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Significant inhibition of hybridoma cells by exogenous application of
ganglioside G 73, a possible modulator of cell growth in vitro
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Abstract

Gangliosides of the mouse-rat hybridoma cell line 187.1, which secretes an antibody against s¢-light chain of mouse
IgG, were isolated and structurally characterized by biochemical and immunological methods (overlay technique),
and fast atom bombardment-mass spectrometry. Exclusively Gss, substituted with Cy4. and Cye fatty acid and
Cis.1 sphingosine, was found in this B cell derived cell line. A Gar3(NeuGe) to Gyr3(NeuAc) ratio (80 to 20),
was characteristic for 187.1 cells, and absolute G 73 amounts of about 0.3 mg 10~° viable cells were determined.
Exogenous application of G 3, which has been isolated from large cell preparations, to 187.1 cells showed growth
inhibition in a concentration dependent manner. Using the MTT-assay and the [*H]thymidine incorporation assay,
the cells exhibited a strong reduction in metabolic and proliferative activity, respectively, after exposure of cells to
G 3. Gars was applied in concentrations between 3uM and 30pM, giving evidence for strong inhibitory effects
at 30uM G s and less but significant suppression after application of Gs3 concentrations lower than 20uM. No
cellular response was observed at the lowest concentration (3u4M) used in this study. Hybridoma cells as well as
other cell types like fibroblasts, muscle cells and endothelial cells, are in general characterized by high expression
of the Gpr3 ganglioside, which is known to act as a modulator of cellular growth in monolayer cultures of adherent
cells. Since gangliosides are released to the culture medium by cell lysis, i.e. cell death, and/or by active membrane
shedding, the results obtained in this study suggest a growth regulatory role of Gjr3 in high density hybridoma cell
cultures.

Abbreviations: DMB~1,2-diamino-4,5-methylenedioxybenzene; FAB-MS — fast atom bombardment-mass spec-
trometry; GSL(s) — glycosphingolipid(s); HPLC — high performance liquid chromatography; HPTLC - high perfor-
mance thin layer chromatography; MTT — 3,(4,5 dimethylthiazol-2-y1)2,5 diphenyl tetrazolium bromide; NeuAc -
N-acetylneuraminic acid; NeuGe — N-glycolylneuraminic acid; PBS — phosphate buffered saline. The designation
of the following glycosphingolipids follows the IUPAC-IUB recommendations (1977} and the nomenclature of
Svennerholm (1963). Lactosylceramide or LacCer, Gal31-4GlcB1-1Cer; gangliotriaosylceramide or GgOsesCer;
GalNAcB1-4Gal31-4GlcB1-1 Cer; gangliotetraosylceramide or GgOsesCer, GalB1-3GalNAcB1-4GalB1-4GlcB1-
1Cer; G3(NeuAc), II*NeuAc-LacCer; Gj3(NeuGc), II’'NeuGe-LacCer; Gz (NeuGe), IIPNeuGe-GgOsesCer;
Gs1 or Ggia, IPNeuAc-GgOseyCer; Gis1p, IV NeuAc-GgOseyCer.

Introduction lipophilic membrane anchor, the ceramide portion,

which is formed by a long chain base and a fatty
Gangliosides are a diverse class of complex glycosph- acid, and a hydrophilic carbohydrate moiety, which
ingolipids (GSLs)! and primarily located in the exter- protrudes from the cell surface (Hakomori, 1981).
nal membrane of animal cells (Thompson and Tillack, The structures of gangliosides, which are character-

1985). GSLs consist of two structural elements: a ized by the presence of one or more sialic acid units in
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the oligosaccharide moiety, as well as their functions
have been widely reviewed (Hakomori, 1984; Stults
et al., 1989; Zeller and Marchase, 1992). The par-
ent sialic acids are N-acetylneuraminic acid (NeuAc)
and N-glycolylneuraminic acid (NeuGc), which both
play crucial roles in various biological events (Schauer,
1988).

Murine leukocytes in general express complex gan-
glioside patterns. In mouse macrophages (Yohe et
al., 1991) and T-Lymphocytes (Miithing et al., 1987,
Miithing et al., 1989) ganglio-series gangliosides of
the Gps15-pathway are predominant, whereas murine
B lymphocytes are characterized by the presence of
G pr10-type gangliosides (Portner et al., 1993). In con-
trast to their primary counterparts, B cell lymphomas
(= myelomas) and hybridomas, which are generated by
fusion of B lymphocytes with myeloma cells, express
a simple ganglioside pattern. Our group has recently
classified Gr3(NeuGe) and Gps3(NeuAc) as the main
gangliosides in these cell lines (Miithing et al., 1994).

The hybridoma cell line 187.1, which produces a
monoclonal rat antibody against mouse IgG antibodies,
has been studied intensively and a variety of metabolic
data as well as growth parameters have been derived
from this cell line (Biintemeyer et al., 1992). Fur-
thermore, 187.1 cells were also found to express the
ganglioside Gy exclusively (Brandt et al.,, 1993a).
G 3 has been reported by several authors as an impor-
tant modulator of cell growth in monolayer cultures of
adherently growing cells (Bremer et al., 1986; Igarashi
et al., 1989; Hakomori, 1990; Rosner et al., 1990).
The focus of this work was to investigate the growth
modulatory activity of ganglioside G 3 in hybridoma
cell cultures, using the well characterized mouse-rat
hybridoma 187.1 as a model cell line. Gangliosides
are known to be shed by lymphoma cells (Ladisch
et al., 1983). They are also released in considerable
amounts into the culture medium due to lysis of dead
cells, especially at high cell densities. In this study the
response of 187.1 cells to exogenous Gys3 was inves-
tigated and the growth modulatory function of Gass
is discussed. Preliminary results have been published
(Brandt et al., 1993b).

Materials and methods

Cells and culture conditions

The hybridoma 187.1 was obtained from the Ameri-
can Type Culture Collection (ATCC, Bethesda, MD,

USA, HB58). The clone was produced by fusing cells
of the mouse myeloma X63Ag8.653 line with spleen
cells from Sprague-Dawley rats, immunized with puri-
fied mouse 1gG (IgGap,3c) (Yelton et al., 1981). The
hybridoma secretes an IgG; rat monoclonal antibody
against the x-light chain of mouse antibodies.

The cells were cultivated in serum-free standard
medium DMEM/Ham’s F12 (1/1) (Gibco BRL, Eggen-
stein, Germany) supplemented with 10 mg1~! iron sat-
urated human transferrin (Behring, OTR 04/05, Mar-
burg, Germany), 10 mg 1-! bovine insulin (Sigma,
15500, Deisenhofen, Germany) and 1 ml 17! Pen-
tex ExCytel (Bayer Diagnostics, Miinchen, Germany)
(Jager et al., 1988). The cells were cultivated in a
humidified atmosphere of 10% CO; in air at 37 °C
and routinely passaged in concentrations from 2 x 10°
cells ml~! (seeding) up to 1 x 10° cells ml~!. Large
amounts of cells were propagated in 21 volume biore-
actors as described by Biintemeyer et al., (1992).

Isolation of gangliosides

Glycosphingolipids were extracted from hybridoma
187.1 cells with chloroform/methanol (2/1), (1/1),
(1/2), each by volume (Merck, Darmstadt, Germany).
Gangliosides were isolated according to standard pro-
cedures (Ledeen and Yu, 1982) as demonstrated in
the flow sheet (Figure 1). Briefly, the GSL contain-
ing extract was rotary evaporated, resuspended in high
purity Milli-Q-water (Millipore, Inc., Bedford, MA,
USA) and dialyzed against Milli-Q-water. Neutral
GSLs and negatively charged gangliosides were sepa-
rated by anion exchange chromatography on a DEAE-
Sepharose CL-6B column (Pharmacia Fine Chemicals,
Freiburg, Germany) in the acetate form as described
by Miithing et al. (1991). Neutral GSLs passed the
column (eluate A) and bound gangliosides were eluted
with 0.45 M ammonium acetate in methanol (see Fig-
ure 1). After evaporation and desalting by dialysis, the
ganglioside fraction was incubated 1 hat 37°Cin 1M
NaOH to hydrolyse contaminating phospholipids, fol-
lowed by neutralization with acetic acid and desalting
by dialysis. Then the gangliosides were further purified
by Iatrobeads 6RS-8060 chromatography (Macherey
& Nagel, Diiren, Germany) according to Ueno et al.
(1978). Fatty acids and other impurities were removed
with chloroform/methanol (85/15, by vol.) and gan-
gliosides were eluted with chloroform/methanol (1/2,
by vol.). Finally, gangliosides were taken up in chlo-
roform/methanol (2/1, by vol.) and stored at —20 °C.
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Fig. 1. Flow scheme of the ganglioside isolation from hybridoma
187.1 cells. C = chloroform, M = methanol, W = water, PL = phos-
pholipids.

High performance thin layer chromatography

Gangliosides were separated on glass backed silica gel
60 precoated high performance thin layer chromatog-
raphy plates (HPTLC plates, size 10 cm x 10 cm, thick-
ness 0.24 mm, Merck, Darmstadt, Germany) in chlo-
roform/methanol/2.5 M NH4OH, (120/85/20, each by
vol.) containing 2 mM CaCl,, and visualized by spray-
ing the plate with resorcinol according to Svennerholm
(1957).

Lipid bound sialic acid was estimated by densito-
metry. Resorcinol stained ganglioside chromatograms
were scanned with a densitometer (Desaga, CD 60
scanner, Heidelberg, Germany). Intensities of the
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bands were measured in reflectance mode at 580 nm
with a light beam slit of 0.1 mm x 2mm.

HPTLC immunostaining (overlay technique)

Specific chicken anti-G pr3(NeuAc), anti-G pr3(NeuGe)
and anti-lactosylceramide antibodies were produced as
recently published (Miithing et al., 1994; Miithing and
Neumann, 1993).

The immunostaining procedure was carried out
according to Magnani et a/. (1982) with some modifi-
cations as described by Miithing and Miihlradt (1988).
The plates were overlayed with anti-G g3 antibodies,
diluted 1:1000 in phosphate buffered saline (PBS) sup-
plemented with 1% bovine serum albumin. Rabbit anti-
chicken IgG (Dianova, Hamburg, Germany), labelled
with alkaline phosphatase and diluted 1:1000 in the
same buffer, was used as secondary antibody. Bound
antibodies were visualized with 0.05% (w/v)5-bromo-
4-chloro-3-indolylphosphate (Biomol, Hamburg, Ger-
many) (Bethke et al., 1986).

Gps3 ganglioside was alternatively detected by
immunostaining with anti-lactosylceramide antibody
on the HPTLC plate after V. cholerae neuraminidase
treatment according to the procedure described by
Miithing and Miihlradt (1988).

Reference gangliosides

Mouse liver gangliosides from female CBA/J mice,
composed of small amounts of Gyss(NeuAc),
G pr3(NeuGe) and Gy (NeuGce) and Gjpsp(NeuGe) as
the major component (Hashimoto et al., 1983; Suzuki
et al., 1986), were isolated by standard procedures as
described above (Ledeen and Yu, 1982). Gs; (NeuAc)
was obtained from Dr. Pallmann GmbH (Miinchen,
Germany).

Determination of sialic acids

Ganglioside derived NeuAc and NeuGc were identified
and quantified as their fluorescent derivatives by HPLC
essentially as described by Hara et al. (1987). Sialic
acids were released from gangliosides with 25 mM
H,S504 (ag.) (2.5 h, 80 °C) and converted with 1,2-
diamino-4,5-methylenedioxybenzene (DMB, Sigma,
Deisenhofen, Germany) into their fluorescent deriva-
tives. Reference NeuAc was from Biomol (Hamburg,
Germany) and NeuGc from Sigma. HPLC was car-
ried out with a Kontron D450 system consisting of
two type 420 HPLC pumps, a type 460 autosampler,
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an SFM 25 fluorometer and an MT 450 data sys-
tem (Biintemeyer et al., 1991). Isocratic HPLC was
performed on a reversed phase column (Supersphere
RP18, 125 x 8 x 4, particle size 4pm, Bischoff, Leon-
berg, Germany). Sialic acid derivatives were separated
by isocratic elution with methanol/acetonitrile/water
(9/7/110 by vol.) and a flow rate of 1.2 ml min~". The
fluorometric detection was operated at an excitation
wavelength of 373 nm and an emission wavelength of
448 nm.

Mass spectrometric analysis of Gz

The structure of the isolated Gjs3 was analyzed as
its permethylated derivative by positive ion mode fast
atom bombardment — mass spectrometry (FAB-MS)
as previously reported by Peter-Katalini¢ and Egge
(1990). The permethylation was carried out accord-
ing to Ciucanu and Kerek (1984). Gpss derivatives
were separated from reagents by exhaustive extrac-
tion with chloroform followed by chromatography on
a 1 cm x 23 cm Sephadex LH-20 column (Pharma-
cia Fine Chemicals) with chloroform/methanol (1/1,
by vol.) as eluent. Final purification was performed by
chromatography on Iatrobeads (column 0.5 cm x 5 cm)
by eclution with chloroform, chloroform/methanol
(98/2), (95/5), (90/10) and chloroform/methanol/water
(75/25/4), each, by vol. Permethylated Gy eluted
with chloroform/methanol (90/10, by vol.).

FAB-MS was performed on a ZAB-HF mass spec-
trometer (VG Analytical, Manchester, UK). The mass
spectra were acquired as single scans in the upscan
mode on an AMD DP10 data system fitted with SAM
11 (KWS) hardware and SUSY software (AMD Intec-
tra, Beckeln, Germany).

MTT-assay

Indirect measurement of cell viability was achieved by
conversion of 3,(4,5 dimethylthiazol-2-y1)2,5 diphenyl
tetrazolium bromide (MTT, Sigma) into coloured for-
mazan by cells according to Hansen et al. (1989).
5 mg ml~! MTT were dissolved in sterile PBS and
stored at +4 °C in the dark for no longer than one
month. Cells were desintegrated with 20% (w/v) sodi-
um dodecylsulphate in NN dimethylformamide/water
(1/1, by vol.), which was adjusted to pH 4.7 with 1N
HCI (aq.) (=lysis buffer).

10 pl of MTT in PBS were added to 100pl cell
suspensions in 96 well microtiter plates (Nunc, Wies-
baden, Germany) and incubated for 3 h at 37 °C. Then

100ul of the lysis buffer was added and after overnight
incubation at 37 °C the concentration of blue formazan
was determined spectrophotometrically in a microplate
autoreader (model EL311, Bio-Tek Instruments, Fern-
wald, Germany) at 570 nm.

[?H]Jthymidine incorporation assay

The DNA synthesis rate of cells, which is routinely
utilized as a measure for cell proliferation, was deter-
mined by incorporation of [*H]-labelled thymidine into
cell DNA (Andersson et al., 1972). 12 h before harvest,
cells were pulsed with 0.2 uCi (7.4 kBq) [ *H]thymidine
(Amersham Buchler, Braunschweig, Germany) per
well. 20pl of [*Hlthymidine in PBS (10xCi mi~!;
specific activity 2Ci mmol~! or 74 GBq mmol~!) was
added to 200ul cell suspensions in 96 well microtiter
plates (Nunc). Cells were collected in a 12 channel
cell harvester (Skatron, Transby, Norway) by pour-
ing them onto glass fiber filters (Skatron, 1 pm pore
diameter), washed successively with PBS, 10% trichlo-
racetic acid, and 95% ethanol, and dried finally. The
filters were placed into scintillation vials, and 3 ml of
Aqualuma plus (Baker, Gross-Gerau, Germany) were
added to each vial. The radioactivity of the precipitated
DNA was determined 1 h later in a Tri-Carb 1900 CA
liquid scintillation spectrometer (Packard Instruments
Co., Downers Grove, IL, USA). The data were pre-
sented as counts per minute (cpm) per microtiter plate
cultures.

Exogenous application of G yp3 to microtiter plate cul-
tures

Aliquots of purified ganglioside Gps3 from 187.1
hybridoma cells (see above) were transferred to ster-
ile screw capped glass tubes. The organic solvent was
removed by gentle heating at 37 °C. The dried ganglio-
side probes were resuspended in sterile culture medi-
um (see above), sonicated for Smin and then applied
to microtiter plate cultures in final concentrations from
3uM up to 30uM at different times from culture initi-
ation. In case of the MTT-assay (see above), the cell
concentration was adjusted to 1.5 x 10° cells mI~!, and
1.5 x 10* cells were seeded per well (=1004! cultures).
Gjy3 was added immediately (t = 0 h) and 12 h after
seeding to paralle]l microtiter plate cultures. Using the
[*H]thymidine incorporation assay, the cell concentra-
tion was adjusted to 1.3 x 10 cells mi~", and 2.6 x 10*
cells were seeded per well (=100 cultures). To show
the influence of exogenously added Gar3 to cells dur-
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Fig. 2. Resorcinol stain of gangliosides from 187.1 cells on an
HPTLC plate. a: 10ug gangliosides of hybridoma 187.1, b: 15ug of
mouse liver gangliosides (reference).

ing various stages of initial growth, G 3 was applied
immediately (t = 0 h), and 12 h as well as 24 h after
initiation to parallel cultures.

Results
Gangliosides of hybridoma 187.1 cells

Glycosphingolipids were extracted from bulk quanti-
ties of cells obtained from bioreactors. Gangliosides
were purified and contaminating phospholipids were
removed as described above. Figure 1 shows the flow
chart of the isolation procedure. 15 mg gangliosides
were isolated from 5.4 x 10'° hybridoma 187.1 cells
(93% viable cells), corresponding to 0.3 mg 10~°
viable cells. Gangliosides were structurally character-
ized by means of chemical as well as immunochemical
methods (overlay technique) and FAB-MS (see below).

Exclusively Gpss bands were found in the gan-
glioside fraction. To elucidate differences in sialyla-
tion, i.e. substitution of the lactosylceramide back-
bone with NeuAc and/or NeuGec, ganglioside extracts
were applied onto HPTLC plates and chromatographed
in alkaline solvent (Nagai et al., 1980). The resor-
cinol stain is shown in Figure 2 (lane a). As con-
cluded from thin layer chromatography, the mouse-rat
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hybridoma showed characteristic high Gs3(NeuGce)
and low Gps3(NeuAc) content, which has been found
recently to be a typical attribute of a variety of
hybridoma cell lines analysed until now in our group
(Miithing et al., 1994). The identity of both gan-
glioside species was verified by HPTLC immunos-
taining with specific chicken anti-Gps3(NeuAc) and
anti-G pr3(NeuGe) antibodies as well as with an anti-
lactosylceramide antibody after neuraminidase treat-
ment (data not shown). The ganglioside pattern in
Figure 2 (lane a) is characterized by expression of
Gr3(NeuGe) and Gpy3(NeuAc) in an 80/20 ratio,
respectively, each species appearing as a double band
on the HPTLC plate suggesting variability in the fatty
acids of the ceramide portions. To facilitate the expla-
nation of the structural heterogeneity of Gy in its
respective sialic acid and ceramide moiety, the chem-
ical formula of G s, substituted with Cyg.; sphingo-
sine, Cyg0 fatty acid and NeuGc is presented in Fig-
ure 3. NeuAc and NeuGe, released by mild acid treat-
ment, were separated and quantified as their DMB-
derivatives. The proportion of Gs3 derived sialic acids
is demonstrated in Fig. 4B compared to a reference
mixture of NeuAc and NeuGc (Figure 4A). The ratio of
NeuGce/NeuAc of about 80/20 coincided to the HPTLC
data (see above).

FAB-mass spectrometry

The structural analysis for sequencing of gangliosides
can be performed by negative and positive ion FAB-
mass spectrometry on the native sample or by pos-
itive ion FAB-mass spectrometry after perderivatisa-
tion. The main purpose of derivatisation is to increase
sensitivity and to enable the analysis of subnanomole
amounts of analyte, even if several molecular species
are present in the sample (Peter-Katalini¢ and Egge,
1990).

The structural characterization of the G pz3-fraction
isolated from hybridoma 187.1 cells was carried out by
combining biochemical, immunological and spectro-
scopic data. The HPTLC separation of the intact gan-
gliosides and their corresponding lactosylceramides,
obtained after neuraminidase treatment, was followed
by immunostaining of the entire gangliosides and the
asialogangliosides with specific anti-Gps3 and anti-
lactosylceramide antibodies as described above. The
major constituents of the Gy ganglioside sample,
analyzed by positive ion FAB-MS after permethyla-
tion, were carrying the same oligosaccharide moi-
ety, but differing in the fatty acid species, present
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Fig. 3. Structure of Gps3(NeuGe). For example, ceramide composed of Cyg.; sphingosine and Cie fatty acid is shown in this chemical
formula.
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in the ceramide residue (Figure 5 and fragmenta-
tion scheme). This was documented by the molecu-
lar [M + Na*]* ions at m/z = 1401 (Cis) and 1511
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(Ca4:1) and by the ceramide ions at m/z = 548 (Cig.0)
and 658 (Cz4;1). Both species gave the same fragment
[M-acyl™ + HT + Na*]* ion, diagnostic for the struc-
ture of the long chain base, in this case the Cjs.; sph-
ingosine species, represented by the ion at m/z = 1163
(Figure 5 and fragmentation schme). Besides the two
amide-linked major fatty acid, palmitic (Cy¢.0) and ner-
vonic acid (Cy4:1), minor amounts of Cyg.g, Coo.p and
Caa,0 were also present, as documented by the molec-
ular [M + Na*]" ions at m/z = 1429, 1485 and 1513.
In the carbohydrate moiety the terminal NeuGe was
represented by the ions at m/z =406 and 374. The less
abundant ions at m/z = 376 and 344 are characteristic
for the NeuAc sialic acid. NeuAc carrying trisaccha-
rides, bound to the same ceramide species as those
with NeuGc, were present only in low amounts of
about 20%, indicated by G ;3 molecular [M + Nat]+
ions at m/z = 1371 (Cig) and 1481 (Cza,1).

Exogenous application of Gy to 187.1 cell cultures

Purified ganglioside Gjss, composed of about 80%
Gp3(NeuGe) and 20% Gpr3(NeuAc), was prepared
from large scale propagated 187.1 cells and used in the
following studies. Addition of Gyys to the serum-free
growing cells resulted in a growth inhibition as deter-
mined by the MTT-assay and [*H]thymidine incorpo-
ration. In the following parts of this article the cellular
response due to exposure to low and high concentra-
tions of exogenously applied Gus; (3uM and 30pM,
respectively) will be discussed. Gs3 preparations not
only from 187.1 cells but also from various hybridoma
cells expressing exclusively this ganglioside (Miithing
et al., 1994) were tested and in all cases Gps3 was
found to be the biological active compound. To exclude
unspecific ganglioside effects, the monosialoganglio-
side Gjr; was used as reference in control cultures
in concentrations up to 50p4M. No growth modulatory
action of Gps; was observed.

G 113 induced reduction in cell viability determined by
the MTT-assay

G 3 added to cultured 187.1 cells generated reduced
metabolic activity. This cellular response is concen-
tration dependent as measured by the conversion of
yellow MTT to blue formazan (Hansen et al., 1989).
Cells were incubated in final concentrations between
3uM and 30puM G g3 in microtiter cultures and their
metabolic activity was compared to controls without
gangliosides. As exemplified in Figure 6 for 3uM G 3,
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Fig. 6. Dose dependent reduction in cell viability obtained by exoge-
nous application of Gps3 and determined by the MTT-assay. 3uM
Giss (A) and 30puM Gjr3 (B) were added to microtiter plate cul-
tures. 5 x 10* cells per well (= 1.5 x 105 cells m1~1!) were seeded and
G sz was applied immediately (t = 0 h) and 12 h after cell seeding.
Cultures without G 3 served as control. Quintuple MTT-tests were
performed in time intervalls as indicated and standard deviations
< % 10% were revealed.

cells were not effected by exposure to low Gz con-
centration (Figure 6A), whereas a distinct decrease in
metabolic activity was obtained by exposure to 30uM
Gz (Fig. 6B). By adding 304M G 3 from the begin-

ning (t = O h) of the incubation period, the level of
dehydrogenases activities decreased to 74%, 44%, 7%,
4% and 30% after 12 h, 36 h, 62 h, 84 h and 112 h
of Gps3 exposure, respectively, compared to control
cultures without Gpr3. After 112 h some recovery of
the cells could be observed (see Figure 6B). Increas-
ing cell densities reduced the inhibitory effects, i.e.
G 3 added 12 h after culture initiation showed less
reduction in cell viability than immediately applied
G 3 (t=0h). Less but also significant suppression of
metabolic activity was gained by application of G 3 in
concentrations from 10:M to 20uM (data not shown).

G 3 induced inhibition of cell growth determined by
[2H]thymidine incorporation

Dose dependent inhibition of cell growth by adding
Gy to 187.1 microwell cultures was detected by
radioactive DNA labelling. The incorporation of
[*H]thymidine as measure for growth was not effect-
ed by addition of 3uM Gjs3 into the culture medium
compared to reference microwell cultures without G pr3
(Figure 7A). Again, a strong decrease of the prolifer-
ation rate was detected when the cells were incubated
with 30uM Gjy3 (Figure 7B). Immediate addition of
Gz (t = O h) reduced DNA label to 65%, 54% and
60% after 36 h, 48 h and 64 h of G 3 exposure, respec-
tively, compared to control cultures without G s3. Inhi-
bition of [*H]thymidine incorporation occurred retard
of Gjr3 application, i.e. 12 h and 24 h cultures gave the
same DNA label compared to Gs3 free cultures (Fig-
ure 7B). Inhibitory effects were abolished by increas-
ing cell densities i.e. Gar3 added 12 h and 24 h after
starting the cell cultures showed less reduction in pro-
liferation than Gjs3 added just from culture initiation
(see Figure 7B). Inhibition by Gps3, added 12 h and
24 h after cell seeding, was overcome at cultivation
time t=60 h (see Figure 7B) indicating recovery of the
cells.

Discussion
Growth modulatory function of Gy

G 3 is a common and ubiquitous component of ver-
tebrate cells and represents the major ganglioside in
mammalian cells of mesodermal origin. Several lines
of evidence that G5 regulates cell proliferation (for
review see Hakomori, 1990; and references there-
in) and induces cell differentiation (Saito, 1989) as
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Fig. 7. Dose dependent inhibition of cell growth obtained by
exogenons application of Gps3 and determined by [>H]thymidine
incorporation. 3uM Gpss (A) and 30uM Gprs (B) were added
to microtiter plate cultures. 2.6 x 10% cells per well (= 1.3 x 105
cells ml™1) were seeded and G 3 was added immediately (t=0h),
12 h and 24 h after cell seeding. 12 h before harvest the cells were
pulsed with 2uCi mi~" [*HJthymidine. Each point represents the
mean value of quintuple cultures with standard deviations < £ 10%.
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well as immunosuppression (Prokazova ef al., 1988;
Dyatlovitskaya et al., 1991) have accumulated during
the past decade. Growth modulatory actions of Gy
exogenously applied to cell cultures have been reported
by several groups (also reviewed by Zeller and Mar-
chase, 1992) as well as possible involvement in con-
tact inhibited cell growth (Rosner et al., 1990). GSLs
exogenously added to cultured cells become membrane
associated in at least three ways (Radsak ez al., 1982):
one mode of attachment susceptible to serum albumin
and another by adsorption to trypsin-labile structures,
which were shown to consist of ganglioside micelles
attached to the cell surface (Schwarzmann et al., 1983).
The remaining albumin and trypsin-resistant third por-
tion suggested a location in the plasma membrane.

If cell growth is indeed regulated by the quantity
and/or kind of GSL in the plasma membrane of cul-
tured cells, such growth might be altered by increasing
or decreasing the levels of the specific GSL in the plas-
ma membrane. In fact, this was convincingly demon-
strated in early experiments by the addition of GSLs
to the culture medium. The first reports concerning
the growth modulatory function of GSLs administered
to in vitro grown cells (Laine and Hakomori, 1973;
Keenan et al., 1975) implicated the prolongation of
the prereplicate G; phase of the cell cycle (resting
state), rendering reduced growth rate and diminished
saturation cell density. A specific functional role of
the ganglioside Gys3 has been reported later by sev-
eral authors. Inhibition of mouse 3T3 fibroblasts by
exogenously administered Gz was reported to be
more obvious in chemically defined serum-free than
in serum-supplemented medium (Bremer et al., 1984).
Their results indicated a modulation of growth factor
receptor function by affecting the degree of tyrosine
phosphorylation and altering the affinity of growth
factor receptor. This approach was extended to the
epidermal growth factor receptor of human epidermal
carcinoma cell lines, that had been cultured in medium
containing S0uM G s3 to effect cell growth inhibition
(Bremer et al., 1986). The molecular basis for these
effects 1s not yet fully understood, but their results
suggest that membrane lipids, especially Gar3, can
modulate receptor phosphorylation in vitro as well as
in situ.

Intracellular transport of GSLs
In general, two major pathways of intracellular GSL

flow can be distinguished. First, there is a transport
of synthesized GSLs from the Golgi complex to the
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plasma membrane, and second, there is a GSL flow
vice versa from the plasma membrane to intracellu-
lar organelles during endocytosis. GSLs within the
membrane structures associated with both routes will
end up in lysosomes or the plasma membrane follow-
ing endo- or exocytosis, respectively. As mentioned
above, exogenous gangliosides can insert into the plas-
ma membrane of cultured cells and mix with the pool
of endogenous GSLs (Schwarzmann et al., 1983). Fol-
lowing the metabolic fate and the intracellular transport
of GSLs, experiments performed by Schwarzmann et
al. (1987) clearly demonstrated that exogenous gan-
gliosides, once inserted into the outer leaflet of the
plasma membrane of cultured cells, are subject to endo-
cytosis via coated pits and, besides being transported
to lysosomes, are also delivered to the Golgi apparatus.
The amount of gangliosides transported to the Golgi
complex is, however, rather small compared to that
ending up in lysosomes (Schwarzmann and Sandhoff,
1990).

Ganglioside G pr3 sialidases

If cell surface glycoconjugates such as Gyys are local-
ized in the membrane, where they are able to inhib-
it the growth factor-mediated cell growth, a mecha-
nism must exist to relieve the inhibition, otherwise
cells could not progress towards DNA synthesis and
would presumably be blocked at some point in the
cell cycle. There are several different sialidases that
might account for the turnover of G 3, lysosomal and
plasma membrane bound ganglioside Gz sialidase
(Schneider-Jakob and Cantz, 1991). The presence of
sialidase activity in the conditioned medium of cul-
tured human fibroblasts and the rapid turnover of the
sialic acid residue of Gs3 has been reported by Usuki
et al. (1988a). An extracellular sialidase was shown
to be involved in the regulation of growth, and inhi-
bition of this activity was accompanied by decreased
cell growth (Usuki et al., 1988b). Studies of turnover
rates for gangliosides in brain revealed half-lives vary-
ing from a few days to several weeks (reviewed by
Ledeen, 1989). These lengthy half-lives imply that
GSLs might be protected from catabolic degradation
and recycle many times between the endosomes and
the plasma membrane prior to being finally delivered
to lysosomes. Further investigations are necessary to
unambiguously establish the intracellular traffic routes
of GSLs and the exact sites of biosynthesis to get more
detailed insights into the metabolic pathway of gan-
gliosides.

Conclusion

In our experiments reduced cell viability and growth
inhibition was determined in hybridoma cultures after
exogenous application of cell identical Gps3. The
metabolic breakdown, determined by the MTT-assay,
occurred immediately after Gz addition, whereas the
DNA synthesis declined 24 h later. Cell recovery was
observed after defined time spans, indicating “arrest-
ing” of cells, probably in the replicative G; phase of
the cell cyclus, and not cell killing. Gps3, suggested
by several authors to play a crucial role as a potential
modulator of cell growth, represents the dominant gan-
glioside found in a wide spectrum of different hybrido-
mas, and consequently the described effects might not
be restricted to the 187.1 hybridoma cell line used in
this study. In general, hybridomas are used as a tool
for large scale production of monoclonal antibodies in
bioreactors or hollow fiber cartridges. Low molecu-
lar weight inhibitors, e.g. lactate or ammonium, can
be easily removed from high cell density bioreactors
by perfusion or dialysis. In such systems, glycolipids
as well as other amphipathic membrane lipids, which
might be delivered to the culture medium due to cell
lysis (cell death) and/or membrane shedding, do not
escape from the reactor vessel, due to their capability
to form large micelles and/or vesicles. By the fact that
these “exogenous” compounds can be reincorporated
into the plasma membrane, cellular G 3 becomes one
of the potent candidates to regulate growth in high den-
sity hybridoma cultures. This “cannibalism” of own
cellular compounds might also prevent considerable
accumulation in the surrounding medium. Moreover,
additive inhibitory effects raised by other cell-released
components seem more feasible than a single action of
one extracellular kind of molecule. In artificial (exper-
imentally) high cell density cultures a wide range of
cell-derived constituents, which “normally” do not
influence viability and cell growth, might change to
negative effectors.

Acknowledgements

This work was financed by a grant from the Ger-
man Ministry of Research and Technology (BMFT
No. 0319346 A). We express our warmest thanks to
Prof. Dr. H. Egge (University of Bonn, Germany) in
whose laboratory FAB-MS has been carried out. We
are further grateful to Dr. H. Biintemeyer and Mrs. A.
Stenner for their help with HPLC analysis and to Mrs.



H. Doedens for expert technical assistance. We are also
grateful to Dr. J. Spira (Kabi Pharmacia BioScience
Center, Stockholm, Sweden) for his kind support and
to Dr. H. Ziehr (GBF, Braunschweig, Germany) for
critical reading of the manuscript.

References

Andersson J, Moller G and Sjoberg O (1972) Selective induction
of DNA synthesis in T and B lymphocytes. Cell. Immunol. 4:
381-393.

Bethke U, Miithing J, Schauder B, Conradt P and Miihlradt PF
(1986) An improved semi-quantitative enzyme immunostaining
procedure for glycosphingolipid antigens on high performance
thin layer chromatograms. J. Immunol. Methods 89: 111-116.

Brandt H, Miithing J and Lehmann J (1993a) Exogenous ganglioside
Gv3 inhibits growth of hybridoma cells. Eur. J. Cell Biol. 37: 118.

Brandt H, Miithing J and Lehmann J (1993b) Growth of hybridoma
cells is inhibited by gangliosides. In: Spier RE, Griffiths JB,
Berthold W (eds.), Animal Cell Technology: Products of Today,
Prospects of Tomorrow, pp 170-172, Butterworth-Heinemann,
London.

Bremer EG, Hakomori SI, Bowen-Pope DF, Raines E and Ross R
(1984) Ganglioside-mediated modulation of cell growth, growth
factor binding and receptor phosphorylation. J. Biol. Chem. 259:
6818-6825.

Bremer EG, Schlessinger J and Hakomori SI (1986) Ganglioside-
mediated modulation of cell growth. I. Biol. Chem. 261: 2434—
2440,

Biintemeyer H, Liitkemeyer D and Lehmann J (1991) Optimization
of serum-free processes for antibody production. Cytotechnology
5:57-67.

Biintemeyer H, Wallerius C and Lehmann J (1992) Optimal medium
use for continuous high density perfusion processes. Cytotech-
nology 9: 59-67.

Ciucanu I and Kerek F (1984) A simple and rapid method for the
permethylation of carbohydrates. Carbohydr. Res. 131: 209-218.

Dyatlovitskaya EV, Koroleva AB, Suskova VS, Rozynov BV and
Bergelson LD (1991) Influence of ganglioside Gyy3 and its break-
down products on lymphoblastic transformation and T-suppressor
activity. Eur. J. Biochem. 199: 643-646.

Hakomori SI (1981) Glycosphingolipids in celtular interaction, dif-
ferentiation, and oncogenesis. Annu. Rev. Biochem. 50: 733-764.

Hakomori SI (1984) Glycosphingolipids as markers for develop-
ment and differentiation and as regulators of cell proliferation.
In: Haber E (ed.) The Cell Membrane, pp 181-210, Plenum Press,
New York.

Hakomori SI(1990) Bifunctional role of glycosphingolipids. J. Biol.
Chem. 265: 18713-18716.

Hansen MB, Nielsen SE and Berg K (1989) Re-exarmination and fur-
ther development of a precise and rapid dye method for measuring
cell growth / cell kill. J. Immunol. Methods 119: 203-210.

Hara S, Takemori Y, Yamaguchi M, Nakamura M and Ohkura Y
(1987) Fluorometric high-performance liquid chromatography of
N-acetyl-and N-glycolylneuraminic acids and its application to
their microdetermination in human and animal sera, glycopro-
teins, and glycolipids. Anal. Biochem. 164: 138--145.

Hashimoto Y, Otsuka H, Sudo K, Suzuki K, Suzuki A and Yamakawa
T (1983) Genetic regulation of Gy, expression in liver of mouse.
J. Biochem. 93: 895-901.

99

Igarashi Y, Nojiri H, Hanai N and Hakomori SI (1989) Gangliosides
that modulate membrane protein function. Methods Enzymol.
179: 521-541.

IUPAC-TUB recommendations (1977) The nomenclature of lipids.
Eur. J. Biochem. 79; 11-21.

Jiger V, Lehmann J and Fried] P (1988) Serum-free growth medium
for the cultivation of a wide spectrum of mammalian cells in
stirred bioreactors. Cytotechnology 1: 319-329.

Keenan TW, Schmid E, Franke WW and Wiegandt H (1975) Exoge-
nous glycosphingolipids suppress growth rate of transformed and
untransformed 3T3 mouse cells. Exp, Cell Res. 92: 259-270.

Laine RA and Hakomori ST (1973) Incorporation of exogenous gly-
cosphinglipids in plasma membranes of cultured hamster cells
and concurrent change of growth behavior. Biochem. Biophys.
Res. Commun. 54: 1039-1045.

Ladisch S, Gillard B, Wong C and Ulsh L (1983) Shedding and
immunoregulatory activity of YAC-1 lymphoma cell ganglio-
sides. Cancer Res. 43: 3808-3813.

Ledeen RW & Yu RK (1982) Gangliosides: structure, isolation and
analysis. Methods Enzymol. 83: 139-191.

Ledeen RW (1989) Biosynthesis, metabolism, and biological effects
of gangliosides. In: Margolis RU and Margolis RK (eds,) Neuro-
biology of Glycoconjugates. Plenum Press, New York and Lon-
don.

Magnani JL, Nilsson B, Brockhaus M, Zopf D, Steplewski AZ,
Koprowski H and Ginsburg V (1982) A monoclonal antibody-
defined antigen associated with gastrointestinal cancer is a gan-
glioside containing sialylated lacto-N-fucopentanose II. J. Biol.
Chem. 257: 14365-14369.

Miithing J, Egge H, Kniep B and Miihlradt PF (1987) Structural
characterization of gangliosides from murine T lymphocytes. Eur.
J. Biochem. 163: 407-416.

Miithing J and Miihlradt PF (1988) Detection of gangliosides of
the Gyp type on high-performance thin-layer chromatography
plates by immunostaining after neuraminidase treatment. Anal.
Biochem. 173: 10-17.

Miithing J, Schwinzer B, Peter-Katalini¢ J, Egge H and Miihlradt
PF (1989) Gangliosides of murine T lymphocyte subpopulations.
Biochemistry 28: 2923-2929.

Miithing J, Peter-Katalini¢ J, Hanisch FG and Neumann U (1991)
Structural studies of gangliosides from the YAC-1 mouse lym-
phoma cell line by immunological detection and fast atom bom-
bardment mass spectrometry. Glycoconjugate J. 8: 414423,

Miithing J and Neumann U (1993) Selective detection of termi-
nally ¢2-3 and a2-6 sialylated neolacto-series gangliosides by
immunostaining on thin layer chromatograms. Biomed. Chro-
matogr. 7: 158-161.

Miithing J, Steuer H, Peter-Katalini¢ J, Marx U, Bethke U, Neu-
mann U and Lehmann J (1994) Expression of gangliosides Gus
(NeuAc) and Gys (NeuGce) in myelomas and hybridomas of
mouse, rat and human origin. J. Biochemistry 116: 64-73.

Nagai Y and Iwamori M (1989) A new approach to the analysis
of ganglioside molecular species. In: Svennerholm L., Mandel
P, Dreyfus H and Urban PF (eds.) Structure and Function of
Gangliosides, pp 13-21, Plenum Press, New York and London.

Peter-Katalini¢ J and Egge H (1990) Desorption mass spectrometry
of glycosphingolipids. Methods Enzymol. 193: 713-733.

Portner A, Peter-Katalini¢ J, Brade H, Unland F, Biintemeyer H
and Miithing J (1993) Structural characterization of gangliosides
from resting and endotoxin-stimulated murine B lymphocytes.
Biochemistry 32: 12685-12693.

Prokazova NV, Dyatlovitskaya EV and Bergelson LD (1988)
Sialylated lactosylceramides. Possible inducers of non-specific



100

immunosuppression and atherosclerotic lesions. Eur. J. Biochem,
172: 1-6.

Radsak K, Schwarzmann G and Wiegandt H (1982) Studies on the
cell association of exogenously added sialo-glycolipids. Biol.
Chem. Hoppe Seyler 363: 263-272.

Résner H, Greis CH and Rodemann HP (1990) Density-dependent
expression of ganglioside Gy3 by human skin fibroblasts in an
all-or-none fashion, as a possible modulator of cell growth in
vitro. Exp. Cell Res. 190: 161-169.

Saito M (1989) Bioactive sialoglycosphingolipids (gangliosides):
potent differentiation-inducers for human myelogenous leukemia
cells. Develop. Growth & Differ. 31: 509-522.

Schauer R (1988) Sialic acids as antigenic determinants of complex
carbohydrates. Adv. Exp. Med. Biol. 228: 47-72.

Schneider-Jakob HR and Cantz M (1990) Lysosomal and plasma
membrane ganglioside Gy sialidase of cultured human fibrob-
lasts. Biol. Chem. Hoppe Seyler 272: 443—450.

Schwarzmann G, Hoffmann-Bleihauer P, Schubert J, Sandhoff K
ans Marsh D (1993) Incorporation of ganglioside analogues into
fibroblast cell membranes. A spin label study. Biochemistry 22:
5041-5048.

Schwarzmann G, Marsh D, Herzog V and Sandhoff K (1987) In vitro
incorporation and metabolism of gangliosides. In: (ed.) Rahmann
H, Gangliosides and Modulation of Neuronal Functions, Springer
Verlag.

Schwarzmann G and Sandhoff K (1990) Metabolism and intracel-
lular transport of glycosphingolipids. Biochemistry 29: 10866
10871.

Stults CLM, Sweeley CC and Macher BA (1989) Glycosphin-
golipids: structure, biological source, and properties. Methods
Enzymol. 179: 167-214.

Suzuki M, Nakamura K, Hashimoto Y, Suzuki A and Yamakawa T
(1986) Mouse liver gangliosides. Carbohydr. Res. 151: 213-223.

Svennerholm L (1957) Quantitative estimation of sialic acids: a
colorimetric resorcinol-hydrochloric acid method. Biochim. Bio-
phys. Acta 24: 604-611.

Svennerholm L (1963) Chromatographic separation of human brain
gangliosides. J. Neurochem. 10: 613-623.

Thompson TE and Tillack TW (1985) Organization of glycosphin-
golipids in bilayer and plasma membranes of mammalian cells.
Ann. Rev. Biophys. Chem. 14: 361-386.

Ueno K, Ando S and Yu RK (1978) Gangliosides of human, cat, and
rabbit spinal cords and cord myelin. J. Lipid Res. 19: 863-871.

Usuki S, Lyu SC and Sweeley CC (1988a) Sialidase activities of cul-
tured human fibroblasts and the metabolism of Gy; ganglioside.
J. Biol. Chem. 263: 6847-6853.

Usuki S, Hoops P and Sweeley CC (1988b) Growth control of human
foreskin fibroblasts and inhibition of extracellular sialidase activ-
ity by 2-deoxy-2,3-dehydro-N-acetyl-neuraminic acid. J. Biol.
Chem. 263: 10595-10599.

Yelton DE, Desaymard C and Scharft MD (1981) Use of mono-
clonal anti-mouse immunoglobulin to detect mouse antibodies.
Hybridoma 1: 5-11.

Yohe JHC, Cuny CL, Macala LJ, Saito M, McMurray WJ and Ryan
WI (1991) The presence of sialidase-sensitive sialylgangliote-
traosyl ceramide Gpp in stimulated murine macrophages. J.
Immunol. 146: 1900-1908.

Zeller CB and Marchase RB (1992) Gangliosides as modulators of
cell function. Am. J. Physiol. 262: C1341-C1355.

Address for offprints: Johannes Miithing, Institute for Cell Culture
Technology, University of Bielefeld, P.O. Box 100131, 33501 Biele-
feld, Germany. ’



