ScATAC-seq



Cicero (Co-accessible region analysis)
A (— __] J!._ I ) el
e TTTTe—— =
Aggregrate randomly 1 E : F
selected local cell . R = = =
neighborhoods Cell : = B F ' _
o - = Calculate raw Graphical LASSO
5 . " i m - correlation between
9 L 0 [ ) >
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E 4" o ® Aggregate sc-ATAC l c
S| e g%, profiles o
% o2 Cluster 1 [ | Distance (Kb)
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@ Cluster 2 - I " J 0 ml -
t-SNE dimension 1 Cluster 3 -l E—
- S 0
. |
Regularized

correlation (p)

- cell &> pseudotemoral ordering (merging 50 cells)

- Raw correlation (within 500kb): LASSO (distance penalty), Regularized correlation
-Sparse covariance matrix of each pair of peaks (within 500kb)

—> Correlation (if it agrees with a qualitative agreement)

Sanity check: distal site ~ gene activity or gene expression



Cicero (Co-accessible region analysis)

Identify modules of sites via community detection REQU|3_riEEd
correlation (p)
' N\ o
r‘q&‘,___ a7y [ A Link sites withp > C
S D

Indlrect connection ) .
Direct connection

e DN

Cis-co-accessibility networks (CCANSs)

Enhancer Super-enhancer

. — pm

TF TF TF FTF TF

-CCAN (cis-co-accessibility network)
—> Co-accessible score (edge)

—> Thresholding = graph = Louvain clustering
- chromatin hub (looping interactions)

1: common protein complex (TFs)

2. same epigenetic modification

3: substantially regulates promoters b
4: proximity
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« Cicero (Co-accessible region analysis)

Corresponding genes




Cicero (Co-accessible region analysis)

Identify modules of sites via community detection

‘-ji@%-__?
=== =

Cis-co-accessibility networks (CCANSs)

-CCAN - gene regulation module -
gene expression network

Gene expression network



Cicero (Co-accessible region analysis)
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« Cicero (gene activity)

-find_overlapping_coordinates(fData(temp)$site_name, "chr1:3,000,200-3,090,000")
—> Coaccessible region - correlates with gene expression
- Combine the scores of regional accessibility to a specific gene - infer gene activity

Cicero gene activity scores

We have found that often]accessibility at promoters is a poor predictor of gene expression. However, using Cicero

links, we are able to get a DETLer Sense of tNe overall accessiDility Of @ promoter and 1T's associated distal sites. This - No accessible region
combined score of regional accessibility has a better concordance with gene expression. We call this score the > Signac; based on the typical promoter
Cicero gene activity score, and it is calculated using two functions. (or gene body) region

Theinitial functionis called build _gene activity matrix.This functiontakes aninput CDS and a Cicero
connection list, and outputs an unnormalized table of gene activity scores. IMPORTANT: the input CDS must have a
column in the fData table called "gene" which indicates the gene if that peak is a promoter, and na if the peakis

distal. One way to add this column is demonstrated below.

Theoutput of build gene activity matrix isunnormalized. It must be normalized using a second function called
normalize gene activities.If you intend to compare gene activities across different datasets of subsets of data,
then all gene activity subsets should be normalized together, by passing in a list of unnormalized matrices. If you
only wish to normalized one matrix, simply pass it to the function on its own. normalize gene activities also
requires a named vector of of total accessible sites per cell. This is easily found in the pData table of your CDS,
called "num_genes_expressed”. See below for an example. Normalized gene activity scores range from O to 1.



« Cicero (gene activity)

-However, coaccessible analysis is just inferrence
- Prone to False positive
—> Arbitrary threshold, imperfect algorithm, poor data (sparsity)

Hi-C sequencing

Crosslink DNA Cut with Fill ends Ligate Purify and shear DNA;
restriction and mark pull down biotin
Hindlll enzyme with biotin

Sequence using
paired-ends



 Monocle3: trajectory analysis

| -Feature: it does not have to be gene activity
%\9 - mathematically, it does not matter

pseudotime

LIMAR 2




Monocle3 & Cicero

object <- monocle (aligned alongside pseudotime)
—> Differential path associated with epigenome
—> Alteration of accessible region across pseudotime

Percent of cells accessible

—

ONOINO
ocuwowo

RN
(&6 e

chr1_3238849_3239700

3
| N

chr1_3397204_ 3397842

chr1_3406155_3407044

0 5 10 15 20 25
Pseudotime



« Monocle3 & Cicero

- fit_models: regression analysis btw pseudotime
- Generalized linear model (you can put your own formula)

- aggregate by cell_bin: reduce computational cost +
overcome higher sparsity (binning; default:10)

W

> num cells expressed use for ordering
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FALSE
FALSE
FALSE
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model model summary status
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SCENIC+ (gene regulatory network with open chromatin region)

a SCENIC workfow
Coexprassion modules d Network comparison across species
Mouse Human
&’ g (DIx1/DIx2) (DLX1/DLX2)
85
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CG/TCe e , UBASH3B \  Staisb USPI3  VAXI  VWASA

| T / Ubash3b \ |
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Tie2 2ip536 2EB2

Regulon activity in the cells

-SCENIC from scRNA-seq
A All the TF that express can be a candidate

o Var
o O

AUCot
No. of colts




Dynamics

SCENIC+ (gene regulatory network with open chromatin region)

Closed chromatin

Permissive chromatin Open chromatin

@ @
DB '
£\ A A 63
A

&

- J

-TF should bind to the promoter to regulate the gene expression
- The promoter region must be opened

- ATAC: assess the open region whether TF can really bind Gene regulatory network
- Search for the TF motif in open regions of the promoter

+ Enhancer regions (coaccessibility + motif)



SCENIC+ (gene regulatory network with open chromatin region)

a
( Single-cell multiomics preprocessing : pycisTopic )
Cell clustering Enhancer identification Gene expression
. F .
o a k
. AN FANEY,
o W 2 A
. Py o
4 & A
I BT e =
| R A A l
Input ent Dirichlet Allocation Cell clustering
) Topic-cell prabability LR AN
Bulk/Aggregate profiles — .{':E“" I&._Tupic ; Lrale -:.'."
s A A- Y TN A LERRE N ETopic2
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-Sparse peak matrix = text-mining algorithm (like TF-IDF)

-Cell~region (peak) matrix - LDA - merge regions into “Topic” (similar to NMF)

-Cell cluster (by topic) = which cluster has which topic - which topic has which enhancer
—> cell: which enhancer (enhancer identification)



« SCENIC+ (gene regulatory network with open chromatin region)

d

MOtIf’ collection database ]

-pycisTarget: largest motif DB =_motif enrichment analysis

} Motif to TF an  c2h2 zfs E dbifls er'm fa I: rbook f ntgm flyf
ghé @4 11,491 I FB& E| 921 E
hULUMUL.J Harer %ﬂ é @ D ed
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From the obtained enhancer list ey f e

- Motif enrichment l @ @ @ @ @ @ @ @ @

9 Wthh TF |S blndlng to a l [ TF motif enrichment analysis : pycisTarget )

{ Motif clustermg]
fing based Cluster-based scanng with

. |nmtom slm.larl'.v STAMP subclustering HBAM
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-Motif clustering (HMM) rACRE AT oA TT Ty e

|
l ( cisTarget databases ]

Matif collecticn Cluster-Buster Motifz

Each topic: each peak = ranked by which motif cluster (TF) TLTTr ChreT: ACAT. | _pﬁ con
pycisTarget: AUC method = which motif cluster (TF) ranks 2L CicTTA. e
the highest among the set of peaks in a given “topic”

Sequences
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Peaks from each topic - which “motif cluster” matches the
best - which TF regulates the “topic”
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DEM: regions in the topic vs other regions—>
Wilcoxon by motif Cluster (TF) Score . Genomicreg_innsranked D SEI.Regun SE:"EU




« SCENIC+ (gene regulatory network with open chromatin region)

-GRNbooOst2 d SCENIC workfow
Based on GENIE3 (random foreSt) Coexpression modules l ( Enhancer-driven GRN inference : SCENIC+ ]
Output gene ~ other genes o 2 T . /?«

w2 aRegulon WS
- TF = gene (Same) gz A LA
Or region (enhancer; <150kbp 5 P4 CAcaTo AcaATo
for a given gene) - gene / [

(ngi%::‘cl:;.:lat:ry network) TF + motif + accessibility + : Eifector TF
. G gens exprassion G O

-TF~region~gene network
- TF ~ region by motif enrichment l (Visualization |
9 Just C0||ecting a” the edges e Single cell viewer Genome Browser Metwork app
(after thresholding) e
Direction: based on the correlation _ el " = e TE ]
-eRegulon: target genes by enhancers LA 8Cope LCSC Cytoscape
GSEA of the “importance score” for each or Coow

Enhancer-gene

(SCENIC: AUCell)



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

—> All the genomic region
- Associated with disease

' YOOOYIIY tedeeetieiee
Disease YV eeeetitded
YYYYYYYY  reeeeieed
v § = ®
GWAS .

~logio(p)

» L ]
L ] L ]
. .‘ ‘iii‘.h.‘“
9= | | | I T 1 |.1‘[ |‘
i 2 3 4 5 6 Fi a 5 10 11 12 13 14 15 16 17 18 198 20 21 22
Chromosome



« (Genetic association

Now hypothiosis Tor aacliColl YPO . | = = om s tnaiasomie o o e s oo s e o e e 4 e s

TF motif Gene

D 9

FCGG‘ W

.y
-
- ——————— -

-

/

T kTGO OOOOCTCGCOCTTCTCTCTCTCTTOCOTTCGCTTTTTCTRCTTCTTCTETTTSw———

- Disease-associated open chromatin region (especially enhancer: it can regulate the gene expression)
- Even though a certain enhancer is opened from both disease and healthy group, if it encompasses
genetic variants - Regulation can be altered (ex: TF binding by motif alteration)

- Known GWAS (SNP) overlaps with a given open chromatin region

- Mechanism for how GWAS loci result in disease



UMAP-2

Batch correction
-Seurat or Harmony, etc

154
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UMAP-2
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* Multi-modal analysis

-Usually, scRNA-seq and scATAC-seq are conducted in a different sample
- We need to merge both information together

scATAC-seq cells scRNA-seq cells
104
101 i NK g
%ﬂright
pnocytes CD16+ MonocyteSil
5 Dendritie cell Plale‘l_Fr )
\ mory
04 cD4 Naiwe =
o O B cell progenitor o D8 Néive CDE EfiEctor
| pDC ﬂ ! oc N'
f=t # i, [n P .
= pre-Bc a Double negati cell
£ =
=1 =
-5 4
=10
_lﬂ_
_ cell
B cell e
15 - =20 1
-15 -10 -5 0 2 10 -20 10 0 10

umap_1 UMAP_1



-Label transfer method
Although ATAC has more features, high drop-out, worse for cell type annotation
(since gene activity is not an gene expression)
-Should use gene activity for label transfer (to match between feature name)

OB’&

£
mE °
1

i B

Cc

Multi-modal analysis

‘anchors’

Identify / ‘ :

C C C
o= f’ : - " aw o - " a ¥ - " a i
T m? Reference o me Refe i of me? Refe i of .@m?
* . ® - e bl
| i '1 - | _ .1 _
2 "> | i Ui
L .*. “.\\ Query L ‘“ ..\\ Qu L .“. ’.\ Qu - ‘Q. ’.\\

-Reference - query1, query2, query3 ... (independently)
Reference: scRNA-seq
Query: scATAC-seq sample1,2,3 ...



Multi-modal analysis

tech
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@ atac
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celltype

pr&ﬁmi
B itor
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-10

5 0 5 10
umap 1

B cell progenitar
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CD4 Memary
CD4 Maive

CD8 effector
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SNARE-seq

2 Nuclei
suspension

gDNA

mRNA

ATAC-ceq

Omni-ATAC

SNARE-seq
Chr. 19

200
Single nuclel

10
Read s

H1

Chromatin

GM12878

B8J

Digital

counting

|Cell 1 Cell 2 ... Cell M

nNo

Open-chromatin Droplet Dual-omics Library prep and
tagmentation generation caplure sequencing
AAA
Splint oligo - Peak 1
Peak 2|
£ s Peak N
Gene 1
Gene 2|
Gene P
Chromatin (GM12878) L Expression
| 20 1
I . l ] | T . l i | B
! | J | l W | Ll l | 107 ‘;"_
| N :’
I l J . A l " l l N | ‘ %
. ey | —ie 1 SHH 2 0
1
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+-SNE1
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! ’ 300
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® i
300 b
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Exprassion

BJ

- GM12878
- H1

20

-10 0 10
~SNFE1

20

K562

BJ
GM12878
H1

K562

-SCRNA + scATAC-seq from the same cell!
-Multi-modal analysis
-No need to multi-modal integration



« SNARE-seq

*Weighted nearest neighbor analysis
-Mulitmodal integration analysis
-Incorporate (two) modalities (cell-specific weight)

*CITE-seq (protein) > scATAC-seq (open region)
- Merging two modalities together

RNA.weight

Identity



* Multi-modal analysis

a
Input Model fittin Prediction .
o ’ Doublet detection
(X=9, singfet) . . " [
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A unified model-based framework for doublet or multiplet detection in single-cell multiomics data



Multi-modal analysis

Peripheral blood (T cell enriched)
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Other modalities



scHi-C

a Nudies reman ntact
5] o
TR~
Inner barcodes flark %6 blotinylated
Iigabion puncton Swp@: [Nesosnegy dsDNA bridges
Dilution f | el T
OOy s SRR s CIIII
¥ oD COOIIID - GIEEED
oo OO O @ 96 barcoded
| J Y-adaptors
RE Brdge adaptor mernty Affinity purification Cuter barcodes flank the
rimion digestion kgation and library perep molecule
x=(xnz) P(ix,—x,|<d) Ix,—x|<d=x=(xy2)

Barcoding during ligation
- Multiplexed profiling
- Highthroughput Single-cell performance

. S

DNA

FISH Chromosome

Painting

Single-cell
Hi-C



scMethylation

A Transcription
Factors

’ ! ) Gene transcription

-

Promoter Gene

Transcription
B Factors

* Methylated CpG

? Unmethylated CpG

No transcription

=

Promoter Gene

sciMETv3

{:j\o:}g o »® Tagmentation
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0.8‘.0. ::‘O.o Ligation

3-Level
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Fixation Disruption Indexed Tagmentation
Tn5 Index 'n5 Mosaic End /
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TruSeq i7 Adapter 9 base gap
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(Linear Amplificaiton) ‘/ A (Splint Ligation)
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Indexed PCR & Sequencing Using Standard Recipes & Primers &

Bisulfite conversion -
distinguish methylation at the CpG island



scProteomics

fAntibody binding, ( Single cell droplet encapsulation CITE-seq
washing cells

N\ aCells i —> Can only probe ~1072
/@ N - Protein > Transcriptome

- Quite limited ...
'[
Qil

-

mRNAs and antibody-oligos | [  Size selected cDNA
hybridize to RT oligos and for standard library prep
are indexed with cell barcode |
TTTTTTTTTTTTT ——
I TTTTTTTCT
TTTTTTTTTTTTT I ARAAAARAAY
TTTTTTTTTTTTT Size selected antibody
— oligo products for further
TTTTTTTTTTTTT library prep
B LARA I TTTTTTTTT] -
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* scProteomics by Mass spectrometry

Bulk proteome analysis

Cell population . .
i N Time-of-Flight (TOF)
Total ion current Proteome <
chromatogram coverage Dats: & ~m/z
z 2 analysis e - Z: is to define (integer)
c - T . . . .
o L]
£| 3 iiaraced —> M: distinguish peptides
: Mass Retention log(copy number) expression - Highthroughtput proteomics
S spectrometry time across different
cell states
+ single-cell barcoding
Single cell-resolved proteome analysis
———— @ °
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