Somatic mutations in
non—cancer diseases
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Curriculum Vitae

Speaker Name: Junho Kim, Ph.D.

» Personal Info
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p Contact Information

Address Department of Biological Sciences, Sungkyunkwan

University, Suwon, South Korea
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Educational Experience
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2014 Ph.D. in Bio and Brain Engineering, KAIST, Daejeon, Korea

Professional Experience
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Germline vs. Somatic mutations
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Cancer arises from somatic mutations in cells

Loss of normal growth control

-----

Cell damage (no repair)

Normmal cell \‘
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Yulug I. Molecular basis of cancer, 2006
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Somatic mutation detection from NGS data
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Low-level somatic mutation detection

- ANALYSIS
compyaly

Sensitive detection of somatic point mutations in
impure and heterogeneous cancer samples

Eristian Cibalkis!, Michael 5 L 1, Scoit L Carter, o, Diavid Jaffe!, €
)

3, EricS Lasder! 4

e s = = ref |
———TTT LR
Horar — VarScan 2: Somatic mutation and copy number
{normal) = alteration discovery in cancer by exome sequencing
L}
Daniel C. Keboldt,! Qunyuan Zhang,! David E. Larson,' Dong Shen,”
BBI AB| AB) AA Michael 0. MeLellan,” Ling Lin,' Christopher A. Miller,! Elaine R, Mardis,"** Li Ding, "4
] and Richard K. Wilson"-3*
- — 1 " fhoe Genome inmitute, W Urversity, $4. Lowis, Missouri 61108, USA; *Department of Genetics, Washington Univendty,
donor = | i q SE. Lowi, Miiwiood 63110, U4 " Cimiter, i ity, 3¢, Cou, Miiowrd 63110, L34
(disease) - depth
s | =] = E
BB BB AB AB Allale Fi VAR P
ele F | y et 3001, 1490 —
= # of mut. supporting reads / Genome Biology
ing depth
germline mutations somatic mutations eArensing cep METHGE

Virmid: accurate detection of somatic mutations
with sample impurity inference

Sangwoo Kim' ™, Kyowon Jeang™, Kunal Bhutani’, Jeong Ho Lee™. Anard Patel’, Eric Scott’, Hojung Nam,
Hayan Lee’, Joseph G Glesson” and Vineet Bafna”

Mosaic brain hypothesis

Neural precurser cell

Region of
mutation

Inherited recessive mutation

Somatic
mutation

Somatic

’77 mutation

“ & ..: e ) @ Deconstructing the Mosaic Brain, Tom Curran, The Scientist, 2011

* In most tissues, cell turnover and regeneration improve the deleterious
effects of somatic mutations

* However, most neurons cannot be replaced after neural development

Somatic mutations in the brain may have permanent effect
as germline mutations




Somatic mutations in human brain

LETTER

Somatic retrotransposition alters the genetic
landscape of the human brain

J. Kenneth Baillie'*, Mark W. Barnett'®, Kyle R. Upton', Daniel J. Gerhardt?, Todd A. Richmond?, Fioravante De Sapio',
Paul Brennan®, Patrizia Rizzu®, Sarah Smith', Mark Fell’, Richard T. Talbot', Stefano Gustincich®, Thomas C. Freeman',
John 8. Mattick®, David A. Hume', Peter Heutink®, Piero Carninei’, Jeffrey A. Jeddeloh? & Geoffrey J. Faulkner'

doi:10.1038/nature 10531
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Somatic Mutation, Genomic Variation, ﬁ '
and Neurological Disease
Annapurna Poduri, Gilad D. Evrony, Xuyu Cai, Christopher A. Walsh* L@w—@—t

Background: Genetic mutations that cause human disease are conventionally considered to be
inherited from m!’spammand[lmmn all smllz(budrlc!lls. 'N'edn know, however, Hulmt { \\

mutations that cause cancer arise lly, and we are il aware of

that cause other diseases and that arise de novo, meaning they are undetectable inthe parents)Some

wdl de nom muunms arise m the gamete of a partnt, but some arise after fertilization during
Somatic s in several neurode- bt

\-el.ommldimm associated with epilepsy. autism spectrum disorders, and intellectual disability, Lk

although their broader relevance for neurological disease is unknown.

Advances: A key recent advance
has been the increasing identi-
fication of somatic mutations in
affected tissues. For example,
somatic mutations in several genes
(PIK3CA, AKT3, and mTOR) cause
enlargement of just one hemisphere
of the brain, a malformation called
hemimegalencephaly that is highly
associated with epilepsy. These
mutations may or may not be found
in the blood, the convenient source
tissue for DNA analysis, thus pre-
senting a challenge to disease gene
identification. Remarkably, patients

Poduri et al., Science, 2013




Somatic mutations cause neurodevelopmental dise
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(iv) Somatic mutation
- later in development
(brain-specific)

(iii) Somatic mutation
- early in development

(i) De novo germline mutation
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Low-level mutations in neurodevelopmental diseas
a

HME-1564

PIK3CA ¢.1633G>A (HME-1573)
AKT3 c.49C>T (HME-1565)
MTOR c.4448C>T (HME-1583)

PIK3CA c.1633G>A (p.GluS45Lys)
(HME-1573)
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0 208 17 159 9.7% c.7280T>C p.Leu2d27Pro| 4.11-9.63% | 6.57-12.63%
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IME-1565) (HME-1563)
Brain Blood Brain c.6577C>T p.Arg2193Cys 2.99% 1.26%
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8 8 8-
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4 4 4
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0 0 o -
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Lee J et al, Nat. Genet., 2012

Lim J et al, Nat. Med., 2015
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Detecting low-VAF allele - Is high depth sufficient:

» Ultra-high sequencing depth (>10,000x) may resolve some part

of the problem

* For low-level mutation detection with 1% VAF

* 1 readin 100x
e 10 reads in 1,000x
e 100 reads in 10,000x

e Conventional mutation calling

with adjusted threshold
* Problem solved?

Typical cutoff for
mutation calling (3% VAF)

u

| |

u

| |
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B | —EEE
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Kim et al., Nat. Comm., 2019
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Innate technical errors under sequencing experim

Incorrect base
incorporation

Chimeric
reads

Amplification
and adapter
ligation

Incorrect base
incorporation

Overlapping
signal

Sample preparation

Robasky et al., Nat. Rev. Genet., 2014
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Oxidative DNA damage during sample preparatio
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Barcoded sequencing

Kennedy et al., Nat. Protoc., 2014

Input DNA .
Single Stranded Duplex Consensus
c (Dcs)
a Randomized duplex tag c (sscs)
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Stoler et al., BMC Bioinform., 2020
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5+8

Cell lysis and digastion

T7=15

Whole genome
sequencing & mapping

51.81
Mutation calling/
fitering

A B
8
E -
z |
Bulk brain- Targeted gene MTOR p.C1483Y
peripheral tissue sequencing  VAF 9.9% (261/2,621 Alt'Total reads)

DAPI NeuN P-56

C
" -

Target area capture

MTOR p.C1483Y
VAF 7.0% (7992/115,833 AltTotal reads)

= - -
Target cell cap Capturi MTOR p.C1483Y
WAF 15.4% (239/1,531 Alt/Total reads)
D @ / 0 E—
> EJ > Q‘U - L|[:| >
FACS-mediated enrichment MTOR p.C1483Y

VAF 30.4% (420/1,381 Alt/Total reads)

% Parent % Total

Singlet 100 235
DAPFI a7 0.8
P-856 314 0.07

Kim et al., Ann. Neurol., 2023
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Base-specific error model

oSNV sigarithm
1.Test for each strand s, position i,
‘ard ruclectide &

Mucleaida koquancy B, pHK 2 6

1e-05 1e-04 QD01 0O 01

Mucectde kequency 4., ph3 1 mummm_nqqmmml
L 9,
Martincorena et al., Bioinformatics, 2014 . lﬁ‘_‘ l' \\

Gerstung et al., Nat. Comm., 2012
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Substitution-type-specific error model
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Kim et al., Nat. Comm., 2019
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Substitution-type-specific error model

FPR (M)
i &

Ty ¥ Y FON R
Depth per single sample

Rep1

Rep3

BRAF p.V600E
e ] | Motemplate
=
e 00
T
ST o
Sr . @
— Negatve

30004
e 3
I
— ——
——— o1
| 30004

50004
B A ]
I me—— e
= 10 C IR ERE
HEX HEX

Kim et al., Nat. Comm., 2019

Ultra low-level somatic SNV calling algorithms

LoFreq: a sequence-quality aware, ultra-sensitive
variant caller for uncovering cell-population
heterogeneity from high-throughput

sequencing datasets

Andreas Wilm', Pauline Poh Kim Aw’, Denis Bertrand’, Grace Hui Ting Yeo',
Swee Hoe Ong', Chang Hua Wong', Chiea Chuen Khor', Rosemary Petric®,
Martin Lloyd Hibberd' and Niranjan MNagarajan’*

'Genome Institute of Singapore, 80 Biopolis Street, #02-01, Si
“Hottmann-La Foche, Bldg B5/521340 Kingsland Street, Nutley, NJ 07110, USA

138672, Si and
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Advance Accoss publcaton May 27, 2013
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analysis
Mutascope: sensitive detection of somatic mutations from deep
amplicon sequencing
Shawn E. Yost', Hakan Alakus®”, Hiroko Matsui®®, Richard B. Schwab™®,
Kﬁslm .Jla;:nsen’-‘“"1 Kelly A Frazer"**7 and Olivier Harismendy® 46+

Program, “Dy mmmcmsu«@u “Moores UCSD Cancer
Center, "Department of Medicine, “Clinical and Translational Research Institute and “Institute for Genomic Medicine,

University of Calfomia San Disgo, 9500 Girman Drive, La Jolla, CA, USA
Amocate Edior; nanc Brol

Vol 30 no. 8 2014, pages 1158-1204
dot 10. 1093 bianformaticsBHTS0

ORIGINAL PAPER

Genome analysis

Subclonal variant calling with multiple samples and
prior knowledge

Moritz Gerstung', Elli Papaemmanuil’ and Peter J. Campbel'#3*

Cancer Genome Project, Wellcome Trust Sanger Institute, Hnmn.cslms&ux."‘mpamnmlmmbgy
1| Addenbrocke's Hospital, Cambridge CBE2 000, UK and *Dep of Hi Urniversity of Cambrid
Cambridge CB22XY, UK

Amocine Edior: Mchad Brudno

Adance Acoess publication Jaruary 16, 2014

ANALYSIS

A unified haplotype-based method for accurate
and comprehensive variant calling

Daniel P. Cooke™'™, David C. Wedge @2 and Gerton Lunter®'3

ARTICLE

OPEN

sequencing

The use of technical replication for detection
of low-level somatic mutations in next-generation

Jurnho Kim', Dachan Kim', Jae Seok Lim?, Ju Heon Maeng', Hyeonju Son', Hoon-Chul Kang®, Hojung Nam?,

22

Jeong Ho Lee? & Sangwoo Kim® !
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Spike-in experiment for benchmarking

| Exome sequencing

f— Genotype 1

Normal Blood1

Emmeuquen:mg

Mix [serial dilution)

1% IB} Artificial Samatic Mutations.
5% (C)

10% (D)

Normal Blood2

/ —| Genotype2

trace nchinlm.nib,

L
A it L Ay A
VAF o5 A Ay
in hetaro
Bood 2 1w ATy gl’ "a-
8 " - &, 8% By B
Blood 2 8PS VAF 1% ey &, g, i (s -
Inhatery  prepanton sequencing
ziem —_ a, - —: 8™, =4
c
% :4:.?, &7 oy C‘” calf ™y O Ty T
10796
e ——— % w{‘;'“ Sy o Py O D%y Dye Oy O
== = it
2000
fee—————— - ‘:::m
Wariant .
! ﬂm.] . Kim et al., Nat. Comm., 2019
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Genome in a Bottle (GIAB)
DESCRIPTION AshkenazimTrio
Consortium goals: SonHG002  pupesmenebinime i /G002 NAZAIES son'
The Genome in a Bottle Consortium is a public- FatherHGO03 GO0 NAZALER fxthac
private- uadmn:mnsuﬂuumhuslﬁdbym&ﬂn MetherHGO04 i i o/HG004 NAZA14Z mathar
develop the technical inf
standards, reference methods, and reference data) to Sequencing Platforms Sequence Mignmer
snahhttmdmr.!n_olwhnl.ehumngnnumt . Ihumia WS 2415055 JOOX per indvidual Al HGNZ HGIO) HGOM novesign: Al HGOOZ HGDO)  HGOOA
g to cll | practice and in === e
technologies. The priority of GIAB is comprehensive Thurmima BKE Matopar Al HGNOZ HGOOZ  HGOO bwomemchgld AN HGOOZ HGOO3 HGOO4
characterization of several human genomes for use in ) isachgld AN HGOOZ HGOOE MG
il il i i 1 i and Iuming WGS 2025000 Al HGIOZ  HGDOZ  HGOOM
B nouosige: Al HGDOZ WGOOT WGOOM
tecl imi i and
A nctiation. Meteaio Al HGNC  HGOO3  HGO04
e T hymeins Whsle Exome - buamenchgl0 A8 HGOD) WGODE GO
GIAB has currently characterized a pilot genome SOUD 80x for son Al HG002 LifeScopehgl9 AN - HOO0Z
(NAL2878/HG001) from the HapMap project, and two p——_——— : COMtoolchglh A HGO0D HGO03 HGOM
ffather/mather trios of Ashk i Jewish and Han
Chinese ancestry from the Personal Genome Project= b z [T R e Os S P00,
(selected because, unlike the pilot genome, they are u 10 Gemamics . bwamemchgl® A1 HGO0Z HEO  HE0O4
1 consented for commercial redistribution). These
| samples are available from NIST and Coriell = , and N Ganari e A A g LongRangarZ bl Al HGNG  HG0O0Z
their IDs from NIST, Coriell« , and PGP = arein thistables (see FAQ for differences between NIST and —
Coriell samples). Althex  BG0OZbrx  WEOOYbnx
Biotiano e R Amcmap HGO0Z HGDOY  MGOOH
HO004bnx.
f{or™ ’. -nnmnnl-
Wedevelopedanml.ggral-unp.pd.netouhlmesequen:ngdm d by multiple technologies to Pactio T30/ 41 HoWe HGO0D HGOM NGMURhots A8 HGOOZ HGO03 hG00
generate variant calls and regions for use in benc ing and validating variant ca i Alhly  HGO0Z KGO0 HGOOZ minimepd: Al HG00Z  HGO0: HGM
Currently, benchmark VCF and BED files for small variants are available for GRCha7 and GRCh38 under each PacRia CC5 10ch ANl WG0G phmmzhgle Al HGO0T
genome at hitps://fp-trace nchionim,nih gov/ReferenceSamples/giab/release)
GIAB's versions of GRCh37 and GRCh38 reference fasta files, including a new GRCh38 reference in st LD o b pemm2ngld A1 MO0
nollabommnwutntmthm:umuduphmnsmﬁmas are at hitps://ftp- Paciio CC5 13k Al HG00E pemenhgls Al HGOOE

Packio CCS5 15kb_20k chemistry

24
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Comprehensive benchmarking of mosaic variant calling stra

Mosaickm disccvery

— F‘F\— ™I

Al Sancl  toncle 3 oation ol
Lincage reconstruction  patcgenic variants
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5 a4 o i sl ! E
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’ wh 3
S EE (RIS

’»",f ’o, f % pf,«
Call sat similary Call set specific: 1o

Ty s cmmm W - = W Wwe
scsms » o 16 1

Key questions for somatic variant discovery

Obijective Il: Are they functional?
- Are they damaging? pathogenic?
- Are they related to phenotypes?

Many A few
variants variants

Objective I: Do they really exist?

- Any mistakes in sequencing and
variant calling?

- Any exogenous source that may

mimic the variant?

Bunch of

candidate
variants

26
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It’s not easy to find disease-causing variants

4,000,000 variants
N, Not located within

or near an exon

* We usually have too many variants
* Disease-causing mutations should be rare

enough or recurrent across patients
— Too frequent in

public databases
SiLE L * Factors considered in filtering variant
I - sk candidates
mRNA splicing

* Variant location with respect to protein-

coding genes

Fits AR Fits new . .
R IR * Deleterious nature of the variant
/ \ * Population frequency of a given variant

Same gene mutated in
other affected indivduals

27

Variant annotation

* The process of assigning functional information to DNA varian
* Evaluates which functional consequences will be made for variants

5’ 3

A - -~
11 1 T

“
[ ] regulatory region s prime UTR variant [ ] splice donor variant
[l TF binding site [ start retained variant t

ll splice acceptor varian
[] start lost

] splice region variant [ [] 3 prime UTR variant} ‘

B intron variant

[ [] downstream gene variant]

[ stop retained variant
[l incomplete terminal codon variant

[I stop lost

[! intergenic variant [] synonymous variant
| upstream gene variant [] missense variant

) [] inframe insertion

[] inframe deletion

[l stop gained

J frameshift variant [l transcript ablation [ non coding transcript exon variant
I coding sequence variant [ transcript amplification [} non coding transcript variant

[l protein altering variant ] TFBS ablation / amplification

Il mature miRNA variant [ feature elongation

Bl NMD transcript variant [ feature truncation

28
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Variant filtering and prioritization

e Utilizing reported information of genetic disorders and relate
disease genes —
OMIM (Online Mendelian Inheritance in Man) rwxmcroxpisease o

P S
HUNTINGTON CHOREA

Phenotype-Gene Relationships
Phtmotype Fhenctype CaneLoows.
VEARS tocaties  Phenstrpe MM sanber  labeiaace  muppieg key  Gerflocs MM sumber
L Lt lha: L R AT H] T REEY
MIM e
Human Genetics Knowledge * TEXT
for the World A mumber sign [2) is used with this eniry because 15 caused by 2
g exparcied peat (CAG) -_— i the g
H ["tl iple
I noeral individuals, the rangs of repeat numbers is 9 to 36, In thase with HD, the repeat number is
® arge sepes
OMIM e
¥ Description

Online Mendelian Inheritance in Man s om0 s tom pogomasima dadeio:

An Online Catalog of Human Genes and Genetic Disc
Updated April 30, 2022

—F_ F

4 e =
Search OMIM for clinical features, phenotypes, genes, and more. i -
i e e s Gt

Advanced Search : OMIM, Clinical Synopses, Gene Map ™ e W oM T
Need help? : Example Searches, OMIM Search Help, () OMIM Video Tutorials oy b
Mirror site : https://mirrer.omim.org pretery T ——

s a —_—
| E"....., - s
OMIM is supported by a grant from NHGRI, licensing fees, and generous contributi{ o

= a1 o

Mode of inheritance

Autosomal dominant Autosomal recessive

Unaﬁectedj Affected Carrier I I Carrier
pa!rint pa!rint palrint pa!int

Unaffeg=d Alfotigd Unafiaged .—de rJ-nId .—de .—de
[ ] Unaffected = Unaﬂecled
2 Carrier

W Affected B Affected
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* Gain-of-function (GoF) vs. Loss-of-function (LoF)

Functional effect of a variant

Proto-oncogene
(for a protein that stimulates cell division)
JOGEROC DNA
A mutation Multiple Mutation within
within copies a control region
the gene of the gene of DNA
e oG S ) i) bt
Oncogene Mutated promoter
Hyperactive
growth- Normal growth- Normal growth-
stimulating stimulating . . stimulating . .
proteinina protein (- ] protein ()
normal amount in excess in excess

Mutated tumor-suppressor gene
—" Ca—

1 Defective,
‘ nonfunctioning
,l protein

Cell division
" not under control

31

» Utilizing reported information about genomic variants and its

FEEDBACK

Variant filtering and prioritization

relationship to human health

NM_198056.2(SCN5A):c.4478A>G (p.Lys1493Arg)

Interpretation: Conflicting interpretations of pathogenicity

Likely pathogenic(1);Uncertain significance(2)

Cite this record

COSMIC
HGMD
ClinVar

Review status: W T¥ ¥¥ ¥ criteria ided, conflicting i P!
Submissions: 4 (Most recent: Jul 30,2018)
Last evaluated: Nov 21,2017 —
Accession: VCV000067898.1 O M I M
Variation ID: 67898
Description: single nucleotide variant
Variant details (2]
Aggregate interpretations per condition
Conditions
1 Interpreted Interpretation Number of Review Last Variation/condition
condition submissions status evaluated record
Gene(s)
Atrial Likely 1 criteria Jun 24,2013 RCV000171569.1
fibrillation pathogenic provided,
single
submitter
atal e -
Cardiovascular  Uncertain 1 criteria Sep25,2016  RCV000619395.1 2 O Sormiatic ety
phenotype significance provided,
single
submitter
®
Brugada Uncertain 1 criteria Nov 21,2017 RCV000638673.1 OMIM
syndrome significance provided,
single AT AT
submitter ATATCI
- - A ACCT( m..—«'.:lg.ya—ung
Congenital long not provided 1 no assertion RCV000058678.3 R
T smdrome provdes Potential Disease association -
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Variant filtering and prioritization

* Prediction of possible impact of an amino acid substitution on
the structure and function of a human protein

2. SIFT searches
o User inguts query protein databases for
PolyPhen-2 :lm-m; rolatod sequances
. . L ) i
" v o H‘ AFPMD 3
‘PolyPhen.2 roport for POS414 E128K LAPM ¥
Query
FrotsinAce Pewmen AM  AA  Desenption
128 £ CInona Rechame FUlsCytochvome £ 040308 SUCURE 3 ABame: FussCylochrome ¢ Gudine OADepooe | 4. SIFT calculates
Lengii 261 congarvaticn valus and
Results scalid probablity loe 3. SIFT bulds &
& PredictionConfidence PolFhen-2vI.1Ir98 Auch posttion sequence signment
MmOty —_—
PROBABLY 47T, specncty 6.98) o _— —— —

e Dy

PRODABLY s ¥ O, IprcRcly A1)

e o -

Resigue: Gl
idantiny: 17 7%
Cvertips 100 0% (361 3}

Mutatic
1 aster

Serting Intterant Frem Telerant 40 g : Humen Splicing Finder

PolyPhen-2

Prediction of variant effect (amino acid changes or splicing)
33

SPIDEX: SPLICINGINDEX

Variant filtering and prioritization

* AlphaMissense

RESEARCH ARTICLE CFTR (CFTR_HUMAN, P13569, ENST00000003084.10) [

Accurate proteome-wide missense variant effect
prediction with AlphaMissense

Jun Cheng*, Guido Novati, Joshua Pant, Clare Bycroft{, Akvilé Zemgulyté{, Taylor Applebaumt.
Alexander Pritzel, Lai Hong Wong, Michal Zielinski, Tobias Sargeant, Rosalia G. Schneider,
Andrew W. Senior, John Jumper, Demis Hassabis, Pushmeet Kohli*, Ziga Avsec*

Model outputs

umru L Structure prediction
& mmn_mmp Ww.m?

Wariant mlhommcﬂy scofe 8,

Uirwar L. 21) °'$
Mo LK) 4 '"

¢ = log pi*" — log p{ Cheng et al., Science, 2023

: Primatas:
1 i o rgere]
= ...5 ® MAF > 1.3, lotal 6. 7ed. i __-?g, 4
.' Humans: I ‘:‘ E
H ® MAF > 204, total 1265 E_-,'h_. i"
f-» B 10-5 < MAF < 204, total 1,108 el

sample Mudtiploxed assay
T banign prmq vananlsu‘ of varlant affect
warlants rane dsease (ProteinCym)

34
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Population allele frequency in normal individuals

* The Genome Aggregation Database (gnomAD)

* The aggregation and analysis of 125,748 WES and 15,708 WGS data for
normal individuals of diverse ancestries

gnemAD v211  ~  Search News D erms  Publications]

We're hiring! » Computational scientist - Frontend developer

gnomAD

‘“.‘ e
m P e o8, E Oarwtrve Craabty Moy
b} RENP 1 TRZEENT roe w
Genome Aggregation Database Ate Frocumncy 02251
Algle Coumt  ITI6G/ 121138 Sie Cualty Metrics
UCSC  E-TsEve-C-T O
- B ChAMEr  Chek W Saarcr o virant in Canvar
gnomaD v21.1  ~ Search by gene, region, or variant
) 1 Annctations m Population Frequencies
A Thits wariard falis on B ranecron 1 genes. pron e Sambaral e
Or missonss nan coding transcript A S e ¥ dmter ¥ demangens ¥ Ereausscy
. apccyy | TEwCRp '“"‘m"_ CEE L =
* Find co-occurrence of two variants ] e e R R i
* Download gnomAD data el r iy T iy — o
"
O e o n a8
* Read gnomAD publications Lo ] o~
2 g gen ue s am
Feviar)
Arcen w3 b " ST
Towd e ur L amn

g

Variant annotation tools

ANNOVAR software package workflow

o - pesie = ;}} . ANNOVAR

Wang et al., Nucleic Acids Research, 2010

<. Variant filbering workllow

VEP

r-ﬁg MclLaren et al., Genome Biology, 2016
= — ngn
snnatate_variatisl yarjant Effect Predictor results
ladds srwtatioes ©
wariantal  Summary statistics: 2
Gategory Count Conssquences fal) Coding consequences
Variares procossed )
Variants remaining ahor fitering 173 N "““"'“—""""_"“‘ I
Annciassa weingut8l Novel | existing variants 0 [0.0%} 173 (100.0%) ® non_ooding_Wranscript_variant: 8% §
VEF G5V, 06 T | G ontened gones s ® non_coding_Wanscript_ewcn_ varlant © rioanan. it 485
Overtapped transeripts 293 . e @ coding_sequence_variant: 0%
Grertapped regulatory leatures - @ 3 prime UTR variant: 3%

Results praview

O Navigation
Page:(«[«/20f 2(+» | Show: 110 50 All vasiants
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ACMG guideline

Richards et al., Genetics in Medicine, 2015

Genetics
o rmven con et sien i wacoseis ACMIG STANDARDS AND GUIDELINES | inMedicine

Standards and guidelines for the interpretation of sequence
variants: a joint consensus recommendation of the American
College of Medical Genetics and Genomics and the
Association for Molecular Pathology
Sue Richards, PhD', Nazneen Aziz, PhD>", Sherri Bale, PhD?, David Bick, MD*, Soma Das, PhD5,
Julie Gastier-Foster, PhD%"#, Wayne W. Grody, MD, PhD**"", Madhuri Hegde, PhD?,

Elaine Lyon, PhD™, Elaine Spector, PhD™, Karl Voelkerding, MD'™ and Heidi L. Rehm, PhD™;
on behalf of the ACMG Laboratory Quality Assurance Committee

Table 3 Criteria for classifying pathogenic variants

Evidence of pathogenicity Category

‘Very strong PVS1 null variant (nonsense, frameshift, canonical +1 or 2 splice sites, initiation codon, single or multiexon

deletion) in a gene where LOF is a known mechanism of disease
Caveats:
* Beware of genes where LOF is not a known disease mechanism (e.g., GFAP, MYH7)
* Use caution interpreting LOF variants at the extr 3"end of a gene
* Use caution with splice variants that are predicted to lead to exon skipping but leave the remainder of the
protein intact
* Use caution in the presence of multiple transcripts
Strong P51 Same amino acid change as a previously established pathogenic variant regardless of nudectide change
Example: Wal—sLeu caused by either G>C or G>T in the same codon
Caveat: Beware of changes that impact splicing rather than at the amino acid/protein level
P52 De novo (both fi i} in a patient with the disease and no family history

Mote: Confirmation of paternity only is insufficient. Egg donation, surregate motherhood, errors in embryo
transfer, and 5o on, can contribute to nonmaternity.

P53 Well-established in vitro or in vivo functional studies supportive of a damaging effect on the gene or gene
product
Mote: Functional studies that have been validated and shown ta be reproducible and robust in a clinical
diagnostic laboratory setting are considered the most well established.

P34 The prevalence of the variant in affected indviduals is significantly increased compared with the prevalence
in controls

ity and paternity

Note 1: Relative risk or OR, as obtained from case-control studies, is >5.0, and the confidence interval around
the estimate of relative risk or OR does not include 1.0. See the article for detailed guidance.

Note 2: In instances of very rare variants where case-control studies may not reach statistical significance, the
prior observation of the variant in multiple unrelated patients with the same phe;

e, and its absence in

Table 5 Rules for combining criteria to classify sequence
variants
Pathogenic (i) 1 Very strong (PVS1) AND

(a) 21 Strong (PS1-PS4) OR

(b) 22 Moderate (PM1-FME) OR

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

(d) =2 Supparting (PP1-PPS)
(i) =2 Strong (PS1-PS4) OR
{ii)1 Strang (PS1-PSd) AND

(@)=3 Moderate (PM1-PME) OR

(b)2 Moderate (PM1-PMB) AND =2
Supporting (PP1-PPS) OR

(€)1 Moderate (PM1-PME) AND =4
supporting (PP1-PPS)

(i) 1 Very strong (PVS1).AND 1 moderate (FM1-
PME) OR

Likely pathogenic
{il) 1 Strong (PS1-PS4) AND 1-2 moderate
(PM1-PME} OR
{iii) 1 Strong (PS1-PS4) AND 22 supporting
{PP1-PPS} OR

{iv) 23 Moderate (PM1-PME) OR

{v) 2 Moderate (PM1-PME) AND 22 supporting
(PP1-PPS) OR

{vi) 1 Moderate (PM1-PMBE) AND 24 supporting
PP

37

The detection of somatic mutation is difficult

* We always have false calls — False Positives & False Negative

Sequencing error problems
Homopolymer
—AAAAA A

Inverted repeat

Nucleotide
context

.GGE’.

“\

DNA contamination

Uneven read depth

False positive mosaic

ﬁ —& — E‘:;E:’:_:_
3

Read mapping problems

PCR-induced error W\g g jn;mical
g ‘._* k

-
N W
e i s s e e

Platform specific errors
Barcode swapping Allele capture bias

—— .o

S Cxpected het
B Chasrvad hat

i«

- True mosaic

. e

DNA damage

Misclassification
[

Mosalc calls «—L—s Germline calls

Germling het

wah AP

Dou Y et al, Trends in Genetics, 2018
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The detection of somatic mutation is difficult
LETTER

Somatic retrotransposition alters the genetic
landscape of the human brain

1. Kenneth Baillie'®, Mark W. Barnett'®, Kyle R. Upton'®, Daniel J. Gerhardt?, Todd A. Richmond?, Fioravante De Sapio,
Paul Brennan®, Patrizia Rizzu®, Sarah Smith', Mark Fell', Richard T. Talbot', Stefano Gustincich®, Thomas C. Freeman',
John S. Mattick®, David A. Hume', Peter Heutink®, Piero Carninci’, Jeffrey A. Jeddeloh? & Geoffrey J. Faulkner'

doi:10.1038/nature 10531

* - . . A ™
Resolving rates of mutation in the brain A G ROy —— ey
using single-neuron genomics I g R e e
Gilad D E l.i.mi' Eu I.D."ﬂ, Peter J Park®™*, m _-— | FengnFCRmE w8 - KFLPCR 7 FLPGR ot pertormesy
C.Ilrinopl::;n A\ wau.‘mﬂmg T iR S e = I —=S— |veren | vosren

) 3

Die 1 of G ics and G ics, M. Center for Orphan Disease, Boston Fulllength PCF datinguishes
Children’s Hospital, Boston, United States “Howard Hughes Medical Institute, B c i e
Boston Children’s Hospital, Boston, United States; *Department of Neurology, - bt IR 42 4 )
Harvard Medical School, Boston, United States; “Department of Pediatrics, Harvard § oo ety .. it pre iy e
Medical School, Boston, United States; *Broad Institute of MIT and Harvard, =S NI WSS wmen T somd hiian  roes
Cambridge, United States; *Department of Bi dical Infor ics, Harvard Medical ' @ 3‘“%&' M or "
School, Boston, United States; “Division of Genetics, Brigham and Women's g #rum moan e Vs gt
Hospital, Boston, United States $ o T st e T

Evrony GD et al, eLife, 2016 5

Exogenous errors — sample contamination

ARTICLE Corrected: Publisher Correction

https://doi.org/10.1038/541586-018-0718-6

Somatic APP gene recombination in
Alzheimer’s disease and normal neurons

Ming - Hsiang Lee!, Benjamin Siddoway!', Gwendolyn E. Kaeser!23, Igor Segotal?, Richard Rivera!, William J, Romanow?,
Christine S. Liu'2, Chris Park!2, Grace Kennedy!, Tao Long! & Jerold Chun'*

5 UTR 3 UTR i
APPDNA e Chr 21 dsDNA m
RNA transcription % Possble
and splong (5; 47.6) \ Bty Pre-mBNA~_—~_—~._

IEJ?Y ,
RNA RT
m A

bR\ IEJ?
DNA strand

break m
encDNA IEJ?
ormation =

Lee et al, Nature, 2018
40
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Exogenous errors —sample contamination

& Houl® nourcnal machl mmm PCR-based sy coning, SMRT-seq
OJ‘SS‘ wul mmm‘r_ sum PR s o
. Sourca AP M g o bros e
.. ‘\/. {mampe DHA) m;l—:lj- — =
o A e [ E— — FH"[ ] b
g ~  iemae | 20
i i S Incisting.ishats = .
Han-PCR-baned hybrid-captun sequencing Sousen APP o,
e~ S S O i o - S et SO — I
%
1
]
£ Estimated by APP vector clipped sequences
£,
: / \
0

12 3 4 58 [} 7 910 11 1213 14 1516 17 18
Exons

" | Vector backbone sequence (pGEM-T Easy)

Vector backbone sequence (pTriplEx2)

Kim et al, Nature, 2020 41

Exogenous errors — sample contamination

25,881,700 bp 25,881,800 bp 26,170,500 bp : 26,170,600 bp

| oeemges—  Contaminat
remaparommea PCR amplicons
- F1RZ | b
" (Nature, 2020)
e e o e e e e e

- Contaminated by
g o] recombinant vector

=] B ———————— "

Contaminated by

mouse mMRNA(cDNA)
(Science, 2018)

;

)
il

Tl

ETaCT(

42
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Can somatic mutations affect neurodegenerative dis

Healthy Brain

Advanced Alzheimer’s

Cortex

Hippocampus

Healthy neuron

No AB accumulation

No neuronal damage

ed neuron

Neurovascular disintegration

Prasanna et al., Life, 2021
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& Braftst-vsoe.
Rosa2GLSL-YFPASLyP

2 sy pMeriCraidar

K‘f-(jﬁ, E8.5
L e

Synapse density

Cumulative incidence rate (%)

Age (months)

o Braf¥T
® Braf'E

NeuN* cells per mm?

Mass et al, Nature, 2017

® Braf’EPLX 3 m
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* The mother had
adult-onset ALS

* The FUS
(p.Gly515Serfs13*)
somatic mutation had
~1% VAFs in blood and
saliva samples and
higher VAFs in hair and
nail samples

* The son inherited the
mutation and developed
early-onset ALS

Possible somatic mosaicism in familial ALS

g i’ mEve)
|£ ‘ %%8 (gg
Case 2
FUs
.1545_1545del, GGGT
pGly5155erfs3*
B
GTGCTCACCCCTGCAAMAAAAAAAAA GTGCTCACCCCTGCAAAAAAARAAA
Father (II-5) l Mother (I1-6)
peripheral WVWWW\[NWVMM/WV\M Peripheral \MANMAWA ANAANAM
blood |
Peripheral
blood
e MW s AAAAVWAN
Nail Aﬂ\ N\"ﬂlﬂmﬂﬂm’\ﬂ/\ Yil I,'1|I','r"I .'\'-_.'I-I'._-"" f AN

Hisahara et al., Neurol. Genet., 2021

45

» 1,787 tissue samples from seven different regions

High-depth targeted sequencing of ALS and FTD b

* Samples from 144 control, 291 ALS, and 113 FTD individuals
* Avg. ~1,800X coverage for 1,787 samples

1,787 Tissue Samples

Profrontal Cartex  Premotor Cortex
Antericr Cingulate Contex  Decipital Cortex

o o« o

1F144contlcl ? 291 ALS llp 117FTD

gm
1=
i~

ca PMC  PFC PreMC  SC
Brain region

pmu.,umc ortex

é

MIP Targeted DNA sequencing

88 Neurodegenerative Genes

.hnn

>

Ultra high Depth Sequencing

g —— Mutation
Germline and Scmatic Variants
Pathogenic Classification

B PMC FFC PreMC  SC
Brain region

oc AC

Bulk & Cell type Validation

Zhou Z, Kim J et al., unpublished
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Damaging somatic mutations are enriched in the relat

genes of ALS and FTD

L Comol || ALS |l FO
—
— |
| |
L] |
|
| ===
|
— -
—-—
= |
| __|
I ==
L]
|
| |
|
|
z o 1 2 10 1 2 3
Candidate count
Variant type
genes [dominant)  Tau protenopathy genes W 35 UTR Intronic B it Del

5 recossive)  Other ND-associalod geres B 305 Flark B Synonymous B Missense

C ALS genas FTIVAD genes
1 1
I [
1 p=2.020 I
ik i T i
Exanic | 0,048
| P—'—|
% ]
I I
E i I
=4 ] [
[ o7 J ' L J
Protein- ! 1 L | 1
altering P=0048
I — e | ———
] [
] [
-0.01 0.00 0.01 0oz 0,000 0.005
Disease effect size

B. Pathological inclusions in ALS and FTD

ALS

sopt” “Fus
(2%)  (=1%)

Zhou Z, Kim J et al., unpublished
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Damaging somatic mutations are enriched in the affe

brain regions of ALS and FTD

b

All Exanic Protsin-altering
1 I |
I I |
i [ L]
cB | | |
. b i
1 1 1
- : P=0.026 :l_:-_'om i'-:-'as_wml
—— —— e
I I |
1 I I
1 |
PFC 1 |-IH '+-|
—— s |
| | peoaxIn? | peZARI0Y
] 1 ]
E 1 | |
g e e o "
g [ ot ol
I | |
1 I |
] I |
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_— —— I—JI-—|
] 1
| | |
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=TI I
' m— [
| |
I I
02 04 -0z 00 02 4 02 oo oz Zhou Z, Kim J et al., unpublished
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Somatic mutations in Alzheimer’s disease

[

B IERRARE
I

[WESeq] VAE (%) 0

TET2 TET2 DNMTIA
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080 004

0.10)

.05

] ﬁnm 0.0 _.I'h .00 _Dmo = )
FOTS JIFE JEFE JPFF

Mutarit alkele fracion

Huang et al., bioRxiv, 2024
Park et al., Nat. Comm., 2019
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Long somatic DNA-repeat expansion drives
- - - ’ .
neurodegeneration in Huntington’s disease
Huntington disease A onacSgine noxpressionot
Inherited repeat of >35 CAGs in the HTT gene ok
. __. . — Striatal projection neurons Q© gf‘f‘“ 0-50%
P ) lost with time ,%,h — :1,\/[_9 %5100
Striatum ,72 %é " el
36+ CAGs (Somatic expansion) 80 150 500 CAGs e T P
. e ——A—— CAG-repeat length
?) Phase A: Slow expansion (decaerders)>E & 2 100
9\ & Phase B: Ra i £
. pid expansion (years), » Sors
%[ Phase C: 500+ genes dysregulated ﬁE 0.50
months) _)' %
Phase D: De-repressmn crisis —3»X 2
Neumn l°5t 0_9 o0 100 200 300 400 500
& . ; CAG-repeat length (binned)
— E : : D HOX cluster genes CDKN2A
£5 T~ Symptom 36-100 CAGs{ | |
g 2 :J’H }l(:.\nget 100-150 CAGs{ | |
g E #\%’ 150-250 CAGs- | 1
£8 > R sse | I | I
58 I S JERE x
38 ression s per
a L :
" Age End of life Handsaker et al., Cell, 2025
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Somatic mutations in developmental diseases

A PIK3CA Mutation Detection B PIZK-AKT Pathway
162464 (p.CluS42Lys) (CLA) Somatic overgrowth assocations
5 o i o0
T 8 A A L] [} A A =l 1‘(
2" JaVaN v POKI
oot subckons Loon subcons PI3K .
T TR T e x . 1
CLOVES PTEN i
Soociening - F = B A Y -3
DA\ AAAA A
Lisson, cDNA Lemon tONA suboons
Er IR - Proteus Syndrome (AKT1) /MB
Bescion p . Hemimegalencephaly (AKT3) N
DA TAY - s

C PI3K Pathway Analysis
Comperent knmunchiots

Kurek et al, AJHG, 2012
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@ m Nanki et al, Nature, 2020
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Affected Colon

Graphical Abstract

Somatic mutations in inflammatory bowel disease

Somatic Evolution in Non-neoplastic IBD-

Article

Authors
Sigurgeir Otafsson, Asbecca E. Mcintyre,

P gl | T Goorens, ., Tim Raine,
£ 1 41 Donors 46Donors | Peterd. Campbell, Carl A, Anderson
LY s .\A‘
v Correspondence
Control colon 18D colon carlandersondsanger. ac.uk
412 crypts U 4486 crypts ik In Brief
| ‘Whole-genome sequencing of
s |BD & o inflammatory bowel disease patient
~ R samples allows insight into mutational
burdens and processes associated with
Control 17 disaase, inchuding putative driver
me " positively selected in the
o diseased colon.
Never
Inflamed 2
Olafsson et al, Cell, 2020 =
C Inflamed sp" Q@ SRS
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Mélanocytes from human skin - Shain et al, Nature, 2020
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Clonal vs. Private somatic mutations

Germline mutation Clonal somatic mutation Private somatic mutation
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Defective DNA repair and neurodegeneration

Many congenital diseases with
premature aging and
neurodegeneration involve defective
DNA repair

* Defective DNA double-strand break
(DSB) repair in Ataxia Telangiectasia (AT)

* Defective nucleotide excision repair
(NER) in Cockayne Syndrome (CS) and
Xeroderma Pigmentosum (XP)

Cockayne Syndrome (CS)
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Single-cell whole-genome sequencing (scWGS)

2. Single-cell FANS 3. Amplification 4. Sequencing

Lodato et al., Science, 2015
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Whole-genome amplification

Single Cell Genome Sequencing Workflow

@ Laser
Q Capture DNA Extraction
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Multiple displacement amplification (MDA)

Whole genome amplification (WGA)

Random primers
5 I 5 .

¥

l Polymerization
Strand-displacing
DNA polmerase

l Strand
displacement

l Polymerization and
strand displacement

Continued
exponential
amplification
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62

-31-




Primary template-directed amplification (PTA)
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Primary template-directed amplification (PTA)
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Youk et al., Exp. Mol. Med., 2021
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SNV detection with linkage-read analysis
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SNV detection with allelic imbalance modeling

Luquette et al., Nat. Comm., 2019
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Mutation signatures of human cancer
o COSMIC
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Somatic SNVs increase with age in single neurons
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Somatic SNVs are elevated in CS and XP
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Somatic SNVs in Alzheimer’s disease

a Dissection of brain tissue
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Somatic SNVs in cardiomyocytes

Choudhury et al., Nat. Aging, 2022
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Identification of somatic SVs using linkage inform

Amplified single-cell genome

Diploid genome
in a single cell

Single-cell whole-genome
amplification (WGA)
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Somatic deletion in scWGS data
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Somatic deletions accumulate with age
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The human brain through the lens of somatic mos

Bulk DNA
(+50,000 cells)

=2% clonal

Detection limit

* Two different

Low-input bulk DNA
(~100-1,000 cells)
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In vitro clonal
expansion

Single-cell genomes

@

Enzymatic genome
amplification

Non-clonal

approaches to study
somatic mutations

* Analysis of low-level
clonal somatic
mutations in bulk tissue

* Somatic mutation
analysis in single cell

Bizzotto et al., Front. Neurosci., 2023
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