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The Human Genome Project

e first map of human genome (92 %)
* 15 years, 20 research institutions

e $2.7 billion




“It changed the way we thought biology could be done.”

personalized gene cancer synthetic evolutionary agricultural
medicine therapy dianostics biology biology engineering
pharmco infectious vaccine population microbiome

genomics disease development genetics genetics



The technology did not exist

1990s




First generation DNA sequencing

Frederick Sanger




First generation DNA sequencing

The Sequence of 5s Ribosomal Ribonucleic Acid

G. G. BROwWNLEE, F. SANGER AND B. G. BARRELL
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Journal of Molecular Biology 34, no. 3 (1968): 379-412.



First generation DNA sequencing
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First generation DNA sequencing
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Journal of Molecular Biology 34, no. 3 (1968): 379-412.
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First generation DNA sequencing

A new method for sequencing DNA

(DNA chemistry/dimethyl sulfate cleavage/hydrazine /piperidine)
ALLAN M. MAXAM AND WALTER GILBERT
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Proc. Natl. Acad. Sci., 1977, 74(2):560-4.

Walter Gilbert



First generation DNA sequencing

A new method for sequencing DNA

(DNA chemistry/dimethyl sulfate cleavage/hydrazine /piperidine)
ALLAN M. MAXAM AND WALTER GILBERT
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First generation DNA sequencing

A new method for sequencing DNA

(DNA chemistry/dimethyl sulfate cleavage/hydrazine /piperidine)
ALLAN M. MAXAM AND WALTER GILBERT
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Proc. Natl. Acad. Sci., 1977, 74(2):560-4.
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First generation DNA sequencing
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Proc. Natl. Acad. Sci., 1977, 74(2):560-4.



First generation DNA sequencing

(1) Primer annealing and chain extension NH.
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(2) ddNTP binding and chain termination
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First generation DNA sequencing
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J. Am. Chem. Soc., 1966, 88(7):1549-53.



First generation DNA sequencing
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First generation DNA sequencing
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2,3-dideoxythymidine triphosphate

2,3-dideoxycytidine triphosphate

First generation DNA sequencing
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Proc. Natl. Acad. Sci., 1977, 74(12):5463-7.

Frederick Sanger

Alan Coulson



First generation DNA sequencing

carbonate at pH 8.4. The preparation of ddGTP and ddCTP
has not been described previously; however we applied the
same method as that used for ddATP and obtained solutions
having the requisite terminating activities. The yields were very
low and this can hardly be regarded as adequate chemical
characterization. However, there can be little doubt that the
activity was due to the dideoxy derivatives.

NH, O
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P Q e 5 8 LAy
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o o 0 KO§ °© 9 0 0
2,3-dideoxycytidine triphosphate 2,3-dideoxyguanosine triphosphate

Proc. Natl. Acad. Sci., 1977, 74(12):5463-7.

Frederick Sanger

Alan Coulson



(1) Primer annealing and chain extension

32P radiotracer o -

First generation DNA sequencing

@ ddNTP binding and chain termination
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Proc. Natl. Acad. Sci., 1977, 74(12):5463-7.
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First generation DNA sequencing

Escherichia virus ®X174
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First generation DNA sequencing
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Proc. Natl. Acad. Sci., 1977, 74(12):5463-7.
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First generation DNA sequencing

primer

dioacti -
radioactive M <

ddATP ddTTP

ddGTP

O 0 0 O

- ori

Proc. Natl. Acad. Sci., 1977, 74(12):5463-7.

+ 80 to about +160 is the “green zone”

ddCTP

®X174 genome ~5500 nt

+ ori

4 x ~60 rxns = 240 times
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First generation DNA sequencing - improvements
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+ 80 to about +160 is the “green zone”

Leroy Hood

Nature, 1986, 321, 674—-679



First generation DNA sequencing - improvements

fluorescent
primer
+ 80 to about +160 is the “green zone”
Leroy Hood
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Nature, 1986, 321, 674—-679



First generation DNA sequencing - improvements

fluorescent
primer

+ 80 to about +160 is the “green zone”

Leroy Hood

Nature, 1986, 321, 674—-679



First generation DNA sequencing - improvements

fluorescent
primer

Leroy Hood
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First generation DNA sequencing - improvements
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First generation DNA sequencing - improvements
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The Deoxyribonucleic Acid Trip

“On LD, [ could <it on a DNA molecule and
watch the polymerg page by...”

Kary Mullis

*What if | had not taken
LSD ever; would | have still
invented PCR? | don't
know. | doubt it. | seriously
doubt it.”



The Deoxyribonucleic Acid Trip

Origin

@ 5._—_ 3.

@) 2 :
u-- -RNA primer

Pol &/e/11
Nucleotides (DN'A polymefizahon)

Loadng \% Lagong
J— o
® . 4

Lag0ng Leadng
sirand : strand

semi-conservative
replication

Kary Mullis

“I was “functionally sober”,
but in a different state of
mind entirely.”



The Deoxyribonucleic Acid Trip

but in a different state of
mind entirely.”
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Kary Mullis
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The Deoxyribonucleic Acid Trip
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The Deoxyribonucleic Acid Trip

Enzymatic Amplification of 3-Globin
Genomic Sequences and Restriction Site
Analysis for Diagnosis of Sickle Cell Anemia
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Science, 1985, 230(4732),1350-4.



The Deoxyribonucleic Acid Trip

Primer-Directed Enzymatic Amplification of DNA
with a Thermostable DNA Polymerase

——

RANDALL K. SAaiki, Davip H. GELFAND, SUSANNE STOFFEL,
STEPHEN J. SCHARF, RuUsSeELL HiGUucHI, GLENN T. HORN,
KARY B. MuLLis,* HENRY A. ERLICH

A thermostable DNA polymerase was used in an in vitro DNA amplification
procedure, the polymerase chain reaction. The enzyme, isolated from Thermus aguati-
cus, greatly simplifies the procedure and, by enabling the amplification reaction to be
performed at higher temperatures, significantly improves the specificity, yield, sensitiv-
ity, and length of products that can be amplified. Single-copy genomic sequences were
amplified by a factor of more than 10 million with very high specificity, and DNA
segments up to 2000 base pairs were readily amplified. In addition, the method was
used to amplify and detect a target DNA molecule present only once in a sample of 10°
cells.

Science, 1988, 239(4839),487-491.



GENOME SEQUENCING WORKSHOP
MARCH 3 & 4, 1986

SANTA FE, NEW MEXICO

HOST
LIFE SCIENCES DIVISION

LOS ALAMOS NATIONAL LABORATORY

The Human Genome Project

NATURE VOL. 326 2 APRIL 1987

NEWS

Human genome sequencing plan
wins unanimous approval in US

Gaithersburg, Maryland

Tue project to map and sequence the
human genome is now a big step nearer
reality. At a meeting here last week, the
Health and Environmental Research
Advisory Committee (HERAC) of the
Department of Encrgy (DoE) collectively

fully fledged mapping and sequencing
project. Few in Congress will be enthusi-
astic about a new iniiative that will cost
more than $1,000 million, although this is
less upsetting than the estimate of $3,000
million imtially quoted for the project (see
Nature 321, 371; 1986).

National Human Genome
Research Institute



The Human Genome Project

-70% @& ~30%
1 individual of 19 individuals mostly from
blended ancestry 5 European ancestry

Admixed Amencan
East Asian

Eurcpean

= South As@an

Original reference human genome sequence

e *»ﬁ‘;‘% | WANTED "’*3‘ L
20 Volunteers

to participate in the
Human Genome Project
a very large international scientific research effort.

The goal is to decode the human hereditary information (human blueprint) that deter-
mines all individual traits inherited from parents. The outcome of the project will  if
have tremendous impact on future progress of medical science and lead to improved
diagnosis and treatment of hereditary diseases. i
Volunteers will receive information about the project from the Clinical Genetics
Service at Roswell Park, and sign a consent form before participating.

No personal information will be maintained or transferred.

Volunteers will provide a one-time donation of a small blood specimen. A small
monetary reimbursement will be provided to the participants for their time and effort.

Individuals must be at least 18 years of age.
Persons who have undergone chemotherapy are not eligible.




The Shotgun Approach

Whole genome shotgun sequencing
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The Shotgun Approach

~150 - 300 kb

clone into transform into | I ot
vectors bacteria ampiry ; : isolate




Assemble BACs into a
contiguous sequence
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minimal set of BACs needed to sequence

The Shotgun Approach
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The Shotgun Approach

Original genome

Assemble BACs into a ‘
contiguous sequence
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The Shotgun Approach

Hierarchical shotgun sequencing

Original genome
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Highly redundant BAC Nbrary

TRERRRRLS

i

M

o
-
- ||

ATAT CAGY BAC subset for sequencing
ATCL TCAL [(TAA
GTCA TAGL 7
(R rde ACALC
CLTA AACT CTCA o
TAAT rrce CEAL minimal set of BACs needed to sequence
LTCA ALLCA ATTA

ALTC TAAC



D

.

--

1

), B

2
_

Y
_

The “You” You Are

N . Z;
Y, T ) 7))

alBs
al»

a-
—
N
»

7

A\



1994 - Basic Mapping of Chromosome Architecture

Genetic map e 4 1 1 |
VoL, 265 « BRGESHORI -2 144 "' W - 9 Cont e
A Comprehensive Human Oytogenstic skip ,( - )
Linkage Map with Centimorgan -
Density
e e o e e e

ONA sequerce  TCGATCGATCGCTATCAGTAGCATGCATGCATGCATGC

Science, 1994, 265,2049-2054.



1994 - Basic Mapping of Chromosome Architecture
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1995 - 2003 Competition, Automation, and a (Rough) Final Draft

v
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NG THE

Its a G': the one-billionth nucleotide F LIFE

NATURE |VOL 40225 NOVEMBER 1999 | Craig Venter

The DNA sequence of human
chromosome 22

Nature, 1999, 402, 489-495

The DNA sequence of human
chromosome 21

Nature, 2000, 405, 311-319




1995 - 2003 Competition, Automation, and a (Rough) Final Draft

‘It's a G’; the one-billionth nucleotide

NATURE | VOL 402|25 NOVEMBER 1999 |

The DNA sequence of human
chromosome 22

Nature, 1999, 402, 489-495 \
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The DNA sequence of human
chromosome 21

Nature, 2000, 405, 311-319
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1995 - 2003 Competition, Automation, and a (Rough) Final Draft
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Surprise #1 - We don’t have that many “genes”
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Surprise #1 - We don’t have that many “genes”

genome size genome complexity
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Surprise #2 - It's mostly junk?

LTR retrotransposons

DNA transposons

Simple sequence
repeats

Segmental
duplications

LINE
Miscellaneous >

heterochromatin

Miscellaneous
unigque sequences Protein-coding

genes

INntrons

Nat Rev Genetics, 2005, 6(9):699-708.



Surprise #2 - It's mostly junk?
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Nat Rev Genetics, 2005, 6(9):699-708.
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Surprise #2 - It's mostly junk?

LTR retrotransposons

DNA transposons

Simple sequence
repeats

Segmental
duplications

LINE
Miscellaneous >

heterochromatin

Miscellaneous
unigque sequences Protein-coding

genes

INntrons

Nat Rev Genetics, 2005, 6(9):699-708.



Surprise #3 - It's mostly transposons?

Transposable element
I A

I e —
Donor DNA

Transposase
C é <1 Transposase specific binding

o "4
LINES @ Cz Transposase cleavage

LTR retrotransposons

DNA transposons

Simple sequence
repeats

Segmental
duplications

Miscellaneous

heterochromatin
- — <3 Origin site DNA repair
Miscellaneous <4> Transposon target DNA
unique sequences Protein-coding recognition and integration
genes - -
Target DNA
Introns
O\ Pl O v
SEEEEEEE——— Transposon fully

integrated in target DNA

Nat Rev Genetics, 2005, 6(9):699-708.



Surprise #3 - It's mostly transposons?

Transposable element

I 1
b STl
Donor DNA

Transposase
O b (1 Transposase specific binding

Q <2 Transposase cleavage

- <3 Origin site DNA repair

<4 Transposon target DNA
_— recognition and integration
Target DNA
@. ®
. — Transposon fully

integrated in target DNA

Nat Rev Genetics, 2005, 6(9):699-708.



Surprise #3 - It's mostly transposons?

a Insertional mutagenesis b Creating and repairing DNA ¢ Microsatellite seeding
double-strand breaks

J
|1

e Insertion-mediated deletions f Ectopic recombination
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—I
i

\ i

-
\

Nat Rev Genetics, 2005, 6(9):699-708.
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2005 and Onwards - Genome Sequencing Accelerates

Coslt of sequencing a full human genome

The cost of sequencing the full genetic information of a human, measured in US$. This data is not adjusted for
inflation

NN rou L %
$100 million \~~
AL

. N

\f~~

$10 milhon B “w

\ N
N
N
\ ~
~N
N
N
N
N
~N
~ N
N
’ e .
3 atllin L ~
N
N
N
N
N
N
~N
N
N
N
N
N
N
~ N
- ~N
-.',(‘,-'.\‘. L %
b & NS ~
N
N
N
N
N
N
N
N
~ N
~ )
Moore’s Law
$10.000
—_—
‘—\‘\
$1,000 e B
e — -_—-

WY WS M0 Wil e 20 "N
i \.’so'1 .. l-’\_l:\ ..'J 1 L' ‘u 40 o ‘.‘.'-'J &UA‘ 3



2nd (Next) Generation DNA Sequencing

solid-phase bridge amplification

One DNA molecule per cluster

Sample preparation
DNA (5 pg)

Template
dNTPs

and
polymerase

reversible dye-labeled chain terminator dNTPs

Nature, 2008, 456, 53-59. David Klenerman
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2nd (Next) Generation DNA Sequencing

One DNA molecule per cluster

| Cluster Generation | |

Bridge amplification

Nature, 2008, 456, 53-59.



2nd (Next) Generation DNA Sequencing

Incorporate
all four
nucleotides,
each label
with a
different dye

Sequeancing

c
(F
Wash, four-
colour imaging

Cleave dye
and terminating
groups, wash

Nature, 2008, 456, 53-59.



Top: CATCGT
Bottom: CCCCcCC

2nd (Next) Generation DNA Sequencing

Nature, 2008, 456, 53-59.



More Genomes Sequenced = Genome-Wide Association Studies (GWAS)
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More Genomes Sequenced = Genome-Wide Association Studies (GWAS)

Trait/Disease vs Normal population

1 2 3 4 5 6 7 8 910111213 15 17 19 21
Chromosome position

Nat Rev Genetics, 2021, 1, 59.



Gene Mutations that Cause (?) Late-Onset Alzheimer'’s
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Gene Mutations that Cause (?) Late-Onset Alzheimer'’s

APOE Alzheimer’s
Isoform Risk Functional Impact
£2 Decreased risk Most efficient at AB clearance; neuroprotective.
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Gene Mutations that Cause (?) Late-Onset Alzheimer'’s

Bridging integrator 1
(Myc box-dependent-interacting protein 1)

The Alzheimer's disease risk gene BIN7 regulates
activity-dependent gene expression in human-induced
glutamatergic neurons
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Hot-spot Mutations in Known Cancer Drivers
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~Log P Value

Gene Mutations that Correlate with Coronary Artery Disease
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Lyse cells and purify
mRNA

|
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Double stranded
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RNA-seq
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Surprise #1 - Most of the Genome is Transcribed
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Non-Coding RNAs

Nature Reviews Genetics, 2024, 25(3), 211-232



Non-Coding RNAs ..... are bioactive

a Targeting 3’ UTR b Targeting 5’ UTR or CDS
PDLT(mRNA target) Rps16 (MRNA target) Jab1 (mRNA target)
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Long Non-Coding RNAs

mRNA protein
= (myoglobin, 153 aa)

(myoglobin, 1078 bases)

Snm

3 polyA tail

coding sequenée (465 bases) 3'UTR

Nature Reviews Genetics, 2024, 25(3), 211-232



Long Non-Coding RNAs
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Long Non-Coding RNAs

a Interaction with DNA b Interaction with RNAs

Demethylation Oncogene activation X chromosome inactivation Translation RNA stability Block miRNA binding
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Surprise #2 - RNA is Extensively “Edited” After Transcription

DNA sequence

RNA sequence
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A-to-I RNA Editing
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adenosine : uracil

basepainng

A-to-I RNA Editing
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First base in codon

A-to-I RNA Editing

Second base in codon
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A-to-I RNA Editing

no editing editing
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A-to-I RNA Editing
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Site-directed A-to-1 RNA Editing

RNA-editing drugs advance into clinical trials

By Asher Mullard

ADAR-based editors that can

change the mRNA code offer new
opportunities in both rare genetic
diseases and common complex ones.

ligonucleotide-based drugs already

comeinmany flavours. The newest

of these now aimstoeditmRNA one

base at atime, by harnessing endo-
genous enzymes called adenosine deaminases
acting on RNA (ADAR).

Wave Life Sciences advanced the first
ADAR-based RNA editor into healthy vol-
unteers in 2023 for the hereditary disorder
alpha-1 antitrypsin deficiency (AATD). The
company is set to start dosing patients with
the disease shortly. Agrowinglist of biotechs
are setting their sights on similar RNA-editing

Table 1| ADAR-based editors in and approaching the clinic

Drug Sponsor Properties Lead indication Status

WVE-006 Wave Life Sciences/GSK SERPINA1/AAT mRNA editor Alpha-1antitrypsin deficiency Phase |

AX-1412 ProQR BA4GALT1 mRNA editor Cardiovascular disease To start late 2024 /early 2025
AX-0810 ProQR NTCP mRNA editor Cholestatic diseases To start late 2024 /early 2025
KRRO-110 Korro Bio SERPINA1/AAT mRNA editor Alpha-1 antitrypsin deficiency IND in 2024

NA ADARX SERPINAT/AAT mRNA editor Alpha-1 antitrypsin deficiency Preclinical

NA AIRNA SERPINAT/AAT mRNA editor Alpha-1 antitrypsin deficiency Preclinical

NA Vico Therapeutics MECP2-R255X mRNA editor Rett syndrome Preclinical

NA EdiGene Undisclosed Undisclosed Undisclosed

NA ShapeTx Undisclosed Undisclosed Undisclosed




Epitranscriptomics
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Epitranscriptomics
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Global transcriptomics + proteomics

how well does mRNA correlate with protein?

Across-gene correlation
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Across-gene correlation

Protein log,, (iBAQ)

Global transcriptomics + proteomics

how well does mRNA correlate with protein?

Within-gene correlation
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Global transcriptomics + proteomics

how well does mRNA correlate with protein?

Within-gene correlation
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Temporal disconnect
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Global transcriptomics + proteomics

how well does mRNA correlate with protein?
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MultiOMICs

Protein

DNA RNA
>
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Single-cell omics

Genome, exome Transcriptome, Proteome,

SNP, CNV epitranscriptome phosphoproteome,
. MRNAS, microRNAs, metabolome

Epigenome tRNAs, IncRNAs, etc.

e DNA methylation
e Chromatin accessibility
e Histone modifications

Volcano plot

Single-cell multi-omics applications

Discovery of Tissue and tumour Atlas Biomarker Insights into Novel pathways
novel cell types heterogeneity generation discovery complex diseases and networks



MultiOMICs

The Cancer Genome Atlas

e HER2 amplification landscape in breast cancer

e KRAS and NRAS mutations
12 tumor types
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Temporal dynamics of the multi-omic
response to endurance exercise training

Chronic exercise training —>»  Rapid tissue removal and freezing
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Nature, 2024

MultiOMICs

A multiomic atlas of the aging hippocampus
reveals molecular changes in response to
environmental enrichment

Nat. Comms., 2024

Nonlinear dynamics of multi-omics profiles
during humanaging

Nature Aging, 2024

Host-microbe multiomic profiling reveals

age-dependent immune dysregulation associated with
COVID-19 immunopathology

Science, 2024

Multi-omic applications for understanding and enhancing tropical
fruit flavour

Plant Molecular Biology, 2024



Third-generation sequencing

DNA Is unwound by the motor protein
and one strand is translocated
through the pore 1o the +ve side of

Characternstic

Each base gives a characteristic
reduction in the ionic current,
allowing the DNA 1o be sequenced




Third-generation sequencing
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Third-generation sequencing

Post-translational
modification

(PTM) Unfolding the path to nanopore protein
f sequencing

Peptide unfolding ¢
and transport
through pore

Nanopore sequencing set to transform

. our understanding of proteins
Direction of

electroosmosis

Not if but when nanopore protein
sequencing meets single-cell proteomics



Third-generation sequencing

Helicase-Medlated Protein Sequencing
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Third-generation sequencing

Multi-pass, single-molecule nanopore reading of long Unfoldase-Mediated Protein Sequencing
protein strands Capture Rubsacutits

Nature, 2024
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The OMICs outlook

The MVP Technological Gaps Data Analysis

DNA sequencing/barcoding some, but not many remain we have “too much” data
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