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A Turning Point in
Cancer Research:

P, Sequencing the Human
Renato Dulbecco Genomc

Nobel Prize, 1975, in
Physiology-Medicine

RENATO DULBECCO

NE OF THE GOALS OF CANCER RESEARCH 15 TO ASCERTAIN
the mechanisms of cancer. Efforts in this direction have
been made by using model systems of limited complexity,
such as cancer cells in vitro and oncogenic viruses. The use of cell
cultures avoided the complexity of the whole animal but not the
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t Fe 1986 Human genome baby—steps
The 1980s saw plenty of discussion on sequencing the human
genome. But, according to Charles DeLisi, one conference was
crucial for converting an idea to reality.
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1986: «Molecular Biology of Homo Sapiens»
Cold Spring Harbor
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Sequencing the genome now is like Lewis and Clark
going to the Pacific one millimetre at a time. If
they had done that, they would still be looking.

David Botstein, Whitehead Institute, Cold Spring

Harbor Symposium on the Molecular Biology of Homo
sapiens, June 1986

Sequencing the human genome would be about as useful
as translating the complete works of Shakespeare into
cuneiform but not quite as feasible or as easy to
interpret. James Walsh, University of Arizona, and
Jon Marks, University of California, Davis in Nature
322:590, 1986

I am surprised consenting adults have been caught in
public talking about it [sequencing the genome].. it
makes no sense, Robert Weinberg, Whitehead Institute,
in The New Scientist, Mar. 5, 1987, p.35



Of course we are interested in having the sequence, but
the important question is the route we take to getting
it, Maxine Singer, director, Carnegie Institution of
Washington, in Science 232:1600, 1986

Of course, i1f you have the clones you are going to want
to sequence them. The question is which ones to do
first. I think it is scientifically arrogant to prejudge
what will be important and what not, Paul Berg, Stanford
University, interview with OTA stuff member, January
1987

The real problem that faces us is not the cost of the
Human Genome Project, but how to get it going, seeing
both that the right people are in charge and that they
work under an administrative umbrella that will not
tolerate uncritical thinking and so will never promise
more than the facts warrant, James D. Watson, Director’s
report, Cold Spring Harbor Laboratories, September 1987



Sequencing the human genome is like pursuing the holy
grail, Walter Gilbert, Harvard University, at several
national meetings, March 1987-August 1987

Humans deserve a genetic linkage map. It is part of
the description of Homo sapiens, Raymond White,
Howard Hughes Medical Institute, University of Utah,
in Science 233, 158, 1986

The idea is gaining momentum. I shiver at the
thought. David Baltimore, director, Whitehead
Institute, in Science 232:1600, 1986

I believe such a conclusion [against special efforts
to sequence the human genome] represents a failure of
vision, an unwarranted fear of (not very) ‘big’
science, Robert Sinsheimer, U. of California, Santa
Cruz, in Science 233:1246, 1986



Too bad that it needs such fancy wrappings to attract
public attention for an obvious good, Joshua
Lederberg, ‘The Gift Wrapped Gene’ in The Scientist,
Nov. 17, 1986, p.12

The sequence will give us a new window into human
biology, Rennato Dulbecco, Salk Institute, interviw
with OTA stuff member, January 1987

The sequence of the human genome would be perhaps the
most powerfull tool ever developed to explore the
mysteries of human development and disease, Leroy Hood
and Lloyd Smith, California Institute of technology,
in Issues in Science and technology, 3:37, 1987

The main reason that research in other species is so
strongly supported by Congress is its applicability to
human beings. Therefore, the obvious answer as to
whether the human genome should be sequenced is ‘Yes.
Why do you ask?’ Daniel Koshland, Editor, Science,
236:505, 1987
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WORKSHOP ON INTERNATIONAL COOPERATION FOR THE HUMAN GENOME PROJECT
VALENCIA DECLARATION ON THE HUMAN GENOME PROJECT

1. The members of the workshop believe that knowledge gained from mapping
and sequencing the human genome can have great benefit for human health
and wellbeing. Towards these ends, participating scientists acknowledge
their responsibility to help ensure that genetic information be used only to
enhance the dignity of the individual. They also encourage public debate on
ethical, social, legal, and commercial implications of the use of genetic infor-
mation.

2. The members endorse the concept of international collaboration for the pro-
ject and urge the widest possible participation of countries throughout the
world, within the resources and interests of each country.

3. The participants strongly encourage parallel studies of genomes of selected
animal, plant and micro-organism models in order to achieve a deeper un-
derstanding of the human genome.

4. The workshop urges coordination of research and information on complex
genomes among nations and across disciplines and species.

5. The workshop believes that information resulting from mapping and sequen-
cing of the human genome should be in the public domain and made freely
available to scientists of all countries.

6. The participants encourage continued effort to develop compatible genomic
data bases and networks and measures to ensure world-wide access to these
resources.

7. The workshop endorses The Human Genome Organization (HUGO) as the lead
body, in collaboration with other non-governmental and government organiza-
tions, to promote the goals and objectives addressed in this declaration.

October 24-26, 1988
VALENCIA (Spain)
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CeEVETIKOI XAPTEG
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MeveTIKOi XapTEG (XAPTEG OUVOEDNG)

ClMeiosis T L W W
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MeTagU Twv T Kai U cupBaivel S100KEAICHNOG O€ NEYOAUTEPO TTOOOOTO
HEIWOEWYV aTTO OTI METASU TWV V Kol W Kal apa
Mapayeral NEYAAUTEPO TTOOOOCTO AVACUVOUAOHEVWYV TUTTWV.



Avacuvduacpévol atroyovol 1% (Aoyw d10o0KeEAICHOU KATA Th HEiWON)
1 povada yeveTikoU xaptn (1 map unit, m.u)
n
1cM (centiMorgan)

2uxvornta avaouvduaocuou = 1% (recombination frequency, RF)
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A1ré TnV dlaoTaupwon
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CeveTIKOC XAPTNG ME Yovidia oTtn Drosophila

.X. Drosophila
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H peAETn TNG oUVOEONGS OTOV AVBPWTTO

* Mn eAeyXOHEVES DIOOTAUPWOEIG
* Mikp6g aplOudg atroyovwy
* Avopoiopop@n Katavoun YoviOiwv-HeyAAEG S1ayoVvIdIOKEG ATTOCTACEIG

* MpoTIOUVTAl HEYAAEG OIKOYEVEIEG 3 YEVEWV

N.x. E¢etaloupe mOavh ouvdeon peTagu A kKal B kal o€ 4 atmrd Ta 5 raidid dev
OUuVERN avaouviuaoudg —— ouxvoTntTa avacuvouacpuou 20%

H avaAoyia 80:20 gival onpavTiKa d1a@opeTIKR atrd Tnv 50:50 ?
(avegapTnTog CUVOUAOHNAG)

Xperaderal HEAETN OEKADWYV TTAIOIWYV ATTO TTOAAEG OIKOYEVEIES



MoeavoTnTa Twv deSOPEVWYV AV Ol YEVETIKOI

Lod score =Z = TOTTOI OUVOEOVTOI UE TTOCOOTO AVOOUVOUONOCOU O
MoavoTnTa Twv deOOPEVWYV AV Ol YEVETIKOI
TOTTOI OEV CUVOEOoVTAI

logarithm of odds (AoydpiOpog TIBavoTATWYV)

0,0 atroucia avacuvduaocuou

Y1roAoyiopog lod score yia di1d@opeg TINEG TOU O { £WG
0,5 Tuxaiog avacuvOuao oG

ABpoiopa TIBavoTATWY ATTO OEOOUEVA ATTO OIAPOPETIKEG OIKOYEVEIEG

Z>3 = BeTIKA TI0avoTnTa UTTéEP TG ouvdeong 1000:1 =
ao@AANG £VOEIEN OTI Ol YEVETIKOI TOTTOI €ival ocuvOEDENEVOI

BEATIOTN EKTiNON YIa TO % avaocuvduaopou gival N TIMA Tou 0 yia
TNV OTroia To Z MEYICTOTTOIEITAI = EKTIMNON HEYIOTNG TTIBAVOTNTAG
(maximum likelihood estimate)
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Oikoyéveieg CEPH
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FEVETIKOC XApPTNG HE YOVidIa TOU XPpWHOOWHATOC 4 TOU avlpwnou
Chromosome 4
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RFLP (restriction site length polymorphisms), 1975-
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Avixveuon pe PCR-réwn
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KAnpovéunon RFLP
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Cell, Vol. 51, 319-337, October 23, 1987, Copyright © 1987 by Cell Press

A Genetic Linkage Map of the Hum
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inheritance. Over the next 75 years, complete genetic link-
age maps proved to be essential toois for studying the
properties of mutations. Genetic markers gained new im-

portance with the advent of recombinant DNA, since

cloned markers provide starting points for cloning closely
linked genes by chromosomal walking (Bender et al.,
1983). Unfortunately, the construction of complete genetic
linkage maps has traditionally required the isolation of
hundreds of single-gene mutations with easily scored
phenotypes, followed by extensive interbreeding of mu-

tant etnelie tn acrartain tha nacitinm nf tha tatin
I-ﬂl n DI.UU'\Q W ool ‘ﬂlll 11] IU IllﬂP Pualllull L u lc |lluluuul la

Such an effort has only been practical in a few intensively
studied genetic systems, such as Escherichia coli, Sac-
charomyces cerevisiae, Drosophila melanogaster, Cae-
norhabditis elegans, Zea mays, and Mus musculus. In hu-
mans, despite great interest and occasional successes
in detecting linkage (e.g., Mohr, 1954), construction of a
genetic map seemed impraciicai.

Several years ago, Botstein et al. (1980} argued that it
was feasihla tn constriint a conmnlata linkana man nf the



Mikpobopu@opol (microsatellites)

B —  Movadiaia aAAnAouyia

B — EmavdaAnyn 1-5bp
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Exkkivntég PCR

(GT)n 1/ 20 Kb oT1o
(GAC)n avepwITIVO
(GATA)N yovidiwpua




Mapdadeiyua : yikKpodopuopoc A

10

.......................................... ACAACCCTAC CTGGCACTGC ATTGTGGGCC GAAACTTCGG GAGTTATGTG ACACATGAAC
EKKIVI‘]TI’]; 1 CCAAACACTT CATCTACTTC TACCTGGGTC GGGTGGCCAG TCTTCTGTTC AAATCTGGTT
—>» AAGAGCATGG ACTGTGCCAA ACACCCAGTG ACCCATCCAA AAACAAGGAC TGCATCCAAA

GTGTGTGTGITGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT

TYCCAAATAC CAGAGACTGA ATCTTCAGCC TTGCTAAGGG AACACCTCGT TTGAATCTGT
TGTGTTGTGT ACAGGGCTTC ATTCTCTGTA CAAGTCTGTG GTTATAAAAT TAGTAAAACC
GCTTACATTT GTATTTATTT TCTAGTCCAT ACTTCTGTAC CCTGAGCGGC CGCTGGAECC............... o

@ EKKIVNTAG 2

Aviyveguon ye PCR
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The 1993-94 Genéthon human
genetic linkage map

Gabor Gyapay®~, Jean Morissette'~, Alain Vignal®, Colette Dib', Cécile Fizames', Philippe
Millasseau'*, Sophie Marc', Giorgio Bernardi®, Mark Lathrop® & Jean Weissenbach'*

In 1992, we daescribed a second-generation genetic linkage map of the human genome.
Using 1,267 new microsatellite markers, we now present a new genetic linkage map
containing a total of 2,086 (AC) short tandem repeats, 60% of which show a
heterozygosity of over 0.7. Statistical linkage analysis based on the genotyping of eight
large CEPH families placed these markers in the 23 linkage groups. The map includes
1,266 intarvals spans a total distance of 3690 centiMorgans (cM). A total of 1,041

markers could be ordered with odds ratios ﬁrﬂﬂtﬁr than 1000:1. About 56% of this map
is at a distance of 1 cM or m one markers.




MNari gival Xprio1Jol Ol YEVETIKOI XAPTEG;

* H 0éon €vog yovidiou UTTOPEl VO ETTNPEACEI TNV EKQPACTH TOU
("neighborhood effect) 1r.X. oTrEPOVIO, YOVIOIO KOVTA O& ETEPOXPWHATIV

* ESEAIKTIKEG PEAETEG
OUVTAIVIKEG TTEPIOXEG, XPWHOOCWHIKES AVADIATASEIG

* KAwvoTtroinon Baocel Béong (positional cloning)
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duoiki xaproypdapnon
1. KUTTOPOVYEVETIK XapTOoypa®non
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2. In situ uBpi1dotroinon @BopicpoU FISH (fluorescent in situ hybridization)

/
aVIXVEUTAG (probe) X /— METOQAOIKA XPWHOOWHATA

ONMOOMEVOG ME (movokAwvo DNA)

@0Bopilouoeg oucieg
MIKPOOKOTTIO (pBOpPICHOU

AI0KPITIKN
IKavoTnTa 1-2Mb




3. YBpidia cwHaATIKWV KUTTApWYV (somatic cell hybrids)

KUTTOpO avlpwirou KUTTOPO TPWKTIKOU

HPRT™ .
KuTttapikn o0vrnén pe o
Xpnon 1ou Sendai R PEG ) )
HPRT A TK
IvoBAGOTNG Agu@OKUTTAPO \
ETepokdpua

Ouokapua

(%) <@
%) %>
@
l EtriAoyn} o€ OpetrTIKO UAIKSO HAT (avaoTEAAEI

BioouvBeon TToUpPIVWV/TTUPIMISIVWIV)

OAvaTog KUTTAPOU
YBpidia KUTTapwv @ @

v

EKAEKTIKR ATTWAEIO AVOPWITIVWV XPWHOCWHATWV
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HPRT: éviupo pwo@opifoculoTpavopepdon, Xpnoigotrolei utro§avlivn & youavivn otn ocuvBeon DNA
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2TOUG OKOAOUBOUG TTIVOKEG PAIVOVTOI TPEIG KUTTAPIKEG OEIPEG UBPISIWV CWHATIKWYV
KUTTAPWYV avOPWITOU-TTOVTIKOU, TA AVOPWITIVA XPWHOCWHATA TTOU TTEPIEXOVTAI O€
KABe pia Kal o1 8€ikTeG (EvCUpA) TTOU TOUTOTTOIOUVTOI O€ KAOEUia.

KuTttapikn osipda AvOpWwTTIVO XPWHOCWHATA
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AcgikTeg (EvQupa) KuTtTtapiki osipd
A B r

X + + +

Y + - i

y4 - + +

2€ TTOI0 XPWHOOWHA XAPTOYPAPOUVTAI TA YOVIdIA TTOU KWOIKOTTOIoUV Ta £ViUHa X,
Y, Z O0edopEVOU OTI OI TPEIG DEIKTEG XAPTOYPAPOUVTAI O£ SIAPOPETIKA XPWHOCWHATA;



AkTIVOOoAnuéva UBPIdIO CWHATIKWY KUTTAPWYV
(radiation somatic cell hybrids, RH)
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*Sequence Tagged Site

primer 1
.
l ——— ]
A genomic region S

Primer 2

PCR product

STS is defined as:

—  primer 1 Sequence Tag Site

: . * Movadiaia
primer 2 * N'vwoTng aAAnAouyiag
PCR product size » XapToypa@nuéva (r.X. HTTOPEi va gival

TTOAUHOP@IKOi OeikTEG, ESTS)




XapToypa@non o€ aKTIVOBOANMEVA KUTTAPIKA UBpPidIa

Stanford G3 RH panel
-83 RH clones

-Meoaia S10KPITIKA IKAVOTNTA
(1 cR ~30 kb)
-10,000 rads X-ray
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Genebridge 4 RH panel
-93 RH clones

-Mikpn S10KPITIKA 1IKAVOTNTA
-3,000 rads

Me PCR
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>40.000 ESTs, ~700 TTOAUNOP@IKOUG OEIKTEG



c'c-’_, NCBI dbEST: database of "Expressed Sequence Tags

dbEST release 010209
Summary by Organism - January 2, 2009

Number of public entries: 59,459,901

Homo sapiens (human) 8,163,902
Mus musculus + domesticus (mouse) 4,850,605
Zea mays (maize) 2,018,337
Arabidopsis thaliana (thale cress) 1,526,124
Bos taurus (cattle) 1,517,143
Sus scrofa (pig) 1,476,771
Glycine max (soybean) 1,386,618
Danio rerio (zebrafish) 1,380,071
Xenopus (Silurana) tropicalis (western clawed frog) 1,271,375
Oryza sativa (rice) 1,248,660
Ciona intestinalis 1,205,674
Triticum aestivum (wheat) 1,051,300
Rattus norvegicus + sp. (rat) 1,009,934
Xenopus laevis (African clawed frog) 677,784
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http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/sites/entrez?db=unigene
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DuoIKOG XAPTNG YEVWHIKWY KAWVWYV

Popeig e peyAAa HEYEDN EVOEpATWV

YACs

Polycloning
TEL site URA3* ARS CEN TEL

ARS: Béon évapéng avtiypa®ng
CEN: KEVTPOMEPEG XPWHOCWHATOS CAKXAPOMUKNTA
TEL: TEAOHEPES XPWHOCWHATOS CAKXAPOMUKNTA

MeyeBog evBépaTtog: 200-1000kb
1 avTiypa@o/KuTTapo

3000-15000 yia 1x KAGAuwn Tou YOVIOIWMNATOG



BACs

C. i required for

M Hill C inc.
Hindlll BamHI

Not | Not |
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pBAC108L

(6.9 kb)

ParB

MeyeOog evBépaTtog: 100-200kb
1 avTiypa@o/KUTTapo
15000-30000 yia 1x KGAUWn TOU YOVISIWMNATOG
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NMapaoKEUR AVIXVEUTWYV

396bp
344bp

298bp
220, 221bp
154bp
75bp

PCR o€ yevwpuiké DNA

EtravaAntrtikiq PCR

PCR padloorjuavong



YBp1dotroinon YeVWHIKAGS BiIBA10OAKNG

Pool: ~10 STSs

12cm

34A14—>*

8cm

X36

~220.000 BACs
X 25 yovidiwpua



Katdafeon atroteAeopaTwy o€ Ao OedoUEVWYV

g Sanger Centre: Webace
# | Info | HGP | Projects | Database Searches | Software | Teams | Search |
Webace view of acedbl) | Configure | Help |

Pool : pool 30L
General Remark hyb data from Sarafidou-04-05-99
Positive Positive BAC[Collapse 78]

bA2A10 bA144P18 bA36204 bA496D14
bA2M13 bA146I16 bA363H4 bA496H23
bA10G20 bA148C23 bA36818 bA510B24
bAl1pP23 bA151118 bA393N22 bAS511I16
bA34D15 bA160I11 bA401P6 bA514G18
bA39ES bAl64M14 bA415J12 bA51708
bA43F15 bA168M11 bA433K7 bAS523D19
bA46G13 bA184C6 bA441015 baS26M21
bA49H17 bA193B23 bA454Cc21 bA532L6
bAS5F23 bA195F21 bA460M16 bA533014
bAS58C10 bA223016 bA460N21 bAS535B2
bAS8N21 bA245D15 bA460N22 bA536G17
bA68J7 bA247E7 bA465H6 bA539D21
bA69F17 bA264B12 bA473K12 bA557J23
bA70L24 bA269A20 bA474H4 bAS58K13
bA71F8 bA293L10 bA481N24 bA560G4
bA71N16 bA294C1 baA482A10 bA567B5
bA77F18 bA304L3 bA488C11 bA573B17 )
ba103a2 bA320F15 bA491K20 bA573L13
bA360H20 bA492L19

Positive BAC weak [Collapse 11]

bA35H23
DA5604 bA426G23
bA198A9 bA450E20
bA283121 bA456L15
bA323K21 bA460K16
bA415K21 bA480L6
Contains STS strH816

stRH1014

stAFMb362yg5

stAFMc005xh5

StAFM350wab

Enter search word: P T 10 BACS / STS
]

]D Do full search]




AvTioToixnon KAwvwyv BACs pyg STSs

Xpwpoowuo-£101kA BIBA10OAKN

1STS@

STS 1 STS 2

143430135

259% T-3-R

STS 2 STS 3




Fingerprinting Twv KAwvwy BAC

(The International Human Genome Mapping Consortium)
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FPC db

hd FPC VB Main Menu - 0X
Froject:
Cla=zs=: |E0ntig3| |Eanes| |Markers|

Sesrch: Mame |

[Search Commands ...

|Elear| |Reset|
[File,., [Eonfigure] [Clean Ug]
|Saue .ch| |L0ad .ch| |Update +c:m"|
[BSS] [Main Analusis] [Ctg->Chr]
[@Quit] [Help...] [MTP]

Contigs

- -
Soderlund C et al, 1997 & 2000

Zoom:[In] [Dut]2.@ Hidden: [Buried] [Configure Display] Clone:
[Edit Contig]| [Trail] [Clear All] [Merge] [Analysis]

LRSS s R Sl ce LR St ) i
Ctgll60 of 10band. Cl 18 of 21, Markers 16 of 16. Sequenc
StUT1729 stWI-16821 stSGC31274
stbA148C9SP6 stAOOGEW20 stSHGC-L 4703
" $tSHGC-7202 stbA110H10T7 |
stSG47056 stAO09R31 j 2

stSGA7982 stbA148CIT7
stSG72893 $tSG13323 stbA3D17T7

STSs

— bA280G13
0A184C22

— bA348J12

bA168013

bA181C9

BACs

bAG1C1] =

bA499K21

bA148C93

bA88PS

bAl177E17
| bASOON11
| bA477IIE

—bAZOBE1Z
— - bAS2aN3 |
— hA275HS
— _bASGSP20
—_bageEMa

End_sequence
Pick_by 6ace
Fick_by 6ace
ends_req seq
End_sequence

pace_ignore pace_ignore P
ends_req End_sequence End
End_sequence End_sequence
pace_ignore seq End_sequsg
End_sequence seq Pick_by

tSG47056
tSG47982
tWI-16821
tA00BW20
tA009B31

chec31¢74

ick_by lace
|_sequence
ends_req

nce End_sequence
lace




PuOoIKOG XAPTNG YEVWHIKWY KAwvVwyY BAC

:[In] [Out]@W@M Hidden: [Buried] [Configure Display| Clone:|
[Trail] [Clear RllllMerge |Rnalgsis|

FPC db human map

stA009B22 etCdalla09 stSG68860 stSG27412 stSG22149 stSG69649 stUT925 stN27537 etSHGLC-14566

stAA025104 etRH542 stRH542 stBdy77b02 stSG48017 stRB80211 stSG70468 stA009G12 stSHGC-526 s§RH40169
stNIB1211 etSG65244 stSG70534 stSG70467 stSG42789 stSG70283 stAOO7E45 stSHGC-145 stSHGC-1452
stNIB1862 etWI-11113 stSGB843 stSHGC-13015 etSG69086 stSG6B8249 stbR137AR14SP6 stROYSL28
stWI-14793 C.GATABD02,P6230 stbA413G1T7 stWI-18264 etSG70468 st5G68254 stSG15535 etWI-11408
tWI-16405 stAFM234wch stSG26044 stSHGC-9439 etWI-2068 stSG70336 stSG36017 stA00GM4l stSG4A790¢
stSG71066 stWI-11113 stSHGC-17020 stSG12971 stWI-2068 stH62517 stF16204 stN22197
stSHGC-8174 etWI-14793 stSG70285 etSG622149 stSG67582 stSHGC-53016 stWI-11408 stSG27419
stSHGC-57561 stAFM295tc3 etSG27412 stbA231P16T7 stbA300L24SH6 stWI-17160
stSHGC-30631 etWI-18264 stSG31204 stSG76769
stSG10246 stSG13277 stSGL32623 stbA161E7T7 etCRI-JY8011
stSHGLC-37463 stA009V47 stSHGC-17230
_bA304B23 ____bAS44J4
bAZZIN2 —bA37211S
— bA264N24 _______bAS44J17 |
bAS18F20 bA182K21
—bA243B10 —bAS1ONEw
bA329J19 bA432N16*
bA456A18
bA141L8 bA79]123%
bA341.J24 —  bASO7ER
bA315P7 _ bA413G1
bAZ411 24 bAd11N12 — bAPGR7BIGE
bA257P1 bA17K10= _bA18609
bA289I119 — bA1S6GI0 ____bA22HI
| bA302F13 — bA4ed4R22
R ey, "
| bAd443013 _bA270A10
bABEG3 bAZ109
bA19K19 — bA4SC16
bA472G6 — bA140K11
aech. —hAzgs7l6s bA373P23
bAS61G1 bA110D3
bA387N16 bAdd44F11
bA12P9 bA3GINLY bA219K3
* bA207E 3% bA224113 bAS371S
ence Sequenced_by GTC End_sequence Sequenced_by GTC pace_ignore Sequenced_by GTC ends_req FISH 10921,1-21,3 Pickl by 13ace End

ence Pick_by TC-Committed-10 Pick_by GTC-Acc-10 fl ctg seq Sequenced_by GTC End_sequence ends_req End_sequence ce_ignore Pi
uence End_sequence End_sequence End_sequence Pick_by GTC-Reserved-10 alternative clone sent to GTC Pick_by GTC-Acc-10 Sequen
_sequence End_sequence Pick_by 13ace WIBR-Acc End_sequence End_sequence Pick_by WIBR-Acc End_sequence End_sequernice End_secque
k_by 13ace IBR-Committed-8 Sequenced_by GTC End_sequence End_sequence End_sequence End_sequence Sequenced_by GTQ End_sequenc




AvaAuon FISH KAwvwyv

18665
B376B12
1 1 IB568
D11S4170
- D1151348
15.5 115921
1
183 B D11S1322 .
1 ¢ p—

: D115935
D11S4045
14 D11S3069

DI1S1779
— D1151330

B344A05
D11S4205
: 5= IB3011
12 D11S4172
S | D11S1362 ~—
132 AFM337TCS
13 1N
{3 mm
141
14,2 =
143
528
=

i
I

\

D1154143

; D1151886

‘ D1151343

' ——D11S4078
B D11S1703 ~—

D1154129

g1 D1154107

s l D1154089
- D1154402 —

2 D1154094

| D11S4309 —
B1005803




XPWHOOWHMIKO TTEPTTATHHA

STS.1 STS 2 STS 3 STS 4
— —— —— —— ——
3 = O (] (]
i (] (]
] ] (]
i ) s (] O
O (BAC end)

J




95Mb

96Mb

http://www.sanger.ac.uk/cgi-bin/humace/fpcwebmap.cgi

STSs (e-PCR)

e | Tiling path

Library description:

External clone prefix:
Vector:

Clone type:

Sanger internal clone prefix:

BACs
Sanger clone name: bA437J2
International name: RP11-437J2
Species name: Homo sapiens
Chromosome: 10
Genbank accession: AL157396
Sequencing pipeline status: Analysis
Sequenced by: Sanger Centre
Library: RPCI-11.2
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A physical map of the human genome

The International Human Genome Mapping Consortium*

* A partial list of authors appears at the end of this paper. A full list is available as Supplementary Information.

The human genome is by far the largest genome to be sequenced, and its size and complexity present many challenges for

sequence assembly. The International Human Genome Sequencing Consortium constructed a map of the whole genome {g enable
he selection of clones for ncing and for th mbly of th . Here we report the construction of
the whole-genome bacterial artificial chromosome (BAC) map and its integration with previous landmark maps and

information from mapping efforts focused on specific chromosomal regions. We also describe the integration of sequence data

with the map.

The International Human Genome Sequencing Consortium
(IHGSC) used a hierarchical mapping and sequencing strategy to
construct the working draft of the human genome. This clone-based
approach involves generating an overlapping series of clones that
covers the entire genome. Each clone is ‘fingerprinted” on the basis
of the pattern of fragments generated by restriction enzyme
digestion"?. Clones are then selected for shotgun sequencing and
the whole genome sequence is reconstructed by map-guided
assembly of overlapping clone sequences’.

The availability of the whole-genome clone-based map assisted
the sequencing of the human genome in many respects. The
ﬁngerprmted BAC map made it poss1ble to select clones for

R . VR I U U Y A

Construction of the whole-genome BAC map

The pilot phase of the sequencing project began in 1995, at which
time efforts were renewed to develop clone-based maps covering
specific regions of the genome. To construct these regional maps, we
screened PAC and BAC clones for STS markers, fingerprinted the
positive clones, integrated them into the existing maps, and selected
the largest, intact clones with minimal overlap for sequencing.

To keep pace with the ramping up of the sequencing effort in
1998, the ongoing efforts to construct the whole-genome BAC map
were increased approximately tenfold. The whole-genome BAC
map was constructed in several steps. First we collected fingerprint
data for a large sample of random clones from a genome-wide BAC

T2 elc0 YAT. wl L Ll LT. 3 Ll MA/ Ll Lo L__
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AAANAoUXNnoNn BACEl XPWHOOWHMIKOU XAPTH
(1epapxiki shotgun aAAnAouxnon)

YEVWHIKO DNA

BiBAI0OAKN
_—— Minimal Tiling Path
..................... ETTIAEYIEVOC KAGVOC
e éé ~_r
FFF FFF‘_CJ shotgun

...AGGCTTGAACGTTGCAACCAGCTGAC
TTGCAACCAGCTGACGTTAACCGTAGGCTA...

...AGGCTTGAACGTTGCAACCAGCTGACGTTAACCGTAGGCTA...
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STRATEGIES FOR SEQUENCING THE HUMAN GENOME
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Physical maps of A T 2. Paired end sequencing of
overapping denes e — A e large.insert dones
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landmark maps. e~ =g l
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{clones in red) =t = == = 3. Assembly of seed
T - contigs {unitigs)
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draft);  subsequent TE: oL oS TR - sedquences, ai
directed finishing (for T E R RS TR = e inteqgration of
reference sequence), long- range data.

J. Graig Venter
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5 #P-TAGCTGACTCZ
3' ATCGACTGA

DMNA polymerass
+ dATE, dGTR, dCTF, dTTP
+ddGTF in low concantration

' P-TAGCTGACTCAGS3

GTCAAGAACTATTGOGCTTAA ...

3 ATCGACTOAGTCAAGAACTATTGGGLCT TAA ...

+
B HP-TAGCTGACTCAGTTCTTG R

3 ATCGACTGAGTCAAGAACTATTGGGCTTAA ...

+
B P-TAGCTGACTCAGTTCTTGATAACCCGS3

3 ATCGACTGAGTCAAGAACTATTGGGCTTAA ...
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Proc. Natl. Acad. Sci. USA
Vol. 74, No. 12, pp. 5463-5467, December 1977
Biochemistry

DNA sequencing with chain-terminating inhibitors

(DNA polymerase/nucleotide sequences/bacteriophage $X174)

F. SANGER, S. NICKLEN, AND A. R. COULSON

Medical Research Council Laboratory of Molecular Biology, Cambridge CB2 2QH, England

Contributed by F. Sanger, October 3, 1977

ABSTRACT A new method for determining nucleotide se-
quences in DNA is described. It is similar to the “plus and
minus” method [Sanger, F. & Coulson, A. R. (1975) J. Mol. Biol.

94, 441-448] but makes use of the 2'.3'-dideoxy and arabinonu-
cleoside analogues of the normal deoxynucleoside triphosphates,

which_act_as_specific_chain-terminating_inhibitors of DNA
olymerase. '1'H|e technique has been wﬁf
w;&m is more ra‘rid and more accurate than

either the plus or the minus metho

The “plus and minus” method (1) is a relatively rapid and

a stereoisomer of ribose in which the 3’-hydroxyl group is ori-
ented in trans position with respect to the 2’-hydroxyl group.
The arabinosyl (ara) nucleotides act as chain terminating in-
hibitors of Escherichia coli DNA polymerase I in a manner
comparable to ddT (4), although synthesized chains ending in
3’ araC can be further extended by some mammalian DNA
polymerases (5). In order to obtain a suitable pattern of bands
from which an extensive sequence can be read it is necessary

to have a ratio of terminating triphosphate to normal triphos-
nhate ench that anlv nartial incarnoration of the terminatar



Proc. Natl. Acad. Sci. USA
Vol. 74, No. 2, pp. 560-564, February 1977
Biochemistry

A new method for sequencing DNA

(DNA chemistry/dimethyl sulfate cleavage /hydrazine/piperidine)

ALLAN M. MAXAM AND WALTER GILBERT

Department of Biochemistry and Molecular Biology, Harvard University, Cambridge, Massachusetts 02138

Contributed by Walter Gilbert, December 9, 1976

ABSTRACT  DNA can be sequenced by a chemical proce-
dure that breaks a terminally laheled DNA molecule partially
at each repetition of a base. 'l{e lengths of the labeled fragments
then identify the positions of that base. We describe reactions
that cleave DNA preferentially at guanines, at adenines, at cy-
tosines and th equally, and at cytosines alone. When the
products of these four reactions are resolved by size, by elec-
teopheresis on a polya ide gel, the DNA sequence can be
read fssmydhe pattern of radioactive bands. The technique will

m seqmencing of at least 100 bases from the point of la-

THE SPECIFIC CHEMISTRY

A Guanine/Adenine Cleavage (2). Dimethyl sulfate
methylates the guanines in DNA at the N7 position and the
adenines at the N3 (3). The glycosidic bond of a methylated
purine is unstable (3, 4) and breaks easily on heating at neutral
pH, leaving the sugar free. Treatment with 0.1 M alkali at 90°
then will cleave the sugar from the neighboring phosphate
groups. When the resulting end-labeled fragments are resolved
on a polyacrylamide gel, the autoradiograph oor:tajns‘a pattern

T 1.1 1 ] 11 1



The Nobel Prize in Chemistry 1980

"for his fundamental studies "for their contributions

of the biochemistry of - concerning the determination of
nucleic acids, with particular base sequences in nucleic acids"
regard to recombinant-DNA" 222 2 319 |

Paul Berg Walter Gilbert Frederick Sanger

1/2 of the prize 1/4 of the prize 1/4 of the prize
USA USA United Kingdom
_ _ Harvard University, MRC Laboratory of
Stanford University Biological Laboratories Molecular Biology
Stanford, CA, USA Cambridge, MA, USA Cambridge, United
b. 1926 b. 1932 Kingdom

b. 1918
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The automated production line for sample preparation at
the Whitehead Institute, Center for Genome Research.
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Twpa yia TTPpWTN @OopPA SINOETOUNE HIda
IOCTOPIKN avBoAoyia Tou eauToU pag, Eva
MEPOG TNG oTtroiag HeTafIBaleTal a1rd yevid
O€ YEVIA €TTi £va OICEKATOUHMUPIO XPOVIA.
MOAIg Twpa padape va diafaloupe TV
I0TOPIO KAl gival oiyoupo TTwG Ba pag
OUVAPTTACEl YIO TTOAAEG AKOMO OEKAETIEG.
Eric Lander, Whitehead Institute

Oa TTapaAgEVEUOOUV TTOAU
av n Ggpartreia Tou Kapkivou
Ogv HETANOPPWVOTAV NECO
oTa €TTOHEVA 20 xpovia
Mike Stratton,

Cancer Genome Project

To yovidio gival, pe diagopd,
TO TTIO TTEPITEXVO TTPOYPAMMO
Bill Gates, Microsoft

Eival TO avETTAOVAATTTO ETTITEVUYHA, OXI
MOVO TOU KaipoU pag aAAd oAGKANpNg
TNG avOPWTTIVNG 1I0TOPIAG. AUTO TO Afw

ge1df To Human Genome Project,
OuVNTIKA JTTOPEI va eTTnPEdcEl Tn {wn
KABe avBpwTtrou oTOV TTAAVH TN MOG.
Michael Dexter, Wellcome Trust



AGGTTAGATTATGCCCCGAGGGCGCCCCAGCCGAAATTTTTAATGCAGGTTTAATAGTTTAGAGC
CTGETGEECTTCCATGECTTGETTC TGO TGTTC T TCACTGEEEACTTGEEEEACCCTGEEAGCTTC
TGATGEEECCTETCTCCACCTCTETAAATCCAAGGAGTCAGATGACAAATCTGETCATTTCGEECE
ACACACTCCCCTGAGGAAAGGGUCTTGCAGGAGGGCAGAGCAGCTTGCTGEGCATGGCAGEGAGT
GEAGAAGGGCAGGGGGCGCAGAGCAGGAGCAGCTTCCTGCCTCTGEETGEEEACAGTGATCCCCE
CTGEEEACTGGCARAGCCCCATGCTCTCTGTTCACCCTGEGATGEETGEGCACCTGEEEECAGECATT
GEGEECCTECAGGAGCCCCTETGTGCCAGCCCTCCCCTGUCAGCATCCCATCTCCCAGGAGGCCCL
CAGGGCAGGTAAGTGCCAC "M mmaman Aaman aaammoamaammat CCTTGACGAACGCCTCO

cAcTCcccGeAACCcAcTac: 1990 ] TCCTCGECCTGGARGGC
cTTGTTCAACTGGCAGaGcc 20-000-100.000 bp/éTog TCAGTCTCTATTTACCT
TcaGCARGGATTTCCCAAz 2002 TCTTACARARACACCAC
aTacTcanceTcananatc 10.000 bp/sec (24h, 7 npépeg) ACACACCCATCACTCAC
AGAGGACGGTGGTAACATT CAACTGAGACCACRAAGC
GAGATTCTACTTTTTGAGE KOOTOG: GTGCAGTGGCGCGATCT
caacTTAacTGeaaccTeTe 19900 $ 10 /bp = $ 3 81g CAGCCTCTTGAGTAGCT
aeeaTTACAGGTeTeTGCc 2002: $0,1/bp = § 3 &k. AGAGACGGGGTTTCGCC

ATGTTGECCAGGCTEETCTTGAACTCCTGACCTCAGGTGATCCGCCCACCTCGACCTCTCARRRAG
TGUCTGEEATAACAGGCATGAACCACTGUGCCCEGCCTGEEGAGATGCTAATTTTCTCCGGETTGAAT
AGAATGTGCCTATCTGCTCAGAGAGGCAGC TCTCCTTCTGACAGGAGCATTTTCTTTTTCGEAGAT
GEGEEEETEETCTCACTCTGTGCCCAGGCGEGEAGTGCAGCGGCECAATCATGGCTCACTGCAGTCT
TGACCTCCTGEECTCAAGTGATCCTCCCACCTCAGCCTCCTGAGTAGGTTGEGACCACAGGTGCATT
ACCACTAGGCCCAGCCCTGACAGTCTCTTTTTCGTTTGETGTTCTGAGACAGGETCTCACTCTATT
GCCCAGGLTGCGETGCAGTGGCATGATCACGGCTCACTGCAGCCTCAACCTCCCAGGCTTAGETC
ATCCTCCCAACTCACTCAGCCCTCCAGGTAGCGEGEGACTACAGGTACACATCACCATGCCTGECT
AATTTTIGTATTGTTTGTAGAGATGEGEGETTTCGUCATGTTGEGCCAAGTTGETCTTGAACTCCTGE
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Ultraconserved Elements in the Human Genome
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There are 481 segments longer than 200 by that are absolutely conserved (100% identity with no msertions or deletions) between orthologous regions «
Meatly all of these segments are also conserved in the chicken and dog genomes, with an average of 95% and 99% identity, respectively. Many are als:
ultraconserved elements of the human genome are most often located either overlapping exons in genes imvolved in EMA processing or in introns or nea
transcription and development. Along with more than 5,000 sequences of over 100bp that are abszolutely conserved among the three sequenced mamm
elements whose functions and evelutionary origing are vet to be determined, but which are more highly conserved between these species than protems, ;

ontogeny of mammals and other vertebrates.
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MéyeBog yovidiwpaTog Ap1Bu6¢ yovidiwyv
14Mb ~6.000
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2. MeTa-pHETAPPACTIKEG TPOTTOTTOINCEIG

Phosphorylation cascades
are involved in many
signalling pathways

Various modifications regulate
microtubule function
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Plasma-membrane [ :
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N-glycans

The histone code
controls many
nuclear processes
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Plasma-membrane proteins
can be linked to the membrane
by a GPl anchor

Jensen O. 2006. Nature Review
Mol Cell Biol. 7,391-403.
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Eival pio TTpOOTITIKH TTOU HOC XpelaoTnkav yoAig 12.000
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aIcOAvETAI OTI SEV gival TTOPd £va TMEPICOOTEPA YOVidIa aTro Hia
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mePIoooTEPOU DNA Daily Telegraph

Robert Waterston
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MUya-o1 JUYEG gival TTOAU TTepiTTAOKA OvTa,
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EVW EYW Ogv {Epw

Martin Bobrow, ka®@. larpikn¢ eveTikKnS



Science 19 May 2000:
Vol. 288. no. 5469, pp. 1146 - 1147

NEWS OF THE WEEK

HUMAN GENOME PROJECT:

And the Gene Number Is ...?
Elizabeth Pennisi

COLD SPRING HARBOR, NEW YORK--Even though a draft sequence of the
human genome is nearing completion, biologists still don't know how many
_genes it contains. Indeed, the range of estimates seems to be growing rather
than shrinking. The question lies at the core of our understanding of genetic
complexity. If genomes are the books of life, then genes are the words that

tell the story of each organism. Biologists have long assumed that
microorganisms are short stories and complex organisms such as humans,
great tomes.

Place your bet. Uncertainty over the number of
human genes has sparked a debate--and a
betting pool



http://www.sciencemag.org/cgi/content/full/288/5469/1146/F1

Gene Sweepstake

The Gene Sweepstake will run between 2000 and 2003. The rules are:
*|[t costs $1 to make a bet in 2000, $5 in 2001 and $20 in 2002.

*Bets are for one number. Closest number wins, and in case of ties, the pot is split
*A gene is a set of connected transcripts. A transcript is a set of exons via

transcription followed (optionally) by pre-mRNA splicing. Two transcripts are
connected if thev share at least part of one exon in the aenomic coordinates. At

(N N . ®

h e ilili)

I
J 200 oo Go0oo Foooo 100000 120000 140000 160000 10000

*People betting should write their name, email and number in the Gene
Sweepstake book, held at Cold Spring Harbor (contact David Stewart).

*One bet per person, per year. Year defined as a calendar year.

*No pencil bets (ie, you can't change your number)


mailto:stewart@cshl.org

MNMwg yivetal n TpoBAewn yovidiwv;
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»ADb initio (e§apxng) avayvwpion pE aAyopiBuoug TTou avayvwpifouv
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Kartnyopiotmroinon yovidiwyv 1TTou KWOIKOTTOIOUV TTPWTEIVES

cell adhesion (577, 1.9%)
miscellancous (1318, 4.3%) chaperone (159, 0.5%)
cytoskeletal structural protein (876, 2.8%)
g . ; extracellular matrix (437, 1.4%)
transfer/carrier protein (203, 0.7%) immunoglobulin (264, 0.9%)
ion channel (406, 1.3%)
motor (376, 1.2%)
structural protein of muscle (296, 1.0%)

viral protein (100, 0.3%)

transcription factor (1850, 6.0%)

protooncogene (902, 2.9%)
select calcium binding protein (34, 0.1%)
intracellular transporter (350, 1.1%)

transporter (533, 1.7%)

nucleic acid enzyme (2308, 7.5%)

signaling molecule (376, 1.2%)

receptor (1543, 5.0%)

kinasc (868, 2.8%)

uononpsuey [eusis

select regulatory molecule (988, 3.2%)

GO categories

transferase (610, 2.0%)

synthase and synthetase (313, 1.0%)
oxidoreductase (656, 2.1%)

lyase (117, 0.4%)

ligase (56, 0.2%)

isomerase (163, 0.5%)

hydrolase (1227, 4.0%)

molecular function unknown (12809, 41.7%)

Panther categories
J. C. Venter et al.,, Science 291, 1304 -1351 (2001)
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Identification of hundreds of conserved and
nonconserved human microRNAs

Isaac Bentwich!?, Amir Avniel’?, Yael Karov'?, Ranit Aharonov"?, Shlomit Gilad!*, Omer Barad',
Adi Barzilai', Paz Einat!, Uri Einav!, Eti Meiri', Eilon Sharon', Yael Spazn::tm*1 & Zvi Bentwich!

MicroRNAs are noncoding RNAs of ~22 nucleotides that
suppress translation of target genes by binding to their mRNA
and thus have a central role in gene regulation in health and
disease'>. To date, 222 human microRNAs have been
identified®, 86 by random cloning and sequencing, 43 by
computational approaches and the rest as putative microRNAs
homologous to microRNAs in other species. To prove our
hypothesis that the total number of microRNAs may be much
larger and that several have emerged only in primates, we
developed an integrative approach combining bioinformatic
predictions with microarray analysis and sequence-directed
cloning. Here we report the use of this approach to clone and

sequence 89 new human microRNAs (nearly doubling the
current number of sequenced human microRNAs), 53 of which
are not conserved beyond primates. These findings suggest that
the total number of human microRNAs is at least 800.

We developed microRNA discovery tools that detect microRNAs mis-
sed by existing methods, which detect only conserved hairpins. Our
approach (Fig. 1a) comprises the following steps: (i) computationally
scanning the entire human genome for hairpin structures; (ii) anno-
tating all hairpins for conserved, repetitive and protein-coding regions;
(iii) scoring hairpins by thermodynamic stability and structural
features, using a method (PalGrade) that detects a large percentage



Antisense Transcription in the
Mammalian Transcriptome

RIKEN Genome Exploration Research Group and
Genome Science Group (Genome Network Project Core Group)
and the FANTOM Consortium

Antisense transcription (transcription from the opposite strand to a protein-
coding or sense strand) has been ascribed roles in gene regulation involving
degradation of the corresponding sense transcripts (RNA interference), as well
as gene silencing at the chromatin level. Global transcriptome analysis
provides evidence that a large proportion of the genome can produce

transcripts from both strands, and that antisense transcripts commonly link
neighboring "genes” in complex loci into chains of linked transcriptional units.
Expression profiling reveals frequent concordant regulation of sense/antisense
pairs. We present experimental evidence that perturbation of an antisense
RMNA can alter the expression of sense messenger RNAs, suggesting that
antisense transcription contributes to control of transcriptional outputs in
mammals.

2 SEPTEMBER 2005 VOL 309 5CIEMCE
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http://www.hapmap.org/index.html
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A map of human genome sequence
variation containing 1.42 million
single nucleotide polymorphisms

The International SNP Map Working Group*

* A full list of authors appears ar the end of this paper.

We describe a map of 1.42 million single nucleotide polymorphisms (SNPs) distributed throughout the human genome, providing
an average density on available sequence of one SNP every 1.9kilobases. These SNPs were primarily discovered by two projects:
The SNP Consortium and the analysis of clone overlaps by the International Human Genome Sequencing Consortium. The map
integrates all publicly available SNPs with described genes and other genomic features. We estimate that 60,000 SNPs fall within
exon (coding and untranslated regions), and 85% of exons are within 5 kb of the nearest SNP. Nucleotide diversity varies greatly
across the genome, in a manner broadly consistent with a standard population genetic model of human history. This high-density
SNP map provides a public resource for defining haplotype variation across the genome, and should help to identify biomedically
imporiant genes for diagnosis and therapy.
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ATTAOGTUTTOG: £€VOG OUYKEKPINEVOG CUVOUAOHOG AAANAONOPPWY Ot £va
XPWHOCWHA

2UYKpPivovTag atrAOTUTTOUG OTTd TTOAAG ATOMA, TTAPATNPOUHE KOIVA TTPOTUTTA

= SNP SNP SNP
oo } } I

nosome1! AACACGCCA.... TTCGGGGTC.... AGTCGACCG....
Chromosome2 AACACGCCA.... TTCGAGGTC.... AGTCA ACCG....
Chromosome3 AACATGCCA.... TTCGGGGTC.... AGTCA ACCG....
Chromosomed4d AACA_GCCA.... TTCGUGGTC.... AGTCU ACCG....

! |
* OpAadeg yertovikwv SNPs 010 i010 Xpwpdowpa KAnpovopouvTal Jadi
(blocks) - avicoppoTria ocuvdeong

* To rpoéTuTro TwWV SNPS o€ éva block gival o atTAGTUTTOG

* Eival duvaTtov va eTTIAEyoUV Kal va eAeyX0oUv ouykekpipgéva SNPs woTe va
Yivouv avaAUOEIG CUCXETIONG HE CUYKEKPIMEVO QAIVOTUTTO.

* MNa dropa TTOoU £X0UV £va OUYKEKPIMEVO SNP o€ Jia 0éon, pTTopouE va
poBAfYoupe Ta SNPs o€ yeIToviKEG BEoEIg

« O HapMap egival o xaptng Twv blocks Twv SNPs 1Tou ouv-KAnpovououvTai
KaBwg kal Twv emAeypévwy SNPs (tag SNPS) TTou TautoTroloUv auTtd Ta blocks



~10 ekatoppUpia SNPs oTto avOpwTrivo yovidiwua

Fredictive SNFP
Tag SNP

~ 500,000 tag SNPs

Disease causing mutation

MeAéTEG CUOXETIONG OE ETTITTEDO YOVIOIWMNATOG
(Xwpig emTIAOY UTTOYPNPiIWV YOVIOiwV)




http://www.ncbi.nim.nih.gov/SNP/

Sidebar links to data,
documentation, and queries:
database Information, submission
instructions, link to FTP area, site
documentation, preconfigured
searches, prototype haplotype data
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CNPs (copy number variation)
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ARTICLES

Global variation in copy number in the
human genome

Richard Redon', Shumpei Ishikawa®™’, Karen R. Fitch®, Lars Feuk™®, George H. Perry’, T. Daniel Andrews',

Heike Fiegler', Michael H. Shapero®, Andrew R. Carson™®, Wenwei Chen®, Eun Kyung Cho’, Stephanie Dallaire’,
Jennifer L. Freeman’, Juan R. Gonzalez®, Monica Gratacos®, Jing Huang®, Dimitrios Kalaitzopoulos',

Daisuke Komura®, Jeffrey R. MacDonald”, Christian R. Marshall>®, Rui Mei*, Lyndal Montgomery',

Kunihiro Nishimura?®, Kohji Okamura™®, Fan Shen®, Martin J. Somerville’, Joelle Tchinda’, Armand Valsesia',
Cara Woodwark', Fengtang Yang', Junjun Zhang®, Tatiana Zerjal', Jane Zhang®, Lluis Armengol®,

Donald F. Conrad'®, Xavier Estivill*'", Chris Tyler-Smith', Nigel P. Carter’, Hiroyuki Aburatani®'?, Charles Lee”"?
Keith W. Jones®, Stephen W. Scherer™® & Matthew E. Hurles'

Copy number variation (CNV) of DNA sequences is functionally significant but has yet to be fully ascertained. We have

constructed a first-generation CNV map of the human genome through the study of 270 individuals from four populations
with ancestry in Europe, Africa or Asia (the HapMap collection). DNA from these individuals was screened for CNV using two

complementary technologies: single-nucleotide polymorphism (SNP) genotyping arrays, and clone-based comparative
genomic hybridization. A total of 1,447 copv number variable regions (CNVRs), which can encompass overlapping or
adjacent gains or losses, covering 360 megabases (12% of the genome) were identified in these populations. These CNVRs
contained hundreds of genes, disease loci, functional elements and segmental duplications. Notably, the CNVRs
encompassed more nucleotide content per genome than SNPs, underscoring the importance of CNV in genetic diversity and
evolution. The data obtained delineate linkage disequilibrium patterns for many CNVs, and reveal marked variation in copy
number among populations. We also demonstrate the utility of this resource for genetic disease studies.
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LETTERS

Copy number polymorphism in Fcgr3 predisposes to
glomerulonephritis in rats and humans

Timothy J. Aitman', Rong Dong'*, Timothy J. Vyse®*, Penny J. Norsworthy'*, Michelle D. Johnson',

Jennifer Smith’, Jonathan Mangion', Cheri Roberton-Lowe"?, Amy J. Marshall', Enrico Petretto’,

Matthew D. Hodges', Gurjeet Bhangal®, Sheetal G. Patel', Kelly Sheehan-Rooney', Mark Duda'”, Paul R. Cook'”,
David J. Evans’, Jan Domin’, Jonathan Flint*, Joseph J. Boyle’, Charles D. Pusey’ & H. Terence Cook’
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