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“Active” enhancers produce bidirectional eRNAs

eRNA: enhancer RNA Enhancer Anderson et al. Nature 2014
Kim et al. Nature 2010 TSS {, ¢, TSS Hirabayashi et al. Nat. Genet. 2019

Tippens et al. Nat. Genet. 2020

eRNA £74 A= eRNA

Transcription

factors Forrest et al. Nature 2014

Hon et al. Nature 2017
Transcription start site (TSS)

Promoter MRNA
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3'Fvph vs 5'Fvp

Single Cell Immune Profiling 5'FwW s

I5' gene expressionlalongside V(D)J repertoire profiling and

.Single Cell Gene Expression 3'Fw

3' gene expression profiling at scale with single cell
resolution.

antigen specificity of T and B cells.

Single Cell Gene Expression Flex Single Cell Multiome ATAC + Gene

Fixed RNA Profiling assay for comprehensive probe—ba'fxpressmn 3!:‘:“} I\

gene expression profiling with single cell resolution. ombined profiling of|3' gene expressionjand chromatin

t\\jgt‘ :573(:\ accessibility from the same cell.
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3 :FJ ho)iﬁn . =+ }:-—'Eﬁaﬁu
5’ : : '_I_‘ 3’
TSO . RNASF 1 | AA. .AA
cDNA € TT. . TT/UMI [CB' bead
MW 10x Cell Barcode (CB) NGS library —
3'KimDix {5 I—>lRead 2 4—=Read 1
5'FybhDine -
] - ,
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bead cB umMmi TSO AA. .AA

TT..TT

cDNA
NGS library 5'RimDir{%E
Read 1 4= Read 2 14



Read 1SN CER{FHSD (FAFELHEE)

HEHZZIEDTATIVOS - A%NE,

L_.%(atRead 23EHICEEAH. Read 1EHHAR/\—0— 43 5/N—0— R(UMI)
0)20?&1:/_ 72_(/7:-/1,@

UNU. 12&F/c£150 bp PETS I AZNcEDON NG,
Read 1D —JI > RAIAVT4HFELDFIEI O |

B 10x Barcode (16 nt) DO NOT follow the protocol
2 X 150 bp paired-end run

5’ scRNA-seq (10x Genomics)

I e I
<+« TSQ,

Barcode

T Iefcread 1Z2E<GEHIEVW, EVVD(FE, BEFET(EA
5" end of the cloned cDNA fragment 15




5' SCRNA-seqzE>TIESHIRR(TSSS)Zie X %

Point (D 5’ Kit >
5" scRNA-seq @ E®5
(10x genomics) Chromium Next GEM Single Cell 5’ Kit
Cell o POlyA tall m7G 5’ end of RNA
Cap@ AA—— RS TN |

|
| |
I : * “ s
| . . .' v g_Hz CH,
Internal priming | e
' TS0 . S A
I .0 ....“ triphosphate —CH,
| :
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|
|

o——= S , "k
TTTTTTTTTTTTTTES T = Point @ CaptfELHEEMNEES
} Library preparation | Point (& Read 125 | @\ a1 )GAGCCC------- N
[Read 1 (150bp)] | <&EL (Don’t follow .
Fe= —| the protocol) . TTAACTCGGG<--- <---
PR

Read? : . S Reverse transcription
y Unendoded & | Point@ /A XY—F
Read 1 (e (S1) #KET3 Ohtake, H. et al. DNA Res. 2004
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Bad... (Premature termination) ~ Template switchingiZ Tl

ZD/AXMEN, 17
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5’-end signal

hg38 chr17 _32_3_9_65 000 | _10kb
(Count) 260} | i - = Fwd. reads
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all reads 50.
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(Read-level prefiltering and

https://github.com/Murak ReapTEC transcribed enhancer call)

awalab/ReapTEC - Eﬁgr?cso\ggg &

Sepll By £I U Bkey!

with unencoded G l |

Call TSS
peaks

mABICRNAESRSS D | Propge
A EI>)\> Y —aAlE -like ==

—

bidirectionally transcribed candidate enhancer (btcEnhs)

Oguchi, Suzuki, Komatsu et al. Science 2024 20


https://github.com/MurakawaLab/ReapTEC
https://github.com/MurakawaLab/ReapTEC
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Cell-type
clustering using
gene expression

1. Single-cell RNA-seq
2. Single-nuclei ATAC-seq

Cells Oil

C& l

UMAP2
o
o°®
o
o

g @ > o ® *% o
@ Droplet Cell lysis ©e% °® ‘o500
/ ° : .Q ® [

Pseudo-bulk analysis to
identify transcribed
enhancers and ATAC-seq

peaks

Cell-type A ‘=o+o+o+

’ CeII-typeB‘=o+o+o+

CeII-typeC‘=o+o+.+
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ReapTECEDD—/J0—

Cell Ranger
Raw fastg Filtered cell barcodes Count matrix
STAR, GENCODE Seurat
Aligned bam (PE, multimap allowed) Cell barcodes based on clustering

samtools

Aligned bam (uniquely mapped R1 only) https://eithub.com/Muraka

samtools + awk walab/ReapTEC

Aligned bam (unencoded G reads only)

UMI-tools dedup

Deduplicated bam (unencoded G reads only, all cells)

samtools + grep grep

Deduplicated bam (unencoded G reads only, filtered) CTSS bed (cells from certain clusters)

bedtools + paste/awk enhancer call

CTSS bed (unencoded G reads only, with cell barcodes) Enhancer bed 23


https://github.com/MurakawaLab/ReapTEC
https://github.com/MurakawaLab/ReapTEC

ERIZVIMNII? (N-23Y(3ENFIERFHDEHD)

« Cell Ranger v7.0.0 (https://support.10xgenomics.com/single-
cell-gene-expression/software/downloads/latest)

« STAR v2.7.10a (https://github.com/alexdobin/STAR)

« umi-tools v1.1.2 (https://github.com/CGATOxford/UMI-
tools/releases/tag/1.1.2)

« samtools v1.15.1 (http://www.htslib.org/)
« bedtools v2.30.0 (https://github.com/arg5x/bedtools2)
« Seurat v4.3.0 (https://satijalab.org/seurat/)
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https://support.10xgenomics.com/single-cell-gene-expression/software/downloads/latest
https://support.10xgenomics.com/single-cell-gene-expression/software/downloads/latest
https://github.com/alexdobin/STAR
https://github.com/CGATOxford/UMI-tools/releases/tag/1.1.2
https://github.com/CGATOxford/UMI-tools/releases/tag/1.1.2
http://www.htslib.org/
https://github.com/arq5x/bedtools2
https://satijalab.org/seurat/

1. count matrix Z&£p9 3

BEOFATEN(CCell Ranger®cellranger countz UL\ Tcount matrix
DT —AZHERRT D,

Shell
$ cellranger count ——id=Samplel_Cellranger \

——fastqs=Samplel \
——transcriptome=reference_data

25



2. 8% #MREN-1—-FOUAM2FRk IS

O TELNI filtered_feature_bc_matrix"7 4L MJIC(ECell Ranger®
D450 @@ U DT —AHHEEN TWS. BE7T (LI NJAD
barcodes.tsv.gzh5flAE/\—J— ROUR NMzAERL T 3.

Shell
#ZTTD-1OXFZHIRLTHAT S

$ zcat barcodes.tsv.gz \
| sed -e 's/-1//g' > Samplel_whitelist.txt

26



3. FASTQI71 I Z2Ri&IYYE>I TS
AFTYIT1TI TICBAMITZA I Z1ETWLBN. Cell RangerfllDILERICED. Bi%

i 5 R AT ({ERATERVZ8., O TEDOFASTQI7A IV EA> TV REL
TSTAR (STARsolo) Tpaired-end¥wE> %4113,

$ STAR ——runThreadN 12 —--genomeDir index/ \

—readFilesIn Samplel_S1 R1_001.fastq.gz Samplel_S1_R2_001.fastqg.gz \
——soloCBwhitelist Samplel_whitelist.txt \

——soloBarcodeMate 1 —-—clip5pNbases 39 0 \

——readFilesCommand zcat —-soloType CB_UMI_Simple \

—soloCBstart 1 ——soloCBlen 16 ——soloUMIstart 17 ——soloUMIlen 10 \
——soloStrand Reverse ——outFileNamePrefix Samplel_ \

——0utSAMtype BAM SortedByCoordinate \

——soloCBmatchWLtype 1IMM_multi_Nbase_pseudocounts \

——soloUMIdedup 1MM_Directional_UMItools \

——outSAMattributes NH HI nM AS CR UR CB UB GX GN sS sQ sM 27



3. FASTQI71 I %&Bi&YYE>Y 93 (5 GEM-X ver.)

5’ GEM-XDOFw M fE->TULWBIEE(E. ATYIT3TUTOISIHAEIENNETY,
(UMIOESHEE (RIS, )

$ STAR ——=runThreadN 12 --genomeDir index/ \

—-—readFilesIn Samplel_S1_R1_001.fastq.gz Samplel_S1_R2_001.fastq.gz \
-—-soloCBwhitelist Samplel_whitelist.txt \

-—-soloBarcodeMate 1 ——clipSprases[:ﬂ 0 \

——readFilesCommand zcat —--soloType CB_UMI_Simple \

-—-soloCBstart 1 —-—-soloCBlen 16 --soloUMIstart 17 --soloUMIlen \
-—-soloStrand Reverse ——outFileNamePrefix Samplel_ \

-—-0UutSAMtype BAM SortedByCoordinate \

-—soloCBmatchWLtype 1MM_multi_Nbase_pseudocounts \

——s0 loUMIdedup 1IMM_Directional_UMItools \

——QoutSAMattributes NH HI nM AS CR UR CB UB GX GN sS sQ sM




4. uniquely mapped read®Read 1D#H%ZHiH TS

Samtools%

JWNTATY I 3TESNIEBAMI7 A )L B —

FRICDH (A=—7

(C) vvE>dEn)—R (uniquely mapped read) #EU§9% (-g 255)
LRI CERERIGRDIBIRZS A TUVVSread 10HZ2IME TS (-f 64) .

Shell

$ samtools view —@ 12 -hbf 64 -q 255 \
Samplel_Aligned.sortedByCoord.out.bam \

> Samplel_unique_R1.bam




5.B0EERRARHZIFOV— Methds

(unenc

oded G filtering)

U7 RT ) AICIFELRV, FryvTBRDOIG] (unencoded G) %#3FDU—R
(=B ERIERDIEHRZFD) ZEUS9 %, Read 1D5CEENS391EE (i
fE/\-0—-R(1618E). UMI (10i8E) . TSO&LY (1318E) HFK THIH

unencoded GZ#FDU—RT(F401EE (JGJD‘(%&%% (reverse strand‘C

(ZC) ., Read 1DCDFEEA0IEE

W7 AT ACRYESTENRWVEE.

ﬂb(;tSTAR (STARsol0) TYYE> D9 3E[soft-clip (S) JEERiEN3. BAM
J71 I D65 BztEzRd dL1405*** | (forward strand) &HaWL\&
[ ***M40S] (reverse strand) &EEEINTULVD. CDEHZTTIC,

unencoded Gz DOYU—Rz3hL

099

T2 0 5 GEM-XT(E. UMINM12iEE D=8, [42S*** | (forward
strand) AWM ***M42S] (reverse strand) &FREESN3.

ATV I56—BMEIEWE,

30



S5 HNRREZIOV-F#itdd

(unencoded G filtering)
Shell

$ samtools view —@ 12 -H Samplel_unique_R1l.bam \

> Samplel_header.sam

samtools view —@ 12 -F 16 Samplel_unique_R1l.bam \
| awk —=F '\t' 'BEGIN {OFS="\t"} {BASE = substr($10, 40, 1); \
if ($6 ~ /740S[0-9]/ && BASE == "G") {print $0}}' \

> Samplel_SoftclipG_F.sam -

$ samtools view —@ 12 -f 16 Samplel_unique_R1l.bam \
| awk =F '\t' 'BEGIN {OFS="\t"} { ALT = substr($10, length($10)-39, 1); \
if ($6 ~ /[0-91M40S$/ && ALT == “C“) {print $0}}' \

> Samplel_SoftclipG_R.sam # |

$ cat Samplel_header.sam \
Samplel_SoftclipG_F.sam \
Samplel_SoftclipG_R.sam \
| samtools sort —-@ 12 -0 bam -o SoftclipG_Samplel.bam



5. BDiEEHInRRHRZIFOU— FMeithid 5

(unencoded G filtering, 5' GEM-X ver.
Shell

$ samtools view —@ 12 -H Samplel_unique_R1l.bam \
> Samplel_header.sam

$ samtools view —@ 12 -F 16 Samplel_unique_R1l.bam \
| awk —F '\t' 'BEGIN {OFS="\t"} {BASE = substr($10, , 1); \
if ($6 ~ /5[@—9]/ && BASE == "G") {print $0}}' \

> Samplel_SoftclipG_F.sam : :

$ samtools view —@ 12 -f 16 Samplel_unique_R1l.bam \

| awk -F '\t' 'BEGIN {OFS="\t"} { ALT = substr($10, 1ength($1®) 5 [
if ($6 ~ /[0-91Mazhs/ && ALT == “C") {print $}}' \

> Samplel_SoftclipG_R.sam # -

$ cat Samplel_header.sam \
Samplel_SoftclipG_F.sam \
Samplel_SoftclipG_R.sam \
| samtools sort —@ 12 -0 bam -o SoftclipG_Samplel.bam



71735 —
FMPUMINE

;J‘J RO

6.BEL TSV - F2fRETD

{[&

—DE®'LIEY—-FK (duplicate reads)

N(CPCRZITOTUVABIES. =TI AENIeT —A(CI3HRAR/N—0—

h\ intb\éo UMI_

BEUIEY—Map

toolsdedupTld. fHAZ/N—0—REUMIECHI(CEDWTE
Ltb\tgéo

$ umi_tools dedup ——per-cell \

-I SoftclipG_Samplel.ba
-—extract-umi-method=ta

——umi-tag=UR \
-—cell-tag=CR \
-S SoftclipG_Samplel_deduplicated.bam

R

Shell

m \
g \



7 AN == P —ELTWRBVW - RZ[RETD
27971 TIESNIHRR/ -0 - M DMIRE0U— RO & T 3.
Shell

awk '{print "CB:Z:"$1}' Samplel_whitelist.txt \
> Samplel_cell_barcode. txt

samtools view —@ 12 -H SoftclipG_Samplel_deduplicated.bam \
> SAM_header

samtools view —@ 12 SoftclipG_Samplel_deduplicated.bam \
| LC_ALL=C grep -F -f Samplel_cell_barcode.txt \
> filtered_SAM_body

cat SAM_header filtered_SAM_body > filtered.sam

samtools view —@ 12 -b filtered.sam \
> SoftclipG_Samplel_filtered.bam

34



S.IREIRmREDHI>NI7LI (CTSS.bedI71)))

Z1EPk9 D

ISR RDBIRZSAILU— RH5., bedtoolsDbamToBed%z

:[AYETRE

FIR R EDNDI > NI74 )V Z2BUS 9 3., #RE/\—1— RCEICERBERAB R DY —
RzhD> 3L (CTSS.fwd.rev.cell.barcode.bed) T. EDOAIZERE

DB DN DI, BICHRIOHREDH 2 ERD U AFT G RIBEL D,

35



S.IREIRmREDHI>NI7LI (CTSS.bedI71)))

ZVERN T B Shell

$ samtools view —@ 12 SoftclipG_Samplel_filtered.bam \
| awk 'BEGIN{OFS="\t"}{print $23}' \
> Samplel_cell_barcode_tmp. txt

forwardANS>RT(E, EeERIAR,
BB RAm+ 1DfIEN, reverseX
NS> RTHE., I ERHIGR, S5 /G
#0am./ 74 /vxDad/ 714 /JvIi-x=1R 9 - =-10fIENSEENcbedI7 1 IV %
$ bamToBed -i SoftclipG_Samplel_filtered.bam \ YERR T Do
| paste = Samplel_cell_barcode_tmp.txt \
| awk 'BEGIN {OFS="\t"} \
{ if($6=="+"){print $1, $2, $2+1, ".", $7, $6} \ \
else {print $1, $3-1, $3, ".", $7, $6}}' \ };‘_?_E:U:l\a_@ﬁigﬁ*ﬁtﬁ
sort -k1,1 -k2,2n -k6,6 \ =)= N/ NE D,
bedtools groupby -g 1,2,3,4,5,6 -c 1 -0 count \
awk 'BEGIN{OFS="\t"}{if ($1 ~ /chr/) print $1, $2, $3, $5, $7, $6}"' \
> Samplel.CTSS.fwd.rev.cell.barcode.bed

6



O.F# T — Y DREDHERZITI (AT >3Y)

CTSS.fwd.rev.cell.barcode.bedz U\ T. BRE10OJOE—4—5Big T /\

Y —pHEIE ¢ EETR DY — Nk

02N FEHREETEIT O, Ei'JZ,(LEBD“ZDU D

IVE >R PT—ADFE R
check) .

R RBET. TAADEH =R IS (sanity

37



10.85

2014F(CERESNTZAndersson 5OXDYUT K [=]

ST\ U—-1HI5ZEETS
El7:E

(https://github.com/anderssonrobin/enhancers) Z~X—XICNF
[4E(CeRNANEREENZI Y)Y —EigzEIEI B,

RS (IO IIEE RIS Z 50 TE

=028, AT AT, FI9XU—ROERE

Fiam (tag) ZESIEI3A5— (tag cluster) HMERkENS.

Andersson50OA)>F)
clustertLTWBAN. S

=R @“'C‘(Cunencoded G filteringZz1TL\\ 4 X —R(IB

LDAI)T

O

(£1015:

NCldAEUIC20185E

L ADtagZztag

=PI A DtagZztag clustereL T3,

RS CLBIE

$. 1tagTbtag clusterésBeH3dET. I/ Y —mBtiB ORI RNEZ S8

[QAGH

38



11. B 0MREE DM/ —-1— Reimithd S

SeuratBREz AWGHIIRZIZZAZU I U BIFAH—ZERk S SHlRaDHliE
N\=0—-RzHUS I3,

Cluster@_object <- subset(Seurat_object, idents = 0)
Cluster@_cell_barcode <- colnames(Cluster@_object@assays$RNA@counts)
write.table(Cluster@_cell_barcode, "Cluster@_cell_barcode.txt", sep="\t", col.names=F, row.names=F, quote=F)

39




12. 9529 —8DCTSS.bedI71 IV 2HUS IS
27y TS TEENIITANBATY T TREENTNDISRI—D

fHfg/\—0— RJRX b=

FLVC

FIDFERBDT — 5%

09 Do
Shell

$ grep Samplel.CTSS.fwd.rev.cell.barcode.bed \
-f Cluster® _cell barcode.txt \

> Samplel_cluster@.CTSS.fwd.rev.cell.barcode.bed

CDT—HICED., EEERIARARTIY) DY — B ORIE (ATYI9) %
SNV BILFRIRFBITTESNILI SR —ZETITITEN TED,

40



Rea pTECIE@ = El\\\

EFF SRRSO —I8E EROUIrL AT ) AN GIToHoEsE. Fvv)

D[ GlzHFDY—REReapTECETIIBRESN B,

T2\ —RNAIFFEIRIEMEL D, JA X500, DFEMLW—RIZH
FRIET, KDENSLVIY) Y —qElEZEITEI3Z2BEL TV,

10155

U CI3ED

BEARN(CEB I HD— NS IDIEFEL HIIEE DB ZFF O TR IDIcDH

LANICTFAE 9 Dtagktag clusterlcFeoH 1B (XRFvJ10) T. %Ei'Jzt
PDEYCUHIN)-ZNTLB,
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Take home messages

5’ sScCRNA-seqh"AAANX
Read 13R{H=D
WD EDFEFICII X CTReapTECEZEX (X,

SRERREET. BEEEIN Y —-DEED Al HE
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