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MODULE 1:  The structure of the 
human genome and how genes work 



DNA	
  is	
  double	
  stranded,	
  with	
  
complementary	
  bases	
  pairing	
  

ATCGCCGGGCCTGGCGCCGCAGAGCACGAGGGAG
GCCAGGCGCTTCGGGAGGGGCTGCTGTACCTTAGA	
  

DNA	
  is	
  a	
  polymer	
  of	
  nucleo8des	
  (sugar,	
  phosphate	
  and	
  one	
  
of	
  four	
  nitrogenous	
  bases	
  (A,T,G,C))	
  

Order	
  of	
  bases	
  along	
  one	
  
strand	
  is	
  referred	
  to	
  as	
  the	
  
DNA	
  sequence	
  

Size/length	
  unit	
  =	
  base	
  pairs	
  
(bp),	
  kilobases	
  (Kb),	
  
megabases	
  (Mb)	
  

A	
  
T	
  
C	
  
G	
  

4	
  bp	
  



o  3.2	
  billion	
  bp	
  of	
  DNA	
  in	
  
the	
  human	
  genome	
  

o  2	
  copies	
  (one	
  from	
  
each	
  parent)	
  =	
  6.4	
  
billion	
  bp	
  

o  23	
  chromosome	
  pairs	
  	
  
•  XX	
  (female)	
  or	
  XY	
  
(male)	
  sex	
  
chromosomes	
  

•  22	
  autosomes	
  	
  
•  At	
  8mes	
  DNA	
  is	
  open,	
  
other	
  8mes	
  condensed	
  



The	
  exact	
  func,on	
  of	
  most	
  of	
  
the	
  DNA	
  in	
  the	
  human	
  
genome	
  is	
  unknown	
  

Repeats	
  
•  ≈	
  30%	
  -­‐	
  packaging,	
  

segrega8on	
  and	
  replica8on	
  
of	
  chromosomes	
  

Puta8ve	
  func8onal	
  regions	
  
•  ≈	
  5%	
  conserved	
  across	
  

mul8ple	
  species	
  

Protein-­‐coding	
  genes	
  
•  ≈	
  1.5%	
  

ENCODE	
  project	
  
~80%	
  of	
  genome	
  may	
  be	
  func8onal	
  



Genes 

o  Blueprint	
  for	
  the	
  produc8on	
  of	
  proteins	
  (enzymes,	
  
structural	
  elements,	
  signaling	
  molecules)	
  

o  Structure:	
  introns,	
  exons	
  (coding),	
  regulatory	
  regions	
  
o  Average	
  size:	
  20kb,	
  8	
  exons,	
  but	
  highly	
  variable	
  
o  Es8mated	
  22,000	
  genes	
  concentrated	
  in	
  random	
  areas	
  
along	
  the	
  genome	
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Protein Synthesis 
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exon" exon" exon"

	
  
 

DNA	
  

mRNA	
  

Protein	
  

Transcrip8on	
  

	
  
 

Transla8on	
  

Introns	
  are	
  remove	
  and	
  
exons	
  spliced	
  together	
  

mRNA	
  message	
  is	
  read	
  and	
  
translated	
  into	
  amino	
  acid	
  
sequence	
  (protein)	
  



Alternative splicing 

	
  
 

1" intron" 3" intron" 4"

	
  
 

2" intron"

1" 2" 3" 4" 2" 3" 4" 1" 2" 4"

mRNA	
  Transcript	
  1	
   Transcript	
  2	
   Transcript	
  3	
  

Alterna,ve	
  
transcrip,onal	
  start	
  site	
  

Exon	
  skipping	
  

Protein	
  1	
   Protein	
  2	
   Protein	
  3	
  

Occurs	
  for	
  >90%	
  of	
  genes	
  



Dif ferent cel ls  make dif ferent proteins 

o  Cells	
  with	
  iden8cal	
  
DNA	
  can	
  look	
  and	
  
behave	
  differently	
  
because	
  of	
  
differences	
  in	
  gene	
  
expression	
  

o  Expression	
  of	
  genes	
  
in	
  wrong	
  cell	
  at	
  
wrong	
  8me	
  or	
  in	
  
wrong	
  amount	
  can	
  
lead	
  to	
  disease	
  

Insulin	
  

Pigment	
  

Insulin	
  

Pigment	
  

Pancreas 	
   	
  Re8na	
  



How is gene expression regulated? 

Protein-­‐DNA	
   RNA-­‐DNA	
  

Epigene8c	
  



Question 

What	
  allows	
  for	
  different	
  cell	
  types	
  to	
  express	
  
different	
  func8onal	
  proteins?	
  

A.  Each	
  cell	
  type	
  contains	
  different	
  genes	
  that	
  
encode	
  the	
  necessary	
  proteins	
  

B.  Each	
  cell	
  type	
  contains	
  the	
  same	
  genes,	
  but	
  
different	
  genes	
  are	
  expressed	
  



Answer 

B.	
  Each	
  cell	
  type	
  contains	
  the	
  same	
  genes,	
  but	
  
different	
  genes	
  are	
  expressed	
  
	
  
For	
  the	
  most	
  part,	
  every	
  cell	
  in	
  your	
  body	
  has	
  the	
  
same	
  genes.	
  	
  What	
  differs	
  is	
  the	
  expression	
  of	
  
those	
  genes,	
  with	
  some	
  being	
  turned	
  on	
  and	
  
others	
  being	
  turned	
  off,	
  different	
  splice	
  forms	
  
expressed,	
  etc.	
  



MODULE 2: Human genetic variation 
— structural variants 



Large structural variants 



Numerical variants (aneuploidies) 

o  Due	
  to	
  non-­‐disjunc8on	
  of	
  chromosomes	
  during	
  meiosis	
  
o  En8re	
  chromosome	
  missing	
  (monosomy)	
  or	
  extra	
  (trisomy)	
  
o  Viable	
  autosomal	
  trisomies	
  	
  

•  Trisomy	
  21	
  (Down	
  syndrome)	
  
•  Trisomy	
  13	
  (Patau	
  syndrome)	
  
•  Trisomy	
  18	
  (Edwards	
  syndrome)	
  

o  Viable	
  sex	
  chromosome	
  aneuploidies	
  	
  



Translocations, for example 

Visible	
  by	
  karyotype	
  
	
  
No	
  gain	
  or	
  loss	
  of	
  DNA,	
  
just	
  rearranged	
  

Rare:	
  e.g.	
  transloca8ons	
  
~	
  1/600	
  newborns	
  

Usually	
  harmless	
  unless	
  
breakpoint	
  is	
  in	
  a	
  gene	
  Example	
  of	
  a	
  reciprocal	
  

transloca,on	
  



Copy number variants (CNVs) 

•  Dele8ons	
  or	
  duplica8ons	
  

•  Usually	
  too	
  small	
  to	
  visualize	
  
under	
  microscope	
  

•  Typically	
  1-­‐10	
  Kb	
  but	
  can	
  be	
  
several	
  Mb	
  in	
  size*	
  

•  Single	
  or	
  mul8ple	
  copies	
  in	
  
tandem	
  



CNVs can involve genes 

48kb	
  inser8on	
  (duplica8on)	
  
14kb	
  dele8on	
  

GL1PR	
  gene	
  (40	
  Kb)	
  

o  33	
  CNVs	
  affec8ng	
  GLP1R	
  (only	
  12	
  shown)	
  
o  Range	
  in	
  size	
  from	
  a	
  few	
  bp	
  to	
  several	
  Kb	
  

o  68%	
  of	
  CNVs	
  overlap	
  with	
  genes	
  

dbVar	
  genome	
  browser:	
  	
  hEp://www.ncbi.nlm.nih.gov/dbvar/browse/	
  

Large	
  CNVs	
  

Many	
  
small	
  
CNVs	
  



Large CNVs can af fect multiple genes 

o  Large	
  214	
  kb	
  dele8on	
  
covers	
  12	
  genes	
  

214	
  kb	
  	
  

7.2	
  kb	
  	
  

o  Dele8on	
  of	
  7.2	
  kb	
  
covers	
  part	
  of	
  2	
  genes	
  

Genes	
  



Large CNVs 

o  Less polymorphic (monosomy/trisomy instead of tandem)"

o  Less common in population"
o  More likely to be pathogenic (affect more genes)"
o  More likely to be de novo!
o  How they cause disease:"

•  Too little or too much gene product"
•  Unmasking of recessive trait"

	
  	
   	
   	
   	
  Monosomy	
  	
  	
   	
   	
  Trisomy	
  
Normal 	
   	
   	
  	
  	
  Dele4on	
  	
   	
   	
  	
  	
  Single	
  duplica4on	
  

Recessive	
  –	
  both	
  copies	
  of	
  gene	
  affected	
  
2	
  muta8ons	
   	
  muta8on	
  and	
  dele8on	
  



How many CNVs in the population? 

hEp://dgv.tcag.ca/dgv/app/sta,s,cs?ref=NCBI36/hg18	
  



How many CNVs in an individual? 

0	
  

10	
  

20	
  

30	
  

40	
  

50	
  

60	
  

0	
   100	
   200	
   300	
   400	
   500	
   600	
   700	
   800	
   900	
   1000	
  

N
um

be
r	
  o

f	
  g
en

es
	
  

Kb	
  of	
  DNA	
  

Number	
  of	
  genes	
  affected	
  by	
  CNVs	
  of	
  different	
  sizes	
  

65-­‐80%	
  

5-­‐10%	
  
1%	
  

How	
  many	
  
individuals	
  
carry	
  one	
  of	
  
these?	
  

Typical	
  person	
  
carries	
  1000	
  
CNVs	
  (down	
  to	
  
500bp)	
  

	
  



Question 

The	
  pathogenicity	
  of	
  CNVs	
  is	
  a	
  func8on	
  of	
  which	
  
of	
  the	
  following:	
  
	
  
	
  
A.  Size	
  
B.  Loca8on	
  
C.  Both	
  size	
  and	
  loca8on	
  	
  



Answer 

C.	
  Both	
  size	
  and	
  loca8on	
  
	
  
Size…	
  large	
  CNVs	
  are	
  usually	
  more	
  pathogenic	
  
than	
  small	
  CNVs	
  
	
  

Loca8on…	
  intergenic	
  CNVs	
  are	
  usually	
  not	
  
pathogenic,	
  while	
  those	
  that	
  encompass	
  genes	
  
are	
  
	
  



MODULE 3: Human genetic variation 
— single nucleotide variants 



How mutations arise 

o  Random	
  muta8ons	
  arise	
  naturally	
  
during	
  cell	
  division	
  

o  Muta8ons	
  in	
  gametes	
  (germline)	
  
have	
  the	
  poten8al	
  to	
  be	
  
transmioed	
  to	
  offspring,	
  but	
  
soma8c	
  muta8ons	
  do	
  not	
  

o  Human	
  muta8on	
  rate:	
  10-­‐8	
  per	
  bp	
  
per	
  genera8on	
  
•  50	
  to	
  100	
  de	
  novo	
  (new)	
  

muta8ons	
  in	
  average	
  newborn	
  

o  Muta8on,	
  variant,	
  polymorphism	
  



Single nucleotide variants (SNVs) 

o  Muta8ons	
  arise	
  in	
  one	
  individual	
  (the	
  
founder)	
  

o  In	
  this	
  example,	
  C	
  is	
  the	
  ancestral	
  allele,	
  T	
  
is	
  the	
  new	
  allele	
  

o  The	
  minor	
  allele	
  is	
  the	
  less	
  common	
  of	
  the	
  
two	
  in	
  the	
  popula8on	
  

T	
  

C	
   C	
  

C	
  

C	
  

C	
  
C	
  



Ancestral nature of  alleles 

o  Aper	
  many	
  genera8ons,	
  offspring	
  of	
  the	
  founder	
  contribute	
  to	
  
an	
  increasing	
  allele	
  frequency	
  (prevalence)	
  of	
  the	
  new	
  allele,	
  T	
  

o  All	
  alleles	
  are	
  shared	
  among	
  individuals	
  in	
  the	
  popula8on	
  by	
  
descent,	
  not	
  by	
  recurrent	
  muta8ons	
  at	
  the	
  same	
  loca8on	
  	
  



Alle le  f requencies  of  s ingle  nucleot ide  
var iants  (SNVs/SNPs)  in  the  populat ion 

Muta8on	
  
allele	
  

frequency	
  

Natural	
  
selec8on	
  

Gene	
  
flow	
  

Gene8c	
  
drip	
  

Classifica4on:	
   Rare	
  variants	
   Low	
  freq	
  variants	
   Common	
  variants	
  

Minor	
  allele	
  freq.:	
   <0.5%	
   0.5-­‐5%	
   >5%	
  

Polymorphisms	
  
are	
  muta8ons	
  
with	
  allele	
  freq	
  

>1%	
  



How many SNVs in the population? 

1/50	
  bp	
   1/1000	
  bp	
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  variants	
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  of	
  SNVs	
  in	
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  popula4on	
  

Rare	
  variants	
  are	
  collec8vely	
  
abundant	
  in	
  the	
  popula8on	
  

SNPs	
  



How many genet ic  var iants  in  the  average 
per son? 

o The	
  average	
  person	
  has	
  ~4	
  million	
  DNA	
  
sequence	
  variants	
  

3700000	
  

357000	
  

1000	
  

1	
  

10	
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  SNVs 	
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  CNVs	
  



Human migration and genetic diversity 

Cavalli-­‐Sforza	
  L	
  and	
  Feldman	
  MW.	
  Nature	
  Gene,cs	
  2003;	
  33:	
  266-­‐275.	
  
	
  
	
  

Historical	
  migra8on	
  of	
  people	
  has	
  shaped	
  the	
  global	
  
distribu8on	
  of	
  alleles	
  

	
  



Racia l/ethnic  var iat ion in  a l le le  
f requencies  

0" 0.1" 0.2" 0.3" 0.4" 0.5" 0.6" 0.7" 0.8" 0.9" 1"

SNP 1"

SNP 2"

SNP 3"

SNP 4"

Minor allele frequency!

Asian" African" Native American" European"



Question 

TRUE	
  or	
  FALSE	
  
	
  

Common	
  variants	
  are	
  called	
  so	
  because	
  they	
  are	
  
the	
  most	
  prevalent	
  type	
  of	
  varia8on	
  in	
  the	
  
human	
  genome.	
  



Answer 

FALSE	
  
	
  
	
  

Common	
  variants	
  are	
  called	
  so	
  because	
  the	
  
minor	
  allele	
  frequency	
  is	
  high	
  in	
  the	
  popula8on.	
  
Common	
  variants	
  are	
  actually	
  not	
  as	
  prevalent	
  as	
  
rare	
  variants	
  are	
  in	
  the	
  popula8on.	
  



MODULE 4: Consequences of single 
nucleotide variants in genes 



Loca4on,	
  loca4on,	
  loca4on	
  

Coding	
  region	
  SNV	
  Regulatory	
  region	
  SNV	
   Splice	
  site	
  SNV	
  

Can	
  affect	
  gene	
  expression	
   Can	
  disrupt	
  
splicing	
  

Can	
  affect	
  primary	
  
amino	
  acid	
  
composi8on	
  

exon	
   intron	
   exon	
   intron	
   exon	
  Promoter	
  



Coding Region SNVs 

Synonymous	
  
(Silent)	
  

Non-­‐synonymous	
  
(Missense)	
  

Premature	
  stop	
  
(Nonsense)	
  

Protein	
  



Frameshi f t  mutat ions  due to  InDels  

Dele8on	
  of	
  ‘T’	
  
Frameship	
  

Inser8ons/dele8ons	
  of	
  one	
  or	
  more	
  nucleo8des	
  in	
  coding	
  
region	
  of	
  gene	
  can	
  result	
  in	
  a	
  ship	
  in	
  the	
  reading	
  frame	
  
that	
  can	
  drama8cally	
  alter	
  the	
  sequence	
  of	
  amino	
  acids	
  in	
  
the	
  protein	
  



Load of  SNVs in the average person 

3-­‐4	
  million	
  

~55K	
  in	
  genes	
  

~20K	
  coding	
  
region	
  

~10K	
  non-­‐
synonymous	
  

~350	
  
loss	
  of	
  
func8on	
  

Poten8ally	
  
func8onal	
  
•  Amino	
  acid	
  

change	
   Probably	
  
func8onal	
  
•  Frameship	
  
•  Splice	
  site	
  
•  Premature	
  stop	
  



Question 

TRUE	
  or	
  FALSE	
  
	
  

Muta8ons	
  in	
  exons	
  are	
  always	
  deleterious.	
  



Answer 

FALSE	
  
	
  
	
  

Muta8ons	
  in	
  exons	
  can	
  be	
  silent	
  (i.e.	
  not	
  change	
  
the	
  amino	
  acid	
  sequence)	
  or	
  missense	
  (change	
  
amino	
  acid)	
  with	
  minimum	
  impact.	
  



MODULE 5: Architecture of human 
genetic variation 



How haplotypes  (co- inher i ted a l le les)  ar ise  

1st	
  muta8on	
  

2nd	
  muta8on	
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  of	
  who	
  the	
  2nd	
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  originally	
  occurred	
  in	
  

Three	
  haplotypes	
  
observed	
  in	
  the	
  
popula8on	
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Chromosomal  recombinat ion breaks  up 
haplotypes  

Before	
  
recombina8on	
  
3	
  haplotypes	
  

Aper	
  
recombina8on	
  
4	
  haplotypes	
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Linkage disequilibrium 

o  Alleles	
  inherited	
  in	
  a	
  
haplotype	
  are	
  said	
  to	
  
be	
  in	
  ‘linkage	
  
disequilibrium’	
  (LD)	
  

o  LD	
  is	
  stronger	
  when	
  
distance	
  between	
  
variants	
  is	
  short	
  

o  LD	
  is	
  shaped	
  by	
  
recombina8on	
  

Two	
  SNPs	
  in	
  
strong	
  LD	
  

Two	
  SNPs	
  
with	
  no	
  LD	
  

T	
   A	
  

G	
   C	
  

T	
   A	
  

T	
   C	
  

G	
   C	
  

G	
   A	
  



LD allows prediction of  alleles 

o  For	
  two	
  variants	
  in	
  strong	
  LD,	
  alleles	
  at	
  one	
  loca8on	
  provide	
  
informa8on	
  about	
  alleles	
  at	
  another	
  loca8on	
  

Predict	
  the	
  missing	
  allele	
  
using	
  informa8on	
  from	
  
the	
  variants	
  in	
  strong	
  LD	
  	
  

Now	
  try	
  again	
  for	
  the	
  
variants	
  with	
  no	
  LD	
  	
  

Variants	
  in	
  
strong	
  LD	
  

Variants	
  with	
  
no	
  LD	
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Macro- leve l  haplotype s t r ucture  in  the  
human genome 
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ATTGCCGATACGGGACTTAACGACTAACCAACACTAGGCAGATCGACCAGATCGACGTAGCCAGCTTA	
  

o  Haplotype	
  blocks	
  punctuated	
  by	
  regions	
  of	
  
recombina8on	
  



Strong cor re lat ion within  a  haplotype 
block,  but  not  between blocks  
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o  Do	
  you	
  see	
  any	
  paoerns	
  in	
  Block	
  1?	
  	
  Block	
  2?	
  
o  Which	
  SNPs	
  are	
  in	
  LD?	
  
o  Can	
  any	
  SNPs	
  on	
  Block	
  1	
  predict	
  SNPs	
  on	
  Block	
  2?	
  



Haplotype b locks  are  independent  of  genes  
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Haplotype	
  blocks	
  vary	
  by	
  race	
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Key points 

?

?

o  Haplotype	
  blocks	
  are	
  regions	
  within	
  which	
  there	
  is	
  
strong	
  LD,	
  or	
  correla8on	
  between	
  variants	
  

o  One	
  variant	
  can	
  capture	
  informa8on	
  about	
  another	
  
variant,	
  either	
  known	
  or	
  unknown	
  

o  Implica8ons	
  for	
  GWAS	
  (Lecture	
  4)	
  


