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FIG. L Invitro growth of parental and transduced strains of bone marrow stromal cells. {A) The population doublings of UE6E7-16, UL7T-13,
UE6ETT-12, UBEGT-7, UBT-5, and Hd-1 cells are shown. UE7T-13, UEGETT-12, UBE6T-7, and UBT-5 cells proliferated for over 60 PDs and
for more than 400 days. By contrast, parental H4-1 cells and UEGET-16 cells stopped growing and entered senescence or the growth arrest stage,
which is indicated by crosses. (B) Ha-1 and ULEGE7-16 cells entered senescence at 44 PDs and 70 PDs, respectively, approximately 200 days alter
the start of culture, (C) Phase-contrast photomicrographs ol the bone marrow stromal cells at the semiconfluent stage in a 40-PD culture. (a) HH4-1
cells; (by UBT-5 cells; (¢) UBEST-7 cells; (dy UEOGETT-12 cells; (¢) UETT-13 cells; () UE6E7-16 cells.
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FIG. 2. Time course analysis of cell cycle-associated protein levels
in cells with an extended life span. Cell eycle-associated proteins, ie.,
Rb, p53, p21, pl6, Bmi-1, and p27, in UBT-S, UBLE6eT-7, UEGLETT-12,
UETT-13, and Ha-1 cells were analyzed by Western blotting. Cells
cultured for the PDs indicated were assayed. The expression pattern
was reproducibly observed in four separate experiments. Expression ol
actin protein was monitored as « loading control.

of UBT-5, UBE6T-7, UE6GETT-12, and UETT-13 cclls was
maintained irrespective of the PD number (Fig. 313, C, and D).

Karyotypic analysis of parental and transduced cells with
extended life spans. We performed a karyotypic analysis (G
banding and SKY) of both the parental stromal cells (H4a-1)
and the cells transduced with WFERT and bmi-1, 126, or E7
(sce Materials and Methods). SKY permits a detailed analysis
of all complex markers and provides insights into their involve-
ment in subsequent rearrangements (34). Our studies raised
some interesting points concerning chromosomal abnormality.
No genomic abnormalitics were found in the parental cells, but
an increase in chromosomal number appeared in the other
strains, as shown by G-banding and SKY analyses (Table 1 and
Fig. 4), except for in the UE7T-13 cells. These abnormulities
included translocations, a deletion, other rearrangements, and
polyploidy. Surprisingly, we found no genomic changes in the
UL7T-13 cells at over 120 PDs.

Establishment of a novel protocol for neuroectodermal dif-
ferentiation of human marrow stromal cells. Murine stromal
cells have been reported to have been transdifferentiated into
neuronal lineages (6, 16, 22) by several different protocols. In
this study, we devised a simple protocol for neuroectodermal
differentiation from mesoderm-derived cells (Fig. SA). Briefly,
growing, adherent stromal cells were trypsinized and pelleted
down by centrifugation, and after as much growth medium as
possible was aspirated, the pelleted cell aggregates were pipet-
ted with a 20-pd microtip. Each cell aggregate was then re-
plated onto a laminin-coated coverslip in a 7-mm-diameter
24-well culture dish (Fig. 5A), and the growth medium was
replaced with B27-supplemented growth medium containing
NGF, BDNFE, and bFGF. Cells not subjected to this proto-
col have fibroblast morphology (Fig. SB, a). The shape of the
stromal cells began o change on day 7 after replating, and the
cells did not adhere to adjacent cells. The cells then started
to exhibit neuron-tike morphology that included a refractile
round cell body, a neurite-like process(es), and a triangular
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axon terminal(s) (Fig. 5B, b to d). By days 14 10 21, more than
80% of the bone marrow cells had formed neurite-like pro-
cesses and exhibited neuron-like morphology. All experiments
were repeated at least 10 times using different population
doublings (20 1o 100 PDs) belore using the cells for neuroce-
toderm differentiation.

ixpression of neuron-specific proteins during neuroecto-
dermal differentiation of human marrow stromal cells. After
induction, the UBT-5, UBEOT-7, UE6ETT-12, and UETT-13
cells became positive tor the neuron-specitfic markers micro-
tuble-associated protein 2 (MAP-2), tubulin 3, and Nurrl (Fig,
5C, a, ¢, d, k, and n), implying that they could be induced into
nceuronal lincages. More than 809% of all the tested cells were
positive for MAP-2 and Nurrl, but no staining was detected
with antibodies against GFAP (an astrocyte-specific marker)
or O4 (an oligodendrocyte-specific marker) (data not shown).
Undifferentiated UETT-13 and H4-1 cells did not exhibit neu-
rocctodermal characteristics (Fig. SC, b and 1).

Gene chip analysis during neuroectodermal differentiation.
To clartly the specific gene expression profile of human mar-
row stromal cells, we compared the expression levels of
approximately 23,000 genes by ncuronally dilterentiated
UETT-13 cells, unditferentiated UE7T-13 cells, and paren-
tal H4-1 cells (GEO accession number GSE2110 [hutp://1954
Jukuinkeiv.ac jp/umezawa/chip/mori]) using the Altymetrix
gene chip oligonucleotide arrays. Of the approximately 23,000
genes represented on the gene chip, 2,123 genes were up-reg-
ulated to more than twice their expression level in undilteren-
tiated cells. Genes whose expression increased or decercased
are shown in Table 2. The Nurrl, kynureninase, apolipopro-
tein, RARRESIE, ABCH, rab27B, STCI, WISP2, rhoGAPS,
SLC2AS, and palmderphin genes were among the top 0.19% in
terms ol increase in expression. Surprisingly, expression of
NurrI/NR4AZ, which is essential for differentiation of the nig-
ral dopaminergic neurons (23, 32), was up-regulated 26.1-fold.
Wnit-5a promotes the acquisition of dopaminergic neuarons (8),
and its expression was increased 7.1-fold. These findings imply
that the characteristics of these cells are similar to those of
midbrain neurons. The dendrogram analysis clearly showed
that the change in gene expression pattern is dramatic and
neuron specific during neurocctodermal dillerentiation rather
than being leaky, subtle, and nonspecitic (Fig. 6).

Lxpression of neuron-specific genes in differentiated UE7T-
13 cells. To confirm the global change in gene expression
during neuronal differentiation, RT-PCR was performed with
primers that specifically react with human neuronal genes.
Diffcrentiated UBT-5, UBE6T-7, UE6ETT-12, UE7T-13,
UE6ET-16, and H4-1 cells expressed Nuarrl, MAP2, tubulin 3,
medium-size nearofilament (NF-M), Sox-2, and nestin, where-
as undifterentiated UL7T-13 and H4-1 celis did not express
mRNAs for Nurrl, NCAM, nestin, Sox-2, NF-M, or MAP-2
(Fig. 7), implying that these neuron-specific genes began to be
expressed in response to the induction protocol (Fig. 5A).
Sequence analysis conlirmed that the PCR products matched
the sequences of the human Nurrl, MAP2, tubulin 3, NF-M,
NCAM, Notch-1, Sox-2, and nestin genes. Total brain mRNA
was used as a positive control, and expression ol all of the
genes examined except the nestin gene was observed. The
Notch-1 gene, u stem cell-related gene (18), 1s expressed only
in undiflferentiated cells and is absent in differentiated cells.
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FIG. 3. Telomere activities and telomere fengths of the marrow stromal cells transduced with the hTERT and Bmi-1, E6, or E7 genes. (A)
Analysis of telomerase activity by PCR assay in UBT-5, UBE6T-7, UEGETT-12, UETT-13, UEGET-16, and H4-1 cells. Telomerase activity is revealed
by the characteristic 6-bp ladder of bands. Heat-inactivated cell lysate (HI) was used as a negative control. (B, C, and D) The mean telomere length ol
the parental and transduced cells was determined at an early stage (B: 20 to 40 PDs) in UBT-5, UBE6T-7, UEGETT-12, UETT-13, and H4-1 cells;
a late stage (C: 55 to 120 PDs) in UBT-5, UBE6T-7, UEGETT-12, and UETT-13 cells; and a senescent stage (D) in HH-1 and ULEOET-16 cclls.

Tubulin 3 was detected at low levels in both differentiated and
undilterentiated UETT-13 cells.

Rapid and reversible calcium uptake by UE7T-13 cells in
response to depolarizing stimuli. To determine if the neuronal

TABLE 1. Karyotypic analysis (G banding) in parental
cells (H4-1) and clones

No. of cells with indicated no. of chromaosomes

Cells N()). ol

PDs 44 45 46 47 48 Ay 50
-1 40 {} 0 50 0] 0 0 0
UBT-5 40 2 2 14 i1 2 1] 0
UBE6T-7 4 0 0 32 15 3 0 0
UEGETT-12 40 0 1 45 20 0 0
UETT-13 40 0 0 50 0 0 \] 0
ULE7T-13 80 ¢] 0 50 {} {} 0 {)

cells derived from UE7T-13 cells are functional, we exposed
the cells to depolartzing stimuli and performed calcium imag-
ing analysis. Cells that had a dendrite component and a
smooth-surfaced bright round soma body were selected as the
targets for calcium-imaging analysis. Rapid and reversible cal-
cium uptake was observed in neuronally differentiated UE7T-
13 cells in response to the change in extracellular potassium
concentration (Fig. 8), suggesting that the approximately 20%
of the cells that showed uptake have both deep resting mem-
branc potentials and voltage-gated Ca” ' channels. The rapid
change in extracelfular Buid did not cause any stretch-activated
channels.

Quantitative RT-PCR analysis of the bmi-1, TERT, L6, 17,
and Nurrl genes in UB'T-5, UBEGT-7, UBLO6ETT-12, and UKTT-
13 cells with neuroectodermal induction at early and late PDs.
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Seed the cells onto poly-D-lysine/laminin coat
cover slip in DMEM+10% FBS.

l

Cells start to attach the dish.

l

Medium replaced with DMEM/F12/827
containing NGF / BDNF/ bFGF and
medium was changed every 4 days.

Undifferentiated . Rabbit lgG
cells / MAP-2 Beta-tublin Nurr1 . Isotype control)

UE7T-13

Undifferentiated Mouse IgG
MAP-2 cells /| MAP-2 {Isotype control) Nurr1

H4-1
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TABLE 20 Genes regulated under nearonally ditterentiated conditions

Probe set Deseription

Flag (NCy Nornalized value!

Iold change

Increased

204621 s at Nurrl (Nuclear receptor subtamily 4 group A member 2) PHA) 26.1 26.1
2106063 s_at Kynurcemdase (i-kyurenine hydrolase) PiA) 6.7 2.6
20430 s at Sotute carrier family 2 (factlitated glucose/ructose transporter), member S Pi(A) 9.3 9.3
205921 s_at Solute carrier family 6 (ncurotransmitter transporter, taurine). member 6 Pi(A) 6.2 6.2
205150 s ACCON2 Gamtoride-sensitive cation channel 20 neuronal) Pi(A\) 4.1 34
204840 at Ceruloplasmin (ferroxidiase) Pi(A) 12.2 2.0
202507 s at Synaplosome-assoctated protein, 25 kDa Pi(A) 1.5 1.5
205792t WNT-inducible signuding pathway protein 2 PP 124 124
203425 5 at WNTSA (wingless-type MMTVC integration site family, member SA) PiP) 4.3 7.1
207594 s al Synaptojanin 1 Pir) 3.3 0.1
21806 s w Potassivm inwardly rectifying channel PAA) 25 25
211592 s at Calcium channcel, voltage-dependent, L type PAHA) 0 23
214033 Calaum channel, voltage-dependent, PAY type P/AA) 1.0 14
Decreased
2H408 1wt Tumor endothehal marker 7 AlDP) 1.2 10.5
200287 st Cded2 elfector protein A/P) 0.1 11.0
200898 _at Cadoherin 19, type 2 AHP) 0y 7.1
205132 Actin alpha, cardiac muscle APy 0.1 7.0
204730 5 at Chondroitin 4-sullotranslerase A/P) 0.3 - 350
209632 s at Placental growth factor, VEGF-related protein A/P) 1.0 32
205177 s at Integrin alpha 6 ANP) 0.5 2.0

“ N.oncuronally diterentiated UB7E-13 cells: O undifferentiated ULTT-13 cells; PLjudged o be “present™ (expressed) in newronadly dsllerentinred U712 13 cells

AL qudged to be mubsent™ (not expressed) in unditterentated UBETT-13 cells.

“Phe normdized values were calealated from data obtained m UE7T-13 cells as described in Materialb and Methods.

S MMTV, mouse mammary tumor virus,

We also performed an additional quantitative RT-PCR exper-
iment to monitor the expression levels of the hNTERT, bmi-1, 16,
and E7 genes as well as the Nurrt gene, during the neuronal
differentiation of UBT-5, UBE6T-7, UEOETT-12, and UET7T-
13 cells (Table 3). The expression of the hTERT, E6, and E7
genes did not decerease and remained at @ high level in neuro-
nally differentiated cells. The bmi-1 gene, on the other hand,
was down-regulated. The Nure-1 gene, a neuron marker, was
significantly increased by neural induction, as expected. Al-
though the hTERT, 6, and E7 genes were continuously
strongly expressed during differentiation, the phenotype of the
cells did not revert to an undilferentiated state and continued
to exhibit neuronal phenotypes, even when bFGE, NGFE, and
BDNF were removed from the culture media.

DISCUSSION

Prolongation of the lite span of human marrow stromal cells
by bmi-1. This study was undertaken to investigate whether the

life span of human marrow stromal cells, a candidate source of

cells for therapy, can be prolonged by a cell-cycle associated
molecule(s). Introduction ol hmii-1, one of the polycomb group
genes, clearly down-regulated plo, which is gradually induced
as the number of PDs increases, and thus increases dephos-

phorylated Rb, resulting in the cell’s escape from growth arrest
or premature senescence, as we intended. This down-regula-
tion of plo s thought to be mediated via direct binding of
bini-1 to the cis-regulatory element of pto, and thus the bind-
ing should be affected by the methylation status or chromatin
structure of this efs-regulatory element. At the very least, bmi-/
is functional in terms of decreasing plo in human stromal cells,
and the decrease in pl6 leads to escape from premature se-
nescence. This bmi-1 effect on the cell lite span has also been
reported in human mammary epithelial cells (9), where it oc-
curs via escape from replicative senescence by induction of
telomerase activation; however, this ellect of bmi-1 on telom-
crase activation was not detected in our experimental human
stromal cell system. In other words, bai-1 cnables human stro-
mal cells to escape from premature senescence but not repli-
cative senescence.

The fack of change in phenotypes of bmi-I-transduced cells,
for example, in their differentiation abilities, growth rates, cell
surface markers, wid gene expression profiles, is rather sur-
prising, because bmi-1 suppresses plo protein and has been
identitied as a e-Myc-cooperating geone in murine B- and T-cell
lymphomas (15, 37). A critical target of bmi-1 is the Ink4a
locus, which encodes pt6o and plY (pld in humans) (14). In-

FIG. 50 Nearoectodermal differentiation of bone marrow stromal cells. (A) Scheme of the nearonal ditferentiation system. (B) Four phase-
contrast microscopic images of UETT-13 cells are shown. (a) Undifferentiated stae. (by Nearonally dilferentiated cebls that had spread out o
clusters, (¢ and dy Higher magnification of neuronally differentiated cells. (C) Fluorescence immunohistochemical anadysis of undifterentiated
UE7T-13 cells (b, g, L and p) and ncuronally differentiated cells (o, ¢ to £, hto K, 0w o, ¢, and ). (4, by K, and 1) MAP-2; (¢) tubulin 3; (d and
n) Nurrl. PE-conjugated anti-rabbit immunoglobulin G (1gG) (¢) and fluoreseein isothiocyanate-conjugated anti-mouse immuaoglobulin antibody
(m) were ased as negative controls, (1 g, hy 1, o, pogy and r) Phase-contrast microscopic findings. All images were obtained with a laser scanning
contocal microscope. (a 1o ) UETT-13 cells: (k to r) H4-1 cells.
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Expression level

Differentially expressed genes

FIG. 6. Comparison between the gene profiles of neuroectodermal
differentiated cells und undiflerentiated cells. Gene expression levels in
undifficrentiated cells () and neuronally ditferentiated cells (+) are
shown by the rows ol colored bars that represent one gene. Yhe color
burs retieet the magnitude of the response Tor cach gene according to
the scale shown on the right. Differentially expressed genes are indi-
cated by a vertical lne on the right. The raw data from the gene chip
analysis are available at the GEO databise with accession number
GSE2110 or our laboratory's website (http/1954 jukuin.keio.ac)p
fumezawa/chip/morn).

terestingly, bru-1 s required for maintenance of adult self-
renewing hemitopoictic stem cells (29) and neural stem cells
(25), whercas the simian virus 40 large T anligen oncogene,
which prolongs the cell life span, interferes with the differen-
tation program and transforms cells. The human marrow-
derived stromal cells transfected with simian virus H large T
antigen (12) did not exhibit contact inhibition in vitro and
formed tumaors within a month when implanted into nude mice
(data not shown).

Transdifferentiation of human mesoderm-derived cells into
a functional neuronal lineage. This study was also conducted
to determine whether prolongation of the celb life span by
WTERT and boui-1, o, or E7 would predominate over neuro-
genic difterentiation of marrow stromal cells in vitro. In con-

trast to our previous study of neurogenic differentiation of

immortalized murine marrow-derived stromal cells (22) by
demethylating agents, the transditferentiation of the human
stromal cells was limited 10 neurons, but not astroeyles or
oligodendrocytes. This was probably due to the developmen-
Lully togical protocol we employed in this study: use of bEFGE,
NGE, BDNE, and laminin-ornithine coating. The idea for the
neuronal differentiation protocol without S-azacytidine arose

Mo, Crur Bior .
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FIG. 7. RT-PCR analysis of expresston of nearon-assoctated genes
confirmed the gene chip data. RT-PCOR analyses of RNAs from undi-
ferentiated UET7T-13 cells, neuronally difterentiated ULTT-13 cells,
and human total brain were performed with primers that react with the
human genes encoding MAP-2, tubulin 3, NF-M, Notch-1. NCAM,
Sox-2, Nestin, and Nurrl. The signals of the 185 gene are approxi-
mately the same, indicating an cquivalent input for all samples. Most
ol the neuron-associated genes were expressed by neuronally diler-
entiated UETT-13 cells and total bram cells.

[rom reports of the following: NGE and BDNF support neuron
survival and growth (4), and bEGE induces initial dilferentia-
tion of neural precursor cells and activates transeription factors
related o the differentiation of nearal precursor cells and
cmbryonic stem cells (19, 31).

The extremely high level of expression ol dopaminergic neu-
ron-associated genes, such as surrf and waidSa, in the nearo-
nally dilferentiated stromal cells, which we accidentally found
by the GeneChip analysis and conlirmed by RT-PCR, is sur-
prising. wrSa and nurrl are involved in the ditferentiation of
midbrain precursors into dopaminergic neurons (20, 39). Al-
though Turther analysis of functionally differentiated cedls is
beyond the scope of this study, il is quite interesting thal
dopamincrgic ncurons can be penerated from marrow-derived
stromal cells, since one ol the target cells for regencerative
medicine is dopaminergic neurons.

Are marrow stromal cells traced back to their default state,
i.e., neural lineage, by neurotrophic tactors? The mechanism
of the transdifferentiation from marrow stromal cells o neu-
ronal cetls remains unresolved. Tt must be emphasized that the
GeneChip analysis showed that the change in gene expression
during dillerentiation is global and drastic: the difterentiated
cells no longer exhibited the profile of mesenchymal cells or
the biphenotypic pattern of neuronal and mesenchymal cells.
Contamination ol human stromal cell cultures by neural pre-
cursor cells is inconecivable, because the cells were subcloned
several times atter gene transduction and exhibited mesenchy-
mal phenotypes after subcloning. Our previous study of murine
stromal cells clearly showed that osteoblasts capable of mem-
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FiG. 8. Calcium imaging of nearonally dilferentiated stromal cells. (A) Phasce-contrast photomicrograph of neuronally differentiated UE7T-13
cells, (B) The cell indicated by the asterisk in pancl A showed rapid and reversible calcium uptake in response to high-potassium stimulation (red
line; 115% ), butsimply changing the extracelular solution to the normal Tyrode's solution did not result in any calcium uptake (control; black line).
tmages obtained at 10 seconds after the high-potassium stimulation (D) and in the control (C). Rapid and reversible caleium uptake in response
to high-potassium stimulation was observed in the four cells within this licld.

TABLE 3 Ouanttative RT-PCR analyses of the -1, TERT, E6,
E7.and Nurrl genes in UBT-3, UBEOT-7, UBEGETT-12,
and ULE7T-13 cells with ncurocctodermal
induction at carly and Lue PDs

Expression level of genes”

Cellsfinfected genes N]‘,‘I'):)l NI

: bo-1 TERT Lo 1:7  Nurrl
UBT-3Bmil and TERE J0 244 050 0.0
75 - 213 0,48 0.02
40 t (188 1.93 (.90
75 £ 0.73 0.47 1.17
UBEOT-7ibin- 1, L0, 7, S0 2.3 .04 0061 0.02
and TERT 20 (155 029 021 0.02
St [ (LOoY 1S 040 1.83
120 ! .15 118 087 2.09
UB6L7T-1200:0, 7, and 33 (.35 062 028 002
TERT 130 - 055 067 040 001
33 ' 0.62 405 149 291
130 ' 096 288 148 J05
UL7E-131:7 and TERT 33 - 0.03 122 001
130 : 0.49 087  (LO]
33 + 117 1.0t (178
130 i 206 300 803

¢ NI newroectodermal induction; 40 with NID - wathour NE

" Cells removed from the ask bottom were placed on a coverstip coated with
fammin-polylysin. One day after cedl passage, the medm was replaced with
B27supplemented Dulbeceo’s modified Fagle™s mediom-F12 conaining 20
nemi of BDNE 10 ngfml of bEGE . and 30 ng/ml of NGE 10 promote nedroec-
todermial diferentiation, RNA waw extracted from the cclls tor quantitative
RT-POR anadysis 7 days alter induction. The mRNA levels were normalized
usimg the GAPDIH gene as o housekeeping gene.

branous ossification are likely to differentiate into neuronal
lincages but that adipocytes do not (22). The craniofacial
membranous bones develop from the neural crest, which is of
cctodermal origin. Our finding of in vitro ditterentiation from
mesoderm- to ectoderm-derived cells i this study may be the
opposite of the developmental process, .., from ectoderm- 10
mesoderm-derived cells, Development naturally progresses
Irom neural crest cells 1o teeminally diflerentiated osteoblasts
(28). Converting dilferentiated osteoblasts or marrow stromald
cells to neuronal cells, a key future task for any cell-bused
therapy, would thus oppose the usual direction of cell differ-
entiation. This can now be achieved by exposing stromal cells
1o neurotraphic factors, at feast in vitro.

Are human marrow stromal cells with an extended life span
available for cell-based therapy? Humun stromal cells trans-
duced with WTERT and bmi-1, 6, or L7 did not transtorm
according to the classical criteriaz they did not generate tu-
mors in immunosuppressed NOD-SCID-interleukin 2 recep-
tor knockout mice, they did not form foci in vitro, and they
stopped dividing after confluence (data not shown). However,
we cannol rule out the possibility that gene-transduced stromal
cells might become tumorigenic in patients several decades
after cell therapy. We believe that these gene-modified stromal
cells may be used to supply defective enzymes to paticots with
genetic metabolic discases, such as neuro-Gaucher discase,
Fabry discase, and mucopolysaccharidosis, which have @ poor
prognosis and are sometimes fethal. The “risk-versus-benefit”
balance is essential when applying these gene-moditicd cells
clinically, and the “risk™ or “drawback™ in this cuse is transfor-
mation of implanted cells.
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hTERT is normally expressed in stem cells and in over 90%
of human cancers. Ectopic expression of telomerase is sufli-
cient to prevent telomere shortening and can thereby promote
indefinite profiferation in human foreskin fibroblasts (5). Sev-
cral stromal cell strains with extended life spans and mainte-
nance of differentiation capability, such as UBTS, UBE6TT,
UEGETT-12, UETT-13, and UEO6ET-10 cells, were developed
based on the above notion. UE6GEET-16 cells not transduced
with hTERT have a tonger fife span but enter a “crisis” period
in culture at 67 PDs. “Crisis” is the stage in which widespread
death oceurs in a population of cultured cells or when karyo-
typic mstability develops as a result of fusion of telomere ends,
after the cells manage Lo circumvent senescence or initial
blockades. Human cells transduced with -1 or E6 and E7
alone enter a erisis,” and the cells that spontancously circum-
vent premature senescence without gene induction enter rep-
licative senescence. Replicative senescence or crisis may be a
tumor suppressor mechanism that avoids the risk of cell trans-
formation after implantation of cells as a source for cell-based
therapy.

Even when cells transduced with nononcogenic genes are
used for cell-based therapy, the cases of leukemia in SCID
patients treated with gene-modified  lymphoceytes must be
taken into account (3). The mlected virus genome was inte-
grated into the EMOZ2 locus in the leukentia cases and resulted
in induction of the vncogenic LMO2 gene. Because of these
faitures, it will take time before gene-modified cells can be
used for regenerative medicine. Inhibition of the p16/Rb path-
way 1s sullicient to prolong the life span of cells in cultures of
marrow-derived stroma, as shown in this study. The pl6/Rb
pathway was activated in marrow-derived stromal cells in vitro,
the same as in mammary epithelial cells and hepatocytes, but
not in foreskin fibroblasts (21). The development of an appro-
priate culture system without gene transduction to neutralize
the pl6/Rb braking system, i.c., nonstress medium, will be
essential for cell therapy and further experiments.
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Abstract

We previously produced monoclonal antibodies against the detergent-insoluble microdomain, i.e., the raft microdomain, of
the human renal cancer cell line ACHN. Raft.2, one of these monoclonal antibodies, recognizes sialosyl globopentaosylceramide,
which has the stage-specific embryonic antigen (SSEA)-4 epitope. Although the mouse embryonal carcinoma (EC) cell line F9
does not express SSEA-4, some F9 cells stained with Raft.2. Western analysis and matrix-assisted laser desorption ionization-
time of flight mass spectrometry identified the Raft.2 binding molecule as laminin binding protein (LBP), ie., 34/67 laminin
receptor. Weak acid treatment or digestion with Clostridium perfringens sialidase reduced Raft.2 binding to LBP on nitrocellu-
lose sheets and ['*C]galactose was incorporated into LBP, indicating LBP to have a sialylated carbohydrate moiety. Subcellular
localization analysis by sucrose density-gradient centrifugation and examination by confocal microscopy revealed LBP to be
localized on the outer surface of the plasma membrane. An SSEA-4-positive human EC cell line, NCR-G3 cells, also expressed
Raft.2-binding LBP.
© 2005 Elsevier Inc. All rights reserved.

Keywords: SSEA-4; SialylGb5; Embryonal carcinoma; Laminin binding protein; Laminin receptor; Raft.2; MALDI-TOF MS

EC derived from testicular teratocarcinomas are a
subset of germ cell tumors that may contain many
embryonic and extra-embryonic tissues, and they repre-
sent malignant replicas of normal embryonic cells at spe-
cific stages of development. Immunochemical markers,
such as SSEA-1, -3, and -4, TRA-1-60, and TRA-1-81,
have been utilized to characterize and define the devel-
opmental stages of EC lines. For example, early cleav-
age-stage mouse embryos [1] and the primitive and

* Corresponding author. Fax: +81 3 3487 9669.
E-mail address: kata@nch.go jp (Y.U. Katagiri).

0006-291X/$ - see front matter © 2005 Elsevier Inc. All rights reserved.
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visceral yolk sac endodermal cells of post-implantation
mouse embryos [2] express SSEA-3 and SSEA-4. These
carbohydrate antigens are also found on human, but
not on murine, EC cells [3]. By contrast, murine EC cells
express SSEA-1, while human EC cells do not. Exposure
to retinoic acid can prompt EC cells to develop to ad-
vanced stages, accompanied by changes in SSEA expres-
sions. Many monoclonal antibodies defining SSEAs
were generated in early studies of mammalian develop-
ment. SSEA-1 is an antigenic epitope defined as a Lewis
x (Le*) carbohydrate structure and is found in both
glycosphingolipids and glycoproteins [1,4] SSEA-3
and -4 defined by MC631 and MC813-70, respectively,
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are located in carbohydrate moieties of globoseries
glycosphingolipids [5].

We previously established a monoclonal antibody
(Mab) termed Raft.2 by subcutaneously injecting the
raft microdomain of a human renal cancer cell line,
ACHN, into Balb/c mice and showed that Raft.2 rec-
ognizes the carbohydrate structure of sialosyl glob-
opentaosylceramide (sialylGbS), namely GL7, the
epitope of SSEA-4 [6]. SSEAs are still among the best
markers for characterizing embryonic stem (ES) cells
or EC cells and Raft.2 is a potentially useful tool for
this purpose.

Although mouse EC F9 cells are known to be SSEA-
4 negative, some of these cells stained with Raft.2, In
this study, we demonstrated that Raft.2 binds to LBP
and that Raft.2-positive LBP is present not only in F9
cells, but also in human EC NCR-G3 cells. We also
show LBP to be localized on surface membranes and
discuss the significance of LBP carrying SSEA-4. This
is the first report, to our knowledge, focusing the
SSEA-4 carried by LBP.

Materials and methods

Cell culture and antibodies. The mouse EC cell line F9 and the
human renal cancer cell line ACHN were purchased from the Ameri-
can Type Culture Collection. F9 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Sigma Chem., St. Louis, MO)
supplemented with 10% fetal bovine serum (Sigma). ACHN was cul-
tured in Eagle’s minimum essential medium (MEM) (Sigma) supple-
mented with 10% fetal bovine serum and the non-essential amino acid
solution (Sigma). The human EC cell line, NCR-G3 [7), was cultured
in a I:l mixture of DMEM and Ham’s F12 medium (Gibco, Grand
Island, NY) supplemented with 10% fetal bovine serum, insulin—
transferrin—sodium selenite media (Sigma), and the non-essential
amino acid solution. MC-631, Mab for SSEA-3 and MC-813-70, Mab
for SSEA—4, to detect GbS and sialylGbS, respectively, were purchased
from Chemicon International (Temecula, CA). [3C4, Mab for Shiga
toxin 1-B subunit (Stx1B), and T-20, a rabbit anti-mouse GTP binding
protein B subunit (Gp) polyclonal antibody, were purchased from the
American Type Culture Collection and Santa Cruz Biotechnology
(Santa Cruz, CA), respectively.

Glycolipid analysis. The packed cell pellet (0.5 ml) was extracted
with 2 ml chloroform/methanol (C/M) (2:1, v/v) and then with 2 ml of
chloroform/isopropanol/water (7:11:2, v/v). Total extracts were com-
bined and evaporated to dryness and then treated with 0.2 N KOH in
methanol at 37 °C for 2 h to saponify the phospholipids. After neu-
tralization, methyl esters of fatty acids were removed by mixing with
hexane. The extracts were then concentrated to 1/10 volume and dia-
lyzed against water. The retentate was freeze-dried and dissolved in C/
M (2:1).

Thin layer chromatography (TLC) immunostaining was performed
according to a previously described method [8]. Briefly, C/M extracts
were separated on plates precoated with Silica gel 60 (HPTLC alu-
minium sheets, Merck, Darmstadt Germany) using a solvent system
consisting of C/M/water containing 0.1% CaCl, (5:4:1, v/v/v). After
drying, the plates were dipped in 0.1% polyisobutylmethacrylate (Al-
drich Chem., Milwaukee, WI, USA) in cyclohexane for 1 min and
blocked with 1% bovine serum albumin (BSA) in phosphate-buffered
saline (PBS). The plates were probed with Shiga toxin 1-B subunit
(Stx1B) (1 pg/ml in 1% BSA) [9], then Mab 13C4 culture supernatant

to detect globotriaosylceramide (Gb3), and with Mab Raft.2 culture
supernatant to detect sialylGb5. After three washes with PBS for 5 min
each, horseradish peroxidase-conjugated rabbit anti-mouse immuno-
globulins (DAKO, A/S, Denmark) at a 1:2000 dilution ratio were used
as the second antibody. The antibodies that bound to the plates were
visualized with enhanced chemiluminescence reagent SuperSignal
(Pierce, Rockford, 1L, USA) and detected by LAS-1000 (Fuji Film,
Tokyo, Japan).

Flowcytometry. Cells were harvested and incubated with a Ist

_antibody for 1h on ice, followed by treatment with fluorescein iso-

thiocyanate-conjugated goat anti-mouse immunoglobulins (Jackson
Laboratory, West Grove, PA) at a 1:50 dilution ratio and analyzed by
flowcytometry (EPICS-XL, Beckman—Coulter).

Western analysis. Cells were homogenized in hypotonic buffer
(25 mM NaCl, 0.5 mM CaCl,, 18 mM Tris—HCl buffer, pH 8.0) and
cell debris was removed by centrifugation at 200g for 5 min at 4 °C.
Precipitates were homogenized in the same manner two more times.
The combined supernatants were centrifuged at 40K rpm for 30 min at
4 °C in a Beckman 80T1i rotor to obtain crude membrane fractions. The
membrane proteins released with 1% Triton X-100 in 25 mM Tris-HCI
buffer, pH 7.5, containing 0.15 M NaCl and the cocktail of protease
inhibitors, were subjected to l-dimensional (1-D) or 2-D Western
analysis as previously described [10]. I order to remove the sialic acids
from the glycoproteins, after 1-D Western blotting, the membrane
strips were treated with 25 mM H,S0, at 80 °C for 1 h.

Matrix-assisted laser desorption ionization-time of flight mass spec-
trometry (MALDI-TOF MS) analysis. The membrane proteins were
separated by 2-D polyacrylamide gel electrophoresis (PAGE) and
stained with Coomassie brilliant blue (CBB) R-250 (Bio-Rad Lab.,
Richmond, CA). The CBB-stained protein that corresponded to the
position of the Raft.2-reacting spot was excised and digested with
trypsin, and the trypsinized peptides were analyzed with an oMALDI-
Qq-TOF MS/MS QSTAR Pulser i (Applied Biosystems). The mass
spectra search was conducted using an NCBI non-reductant database
with the MASCOT search algorithm.

Metabolic labeling of F9 cells with ['*C]galactose. Subconfluent
cells (approx. 1.4 x 10° cells) were cultured in 4 ml of the incubation
medium containing 10 uCi p-{1-"*Clgalactose (57 mCi/mmol, 200 pCi/
ml, Amersham Biosciences UK) for 24 h in a 60 mm culture plate.
{*C]Galactose-labeled membrane protein was prepared as above and
mixed with 50 pg of non-labeled F9 membrane proteins. The F9
membrane protein mixture thus obtained was separated by 2-D PAGE
and stained with CBB. Autoradiograms were obtained with BAS 2000.

Sialidase treatment. Proteins on 2-D nitrocellulose sheets were
stained with Ponceau 3R Stain Sotution (Wako Pure Chem., Osaka,
Japan) and the rectangle containing the proteins of interest was ex-
cised. The blots were incubated in 50 mM sodium acetate buffer, pH
4.5, containing 0.1% BSA, with or without 100 mU of neuraminidase
from Clostridium perfringens (Roche Diagnosis GmbH, Mannheim,
Germany) at 37 °C overnight.

Subcellular fractionation. Crude membrane fractions obtained as
described above were thoroughly suspended in the hypotonic buffer
containing 30% sucrose and overlaid on a discontinuous sucrose
density gradient of 40%/45%/50%/60% in a 12-ml ultracentrifugation
tube, and the suspension was then overlaid with a 20% sucrose layer.
The gradient was centrifuged at 25K rpm for {h in a Beckman
SW40Ti rotor, and after recovery and dilution with PBS, each of the
interface layers was sedimented at 40K rpm for 0.5h in a Beckman
80Ti rotor. Proteins were released from each precipitate with 1% Tri-
ton X-100 lysis buffer and subjected to 2-D PAGE.

Staining for fluorescence microscopic observation. EC cells were
harvested from cell culture plates and incubated with Raft.2. They
were then stained with Alexa Fluor 488-conjugated goat anti-mouse
IgM, pi-chain (Molecular probes, Eugene, OR) for 1 h and mounted in
Perma Fluor Aqueous Mounting Medium (Thermo Shandon, Pitts-
burgh, PA) on a slide glass. The slides were observed with an Olympus
LSM-GB200 confocal microscope.
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Results A Raft.2 T-20
1754
The sialylGb35 expressions on murine and human EC 834
cells were examined by TLC immunostaining and flow- —
cytometry with two Mabs against SSEA-4, Raft.2, and ém 5
MC-813-70. ACHN cells, which express globoseries gly- i
colipids, such as Gb3 and sialylGb5, were also examined 532 sl | 1=
and compared, as a control. All of these cell lines syn- 25
thesized Gb3 (Fig. 1A, left panel). SialylGb5 was syn- g
thesized by ACHN and NCR-G3, but not F9, cells alg(f .
(Fig. 1A, right panel). ACHN and NCR-G3 cells were
confirmed to express both sialylGb5 and Gb5 on their B F9
. ) 1stIEF Raft.2 CBB
surface by flowcytometry (Fig. 1B, upper and lower @ Basic =7 o cidie ]
row). Flowcytometric analysis further confirmed S - 83 S e
SSEA-4 expression on small populations (8.42%+) of A E 23: 629 . e
F9 cells using Raft.2 and the faint expression using o §47-5' -2 R B
MC-813-70 (Fig. 1B, middle row). The staining profile & 2525 ) 32.5
of MC-631 was similar to that of Raft.2 (6.7%+). Tak- 25+ 251 - "
ing these observations together, although F9 cells do not € NCR-G3
synthesize sialylGbS5, they clearly express the SSEA-4 23
epitope on their surfaces. e ) 6
We performed Western analysis to ascertain whether 47,5 A 475 -
the SSEA-4-carried molecules are glycoproteins. Cyto- E 32,54 e :
plasmic proteins and 1% Triton membrane lysates of 32.51 . -

IF9 cells were subjected to 1-D and 2-D Western analy-
sis. Mab Raft.2 definitely bound to a membrane protein
with an apparent molecular weight (mw) of 44K (Fig.
2A), but did not bind to cytoplasmic proteins (data
not shown). Since Raft.2 cannot bind to GbS, sialic acid
residue is prerequisite for Raft.2 binding to the SSEA-4
epitope. Weak acid treatment of the blot markedly
diminished Raft.2 binding to the 44K protein, while
only minimally decreasing T-20 binding to its antigen,
GB. These findings indicate that the carbohydrate chain
of the protein is sialylated. 2-D Western analysis yielded

Fig. 2. Western analysis of the Raft.2 binding protein. {A) Mem-
brane proteins of F9 cells were separated to four lanes by 1-D SDS-
PAGE and transferred to a nitrocellulose sheet. Two of the strips
were treated with weak acid (+), the other two were not (—). Two (—
and +) were probed with Raft.2 (left), the other two with T-20
(right). (B) The membrane proteins separated by 2-D PAGE were
transferred to a nitrocellulose sheet and probed with Raft.2 (left
panel) or the membrane proteins in a 2-D gel were stained with CBB
(right panel). The arrow points to the spot bound by Raft.2 and “A”
indicates actin. (C) Membrane proteins of NCR-G3 cells were
analyzed as in (B).
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Fig. 1. Expression of SSEA-4 by the murine and human EC cell lines, F9 cells, and NCR-G3. (A) Total lipids from ACHN cells (lane 1), F9 cells
(lane 2), and NCR-G3 cells (lane 3) were separated by TLC and immunostained with Stx1B/13C4 (left) and Raft.2 (right). (B) Cells were stained with
Raft.2 (left row), MC-813-70 (middle row), or MC-631 (right row) and with a FITC-conjugate secondary antibody and analyzed by flowcytometry.
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a single spot at an isoelectric point (p/) of 5.0 (Fig. 2B,
left panel), slightly more acidic than actin (Fig. 2B, right
panel). NCR-G3 cells expressed exactly the same Raft.2-
positive proteins as F9 cells (Fig. 2C). The other two
anti-SSEA Mabs, MC-813-70 and MC-631, bound none
of the SDS-denatured proteins on a nitrocellulose sheet
(data not shown).

In order to identify the spot bound by Mab Raft.2,
we carried out MALDI-TOF MS/MS analysis of this
spot in a 2-D gel (Fig. 2B). Eleven possible peptide sig-
nals with masses (m/z) of 912.6, 1200, 1203.6, 1291.7,
1419.8, 1615, 1698, 1740.9, 2082.1, 2172.2, and 2298.2,
respectively, were detected (Fig. 3, underlined) and
matched to the fragments of 40S ribosomal protein
SA, known as 34/67 laminin receptor or LBP. The
MS/MS spectra of five peptides (*) were obtained and
the fragments were matched to the sequence from
Lys4s to Argiog of LBP (Table 1).

In order to confirm that LBP has a sialylated carbo-
hydrate chain, we examined whether ['*Clgalactose is
incorporated into LBP. Membrane proteins prepared
from F9 cells, which were metabolically labeled with
[**Clgalactose, were separated by 2-D PAGE and sub-
jected to autoradiography. The LBP spot was detected
on the autoradiogram obtained by BAS 2000 (Fig.
4A). Next, we examined the effect of sialidase digestion
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Table 1
Mass fragments fitted for murine LBP by Mascot search
miz Start End Peptide sequence
912.6" 121 128 LLVVTDPR
1200 54 63 TWEKLLLAAR
1203.6" 90 102 FAAATGATPIAGR
1291.7 43 53 SDGIYIINLKR
1419.8 42 53 KSDGIYIINLKR
1615 86 102 AVLKFAAATGATPIAGR
1698 103 117 FTPGTFTNQIQAAFR
1740.9° 64 80 AIVAIENPADVSVISSR
2082.1° 103 120 FTPGTFTNQIQAAFREPR
2172.2 81 102 NTGORAVLKFAAATGATPIAGR

The five fragments (*) were subjected to MS/MS analysis.

on Raft.2 binding. Two nitrocellulose sheets, on which
membrane proteins of NCR-G3 cells had been separated
by 2-D PAGE followed by transfer, were stained with
Ponceau 3R Stain (Fig. 4B). Small rectangles containing
LBP were excised from the nitrocellulose sheets. The ex-
cised blot was incubated in 50 mM sodium acetate buf-
fer, pH 4.5, with or without C. perfringens sialidase to
release terminal sialic acids from glycoconjugates. This
treatment reduced the Raft.2 binding to LBP (Fig.
4C), confirming that LBP contains sialic acid.

Next, we fractionated the organelles of F9 cells by su-
crose density gradient centrifugation to identify the

*1615:1740,9
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Fig. 3. MALDI-TOF MS spectra of the mw 44K molecule recognized by Raft.2. The Raft.2-binding molecule indicated by the arrow in Fig. 2C was
in-gel digested with trypsin and subjected to oMALDI-Qq-TOF MS/MS QSTAR Pulser { spectrometry. The masses of the underlined peaks matched

those of LBP. The peaks marked “T” were derived from trypsin.
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Fig. 4. Detection of galactose and sialic acid residues in LBP. (A)
Autoradiogram of membrane proteins prepared from [*Clgalactose-
labeled F9 cells and separated by 2-D PAGE. (B) The membrane
proteins separated by 2-D PAGE were transterred to a nitrocellulose
sheet and stained with Ponceau 3R. “A” indicates actin and the arrows
point to LBP. (C) The blot containing LBP was incubated with (+) and
without (—) sialidase and probed with Raft.2.

organelles in which LBP was localized. Triton X-100 ly-
sates of each layer were 2-D separated and stained with
CBB (Fig. 5). Since Src kinase Yes was found only in
layer | (data not shown), the plasma membrane appears
to be recovered from layer 1. Nuclear fragments were
precipitated to the bottom. LBP was found only in layer
I, indicating that LBP is localized in plasma membranes.

fsConfocal microscopic observation confirmed Raft.2
binding on the cell surface. Cell suspensions of F9 and
NCR-G3 were stained with Raft.2 and observed with a
confocal microscope. Since Raft.1 recognizes G located
within cells [10], no F9 cells were stained with Raft.1 (Fig.
6A). As shown in Fig. 6B, some cells showed uneven, dot-
like staining with Raft.2, while others did not. This indi-
cates that some, not all, F9 cells express Raft.2 binding
molecules on their cell surfaces. NCR-G3 cells were
evenly stained with Raft.2 (Fig. 6C).

Discussion

We previously established Mab Raft.2, which specit-
ically binds to sialylGb5 on TLC and cell surfaces. Sial-
ylGb5 carries the SSEA-4 epitope, which is naturally
found in glycolipids. Interestingly, although mouse EC
cell line F9 cells do not express sialylGbS, they are
stained with Raft.2. Western analysis and the subse-
quent mass spectrometric analysis revealed the Raft.2
binding molecule to be LBP. The human EC cell line
NCR-G3, which synthesizes sialylGb3, was also found
to express Raft.2-binding LBP. Weak acid treatment
or sialidase digestion reduced Raft.2 binding to LBP
and ["*CJgalactose was incorporated into LBP. These re-
sults confirm that LBP carries the SSEA-4 epitope. The
precise carbohydrate structure of LBP must be obtained
to provide further confirmation. Mass spectrometric
analysis of the sugar moiety of LBP is currently under-

" way, employing microLC-ESI MS/MS.

Raft.2 is different from another anti-SSEA-4 Mab,
MC-813-70 in reactivity with SSEA-4 epitope. Raft.2
did not react with GM1b purified from mouse spleen
[11] (data not shown), but MP-813-70 does [5]. These
two Mabs appear to be different from each other in reac-
tivity with glycoproteins.

Many developmentally regulated antigens, including
SSEAs, ABH, Forssman, globoside, and [i, are carbohy-
drates in nature [12]. Such antigenic determinants are
carried by lipids and/or by protein molecules. It was pre-
viously reported that SSEA-I, ie., Lewis x antigen
(Le), is carried by both proteins {13] and lipids [4]
and that SSEA-3 is carried by both membrane glycolip-
ids and glycoproteins [1]. By contrast, it is generally ac-
cepted that the SSEA-4 is carried only by globoseries
glycosphingolipids [5]. Herein, however, we present
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Fig. 5. Subcellular localization of LBP. The membrane proteins recovered from layers 1, 2, 3, and 4 after sucrose density-gradient centrifugation
were analyzed by 2-D PAGE. The 2-D gels were stained with CBB. The arrow in the layer I gel points to LBP.
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Fig. 6. Immunostaining of mouse and human EC cells with SSEA-4. Phase-contrast micrograph (left) and confocal micrograph (right). (A) Isotype-
matched negative control Mab (Raft.1)/mouse EC F9—there is no staining. (B) Raft.2/F9—dot-like surface-staining. (C) Raft.2/human EC NCR-

G3—even surface-staining.
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GbA: Galp1,3GalNAcf1,3Galal,4Galp1,4Glef1—Cer
sialylGb5:NeuAco2,3Galp1,3GalNAcB1,3Galal,4GalBl,4Glef1—>Cer
Le3: GleNAcf1,3Galp1,4Glefl1—>Cer
nLc4: Galp1,4GIleNAcp1,3GalB1,4Glcfl1—Cer
LeX: Galpl,4(Fucal,3)GleNAcp1,3Galp1,4Glcf1—Cer

Fig. 7. Scheme summarizing the major glycosylation pathways in mouse
EC F9 cells. The globoseries glycolipid synthesis pathway (a) and the
neolactoseries glycolipid synthesis pathway (b) lead to the synthesis of
SSEA-3 and -4 and SSEA-1 active glycolipids, respectively. The cells
exhibit a distinct pattern of globo- and neolacto-series oligosaccharide
chain elongation (solid arrows). Retinoic acid treatment converts the
synthesis of Forssman to SSEA-3 and -4 (dotted arrows).

evidence that the SSEA-4 epitope is also carried by a
protein, 34/67 laminin receptor, also called LBP.

In culture, the differentiation of murine EC or ES
cells into endoderm-like cells is typically characterized
by the loss of SSEA-1 expression and the appearance
of SSEA-3 and SSEA-4 [14], and may be accompanied
by up-regulation of laminin synthesis [15]. Laminins
are a family of extracellular matrix proteins that consti-
tute the major non-collagenous glycoproteins found in
the basement membrane and are involved in multiple
important biological activities, such as assembly of the
basement membrane, cell attachment, migration, neurite
outgrowth, and angiogenesis [16,17]. In addition, lami-
nins have well demonstrated roles in diverse develop-
mental processes, from the pre-implantation period
onwards [18]. Laminin receptors are divided into two
major groups: integrin and non-integrin receptors. One
of the non-integrin receptors is the mw 67K laminin
receptor, LBP [19]. A highly conserved multifunctional
mw 37K laminin receptor protein is the precursor of
the 67K laminin receptor but the exact manner by which
it forms a mature laminin receptor is not clear [20].
Endo and co-workers demonstrated that the glycans of
a-dystroglycan include O-mannosyl oligosaccharides,
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and that a sialyl O-mannosyl glycan, Siaa
2,3Galf1,4GIcNAcf1,2Man, of a-dystroglycan is a lam-
inin-binding ligand of a-dystroglycan [21,22]. Further-
more, a-dystroglycan from sheep brain has an SSEA-1
structure O-linked to Man [23]. We found that another
non-integrin laminin receptor, LBP of human and
mouse EC cells, has the SSEA-4 epitope. Since laminin
is essential to autocrine- or paracrine-signaling through-
out mammalian development and differentiation, the
up-regulation of laminin production might have some
relationship with SSEA-4 expression on the laminin
receptor. However, Raft.2 had no significant effects on
F9 cell adhesion to a coverslip precoated with the mur-
ine Engelbreth-Holm-Swam tumor-derived laminin
(data not shown).

The F9 cell exhibits a distinct pattern of globo- and
neolacto-series oligosaccharide chain elongation (Fig.
7). In the globoseries pathway, globotetraosylceramide
(Gb4) is not elongated to globopentaosylceramide
(GbS) by the addition of Gal, but rather to the Forss-
man antigen by the addition of GalNAc [24]. The
B1,3-galactosyltransferase-V (B3GalT-V) can catalyze
the transfer of Gal not only to GlcNAc-based acceptors
with a preference. for the core3 O-linked glycan Gle-
NAc(B1,3)-GalNAc structure, but also to the terminal
GalNAc unit of Gb4, thereby leading to the synthesis
of Gb5 [25]. These investigators further confirmed that
Gb5 synthesis, or SSEA-3 expression in F9 cells is due
to P3GalT-V. SSEA-3 synthase, i.e., f3GalT-V, can be
said to catalyze Gal addition to both the acceptor of
glycolipid and protein. SSEA-4 synthase, which trans-
fers sialic acid to GbS5, was recently cloned from a hu-
man renal cancer cell line, ACHN, and the cloned
cDNA was found to have a sequence identical to
previously cloned «o2,3-sialyltransferase (ST3Gal II)
[26]. Tt catalyzes the transfer of sialic acid to the
GalB1,3GalNAc epitope of Gb5 in addition to asialo-
GMI1 and GMla [27]. Whether ST3Gal II acts on a
proteinous acceptor, such as LBP, is unknown. These
transferases, which can glycosylate LBP, should be char-
acterized to elucidate the role of the sugar moiety in
differentiation.
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Abstract: This study investigates the separation of two types of marrow stromal cells,
KUSA-A1 osteoblasts and H-1/A preadipocytes, by filtration through various porous poly-
meric membranes. It was found that KUSA-A1 permeates better than H-1/A cells through
12-pin polyurethane foaming membranes. This appears to be due to the relatively smalier cell
size of KUSA-A1 cells. In addition, when feed solutions containing suspensions of either cell
type or a mixture of the two were used, the permeation ratio was relatively low (< 6%)
through polyurethane and surface-modified polyurethane foaming membranes. It was also
found that there was some degree of separation between KUSA-A1 and H-1/A cells (separation
factor = 1.8) with nylon-net filter membranes, but no separation was obtained when filters
made of nonwoven fabrics or silk screens were used. This ability of the nylon-net filter
membranes to separate the two cell types was due to a sieving effect that results from an
optimal pore size. Finally, permeation of a solution of human serum albumin through the
membrane following filtration of the cells did not result in a separation of cells in the recovery
solution. © 2005 Wiley Periodicals, Inc. J Biomed Mater Res Part B: Appl Biomater 74B: 511-519, 2005

Keywords:
polyurethane foaming membrane

INTRODUCTION

Bone-mairow stromal cells make up the microenvironment
of the bone marrow and are required for the generation of
multipotent stem cells.! In addition, bone-marrow stromal cells
have many characteristics of mesenchymal stem cells, which
produce progeny that can differentiate into multiple cell lin-
eages. Pluripotent stem cells derived from marrow stroma can
differentiate into several cell types, including bone, cartilage, fat,
tendon, and muscle. Recent studies also show that the marrow
stroma may be a potential source of cardiomyocytes.”

Puification and isolation of specific mesenchymal cells are
necessary to obtain bone-marrow stromal cells for use in clinical
applications. For example, it is necessary to generate cardiomyo-
cytic progenitors from mairow stroma for the treatment of heart
failure by cell transplantation into damaged myocardia. Thus, a
method is needed for the separation and isolation of specific
mesenchymal cells from bone-marrow stromal cells. Cell sepa-
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cell separation; mesenchymal progenitor cells; flow cytometry; biomaterials;

ration can be accomplished by centrifugation,”* fluorescence-
activated cell sorting (FACS),” magnetic cell selection,®™ affin-
ity chromatography,'®!! or membrane filtration.>"** Of these
methods, membrane filtration method is a good candidate for the
purification of mesenchymal cells because it is simple and in-
expensive and because it is easy to maintain sterility during the
filtration process. In fact, a previous study’* showed that CD34*
cells could be puiified by filtration through chemically modified
5-pm-pore polyurethane (PU) membranes.

Here the separation of cells from a mixture of KUSA-Al
and H-1/A cells with the use of membrane filtration is re-
ported. The goal of this study was to find the optimal mem-
brane type (membrane pore size, morphology, and material)
and filtration conditions for the isolation of marrow stromal
cells.

MATERIALS AND METHODS

Materials

" Base membranes used for the chemical modification were porous
PU foaming membranes (Ruby Cell §, Toyo Polymer Co., Ltd.}.
Porous PU foaming membranes containing 0.61% of epoxy group
(PU-epoxy) were prepared by plasma polymerization with glycidyl-
methacrylate after the membranes were plasma discharged at 200 W
for 30 s under 0.2 torr of Ar gas.'* The average pore size of the PU
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Scheme 1

and PU-epoxy membranes evaluated from capillary flow porometer
measurements (Porous Materials, Inc.) was 12 wm. The PU and
PU-epoxy membranes had 86% porosity and 1.2-mm thickness.

Nylon-net filters [NY 11 (pore size = 11 um), Millipore Corpo-
ration], two kinds of nonwoven fabrics having fine fiber diameter for
cleaning lenses made of acrylonitrile (Cleaning lens, No Brand Co.)
and nylon + polyester (La Clean, 3052-01, Nagoya Glass Co.), and
silk screens made of silk (No. 150, Nihon Zokei Co.) and Tetron™
(Nos. 150 and 250, Nihon Zokei Co.) were also used for the cell
separation, where “No.” indicates number of fibers per inch.

Human serum albumin (HSA, 019-10503, Wako Pure Chemical
Industries) was vsed as received. Cell Tracker Orange™ (C-2927,
Molecular Probes, Inc.) and Cell Tracker Green™ {(C-2925, Molec-
ular Probes, Inc.) were used as received. Other chemicals, purchased
from Tekyo Chemical Co., were reagent grade and were used
without further purification. Ultrapure water was used throughout
the experiments.

Preparation of Surface-Modified Membranes

Sulfonic acid and carboxylic acid groups were introduced from
the opening reaction of the epoxy group on the PU-epoxy mem-
branes, followed by the reaction between the epoxy group and
H,S50, or glycine reported in the literature.**~¢ Reaction conditions
are reported in the literature.' The product anticipated to result from
the ring-opening reaction of the epoxy group is shown in Scheme
1.** The resultant membranes were referred to as PU-SO5H and
PU-COOH membranes. After the reaction, the surface-modified PU
membranes were rinsed in ultrapure water for 3 h, and stocked in
ultrapure water at 4°C,

Cell Culture

Mesenchymal progenitor cell lines, KUSA-A1 and H-1/A, de-
tived from the bone marrow of C3H/He and C57/Bl mice, respec-
tively," were maintained in DMEM media (D5648, Sigma-Aldrich,
Japan K.K.) supplemented with 100 rog/l. streptomycin sulfate
(196-08511, Wako Pure Chemical Industry, Ltd.), 70 mg/L. ben-
zylpenicillin potassium (023-07731, Wako Pure Chemical Industry,
Ltd.) and 10% fetal bovine serum (FBS, JRH Bioscience).
KUSA-AT and H-1/A cells were expanded by standard cell culture
techniques®” ™" in 75-cm? tissue-culture flasks containing 40 ml, of
10% serum-supplemented medium in a CO, incubator (BNA-111,
Espec Co.) in 5% CO, atmosphere at 37°C.

The cell number was characterized by observation of the cells
with an inverted microscope (Diaphoto TMD300, Nikon Co.)

equipped with a CCD video camera, ARGUS 20 (Hamamatsu Pho-
tonics K.K.) and a temperature-regulated box.

Cell Dying with Cell Tracker

KUSA-AT cells and H-1/A cells were dyed with Cell Tracker™
(Cell Tracker Orange™ and Cell Tracker Green™, respeciively) in
order to mark each cell in flow-cytometry analysis. A quantity of 1
mg Cell Tracker Orange™ was dissolved in 1 ml. of methanol, and
the Cell Tracker Orange™ solution was aliquotted into 20 samples
(50 pL). A quantity of 50 pg Cell Tracker Green™ was dissolved
in 0.5 mL of dimethylsulfoxide, and the Cell Tracker Green™
solution was aliquotted into 10 samples (50 uL). The Cell Tracker
Orange™ and Cell Tracker Green™ solutions were stored under
—20°C. The cell dying with Cell Tracker Orange™ and Cell Tracker
Green™ was performed as follows:

1. A quantity of 50 uL of Cell Tracker solution was pipetted into 5
mlL of 10% serum-supplemented DMEM medium.
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. The medium was decanted off, and the cells were rinsed with 10
mL phosphate-buffered solution (PBS).

3. The PBS was decanted off and the Cell Tracker™ solution was
pipetted into the tissue-culture flask. The cells in the tissue-
culture flask were incubated in a 5% CO, atmosphere for 30 min
at 37°C.

4. The Cell Tracker™ medium was decanted off and the cells were
subsequently rinsed with a quantity of 10 mL PBS sclution.
Twenty milliliters of 10% serum-supplemented DMEM mediur
was pipetted into the tissue-culture flask after the PBS solution
was decanted off, and the cells in the tissue-culture flask were
again incubated in a 5% CO, atmosphere for 30 min at 37°C.

5. Step 4 was performed in duplicate.

6. After incubation, the DMEM medium was decanted off and a

quantity of 10 mL PBS solution was added to the tissue-culture

flask in order to rinse the cells.

7. A quantity of 4 mL of trypsin in PBS solution was pipetted into
the tissuc-culture flask after the PBS solution was decanted off.
After 5 min, the trypsin solution was decanted off and a quantity
of 5 mL, of DMEM mediom was added to the tissue-culiure flask.
The cells on the hottom of the culture flask were resuspended in
the DMEM medium by gently pipetting up and down.

8. The cell suspension was centrifuged at 130 rpm for 3 min. The
supernatant was carefully decanted off, and 7 ml. of fresh
DMEM medium was added to the cells.



