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differences in hematopoietic reconstitution abilities among human
UCBs [13,14].

The NOD/SCID mouse system was first exploited by Gan et al. to
compare human hematopoietic stem cells transplanted immedi-
ately after collection with those subjected to ex vivo culture with
stromal cells; they found a decrease in the rate of repopulating
cells after transplantation of cultured hematopoietic cells [13].
We transplanted UCBs into NOD/SCID mice and analyzed the
hematopoietic cells present in peripheral blood and the bone
marrow. We also determined the gene expression profiles of the
CD34" UCB cells in their pre-transplantation condition, and
searched for an expression signature that correlated with the suc-
cess of transplantation of the CD34" UCB cells.

2. Materials and methods
2.1. CD34-positive cells

CD34" UCB cells were obtained from the Stem Cell Resource
Network in Japan (Banks at Miyagi, Tokyo, Kanagawa, Aichi, and
Hyogo) through the RIKEN BioResource Center (Tsukuba, Ibaraki,
Japan).

2.2. Mice

Seven-week-old female NOD/SCID mice were purchased from
CLEA Japan (Tokyo, Japan). The mice were used within two weeks
of delivery. Four to six hours prior to cell transplantation, the mice
were given a 300 cGy dose of y-rays.

2.3. Transplantation assay

CD34" cells (3 x 10° cells) from each sample of UCB were sus-
pended in 600 ul MEM-oo containing 10% fetal bovine serum
(FBS); 200 pl of the suspension (1 x 10° cells) was then injected
into the tail vein of each of three NOD/SCID mice. This procedure
was repeated for each of the 12 UCB samples.

2.4. Flow cytometry

Twelve weeks after transplantation, peripheral blood samples
were obtained from the retro-orbital venous plexus, and bone mar-
row cells were obtained after sacrifice. The peripheral blood and
bone marrow cells were stained with monoclonal antibodies
(MoAbs) and analyzed by FACS Calibur (BD Biosciences, San Jose,
CA, USA). The red blood cells in the peripheral blood samples were
lysed using red blood cell lysis buffer (140 mM NaCl, 1 mM NaH-
CO5) prior to cell staining. The following MoAbs were purchased
from BD Biosciences: a fluorescein isothiocyanate (FITC)-conju-
gated MoAb against human CD45 (CD45-FITC), a phycoerythrin
(PE)-conjugated MoAb against human CD34 (CD34-PE), an allo-
phycocyanin (APC)-conjugated MoAb against mouse CD45
(mCD45-APC), CD19-PE, CD33-APC, Glycophorin A-FITC, and
TER119-PE. Cell viability was determined after propidium iodide
(SIGMA, St Louis, MO, USA) staining. Data from 1x10* living cells
were collected and analyzed using CellQuest Pro (BD Biosciences)
and FlowJo (Tree Star Inc., Ashland, OR, USA) analysis software.
The rate of chimerism (%) was calculated from the flow cytometry
data as follows: rate of chimerism of human cells (%) = [% human
CD45* cells/(% human CD45" cells + % mouse CD45" cells)] x 100.

2.5. Oligonucleotide microarray analysis
Total RNA was extracted using the RNeasy mini kit (Qiagen, Hil-

den, Germany) from an aliquot of each sample of human cryopre-
served CD34" UCB cells at the time of thawing. Then, 250 ng of

each total RNA was subjected to reverse transcription and isother-
mal linear amplification using Ribo-SPIA (NuGEN, San Carlos, CA,
USA) [15], using a modification of the manufacturer’s recom-
mended protocol. The linearly amplified cDNAs served as tem-
plates for the in vitro transcription generating hybridization
target cRNAs using the Low RNA Fluorescent Linear Amplification
Kit Plus (Agilent, Santa Clara, CA, USA). The amplified cRNAs were
labeled with Cy3 dye and used for hybridization to the oligonu-
cleotide microarray (Agilent human whole genome 4 x 44) follow-
ing the manufacturer’'s protocols. Hybridization signals were
scanned with the Agilent Technologies Scanner G2505C (Agilent)
and were extracted from the scanned images by the use of Feature
Extraction Ver. 9.5.3 (Agilent). All microarray data reported in this
paper is described in accordance with MIAME guidelines and the
data has been deposited in the GEO (Gene Expression Omnibus)
database at the National Center for Biological Information, National
Institute of Health (USA). The accession number for the dataset is
GSE19835.

2.6. Normalization of gene expression profiles

Quality control and array normalization was performed in the R
statistical environment (http://www.r-project.org) using the
Agidx44PreProcess package downloaded from the Bioconductor
web site (http://bioconductor.org/). The data files were appropri-
ately edited with text editing software to render the files compat-
ible for the Agi4x44PreProcess packages. The normalization and
filtering steps were based on those described in the Agi4x44Pre-
Process reference manual.

2.7. Statistical analyses

A heat map of differentially expressed genes was generated
using Gene Cluster 3.0 software [16] and visualized with TreeView
software [17]. Overexpressed genes specific for each phenotype
were identified by Student’s t-tests, and potential false-positives
were removed by the Benjamini-Hochberg method. The GSEA
analysis [18] was carried out using GSEA Java desktop software
(version 2.04, http://www.broadinstitute.org/gsea/). The C2 cu-
rated gene set and C2-all gene set for GSEA analysis were retrieved
from the Molecular Signatures Database (MSigDB: http://
www.broadinstitute.org/gsea/downloads.jsp). The DAVID func-
tional annotation system was used as described by Huang et al.
[19].

2.8. Quantification of RNAs using real-time PCR

Real-time PCR was performed using the ABI 9500 Real-time PCR
system (Applied Biosystems, Foster City, CA, USA) and each ampli-
fication reaction was performed in quadruplicate. For quantifica-
tion of miRNAs, the cDNAs prepared for the microarray analysis
were used as templates and PCR was performed with SYBR premix
Ex Taq (Perfect Real Time: Takara Bio Inc., Shiga, Japan) with GAP-
DH as the loading control. The nucleotide sequences used for PCR
amplification are given in Supplementary Table 1.

3. Results

3.1. Hematopoiesis reconstitution in immunodeficient mice
xenografted with CD34" cells

We first compared the relative abilities of 12 samples of CD34"
UCB cells from different donors to form engraftments in immunode-
ficient NOD/SCID mice. Each animal was injected with 1 x 10° cells;
the cells from each donor were injected into three mice and the
remaining cells were used for the microarray gene expression
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Fig. 1. Classification of human and mouse hematopoietic cells. (A) Separation of
human and mouse hematopoietic cells from the bone marrow of a mouse xenograft
by flow cytometry. The horizontal axis and the vertical axis indicate the signal
intensities for human CD45- and mouse CD45-specific antibodies, respectively. (B)
Quantification of human CD34" cells among human CD45" cells. (C) Quantification
of human CD19* and CD33* hematopoietic cells among human CD45" cells. (A-C)
Examples of gating are indicated.

analysis. Twelve weeks after cell transplantation, peripheral blood
cells were collected from each mouse. After collection of peripheral
blood, the mice were sacrificed and bone marrow cells were
obtained. The presence and relative numbers of human hematopoi-
etic cells in the peripheral blood and bone marrow were determined
by flow cytometry (Fig. 1). The rate of chimerism for human hema-
topoietic cells was calculated as the proportion of human CD45*
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cells in all leukocytes in the peripheral blood and bone marrow,
respectively (Fig. 1A and Section 2).

Although all of the 12 CD34" UCB samples produced human
CD45" cells in at least one of the three recipient mice (>0.1% chime-
rism), three samples (H07041, H07056, and HO7112) produced
very small numbers of human CD45" cells in both the peripheral
blood and bone marrow of all recipient mice; we designated these
three samples as “failed UCBs” (Fig. 2). The other nine CD34" UCB
samples established obvious engraftments in at least one of the re-
cipient mice; we designated these nine samples as “successful
UCBs” (Fig. 2). However, the frequency of human CD45" cells varied
among the successful UCBs. For example, UCB HO7088 and UCB
HO07133 produced rates of 6.88-35.8% and 90.0-94.3%, respec-
tively, in the bone marrow of the mice (Fig. 2, Supplementary Table
2). The frequencies of CD34*, CD19* and CD33" cells in the human
CD45" cells were also calculated for peripheral blood and bone
marrow samples that had more than 3% human CD45" cell chime-
rism (Fig. 1B and C, and Supplementary Table 2). The proportions of
lymphoid and myeloid cells among the human CD45" cells in the
peripheral blood and bone marrow of mice that received one of
the nine successful UCBs also varied (Supplementary Table 2).

3.2. Gene expression profiles of the 12 human UCB samples

We sought to determine if there was any connection between
the gene expression profiles of the UCBs and their abilities to
achieve successful engraftment. Gene expression profiles were
determined by oligonucleotide microarray analyses using total
RNAs from the UCB cells. The amount of total RNA obtained from
each aliquot (generally several nanograms) was insufficient to per-
form the assay without a further in vitro amplification step. After
amplification of the cDNAs, complementary RNAs were used for
hybridization. Probes that were positive in 75% of all samples were
selected for further analyses; in total, 23,807 of the 45,015 probes
tested were selected.

Fig. 2. Chimerism in irradiated NOD/SCID mice following injection of cryopreserved human CD34" UCB cells. The bar graphs indicate the percentages of human CD45" cells
(see Fig. 1A and Section 2) from either the bone marrow (purple bar) or the peripheral blood (blue bar) of mouse xenografts. Each bar represents a single mouse. The names
under the horizontal axis indicate the different human UCB samples and the boxed names indicate those that failed to engraft (see text).



K. Sudo et al./Biochemical and Biophysical Research Communications 397 (2010) 697-705

LT SLLLO8LO0D (ppydosoaq "Sojowoy xeloylin) ¢ erwNa] aeau]-paxiw 1o ploydwAj/projoAn 0655 LEGZBLTIAN STIA
081°¢C ¥PPS6£0000 A Ssepd ‘sisayjuAsolq Joyoue uedA3 [oyisourjApneydsoyd 766v8 919ZF0L00 AN ADId
112e G8GLLS000°0 (ap1weodiy) aseuadoipAyap (21ereini3032)-eydie) jeleniSoxo L96¥ L¥STO0 AN HADo
17T ¥LTEBL0000 (6 31ungns) €3 Junqgns ‘xa[diiod o4 [eLpUOYd0IIW ‘Buniodsuely +H ISBYIUAS dLy 81$ 8SZTO0L00 AN £D6d1Y
91zC S85SL700°0 og€ wajoad 1a8uy Juiz 60ELT L8PV 107NN 0€EdNZ
87C'T 91€8€1000°0 01 swe) uipeal uado g| SWOSOWOIL) 1¥65C 9LPSI0TIAN 01J1081)
1£7¢ SSLOELO00D 1 urewiop Hd pue 1eadal ULANUE ‘UIPWOP EHS YIIM dYDJY L080S Z8F8LOINN LdVSY
YETT £E£0956100°0 Paqulj-A ‘v 1 J012B) UOLENIUI UOLjR|SURT) dRoAIR)Ng 9806 189700 AN AV1di3
6£TC 8L5¥99000°0 | Sururejuod urewop Ajiure) NI-yIuN LOVLS LL90ZO AN LTVIAN
1wee GLLBLEODOO -1 apudadAjod e3aq (ujoid ) urR3old Suipuiq 3pnoaNU Juueny #8SHS Y00ESO™INN TLEND
e 6411911000 mnn_—m 1 J030®} Jeajdnu muhuoumaur_ JO 1010BJOD :OEMN_._mEE\mem.-U%:wv uEEﬂOEﬂ..mu;msn:m F-uilald 7608 18Z000 AN 1ag2d
SPCT €1ESLP100°0 [EWOSOSA] 'Y ©13q ‘9SEPISOUURIy 9ziv 806500 NN VANVIN
152 1025920000 V Jaquaws ‘Ajjure) g Suturejuod Jeada yois aunnag 79795 ¥656107AIN V8IUN1
S ZE6816100°0 (oydosod) | Y SQLIOY X3S [eUONIPPY £201LL SEESIOTIAN LIXSY
9T S80¥8F200°0 1 Jouqujui awAznuy 78516 8£8S107AN INIZY
88TC 018662000 (Lpd) 1030j03 (£6d) LTSN 8965S £8VZ8I NN JIT4SN
68C°C 20Z9%10000 1€ uajoxd 1a8uy Sury TLOSS 666L107INN LEINY
L6TT 1581050000 B OE1 B[P ‘aseuny j01adA[31Ade1q Lzs8 B6487S1TAIN @isa
667°C 6£98£5100°0 I Bururejuod urewop NLO £1202T 16v88149Y 1anio
LIET 15Z885€000 7 Jaquuau ‘Ajrwue) uiajoad BundeIAIUL TSYM/SYM 6LLLYL PITEEL AN Z4dIM
£S€°T £0¥£85200°0 ¥ uiaroid Suipuiq utewop-gHs LL9ET LZSYLOTIAN PdIEHS
1LET 6715050000 (ppydosou() € Bojowwoy appLd LOOY 0S19007INN €IDIDNI
£0¥'T LELOYEE000 1 uroad SupeAnde ased LD oy z6¢ 80EF00 AN LdVOHIY
1r'e 90-36VL88'S I [eupuoydo3Iw ‘asejeydsoyd auisolfy urRl0ld 1L6¥11 TbT0ozoda LLNdLd
6SF'C €LPZF10000 (ueiae) z Bojowioy aua80U0 97 STIIA SISOISEIOIYIAIR S12-A pLiz BETSO0 AN Zsia
] 44 8154260000 ¢ urewop 2dA- [NV ‘138uy du1z £9LL L00900 AN SANV4Z
08¥'C 1Z#+01100°0 1 Suurejuod adAy-qag Jesuy ouiz 6816 6TLP00TINN 1aagz
187°C 6596801000 wiojos! e3jap ‘Juapuadap-winisausew g Isereydsoyd uiaroid £6¥8 0Z9E00 AN diiNdd
08T 9861657000 uusy 06L5LE 9LS861 AN N3OV
675¢C 9605C0£000 : Jselgjsurijouiwie Uumu._mmmﬁ aqnijos .— ASEUNUPSURI] D1Ja0B0[RX0-D1WEIN{H G087 6PC18STY 1109
85T S9THLYI000 S ©13G ¥ i ssep xajdwod Anqueduiodoisy ofey LTIE STIZO0 AN SENA-VIH
L95°T G0-98691£°€ [ uaBnue awosopud Aiseg L1#8 995007 NN vaa
786 £819Y£0000 € JoeIalul qey pue sey 0686L Z£8¥Z0 NN ENDY
009 90-3Z£8LST 1 2a1su0dsal $$313S-3ANBPIXO £766 6015007 AN 14SX0
PE9T 9829£5000°0 (aquiod "5) v Sojowioy Gz 2124 UOISIAIP [[2) £66 68L100 NN vS20ad
59T THPL66£00°0 0€ dwely 3uipeal uado 7 dwosowoy) 8YTLT LOLS10TIAN 0gJ07)
689°C L099¥E000°0 ©13q ‘Z aseuny aseunj ua3o1d juapuadap-urnpouwies/wnidje) SP901 SIZZLITAN DDIAYD
SELT 8E6VL8E000 (s1ap] sndouax) ¢ Sojowoy ydoxpidiq (44 Vid 188S10TAN enia
SLL'T 1686£+000°0 1eg wnoad 1auy duiz TTyss SSS8I0 AN LEEANZ
88L°T 6vSHY1v000 201 aweyj 3uipeal uado  AWoSOWoIY) 8YLSLE LOZOZOTINN Z011106D
08T £598100°0 qeZH ‘Z 1935NJ0 JU0ISIH TLLLIE G90SLL AN AVZHZISIH
LI8T $0-96875'8 aL1 unjnapaug TPEES ¥8Z8E1TAIN actn
6¥8'C £7L821000°0 ¢ ut01d BundeIaIul [N dnwseidoif) 66692 CEELEOLOO AN ZdI4AD
6£0°E S0-38%81'L 1 wagoad 3undeiajul YSyD $TSLS ¥9L0Z07INN INDISYD
$90°E SL0Z65000°0 e12q (d93/2) ur2ioxd Butpuiq J2uryuR/1VYID 1501 615007 AN adgad
6L0°E SLPETI0000 1 urajoad Jasuy Juiz 655L S9TIL0 AN TIANZ
sTE S0-38560°Y (zinfrin) eay 8k ujoidoapnuegL 1eajonu |jews LOOVSE 1SSZSLTAN 87ANINS
wod 67611£00°0 : 1 3ungns xajduwod 10jeIpajy 69YS 85209004 LaIn
8LEY 11#18£000°0 V1 S2UIOSOWO0IY) JO SIUPLBIUIRL [BINIINIS {3 44:] 90£900 NN VIOWS
8YSY S61£0L100°0 8 X0qoawoH plze S10VZ0 NN AXOH
PSLY 1¥£8YL£00°0 1 urewop ureys Aaeay uRuig [43 8441 SLIELONY LaHNT
SgON Mfssadons up passaidxa1aaQ

28ueyd pjod 18314 £108a1e) ar ZI¥ING laquiny uo1ssany [oquIAS U39

700

'SEIN P3]Ie) 10 [NJSSIINS Ul PassaIdXIIIA0 I Jey) Sauan
1 3lqelL



701

K. Sudo et al./Biochemical and Biophysical Research Communications 397 (2010) 697-705

£9€8¥0100°0
8511190000
£586781000
V1EET6E000
9699081000
€016£90000
LEEVLIEO000
SLCEPEEDOD

78L0%0000
1¥06022000
L680780000
99S€610000
L0ZTYS000°0
S0-3SS8¥ST
166.870000
97e0810000
Y0S81SL000
S0-396800'S
EESIBEEOO0
995€81000°0

SL10L1000
S6ZELV1000
9LSE09£000

SPOYSSE000
L6ET6T1000
968159€000
B80ELE10000
¥00LL9200°0
LOY6LLLO0O
85911¥2000
LLLES6E00'0
6665850000
STSYBEL000
LEVTSLTO00
£62L0€000
ES¥BOLF000
C0EP0000
Y¥8¥S70000
8SL¥101000
6EC09L1000
LTHETEO000
SO-3LVLLSE
9808LZ1000

¥ [ouueyd winissejod pajes-ap1ioajonu diAd pajeande uoneziejodiadAy
| UTBWOP Hd pue Jeadal ULIA}uUe ‘UTPUIOP 3SBJ LD YAM dVDHY
(ams1na.123 °S ‘Bojowoy zoSd) 1 Jtedal yui-ssod YN

e 29 ‘1 apndadAjod ‘Hyi J01oe) uondudsuen [e1ausn
(312snw) z nw ase1djsuRI-S UOIYILIN|D

Z uos

2[NI2[OW UOISAYPE {[3D [e1[AYI0PUI/Id[AIed

Jungns pidijosjold e@] 91 ISPYIUAS 1Y IPJONDEA 0] JB[IUIIS
06% utazoad 1a8uy ouiz

£ xoqoawoy sionboij

Z wyoad 198Uy gHd

J1[0S01AD *| ISBIISULIIOUILLE UTRYD payduelg

pajejnul eise3dN3ueld) PIxely

(ssnowt) Bojowoy z1 1 uzoad Ja8uy duiz

051 103dadas pajdnos-utayoxd o

g1z tialoid surIqUIAUISURL]

(1 wiy0d A10553008 Jy¥S) un0ad UIRWOP-SIT ‘DT

€ Buturejuod (WYY ‘LdNY) uoi8ar Sulpuig-yNy

€1 ud0ad suelquIdLUSUE],

0£dIN u1j0ad Jeapnu SunorIUI-Y4IN

LS 3pudadfjod xoq (siH/dsy-ely-ni9-dsy) Hy3a

(1102 :3) g Bojowoy redal uonejlje ‘e

€ utajoad Suipuiq YNQ papueas 2[8us

Z (ueopsay) uedAj80a01d suiewiop aY1j-|eZeN pue AIM ‘UIIIU0IS0 d1eds
1 Suiuieyuod jeada ojjipeuLy

8 Sujurejuod jeadar ofjipewty

1 M1j-J0ssaadar-0d 910G

1Aojiied ‘g asepixo Y dWAZUI0I-1A0Y
aseIgjsuenjAuresodn|31£1a3e-N-z 1 £I12q as0UURW PAYUI[-O UII0I]
£13q 'pol 2ynads-dND3 g9 aselaisatpoydsotd

¢ asesajsuenjide-Q areydsoyd-g-j0iadA|S1Aoy-1

! (ppydosouq) z Bojoruoy 2359z jo 12ouryUg

Z1 nungns xajdwod 101e1833u]

1 Suuiesuod urewop AL

1780VVI

(2pIs1A2493 'S} NNI-GF AIDAI UOISIAID (]2 SHIAD

unojost ewiwed ‘Jiungns dnAreied (gz Apauio) g aseyeydsoyd uiejolg
1 u1a3oad BunoeIajul £4iVINL

V1 u130id paipidosse-aingnIodIN

1 wajod pajeosse | JURISAIOURS YNNI

1 @auenbas pagndute jad | jueusdie

(amis102120 °S) T M-LADS

1 u0ad Bunoesaiul unoxd Buipulq (v)Ajod

1Zoot
L86911
LEGE
S96T
96T
BGEVS8
SLIS
1122y
bLVLS
16164
ESTS
98¢

LLPSO0TWN PNDOH
LE1LE01007INN 1dVOY
I887107NN VIRNDA
9LESO0 NN IHZ41D
8%8000"WIN CINLSD
POLEEO AN ZNOIS
Z¥P000 NN 1AYOad
SPSEL07IX LIZZPPI0T
120207 AN 06viINZ
9EEPTO AN £Xd1
T6ES00" NN CdHd
0SSO0 AN Livoa
150000 NN LY
08EEL0TANN ZiiddZ
€¥TZ661 NN 051949
667910 AN 9IZNIINL
€L61007AN wina
66LLSOAY €2dNY
YZISZTOTANN PELNINL
960 NN 0€dIN
£96861 N LSXHA
£98861 AN SHI]ITVY
SS66001007 N £4ESS
$34n pepof up passaidxaiang
LILYIOTINN 2A20dS
OZI8LOTINN DY
8¥L960TV 8OV
¥691700Y I'oo4g
SEOPO0™ N X002V
BELLIDTINN LINDWOd
£8Z000" NN 494ad
ZELOZO NN ELVdDV
9S¥P00 AN CHZ3
S6£0Z0 AN CISINI
CY6S10 AN 103 LN
8¥90z09v 180V
¥0S£00 NN 15¥200
G09S00 NN 20€ddd
850900"WN LdINL
ELETO0WN VIdYIN
9¥8LI0 NN dVINYNYL
9569600y 1SIOW
886L10TIAN ZIADS
1S¥900 NN Ldivd



702 K. Sudo et al./Biochemical and Biophysical Research Communications 397 (2010) 697-705

-
=t
~
o

]

HO7041
HO7056
HO7112 4
H07089
HO7093
HOT105
HO7122
HO7133
HO7088
HO7007
HO7030
HO7059

Fig. 3. Differentially expressed genes in successful and failed UCB samples. (A) Gene expression heat map of human UCB samples showing differential expression in
successful and failed UCB samples. The map shows genes whose expression showed a larger than 2-fold increase or decrease and were statistically significant (p < 0.005) (see
Table 1). Genes that were expressed at above or below the average level of the twelve samples are indicated in red and green, respectively. The color bar is the logarithmic
indicator of the fold difference of each gene expression from the average, i.e., 1.0 means a larger than 2-fold increase and —1.0 means a less than 0.5-fold decrease. (B)
Dendrogram of human UCB gene expression profiles constructed using the differentially expressed genes.

Initially, we employed a hierarchical clustering analysis to pro-
file gene expression in the human CD34" UCB cells. However, this
analysis did not separate successful and failed UCBs (data not
shown). We concluded that our collection of UCBs might not be
large enough to extract biologically meaningful signatures from
gene expression profiles through an unsupervised approach.

In order to identify candidate genes responsible for success or
failure of engraftment, we compiled a list of genes showing differ-
ential expression between successful and failed UCBs. A combina-
tion of relative level (fold change) of expression and statistical
significance (Student’s t-test) was used to distinguish these genes.
Genes that showed a larger than 2-fold increase or decrease in
gene expression between successful and failed UCBs, and also
showed a statistically significant difference (p < 0.005) are listed
in Table 1.

In total, 71 genes were found to be upregulated in successful
UCBs and 23 in failed UCBs (Table 1). Many of the genes showing

upregulation in successful UCBs are important for cell growth
and differentiation in hematopoietic cells, such as HOXB4, ETS2,
CDC45L, and SMC1A (Table 1).

In the expression heat map for the genes listed in Table 1, genes
that expressed above or below the average level of the twelve UCB
samples are indicated in red or green, respectively (Fig. 3A). The
dendrogram was obtained by cluster analyses based on the differ-
entially expressed genes (Fig. 3B). The graph indicates that failed
UCBs were clearly separate from successful UCBs and consisted
of a single cluster (Fig. 3B).

3.3. GSEA and DAVID analyses confirm upregulation of cell growth
related genes in successful UCBs

Following identification of differentially expressed genes, we
performed GSEA analyses in order to obtain biologically relevant
insights. Four gene sets were selected as specifically enriched in

Table 2

Gene sets significantly overrepresented in successful and failed UCBs.
Gene set name # of genes Es NES NOM p-val FDR g-val FWER p-val
Enriched in successful UCBs
SCHUMACHER MYC UP 53 0.561 2.085 0.000 0.026 0.021
ZHAN MM CD138 PR VS REST 23 0.648 2.007 0.000 0.048 0.077
P21_ANY_DN 22 0.611 1.859 0.000 0.193 0473
UVB_NHEK2_DN 74 0477 1.869 0.000 0.228 0.442
Enriched in failed UCBs
DAC_PANC50_UP 26 -0.597 -1.976 0.000 0.127 0.167
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successful UCBs (Table 2). Three of the four sets of genes have an
unambiguous role in cell growth activity: the SCHUMACH-
ER_MYC_UP gene set consists of downstream genes of the MYC
oncogene in B-cells [20]; the ZHAN_MM_CD138_PR_VS_REST gene
set is overexpressed in multiple myelomas with poor prognosis
[21]; the P21_ANY_DN gene set includes genes that are downreg-
ulated by the tumor suppressor p21 [22]. However, it is currently
not clear whether the UVB_NHEK2_DN gene set is active in cell
growth [23]. The results of the GSEA analysis suggest that success-
ful UCBs may be more committed to cell growth than the failed
UCBs. All gene sets that were significantly enriched in either suc-
cessful or failed UCBs are listed in Supplementary Table 3.

The DAVID annotation service was also employed for the func-
tional analysis of differentially regulated genes in successful and
failed UCBs. For this analysis, we chose a 1.5-fold increase or de-
crease in gene expression with p <0.005 as the criteria for gene
selection from successful and failed UCBs expression profiles.
These criteria resulted in the selection of 577 and 327 genes,
respectively, from the gene expression profiles of successful and
failed UCBs (Supplementary Table 4). The GO terms for the biolog-
ical processes of the significantly enriched genes (fold enrichment
>1.5, FDR <5%) for both groups are given in Table 3. From examina-
tion of Table 3, it is clear that the successful UCBs had high expres-
sion of cell cycle related genes, such as those in “G0:0007049 cell
cycle”, whereas developmental and morphogenesis-related genes
were upregulated in failed UCBs.

3.4. HOXB4 and other cell cycle related genes are upregulated in
successful UCBs

Next, we sought to confirm the conclusion from the microarray
analysis that cell growth related genes were overexpressed in suc-
cessful UCBs. We performed real-time RT-PCR analyses (qPCR) of
four genes of interest: CDC45L, C/EBP-f, ETS2, and HOXB4. Due to
the limited amount of cDNA available, only samples from six
UCB samples (H07007, H07041, HO7056, HO7089, H07093, and
HO07015) could be used for qPCR. Of these, HO7041 and H07056
are failed UCBs. We found that the amount of normalized qPCR
product from the four mRNAs showed a good correlation with
the signal intensity of the corresponding microarray probes (Fig. 4).

4. Discussion

The present study indicated that CD34" cells from 12 different
human UCBs showed various abilities to reconstitute hematopoie-

sis in sublethally irradiated NOD/SCID mice. Gene expression pro-
filing of these UCBs suggested that those that were successful at
engraftment had increased expression of genes associated with cell
growth compared to failed UCBs. To date, this is the first report to
describe a relationship between the engraftment ability of mouse
xenografts and gene expression profiles in human CD34" UCB cells.
Indeed, our results suggest that the gene expression profile of hu-
man CD34" UCB cells reflect their potential for successful establish-
ment of hematopoiesis in UCB transplantation.

There are several reports describing the gene expression pro-
files of human UCBs [24-27]. However, these studies provided no
information on the relationship between gene expression profiles
in human CD34" UCB cells and their relative abilities for bone mar-
row engraftment in mouse xenografts. We found that different
cryopreserved human CD34" UCB cells varied in the extent of
engraftment they yielded in mouse xenografts. This variation
raises the question of what factors determine successful engraft-
ment by cryopreserved human CD34* UCB cells? It is well known
that the relative numbers of hematopoietic stem cells is a critical
quality factor for UCBs [5,8,10]. The study by Cairo et al. further
showed that the colony formation activity of human UCBs was cor-
related with ethnicity, sex, and the delivery methods of the donors
[11]. It is an open question as to why these factors should be cor-
related with the number of stem cells in UCBs.

Several transcription factors are candidate mediators of cell
growth for human CD34* UCB cells, for example, HOXB4 and
ETS2, which were upregulated more than 2-fold in successful UCBs
compared to failed UCBs (Table 1). HOXB4 is a major factor for the
growth and maintenance of ‘stemness’ in embryonic stem cells
[28]. Several groups have reported that introduction of HOXB4 into
UCB cells contributed to the ex vivo expansion of cell numbers
[29,30]. ETS2 is an oncogene that plays critical roles in cell growth
signal transduction in various tissues [31-33]. Our results here are
compatible with the known characteristics of these transcription
factors.

C/EBP-p is another transcription factor upregulated in successful
UCBs. The C/EBP-p is a critical factor for cell differentiation and
expansion of the number of progenitor cells committed to the B-
cell lineage; it also promotes tumor growth in several types of
malignancies [34]. In contrast, the tumor suppressor ATM was in-
cluded in the set of upregulated genes in the failed UCBs. ATM is
activated by DNA damage and can induce cell cycle arrest [35].

Our experimental approach demonstrates the practicality of
molecular assessment of the quality of human CD34* UCB cells.
At present, it is not clear whether any candidate cell surface

Table 3

GO terms for biological processes enriched in successful and failed UCBs (>1.5-fold, FDR <5%).
GO category Term Count % p-Value Fold enrichment FDR (%)
Enriched in successful UCBs
G0:0006512 Ubiquitin cycle ; 38 6.60 0.00 2,51 0.00
G0:0043687 Post-translational protein modification 71 1233 0.00 159 0.19
G0O:0006888 ER to Golgi vesicle-mediated transport 9 1.56 0.00 478 1.03
G0:0006281 DNA repair 19 330 0.00 242 1.80
G0:0007049 Cell cycle 44 7.64 0.00 1.67 1.86
GO:0046907 Intracellular transport 37 6.42 0.00 1.76 213
G0:0065003 Macromolecular complex assembly 31 5.38 0.00 1,88 2.17
G0:0015031 Protein transport 36 6.25 0.00 1.76 2.70
G0:0048193 Golgi vesicle transport 11 191 0.00 3.40 2.78
G0:0022607 Cellular component assembly 32 5.56 0.00 1.81 337
G0:0000074 Regulation of progression through cell cycle 29 5.03 0.00 1.87 343
G0:0051726 Regulation of cell cycle 29 5,03 0.00 1.86 3.71
Enriched in failed UCBs
G0:0019222 Regulation of metabolic process 60 20.34 0.00 1.54 0.66
GO:0009653 Anatomical structure morphogenesis 29 9.83 0.00 196 1.47
G0:0031323 Regulation of cellular metabolic process 57 19.32 0.00 1.52 1.53
G0:0050793 Regulation of developmental process 11 3.73 0.00 3.25 4,04
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Fig. 4. A quantitative RT-PCR analysis was used to evaluate overexpressed genes in the successful UCB samples: the results for CDC45L, (/EBP-$, ETS2, and HOXB4 are shown.
The vertical axis indicates the relative expression ratio of each gene normalized against GAPDH. The names under the horizontal axis indicate the different human UCB

samples and the boxed names indicate those that failed to engraft (see text).

markers for successful UCBs are included among the identified
upregulated genes (Table 2). Nevertheless, it will be valuable to
establish robust molecular markers for potentially successful
CD34" UCB cells using functional gene expression profiling.

5. Conclusions

The quality of cryopreserved human CD34"* UCB cells was vari-
able and their respective gene expression profiles might reflect
these qualitative differences and provide clinically relevant and
versatile surrogate markers for human CD34" UCB cell quality. In
addition, the results in this study suggest that cell growth is an
important trait for the successful engraftment of human CD34*
UCB cells.
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Continuous cell lines consist of cultured cells derived from a specific énnor and ltssue of orlgm that have acquired the abmty o
to proliferate indefinitely. These cell lines are welt-tecogmzed models for the study of health and disease, particularly for
_cancer. However, there are cautions to be aware of when using continuous cell lines, includmg the possnhitsty of
, contammatmn. in which a foreign cell line or microorganism is mtmduced without the handler’s knowledge Cross-
 contamination, in which the contaminant is another cell line, was first recognized in the 19505 but, disturbingly, remains a
- serious issue today. Many cell lines beccme cross-contaminated early, so that subsequent experimental work has been
- petformad only on the cantammant masqueradmg under a dal‘ferent name. What can be done in response-—how can a
f’ researcher know if their own cell lines are cross-contam?nated’ Two practical responses are suggested here. First, it'is
important to check the literature, looking for previous work on cross~contammatwn. Some reports may be difficult to find and -
* to make these more accessible, we have compiled a list of known cross-contaminated cell lines, The list currently contains
360 cell lines, drawn from 68 references. Most contaminants arise within the same species, with Hela still the most
frequently encountered (29%, 106/360) among human cell lines, huf interspecies contaminants account for a small but
substantial minority of cases (9%, 33/360). Second, even rf there are no previous publications on cross-contaminatwn for

that cell line, it is essential to check the sampie itself by performmg authentication testing.

Cell Lines as Model Systems
Continuous cell lines represent a readily accessible and easily
studied resource for research into health and disease. These
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cell lines have acquired the ability to proliferate indefinitely if
grown in the appropriate culture conditions; usually this is a
rare event, since the majority of cells even in tumor tissue
will cease proliferation after a limited number of cell divi-
sions.! However, once established, a continuous cell line can
be repeatedly passaged, reliably recovers from cryopreserva-
tion and retains many of the properties of its cell type or tis-
sue of origin.>? These advantages make continuous cell lines
effective, and widely used, model systems for normal cellular
processes and for a variety of disease states.

Cell lines are particularly attractive models for studying ma-
lignant disease. The genetic changes in tumor-derived cell lines
closely resemble those of the tumors of origin.4 Moreover, the
genetic changes required to establish continuous cell lines
from normal cells recapitulate many of the genetic changes
occurring in cancer.”® These genetic changes are required to
overcome replicative senescence, in which normal cells con-
tinue to be metabolically active but are restricted from further
division." Cells able to overcome senescence continue
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proliferating until their telomeres become so short that the
chromosomes undergo fusion-breakage-bridge cycles and the
ensuing genomic instability results in culture crisis. Occasion-
ally (at a rate of ~1 in 107 cells), an immortalized cell will
emerge from crisis and begin to divide again, yielding a contin-
uous cell line." The changes seen throughout this process have
many parallels within cancer development, both for malig-
nancy in general and when considering specific tumor types.”

Despite these advantages, numerous cautions have emerged
from the literature regarding appropriate use of cell lines as
model systems.”'® Even where cultures have been transformed
through the introduction of specific genes, cell lines that have
passed through replicative senescence and crisis are aneuploid,
heteroploid and genotypically and phenotypically unstable,
resulting in considerable heterogeneity within the culture.'
This instability will cause changes in the characteristics of the
cell line but a further consequence may result: alterations in a
cell line can be accepted by the user as intrinsic to that culture
when there is actually extrinsic contamination present.

Cell Line Cross-contamination and Misidentification
Cell lines become contaminated when a foreign cell line or
microorganism is introduced without the handler’s knowledge.
Although we do not wish to minimize the problem of micro-
bial contamination, we will focus on cell line cross-contamina-
tion in this article. Cross-contamination may arise due to sev-
eral causes, including poor technique (spread via aerosols or
accidental contact), use of unplugged pipets, sharing media
and reagents among cell lines and use of mitotically inacti-
vated feeder layers or conditioned medium, which may carry
contaminating cells if not properly eliminated, for example, by
freeze-thaw and filtration."" In addition, a cell line can be
replaced by another as a result of misidentification by confus-
ing cultures during handling, mislabeling or poor freezer in-
ventory control. Simple errors during labeling of culture flasks,
truncation of the cell line name or typographic errors in a
published manuscript, can result in significant confusion for
years after the event when another researcher attempts to use
the same cell line for ongoing experimental work.'>

Cross-contamination may occur “early,” in which case the
original cell line has probably never existed independently, or
“late,” where the tested sample has been overgrown but other
stocks of the original may still exist."> Unfortunately, cell
lines generally become cross-contaminated early, while still
within the originating laboratory.'* This is not surprising:
cultures can remain in crisis for a prolonged period of time
before emergence of an immortalized population and this is a
time when a single cell, if introduced from a separate cell
line, would rapidly take over the culture.

There are now a number of studies pointing out the sever-
ity of this problem and the need to take urgent action to mini-
mize cross-contamination and its consequences.”'>”'” Ten
years ago, the German Collection of Microorganisms and Cell
Cultures (DSMZ) published data from its identification testing
of cancer cell lines submitted by various laboratories for de-

List of cross-contaminated cell lines

authentic / MW_WW__.\
P o

authentic / myco+

false / myco- false / myco+

Figure 1. Rates of contamination for leukemia-lymphoma cell
lines. Percentages of cross-contaminated and Mycoplasma-
contaminated cell lines from a dataset of 598 leukemia and
lymphoma cell lines analyzed by the German cell line bank DSMZ.
“False/authentic” refers to the presence or absence of cross-
contamination; “myco+/myco—"" refers to the presence or absence
of Mycoplasma contamination. Cell lines fall into the following
categories: authentic/myco— (n = 411, 69%); authentic/myco+

(n = 108, 18%); false/myco— (n = 41, 7%) and false/myco+

(n = 38, 6%). (Courtesy of Hans Drexler, DSMZ.)

posit at the cell bank."* They found that 18% of 252 submitted
cell lines were cross-contaminated with more than half of
cases arising within only 6 laboratories. Subsequent work by
the DSMZ, extending the number of cell lines tested (Fig. 1),
shows that of 598 leukemia-lymphoma cell lines (the group
provided with the most complete genetic data), 187 (31%)
were contaminated with Mycoplasma and/or a second cell line
with 38 (6%) of cell lines contaminated with both. These data
suggest that poor practice within some laboratories results in
contamination of multiple cell lines with multiple contami-
nants, which can then be disseminated more widely if these
cultures are used by others.

Other studies have pointed out that testing of cell lines is
often infrequent, resulting in the failure to detect contaminated
samples. John Ryan of Corning Life Sciences conducted sur-
veys of seminar attendees in 1990, asking about Mycoplasma
contamination; 50% were not currently performing testing and
only 18% said they tested their cultures regularly. Almost 1 in
4 respondents (23%) had experienced Mycoplasma contamina-
tion, but with such a low level of testing, it is likely that the
real figure was much higher.'® Other data on cross-contamina-
tion were published in 2004 by researchers at the University of
California, Berkeley, where Walter Nelson-Rees worked on
this problem in the 1970s, focusing on the HeLa cell line.”® Of
483 respondents to a questionnaire on cell line usage, 35%
were using cell lines obtained from another laboratory rather
than a cell line repository, but almost half of all respondents
performed no testing for cross-contamination.*

A practical example of the consequences of cell line contam-
ination can be found in a recent study published by Berglind
et al*' The authors analyzed data within the UMD_p53 (2007)
database, which includes information on the p53 status of
1,211 cell lines. Discrepancies were found in p53 status for 23%
(88/384) of cell lines where data have been published by 2

Int. ). Cancer: 127, 1-8 (2010) © 2010 UICC
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independent laboratories. It is likely that many of these discrep-
ancies arose due to work with cross-contaminated samples; the
authors noted that many groups rely on previously published
reports of a cell line’s p53 status,”’ resulting in further confu-
sion when interpreting results from these cell lines.

Cell banks have the expertise to detect such cross-contami-
nation, and have been proactive in publishing reports of cross-
contaminated cell lines,”** in publishing test results online**
and in developing new detection methods.*** Unfortunately,
however, cell banks have also reported reluctance from many
researchers to deposit cell lines for distribution.® Such reposi-
tories specialize in the detection of cross-contamination and it
is unlikely that most laboratories have comparable resources in
this regard. In addition, many researchers obtain cell lines from
one another, rather than approaching the originator or pur-
chasing the cell line from a cell bank performing quality con-
trol testing. This may be faster or cheaper than obtaining cul-
tures from a reputable source but the practice makes
contamination more prevalent and harder to detect.

Practical Responses

Having defined the problems, it is time to focus on what can
be done. Several cancer-related journals, including the Inter-
national Journal of Cancer, have recently responded to these
issues by changing their policies to require evidence of authen-
tication with all submitted manuscripts using continuous cell
lines.?®>° Their response underscores the need for laboratories
to come to grips with cell line cross-contamination and mis-
identification. Every researcher involved in cell culture will
have cell lines currently in culture, stored in liquid nitrogen or
may be commencing work on a new cell line. Put practically,
how can you know if your cell lines are cross-contaminated?

There are 2 important answers to this question:

1. Check the literature, for example, by searching the
PubMed database using the cell line name and “cross-
contamination.”

2. Check your cultured cells. Unless a cell line has come
directly from a repository or other laboratory perform-
ing identification testing, it should be tested on arrival,
and all cultures should be periodically tested while in
use, before cryopreservation and when thawed from lig-
uid nitrogen.’! A variety of methods are available for
authentication; for human cell lines, short tandem
repeat (STR) profiling is the current international refer-
ence standard and is recommended as an easy and eco-
nomical way to confirm cell line identity by
comparison to donor tissue or to other samples of the
cell line held by laboratories worldwide.*®

Checking the Literature: A List of
Cross-Contaminated Cell Lines

A 2004 survey of abstracts within the PubMed database
would suggest that inappropriate usage of cross-contaminated

Int. ). Cancer: 127, 1-8 (2010) © 2010 UICC

cell lines is increasing,®® despite many years of publication on
this issue. It is possible that many researchers simply cannot
find existing references to cross-contamination so, to make
this already published work more accessible, we have sur-
veyed the literature and other online resources for references
to cell line contamination. The resulting list of cross-conta-
minated cell lines is included as Electronic Supporting
Information.

To generate this list, the authors examined the PubMed
database, references within other articles relating to this topic
and the websites of 5 cell banks: the American Type Culture
Collection (ATCC), DSMZ, European Collection of Cell Cul-
tures (ECACC), Japanese Collection of Research Bioresources
and the RIKEN Bioresource Center Cell Bank. A Wikipedia
list of contaminated cell lines was also accessed (http://en.wi-
kipedia.org/wiki/List_of_contaminated_cell_lines). Cross-con-
taminated cell lines are listed by name along with their spe-
cies and cell type (both claimed and actual), the name of the
contaminating cell line where identified, the reference in
which this was reported and the PubMed ID number where
available. Notes are also included for some cell lines. The list
is made available in Excel spreadsheet or PDF format for
easy accessibility.

The cell lines listed within this database are divided into 2
tables. Supporting Information Table 1 contains those cell
lines where cross-contamination occurred as an early event,
and thus where there is no original material remaining. Sup-
porting Information Table 2 contains those cell lines where it
is thought cross-contamination occurred as a late event and
where original stocks may still exist. A full list of references
is also given.

The current list of cross-contaminated cell lines (version
6.4) contains 360 cell lines, 346 in Supporting Information
Table 1 and 14 in Supporting Information Table 2, drawn
from 68 references. Cell lines affected are primarily human,
although cultures from at least 8 other species are included,
and come from a wide spectrum of tissue types. The cell or
tumor type is given within the list where known; extensive
work has been done by some cell banks and laboratories in
this area to characterize the actual cell type or tumor
type.zz’32 In some cases, this work has shown that a cell line
carries the correct name but its cell or tumor type has been
incorrectly identified, for example, the cell line RPMI-6666
was initially thought to have come from Hodgkin lymphoma
but is now known to be an EBV-positive B-lymphoblastoid
cell line.*

Common features for cross-contaminating cell lines within
the current list are summarized in Table 1. It can be seen
that most cross-contamination events have arisen from
within the same species but a substantial minority (9%, 33/
360) involved cross-contamination from a second species.
For the intraspecies contaminants, all of those detected were
human but it is likely that this relates to the difficulty of
detecting intraspecies contaminants for nonhuman species.
The commonest contaminant remains the HeLa cell line
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Tabie 1. Cross-contaminating cell lines

L Number of cell
Type of contaminant lines affected

Intraspecies

.
Nonhuman 0
nespeces.. . g
Corréﬁt nabme—incorrect cell 3
type (misidentified)®

Number of cell
lines affected

Contaminating cell line—12
most frequent

Hela (human cervical adenocarcinoma) 106
T-24 (human bladder carcinoma) 18
_HT-29 (human colon carcinoma) . 17
CCRF-CEM (human acute 9

lymphoblastic leukemia)

';Kt§§2 (haman chronic myeloid leukemia) »
U-937 (human lymphoma)

OCI/AML2 {human acute myeloid leukemia)
ch-‘io (human esophageal carcinoma)?

M14 (human melanoma) »

HL-60 (human acute myeloid leukemia)

PC3 (human prostate cé}xrcir'aoma}" v .
SW-480, SW620 (human colon carcinoma)?

oo NN & oo oo

For additional misidentified cell lines see Drexler et al.?? 2Hcu-10
carries the same genetic identity as Hcu-18, Hcu-22, Hcu-27, Heu-33,
Hcu-37 and Hcu-39; it is unclear which is the correct identity (see
Electronic Supporting Information for reference). >SW480 and SW620
come from the same donor and therefore carry the same genetic
identity (see Electronic Supporting Information for reference).

(29%, 106/360), followed by T-24 (5%, 18/360) and HT-29
(3%, 12/360).

It is important for such a list to be continually updated
and feedback is welcome for this purpose. An earlier version
of the database was released online by ECACC®’; 6 cell banks
have now agreed to make the database available online and
to update this information where necessary. Current website
addresses for access to the list of cross-contaminated cell
lines are given in Table 2. In future, it is envisaged that the
current list of misidentified cell lines will be included in a
new initiative improving access to authentication data. The
Standard Development Organization at the ATCC is in the
process of producing an international standard for human
cell line identification based on STR profiling (ATCC SDO
Workgroup ASN-0002, manuscript submitted). Strict criteria
for STR profiles derived from cancer cell lines are being
developed. One consequence of this initiative is that funding
is being sought for a quality controlled and curated cell line
database with free access into which the database described
here will be incorporated.

List of cross-contaminated cell lines

Table 2. Websites for ongoing access to the list of
cross-contaminated cell lines

Cell bank Website address

ATCC http://www.atcc.org/

CellBank Australia hitp://www.cellbankaustralia.doml

DSMZ http://www.dsmz.de/

ECACE - http://www.hpacultures.org.uk/collections/
e oecaccjsp :

JCRB http://cellbank.nibio.go.jp/

RIKEN Bioresource  http://www.brc.riken go.ip/lab/cell/english/

Center Cell Bank guide.shtml

Checking Your Cultures: Authentication of Cell Lines
Even if a search of the literature shows no indication that a
cell line is contaminated, it is still essential to test the sample
that you are working with. Authentication testing should be
considered in a positive light, as an essential part of good cell
culture practice®® and as an assurance for researchers, fund-
ing bodies and journals that the cell line used is a valid ex-
perimental model."”

There are a number of methods for testing cell line iden-
tity. When the issue of cross-contamination was first identi-
fied, HeLa contaminants were detected through a combina-
tion of isoenzyme and chromosomal analysis.'>** Both
techniques continue to be used but there are also many
newer molecular approaches. Commonly used authentication
methods are summarized in Table 3; what factors should be
considered when choosing between these methods?

The expertise of the laboratory holding the cell line is an
important factor. For example, laboratories with experience
in cytogenetics would have the skills to identify species
through karyotype analysis and cell lines through the pres-
ence or absence of appropriate markers.’® Although this is an
older approach, it still allows clear identification of cell lines,
and many cell banks have published karyotypic information
on their cell lines to allow comparison to well-characterized
stocks. It should be noted that tumor-derived cell lines can
be surprisingly difficult to harvest for cytogenetic analysis®®
and are typically heteroploid making interpretation difficult:
the experience of the operator is important for success.

The species of cell lines held within the laboratory is also
important. Although some authentication methods can be
used on more than 1 species, molecular methods such as
STR profiling are only successful for a single species; other
species will simply fail to amplify.”® This may not be an issue
for laboratories working only with human samples but clearly
is a significant factor for groups working with rodent cell
lines. In this regard, multilocus DNA fingerprint analysis has
a clear advantage, since probes are able to hybridize to a
wide variety of species.”> Unfortunately, although successful
within a single laboratory, it can be challenging to compare
DNA fingerprints across several experimental runs, and it is
difficult to exchange data among laboratories or for cell

Int. ). Cancer: 127, 1-8 (2010) © 2010 UICC
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Table 3. Commonly used methods for authentlcatmg cell lmes

‘Name

Chromosomal analysis/karyotyping
Isoenzyme analysis

Multilocus DNA fingerprint analysis

Short tandem repeat (STR) profiling

Polymerase chain reaction (PCR)
fragment analysis

: Bescription .

References

Involves preparation of a metaphase spread with chro-
mosome banding and painting to identify chromosome
number and markers

Biochemical method separating isoenzymes by electro-
phoresis; isoenzyme mobitity may vary within or across
species. Kits available include tha Anthentiktt gel elec~-

trophoresis system

Molecular method detecting variation in length within

minisatellite DNA containing variable numbers of tan-
dem repeat sequences. Analysis is by Southern blot
hybridization using probes 33.6 and 33.15, M13
phage DNA, or oligonucleotide sequence

~ Molecular method detecting variation in length within

m;crosateikte DNA contammg variable numbers of

. ab%e ina klt format al owmg amphficanan of up to. 16 -
loci . L

Molecular method involving ampliﬁcation of specific
genes or gene families, aiming to detect variations in
exon/intron sequence, transcript splicing, or the pres-
ence of pseudogenes. Genes examined include the al-
dolase gene family and the beta-globin gene

Involves sequencing of a DNA fragment from the mito-

lines across multiple
species

Separates individual cell
lines within a single

. species

Separates species only

. Purpose
Separates species, plus Ref. 35
individual cell lines if
detailed analysis
performed
Separates species, some-  Refs. 36,37
times individuats =~ e :
Separates individual cell Refs. 25,38

 Refs. 26,39

Refs. 40,41

'"Séquernt‘ing. of “DNA barcode” regions

chondrial gene cytochrome ¢ oxidase subunit I, with

Separates species only  Refs. 27,42

_ comparison to sequence obtained from online data-
bases. This “DNA barcode” has been shown in prac- - e
_ tice to distinguish a broad range of animal species

banks to publish such fingerprints online. It is advisable to
always compare the test sample to a known sample within
the same experiment, ideally using DNA from the blood or
tissue of the original donor.

The obvious advantage of STR profiling lies in the use of
control samples to generate a numerical code for each sam-
ple, which precisely identifies that cell line and which can be
readily shared and published online. It is primarily for this
reason that STR profiling is recommended as an international
reference standard for human cell lines®® and accepted within
the legal system for human identity testing.”® STR profiling is
based on the presence of STRs within the human genome
that exist at variable lengths throughout the population. Each
of the repeat regions to be analyzed (usually tetra or penta-
nucleotide repeats in noncoding sequence) is amplified by
PCR using primers carrying fluorescent tags and electropho-
resed in a sequencing gel; the precise length of each allele is
determined and compared with size standards and controls.
This allows identification software to assign a number to
each allele at that locus (see, e.g., Fig. 2). The combination of
multiple loci—classically 13, as used in the FBI Laboratory’s
Combined DNA Index System (CODIS)—gives sufficient
data to uniquely identify that individual.

STR profiles for individual cell lines and panels have now
been reported by many laboratories (e.g., Ref. 44) and are

Int. ). Cancer: 127, 1-8 (2010) © 2010 UICC

published online by several cell banks. However, there are
some cautions to be aware of when using this approach. It is
accepted within the forensic field that tumor samples are not
as genetically stable as other tissue sources for STR profiling,
because of loss of heterozygosity and microsatellite instabil-
ity.*>*® This is even more evident in tumor-derived cell lines,
where evolution or genetic drift continues to occur with pas-
sage.’ When searching an online database of STR profiles
from cell lines, the user needs to look for close matches and
not just identical matches; most studies would agree that
80% similarity is an appropriate threshold for declaring a
match when comparing cell line profiles.*®** There may also
be a significant start-up cost if testing in-house; in addition
to an STR Kkit, access to methods for DNA extraction, precise
quantitation, fragment analysis and software for STR profile
identification is required.

The fact that STR profiling is only suitable for distin-
guishing cell lines of a single species has led to the need to
re-examine authentication of nonhuman cell lines. Labora-
tory rodent samples will always be difficult to identify pre-
cisely due to inbreeding; laboratories working with rat or
mouse cultures may wish to examine strain identity rather
than authentication of individual cell lines, particularly if
they have expertise in single nucleotide polymorphism (SNP)
or single sequence length polymorphism (SSLP) analysis,
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Figure 2. Example of STR profile generation and interpretation. An example of STR profiling is given for the JFCF-6 cell fibroblast strain and
3 of its immortalized derivatives, JFCF-6/T4.D, JFCF-6/T1.J/1.3C and JFCF-6/T1.Q.%> Derivatives were established after transfection with SV40

early region DNA and were handled by CellBank Australia through its Culture and Return service. DNA from each culture was amplified
using the AmpFISTR Identifiler PCR Amplification Kit (Applied Biosystems, Mulgrave, Australia), which includes primers for 16 STR loci.
Amplified sequence was analyzed using an ABI PRISM 3100 Genetic Analyzer and data files were assessed using GeneMapper ID software
(Applied Biosystems). (a) Photographs taken of each culture, comparing parental cells to the morphology of each derived cell line (scale
bar = 100 pm). Each derivative has a markedly different morphology, showing the need for authentication testing to confirm that
derivatives correspond to the parental strain. (b) Examples of STR peak amplification for the D165539 locus of each culture. Amplification
varies at this locus due to genetic drift during establishment of the 3 JFCF-6—derived cell lines. The peaks shown correspond to specific
allele sizes known to exist at this locus and confirmed using size standards and controls supplied with the kit (data not shown). (c). STR
profiles for JFCF-6 and derived cell lines; the locus shown in B, D165539, is highlighted in grey. Despite the differences seen due to
genetic drift, the profiles for derived lines closely match the parental cell strain and all of these cultures are correctly identified.

which can be used for strain identification.*®** SNP analysis
can also be used to identify individual samples®® and has
been used for cell line authentication,” making it a method
of great promise for application to human and nonhuman
samples alike. Laboratories working on specific cell types
may be able to use expressed markers for identification, as 1
laboratory has done recently, publishing a technique for
identification of hybridomas based on sequencing of light-
chain variable regions.™

A simple method has recently emerged to help detect inter-
species contamination. The term DNA barcoding here refers

to amplifying a specific 648 bp fragment of the mitochondrial
gene, cytochrome C oxidase subunit I (COI), using primers
developed by Folmer et al.>> Sequence divergences within this
fragment allow species discrimination across almost all animal
phyla.*? Although debate is ongoing as to whether DNA bar-
coding is sufficient for assignment of species in taxonomic
terms,” it is clear that the technique can readily identify the
species of an unknown specimen if compared with previously
sequenced reference material in online databases.”> DNA bar-
coding has been tested for species identification of cell lines®”
and its use would reduce the incidence of interspecies cell line
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contamination, found here to cause almost 1 in 10 of all pub-
lished cross-contamination events.

Whatever the authentication method used, it should be
clearly recorded within the researcher’s experimental notes,
and the result should be linked if possible to the laboratory’s
liquid nitrogen records, so that quality control for frozen
vials is clearly evident. When publishing experimental work,
the Material and Methods section should include the correct
and full name of the cell line used, its origin (with appropri-
ate references), the source of the cultures used and details of
authentication testing.

Conclusions

Cell line contamination is a serious issue that detracts from
the use of cell lines as model systems to help us understand a
broad range of diseases, including cancer. Responding practi-

cally by checking each cell line before it is used, searching for
previous references and authenticating the sample itself is
worthwhile and will reduce the risk and subsequent conse-
quences of contamination long-term.
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Abstract

Following the success in establishing human induced pluripotent stem (iPS) cells, research into
various applications of the cells derived from human iPS cells has begun in earnest. The use of
iPS cell-derived cells in clinical therapies is one of the most exciting of the possible applica-
tions. However, the risk of tumorigenicity is the biggest potential ocbstacle to use iPS cell
derivatives in the clinic. It should be noted that the human cells used to generate iPS cell lines
may have acquired genetic mutations and these might influence the tumorigenicity of the cells.
In particular, the cells of older peopie have a higher risk of genetic mutations than those of
younger people. Here, we show that iPS cells could be derived from short-term cultures of
neonatal tissues. The established human iPS cells expressed various markers of undifferenti-
ated cells and formed teratoma in immunodeficient mice. The human iPS cells derived from
neonatal tissues may represent a clinical material possessing less tumorigenicity.

Key words: clinical application, neonatal tissue, induced pluripotent stem cells.

INTRODUCTION

The development of a method to generate human
induced pluripotent stem (iPS) cell lines'™ has stimu-
lated a considerable number of studies into the potential
applications of these cell lines, The use of iPS cell-
derived cells in clinical therapies is one of the most
exciting of the possible applications. However, the risk
of tumorigenicity is the biggest potential obstacle to use
iPS cell derivatives in the clinic. Initially, the method for
producing iPS cell lines involved the integration of exog-
enous genes into the host genome. Recent modifications
to the methodology have obviated the need for retention
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of exogenous genes to generate iPS cell lines.>” These
methodological changes may reduce the problem of
potential tumorigenicity.

However, even when iPS cells are established with
methods that avoid the integration of exogenous genes,
the risk of tumorigenicity of iPS cell derivatives remains
similar to that of embryonic stem (ES) cell derivatives.
One potentially problematic aspect of iPS cells com-
pared with ES cells is that they are established from
somatic cells that may have already acquired genetic
mutations. In addition, the cells of older pecple have a
higher risk of genetic mutations than those from
younger people. This potential problem has to be taken
into account prior to the use of iPS cell derivatives in the
clinic.

Although neonatal tissues such as umbilical cord,
fetal membrane, and placenta are readily available ® they
are usually discarded if they are not required for imme-
diate use. Provided the mother of a neonate agrees to
allow the neonatal tissues to be used in basic research
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and/or clinical applications, these tissues could providea
useful resource without the complicating factor of criti-
cal ethical concerns. Here, we show that iPS cells can be
derived from short-term cultures of neonatal tissues.

MATERIALS AND METHODS
Cell sources of iPS cells

Fibroblast-like cells derived from human umbilical
cord (HUC-F2, HUC-Fm and HUC-5 derived from
three different neonates) and from human fetal mem-
brane (HFM-1 derived from a neonate) were obtained
from the Cell Engineering Division of RIKEN BioRe-
source Center (Tsukuba, Ibaraki, Japan) and were cul-
tured in minimum essential medium-o0 (MEM-q;
Invitrogen, Carlsbad, CA, USA) containing 10% fetal
bovine serum (FBS; Sigma, St Louis, MO, USA).

iPS cell generation

pMXs retroviral vectors were obtained from addgene
(Cambridge, MA, USA) and used to express Oct3/4,
Sox2, Klf4, and ¢-Myc. To produce the recombinant
pseudo-type retrovirus, plasmid DNA was transfected
into 293T cells along with the gag-pol expression
plasmid (pCAGGS gag-pol) and the vesicular stomatitis
virus G glycoprotein (VSV-G) env expression plasmid
(pMD/G VSV-G) by FuGENE 6 Transfection Reagent
(Roche Diagnostics, Indianapolis, IN, USA), and super-
natant from the transfected cells was collected to infect
the cells from neonatal tissues.

To produce the recombinant pseudo-type lentivirus,
human Oct3/4 and c-Myc cDNAs were obtained as
Human Fetus Marathon-Ready ¢cDNA and Human Bone
Marrow Marathon-Ready c¢DNA, respectively, from
Clontech (Mountain View, CA, USA) and human Sox2
and Klf4 cDNAs were obtained from German Science
Center for Genomic Research. The cDNAs were inserted
into the pENTR/D-TOPO entry vector plasmid (Invi-
trogen, Carlsbad, CA, USA) and verified by DNA
sequencing, The cDNAs in pENTR/D-TOPO were then
transferred to the pCSII-EF-MCS-IRES2-Venus lentiviral
vector plasmid using the Gateway LR clonase (Invitro-
gen). The VSV-G-pseudotyped lentiviral vectors were
produced by transient transfection of three plasmids, the
packaging plasmid (pCAG-HIVgp), the VSV-G- and Rev-
expressing plasmid (pCMV-VSV-G-RSV-Rev), and the
lentiviral vector plasmid into 293T cells. Human neona-
tal tissue cells were transduced with lentiviral vectors
and nearly 100% of transduction efficiency was con-
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firmed by fluorescence microscopy for Venus expression.
Six to ten days after transduction, the cells were har-
vested by trypsinization and 5-10 X 10* cells were
replated on mouse embryonic fibroblast (MEF) feeder
cells in a 100 mm dish.

Viral infection and iPS cell generation were performed
essentially as has been described previously' Gener-
ated iPS cells were maintained essentially as has been
described previously®

Feeder cells

The iPS cells were established and maintained on MEF
feeder cells. MEFs were obtained from 14 day embryos
of ICR mice as previously described.’® Pregnant ICR
mice were obtained from Charles River Japan (Tsukuba,
Ibaraki, Japan). MEFs were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) (Sigma) containing
10% FBS (Sigma) and were treated with Mitomyein C
(10 pg/mL) for 1.5-2.0 h prior to their use as feeder
cells.

Alkaline phosphatase staining and
immunocytochemistry

Alkaline phosphatase staining was performed using an
alkaline phosphatase substrate kit 4 (Vector Laborato-
ries, Burlingame, CA, USA). Immunocytochemistry was
performed essentially as described previously® Primary
antibodies used were SSEA-4 (Millipore, Billerica, MA,
USAY), Tra-1-60 (Millipore), Tra-1-81 (Millipore), Oct3/4
(Santacruz, Santa Cruz, CA, USA), and Nanog (Repro-
cell, Yokohama, Kanagawa, Japan). Secondary antibod-
ies used were Alexa Fluor 546 anti-mouse IgG
(Molecular Probes, Eugene, OR, USA) to detect SSEA-4,
TRA-1-60, TRA-1-81 and Oct3/4, and Alexa Fluor®
546 anti-rabbit IgG (Molecular Probes) to detect Nanog.

Karyotype analysis

Karyotype analysis was performed essentially as
described previously’

Teratoma formation assay

The teratoma formation assay was performed as des-
cribed previously! except that the cells were trans-
plarited into the sub-capsular space of the testis.
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Short tandem repeat

polymorphism analysis

Short tandem repeat (STR) polymorphism analysis was
carried out on genomic DNA using a PowerPlex1.2 kit

(Promega, Madison, WI, USA), which is polymerase
chain reaction (PCR) based.!!

RESULTS

Generation of iPS cells from human
neonatal tissue cells

Approximately 2 weeks after initiating the generation of
iPS cells, some granulated colonies appeared that were

iPS cells derived from neonatal tissues

dissimilar to ES cells in morphology. We observed dis-
tinct types of colonies that were flat and resembled ES
cell colonies 3—-5 weeks after initiation of culture. Even-
tually, all of the human cell types tested provided ES-like
colonies in their cultures. We picked some representa-
tive colonies from each culture and placed these in fresh
cultures. All of the colonies continued to proliferate
when grown on MEFs in primate ES cell medium con-
taining basic fibroblast growth factor (FGF). Of note, iPS
cells established with lentiviral vector containing Venus
did not express Venus at all, i.e. the expression of exog-
enous genes was silenced in the established iPS cells.!
The human iPS cell lines generated in this study are
described in Table 1. All of the cell lines were morpho-
logically similar to human ES cells, with the exception of

Table 1 List of information regarding established human iPS cell lines

Cell name Source cells Introduced genes Vector origin ~ Origin Karyotype Teratoma
HiPS-RIKEN-1A HUC-F2  Oct3/4, Sox2, Klf4, c-Myc  Retrovirus  Neonate 46, XX Observed
HiPS-RIKEN-1B HUC-F2  Oct3/4, Sox2, Klf4, c-Myc  Retrovirus ~ Neonate 46, XX ND
HiPS-RIKEN-1C HUC-F2  Oct3/4, Sox2, Klf4, c-Myc  Retrovirus Neonate ND ND
HiPS-RIKEN-1D HUC-F2  Oct3/4, Sox2, Kif4, c-Myc ~ Retrovirus ~ Neonate ND ND
HiPS-RIKEN-1E HUC-F2  Oct3/4, Sox2, Kif4, c-Myc  Retrovirus ~ Neonate ND ND
HiPS-RIKEN-1F HUC-F2  Oct3/4, Sox2, Klf4, c-Myc  Retrovirus  Neonate ND ND
HiPS-RIKEN-2A HUC-Fm  Oct3/4, Sox2, Klf4, c-Myc ~ Retrovirus ~ Neonate 46, XY Observed
HiPS-RIKEN-2B HUC-Fm Oct3/4, Sox2, Klf4, c-Myc  Retrovirus  Neonate ND ND
HiPS-RIKEN-2C HUC-Fm Oct3/4, Sox2, Klf4, c-Myc  Retrovirus  Neonate ND ND
HiPS-RIKEN-2D HUC-Fm Oct3/4, Sox2, Klf4, c-Myc  Retrovirus ~ Neonate ND ND
HiPS-RIKEN-2E HUC-Fm Oci3/4, Sox2, Kif4, c-Myc  Retrovirus ~ Neonate ND ND
HiPS-RIKEN-2F HUC-Fmn  Oct3/4, Sox2, Klf4, c-Myc  Retrovirus  Neonate ND ND
HiPS-RIKEN-12A HUC-5 OcT3/4, Sox2, Klf4 Retrovirus  Neonate 46, XY Observed
HiPS-RIKEN-12B HUC-5 OcT3/4, Sox2, Klf4 Retrovirus ~ Neonate ND ND
HiPS-RIKEN-13A HUC-5 Oct3/4, Sox2, Kif4, c-Myc  Retrovirus  Neonate 46, XY Observed
HiPS-RIKEN-13B HUC-5 Oct3/4, Sox2, Klf4, c-Myc  Retrovirus ~ Neonate ND ND
HiPS-RIKEN-11A HFM-1 Oct3/4, Sox2, Klf4, c-Myc ~ Retrovirus  Neonate 46, XY Observed
HiPS-RIKEN-11B HFM-1 Oct3/4, Sox2, KIf4, c-Myc ~ Retrovirus  Neonate ND ND
HiPS-RIKEN-3A HFM-1 Oct3/4, Sox2, KIf4, c-Myc  Retrovirus Mother 46, XY Observed
HiPS-RIKEN-3C HFM-1 Oct3/4, Sox2, Klf4, c-Myc  Retrovirus Mother ND ND
HiPS-RIKEN-3D HFM-1 Oct3/4, Sox2, Klf4, c-Myc  Retrovirus ~ Mother ND ND
HiPS-RIKEN-3E HFM-1 Oct3/4, Sox2, Kif4, c-Myc ~ Retrovirus ~ Mother ND ND
HiPS-RIKEN-4A HFM-1 Oct3/4, Sox2, Kif4, c-Myc  Lentivirus ~ Mother 46, XY, 1(6;9Xp22,q32) Observed
HiPS-RIKEN-4B HEM-1 Oct3/4, Sox2, Klf4, c-Myc ~ Lentivirus ~ Mother ND ND
HiPS-RIKEN-4C HFM-1 Oct3/4, Sox2, Klf4, c-Myc ~ Lentivirus ~ Mother ND ND
HiPS-RIKEN-4D HFM-1 Oct3/4, Sox2, KIf4, c-Myc ~ Lentivirus Mother ND ND
HiPS-RIKEN-4E HFM-1 Oct3/4, Sox2, Klf4, c-Myc  Lentivirus ~ Mother ND ND
HiPS-RIKEN-4F HFM-1 Oct3/4, Sox2, Klf4, c-Myc  Lentivirus Mother ND ND
HiPS-RIKEN-4G HFM-1 Oct3/4, Sox2, Klf4, c-Myc  Lentivirus ~ Mother ND ND
HiPS-RIKEN-4H HFM-1 Oct3/4, Sox2, Klf4, c-Myc  Lentivirus ~ Mother ND ND

HUC-F2, HUC-Fm, and HUC-5 are fibroblast-like cells derived from human umbilical cord. HFM-1 are fibroblast-like cells derived from
human amniotic membrane. The cellular origins of human induced pluripotent stem (iPS) cells were confirmed using short tandem
repeat polymorphism analysis (see text and Materials and methods). Transplants of iP5 cells into immunodeficient mice that generated
teratomas with all three types of germ layer are indicated by “observed”. ND, not done.
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HiPS-RIKEN-3C (data not shown). Although HiPS-
RIKEN-3C continued to proliferate for more than
one month, this line did not appear to be comprised
of ES-like cells (data not shown). The nature of these
apparently non-ES-like cells in HiPS-RIKEN-3C

remains to be determined.

Expression of gene markers of the
undifferentiated state

Alkaline phosphatase activity and the expression of
stage specific embryonic antigen-4 (SSEA-4), tumor-
related antigen-1-60 (TRA-1-60), TRA-1-81, Oct3/4,
and Nanog were detected in all of the iPS cell lines
(Fig. 1), with the exception of HiPS-RIKEN-3C.

Teratoma formation

To evaluate the in vivo pluripotency of these new iPS
cells, we transplanted the cells into the sub-capsular
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space of the testis of immunodeficient mice. Tumor for-
mation was screened at about 8 weeks after transplan-
tation. Histological examination of the tumors showed
the presence of ectoderm-, mesoderm-, and endoderm-
derived tissues (Fig. 2).

Authentication of the origin of the new
iPS cell lines

To confirm that the newly generated iPS cell lines were
derived from neonatal tissue cells, we compared the
results of an STR polymorphism analysis of the original
neonatal tissue cells and the new iPS cell lines (data not
shown). All of the iPS cell lines were confirmed to be
derived from the source cells (Table 1). Interestingly, we
also found that the amniotic membrane cells, HFM-1,
were a mixture of cells from two individuals. Since we
also possessed umbilical cord cells from the neonate, we
were able to confirm that the neonate provided some of
the cells. It is highly likely that the other contributor was

Figure 1 Expression of marker genes
for the undifferentiated embryonic
stem (ES) cell-like state in cells of
the clone HiPS-RIKEN-1A. (a) alka-
line phosphatase. (b) SSEA-4. (c) Tra-
1-60. (d) Tra-1-81. (e) Oct3/4. (f)
Nanog.
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