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Abstract
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1. Introduction

Genome engineering has been gone througt
directed zinc finger nucleases (ZFNs) anc
the principploeaeinf redAgnition were devel 0]
regularly interspaced short palindromic r
protein enabl edo nssiummpi Ineg, alneds shitgihmée]f f i ci en
Briefly, CRISPR/ Cas system is an RNA medi
which exist in archaea and balksesuahtasde
viruses 4ddd dlnagomioksar yote organi sm who u.
sequencaée oinnftchramhatpr evi ously encountered i
l og8s dhis system is utilized for mani pul
specific sequence site and guides to dire

nuckeastivi t-Gaos9 [CROSPRM ]

I'n many @irnt hMRIoSgRUiRRp €a s 9ISARIeSpPEtRococcus pyoc
Cas9 (SpCas9) is widel ysppasecdr. &pjCacedn th amo
(PAM®2hi chdNG@&@band shows high cleavage ef fi
mol ecslil mplilsBesmmenveni ent itmngleiftomemgehros ako

knoickk mouse model

Hai rHesgefe is widely used target becaus
detectable phenotype. Al so, in many resec
mol ecul es ar e icnommamli yn gu § W c dn alywe ver , t
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makes | ights scaBeseirddk aclko chka i ra nadb sacbrsbosr bmo
ot her col1®r Ba) ret i s mndeedhaary ttoodree maV €
in vmaging syHrkemck8atf embpuse was gener at e
or chemically induced. Al though there was

targeti wgs based on ES cells (Embryonic s

To geane opti mal i anivimalol mdrehagilidndgdiro knock
gene and induce hair |1 oss i nstnriecpet.o cHoecrceu sl
pyog€RESPR/ Cas9 -cwintshuani tn gt iemedeavor. We UuUS:¢
induce doubl B3t aadd CRIt SRR/ CBs9 mol ecul ec
C57BL/ 6 embryos. To acquire homozygous, ¢
As a roeauudrtvyed cl ear phenotype in framesh

wi t hout f riamelsdwfhaidn dinos s .



1. Materials and Method

2.1 Animal

C57BL/6 mice were obtained from Koatech (Pyeongtaek, Korea). All mice were
maintained in individual ventilated cages and given access to food ancadater
libitum. This study was approved by the Institutional Animal Cackldse
Committees of Seoul Nationllniversity (SNU-1711159) andwas conducted in

accordance with approved guidelines.

2.Preparation of Cas9 mRNA and sgRNA

The -Ga3ss9 HC pl asmi d was (oCatnabirnieddg ef,r oM ,A dlds
Brief-Cgs9p®%as | inearized by Xbal enzyme c
puri fi c@itagoenn kiHi IYderd,n Gearntmanyxapped trans
polyadenyl ation tailing were conducted wi
(Thermo Fisher Scientific, Waltham, MA, L
struct uGaes o0H@ piflssiignh rfeg RNAs wer e designed b
chopkch®pcording to GNEBPAMenmegy&MNAs( ver e
synthesi zedviutsi m gRMA 9y nt h8cemtific, Waltham, ( Ther m
MA, USA) following PCR amplification. Detail sSgRNA sequs are listed in

Tablel.



Xbal

CMV  T7

SpCas9 pA

P3s-Cas9HC (7,383 bp)

FiguBSérlct uifas®fapm@®@isd i ncludes CMV enhanc
(583, bp7 promoter (19 bp), SpCas9 (4104 |
pol yadenyl ation signal segstueaseufR8bebpit

which used for |l i neari zati on.



Table 1. sgRNA target region.

Oftfar gc¢
SgRNA Target sequence Genomic | otExon GC conten——

o 1 2
1 AGAGTGACCCTGTGAEEXXTTCchr14: 7055¢3 6 5 0O 0 O
2 GGAAAGGGCAGTGCARASGGGCchr14: 7055¢3 70 0O 0 O
3 GCCAGTCATATGGAREXTCT chr14: 7055¢3 61 0O 0 O

4 GGCCTTTGGCCCCAIACAXCCCAchr 14: 7055¢3 65 0O 0 O




2.3 Microinjection into embryos

C57BL/ 6 female mice were superovul ated &
gonadotropin(Prospedio, East Brunswick, NJ, USA) and human chorionic
gonadotropin (Prospec) for 46~48hour interval, and embryos were collected in M2
medium (MTFGlobal stem, Rockville, MD, USA) at next day. Then, embryos were
incubated in KSOM medium (Merk Millipore, Billea, MA, USA) for 3 hour and
normal fertilized embryos with 2 pronucleus were selected and microinjection was
conducted with micromanipulator (Eppendorf, Hamburg, Germany). Briefly,
50ng/eL of Cas9 mRNA, 10 ng/elL foed each s
into embryos. After embryos were cultured toedl stage and transferred into

pseudepregnant female or cultured until blastocyst stage for genotyping.

2.4 Genotyping and sequencing

DNA was extracted from blastocyst, and toe clip of pups. Singleyambvere
transferredto280L PCR tubes filled with 200L di st
and used as templ at est hfaow aPn@R daefntaetru r3a ttiior
for 15 min. DNA extraction from toe sampl
extirarctkit (1 ntDoo,n KBdrog a)Ky uAfgtkeer PCR r eac
used for T7E1 analysis (NEB, I pswich, MA,
Sanger sequencing (Cosmo Genetiencgh,arSeoul ,

| i stTemadb |l ien 2.



Table 2. PCR Primer sets for genotyping.

Target gene Primer Product size (bp) Annealing Tm(U C)
Hr F: -GBITGGAGGGGTGTTCTG3 6 491 56
R: -@&GACTGTATTTCGTCACT-3 6




2.5Germlinetransmission

The Founder mousef{Fwhich has premature termination codon(PTC) was
selected for germline transmission. Singavas heterozygous, mating was
proceeded with wild type mouse. After genotyping offspring {lem F,
heterozygous mice weeelected and mated each other once more to acquire
homozygous mice @ | monitored every day for hair loss phenotype in

homozygous mice.



2. Results

3.1sgRNA efficiency test il€57BL/6 embryos
To induce large sized DSB in thtairless Hr) gene 4 sgRNAs with20
nucleotid¢d nt ) si-M@GB o6amrPAMEG n exon 3 was sel ect
paired into 2 part and distance between each pair was 74bp (Fig.1a). Next, |
microinjected SpCas9 mMRNA and sgRNAs into C57BL/6 embryos, and conducted
PCR basd genotyping. Of total 10 embryos, 10 embryos were successfully

genotyped, and they showed 30% (3/aD}leavage rate (§ure 2.



M 1 2 3 4 5 6 7 & 9 10 WT
Agarose gel

T e ) e e N e e e e «

DNA cleavage efficiency  3/10(30 %)

Fi gurBeva2l uati on of sgBRAWd edds & amRNA were c

inject-edl i nembiyos and DNA cleavage acti v
bl astocyst. Bl astocyst genotyping showed
Bl ack arrow indicates wild type tiamgrt si

i sTaibnl e 2.
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3.2Generation of hairless mouse by CRISPR/Cas9

After confirming targeting efficiency, 2 times of microinjectiembryo transfer
was conducted. Atsttrial (Pups#1), 55 microinjected embryos were transferred
into surrogate dam and 5 pups were obtained antd &ita? (Pups#2), 136
microinjected embryos were transferred into surrogate aeh? goups were
obtained (Table BPCR and T7 endonuclease’@l) based genotyping with pups
#1 and pup2 result exhibited 20%(1/5) and 28.5% (2/7) of cleaveficiency

respectively (FiguretBand Table Bwhich was lower than in blastocysts level.

11



Tabl e SIimmaaiyr loésd# KO mice generation

Targeting efficiency (%

Gene Tvpe No of No. of 2 cell stage No. of No. of transferre  No. of (No. of mutant/total
yp injected embryo embryo (%) BL (%) embryos  offsprings (%Zblasto;:ysts or offspring
Hr Embryo test 25 17(68) 10 (58.8) NA NA 30 (3/10)
15'pup 70 56 (80) NA 55 5(9) 20 (1/5)
2ndpup 254 212 (83) NA 136 7(5.1) 28.5 (2/7)

12



I{r

- - ——— e

CCAAGAGTGACCCTGTGGCCTTCCGGCCCTTGCACTGCCCTTTCCTGC...(74 bp)..CCCCCAGAGCGTCCATATGACTGGCCTTTGGCCCCAAACCCATGGGTA
GGTTCTCACTGGGACACCGGAAGGCCGGGAACGTGACGGGAAAGGACG... (74 bp)..GGGGGTCTCGCAGGTATACTGACCGGAAACCGGGGTTTGGGTACCCAT

sgRNA #1 sgRNA #2

Pups-#1 Pups-#2
M12345wrM 12 3 45 6 7Wwr

(v

sgRNA #3

sgRNA #4

WT CCAAGAGTGACCCTGTGGCCTTCCGGCCCTTGCACTGCCCTTTCCTGC~/ /~~CCCCCAGAGCGTCCATATGACTGGCCTTTGGCCCCAAACCCATGGGTA

GTCCATATGACTGGCCTTTGGCCCCAAACCCATGGGTA
~ ! - -~GCGTCCATATGACTGGCCTTTGGCCCCAAACCCATGGGTA
O 4 4/ “491 bp
“ . #2-1 CCAAGAGTGACCCTGTGGCCTTCCGGCCCTTGCACTGCCCTTTCCTGC~/ /~~CCCCCAGGGCGTCCATATGACTGGCCTTTGGCCCCAAACCCATGGGTA
CCAAGAGTGACCCTGTGGCCTTCCGGCCCTTGCACTGCCCTTTCCTG N~/ /~~CCCCCAGAG- -~~~ ACTGGCCTTTGGCCCCAAACCCATGGGTA
= — CCAAGAGTGACCCTGTGGCCTTCCGGCCCTTGCACTGCCCTTTCCTGC ~/ /~~CCCCCAGAA -~ ———— -~ ACGGGTCTGTGCCCCCAAATCCATGGGTA
= . P CCAAGAGTGACCCTGTGGCCTTCCGGCCCTTGCACTGCCCTTTCCTG A~/ /~~CCCCCAGAGCGTCCATATGACTGGCCTTTGGCCCCAAACCCATGGGTA
[
- - - #2 -4 CCAAGAGTGACCCTGTGGCCTTCCGGCCCTTGCACTGCCCTTTCCTGC A~ / /~~CCCCCAG- - -~ TCCATATGACTGGCCTTTGGCCCCAAACCCATGGGTA
CCAAGAGTGACCCTGTGGCAT // TCCATATGACTGGCCTTTGGCCCCAAACCCATGGGTA
CCAAGAGTGACCCTGTGG // TA
Indel (A.A)  Indel (bp) Hr mutant pup (21 days old)
WwWT
#1-4 - y 3AA -9 bp
34AA  -104,+2 bp
#2-1 Y E174G SNP
——— PTC -10 bp
L PTC  -11,+lbp
WT WT
#4 ————— T PTC -4bp
—_— PTC  -114,+2bp
y 50 A.A -150 bp

13
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-9 bp

-104, +2 bp

SNP

-10 bp
-11,+1 bp
WT

-4 bp

-114, +2 bp

-150 bp



Figure 3. Hr KO mice generation with SpCas9(a) Schematic represent target site for gemgeting. Four sgRNAs with 20 nucleotisiequence

of binding site (black line) werNSGB8pd, Gaay b el Pupwasgenarated tivieeg#le . F
#2) andPCR and T7 endonuclease (T7E1) based analysis was conduattly, 25% (3/12) mutant pup were obtain&kd letters indicate DNA
cleaved pup. M: size marker, WT: wild type contra). Results of sequencing (#1 #21 and #24 founder) in each sgRNA iling sitesAll

mutant pup showed indels in sequencing reRik. di Afland red | etters indicate deldResdtofand
translation in theHr gene.#1-4 showed simple amino acid deletion wheread #hd #24 showed pemature termination codon caused by
frameshift. Grey arroviheadsindicate double strand break region by CRISPR/Cas9 and Red line indicate changed amino acid. A.A: amino ac
PTC: Premature termination codon SNP: single nucleotide polymorpt)strhpmozygouoffspring of Founder #2 showed hair loss in whole

bodyon day 21 postpartuynand WT indicated wild type C57BL/6.

14



Sequencing was conducted for 3 expected founder mouse whieh#14, #21
and #24 mouseln #1-4 mice,-9bp deletiorand-104, +2bp indel was observed
(Figure ) and by the translation result orB/and-34 amino acids were removed
respectively with no frameshift causing preorattermination codon(PTC) (Figure
3d). In #21 mice, 2bp from sgRNA#3 M site the single nucleotide
polymorphism(SNP) was induced asidbp deletior1l, +1bp indel antvT
sequences were observed (Figurk Franslation result of #2 mice showed 74"
glutamic acid changed to glycine and in indalele PTC were induced with 23
amino acid changed at the end of the RFi@ure 3). In #24 mice,-4bp deletion
and-114, +2bp indel andl50bp deletion were observéeéigure %) and each of the
alleles were translated as PTC with 26 amino acid chaRgé&d with 25 amino acid
changed and just 50 amino acid deleted without any frameshift of PTC respectively

(Figure 3).

3.3Germline transmission

To confirm the hereditary and phenotype that express in homozygous, germline
transmission was conductdd.order to compare functional knockout by phenotype,
#1-4 mouse which 34 amino acid deleted without frameshift or PTC addwiuse
which were induced as PTC were crossed with wild type respectively. In lihed#l
heterozygous mouse were obtaineditelel and final cross breeding to obtain
homozygous was conducted by heterozygous and heterozygous mating. Eventually,
4 homozygous pups were obtained. In lined#2ame cross breeding pathway was

applied and 2 of homozygous was obtained. Gene inhegitaas successfully

15



conducted according to the PCR, T7E1 and Sanger sequencing analysis.
Homozygous that obtained from-#2=ounder showed 12bp deletion;4bp

deletion and SNP allele and this appears to be different thdrali@e which were
114, +2bpndel and-4bp deletion. Even though founder mouse possesses the type
which was found in homozygous mousglbp del;4bp del with SNP-4 del), the
gene analysis was conducted only by sequencing with cloning not by the deep
sequencing so various typerofitation were not detected inuioder mouse (Figure

4).

16



wWT

#2-4(F0)

#1(F2)

#2(F2)

Fi guhreallysi s

R

«491 bp

PC

<491 bp

T7E1

sgRNA =1

sgRNA £2 sgRNA 23 SERNA #4
CCAAGAGTGACCCTGTGGCCTTCCGGCCCTTGCACTGCCCTTTCCTGC~~ / /~~CCCCCAGAGCGTCCATATGACTGGCCTTTGGCCCCAAACCCATGGGTA

CCAAGAGTGACCCTGTGGCCTTCCGGCCCTTGCACTGCCCTTTCCTGC~/ /~~CCCCCAG- - -~ TCCATATGACTGGCCTTTGGCCCCAAACCCATGGGTA
COAAGAGTGACCOTGTGGCAT ~ — — =~ mmmm mm e e m e [ [ e TCCATATGACTGGCCTTTGGCCCCAAACCCATGGGTA
CCAAGAGTGACCCTGTGG = = = = = e e e e e e e e TA
CCAAGAGTGACCCTGTGGCCTTCC - == = = = m e ATATGACT Mkl
CCAAGAGTGACCCTGTGGCCTTCCGGCCCTTGCACT ~~/ [/ ~~CCCCCAG~ -~ ~TCCATATGACT TGGGTA

e/ [ ~~CCCCCAG- -~ ~TCCATAT! CCCATGGGTA

~~ [ [ ~~CCCCCAG- - -~ TCCATATGACC! TGGGTA

of gene ex p-4 @PER and T7 iemdonuclease(T7ELY hased analysigiwas conducted. Red letters

Indel (bp)

4 bp
-4, 2 bp
-150 bp
-112 bp
4bp

4bp
4 bp, SNP

indicate DNA cleaved pip. M: size marker, WT: wild type contfio).Results of sequencing in each sgRNA binding sites. Sequences of 2 pups

(#1 and #2) from #2 founder were compared Réd amd red | etters indicate del
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3.4 HairlessPhenotype

From second germline transmission which is possible to gain homozygous mouse
phenotype was monitored evegy. Onthe 6day after birthfuzz starting to appear
in homozygous mous@&he hair loss period was different by the mice but mostly on
day l4postpartumlocal part of the rostral hair began to fall. From rostral to caudal
side the hair was eliminated gradually anddag 21postpartumwhole body

exhibit alopecia phenotyg&igure ).
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3. Discussion

CRI SPR/ Cas9 system is an efficient tool
nomomol ogous enédnejddianiendg KONHBJMs)i ng CRI SPR/
gener ahtaiiornl eosf's mouse Hstmi @ien wassisgratsed f ad
conducted. Three different mu-4 ad#2f#@&r m of
4 was ob4alinee . ®H#Aochnba3sdc iadniannod aci d del e
without any G rsamoewsehd frto ohffaiPrTl ess phenotyp
of amino acid Wwashedevhetc®&hd . ha#?2 #d Caaind del e
type showed hairless phenotype in homozyc

mutation affect severe to gene expressior

Al t hough the molecul ar mechani sid,66f hai
a numblemutoafnt mouse havHe nmudemtr enoarstee ce xahn
hair | oss after growth of the [1.7klItn hair
#24 mice | ine which possesses homozygous
phenot ypaen dpwtdldiesr chent i cal sgmppoensi wes e Thé
than barbering behavior (Dalil d 1e8f]ff ect ) v
Bar beri ngawasealadcdal hairelosscauvdahdsimde z Wl
hair | oss extending from middviebrpiasrstaeof t
tendxtwet il the | ate age and gradually pi ¢
become®Gn tdhayn.6 postpartum f ildstboldai rhad o me

begin to shed which completes on day 21.
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util iizredvimeagi ng which is possible to dete
Al so, for dermatology research ibfreduces

experiment and which can cause scab f or me

There are many other genes related to he
protefFoax)NIlge(ne i s well knownFoomdmd opetci a
as a master regulator of the ,thymic epitht
di fferentiation resul[tli9nghieRFekdLley functi
expresses t hyamiE® x’enul taar ngtee xneimeds 9 e Cci a as we

as aawhhyintih coul d bEe2@preWhkpueas!l at bal al ope

gememostly i nvol verdd iomorhcad mi tgamtwtyh parti c
transcriptional corepressor of multiple
receptor, trheec erpeatorkhedcoaphdn receptors ar
recelpz /Td2dBgde i mmesiyenpt ®olmat ead e useful for

but for research whi ch bisti mpd wyl ch eaefdfse chtaitrh
exper i meTnhte rregsowrlet, | itze i neepeicdamé lvievsomar c |
i magli nsgel ected | ess | et hal gene tHr gener a
mut antwemaéd sepoastevdahgor mal i memucnhe assy st em
decrease i 2Bhdelplr opdéeevaclilonas i ncrease
macrophage[ 2.&lpbwewdgbrer ated mouse in this

no severe immune abnormality externally.

For mor e prmcctt ioccnally uesxatdear mtahh e ra pre@e rainmen t
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needed. Hi st opat hol ogi cal study about hai
were not cdndAlcge,d dinredat fl uorescence pr

virusédsanocHeairnd yvipggisrejmtpossibilities.

I n conclgesieam,t ewle hai rl ess mouse in C57BL

These haiwildehsasbInmeo unscet only der mant oMiowd c al

i maging without wvariable affecting factor

21



Chapter ||

Whol e Genome Se
Of

Genome Modi fil ect
generated wit

Campyl oba€asB |
reveal s HiIi gh Sp
CRI SPR/ Cas?9
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1. Introduction

Gene engineering is a valuable technol oc
di sease and =elucidating damiosdezuéear Treadiatr
knock out ani mal s, especi-lail hg i & s miasrsei

chimeric animal s created based on the ¢

cell 28] Targeted gene inactivation, repl ace
homol ogmbenaticon. However, l ow efficienc)
i n mammalian cells has | imited the util il
nucl ease including Zinc fi-hgke pOEEkPebasveEs
clustered seqeledr | yhoirat epal i ndr omi ¢ rep
associated protein were dramatically i mpr
ediftilng

The CRISPR/ Cas9 is RNA mediated adapti v
pl as[ng,8d]land it is efficieomtianystukjp2.dYjon ige !
Especi §ttrgptbobhecCas9 pydmeéaxes) is widely wu
gene targeting with single guide RNA (sgfkF
adequatteospacer adijaddlCR|l BPRI Cag PABYy st em
activity and recognition fidehisychsasi®t
devel opment, ani mal mo d e | D8.0FECRItS PR/ Gansd9
medi ate double strand break (DSB) on tar

such f@A®smabaoagous end joining (NHEJ) or ho
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NHEJ i-gsoreg rroepair and induce insertion an
applicable for inducing targeted del etio
preci se repair pat hway, and i s usef ul f

exogenous DNAgemoswes thynhoemol o3bjus recombi

Even though, Sp@ashcsyh owe dJ emieg ke da ftfiing, t
of genome redd@@ PAMonseguehce. Sever al
ort hol oguSetsa pshiwyd o coa@asus (aSia @aud 8l GR BAWM;
Lachnos Ciprfalc e(aleb C b3 1T, T-30PArvMA c i d a md tn®pcfolc
(AsCpf 1 5dFPAB:)exhi bit hi gh efficiency of
gene 84 pbn n addi sieomnedtseyepal advantag
SpCas?9. SaCas9 is sized about -a3s.slobc ikabt,e da
virus (AAV) for[ 3.m] Gpifvio5dgeewechaepdg tDMA c | e a

and it could be hel pful36Jor HDR medi at ed

Recemalmp,yl obacCa®s9 jefjuas9) was-Creport
CRI SPR/ Cas 9 3dr.t IE8llCoagswOe gene is sized 2.95
all owing it to be packhgetsi sgBNA. sThgteb
has potentialntgéebe [@8.9 Hvaegnd tfhooru pB7Fonf al
sugg &ENNNINAGBd S PAM sequence, but D4 her g
NNNVRY3®, -NBIBNAC-8Cor5NNNNRY-3Ca s speci fic P
sequehx,e 0k targeting efficiency of CjCa

with | ow DNA ft#héeavadhg aatsi wintay yzed only
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i ndel fraotmaitn omygote and HDR medi ated pre
was recent -tegorog et aebfofuegtctoddmo B@ Ca & g u e W i
(WGSased identthrgeti onutafi ofis showed ur
caused bfZaf€RlI FARRoK ewmelree t o cPdedkedne mun at
blind rdl mice throuwh2] ©mbrtyhe @dihmesnte headi
human embryo gene cor rCeacst9i omh oswewd yoneov i @f
mut af 48hsl t hough these two results showec
Cas?9 der iSvterdepf noomccu8pCaPsydogenBecause of
protospacer adj acenthbdNBa&ddigfenbomMAM)eds e gquegn
SpCas9 is evebystit sHewmpl e PAM sequence ¢c
oftfarget sites. On the ot her5dNNMNIACAG Cas 9
SOBMNNNNRYBLC39, 4@sults in | ess robust tal
SpCas9, however this may also results in
knockout mice using CjCas9 and investigat
of Cj CageneMNatwgitemc isnlga s(eNMiGSt)ar get ed deep
revealed high emédicateady gome NHE@dgeme ng
sequencidbgséWwG8nbanged anhédlysis reveal ed

Cj Cas?9.
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2. Materials and Method

2.1 Animals

C57BL/ 6 mice were obtained from Koatech
mai ntained in individual ventil ataedd cage
l i bitdmis study was approved by t he I n
Committees off ¥eooWlSNANAD IBH a-BNWAMU8 and

SNU 703®8 warsd conductewi ih appoodeadcegui del

2.2 Preparation of CjCas9 mRNA and sgRNA
The @CWMCPA9 plasmid was obt dKoeedajromriTe:
pCME] CpA9 was | inearized by Xbal enzyme ct
centri fueadt ilbh faofrt er5 min incubation. 1In
polyadenylation taiingver e conducted with mMMESSAGE mM
(Ther mo Fi sher Scientific, Wal t ham, MA ,
structur-€j) CdpAp b wn i nsFR§JAs ef &r each ge
designed according to its PAM BYquaemde

scr eenteadr geftf seque-ntéi (tgdwiwtrgenone ast/cas

offinder). sgRNAs synthesized using an in vitro Ridynthesis kit (Thermo Fisher
Scientific, Waltham, MA, USA) following PCR amplification. sgRNA sequences
werelisted in Table 4s s ODNs wer e designed and synth

service (I DT, San Jose, CA, USA).
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Xbal

CMV T7  SpCas9 pA

pCMV-CjCas9-pA (6,321 bp)

FigurSea rauuctureCjoCapsppRMedsmi d include CMV e
promoter (584 bp), T7 promotamd (H@®vibpg , gr

hor mone polyadenyl ation signal sequence (
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Tabl e sgRNAu e nciers tulsied st udy

Target gene Exon sgRNA binding sequence PAM

Tyr 1 AGCACTGGCAGGTCCTATTA TAAAACAC
1 AGCCCCCAAGCAGTGTGTCC CTTGACAC

Foxnl 2 AGAGAGGACACCCTCACTGC CCCCACAC
2 CCAGACGGCCATGGCACTTG ATGGACAC
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2.3 Embryo microinjection

Superovul ati on was condu &t esde rbuym ignojneacdtoito
( Pr oBipee,c East Brunswi ck, NJ , USA) and hum
for 46~48 hours interval into C57BL/ 6 fen

donor C57BL/6 males. On following day, th

(MTAl obal ktvem| e RoMD, USA) , and incubate
medium (Merk Millipore, Billerica, MA, U<
were selected, and microinjection was con

Hambur g, Ger manegr) oCBEP e MRWN,ALLS5 @Dg /s gRNA, 0
20relg/ of ssODN were mixed, and microinjec
culturedeltlo $sthage, and transferred to sur

bl astocyst stage for genotyping.

2.4 Genotywdmagi mnd seq

DNA was extracted from morula embryos or
embryos were tOlansfbersrdd Ititeedls0th 20 OL
pi pette and subsequently used as templ at
of Zirreee/ t hawing and denaturation at 95UC
was conducteexugiarcg i @ang XNA -D(ol,n tkroorne aBi.o ,Af
PCR reacti on, amplicons were used for T7E
used for almAd cSaomgenrg sequencing (Cosmo Gel

pri mer for lgiesbeéegpimgswpapgl ementary Tabl e
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Tab3Rri mer

sequences ifnort hgiesnosttyupdiyng used

Target gene Primer Product size (bp) Annealing Tm(U C)
Tyr F: -TEGATGTAAGAAGGGGAGTGG3 6 693 60

R: -ABGAGGAGAAGAAGGATGC3 6
Foxnl F: -AGAAGGGCCAAGTCACAG-3 6 759 60

R: -ABGAGAGAGGAGGTGGAAG-3 6
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2.5 In silictcardesi gntes$ Off

Potenttaltgeaffsites wer e desliigmed t a ol

(www. rgenamedpneto 3 bp mi s mattcaregse twesriet ecso.n

2.6 Targeted deep sequencing

Ont arget andt aprogteetnw e ratle aonipfl i fi ed from ge
Phusion polymerase taq (New Engl and Bi oLz
sequenced using an |l I umina Mi STeag.L eA 6l i st
I ndel s around the site 3e bwerugpsdowmratme dfa

mutations from Cas9 activity.
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Ta b lei

Target

st of primers used for targ

Forward (5' to 3")

eted deep sequencing

Reverse (5'to 3")

Foxnl On1
Foxnl On 2
Foxnl Off 1
Foxnl Off 12
Foxnl Off 13
Foxnl Off 14
Foxnl Off 15
TyrOn1l
TyrOn 2
Tyrl Off 1-1
Tyrl Off 2-1

ACACTCTTTCCCTACACGACGCTCTTCCGATCTAGATTCTCTATTCTGTCTGC
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGGCTTTGGCTTTGAGGAGC
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGAATGACAGGAAGCTGCTC
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTTGGTGACCTTGATGGACAC
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGTGCATGTGTCCTTGTCTC
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCCAGGCATTTCAGGTGAGC
ACACTCTTTCCCTACACGACGCTCTTCCGATCTACCACCAGACACATCCTCCA
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCAGGATATCCTTCTGTCCAG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTATGAACAATGGGTCAACACC

ACACTCTTTCCCTACACGACGCTCTTCCGATCTAATACCTACCCATCCATGT
ACACTCTTTCCCTACACGACGCTCTTCCGATCTAAGCCACCTGGCTAAGACTC

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTAGGATACTTTTCTGAAGGAG
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTGGGAAGCTAGGCAGGAAG(
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTTGCTATAGAATGACCAGCG
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCAAGTTGTCCTCTTTGAGTG
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTCTATGGCTTGCTTGCTTCC

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGTGTTGGGAACCCTCTTGG

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGCTGCCCACATTATTTCTGC

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTAGACTGAGCTGATAGTATG
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCAAGAAAAGTCTGTGCCAAG
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGGAGCAGAGATTATAACCTT
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTAGCCAGTCTTGAGGAGTAAC
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2.7 Whole genome sequencing
Whol e genome sequencing and bioinformat.

t her ag®ewnwdie x GydeoongRgeipubl.ic of Korea)
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3. Results

3.Hi gh cl eavage activity of CjCas9 in kno
To assess the gene targeting efficiency of CjCas9, we selected Tyhogingehe

as target and designed 2 sgRNAs wiZmfcleotide (Nt s i z eNINNBHACAC-5 6

36 PAM in exon 1. Distance between each

antiserse strand (Figured. Next,| microinjected CjCas9 mRNA and sgRNAs into

embryos, and conducted PCR and T7E1 based genotyping. Of total 9 entbryos

embryos were successfully genotyped, and they showed high cleavage efficiency of

100 % (8/8), and it was higher than @aupectation (Figure 6b and Tablg After

confirming high targeting efficiency of CjCas9, transferred 25 microinjected

embryos into surrogate dam and obtained 4 pups, and all produced pups were found

to be founder with albino phenotype (Figure 6&)6
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Tabl®umary of CjCasfti medganhedaKDon

No of No. of 2 cell stage No. of No. of transferred No. of Targeting efficiency (%)
Gene  Type injected embryc embryo (%) BL (%) embryos offsprings (%) (No. of mutant/ tOt"?‘I
blastocysts or offsprings
Tyr KO 34 NA 9(37.9) NA NA 100 (8/8)
25 4 (16%) 100 (4/4)
Foxnl KO 39 NA 13(50) NA NA 81.8 (9/11)
50 13 (26%) 384 (5/13

35



TCTGTGTTTTATAATAGGACCTGCCAGTGCTCAG... (266 bp)..TATGTGTCAAGGGACACACTGCTTGGGGGCTCTG
AGACACAAAATATTATCCTGGACGGTCACGAGTC... (266 bp)..ATACACAGTTCCCTGTGTGACGAACCCCCGAGAC

sgRNA #1

Blastocysts

Pups

M1 234567 8 wrM1 2 3 4wr

PCR

T7E1

AGCACTGGCAGGTCCTATTATAAAACAC
AGCACaGGCAGGTaCTATgACACTGCAC
AGCCCCCAAGCAGTGTGTCCCTTGACAC

tGCCCCCcAGCAGTGTGTaCCCACACAC

On-target #1
Off-target
On-target #2

Off-target

— 946 bp

« 946 bp

Off target analysis (Tyr)
1

(99.7%)
(0.0%)
(33.1%)
(0.002%)

WT

sgRNA #2
sgRNA #1 seRNA #2
GTICCTGGCCCTICTIGIGTITTTATAATAGGACCTGCCAGTIGCTCAG~~~~~, / /~~TATGTIGTCAAGGGACACACTGCTTIGGGGGCICTG
-------- (-703bp) =======-==-AGGACCTGCCAGIGCICAG~~~~~//~~TATGTGTCAAGGGACACACTGCTTIGGGGGCICIG
GICCTGGCCCICIGI~==========———e——ea= TGTGCTCAG~~~~~ / /~~TATGTGTCAAGGGACACACTGCTTIGGGGGCTICIG
GTCCTGGCCCTCTGTGTTTTATA-~~-~. ACCTGCCAGTGCTCAG~~~~~ //~~TATGTGTCAAGGGACACACTGCTTGGGGGCTICIG
[ CCTGCCAGTGCTCAG~~~~~ [/ ~~TATG= === === mmm = TGCTTGGGGGCTCTG
GTCCTGGCCCTCTGTGTTTTATAAGTAGGACCTGCCAGTGCTCAG~~~~/ /~~TATGTGTCAAGGGACACACTGCTTGGGGGCICTG

GTCCTIGGCCCTICTGTIGTTTTATAACACAGAGGACCTGCCAGTGCTCAG~/ /~~TATGTGTCAAGGGACACACTGCTTGGGGGCICTG

Tyr mutant pup (15 days old)

S & S ess

Mutation frequency (%)
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-703 bp (100 %)

-20 bp (58 %)
-5 bp (42 %)

-27, -15 bp (100 %)

+1 bp (52 %)
-1, +5 bp (48 %)



Figure 6. Tyr KO mice generation with CjCas9. (a)Schematic represent target site for gene targeting. Two sgRNAsZwitic2dide sequence

of binding site (black | ine) wer-BNNNACAC-3 6 Thaesaltwo sgRNASI wera lecatednindexon & of e
Tyrosinase gen€ray box indicate exonbf PCR and T7 endonuclease (T7E1) based analysis for blastocygiodnded pups was conducted.

Both in Blastocyst and Pups showed 100% of DNA cleavage effici®st/letters indicate DNA cleaved blastocyst or pup. M: size marker, WT:
wild type control. €) Results of sequencing (#1 founder) and targeted deep sequassayy#2, 3, and #4 founders) in each sgRNA binding sites.
Redi fland red | etters indicate deldehaysisofaofitarget effesteaf €Cj@ad9 imthe @ sgRNA sitetbe s
Tyrgene. Less than three badr mismatch dies of each sgRNA were selected, and PCR based deep sequencing was conducted with DNAs fro
founder pups. Exist of indel around sgRNA target site otasfjet site was considered as CjCas9 mediated mutation. Data was presented as mea

standard error in the mean (SEMJ) All produced pups showed white hair in whole body, and WT indicated wild type C57BL/6.
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To investigate the reproducibility of cleavage activity of CjCas8lected Forkhead

box protein N1oxnl) gene as target. Sitar with Tyr targeting, dual sgRNAs with

56 NNNNATACPAM were designed, and obtaine
microinjedion and embryo transfer (Figur@)/ PCR and T7E1 based genotyping

with blastocysts results exhibited 81.8% (9/11) of cleavadeiafty, and it was

similar with targeting rate ifiyr. In addition, 5 from 13 produced pups (38.4%) were

found to be showing indel, and it was lower cleavage efficienay g@wing in

blastocysts (Figurebj. In addition, founder pups did not exhibitpdeia phenotype.
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