scDNA-seq



Bulk DNA-seq

Break genome into small
fragments

Generate millions of
sequence reads

Align sequence reads
into a reference genome

Whole Exome Sequencing
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Bulk DNA-seq
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SNP calling - population heterogeneity
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. Bulk DNA-seq

Copy Number Variation
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Reads from { - -
tumor tissue 5 B Q Q
Reads from I | I ||
normal tissue
B | [
./ ./ ./

\ Mutated position / Deletion Duplication

-Germline mutation (vs Reference)
-Somatic mutation (vs individual)




scDNA-seq

BULK
SEQUENCING

DNA IS MIXED TOGETHER
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Especially, cancer






 scDNA-seq

Somatlc varlants In normal cells Bulk DNA saquencing
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Varlants detected

« Variants In single alleles are reamoved
+ Limited number of clonal varlants
+ Even coverage, rellable at high VAFs

Advances in single-cell DNA sequencing enable insights into human somatic mosaicism

Single-molacula DNA sequencing
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« Datects single-molecule variants
+ Abundant varlants detectad

+ Coverage blas affects VAF accuracy

Single-cell DNA saquencing
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* Detects varlanis assigned o single cells
+ Abundant varlants detected
+ Coverage blas affects VAF accuracy



scDNA-seq

Mutational
influences: Early postzygeticcelldivisions  Developmental lineage- and tissue-specific blology Environmental exposures and tissue blology
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division
» Somatic
hyparmutation
+« Proganitor

cells age

-Can detect which cell has a
mutation

- Lineage tracing > when
does mutation occur

+ aging - more mutation!



* Preprocessing

-QC: FastQC or MultiQC

-Adapter trimming: Trimmomatic, fastp

-Barcode demultiplexing (if applicable): cellranger-dna

- Alignment + CNV

-SMART-seq2: each fastq - each cell - go to alignment

-Alignment: BWA-MEM, Bowtie2 (support: Samtools)
-Remove low-quality cells: read depth, duplicates ...

QAdapter Content

%%%%%%%%




* Mutation calling

GATK, Mutect2, VarScan, FreeBayes
- GATK:variant calling + variant annotation

-Variant calling: Haplotypecaller
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Haplotypecaller
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Identify ActiveRegions
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Gaussian
Kernels

Active Region

Sliding window along the reference
Count mismatches, indels and soft clips

» Measure of entropy

Inactive Region

Summation of Profile Values

| Over threshold:

Trigger “ActiveRegion”

to be processed

-sliding = count mismatch
—>entropy

Entropy values - Gaussian
kernels - above threshold -
“active region”



« Haplotypecaller

-Active region sequence - De Brujin graph - extract possible haplotype (contig)
-Smith-Waterman algorithm: match between haplotype and reference

Read: AGATGATGGA
. ﬁgﬂs -Active seq = 4-mer sliding
“mers: e - Graph - if there is a overlap (same 4-mer
e again) - ex: loop 4
ATGG —> Final contig: AGATGGA
TGGA

De Bruijn Graph:

ATGG TGGA



« Haplotypecaller

-PairHMM algorithm - reads ~ Haplotype likelihood martix

Haplotypes
Ay dg A A;; = probability of haplotype vs read
g |4 21 A 2n
4]
e .
e . :
‘;l o3 ‘;’ . soe ‘,1 -

-> likelihoods of the haplotypes given the reads
-> store in matrix



Haplotypecaller

Reference: ATCGATCATAGCTAGCTGCG
Haplotype 1: ATCGA-CATAGCTAGCTGCG
Haplotype 2: ATGGATCATAGCTTGCTGCG
Haplotype 3: ATCGA-CATAGCTPGCTGCG

Haplotypes Alleles

Reads

Take highest probability of haplotypes given
reads that contain the allele (for each variant position)

-Bayesian statistics - determine genotype for diploid



VCF file

Example

VCF header

Body

r ##fileformat=VCFv4.0 -= Mandatory header lines

##fileDate=201600707
##source=VCFtools
##reference=NCBI36
##INFO=<ID=AA,Number=1,Type=String,Description="Ancestral Alle
##INFO=<ID=H2,Number=0, Type=Flag,Description="HapMap2 member
##FORMAT=<ID=GT,Number=1, Type=String,Description="Genotype’,
##FORMAT=<ID=GQ, Number=1, Type=Integer,Description="Genotyde Quality (phred score)">
##FORMAT=<ID=GL,Number=3, Type=Float,Description="LikeljHoods for RR,RA,AA genotypes (R=ref,A=alt)">
##FORMAT=<ID=DP,Number=1, Type=Integer,Description="Re#&d Depth">
##ALT=<ID=DEL,Description="Deletion">
##INFO=<ID=SVTYPE,Number=1, Type=String,Descripti

Optional header lines (meta-data

‘ about the annotations in the VCF body)

="Type of structural variant">
##INFO=<ID=END,Number=1, Type=Integer,Description="End position of the variant">

\ #CHROM POS ID REF ALT  QUAL FILTER INFO FORMAT  SAMPLE1 smg%ae/ Lt DU,
1 1. ACG_AAT< . PASS . GT:DP 1/2:13  0/0799
1 2 rsl TLCE PASS  H2;AA=T GT:6Q 0]1:100 2/2:70
1 5 . 2 G N\PASS . GT:6Q 10:77 1/1:9
1 100 <DEL> P SVTYPE=DEL ; END=300 GT:GO:DI%/I:IZ:B 0/0:20  Alternate alleles (GT>0 is
an index to the ALT column)
Deletion SNP T IREerHcs Other event Phased data (G and C above

Large SV are on the same chromosome)




 Variant annotation

coding : protein coding region
synonymous : no codon alteration
nonsynonymous : codon alteration

nonsense : STOP T =0 2 B3}
missense : THEI A O A OfO| L 4AtO| HE OtE = A =0| K5}

frameshift : indel SNP - codon frame change
UTR : Untraslated region (UTR-3, UTR-5)

splice-site : splicing site (splice-3 : 3' acceptor dinucleotide, splice-5 : 5' donor dinucleotide)



 Variant annotation

-Database
dbSNP, gnomAD: mutation DB

COSMIC (Catalogue Of Somatic Mutations In Cancer): cancer associated mutation DB

Data Flow in dbSNP

b --TGA[G/C]CTA--
Sequencing centers
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Allele frequencies
Location
Heterozygosity
Literature
Pubmed

OMIM

Gene view

Map view
Validation

a) Submission b) Database Build I ¢) Retrieval I d) Applications |
Research labs L
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Evolutionary studies

Validated Mutational Signatures
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signatures (@) ) [ ]
Signature 9 . . .
signature 10 (B) ( I I J [ e
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signature 22 () O (]
Signature 23 . .
signature 24 (i) O
Signature 25 . .
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. Mutational signature present .Tntal validated mutational signatures in a cancer type . Total cancer types in which a signature is operative



e Lift-over

-Old genome build (ex: GRCh37, hg19 or mm9)
—> Current version: BRCh38.p14, GRCm39 (20250810)

- Genomic coordinate should be matched for compatibility
a
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Improved sequence mapping using a complete reference genome and lift-over



Structural variation

Human chromosome -CNV

min B | BIEEE] BEI _cellranger-dna

7 \*\ -inferCNV (also compatible with scRNA-seq)

- Need to assign Normal cells

Reference
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’ O Microglia/Macrophage O Oligodendrocytes (non-malignant) |

-Require Strand-seq, longread-seq
cf: MosaiCatcher v2
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 Cellular mosaicism

Mosaicism
ZYGOT ‘
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Phylogeny algorithm

Mutational
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* Phylogeny algorithm

Cancer evolution

a

Linear
Evolution

b

Branching
Evolution

C

Neutral
Evolution
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Punctuated
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Time



Phylogeny algorithm

cells
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- Mutation profile = matrix
—> Tree generation
(based on root cell or the least mutated cell)



Phylogeny algorithm

a llm.go traclng in cells
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« Genotyping & Phenotyping at single-cell level

-Typical 10x platform: 3 or 5’ bias
- Poor mutation calling

-Full-length sequencing: SMART-seq2 or Longread sequencing
- Although it is limited to expressed genes but still it is “functional” mutation

| Tumor initiation

| Genetic — Transcriptomic interaction
it - Which clone: which phenotype

2 — What kind of evolution occurs
R\Fate
| Cluster

Fate
Cluster

ssau)ly ybiy 0} uoissaiboid

2 Fate 1'} ’ |
Cluster3



« Genotyping & Phenotyping at single-cell level

Canvolution: Joint analysis of mutational and transcriptional landscapes in human cancer reveals key
perturbations during cancer evolution

A Preprocessing step

_ Evolutiontree  Clonal abundance Cancer signature ; Cancer clone
Single-cell (_ ;

- N o
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Mutation profile Gene expression =)
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* Clonotyping by scRNA-seq

DENDRO
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Designed for scRNA-seq
-Total read vs Alt read
—>Distance measurement
—>clustering: clonotyping
- Parsimony Tree

DENDRO Result



« Clonotyping by scRNA-seq

Robustclone
-Order of clonotype

A  Observed GTM Y Recovered GTM X Sparse error [
genotype site genotype site
1 ) e 1 » n » L $ (L] [ N} 13 ~“ -— " f e

subclone1

BRI THEINIOHMNITIDINT 4 56 2522400

subcloned subcloneS



« Genotyping & Phenotyping at single-cell level

Canvolution: Joint analysis of mutational and transcriptional landscapes in human cancer reveals key
perturbations during cancer evolution

A Preprocessing step

_ Evolutiontree  Clonal abundance Cancer signature ; Cancer clone
Single-cell (_ ;
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Mutation profile Gene expression =)
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« Canovolution
- What phenotype is arising during cancer evolution?

é ‘
*

et Pertuybation
prollfer tion

F|broblast

Drug-resistant
cancer




« (Canvolution

- What phenotype is abundant during cancer evolution?

Drug-resistant
cancer

Immune cells Immune cells Immune cells

« Mutation in TGFBR2 & TNFR
« Block cancer-killing mechanisms - higher survival



Canvolution

Darwin theory - competition

-
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:f // cancer-survival
’ a :
Tl

Cooperation by distinctive roles from each other



« (Cardelino

Sampled clonal cell population
Bulk or scANA-seq
SEDMNA-580
[ ]
EEME 1 r 18 a4 | a 1 o 23
GEME 2 © 13 87 ¢ 0O 148 53 9@
GEME 3 44 O 9 100 49 0O o 1
1 “ SII’I}E-W" IrensCNpiomes
Clong 1, Clome 2, Clane 3. Chane 4
' Az=igmment of calls o clones
15%, a0, P By, i Iram imknown clonas

Reconstructad clonal free

YTV E U
GEME 1 o 18 0 1 3 1 0
GEHE 2 0 M3 & O 0 148 &3

GEME 3 44 © @O 10 48 0 @

Gene = call maitrix of gene
axprassion vakluas with
cel-clons labals

- §E 24

-Obtaining both genomic and transcriptomic data from the same cell is quite challenging
- Genomic data (different sample) - merge with scRNA-seq

Limitation: mutational profile should be similar across sampling site
Low sensitivity to detect the clonotype



Genetic association

Fatal nerve disease

Muscular Dystrophy e
Progressive deterioration
of the muscles

HemophiliaA e
Clotting deficiency

Glucose-Galactose ®
Malabsorption Syndrome
Potentially fatal digestive
disorder

Amyotrophic Lateral Sclerosis (ALS) @
Late-onset lethal
degenerative nerve disease

ADA Immune Deficiency ®
First hereditary condition
treated by gene therapy

Familial Hypercholesterolemia ®
Extremely high cholesterol

Myotonic Dystrophy e
Form of adult

muscular dystrophy ‘ﬁ -

12 Human
Amyloidosis &
Accumulation in the tissues Cmm—D 18 chromosome

of an insoluble fibrillar protein

Neurofibromatosis (NF1) @
Benign tumors of nerve
tissue below the skin

Breast Cancer ®
5% of all cases /
Polycystic Kidney Disease ®

Cysts resulting in enlarged kidneys
and renal failure

14 13 15 11

4

Tay-Sachs Disease ®

Fatal hereditary disorder
involving lipid metabolism
often occurring in Ashkenazi

Jews Alzheimer Disease

Degenerative brain disorder

marked by premature senility
Retinoblastoma ®
Childhood tumor of the eye

<

T e ey

17 number 3@
16

5

Adrenoleukodystrophy (ALD) ®

Azoospermia

Absence of sperm in semen
Gaucher Disease ®
A chronic enzyme deficiency
occurringfrequently among
Ashkenazi Jews

I ® DNA test currently available

Ehlers-Danlos Syndrome
Connective tissue disease

Retinitis Pigmentosa
Progressive degeneration

of the retina
Lethal, late-onset, nerve

/ degenerative disease

Huntington Disease ®

Familial Adenomatous Polyposis (FAP) ®
Intestinal polyps leading to colon cancer
Hemochromatosis ®

Abnormally high absorption

of iron from the diet

Spinocerebellar Ataxia

Cystic Fibrosis ®
Mucus in lungs, interfering

with breathing
\ Werner Syndrome @

Q Premature aging
Multiple Endocrine Neoplasia, Type 2 @

Tumors in endocrine gland and other tissues

¥ Sickle-Cell Anemia ®

Chronic inherited anemia, in which
red blood cells sickle, clogging
arterioles and capillaries

Phenylketonuria (PKU) e
An inborn error of metabolism;
if untreated, results in mental retardation

Melanoma e
Tumors originating in the skin

Destroys nerves in the brain and spinal
cord, resulting in loss of muscle control

-Genetic diseases
- Genetic mutations can affect disease



« (Genetic association

ATGCCAGTGTTTCAAGATGCTTGGCCAGCTGGACGAGGGCGATGAC -GWAS

Sequence Variation 16 CAGTGTTTCAAGATGTTTGGCCAGCTGGACGAGGGCGATGAC ~Genome-wide association study
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Single-cell eQTL
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« Single-cell eQTL

-Cell-type-level eQTL - A better understanding of how genetic variants affect gene expression

Single-cell eQTLGen

Consortium
Experimental setup Single-cell eQTLs (cis, trans, response) Personalized Gene
Regulatory Networks
Population cohort: Single cells: Cell type 1: cis-eQTL:
g D [l D Disease
5) (L V 4 3 — 8 SN ©
SNP  Gene I
AA AC CC /&
no eQTL: isease
Genotypes  scRNA-seq X DSNPFO v
g /a/;;_eon .
| SR S\ o
Data harmonization = SNP Gene e s3> @ Key driver gene
QC + Normalization, cell type assign- Digse
t, ion i tati . . . SHE
TGRS SEREE A IS oD Cell type 2 with stimulation: response-QTL:
Federated eQTL analysis K I O Lagendt:
o
Consistent eQTL analysis per cohort, — O
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