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CRISPR/Cas9dn Mediated Gene Editing in Beta-Thalassemia (41/42 del) iPSCs
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a5 1aamile (Beta thalassemia) 11U Tsamanugnssundludyimumnssugudwguetszmalne
awng DmmdamiionaanmInaenugues beta-globin gene W l1H0Tid0AN Famsnatowusinuinniigano
deletion Y99 TCTT T exon2 codon 41/42 Y4 beta-globin gene (beta-thal 41/42 del) M1HAA frameshift 14 coding DNA
¥ Yy Ad A o A 9 9 o . &
sequence IneNUSREA 38 Vo eNdlulmmIdaFde NN IveunaTulad iPSCs 1Ay gene targeting 11U

@

9 Y T
anuvialumssamnTsamaiugassusamsiinmndadiis  lusiseliiiaglszasdioass  Beta-thalassemia
. . FYA A a a 9 v Jq Y
(41/42 del) iPSCs (beta-thal 41/42 del iPSCs) 9INATeNTANNAAUNALLY heterozygous tamn lymsnateriug 11
QNABIAI8 CRISPR/Cas9dn WU CRISPR/Casddn 28111 1 allele TAANISNAI0WUT 11 beta-thal 41/42 del iPSCs 11
awv g I y ) o [ U [ =
gnaela snAvetiilunuglumsiimaTulad iPSCs 1az gene targeting 1/ dWannmssnuileTmsdadiie

go 11/ lusnan

ABSTRACT
Beta-thalassemia, the most common autosomal recessive blood disorders. It is caused by mutations in the beta -
globin gene which lead to ineffective beta globin chain synthesis. TCTT deletion at codon 41/42 in exon2 of beta-globin gene,
which causes frameshift mutation, is the most common mutation of beta-thalassemia found in Thailand (38%). Induced
pluripotent stem cells (iPSCs) generation from somatic cells of patient and gene targeting technology provides new
approaches to cure beta-thalassemia. In this research, we can generate iPSCs from patient with heterozygous frameshift 41/42
mutation (beta-thal 41/42 del iPSCs) and correct the mutation with CRISPR/Cas9dn. This research provides opportunity for

the further treatment of patient with beta-thalassemia using patient specific iPSCs engineering.
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fin518a@iile (Beta thalassemia) Hunilelu Tsamaiugnssuidulymimemsaguiididyves
Uszne'lne Tasaungues Samidadifianiaannsna1eius i beta-globin gene uazmsnmﬂﬁuﬁﬁsﬁﬂﬁuwu
llﬁ’wmmmm‘?muu point mutation 130 deletion Y94 nucleotide V19TIU AITIAA miﬂmﬂﬁufﬁ beta-globin gene
I liamnsoad1aTs@u beta-globin Wi oa313ditosas dawaliiiliefidens s (anemia) tazmsnareriug
wumngalulszinalnedo n151na deletion Y09 TCTT AE1 codon 41/42 ¥4 beta-globin gene W1 11Hi7n
frameshift 11 coding DNA sequence (beta-thal 41/42 del) Tasnu$ouaz 38 vesfilenifuiimmdaile (ad,
2556) Tumssndihetiamdamiio fileazdeq ldsumslifiden (blood transfusion) Huilizs1 uazaaeadin
Famssudeaiiulsesidanalitinnzmamiuluiiame (iron overload) 1285 9d0mMITUMANDOARI (iron
chelation) Tumsfiag fnedthelimenadilerzdes 185 umstgnain’lunszgn (bone marrow transplantation)
uadaidapnitesmahiu lvesdsunazdliidegisadimios mldanudide lunsgndielunszgniiaiy
Tddesun ( Antonio, Renzo, 2010; Galanello, Origa, 2010; Higgs, Engel, 2012; Old, 2003) human induced
pluripotent stem cells (hiPSCs) t1azina 1u 188 gene targeting ﬁJummwﬁfﬂmj‘ﬁﬂzﬁmﬂﬁﬂmé’ﬂwﬁmmﬁa%
i3ioTag iPSCs 519910 somatic cells G?Ni]::gﬂ reprogram fy pluripotent transcription factors Iaun Oct3/4, Sox2,
c-Myec tag Kif4 aunaneiluirad lusze pluripotent ‘ﬁﬁﬂmﬁuﬁﬁumﬁaadwﬂﬁﬁwﬁﬂiﬂﬂmmmgﬂuﬁmmagj
(self-renewal) oz @501 douilag (differentiation) 1l uadaiag Turaneld vl¥msadie ipscs i
amunirlumsadaiemont oo foe niumaunuiideld (cell replacement therapy) (Okita et al., 2007; Park et al.,
2008; Takahashi et al., 2007; Takahashi, Yamanaka, 2006; Wernig et al., 2007; Yu et al., 2007)

Tuvaizfima TuTad gene targeting Ao mM3un lud1AUUENTIN @20 homologous recombination (HR) 4
CRISPR-Cas9 system 1iju1a3 paiioniialumnaTuTad gene targeting Tao CRISPR-eRNA 11§10 DNA 1fhwane
1§17 Caso 1NdANDD DSB Hasad vz wene oy DSB @28 non homologous end joining (NHEJ) #30
HR (Qurrat et al., 2015; Mali, Esvelt, Church, 2013; Shrivastav, De Haro, Nickoloff, 2008) LWiLﬁ@Qmﬂ Cas9 114
A off-target indel 18g95 1&TM3fauLas Caso MnTiaunsadauuy double strand IWAALLY single strand W30
#3801 nick 1A Cas9 §INA1ITINT Cas? nickase (Cason) F3m3111HIRA nick AN IABITBUDI DNA (dual
Cas9 nickases %30 Cas9dn) TuuSnafi1ndiu Tasld eRNA auazsy vzv lfisadnorousoudo NHES nie
HR usms i 181 nick figns DNA fiaduider 11nmsh eRNA 1USUR off-target 921RaMIFouMEBUIY base
excision repair N 1%1! Cason 3911 1AA off-target indel 181Teena1 wild type Cas9 (Ran et al., 2013; Frock et al.,
2015; Kim et al., 2015; Tsai et al., 2015; Wang et al., 2015; Merkle et al., 2015)

Glmm?ﬁj"ﬂﬁﬁﬁmﬂizmﬁclumiﬁmuﬁ%mmﬁ’"lmminmﬂﬁuﬁﬁﬁnmm codon 41/42 Y94 beta globin
gene #18 CRISPR/Cas9dn 1111152 8N Tae1% beta-thal 41/42 del iPSCs H1 model Lﬁaﬁwhlﬂg'(mmﬁ"lmms
ﬂmﬂﬁu{lu adult hematopoietic stem cell ﬁm%”uﬂgﬂdw%'ﬂyﬂuamﬂm
YngiszasnmsIve

Lﬁﬁ]uﬁﬂﬂ]ﬂﬁﬂﬁmﬁuﬁ’ﬁ beta-globin gene AN UL codon 41/42 (TCTT deletion) U89 exon 2 Tu iPSCs

voudilrelimsiaadiie (41/42 del) A28 CRISPR 1Az donor vector
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Crizpr design and clening Deonor vector design and cloning

— ‘

Beta-thalazzemia patient specific iPSC transfection

Y

Selectinserted colonies with puromycin

Checkinzertion in selected colonies by sequencing

1. M3a313iPSCs (induced pluripotent stem cells) QL eUMBs AT (41/42 del)
S A X ° Y o . -~
1.1 mmaamm@‘ﬂ 29 91U 10 ml a2 uen peripheral blood mononuclear cells (PBMCs) Y130
S A a Y.
raalaaeAU1ITHA mononuclear 1a81% Ficoll plaque plus
o A k) dy A A o o I o
1.2 U1 PBMCs mtzm"lmnzwmawwmwummﬂummimmmﬂunm 63U
1.3 Episomal vector AUMSUEAIDINVDY Transcription factor o OCT4, SOX2, KLF4 1ag c-MYC
4 v Y
929N transfect L"IQIHQ PBMC Fremaiia nucleofection LL%@LWW&ﬁEN“JJHWﬁﬁWLﬁEN (feeder cells) Tuemsdume
#M3U iPSCs
o o . . o 2 o y A
1.4 NIn1saaLan iPSCs colonies WaIIMNIZIaeu ual 14 U lﬁ@lWNﬂ'Iu?uLm%ﬂﬂﬁ@ﬂ
a <3| ° '
AmauiAanuiy Pluripotent tazii 114 lumsfAnyiae 1

4 . 4 . ; :
2. eenuuunezlnau CRISPR e lflfiflwnsesiielumsuilvdriduiugnssuiifamsnareiug

ludihaiimsidaditie (41/42 del)
2.1 80N gRNA (guide RNA) H9929i11117 13 uiudmia DNA Whuunensedumisina
m3naeiug Taslumsoenuuuagsimsesnuuuf hip:/erispr.mit.edu/
o < . . . = 2 A A ]
2.2 dUATILH single strand oligo nucleotide Y04 gRNA auoonuuy 13 luduaeus 1 e Taaudh
pX335 vector plasmid (Addgene)
v
2.3 Tnau oligo nucleotide 111 pX335 backbone Tasaruiuaoulums Inauldaunguues Zhang
24 @57980UANUYNABIUDY CRISPR subcloning Motou laidasumizuazmsiniizidian
WgNITY
A Y & v o W A a YR
3. eanuuumazlnay donor vector el dsinuvlumsunludrvuwugnssuimamsnaaiugly
Aihetimsdadiie (41/42 del)
A o . I~ o Y A g v 9
3.1 !Wﬂ\lﬂﬁﬂﬂm’dﬁwu‘ﬁﬂﬁﬂﬂlﬂﬁ beta-globin gene Nagrmminndlu homology arm uda laaudn

Topo GW vector (pCR8/GW/TOPO TA Cloning Kit, Thermofisher)
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3.2 Lﬁuﬂ%uWﬂ!ﬁﬁﬁjuﬁﬂiﬂJ‘U@Q selection cassette 7D loxp-PGK-puro-loxp &?'%wzﬁm ﬁli‘ﬁ“ﬁ’lﬂlaﬂﬂ
Iﬂiaﬁ‘ﬁllﬁﬂ homologous recombination Ta#3) OCT4-eGFP-PGK-Puro vector (Addgene) ﬁJumJ'Lmu

3.3 Iaau loxp-PGK-puro-loxp (19 3.2) 194N 5AA L4119 homology arm U Topo GW vector (V0
3.1) ﬁ@hmﬂid intron 1a814 Infusion HD cloning kit (clontech)

@

34 mnmmgﬂﬁawm donor vector sub-cloning foen lidasunizuaznsinseaIay
UENITY
4. NATOUANTPNIAVES CRISPR/Casdn lunsnszdu DsB ludmnsl sfieenuuu1¥dae 7
endonucleasel (T7E1)
4.1 fibroblast 171 18911 beta-thal 41/42 del iPSCs (beta-thal 41/42 del iPSCs derived fibroblast) 9
Transfect 338 CRISPR/Cas9n plasmid #1835 Nucleofection 1 Elalﬂsfjsljﬂ kit Amaxa® Cell Line Nucleofector® NHDF
4.2 48-72 %I’JIMQ 104 transfection 1IMIANA genomic DNA 311 fibroblast ‘ﬁgﬂ transfected
43 FmainSnamsiugnssui beta-globin gene WS nwiinszduling DSB awitesnuuy'ls

o . o Y o Y { Y Y a o XY [
4.4 1 Heteroduplex formation #50ms¥ A dedduwugnssunnszquliding DSB Jugiuln

U

[ @ @

véwuiiugnssun lignnszdquling DSB Taeld Thermocycler ¥11¥ a3 1 NI 5UONT 18 (denature) A28
ad v a A4 qu o v o =Y A Y q9a v o Ay v

gangingudiangumglauie Ifamsiugnssusunulul dadaengnnszdqulding DSB Junuaieh liugn

nszquazi liaeasiugnssudunuluaiin (mismatched base pairs) AnBMZAINAIEITOYNAR TARIY T7

endonuclease 1

Control (uL) Test (uL)
4142 fibroblast 20 10
4142 fibroblast+CRISPR/Cas9n - 10
Buffer2 (NEB) 2.5 2.5
ddH,0 to 24 24

[

45 @Tﬂﬁummmiﬁugﬂﬁuﬁ uiulaiardin @28 T7 endonuclease 1 (T7E1)
5. uf’ﬂmt’iﬁuﬁugnﬁuﬁaﬁﬂmsnmﬂﬁuﬂu iPSCs vosfjihedmsraadiiie (41/42 del) 130 beta-thal
41/42 del iPSCs A28 CRISPR/Cas9n 118 donor vector
5.1 111113 transfect CRISPR/Cas9n plasmid t48& donor vector 191 beta-thal 41/42 del iPSCs #2875
Nucleofection 1@ ﬂal‘lsflﬂqfﬂ P3 Primary Cell 4D-Nucleofector® X kit
5.2 WA497 transfect A2 3 1 11M5180N colonies A28 Puromycin
53 @39A0UMTUA JUA AU ijﬂiillslu Puromycin resistant colonies @romaiin PCR 1aza1g

BTG EREA LR R I ks
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o

lo 314 beta-thal 41/42 del iPSCs naizd3ve ld¥hmsifunazien PBMC voadihedmmdamilefiing
NERENT ﬁ"ﬁ codon 41/42 YD beta-globin gene udum f! g1 115 pluripotent cell #28n15 transfect Episomal
vector (Oct4, SOX2, KIf4 11ag C-Myc) 1d11n1sAAIden iPSCs Colonies Lﬁamvmaauam GBI pluripotent
markers A8INATIA immunofluorescence staining 16¥ RT-PCR NNHAMINATOUNWLI beta-thal 41/42 del iPSCs ‘ﬁ
Aaden 1a1nsuanI00nvU0d NODAL, NANOG, UTF, OCT3/4, C-MYC, TRA-1 60, SSEA4 118 REX1 ﬁ’agﬂ‘ﬁl

I~ J A 2 =y A
n uag v uaaa liifiu patient specific iPSCs Na319TUTAUANIA pluripotency

DAPI TRA-1-60 NANOG merge

DAPI SSEA4 OCT4 merge

NODAL NANOG UTF

OCT3/4 C-MYC

REX1 GAPDH

51 1 uaraanamsiA3121N151EAL00NUBA Pluripotent maker AIBIMNATA 1. Immune-fluorescence (IF),

9. RT-PCR (cff’w ESCs (a1 U1 beta-thal 41/42 del iPSCs)

v
A A o

ioNagWaIBMIun A IAURUENT5UNAMUA codon 41/42 Y04 beta-globin gene A10INATIA gene

@ I 4 a o
targeting AMEH 190 1A1A0N CRISPR/Cas9dn 1Hun3esiialumsnizduline DSB 39 diimsesnuun gRNA 14

a J

Y o oA Y 3 o ' Y a A a
Uh_]%‘Uiuﬁ’]!iﬂu\?‘ﬂLﬂﬂﬂ’]ﬁﬂﬁ’lﬂwu‘ﬁLﬂu%’luju 59 NNUUNATDUNITINA DSB ﬁ")fl T7E1 Iﬂﬂ DNA nina DSB

a

break Tudmmiandeanisuaziinisdoudronszuiunis NHEJ szdwisngnaa ldase T7E1 i 1difia band
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YA 330 bp Az 120 bp tiesanau IS uwaiAanIana1eRuE 1 ud 11 codon 41/42 U9 beta-globin
gene LU heterozygous gatumsdadae T7E1 Tuadn 13i5ins1d CRISPR/Casodn 921911 band (Radi4 ud
061151011013 transfect CRISPR g1 5 14111l Tuiwad 951171 band ¥11@ 330 bp sz ULRIREDAY
wradi 1i18gn transfect naaaldifudsanuiiuli 1851 CRISPR g 5 inzaunsanszdulina DsB 18 uas
iiesnsiudunanisiia DNA DSB @28n1531A512 W 1@ I (sequencing analysis) W31 CRISPR fjﬁ 59
iAa DSB 1 allele uAamsna1eriug 183ovaz 20 Tuvmei allele i liRamsnateiugaz hignnszduliaa
DSB #a31/f 2 n uag ¥ ManamInaasuaasliifiud CRISPR § 5 awnsanszdulfiia DSB i beta-globin

o ' Y 1 o A A o ¥ o v o A a o Y  aa
gene ALY U codon 41/42 u],ﬂﬂEJN"l]H‘W’Ig LLa;‘ﬁL‘WfJ‘VI°’1]3‘Vl’Iﬂ’lillﬂvlslj’d1ﬂUwuﬁﬂiiuﬂmﬂﬂﬁﬂ’dwwui;‘ﬂ’JEJ’J‘ﬁ

Do

.. Yo Y Y A g ' o v w o
homologous recombination ﬂmzmﬂﬂ”lﬁaammu donor vector meﬂmmLmuﬁlummﬁ"lmmﬂuwu‘n;ﬂim @NE‘IJ‘VI

21
n L & A
2 0w 5 N
§ ¢ £ g »f
§ § &5 & § &fF &§
& A & & & & £ &8
3 > s i & A & £& &8
3 ; g 5 :‘g (¥ R (v ¥ 3 &
3 ) £ 3 Y v & v ~ &
w 330 bp
e . 120bp
2
TGGTCTACCCTTGGACCCAGAGGTT/GAGTCCTTTGGGGATCT] TGGGCAA
TGGTCTACCCTTG -~~~ ———————/——GITCCTTTGGGGATCT I © GGGCAA
TGGTCTACCCTTGGACCCAGAGGTT/GAGTCCTTT GGGGATC T T G GG C
A
V Exon2

Genomic DNA

— Shomogy | pOK-puromyem |  3homology — Donor vector
loxP loxP

31 2 ueraawamsnsIITOUNIIAA DSB Y04 CRISPR §7 5 0. HAAIHANINMIAAAIY TTEL, V. Hanina
sequencing analysis, fl donor vector

A o w A a o . Yo 3 Yo '

Woud I U aNNANITNA18WIE 11 beta-thal 41/42 del iPSCs §96'18%51015 transfect CRISPR 4 5

11ag donor vector 19111 beta-thal 41/42 del iPSCs 1182110151800 clone N1AA homologous recombination Tu
X 9 g9 . " A . . . & o Yo YA A

1U9IAUAIY Puromycin WU Puromycin resistance iPSCs Wudwauun mmmmna"lmaaﬂ 12 clones IW®

A52989UN510A homologous recombination NA1LH AU beta-globin gene TaslHinAin PCR nazwuniing

@ { o [ ' o 4 o a d o o 1
UNINAIVDY selection cassette NAWHUIAINATITIUIY 10 clones LLﬁ%Lﬁf’)‘Vﬂﬂﬁ?Lﬂi"lg‘HaTﬂULU’ﬁLLﬁ%‘W“}J’Nﬁﬂﬁ
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o v  w { a o o (2 1 o ¥ 1
ud lvdwusiugnssuiinansnatewug gndes 5119w 8 clones #9317 3 ¥ uaz A Aa1iL CRISPR § 5 182 donor

vector ANTOMA IvAFUIARIRAMINABUE 11 beta-thal 41/42 del iPSCs ‘I8

n
»' Exn2
4 = _
— Shamogy | 50K rwemren »b— Sdomdogy
P P
Bwa
P pGK. Paromycin P
T op P
v <y deletion
i
ARAGAALNAAR AR NG RA AR mutation
P TTTTT T T T TTTTTTTT
LVVY T VWV IV VY VIV TV VIV corrected
Pt P TTrrrrrrrrrTTrTTTTTd
A
an o Ay v
FN1TATIVADUY %”IH’J‘L!‘VIM],@]
PCR 10/12
Sequencing 8/10

y o v W { a o oA . o ]
51 3 msud lvdrduRugnssuinanINa1eWUFN beta-globin gene @111 codon 4142

anlneuazazunamside

tagiiudinnuwerswlumsiiuna TuTad ipSCs wazimaTulad gene targeting 1119 unsud ludd
WUFNTIUAUDEIININ TABINNIZDE1989 CRISPR/Cas9 1131921 @314 reporter genes 11 iPSCs 1ioAAA NS

A A o o o Aa v g '
1EAI0ONVDI gene Narula (He X et al., 2016) n3omsud ludwunugnssuiaa ldiugn wu msud lumsnato
o A o Y a Y d’l a a d’l a3 a . = a a
Wuﬁ‘ﬂ‘ﬂﬂ‘l’imﬂ IiﬂﬂaWiJLuE]Lﬁ]iﬂluNmWEJ‘L!m’E)lIﬂ (Duchenne Muscular Dystrophy) (Li et al., 2015), gluiaee
9
(Hemophilia A) (Park et al., 2015), Tsada@anluTusde (Cystic fibrosis) (Firth et al., 2015) SIUWINTNAWHUT U
B-globin gene amldRalasdamie (Cradick et al., 2013; Song et al., 2014; Sun et al., 2014; Voit et al., 2013;
' < a

Wang et al., 2012; Zou etal., 2011) 1Unguu© 4 frameshift 41/42 mutation  ladin11uwe1w1w Iun1s 1 matin

CRISPR/Cas9 1911%28ud ludrauiuaninanisnaieiusaana1d1u beta-thal 41/42 del iPSCs (Ou et al., 2016;

a

v ¥

1 [l I av A 1 1o [
Yang et al., 2016; Xie et al., 2014) 409813 1371791143 3891981171 CRISPR gRNA floonuuuyulusumiziy
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]
~

o T A a o d o Y = o (=) AL Y1 A g .
mmm‘ﬂmﬂmiﬂmﬂwu‘qm"lﬁ Cas9 1 Tomdaaa allele ’I/IUliJﬂJmiﬂmeWLlﬁqﬁluﬁjﬂ?m’]lﬂu heterozygous mutation

o ¥ o 12

a o ] y ] X I o o
saznansun bl lud i lidesns Fuiludesinadmsunisyin CRISPR/caso 119 unsud ludiay
Wugnssuiinamsnateiusg luwadn hiswisaimsdadaen uagiiusuau Ifigu adult HSC wagn1s 19 wild
type Cas9 #3921 1710 A nick Ne1e DNA naaesanaluusnanlndiurlfisadanisogonuny NHE) w0

HR 14 i Tomamsina off-target indel 113 litangnagai lwanuive 16 umssavde 11

v
v A 9Yaw

Tua3seasaiidiselszauanudusalumsadia CRISPR gRNA NIANNTUNIZAD frameshift 41/42

gY

mutation 331 UN5 19 Cas9dn (dual Cas9 nickases) H331 19 IAAMIAAN A1 DNA 1iieaduifeIved double strand

DNA tazimiieni fifian1sseusui base excision repair winiu SaanTemanisina off-target indel 1@ANN
314 wild type Cas9 (Ran et al., 2013; Merkle et al., 2015) G?'N CRISPR/Cas9dn #40a1781115007 14 flameshift
41/42 mutation 111 beta-thal 41/42 del iPSCs 18 nazai19zsi1¥iRanisa31e HBB And 18 Fevzdoandoasy
MUI8U03 Niu Lzazﬂmxﬁgﬁqaﬁumuﬁaqﬁ (Niu etal. 2016) 9819'1577 gene corrected iPSCs derived CD34"

Y 9

cells a3 lurasanaanidly protocol N1 lutlaatiudatidesinalumsiirlddmszdalidszansomlums

a

]
@

J T T o o w a o a ..
ﬂgﬂﬂ']ﬂvlulﬁﬂ‘ﬂﬁﬂ']ﬂ‘ﬂ adult HSCs ﬂ'lill,ﬁn/lﬁlla'lﬂﬂ“wu“ﬁﬂiillﬁlﬂﬂﬂ'liﬂf’lﬁlwu‘ljﬁ}'flﬂﬁ/lﬂlm gene editing Tu adult

a

' '
a =

3 A % x . = 2\ a @ 1 4 o
HSCs J0iludnmuaen¥ile 3 designed CRISPR gRNA N3¢ 1ati/sz@nsnnganenvzimuaeriverirlale
v 2o
i

T4 adult HSCs 70 11) &4 beta-thal 41/42 del iPSCs a3 lunsanudseidiansalfiduadasdulumsai

CD34" cells M5 UNAaoUYI=ANTAINUDY designed CRISPR 16

a a
fanssulszma
Y o W aw P 7 a v A o A A A A
AmzIvevove A H1e39e AnzuNNemaas PNaInTaiunIINeIas Naiudayuuazidoemsodile

mamemans

19NE1501909

NAA ADITA. Molecular Basis of Thalassemia and Hemoglobin Disorder. L’J“h’ﬁﬁLLW‘VIE]"V]“I’Hi‘]Jﬂ 2556; 66(1): 35-40.

Cradick TJ, Fine EJ, Antico CJ, Bao G. CRISPR/Cas9 systems targeting beta-globin and CCR5 genes have
substantial off-target activity. Nucleic acids research 2013; 41 (20): 9584-9592.

Firth AL, Menon T, Parker GS, Qualls SJ, Lewis BM, Ke E, Dargitz CT, Wright R, Khanna A, Gage FH, Verma IM.
Functional gene correction for cystic fibrosis in lung epithelial cells generated from patient iPSCs. Cell
reports 2015; 12(9): 1385-1390.

Frock RL, Hu J, Meyers RM, Ho YJ, Kii E, Alt FW. Genome-wide detection of DNA double-stranded breaks
induced by engineered nucleases. Nature biotechnology 2015; 33(2): 179-186.

Galanello R, Origa R. Beta-thalassemia. Orphanet J Rare Dis 2010; 5(11): 1750-1172.

He X, Tan C, Wang F, Wang Y, Zhou R, Cui D, You W, Zhao H, Ren J, Feng B. Knock-in of large reporter genes in
human cells via CRISPR/Cas9-induced homology-dependent and independent DNA repair. Nucleic acids
research 2016; 44 (9):1-14.

Higgs DR, Engel JD, Stamatoyannopoulos G. Thalassaemia. Lancet 2012; 379: 373-383.

- 1054 -



misUszguSuImsiauanavmuddsiuiafinu ssausidua:uiuwid 2560 NVMP28-9

"
NIGRC

KKU*2017 3Uf 10 DAL 2560 U 1MSWAU S1SAU UKIINENEsuaUIRU

Kim D, Bae S, Park J, Kim E, Kim S, Yu HR, Hwang J, Kim JI, Kim JS. Digenome-seq: genome-wide profiling of
CRISPR-Cas9 off-target effects in human cells. Nature methods 2015; 12(3): 237-243.

Li HL, Fujimoto N, Sasakawa N, Shirai S, Ohkame T, Sakuma T, Tanaka M, Amano N, Watanabe A, Sakurai H,
Yamamoto T. Precise correction of the dystrophin gene in duchenne muscular dystrophy patient induced
pluripotent stem cells by TALEN and CRISPR-Cas9. Stem cell reports 2015; 4(1): 143-154.

Mali P, Esvelt KM, Church GM. Cas9 as a versatile tool for engineering biology. Nature methods 2013; 10(10):
957-963.

Merkle FT, Neuhausser WM, Santos D, Valen E, Gagnon JA, Maas K, Sandoe J, Schier AF, Eggan K. Efficient
CRISPR-Cas9-mediated generation of knockin human pluripotent stem cells lacking undesired mutations at
the targeted locus. Cell reports 2015; 11(6): 875-883.

Niu X, He W, Song B, Ou Z, Fan D, Chen Y, Fan Y, Sun X. Combining single-strand oligodeoxynucleotides and
CRISPR/Cas9 to correct gene mutations in Beta-thalassemia-induced Pluripotent Stem Cells. Journal of
Biological Chemistry 2016; 291: 16576-16585.

Okita K, Ichisaka T, Yamanaka S. Generation of germlinecompetent induced pluripotent stem cells. Nature 2007;
448:313-317.

Old JM. Screening and genetic diagnosis of haemoglobin disorders. Blood Rev 2003; 17: 43-53.

Ou Z, Niu X, He W, Chen Y, Song B, Xian Y, Fan D, Tang D, Sun X. The Combination of CRISPR/Cas9 and iPSC
Technologies in the Gene Therapy of Human B-thalassemia in Mice. Scientific Reports 2016; 6: 1-13.

Park CY, Kim DH, Son JS, Sung JJ, Lee J, Bae S, Kim JH, Kim DW, Kim JS. Functional correction of large factor
VIII gene chromosomal inversions in hemophilia A patient-derived iPSCs using CRISPR-Cas9. Cell Stem
Cell 2015 Aug 6; 17(2): 213-220.

Park IH, Zhao R, West JA, Yabuuchi A, Huo H, Ince TA, Lerou PH, Lensch MW, Daley GQ. Reprogramming of
human somatic cells to pluripotency with defined factors. Nature 2008; 451(7175): 141-146.

Qurrat Ul Ain, Jee Young Chung, Yong-Hee Kim. Current and future delivery systems for engineered nucleases:
ZFN, TALEN and RGEN. Journal of Controlled Release 2015; 205: 120-127.

Ran FA, Hsu PD, Lin CY, Gootenberg JS, Konermann S, Trevino AE, Scott DA, Inoue A, Matoba S, Zhang Y,
Zhang F. Double nicking by RNA-guided CRISPR Cas9 for enhanced genome editing specificity. Cell
2013; 154(6): 1380-1389.

Shrivastav M, De Haro LP, Nickoloff JA. Regulation of DNA double-strand break repair pathway choice. Cell
research 2008; 18(1): 134-147.

Song B, Fan Y, He W, Zhu D, Niu X, Wang D, Ou Z, Luo M, Sun X. Improved hematopoietic differentiation
efficiency of gene-corrected beta-thalassemia induced pluripotent stem cells by CRISPR/Cas9 system. Stem
cells and development 2014; 24(9): 1053-1065.

Sun N, Zhao H. Seamless correction of the sickle cell disease mutation of the HBB gene in human induced

pluripotent stem cells using TALENS. Biotechnology and bioengineering 2014; 111(5): 1048-53.

- 1055 -



misUszguSuImstauanavmuddsiuiafinu ssausrdua:uwunwid 2560 VM P28-10

"
NIGRC

KKU*2017 3Uf 10 DAL 2560 U 1MSWAU S1SAU UKIINENEsuaUIRU

Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, Yamanaka S. Induction of pluripotent stem
cells from adult human fibroblasts by defined factors. cell 2007; 131(5): 861-872.

Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by
defined factors. Cell 2006; 126: 663-676.

Tsai SQ, Zheng Z, Nguyen NT, Liebers M, Topkar VV, Thapar V, Wyvekens N, Khayter C, Iafrate AJ, Le LP, Aryee
MJ. GUIDE-seq enables genome-wide profiling of off-target cleavage by CRISPR-Cas nucleases. Nature
biotechnology 2015; 33(2): 187-197.

Voit RA, Hendel A, Pruett-Miller SM, Porteus MH. Nuclease-mediated gene editing by homologous recombination
of the human globin locus. Nucleic acids research 2013; 42(2): 1365-1378.

Wang Y, Zheng CG, Jiang Y, Zhang J, Chen J, Yao C, Zhao Q, Liu S, Chen K, Du J, Yang Z. Genetic correction of
beta-thalassemia patient-specific iPS cells and its use in improving hemoglobin production in irradiated
SCID mice. Cell research 2012; 22(4): 637-648.

Wernig M, Meissner A, Foreman R, Brambrink T, Ku M, Hochedlinger K, Bernstein BE, Jaenisch R. In vitro
reprogramming of fibroblasts into a pluripotent ES-cell-like state. nature. 2007; 448(7151): 318-324.

Xie F, Ye L, Chang JC, Beyer Al, Wang J, Muench MO, Kan YW. Seamless gene correction of B-thalassemia
mutations in patient-specific iPSCs using CRISPR/Cas9 and piggyBac. Genome research. 2014; 24(9):
1526-1533.

Yang Y, Zhang X, Yil, Hou Z, Chen J, Kou X, Zhao Y, Wang H, Sun Xf, Jiang C, Wang Y. Naive Induced
Pluripotent Stem Cells Generated From b-Thalassemia Fibroblasts Allow Efficient Gene Correction With
CRISPR/Cas9. Stem Cell Translational Medicine 2016; 5: 8-19.

Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL, Tian S, Nie J, Jonsdottir GA, Ruotti V,
Stewart R, Slukvin II. Induced pluripotent stem cell lines derived from human somatic cells. Science 2007,
318(5858): 1917-1920.

Zou J, Mali P, Huang X, Dowey SN, Cheng L. Site-specific gene correction of a point mutation in human iPS cells

derived from an adult patient with sickle cell disease. Blood 2011; 118(17): 4599-4608.

- 1056 -





