	
  this	
  situa;on	
  
o  Genome-­‐wide	
  significance	
  ≈p<0.00000005	
  (5x10-­‐8)	
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o  For	
  1M	
  tests,	
  by	
  
chance	
  alone	
  
we	
  expect	
  to	
  
see	
  50,000	
  
‘significant’	
  
associa;ons	
  at	
  
p<0.05	
  



Ma n h a t ta n  p l o t  sh ow i n g  gen o me- a sso c i a t i o n  w i th  
ea r l y  mi c r ovascu l a r  d i sease  

Ikram	
  MK	
  et	
  al	
  (2010),	
  PLoS	
  Gene4cs	
  



Reasons for association 

o True	
  associa;on	
  (true	
  posi;ve)	
  

o False	
  associa;on	
  (false	
  posi;ve)	
  

T/C	
  
genotyped	
  

T/C	
  G/C	
  

genotyped	
  

Diabe;c	
  
La;no	
  
Smoker	
  
Obese	
  

Associa;on	
  with	
  
wrong	
  trait	
  

o  Causal	
  variant	
  (direct) 	
   	
  Linked	
  to	
  causal	
  variant	
  (indirect)	
  
	
  

o  Spurious	
  (confounding/bias) 	
   	
   	
  Chance	
  
	
  



Proper ties of  a valid association 

ü 	
  	
  Not	
  due	
  to	
  chance	
  
	
  	
  
ü 	
  	
  Free	
  of	
  bias	
  
	
  
ü 	
  	
  Reproducible	
  



Question 

The	
  role	
  of	
  P	
  values	
  in	
  GWAS	
  is	
  to:	
  
	
  
	
  

A.  Guard	
  against	
  confounding	
  and	
  bias	
  
B.  Guard	
  against	
  chance	
  associa;ons	
  
C.  Both	
  



Answer 

B.	
  Guard	
  against	
  chance	
  associa;ons.	
  	
  	
  
You	
  can	
  have	
  a	
  sta;s;cally	
  significant	
  result	
  that	
  
is	
  s;ll	
  confounded	
  or	
  otherwise	
  biased.	
  	
  	
  
Epidemiologically-­‐sound	
  study	
  design	
  is	
  the	
  best	
  
guard	
  against	
  bias	
  and	
  confounding.	
  
	
  



MODULE 3: Genome-wide association 
study — interpretation 



Calculation of  risk 

o  Risk=	
  incidence	
  of	
  disease	
  
o  Can	
  be	
  calculated	
  from	
  cohort	
  studies	
  	
  

Risk	
  of	
  disease	
  is	
  10%	
  

;me	
  

Disease-­‐free	
  
(n=1005)	
  

How	
  many	
  get	
  disease?	
  
105/1005	
  =	
  0.10	
  



Calculat ion of  r isk  for  each genotype 

	
  D+ 	
  D-­‐ 	
  Total 	
  Risk	
   	
  	
  	
  	
  	
  	
   	
   	
  Interpreta;on	
  	
  	
  	
  	
  	
  

All 	
  105 	
  900 	
  1005 	
  105/1005=0.10 	
   	
  10%	
  risk	
  of	
  disease	
  

TT 	
  15 	
  84 	
  99 	
  15/99=	
  0.15	
  	
  	
  	
   	
   	
  15%	
  risk	
  of	
  disease	
  	
  

TC 	
  46 	
  383 	
  429 	
  46/429=	
  0.11 	
  	
  	
   	
  11%	
  risk	
  of	
  disease	
  

CC 	
  44 	
  433 	
  477 	
  44/477=	
  0.09 	
  	
  	
  	
  	
   	
  9%	
  risk	
  of	
  disease	
  

Each	
  is	
  an	
  absolute	
  risk,	
  conveying	
  the	
  likelihood	
  of	
  
developing	
  disease	
  if	
  you	
  have	
  a	
  specific	
  genotype	
  



Calculation of  a relative risk 

Rela;ve	
  risk	
  =	
  ra;o	
  of	
  two	
  risks	
  

Measures	
  the	
  ‘effect’	
  of	
  the	
  variant	
  on	
  risk	
  of	
  disease	
  

	
  Absolute	
  risk	
   	
  Rela;ve	
  Risk	
  
TT 	
  0.15 	
   	
  0.15/0.09	
  =	
  1.7	
  
TC 	
  0.11 	
   	
  0.11/0.09	
  =	
  1.2	
  
CC	
   	
  0.09 	
   	
  1.0	
  (reference)	
  

1.7-­‐fold	
  increased	
  risk	
  of	
  disease	
  
70%	
  increased	
  risk	
  of	
  disease	
  

1.2-­‐fold	
  increased	
  risk	
  of	
  disease	
  
20%	
  increased	
  risk	
  of	
  disease	
  



Can we ca lculate  r isk  ( incidence)  of  
d isease  f rom a  case-contro l  s tudy???  

NO!	
  
#	
  of	
  cases	
  in	
  study	
  is	
  pre-­‐selected	
  
500/1000	
  ≠	
  disease	
  incidence	
  

Controls	
  (disease-­‐free)	
  
(n=500)	
  

Cases	
  (with	
  disease)	
  
(n=500)	
  



We CAN calculate  the  ODDS of  disease  

	
  Cases 	
   	
  Controls 	
  Total 	
  	
  	
  	
  	
  	
  	
   	
  Odds	
  of	
  disease	
  

All 	
  500 	
   	
  500 	
   	
  1000 	
   	
  500/500=1.0	
  

TT 	
  160 	
   	
  108 	
   	
  268	
  	
   	
   	
  160/108=1.5	
  

TC 	
  160 	
   	
  121 	
   	
  281 	
   	
  160/121=1.3	
  

CC	
  	
  	
  	
  	
  	
   	
  180 	
   	
  271 	
   	
  451 	
   	
  180/271=0.7	
  

Odds	
  of	
  1.0	
  =	
  50:50	
  chance	
  of	
  disease	
  

Odds	
  >1	
  =	
  chance	
  of	
  disease	
  greater	
  than	
  no	
  disease	
  

Odds	
  <1	
  =	
  chance	
  of	
  disease	
  less	
  than	
  no	
  disease	
  

Odds	
  =	
  disease	
  (cases)	
  :	
  no	
  disease	
  (controls)	
  



Calculation of  an odds ratio 

Odds	
  ra;o	
  =	
  ra;o	
  of	
  two	
  odds	
  

	
  Odds	
   	
  Odds	
  ra;o	
  (OR)	
  
TT 	
  1.5 	
   	
  1.5/0.7	
  =	
  2.1	
  
TC 	
  1.3 	
   	
  1.3/0.7	
  =	
  1.9	
  
CC	
   	
  0.7 	
   	
  1.0	
  (ref.)	
  

2.1-­‐fold	
  increased	
  odds	
  of	
  
disease	
  

1.9-­‐fold	
  increased	
  odds	
  of	
  
disease	
  



Odds rat ios  overest imate  re lat ive  r isks  



Generalizabil ity (exter nal validity) 

o  How	
  well	
  does	
  the	
  study	
  popula;on	
  
represent	
  the	
  general	
  popula;on	
  to	
  which	
  
the	
  results	
  are	
  being	
  applied?	
  

Study	
  popula;on	
   General	
  popula;on	
  



General izabi l i ty  of  GWAS resul ts  across  
race  

Carlson	
  CS,	
  et	
  al.	
  (2013)	
  PLoS	
  Biol	
  11(9):	
  e1001661.	
  doi:10.1371/journal.pbio.
1001661	
  

Most	
  GWAS	
  done	
  in	
  
Europeans	
  

Most	
  associa;ons	
  
generalize	
  from	
  
European	
  to	
  non-­‐
European	
  popula;ons,	
  
but	
  effect	
  sizes	
  usually	
  
differ,	
  especially	
  for	
  
African	
  Americans.	
  	
  



Question 

A	
  rela;ve	
  risk	
  can	
  be	
  measured	
  directly	
  from	
  
which	
  study	
  design(s)?	
  
	
  
	
  
A.  Case	
  –	
  control	
  
B.  Cohort	
  
C.  Both	
  



Answer 

B.	
  Rela;ve	
  risks	
  can	
  be	
  calculated	
  directly	
  from	
  
cohort	
  studies,	
  not	
  case	
  control	
  studies.	
  	
  	
  
	
  
Odds	
  ra;os	
  can	
  be	
  calculated	
  from	
  case-­‐control	
  
studies.	
  
	
  
Odds	
  ra;os	
  and	
  rela;ve	
  risks	
  are	
  not	
  the	
  same	
  
thing,	
  especially	
  for	
  common	
  diseases	
  where	
  
ORs	
  overes;mate	
  RRs.	
  
	
  



MODULE 5: What do we know about 
the genetics of common, complex 

diseases? 



NHGRI	
  GWA	
  Catalog:	
  www.genome.gov/GWAStudies	
  

Published	
  Genome-­‐Wide	
  Associa2ons	
  through	
  12/2012	
  
Published	
  GWA	
  at	
  p≤5X10-­‐8	
  for	
  17	
  trait	
  categories	
  

As	
  of	
  03/13/14,	
  the	
  catalog	
  includes	
  1836	
  publica2ons	
  
and	
  12756	
  SNPs.	
  



What are we finding? 

o  Highly	
  significant	
  
associa;ons	
  

o  Common	
  SNPs	
  with	
  weak	
  
effects…	
  i.e.	
  small	
  increased	
  
risk,	
  not	
  diagnos;c	
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Many SNPs for each disease/trait 

From	
  Lander,	
  ES.	
  Nature	
  2011,	
  470:	
  187-­‐197	
  

Disease/trait	
   #	
  GWAS	
  loci	
   %	
  heritability	
  
explained	
  

Type	
  1	
  diabetes	
   41	
   ~60%	
  
Fetal	
  hemoglobin	
   3	
   ~50%	
  
Macular	
  degenera;on	
   3	
   ~50%	
  
Type	
  2	
  diabetes	
   39	
   20-­‐25%	
  
Crohn’s	
  disease	
   71	
   20-­‐25%	
  
LDL/HDL	
  levels	
   95	
   20-­‐25%	
  
Height	
   180	
   ~12%	
  

GWAS	
  SNPs	
  explain	
  only	
  a	
  frac;on	
  of	
  the	
  heritability	
  



Limitat ions  of  GWAS…what  we’ re  miss ing 

o Common	
  SNPs	
  not	
  tagged	
  well	
  
o Rare	
  variants	
  
o Other	
  types	
  of	
  variants	
  (CNV,	
  etc)	
  	
  
o Epista;c	
  effects	
  (gene-­‐gene	
  interac;on)	
  
o Effects	
  of	
  gene*environment	
  interac;on	
  



THE END 


