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that the levels of phosphorylated HSP27 were correlated inversely
with tumor stage by TNM classification in patients with HCC. It
has been reported that HSP27 phosphorylation is catalyzed by
the mitogen-activated protein kinase (MAPK) superfamily (p38
MAPK, phospho-stress-activated protein kinase/c-Jun N-termi-
nal kinase (SAPK/INK), and p44/p42 MAPK) (Kyriakis and
Avruch, 1996; Guay etal., 1997; Benjamin and McMillan, 1998).
In addition, it has been reported that p38 MAPK and p44/p42
MAPK are activated in HCC and contribute to the acceleration of
the cell cycle (Ito et al., 1998; Iyoda et al., 2003).

Protein kinase C (PKC) is reportedly an upstream regulator
of MAPK superfamily cascade (Noguchi et al., 1993; Tanaka
et al., 2003; Tokuda et al., 2003). PKC is a Ser/Thr protein
kinase family with multiple isoforms, its isoforms have been
classified into three groups, classical PKC («, B, 7v), novel PKC
(5, €, m, 8), and atypical PKC (g, «/\) (Saito et al., 2001). To
date, these PKC isotypes are believed to play distinct regulatory
roles. Regarding about the low-molecular-weight HSPs, PKC-
dependent phosphorylation of low-molecular-weight HSPs by
phorbol-esters has been previously described in Hela cells and
MCF-7 cells (Arrigo, 1990; Faucher et al., 1993). In addition, it
has been demonstrated that Ca?*-independent PKC$ is superior
in its ability to phosphorylate low-molecular-weight HSPs
compared with a panel of other PKC isoforms in vitro (Maizels
etal., 1998). Furthermore, the detection of phosphorylated low-
molecular-weight HSPs in the rat corpora lutea of late preg-
nancy is reportedly associated with abundant and activated
PKC& (Maizels et al., 1998). However, the kinases that regulate
phosphorylation of HSP27 in human HCC have not yet been
clarified. In the present study, we investigated what kind of
kinase regulates phosphorylation of HSP27 in human HCC. Our
results strongly suggest that activation of PKCS regulates the
phosphorylation of HSP27 via p38 MAPK in human HCC.

Materials and methods
Materials

12-O-tetradecanoylphorbol-13-acetate (TPA) was purchased
from Sigma Chemical Co. (St. Louis, MO). 1-Oleoyl-2-acetyl-
glycerol (OAG) was purchased from Nacalai Tesque, Inc.
(Kyoto, Japan). PD98059, bisindolylmaleimide I, and SB203580
were obtained from Calbiochem-Novabiochem (La Jolla, CA).
HSP27 antibodies, phospho-HSP27 (Ser-15) antibodies, and
phospho-HSP27 (Ser-78) antibodies were purchased from
Stressgen Biotechnologies. (Victoria, British Columbia, Canada).
Phospho-HSP27 (Ser-82) was purchased from Biomol Research
Laboratories. (Plymouth Meeting, PA). B-actin antibodies were
purchased from Sigma. Phospho-Raf-1 antibodies, phospho-
MEK1/2 antibodies, phospho-p44/p42 MAPK antibodies and
p44/p42 MAP kinase antibodies, phospho-p38 MAPK anti-
bodies, p38 MAPK antibodies, phospho-SAPK/INK antibodies,
SAPK/INK antibodies, phospho-PKC (pan) (RII Ser-660) anti-
bodies, phospho-PKCb (Thr-505) antibodies, PKCS antibodies,
and phospho-PKC8O (Thr-538) antibodies were purchased from
Cell Signaling Technology, Inc. (Beverly, MA). ECL. Western
blot detection system was purchased from Amersham Japan

(Tokyo, Japan). The PKCS siRNA (Silencer® Validated siRNA),
PKCe siRNA (Silencer® Pre-designed siRNA) and non-specific
control siRNA (Silencer® Negative control #1 siRNA) were
obtained from Ambion, Inc. (Austin, TX). siLentFect was ob-
tained from Bio-Rad Laboratories, Inc. (Hercules, CA). Other
materials and chemicals were obtained from commercial sources.
TPA, PD98059, bisindolylmaleimide I, and SB203580 were
dissolved in dimethy! sulfoxide. The maximum concentration of
dimethyl sulfoxide was 0.1%, which did not affect assay for
HSP27 phosphorylation.

Cell culture

Human HCC-derived HuH7, which were originated from
well-differentiated HCC tissues, were obtained from the Japa-
nese Cancer Research Resources Bank (Tokyo, Japan). HuH7
cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal calf serum (FCS) at 37 °C in a
humidified atmosphere of 5% CO,/95% air. The cells were
seeded into 90-mm diameter dishes in DMEM containing 10%
FCS. After 7 days, the medium was exchanged for FCS-free
DMEM. The cells were immediately used for experiments.
When indicated, the cells were pre-treated with respective in-
hibitors and then stimulated with TPA or OAG for the indicated
periods. Cell viability was estimated by the trypan blue dye
exclusion method. Experiments were performed in triplicate.

Western blotting analysis

The cultured cells were washed twice with phosphate-buf-
fered saline. The cultured cells were then lysed, homogenized
and sonicated in lysis buffer containing 62.5 mM Tris/HCI
(pH 6.8), 2% sodium dodecyl sulfate (SDS), 50 mM dithio-
threitol, and 10% glycerol. The cytosolic fraction was collected
as a supernatant after centrifugation at 125,000 xg for 10 min at
4 °C. The linear range of loading volume in Western blotting
analysis was tested with serially diluted protein samples. Protein
samples (10 pg) were loaded equally to SDS-polyacrylamide
gel electrophoresis (PAGE) in respective experiments (except
for total HSP27). For the detection of total HSP27, 2.5 ug of
proteins were subjected to the each well of the gel. SDS-PAGE
was performed by Laemmli (1970) in polyacrylamide gel.
Western blotting analysis was performed as described previ-
ously (Kato et al., 1996). Band intensities visualized on X-ray
film were determined by integrating the optical density over the
band area (band volume) with NIH image software.

SiRNA protocol

Transfection was performed according to the manufacturer’s
protocol (Bio-Rad). Briefly, 5 pl of siLentFect and finally
10 nM siRNA were diluted with FCS-free DMEM, pre-
incubated at room temperature for 20 min and then added to
the culture medium containing 10% FCS. Cells were incubated
at 37 °C for 48 h with siRNA-siLentFect complexes and
subsequently harvested for preparation of Western blotting
analysis.
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Statistical analysis

The data were analyzed by ANOVA followed by the Bon-
ferroni method for multiple comparisons between pairs, and a
p < 0.05 was considered significant. All data are presented as
the mean+S.E. of triplicate determinations. Each experiment
was repeated three times with similar results.

‘ Results

Comparisons between phosphorylated levels of p44/p42 MAPK
and HSP27 in HuH7 cells

It is recognized that HSP27 phosphorylation is catalyzed by
the MAP kinase superfamily (p38 MAPK, SAPK/JNK, and
p44/p42 MAPK) (Kyriakis and Avruch, 1996; Guay et al.,
1997; Benjamin and McMillan, 1998). It has been reported that
p44/p42 MAPK is constantly activated in HCC (Ito et al,,
1998). Therefore, we first examined the relationship between
p44/p42 MAPK and HSP27 phosphorylation in HuH7 cells.
The expression of HSP27 and its phosphorylated form (Ser-78
and Ser-82) were detectable in HuH7 cells (Fig. 1A). In addi-
tion, p44/p42 MAPK were constitutively phosphorylated in
HuH7 cells (Fig. 1B). To elucidate whether p44/p42 MAPK is
involved in the phosphorylation of HSP27 in HuH7 cells, we
examined the effect of PD98059, a specific inhibitor of MEK1/2
(Alessi et al., 1995), on the phosphorylated levels of HSP27.
Though PD98059 suppressed the phosphorylation of p44/p42
MAPK dose dependently in the range between 10 and 50 uM,
the levels of HSP27 phosphorylation were not affected (Fig. 1C).

Effect of PKC activation on the HSP27 phosphorylation in
HuH?7 cells :

It is well-recognized that PKC is an upstream regulator of
Raf-1-MEK 1/2-p44/p42 MAPK cascade (Noguchi et al., 1993).
Thus, we investigated whether PKC is activated in HuH7 cells.
PKC activity is controlled by three distinct phosphorylation
events (specifically, the threonine 500 in the activation loop,
the threonine 641 autophosphorylation site, and the serine 660
hydrophobic site at the carboxy terminus of PKCPII are
phosphorylated in vivo) (Keranen et al., 1995). Since we have
preliminary confirmed that phospho-PKC (pan) (BII Ser-660)
antibodies can detect PKCa/3 and PKCe by using the res-
pective antibodies, we used phospho-PKC (pan) (BH Ser-660)
antibodies to detect them. PKCa/@3 and PKCb were markedly
phosphorylated in HuH7 cells (Fig. 2A). To elucidate whether
PKC is involved in the phosphorylation of HSP27 in these cells,
we examined the effect of bisindolylmaleimide I, an inhibitor of
classical PKC and novel PKC (Toullec et al., 1991), on the basal
levels of HSP27 phosphorylation. Bisindolylmaleimide I
decreased the phosphorylated levels of HSP27 dose depen-
dently in the range between 10 and 50 uM (Fig. 2B). It is well-
known that both classical and novel PKC are activated by
phorbol-esters such as TPA (Nishizuka, 1991). We next in-
vestigated the effect of TPA (Nishizuka, 1991), a direct activator
of PKC on the phosphorylated levels of HSP27 in HuH7 cells.
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Fig. 1. The levels of HSP27 phosphorylation and the phosphorylated levels of
Raf-1-MEK1/2-p44/p42 MAPK cascade, and effect of PD98059 on HSP27
phosphorylation in HuH7 cells. HuH7 were cultured in DMEM containing 10%
FCS for 7 days. After 7 days, the medium was exchanged for FCS-free DMEM.
The cells were immediately used for experiments. (A) The extracts of cells were
subjected to SDS-PAGE with subsequent Western blotting analysis with anti-
bodies against phospho-HSP27 (Ser-15), phospho-HSP27 (Ser-78), phospho-
HSP27 (Ser-82), total HSP27 and P-actin. (B) The extracts of cells were
subjected to SDS-PAGE with subsequent Western blotting analysis with anti-
bodies against phospho-Raf-1, phospho-MEK1/2, phospho-p44/p42 MAPK,
total p44/p42 MAPK and B-actin. (C) The cultured cells were pre-treated with
various doses of PD98059 for 60 min, and then washed twice and collected. The
extracts of cells were subjected to SDS-PAGE with subsequent Westemn blotting
analysis with antibodies against phospho-p44/p42 MAPK, phospho-HSP27
(Ser-78), phospho-HSP27 (Ser-82) and total HSP27. The phosphorylated levels
were normalized by the levels of total HSP27. The histogram shows the fold
increase of levels of phospho-HSP27 (Ser-82) (black bars), phospho-HSP27
(Ser-78) (white bars) and phospho-p44/p42 MAPK (gray bars) in PD98059-
treated cells versus those of PD98059-untreated cells. Each value represents the
mean=S.E. of triplicate determinations from three independent experiments.
Representative results from triplicate independent experiments with similar
results are shown. *p<0.05, compared to the value of control.

TPA significantly strengthened the phosphorylated levels of
HSP27 in a time-dependent manner (Fig. 2C). The phosphor-
ylated levels reached a peak at 60 min after the TPA-stimulation.
TPA stimulated the phosphorylation of HSP27 dose dependently
in the range between 0.01 and 0.1 pM, the maximum effect was



588 S. Takai et al. / Life Sciences 81 (2007) 585-591

A Phospho-PKCe __,
Phospho-PKCa/p > o—

Phospho-PKCé —> e
Phospho-PKCH —>
B Phospho-HSP27 (Ser-78) «aw

Phospho-HSP27 (Ser-82) ~—

Total HSP27 s

|
I
|

Bisindolylmaleimide | (uM) 0 10 50

C  Phospho-Ser-15 HSP27

-
Phospho-Ser-78 HSP27 == @
Phospho-Ser-82 HSP27 === <« @i
Total HSP27 @w» @ i

Time (min) 0 30 60

TPA - + o+

Phospho-PKCe ' ”
Phospho-PKCo/p —> + @

Phospho-PKCs —> ene ab &G

D

Phospho-PKCO —>

Time (min) 0 30 60
TPA = + +

Fig. 2. Effect of bisindorylmaleimide | on HSP27 phosphorylation, and effects of
TPA on HSP27 phosphorylation and PKC phosphorylation in HuH7 cells. HuH7
cells were cultured in DMEM containing 10% FCS for 7 days. After 7 days, the
medium was exchanged for FCS-free DMEM. The cells were immediately used
for experiments. (A) The extracts of cells were subjected to SDS-PAGE with
subsequent Western blotting analysis with antibodies against phospho-PKC
(pan) (BII Ser-660), phospho-PKC6 (Thr-505) and phospho-PKC8 (Thr-538).
(B) The cultured cells were pre-treated with various doses of bisindorylmalei-
mide I for 60 min. The extracts of cells were subjected to SDS-PAGE with
subsequent Western blotting analysis with antibodies against phospho-HSP27
(Ser-78), phospho-HSP27 (Ser-82) and total HSP27. (C, D) The cultured cells
were stimulated with 0.1 gM TPA for the indicated periods. The extracts of cells
were subjected to SDS-PAGE with subsequent Western blotting analysis with
antibodies against (C) phospho-HSP27 (Ser-15), phospho-HSP27 (Ser-78),
phospho-HSP27 (Ser-82) and total HSP27, and (D) phospho-PKC (pan) (311 Ser-
660), phospho-PKC8 (Thr-505) and phospho-PKC8 (Thr-538). Representative
results from triplicate independent experiments with similar results are shown.

observed at a dose of 0.1 uM (data not shown). In addition,
TPA markedly enhanced the phosphorylation levels of novel
PKC (, ¢) in a time-dependent manner. On the contrary, the
levels of both PKCa/p and PKC6 were not affected by TPA or
were at least in part slightly enhanced by TPA (Fig. 2D).

Effects of bisindolylmaleimide I or PKC down-regulation on
TPA-induced phosphorylation of HSP27 in HuH7 cells

We- examined the effect of bisindolylmaleimide 1 on the
TPA-induced phosphorylation of HSP27. Bisindolylmaleimide

1 (30 uM) suppressed the TPA-induced phosphorylation of
HSP27 (Fig. 3A). TPA-induced novel PKC(5, €) phosphoryla-
tion was also suppressed by bisindolylmaleimide I (Fig. 3B).
It has been reported that treatment of TPA (0.1 uM) for 24 h
down-regulates PKC (Blumberg, 1991). To clarify the role of
PKC on the HSP27 phosphorylation in HuH7 cells, we ex-
amined the effect of TPA long term pre-treatment on the
phosphorylation of HSP27. The effect of TPA on HSP27 phos-
phorylation was reduced in the PKC down-regulated cells
compared with that in the cells without TPA treatment (Fig. 3C).

A Phospho-HSP27 (Ser-15)
Phospho-HSP27 (Ser-78) =~
Phospho-HSP27 (Ser-82)

Total HSP27 e

Bisindolylmaleimide | =
TPA =

<A—
ol
-
L
+
B Phospho-PKCe .
Phospho-PKCo/p —+ ®=® . oN
-
+

Phospho-PKCd —> e

Bisindolylmaleimide | -
TPA -

c Phospho-HSP27 (Ser-15)

Phospho-HSP27 (Ser-78)

Phospho-HSP27 (Ser-82) =
Total HSP27 ewe
TPA long term pretreatment = +

D Phospho-PKCe .,
Phospho-PKCo/p —> =

Phospho-PKC§ —> w--

TPA long term pretreatment = +

Fig. 3. Effects of bisindorylmaleimide 1 on TPA-induced HSP27 phosphory-
lation and PKC phosphorylation, and effect of PKC down-regulation on the
phosphorylation of HSP27 in HuH7 cells. HuH7 cells were cultured in DMEM
containing 10% FCS for 7 days. After 7 days, the medium was exchanged for
FCS-free DMEM. The cells were immediately used for experiments. (A, B) The
cultured cells were pre-treated with 30 uM of bisindorylmaleimide I or vehicle
for 60 min and then, stimulated by 0.1 uM TPA or vehicle for 60 min. The
extracts of cetls were subjected to SDS-PAGE with subsequent Western blotting
analysis with antibodies against (A) phospho-HSP27 (Ser-15), phospho-HSP27
(Ser-78), phospho-HSP27 (Ser-82) and total HSP27, and (B) phospho-PKC

- (pan) (BII Ser-660) and phospho-PKCS (Thr-505). (C, D) The cultured cells

were pre-treated with 0.1 pM TPA or vehicle for 24 h. The extracts of cells were
subjected to SDS-PAGE with subsequent Western blotting analysis with
antibodies against (C) phospho-HSP27 (Ser-15), phospho-HSP27 (Ser-78),
phospho-HSP27 (Ser-82) and total HSP27, and (D) phospho-PKC (pan) (BII
Ser-660) and phospho-PKCS (Thr-505). Representative results from triplicate
independent experiments with similar results are shown.
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‘We also found that TPA long term treatment down-regulated the
phosphorylated levels of PKCa/p, PKCe and PKCS compared
with those in these cells without TPA (Fig. 3D).

Effect of OAG on the HSP27 phosphorylation in HuH7 cells

OAG, a synthetic diacylglycerol (DAG), which is generally
recognized to be a physiological activator of PKC (Nishizuka,
1991; Schutze et al.,, 1991), strengthened the phosphorylated
levels of HSP27 in a time-dependent manner (Fig. 4A) as well
as TPA. The phosphorylated levels reached its peak at 10 min
after the stimulation and decreased thereafter (Fig. 4A). We
next examined the effect of bisindolylmaleimide I on OAG-
induced levels of HSP27 phosphorylation. Bisindolylmaleimide
I (30 uM) suppressed OAG-induced phosphorylated levels of
HSP27 (Fig. 4B). In addition, OAG-induced phosphorylation of
novel PKC(8, €) was also suppressed by bisindolylmaleimide 1

(Fig. 4C).
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Fig. 4. Effect of OAG on the phosphorylation of HSP27, and effects of
bisindorylmaleimide I on the OAG-induced HSP27 phosphorylation and PKC
phosphorylation in HuH7 cells. HuH7 cells were cultured in DMEM containing
10% FCS for 7 days. After 7 days, the medium was exchanged for FCS-free
DMEM. The cells were immediately used for experiments. (A) The cultured
cells were stimulated with 100 uM OAG for the indicated periods. (B, C) The
cultured cells were pre-treated with 30 pM of bisindorylmaleimide I or vehicle
for 60 min, and then stimulated with 100 uM OAG or vehicle for 10 min. The
extracts of cells were subjected to SDS-PAGE with subsequent Western blotting
analysis with antibodies against (A, B) phospho-HSP27 (Ser-15), phospho-
HSP27 (Ser-78), phospho-HSP27 (Ser-82) and total HSP27, and (C) phospho-
PKC (pan) (BII Ser-660) and phospho-PKC8 (Thr-505). Representative results
from triplicate independent experiments with similar results are shown.
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Fig. 5. Effect of gene silencing using PKC8-siRNA-transfection into HuH7 cells
and effect of SB203580 on the TPA-induced HSP27 phosphorylation in HuH7
cells. (A, B, D) HuH7 cells were cultured in DMEM containing 10% FCS for
24 h. After 24 h, the cells were incubated with 10 nM of PKCS siRNA or
negative control siRNA at 37 °C for 48 h in DMEM containing 10% FCS and
subsequently harvested for preparation of Western blotting analysis. (C) HuH7
cells were cultured in DMEM containing 10% FCS for 7 days. After 7 days, the
medium was exchanged for FCS-free DMEM. The cells were immediately used
for experiments. The cultured cells were pre-treated with 30 pM of SB203580 or
vehicle for 60 min and then, stimulated by 0.1 uM TPA or vehicle for 60 min.
The extracts of cells were subjected to SDS-PAGE with subsequent Western
blotting analysis with antibodies against (A) phospho-PKC (pan) (R11 Ser-660),
phospho-PKCS (Thr-505) and total PKCS, (B, C) phospho-HSP27 (Ser-78),
phospho-HSP27 (Ser-82) and total HSP27, and (D) phospho-p38 MAPK and
total p38 MAPK. The total PKCS antibody confirms silencing of PKCS protein
expression, and total HSP27 antibody is used to control for loading and
specificity of PKCS6 siRNA. Representative results from triplicate independent
experiments with similar results are shown. Neg. Cont.: negative control.

Effect of gene silencing using PKCé-siRNA- or PKCe-siRNA-
transfection into HuH7 cells

Based on our findings, it is probable that phosphorylation of
HSP27 is regulated by activation of novel PKC. To clarify
which isoform of novel PKC acts in the phosphorylation of
HSP27 in HuH7 cells, we examined the effect of gene silencing
using PKC38-siRNA-transfection into HuH7 cells. We found
that PKC& knock down selectively decreased expression of
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PKC& (Fig. 5A). In PKC6-knocked down HuH7 cells, the
phosphorylated levels of HSP27 were much reduced, while
expression levels of total HSP27 were not changed (Fig. 5B). In
addition, we examined the effect of gene silencing using PKCe-
siRNA-transfection into HuH7 cells. However, both phosphor-
ylated levels of HSP27 and expression levels of total HSP27
were not changed in PKCe-knocked down HuH?7 cells (data not
shown).

Effect of SB203580 on TPA-induced HSP27 phosphorylation

It is well-recognized that HSP27 is phosphorylated at serines
15, 78, and 82 by MAPKAP kinase 2 as a result of p38 MAPK
pathway activation (Landry et al., 1992; Rouse et al., 1994). In
contrast, a recent study showed that PKC§ directly binds to
HSP27 and induces HSP27 phosphorylation (Lee et al., 2005).
To determine whether p38 MAPK is involved in PKC6-me-
diated HSP27 phosphorylation in HuH7 cells, we next inves-
tigated the effect of SB203580 (Cuenda et al., 1995), a specific
inhibitor of p38 MAPK on TPA-induced HSP27 phosphoryla-
tion. SB203580 (30 uM) almost completely suppressed TPA-
induced phosphorylation of HSP27 (Fig. 5C).

To clarify whether PKCS exerts its effect at upstream of p38
MAPK activation, we examined the effect of gene silencing of
PKCb by siRNA into HuH7 cells. PKC8 knock down markedly
suppressed phosphorylation of p38 MAPK in these cells (Fig. SD).

Discussion

It has been shown that phosphorylation of HSP27 is me-
diated by the MAPK superfamily (Kyriakis and Avruch, 1996;
Guay et al., 1997; Benjamin and McMillan, 1998). Although
p44/p42 MAPK is highly activated in HCC (Ito et al., 1998;
Iyoda et al., 2003), we demonstrated that phosphorylation of
HSP27 was not correlated with p44/p42 MAPK activity. It has
been reported that PKC is an upstream regulator of the MAPK
superfamily cascade (Noguchi et al., 1993; Tanaka et al., 2003;
Tokuda et al., 2003). Therefore, we examined whether PKC
regulates the HSP27 phosphorylation in HCC cells. As ex-
pected, we found that the inhibition of PKC with bisindor-
ylmaleimide I, and PKC down-regulation sdppresscd the basal
level of HSP27 phosphorylation in HuH7 cells consistently with
the previous reports (Faucher et al,, 1993). In addition, the
activation of PKC induced by TPA or OAG markedly strength-
ened HSP27 phosphorylation in HuH7 cells. Although, bi-
sindolylmaleimide I does not seem nearly as effective as an
inhibitor of HSP27 phosphorylation prior to OAG (Fig. 4B),
when compared to TPA (Fig. 3A), particularly at Ser-15 and
Ser-82. TPA, a phorbol ester, is known to activate PKC in an
irreversible manner (Nishizuka, 1986). On the other hand, OAG
is a physiological activator of PKC (Nishizuka, 1991; Schutze
et al., 1991). Therefore, the effect of OAG to induce HSP 27
(shown in Fig. 4B, lane 2) was weaker than that of TPA (shown
in Fig. 3A, lane 2), leading to the relative up-regulation of the
band (Fig. 4B, lane 3) which shows the inhibitory effect of
bisindolylmaleimide I on the OAG-induced HSP27 phosphor-
ylation. Collectively, these findings suggest that PKC might

have a pivotal role in the HSP27 phosphorylation in human
HCC.

The importance of PKC signaling in tumor cells is corrobo-
rated by investigations that characterized the roles of individual
PKC isoforms in cell growth regulation and transformation
(Hofmann, 1997; Mackay and Twelves, 2003). Since atypical
PKC is insensitive to TPA (Nishizuka, 1991), our findings made
us to speculate that classical PKC and novel PKC are the
candidate for the regulator of HSP27 phosphorylation in HuH7
cells. In the present study, PKC6 and PKCe were phosphor-
ylated by TPA-stimulation and suppressed with bisindorylma-
leimide I. In contrast PKCa/3 were constitutively activated in
HuH7 cells, and were not affected or were at least in part slightly
enhanced by both TPA or bisindorylmaleimide I. Furthermore,
PKCb knock down significantly suppressed HSP27 phosphor-
ylation in HuH7 cells. Taking these findings into account, it is
most likely that activation of PKCS§ regulates the phosphoryla-
tion of HSP27 in human HCC.

It is well-recognized that the MAPK cascade, in particular
p38 MAPK, phosphorylates HSP27 via MAPK -activated protein
kinase-2 (MAPKAPK-2), one of the substrates of p38 MAPK
(Landry et al., 1992; Rouse et al., 1994; Guay et al., 1997).
While, it has recently been reported that PKCS directly binds to
and phosphorylates HSP27 (Lee et al., 2005). Therefore, we next
investigated whether p38 MAPK is involved in PKC8-mediated
HSP27 phosphorylation in HuH7 cells. We showed here that
PKC®b knock down resulted in the suppression of p38 MAPK
phosphorylation. In addition, we found that SB203580 signif-
icantly reduced the levels of HSP27 phosphorylation. Therefore,
it is most likely that PKC6 mainly regulates HSP27 phosphor-
ylation at a point upstream of p38 MAPK in human HCC.

Recent evidence suggests that PKC6 acts as a pro-apo-
ptotic, tumor-suppressive molecule (Hofmann, 1997, Mackay
and Twelves, 2003; Steinberg, 2004). Unlike PKCp (which
stimulates growth) and PKCe (which acts as an oncogene
when over-expressed in rat fibroblasts and promotes tumors in
nude mice), PKCS generally slows the proliferation, induces
the cell cycle arrest, and/or enhances the differentiation of
various undifferentiated cell lines (Steinberg, 2004). In addi-
tion, it has been reported that a PKC&/p38 MAPK pathway
mediates the pro-apoptotic effects in prostate cancer cells
(Tanaka et al., 2003). Our present findings seem to be in
accordance with these previous observations.

Although the role of phosphorylated HSP27 is not eluci-
dated, it has been reported that p38 MAPK-mediated phos-
phorylation of HSP27 increases its association with IxB kinase
complex to suppress TNF-mediated NF-xB activation (Park
et al., 2003). In a previous study (Yasuda et al., 2005), we
showed that attenuated phosphorylation of HSP27 correlates
with the tumor progression in patients with HCC, i.e. the larger
tumors exhibited lower levels of phosphorylated HSP27 than
did the smaller tumors. In addition, it has been reported that the
activation of p38 MAPK is inversely correlated with the tumor
progression in patients with HCC (Iyoda et al., 2003). Based on
these findings, it is speculated that PKCS may prevent tumor
progression through phosphorylation of HSP27. Further inves-
tigations would be required to clarify the detailed mechanism of
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HSP27 phosphorylation and the role of phosphorylated HSP27
in human HCC.

In conclusion, our present results strongly suggest that PKC6
functions as an important regulator in the phosphorylation of
HSP27 via p38 MAPK in human HCC.
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Abstract

It has been reported that platelet-derived growth factor-BB (PDGF-BB) stimulates interleukin 6 (IL-6) in osteoblasts. In the present study,
we investigated the mechanism of IL-6 synthesis induced by PDGF-BB in osteoblast-like MC3T3-E1 cells. Platelet-derived growth factor—
BB time-dependently induced the phosphorylation of p44/p42 mitogen-activated protein (MAP) kinase, p38 MAP kinase, stress-activated
protein kinase/c-Jun N-terminal kinase (SAPK/JINK), and p70 S6 kinase. PD98059 (an inhibitor of MAP kinase/extracellular signal-
regulated kinase kinase [MEK]), SB203580 (an inhibitor of p38 MAP kinase), or SP600125 (an inhibitor of SAPK/JNK) suppressed the IL-6
synthesis induced by PDGF-BB. Rapamycin, an inhibitor of p70 S6 kinase, significantly enhanced the PDGF-BB—stimulated IL-6 synthesis.
The PDGF-BB-induced phosphorylation of p70 S6 kinase was suppressed by rapamycin. Rapamycin failed to affect the PDGF-BB—induced
phosphorylation of p44/p42 MAP kinase, p38 MAP kinase, or SAPK/JINK. These results strongly suggest that PDGF-BB stimulates IL-6

synthesis through activation of 3 MAP kinases in osteoblasts and that p70 S6é kinase negatively regulates the IL-6 synthesis.

© 2007 Elsevier Inc. All rights reserved.

1. Introduction

Interleukin 6 (IL-6) is a pleiotropic cytokine that has
important physiologic effects on a wide range of functions
such as promoting B-cell differentiation and T-cell activa-
tion and inducing acute-phase proteins [1-3]. It is generally
recognized that bone metabolism is regulated mainly by 2
functional cells, osteoblasts and osteoclasts, responsible for
bone formation and bone resorption, respectively [4]. As for
bone metabolism, IL-6 has been shown to stimulate bone
resorption and promote osteoclast formation [2,3,5,6]. It has
been reported that potent bone resorptive agents such as
tumor necrosis factor « and IL-1 stimulate IL-6 synthesis in
osteoblasts [5,7,8]. Currently, accumulating evidence indi-
cates that IL-6 secreted from osteoblasts plays a pivotal role
as a downstream effector of bone-resorptive agents.

It is well known that platelet-derived growth factor
(PDGF) is a mitogenic factor, which mainly acts on
connective tissue cells [9,10]. Platelet-derived growth factor
occurs as 5 different isoforms [10]. Platelet-derived growth

* Corresponding author. Tel.: +81 58 230 6214; fax: +81 58 230 6215.
E-mail address: okozawa@cc.gifu-u.ac.jp (0. Kozawa).
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factor isoforms were originally isolated from platelets but
have been shown to be produced and released from a variety
of cell types including osteosarcoma cells [9,11]. As for
stimulation of biologic activities in bone cells, PDGF-BB is
a potent stimulator and induces osteoblast proliferation and
collagen synthesis [12]. It is recognized that PDGF, released
during platelet aggregation, has a pivotal role in fracture
healing as a systemic factor and that PDGF also regulates
bone remodeling as a local factor [12]. Platelet-derived
growth factor receptor has an intrinsic protein tyrosine
kinase activity and associates with SH-2 domain—containing
substrates such as phospholipase C-y and phosphatidylino-
sitol 3-kinase [9]. We have previously reported that PDGF-
BB activates phosphatidylcholine-hydrolyzing phospholi-
pase D via tyrosine kinase activation, resulting in protein
kinase C activation in osteoblast-like MC3T3-E1 cells [13].
It has been shown that PDGF-BB induces the transcription
of IL-6 through the activator protein 1 complex and
activating transcription factor 2 in primary cultured rat
osteoblasts [14]. However, the exact mechanism underlying
PDGF-BB—stimulated IL-6 synthesis in osteoblasts is not
fully known.

It is generally recognized that p70 S6 kinase is a
mitogen-activated serine/threonine kinase required for cell



S. Takai et al. / Metabolism Clinical and Experimental 56 (2007) 476—483 477

proliferation and G, cell-cycle progression [15]). As for
osteoblasts, it has been shown that fluoroaluminate induces
an increase in p70 S6 kinase phosphorylation [16]. In our
previous study [17], we have reported that p70 S6 kinase
plays as a positive regulator in bone morphogenetic protein
4—stimulated synthesis of vascular endothelial growth factor
in osteoblast-like MC3T3-E1 cells. In addition, we recently
demonstrated that p38 mitogen-activated protein (MAP)
kinase, a member of the MAP kinase superfamily, functions
at a point upstream from p70 S6 kinase in the synthesis of
vascular endothelial growth factor in these cells [18].
However, the exact role of p70 S6 kinase in osteoblasts
has not yet been fully clarified.

In the present study, we investigated the mechanism
behind PDGF-BB-stimulated IL-6 synthesis in osteoblast-
like MC3T3-El1 cells. We here show that PDGF-BB
stimulates IL-6 synthesis through activation of 3 MAP
kinases, p44/p42 MAP kinase, p38 MAP kinase, and
stress-activated protein kinase/c-Jun N-terminal kinase
(SAPK/INK), in these cells, and that p70 S6 kinase
concomitantly activated by PDGF-BB has an inhibitory
role in the IL-6 synthesis.

2. Materials and methods
2.1. Materials

Platelet-derived growth factor-BB and mouse IL-6 and
osteocalcin enzyme-linked immunosorbent assay (ELISA)
kit were purchased from R&D Systems (Minneapolis, MN).
Indomethacin was purchased from Sigma Chemical (St
Louis, MO). PD98059, SB203580, SP600125, and rapa-
mycin were obtained from Calbiochem-Novabiochem (La
Jolla, CA). Phospho-specific p44/p42 MAP kinase anti-
bodies, p44/p42 MAP kinase antibodies, phospho-specific
p38 MAP kinase antibodies, p38 MAP kinase antibodies,
phospho-specific SAPK/INK antibodies, SAPK/INK anti-
bodies, phospho-specific p70 S6 kinase antibodies
(Thr389), and p70 S6 kinase antibodies were purchased
from Cell Signaling (Beverly, MA). ECL Western blotting
detection system was purchased from Amersham Bioscien-
ces (Piscataway, NJ). Other materials and chemicals were
obtained from commercial sources. PD98059, SB203580,
SP600125, or rapamycin were dissolved in dimethyl
sulfoxide. The maximum concentration of dimethyl sulfox-
ide was 0.1%, which did not affect the assay for IL-6 or
Western blot analysis. '

2.2. Cell culture

Cloned osteoblast-like MC3T3-E1 cells derived from
newborn mouse calvaria [19] were maintained as previ-
ously described [20]. Briefly, the cells were cultured in
a-minimum essential medium («-MEM) containing 10%
fetal calf serum (FCS) at 37°C in a humidified atmosphere
of 5% CO0,/95% air. The cells were seeded into 35- or
90-mm diameter dishes in ®-MEM containing 10% FCS.

After 5 days, the medium was exchanged for «-MEM
containing 0.3% FCS. The cells were used for experi-
ments after 48 hours.

2.3. Interleukin 6 ELISA
The cultured cells were stimulated by various doses of

PDGF-BB in 1 mL of a-MEM containing 0.3% FCS for the
indicated periods. When indicated, the cells were pretreated
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Fig. 1. Effects of PDGF-BB on the phosphorylation of p44/p42 MAP kinase,
p38 MAP kinase, SAPK/JNK, or p70 S6 kinase in MC3T3-E1 cells. The
cultured cells were stimulated by 50 ng/mL PDGF-BB for the indicated
periods. The extracts of cells were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis with subsequent Western blotting
analysis with antibodies against phospho-specific p44/p42 MAP kinase,
p44/p42 MAP kinase, phospho-specific p38 MAP kinase, p38 MAP kinase,
phospho-specific SAPK/JNK, SAPK/INK, phospho-specificp70 S6kinase, or
p70 S6 kinase. Similar results were obtained with 2 additional and different
cell preparations. The histogram shows quantitative representations of the
levels of PDGF-BB-induced phosphorylation obtained from laser densito-
metric analysis of 3 independent experiments. Each value represents the
mean + SEM of triplicate determinations. Similar results were obtained with
2 additional and different cell preparations. *P < .05 compared with the
value of control.
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Fig. 2. Time course of PDGF-BB-induced IL-6 synthesis from MC3T3-El
cells and effects of PD98059, SB203580, or SP600125 on the IL-6
synthesis by PDGF-BB in MC3T3-El cells. A, The cultured cells were

stimulated by 50 ng/mL PDGF-BB (@) or vehicle (O) for the indicated -

periods. B, The cultured cells were pretreated with 3 umol/L PD98059,
3 umol/L SB203580, 3 umol/L SP600125, or vehicle for 60 minutes and
then stimulated by vehicle (gray bar) or 50 ng/mL PDGF-BB (black bar) for
24 hours. Each value represents the mean + SEM of triplicate
determinations. Similar results were obtained with 2 additional and different
cell preparations. *P < .05 compared with the value of control. **P < .05
compared with the value of PDGF-BB alone.

with PD98059, SB203580, SP600125, indomathacin, or
rapamycin for 60 minutes. The conditioned medium was
collected at the end of the incubation, and the IL-6
concentration was measured by ELISA kit.

2.4. Osteocalcin ELISA

The cultured cells were pretreated with various doses of
rapamycin for 60 minutes and then stimulated by 50 ng/mL
PDGF-BB or vehicle for 24 hours. The conditioned medium
was collected at the end of the incubation, and the
osteocalcin concentration was measured by ELISA kit.

2.5. Western blot analysis

The cultured cells were stimulated by PDGF-BB in «-
MEM containing 0.3% FCS for the indicated periods. The
cells were washed twice with phosphate-buffered saline and
then lysed, homogenized, and sonicated in a lysis buffer
(pH 6.8) containing 62.5 mmol/L Tris/HCI, 2% sodium
dodecy! sulfate, 50 mmol/L dithiothreitol, and 10% glycer-
ol. The cytosolic fraction was collected as a supernatant
after centrifugation at 125000g for 10 minutes at 4°C.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
was performed by Laemmli [21] in 10% polyacrylamide
gel. Western blotting analysis was performed as described
previously [22] by using phospho-specific p44/p42 MAP
kinase antibodies, p44/p42 MAP kinase antibodies, phos-
pho-specific p38 MAP kinase antibodies, p38 MAP kinase
antibodies, phospho-specific SAPK/JNK antibodies, SAPK/
JNK antibodies, phospho-specific p70 S6 kinase antibodies,
or p70 S6 kinase antibodies, with peroxidase-labeled anti-
bodies raised in goat-against-rabbit immunoglobulin G
being used as second antibodies. Peroxidase activity on
the polyvinylidene difluoride (PVDF) sheet was visualized
on x-ray film by means of the ECL Western blotting
detection system.

2.6. Determination

The absorbance of ELISA samples was measured at
450 nm with EL 340 Bio Kinetic Reader (Bio-Tek Instru-
ments, Winooski, VT). The densitometric analysis was
performed using Molecular Analyst/Macintosh (Bio-Rad
Laboratories, Hercules, CA).

2.7. Statistical analysis

The data were analyzed by analysis of variance followed
by the Bonferroni method for multiple comparisons between
pairs, and P < .05 was considered significant. All data are
presented as the mean + SEM of triplicate determinations.
Each experiment was repeated 3 times, with similar results.
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Fig. 3. Effect of indomethacin on the PDGF-BB-stimulated IL-6 synthesis
in MC3T3-E1 cells. The cultured cells were pretreated with 10 umolL
indomethacin or vehicle for 60 minutes and then stimulated by 50 ng/mL
PDGF-BB or vehicle for 24 hours. Each value represents the mean + SEM
of triplicate determinations. Similar results were obtained with 2 addi-
tional and different cell preparations. *P < .05 compared with the control.
**P < .05 compared with the value of PDGF-BB alone.
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3. Results

3.1. Effects of PDGF-BB on the phosphorylation of
p44/p42 MAP kinase, p38 MAP kinase, or SAPK/JNK in
MC3T3-El cells

It is well recognized that 3 MAP kinases, p44/p42 MAP
kinase, p38 MAP kinase, and SAPK/INK, are known as
central elements used by mammalian cells to transduce the
various messages of a variety of agonists [23]. To investigate
whether PDGF-BB activates MAP kinases in osteoblast-like
MC3T3-El cells, we examined the effect of PDGF-BB on the
phosphorylation of p44/p42 MAP kinase, p38 MAP kinase,
or SAPK/INK. Platelet-derived growth factor-BB time-
dependently induced the phosphorylation of p44/p42 MAP
kinase, p38 MAP kinase, and SAPK/INK. The effect of

PDGF-BB on the p44/p42 MAP kinase phosphorylation

reached its peak at 10 minutes and continued to 60 minutes
after the stimulation of PDGF-BB (Fig. 1). On the other hand,
the effect on the phosphorylation of p38 MAP kinase reached
its peak at 10 minutes and diminished within 30 minutes after
the stimulation of PDGF-BB (Fig. 1). In addition, the
maximum effect on the SAPK/INK phosphorylation was
observed at 10 minutes and diminished within 30 minutes
after the stimulation of PDGF-BB (Fig. 1).

3.2. Effects of PD98059, SB203580, or SP600125 on the
PDGF-BB—stimulated IL-6 synthesis in MC3T3-E1 cells

It has been reported that PDGF-BB induces IL-6
transcription in osteoblasts from fetal rat calvariac [14].
We found that PDGF-BB time-dependently stimulated IL-6
synthesis in osteoblast-like MC3T3-El cells (Fig. 2A). To
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Fig. 4. Effect of rapamycin on the PDGF-BB-stimulated 1L-6 synthesis in
MC3T3-E1 cells. The cultured cells were pretreated with various doses of
rapamycin for 60 minutes and then stimulated by 50 ng/mL PDGF-BB (@)
or vehicle (O) for 24 hours. Each value represents the mean + SEM of
triplicate determinations. Similar results were obtained with 2 additional
and different cell preparations. *P < .05 compared with the value of PDGF-
BB alone.
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Fig. 5. Effect of rapamycin on the PDGF-BB-induced phosphorylation of
p70 S6 kinase in MC3T3-E1 cells. The cultured cells were pretreated with
30 pmol/L rapamycin for 60 minutes and then stimulated by 50 ng/mL
PDGF-BB or vehicle for 30 minutes. The extracts of cells were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis with subsequent
Western blotting analysis with antibodies against phospho-specific p70 $6
kinase or p70 S6 kinase. The histogram shows quantitative representations
of the levels of PDGF-BB-induced phosphorylation obtained from laser
densitometric analysis of 3 independent experiments. Each value represents
the mean + SEM of triplicate determinations. Similar results were obtained
with 2 additional and different cell preparations. *P < .05 compared with the
value of control. **P < .05 compared with the value of PDGF-BB alone.

clarify the involvement of the MAP kinase pathway in the
PDGF-BB—stimulated IL-6 synthesis in these cells, we first
examined the effect of PD98059, a specific inhibitor of
MAP kinase/extracellular signal-regulated kinase kinase
(MEK, an upstream kinase that activates p44/p42 MAP
kinase) [24], on the IL-6 synthesis. PD98059, which by
itself had little effect on the IL-6 levels, significantly
suppressed the PDGF-BB-stimulated synthesis of IL-6
(Fig. 2B). Similarly, the IL-6 synthesis stimulated by
PDGF-BB was markedly reduced by SB203580, a specific
inhibitor of p38 MAP kinase [25], or SP600125, a specific
SAPK/INK inhibitor {26] (Fig. 2B). In addition, a combi-
nation of PD98059, SB203580, and SP600125 completely
suppressed the PDGF-BB-stimulated synthesis of IL-6
(Fig. 2B). To determine whether these inhibitors themselves
could affect cell survival, or cell number, the cell viability
had been assessed by trypan blue dye exclusion test. We
confirmed that the viability of the cells incubated at 37°C
for 24 hours in the presence of 3 umol/L PD980590,
3 pmol/L SB203580, or 3 umol/L SP600125 was more than
90% compared with that of the control cells.

3.3. Effect of indomethacin on the PDGF-BB—stimulated
1L-6 synthesis in MC3T3-El cells

Because we have previously reported that prostaglandins
(PGs) increase IL-6 synthesis in MC3T3-E1 cells [27-30], to
address whether endogenous PGs are involved in the
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PDGF-BB~induced IL-6 synthesis in MC3T3-E1 cells, we
examined the effect of indomethacin, an inhibitor of
cyclooxygenase [31], on the IL-6 synthesis. Indomethacin,
which by itself had no effect on the IL-6 levels, significantly
reduced the PDGF-BB-induced synthesis of IL-6 (Fig. 3).
These findings suggest that PGs mediate the stimulatory
effect of PDGF-BB on IL-6 synthesis in these cells.

3.4. Effect of PDGF-BB on the phosphorylation of p70 S6
kinase in MC3T3-E1 cells

To clarify whether PDGF-BB activates p70 S6 kinase in
MC3T3-El cells, we next examined the effect of PDGF-BB
on the phosphorylation of p70 S6 kinase. p70 S6 kinase was
time-dependently phosphorylated by PDGF-BB (Fig. 1).
The maximum effect on the p70 S6 kinase phosphorylation
was observed at 30 minutes after the stimulation of PDGF-
BB, and the PDGF-BB effect continued 180 minutes after
the stimulation.

3.5. Effect of rapamycin on the PDGF-BB—stimulated
IL-6 synthesis in MC3T3-E1 cells

To investigate whether p70 S6 kinase is involved in the
PDGF-BB-induced synthesis of IL-6 in MC3T3-El cells,
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we examined the effect of rapamycin, a specific inhibitor of
p70 S6 kinase [32,33], on the synthesis of IL-6 induced by
PDGF-BB. Rapamycin, which alone failed to affect the [L-6
levels, significantly enhanced the PDGF-BB-induced syn-
thesis of IL-6 (Fig. 4). The amplifying effect of rapamycin
was dose-dependent in the range between 0.1 and 3 umol/L.
Rapamycin at 3 pmol/L caused approximately 110%
enhancement in the PDGF-BB effect.

3.6. Effect of rapamycin on the PDGF-BB—induced
phosphorylation of p70 S6 kinase in MC3T3-E|I cells

We examined the effect of rapamycin on the PDGF-BB—
induced phosphorylation of p70 S6 kinase. Rapamycin,
which itself significantly suppressed the phosphorylation of
p70 S6 kinase in itself, truly suppressed the PDGF-BB-
induced phosphorylation of p70 S6 kinase (Fig. 5).

3.7. Effect of rapamycin on the proliferation or the
differentiation of MC3T3-E1 cells

To determine whether rapamycin could affect cell
survival, or cell number, the cell viability had been assessed
by trypan blue dye exclusion test. We confirmed that the
viability of the cells incubated at 37°C for 24 hours in the

SAPK/UNK
Lane 1 3 4
rapamycin —_ + +
PDGF-BB - - +
~ phospho-p44/pd2 phospho-p38 phospho-SAPK/JNK
200 3 8
6
2 2
5
£ 100 4
3
12 1
2
Laneo 1 2 3 4 0 1 3 4 0 1 2 3 4

Fig. 6. Effects of rapamycin on the PDGF-BB-induced phosphorylation of p44/p42 MAP kinase, p38 MAP kinase, or SAPK/JNK in MC3T3-E1 cells. The
cultured cells were pretreated with 30 ymol/L rapamycin or vehicle for 60 minutes and then stimulated by 50 ng/mL PDGF-BB or vehicle for 10 minutes. The
extracts of cells were subjected to sodium dodecy! sulfate-polyacrylamide gel electrophoresis with subsequent Western blotting analysis with antibodies against
phospho-specific p44/p42 MAP kinase, p44/p42 MAP kinase, phospho-specific p38 MAP kinase, p38 MAP kinase, phospho-specific SAPK/JNK, or SAPK/
JNK. The histogram shows quantitative representations of the levels of PDGF-BB-induced phosphorylation obtained from laser densitometric analysis of
3 independent experiments. Each value represents the mean + SEM of triplicate determinations. Similar results were obtained with 2 additional and different

cell preparations.
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presence of 3 pmol/L rapamycin was more than 90%
compared with that of the control cells. To determine
whether rapamycin could affect the cell proliferation, we
counted the cell number before and after the 24-hour
incubation with rapamycin. We confirmed that rapamycin
did not affect the cell number at a dose of 3 umol/L (9.7 +
1.1 x 10° cells/mL for control; 15.6 + 1.6 x 10° cells/mL for
50 ng/mL PDGF-BB alone; 10.1 + 1.4 x 10° cells/mL for
3 umol/L rapamycin alone; and 14.7 + 1.6 x 10° cells/mL
for 50 ng/mL PDGF-BB with 3 umol/L rapamycin, as
measured during the stimulation for 24 hours).

Next, to determine whether rapamycin affects the
differentiation of these cells, we examined the effect of
rapamycin on the production of osteocalcin, a mature
osteoblast phenotype [34], in MC3T3-El cells. Platelet-
derived growth factor-BB or rapamycin did not induce
osteocalcin production in MC3T3-El cells (2.7 + 0.3 ng/mL
for control; 2.6 + 0.3 ng/mL for 50 ng/mL PDGF-BB alone;
2.5 + 0.4 ng/mL for 3 umol/L rapamycin alone; and 2.5 +
0.3 ng/mL for 50 ng/mL PDGF-BB with 3 umol/L
rapamycin, as measured during the stimulation for 24 hours).
These findings as a whole suggest that rapamycin hardly
affects the proliferation and the differentiation of osteoblast-
like MC3T3-El cells within 24 hours.

3.8. Effects of rapamycin on the PDGF-BB-induced
Phosphorylation of p44/p42 MAP kinase, p38 MAP kinase,
or SAPK/JNK in MC3T3-E1 cells

To investigate whether rapamycin’s effect on the PDGF-
BB-stimulated IL-6 synthesis is dependent on the activation
of p44/p42 MAP kinase, p38 MAP kinase, or SAPK/INK,
we next examined the effect of rapamycin on the phosphor-
ylation of p44/p42 MAP kinase, p38 MAP kinase, or SAPK/
JNK induced by PDGF-BB in these cells. However,
rapamycin failed to affect the PDGF-BB—induced phos-
phorylation of p44/p42 MAP kinase, p38 MAP kinase, or
SAPK/INK (Fig. 6).

4. Discussion

In the present study, we found that PDGF-BB time-
dependently induced the phosphorylation of p70 S6 kinase
in osteoblast-like MC3T3-El cells, using phospho-specific
P70 S6 kinase (Thr389) antibodies. It is generally recog-
nized that the activity of p70 S6 kinase is regulated by
multiple phosphorylation events [15]. It has been shown that
phosphorylation at Thr389 most strongly correlates with
p70 S6 kinase activity [15). Taking these results into
account, it is most likely that PDGF-BB activates p70 S6
kinase in osteoblast-like MC3T3-E1 cells. To the best of our
knowledge, this is probably the first report showing the
PDGF-BB-induced p70 S6 kinase activation in osteoblasts.

We next demonstrated that PDGF-BB induces the
phosphorylation of p44/p42 MAP kinase, p38 MAP kinase,
and SAPK/INK in these cells. It is well recognized that the
MAP kinase superfamily mediates intracellular signaling of

extracellular agonists and plays an important role in cellular
functions including proliferation, differentiation, and apo-
ptosis in a variety of cells [23]. Three major MAP kinases,
p44/p42 MAP kinase, p38 MAP kinase, and SAPK/INK,
are known as central elements used by mammalian cells to
transduce diverse messages [23]. It has been shown that
MAP kinases are activated by phosphorylation of threonine
and tyrosine residues by dual-specificity MAP kinases [23].
Therefore, our findings strongly suggest that PDGF-BB
activates 3 MAP kinases, p44/p42 MAP kinase, p38 MAP
kinase, and SAPK/INK, in osteoblast-like MC3T3-E] cells.
In addition, we showed that the PDGF-BB-stimulated IL-6
synthesis was suppressed by a MEK inhibitor, PD98059
[24]; a specific p38 MAP kinase inhibitor, SB203580 [25];
or a specific SAPK/JNK inhibitor, SP600125 [26], in these
cells. Thus, it is probable that PDGF-BB stimulates the
synthesis of IL-6 via the 3 MAP kinases in osteoblast-like
MC3T3-El cells. We have previously reported that PGs
increase IL-6 synthesis in MC3T3-El cells [27-30]. In the
present study, we found that indomethacin significantly
reduced the PDGF-BB-induced synthesis of IL-6. These
results suggest that PDGF-BB—induced IL-6 production is
mediated, at least in part, by PDGF-BB-stimulated PG
production in osteoblast-like MC3T3-E1 cells. In addition,
we have previously shown that PGE,, a major product of
eicosanoids in osteoblasts, significantly stimulates IL-6
synthesis after 3 hours in MC3T3-El cells [30]. On the
contrary, PDGF-BB significantly stimulated the IL-6 pro-
duction within 3 hours. Taking our findings into account, it
is quite likely that there will be PG-dependent and PG-
independent effects of PDGF-BB-stimulated IL-6 synthesis,
as has been demonstrated for so many growth factors and
cytokines in bone cells, and it would be important to be
define these. Therefore, experiments using PGE, itself
instead of PDGF-BB are required.

We investigated whether p70 S6 kinase functions in the

'PDGF-BB-stimulated IL-6 synthesis in osteoblast-like

MC3T3-El cells. The PDGF-BB-stimulated synthesis of
IL-6 was significantly amplified by rapamycin, a specific
inhibitor of p70 S6 kinase [31,32]. We confirmed that
rapamycin truly suppressed the PDGF-BB—induced phos-
phorylation of p70 S6 kinase. It seems that the activated p70
S6 kinase plays an inhibitory role in the IL-6 synthesis by
PDGF-BB in osteoblast-like MC3T3-El cells. Therefore,
taking our results into account, it is most likely that PDGF-
BB activates p70 S6 kinase, resulting in down-regulation of
IL-6 synthesis. It is probable that the p70 S6 kinase
signaling pathway activated by PDGF-BB limits the
PDGF-BB-stimulated IL-6 synthesis. As far as we know,
our present finding is probably the first report to show that
the activation of p70 S6 kinase leads to the negative-
feedback regulation of IL-6 synthesis in osteoblasts.

We investigated the relationship between p70 S6 kinase
and 3 MAP kinases in the PDGF-BB-stimulated IL-6
synthesis in MC3T3-E1 cells. However, rapamycin failed to
enhance the PDGF-BB-induced phosphorylation levels of
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p44/p42 MAP kinase, p38 MAP kinase, and SAPK/INK.
Therefore, it seems unlikely that p70 S6 kinase signaling
pathway affects the PDGF-BB—stimulated synthesis of IL-6
through the amplification of activities of 3 MAP kinases,
p44/p42 MAP kinase, p38 MAP kinase, and SAPK/INK, in
osteoblast-like MC3T3-El cells.

The p70 S6 kinase pathway is recognized to play a crucial
role in various cellular functions, especially cell-cycle
progression [15]. Our present results indicate that the p70
S6 kinase pathway in osteoblasts has an important role in the
control of the production of IL-6, one of the key regulators of
bone metabolism. It is well known that IL-6 produced by
osteoblasts is a potent bone resorptive agent and induces
osteoclast formation [3,4]. The mitogenic activities of PDGF-
BB and its release by platelets suggest an important role in
wound healing and fracture repair [35]. It is also possible that
PDGF-BB plays a role in acute bone repair after inflamma-
tion because the mitogenic actions of PDGF-BB are
enhanced in the presence of cytokines [35]. Therefore, our
present findings lead us to speculate that PDGF-BB-
activated p70 S6 kinase acts as a negative regulator of bone
resorption through the fine tuning of the local cytokine net-
work. Thus, the p70 S6 kinase pathway in osteoblasts might
be considered to be a new candidate as a molecular target of
bone resorption concurrent with various bone diseases. On
the contrary, we have previously shown that p70 S6 kinase
acts as a positive regulator in bone morphogenetic protein-
4-stimulated synthesis of vascular endothelial growth factor
in MC3T3-E1l cells [17]. The physiologic significance of
regulatory mechanism by p70 S6 kinase in osteoblasts
still remains unclear. Further investigation is required to
clarify the exact role of p70 S6 kinase in osteoblasts.

In conclusion, our results strongly suggest that p70 S6
kinase plays an important role in the regulation of PDGF-
BB-stimulated, MAP kinase-mediated IL-6 synthesis in
osteoblasts and may serve as a negative feedback mecha-
nism to prevent from oversynthesizing IL-6 in these cells.
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Abstract

The structures of acidic glycosphingolipids in colon adenocarcinoma have been analyzed extensively using a number of conventional
methods, such as thin-layer chromatography and methylation analysis, and a variety of acidic glycosphingolipids present in the tissues
have been reported. However, because of a number of limitations in the techniques used in previous studies in terms of resolution, quan-
tification, and sensitivity, we employed a different method that could be applied to small amounts of tissue. In this technique, the car-
bohydrate moieties of acidic glycosphingolipids from approximately 20 mg of colon adenocarcinoma were released by
endoglycoceramidase II and were labeled by pyridylamination. They were separated and structurally characterized by a two-dimensional
HPLC mapping technique, electrospray ionization tandem mass spectrometry (ESI-MS/MS), and enzymatic cleavage. A total of 22
major acidic glycosphingolipid structures were identified, and their relative quantities were revealed in detail. They are composed of 1
sulfated (SM3), 1 lacto-series (SLe®), 6 kinds of ganglio-series, and 14 kinds of neolacto-series glycosphingolipids. They include most
of the acidic glycosphingolipids previously reported to be present in the tissues and two previously unknown fucogangliosides sharing
the same terminal structure: NeuAca2-6(Fucal-2)Galpl-4GlcNAcB1-3Galpl-4Glec, and NeuAco2-6(Fucal-2)Galpl-4GIcNAcB1-
3Galpl-4(Fucal-3)GIcNAcB1-3-GalB1-4Glc. Thus, this highly sensitive, high-resolution analysis enabled the identification of novel
structures of acidic glycosphingolipids from small amounts of already comprehensively studied cancerous tissues. This method is a
powerful tool for microanalysis of glycosphingolipid structures from small quantities of cancerous tissues and should be applicable to
different types of malignant tissues.
© 2007 Elsevier Inc. All rights reserved.
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Alterations in glycosphingolipid (GSL)! compositions
on the cell surface of tumors occur in essentially all types
of human cancers [1]. Extensive studies have been per-
formed to analyze the structure of GSLs from a variety
of tumor tissues [2-7]. Furthermore, a series of GSLs
unusually accumulated in cancerous tissues have been suc-
cessfully isolated and characterized {8-11] and reveal that
each type of tumor is characterized by accumulation of spe-
cific types of GSLs. For example, unusual accumulations
of GSLs having type 1 or 2 chain derivatives (i.e., those
with Le?, Le*, Le?, or dimeric Le* and their sialosyl deriv-
atives) are observed in most human adenocarcinoma [9,11-
13], whereas GD3 is observed in melanoma [3]. However,
due to a number of limitations of the techniques used, these
analyses may be lacking in terms of identification and
quantification. In general, in the techniques applied previ-
ously, GSLs extracted from cancerous tissues were sepa-
rated by HPLC using organic solvents and traditional
thin-layer chromatography (TLC) methodology where
resolved GSLs were stained with orcinol. A single band
on TLC might not ensure homogeneity, and separation
of GSLs having similar mobility on TLC sometimes may
be difficult even though a variety of separation solvents
are used [13]. Hence, it is possible that certain GSLs having
similar chromatographic behavior on TLC were not
separated to homogeneity and escaped detection even in
well-studied cancerous tissues. Furthermore, although
quantification of each GSL is important to better under-
stand the precise features of glycosylation of cancerous
tissue, the quantities of individual GSLs in cancer tissues
have not been well defined because quantification by
scanning densitometry of orcinol-stained bands on TLC
is limited by the severe restriction in the linear range due
to variation in band size or geometry following migration.
Thus, more detailed analyses of GSL structures in cancer-
ous tissues using improved methodology that overcomes

' Abbreviations used: GSL, glycosphingolipid; GD3, NeuSAca8Neu5A-
ca3GalB-4GlcCer; TLC, thin-layer chromatography; 2-D, two-dimen-
sional; ESI-MS/MS, electrospray ionization—tandem mass spectrometry;
2-AP, 2-aminopyridine; PA, pyridylaminated; Gu, glucose units; RP,
reversed phase; CID, collision-induced dissociation; asialo GM2, Gal-
NAcB4Galp4Glc; asialo GM1, Galp3GalNAcB4GalB4Gle; GM3,
NeuSAca3GalpaGle; GM2, GalNAcB4(NeuSAca3)GalpdGlc; GDla,
NeuS5Aca3GalB3GalNAcB4(NeuSAca3)GalpdGlc; GDI1b, Galp3Gal-
NAcB4(NeuSAca8NeuS5SAca3)GalpaGlc; GTI1b, NeuSAca3Galf3Gal-
NAcB4(NeuSAca8NeuSAca3)GalB4Gle; GQIlb, Neu5Aca8NeuSAc
a3Galp3GalNAcB4(Neu5SAca8Neu5Aca3)GalpdGlc; globotriose, Galod-
Galp4Glc; LeP-hexasaccharide, Fuca2GalB3(Fucad)GlcNAcB3Galp4Glc;
A-hexasaccharide, GalNAco3(Fuca2)GalB3GlcNAcB3GalB4Gic; A-hep-
tasaccharide, GalNAca3(Fuca2)Galp3(Fucad)GIlcNAcB3Galp4aGlc; 2-
fucosyllactose, Fuca2Galp4Glc; A-tetrasaccharide, GalNAca3(Fuca2)
GalB4Glc; SM2,GalNAcB4(HSO?)3GalB4GlcCer; SM3, HSO*3Galp4Gle-
Cer; H', Fucoa2Galp4GIcNAcB3Galp4Glc; Lc*, Galp3GIcNAcB3Galp
4GIc; nLc?, Galp4GIcNAcB3Galp4Glc; Cer, ceramide; LST-c, NeuSAca6
GalB4GIcNAcB3GalB4Gle; SPG, sialyl-paragloboside, NeuSAca3Galp4
GIcNAcB3Galp4aGlc; LST-a, Neu5Aca3GalB3GIcNAcB3Galp4Gic; SLex,
sialyl-Lewis X, Neu5Aca3GalB4(Fuca3)GIcNAcB3Gal4GlcCer.
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the limitations described above may be required, even in
tissues already well studied.

Here we employ a powerful methodology to analyze the
structures of GSLs from small quantities of colon adeno-
carcinoma (~ 20 mg). The techniques are highly sensitive
and capable of separating the major GSLs and analyzing
them quantitatively as well as qualitatively [14]). The meth-
odology employs the use of endoglycoceramidase to release
the carbohydrate moieties of GSLs, fluorescent labeling
with 2-aminopyridine, and HPLC analysis. Furthermore,
each GSL could be identified by a two-dimensional (2-D)
mapping technique together with electrospray ionization—
tandem mass spectrometry (ESI-MS/MS).

Colon adenocarcinoma is one of the most widely exam-
ined tissues in terms of the structures of GSLs of cancerous
tissues [2,8-13,15] and was used as the source of material in
this study to allow us to evaluate the effectiveness of the
new techniques through comparison with results reported
previously.

In this study, we focus on the acidic GSLs among the
GSLs and elucidate the fine structures of major acidic
GSLs present in colonic adenocarcinoma tissues more pre-
cisely than reported previously. In particular, we describe
the structure of novel fucosyl gangliosides.

Materials and methods
Isolation of acidic GSLs from colon adenocarcinoma tissues

All patients had undergone simultaneous resections of
primary colon tumors and liver metastases at Osaka Med-
ical Center for Cancer and Cardiovascular Diseases
(Osaka, Japan). Fresh cancerous tissues were frozen with
liquid nitrogen and stored at —80 °C until use. The samples
were cut to a thickness of 10 pm with a cryostat microtome.
A total of 20 sections were collected, homogenized in 10 ml
of chloroform/methanol (2:1, v/v), and stored for 2h at
room temperature with 30 s of sonication every 30 min.
Then 5 ml of methanol was added, and the sample was cen-
trifuged at 1800 g for 15 min. The pellets were homoge-
nized in 10ml of chloroform/methanol/water (1:2:0.8,
v/v/v), stored for 2 h at room temperature, and centrifuged
at 1800 g for 15 min. Both extracts were combined and
evaporated to dryness in a vacuum concentrator. The resi-
due was dissolved in chloroform/methanol/water (30:60:8)
and fractionated by DEAE-Sephadex A25 column chro-
matography into neutral and acidic GSLs.

Preparation of acidic pyridylaminated oligosaccharides

The acidic GSLs were digested at 37 °C for 16 h with 10
mU of recombinant endoglycoceramidase II from Rhodo-
coccus sp. (Takara Bio, Shiga, Japan) in 50 ul of 0.1 M
sodium acetate (pH 5.0) containing 0.1% taurodeoxycho-
late [16]. Released oligosaccharides were labeled with
2-aminopyridine (2-AP), and excess reagent was removed
by phenol/chloroform extraction [17,18].
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HPLC for pyridylaminated-oligosaccharides separation

Pyridylaminated (PA)-oligosaccharides were separated
on a Shimazu LC-20A HPLC system equipped with a
Waters 2475 fluorescence detector. Size fractionation
HPLC was performed on a TSK gel Amide-80 column
(0.2 x 25 cm, Tosoh, Tokyo, Japan) at 40 °C at a flow rate
of 0.2 ml/min using two solvents: A and B. Solvent A was
acetonitrile/0.5 M acetic acid containing 10% acetonitrile,
adjusted to pH 7.3 with triethylamine (75:15, v/v). Solvent
B was acetonitrile/0.5 M acetic acid containing 10% aceto-
nitrile, adjusted to pH 7.3 with triethylamine (40:50, v/v).
The column was equilibrated with solvent A. After injec-
tion of sample, the proportion of solvent B was pro-
grammed to increase from 0 to 100% in 100 min. The
PA-oligosaccharides were detected by fluorescence with
an excitation wavelength of 310 nm and an emission wave-
length of 380 nm. The molecular size of each PA-oligosac-
charide is given in glucose units (Gu) based on the elution
times of PA-isomaltooligosaccharides. Reversed phase
(RP)}-HPLC was performed on a TSK gel ODS-80Ts col-
umn (0.2x15cm, Tosoh) at 30°C at a flow rate of
0.2 ml/min using two solvents: C and D. Solvent C was
50 mM acetic acid, adjusted to pH 6.0 with triethylamine.
Solvent D was 50 mM acetic acid containing 20% acetoni-
trile, adjusted to pH 6.0 with triethylamine. The column
was equilibrated with solvent C. After injection of sample,
the proportion of solvent D was programmed to increase
from 0 to 18% in 54 min. The PA-oligosaccharides were
detected by excitation at 315 nm and emission at 400 nm.
The retention time of each PA-oligosaccharide is given in
glucose units based on the elution times of PA-isomaltool-
igosaccharides. Thus, a given compound from these two
columns provided a unique set of Gu (amide) and Gu
(ODS) values that correspond to coordinates of the 2-D
map. When coordinates are cited in this article, they are
listed in the order of Gu (ODS), Gu (amide).

Glycosidase digestion

Sialyl PA-oligosaccharides were digested with 2 U/ml of
o2,3-sialidase from Salmonella typhimurium (Takara Bio)
or 2 U/ml a-sialidase from Arthrobacter ureafaciens (Naca-
lai, Kyoto, Japan) in 100 mM sodium acetate buffer (pH
5.5) for 2 h at 37 °C (condition 1). Under these conditions,
a2,3-sialidase specifically digests sialic acid «2-3 linked to
the terminal residue but not sialic acid with a a2-6 linkage,
whereas Arthrobacter a-sialidase digests both linkages inde-
pendent of the linkage position. However, under conditions
using 10 U/ml for 16h (condition 2), even so-called
a2,3-sialidase can hydrolyze sialic acid a2-6 linked to the
terminal residue but not sialic acid linked to a nonterminal
residue. Hence, we were able to conclude the linkage posi-
tion of sialic acid using these two enzymes as follows. First,
when sialyl PA-oligosaccharide was cleaved by a2,3-siali-
dase in condition 1, sialic acid was concluded to be linked
to the terminal residue through an a2-3 linkage. Second,
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when sialyl PA-oligosaccharide was cleaved by «2,3-siali-
dase in condition 2 but not in condition 1, sialic acid was
concluded to be linked to the terminal residue through an
a2-6 linkage. Third, when sialyl PA-oligosaccharide was
cleaved by Arthrobacter a-sialidase in condition 1 but not
by o2,3-sialidase even in condition 2, sialic acid was
concluded to be linked to a nonterminal residue.
The enzyme specificity was demonstrated using the
following model substrates: NeuAcu2-3Galpl-4Gle-
NAcB1-3GalB1-4Glc-PA (sialylparagloboside), NeuAco2-
6Galp1-4GlcNAcB1-3GalB1-4Glc-PA (LS-tetrasaccharide
¢), Galpl-3(NeuAco2-6)GicNAcB1-3GalBl-4Glc-PA (LS-
tetrasaccharide b), and GalB1-3GalNAcB1-4(NeuAco2-
3)Galp1-4Glc-PA (GM1).

In other glycosidase digests, PA-oligosaccharides were
digested with (i) 0.2 mU/ml of «l,3/4-fucosidase from
Streptomyces sp. 142 (Takara Bio) in 100 mM sodium ace-
tate buffer (pH 5.5) for 2 h at 37 °C, (ii) 0.4 U/ml B1,4-
galactosidase from Streprococcus pneumonia (Prozyme,
San Leandro, CA, USA) in 100 mM sodium citrate buffer
(pH 6.0) for 2 h at 37 °C, (iii) 10 U/ml of B-N-acetylhexosa-
minidase from jack bean (Seikagaku Kogyo, Tokyo,
Japan) in 100 mM sodium citrate buffer (pH 5.0) for 16 h
at 37 °C, (iv) 4 U/ml of al,2-fucosidase from Corynebacte-
rium sp. (Takara Bio) in 100 mM sodium phosphate buffer
(pH 8.5), (v) 0.5U/ml of endo-B-galactosidase from
Escherichia freundii (Seikagaku Kogyo) in 100 mM sodium
acetate buffer (pH 5.8) for 16 h at 37 °C, and (vi) 10 U/ml
of a-fucosidase from bovine kidney (Sigma, St. Louis, MO,
USA) in 100 mM sodium acetate buffer (pH 5.8) for 16 h at
37 °C. All of the reactions were terminated by boiling the
solutions for 3 min at 100 °C.

Electrospray ionization MS"

PA-oligosaccharides were analyzed by LC/ESI-MS/
MS. HPLC was performed on a Paradigm MS4 equipped
with a Magic C18 column (0.2 x 50 mm, Michrome BioRe-
source, Auburn, CA, USA). Each PA-oligosaccharide was
injected with a flow rate of 2 pl/min for 3 min and eluted
with 50% methanol for 10 min.

MS analyses were performed using an LCQ ion trap
mass spectrometer (Thermo Finnigan, San Jose, CA,
USA) equipped with a nano-electrospray ion source
(AMR, Tokyo, Japan). The nanospray voltage was set to
1.8 kV in the positive ion mode. The heated desolvation
capillary temperature was set to 180°C. In the LCQ
method file, the LCQ was set to acquire a full MS scan
between m/z 400 and 2000 followed by MS/MS or MS/
MS/MS scans in a data-dependent manner. Relative colli-
sion energy for collision-induced dissociation (CID) was set
to 30% with a 30-ms activation time for MS? and MS?
experiments. MS? and MS? were performed with an isola-
tion width of 4.0 u (range of precursor ion + 2.0). Proton-
ated ions were subjected to a further product ion scan for
nonfucosylated PA-oligosaccharides. However, sodiated
ions were subjected to a further product ion scan for
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fucose-containing PA-oligosaccharides because intramolec-
ular fucose rearrangements have been found in the CID
spectra of protonated ions (but not in sodiated ions) pro-
duced from oligosaccharides derivatized at their reducing
termini with aromatic amines, such as 2-aminobenzamide,
which may lead to erroneous conclusions about oligosac-
charide sequence [19].

Standard PA-oligosaccharides

Standard PA-oligosaccharides, including PA-lactose,
PA-asialo GM2, PA-asialo GM1, PA-GM3, PA-GM2,
PA-GM1, PA-GDla, PA-GDI1 b, PA-GD3, PA-GTIlb,
PA-GQ1b, PA-globotriose, PA-globotetraose, PA-Forss-
man pentsaccharide, PA-lactoneotetraose, PA-lactotetra-
ose, PA-lactofucopentaose I, PA-lactofucopentaose II,
PA-lactofucopentaose III, PA-LeP-hexasaccharide, PA-A-
hexasaccharide, PA-A-heptasaccharide, PA-2-fucosyllac-
tose, and PA-A-tetrasaccharide, were purchased from
Takara Bio. Glycolipids SM2 and SM3 were kindly
donated by Koichi Honke (Kochi University Medical
School). Sialylated Le* glycolipid was purchased from
Wako Pure Chemicals (Tokyo, Japan). Oligosaccharides,
including LS-tetrasaccharide @, LS-tetrasaccharide b, and
LS-tetrasaccharide ¢, were purchased from Prozyme, and
Lewis Y hexasaccharide was purchased from Sigma.
SM3, SM2, sialylated Le*, LS-tetrasaccharide a, LS-tetra-
saccharide b, LS-tetrasaccharide ¢, and Lewis Y hexasac-
charide were pyridylaminated as described above. PA-H;
was obtained from PA-Lewis Y hexasaccharide by releas-
ing the fucosyl residue linked to the third GlcNAc by
ol,3/4-fucosidase digestion. PA-sialylparagloboside was
prepared from human erythrocytes using the following
procedure. - Acidic GSLs were extracted from 3 ml of
human erythrocytes, pyridylaminated, and resolved by size
fractionation HPLC as described above. Sialylparaglobo-
side was most abundant in acidic GSLs of erythrocytes.
Fractions corresponding to PA-sialylparagloboside were
collected and further purified by RP-HPLC. The structure
of PA-sialylparagloboside was unambiguously confirmed
by enzymatic digestion and MS. GlcNAcp1-3GalB1-4Glc-
PA and GIcNAcB1-3GalB1-4GIcNAcp1-3GalB1-4Glc-PA
were prepared as standard compounds for endo-B-galacto-
sidase treatment by digestion of PA-nLc, and PA-nlcg,
respectively, with pl,4-galactosidase (see Resuits).
Although 2-D mapping techniques have been widely used
for the analysis of structures of N-glycans, the technique
seldom has been applied to the analysis of structures of
GSLs. Hence, prior to analysis of cancerous tissues, we
evaluated the potential of the method by analyzing all of
the PA-oligosaccharides prepared in this study, including
16 acidic and 18 neutral oligosaccharides, by HPLC using
the two types of column (ODS and amide). All of the
PA-oligosaccharides except PA-lactofucopentaose II (Le?)
and PA-lactofucopentaose III (Le*) were clearly separated
on the map under the chromatographic conditions used in
this study (data not shown). PA-Le® and PA-Le* could be

discriminated following «l,3/4-fucosidase  digestion
because the digestion products, namely PA-lactotetraose
(Lcg) and PA-lactoneotetraose (nkcy), elute at positions
with distinct glucose units on both columns (Table 1).
Hence, we concluded that the 2-D mapping technique
was also applicable for the analysis of structures of GSLs.
The structures, abbreviations, and glucose units of authen-
tic PA-oligosacchanides used in this study are listed in
Table 1.

Results

Preparation and separation of acidic PA-oligosaccharides
Jfrom colon adenocarcinoma

Acidic GSLs from three cases of primary colonic ade-
nocarcinoma and hepatic metastasis were extracted.
Acidic glycans from the ceramide (Cer) moieties were
released by endoglycoceramidase II treatment. Efficiency
of release of glycans from the ceramide moiety by endo-
glycoceramidase II has been reported to be greater than
95% [20]. To detect sugars with high sensitivity, the reduc-
ing ends of the released oligosaccharides were tagged with
the fluorophore 2-AP. Qualitatively similar, but quantita-
tively slightly different, chromatographic profiles of acidic
PA-oligosaccharides were obtained from six samples: the
primary colon cancer and liver metastatic deposits from
three patients. In this article, we show the most represen-
tative data from the liver metastatic deposit of one partic-
ular patient. The acidic PA-oligosaccharides from a liver
metastatic deposit of a colon adenocarcinoma were ana-
lyzed by size fractionation HPLC in which separation
depends on the molecular size of the oligosaccharides
(Fig. 1). A total of 17 peaks (G1-G17) were obtained
(Fig. 1), with each peak being further purified by RP-
HPLC. Peaks G10, G14, and G17 were separated into
two major components, and G16 was separated into three
major components, each designated G10-1, G10-2, G14-1,
G14-2, Gli6-1, G16-2, G16-3, G17-1, and G17-2, in RP-
HPLC. In addition, purified acidic PA-oligosaccharides
were subjected to LC/ESI-MS/MS, where product ion
spectra of the precursor ions were acquired data-depen-
dently. Peaks marked by an open arrowhead in Fig. 1
contained neutral PA-oligosaccharides, as determined by
MS analyses. This probably is due to desialylation of
PA-oligosaccharides during the process of pyridylamina-
tion. Elution positions of G1 to G17-2 on size fraction-
ation and RP-HPLC are summarized in Fig. 2 as a 2-D
map.

Structure of GI to G9

From comparison of the positions on the map with the
positions of standard acidic PA-oligosaccharides, G1, G2,
G3, G4, G5, G7, G8 and G9 are predicted to be SM3,
GM3, GM2, GD3, GMI, GDla, LST-c, and GDIb,
respectively. Strong candidates for the identity of G6 are
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Table 1
Structures and elution positions in HPLC of standard PA-oligosaccharides
Abbreviation Structure Elution position in HPLC
Size (Gu) RP (Gu)
SM3 HSO0,;-Galf1-4Glc-PA 1.19 2.60
GM3 Neu5A ca2-3Galp1-4Glc-PA 246 3.00
GM2 G alNA cB1-4GalB1-4Glc-PA
3 2.97 3.01
NeuSAca2
GM1 G alB1-3GalNAcP1-4GalP1-4Gle-PA
3 3.85 292
NeuSAco2
GD3 Neu5A ca2-8NeuSAco2-3Galf14GlcPA 331 450
GDla GalB1-3GalNAcB1-4Galf1-4Glc-PA
3 3 4.10 5.03

NeuSAca2 NenSAca2

GD1b G alf1-3GalNAcB1-4Galf1-4Glc-PA
3 4.64 3.96

Neu5SA ca2-8Neu5Aco.2
SPG Neu5A co2-3GalP1-4GlcN AcB1-3GalB1-4Glc-PA 4.02 452
LST-a Nen5A c02-3Galf1-3GIlcN AcB1-3GalB1-4Glc-PA 401 4.69
LST- NeuSA ca2-6Galp1-4G1cNAcP1-3Galp1-4Glc-PA 4.40 3.76

NeuSA c02-3Galf14GlcNAcB1-3GalB1-4Glc-PA
SLe* } 475 4.08

Fucal

Lcy G alp1-3GlcNAcB1-3GalB1-4Glc-PA 3.66 2.50
nLcy G alp1-4GIcNAcB1-3GalB1-4Glc-PA 374 2.16
H, F ucal-2Galp1-4GIcNAcP1-3Galp1-4Glc-PA 4.15 3.80

G alp1-3GINAcB1-3GalB1-4Glce-PA
LFP II (Le®) 4 451 2.01

Fucol

G alp14GIcNAcB1-3Galp1-4Glc-PA

LFP Il (Le % ? 451 1.99

Fucal

SPG and LST-a (Fig. 2). After a2,3-sialidase digestion, G6
was converted to nLc4 but not Lcg, indicating that G6 is
SPG. The structures of G1 to G9 were also confirmed by
MS/MS. Fractions eluting later than G9 on the amide col-
umn, with the exception of G10-1, do not match any of the
reference compounds on the 2-D map (Fig. 2). In the fol-
lowing sections, the structures of acidic PA-oligosaccha-
rides with the same monosaccharide compositions are
explained in detail. Elution positions, mass data, and esti-
mated composition of G10-1 to G17-2 are presented in
Table 2.

Structure of G10-1, G10-2, and G11

G10-1 and G11 were digested with o2,3-sialidase in con-
ditions in which this enzyme specifically cleaves the «2,3
linkage (condition 1). The products of both digests corre-
sponded to either Le® or Le* on the map (thick-line and
thin-line arrows in Fig. 3). The desialylated products from
G10-1 and G11 were digested with al,3/4-fucosidase, and
the positions of the products of the digests corresponded
to nLcs and Lcg, respectively. These results suggest that
the structure of G10-1 is SLe* and the structure of G11 is
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Fig. 1. Elution profile of the acidic PA-oligosaccharide mixtures obtained from colon adenocarcinoma tissue on the amide column. Relative fluorescence
of the highest peak, G2, was set to 100%. A total of 17 peaks, which are predicted to be acidic PA-oligosaccharides by MS analysis, are termed G1 to G17
and highlighted with arrows. Numbered closed arrowheads indicate the elution positions of PA-isomaltooligosaccharides with the corresponding degree of
polymerization. The peaks marked by the open arrowheads contained neutral PA-oligosaccharides.
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Fig. 2. Two-dimensional map of acidic PA-oligosaccharides. The elution positions of each acidic PA-oligosaccharide on the size fractionation and RP-
HPLC are expressed in glucose units based on the elution times of the PA-isomaltooligosaccharides and plotted on the map. Circles indicate the positions
of the acidic PA-oligosaccharides from colon adenocarcinoma tissue. Xs indicate the positions of the standard acidic PA-oligosaccharides.

SLe* (Table 3). These structures are consistent with the  sialidase in the conditions where this enzyme specifically
structures deduced by MS/MS analysis (Fig. 4, right, with  cleaves the «2-3 linkage (condition 1) but could be digested
only MS' spectra of G11 shown in the figure). In contrast ~ with «2,3-sialidase in the conditions where this enzyme
to G10-1 and G11, G10-2 could not be digested with a2,3-  cleaves the a2-3 and o2-6 linkages (condition 2). These



