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Abstract

Exonic circular RNA (ecircRNA) is a class of special RNA molecule which is processed from pre-
mRNA through back-to-splice. Recently, a lot of researches identified thousands of circular RNA in
eukaryotes and found that circRNA could function as gene regulator. In our research, we predicted
1112 canonical circular RNAs in RNase R treated RNA-seq from different development stages of
Caenorhabditis elegans. We discovered that these circular RNAs had developmental specificity,
and had no obvious correlation with linear RNA. Through analyzing the sequence information of
flanking introns, we inferred that circular RNAs in C. elegans were produced by intron- pair-
ing-driven circularization model.

Keywords

Exonic Circular RNA, C. elegans, Developmental Specificity, Intron-Pairing-Driven Circularization

& IFARNAGHR

XK, M
Harh kS B2, W X

M
Email: llichen@mail.hzau.edu.cn

Weks HiH: 20154F6 H11H; FHHEM: 20154F6H25H; &4 Hi: 20154F6H30H
SEIREY .

()


http://www.hanspub.org/journal/hjcb
http://dx.doi.org/10.12677/hjcb.2015.52003
http://www.hanspub.org
mailto:llchen@mail.hzau.edu.cn
http://creativecommons.org/licenses/by/4.0/
mailto:llchen@mail.hzau.edu.cn

25 R RNA 2047

 E

AMEFIFIRRNA (ecircRNA) R BT 4/5 fERNAH 4B F 25t & (718 3 o B AR E I R B — 2R BRI RNA
5 F BHZ TR R, IXRIORRNAT ZAAE T REREMA Y, AR FERREERENEEZI)E.
EARFEL BA FAEKRBEH BRRNAN FHAE, LI H 11124 AR5 E TFRRRNA. XX SRR
RNABEAT T, KAEMBREFEKRENBIFRE, HRAKMENmRNASFARFEENMHERE, @it
SHTFRRNAME A& FRFIUE R, IEATESR RHIFORRNARITE BSCRE N & F RN RS AR R

KA
SPETIORRNA, i, AKKRERRE, AS TR

1. 518

AMEFIRR RNA 6 LA pre-mRNA FIFME Ty 4, i s ) 8542 (1) 77 2000 Sk B A i — 2457k RNA
A F(E 1). SME TR RNA e R I0AT A1) Ets-1[1] [2]F1/N BRI SRY [3]ZEH =4, (HZ& i Fix—
IR RNA 751 B3R IE EBACIE H X BT AY 2 DhRe i = £ 9 AR, A A2 BT 3 U085 R 1
TER =441, B sl W7 H AR A E Bk g, 2R NRMMAHZ5]-[8]. /NE[8]. Rk
[9]. ZH[8)5F FAZ AW LS A B [10] Bl R 2 iX AT poly(A) R HFIFAR RNA 70 F. I
Ko, —HEHOIR RNA AT EUMESY miRNA 70 7 i#4n i K455 miRNA 707[8] [11], M BHAS miRNA X4
RREFEEER, AR5 4 I8 RNA (competing endogenous RNA, ceRNA) .

R RNA 1 35 f1 5"t &, B2 poly(A)RE, — BN ARG MmILE ARG RN
beasifese, IR IZRAMIBE AU, "T454 miIRNA 707l miRNA DI AR[12]. 4ME-FIRIR RNA
AT, FHFUONIRR RNA 7R BSOS R R 200 & 7B Ul . it I Fk ], —uk
IR RNA TN & F 2Rk, FRE4MAZ AT (038G 0 4% R 4 i Th Re[13]

X F IR RNA (72 AL, Jeck 25 [5]152 H T HIR RNA T IR A RS R : 22 R 33 (1 281K (lariat-driven
circularization) Al P & 1 it %} B 5 214k (intron-pairing-driven circularization). iXPRERIK X FIET: BR
UXEN PR FAAE S HERIR RNA A1 3 7 1 85 #2644 SD(splice donor) F1BY 4% 5% A& SA(splice acceptor) LA/ 45
BIRERLEN, RGBT AR A NS TR circRNA; T P& 7B 3RS i34k I 5 e i ] 3 25
FHAMIEX A, ARG BRI N & TR RNA. I ARSI 7 [14]-[16], #RSZHFE T W& T
FC X IR B A A Ix — 1Y

Exonl

Exon3

_’ Exon2

Figure 1. Formation of circular RNA
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A DR AE 2 g o, 8T 2 A% R MRS RNase R & 45 )5 () RNA-seq $E, Bl 1 £k dirh
EAEFRIR RNA, FE BRI BT T HOR RNA [ — 2B AR, R RNA FIZMHEFSEARIE R, R RNA
M3 P95 7 41 8] e ) EAMEC XL, R RNA PE8 miRNA 23 FiE 4R ml e, JExt =4 30K RNA
MFE AT GO ThRtiERE . DUV A AR RNA K 3EZmfS RNA IR iRt — 52 E .

2. MRFEE
2.1. BIEFKIE

2 it RNA-seq ¥k Hl NCBI GEO datasets £4  #11¥] GSE63823[16], N—HL A A KK G
Bt WEARHH(embryo). 4 HUH(L1~L4). KA (adult) 1) total RNA(rRNA-deplete) & % b i #HEE A% IR S D) i
RNase R 4b 2 /5 1¥) RNA-seq £4, 58385 B4t 1 fos.

4 h 22 L K 2 (Ce6) S 2k PRI ZH VRS I8 AN ES 4 B2 UCSC17]7h 343 21,

2t miRNA SR 7 41 N miRNA SR 33 2 miRBase (v21) [18]9 R 445 3.

22. ®B|AMAZE

2.2.1. WiETALE
1% F§ FastQC (v0.10.1)(http://www.bioinformatics.bbsrc.ac.uk/projects/fastac/) % i ¢ £ s 3847 5 E:A6
W OR B P AEAT JR 2R 0 b RN Fe i ANy, W] A Trimmomatic (v0.30)[ 1913547 5t & 4% i o

2.2.2. IR RNA BT

ASCAFA find_circ JiFE[B] £k IR RNA ZEAT 1. find_circ VAR 1 et A RE AR K 4 Eb X E 1
FEB P 20 bp AE VAR A, PR sV (S B SE R 2 LU I 4R — DT RO AL A, SR
AN S O BAEZR T by A A, B s B, H AR BOR RNA AT B, A IR
T 58 GTIAG BIHAE S, WKW NIRR RNA. HISSREF I #E circBase[ 201504 b T #4531
TR B R

Table 1. The RNA-seq datasets of C. elegans
3 1. #kh RNA-seq BUR&E

Datasets Stage Treatment Coverage
GSM1558150 embryo None ~29.9 x
GSM1558151 embryo RNase-R ~69.3 x
GSM1558152 L1 None ~51.8 x
GSM1558153 L1 RNase-R ~64.4 X
GSM1558154 L2 None ~38.5x
GSM1558155 L2 RNase-R ~61.5x
GSM1558156 L3 None ~44.7 X
GSM1558157 L3 RNase-R ~63.3 x
GSM1558158 L4 None ~46.4 x
GSM1558159 L4 RNase-R ~54.8x
GSM1558160 adult None ~41.4 x
GSM1558161 adult RNase-R ~65.9 x
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1) BEKAEZRSG]: bowtie2-build genome.fa genome.fa(bowtie2v2.2.1).

2) %% python £: numpy (http://www.numpy.org/) 1 pysam (https://pypi.python.org/pypi/pysam).

3) FSL Ak genome,  ELTHIAF R DR 20 &S L (AT fasta SCF, SO 44 W (A BE DR 4 fasta
SCAFELE id A IF.

4) K hb B S 52 B LR B 22 B KA B ORGSR A el BAM #43(: bowtie2 —p 20 -

-very-sensitive --score-min=C,-15,0 —q -x genome.fa -lsample_1.fastq -2 sample_2.fastq 2>log/sam-

ple.bowtie2.log| samtools view -hbusS - |samtools sort — sample.

5) B ARPUHES b (352 B : samtools view -hf 4 sample.bam|samtools view -Sb -> BAM/unmapped_sample.
bam.

6) K A ULHC sz B o % B 20 bp 9% 2 %1: python unmapped2anchors.py BAM/unmapped_
sample.bam|gzip>gzip/sample_anchors.qfa.gz.

7) K R R AL BT, RIS B AT BEAI IR RNA 7 £ : bowtie2 —p 23 --reorder --score-min=C,-15,0 -q
-x genome.fa -U gzip/sample_anchors.qfa.gz |python find_circ.py -G genome -p sample -s log/find_
circ.log >bed/ sample.sites.bed 2>bed/sample.sites.reads.

8) FRiEMEIEILIR RNA: grep circ bed/sample.sites.bed | grep -v chrM | python sum.py -2,3 |python sco-
rethresh.py -16 1|python scorethresh.py -15 2|python scorethresh.py -14 2 |python scorethresh.py 7 2 |python
scorethresh.py 8,9 35 |python scorethresh.py -17 100000 > bed/sample.circ_candidates.bed

2.2.3. RiLBGIT

Cufflinks (v2.2.0) [21]/& —3KH H SR ARH SR T B, BFI A Tophat (v2.0.11) [22] Etx ) 25 5k 41 2%
BSOS S AR = 2 I HLAT DU A () (1) 2 08 22 S S T AR B4

FIH FPKM[23] (Reads per kilobase of exon model per Million mapped reads) ) —1b &A% A K FR ik

FPKM i+ H A

_ total exon fragment
mapped reads (Millions)x exon length (kb)

FPKM

¥ eI

1) KA ZRSG]: bowtie2-build genome.fa genome.fa;

2) Tophat EtX}: tophat -a 8 -m 0 -1 300000 -p 20 --library-type fr-unstranded --no-novel-indels --segment-
mismatches 2 -G genome.gtf -o tophat/sample genome.fa sample.fastq

3) Cufflinks ZH3E 5k A iR IAF: cufflinks -p 20 -G genome.gtf --library-type fr-unstranded -o
cufflinks/sample tophat/sample/accepted_hits.bam

AT YA5F10D.4 A 5 FER [24], R ETA— L ATHE IR RNA R IL &
__ junction spanning reads/million raw reads

Exp -
housekeeping gene FPKM

2.2.4. miRNA & &L %

PATVE I B & T 772000 8 26 HL A5 miRNA 7EIRR RNA Egs&00 i, & DR/l 7bp, &
RS K N 1op, 56 perl BIASHREHRZ: sk ik miRNA FFH T 515 2~8 nt), SRIGHFHE 38— X &
AR CUR SRR T AR AN, AR, WUHIE % miRNA By AR


http://www.numpy.org/
https://pypi.python.org/pypi/pysam
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2.25. AR FREEHERT

MR A & T HAMSC BXEh PR, BRATE T blast #5308 RNA (1 BN & T3 #ET EERE, N
TIRATREAT blast 2.2.29+45 A A T EEAK VLS, FRATEEZSHON: -ungapped -word_size 6 -penalty -1,
%5 perl JIA G Y51 PSRN A 25 7 A 16 e 1) ELAMEE ST H

3. LRED
3.1. IR RNA BYE RIS

AL TE H 1531 MERIR RNA, &% 79 M T2 R4 rRNA #% chrl: 15,060,128~15,071,020
ERIRR RNA, 3t 1452 AMENEIER] circRNA. HR4E circRNA (AR FSZ AR BT b 6 B (1] 2), St 15
H:ll:

1) canonical: circRNA [ ZU A2 1l i #7EAH R R R AN B 1 R B, 36 1112 4

2) alt_donor: circRNA JIEEIGAL s AEAN T F 10 7 B2 b 47 fOANTE, 3 68 4

3) alt_acceptor: CircRNA [JZ1EA7 SFEAMNE T4 5 B aafr A, 3L 65 4

4) antisense: CircRNA 53K X #S H AL T 8 F, 3L 20 4

5) intergenic: CircRNA 52 [E] X #E, 3t 162 4>;

6) other: JFLAfE AL, 3£ 254,

FEIX 1452 PR RNA 1, A% 119 AN FESL H &AM B b 354 36k o A8 5 —4Re E I B TA IR RNA
HE A T HARR EAT E, BAMFE PR RNA BIEEIEA S (5 2), BEIZERIPIR RNA fEAFEAK K E
Bt RIEAF IR RNA, BEAAEK KRB B R,

canonical “

exon exon
alt_donor ﬁ
exon exon
alt_acceptor ‘ ﬁ
exon exon
exon exon
e s .

antisense

intergenic C:;:D

Figure 2. Type of circular RNA
2. IR RNA fo38!
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Table 2. The number of the same circular RNA among different stages

% 2. ENEKEEAEERBIERIR RNA 38

SED embryo L1 L2 L3 L4 adult
. same
embryo 592

L1 286 716

L2 305 397 683

L3 323 381 422 693

L4 159 168 179 192 224

adult 241 243 259 272 153 367

BEAh, FRATTE TR Y 1112 4 canonical Ak RNA B [EI R F, i T — AR kB 87 y) &%
RN AN F R S AR, BATTEIEFIWIR RNA B0k B F— AN AR, Arb Ak R E2 85 1%
PR RNA 11 A0 8 () e s AR 22 TE B, TS 3RATT— 3L 0] DL R 3 2056 AN 4% - Al TRHX LE3 R RNA
AN T8 R A AT Geit, 7T DG BIHOIR RNA HH A R 4 27 2H i B 431l 55K (90.08%), I
HAEAE R AR — AN BT H 4L 3R RNA A 203 AN 3()), XS5 H AN L il iz i 1
AR RNA [HESL, THR RNA TE RGPS o B 508 HA B 5E — N ME FIE AR RNA 1)
TEOL; AR TR RNA £ H 52, J OOy i =AM R 7 f—AN o Bl (& 3(c),
HEIMNE R Z IR RNA S H MBS, RZHP0R RNA FTH 12 MR- 148 (cel_circ_F08B4.2a I
cel_circ_F08B4.2b); X Lb4H itk RNA [4ME 7K BE Rl BRI, 76 R B —/MME 2 U FRIR RNA A1,
MR TR ECK B IA R T 333 bp, EHE S THEANMEFHRMMR RNA FRSMNEFRKE@p <
0.0001) ( 3(c)), EAIMEFRATHEM, PRIR RNA FEIRR|—EKEASERH. 75, AT T HR RNA
MK, BRI RNA KN 116 bp, Kl 4131 bp, WA &K 395 bp (14 3(d))-

AR RNA X RIS A TR RNA Z AR EFATA G 0, KIAE 97 NMEFTH I
HI#RFIA ) canonical #4R RNA H1, (VAT 11 PIRIR RNA [ EE MRS AR R BUR T 0.8, 1 NI F i
0.8. K B ZHIM IR RNA [RIZEPE RNA 1A & 7] 0% A B AR O, TR RNA FEASZ 7 S ih 267 RNA
R — TR, EIEZ R H M MR R, IR RIS

3.2. RNase R I 4k RNA EE RS0

RNase R /& —#f 3' -> 5L, TTLATIRIZ IR RNA 707, RN EAE mRNA g fE
Py E EE MM EO[25]. EIRR RNA IR 7L F, AR RNA 2% RNase R AU 1), it RNase R
AL S5 R RNA & E£1EH, JF HoHIE RNA R BB — AN E A FEARSCISEI T, BAl
X AT FE 485 RNase R AL () RNA-seq s, 48 RNase R 4351 RNA-seq IR EHem 1,
B2 S RIKEE 2 FR RNA 7E4 0t RNase R A F G B B T, BEA — Mok E s
£, BH /N FRIR RNA X RNase R U (14 4).

7E%} RNase R SUB IR RNA 1, k#8442 intergenic 2574, 4 4 7RI chrX: 925,367~926,302
FEME— RO BUKK canonical 5B FIFRIR RNA. 1 H BT %A 9% T intergenic ZRAIFRIR RNA HIRF AL,
AN BERF E 1X — 8RR RNA J2 15 B HIAA7E FF 4T RNase R 85Uk 2 S S0l 4B BH 14

3.3. IR RNA MM FMATE M
MR RNA ATUAH—AMNE T B ANNE TR, — D EEE RS H R E DR RNA (15D 35

O,
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Figure 3. Basic feature analysis of circular RNAs in C.elegans

& 3. ZkHIMIK RNA BIEAEHES 4R

chrv:4,571,715 chrv:4,572,374 enrichment
embryo [accepted_hits.bam Coverag [0-200] l l =
——
C.elegans_ucsc.gtf Y61AILA.3C .
[0 - 200]
RNase R+ |accepted_hits.bam Coverag
chrx:925,367 chrx:926,302 .
| | sensitive
L1 [emtmsmmcoem ] [0-21]
- — - —— - — I —— S — NN —— N, ————————
et F3SH12.2b
RNase R+ feopie risvancowrs [ [0-21]
ChrIII:61758,887 chrlll:61,763,523 medium
L3 accepted_hits bam Coverag 1| [[0-62]
[R— - & e
RNase R+ [ tistan cowrg [0-621

Figure 4. Read counts variation before and after RNase R treatment: enrichment, sensitive and medium
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R RNA T8 2R A FAME T2 BT B8 A B A M R AN 2 -, TR 2 i e — AN R A
b [E I A, AN TR AT AR BT 8] TR B ERR RNA T84 35 404 B 2515 0014 5). R RNA S 4R T A
HIEFENE, MOV L[14].
3.4. &HRIFK RNA B ASFHHE

2 AR RNA L3RI N & T 1 TR ALK B 43 AIA 3 T 907 bp 1962 bp, 'EAl1Z ¥4 B3 2=
S (p = 0.157), {H[EZ BT W& T 1A AL E0K B (69 bp) A %3 5 25 22 72 (p < 0.0001) (141 3(d)), i A
BHELPIMEN ST FHZIFR RNA [ — AN EARRHE.

AT

chrl: 969,682 - 973,135

F54A5.3a
- .- L;::::l —————————— - - - .
ZAINE T

chrl: 489,987 - 496,156

1972
W04C9.1

SR AT R 2 M
chrl: 11,388,738 - 11,396,651
Y53H1C.1a

BRI LSRR3R )7 3

chrl: 1,211,494 - 1,254,666
Y48G8AL.1 349 889 298

742 1656

A BB AP R 5

chrlll: 1,824,908 - 1,833,886
Y39A3CL.7a

883

763
chrlll: 1,824,908 - 1,876,744
841

Y39A3CL.7b ﬁﬁ

Figure 5. Examples that illustrate the diversity of circularizing exons
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Alu T NI A REAEE R EHER G A, 12 AR RNA TR EZE R, [FRER
R RNA B A &5 7 41 Y (IRwithin) A 471 (] (IRacross) 4 5 ) B AMEE X ) 56 4 (] 6(a)) 2 3 B FRIR
RNA FER B E A [14]. I FAELRIER AT 83% A8 ZAEEE F4, KL hIFR RNA R F %
SRR & AL R EREG TS RATRIEAR RNA B0 55 2, $REUHIRR RNA UE B & 77
F1l, 3 H blast K&t it IRwithin F1 IRacross &ML FATK I 96.33% IR RNA I 4 & 1 ERA7E1E )T 51
S HEAMEGL(E 6(b)), KAL) 0.3%M N & T IEAEH IRacross, £ 1852 74X, IRacross — IR-
within >= 1 (145 1374 Xf, 15 74.19%. 1 B HAG & m) AN R R0 3 9 5 717 710 2 28 AR RNA [ —
AN B S AR o

[ B AT GE T T 203 /> FH 2R — AN A1 5 FH BRI ER R RNA L0 6 R 8] X3 1 R R 36 — AN &
T F st s s, KA IRacross A 180 Xf, (4 88.67%, IRacross — IRwithin >= 1 {14 107
XF, i 52.71%(1] 6(b)). FAZIHEEE =Y — OB B T, (A2 2y 25%1 LR 27 A 2 R T
AL G AT T N33 6 5 f5z 7~ 22 1) 4 35 B T [X AT B3 A intron (X005 51 S 1) ELAMES S, AT 58 — A oh i
TS E RIS .

3.5. miRNA ¥R RNA LRIEE LS

7E canonical 1 antisense 28 IFFIR RNA 1, B PFRIR RNA #5E — D ELZ A miRNA UERAT &, B
Z IR LA 95 ANASA miRNA [FSEA7 A5, H 1] 45 441 7] miRNA (5 H 21K 2 1 1-3 4~ 30k RNA
A7 5 (chrlll: 6758887-6763523) 1 i KO7E12.1a.1. KO7E12.1a.2. KO7E12.1b =MAN[EESEA K =4 4h
BATEHL ZAR RNA X cel-miR-77-3p 4 16 5G4 1, B SRY ZE KX miR-138 45 & (1% H AH[E[11],
1% circRNA A e A TELE miRNA 7> FiF4atER, 1 AR RNA BT AT 25540 1R miRNA )%
HARA, BN ENIARA 5 FilE4 K 6.

AT R o] LUE H, R R IR RNA mJ1E 87 Tl 4n i BcE A Be 1+ B IR, IiAE H il 2k
S circRNA H#1, 1 {5 CDR1as il SRY BNk RNA #iF B B A 4> T 43AE H

3.6. GO IhREE

FATRE AT U EIRIR RNA (IR AHEAT GO Dhfe s SR #r[26] (141 7), GO WAL AR W Z XU 1
MMy oMM as sy, AL GEE, L, AmEr et S5REWIEY, ARdE,
ARG RE, G, RIS R R

(b) C.elegans
B middle exon
100, 00% - 96. 33% B first_exon
’ 88.67% 89.52%gg 18y
o 80.00% r 74.19%
IRwithin
(®
— 60.00% r 52.71%
T e
= <K EE — - — =
- - 40.00% r
*uﬂhﬁhh__ _,,aﬂ"#?
IRacross 20.00% r
2.70%q_ 0o
0.00%
IRacross IRwithin IRacross- both=0

IRwithin>=1

Figure 6. Reverse complementary matches of circular RNA flanking intron in C.elegans
6. ZHIFK RNA UEAES FFIIREEFMER
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Figure 7. GO annotation for genes which can generate circular RNA
7. AT IR RNA BB E GO TheEFRE

4. g
AR RR AN D)EE RNase R A5 ) RNA-seq Il 5035, S8 TN 2L dh A7 7 FI3RIR RNA, %
H R SEH) 725 METFS] 1452 4. A RIFIFR RNA 1, F—228 53 RNase R Ab 3 i3 Bt MR sl o<
AT IR RNA. JE I PR RNA (R BB ASRHAE AT 7007, R IZR L Rk RNA 2l ]
PN TR, AR A — AN BT TR IRIR RNA B s, AT IR 2 T4t mT L= £
W F o B HTHR RNA RN & F 5], RILZHIRR RNA W& FRERKH L MFXEZ&E
S EAMIERT A1, [FRESCRE 1 & TR IR PR
TEFRR RNA £ miRNA 70 Filg g i nl gt b, 28 dih BAR BN RIR RNA _E#H miRNA g5 &40
o ABFRATHUR I — IR RNA FTRASE S 16 AN HHIE miIRNA 701, ATREAIEE I 20 Fi4s, Al
FIFR RNA #8310 LA R miRNA 45507 5. thAk, ATEAEN T A3 CDR1as ¥ 51 - HAth miRNA
SSFHISEEAIS, KBA 119 4 miR-5011-5p {7 £ 116 > miR-190a-3p 7 55+ 84 > miR-6873-3p i &,
XELHTLE miR-7(74 MM EE 2, (HZHRAETH T CDR1as 1] LAE RiX e miRNA 15> 14, 18
RADEIRR RNA 7T LL7E M55 E miIRNA 1514 .
H AT ST HAR RNA DHRERIWE b, A 7R BAE R A/ BN 2 2L R 3R RNA RIE 1 FfE 2
m T HABAL 2L, PR RNA ATRE I K B A 5[9] [27], I H CDRlas fE B M AHEh M A E . R
BRI, FRIR RNA FEsi A atfir= A4z, & n] AT AEERE ) DhRE MEAS RATHE— DR 7 . 1 AR i e 7 =X
PAK A [T HRFR RNA PS5 5 TR [28] 1T K 23 3RAT B 4 A T X S0 ALK RNA 401«
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