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* Three courses
* NGS, bioinformatics and genomic medicine (Genom7009)
* Principle of Statistical Genetics & Genome Data Interpretation (MOLMED7017)
e Fantastic Genomic Biomarkers and Where to Find Them (Genom7019)

* Industrial-academic Cooperative Project (NSTC)

e Establishment of an analysis pipeline for tumor tissue whole genome mutation profile
(Taiwan Al Labs, 110-2622-B-002-012)

» Utilizing FDA sequencing quality control materials to standardize tumor whole-genome
mutation profile (Taiwan Al Labs, 111-2622-B-002-012, 112-2622-B-002 -012)

* Benchmarking Long-Read Whole Genome Sequencing Analysis Workflow to Improve
Molecular Diagnosis of Genetic Diseases (Blossom Bio, 114-2622-B-002 -009)



Learning Outcomes

* Human Genome Reference(s)

* Variant identification  m
* Single Nucleotide Variant (SNV) sl LJ . .
* Small Insertion/Deletion (INDEL)
e Structure Variant (SV)
e Others

 VVariant Annotation(s)

* Functional Consequence
* Predicted Effect
* Pathogenicity & Clinical implications

e State of the art human genome research

2025-11-05
#3192268



46,425,255 v.s. 30.73

Cost per Human Genome

$100,000,000

$10,000,000

Moore’s Law

$1,000,000

$100,000

$10,000
N I H National Human Genome
Research Institute

genome.gov/sequencingcosts

$100

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
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Next Generation Sequencing (NGS)

WGS

Whole genome sequencing

ANYALY

read read read

read read

B Sequencing region:
whole genome

B Sequencing depth:
>30X

m Sequencing feature:
covering everything,
identify all kinds of
variants including SNP,
INDELs, CNV and SV.

2025-11-05
#3192268

Whole exome sequencing

read read
read read
read read

ﬁ Sequencing region: \

whole exome

B Sequencing depth:
>50X~100X

m Sequencing feature:
identify all kinds of
variants including SNP,

INDELs and SV in coding

\ region. /

TPMI
Genotyping SNP array

Targeted sequencing

GV

read read read
read read read

read read read
read read read

ﬂ Sequencing region: \ [ \

customized regions ®  Genotyping region:
Alocus in a linkage block

¥ Depth: NA

®  Features: phenotype-
associated linkage blocks

® Sequencing depth:
>500X

m Sequencing feature:
identify all kinds of

variants including SNP, ®  Some known pathogenic

INDELs, CNV and SV in

\ specific regions.

/ \variants /

http://www.genomesop.com/somatic-mutations/
https://www.illumina.com/techniques/popular-applications/genotyping/whole-genome-genotyping.html




New

iPhone 17 Pro

Innovative design for ultimate
performance and battery life.

From $1099 or $45.79/mo. for 24 mo.22

Learn more Buy >

2025-11-05
#3192268

WGS cost v.s. value

New

iPhone Air

The thinnest iPhone ever.
With the power of pro inside.

From $999 or $41.62/mo. for 24 mo.2

Learn more Buy >

New

iPhone 17

Even more delightful.
Even more durable.

iPhone 16

Amazing performance.
Durable design.

From $799 or $33.29/mo. for 24 mo.x2

Learn more Buy >

From $699 or $29.12/mo. for 24 mo.22

Learn more Buy >

6
https://twitter.com/AlbertVilella/status/1612777491373899779
https://www.apple.com/shop/buy-iphone



Genome-wide association study (GWAS)
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The world’s most valuable resource is no longer oil, but data
(The Economist, 2017)

Blobank N (goal)
CARTaGENE biobank'"® 43,000

All of Us® 1,000,000
Million Veteran Program® > 600,000
The Mexico City Prospective Study™ 150,000
deCODE Genetics 500,000
UK Biobank™ 500,000
Avon Longitudinal St of Parents > 15,000
and Children (ALSPAC

Lifelines Biobank'" > 167,000

Danish National Biobank™’

HUNT - Nord-Trondelag Health Study'® 125,000

Biobank Sweden
FinnGen 500,000
Estonian Biobank'# 52,000
Project 10K 10,000
Saudi Blobank 200,000
Qatar Biobank'** 60,000
China Kadoorie Biobank”' > 500,000
Guangzhou Bicbank 30,000
BioBank Japan'® 200,000
: ' -y - . ' Korea National Biobank of Korea’ 500,000
Y v | P ‘ Taiwan Taiwan Biobank'™® 200,000

8
2025-11-05 @ '
#3192268 Smadar Shilo et al., Nature Medicine (2020)



Next Generation Sequencing (NGS)

* Sanger: DNA is fragmented, then
cloned to a plasmid vector

* High-resolution electrophoretic
separation within one of 96 or 384
capillaries in one run of a
seguencing instrument.

* NGS, adaptors are ligated to
fragmented genomic DNA, which
turns to an array of millions of
spatially immobilized PCR colonies

* A single microliter-scale reagent
volume can be applied in parallel.

2025-11-05
#3192268

a DNA fragmentation b DNA fragmentation

— ) pom— — == ——

w ] m— ] w — ] —
= [ ] — = — [ —
‘.,\ _) (-] = _ .\ _> [==-emeemec] | e— I

S gomm— — pom— S e = (mm——

= -] 'Vh

'Q — = = — — = [—]
— e = ~ PE— \E— —

In vitro adaptor ligation

In vivo cloning and amplification

==
=

Generation of polony array

Cycle sequencing
3-... GACTAGATACGAGCGTGA...-5' (template)

5-... CTGAT /() (primer)

...CTGATC }3
| ...CTGATCT o

...CTGATCTA Je)
...CTGATCTAT ,
...CTGATCTATG ,O
...CTGATCTATGC o)

Polymerase ...CTGATCTATGCT p

dNTPs ...CTGATCTATGCTC

Labeled ddNTPs  ...CTGATCTATGCTCG 2

Electrophorsesis
(1 read/capillary)

Cyclic array sequencing
(>106 reads/array)

Cycle 1 Cycle 2 Cycle 3
G
—C Q 0 0
[— | ’ o
[ — [0 \ | i
—CT; —>» [11 | f\ ©
=} * © ©
—C What is base 1?7 What is base 27 What is base 37

9

https://www.nature.com/articles/nbt1486



a. PacBio SMRT sequencing b. ONT sequencing

Template topology Template topology A with adaptor and
SMRT bell template Polymerase MotoEprotein DNA template:
-~ SMRTbell library preparation: 1111 | I(I | Adapters tagged with motor
| | | I | I | | I I | | | | | | | WO\ Hairpin adapters are ligated protein are ligated onto
- to both of the ends of the polynucleotides

template DNA which creates
a single-stranded circular

Flow cell top view DNA Flow cell top view Synthetic membrane

Several ZMW cells with

Cany ® _ C &
o o= o immobilized DNA and
o . . o polymerase at their base
(\\O ° Oy —

Single Zero Mode Waveguide (ZMW)

Top Fluorescent dNTP o
Sequencing involves the Seguencwtl)g is ln"fligfeg by the
r iti i i adapter being guided to an
g adf;ﬂgﬂe%fé’ g—?gemf"y Motor protein — avaFi)IabIe po?e.gThe motor
— Polymerase fluorescence of each of the Electric protein then attaches to the
different ZMW is then Nanopore current pore, where ;;c enzym;tif:ally
recorded. Sepal’atest e strands into
Bottom Bottom template and
G complementary strands.
Readout Readout
>
% - |
e < ONT output is a change
3 ‘ = in the current across the
[T .
g8 ‘ r\m"i c synthetic membrane
g | il ' - & _ which corresponds to a
E - r y r § particular k-mer that can
= Time (seconds) = — be used to deduce the
SMRT output is the fluorescence AGTCCCTGAATCGA sequence 10
2025-11-05 pattern in the ZMWs Time (seconds)

#3192268 Josephine B. Oehler et al., (2023) Human Genomics



https://humgenomics.biomedcentral.com/articles/10.1186/s40246-023-00522-3

Germline short variant discovery —
Which human genome reference should be used?

Raw SNPs + Indels [T 1l
Raw Unmapped Reads
uBAM or FASTQ
1

1
[ Map to Reference ]

4 =)

Filter Variants
1

Refine Genotypes
|

Annotate Variants |

v

‘ Analysis-Ready [ 1 \

o ‘ Analysis-Ready Reads \ ‘J
1

Call Variants Per-Sample

L.

HaplotypeCaller in GVCF mode

L[ Consolidate GVCFs ]J
|

s N

Joint-Call Cohort

Evaluate Callset

Raw SNPs + Indels [ 1
‘x{r /| “"'""' [ Troubleshoot ] [ Use in pro]ect]

Raw Mapped Reads

—H -

Mark Duplicates
1

Recalibrate Base
Quality Scores

Analysis-Ready Reads

1
-

11
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#3192268 https://gatk.broadinstitute.org/hc/en-us/articles/360035535932-Germline-short-variant-discovery-SNPs-Indels-



Whose DNA Makes Up the Reference Genome?

P .

W NTE o -~ =2+ Blood (female) and sperm (male)
1y e Tionianan ik sty A D e ook, LtidlA sam ples from many VOIU nteers in
20 Volunteers 5
lo participate in the ; B Uffa IOI NY
it Human Genome Project i
. a very large international scientific research effort. : © >7O% Of th e refe rence
The goal is to decode the human herediaay information (uman suepriny vurieier. | S€NOMeE produced by the public HGP
. mines all individual traits inhented from parents. The outcome of the project will : .
:gve (rem;;ddous impact L:phfu(\:j(e progress of medical science and iead to improved came frO M a Sin g I e ano ny MOuUS Ma I e
iagnosis treatment of hereditary diseases. 4 ‘
3 Volunteers will receive information about the project from the Clinical Genetics ?} d onor frO m B Uffa |O, NY
£ Serv?'ce at Roswell Park. and sign a consent form before participating. :

No personal information will be mainiained or transferred. i : ~ 9
,‘ Volunteers willp::ovideao‘:::;e doration of a small bl(::.:pccumen. A smalt 1 * Human genome Slze ( 3.23 X 10 bp)
~* WGS data size (30X, 200Gb)

't monetary reimbursement will be provided to the participants for their tme and effort.

[ndividuals must be at least 18 years ot age.
Persons who have undergone chemotherapy are not eligibie.

y 4~

WE Fa1 more informatin please conwct the §8

Clinical Genetics Service 2

W 845-5720 (9:00 am - 3:00 pm) L2
CANCIR INSTITUTL March 24 - 26. 1997 fai

’l':-.n.l..A R N L T R
RINIVO PR ot L D M tnis A Ao e M ey v e PN YA AL LN A VN P L G

* Genetic Variations/Variants

12

https://www.genengnews.com/insights/incomplete-genomics-adding-new-sequences-to-the-reference-genome/
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Genome Reference Consortium

. . . 1 2 3 4 5 6 7 8 9 10 11 12 13

* Main Builds (major) [ 3! @ A e

« GRCh37 (Feb 27, 2009) " ” B B ‘. E; éi E: ‘

+ GRCh38 (May 07,2014) 1R B BB B : (B g, e
e Patches (minor) 1 « gj B 8i O

+ GRCh37.p13 (June 28,2013) ' Ba

° GRCh38.p13(March 01,2019) 14 15 16 17 18 19 20 21 22 X Y

* GRCh38.p14 (February 03, 2022) E: E! B’ Ei EZ B; . lai :E
* Contigs (o1 == {585 0 .

g

e GRch39? Telemore-to-Telomere?
* Genome graphs?

k| Region containing allernale loci

® Region containing fix palches

° Personal Genome Assembly ® Region conlaining novel palches

Ideogram of the latest human assembly, GRCh38.p14

15
2025-11-05 ) )
#3192268 https://www.ncbi.nlm.nih.gov/grc/human
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TGGcG-ACYHET TGGCG-ACATTT

(T2T) consortium

=1alalo Slalo=ls RsF-10s- 1o RilIE C G T G-A G-°C-A C-A C G'T G°A G-C A C-AC

in the remaining gaps and

produced the first truly

G°C AGC CATATGC AGCCA AT ATG

P G°C C A G'T A

complete human genome IR EEE TE L YWY B

TaecGe-aAcATEGGCG-ACATTT

sequence.

CGT G°AG°CACACGTGAGCACAC
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2025-11-05
#3192268

Flavor

Name

Unplaced
contigs

GRCH GRCh37 No canonical No canonical i Mitomap, -
name name ——— dsui.)u.ted
convenmnence
Chromosome
names start by
UCSC | GRCh37 h chrUn_gi000 | <r1-0I000 | ch6_apd_ | nc_oo1807 “chr”
g9 212 1_random hap1 = x x PAR regi
= P (from build 36) regions on
chrY are hard
masked
Ensembl API
NC_0129201
v P e e
Ensembl 3 | Meme=ee=e | GLOO02M1 | GLOOOISN x E—— x x ey mye mye
P Ch3775.dna prima " o
—r—— Sequence (fCRS) and "MT"
gz
hs37
AR W Va7 NC_012920.1
genomes | GRCh37. BiK_V ) ) " b0 22" X"
project 4 b37 GL000211.1 | GLO00191.1 x eves Gmaness x x St
phase | &
human_glk_v37.fas (CRS)

wege

https://bioinfo-diag.fr/wp-content/uploads/2019/10/BioinfoDiag_2019_EAY.pdf
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Unplaced

Unlocalized Altemate

contigs contigs loci
000 | oo I NC_012920.1 pseudo-autosomal
’ b37+deco : hs37d5 | regionsare
SRS Y | 61000211.1 | GLO00191.1 x BeadConbiie: | MO0 " ———
pl'OjeCt p4 Reference Sequence 7605 SS
+herpes chromosome
phase Il (rCRS)
hs37d5 2. g2
lllumina hg19 without
MiSeq unplaced/unlocaliz
Reporter hg19 hg19 NC—%?S” ed contigs nor
' x x x - y x x alternate loci
BSO
Revized Cambnrcge unplaced/unlocaliz
lon Torrent hg19 hg19 x x x - . x x ed contigs nor
(rCRS) alternate loci
NC_0129520.1
GRCh37.
GATK decoy Revized Cambroge hs37d5 | "1 to "22", "x",
Bundle p2 e P R x Reference Sequence x sS "Y" and "MT"
(rCRS)

2025-11-05
#3192268

https://bioinfo-diag.fr/wp-content/uploads/2019/10/BioinfoDiag_2019_EAY.pdf
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Human Genome Reference(s)

GATK reference type B37 HG19 GRCh37(GRC)
human_g1k_v37
(.fasta) file/MD5 human_gilk_v37_decoy ucsc.hg19
1b22b98cdeb4a9304cb5d48026a85128 |1 chr1 chri
a0d9851da00400dec1098a9255ac712e |2 chr2 chr2
23dccd106897542ad87d2765d28a19a1 |4 chr4 chr4
1fa3474750af0948bdf97d5a0ee52e51 |Y
6743bd63b3ff2b5b8985d8933¢c53290a [NC 007605
c68f52674c9fb33aef52dcf399755519 MT chrM
fdfd811849cc2fadebc929bb925902e5 |3 --
1e86411d73e6f00a10590f976be01623 |---- chrY chrY
641e4338fa8d52a5b781bd2a2c08d3c3 |---- chr3 chr3
d2ed829b8a1628d16cbeee88e88e39eb |---- chrM

https://gatk.broadinstitute.org/hc/en-us/articles/360035890711-GRCh37-hg19-b37-humanG1Kv37-

Human- Reference- Discrepancies



Mapping rate & Contigs

* A comprehensive assessment of somatic mutation detection in cancer
using whole-genome sequencing, Nature Communications (2015)

Reads (control + tumor) Minutes

Total Aligned Uniquely aligned CPU time M:iI:?ciang M?:feing
pareg | 2STO00 | q2sEI0n | 2083658 | 00510009
b37 Z}fgg-‘fi?" 2‘(’97612;;73*)‘8 1?99557‘14§§2 92517.7 (116.6 %)
ngror | 152799500 | 20sseods | 1990780196 | ggg ;430 65

Supplementary Table 16. Comparisons of reference genome build versions on alignment rates and
alignment times. (All mapping was performed with Novoalign2.) Using a larger reference genome build
leads to higher mapping rates and shorter mapping times.

18
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Tiny dots

3% of genes were
not discussed by

any publications.

DEEP
IMPACT

The 19,757 genes that encode proteins
are arranged according to their

2025-11-05
#3192268

The gene ADRA1A is
targeted by 99 different
drugs, 5% of all those
approved. It is the subject
of just 130 publications.

TNF is associated
with 160 known
diseases, the most
of any gene.

Superstar genes

&

Information bias

19
212 | Nature | Vol 590 | 11 February 2021




Human Pangenome Reference Consortium (HPRC)

Previous human genome reference

New human genome reference(s) ' l! lil—rrmww Hl-ﬁ
EHEREEHERITIIR S
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The reference genome hash tables

Assembly Type Reference Genome Hash Table File Name Major DRAGEN 38 39 310 40 42 43 44
Version
Hash Table 8 8 8 8 9 10 1
Version
hg38 Pangenome (Graph) Homo sapiens [1000 Genomes] hg38 v5 Pangenome hg38-alt_masked.cnv.graph.hla.methyl_cg.rna-11-r5.0-1 1 v
reference
Homo sapiens [1000 Genomes] hg38 v4 Multigenome hg38-alt_masked.cnv.graph.hla.rna-10-r4.0-1 10 v
Homo sapiens [1000 Genomes] hg38 v3 Multigenome hg38-alt_masked.cnv.graph.hla.rna-9-r3.0-1 9 v
Homo sapiens [1000 Genomes] hg38 v2 Multigenome hg38-alt_masked.cnv.graph.hla.rna-8-r2.0-1 8 v v
Homo sapiens [1000 Genomes] hg38 alt-masked Multigenome hg38_alt_masked+cnv+graph+rna-8-r1.0-1 8 v
Homo sapiens [1000 Genomes] hg38 alt-aware Multigenome hg38_alt_aware+cnv+graph+rna-8-r1.0-0 8 v v v
Linear reference Homo sapiens [1000 Genomes] hg38 v5 hg38-alt_masked.cnv.hla.methyl_cg.methylated_combined.rna-11- " v
r5.0-1
Homo sapiens [1000 Genomes] hg38 v4 hg38-alt_masked.cnv.hla.methylated_combined.rna-10-r4.0-1 10 v
Homo sapiens [1000 Genomes] hg38 v3 hg38-alt_masked.cnv.hla.rna-9-r3.0-1 9 v
Homo sapiens [1000 Genomes] hg38 methylation v3 hg38-alt_masked.methylated_combined.methylation.seed_len27-9- 9 v
r3.0-1
Homo sapiens [1000 Genomes] hg38 v2 hg38-alt_masked.cnv.hla.rna-8-r2.0-1 8 v

21
2025-11-05
#3192268 https://sapac.support.illumina.com/sequencing/sequencing_software/dragen-bio-it-platform/product_files.html



@ Blood Skeletal
\ (n=283) ) Muscle
(n=11)
A\ @ Fibroblasts (@) @ iPSC
oxa.  (n=66) (n=8)
¥ ® Derived
(4 ® @ PBMCs g
316 participants &~ @19 (a=6)
386 samples
47%
23% neurological
| 12%
other
204 musculoskeletal
affected
individuals
i , 3
3% 12%
rheumatology 7% immunology
cardiovascular
2025-11-05
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Impact of genome build on RNA-seq
interpretation and diagnostics

RNA Sequencing

Align

Filter out optical duplicates
Filter to uniquely mapped reads

Quantify
expression levels

Quantify splice
junction usage

Outlier calling
Blood & Fibroblast

Outlier consistency
Blood & Fibroblast

ng19 v hg3s

# Distinct Genes

Annotation-specific Differential Build-exclusive gene
gene expression quantiﬁcation exprgsswn
All tissues All tissues All tissues
—— —_——— no
= anngtc;tion == ~ =X expression
S I e A F
Annotation Differentially Build
Specific Quantified Exclusive
1500 4 1341 (348%)
1000 A
. 540 (46%)
e B || 5
0 - — e
hg19 vs. hg38 vs. hg19 vs. hg38 vs. hg19 vs. hg38 vs.
hg38 chm13 hg38 chm13 hg38 chm13

Medical Relevence l *Medically Relevant

Uncertain

(OMIM, ClinVar, COSMIC, Open Targets)

22

Rachel A. Ungar et al., AJHG (2024)




General

fastp version:

sequencing:

mean length before filtering:
mean length after filtering:
duplication rate:

Insert size peak:

Before filtering
total reads:

total bases:

Q20 bases:

Q30 bases:

GC content:

After filtering
total reads:

total bases:

Q20 bases:

Q30 bases:

GC content:

2025-11-05
#3192268

FastP report example

0.23.2 (https://github.com/0OpenGene/fastp)

paired end (150 cycles + 150 cycles)
150bp, 150bp

143bp, 143bp

34.004816%

151

843.667924
126.550189
122.663198
116.997262

(96.928499%)
(92.451274%)

o o o =

51.848360%

827.131766
118.758132
115.863008
111.022069
51.843828%

(97.562168%)
(93.485867%)

o o o =

quality

Read percent (%)

40

39

38

37

36

35

34

33

0.6

0.4

0.2

Insert size distribution (14.149588% reads are with unknown length)

0o 50 100 150 200 250

Insert size

A

M— — T
38.8035 [ W
S c _ ¢
mean —— mean
6.

38.2646 § A
~

BIJ

31

20 40 60 80 100

120 m 140
position 23

https://github.com/OpenGene/fastp?tab=readme-ov-file#fexamples-of-report



Read Mapping and Reference Genome

Sequencing lengths available

NGS Single End  (50-300,lllumina)

NGS Paired End (2*75-300, total 150-600bp, lllumina)

] [
Long Read (>10 000, no fixed upper limit)
|

Assembling genome de novo

(A) Correct assembly with short reads

(B) Uneven coverage results in missing regions

2025-11-05
#3192268

(C) Repetitive regions can erroneously be collapsed

e ><

(D) Paired-end reads anchor repetitive sequences in unique
flanking regions, providing the insert size is sufficient insert

(E) Long reads bridge regions, high error-rates

(F) Short reads can correct base calls of long reads

24

Trends in Parasitology, May 2017, Vol. 33, No. 5 http://dx.doi.org/10.1016/j.pt.2017.01.009



Read Mapping and Reference Genome

Alignment to the Reference Sequence

Sequencing lengths available

NGS Single End  (50-300,lllumina)

=5
NGS Paired End (2*75-300, total 150-600bp, lllumina) — —
B I i |
Long Read (>10 000, no fixed upper limit) pr——8
e Referance = L]
Assembling genome de novo
| & & & & B ! & ! 1 & B B | ==—r—————==—=<§=——— 1
I N N I I e s e . 5P B |
8 BN N I B B B 1 B B B | ) S EEESSSsS..
(A) Correct assembly with short reads (E) Long reads bridge regions, high error-rates

= = =1 = = =

T B . = | —— e = e ——

— T L T . - - S ———— S — ) O ——
(B) Uneven coverage results in missing regions (F) Short reads can correct base calls of long reads

25
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Alignment Map (mapped reads)

e Sequencing Alignment Map (SAM), filename.sam

e Text format for human to read
* Very Large

* Binary Alignment Map (BAM), filename.bam

e Binary format for computer to read
* View by Samtools (samtools view Filename.bam)
* Large

 Compressed Reference Alignment Map (CRAM), filename.cram

* 30%~60% smaller than BAM
* For long-term storage (with reference)

e Cost vs. Informative

* uBAM: unmapped BAM, which holds unmapped read data (meta data)
 Aligned and un-aligned reads in SAMBAM/CRAM

* The Global Alliance for Genomics and Health (GA4GH)

https://samtools.github.io/hts-specs/
https://learn.gencore.bio.nyu.edu/ngs-file-formats/sambam-format



Sequencing Alignment Map (SAM)

RECORDS containing structured read information (1 line per read record)

read name position CIGAR read sequence metadata

\

SLX1:1:127:63:4 99 1 10L52169 60 23M6N1OM = 14 10 GAAGATACTGGTT 768832'48:::: SM:Z:JPTGBMNO1 ..

l

flags MAPQ mate quality scores
information

The alignment map presents the information for each read against reference genome
Are these fragments aligned?

What is the mapping quality?
Is there any unmapped fragment?
Other information such as duplication, read-pair, etc.

2025-11-05 https://gatkforums.broadinstitute.org/gatk/discussion/11014/sam-bam-cram-mapped-sequence-data-formats
#3192268 https://warwick.ac.uk/fac/sci/statistics/staff/academic-research/nichols/presentations/ohbm2014/imggen/Nho-ImgGen-WGSeqPractical.pdf



SAM Format - CIGAR

Coor 12345678901234 5678901234567890123456789012345
ref AGCATGTTAGATAA**GATAGCTGTGCTAGTAGGCAGTCAGCGCCAT
+r001/1 TTAGATAAAGGATA*CTG

+r002 aaaAGATAA*GGATA

+r003 gcctaAGCTAA

+r004 ATAGCT.............. TCAGC
-r003 ttagctTAGGC

-r001/2 CAGCGGCAT

The corresponding SAM format is:!

2025-11-05

@HD VN:1.5 SO:coordinate
@SQ SN:ref LN:45
r001 99 ref 7 30|8M2I4M1D3M|= 37 39 TTAGATAAAGGATACTG =*

r002 0 ref 9 30 3S6M1P1I4M * O O AAAAGATAAGGATA -
r003 0 ref 9 30 556M * 0 0 GCCTAAGCTAA *
r004 0 ref 16 30 6M14N5M * 0 O ATAGCTTCAGC *
r003 2064 ref 29 17 6HS5M * 0 0 TAGGC *
r001 147 ref 37 30 9M = 7 -39 CAGCGGCAT * NM:i:1

SA:Z:ref,29,-,6H5M,17,0;

SA:Z:ref,9,+,556M,30,1;

28

#3192268

From The SAM/BAM Format Specification Working Group
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#3192268

SAM Format - CIGAR

@HD VN:1.5 SO:coordinate
@SQ SN:ref LN:45

r001 99 ref 7 30[8M2I4M1D3M|= 37 39 TTAGATAAAGGATACTG *
r002 0 ref 930 3S6MIPiI4M * O O AAAAGATAAGGATA
r003 0 ref /9 30 5S6M * 0 O GCCTAAGCTAA * SA:Z:ref,29,-,6H5M,17,0;
r004 16 30 6M14NSM  * O O ATAGCTTCAGC *
Op BAM Description
M 0 alignment match (can be a sequence match or mismatch)
I 1 insertion to the reference
D 2 deletion from the reference
N 3 skipped region from the reference
S 4 soft clipping (clipped sequences present in SEQ)
H 5 hard clipping (clipped sequences NOT present in SEQ)
P 6 padding (silent deletion from padded reference)
= 7 sequence match
X 8 sequence mismatch

29

From The SAM/BAM Format Specification Working Group



BAM

* BAM is the compressed binary version of the Sequence
Alignment/Map (SAM) format

* A compact and index-able representation of nucleotide sequence
alignments.

* Indexed BAM is that only the portions of the files needed to display a
particular region are transferred to UCSC.

* View by Samtools (samtools view Filename.bam)

30
2025-11-05

#3192268



Alignment Map (mapped reads)

 Compressed Reference Alignment Map (CRAM), filename.cram

* 30%~60% smaller than BAM
* For long-term storage (with reference)

e Cost vs. Informative

* uBAM: unmapped BAM, which holds unmapped read data (meta data)
 Aligned and un-aligned reads in SAMBAM/CRAM

* The Global Alliance for Genomics and Health (GA4GH)

https://samtools.github.io/hts-specs/
https://learn.gencore.bio.nyu.edu/ngs-file-formats/sambam-format



sequence reads

CRAM Format

reference
sequence

mapped / \
reads B
— — unmapped
[ [ ) .[ [ Il‘ ) : reads
| ——
% i) de-novo| ... ..
. assemble ii) align
Q‘ 0
« ‘o
. %
s
‘s‘ 0@0 5 l I
R additional
R “reference(s)”
‘4
2025-11-05

#3192268

| 10 20 30
| | | |
ACGATCTTAATGCCTTACTTGTT--GG-CATTC reference
ATCGTAAT===TTAC
ATGCCTTACTTGT mapped
reads
ACTTGTTATGGCC
Position Strand Substitutions Insertions Deletions
4 - 4-G none 5-3
6 + none none none
7 + none 8-AT 4-C none
32

Markus Hsi-Yang Fritz et al. Genome Res. 2011;21:734-740



CRAM & uBAM

 CRAM files are smaller by taking advantage of an additional external
"reference sequence" file.

* |t is an expectation that the checksum of the reference sequence used to
create the CRAM will be in the CRAM header.

« CRAM is a fundamental part of the GA4GH suite of standards.
(Ewan Birney, Director of EMBL-EBI)

Tutorial #6484:
Generate an unmapped BAM from FASTQ or aligned BAM

Option A Option B

FASTQ aligned BAM

FastqToSam RevertSam

uBAM

https://genome.ucsc.edu/goldenPath/help/cram.html

2025-11-05
#3192268 https://www.gadgh.org/cram/



https://genome.ucsc.edu/goldenPath/help/cram.html

Genetic variant calls

SNVs

Indels Structural Variant
1 bp <50 bp >50 bp
Single Nucleotide . . Tandem
. Deletion Insertion L
Variant Duplication
e | | B 4 o ——— e b 4
—ain— = ——— ————
Interspersed . . Copy Number
L Inversion Translocation .
Duplication Variant
— . —p —— — > Ll >
——— —— —— — > —HE EN EN EN EE >
Types of Variant
34
2025-11-05
#3192268

https://www.pacb.com/applications/whole-genome-sequencing/variant-detection/



Learning Outcomes

* GATK Best Practices: Variant Calling

* HaplotypeCaller
* Mutect2
e Variant Calling Format (VCF/GVCF)

* GATK Best Practices: Quality Control

e Variant-level
* Subject-level



Variant Discovery: Seqeuncing Error
PCR error/Sequencing error/True Variant?

— . —— PCR Error?
- . . k3l
= — == o (<]
fx) - e .
y . S =S Sequencing
- - - ot Error?
- . .. o )
=3 _ E—3 o o =3 f-————1 =
Error correction and
consensus read construction
__ True Variant
//
2 . )
- e = - s W \«-/

36
2025-11-05

#3192268 https://www.takarabio.com/about/bioview-blog/tips-and-troubleshooting/using-umts-in-ngs-experiments



Variant Discovery

* To assign a genotype for each genetic locus (position)

* To determine/validate whether a genetic variant is ture or not
* To determine TRUE genetic variant from artifacts

* It’s difficult to distinguish by viewing bam files

* Issues: (experiment/analytic aspects) — —— — =
* PCR artifacts —— —— =
e Mismatches in PCR cycles = elerence
* PCR duplicates l
¢ Sequencing Errors s et % After marking duplicates, the GATK will only see :
 erroueous calls (random?) (bad) — — ——
* Mapping Errors | T ——

» often happens in low-complexity regions

... and thus be more likely to make the right call

https://www.um.edu.mt/__data/assets/pdf_file/0009/289422/VariantCalling.pdf



* PCR error

* Sequencing error
* Homopolymers
* Mapping error

 Reference error

2025-11-05
#3192268

Sources of Error

Reading error
Single base error

ccatg -> ccnng
ccatg -> ccttg

* Homopolymer errors
aaaaatg -> aaaa-tg

* Insertion ccatg -> ccatcg aaaaaatg
* Deletion ccatg -> cc-tg aaaaatag
Sequenci Synthesis

Several errors:
Few errors,per cluster ambiguous call

R s

Bl 'l cle i
\l!"!'Il | | FlH!I /\'.. Cyw l;l”“ /
| nan = e/ 'H g /1

'.'.ﬁl ,ll‘ t H L l.;f,,‘. .( L IOA : 1,
A I \4."1 ./ *t..w. /
h," l({.‘. el M

A.s'ers ' ' l
‘ [
|
| | "

38



Mapping Error & Local Realighment

| N — l —— — !
Before | =
123456789012345/67 ==
AAGCCTTTTTTTTTGA e 2
After
12345(6(78901234567 |
AAGCC_ITTTTTTTTTIGA e == Mon

39
2025-11-05 4 S o A 3 I o
#3192268 DePristo MA, et al. A frame for variation discovery and genotyping using next-generation DNA sequencing data. Nat Genet. 2011 May;43(5):491-8. PMID: 21478889



Variant Discovery: Seqeuncing Error
PCR error/Sequencing error/True Variant?

SNV - true positive

2025-11-05
#3192268

E Sequencing

PCR error — false

Error correction and
consensus read construction

https://www.takarabio.com/about/b

error — false positive

positive

%

40

ioview-blog/tips-and-troubleshooting/using-umts-in-ngs-ex

pe

riments



2025-11-05
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Integrative Genomics
Viewer (IGV)

41

https://www.youtube.com/watch?v=E_G8z_2gTYM
James T. Robinson et al. Cancer Res 2017;77:e31-e34



B Mapping quality > 20 Mapping quality >0

A I iaatsiaaaaaEan)

BT EL TR

T

Color by = | T Mapping
i .
read strand 2 TR Sl quality
= = —— e
= ——— s i read with
i © i
B E del + SNV
i :
E746_R748del and | - right right
A750P &
J = left left
EGFR- =
L747 A750delinP E
42
2025-11-05 https://www.youtube.com/watch?v=E_G8z_2gTYM
#3192268 James T. Robinson et al. Cancer Res 2017;77:e31-e34



HaplotypeCaller (individual/cohort)

‘ Analysis-Ready Reads \

|
Call Variants Per-Sample

HaplotypeCaller in GVCF mode

l—[ Consolidate GVCFs ]—J

|
Joint-Call Cohort

GenotypeGVCFs

Raw SNPs + Indels

2025-11-05
#3192268

From https://software.broadinstitute.org/gatk/

B e ,
Identify ActiveRegions Assemble plausible haplotypes
LA TATGAAATTGGTATAGGCT i ¢ T - T o {5 e e
(JATGX — KAATK s (GGTATX _ XGGC T
A T G| A\, G (&)
A 5 3 G pruned
8 a - - TATGAAATTGGTATAGGCT
< T A
@ C) - A e A T A
— A7 6
T A (-bamOut) g ¥ é
A e
== :
- . - - f \
Determine per-read likelihoods (PairHMM) Genotype sample
A T A o A T @ .
- - - -> 0/0(0/1|1/1
A T a- , Al
? oy AllE
E L - C L G GLs + annotations
J . J
'IF"T‘:‘-E\ 43



Identify Active Regions

* To identify regions of the genomes
in which the samples being analyzed ( Identify ActiveRegions ]
show substantial evidence of
variation relative to the reference.

. . EITATGAAATTGGTATAGGCT
* Sliding window along the

reference (50~300bp)

 Count mismatches, indels and
soft-clips

* Trim and continue with Active
Regions over threshold

READS
Clelelfe] > > > >
e e e e 1 > e
>>>> > >h0A

NS J

44

2025-11-05
#3192268 From https://software.broadinstitute.org/gatk/



Re-assembly of the active region

* For each Active Region, the 3 Assemble plausible haplotypes R
program builds a De Bruijn-like
graph to reassemble the Active -~ ~ D
Region and identifies what are the @A H(A ATX A X(GGTAT ,.{'fé.'jjy,fgz);ifc‘; GCT
possible haplotypes present in the " pruned
data. TATGAAATTGGTATAGGCT

* The program then realigns each AT @
haplotype against the reference (-bamOut) @ @
haplotype using the Smith- \- /
Waterman algorithm in order to
identify potentially variant sites.

45

2025-11-05
#3192268 From https://software.broadinstitute.org/gatk/



Likelihoods of the haplotypes

* For each ActiveRegion, the program performs a pairwise alignment of
each read against each haplotype using the PairHMM algorithm.

* This outputs a score for each read-haplotype pairing, expressing the
likelihood of observing that read given that haplotype.

e 2
Determine per-read likelihoods (PairHMM)
A T A A T G
T a ?
A T @ 3
? By | ; -
g T A @ T Gl

. J

46
2025-11-05

#3192268 From https://software.broadinstitute.org/gatk/



Assign sample genotypes

* For each potentially variant site,

the program applies Bayes’ rule, Genotype sample
using the likelihoods of alleles
given the read data to calculate
the posterior likelihoods of each 0/0(0/111/1
genotype per sample given the
read data observed for that
sample.

1st base

* The most likely genotype is then
assigned to the sample.

3rd base

GLs + annotations

47
2025-11-05

#3192268 From https://software.broadinstitute.org/gatk/



HaplotypeCaller (in a nutshell)

ref

Reference = A

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA N=30, X=0 - RR
GGGGGGGGGEGGEGEGEEEEEEEEEEEEEEEGEEEGE N=30, x=30 - VV
AAAAAAAAAAAAAAAGGGGGGGGGGGGGEGEG N=30, X=15 - RV
AAAAAAAAAAAAAAAAGGGGGGGGGGGGCT N=30, X=12 - RV
AAAGGGCCTT N=10, Xx=3 - RV?

N = nucleotides

Cutoff for X — value or proportion
G = true genotype

c ¢=10% c.=30% X< c —- RR R = reference base
! $ e ! V = variant base
c,<X<c, —RV X = variant nucleotides
X2 ¢ - VV Outcomes:
RR RV VV

48

2025-11-05 '
#3192268 From GATK workshop



Deep Variant (2017~)

 DeepVariant transforms variant
calling task into an image
classification problem.

* Colors represent sequence/genotype
annotations

* A:atrueSNP

e B:adeletion on one chromosome,

e (C:adeletion on both chromosomes,

 D: afalse variant caused by errors.

2025-11-05
#3192268 https://opensource.googleblog.com/2017/12/deepvariant-highly-accurate-genomes.html



Complex variant(s)

Multi-Nucleotides Variant (MNV, dellns)
e Multi-allelic variant (left-aligned)

* MT variant Reference and aliemaiive  REF  GGGCACACACAGGG
alleles of a sho
tandem repeat (STR) ALT  GGGCACACAGGG
" CA deletion from the reference

e XY chromosomes

Genome Reference I Variant Call Format I
. | |
¢ Repeat expansion GGGCACACACAGGG | POS REF ALT
_ REF CA | 8 CA : I RS e
sebp ALT ; allele is empty
) T | eyl | REF CAC | 6 CAC C I Notleta igned
i ALT C I l b“:pa's monious
e REF GCACA I 3 GCACA GCA o
E746 R748del and ¢ ALT GCA
c!
A750P ! REF  GGCA |l 2 GG GG | Not et trimmea
gl ALT GG | |
\l/ = REF GCA [ 3 GCA G | Nomalized
< ALT G (left aligned
EGFR— i [ | & parsimonious)
ci
o cil
ci
L7 47 _A 7 5 Odel n P i § : Alleles represented against the human | Alleles represented in Variant Call Format, I
fet genome reference. Allele pairs are l all are representations of the same variant. |
= colored the same, all are representations
e N —— of the same variant. | |
== £ L R A l I
746 750 50
2025-11-05 James T. Robinson et al. Cancer Res 2017;77:e31-e34

#3192268 https://genome.sph.umich.edu/wiki/Variant_Normalization



VCF (Variant Call Format)

#CHR POS ID REF ALT QUALFILTERINFO  FORMAT NA12778
G A [CLIPPED] GT:AD:DP:GQ:PL :0,18:18:

* GT : The genotype of this sample at this site (A/A, homozygous)
e AD : Allele depth ( )

* DP : Depth of coverage (' )

* GQ : Quality of the assigned genotype (54, 10”(-5.4)~3.98x10°)

* PL : Normalized Phred-scaled likelihoods of the possible genotypes
* (0/0,0/1,1/1), the probability that the genotype is not correct
« PL(0/0) =676
e PL(0/1) = 54
 PL(1/1)=0

Calculation of PL and GQ by HaplotypeCaller and GenotypeC



VCF records the variants

ALL other regions are reference
homozygous variants ?

22222222



Breadth of coverage at 3x or 5x (bp)

Per-locus
depth of coverage

6x
5x
4x
3x
2X Short Read
1x Short Read smnm smnm . smmeu smnneau ] Shon Read
Exon 1 - Exon 2 ' i ami : Gene
: Chromosome i
Breadth of coverage at 3x: ) H— _
A+B : H 4 § § .
Exonl+Exon2+Exon3 B 5readth of coverage at 5x
J &
Exonl+Exon2+ Exon3

Only A region within Exon2 has
depth of coverage > 3X

53
2025-11-05
#3192268 WEScover: selection between clinical whole exome sequencing and gene panel testing. BMC Bioinformatics (2021)



Sequence coverage and error rates

== Reference genome
== Aligned NGS read

Equal coverage

reference allele

(~ 4x)  —
——F 5 ¥+ § Zero_reads _==_§=_§ O r
e e missing genotype?
Uniform ~=--7 Uneven
NGS read distribution
D
== Reference genome SNP detection
== Aligned NGS read
= True SNP
= ey Detected SNPs ------- >
- . | e
5 A [ — = ==
. \\ Detected SNP : ¥ T— 13
/ TCGTCAGTTCGACTA : : e
I e S @ S Sm— Sam—
' TTCGTCTGTTCGACT v | ==c==
ndetectod SNP | SEEEL TEEE. e e
Low/coverade  and Uneven read Increased coverage
9 distribution correcting errors and uneven distribution 54

2025-11-05
#3192268

@/

Jason M. Rizzo, and Michael J. Buck Cancer Prev Res 2012;5:887-900
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#3192268

Comparison of Exome Capture Kits

Exome-
Seq Kits

Agilent
SureSelect
XT2 Ve
Exome

Agilent
SureSelect
XT2 V5
Exome

IDT xGEN
Exome
Panel

lllumina
Nextera
Rapid
Capture
Expanded
Exome

Roche
Nimblegen
SeqCap EZ
Exome
v3.0

Targeted
Region

60 Mb

51 Mb

39 Mb

62 Mb

64 Mb

Number
of Probes

~758,086

~655,872

429,826

>340,000

>2,100,000

Probe
Type

biotinylated
cRNA baits

biotinylated
cRNA baits

biotinylated
DNA baits

biotinylated
DNA bait

biotinylated
DNA bait

Genomic
DNA
input
required

100 ng

100 ng

500 ng

50 ng

1ug

Adapter
addition

Ligation

Ligation

Ligation

Transposase

Ligation

Probe
Length
(mer)

120

120

not
described

60-90

Probe
Design

Non-
overlapping,
paired-end
reads used
to fill gaps

Non-
overlapping,
paired-end
reads used
to fill gaps

Non-
overlapping

Non-

overlapping
(adjacent to
each other)

Overlapping
baits

Price per
capture
(negotiable)

$270

$200

$250

$250

$600

Designed
on build

GRCh37
(hg19)

GRCh37
(hg19)

GRCh37

(hg19)

GRCh37
(hg19)

GRCh37
(hg19)

https://genohub.com/exome-sequencing-library-preparation/

Hybridization
time (hours)

16

16

24-48

72



d W Agilent

B NimbleGen

~ lllumina

ExXAC: 30.5~60 Mb (2016)
gnomAD: ~ 30.2 Mb (2020) (non-repetitive)
UKB: ~33.5 Mb (2021) (non-repetitive+flanking regions)

2025-11-05 #3192268

Human Exome Capture Regions

6e+07
5e+07
— 4e+07
— 3e+07
\ Total(bp)
. SeqCap_only 2e+07
Soac] 4y « Truseq_only
eqCap .
Truseq P \IDT_only 1e+07
: < ExXAC_only
ExAC
0e+00

56

Performance comparison of four commercial human whole-exome capture platforms (2015)
Lek et al. Nature (2016)



UCSC Genome Browser on Human (GRCh38/hg38)
move <<< << < > >> >>> zoomin 15x 3x 10x base zoomout 15x 3x 10x 100x

multi-region | chr22:42,125,635-42,132,022 6,388 bp. | gene, chromosome range, search terms, help pages, see ¢|| go | examples

22q11.21__ N q11.23 RPN 22012 2 IEZRIEE 22q13.1 |EZIERN 2291331 1333

chr22 (q13.2)
Scale 2 kb} | hg3s
' 1 - 1 - 1
U tun B Recenh a2 Prokos g b 1o derf~‘27~5°°| 42,128,000 ‘4‘?.128..500] 142.y129.ooo|v 4‘2 129, 500  42,130,000]  42,130,500|  42,131,000] 42,13
J - Xael EX0I e r t -
- . = jemiacza) O e l Em= s i o]
- . — 1 _— - _ ==
- - X :p~!":' X O e Res arch Pa o| | V1 .“-I'V*T' 2gions I
e E e = s - - - — . s
Roche - SeqCap EZ MedE» + Mito Capture Probe Foot
e U sy S | AF | — — Je— ool T
_ _____
Rocl Cap EZ MedExome + Mito EmpiricalfTarget Regions |
e —— I — e R  — T
Agilent - SureSelect Clinical Research Exome V2 Covered by Probes
S ] i [ s Y ot = ey E—
T
Agilent - SureSelect Clinical Research Exome V2 Tarqet Regions
[ ] L I | = [ ] oo T,
Agilent - SureSelect All Exon V7 Covered b‘f Probes
] = I N S—— — E— e
Agilent - SureSelect All Exon V7 Target Regions
EEERE M - Josiirrnact e — = =
Twist - Compreher e Ex el Target Regions
[l EE—— NN O & 4l frosa] for s}
Twist - Exome 2 'anel Target Regions
B VI UU D ) — L — | ||‘|— | — 1T Wiy 11— U001

| |

GENCODE V44 (2 |tems flltered out)

NDUFAS-DT <Kp>3->>>> — :
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

” NR_ ,NP *orYP_") - Annotatlon Release NCBI RefSeq GCF 000001405 40 RS 2023 _ 10 2023-10-11)

NCBI RefSeq genes, curated subset (NM
CYP2DB/NM_000106.6 -—ﬂ -
CcYP2D6/NM_001025161.3 il ] B

OMIM Allelic Variant Phenotypes
OMIM Alleles | | | | 1] |

OMIM Gene Phenotypes - Dark Green Can Be Disease-causin
OMIM Genes *

Gene Expression in 54 tissues from GTEx RNA-seq of 17382 samples, 948 donors (V8, Aug 2019)

P 57
2025-11-05 .}

#3192268 UCSC Genome Browser (Exome Probesets), CYP2D6



Bedtools intersect

S o
S
Pl
Q 4=  Aintersect B
L S
5o
4= o, Aintersect B
= (-wa)
A intersect B
(-v)
aiorren @ 2 FR N F & R BT 58
#3192268 i v IRSITUCE OF e . " https://bedtools.readthedocs.io/en/latest/content/tools/intersect.html



GVCF and Joint-Call VCF

Analysis-Ready Reads

1
Call Variants Per-Sample

HaplotypeCaller in GVCF mode

#CHROM POS ID REF ALT FILTER INFO FORMAT| NA12878

20 10000204 . A <NON_REF>. . END=10000210GT:DP:GQ:MIN_DP:PL ©/0:33:84:31:0,84,1260
20 10000211 . C T,<NON_REF> 326.77. BaseQRankSum=2,349;ClippingRankSum=-1.162;DP=35;
MLEAC=1,0;MLEAF=0,500,0.00;MQ=60.00; MQRankSum=0.623; ReadPosRankSum=0 152
GT:AD:DP:GQ:PL:SB ©/1:21.14,0:35:99:355,0.526 418.568,986:12.9.7.7

20 10000212 . A <NON_REF>. . END=10000216GT:DP:GQ:MIN_DP:PL ©/0:35:90:33:0,90,1350

Consolidate GVCFs
I

Joint-Call Cohort
GenotypeGVCFs

Raw SNPs + Indels [ 3

2025-11-05
#3192268

‘| #CHROM POS ID REF AL?MPILT!RMPMﬂWMMlzI

20 10800117 . C T 16€6.16 AC=4;AF=0.667 ; AN=6 ; BaseQRankSum=1.66;ClippingRankSum=8.340;DP=85;
FS=5.718;MLEAC=4 ;MLEAF=9.667;MQu=60.36;MQRankSum=1.45;QD=18.98; ReadPosRankSum=1.62; SOR=1.503
GT:AD:DP:GQ:PL ©/1:17,15:32:99:399,0,439 0/1:11,12:23:99:291,0,292 1/1:0,30:30:90:948,90,0

20 10000211 C T 1765.16 . AC#4;AF=0.667;AN=6;BaseQRankSum=2. 34;ClippingRankSum=-1.147e+00;
DP=97;FS=0.809 ;MLEAC=4 ;MLEAF=0 . 667 ; MQ=60 .00 ;MQRankSum=1.21;QD=18.58; ReadPosRankSum=@.152; SOR=08.831
GT:AD:DP:GQ:PL ©/1:13,10:23:99:243,0,341 ©/1:21,14:35:99:355,0,526 1/1:0,37:37:99:1199,111,@
20 10000439 T G 1982.13 AC=5;AF=0,833;AN=6;BaseQRankSum=1.31;ClippingRankSum=8.549;DP=103;
FS»0.000;MLEACSS ;MLEAF=©.833;MQ#=60.00; MORankSum=0.972;QD=19.82; ReadPosRankSum=1,56;SOR=0 . 839
GT:AD:DP:GQ:PL ©/1:18,12:30:99:208,0,455 1/1:0,29:29:86:795,86,0 1/1:1,40:41:99:1010,110,0

& .
https://gatk.broadinstitute.org/hc/en-us/articles/360035531812?page=1#comment_360012883712




Joint Calling

REF

* Sample #1 or Sample #N alone:
* weak evidence for variant
* may miss calling the variant

Sample #1

* Both samples seen together:
* unlikely to be artifact
* call the variant more confidently

#
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|
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©

©

Sample #N
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VCF example (QUAL/GQ/HQ)

##fileformat=VCFv4.3

##f£ileDate=20090805

##source=myImputationProgramV3.1
##reference=file:///seq/references/1000GenomesPilot-NCBI36.fasta

##contig=<ID=20,length=62435964,assembly=B36,md5=£126cdf8a6e0c7£379d618ff66beb2da, species="Homo sapiens",taxonomy=x>

##phasing=partial

##INFO=<ID=NS,Number=1,Type=Integer ,Description="Number of Samples With Data">
##INFO=<ID=DP,Number=1,Type=Integer,Description="Total Depth">
##INFO=<ID=AF ,Number=A,Type=Float,Description="Allele Frequency">
##INFO=<ID=AA,Number=1,Type=String,Description="Ancestral Allele">
##INFO=<ID=DB, Number=0, Type=Flag,Description="dbSNP membership, build 129">
##INFO0=<ID=H2,Number=0,Type=Flag,Description="HapMap2 membership">
##FILTER=<ID=q10,Description="Quality below 10">
##FILTER=<ID=s50,Description="Less than 50% of samples have data">
##FORMAT=<ID=GT,Number=1,Type=String,Description="Genotype">
##FORMAT=<ID=GQ,Number=1,Type=Integer ,Description="Genotype Quality">
##FORMAT=<ID=DP,Number=1,Type=Integer,Description="Read Depth">
##FORMAT=<ID=HQ,Number=2,Type=Integer ,Description="Haplotype Quality">
#CHROM POS ID REF ALT QUAL FILTER INFO

- Header

FORMAT NAOOO0O1 NA0O0002 NAOOOO3

20 14370 rs6054257 G A 29 PASS NS=3;DP=14;AF=0.5;DB;H2 GT:GQ:DP:HQ 0/0:48:1:51,51 1]0:48:8:51,51 1/1:43:5:.,.
20 17330 . T A 3 q10 NS=3;DP=11;AF=0.017 GT:GQ:DP:HQ 0]0:49:3:58,50 0|1:3:5:65,3 0/0:41:3
20 1110696 rs6040355 A G,T 67 PASS NS=2;DP=10;AF=0.333,0.667;AA=T;DB GT:GQ:DP:HQ 1]2:21:6:23,27 2|1:2:0:18,2 2/2:35:4
20 1230237 . T ) 47 PASS  NS=3;DP=13;AA=T GT:GQ:DP:HQ 0]0:54:7:56,60 0|0:48:4:51,51 0/0:61:2
20 1234567 microsatl GTC G,GTCT 50 PASS  NS=3;DP=9;AA=G GT:GQ:DP 0/1:35:4 0/2:17:2 1/1:40:3
\ ] J
Variant Genotype
information information
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VCF example (joint calling)

##fileformat=VCFv4.3

##f£ileDate=20090805

##source=myImputationProgramV3.1
##reference=file:///seq/references/1000GenomesPilot-NCBI36.fasta

##contig=<ID=20,length=62435964,assembly=B36,md5=£f126cdf8a6e0c7£379d618ff66beb2da,species="Homo sa

##phasing=partial

##INFO=<ID=NS,Number=1,Type=Integer ,Description="Number of Samples With Data">
##INFO=<ID=DP,Number=1,Type=Integer,Description="Total Depth">
##INFO=<ID=AF ,Number=A,Type=Float,Description="Allele Frequency">
##INFO=<ID=AA,Number=1,Type=String,Description="Ancestral Allele">
##INFO=<ID=DB, Number=0, Type=Flag,Description="dbSNP membership, build 129">
##INFO0=<ID=H2,Number=0,Type=Flag,Description="HapMap2 membership">
##FILTER=<ID=q10,Description="Quality below 10">
##FILTER=<ID=s50,Description="Less than 50% of samples have data">
##FORMAT=<ID=GT,Number=1,Type=String,Description="Genotype">
##FORMAT=<ID=GQ,Number=1,Type=Integer ,Description="Genotype Quality">
##FORMAT=<ID=DP,Number=1,Type=Integer,Description="Read Depth">
##FORMAT=<ID=HQ,Number=2,Type=Integer ,Description="Haplotype Quality">
#CHROM POS ID REF ALT QUAL FILTER INFO

20 14370 rs6054257 G A 29 PASS  NS=3;DP=14;AF=0.5;DB;H2
20 17330 . T A 3 q10 NS=3;DP=11;AF=0.017

FORMAT
GT:GQ:DP:HQ
GT:GQ:DP:HQ

20 1110696 rs6040355 A G,T 67 PASS  NS=2;DP=10;AF=0.333,0.667;AA=T;DB GT:GQ:DP:HQ

20 1230237 . T . 47 PASS  NS=3;DP=13;AA=T
20 1234567 microsatl GTC G,GTCT 50 PASS NS=3;DP=9;AA=G
|

GT:GQ:DP:HQ
GT:GQ:DP
] |

=
#*
=
o
£
®
n

Samples #...
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VCF example (Quality/RefHom)

##fileformat=VCFv4.3 .
##fileDate=20090805

##source=myImputationProgramV3.1

##reference=file:///seq/references/1000GenomesPilot-NCBI36.fasta
##contig=<ID=20,length=62435964,assembly=B36,md5=£126cdf8a6e0c7£379d618ff66beb2da, species="Homo sapiens",taxonomy=x>
##phasing=partial

##INFO=<ID=NS,Number=1,Type=Integer ,Description="Number of Samples With Data">
##INFO=<ID=DP,Number=1,Type=Integer,Description="Total Depth">

##INFO=<ID=AF ,Number=A,Type=Float,Description="Allele Frequency">
##INFO=<ID=AA,Number=1,Type=String,Description="Ancestral Allele"> i Header
##INFO=<ID=DB, Number=0, Type=Flag,Description="dbSNP membership, build 129">
##INFO0=<ID=H2,Number=0,Type=Flag,Description="HapMap2 membership">
##FILTER=<ID=q10,Description="Quality below 10">
##FILTER=<ID=s50,Description="Less than 50% of samples have data">
##FORMAT=<ID=GT,Number=1,Type=String,Description="Genotype">
##FORMAT=<ID=GQ,Number=1,Type=Integer ,Description="Genotype Quality">
##FORMAT=<ID=DP,Number=1,Type=Integer,Description="Read Depth">
##FORMAT=<ID=HQ,Number=2,Type=Integer ,Description="Haplotype Quality">

#CHROM POS ID REF ALT QUAL FILTER INFO FORMAT NA0O00O1 NAOO0002 NAOO0O03

20 14370 rs6054257 G A 29 PASS NS=3;DP=14;AF=0.5;DB;H2 GT:GQ:DP:HQ 0/0:48/:1:51,51 1]/0:48:8:51,51 1/1:43\:5:.,.
20 17330 . T A 3 ql0 NS=3;DP=11;AF=0.017 GT:GQ:DP:HQ 0/0:49/:3:58,50 0/1:3:5:65,3 0/0:41:3

20 1110696 rs6040355 A G,T 67 PASS NS=2;DP=10;AF=0.333,0.667; AA=T;DB GT:GQ:DP:HQ 1[2:21/:6:23,27 2]1:2:0:18,2 2/2:35:4

20 1230237 . T . 47| PASS NS=3;DP=13; AA=T GT:GQ:DP:HQ 0/0:/54/:7:56,60 0/0:/48[:4:51,51 0/0:61[:2

20 1234567 microsatl GTC G,GTCT |50 PASS NS=3;DP=9; AA=G GT:GQ:DP 0/1:35:4 0/2:17:2 1/1:403

| — & < |

Variant Quality Genotype Quality
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VCF for a family (FORMAT/INFO)

#itfileformat=VCFv4.2

##FORMAT=<ID=AD,Number=.,Type=Integer,Description="Allelic depths for the ref and alt alleles in the order listed">
##FORMAT=<ID=DP,Number=1,Type=Integer,Description="Read depth">
##FORMAT=<ID=GQ,Number=1,Type=Integer,Description="Genotype quality">
##FORMAT=<ID=GT,Number=1,Type=String,Description="Genotype">
##FORMAT=<ID=PL,Number=G,Type=Integer,Description="The phred-scaled genotype likelihoods rounded to the closest integer">
##INFO=<ID=AC,Number=A, Type=Integer,Description="Allele count in genotypes, for each ALT allele, in the same order as listed">
##INFO=<ID=AF,Number=A,Type=Float,Description="Allele frequency, for each ALT allele, in the same order as listed">
##INFO=<ID=AN,Number=1,Type=Integer,Description="Total number of alleles in called genotypes">
##INFO=<ID=DB,Number=0,Type=Flag,Description="dbSNP membership"> . e
##INFO=<ID=DP,Number=1,Type=Integer,Description="Combined depth across samples"> Ca l I ers pe C Ifl C FO RMAT an d IN FO
##INFO=<ID=FS,Number=1,Type=Float,Description="Phred-scaled p-value using Fisher's exact test to detect strand bias">
##INFO=<ID=MQ,Number=1,Type=Float,Description="RMS mapping quality">

##tcontig=<ID=chrM,length=16571,assembly=hg19>

##contig=<ID=chrl,length=249250621,assembly=hg19>

##contig=<ID=chr20,length=63025520,assembly=hg19>

##tcontig=<ID=chr21,length=48129895,assembly=hg19>

##contig=<ID=chr22,length=51304566,assembly=hg19>

##tcontig=<ID=chrX,length=155270560,assembly=hg19>

##contig=<ID=chrY,length=59373566,assembly=hg19>
#itreference=file:///project/GP1/u3710062/Al_SHARE/reference/GATK_bundle/2.8/hg19/ucsc.hg19.fasta

#CHROM POS ID REF  ALT QUAL FILTER INFO FORMAT Father Mother Son Daughter
chrl 10178 . G . 149.69 . AN=8;DP=89 GT:AD:DP 0/0:22:22 0/0:28:28 0/0:23:23 0/0:16:16
chrl 13178 . G A 7854.34 . AC=1;AF=0.125;AN=8;| GT:AD:DP:GQ:PL 0/0:30,0:30:29:0,29,856 0/0:40,0:40:85:0,85,1221 0/1:0,50:50:60:60,0,1511 0/0:41,0:41:22:0,22,1151
chr20 115365 . C T 1089490 . AC=2;AF=0.25;AN=8;D GT:AD:DP:GQ:PL 0/0:102,0:102:99:0,120,1800 0/1:12,5:17:92:92,0,299  0/1:14,5:19:85:85,0,361  0/0:60,0:60:42:0,42,1687

Filter variants by FORMAT & INFO columns
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QC(GATK) - Call-set refinement (VQSR)

* Variant statistics
* what the sequence context is like around the variant site
* how many reads covered it
* how many reads covered each allele
e what proportion of reads were in forward vs reverse orientation

Ti/Tv truth

e Known variants 2195 0
* Hapmap 2.063 99
* 1000G
. 1.775 99.9 2 Cumulative TPs
* Omni 5 Jranch-spectlc T
° dbSNP 1.695 100 2 Cumulative FPs

0 10 20 30 40
Number of Novel Variants (1000s)
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Methods: Inheritance modes
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Pedigree format (PED)

* A pedigree is a structured description of the familial relationships
between samples. The PED files used as input for GATK tools are
based on PLINK pedigree files. . -

e Family ID .
Individual ID

Paternal ID

NTUOOO1 NTUO004
 Maternal ID
e Sex (1=male; 2=female; other=unknown)
* Phenotype
* 0 missing FID IID PID MID Gender _ [Phe
. F7009 NTUOO001 NTUO0002 NTUOO0O03 1 2
1 unaffeCted F7009 NTUO0002 1 1
° 2 affected F7009 NTUOOO03 . . 2 1
F7009 NTUOO004 NTUO0002 NTUOO0O03 2 1

https://gatk.broadinstitute.org/hc/en-us/articles/360035531972



Co-segregation (Inheritance mode)

#itfileformat=VCFv4.2

##FORMAT=<ID=AD,Number=.,Type=Integer,Description="Allelic depths for the ref and alt alleles in the order listed">
##FORMAT=<ID=DP,Number=1,Type=Integer,Description="Read depth">
##FORMAT=<ID=GQ,Number=1,Type=Integer,Description="Genotype quality">
##FORMAT=<ID=GT,Number=1,Type=String,Description="Genotype">
##FORMAT=<ID=PL,Number=G,Type=Integer,Description="The phred-scaled genotype likelihoods rounded to the closest integer">
##INFO=<ID=AC,Number=A, Type=Integer,Description="Allele count in genotypes, for each ALT allele, in the same order as listed">
##INFO=<ID=AF,Number=A,Type=Float,Description="Allele frequency, for each ALT allele, in the same order as listed">
##INFO=<ID=AN,Number=1,Type=Integer,Description="Total number of alleles in called genotypes">
##INFO=<ID=DB,Number=0,Type=Flag,Description="dbSNP membership">
##INFO=<ID=DP,Number=1,Type=Integer,Description="Combined depth across samples">
##INFO=<ID=FS,Number=1,Type=Float,Description="Phred-scaled p-value using Fisher's exact test to detect strand bias">
##INFO=<ID=MQ,Number=1,Type=Float,Description="RMS mapping quality">
##contig=<ID=chrM,length=16571,assembly=hg19>

##contig=<ID=chrl,length=249250621,assembly=hg19>

##contig=<ID=chr20,length=63025520,assembly=hg19>

##contig=<ID=chr21,length=48129895,assembly=hg19>

##contig=<ID=chr22,length=51304566,assembly=hg19>

##contig=<ID=chrX,length=155270560,assembly=hg19>

##contig=<ID=chrY,length=59373566,assembly=hg19>
#ttreference=file:///project/GP1/u3710062/Al_SHARE/reference/GATK_bundle/2.8/hg19/ucsc.hgl9.fasta

#CHROM POS ID REF ALT QUAL FILTER INFO FORMAT Father Mother Son Daughter
chrl 10178 . G . 149.69 . AN=8;DP=89 GT:AD:DP 0/0:22:22 0/0:28:28 0/0:23:23 0/0:16:16
chrl 13178 . G A 7854.34 . AC=1;AF=0.125;AN=8;| GT:AD:DP:GQ:PL 0/0:30,0:30:29:0,29,856 0/0:40,0:40:85:0,85,1221 0/1:0,50:50:60:60,0,1511 0/0:41,0:41:22:0,22,1151
chr20 115365 . C T 1089490 . AC=2;AF=0.25;AN=8;D GT:AD:DP:GQ:PL 0/0:102,0:102:99:0,120,1800 0/1:12,5:17:92:92,0,299  0/1:14,5:19:85:85,0,361  0/0:60,0:60:42:0,42,1687
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De novo mutation

#itfileformat=VCFv4.2

##FORMAT=<ID=AD,Number=.,Type=Integer,Description="Allelic depths for the ref and alt alleles in the order listed">
##FORMAT=<ID=DP,Number=1,Type=Integer,Description="Read depth">
##FORMAT=<ID=GQ,Number=1,Type=Integer,Description="Genotype quality">
##FORMAT=<ID=GT,Number=1,Type=String,Description="Genotype">
##FORMAT=<ID=PL,Number=G,Type=Integer,Description="The phred-scaled genotype likelihoods rounded to the closest integer">
##INFO=<ID=AC,Number=A, Type=Integer,Description="Allele count in genotypes, for each ALT allele, in the same order as listed">
##INFO=<ID=AF,Number=A,Type=Float,Description="Allele frequency, for each ALT allele, in the same order as listed">
##INFO=<ID=AN,Number=1,Type=Integer,Description="Total number of alleles in called genotypes">
##INFO=<ID=DB,Number=0,Type=Flag,Description="dbSNP membership">
##INFO=<ID=DP,Number=1,Type=Integer,Description="Combined depth across samples">
##INFO=<ID=FS,Number=1,Type=Float,Description="Phred-scaled p-value using Fisher's exact test to detect strand bias">
##INFO=<ID=MQ,Number=1,Type=Float,Description="RMS mapping quality">
##tcontig=<ID=chrM,length=16571,assembly=hg19>

##contig=<ID=chrl,length=249250621,assembly=hg19>

##contig=<ID=chr20,length=63025520,assembly=hg19>

##tcontig=<ID=chr21,length=48129895,assembly=hg19>

##contig=<ID=chr22,length=51304566,assembly=hg19>

##tcontig=<ID=chrX,length=155270560,assembly=hg19>

##contig=<ID=chrY,length=59373566,assembly=hg19>
#ttreference=file:///project/GP1/u3710062/Al_SHARE/reference/GATK_bundle/2.8/hg19/ucsc.hgl9.fasta

#CHROM POS ID REF ALT QUAL FILTER INFO FORMAT Father Mother Son Daughter
chrl 10178 . G . 149.69 . AN=8;DP=89 GT:AD:DP 0/0:22:22 0/0:28:28 0/0:23:23 0/0:16:16
chrl 13178 . G A 7854.34 . AC=1;AF=0.125;AN=8;| GT:AD:DP:GQ:PL 0/0:30,0:30:29:0,29,856 0/0:40,0:40:85:0,85,1221 0/1:0,50:50:60:60,0,1511 0/0:41,0:41:22:0,22,1151
chr20 115365 . C T 1089490 . AC=2;AF=0.25;AN=8;D GT:AD:DP:GQ:PL 0/0:102,0:102:99:0,120,1800 0/1:12,5:17:92:92,0,299  0/1:14,5:19:85:85,0,361  0/0:60,0:60:42:0,42,1687
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Germline and Somatic DNA Variant
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https://www.trendsmap.com/twitter/tweet/1300312361467863046

Mutect2 (variable ploidy assumption)

[Analysis-ReadyReads],,.... NIIT

Panel of G Pop TIIN Common G
T-N Pair Normals Fregs Pop Freqs
l l I Estimate Cross-sample

SNV & Indel Calling Contamination and
Tumor Segmentation

[ F1R2 Counts (tar.gz) ] [

(optional output of Mutect2)

Variants
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Sl [ SNVs ] [Indels] ] —’[ Filter Variants]

LearnReadOrientation e Artifact PR
Priors Variants [SNVS ] [Indels]
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SNV/INDEL Benchmarking

&
Other variant types



Variants Discovery (GATK)
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Genome in a Bottle (GIAB)

* National Institute of Standards and Technology

* Benchmark human genomes (n=7, hs37d5)
* NA12878/HG001
* Atrio of Ashkenazi Jewish ancestry
* Atrio of chinese ancestry

CEPH/Utah Pedigree 1463

13 14 15 16

128389 12800 12801 12802
01 e

12877 / 12878

(I

0 12881 12882 12883 4 12885 12886 12887 12888 12803
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Variant calling accuracy (confusion matrix)

* NA12878 (NIST v3.3.2)
cl-
Actual Ol "~~~
4 RN
9 \
Positive Negative - \
o \
ISi Recall
N TP Ep Precision
« DRAGEN Positive T Positi False Positi TP
«  Sentieon S (Ture Positive) (False Positive)
* Haplotypecaller % (TP + FP)
« CLC S
* Mutect2 v EN ™
« Varscan & I'N iv
_ egative (False Negative) | (Ture Negative)
(parameters)
Recall Table 2 | Examples of several combinations of truth and query
SNV genotypes and how they are counted as TP, FP, FN, FP.GT,
TP
and FP.AL
. . TP + FN
2XPrecisionxRecall ( * ) REF Truth Query Counted as
F1= - = S c/C c/C 1TP
(Precision + Recall) (Sensitivity) A ~n O o
A c/C A/A 1FN
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Count

Difficult-to—Map Regions
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PrecisionFDA V2 (GRCh38)

e Benchmark -> MHC -> Difficult

e MULTI-> PACBIO -> lllumina >
ONT

* Algorithms matter !!!
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BEST PERFORMANCE
Difficult-to-Map Regions - PACBIO
in the precisionFDA Truth Challenge V2

Sentieon

PacBio HIFI only submission

BEST PERFORMANCE

Difficult-to-Map Regions - ONT
in the precisionFDA Truth Challenge V2

UCSC CGL and Google Health

PEPPER-DeepVariant (ONT_%9toé

BEST PERFORMANCE

Difficult-to-Map Regions - ILLUMINA
in the precisionFDA Truth Challenge V2

DRAGEN team at lllumina

DRAGEN Experimental Extension into Difficult
Regions - lllumina reads
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PrecisionFDA V2 (GRCh38)

BEST PERFORMANCE

All Benchmark Regions - PACBIO
in the precisionFDA Truth Challenge V2

The Genomics Team in Google Health

DeepVariant PacBio

BEST PERFORMANCE

All Benchmark Regions - ONT
in the precisionFDA Truth Challenge V2

UCSC CGL and Google Health

PEPPER-DeepVariant (ONT_9to6)

BEST PERFORMANCE

All Benchmark Regions - ILLUMINA
in the precisionFDA Truth Challenge V2

DRAGEN team at lllumina

DRAGEN Experimental Extension into
Difficult Regions - lllumina reads

BEST PERFORMANCE

MHC - PACBIO
in the precisionFDA Truth Challenge V2

Sentieon

PacBio HIFI only submission

BEST PERFORMANCE

MHC - ONT
in the precisionFDA Truth Challenge V2

Wang Genomics Lab

ONT NanoCaller Clair Medaka Ensemble

BEST PERFORMANCE

MHC - ILLUMINA
in the precisionFDA Truth Challenge V2

Seven Bridges Genomics

Seven Bridges GRAF - lllumina

BEST PERFORMANCE

Difficult-to-Map Regions - MULTI
in the precisionFDA Truth Challenge V2

ARDED T

Roche Sequencing Solutions

RN-lllumina-PacBio-ONT

BEST PERFORMANCE

All Benchmark Regions - MULTI
in the precisionFDA Truth ChallengeV2

5

Sentieon
Combination of lllumina, PacBio HIFI, and Oxford

Nanopore submission

-

BEST PERFORMANCE

All Benchmark Regions - MULTI
in the precisionFDA Truth Challenge V2

s

Roche Sequencing Solutions

RN-lllumina-PacBio-ONT

=

BEST PERFORMANCE
All Benchmark Regions - MULTI
in the precisionFDA Truth ChallengeV2

s

The Genomics Team in Google Health

DeepVariant Hybrid PacBio-Illumina

https://precision.fda.gov/challenges/10/view/results

BEST PERFORMANCE

MHC - MULTI
in the precisionFDA Truth Challenge V2

Sentieon

Combination of Illumina, PacBio HIFI, and Oxford
Nanopore submission
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Deletion can be determine by coverage
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Algorlthms to detect SV

" 1. Read-Pair (RP)

Deletion Insertion (medium-sized)
Breakpoint
Reference . _
Mapped Read _,',_ YN
Paired-ends — = —_
Shorter insert si , :
than :;p:zleedscze L‘:mx':;:tﬂ e: ze
2. Split-read (SR)
f Deletion
Reference
Mapped D8 *"
Paired-ends :
Insertion T,
Reference i
Mapped Read —_—b

Paired-ends
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3. Read-depth (RD)

Deletion
Reference ==

Mapped Read *

|
I}l':':'lp:'ll:lll'%"ll

" 4. Assembly (AS)

Deletion
Reference

Mapped Read

~ 0

o — De novo assembly
ramnm before mapping

Whole-genome CNV analysis: advances in computational approaches. Front Genet. 2015




Algorithms to detect SV (cont'd)
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DRAGEN targeted callers and performance

summary

Targeted
caller

Performance summary

Source

SMN

+99.8% of SMN1 and 99.7% of SMN2 copy
number calls agreed with orthogonal
methods (MLPA/droplet digital PCR)

+Recall of 100% for spinal muscular atrophy
and 97.8% for carriers and a precision of
100% for both spinal muscular atrophy
and carriers

Chenetal.”
HBA

+100% (222/222) concordance with
manually curated calls from orthogonal
long-read technology (PacBio) across all
major copy number genotypes

+1.6% (4/226) no call rate across
the validation cohort

Han etal.”

CYP2D6

+99.3% concordance of star allele calls
against orthogonal calls in a cohort of
samples characterized by Get-RM

Chenet al.?”® LPA

CYP2B6

+70/76 (92.1%) concordant star allele calls
against orthogonal characterization results
in the Get-RM cohort

+123/125 (98.4%) concordant star allele calls
against manually curated star allele calls
from long-read technology (PacBio)

Mukherjee et al.”

+98.2% correlation between
DRAGEN-estimated KIV-2 total copy
number and KIV-2 copy number extracted
from Bionano optical mapping across
154 samples

+99.7% correlation between allele-specific
KIV-2 copy number and Bionano-based KIV-2
allele-specific copy number estimates

Behera et al.”

HLA

GBA

+100% concordance with targeted
long-read-based method (ONT) across 42
samples with diverse variant types

«Significant enrichment of pathogenic
GBA calls detected in Parkinson’s disease
relative to the control cohort

Toffoli et al.”®

+97.91% concordance in HLA alleles
detected across 1,102 samples compared
to results generated by Sanger sequencing

«Comparable two-field accuracy results to
OptiType’® against their own truth set for
164 samples

Mukherjee et al.””

RHD/RHCE

CYP21A2

2025-11-05
#3192268

+100% recall of pathogenic variants
detected by the combination of MLPA and
Sanger sequencing across the cohort of 16
clinical samples and four cell lines

+98.5% (201/204) concordance in total
RCCX locus copy numbers against calls
made by Bionano optical mapping

Belyeu et al.”

+The RHD/RHCE exon 2 gene conversion
caller was evaluated by comparing the
calls of 252 1kGP samples to long-read
assembly dipcall calls, resulting in a
96.82% concordance rate

NA
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Sairam Behera et al,. Nature Biotech (2025)



Spinal Muscular dystrophy SMN1/SMN2

Challenge: Misalignment of reads derived from genes with highly similar copies

H Gene ] Paralog Reference genome
I . I I I
| — | I— N [ | S .
I I — | E— —/
R SMA carrier . MLPA validated
(n=23) (n=20/20)
TWB illumina ——
WGS samples —> DRAGEN [—> SM’:,S;\::,“I\\I/:;:Z:%FJ;?SZl)
(FASTQ) v4.0.3 e
******************************************************************** N°ts'zfl’:9°)a"'er —{ MLPA validated |

Carrier frequency of SMA in TWB cohort
=23/1480
=1.6% (1/64)
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#3192268 Lin, Liling et al,. NPJ Genomic Medicine (2025)



Estimation of a-thalassemia carrier rate in Taiwan

* 5.1 % of a-thalassemia carrier rate

Alpha- Carrier frequency
GENE Disease Thalassemia | CHROM:POS | LENGTH | IMPACT | # of HET | # of HOM AF TWB Westemeyer
type et al.
--THAI chr16:149861 @ -33449 HIGH 2 0 0.00068
--FIL chrl6:151659 -30617 HIGH 4 0 0.00135
HBA1/HBA2 _ AlPha- SEA  chrl6:165393 | -19307 HIGH 60 0 002027 004939  0.083333
Thalassemia
-o42 chr16:170204 -4412 HIGH 1 0 0.00034
o037 chr16:173557 -3799 HIGH 8 1 0.00338
84
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Prevalence of NOTCH2NLC and FMR1 Repeat Expansions in Atypical
Parkinsonism Compared to Asymptomatic Elderly Individuals

TABLE 1 Demographics and prevalence of NOTCH2NLC and FMRU repeat expansions in patients with atypical parkinsonism and asymptomatic
individuals over 60 years old

Community recruited Patients with atypical parkinsonism (n = 252)
asymptomatic
elderly (n = 341) MSA (n = 165) PSP (n = 58) CBS (n = 29) P value

Sex (male, %) 192 (56.30) 92 (55.76) 36 (61.02) 10 (34.48) 0.10
Age at enrollment (y) 64.12 £ 2.92 68.55 £ 8.19 73.56 £ 6.72 73.72 £ 7.34 =0100S
Onset age (cases) N.A. 60.49 £ 7.65 66.03 + 6.88 66.86 + 8.52 -
Family history, n (%) N.A. 21 (12.73) 7 (12.07) 1 (3.45) —
NOTCH2NLC repeat number

Normal (7-39) 337 (98.83%) 160 (96.97%) 56 (94.92%) 29 (100%) 0.29

Intermediate (41-59) 2 (0.59%) 1 (0.61%) 0 0 1

Pathogenic (> 60) 2 (0.59%) 4 (2.42%)* 2 (3.39%)° 0 0.07
FMR1 repeat number

Normal (6—44) 339 (99.41%) 163 (98.78%) 57 (98.28%) 29 (100%) 0.60

Intermediate (45-54) 1 (0.29%) 2 (1.21%) 1 (1.79%) 0 0.29

Premutation (55-200) 1 (0.29%) 0 0 0 1

Note: Family history, defined as having family members with parkinsonism or dementia within three generations.

Abbreviations: MSA, multiple system atrophy; PSP, progressive supranuclear palsy; CBS, corticobasal syndrome; N.A., not available.
*Asymptomatic individuals versus MSA: P = 0.07.

®Asymptomatic individuals versus PSP: P = 0.09.

**P < 0.01

85
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Advantages of Long-Read Seqgeuncing

@
©
3
o
>

Short reads

Long reads

Structural variation Repeat expansion 4,

e.g. PRKAR1A, G6PC, BBS9, ARGHEFY, TAF1 e.g. FMR1, DMPK, ATXN10, HTT e.g. Compound heterozygosity, Parental origin e.g. PMS2, CYP2D6, CHEK2, SMN1, PKD1
of de novo mutations, Mosaicism

Ref.

Ref.

T GemeA
——  Aemed -

n>200

 Gemea
/ — Gemen  —
 GeneA  —
* *

mat.
pat.
Ref.
mat.
pat.

L Gonah ———— |
o s

. J \. J
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Variant Filtering

« Genotype/Variant QC
 Qverall coverage
« On-target coverage

« Sequence & Mapping
Quality

« Sample QC
 Gender check
 Relatedness check

« Population stratification

2025-11-05
#3192268

Mendelian Diseases P Diseases

KGGSeq Input

Quality 4 . N——— ST -, &

> Genotype (X > Vanant (X > Sample (O

Control
Filtration
Annotation T ’\lu mative \plu ing *dbSNP lﬂll) *Protein interaction
»lhologl(al pathways *Mouse phenotype -Ichraﬁsh phenotype *DDD study
~ » PubMed
Pathogen — e
ic S O Bl » Gene feature specific prediction at non
pl'.dkﬂﬁﬂ MERAY PO oo coding variants  » Cell-type specific prediction
synonymous variants odi ia
» Cancer-driver prediction
at coding variants
Wk » Phenotype-based mining
prediction at
» Inheritance mode specific
genes prediction
> Association .il variants » Assoc i‘:lli;)ll at genes
’m » Mutation rate at genes » Association at
test gene \Lls > Gene-set enrichment

b( ene b.l\&d matation rate
lest

KGGSeq Output

Li et al., Nucleic Acids Res . 2017

May 19;45(9):e75



PCA2

QC(plink) — Gender/Relatedness/Population check

0.06
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Ethnicity predicts cases

So does any genetic difference between
country S and |

Population Stratification is the confounding
(association) of disease with ethnicity

Any markers which correlates with ethnicity will
also correlate with disease status

89

Modified from Desmond’s slides
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Taiwan Biobank (TWB)

Community-based phenotyping

xx4<

\

Population structure

.’v\,
@ .
\§
Registry data Omics data . Familial structure
linkage generation -
-
@ u® § oy
h | .
M) N N
./ ./ ./
2012 Aug. 2021 Target size

Recruitment began

N = 150,000 N = 200,000

Chen et al., Human Molecular Genetics, (2016)
Feng et al., Cell Genomics (2022)
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TWB + 1kGP PCA

TWB + HGDP + TGP
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PC2

TWB + 1kGP PCA
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TWB + 1kGP_EAS PCA

Population Description Population Code Super Population
Chinese Dai in Xishuangbanna, China CDX EAS Northern Han
Han Chinese in Bejing, China CHB (106) EAS 002579 ¥
Japanese in Tokyo, Japan JPT EAS Population
® JPT
Kinh in Ho Chi Minh City, Vietnam KHV EAS KHV
Southern Han Chinese, China CHS (105) EAS 0.000 cHe
CDX
CHS
[ ] Holo
00291 Holo/Hakka
Holo/Southern Chinese
oy -0.025
O Holo/Northern Chinese
o
&g Holo/Undefined Chinese
0.000 4 Hakka
Population r Hakka/Southern Chinese
2puJ:To 'y Hakka/Northern Chinese
4+ KHV ~0.050 . . Hakka/Undefined Chinese
§ o CHB p Southern Chinese
z:: Y ° . Southern Chinese/Northern Chinese
o TWB Southern Chinese/Undefined Chinese
o Northern Chinese
-0.050 4 ~0.075 ° "
—0.04 0.00 0.04
PC1
SNV: 76,651 variants; individual:
PC1
TWB1492+1kGP_eas (1492+504=1996)
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Minor Allele Frquency (population)

* Major allele freqgeuncy

* Minor allele frequency (MAF)

* Disease prevalence/incidence rate

* Evolution

* Selection

* Migration
ﬁﬁﬁﬂﬁﬁﬁﬁﬂﬁﬁ@ﬂﬁﬁﬁﬁ@ﬂﬁﬁﬁﬁﬁ
95

2025-11-05 #3192268 https://www.americansentinel.edu/blog/2014/07/30/industry-trends-what-is-population-health-management/

Slide courtesy of Yu-Tong Chen
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Minor Allele Frequency (population)

* Minor Allele Frequency (MAF) is the frequency at which the second most
common allele in a given population. If there are two alleles, with
frequencies of 0.51, 0.49

 MAF will be reported as 0.49.

* |f there are three alleles, with frequencies of 0.51, 0.48, 0.01
 MAF will be reported as 0.48 and 0.01 (each)

* For example, References SNP page for rs222 reports:
* “MAF/MinorAlleleCount:G=0.249/542".

* This means that for rs222, minor allele is ‘G’ and has a frequency of 24.9% in the
1000Genome phase 1 population and that 'G' is observed 542 times in the sample

population of 1088 people (or 2176 chromosomes).

* MAF is limited by the sample size

https://www.ncbi.nlm.nih.gov/snp/rs222
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Sample sizes & Variant counts

Per genetic ancestry group count of samples in gnomAD releases

[ European

[] Remaining

[] Ashkenazi Jewish
M Admixed American
B African

B Middle Eastern

[ South Asian

M East Asian

gnomAD v2 gnomAD v3

gnomAD v4

800,000 1

600,000 1

400,000 1

200,000 1

Number of individuals Number of non-syn variants AF > 0.1%

.
== |
| .

. European Ashkenazi Jewish African . South Asian
. Remaining . Admixed American . Middle Eastern . East Asian
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https://gnomad.broadinstitute.org/statstdiversity

Figure Courtesy of Dr. Konrad Karczewski


https://gnomad.broadinstitute.org/stats

gnomAD
NTVYY

Genome Aggregation Database

NM_004004.6(GJB2):c.109G>A (p.Val37lle)

Genetic Ancestry Group Allele Count Allele Number Number of Homozygotes Allele Frequency
» East Asian 2013 44852 90 0.04488
» Ashkenazi Jewish 228 29584 0 0.007707
» Remaining 433 62494 6 0.006929
» Admixed American 171 60032 1 0.002848
» Middle Eastern 1 6058 0 0.001816
» European (Finnish) 106 64030 0 0.001655
» European (non-Finnish) 1040 1179624 2 0.0008816
» African/African American 55 75030 1 0.0007330
» South Asian 14 91070 1 0.0001537
» Amish 0 912 0 0.000
XX 2131 812302 59 0.002623
XY 1940 801384 42 0.002421
Total 4071 1613686 101 0.002523
98
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https://gnomad.broadinstitute.org/variant/13-20189473-C-T?dataset=gnomad r4



https://gnomad.broadinstitute.org/variant/13-20189473-C-T?dataset=gnomad_r4

Why Taiwan Biobank? 922"“22

genome aggregation database

Genetic Ancestry v4 Exomes v4 Genomes Combined
Genetic Ancestry Genetic XX XX XX
Ancestry
AFRICAN /

Admixed American amr 22,362 12,845 9,517 7,657 3,399 4,258 ¥ AFRICAN-AMERICAN

LATINO /

. . ADMIXED AMERICAN
African/African

AreHcan afr 16,740 9,663 7,077 20,805 11,094 9,71 o 1V o
SOUTHASIAN g i
Ashkenazi Jewish asj 13,068 6,318 6,750 1,736 934 802 : : -
East Asian eas I 19,850 I 10,356 9,494 I 2,598 I 1136 1,462 - & : o
European (Finnish) fin 26,710 13,824 12,886 5,316 1,287 4029 | acrasan T CASTERN 3
European (non- ~ - :
Finnish) nfe 556,006 286,144 269,862 34,025 19,683 14,342 ASJ';KWEIF‘SIQZ' 6 NONEINNISH j AMISH
EUROPEAN
Middle Eastern mid 2,884 1,253 1,631 147 72 75 3,031 1,325 1,706
Remaining remaining 30,198 15,900 14,298 1,058 525 533 31,256 16,425 14,831
South Asian sas 43129 11,020 32,109 2,417 577 1,840 45,546 11,597 33,949

730,947 367,323 363,624 37,273 807,162 406,265 400,897

Inlfgg_rgq sex counts of gnomAD v4 samples per genetic ancestry group 9

#3192268 https://gnomad.broadinstitute.org/faq
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Genomic Profile of Taiwan
Population WGS
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6,870.7 globally w“\“\w Population WWﬂww Population Population
novel 'var|§nts for frequency: frequency: —_ frequency:
each individual ww'n 13.2% wwwwn 19.1% (1A) 1.67%
75.3% (1A/2A/2B)

Risk of having offspring with at least one pathogenic variant Carrier frequency for alpha Carrier frequency for Spinal

T P SYS v
1184 0041 M 4 1= o
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The reference genome hash tables

Assembly Type Reference Genome Hash Table File Name Major DRAGEN 38 39 310§ 4042 43 44
Version
Hash Table 8 8 8 819 10 1N
Version
hg38 Pangenome (Graph) Homo sapiens [1000 Genomes] hg38 v5 Pangenome hg38-alt_masked.cnv.graph.hla.methyl_cg.rna-11-r5.0-1 1 v
reference
Homo sapiens [1000 Genomes] hg38 v4 Multigenome hg38-alt_masked.cnv.graph.hla.rna-10-r4.0-1 10 v
Homo sapiens [1000 Genomes] hg38 v3 Multigenome hg38-alt_masked.cnv.graph.hla.rna-9-r3.0-1 9 v
Homo sapiens [1000 Genomes] hg38 v2 Multigenome hg38-alt_masked.cnv.graph.hla.rna-8-r2.0-1 8 v v
Homo sapiens [1000 Genomes] hg38 alt-masked Multigenome hg38_alt_masked+cnv+graph+rna-8-r1.0-1 8 v
Homo sapiens [1000 Genomes] hg38 alt-aware Multigenome hg38_alt_aware+cnv+graph+rna-8-r1.0-0 8 v v v
Linear reference Homo sapiens [1000 Genomes] hg38 v5 hg38-alt_masked.cnv.hla.methyl_cg.methylated_combined.rna-11- " v
r5.0-1
Homo sapiens [1000 Genomes] hg38 v4 hg38-alt_masked.cnv.hla.methylated_combined.rna-10-r4.0-1 10 v
Homo sapiens [1000 Genomes] hg38 v3 hg38-alt_masked.cnv.hla.rna-9-r3.0-1 9 v
Homo sapiens [1000 Genomes] hg38 methylation v3 hg38-alt_masked.methylated_combined.methylation.seed_len27-9- 9 v
r3.0-1
Homo sapiens [1000 Genomes] hg38 v2 hg38-alt_masked.cnv.hla.rna-8-r2.0-1 8 v
—
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Annotation

e Oxford Dictionary:
* a note or notes added to a book or text giving explanations or comments; the
act of adding these notes
* Variant Refinement/Filtering (genotype annotation)
e Genotype level (###FORMAT)
e Variant level (###INFO)
* Subject level (Co-segregation/Inheritance mode)

* Variant Annotation
* Genome information (refGene/knownGene/ensGene)
* Minor allele frequency (ExAC/gnomAD/TWB/others)
* Functional annotation (Knowledge-based/Data-driven/Both)
* Variant effect prediction (SpliceAl/PrimateAl/others)



Ensembl Variant Effect Predictor (VEP)

5 3
¢

I A I I A I I A A T
p |, . . / . —
B regulatory region [] 5 prime UTR variant I splice donor variant ‘ [] 3 prime UTR variant ‘
ll TF binding site | | | [] start retained variant [l splice acceptor variant | / \
' - [] start lost b 7 ‘ [] downstream gene variant
\ J/ N\ \ )

[] splice region variant

" | [ splice donor 5th base

[] splice donor region

[] splice polypyrimidine tract
Bl intron variant

\

"I stop lost
[] stop retained variant
.. Bl incomplete terminal codon variant

g

{

[] synonymous variant
[] missense variant
[] inframe insertion

Nl intergenic variant
[] upstream gene variant

. S

)

[] inframe deletion \ J
= ?r:::] g Sarl:ﬂe 3 ariant il transcript ablation [l non coding transcript exon variant
ll coding sequence variant [l transcript amplification [l non coding transcript variant
Y Wl protein altering variant | TFBS ablation / amplification
B mature miRNA variant [ feature elongation
Bl NMD transcript variant [ feature truncation

Bl coding transcript variant Il sequence variant
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* SOterm

. transcript_ablation

. splice_acceptor_variant

. splice_donor_variant

. stop_gained

. frameshift_variant

. stop_lost
start_lost

. transcript_amplification

. feature_elongation

. feature_truncation

. inframe_insertion

. inframe_deletion
missense_variant

. protein_altering_variant

. splice_donor_5th_base_variant

. splice_region_variant

. splice_donor_region_variant

. splice_polypyrimidine_tract_variant

. incomplete_terminal_codon_variant

start_retained_variant
D stop_retained_variant
D synonymous_variant
. coding_sequence_variant
. mature_miRNA_variant
D 5_prime_UTR_variant
D 3_prime_UTR_variant
. non_coding_transcript_exon_variant
. intron_variant
. NMD_transcript_variant
. non_coding_transcript_variant
. coding_transcript_variant
7 7 upstream_gene_variant
i downstream_gene_variant
[l TrBs_ablation
. TFBS_amplification
B TF_binding_site_variant
. regulatory_region_ablation
. regulatory_region_amplification
. regulatory_region_variant
. intergenic_variant
. sequence_variant

ZUZ5-11-Ud
#3192268

SO description

A feature ablation whereby the deleted region includes a transcript feature

A splice variant that changes the 2 base region at the 3' end of an intron

A splice variant that changes the 2 base region at the 5' end of an intron

A sequence variant whereby at least one base of a codon is changed, resulting in a premature stop codon, leading to a shortened transcript
A sequence variant which causes a disruption of the translational reading frame, because the number of nucleotides inserted or deleted is not a multiple of three
A sequence variant where at least one base of the terminator codon (stop) is changed, resulting in an elongated transcript

A codon variant that changes at least one base of the canonical start codon

A feature amplification of a region containing a transcript

A sequence variant that causes the extension of a genomic feature, with regard to the reference sequence

A sequence variant that causes the reduction of a genomic feature, with regard to the reference sequence

An inframe non synonymous variant that inserts bases into in the coding sequence

An inframe non synonymous variant that deletes bases from the coding sequence

A sequence variant, that changes one or more bases, resulting in a different amino acid sequence but where the length is preserved
A sequence_variant which is predicted to change the protein encoded in the coding sequence

A sequence variant that causes a change at the 5th base pair after the start of the intron in the orientation of the transcript

A sequence variant in which a change has occurred within the region of the splice site, either within 1-3 bases of the exon or 3-8 bases of the intron
A sequence variant that falls in the region between the 3rd and 6th base after splice junction (5' end of intron)

A sequence variant that falls in the polypyrimidine tract at 3' end of intron between 17 and 3 bases from the end (acceptor -3 to acceptor -17)
A sequence variant where at least one base of the final codon of an incompletely annotated transcript is changed

A sequence variant where at least one base in the start codon is changed, but the start remains

A sequence variant where at least one base in the terminator codon is changed, but the terminator remains

A sequence variant where there is no resulting change to the encoded amino acid

A sequence variant that changes the coding sequence

A transcript variant located with the sequence of the mature miRNA

A UTR variant of the 5' UTR

A UTR variant of the 3' UTR

A sequence variant that changes non-coding exon sequence in a non-coding transcript

A transcript variant occurring within an intron

Avariant in a transcript that is the target of NMD

A transcript variant of a non coding RNA gene

A transcript variant of a protein coding gene

A sequence variant located 5' of a gene

A sequence variant located 3' of a gene

A feature ablation whereby the deleted region includes a transcription factor binding site

A feature amplification of a region containing a transcription factor binding site

A sequence variant located within a transcription factor binding site

A feature ablation whereby the deleted region includes a regulatory region

A feature amplification of a region containing a regulatory region

A sequence variant located within a regulatory region

A sequence variant located in the intergenic region, between genes

A sequence_variant is a non exact copy of a sequence_feature or genome exhibiting one or more sequence_alteration

&/

SO accession
S0:0001893 &
S$0:0001574 &
S0:0001575 &
S0:0001587 &
S$0:0001589 &
S0:0001578 &
S0:0002012 &
S0:0001889 &’
S$0:0001907 &
S0:0001906 &
$0:0001821 &
S0:0001822 %
S0:0001583 &
S0:0001818
S0:0001787 &
S0:0001630&
S0:0002170 &
S0:0002169 &
S0:0001626 &
S$0:0002019 &
S0:0001567 &
S$0:0001819 &
$0:0001580 &
S0:0001620 ¢
S$0:0001623 &
S0:0001624 &
S0:0001792 &
S$0:0001627 &
S0:0001621 &7
S0:0001619 &
S0:0001968 &
S0:0001631 &7
S0:0001632
S0:0001895 &
S0:0001892 %
S0:0001782¢
S0:0001894 &
S0:0001891
S0:0001566 &
S0:0001628 &
S0:0001060 %

Display term

Transcript ablation

Splice acceptor variant
Splice donor variant

Stop gained

Frameshift variant

Stop lost

Start lost

Transcript amplification
Feature elongation

Feature truncation

Inframe insertion

Inframe deletion

Missense variant

Protein altering variant
Splice donor 5th base variant
Splice region variant

Splice donor region variant
Splice polypyrimidine tract variant
Incomplete terminal codon variant
Start retained variant

Stop retained variant
Synonymous variant

Coding sequence variant
Mature miRNA variant

5 prime UTR variant

3 prime UTR variant

Non coding transcript exon variant
Intron variant

NMD transcript variant

Non coding transcript variant
Coding transcript variant
Upstream gene variant
Downstream gene variant
TFBS ablation

TFBS amplification

TF binding site variant
Regulatory region ablation
Regulatory region amplification
Regulatory region variant
Intergenic variant

Sequence variant

IMPACT
HIGH

HIGH

HIGH

HIGH

HIGH

HIGH

HIGH

HIGH

HIGH

HIGH
MODERATE
MODERATE
MODERATE
MODERATE
Low

LOW

Low

MODIFIER
MODIFIER
MODIFIER
MODIFIER
MODIFIER
MODIFIER
MODIFIER
MODIFIER
MODIFIER
MODIFIER
MODIFIER
MODIFIER
MODIFIER
MODIFIER
MODIFIER
MODIFIER
MODIFIER
MODIFIER
MODIFIER

https://asia.ensembl.org/info/genome/variation/prediction/predicted_data.html



Feature
Frameshift
Nonframeshift
Startloss
Stoploss
Stopgain
Splicing
Missense
Synonymous

Exonic

UTR5

UTR3
Intronic
Upstream
Downstream
ncRNA
Intergenic
Monomorphic
Unknown

Gene Feature (Annotation)

Code Explanation

O 0 N O W N = O

G S S\ S G R G |
N OO oA W N = O

Short insertion or deletion result in a completely different translation from the original.

Short insertion or deletion results in loss of amino acids in the translated proteins.

Indels or nucleotide substitution result in the loss of start codon(ATG) (mutated into a non-start codon).

Indels or nucleotide substitution result in the loss of stop codons (TAG, TAA, TGA)

Indels or nucleotide substitution result in the new stop codons (TAG, TAA, TGA), which may truncate the protein.
variant is within 2-bp of a splicing junction (use --splicing x to change this, the unit of x is base-pair)
Variants result in a codon coding for a different amino acid (missense)

Nucleotide substitution does not change amino acid.

Non-
synonymous

Due to loss of sequences in reference database, this variant can only be mapped into exonic region without more precise annotation.
Within a 5' untranslated region

Within a 3' untranslated region

Within an intron

Within 1-kb region upstream of transcription start site (use --neargene x to change this, the unit of x is base-pair)

Within 1-kb region downtream of transcription end site (use --neargene x to change this, the unit of x is base-pair)

Within a transcript without protein-coding annotation in the gene definition (see Notes below for more explanation)

variant is in intergenic region

It is not a sequence variation actually, which may be resulted from bugs in reference genome in variant calling.

Variants has no annotation.

http://grass.cgs.hku.hk/limx/kggseq/doc10/UserManual.html#QualityControl



RNA Transcripts in two databases

|19,470, 000 |18,465, 008 |19,460, 008 1chri
9 comprehensive Transcript Set (only Basic displaved by default)
3 - ——— )
- AL354956, 1
L L & - — DFFA
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Matched Annotation from NCBI and EMBL-EBI (MANE)

84,805,500 |84,805,600 |84.805,700 |84.805,800 |64,805,900 |64.8p6,000 |64,806,100 |64,806,200 164,806,300 64,806,400 164,806,500
NCBI RefSeq, annotation release 109.20210514, merged transcrjpts
— —— « MEN1
MANE release v0.95
MANE -> np_ootasrigsz NM_001370259.2

RNA-seq exon coverage

—  Low expression

RNA-seq intron counts

| I 6.724.6 | }
} 393,027 | I 199.878 |
PhyloCSF frame 1
15.0
- =10 .
PhyloCSF frame 2 TR S TR S ST ST No conservation
PhyloCSF frame 3

O ik s ok

|2,076,400  [2,076,600  |2,076,800  |2,077,000  |2,077,200  |2,077,400  [2,077,600  |2,077,800  |2,078,000  |2,078,200  [2,078,400  |2,078,600  |2,078,800  |2,079,000 |
NCBI RefSeq, annotation release 109.20210514, merged transcripts
TSC2 el s — ) — L > ]
MANE release v0.95

MANE -> NM_000548.5 sl i > S \P_000539.2

RNA-seq exon coverage

13,226
t— - Low expression

3,624,493 -
3,694,799

RNA-seq intron counts
7,345,844 |

YY

YYvy

227,221
888,277

834,305

PhyloCSF frame 1
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HUGO Gene Nomenclature Committee (HGNC)

* Human Genome Organization (HUGO) that sets the standards for
human gene nomenclature. The HGNC approves a uniqgue and
meaningful name for every known human gene

* The work of the HGNC is supported by National Human Genome
Research Institute (NHGRI)

* Approved Gene Symbol
* BRCA1 (RNF53,BRCC1,PPP1R53,FANCS)

HGNC

HUGO Gene Nomenclature Committee

The resource for approved human gene nomenclature

Searchall § Q

Last updated: 2020-04-17
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Sequence Variant Nomenclature (HGVS)

* Human Genome Variation Society (HGVS):

* NC_ a genomic reference sequence based on a chromosome
« NC_000023.10:5.32407761G>A (Feb.2009: h19, GRCh37)
* NC_000023.11:2.32389644G>A (Dec.2013: hg38, GRCh38)

« NG_ a genomic reference sequence based on a Gene or Genomic region
e NG_012232.1:2.954966C>T

 LRG_ a genomic reference sequence, based on a Gene or Genomic region (clinical)
* LRG_199:2.954966C>T

 transcript (RNA, nucleotide)

* NM_a reference sequence based on a protein coding RNA (mRNA)
* NM _004006.2:c.4375C>T

* NR_a reference sequence based on a non-protein coding RNA
* NR _002196.1:c.601G>T

* protein (amino acid)
 NP_ areference sequence based on a protein (amino acid) sequence

« NP_003997.1:p.Argl459* (p.Argl459Ter)
* () indicate uncertainties and predicted consequences

http://varnomen.hgvs.org/bg-material/simple/



Sequence Variant Nomenclature (HGVS)

e Type of Variants
e Substitution: NM_00XXXX.X: c.4375C>T
* Deletion: NM_00OXXXX.X: c.4375 4379del

* Duplication: NM_00OXXXX.X: ¢c.4375_4385dup

* Insertion: NM_0OO0XXXX.X: c.4375 _4376insACCT
* Intronic: NG_012232.1(NM_004006.2):c.93+1G>T

e Multi-nucleotide: NM_004006.2:¢c.145_147delinsTGG
* two substitutions replacing codon CGC (position ¢.145 to c.147) by TGG

112
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Sequence Variant Nomenclature (Aliases)

NC_000023.9:g.32290917C>T,
NC_000023.10:g.32380996C>T,
NC_000023.11:.32362879C>T,
NG_012232.1:8.981731G>A,
LRG_199:2.981731G>A
LRG_199t1:¢.5234G>A

NM_004006.2:c.5234G>A, NM_004009.3:¢.5222G>A, NM_000109.3:c.5210G>A,
NM_004007.2:c.4865G>A, NM_004010.3:c.4865G>A, NM_004011.3:c.1211G>A,
NM_004012.3:c.1202G>A

http://varnomen.hgvs.org/bg-material/simple/



Haplotype & Phasing

ref - __

functional

Cis g.[variantl;variant2]

| ~ non-
trans functional
g.[variantl];[variant2]

* %
*%

*%*

unI;nown =» g.variantl(;)variant2
phase
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Toward Streamlined Variant Interpretation: Discordant Genetic Interpretation
Across Variant Annotations for ClinVar Pathogenic Variants

Clinvar 20240107
GRCh38 VCF ClinVar = 2,349,000
4
Removed variants = 50bps 2,338,611
W
Kept PLP or BLB variants with review status >2 stars 206,387
W
Removed MT variant, and variant without MC or Multi-MC Test set =164 549
v
A4 4 A 4 A 4
Pathogenic Likely Likely Benign
Pathogenic Benign
s 6,073 63,117 57,081
B Ensembl E Coding impact (n=198,545)
1.00- s ANNOVAR
526 (0.77%) ANNOVAR
2 1,464 (0.74%
Ewv 0.75-
o 0
2
Se
%5 2 0.50 77148 w
c & . \SnpEff
29 169,924
S £ 0.25- (85.58%)
el 6,183 0.95%
— 10.66%

41,070 (59.91%)
VEP

ANNOVAR SnpEff VEP

2025-11-05
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3,691 (1.82%)
VEP

Left or right align

chr13: 32316491-32316492 ClinVar Variation ID: 1696818

NM_000059.4:c.35_36del

MANE Select

Transaripts brotelr

Start/stop cadons
Translated sequence

Sequence A c A T T T T G A |
28 29 30 31 32 33 34 35 36 37 38 39
Alt pos. Alt pos.
(left shift) (right shift)
Ref ACATTTTTITGAA - -
Alt ACATTTTGAA 31_32 35 36

Annotation discordance

chr13: 32316491-32316492 ClinVar Variation ID: 1696818

NM_000059.4:¢c.35_36del

Annotator | Transcript set Coding impact HGVSc HGVSp
ANNOVAR Ensembl stopgain ENST00000380152.8:c.31_32del ENSP00000369497.3:p.F12*
RefSeq stopgain NM_000059.4:c.31_32del NP_000050.3:p.F12*
SnpEff Ensembl ENST00000380152.8:c.35 36delTT |[ENSP00000369497.3:p.Phe12
RefSeq NM_000059.4: c.35_36delTT NP_000050.3:p.Phe12
VEP Ensembl ENST00000380152.8:¢.35_36del ENSP00000369497.3:p.Phe12Ter|
RefSeq NM_000059.4:c.35_36del INP_000050.3:p.Phe12Ter
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ACMG guideline(s)

Standards/guidelines for the interpretation of sequence variants

 Why guideline? We need a consensus.

It was developed primarily as an educational resource for clinical laboratory
geneticists with quality laboratory services. The recommendation describes a
process for classifying variants into five categories based types of variant evidence.

For Mendelian disorder only

Not for the interpretation of
e cancer somatic variation, pharmacogenomic (PGx) variants

 variants associated with multigenic non-Mendelian complex disorders

In the beginning, the guideline was intended to interpret known clinical relevant
variants, it was NOT for research purpose on disease mapping.

RICHARDS et al. Genetics in Medicine (2015)
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P Benign - Pathogenic -
.~ ” N -
Strong Supporting Supporting Moderate Strong Very strong
*ﬁf‘ﬁfr — Ty —_— s Y
Population MAF is too high for Absent in population Prevalence in
data disorder BA1/BS1 OR databases PM2 affecteds statisticallyl
observation in controls —_— e ™ ™ = Increased over l
inconsistent with controls PS4
disease penetrance BS2 el |
— [ - — —
Computational Multiple lines of Multiple lines of Novel missense change Same amino acid Predicted null
and predictive computational evidence computational at an amino acid residue change as an variant in a gene
data suggest no impact on gene evidence support a where a different established where LOF isa
/gene product BP4 delaterious effect pathogenic missense pathogenic variant known
on the gene /gene change has been seen PS1 mechanism of
Missense Iin gene where product PP3 before PM5 disease
only truncating cause PVS1
disease BP1 Protein length changing
variant PM4
Silent variant with non
predicted splice impact BP7
In-frame indels in repeat
wi'out known function BP3
Functional Well-established Missense in gene with Mutational hot spat Well-established
data functional studies show low rate of benign or well-studied functional studies
no deleterious effect missense variants and functional domain show a deleterious
BS3 path. missenses without benign effect PS3
common PP2 vanation PM1
Nonsagregation Cosagragation with
with disease BS4 disease in multiple
::a"ﬂ"b" affected family Increased segregation dala‘_>
members PP1
De novo De novo (without De novo (paternity and
data paternity & matarnity maternity confirmed)
confirmed) PM6& Ps2
Allelic data Observed in trans with For recessive
a dominant variant BP2 disorders, detected
in trans with a
Observed in cis with a pathogenic variant
pathogenic variant BP2 PM3
Other Reputable source w/out Reputable source
database shared data = benign BP6 = pathogenic PPS
Found in case with Patient's phenotype or 117
Other data an alternate cause FH highly specific for
BPS gene PP4 RICHARDS et al. Genetics in Medicine (2015)




Table 1 Population, disease-specific, and sequence databases

Population databases
Exome Aggregation Consortium
http://exac.broadinstitute.org/

Exome Variant Server
http://evs.gs.washington.edu/EVS
1000 Genomes Project
http://browser.1000genomes.org

dbSNP
http://www.ncbi.nlm.nih.gov/snp
dbVvar
http://www.ncbi.nlm.nih.gov/dbvar
Disease databases

ClinVar
http://www.ncbi.nlm.nih.gov/clinvar
OMIM

http://www.omim.org

Human Gene Mutation Database
http://www.hgmd.org

Locus/disease/ethnic/other-specific databases

Human Genome Variation Society

http://www.hgvs.org/dblist/dblist.html

Leiden Open Variation Database
http://www.lovd.nl

DECIPHER
http://decipher.sanger.ac.uk

2025-11-05
#3192268

Database of variants found during exome sequencing of 61,486 unrelated individuals sequenced as
part of various disease-specific and population genetic studies. Pediatric disease subjects as well as
related individuals were excluded.

Database of variants found during exome sequencing of several large cohorts of individuals of
European and African American ancestry. Includes coverage data to inform the absence of variation.

Database of variants found during low-coverage and high-coverage genomic and targeted
sequencing from 26 populations. Provides more diversity compared to the Exome Variant Server but
also contains lower-quality data, and some cohorts contain related individuals.

Database of short genetic variations (typically <50 bp) submitted from many sources. May lack details
of the originating study and may contain pathogenic variants.

Database of structural variation (typically >50 bp) submitted from many sources.

Database of assertions about the clinical significance and phenotype relationship of human variations.

Database of human genes and genetic conditions that also contains a representative sampling of
disease-associated genetic variants.

Database of variant annotations published in the literature. Requires fee-based subscription to access
much of the content.

The Human Genome Variation Society site developed a list of thousands of databases that provide
variant annotations on specific subsets of human variation. A large percentage of databases are built
in the Leiden Open Variation Database system.

A molecular cytogenetic database for clinicians and researchers linking genomic microarray data with
phenotype using the Ensembl genome browser.

BA1/BS1: MAF is too
high for disorder

PM2:
Absent in population
databases

or

BS2: observation in
controls inconsistent
with disease
penetrance
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ClinVar: public archive of relationships among
sequence variation and human phenotype

Melissa J. Landrum, Jennifer M. Lee, George R. Riley, Wonhee Jang, Wendy
S. Rubinstein, Deanna M. Church and Donna R. Maglott*

National Center for Biotechnology Information, National Library of Medicine, National Institutes of Health,

8600 Rockville Pike, Bethesda, MD 20894, USA
Researchers & Clinicians Patients & Families Sign-In

COLLABORATION
for CUNICAL GENOMICS

~

ICCG » About Us » The ClinGen Resource

About Us
The ClinGen Resource Sl
ClinGen is a National Institute of Health (NIH)-funded resource dedicated to harnessing both research data and the The ClinGen Resource
data from the hundreds of thousands of clinical genetics tests being performed each year, as well as supporting expert
curation to determine which variants are most relevant to patient care. In 2013, the National Human Genome Research News, Events & Publications
Institute (NHGRI) and the Eunice Kennedy Shriver National Institute of Child Health and Human Development (NICHD)
(subsidiaries of NIH) awarded three grants totalling over $25 million dollars to support a consortium of research groups ICCG Conferences
to design and implement a framework for evaluating which variants play a role in disease and those that are relevant to
patient care. The groups will work closely with the National Center for Biotechnology Information (NCBI) of the National Other Projects and
Library of Medicine (NLM), which will distribute this information through its ClinVar database. Learn about each of the Collaborations 119
2025-11-05 groups involved in the ClinGen Resource, their individual charges, and their collaborative efforts.
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Data Standards
Geno/Phenotype

The aim of ClinVar

Data
Submission

Data Reformatting

and Sharing

Quality Checks
and Curation

[

Bioinformatics and Information Technology Solutions

Structural
and
Sequence
Variants

Phenotype
Descriptions
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=1

pr——

Contributing Clinical Laboratories

|

.

Data De-ldentification and
Reformatting Tools

Patient
Registry

ClinVar
Public
Database

Data Visualization,
Search, Integration, and
Analysis Tools
NCBI / UCSC / Vendors

Data Quality
Checks

Curated Data:

Pathogenic
Uncertain
Benign

Data
Curator
Review
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CFTR:c.1652G>A (p.Gly551Asp) AND Cystic fibrosis

Clinical significance:
Review status:

Based on:
Record status:
Accession:

Allele description

Gene:

Variant type:
Cytogenetic location:
Genomic location:
Preferred name:
HGVS:

Protein change:
Links:
1000Genome:
Allele Frequency:

Molecular consequence:

Suspect:

Observations:

Condition(s)
Name:
Synonyms:
Identifiers:
Age of onset:
Prevalence:

2025-11-05
#3192268

Pathogenic (Last evaluated: Mar 28, 2013)

4 1

4 submissions [Details]
current
RCV000007540.7

CFTR:cystic fiorosis transmembrane conductance regulator (ATP-binding cassette sub-family C, member 7) [Gene - OMIM]
single nucleotide variant

7q31.2

Chr7:117587806 (on Assembly GRCh38)

CFTR:c.1652G=A (p.Gly551Asp)

NC_000007.14:9.117587806G=A
NG_016465.3:0.127023G=A
NIM_000492.3:c.1652G=A

...maore

G551D; GLY551ASP
OMIM: 602421.0013; dbSNP: 75527207

175527207
0.0014, GO-ESP
NM_000492.3:c.1652G=A: missense [Sequence Ontology: SO:0001583]
Not available
3

Cysticfibrosis (CF)

Mucoviscidosis; Classic Cystic Fibrosis

MedGen: C0010674; OMIM: 219700; Orphanet: 586
Neonatal/finfancy

e 1-5/10 000 Orphanet. 586

¢ 1:3200 hitp://www.ncbi.nlm.nih.qov/books/NBK1250/

¢ 1in 2000-4000 depending on the population studied.

* May be provided by NCBI
Interpretation
e Significance
* Review status *
* submitter/criteria provided/etc.
* Accession.version *

Allele summary

* Gene

* \Variant type

* Genomic location
 HGVS expressions™
 Molecular consequence*
e Links*

* Frequency*

Phenotype summary
* Names

e Links*

 Age of onset *

* Prevalence *
121
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Levels of Curation:

Maintaining quality and supporting multiple uses

Practice guidelines > —
Guideline

datasets ——> / Uncurated

Evidence-based review ——> Expert Curation
= ClinVar
RS - / Multi-Source Curation
Intra-laboratory ——> / Single-Source Curation
Large variant /

\\ dbSNP/dbVar
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The ClinGen and ClinVar

Patients Clinicians Laboratories Researchers

‘ = = Partnership
soveo0s ] | T €ecccc) | | oamscormm t | {eccce) | | eecoce, Both provide resources to support genomic interpretation
v | v v | iT

ClinGen - A Program

Encouraging

Assessing the
clinical

validity and
actionability

Aggregate Genomic and Health Data

W

An NIH funded project data sharing of genes and

o — Promote lab their relationship
Building a central resource that submissions to : to di
defines the clinical relevance of ClinVar @ HiReee

genes and variants

C inGé:ﬁ

Clinical Genome Resource

— Facilitate patient
data sharing

ClinGen is addressing the following
critical questions:

. g . ) ) through
Curate Based on ClinGen's Critical Questions e o assoctated with GenomeConnect Expertly curating
Gene Disease Variant Dosage Clinical = Is the variant pathogenic? 32352?? PR
Validity Pathogenicity Sensitivity Actionability — Is the variant/gene — Provide curated

information actionable? knowledge to

ClinVar and on

Partnership to

im p rove clinicalgenome.org
knowledge of Expert }
genomic variation|§ Curation

Evaluate &
Improve

Evaluate &
Improve

Disseminate Expert Curated Knowledge Clinvar- A Database

— Funded by intramural

TN NI unding Neainng o
. . IC —~ - Freel ible and publicly available
Improve Patient Care Through Genomic Medicine |~ ~,, W - feosesboond publicy avail
of reports of the relationship — Interpretations of the

clinical significance of
variants

between variants and
conditions

Maintained by the National Supporting SubmiteninoiEy
— Center for Biotechnology sharing : .
Information (NCBI) of variants = Suzp_og!n% evlldlencle
interpretations ggmi"w;,ﬁ;n“" eve
available
2025-11-05 https://clinicalgenome.org/start/
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% varsome | GJB2:V37I hg19 ~  Search Editions~ About Community News - Sign in

chr13-20763612-C-T (GJB2:p.v37I)

1 user classified this variant as Pathogenic.

[3 Link a publication | | |= Classify | | < Community Contributions (1) | | 7% Favorites | | Ith Copy Shortlink | | % APILink | | -&§ Submit to Clinvar & Upload FASTQ/VCF & Download Variant
ACMG classification
X Protein Viewer

Region browser

Chromosome Position REF Sequence ALT Sequence Variant type Cytoband HGVS RS ID Gene symbol . L
) Community contributions n
chr13 20763612 C T SNV 13g12.11 GJB2(NM_004004.6):c.109G>A rs72474224 | @ dbSNP GJB2
,
@ UCSC genome browser (pValz7lle) Publications [ 134 |
(' Mastermind
(7' TraP Score Structural Variants
Transcripts
This variant has been viewed 1996 times on VarSome.
ClinVar

Connect with past and future viewers of this variant... UniProt Variants

Frequencies
A VarSome.com is for research use only. Find out about our clinically certified platform: VarSome Clinical .
Pathogenicity Scores

Conservation Scores

ACMG Classification - Educational use only Version: 11.2.8 Terms of use Documentation ~
GTEx
PharmGKB VerEMIUM
Verdict
Beacon network
Pathogenic
Gene GJB2
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Sequence Variant Interpretation 0O
The goal of the Sequence Variant Interpretation Working Group (SVI WG) is to support the refinement and o
evolution of the ACMG/AMP Interpreting Sequence Variant Guidelines to develop quantitative approaches to Q
variant interpretation.

Subgroups @ Documents@® Tools®  Membership &

*BA1: Updated Recommendation for the ACMG/AMP Stand Alone Pathogenicity Criterion for Variant Classification
*BA1 Exception List (July 2018)
*BA1 Exception List Nomination Form
*PVS1: Recommendations for Interpreting the Loss of Function PVS1 ACMG/AMP Variant Criteria
*ClinGen SVI PVS1 Decision Tree Editable
*PVS1, PS1, PP3, BP4, BP7: Application of the ACMG/AMP Framework to Capture Evidence Relevant to Predicted and Observed Impact
on Splicing: Recommendations from the ClinGen SVI Splicing Subgroup
*ClinGen SVI Splicing Subgroup feedback form
*ClinGen SVI Splicing Subgroup - Response to feedback (March 2024)
*PS2/PM6: Recommendation for de novo PS2 and PM6 ACMG/AMP criteria (Version 1.1)
*PS3/BS3: Recommendations for application of the functional evidence PS3/BS3 criterion using the ACMG/AMP sequence variant
interpretation framework
*SVI Functional Assay Documentation Worksheet
*PM2: Recommendation for Absence/Rarity Criterion PM2 (Version 1.0)
*PM3: Recommendation for in trans Criterion PM3 (Version 1.0)
*PP1/BS4, PP4: ClinGen guidance for use of the PP1/BS4 co-segregation and PP4 phenotype specificity criteria for sequence variant
pathogenicity classification
*PP3/BP4: Calibration of computational tools for missense variant pathogenicity classification and ClinGen recommendations for
PP3/BP4
*PP5/BP6: Recommendation for reputable source PP5 and BP6 ACMG/AMP criteria

2025-11-05
#3192268 https://clinicalgenome.org/working-groups/sequence-variant-interpretation/
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SHERLOC refinement (2017)

Variants of uncertain significance

Very high

Clinical:population data

High

o

Absent from ExAC

(

Functional:variant type

o

Synonymous

non-conserved intron

o

Missense AG/GT

Nonsense
dinucleotide frameshift

Clinical:clinical observations

)

® @ ® @ ¥
Dominant: co-occurrence Dominant: co-occurrence f ::asgals Jdcases 3 ;:asgls 3+ families
in trans phase unknown amily . amily
: in trans P
- Functional:experimental studies ]
1 e ° ® =
Neutral Neutral Disrupted Disrupted
STRONG WEAK WEAK STRONG
Indirect and computational J
All All
neutral deleterious
2025-11-05 @
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Population

database:
frequency

Population
database:

homozygous
observations

Moderate severity, early onset
and moderate penetrance

Mild, late onset or weakly
penetrant

"5 N e Y /[ Very high (>0.5%) 5B (EV0096)

iDor /(High (>0.1%) — 3B (EV0097)

X-linked ’—(Somewhat high (>8 total alleles) )— 1B (EV0161)

High-quality inheritance \(Pathogenic range (<8 total alleles))— 0.5P (EV0161)

and abundant| \_ ) Absent (0 alleles) 1P (EV0135)
data

(>15,000 allsles [~~~ B /Very high (>1%) — 5B (EV0093)
in EXAC) /(Hign (>0.3%) — 3B (EV0094)

inheﬁtﬁance ——-—(Somewhat high (>8 total alleles) )— 1B (EV0160)
\(Pathogenic range (<8 total aIIeles))— 0.5P (EV0101)
\ J Xe /\Absent (0 alleles) 1P (EV0135)
£ E e 4 "\ [Veryhigh (>1.5%) 5B (EV0165)
AD or .
h (>0.5%

High-quality Xdinked | (i C0.5%) e
butless * | _{ inheritance [—{ Somewhat high (>0.1%) — 1B (EV0167)
abundant \ J Y Low (<0.1%) —0  (EVO178)

data

(<15,000 alleles \[ ) /[Very high (>3%) — 5B (EV0162)

in ExAC,default High (>1% 3B (EV0163

to 1 KG data set) inh A:} /( ) )_ ( 3)
inheritance  —{'somewhat high (>0.3%) — 1B (EV0164)
7 (L 8 j\(Low (<0.1%) —0  (EV0178)
4§ X A 7\ _{Qualty-iitered EXAC position )0 (EV0177)
Low-quality All .
dita ShSiaiice ——{ Absent, but mediocre coverage  }— 0.5 P (EV0179)
\ ) Ao j\(Absent. but poor coverage )— 0  (EV0180)
Severe, early onset, 1B (EVO113)
and highly penetrant 4B (EVO116)

R

Do not use
observation
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Table 5 Rules for combining criteria to classify sequence

variants

P Banign - Pathogenic -
.~ ~ N -
Strong Supporting Supporting Moderate Strong Very strong
Population MAF Is too high for Absent in population Prevalence in
data disorder BA1/BS1 OR databases PM2 affacteds statistically
observation in controls increased over
inconsistent with controls PS4
disease penetrance BS2
Computational Multiple lines of Multiple lines of Novel missense change Same amino acid |Pradleted null
and predictive computational evidence computational at an amino acid residue change as an variant in a gene
data suggest no impact on gene evidence support a where a different established where LOF isa
/gene product BP4 delaterious effect pathogenic missense pathogenic variant known I
on the gene /gene change has been seen PS1 mechanism of
Missense In gene where product PP3 before PM5 disease |
only truncating cause PVS1
disease BP1 Protein length changing -— o \
variant PM4
Silent variant with non
predicted splice impact BP7
In-frame indels in repeat
w/out known function BP3
Functional Well-established Missense in gene with Mutational hot spat Well-established
data functional studies show low rate of benign or well-studied functional studies
no deleterious effect missense variants and functional domain show a deleterious
BS3 path. missenses without benign effect PS3
common PP2 vanation PM1
Nonsagregation Cosagragation with
with disease BS4 disease in multiple
mmﬂbﬂ affected family Increased segregation data :
members PP1
De novo De novo (without De novo (paternity and
data paternity & matarnity maternity confirmed)
confirmed) PM6& PS2
Allelic data Observed in trans with For recessive
a dominant variant BP2 disorders, detected
in trans with a
Observed in cis with a pathogenic variant
pathogenic variant BP2 PM3
Other Reputable source w/out Reputable source
database shared data = benign BP6 = pathogenic PPS
Found in case with Patient's phenotype or
Other data an alternate cause FH highly specific for

BPS

gene PP4

Pathogenic

(i) 1 Very strong sPVS1 ZAND

(@) =1 Strong (PS1-PS4) OR
(b) =2 Moderate (PM1-PM6) OR

(c) 1 Moderate (PM1-PM6) and 1 supporting
(PP1-PP5) OR

(d) =2 Supporting (PP1-PP5)
(i) =2 Strong (PS1-PS4) OR
(iii) 1 Strong (PS1-PS4) AND

(a)=3 Moderate (PM1-PM6) OR

(b)2 Moderate (PM1-PM6) AND >2
Supporting (PP1-PP5) OR

(c)1 Moderate (PM1-PM6) AND >4
supporting (PP1-PP5)
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Nonsense or
Frameshift

GT--AG
1,2 splice
sites *

Exon is present in biologically-relevant transcripi(s) PVS1
Predicted to undergo NMD *
Lixon is absent from biologically-relevant transcript(s) N/A
Truncated/altered region is critical to protein function © PVS1_Strong
Lol variants in this exon are frequent in the general population N/A
Not prodicted 10 o+ NMD Rok of region and/or exon is absent from biologically-relevant transcript(s)
in protein - .
function is LoF variants in this cxon are not byt PVS! Strong
unknown frequent in the general population and MSLUSELE ENTE
exon is present in biologically-relevant T e ——
transcripi(s) <10% of protcin PVS1 Moderate
Exon is present in biologically-relevant transcripi(s) PVSI
Lxon skipping or use of a cryptic
mﬁ'g;:;;‘:“"wm;f::';, Exon is absent from biologically-relevant transcript(s) N/A
Truncated/altered region is critical to protein function ¢ PVSI1 Strong
LoF variants in this exon are frequent in the general population N/A
Exon skipping or usc of a cryptic ) and’or ¢xon is absent from biologically-relevant transcript(s)
splice site disrupts reading frame Role of region
and is NOT predicied to undergo ety LoF variants in this exon are not e PVSI_Strong
NMD s frequent in the general population and ¢ of protein
exon is present in bi?logicnlly-relevam Vel seadien
transeript(s) <10% of protein PVSI_Moderate
LoF variants in this ¢xon are frequent in the genceral population N/A
and’or exon is absent from biologically-relevant transeript(s)
Role of region
in protein " gane Varant removes
Exon skipping or use of a cryptic function is fm:oue‘:u“ms " tlm‘ Yo l:?no': :nd >10% of protein FVS1_Swwoeg
splice site preserves reading frame unknown : SRS P
exon is present in bl?logncally-rckwn Virient someves
transeript(s) <10% of protein PVS1_Moderate

2025-11-05
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4 Full gene deletion PVS1¢
Exon is present in biologically-relevant transcripi(s) PVSI
Single to multi exon deletion
Disrupts reading frame and is " T >
predicted to undergo NMD* Exon is absent from biologically-relevant transeript(s) N/A
Truncated/altered region is critical to protein function © PVSI1_Strong
Deletion
(Sn:::e;x:; - Sirgslc to ﬂﬂ"i' exon dclc(ion. = LoF variants in this exon are frequent in the general mhlbn N/A
Disrupts reading frame and is and/or exon is absent from biologically-relevant transcript(s)
NOT predicted to undergo NMD » Role of region
in protein 3 s R s Variant removes
function is LoF wmms it oo g >10% of protein PVS1_Sirng
usksown l'mqu.cnl in the Tk') qop::lmo;; and
€xXon is present in srelevant .
Single to multi exon delction — lnnscﬁpl(?)“ : S —— PVS1 Moderate
Preserves reading frame <10% of protein -
Truncated/altered region is eritical to protein function © PVSI1 Strong
Proven in tandem Reading frame disrupted and NMD predicted to occur PVSI1
Duplicati
(2:‘ :n: in ::e No or unknown impact on reading frame and NMD N/A
and must be > Presumed in tandem
y - : -
m“'w""“"'m i Reading frame presumed disrupted and NMD predicted to occur PVSI1_Strong
geee) Proven not in tandem N/A
No known alternative start codon 21 pathogenic vanant(s) upstream of closest potential in-frame start codon PVSI_Moderate
Initiation in other transcripts : e et
Codon No pathogenic variant(s) upstream of closest potential in-frame start codon PVS1_Supp
Different functional transcript uses NA
alternative start codon
‘/1 ',. }(L&If&"lﬁ-aﬁﬁp'lﬁéﬁ“‘bﬁ 129
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Table 5 Rules for combining criteria to classify sequence

variants

P Benign - Pathogenic -
.~ ~ N -
Strong Supporting Supporting Moderate Strong Very strong
Population MAF Is too high for Absent in population Prevalence in
data disorder BA1/BS1 OR databases PM2 affacteds statistically
observation in controls increased over
inconsistent with controls PS4
disease penetrance BS2
Computational Multiple lines of Multiple lines of I Novel missense change Same amino acid Predicted null
and predictive computational evidence computational at an amino acid residue change as an variant in a gene
data suggest no impact on gene evidence support a where a different established where LOF isa
/gene product BP4 delaterious effect pathogenic missense pathogenic variant known
on the gene /gene I change has been seen PS1 mechanism of
Missense In gene where product PP3 before PM5 disease
only truncating cause b = - PVS1
disease BP1 Protein length changing
variant PM4
Silent variant with non
predicted splice impact BP7
In-frame indels in repeat
w/out known function BP3
Functional Well-established Missense in gene with Mutational hot spat Well-established
data functional studies show low rate of benign or well-studied functional studies
no deleterious effect missense variants and functional domain show a deleterious
BS3 path. missenses without benign effect PS3
common PP2 vanation PM1
Nonsagregation Cosagragation with
with disease BS4 disease in multiple
m”ﬂ"‘“' affected family Increased segregation data N
members PP1
De novo De novo (without De novo (paternity and
data paternity & matarnity maternity confirmed)
confirmed) PM6& PS2
Allelic data Observed in trans with For recessive
a dominant variant BP2 disorders, detected
in trans with a
Observed in cis with a pathogenic variant
pathogenic variant BP2 PM3
Other Reputable source w/out Reputable source
database shared data = benign BP6 = pathogenic PPS
Found in case with Patient's phenotype or
Other data an alternate cause FH highly specific for

BPS

gene PP4

Pathogenic

(i) 1 Very strong (PVS1) AND
(@) =1 Strong (PS1-PS4) OR
(b) =2 Moderate (PM1-PM6) OR

(c) 1 Moderate (PM1-PM6) and 1 supporting
(PP1-PP5) OR

(d) =2 Supporting (PP1-PP5)
(i) =2 Strong (PS1-PS4) OR
(iii) 1 Strong (PS1-PS4) AND

(a)=3 Moderate (PM1-PM6) OR

(b)2 Moderate (PM1-PM6) AND >2
Supporting (PP1-PP5) OR

(c)1 Moderate (PM1-PM6) AND >4
supporting (PP1-PP5)

130

RICHARDS et al. Genetics in Medicine (2015)



B w N e

N o U

2025-11-05
#3192268

Missense
prediction (PP3)

Evolutinary conservation
Protein structure/function
Both 1. & 2.

Alignment and the similarity
between sequence homolog

2. & 4.
multiple 1. 2. 3.
Intergration, combination

If all of the in silico programs
tested agree on the prediction,
then this evidence can be counted
as supporting.

If in silico predictions disagree,
however, then this evidence
should not be used in classifying a
variant.

Name

ConSurf
FATHMM

MutationAssessor

PANTHER
PhD-SNP
SIFT
SNPs&GO
Align GVGD

MAPP
MutationTaster
MutPred
PolyPhen-2

PROVEAN

nsSNPAnalyzer
Condel

CADD

Website
http://consurftest.tau.ac.il
http://fathmm.biocompute.org.uk
http://mutationassessor.org
http://www.pantherdb.org/tools/csnpScoreForm.jsp
http://snps.biofold.org/phd-snp/phd-snp.html
http://sift.jcvi.org
http://snps-and-go.biocomp.unibo.it/snps-and-go
http://agvgd.iarc.fr/lagvgd_input.php

http://mendel.stanford.edu/SidowLab/downloads/
MAPP/index.html

http://www.mutationtaster.org
http:/mutpred.mutdb.org

http://genetics.bwh.harvard.edu/pph2

http://provean.jcvi.org/index.php

http://snpanalyzer.uthsc.edu
http://bg.upf.edu/fannsdb/

http://cadd.gs.washington.edu

Basis

Evolutionary conservation
Evolutionary conservation
Evolutionary conservation
Evolutionary conservation
Evolutionary conservation
Evolutionary conservation

Protein structure/function

Protein structure/function and
evolutionary conservation

Protein structure/function and
evolutionary conservation

Protein structure/function and
evolutionary conservation

Protein structure/function and
evolutionary conservation

Protein structure/function and

evolutionary conservation

Alignment and measurement of
similarity between variant sequence
and protein sequence homolog

Multiple sequence alignment and
protein structure analysis
Combines SIFT, PolyPhen-2, and
MutationAssessor

Contrasts annotations of fixed/nearly
fixed derived alleles in humans with
simulated variants
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CADD-Combined Annotation Dependent Depletion

* Mutation rate and segeunce evolution, sequence conservation metrics like
GERP, phastCons, and phyloP

* Functional genomic data like DNase hypersensitivity and transcription
factor binding

* Transcript information like distance to exon-intron boundaries and
Expression levels in commonly studied cell lines

* Protein-level scores like Grantham, SIFT, and PolyPhen
 PHRED-like (-10*log10(rank/total)) scaled C-score:

e C-score >= 10 indicates that it’s predicted to be the 10% most deleterious
substitutions

e C-score >= 20 indicates that it’s predicted to be the 1% most deleterious
substitutions

Research | Open Access | Published: 22 February 2021

CADD-Splice—improving genome-wide variant effect
prediction using deep learning-derived splice scores

Philipp Rentzsch, Max Schubach, Jay Shendure & Martin Kircher &1

Genome Medicine 13, Article number: 31 (2021) | Cite this article

https://cadd.gs.washington.edu/info
https://genomemedicine.biomedcentral.com/articles/10.1186/s13073-021-00835-9



PrimateAl

Common missense variants in
other primate species are
largely clinically benign in
human (deep neural network)

The network takes human
amino acid (AA) reference and
alternate sequence (51 AAs)
centered at the variant, the
position weight matrix (PWM)
conservation profiles
calculated from 99 vertebrate
species

secondary structure and
solvent accessibility
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Benign

Frequency

0.

PrimateAl:

-
Pathogenic

PrimateAl score for
chr12: 103246653 C>T
(PAH gene R>Q)

02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

variant pathogenicity
prediction model

Six residual ©

Information from
secondary structure

Information from
solvent accessibility

prediction model

N

prediction model

Human reference
Human alternative TCTGFRLRPVA! LLS RDF

PYIM from 50 mammals 11 CERLRPYACLE S RBFLC

TCTGFRLRPVAGLLSSRDFLGGLAFRVFHCTQY |RHGSKPMYTPEPD | CHE
LGGLAFQVFHCTQY | RHGSKPMYTPEPD | CHE

SEAFRVEHETEY

| FHCSREHY TEERB €

PWM from 38 vertebrates = CTGFRLRPVAGLLSSRDFLAGLAFRVFHSTOY |RHaSkPmYTPEPD L C

Ngzm(;m/
COOH

51 AA sequence
centered around the variant

ClinVar pathogenic variants

EXAC variants in healthy individuals

PrimateAl score at each

amino acid position
0.5

Intracellular domain
M Extracellular domain
Bl Transmembrane domain
M Pore-forming domain
B S4-85 linker domain

X XX XXX
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® Pathogenic/likely pathogenic variant
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Vikas Pejaver et al & ClinGen Sequence Variant Interpretation Working Group AJHG (2022)



PrimateAl-3D

= Individuals carrying
ﬁ?\ T\ s .
21 SEN @ LDLR variants
\’9 L7 AN . VA4
) “MIE \\\ l) N
/4 \- ; D 3- .
4.3 million common benign /-D&\ o ]
variants from 233 primate | SN - 9
species & -
=)
= ¥
| 5 |7
. . . . . t .:..
Validation of primate variants in S
human clinical variant database Q
Benign primate 3D convolutions + 0 1
variants deep learning PrimateAl-3D score LoF
98.7% of common superimposed protein language Validation of variant
primate variants in on 3D protein models effect predictions
ClinVar are benign structures in clinical cohorts
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Splice site prediction

Nucleotide
conservation prediction

Splice site and others

GeneSplicer

Human Splicing Finder
MaxEntScan

NetGene2
NNSplice
FSPUCE

GERP
PhastCons

PhyloP

http://www.cbcb.umd.edu/software/GeneSplicer/
gene_spl.shtml

http://www.umd.be/HSF/

http://genes.mit.edu/burgelab/maxent/Xmaxentscan_
scoreseq.html

http://www.cbs.dtu.dk/services/NetGene2
http://www fruitfly.org/seq_tools/splice.html

http://www .softberry.com/berry.phtml?topic=fsplice&
group=programs&subgroup=gfind

http://mendel stanford.edu/sidowlab/downloads/gerp/
index.html

http://compgen.bscb.cornell.edu/phast/

http://compgen.bscb.cornell.edu/phast/

Markov models

Position-dependent logic
Maximum entropy principle

Neural networks
Neural networks

Species-specific predictor for splice
sites based on weight matrices model

Genomic evolutionary rate profiling

Conservation scoring and
identification of conserved elements

http://compgen.bscb.cornell.edu/phast/help-pages/
phyloP.txt

Alignment and phylogenetic

trees: Computation of P values for
conservation or acceleration, either
lineage-specific or across all branches
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RICHARDS et al. Genetics in Medicine (2015)
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SpliceAl

SpliceAl, a 32-layer deep neural
network, predicts splicing from a pre-
MRNA sequence

75% of predicted cryptic splice
variants validate on RNA-seq

Cryptic splicing may yield $10% of
pathogenic variants in
neurodevelopmental disorders

Cryptic splice variants frequently give
rise to alternative splicing

2025-11-05
#3192268

SpliceAl training

pre-mRNA g % > GENCODE

sequences GTEXx

Identify cryptic splice mutations

» —» SpliceAl > ——m————m——
wildtype

@ ' *
A —»{ SpliceAl — ——m——— m———
mutant

De novo pathogenic mutations
cryptic splice: 10%

protein coding: 90%

Jaganathan et al., 2019, Cell



Input

Reference: CAG -~~~ DNA
MDVVAMVNQTVATMIS ------------- Protein
[ ]
AlphaMissense ¢
Missense CGG ------mmmmmem e DNA
variant: MDVVAMVNRTVATMIS ------------- Protein |
Google DeepMind, London, UK. |
: . . AlphaMi y
(i) Unsupervised protein language "
mOdeIing tO Iearn amino aCid @ Structure context Protein language @Training variants
. . . oy s modeling
distributions conditioned on
. 10! @@:
sequence context; Losl@
204t
(ii) Incorporating structural context

o

by using an AlphaFold-derived
system

|
(iii)Fine-tuning on weak labels from

0.2+

] Benign ! Pathogenic

population frequency data,
thereby avoiding bias from
human-curated annotations.

(iv)MAVE benchmarked data

Output

AlphaMissense
pathogenicity:
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' 32%
1 Pathogenic likely
For all 71M possible

pathogenic

Uncertain

0 I Benign

missense variants in
the human proteome:

139

Accurate proteome-wide missense variant effect prediction with AlphaMissense

JUN CHENG et al, Science (2023)
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Cross-species intolerance to LoF ()

a
Lethal
Subviable
Viable
I |
Mouse_viability
(o

Early-gestation

Mid-gestation

Late-gestation

I |
Mouse_embryo_lethality

Non-essential

I |
Human_cells_essentiality

Essential

Non-essential

I |
Human_cells_essentiality

Semantic space y

Semantic space y

()]

o

Cellular lethal

[ 06“ Blas

lic process

pone ‘IOI’I or biogenesis

Protein lraﬁsmm

-5 0 5
Semantic space x

Developmental lethal

etabolic process

Embryonic qjdl

Embryo development ending in

- Appenda@opmem -
’// N }lwltary gland ﬁelopmem
Biosynthetic pr@cessr ~ specmcauon of :ymmetry
Yy ) S
Organzation ’ B
-5 0 5

Semantic space x

-25-20-15-10 -5

Pilar Cacheiro et al., Nature Communications (2020)
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Proportion expressed across transcripts
(pext) score

: : : Isoform expression

Transcript 1 1TPM
|
|
|
Transcript 2 _ t 20 TPM
|
|
|
|
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|
|
|
|

Genome

| 26 | 21 TPM 26 TPM

I
I
26 TPM | 1
TPM TPM
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a Recruitment Phenotypes

{
A

& Measurements Medical records Questionnaires

»°

Y

S VRN

b Sequencing Variant calling
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UK Biobank

Association
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Annotation
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Benchmarking ctDNA WES analysis workflow

6) Datasets from SEQC2
— 9 sets of tumor WES samples
=
é’é;féé Read alignment
oo Bowtie2, BWA, HISAT2,
Tt DRAGEN-A, DRAGMAP

/\[){;\ Variant calling
) VY DeepVariant, DRAGEN-C,

Mutect2, TNscope,

\
m Benchmarking

GATK SelectVariants

I

Performance evaluation
e Compared with SEQC2 truth set

{\© \ * SNV/INDEL performance

P
i v

?
v

=e

o

Top performer

DRAGEN — Best F1-scores
for SNVs (0.966) and INDELs
(0.791)

Tool impact > Data quality

Low-quality data + good
tools > High-quality data
+ bad tools

Merge strategies

Combining callers improves
detection

Key results

I’ )

Best open-source software
BWA-Mutect2 (SNV F1:0.949),

HISAT2-Mutect2
(INDEL F1: 0.722)

Sentieon TNscope
e Underestimated tumor mutational
burden

® Missed drug-resistance mutations
(FLT3, MAP2KT)

Clinical relevance

Missed mutations—
Risk of wrong treatment

BWA: Burrows-wheeler aligner; DRAGEN: Dynamic read analysis for genomics; DRAGEN-A: DRAGEN-aligner; DRAGEN-C: DRAGEN-caller; DRAGMAP: DRAGEN open-source mapper; FLT3: FMS-like tyrosine kinase 3; FMS: Feline McDonough Sarcoma; GATK: Genome analysis toolkit;
HISAT2: Hierarchical indexing for spliced alignment of transcripts 2; INDEL: Insertion-deletion; MAP2K1: Mitogen-activated protein kinase 1; SEQC2: Sequencing quality control phase 2; SNV: Single nucleotide variant; WES: Whole exome sequencing

Different analytical methods applied to the same data will have an impact on the final molecular diagnosis and treatment

Larry Lin et al., Jounral of Molecular Diagnostics (2025)
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