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The Human Genome Project

Centralized coordinate system: critical for sharing genomic data and
data analysis standards among international researchers.
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Standard Variant Calling Pipeline

Sequencing reads
Sample’s DNA Sequencing GCACTTC
GACTTCC

ATACTGAC
GTACAGA CAATACTG
lelxl I . GTTACAC TTCACTG CATGCCG

TATCAT
GTATC GAATAC ACGCTAC

CGATCGT GTACGCA
X CGATCGACGCTAGCGCGTACGTACGTAGCTAGCATATCAACGATCA
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Standard Variant Calling Pipeline

Sequencing reads
Sample’s DNA Sequencing
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Standard Variant Calling Pipeline

Sequencing reads
Sample’s DNA

Sequencing
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Read mapping

Reference genome
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Standard Variant Calling Pipeline

Sequencing reads
Sample’s DNA Sequencing

Y —p

VCF file

Variant calling

X

Reference genome

Slides: Xian Chang



The Human Genome Project

Current version GRCh38 still incomplete
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Genome Completeness (%)

~8-10%

Human Genome Project (April 2003):

Focused Exclusively on Finishing 99% Euchromatic Regions.
Highly-Repetitive Heterochromatin Regions were not Included

Segmented Duplicated
duplications gene families  Centromeres
Ju i
Subtelomeres Acrocentric
Telomeres arms

Miga, Nature 2020



Shortcomings to Short-read Sequencing/Assembly

* e

repetitive DNA
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read length: 50-250bp
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The Human Genome Project

e 70% of genome sequence

Eul . . o e

57%) from a single individual
® Biased towards European

descent

African

(37%) . .
® Linear reference (=single

o sequence) cannot represent

(6%)

Green et al 2010 diversity — reference bias

News ad for recruiting volunteers for the Human
Genome Project

-_—
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Shortcomings to Standard Variant Calling

Sequencing reads
Sample’s DNA Sequencing

Y —p

* Read mapping

Slides: Xian Chang Reference genome
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Shortcomings to Standard Variant Calling: Reference Bias

Sequencing reads
Sample’s DNA Sequencing

foc = PP
* Read mapping

Slides: Xian Chang Reference genome
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CHM13-T2T: A Complete Assembly of a Human Genome
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Nurk, Koren, Rhie, Rautiainen, et al., The complete
sequence of a human genome, Science 2022

2002

Inanova explosion .77

e Sequencing of CHM13, a completely homozygous human
cell line

e Finally complete human genome with combination of high

coverage long accurate reads (PacBio HiFi and ONT
ultra-long reads)

e Introduced nearly 200 MB of new sequence (vs GRCh38)

1 chromosome = 1 assembled contig

Telomere Telomere
Segmented Duplicated
duplications gene families  Centromeres
‘ Subtelomeres ~ Acrocentric
Telomeres arms
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http://dx.doi.org/10.1126/science.abj6987
http://dx.doi.org/10.1126/science.abj6987

“Winning strategy” to T2T genome sequencing/assembly

PacBio SMRT Oxford Nanopore

Circular Consensus Sequencing (CCS) Ultra-Long (UL) DNA Sequencing
aka “HiFi”

e errorrate: 0.1-0.2% e errorrate: 0.3-3%

® read length: 20-25kb ® possible read length: >100kb

— Long sequence reads can span across repetitive regions
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The First Draft Release of a Human Pangenome

Theinternational journal of science /11 May 2023

e 94 Haplotypes from 47 fully phased diploid assemblies
o 29 samples from the 1000 Genomes (1KG) project
o 18 from other sequencing projects

e High-quality assemblies, some near-T2T

e 119Mbp of novel euchromatic polymorphic sequence

ASW (1) o) .PJL (1)
: CHS (3)
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Rlcenceresouce et humandiversty e gnngzgga o & © kv
o pre e = ?I Africa 51% e aand MSL (4) YRI'(2) O MKK-HapMap (1)
priontes for ascenceofhuman-  toselFassembleinto ¥ **** . i . *i PEL (4) .
Americas 34% L

Liao, Asri, Ebler, Doerr, et al., A Draft Human iiii‘i

Asia 13% 448§ Chinese-GIAB (1)
Pangenome Reference, Nature 2023 Europe 2% i Ashkenazim Jewish-GIAB (1)
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https://www.nature.com/articles/s41586-023-05896-x
https://www.nature.com/articles/s41586-023-05896-x

The Second Draft Release of a Human Pangenome
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Paper coming soon!
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468 haplotypes from 234 fully phased diploid
assemblies
o  Samples selected to maximize coverage of

common variants (21%) from All of Us
(N=440,000)

Improved assembly quality
o Higher base quality
o Many assemblies T2T/near-T2T

Refined gene annotation using long-read
RNA-seq (PacBio KINNEX)

Pantranscriptome and panepigenome

2022 2025 I
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The Human Genome Sequence in a Timeline

Complete (T2T)
sequencing of Human
Genome

1st draft of Human Pangenome Reference
(96 haplotypes)

2nd draft of Human Pangenome
Reference (464 haplotypes)

1st release of Human
Genome Reference 3rd release (1st stable) of Human
Pangenome Reference (~2000
haplotypes)

2023 =






The Human Pangenome Reference Consortium (HPRC)

Stanford University
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National Human Genome
Research Institute

Slides kindly provided by Heather Lawson (adapted) 19



The Human Pangenome Reference Consortium (HPRC)

e Build the core resource
o High-quality assemblies from >350 diverse humans
o A map of common variants (>99%) and haplotypes
o A reference data structure & coordinate system

® Nucleate and foster an ecosystem of tools

® Promote: adoption; guide deployment

e Establish a model for long-term growth via international collaborations

National Human Genome
Research Institute

20



HPRC Working Groups

Population samp!ing and Technology Phased/Finished Pangenome and new International
representation Production T2T Assemblies workflows/tooling Pangenome Project

a4 "
&5 ~.’i Global Alliance
— PR s &5 for Genomics & Healtk
CE— ' 4
(1872 SABANG
LW / | —
1 1

Embedded Ethics and Policy:
Inter-disciplinary ethics working group/oversight committee
21



Pangenome Representations



~70% é 1 Individual of blended ancestry

Original human genome reference sequence
| ms i | S 4 | 1 = i B | Ef ¥ s HWE s p g | . | S |

|

~30% ' 19 Individuals mostly of European ancestry

Collection

Pangenome

Pangenome

from many individuals of the
same species

Collection of genome SEqUENCES m——————

Individual human
reference seq

ATCGCG

https://www.genome.gov/genetics-glossary/Pangenome 23
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The Pangenome Graph

Haplotype-phased assemblies

I;f

Genome graph model

Indel SNP

Inversion

24



Pangenome Graph Construction

Input haplotypes assemblies
H oo - —wss )

H o s 2 o)
H coo—— )

Progressive construction

Iterative graph alignment
1 G EEaace— s — |

2 Hy+H, :—’ :—
3 Hy+(H,+Ho) —’ :—

e 1st haplotype never folds back onto itself

® Segmental duplications remain uncollapsed

5~ Tools for graph construction

Order-independent construction

1 All-vs-all pairwise alignment

/ /
e e g e
Hy / / H, /
7o o 7 e H, o o P
/ / 7
H1 HZ H1

2 Segment-wise graph construction

e B
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Pangenome Graph Construction

Input haplotypes assemblies

H R e— I Tools for graph construction
H,
[ P c——
Progressive construction Order-independent construction
lterative g~~~ ~'i~~~~ - 1 Allm -t

Progressive

Order-independent

e Minigraph e IMPG/PGGB

a4 ¢ Minigraph-Cactus

e 1st haplotype never folds back onto itself

e Segmental duplications remain uncollapsed

26



Graph types

Structural Variants (SVs): Length 250bp =~ Tools for graph construction

Base-level graphs SV- level graphs

27



Graph types

Structural Variants (SVs): Length 250bp =~ Tools for graph construction

Base-level graphs

[ C)l Base-level

e IMPG/PGGB

e Minigraph-Cactus

SV- level graphs

D! SV-level
=

e Minigraph
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Current and Past Versions of HRPC Pangenome Graphs

1. Minigraph 2. Minigraph-Cactus
a. GRCh38-based a. GRCh38-based
b. CHM13-based b. CHM13-based Data Explorer  STPles g Oata

Alignments

HPRC Website [

= Filter
3 L4 I M P G / P G G B @ Note: v2.0 resources are being progressively added. Where v2.0 versions are not yet available, we advise using the
v11 release,
Table Graph Results 1- 87 of 87 & Download TSV Group By: Allgnment « Edit Columns =
. . .
Which graph to choose depends on application: T e
’ Varsion Coargnates ; i
HPRC-y2.0-greh3a-minigraph
SV lysis/fast visualization — Mini h
® -analysis/1ast visualization Inigra horc-v2.0-me- "
y g p E g:ch .‘l‘;lw ;"'; o V2.0 arehag minigraph afa 802.62 MI

e Segmental duplications/complex regions —
PGGB, but graphs often too big for current .
methods —

® Current “default” — Minigraph-Cactus: Most
methods are tested on this graph type

https://data.humanpangenome.org/alignments
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From One Reference to Many Paths: The Pangenome Advantage

Horizontal information:
linkage disequilibrium

Vertical
information:
variant
representation

Individual hum
reference

ATCGCG
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Pangenome-based workflows and core applications

public genome assemblies

private short reads /

long reads

augmented pangenome

v

graph-based
variant calling

genome
inference

l

genotypes
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Pangenome-based Genotyping

Input:

1. Pangenome graph constructed from known haplotypes 2. Short reads of the sample to be genotyped
(not in graph!)

variant 1 variant 2 variant 3

Goal: Determine genotypes of unknown genome (= not in graph) for all variants
contained in graph

33



PanGenie: Idea

k-mer count information path information

missing kmers

possible alleles

000 gt s N = CTCAAATGGCC
012 P N

; : CTCAATTGGCC

CTCA---GGCC

kmer copy number

Find two haplotypes that
(a) best explain the observed k-mer counts and

(b) are mosaics of the known haplotypes present in the graph

O https://github.com/eblerjana/pangenie Ebler et al, Nat. Genet. (2022)
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Heterozygosity PanGenie

Pangenie: Genotyping SVs in 3,202 samples of the 1KG cohort

i SV deletions
10*
0.8 -
10°
0.6 |
2
0.4 . <
02 E I 101
0.0 | JP

00 02 04 06 08 1.0
AF PanGenie

1.0 |

°o o
H D

Heterozygosity PanGenie
o
N

0.0 1

SV insertions

00 02 04 06 08 1.0
AF PanGenie

e Based on HPRC2 pangenome

10°

10°

10°

Heterozygosity PanGenie

1.0;
0.8;
0.6
0.4
0.2 ]

0.0/ 4

e Genotyping in line with Hardy-Weinberg Equilibrium

SV other

10*
10°
-10?

10!

. . . . . — L1100
0.0 02 04 06 08 1.0
AF PanGenie

Ebler et al, Nat. Genet. (2022)
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Pangenie: Genotyping SVs in 3,202 samples of the 1kGP cohort

number of SVs per sample

35,000 -

30,000 A

25,000 A

20,000 A

15,000 -

10,000 -

5,000 A

EEE HPRCy2 PG (CHM13)

BN HGSVC3 + HPRCy1 PG (CHM13) e Comparison of

0 1kGP-HC lllumina (GRCh38)

o Pangenie based on HPRC2 &
$$ HPRC1+HGSVC3 pangenomes

o traditional alignment-based SV calling
workflow (green)

® PanGenie can access thousands of
additional SVs compared to traditional
ll short-read based SV callers

Ebler et al, Nat. Genet. (2022)

-
all

<1% 1-5% >5%
allele frequency
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Locityper: targeted locus genotyper

e Input: local haplotypes (e.g. from pangenome) + WGS dataset (fastg/cram)

e Output: two haplotypes most similar to the WGS dataset

+ read alignments to these haplotypes

e Higher accuracy over complex medically relevant genes compared to

state-of-the-art variant calling pipelines

Compared to Pangenie:
e can handle more complex loci,
® but not scalable to the full genome,
e worse at predicting individual SNPs

O github.com/tprodanov/locityper

Prodanov et al, Nat. Genet. (2025)
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Locityper: Genotyping the MHC locus

Correctly predicted fields Blo [ |1 [ 12 3 [ Full match
: -DMB  -DOA  -DOB  -DPAI -DPA2 -DPBI -DPB2

-DOAT  -DQA2  -DQBI

Locityper

e shows high accuracy in
predicting HLA alleles

® can genotype
o gene order,
o gene deletions, verage v

o tandem '
duplications, 05
o etc.
0.0

T1K: state of the art MHC
genotyper

Fraction of haplotypes

TIK

Locityper, full panel (F)

Locityper, leave-one-out (L)
Locityper, LOO, weighted (W)
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Discussion & Outlook



Discussion

[ Long-read sequencing technology ‘ ABOUT RESOURCES ELSI CONTACT
transforms clinical genomics

Human Pangenome Reference Consortium

e Human Pangenome Reference: a valuable
resource of human genomic diversity in the
workings

® S e q u e n C I n g d ata Vi a s se m b | I e S; a n n Ota t I O n S Y The Human Pangenome Reference Consortium (HPRC) is an NIH-funded project that aims to engage scientists and bioethicists in creating a
human pangenome reference and resource that represents global human genomic variation. In the process of creating the pangenome, the
and pangenome graphs produced by HPRC

HPRC is developing improved technology for genome assembly and a next-generation tool ecosystem that ges the pang for
are Open & ava||ab|e comprehensive analyses.
e Pangenome-based genotypers already
outperform “linear” state-of-the-art ’
methods
e lllumina “DRAGON” makes already use of https://humanpangenome.org/

human pangenome


https://humanpangenome.org/

Outlook

e Human Pangenome Reference is not alone
o  Chinese pangenome reference (1000 haplotypes)
o  Arab pangenome reference
o Japanese and Saudi Arabian pangenome
o etc.

® Human Pangenome Project

o Federated alliance of international genomic
partners

o  Pangenomic software ecosystem and broad user

D 3 .
base 5 w,-% Global Alliance
o  Facilitate educational outreach and capacity ;"\‘:\% for Genomics & Health

building QN

Collaborate. Innovate. Accelerate.



Outlook

e Lack of diversity &
representation not
specific to the Human
Genome Project

Individuals in GWAS (millions)

8

(%)
o
!

Population

European

East Asian

South Asian/other Asian
African

Hispanic/Latino

Greater Middle Eastern
Oceanic

Other
Multiple

T 1 U

2006 2008 2010
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2014 2016 2018 Present

Martin et al, Nat. Genet. (2019)
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Thank you!
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