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LncRNA recognition by fusing multiple features and its function prediction

CHANG Zheng, MENG Jun, SHI Yunsheng, MO Fengran
(School of Computer Science and Technology, Dalian University of Technology, Dalian 116023, China)

Abstract: Considering the limitations of the traditional plant IncRNA identification based on a single feature, in this pa-
per, a method, in which the open reading frame, secondary structure, and k-mers features of RNA sequences are integ-
rated, is proposed. It involves the training of three classical classification models, Gaussian naive Bayes, support vector
machines, and gradient lifting decision tree, and integrating the classification results. The performance of the method
was evaluated using cross-validation, and it exhibited superior performance. The accuracy of the proposed method
reached 89% when tested with the Arabidopsis thaliana dataset. Using the same dataset, the proposed method outper-
formed the popular CPAT, CNCI, and PLEK prediction software. In addition, based on the endogenous competition
rules and RNA structure information, target prediction and filter rules for IncRNA-microRNA and microRNA-mRNA
pairs were executed, and then related tools were used to establish RNA interaction regulatory networks, and the regulat-
ory relationship was analyzed to predict the functions of IncRNAs in modules. Through Gene Ontology term analysis,
the possible biological regulation function of IncRNAs can be predicted, and their corresponding functions can be in-

ferred.
Keywords: IncRNA; identification; feature extraction; multiple features fusion; machine learning; interrelationship; net-
work construction; function prediction
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AW, W R R R A KA 1%~2% 5t
WZ5 T 4ihd 8 AR TAEY, Wi LUE 8 Kk 5 2w
() A 2 i 5 0 AL AE 3 AR A i Bl i 2 G
T, XEAEREE IR, A - KERT
200 nt., JC ik g i R (A0 5L SR AR D H A2 31 56,
BRR K A5 AE 4R 1% RNA(long non-coding RNA,
IncRNA)?, I 4F 3K & Bl IncRNA HA7 1835 A= 4
Az i 6 Bl AR Y, A% R AL G A SE IR
e, — 7 T BEAL T K AT R A S AR, 5 —
Jr i, PR IncRNA [ AIK 2% 55 FIR AR <7 4 55 LA
FELU IncRNA 7 1 32 B A [RI B2 B 52 i . Wik
NGNS AT T R, FH BT
HA BB 1 IncRNA PR3 84,

RNAseq Fl14= 35 K 41 [ 51 3 A1 27, AR Y
WAFFE R IncRNA, ‘BT 1ZER Y 10T 46 | e
ANE BRI AR AE A Y ia YT R
ot 5 T T RE Y. SRl s A e, Al
) ncRNA WIWF53HE A L g, H 22 804 b 1 i B
et RNA L, X M HEY) IncRNA U515 43 By
ST RME, ST HIY IncRNA K55 B AE A Bk
TR HE— 20 /s A ) R AR A TG B, PR IR A
WA IncRNA J- 100 H T AE B A JE % W

H B, 723 M IncRNA 51, 24755 T
VEABFI FHAIL 4 27 20 53k g 57 T A 780, S o g A
BT HVERAE | S5 REAE, # Z0 IncRNA (195>
HRARAL, WFIT R, XFF IncRNA 251, i i $2
T e () 2 A | 25 A - 00K s 4 e L S E B A
JEARARLBE SRR AE A M di A, R [R1E | 52 RE )
AL S AR R AT A5 B R 0 25 88 FUR R
T (0 SRR U AR A HE I TR 4R £ R
LA ERRAE . Hodr, CPCYAT CPAT™ 4B S 38 i
HIHEAE S X 43 2 5 A1 AR 4 % RNA; CNCIPRE 505
YA 1 o 2 v iz B R Y Y IneRNA R
515 PLEKM AT LM v 3 8 300 % 14 7 5 A v i 5]
IncRNA. 2R, REEE M KA sh Y% dia 45 115
PR EAE, €1 Y IncRNA L5159
A B RIE R B

Bifi % I PR AL A A9 R IBRIR A, 7= 2E T K
RBPRE R LR T H] . T A 256 T 1k 50
PRI e AR 1 43 & 5%, i fe] 38 o 358 ML 9 %
F R S0 T RESEA T R B TIN5 T 30 47k A WA
B s =z — 1

J T R ALY IncRNA T 1 7E i
PR, T HLAR A2 o 2Bk, X 2 s nl
1 B B B2 O A D) 2 A | e A% R AR D e —
G 45 AR R AE 45 22 R AR R U R B AR, VI

AN D30T | SR ) R AL RO B R T P SRR 3 R
O3 R, IR AL AR S £ oy AR T
I, SR 2R IR DA 2 B b i oy 2tk RE . AL
P 3 I A W X A AR R A T B IE | 43 BT O
PEVERE Bty 00 AR M e A 254 . Tk
i AT A SUIHIE, 158 TR A tERE . FEDIRE
T 5 1, AR 45 IncRNA-microRNA . microRNA-
mRNA F B AEF 5 &, #7 4 W 4%, ] AH 26
XA RNA Fiill IncRNA A9 DI RE

1 HF % 54 5 A 8 IncRNA Fl

1.1 #HESE

LA I 118 A B 2 S 36 B8 AR 6 TR 3 R B A
XFLCEE R, Wz T A A A8 i 5 A B 5
2R S A4 1E 4 % PNRD! (http://struct-
uralbiology.cau.edu.cn/PNRDY/) 2 565 5 B A & vl {5
BE R HL R IT IncRNA JF 51 . f 42 80408 J2 M\ Ref-
Seq Bl & T 411 48 148 25 mRNA J751 . J T4
WEIE SR AS 44, DA B 4 i 4 s rh B LR A
2500 45 mRNA 1E B AN, kK 1 s,

®1 BEEES

Table 1 Dataset information

PGS H K
IncRNA 2 565 PNRD
mRNA 2500 RefSeq

1.2 FFAYFEAHE

TE5r T il 2Eh, JF B 2 HE (open reading
frame, ORF) J2& [ 2 HE 19— B 43, HA T LE 1 #1F
B 11 WEZE 2B, mRNA [ ORF 78 % % 0 i &5
T IncRNA, H mRNA HA ¥ £ 19 58 38 M I ik (5]
BEAHEN ¥ Je I A TransDecoder #1461 15 5
BEAS 5 B T e 2 AE A5 8., SR 5 X 43l 4 B
SR | ORF 7 55 R LU M H—1L %) ORF {H 3 Flify
IE o ¥ 58 etk 2 SR — i JRAE £ bool, 0 fR3R
AAFAESERENE ORF, 1 K/RAfFTE5E % ORF,
iR Coverage 55 T T A ) A7 ORF(AR L H % &
EHERS L) K B 5 RNA B K EZ 1, 1H—
1k, ORF Normalized ORF /& /3% # ORF % n 5
RNA P E L B A, 5@ Xl

L
Coverage = % (N
Normalized ORF = — )
- L

A L AR P HIP S i 4> ORF IR
A 3 FIRFETS BIARAE 1] £ .
Vorr = [bool Coverage Normalized ORF] 3)
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24 45K (secondary structures, SS) &K
S B BT BB BCZE X R FAEK, 5 RNA 1)
Drtig BB AHE, AT LAVE AU IncRNA ) 5 24K
o HET, WO =R A5 AR DT R
BTN FEMETRERE S, TiE N EY
IRTETE 1 e 4 25 00 i B, ffil 1 B 8 BIAR AR 45
M, RSB P RE N 22 . BFSR R, 4
P R FR e (R I FR RE R 22 ) HOUE 78 1 4 B
AE I EsE o [FIAT, 5 M is e 5 RNA JF 51
Hh E T B S RO AR C MG & i A —
SEM IR . A ViennaRNA" T HA9 X 7 3]
U A5 BTN A HRE AT TR IR B =)
LM S S R I R, SR E DA b £ B E X
FERA B K C G . ] — AR/
HEBERWT:

MFE

Normalized MFE = < 4)

Arp: MFE &R0 A HHEE, L 72 RNA JPFIRKEE

A LR 3 A FRIEAS B AT RRAE 1]

Vs = [Normalized MFE n, %(C +G)] &)

S, Ky AT O A
1.4 k-mers

BT AR ) 0T B )45 B PRI 40 A 1k
R EE R — RN, B B O R IR R e A )
IR, 76 B AR BERE T 2 3R B X 3 26 5 3 1 17 fi
I o R mRNA 78 % 05+ 5 TR 2 — 1)
PRAFPE, A 9065 8 B9 IncRNA AR SF 8
25 o JTLAT UAE FH % 85— 4 5 S /E R 5] IncRNA
B —ANFRAE o SR, RA JE 7 HEf 2 £ mRNA i
DX, H IncRNA A 24 g i X I, B
W9 A A — € e . e DL R) R, A ]
— IR R A PR 1 - k-mers FEAE T

—A~ k-mer BAT k MR, BT R AT L
BAC.GH T, k AER 1.2 3, WA 4+
16+64=84 Fh . 4 4~ 1-mer, 16 > 2-mer, 64 7>
3-mer. fHH—MKER kW 3hH OORICE -
A k-mer, #HFNE LW RNA FH LK R 1B
PR #E 47 W sh DL C, il ¢, 36 75 DR IE 2] /) IR %k
(i=1,2,---,84), 3 H N A k-mer 73 BL— 1 R AL
Wy DT B 75 3 IS 38 Mo 00 25 S 1) 5 i) — A, L
I

f=w i k=1,23,i=102,--,84 (6)
Sk
se=L—k+1,k=1,23 %)
W= s k=1.2.3 (8)

s R AR TTECR AL, L O RNA JFFI R E,

Si AR k-mer 3 BRI, A5 B T A5 KRR
[ 4t :
Viwme =i o 5 Jaal )
ARSCHEPER G Lk 3 JERRIE A B 90 4R
FENESEAE Ny B 2 RRAE ) 2
V=[Vorr Vss Vimerl (10)
1.5 HESEER
FNZE D377 7 (Naive Bayes) & 56 T 01 i
S8 B W A 2] SR, BT R M AR R R X R AR 22
(AR B M S o AR LG T A AT 2 Y O ik, AR ER DL
3 2 > g A e g R R B, OF BoA B T s
s, R EIE MR TS IE 0
A5 M, R S B0 s 4 Xt I B — A ™
PeAeln) @, Bk ] DA AR IEAS 2 e A . H AT
f) CPC ., CNCI S AF AR SVM A8 73 26485
T B B2 FH PR SR AR (gradient boost decision tree, GB-
DT) & X 4% & T St 2% ok By 48 A vk iz
b, & HAT R KA 0 RE 7 DL K 7E i 23 18] ookt
e R BB
i e R R A B | AR IE SRR, DR
Y B B Ve, A SRR T 0 A RN R
DUt 30y 5 A | S A ) e AL DA B R R A T D SR A
3ABIRIHEAT N o SR 5 {6l DA 48 2R 1 4 il 9]
B3N ERBNESE. I BRI SR
el G 3R 3 43 2R ) HE A5 3 B 2 1) T
45
1.6 TEBEIEM ISR
A SCHE B HERR 2R (Accuracy, ACC). ¥ 1
& (Precison, P). A [A % (Recall, R). F, {H (F,_
score) K VALY L5t i 43 A 58 AR

TP+TN
ACC__TN+FP+TP+FN (an
TP
= (12)
TP + FP
TP
R= 1
TP + FN (13)
2TP
F, score= ———— (14)
- 2TP + FP + FN

U TP F5RE IE T O IE 28, FN H55 1E 2 Tl
IR TZREL, FP K SR B O IE 258, TN 45K
UES TIPS IS 1 88

2 LncRNA 3 &8 Fm
2.1 HiE&E

P74 2 BAF M 45 7Y microRNA JF 51 J& A
miRBase' " (http://www.mirbase.org/index.shtml) F

Y 427 4 AL FF microRNA 51, IncRNA
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WAL, 5% ZRHERLS 1 IncRNA 515 ) fg Fi il 931 -

DL K mRNA Wk B3R 2k i 5 A 5 o] {5 B Y
2565 %% IncRNA 5 2 500 %% mRNA,
22 $BE TR ER B AR

M FEUERH, AR F T, A R RN & 2 el
AR Tk A 2k B R 2 BRI A BV R B,
IncRNA WS AN p o 14 58 401 N IR RNA B0
microRNA P P AL #EAR B IncRNA, 7] DU 3L
Ml microRNA BT HE, M) 4 ] mRNA 52
i A P IR S B A #k™Y, 1 Jed P RNAhybrid™”
T IncRNA-microRNA M EAEFH X . ARG
% & microRNA ¥R 45 & B FR1E, 12 B RNAhy-
brid 244 fie/IN H H iE—-25 keal/mol, fRIEFD X
I8 2~8 L 5E B RS, p-value /T 0.05. A)5, 78
FaZ X Y45 A RNA S5 F 15 8 17 0 2k «

1) microRNA ¥ 31| 5% & 46 1) 10~12 {37 270
AT A

2) R B R S R SRV IneRNA T3
2~4 DR

3) B T AL A9 SRS, microRNA A4
BL Al G:U BexT 200 T 4 9F HE S e/ T 2,

F| FH psRNAtarget #2 ] 7t il T E #i il 14 mi-
croRNA-mRNA # & /E I %F, Jf H i & A
IncRNA # /5 Y microRNA # [7] mRNA BJELHE .
23 HBEEEME S hEE

fil G P ZEAH EAE X, 2 F Cytoscape™ T2
A4 7 94 Y IncRNA-microRNA-mRNA H_{F [
2%, SR 5 I N 45 SEATBEER AT, R GOP s
FEH R ARTE T SE P RR M . X 28 GO ARiE#E K] 7
A3 25 A AL 43 (cellular component), 73 ¥ DI RE
(molecular function) Fl 4= ¥ it # (biological
process), AT DLFETF GO A E X £ A #t 47
TERETM IncRNA (19 266 .

3 EBERE AN

3.1 FREHIENRERIEE R

A2 XLEHHIE (cross validation, CV) J2& — Fi ik 1 46
WEHCR, 825 & 09 BHs 47 U143, B U0 0 i) B dls
LG NI SIS, T R A iz 1k
RE T, A SRR A (Y ok 305 ), 58 SUERIE Ty
2] 4 oAy ] B RS SCE TR L K4 58 SR IE L S BE
— S XEAE . Hor, B 2 1Y 02 K I 8 X
WE o Ar i 250 B2 TR B0 R 4R B R B e 5
PRUER TSR o R 1 0 TS T AR Y I ] T
i 53 A BRI Bz A MR BE, AS SC B X 3 AU AE
Bl EiEAT 5 4728 SURIE, 15 3 1 PR RESUR 1R
Ry bR B DU AR 1 D 4

T B UEAS SCHR O vk B A Rk, A E
FL AT 1) CPAT., CNCI 5 PLEK #0476 A% 3R
FHAEC B B AT 0 JST0, 15 21 19 25 Rtk A7
He# . CPAT i 2 48 [l 45 5Y ; CNCI 3 3 43 Bt
JF 50 1 P9 AE 4HBR IX 43 1 4 B R 2R i SR
AR, A FH ATN 43 B0 B4 LA K 7 51) 435 K W R AE
PLEK fifi F] k-mer Fl¥ 2l 7 1 K 3 B % s A4S, ik
B k-mers AR AE N HRRAE o 5 PR RCR 14 AR A
TAFm AU A AR, SRk 2 s, W]
DVE ), A SCHR 38 T 2 R iE Al A i 5 L 1
TER R i 90%, I F CPAT. CNCI 5
PLEK; # [ # 43 %] I, CPAT. CNCI. PLEK & i}
6.8%. 7.4% H1 8.8%; F, 1ML T Hoh =% . X
g 8 L 3 U AR S 9 T 1 T LA A RS b T A
¥ IncRNA

R2 ETARAENSRERILR
Table 2 Classification results comparison based on differ-
ent methods

WIRES T AmE FE S fERER
CPAT 0.898 0.810 0.852 0.857
CNCI 0.847 0.804 0.825 0.827
PLEK 0.671 0.790 0.738 0.714
Our 0914 0.878 0.888 0.890

BT 2 SR AR SCHE T 2 R Rl i )
1) 43 S ASE T A 80Pk, A i 4t B A O
TEAE | TR EEH | k-mers /E M RRE UI| 2k 4 25 48 15
B TR 45 R, 28 SRR 25 R 3k 3 s

x3 ETFAEFENSELERILER
Table 3 Classification results comparison based on differ-
ent features

ik RS FENEIE S | N TR
ORF 0.848 0.816 0.816 0.828
SS 0.728 0.716 0.722 0.720
k-mers 0.828 0.794 0.810 0.814
Fusion 0.914 0.878 0.888 0.890

AT DLE ), AR SCHE 0 T 3 B A 1 1 5
89.0%, Lt Bl fift FH ik Be B2 HE . S B5H | k-
mers B3 B 6.2%. 17%. 7.6%, X2 Y
75 3% F U IncRNA FH 48T F o — 2845 1iF J2
AR, - H T LUE 1, 5/ ORF 45 21 ) Tl 45
RZAR T HAN P, X EIREE ORF 71U IncRNA
FHEAEL X
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2 3k T 1 A o 000 A0 A T O LR I
238 R Fae - AR RO AR A7 7 3 S A B0 B An 3R 4 ~
5 R,

& 4 %1%k /5H microRNA-IncRNA 5B = £ 1F
Table 4 Filtered microRNA-IncRNA target data

SR microRNA IncRNA
108 81 70

%5 0%i%/5H microRNA-mRNA ¥ = ¥ 7
Table 5 Filtered microRNA-mRNA target data

AR microRNA
853 81

mRNA
421

il A DA T 2 A A 1 A R A D 4%
K1 TR

VA R 2% o i BB DL microRNA i
L, BB microRNA [F] B 5 IncRNA , mRNA #H .
YEF IR 4 1 M 2% o A% F I 28 A J RNA 1 H
B H MZER R TE AT LL 44 1) B microRNA 1E
FH R 2%, BB microRNA 1E B %5 5 5 IncRNA |

(]
NM_121303.8

[ ]
a
NM_111153.4
A
‘/?ﬂ{i‘moz%
[ ]

NM_001336183.1

NM_116730.5 .
NM_001335664.1
n

NONATHTO001161
(a) ath_miR5020b 1 I P 4%

mRNA FEAE A, (55 W 4 i H A microRNA 24
MBEABKER, E 2 Fis; 2) 2 microRNA M H
H 2%, AR ) microRNA i i ¥ [ [7] — A4~
mRNA ., IncRNA JE iUAH B AE R AR, 4nlsl 3,

B1 #BEFORAIZEME (ZAFEKR microRNA, 4B

K& IncRNA, [E KR mRNA)

Fig.1 Primary regulatory network of Arabidopsis( Tri-
angles represent microRNAs, rectangles represent

IncRNAs, and circles represent mRNAs)

o NM_001036109.1

[ ]
& /‘NM123412.4
A
*~____~ \ath™miR3434 _3p
NM_125759.6
| ]

.
NM_118155.2
NONATHT002765

(b) ath_miR3434 3p 1E /I

B 2 i microRNA 1E M %
Fig.2 Single microRNA interaction network

|
NONATHT003067

[ ]
/\ NM_001334936.1
| |

A
ath miR8173

®NM 1157724
NM_116145.4 NM_102564.3

NM_129364.4

NONATHT(003189
/\.
M_115889.5

o A
[ ] .
NM_117599.3 NM—W ath miR3%a
. . o NM_101970.4
NM_001338667.1 NM_001084551.
[ ]

® NM C339092.1

1
M 0013406 gg [’ ® NONATHT002539
e Q\_A/\._ NM_001085146.2
NM_ j_4>a miR828
[ ]

[ ]
NM 124483 NM_001345777.1
~  NM_001339418.1

B 3 % microRNA £ W%
Fig. 3 Multiple microRNA interaction network
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FE R 2 45 45 3F R AT RS E Ay B ),
GO ARIEH A B b 1) mRNA B I e B, IEXF
FI mRNA #H 5 IncRNA 7] e 2 5 14 £ 1y 8 12 1ot
FESEAT P, 4325 AL 6, W] LA B 4 A1
KB RNA, A SCTRIN A IncRNA T BA 149

W4 IIRE . 40 NONATHT002539 £ 53| & k&
YA o A DL S A W & S FE s NONATHT
000372 fi #f £ [ BB R 1k ; NONATHT002765 Fil
NONATHTO002470 . NONATHT002469 #B4> 5 i 41
e A i o 72 4

% 6 IncRNA I &g F i
Table 6 IncRNA function prediction

microRNA HA R IncRNA
AT5G63640; AT1G54220; lysosomal transport; protein targeting; cellular
ath_miR3434 3p NONATHT002765
AT4G20360 process
ath miR844 5p AT5G24940 Protein phosphorylation NONATHT000372
anion transport; protein localization; cellular NONATHT002470;
ath miR399¢ 5p AT3G14460; AT3G08960
process NONATHT002469
ath miR8173 AT1G79920; AT4G15100 protein complex assembly; proteolysis NONATHT003067
ath miR397a AT1G79920 AT1G21160 protein complex assembly; biosynthetic process NONATHT003189
AT1G21160;
biosynthetic process; catabolic process; nitrogen
ath_ miR828 AT1G66380AT5G54670; NONATHTO002539
compound metabolic process
AT3G43210
4 % K ijx:j} locus-specific methylation in response to low-dose irradi-

A SCHETHEY) RNA 741, 46 O ik 15 524
TR EER N k-mers 3 FEFRAE, I EATRLS B—
A~ 90 4k RRAE ) S AE A A, Y2 2R DLt
SCAR I B AL L BB BE 4R T TR SR 3 el BIL A o AR
AU, JF R AR 52 0 s R AR LA 2 5 2R .
S B3R 4K E CNCI A PLEK A 1, A8 SCiR
ORISR TR R fE, T AT A5 TR B F
Y IncRNA  FE T IR PR 52 4 A0, 0 328
IncRNA-microRNA . microRNA-mRNA #H 5. /E F %k
P, IFHE 5 W R BRI 45 M 2%, 5T B AR
ZEFH GO ARIEXT £ MBI ) mRNA B, M
il 7 mRNA Fil IncRNA Zhfig . KA 2454 %
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