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WFoEPIESE 1 CILP BER Rk Z H S kKA
% H ( Bone morphinism proteins, BMPs) | TGF-8
( Transforming growth factor-beta ) &% [ %@[23—24] o
FRTET X CILP SE TR 2 SR fE N EE 2
b AEAREE D S A w5 £ S LI 1 B T A
R B b ARA A

AW FE LABE S 1 g R, 5% ] CRISPR/ Cas9
B AR HE cilp FEF REIR & R BE L (cilp”™) | E 3T
R OB R B AHCHE ) gRT-PCR 43#7 , 45
T cilp H R Xf B £ JYLIR] B AR HE B R T
M o

BRIk

1.1 SEIeHH#

ABEFEAE 1 AB i & Fl Tg (Ola. sp7:
nlsGFP) fif 2 B0 £ X5 W 3K B [ 22 3 15 #8 5F Jh
> Chttp ://www. zfish. en) , 173 3§ T H E K P2 Bl 2
WFFEBE IV WEFE B Bt B f SR 5 R ge v, 37

AKIE 27.0 C 1.0 C,pH 7.5 0.5, 4 H
8:00 ~9:00 F11 1600 ~17.00 fHMEF4Em B
KA 2 h/d SR 14 b3 A H Bl kS P ah.
1.2 cilp BE RNA S5 BRI 258

H2 90 dph ( Days post hatching) Tg ( Ola. sp7:
nlsGFP) B £ 1) F2 #4121, Ab 35 i leica
UV1900 & 78] AL (Leica, 7R ) #T LR 2\
U H B F I 20 .

RNA % JF037 44 38 R i KISHI 45125207 i iy
(K7 AT, BRETTF 910 L BELIVEAU 48 531
BE S PR 7 41 PR P 42 L (hitps /7 oligopaints.
hms. harvard. edu/genome-files) , 28 f1 4 T 44 T.
Fe( B B AMRAF G MR 1) . fEH] Alexa
Fluor 532 ¢ Y6 ¥R £ R iC cilp F& [H, DAPI ¢k}
(Thermo Fisher, CA, USA) fric 00, * A
Nikon Eclipse Ti 7¢ Y618 & & 7% 5% ( Nikon, | i)
KA A, AR Image J %) E% 34T merge A4b
L,

F1 cilp BRREMEZREEHEIWFT
Tab.1 Sequences of probes used for cilp gene RNA in situ hybridization
pag BEDE - AEOE RRTE e
Chr coordinate coordinate coordinate Length/bp Target sequences
chr7 31161330 31161371 3'UTR 2 AACATGACACACTCATAAGAGCAGTCCCCGTAGGGAATGGGTTTTAATACTCTC
chr7 31161456 31161495 exon9,CDS 40 CCTTTGGCTGCTGCGAGGTGCTGTTGAGCTTCCTCTCTGTTTTAATACTCTC
chr7 31161496 31161535 exon9,CDS 40 CTCCGGTTACCTCTTCCTGGCCGAGCACTTCCAGCTGTGGTTTAATACTCTC
chr7 31161651 31161695 exon9,CDS 45 ATCTGAGGTACCATCAAAGCAACGGCCAAGTGCAATTTCTTTGGCTTTAATACTCTC
chr7 31161723 31161766 exon9,CDS 44 ATAGATACCATAGTTGTGGCCTAGAGGGTCCAGAGGTGCAAGCATTTAATACTCTC
chr7 31161767 31161808  exon9,CDS 42 TGGTGAACTCATTTGTGTCATTGTTGACCGCCAGTGGAAGGTTTTAATACTCTC
chr7 31161865 31161906  exon9,CDS 2 TGAGGCATTACCTTCACAAGGGTGCGATCCACTCTGTCTTGATTTAATACTCTC
chr7 31161957 31161997  exon9,CDS 41 TGCTTGGTCCATGTCTCGAATGCTTCTGGTGTCACGAATGCTTTAATACTCTC
chr7 31162540 31162582 exon9,CDS 43 CCATTTGGGCCAGTAATGACACTGTCAAATCTACCCCAAGCCCTTTAATACTCTC
chr7 31162624 31162668  exon9,CDS 45 AGAGTCATCACGACTCCTTCAGTTTGCTCACTTGGCATGTATCGCTTTAATACTCTC
chr7 31163046 31163088  exon9,CDS 43 CGCTGCTGTTGAAACATCCCTGGGGTCTAGAAAAGTTACGCTGTTTAATACTCTC
chr7 31163347 31163386 exon9,CDS 40 CGCTCTGTGTTTGTCGGCACCTGGATTGAGAATGTGCCTTTTTAATACTCTC
chr7 31163450 31163489 exon9,CDS 40 CAGTATCTGCTGCGACGGCACGTCCACGAACGATAGCTTTTTTAATACTCTC
chr7 31163490 31163529 exon9,CDS 40 TGTGTCCACACATGTTTTGCAACCACACTGCGTCACCACCTTTAATACTCTC
chr7 31164502 31164545 exon6,CDS 44 GGGGCACAGTTACTTGGTGTGGAGCATGATTACTCAGCTTGACCTTTAATACTCTC
chr7 31164546 31164587  exon6,CDS 42 ATCAGAGTAGTGTTGCCATCAGGGCAGATTCCAGGGACTTGGTTTAATACTCTC
chr7 31164670 31164711 exon6,CDS 42 CCCCAGCACTACGAACTGAGCCTAAAACGGTATGATCCTGGCTTTAATACTCTC
chr7 31164712 31164754 exon6,CDS 43 ACATGCAGCCATCACATTCACTGTTTACAGTCCCCACAATGCATTTAATACTCTC
chr7 31165245 31165284  exon5,CDS 40 CGTGGGCATGGTGGACCATGGCATGATCTGGCCTCAACACTTTAATACTCTC
chr7 31165359 31165400  exonS,CDS 42 GCAGGACACAGACTCCAATCTGACCACTGACCCCATATTCCTTTTAATACTCTC
chr7 31166316 31166355  exon4,CDS 40 CACCGCTGGGTCAGCATGAACTCTTTCCCCAGTGCTGCGATTTAATACTCTC
chr7 31166360 31166399 exond,CDS 40 GGATCCAGTCGGTGGTCCGTGCCTCCAGAGCTCGAGGAACTTTAATACTCTC
chr7 31169066 31169105  exon2,CDS 40 TCCTGGCTCCCTGTGAATGACCTCCAACCTCCGGTAAAGATTTAATACTCTC

1.3 CRISPR/Cas9 S $H D & cilp B EH

1 chopchop R 34 ( https://chopchop. cbu.
uib. no/ ) FELR R TTEE L £ cilp F PR R B3 19 HE A
(£2), SRR AR FE 85 SRk

JEEAT sgRNA PRI B BT S A %
AR R cilp-F A cilp-R (32 2) §7 3345 40 1
DNA J#51], 5% il Sanger i Fy-#fi i 2878 S5 FE [N
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sgRNA target sequences and primer sequences for genotyping

GIL7E% S F1YFEI(5'—3") Fig
Primer Sequence(5'—3") Usage
, TTCTAATACGACTCACTATA GGCTCAGTTCGTAGTGCTGGGGG o
cilp-Target HE PR R
GTTTTAGAGCTAGA
GTTTTAGAGCTATAAATAGCAAGTTAAAATAAGGCTAGT N
-gRNA-Scaff R i 2
pT7-gRNA-Scaffold CCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGC Sl
cilp-F TGGGGACTGTAAACAGTGAATG FEH 437
cilp-R GACTTGGAAGTGTCCATTGTGA JEH 53 AL

N RIZIRBE) CRISPR/ Cas9 $U47 5751 o

Notes: The bases marked with underline are the sequences of the target site for CRISPR/Cas9.

1.4 BFERELE

I 1 e €0, 5 B 2 O AR BT J BT i -
PERLLY AT LI T, BEHLIEEL 90 dph cilp” %8
AR TN AR RIBE L £ 45 10 J2,4% PFA [i]5¢ 24 h
&, T AR e, ffi ] OLYMPUS BX53 A:4) il
RIS B BIE &S, 1] CellsensDimension % {f
PITHIN T AL GE T cilp™ 73 25 A 5 5 A4 Y L[]
Hedt, [R]Ip & L] A R K 20 SO
1.5 BERERESH

JVR i 390 B DR 2% 0k B RO IR iR R B
R SRAE cilp”” 58 78 VAR B A R BE Hh #11 6 hpf
(Hours post fertelization , JiU iz iR 3]) (12 hpf ({7
191 24 hpfCTEHERT) 48 hpf(HHEH) 72 hpf( .
) 5 S DR B R IRIGEEA . BRI R
3YATHEA, B AEABE LR AE 10 RS2 K B,
FRIBUS RNA, IR 1 R 3258 70 #r - B 90 dph
cilp”” ZE7E RN B A RUBE T £ J) 045 6 J2 , SRAER
BREEE AL H 2R A F T AL RNA 42 1,
Trizol ( Thermo Fisher, CA, USA) #£Hl & RNA, fii

x3 BEAEMEX

JH NanoDrop 8000 ( Thermo Fisher, CA, USA) il %
S RNA M B2 5 it i, 5 B OD,g0/ 0Dy Ay 1.9 ~
2.2 JFi B VR BEAE 200 ng/wL UL I RE AR HE 1T
qRT-PCR 4347, 5% Revert Aid™ %5 —4# ¢cDNA 4
R 57 & ( Thermo Fisher, CA, USA) Jz % 5
cDNA

L actbl N2, K] qRT-PCR A 14 >3k
(bmp2a ., bmp2b . bmp6 | runx2a . runx2b . sp7.
collala . bglap . sost, smadl . smad5 | smad4a . sox5 |
s0x6 ) [ FEIR K, F Primer 3 Plus Rk 14 3%
5|4 (£ 3), qRT-PCR £ QuantStudio 6 Flex
Real-Time PCR ¥ # ¥ 17 ( Thermo Fisher, CA,
USA) ,PCR A RXE N 10 uL, f145 5 pl 2 x
Luna Universal qPCR Master Mix ( NEB, MA,
USA),0.5 uL 10 pmol/L Y IE . Sz M 5|4),1 uL
50 ng/wL ¢cDNA,3 pL nuclease-free 7K, 34 #2
J¥:95 CHIAEME 60 5,95 CALPE 15 5,60 C 4L

30 s, 53 40 I,

E [E qRT-PCR | #1551

Tab.3 Primer sequences of skeletal development related genes for qRT-PCR

A NCBI %585 EiiF51#9(5—3") TEEIM(5'-3")

Gene NCBI accession number Forward primer Reverse primer
bmp2a NM_131359.1 GCCAGCAGAGCCAACACTAT GCACTTGCGTTGTTTAGCGA
bmp2b NM_131360.2 CAGACTTCTGGACACCCGTC GAAGGGAACGACTGACCCTC
bmp6 NM_001013339. 1 TTCCCGGTCTACAGGCAAAC TAATCCAGTCCTGCCAGCTC
smadl NM_131356.2 CTTCCGTAACCCACTCCACC GATCTGAGCTGGATGGCGAA
smad4a NM_001122700. 1 CCTCATCATCAGAACGGGCA AGGGCACTTTGAAGGTCTCG
smad5 NM_001346309. 1 AGGCCCTTAGTAGTCCTGGG GAGCCGAATGGATACTCGCA
runx2a NM_212858.2 GCTTCATGCCTGACCCAGAT GGATGAGGACGGAGGGTTTG
runx2b NM_212862.2 ACATACGGTGCTCTTTGGCT ACGTCGTTCATCTTCACCGA
collala NM_199214. 1 ACTTGCGTCAACCCAACTGA GAACTGGAAGCCATCGGTCA
sp7 NM_212863.2 CGGGAGGTCTTCTTGCGATT TTTACCGTACACCTTCCCGC
bglap NM_001083857.3 GAGTCAAACTCTGCCAGTGC TCACACACCTCTCGCAAACT
sost XM_021480342. 1 CCTCAGAACTCAGCTGTCGG TGCAACGGTAATCGGAGGAG
sox5 NM_001033585. 1 AGAGGTTGACGGACATGCTG TCCTGCTGCTGTTTACTGGG
s0x6 NM_001123009. 1 CCTGGCTCAAGTCAAGGAGG TCCGATGGGACTGGGTATGT
actbl NM_131031.2 GATCAAGATCATTGCTCCCCCT GGCCATTTAAGGTGGCAACAG

B KRR N 60 Co

Notes: The annealing temperature of each pair of primers was 60 C.
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1.6 HiESH

SR 2L Al 14 AR R B A
R 2 18 K S, fd B SPSS Bk (4 4T ¢ Ky I
(Student” s t-test) S} IHAE cilp” 87 (4 15 85 1 7Y
BEE IR I & B 45 B BRI B s L U R
IRIKF- 28 55 L IR) B 5 RN B 1) 0 2 25 =
FH RIE T ggplot2 B A4 2 WLIR] B 20 FHK
JE DL R ik i o A 1A

2 4

2.1 cilp EHFERBDERPNRIEER
RNA 556 5 A 7438 (B ) B U0 45 R B,
cilp FERIFERSE R B D A HEE R . KB, JULI]

sp7 cilp

4x

-l

20x

4x

600 um

Al

10x §

400 pm

BRI AL R 223 | EL7E 45 HE B AL i) 1 41
SRR 5 R A AT AR R 5T f 3
Tl fit-merge) . BTSSR, LR UL
B 05 R ik 2L 0 B R e (5, ELTE
WUIED B 4180 5 sp7 2235 T 4 (6 fii-merge ) .
cilp 5 R AR AR P sp7 76 BLIEL R R 2
gk, W) cilp 7T At 55 LI AR B
BH %,
2.2 cip WD ERTRME

VEH 11 cilp 3 M 34 F45 6 A4 B T
(Exon 6) [ 1(a) ] 28510 Fy S5 58
HRUBE T [ ASARAR o X R, HEFRR 155 2
ANGASEELT P, 25 Sanger WIS 41

DAPI merge

200 pm:

2.6.10 14 Ff) a. BEBE; b. 8555 o Bk A EHER; e KB £OULRE; o UEIE; 1 ~4 F19 ~ 12 Hr i e 2R 1R e < LIE) - iR o

2.6.10.14. a. Neural spines; b. scales; c. skin; d. vertebra; e. haemal spines; f. myospetum; g. intermuscular bones; 1 —4 and 9 —

12. The dashed circle indicated intermuscular bones which were observed with 20 x and 10 x .
B MDfaREERALR cilp RNA EHRFERT
Plate RNA-FISH of cilp in zebrafish tail musculoskeletal tissue
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(SR VNI B

32 %

JPo, e AR 1A SE AR (RAZE 1)
B S bp MG RAZL & 1(b) |, RIS
FUX &5 3878, N 223 5 G R Ak e A AR S

1 ANREALIE D (RAEA 2) B 3 bp R
AR (CBAEAR R R) o KT RAZH 1 F, A5,

AFBRIE S bp 1 cilp” AR o
246 SRFERAL ML EE ST 1(c) ]33

(a) exon 1 exon 5 exon 6

a,
“a,
"a,
e,
--.....
ey,
e,
"a,
"y,
]

target site

(b) 50 52 54 56
wt CETTTTA|GG
mt CETTTTAGGE

(© 248 250 252 264 256 258
T DH HF

Qwr S

215 218 220 222 224 226 228 230 232 234 236 238 240 242 244 |246
wt HT SVRS RAGs sk
mut H T SV RR[EGT TWS F TR+

(a)eilp JEHEEHIR TR, CTLE 008 sgRNA BURLA s (b)eilp” SO IRMRALIF 91 BLAS, 2065 T HEAD Ty sgRNA BBGLA: (o) eilp” 565
PREIERRIF WAL 2T (7 HEAD « 2RSS T s wi. BPET s mut, cilp”
(a)Schematic diagram of cilp gene structure, the red vertical line represented the position of the target site for CRISPR/Cas9; (b) Mutated
allele of cilp, the red box indicated sgRNA target site; (¢) Amino acid sequence alignment, the red box indicated the stop codon in mutants;
wt. wild-type zebrafish; mut. cilp”~ mutants.
1 Cip EREMSMARETEE
Fig.1 Schematic diagram of cilp gene structure and mutation in target site

2.3 cilp” BHREEN
R AL R BIR cilp” 5L v R g A
KE A, B4 RMES BB [ 2(a2) ],
JULI 50 B R e i e BT A T B 5 £ L ]
HEGE N 85 ~99 L, 44 M (91.50 £4.95) M
cilp” GEAZ VR BE B o ILIE] B B Ry 72 ~ 90 M, P
#1709 (82.10 £5.70) M, 4 HL A0 cilp™ 878 Ak oy
JULIE) B R b 7 10.27% [ 2(b) ], B & AT
BRI (P <0.01) {H cilp™ 228 (A v LI B i
S AT IR EEESRE 2(c) | #t—2P
Gt THES /A RIS /B ETE 2(a) ],
ST cilp”” AL R R S /B BCH P2k
(46.3 +4.6) My, B A= BS54 (55.9 £3. 1) M,
REWNT. 1T % 5 cilp” FAE AP IR S /N E R
SRR (36.4 £2.7) K, B A RIS R (35.5 +
2.0) B0, T TC &2 5. BRBIR, cilp” A%
PRBE £ R AE B S Rl 5, ELJULIA) B A R0 B 3%
2.4 MERRXEMPERAFHEIERNRIE
14 AEES T HCHERAE 5 AR & 7

http://www. shhydxxb.com

IRy qRT-PCR 5251 (181 3) 204 321, 5t 443 (6
hpf) ,smadl .runx2b F sox5 FEHTE cilp” 9828 {4 rh
ik B E TR AR (P <0.05) , smadda,
smad5 .coll ala .sp7 F bglap &KL G ASR A 1) 3=
KRR AR T B A B (P <0.01) s /K511 (12
hpf ), bmp2a. bmp6. smadda. smad5. runx2b.
collala sp7 .bglap . sost ,sox5 Fl sox6 He[H TE 578
R R IAKF B 32E & TR AL (P <0.01) 5
WA (24 hpf) , RASHE R bmp6 runx2a I sp7
ik o & m TH AR (P <0.05), 1
smad4a smad5 .coll ala bglap .sost ,sox5 Fll sox6 H)
KRR ERTE AR (P <0.05) ; B (48
hpf) ,bmp2a . smadl . smad4a . smad5 . collala . sp7 .
sost (sox3 Fll sox6 1 58 A8 {A v {1 Fe 18 K - I 3
FEARI(P <0.01) ,runx2b F bglap KR TEZAS
PR RIBACE B E R TEFAE B (P <0.05) ,
23 (72 hpf) , AL collala Fl sp7 FER )R
KW E R TEAR (P <0.01), 0 bmp2a,
smadl smad4a smad5 .runx2b sost sox5 Fll sox6 1]
ik B E R TEAR(P <0.05) MWL L
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LEIARAL, bmp2b 1E B A BRI AR K1 5 ARG 5 NRIG & B A R R 8 E R B B R
K ) Ik T B 24 R T smad4a 5o
smad5 .sp7 .collala F1 sox5 7r 87 H: B FI 58 A5 {4 [

500 pm

p=0.002 1 p=0. 12
100}
\“
<‘ 1500}
\\
z \ 2
qa 90 B } . E
+ / “8
=] /
§ / :;30 1000
y
A =
= 80f =
2 500}
70 0 : ,
wt mut wt mut
(b) (©)]

(a) PEEh B BEAT e (@, 1 A1 3 W BFA R0, 2 7014 ALK en. 85 /N, ep. Bk /IVE b F T HEJE BEBRER IR AL, d o 75 AE A g AL )
BORFBAL; (b) WU BHOE A (o) WURIEKBE LA wi B9AE RS, mut. cilp™”

(a) Bones staining in zebrafish, 1 and 3 are wild type, 2 and 4 are mutants, en. ossified epineurals, ep. ossified epipleurals, the box in b
shows the abnormal fusion of the caudal vertebrae and the loss of the neural spines, the box in d shows where the disappearance of
intermuscular bones; (b) Comparison on the count of intermuscular bones in cilp”” mutants and wild-type zebrafish; (¢) Comparison on the
length of intermuscular bones in cilp”~ mutants and wild-type zebrafish; wt. wild-type zebrafish; mut. cilp”” mutants.

2 RS cilp” REGEFHRE
Fig.2 Phenotypes of the intermuscular bones and skeleton in zebrafish cilp”~ mutants
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Fig.3 Expressed levels of 14 genes related to bone development at 5 embryonic developmental stages
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Fig.4 The expression levels of 14 genes related to bone development
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Effect of cilp on the development of the intermuscular bones and vertebra in
zebrafish

YANG Xiaoxing'***, TONG Guangxiang’**, YAN Ting>>*, DONG Le'***, SUN Zhipeng™™*, XU
Huan™***, TANG Guopan’, KUANG Youyi>*

(1. College of Fisheries and Life Science, Shanghai Ocean University, Shanghai 201306, China; 2. Heilongjiang River
Fisheries Research Institute of Chinese Academy of Fishery Sciences, Harbin 150070, Heilongjiang, China; 3. Key Laboratory of
Freshwater Aquatic Biotechnology and Breeding, Minisiry of Agriculture and Rural Affairs, Harbin 150070, Heilongjiang,
China; 4. National and Local Joint Engineering Laboratory for Freshwater Fish Breeding, Harbin 150070, Heilongjiang,
China; 5. Henan University of Animal Husbandry and Economy, Zhengzhou 450046, Henan, China)

Abstract; To investigate the molecular mechanism of cilp in the development of vertebrae and intermuscular
bones in zebrafish, we established a zebrafish cilp”” homozygous mutant strain by CRISPR/Cas9. The bones
staining of wild type zebrafish and cilp” strain showed that the loss function of cilp caused abnormal fusion of
vertebrae and deficiency of neural spine in mutants, and the number of intermuscular bones in cilp”” strain was
significantly reduced by 10. 27% , while the length of intermuscular bones did not change significantly.
Furthermore, we analyzed the expression levels of 14 bone development-related genes in five embryonic
development stages and 90 dph (days post hatching) adult fish skeletal tissue. The results showed that the
collala, sp7, smad4a , and smad5 genes were significantly differentially expression throughout the embryonic
development stages compared to the wild type, the expression levels of bmp2a, bmp2b, smad5, sp7, runx2a,
runx2b , and bglap in the skeleton of the 90 dph mutant adult fish were significantly lower than those of the
wild type zebrafish, which indicated that the cilp gene knockout down-regulated the expression levels of genes
in BMPs and SMADs families which consequentially repressed the expression of genes related to osteoblast
development. In summary, dysfunctions of the cilp gene might affect the development of intermuscular bones
and skeleton in zebrafish by suppressing the BMPs signaling pathway to affect the development of osteoblasts
and bones formation.

Key words: cilp; zebrafish; skeletal development; intermuscular bone; RNA-FISH
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