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Influence of ganglioside GM3 and high density
lipoprotein on the cohesion of mouse brain

tumor cells
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Abstract Previous findings with various murine tumor cell
lines suggest an association between ganglioside GM3 and cell
cohesive properties. The influence of GM3 on cohesion was
studied in two mouse brain tumor cell lines: ependymoblas-
toma {(EPEN) and CT-2A. In culture, the EPEN cells grow as
islands and contain GM3 as the only ganglioside, whereas the
CT-2A cells grow as a fusiform cell monolayer and contain
GM2, GM1, and GD1a as major gangliosides and low amounts
of GM3. To examine the role of GM3 in cohesion, both cell
lines were treated with 1) C. perfringens neuraminidase, 2) anti-
GM3 monoclonal antibody (mAb DH2), or 3) were grown in
serum-{ree medium. All three treatments caused a significant
increase in the number of non-cohesive and protoplasmic
process-bearing cells for the EPEN, but had no effect on the
morphology of the CT-2A cells. The neuraminidase treatment
removed GM3 from both cell lines and caused a significant
accumulation of GM1 in the CT-2A cells. EPEN cell cohesion
and GM3 content returned to control levels after removal of
neuraminidase. EPEN cell cohesion was restored in serum-
free medium with added high density lipoprotein (HDL). The
HDL effect on the EPEN cell cohesion was dose-dependent
and was not seen with other lipoproteins. B} We suggest that
EPEN cell cohesion could involve an interaction between ex-
tracellular HDL, acting as a bridge, and GM3 molecules on
opposing cell surfaces.—Bai, H., and T. N. Seyfried. Influ-
ence of ganglioside GM3 and high density lipoprotein on the
cohesion of mouse brain tumor cells. J. Lipid Res. 1997. 38:
160-172.

Supplementary key words cell cohesion ® apolipoproteins ¢ cell cul-
ture ® brain tumor ¢ ependymoblastoma cells ® CT-2A cells ® neur-
aminidase

Gangliosides are sialic acid-containing glycosphingo-
lipids (GSLs) that are enriched in the outer leaflet of
plasma membranes. The GSLs are anchored through
the ceramide motety and the attached carbohydrate
moiety extends from the membrane surface (1, 2). Al-
though the functions of GSLs in cell membranes have
not been clearly established, previous studies suggest an
association between changes in GSL composition and
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changes in oncogenesis, morphogenesis, and differenti-
ation (3-7).

GM3, a structurally simple monosialoganglioside
(Fig. 1), has been studied for its possible role in cell
growth, differentiation, and adhesion. GM3 can modu-
late the function of several growth factor receptors in-
cluding those for fibroblast growth factor (FGF), epi-
dermal growth factor (EGF), platelet-derived growth
factor (PDGF), and the integrin receptor (8-13). En-
hanced differentiation was observed in both monocytic
cells and oligodendrocytes after treatment with GM3
(14, 15). Although a homophilic GM3-GM3 interac-
tion was not found, GM3 could participate in cell
adhesion through specific heterophilic interactions
with various neutral GSLs including gangliotriaosyl-
ceramide (Gg3Cer), lactosylceramide (LacCer), globo-
side (Gb4Cer), and gangliotetraosylceramide (Gg4Cer)
(16-19).

In addition to a role in cell growth, differentiation,
and adhesion, previous studies also suggest an associa-
tion between GM3 and cell cohesive properties, i.e., the
ability of one cell to stick or cohere to another cell. In
general, transformed or malignant cells that contain
GM3 as the major ganglioside grow as clumps or islands
in culture, whereas cells containing GM3 as a minor
ganglioside grow as a fusiform monolayer. This phe-
nomenon was observed with rat ascites hepatoma cells
(20, 21), transformed rat embryo fibroblasts (22), and

Abbreviations: EPEN, ependymoblastoma; Nase, neuraminidasc;
mAb DH2, ant-GM3 monoclonal antibody; SSM, serum-sup-
plemented medium; SFM, serum-free medium; GSLs, glyco-
sphingolipids; GlcCer, glucosylceramide; GalCer, galactosylcer-
amide; LacCer, lactosylceramide; Gb3Cer, globotriaosylceramide
(GhOse3Cer); Gb4Cer, globotetraosylceramide (globoside,
GbOsedCer); Gg3Cer, gangliotriaosylceramide, GA2; Gg4Cer, gan-
gliotetraosylceramide, GAI; LDL, low density lipoprotein; HDL.,
high density lipoprotein; VLDL,, very low density lipoprotein.
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Fig. 1. Structure of ganglioside GM3 (NeuAco2—3GalBl—4GlcB1—1'Ceramide).

experimental mouse brain tumor cells (23, 24). Fur-
thermore, the GM3-rich mouse brain tumor cells that
grow as islands in culture grow as cohesive tumors in
vivo (24). In contrast, GM3-poor brain tumor cells that
grow as a fusiform monolayer in culture grow as a soft
non-cohesive tumor in vivo. These findings suggest that
GM3 may influence the cohesive properties of cells
grown both in vitro and in vivo.

Although much is known concerning the role of high
density lipoprotein (HDL) in coronary heart disease
and cholesterol transport, little is known about the role
of HDL in cellular cohesion. HDL may influence the
expression of endothelial adhesion molecules (25), and
serum lipoproteins including HDL can interact with
both neutral GSLs and gangliosides (26-28). Kivatinitz,
Grabois, and Quiroga (29) recently showed that HDL
was a heat-stable factor that could inhibit GM2 synthase
activity and could block neuritogenesis in chicken cere-
bral cells. In the present study we show that cellsurface
GM3 and extracellular HDL participate in the cohesive
properties of a mouse brain tumor cell line. A prelimi-
nary report of these findings has appeared (30).

MATERIALS AND METHODS

The following materials were purchased from the
Sigma Chemical Co. (St. Louis, MO): C. perfringens
neuraminidase (type V), GM3 ganglioside, HDL (bo-
vine or human plasma), LDL (human plasma), glutathi-
one, non-immune mouse IgG, anti-mouse IgG-agarose,
and peroxidase-conjugated anti-mouse IgG. Rhoda-
mine-conjugated goat anti-mouse IgG was purchased
from Kirkegaard & Perry Laboratories Inc. (Gaithers-
burg, MD). Mouse and bovine brain gangliosides were
purified in our laboratory. The IgG mAb DH2 culture
supernatant was kindly provided by Dr. S. Hakomori
(The Biomembrane Institute, Seattle, WA). VLDL,
apoE3, and apoE4 were kindly provided by Dr. B. P.
Nathan (The Cardiovscular Research Institute, Univer-

sity of California, San Francisco, CA). Reconstituted
HDL was kindly provided by Dr. D. M. Levine (The Ro-
gosin Institute, New York, NY). ["*C]galactose was pur-
chased from New England Nuclear (Boston, MA). Neu-
tral GSL standards were purchased from Matreya Inc.
(Pleasant Gap, PA).

Cell lines and cell culture

The EPEN and the CT-2A cell lines were established
from mouse brain tumors as previously described (24).
These tumor cells were cultured in Dulbecco’s modified
Fagle medium (DMEM) supplemented with either 5%
or 10% heat-inactivated fetal bovine serum (FBS). The
cells were cultured in a humidified atmosphere of 95%
air and 5% CO; at 37°C and the medium was changed
every other day.

Analysis of cohesion in the EPEN cells

As the cultured EPEN cells grow normally as islands
with few protoplasmic processes, cell cohesion was mea-
sured as the percentage of free cells or cells with proto-
plasmic processes. A free cell was defined as any cell
with no part of the cell body touching another cell,
whereas a protoplasmic process was defined as a process
extending from a cell that was at least as long as the
average diameter of a cell body. An inverted microscope
equipped with an ocular grid was used for cell counting.
Only cells with nuclei falling on the vertical grid lines
were scored. About 20 cells were scored in each micro-
scopic field and 30 to 40 randomly selected fields were
analyzed from three independent experiments.

Treatment of cells with C. perfiringens neuraminidase
(Nase), anti-GM3 monoclonal antibody (mAb DH2),
and serum-free medium (SFM)

The cells were cultured as described in Fig. 2 and
were treated with either Nase, mAb DH2, or SFM. Nase
(10 U) was dissolved in 1 ml of 0.1 M sodium acetate
buffer, pH7. The Nase solution was filtered through a
0.22-um sterile filter before addition to the cell culture
medium. The cells were treated with Nase in the pres-
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ence of 5% FBS for 24 h. Control cell cultures were
treated with either inactivated Nase (boiling for 15 min)
or with sodium acetate buffer only.

The IgG monoclonal antibody (mAb) DH2 hybrid-
oma culture supernatant was described previously (31)
and was concentrated according to the procedures of
Hockfield et al. (32). The antibody solution was centri-
fuged for 15 min at 2000 rpm prior to application to
cell cultures. The cells were treated with this antibody
solution (100 pg/ml culture medium) in the presence
of 5% FBS for 48 h. The control cell cultures were either
untreated or were treated with phosphate-buffered sa-
line (PBS) alone or with non-immune mouse IgG (100
ug/ml).

After the cells were cultured in DMEM supplemented
with 5% FBS for 6 days, the serum-containing medium
was removed. The cells were washed twice with SFM that
contained DMEM supplemented with 5 pug/ml insulin,
5 ug/ml transferrin, and 25 ng/ml epidermal growth
factor. The cells were then grown in this SFM for 24 h.

The trypan blue exclusion procedure (33) was used
to assess the viability of the cells after 24 h (Nase and
SFM) or after 48 h (mAb DH2). The number of the
dead cells that incorporated trypan blue were counted
using a hemacytometer.

Treatment of cells with lipoproteins and glutathione

The EPEN cells were seeded and cultured for 6 days
as described above. After washing the cells twice with
SFM, the cells were cultured for 24 h in SFM supple-
mented with either HDL (80 pg protein/ml), LDL (80
ug protein/ml), VLDL. (40 ug protein/ml), apoE3 (30
ug/ml), apoE4 (30 pug/ml), or apoE3 or E4 together
with VLDL (40 pg protein/ml), respectively. For gluta-
thione treatment, the concentrations of 80, 100, 160,
200 pg/ml were used. The glutathione at different con-
centrations was added to SFM together with HDL (120
ug/ml). To study the dosage-related effects of HDL on
the EPEN cells, the cells were grown in SFM in the pres-
ence of 40, 80, or 120 pug/ml of HDL protein.

Analysis of gangliosides and neutral GSLs

The EPEN or the CT-2A tumor cells were seeded at
approximately 2 X 10* cells/flask into 75-cm? culture
flasks. The cells were cultured in DMEM supplemented
with 10% FBS for 6 days. The cells were labeled with
["*C]galactose as described previously (34). After 24 h
in culture, Nase, boiled Nase, or buffer was added. The
culture medium was removed 24 h later and the flasks
were washed three times with cold PBS. The cells were
treated with 0.1% trypsin and harvested by centrifuga-
tion.

The isolation and purification of gangliosides and
neutral GSLs from the lyophilized cell pellets and their

qualitative analysis by high performance thin-layer chro-
matography (HPTLC) was as we described previously
(23, 35, 36). The solvent systems used for the develop-
ment of gangliosides and neutral GSLs are described in
the figure legends. The ganglioside or neutral GSL
bands were visualized by spraying the dried plates with
the resorcinol-HCI reagent or the orcinol-H,SO, re-
agent, respectively, and by baking the plates at 95—
100°C for 30 min (37). The procedure of Warren (38)
was used to estimate free sialic acid content.

Autoradiography of either the gangliosides or neutral
GSLs was performed by exposing the radiolabeled TLC
plate to Hyperfilm“H (Amersham, Arlington Heights,
IL) for 7 days. Exposed films were developed with Ko-
dak GBX developer (5 min), fixed with Kodak GBX
fixer (3 min), and photographed. A Molecular Dynam-
ics Phosphorimager (model SF) was also used to exam-
ine the distribution of the radiolabeled GSLs.

GSL biosynthesis in EPEN cells grown in serum-free
medium

GSL biosynthesis was analyzed by estimating the in-
corporation of ["C]galactose into gangliosides and
neutral GSLs. The EPEN cells were seeded at approxi-
mately 2 X 10* cells/flask into the 75-cm? culture flasks
and were cultured in DMEM supplemented with 10%
FBS for 2 days. The medium was changed and the cells
were cultured for an additional 6 days in either SSM or
SFM. ["C]galactose (0.15 pCi/ml) was then added to
the cell culture medium. After incubation for 24 h, the
cells were harvested and "“C-labeled GSLs were isolated
and purified as described above. Duplicate aliquots
from either the ganglioside or neutral GSL samples
were added to Ecoscint scintillation cocktail (National
Diagnostics, Manville, NJ). The GSL synthesis was ob-
tained by scintillation counting (Pharmacia LKB Liquid
Scintillation counter) and was expressed as dpm
["*C]galactose incorporated into GSL/10° cells. The
distribution of radiolabeled GSLs on HPTLC was per-
formed as described above.

RESULTS

The gross morphology, histology, and ganglioside
composition of the EPEN and CT-2A tumors grown in
vivo and in vitro were described previously (23, 24, 34).
Briefly, the EPEN tumor grows as a firm, cohesive, non-
hemorrhagic mass in vivo and as cell islands in vitro.
The CT-2A tumor, on the other hand, grows as a soft,
non-cohesive, hemorrhagic mass in vivo and as a fusi-
form monolayer in vitro. The EPEN cells synthesize
GM3 as the only ganglioside, whereas the CT-2A cells
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synthesize GM2, GM1, and GD1a as major gangliosides,
and GM3 as a minor ganglioside.

Influence of Nase on tumor cell cohesive properties

Nase treatment disrupted EPEN cell islands (reduced
cohesion) and increased the number of free (non-cohe-
sive) cells and cells bearing protoplasmic processes (Fig.
2A and B). Most of the free, non-cohesive Nase-treated
cells expressed protoplasmic processes. In contrast to
the EPEN cells, Nase treatment had no noticeable effect
on the morphology of the CT-2A cells (Fig. 3A and B).
The quantitative effects of Nase on EPEN cell cohesion
and morphology are shown in Fig. 4A and B. Both the
percentage of free cells and cells bearing protoplasmic
processes were increased significantly by Nase. Nase
treatment also reduced the growth rate of both cell lines
(data not shown), but had no significant effect on cell
viability. Greater than 95% of the EPEN and CT-2A cells
survived the Nase treatment as assayed by trypan blue
exclusion.

Influence of Nase on tumor cell GSL composition

It is important to mention that the gangliosides and
neutral GSLs in each cell line migrated as double bands
on the HPTLC plates (Fig. 5 and Fig. 6). The double
bands arise from structural heterogeneity in the cera-
mide portion of the molecule as previously described
(23, 39, 40). Nase removes terminal sialic acids from
glycoconjugates including GM3 and converts ganglio-
sides such as GDla to GM1 (7, 22). In the EPEN cells,
Nase treatment converted most of the GM3 to LacCer,
i.e., the asialo core structure of GM3 (Figs. bA and 6).
In the CT-2A cells, Nase converted most of the GM3
and GDla to LacCer and GMI, respectively, but had
little effect on the distribution of GM2, which is resis-
tant to Nase digestion (Figs. 5B and 6). The Nase-
induced increase in LacCer in the EPEN and CT-2A
cells was also proportional to the level of GM3 in these
cells. Besides producing the expected GSL reaction
products, the Nase-induced hydrolysis of sialic acids
from cellsurface glycoconjugates also increased the
level of free sialic acids in the culture medium of both
cell lines (data not shown).

Association between GM3 content and EPEN cell
cohesive properties

The data in Fig. 7 show that Nase treatment did not
cause permanent changes in the morphological and
biochemical properties of the EPEN cells. Cell cohesion
(expressed as a reduction in the percentage of process-
bearing cells) and GM3 content (dpm/10° cells) re-
turned to control pre-treatment levels after the suspen-
sion of Nase treatment. As most of the free, non-cohe-
sive cells also expressed protoplasmic processes (see
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Fig. 2B), these results show a positive association be-
tween GM3 content and the cohesive behavior of the
EPEN cells, i.e., cells with high GM3 levels (days 7 and
12) were mostly cohesive (few processes), whereas cells
with low GM3 levels (day 8) were mostly non-cohesive
(many processes).

Influence of Nase-treated and boiled FBS on EPEN
cell cohesive properties

To determine whether the Nase-induced changes in
EPEN cell morphology might involve an effect of Nase
on a serum factor, we treated the FBS for 15 h with Nase
and then boiled the serum to stop further Nase activity.
The EPEN cells grown in this Nase-treated and boiled
FBS formed islands similar to those seen in Fig. 2A.
These results suggested that Nase influenced EPEN cell
cohesion and morphology from an effect on the cells
rather than from an effect on factors in the FBS.

Influence of mAb DH2 on tumor cell cohesive
properties

Treatment of the EPEN cells with mAb DH2 pro-
duced an effect similar to that seen with Nase treatment,
i.e., a disruption of cell islands (reduced cohesion} and
an increase in the number of free (non-cohesive) cells
and cells bearing protoplasmic processes (Fig. 2A and
C; Fig. 4A and B). No effect was seen with the addition
of non-immune mouse IgG (100 ug/ml) as a control.
Also similar to the Nase effect, mAb DH2 treatment re-
duced cell growth, but had little effect on cell viability
(data not shown). In contrast to the EPEN cells, mAb
DH2 had no noticeable effect on the morphology of
the CT-2A cells (Fig. 3A and C). The binding specificity
of mAb DH2 was also examined using immunostaining
on HPTLC plates. mAb DH2 was specific for GM3 and
did not cross-react with other gangliosides found in ei-
ther bovine brain or in the solid EPEN tumor growing
in vivo (data not shown). These results agree with the
previous findings of others (16, 31).

Influence of SFM on tumor cell cohesive properties
and GSL composition

SFM produced an effect on EPEN cell morphology
similar to that seen after treatment with Nase and mAB
DH2, i.e., a disruption of cell islands (reduced cohe-
sion) and an increase in the number of free (non-cohe-
sive) cells and cells bearing protoplasmic processes (Fig.
2A and D). Also similar to the effects of Nase and mAb
DH2, SFM treatment reduced cell growth rate, but had
little effect on cell viability. In contrast to the EPEN
cells, SFM had no noticeable effect on the morphology
of the CT-2A cells (Fig. 3A and D).

In order to determine whether SFM influenced the
expression of GM3 or neutral GSLs, the EPEN cells

2102 ‘8T aunr uo ‘sanb Aq 610 4j:mmm woly papeojumoq


http://www.jlr.org/

Downloaded from www.jlr.org by guest, on June 18, 2012

‘(X G8¢) g "S1f ul umoys asoyl st swres Iy 1M (J—V J0J SUONIPUOD JuUdUNeIN YL S[[3 V-1 Jo L3ojoydiowr ap uo WIS pue ‘ZHQ qVW ‘dseN jo duanyu|

¢ .”—lﬂ

165

Bai and Seyfried Influence of GM3 and HDL on tumor cell cohesion

angsy HDYV3S3Y AidI 40 TYNYNOSr é



http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

40+

30

204

% of Free Cells

104

C1 Nase C2 IgG DH2

% of Process Bearing Cells

C1 Nase C2 IgG DH2

Fig. 4. Influence of Nase and mAb DH2 on the percentage of free
cells (A) and protoplasmic process formation (B) of the EPEN cells.
The cells were cultured and treated with either Nase or mAb DH2 as
described in Fig. 2. The values were obtained from three independent
experiments as described in Methods and are expressed as means *
SEM. Asterisks indicate that the values for the Nase and mAb DH2
treatments differed from those of the controls at P < 0.01 (two-tailed
ttest). C1 and Nase represent treatment with sodium acetate buffer
or Nase, respectively. C2, IgG, and DH2 represent treatment with PBS
buffer, non-immune mouse IgG (100 pg/ml culture medium), and
mAb DH2, respectively.

were cultured in the presence or absence of fetal bovine
serum. SFM enhanced the content of GM3, but had no
noticeable effect on the content or distribution of neu-
tral GSLs. The content of GM3 (expressed as dpm/10°
cells) was 1840 and 2090 dpm (two independent experi-
ments) in serum-~containing medium, and was 3550 and
3990 dpm in serum-free medium. The pattern of radio-
labeled neutral GSLs (GlcCer, LacCer, and Gb3Cer)
was the same as that shown in Fig. 6 lane C, for EPEN
cells grown in serum-containing medium. These results
suggest that the GM3 influence on EPEN cell cohesion
was unlikely to involve direct homophilic (GM3-GM3)
or heterophilic (GM3-neutral GSLs) interactions as
SFM disrupted cell islands, but did not reduce GM3 or

166 Joumal of Lipid Research Volume 38, 1997

alter the distribution neutral GSLs. Based on these
findings, we surmised that EPEN cell cohesion might
involve an extracellular factor that was missing from the
SFM. We therefore examined the fetal bovine serum for
this factor.

Influence of HDL on EPEN cell cohesive properties

Our preliminary experiments on the cohesion of
EPEN cells excluded an involvement of several serum
factors including albumin, epidermal growth factor, fi-
broblast growth factor, and platelet-derived growth fac-
tor. Recent findings from Kivatinitz et al. (29) showed
that HDL was a heat-stable factor that could also block
protoplasmic process formation in chick cerebral cells.
From our Nase experiments, we knew that a serum fac-
tor should be both heat-stable and Nase-resistant. To
test the possible involvement of HDL in the EPEN cell
cohesion phenomenon, we cultured the EPEN cells
with SFM in the absence (control) or presence of bo-
vine HDL. An HDL protein concentration of 80 jig/ml
was used initially because this is the concentration that
we estimated in the culture medium supplemented with
10% FBS based on the previous findings of Savion et
al. (41).

Addition of HDL to EPEN cells growing in SFM
caused a significant reduction in the number of free
cells and process-bearing cells compared to the controls
(Fig. 8). Indeed, the morphology of the HDL-treated
EPEN cells was similar to that observed for EPEN cells
grown in serum-supplemented medium (Fig. 2A).
These results show that the cohesion and morphology
of the EPEN cells was restored after addition of HDL
to the SFM. Treatment of the bovine HDL with Nase
and boiling had no influence on the HDL effect, thus
fulfilling the two criteria of the serum factor. Moreover,
the effect of bovine HDL on EPEN cell cohesion was
also observed with human HDL and with reconstituted
human HDL (42). The HDL effect on the percentage
of free cells and protoplasmic processes was dosage-de-
pendent and observed with a maximal effect at 120 g
HDL protein/ml (Fig. 9).

To determine the specificity of the HDL effect on
FPEN cell cohesion, we examined the influence of
other serum lipoproteins including LDL, VLDL, apoE3,
apoE4, VLDL plus apoE3, and VLDL plus apoE4. Previ-
ous studies suggested that VLDL, apoE3, apoE4, and
various combinations of these could influence neurito-
genesis in cultured cells (43). In contrast to the effect
of HDL, none of these lipoproteins or apolipoproteins
influenced the morphology or cohesive properties of
the EPEN cells grown in SFM. As oxidized lipids in HDL
caused a growth-inhibiting effect on glioblastoma cells
(44), we added the antioxidant glutathione, at different
concentrations, to the SFM together with bovine HDL
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Fig. 5. Autoradiogram (A) and phosphorimage (B) of HPTLC plates showing the influence of Nase treatment
on ganglioside distribution in the EPEN (A) and CT-2A (B) cells. The cells were grown for 24 h in medium
containing 0.15 pCi/ml of ["C]galactose. The cells were then treated with Nase (as described in the legend
to Fig. 1) for 24 h in the presence of ["C]galactose. For A, an amount of dpm equivalent to 1 X 10° cells
(lanes C and Nase) were spotted. For B, 1500 dpm (lanes C and Nase) were spotted. Approximately 1.5 ug of
ganglioside NeuAc standards (Stds) was spotted for both A and B. The plates were developed by one ascending
elution with chloroform—methanol-water 50:45:10 (v/v) containing 0.02% CaCl,-2H,O. After autoradiogra-
phy (A) or phosphorimaging (B), the plates were sprayed with the resorcinol reagent to identify ganglioside
standards. Lanes C and Nase indicate that the cells were treated with sodium acetate buffer or Nase, respectively.

(see Methods). This treatment also had no influence
on the HDL effect.

DISCUSSION

The molecular mechanisms by which one cell co-
heres to another cell are likely varied and complex. Our
results suggest that cell surface GM3 and extracellular
HDL participate in the cohesion of cultured EPEN cells.
Evidence for this comes from finding ), that EPEN cell
cohesion was disrupted after the enzymatic removal
(Nase) or immunological masking (mAb DH2) of GM3,
or from growth in serum-free medium (absence of
HDL) and b), that EPEN cell cohesion returned after
the resynthesis of GM3 or after addition of HDL to the
serum-free medium. Although both GM3 and HDL
were necessary participants in the cohesion phenome-
non, our findings also showed that neither molecule by
itself was sufficient for EPEN cell cohesion.

It is unlikely that non-specific effects of the Nase,
mAb DH2, or SFM treatments disrupted EPEN cell mor-
phology or cohesion, as similar treatments had no in-
fluence on the morphology or cohesive properties of
the CT-2A tumor cells. In contrast to mouse melanoma
cells (3), mAb DH2 showed no cytotoxicity toward the

EPEN or CT-2A cells. We cannot exclude the possibility
that disrupted EPEN cell cohesion resulted in part from
a treatment-induced reduction in growth rate. How-
ever, the Nase treatment also reduced the growth rate
of the CT-2A cells, but did not alter their morphology.
Schubert et al. (45) also found that morphological
changes induced from low serum were not coupled to
changes in cell division or DNA synthesis in C1300
mouse neuroblastoma cells. Although different cell
lines may not always respond to the same treatment in
the same way, it is unlikely that reduced growth rate
alone can account for the differences in cohesive prop-
erties between the EPEN and CT-2A cells. On the con-
trary, our data suggest that the differential effects of the
Nase, mAb DH2, or SFM treatments on EPEN and CT-
2A morphology result from the differences in GM3 con-
tent in the two lines. GM3 is the major ganglioside in
the EPEN cells, but is a minor ganglioside (about 5%
of the total distribution) in the CT-2A cells.

Previous studies showed that Nase treatment could
release cell-surface sialic acid and disrupt the aggrega-
tion of chick embryonic muscle cells (33, 46). Although
Nase can remove terminal sialic acids from both glyco-
proteins as well as gangliosides (GM3 in the case of the
EPEN cells), the anti-GM3 antibody, mAb DH2, is spe-
cific for GM3 as it does not cross-react with glycopro-
teins or other GSLs (16). Chatterjee, Chakraborty and
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Autoradiogram of an HPTLC plate showing the influence of the Nase treaument on neutral GSL distri-

bution in the EPEN and CT-2A cells. The cells were labeled with [M'C]galactose and were treated with sodium
acetate buffer (C) or Nase (see Methods). Approximately 1500 dpm of radiolabeled neutral GSL. was spotted
for the Cand Nase lanes. Neutral GSL standards were spotted in lane 1 (GlcCer, LacCer, Gg3Cer, and Gg4Cer)
and lane 2 (GlcCer, CalCer, LacCer, Gb3Cer and Gb4Cer). The plate was developed in a solvent system con-
taining chloroform-methanol-2.5 M NH,OH 65:35:8 (v/v) with 0.02% CaCl,2H,0. After autoradiography,
the plate was sprayed with the orcinol reagent to identify neutral GSL standards. The radiolabeled band migrat-

ing between GleCer and LacCer represents a phospholipid contaminant.

Anderson (47) also showed that an interaction between
cell-surface GM3 and an anti-GM3 monoclonal anti-
body could induce protoplasmic processes in Neuro-2A
cells. Our results with the EPEN cells are consistent with
these findings and further suggest that GM3 may be in-
volved with the observed morphological changes.

We suggest that the content of GM3, relative to that
of other gangliosides, may also be important for its par-
ticipation in the cohesion phenomenon. This comes
from our present findings that the low level of GM3 in
the CT-2A cells was associated with a fusiform non-
island morphology, and from our previous findings that
island formation occurred in rat fibroblasts where the
content of GM3 (as a percentage of lipid bound sialic
acid) comprised 57%, but did not occur in fibroblasts
where the content of GM3 was 33% or lower (22). Fur-
ther studies will be necessary to determine whether a
critical content or threshold of GM3 is necessary for is-
land formation.

Previous studies indicated that GM1 might play a role
in neuritogenesis as the Nase-induced conversion of
complex gangliosides to GM1 was associated with neu-
rite outgrowth in cultured neural tumor cells (7). We
found that disrupted cohesion was associated with the

168  Journal of Lipid Research Volume 38, 1997

appearance of neurite-like protoplasmic processes in
the treated EPEN cells. These processes, however, ap-
peared in either the absence (Nase treatment) or pres-
ence (growth in SFM) of gangliosides. Furthermore,
HDL could abolish protoplasmic processes in the EPEN
cells grown in SFM. These findings are consistent with
those of Kivatinitz et al. (29), who recently showed
that HDL could also block neuritogenesis in chicken
cerebral cells. On the other hand, no protoplasmic
processes appeared in the CT-2A cells despite the
Nase-induced conversion of most GDla to GM1. We
suggest that neurite formation in cultured cells is a com-
plex phenomenon that likely involves the participation
of numerous cellular and extracellular molecules.
Although the participation of GM3 in cell adhesion
is well documented, little is known about the role of
HDL in cell adhesion or cohesion. The HDL effect on
EPEN cell cohesion was specific as no effect was found
with other serum lipoproteins, i.e., LDL and VLDL or
with apolipoproteins, i.e., apok3 and apoE4, which
were found to influence neuritogenesis in cultured cells
(43). Furthermore, the HDL effect was observed with
bovine and human HDL as well as with reconstituted
human HDL (42). As the antioxidant glutathione did
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Fig. 7. Association between GM3 content and protoplasmic process
formation in the EPEN cells. Approximately 2 X 10* cells/flask were
seeded into 75-cm® culture flasks and the cells were cultured in
DMEM containing 10% FBS for 6 days. [*C]galactose (0.15 uCi/ml)
was added to the culture medium on the sixth day. Nase was added
on day 7 as in Fig. 2. After the cells were treated with Nase for 24 h,
the Nase-containing medium was removed (on day 8) and the cells
were cultured for another 4 days in the absence of Nase. The radio-
labeled gangliosides were isolated and purified as described in Meth-
ods. For the studies of protoplasmic process formation, about 20 cells
were analyzed in each field, and at least five randomly selected fields
were examined for each experiment. The values represent the means
and the bars the range of two independent experiments.

not block the HDL effect, it is unlikely that the effect
arose as an artifact of oxidized lipids in the HDL prepa-
rations (44). Furthermore, the HDL effect on EPEN cell
cohesion was dosage-dependent and was observed at
HDL protein concentrations similar to those normally
present in culture medium supplemented with 10% fe-
tal bovine serum. Besides a widely recognized role in
cholesterol transport, our findings suggest a possible
role for HDL in the cohesion and morphological prop-
erties of certain cell types grown in culture.

It is not known whether the participation of GM3 and
HDL in EPEN cell cohesion is unique to the in vitro
culture environment or might also occur in vivo. The
EPEN and other experimental tumors that contain
GM3 as the major ganglioside grow in the brain as firm
cchesive masses, whereas the CT-2A and other tumors
that contain low levels of GM3 grow as soft non-cohesive
masses (24). HDL could access the growing brain tu-
mors from either the cerebral spinal fluid (48) or from
uptake through the blood—brain barrier (49). Although
HDL could have similar access to the EPEN and CT-2A
tumors, the low level of GM3 in CT-2A may account for
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Fig. 8. Influence of HDL on the percentage of free cells (A) and
protoplasmic process formation (B) of the EPEN cells. The cells were
cultured in serum supplemented medium (C) for 6 days as in Fig. 2.
The SSM was replaced and the cells were cultured in serum-free me-
dium for 24 h (SFM). HDL (80 pg protein/ml) was added to the
culture medium and the cells were then cultured for an additional
24 h (SFM + HDL). The values represent means * SEM of three
independent experiments as described in Methods.

its in vivo growth as a soft non-cohesive mass. It will be
interesting to determine whether the participation of
GM3 and HDL is similar in in vitro and in vivo growth
environments.

The mechanism by which GM3 and HDL participate
in EPEN cell cohesion is not known. It is unlikely that
the mechanism involves a direct interaction between
GM3 and HDL as rat C6 glioma cells, which also express
GM3 as the major ganglioside, do not grow as islands
in serum-containing medium (50). Rather than a direct
GM3-HDL interaction, we speculate that the interaction
may be indirect and mediated through an HDL recep-
tor. HDL could participate as an extracellular bridge,
linking apposing EPEN cells by binding to a cellsurface
HDL receptor. GM3, on the other hand, could partici-
pate by modulating the function of the HDL receptor.
Our notion is consistent with previous findings that
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Fig. 9. Dose—response curve for influence of HDL. on the percent-
age free cells (A) and protoplasmic process formation (B) of the
EPEN cells. The cells were seeded and cultured for 6 days in SSM
(see Methods). The SSM was replaced with SFM together with HDL
(40, 80, and 120 pg protein/ml). After 24 h, the cells were examined
(see Methods). The values represent means = SEM of three indepen-
dent experiments.

GM3 can modulate the function of several kinds of cell-
surface receptors (8-13, 51-55), and that HDL can
bind to a specific receptor at the cell surface (56-58).
The removal of either GM3 or HDL couild therefore
disrupt EPEN cell cohesion as our data show. Although
we suggest that EPEN cell cohesion may involve an indi-
rect interaction between GM3 and HDL, we do not ex-
clude other possible mechanisms. Further studies are
needed to better define the mechanism by which GM3
and HDL participate in EPEN cell cohesion. Bl

We thank Dr. W. Brunken for his generosity of time and
equipment and Drs. W. T. Chiles, D. Chou, C. O’Connor,
R. K. Yu, C. L. Schengrund, and S. Palay for their helpful sug-
gestions. We thank Drs. S. Hakomori, M. Zheng, J. Brigande,

170  Journal of Lipid Research Volume 38, 1997

and J. Ecsedy, B. P. Nathan and D. M. Levine for their material
or technical assistance. We thank S. Vedder for photographic
services. This work was submitted in partial fulfillment for the
Ph.D. degree (H. W. B.) and was supportd by NIH grant NS
33640 and Boston College REG.

Manuseript received 3 August 1996 and in revised form 12 November 1996.

REFERENCES

1. Hakomori, S. 1986. Glycosphingolipids. Sci. Am. 254: 44—
53.

2. Ledeen, R. W. 1983. Gangliosides. In Handbook of Neu-
rochemistry. A. Lajtha, editor. Plenum Publishing Co.,
New York. 41-90.

3. Varki, A. 1993. Biological roles of oligosaccharides: all of
the theories are correct. Glycobiology. 3: 97-130.

4. Bouvier, J. D., and T. N. Seyfried. 1989. Ganglioside com-
position of normal and mutant mouse embryos. Newro-
chem. 52: 460-466.

5. Hakomori, S. 1985. Aberrant glycosylation in cancer cell
membranes as focused on glycolipids: overview and per-
spectives. Cancer Res. 45: 2405~-2414.

6. Fenderson, B. A., E. M. Eddy, and S. Hakomori. 1990. Gly-
coconjugate expression during embryogenesis and its bio-
logical significance. Bioessays. 12: 173-179.

7. Wu, G., and R. W, Ledeen. 1991. Stimulation of neurite
outgrowth in neuroblastoma cells by neuraminidase: pu-
tative role of GMI ganglioside in differentiation. J. Newro-
chem. 56: 95-104.

8. Rebbaa, A., J. Hurh, H. Yamamoto, D. S. Kersey, and E.
G. Bremer. 1996. Ganglioside GM3 inhibition of EGF re-
ceptor-mediated signal transduction. Glycobiology. 6: 399
406.

9. Bremer, E. G., S. Hakomori, D. F. Bowen Pope, E. Raines,
and R. Ross. 1984. Ganglioside-mediated modulation of
cell growth, growth factor binding, and receptor phos-
phorylation. J. Biol. Chem. 259: 6818—-6825.

10. Bremer, E. G., J. Schlessinger, and S. Hakomori. 1986.
Ganglioside-mediated modulation of cell growth. J. Biol.
Chem. 261: 2434-2440.

11. Weis, F. M., and R. ]. Davis. 1990. Regulation of epidermal
growth factor receptor signal transduction. Role of gan-
gliosides. /. Biol. Chem.265: 12059-12066.

12. Zheng, M., T. Tsuruoka, T. Tsuji, and S. Hakomori. 1992.
Regulatory role of GM3 ganglioside in integrin function,
as evidenced by its effect on function of alpha 5 beta
l-liposomes: a preliminary note. Biochem. Biophys. Res.
Commun. 186: 1397-1402.

13. Zheng, M., H. Fang, T. Tsuruoka, T. Tsuji, T. Sasaki, and
S. Hakomori. 1998. Regulatory role of GM3 ganglioside in
alpha b beta 1 integrin receptor for fibronectin-mediated
adhesion of FUA169 cells. J. Biol. Chem. 268: 2217-2222.

14. Nojiri, H., F. Takaku, Y. Terui, Y. Miura, and M. Saito.
1986. Ganglioside GM3: an acidic membrane component
that increases during macrophage-like cell difterentiation
can induce monocytic differentiation of human myeloid
and monocytoid leukemic cell lines HL-60 and U937.
Proc. Natl. Acad. Sci. USA. 83: 782-786.

15. Yim, S. H,, R. G. Farrer, J. A. Hammer, E. Yavin, and
R. H. Quarles. 1994. Differentiation of oligodendrocytes
cultured from developing rat brain is enhanced by ex-
ogenous GM3 ganglioside. J. Newrosci. Res. 38: 268~281.

2102 ‘8T aunr uo ‘sanb Aq 610 4j:mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

31.

Kojima, N., and S. Hakomori. 1989. Specific interaction
between gangliotriaosylceramide (Gg3) and sialosyllacto-
sylceramide (GM3) as a basis for specific cellular recogni-
tion between lymphoma and melanoma cells. J. Biol
Chem. 264: 20159-20162,

Kojima, N., and S. Hakomori. 1991. Cell adhesion, spread-
ing, and motility of GM3-expressing cells based on glyco-
lipid-glycolipid interaction. J. Biol. Chem. 266: 17552—
17558.

Kojima, N., and S. Hakomori. 1991. Synergistic effect of
two cell recognition systems: glycosphingolipid—glyco-
sphingolipid interaction and integrin receptor interac-
tion with pericellular matrix protein. Glycobiology. 1: 623
630.

Kojima, N., M. Shiota, Y. Sadahira, K. Handa, and S.
Hakomori. 1992. Cell adhesion in a dynamic flow sys-
tem as compared to static system. Glycosphingolipid—gly-
cosphingolipid interaction in the dynamic system pre-
dominates over lectin- or integrin-based mechanisms in
adhesion of B16 melanoma cells to non-activated endo-
thelial cells. J. Biol. Chem. 267: 17264-17270.
Hirabayashi, Y., T. Taki, M. Matsumoto, and K. Kojima.
1978. Comparative study on glycolipid composition be-
tween two cell types of rat ascites hepatoma cells. Biochim.
Biophys. Acta. 529: 96-105.

Taki, T., Y. Hirabayashi, Y. Suzuki, M. Matsumoto, and K.
Kojima. 1978. Comparative study of glycolipid composi-
tions of plasma membranes among two types of rat ascites
hepatoma and normal rat liver. J. Biochem. Tokyo. 83:
1517-1520.

Bai, H., J. Orlando, and T. N. Seyfried. 1992. Altered gan-
glioside composition in virally transformed rat embryo
fibroblasts. Biochim. Biophys. Acta. 1136: 23-27.

Seyfried, T. N., R. K. Yu, M. Saito, and M. Albert. 1987.
Ganglioside composition of an experimental mouse brain
tumor. Cancer Res. 47: 3538-3542.

Seyfried, T. N., M. el-Abbadi, and M. L. Roy. 1992. Gan-
glioside distribution in murine neural tumors. Mol. Chem.
Neuropathol. 17: 147-167.

Cockerill, G. W., K. A. Rye, J. R. Gamble, M. A. Vadas,
and P. J. Barter. 1995. High-density lipoproteins inhibit
cytokine-induced expression of endothelial cell adhesion
molecules. Arterioscler. Thromb. Vasc. Biol. 15: 1987-1994.
Dawson, G., A. W. Kruski, and A. M. Scanu. 1976. Distribu-
tion of glycosphingolipids in the serum lipoproteins of
normal human subjects and patients with hypo- and hy-
perlipidemias. J. Lipid Res. 17: 125-131.

van den Bergh, F. A., and J. M. Tager. 1976. Localization
of neutral glycosphingolipids in human plasma. Biochim.
Biophys. Acta. 441: 391-402.

Valentino, L. A, and S. Ladisch. 1992, Localization of
shed human tumor gangliosides: association with serum
lipoproteins. Cancer Res. 52: 810-814.

Kivatinitz, S. C., V. R. Grabois, and S. Quiroga. 1995.
High-density lipoprotein inhibits UDP-N-acetylgalactos-
amine:GM3, N-acetylgalactosaminyltransferase and differ-
entiation of cultured cerebral cells: comparison with a for-
merly described inhibitor of this enzyme. J. Neurochem. 65:
775-781.

. Bai, H., and T. N. Seyfried. 1996. Influence of ganglioside

GM3 and high density lipoprotein (HDL) on the cohe-
sion of mouse brain tumor cells. /. Neurochem. 66 (Suppl
1): $40.

Dohi, T., G. Nores, and S. Hakomori. 1988. An IgG3
monoclonal antibody established after immunization with

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

GM3 lactone: immunochemical specificity and inhibition
of melanoma cell growth in vitro and in vivo. Cancer Res.
48: 5680-5685.

Hockfield, S., S. Carlson, C. Evans, P. Levitt, J. Pintar, and
L. Silberstein. 1993. Purifying IgG using protein A. In Se-
lected Methods for Antibody and Nucleic Acid Probes. S.
Hockfield, S. Carlson, C. Evans, P. Levitt, ]. Pintar, and L.
Silberstein, editors. Cold Spring Harbor Laboratory Press,
Plainview, NY. 372-377.

Kemp, R. B. 1968. Effect of the removal of cell surface
sialic acids on cell aggregation in vitro. Nature. 218: 1255-
1256.

El Abbadi, M., and T. N. Seyfried. 1994. Influence of
growth environment on the ganglioside composition of
an experimental mouse brain tumor. Mol. Chem. Neuropa-
thol. 21: 273-285.

Seyfried, T. N., and T. Ariga. 1992. Neutral glycolipid ab-
normalities in a tcomplex mutant mouse embryo. Bio-
chem. Genet. 30: 557-565.

Seyfried, T. N., G. H. Glaser, and R. K. Yu. 1978. Cerebral,
cerebellar, and brain stem gangliosides in mice suscepti-
ble to audiogenic seizures. J. Neurochem. 31: 21-27.
Svennerholm, L. 1957. Quantitative estimation of sialic
acids II. A colorimetric resorcinol-hydrochloric acid
method. Biochim. Biophys. Acta. 24: 604-611.

Warren, L. 1959. The thiobarbituric acid assay of sialic
acids. J. Biol. Chem. 234: 1971-1975.

Chou, K. H,, L. S. Ambers, and F. B. Jungalwala. 1979.
Ganglioside composition of chemically induced rat neu-
ral tumors and characterization of hematoside from neu-
rinomas. J. Neurochem. 33: 863-873.

Seyfried, T. N., S. Ando, and R. K. Yu. 1978. Isolation and
characterization of human liver hematoside. J. Lipid Res.
19: 538-543.

Savion, N., R. Laherty, D. Cohen, G. M. Lui, and D. Gos-
podarowicz. 1982. Role of lipoproteins and 3-hydroxy-3-
methylglutaryl coenzyme A reductase in progesterone
production by cultured bovine granulosa cells. Endocrinol
ogy. 110: 13-22.

Levine, D. M., T. S. Parker, T. M. Donnelly, A. Walsh, and
A. L. Rubin. 1993. In vivo protection against endotoxin
by plasma high density lipoprotein. Proc. Natl. Acad. Sci.
USA. 90: 12040-12044.

Nathan, B. P., S. Bellosta, D. A. Sanan, K. H. Weisgraber,
R. W. Mahley, and R. E. Pitas. 1994. Differential effects of
apolipoproteins E3 and E4 on neuronal growth in vitro.
Science. 264: 850-852.

Moskal, J. R., M. Sinnett, P. L. Kornblith, P. LaSala, D. M.
Levine, T. S. Parker, and H. Lander. 1992, The effect of
lipoproteins on human glioblastoma growth in vitro. Mol.
Chem. Neuropathol. 17: 169—181.

Schubert, D., S. Humphreys, F. Jacob, and F. d. Viuy.
1971. Induced differentiation of a neuroblastoma. Dev.
Biol. 25: 514-546.

Kemp, R. B. 1970. The effect of neuraminidase (3:2:1:
18) on the aggregation of cells dissociated from embry-
onic chick muscle tissue. J. Cell Sci. 6: 751-766.
Chatterjee, D., M. Chakraborty, and G. M. Anderson.
1992. Differentiation of Neuro-2a neuroblastoma cells by
an antibody to GM3 ganglioside. Brain Res. 583: 31-44.
Roheim, P. S., M. Carey, T. Forte, and G. L. Vega. 1979.
Apolipoproteins in human cerebrospinal fluid. Proc. Natl.
Acad. Sci. USA. 76: 4646-4649.

de Vries, H. E., B. Breedveld, J. Kuiper, A. G. de Boer,
T. J. Van Berkel, and D. D. Breimer. 1995. High-density

Bai and Seyfried Influence of GM3 and HDL on tumor cell cohesion 171

2102 ‘8T aunr uo ‘sanb Aq 610 4j:mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

50.

52,

ot
o0

54.

172

lipoprotein and cerebral endothelial cells in vitro: interac-
tions and transport. Biochem. Pharmacol. 50: 271-273.

Robert, J., G. Rebel, and P. Mandel. 1977. Glycosphingo-
lipids from cultured astroblasts. J. Lipid Res. 18: 517-522.

. Cheresh, D. A, R. Pytela, M. D. Pierschbacher, F. G. Klier,

E. Ruoslahti, and R. A. Reisfeld. 1987. An Arg-Gly-Asp-
directed receptor on the surface of human melanoma
cells exists in a divalent cation-dependent functional com-
plex with the disialoganglioside GD2. | Cell Biol. 105:
1163-1173.

Hanai, N., G. A. Nores, C. MacLeod, C. R. Torres Mendez,
and S. Hakomori. 1988. Ganglioside-mediated modula-
tion of cell growth. Specific effects of GM3 and lyso-GM3
in tyrosine phosphorylation of the epidermal growth fac-
tor receptor. J. Biol. Chem. 263: 10915-10921.

. Hanai, N., T. Dohi, G. A. Nores, and S. Hakomori. 1988. A

novel ganglioside, de-N-acetyl-GM3 (II3NeuNH2LacCer),
acting as a strong promoter for epidermal growth factor
receptor kinase and as a stimulator for cell growth. J. Biol.
Chem. 263: 6296~-6301.

Song, W. X., M. F. Vacca, R. Welti, and D. A. Rintoul.
1991. Effects of gangliosides GM3 and de-N-acetyl GM3

Journal of Lipid Research Volume 38, 1997

55.

57.

58.

on epidermal growth factor receptor kinase activity and
cell growth. J. Biol. Chem. 266: 10174-10181.

Zhou, Q., S. Hakomori, K. Kitamura, and Y. Igarashi.
1994. GM3 directly inhibits tyrosine phosphorylation an
de-N-acetyl-GM3 directly enhances serine phosphoryla-
tion of epidermal growth factor receptor, independently
of receptor-receptor interaction. J. Biol. Chem. 269: 1959
1965.

. Graham, D. L, and J. F. Oram. 1987. ldentification and

characterization of a high density lipoprotein-binding
protein in cell membranes by ligand blotting. /. Biol
Chem. 262: 7439-7442.

Acton, S., A. Rigotti, K. T. Landschulz, S. Xu, H. H.
Hobbs, and M. Krieger. 1996. Identification of scavenger
receptor SR-BI as a high density lipoprotein receptor. Sci-
ence. 271: 518-520.

McKnight, G. L., J. Reasoner, T. Gilbert, K. O. Sundquist,
B. Hokland, P. A. McKernan, J. Champagne, C. J. John-
son, M. C. Bailey, R. Holly, P. J. O’Hara, and J. F. Oram.
1992. Cloning and expression of a cellular high density
lipoprotein-binding protein that is up-regulated by cho-
lesterol loading of cells. J. Biol. Chem. 267: 12131-12141.

2102 ‘8T aunr uo ‘sanb Aq 610 4j:mmm woly papeojumoq


http://www.jlr.org/

