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ABSTRACT

The genes for cytidine monophospho-N-acetylneuraminic acid hydrox
ylase (NeuAc-H) and fl.1,4.N-acetylgalactosaminyl transferase (GalNAc
T)were examined using reverse transcription-PCR in two experimental
mouse brain tumors, EPEN and CT-2A. NeuAc-H is required for the

synthesis of gangliosides containing N-glycolylneuraminic acid, whereas
GalNAc-T is required for the synthesis of ganglioside GM2. The genes
were analyzed in solid tumors grown in vivo and in tumor cells grown in
vitro. NeuGc-contalning gangliosides are abundant in cells of the mouse
immune system, including macrophages, but are undetectable in normal
mouse brain. GM2 is expressed in both neural and nonneural mouse cells
and tissues. The EPEN tumor cells synthesize only ganglioside GM3,
whereas the CT-2A tumor cells synthesize GM3, GM2, GM1, and GD1a.
NeuAc-H gene expression was detected in both solid tumors grown in vivo
but was undetectable in either tumor cell line. The presence or absence of
NeuAc-H gene expression in the tumor tissues and cells correlates with the
presence or absence, respectively, of NeuGc-containing gangliosides. Dif.
ferences in GaINAc-T gene expression between the solid tumors and the
cultured tumor cells correlate with the expression of ganglioside GM2.
The findings suggest that the differences in ganglioside biosynthetic gene
expression between brain tumors grown in vivoand in vitro are associated
with the presence or absence, respectively, of tumor-infiltrating host cells.

INTRODUCTION

The GSL3 composition of brain tumors is markedly different from
that of normal brain in both humans and mice (1â€”4).We recently
suggested that this difference resulted from the proliferation of neo
plastic neural cells together with the infiltration of nonneoplastic host
cells that express GSLs not present in normal brain (5). Support for
the host cell infiltration hypothesis came from our findings that
NeuGc-containing gangliosides were heavily expressed in solid
mouse brain tumors grown in vivo but were absent in cultured cells
prepared from the tumors (5). NeuGc-containing gangliosides are
enriched in mouse macrophages and in other nonneural mouse cells
but are very minor components in normal mouse brain (6â€”9).The
absence of these and other GSLs in cultured mouse brain tumor cells
was attributed to the absence of tumor-infiltrating host cells, which are
lost during the formation of the cell lines (2, 5, 8, 10).

NeuAc is the major ganglioside sialic acid species in normal mouse
brain and differs from NeuGc in having an acetyl instead of a glycolyl
group attached to the nitrogen on carbon number 5 (1 1), The enzy
matic conversion of NeuAc to NeuGc is illustrated in Fig. 1. This
conversion is catalyzed by a cytosolic enzyme, NeuAc-H (12). The
gene for this enzyme was recently cloned, and its expression was
correlated with the presence of NeuGc-containing gangliosides (13).
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The gene for the Ga1NAc-T was also cloned recently (14, 15).
GalNAc-T transfers a /3-linked N-acetylgalactosamine to the oligo
saccharide chain of gangliosides GM3 and GD3 for the synthesis of
GM2 and GD2, respectively (Fig. 2). Ga1NAc-T gene expression is
also correlated with the presence of GM2 and complex gangliosides
(16). In this study, we show that differences in the expression of the
CMP-NeuAc-H and GaINAc-T genes in mouse brain tumors grown in
vivo and in vitro are associated with the presence or absence, respec
tively, of nonneoplastic host-infiltrating cells. A preliminary report of
these findings has appeared (17).

MATERIALS AND METHODS

Mice. The C57BL/6 (B6) strain was obtained from The Jackson Laboratory
(Bar Harbor, ME). All B6 mice used in this study were propagated in the
animal room of the Biology Department, Boston College, using animal hus

bandry conditions described previously (18). B6 mice, approximately 2â€”3
months of age, were used as tumor recipients. All animal use procedures were
in strict accordance with the NIH Guide for the Care and Use of Laboratory

Animals and approved by the Institutional Animal Care Committee.

Experimental Mouse Brain Tumors. Two experimental mouse brain tu
mors were used for this research, EPEN and CT-2A. EPEN was obtained as a
gift from Dr. Carl Sutton (University of South Florida, Tampa, FL) and

originally produced by Dr. H. M. Zimmerman in 1949 via implantation of the
chemical carcinogen 20-methylcholanthrene into a cerebral ventricle of a B6

mouse.4 The CT-2A tumor was generated in our laboratory according to the
procedure of Zimmerman and Arnold (19) and arose in a B6 mouse 450 days
after 20-methylcholanthrene implantation into the cerebral cortex. Both tumors
were maintained via serial s.c. flank passages into B6 mice, as we described
previously (20). Cell lines from EPEN and CT-2A were established from the
tumors grown in the B6 flank as described previously (2, 8).

Tissue and Macrophage Preparation. Brain and liver were obtained from

an anesthetized B6 mouse that was cardiac-perfused with 0.9% heparin:saline
(1:1000 w/v). Pentoneal macrophages were collected from B6 mice as de
scribed previously (21). Briefly, thioglycollate-elicited peritoneal cells were
washed in a hypertonic buffer (0.15 M NH4C1, 0.01 M KHCO3, and 0.1 mM

disodium EDTA) to remove RBCs. The cells (l0@)were then suspended in
DMEM (Life Technologies, Inc.) supplemented with 10% heat-inactivated
FBS (Hyclone Laboratories) and 0.1% penicillin/streptomycin (Life Technol.
ogies, Inc.) and placed on a glass Petri dish. The cells were incubated at 37Â°C
with 5% CO2 and 95% humidity for 90 mm to allow macrophages to adhere
to the glass. Nonadhering cells were removed by washing the plate four times
with PBS.

RNA Isolation and RT-PCR. Total RNA was isolated from cells and
tissues using RNAzol B (Tel-Test, Inc.) following the manufacturer's protocol.

RNA was isolated from adherent macrophages with 1 ml of RNAzo1 B
followed by brief sonication in a water bath. Contaminating genomic DNA was
removed by treating RNA with DNase I (Sigma) for 15 mm at 37Â°Cfollowed
by a phenol-chloroform extraction. Single-stranded cDNA was constructed
from total RNA (3 pg) using random primers (Promega) and Superscript II
reverse transcriptase (Life Technologies, Inc.) according to the manufacturer's
protocol. cDNA (3 p1) was used for PCR amplification of the 313- and 303-bp
regions of the NeuAc-H and GaINAc-T genes, respectively. The NeuAc-H

primers (forward, 5'-AGTCTAAAGTCATCCTCGCC-3'; reverse, 5'-ACCT
TCCATCTAAATCCTCG-3') amplified the region from nucleotides â€”97to
214 (13). The GalNAc-T primers (forward, 5'-TACCCACCATCATC
CCTACC-3'; reverse, 5'-CGTGAAGACAAAGTCGTCG-3') amplified the

region from nucleotides 787 to 1089 (15). The cDNA samples were amplified

4 H. M. Zimmerman, personal communication.
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suggesting that these GSLs were derived from tumor-infiltrating
host cells (5).

NeuAc-H gene expression in normal mouse cells and tissues and in
the two mouse brain tumors is shown in Fig. 3. The gene was clearly
expressed in macrophages (M) and in liver (L), but only trace expres
sion was found in brain (B). The gene was also clearly expressed in
both brain tumors grown in vivo but was not expressed in either
cultured tumor cell line. NeuAC-H gene expression in these cells and
tissues was correlated with the expression of NeuGc-containing gan
gliosides. These gangliosides are not expressed in mouse neurons or
glia but are heavily expressed in cells of the mouse immune system,
e.g., macrophages, and in extraneural tissues, e.g., liver. The trace
NeuAc-H gene expression in brain may come from the presence of
residual nonneural cells, e.g., capillary endothelial cells.

Ga1NAc-T gene expression in normal mouse cells and tissues and in
the two mouse brain tumors is shown in Fig. 4. The expression of this
gene was correlated with the expression of ganglioside GM2. Because
GM3 is the only ganglioside synthesized in the EPEN cultured cells,
the absence of Ga1NAc-T gene expression in these cells is consistent
with the absence of GM2. We previously showed that GM2 is present
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Fig. 1. Synthesis of CMP-NeuGc from the precursor CMP-NeuAc. NeuAc-H, in the
presence of the cofactor cytochrome b5 and the cosubstrate NADH, catalyzes the hy
droxylation of the acetyl group attached to the nitrogen on carbon 5, forming a glycolyl
group. The sugar nucleotide forms of the sialic acids are used as precursors for the
addition of sialic acids to the oligosaccharide chain of gangliosides (13, 33).

Fig. 2. Pathway for the synthesis of GM2 from GM3 by GaINAc-T. GaINAc-T adds
a @3-linkedN-acetylgalactosamine to the galactose of GM3 to form GM2 and is required
for synthesis ofgangliosides in the â€œaâ€•metabolic pathway (GM3â€”sGM2--sGMl--+GDla;
Ref. 16). Cer, ceramide; Gal, galactose; GaINAc, N-acetylgalactosamine; Glc, glucose;
SA, sialic acid.
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Fig. 3. Detection of NeuAc-H gene expression using RT-PCR. The 31 l-bp amplifica
tion product was detected in mouse peritoneal macrophages (M), liver (L), and the EPEN
and CT-2A tumors grown in vivo. Only trace NeuAc-H expression was detected in brain
(B), but no expression was detected in the EPEN or CT-2A tumor cells grown in vitro. The
detection of NeuAc-H gene expression was consistent with the presence or absence of
NeuGc-containing gangliosides (+ or â€”, respectively) in each of the samples.
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with Taq DNA polymerase (Promega) using the following protocol: initial

denaturation at 94Â°Cfor 4 mm, followed by 40 cycles of denaturation at 94Â°C
for 1mm; annealing at 57Â°Cfor 1mm; and extension at 72Â°Cfor 1mm. A final
extension at 72Â°Cfor 15 mm followed the last cycle. PCR products (12â€”14p1)
were separated on a 1.5% agarose gel and visualized with ethidium bromide
staining. A l00-bp DNA ladder (Promega) was run on the same gel for size
reference. To control for possible genomic DNA contamination, RT-PCR was
performed on the total RNA of each sample in the absence of reverse tran
scriptase.

RESULTS

The gross morphology, histology, and ganglioside composition
of the EPEN and CT-2A tumors grown in vivo and in vitro were
described previously (2, 5, 8, 10). In contrast to the high content of
NeuGc-containing gangliosides present in both solid tumors grown
in vivo, neither cell line synthesizes these gangliosides. GM3 is the
only ganglioside synthesized by the cultured EPEN cells. The
cultured CT-2A cells, on the other hand, synthesize gangliosides in
the â€œaâ€•metabolic pathway, i.e., GM3, GM2, GM1, and GD1a. The
relative content of NeuGc-containing gangliosides in the tumors
grown in vivo was correlated with the relative content of macroph
age-enriched markers (asialo GM! and Fc receptor-bearing cells),
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other hand, is consistent with GM2 synthesis in mouse macrophages
and other tumor-infiltrating host cells.

In contrast to the EPEN tumor, GaINAc-T gene expression was
observed in both the solid CT-2A tumor and in the cultured cells.
Because the CT-2A cells can synthesize GM2, the Ga1NAc-T gene
expression in the solid tumor is likely derived from both the neoplastic
tumor cells and the tumor-infiltrating host cells. GaINAC-T gene
expression in the CT-2A cultured cells, on the other hand, is derived
exclusively from the tumor cells. Taken together, our findings suggest
that the differences in NeuAC-H and Ga1NAc-T gene expression in the
mouse brain tumors result largely from the differential expression of
these genes in neoplastic tumor cells and in tumor-infiltrating host
cells.

Studies are in progress to determine if NeuAc-H and Ga1NAc-T
gene expression in the mouse brain tumors is localized to TAMs.
Localizing gene expression to specific cell types usually entails in situ
hybridization. This method may be problematic, however, because
TAMs can mimic the cellular morphology of neighboring tumor cells
(28â€”32).In addition, we found that TAMs were unrecognizable with
H&E staining in the EPEN and CT-2A tumors (2). A more direct
method for localizing NeuAC-H and Ga1NAc-T gene expression to
TAMs will be used that involves separating TAMs from dissociated
brain tumors followed by an analysis of gene expression in the
isolated cells.
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Fig. 4. Detection of GalNAc-T gene expression using RT-PCR. The 303-bp amplifi
cation product was detected in mouse brain (B), peritoneal macrophages (M), liver (L), the
EPEN and CT-2A tumors grown in @â€˜ivo,and the CT-2A cells grown in vitro. GalNAc-T
was expressed in all samples except the EPEN cells grown in vitro. The detection of
GalNAc-T gene expression was consistent with the presence or absence of GM2 (+ or â€”,
respectively) in each of the samples.

in EPEN solid tumor and CT-2A cultured cells and solid tumor (2, 5,
8, 10). GM2 is also present in mouse brain, macrophages, and liver (9,
10, 22). GaINAc-T gene expression is therefore expressed in all cells
and tissues that synthesize GM2.

No PCR products were detected in any of the samples in the
absence of reverse transcriptase, indicating that the samples were not
contaminated with genomic DNA (data not shown). Furthermore,
amplification of the mouse ceruloplasmin gene in the in vitro EPEN
samples insured the presence of cDNA in these samples (data not
shown).

DISCUSSION

Our results show that differences in ganglioside biosynthetic gene
expression between mouse brain tumors grown in vivo and in vitro are
associated with the presence or absence, respectively, of tumor
infiltrating host cells. NeuGc-containing gangliosides are heavily cx
pressed in mouse macrophages and in other cells of the mouse
immune system but are not expressed in neural cells of the central
nervous system (10, 21, 23â€”25).The expression of the NeuAC-H gene
in both solid tumors grown in vivo and the absence of its expression
in both cultured cell lines are consistent with the presence or absence
of tumor-infiltrating host cells. We cannot completely exclude the
possibility that unknown factors in the tissue culture environment
suppress NeuAc-H gene expression in the cultured tumor cells. We
think this may be unlikely because some mouse cells that normally
synthesize NeuGc-containing gangliosides in vivo also synthesize
these gangliosides in vitro (26, 27). The absence of contaminating
host cells is more likely responsible for the absence of NeuAc-H gene
expression in both cultured cell lines. Because the macrophage is a
major infiltrating host cell of some brain tumors, it is also possible that
much of the NeuAc-H gene expression in the solid tumors is derived
from macrophages.

The differences in GaINAc-T gene expression in the two solid brain
tumors may also be due in part to differences in host cell infiltration.
The absence of Ga1NAc-T gene expression in the cultured EPEN cells
is consistent with the absence of GM2 synthesis in these cells and with
the absence of contaminating host cells. It is unlikely that factors in
the culture environment suppress Ga1NAc-T gene expression in the
EPEN cells because the gene is expressed in the CT-2A cells cultured
under the same conditions. We cannot, however, exclude the possi
bility that the two cell types respond differently to the culture envi
ronment. The expression of this gene in the solid EPEN tumor, on the
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