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AT E AL, AU Btk E 41 R (GM12878) #5844, 3 TF 4o (0 i 35 (Loop) $ 4 1
¥t T B 3 -8 38 T (Promoter-Enhancer, P-E) #1 B AE AR 4, /047 T P-E 459 v 149 Fh %
ST (Transcription factor, TF) L & 11 #2418 A & i (Histone madification, HM) i #H &% ,
i 08 1 5 P-E 45 44 B AT 058 O Ik 1 28 00 38t 4% 18 1 AR AT L OF A HT 4 FR 4 2 M 45 (Convolutional
neural network, CNN) i #)l # Ak (Random forest, RF) 270l T P-E A B AE X, 451
7% RF B AUC A (Area under the curve) 4 F 0. 84 % 0. 88 Z[i], ifif CNN f#y AUC {H £
0.69% 0.77 Z A, &M RF MM BEMS L T CNN. oAb AU TF {5 5 /E BAFAE R AUC
AL FAUEH HM 55 15 0L, & B TF 15 %X P-E g5 i U A AR s . =54 TF
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PR . 7F 58 S b 28 22 5 R G 08 R e 5 T o S 4 A8 L T % 9 T R 28 XU 6 Y 4R ORI R 5 Mk 4T BRE AR
WA R T HE L R SR T loop S5 44, AT 51 & s 3 AR B AU L PR OF A T B R T 5 8
7 A E AR T TR0 3 5 - 5 R R = I Y 1 4 N 45 L AT B R R

T I R (N Hi-o) BB S AT 5 iR 3 PETY 100 R JE 2 B I K ELA % B3 5% L ik 401 I HIL 2 2
2 JP LU PEL, Singh 4577 42ty SPEID J5 3, % F DNA JF 51 )i Fi 4 B4 48 9 4% (Convolutional
neural network, CNN) & il PEI, 2% SR 35 1 SPEID #5 & 8 % 78 4> 35 [N 246 70 Bl PN A2 2 1T BT 5 b i il
PEL., BfJ5 ,Zhuang 5" $& H — BB 9 7 i i F Singh #4 # 19 PET £04% 51 25 CNN, 2R J5 Xt H 45
A R ARSI 2 CNNL @ T PET (9 B0 M g . A8 U H DNA JT 51 3k BB HUAS 45 4 1 790 00 25 23
H26F PET (4 R WRFAE 4387 A1 B0 A ek . PR 3% T 2 Fh 5% SR F (Transcription factor, TF)
FLE 118 1i (Histone modification, HM) R 5, £ B 19 £l 4b B8R 43 01 )7 %, 18 HIHL 3 2% 2 0k
BLE T PET, WA 52 bR B0 E

ARCLAN B itk ELAI I R (GM12878) 1 S F 75 X 4, 4 36 X 1) Jig 3l X 38 0 34 5 7 IX 38k 43 1l 55
loop &5 Hg AT AL S ICHE  Fd T P-E M BEAE B . A5, 000 T P-E &5ty 149 R+ 5
11 20 28 B M 22 8] 9 AR OGP L 0 26 1R 5 PET A7 7F W 3 SQIK 1 R R 1E . JieJ5 32 F CNIN R BE AL AR
#(Random forest, RE) Pt HL &2 ] 535 X% PET #4717 U,

1 #EIFTIE

1.1 ##EkiE

AN Sk B Y L TR B AR 5 o Feb. 2009 (hgl9/CRCh37), T3 H UCSC Genome Browser
(http://genome. ucsc. edu/cgi-bin/hgTables) ., TN ENCODE %4 2 N2 T GM12878 g &
149 PG SR 70 11 Fh 41 8 A B 1Y narrow peak 4% 2011 ChIP-seq #(#E. 55 4k, £ 3D Genome
Browser 34 £ (http://3dgenome. org) AR B T Z 40 Ml 2 19 17228 4> loop 4% ¥ B4 . 75 14 58 1 %4
P& EnhancerAtlas 2. 0 P N 2% T 49672 Dok 75088 . & J5. M R 4 Homo. sapiens R EL T
23056 4~ Fe R i FE B 4 67 /5 (Transcriptional start site, TSS) ,
1.2 PEIHEENET

e ARYE L B E R 3 F XN FER TSS | FiF 2 kb [X 8k, 38 58 1 X 38 A 38 58 7 o 5 b
TUF 2 kb X, FIH] bedtools A4, K 23056 A FE K A J5 8+ X B, 49672 A4 14 5+ X Bl 43 ) 5
17228 A~ loop & AT 7 s VETE , 75 3) 3815 N HA loop &5H Y PET, Ho b A 1% 22 4~ 3 5 1 I 4% — 4>
JA BT BB R IR 2 A B 3 A — 0RO AE A a3 3 7 3 M AL, X 48 PET MR T IR 4R
(FD. RE.MEREEPEAEN 2204 7878 2874 #4581, KR4 20596 4~ TSS 1 46798
AR FAE R — Y R TR TP DCfC , JE 45 8] 1665358 4~ P-E X, #4& , TADK FL A TSS 24458 1
SRR TR 2 SO P-E X BEES . )R AE DR IE IE 4R P-E X B A R BE B8 40 A R AR A5 T
BEHLITZE 19075 A4E loop &5 H4 Y P-E X AE N 75 (R D

F1 EHEHH P-EXANH

Table 1 Number of P-E pairs in positive and negative sets

PG S AT Wi P-E %I GRS R8T o P-E %t

B4 2204 2874 3815 4 11570 11405 19075
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1.3 HESHAIEE

XF PET A Ji 2l 1 AU 5 7 DI, F AT 0 i 1 5 st 7 45 6 AL B FUIB M R AE . | o R
GM12878 NI & 149 % T AL 11 Bl B ) ChIP-seq B8 . X TAE R — 4> P-E XT3
S AR T X 3, 0 3438 20 4 bin, &> bin B 200 bp, W ] bedtools #1 A multicov 8 % A
A~ bin WRIAE 519 count 3, AL T o) F F3G 3 1 X I& 15 31 20 e RUB S5 K=, R
P& Ouyang ZEU 38 H ARG % R N 1 5 80 5L X Y G B 3 )& (TF associations strength, TFAS) 157 & X,
W A bin o TF 8] HM B3R JE N 2,55 ¢ 4> bin WS BH 3h 780858 7R S B8 o, WE 3
T HH R FRUE 51 TFAS 1345 A, € SR

A, = Zilye% ,
X dy EBGI dy 91000,

M4 Spearman #H5C R EUE SCL A TR 38 i HE T IE U b P-E X p &% RLE 5 Z 18] A9 A ¢
2 r I THH PETAHEAE ] 2%, A OC R B r 2 S 7R 6 22 [a) A OC OC 28 %5 U0 AR B2 (W GE 1T 46 A
—1<r <1, |r| @& 1.8R P-E MR, r =0, JLIH ZF MK,

1.4 Fil7 &R R TR

A B 22 9 2 (CNIND) S — i 322 F T FRUAQORN A 08 AT 55 1 R JBE 2% ) R AU, e 7R 25 g 6, 4 g AL )2
HRUZ G R B AL R e E M R . AR SR B, CNN GE o Je AR 50k A a2 2 6
FRAZ A T 2 80, AT {68 1) 6% 68 008 7 A A BRI b 04T A RORRAE B IBUR 7326 . BEHL AR AR (RF) & — Fh 4R
2% 2] (Ensemble learning) 5.1 , B i i #4 # 2 1 P KB (Decision tree) Sk 4 i WU g . A SCRH
= YT EEAS SCIUE TN 45 5 9 A BUEAE (Sn) VR SR (Sp) L HERR EE (ACC) | Precision-Recall(PR)
Area under curve(AUC)5 NS HOR M & W A AF EE . Hrb , AUC 22 TAEFRHE (Receiver oper-
ating characteristic, ROC) i 2 T 77 BT AL, ROC 142 vl DL EL W b 7 A5 280 1 0 1) 50 5% i 2 B & il
e AR UL BRI OR B, MO A AT

o _ TP
TP + FN’
N
SP=TN+FP’
TP + TN

ACC =

TP + TN + FP +FN°
K, TP J9 1B WU IE 0 B9 50 TN N SRR FN O gl 87y 0048 S b B 0 T 4R A9 A 2
FP AW IE AR 5 FR b SR 1

2 H®#R

2.1 P-E Xt& TF #1 HM B < Bt & &

G P-E Xfrft TF 3¢ HM B CHR R BEAS 43 AT 13— 2L 40 0 1 IE U P-E X TF 5 HM Z
] B AR S L A3 BT T 4% P-E X 22 8] 3 WG M6 1 Y ZEBE R

TAE. X 149 A TF 5 11 F HM. 435358 T B AT G 2 R 58 7 DO DG s B 15 43 . I
U3 THE R 3 A SR - 22 ] A — X RO M 15 5 SCHR 98 FE A 73 Z 18] 1Y Spearman AHOC R %L, 1E
EFAR A3 B AE L T — A 160 X160 BYAH SRR RE . 3 BE b i B A e 2 AR TR 3+ KBy — 4
TF/HM {5 5 5158 7 X5 W 55 — A TF/HM Z [A A G FE B L IE 48 A& P-E XA TF/HM 2%
mE 1 s,
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Kl 2(a) MIES P-E X TF/HM Z Rl B A G, I 2 (b) S i 4 P-E Xf b TF/HM Z [8] B A ¢
P, NPT LB E L IESE A loop 454 L HER P-E Xt 2 [A] A9 AH ¢ R B K BGAF] 0. 2~0. 3 Z ],
11 1 B B LAL & 19 P-E X 22 8] A9 8 OC R B R 43 4223 0, RWIAE LB & £/ PET Z W], TF 5 HM
ZAFAE BB W E A e, LA ESE SRR TF Ml HM 15 IE 648 P (A SE PR A7 78 25 5 . A Bh T PEI
149 TE 3] AR
i Io,lo

0.05
0
: -0.05
i I-O.lO
NS
Bl 1 P-EXfr TF/HM {5 5 B9 Sk
Fig.1 Correlation of TF/HM signals in P-E pairs

H T EOE A P-E X2 [E] TF/HM Z [a] i FH M 22 5 el X

/
rolri=Ir ]
R EAl

X r MRS PR R LG O RIS R K R AN E AR S5 AE M S AR T P-E X 2 8] (9 A
Ktz B 2G0T A TF Hl HM BRI 22 57 30 08T I 2(h) J2 TF BYAR G 1R 25 57 KL 1 2. (o)
J& HM B CHE 22 S A&l i 181 2 AT, GE f 46 2 ] P-E X TF/HM {5 %5 59 A0 5C 4 22 5 4> A 76
— I~ L 0] A R R AR BB L R BN AL, — DL BRI T LA — 1L X R I s T E
5 BB B S 5 A R AR PET X F 56 B 28 38 1952 i A 6 25 22 501

= 10.75
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Fig. 2 Correlation difference of TF/HM signals in P-E pairs between the positive and negative sets

2.2 HETHIE

b XL IE U P-E X2 ] TF 1 HM AHSCPE 09 2508, FRATT 07 3%k 25 55 I 38 09 R L5 5 1 S 1R
PET MRHIE .

()2 SAER R 12 44 TF XF# HM XF, ik 2 i,

(DEFMERBEIET—1M 3% TF MEETF 103X TF, Ik 3 fim.

HEFMERMIEFT 13X HM A+ 1 69 3 X HM, 3k 4 iR,
2.3 TNER

K =728 BRI CNN AT RF P AD 00 77 7% DAJS 3l F R s - X8R 4 kb 1 20 4> bin
HI1E S AE i A X P-E XF#EAT T #0035 F A Sn,Sp.ACC.PR Il AUC 3% 5 4> ¥k fii 1 F i 1)
K RE a5 % 5 i,
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®2 ERKZEHEXEEREEHNE 12 4 TF/HM(TF/HM-Top 12)
Table 2 Top 12 TFs/HMs with significant correlation differences between the positive and negative sets( TF/HM-Top 12)

R ¥&iET 1 Ri&iE+—1
ETR
551 552 ZMH R ER= 552 #ZfH R
1 EGR1 ZFP36 1 SIX5 NR2C2 —0.99147
2 H3K4me2 EP300 0. 999962 H3K27me3 7773 —0.9873
3 MTA3 PAXS 0. 999909 JUND EGR1 —0.98722
4 JUNB H3K9ac 0. 999874 HDGF SMC3 —0.98408
5 DPF2 CUX1 0. 999854 NR2C2 E2F4 —0.98042
6 RBBP5 IKZF1 0. 999828 LARP7 NR2C2 —0.97889
7 H3K36me3 LARP7 0. 999808 CREBI1 USF1 —0.97761
8 TAF1 JUNB 0. 999775 H3K4mel H4K20mel —0.95246
9 FOXMI NFYB 0.999712 NBN EGR1 —0.94979
10 FOS ELF1 0. 999642 EGR1 EZH2 —0.94736
11 NR2F1 CEBPZ 0. 999555 RBBP5 MYC —0.94515
12 RAD51 POLR2AphosphoS5 0. 999467 FOXK2 USF1 —0.94117

3 ERKEZEBEXMEREZNE 3 A TF X (TF-Top 3)

Table 3 Top 3 TFs with significant correlation differences between the positive and negative sets (TF-Top 3)

R#iET—1 R#ET 1
TRe?
TF1 TF2 ZE R TF1 TF2 2 R
1 SIX5 NR2C2 —0.991 EGR1 7ZFP36 1
2 JUND EGR1 —0.987 MTA3 PAXS 1
3 HDGF SMC3 —0.984 DPF2 CUX1 1

R4 EREZEEXEZREZHE 3 H HM Xt (HM-Top 3)
Table 4 Top 3 HMs with significant correlation differences between the positive and negative sets (HM-Top 3)

RitaiET—1 RiBEF 1
452
HM1 HM2 ZMER HM1 HM2 28 R
1 H3K4mel H4K20mel —0.952 H3K79me2 H3K4mel 0. 994
2 H3K9me3 H3K27me3 —0.911 H3K4me3 H3K27me3 0.993
3 H3K27me3 H4K20mel —0.723 H3K27me3 H3K36me3 0. 986

HH 3% 5 B0 45 SR AT UL, RF 00 (4 PR (B 78 A [F] FF R 4 A BT FE 0. 668 £ 0. 680 Z 1], & A B &
(LT BT B e, CNN TN 9 PR {H Bl % FEAEECR 935 i, K 0. 740 B8 T FEE 0. 709,10 Top9
FEAE AT Topl2 FRAE Y T 45 5 — 20, U6 RE (% 70000 44 B8 AH X A2 2 . RE U0 AUC A T 0. 84
0. 88 Z 8], i CNN i i AUC {5 7E 0. 69 Z0. 772 18], M RF &9 0% fE w8 F CNN, 574k,
M Top3 % Topl2 Ay IS5 K UL R, Bl & FRAE 15 5 BT 34 i, AUC (H AR5 a3 R WTRRAE £k
TS ACR R IEME R, R, M Topb 2 Topl2 MARIE(E S5, AUC AyBS K 3 % X £ 1)
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FAE—E R REICA . A, 5 A TF {55/ A RHIER, AUC AL T 551 A HM {55 1
T 00, R W TF {55 % P-E 258 i R0 BA ARG . % TF f HM FpIE G 5, B0 &R i — 20
B, BhE . AT R M EGR1H3K4me2 \EP300 45 12 FpRAEJ& #0 PET A9 8 ZAFAE . Zheng 25
TE ] — 40 i 2 TP A B 5T 45 SR R W A R T H3K27ac, ATAC-seq . RAD21 FIFE B X 4 MFAERF, RF
JER PRAEISE] T0. 7, 5IATRSE R —2,

x5 ETFEIBEAGHBMNER

Table 5 Prediction results based on seven feature combinations

RF CNN
AL

Sn Sp ACC PR AUC Sn Sp ACC PR AUC

TF/HM-Top3 0.786  0.761 0.774 0.679  0.851 0.631 0. 684 0.658  0.740  0.710
TF/HM-Top6 0.818 0.790 0.804 0.668 0.884 0.743 0.652 0.698 0.715 0.766
TF/HM-Top9 0.874 0.736  0.805 0.669 0.883 0.689 0.722 0.705 0.709  0.778
TF/HM-Topl2 0.848 0.779 0.814 0.668 0.886 0.746 0.659 0.702 0.709 0.773
HM-Top3 0. 891 0.638 0.764 0.680 0.842 0.636  0.648 0.642 0.741  0.697
TF-Top3 0.813  0.774 0.793 0.673 0.872 0.727 0.678 0.702 0.708  0.775

TF+HM-Top3 0.883 0.700 0.792 0.670 0.880 0.739 0.645 0.692 0.712 0.765

WK 3 Fras, Xt CNN 5 RF Ul 9 ROC {12k, 77 3E— 25 & B0 0 A 38035 75 A TR IR BH P4 2% (FPR)
ST R E A PR (TPR) By XA RE 77,

1.0
2 2
é é 0.8
£ 206
172] ;)
L 0.4+ —TF/HM-Top 3 (4UC=0.851) £ 04 —TF/HM-Top 3 (4UC=0.710)
e TFM Ton 6 (40C=0.883) g —TFAM Ton 5 (4UC=0.778)
Foz|  pmesecese oz | hmmgcm
—TF-Top 3 (AUC=0.872) —TF-Top 3 (AUC=0.775)
o TF+HM-Top 3 (4UC=0.880) 0 TF+HM-Top 3 (4UC=0.765)
0 02 04 06 08 1.0 0 02 04 06 08 1.0
False Positive Rate False Positive Rate
(a) RF (b) CNN

B3 WO B ROC il
Fig.3 ROC curves of two methods
& 3Ca) 24l T RE 8k 100 1F SRR AS i R 45 2] ) ROC #2613 W 7R T CNN Bk
FrfS ) ROC #iZk. MXPIlmi <R Xt tb T L& B, RE B9 ROC fhgkny AUC [HE R M4 F CNN
i 2R A B WIS UE T RF AY 428 BEHL T CNN,

3 iWig

JE Bl -5 AR A T — A S AR B R X D] A 2 A AU A R N R R DR 4 A
E RIS MR AL S PELA G, R C AT A& T — BRI 52 2] 7 Wk WU PET, {ERFAIE A4 128 BURN 5
200 i 2% [ AT R S — TOUAR R A P A

BT loop Z5H KA, FATC 28 ne 2 R 3 1 AR ELAE AN AR A ELAE TG P-E X84 . 72 i kb
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Z b EERE 149 R SRR 7 DL 11 e FBE 5 04T T IR AT HEE T B AR IE S AR P-EXT ]
M) OCHE R BEA5 43, LI R TF 5 HM g fE A BAE B, PR R, 2 IE4E R P-E X, TF/HM
V) J 30 5 5 1) DG TR A S T AE SR SR 1 P-E X X R OC R M LT AN FEAE . B O L #ROE L 4 P-E X ]
TF 5 HM MM 2 5 AT 1 T B4 W2 X568 77 ol F T30 PET (RS & 15 5 .

S5 R R ] RE Gk AT W0 45 3] i AUC {HIX ] g 0. 84 2 0. 88, 2 B %5 =5 Y 1L 7
fEs ML R fiF CNN &EEI AUC A T 0. 69 % 0. 77 Z A, Pt Bl 7EA ) P-E X B o, RF
6 T P BE WS A T CNIN,  HAh 3l 3 %) Top3 & Topl2 (4 F 25 5 34T e, T AT 25 5] b 35 R 1iF
GBI, AUC A2 B 25 TE Ak 4, UE B T R AF 508 5 10000 8402R 2 () A7 76 IEAH SCBE &R
SR . 7E Top6 Z& Topl2 BYRAEAE S XAl N AUC B K 8 R A BT isi 2% . I R H G S — R
BORRAE TOAS IR, R B RS0 48 % T B 5| A TF {3516 0 T R4 B, e AUC {6 = 308 T3]
A HM {55 W15 5, £ W TF 55X P-E 454 (R0 A B AAEMRCR . H 43R A0TE TF f HM P fh
FROEME 5 A 4 A T PO e A5 2 7 9 — 25 4 7t

AHESE R GM12878 41 it 22 B9 K4 e I PEL, i A 47 & 28 oA 41 g 22 547 [R] 28 0 20 4, 4%
1M 5 SR T R AT 55 TR 3 3 T o] 45 AL 1) BHL A, A ok I i 0 LAt 40 i & v PET (9 T 43 A7 28 G TR 2L,
X BRNG A B T IRATAETE )02 (09 A2 2 5 S B IR0 5 DR 38 38 TR 98 1 52 2% R R 22 P AT 4 20 A
K43 1) B A 9T 5 S B 0 R
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Prediction of Promoter-Enhancer Interaction Based on

Transcription Factors and Histone Modifications

WANG Yunjie, LI Zihan,ZHANG Lirong
(School of Physical Science and Technology »Inner Mongolia University , Hohhot 010021 ,China)

Abstract: The interaction between promoter and enhancer (PEI) is closely related to gene
expression and regulation. In human B-lymphoid (GM12878) cell line,a P-E interaction dataset was
constructed based on the chromatin loop database,and the correlation of 149 transcription factors
and 11 histone modifications in the P-E structure was analyzed. Since epigenetic signals strongly
associated with the P-E structure, the interacting P-E pairs can be identified using the Convolutional
Neural Network (CNN) and Random Forest (RF) algorithms. The results showed that the AUC
(Area Under the ROC Curve) values by RF ranged from 0. 84 to 0. 88, while the AUC values by
CNN ranged from 0. 69 to 0. 77,indicating that the performance of the RF method is slightly better
than the CNN's. In addition,the AUC values with only TF signals as input,are better than only HM
signals as input,indicating that TF signals have better predictive effects on the recognition of P-E
interactions. Combining TF and HM features, the prediction effects can be further improved. As a
result,we found 12 features, including EGR1, H3K4me2 and EP300, are important for PEI struc-
tures.

Key words: chromatin loop; promoter-enhancer; convolution neural netwook; random forest

algorithm



