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Derivation of human induced pluripotent stem cells from CD34+ cells derived from cord blood

Abstract

Although human embryonic stem cells (hESCs) has the ability to differentiate into several cell
types of human body, and hESCs can possibly be used for cell replacement therapy in the future, but the

major obstacle of using hESCs is immunorejection.

There were several attempts to create human embryos by nuclear transfer (NT) technique. These
NT-derived embryos were used for isolation of the inner cell mass (ICM) and subsequent derivation of
hESCs. Due to the lack of donated oocytes and technical difficulty, researchers including us failed to
generate hESCs by this technique. Until the discovery of Japanese researchers about generating the
pluripotent stem cells by inducing somatic cells, these induced cells shows similar characteristic as

hESCs. This finding caught the attention of researchers around the world.

Our group had tried but failed to generate human embryos by using NT technique. Thus, we
couldn’t generate NT-derived hESCs as proposed. We changed the plan and focused on generating of
hiPSCs with the collaboration with the researchers from the laboratory of stem cell and cell therapy,
Faculty of Medicine, Chulalongkorn University and RIKEN institute, Kobe, JAPAN. We successfully
generated hiPSCs from cord blood cells by using temperature sensitive Sendai virus and episomal
vectors. These hiPSCs are considered as the transgene-free hiPSCs which is suitable for using in clinical

trial or therapeutic purposes in the future.
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bFGF
BSA
DMEM
DMSO
EB

FBS
hESCs
HFF
IMDM
iPSCs
PBS

PFA
RT-PCR
SeV
SSEA-4
TRA-1-60
TRA-1-81

[ % L4

ARSLNERUANHLAZANED

basic fibroblast growth factor
bovine serum albumin

Dulbecco’s Modified Eagle Medium
dimethyl sulphoxide

embryoid body

fetal bovine serum

human embryonic stem cells
human foreskin fibroblast

Iscove’s Modified Dulbecco’s Medium
induced pluripotent stem cells
phosphase buffer saline
paraformaldehyde

real time polymerase chain reaction
Sendai Virus

stage specific embryonic antigen-4
tumor recognition antigen-1-60

tumor recognition antigen-1-81
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e lfasamaaniasalsznasfae) (IMDM, 10% FBS, 1% Glutamax, 1% penicillin-streptomycin)
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azane Matrigel (BD Bioscience) LuWNLAN Nqungil 4 asAaaiia s 1ananglunenaeimas
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DMEM &agl dilution factor 250-300 lulasams adaL Matrigel MABANILAD UUANUNNIZIAESLTARTUN ALEL

HuAuENANa 35 Hadwns i lingoungi 4 asrnadea duau duduldaeaad thaumnzinesaadn

q a
P4

wasusae Matrigel Mingummziasmasilszanns 10-15 wn newldanu
NNTARBLRLANNIZAENITARELE Pronectin axinA&Ne) LN Matrigel s1aazi8unweIns

LAABLIANE Pronectin A4 I5UNN98BUN8ANNHAINUUEY Nishishita WAZADLE 2012
la.@ NNSHEN endothelial LEIAR ANLABAANNANLFLAD
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density gradient WASLAAN Wnauanse CD34 Aaean1sld immunomagnetic separation
la.@ N199579 WAz LA Sendai viral vector

Sendai virus vector N4 lunn53aail 1w RNA Tafafinanlaesssn DNAVEC 1HasSendai Usvina
ﬂ_jﬂ;u Insazasg open reading frames (ORFs) 283 human Oct 3/4 a1n NCCIT cDNA way ORFs a4

human Sox2, KIf4 uag c-Myc 1inLBuurastiulag Jucket cell cDNA ARenszUauni1s RT-PCR NS

v
o

mﬂdﬂum?&ﬁw Not I-tagged gene specific forward primer a2 Not I-tagged gene specific reverse primer '17{
Hdautlsznevaas SeV-specific transcriptional regulatory signal sequences %uzﬁ'quauﬁgmﬁuﬁﬁmuuﬁ%:
gnldlu F-deficient SeV vector tnarn template 183 pSeV/AF Afuusazsa uazuAnz pCAGGS-plasmid
75 T7 RNA polymerase, NP, P, F5R uaz L gene idnginad 293T anTuasIag 2937 luringniass DMEM
7IFin 10% heat-inactivated fetal bovine serum UAYIAENABLEAMTN B9 810d1 ea3s seed SeVIAF
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MK2 15110ua94 vector %138 1MN13A9adATZAUBEY vector titers Aaansdiandnisanylu Iaald anti-Sev
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Wz pCXLE-hML (c-Myc-2A-Lin28)
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la.b.o N5k Sendai virus

¥
a

Sendai virus Al lun1IMAaaadln Temperature sensitive strains %4 factors y9dTHalAwA Oct 3/4,
Sox2, Kif4 uaz c-Myc azgnénadnidmasnuenldainisadaesfanainaiaazne FoedanALIIEIuN0
feuntihlutl ad. 2006 Tael Yamanaka wae Ande andulunismaaesil azldnnnasld Sendai virus wnunasld
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la.5.la N9 LG episomal vectors LA electroporation

RETad CD34+ e t@esuni 2-5 51 fiawsinnng transfection a3 transfection tinimadll
e uaz Tumadfinasalagld typan blue assay UAZMTARANWIN 1x10° 1EadlUNNS transfect 34
episomal vectors ﬁlﬁiﬁm PCXLE-hOct3/4-shp53-F, pCXLE-hSK(Sox2-klf4) way pCXLE-hML (c-Myc-2A-
Lin28) Tmeld CD34 Nucleofector kit (Lonza) wazli Amaxa electroporation machine uﬁ\mfmﬁm@ﬁshu
Fumeunns transfect udn lasTadluannuaIuaeesellan 35 SuteuinmadacAesiuTasAIADEe

d” e—dl A % .
AMUNIZLAENTARNILARALALE Matrigel
lo.af NSLALNLEAA CD34+ NuuN1sENa It

o =3 el 1% = v X X I
NINALEAANHIUNTELIUNIELHNAURAD 1AL TUANUNIZ IR T ARTUNA 6-well plate Tu

wnenfisznaudag cytokine 5in97 fafl Aia IL-7 WTa CSF, GM-CSF, IL-1 uaz IF-3 Ansariu 4 Ju ludui 5

% v
e A 1 a

¥ 3 é’ dgl dld (4 901 Adld
fneafadlas I UAI BN Z IR N A T ANLALNAY LaZlALIaRA28UNa1NNA21WLsenauaa9 knockout

U

DMEM, 20% Knockout serum replacement, 1% penicillin-streptomycin, 1% Glutamax, 1% non essential
amino acid, 0.05 mM R-mercaptoethanol kA< 8 ng/ml human recombinant FGF YIRLALNLTARLUANY
WNZIALNITARTLARBL A Matrigel lAgNIadale1nen ReproFF 138 ReproFF2 NHARANNL3EN ReproCelL

szt

'
al g 1 a 1o o

WRSNLTAR CD34+ 7ENuNNtneE nEuRaAaiuuIg 25-40 Ju viraaunseiaiiulalativasimasni

Ansuradeassuniafeau WanyauNn arnduinnasaulslalaidenanasaeduiues 23 dauniazdng

Ialatlveamas lWiasauuannmnziasmas vl saly
l.& NIFLRENLALNNTIANNINUIULTRRAUNILIAAINNISLUTR L1

Walalatlves wadfunilaiaunntsyinns 2000-3000 THAIAUAENNNNT WANANUIULDILTARFL
o a v aa o Y . A @ A 2 aal ¥ g . . . .
NILUA ANENITNITAAMIEL glass pipette T8 LANAUNA 23G vradaeian1sldieulsd dissociation solution
(ReproCel L, JAPAN) nssinsiatl glass pipette vi3a Wixaun 23G 1u Talatlazgnansanidutiuidnilszuim

2 X ™ = Y aal o o X e 4 A o P o
5-8 FuaUagiUIWInTedlalal antulalatingninazgninllinesuwmsdinesiwzanliasami

U

a

NINIIANINUIBLTARAWALTA 28R T

o ¥ o o

ananadnesiu n 57 4 viseduetiudnInIsaTyes

1aTafl wazaunaealaladl

(4 I o

la.o¢ NIFLLH LL°‘iI§\1 viaanunitinannnisiuileniin

1%
ad o

135Nt Tad AN TRARIEa U An8RaAalAN (conventional method) B l@las Fawtielaladl
aaniiunguitasiszains 500-5,000 1wad wddlanguirad luineutuds 15unms 1 s faglu cryotube

Pnenududeldauisznauma Knockout serum replacement (KSR) 90% Waz DMSO 10% lunaasdunivuudg
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1
va

wig (freezing container; Mr Frosty; Nalgene, USA) LﬁUiQW@MMQﬁ@U 80 AYANLTALTEIAWNL 12-24 Falua

udauiu cryotube lululngianman

L4 s 14

.90 MegadanaNtRradaasuiilnfiassannisiuiaatigas CD34+

Q

lo.00.0 N7EONABNY T (Immunostaining)

Fix colonies #a¢ 4% paraformaldehyde (PFA) ﬁ@mmﬁﬁm w4 10-15 Wil arnsduazsinng block
colonies Al blocking buffer %ﬂ‘ﬂizﬂ'ﬂuﬁ'sﬂ phosphase buffer saline (PBS), 0.5% bovine serum albumin
(BSA) wa 0.1% Triton-X ﬁlfqmugﬁ 4 R9ANIATEE T1HNAL (overnight) WA incubate colonies Aqgl primary
antibodies fignidaansdiag PBS+0.5% BSA fignunfifesuu 2 4alue §194ae PBS 3 P53 un incubate doa
secondary antibodies 7iABan9da8 PBS+0.5% BSA w1y 2 $aluq uazdnedan PBS Bn 2 A% anntiianis
conterstaining A1g Hoechst 33342 AN 1 NN/NA. ATIANANIINAGAL immunostaining AREINARY
qanarAfiflssuuid UV

Primary antibodies fldazilnausnnzse Oct-4, Nanog, TRA-1-60, TRA-1-81, SSEA-4, CD10
(Santa Cruz Biotechnology, Santa Cruz, CA, USA)

Secondary antibody ﬁlsﬁﬁ‘ﬂ Goat anti-mouse 78 Goat anti-rabbit conjugated-FITC 138 Cy3

(Jackson Immunoresearch Laboratories, West Grove, PA, USA)

= Ad’ 1 tzgl/d oY o a d’ o % aa
o.9o.lo N1INAADLNITUAANDDNYANEUNLNTINAN NI AN A LA NTARINNI7INTHEU A2 8175

reverse-transcription polymerase reaction (RT-PCR)

@nim total RNA a1n undifferentiated hiPSCs anein1gld Trizol reagent (Invitrogen) muﬁ%ﬁmmgm
NN1949LAIZH cDNA /1N 1 mg 284 total RNA Inangld superscript reverse transcriptase (Invitrogen) N
n19 amplify PCR e/l primers AL pluripotent markes #13941%11 PCR products Inennsdianmag ethidium

bromide Wa¥ 2% agarose gel
l.00.o N1TATIANT markers UILTARAEA AR AL Flow cytometer

FACS antibodies #14l4ur SSEA-4 APC, CD34 APC uaz CD43 FITC A 13w BD Biosciences
Lﬁmﬁgﬂﬂ@mﬂuvﬁ@ﬁﬁmqé’w 0.05% Trypsin-EDTA (Invitrogen), @196 5% FBS i PBS flanfag primary
antibodies 111 20 W7 §19 primary antibodies #28 5% FBS Tu PBS uazflansiasag secondary antibodies
Avunzaniiu primary antibodies ¥1w 20 117 antiudng primary antibodies &atl 5% FBS 11 PBS uazii
Wi MM supernantant fauas resuspend RENAUAIBUTARALE 5% FBS 11 PBS a1uqu 500 lulasans uas

1 l1lmsaasiag Flow cytometer
¥ aa ,
lo.00.c N19A7991ATINTTNAYEAT Karyotyping

nswigain liaadidnganioz metaphase Aaannsld colcemid solution MnI1saanaLtiaiu

fimdagueaLtagaag hypotonic solution uazldinatia G-banding iensaanansuzaaslasiulonteiag

13

£ al | sal o al o =i ° v @
b.oo ﬂq‘iﬂ‘a‘zﬁ]‘uﬂq‘ﬂﬂﬂﬂuuﬂﬂﬂLﬂut‘ﬁﬂﬂ‘lﬂﬂ']ﬂ 'T'VI""I']LW'TSWIQEIﬂ'T‘iLﬂuElQu'TOLViL‘lJuL‘ﬁﬂ@alu

STUULADA (hematopoeitic differentiation)
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‘Hﬁ‘?jmm@z%umumimﬁmﬁﬂﬁm@ﬁmmﬁuﬁ:13PFX1 wasuuradluszuuiden fisanudeu
nilag Salvagiotto  WazAMZ(2011) ﬁﬁﬂ’]i‘ﬂ@ﬂﬂ@:uvﬁ@’gﬂﬁﬂumﬁuLﬁﬂ“’]‘lﬁ’ﬂlﬁﬂ@ﬁlﬁlﬂ'sj Tnenngld
dissociation  solution LLﬁfJLgmn'ngﬁaﬁLﬁﬂjmmLsmﬁrﬁ”mﬁ’nﬁm luaumnziasagadiiaiaudag human
recombinant collagen IV (Chemicon) Tui’i’]m IMDM ‘17{@34 BIT (bovine serum albumin, human recombinant
insulin, human transferring; Stem Cell Technologies), 450 MM monothioglycerol, 0.1 mM non essential
amino acid, 2 mM L-glutamine, recombinant human BMP4 (50 ng/ml, R&D), recombinant human VEGF
(50 ng/ml, Invitrogen) and recombinant bFGF (50 ng/ml) Lgﬂdﬁmﬁi@ﬁumu 6 U ﬁﬁmwuﬁmmﬂ‘ 37 89AN
aiTaa uasiaeluan ity Aves o, 5% 1ARINFUT 6 UAZ 9 FINITATINEBLMINSUANIBDNTDS
markers ﬁﬂq%ﬁqma‘mﬁﬂuuﬂmiﬂLﬂummﬁluﬂ@;wm@“lmwuLﬁ@mimﬂﬁ’mq?mmmﬂmmmﬂmm SSEA-4

gy pluripotent markers, CD34 Waz CD43 gauflu hematopoietic markers AaenT9 1 Flow cytometer

a. WAan15Ias

@.0 NSANIARAUNNRALALNITIUNREIULERa CD34+ A2gl Sendai virus TS7

o

AzERde1FNN19 infect 1@ad CD34+ a1uau 1x10° @44 Aoe 20 MOI 984 Sendai virus TS7

WAIAINANIUNIS infect WA N9idLaEas CD34+ luthenuarluaninuasuass saiiedii 5 34 (g7 1 A
Lay 1B) luﬁqqﬁmﬁnmmnamuuuLmua@mzwudﬁLsmﬁlmxn@'uﬁu (gﬂﬁ 1B) satiuassaaldlliwmnnanng
gauaziladiunieuri Resuua I side R Ea AN RBLAE Matrigel 198 Pronectin

\HeLAENIaS YNNI LUATINZANIEAR AXRLIEARLINEIUNTNUEIAN W ZIAL T as

' ¥
a o o o

a ! - = e a L X . T sy o &
LL@zmﬁ‘fyLﬂuﬂ@‘NLsﬁ@@ (gﬂm 1C waz 1D) ﬁ\?Lsﬁ@@WWTQJLﬂuﬂ@‘Nu UMLTEANNH ﬂﬂmziNLﬁN@uLsﬁ@@muﬂqLum

(317 1C) uaziradniansuzademadsiuniba (319 1D)

al
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51 o nsasreraaAuiLlinRaN TN TAR CD34+ Adel Sendai virus TS7

\Iad CD34' Miagaluign Xovivo 10 Mix 50 ng/mi interleukin-6, 50 ng/ml soluble interleukin-6 receptor, 50
ng/ml stem cell factor, 10 ng/ml thrombopoeitin uag 20 ng/ml Flit 3/4 ligand AauYINNIg infection Aat Sendai
virus (A). 188 CD34" Aignidgaih biiiluwassunuidasaenisld Sev 7d transcription factors, Oct-4, Kif4
. , . ,
uag c-Myc agiuiaan 6 Juluanin suspension culture (Fuinziudungy (B) WAIAIMALNITAATIYN
d . & ool a4y ) . ool oo ,
WilentiAae SeV UNANUWISIAENITARTIAABLIAE Pronectin Aigstied 20 31 azwuimaamasayia imdungu

(C, D) Fanguiradlugyl D saunasgiuaeiugisadsunulagiewug 13PFXT

a.la NIFANAIIUIULASLNIZLALUTARAUNLEARINNITIUREUNLEAR CD34+ Mgl Sendai

virus

2= o o a

AEERAEAINTDaTaRsuAEaa NN amTeatn was CD34 " Inensld Sendai virus TS7 Ml

'3 v

iU Oct-4, Sox2, Kif4 uaz c-Myc M9AU 5 areiug (U7 2) aneiugimadsuiianaineld uanapnianiis

a a

o '

wugureanindumadsuinie naasondunquised wisziasiauiman neluaadiiuivndealugy

2 1 ' '

] = =] A Y

wazdnauuazidnn douiunaestownasasa g lnnaaiuige wasaunEARY 5 a1eRugaINITngnIe
uunazutudeld faedsunsgiumesiuiudsniflunisiindnua uazududesadiuibanuanainss

a1
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[0

e

13PFX1p0 . 13PFXIpl = 13PFXip8

13PFX2 pl

13PFX3 po 13PFX3 pl

13PEX4 po 13PFX4 p1 13PFX4 p5

13PEXS po 13PFXS pl

517l o anwmzaas LadRuRLlaRAINMsIlEigad CD34+ Aasl
Sendai virus ﬁ’;ﬁ 5 maﬁ'uéﬁ 3PFX1, 13PFX2, 13PFX3, 13PFX4 uwag 13PFX5

adsuriIaanmsmitiaring 5 m’)ﬂﬁugimmm”nymuﬁmﬁmﬁmfﬁ/m@’ﬁuﬁwﬁmﬁuﬂn’lﬁ
ansageu Aednisaigilunguirad udazimastawiaian nelugadiiuiuadualuguas

o o & o a = ' = o
Tﬁ)L'q‘lJLL@?/’ll@ﬁ"l?')Zf’?uWuVmﬂ\?u'JLﬁﬁﬂﬂﬁﬂz‘ﬂfﬁl—w@qﬁ‘ﬂﬂ‘n@ﬂ

a.a MIANTARAUNNTALALNITIURLUNLEAR CD34+ A28l episomal vectors

o IS '

ARY ﬁwiﬁ‘ﬁ’m’]i transfect episomal vectors ﬁﬁﬁlu W\ﬂ’]ﬁ'ﬂ Oct-4, Sox2, Kif4, c-Myc Lﬁﬁﬁmaﬁ
CD34+ faanazualiin vdeflFandn electroporation §AdE 1A\ dimad CD34+ Suau 1x10° lwad uazldiates
electroporation 189L3EM Amaxa 11lsunsa U08 uazld CD34 Nucleofector kit

MRIANTNNIS transfect  LmASAaY episomal vectors W& LIAR CD34+ gm?%miuﬁﬂmﬁ'

lsznaumae X-vivo 10 ALAn 50 ng/ml interleukin-6, 50 ng/ml soluble interleukin-6 receptor, 50 ng/ml stem
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cell factor, 10 ng/ml thrombopoeitin ka8 20 ng/ml Flit 3/4 ligand Tuannuanuans 1w 6 U (g‘ﬂﬁ 3A)

T o X | X oo A Y . A A oo X | d'
ﬂ’ﬂuﬂ'ﬂzuqllﬂL@ﬂ\im'ﬂﬂuqquLWq”L@ﬂ\iLT@@WLV’]@@U@QE Matrigel ﬁ?ﬂV]NL‘ﬁ@@WL@ﬂﬂﬂﬂ“ (gﬂ'w SB)
oo X

u qmnm@mmaauumumﬂ Lﬂﬂﬂt“ﬁ@@'ﬂmﬂ‘ﬂu@'}ﬂ Matrigel ‘I/ﬁ“ﬂ V]NL”I]@@WL@EI\?’E

2 o
o)

oA
WL

el®_

a

oo X i

NANLIAANE nwm:mé’wvmﬁﬁuﬁmﬁmL@?cﬁﬂummq"wL@muuma@wLaﬂwmmnwLam‘mmum@awmm

q

1
A o A o

UL 5 FU % 11 FUNA9AIN transfection (i‘ﬂ 3C) A‘L‘L:L“IItli“"*/l‘i/‘l‘i_lﬂ@llle’JZ'Q%"l‘i/Iﬁ\IZ‘lﬂ‘iri’fl«i“’ﬂ“]C{"I’I*F;ILeﬁf‘]’é‘l[ﬂ‘LAT’]’WL‘I/Aﬁ]l,’ﬂiﬂ_l

o

%u‘luamq:ﬁlﬁmuu Matrigel 132704 14 1 MAUALLY Matrigel 118 20 Tunda transfection (@'ﬂw 3D)

‘a‘ﬂ‘Vl a meamqmaamumLummﬂmemummmaa CD34+ mag episomal vectors
LA electroporation
1988 CD34+ Aggn transfect Aagl episomal vectors uazidenuy 6 Juluaninuzauasy luuiei
1sznauaay 1ssnauaag X-vivo 10 i 50 ng/ml interleukin-6, 50 ng/ml soluble interleukin-6
receptor, 50 ng/ml stem cell factor, 10 ng/ml thrombopoeitin Wag 20 ng/ml Flit 3/4 ligand (A) A
s & I R , Y 2
ALYUAENLUANUAIZIALNITARNNITAATIALN Y78 AABLAIL Matrigel (B) iAENFIBILEIAUNTZYaNY
nquITASNIANHUEAR L TAFAUA UTAATYTUNT WUNGUITARATANHUZAR L TaRFUA UTANGN
rd :l

LL?I‘I‘]VIW?L’ULWM@@WL@EN (C) uazu Matrigel (D) Ussnns 11 Uz 20 FUAINAIAL VAIAINITABE Y

n3eUUNT transfection

a.¢ MatnduInadRuindnannsuiiantinigas CD34+ Aas episomal vectors WAy
electroporation

Lﬁ@mmmmn@jwma’m?m@uﬁmmmLzﬁumu@uﬂ'ﬂmaﬂi:mm 1-2 Wy ﬁﬁmiﬁmu_iqmiwma’ﬁu
foedNuunm 23G 'afamﬂu%ul,ﬁnq (gﬂﬁ' 4A WAz 4B) iR adT AL vie NIN1IAALLNNgHNLEAS
@@mﬂu%mﬁnj unztlasifian dissociation solution kaztiiugeuTadlUiAEILUAN NN ZREITART LAREL

é’Qf;lMatrigeI
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¥

ad el' ° '3 ¥ . . ﬂg" 2 o
AVEIIBNITUULIUTAN CD34+ A9t episomal vectors WAL electroporation Y ARIZHINEUAINITA
aianaiuginassunia Hiau 9 aneug Tne 8 araiug aiuaviaeuuIaaniaLs (317 4C) uaz Bn

1 @18 UGATIUATIAEN U Matrigel (3171 4D)

19 S

¥ o

57 ¢ AnsuzIBLTARAUANEAINMSIUNEEAR CD34+ At episomal vectoruay

electroporation
v L, e o o o el r o 4y
WAIRINTYUIATENNGUITANTIARITANA U UTAATYLUTATALY (A) UAZUURMUN AL TARTILARDLA 22
3 N o P o o ] g - - @ o 2 -
Matrigel (B) Jauraneiiaziinaruay innssauinguisaseeniugusqenduauin 23G uazirfureaas
UITARWIAEN Y78 UUANUWILALITARTIIARALAE Matrigel ITARAZAINITOIRFYUALIANA1L A Wi

AN1ITUAENFINALTAGIALN (C) UAZLITIARINTAAWIAEN (D)
a.¢ Megadanantaradaanuiinanuiiaiiy

a.€.0 NNINAFALNTUAAIAANUAY pluripotent gene M28AE RT-PCR

o a

Wasanniradsiunniina¥eldsaentsld Sendai virus TS7 waz Sendai virus @naugilu RNA

TaFa uazdiannlosiegoumniiin 38 esraadidua lnfaazidenuazmglianaad wasaniaeuaaauiibe

a

na¥19ldannnisld Sendai virus TS7 7 38 avAEadEad fioilloaunu 4-5 41 AnzERdURATIAA LN RNA

vedlafandsannipemassuiiaaRug 13PFX1 Ngnumni 38 asenmadiaasieiiiasiu 5 41 dwmsaall

Kl a

©

o o o

WU Sendai virus TuagAuNLTLAa (g‘ﬂﬂ 5A) $BANAINUU ENNIFTIRADLNITLAANAANADBY pluripotent genes 7
Weadesiunisuantfniafuadsuniiinaesanawug 13PFX1 luszazusnanzgidanngaunng

= ey o a ayy = o o . . £ o oA v .
wansaanvasdulumasAun1NaN lHanNITuNeatuN A9 Sendai virus TS7 a@ssuaanmnsaagaulaw
endogenous Oct3/4, Nanog, Lin28 LazATadaLnIsiansaan1adduiiniain Sendai virus tiun Sev Oct 3

/4, SeV Sox2, SeV KIf uaz SeV c-Myc tnelfimadsunniinanasiug 20187 \umadaiunu wudn wads
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9 o

AlianAnzgRdaa¥auanaiug 13PFX1 An1suansaanyes endogenous genes Oct3/4, Nanog, Lin28 W

a

Tdfinsuanseanaas SeV Oct 3 /4, SeV Sox2, SeV KIf waz SeV c-Myc Wuiagaiu 201B7 (3171 58)

SeV e-Mye
SeV Kif4
SeV Sox2
Sendai V SeV Oct-3/4
Lin 28

Nanog Nanog

Oct- 34

B-actin B-actin

gﬂﬁ & N1TULAAIRANAR|Y Sendai viral genes, pluripotent genes LLAZ house keeping
gene ARILTAR CD34"

w999 1wy Sendai virus 114 RNA seumasiurnilnanesiug 13PEX1 Atinuuas laisin AT anugA
38 avANTALTHA (A) TAAAWNNEAAEYLE 13PFXT dn1sudaveanyed endogenous Oct3/4, Nanog,
Lin28 walidinnsuanseanaed fu SeV Oct 3/4, SeV Sox2, SeV Kif4 uag SeV c-Myc iTuaanLiTaasu

Andaaneiug 20187 iaannsmileaunsag Retrovirus uasiaithusas lunguaiuny

a.¢.la NSNARAUNITWRAIBANUAY pluripotent markers AAEAENTEANRNNIBNYTY

AzdRdnliinnisageauNIsuanIaanTa pluripotent markers IB9IARBUANTAR WS 13PFX1

al

' 1
I

waz 13PFX2 Naialdarnniswiiantintaeld Sendai virus TS7 nan1snaaaunLdn LagaNawug 13PFXT &
NN34AA98BNY2Y Oct 3/4, Nanog, SSEA-4, TRA-1-60, TRA-1-81 wsilin13uandaanaed CD10 Heann (3U7

6A ) luatuzi 13PFX2 An1suandaanaes Oct 3/4, Nanog, SSEA-4, TRA-1-60, TRA-1-81 waz CD10 (U7

'
a

6B) Teviavuaiilu markers @1AtuNLaT90 13PFX2 waadmuniinannsuianii
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A B

Oct3ld Oct3d

Nanog Nanog
SSEA-4

SSEA-4

TRA-1-60 TRA-1-60

TRA-1-81 TRA-1-81
CD10

CD10

519 5 nan1sNAFALNITUARIRANTDY pluripotent markers AERABN1THANANIIBNYTU
LIRAAUNUIAAETUE 13PFXT (A) 13PFX2 (B) iafvlaanmiawileasinfae Sendai virus nsuanveeanted
pluripotent markers #i197slu markers wdnvevisagsuiuilasageu laun Oct3/4, Nanog, SSEA-4, TRA 1-

60, TRA 1.81 uaz CD10 (Aumd A Ave9 markers, AW AeA189ARLATDITAR)
al @@ sal o v al o @ a wm
a.&.a Malaguulaatlugaaniuminnanws maluasd Jiisnis

ﬁm:ﬁﬁﬁﬂié’wm'aummmmwmsl,umil,ﬂgﬂw,l,ﬂmvl,ﬂLﬂuuﬁ@ﬁﬁﬁwﬁﬁﬁﬂmﬁz gaaTasiuslng
Aaarnniaiileatingan Sendai  virus Iﬁﬂﬂ’]i‘mdﬂfJﬁ’ﬂﬁLﬂ?ﬂlﬂuLLﬂ@\ﬂﬂLﬂuL‘ﬁﬂZ\]ﬂluﬂ@:NLa’rﬂﬁ TR
hematopoietic lineage FntiAannafisnganuniaunin Te Salvagiotto UAa¥AME (2011) HA3EMIN19RIA6RL
n1sudn9nantes surface markers fliAtadasiia SSEA4, CD34 way CDA3 LURAT9Tas 13PFX1 RiHmun1s
nazfulianuuladlflumadlunguiden Taanasld FACS luiufl 6 waz 9 wiawilaavr wudwdagn
wilieatin unan 6 91 [maddandinsuaninanaes SSEA-4 daifly pluripotent markers @¢jszu104 48.4 %
(gﬂ‘ﬁl 7A) waTinNITLaAIRanaay CD34+ %uﬂu markers ﬁLﬁﬂfJﬁ’UﬂwLﬂgﬂuLﬂu hematopoietic lineages
Uszann 4.7% (U7 78) ileriinnsnanageunisuasaanaes markers luuf 9 wdsanniswiaarin wudn

al

IARNNIUARIBANTBY CD34 1swNnns 23-25% (3171 7C) uay CD43 1syunns 0.5% (317 7D)
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Dayb SSEAL-APC

SSEA4 APC-A

' o

(10 10
GFPFITCA

1
Tube: Dayb SSEA-APC

Population #Events %Parent %Total |
LJAIEwens 671 ##8 1000

] 628 936 936 | ,
w© w llr 8 13 12 U
GFPFITCA % Ps 05 518 484 ‘ GFPFITCA
Kot 3 538 504
Day SSEALAPC X 711 10 Day6 CD3PE
X w49 420
Ko 102 0

10

SSEA4 APC-A

CD34 YGPE-A

13 PFX1 Dayd CO34 APC 13 PFX1 Dayd C43FITC

CD34 APC-A

13 PFX Dayd CD34 APC

Experiment Name: Tet-Of D
SpecimenName:  Specime

¥ Day!3 PFX Dayd Dayl0

Tube Name: 13PRX1
Record Dale:  Dec16,201143234PM < |
§0P. Administalor 0 |
0 §OP. Administator
COMAPCA
SSCAPECP5

’cw,\an:n :Ev::ms w’,m ! Popuation #Eients  %Parent Mean r.tzwi
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Eighteen-Year Cryopreservation Does Not Negatively
Affect the Pluripotency of Human Embryos:
Evidence from Embryonic Stem Cell Derivation
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Abstract

Human embryonic stem (hES) cells are considered to be a potential source for the therapy of human diseases,
drug screening, and the study of developmental biology. In the present study, we successfully derived hES
cell lines from blastocysts developed from frozen and fresh embryos. Seventeen- to eighteen-year-old frozen em-
bryos were thawed, cultured to the blastocyst stage, and induced to form hES cells using human foreskin fibro-
blasts. The Chula2.hES cell line and the Chula4.hES and Chula5.hES cell lines were derived from blastocysts
developed from frozen and fresh embryos, respectively. The cell lines expressed pluripotent markers, including
alkaline phosphatase (AP), Oct3/4, stage-specific embryonic antigen (SSEA)-4, and tumor recognition antigen
(TRA)-1-60 and TRA-1-81 as detected with immunocytochemistry. The real-time polymerase chain reaction
(RT-PCR) results showed that the cell lines expressed pluripotent genes, including OCT3/4, SOX2, NANOG,
UTF, LIN28, REX1, NODAL, and E-Cadherin. In addition, the telomerase activities of the cell lines were higher
than in the fibroblast cells. Moreover, the cell lines differentiated into all three germ layers both in vitro and
in vivo. The cell lines had distinct identities, as revealed with DNA fingerprinting, and maintained their normal
karyotype after a long-term culture. This study is the first to report the successful derivation of hES cell lines in
Thailand and that frozen embryos maintained their pluripotency similar to fresh embryos, as shown by the suc-
cess of hES cell derivation, even after years of cryopreservation. Therefore, embryos from prolonged cryopreser-
vation could be an alternative source for embryonic stem cell research.

Key words: embryo transfer; infertility; reproductive technology; stem cells

Introduction Embryos that display poor morphology after freeze-thawing

are discarded or donated for research purposes, including

N HUMAN-ASSISTED reproductive technology, the tech-

nique of cryopreservation, which involves storing an oo-
cyte, sperm or embryo at sub-zero temperatures, is well
established, effective and applied in most infertility centers
around the world.! Researchers were initially concerned
with the effects of cryopreservation or cryostorage on the
survival, development and molecular biology of the frozen
embryo after thawing.>®* However, recent reports have
demonstrated that cryostorage does not adversely affect
post-thaw survival or pregnancy outcome during iz vitro fer-
tilization (IVF) or oocyte donation in patients. Moreover, a
healthy boy was born from 20-year-old cryopreserved pronu-
clear (PN) embryos.s’6

human embryonic stem (hES) cell derivation. The hES cells
that are derived from the pluripotent cells of a preimplanta-
tion stage embryo display unique characteristics, such as
self-renewal and differentiation into all adult cell types.
Thus, hES cells are not only considered to be potential sour-
ces for drug screening tests and regenerative medicine ther-
apies, they might also serve as a model for the study of early
human embryonic development.” To date, more than 1000
hES cell lines have been derived in laboratories worldwide,
and rapid advances in the knowledge and technologies asso-
ciated with the culture conditions of hES cells have made it
possible to derive new hES cell lines under clinical or near
clinical conditions for further use.® Although the embryos

"Human Embryonic Stem Cell Research Center; Departments of “Obstetrics and Gymecology (Reproductive Medicine Unit), and
4Pharmacology, Faculty of Medicine; Chulalongkorn University, Bangkok, Thailand.

3King Chulalongkorn Memorial Hospital, Bangkok, Thailand.
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may display poor morphology, they remain a major source of
starting material for the isolation of hES cells, and several
methods have been applied to improve the success of hES
cell derivation. Culturing poor-quality embryos in a modified
culture medium increased blastocyst formation,” and using
mesenchymal stem cells as feeder cells also facilitated the der-
ivation of hES cells from poor-quality embryos."” However, a
recent publication demonstrated that there was no correla-
tion between the morphology of cells at the blastocyst stage
and the success of hES cell derivation.!* Thus, the success of
hES cell derivation can be expected even with poor-quality fro-
zen-thawed embryos. As previously discussed, the duration
of cryopreservation does not affect pregnancy outcome; thus,
it would be interesting to determine whether long-term cryo-
preserved embryos could generate hES cell lines similar to
fresh embryos.

In the present study, we aimed to derive hES cells from em-
bryos that were previously frozen for 17-18 years under culture
conditions that minimize contact with animal products. More-
over, an examination of the poor quality of fresh embryos that
were not suitable for transfer was also included in this study.

Materials and Methods
Human embryos and ethical approval

The human embryos used in the present study were do-
nated with informed consent from a couple that participated
in the IVF program for infertility treatment. The isolation of
hES cells was performed after obtaining the approval of the
Institutional Review Board (IRB number 096/50), Faculty of
Medicine, the Chulalongkorn University. The procedure
was performed according to the National Guidelines for
Stem Cell Research issued by the Thai Medical Council and
the Ministry of Public Health.

Embryo culture

Frozen embryos at the PN stage were thawed, transferred
to droplets of the global medium (LifeGlobal) supplemented
with 10% serum substitute (Irvine Scientific), covered with
light oil (LifeGlobal), and cultured at 37°C in 5% O,, 6%
CO,, and 89% NO,. The poor-quality donated fresh embryos
were cultured under the same culture conditions. After 34
days of culture, only the embryos that developed to the blas-
tocyst stage were collected and transferred to the hES cell lab-
oratory for hES cell isolation.

Preparation of the feeder layer

Commercial human foreskin-derived fibroblasts (HFF;
CRL-2429, ATCC) were used. HFFs were cultured and main-
tained according to the manufacturer’s protocol. To use HFFs
as feeder cells, the confluent fibroblasts were mitotically inac-
tivated with 10 yg/mL mitomycin C (Sigma) for 2.5-3h, dis-
sociated with 0.05% trypsin-ethylenediaminetetraacetic acid
(Invitrogen), counted, and plated on a 0.1% gelatin-coated
dish (BD Bioscience).

Isolation of the inner cell mass and the propagation
of hES cells

The zona pellucida of the blastocyst was removed through a
brief incubation with 0.1% acidified Tyrode’s solution with
close monitoring under a stereomicroscope. Zona-free blasto-
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cysts were directly plated onto the feeder cells. For propaga-
tion, the hES cells were mechanically dissociated into small
pieces every 5-7 days using a 23G needle, detached from the
culture dish, and plated onto new feeder cells; the culture me-
dium was changed daily. The hES cell medium was the knock-
out Dulbecco’s modified Eagle’s medium supplemented with
20% knockout serum replacement, 1% Glutamax®, 1% nones-
sential amino acids, 0.1 mM 2-mercaptoethanol, 1% penicillin-
streptomycin (all purchased from Invitrogen), and 8ng/mL
fibroblast growth factor (bFGF; R&D Systems).

Alkaline phosphatase staining and immunostaining

The hES cell colonies were fixed using 4% paraformalde-
hyde. The alkaline phosphatase (AP) activity was detected
using an AP detection kit (Sigma), according to the manufac-
turer’s protocol. The primary antibodies used were mouse
antibodies against stage-specific embryonic antigen (SSEA)-
4, tumor recognition antigen (TRA)-1-60 and TRA-1-81,
and rabbit anti-Oct3/4 (all purchased from Abcam). For
the detection of the antibodies, fluorescein isothiocyanate-
conjugated goat anti-rabbit or Cy3-conjugated goat anti-
mouse antibodies were used.

Real-time polymerase chain reaction

Total RNA was extracted using TRI REAGENT® (Molecu-
lar Research Center, Inc.). A total of 1 g of total RNA was re-
verse transcribed using the RevertAid H Minus First Strand
¢DNA Synthesis Kit (Fermentas, Thermo Fisher Scientific,
Inc.), according to the manufacturer’s instructions. Polymer-
ase chain reaction (PCR) was performed with PCR master
mix (2x) (Fermentas, Thermo Fisher Scientific, Inc.). The
PCR conditions and primers were described previously.'?

Differentiation of hES cells

To determine their in vitro differentiation ability, hES cells
were mechanically dissociated into small clumps and cul-
tured in suspension in the hES cell culture medium without
bFGF. Three-dimensional structures called embryoid bodies
(EBs) were observed for up to 21 days. To determine their
in vivo differentiation ability, a teratoma formation assay
was performed. Approximately 1x10° hES cells were injected
under the testicular capsule of 4- to 6-week-old nude mice.
After 10-12 weeks, the mice were euthanized, and the terato-
mas were removed, fixed with 10% buffered formalin phos-
phate (Sigma), and embedded in paraffin blocks. Next, 4 ym
sections were stained with hematoxylin and eosin. The care
of the animals was conducted in accordance with the institu-
tional guidelines of the Ethics Committee for Animal Labora-
tory Use (Approval No. 15/52).

Telomerase analysis

The telomerase activity of the hES cell lines was measured
using a TRAPeze Telomerase Detection Kit (Chemicon),
according to the manufacturer’s instructions.

Karyotype analysis

The hES cells were incubated with 10ng/mL of colcemid
(Karyomax, Invitrogen) for 3-4h at 37°C and 5% CO,. Subse-
quently, the cells were trypsinized, treated with KCl solution
(Bio Industries), and fixed with fixative (3:1 methanol:acetic
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acid). The metaphases were spread onto microscope slides
and stained using a standard G-banding technique. The chro-
mosomes were classified according to the International Sys-
tem for Human Cytogenetic Nomenclature. At least 15-20
metaphases were analyzed per cell line.

DNA fingerprinting

Total genomic DNA was extracted from the undifferenti-
ated hES cells using a DNeasy Tissue Kit (Qiagen), according
to the manufacturer’s instructions. Fifteen short tandem re-
peat (STR) loci and amelogenin were amplified using an
AmpFISTR® Identifiler® PCR Amplification Kit (Applied Bio-
systems), according to the manufacturer's instructions and
detected using a 3100 Genetic Analyzer (Applied Biosystems).

Results
Development of embryos after fong-term cryopreservation

Upon approval from the ethics committee, a total of 23 em-
bryos were thawed and cultured according to the standard
protocol of the IVF Unit, King Chulalongkorn Memorial Hos-
pital. A total of 17 of the 23 (73.9%) embryos survived after
thawing: 12 (70.6%) of the surviving embryos arrested at
the initial stage of development, and five (29.4%) embryos de-
veloped to the blastocyst stage after 4 days of culture. Of the
five blastocysts, we only obtained one expanded blastocyst
with a tightly packed inner cell mass (ICM; Fig. 1A); the
other blastocysts were not fully expanded, showing thick or
broken zonae pellucidae and small ICMs (Fig. 1B-D).

Isofation of ICMs and hES ceff cufture

Although their quality was not high, five blastocysts from
frozen—thawed embryos and eight fresh blastocysts were
used for hES cell derivation. Due to the difficulty of the local-
ization of the ICM within blastocysts (Fig. 24A), the mechanical
separation of the ICM from the trophectoderm (TE) was not
achieved. Thus, the zona pellucida was isolated, and the blas-
tocysts were directly plated onto inactivated HFFs that were

used as the feeders. At 24 h after the initial plating, the cultures
were examined for the attachment of the blastocysts to the
feeder layer. Three to four days after coculture with feeder
cells, a prominent ICM surrounded by TE cells was observed
(Fig. 2B). This ICM was separated from the TE using a 23G nee-
dle and plated on a layer of fresh feeder cells. Within 24 h, the
ICM was attached to the new feeder cells. Seven days after
the second plating of the ICM, hES-like cells began growing
from the ICM clump (Fig. 2C). The newly formed hES-like
cells were dissociated using a needle and plated onto fresh
feeder cells. Mechanical passaging was applied to propagate
the hES cells. The established hES cell line (Fig. 2D) exhibited
a vigorous growth rate during a long-term culture and was
routinely passaged every 5-7 days. The efficiency of the deri-
vation of the hES cell lines from blastocysts developed from
frozen-thawed and fresh embryos is summarized in Table 1.

Morphology of hES celfs on different densities
of feeder ceffs

The cell line derived from the 18-year-old cryopreserved
embryo, Chula2hES, displayed the typical features of hES
cells, induding flat colonies, a high nuclear/cytoplasmic ratio
with clearly distinguished nudleoli, and a defined border of col-
onies. At the early stage of Chula2. hES derivation (passage num-
bers 3-8), three different densities of feeder cells were tested. As
shown in Figure 2E, after growing five subsequent cultures on
three different feeder cell densities of 1.75, 3.5, and 7.0x10*
cells/em?, we found that Chula2 hES cells cultured on
1.75x 10% cells / em? tended to differentiate more easily compared
with other feeder cell densities. Mareover, the attachment of
Chula2 hES cells cultured on 7.0x10% cells /cm” decreased after
subsequent passages. Thus, a feeder cell density of 3.5x10*
cells/cm?® was selected for the culture of Chula2 hES cells and
the derivation of the other lines, Chula4.hES and Chula5.hES.

Characterization of hES celfs

All of the hES cell lines exhibited the AP acHvity and
expressed hES cell markers, including SSEA4, TRA-1-60,

broken zona pellucida

FIG. 1. Morphology of the blastocysts

* | developed from long-term cryopreserved
embryos. Six days after thawing and culture,
the surviving embryos developed to the
blastocyst stage. Different morphologies of
the blastocysts, including fully expanded
blastocysts with a clear and Hightly packed
ICM (white arrow; A), non-fully expanded
blastocysts with thick zonae pellucidae and
small ICMs (B-D), and broken zona
pellucida during the freezing—thawing
process, were observed (black arrow; D). All
of the images were obtained using a 40X
objective phase-contrast microscope. ICM,
inner cell mass.
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FIG. 2. Derivation of a hES cell line
from a blastocyst developed from a
frozen—thawed embryo. The images
show the successful derivation of the
Chula2.hES line from a poor-quality
intact blastocyst developed from an
18-year- frozen embryo (A). The zona
pellucida of the blastocyst was
removed, and the entire blastocyst
was plated on feeder cells. Three days
after plating, an outgrowth of ICM
(indicated by the star) surrounded by E
a TE was observed (B). The ICM was
mechanically removed from the TE
and plated onto new feeder cells.
Seven days after removing the TE, an
outgrowth of putative hES-like cells
was observed (C), which later
generated the stable hES cell line
Chula2 hES (D). The morphologies of
the colonies and individual
Chula2.hES cells on three different
feeder cell densities (E). A density of
35,000 cells/ cm? was selected for
further propagation. Scale

bars=100 pm, hES, human embryonic
stem; TE, trophectoderm.

TRA-1-81, and Oct3/4 (Fig. 3A). The real-ime polymerase
chain reaction (RT-PCR) results confirmed that the Chula2
hES, ChuladhES, and ChulaS.hES cells are pluripotent
cells, as shown by the expression of pluripotent genes, includ-
ing OCT3/4, SOX2, NANOG, UTF, REX1, LIN28, NODAL,
and E-Cadherin, which was similar to the NIH registered
hES cell line BGO1 (Fig. 3B). The ability of the hES cell lines
to differentiate into embryonic germ layers was demonstrated.

40 x
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4 2
1.75 x 10 cells /em

4 2
3.5x 10 cells /cm

4 2
7.0 x 10 cells /em

To evaluate their in vive differentiation, Chula2.hES, Chu-
la4.hES, and Chula5.hES cells were allowed to grow and dif-
ferentiate for 10-12 weeks after injecton into nude mice. The
histopathological analysis of the teratomas revealed the pres-
ence of tissues derived from the ectoderm, endoderm, and
mesoderm layers (Fig. 3C). For in vitro differentiation, the
hES cell lines were mechanically dissociated into small
clumps and cultured in suspension. All of the cell lines
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TaBLE 1. COMPARISON OF THE EFFICIENCY OF HUMAN EMBRYONIC STEM CELL DERIVATION USING
BrastocysTs DEVELOPED FROM FROZEN-THAWED AND FRESH EMBRYOS
Blastocysts used Attached ICM outgrowth hES-like cells Cell lines
Embryos n n (%) n (%) 1 (%) 1 (%) Name

Frozen-thawed 5 5 (100.0) 3 (60.0) 1(20.0) 1 (20.0) Chula2 hES
Fresh 8 7 (87.5) 5 (62.5) 3 (37.5) 2 (25.0) Chula4.hES
Chula5.hES

Total 13 12 (92.3) 8 (61.5) 4 (30.8) 3(23.1)

ICM, inner cell mass; hES, human embryonic stem.

were able to form three-dimensional structures, called EBs
(Fig. 3D). When the telomerase activity of the hES cell lines
was analyzed, all of the cell lines displayed a high telomerase
activity, which was higher than the activity of HFFs (Fig. 3E),
suggesting immortal replication ability.

Identification of hES cell lines

The chromosomal stability of the hES cell lines was assayed
through conventional karyotyping. The cells were karyo-
typed using standard G-banding. At least 15-20 metaphases
of each cell line were counted. Karyotyping revealed that
the Chula2.hES line, which was derived from an 18-year-
old frozen embryo, had a normal male chromosome content
of 46 XY. The Chula4.hES and Chula5.hES cells, which were
derived from blastocysts developed from fresh embryos,
showed normal male and female chromosome contents of
46 XY and 46 XX, respectively (Fig. 4A). A total of 16 STR
loci were analyzed for the three newly established hES cell
lines, and each cell line showed distinct STR loci (Fig. 4B).

Discussion

In our previous study, we examined different protocols for
the derivation of hES cells, but only one hES-like cell line was
successfully generated from a frozen—thawed embryo using
human skin fibroblasts as feeder cells.”” In the present study,
a total of 12 and 11 PN stage embryos, which had been frozen
in 1990 and 1991, respectively, were thawed and cultured in a
commercial medium without the supplementation of growth
factors or cytokines. The survival rate of the frozen-thawed
embryos in our study (73.9%) was consistent with that of
other studies in which the embryo culture medium was sup-
plemented with an Rho-associated kihase (ROCK) inhibitor
Y-27632 or a combination of human recombinant leukemia in-
hibitory factor (hrLIF) and human basic fibroblast growth fac-
tor (hbFGF).>1® The ROCK inhibitor positively enhances the
survival and proliferation of several cell types.*™® Five em-
bryos survived the freeze-thaw process and developed to the
blastocyst stage, which demonstrated that the cryopreserved
embryos in this study maintained their developmental ability,
even after 17-18 years of cryostorage.

We attempted to isolate hES cells from the low-quality blas-
tocysts derived from the frozen-thawed embryos without
modifying the culture conditions. Modifying embryo culture
conditions, such as culturing embryos in a modified culture
medium composed of the G2.5 medium supplemented with
hrLIF, hrbEGF, and human serum albumin®'® or two addi-
tional days of culturing after reaching an early blastocyst
stage,15’17 shows a beneficial effect on hES cell derivation.
However, poor-quality blastocysts developed from either

fresh or frozen—thawed embryos were used for hES cell deriva-
tion, and both showed the ability to generate hES cell lines. As
our results showed, hES cell lines could be derived from blas-
tocysts developed from frozen-thawed and fresh embryos
with no difference in efficiency, and the cryopreservation of
the embryo did not affect the efficiency of hES cell derivation.
The hES cells derived for medical purposes should not be
exposed to animal components. Although the hES cell lines
derived in this study were not completely xeno-free cell
lines, the animal components will be removed from the cul-
ture conditions in our future studies. However, in this
study, we did not add serum to the culture medium and fur-
ther minimized contact with animal components in the cul-
ture conditions by using commercial HFFs as feeder cells
and mechanical passage for hES cell propagation. The
method for the isolation of the ICM also affects the success
of hES cell derivation. To derive xeno-free hES cells, we con-
sidered mechanical methods for the isolation of the ICM or
whole-blastocyst culture techniques. Both methods have pre-
viously been reported for the successful derivation of hES cell
lines."®'® However, due to their poor quality, the blastocysts
contained a relatively small ICM; thus, the only method that
could be used in this study was whole-blastocyst culture.
Three to 4 days after the initial plating of the whole blastocyst
onto feeder cells, a dome-shaped ICM was observed. This
phenomenon demonstrates that our culture conditions sup-
port the growth of an ICM in poor-quality blastocysts. The
complication of using this method is that the ICM is cultured
in close contact with the TE. Contact with the TE might de-
crease the success of hES cell derivation by inducing the dif-
ferentiation of the ICM.* To avoid losing the pluripotency of
the cells in the ICM, we mechanically removed the ICM out-
growth from the TE at approximately 3—4 days after the initial
plating, plated the ICM on new feeder cells, and subsequently
split the hES-like cells into small pieces for further propaga-
tion. Thus, three hES cell lines, Chula2 hES, Chula4d.hES, and
Chula5hES, were successfully established. Other groups have
also reported the early separation of the ICM from the TE**
Although some reports have suggested that in whole-blastocyst
culture, the ICM clump should be separated from the TE out-
growth and split into small pieces at 7-10 days after initial plat-
ing, 8% no hES cell line could be derived in our hands using
this method. In fact, the ICM clump should comprise a large
number of pluripotent cells before the first splitting, as
human pluripotent cells preferably grow as a group of cells.
Based on previous reports, the feeder cell density is an im-
portant parameter for hES cell culture. The morphology of the
hES cell colonies was different when cultured on different
feeder cell densities.?* To our knowledge, there are no standard
criteria for the feeder cell density for the derivation and
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FIG. 3. Characterization of the hES cell lines. The Chula2.hES, Chula4.hES, and Chula5.hES cells expressed pluripotent
markers, including AP, Oct3/4, SSEA4, TRA-1-60, and TRA-1-81, as detected with immunostaining (A), and pluripotent
genes, including OCT3/4, SOX2, NANOG, UTF, REX1, LIN28, NODAL, and E-Cadherin, as detected with RT-PCR. GAPDH
was used as a housekeeping gene, and the NIH registered hES cell line BG01 was used as the control (B). The in vivo differ-
entiation of the hES cell lines was assessed using a teratoma assay. Ectodermal, mesodermal, and endodermal tissues were
found in the teratomas of Chula2 hES, Chula4. hES, and Chula5.hES cells (C). The in vifro differentiation of the hES cell
lines was determined using EB formation (D). The immortal replication ability of hES cell lines was measured through the
high level of telomerase activity, and the levels were higher than in foreskin fibroblasts, which were used as feeder cells
(E). The scale bars in (A) and (C) represent 100 ym, and the scale bar in (D) represents 10 um. All of the images of AP in A
were acquired with a 10x objective phase-contrast microscope. AP, alkaline phosphatase; SSEA, stage-specific embryonic an-
tigen; TRA, tumor recognition antigen; RT-PCR, real-time polymerase chain reaction; GAPDH, glyceralaldehyde-3-phosphate
dehydrogenase; EB, embryoid body.
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FIG. 4. (A) The Kkaryotype analysis of three different hES cell lines using the G-banding method and DNA fingerprinting.
Chula2.hES, Chula4.hES, and ChulaS.hES cells were able to maintain their normal karyotype after long-term culture, as
detected with standard G-banding. The Chula2. hES, Chulad hES, and Chula5.hES cells exhibit 46 XY, 46 XY, and 46 XX,
respectively. (B) The Chula2.hES, Chula4.hES, and Chula5.hES cells displayed different DNA fingerprinting, which indicates

that the three cell lines were derived from different embryos.

maintenance of a new hES cell line. Inzunza et al* suggested
that when using commerdially available HFFs as the feeder,
a density of approximately 5.3x10* cells/cm® could be ap-
plied for derivation, and subsequently, a density of 1.23x10°
cells /em? could be used for hES cell maintenance. Ellerstrém
et al? wsed a density of approximately 6.9 10* HFF cells/cm?
for the derivation of xeno-free hES cells. We tested three
different feeder cell densities for the derivation of the Chu-
1a2. hES line (passage numbers 3-8). Our results demon-
strated that the Chula2.hES line demonstrated the best
morphology of undifferentiated cells when cultured on
3.5x10* cells/cm® compared with their growth on 1.75
and 7.0x10* cells/cm?; thus, this density was selected for
the derivation of other cell lines. In contrast to Chula2.hES
cells, during the first and second passages of Chula4.hES
and Chula5.hES cells, both of the cell lines tended to differ-
entiate easily when cultured on 3.5% 10* cells /cm? of feeder
cell density. The spontaneous differentiation of Chula4.hES
and Chula5.hES lines can be explained by the low density
of feeder cells resulting in insufficient levels of secreted fac-
tors, extracellular matrix, several molecules, and cellular
contacts that are provided by the feeder cells for the mainte-
nance of hES cells in the undifferentiated state.”® To avoid
losing the pluripotent cells, we increased the density of the
HEF cells from 3.5 to 5.0x 10* cells/em?, which resulted in
the establishment of two stable cell lines, Chula4. hES and
Chula5.hES. The 7.0x10* cells/cm? feeder density was not

selected for culturing the hES cell lines because a high feeder
cell density would result in a more rapid depletion of nutri-
ents and oxygen within the in vitro culture milieu, which
could be detrimental to the growth of hES cells. In addition,
ahigh feeder cell density could also physically hinder the at-
tachment and growth of ES colonies during serial pas-
sages.?* Notably, our results also demonstrated that
different cell lines might prefer different feeder cell densities.

The Chula2. hES line isolated from frozen-thawed embryos
showed a morphology that was typical of hES cells and
expressed pluripotent markers, such as AP, SSEA4, TRA-1-60,
TRA-1-81, and Oct3/4, and pluripotent genes, such as OCT3/4,
S0X2, NANOG, UTF, REX1, LIN28, NODAL, and E-Cadherin.
The Chula2 hES line showed high levels of telomerase activ-
ity, indicating that these cells can infinitely proliferate. The
Chula2.hES cells differentiated into three embryonic germ lay-
ers through the formation of EBs, a three-dimensional structure
formed in suspension culture, and teratoma tissue after injec-
tion into the testicular capsule of nude mice. The ability of
differentiation strongly demonstrated the pluripotency of
Chula2.hES cells. The characteristics displayed by Chula2 hES
cells were similar to Chula4.hES and Chula5.hES cells, which
were derived from blastocysts developed from fresh embryos.
The pattern of DNA fingerprinting of all of the hES cell lines
was different, confirming that the cell lines are derived from
different embryos. Furthermore, all of the hES cell lines main-
tained their normal Karyotype after prolonged culture. Taken
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together, our results showed that Chula2. hES, Chula4 hES, and
Chula5.hES cell lines have the same pluripotency as other exist-
ing hES cell lines.”*5%

In conclusion, this is the first report of the successful deriva-
tion of hES cell lines in Thailand. The success of hES cell deri-
vation in the present study demonstrated that an 18-year
cryopreservation did not adversely affect the pluripotency of
a human embryo, and this embryo maintained its pluripotency
similar to fresh embryos, as shown by the success of the deri-
vation of Chula2 hES, Chulad hES, and Chula5.hES lines.
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