Human Genome Organization: An Update
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Highlights of Human Genome Project
Timetable

Proposed in 1990 as 3 billion dollar joint venture
between DOE and NIH with 15 year completion goal

Private efforts by Celera Genomics in 1998 helped to
accelerate project completion

In 2000, working “draft” of human genome announced
(95% complete). Draft sequence published in 2001.

Work completed in April 2003 (only ~300 small gaps
remaining)



Goals of the Human Genome Project

Create genetic and physical maps of the 22 autosomes and the X and Y chromosomes
Identify the entire set of genes in DNA
Determine the nucleotide sequence of 3 billion base pairs of DNA in the haploid genome

Analyze genetic variations among humans (identify single nucleotide polymorphisms
called SNPs)

Map and sequence the genomes of model organisms (e.g., bacteria, yeast, nematodes,
fruit flies, mice, etc)

Develop the necessary laboratory and computational tools to assist in analyzing and
understanding gene structure and function.

Disseminate genome information to scientists and the public

Examine ethical, social, and legal issues



Flow of Genetic Information in Eukaryotic Cells
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Complexity?
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Genome Comparisons: size of genome

=Approximate Approximate
size of percentage
Organism genome of genes
(scientific (date Number shared with
name) completed) of genes humans Web access to genome databases
Bacterium 4.1 million bp 4,403 Not www.genome.wisc.edu/
(Escherichia coli) (1997) determined
Chicken 1 billion bp ~20,000- 60% http://genomeold.wustl.edu/projects/chicken
(Gallus gallus) (2004) 23,000
Dog 6.2 million bp ~18,400 75% http://www.ncbi.gov/genome/guide/dog
(Canis familiaris) (2003)
Chimpanzee ~3 billion bp ~20,000- 96% http://www.nature.com/nature/focus/
(Pan troglodytes) (initial draft, 2005) 24,000 chimpgenome/index.html
Fruit fly 165 million bp ~13,600  50% www.fruitfly.org
(Drosophila melanogaster) (2000)
Humans ~2.9billionbp | ~20,000- 100% www.doegenomes.org
(Homo sapiens) (2004) 25,000
Mouse (Mus ~2.5billionbp | ~30,000 ~80% www.informatics.jax.org
musculus) (2002)
Plant 119 million bp ~26,000  Not www.arabidopsis.org
(Arabidopsis thaliana) (2000) determined
Rat ~2.75 billionbp| ~22,000 80% www.hgsc.bcm.tme.edu/projects/rat
(Rattus norvegicus) (2004)
Roundworm 97 million bp 19,099 40% genomeold.wustl.edu/projects/celegans
(Caenorhabditis elegans) (1998)
Yeast 12 million bp ~5,700 30% genomeold.wustl.edu/projects/yeast.index.php
(Saccharomyces cerevisiae) (1996)

Source: Nature Genome Gateway Web site www.nature.com/genomics/papers/.

From: Understanding the Human Genome Project by Michael Palladino



Human gene insights:

* Average protein-coding gene size is ~30,000 base
pairs with 8.8 exons separated by 7.8 introns.

Note that largest gene is the dystrophin gene at
~2.4 million base pairs. Mutations in dystrophin
cause muscular dystrophy.

e Chromosome 1 is the largest and has ~3000
genes. The smallest chromosome, the Y, has the
fewest, ¥250 genes.

e ~“50% of human genes have no known function



>95% of our DNA consists of non-protein-coding DNA




What is the function of the “junk”?

 Regulatory roles necessary for controlling the
expression of many genes. In some cases,
encodes regulatory RNAs that influence gene
expression

e Structural roles such as connecting adjacent
genes, influencing the structure of the
chromosome

e Other?



Number of genes in the human genome

e ~ 100,000 — 150,000 different proteins made by
human cells

e Complexity of humans compared to other
organisms AND the large number of proteins

4

Number of genes at least 100,000

e HOWEVER, the number of protein-encoding
genes is only ~20,000 to 25,000

e How can we explain this?



Genome Analysis shows:

e Large number of gene families with related
functions

 Many genes code for multiple proteins
through a complex process of mMRNA
processing called alternative splicing.
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Genome Comparisons: number of genes

Approximate Approximate
size of percentage
Organism genome of genes
(scientific (date Number | shared with
name) completed) of genes humans Web access to genome databases
Bacterium 4.1 million bp 4,403 Not www.genome.wisc.edu/
(Escherichia coli) (1997) determined
Chicken 1 billion bp ~20,000- | 60% http://genomeold.wustl.edu/projects/chicken
(Gallus gallus) (2004) 23,000
Dog 6.2 million bp ~18,400 |75% http://www.ncbi.gov/genome/guide/dog
(Canis familiaris) (2003)
Chimpanzee ~3 billion bp ~20,000- | 96% http://www.nature.com/nature/focus/
(Pan troglodytes) (initial draft, 2005) 24,000 chimpgenome/index.html
Fruit fly 165 million bp ~13,600 | 50% www.fruitfly.org
(Drosophila melanogaster) (2000)
Humans ~2.9 billionbp | ~20,000- | 100% www.doegenomes.org
(Homo sapiens) (2004) 25,000
Mouse (Mus ~2.5billionbp | ~30,000 |~80% www.informatics.jax.org
musculus) (2002)
Plant 119 million bp ~26,000 | Not www.arabidopsis.org
(Arabidopsis thaliana) (2000) determined
Rat ~2.75 billionbp| ~22,000 |80% www.hgsc.bcm.tme.edu/projects/rat
(Rattus norvegicus) (2004)
Roundworm 97 million bp 19,099 40% genomeold.wustl.edu/projects/celegans
(Caenorhabditis elegans) (1998)
Yeast 12 million bp ~5,700 30% genomeold.wustl.edu/projects/yeast.index.php
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Source: Nature Genome Gateway Web site www.nature.com/genomics/papers/.

From: Understanding the Human Genome Project by Michael Palladino



What have we learned about
ourselves from sequencing model
organism genomes?



Just how unique are humans?

e Large numbers of genes are in common with
other organisms

— ~50% of our genes are also found in fruit flies
— ~40% of our genes are also found in roundworms

— ~30% of our genes are also found in yeast

— ~80% of our genes are shared with the mouse
and ~96% of our genes are shared with
chimpanzees

— ~100 of our genes are even shared with bacteria



and men > &

-—_

'» Both organisms have ~same number of genes

e Most of the common genes share the same
intron and exon arrangement

 Nucleotide sequences within common gene
exons are conserved to a high degree

e ~1/4 of alternatively spliced exons are specific
either to human or mouse, such that species-
specific proteins likely account for the
differences between species.



Mouse and Human Genetic Similarities

Mouse chromosomes Human chromosomes
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What else can we learn using model
organisms?

Many genes determining body plan, organ
development, and aging are nearly identical to
genes in the fruit fly

~61% of genes mutated in nearly 300 human
disease conditions are found in the fruit fly.
Genes include those involved in prostate cancer,
pancreatic cancer, cardiac disease, cystic fibrosis,
leukemia, and many other human genetic
disorders.



Mapping Human Disease Genes

e Approximately 12 disease genes mapped by
1989

 Thousands of human disease genes have been
identified and mapped as a result of the
Human Genome Project



Disease genes on chromosomes 13 and 21

Chromosome 13

114 million bases

Cholesterol-towering factor
Deafness, autosormal dominant
and recessive

Vohwinkel syndrome
e=ctoaermal dysplasia
Musculdr dystrophy,
limb-girdie, type 2C

Breast cancei, early onset
Pancreatic cancer

Disrupted in B-cell neoplasia
Leukemia, chronic
lymphocytic, B-cell

MHC class !l deficiency, group B
Hyperarnithinemia,
Hyperammonemia,
Homocitrullinemia
Serotonin receptor
Retinoblastoma
Csteosarcoma

Bladder cancer

Pinealoma with bilateral
Hetinoblastoma

Wilson di

Postaxial polydactyly,

type A2

Hirschsprung disease
Propionicacidemia, types | or pccA
Holoprosencephaly

Bile acid malabsorhtion, primary

Coxsackie and adenovirus receptor
Amyloidosis cerebroarterial, Dutch type
Alzheimer disease, APP-related
Schizophrenia, chronic

Usher syndrome,

autosomal recessive

Amyotrophic lateral sclerosis
Oligomycin sensitivity

Jervell and Lange-Nielsen syndrome
Long QT syndrome

Down syndrome cell adhesion
molecule

Homocystinuria

Cataract, congenital, autosomal dominant
Deafness, autosomal recessive

Cataract, zonular pulverulent
Stem-cell leukemia/lymphoma
syndrome

Spastic ataxia,
Charlevoix-Saguenay type
Pancreatic agenesis

Maturity Onset Diabetes of the Young,
type IV

Enuresis, nocturnal

Dementia, familial British
Rieger syndrome, type 2
X-ray sensitivity
Rhabdomyosarcoma, alveolar
Lung cancer, non small-cell

Spinocerebellar ataxia
Cerold-lipofuscinosis, neuronal
Microcoria, congenital

Myxovirus {i istance
Leukemia, acute myeloi

Schizophrenia susceptibility
Xeroderma pigmentosum, group G
Coagulation Factor Vil deficiency
Oguchi disease

Stargardt disease, autosomal dominant
Coagulation Factor X deficiency

SRY (sex determining region Y}

Breast cancer, ductal

Chromosome 21
B0 million bases

Myeloproliferative syndrome, transient
Leukemia, transient,

of Down Syndrome
Enterokinase deficiency
Multiple carboxylase deficiency
T-cell lymphoma invasion and
metastasis

Mycobacterial infection, atypical
Down syndrome {critical region)
Autoimmune polyglandular
diseass, type |

Bethlem myopathy

Epilepsy, progressive myoclonic
Holoprosencephaly, alobar
Knobloch syndrome

Hemolytic anemia

Breast cancer

Platelet disorder, with myeloid
malignancy

From Understanding the Human Genome Project by M. Palladino



Mapping the Cancer Genome

DNA sequencing of a cytogenetically
normal acute myeloid leukaemia genome

Timothy J. Ley"**** Elaine R. Mardis*’#, Li Ding*’, Bob Fulton®, Michael D. McLellan®, Ken Chen’, David Dooling’,
Brian H. Dunford-Shore®, Sean McGrath”, Matthew Hickenbotham?, Lisa Cook’, Rachel Abbott®, David E. Larson’,
Dan C. Koboldt?, Craig Pohl”, Scott Smith”, Amy Hawkins®, Scott Abbott®, Devin Locke®, LaDeana W. Hillier™®,
Tracie Miner”, Lucinda Fulton®, Vincent Magrini*?, Todd Wylie”, Jarret Glasscock”, Joshua Conyers”,

Nathan Sander®, Xiaoqi Shi*, John R. Osborne”, Patrick Minx®, David Gordon®, Asif Chinwalla®, Yu Zhao',
Rhonda E. Ries', Jacqueline E. Payton®, Peter Westervelt'*, Michael H. Tomasson'*, Mark Watson®*?, Jack Baty®,
Jennifer lvanovich®’, Sharon Heath'*, William D. Shannon'*, Rakesh Nagarajan™”, Matthew J. Walter'”*,

Daniel C. Link"*, Timothy A. Graubert™*, John F. DiPersio"* & Richard K. Wilson***

Acute myeloid leukaemia is a highly malignant haemato poietic tumour that affects about 13,000 adults in the United States
each year. The treatment of this disease has changed little in the past two decades, because maost of the genetic events that
initiate the disease remain undiscovered. Whaole-genome sequencing is now possible at a reasonable cost and timeframe to
use this approach for the unbiased discovery of tumour-specific somatic mutations that alter the protein-coding genes. Here
we present the results obtained from sequencing a typical acute myeloid leukaemia genome, and its matched normal
counterpart obtained from the same patient's skin. We discovered ten genes with acquired mutations; two were previously
described mutations that are thought to contribute to tumour progression, and eight were new mutations present in virtually
all tumour cells at presentation and relapse, the function of which is not yet known. Our study establishes whole-genome
sequencing as an unbiased method for discovering cancer-initiating mutations in previously unidentified genes that may
respond to targeted therapies.

Nature 456 (November 6, 2008), 66-72.



Summary of genetic changes in protein-coding genes from AML patient

Table 2 | Non-synonymous somatic mutations detected in the AML sample

Gene Conssguencs Type Soematumourreads  Solena skin reads Congervation scoreof  Mutations n ather AML
WTvarint WT-variant mutant base cases®
CDH24 Y580 X MNaonsen s 99 160 0998 0/187
SLC15AT WITX Mansen s 1512 190 1000 0/187
KNDC1 L795F Miss ense 18 2010 NA 0/187
PTPRT PL235L Miss ense 913 1o La00 0/187
GRINL1E RL7EH Missense 1510 140 NA 0/187
GPR1Z3 T38l Missense 11111 130 NA 0/187
EBI2 A33EV Mizs ense 712 18:2 L1000 0/187
PCLEC PLODAL Missense 199 1511 098 0/187
FLT3 ITD Indlel 1812 &0 NA 51/185
NPM1 CATG ins Il 366 340 NA 43/180

Ims, mzerfiarm WT, wdd fpe

B0 gl conlpongid ol el pnes] oy pedd T

Ley et al., 2008. Nature 456: 66-72



Major findings

Comparison of genome from normal skin
compared to tumor cell from same patient

10 protein-coding gene differences: 2 already
identified genetic alterations and 8 previously
unknown mutations

Alterations also noted in non-coding DNA

Differences noted in genes from other AML
patients suggests complex and diverse pathways
to cancer onset and progression

Prospect for personalized treatment strategies
over time



Outgrowths from Human Genome
Project and Future Prospects

Human Proteome Project — to determine the structure
and function of all human proteins (includes Protein
Structure Initiative)

ENCODE (ENCyclopedia of DNA Elements) to identify
gene regulatory sequences

Microbial Genome Program and Genomes to Life
Program to sequence wide range of microbial genomes
and to explore novel ways in which microbes can be
used to develop new energy, remediate environmental
waste, and other applications, respectively.

The Cancer Genome Atlas (TCGA) to complete a
catalogue of genomic changes involved in cancer



Summary

Human genome consists of ~3 billion base pairs.

Approximately 1.5% of genome codes for proteins. Other parts of genome vital for
genome structural integrity and regulation.

Fewer genes exist than originally expected (~20,000-25,000 genes instead of
>100,000 or so, based on protein diversity). The functions of over 50% of proteins
is unknown.

Alternative splicing is the major mechanism to account for protein diversity (one
gene codes for more than one protein).

Comparative genomics using model organisms has increased our understanding of
human gene structure and function since many genes are conserved between
organisms. Many human disease genes have counterparts in some model
organisms.

The Human Genome Project provides a reference genome for projects that seek an
understanding of genome changes in cancer and other diseases.



