iPS cells derived from neonatal tissues

Figure 2 Teratomas derived from human induced pluripotent stem (iPS) cells. Cells from clone HiPS-RIKEN-1A were
transplanted into the sub-capsular space of the testis of immunodeficient mice. A hematoxylin and eosin stained section from
a resulting tumor is shown. (a) Whole teratoma. (b) Epithelial tissue. (c) Pigmented cells. (d) Neural epithelium. (e) Cartilage.
(f) Muscle. (g) Intestinal tract. (h) Intestinal epithelium.
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the mother. Thus, the iPS cell lines produced from
HFM-1 were derived from both neonatal and maternal
cells (Table 1).

DISCUSSION

In contrast to iPS cell lines produced using inbred mouse
strains, human iPS cell lines are derived from individuals
who possess different genetic backgrounds. This factor
needs to be taken into account when considering differ-
ences in characteristics among human iPS cell lines.
Additionally, it should be noted that the human cells used
to generate iPS cell lines may have acquired genetic
mutations and these might also influence the character-
istics of the cell lines.

Acquired mutations are of interest, for example in an
oncology laboratory, when iPS cell lines are derived from
a patient’s cells to analyze aspects of their pathology. By
contrast, acquired genetic mutations are an obstacle to
the clinical use of iPS cell lines for regenerative medi-
cine. It will therefore be necessary to establish validated
“clinical grade iPS cell lines”, possibly using cells with a
low risk of carrying acquired genetic mutations, for
example, neonatal tissue cells.

However, the use of neonatal tissue cells is not free
of potential problems. Thus, for example, we cannot
exclude the possibility of late-onset diseases that may
occur in the neonate’s future. The development of the
technology for whole genome sequencing may resolve
this issue by enabling the prior estimation of the risk of
disease.
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SYNOPSIS

Misidentification of cultured cell lines resuits in the generation of erroneous scientific data.
Hence, it is very important to identify and eliminate cell lines with a different origin from that
being claimed. Various methods, such as karyotyping and isozyme analysis, can be used
to detect inter-species misidentification. However, these methods have proved of little
value for identifying intra-species misidentification, and it will only be through the
development and application of molecular biological approaches that this will become
practical. Recently, the profiling of microsatellite variants has been validated as a means of
detecting gene polymorphisms and has proved to be a simple and reliable method for
identifying individual cell lines. Currently, the human cell lines provided by cell banks

around the world are routinely authenticated by microsatellite polymorphism profiling.

Unfortunately, this practice has not been widely adopted for mouse cells lines. Here we
show that the profiling of microsatellite variants can be also applied to distinguish the
commonly used mouse inbred strains and to determine the strain of origin of cultured cell
lines. We found that approximately 4.2% of mouse cell lines have been misidentified; this is
a similar rate of misidentification as detected in human cell lines. Although this approach
cannot detect intra-strain misidentification, the profiling of microsatellite variants should be
routinely carried out for all mouse cell lines to eliminate inter-strain misidentification.

Mouse Cell Lines

Human Cell Lines

ra{lifs
25}

Elimination of Misidentified Cell Lines

An SSLP analysis using the 8 MIT markers described in this study was sufficient to
distinguish the common and popular inbred mouse strains such as C57BL/G,
BALB/c. C3H/He, 129/Sv and DBAJ2. Although this approach cannot detect intra-
strain misidentification, it should be routinely carried out for all mouse cell lines to
eliminate inter-strain misidentification.

Keywords: cell bank, cross-contamination, microsatellite polymorphism, misidentification,
quality control, short tandem repeat polymorphism, simple sequence length polymorphism
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Introduction

Cultured cell lines have proved a valuable resource in all fields of
the life sciences and have been utilized in many types of biological
study. Currently, however, stringent analyses to check the identity
of a cell culture are not always included as part of the culture
protocol routine. This has led to misidentification or cross-
contamination of cell lines going undetected. As a result, the
published literature contains a number of reports that are based on
wrongly identified cell lines'. Despite numerous publications
warning of inter- and intra-species misidentification of cell lines®®,
the problem of misidentification continues to occur at an extremely
high rate”"®. Therefore, articles pointing out misidentification of cell
lines continue to be published'",

Inter-species contamination can be detected by various methods,
such as karyotyping and isozyme analysis. However, it was not
possible to detect intra-species misidentification prior to the
development of molecular biology techniques that make use of the
genetic differences between cell lines to facilitate their identification.
One such method makes use of microsatellite polymorphisms to
develop diagnostic profiles for cell lines. Microsatellite
polymorphisms result from differences in the numbers of a
repeating unit of 1-7 base pairs; these variants are also called short
tandem repeat. (STR) polymorphisms or simple sequence length
polymorphisms (SSLPs). These polymorphisms have been
extensively used in forensic science. Gene profiling using STR
polymorphisms (STR profiling) has been shown to be an efficient
and reliable means for identifying individual human cell lines'®"” and
is now performed routinely in the major cell banks around the world.
What about mouse cell lines; do they also suffer from problems of
misidentification? This question prompted us to establish a method
to authenticate the identities of mouse cell lines.

Results and Discussion

The mouse genome possesses a huge number of microsatellite
polymorphisms, similarly to the genomes of humans and other
mammalian species. The so-called MIT markers developed at the
Massachusetts Institute of Technology (MIT) Whitehead Institute' in
the mouse have been extensively developed and utilized in various
fields of research. Information on microsatellite polymorphisms,
including data on MIT marker sizes in 47 mouse strains, is publicly
available on the Center for Inherited Disease Research Web site
(http://www.cidr.jhmi.edu/mouse/mouse __resources.html). It is
possible to amplify a number of polymorphic microsatellite loci using
commercially available sets of primers. The PCR products are
analyzed simultaneously with size standards using automated
fluorescent detection techniques. The result is a simple numerical
code that corresponds to the lengths of the PCR products amplified
at each locus, and is accurate to less than one base pair.

Our aim was to establish a simple method that can be used for
routine analysis in our cell bank work. Thus, we sought to establish
a method using the smallest practical number of polymorphic loci.
First, we screened more than 500 microsatellite primers covering
the autosomes and the X chromosome and selected the 24 MIT
markers that exhibited the most distinct differences between inbred
mouse strains (Figure 1, Table 1), mostly larger than 10 bp on
electrophoretic patterns'®. We then performed an SSLP analysis of
40 mouse strains using the 24 selected MIT markers (Table 1) and
concluded that 6 MIT markers would be sufficient to distinguish the
common and popular inbred strains such as C57BL/6, BALB/c,
C3H/He, 129/Sv and DBA/2 (Table 2).

An SSLP analysis, using the 6 MIT markers described above, has
now been adopted by the Cell Engineering Division of the RIKEN
BioResource Center (RIKEN Cell Bank) to exclude misidentification

among the cultured mouse cell lines that we currently provide.
However, this analysis can detect inter-strain but not intra-strain
misidentification.

The screening of the RIKEN Cell Bank indicated that 97.7% (334
lines out of 342 lines) of the mouse cell lines were derived from
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Figure 1. Distribution of the analyzed simple sequence length
polymorphisms (SSLPs) loci in the mouse genome. (A) Karyotype of the
mouse, 40XY. (B) The chromosomal distributions of the screened 24 loci are
indicated. (C) The 6 loci selected as being sufficient for identification of common
inbred mouse strains are indicated by the red background.
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Table 2. SSLP analysis of 5 common and popular mouse strains

C57BL/6  203.2 129.7 226.0 98.9 100.3 157.3
BALBIE 1 ' 2425 o949 Ba3  1B5q
C3H/He o 23VGA4‘ 92.5 v78.4 140.1
12908y Bme m mE wy

“ VDBA/2 2426 92.6 76.5 155.2

the common inbred strains (e.g., Table 3); the remaining 2.3%
appeared to be derived from non-inbred mice. Cell lines derived
from an F1 hybrid of two different strains show different alleles at
each locus that correspond with those of their parental strains
(Table 4). With regard to the cell line UV.CC3-11.1 (RCB2074),
which was established from an F1 hybrid from the cross BALB/c x
C3H/He, only the BALB/c allele at the D5Mit201.1 locus could be
detected (Table 4). The C3H/He allele has been replaced by the
BALB/c allele during culture, i.e., so-called loss of heterozygosity
(LOH) appears to have occurred.

For some cell lines of uncertain provenance, we were able to
identify the originating strains by SSLP analysis. For example, we
found that LLC®, PU5-18%", and MBT-2%* were derived from the
C57BL/6, BALB/c, and C3H/He strains, respectively (Table 5).
Interestingly, the LLC cell line had a deletion mutation at the locus
D13Mit256.1 and only this mutated allele was detectable.

Presumably, LOH had occurred subsequent to the deletion mutation.

Approximately 4.2% (14 lines out of 334 lines) of the mouse cell
lines derived from common inbred strains were misidentified (Table

Table 4. SSLP analysis of a mouse cell line derived from a
BALB/c x C3H/He) F; Mouse

BALB/c
C3H/He

UV.CC3
-11.41

141.8 1355
185.1 1238
142.0 135.5
185.2 123.9

2425 949
2364 - 928
2426

236.4 94.8

883  155.1
784 1401
88.4 165.2
785  140.2

At locus D5Mit201.1 only the allele corresponding to that of BALB/c was detected.

Table 5. SSLP analysis of the LLC, PU5-18, and MBT-2 mouse

C57BL/6

. Le

BALB/c

PU5-18
C3H/He
312

203.2 129.7

| o034
141.8 1355
1415 1350
123.8

185.1

1297

1232

2260  98.9
2% 984
242.5 94.9
2425 942
2364 @25
- 922

1003 157.3
985 1570
883  155.1
876 1550
784 1404
778 139.8

The mou§é strains from which the cell lines originated were not registered by the
depositors. The SSLP analysis indicated that they were derived from C57BL/6,

BALB/c, and C3H/He, respectively.

Table 6. List of cell lines that the strains were different from those

d by the d

t

f the cell Iie

6), i.e., the strains were different from those claimed by the RCB0792  T88-M DBA/2J C3H/He Providing
?hepositors of c:hefcell :nes. This rlelate[of n':Lsidc:ﬂiﬁcation is simlilar t(:  RCB1144 DA3 BALB/C pBAZ Providing
at reported for human cell lines’. As an example o R
misidentification, the cell line TSt-4 was registered as being RCBALIG:  Ters - _(:_578"/6 . BA_LB/C va'd'"g .
C57BL/6-derived; however, SSLP analysis indicated that the cell RCB2117  TSt4/G  CbiBU6  BALBc Providing
line was derived from the BALB/c strain (Table 7). LOH following a RCB2118 TSt-4/G-DLL1 C57BL/6 BALB/c Providing
deletl'on muFat.lon was detected a.t the D17M|'t51.1 Iocqs of the TSt-4 RCB2119 TSt4N CS7BL6 BALBR i
cell line. Similarly, LOH following a deletion mutation was also : . e
detected in the MC3T3-E1% cell line at locus D1Mit159.2 (Table 8). RCB2120  TSt4/N-DLL1  C57BL/6 BALB/c Providing
In general, it is inevitable that aberrations such as point mutations,  RCB2633 MM4B6CEA-2  C3HMe  Unk Providing
deletion mutations and LOHs accumulate in cell lines following long MM46-APR- o
term culture. Thus, the optimum strategy is to culture the cell for as RCB2634  \uct cl.1 GaH Providing
short period as possible not only in the cell bank but also for L - e  Stopped
RCB2195  FVB- | o
ordinary laboratory work. Ll 2 z ‘S’w,'ss o L provision
Stopped
RCB2196  ICRmt-1 ICR Unknow proxdisien
e o Stopped
Table 3. SSLP analysis of three C57BL/6-derived cell lines, B6mt- Coselt W o - provision
2, MEDEP-BRCS5, and UV.B6-4.1 and three BALB/c-derived cell BALB/3T3aP Stopped
lines. RAW264. J774.1. and UV.BAL-7.1 RCB2632 R-MUC1 BALB/c Swiss ppe
clone 16 provision
RCB2647 BABE  swss  CHED
C57BL/6  203.2 129.7 98.9 157.3
8o 1298 %87 1570
130.0 98.9 157.0 Table 7. Misidentification of a cell line identified using SSLP
R 5 . analysis
1301 988 1008 1574
135.5 2425 94.9 88.3 155.1
135‘3 v ;_9416 i 833 156.0 C57BL/6  203.2 129.7 226.0 v98.9 100.3 157.3
135.7 242.6 94.4 88.5 154.8 TSt-4 : 142.ﬂ 5 135.5" 2427 : 9115 88.4 152.3
1353 242 .4 946 882 1561 BALB/c  141.8 135.5 242.5 94.9 88.3 155.1
. — — . — — - The mouse cell line TSt-4 was registered as a C57BL/6-derived cell line, but our
The analyses authenticated the origins of the six cell lines. SSLP analysis showed it was derived from the BALB/c strain.
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Table 8. SSLP analysis of the mouse cell line MC3T3-E1

C57BL/6  203.2 129.7 226.0 98.9 100.3 157.3

MO e 106 2580 w4 s w0

Loss of heterozygosity following a deletion mutation appears to have occurred at
locus D1Mit59.1.

The C57BL/6N and C57BL/6J substrains were shown to have 11
single nucleotide polymorphisms (SNPs) in a study using mouse
MD Linkage Panel 1449 SNPs (lllumina)®. It is therefore possible to
distinguish cell lines derived from the C57BL/6N and C57BL/6J
substrains using these 11 SNP.

The relatively high rate (4.2%) of misidentification of cell lines
derived from common inbred mouse strains strongly suggests that
intra-strain misidentification is also likely to have occurred. For
example, although a cell line may be registered as being derived
from colon cancer cells, an error may have occurred and the cell
line was actually derived from another cancer (a similar
phenomenon also applies to human cell lines). It is impossible to
identify the originating tissue by microsatellite polymorphism
analysis. In this context, a profiling analysis based on gene
expression using many cell lines may be useful for authenticating
the originating tissues of cultured cell lines.

Conclusion and Prospects

We have established a simple and reliable method to identify the
common inbred mouse strains from which cultured mouse cell lines
are derived. With respect to intra-strain misidentification, such as
errors regarding the originating tissue type, it will be necessary to
develop other analytic techniques, for example, gene expression
profiling analysis. Other types of OMICS analysis, such as whole
genome sequencing, will also be useful for authentication of cell
lines. In this context, bioinformatics will become increasingly
important for the quality control of cultured cell lines.

Materials and Methods

Mouse cell lines

All mouse cell lines that the Cell Engineering Division of the
RIKEN BioResource Center (http://www.brc.riken.jp/lab/cell/
english/) has collected, 342 cell lines in total, were subjected to
SSLP analysis. We selected the latest preserved stock cells and
those that were preserved immediately after deposition (token stock
cells) for this analysis.

DNA preparation
DNA was prepared from approximately 2x10° cells using the
DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany).

SSLP analysis

Multiplex PCR reactions for the SSLP analysis were carried out
using the following fluorescent dye-linked primers (Mouse Mapping
Primers, Life Technologies, Carlsbad, CA, USA): D1Mit159.1 (VIC)
on chromosome 1, D2Mit395.1 (6-FAM) on chromosome 2,
D4Mit170.1 (6-FAM) on chromosome 4, D5Mit201.1 (VIC) on
chromosome 5, D13Mit256.1 (NED) on chromosome 13, and
D17Mit51.1 (NED) on chromosome 17. VIC, 6-FAM, and NED are
green, blue, and yellow fluorescent dyes, respectively.

PCR was performed with 2.4 / of genomic DNA (25 ng/ /) and
1.25 units AmpliTag Gold (Applied Biosystems, Foster, CA, USA) in
a 15 pl reaction volume using the GeneAmp PCR system 9700

(Applied Biosystems). Samples were amplified under the following
conditions: an initial incubation at 95°C for 12 min was followed by
10 cycles of 94°C for 20 sec, 55°C for 20 sec, 72°C for 30 sec, and
20 cycles of 89°C for 20 sec, 55°C for 20 sec, 72°C for 30 sec, and
finally incubation at 72°C for 10 min.

Labeled products were detected by electrophoretic size
fractionation on an ABI PRISM 310 Genetic Analyzer (Applied
Biosystems). A size control PCR was performed and the products
were subjected to electrophoretic size fractionation as an internal
control with each analysis. The end result for each cell line was an
electropherogram with each allele represented as one or two peaks.
As expected, one peak was detected at each locus in cell lines
derived from inbred mouse strains. Samples that failed to give
measurable peaks at all loci were reanalyzed using a different
concentration of DNA or using newly prepared DNA.
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Abstract The supply of transfusable red blood cells
(RBCs) is not sufficient in many countries. If immortalized
erythroid progenitor cell lines able to produce transfusable
RBCs in vitro were established, they would be valuable
resources. However, such cell lines have not been estab-
lished. We have developed a robust method to establish
immortalized erythroid progenitor cell lines following
the induction of hematopoietic differentiation of mouse

embryonic stem (ES) cells and have established many
fron
«derived from the current transfusion therapy system such

immortalized erythroid progenitor cell lines so far
Although their precise characteristics varied among ¢e
lines, each of these lines could differentiate in vitro into
more mature erythroid cells, including enucleated‘;fRBCs.

Following transplantation of these erythroid cells into mice
suffering from acute anemia, the cells proliférated ‘tran-

siently, subsequently differentiated into functional- RBCs,
and significantly ameliorated the acute anemi
ing the number of human ES cell linés that have been
established so far and the number of induced pluripotent
stem cell lines that will be established in~future, the
intensive testing of a number of these i for establishing
immortalized erythroid progenitc el lin s may allow the

ilar to the mouse ery-

Cell Engineering Division, RIKEN BioResource Center,
Koyadai 3-1-1, Tsukuba, Ibaraki 305-0074, Japan
e-mail: yukionak@brc.riken.jp

1 Introduction

Organ and cell transplantation therapy is now a standard
therapy. However, the supply of organs or cells is not
necessarily sufficient all over the world. Hence, production
of artificial organs and in vitro production of transplantable
cells have been studied in earnest. At the moment, trans-

fusion thcr:iiﬁies involving red blood cells (RBCs), plate-

-and_neutrophils depend on the donation of these cells
ealthy volunteers. Unpredictable adverse results

as contamination of hazardous viruses and transfusion-

. related acute lung injury (TRALI) may be eliminated by

the development of new technologies in the future. On the
other hand, lack of supply of transfusable materials by the
current system will become a severe problem in advanced
nations including Japan, since in those countries the ratios
of aged generations who have more opportunities to require
transfusion therapies are increasing while the ratios of
younger generations who can donate transfusable materials
are decreasing. In this situation, research and development
to produce transfusable blood materials is very important
and should be carried out more earnestly. In particular,
since RBC transfusion is now routine and indispensable for
many clinical purposes, in vitro production of transfusable
RBC is an urgent theme.

2 RBC production from hematopoietic stem cells

The hematopoietic stem cells present in bone marrow and
umbilical cord blood are promising materials for in vitro
production of RBCs and this has stimulated interest in the
development of in vitro procedures for the generation of
functional RBCs from these tissues [1-3]. Umbilical cord
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blood cells are of particular interest as they are readily
available but are usually discarded. Provided the mother of
a neonate consents to use of the umbilical cord blood, this
material can provide a useful resource without any further
complicating critical or ethical concerns.

It was reported that human erythroid cells (nucleated
cells) produced on a large scale ex vivo could differentiate
in vivo into enucleated RBCs [1]. This study demonstrated
that erythroid progenitor cells produced in vitro from
hematopoietic stem and progenitor cells could have a
clinical application as an alternative method for transfusing
terminally differentiated RBCs. More recently, the same
group described an ex vivo methodology for producing
fully mature human RBCs from hematopoietic stem cells
[2]. The enucleated RBCs produced by this approach are
potentially even more valuable as they should be functional
immediately after transfusion without requiring the long
latency period for enucleation normally necessary for
erythroid cells.

The mechanism of erythroblast enucleation, a critical
step in RBC production, has not yet been fully elucidated
[4, 5]. The role of interactions between erythroblasts and
other cells, such as macrophages, in this process is a con-
troversial topic [6-10]. Macrophages in retinoblastoma
gene (Rb)-deficient embryos are unable to physically
interact with erythroblasts and RBC production is impaired
in these embryos [9]. In addition, in vitro production of
enucleated RBCs from immature hematopoietic stem/pr
genitor cells proceeds efficiently in the presence [2] but not
in the absence [1] of feeder cells.

Of note, however, enucleation can apparently be initi- .
- non-human primate ES cells [17-19], and human ES cells

ated in vitro in erythroblasts that have been mduced to
differentiate in vivo to a developmental
competent for nuclear self-extrusion [10, 1
we have developed a method to produce

‘differentiate
ticlear self-

by cells in their
:ctlon of erythroblasts
r efficient erythroblast

largely dependent on sig
local environment [6-9],
with other cells is not ;

appear to be suffici
pletion of erythroblast e

Since culty t the use of feeder cells is techni-
cally easier.4 pensive, the method we established
[3] has the potential-to be a cost-effective means of pro-
ducing ansfusable 'RBCs on a large scale from immature
hematop m/progenitor cells. Currently, however,
cost factors mean that it is not yet realistic to produce

@ Springer

RBCs on a large scale, approximately 200 ml or more,
using our in vitro culture system. In particular, patents on
the growth factors used in the culture system are a major
obstacle, because these growth factors are very expensive,
at least at the moment. After the relevant patents expire,
our in vitro culture system will become a more realistic
scenario.

3 RBC production from embryonic s :

ES cells possess the potential 10 various differ-
entiated cells able to function i and thus represent
another promising resource ‘RB ﬁi’bduction. Further-
more, since ES cell lin re immortalized, they can be
used repeatedly and have ) tential to produce abundant
differentiated cell quantities required for clinical
use. However, it : .important to carry out routing
screening of the/ES§ cell lines for de novo chromosomal
aberrations angd/or netic mutations that may arise in vitro,
before these long-term cell cultures are applied in the
clinic. Unsurprisingly, there is now a widespread and

stic debate on standardization of the characteristics

| d perlod e.g., less than 30 passages, should be
cted for clinical use.
ematopoietic cells, including those in the erythroid

lmeage have been generated from mouse ES cells [13-16],

[20-25]. We have also established a long-term in vitro
method for culturing hematopoietic cells derived from ES
cells of the non-human primate, the common marmoset
[26]. Recently, abundant production of enucleated RBCs
from human ES cells was reported [27].

Taken together, we can now produce mature RBCs by
in vitro culture of ES cells or the hematopoietic stem/
progenitor cells present in umbilical cord blood. In
practice, however, the efficiency of RBC generation var-
ies with the quality of the ES cell line or the umbilical
cord blood sample. Since ES cell lines can be utilized
repeatedly, derivation of RBCs from ES cells appears to
be more practical. However, even with optimal experi-
mental procedures and the most appropriate ES cell line,
the generation of abundant RBCs directly from primate
ES cells is a costly and time-consuming process [26, 27].
If human erythroid progenitor cell lines can be established
that have efficient production of mature RBCs, they
would provide a much more useful resource than ES cell
lines.
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Continuous Suspension
Cell Culture

Feeder Cells:
OP9

SCF, EPQ, IL-3,
+ Dexamethasone

Erythroid
Cell Line

Fig. 1 Culture protocol to establish immortalized erythroid progen-
itor cell lines. Hematopoietic cells derived from ES or iPS cells are
cultured on feeder cells, OP9, in the presence of stem cell factor
(SCF), erythropoietin (EPO), interleukin-3 (IL-3) and dexamethasone

4 Establishment of mouse RBC progenitor
cell lines able to produce transfusable RBCs

Several mouse and human erythroid cell lines have been
established. However, to the best of our knowledge, there is
no cell line that can efficiently differentiate into enucleated
RBCs. It is generally difficult to establish hematopoietic cell
lines from adult hematopoietic stem and progenitor cells as
both are sensitive to DNA damage and are unable to maintain
the lengths of telomere repeats on serial passage [28]. In
contrast, ES cells are relatively resistant to DNA damage and
maintain telomere lengths on serial passage [28]. Therefore,
these characteristics of ES cells may be advantageous for th
establishment of cell lines since differentiated cells de
from ES cells may retain them.

Recently, we developed a robust method to obtz
ferentiated cell lines following the induction /of:h
poietic differentiation of mouse ES cell i
established five independent hematopoieti

lowing transplantation int suffering from acute
anemia, MEDEP cells .p rated transiently and subse-
quently differentiateg}"ivnto funetional RBCs. Treated mice
showed a significant amelioration of acute anemia. In
addition, MEDEP cell id not form tumors following
transplantation i ice. This report was the first to
demonstrate. th ility of establishing erythroid cell
lines ablet .;prd’dugc mature RBCs [29]. At present, the
mechanism unde;lying the establishment of differentiated
m ES cells has not been elucidated. Never-
theless, our data clearly indicate that useful erythroid cell
lines can be reproducibly obtained from mouse ES cells.

Fig. 2 Red blood cells (RBCs) produced from immortalized mouse
progenitor cell line. Arr,qm; indigate enucleated RBCs

ES cells, iPS cells, or
Hematopoietic Stem Cells

Establishment of immortalized
Erythroid Progenitor Cell Lines

-

in vitro Production of Enucleated RBCs

«

Selection of RBCs by Filtration (Size Selection)

&

Elimination of Nucleated Cells by Irradiation

@y RBCs free of Microorganism and Tumorigenicity

£
@
=3 &
@« Clinical Use (Transfusion)

Fig. 3 Strategy to utilize red blood cells (RBCs) produced in vitro
from immortalized erythroid progenitor cell lines in the clinic

5 Establishment of RBC progenitor cell lines
from human ES cells or human induced pluripotent
stem (iPS) cells

The reproducible establishment of MEDEP cell lines
described above strongly suggests that similar erythroid
cell lines could also be established from human ES cells.
We, therefore, sought to establish human erythroid pro-
genitor cell lines. The methods used to induce hemato-
poietic cells from ES cells and to culture the induced
hematopoietic cells are similar to those established for
MEDEP cell lines, with the exception that the corre-
sponding human factors were applied and IL-3 was not
used at all. Exclusion of IL-3 was based on our finding that

Journal : Large 12185
Article No. : 742
MS Code : LJHM-D-10-00708

2
=

@ Springer
Dispatch :  6-12-2010 Pages: 5
O LE O TYPESET
¥ cp o Disk

—124—

202
203
204

205
206
207
208
209
210
211
212
213
214



215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243

244
245

246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264

Y. Nakamura et al.

the compound was not necessary for establishment of
MEDERP cell lines [29].

Initially, we used three human ES cell lines, KhES-1,
KhES-2 and KhES-3, that had been established in Japan.
Although we were able to induce hematopoietic cells from
all three lines, the efficiency of production of hematopoi-
etic cells was extremely low compared to the cases of
mouse ES cells. As a result, we have yet been successful in
establishing immortalized cell lines from the three human
ES cell lines.

During the course of the experiments using these human
ES cell lines, a breakthrough discovery in the field of
regenerative medicine was reported, namely, the estab-
lishment of human iPS cells [30] following that of mouse
iPS cells [31]. This discovery prompted us to establish
human iPS cells, since the characteristics of pluripotent
stem cells, such as ES cells, differ among cell lines. In
other words, we speculated that we could obtain iPS cell
lines that could have the ability to differentiate into
hematopoietic cells efficiently. We were able to establish a
number of human iPS cell lines using fibroblast-like cells
derived from neonatal tissues [32]. Fortunately, we were
able to induce abundant numbers of hematopoietic cells
from some of these iPS cell lines and also to establish
immortalized hematopoietic cell lines from the induced
hematopoietic cells (data not shown). Currently, we are
investigating the characteristics of these immortalized
hematopoietic cell lines. Some seem to be erythroid ¢
lines. '

6 Clinical application of human RBC
progenitor cell lines

We reported that MEDEP cells did not e
nicity in vivo [29]. Nevertheless, the tu
of any human erythroid cell line will rieeg
analyzed prior to clinical use [33, :
talized cell lines are not necessari
type, even after cloning. The e
abnormal karyotypes is often b,
culture of immortalized cell lines.
majority of the MEDEP. celis i h cell line could differ-
entiate into mature erythroid cells and transplantation of
these cells significantly ameliorated anemia, the MEDEP
lines included many ce ssessing abnormal karyotypes
[29]. Hence, it ma; able to engineer the cells in such
a way that thi ‘eliminated if a malignant phenotype
arises for ;
Altern ;zthe use of terminally differentiated cells
that no long e the capability of proliferating should
allow clinical applications of ES cell derivatives without
the associated risk of tumorigenicity. Thus, e.g., RBCs lack

ed following continuous
ideed, although the vast
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nuclei following terminal differentiation, and are highly
unlikely to exhibit tumorigenicity in vivo. As such, even if
the original ES/iPS cells or the immortalized erythroid
progenitor cell lines derived from them possessed abnor-
mal karyotypes and/or genetic mutations, they might
nonetheless be useful for clinical applications, provided
that they can produce enucleated RBCs. Since enucleated
RBCs are much smaller than normal nucleated cells, enu-
cleated RBCs produced in vitro could be selected by size
prior to use in the clinic so as to exclude nucleated cells,
e.g., by filtration. In addition, X-ray irradiation might be
useful for eradicating any contakn'natlng:‘ ucleated cells
without affecting the enucleated S | i
Another potential obstacle’ clinical use of ES cell
derivatives is that of immunogenicity [36, 37]. Trans-
planted MEDEP cells c t ameliorate acute anemia in
mouse strains other _gh’é those from which each individual
cell line was derived or in immunodeficient mice [29],
suggesting immunological’ rejection in heterologous
strains. Hence, e_',gi‘iirect clinical application of immortal-
ized erythroid cell lines will require use of many cell lines
that express different major histocompatibility (MHC)
antigens. H wever, in vitro-generated mature RBCs need
. ,mpah_f)le with ABO and RhD antigens alone (8
1 ta_l).v Moreover, RBCs lacking all of A, B and
hD Nt ens can be transfused into the vast majority of
s around the world. Hence, the establishment of a
erythroid cell line lacking the genes to produce A, B
and RhD antigens would be a very useful resource for
inical application.

7 Conclusion

We propose that by utilizing ES cells or iPS cells it will be
possible to establish human erythroid progenitor cell lines
able to produce enucleated RBCs. RBCs produced by in
vitro culture of such erythroid cell lines could be applied in
the clinic following size selection and elimination of
nucleated cells by irradiation (Fig. 3).
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ABSTRACT

The RIKEN integrated database of mammals (http://
scinets.org/db/mammal) is the official undertaking
to integrate its mammalian databases produced
from multiple large-scale programs that have been
promoted by the institute. The database integrates
not only RIKEN’s original databases, such as
FANTOM, the ENU mutagenesis program, the
RIKEN Cerebellar Development Transcriptome
Database and the Bioresource Database, but also
imported data from public databases, such as
Ensembl, MGI and biomedical ontologies. Our
integrated database has been implemented on the
infrastructure of publication medium for databases,
termed SciNetS/SciNeS, or the Scientists’
Networking System, where the data and metadata
are structured as a semantic web and are download-
able in various standardized formats. The top-level
ontology-based implementation of mammal-related
data directly integrates the representative know-
ledge and individual data records in existing data-
bases to ensure advanced -cross-database
searches and reduced unevenness of the data man-
agement operations. Through the development of
this database, we propose a novel methodology for
the development of standardized comprehensive

management of heterogeneous data sets in
multiple databases to improve the sustainability, ac-
cessibility, utility and publicity of the data of biomed-
ical information.

INTRODUCTION

Securing the sustainability of databases is one of the most
important issues for research institutes, funding agencies
and research communities, because the accumulated cost
of maintenance becomes a serious burden on the respon-
sible institutes and communities (1). Moreover, the devel-
opment of technology for biomedical analyses has brought
about a dramatic increase in the amount and variety of
data and information. The outdating of isolated data is
also a serious problem. The association with public data
records broadly used in the research community is crucial-
ly important to improve the usability and accessibility of
data. If data are isolated in the application software
without updates from external data, then the data will
become increasingly difficult to retrieve by external re-
trieval systems and will become useless, unnecessarily oc-
cupying the storage resource. On the contrary, the
integration of a datum with external data will generally
increase its usability and value, often promoting unexpect-
ed uses and knowledge discovery. In the community of
mammalian research, authoritative data are provided by
the Mouse Genome Informatics Database (MGI), HUGO
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Gene Nomenclature Committee (HGNC) and Rat
Genome Database (RGD) with nomenclature activities
for genes, alleles and strains for each species (2—4). Data
from the National Center for Biotechnology Information
(NCBI) and Ensembl are also broadly used across species
(5,6). The Open Biomedical Ontology (OBO) Consortium,
an umbrella body for the developers of life-science
ontologies, also provides ontologies developed with the
aim of comprehensive annotation of biological informa-
tion (7,8).

In the mouse genetical research community, these issues
have been discussed by international consortia. The
Mouse Phenotype Database Integration Consortium
(InterPhenome) (http://www.interphenome.org/) and the
Coordination and Sustainability of International Mouse
Informatics Resources (CASIMIR) (http://www.casimir
.org.uk/) have discussed broad issues regarding the inte-
gration, coordination, interoperability and sustainability
of databases, such as methodologies to integrate pheno-
type information, the association of phenotype with
human disease, models for long-term and financial sus-
tainability for databases and legal issues of data accessi-
bility (9-11). A complete solution to satisfy these multiple
and broad requirements at once is desired to ensure the
sustainability of databases.

One effective way to reduce the management cost of
databases is to share common fundamental infrastructures
such as the hardware and application software used in
their implementations. Recently, such common operations
have been effectively implemented through ‘cloud
computing’, which is a type of internet-based computing
whereby shared resources, software and information are
provided on demand. Cloud computing is often econom-
ically beneficial for the facility in terms of the running
costs of space, electricity, cooling and staff support (12).
If data are properly and continuously managed and
integrated with the public data records that are regarded
as the de facto standard in the biomedical community,
then a common infrastructure could be one of the best
ways to achieve cost effectiveness and advanced usability.
On the other hand, the ‘semantic web’ offers a series of
methods and technologies to develop extensions of the
current World Wide Web (WWW) in which information
is given well-defined meanings and integrated (13). These
technologies include the Resource Description
Framework (RDF), a variety of data interchange
formats (e.g. RDF/XML, N3, Turtle and N-Triples),
and notations such as the RDF Schema (RDFS) and the
Web Ontology Language (OWL), all of which are
intended to provide a formal description of concepts,
terms and relationships within a given knowledge
domain. The semantic web is regarded as an integrator
across different content and information applications
and systems and provides mechanisms for the realization
of a common information system. It is also useful for the
dissemination of data, providing a standardized frame-
work to describe metadata recommended by the WWW
consortium that aids the automated (and also manual)
processing of disseminated data to derive meaning from
the data. The dissemination of data with standardized
metadata risks the extinction of the data and creates the

opportunity to promote the discovery of new knowledge.
Consequently, the semantic web seems to be suitable as a
fundamental technology to implement the common
infrastructure.

In this study, we developed a new database, the RIKEN
integrated database of mammals, as an official
undertaking in RIKEN to integrate heterogeneous
mammal-related data in multiple individual databases.
This database was constructed on the Scientists’
Networking System (SciNetS: http://www.riken.jp/engn/
r-world/info/release/press/2009/090331_2/), a general fun-
damental system that applies the semantic web technology
to provide massive data management, supported by
Japan’s national database integration project. In this
system, we achieved the top-level ontology-based
re-organization of imported data to integrate the typical
and instructive knowledge with individual data records.
The RIKEN integrated database of mammals is comple-
mentary to the original databases. For example, the
FANTOM web resource aims to present data on the
dynamic behavior of transcription and its regulation in
the expanding fields of the transcriptome, epigenome
and transcriptional networks (14,15). By contrast, this
integrated database attaches greater importance to the
standardization of data for better distribution,
metadata-level integration and cross-database retrieval.

DATABASES TO BE INTEGRATED

In RIKEN, there are a number of databases related to
mammalian research resources. In the primary develop-
ment of the integrated database, we integrated six
database projects: the Functional Annotation of the
Mammalian Genome 4 (FANTOM 4: http://fantom.gsc
riken.jp) (14-16), the RIKEN Cerebellar Development
Transcriptome Database (CDT-DB: http://www.cdtdb
.brain.riken.jp/CDT/Top.jsp) (17,18), the resource
database from the RIKEN BioResource Center (BRC)
(19-21) including mutant resources produced by the
ENU mutagenesis program (22,23) and the Resource of
Asian Primary Immunodeficiency Diseases (RAPID) (24),
the RIKEN Structural Genomics/Proteomics Initiative
(RSGI) and two data repositories for the Reference
Database of Immune Cells (RefDIC) (25) and the
RIKEN Expression Array Database (READ) (26), all of
which are produced from individual research projects in
the human and mouse. Each database project has its
original data schema to represent a variety of data
ranging from research resources, such as biological
strains, cell lines and DNA clones, to experimental data,
such as gene expression and phenotypic analyses. There
are no relationships defined among original data tables,
which are described by various data formats such as text,
images and movies. However, as is usual for most data-
bases, they are compiled in a main data table to represent
the objects of the database and related information
(Table 1). In the discussions of InterPhenome and
CASIMIR, it was recommended that the equivalences or
relationships among records from the MGI database for
genes and alleles, the International Mouse Strain
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Table 1. Imported databases in RIKEN (as for September 2010)

D863

Database (URL)

Contents

Project URL in SciNetS

FANTOM4 (http://fantom.gsc.riken.jp/4/)

Bio-resource catalog (http://www.brc.riken.jp/)

RIKEN ENU Mouse Lines (http://www.brc
.riken.jp/lab/gsc/mouse/)

Pheno-Pub (http://www.brc.riken.jp/lab/jmc/
mouse_clinic/en/m-strain_en.html)

Cerebellar Development Transcriptome
Database (CDT-DB: http://www.cdtdb.brain
.riken.jp/CDT/Top.jsp)

Resource of Asian Primary Immunodeficiency
Diseases (RAPID: http://rapid.rcai.riken.jp/
RAPID)

Systems and Structural Biology Center (SSBC)
database (http://www.rsgi.riken.jp/rsgi_e/
index.html)

Reference Database of Immune Cells (RefDIC:

http://refdic.rcai.riken.jp/welcome.cgi)

RIKEN Expression Array Database (READ:
http://read.gsc.riken.jp/)

Monitoring of the dynamics of tran-
scription start site (TSS) usage during
a time course of monocytic differenti-
ation in the acute myeloid leukemia
cell line THP-1.

The online catalog of bioresources
including mammalian laboratory
strains (mouse), cells and DNA clones
in the RIKEN BioResouce Center
(BRC).

Phenotype information of mutant mouse
lines generated from large-scale ENU
mutagenesis as a resource of the
RIKEN BRC.

Phenotype data from the standardized
phenotyping platform of the Japan
Mouse Clinic (JMC) project in the
RIKEN BRC.

The spatio-temporal gene expression
profile of the postnatal development
of the mouse cerebellum,

A web-based compendium of molecular
alterations in primary immunodefi-
ciency diseases.

The crystal structures of proteins and
the protein- protein interactions in
living cells analyzed with the expan-
sion of the genetic code.

An open-access database of quantitative
mRNA and protein profiles specifical-
ly for immune cells and tissues.

An integrated system for microarray
data that works like ‘glue’ in
post-sequence and post-hybridization

http://scinets.org/item/rial87i/

http://scinets.org/item/ria256i/

http://scinets.org/item/rib190i/

http://scinets.org/item/rial10i/

http://scinets.org/item/cria237uli/

http://scinets.org/item/cria271uli/

http://scinets.org/item/ria46i/

http://scinets.org/item/crib225s27rib225s7i/

http://scinets.org/item/crib225s27rib225s8i/

analyses.

Resource (IMSR) for experimental strain (27) and terms
of OBO ontologies be specified. To show the association
between the institute’s data and the public data broadly
used in the research community, we constructed an asso-
ciation between RIKEN’s data and public data
(Supplementary Table S1).

THE FUNDAMENTALS OF THE INTEGRATED
DATABASE: SEMANTIC WEB-BASED CLOUD
SYSTEM ‘SCINETS’

We have implemented the integrated database on the
data-hosting system, SciNetS, which is a fully web-based
common platform that ensures cloud computing in the
scientific community on the basis of semantic web
technologies (Figure 1). It has multiple features useful
for data integration:

(1) The system is designed to support sharing of
academic information with secure, and to handle
databases for sharing, collaborating or publication.
Database developers can set multiple levels of acces-
sibility within user groups or the public for each
‘project’ (private workspace). The user can also
declare the copyright licenses for their digital

(2

3)

C))

&)

— 129 —

content with Creative Commons (CC) or GNU to
indicate the availability for secondary use.

In the project, database developers can also design
the semantics with elements and the equivalent meth-
odology to RDF and OWL-Full (i.e. the definition of
the semantic links between class and subclass, class
and instance, property and sub-property and so on)
with graphic user interfaces (GUI) for ontology
editors such as Protégé (28). The system assigns the
Uniform Resource Identifier (URI) to each data
element.

The structured data and metadata can be placed in
the public directories of the SciNetS with various
standardized data formats, such as RDF, OWL or
tab-delimited text file, for downloading or direct con-
nection from external systems and application
software such as Protégé.

The system provides the tracking back function
making automatically reverse links for RDF relation-
ships across projects. It ensures automatic integration
of distributed effort of annotation and curation.
The system is designed to handle a large number of
databases simultaneously and is scalable for
increased data with the distributed processing
technologies on databases and query functions (29).
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| Integration after disclosure

A Publication Medium for Databases
Toward study resuit disclosure

Database construction function
Database construction promotion of
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Figure 1. Schematic diagram showing the concept of SciNetS. SciNetS provides incubation functions from database construction to the integration
of databases in computing clouds or a group of large-scale servers, and discloses databases using interfaces compatible with international standards,
thus contributing to the establishment of cyber-infrastructure for integrating worldwide databases [reprinted with the courtesy from Tetsuro Toyoda,
‘Synthetic biology—creating biological resources from information resources’ RIKEN RESEARCH 5(10) 1316, 2010 (http://www.rikenresearch

.riken.jp/eng/frontline/6397)].

The high-speed retrieval of semantic content is im-
plemented with the General and Rapid Association
Study Engine (GRASE), which enables semantic
Boolean-based deduction and statistical evaluation
of RDF resources (29).

IMPLEMENTATION OF MAMMALIAN DATA IN
SCINETS

The overview of the implementation of this database is
presented in Figure 2. The mammalian data and public
data shown in Table 1 and Supplementary Table S1, re-
spectively, were imported to SciNetS as individual
database projects such that their intact data schema
were reflected fully or partially. According to the forms
of the original data sources, the databases were imported
as three distinct types of projects implemented in ScilNetS.
First, in the database-type project, a replication of the
original database elements, the database table and a
data record, is represented with a class and an instance,
respectively. Second, the ontology-type project is a repli-
cation of the ontology with the OWL methodology. Upon
the import of OBO ontologies, ontology files in the OWL
format are downloaded from the OBO Foundry website
(http://www.obofoundry.org/). Then, the ontology is
directly imported into SciNetS. Third, in repository
projects, the complete data from a database are stored
as single or multiple files. As a result, 27 projects (17 for
database, nine for ontology and one for repository)
composed of 108396 classes and 777 319 instances were

defined as for September in 2010. These projects are
updated monthly in average from constituent databases
and ontologies.

Then, we examined the contents and semantics (not
the data format or syntax) of 41 classes of imported
projects, which play the principal roles in each project.
To ensure the consistent classification of the content, we
used a top-middle level ontology, YAMATO-GXO Lite
(http://scinets.org/item/rib23i/), which is the lightened
version of the middle-level ontology, Genetics Ontology
(GXO0) (30) (http://www.brc.riken.jp/lab/bpmp/ontology/
ontology_gxo.html), to bridge between the experimental
genetics domain and the latest top-level ontology, Yet
Another More  Advanced  Top-level  Ontology
(YAMATO) (31) (http://www.ei.sanken.osaka-u.ac
Jjp/hozo/onto_library/upperOnto.htm). YAMATO-GXO
Lite was developed with the ontology editor in SciNetS
(paper in preparation). As a result, 41 classes conveying
the key information from each project are classified
under the fifteen upper classes as follows: ‘Genome
segment and gene in mammal’, ‘Allele in mammal’,
‘Transcript in mammal’, ‘Protein in mammal’, ‘Strain
resource in mammal’, ‘Cell line resource in mammal’,
‘Disease’, ‘Experimental data with mammalian sample’
and ‘Mammalian Orthologous group’ (Figure 3). The
RIKEN Integrated Database of Mammals is imple-
mented as a project to define these classes as a root
(http://SciNetS.org/db/mammal). The ontology-based
classification  of contents was embodied with
rdf:subclassOf links, which can be applied across
multiple projects in SciNetS. To integrate across species
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Figure 2. The implementation of data in the RIKEN integrated database of mammals to ensure direct integration between ontologies and databases
based on the semantic web technology. Individual public and RIKEN databases are imported as individual projects, and their main contents are
reviewed to classify them into the lower classes to root the 15 classes of the integrated database, such as gene, transcript, experimental data, strain
and so on. The classification follows the top-level ontology and is directly linked to the equivalents of rdfs:subclassOf across projects. Property links
also organized with rdfs:subPropertyOf to represent the logical definition of upper classes are inherited to lower classes or instances.

databases, we applied the ‘query-class’, which dynamic-
ally refers only to specific instances from another class.
For example, the diffraction data class in the SSBC
project includes the diffraction data from mammal and
non-mammal proteins. To extract only mammal data, we
implemented the query-class, which is an expanded use
of the owl:ioneOf element to define a class by
enumerating its elements. With these operations, the
project for the integrated database works as the bridge
to connect the YAMATO-GXO Lite and imported
projects, in which the imported classes are defined as
lower concepts of the top-level ontology as shown in
Figure 2.

In the next step, to ensure further semantic integration
of the imported data, we examined the equivalencies of
property links (semantic links) between the upper
ontology and lower classes in imported projects. For
example, the ‘Allele’ class in YAMATO-GXO Lite has a
property named ‘variant_of’ that takes its value from
the range of the ‘Genome segment’ class. It is the logical
representation of one of the features of an allele
that the ‘allele is a variant of a genome segment’. The

examination of properties in lower classes reveals that
the ‘MGTI allele’ class has the ‘MGI gene’ property range
of ‘MGI gene’, which is equivalent to ‘variant_of.
Consequently, we defined the ‘“MGI gene’ property as
a specified type of (rdfs:subPropertyOf) ‘variant_of* to
show that Gdf5%¢“*! an instance of the MGI allele
class, is a variant of Gdf5, an instance of the MGI
gene class. With this equivalence mapping of properties
between YAMATO-GXO Lite and lower imported
database classes, we built the ontology-based informa-
tion structure so that information defined in the upper
classes is instantiated in lower database classes and
instances.

In addition, regarding the import of external and
internal data records, multiple overlaps of records (in-
stances) were collapsed to represent a single identical
entity in the real world (i.e. instances of a gene in the
Ensembl, MGI and FANTOM projects). We also
examined such equality between instances in lower
classes that belong to a single upper class. We related
identical data items with a semantic link that is equivalent
to owl:sameAs.
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Figure 3. The instance page to illustrate the graphical representation of detailed semantic links of the RIKEN integrated database of mammals.

Explanations are given by open squares with an arrow.

USER INTERFACE

At the top page of this integrated database, users can
overlook all the classes of integrated databases and
those data sizes shown in Supplementary Table S2. The
overview of the data structure is presented on the ‘data
folder’ page, where users can navigate down the class hier-
archy across database or ontology projects by clicking on
the folder icons that represent classes. On the page of each
project, detailed explanations of the projects and URL
links to the original database websites are shown. On
the class and instance pages, detailed explanations, a
table view of instances, a graphic representation of
semantic links and links to original data records are dis-
played (Figure 3).

SciNetS implements two kinds of search function, the
internal-search and the cross-search. When users search
with ‘Search’ button, SciNetS executes internal-search to
retrieve queries within the accessing project and related
projects and shows the number of query hits on each
folder icon of the accessing page (Figure 4). For the
cross-search from whole SciNetS data, users can access
from ‘Search AIl' button. SciNetS replies search results
in descending order according to traffic. From this
cross-search, users can jump to the Positional Medline
(PosMed) search, allows the user to retrieve various infor-
mation (i.e. gene, phenotypes or diseases) correlated
with a genomic position by jumping the PosMed
database for a full-document search of various con-
tents: scientific literature, genome annotations, phenome
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