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Abstract

To probe the functions of membrane gangliosides, the availability of ganglioside-de-
pleted cells would be a valuable resource. To attempt to identify a useful genetic model
of ganglioside depletion, we assessed ganglioside metabolism in murine GM3 synthase
(GM3S)-/- knockout primary embryonic fibroblasts (MEF), because normal fibroblast
gangliosides (GM3, GM2, GM1, and GD1a), all downstream products of GM3S, should
be absent. We found that heterozygote MEF (GM3S+/-) did have a 36% reduced con-
tent of qualitatively normal gangliosides (7.0+0.8 nmol LBSA/mg cell protein; control:
11£1.6 nmol). However, two unexpected findings characterized the homozygous
(GM3-/-) MEF. Despite complete knockout of GM3S, (i) GM3-/- MEF retained sub-
stantial ganglioside content (21% of normal or 2.3+1.1 nmol) and (ii) these gangliosides
were entirely different from those of wild type MEF by HPTLC. Mass spectrometry
identified them as GM1b, GaINAc-GM1b, and GD1a, containing both N-acetyl and N-
glycolylneuraminic acid and diverse ceramide structures. All are products of the 0 path-
way of ganglioside synthesis, not normally expressed in fibroblasts. The results suggest
that complete, but not partial, inhibition of GM3 synthesis results in robust activation of
an alternate pathway that may compensate for the complete absence of the products of
GM3S.

©2007 Published by Elsevier B.V.
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1. Introduction

Gangliosides are membrane glycosphingolipids containing sialic acid residue(s). They
are located predominantly in the outer leaflet of the lipid bilayer with the negatively
charged sialic acids extending into the extracellular space. While they are quantitatively
a minor component of the lipids present in most mammalian cell membranes, their po-
tential for having important biological functions has intrigued investigators now for
many years [1]. Much progress has been made in understanding both normal and abnor-
mal cell ganglioside function, to a large extent through in vitro studies of effects of
added exogenous gangliosides. On the other hand, normal functions of endogenous gan-
gliosides remain to be fully elucidated, and little is yet known about cellular mechanisms
of action.

Several approaches have been developed to intrinsically alter ganglioside metabo-
lism and thereby endogenous cellular ganglioside content. One is pharmacologic inhi-
bition of ganglioside synthesis. For example, the glucosylceramide synthase inhibitor,
PPPP (D-I-threo-1-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol-HCI), ef-

fectively depletes cellular gangliosides [2], but it also inhibits the synthesis of the neutral



glycosphingolipids glucosylceramide and lactosylceramide. Ideal would be a small mol-
ecule that specifically inhibits ganglioside synthesis such as by targeting GM3 synthase
(GM3S), a key enzyme in human and murine extraneural tissue ganglioside synthesis,
but such a molecule has yet to be discovered.

A second, recently employed approach is the knockout of glycosyltransferase genes
involved in ganglioside synthesis. A number of knockout mice in which these genes
have been targeted have been developed (reviewed in [3]). Study of these murine models
has revealed apparent functional redundancy among related ganglioside structures.
Knockouts affecting only one or another group of gangliosides (such as complex gan-
gliosides) frequently have a only mild effect on phenotype [4,5] and lifespan [6]. At the
other extreme is complete knockout of all gangliosides by targeting multiple or upstream
genes, which can cause severe neurodegeneration and embryonic lethality [7] or fatality
early in life [8].

Here we have attempted to develop and characterize an in vitro cell culture system
that would allow study of the effects of complete ganglioside depletion at the cellular
level, particularly on the function of cells that are present in peripheral tissues. We used
the GM3S knockout mouse, a kind gift of Dr. Richard Proia, to culture embryonic fi-
broblasts (MEF) for this purpose. We reasoned that these MEF might constitute a valu-
able model system because all the gangliosides normally found in fibroblasts [9-12] are

derived from the product (GM3) of the affected enzyme (GM3S).



We expected to confirm complete or nearly complete ganglioside depletion in the
MEF. Contrary to this expectation, while we did document the anticipated absence of
GM3 and the normally present A pathway gangliosides, the MEF were not ganglioside-
depleted. Rather, significant quantities of qualitatively different gangliosides were
found. Consequently, we performed a detailed ganglioside analysis which is the subject
of this report.

Our analysis shows that the gangliosides identified reflected substantial activation
of the 0 pathway, normally not expressed in murine fibroblasts. While recently it was
suggested (based on their detection in the brains of GM3S-/- mice [6]) that traces of
uncharacterized gangliosides detected in GM3S-/- MEF might be gangliosides of the 0
series [13], they were not identified nor characterized by these authors [13]. Here we
have identified and characterized these O series gangliosides in GM3S-/- MEF by mass

spectrometry, and revealed their existence in MEF in unexpectedly high concentrations.

2. Materials and methods

2.1. Derivation of mouse embryonic fibroblasts from GM3 synthase KO mice
Two breeding pairs of GM3 synthase knockout mice (C57BL/6 background) were a
generous gift of Richard Proia (NIH, Bethesda, MD). Mouse embryonic fibroblasts

(MEF) were derived and cultured from GM3S+/+, GM3S+/-, and GM3S-/- 13-day



embryos, obtained by matings of GM3S+/- xGM3S+/- mice, and following the proto-
col of the WiCell Research Institute. MEF were cultured for 3 passages in T-175 cell
culture flasks at 37 °C and 5% CO2 in DMEM containing 4.5 g/L glucose (BioWhita-
ker, MD), supplemented with 10% FBS, 2 mM L-glutamine, 0.1 mM non-essential
amino acids, and Pen-Strep antibiotic mix (Invitrogen, CA). Then the cells were har-
vested and frozen in the same medium with 5% DMSO, without antibiotics. All subse-

quent passages of MEF were in the same medium without antibiotics.

2.2. Genotyping of mice and MEF
Genomic DNA from tails of GM3 synthase knockout mice and mouse embryos was
purified and the embryos were genotyped using PCR with two sets of primers as de-

scribed [6]. Afterwards, established cell clones were regenotyped. Genomic DNA was

isolated from 5x10° cells using QiaAmp DNA Mini Kit (Qiagen) and eluted with 30
uL of 5 mM Tris—HCI buffer pH 8.5 during the last step of the protocol. 2 uL. of DNA
samples were used in 20 pL PCR reactions using SibGene Taq Polymerase kit (SibGene,
MD). Primers 5'-AGCTCAGAGCTATGCTCAGGA-3’ and 5'-TAC-
CACATCGAACTGGTTGAG-3" were used to detect the wild-type GM3 synthase gene

(~400 bp PCR product). Primers 5'-CAATAGATCTGACCCCTATGC-3" and 5'-



GCCTTCTTGACGAGTTCTTCTGAG-3' were used to identify the mutant GM3 syn-
thase allele, yielding a ~300 bp PCR product. Cycling conditions were: 40 cycles; de-

naturation 94 °C, 1 min; annealing 60 °C, 1 min; extension 72 °C, 1 min.

2.3. Proliferation assays

109 cells/well were seeded in 6-well plates and cultured in DMEM with 4.5 g/L glucose
(BioWhitaker, MD), supplemented with 10% FBS, 2 mM L-glutamine, and 0.1 mM
non-essential amino acids (Invitrogen, CA). Duplicate wells of each cell type were har-
vested during log phase growth (days 2 and 4) and counted. Each experiment was per-

formed twice in duplicate and the mean proliferation rate calculated.

2.4. Ganglioside isolation and purification

Total lipid extracts of cell pellets were obtained by extracting the lyophilized starting
material twice with chloroform/methanol (1:1, by volume) for 18 h at 4 °C with stirring.
Gangliosides were isolated from the lower phase of the dried total lipid extract parti-
tioned in diisopropyl ether/1-butanol/17 mM aqueous NaCl (6:4:5, by volume) [14]. The
gangliosides were further purified by Sephadex G-50 gel filtration. HPTLC analysis of
gangliosides was performed using 1020 cm precoated silica gel 60 HPTLC plates
(Merck, Darmstadt). The plates were developed in chloroform/methanol/0.25% aqueous

CaCl2-2H20 (60:40:9, by volume) to separate gangliosides (stained as purple bands



with resorcinol reagent), followed by densitometric ganglioside quantification. For pre-
parative isolation, the ganglioside bands were visualized in iodine vapor, scraped from
the HPTLC plate into 1 ml conical glass tubes, extracted from silica using chloro-
form:methanol:water solution (60:35:8, v/v/v), and dried under vacuum centrifugation
using SpeedVac. The residues were redissolved in 20 ul of acetonitrile:water (1:1, v/v)

and analyzed by mass spectrometry.

2.5. Mass spectrometric analysis of MEF gangliosides

0.3 uL of TLC purified ganglioside solution was mixed with 0.3 uL of matrix solution
(50 mM alpha-cyano-4-hydroxynamic acid in acetonitrile) and spotted on a MALDI
plate. Mass spectrometry (MS) and tandem mass spectrometry (MS/MS) analyses were
performed on a 4700 ABI TOF-TOF mass spectrometer (Applied Biosystems, Foster
City, CA) equipped with Nd:YAG 200 Hz laser. The instrument was operated with de-
layed extraction in reflectron negative ion mode. A mixture of standard peptides (4700
Cal Mix from Applied Biosystems, Foster City, CA) was used to externally calibrate the
instrument. Standard gangliosides (bovine GM1 and GD1a; Matreya) constituted addi-

tional controls for mass accuracy and for MS/MS fragmentation patterns.



3. Results

3.1. GM3S knockout murine embryonic fibroblasts

13.5-day-old embryos from the cross of GM3S+/- (heterozygous) parents were har-
vested and DNA analyzed by PCR. A number of MEF clones of each genotype (GM3S
wild type, heterozygote and homozygote knockout) were successfully derived. Their
genotype was confirmed by PCR, and representative PCR genotyping results are shown
in Fig. 1A. There were no discernable differences in MEF cell morphology among the
three genotypes (Fig. 1B) and the rates of proliferation were similar as well (wild type
and heterozygote MEF increased to 2.0-fold the initial cell number in 48 h, whereas
GM3S-/- MEF increased to 1.85 fold, pN 0.05). Since an altered cell proliferation rate
by cell counting was not observed, slightly increased thymidine incorporation (not
shown), which parallels a similar increase in the MTT assay in these cells [13], may be
due to altered membrane transport of the reagents thymidine and MTT, possibly because

of membrane lipid modifications.



GM3S +/- x GM3S +/-

P
wn
A
=
&)

[ |
S 8 g g
A - R =

SUOTIORI SuoONoLaI
oyads-ad1 pia  A100ds-1noydouy

GM3S +/+




3.2. Ganglioside analysis of GM3 synthase-deficient MEF

HPTLC densitometry revealed a wild type MEF ganglioside content of 11+1.6 nmol
LBSA/mg protein (mean+S.D., Fig. 2A, B). There was a 36% reduction in total gangli-
osides, to 7.0+0.8 nmol LBSA/mg protein, in the heterozygote cells (Fig. 2A, B). Some-
what surprisingly, the GM3S-/- MEF retained a substantial ganglioside content (2.3 +
1.1 nmol LBSA/mg protein) but with a completely different HPTLC profile from that
of wild type or heterozygote cells (Fig. 2A). We previously identified the major gangli-
osides of normal wild type murine fibroblasts [12]. They are GD1a, GM1, GM2, and
GM3, and appear as doublets because of the existence of multiple different ceramide
species of each ganglioside. In GM3S+/- MEF, GD1a comprised 60% (and the other
three gangliosides together 40%) of the total gangliosides. Qualitatively, heterozygote
MEFs had an identical ganglioside pattern and proportionally identical expression of
these gangliosides to normal MEFs. These findings indicate preservation of at least par-
tial enzyme activity of GM3S, in the MEF heterozygous for the allele. The HPTLC of
GM3S-/- MEF gangliosides, however, was completely different from that of GM3S+/-
and GM3S+/+ MEF. Two sets of bands, with 5 distinct and several faint bands, migrat-
ing very differently from those of GM1 and GD1a seen in the normal and heterozygote

MEF, are visible (Fig. 2A and C).
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As a result of these findings of incomplete ganglioside depletion but replacement with
a different ganglioside pattern, we isolated the gangliosides from GM3S-/- and
GM3S+/- MEF for further analysis. The major gangliosides were separated by prepar-
ative HPTLC. Two ganglioside fractions, 1 and 2 in Fig. 2C, were extracted from the
preparative HPTLC of GM3S-/- MEF. We also isolated (Fig. 2C), as was the major
band from the HPTLC of the heterozygote, GM3S+/-, MEF. These gangliosides were

characterized by mass spectrometry.

3.3. Mass spectrometric identification of gangliosides in GM3—/— and GM3+/— MEF

Fig. 3A, C, and E show the MALDI-TOF mass fingerprints of GM3S-/- fraction 1,
GM3S-/-fraction 2, and the major GM3S+/- ganglioside, respectively. Major peaks in
each MS were subjected to MS/MS analysis and their fragmentation patterns compared
to those of standard brain gangliosides and of mouse gangliosides [15-17]. Representa-
tive MS/MS spectra are shown in Fig. 3B, D, and F. They characterize a major gangli-
oside of GM3S-/- MEF ganglioside fraction 1 (Fig. 3B), GM3S-/- MEF ganglioside

fraction 2 (Fig. 3D), and the major GM3S+/- MEF ganglioside (Fig. 3F).

13



GM3S -/-
Fraction 1

1064 861 699 536
I

Cer

GM3S -/-
Fraction 2

GM3S +/-

Mass/Char:

(S

1355861 699 536
PR

E—:—D-I-Cer
1517 —~

GDla

1355 1151 699 536
R

909.4

Mass/Charge




Fig. 3. Mass spectrometric analysis of MEF gangliosides. Panels A, C, and E represent reflectron nega-
tive ion detection MALDI-TOF mass spectra of GM3S—/- fraction 1 (panel A), fraction 2 (panel C), and

the GM3S+/— major band, migrating as GD1a (panel E). Panels B, D, and F are representative MS/MS

analyses by reflectron negative ion detection MALDI-TOF tandem mass spectrometry of the selected
major molecular ion indicated by the arrow in panels A, C, and E, respectively. (A) Fraction 1 contained
major molecular ions 1517, 1629, and 1627 that are gangliosides GM1b d18:1-C16:0, d18:1-C24:0,
and d18:1-C24:1, respectively. Molecular ions 1720, 1832, and 1830 represent gangliosides GaINAc—
GM1b of the same three ceramide structures. (B) Tandem MS fragmentation pattern and identification
of ganglioside GM1b. (C) fraction 2 contained molecular ions 1830, 1942 and 1940, which represent
gangliosides GD1a d18:1-C16:0, d18:1—C24:0, and d18:1-C24:1 respectively, as well as 1846 (d18:1—
C16:0 GD1a with N-glycolylneuraminic acid). (D) Tandem MS fragmentation pattern and identification

of ganglioside GD1a. (E) The major peaks of the major GM3S+/— band are molecular ions 1830, 1942
and 1940, consistent with ganglioside GD1a d18:1-C16:0, d18:1-C24:0, GD1a d18:1-C24:1 respec-

tively. (F) Tandem MS fragmentation pattern and identification of ganglioside GD1a in panel E.

Mass spectrometry of fraction 1 (Fig. 3A), which contained the predominant bands in
GM3S-/- MEF (70% of the total gangliosides), showed a prominent set of peaks at m/z
1517, 1627, and 1629. There were also sets of peaks at m/z 1720, 1830, and 1832, and
at m/z 1533, and 1643/1645. Fig. 3B shows the MS/MS data obtained for the major peak
at m/z 1517 detected in fraction 1. Most of the observed ions corresponded to fragmen-
tation occurring in the carbohydrate chain-sequential loss of monosaccharides and as a
characteristic fragment at m/z 655. A prominent recognizable fragment at m/z 290, in-
dicative of the presence of a terminal sialic (N-acetylneuraminic acid, NAc) acid (SA)
residue in the carbohydrate chain is also seen in the spectrum. Comparison of the
MS/MS data of the peaks at 1517, 1627 and 1629 showed identical carbohydrate frag-
mentation patterns, consistent with them being GM1b containing d18:1-C16:0, d18:1—

C24:1, and d18:1-C24:0 ceramide moieties, respectively. The minor peaks at m/z 1533,
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1643, and 1645 were consistent with GM1b containing N-glycolylneuraminic acid
(NGc) rather than NAc [17], as confirmed by MS/ MS (not shown), with the same
ceramide composition as the major GM1b species. The set of peaks at m/z 1720, 1830,
and 1832 are consistent with the structure GaINAc-GM1b (although GIcNAc-GM1b
cannot be excluded by the mass spectrometric findings alone). Until now, only GaINAc—
GM1b has been identified as an 0 pathway ganglioside, present in murine macrophage-
like tumor cells [18]. The ceramide moieties once again are identical to those of the
major ganglioside GM1b. Fraction 1 of the homozygote GM3S -/- MEF thus contains
three variants of GM1b, namely NAcGM1b and NGcGM1b, and GaINAc-GM1b, each
with at least three distinct ceramide moieties. All are structures of the 0 pathway.
Fraction 2 (Fig. 3C), comprising about 30% of the total GM3S-/- MEF gangli-
osides, contained the gangliosides more complex than those in fraction 1. Beginning
with the higher mass peaks, there was a set of prominent peaks at m/z 1830, 1940, and
1942, and a peak at 1846. Corresponding lower mass peaks were found at 1517, 1627,
and 1629, and at 1533. Tandem mass spectrometry (MS/MS) for the peak at m/z 1830
is shown in Fig. 3D. The carbohydrate fragmentation pattern is consistent with the so-
dium adduct of the hypothesized structure, GD1a, with a fragment ion indicative of the
presence of sialic acid (SA) detected at m/z 290. Clearly distinguishing this species from
GD1a is a distinctive fragment ion at m/z 677. This fragment was seen in the MS/MS

spectra of all suspected GD1a species, but not detected in the MS/MS spectrum of GD1a
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ganglioside standard (not shown), and corresponds to the [Gal+GalNAc + SA+ Na+]'

moiety. The spectrum also contains a prominent fragment ion at m/z 1517. This would

be consistent with the loss of [SA +Na™] from the parent ion at m/z 1830. There is
precedent for the detection of sodium adducts by MALDI-TOF ganglioside analysis; it
has been shown previously [16] that A series gangliosides, including the disialo-gangli-
oside GD1a (of which GDl1ua, is an isomer) tend to form adducts with one ion of sodium.
Thus we concluded that the peaks at m/z 1830, 1940, and 1942 corresponded to GD1a,
with ceramide moieties d18:1-C16:0, d18:1-C24:1, and d18:1- C24:0, respectively.
The minor peak at 1846 is consistent with a GD1a structure containing one N-glycol-

ylneuraminic (and one N-acetylneuraminic) acid residue, and the peak at 1533 corre-

sponding to its fragment [M-N-glycolylneuraminic acid-Na+]'. The possibility that the
peak at 1830 in fraction 2 and the minor peak at m/z 1830 in fraction 1 represent iden-
tical ganglioside molecular species was excluded by the ms/ms (not shown) of the 1830
peak of fraction 1. It had an entirely different fragmentation pattern; there was no peak
at m/z 1517 and therefore no terminal sialic acid, and no peak at m/z 677.

MS/MS analysis of the other major peaks of fraction 2, m/z 1517 and 1627/1629,
produced the same prominent peak at m/z 677 that was seen in the MS/MS spectrum of
GDl1a (Fig. 3D), but not seen in the MS/MS of GM1b (Fig. 3B). This suggests that the
peaks at m/z 1517 and 1627/1629 in Fig. 3C are not native GM1b (which, found in

fraction 1, migrates further on HPTLC than the disialogangliosides) but the result of in
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source fragmentation of GD1a, which tends to easily lose a sialic acid moiety during
MALDI-TOF analysis [16].

We also analyzed the major ganglioside of the heterozygote GM3S+/- MEF (Fig.
3E). This ganglioside migrated on HPTLC similar to GD1a, and the HPTLC pattern of
the GM3S+/- MEF was identical to that of wild type cells, known to contain GD1a as
a major component. Prominent peaks are seen again at m/z 1830 and 1940/42, and at
m/z 1517 and 1629. The MS/MS fragmentation pattern of the species at m/z 1830 (Fig.
3F) is consistent with the structure being a sodium adduct of GD1a. Importantly, the
discriminating fragment at m/z 677, present in GD1a (Fig. 3D) was not found in GD1a
standard ganglioside nor in the heterozygote ganglioside sample (Fig. 3F), which does

contain a prominent fragment ion at m/z 1517, which would be consistent with loss of
[SA+ Na+] from the parent ion at m/z 1830, and also a fragment at m/z 312, consistent

with a [SA +NA™]™ fragment. Thus, the major GM3S+/- ganglioside was identified as
GD1a, with the same ceramide moieties as those of the abnormally expressed O series
gangliosides above.

In summary (Fig. 4), GM3S-/- MEF express mainly sialic acid-containing GM1b,
GalNAc-GM1b, and GD1a with trace amounts of N-glycolylneuraminic acid-contain-
ing GM1b and GDl1a. In contrast, the heterozygous GM3S+/-+/- MEF expressed, at a
reduced level, the normal MEF gangliosides including GD1a, and smaller quantities of

GM3, GM2, and GM1a. Importantly, they did not express GD1a, which is the analogous
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0 pathway ganglioside to GD1a. Thus there is a clear and complete qualitative distinc-
tion between the ganglioside composition of GM3S-/- MEF, and wild type and heter-
ozygote cells. This distinction might not have been noticed by ganglioside quantification
alone, would have shown only a gradual reduction in ganglioside content with graded

knockout of GM3S enzyme activity.
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Fig. 4. Schematic summary of MEF ganglioside synthesis in GM3 synthase wild type (GM3S+/+), heter-
ozygous (GM3S+/-), and homozygous (GM3S-/- knockout) mice. Highlighted areas show gangliosides

that are expressed in the respective MEF.

4. Discussion

Models to study alterations in ganglioside metabolism are of interest because of their
potential utility, when ganglioside depletion can be achieved, in dissecting mechanisms
of the biological activities of these molecules. An ideal model would be genetically al-
tered to express a single gene defect, reducing the risk of multiple effects that can be
associated with pharmacological strategies. In the case of ganglioside expression, the
optimal manipulation would be a knockout in which all normally present gangliosides
are derivatives of the targeted enzyme. In undertaking the present study, this was pre-
sumed to be the case for MEF of the GM3S knockout mouse, because normal MEF
gangliosides are all derived from GM3.

Thus we embarked on a careful study of ganglioside expression in GM3S MEF. The
approximate 40% reduction in the level of gangliosides in the GM3S+/- MEF, com-
pared to wild type MEF, although not predicted, was not unexpected. However, the
maintenance of fully one fifth of the normal level of gangliosides in the complete GM3S
knockout was unexpected, as was the ganglioside pattern: This substantial residual gan-
glioside content of the knockout MEF had a completely different HPTLC pattern from

that of wild type (and of GM3S+/-) MEF. This unusual complement of gangliosides
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consisted entirely of gangliosides of the 0 pathway (GM1b, GaINAcGM1b, and GD1a).
Finally, these findings are not developmentally restricted (e.g., to embryonic fibro-
blasts), because we have observed identical changes in ganglioside metabolism in fibro-
blasts of from young adult GM3S-/- mice (unpublished results).

Where are 0 pathway gangliosides found? Normally, they are present in low con-
centrations in brain, both human and mouse. They have not been detected at all in nor-
mal fibroblasts. They are the major or exclusive gangliosides of some murine lympho-
mas [15] and have been detected in macrophage-like tumor cells [18], as well as in
normal mouse lymphocytes and lymph nodes [19], suggesting that they are most com-
monly expressed in cells of the immune system in mice. The significance of the detec-
tion 0 pathway gangliosides in normal mouse brain [20] is that their prominence in
GM3S-/- knockout mouse brain [6], where they quantitatively replace the normal brain
gangliosides (e.g., GM1, GD1a, GD1b, GT1b), is therefore consistent with the further
activation of an enzyme pathway (Fig. 4) that is already operational even in the face of
otherwise normal (i.e., active GM3S) ganglioside metabolism in that tissue.

However, because these gangliosides are not expressed in normal fibroblasts, we
thought that it would be unlikely for them to be expressed in the GM3S-/- MEF, in
contrast to Hashiramoto et al [13], who suggested that the trace amounts of unidentified
gangliosides they detected in GM3S-/- fibroblasts may correspond to 0-series gangli-

osides because these were expressed in the brains of GM3S-/- mice. However, they
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detected only traces of gangliosides in GM3S-/- MEF, did not structurally characterize
or identify them, and did not detect any gangliosides in other peripheral tissues (muscle
and adipose tissue) of this mouse [6]. Thus we were surprised to find substantial
amounts of these gangliosides in GM3S-/- MEF. That 0 pathway gangliosides com-
pletely replaced the normal gangliosides in GM3S-/- MEF indicated that complete
knockout resulted in alternate pathway activation. However, since a switch did not occur
in the GM3S+/- MEF, it means that the 0 pathway is only activated in MEF when the
knockout was complete (homozygous GM3S-/-). This contrasts to brain, in which mi-
nor expression of this pathway already coexists with normal GM3S activity in normal
brain ganglioside expression, resulting in simultaneous expression of gangliosides of
both pathways.

What are possible causes of the shift to the 0 pathway in GM3S-/- MEF? A number
of different mechanisms have been proposed (reviewed in [21]). They include that by
preventing anabolism of lactosylceramide to GM3 by GM3S, metabolism of lactosylcer-
amide to asialo-GMZ2 is accelerated (Fig. 4), overcoming the relative enzyme kinetics
that normally favor flow into the GM3S pathway. Another possibility is that the prod-
ucts of GM3S might be inhibitory to asialoGM2 synthesis, so that in the absence of
these products of GM3S (i.e., in GM3S-/- mice) asialoGM2 synthase might be acti-

vated. A third is that the absence of GM3 synthase causes disruption of a complex of
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the three sequential enzymes, lactosylceramide synthase, GM3 synthase, and GD3 syn-
thase, that were identified as a complex by Giraudo and Maccioni [22], and that this
disruption shifts synthesis into the 0 pathway. Our observations add a constraint to pos-
sible mechanisms, at least in fibroblasts (in contrast to brain): Since we did not observe
any transition to the 0 pathway in heterozygote cells, it seems that either a substantial
increase in the amount of lactosylceramide (the substrate) or a complete absence of GM3
and/or A pathway gangliosides (potential 0 pathway enzyme inhibitors) must be re-
quired for the 0-pathway to become activated. Further studies will be needed to pinpoint
the mechanism(s) that underlie the switch to 0 pathway ganglioside synthesis, but be-
cause the switch is absolute and complete in these GM3S-/- MEF, they should consti-
tute a valuable model system for developing more complete understanding of the control
of the metabolic pathways of ganglioside synthesis.

The absence of gross defects in cell morphology and growth characteristics of
GM3S-/- MEF suggests that to the extent that gangliosides play a role in determining
normal cell physiology, the O pathway gangliosides i.e., GM1b, GalNacGM1b, and
GD1a, may substitute for normal functions of major gangliosides of the A and B path-
ways, since GM3S knockout mice show almost normal development and lifespan [6],
whereas complete ganglioside knockout mice die early [3]. Recent preliminary findings
are consistent with this thought, in that fibroblast EGF-induced EGFR activation and

proliferation, which in other studies [12,23] have been shown to be particularly sensitive
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to inhibition by ganglioside depletion of the fibroblast cell membrane, appear to be nor-
mal in the GM3S-/- cells (unpublished). Of course, this does not exclude the possibility
that other subtle defects resulting from the absence of the normal gangliosides in these
MEFs remain to be discovered. For example, an abnormality (defective calcium regula-
tion) in the apparently normal cerebellar granular neurons of mice lacking complex gan-
gliosides because of GM2/GD2 synthase knockout became evident in vitro only upon
challenge with high intracellular calcium [24]. Our findings do raise the question of
whether some well-characterized biological properties of GM3S-/- mice, such as in-
creased insulin sensitivity of muscle [6], and enhanced MAPK signaling in MEF [13],
may at least in part be due to the replacement of the major normal gangliosides by those
of the 0 pathway. Interestingly, knockout of glucosylceramide synthase [7] or both GM3
synthase and GM2 synthase [8], thus preventing production of any gangliosides of either
the 0 or major pathways, is lethal. This further supports the speculation that the presence
of 0 pathway gangliosides in the GM3S-/- mouse may indeed substitute for normal
functions of major gangliosides and compensate for their absence in maintaining a rel-

atively mildly abnormal phenotype in GMS knockout mice.
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