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SegHMC: an Algorithm for Discovery of Cis-regulatory Module
Based on Segmental HMM

GUO Hai-Tao" HUO Hong-Wei' YU Qiang?

Abstract Cis-regulatory module (CRM) plays a key role in metazoan gene transcriptional regulation, and the discovery
of cis-regulatory module has been a crucial research topic recently. Many computational methods have been proposed to
predict the cis-regulatory module, but it is still a main task to further improve the prediction accuracy for cis-regulatory
modules. Combining multiple features of cis-regulatory module together can improve the prediction accuracy for cis-
regulatory module. Based on this, the paper presents an algorithm SegHMC (Segmental HMM model for discovery of
cis-regulatory module) for the discovery of cis-regulatory module based on segmental HMM. The model further extends
the representation of the structure of cis-regulatory module (or regulatory grammar), which not only describes a CRM
as a combination of a group of motifs but also further introduces the frequency of the occurrence of motifs, the favour
of the order of motifs, and the distance distribution between the adjacent motifs and other features. Experiments on the
benchmark datasets demonstrate that the proposed algorithm outperforms the present main algorithms in the prediction

accuracy.
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Fig.1 The structure discription of cis-regulatory modules (A cis-regulatory module is a sequence region that contains

multiple motifs of multiple transcription factors; motif orientation, the interval distance between motifs and their

cooperation relationship may imply the important regulatory properties of the cis-regulatory module.)
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FATTEE bR X By By T BRARAS, BT
Segmental HMM FRAREFE & . R, TR,
NPT 3 AR B AR 2 2R T YR A HE
B 0] BRI R B A B A7 B, Rl B AR SR 4R
WM. TRk (6) Bt B p B RS
Fe, AR T Eh S MRI Y Veterbi 5351, 48
41 SegHMC Veterbi, 4 EAEHBIAL RG4S % &
IEAk, R T AR R A S, AU SR R RS B AR,
AR T HEMF MAP (Maximum a posteri-
ori probability) #ykPY BB Y J5 56 ARAD 35,
ZEE s T AT RE RS BE AR, 12 SegHMC
threshold. 5 MAP $: i th 44 J5 I Al % e K
(145 71 XA L, SegHMC threshold i i 5 A
BTG E 18 1A I =R A B e iy 7 21 X 3. 7
SegHMC threshold BEyEH, R CHE R R K
T4 BE B2 /DA AR 1 78 22 DX A
TR 2 A R R P A e e B T = s A B
DR ) 21 5 SOR BRI R IR, Fla G —
ARG R E. AEA OB 3 i) 9 (B9
4 [0.45,0.70], FEALAY Y Ji5 56 4k Wy v 3 LA )
R BE 45 AP B AT 58 4 th S Il
TR MAP % iR F, R i A Bz BUR B 1
I (A AN A ] 2R 2[R IR 3| — A4
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1.3  SegHMC EERJEE R HESE

AT B AR S i I R A AR, AR SR
EHREGEMN R, ©EEALE: 124, ik
£, BESE. REBUAR PWM 4. e )i =L
R B, A A RTINS TR
DGR v T 45 7 BRI I = T A e

1) FENZREE B, A% 1.1.1 359 A9 Segmental
HMM #4518 53544 75 AH B 1) Segmental HMM FLHY,
{#i F§ Baum-Welch 2¥:1)l|25 H Segmental HMM )
IRESFE AR

2) fEMASE b, A ES 1.1.1 95 Segmental
HMM #4385 52 AE A Y ) Segmental HMM #5221,
FAEE 1) BINGSHMEERSEL, i Veterbi 55
VA TR R B T [ 1Y) i T A A SRR R e D B P
RERASBEAR, TR H 0 4 v A 20 14 i =
PR, 20 i YRS R T 45 9 A 4
A,

B B S T 2R BRBESAEW p-
value; F- 45— PR AR S 40 p, T4
WA IR RS pe; AHABALEEE B
[ JUAR] 3 A1 S 850 g FIAH S X R A B B e 14 L
2%k my; PARII A AP REERAN E S w. X2
SR HUE B e 4h A B LA W B R AR A 1 SE T 3R
SRIEHG 4N, — A7 50 i I e &
i AR R A B L I R R AR R P A
PRIA) -5 PR B A R, i 7E R A e 48 4R 2|
A R AR R e 4R L, e — AN BUETE B N AN
] BRI, e A 22 5501 00 1 g 7 AR AP iR 4 SR e
VENER 24K

SRV Pt o A I R A LA R
i 7o b A R I R AT 6 R
B, DASAS O AR B AR | A AR 7 B
g1 = S R S [0S W E 2 bR ) W E oy B P |
O N B o [ W | 7 S 3 i) i w
BEHAAE W BRI S vt w2 . FRATRE 0 = o s A
Py 4358 SRS B 1 750y B v I =X R 2 A etk
A B S SRR AT 5y Be i & s 1 50
BRI log LISA LUAE; JBIHb, AR /E
TE SRR It 0 17 4y B E S AR A 2B 1
Ja AR ANIZ T2 b Bt A R SRS AR B IS I
BRI log LK UM,

2 SRIGERSH
2.1 SCIG¥IR

FANTHE—DEAU BRI H SR W s 4R
EIAASCTT . A HESH I Muscle e ik R
GERCR IR IR NG A 7 R4, PARfiFK Muscle %%
YA MR B A m R . X E SR YR

T B 2 EAY 224 A ot 2 428 A5 ke g Y A i ) s 1 4K
P10 A B TR R 1 2 B
Muscle il ER)7 5 5751, R0 L F
BARE TS R [R5

BEUEIR A 30 2078 Fl— N 52 MR
PIBLA LR B, X 52 ALK M TRANSFAC %443
PEPBENLERHG o, BN P 5 R K B 2 20 kbp.
JEH AR IE 0 ~ 3 IR B X
L A KRR 200 ~ 1500 bp, #E4K
PRI 25 B~ B2 50 bp; B4 I 2 4545
P Er 2~ 6 FORFEBIBLR, KA 15 BN
S TR0 S €Y < - R N T e e i A )
Pdif, W A RN A5 40 % 1A P AR
AR I 8 AL e Ay S0 T ] 42 ABE B[] 7 8 5
JEAN ¥R A 3 By Markov #8Y, A58 2 B0 o 434
D. melanogaster J& K 2H [a] i) 5 41 545

Muscle %{#s4E & #] i1 Wassermen F1 Fickett
sk s JE ok, Klepper 4536 UL SE SE ) —
AFEIFHAT TR, VE R SCHR (9] o my 25 o 5k
. FRAT AT Muscle £cds4E BI R SOk [9]
R E B, A R A 5 BRI R B OR
A 24 S0P EF 5. Frtl & iR 24k
Mef2, Myf. Spl. SRF FiI Tef, i S645 & AF AL A
R PE R EEAER. raSm 24 X750, Y
KJZ R 850 bp, 43lk HER . AJE. WEEYFp. 24
P IS 5 AR 84 AL FEAFHIE
1 AR A, 33 28 R AR e T K
J# 4 120 bp, Hrr Syl 14 bp, F KA 294 bp.

A SRR ] DAFE — 2H B A AH AL 45 45 4 L 1R
PP X BT ISR, SRE M TR A AR H 2
BB D2 o A AL =GR A . (H R Tl R
56 R bR 1 A D A B ) R Y, FRAT T A CAR T
TR EIN R G A B R E W —HE R Lkt
Tk, BT Muscle $4l4E, S 0 & 74k
o £ v iy 5 R A A G A g I T s B . AR
B, FATERS 5 R RN & 5 ok
R 7T AR Bed, Hb, Cad. Kr, Kni, TI #1
Gt, M IDMMPWM i 4142 v R i se s 4
) PWM. AT R g RIS kB i E
BAER AR i — AN T AR TR X
7T AR EARK: kni, kr, hb. tll, btd. eve fl h,
T3 4 5 PR A SR LUV i 1 i Bl e B
IR RRIAA T T ST EAERE,
i1k D. melanogaster F1H: 12 /> [a] Y Y X B
P I A8 R . B DR e € 14 AR s A1 [m] U5 A5
S FlyBase $ffg " dhglile. s g B A Y
5 TR 1) R 4 DX A R 3 R 0 e SRR A 6 1
{iE 15 kbps F1iF 5 kbps 148, {H4 7L A] GEHb
8 i A0 W R AR B e iy DIk, FRATRF 8 R X I
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SR B DY A e SR A2 26 A LB Y B B IX 20 kbp Al
MFIX 20kbp, &3t 40kbp )35 KK, i) Re-
peatMasker # {4 (http://www.repeatmasker.org)
fefE (B N FAFe) R AR ER 1775
Py 7 ABURFN 7 ASEER _ERYZY 91 S5 A
TIRATSEEG AP A A SR R A E R AR AT
M REDfly Hicis el rpffg e i3 6 56 1 A I 28 45
e, R TE B R IR BRIV 9, K
PSSR A AN E SR A I R R AR R £
2.2 i

N T AR SO VAR FaR B A B T 25 2R 0t
TE A, T BLAERR PP O 45 R A T 5 — A
fabs, FAE PP 4 baA % 2 2 (Correlation co-
efficient, CC)*°! Fi1g LAEHSE (Precision) F173 [4]
% (Recall) |y Fl-scorel®®l V&K F iy 3
FEPPAN R BRI YR A T ME AR 2 OEAT T MY, X S
Bt ok 22 BOW R R0 T yE B 1. eAh, AT
PN A SOTVEAEALRKP ERORS I /4 12, FefiTim
H T SegHMC threshold YA R H{E T P/R
2, PASAET 1% E SegHMC Veterbi R Pre-
cision/Recall fE. JXSEEHFaHR A H A E LHy:

TP x TN — FN x FP
/(TP + FN)(TN + FP)(TP + FP)(TN + FN)

(8)
Precision x Recall
F1=2
x Precision + Recall ©)

CC =

RH TP, FPLOTN A1 FN 35 2R H Y. fERE
P BRI 2 (9) AR (Precision)
A B (Recall) 1) BA4GE SCh:

1) K5 (Precison): Precision = TP/(TP +
FP), BE& 7N R IERE A, SR Bl 25 5R g n i
MBI AR A EER

2) A% (Recall): Recall = TP/(TP + FN),
JER W A A TR R, R B P e
BRI A MR AL B LR

CC JBE& 1 T S0 2 1 45 rh i (7 B A AH ¢
P, TR 25 T I 45 2R Y 5 B A 5 R B A R
CC BUATEETE -1 A +1 Z 8], +1 R g
HHEMER S 2, -1 FoRPINESR 5 RMER S 4
FEG A 5 R FEpLIy, CC a7 0.

MHKEEERIA IR E S, W LA 2, e A5 3
HIINEIAR AT AR R, BRI
ME SCEFB XA bR Z 8] I B AR &R, B
FL LENHEZ BAR O T R A E S 2. A E P & ).
Xl ] 2490 O JE 2 R 4R SRS B A S8 S A
WHER LT, MR BRI EE A R, WA
W AR AR SR AR T, DA W] e 7 aig S ME S 45 2R,
MITHIA T REAFRAGIR, B TAEE; A8

DA WIRG L, D75 248 B R AR, XA AT
e LIS UERE T AH R B R, AL T H B A T
R, 38 75 EAE X N R A 2 A R B — AN S B
A 5. Fl-score JEAE BEAIH IR AR TIIE, 4
BT ERIRS BRI R, BEat T AR B E
[l 3% 2 (AR 3P RE g HAEFE O AT 1 2 [, fHBK
15, RN AR RE G (FE ERH M Ty ).

A1 H Cython 1 &, R A& X i
SegHMC JF & Wi #H MW i) T. H, 3 4F Intel Xeon
E5640@2.67 GHz 4bF gy, 4GB N7 Windows
7 64 S RGET- 5 EE TR

FRATHEHCY BT 9 T E )y ¥ BayCisl®™l, Stub-
b2l MSCANEPZ | MotEvol?d | ReLAR" #1 CM-
Stalker®, 7 Muscle %t 4 5 & ¥ ¥
SegHMC AT FMPERERY LA

TEIX 6 M A 7, BayCis Hil Stubb J&
TAHRRBLA T, BN S HMM B3, )
GRS, ERIZR HMM fgas 25 %€ 7 21 v
EFER I X R, MSCAN @& — AN BEHE,
BT RL ET A s v N IR BT A AR A SRS Y
Goit S, KRG e S M A 4 B(E ) 81 X
A 7 R e I =S 4. MotEvo 2 i ZR4EF
MRFBIR B 25, B0 DU B B i 3l 1 0 N
BRI AT 3T 43, K5 (E K T 45 7 B E Y
DA AR Ay fige 328 it =X P A i . CMIStalker & —
MHETIE, BLGE T ARW LRSS EAR b1
R, BEA Rk PR 2 A 0 fil as 18], FE25 € 1Y)77 51
i aT aepy i s . ReLA 2 — & T /=
Fb X 18 0 R P AR e R T ik, B e AR
=R R T AR 5 i T A BK, R)a
&1 Smith-Waterman #3%, i &% )75
FRE A7 2 Hh A5 23 B v 1) Ry 8 X A A e e it =X
AL

2.3 HEUHIEE LHER

TEBLAL I 4R b, AL 8 S 8RR B
ps= 0.001, p.=0.1, p-value=0.01, F w=100.
mg oy 3 BB E S 500 bp Fil 50bp, FIR—
AT 51 A 5t =2 AR e ] 1) ~F- 2 BE 25 A 500 bp,
i A AR ke A A SRS [R] 7 ~F- 25 PR 254 50 bp. Xof
T H A OB 7, FRATTEEFH HBRAA B

K 3 (a) 4 T FTA 7 CC {EAI Fl-score
fa. WEH AT PAE H, AT B P R AR
FIRAET AL B 3(b) T AN
P/R{A. \EH AT AE th, Bk MSCAN FhgH At
AR E R AE [ (Recall H), BIEHA JrAR 1
W25 S ERFE 75 T A A e it =X I s A e, (L ¥
PAG R (Precision {H) RIRR KM 2R HEANTIr
VAP BUCA TR DR AR 5 1 ] SR 10 (] B, G R e o 44
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Fig.3 The prediction performances of SegHMC
threshold and SegHMC Veterbi on the synthetic dataset

2.4  Muscle H#E&E EHER

ST RTe e S o) 2|l RN )G wIHE A
e, K2 HA WK B R AL E SR K B8 A I R ALE
TATR AR SE m; Sk 20 bp, [FERFFH A S5
fEAAE.

K 4 (a) 458 T B 7 ¥4 Muscle $ds 4k -
) CC #1 Fl-score {H. MEH T PAFE H, A7

SegHMC FEiX A5 AR H 300 T BAAI 7 i (X 1L
NR E B E SegHMC Veterbi T s2Ia4h ).

0.7

Il ScgHMC Veterbi
B MSCAN

0.6 I Stubb

I MotEvo

[ BayCis

[ CMStalker
[ JReLA ]

0.5F

0.4F

0.3

021
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i

cC F1
(a) CC I F1 4
(a) CC and F1-scores

0.8

A SegHMC threshold
—#— SegHMC Veterbi
| =% MSCAN
-C- Stubb
i —e— MotEvo
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|| — ReLA

154
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Recall

(b) P/R tifi
(b) P/R performances
K 4 SegHMC threshold fil SegHMC Veterbi 7F
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Fig.4 The prediction performances of SegHMC
threshold and SegHMC Veterbi on the muscle dataset
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FATRIEA F Y EE 45 SegHMC threshold &4z
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EATEE W HEE A B A P/R EP AR,
4 (b) fr~. 7K 4 (b) ", SegHMC threshold 25 H
T P75, SegHMC Veterbi it 7T il &
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M 4 (b) HRIPAE i, AR SO R BI P IRARTE
DB AR B Ty YR AE TIUIDRS B ] 2 ) 3
BE| AN, B RS (Preci-
sion fi) b T H ALK 2 Bl R T E, A Il R
(Recall fH) #id—Fm753%. XFFHAMTIE, b7
B R, v AR 2, FEIR BRI
BRI P P/R P, R AR PERE . X
T MotEvo 1 Stubb J7{k, B T4 H 4w A
[ AR T, (HRE A R R 2 5 PR P A, 3R
BTG B (Precision ) BRART B A 77 A/
PIE, XL A SO RR—F. ARER, X R
4 [ 25 0 e T B T e A e i e 2, T
AE 7 5 ] REAT AR IR B P A1 X, DA R
A REZ BT EE IR, B TN RS PR . X T
BayCis Ml CMStalker 7535, i SR 8 mi B TR
JE, BT 4y RS B AR, HARRIY A
1% (Recall {f) BIART HALT A, 3T MSCAN
Jrik, EFFRTERMIN TR — AR, MR AEARIE
£ I ARAF I, 45 T B R R TR, R R4f
AN L RE. FERTA HT7 I, ReLA F A AT A
FRANRDR, gt T PR STR T

2.5 RBFHLXEHEELNER

FATRF X LTy kit — 2D A Rl L K A e 4
AT, AL BT S AR S R A
£ FAHIRL Horpr, T Stubb, FRATIEEEH Z P Fh i
StubbMS (Stubb Hri—AMEH, 75 DA ik
FATU5IC A Stubb). StubbMS F1 JAH I 4 F ] 1)
PRAPHERER B YA TN R, AR Sl U 51
FEX, 6 B AP ] B PR~ DI, P PRSF DX N Y B
BEATAT 43, REoE = T 4 € BUE I R SF B b fis
b7 = A 2y a8 T R S Wy (N Y &/ T S e K S el
oy =L

1) %+ BayCis #1 SegHMC, fifi F #1
D. melanogaster [w] i % BT 4 A SR i 49 o i) 256 )
YERINZREE, H5 D. melanogaster FiXJ I PR A il
% (REDfly £dim 2184 T D. melanogaster J
B B It IR s A A YA R, At [ Y 40 o 4 i =X
PRI oA 4R )

2) Xt 55 BT B G g Stubb Uy ik, ik
B 5 3 v B A AD 1 4 #f (D melanogaster  Fl
D. pseudoobscura), FEAH R EE AT

3) X T AHE BT 51 b T e = R AR )
MSCAN F1 MotEvo, {XfF D. melanogaster #H 5 [
F I E AT

4) ¥F ReLA, #£H D. melanogaster 3 it 3
HAE NS 75, Hoa [FJEEE R 7 5 R LX)
J¥5;

i

Kl 5 (a) 45 T Wi 5 ¥R AE 2% B0 3 7K1
L) CC Fl Fl-score. MEH R PAFR H, 5 HAh )y
VR, AT SegHMC FEBEA 4R 1Y) CC Fi
Fl-score {H (iX B ARG % & SegHMC Vet-
erbi NSLEGSER) BT HAD T, BRI HR
FE BTN ERE. BEAb, X b AR B, 5 Muscle
A L as RAH L, X L8R s E S A BRI
FER TR A XA B SE FBAR A RHE, A
FERZWM TR RSN, 1M s G (i
PR BHAR X T4 5%) BRGS0, 5 Muscle
BAmEM L (75K R 850 bp), Hsig I A&
BEIEE PRI E K (KEY A 40kbp), &7k
TETR N FRASAAR B, 7N A s G 2 s R i AR FH 2 1
T, AT S e 2 R A B A I 25 SR, ST
TN 25 5 v i R S A1 B P T

K5 (b) g5 T kA oK Ei P/R il
2. M H AT DUE Y, A SO YA A I AS #1108 2
TR VA IF HLBUE A S S (R Ay
WEE IR B A 0 P4, R, FRATH %
TESCBR I A, FRATTRT RE L 21 1) 1A 578 4 B T 50
Hf A, 1M P/R JZ5TERRIN, FRATRMELE A
HIBESEL, SR AF I gs R, Hi, Jyik E dhik
FAEBEMSHEREE Y P/R P 2155 b &
2L MK 4 (b) Hr, ATPAKEL: 7E Muslce ##idE B3
M EEFE) MSCAN J5¥k, TRz 4R FRISR 2,
HAEE (Precision ff) AL T H1 7K A [ (Re-
call {f) BHRART H A 7. FERTA 7+ MSCAN
M-I E T ERENTE, N TEERKEZAZN
it =PI 7 2, R A AR — A
PR T S/NFIFT 23 BUEL, A 25 B AP i 25 58 (X
B HEA R ) 55—, MotEvo 23T
T R TR, (H 58l 5T 1 B 421 MSCAN
A, BEE T VAR A X 3h 5 N
BRSATFT 2, AT A B 47 g, X e S Fh A2
FE EULBE T, ARERAR ALy AN [F) 2 A Bl A
WFRIE YR XTI ARG A& AR 5 Stubb Al
ReLA, 38 32 )37 41 Le X 1) 49 b 0 £ < P A S 2 175
THREE (BA QKT AR S0 1Y Precision {H),
{558 4 B9 B 18] 9 BR 51 AR ME CRAIE A 8 v 1 A [l
5 (H Recall fHig k). SBARIRNTE 7 A HEHE
1k 0 BE G ) A A TR ) O <, (E I e AR R A A
20 168 S 8] 428 B[] Y5 2 () S5 A (R AR DL 1, SR Rh A2
BE FAAH TR AR R G A KR, X2 AT
HENT HA T ER— DR X T2 T s
1) 754 BayCis, BAATEREIRE R4 TR S H
# (Recall {H) (0, {H 7500 (08 B 2 B 1K1
(Precision ff). ¥ T4kl &8 & bk CMStalker,
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Fig.5 The prediction performances of SegHMC
threshold and SegHMC Veterbi on the early drosophila

development dataset
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e L BRGNP REAAR R IAL, AN 6 BT,

B 6 44 T RANIE CC R P g, Frdsy

PEBOR L DU 7 2 B DA e/ IMEL A e R AE. AL T
DA e By 7 AAEAS [ B DL A 0 1 A A AR
R, RS B T IR AR T BE 22 TR Y 22 5 B KA
Z; XABYLH] T BIE R B AR A A T R AR 2 AR LT
WATREL AT DRITIN. A SO iR B B ATy
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AesE, B3 CC (B A LR 2 2R T R 2 B
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Fig.6 A boxplot describing variation for all methods in
CC across the genes in the early drosophila

MotEvo BayCis CMStalker ReL A

development dataset
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[ 312 455 70 3] O 2 pE K s 25 A (5 B — AR AL, 12N
SegHMC-simple, 7ErA 3 MEdESE_F 47 525 %)
e, WK 7 R,

N SR = v | NEZ R R = S R it
SegHMC X A AN AA K45 B 19 SegHMC-simple
SV BRI R R T, RS F B
SEVERERTE AT, Bk b, SegHMC FEBM B4k A
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GerpFFHUARY T0% A EJEBURIHRT; 78 Muscle %
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Fig.7 An effect of inclusion of structural information on

the prediction performance of SegHMC for all datasets
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1) FRATA AR M = ] 2 A B e 7R SR 4 1) 21
27, IRFBLAR I [ H BRI AN s 4 DA B I
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1) 05T Y A g YR 48 1R R R 2, X SRR AIE ]
DA RCHE e I R s A e 1 R SRS B
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Jr B, 3k — RS FRATT VT DAKE B Ak 52 i = 4
BIR TR (BR. B R%) HBEMY A Seg-
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A2 2 YR 0t X R AR e 7 ] 42 5 AL R AT AR,
M A B AR 25 0 () s B T . BE AR, I
4h, Segmental HMM FH KRR E F B A< B A HL A4 4y
A1, FEAFFRATT AT DAMR S AR 23 {1 o S BRS04 F B
FE 534

3) A S RAA S, $5E RTAR A Y B
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AR TIHERZSA], $Em T HRRCR, R4
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