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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 celi 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 donaled oocytes and technical difficuilty, 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

AaBLNedANHDILATATE

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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mmmQnmdmﬁﬂﬁm%;ﬂummiﬂLﬂuwaa"lﬁ’nn‘nﬁmmL'nﬂélui"nmﬂugwﬁ (Thomson et al., 1998) fati

ar a

unddtAmeneuAnmtvaudul)dunmisedsuniadinanmdaunnldlunisinenfilon aenelsfiam
v o6 e a8 e & o b oA & - [ L "
fadnandrdyssnisznisresniningsdsuniinainsdeuunldlunadiinife nisafruaadsunits
& i L3 k=4 i i - s i -4 a ' o o i L8
anfseu Snflusieusnnguisadaaniiainaageu deluniadenndladndunisiianssiigey uasieas
L L Y ar .Hb = oar as ' L = pqi' Lrar | £ 0 = ar :',
sunuiaanadeutl asiidnrasmeanugnssnhinssfudilevtediacldifuninlgndumadsiuiniia dalu
ﬂ' k3 e 1 « v o - @ 3 = ' v fd. 1
Wadihwldfuninlgndrusadainaadsiunuinaindasen anaaziiatlgyuiresnssesiugaanlgnaie
WhlanszuugfiAunueesdilae (Okita et al., 2011)
o =3 = e ar g - nil 1 rwdld ] 2 s
anarndnialumsiduresinddouaadhjulull aa. 2007 Farwrsnaiaaaanilauanifaane iy
1 ]
wadsunuiaansasau tagldisadtiomiesau Fenaadsiunniiseiiaiiin wadsiuindamifinainnig
wileain (induced pluripotent stem cells; iPSCs) (Takahashi et al., 2007) faflunisAunufiamlszniali
wnnel indngmrand uasiinddeialaniimnundslunislssgnildadsuindalunisinetzaste e
§ L 5 - - b i & w =
INaMITdentaaTad lusenio ey Mellinssmadiuinlinatialhineswinausiigen uazaiunsm

ar

a'?'Nﬁuu1'1@'}'&1'1ntﬁmﬁuﬁ"’mﬂﬂmﬂquﬂ’smm Frathu ﬂq,rvmmwiﬂﬁmwaﬁﬁuﬁﬂtﬁmmﬁmﬁiﬁmzuuqﬁﬁunu

ﬂﬂazj'ﬂqmzimﬁm%u wasnnmalgniredgienieresiilon
'Lu.ﬁ‘?;3-u'aqiﬂnn'|ﬁq”f_rﬂm:ﬁ%ﬁ’ﬂiﬁﬁnﬁumﬁﬁﬂ'imw ARDUAMANTARNI2IA N USLTRAFU

ffafiaisldwadanewug Idun Chula2.hES, Chula3 hES, Chulad hES waz Chulas.hES aSadtuSeriuas

1F5un1snaufunsinunaIuideluansans Bioresearch open access luGaufas (Pruksananonda et


http:n1bij~~~~1'11~vT'I~~ltJ~1.Jf
http:ij~"llnr?l'l'ei1l1.Jd
http:r?l'l'ei1)1.Jm
http:ll'C'l~rX1.Jn
http:llmm~'1~1.J1
http:b'l!'C'l~rX1.Jnlbij~"llnr?l'l'ei'el1.Jd

B O = = wafRuidnf9eu
maaagadsiuiwinngelremamiieningas CD34+ Taanst@asanaeaviia Embryonic Stem Cell |<
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vaalada dAwviuldusnoadsiuinis uinanimmaaeslidiulimnudngussasd Wesannliasdluitldfunis
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Milia war 1wadiingn AnzuwnaA1ans AIaINTOINMIINEIaE wazaniAsn RIKEN Weslniu dszma
fifu Anzfidudsrauanndria e asadiusuileannismilonisedidessnanasie fauns
4 Sendai virus ua episomal vectors IagiTagRuiuTaa NN sl IFa sRe B G ed T
ransgene free human iPSCs #edmdnflumadiuiiiasnnisviinaifiieeuvenasituninimn 4
lunsadtindlustrawmnnluauian

Haqiumaluladnisafrasedduiadismnnisviieah Wordestuiuneunisdafaunsaoiug
Wunwshfuiifeadesdrgiumestss Suin Wiamidusiidhamiediuandlinazauansmudnialus
apslsandantinuduneuniswiiantia (Takahashi and Yamanaka, 2006: Takahashi et al., 2007) Fatuiive
msdenl¥laia mewufilifusunme uaralusaedaialinuandfualuneeslaa i Sendai virus (Ban
et al, 2011; Nishishita et al., 2012; Macarthur et al., 2012) u@nmnﬁuﬁ‘ﬁ'n’]ﬁ"l‘ﬁ episomal vectors ﬁﬁﬁuﬁ
{Rendaai pluripotency $auf1AT electroporation Arehasiassisuarldiunsmenuiwanuduialy
mm?wmuﬁuﬁtﬁmﬁﬁuﬁ'}Lﬁm'mm?mﬁmﬁq (Yu et al., 2009; Hu et al., 2011) LBNANYY NMIEFTaR
fusnfiaanniavilendni ansalfgadsineainianis lnsenisaadionils uwidedesde Fesldnis
rdmidedaunsnndn mmraziu minannsnaiamsdRusBasnnswieninlae | imadansruuiden
azitiaatuneunaiuderisiuliand uasinldienda
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lo.o mim?ﬂm'ﬁaﬁ'ﬁl,gﬂa (Preparation of feeder cells)

mmmamﬂmaa“lﬂimumaﬁu.ﬂn‘lré'imnuﬁdﬁmm-n'xﬁ (foreskin fibroblast) #yTRaNU3EMHAR
American Type Cell Collection (ATCC) Uszinaauigeiaiini maﬁq:qmﬁ%mﬁmﬁmmgmLmza“ﬁ'mqu
s uanuuziin Hearlfimadlnlusuaraflumadiians Lmaﬁ@:gné’ué&mmﬁqﬁqﬁqumnﬁu
mitomycin C Aaadindis 10 TuTasniy se ua. aslumumanasTad uay @esluduiugnugiiii 37 esmn
laiFsa uiy 2-3 Fals AntuiinsuniaadesnatnaumIsiassagiannsle 0.05 % lrypsin-EDTA
WaY seed ITAFAIILATLINZIAIIAETILARBLAE 0.1% gelatin 88 UL TARR AL T2 10l 50,000

VIRA 519 7.3,
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e dideanadRiasnlsznaudos (IMDM, 10% FBS, 1% Glutamax, 1% penicillin-streptomycin)
imadasargnldnielu 5-7 4u udsandunisten deidssmadiinesasgnidasuduineildduwiunig
d‘. T o - d‘ -] ] 3 I‘l 4 L -1 1 ; i L L o -
Weaeadiuiitiaanninwtienis atates 3-5 4alus neuldiasdiiauaieidssianiumadiuiniaann

NSt
- - -3 & W F - i
lo.ls NIFLARDUNITBIRINIULNILLIRENLTRARAIE Matrigel 1198 Pronectin

a¥a"t Matrigel (BD Bioscience) Ui figrungil 4 asmsaidon Aeansluthendpaad
DMEM &gl dilution factor 250-300 lalasans 1n@ey Matrigel Hideansuda LU BT AR ALY
trugudna 35 fadums Reliiguumgdl 4 ssmaaidvs druiu dviulddsnted damumsdoaead
LARBLSIE Matrigel 'Iﬁﬁﬂum'm%mmﬂdﬂ?zmm 10-15 Wi riauldeu

MTARBLEINUINZIAEITARHIY Pronectin Axiadeiunng e Matrigel $18an8uAT89Ne

\AABLAIE Pronectin A lAFUNITaUNEANHAITLYEY Nishishita WATANE 2012
0. NSWEN endothelial IR IINABARINAILALAD

: :‘l’ A as v o = -ﬂ. i L o] ar & e "y . -
nsneass udunauifide ldantunsiienl §iFnns1esann1iudde Foundation of biomedical
) £ v
and innovation (FBRI) ifa4niu UssmaAit]u 4unauiemuntaun1sfiusada nAMeNIsunIIasLsIIumAIN
sudlsuranlszmedglu
(-3 < - lallal - e “q;qln -4 =l 2 -
WuiRanaINaLasAaMINNgIN WA Mnsutnmasnitiaaasaikans Iaaldmatia Lympholyte-H

density gradient WaEALEAAY WinaLaNA® CD34 senasld immunomagnetic separation
w =3
lo. N15AS9 WAL LAY Sendai viral vector

Sendai virus vector RAMUNNTAAET iy RNA Taianuanlaen3sm DNAVEC flaSendai sz
fitJu Tataza¥1e open reading frames (ORFs) 989 human Oct 3/4 AN NCCIT cDNA uaz ORFs 84
human Sox2, Kif4 uax c-Myc W Banniresiulng Jucket cell CONA #28n32194n13 RT-PCR N4 M9
ﬂﬂaﬁuﬁ'aaﬁaﬂ Not I-tagged gene specific forward primer Waz Not |-tagged gene specific reverse primer 'ﬁ
fdausenaveed SeV-specific transcriptional regulatory signal sequences ?Euﬁquﬁuﬁqnﬁuﬁmquuﬁfm:

anldlu F-deficient SeV vector fieitdn template 184 pSeV/AF Riltluudazia uazusay pCAGGS-plasmid

u

w3

1 T7 RNA polymerase, NP, P, F5R Uar L gene idngiaad 293T ANTALITad 23T e ians DMEM
#lfis 10% heat-inactivated fetal bovine serum WatiAtABLiawWil fe audy Rea¥e seed SeVIAF
vector Mnthuienirn vector Tnum sl LLC-MK2/F7/A Saaziilu Sendai virus F #ifinsuanseenyes LLC-
MK2 15370199 vector 438 ¥N13meaadnssiuued vector titers daanistianantaduylu Ineld anti-Sev

rabbit polyclonal serum
lo.& NITATIN WALLNNAIWY Episomal vector

Episomal vectors 14 lun1s3det ldfunisayanmzvainienljinsadsuniauasiaadingg
Tne wa.un Wcyanl Basiaun episomal vectors A lF1f A pCXLE-hOCt3/4-shp53-F, pCXLE-hSK(Sox2-kif4)
Az pCXLE-hML (c-Myc-2A-Lin28)

o de o = e ¢
lo.b NMFRIUBRRAAUNNUAIINNIFIUUEIUNTAR CD34+
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o.o.0 n15l4 Sendai virus

Sendai virus 7114 luN1Maaallu Temperature sensitive strains @4 factors Ma@atialsiun Oct 3/4,
Sox2, Kifa uax c-Myc azgneethnidiaadiuenldanaadeatidanainaadsie AaeasniaemeIunn
newntinlull Ad. 2006 Tne Yamanaka uaz Anse andulunimaassil azldviansld Sendai virus wnunasld

retrovirus %78 lenti virus Tneiaz 14 sendai virus faansidiud 8 ng/mi polybrene
lo.o.lo M54 episomal vectors WaY electroporation

ReETad CD34+ WutneniAgaun 2-5 A iswinnis transfection {iavins transfection tiaagll
Humies war duaediiddalanld typan blue assay warldiaadannamn 1x10° wadluns transfect 34
episomal vectors AIFIHIA PCXLE-hOCt3/4-shp53-F, pCXLE-hSK(Sox2-KIf4) e pCXLE-hML (c-Myc-2A-
Lin28) Taeld CD34 Nucleofector kit (Lonza) wazld Amaxa electroporation machine WAIRNT AR
FunaunT? transfect udr @oaaadluanmusanasesellin 3-5 SuteuiTadasdesTuITadRaBOSe

& -] v i
FNUNIZIALITRRVILARB LML Malrigel
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¥ienflsznaudan cytokine A4 #afl Ag 1L7 Wse CSF, GM-CSF, IL-1 uaz IF-3 Ansieiu 4 4u luiufi 5
ihawaﬁmL‘é"m'Lm']uxmmémﬁ:ﬁwaﬁﬁ%mm‘i WATIALY T ARFI BN LT AL TEN LT84 Knockout
DMEM, 20% Knockout serum replacement, 1% penicillin-streptomycin, 1% Glutamax, 1% non essential
amino acid, 0.05 mM R-mercaptoethanol WAz 8 ng/ml human recombinant FGF u?‘m%ﬂdmﬂﬁuumu
NSIRE T ARTLARE LA Matrigel (AU TRARAELEA ReproFF 138 ReproFF2 RNARaN1im ReproCel L
ﬂa‘:mﬁnjﬂu

BoaTad CD34+ Trnunisthednfudiadeiung 25-40 Fu vissunseiadiulalativesaadis

8 e

L3 v 1
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{alativaasad lIReNULA NN SR EUTAR W fialy
J - o o o - al o
0.2 NFLREILAENISINNATUIUITRR AUNUEARINNITIUREIUN

walalatiees wadsunnialauinUszuins 2000-3000 lHATEUAZTNINAG IRNATUIUTDUTARG
Al faeAsnisindat glass pipette ¥3e WWinaunn 236 wiadaeAsnaeldieulesd dissociation solution
(ReproCelL, JAPAN) n13dinsiae glass pipette w3a 1intuwin 23G wu lalatlazgnineanidudwdnlseann

ar

a 4 e =l :; el o db el a‘i’ - al ) ks
5-8 Mauegiurwineeslalail aamiulalatiigninasgninhldesusadmasaiedonlianaii

u

el o ' i L

MnsRNAuIEaaRuRITEe Aeatana1desiu n 57 U vietuetiudnsnisaToyes
{alati uazaunvesinladl
i a ° - =l L]
.« Msndudarasaudniinarnniainiiaai

tnsududagadmuindnidou fediauan (conventional method) ¥inldlae Fauuslalail
sanilunguieadilszain 500-5,000 @ad udaldnguiradluuieiuinia 1inans 1 wadiaglu cryotube

wenutudaddourlszneaude Knockout serum replacement (KSR) 90% uwaz DMSO 10% lunassdiuiuug
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wils (freezing container; Mr Frosty; Nalgene, USA) iulingruugiiay 80 ssmaidiaaui 12-24 dalug

waqLiu cryotube Mlululmsiauan

a s, L

a o = o ol o
ls.90 NMSNFAUANANURVBUIRRAUAUTANATINAINNITIUTEIUTRE CD34+

lo.00.0 N3oNABNYNM (Immunostaining)

Fix colonies A2t 4% paraformaldehyde (PFA) fignungiives w1u 10-15 w1t antiuasiinis biock
colonies Mgl blocking buffer %Gﬂi:ﬂﬂﬁﬁ‘f’)ﬂ phosphase buffer saline (PBS), 0.5% bovine serum albumin
(BSA) unz 0.1% Triton-X ﬁ‘qmunﬁ 4 BIANTAENA TINAY (overnight) &2 incubate colonies Aqe primary
antibodies Tignideanadiag PBS+0.5% BSA Tignumgiifesuiu 2 4alus Arekan PBS 3 A¥1 uia incubate fat
secondary antibodies FAaa9da8 PBS+0.5% BSA uu 2 4211e uardnadae PBS 3n 2 A%s aantiuiang
conterstaining A8 Hoechst 33342 A2uidindy 1 un/ua. M99uaNITMARSL immunostaining faanded
aanssmiszuused uv

Primary antibodies #idazilaauanmizse Oct-4, Nanog, TRA-1-60, TRA-1-81, SSEA4, CD10
(Santa Cruz Biotechnology, Santa Cruz, CA, USA)

Secondary antibody 7ildAe Goal anti-mouse #ia Goat anti-rabbit conjugated-FITC 3e Cy3

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

Y7 ,
©.00.l0 NMINAABLNITUAANBBNYBIEUALNTINAO LM ITUTRAFLANTAR NN TV 2835

reverse-transcription polymerase reaction (RT-PCR)

am total RNA 410 undifferentiated hiPSCs #aein1sld Trizol reagent (Invitrogen) s}’maﬁmmg’m
MINRUATITH cONA 27N 1 mg 18- total RNA Taunasld superscript reverse transcriptase (Invitrogen) 1
n17 amplify PCR e l4 primers Auiy pluripotent markes M§249U1 PCR products {nunisdensiag ethidium

bromide Wax 2% agarose gel
lo.00. NI1IAIIAUT markers LIgasRunIInlag Flow cytometer

FACS antibodies #1¥1#un SSEA-4 APC, CD34 APC waz CD43 FITC a1ny3tin BD Biosciences
wadgneesiultadifearfan 0.05% Trypsin-EDTA (Invitrogen), #1942t 5% FBS 'u PBS fianka primary
antibodies 11U 20 WH 414 primary antibodies #1981 5% FBS 11 PBS uazfianmanae secondary antibodies
fmnzauty primary antibodies ¥4 20 ¥ AN primary antibodies #9t 5% FBS 1 PBS wazihy
WAE AR supernantant Fauaz resuspend AZNBUTBATAAAIE 5% FBS Tu PBS a1uau 500 Tulasans uas

wlumsaasag Flow cytometer
lo.0o.e N3AsIalasiulansaeds Karyotyping

vimsmieainiaadidnganiaz metaphase #aun1sld colcemid solution Mnsaanedaviy

fnduaraagaanat hypotonic solution uazldinatia G-banding enmagdnmnzaesiarhisnzesad

@ = 3 ced o = o » <l ° o
.00 Mensziun1slasuulanuigasiiminfidanwizasenisivisnihliiduigasiy

SUULREA (hematopoeitic differentiation)
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'1'5'73‘5msuﬂ:%uﬂaumﬁ‘mdmﬁ'\iﬁmﬁamﬁui 13PFX1 Wasufhuradlussuuiden imeauniey
wiirlne Salvagiotto warAME(2011) ‘ﬁ’lﬂ"!i‘tiﬂﬂﬂ‘éjm’ﬁﬂﬂﬁtﬂun‘éuLﬁﬂ’]ﬂ?ﬂt‘ﬂﬂﬁlﬁ;ﬂ’lj Tatnas 4
dissociation solution udaiAeNgARIANTIBNTASFUA LA TuanumziAsTadTARELFIE human
recombinant collagen IV (Chemicon) 'Lmi’lm IMDM ﬁ@m 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) {AuaRnsafunu 6 Fu ﬁdﬁm’lztgmt‘nﬂﬁ 37 29M1
wades uasdssluannislasdues 0, 7 5% WAWINAUT 6 LAY 9 MINITATIRRAUMINITUAAIBBNTBY
markers ﬂﬁx‘l%ﬁdﬂ’li‘tﬂgﬂuLLﬂﬂﬂﬂLﬂuL'ﬁﬁfﬂuﬂﬁuL’liﬂfﬂ.uﬁ‘:‘l.lllLg‘aﬁtﬂﬂﬁWn’li‘ﬁ?’l‘%ﬂﬂi‘uﬂﬂﬁﬂ’ﬂﬂﬂ'm SSEA-4

sl pluripotent markers, CD34 ua CD43 daiilu hematopoietic markers #aun 3l Flow cylometer

o A
a. HANNSINE
: B a - d o . .
a.0 NMFAFNERRAUNNTAIAENISIUTEUILTAR CD34+ et Sendai virus TS7

Aedadwldvianag infect 1ad CD34+ 42w 1x10° 19a4 fae 20 MOI 489 Sendai virus TS7
wNREUNTT infect k2 msiaEsiaad CD34+ Jutheuazlugnmurauaes seilesiu 5 4u (Uil 1 A
waz 18) ludaniereans@esuunurauRessznud ANz ngNiy (717 18) Anudsdesldillavans
QmLLa:LLhwm’;mqﬁauﬂﬂﬂL?:zrmwa'mm'\:Lgmmaﬁﬁm%@uﬁw Matrigel 78 Pronectin

- X o P X - . - & - & -
LHBLAERITARN QNLUUEIUILUINUIWICIAENTAR FEWLINTARL WAIUNIZTALRIITUNIZLALAUTRA

-

= 1 - i fﬂ' o 1 A’ :’l i o [ - a -
waziRTIUNqaIIRa (310 1C uay 1D) Famaaniasqyiiungnil Sivingaanians iz ldmiiaugadsiniiia

e e o

(717 1C) wazimadnlanwuzadaimadauinila (U% 1D)



G 5 - . vnRRuiuilnfa8eu
madadaduhiinnuglaensvienigad CD34+ TnemstWGannnangasiia Embryonic Slem Call |99

-l = L S < ° o »
3U# o MeaPuTaaRunlAR8NTLEIUNLTAR CD34+ A28 Sendai virus TS7

(8 CD34' Tuagalutig Xevivo 10 w50 ng/ml interleukin-6, 50 ng/ml soluble interleukin-6 receptor, 50
ng/ml stem cell factor, 10 ng/ml thrombopoeitin W&z 20 ng/mi Flit 3/4 ligand riaunnag infection Aag Sendai
virus (A). 1ad cD34' rfgmmjmﬂ'aIﬁ:ﬂmﬁﬂﬂ'ﬁuﬁﬂﬁﬁﬁ?’mmrh?' SeV 11 transcription factors, Oct-4, Kif4
uay c-Myc @ealuna 6 Suluanim suspension culture :?lum::ﬁ'mﬂun@'u (B) WA mmaﬂ'ﬁqn
wilainAa SeV uuATIINIHIABUTARTIIAREUAE Pronectin Aiaiilas 20 T ﬁzwmmﬂ'ﬁm?{yiﬁu?ﬂ:ﬂumju

(C, D) Tngagaa gy D Asnnaiquluareugisasminnidaareiug 13PFX1

a o & Lo a < o I3 .
ale NISIANATUIUUALINIZLREUTRA AUANEAAINNITIN T TIaa CD34+ A2y Sendai

virus

AnzERduaITnaiNasasuiliaa nnIsmienin wad CD34" launnsld Sendai virus TS7 7

bt}

§

L ' "
fiu Oct-4, Sox2, Kif4 uaz c-Myc ¥i9du 5 gawug (3U7 2) arevufiaadruintiafiaield uansnnauia
A‘ L . - - = . s ' w=d = & S oa =l i
wugmresmaiuaaduinte nuadgdlunguisad udasiaadiiauwiaan malusadiiuiinnisalug
¢ s ¥ ok e a o T i g X
wazdniauuaridnmdiunuivesiiefuasie lslawaadniige wadsuinulans 5 areiugainisngniim
o el

kel dedtinsgRe fuiuAan I lunsind I uesutudusadsuniuliafiuanainda

281
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13PFX1 po 13PFX1 pl 13PFX1 p8
13PFX2 pl

13PFX3 po (3PFX3 pl 13PFX3 p5

13PFX4 pl 13PFX4 p5

13PEXS pl 13PFXS pl

3171 e Anwuzres asAuiLdaiinaInmswmiienigad CD34+ fae
Sendai virus V?s'! 5 ﬁﬂﬂﬁué‘lSF’FXL 13PFX2, 13PFX3, 13PFX4 uway 13PFX5

iaaFuAEA NN 5 ﬂ'1s:w“ug'uﬁmﬂ“mrm:ufﬂ\vﬁuﬁﬁ'nmi’usma"sﬁ’uﬁ’uﬁmﬁuan'M
ndeeu Asdninstouiungueads uslazisadlvuindn nglugsdiiuiuafoalugiues

s P I J - - . P
dasuuasiignsrdiunwivasidunivase [9la-waiaduigs
» Y o & =l @ o 1 x
a.0 NMSAFIUIRAAUNNTAIALNISINTEUNTRK] CD34+ Aael episomal vectors

AMERIAL1AYIINI7 transfect episomal vectors it #9jAR Oct-4, Sox2, KIf4, c-Myc iingiaad
CD34+ Faunszualwih vifafFund electroporation (33 1K mad CD34+ 41uau 1x10° wad uazldiAles
electroporation 1891319 Amaxa Tlsunsu U08 uazld CD34 Nucleofector kit

URIAINTNINAT ransfect  LTRAAE episomal veclors WA LHAR CD34+ Qmﬁym'luﬁﬂmﬁ

Usznausag X-vivo 10 AN 50 ng/ml interleukin-6, 50 ng/ml soluble interleukin-6 receptor, 50 ng/mi stem
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cell factor, 10 ng/ml thrombopoeitin W8z 20 ng/ml Flit 3/4 ligand Tugan muauaes UL 6 Ju (gﬂﬁ 3A)
neufiazti idesaLuaINIzIRE AT AR UGt Matrigel ViaRillaaaniateg (317 3B)

WAINTRLUTARLUATUN TR TARRLARD LAY Matrigel use Viiligadniatag FAAuwLINE
gl . T as S e
NANITAATIHANH U AR UTARIUNUTART QL IUAN I TR LT AR NRLINAIAINTIRENT NI LIERANI AL

11U 5 1 u3a 11 Fundsann transfection (U 3C) TuanisiinunguiraanianwuradusaseunTaRTYy

H i PR | . - Yoo ; =
Fuluanasideuuy Matrigel Ussans 14 U ndaaeeuy Matrigel 3@ 20 Juuda transfection (3% 30)
OO T B

r, | |
o o

517 @ nMsaTaasuANlaRBNSMTEMITAA CD34+ Rt episomal vectors

WAz electroporation
¥ B o
AR CD34+ A2Qn transfect #ay episomal vectors UAZIRENUIN 6 Fuluaninuriusesluteii
ssnaudae Ussneudag Xvivo 10 Tds 50 ng/ml interleukin-6, 50 ng/ml soluble interleukin-6
receplor, 50 ng/mi stem cell faclor, 10 ng/mi thrombopoeitin UAL 20 ng/ml Flit 3/4 ligand (A) 1988
- - ol ol o & o & ) & - -
ASGNRENUNA MW IR EUTRATRA ALY YTD TIARBLAIE Matrigel (B) (RENFRITIBIANTENINY
1 Id’ L e - - : a ‘d’ a -~ a - 0
NNITAANUANBULAR TR AUANTARTYTUNT WUNFNITREVIANSUEAR 1EITAAFUANTANGN
- el & 3 . s . - i
USNRATYUUTATTIALN (C) UAZUN Matrigel (D) Us=10d 11 4R 20 TURIMEIAL UAININTANHIY
nizuIunNIs transfection
- o o o - =l o o LS .
a.@ NMFINNINMUIULTRRAUNUUAIINNITINULIUINTRR CD34+ A28 episomal vectors WAL
electroporation
-ﬂ. ' e il i . o & ' i r:’.r
l.u‘a'!lu’m‘nmnqul.'nﬁﬂL@?rmumm')mﬁumuquﬂnmqﬂ?:mm 1-2 Hu. NINITAAULNNANLTRAUU
L3 ' v [
atidinrung 236 aanidludiudng (U7 4A usr 4B) udath B eeauueadWiae vie Mnissauianguiaad

s f . Ty . o - - X o
aanfludiuidnT uartioufay dissociation solution wazttureTad Uidusuua UM IzIRBITAATIARDL

faeMatrigel
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MeAtnsmiieniniaad CD34+ #ae episomal vectors WAY electroporation 1 AIZEIALAINNID
afvaeiugieadsiuigs 1iadu 9 arewug 1ae 8 areiug afuasideeuuaadiaes (U7 4C) uas a@n

1 aeiufaireuaziatsuu Matrigel (311 4D)

By e whe AN "

=l -v ; - L o o= 5 1 : he
5U% ¢ anwuzwewTaasuilinaInMantleingaa CD34+ Ao episomal vectoruas

electroporation

yAINTTIATaINGIITA AR NN TYUUTRETUREN (A) UL NI HABNTBFTARELATY
Matrigel (B) Huunawe FaziRusuan ¥anasdausian qugasaaml uiudaeniuruam 236 uastiriureusas
UNITRTRIAE YTE NS MINIIASTRETIAR LAY Matrigel mm’wxﬂ'}mmm?fytm:tﬁ}ﬁ?muiﬂurit'q

ANIIETURENTINAUITAFREN (C) UAZLSIARINIREWAEN (D)
o s e o o - =l o
a.& n??“ﬁq U ﬂ- UANLUATRITARAUNILUARIINLUUEIUN

a.&.0 NMTNAFDUNSUARIDANTDY pluripotent gene A28R5 RT-PCR

Wwasannadsiuinfiaainlddounasld Sendai virus TS7 wax Sendai virus areugiiiiiu RNA
lafa uazfinoulasiegouugiih 38 esrtadiius lhiaazi@anuasntlianisad udsanideaadauindin
fiaireldainnasld Sendai virus TS7 % 38 asAaadlfiua siolauu 4-5 Ju AnedRdunsasaaun RNA

wpalafavdeanifusaadsuniiinaiewug 13PFX1 igouugil 38 ssaaadiduasiaiiiaaiy 5 54 Tumsaa i

o

H 13 [
WU Sendai virus luiaasiuinge (U7 5A) uanaINl F1IRIAABUNITUAAIBANTSY pluripotent genes T

e

Weadesiunirguanidnisillwsadiunndavasatawug 13PFX1 luszasusnansfisunaasunis

e

wamsaenaestiulumadsuninnlsaannisiuiieatingae Sendai virus TS7 defiunidenmsaasulsun
= J } 3 1
endogenous Oct3/4, Nanog, Lin28 LRZATIRA2LUNITUAAIRDNUBIEUNNIAIN Sendai virus 1&ur Sev Oct 3

/4, SeV Sox2, SeV Kif uaz SeV c-Myc Intldimaasiunniinaruiug 20187 \umadaruaAn wuan ioaasu
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] w & w = . :
mmmﬂmmzﬁqmiﬁwumawuij 13PEX1 Unn7uaminanded endogenous genes Oct3/4, Nanog, Lin28 Wa

lidfinsussaasnaas SeV Oct 3 /4, SeV Sox2, SeV Kif waz SeV c-Myc ey 20187 (31% 58)

A

5eVeMyc
SeV K4
SeV' Sox2
Sendal V SeV Oct-J4
Lin 28

Nanog Nanog

B-actin B-actin

gﬂﬂ & NITuaMIRanaayd Sendai viral genes, pluripotent genes WA house keeping
gene URILTAR CD34"

msaalainy Sendai virus lu RNA Tesiasunilnareiug 13PFX1 ikiuuas laikiu mﬂgmﬁ'i)mmgﬁ
38 svAnTRTaa (A) ([TAsRNNuLaAILANG 13PFXT dn15u@mAI8anyes endogenous Oct3/4, Nanog,
Lin28 umluifinisuansaanyes fiu SeV Oct 3/4, SeV Sox2, SeV KIf4 usz SeV c-Myc (AN UITRaARY

nufiaareniug 20187 Mmiasnnismieaasag Retrovirus uasioihugas TunguauAn

a.&.la NSNARDUNITUAAIBANTRAY pluripotent markers AIERBNITHANANINBNYTY

ARzERAE AINIIMARBLNNTUARIDENYRY pluripotent markers TBUTARFURUTARIEWUE 13PFX1

waz 13PFX2 naieldanmiswlianiniaald Sendai virus TS7 naN1IMAABLUWLAN ARALWLE 13PFXT

=b.

N1TUAAIB8N284 Oct 3/4, Nanog, SSEA-4, TRA-1-60, TRA-1-81 UANN1sUAAIEBNEHI CD10 Watain (3u
6A ) lusnuen 13PFX2 An15uanesanaed Oct 3/4, Nanog, SSEA-4, TRA-1-60, TRA-1-81 waz CD10 (3%

1] v ] L3 Il
6B) Faviauumitlu markers &1Atyiie@an 13PFx2 Whumadsunnfiaanniamiiesiin
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A B

Octd/d etk

Nanog Nanog
SSEA-4

SSEA-4

TRA-1-60 TRA-1-60

TRA-1-81 TRA-1-8!
CDID

CDI10

=l = o ey a
5UN 5 HANTNARBUNSUAAIDANTAY pluripotent markers e ENTEaNAMIANYTY
WASAUNITEAAWUG 13PFXT (A) 13PFX2 (B) Ain¥1alaannismilentingae Sendai virus n1sugasnanyey
pluripotent markers ANTAIN  markers wanyauTaaRun nilnsdagau laun Oct3/4, Nanog, SSEA-4, TRA 1-

60, TRA 1.81 uaz CD10 (Russ An Fv89 markers, @W1 Apdvevinadudreusas)

- = ¢l o N - o s
a.&.a n’i‘ilﬂaﬂul.l,ﬂaatﬂut‘ﬂaawﬂ’mu’mmm‘w ﬂ'lﬂﬂlu“@\‘lﬂgumn"l‘i

|

ﬂm:qua'l.é’wmﬁ‘aum'mmmm'lunﬂ?LUﬁﬂuLLﬂm’LﬂLfiuﬁﬂﬁﬁ'ﬁwﬁw?ﬁwmﬂ: TeuTasHu T
dMaaannandigatiadae Sendai virus  Taunanwmiteaa Wdsustasidueadlunguden vie
hematopoietic lineage Fatiiansfiseauniaunii oy Salvagiotto WaANY (2011) EAEYIN1IAIRADL
N1SUAAIBANTB surface markers At daRe SSEA-4, CD34 kaY CD43 LuBvaTad 13PFXT fikaunis
nszduliilAsuulasliiuradlunguiden Taun1sld FACS 1uiufl 6 waz 9 wiswiiuath wudmdegn
Wit s 6 Yu adEIATin1TuanI08n 8 SSEA-4 Taithy pluripotent markers 8¢jUszantu 48.4 %
(3‘1}71; 7A) WATINITUAAIRENTEY CD34+ Fatly markers ﬁLﬁﬂqﬁunﬁftﬂgﬂuLﬂu hematopoietic lineages
Uszanni 4.7% (qUft 78) ilevianisaaseunisuansaantes markers liui 9 udearnnismiisaia wudn

WRRNNTUAAIBENTEY CD34 Uszantu 23-25% (1% 7C) uay CD43 Uszan 0.5% (3% 70)
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naRuiIiadageu
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e Vawl A\

1 PFI Ja 0T T

13 7FX1 el L0 WPC

Gt

A

W

7]

CICCENDIECEE, Y

wa
Elaz=saza

gUR o nisulasunacuas suface markers w9 13PFX1  LilagniniiuatinldiAnns
wasuwlaaily hematopoietic lineage

" "Jﬁmgnmﬂ'ﬂmhﬁumm 6 T4 IRAEIANIINITUAAIBBNTDY SSEA-4 (A) usaRs NS uRAIRBnYey CD34 (8)
nﬂ"mmmfgnmﬂ'mﬁuﬁuwm 9 3 wAFTNIsugAEaNTEY CD34 NI (C) URZATIAWLINITUAAIDBNYBY
CD43 whiilszAus (D)

o & =l o
a.&.a NTATI qa@utﬂﬁ‘iui‘ﬂ NUDILTR ﬂ.‘ﬁ‘u NUAIINATTEVUEIUN

Wiaunismaasuuaziutudinismiisatngad cD34+ Idnareduitadsunnialulanldiianas

wasuwlae wariiaonuialnfveslasiulanssmad AnzgiduINIvaaeU karyotype 18LTAA 13PFX1

U9 aaeadl karyotype Mnd uarilanwourlasiulandu 46, XX (3U% 8)
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BB RT

B A6 a8 X Wy B3y B8
B0 08 00 XX Ex An

55 Ex PR 1 "
19 20 21 22

X ¥

=l ar e a o
sUN < anvnzlasiaulanassaadnuintinarawusg 13PFX1
nanisnaasuanwuslasiulouyesatowug 13PFXT 89835 G-banding

wudnaadilasiulaniing Insusssdnwslaslulruihy 46, xx
&. ahuUssuanisian

Faudtl AR 2006 fnsaeutsanndnialunasaiamadsiunifislaaldmadsnamesesuysthviiortad
lusuana Maeld extopic expression 39381 Oct3/4, Sox2, Kifd Was c-Myc vielddetiain OKSM (Lowry et
al., 2008, Maherali et al., 2007, Takahashi et al., 2007, Takahashi and Yamanaka 2006, Yu et al., 2009, Yu
et al,, 2007) winniufTinenueudalunisaharsdduiudaannismiaatih lnglddnsdnwna
18907 TUARNTIDAUTAR wazuvAsTisnvantad Wunain Wilutaqiunud awnsnasdnuaurestiuildly
N3TUIUNT reprogramming WaziNysAvEnaaemsaiaadguiiilaannismiiuath (Giorgetti et al.
2009, Kim et al., 2009, Kim and Daley 2009)

Lﬁﬂmmnmﬂﬁ:ﬁﬂﬁ'mﬂmmdd#gmuw A2t hematopoietic, mesenchymal W& endothelial
precursors MIARAINIABAAINENEALAE FunannyanueniiedndiusadseuiianBeudeuiumadianann
meciq%'uqm‘amuﬁﬂmmn Lmzfﬂ"ﬁﬂﬁmwudmmamumﬁ immunological immunity Anudnasin (Hanley et al.,
2010) fisnuauddalunmssaadduininannisuianin s Misadainidestaareazie Hasse
uazAE (2009) 14 endothelial cells luatus Giorgetti wazAE (Giorgetti et al., 2009) 14 CD 133+ Fefiawdly
\IAAMNAN hematopoietic progenitor cells ﬁ;ﬁiﬂ“lﬂ%l.'ﬁmﬂu myeloid lineages (Menendez et al.,2001;
Menendez et al., 2002) Takenaka WA¥ANE (2011) 14 CD34+ $aumL retrovirus 7 over-express &iu OKSM
uazdananelfisiuannisinld ps3 naelutadanas avdnefnseAvinineasnis reprogram UBIIAR
Ye uAvAME (2009) AmnTaairnasddunniiaainniamiiatinlagldinadaindanuay CO34+ tauld
retrovirus vectors MilEu pMXs-Octd, pMXs-Sox2, pMXs-Kif4 uaz pMXs-c-myc andeyasinad vinlu

anfiduldranaulaluns@enldisadain@esanaiuarsie lunnmeasdil
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Tullgavreraslasaniside ansfidulidninddavasinseanislliinminddefuiniduresanniuisn
RIKEN Center of Developmental Biology tiaalniu tszina fiiju Ineflamsrasflunisairaadiiuine
annswitatinlenisld Sendai Virus aeuiialasegnupil Temperature sensitive; TS7 lafaans
ugiawuie W RNA Ta3a Adlim19Aanns integrate Tasilunzadlasa ¥1g DNA v031906 CD34+ 71
Qnmt’iu’)ﬁ%’ioﬂ ectopic genes @l#un Oct3/4, Sox2, Kif4 waz c-Myc (Ban et al, 2011, Nishishita et al.,
2012) Lmvmma‘uﬁﬂmﬂlﬁmmﬁ’uﬁﬁﬁﬁwn'mw'\vLg'mmafﬁichumnm'imﬁnﬁmh%’mé’q Tugiwnziia
mamm:mmmunu’hw 38 BIANTATEA (Ban et al,, 2011, Nishishita et al., 2012) Ay zmﬂ’l.s‘ﬁafan'bifiﬁm?
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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 Chulad.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 wivo. 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

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 concemed
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 m vifro fer-
tilization (IVF) or oocyte donation in patients. Moreover, a
healthy boy was born from 20-year-old cryopreserved pronu-
clear (PN) embryos.*¢

Embryos that display poor morphology after freeze-thawing
are discarded or donated for research purposes, including
human embryonic stem (hES) cell derivation. The hES cells
that are derived from the pluripotent cells of a preimplanta-
tion stage embryo display unique characleristics, 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 regeneralive medicine ther-
apies, they might also serve as a model for the study of early
human embryonic deve]clpmem,’ To date, more than 1000
hES cell Imes 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 2Obstetrics and Gynecology (Reproductive Medidne Unit), and

*Pharmacology, Faculty
*King Chulalongkom Memorial Hospital, Bangkok, Thailand.

of Medicine; Chulalongkom University, 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 e.ln.l:u'yn‘.ius.m 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 Chulalongkom 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% Q,, 6%
CO», and 89% NO,. The poor-quality donated fresh embryos
were cultured under the same culture conditions. After 3—4
days of culture, only the embryos that developed 1o the blas-
locyst 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 pg/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 §ng/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 (S5EA)-
4, tumor recognition antigen (TRA)-1-60 and TRA-1-81,
and rabbil anti-Oct3/4 (all purchased from Abcam). For
the detection of the antibodies, fluorescein isothiocyanate-
conjugated goat anti-rabbit or Cy3-conjugated goal 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 ug of tolal RNA was re-
verse transcribed using the RevertAid H Minus First Strand
c¢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 vitre differentiation ability, hES cells
were mechanically dissociated into small clumps and cul-
tured in suspension in the hES cell culture medium without
bFGE. Three-dimensional structures called embryoid bodies
(EBs) were observed for up to 21 days. To determine their
m vive differentiation ability, a teratoma formation assay
was performed. Approximately 1 x 10% 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).

Teiomerase 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 10 ng/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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add). 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 long-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. 14); the
other blastocysts were not fully expanded, showing thick or
broken zonae pellucidae and small ICMs (Fig. 1B-D).

Isolation of ICMs and hES cell culture

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. 24), the mechanical
separation of the ICM from the trophectodenn (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 attachunent 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 efficency of the deri-
vation of the hES cell lines from blastocysts developed fram
frozen-thawed and fresh embryos is summarized in Table 1.

Morphology of hES cells on different densities
of feeder cells

The cell Ime derived from the 18-year-old cyopreserved
embryo, Chula2 hES, displayed the typical features of hES
celks, induding flat colonies, a high nuclear/cytoplasmic ratio
with clearly distinguished nudeali, and a defined barder of col-
orues. 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, 35, and 7.0x10*
cells/c?, we found that Chula2hES cells cultured on
1.7510* cells/am? tended to differentiate more easily compared
with other feeder cell densities. Moreover, the attachment of
Chula2 hES cells cultured on 7.0 10* cells /em? decreased after
subsequent passages. Thus, a feeder cell density of 3.5x10*
cells/cn® was salected for the culture of Chula2 hES cells and
the derivation of the other lines, Chulad. hES and Chula5hES.

Characterization of hES cells

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

FIG. 1. Morphology of the blastocysts
developed from long-term cryopreserved
embryos. Six days after thawmg and culture,
the surviving embryos developed to the
blastocyst stage. Different morphologies of
the blastocysts, including fully expanded
blastocysts with a clear and tightly packed
ICM (white arrow; A), non-fully expanded
blastocysts with thick zonae pellucidae and
small ICMs (B-D), and broken zona
pellucida durin og 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/ an® was selected for
further propagation. Scale

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

TRA-1-81, and Oct3/4 (Fig. 3A). The real-time polymerase
chain reaction (RT-PCR) results confirmed that the Chula2
-hES, Chula4.hES, 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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To evaluate their in vivo differentiation, Chula2 hES, Chu-
la4 hES, and ChulaS_hES cells were allowed to grow and dif-
ferentiate for 10-12 weeks after injection 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
cdumps and cultured in suspension. All of the cell lines
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TasLe 1. CoMPARISON OF THE EFFICIENCY OF HUMAN EMBRYONIC STEM CELL DERIVATION UsiNg
BrasTocYsTs DEVELOPED FROM FROZEN-THAWED AND FrRESH EMBRYOS
Blastocysts used Attached ICM outgrowth hES-like cells Cell lines
Embryos n n (%) 1 (%) n (%) n (%) 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 normmal male and female chromosome contents of
46 XY and 46 XX, respectively (Fig. 4A). A total of 16 5TR
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 kinase (ROCK) inhibitor
Y-27632 or a combination of human recombinant leukemia in-
hibitory factor (hrLIF) and human basic fibroblast growth fac-
tor (hbFGF).*'° 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
heLIF, hrbFGF, and human serum albumin®!® or two addi-
tional days of culturing after reaching an early blastocyst
slage}""“r 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-
vious}z 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 [CM 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, Chulad4.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 chmp should be separated from the TE out-
growth and split into small pieces at 7-10 days after initial plat-
ing, 2% no hES cell line could be derived in our hands using
this method. In fact, the [CM chump 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 nostandard
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, incdluding AP, Oct3/4, SSEA-4, 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 vive 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 vitro differentiation of the hES cell
lines was determined using EB formation (D). The imuortal 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 yan, 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 embryoric 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 karyotype analysis of three different hES cell lines using the G-banding method and DNA fingerprinting.
Chula2.hES, Chulad.hES, and Chula5.hES cells were able to maintain their normal karyotype after Jong-term culture, as
detected with standard G-banding. The Chula2hES, Chula4.hES, and Chula5.hES cells exhibit 46 XY, 46 XY, and 46 XX,
respectively. (B) The Chula2. hES, Chulad 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 conunercially available HFFs as the feeder,
a density of approximately 5.3x10* cells/em? could be ap-
plied for derivation, and subsequently, a density of 1.23x10°
cells/cm? could be used far hES cell maintenance. Ellerstrm
et al? used a density of approximately 6.9x 10* HEF cells/co®
for the derivation of xeno-free hES cells. We tested three
different feeder cell densities for the derivation of the Chu-
l1a2.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/em?; 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 Chulad.hES
and Chula5.hES lines can be explained by the Jow 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
HFF cells from 3.5 to 5.0% 10° cells/cm?, 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 vifro culture milieu, which
could be detrimental to the growth of hES cells. In addition,
a high feeder cell density could also physically hinder the at-
tachment and growth of ES colonies during serial pas-
sages.“ Notably, our resulis 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 phuripotent markers, such as AP, SSEA4, TRA-1-60,
TRA-1-81, and Oct3/4, and pluripotent genes, such as OCT3/4,
SOX2, 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 Chuli4hES 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”?%%

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, Chula4.hES, and Chula5.hES lines.
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