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The expression of CMP-NeuAc: Galfil,4GlcNAc o:2,6 sialyltransferase (o/2,6-ST) [EC 2.4.99.1] and glyco- 
proteins bearing ol2,6-1inked sialic acids were examined in primary human brain tumours and cell lines. 79% 
(19/24) of the meningiomas expressed ol2,6-ST mRNA, 42% (10/24) of which showed very high expression. 
oL2,6-ST mRNA expression was undetectable in normal brain tissue. In contrast, only 1/13 of the gliomas 
examined expressed detectable o~2,6-ST mRNA. Metastases to the brain did not express measurable amounts 
of o:2,6-ST mRNA. Less expression was found in malignant (i.e. anaplastic) compared to benign (i.e. 
meningothelial) meningiomas. Two-dimensional SDS-PAGE of glioma and meningioma proteins, followed by 
Sambucus nigra lectin staining, revealed the presence of a glycoprotein bearing o¢2,6-1inked sialic acids, 
M~ = 53 kDa and a pI = 7.0 (MEN-l) that appeared in all seven of the meningiomas examined, but was 
expressed at barely detectable levels, if at all, in seven out of the seven glioblastomas examined. Thus, 
decreased ol2,6-ST expression may play a role in the aggressive nature of anaplastic meningiomas, but 
appears to be virtually absent in all tumours of glial origin. 
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Introduction 

CMP-NeuAc: Gal/~I,4GlcNAc ol2,6 sialyltransferase 
(ol2,6-ST) [EC 2.4.99.1] transfers sialic acid to the 
non-reducing termini of sugar chains of N-linked glyco- 
proteins [1, 2] and is a type II transmembrane protein 
which exists predominantly within the Golgi and trans- 
Golgi network [3, 4]. Although it was originally purified 
from bovine colostrum by Paulson et al. [5], the purified 
form isolated from rat liver [6] has been more extensively 
studied. The rat ce2,6-ST gene has been cloned by 
Weinstein et al. [7] and shown to be quite complex, 
producing as many as five transcripts with distinct tissue 
specificity [8, 9, 33]. Liver expresses a 4.3 kb ol2,6-ST 
mRNA and expresses the highest enzyme activity of any 
tissues tested. Tissues such as brain, ovary, and heart 
express only a 4.7 kb transcript and typically have 
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>50-fold less enzyme activity than liver. In all tissues 
examined, mRNA levels correlated with enzyme activity 
[11]. 

It appears that ~2,6-ST plays a key role in regulating 
the expression of cell-surface o~2,6-1inked sialoglycocon- 
jugates which, like sialic acid-bearing glycoconjugates in 
general, may play a role in the regulation of cellular 
differentiation [12-16]. For example, cr2,6-ST expression 
is a key step in the formation of multiple leukocyte 
cell-surface differentiation antigens [12], oL2,6-ST activity 
can be induced in cultured human epithelial cells by the 
inflammation-related cytokines, tumour necrosis factor-o~ 
and interleukin-1 [13], and CD22-mediated intercellular 
adhesion can be regulated by the addition of ol2,6-1inked 
sialic acid [14]. 

ol2,6-ST and glycoconjugates bearing o~2,6-1inked sialic 
acids also have been implicated in neoplasia and meta- 
stasis, oL2,6-1inked sialoglycoconjugate expression, as 
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measured by Sambucus nigra agglutinin lectin binding, 
has been reported to be associated with the malignant 
transformation of human colonic mucosa [17]. Several- 
fold increases in a~2,6-1inked sialoglycoconjugate express- 
ion have been observed in metastatic colon carcinoma 
cell lines compared with their poorly metastatic parent. 
Upon neuraminidase treatment, the metastatic behaviour 
of these cells was reduced when injected into syngeneic 
mice [18]. Treatment of the human carcinoma cell line, 
Hep G2, with n-butyrate induced morphological differen- 
tiation and reduced o~2,6-ST mRNA expression by 
greater than 90% [19, 20]. 

Studies on the role that cell-surface glycoconjugates 
play in brain tumorigenesis have focused primarily on 
ganglioside expression and regulation. Brain tumours 
have been reported, in general, to express elevations in 
GM3, GD3, and GD2, with concomitant reductions in 
the more complex polysialo-gangliosides [21-24]. In- 
terestingly, 3',6'-isoLD1, a ganglioside with a sialic acid 
linked o~2,6 to an internal N-acetylgalactosamine, has 
been reported to be expressed in the human central 
nervous system during both gliagenesis and reactive 
astrocytosis, and in primary tumours [24]. 

The studies reported here addressed three questions: 
(1) Is ol2,6-ST expressed in brain tumours? (2) How does 
o~2,6-ST expression in brain tumours relate to its express- 
ion in normal brain? (3) Are there any glycoconjugates 
bearing oL2,6-1inked sialic acids biosynthesized by brain 
tumours that might have clinical significance based on 
their pattern of expression or uniqueness to tumours? 

Materials and methods 

Cell culture 

All established cell lines were maintained using Dulbec- 
co's modified Eagle's medium (DMEM, containing 
4.5 g 1-1 glucose) supplemented with 10% heat-inactiv- 
ated fetal bovine serum (Whittaker BioProducts, Walk- 
ersville, MD): human glioblastoma, SNB-19 (generously 
provided by Dr Paul Kornblith, Department of 
Neurosurgery, University of Pittsburgh); human glioblas- 
toma, U-87MG (American Type Culture Collection 
[ATCC], Rockville, MD); human hepatocarcinoma, Hep 
G2 (ATCC); human epidermoid carcinoma, A431 
(ATCC); human leukaemia, HL60 (ATCC); human 
neuroblastoma, IMR32 (ATCC). A1S and A5I are sub- 
clones of A431 cells that are growth stimulated by 
epidermal growth factor (EGF) and growth inhibited by 
EGF, respectively. Upon reaching 50% confluency, 
SNB-19 cells were treated with one of the following 
compounds for 24 h: 10 #M retinoic acid (Sigma Chemical 
Co., St Louis, MO), 1 mM dibutyryl cyclic-AMP (Boeh- 
ringer Mannheim, Indianapolis, IN), or 3 mM sodium 
butyrate (Sigma Chemical Co., St Louis, MO). Controls 
were cells grown after addition of solvent alone (dimethyl 

sulfoxide or ethanol [Sigma Chemical Co., St Louis, 
MO]; final concentration in percent of total volume was 
0.01%). 

Northern analysis of ol2,6-ST mRNA expression in human 
brain tumours 

Human oL2,6-sialyltransferase (ol2,6-ST; EC 2.4.99.1) 
cDNA was cloned by using the reverse-transcriptase 
polymerase chain reaction (RT-PCR) and poly 
A + RNA from Hep G2 hepatocarcinoma cells. A sense 
primer, CTTCTGTTTGCAGTCATCTG (bp 489-508) 
and an antisense primer, AAATCTGTGACCTCTAC- 
CAT (bp 910-891) were used [26]. A 422bp PCR 
product (bp 489-910) was cloned into pT7 Blue T vector 
(Novagen, Madison, WI) and the sequence of the insert 
was confirmed by the dideoxy termination method. The 
cDNA coding for human a~2,6-ST cDNA was isolated 
from the gel after Xba I and Barn HI digestion of the 
vector and used as the template. Total RNA was isolated 
from clinical brain tumour specimens and cell cultures 
using guanidium isothiocyanate [27] followed by CsC12 
centrifugation [28]. Thirty/~g of total RNA per primary 
brain turnout and 30 #g of total RNA per tumour cell 
line per lane was electrophoresed in a formaldehyde 
containing agarose gel and transferred to Duralon nylon 
membranes (Stratagene, La Jolla, CA). After UV cross- 
linking, blots were hybridized with a 32p-radiolabelled 
cDNA probe synthesized by using a random priming kit 
(Boehringer-Mannheim, Indianapolis, IN) and QuikHyb 
solution (Stratagene, La Jolla, CA). After washing at 
60 °C, the blots were exposed to X-OMAT film (Kodak, 
Rochester, NY) and the films developed appropriately. 
The same filters were also hybridized with the 1.4 kb 
cDNA coding for o:-tubulin to examine the integrity of 
RNA samples from clinical specimens. 

Southern analysis of ol2,6-ST in brain tumours 

Twenty #g genomic DNA, isolated from each primary 
brain tumour specimen, was digested by Eco R1, electro- 
phoresed in a 0.8% agarose gel and transferred to a 
Duralon nylon membrane (Stratagene, La Jolla, CA). 
After UV cross-linking, blots were hybridized with 
radiolabelled probe synthesized using a random priming 
kit (Boehringer Mannheim, Indianapolis, IN). The 
0.4 kb insert of the human c~2,ST cDNA was used as the 
template (as described above). 

Immunohistochemistry and lectin histochemistry 

Immunohistochemical analysis was performed with a 
polyclonal affinity purified antibody directed against rat 
a~2,6-ST (supplied by Dr Karen Colley, Department of 
Biochemistry, University of Illinois School of Medicine) 
using the streptavidin-biotin complex (ABC) method. 
Streptavidin and biotin reagents were purchased from 
Amersham (UK) and used at 1:200 dilution. The speci- 
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mens were immediately fixed in buffered 10% formalde- 
hyde, and sectioned at 6 wn. Deparaffinized sections 
were incubated in 0.3% H202 for 30 min in methanol to 
inhibit the endogenous peroxidase activity. The sections 
were subsequently incubated with primary antibody 
(1/tgm1-1) diluted in 0.05 M Tris-HC1, pH 7.6, contain- 
ing 10% normal goat serum at 4 °C overnight, biotin- 
labelled anti-rabbit Ig for 30 min at room temperature, 
and streptavidin-biotinylated peroxidase complex for 
30 min. Each step was followed by three 10 min washes 
in 0.05 M Tris-HC1, pH 7.6. The peroxidase reaction was 
developed with 0.01% 3.3'-diaminobenzidine (Sigma, 
St Louis, MO) and 0.003% H202 in 0.05 M Tris-HC1, 
pH 7.6. 

Preparation of tissue extracts for 2-dimensional 
SDS-polyacrylamide gel electrophoresis 

Primary brain tumour tissues were placed immediately 
into liquid nitrogen upon resection. Cells from tissue 
culture experiments were harvested by washing three 
times with phosphate-buffered saline (PBS), followed by 
scraping with a rubber policeman and pelleting by 
centrifugation (800 x g, 5 min, 4 °C), and were frozen at 
- 80 °C until use. Upon thawing, the pellets (or tumour 
specimens) were washed in PBS, and homogenized in 
solubilization buffer using a 1 cm diameter Teflon-glass 
homogenizer on ice. Solubilization buffer contained 
9.5 M urea, 2% NP-40, 2% pH 9-11 ampholytes (Sigma 
Chemical Co., St Louis, MO), 5% 2-mercaptoethanol 
(Sigma Chemical Co., St Louis, MO), 0.2 mM phenyl- 
methylsulfonyl fluoride (Boehringer Mannheim, Indiana- 
polis, IN) and 2/zgml -I pepstatin A (Sigma Chemical 
Co., St Louis, MO). 

Two-dimensional SDS-PAGE of proteins 
The total protein homogenates were centrifuged at 
10 500 x g at 4 °C and the protein concentrations of the 
supernatants were determined using a modification of the 
Bradford method [29]. Sixty-five #g of total cellular 
protein from each tissue was applied to each gel. 
Electrophoresis of the protein extracts was performed in 
two-dimensions according to standard procedures [30], 
with minor modifications, using an SE250 mini-gel sys- 
tem (Hoefer Scientific Instruments, San Francisco, CA) 
in conjunction with a Brinkman/Lauda RM6 circulating 
water bath and EPS 500/400 power supply (Pharmacia, 
Piscataway, N J). The pH gradient in the first dimension, 
from approximately pH 5 to 8, was established in 1.5 mm 
diameter tube gels using a combination of ampholytes. 
The actual gradient was verified directly by cutting 
prefocused IEF tube gels (6 cm length) into 2.5 mm 
segments (in triplicate), incubating in distilled, deionized 
water and measuring the pH with a small bore combina- 
tion electrode. The second dimension was run on 8% 
acrylamide slab gels (7 x 9 cm) with a 5% acrylamide 

stacking gel. By running biotinylated SDS-PAGE 
molecular weight (MW) standards (BioRad Labora- 
tories, Richmond, CA) in a separate lane, essentially 
linear separation was demonstrated in the 30-200 kDa 
range. 

Lectin blot analysis of glycoproteins 
After separation, proteins were transferred to polyviny- 
lidene difluoride (PVDF) membranes (Millipore Corp., 
Bedford, MA; [31]) by semi-dry electroblotting at ca. 
1 m A c m  -2 for 40 min with a Pharmacia Model 2117-250 
Novablot unit. "Protein Blotting Protocols for the Immo- 
bilon-P Transfer Membrane" (Millipore Corp. publica- 
tion) were followed as adapted from published pro- 
cedures [32]. After washing with distilled, deionized 
water, some proteins could be visualized with the revers- 
ible, general protein stain, Ponceau S (Sigma Chemical 
Co., St Louis, MO), which was washed out with the 
blocking buffer used in subsequent lectin staining pro- 
cedures. Specific oligosaccharide moieties on the isol- 
ated, separated, and immobilized glycoproteins were 
identified with biotinylated lectins. PVDF membranes 
were washed with distilled water and incubated in 50 mM 
Tris buffered saline (TBS), pH 7.5, containing 0.1% 
Tween-20 for 1 h to block non-specific binding. The 
membranes were then incubated with 7 ml of TBS 
containing 10/~gm1-1 of biotinytated Sambucus nigra 
agglutinin (SNA lectin; Vector Laboratories, Burling- 
ame, CA) for 30 min at room temperature. Glycopro- 
teins recognized by SNA were identified using Vectastain 
ABC kits (avidin DH: biotinylated horseradish peroxi- 
dase H enzyme, Vector Laboratories, Burlingame, CA) 
and diaminobenzidine tetrahydrochloride (DAB)-nickel 
for visualization. Spot quantitation was performed using 
a Xerox Datacopy Scanner (model 730GS) connected to 
a Macintosh IIfx with MacImage 2.2 and Image 1.41 
software (software was obtained independently from 
Wayne Rasband, NIMH, Building 36, Room 2A03, 
Bethesda, MD 20892). In order to estimate the linear 
range of this detection system and verify the use of 
integrated density values for quantitation of protein 
levels reflected in the various 'spots', a 'control' test plot 
was prepared using measured amounts of the glycopro- 
tein standard BSA-fucosylamide (Sigma) and Ulex Euro- 
peus I lectin (UEA-1; Vector Laboratories, Burlingame, 
CA); none of the values used for data analyses of lectin 
blots of glycoproteins from treated or untreated cells 
exceeded this range. 

Results 

We studied the expression of oc2,6-ST by Northern 
analysis and by immunohistochemical analysis using an 
affinity purified ol2,6-ST-specific polyclonal antibody. 
We also examined the expression of glycoconjugates 
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bearing cr2,6-1inked sialic acids using Western blotting 
with SNA tectin. The human hepatocarcinoma cell line, 
Hep G2 was used as a positive control in the Northern 
analyses [33]. 

The results of Northern analyses of primary brain 
tumours are shown in Fig. 1A-C. Total RNA was 
isolated from 56 fresh surgical specimens (24 meningio- 
mas, 13 gliomas, 13 metastatic brain tumours, two 
acoustic neuromas, one pituitary adenoma, one oligo- 
dendrocytoma, and two normal brain tissue samples). 
Seventy-nine percent (19/24) of the meningiomas ex- 
pressed o:2,6-ST mRNA, 42% (10/24) of which showed 
very- high expression, oc2,6-ST mRNA expression was 
undetectable in normal brain tissue. In contrast, only 
1/13 of the gliomas examined expressed detectable 
o~2,6-ST mRNA. Metastases to the brain (in contrast to 
metastatic colon carcinomas [17, 18]) did not express 
measurable amounts of o~2,6-ST mRNA. In all, thirteen 
metastatic brain tumours were examined. They arose 
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from small cell lung carcinomas, uterine adenocarcino- 
mas, clear cell carcinomas from the kidney, squamous 
cell carcinoma of unknown origin, and an adenocarci- 
noma of unknown origin. The brain tumour specimens 
used in these studies all expressed only the 4.7 kb 
transcript, which was expected based on the results of 
Wen et al. [9] and Paulson et al. [11]. Figure 2 depicts a 
Northern blot of a variety of tumour cell lines. SNB-19 
and U87MG are established human glioblastoma cell 
lines, and like primary gliomas, contained no detectable 
o~2,6-ST mRNA. SNB-19 cells could not be induced to 
express cr2,6-ST mRNA by manipulating cell density, or 
by treatment with dibutyryl-cyclic AMP or retinoic acid. 
Lanes 13-15 contain RNA obtained from meningioma 
tumour tissues grown in primary culture. Three out of 
four were clearly positive, suggesting that o~2,6-ST 
mRNA, at least in some cases, continues to be expressed 
in tissue culture. Interestingly, the human neuroblastoma 
cell line IMR-32 expresses substantial o:2,6-ST mRNA 

Figure 1A-C. Northern analysis of oc2,6-ST mRNA expression 
in human brain tumours. Panel A: Brain tumour RNA probed 
with a cDNA coding for the human o:2,6-ST as described in the 
Methods. Negligible o~2,6-ST mRNA expression was observed 
in normal human brain. Meningiomas, but not glioblastomas, 
express o~2,6-ST mRNA. A single transcript corresponding to 
4.7 kb was seen in all o:2,6-ST mRNA-expressing tumours. Hep 
G2, a human hepatocarcinoma cell line, was used as a positive 
control [37]. Panel B: The same blot probed with cr-tubulin 
cDNA. 
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Northern analyses of clinical specimens are useful to 
evaluate m R N A  expression, but cell-type expression 
cannot be examined since brain tumours can contain cells 
of mixed morphology undergoing cell division at different 
rates as well as non-tumour material such as blood cells 
and vascular endothelial cells. Consequently, we used an 
affinity purified, monospecific antibody directed against 
oc2,6-ST. As can be seen in Table 1, these studies closely 
paralleled the results obtained by Northern analysis: 
glioblastomas were found to be effectively negative, with 
only one showing faint positive staining, and no meta- 
static brain tumours stained with anti-o~2,6-ST. Among 
the different meningioma sub-types, benign meningothe- 
lial and transitional meningiomas stained strongly with 
the anti-a2,6-ST antibody, while aggressive anaplastic 
meningiomas were negative. These results suggest the 
existence of meningioma-associated glycoproteins with 
&2,6-1inked sialic acids. Consequently, Western blots of 
glioma and meningioma proteins were performed using 
SNA lectin which recognizes o:2,6-1inked sialic acid 
residues. 

Figure 3 depicts two Western blots made by perform- 
ing two-dimensional SDS-PAGE on proteins obtained 

Figure 2. Northern analysis of ol2,6-ST mRNA expression in 
human tumour cultures. Details describing the tissue culture 
conditions, cell lines, RNA isolation, Northern analysis are 
described in the text. The human, tumorigenic, glioblastoma 
cell line SNB-19, could not be induced to express o:2,6-ST 
mRNA by retinoic acid, dibutyryl-cyclic AMP, butyric acid, or 
changes in cell density. The human neuroblastoma cell line 
IMR-32, does express o:2,6-ST mRNA. Four meningiomas were 
placed in primary culture. Three out of four of these mening- 
ioma cultures robustly expressed ol2,6-ST mRNA. Panels as in 
Fig. 1. 

(lane 7), however no primary neuroblastomas were 
included in these studies so it remains unclear whether 
these tumours express a'2,6-ST mRNA in vivo. HL-60 
cells (lane 8) expressed o~2,6-ST mRNA as expected 
since leukaemia cell lines have been reported to express 
c~2,6-ST activity [10, 33]. Glioblastomas have been re- 
ported to overexpress a truncated form of epidermal 
growth factor receptor which may play a significant role 
in regulation of their growth in an autocrine fashion 
[49, 50]. The human epidermoid carcinoma cell line, 
A431-0, has been a useful model to study the structure 
and function of epidermal growth factor receptors [51]. 
Two subclones of this cell line were used in these studies: 
(1) A5I,  which are growth inhibited by epidermal growth 
factor; and (2) A1S, which are growth stimulated by 
E G F  [52]. It can be seen in lanes 9-11 that no o~2,6-ST 
m R N A  expression was detected in these cell lines under 
the conditions described in the Methods. 

Table 1. Histochemical examination of human brain tumours 

Tumour  Type oc2,6-ST ~ S N A  b 

Gliomas 
Glioblastomas 0/8 ~ 0/8 
Anaplastic astrocytomas 0/8 0/8 
Fibrillary astrocytomas 0/8 0/8 
Pilocytic astrocytoma 0/1 0/1 
Mixed glioma 0/1 0/1 
Oligodendrogliomas 0/5 0/5 
Ependymomas 0/5 0/5 
Choroid plexus neoplasms 3/3 3/3 
Medulloblastomas 0/5 0/5 

Meningiomas 
Meningothelial type 9/10 9/10 
Transitional type 4/7 4//7 
Fibroblastic type 0/3 0/3 
Anaplastic type 1/2 0/2 

Metastatic brain tumours 
Adenoearcinomas 0/4 0/4 
Squamous cell carcinoma 1/1 1/1 
Clear cell carcinoma 0/1 0/1 
Mixed mesodermal tumour 0/1 0/1 
Adenosquamous carcinoma I/1 1/1 
Poorly differentiated-malignant neoplasm 0/1 0/1 

aThese experiments were performed using a monospecific, affinity 
purified, polycolonal antibody directed against o~2,6-ST as described in 
the text. 
bSNA refers to Sambuscus nigra lectin which has been reported [39, 40] 
to preferentially bind to o:2,6-1inked sialic acids. Methodological details 
can be found in the text. 
CNumber of positive cases/total number of cases examined. 
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lectin than did the gliomas examined. Typically there 
were more spots in the meningioma blots and they were 
different with respect to M r and pI than the glioma blots, 
with most of the staining occurring in the acidic region of 
the blots, most likely due to glycoproteins containing 
oligosaccharide chains bearing sialic acids. In Fig. 3A, 
the arrow points out one of the meningioma-associated, 
SNA-positive spots with an Mr = 53 kDa and a pI = 7.0 
(MEN-l)  that appeared in all seven of the meningiomas 
examined, but was expressed at barely detectable levels, 
if at all, in seven out of the seven glioblastomas 
examined. A summary of these results is shown in Fig. 4. 

Because we found much more abundant expression of 
o~2,6-ST m R N A  in some of the meningiomas compared 
to the Hep G2 positive control, Southern analyses were 
performed to examine whether this overexpression was 
due to chromosomal abnormalities in meningiomas [36]. 
Using a 0.4 kb cDNA fragment obtained from the coding 
region of ol2,6-ST gene (as described in the Methods), it 
can be seen in Fig. 5 that all of the samples tested gave 
the same band. Thus, it does not appear that the 
overexpression of o:2,6-ST m R N A  in some meningiomas 
is likely due to alterations of the o~2, 6-ST gene. 

Discussion 

o:2,6-ST activity and the expression of glycoconjugates 
with o:2,6-1inked sialic acids by tumour cells has been 
linked to metastatic potential in colon carcinomas 
[17-20]. In addition, ol2,6-ST appears to regulate the 

Figure 3. Western blots of meningioma and glioblastoma pro- 
teins separated by two-dimensional SDS-PAGE and probed 
with SNA lectin. The details of the Western blotting conditions 
are contained in the Methods. It can be seen in (A) that the 
meningioma blot displayed abundant SNA-positive spots com- 
pared to the glioblastoma blot (B). Most of the staining 
occurred in the acidic region of the blots, most likely due to 
glycoproteins containing oligosaccharide chains bearing sialic 
acids. Since neither o~2,6-ST mRNA expression nor anti- 
a2,6-ST antibody staining was observed in glioblastomas, the 
weakly stained, SNA-positive, spots may reflect the presence of 
O-linked glycoproteins containing sialic acids with o/2,6 linkages 
or o~2,3-1inked sialoglycoproteins. SNA staining of the menin- 
gioma Western blot revealed the presence of a Mr = 53 kDa, pI 
~7.0 spot (MEN-l) not found in gliomas (arrow). 

from (Fig. 3A) one representative primary meningioma 
and (Fig. 3B) one representative primary glioblastoma 
specimen. Each sample contained an identical amount of 
protein. Thus, the comparatively low staining observed in 
Fig. 3B is not due to less protein applied to the gels, but 
reflects less SNA-positive protein expression. In general, 
meningiomas reacted much more strongly with SNA 

Figure 4. The expression of an ol2,6-1inked, sialic acid bearing, 
Mr = 53 kDa, pI 7.0 glycoprotein (MIEN-I) by Western blotting 
of primary brain tumour tissues. This figure summarizes a series 
of Western blot analyses of primary brain tumour tissues with 
SNA lectin. Details of the Western blotting techniques are 
described in the Methods. MEN-1 was expressed in all seven 
meningioma tumours examined but was, at best, negligible in 
gliomas. 
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Figure 5. Southern analysis of /3-galactoside o~2,6-sialyltrans- 
ferase in brain tumours. Twenty/~g of genomic DNA, isolated 
from each primary brain tumour specimen and cell line, was 
digested by Eco R1 and electrophoresed in a 0.8% agarose gel 
and transferred to a Duralon nylon membrane (Stratagene, La 
Jolla, CA). After UV cross-linking, blots were hybridized and 
radiolabelled cDNA probe synthesized using a random priming 
kit (Boehringer Mannheim, Indianapolis, IN). The 0.4kb 
cDNA of the human tr2,6-ST was used as template (as 
described above). Under the conditions employed, no apparent 
alterations in the coding region of the ol2,6-ST gene could be 
detected. 

expression of cell-surface antigens necessary for lympho- 
cyte function and adhesion [12-14]. In this report, the 
expression of 012,6-ST in primary human brain tumours 
and human brain tumour cell lines was investigated. 

One of the principal observations that could be made 
from these studies was that gliomas, irrespective of 
grade, neither express oL2,6-ST mRNA nor stain with the 
anti-oz2,6-ST antibody. The expression of o:2,6-ST 
mRNA has been reported in both fetal and adult human 
brain [36, 37], but the levels were low compared to 
012,6-ST mRNA expression in such tissues as liver. This 
could be due to an overall low level of expression of 
cr2,6-ST mRNA or reflect expression restricted in terms 
of brain region or cell type, or both. Interestingly, 
o:2,6-ST enzyme activity was undetectable in the adult rat 
brain [37]. Immunohistochemical experiments in our 
laboratory [38] have shown that, at best, oi2,6-ST is 
weakly expressed in some subsets of adult human and rat 
neurons. Glial staining was not observed in either 
species. Thus, it seems likely that normal human glial 
cells do not express appreciable amounts of c~2,6-ST. 
Moreover, the transformation of astrocytes into gliomas 
appears to have no effect on oc2,6-ST induction either. 
Unlike gliomas, the human neuroblastoma cell line 
IMR-32 does express 0:2,6-ST mRNA, suggesting that 

the induction of neural tumours may be associated with 
an increase in o~2,6-ST expression. 

The second principal observation that resulted from 
these studies was that meningiomas can robustly express 
o:2,6-ST. From the immunohistochemical analysis, it 
appears that meningothelial meningiomas are positive 
whereas fibroblastic and aggressive anaplastic meningio- 
mas are negative. Normal human and rat meningeal cells 
do not stain with anti-o~2,6-ST [38]. Unlike metastatic 
colon carcinomas, aggressive anaplastic meningiomas do 
not express o:2,6-ST mRNA whereas benign meningothe- 
lial meningiomas do. Thus, decreased 0~2,6-ST express- 
ion may play a role in the aggressive nature of anaplastic 
meningiomas [41]. 

To address tumour cell-type expression of specifc 
sialoglycoproteins, Western blots of meningioma and 
glioma proteins, separated by two-dimensional SDS- 
PAGE and probed with SNA lectin, were performed. 
The presence of MEN-1 in the seven randomly chosen 
meningioma blots, and its very low to negligible express- 
ion in gliomas, suggests that MEN-1 may be a menin- 
gioma-associated glycoprotein containing o:2,6-1inked 
sialic acids. Upon careful inspection of the blots, other 
apparent meningioma-associated, SNA-positive, glyopro- 
teins could be identified. To date MEN-1 is the most 
conspicuous and reproducible. 

While SNA is effectively specific for 0:2,6-1inked sialic 
acids, this lectin can recognize Neu5Ac(0c2,3)Gal link- 
ages with about 50-fold less sensitivity [39] (Glioblasto- 
mas do express both a/2,3-1inked sialoglycoconjugates 
and ol2,3-ST mRNA: data not shown.) SNA will also 
recognize siatic acids with ol2,6-1inkages on oligosac- 
charides that are O-linked to proteins, and neural tissues 
do contain appreciable amounts of O-linked oligosac- 
charities bearing 012,6-1inked sialic acids [40]. Glycopro- 
teins bearing these carbohydrate side chains would also 
react with SNA lectin. This, too, could explain the 
SNA-positive spots observed in the glioma Western blots 
in spite of the fact that neither o~2,6-ST mRNA nor 
anti-cr2,6-ST-reactive material was found in gliomas. 

In order to begin to study how o:2,6-ST mRNA 
expression is regulated in gliomas and meningiomas, we 
performed Southern analyses to test the hypothesis that 
the ol2,6-ST gene is altered in some brain tumours. We 
used a 0.4 kB cDNA probe that spans the N-terminal 
region of the coding sequence of the human o:2,6-ST 
gene, and found that all of the samples gave the same 
pattern, demonstrating, in the region that we were able 
to probe, no alterations in the o:2,6-ST gene. The human 
oL2,6-ST gene spans at least 45 kb, contains at least 6 
exons and 3 upstream promoters. Thus, while there were 
no apparent tumour-associated alterations in the region 
of the a,2,6-ST gene examined in these experiments, 
clearly other parts of the gene need to be probed before 
a final conclusion can be drawn. 
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Le Marer et al. [34] have reported that the transfection 
of fat fibroblasts with the c-Ha-ras oncogene induced an 
increase in oL2,6-ST activity due to increased protein 
brought about by an increase in ol2,6-ST mRNA. They 
also reported that a number of other oncogenic transfec- 
tions failed to have this effect. We examined the pres- 
ence of c-Ha-ras in brain tumours by Northern analysis. 
c-Ha-ras was found in meningiomas, gliomas, and 
normal brain (data not shown). We also examined the 
mutation of c-Ha-ras [35] and found no point mutations 
in meningiomas. Furthermore, there was no correlation 
between tissue and expression levels of c-Ha-ras in the 
tissues examined. Thus, it did not appear that c-Ha-ras 
oncogene itself was responsible for the expression of 
o~2,6-ST in meningiomas. Neither could the lack of 
c-Ha-ras account for the apparent lack of o~2,6-ST 
mRNA expression found in glioblastomas and normal 
brain. However, this does not exclude the possibility that 
other oncogenes do play a role in the modulation of the 
expression of ol2,6-ST as welt as other glycosyltrans- 
ferases in brain tumours, 

In the thirteen metastatic brain tumours examined, no 
oL2,6-ST mRNA expression was detected. If the primary 
tumours do express this mRNA, then these data would 
strongly suggest that o~2,6-ST activity is suppressed as 
part of the process of successful metastasis to the brain. 
CD22 is a lymphocyte cell-surface glycoprotein that 
recognizes NeuAcc~2,6Gal determinants and is believed 
to play a role in B-cell~-cell and B-cell~-cell adhesion 
[42, 43]. Adhesion molecules expressed on endothelial 
cells, ptatelets, and leukocytes (E-, P-, and L-Selectins, 
respectively) bind to ligands containing sialic acid (e.g. 
Sialyl-Lewis x) [44-46]. Perhaps suppression of glycocon- 
jugates bearing ol2,6-1inked sialic acid inhibits the kind of 
adhesive events that allow tumour cells to migrate to the 
brain and proliferate. Alternatively, inhibition of 
o~2,6-ST activity may be part of some types of tu- 
morigenesis. However, at least in the case of colon 
carcinoma, a~2,6-ST activity and the expression of 
oL2,6-1inked sialic acids is increased [18-20]. Immuno- 
histochemical studies of the primary tumours of these 
brain metastases suggested that most of them neither 
expressed a~2,6-ST nor glycoconjugates bearing oL2,6- 
linked sialic acids (unpublished observations). 

In summary, the decreased expression of o~2,6-ST in 
malignant (i.e. anaplastic) compared to benign (i.e. 
meningothelial) meningiomas is converse to that found in 
colon carcinomas and may be related to the malignant 
potential of meningiomas (albeit less o~2,6-ST expression, 
rather than more, may be associated with increased 
malignancy) and gliobtastomas, on the other hand, 
express virtually no o:2,6-ST mRNA. It has been re- 
ported that glycoproteins in brain primarily contain sialic 
acid linked o/2,3 whereas o/2,6 linkages are found pre- 
dominantly in serum glycoproteins [47, 48]. These results 

are consistent with the findings presented here. They also 
suggest that the regulation of a'2,3-1inked siatic acid- 
bearing glycoconjugates may be important in neuro- 
oncogenesis and invasivity. 

The heterogeneity in the expression of the glycosyl- 
transferase examined in these studies suggests that model 
systems can be created in which glycosyltransferase or 
glycosidase genes of interest could be transfected into 
established or primary tumour cell lines lacking their 
expression. Clearly, such model systems could be useful 
in further characterizing the function of cell-surface 
glycoconjugates in tumorigenesis as well as studying the 
regulation of their expression. 
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