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Two Scientific Fields Launched Last Century
Are Changing Medicine This Century
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A New Discipline, A New Name, A New Journal
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Technical advances in mapping beginning 20 years
ago and in sequencing 10-15 years ago have made this
feagible or at least co:
mapping and 5

lm.n on iiensuun chromo:
relative to each other. The nue
ultimate map. The two operati
hand. For example, the mapping of segments of D!
overlapping cosmid clones, is seen as a desirahl
g of the human ge-
nome. Blind sequencing is not likely to be as efficient,
and certainly not '
expressed parts of the genome, whase nhrnmc-snmal
location is known. Mapping all expresse
cloned through their messenger RNAs, reglrd.le-ls m
whether their function is known, sequencing these
er with their introns, and sequencing out
seen by ma go.” The
ultimate map, the sequence, is seen as a rosetta stone
from which the complexities of gene expression in
development can be translated and the genetic mech.
anisms of disease interpreted.
For the newly developing discipline of mapping/se-
s of the information) we
. We are indebted
to T H. Rndﬂnrk of the Jackson Lahoratory, B
Harbor, Maine, for suggesting the term. The new dis-

g various types
in learning their bi

more rocent rigin e sonD
#, and eybernetics.
One might add genetics, and now, genomi
While we are on words: Genome is an irregular hy-

t (ndu[:e:l the te:
The necessity for communication, ¢
this emerging field dictates the
ics in all
ics m]] not only report new
i wved methods
be

fur mapping and sequencing—those wil
i the journal—but also
he information, methods for
those analyse
searchin
tion of structural hndmgs in hg‘nt of
their biclogic significance and biomedical applica-
tions.
ymics will be 8 common meeting ground for mo-

netics of the human and other complex genomes.
spic areas for this interdisciplinary forum include:

Chromoso

fragments

approaches, including the description of new tech-
niques

Reports of nucleic acid sequences of cloned genes
or other interesting por of & genome
Descripton of chror nal and spatial distribu-
tions of gene families and genes that share nucleic
acid or amino acid sequence domains

Acaddemis Pross, I
mm o roredaction . ay Brm paerved.




Human Genome Project: 1990-2003
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Bringing Genomic Medicine Into Focus




Genomic Medicine

An emerging medical discipline that involves using
genomic information about an individual as part of their
clinical care (e.g., for diagnostic or therapeutic decision-

making) and the other implications of that clinical use
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Related (but not identical) terms: e Personalized medicine
e Individualized medicine
e Precision medicine




The Pivot to Genomic Medicine

Human Realization of
Genome Genomic
Project Medicine
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En Route to Genomic Medicine

Human Genome Sequenced for First Time
by the Human Genome Project

Cost of Sequencing a Human Genome
Reduced >1 Million-Fold

Millions of Human
Genomes Sequenced

Profound Advances in Understanding
How the Human Genome Functions

Significant Advances in Unraveling the
Genomic Bases of Human Disease
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Making Genomic Medicine a Reality




Analyzing a Patient’s Genome
iIs Becoming More Routine

CACGATGCTCCGTCGAGGAAACTIGAACACCATIGGGTCGAGGAAACTTGAA(
CGATGCTCCOTCGAGGAAACTTGAACACCATIGGGTCGAGGAAACTIGAACAC
GGAAACTIGAACACCATIGGCACGATGCTCCGTCGAGGAAACTIGAACACC
CACCATIGGCACGATGCTCCGTCGAGGAAACTIGAACACCATIGGGTCG
CACGATGCTCCGTCGAGGAAACTIGAACACCATIGGGTCGAGGAAACTTGAAL
CGATGCTCCOTCGAGGAAACTTGAACACCATIGGGTCGAGGAAACTIGAACAC
GAGGAAACTTGAACACCATIGGCACGATGCTCCGTCGAGGAAACTIGAACACC
CACCATIGGCACGATGCTCCGTCGAGGAAACTIGAACACCATIGGGTC
CACGATGCTCCGTCGAGGAAACTIGAACACCATIGGGTCGAGGAAACTTGAAL
CGATGCTCCOTCGAGGAAACTTGAACACCATIGGGTCGAGGAAACTIGAACAC
GAGGAAACTTGAACACCATIGGCACGATGCTCCGTCGAGGAAACTIGAACACC
CACCATIGGCACGATGCTCCOTCGAGGAAACTIGAACACCATIGGGTCG
CACGATGCTCCOTCOAGGAAACTIGAACACCATIGGGTC CTIGAA



Genome Sequencing in Medicine

Reference Patient’s
Genome Sequence Genome Sequence

TTAACTTGAGTGGATTACTAACGGTATTTCTGGGATTAAA -GTATAGTGTGAGTATCGGAGA |

[ TTAAATTGAGTGGTTTAATAACGGTATGTCTGGGATTAAAGTGTAGTATAGTGTGATTATCGGAGA |
n .- o T T CORAR
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-
c A l
List of
Genomic Variants
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Implement
Genomic Medicine



Genomic Medicine Implementation

Cancer
Genomics




Cancer is a Disease of the Genome
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It Takes Multiple Mutations to Make a Cell Malignant




Routine Cancer Diagnostic Tools

Cancer Cancer Genome
Histopathology Sequencing
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Paradigm Change: Genomic signature of a tumor often (perhaps almost
always) provides more valuable clinical information than the tissue of origin.




Liquid Biopsy for Detecting Cancer

Liquid biopsy

Cell-free DNA

T &

Genomic
alterations

« Standard biopsies of human tissues are invasive and can be dangerous
 Tumor cells frequently die and release their DNA into the bloodstream

* Highly sensitive DNA-sequencing methods can detect and analyze that
cell-free tumor DNA (accessed through simple blood draw)



Cancer Genomics Today

Inretrospect

15years afteragiantleap
for cancer genomics

Sheng F. Cai & Ross L. Levine

In 2008, the first comprehensive sequence of a cancer genome
wasreported, ushering in a new era of molecular diagnostic,
prognostic and therapeutic advances informed by an essential
framework to understand cancer’s complexities.

Nature, 2023

“Today, genomic sequencing as part of clinical care has transformed cancer
diagnostics, clinical trials, and the use of new therapies to improve outcomes
for people with cancer. Our unprecedented view of the cancer genome
empowers clinicians, computational biologists, and bench scientists alike to
define biologically relevant groups of people with cancer, direct genomic
inquiry, and ultimately identify new therapies and biomarkers.”



Genomic Medicine Implementation

Cancer
Genomics

Rare Genetic Disease
Diagnostics
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Genome Sequencing is Becoming a
Standard Diagnostic Tool in Medicine

Developmental delay

Heart abnormality

Patient genome

Reference genome

Candidate gene

Point mutation
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Disease
diagnosis

+ Gather medical and family history

» Collect DNA sample

« Sequence patient’'s genomic DNA

+ Align patient’s genome sequence to
reference human genome sequence

+ |dentify and characterize genomic
variant(s) potentially associated with disease

+» Analyze knowledge of candidate gene(s)
relative to patient’s clinical features

« If possible, make disease diagnosis




Rare Disease Diagnostics

Genome Sequencing for Diagnosing
Rare Diseases

M.H. Wojcik, G. Lemire, E. Berger, M.S. Zaki, M. Wissmann, W. Win, S.M. White,
B. Weisburd, D. Wieczorek, L.B. Waddell, .M. Verboon, G.E. VanNoy, A. Tépf, T.Y. Tan,
S. Syrbe, V. Strehlow, V. Straub, S.L. Stenton, H. Snow, M. Singer-Berk, . Silver, S. Shril,

E.G. Seaby, R. Schneider, V.G. Sankaran, A. Sanchis-Juan, K.A. Russell, K. Reinson,
G. Ravenscroft, M. Radtke, D. Popp, T. Polster, K. Platzer, E.A. Pierce, E.M. Place,
S. Pajusalu, L. Pais, K. Ounap, I. Osei-Owusu, H. Opperman, V. Okur, K.T. Oja,
M. O’Leary, E. O'Heir, C.F. Morel, A. Merkenschlager, R.G. Marchant, B.E. Mangilog,
J.A. Madden, D. MacArthur, A. Lovgren, J.P. Lerner-Ellis, J. Lin, N. Laing, F. Hildebrandt,
J. Hentschel, E. Groopman, J. Goodrich, J.G. Gleeson, R. Ghaoui, C.A. Genetti,
J. Gburek-Augustat, H.T. Gazda, V.S. Ganesh, M. Ganapathi, L. Gallacher, .M. Fu,
E. Evangelista, E. England, S. Donkervoort, S. DiTroia, S.T. Cooper, W.K. Chung,
J. Christodoulou, K.R. Chao, L.D. Cato, K.M. Bujakowska, S.J. Bryen, H. Brand,
C.G. Bonnemann, A.H. Beggs, S.M. Baxter, T. Bartolomaeus, P.B. Agrawal,
M. Talkowski, C. Austin-Tse, R. Abou Jamra, H.L. Rehm, and A. O’Donnell-Luria

NEJM, 2024

GENOME SEQUENCING: Yields a diagnosis for a rare genetic
disease in ~30-50% of cases (and this % will increase over time!).



Undiagnosed Diseases




Rapid Genome Sequencing of Sick Newborns

Newborn .. ranid Whale Genome
creening ra,‘:”d Sequencing
+

@ TREATMENT GLNDANCE
for clinical care team

The genomes ofill newboms can be sequenced in less than 24 hours to give dinicians a rapid diagnosis.

Fast sequencing
saves newborns

Rapid analysis of infant genomes is aiding diagnosis
and treatment of inexplicably ill babies.

Nature, 2014



Rapid Genome Sequencing of Sick Newborns

npj | genomic medicine Review article

ing Abdulaziz University

Rapid genomic sequencing for genetic
disease diagnosis and therapy in intensive
care units: a review

Stephen F. Kingsmore ® [, Russell Nofsinger & Kasia Ellsworth ®

NPJ Genome Med, 2024

“In 44 studies of children in ICUs with diseases of unknown etiology, 37%
received a genetic diagnosis, 26% had consequent changes in management,
and net healthcare costs were reduced by $14,265 per child tested...

In five years, there is the potential for infant and childhood mortality in the US
and UK to have been reduced by several percent through use of [rapid genome
sequencing] as a first-tier, standard of care test for children in ICUs with
diseases of uncertain etiology.”



Genomic Medicine Implementation

Cancer
Genomics

Rare Genetic Disease
Diagnostics

Noninvasive Prenatal
Genomic Testing

e



Noninvasive Prenatal Testing (NIPT)

Then (before Genomics) Now (with Genomics)

Small fragments of cell-free

DMA from the placenta enter

« Both mother and fetus release cell-free DNA
from dying cells into the blood

« As an alternative to an invasive procedure,
sequencing of cell-free DNA in maternal plasma
now used to screen for aneuploidy

“Aneufoloidy” * #1 genomic medicine test worldwide



Genomic Medicine Implementation
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Genomics

Rare Genetic Disease
Diagnostics

Noninvasive Prenatal
Genomic Testing
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Pharmacogenomic
Testing




People Respond Differently to Medications

All of these work.

Just not for everyone.

erlegen may be able to help you sort out

which medicine helps which patient

Working with you, we can comprehensively
NA from thousands of patients
Jut of the millions of
s between patients, we may
elp you identify the ones that are
g efficacy, poor efficacy,

Perlegen’s
genome [I\]l‘xl‘ 1€Nce am of -”'I\lhﬂ‘
could help you get clinically r

answers, not just \|‘|[ 1, 1N a matter of |1|nnlh~

We partner with the top pharmaceutical
companies around the world. We also
licer -stage drugs. If

that can benefit from our approach,

contacr us.

Because Everyone Responds Differently.



Prescribing Medications is Imprecise

IMPRECISION MEDICINE

For every person they do help (blue), the te
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1. ABILIFY (aripiprazole) 2. NEXIUM (esomeprazole) | ! : e ol ] . Wl g B R : ! { 1.1 ! f
Schizophrenia Heartburn ; oy J I_l_l I_l_l I_'_I I_l_l

3. HUMIRA (adalimumab) 4. CRESTOR (rosuvastatin)

Arthritis High cholesterol

5. CYMBALTA (duloxetine) 6. ADVAIR DISKUS (fluticasone propionate) 7. ENBREL (etanercept)

Depression Asthma Psariasis

E.R£M|mﬂEiinfliximab) B.CUPﬁXUNE{gIaIiramer acetate) 10. NEULASTA (pegfilgrastim)

Crohn's disease Multiple sclerosis Meutropenia

The right drug for you
Nature (2016)

Nature (2015)




Pharmacogenomics: Basic Rationale

th =

Drug toxic but Al A0S Drug toxic but
beneficial 0 ol 1 NOT beneficial

"‘\ 5 Y 1 a
Same diagnosis, Il

same prescription :
Drug NOT toxic and Drug NOT toxic

NOT beneficial and beneficial

* ‘One size does not fit all’
« Stratify patients based on detected genomic variants

* Use genomics to ‘get the right drug to the right patient at the right dose’



Pharmacogenomics: Getting Real

:-'f?i-ipé%rg;ed medications F;isirilz::?onns)in the United States Drug: Used to Treat:
7% 18%
Abacavir HIV
Allopurinol Gout
Azathioprine Autoimmune disease
Carbamazepine Seizures
Clopidogrel Blood clots
030 Methotrexate Autoimmune disease
m Affected by actionable  ® Not affected by actionable Phenytoin Seizures

pharmacogenes pharmacogenes

Bottom Line: Pharmacogenomic testing now appropriate for a small subset

of prescription medication, but that subset expected to grow in the future.
Meanwhile, efforts to increase clinical usage are ongoing.
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Genomics-based
Prevention




Genomics-based Prevention

PREVENTIVE

GENOMICS CLINIC
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En Route to Genomic Medicine

Human Genome Sequenced for First Time
by the Human Genome Project

Cost of Sequencing a Human Genome
Reduced >1 Million-Fold

Millions of Human
Genomes Sequenced

Profound Advances in Understanding
How the Human Genome Functions

Significant Advances in Unraveling the
Genomic Bases of Human Disease

Vivid Examples of Genomic Medicine
Now Emerging
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Challenges of Analyzing a
Patient’s Genome Sequence

An Intentional Oversimplification

Genome Sequencing in Medicine

Patient’s

~ AGGCA GAG A Cc A
A0 | A B8 I ' List of
LT/WLL' 'l'Ir Genomic Variants

Implement
Genomic Medicine




Analyzing a Person’s Genome Sequence

1. Detecting all genomic variants in the generated genome sequence
Required: Reference Genome Sequence (or Pangenome Reference)
Examples: GRCh38.p13 (Build 38) or T2T-CHM13




Reference vs. Routine Genome Sequences

Reference Routine
genome sequence genome sequence
* Purpose: ‘High-quality’ representation * Purpose: Identify genomic variants
* Meticulously generated * High-throughput generated
« Multiple DNA-sequencing technologies  Single DNA-sequencing technology
* No (or little) missing sequences » Always has ‘missing’ sequences

* Cost: ~$10,000 e Cost: <$1,000



Generating DNA Sequence Reads

Generated DNA
sequence reads

- Sheared DNA fragments
of entire human genome

GCGGCTAGCGCTAGTGC
ATATGCTAGCTAGCGGC
GCGGCTAGATGCGGATG
GTTATCATAACGGTCAC

E

DNA sequencing
instrument




Reference-Assisted Genome Sequence Generation

Reference
genome sequence

Sequence read 1
CTGAAGAATATTTAAGAAAAAAGCACCCCTCATCGCCTAGAATTACCTACTACGGTCGACCATACCTTCGATTATCGCGGCCACTCTCGCATTAGTCGGCAGAGGTGGTTGTGTTGCGA

77 LTy
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Reference-Assisted Genome Sequence Generation

Reference Rogting,ce read 1
genome sequence

Sequence read 1
CTGAAGAATATTTAAGAAAAAAGCACCCCTCATCGCCTAGAATTACCTACTACGGTCGACCATACCTTCGATTATCGCGGCCACTCTCGCATTAGTCGGCAGAGGTGGTTGTGTTGCGA




Reference-Assisted Genome Sequence Generation

Reference Routine
genome sequence

enome sequence
g 9 Generated

GACAGCGCTTCAACGGAACGGATCTACGTTACAGCCTGCATAATGAAAAC sequence reads
*GCCGACGACGAAAGCGACTTTGGGTTCTGTCTGTTGTCATTGGCGGAA
AACTTCCGTTCAGGAGGCGGACACTGATTGACACGGT TTAGCAGAAGGTTTGAG
GAATAGGTTAAATTGAGTGGTTTAATAACGGTATGTCTGGGATTAAAGTGTAGT
ATAGTGTGCTTATCGGAGACGGTTTTAAGACACGAGTTCCCAAAATCAAGCGGG
GTCATTACAACGGTTATTCCTGGTAGTTTAGGTGTACAATGTCCTGAAGAATAT
TTAAGAAAAAAGCACCCCTCATCGCCTAGAATTACCTACTACGGTCGACCATAC
CTTCGATTATCGCGGCCACTCTCGCATTAGTCGGCAGAGGTGGTTGTGTTGCGA
TAGCCCAGTATAATATTCTAAGGCGTTACCCTGATGAATATCCAACGGAATTGE Sequenceread 2
TATAGGCCTTEAACGCTAC GCTCTCACGAACTTGACCTGGAGATCAAGGAGATGTTTCTTGTCGAACTGGACAGCGCTTCAACGGAACGGATCTACGTTACAGCCTGCATAATGAAA
CAAAAGGTTATACCCTTGTAGTTAACATGTAGCCCGGCCCTATTAGTACAGTAG
TTAACTTGAGTGGATTACTAACGETATTTCTGGGATTAAATGATTGTATAGTGT
CAAGCCAGTCTCGCAGCAACGCTCGTCAGCAAACGAAAGAGCTTAAGGCTCGCC
AATTCGCACTGTCAGGGTCGCTTGGGTATTTTGCACTAGCGTCAGGTACGCTAG
TATGCGTTCTTCCTTCCAGGGGTATGTGGCTGCGTGGTCAAATGTGCGGCATAC
GTATTTGCTCGACGTGTTTGCTCTCACGAACTTGACCTGGAGATCAAGGAGATG
TTTCTTGTCGAACTGGACAGCGCTTCAACGGAACGGATCTACGTTACAGCCTGE
CGGAGTTGCCGACGACGAAAGCGACTTTGGGTTCTGTCTGTTGT
CATTGGCGGAAAACTTCCGTTCAGGAGGCGGACACTGATTGACACGGTTTAGCA
GAAGGTTTGAGGAATAGGTTAAATTGAGTGGTTTAATAACGGTATGTCTGGGAT
TAAAGTGTAGTATAGTGTGATTATCGGAGACGGTTTTAAGACACGAGTTCCCAA
AATCAAGCGGGGTCATTACAACGGTTATTCCTGGTAGTTTAGGTGTACAATGTC
CTGAAGAATATTTAAGAAAAAAGCACCCCTCATCGCCTAGAATTACCTACTACG
GTCGACCATACCTTCGATTATCGCGGCCACTCTCGCATTAGTCGGCAGAGGTGG
TTGTGTTGCGATAGCCCAGTATAATATTCTAAGGCGTTACCCTGATGAATATCC
AACGGAATTGCTATAGGCCTTGAACGCTACACGGACGATACGAAATTATGTATG
GACCGGGTCATCAAAAGGTTATACCCTTGTAGTTAACATGTAGCCCGGCCCTAT




Reference-Assisted Genome Sequence Generation

Reference Routine
genome sequence

genome sequence
Generated

GACAGCGCTTCAACGGAACGGATCTACGTTACAGCCTGCATAATGAAAAC sequence reads
TGCCGACGACGAAAGCGACTTTGGGTTCTGTCTGTTGTCATTGGCGGAA

AACTTCCGTTCAGGAGGCGGACACTGATTGACACGGTTTAGCAGAAGGTTTGAG

GAATAGGTTAAATTGAGTGETTTAATAACGGTATGTCTGGGATTAAAGTGTAGT

ATAGTGTGCTTATCGGAGACGGTTTTAAGACACGAGTTCCCAAAATCAAGCGGG

GTCATTACAACGGTTATTCCTGGTAGTTTAGGTGTACAATGTCCTGAAGAATAT

TTAAGAAAAAAGCACCCCTCATCGCCTAGAATTACCTACTACGGTCGACCATAC

CTTCGATTATCGCGGCCACTCTCGCATTAGTCGGCAGAGGTGGTTGTGTTGCGA

TAGCCCAGTATAATATTCTAAGGCGTTACCCTGATGAATATCCAACGGAATTGE

TATAGGCCTTGAACGCTACACGGACGATACGAAATTATGTATGGACCGGGTCAT Sequenceread3

TAACATGTAGCC AACATGTAGCCCGGCCCTATT, ACITGATTGTATAGTGTCAAGCCAGTCTCGCAGCAACGCTCGTCAGCAAACGAAAGAGCTTAAG

TATGCGTTCTTCCTTCCAGGGGTATGTGGCTGCGTGGTCAAATGTGCGGCATAC
GTATTTGCTCGACGTGTTTGCTCTCACGAACTTGACCTGGAGATCAAGGAGATG
TTTCTTGTCGAACTGGACAGCGCTTCAACGGAACGGATCTACGTTACAGCCTGC
ATAATGAAAACGGAGTTGCCGACGACGAAAGCGACTTTGGGTTCTGTCTGTTGT
CATTGGCGGAAAACTTCCGTTCAGGAGGCGGACACTGATTGACACGGTTTAGCA
GAAGGTTTGAGGAATAGGTTAAATTGAGTGGTTTAATAACGGTATGTCTGGGAT
TAAAGTGTAGTATAGTGTGATTATCGGAGACGGTTTTAAGACACGAGTTCCCAA
AATCAAGCGGGGTCATTACAACGGTTATTCCTGGTAGTTTAGGTGTACAATGTC
CTGAAGAATATTTAAGAAAAAAGCACCCCTCATCGCCTAGAATTACCTACTACG
GTCGACCATACCTTCGATTATCGCGGCCACTCTCGCATTAGTCGGCAGAGGTGG
TTGTGTTGCGATAGCCCAGTATAATATTCTAAGGCGTTACCCTGATGAATATCC
AACGGAATTGCTATAGGCCTTGAACGCTACACGGACGATACGAAATTATGTATG
GACCGGGTCATCAAAAGGTTATACCCTTGTAGTTAACATGTAGCCCGGCCCTAT




Reference-Assisted Genome Sequence Generation

Reference Routine
genome sequence

enome sequence
g 9 Generated

GACAGCGCTTCAACGGAACGGATCTACGTTACAGCCTGCATAATGAAAAC sequence reads

TGCCGACGACGAAAGCGACTTTGGGTTCTGTCTGTTGTCATTGGCGGAA
AACTTCCGTTCAGGAGGCGGACACTGATTGACACGGTTTAGCAGAAGGTTTGAG
GAATAGGTTAAATTGAGTGETTTAATAACGGTATGTCTGGGATTAAAGTGTAGT
ATAGTGTGCTTATCGGAGACGGTTTTAAGACACGAGTTCCCAAAATCAAGCGGG
GTCATTACAACGGTTATTCCTGGTAGTTTAGGTGTACAATGTCCTGAAGAATAT
TTAAGAAAAAAGCACCCCTCATCGCCTAGAATTACCTACTACGGTCGACCATAC
CTTCGATTATCGCGGCCACTCTCGCATTAGTCGGCAGAGGTGGTTGTGTTGCGA Sequence read 4
TAGCCCAGTATAATATTCTAAGGCGTTACCCTGATGAATATCCAACGGAATTGE
TATAGECCTTGAACGCTACACGGACGATACGAARTTATGTATEGACCE O NI e e e
CAAAAGGTTATACCCTTGTAGTTAACATGTAGCCCGGCCCTATTAGTACAGTAG
TTAACTTGAGTGGATTACTAACGGTATTTCTGGGATTAAATGATTGTATAGTGT
CAAGCCAGTCTCGCAGCAACGCTCGTCAGCARACGARSFAFSTTAASSSTEGES YN

AATTCRCACTATCAGCATARCTTAACTATTTIACACTALCATCAGCTALCOTAL
GCACCCCTCATCGCCTCTCGCATTAGTCGGCAGAGGTGGTTGTGTTGCGA
TATGCGTTCTTCCTTCCAGGGGTATGTGGCTGCGTGGTCAAATGTGCGGCATAC

GTATTTGCTCGACGTGTTTGCTCTCACGAACTTGACCTGGAGATCAAGGAGATG
TTTCTTGTCGAACTGGACAGCGCTTCAACGGAACGGATCTACGTTACAGCCTGC
ATAATGAAAACGGAGTTGCCGACGACGAAAGCGACTTTGGGTTCTGTCTGTTGT
CATTGGCGGAAAACTTCCGTTCAGGAGGCGGACACTGATTGACACGGTTTAGCA
GAAGGTTTGAGGAATAGGTTAAATTGAGTGGTTTAATAACGGTATGTCTGGGAT
TAAAGTGTAGTATAGTGTGATTATCGGAGACGGTTTTAAGACACGAGTTCCCAA
AATCAAGCGGGGTCATTACAACGGTTATTCCTGGTAGTTTAGGTGTACAATGTC
CTGAAGAATATTTAAGAAAAAAGCACCCCTCATCGCCTAGAATTACCTACTACG
GTCGACCATACCTTCGATTATCGCGGCCACTCTCGCATTAGTCGGCAGAGGTGG
TTGTGTTGCGATAGCCCAGTATAATATTCTAAGGCGTTACCCTGATGAATATCC
AACGGAATTGCTATAGGCCTTGAACGCTACACGGACGATACGAAATTATGTATG
GACCGGGTCATCAAAAGGTTATACCCTTGTAGTTAACATGTAGCCCGGCCCTAT




Reference-Assisted Genome Sequence Generation

Reference Routine
genome sequence

enome sequence
g 9 Generated

ACTGGACAGCGCTTCAA sequence reads

GGAGTTGC

AACTTCCGTTCAGGAGGCGGACAC

AGGAATAGGTTAAATTGABTGGTTTAATAACGGTATGTCT GTAGTATAGTGTGATTATCGGAG A
GTTACCCTGATGAATATCCAACGGAATTGCTATAGGCCTTGA GACGATACGAAATTATGTATGGAC

HCTCGRET
AT TCGCACTRTCAGGETCACT TRGRGTRTTTIGCACTAGCATCAGGTACGC TAG
IATGCETICTTCCT TCCAGGGGTATETGGCTRCAGTGETCAAATGTGCAGCATAC

e
GIATTTGCTCGACGTGTT




Reference-Assisted Genome Sequence Generation

Reference Routine
genome sequence genome sequence

Each line of a routine
genome sequence is
read and localized
many times to ensure
its accuracy — often
more than 30 times!




Comparing the Two Genome Sequences

Reference Compare sequences Routine
genome sequence to find differences genome sequence




Detecting Human Genomic Variants

Reference Routine
genome sequence genome sequence

Genomic variants

=i A AL A A A GRS
CCATCGECTA

Yellow vs.

GGGTATGTGGCTGCGTGGTCAAA




Human Diversity in Reference Genome Sequences

& - '—-ﬂg = ® - 3 "
ATTT XIS

Reference
genome sequence

Reference Reference Reference Reference Reference
2nce 3 genome sequence 4 genome sequence5 genome sequence 6 genome sequence?7 genome sequence 8




No Single Reference Genome Sequence is Ideal

Reference Reference Reference Reference Reference Reference Reference Reference
genome sequence 1 genome sequence 2 genome sequence 3 genome sequence4 genome sequence 5 genome sequence 6 genome sequence?7 genome sequence 8




Human Pangenome Reference

 Composite of multiple human reference genome
sequences

» Captures the breadth of human genomic variation much
better than any one human reference genome sequence

 Enables more accurate and complete detection of
genomic variants across diverse human populations



Using a Human Pangenome Reference

Human pangenome
reference

Routine
genome sequence

More complete routine
genome sequence




Improved Genomic Variant Detection Using
a Human Pangenome Reference

Genomic Variant
Detection:

) * Fewertrue variants
 More false variants

e ke Single reference Routine Detected
P el e genome sequence genome sequence genomic variants

Generated
sequencereads

 More true variants
 Fewer false variants

Human pangenome Routine Detected
reference genome sequence genomic variants



NHGRI’'s Human Genome Reference Program

The international journal of science /11 May 2023

Home ¢ Research Furding ¢ Funced Programaand Projests § Human Genoms Befersnce Program

Human Genome
Reference Program

Thae Feuiman gorecimes: rafarance is Lsar by essentially all ressarchars who need t sgn
arsd dsseritile sxperimenlal oF patEEnil fEnre Sequenie data, It 850 Sered &
conssnsus coordinate system for repaning reswlts.

Article

Adraft human pangenome reference

Datafrom47 individuals combineto create
reference resource that reflects human diversity

PANGENOME




Analyzing a Person’s Genome Sequence

. Detecting all genomic variants in the generated genome sequence

Required: Reference Genome Sequence (or Pangenome Reference)
Examples: GRCh38.p13 (Build 38) or T2T-CHM13

. Filtering & Prioritizing detected genomic variants to identify those
most likely to be clinically relevant (e.g., pathogenic variants in

the case of rare genetic diseases)

Required: Reference Population Databases (Aggregated Genomic Variants)
Example: gnomAD




Frequencies of Genomic Variants:
Rare Disease Diagnostics as Prototype

Vast majority of pathogenic genomic variants are rare

But being rare does not mean a genomic variant is
pathogenic

However, being common means a genomic variant Is
unlikely to be pathogenic

Therefore, genomic variants are initially FILTERED into
groups that are common (removed) and rare (prioritized)

Following filtering, prioritized variants are further
assessed for possible pathogenicity



Analyzing a Person’s Genomic Variants

~3-5M
10,000's
1000’s Filtering
| &
100°s Prioritizing

10-20



Frequencies of Genomic Variants Vary
Among Ancestral Populations

Different Ancestral Populations

il
Variant 1 30% 35% 20% 18%
Variant 2 0.001% 0% 0.001% 0.0001%
Variant 3 0.001% 30% 25% 20%
Variant 4 0.01% 0.0001% 0.001% 30%

I ——

Frequency of Each Variant in Each Ancestral Population



Overcoming Inequities in Genomic Diagnhoses

Decreasing Incorrect Genomic
Variant Classifications

Genetic Misdiagnoses and the Potential

for Health Disparities

rai, Ph.D., Birgit H. Funke, Ph.D., Heid

OBSCN TN

(247R) (R43440)) [PRIS)

Misclassification of 5 genomic
variants for cardiomyopathy

Increasing Diagnoses via Equitable
Study Recruitment and Clinical Testing

Genome Biology

Unequal representation of genetic variation e
across ancestry groups creates healthcare
inequality in the application of precision

medicine

Petrovski & Goldstein Genome Biol (2016)

communications
biology

ARTICLE

The frequency of pathogenic variation in the
All of Us cohort reveals ancestry-driven disparities

usick® 'Y & Richard A, Gibbs' i of the All o

Venner et al., Commun Biol (2024)



Analyzing a Person’s Genome Sequence

Detecting all genomic variants in the generated genome sequence
Required: Reference Genome Sequence (or Pangenome Reference)
Examples: GRCh38.p13 (Build 38) or T2T-CHM13

Filtering & Prioritizing detected genomic variants to identify those
most likely to be clinically relevant (e.g., pathogenic variants in

the case of rare genetic diseases)

Required: Reference Population Databases (Aggregated Genomic Variants)
Example: gnomAD

Establishing the clinical relevance of prioritized genomic variants

Required: Knowledgebase with Information about Pathogenicity of Genomic Variants

Example: ClinGen



Clinical Genome Resource (ClinGen)

ClinGen

Mission: Build and support an Global Network of Contributors:
authoritative central resource that >2,700 Experts from 69 Countries

defines the clinical relevance of
genes and variants for use in
precision medicine and research

248 Clinical Actionability Reports




Required for Accurate and Equitable Analyses
of a Person’s Genome Sequences

1. Appropriately matched human genome reference
sequence — or a human pangenome reference

2. Reference population database (with aggregated
genomic variant information) for appropriately
matched ancestral population(s)

L i’ L

3. Robust knowledgebase of curated information B
about the likely pathogenicity of genomic variants CImCem
(developed by expert panels)



Genomics Arrives at the ‘Adult Table’

No, Eric,you can’tsitat the kids’ table.l don’t
care thatthey are talking about iPhones,
Instagram, and Taylor Swift! You have to stay here
- and talk about mortgages, life insurance, taxes,
politics, and... genomic medicine in healthcare.




Genomics and Society
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Societal Challenges with Genomic Medicine

Genomic Literacy




1he Forefront
of Genomics




2020 NHGRI Strategic Vision

Perspective

Strategic vision forimproving humanhealth
at The Forefront of Genomics

Begin your search here

m National Human Genome

Research Institute

About Genomics Research Funding Research at NHGRI Health Careers & Training

2020 NHGRI Strategic Vision

Strategic vision for improving human health at The Forefront of Genomics

AFRICAN
DIVERS

2

genome.gov/2020sv

sEructure

Nature (2020)



Bold Predictions for
Human Genomics
by 2030




Bold Predictions for Human

Perspective
Box 5

Bold predictions for human
genomics by 2030

Some of the most impressive genomics achieverments, when
wieswed in retrospect, could hardly have besn imagined ben years
marlier. Here are ban bold predictions for hurman genomics that
might come trua by 2030, Alheugh mest are unlikaly to be fully
sttaird, achisving one or mane of thess weuld require individusia
1o strive for something that curmently seems cut of reach. These
pradictions were crafted to be bath inspirational and aspiraticnal in
nature, prowoking bout what might b ble 2t The
Forefront of Genomics in the ceming decade,

d analysing & comglete human ganome
aitine for any resssrch laboratary, becoming
a5 carrying cut a DAA purification.

2 The biol gical funections IoI svery human gene will be
knowm: for nan-coding elements in the human genome, such
knewlecge will be the rule rether than the excsption

3. The genseal features of the epigenstic Ian(l-u.,pe«'\d
trar will be routinely d imto
predic I.luemode of the effect of genotype on phenotype.

in human genamics will have moved beyond population
ecripiors based on historic socisl constructs such as race.

5. Stuclies that inwalve analyses of goncme squances and
sssgciated phanotypic infeomaticn far millions of human

participants will be regularly featured at schocl science fairs.

6. The regular use of genamic infarmatian will have transitioned
from bautique to mainstreem in all clinical s=ttngs, making
CENOMIC WEatng &8 1oURine & comphite bloo:

7. Thes clinical redevance of all ancountered gens ianta will
be= readily predictable, rendering the dagnostic designatian
‘wariant of uncertain significance (VU5 Y obsolete.

& An individual's comglete genome sequence akang with
informative annotatior f chasired, ba securely snd readily
accessible on their smariphone.

o Indviclusls from ancestrally dyerss haekgrounds will berafit
equitably fram achences in human genamics.

10, Breakthrough discovenes will lead to curative thesapies
irwclving genomic medifications for dazens of genetic diseases.

the useof genomics in medicine from diagnosing and treating disease
Lo maingaining heslth.

Sharp barriers between research snd elinical care obst st the viriuows
eycleaf moving scientific discoveries rapid ly inta clinkcal care and bring:

Box 5

‘with their clinkcal data and the goal sand potential risks of their participa-
tion™. Extending such studiesacross ma Ihcare sysiems should
teveal common challen ges and solutions™

deslater, lIgﬁzldms\:mslunnlm

profile programmatic sucesses,

ed to the widespread infusion of genomic math-
raaches across the life sciences and, increasingly. into

third time™* since the Humcan Gename Project
nsive horizon-scanning process o caprure, syi-
thesize, and articulate the mast compelling strategic opportunities
farthe next phase of genomics—with particular asention o elements
that are most ralev health. | ha now naar-ubiquitous
narure of genaim i rmplex lealtheare ecosystem)
presented practical challenges for attaining a holistic assessment of
thefield. Anorher realic e WHG R investment in genomics
has: " dingof buman genomics
throughout the broada
3 continued maturs
{more specifically),

in the areas of prevention, diagnosis, and therapeutic development),
|he new decade atso brings research questions retated to the societal
implications of genomics, including those related to social inaquities,

{and withthecharactaristic spiritaf genomics aud;
predictionsaf what might be realized in human ger

ing clinical observations back tothe research setting™ (Fig, 3, Learning gl

healthcare systems—inwhich real-time data on owtcomes of heal theare
delive cessed and used toenhance clindeal practice—canlead 1o
CONLiMIGUS CIFeiMprovement, but onlyifthe barriersbetween research
andclinical care are reduced", Forexanple, 0Tering 2enome sequenc-
ing toall members of a healthcare system, performed in conjunc tion
with research and participant engagement and provided in real time ™,
could help to assess the clinical utility of genomic information and
rnay allow providers o improve disease dizgnosis and managensent.
System-wide implementation of sLch 30 experiment fequires ot only
extensive patient and provider education, sophisticated informatics
capabilities, and gen omics-based clinical decision suppart, but alsothe
development and evaluation of data security and privacy protections
Lo efsaire patient confdentialicy'. Patients should be e ngagad i the
designofsuchsystemsandinformed atentry tothem (and periodically
thereafter), 5035 tobe fullyaware of the Ratureol the ongoing research

680 | Mature | Vol 585 | 29 October 2020

ndemic (saebelow), providing
nlnhle:mdrlw impartanceaf nurtur-

continuingsense ur WO
desire Lo balance ambxition wi

Bold predictions for human
genomics by 2030

Some of the most impressive genomics achievements, when
viewed in retrospect, could hardly have been imagined ten years
earlier. Here are ten bold predictions for human genomics that
might come true by 2030. Although most are unlikely to be fully
attained, achieving one or more of these would require individuals
to strive for something that currently seems out of reach. These
predictions were crafted to be both inspirational and aspirational in
nature, provoking discussions about what might be possible at The
Forefront of Genomics in the coming decade.

1. Generating and analysmg a complete human genome
sequence wi .
as straightforward as carrying out a DNA purification.

2. The biological function(s) of every human gene will be
known; for non-coding elements in the human genome, such
knowledge will be the rule rather than the exception.

3. The general features of the epigenetic landscape and
transcriptional output will be routinely incorporated into
predictive models of the effect of genotype on phenotype.

4. Research in human genomics will have moved beyond population
descriptors based on historic social constructs such as race.

5. Studies that involve analyses of genome sequences and
associated phenotypic information for millions of human
participants will be regularly featured at school science fairs.

he regular use of genomic information will have transitioned
boutique to mainstream in all clinical settings, making
genomi ing as routine as complete blood counts.

7. The clinical rel2¥agge of all encountered genomic variants will
be readily predictable’¥Naggdering the diagnostic designation
‘variant of uncertain significaMeg{VUS) obsolete.

8. An individual's complete genome Sggence along with
informative annotations will, if desired, b®aggurely and readily
accessible on their smartphone.

9. Individuals from ancestrally diverse backgrounds wi
equitably from advances in human genomics.

10. Breakthrough discoveries will lead to curative therapies
involving genomic modifications for dozens of genetic diseases.

Genomics by 2030

Embracing thatrole, NHGRIformulated the strategic vision described
here, which provides an optimistic outlook that the successesin human
genomics over the past three decades will be amplified in the coming
decade. Many of the details about what is needed to fulfil the promise of
genomics have now come into focus. Major unsolved problems remain—
among them determining the role for the vast majority of functional ele-
mentsinthe humangenome (especiallythose outside of protein-coding
regions), understanding the full spectrum of genomic variation (espe-
cially thatimplicated in human disease), developing data-science capabili-
ties (especially those that keep pace with datageneration), and improving
healthcare through theimplementation of genomic medicine (especially
in the areas of prevention, diagnosis, and therapeutic development).
The new decade also brings research questions related to the societal
implications of genomics, including those related to social inequities,
pointing tothe continued importance ofinvestigating theethical, legal,
and socialiissues related to genomics. But now more thanever, solutions
tothese problems seemto be withinstriking distance. Towards that end
(andwiththecharacteristic spirit of genomics audacity), we offer tenbold
predictions of what might be realized in human genomics by 2030 (Box 5).
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A ~21-year Pivot:
Bringing Genomic Medicine Into Focus

GENOMIC

S\ MEDICINE




Let’s Stay Connected!
genome.gov/stayconnected
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How to Represent a Human Pangenome Reference




Human Pangenome Reference Graph )
Visualizing a Human Pangenome Reference UNDER
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