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FIGURE 4. Stimulative effects of TPO on induction of CD31%9" cells.
A, alteration of the cell number of cultivated AC133™ cells for 1 week in the com-
bination of growth factors. Mix, VEGF + SCF + TPO. B, the flow cytometric
histogram of AC133*-derived cells stained with FITC-labeled anti-CD31 anti-
body after a 1-week culture. The representing number in the flow cytometric
histogram indicates the percentage of the CD31°7@" cell population. The left
panels are peripheral blood, and the right panels are cord blood. C, CD31°79"
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FIGURE 5. Dose-dependent effects of TPO on the induction of CD31"9"
cells from AC133* cells. AC133™ cells were treated with various concentra-
tions of TPO for 1 week. The left panels (A) are the total cell number of cultured
AC133™ cells from peripheral blood (upper panel) and cord blood (lower
panel). The right panels (B) are the calculated CD31°79™ cell number from
peripheral blood (upper panel) and cord blood (lower panel). Columns and
bars represent the means = S.D. (**, p < 0.01; ***, p < 0.001). Striped and
dotted columns represent CD31°"9"VEcad™* cells and CD31°"9"VEcad ™ cells,
respectively.

number of CD31°78" cells when compared with the control
(Fig. 4D, panel c). The concomitant treatment with both VEGF
and TPO showed a synergic increase in the number of
CD31°"&™ cells (Fig. 4D, panel c).

When AC133™ cells were cultured with various concentra-
tions of TPO in the presence of constant concentrations of
VEGF (50 ng/ml), the total cell number from both peripheral
blood (Fig. 5A, upper panel) and cord blood (Fig. 54, lower
panel) significantly increased at 5 ng/ml of TPO when com-
pared with the control, and there was no significant difference
in the total cell number from 5 to 50 ng/ml of TPO. However,
TPO increased the ratio of CD31°"8™ cells of flow cytometry
dose-dependently as follows: control, 0.50%; 5 ng/ml, 1.36%; 10
ng, 1.42%; 50 ng/ml 1.90% in peripheral blood and control,
1.16%; 5 ng/ml, 1.99%; 10 ng, 2.51%; 50 ng/mi 2.96% in cord
blood. TPO markedly induced the differentiation of AC133*
cells into CD31°"8"VEcad™* cells in the case of both peripheral
blood (Fig. 5B, upper panel) and cord blood (Fig. 5B, lower
panel) in a dose-dependent manner. In the case of cord blood
cells, differentiation into CD31°"€"VEcad™ cells was also
induced by TPO.

The effects of TPO on total cell number during 6-day culture
of AC133" cells were determined. Although the total cell num-

cells numbers were calculated by both the total cell number and the ratio the
of CD31°"9™ population. D, the effects of TPO alone on EPC differentiation
derived from AC133" cells of cord blood. The upper left panel (a) shows the
total cell number after a 1-week culture, the right panels (b) show the flow
cytometric histogram of AC133 " -derived cells stained with FITC-labeled anti-
CD31 antibody, and the lower left panel (c) shows the calculated CD31°"19M cell
number. Columns and bars represent the means * S.D. (*, p < 0.05; **, p <
0.01; ***, p < 0.001). NS, not significant; Cont, control.
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ber from AC133™ cells slightly and constantly increased from
day O to day 6 in the absence of TPO, total cells markedly
increased after the third day in the presence of TPO (Fig. 6A4).
Next, the alternation of TPO receptor (CD110) expression was
analyzed during the cultivation of AC133" cells. Although
the percentages of both AC133% CD110" cells and CD31"
CD110™ cells were 0% just after magnetic cell sorting, 3 days
after the cultivation, ~2% of CD31* CD110" cells (Fig. 6B, left
panel) and 1% of AC133" CD110" cells (Fig. 6B, right panel)
appeared from AC133™ cells in the peripheral blood and cord
blood, respectively. These data indicate the possibility that
sorted AC133* cells may differentiate into AC133" CD110™
cells and may subsequently proliferate and differentiate into
EPCs in response to TPO.

It has been reported that TPO activates the PI3K/Akt path-
way (28) or JAK/STAT pathway (20, 29, 30) in target cells. In
addition, in the present study, TPO induced a marked prolifer-
ation of AC133™ cells after 3-day culture, and CD110 expres-
sion in cells cultured for 3 days from both cord blood and
peripheral blood was also observed (Fig. 6, A and B). We then
attempted to determine whether TPO activates Akt or STAT in
AC133" cells cultured for 3 days by analyzing the phosphoryl-
ation at Ser-473 of Akt or the phosphorylation at Tyr-705 of
STATS3, which are the active forms of Akt or STAT3, respec-
tively. As shown in Fig. 74, phosphorylation at Ser-473 of Akt
was stimulated by both VEGF and TPO at 15 min and was more
markedly stimulated by concomitant treatment with VEGF and
TPO than by a single treatment (Fig. 7A, top panel). Phospho-
rylation at Tyr-705 of STAT3 was observed only in the presence
of TPO, and unlike in the phosphorylation at Ser-473 of Akt, an
increased amount of phosphorylation was not observed in the
concomitant presence of VEGF and TPO (Fig. 74, third panel).
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FIGURE 7. Analysis of TPO-induced signal transduction on AC1 33* cellsof
cord blood. A, activation of Akt or STAT3 was analyzed by Western blotting
with anti-phospho-specific Ser-473-Akt antibody (top panel) and reprobed
with anti-Akt antibody (second panel), or with anti-phospho-specific Tyr-705-
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mannin on CD31%79™ cell induction were investigated. The right panel shows
peripheral blood, and the /eft panel shows cord blood. The y axis represents
the CD31279" cell number. Wort, 100 nm wortmannin. Columns and bars rep-
resent the means * S.E. (*, p < 0.05; ***, p < 0.001). Cont, control.

On the other hand, there was no difference in the expression of
Akt and STAT3 protein levels (Fig. 7A, second panel and bottom
panel, respectively). The induction of CD31°"& cells was not
perfectly but significantly inhibited by wortmannin, an inhibi-
tor of PI3K, suggesting that the PI3K/Akt pathway plays an
important role in TPO-induced EPC differentiation (Fig. 7B).

DISCUSSION

We have previously reported that CD31°"e" cells derived
from AC133 ™ cells in human peripheral blood are EPCs (25). In
the present study, CD31°"€™ cells also appeared from AC133™
cells prepared from cord blood, which are a rich source of stem
cells during the early period of cultivation (Fig. 1, A and B).
When cells were separated in terms of CD31 expression (Fig.
1C), CD31°"eM cells differentiated into KDR-positive and
eNOS-positive adherent cells. These data indicate that
CD31°78" cells derived from AC133™ cells in cord blood have
some characteristics similar to those of EPCs in peripheral
blood. Although these EPCs in both cord blood and peripheral
blood could not form tube-like structure by themselves on
Matrigel (data not shown), they secreted angiogenic growth
factors (Fig. 2) such as VEGF, IL-8 (31, 32), and monocyte che-
moattractant protein-1 (MCP-1) (33). It has been reported that
there are at least two types of EPCs: early EPCs and late EPCs.
Early EPCs are unable to form tube-like structures and secrete
VEGF and IL-8 showing peak growth at 2—3 weeks (9, 26, 27).
Late EPCs with the ability to proliferate and having a cobble-
stone shape appear late at 2-3 weeks, show exponential growth
at 4 — 8 weeks, and have the ability to form tube-like structures
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(26, 27, 34). Rehman et al. (9) have reported that EPCs derived
from monocytes/macrophages do not proliferate but instead
release potent proangiogenic growth factors. In many studies
(9, 26, 27, 35-37), because the origin of early EPCs was CD14™
cells or was not precluded by monocytic cells, CD14 expression
was still observed in the EPCs after cultivation. In our study, in
which AC1337 cells were used as the origin of the EPCs, CD14
expression was not observed in CD31P7€" cells induced by
TPO (Fig. 3B). Although the CD31°"&™ cells identified as EPCs
in this report and in a previous report did not correspond to
their cells in terms of the origin of the cells or cell surface mark-
ers, these cells may be early EPCs that can release potent proan-
giogenic growth factors (Fig. 2). In any event, EPCs are thought
to be a heterogeneous population, unlike late EPCs, which have
a high ability to proliferate.

Circulating EPCs are up-regulated under physiological or
pathological conditions and also by 3-hydroxy-3-methyl-glu-
taryl-CoA reductase inhibitors (14, 15) and cytokines such as
erythropoietin (11-13) and G-CSF (10). In this report, we have
revealed the possibility of marked expansion of EPCs in vitro by
TPO. Brizzi et al. (20) have reported that TPO directly stimu-
lates endothelial cell motility and neoangiogenesis. In the pres-
ent study, TPO may have played a stimulatory role in the dif-
ferentiation of EPCs from circulating stem cells.

Although both TPO and SCF have the same potency with
regard to proliferation of AC133™ cells (Fig. 44), TPO specifi-
cally induces an increase in the ratio of the CD31°7€"™ cell pop-
ulation when compared with SCF (Fig. 4, B and C). To develop
useful cell therapy products for severe ischemia, it has been
considered desirable to establish the efficient expansion of
EPCs in vitro. Thrombopoietin could increase CD31°78" cells
(EPCs) even in the absence of VEGF. Kirito et al. (38) have
reported that TPO enhances expression of VEGF in hemato-
poietic cells through induction of hypoxia-inducible factor 1a.
These observations suggest the possibility that the production
of EPCs by TPO may be supported by VEGF produced by
AC133" cells. However, from the perspective that TPO and
VEGF have synergistic effects on the induction of EPCs, TPO
seems to induce EPCs through another signaling cascade.

Thrombopoietin is a major regulator of the proliferation, dif-
ferentiation, and maturation of megakaryocytes (39, 40). The
results from recent studies suggest that TPO can act not only as
a lineage-specific hematopoietic growth factor but also can
affect other hematopoietic cell types. For example, TPO alone
does not induce proliferation of long term repopulating hema-
topoietic stem cells. However, in combination with SCF or IL-3,
TPO has several synergistic effects on cell proliferation (19).
Our results have revealed a new role of TPO in the production
of EPCs.

In the process of differentiation of AC133™ cells into CD31°78™
cells, both peripheral blood and cord blood appear to be very sim-
ilar. AC133™ cells of cord blood, however, have a stronger ability to
proliferate than those of peripheral blood (Fig. 64). Moreover,
TPO stimulates the induction of CD31°"8"VEcad™ cells only
from cord blood (Fig. 5B) at high concentrations. Hur et al. (26)
have reported that VEcad™ EPCs are thought to be an early EPC. It
is therefore thought that AC133™ cells of cord blood are more
immature than those of peripheral blood.
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Although the total cell number treated with TPO slightly
increased in a dose-dependent manner (Fig. 54), the CD31°"'8™
cell number markedly increased as the TPO concentration
increased (Fig. 5B). These data suggest the possibility that a
higher concentration of TPO may be needed for CD31°7&™ cell
induction from AC133™ cells.

When AC133" cells were stimulated by TPO or VEGF, an
increase in the phosphorylation of Akt at Ser-473 was observed.
This increase was strongly enhanced by concomitant treatment
with VEGF and TPO (Fig. 74). The induction of CD31°78" cells
by these growth factors (Fig. 4D) was consistent with the
increase in the phosphorylation of Akt at Ser-473. TPO but not
VEGF could also stimulate the phosphorylation of STAT3 at
Tyr-705. We previously reported that the PI3K/p70 S6 kinase
pathway and the JAK/STAT3 pathway were important for pro-
liferation and differentiation, respectively, in neutrophilic dif-
ferentiation (41, 42). Owing to the stimulation of both the PI3K/
Akt and the JAK/STAT pathways, we postulated that TPO may
be a stronger stimulator of EPC production than VEGF. As
shown in Fig. 7B, however, wortmannin could not completely
inhibit the induction of CD31°"'8" cells. Therefore, a pathway
other than the PI3K/Akt pathway may also work for the prolif-
eration and differentiation of EPCs.

The observation of unfavorable angiogenesis has recently
been reported after transplantation of bone marrow mononu-
clear cells in patients with thromboangiitis obliterans (43).
Moreover, transfer of both spleen cell-derived EPCs and bone
marrow mononuclear cells accelerate atherosclerosis in apoE
knockout mice, whereas EPC transfer reduces markers associ-
ated with plaque stability (44). These observations suggest that
transplantation of differentiated cells from EPCs may be useful
therapy as regenerative medicine. '

In conclusion, we have demonstrated a new role of TPO in
enhancing the differentiation of AC133™ cells into CD31°"€™
cells (EPCs) in vitro. These findings may contribute to further
development of cell therapy for critical ischemia.
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Pravicusly, we suggested that the phosphatidylinositol 3-kinase {PI3K)-p70 Sé kinase (p70 S€K) pathway plays an important role in
granulecyte colony-stimulating factor {G-CSF)-dependent enhancement of the neutrophilic differentiation and proliferation of HL-60
cells. While atypical protein kinase C (PKC) has been reported to be a regulator of p70 S6K, abundant expression of PKCu was cbserved in
miyeloid and lymphoid cells. Therefore, we analyzed the participation of PKCt in G-CSF-dependent proliferation. The maximum
stimulation of PKCu was observed from 15 to 20 min after the addition of G-CSF. From 5 to 15 min inte this lag time, PKKCy wes found o
translocate from the nucieus to the membrane. At 30 min it re-translocated to the cytosol. This dynamic translocation of PKCe was also
obsarved in G-CSF-stimulated myeloperoxidase-positive cells differentiated from cord blood cells. Small interfering RMNA. for PKCe
inhibited G-CSF-induced proliferation and the promotion of neutrophilic differentiation of HL-60 cells. These data indicate that the
G-CSF-induced dynamic translocation and activaticn processes of PKCu are important to neutrophilic proliferation.

J. Cell. Physiol. 211: {89-196, 2007. © 2006 Wiley-Liss, Inc.

Hematopoietic cell differentiation is regulated by a complex
network of growth and differentiation factors (Tenen et al.,
1997; Ward et al., 2000). Granulocyte colony-stimulating factor
(G-CSF) and its receptors are pivotal to the differentiation of
myeloid precursors into mature granulocytes. In previous
studies (Kanayasu-Toyoda et al., 2002) on the neutrophilic
differentiation of HL-60 cells treated with either dimethyl
sulfoxide (DMSO) or retinoic acid (RA), heterogeneous
transferrin receptor (Trf-R) populations—transferrin
receptor-positive (Trf-R*) cells and transferrin receptor-
negative (Trf-R7) cells—appeared 2 days after the addition of
DMSO or RA. The Trf-R™ cells were proliferative-type cells
that had higher enzyme activity of phosphatidylinositol 3-kinase
(PI13K) and protein 70 S6 kinase (p70 S6K), whereas the
Trf-R™ cells were differentiation-type cells of which Tyr705 in
STAT3 was much more phosphorylated by G-CSF. Inhibition of
either PI3K by wortmannin or p70 S6K by rapamycin was found
to eliminate the difference in differentiation and proliferation
abilities between Trf-R* and Trf-R™ cells in the presence of
G-CSF (Kanayasu-Toyoda et al., 2002). From these results, we
concluded that proteins PI3K and p70 S6K play important roles
in the growth of HL-60 cells and negatively regulate neutrophilic

differentiation. On the other hand, the maximum kinase activity °

of PI3K was observed at 5 min after the addition of G-CSF
(Kanayasu-Toyoda et al., 2002) and that of p70 S6K was
observed between 30 and 60 min after, indicating a lag time
between PI3K and p70 S6K activation. It is conceivable that any
signal molecule(s) must transduce the G-CSF signa! during the
time lag between PI3K and p70 S6K. Chung et al. (1994) also
showed a lag time between PI3K and p70 S6K activation on
HepG2 cells stimulated by platelet-derived growth factor
(PDGF), suggesting that some signaling molecules also may
transduce betweén PI3K and p70S6K.

Protein kinase C (PKC) is a family of Ser/Thr kinases involved in
the signal transduction pathways that are triggered by
numerous extracellular and intracellular stimuli. The PKC

family has been shown to play an essential role in cellular
functions, including mitogenic signaling, cytoskeleton
rearrangement, glucose metabolism, differentiation, and the .
regulation of cell survival and apoptosis. Eleven different
members of the PKC family have been identified so far. Based on
their structural similarities and cofactor requirements, they
have been grouped into three subfamilies: (1) the classical or
conventional PKCs (cPKCa, B, B2, and «), activated by Ca®*,
diacylglycerol, and phosphatidyl-serine; (2) the novel PKCs
(nPKCS, €, m, and 6), which are independent of Ca®* but still
responsive to diacylglycerol; and (3) the atypical PKCs (aPKC{
and ), where PKCA is the homologue of human PKCu.
Atypical PKCs differ significantly from all other PKC family

Abbreviations: DMSO, dimethyl sulfoxide; fMLP-R, formyl-Met-Leu-Phe
receptor; RA, retinoic acid; G-CSF, granulocyte colony-stimulating
factor; Trf-R, transferrin receptor; BSA, bovine serum albumin; FITC,
fluorescein isothiocyanate; PBS, phosphate-buffered saline; PKC,
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members in their regulatory domains, in that they lack both the
calcium-binding domain and one of the two zinc finger motifs
required for diacylglycerol binding (Liu and Heckman, 1998).
Romanelli et al. (1999) reported that p70 S6K is regulated by
PKCZ and participates in a PI3K-regulated signaling complex.
On the other hand, Selbie et al. (1993) reported that the tissue
distribution of PKC{ is different from that of PKCu/A, and that
PKCu/\ appears to be widely expressed. If the p70 S6K could be
activated by aPKC, the regulation of p70 S6K activation would
seem to depend on the tissue-specific expression of PKCe
and/or PKCL. In neutrophilic lineage cells, the question is which
aPKC participates in the regulation of p70 S6K on G-CSF
signaling.

In this study, we show that G-CSF activated PKC., promotingits
translocation from the nucleus to the cell surface membrane
and subsequently to the cytosol in DMSO-treated HL-60 cells.
We also show the translocation of PKCu using
myeloperoxidase-positive neutrophilic lineage differentiated
from cord blood, which is a rich source of immature myeloid
cells (Fritsch etal., 1993; Rappold etal,, 1997; Huang etal., 1 999;
Debili et al., 2001; Hao et al., 2001). We concluded that PKC¢
translocation and activation by G-CSF are needed for
neutrophilic proliferation.

Materials and Methods
Reagents

Anti-p70 S6K polyclonal antibody was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti-PKC. polyclonal antibody and
monoclonal antibody were purchased from Santa Cruz Biotechnology

.and from Transduction Laboratories (Lexington, KY), respectively.

Anti-PKC{ polyclonal antibody was purchased from Cell Signaling
Technology (Beverly, MA). Anti-myeloperoxidase antibody was
purchased from Serotec Ltd. (Oxford, UK). GF 109203X, and G& 6983
were obtained from Calbiochem-Novabiochem (San Diego, CA).
Wortmannin was obtained from Sigma Chemical (St. Louis, MO).
Anti-Histon-H1 antibody, anti-F¢y receptor lla (CD32) antibody, and
anti-lactate dehydrogenase antibody were from Upstate Cell Signaling
Solutions (Lake Placid, NY), Lab Vision Corp. (Fremont, CA), and
Chemicon International, Inc. (Temecula, CA), respectively.

Cell culture

HL-60, Jurkut, K562,U937,and THP-1{ cells were kindly supplied by the
Japanese Collection of Research Bioresources Cell Bank (Osaka,
Japan). Cells were maintained in RPMI 1640 medium containing 10%
heat-inactivated FBS and 30 mg/L kanamycin sulfate at 37°C in
moisturized air containing 5% CO,. The HL-60 cells, which were at a
density of 2.5 x 10° cells/ml, were differentiated by |.25% DMSO. Two
days after the addition of DMSO, the G-CSF-induced signal
transduction was analyzed using either magnetically sorted cells or
non-sorted cells.

Magnetic cell sorting

To prepare Trf-R™ and Trf-R* cells, magnetic cell sorting was
performed as previously reported (Kanayasu-Toyoda et al., 2002),
using an automatic cell sorter (AUTO MACS; Miltenyi Biotec, Bergisch
Gladbach, Germany). After cell sorting, both cell types were used for
Western blotting and PKCu enzyme activity analyses.

Preparation of cell lysates and immunoblotting

For analysis of PKCu and PKC{ expression, a PVDF membrane blotted
with 50 g of various tissues per fane was purchased from BioChain
Institute (Hayward, CA). Both a polymorphonuclear leukocytes
(PMNis) fraction and a fraction containing lymphocytes and monocytes
were isolated by centrifugation (400g, 25 min) using a Mono-poly
resolving medium (Dai-Nippon Pharmaceutical, Osaka, Japan) from
human whole blood, which was obtained from a healthy volunteer with
informed consent. T-lymphocytes were further isolated from the
mixture fraction using the Pan T Cell Isolation Kit (Miltenyi Biotec)
according to the manufacturer’s protocol. T-lymphocytes, PMNs,
HL-60 cells, Jurkut cells, K562 cells, and U937 cells (I x 107) were
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collected and lysed in lysis buffer containing 1% Triton X-100,

10 mM K,HPO/KH,PO4 (pH 7.5), | mM EDTA, 5 mM EGTA,

10 mM MgCl,, and 50 mM B-glycerophosphate, along with 1/100 (v/v)
protease inhibitor cocktail (Sigma Chemical) and 1/100 (v/v)
phosghamse inhibitor cocktail (Sigma Chemical). The cellular lysate
of 10° cells per lane was subjected to Western blotting analysis. Human
cord blood was kindly supplied from the Metro Tokyo Red Cross Cord
Blood Bank (Tokyo, Japan) with informed consent. Mononuclear cells,
isolated with the Lymphoprep'" Tube (Axis-Shield PoC AS, Oslo,
Norway), were cultured in RPMI 1640 medium containing 10% FBS in
the presence of G-CSF for 3 days. Cultured cells were collected, and
the cell lysate was subjected to Western blotting analysis.

A fraction of the plasma membrane, cytosol, and nucleus of the
DMSO-treated HL-60 cells was prepared by differential centrifugation
after the addition of G-CSF, as described previously (Yamaguchi et al.,
1999). After the cells that had been suspended in 250 mM sucrose/
10 mM Tris-HCI (pH 7.4) containing 1/100 (v/v) protease inhibitor
cocktail (Sigma Chemical) were gently disrupted by freezing and
thawing, they were centrifuged at 800g, 4°C for 10 min. The
precipitation was suspended in |0 mM Tris-HCI{pH 6.7) supplemented
with 1% SDS. It was then digested by benzon nuclease at 4°C for | hand
used as a sample of the nuclear fraction. After the post-nucleus
supernatant was re-centrifuged at 100,000 rpm (452,000g) at a
temperature of 4°C for 40 min, the precipitate was used as a crude
membrane fraction and the supernatant as a cytosol fraction. Western
blotting analysis was then performed as described previously
(Kanayasu-Toyoda etal., 2002). The bands that appeared on x-ray films
were scanned, and the density of each band was quantitated by Scion
Image (Scion, Frederick, MD) using the data from three separate
experiments.

Kinase assay

The activity of PKCu was determined by phosphorous incorporation
into the fluorescence-labeled pseudosubstrate (Pierce Biotechnology,
Rockford, IL). The cell lysates were prepared as described above and
immunoprecipitated with the anti-PKCu antibody. Kinase activity was
measured according to the manufacturer’s protocol. In the analysis of
inhibitors effects, cells were pretreated with a PI3K inhibitor,
wortmannin (100 nM), or PKC inhibitors, GF109207X (10 1.M) and
G66983 (10 M) for 30 min, and then stimulated by G-CSF for |5 min.

Observation of confocal laser-scanning microscopy

Upon the addition of G-CSF, PKCL localization in the DMSO-treated
HL-60 cells for 2 days was examined by confocal laser-activated
microscopy (LSM 510, Carl Zeiss, Oberkochen, Germany). The cells
were treated with 50 ng/m! G-CSF for the indicated periods and then
fixed with an equal volume of 4.0% paraformaldehyde in PBS(—). After
treatment with ethanol, the fixed cells were labeled with anti-PKCv
antibody and with secondary antibody conjugated with horseradish
peroxidase. They were then visualized with TSA™ Fluorescence
Systems (PerkinElmer, Boston, MA).

Mononuclear cells prepared from cord blood cells were cultured in
RPMI 1640 medium containing 10% FBS in the presence of G-CSF for
7 days. Then, for serum and G-CSF starvation, cells were cultured in
RPMI 1640 medium containing 1% BSA for 11 h. After stimulation by
50 ng/ml G-CSF, the cells were fixed, stained with both anti-PKCt
polyclonal antibody and anti-myeloperoxidase monocional antibody,
and finally visualized with rhodamine-conjugated anti-rabbit IgG and
FITC-conjugated anti-mouse IgG, respectively.

RNA interference

Two pairs of siRNAs were chemically synthesized: annealed
(Dharmacon RNA Technologies, Lafayette, CO) and transfected into
HL-60 cells using Nucleofector M (Amaxa, Cologne, Germany). The
sequences of sense siRNAs were as follows: PKCu,
GAAGAAGCCUUUAGACUUUTA; p70 S6K,
GCAAGGAGUCUAUCCAUGAUU. As a control, the sequence
ACUCUAUCGCCAGCGUGACUU was used. Forty-eight hours
after treatment with siRNA, the cells were lysed for Western blot
analysis. For proliferation and differentiation assay, cells were
transfected with siRNA on the first day, treated with DMSO on the
second day, and supplemented with G-CSF on the third day. After
cells were subsequently cultured for § days, cell numbers and
formyl-Met-Leu-Phe receptor (fMLP-R) expression were determined.
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fMLP-R expression

The differentiated cells were collected and incubated with
FITC-conjugated fMLP; then, labeled cells were subjected to flow
cytometric analysis (FACSCalibur, Becton Dickinson, Franklin
Lakes, NJ).

Statistical analysis

Statistical analysis was performed using unpaired Student’s t-test.
Values of P < 0.05 were considered to indicate statistical significance.
Each experiment was repeated at least three times and representative
data were indicated.

Results
The distribution of atypical PKC in various tissues
and cells

Previously, we reported that the PI3K-p70 S6K-cMyc pathway

plays an important role in the G-CSF-induced proliferation of

DMSO-treated HL-60 cells, not only by enhancing the activity of
both PI3K and p70 S6K but also by inducing the c-Myc protein
(Kanayasu-Toyoda et al., 2002, 2003). We also reported that
G-CSF did not stimulate Erkl, Erk2, or 4E-binding protein 1.
The maximum kinase activity of PI3K was observed 5 min after
the addition of G-CSF, and that of p70 S6K was observed
between 30 and 60 min after. It is conceivable that any signal
molecule(s) must transduce the G-CSF signal during the time lag
between PI3K and p70 S6K. Romanelli et al. (1999) suggested
that the activation of p70 SéK is regulated by PKCE and
participates in the PI3K-regulated signaling complex. To
examine the role of atypical PKC in the G-CSF-dependent
activation and the relationship between atypical PKC and p70
S6K, the protein expression of PKC{ and PKCu in various
human tissues and cells was analyzed by Western blotting. As
shown in Figure |A, both of the atypical PKCs were markedly
expressed in lung and kidney but were weakly expressed in
spleen, stomach, and placenta. In brain, cervix, and uterus, the
expression of only PKCu was observed. Selbie et al. (1993) have
reported observing the expression of PKC{ not in protein
levels butin RNA levels, in the kidney, brain, lung, and testis, and
that of PKC. in the kidney, brain, and lung. In this study, the
protein expression of PKCu in the kidney, brain, and lung was
consistent with the RNA expression of PKCt. Despite the
strong expression of PKC{ RNA in brain (Selbie et al., 1993),
PKC{ protein was scarcely observed. Although PKCu proteins
were scarcely expressed in neutrophils and T-lymphocytes in
peripheral blood, they were abundantly expressed in immature
blood cell lines, that is, Jurkut, K562, U937, and HL-60 cells
(Fig. 1B), in contrast with the very low expression of PKC{
proteins. In mononuclear cells isolated from umbilical cord
blood, which contains large numbers of immature myeloid cells
and has a high proliferation ability, the expression of PKCy
proteins was also observed. Since Nguyen and Dessauer (2005)
have reported observing abundant PKC{ proteins in THP-|
cells, as a positive control for PKCL, we also performed a
Western blot of THP-1 cells (Fig. IB, right part). While PKCu
was markedly expressed in both THP-1 and HL-60 cells, PKC{
was observed only in THP-1 cells.

These data suggested that PKC{ and PKC. were distributed
differently in various tissues and cells, and that mainly PKCu
proteins were expressed in proliferating blood cells.

Stimulation of PKC activity by G-CSF

Among the || different members of the PKC family, the aPKCs
(€ and /\) have been reported to activate p70 S6K activity and
to be regulated by PI3K (Akimoto et al., 1998; Romanelli et al.,
1999). As shown in Figure |, although the PKC{ proteins were
not detected by Western blotting in HL-60 cells or

mononuclear cells isolated from cord blood cells, itis possible
that PKCu could functionally regulate p70 S6K as an upstream
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Fig. 1. Different distributions of PKC{ and PKC.. The protein

expression of PKC. appears in the upper part and that of PKCl in the
middle part in various tissues and cells. A: |, brain; 2, lung; 3, kidney, 4,
spleen; 5, stomach; 6, jejunum; 7, ilteum; 8, colon; 9, rectum; 10, cervix;
11, uterus; |2, placenta. Anti-GAPDH blot is a control for various
tissues. B: I, jurkut cells; 2, K562 cells; 3, U937 cells; 4, HL-60 cells; 5,
neutrophils; 6, T-lymphocytes; 7, mononuclear cells from cord bloodin
the absence of G-CSF; 8, mononuclear cells from cord blood in the
presence of G-CSF. Anti-actin blot is a control. The right part shows
immunoblots of PKC., PKC{, and actin of THP-| cells as a positive
control for PKC{. The cell numbers of THP-1 and HL-60 cells were
adjusted in relation to other cells on the left parts.

regulator in these cells. Therefore, we focused on the role of
PKC. as the possible upstream regulator of p70 S6K in
neutrophil lineage cells. First, we compared the expression of
PKCv in both Trf-R* and Trf-R™ cells. PKCu proteins were
expressed more abundantly in Trf-R* cells than in Trf-R™ cells
(Fig. 2A, middle part), as with the p70 S6K proteins. A time
course study of PKCu activity upon the addition of G-CSF
revealed the maximum stimulation at 15 min, lasting until 30
min. The G-CSF-dependent activation of PKCu was inhibited by
the PKC inhibitors wortmannin, GF 109203X, and Gé& 6983.
Considering the marked inhibitory effect of wortmannin on
PKC\ and evidence that the maximum stimulation of PI3K was
observed at 5 min after the addition of G-CSF, PI3K was
determined to be the upstream regulator of PKCuin the G-CSF
signal transduction of HL-60 cells. The basal activity of PKCu in
Trf-R* cells was higher than thatin Trf-R ™ cells, and G-CSF was
more augmented. In Trf-R™ cells, PKCu activity was scarcely
stimulated by G-CSF. This tendency of PKCL to be activated by
G-CSF was similar to that of PI3K (Kanayasu-Toyoda et al.,
2002).
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Fig. 2. Expression of PKCuin Trf-R* and Trf-R™ cells and effects of
G-CSF on PKCu activity. A: The expression of PKCv in Trf-R* and
Trf-R™ cells was subjected to Western blot analysis after magnetic cell
sorting. B: The G-CSF-dependent PKC. activation of the
DMSO-treated HL-60 cells was measured. The x-axis represents the
time lapse (min) after the G-CSF stimulation and the y-axis percent of
controlthat was not stimulated by G-CSF. Columnsandbarsrepresent
the mean + SD, using data from three separate experiments. Wort:
wortmannin (100 nM), GF: GF109207X (10 .M), G6: G66983 (10 uM).
Cells were pretreated with each inhibitor and then stimulated by
G-CSF for 15 min. C: The PKC. activity in the Trf-R* and Trf-R™ cells
30 min after the addition of G-CSF. The y-axis represents the
percentage of control that was non-stimulated Trf-R™ cells. Columns
and bars represent the mean + SD, using data from three separate
experiments.

Effects of G-CSF on PKC. translocation

Muscella et al. (2003) demonstrated that the translocation of
PKC{ from the cytosol to the nucleus or membrane is required
for c-Fos synthesis induced by angiotensin Il in MCF-7 cells. It
was also reported that high glucose induced the translocation of
PKCu (Chuang et al., 2003). These results suggest that the
translocation of aPKC plays animportant rolein its signaling. To
clarify the translocation of PKCt, immuno-histochemical
staining (Fig. 3) and biochemical fractionation (Fig. 4) in
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DMSO-induced HL-60 cells were performed after the addition
of G-CSF. In a non-stimulated condition, PKCu in the HL-60
cells treated with DMSO for 2 days (Fig. 3, control) was
detected mainly in the nucleus. Analysis of Western blotting
(Fig. 4, left parts) and quantification of the bands (Fig. 4, right
columns) also revealed that PKCu was localized and observed
mainly in the nuclear fraction (Fig. 4A). During the 5-15 min
period after the addition of G-CSF, PKCy was found to
translocate (Figs. 3 and 4B) into the membrane fraction, after
which it re-translocated into the cytosol fraction (Fig. 4C). In
the presence of wortmannin, the G-CSF-induced translocation
of PKC\ into the plasma membrane failed, but PKCy was found
to localize in the cytosolic fraction (Figs. 3 and 4B).
Myeloperoxidase is thought to be expressed in stage from
promyelocytes to mature neutrophils (Manz et al., 2002). In
human cord blood cells (Fig. 3), PKCvin the cells co-stained with
anti-myeloperoxidase antibody was also localized in the nucleus
after serum depletion (Fig. 3B top parts). Ten minutes after the
addition of G-CSF, PKC. was found to translocate into the
membrane, and then into the cytosol at 30 min after the
addition of G-CSF. In the presence of wortmannin, the
G-CSF-induced translocation of PKCu into the plasma
membrane failed but PKCt was found to localize in the cytosol.
This suggested that the dynamic translocation of PKCt induced
by G-CSF is a universal phenomenon in neutrophilic lineage
cells. Taken together, these data support the possibility that
PI3K plays not only animportant role upstream of PKCt butalso
triggers the translocation from nucleus to membrane upon the
addition of G-CSF. :

In order to assess the purity of each cellular fraction, antibodies
against specific markers were blotted. As specific markers,
Histon-H1, Fcy receptor lla (CD32), and lactate
dehydrogenase (LDH) were used for the nuclear, membrane,
and cytosolic fractions, respectively. The purities of the nuclear,
membrane, and cytosolic fractions were 82.0, 78.5, and 72.2%,
respectively (Fig. 4D).

Effects of siRNA for PKC: on proliferation
and differentiation

To determine the role of PKCv in neutrophilic proliferation and
differentiation, PKCy was knocked down by siRNA. When the
protein level of PKCu was specifically downregulated by siRNA
for PKCu (Fig. 5A), G-CSF failed to enhance proliferation of the
cells during 5 days’ cultivation (Fig. 58). The effect of siRNA for
PKC\ on neutrophilic differentiation in terms of fMLP-R
expression was also determined. As shown in Figure 5C, fMLP-
R expression was promoted by siRNA for PKCu in either the
presence (lower part) or absence (upper part) of G-CSF. These
data indicate that PKCu positively regulates G-CSF-induced
proliferation and negatively regulates the differentiation of
DMSO-treated HL-60 cells.

Discussion

We previously reported that PI3K/p70 S6K plays an important
role in the regulation of the neutrophilic differentiation and
proliferation of HL-60 cells. Akimoto et al. (1998) and
Romanelli et al. (1999) reported that p70 SéK is regulated by
aPKC and aPKCMA/PKCL, respectively. At first, we showed that
the distribution of PKC{ and PKC. proteins in various human
tissues and cells was not similar (Fig. 1A), and that PKCu are
more abundantly expressed in proliferating blood cells: Jurkut,
K562, U937, and HL-60 cells (Fig, 1B). Moreover, PKCyu
proteins were also observed in cultured mononuclear cells of
cord blood, in which the myeloid progenitors were enriched in
the presence or absence of G-CSF (Fig. |B). The
myeloperoxidase-positive cells as neutrophilic lineage cells, a
myeloid marker, were also stained with the antibody of PKCu
(Fig. 3B). Although PKC{ proteins are barely detected in
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myeloperoxydase

Fig. 3. Translocation of PKCu after the activation of G-CSF. A: 2 days after the addition of DMSO, HL-60 cells stimulated by G-CSF were fixed,
incubated with anti-PKC. antibody, and visualized as described above. The photographs can be seen at the left part of the figure, the fluorescent
photographs in the middle of the figure, and the mergedimages at the right. B: G-CSF-stimulated mononuclear cells from cord blood were stained
with anti-PKC. antibody (red, left part) and anti-myeloperoxidase antibody (green, right part) after serum depletion. Under no stimulation, PKC.
was observed in the nucleus. G-CSF promoted the translocation of PKC. to the membrane within 5-15 min, and then to the cytosol. Wort:

wortmannin. White bar: 10 um.

neutrophilic HL-60 cells, PKCu proteins were markedly
expressed in these cells (Fig. IB). This study showed, for the
first time, the stimulation of PKCu activity in G-CSF-treated
HL-60 cells (Fig. 2B) at 15—30 min after the addition of G-CSF.
Maximum activation from the addition of NGF in PC 12 cells was
also observed at |5 min (Wooten et al,, 2001).

Atypical PKCs are lipid-regulated kinases that need to be
localized to the membrane in order to be activated. PKC{ is
directly activated by phosphatidylinositol 3,4,5-trisphosphate, a
product of PI3K (Nakanishi et al., 1993). We previously
reported that the maximum activation of PI3K was observed in
HL-60 cells 5 min after the addition of G-CSF (Kanayasu-
Toyoda et al., 2002). Most investigators have reported the
translocation of aPKC in either muscle cells or adipocytes
stimulated by insulin (Andjelkovic et al., 997; Goransson etal.,

1998; Galetic et al.,, 1999; Standaert et al., 1999; Braiman et al.,
2001; Chen etal., 2003; Kanzaki et al., 2004; Sasaoka et al., 2004
Herr etal., 2005). In response to insulin stimulation, aPKCZ/A is
translocated to the plasma membrane (Standaert et al., 1999;
Braiman etal., 2001}, where aPKC{/\ is believed to be activated
(Galetic et al., 1999; Kanzaki et al., 2004). In the present study,
the addition of G-CSF induced PKC. to translocate to the
membrane from the nucleus within 5-15 min (Figs. 3 and 4),and
this translocation to the plasma membrane accompanied the
full activation of PKCu (Fig. 2B). Previously we reported also
that the maximum activation of p70 S6K in HL-60 cells was
observed from 30 to 60 min after the addition of G-CSF
(Kanayasu-Toyoda et al., 1999, 2002), suggesting that there was
a time lag between the activation of PI3K and p70 S6K upon the
addition of G-CSFin HL-60 cells. In the present study, PKCu was
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Fig. 4.

Translocation of PKCt after activation by G-CSF on biochemical fractionation. The cells were differentiated as described in the Figure 3

legend. After stimulation by G-CSF, the amounts of PKC\ proteins in the nucleus (A), plasma membrane (B), and cytosol (C), as fractionated by
differential centrifugation, were analyzed by Western blotting (left parts). The right parts show the quantitation of the bands of PKC. proteins.
Wort or W: wortmannin. PKC. protein was quantitated using data from three separate experiments. Columnsand bars represent the mean £ SD.
D:Each cellfraction wasimmunoblotted with antibodies of specific marker. Histon-H |, Fcy receptor l1a(CD32), and lactate dehydrogenase (LDH)
are specific markers for nuclear (N), membrane (M), and cytosolic (C) fractions, respectively.

found to re-translocate from the plasma membrane to the
cytosol (Figs. 3 and 4C). In the presence of wortmannin, an
inhibitor of PI3K, PKC. failed to translocate into the plasma
membrane, but instead translocated to cytosol directly from
the nucleus upon the addition of G-CSF (Figs. 3 and 4B). PKCi
translocation was also observed in myeloperoxidase-positive
cells derived from human cord blood (Fig. 3B), indicating that
G-CSF-induced dynamic translocation of PKCy occurred in not

JOURNAL OF CELLULAR PHYSIOLOGY DOI 10.1002/JCP

only a limited cell line but also neutrophilic lineage cells. These
data suggest that PI3K plays an important role in the activation
and translocation of PKCu during the G-CSF-induced activation
of myeloid cells. Furthermore, the translocation to the plasma
membrane in response to G-CSF is wortmannin sensitive, but
the transtocation from the nucleus upon G-CSF stimulation is
not affected by wortmannin, suggesting that the initial signal of
G-CSF-induced PKCu transiocation from the nucleus may be
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Effects of siRNA of PKCu on proliferation, differentiation, and phosphorylation at various sites of p70 SéK. A: Forty-eight hours after

transfection with siRNA of PKC. or p70 S6K, proteinlevels of PKC. were compared. B: Proliferation of the cells transfected with siRNA of PKC.or
control (Cont) was measured 5 days after the addition of G-CSF. Columns and bars represent the mean + SD of triplicate wells (**"P < 0.001).

C: fMLP-Rexpression was analyzed by flow cytometry 5 daysafter the addition of G-CSF. The gray arrow indicates cells transfected with the control
sequence of double-stranded RNA (Cont, gray lines), and the black arrow the cells transfected with siRNA for PKC. (black lines) in the presence

(tower part) or absence (upper part) of G-CSF.

PI3K-independent, but association of PKCu with the plasma
membrane could be mediated through a PI3K-dependent signal.
Cord blood is an important material of blood transplantation
for leukemia (Bradstock et al., 2006; Ooi, 2006; Yamada et al,,
2006) or for congenital neutropenia (Mino et al., 2004;
Nakazawa et al., 2004) because it contains many hematopoietic
stem cells such as CD34-positive cells or CD133-positive cells,
and also contains immature granulocytes. The neutrophilic
differentiation and proliferation are necessary processes after
transplantation.

Formyl-Met-Leu-Phe peptide evokes the migration, superoxide
production, and phagocytosis of neutrophils through fMLP-R, a
suitable marker for neutrophilic differentiation. In this study,
the reduction of PKCu by siRNA inhibited G-CSF-induced
proliferation (Fig. 5B) and promoted neutrophilic
differentiation (Fig. 5C) in terms of fMLP-R expression. These
data, however, suggest that PKC. promoted G-CSF-induced
proliferation and blocked differentiation at the same time.
The substrates of aPKC have recently been reported: namely,
the cytoskeletal protein Lethal giant larvae (Lgl) was
phosphorylated by Drosophila aPKC (Betschinger et al., 2003)
and glyceraldehydes-3-phosphate dehydrogenase (GAPDH)
was phosphorylated by PKCu (Tisdale, 2002) directly in both
cases. While the direct phosphorylation of p70 S6K by aPKC
was not observed (Akimoto et al., 1998; Romanelli et al.,

1999), the enzyme activity of p70 S6K was markedly enhanced
by co-transfection with aPKC and PDK- |, the latter of which is
recruited to the membrane due to the binding of
phosphatidylinositol-3,4,5-trisphosphate to its PH domain
(Anderson et al., 1998). The addition of G-CSF induced PKCe to
increase phosphorylation at Thr-389, which is the site most
closely related to enzyme activity among the multi-
phosphorylation sites of p70 S6K (Wengetal., 1998). However,
the mammalian target of rapamycin (mTOR), an upstream
regulator, also phosphorylates Thr-389 of p70 S6K and
markedly stimulates p70 SéK activity under coexistence with
PDK-I (Isotani et al., 1999). We could not rule out the
possibility that other PKC isoforms can contribute to the
activation of p70 S6K. We postulated that in G-CSF-stimulated
HL-60 cells, PKCy contributes to p70 S6K activation as an
upstream regulator.

Atypical PKCisoforms are reported to play an important role in
the activation of IkB kinase 3 (Lallena et al., 1999). In
PKC{-deficient mice, impaired signaling through the B-cell
receptor resulted in the inhibition of cell proliferation and
survival while also causing defects in the activation of ERK and
the transcription of NF-kB-dependent genes (Martin et al,
2002). Moreover, Lafuente et al. (2003) demonstrated that the
loss of Par-4, that is, the genetic inactivation of the aPKC
inhibitor, led to an increased proliferative response of
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peripheral T cells when challenged through the T-cell receptor.
However, it has been reported that PKC\-deficient mice have a
lethal phenotype at the early embryonic stage (Soloff et al.,
2004). Based on the present results and those of previous
reports (Kanayasu-Toyoda etal., 1999, 2002), we postulate that
PKC\ plays an important role in regulating G-CSF-induced
proliferation in neutrophilic lineage cells.
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Abstract

N-Glycolylneuraminic acid (NeuGc), an acidic nine-carbon sugar, is produced in several animals, such as cattle and mice. Since human cells
cannot synthesize NeuGe, it is considered to be immunogenic in humans. Recently, NeuGe contamination was reported in human embryonic stem
cells cultured with xenogeneic serum and cells, suggesting that possibly NeuGe may harm the efficacy and safety of cell therapy products. Sialic
acids have been determined by derivatization with 1,2-diamino-4,5-methylenedioxybenzene (DMB) followed by liquid chromatography/mass
spectrometry (LC/MS) and liquid chromatography/tandem mass spectrometry (LC/MS/MS); however, the limited availability of cell therapy
products requires more sensitive and specific methods for the quality test. Here we studied the use of nano-flow liquid chromatography/Fourier
transformation ion cyclotron resonance mass spectrometry (nanoLC/FTMS) and nanoLC/MS/MS for NeuGc-specific determination at a low
femtomole level. Using our method, we found NeuGce contamination of the human cell line (HL-60RG cells) cultured with human serum. Our

method needs only 2.5 x 10* cells for one injection and would be applicable to the determination of NeuGc in cell therapy products.

© 2007 Elsevier B.V. All rights reserved.

Keywords: N-Glycolylneuraminic acid; Nano-flow liquid chromatography; Fourier transformation ion cyclotron mass spectrometry; Cell therapy products

1. Introduction

Sialic acids are a family of acidic nine-carbon sugars found
in the non-reducing terminal of N-linked and O-linked oligosac-
charides of glycoproteins and glycolipids [1,2]. There are more
than 30 members with different substitutions on the amino
group at carbon 5 and on hydroxyl groups at carbons 4, 7,
8 and 9 [2-8]. N-Glycolylneuraminic acid (NeuGc), a 5-N-
glycolylated sialic acid, is produced in several animals, such
as cattle, horses, mice and rats [9]. Since human cells cannot

* Corresponding author. Tel.: +81 3 3700 9074; fax: +81 3 3700 9084.
E-muil address: nana@nihs.go.jp (N. Kawasaki).

0021-9673/$ ~ see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2007.05.062

synthesize NeuGc due to mutation of the cytidine monophos-
pho (CMP)-N-acetyineuraminic acid (NeuAc) hydroxylase gene
[10,11], NeuGc is considered to be antigenic and to induce
immunoreaction in humans [4,12,13].

Advances in biotechnology and cell culture techniques make
it possible to administer human and animal cells directly to
patients as cell therapy products. In cell therapy and tissue
engineering, human embryonic stem (ES) cells are expected to
be useful for the treatment of many diseases. Recently, it was
reported that NeuGe is incorporated into ES cells from human
and mouse feeder cells and cultivation media containing xeno-
geneic serum, such as fetal calf serum (FCS) [14,15]. Since
NeuGec is a foreign component in humans, it is feared that NeuGce
may harm the efficacy and safety of cell therapy products. To
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assess the adverse effects of NeuGe, it is necessary to quantify
NeuGec in cell therapy products.

Sialic acids have been determined by labeling with
1,2-diamino-4,5-methylenedioxybenzene (DMB) followed by
conventional high-performance liquid chromatography (HPLC)
with fluorescent detection [16-20]. The femtomole level of sialic
acid can be determined by fluorescent detection [19]. The use
of liquid chromatography/mass spectrometry (LC/MS) and lig-
uid chromatography/tandem mass spectrometry (LC/MS/MS)
has more advantage in the identification of sialic acid species
[18,20-22]. The derivatization of sialic acids with DMB has
advantages of good separation of NeuGc from NeuAc in chro-
matography and enhancement of ionization efficiency in MS.
However, more sensitive and specific methods are desired
for the quality control of cell therapy products, since in
many case only a low number of cell products, approxi-
mately 1 x 109 to 1 x 108, should be available for quality
tests.

In this study, we studied the use of nano-flow liquid chro-
matography/Fourier transformation ion cyclotron resonance
mass spectrometry (nanoLC/FTMS) and LC/MS/MS to achieve
the sensitive and specific determination of NeuGc. The poten-
tial of the method for quality testing of cell therapy products
was evaluated using substrain of human promyelocytic leukemia
HL-60 cells (HL-60RG cells) as model cells. Using this
method, we determined NeuGc in membrane fractions from HL-
60RG cells cultured with FCS, human serum and serum-free
medium.

2. Experimental
2.1. Materials

NeuGc and NeuAc were purchased from Nacalar Tesque
(Kyoto, Japan). FCS and normal human serum were purchased
from Dainippon Sumitomo Pharma (Osaka, Japan). RPMI1640
medium and ASF104 medium were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and Ajinomoto (Tokyo, Japan),
respectively.

2.2. Cell culture

Substrain of human promyelocytic leukemia HL-60 cells
(HL-60RG cells, JCRB Cellbank, Osaka, Japan) was cultured in
RPMI1640 medium supplemented with 10% FCS, 100 unit/ml
of penicillin and 100 pg/ml of streptomycin under a humidi-
fied atmosphere of 95% air and 5% CO; at 37 °C. HL-60RG
cells were replaced at 2 x 10° cells/100 mm dish in RPMI1640
medium supplemented with 10% FCS or 10% normal human
serum, and in serum-free ASF104 medium. The media were
replaced four times, and semi-confluent growth cells were har-
vested.

2.3. Fractionation of the membrane fraction

The cells were washed in phosphate buffer saline (PBS)
supplemented with protease inhibitors (protease inhibitor mix

solution, Wako, Tokyo, Japan) three times. The washed cells
(1 x 10%) were suspended in 100 i of 0.25M sucrose/10mM
Tris—HCI buffer (pH 7.4) containing protease inhibitors, and
sonicated at 4 °C for 30s, two times (40W, Bioruptor UCW-201,
Tosyoudenki, Kanagawa, Japan). After the nuclei were removed
by centrifugation at 4°C, 450 x g for 10min, the mitochon-
dria and lysosome fractions were removed by re-centrifugation
at 4°C, 20,000 x g for 10 min. The membrane fractions were
precipitated by ultracentrifugation at 4°C, 100,000 x g for
60 min. The membrane fractions were washed in 100 ul of
150 mM ammonium acetate buffer (pH 7.4) and recovered by
re-ultracentrifugation.

2.4. Derivatization of NeuGc and NeuAc with DMB reagent

The membrane fractions were sonicated in 250 pl of H,0
and then incubated with 250 1 of 4 M acetic acid (final con-
centration, 2 M) at 80°C for 3 h. The released sialic acids were
passed though a solid-phase extraction cartridge (SepPak C-18,
Waters, Milford, MA, USA) with 2 ml of H,O, dried under vac-
uum, and resolved in 50 pl of HyO. The solution was incubated
with DMB according to the manufacturer’s instruction (Takara,
Tokyo, Japan), and the reaction mixture was applied on a solid-
phase extraction cartridge (Envi-Carb C, Supelco, Bellefonte,
PA, USA). After washing the cartridge with 2.5ml of 5mM
ammonium acetate (pH 9.6) for desalting, the DMB-labeled
sialic acids were eluted with 3ml of 45% acetonitrile/5 mM
ammonium acetate (pH 9.6). The collected fraction was freeze
dried.

2.5. nanoLC/FTMS

DMB-labeled sialic acids were separated by HPLC using
Paradigm MS4 (Michrom BioResource, Auburn, CA, USA)
equipped with a reversed-phase C18 column (Magic Cl8,
50 mm x 0.1 mm, 3 pm, Michrom BioResource, Auburn, CA,
USA). Elution was achieved using 0.1% formic acid/2% ace-
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Fig. 1. EIC at m/z 426.13-426.17 and m/z 442.12-442.16 obtained by SIM (m/z
400-450) of DMB-NeuGc and DMB-NeuAc in the positive ion mode.
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Fig. 3. Calibration curves of DMB-NeuGc (r=0.9998) and DMB-NeuAc
(r=0.9995). :

tonitrile (pump A) and 0.1% formic acid/80% acetonitrile (pump
B) with a linear gradient of 10-90% of B in 30min at a
flow rate of 750 nl/min. On-line MS and MS/MS were per-
formed using an Fourier transformation ion cyclotron resonance
(FT)/ion trap (IT) type mass spectrometer (LTQ-FT, Thermo-
Electron, San Jose, CA, USA) equipped with a nanoelectrospray
ion source (AMR, Tokyo, Japan). DMB-NeuAc and DMB-
NeuGc were determined by selected ion monitoring (SIM) in
the positive 1on mode. The analytical conditions were set to
200°C for capillary temperature, 1800eV spray voltage, m/z
400-450 scan range, and 35% collision energy. The automatic
gain control (AGC) value, which is adjusted for the amount
of imported ions for FTMS, was set to 5 x 10*. Maximum
injection times, which are the adjusted times of imported ions,
for ITMS and FTMS, were set to S0 and 1250ms, respec-
tively.

2.6. Method validation

The linearity of the signal intensity peak area of DMB-
NeuAc and DMB-NeuGc was assessed by injections of
0.0078-500 pmol DMB derivatives. Correlation coefficients
were calibrated using a least-squares linear regression model.
The detection limit (DL) and the quantification limit (QL) were
calculated using the formulas DL =3.3 x o/slope (o: average
of noise on chromatograph) and QL =10 x g/slope, respec-
tively. Accuracy and precision were determined by measuring
three samples, where NeuGc spiked at the concentration of
50 fmol to the membrane fraction of cells cultured in serum-
free medium which contains no NeuGc before the derivatization
of NeuGc with DMB. Accuracy was calculated by compari-
son of the mean peak area and the calibration curve. Precision
was estimated by relative standard deviation (RSD) from three
samples.
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Fig. 4. Detection of DMB-NeuGc in the membrane fractions of HL-60RG cells
(2.5 x 10%) cultured with 10% FCS. (A) EIC at m/z 442.12-442.16 obtained by
SIM. (B) Typical MS spectrum of peak a. (C) MS/MS spectrum of [M +HJ*
(m/z 442.145) acquired from around peak a.

3. Results and discussion
3.1. Analysis of NeuGc and NeuAc by nanoLC/FTMS

It was reported that DMB-NeuGe yielded its dehydrated ion
(m/z 424) together with molecular ion (m/z 442) by MS in the

‘positive ion mode [18,21]. To control the dehydration of molec-

ular ion in the ion trap device, AGC value, which regulates the
amount of ions trapped into ion trap device, was set to 5 x 104
(default value, 5 x 10°). This value was also useful for the detec-
tion of molecular ion of DMB-NeuAc.

Using the AGC value at 5x 104, SIM (m/z 400-450)
was carried out in the positive ion mode. When a mix-
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SIM. (B) Typical MS spectrum of peak b, (C) MS/MS spectrum of [M + H]*
(m/z 426.150) acquired from around peak b. i

ture of DMB-NeuGe and DMB-NeuAc (2pmol each) was
subjected to nanoLC/MS, two peaks appeared at 14 min
(peak a) and 15min (peak b) on the extracted ion chro-
matogram (EIC) at m/z 426.13—426.17 and m/z 442.12-442.16
(Fig. 1).

As shown in Fig. 2A, the m/z values of molecular ions around
14 min (m/z 442.145) suggest the elution of DMB-NeuGc in
peak a. The structure of the DMB derivative at peak a was con-
firmed by the product ion spectra acquired from [M + H]* (m/z
442.145) as a precursor ion (Fig. 2B). Product ions missing two
and three molecules of H,O were found at m/z 406 and 388
in MS/MS spectra. Ions losing three H,0 and glycolyl groups
(m/z 313), cross-ring fragment ion (m/z 229) and fragment ion
yielded by loss of formaldehyde (m/z 283) were also formed by

(A) DMB-NeuGe

70

50

40

30

fmol/2.5 x 10 cells

20

0 - :
FCS HS
Medium condition

Serum free

(B) DMB-NeuAc

25

20 L 1

Y

10

pmol/2.5 x 10% cells

0 e . o
FCS HS
Medium condition

Serum free

Fig. 6. Levels of (A) NeuGc and (B) NeuAc in the membrane fraction of HL-
60RG cells (2.5 x 103) cultured with 10% FCS, 10% human serum (HS) and
serum-free medium. Values are the means & SD (n=3).

MS/MS (Fig. 2E). The fragment pattern of the MS/MS spectrum
from [M + H]* (m/z 442.145) was consistent with that of DMB-
NeuGec in the previous report [21]). Fragments at m/z 406 and
388 are DMB-NeuGc characteristic ions, which could be used
for specific determination of DMB-NeuGec. Likewise, peak b
was identified as DMB-NeuAc by molecular ions (m/z 426.150)
and their product ions (m/z 390, 372, 313, 283 and 229) formed
by MS/MS of [M + H]* (m/2426.150) as a precursor ion (Fig. 2C
and D).

Calibration curves were prepared by the injection of
DMB-NeuGc and DMB-NeuAc from 0.0078 to 500 pmol.
The linearity of DMB-NeuGc and DMB-NeuAc was con-
firmed in the range of 0.0078-50pmol with the regres-
sion equations of Y=1.31x 105X —9028.5 (r=0.9998) and
Y=2.03 x 106X — 21548.0 (r=0.9995), respectively (Fig. 3).
DL and QL of DMB-NeuGc were 8.6 and 26.3 fmol, and those
of DMB-NeuAc were 5.6 and 16.9 fmol, respectively. The use of
FT/MS gave an accuracy of 92.4% by eliminating contaminants

by using accurate m/z values. The precision of this method for

NeuGc was 7.3%. Compared to the former method, in which
a micro or semi-micro column and the quadrupole mass spec-
trometer were used for the detection of picomole levels of DMB
derivatives, SIM by using nanoLC/FTMS achieved the specific
detection of DMB-derivatized sialic acids at a lower level. The
method using nanoLC/FTMS and nanoLC/MS/MS allows not
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only the determination of DMB-derivatives with similar sensi-
tivity as the fluorescence detection but also the identification of
sialic acid species.

3.2. Quantification of NeuAc and NeuGc in membrane
[fraction of HL-60RG cells

Using HL-60RG cells as model cells, the potential of this
method for the quantification of NeuGc on the cell membrane
was evaluated. The membrane fraction from cells (1 x 10°) cul-
tured with 10% FCS was prepared by ultracentrifugation. Sialic
acids were released by treatment with 2 M acetic acid at 80 °C
for 3 h and derivatized with DMB. DMB derivatives (2.5 x 103
cells) were subjected to nanoLC/MS and nanoLC/MS/MS in
SIM mode. As shown in Fig. 4A, some peaks appeared in
EIC at m/z 442.12-442.16. Based on the retention time as well
as the m/z value of molecular ion (m/z 442.145), peak a that
appeared at 14 min was assigned to be a peak of NeuGc (Fig. 4B).
Fig. 4C shows the MS/MS spectrum acquired from [M +H]*
(m/z 442.145) as precursor. The NeuGe-characteristic ions at
m/z 406 and 388 together with other product ions at m/z 313, 283
and 229 clearly indicate the presence of NeuGc in the membrane
fraction of HL-60RG cells. In the EIC at m/z 426.13-426.17, the
single peak was observed at 15 min (Fig. 5A). The molecular ion
at m/z 426.150, and product ions at m/z 390, 372, 313, 283 and
229 acquired at 15.13 min suggest that DMB-NeuAc is eluted in
peak b (Fig. 5B and C). The levels of NeuGc and NeuAc in the
membrane fraction from HL-60RG cells (2.5 x 103 cells) cul-
tured with 10% FCS were 55.4 £+ 4.6 fmol and 13.5 £ 0.6 pmol,
respectively (Fig. 6)

After the cultivation of HL-60RG cells with human serum
for 10 days (medium was changed four times), NeuGc and
NeuAc were determined by the proposed method. Fig. 7A
shows the EIC at m/z 442.12-442.16 obtained by nanoLC/MS.
In spite of cultivation in human serum, an obvious peak still
appeared at 14 min. Molecular ion (m/z 442.145) and NeuGc-
characteristic product ions found in the MS/MS spectrum
acquired from the molecular ion clearly indicate the presence of
NeuGec in the membrane fraction (Fig. 7B and C). The levels of
NeuGc and NeuAc in cells (2.5 x 103) cultured in 10% human
serum were 29.2 + 2.4 fmol and 21.04 1.4 pmol, respectively
(Fig. 6).

In contrast, no significant peaks appeared in EIC at m/z
442.12-442.16 when HL-60RG cells were cultured in serum-
free medium for 14 days (medium was changed four times).
The level of NeuAc in cells cultured in serum-free medium was
20.5 £ 1.6 pmol (Fig. 6).

As shown in Figs. 4A and 7A, there are many different
molecules detected at m/z 442.14-442.16 in the cells, which
makes it difficult to determine a small amount of NeuGc in the
membrane fraction by the low-resolution mass spectrometry.
The DMB-NeuGc-specific detection was achieved by acquisi-
tion of both the accurate mass by FTMS and the characteristic
product ions arisen from DMB-NeuGc by MS/MS.

Our method needs only 2.5 x 103 cells for one injection
and is applicable to the determination of NeuGc in cell ther-
apy products. The incorporation of dietary NeuGc into human
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Fig. 7. Detection of DMB-NeuGc in the membrane fractions of HL-60RG cells
(2.5 x 10%) cultured with 10% human serum. (A) EIC at m/z 442.12-442.16
obtained by SIM. (B) Typical MS spectrum of peak a. (C) MS/MS spectrum of
[M + H]* (m/z 442.145) acquired from around peak a.

serum has been reported by Tangvoranuntalul et al. [23], which
has raised concerns about NeuGc contamination of cell ther-
apy products through cultivation with human serum. Although
using our method, we demonstrated the existence of NeuGe in
human cells cultured with human serum, NeuGc could not be
detected in human cells cultured in serum-free medium in which
no NeuGe exists. These results suggest the difficulty of avoiding
NeuGc contamination of cell therapy products during the man-
ufacturing process. Further study to assess the immunogenicity
of incorporated NeuGc is necessary to ensure the safety and
efficacy of cell therapy products, and our method is useful for
the sensitive and quantitative analysis of NeuGc in cell therapy
products.
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Regulatory Aspects of Oncolytic Virus Products
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Abstract: Many types of oncolytic viruses, wild-type virus, attenuvated viruses and genetically-modified viruses, have been
developed as an innovative cancer therapy. The strategies, nature, and technologies of oncolytic virus products are different
from the conventional gene therapy products or cancer therapy products. From the regulatory aspects 1o ensure the safety,
efficacy and quality of oncolytic viruses, there arc several major points during the development, manufacturing,
characterization, non-clinical study and clinical study of oncolytic viruses. The major issues include 1) virus design (wild-type,
attenuated, and genetically engineered strains), 2) poof of concept in development of oncolytic virus products, 3) selectivity of
oncolytic virus replication and targeting to cancer cells, 4) relevant animal models in non-clinical studies, 5) clinical safety, 6)
evaluation of virus shedding. Until now, the accumulation of the information about oncolytic viruses is not enough, it may require
the unique approach to ensure the safety and the development of new technology to characterize oncolytic viruses.

Keywords: Gene therapy, cancer therapy, replicating virus.

INTRODUCTION

Oncolytic virus therapy has been developed as a new wave
of cancer therapies. These therapies are dependent on the
replication-selective nature of these viruses in tumor cells,
which provides the marked breaths of cancer therapy. More than
one century ago, evidence of oncolytic activity caused by
replicating viruses was reported. and it was known the viruses
could induce tumor lysis. Using these studies as a point of
departure, rare but dramatic responses in cancer patients
recovering from viral infections were reported. In the early
development of oncolytic virus therapy, wild-type viruses with
low pathogenicity to normal tissues, or attenuated viruses were
selected for the treatment of cancer patients. However, some
adverse events, such as the development of encephalitis in
immune compromised patients, were reported [1-3]. Other works
reported the oncolytic activity of wild-type or attenuated
oncolytic viruses to be transient or limited to the site of
injection [4-8]. Recently, attention has focused on overcoming
the disadvantages of wild-type or attenuated oncolytic virus
therapy, and many genetically modified viruses have been
developed for cancer treatment. Progress in the development of
genetically engineered oncolytic viruses has been based on
recent advances in our understanding of the molecular biology
of cancer and viruses, and on advances in genetic engineering
technologies of virus genomes. Although many gene therapy
clinical studies for the treatment of cancer have been conducted
during the past decade using replication-incompetent virus
vectors, these studies have not achieved satisfying results.
Tumor-selective replicating viruses have been suggested to
have an advantage over conventional gene therapy vectors for
cancer therapy, and oncolytic viruses, especially genetically
modified viruses, must be considered to be a special type of
gene therapy product since their principle is directly associated
with the transfer of the viral genome as the therapeutic gene [9].
In the present report. we review the development of oncolytic
viruses as gene therapy products or attenuated virus
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products with specific reference to the associated regulatory
issues.

Oncolytic virus therapy is based on several strategies,
including tumor-selective replication, tumor-selective
targeting, and/or the minimization of toxicity to normal cells.
Many types of viruses have been utilized in oncolytic virus
therapy; including adenovirus, herpes simplex virus (HSV),
reovirus, Newcastle disease virus (NDV), vaccinia, measles
virus, vesicular stomatitis virus (VSV) and Sendai virus [10-
13]. During the development of oncolytic virus products, a
number of major issueés have arisen with respect to ensuring the
quality, safety and efficacy of the products: 1) virus design
(wild-type, attenuated and genetically engineered strains); 2) .
proof of concept in the development of oncolytic virus
products; 3) the selectivity of oncolytic virus replication and
targeting to cancer cells; 4) relevant animal models in non-
clinical studies; 5) clinical safety; and 6) the evaluation of
virus shedding. Since the strategies, nature and technologies of
oncolytic virus products are different from those of
conventional gene therapy products or cancer therapy products,
we discuss the regulatory aspects of the development of
oncolytic viruses in the present paper.

VIRUS DESIGN AND PRODUCT DEVELOPMENT

While many types of viruses are utilized for oncolytic virus
therapies [10, 11, 14], selective replication in tumor cells is
essential for the efficacy and safety of oncolytic viruses. Wild-
type viruses and naturally occurring attenuated viruses are
known to possess the ability to infect and kill transformed cells
such as tumor cells. For example, VSV, NDV and reovirus have
been used as oncolytic viruses with inherent tumor-selectivity
[12, 15-18]. In the case of wild-type viruses or attenuated
viruses, the mechanism underlying the virus-selectivity to
tumor cells has been analyzed from various points of view. For
instance, reovirus has an inherent preference for replicating
cells with dysregulated growth factor-signaling cascades by Ras
activation [17, 19]. Attenuated strains from HSV-1 have been
reported to be potential anti-cancer therapeutics and have
necessitated a thorough investigation into the molecular basis
of host-cell permissiveness to HSV [20-22]. Since in the
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