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Introduction to single cell multiomics

S k=13
==

THE MZ 7|z ZEE FUTAM, MAM|, CHHH|, 28|10 29 FUA lEs

e £e2 el UL SHX|EZH X biologicalet 2|0|E ZHX MZE FotA Hol5t7| ¢

o

rir

(o]}
PN

i
A
4>

mjo
on =

SiME o BAY Ao £85t= HERBA 7|E0| 27 ECH OlE YHES

10

o=,

e

>

MZOf| A RNARQF HEM EHEE apundanceE FHSt= WS (CITE-seq, REAP-seq), SMAL} ™

HE SAl0 £HstE 7|2 (10x multiome, sci- CAR) O] CHEXMQI HE[Q8IA (multiomics) 7|&

=0| CHEXO|LCt.

2 ZooiMe x4 HHAMzZ HEYA HO|H ZSFE0| CHsHA H{®L, O|F0| OfEA THE0
e

X=x 7ledel delet /Ee Hes A

mjo

=HE

rot

tot £ 0|7 JleEE2 HEStH 2|

—

dele o UWE

mjo

i
71&el HAk

[ ]

r
e
=
H

[ ]

(L
e
=
H

HE[8A Tz |

[ ]

i
e
=
H

HE[QYA T|& ||

*uUSYEH S LES (02222 D= CELL PDF7F EH 0| E2[8 F)

*
oy
10

fot
0%
[l
El
>
(¥
=
0
1%
3
10
B
=
1%
10
0z
(0l
=
1%
I



Curriculum Vitae

Speaker Name: Byungjin Hwang, Ph.D.

» Personal Info

Name Byungjin Hwang
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p Contact Information
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Email bjhwang113@yuhs.ac
Phone Number  +82-2-2228-0877

Research Interest
Single cell multi-omics, CRISPR engineering and Cancer-immunology

Educational Experience
2012 B.S. in Chemistry, Yonsei University, Korea
2018 Ph.D. in Genome engineering and Bioinformatics, Yonsei University, Korea

Professional Experience

2018.12-2022.8  Post-doc research fellow, Institute for Human Genetics, UCSF, USA
2022.7-2022.8  Visiting Scholar, University of Michigan, USA
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What we learned from the GWAS

GWAS (Genome-wide association studies)

Fine mapping
SNP-to-Gene map

Gene-to-Function map
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SNP enrichment and chromatin annotati

GWAS associations o
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Overview of transcriptome-wide
association studies (TWAS)
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Functional follow-up of GWAS

€ What are the epigenomic effects of variants?
Cene A SNPs GeneB Gene C
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(future CRISPR data?)

Integration of GWAS to scRNA-seq datas

* Four independent single cell RNA-seq datasets

1 N=300
Disease status q ng £ 1011 ’ o
e Sequencing tissues Em 70 Single cell sequencing profiles of distinct cell
Normal Normal Mild Moderate Severe
¥ L B (]
Mild sl i R b
— 0
Moderate LB '." hev
1)
Severe ]l Y

1) Regression-based polygenic model | 2) Generalized linear regression
based on whole scRNA-seq profiles

model based on top 10% most
specific genes for each cell type

606,534 cells
* GWAS summary statistics on COVID-19 ) 0@
Population controls Hospitalized COVID-19 * Genome-wide SNP-based P % e
values and Beta (9,368,170 SNPs) E ¢ o
5

* Risk genes and pathways for é FEs @ e
severe COVID-19 b ® -0

N = 961,804 )) ° ® ©
oy Significant susceptible genes

Blood samples Genetic mapping single-cell landscape for
severe COVID-19

Cell type aware association is feasible to map DNA-RNA (genotype-
phenotype) relationship




Moving the paradigm to phenotype ce
better

?
* Genotype -> Phenotype

e ~15 years of GWAS (DNA) was not sufficient
(explained variance <20% for complex diseases)

RNA-seq: a revolutionary tool for
transcriptomics

* For functional annotation, we measure ‘Gene expression’

* Transcriptome : The complete set of transcripts in a cell, and their quantity
for a specific developmental stage or physiological condition

* Catalogue (mRNA, non-coding RNA and small RNAs), Structure (5’ and 3’
ands splicing patterns etc)
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Overview of bulk RNA-seq

Isolated cell or
tissue population
¢ Extract total RNA
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Various applications of bulk RNA-seq

1) Expression Profiling and Differential expression (DE) analysis

Normol cells
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DE analysis of cancer vs normal

A Normal vs Colon cancer ’
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GO Enrichment Analysis:
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Colon cancer Normal
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Allele-specific expression (ASE)
(a)
Allelic balance Allele-specific expression Monoallelic expression

or allelic imbalance
- —
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(b) Allelic expression (© Context-dependent allele-specific expression
quantification with RNA-seq

Current Opinion in Genetics & Development
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Haplotype-aware pantranscriptome

Fig. 1: Diagram of haplotype-aware transcriptome analysis pipeline.
a Transcript annotations

Pangenome graph

®
(C g X ) Pangenome -> 21 59|
| AIZY ENS B E Feith

H —
Srtcec parencme crph reference genome &

DO 315y e verors (4T

haplotype block) Of| CHSH A{

b RNA-seq reads =M
[ o = e
iath h ali
Multipath graph alignments Long-read Al ?—J )g 7| %Ol
d{tﬁ@l{i}b SHETS resolutionS 71
c Haplotype-specific transcripts Expression estimates DEG (dlfferentla”y eXpressed

gene) = A0 I LI =
224 Zltranscriptome(T A}
H) =2t ofL| 2t M2 2
ZAE0 cyst XY 7H |
LRs|E A,

15

Expression quantitative trait loci (eQTL)

Genetic variation Gene expression

Sample_] ——% - Sample_L

Sample_2——¥—1* - Sample_2 Cis-eQTL

fampl >4 - s e Py SNP X has an effect on local Gene A
Sample_n—1— | .Y Sample_n—1 A adeiaa z $I-;n-
Sample_n ——':E v Sample_n A i |

SNP X Gene A i .
. located in transcription factor
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eQTL in liver disease

N

[1. Disease-specific eQTL screening A ( 2. Target gene selection: AGXT2

NAFLD NAFLD No-NAFLD

il 5 e s
@Cé " B *i#- ¢ e

Genotype
@ eas

B

No-NAFLD

) L]
No-NAFLD [l] P L'J — :
hea2 Y, “ee
N Q @ 1s2291702 genotype

— Genotype L 4
¢ B
3. Functional validation of AGXT2
Experimental models Fibrosis 1 Human NAFLD
= ER stress W W
g AGXT2| — ' = ' Phenocopy

5 o/

HFD
J

NAFLD (Non Alcoholic Fatty Liver Disease, H| &
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Clinical diagnostics of Mendalian disea
using RNA-seq

WES/RNA-seq of 303 people with Mendalian disease
(rare: 3~5% population, 80% of them are driven by genetic cause)

Individual with Sample preparation RNA-seq library Sequencing and
arare disease preparation alignment
L)
o ——-
\ —
—-— —-—) b 3 ° = l
4 A & [ I ;
] k|
J Days - weeks 2-3 Days / batch 1 Day / batch
DROP workflow
1. Quality control 2. Aberrant events detection -
* DNA-RNA sample matching @ * Aberrant expression .
* Sequencing depth * Aberrant splicing ;
* # Expressed genes 2 Days / cohort * Mono-allelic expression
1. Gene prioritization 2. Report
v Aberrant event(s) v Diagnosis
? Candidate

7 Rare variant(s)

v Matching phenotype X No candidate
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Tumor-immune-composition analysis

b Anti-umer immunity of T cells

Germinal centre
Rl e/ ANA
Puily  profile e
o 08 L. T o
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0-2 *ﬂm-- o
@~ oF
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@ Burr 0w @ @
b Cutaneous Melanoma (TCGA)
— High CD8 T cells
— Low CD8 T cells
08 An wteral fie that hakds & picture, Bustration,
Dhjact naind e w4305 o Logl‘al‘lk P=0.001
= ) HR = 0.76 [0.64-0.9]
Z 06 =364 tumors
@
g
$ 0.4
(o]
02
OU 50 100 150 200 250 300 350
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Neoantlgen profiling by RNA-seq and
modification targeted neoantigens

Py ><><><>< T cell Activation neoantigen
r ole Exome Sequencin ‘ ' \ e ,
e oe Antigen presenting cells 3 ~ ¥ HLA
® t *'e Q) <<%
NG

@ e G'. 3 > .
NN e — Cancer cell

Neoantigen Identification C - —C CR Modification
RNA-seq T

Teell

Normal Cells Cancer Cells

1.Whole exome sequencing to identify the mutations
by using different computational and mutation calling tools

2.RNA-seq analysis to focus specifically on the expressed mutations and
identification of neoepitopes (4! & &) in silico with computational algorithms for
HC class I and class II binding

20




|dentifying neoantigen reactive T cells

Patient  DNA/RNA-seq Expressed somatic mutations Potential applications

|

minigenes w
Oonoxe == 00
T

Steps 21-36 f Steps 42-51

Maturation

TCR gene | Vo J BN
Steps 1-13 )

transfer B
w o
V w
A S
i ® 0
7] w
Steps 14-20
- #‘ Cog ™ z
‘.'i’ o
w
Stsps 3?—&1 Steps 52-68
Donor Magnetic 10-12d Single-cell sorting Identify (A) neoantigens and
isolation cocultivation (and cloning) (B) cognate TCR sequences

7 I|- M X! 7] = (ex CRISPR)2| &2 allogenic donor0l| A CAR-T, TCR-TE 2
: |7|- 2|7|I'|OE HH:EPSI'_' 0||:|-
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We need better resolution for
phenotyping cells

?
* Genotype -> RNA -> Phenotype

* Bullk RNA-seq is routinely done in clinical labs along
with GWAS (SNP) information

* Cancer heterogeneity not solved due to mixed signal
(normal and tumor cells)

22




Human Cell Atlas (HCA) project

Bulk studies -> Single Cell Genomics (Catalogue of all cell types in the body
from healthy and diseased individuals)

2016 2, 27| =H: 2= THAMEL| HALH| (Transcriptome) X| =
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Why we care about single cell?

HETEROGENEOUS
BULK CELL POPULATION SINGLE-CELL

SEQUENCING ! . DNASEQUENCING

(038
N
\¢ PV o O
DNA FROM EACH CELL
DNA IS MIXED TOGETHER 1S BARCODED
SUBPOPULATIONS
NOT DEFINED SUBPOPULATIONS DEFINED

“AVERAGED" READOUT CELL TYPE-SPECIFIC READOUT

e 724 &

Bulk Single Cell Spatial

24




Bulk vs Single cell sequencing

SINGLE-CELL SEQUENCING VS,

Labour intensive

More detailed information of

individual cells

" Reveals cellular heterogeneity
] & subpopulation expression

PNPS

Heterogeneity : O| &,

®

PRICE

\&;

INTENSITY

.

TYPE OF OUTPUT

AP
thl

EXPRESSION

STATISTICAL
COMPLEXITY

BULK SEQUENCING

Costs less

Less labourious

Measures average expression
across a population of cells

Cellular heterogeneity is masked

Faster & less
complex analysis

THEAMZOAM S22 7HE Y
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Increasing popularity of single cell RNA

sequencing (scRNA-seq)

Number of publications by year

4000

3000

2000

1000

2 3 14 20 32

6

200

95
—m B

2009 2010 2011 2012 2013

3069

1911 I

1029

) I

342

2014 2015 2016 2017 2018 2019 2020 2021
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Single-omics to multi-omics

Protein
DNA RNA
NN — /I\/\ I/ —
mmm_” tRNASs, IncRNAS. etc.
» Chromatin accessibility
= Histone modifications

Volcano plot

27

Single-cell analysis platforms

* |dentify chromosomal variations|
* Genomic heterogeneity

NGS 24
Single cell-seq

« Reveal differential expression
* RNA splicing pattern
« To connect a cell's genotype to phenotype

« Information about protein expression
= Cell signaling, cell to cell interaction

28




Fidelity of single cell genomics

a Fidelity Bulk sequencing

Thres

Sequencing library Somatic .”" Germline Germline
artifacts and \ heterozygous homozygous
sequencing error \
\
R/2 R
(Percent mosaicism) (total read depth
Reads at locus)
Single-cell sequencing
Single-cell amplification [ Somatic Germlir Germline
artifacts and sequencing rozygous homozygous
error |
|
R/2 R

7N

29

Single cell sequencing workflow

: RT and
second-strand
synthesis

)

P




Opportunities enabled by single-cell
genome sequencing

Example Output Unicellular Multicellular Output Example
applications microorganisms eukaryotes applications
R v List of variant frequencies
Species _____ y ] P :
. N 4 \\;E:.D A : Var:m Allele f:::ency S:rt:‘:!-i?::g
of :nptilrr:eg d : '\. % ’»Metagenomic i their allele
- ] B X% Ty
population B ! g ! C Yo frequencies in
C ' ) \ = : tissue samples
D : ] D 2%
| 2 |
a ]
E :
i b i
! s } Variant
Species i | Fo ] AL B .C B 5 2
£ A ¢ egregating
Detection detected ) g i variants to
ol rare A ! Mini- g' i determine clonal
microorganisms B H 0 metagenomic | § i Cell structures,
B ! o : identifying
E g i rare variants
: & ’
: o :
5 i Phased genomic variants
Assembly Genome : MFAMIK LA v " 8 Assembly of
of new assemblies 1 Single Single | ; : 3 3 low-complexity
. microbial - microorganism chismetoie I T T T T genomic regions
sgenomes .| w50 .+ Chromosome 1a  Chromosome 1b
MNature Reviews | Genetics
- 31
N .\_

a b

d e f
LCM Microfluidics Blood collection
| ¢
’ @ o 7' Anti-EPCAM antibody
Microparticle 1 with magnetic particle
= and lysis buffer (&) L ogﬂ.
oo sl DO
| @ Droplet with !
Cells from CTC enrichment
= mnpendonl @ ‘ single cell ®
3 ®© il e
-
Prer w—

a. Limiting dilution b. tweezers c. FACS d. LCM
e. Microfluidics f. Bead based capture
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How to amplify single-cell genomes?

* 10 yrs of progress for WGA (whole genome amplification) to
reduce artefacts, amplification bias

* Merely 6pg in diploid DNA

Needs to be amplified >100 times to generate sequencing
library and analysis

* Cover as much of the genome (3 Billion) as possible without
bias

33

Three main WGA methods

a b c
Pure PCR-based amplification Isothermal amplification Hybrid methods
(DOP-PCR) (MDA) (MALBAC or PicoPLEX)
5 Degenerate 5!
5
Random priming Random priming isothermal

First PCR and isothermal amplification adds
cycle extension COmmon sequence

R 0 R
el e Further amplification
Strand creates preamplicens
Preferential displacement

amplification
using common

sy
5’_'&1‘- _F _'F l(}prionallooping to prevent

sequence

Continued further pre-amplification
Synthesis of exponential 5 .
complementary amplification F F .:
strand

Synthesis of
complementary strand

vl A 9
(3 o

Further PCR
lificati
ampulication l PCR amplification
. PCR amplification 5

DNA polymerase
Isothermal
amplification i —
DNA polymerase — o — ———
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Pros and Cons

'-False-negativ-#‘ '

(coverage and allelic dropout) [l bow inteemediate

Low

Low Intermediate

DOP-PCR: Degenerate oligonucleotide Primed

MALBAC : Multiple annealing and looping-based
amplification cycles

MDA : Multiple displacement amplification

35

LIANTI (LInear AmplicatioN via Transposo
Insertion)

Genomic DNA
Transposition l

O— =0

Gap Filling l

T7 Promoter T7 Promoter
In Vitro Transcription Amplification l J.W RNA Polymerase
5 3
Linear Amplification
HELLLL 1b  10b 100b 1kb 10kb 100 kb 1 Mb 10 Mb100 Mb
Bin Size
Self-Priming l —
_O SNV False Positive Rate (FPR)
Reverse Transcription l 40 -
30 4
- 0] =
RNase Digestion l T
3

2 o« 204

Second Strand Synthesis l =4

>
E 154

Barcode

&
1.0 4

Library Preparation E
05
(L

Bulk  LIANTI MDA MALBACDOP-PCR
B 36




PTA (Primary Template directed Amplifica

PTA

MDA PTA

== Multiple Displacement Primary Template-Directed
Amplification Amplification

37

Future directions

* Long-read sequencing, CNV+SV detection
* Brain diseases + others

* More efficient droplet-based WGA needed
 Cost prohibitive (~only few hundred cells)

38




MALBAC Babies

In vitro fertilization (IVF)
. preimplantation genetic screening (PGS)
preimplantation genetic diagnosis (PGD)

QU HHAHS SO wea =4 = A4

39

The first IVF baby from Sunny Xie’s (Peking University)

Case 1. Monogenic disease (husband, autosomal dominant disorder,hereditary multiple
exostoses (HME, 3 & CHEHA Q| =35, c.233delC (frameshift point mutation in EXT2
gene)

~Case 2. Monogenic disease (wife, X-linked disorder, hypohidrotic ectodermal dysplasia
~ (HED, 2/HI S10| &M Z), cT1085G at EDA1 gene)

or no copy number variation cells were selected for transfer
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X| S8l 81 ® (Thalassemia)

« 5|22 28 Z2|HEIO|E AIS S X|SHE A

o O|YTSM = ZB5/8401 FAL sE-E
27 (HIEFAFE O] 91 = EH O}, Hbf)

« 2500 1HE

ALPHA BETA
THALASSEMIA THALASSEMIA ' '

Single cell Whole genome vs exome

* Whole-genome :
 More uniform amplification, suitable for detecting SNV (Tt
L &AH7|H O], single nucleotide variant), CNV (E A4 X{| == O]
2, copy number variation), SV(T+Z 0| 2 0|)
* 30-fold more expensive than exome (only ~2% of the
genome)

« O} E| 7t X| waGs 7} 0| hurdle
* Droplet?Z| ¥t 7| =2 O} unstable
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Single cell Whole-exome seq for cancer

¢
'

Patient

it
U
¢
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g

mmmm;n exon)
——

.;;

it

P, o T
T CRcs  CGRGA  CRGT  CRGS

A ® Nommal @® Primary Tumour
CRC4

! e
-
® .
'y Cluster2
=01
Cluster Cluster?
‘ “ .

02 0o 02 04 08 04 -O.I M II.! M M
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Sub-clonal analysis using single cell SNVs

¢ 02 04 08 08 T 12 14
Evolutionary distance

= Nommal = Primary = Metastass
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Lineage tracing of human developmen
through somatic mutations

Co-presence
Lineage tree

Germline heterozygous
Germline homozygous

Somatic mutation A
Somatic mutation B

° ) \. Somatic mutation C
\ _ Somatic mutation D
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Lineage tracing experimental workflow

a Haematopoietic Single-cell-derived Somatic

haematopoietic Whole-genome mutation
Live oroans colonies sequencing 15x calling
Liver, b .
8- and 18-pcw W —_ . R — m —_—
foetus °/ T
- =" Bone
Marrow
Custom bait set l ﬁlll
from somatic :
. . Reconstruction of
\ Heart e Skin mutations phylogenetic tree
9, .
& . — — — R
Placenta ﬂ Gut
Organs with Sectioning and Laser-capture Deep targeted sequencing
different embryonic histology microdissection of somatic mutations
origins of areas of interest from WGS

Al =B Nz Faf?

- A= =HRME AGMOIA el > ZHO A A SH > Y ™ S0 H
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: l RN l F"—'111 o
| Ak i Wﬁ[ |

”,—[ w Tplr ‘ ml M Wu “'

Pcw: post conception week
HSPC : haematopoetic stem and progenitor cell (2& Z 7|/ M=)
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Reconstructing lineage divergence

LCM gut biopsy 2 Lwonww

; ,rl 1, ,_
.u M.M WMM %m.,e“m
'l | |'|' || Hl'“'.l \|F9§

’1|r ’

Timing of divergence of lineages durin
development

|l]'“|j| j’lu | T%_:m

i)
P { wﬂlm,m\

I W | I'E

=
Mutations
= ‘?I:'?'an-uam.nuu—n
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Phenotype association

Somatic
mutations Cell type
® Cell type 1
® Progenitor of cell types 2 and 3

®+ 0 Cell type 2
® +® (Celltype3

How do we associate DNA & RNA (phenotype) information?
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Single cell genome and transcriptome &

sequencing (G&T-seq)

a Cells isolated manually
or by flow cytometry

Cell lysis and release of
mRNA and genomic DNA o101 2
LogR
Biotin-SMARTer

s Addition of mRANA

capture/amplification primer W HCC38 single cells

W HCC38 multicell pools
m HCC38-BL single cells
W HCC38-BL multicell pools

Streptavidin
magnetic bead

Physical separation of
poly(A) mRNA and genomic DNA

v/ N\

‘Whole-transcriptome amplification ‘Whole-genome amplification
(on-bead Smart-seq2) MDA PicoPlex

cDNA sequencing Whole-genome Genome-wide

(lllumina or PacBio) ortargeted  copy-number
sequencing variation

Physical isolation of DNA & RNA within a same ‘single-cell’
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Simultaneous detection of chromosom
aneuploidy and gene expression

(2]
@

- WHCC38

£
1

Cells 68, 22, 70, 12

HCC38 HCCas-BL WHCC38-BL

o e TR
p— Y

a8
I I Y

Trisomy 11
Gain 169 Loss 16q 12 34586 ? B 9 10 I1 12 13 14 1515p15q 17 18 19 20 21 22 x
Cell 82 Cells 56, 79 Chromosome

Expression (RPKM)
=1

:

These data show that (sub)chromosomal copy number in a single cell is mostly
positively correlated with gene expression in that cell.
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Lineage tracing in engineered cancer cel

Implant cancer cells

&N

Reconstruct tumor-cell famlry trees

G o=

P000000000 00000 0POCCOPS® SPORPOOPOIIDOOS colored by

Nonmetastatic Modestly metastatic Highly metastatic i
® Identify drivers Observe metastatic Follow metastatic
of metastasis heterogeneity routes
(-) Genes (+) Genes Cell mus
' Lo
™ L]
©) A ) o
Correlation between .
gene expression and metastatic rate

L Exploring metastatic biology by tracing the lineages of engineered cancer cells implanted into mouse
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CRISPR edited lineage tracing

bright-field GFP (1ot sts)  mCherry (Cass)
AW T

A549 cell line engineered to express :CRISPR, 1 [ . %
guide, target site . '

Barcode+transcript (DNA + RNA)
information to construct lineage tree
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Constitutive heterochromatin
(%3 ol WHAT)

¢ Py

ﬁ

Epigenetics in single-cell genomics

Genomic/epigenomic
Sampl
< information
Tissue/forgan
of interest WRGBIBIN
DNA sequence

3 ¢ O -
oo e Rggdy SR
DMNA methylation BRIF-seq*
H3K3E6me heterochromatin s
tﬂ‘ﬂl olHH4A)
Isalation scDNase-seq
PR HaK27me ; ‘n_! SCATAC-seq
Lysis scTHS-seq
RSy G/‘-" ‘z { Chromatin accessibility scMNase-seq
T smC
M 9111 1 ShmC
— Open chromatin ] _I._! mN
@ nucleosome Transfactor binding HChIP-seq
@ Transcription factor mw.
RNA polymerase o
Cohesin 3D genome structure
= DNA H7|MH2o| 37} otl DNAZS| T E =t RNAL)
_EI_T'_ O|AE CHMA O] HA & MG (Post-translational modification;
2o10| HolE o|0| .

DNA methylation and cancer diagnosis

240l A DNA 0f R %to]
Wol£4 ()2l CHae Ao

=iy 712H® 7Y pya of e H10| 2013 E
ONA SIS B s “l" . gﬁﬁ.‘@.ﬂfﬂ l"*‘“ /¥ awse O P B 2710 NE A
* | [ ] | | 1 ]_
1960 1970 m 2000 2010 2020
m“ T MsSP 71 CpG arrays s
LTE-qMSP

MofRst Wy Wy
WP E A HEG E 2 AeYER R, YuY Ny
ONA O 5181 E41718 A% AP =|ug HE AY
Methyl DNA Capture +
MAGIC 718

« B}O| A }0| & A #4): 1992, Frommer

+ Methylation-specific PCR (MSP): 1996, Herman

«QMSP: §A|ZH MSP 7| &, 2000

+ CpG array: DNAmicroarray 0| 8¢t 0f @3} ¥4 7|, 2008, Pfeifer
. *Ntlllllé.l (NGS)E 0|8 Bt t{ H 3} #42| = 7H'L: 2009, Smith

[DNA M3t & oY W & 2I|&C I & Ol A

DNADIR22t o) a0l =

b|n holiday2| ol | & 3} 7t & &
FEK| A Z7HE BLO 04—?5_'

i

oIC}

AA

O MD.I

g X3

« |

ol

<

mrr

o

T

m
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DNA methylation and cancer

Mr s ute ot

= Locus with methylated 5"regulatory region, = Npmmmn

Opm:hmnwl'nmm o.g germline-specific pene g tansposable slement:
Intervention point?
o ‘ i e Spmk spome| e jowe,
i marker markers markers markers
MRERLy ) 4 | TIIJI,-EQ,—A Tl e o%h o o6 @ o 6sd

Time (years)

HEE ZRF = CpGislandO| M A|EA sEHTY EFA T} O E 2L
Tumor-suppressr-n- T X} de novo | E'Qf =A

OfM| = MUt X O El o} - FAK| O] AL, translocation= || OF 7|
OHIE=X7| ' o HOojLt=AH2 2 22X QO ZITHO| AlZ¢
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Bisulfite chemistry

NH, NH,
. | HSO; )j\ )-5\
By ~ L )\
H NH,
i cytosine uracil ;
cytosine uracil
it sulphonate sulphonate

NH,
CH :
YR
)\N OH
H
In animals it predominantly involves the

S-methylcytosine addition of a methyl group to the carbon-5
position of cytosine residues of the
dinucleotide CpG, and is implicated in
repression of transcriptional activity.
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How bisulfite conversion

Allele 1 (methylated)

m
---ACTCCACGG---TCCATCGCT--~-
- -TGAGGTGCC-—-AGGTAG%GA---

Bisulfite treament

Alkylation

Spontaneous denaturation

-=-=AUTUUAUGG---TUUATCGUT---

-~=TGAGGTGUU~--AGGTAGCGA-~~

'

\/

Non-methylation-specific PCR
Methylation-specific PCR

Differentiation of bisulfite-generated polymorphisms

works

Allele 2 (unmethylated)

---ACTCCACGG---TCCATCGCT---
---TGAGGTGCC---AGGTAGCGA-~-~-

—--AUTUUAUGG---TUUATUGUT---

---TGAGGTGUU---AGGTAGUGA-~-~-
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scBS-seq

(single cell bisulfite sequencing)

Step 1 Step 2 Step 3
lysis and BS oligo 1 tagging oligo 2 tagging
and PCR
5" ’
Single-cell | I . »
isolati < [Me—s
isolation M ¥4 95°C 9 |(N)9—5’
g 5
i <~ Sy
o
s E E::p: Gl PCR and
conversion l ! indexing
5% A
5_,5’_3'3;, 5'mm 3:;‘ ’ =
5 3 5 3
Distance
amHNAEfum 2 .ﬁ;"’ﬁ S 1061 531 0  mSeumESC O 2ESC
H3K4ncﬂ ’ " — ' . -I " [ - ' -:- B Bulk serum @ Bulk 2i
H3K27ac L__N N | ] - [ | L]
P300 L1} | ] mi [N ni
g 050
29 ]MMM
2 0

o

Methylation
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ATAC-seq

Chromatin accessibility (EA14| =2 x)

Starting material

FAIRE-seq
DNase-seq 3 e

ATAC-seq

(Assays for Transposase Accessible Chrom

Preparation time

R

Scale
Chr19:

50 kb
36,150,0001 36,200,000|

1
ATAC-seq

O
2H —

H2AME (H2MZE) 2
=1 E2 8

AlZHof getot &

=

Nooleellsw’uo’w w’w’-o :o‘ Day1 2 3 4

Chr19 (q13.12) [&ms ]

36,250,000/

(50,000 celis i
per replicate)
0

40| 7ts

S| standard
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SCATAC-seq

Density

HO.Z
0

a c
7 9] Rvalue=080
a2 Collect 96 §
o i) SCATAC ibraries 5 s
I from IFG =
w AT.RC (E DA Trﬁinﬂl PCR ¢ g T
PCR with eall g
identifying barcodes
E—— 2 i}
— — i — =
§ @ o == robwem  §
"
b Scale 50 kb } {hg18
chr1g: 38,150,000 | 36,200,000 | 36,250,000 |
0.56 d :
Duke DNase 1 f l
ol al . ke ik bai | [\
267
Bulk ATACG-seq l l - LR
frel: i 1 il gl 4 1 | %072 Empty !
108 = One cul H
n — 501 * Dead cell ) .
Aggregate * * Two cells .“-.‘_
- RSO 1! P C—— 1 e
Enz wmw LmaeE iy % ARHGAPE [P+ 40 r T e
bz CONGR s -2 = N T2 H e Lo N i o A i
- UZAFTLY HHPROSERIM-HE  ~ < an e o e 3
-== FSENEN § ~ s [Nk
5 R
a h—c_-; ------- | et it e
woqpq e [ "
£ At \ ,
o Dl 4 5 6
Fragments Library size (log,, fragments)
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Commercialized scATAC-seq

Inside Individual GEMs

Gel Beads E P5  ReadIN

. 10x e—
H Barcode
——— — ——
—— E— =3
Denaturation, Linear Amplification ,I,
——— E— .
E——— E— —=
Linear Amplification Product 1
— E— = ;
10% Barcoded —— E— ——
Gel Beads —— — —
’ : ——— E—— =
Nuclei : P5 10x Read 1N Insert Read 2N
Enzyme ! Barcode
10x Barcoded DNA Fragments
N . 65

Single-cell analysis platforms

* Identify chromosomal variations
« Genomic heterogeneity \

« Reveal differential expression
* RNA splicing pattern
« To connect a cell's genotype to phenotype

NGS 24
Single cell-seq

« Information about protein expression
= Cell signaling, cell to cell interaction
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Joint profiling of DNA+Protein

Dab-seq workflow

—_

AW (AML) S| T T2 = Flow cytometryLt DNA mutation= 4= &5 SHXA| T
|

HCHoh= S E2 A S,

.Mission Bio’s Tapestri platform= modifyS & &
_Ollgo conJugated AntibodyS 2-&95}0] customd}A| A& 0| 7ts &
b= A = (BD RhapsodyOf| Al & 23}) Of 7 &at,

i .

;NF-E\
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26 287 ' 94 { 51
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Single-cell analysis platforms

* [dentify chromosomal variations
* Genomic heterogeneity

NGS 24
Single cell-seq

+ Reveal differential expression
* RNA splicing pattern
« To connect a cell's genotype to phenotype

« Information about protein expression
= Cell signaling, cell to cell interaction
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Single-cell RNA sequencing (scRNA-seq)

Conventional scRNA-seq Microfluidic-based
technologies scRNA-seq technologies
§ Microscope

m/ , | 4

- 96-well plate
Micropipette Capillary pipette
FACS Lem
\ Multispectral detector L \
Laser +Electronics
e -
-
m” B
- o
g0 -
Fluorescence- Laser capture Nanowells
activated flow sorting microdissection
Combination with protein analysis Combination with genome sequencing

Atnd Mg
0=z o2 Y foterst  foctrs

WDE
et
o ol DNA+RNA
Incubation of cells with Physical isolation of genomic

antibody-con 4 DNA and total RNA
magnetic microbeads
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Applications of scRNA-seq

a. Drug resistance clone identification

Tumor cell heterogeneity

(a) Minor resistant subpopulation

{©) Resistant cells

(b) Drug tolerant states

@) sensive cells

i (€) Microenvironment
@ @ Dying cells

R 4
Q <& anm

C. Single-cell lineage and stem cell regulatory network

Mechanism Research

L
1 J
Oocyte Fertilized egg Morula Blastocyst  Inner Mass ‘m_
% -©

Totipatent

— ©
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Towards a Human Cell Atlas (HCA)

* Inspirations from HGP (human genome project) as a collaborative project
* Impact is illustrated by world-wide collaboration w/COVID-19

* 39million cells from 15 organs
* Healthy peoplel| THL M| ZE TALA| B (scRNA-seq) = disease

Reference for spatial and Regenerative medicine
molecular cell characteristics

=[N} SIS

H U MAN / Drug development

CELL ~ ¢,-®

ATLAS -0
N

f Foundation for
P o

Human future consortia

Genome — £(w)"

Project

Disease mechanisms

Diagnostics

oobvy




Google Maps of human cells is a milesto

* HCA Portal Site: https://data.humancellatlas.org/

« SIHE/MITEZE AP A
https://singlecell.broadinstitute.org/single cell

e SHATH MES™HHE A hitps://www.ebi.ac.uk/gxa/sc/home

The human body has 37 trillion
cells. If we can work out what they
all do, the results could ‘
revolutionise healthcare
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Exponential increase in SCRNA-seq
throughput

Individual Microwells and Massively Parallel Combinatorial

9 Cell Picking Microfluidics Sequencing . . Indexlng

Y e ose @] T OIDE
- rEen |
Q Tang ef al. 2009 Isiam af aL 2011 Brennecke ef al. 2013 Jaitin ef al. 2014% nmafd.zms*u Bose ef al. 20154 c.war'al 20“_‘
ol 7 B Macosko et al, 2015 Rosanberg 6f aL 2017
c
Y| 10x Genomics Mux-Seq
A \y, SPUTseq cell Hashing 2
% 5 orop se\q o~ MULTI-seq SCITO-seq
o Cytoseq S 3.\\ scifi-seq
% 4 MARS-seq\ o O DroNC-seq 1 *Population
Q o/ inDrop7, og 9 %: Scale
"'5 3 | High-throughput Fluidigm C1 g 5 2 °§ o0\ Sequencing
1 sequencing of RNA STRT-seq  cE|-seq . o o © Seg-Well
g:' 2 | fromsingle cells l 0© Ro
- (=] o SMART-seq2

1 F P o

SMART-seq  ©
0 o i i i 1 .
2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
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Initial phase of scRNA-seq technologies

Cell isolation

Reverse
transeription

2" strand
synthesis

cDNA
amplification

Library
construction

i

;'\2\

Smart-5eq/C1

122
m‘-'—-m'll.lﬂlnc m Mur—aﬂ.'ll.'\“llﬂlnc:ln‘l : m:‘#mlncim m‘:‘:‘.m“lﬂ - TITTjpoa)
L L1 R Wb ©c
¢ i ¥ b b
= i " N | P e T
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s gk || R ® 9
P I\_ 7 A
x|\ x| x| x|y
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Unique Molecular ldentifier (UMI) -
Quantification

 Known as Molecular Barcodes (random ‘N'& 7| A &)

* Complex DNA sequences added to reduce PCR amplification

bias

Confident analysis of reads sharing the same alighment coordinates.

UMI application in quantitative studies (e.g. RNA-seq, scRNA-seq, miRNA-Seq, ChIP-seq).

PCR duplicate removal without UMIs

reference sequence

PCR duplicate removal with UMIs

All PCR duplicates?

I
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Unique Molecular Identifier (UMI) - Va
detection

UMI application in deep sequencing genomic variation studies (e.g. WGS, exome capture, cflDNA)

Variant calling without UMIs Variant calling with UMIs

reference sequence

|
|

o = R
| o —

- ==
Y e | ‘*

More high-throughput methods?

* Droplet-based scRNA-seq

A

.
pl in droplets

ssDNA primers
! . L Y
- ——TTTTY T7 ANAP cell barcode ‘_D Sequencing and Analysis
. Pe———— TTTTT P — — Each read assigned to cell
[ - S ——— i i i
) e mHNAC cDNA SORORING o Rode ey

1. 27| InDrop technology: low cell capture (~7%)
2. 20-50 copies/cell transcripts captured only
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Drop-seq

2 Microparticie B
and lysis butter | @ |{__
+ « < %
— =
®
L] 3.0i ]
mm:um
= = 9.Sequencing and analysis
mb / % \ r 8 PCR = —==
Q,ﬁ * Each mRNA is mapped 10 its

—_— - — " g
LS. as template) * Each cell's pool of mMRNA

e ]
. ——= can be analyzed
L. ]

1.Use Barcoded Beads instead of hydrogel (InDrop)
2.Cell capture efficiency (~12.8%)
3.Captures 3’ terminal fragments similar to In-Drop
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L] ~
10x Genomics (commercial)

a. 8-Channel Microfluidics Chip Ba;g%d:d

oi e eevé:oooo ®

Cells + Reagents =——s| @ @ . (] . @00 Break Amplify Construct

Beads —_| 0O 0 0,9 0 00 i Emusion cDNA Library Sequence

OOO’O@QO — GEM Outlet =+ — | e

b'f':::::-__-—-_-—-_—-—--:5."" c. 8.::.;" (T}”VN‘---‘

1 _’—\:/

I

:—- s00 S G — Do P -

|\ Collect . @ : d.
Barcoded Primer Cells Oil Single Cell 10x M WN cDNA Sample

Gel Beads Reagents GEMs s ot el

Uses Gel bead emulsion (GEM)
~50% Cell capture efficiency (Currently dominating the market!)
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Gel Beads

10x
Barcode

5’ GEM structure

capture

TS0

This can capture both 5’ and 3’ side of R

Gel Bead

Single Cell 3'
v3.1 Gel Bead K

TruSeqRead 1 Poly(dTIVN

N _, 10x UMI
%" NexteraRead 1

(Read 1N} : Capture Seq 1

10x UM
o BC
*/ NexteraRead1
f Read 1N)
{ 10x UMI
BC

3’ GEM structure

They capture different parts of the transcript and show similar efficiency of

Maybe limited to discovering alternative spliced transcripts (isoforms)
5’ technology can capture TCR (T-cell receptor) and BCR
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Inside individual GEMs

ccc

E— E——
- EEE—
Read1 10x UMI TSO

BC

How do you capture 5’ side?

: TruSeq 10x
: Read1 BC UMI TSO
= moo
+
Master Mix
+
: Cell Lysate
i AL
é s AAAAAAAAAA?“AAA' H
:. S SEOEE—— e——— '
1 Read 1 [:Cx umi TSO Poly(dT) Non Poly-dT:
i lReverseTranscription
AAAAAAMAAA“““A” H
S cce f——————— )

l Template Switch Oligo
Priming
ARR
AAAAAAAAAA A"A'“

Template Switch,
Transcript Extension
.
AAAAAAAAAA Al‘"””
—

cDNA from poly-adenylated mRNA

TSO : template switching
oligonucleotide

BC : barcode (random ‘N’
71 M)

UMI : unique molecular
identifier
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Template switching mechanism (RNA->¢

T

» 15t cDNA I IH 0| A cDNA & RITHO| £ ME S Y
= 2782 7|

« T2 Moloney Murine Leukemia Virus| Al 72|t MMLV RTase 2t=
A SAE AL
= |'-9-—I—E |'o

I
>
o
3
po)
=
>
v
ug
rn
=2
o
I
b
m[o
inel
o
0e
N
mjn
1z
ﬂ\l_
_OI_I-

(Template switching activity)
(template) 2 2 HIH 0| DNAE 2/ St= &d
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Template switching schematic

Cell-derived poly(A)-tailed mRNA

NN T - AAAAAAAAAAAAAA
TTTTTTTTITTTITITT N C'ligo-dT, VN

Reverse transcription

D-OLI7PS-TSO-F1 (1st strand synthesis)
"
T B
e o TTITTTTTTTITTITTT
Template switching

(from mRNA to TS oligo)

TS oligo 3
D GGG NN T AAAAAAAAAAAAAA
— _ C C TTTTTTITTITTITTTT

l 2™ strand synthesis

AAAAAAAAAAAAAN, ee—
TITTTITTTITTTTTT
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Why TCR and BCR sequencing is importa

_— Main types of lymphocytes (T and B cells)

‘ ‘ i ~10712 diversity in DNA sequences
They recognize antigens
00
T cell
receptor
(TCR)

Malignant clones ~ 0.001%

B cel - Need to sample many cells!
0o
Q 00® Q
e [\ } 0080 n-m)lfonm .8O.vurmem .O.O
5 @) 0255 < ee9%e < €33 " e8%
geoy o e o Cele
Example of TCR/BCR repertoire Iymphocytes |
healthy individual leukemia MRD screening rflapse

Detection of minimal residual disease (MRD)
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TCR and HLA

‘a-chain kous.
B-chain iocus.

e LT SRR | e
S T srTRETe - TYTVEREERT R
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Gene arrangement in the T cell recept
chain gene

T cell receptor B chain gene

Vgene Jgene
(64-67 species) (14 species)

VB1 VB2 VB3 VB4 VBn DBl IBL  CRL DP2 . B2 CP2
Genome —I—I- I8+

D-J gene rearrangement

DB2 N.Jf32.5

transcription

T

VB3-N-DB2-N-JB2.5-CR2

translation
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VD) amplification from cDNA

Pooled amplified cDNA processed in bulk

...........................................................................................

Length Primer
i cDNA Read 1 UM| TSO Yybl] C B

Inner

: . P + :
: V(D)J Amplification 1 l rimer

V(D)J Amplification 2 l

TCR/BCR gene< Constant region || specific 2F primer2 SZ0| & A 7t

Outer + Inner primer 5= step2| Nested PCRO|2}= B 2 2 specificity= &
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V(D)) sequence from assembly

Algorithm overview

Call Cells
i:.;?;n Reads (s %on":‘;zi L) type
TRB IGH °"“
= i @@
Contig 1
TRA_IGLIIGK ‘ clonotype 1
cell 2
Contig 2
9 ‘oella clonotype 2

= ot Z1t= ~150bpE B OF M K| TCRL| reconstruct
off ZZt=2 O|0{E0| = assemblyES Rl DL},

AL MEE
(~800bp) S}7|

40 jx

Clonotype (2 E2d): 73 &0 Bt-35t= TCR/BCR| H7| M E =T

Convergent antibody response to the
CoV-2 spike protein in convalescent and
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Case study with COVID-19
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Immunological feature of T cells
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Expanded TCR clones and selective usa
V(D)) genes
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How do you capture 3’ side of RNA?

Insnde individual GEMs

E [ ]
s ‘ Read1 10x UMI Poly(dT)VN

: Rergade l Poly(dT) Primer
i :MAMM44
; ‘ll' | RRRARARAAR s
' l Reverse Transcription TSO: template SWitChing
MArara,, . oligonucleotide
[ ] cce
1 Template Switch Oligo Priming BC : barcode
Many,, Ts0 - (random ‘N’ @7| A&
A4 I—— 1GrGrG I ;
4 @ s ccc :
Template Switch, - UMI : unique molecular
l Transcript Extension . s
MArayy, identifier
S AARARAAAAN rGeGrG I
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Challenge: why 5’ capture strategy
is better to see V(D)) genes?

Inside individual GEMs

E —
i . Read 1 10x UMI Poly(dT)VN
Bercode l Poly(dT) Primer

¥4
4444444
A4 §

l Reverse Transcription

[ ccce
l Template Switch Oligo Priming
M, 750
A4 I 1GIGIG
B ] ccc
Template Switch,
¥ l Transcript Extension
444
44 2 e— GrGrG I
- C C C I

You will need many primers to target all Variable genes for 3’ side!
Compare to 5’ capture where you need 1 or 2 constant primers
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Single-cell analysis platforms

+ Reveal differential expression
* RNA splicing pattern

« Information about protein expression
« Cell signaling, cell to cell interaction

~ Single cell analysis

* [dentify chromosomal variations
« Genomic heterogeneity \

= To connect a cell' s genotype to phenotype |

NGS 24
Single cell-seq
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Joint profiling of RNA+ATAC (sci-CAR)
Indexed
Indexed RT 1ransposition Poci
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sci-RNA-seq library
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PCR barcode ('i5'+ i7"), and RT barcode }_ | @O | o) | |
(RNA-seq) or linked Tn5 barcode
ATAC- comprise a cellular index.
B L o oaodtel ]

! : e
P5i5 N5 R1 DNA R2 N7 i7 P7 Indexed PCR
Adaptor Adaptor for ATAC-seq
sci-ATAC-sea librarv

Different primer combinations for different modality amplification
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Gene regulation dynamics
(open chromatin + RNA)
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Multiome RNA+ATAC (Commercial)
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Split DNA and RNA reaction

Inside individual GEMs

GEM Generation & Barcoding
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ATAC / RNA library preparation

cDNA Amplification &
Gene Expression Library Construction

ATAC Library Construction
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Chromium Single Cell Multiome ATAC Library

® Rod

* OFF-cone
(5 clustors)

* Master gla
{2 clusters)

* ON-cone bipolar
{4 clusters)

® Cone

® GABA-amacrine
(2 clusters)

® Retinal ganghon cell

® Astrocyte
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% of noncoding SNPs
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Prioritize cell-type specific ATAC peaks from
GWAS datasets
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Multiome + public data integration
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Single-cell analysis platforms

* Identify chromosomal variations
* Genomic heterogeneity \

« Reveal differential expression
* RNA splicing pattern
« To connect a cell's genotype to phenotype

« Information about protein expression
= Cell signaling, cell to cell interaction

NGS 24
Single cell-seq
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Joint profiling of methyl+chromatin+RN

* scM&Tseq (methylation+RNA)

* NOMe-seq (nucleosome occupancy and methylation)
* Methyltransferase (advantage over count based ATAC, DNase-seq methods)
* Frequency estimates of CpG methylation doesn’t suffer technical variation

c 58 CpG methytation
E3 GpC accosstulty

e £ 3

=1000 0 1000
Distance from center of region (bp)
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Known/novel association between
three molecular layers

GpC
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Single-cell analysis platforms

* [dentify chromosomal variations
« Genomic heterogeneity

NGS 24
Single cell-seq

+ Reveal differential expression
* RNA splicing pattern
« To connect a cell's genotype to phenotype

Single cell analysis

-;-IW: o ' « Information about protein expression
: « Cell signaling, cell to cell interaction
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scRNA-seq + Surface protein

* CITE-seq (Cellular Indexing of Transcriptome and Epitopes by Sequencing)

e N A R NS =T oy - . lelels) s AAAAAAAAAAAAAAAAAAAAA

CITE-seq uses DNA-barcoded antibodies to convert detection of proteins into a quantitative,
sequenceable readout. Antibody-bound oligos act as synthetic transcripts that are captured during
most large-scale oligodT-based scRNA-seq library preparation protocols (e.g. 10x Genomics,
Drop-seq, ddSeq).

Antibody binding, Single cell droplet encapsulation
washing cells g
v, Qil
1'“ L
o @l0G
LJ

N\=

7z |,
Beads Qil

Cell lysis in droplet mRNAs and antibody-oligos Size selected cDNA
hybridize to RT oligos and for standard library prep
are indexed with cell barcode,

Size selected antibody
oligo products for further
library prep
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Comparison to FACS
(fluorescence activated cell sorting)

FACS (RHIZ EE 847

(eecececescey,
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What is the advantage of CITE-seq?

CyTOF
Tirr::lyﬂlm
R ., KA A 0| EXHSH= heavy

» metal & | & 2 72| oA EX| (~50)

avy metal isot
antlbodw& Irgmgpr

B Spectral cytometry
A e

- Spectral overlapdi 20| O] 24 &

Use of oligo sequence as a readout
Is unlimited !!!
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Both modalities are necessary to define
clusters
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CITE-seq enables novel cell type discove
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Future

 Ultra high-throughput multiomics technologie
are coming along (ex: SCITO-seq, scifi-RNA-seq...)

* Trimodalities (ex: RNA+protein+ATAC..)

* Integration with public dataset (batch effect
removal) + interpretation will be the key!
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Closing

Thank you~!

Further readings:
Single-cell overview reading: Single-cell RNA sequencing technologies and bioinformatics

pipelines | Experimental & Molecular Medicine (nature.com)

Single-cell multiomics:
_ https://www.nature.com/articles/s41580-023-00615-w
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