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CRISPR/Cas9 Mediated Targeting and Regulation of Gene Expression

in Fish cells and Bacteria

MIN JUN SHIN

Department of Aquatic Life Medicine, The Graduate School,

Pukyong National University

Abstract

The Dbacterial adaptive immune system, CRISPR (clustered regularly
interspaced short palindromic repeats), have spotlighted as a powerful and
multi—-purpose technology for genome editing. Recently, the CRISPR system
expanded to the regulation of gene expression through the use of catalytically
inactive dead Cas9 (dCas9); up-regulation through CRISPR activation
(CRISPRa) and down-regulation through CRISPR interference (CRISPRi). The
CRISPRi can interfere the expression of specific genes like customized
DNA-binding proteins such as zinc—finger proteins or transcription
activator-like effectors (TALEs) have been used as tools for sequence-specific
DNA targeting and gene regulation. The nuclease-deficient Cas9, termed
dCas9, guided by a single guide RNA (sgRNA) binds a target in genomic
DNA without cleaving it, and the dCas9 - ssRNA complex interfere with
transcription elongation by blocking RNA polymerase (Pol) or transcription
initiation by disrupting transcription factor binding. The CRISPRa system are
expressed by wusing the dCas9 fused proteins can recruit transcription
activators such as transcriptional activation domains (ADs). In natural systems,
transcriptional initiation occurs through the coordinated recruitment of the

necessary machinery by a number of locally concentrated transcription—factor



ADs, so these ADs fusion protein can induce robust expression of target gene
by the sgRNA targeting promoters region of the gene near transcription start
sites (TSSs). In this study, By using the present CRISPR system and the
application technologies, we want to check the regulation of target genes in
fish cells, and differences of responses according to changed expression of
targeted immune-related genes. The differences are also checked with cells
knocked-out the genes by CRISPR-Cas9 system. We choose a subunit of
Hypoxia-inducible factor-1 (HIF-1), which is key role in cellular homeostasis
to hypoxia, as a target of CRISPRi system, and induced the down-regulation
of the target gene in Epithelioma papulosum cyprini (EPC) cells. Additionally,
in previous study the HIF-la knock-out EPC cells showed the resistance to
apoptosis and cytopathic effect (CPE) induced by Viral hemorrhagic septicemia
virus (VHSV) more then normal EPC cells, so changes of susceptibility to
VHSV in the EPC cell repressed expression of HIF-1la by CRISPRi system
were analyzed with the EPC cells knocked-out HIF-1a gene. By the CRISPRa
system, the activation of eGFP expression by targeting a CMV promoter in
exogeneous plasmid vector was analyzed in EPC cells, and we induced the
activation of Mx gene, known as antiviral protein, as endogenous target by
targeting a promoter of the Mx gene in Hirame natural embryo (HINAE)
cells. The repression of HIF-1a in EPC cells was analyzed through
Quantitative real-time PCR (gqPCR), and a robust and specific knockdown of
HIF-1a was detected. The changes of susceptibility of VHSV in the EPC cells
repressed expression of HIF-la were analyzed through comparing the time of
CPE observation with the HIF-1a knock-out EPC cells. The HIF-1a repression
EPC cells showed the similar resistance to that of HIF-la knock-out EPC
cells. The activation of target genes was also analyzed through qPCR, and the
expression of eGFP multiplied almost sixfold then control EPC, and the
expression of Mx gene also multiplied more then 20-fold then control HINAE
cells. By this study, the regulation of the target genes by the CRISPR

Vi



application systems was confirmed in fish cells, and in further study these
systems can utilize in several different ways by changing appropriate target of
the systems to induce dramatic effect. We checked that the cells repressed the
target gene by CRISPRi system showed similar response to the cells knocked
out the gene, this result show a possibility to use the system for

loss—of—function analysis.

The CRISPR-Cas9 system have developed as a genome editing technology,
and productions of mutant in organism become relatively easier than that by
past methods because of this technology. Because of this development, methods
for the production of mutant bacteria was changed from complex traditional
method such as using allelic exchange by conjugation to simple method; Using
only a vector expressing CRISPR-Cas9 system and a donor template contained
homologous arms for induction of Homologous directed recombination (HDR).
In this study, we choose a gene of alanine racemase (alr), an enzyme catalytic
for change lL-alanine to D-alanine that is essential for cell wall synthesis in
bacteria, in Escherichia coli (E. coli) as a target of CRISPR/Cas9 system, and
induced the mutation of alr gene in E. coli by this system. The production of
mutant strain knocked out alr gene was performed by transformation of
vectors expressing CRISPR/Cas9 system and containing donor template
targeting alr gene, and the changes of alr gene sequence in E. coli was
detected by PCR and sequencing of the gene. Conclusionally, the mutation of
E. coli was checked by sequencing of alr gene to equal donor template design,
and we checked the successful production of induced mutant strain of E. coli
by the system. This system can be extended out pathogenic bacteria in
aquaculture, and enable to induce mutation easily such as the auxotrophic

mutant, and at a further study, the mutant would be used as a attenuated

vaccine.
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kg glole] W A]~®¢l CRISPR (clustered regularly interspaced
short palindromic repeats)= &% 7} 2133 wu Qe AEs 42 3

A =TEN, g 545 A8 FAAE 22bsked ARSE A Y 5

=

H
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4 g 22o]a Q= CRISPR/Cas Al22®lQl type I12] CRISPR/Cas9
system< nuclease &4 S A4 &= Cas9 protein®} CRISPR RNA (crRNA)
9} trans—activating crRNA (tracrRNA)7} complexE o] Fo] ¥4 A=}
= 923l guide RNAZ A 5™, protospacer—adjacent motif (PAM)
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2t HA crRNAS spacer F&7 dA|3tE %4 FHAAE o)A o

2 Addt 4= 9ttt crRNAS tracrRNA+= single guide RNA (sgRNA)Z
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o] HAAH o Cas9¥ sgRNAS HaAoz E4 fFAAE #AHT
T e, o7 & FHA HY == M RAHOR AR EHI 9
t} (Cong et al, 2013; Mali et al., 2013). & o+ ©] CRISPR system=
S8t A WY =7t okd A BdES 2dete RN 8

i e, ole Cas9 nuclease €4S Y+ domainss (RuvC I,

ﬂll

HNH) mutationA] 3] &2 endonuclease &< %2 dead Cas9 (dCas9)<
3 o] Fo|xnt ol AA F AR FEEHeH, 24 FAAE A
+ CRISPR interference (CRISPRD)$} W2 #3d-S 23k CRISPR
activation (CRISPRa)Z i At} (Gilbert et al, 2013, 2014; Qi et
al., 2013). CRISPRi®] 7%, Zinc—finger proteins (ZFNs) 2Z&
Transcription activator-like effectors (TALEs)%S ¢ DNA binding protein

% B3 DNAS 54 9/149e 402 dho] #1048 2Ase /=



o] Wkt FAFsHA et} endonuclease B4 S 228 dCas9S sgRNA

= B3 #dA< promoter & operator regiono] ATAIZL S
transcription factor®] ZA3%-S 2o} transcription? initiationS *Wafdte] &

A A wds oAt AW, ORF Fiol Z@¥AZ 49, RNA
polymerase?] Z3 52 elongations W3ste] 7 HHAS AT 4 9l
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CRISPRa®] 7%, dCas9°| transcription activator® EHTE F U=
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2 dojy= dAAE EA Y Fo A% transcription—factor®] ADel 2
AAbe] o3k 7Ee]l oz A&y =1, o] dCas9¥ AD2 53A+=
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transcription start sites (TSSs) THE 2] promoterE sgRNAE §3 Ef
A" ste] Q19 A 02 transcription factor® E o rm EAZ FHz19
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proteine a2t B F+ 789 subunit® 2 A ¥ ™ normoxia &7l A prolyl
hydroxylase®] HIF-1a¢] proline Zt7]7} hydroxylation %9 von
Hippel-Lindau (vHL)¢} ¥F§-3to 2 FH|F"Ho] X = F3l¥= JH=Z
245 t7}F hypoxia #7404 hydroxylase”} A8 = o] kA olA LA
o] AAl WFE w1 9l= HIF-1B¢F heterodimerE ©]F¢] hypoxic response
elements (HREs)ol Z3tsle] 5A fFHAAE Z43I= transcription factor
2 235t} HIF proteinol]l 98] 24 ¥ = A= hypoxiaol] s Al
o @R Al delske AR dEA  deu, FHtel= HIF
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# A3 9Jt} (Carbia-Nagashima, A. et
al., 2007; Walmsley, S. R. et al, 2005). ¥ dFolx= ofF AxQ
Epithelioma Papulosum Cyprini (EPC) A|3elA HIF-lag CRISPRi
system®] ®H o7 o] T FHA LAY AE FEspAoH, FHH
S 2 CRISPR/Cas9 systemell ]3] =% HIF-1la knock-out EPC A3
9} &7 Viral hemorrhagic septicemia virus (VHSV)ol thak 7+ Ao =}
ol & #Fsta stk o= oju ol Ao Al HIF-1a’} knock-out®

FAAE Dde= Axod v VHSVel <3
CPES} apoptosisel sl =2 AdAEE &Asti7] wiiEol HIF-1a7b 9
Ad AzollA vevs 3 wae] ®azk v (MS. Kim and
KH. Kim, 2018). CRISPRa system< T%3t71 98] ©dad AD

2

EPC M X7} AHdHo=

candidate o] & & olgtar <41z VPR domin (VP64, p53, Rta)S A4
3to] dCas9o § &3ttt (Alejandro, C et al, 2015). ©o]E o] &3to] WA
AR FHA I HLES FEE7] s CMV ptromoterE =3
eGFPE ZdslE Fghan =9 CMV promoterE ¥4 o= eGFPe it

d= EPC AZeA 5 sfdow, ofF ulf w3 AddS F&Es
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1. Al 9 nplolgy| A

Aglo] A8% M X American type culture collection (ATCC)olA &
G2 EPC (ATCC CRL-2872)¢, {AolA £&3 HINAE cell line
(Kasai, H. et al, 2001)e]H, ©]+= Leibovitz L-15 medium (L-15, sigma)
o Penicillin (100 U/ml), Streptomycin (100 xg/ml) A= (WELGENE)
9} 10% fetal bovine serum (FBS, WELGENE)o] A7} wj %ol A #j 5]
Ath EPC AlEE 28°CollA], HINAE A2 25T A wld=qlct.

Hlol g 2= x| Wojola] E&3 VHSV (viral hemorrhagic septicemia
virus) KJ2008 strain (GeneBank: JF792424.1)& AF-&3}giom, nio]z)~

A A9 A 2% FBSE A7hd wAE ALgatae.

2. CRISPRi ¥ CRISPRa system & vector A%}

endonuclease &4 S 92 dCas9g A%sl7] 98, CMV promoterE %
3 bl plasmid <FollA human optimized Streptococcus pyogenes
Cas9 (hSp Cas9)¥ sgRNAE W3 sl= All-in-one Cas9 SmartNuclease

™  Vector (System Biosciences)E A2 site-directed mutagenesis



(SDM)& F3 Cas99 nuclease domaing HIEA3t Azt 3 WA
domainS Cas9 protein®] 10H A ofv] =2kl aspartic acid (Asp)E
alanine (Ala)o.2 &3l (D10A) ¥ &8t 83, F WAl domains
840 A ofm] =2kl histidine (His)S Ala® =] $ksle] (H840A) H] 27 3}
A AT F7FH o R Cas9 d  cassette?} sgRNA & cassetteE
restriction enzymes &3l AMEZFT F JEFH SDMS F3 enzyme site
2 Fted o, FEEE enzyme siteE SDMS £@) Al AT E34
M oA vector®] transfection©] & selectiong 3}7] 93] pFC vector
(System Biosciences)®] kanamycin/Neomycin  resistance cassette=
cloning3}o] restriction enzymes &3l 7]&9] kanamycin cassette®} =] 3
3tttk VPR activation domain< Addgene°l 4] #+%wke SP-dCas9-VPR
(#63798)= restriction enzyme site®} $H7| cloning 3] pGEM-T Easy
vector (Promega)E &3l T%He o|F 7]FE9 vectore] dCas9d C
terminaloll /] @dE 4 AEE restriction enzymes E3l F7FsF T}

sgRNA cassettex= pGEM-T Easy vector AolA SDM<S S zHzhe]

5

Ao EolHowg BS 4 JEF rAlslo], restriction enzymes &3
71E9] A AFsts JAo2 AFSEG o, sgRNAC 5 &85 3 5'¢
G 3Fdde]  F7FHQl RNAZE §lEE  self-cleavages do7|&
RibozymeS 235l o™, Z+Z Hammerhead ribozyme® HDV ribozyme
S AFE3lE RGR systemS £3] sgRNAZS W3st=2 &ttt (Gao Y,
Zhao Y. 2014). sgRNA?] guide sequence= sgRNA®S| design tool
(http://www.rgenome.net/be-designer/, http://chopchop.cbu.uib.no/) &

Z 3 predictiondt FHE T3 A5 HIFES #4802 3 H$- EPC
cell®] genome projectel]l <3 3 2 HIF-1lao] ©igk 2759
paralogue (HIF-la-aa, HIF-la-ab)& AY&d], o]z oA HIF-1la



-ab7t A 2hAAE A Tsta dove Aes A4 oEnR

(M.S. Kim and KH. Kim., 2018), HIF-la-abE& X422 3} guide

sequences TSt ES ORFl ™t sgRNA<9l #-2 Qxd uw&

interference®] &&< Hlwa|H 7] 98] HIF-1la ORFY &, %, 3= %4

o7 3SIEE 3709 sgRNAE fAkel 39tk Mx promoteret CMV

promotero] ha gRNAY: old A5 Fasle] TSSEHE 500bp W&
=

2 A3etEE gkl ATt (Gilbert LA et al., 2014).

A. HIF-1a-ab

QRNA of Upstream (152 .. 171) @ oRNA of middle-stream (703 .. 722)

[
Z507 00! 7500 000! 12507 gec

[ 7 == _ 1 T eeaesssses (00 S Bees 0000 1 O wme s 400000000 000

EPC HIF cDNA ORF-1451
1451 bp

B. pc-eGFP

15000

bGH poly(4) signal

PC-€GFP-PURO (235 .. 1805)
1571 bp

C. Promoter region of Mx gene

- -
Toor Soor T

nese flounder,Paralichthys olivaceus, Mx promoter
119559

Figure 1-1. Positions of sgRNA for CRISPR systems. (A) sgRNA
positions for HIF-la-ab gene repression. (B) sgRNA position for CMV
promoter to activate eGFP gene expression. (C) sgRNA position for

promoter region of HINAE Mx gene to activate Mx gene expression.



3. CRISPR system 2d A% A%

-

FAA @y z24dS 9% CRISPR activation®} CRISPR interference
systems WA= ATZ A2e7] 98 Neon® Transfection system
(Invitrogen)=S ©]-&3}o] Z}7}9] vector&< transfection 83ty CRISPRI
system & vectori= EPC Al ¥ transfection FH o™, o]F G-418
(800 pg/ml, Sigma)< ¥3F3F L-158 A ol A selectionS E3f v k= Sl
CRISPRa system 24 vectori= EPC A9 transfection 3¢ G-418%
Z 3 selectiond}td ™. selection ©]% target?d] CMV promoterE %3
eGFPE w3 3dl= pec-eGFP-PURO vectorE F71%4 9 & transfection 3}
puromycin (400 mg/ml, Sigma)< &3l selection % th. HINAE Al 3]
/1= CRISPRa system ¥&d vectorE transfectiondle] G-418 (400 pg/ml)

S =34 selectiondte] v %3} T}

=~
Jo
B
2
1E
r (]
M
o

7k system® e AFRE Fldtr] 7o) system  vector<]
sgRNA cassetteE® A Aoz dCas9 52 dCas9-VPR #He &&=
control cell& AZetAth. ol=3 7 2474 AAx AEES 6-well
plated] 3x10° cells/welle] ¥ %2 uj¢ksle], Hybrid-R Kit (GeneAll,
Korea)E %3l 7 AlZ9] total RNAE #e|st3ith. #2l8 total RNAE



DNase & #83to] Riboclear plus Kit (GeneAl)S 3] AA o= 2+
o] DNAE AAsFA. F=3 RNA 1pge® Oligo(dT) primerE 3t

St Transcription Master Premix (Elpis, Korea)E E3| complementary
DNA (cDNA)E #A4dtsith &4 8 cDNAE RT-PCRS &3l &4 e &
&2 house keeping gene®l B-actin®] Wd ¥} Hlwste] A S F5)

A S gl o, control celle] BHAHFS 7|Fo2 HEd 52 o

EY
oz
oz,
o
48
i

A A& T} quantitative real time PCR (qPCR)& 5 ul
o] 58 g4 ¥ cDNAS 5 pMe| 3k 249] primer 1 ulE ¥3H3F 20 plo &
2o 2 2x SYBR Green Premix (Enzynomics, Korea)E AF&3Fo] gPCR
333kt gPCRS Light Cycler 480 (Roche)E %3 o] Fojxow,
272 WA 95 °ColA] 15% &< pre-incubations G335k, o] F 95

°C 10%, 60 °C 10x, 72 °C 20%E 3} cycle® & 303] F3ys}H ).
5. VHSV| t)3t Susceptibility B]

7z}7+¢] CRISPR systemo] %8 % EPC AlXE 3x10%35mm dish7} &=
Z et & v H oA st HH o= 20T, 15CE w39 VHSVE
2% FBS L-158 %2 w43t MOI 0.001, MOI 0.0001, MOI 0.00001¢]
T2 VHSVE #HZEsgo) vlolgl HE 24, 48, 72, 96, 1204 7F o] &
7te] Aol CPEE dn4dS Zd a7 AlxeA CPEZF YEl
Ue AAS Hlaste]l VHSVe gk zreAd o] Waks S48kt

7+

10



Real-time PCRE &3t Aujds AdolA WHEF9 {22+ one-way
analysis of variance (ANOVA)E &3l A3ttt P value® 7]+ GP
Prism style®2 %7] 3Fth  (p<0.1234(ns), p<0.0332(x), p<0.0021(xx),
p<0.0002Cx3x), p<0.0001 (sx3k))
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A. All-in-one Cas9 SmartNuclease™ Vector
T2A peptide

v
hSpCaso | CopGrp | were

B. CRISPR editing Vector

4

T2A peptide

A

hSp Cas9 CopGFP [H WPRE mm [ gRNA |

C. CRISPR interference Vector

T2A peptide

v
m hsp dCas9I CopGFP [H WPRE gRNA -|p(A)|—| NeoR |-

D10A, H840A mutation Targeting HIF-1a gene

D. CRISPR activation Vector

hspdcaso] | ver | were F@\b—. oRNA JHBV]{pa)H Neor |

D10A, H840A mutation Targeting CMVp or Mxp

E. pc-eGFP-PURO
eGFP Cesvao > puror |

Figure 1-2. Construction of CRISPR application system expression

4

¢

!

4

vectors. (A) Origin of CRISPR vectors, All-in-one Cas9 SmartNuclease
vector. (B) CRISPR vector for genome editing. (C) CRISPR vector for
repression of target gene. (D) CRISPR vector for activation of target
gene. (E) Target plasmid of CRISPRa system for activation of eGFP

expression.



Table 1-1. For construction of CRISPR vectors

Name Sequence (5-3")
AAAAAGTATAGTATCGGACTGGCTA
D10A SDM F
TTGGCACTAACAGCGTGGGA
TCCCACGCTGTTAGTGCCAATAGCCA
D10A SDM R
GTCCGATACTATACTTTTT
CTGTCAGATTATGACGTGGATGCTA
H840A SDM F
TCGTCCCACAGTCATTCCTG
CAGGAATGACTGTGGGACGATAGCA
H840A SDM R

Cas9 input Avrll SDM F

Cas9 input Avrll SDM R

Cas9 input BamHI F

Cas9 input BamHI R

Cas9 input Aflll SDM F

Cas9 input Aflll SDM R

RGR input Nhel SDM F

RGR input Nhel SDM R

RGR input BssHII SDM F

RGR input BssHII SDM R

VPR AvrIl F
VPR Sall R

Mx sgRNA SDM F

Mx sgRNA SDM R

TCCACGTCATAATCTGACAG
CTGTCCCAGCTGGGGGGAGACCCTAG

GAAACGCCCAGCCGCCACCAAGA
TCTTGGTGGCGGCTGGGCGTTTCCTA

GGGTCTCCCCCCAGCTGGGACAG
GTGGGCATCCACGGCGTGCCCGGATC

CGACAAAAAGTATAGTATCGGAC
GTCCGATACTATACTTTTTGTCGGA

TCCGGGCACGCCGTGGATGCCCAC
CTGTCCCAGCTGGGGGGAGACCTTAA

GAAACGCCCAGCCGCCACCAAGA
TCTTGGTGGCGGCTGGGCGTTTGCTT

AAGTCTCCCCCCAGCTGGGACAG
CTTCGGCATGGCGAATGGGACGCTA

GCGGGCCCGTTTAAACCCGCTGAT
ATCAGCGGGTTTAAACGGGCCCGCT

AGCGTCCCATTCGCCATGCCGAAG
ACTATAGGGAGACCCAAGCTGGCGC

GCGCCTCCCTGATGAGTCCGTGAG
CTCACGGACTCATCAGGGAGGCGCGC

GCCAGCTTGGGTCTCCCTATAGT
CCTAGGCCCAAGAAGAAGAGGAAGG

GTCGACTCAAAACAGAGATGTGTCG
ACGAGTAAGCTCGTCGCCATCGGGCA

ACTATTACAGTTTTAGAGCTAGA
TCTAGCTCTAAAACTGTAATAGTTG

13



Mx sgRNA HHR SDM F
Mx sgRNA HHR SDM R
CMV sgRNA SDM F
CMV sgRNA SDM R
CMV HHR SDM F

CMV HHR SDM R

HIF middle sgRNA SDM F
HIF middle sgRNA SDM R
HIF mid sgRNA HHR SDM F
HIF mid sgRNA HHR SDM R
HIF down sgRNA SDM F
HIF down sgRNA SDM R

HIF down sgRNA HHR SDM F

HIF down sgRNA HHR SDM R

CCCGATGGCGACGAGCTTACTCGT
GGGAGACCCAAGCTGGCTAGCGATG

GCCTGATGAGTCCGTGAGGACGAA
TTCGTCCTCACGGACTCATCAGGCCA

TCGCTAGCCAGCTTGGGTCTCCC
ACGAGTAAGCTCGTCCTTACGGTAA

ATGGCCCGCCGTTTTAGAGCTAGA
TCTAGCTCTAAAACGGCGGGCCATT

TACCGTAAGGACGAGCTTACTCGT
CGCGGGAATTCGATTGCGCGCCGTAA

GCTGATGAGTCCGTGAGGACGAA
TTCGTCCTCACGGACTCATCAGCTTA

CGGCGCGCAATCGAATTCCCGCG
CGAGTAAGCTCGTCAGGAAGGTCTT

GCTGTCCAGGTTTTAGAGCTAGAA
TTCTAGCTCTAAAACCTGGACAGCA

AGACCTTCCTGACGAGCTTACTCG
AGGGAGACCCAAGCTGGCGCGCCTTC

CTCTGATGAGTCCGTGAGGACGA
TCGTCCTCACGGACTCATCAGAGGA

AGGCGCGCCAGCTTGGGTCTCCCT
CGAGTAAGCTCGTCGAAAGGGAAGT

CCTCTGCTCGTTTTAGAGCTAGAA
TTCTAGCTCTAAAACGAGCAGAGGA

CTTCCCTTTCGACGAGCTTACTCG
AGGGAGACCCAAGCTGGCGCGCCCTT

TCCTGATGAGTCCGTGAGGACGA
TCGTCCTCACGGACTCATCAGGAAA

GGGCGCGCCAGCTTGGGTCTCCCT
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Table 1-2. For Real-tim PCR analysis

Name

Sequence (5-3)

EPC B-actin realtime F
EPC B-actin realtime R
EPC HIF-1a ab realtime F
EPC HIF-1a ab realtime R
HINAE B-actin realtime F
HINAE B-actin realtime R
EGFP realtime F

EGFP realtime R

AAGGAGAAGCTCTGCTATGTGGCT

AAGGTGGTCTCATGGATACCGCAA
CTCTGGTGACACAGAGAAAGA
CTCAGATAGGACCATGAGGAAAC
GATCTGGCATCACACCTTCTAC
CATCTTCTCCCTGTTGGCTTTA
GAACCGCATCGAGCTGAA
TGCTTGTCGGCCATGATATAG

15



m. 2 =

1. CRISPRI system©®] 23 HIF-1la gened A

Control AIX2Z4 sgRNA ¢lo] dCas9wts wdsl= EPC A*E<l CRISPRI

control M E¢ B3NS W, CRISPR interference system= ©|-&3to] HIF-1a
o] HES oA A7l MEES HIF-1a @3 o] gy oz Adxd AL &9l
T AAJTh. T3 sgRNAY binding siteo] WE interferenced &< H s X
S o, BF Foust Fdx dAE do7]A 7 CRISPRi Middlestream A7}

M} = 28 HIF-1a9 2dS JAs)

of
rir
2
o
o
o
o
2L
2
=
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Figure 1-3. The HIF-1la gene expression of CRISPRi control cells,

normal EPC cells, Delta HIF-1la cells and HIF-la repression groups
(Targeting Upstream, Middle-stream and Downstream of HIF-1la). The
expression of genes was analyzed through gPCR. Statistical significant
differences between groups are indicated with asterisks, p<0.1234(ns),

p<0.0332(x), p<0.0021(xx), p<0.0002(xx), p<O.0001 (s,



2. VHSV] &3 CPE %4 Hl L

Normal EPC AX¢} &7 sgRNA ¢l¢] dCas9 ¥He @& s} CRISPRi control
EPC Al* ¢} vl et S w), HIF-1la #AAS gAA7 1

of dg Aol =& Aew FQAHAN, 53] PCR ZHdA M =& 58
o] dAE YERAY HIF-la FAA2] middle-streams ¥4 o2 FAW 1
o 4 HIF-1la % A7} knock out® delta HIF EPC A9} fAFskAl VHSVel <

g CPE°l dial =2 AZES Udell= A& &A= Ak
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" CRISPR Upstream ‘ CRISPR} Middle-stream }o _ : CtRlSPRijDowr"lstre_t_am

Figure 1-4. Observed CPE at 120 h post-infection of VHSV of MOI
0.00001. CRISPRi control EPC expressing only dCas9, Normal EPC,
HIF-1a knock out EPC, and HIF-la repression groups (Targeting

Upstream, Middle-stream and Downstream of HIF-1a).
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3. CRISPRa system= &% X3 F3AA Fidd %

CRISPRa system< %3} exogenous reporter gene® activations 213}7] 93|
negative controlZ# CMV promoterE %3 eGFPE 2&3}l+= pc-eGFP plasmid
WS xd EPC A9t vlwd e,  control AlES U3 pc-eGFPE 3HA
CMVE ##¥ o= 3t CRISPRa vectorg AU 2879 eGFP @S v s}
GS w, oF 68 Jre] Aol HAd HE AS AT = AT} endogenous

3 FAAQ] Mx FHAE HFHoR 3 H$ control AES gRNA ¢l9]

dCas9-VPR¥HS st HINAE A6 B8] Mx promoter regions (4O =
3 CRISPRa vectorZ A Y= HINAE Ao 2 =5 <fF 200 o] Hado]

HE A% #AT 5 9Tk
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EPC pc-eGFP control CRISPRa+eGFP
Ct values of eGFP expression in EPC

Figure 1-5. Expression of eGFP targeted CRISPRa system with control
cells. Normal EPC cells, EPC cells transfected pc-eGFP as control cells
and EPC cells transfected pc-eGFP and CRISPRa vectors. The
expression of genes was analyzed through gPCR. Statistical significant
differences between groups are indicated with asterisks, p<0.1234(ns),

p<0.0332(%), p<0.0021(xx), p<0.0002(x:), p<O.0001 (),
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HINAE CRISPRa control CRISPRa Mx #1 ERISF‘F:J Mx &2
Ct values of Mx gene expression in HINAE

Figure 1-6. Expression of Mx gene targeted CRISPRa system with
control cells. HINAE cells, CRISPRa control cells and Mx activation
groups (Mx #1 and Mx #2). Statistical significant differences between
groups are indicated with asterisks, p<0.1234(ns), pP<0.0332(*),

p<0.0021 (), p<0.0002(xx:x), p<0.0001 (),
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)

FAX HF =G24 CRISPR-Cas9 system®] s thoksl 7)) A o A
A EQWolE AFTE = AA HJATE ool wEl suicide

vectorES ©]&3F allelic exchange -2, DNA binding proteins (ZFNs,

) 524

b

TALEs)E ol&st= o H3stal, anjgat AlZbE 8 shs 71E9] Al
T Eddoe] fx w4 S &3sta (Fyodor D.U.,, 2018), CRISPR-Cas9
systems ¥ 3t plasmid vectorg 8l FA 2 double strand-break
(DSB)E WA A 7] 3L, Homologous directed recombination (HDR)S &=
& Donor templateE: T HFTOE E4A Y=g 2 AWl E F=F
T A HAG B AFNM= Escherichia colis ¥H o2 3] AL
Aol 442l D-alanineS L-alaninel 258 W33st= 42 Alanine
racemase?] FHAZ knock out AZ|LAF AT o= 98] Aol A
CRISPR/Cas9 system= @3 F & vector$t E. coli® alr 7ol
3k donor templateE #|2I3ke] o] F3 E coli mutant straing A4t

st sl
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O. Az 32 AH

Escherichia coli= HDRE 938 RecA geneo] A|AFHA & MC1061 strain
(Casadaban et al., 1980)& competent cell® A}&3F o™ Luria-Bertani (LB,
Difco) ®jAlellA 37C= wjFHAet. 2o A5, 443 FAA (ampicillin,
kanamycin)Z wjA ol F7}s] FRov, HAF Fx=7F 50 pg/mlo] HEE A5t

At

2. Bacterial CRISPR editing ® & A %}

Bacterial CRISPR editing vector= All-in-one Cas9 SmartNuclease™ Vector
(System Biosciences)®] hSp Cas9< °o]&stiom, ddE ] o]
Aol (Choi et al., 2010) 5% E. tarda®l constitutive promoter
(G02)E F3l Cas9s HdsEE sttt GO02 promoter (HindId, Spel)<}
Cas9 (Spel, PstD)S 23 9] restriction enzymes X383t primer® Z}7};
PCRE &3 pGEM-T vectorE &3l cloningste] pUCI8 plasmid
(GenScript)°ll ligationd}te] Cas9 protein?hS L& 3= vectors A #Hs} S

t}. sgRNA¢°l w&3} donor templates X33+ vectori= All-in—one
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Cas9 SmartNuclease™ Vector?] sgRNA cassetteES PCR% W, primers
&3l promoterE ©]H Aol A F-=F¥ prokaryotic constitutive promoter

PR)Z uAsg o, 9 FA3A cloningd sgRNA cassetteE primer

ke

of E3wo] AW restriction enzyme site (Sall, BamHDE %@ pFC
vector (System Biosciences)dl ligationdt3l o™, SDM<S E38] E coli®
alr FAAE FARoR F%E  guide sequences  sgRNA  design  tool
(http//wwwirgenomenet/be—designer/)S %3l predictiond 7] L& X3+ o)
Homology arm= High Pure PCR Template Preparation Kit (Roche)<
%3l E coli®]l genomic DNAE #E|dto] Z Alete] alr gened] 37 2ot
%02 500bp, 5 E o= 500bpe PCRS &3] 5%3 2™, primer
o X3td FEFH sequenceE ©|83}o] assembly PCRS E3& 39
fragment® ZH3FAth ¢4 ¥ homology arm< pGEM-T vectorE 53l
cloningd}e] restriction enzyme (Sacll, NdeD<S %3] sgRNAZ 3¥3}3k

pFC vectoroll 4% &ttt

3. alr knock-out E. coli A%}

E. coli®l 7%, heat-shockol 3 @& %<l transformation®] 7}s3dl7] wj&ol
RecA+ strain®l MC1061 E. coli straing competent cell® A Z3}o] Al-83}% o
M, Cas9 ¥3d vector®t homology arm= ¥3F3F sgRNA %3 vectorE F A<l
transformationd}®] ampicillin®} kanamycin =55 ¥3%3F LB plateo] =3k
t}. selection @ 7HA 9 alr gened Alve FA Ao wF B&EE primerE =3

PCR3lo] %3 & PCRAMES Hindll %3 restriction$t S 2 donor templateZ
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=23 <9H oz 493 Hindll restriction sited] &4 %2 <ls %t PCR
AFELS HindIl restriction ©]%, 0.9 % agarose geldl A A 7] 9% o] restriction

FEE WEY 278 BAFoR FAsA FHon Aie FU4E FF

&

PCR fragmentE sequencing service (Macrogen, Korea)E %3 sequencing3}

o] donor template?} &3 HEJZ in-del (insertion or deletion of bases in a

genome)©] oY =AE F2lslit

R
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A. All-in-one Cas9 SmartNuclease™ Vector

4@ hSp Cas9 — WPRE —|_E> gRNA |p(A)[—

B. Cas9 expression Vector

hSp Cas9 —{ rrnB T1 | AmpR —

C. Donor&sgRNA Vector for E. coli

HindII Insertion

\ 4
—@— sgRNA HrmB T1 [ Homoldpgy arms — KanR -

E. coli Alr gene

Figure 2-1. Construction of bacterial CRISPR editing system
expression vectors. (A) Origin vector for Bacterial CRISPR editing
vector construction. (B) Cas9 expression vector for prokaryote. (C)

sgRNA expression vector contained donor template.
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Table 2. For Construction of bacterial CRISPR editing vectors

Name Sequence (5°-3")
G02 F HindII AAGCTTCGTCCGCGCCGTCGGTAAGCG
ACTAGTAGAGAAGAATGCCGGCGGGAAG
GO02 R Spel
ATCCCGGG
GCATGCACTAGTATGGACAAAAAGTATA
Cas9 F Spel
GTATCGGACTGGATATTGGCACT
CTGCAGTTAGTCTCCCCCCAGCTGGGACA
Cas9 R Pstl
GGTCGATCC
GTCGACACGTTAAATCTATCACCGCAAG
pR F Sall
GGATAAATA
GGATCCAAAAAAAGCACCGACTCGGTGC
sgRNA R BamHI
CACTTTTTC

E.

E.
E.
E.
E.

=

& &

coli

coli
coli
coli

coli

coli

coli
coli

alr Left arm cloning F

alr Left arm cloning R
alr Right arm cloning F
alr Right arm cloning R

alr sgRNA SDM F

—

alr sgRNA SDM R

—

r mutation detection F
r mutation detection R

a
a

—

ATGCAAGCGGCAACTGTTGT
GCTAGCAAGCTTTTTGGTTCATCCGCG
AAGCTTGCTAGCGGCGCAACCGAGAAA
GCGATACGTTCTACGGGCAA
TACTAAGGAGGTTGTCGCGCGGATGAAC

CAAAATGGTTTTAGAGCTAGA
TACTAAGGAGGTTGTCGCGCGGATGAAC

CAAAATGGTTTTAGAGCTAGA
CCGCAGTACGACGACGAATA
TCGCGACCCTTGAAGTCTGG

31



m. 2 =

1. CRISPR editing systemo] <3 E. coli mutant
strain A| %}

E. coli®] Aot ZAetdt= primers §3 alr 442 PCRE & 5%k
S o] 1136bpe Z7]E AYAW, indele] ¥ojy HindI restriction enzyme site
7} =719 9S AS, Hindll A glel 9 &) restriction®] ¥ojvt 570 bp Z71 S o}
BiAl do. d719Es 3 1 A7]E dFESAS W, £ 2719 1136 bp
7F obd ¢F 570 bpel WH=EE FAst= AHAS Rl o, sequencing AHE T
3l donor template®] TR} FA3 FEZ in-delo] Lo}t o=zt g2 =9

Hol7b fr=d A& 4T F AATh AR E. coli®l B, dadX 2k

re

9)&] & 3= D-alanine isomerase°]| 23] D-alanines A 4 U=

HA A27F o2 2 D-alanines g3 T4 Zolx A= 5= JATh
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Figure 2-2. HindIl restriction of PCR products in E. coli. (white
arrow) about 570 bp as restricted size. (black arrow) 1136 bp as normal

E. coli PCR production.
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sgRMNA

|CGCGCGGATGAACCAAAA Ta

SCGGTGAATATCGTCAGCCATTTTGCGCGCGCGGATGAACCAAAA TGCGGCGCAACCGAGAAACAACTCGCTATCTTTAATACCTTTTGCG:
1 ' 1 ' 1 ' ! ' 1 ' ! ' I ' 1 ' 1 '
T 1 T 1 T 1 T 1 T T T T T T T T T T

IGCCACTTATAGCAGTCGGTAAAACGCGLGCGCCTACTTGE T ACGCCGCGTTGGCTCTTTGTTGAGCGATAGAAATTATGGAAAACGE”
Alanine racemase

JCGGTGAATATCGTCAGCCATTTTGCGCGCGCGGATGAACCAAAA TGCGGCGCAACCGAGAAACAACTCGCTATCTTTAATACCTTTTGCGY

CGGTGAATATCGTCAGCCATTTTGCGCGCGCGGATGAACCAAAAR GCTTGCTA-CGGCGCAACCGAGAAACAACTCGCTATCTTTAATACCTTTTGCG.

| \J
HindIl (561} AAGCTT
1 site

(AindIT) TH.GAA

BCCGGTGAATATCGTCAGCCATTT IGCG{X}%{X}GATGMOCMN\IAGCHGCTAGU}GOGGMODGAGAMCMCTCGCTATCI TTAATACCTTTTGCG

CGGCCACTTATAGCAGTCGGTAAAACGCGCGCGCCTACTTGGTTTTTCGAACGATCGCCGCGTTGGCTCTTTGTTGAGCGATAGAAATTATGGAAAACGT

ki Rightam ____|

Figure 2-3 Confirmation of E. coli genome editing. (Black box)
Sequencing result of PCR product from the colony detected HindII

restriction.
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vhg|gole] W A|~®lQl CRISPR (clustered regularly interspaced
short palindromic repeats)+= &% 7P ZF3 w3 9= 743 44 A

Y ETE, S BAS A8 #0948 245 Agse Ax gk

FH<tol = ©] CRISPR systems §83t] F32 2dS 43 =42
A g xo]xa ¢l=d|, °]+= endonuclease domaine] ¥ &A1 3} ¥ dead

Cas9 (dCas9)& Fal ol Fojalth ol 27 % A2 FRuEd, T4
FHAAE JA s CRISPR interference (CRISPRi)®F Wbtz #ihdl S £
L3+ CRISPR activation (CRISPRa)® Y& 4 3t} CRISPRiY 7%,
Zinc—finger protein <& Transcription activator-like effectors (TALEs)
& 3 DNAS 54 d7149S 42 g fdAE x4ds= 7=E
o] WAl3 fALSHA, endonuclease €4S 22 dCas9¥ single guide

RNA (sgRNA)E &3 4 fFdAte] &84 om 2o FHxE A=A

&2

i1 RNA polymeraseE %o} transcription elongationsS W&l s A
transcription factor® 23S &0 R transcription initiations waj 3}
EA FAAe @3S oA 3tr. CRISPRaY 7A-$, dCas9el transcription
activatorE® 23 & 4 9+ transcriptional activation domains (ADs)¥} Z+
< @Eds g@ste] AMESH AdH 0w dojys AAbeE 5A $1A

A= transcription-factor®] ADel <38 Ao F Q3 7|AE5o] Helo

_4

2 AFE =Y, o] dCas9¥ AD9 E &A= transcription start sites
(TSSs) FWH-9] promoter regions sgRNAZS F3] FH o= 3lo], 219

1 © & transcription activator® R oz EAHT FHdxe] sk g
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S 5T & ok 2 dAFdAe dA AdF38 CRISPR-Cas9 system 2
o8& 7lEES ofF AE StelA A&t 1A Al e 243 3
7l o]n] CRISPR-Cas9 systemel 23] 58 54 W9 Fdx7F 294

o

o5 AMEet Hluste] ezl e xkolE #ESES T CRISPRI system
= ©ol&3ste] hypoxiacl W3I AE FFAHANA FAHAN JLdE st=
Hypoxia-inducible factor-1 (HIF-1)¢] a subunit® X&oz 39
Epithelioma Papulosum Cyprini (EPC) Ao A sl F71 Ao sk vt
d oAdAE Fsty s FrhHoe=m ol Aol HIF-1la’t
knock-out® EPCA~7} VHSVel| tidt apoptosis % cytopathic effect
(CPE)°l diall A4 ox HIF-las 2dstE EPC AlXe] vl =& A
A4S vehdEd, CRISPRI systemell ¢ 8] HIF-1a9 2&o] oAl
EPC AE =3I A3 F4s vetlleA stz flal HIF-1a7t
knock-out® EPCAHI32¢F k4] Viral hemorrhagic septicemia virus
(VHSV)ol wighk kA 8] ApolE &Qlekaral skl CRISPRa system<
o]-§sto] EPC A ENA &fF fFdate] st AddS 2lsty st
CMV promoterg B3l eGFPE Wdst= ZEtAv|=E 4oz 39
eGFP2 IS Fstuz st ow, hEA Q] antiviral A2 4d
A A= Mx FHAA] promoterE XA 0= dto] Hirame natural embryo
(HINAE) Ao Wi fFaxke] spddS Fstais shelvh. HIF-la 2
& o] oA+ quantitative real-time PCR (qPCR)ES E3] &3 o, o]
= %3] CRISPRi systemol] 2|3t HIF-1a®] A7} AEsta Eolx o=
s ehs gelekaith. VHSVel tigh kA o AFeol= VHSVel 93 CPE
7 detde A3Es 4 Alx dE vuste] fEeglow, olE E
HIF-1a7} knock out® EPC Al3<¢} HIF-la®] @do] <fAd =7}
VHSVe] el el vdt & vetll= AS 2<lstsith. CRISPRa



system= ©] &% %A FHAe] T Fgk PCRe &3 1 23d W
312 HA35t9 o, EPC AlXolA eGFPL & o] 6uf 7F7to] 713k A
S gel3tl 1, HINAE Al¥ 9 Mx gene? activation T3k 20u) o] A =

a2 AU ol Fd CRISPRE $83 f84 24 =78

<
o] T}k W &85k 5= QS Aoz meolth T3 CRISPRI system
of o8 AAE FHAAR Ag wEgo] T FHAATE s AAE AE
o U3 %S Yefle AR Hol FF o]E Joss-of-function

TTd 28 Thssttes Ae 39 F UM

Q)
o]
=
<
147}
7
ﬂl
a
o
ol
o
ol
=

12 AR =FE4 CRISPR-Cas9 system® Wa= thokslk 7)Ao A

Hlud &4 sdHelE A& ¢ A HIATE old mhe} conjugation

S E3) allelic exchange® G %3l0] EdHo|E vl S5 ko H gl
HAS QB Z|EMATE BRI ) f = WS ZEslx

CRISPR-Cas9 system= &3} plasmid vector®} Homologous directed
recombination (HDR)S %% Donor template?te2 E=HA 54 {4
£ dAfsted EdWolE ALE F JA HJAT F AFdA =
Escherichia colis ¥ o2 3fo] Ay Ao =442  D-alanines
L-alanine®. 25 ¥ wW3tsl= @49 Alanine racemase (alr)E knock-out
Ao =2 E. coli® mutant straine A Z}3Faz shth E. coli®] alr 3

S A o7 = CRISPR-Cas9 system 2d WE € donor template=
E. coli°ll transformationste] E=AWelE FE319 3L, E coli®] alr 7%}
o] WigtE PCR % #32 Ad 4= &3l gtz s A4

= fA4 A9 BAS FA A9 971 M99 Ed¥elst Donor



template®] TSI E indele] dojt A
¥ Eddo] Alxto] AFE AL Fela o
QA2 g43te] auxotrophic mutant 53}

of ofmst Waloms &8 7hed Zem Helrh
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