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Figure 1 The pattern of enhancer affecting gene transcription and
expression

Je Mtk Fy Gt S5 50 PRIk, 2 e 0 R T R M ) B DR 4
2£)51%, WIDNase-seqfTATAC-seq, AJ{E y4=FE K ZH 7
BB B AR IED T ST S A B 8 R
DI R, AT 16 P 1 5 7 A P L I G Y
RNA, MR HeRNA, HAK B H M190.5~2 kb,
eRNA M3l LR G0 il 7 077 A, B F5CAGE-
seq, GRO-seq, GRO-cap, 5’GRO-seq, NET-Seq, PRO-
cap, PRO-seq, Start-seq, TT-seq"" %, Lt 111, FANTOMI
H 1K B2 8 FH CAGE-seq % 5€ I 18 5 1 7E 4324 SR A4
fEs 135N ZAAN241 A0 A A 120600001
B, N FEEE P A T 3RAT ) 5 e 4 23 s
AR (1) DRI 2 KA R DN 2H 0 D R e s A B8
ATME AR METGHIA 25 &, XA LATHRE 70
WHAAETGRAB IR, AN T ZFFIETGH)
TR, R S0 MRS 1 51 iy N AR FEEAT 7>
K, UME NI AN IR SRS &0 T R 255

1371



PRIGEIR AR 385 1S b DR B T 5 v 0F 7T

1 ETWEAINAEE

B2 ) R T 2 HLES 2 ) R BB
A WBENLARAR, GRS AR R AR LR ] A 43 B
(778, AR T IR S IR ZHE, s
25 % 5 2% (convolutional neural networks, CNN)®"**
I, Transformer ', & B 4 25 5 2% (re-
current neural networks, RNN)“?/2 75 HAKSK I, 1%
LE R E R — 4k e ) AN B FHPEETG, SRR B EA
7 PR AH VR B D) RE B P AR OGRS, AT AL AL
2oy RAE, SRS RS FHAN [A] IR B R e R
DR 4 25 8 AT A4S B A Rk G R A Y, i
Ja B AR 57— AN AR AT T, AR Sk
FEA B, B 5 S B R ] 4 R AT [RE I 5 v
FREETFINGRor Rk, EAERERNE, Bk
I T A A & T P K i iweb ik 45 P&, HT &
RCF . 43 BRI AT MALEPIAE B ELUIEPIXplorer ),
B T ORI R P T L, SCRE 2 PR AL = 4
P 4m A 22 A = HAEAE i . EPIXplorer )% H
R O AN RS AR T IR 2 A AT VR A 7 45
VR RSN, AT TR it T — P B ThRe o
AT, BT it SO0 v o EEAGER T A F ak, Hr 2
PR LA JE T M B 2 ST FE N B A R BV 2 7E T Sl
40, B LAEPIXplorerd 15 4 A 45 9 B AR — 87772

L1 BTl 05 %

BT DA 7 R S v I RRE S S Bl I
FREEIE R FRIA L R oK, e W0 15 )5 3 7 B
PrRIERI Z M BAH EOR R, HIEARJFEBE: BENZ AN
AT DA AN SR, B DL 7 A AL A T A
S R T ATETGER XS, R0 34 55 A1 H by 4]
ZIR R R R, RV 2 N 58 10 SL AR 152
M 5t FEE.

fEIXAN 5, JEME®Y, RIPPLEYHIFOCS 3t
FEAETH SRR AR R [0 5 v i S A 45 5. JEMESd it
2 L8 2 AN o T A RN L R SR A A R ARTREAR 1S
SRR AR EFEAH ETG. JEMEAE F SN sk i ih
£7 551 Mb N BT A 3G 5 A NI R AR 4R, SR 5 2k
TR A ik i 5s 1 gk, 2 okt R4S
Lasso 1E M A6Z) SR P4l T TS Sy PE (1 iR ZE T, 7 1]
HP IR 5, BT RIS AR 1B I 2R R AL

1372

AR R DUTIETG, B BEHLAR AR ALK 3 T 7115
BRI B SRRE S MR 22 T, 358 1. TSSHI
B 5 - B bR R DR AL A G e b il B
H3K4mel, H3K27ac, H3K27me3, DNase ILA K 1458 1
R B bR B R 2 (B PRI BE B VR N NREAE, N T8
#9350 N K JF UG 4R M . 4L 2 AN 4 M Z R b i 1 5
T-RB T, fels RGBT T IE & FRIR S T
SR L S 3R] DU HIEMESERR | & —Fh
RA L, FREA R T2 50 K88 5L/
S5

FAlHh, RIPPLEtH 2 —Fhes& 1 THHMEIEEEN
[l YA R ) T M B 22 ST T v, B BASanyal % A [T
Lt A A R TR HE DUEHE (R 4% 0 51 30) J9 BH PR AR I
SRAH M R TR BN LR AR ) 2888, AT 2
1155 % 2] MGroup Lasso /7 VALE VYA 41 il &= 24T
A RRIEERE. ARG, DAANAR RR5 52 0 07 s 3 i
TR B 1A EAE A

F& T JEMEFIRIPPLE4), FOCSHA Jv2 3T 715
MSLTHHESL. SIEME—#F, FOCSKHeRNAfE Jy3 5
TG ERRRIC, TR S /s R ] A, AR
I I B 23T ) 18 55 1 PR 3 P IO A 3h T L I
ANENABERILE Z Fh A P 2R F AT NSk, FEitAT R —
AEXCIGAE. BN TR 25 5 1 AT A5 2 DU AR 40 W 5% 21 11
BN IR R B s AT IR, AR e, A T
ATRERA TN, X AR 34T )11 25 5% F Elastic-net 1E )
2R LR B 5 T 4% L R AR G 5 1. 30
A 2 F B s P B v) 2 AR JEENCODE ) DNase-seq %1
PEAkTh ), PRtk ] DU T-HEWT K H ENCODE, Road-
map Epigenomics FIFANTOMSAHE A i 5 i AR 20 AH ¢
(3G 58 T3 2 FAH EAE . #FOCSRH T KAL)
FRERHKIESE, U HRoadmap EpigenomicH At 1)
DNase-seq 4, FANTOMS[JCAGE-seq 41—/~ 5E
HI A AT 3R 13 IGRO-seq B dE 45, AT AR B2 (1)
BT A s 7 B, I HES AR L.

1.2 FEFINEH RIS

e 3o ) P B A 1 5 - Bl B AR 2 R X
(102 I (R ZH RS AR B D 2R AIE, B 0410 AT DA S
— N YNGREF I 22 LA 27 21 73 8% AL 22 I 2% B
KA B — DMEGBETG R B2 SHIER. X1
AT IR BRI TR, e R e A



I ERE: AaRE 202344 E£ 3% H10M

FAVRAIR K, (B K2 H T B e T 3 R
1AL Yeft ] 4 (DNase I-hypersensitive sites, DHS
BH ATAC) A R PRI &5, HLAk, BATHTE—
SEFLSE |2 R 1 5 LR 2 (6] (R 2. IM-PET' 7 #%
7 —HAIHNERE, QORGSR RS ) FiE k.
A7 1 H b5 3 301 2 (B A IS A8 ELAE F i v 5
- A BTN 18] A 2 R DL K 3 5 AT H AR B
T2 ) (9 B 4 SRR T EPT; PETModule!®™ g — i i
Tmotitt R ETGs T 777%, 8 S5 IM-PETARL
FRAE. BARCRUL, e —MERTHETTE, T
FEAEF AR E . BEES . 58 7- )8 30T I AH 5 1 DA
Joe 5 T B e AR (1) 4 BT RE IR S R R — AN T A Y A
— N P AR i A e TR 2 X e R S R B —
JADNAZ &3P, KA1 kb/ A, TargetFinder ™ F
FH 55 34 58 - F1 3 11 AH G 1) 2 FHARFIEAE S R 2 Tt
PRSI R N, SR TN 200 P e S 2 P 84 5 AN R Bl
FIFHEAER; SR, BT HEZAMANIE LR R 2k,
THEX SR A ZS 5. EPIPY U AT DA B HE T 44 12k
FESEPLs, 358115 2 1956 2 REAE SR 2 B3
BEARMEIEES, EPIP{EHRRE 5 X 3R MO RRAE 2
HANNA I XELE S RHIESE, XA DAE— EFE
FAH I B B AR AE4E &, ProTECT! Vs i 7
P R T K 5] A )R BAE M 4 (protein-protein  interac-
tions, PPIs)4HAEAS S B — i (1) 24 i 248 2 e e 1 34 ot
F-Ja BT AR EAE I AR A G AR (1) Ji B R A
T I A R I, S+ 2 (8] 1) 8 -2
HEMEEHZSS T ROFMRE. A TiE—2f
MHETE PPIsHIRFERE A B AL AR AR A, 2 A5
FIAE 2 AR 7T — MR T RS kg vk, BT
PPIsM 2% [ #1 Fh 4544, 4 FANTE 40 B T 23— TF PPIs
R DT R B PR AR IE 4, [RIR PR R A 1 ]
T H— e R Ao 7R A LG el L ad
— RYERE I PERE LU AT VEAS, E U T R
R OEEAGEHE T 0] Re AT i U A B 4
JETF PPIs, X351 32 WOHALEI A 1 PR 2 B

B FR SRR LA, AR T RUWE R A5 5
FRIEEHE, BRI TN EPIAIETGHIZE &0 K28 A
McEnhancer'””!, EP Bayes'”, EAGLE"*, DIRECT-
NET""%%. McEnhanceril o —Ff2f W 2% = &0 H
FrI& DR e 3G ok B R AR, ZEEETFEEM
7 HVRRAE I 2 R 3Rk 550, EP_Bayesfd FHChIP-seq

RNARGE TEARE RN, (EXTHE 7T 1
P FHAEEAR. EAGLER] LR 5k B AN [P0 Fp A
Z A SR, 1 D R R HARE, B R =
MHERTE. (ESERAE, S AR PR AR R
Ji&, R AR 2 4H 2E A BN T IR VR A4 4
LB 4 1 e S AL B A T BT AT R A ML, U
& LA I B AR sc ATA C-seq kI 4% €6 57 5 i il mf
J A 1) e 3 o AT () Bt JE LSBT T S 4l
Ji FF) G £ 57 TT R ME B4 M. DIRECT-NET M %1
XL AR & 7E 54l B /K P EHI#T T CREs, L3E 51
T, HGEFMKR; M ERA LT
5, WRT TR SR A5 17 P 200 i 255 R 3 08 R0 G €00 J v B
B, B BN P e T AT R MR, ad i R
TR A SE R CREs e L SR E R R R, o
%, HET H LT ECRES T IR B 1% I 25 0448 FL A
P2 DR B AR SRS 5, B AR T WU 1) IR e £ 5 X
R B BECRESs. | FH XGBoostA5 A6 e ff Jii ] fz
PEVP 73 5 3L DR SRR A (5 30 7 7T S MEVE o) 2 TR 1 AR
L e TMAR A AT 6 R, K CREsIR A 0] B FICREs 5
A 35 DR A TEA'E P 0000 I 0 e S A T SR B [ . {of
FA ST T e 2L R 20 2% 2048 (InChIA-PET, Hi-C, Hi-
ChIPHIChIP-seq) A J >k H 4= 3k PR 2H 5 1K 73 A (1) 9
FER AL AR S 1)) 2 B HE /AT ], DIRECT-NETHE
i FAE e A% T IR R A1 MR A5 57 M R 2 ML )
VT JLAESR, PR 2% BEfE T ENLEME IR R 1B
FRA HREE SR IS T HEE Rt
&, FERERH T A, i DNA RS A B K
PR X IR A T g A i U077 DA VR B
22 [ 248 1 A A AR P B T B P i R TR R 22 R 5
BB TE AR BE 2 ST SRAS U428 oA 2 8] PR AH L
YER, IR FE R4 0 2% F 802 ST B SRS HE A X
I, P 2 U SR 5 2. DeepTACT! Y i
FA B RV IR 2 ) R SR 45 B TR A P 1) R e £
JR AT B A, AR AN VR A b T G o 4 f.
Deep TACTAMY 1T LAHEWT J5 3l 13 5 74 BLAE R, 1
ELAT CAHERT S 2 -8 3T AH FAE . A B AR A2 5
HRE, ©RH AT ONNFEFAE SR BB AT —
FETRNNPRE A HH BRI ok,
ALK — AR 7 503 5 30T R G B R R R
RIS 7 () G €85 AT R A SN, JE I — 4R R
A PRAEAS B 1G58 T~ 5 B T X (O R AE 2R, SR IX

1373



PRIGEIR AR 385 1S b DR B T 5 v 0F 7T

P ol R I T S RN 5 A ) 00 i K S B A2 vl 48
W28 FE B ML TR, Ba il iR Z
& SR Eo S I Eebr B i o L = b el TR €2
FEA ELAE F AOME S AE

b, ANMBEH K T — L T7 R R R T 5
T e FU B (R A 2 R A AR R AT e, i,
YangZs NFF & T — i (5 Fi 3 #0N L B2 S DR 401 )
A B AE (0 T BV PEP,  FF IR T — AN TH A SE
PR, AT TR B AR 2 o] DU $E 3L SCEPTAI HEEPLL [H]
B REAET, AR B, EPLI R B4R — e 3t
R AR BAS, A Bh T2 =tk Rl 225 T30 B 2 21 i Tl
#BASPEID™, 5DeepTACTML, [FIFEEHCNNSRNN
FAGE A I T 1658 7 R0 3h 7 X 515 1L SR 51
DWEPL  {H /TR = 538 F 1 35 1 5 5 (O EPTHUI AL 1
R, SPEID H B84 R 1O I 2R 41 i & rh i)
EPI, XAl RS 45 B AE T HAt Hodi 42, EPIANNT"
MR TERE I AR, A DA i
BY T EPIFIRHE, SR FRIIEPL, EP2vec™ FIH B
SRVE 5 A 1) T B R P 2 31 O v B i 1 R S Bl T
FP BN B NERAE, HEF A M 7 2R 28 X EPT
HEATFI.  EPTVANI U I 35156 Y1l 25 DN A 51)
NFFESR AL o1 AR 20 1, R vk A= 97 51
I ST GRS &, T 2507 1 4E BRG AL B0
HARE S R AR Th, B, IS 01
BAESEFEEMEAEHNEL, XEBTEAE
RIS AR TR, SRS ERE, BRI AR AR T
ARG, R — 4SRN T G A SR e R EUR 4
TEAN G JRHFAE; o, BITVE R L s oS s R e
HITTHR, dE— P S EPIVANTIPERE. AT FIRix teyz
[E2 B CE S T SRt R, EAEE—
MR PRI, 15, PRE TR FE 2 SRR K 2 4 A Ak
SRR IR ATV (1) 3 30 1 R 1 X R 4
LRIIHIN, IR BRI 5 E K 2R R R AAF LB, T RE S
FELERCR M. FLUR, I B RS A HE ) )
Al Rt TR, CETERME R RO R i — A 51 %
WIS ARAFAE. PRI, TERZHUEAT, 5 3T Fg 51
()25 STREAE 4 BRI R R A T fE S i, T & 2%
TEERNMEERGER., &5, BTIUEREZEI6
MBHIRZ, NERRMASBAL. N TSRk b
RAFAERI ), B 5T N S /EEPTVAN Al btk — 20
CCHE R AL, BT — FOE TR B 2 3] U AE 42 EPI-

1374

DLMH™ EPI-DLMH 1 =A> LB IR . %,
FA WG Z G RN 2 N 4 2 3] Ry 30 AiE, s Ul 14 06
A BT ) 4% 48 3R 30 R0 3 5 7 41 A AR R oG
A HOR, AR T 5 AR S RRE. B, 5
N\ —FHULHAC S A PSR PR 28 3 5 FUS 3l 1 2 [A) 11
FHEAE . R, A B2 13T 7 51 ) 1% LE A 5
KU, BRRAFIAGAE T R THRTERSES)
FAERE R AR M TAE RS S, R R E 2
SIEHRE A EEHOR, IRA AT RER R 0 T ok
T2 H bR Ja )7 2 [ F B (s .

SRR 22 R IE A R B, UL R LA U T 51
E AT DAE Ay 2 A AR A5 B SR T AN R S AN 4 o
R RIMAHEAER, BT e @ H DNAR] K
5 8 B 1A TR ) SRR AE B S RN e i 3 B AR
AEAER. 9141, TransEPI™ B #: AL & 1488 T B 3 T
R B R H T SR SRR R AE SR, IF
{45 F Transformergm o 45 4 P A2 A ¢ R,  LAESR
SRR LI T CNIN RS ) 200 76 4 3R K R B8 A0t 0%
RN TR TR LML, JoH (KT Trans-
former [ 7] . TransEPIIESE, MU IE R 4 75 S 4 AE
FRIHS L AE B B ot -FEPTH TR 2 45 5 21 ).

2 ET IR INI

To B 2 2T AR R T T IR T 2 A A
SR B s A g ST G £ BORE A A B AR,
KR, AME RN TR RAIE. K TR0 i 1 5
TIERBIHERRIE A 5k, Te B 2 Sk B ARy
FETMRIERTNE, LRI TR s, REps
ORISR, B SRIE e th R = S ) 55 T3 vk 1 AR
T T7.

2.1 FETHSRPERT

2T I 1 488 5 B 35 DRURH B F T B9
{10 FE A Do R s B B M B8R 1 9% ek Pt 4 g 25 AR AR, [
I 7E Z FhAN AR A rp, 385 S L RO I IR )3 MR
ARARH. R, 1% B SR T 5 2 Bl 25 A 1)
KRR R A B s M, el 8 o 1
B R VS PR A 10 5 B4 140, ThurmanZe AP
Ernst% A7l i 412 (145 1 5 48 58 7 M1 S 3 DHS
B 5 BE IR ALk 1) J 3 1 SRS IR S, R



I ERE: AaRE 202344 E£ 3% H10M

HIPE N ARG 2 BT Tk, B T B e AR
LA BAE P v fE. B Hh,  mE AR i X
W HDHSHiE T EPL  {E1454901/MiZ 5 DHS [X 38 4d
DNase-seqisz U8 mi %, ¥ H 579441 28 1 )5 2 1
Ab Y DNase-seqf T3t A7 A <A,  DLIR ISR AR L A,
SR 5 A5 FH G ARG G A SR IES DL AR BT IO E; 5%
FIH TFsFRIA L7 & 4 2 (A W AH GV, Ernst®F ATl
W7 T 7 B A 2 R 1 4 B 2 R ARl S P i R A
HIHIFE T, Cicero™ 3 T~ FoL4H il ATA C-seq -1 18 8
FHE R AR RE . 2R T HR AL R AR
SRS, (R ARG A e 0 5 R R R A 2 4
IR, @Sz, P R R R R EEE
i [ IR A E AN, e BTS00 KB AP
FIAS s s 0 2 1) AT B PR AR S . 250lh, 3D T
TR 8 5T [X 38 2 1] 1 AH S T CRE 2 [a] 1 % €84 )
MEAEH. Ty Lk, AEABIGMTRS &
Z A HIAR S PE, NavilleZs APttt 7 B30 T-$ bR
KEX.

Ha b, HTIEE IR O R R AR S
FERI A Z R FIAH S vkt IR R ok, B
BB T RS bR LR AR ELAE . %000, fnShenZs APV
Frik, s i)35 P 0T LA ChIP-seq H3K4mel £,
SUbREE R A EPE AT AR Pol2 - ChIP-seqf&ill, JiT AARAT]
SIAT T 1R /)N BR A 0 S 28 1) 1 i - R R 2 AT 1A
VEF. Zeflh, PreSTIGE 74y ilf# FHH3K4mel
ChIP-seqFIRNA-seq K fiti 119 51 FEE FR 2 A ) 35 78
AN, PreSTIGE & —Fh £ £k ME 45 Myl ARy B4t gk
RS S e IG om 1 5 LR L R BE Rl R, B CTCF4: &
P AL AR, B AT LLUE I Galaxy /F N 7E 28 B H F2
72 4t (http://prestige.case.edu/). EIRE T 1A B AT AH
KMEFRS, (B2 RH T —FAFRE/EM S AT
78, AR B EAH M. M, PreSTIGELiE T
2L T Shannon i [ 38 5 - R 2 [K] (1) 40 g 28 Y R 5
PR, SRS, G0 SRR 1 5 R 2 DR R U R 1 4 e S 7
r L AEAE DL EC IR, MR NETG. B, PreSTIGE 5% #i
HIZE T A RPE R T VEAN ], RONE B A AR 2o 25 RE 4
MOy e R, [FIR, XN VAR T o
KA EAE R, HLE s Oy 5 R s 5 A O A8 e 1
. BRPreSTIGEAF, 14 — Ml 5 AELMERL B
B HAIE T AR T EA R, Fod ik R R
(38 50 -5 PRI 2 ] (1) 2R IA A SRR % 53¢ H FR. EL-

MER 75 ¥ T 03 IE 7K 7 R 55 5 (1 FR AR A K1 B 2
UTI20 BB, BIAEASASE P AL B 58 T 1010 L3
HE LRI AN 1O T 90 ik PR (R 2 3 7K 1 22 8] ) S S X
X TR 0 - AR R R, il AE 2 # i Mann-
Whitney U 58 KA € 2 35 IO SRS IE, PR Hha 18 o
TR 3 1 (e 5 B (K 20% A8 (R4 58 1 i 2k
WA A B R ILKF. JEoR, Silvads At
TELMER BT HRAR2, iZARA SR 1 AT 1% T web
TR (0 B A TR, o BT A A,

22 HAWFT 5%

—EEBER O A T HAR B S EVPr EE K
TR g, LK SRR R A 2 O 45 1Y 5 1. IX 4t
D7 R B R AT B 2t FT o T ok e SO
SR RIS I R R G R R B,  [F]I) 25 i 22 P R 2R ) i
RAHFEE S, BRI TSI, BT
WIJ5iE, T aU k. Hdp, BT R v R
] 5, I TS CREs 8] 2 e h B4 o g H o 1 i
I (B R E N AR BE R, B AEEVE 20 e g AR
FLT7VE. tedn, ABCY i PR B R R T
) X8 A it St 26 R0 3 5 - P A 45 (8 I DHS AN
H3K27ac ChIP-seq#i#ff), [F]i g3k T2 W 2 K 4H 2w
£ 1) 22 P 40 PR A Y 1) 3 5 - S DR 1) 4 ik TR 4 1
WL T HESS. GeneHancer” " FH (17 /2eQTLS. TF#E
PRIk HEEIE . eRNA. Capture Hi-CAHIY 58 7~ b5 #0 Jk
DA ) A B PR ZH B B 14998 F T X e g b A AN R
o AR FEYE L, DR e AT S 8 Pl e e o PR EE 25
HIE—.

BT R 7 A FHAS IR 2 o S s M A5 5
HRPE IO ERHIE, DA T I REAEAIE 2 [A] 1 28 22 R R il
S48 T AN S A7 R (AR ELAE . EpiTensor” i st 1
FE bk B o, RSP AR S A 16 G i B AR |
RNA-seqflIDNase-seq & 7E—#2, MH T HFHIE ) =,
FH TR RS . XN HOEA FRE T DhRe
2[R AH B Az v 22 (R AR A7 s BB RAR AL,
T CIEE. 20 B s 5B 3R
Hi-CHTAEME/EHBA R —8 . SWIPE-
NMFEPS R T — AN 8 55 J5 5000 10 R A 2 A HE 242,
O TEE127 N KR 5818 30+
S

B 7 AT R B AL TR0 7 1%, Salviato®5 A

1375


http://prestige.case.edu/

PRIGEIR AR 385 1S b DR B T 5 v 0F 7T

P 7 — N TR 07 1k e O v T B bR AR A
Xt SEAHE TG HER I FOCS AR 2, 5 T %
NGt = AR REE M ERIRE IR G, %R SCHe
B4 NIk, L SCHR 3 BTG W 4% B g Jk v,
Pett T =g ZEK A BRI, ETT R R, et
JR = A S MBI 0B S B R mETG Rz AL 4 24 K]
HE SCIHERRYE. R, SRS R T — S get
MEZE, 1| FH 2y e 22k DR 2H 254 S5 AR ETG Y BR A 1. At AT 1458
FH R B 12 W35 PR A 22 50 B ok e s 22 Pt g A2
SZURM s g, DAAOS o HE R I HI-CELlE. 248
Ja, ZVERINIER, et i S 4EEMIE B A R
BT 5 XETGHIHER . A/, PEGASUS! ' AKT
T ThRe s R 2250, RN e 58 e T 1Ak fr =5 1,

N Ot & 1T © H b

HIPEGASUS B et T 17 4 sy s U ot S5
A5 P [ 35 PR O S A VR 2R B AT 45 3 PR BB kR, A
BEIXAN T AT LA T3 A1,

3 HE5RE

8 5 T R 4 5 IR R TR K 5 1R A I - A RN 0 R
AERBINIFERLET, ETRREMA. RUWEE A
B S T ST RO R HE TR A X Y e R
SEREFER M. A SCHIR T 2 M3 T 2455
PETMETGRHE (2, #1). RESBEH, X
LSRR IR T R 2P 2R, (B — L OCHE Y
[{REHIPSIES T

JEME

RIPPLE

FOCS

IM-PET

PETModule

TargetFinder

McEnhancer

B Ot B & 4k BY 7 H it

Ot B 88 bk S 5 = Hi

ProTECT

EP_Bayes

EAGLE

DIRECT-NET

ERIE

DeepTACT

SPEID

EPIANN

EP2vec

[eotasmmms o qma]

EPIVAN

EPI-DLMH

TransEPI

EETEEr L

PEP

Ernstet al.

Thurman et al.

Cicero

PreSTIGE

B Ot B 1 M b H i

B Ot & & i BY B cH H i

ELMER

C3D

Naville et al.

Shen et al.

GeneHancer

EpiTensor

SWIPE-NMF

O B &

B2 851 SEARKE R TN 7 i 0 2

Figure 2 Classification of prediction methods for enhancer target genes

1376

Elisa Salviato et al.

PEGASUS

ABC




R 2 Bl

2023 4F

B 53E 10 H

Tl SR THOAR S B A TR 7 i

Table 1 Prediction methods for enhancer target genes

Tk R Bk i NFFAE SUNIEEE S SR
JEME 2017 EYE] T, RNA ETGs [64]
RIPPLE 2015 FRMLEE R 2 EPI [65]
FOCS 2018 ML R4 EPI [66]
IM-PET 2014 s DNA, RNA, FMHEH 20 EPI [67]
PETModule 2016 FHE R A ETGs [68]
TargetFinder 2016 R I LR 21 EPI [69]
McEnhancer 2017 W EE R 2 ETGs [72]
ProTECT 2021 FWMEER L, RNA EPI [71]
EP_Bayes 2017 FKWFEHZH, RNA EPI [73]
EAGLE 2019 FWMEER L, RNA EPI [74]
DIRECT-NET 2022 RAIEIZH, RNA ETGs/EPI [75]
EPIP 2019 RN HE R 2 EPI [70]
DeepTACT 2019 FMEER L, DNA EPI [78]
SPEID 2019 DNA EPI [80]
EPIANN 2017 DNA EPI [81]
EP2vec 2018 DNA EPI [82]
EPIVAN 2020 DNA EPI [83]
EPI-DLMH 2021 DNA EPI [84]
TransEPI 2022 DNA, E£ MK A EPI [85]
PEP 2017 DNA EPI [79]
Tl
Ernst25 A\ 2011 AH A ML R 2 ETGs [87]
Thurman®: A 2012 LR AL EPI [86]
Cicero 2018 T, RNA ETGs [88]
PreSTIGE 2018 FRMILRIH, RNA ETGs [92]
ELMER 2018 FMEEFIH, RNA ETGs [94]
C3D 2019 LM EER AL et S AR [89]
NavilleZ A 2015 LR AL ETGs [90]
ShenZ A 2012 FMHER 20 ETGs [91]
GeneHancer 2017 HAb AT 73 DNA, RNA, FMIEHH ETGs [96]
EpiTensor 2016 RAIEIZH, RNA ETGs 971
SWIPE-NMF 2016 DNA, R F A EPI [98]
Salviato A\ 2021 LRI R4, DNA EPI [99]
PEGASUS 2018 DNA ETGs [100]
ABC 2019 ML R ETGs [95]

B, SR A AR SE IR i A AR g A5 X A
EIANAVERSH IR, IXEARG RS X ] LU 1 55

Tt FERA NRERA S CamE T
BUERIIE IR T, RrlRfEARgmAg X, R T 3581

1377



PRIGEIR AR 385 1S b DR B T 5 v 0F 7T

WA, BRCETH R T — RV E 772
ST 20 f S By S M 3 s 1 SR R LA B, (HAEA
IFi) 41 P A% 28 s 2 0 U S 8 i R 9 P A e A e [
PSR BAT BhERME. 55—, B KBt S8 56 1E i B
PERVE B YEETGAE B AE N 7 1L TF R AR IR I 225
Pt R T Y M A IR T S Am B A A
S R AN LA ASE =X e 1) 4 i 248 28 sk 2 4 4 A
TR G € JR P PR, 1 43 % 2R 2 1) AT 3 K4 47
SRR, 7837 ORI 7 AT SR R M. Kt o0
B ] 7 et 240 i 2 o S 448 5 - 3 Bl A LA )
RN, BRSOk, & JcHi-CHlCapture Hi-CHTiiA
{14 R TELATE FF) 358 8] 28 1 23 1% SR A R IR (20 5~10 kb
R ZH ), IXASASARAE RS 52 25 12 Ui YR 42 1D A o 1Y
T HX, ESRCapture Hi-CHIChIA-PETSEEG AT LA I
Y 2SR B S S A SR TR 4%, (EHI-CSER A
R TE e NEE! | e S o N AL 2B - /N7 NS =
Hi-CHlCapture Hi-CHHE 4 1)1 5t A /KPR iy, S8
VBRI Ba, WX E & A PR R R
P, WICTCFERNA Pol II, £:NChIA-PETSZEE H g f
Wi A AR, S EOKE AR BB PR
TEH. 2=, TERIeIE RS 7 b B 30 0 SR ATy
SRAEAE R PRI, BET B2 S (W v £ B R PR G R
RN FH B AR IERR A BIREA, (Hi2

S5 3k

R R B, ETGHIB HE AT P4 A 5 XU
SR, NTIAESL, TR ER, R
SYHBROUINGAS, 5N 1w AT LA T 45 7 S A
BRI SUNETG, 48T, SBRBLH £ A 0
TR, T A DR A 9 T UM S R A K 7
PE, SPHBIIPERE R BRI, 3 TR 7
T — LB S I, Lo, B 05 LB
1TSS 5 ISR TR ORI 6T
B ST BB T E S IR, LI T
BRI 2 RO 3 8 21 7 0 A 75 4 T A
S T T WAL 0 B RIS HE5 0 A S, 42
AN S . AR T . K
T 53 7 e e T T 25 R R R LG
SHRILE, LABREUA S0 B
(e BB . LT R 2 T
FAHTELAEA, DL A 38T 6 Al — I3 TR,

G LT, AERL S LR, AT T SO T
AR R A UL R R th T KR S e
WO, BEATREIAL, R LA AL T
P 2 TF, BB AL Al 7 O35 LA S = 95 9 L
GO, VA £ FE R O A SR, i
i S B T AR TLAE B T A B8 T 77
B L.

1
2
3

10
11

12
13

1378

De Laat W, Duboule D. Topology of mammalian developmental enhancers and their regulatory landscapes. Nature, 2013, 502: 499-506
Schoenfelder S, Fraser P. Long-range enhancer-promoter contacts in gene expression control. Nat Rev Genet, 2019, 20: 437455

Lupianiez D G, Kraft K, Heinrich V, et al. Disruptions of topological chromatin domains cause pathogenic rewiring of gene-enhancer
interactions. Cell, 2015, 161: 1012-1025

Shlyueva D, Stampfel G, Stark A. Transcriptional enhancers: from properties to genome-wide predictions. Nat Rev Genet, 2014, 15: 272-286
Buecker C, Wysocka J. Enhancers as information integration hubs in development: lessons from genomics. Trends Genet, 2012, 28: 276-284
van Arensbergen J, van Steensel B, Bussemaker H J. In search of the determinants of enhancer-promoter interaction specificity. Trends Cell
Biol, 2014, 24: 695-702

Sanyal A, Lajoie B R, Jain G, et al. The long-range interaction landscape of gene promoters. Nature, 2012, 489: 109-113

Pennacchio L A, Bickmore W, Dean A, et al. Enhancers: five essential questions. Nat Rev Genet, 2013, 14: 288-295

Mumbach M R, Satpathy AT, Boyle E A, et al. Enhancer connectome in primary human cells identifies target genes of disease-associated DNA
elements. Nat Genet, 2017, 49: 1602-1612

Heinz S, Romanoski C E, Benner C, et al. The selection and function of cell type-specific enhancers. Nat Rev Mol Cell Biol, 2015, 16: 144-154
Moore J E, Pratt H E, Purcaro M J, et al. A curated benchmark of enhancer-gene interactions for evaluating enhancer-target gene prediction
methods. Genome Biol, 2020, 21: 17

Kundaje A, Meuleman W, Ernst J, et al. Integrative analysis of 111 reference human epigenomes. Nature, 2015, 518: 317-330

Visel A, Akiyama J A, Shoukry M, et al. Functional autonomy of distant-acting human enhancers. Genomics, 2009, 93: 509-513


https://doi.org/10.1038/ nature12753
https://doi.org/10.1038/s41576-019-0128-0
https://doi.org/10.1016/j.cell.2015.04.004
https://doi.org/10.1038/nrg3682
https://doi.org/10.1016/j.tig.2012.02.008
https://doi.org/10.1016/j.tcb.2014.07.004
https://doi.org/10.1016/j.tcb.2014.07.004
https://doi.org/10.1038/nature11279
https://doi.org/10.1038/nrg3458
https://doi.org/10.1038/ng.3963
https://doi.org/10.1038/nrm3949
https://doi.org/10.1186/s13059-019-1924-8
https://doi.org/10.1038/nature14248
https://doi.org/10.1016/j.ygeno.2009.02.002

I ERE: AaRE 202344 E£ 3% H10M

14

15

16

17

18

19

20
21

22
23

24

25

26

27

28

29

30

31
32

33

34

35

36

37

38
39

40

41

Tao H, Li H, Xu K, et al. Computational methods for the prediction of chromatin interaction and organization using sequence and epigenomic
profiles. Brief Bioinform, 2021, 22: bbaa405

Visel A, Rubin E M, Pennacchio L A. Genomic views of distant-acting enhancers. Nature, 2009, 461: 199-205

Dekker J, Rippe K, Dekker M, et al. Capturing chromosome conformation. Science, 2002, 295: 1306-1311

Zhao Z, Tavoosidana G, Sjolinder M, et al. Circular chromosome conformation capture (4C) uncovers extensive networks of epigenetically
regulated intra- and interchromosomal interactions. Nat Genet, 2006, 38: 1341-1347

Dostie J, Richmond T A, Arnaout R A, et al. Chromosome Conformation Capture Carbon Copy (5C): a massively parallel solution for mapping
interactions between genomic elements. Genome Res, 2006, 16: 1299-1309

Lieberman-Aiden E, van Berkum N L, Williams L, et al. Comprehensive mapping of long-range interactions reveals folding principles of the
human genome. Science, 2009, 326: 289-293

Fullwood M J, Ruan Y. ChIP-based methods for the identification of long-range chromatin interactions. J Cell Biochem, 2009, 107: 30-39
Schoenfelder S, Javierre B M, Furlan-Magaril M, et al. Promoter capture Hi-C: high-resolution, genome-wide profiling of promoter interactions.
J Vis Exp, 2018, 136: 57320

Capurso D, Tang Z, Ruan Y. Methods for comparative ChIA-PET and Hi-C data analysis. Methods, 2020, 170: 69-74

Rao S S P, Huntley M H, Durand N C, et al. A 3D map of the human genome at kilobase resolution reveals principles of chromatin looping.
Cell, 2014, 159: 1665-1680

Jung I, Schmitt A, Diao Y, et al. A compendium of promoter-centered long-range chromatin interactions in the human genome. Nat Genet, 2019,
51: 1442-1449

Li X, Luo O J, Wang P, et al. Long-read ChIA-PET for base-pair-resolution mapping of haplotype-specific chromatin interactions. Nat Protoc,
2017, 12: 899-915

Consortium ENCODE Project. An integrated encyclopedia of DNA elements in the human genome. Nature, 2012, 489: 57-74

Meuleman W, Muratov A, Rynes E, et al. Index and biological spectrum of human DNase I hypersensitive sites. Nature, 2020, 584: 244-251
Forrest A R, Kawaji H, Rehli M, et al. A promoter-level mammalian expression atlas. Nature, 2014, 507: 462-470

Arnold C D, Gerlach D, Stelzer C, et al. Genome-wide quantitative enhancer activity maps identified by STARR-seq. Science, 2013, 339: 1074—
1077

Melnikov A, Murugan A, Zhang X L, et al. Systematic dissection and optimization of inducible enhancers in human cells using a massively
parallel reporter assay. Nat Biotechnol, 2012, 30: 271-277

Cai Z, Cui Y, Tan Z, et al. RAEdb: a database of enhancers identifified by high-throughput reporter assays. Database, 2019, 2019: bay140
Visel A, Minovitsky S, Dubchak I, et al. VISTA enhancer browser—a database of tissue-specifific human enhancers. Nucleic Acids Res, 2007,
35: D88-D92

Raisner R, Kharbanda S, Jin L, et al. Enhancer activity requires CBP/P300 bromodomain-dependent histone H3K27 acetylation. Cell Rep, 2018,
24: 1722-1729

Bonn S, Zinzen R P, Girardot C, et al. Tissue-specific analysis of chromatin state identifies temporal signatures of enhancer activity during
embryonic development. Nat Genet, 2012, 44: 148-156

Rada-Iglesias A, Bajpai R, Swigut T, et al. A unique chromatin signature uncovers early developmental enhancers in humans. Nature, 2011,
470: 279-283

Koch F, Andrau J C. Initiating RNA polymerase II and TIPs as hallmarks of enhancer activity and tissue-specifificity. Transcription, 2011, 2:
263-268

Heintzman N D, Stuart R K, Hon G, et al. Distinct and predictive chromatin signatures of transcriptional promoters and enhancers in the human
genome. Nat Genet, 2007, 39: 311-318

Tsompana M, Buck M J. Chromatin accessibility: a window into the genome. Epigenet Chromatin, 2014, 7: 33

Boyle A P, Davis S, Shulha H P, et al. High-resolution mapping and characterization of open chromatin across the genome. Cell, 2008, 132:
311-322

Buenrostro J D, Wu B, Chang H Y, et al. ATAC-seq: a method for assaying chromatin accessibility genome-wide. CP Mol Biol, 2015, 109:
21.29.1-21.29.9

Vierstra J, Stamatoyannopoulos J A. Genomic footprinting. Nat Methods, 2016, 13: 213-221

1379


https://doi.org/10.1093/bib/bbaa405
https://doi.org/10.1038/nature08451
https://doi.org/10.1126/science.1067799
https://doi.org/10.1038/ng1891
https://doi.org/10.1101/gr.5571506
https://doi.org/10.1126/science.1181369
https://doi.org/10.1002/jcb.22116
https://doi.org/10.3791/57320
https://doi.org/10.1016/j.ymeth.2019.09.019
https://doi.org/10.1016/j.cell.2014.11.021
https://doi.org/10.1038/s41588-019-0494-8
https://doi.org/10.1038/nprot.2017.012
https://doi.org/10.1038/nature11247
https://doi.org/10.1038/s41586-020-2559-3
https://doi.org/10.1038/nature13182
https://doi.org/10.1126/science.1232542
https://doi.org/10. 1093/database/bay140
https://doi.org/10. 1093/database/bay140
https://doi.org/10.1093/nar/gkl822
https://doi.org/10.1016/j.celrep.2018.07.041
https://doi.org/10.1038/ng.1064
https://doi.org/10.1038/nature09692
https://doi.org/4161/trns.2.6.18747
https://doi.org/10.1038/ng1966
https://doi.org/10.1186/1756-8935-7-33
https://doi.org/10.1016/j.cell.2007.12.014
https://doi.org/10.1002/0471142727.mb2129s109
https://doi.org/10.1038/nmeth.3768

PRIGEIR AR 385 1S b DR B T 5 v 0F 7T

42
43
44
45

46

47
48

49

50

51

52
53

54

55

56

57

58

59

60

61

62
63

64

65

66

67

68
69

1380

Brenowitz M, Senear D F, Kingston R E. DNase I footprint analysis of protein-DNA binding. Curr Protoc Mol Biol, 2001, Chapter 12: Unit 12.4
Li Z, Schulz M H, Look T, et al. Identification of transcription factor binding sites using ATAC-seq. Genome Biol, 2019, 20: 45

Kim T K, Hemberg M, Gray J M, et al. Widespread transcription at neuronal activity-regulated enhancers. Nature, 2010, 465: 182—187

De Santa F, Barozzi I, Mietton F, et al. A large fraction of extragenic RNA pol II transcription sites overlap enhancers. PLoS Biol, 2010, 8:
€1000384

Arner E, Daub C O, Vitting-Seerup K, et al. Transcribed enhancers lead waves of coordinated transcription in transitioning mammalian cells.
Science, 2015, 347: 1010-1014

Kodzius R, Kojima M, Nishiyori H, et al. CAGE: cap analysis of gene expression. Nat Methods, 2006, 3: 211-222

Takahashi H, Lassmann T, Murata M, et al. 5’ end-centered expression profiling using cap-analysis gene expression and next-generation
sequencing. Nat Protoc, 2012, 7: 542-561

Valen E, Pascarella G, Chalk A, et al. Genome-wide detection and analysis of hippocampus core promoters using DeepCAGE. Genome Res,
2009, 19: 255-265

Core L J, Waterfall J J, Lis J T. Nascent RNA sequencing reveals widespread pausing and divergent initiation at human promoters. Science,
2008, 322: 1845-1848

Lam M TY, Cho H, Lesch H P, et al. Rev-Erbs repress macrophage gene expression by inhibiting enhancer-directed transcription. Nature, 2013,
498: 511-515

Churchman L S, Weissman J S. Native elongating transcript sequencing (NET-seq). Curr Protoc Mol Biol, 2012, 98: unit 4.14.1-unit 4.14.17
Kwak H, Fuda N J, Core L J, et al. Precise maps of RNA polymerase reveal how promoters direct initiation and pausing. Science, 2013, 339:
950-953

Mahat D B, Kwak H, Booth G T, et al. Base-pair-resolution genome-wide mapping of active RNA polymerases using precision nuclear run-on
(PRO-seq). Nat Protoc, 2016, 11: 1455-1476

Nechaev S, Fargo D C, dos Santos G, et al. Global analysis of short RNAs reveals widespread promoter-proximal stalling and arrest of Pol II in
Drosophila. Science, 2010, 327: 335-338

Schwalb B, Michel M, Zacher B, et al. TT-seq maps the human transient transcriptome. Science, 2016, 352: 1225-1228

Simonyan K, Zisserman A. Very deep convolutional networks for large-scale image recognition. arXiv, 2014, 1409.1556

Shen X, Wang Y, Lin M, et al. DeepMAD: mathematical architecture design for deep convolutional neural network. In: 2023 IEEE/CVF
Conference on Computer Vision and Pattern Recognition (CVPR). Vancouver. 2023. New York: IEEE, 2023. 6163-6173

Zhu L, Wang X J, Ke Z H, et al. BiFormer: vision transformer with bi-level routing attention. In: 2023 IEEE/CVF Conference on Computer
Vision and Pattern Recognition (CVPR). Vancouver. 2023. New York: IEEE, 2023. 10323-10333

Zhang Y, Guo X, Poggi M, et al. Completionformer: depth completion with convolutions and vision transformers. In: 2023 IEEE/CVF
Conference on Computer Vision and Pattern Recognition (CVPR). Vancouver. 2023. New York: IEEE, 2023. 18527-18536

Takashima R, Hayamizu N, Inoue H, et al. Visual atoms: pre-training vision transformers with sinusoidal waves. In: 2023 IEEE/CVF
Conference on Computer Vision and Pattern Recognition (CVPR). Vancouver. 2023. New York: IEEE, 2023. 18579-18588

Zhou W, Jiang Y, Cui P, et al. RecurrentGPT: interactive generation of (arbitrarily) long text. arXiv, 2023, 2305.13304

Tang L, Zhong Z, Lin Y, et al. EPIXplorer: a web server for prediction, analysis and visualization of enhancer-promoter interactions. Nucleic
Acids Res, 2022, 50: W290-W297

Cao Q, Anyansi C, Hu X, et al. Reconstruction of enhancer-target networks in 935 samples of human primary cells, tissues and cell lines. Nat
Genet, 2017, 49: 1428-1436

Roy S, Siahpirani A F, Chasman D, et al. A predictive modeling approach for cell line-specific long-range regulatory interactions. Nucleic Acids
Res, 2015, 43: 86948712

Hait T A, Amar D, Shamir R, et al. FOCS: a novel method for analyzing enhancer and gene activity patterns infers an extensive enhancer-
promoter map. Genome Biol, 2018, 19: 56

He B, Chen C, Teng L, et al. Global view of enhancer-promoter interactome in human cells. Proc Natl Acad Sci USA, 2014, 111: E2191-E2199
Zhao C, Li X, Hu H. PETModule: a motif module based approach for enhancer target gene prediction. Sci Rep, 2016, 6: 30043

Whalen S, Truty R M, Pollard K S. EPIP: a novel approach for condition-specific enhancer-promoter interaction prediction. Nat Genet, 2016,
48: 488-496


https://doi.org/10.1002/0471142727. mb1204s07
https://doi.org/10.1186/s13059-019-1642-2
https://doi.org/10.1038/nature09033
https://doi.org/10.1371/journal.pbio.1000384
https://doi.org/10.1126/science.1259418
https://doi.org/10. 1126/science.aad9841
https://doi.org/10.1038/nprot.2012.005
https://doi.org/10.1101/gr.084541.108
https://doi.org/10.1126/science.1162228
https://doi.org/10.1038/nature12209
https://doi.org/10.1002/0471142727.mb0414s98
https://doi.org/10. 1126/science.aad9841
https://doi.org/10.1038/nprot.2016.086
https://doi.org/10.1126/science.1181421
https://doi.org/10. 1126/science.aad9841
https://doi.org/10.1093/nar/gkac397
https://doi.org/10.1093/nar/gkac397
https://doi.org/10.1038/ng.3950
https://doi.org/10.1038/ng.3950
https://doi.org/10.1093/nar/gkv865
https://doi.org/10.1093/nar/gkv865
https://doi.org/10.1186/s13059-018-1432-2
https://doi.org/10.1073/pnas.1320308111
https://doi.org/10.1038/srep30043
https://doi.org/10.1038/ng.3539

I ERE: AaRE 202344 E£ 3% H10M

70

71

72

73

74

75

76
77

78
79

80

81

82

83

84

85

86
87

88

89

90

91
92

93

94

95

Talukder A, Saadat S, Li X, et al. Enhancer-promoter interactions are encoded by complex genomic signatures on looping chromatin.
Bioinformatics, 2019, 35: 3877-3883

Wang H, Huang B, Wang J. Predict long-range enhancer regulation based on protein-protein interactions between transcription factors. Nucleic
Acids Res, 2021, 49: 10347-10368

Hafez D, Karabacak A, Krueger S, et al. McEnhancer: predicting gene expression via semi-supervised assignment of enhancers to target genes.
Genome Biol, 2017, 18: 199

Dzida T, Igbal M, Charapitsa I, et al. Predicting stimulation-dependent enhancer-promoter interactions from ChIP-Seq time course data. Peer]J,
2017, 5: €3742

Gao T, Qian J, Charapitsa I, et al. EAGLE: an algorithm that utilizes a small number of genomic features to predict tissue/cell type specific
enhancer-gene interactions. PLoS Comput Biol, 2019, 15: €1007436

Zhang L, Zhang J, Nie Q. DIRECT-NET: an efficient method to discover cis-regulatory elements and construct regulatory networks from single-
cell multiomics data. Sci Adv, 2022, 8: eabl7393

Zhou J, Troyanskaya O G. Predicting effects of noncoding variants with deep learning-based sequence model. Nat Methods, 2015, 12: 931-934
Alipanahi B, Delong A, Weirauch M T, et al. Predicting the sequence specificities of DNA- and RNA-binding proteins by deep learning. Nat
Biotechnol, 2015, 33: 831-838

Li W, Wong W H, Jiang R. DeepTACT: predicting 3D chromatin contacts via bootstrapping deep learning. Nucleic Acids Res, 2019, 47: e60
Yang Y, Zhang R, Singh S, et al. Exploiting sequence-based features for predicting enhancer-promoter interactions. Bioinformatics, 2017, 33:
252-i260

Singh S, Yang Y, Poczos B, et al. Predicting enhancer-promoter interaction from genomic sequence with deep neural networks. Quant Biol,
2019, 7: 122-137

Mao W, Kostka D, Chikina M. Modeling enhancer-promoter interactions with attention-based neural networks. bioRxiv, 2017, 219667
Zeng W, Wu M, Jiang R. Prediction of enhancer-promoter interactions via natural language processing. BMC Genomics, 2018, 19: 84
Hong Z, Zeng X, Wei L, et al. Identifying enhancer-promoter interactions with neural network based on pre-trained DNA vectors and attention
mechanism. Bioinformatics, 2020, 36: 1037-1043

Min X, Ye C, Liu X, et al. Predicting enhancer-promoter interactions by deep learning and matching heuristic. Brief Bioinform, 2021, 22:
bbaa254

Chen K, Zhao H, Yang Y. Capturing large genomic contexts for accurately predicting enhancer-promoter interactions. Brief Bioinform, 2022,
23: bbab577

Thurman R E, Rynes E, Humbert R, et al. The accessible chromatin landscape of the human genome. Nature, 2012, 489: 75-82

Ernst J, Kheradpour P, Mikkelsen T S, et al. Mapping and analysis of chromatin state dynamics in nine human cell types. Nature, 2011, 473: 43—
49

Pliner H A, Packer J S, McFaline-Figueroa J L, et al. Cicero predicts cis-regulatory DNA interactions from single-cell chromatin accessibility
data. Mol Cell, 2018, 71: 858-871.e8

Mehdi T, Bailey S D, Guilhamon P, et al. C3D: a tool to predict 3D genomic interactions between cis-regulatory elements. Bioinformatics,
2019, 35: 877-879

Naville M, Ishibashi M, Ferg M, et al. Long-range evolutionary constraints reveal cis-regulatory interactions on the human X chromosome. Nat
Commun, 2015, 6: 6904

Shen Y, Yue F, McCleary D F, et al. A map of the cis-regulatory sequences in the mouse genome. Nature, 2012, 488: 116-120
Yizhar-Barnea O, Valensisi C, Jayavelu N D, et al. DNA methylation dynamics during embryonic development and postnatal maturation of the
mouse auditory sensory epithelium. Sci Rep, 2018, 8: 17348

Yao L, Shen H, Laird P W, et al. Inferring regulatory element landscapes and transcription factor networks from cancer methylomes. Genome
Biol, 2015, 16: 105

Silva T C, Coetzee S G, Gull N, et al. ELMER v.2: an R/Bioconductor package to reconstruct gene regulatory networks from DNA methylation
and transcriptome profiles. Bioinformatics, 2019, 35: 1974-1977

Fulco C P, Nasser J, Jones T R, et al. Activity-by-contact model of enhancer—promoter regulation from thousands of CRISPR perturbations. Nat
Genet, 2019, 51: 1664-1669

1381


https://doi.org/10.1093/bioinformatics/btz641
https://doi.org/10.1093/nar/gkab841
https://doi.org/10.1093/nar/gkab841
https://doi.org/10.1186/s13059-017-1316-x
https://doi.org/10.7717/peerj.3742
https://doi.org/10.1371/journal.pcbi.1007436
https://doi.org/10.1126/sciadv.abl7393
https://doi.org/10.1038/nmeth.3547
https://doi.org/10.1038/nbt.3300
https://doi.org/10.1038/nbt.3300
https://doi.org/10.1093/nar/gkz167
https://doi.org/10.1093/bioinformatics/btx257
https://doi.org/10.1007/s40484-019-0154-0
https://doi.org/10.1101/219667
https://doi.org/10.1186/s12864-018-4459-6
https://doi.org/10.1093/bioinformatics/btz694
https://doi.org/10.1093/bib/bbaa254
https://doi.org/10.1093/bib/bbab577
https://doi.org/10.1038/nature11232
https://doi.org/10.1038/nature09906
https://doi.org/10.1016/j.molcel.2018.06.044
https://doi.org/10.1093/bioinformatics/bty717
https://doi.org/10.1038/ncomms7904
https://doi.org/10.1038/ncomms7904
https://doi.org/10.1038/nature11243
https://doi.org/10.1038/s41598-018-35587-x
https://doi.org/10.1186/s13059-015-0668-3
https://doi.org/10.1186/s13059-015-0668-3
https://doi.org/10.1038/s41588-019-0538-0
https://doi.org/10.1038/s41588-019-0538-0

PRIGEIR AR 385 1S b DR B T 5 v 0F 7T

96 Fishilevich S, Nudel R, Rappaport N, et al. GeneHancer: genome-wide integration of enhancers and target genes in GeneCards. Database, 2017,
2017: bax028

97 Zhu'Y, Chen Z, Zhang K, et al. Constructing 3D interaction maps from 1D epigenomes. Nat Commun, 2016, 7: 10812

98 Chen Y, Wang Y, Xuan Z, et al. De novo deciphering three-dimensional chromatin interaction and topological domains by wavelet
transformation of epigenetic profiles. Nucleic Acids Res, 2016, 44: ¢106

99 Salviato E, Djordjilovi¢ V, Hariprakash J M, et al. Leveraging three-dimensional chromatin architecture for effective reconstruction of
enhancer-target gene regulatory interactions. Nucleic Acids Res, 2021, 49: €97

100 Clément Y, Torbey P, Gilardi-Hebenstreit P, et al. Genome-wide enhancer-gene regulatory maps in two vertebrate genomes. bioRxiv, 2018,
244475

Computational methods to predict Enhancer-target Gene Pairs

XU XiaoQiang, CUI Ting, ZHANG Han, SHANG DeSi & LI ChunQuan

Artificial Intelligence and Big Data Center, The First Affiliated Hospital of Hengyang Medical School, University of South China,
Hengyang 421001, China

Enhancers are functional DNA fragments that act as cis regulatory elements in the genome and that regulate gene expression through
interactions with promoters of target gene. Identifying the interaction between enhancer and target gene is important for
understanding the mechanisms of gene regulation, cell differentiation, and disease development. However, identification of enhancer-
target gene (ETG) by experimental methods is a time-consuming and labor-intensive work. Therefore, more and more research is
focused on developing computational methods to solve this problem. This review systematically summarizes the computational
methods used for ETG prediction to promote their application. Finally, we discussed the limitations and challenges of existing
solutions proposed in this field and looked forward to future research.
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