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Genomewide Association Studies

1 Setting the pace

1.aWhat can your spit telyou about your DNA?

1.b Speaking the language: relevant questioasd concepts
1.c dThe Human Genome Project

2 The rise of GWAs

3 Study Desigrklements

3.a Marker level

3.b Subject level

3.c Gender leve{not considered in this course)
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4 Pre-analysis Steps

4.a Quality-Control

4.b Linkagedisequilibrium

4.c Confoundingby sharedgeneticancestry
5 Analysis Steps

5.a Association/ Regression

5.b Replication and Validation
5.cCausation&

5.d Interpretation
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6 Adding levels otomplexity

6.a Trait heterogeneity in GWAS
6.b Missingness

6.c Multiple testing

6.d Multiple studies

6.e When variants become rare
6.f Nonindependent effects

6.g Confounding in the context of 6&f
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1 Setting the pace
1.aWhat can your spit tell younbout your DNA?

The use of saliva

| People spit for a variety of reasons. We've all employed the technique to
remove a hair or some other distasteful object from our mouths. People
who chew tobacco do it for obvious reasons. Ball players do it because
they're nervous, bored or looking to showcase their masculinity. And
people in many different cultures spit on their enemies to show disdain.

{ Thanks to a phenomenon known disect-to-consumer genetic testingr
at-home genetic testing people are spithig today for a much more
productive (and perhaps more sophisticated) reasdio get a glimpse of

their own DNA.
(science.howstuffworks.com)
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From saliva to DNA

1 Your saliva contains a veritable motheadof biological material from
which your genetic blueprint can be determined.

1 For example, a mouthful of spit contains hundreds of complex protein
moleculesg enzymes- that aid in the digestion of food.

1 Swirling around with those
enzymes are cells sloughed off
from the inside of your cheek.

1 Inside each of those cells lies a
nucleus, and inside each nucleus,
chromosomeswhichthemselves
are made up of DNA

Van Steen K



GBIO0002 Bioinformatics theory & case studies

Commercial kits

SIGN IN REGISTER KIT HELP Vv

23andMe-
OUR SERVICE HOW IT WORKS v STORIES BUY E

7, Order w7 Spit //{777? Discover

% Your saliva collection kit ) Follow kit instructions to spit /////// In approximately 6-8 weeks,
typically arrives within 3to 5 in the tube provided — all we will send you an email to
days. Express shipping is from home. Register your let you know your reports
available. saliva collection tube using are ready in your online

the barcode so we know it account. Log in and start
belongs to you, and mail it discovering what your DNA
back to our lab in the pre- says about you.

paid package.

v 7
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Commercial kits

Do not eat, dnnk, smoke, chew gum, brush your teeth, or use mouthwash for at
least 30 minutes pnor 1o providing your sample

Collect the recommended volume of saliva The recemmended volume of saliva to
provide 1s 2 mlL, or about )2 teaspoon Your saliva sample should be just above the
fill ne.

Provide your sample and add the stabiization buffer wathin 20 mnutes. The full
saliva sample should be collected within 30 minutes and the funnel contents
should be released nto the tube immediately. Waging longer than 30 minutes may
decrease the yield and quality of your DNA

Cap securely before shipping. Remember to remove and discard the funnel kd and
place the tube cap on securely before mading your sample 10 our laboratory.
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.- H . . . é-l—’;'i—rt_fvlhis page
Your estimated lifetime risk Ky eiyous risens

Condition name

Click anywhere on the colored boxes below 10 access in-depth information about each heaith
@ condition, your genetic predispositions, what you can do, your specific genetic markers, and much
more.

0-1% >1-10% >10 - 25% >25-50% >50 - 100%

» Why orange & gray boxes?
Video: Understandi
Brain aneurysm  Alzheimer's Heart attack You have no T
disease results in this
You: 0.91% You: 10% You: 22% range Tutorial: Review the tutorial

Avg: 090% » Avg: 17% » Avg: 26% »

More: How we estimate your
risk

Rheumatoid
arthritis
You: 0.88% Your genetic counselor
Avg: 3.3% » »
Counsedors are available

sm‘ﬂ. woekdays from Sam 1o S5pm PST,

! or you ¢can schedule another time
You: 0.55% Oomvenient for you.
Avg: 1.0% » i o S

Intermational:
Macular *1 (650) S85-7743
You: 0.44%
Avg: 3.1% »
AT
M. :M“ vk mmnu nnhm: . . Sharing results
You: 0.28% You: 2.8% @J with your doctor
L et AT . A ARG w
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Can you handle the truth?

Identifying Genetic Markers

Service Provider: 23andMe deCODEme Navigenics

Arthritis & s
Asthma %
Bipolar/Depression

Cardiovascular Disease

Multiple Sclerosis

Osteoporosis

Parkinson’s Disease

Schizophrenia

Thrombosis

Type 1/2 Diabetes
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The23andMe story

1 Wojcicki founded 23andme in 2006 with Linda Avey and Paul Cusenza
with a goal of upending conventional models of health care:
- put sophisticated DNA analyses into the hands of consumers,
- giving them information about health, disease and asipg
- and allowing the company to sell access to the genetic data to fuel
research.

{1 In 2013, that vision hit a snag. Wojcicki didn't think she needed regulatory
approval to provide information about her customers' health risks. The
US Food and Drugdministration (FDA) disagreed, and ordered the
company to stop.

(source: https://lwww.nature.com/news/theise-and-fall-and-rise-againof-23andme1.22801)

Van Steen K



GBIO0002 Bioinformatics theory & case studies

NewStatesman

SCIENCE & TECH 15 JANUARY 2015

23andMe: Why bother with predictions
about yourself when you are almost
certainly average?

Want to understand your genes? Call your parents.
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SIGN IN REGISTERKIT  HELP Vv
23andMe-
OURSERVICE HOWITWORKS v STORIES BUY U

NOWWITH * 3 We are

150+ | reinventing the

REGIONS & - : Way you see your
ancestry —

through science.

<& {
,:, @® 47.1% Northwest European [

@ 26.2% Chinese Your DNA can tell you more
' 21.2% Filipino & Austronesian ‘\"' o : abo Ut your family hiStO ry.

@® 2.6% Southern European
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The 23andMe story
T —— {After years of effort, the papff came in April 2017,

when the FDA agreed to allow 23andme to tell

! consumers their risks of developing ten medical
conditions, including Parkinson's disease and-taiset
Alzheimer's disease.

1 With more than 2 million cstomers, the company hosts by far the largest
collection of gendinked health data anywhere

(source: https://www.nature.com/news/theise-andfall-and-rise-againof-23andme1.22801)
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What are(other) examples of gnetic testingon demand?

1 There are=2000genetic tests available to physicians to aid in the diagnosis
and therapy for >1000 different diseases. Genetic testing is performed for
the following reasons:

- presymptomatic testing foestimating riskdeveloping disease

- presymptomatic testing fopredictingdisease

- conformationaldiagnosiof a symptomatic individual
__-.carrierscreening

- prenatal screening

- newborn screening

- preimplantation genetic diagnos{gsting the early embryo after in

- forensic testing
- paternal testing
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How is genetic testing used clinically?

{ Predictive medicinedetermine whether an individualas an increased risk
for a particular diseasdresults fronthis type of test are usually expressed
In terms of probability and are therefore less definitive since disease
susceptibility may also be influenced by other genetic and-gemetic (e.g.
environmental, lifestyle) factors. Examples of diseases that usetige
testing to identify individuals with increased risk include certain forms of
breast cancer (BRCA) acwlorectal cancer.

| Diagnostic medicineidentify whether an individual has a certain genetic
diseaseThis type of test commonly detects a specific galteration butis
often not able to determine disease severity or age of onset. It is estimated
that there are >4000 diseases caused by a moman a single gene.
Examples of diseases that can be diagnosed by genetic testing includes
cystic fibrosis anéHuntington's disease.
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How is genetic testing used clinically?

{ Pharmacogenomicsclassifies subtle variations in an individual's genetic
makeup todeterminewhether a drug is suitable for a particular patient
and if so, what would be the safest and most effective ddssarnmore
aboutpharmacogenomicA 5b! LI} aaLI22 NI & X | NB y?2

{ Whole-genome and wholeexomesequencing examines the entire
genome or exome to discover genetic alterations that may be the cause of
disease.Currently, this type of test is most often used in complex
diagnostic cases, but it is being explored for use in asymptomatic
individuals to predict future disease.SS f 82 G ¢CKS LINR YA
of nextgeneration genome sequencing for clinical catkAMA Intern Med.
2014)

Van Steen K


http://www.ama-assn.org/ama/pub/physician-resources/medical-science/genetics-molecular-medicine/current-topics/pharmacogenomics.page?
http://www.ncbi.nlm.nih.gov/pubmed/24217348

GBI00002 Bioinformatics theory & case studies

The basics ofenetic ests

1 As we will see, we can measuygenetic)variation between individualsat
several positions on the genome, usingeadledmolecular markerssuch as
Single Nucleotide Polymorphism{($&NPs)

1 To run a SNP test, scientissnembed a subject's DNA infor instancea
small silicon chip containing reference DNA from both heahbywiduals
and individuals with certain diseases.

{ By analyzing how the SNPs from the subject's DNA match up with SNPs
from thereference DNAthe scientists can determine if the subject might
be predisposed to certain diseases or disorders.
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Talking alout dreference: reference genome

1 A reference genome (also known aseference assemblys a digital
nucleic acid sequenagatabase, assembled by scientists as a representative
example of a specieskt of genes

| As they are often assembled from  genome(build 37) is derived from
the sequencing odDNAfrom a thirteen anonymous volunteers
number of donors, reference from Buffalo, New York
genomesdo not accurately
represent the set of genes of any
single person. Instead a reference
provides ahaploidmosaic of
different DNA sequences from

each donor.
ﬂ For exam pl@ RCh3’7the Genome "Wellcome genome bookcase" by Russ London at en.wikipedia
Reference Consorti u [I'mu man Licensed under CC ¥ 3.0 via Commons

https://commons.wikimedia.org/wiki/File:Wellcome_genome_bookc
ase.png#/media/File:Wellcome_genome_bookcase.png
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Talking abouttreference: referencepanels

G PLOS | one

()

Check for
updates

E OPEMN ACCESS

Citation: deVries PS, Sabater-Lleal M, Chasman
DI, Trompet S, Ahluwalia TS, Teumer A, etal.
(2017) Comparison of HapMap and 1000
Genomes Reference Panels in a Large-Scale
Genome-Wide Association Study. PLoS ONE12
(1): eB7742. doi:10.1371joumal .pone. 0167742

RESEARCH ARTICLE

Comparison of HapMap and 1000 Genomes
Reference Panels in a Large-Scale Genome-
Wide Association Study
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1.b Speaking the language

Types of moleculamarkers(Schiétterer 2004)

Enzymes are proteins that act ;.
biological catalystss

OPINION

The evolution of molecular markers
— just a matter of fashion?

Christian Schlotterer

Migration Distance vs. Molecular
Size
14000 y= 1561 nIy

R = 09931

& Molecular Size (op) l:

&
L
,000
400 Powet (Malecutar | O
1,000 Sire [bpd)
o - |
2 1 1 3

Migration Distance [inches)

Bemg 1ble to dlstmgl.ush between genotypes
‘ © key

2tic
map of Drosophila melanogaster was built by

Sturtevant using phenotypic markers'. How-

continuous improvement in the way in which
we assay genetic variation; that is, the latest
marker systems are the most informative ones,
Nevertheless, in reviewing the history of molg
cular markers and their pros and cons, I argife
that there are only a few conceptually differen
classes of marker and that recently devel-
oped high-throughput methods might not be
unconditionally superior to more traditional
approaches.

Allozymes

The first true molecular markers to be estab-
lished were allozymes (a term that orlgmates
fro
ofits of enzymes' ). The principle of '1llozy'me
markers is that protein variants in enzymes can
be distinguished by native gel electrophoresis
according to differences in size and charge
aused by amino-acid substitutions. To visual-

contain substrate for the enzyme, cofaclors and
an oxidized salt (for example, nitro-blue tetra-

sample sizes are typically studied in allozyme
surveys. Nevertheless, the number of informa-
tive marker loci is too small to use allozymes
for mapping and ASSOCIATION STUDIES". FUTTRer-
on allozymes were often challenged by non-

neutral evolution of some of the markers used
(see, for example, REFs 9-11).

The arrival of DNA-based markers

One of the criticisms levelled at allozyme
marke st 7 satgnd insen-
e methocl of detectmgvarlatlon in N4
A more direct molecular marker would sur-
vey DNA variation itself, rather than rely on
variations in the electrophoretic mobility of
protems that the DNA encodes. Another
ortant '1dvanhge ‘tl’l']t DNA-based mpsie?

number of mutations between different alleles
to be quantified. Given these unambiguous
advantages, the arrival of DNA manipulation
techniques promoted a shift from enzyme-

based to DNA-based markers.

‘...the arrival of DNA
nanipulation techniques
pbromoted a shift from
enzyme-based to
DNA-based markers.”
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Types of molecular markers

{ Enzyme based
1 DNA sequencédased
- Nowadaysgenetic markergepresent sequences of DNWhich have
been traced to specific locations on thhromosomesand associated
with particular traits according to NHGRI:

dtraité isthe manifestation of the product of a gene that is coded for by the DNA
a ophenotype isan individual's observable traits, such as height, eye color, and
blood type. "Phenotype" is sometimes used interchangeably with the word trait,
and "phenotype" may also define a wleaccompendium of traits together

- Genet markerslemonstratepolymorphism which means that the
genetic markers in different organisms of the same species are
different.
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Marker
SNPs

Microsatellites

Allozymes

RAPDs and
derivatives

" DNA sequencing

Advantages

¢ | ow mutation rate
¢ High abundance
e Fasy to type

¢ New analytical approaches are

being developed at present

¢ Cross-study comparisons
are easy; data repositories
already exist

¢ Highly informative (large number
of alleles, high heterozygosity)

¢ | ow ascertainment bias
¢ Fasy to isolate

A microsatellite is a tract

, Of repetitive DNAIN

* which certainDNA motifs
(ranging in length from
one to six or mordase

pairg are repeated,
. typically %50 times

bands, which can then be

further characterized individually

(for example, converted into
single locus markers)

¢ Highest level of resolution
possible
¢ Not biased

¢ Cross-study comparisons are

[P [ I I S

Disadvantages

¢ Substantial rate heterogeneity
among sites

* Expensive to isolate

¢ Ascertainment bias

¢ | ow information content
of a single SNP

¢ High mutation rate

¢ Complex mutation
behaviour

¢ Not abundant enough

e Difficult to automate

¢ Cross-study comparisons
require special preparation

¢ Requirement for fresh
or frozen material

¢ Some loci show protein
instability

¢ |_imited number of available
markers

¢ Potentially direct target
of selection

e | ow reproducibility

* Mainly dominant

e Difficult to analyse

e Difficult to automate

e Cross-study comparisons
are difficult

e Still significantly more
expensive than the other
techniques

Be critical

(date of
publication =
2004)

Hence, it is
important to
keep the
historical time
lines and
achievements in
mind
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Types of genetic markersingle nucleotide polymorphisms

Base Pairs

I |

Adenine Thymine

—— )

Guanine  Cytosine

Sugar phosphate
backbone

Single Freguency in
Nucleotide general
Polymorphisms |population
(SNPs)
\
©
A 5% > 1%
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Types of genetic markersingle nucleotide polymorphisnts SNPs

e Variations in single base, i.e., one base substituted by another base
e |In theory: four different nucleotides possible at base

e |In practice: generally only two different nucleotides observed

e Definition strict and loose:

o Strict: minor allele frequency 2 1%
o Loose: 2 2 nucleotides observed in two individuals at position
e Nomenclature:

o ss-number (submitted SNP number)

o rs-number: searchable in dbSNP, mapped to external resources, unique

o rs-numbers do not provide information about possible function of SNP

o Alternative: nomenclature of Human Genome Variation Society

(Ziegler and Van Steen, Brazil 2010)
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Types of genetic markersingle nucleotide pgimorphisms

O 8 https://www.ncbi.nlm.nih.gov/snp/ B 8% v Q Search ©® In @

ng Started ® Account Management...

-

i

ALFA Project Release 2 with over 900M variants from 192K subjects is now available (January 6, 2021)

The goal is to provide allele frequency from more than 1 million dbGaP subjects with regular updates. Visit the project page for more information or view the
introduction video below. Please provide your feedback by completing this short 3 min survey.

Watch later

ALFA Colab Presentation, ASHG?OZO ._ o

How to Search dbSNP. Additional search terms are here.
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Types of genetic markersingle nucleotide polymorphisms

O 8 https://www.ncbi.nlm.nih.gov/snp/docs/entrez_help/ B 8% ¢ Q Search I @

ing Started & Account Management...
Sign in to NCBI

= NCBI  Resources ™ How To @

dbSNP SNP v | | Search

Advanced

Public health information (CDC) | Research information (NIH) | SARS-CoV-2 data (NCBI) | Prevention and treatment information (HHS) | Espafiol

‘ @ coviD-19 information [ X

Searching dbSNP in Entrez

Table of contents

= Table of contents
« How to construct queries
« Common Query fields and examples
» Complex queries and others
» HGVS Search
» ALFA Frequency
All SNPs with ALFA frequency
'by-ALFA' Facet
o 'ALFA’ Link
» Protein Position

o 0

How to construct queries

dbSNP is part of NCBI's network of Entrez databases. As with these other databases, data of interest may be located simply by entering keywords into the dbSNP search box. The Advanced Search
page, linked below the dbSNP search box, can assist in the construction of complex queries. To construct a complex query, specify the search terms, their fields, and the Boolean operations to
perform on the terms using the following syntax:

term[field] COPERATCR term[field]

where cerm is the search terms, £ie14 is the search field, and orerzTor is the Boolean operator (AND', "OR’, 'NOT'"; must be capitalized).

Common Query fields and examples
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Types of genetic markerssingle nucleotide polymorphisms

& C @ O 8 nhttps//www.ncbi.nlm.nih.gov/projects/SNP/snp_summary.cgi 80% Ty Q Sea

£F Most Visited ‘ Getting Started  # Account Management...

c('_) dbSNP
> NCBI Short Genetic Variations

dbVar ClinVar GaP PubMed
Search small variations in dbSNP or large structural variations in dbVar
Search Entrez | dbSNP v | for | H@I

Nucleotide Protein

dbSNP Summary
RELEASE: NCBI dbSNP Build 155

dbSNP Component Availability Dates:

Component Date available
GENERAL dbSNP web query for build 155: Jun 16, 2021
Rss Feedt ftp data for build 155: Jun 16, 2021

contact Us Entrez Indexing for build 166:  Jun 16, 2021
Organism Data
dbSNP Homepage
NCBI Variation
Resources
Announcements - Please address any questions or comments regarding the data to snp-admin@ncbi.nlm.nih.gov
dbSNP Summary
FTP Download
SNP SUBMISSION
DOCUMENTATION

- The complete data for build 155 are available at https./fip.ncbi.nlm.nih.gov/snp/ in multiple formats
- All formats and conventions are described in https://ftp.ncbi.nim.nih.gov/snp/00readme. txt

New Submission since previous build:

Current New Submissions New RefSNP Clusters New ss# with New ss# with

Organism g g (ss#'s) (rs#s) (#validated) ~ Genotype  Frequency

Total: Organisms 0

*Submissions received after reclustering of current build will appear as new rs# clusters in the next build.

BUILD STATISTICS:
Number of Number of

Number of Number of Number of
Organism "I;’S."P Genome o . icsions RefSNP Clusters  (rs#'s)  (5Sts)  (ss#s)  Numberof ~ Number of
uild Build (ss¥'s) (rs#'s) ( £ validated)  in gene with with weight 1 SNPs weight 2+ SNPs
ge genotype frequency
Homo sapiens 155 3,341,554, 567 1,053,623,523 (0)
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Genes

{ Thegeneis the basic physical unit
of inheritance.

{ Genes are passed from parents to
offspring and contain the
iInformation needed to specify
traits.

1 Theyare arranged, one after
another, on structures called
chromosomes.

{ A chromosome contains a single,
long DNA molecule, only a portion
corresponds to a single gene.

SRS
IR IR

11 12

55 B8 B3 BB G

1S E16 7018

§

iy
Mo n

1 12

88 88 B8 B3 A

15 16

8
LU B £
21 22 X

< mD

LR
i

55 3¢ B0 B3 B &0

14 15 16 17 18

OB N o1 B3
19 XY

20 21 232
(Figure: Human chromosoma@s

22 pairs of homologous chromosomes and 2 sex chromosa

n
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Genes

1 An annotation (irrespective of the context) is a note added by way of
explanation or commentary.

1 Genome annotations the
process of identifying the
locations of genes and all o
the coding regions in a

Search:

B] OCO n d U Cto r Install Help Developers About

OPEN SOURCE SOFTWARE FOR BIOINFORMATICS

Home » BiocViews

All Packages

Bioconductor version 2.14 (Release) Packages found under FunctionalAnnotation:
genome and determining s soues e
Package - Maintainer Title
. A set of annotation maps describing the
what those genes do. o
AnnotationData (867)

h Bioconductor Package A set of annotation maps describing the
ChipManufacturer (370) GQ.db Maintainer entire Gene Ontology

Once a genome is it = -
g CustomArray (2) humanCHRLOC Biocore Data Team A data package containing annotation data

for humanCHRLOC
CustomCDF (16)

Bioconductor Package

= CustomDBSchema (10) KEGG.db R A set of annotation maps for KEGG
seqguenced, it needs to
1 Organism (529) MeSH.AOR.db Koki Tsuyuzaki A set of annotation maps describing the

tire MeSH
PackageType (638) entire Me

be annotated to make
. entire MeSH
ExperimentData (202)

A set of annotation maps describing the
entire MeSH

S e n S e Of It mirbase.db James F. Reid miRBase: the microRNA database

A data package containing annotation data
for mouseCHRLOC

MeSH.PCR.db Koki Tsuyuzaki

mouseCHRLOC Biocore Data Team

A data package containing annotation data

ratCHRLOC Biocore Data Team for ratCHRLOC
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Alleles

1| Allele: one of several alternative forms of DNA sequence at specific
chromosomal location
- Alldles AB
{ Polymorphism often used to indicate the existence of at least 2 alleles at a
aAy3atsS af 20dzaé
{1 Homozygosity(homozygous): both alleles identical at locus
- AA or BB

1 Heterozygosity(heterozygous): different alleles at locus
- AB

[Mutations ~polymorphisms (see late})
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Hunting for genes to answer relevant questions

{| Developing new and better tools to make gene hunts faster, cheaper and
practical for any scientist was a primary goal of theman Genome Project
(HGP).

f One of these tools igenetic mappingthe first step in isolating a gene.
Genetic mapping in the ealty days- can offer firm evidence that a disease
transmitted from parent to child iBnked to one or more genes. It also
LINE A RSA& aOf dzSaé | 62dzi gKSNBE 0UKS 3

{ Genetic maps have been used successfully to find the single gene
responsible for relativgirare inherited disorders, like cystic fibrosis, but
have also been useful as a guide to identify the possible many genes
underlying more common disorders, like asthma.
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How to generate a genetic map?

{ To inderstand what genetic mapping is, letlosk into genetic map
constructionitself.

{ To produce a genetic map, researchers collect blaotissue samples from
family memberswhere a certain disease or trait is prevalent.

1 Using various laboratory technigues, the scientists isolate DNA from these
samples and examine it for the unique patterns of bases seen only in family
members who have thdisease or trait. These characteristic molecular
patterns are(also)referred to as polymorphisms, or markers.

11 Before researchers identify the gene responsible for the disease or trait,
DNA markers can tell them roughly where the gene is on the chromosome.

Howis this possible?
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How to generate a genetic mapZontinued)

1 This is possible because of a genetic process known as recombination.

0AS eggs or sperm develop within a person's ba

the 23 pairs of chromosomes within those cells \N/ (NHGR)
exchange or recombine genetic material. If a ¥ ONArepicaton  Crossng Over
particular gene is close to a DNA marker, the ge i - ?Qf/ |
and marker will likely stay together during the
recombination process, and be passed on toget 38 88 23
from parent to child. So, if each family member 8 § % §
with a particular disease or traitlso inherits a $5 7 8088 88 88
particular DNA marker, chances are high that th é %
gene responsible for the disease lies near that i ot oo ot
markeré T
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Linkage Within A Family
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How to generate a genetic mapZontinued)

{ The more DNA markers there are on a genetic map, the more likely it is that
one will be closely linked to a disease gelaad the easier it will be for
researchers to zern on that gene.

1 One of thefirst major achievements of the HGP was dievelop dense
maps of markers spaced evenly across the entire collection of human
DNA

(http://www.genome.gov/10000715#aB)
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Home > Education > All About The Human Genome Project (HGP)

) All About The Human Genome Project (HGP)

All About The Human
Senome Eroject (Hak) The Human Genome Project (HGP) was one of the great feats of | gee Also:
et 5 Sl N d
Education Archive exploration in history anvlnward voyage of discovery rather Youfll) White House
Fact Sheets than an outward exploration of the planet or the cosmos; an Annohncement

international research effort to sequence and map all of the
Genetic Education Resources for  » ! P June 26, 2000

Teachers genes - together known as the genome - of members of our
species, Homo sapiens. Completed in April 2003, the HGP gave Extramural Research
NHGRI Webinar Series » b vt o Program
us the ability, for the first time, to read nature's complete
National DNA Day % genetic blueprint for building a human being. Other Federal Agencies
Online Genetics Education Resources . X X i . i Involved in Genomics
In this section, you will find access to a wealth of information on the history of the HGP, ——
Smithsonian NHGRI Genome » & OnOther Sites:
Exhibition its progress, cast of characters and future. e St
Taking Glos Access to the full human
alkin SSar .
2 y © Educational Resources sequence
Understanding the Human » .
Genome Project @ General Information

@ Research
© Model Organisms

Educational Resources

* An Interactive Timeline of the Human Genome [unlockinglifescode.org]
An interactive, hyper-linked timeline of genetics that takes the reader from Mendel (1865) to the completion of
the mapping of the human genome (2003).

* The Human Genome: A Decade of Discovery, Creating a Healthy Future
A workshop for science reporters about the 10th anniversary of the completion of the draft sequence of the
human genome and to look at the future of genomic research.

« Understanding the Human Genome Project
NHGRI's Online Education Kit

* An Overview of the Human Genome Project
A brief overview of the HGP.

* 50 Years of DNA: From Double Helix to Health
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Historical overview

Gregor Mendel, the father of ©

modern genetics, presents his
research on experiments in
plant hybridization

Gregor Mendel, a 19th century Augustinian monk, is called the
father of modern genetics. He used a monastery garden for
crossing pea plant varieties having different heights, colors, pod
shapes, seed shapes, and flower positions. Mendel's
experiments, between 1856 and 1863, revealed how traits are
passed down from parents. For example, when he crossed
yellow peas with green peas, all the offspring peas were yellow.
But when these offspring reproduced, the next generation was
/s yellow and Y4 green. Mendel's work, which was presented in
1865, showed that what we now call “genes” determine traits in
predictable ways.
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James Watson and Francis
Crick discover the double
helix structure of DNA

When Francis Crick and James Watson modeled the structure
of DNA, they used paper cutouts of the bases (A, C, G, T) and
metal scraps from a machine shop. Their model represented
DNA as a double helix, with sugars and phosphates forming the
outer strands of the helix and the bases pointing into the
center. Hydrogen bonds connect the bases, pairing A-T and
C-G; and the two strands of the helix are parallel but oriented
in opposite directions. Their 1953 paper notes that the model
“immediately suggests a possible copying mechanism for the
genetic material.”

Van Steen K



GBIO0002 Bioinformatics theory & case studies

Historical overview

Marshall Nirenberg cracks thea
genetic code for protein
synthesis

In the early 1960s, Marshall Nirenberg and National Institutes
of Health colleagues focused on how DNA directs protein
synthesis and the role of RNA in these processes. Their 1961
experiment, using a synthetic messenger RNA (mRNA) strand
that contained only uracils (U), yielded a protein that contained
only phenylalanines. Identifying UUU (three uracil bases in a
row) as the RNA code for phenylalanine was their first
breakthrough. Within a few years, Nirenberg’'s team had
cracked the 60 mRNA codons for all 20 amino acids. In 1968,
Nirenberg shared the Nobel Prize in Physiology or Medicine for
his contributions to breaking the genetic code and
understanding protein synthesis.

1961
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Frederick Sanger develops 9

rapid DNA sequencing
technique

In 1977, Frederick Sanger developed the classical “rapid DNA
sequencing” technique, now known as the Sanger method, to
determine the order of bases in a strand of DNA. Special
enzymes are used to synthesize short pieces of DNA, which end
when a selected “terminating” base is added to the stretch of
DNA being synthesized. Typically, each of these terminating
bases is tagged with a radioactive marker, so it can be
identified. Then the DNA fragments, of varying lengths, are
separated by how rapidly they move through a gel matrix when
an electric field is applied — a technique called electrophoresis.
Frederick Sanger shared the 1980 Nobel Prize in Chemistry for
his contributions to DNA-sequencing methods.

1977
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First genetic disease mapped, =

Huntington’s Disease

Huntington's disease (HD) causes the death of specific neurons
in the brain, leading to jerky movements, physical rigidity, and
dementia. Symptoms usually appear in midlife and worsen
progressively. The location of the HD gene, whose mutation
causes Huntington’s disease, was mapped to chromosome 4 in
1983, making HD the first disease gene to be mapped using
DNA polymorphisms — variants in the DNA sequence. The
mutation consists of increasing repetitions of “CAG” in the DNA
that codes for the protein huntingtin. The number of CAG
repeats may increase when passed from parent to child,
leading to earlier HD onset in each generation. The gene was

finally isolated in 1993.
1983
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Invention of polymerase -

chain reaction (PCR)
technology for amplifying
DNA

Conceived in 1983 by Kary Mullis, the Polymerase Chain
Reaction (PCR) is a relatively simple and inexpensive technology
used to amplify or make billions of copies of a segment of DNA.
One of the most important scientific advances in molecular
biology, PCR ampilification is used every day to diagnose
diseases, identify bacteria and viruses, and match criminals to
crime scenes. PCR revolutionized the study of DNA to such an
extent that Dr. Mullis was awarded the Nobel Prize in Chemistry

in 1993.

*”E (@ };ﬁ} Z
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® O

0 O

First evidence provided for ©

the existence of the BRCA1l
gene

BRCA1 (BReast CAncer gene 1) is a “tumor suppressor gene,”
which normally produces a protein that prevents cells from
growing and dividing out of control. However, certain variations
of BRCA1L can disrupt its normal function, leading to increased
hereditary risk for cancer. The first evidence for existence of the
BRCAL gene was provided in 1990 by the King laboratory at
University of California Berkeley. After a heated international
race, the gene was finally isolated in 1994. Today, researchers
have identified more than 1,000 mutations of the BRCA1 gene,
many of them associated with increased risk of cancer,
particularly breast and ovarian cancers in women.

1990
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4

3

The Human Genome Project
begins

Beginning in 1984, the U.S. Department of Energy (DOE),
National Institutes of Health (NIH), and international groups
held meetings about studying the human genome. In 1988, the
National Research Council recommended starting a program to
map the human genome. Finally, in 1990, NIH and DOE
published a plan for the first five years of an expected 15-year
project. The project would develop technology for analyzing
DNA; map and sequence human and other genomes —
including fruit flies and mice; and study related ethical, legal,

1990

and social issues.
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The Sequence of the Human Genome
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1 In June 2000 came the announcement that the majority of the human genome had in fact
been sequenced, which was followed by the publicatioB@percent of the sequence of
the genome's three billion bas@airsin the journalNature in February 2001

1 Surpises accompanying the sequence publication included:

- the relatively smalhumber of human genesperhaps as few &0,00035,00Q
GENE TALLY

Scientists still don’t agree on how many _protein—makmg genes the human . ]
g“;’j;o“?'?% puttne e oftheresymates s eroved neesoexs - the complex architecture of human proteins
w ... ... .. compared to their homologssimilar genes with
. the same functionsin, for example, roundworms
a0 80 - . stimated value sssaisssnssss I ... 3 sedadiisisisinsninsansssanianiiasss . .
éﬁ Eatmge Zfdesti[rnates ). The latest and folt ﬂleS,
7% g 60 - o Launch of the Hurman [~ ;:il‘.gnéﬁfound .
© é G-enome Project pu‘ctein—c:ading
5% 40| @ frtarstor uman [ o E - the lessons to be taught by repeat sequences
? 20 e Refined analysis of e = . : .y
= complete genome Of DNA.
o 9 99
1960 1970 1980 1990 2000 2010

2018:Also, als noncoding genes, estimated to H&,871
Source: M. Pertea & S. L Salzberg 2021:About 1%of DNA is made up of proteitoding genes;
the other99 percentis noncoding.
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" genome.gov
JM I National Human Genome Research Ins

National Institutes of Health

Research Funding } Research at NHGRI i Health
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Home > Education > All About The Human Genome Project (HGP) > An Overview of the Human Ge|

News About the Human Genome Project

Links to news releases announcing key moments in the hist

O 1994
O 1996 2004
O 1998 March 24, 2004: International Sequencing Consortium Launches Online Resource
O 1999 The National Human Genome Research Institute announces that the International Sequencing Consortium (ISC) has launched a free, online resource
D — where scientists and the public can get the latest information on the status of sequencing projects for animal, plant and other eukaryotic genomes.
O 2001 March 31, 2004: Scientists Compare Rat Genome With Human, Mouse

An international research team, supported by the National Institutes of Health (NIH), today announced it has completed a high-quality, draft sequence
© 2003 of the genome of the laboratory rat, and has used that data to explore how the rat's genetic blueprint stacks up against those of mice and humans.
O 2004

April 21, 2004: NHGRI Scientists Return to the Classroom For Second Annual National DNA Day
On April 30, dozens of researchers and staff from the National Human Genome Research Institute (NHGRI) will head back to high schools in rural and
urban communities across the country to share with students some of the exciting research taking place at the National Institutes of Health (NIH).

October 14, 2004: NHGRI Seeks Next Generation of Sequencing Technologies
The National Human Genome Research Institute (NHGRI), part of the National Institutes of Health (NIH), today announced it has awarded more than

%38 million in grants to spur the development of innovative technologies designed to dramatically reduce the cost of DNA sequencing, a move aimed at
broadening the applications of genomic information in medical research and health care.

October 20, 2004: International Human Genome Sequencing Consortium Describes Finished Human Genome Seguence

The I ) ome Sequencing Consortium, led in the United States by the National Human Genome Researc =
Department of Energy (DOE), today published its scientific description of the finished human genome sequence, reducing the estimated number of
reHRan protein-coding genes from 35,000 to only 20,000-25,000, a surprisingly low number for our species. "
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genome.gov

(I} : :
%W National Human Genome Research Institute

National Institutes of Health

Ultimately, 70 percent of the Human Genome
Project's DNA came from RPThe rest came
from about 50 other volunteers

Research Funding  Research at NHGRI ‘ Health B:TE1GHM Issues in Genetics

Home » Education » Understanding the Human Genome Project » Dynamic Timeline » 2004-The Future » 2005b: HapMap Project Com

Online Education Kit: 2004-The Future

2004a: Rat and Chicken Genomes Sequenced

2005: HapMap Project Completed

B The International HapMap Consortium published a catalog of human genetic variation that is expected
to help speed the identification of genes associated with common diseases such as asthma, cancer,

diabetes, and heart disease. While the Human Genome Project focused on the DNA sequence from a 2005 Release: Internationa
Consortium Completes Map

2004b: FDA Approves First Microarray

2004c: Refined Analysis
Genome Sequence

mplete Human

single individual, the HapMap project focused on variation in the genome and on human EoEuIations.
The $138 million project was a three-year collaboration between more than 200 researchers from International HapMap Project
Canada, China, Japan, Nigeria and the United States. The new paper described the completion of a
Phase I HapMap that contains more than 1 milion markers of genetic variation. At the time of the
publication, the consortium was nearing completion of a Phase II HapMap that would contain more
than 3 million genetic markers.

2004d: Surgeon
of Family History

neral Stresses Importance

On Other Sites:
2005a: Chimpanzee Geno

2005b: HapMap Project Completed

2005c: Trypanosomatid Genomes Sequenced

2005d: Dog Genomes Sequenced More Information

2006a: The Cancer Genome Atlas (TCGA) .

Project Started References:

iog::l:esne;odnd Hus Sence Soks Cennie The International HapMap Consortium. Integrating ethics and science in the International HapMap Project. Nature Genetics, 5: 467-475. 2004. [Full Text] W'
2006¢: Initiatives to Establish the Genetic and International HapMap Consortium. A haplotype map of the human genome. Nature, 437: 1229-1320. 2005. [Full Text] W‘

Environmental Causes of Common Diseases

Launched

Klein, R.J., Zeiss, C., Chew, E.Y., Tsai, J.Y., et al. Complement factor H polymorphism in age-related macular degeneration. Science, 308: 385-389. 2005. [PubMed]

The Future Adobe

To view the PDFs on this page, you will need Adobe Reader. Reader'
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BREAKTHROUGH OF THE YEAR

Human

Senetic |

Variation

Equipped with faster, cheaper technologies for sequencing

DNA and assessing variation in genomes on scales ranging /«
from one to millions of bases, researchers are finding out > N
how truly different we are from one another ;

THE UNVEILING OF THE HUMAN GENOME ALMOST 7 YEARS AGO

cast the first famt ight on our complete genetic makeup. Since then, each
new gemme sequenced and each new ndividual studied has luminated

Inversion Insertion

our genomic landscape mever more detail. In 2007, researchers cameto

apprecide the extent to which our genomes differ from person to person
andthe implications of this vanation fordeaphenng the genetes of com- Deletion

plex diseases and personal traits.

Less than a year ago, the big news was triangulating variation
between us and our pimate cousins to get a better handle on genetic
changes along the evolutionary tree that led to humans. Now, we have
moved from asking what in our DNA makes us human to striving to

know what in my DNA makes me me.

What makes us unique. Changes in
the number and order of genes (A-D)
add variety to the human genome.

Pennisi 2007 Science 318:1842-3

(806>

Copy number variation
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2007 SCIENTIFIC BREAKTHROUGH OF THE YEAR

Science Magazine, December 21, 2007

“It’s all about me!”

Single Nucleotide Polymorphisms
(SNPs)

SNP SNP
v v

Chromosomeé1 AACACGCCA....TTCGGGGTC....
Chromosome2 AACACGCCA.... TTCGAGGTC....
Chromosome3 AACATGCCA.... TTCGGGGTC....
Chromosome4 AACA GCCA....TTCG GGTC....
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Historical overview associating genetic variation to disease outcomes

BREAKTHROUGH OF THE YEAR: The Runners-Up

Science 314, 1850a (2006);
DOI: 10.1126/science.314.5807.1850a

AYAAAS

Areas to Watch in 2007

Whole-genome association studies. The trickle of studies comparing the
genomes of healthy people to those of the sick is fast becoming a flood.
Already, scientists have applied this strategy to macular degeneration,
memory, and inflammatory bowel disease, and new projects on schizo-
phrenia, psoriasis, diabetes, and more are heating up. But will the wave of
data and new gene possibilities offer real insight into how diseases germi-
nate? And will the genetic associations hold up better than those found the
old-fashioned way?
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RABSB, SUOX
IKZF$, ERBB3
CDK2, ERBB3
Type 1 Diabetes

KIFSA-PIP4K2C
Rheumatoid athritis.

OPG, TNFRSF118
Bone Density

TRAF1-C5
Rheumatoid athritis
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Historical overview 210 traits¢ multiple loci(sites, locations)
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Published Genome-Wide Associations through 12/2010,
1212 published GWA at p<5x10-8 for 210 traits

NHGRI GWA Catalog
www.genome.gov/IGWAStudies "
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Published Genome-Wide Associations through 12/2013

Published GWA at ps5X10°< for 17 trait categories Digestive system disease

Cardiovascular disease

Metabolic disease

Immune system disease

Nervous system disease

Liver enzyme measurement

Lipid or lipoprotein measurement
Inflammatory marker measurement
Hematological measurement
Body measurement
Cardiovascular measurment
Other measurement

Response to drug

Biological process

Cancer

Other disease

Other trait

0000000000000 0OO®

Uit
N
o
4
§

NHGRI GWA Catalog
" eeesmes Www.genome.gov/GWAStudies
2"..‘.'."'.."“"‘ www.ebi.ac.uk/fgpt/gwas/
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. Type 1 diabetes (36)

. Multiple sclerosis (36)

. ADHD and conduct disorder (33)
. Crohn’s disease (27)

. Type 2 diabetes (22)

. Celiac disease (19)

. Ulcerative colitis(17)

. Systemic lupus erythematosus (17)
. Prostate cancer (17)

10. Rheumatoid arthritis (13)

11. Breast cancer (12)

12. Lung cancer (11)

OCONOOOPLWN =

(Barrenas et al 200€omplex diseaseetwork ¢ nodes are diseasgs

m Cardiovascular diseases (Cv)

~= Digestive system diseases

= Endocrine system diseases

I Eye diseases

== Immune system diseases (Is)

® Mental disorders

== Multiple diseases

® Musculoskeletal diseases (Ms)

= Ms, Sc, Is

™ Neoplasms

= Nervous system diseases (Ns)

== Ns, Cv

™ Ns |s

= Ns, Ms

== Nutritional and metabolic diseases |
™ Nm, Es, Is

== Skin and connective tissue disease
B Sc, Is

™= Urogenital diseases
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B v °® A Intracranial aneurysm

1. HLA-DQAT1 (5)

i, “oronary 2. HLA-DRB1 (4)
Celiac disease  NIPo_—&\ i gl 3~ disease 3. CDKN2A (4)
. A< N\ 290 4. CDKN2B (4)
518 5. IL23R (3)
6. HLA-E (3)

Alzheimer’ N :\“@ 2
i - ‘.\I! / .o“":\‘?'v

disease JE "///ﬁ!i k-\'
Parkinson’s " ® \‘-;.’:7@
disease D

@ - e B
Bipolar Guareny Breast cancer
Secedisorder
Schizophrenia

Chronic lymphocytic
leukemia

(Barrenas et al 200€omplex disease GENE netwqnkodes are genes
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OMIM

OMIM is a comprehensive, authoritative compendium of human genes and genetic phenotypes that is freely available and
updated daily. OMIM is authored and edited at the McKusick-Nathans Institute of Genetic Medicine, Johns Hopkins

University School of Medicine, under the direction of Dr. Ada Hamosh. Its official home is omim.org.
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OMIM API ClinVar
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Sign in to NCBI
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OMIM: molecular dissection of human disease

{ Online Mendelian Inheritance in Man (OMIM®) is a continuously updated
catalog of human genes and genetic disorders and trdits coded
phenotypes, where phenotype is any characteristic of the organiswi)h particular
focus on the molecular relationghbetween genetic variation and
phenotypic expression.

1 It can beconsidered to be a phenotypic companion to the Human Genome
Project. OMIM is a continuation of Dr. Victor A. McKusick's Mendelian
Inheritance in Man, which was published through 12 editidhs,last in
1998.

 OMIM is currently biocurated at the McKusiSlathans Institute of Genetic
Medicine, The Johns Hopkins University School of Medicine.

1 Frequently asked questionittp://www.omim.org/help/fag
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Accessing OMIM
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