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Abstract

GM3 has been shown to suppress TNFa expression in blood monocytes. However, we found that GM3 and TNF« were expressed in
parallel in mouse melanoma B16 cells that were transfected with UDP-Gal:glucosylceramide B-1,4-galactosyltransferase cDNA in a sense
or antisense direction or CMP-NeuAc:lactosylceramide a-2,3-sialyltransferase siRNA. TNFa expression was increased by addition of
GMS3 to the B16 transfectants and decreased after treatment with D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol, an
inhibitor of glucosylceramide synthesis. These results clearly indicate that GM3 positively regulates TNFa expression in B16 cells. Phos-
phoinositide 3-kinase inhibitors, wortmannin and L'Y294,002, suppressed TNFa expression and Akt phosphorylation. GM3 was shown
to increase phosphorylation of Akt in B16 cells and the B16-derived transfectants. Treatment of B16 cells with siRNA targeted to Akt1/2
resulted in TNFa suppression, indicating that Akt plays an important role in regulation of TNFa expression. Suppression of Akt1/2

rendered cells insensitive to GM3, suggesting that the GM3 signal may be transduced via Akt.

© 2007 Elsevier Inc. All rights reserved.
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Glycosphingolipids are ubiquitous components of the
outer leaflet of plasma membranes in vertebrate tissue [1].
In particular, ganglioside GM3, one of the sialylated glyco-
sphingolipids, has been implicated in differentiation [2)],
growth regulation [3] and cell adhesion [4]. Large amounts
of GM3 are expressed in certain kinds of animal tumors,
such as murine B16 melanoma [5}and Cloudman S91 mela-
noma [6]. In these cells, GM3 is the dominant glycosphingo-
lipid [7] GM3 has also been implicated in signal
transduction in B16 cells [8]. Gangliosides including GD3,
GDla, GM3, GM2, and GM]1 reportedly decrease TNFa
gene expression induced by different types of stimuli, espe-

Abbreviations: PBS(-), phosphate-buffered saline without Ca and Mg
cations; HPTLC, high performance thin layer chromatography.
' Corresponding author. Fax: +86 24 23986433.
E-mail address: tcyamagata@cool.odn.ne jp (T. Yamagata).
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cially lipopolysaccharides (LPSs), in monocytes [9]. How-
ever, the effects of gangliosides on various inflammatory
mediators, such as cytokines [10] and inducible nitric oxide
synthase (iNOS), in brain microglia and astrocytes [11] are
controversial. Gangliosides as well as LPSs significantly
increase TNFa by rapidly changing the cell surface expres-
sion of toll like receptors (TLR) in microglia and astrocytes
[12]. TLRs mediate signaling responses elicited by various
exogenous and endogenous molecules, including LPSs.

It has been suggested that phosphoinositide 3-kinase
(PI3K) is involved in TLR signaling [13]. However, it has
been shown that the PI3K inhibitors, wortmannin and
LY294,002, have different effects on TNFa expression.
Wortmannin greatly enhanced TLR-mediated iNOS
expression and TNFa production in the mouse macro-
phage cell line, Raw264.7. The effect of wortmannin
occurred in cells expressing TLR-2, -3, -4, and -9 and
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was accompanied by activation of NF-xB, leading to up-
regulation of cytokine mRNA production in Raw264.7
(13]. In support of this notion, a constitutively active
PI3K negatively regulated induction of iNOS in murine
peritoneal macrophages and C6 glial cells [14]. Another
PI3K inhibitor, L. Y294,002, has been shown to strongly
suppress TNFa production [13]. However, since both wort-
mannin and LY294,002 inhibit Akt phosphorylation, it is
believed that the PI3K-Akt pathway negatively regulates
the expression of TNFa via TLR stimulation. LY 294,002
is an inhibitor of not only PI3K but also casein kinase II
and estrogen receptors [15,16].

In the present study, we found that GM3 and TNFa were
expressed in parallel in mouse melanoma B16 cells stably
transfected with the UDP-Gal:.glucosylceramide B-1,
4-galactosyltransferase (B4Gal-T6) cDNA in a sense or ani-
sense direction or siRNA targeted to CMP-NeuAc:lactosyl-
ceramide a-2,3-sialyltransferase (St3gal5) mRNA. Addition
of GM3 to the B16 transfectantsincreased TNFa expression,
while D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-
propanol (D-PDMP) treatment decreased expression. Akt
was shown to be involved in regulation of TNFa and to be
the molecule through which the GM3 signal is transduced.
These results clearly indicate that GM3 positively regulates
TNFa expression through Akt in B16 cells.

Materials and methods

Cell lines and culture. Mouse melanoma B16 cells were kindly provided
by Dr. Kiyoshi Furukawa at Nagaoka University of Technology, Japan.
The mouse melanoma cell lines, CSSH-1 and CAH-3, were produced from
B16 by transfection with a vector containing UDP-Gal:glucosylceramide
B-1,4-galactosyltransferase (B4Gal-T6) cDNA in a sense or antisense
direction, respectively, as reported elsewhere (manuscript in preparation).
Briefly, a full length B4Gal-T6 cDNA was inserting to a pCMV-SPORT2
expression vector between Notl and Sall for sense expression. An anti-
sense expression vector was constructed by introducing the B4Gal-T6
cDNA to a pCMVS vector in an antisense direction. Mock transfectant
cell lines, SM-1 and CM-1, were used as controls. A sense-transfectant,
CSSH-1, expressing about 2-fold higher mRNA of B4Gal-T6 than mock
SM-1 cells, and an antisense transfectant, CAH-3, whose B4Gal-T6
mRNA expression was decreased to 50% than mock CM-1 cells, were used
in this study. Lactosylceramide content of the transfectants remained the
same as that of the control. The metastatic ability of these cell lines is
inversely related to the GM3 content in the cells. The cells were main-
tained in media containing DMEM (Gibco, Invitrogen Corporation, NY,
USA) supplemented with 10% fetal bovine serum (FBS) (TBD-TianJin
Hao Yang Biological Company, TianJin, China), 100 U/ml penicillin, and
100 pg/ml streptomycin, and were incubated in a humidified (37 °C, 5%
CO; and 95% air) incubator (Sanyo, Tokyo, Japan). To examine the
effects of gangliosides on TNFa expression, the cells were incubated with
25 uM GMS3 in the absence of serum for 4 h and cultured with media
containing 5% serum for an additional 20 h {17], or cells were starved for
6 h followed by incubation with 10 yM GM3 under serum-free conditions
for 10 min. To suppress glycolipid synthesis, the cells were cultured in the
presence of 12.5 uM D-PDMP for up to 6 days, with fresh media con-
taining the inhibitor being added everyday. To determine the effects of
PI3K inhibitors on TNFa production, the cells were seeded at a density of
1 x 10 cells/dish in a 60 mm dish in DMEM/FBS. After 24 h, the media
was replaced with media containing the indicated concentrations of
inhibitor. After a further 24 h, RNA was extracted from the cultured cells
and TNFa expression was determined by RT-PCR.

Chemicals and antibodies. Ganglioside GM3 from bovine brain was
obtained from Wako (Tokyo, Japan). 1 Y294,002, LY303,511 and wort-
mannin were purchased from Sigma (USA). p-PDMP was from Matreya
(USA). Rabbit anti-Akt, antiphospho-Akt (Ser’”®), antiphospho-Akt
(Thr*®) antibodies and horseradish peroxidase (HRP)-linked anti-rabbit
secondary antibody were obtained from Cell Signaling (MA, USA). The
RNeasy Mini kit used to extract total RNA was from Qiagen (Hilden,
Germany). The RT-PCR kit was from the TAKARA Biotechnology
Corporation (Dalian, China).

RNA extraction and RT-PCR. RNA extraction and analysis of
amplified DNA have been described previously [18]. The primers used in
this study were designed by Primer 3 software and synthesized by Invit-
rogen (Shanghai, China). Primer sequences were as follows: for eukaryotic
clongation factor (Eef), sense: 5-CGCTGCTGGAAGCTTTGGAT-3’
and antisense: 5'-GGGGCCATCTTCCAGCTTCT-3'; for TNFa, sense:
5'-TCCAGGCGGTGCCTATGTCT-3' and antisense: 5'-GTTTGAGCT
CAGCCCCCTCA-3'; for Aktl, sense: 5'-AGGAACGGCCTCAGGAT
GTG-3' and antisense, 5'-TAAGCGTGTGGGCAACCTCA-3'; for Akt2,
sense: 5'-GGATGCGGGCTATCCAGATG-3' and antisense: 5'-TCACC
CCCGTTGGCATACTC-3'. RT-PCR was used to semi-quantitatively
determine the levels of mRNA of the genes under consideration. Eef
mRNA was used as a control [17].

Western blotting analysis. 2 x 10° cells were lysed in 1 ml sample buffer
(0.125M Tris-HCl, pH 6.8, 4% SDS, 20% glycerine, 5% p-mercap-
toethanol, and 0.01% bromophenol blue) at 37 °C for 30 min and boiled at
100 °C for S min. An aliquot of the lysate was loaded onto a 10% SDS—
polyacrylamide gel. After electrophoresis, the gel was blotted onto nitro-
cellulose membrane (Protran BAS8S, Schleicher and Schuell, Germany).
The membrane was incubated with the antibody at 1/5000 dilution, fol-
lowed by incubation with the HRP-conjugated anti-rabbit IgG secondary
antibody (1/5000 dilution). Western blots were visualized by ECL.

SiRNA. Target sequences and the scrambled sequence of CMP-Neu-
Aclactosylceramide o-2,3-sialyltransferase (St3galS) encoding mouse
ganglioside GM3 synthase were selected using a Genscript program,
Mulfold software and the assistance of Dr. N. Ota of Riken (Yokohama,
Japan). The sequences were inserted into a retroviral vector with Neo-
mycin resistance at TAKARA Biotechnology Corporation. Stable trans-
fection was carried out with Fugene reagent (Roche, USA), essentially
following to instructions of the manufacturer. Briefly, cells were seeded at
a density of 20% confluency in a 60 mm dish and then transfected with
St3galS siRNA vector for 3 days; stably transfected cells were selected by
G418. The expression of St3galS mRNA and GM3 content were analyzed
by RT-PCR and HPTLC, respectively. One of the monoclonal transfec-
tants, Bll, showed a 35% decrease in St3galS expression. The most
effective target was found to be the St3galS siRNA sequence 2, 5'-AGAC
GGCTATGGCTCTGTTAT-3'. Other siRNA sequences used were as
follows: Aktl siRNA, 5'-CAACTTCTCAGTGGCACAATG-3' and Akt2

siRNA, 5-GGTCATTCTGGTTCGAGAGAA-3'. The control siRNA

contained the sequence 5'-CGAAGTTCGTTGCACTATGGT-3'.

Ganglioside extraction and HPTLC. B16 cells were grown to ~90%
confluence in 10 cm dishes, harvested, and washed three times with PBS(-).
GM3 was extracted once with 1 ml of chloroform/methanol (2:1, v/v) and
once with chloroform/isopropanol/methanol (7:11:2, v/v/v) with sonica-
tion for 1 h. The supernatants were evaporated at 60 °C, and lipid frac-
tions were dissolved in chloroform/methanol (2:1, v/v), developed in
chloroform/methanol/0.25% KCl (5:4:1, v/v/v), and stained with orcinol/
sulfuric acid reagent.

Results
Positive regulation of TNFux expression by GM3

During the course of our previous study implicating
B4GalT-6 in lactosylceramide synthesis, we obtained cells
(CSSH-1) that overexpressed B4GalT-6 cDNA and cells
(CAH-3) that suppressed its expression. In the CSSH-1
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cells, GM3 expression doubled, whereas in the CAH-3
cells, GM3 expression was halved (Fig. 1A). Since GM3
has previously been reported to suppress TNFa expression
[9]), expression of TNFa mRNA was determined in the
B4GalT-6 cDNA sense- and antisense-transfected cells.
RT-PCR revealed that the B4GalT-6 cDNA sense-trans-
fected cell line (CSSH-1, rich in GM3) had a 3-fold increase
in TNFa expression compared with the vector control
transfected cells (SM-1). However, cells transfected with
the antisense cDNA of B4GalT-6 (CAH-3, poor in GM3)
decreased TNFa expression by half compared with the vec-
tor control transfected cells (CM-1) (Fig. 1A). This obser-
vation indicated that TNFa expression was proportional
to the GM3 content in the cells, implying that GM3 may
possibly up-regulate TNFa in B16 cells.

SiRNA targeted against St3galS suppressed mRNA
expression of sialyltransferase, an enzyme responsible for
the synthesis of GM3 by 35%, leading to suppression of
GM3 as revealed by HPTLC (Fig. 1B). Furthermore, it sig-
nificantly suppressed TNFa expression (Fig. 1B). In order
to know whether exogenous addition of GM3 would give
rise to the same results, B16 and the above-mentioned
transfectants derived from B16 cells were incubated with
GM3 (25 uM) for 4 h without serum, supplemented with
serum to a final concentration of 5% and cultured the cells
for an additional 20h [17]. In B16 cells, TNFou mRNA
expression was increased by addition of GM3 (Fig. 1C).
However, the increase in TNFa expression was much more
significant in CAH-3 and B11 cells with lower GM3 expres-
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Fig. 1. The expression of TNFa is positively regulated by GM3. RT-PCR
analysis of TNFa expression was carried out in (A) B16 and its variants
that were generated by transfecting B4GalT-6 cDNA in a sense or
antisense direction (CSSH-1, SM-1, CAH-3, and CM-1 are B16 cells
transfected with sense B4GalT-6 cDNA, its vector control, antisense
B4GalT-6 cDNA and its vector control cells, respectively), (B) B16 cells
transfected with St3galS siRNA (B11 cell line is one of the stable
monoclonal transfectants) or a scrambled siRNA sequence, (C) B16, B11
and CAH-3 cells treated with GM3 (25 pM) for 24 h as described in
Materials and methods, and (D) B16 cells treated with p-PDMP (12.5 pM)
for 3 or 6 days. Each panel shows a representative result of the RT-PCR of
TNFa with Eef serving as the house keeping gene and the GM3 content
determined by HPTLC. Similar results were obtained in three independent
experiments.

sion than in the B16 and control cells (Fig. 1C). Treatment
of B16 cells with 12.5 uyM p-PDMP (an inhibitor of gluco-
sylceramide synthesis) [18] for 3 or 6 days resulted in sup-
pression of both GM3 and TNFa expression (Fig. 1D).
These results clearly indicate that GM3 positively regulates
the expression of TNFa in B16 cells.

Suppression of TNFua expression by PI3K inhibitors,
L Y294,002, LY303,511 and wortmannin

To investigate whether the PI3K pathway is involved in
the up-regulation of TNFa expression by GM3 in B16
cells, the cells were incubated with PI3K inhibitors.
LY294,002 (25 uM) significantly suppressed TNFu expres-
sion in parental B16, GM3-rich CSSH-1 and GM3-poor
CAH-3 cells (Fig. 2A). LY303,511 was developed as a neg-
ative control reagent to LY294,002 [19], but, as shown in
Fig. 2B, expression of TNFa was suppressed by 25 uM as
well as 100 pM LY303,511. Wortmannin suppressed TNFa
at 0.5 uM in B16 cells and between 0.5 and 2 uM in CSSH-
1 cells (Fig. 2C). Phosphorylation of Akt at Ser*’> was
investigated using Western blot analysis (Fig. 2D). Phos-
phorylated Akt was suppressed to 20% of the original levels
by incubation with LY?294,002 (25 uM) and approximately
halved by incubation with wortmannin (0.5-2 uM).
LY303,511 (100 pM) suppressed Akt phosphorylation to
the same level as wortmannin. All these data indicate that
the PI3K-Akt pathway positively regulates TNFa
expression.

Elevated phosphorylation of Akt by GM3

Since Akt was shown to be involved in the regulation of
TNFa expression, we asked whether GM 3 aflects the phos-
phorylation of Akt. As shown in Fig. 3, GM3 increased
Akt phosphorylation significantly at both the Ser*’? and
Thr’® sites. In B16 cells, phosphorylation of Akt at
Thr*® was increased 2-fold. In B11 and CAH-3 cells, with
suppressed GM3 expression, Thr’® Akt phosphorylation
was increased by 4- and 7-fold, respectively, compared to
the control. Akt phosphorylation was completely inhibited
in the presence of the PI3K inhibitors, 1.Y294,002 or wort-
mannin (data not shown), indicating that Akt plays an
important role in the induction of TNFa expression by
GM3,

Involvement of Akt in GM3 signaling that regulates TNFu.
expression

To further confirm the involvement of Akt in TNFa
expression, B16 cells were treated with siRNA against
Aktl and Akt2. In cells with suppressed Aktl levels (after
siRNA treatment), TNFa expression was significantly sup-
pressed. A similar result was observed after suppression of
Akt2 (Fig. 4A). Addition of GM3 to BI16 cells results in an
increased expression of TNFa. Thus, we asked whether
GM3 exerts this effect via Aktl or Akt2 by examining
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Fig. 2. Effect of PI3K inhibitors, LY294,002, LY303,511 and wortmannin on the expression of TNFa. In (A), B16, CSSH-1 and CAH-3 cells were treated
with 1.Y294,002 (25 uM) for 24 h. B16 cells were treated with LY303,511 (25 or 100 pM) (B) or wortmannin (0.5-2 mM) for 24h (C). In (D),
phosphorylation of Akt at Ser®” in B16 cells treated with LY294,002 (25 pM), LY303,511 (100 xM) and wortmannin (0.5-2 pM) for 24 h. Similar results

were obtained in three independent experiments.
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Fig. 3. Phosphorylation of Akt at the Ser’”> and Thr’® sites was
stimulated by GM3. Cells were starved for 6 h followed by incubation with
GM3 (10 uM) under serum-free conditions for 10 min, lysed in 0.5 ml lysis
buffer then analyzed by SDS-PAGE and Western blotting. Similar results
were obtained in two independent experiments.
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Fig. 4. Aktis essential for GM3-stimulated TNFa expression in B16 cells.
TNFa was effectively suppressed in B16 cells treated with Aktl and Akt2
siRNAs (A). Aktl, Akt2, or Aktl plus Akt2 siRNAs transfected cells were
screened with G418 (1.5 mg/ml) and the resistant cells were incubated with
GM3 (25 pM) for 24 h and assayed for TNFa expression (B). Similar
results were obtained in two independent experiments.

TNFa expression in cells treated with Aktl or Akt2
siRNA. As shown in Fig. 4B, suppression of either isoform
of Akt by RNA silencing did not affect the ability of GM3
to stimulate TNFa expression. However, suppression of

both Aktl and Akt2 by RNA silencing resulted in impair-
ment of GM3 function: addition of GM3 failed to up-reg-
ulate TNFa expression in both Aktl and Akt2 suppressed
cells (Fig. 4B). These observations strongly indicate that
the GM3 signal may be transduced via Akt1/2.

Discussion

Gangliosides are not only passive structural components
of cell membranes but rather modulators of important bio-
logical processes such as proliferation, adhesion, differenti-
ation, inflammation, and metastasis [2-4,20-22]. During
the course of our work examining the relationship between
GM3 and metastasis, we found that the production of
TNFa was parallel to GM3 levels in B16 cells. This finding
prompted us to examine whether GM3 has the ability to
regulate the expression of TNFa.

In this study, we provide multiple lines of evidence to
support the notion that GM3 regulates the expression of
TNFa. Although, a mixture of gangliosides or LPS induces
the expression of TNFa in microglia and astrocytes [12],
little is known as to how gangliosides stimulate the produc-
tion of TNFa in tumor cells. Here, we show that the PI3K
inhibitors, LY294,002 and wortmannin, significantly sup-
pressed TNFa transcription as well as phosphorylation of
Akt at the Ser*”? site in B16 cells. GM3 was found to stim-
ulate phosphorylation of Akt at both the Ser*’* and Thr’®
sites. Akt/PKB is a member of the AGC kinase family
(named for the similar Ser/Thr kinases, cAMP-dependent
protein kinase, cGMP-dependent protein kinase and pro-
tein kinase C), including p70 S6 kinase (S6K), p90 S6K
(RSK), and PKC [23,24]. Most of the family members,
including Akt, are phosphorylated at two key residues
located at the catalytic (activation loop or T-loop) and
the C-terminal hydrophobic motif (HM) sites. Phosphory-
lation of the HM site promotes docking of the 3’-phosphoi-
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nostide-dependent kinase 1 (PDKI1) interacting fragment
(PIF) pocket of PDKI1 to the HM site and concomitantly
leads to the phosphorylation of the T-loop site upon
growth factor stimulation and PI3K activation [25]. HM
phosphorylation of Akt at Ser*”* and Thr*® phosphoryla-
tion has been proposed to be interdependent on each other
[26,27]). Upon stimulation by GM3, phosphorylation of
Akt at the Thr®® site was shown to proceed in a similar
way to phosphorylation at the Ser*’* site, indicating that
TNFa production is parallel to Akt activity.

Mammalian cells express three Akt isoforms (Aktl-3)
encoded by three separate genes. The amino acid sequences
of the three isoforms are almost identical. Relative expres-
sion of these isoforms, however, differs in various mamma-
lian tissues [28] B16 cells express Aktl and Akt2
predominantly, with Aktl comprising two variants.
Involvement of Akt in the synthesis of TNFa was shown
using siRNAs that were designed to knock down the
respective genes. However, it still remained unclear if Akt
was the key molecule through which GM3 regulates the
synthesis of TNFa. Therefore, we generated Aktl and
Akt2 double knocked down cells. The results support the
notion that Akt is the key molecule through which GM3
up-regulates TNFa expression. Although Akt is shown to
play a pivotal role in GM3 regulation of TNFa, it remains
to be elucidated if Akt exerts its function through iNOS or
NF-xB. In the following paper [29], we will report the
involvement of mTOR and Rictor in the pathway through
which GM3 regulates TNFa expression.
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Mouse FBJ virus-induced osteosarcoma FBJ-S1 cells rich in
GD1a are not readily mctastatic, whereas FBJ-LL cells with low
levels of GD1a are highly metastatic. GD 1a was previously shown to
suppress metastasis of mouse FBJ cells and to upregulate caveolin-1
and stromal interaction molecule 1 expression. The present study
demonstrates that matrix metalloproteinase-9 (MMP-9) expression
renders FBJ-LL cells invasive. MMP-9 is inversely regulated by
GD1a, based upon four observations: MMP-9 mRNA content was
5 times higher in FBJ-LL cells than FBJ-S1 cells; a GDla-re-
expressing FBJ-LL cell variant produced through $1,4GalNAcT-1
cDNA transfection expressed lower levels of MNIP-9: exogenous
addition of GD1a to FBJ-LL cells decreased MMP-9 production in
a dose- and time-dependent manner; and treatment of GDla-rich
cells with D-PDMP or siRNA targeting St3gal2 decreased GDIa
expression, but augmented MIVIP-9 expression. This is the first
report demonstrating that GD1a negatively regulates expression
of MIMP-9 at the transcriptional level.
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INTRODUCTION

The spread of cells from primary tumors results in metastasis
to secondary sites and is the most life-threatening aspect of most
cancers. Cell lines that have the greatest metastatic potential in
the lung and liver secrete the most matrix metalloproteinase-9
[MMP-9, 1]. A number of reports have therefore suggested the
possible involvement of MMPs in extracellular matrix degra-
dation during tumer cell migration, particularly in metastasis
[2-4}.

Metastasis takes place in several discreet steps including
invasion, intravasation, extravasation, and angiogencsis to bring
about colonized tumor growth [5]. Recent work on metastasis
has led to the new concept that under the direction of tumor
cells, normal host cells select a microenvironment suitable for
metastasis [6]. The notion that MMPs are essential for the
infiltration of tumor cells into surrounding tissue is important,
particularly since malignant tumors continue to be leading
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causes of death in developed countries. Along with other family
members, MMP-9 is critical for cell migration and invasion |7,
8] and is always highly expressed by malignant tumor cells.

Gangliosides, or sialic acid—containing glycosphingolipids,
are present on the outer leaflet of the lipid bilayer of the
plasma membrane [9]. Gangliosides are thought to play roles in
cell growth, adhesion, differentiation, tumorigenesis, and tumor
metastasis. Change in ganglioside expression in tumor cells also
has been implicated in the metastatic potential of tumors [10). In
previous studies, poorly metastatic mouse osteosarcoma FBJ-S|1
cells obtained from osteosarcoma induced by FBJ virus in mice
were noted to express GM3 and the complex ganglioside GD1a,
whereas highly metastatic FBJ-LL cells contained essentially
the saine GM3 content though only very low levels of GDla
[11]). FBJ-LL cells transtected with §1,4GalNAc'1-1 (GM2/GD2
synthase) cDNA showed no sign of metastasis following
the subcutaneous transplantation, thus showing GDla likely
suppresses the metastasis of FBJ osteosarcoma cells [12].

To clarify the mechanism by which GDla controls cell
metastatic capacity, we have looked for molecules responsible
for mcuastasis and have identified caveolin-1 and siromal
interaction molecute | (Stim1) whose expression was positively
regulated by GD1a [13]. The present study clearly implicates
MMP-9 as a major factor in the malignant potential of FBJ-LL
cells, as determined by Matrigel invasion assay. Furthermore,
MMP-9 but not MMP-2 expression was found to be negatively
regulated by GD1a at the transcriptional level.

MATERIALS AND METHODS

Cell Lines and Culture

The highly metastatic mouse osteosarcoma cell line, FBJ-
LL, and poorly metastatic cell line, FBJ-SI, were produced
from a FBJ virus-induced osteosarcoma of the BALB/c mouse
[1]. FBJ-S1 cells expressed GM3 and GD1a, whereas FBJ-LL
cells expressed GM3 and had only low levels of GDla. The
capecity for FBJ-LL cells to migrate was ten times greater than
that of FBJ-S1 cells, but decreased by half on treatment with
GDta [11]). FBJ-LI. cells metastasized into the liver and lung,
but not FBJ-S1 {12]. FBJ-LAS5-22 and FBJ-LA5-30 cells were
obtained by transfection of FBJ-LL cells with g1-4GalNACT-1
(GM2/GD2-synthase) and mock-transfection of FBJ-MS cells,
as a control. GDla expression in LAS-22 and LAS-30 cells
was five-times greater than that of FBJ-M5 cells. Migration
capacity of LAS-22 and LAS5-30 cells was about one tenth that
of FBJ-M5. comparable to the capacity of FBJ-S1 cells.

When FBJ-M3 cells were inoculated into mice, metastatic
nodules were observed in liver, lung, kidney, and adrenal
glands within 4 to 5 weeks, while LA3-22 cell transplantation
did not show any sign of metastasis [12). The FBJ cells
were maintained in medium containing RPMI-1640 (GIBICO,
Invitrogen Corporation, NY, US A) supptemented with 10% fetal
bovine serum (Tianjin HaoYang Biological Company, TianJin,
China), 100 units/mt penicillin, and 100 jg/ml streptomycin

and incubated in a humidified (37°C, 5% CO, and 95% air)
incubator (Sanyo, Tokyo, Japan).

For ganglioside treatinent, the cells were seeded and cultured
overnight, washed with serum free RPMI-1640, and incubated
with ganglioside at the concentration specified in the absence
of serum for the period of time indicated. To suppress
glycosphingolipid biosynthesis, the cells were cultured in the
presence of 12.5 uM D-PDMP and provided with fresh medium
containing the inhibiror daily.

Chemicals and Antibadies

Ganglioside GDla from bovine brain was purchased from
Wako (Osaka, Japan). D-PDMP was from Matreya. The RNeasy
Mini Kit to extract total RNA was purchased from Qiagen.
The RT-PCR kit was from Takara Biotechnology Corporation
(Dalian, China).

Cell Invasion Assay Using Malrigel

First, 100 11 1 mg/ml Matrigel matrix (BD Bioscience, USA)
were poured into an upper chamber of a Transwell (8 ytm in
pore size, Comning Coaster Corporation, USA) and incubated at
37°C for 5 hr to gel. Second, 600 1] RPMI 1640 supplemented
with 0.5% FBS were placed in a lower chamber and | x 10°
cells in 100 ud serum-free medium were added onto the gel.
After incubation in the CO» incubator for the time indicated,
the number of cells that had transmigrated to the lower chamber
were counted under a Nikon TMID microscope.

RNA Extraction and RT-PCR

RNA extraction and analysis of amplified DNA have
been dctailed previously [13]. The primers used in this
study were designed with Primer 3 software and synthe-
sized by Invitrogen (Shanghai, China). Primer sequenccs
used for PCR in this study were as follows: for B-Actin,
sense 5-ACACTGTGTGCCCATCTACGAGG-3’ and anti-
sense 3'-AGGGGCCGGACTCGTCGTCATACT-3'; for MMP-
9. sense 5-CTGACTACGATAAGGACGGCAA-3' and an-
tisense 3-ATACTGGATGCCGTICIATGTCG-3'; for MMP-
2. sense 5'- ACCTGGATGCCGTCGTGGAC-3' and anti-
sense 5-TGTGGCAGCACCAGGGCAGC-3'; antisense 3'-
AGGGGCCGGACTCGTCGTCATACT-3; for St3gal2, sense
5-GTGACGCCAGCACCTCTGAA-3 and antisense  3'-
GGACCAGCACGAAGCTGACA-3"; for Rpll3, sense 5'-
CATCAGGCCCATCGTGAGGT-3' and antisense 5'-GCAG
CTTCCTTCGCCCTTTT-3". RT-PCR was used to semiguan-
titatively determine the levels of mRNA of the genes under
consideration and g-actin mRNA as control [13]. MMP mRNA
values are expressed as a ratio of MMP to 8-actin mRNA and
usually expressed as 1 tor control experiments (mean =+ S.E.).

siIRNA Transfection
Target three sequences and the scrambled sequence of
St3gal2 encoding mouse ganglioside GDl1a synthase (SAT-IV,
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Siat5) were selected using a Genscript program. Mulfold
software, and with the assistance of Dr. N. Ota of Riken
(Yokohama, Japan). The sequences were made to constitute a
retroviral vector with neomycin resistance at Takara Biotech-
nology Corporation. Plasmids were transfected into FBJ-S|
cells in the presence of Fugene (Roche, USA), as specified
by the manufacturer. After 3 days transfection, RNA was
extracted and assayed for expression of St3gal2 and MMP-9.
The most effective target was found to be siRNA scquence
1, 5-ACCAGGCTATTCAGGACTACA-3'. The control siRNA
contained the sequence 5-CAGAGCAATGTATCAATCCGC-
3’. Stable transfections were carried out with Fugene reagent,
essentially following instructions of the manufacturer.

Briefly, cells were seeded at a density of 50% confluency
in a 60 mm dish and then transfected with St3gal2 siRNA
plasmid in a 60 mm dish for 3 days; stably transtected cells
were selected by G418. The expression of St3gal2 mRNA and
GDla content as revealed by HPTLC (high performance thin
layer chromatography) [13] were suppressed to 75% and 20%,
respectively.

Gelatin Zymography and Statistical Analysis

Gelatinase activity was determined as described previously
[1. 14]. Data were analyzed using Microsoft Excel. All values
are given as mean X S.E and levels of significance are indicated
in figures.

RESULTS

Role of MMP-9 in FBJ-LL Cell Metastasis

MMP-9 and MMP-2 are closely associated with tymor
malignancy, i.e., invasion and metastasis. To determine whether
MMP-9 and MMP-2 of FBJ cells are responsible for cell
metastasis, invasion assays using Matrigel in the absence
or presence of MMP inhibitors or antibody were carried
out. Inhibitors that suppress MMP-9 and MMP-2 activity
as indicated by gelatin-zymography were evaluaied (Figoie
1A}, TIMP-1 (0.2 pg/ml), TIMP-2 (0.2 ug/ml) and GM6U01
(25 pMy significantly suppressed MMP-9 and MMP-2 activity.
Anti-MMP-9 antibody (0.2 pg/ml) specifically suppressed
MMP-9 to a minor extent, but not MMP-2 activity. MMP-9
of EBJ-LL cells was evaluated by Matrigel invasion assays in
the absence or presence of inhibitors or the antibody.

The number of FBJ-LA5-30 cells that transmigrated to
the lower chamber in 24 hr (5£10) was much less compared
with FBJ-MS cells (820 £ 50), indicating the latter to be
highly invasive, consistent with previous data [12]. TIMP-2 and
GM6001 treatment decreased the number of cells transmigrating
to the lower chamber 10 60% and 0%, respectively (Figure
IB). TIMP-2 and GMG001 suppressed MMP-9 and MMP-2,
while anti-MMP-9 antibody specific to MMP-9 supprzssed the
extent of cell invasion capacity to 15%. suggesting MMP-9
to be responsible for metastasis. GDla-deficient FBJ-M3 cells

A
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MNIP-2
B
15
] Controt
MMP-9 Ab
£ 10
z B TIMP-1
B D TIMP-2
£ 05 & GM600t
0.0
C . 900 —a— Controt
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FIG. |. MMP-9 responsible for metastaticity of FBJ-LL cells. To demonstrate
that MMP inhibitors suppress MMP-9 and/or MMP-2 activity, (A) FBJ-MS5 cells
were incubated in serum-free medium from which an aliquot was mixed with
an cqual volume of double-strength Laemmli’s sample buffer with no reducing
reagent. Without heating this was applied (o electrophoresis on a gel containing
0.3 mganl gelatin, After electrophoresis, cach lane was cut out and rinsed with
2.5% Triton X-100 for | hr at room lemperatuse followed by incubation in the
reaction buffer (10 mM CaCly, 30 mM Tris-HCl, pH 7.4, 0.02% NaN3z} in the
presence or absence of 0.2 yeg/mUTIMP-1, 0.2 pg/mi FIMP-2, 25 £ M GMB001,
or 0.2 pg/ml 2nti-MMP-9 antibody for 16 hr at 37°C and stained with CBR
{14]. A pane! in (B) shows densitometric analysis of ihe zymogrum given in
(A). Assays were performed twice and representaiive data are shown. in (C),
using a Transwell overlayed with Matrigel, an invasion assay was carried outin
the presence or absence of 0.2 pgf/ml TIMP-2, 25 M GM6001, or 0.2 pghnl
anti-MMP-9 antibody. Cell nurbers were detenmined in riplicate. Each assay
wis conducted twice and mean values are presented = SE.

were actively invasive due o MMP-9 expression, though not
GDla-rich FBJ-LA3-30, and so consequently MMP-9 would
appear reluted to GD1a content in the cells.

GD1a-Deficient FBJ-LL and FB)-M5 Cells Express
More MMP-9 than GD1a-Rich Cells

To determine whether MMP-2 and MMP-9 expression is
related to GD1a levels, RNA was extracted from FRJ-LI,, -S1,
-MS5, and -LA5-30 cclls that had reached late logarithmic growth
phase and assayed for MMP-2 and MMP-9 expression by RT-
PCR, using B-actin as the standard. The expression of MMP-9 of
highly-melasiatic FBJ-LL cells was live times greater than that
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FIG. 2. MMP-9 but not MMP-2 levels are inversely proportional to GD i a expression at the level of mRNA and protein. FBJ-S| (rich in GD1a), FBJ-LL (dcvoid
of GDI3a), FBJ-MS (vector control of GM2/GD2 synthase cDNA transfectant originating from FBJ-LL), and FBJ-LA5-30 (GDIa rich due to GM2/GD?2 synthase
¢DNA transfection into FBJ-LL) cells were cultured under standard conditions. RNA was extracted to assay MMP-9 and MMP-2 mRNA expression using fi-uctin
as standard (A). Right-hand panel shows densitometric analysis of MMP mRNA expression in FBJ-S| compared with FBJ-LL cells (p < 0.01) and FBJ-LAS-30
compared with FBJ-MS5 cells (p < 0.02). For the purpose of normalization, DNA content was divided by that of S-actin and that for the control was expressed as
1 inall the experiments. In B, cells were incubated in serum-free medium for 24 hr and aliquots of conditioned medium used for gelatin zymography. Right-han!
panel shows densitomeuic analysis of MMP expression in FBJ-S1 compured with FBJ-LL cells {p < 0.01) and FBJ-LA5-30 compared with FBI-MS5 cells (p <
0.01). Three separute determinations were made and mean values % S.E. are shown.

L}

of the poorly metastatic FBJ-S1 cell line (Figure 2A). FBJ-M5
cells were the vector contro] when FBJ-LL was transfected with
GM2/GD2 synthase cDNA, and FBJ-5-30 was a transfecrant
producing GDlato the same extent as FBJ-S1 cells [12]. MMP-9
expression of FBJ-M5 was as high as in FBJ-LL cells, in contrast
to FBJ-5-30 cells whose MMP-9 expression was as low as in
FBJ-S1 cells. .

No significant difference in the expression of MMP-2 could
be detected among these cell lines, as also was confirmed
by gelatin-zymography (Figure 2B). The four cell lines were
incubated in serum-free culture medium for 24 hr and aliquots
of the culture medium were assaycd for MMPs by zymography.
MMP-9 production by FBJ-LL cells exceeded that in FBJ-S|
cells 5-fold, as indicated by densitometric analysis. MMP-9
activity of FBJ-M3 was 2.5 times greater than FBJ-5-30 cells.
The activity of FBI-LL and -M5 was noted to be sawrated in
gelatin zymograhy and thus possibly may be higher by one order
of magnitude.

Expression of MMP-Y is Downregulated by Exogenous
GD1a Addition

The above findings indicate MMP-9 expression to be
inversely proportional to GDI content in the cells, implying
GD lato possibly downregulate MMP-9 expiession in FBJ cells.
To determine whether GDla regulates MMP-9 expression, the
ctfects of exogenous GD la addition on MMP-9 expression were
investigated. MMP-9 expression of FBJ-M5 was suppressed by
incubation with 50 «M and 100 M GDla in the absence of

serum for 6 hr (Figure 3A). No dcfinite suppression of MMP-9
expression of FBJ-LL cclls was evident, after incubation with
50 M GD1a but was suppressed with 100 uM GDla in the
absence of serum for 6 hr (Figure 3B). FBJ-M5 or FBJ-LL cells
were incubated with S0 uM GDIla in the absence of serum
for the time indicated (Figures 3C and 3D). MMP-9 mRNA
production was significantly reduced in FBJ-M3 cells incubated
with 50 uM GD1a for 3 hr and continued to be so with further
incubation with GD!a (Figure 3C).

Suppression was evident’ with FBJ-LL cells treated with
50 uM GDla for 12 hr, but additional incubation led to no
additional decrease. Figure 3E shows zymography of FBI-MS
cells treated with 50 uM GDla in the absence of serum.
MMP-9 activity of cells incubated with GDla decreased in a
time-dependent manner. Decrease in activily was evident even
after 6 hr incubation and had reached statistical significance by
12 hr. The exogenous addition of GDla to FBJ-MS5 or FBJ-LL
cells therefore resulted in the suppression of MMP-9 production
and/or secretion, while MMP-2 mRNA and activity were not
affected by GD1a addition. GD1a thus appears likely to bring
about suppression of MMP-9 expression in mRNA dnd protein.

Increase in MMP-9 Expression by Depletion
of Endogenous GD1a

The effects of depleting GD 1a also were examined by treating
FBJ-3 30 cells with or without 12.5 uM D-PDMP, an inhibitor
of glucosylceramide synthase [16] in the presence of serum for 6
days followed by extraction of RNA from the cells. This reduces



