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Genetics and Genomics
Wilh l J h i d h “ ” i 1909Wilhelm Johannsen coined the term “gene” in 1909
Thomas Morgan publishes “The Mechanism of
M d li H dit ” i 1915 l i i th tMendelian Heredity” in 1915 explaining that genes
exist on chromosomes and are the basic units of
InheritanceInheritance
Hans Winkler proposes in 1920 the term “genome” to
describe all the genes of an organismdescribe all the genes of an organism 

James Watson, Francis Crick and Rosalind Franklin
discover the double helix structure of DNA in 1953discover the double helix structure of DNA in 1953
Marshall Nirenberg deciphers the genetic code in 1966

Genentech produces first drug in 1978 made throughGenentech produces first drug in 1978 made through
recombinant DNA technology: Insulin



Genetics and Genomics
DNA fingerprinting for forensics and paternity testing
developed in 1984
First DNA microarray and scanner introduced in 1989

Human genome is sequenced and the final versiong q
published in 2003

~6,000,000,000 bases
20 000~20,000 genes

~99% of the genome is the same for all humans
G l G id d t b t d t i ttGoal: Genome-wide database to determine patterns

of common human sequence variations
Ai Wh t i ti th di i ?Aim:  What variations are the disease-causing genes?



The Good Old Days

The old central dogma of biology was that the
flow of genetic information was from DNA to RNAflow of genetic information was from DNA to RNA
to protein

Today that is basically true But its about asToday, that is basically true….  But its about as
simplified as explaining all of pulmonology by saying
air goes in and out and blood goes round and roundg g

We now know that a single gene can account for 
many gene products depending on the environmentmany gene products depending on the environment 
where gene expression occurs



Examples of Mendelian Diseases
(Single Gene)(Single Gene)

Autosomal Dominant
Familial hypercholesterolemia 1/500
Polycystic kidney disease 1/1 250Polycystic kidney disease 1/1,250
Hereditary spherocytosis 1/5,000
Marfan’s syndrome 1/4,000
Huntington’s disease 1/15 000Huntington s disease 1/15,000

Autosomal Recessive
Sickle cell anemia 1/625 (African Amer)
C ti fib i 1/2 000Cystic fibrosis 1/2,000
Tay-Sachs disease 1/3,000
Phenylketonuria 1/12,000
M l h id 1/25 000Mucopolysaccharidoses 1/25,000
Glycogen storage disease 1/50,000
Galactosemia 1/57,000

X-linked
Duchenne muscular dystrophy 1/7,000
Hemophilia 1/10,000



Examples of Complex Diseases

Asthma
Autoimmune diseasesAutoimmune diseases
Cancers
DiabetesDiabetes
Heart disease
Hypertension
Inflammatory bowel disease
Mental retardation
M d di dMood disorders
Obesity
Refractory errorRefractory error
Infertility



Genetics and Genomics
“Mendelian disorders” are the easiest to analyze and
are best understood because they are due to ~1 gene

However most diseases are complex meaning that
many genes only contribute to the risk of the disease

This has led to the concept of “susceptibility alleles”
where the inheritance of a genetic variant does notg
guarantee that the disease will occur

“Common disease, common variant hypothesis”Common disease, common variant hypothesis
The genetic influence on complex diseases are
due to common variants present in more than 5% of
th l ti V i t b th ht fthe population. Variants can be thought of as
“risk factors” for disease



Gene Expression
There are genes inside of genesThere are genes inside of genes
The same gene can encode multiple proteinsThe same gene can encode multiple proteins
Active genes occur on both DNA strandsActive genes occur on both DNA strands
Proteins regulate gene expressionProteins regulate gene expression
RNA regulates gene expressionRNA regulates gene expression
RNA processing yields multiple RNAsRNA processing yields multiple RNAsp g y pp g y p
Small RNA and siRNA regulate mRNAsSmall RNA and siRNA regulate mRNAs
Posttranslational modification of proteins yields diversePosttranslational modification of proteins yields diversep yp y
productsproducts
Changing the rate of protein synthesis from theChanging the rate of protein synthesis from theg g p yg g p y
ribosome yields proteins with the same amino acidribosome yields proteins with the same amino acid
sequence but different 3sequence but different 3--D structure and function!D structure and function!



Cumulative Pace of Disease Gene 
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Genomewide Association Studies of Diseases



Key for Genomewide Association Studies of Diseases 



Genomics Weekly Update 
Google “genomics and disease prevention”Google genomics and disease prevention

Select www.cdc.gov/genomics/
PharmacogenomicsPharmacogenomics
Birth defects
Blood Disorders
Cancer
Diabetes
Cardiovascular disease
Environment & Occupational Health
Ethical Legal and Social Issues
Mental health
Genetic Testing
I f ti DiInfectious Disease 
Neurologic conditions
Newborn screening
AgingAging
Autoimmune disease
Chronic disease



Is Obesity Genetic?Is Obesity Genetic?

Environment?
Genes?Genes?



Obesity Trends (BMI 30), U.S. Adults
BRFSS  1990  2000  2010

2000

BRFSS, 1990, 2000, 2010
1990

2010

Obesity is >30%
Overweight in the

l ti i 70%population is >70%

No Data          <10%           10%–14                15%–19%           20%–24%            25%–29%              ≥30%



The Rate of Increase in ObesityThe Rate of Increase in Obesity 

Genetics does not change at a rate to explain theGenetics does not change at a rate to explain the 
rapid increase in overweight and obesity.  Therefore
environment must play a major role

The question becomes to what extent does genetics
“set the stage” for overweight and obesity to be
expressed?

Data from the Pima Indian population illustrates theData from the Pima Indian population illustrates the
magnitude of the role played by environment



Environmental InfluencesEnvironmental Influences 
Same People, Same Genes, Different Address

USA  Pima           Mexico Pima

BMI1 33.4                         25

N ti Di t2 15% F t C l i

Urban Diet2 50% Fat Calories

Native Diet2 15% Fat Calories

1Ravussin E et al. Diabetes Care 1994;17(9):1067-1074
2Pratley RE. Proc Nutr Soc 1998;57:175-81



Finding Obesity GenesFinding Obesity Genes

Clearly environment influences obesity, but remember
the question is how does genetics predispose anq g p p
individual to become overweight or obese
If we look at families, there appears to be a stronge oo at a es, t e e appea s to be a st o g
history of obesity; perhaps 40 to >70% concordance

Hypothesis: Obesity is geneticHypothesis: Obesity is genetic
Question:   “True-True cause and effect?” 

versusversus
“True-True but unrelated?”

Example:  People who develop cancer
h th f hwear shoes therefore, shoes

cause cancer



Obesity Genes: Many or Few?

Yang et al. Epidemiol Rev 2007;29:49-61



So, Where Do We Start Looking for So, Where Do We Start Looking for 
Obesity Genes?Obesity Genes?Obesity Genes?Obesity Genes?

“Candidate gene studies”
G f hi h th i id f l ti fGenes for which there is evidence of regulation of 
energy balance in animal studies are tested for an
association with obesity in the human populationy p p

“Genome-wide linkage studies”
Related individuals are tested for the presence orRelated individuals are tested for the presence or
absence of a chromosomal region to determine if that
region segregates with obesity

“Genome-wide association studies”
No prior assumptions about relatedness.  The whole

i l d t fi d i ti ith digenome is analyzed to find associations with disease



Finding Genes: Genetic Mapping

Cytogenic maps (banding Patterns) are the lowest

resolution

Bcr/abl rearrangement (FISH)Acute myelogenous leukemia



How Do We Find Genetic Variants or 
“S tibilit G ” f Di ?“Susceptibility Genes” for Disease?

Genetic maps are constructed using various “marker”Genetic maps are constructed using various marker
techniques and then trying to arrange everything in
the correct order

Li k l iLinkage analysis
RFLPs
VNTRs
Microsatellite polymorphisms
SNPs



Finding Susceptibility Genes
Wh t b i ?Where to begin?

How about Linkage Analysis
1 G f t it di h1. Genes for a trait or disease are on chromosomes  
2. If two genes are on the same chromosome, they

should be inherited together (linked) unlessshould be inherited together (linked) unless 
cross-over occurs during meiosis

3. The farther apart 2 genes are from each other, the
greater the chance that the genes will become
separated: Partial linkage or no linkage.  The
closer the genes the less likely they will separatecloser the genes the less likely they will separate 

4. Linkage maps for the markers of traits or diseases
tell us where the markers are in relation to each
other on the chromosome…(but we still don’t know
exactly where or what the gene is)



Genetic Mapping
How can we think about genes and maps?How can we think about genes and maps?

LinkageLinkage
Think of the genome map as being like a map of
the USA showing only the interstate highways

(Bet you can find Texas, but you can’t get to Hico)

SeattleSeattle

Chicago NYSLC

Genetic maps give an estimate 
of the distance between places
but no details

LA
AtlantaDallas

but no details.  

Likewise, genetic maps guide 
us to where a gene might be

Houston

us to where a gene might be



How Do We Find Disease Susceptibility Genes?

Other ways to do genetic mapping
Restriction fragment length polymorphisms (RFLPs)Restriction fragment length polymorphisms (RFLPs)

There are bacterial enzymes that break DNA
whenever a certain nucleotide sequence is
present.  (In our road analogy, the enzyme chops
the road every time a double line starts or a turn
lane occurs etc )lane occurs, etc.)
If the same RFLP occurs only in people with a
certain trait or disease then that RFLP is acertain trait or disease, then that RFLP is a
marker for that trait or disease….(but now we
don’t know where we are unless the RFLPs can
be arranged in the right order and we still don’tbe arranged in the right order and we still don t
know exactly where or what the gene is)



How Do We Find Disease Susceptibility Genes?

These strategies are similar to that for RFLPs
VNTRs: Variable Number Tandem Repeats are
polymorphisms in non-coding regions of DNA.  For

feach VNTR, it is the number of times a sequence is
repeated
Microsatellite polymorphisms are repetitions of a
very small number of base pairs.  The number of
repeats varies between different peoplerepeats varies between different people



Genomewide Association Studies for 
Assessment of Risk of DiseaseAssessment of Risk of Disease

A single nucleotide polymorphism (SNP)  say “snip”
Is a point mutation of 1 nucleotide substitution in DNA

They almost always occurs in non-coding region 
They are scattered through out the genomeThey are scattered through out the genome
They do not cause disease, just associated with it

SNPs are very common in human DNA: The 0 8% ofSNPs are very common in human DNA:  The 0.8% of
the genome or 2,400,000 bases that vary in each
person or 10,000,000 bases in the whole populationperson or 10,000,000 bases in the whole population

Hypothesis: By studying sequences of DNA that
contain SNPs associated with a disease trait relevantcontain SNPs associated with a disease trait, relevant
genes associated with a disease may be found



Genetic Mapping
These RFLP, VNTR, SNP maps, like street maps, are
more detailed and get us closer to a gene’s locationmore detailed and get us closer to a gene s location…

Cl b t iClose, but no cigar 
We still don’t know:

which house?which house? 
who is in the house?
which room? 

h h d i ?what were they doing?
What are they doing?



Candidate Gene StudiesCandidate Gene Studies

Strong associations between obesity andStrong associations between obesity and
MC4R (melanocortin 4 receptor)
PCSK1 (prohormone convertase)
BDNF (brain-derived neurotrophic factor)
ADRB3 (beta-adrenergic receptor 3)



Candidate Gene StudiesCandidate Gene Studies

MC4R (melanocortin 4 receptor)
Expressed in the CNS and plays a key role regulatingExpressed in the CNS and plays a key role regulating
food intake and energy homeostasis
A rare mutation in MC4R rendering it nonfunctionalg
causes monogenetic severe early-onset obesity
However, the common variants of MC4R (V103I and
1251L), which map as MC4R have no significant
association with obesity traits 

Frequency of 103I allele is 3% in the populationFrequency of 103I allele is 3% in the population
Frequency of 1251L is 2% in the population and
is protective against obesity if 251L allele isp g y
present



Candidate Gene StudiesCandidate Gene Studies

PCSK1 (prohormone convertase)
Thi t h t hThis enzyme converts prohormones to hormones 
involved with energy metabolism
Rare mutations resulting in PCSK1 enzyme deficiencyRare mutations resulting in PCSK1 enzyme deficiency
result in extreme childhood obesity
As a candidate gene 9 variants of PCSK1 were foundAs a candidate gene, 9 variants of PCSK1 were found
in obese persons.  2 were consistently associated with
adult obesity (N221D and Q665E-S690T)

Frequency of the alleles was ~4-7%
Each allele increased the risk of obesity only 1.3x



Candidate Gene StudiesCandidate Gene Studies

BDNF (brain-derived neurotrophic factor)
In animals BDNF has been studied for its effects onIn animals, BDNF has been studied for its effects on
the stress response, survival, eating habits, body
weight and hyperactivityg yp y
Mutations in BDNF cause hyperphagia and obesity

Variants of BDNF (Val66Met met66met) sho aVariants of BDNF (Val66Met met66met) show a
lower BMI of ~-0.75) suggesting that the presence of
Val66 Met increases the risk of obesityVal66-Met increases the risk of obesity



Candidate Gene StudiesCandidate Gene Studies
ADRB3 (beta-adrenergic receptor 3)

This gene was one of the first to be implicated withg
obesity.  ADRB3 is involved with regulation of
lipopolysis and thermogenesis
Recent analysis of a large population (>27,000)
found no association between obesity and ADRB3
variantsvariants

The story continues, but the bottom line is that of the
127 candidate genes reported on the Human Obesity127 candidate genes reported on the Human Obesity
Gene Map, only 5 variants of 4 candidate genes are
strongly associated with obesity.
Further, strongly association  strong effect on obesity



GenomeGenome--Wide Linkage StudiesWide Linkage Studies

The analysis is based on about 600 polymorphic
markers across the genome. The resolution is poormarkers across the genome.  The resolution is poor
because the markers are separated by about 10-cM
If an association is found, then genotyping is needed toIf an association is found, then genotyping is needed to
narrow down where the gene might be
253 loci have been implicated in obesity based on thisp y
mapping

Of the 253 loci, only 15 have been replicated inOf the 253 loci, only 15 have been replicated in
additional analyses
The strategy does not appear to be effectiveThe strategy does not appear to be effective



Genome-Wide Association Studies for 
Assessment of Risk of DiseaseAssessment of Risk of Disease

Theory:
“Discovery 1”Discovery 1

Analyze people with and without a disease and see 
if those with the disease have a common SNP
If yes, then that SNP is associated with a gene 
involved with the disease

“Replication”
Repeat the analysis if another SNP can be found

“Replication 2”
Continue, if possible to narrow down where the
gene might be



GenomeGenome--Wide Association StudiesWide Association Studies

An association between a SNP and a disease exists if
the p-value of the overall association is “<5 X 10-8”the p value of the overall association is 5 X 10

Briefly, this p-value means that the odds that a SNP
is associated with the disease is ~95%
Again, note that a strong or weak association has
nothing to do with whether that genetic segment has

t k ff t th di It i la strong or weak effect on the disease.  It simply
means that the genetic segment is usually associated
with the diseasewith the disease



Large Scale GenomeLarge Scale Genome--Wide Association StudiesWide Association Studies
FTO GeneFTO GeneFTO Gene FTO Gene 

FTO (fat mass and obesity associated gene) was the
first incontrovertible obesity gene reported in 2007first incontrovertible obesity gene reported in 2007
Replication of the data (~39,000 people) validated FTO
as an obesity susceptibility locus and a 3rd studyas an obesity susceptibility locus and a 3 study
reached the same conclusion
FTO maps 188 kb downstream from MC4RFTO maps 188 kb downstream from MC4R 

(remember the melanocortin 4 receptor?)

FTO codes for alpha-ketoglutarate-dependent dioxygenasep g p yg
It is up-regulated in the hypothalamus during starvation
and increases food intake

History: FTO was originally identified as a gene for type 2 diabetes. After 
adjusting for BMI, zero association was found for T2D



Large Scale GenomeLarge Scale Genome--Wide Association Studies Wide Association Studies 

Genomic Investigation of Anthropometric Traits (GIANT)
I t ti l ti bi i i d tInternational consortium combining genomic data
from the USA and Europe to achieve large enough
sample sizes to power detailed genetic analysessample sizes to power detailed genetic analyses

Of 10 loci thought to be associated with obesity, only
2 proved to be incontrovertible (FTO and MC4R variant)2 proved to be incontrovertible (FTO and MC4R variant)
Subsequent analysis of ~ 60,000 people revealed 8
solid obesity loci



Large Scale GenomeLarge Scale Genome--Wide Association Studies Wide Association Studies 
FTO (fat mass & obesity associated protein)FTO                  (fat mass & obesity associated protein)
SH2B1              (SH2B adaptor protein)
MTCH2             (mitochondrial carrier homologue 2)
NPC1                (Neimann-Pick disease, type 1)
near MAF          (musculoaponeurotic fibrosarcoma oncogene)
near PTER        (phosphotriesterase related gene)ea (p osp ot este ase e ated ge e)
near MC4R       (melanocortin receptor 4)
near NEGR1     (neuronal growth factor)
near TMEM18 (transmembrane protein 18)near TMEM18   (transmembrane protein 18)
near KCTD15    ( K+ channel tetramerization domain)
near GNPDA2   (glucosamine-6-Phos deaminase 2)
4 loci between

SEC16B & DGKD      (SEC16B homologue &
diacylglycerol kinase)y g y )

BCDIN3D & FAIM2    (Brain-derived neurotrophic factor &
Fas apoptotic inhibitory molecule 2)



GenomeGenome--Wide Association Analyses for ObesityWide Association Analyses for Obesity

The high-density multistage genome-wide association
analyses have thus discovered 15 loci consistentlyanalyses have thus discovered 15 loci consistently
associated with obesity
The approximate location of each loci is knownpp

Note, however, that the exact identity of the obesity
susceptibility variants at each loci remains unknown!p y

Do the susceptibility loci explain why obesity occurs?
Each loci contributes to obesity (effects are additive)y ( )
Each loci contributes about 0.85 to 2.1 Kg weight

OR
The odds ratio for obesity increases about 1 25 forThe odds ratio for obesity increases about 1.25 for
each loci present



Frayling et al 2007,  Loos et al (2008), Willer et al (2009), Thorleifsson (2009), Meyer 
(2009)



GenomeGenome--Wide Association Analyses for ObesityWide Association Analyses for Obesity

The effects of the obesity susceptibility loci are additive
but this does not explain obesityp y

How many people carry the obesity loci and which
obesity loci?
What is the effect of these loci in a population? 

EPIC-Norfolk cohort study
20 000 l t d20,000 people were genotyped

The average weight of people with 13 obesity
susceptibility loci (2% of the population) was onlysusceptibility loci (2% of the population) was only
about 4 Kg more than those with  3 obesity loci

OR
Th b it l i l i d l 1% f thThe obesity loci explained only ~1% of the
variance in BMI of the Norfolk population



Genes and LifestyleGenes and Lifestyle

Another approach to asking about the effect of obesity
susceptibility genes on the problem of obesity is top y g p y
study the effect of those genes in people with different
life styles
Recent work demonstrates that the effect of FTO differs
depending on energy expenditure
Specifically, the effect of FTO on BMI is greater in those
who are sedentary and its effects are minimal in those
people who are activepeople who are active



So, if heritability studies suggest that 40-
70% f b it i ti t70% of obesity is genetic, yet genes can 
account for only 1-2% of obesity….  Then

i ith th t bi. either there are more genes to be
discovered

oror
ii. Genetics sets the stage but

Environment tells the taleEnvironment tells the tale



Reference materials


