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Construction of cell lines with ring finger protein 31 gene
knockout and evaluation of its impact on the replication
of foot-and-mouth disease virus

ZHOU Tingting"?, ZHANG Wei’, LIU Huanan’?, CHEN Zhitong?, DONG Xingyan’, WANG Songhao’,
CAO Weijun?, ZHENG Haixue'?, PU Xiuying'", YANG Fan®"

1 School of Life Science and Engineering, Lanzhou University of Technology, Lanzhou, Gansu, China

2 State Key Laboratory of Animal Disease Control and Prevention, College of Veterinary Medicine, Lanzhou
University, Lanzhou Veterinary Research Institute, Chinese Academy of Agricultural Sciences, Lanzhou, Gansu,
China

3 Jiaxian Bureau of Agriculture and Rural Affairs, Pingdingshan, Henan, China

Abstract: [Objective] To investigate the function of ring finger protein 31 (RNF31) in the
replication of foot-and-mouth disease virus (FMDV) and to provide a theoretical basis for the
research on the molecular mechanism by which the host protein RNF31 regulates FMDV
replication. [Methods] CRISPR/Cas9 gene editing was employed to design two sgRNA
sequences in the exon segment of RNF31, and recombinant plasmids were constructed by
ligation with the pX459-puro vector. The recombinant plasmids pX459-RNF31-sgRNA were
transfected into PK-15 cells, followed by screening under the action of puromycin to obtain the
cell lines with RNF31 gene knockout. The effect of RNF31 gene knockout on FMDV
replication was detected by Western blotting, RT-qPCR, and TCIDsy methods. [Results]
Compared with wild-type cells, the knockout of RNF31 significantly increased the protein level,
mRNA level, and virus titer of FMDV. [Conclusion] We successfully construct the cell lines
with RNF31 gene knockout and prove that RNF31 plays a key role in the replication of FMDV.
This result provides data support for further research on the mechanism by which RNF31
inhibits FMDV replication.

Keywords: CRISPR/Cas9; ring finger protein 31; knockout cell lines; foot-and-mouth disease virus
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K 19B (ring finger protein 19B, RNF19B)., ¥f
¥8 & H 144A (ring finger protein 144A, RNF144
A). 15 & H 144B (ring finger protein 144B,
RNF144B), ¥ 4§ & H 216 (ring finger protein
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Table 1  Primers used in this study

Primer names Primer sequences (5'—3)
RNF31-sgRNA1-F CACCGTGGTCCGCTGCAACGCTCAT
RNF31-sgRNA1-R AAACATGAGCGTTGCAGCGGACCAC
RNF31-sgRNA2-F CACCGACTTGACCCCGCGCCAGTAC

RNF31-sgRNA2-R AAACGTACTGGCGCGGGGTCAAGTC

RNF31-F TCTTCCCTAGTACTTCCTGTT
RNF31-R TCCTCTGTGTAGCCATATAATC
FMDV-F CACTGGTGACAGGCTAAGG
FMDV-R CCCTTCTCAGATTCCGAGT
GAPDH-F ACATGGCCTCCAAGGAGTAAGA
GAPDH-R GATCGAGTTGGGGCTGTGACT
1.4.2 EZHRR pX459-sgRNA #&

1 2 X sgRNA 1) b TilEs| ¥R
10 pmol/L, AHN ¥ 35 1A R FN % ¥ 2 I LA 10x
PCR buffer UtEH 45, JE AL 2 >3k DNA R B
FIX 2 4> DNA F Be oyl 5 s bl J5 1) pX459-
puro ZAARIE i T4 DNA &R A T8, M
R R AL P 2 I8 T4 DNA &£ 6 .
2 AR o3 AL 2= R A TR DHS e J%
AL, WA T A A RPN LB B,
37 °CH5F% 12 he ¥EFRARPIE AT WIRVR IS, ik
R STRETR IK B T 5 A 2R bty LB #5551
Hr, 37°C. 220 r/min 557 14 h, I FEIK PCR
Y T B e, TR EUBOR A TI, CK
FIHERL I 2 A R 53 il o 448 pX459-RNF31-
sgRNA-1 Fl pX459-RNF31-sgRNA-2.,
1.5 YRS R STFiE
151 HfEEER

5295 PK-15 4y, #E47 1-2 WALAR, 2k
KBERE A AN E RN T 6 FLA . R4 % B ik
] 70%-80% W, #HATFEYL. 78 1.5 mL .08
A jetPRIME® buffer 0.1 mL, FHrp— B0
P A BB pX459-RNF31-sgRNA-1 2 pg, 7
— X B E I AR RL pX459-RNF31-sgRNA-2
2 ng, WEEIRGIRAT . HERTKE jetPRIME® reagent
RIERTAIRST, B 0.004 mL /il A & FkiiR A W

W IREIRZIRS), HEFE 10 min JEE A
Y. Bk 6 fLAR TP AIANIERT IR, K E AW
VLR T 2SI, BT 37°C. 5% CO, K%
FEFATEESE 24 he
1.5.2  4HRETHIE

B B 5EpUohi s gy 6 FLAR, Frdediit -
THW, 1 mLPBS {HUELHA 13, A 0.5mL
[, =WEE 30s 552, BT 37 CClRART
LB AR 8, hn A 1 mL 8535 50K 4 e 5 5 43
B, FAMIN 2 mL S5 RAEIR 535, R 2
6 fLARH, A AlIMAZREE A 1.5, 2, 3 pg/mL 1Y
AR, dksiEgR 3d, FE LW, Bk
2 mL By e A . 1 d 5 I IRRRE
fLARM T8, % 10 /mL 925 B B3R T 96 1L
Wb, 7 d e B MOIRES . A PR B Bk
VEIEH S TTRE AN, BRI
1.6 “MpEEE
1.6.1 PCR¥ LT

P RHMZIAE T 4 °C. 12 000 r/min B5.0> 3 min,
FF LI, IRIGERZ] DNA, %% RNF31 3
AT W% 1, MR PCR ¥ 1A R TR F S
% 2xPhanta Max Master Mix (Dye Plus) it B 45 ,
Py A B e BRI Yk S, kL R A
R s =l RN s /NI B o R LU v [N
RNF31 JE A B | 4 A E0RE B8 Y 4 if ik
fir 4 7 PK-RNF31-KO, ¥ RNF31 % [H 5 3 7
GIA K A AR 1 A0 BBk A 4% 4 PK-RNF31-WT,
1.6.2 Western blotting £ E

¥ PK-RNF31-WT F1 PK-RNF31-KO 4 Jfi 2
Fhz 12 fLb, Franfuss AR 2 80% i, AL
Jim A 2xSDS-PAGE loading buffer 0.2 mL, ¢ f#
FEWCEAIMRE 5o T 100 °CHIAA 10 min, % JiE
JRHIRAT, ¥ 12 000 r/min .0 1 min, Bk
W5 51T SDS-PAGE, #%E[1% NC € I, Dk Anti-
RNF31/HOIP antibody .
antibody & — $T , Goat Anti-Rabbit IgG H&L
(HRP), Goat Anti-Mouse IgG H&L (HRP) & —

Beta Actin Monoclonal
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i, #E4T Western blotting 434, ] RNF31 &
H A RIBTE AL
1.7 CCK-8 &N 4HpE5E 77

¥ PK-RNF31-WT. PK-RNF31-KO-1 Al
PK-RNF31-KO-2 4l {1 LA 4x10* ~/mL 114 % J& £
Tz 96 LMk, H4L 0.1 mL. B THEFRM P
8 h, WZLAMIAERARAS, FAHM B3, m
A H CCK-8 IR B 5 IR (1AL 0.01 mL),
TIEFEM TGS 4 h, HEAR I & 450 nm &b
FIWEEE . THE 2 AN A7E I 2R, 4 M el B
RNF31 £ PK-15 40 A= K35 7 5200
1.8 Western blotting & MR HEH

¥ PK-RNF31-WT., PK-RNF31-KO-1 Al
PK-RNF31-KO-2 #iffidfh 2 12 fLR, Friffs
FEAK 2 80% B, &Y% 5 FMDV., 7E 0. 6.
12 h JG 5 L bl , B fLn A 2xSDS-
PAGE loading buffer 0.2 mL, Z2fi# I Wi 8 40 itk
fho T 100 °CHIFN 10 min, WHEIRZIRS], =
& 12 000 t/min B.0> 1 min, HC I #8147 SDS-
PAGE, #%EJ% NC B 1. DL Anti-RNF31/HOIP
antibody . ¥t O %! FMDV £ i diik . Beta
Actin Monoclonal antibody & — 3T, Goat Anti-
Rabbit IgG H&L (HRP). Goat Anti-Mouse IgG
H&L (HRP) N —$t, #4T Western blotting 7347,
R RNF31 85 (RIS 7 2 1 I 8 T Ol
1.9 RT-qPCR #M7%3E mRNA

¥ PK-RNF31-WT, PK-RNF31-KO-1 il
PK-RNF31-KO-2 4Hfti4FP 2 12 Lk, Fratiffis
JEAEK Z 80% B, YL SF i FMDV, £ 0. 6.
12 h J5 5+ L4000 F3E W, BFLIILA RNA isolater
Total RNA Extraction Reagent 1 mL, % & 24 fi%
5-10 min, WCAEAHMEAE AR E RNA, AH RNA
SR SRR 22 AR Iy 2 B M-MLV (H-) Reverse
Transcriptase Y45, K75 cDNA, AHL SEE 22
Jt %€ # PCR {& & £ & Realtime PCR Super mix
plus VM43, GAPDH, FMDV . #5190
# 1. K FMDV A% mRNA K, A4
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H3IAEE, L2 YRR SRR
1.10 TCIDsy &M= EFEE

¥ PK-RNF31-WT. PK-RNF31-KO-1 #
PK-RNF31-KO-2 4Hff4Fh 2 12 Lk, R
JEERK Z 80% I, &Y%t FMDV, 7E 0. 6.
12 h Jo WA A B, K T RO R VR il
3, 4°C. 12000 r/min &5.0> 3 min, HC &M
ERTEEEE . % BHK-21 40450 & 96 FLAR ,
%41 0.1 mL. F DMEM 3535 5004 5500 5 0 55
WAE 10 F545 LU B, A BHK-21 40l
BfLolmL, BIWMBEERESANEL. 7
48—72 h HA [B) WL 41 95 A2 1 &L, AR H Reed-
Muench 1154 TCIDsg
.11 ZRitEDH

{di Fl GraphPad Prism 10.3.1 #4752
M, FHEHIMSEE £ . ns Fom P>0.05, *FoR
P<0.05, ** 3R P<0.01, *** R’ P<0.001,
#kxJEIR P<0.000 1,

2 ER599

2.1 FEHFRHK pX459-RNF31-sgRNA A

ke =

E

FJ J] CRISPR/Cas9 i [K % 5 £ R 7F #%
RNF31 FEEFHIE 1A+ X B 5529 bp
M. 52 MR T IX B 5956 bp 7 B 5T
sgRNA JFHI(El 1), 3@ FFIE, Bl sgRNA
R IAE 2 pX459-puro ZAKHT, K 54 TR 4
W iy 4 N pX459-RNF31-sgRNA-1, pX459-
RNF31-sgRNA-2,,
2.2 PR RNF31 EF /) PK-15 &
HBRES5ELE

DNA Ml FE45 5 an & 2A. 2B s, 45— 4
sgRNA FT#1 %2, PK-RNF31-KO-1 755 1 M4k
T XBAfA 1AM FEX], PK-RNF31-KO-2 7F
91N XBCRER 1 A X [R
Western blotting A5 & B, 2 #R XTI 40 i 34k
REAGIN 2] RNF31 #5 F13R3A (Kl 2C), KUY
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A CRISPR/Cas9 targeting pRNF31 genomic structure

Target#1 PAM
PRNES] 5'- CACGCC TGGTCCGCTGCAACGCTCAT GGGGAG-3
genomic NN AN | SgRNA-5 529
target 3 GTGCGG ACCAGGCGACGTTGCGAGTA CCCCTC 5'

4“I—H—I—-H-II HH—HHH— 8 799 bp

—_ ) Target#z e PAM

p 5'- TATTAA ACTTGACC(CGCGCCAGTAC (‘(‘(‘GGC-}'

genomic JLLLL RERRR sgRNA-5 956
target 3 ATAATT TGAACTGGGGCGCGGTCATG GCC((G 5

El1l JERNF31EREsgRNARITREE
Figure 1 Schematic diagram of pX459-sgRNA for porcine RNF31 gene.

A B C

GCTGCACGCCTGETCCGCTGCAAGGCTCAGEEGAGGTGAGGECT PK CTGCACGCCTGGTCCGCTGCAALGCTCATGGGGAGGTGAGGCCCA & o & &'
PK- - N AN AN AN

1 WM W m Y s A oA A C_ il 1a n \ LA Aa ﬁ') ﬁ') n) n)
RNF31-WT M J\w‘v‘A/\w“/\W L L M%g N RNF3-WT JJ\'wJ\Mf\;‘;u\ﬁ A H.*"L\/\/\f\f\f\”f My S SS$

33 340 3 3 370 340 350 3 370 %'%' %f{" «&'%’ %:Q'

GCTGCACGCCTGGTCCGCTGCAACGCTICATGGGGAGGTGAGGCC, [CTECACGCCTGETCCGCTGCAACGEITCATGGEGAGGTGAGECCCA) Q Q Q Q
PK-RNF31- m PK-RNF31- k\/ RNF31 | e |—130 kDa
KO-1 e M Al e AR [} KO-2 [ N Mttt 1l 1l B-actin 42 kDa

bl ol b gl il i S -

B2 #ZERNFIEESGFRARRNELE

Figure 2 Construction and identification of RNF31 gene knockout cell lines. A: Analysis diagram of Sanger
sequencing for gene deletion in PK-RNF31-KO-1 cells; B: Analysis diagram of Sanger sequencing for gene
deletion in PK-RNF31-KO-2 cells; C: Western blotting identification of RNF31 gene knockout cells.

T R RNF31 S 5% PK-15 45 . ns
2.3 FuPR RNF31 EExZHpE a5 150 |

w & 3 %, PK-RNF31-KO-1 F1 PK- ] -
RNF31-KO-2 ZHfifaii /15 85 A= BN HR A 3% 40 2 100f
HOGH 25 %, 34 R SEBFSE RNF31 76 FMDV g
S B D RERAL T R AR T EL AN &
2.4 B RNF31 ZE% FMDV & H7k S
Sz apAl

WP 4 FE s, BT i A (A K, PK- e
RNF31-KO-1 Fil PK-RNF31-KO-2 4 i ' FMDV ég\' @“’\’ g?’\
A8 1 3 3 3 T A R IR AT B, R & Q\& éf

PRRNF31 AT EMDY (P 3 RMIRNES R R R )

2.5 FYFR RNF31 EFXf FMDV mRNA  [ioue 3 Detection of cell viability in the RNF31

&= gene knockout cell lines. ns indicates no statistical
W 5 s, BEERYLRE M ER, 6 h significance. ns: P>0.05.
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A B skokkk kokk
PK-RNF31-WT PK-RNF31-KO-1 PK-RNF31-KO-2 i
~ Hokok = PK-RNF31-WT
Oh 6h 12h Oh 6h 12h Oh 6h 12h kDa g 1:5 e = PK-RNF31-KO-1
RNF31 ‘“ - e - }7 130 2 ] = PK-RNF31-KO-2
2 1.0+
VPO L 40 é.
[
VP3 - - o— — —— ) 6 .g 05k
VPI - —— 25 0§
B-actin k“-.--}— 42 &
0.0
VP1 VP3
12h

El4 RNF31ERERFRAMRAIFMDVEBRKFHIFN
Figure 4 Effect of RNF31 gene knockout cell lines on FMDV protein levels. A: Western blotting detection; B:
Intensity analysis of Figure A. ***: P<0.001; ****: P<(0.000 1.
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[E]5  SERTHE XS E 240 M RNF3 15 (5 55 bR 40 A 2 3
FMDV mRNA7K )50
Figure 5 Real-time relative quantitative detection of
the effect of RNF31 gene knockout cell lines on
FMDV mRNA levels. ***. P<0.001; P<
0.000 1.

skkskok.

12 h i} PK-RNF31-KO-1 F1 PK-RNF31-KO-2 4fi
it FMDV BYAHXT mRNA 7K - 5 22 25 B A= 71
XTHRANAE, FUTERE RNF31 2L H ol i FMDV
f) mRNA 7K,
2.6 FEuPR RNF31 £F %t FMDV %557
=Rz 0pAl

e 6 fron, B ERGETE M EER, 6 h Al
12 h B} PK-RNF31-KO-1 FlI PK-RNF31-KO-2 4
b FMDV (4955 8530 B I 25 5 T B AR AU X BE 4
Jfl, FEHIEER RNF31 L Al {2 #E FMDV k25
T
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ok kskok

[ [

= PK-RNF31-WT
=3 PK-RNF31-KO-1
— PK-RNF31-KO-2
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o]
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N
T

Virus titer/lg (TCID,,/0.1 mL)
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I

[El6 TCIDsUERNF31E E & bR 40AE R X FMDV
HIFZ )

Figure 6 Determination of the effect of RNF31 gene
knockout cell lines on FMDV TCIDs,. *: P<0.05; **:
P<0.01; ***: P<0.001.

3 W55 ®

CRISPR/Cas 1 Ay 11 4k ik [ 2 5 404k A1) 1%
DHEARZ —, 5548 R M5 K (zine finger
nuclease, ZFN) ., % S 300 R~ FF 2500 A% 2 ik 47
K (transcription activator-like effector nuclease,
TALEN)AHLL, FIXF HBYREPIFEA TR . IR AN
Bt DT 508 A AR 1 5 DS 4 71 gt
AR R B BAT A 2R A e
Fetl, TZRHTRAE . R RE . IRAR BN AR
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M %, W kes-16 M EAER . RNEHE 14, NSP14) 5 RNF31 454, MMz 24k

B B DIRE . H AT A K DL SR R
MRS, AL T E N T AR,
CRISPR 424k PR 4 i 1 ] Pt 4 21 S5 3 AH DG Y
R, S5 Bl B RER
fi A M. Li %38 12 CRISPR/Cas 4> 3% K 41
i 196 155 FH 780 7 JB 57 (influenza A virus, IAV)JE 4L
G FEE, 78 121 MEAPEE R E E
5 1 WD repeat-containing protein 7 (WDR7), %
i 2 e 25 4 J8k &5 1 115 (coiled-coil domain-
containing protein 115, CCDC115) fl i 5 55 H
199 (transmembrane protein 199, TMEM199) 5
BRI A . Peng SRR YE RS 4 3L N 4 % it
CRISPR/Cas9 i FR % , i i i v I 4 & ERBB2
5% ¥ 1 (transducer of ErbB2.1, TOB1) i 5% 7]
Ml FMDV &%t . Khasa 55! FH K 641
[ 98 40l 22 SNB-19 #E4T CRISPR/Cas9 4x 3 [A]
4, B A7 AR I R P AXL (receptor
tyrosine kinase AXL, AXL) /& % -k 5 7 (Zika
virus, ZIKV)EGL 0 O N+, milk AXL 7]
il ZIKV B

W5 R I E3 12 3 I B A 0 75 07 1h & 44
WENEH, ZFh B3 12 R % 2 APLAAR
BPURERNY, vz R AR RS
(ubiquitin-proteasome system, UPS) i ¥ #§ % &
1, MISZmms e 2 il . RNF31 /E RNz &R
B 20 %% & & 1K (linear ubiquitin chain assembly
complex, LUBAC) A~ A] Bl it 1) 5 B2 i 45,
& H I A& BLIFIE S RE 0% 8 1o R 43 AL 52 e
IRV A4z R B #210) B3 2 RiE#
A, e, VY T 4R 9 7 (hepatitis C virus,
HCV) & YL f5 , dE 45 ¥ 2 11 3 (non-structural
protein 3, NS3)5 LUBAC #HHAEH, KT
kB (nuclear factor-kappaB, NF-«B)2 75 1 15 25
(NF-kB essential modulator, NEMO)%?%J‘LM??%@
Z Ak, Wi NF-«B B9, AIE HCV gk
KR A S A5 MR 9 7% (human coronavirus,
HCoV) 14 4E 4% #4 £5 11 14 (non-structural protein

VST NF-xB, 1ZZ 461 NSP14 #i% NEMO M
M5 AR A S B, gl FAm A4 /R T RNF31
FEIR TR I (M) JE RN TR ¥EVE R, {H RNF31
Z 552 Hl DI RE M FHLH A TE2E

T HRSE RNF31 7E9% 58 E HilHh i Thae, A
F 5 #1 1 CRISPR/Cas9 & [H % i £ R & T
RNF31 JE P mi 4 1 PK-15 400 288, DUIRSY
RNF31 %} FMDV & il ) 5% i . % PK-RNF31-
KO 4 Jifl 5 B A= R4 il J& 2« FMDV B FEAR B4 7
S IE & B, PK-RNF31-KO 4 ffl /&% ¢ FMDV
J& FMDV £ FH/KF . mRNA ZKF190 250
R ETE, XAFS: T RNF31 HAH#H FMDV
ST IIRE . HEI RNF31 A] GEJ44 FMDV iy
G IR, IR . Ptk e EE Ok,
WFe AN AR R RefH E3 2 K&
fifgHl ] FMDV 4548 285 H s AR S5 B iz R ALRE
i, DT BELUT G 307 - () 4L 28 RN R 4 5 i8]
REMAL LR MYz AR B NEMO 25501, i
7 NF-xB 5 I 0 +# 2 (type I interferon, IFN-I)
{55, S IFN-1 SR HFA =4,
PEFEPUR B R IR e 5 . HAT G T RNF31 i #
FMDV )43 F ML i AT 48, v R iz 4 i &
FERLE 7 RNF31 4] FMDV & i 19/ FLH] .

Zr LTk, AR#F5E A CRISPR/Cas9 2 [
YR H R TE FMDV 5 /&40 PK-15 H# & T fil
[k RNF31 L4 R, A PLRFR RNF31 A] i@
FE i FMDV 18 /K . mRNA 7KF-F5 B8
TR . ASWESE TR A B B RNF31 8
FMDV & il By LI B AL T4 Fngn i si Y, o
i FMD 1 Bl 45 38 036 8 A9 B2 96 5L Atk RN vk 7 1 73
FM

&% STk = FR

Jtste . St AR, 5 OCE; K
Hi: el e, ROURE I, XIER . Phhsesit
it BRI hBISCERAE, Bkt A B
BYSCEOHRAE, FEACALER, EANZE. IROALHIHE St
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