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Summary
Altered glycosylation and/or expression of dystroglycan have been reported in forms of congenital
muscular dystrophy as well as in cancers of the breast, colon, and oral epithelium. To date, however,
there has been no study of the expression of dystroglycan in pediatric solid tumors. Using a
combination of immunostaining on tissue microarrays and immunoblotting of snap-frozen unfixed
tissues, we demonstrate a significant reduction in native α dystroglycan expression in pediatric
alveolar rhabdomyosarcoma (RMS), embryonal RMS, neuroblastoma (NBL), and medulloblastoma,
whereas expression of β dystroglycan, which is cotranslated with α dystroglycan, is largely
unchanged. Loss of native α dystroglycan expression was significantly more pronounced in stage 4
NBL than in pooled samples of stage 1 and stage 2 NBL, suggesting that loss of native α dystroglycan
expression increases with advancing tumor stage. Neuroblastoma and RMS samples with reduced
expression of native α dystroglycan also showed reduced laminin binding in laminin overlay
experiments. Expression of natively glycosylated α dystroglycan was not altered in several other
pediatric tumor types when compared with appropriate normal tissue controls. These data provide
the first evidence that α dystroglycan glycosylation and laminin binding to α dystroglycan are altered
in certain pediatric solid tumors and suggest that aberrant dystroglycan glycosylation may contribute
to tumor cell biology in patients with RMS, medulloblastoma, and NBL.
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1. Introduction
Interactions of tumor cells with their extracellular environment, the extracellular matrix in
particular, are important in determining their growth characteristics and metastatic potential.
One important cell adhesion molecule implicated in such interactions is dystroglycan.
Dystroglycan was originally characterized as a member of the dystrophin-glycoprotein
complex in skeletal muscle [1] but is expressed in many tissues and cell types [2–5].
Dystroglycan is composed of 2 protein subunits, α and β, which are synthesized from the same
mRNA and then posttranslationally cleaved from the same polypeptide [1,6]. α dystroglycan
is a highly glycosylated extracellular glycoprotein that binds to extracellular matrix
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components including laminins, agrins, and perlecan [7,8]. α dystroglycan binds tightly, but
noncovalently, to β dystroglycan, a transmembrane protein that then links matrix components
to filamentous actin via dystrophin or utrophin [9,10]. β dystroglycan, either directly or via
proteins associated with dystrophin, can also stimulate several intracellular signal transduction
pathways, including those mediated by trimeric G proteins [11], Ras [12], extracellular signal-
regulated or mitogen activated protein (ERK-MAP) kinase [13],PI3/Akt kinases [14],Rac
[15], and growth factor receptor 2 [16,17]. Thus, dystroglycan serves both structural and
signaling roles that can govern cellular adhesion and migration on the extracellular matrix,
cell-induced polymerization of extracellular matrix, cell growth, and cellular differentiation
[3,18,19].

The ability of α dystroglycan to bind to extracellular matrix proteins requires its proper
glycosylation [20]. The middle third of the α dystroglycan polypeptide contains a mucin-like
region with 55 potential sites for glycosylation of serine or threonine residues [8]. Within this
region, roughly two thirds of the O-linked sites are glycosylated with O-linked mannose
structures, whereas the other third receive O-linked GalNAc [21–23]. Although O-linked
GalNAc is a very common modification of glycoproteins, α dystroglycan is the only
mammalian glycoprotein yet shown to contain O-linked mannose [8]. Of note, genes that
regulate O-linked mannosylation and its subsequent glycosylation steps are known to be
defective in certain forms of congenital muscular dystrophy (CMD), including Walker-
Warburg syndrome and muscle-eye-brain disease [24]. In tissues from such patients, Campbell
et al [20] have shown that α dystroglycan glycosylation is reduced, as is laminin binding to α
dystroglycan, whereas β dystroglycan glycosylation and expression is unchanged. Thus, it is
likely that these O-linked mannosyl structures mediate, or at least modulate, laminin binding
to α dystroglycan.

The apparent direct relationship between dystroglycan glycosylation and its ability to bind
extracellular matrix proteins begs the question of whether dystroglycan glycosylation and/or
expression would be altered in malignant tumor cells and whether such alterations would
impact tumor cell behavior [25–27]. Recently, dystroglycan expression was shown to be altered
in human primary prostate and breast cancers, with the most prominent changes occurring in
high-grade disease [28,29]. Altered dystroglycan expression has also been reported in oral
epithelial cancers [30]. In addition, aberrant dystroglycan expression and dystroglycan
cleavage have been reported in cell lines representative of adult tumor types including breast
and colon [29–33]. Here, we expand such analyses of dystroglycan expression and
glycosylation to pediatric solid tumors and demonstrate marked alterations of α dystroglycan
in pediatric rhabdomyosarcoma (RMS), neuroblastoma (NBL), and medulloblastoma.

2. Materials and methods
2.1. Immunoblotting

Snap-frozen unfixed tumor and control tissues (listed in Table 1) were obtained from Dr
Stephen Qualman (Columbus Children's Hospital, Columbus, OH) and the Cooperative Human
Tissue Network (National Cancer Institute, Bethesda, MD). Tumor and control tissue samples
were denatured in sodium dodecyl sulfate (SDS)–urea buffer containing 75 mmol/L Tris (pH
6.8), 4% SDS, 4 mol/L urea, 20% glycerol, and 1% β-mercaptoethanol. Samples were diluted,
and protein amounts were quantitated in triplicate using the Bio-Rad (Richmond, CA) DC
protein assay kit. α dystroglycan was analyzed by separating 40-μg samples of whole cell
protein lysate on a 6% SDS–polyacrylamide gel electrophoresis (SDS-PAGE) gel, followed
by immunoblotting using VIA4-1 or IIH6. β dystroglycan blots were separated on a 12% SDS-
PAGE gel, followed by immunoblotting for β dystroglycan (as in [34]). Blots were stripped
and reprobed with anti-actin antibody to control for protein loading and transfer.
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2.2. Laminin overlays
Laminin overlays were done using a recombinant FLAG (DYKDDDDK) epitope-tagged
protein fragment of the G1-G5 domains of laminin α2, the region responsible for binding to
α dystroglycan [35]. Briefly, mRNA was purified from C2C12 myotube cultures and reversed-
transcribed as done previously [36], after which the G1-G5 (from nt 2977 to stop codon)
fragment was amplified by polymerase chain reaction using oligonucleotides containing BglII
and XbaI sites at their 5′ and 3′ ends, respectively. The amplified cDNA fragment was digested
with BglII and XbaI and ligated into pCMV1-FLAG at the same sites to create a FLAG epitope–
tagged cDNA encoding G1-G5 domains of laminin α2. The integrity of the amplified fragment
was confirmed by DNA sequencing. pCMV1FLAG-laminin α2 (G1-G5) was transfected into
HEK293T cells (as in Ref. [37]), allowing plasmid replication and production of secreted
laminin α2 protein. Epitope-tagged α2 laminin (G1-G5) was purified from the cellular
supernatant of transfected cells by addition of anti-FLAG (M2)–conjugated agarose (Sigma,
St Louis, MO) overnight at 4°C. Precipitated protein was washed 3 times for 10 minutes each
in 10 mL of Tris-buffered saline (TBS; pH 7.4) and eluted in TBS with 0.1 μg/mL 3XFLAG
(MDYKDHDGDYKDHDIDYKDDDDK; Sigma) overnight at 4°C. Recombinant laminin
was dialyzed against a 30000–molecular weight filter to remove 3XFLAG peptide and
analyzed by SDS-PAGE, followed by M2 immunoblotting and laminin immunoblotting to
confirm protein integrity. Protein amount was measured as before [37].

Protein samples (40 μg) from tissue lysates were separated on a 6% SDS-PAGE gel and
transferred to polyvinylidene difluoride (PVDF) membrane. Membranes were blocked in
bovine serum albumin with LBB buffer (10 mmol/L triethanolamine, pH 7.6; 140 mmol/L
NaCl, 1 mmol/L MgCl2, and 1 mmol/L CaCl2). Laminin α2(0.1 μg/mL) (G1-G5) was incubated
in this buffer overnight at 4°C. Membranes were washed 4 times for 5 minutes each with LBB
buffer, followed by incubation with a 1:15,000 dilution of horseradish peroxidase (HRP)–
conjugated anti-FLAG antibody (M2) in LBB buffer with 3% bovine serum albumin for 1 hour
(Sigma). Membranes were washed again 4 times for 5 minutes in LBB buffer and developed
using the enhanced chemiluminescence (ECL) detection method (Amersham; Piscataway, NJ).

2.3. Immunostaining of tissue microarrays
Tissue microarray slides were obtained after review by the Children's Oncology Group from
the Biopathology Center at Columbus Children's Research Institute (CCRI). Tissue
microarrays consisted of slides containing alveolar RMS (32 unique cases with 5 embryonal
RMS and 5 normal muscle controls), embryonal RMS (32 unique cases with 5 alveolar RMS
and 5 normal muscle controls), staged NBL (16 cases of stage 1, 16 cases of stage 2, 15 cases
of stage 3, 15 cases of stage 4s, and 29 cases of stage 4, with 6 normal tonsil and 6
ganglioneuroma controls) and medulloblastoma (47 unique cases with 11 normal cerebellum
controls). Hematoxylin and eosin–stained slides of all tissue arrays were obtained from Dr
Stephen Qualman at CCRI. Arrays contained between 1 and 8 duplicate blocks from the
represented cases spaced randomly throughout the slide. Antibodies to glycosylated α
dystroglycan (VIA4-1 and IIH6 [38]) were obtained from Upstate Biotechnology (Lake Placid,
NY) or were a gift from Kevin Campbell (University of Iowa). Purified antipeptide antibody
against β dystroglycan was made in the laboratory, as previously described [34], and the
43DAG monoclonal antibody against β dystroglycan was purchased from NovoCastra
(Newcastle Upon Tyne, UK). A purified antipeptide polyclonal antibody against α
dystroglycan [39] was a gift from Stephan Kroger (University of Mainz). Polyclonal antiserum
against laminin 1 was purchased from Sigma. Secondary antibodies goat anti-mouse IgG or
IgM or anti-rabbit IgG conjugated to HRP were obtained from Jackson Immunochemicals
(Seattle, WA). Recombinant laminin α2 (G1-G5 domains) was produced and purified in the
laboratory. A peroxidase staining kit was purchased from Vector Laboratories (Burlingame,
CA).
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Tissue microarray slides were deparaffinized in xylene, rinsed through 2 changes of 100%
ethanol, and rehydrated in graded ethanol (95%–70%) and water. Slides were subjected to
antigen retrieval by incubation with 10 mmol/L sodium citrate, pH. 6.0, with 0.05% Tween 20
for 30 minutes at 95°C. Slides were then cooled and washed in phosphate-buffered saline
(PBS). Endogenous peroxidase activity was blocked by preincubation with 3% hydrogen
peroxide, and slides were blocked by incubation in PBS with 10% goat serum for 1 hour at 25°
C. Primary antibody was added overnight, as previously described [40]. Slides were washed
in 3 to 4 washes of PBS for 40 minutes and then incubated with HRP-conjugated secondary
antibody for 1 hour in PBS with 10% goat serum. Slides were again washed in PBS 4 times
for 40 minutes, after which, they were developed for HRP activity using the Vector SG substrate
kit. Slides were developed for 15 minutes, then washed in water and mounted in VectaMount
media (Vector Laboratories, Burlingame, CA).

The overall intensity of immunohistochemical staining was scored by eye using blinded scoring
with respect to case, tumor type, and control tissues using an inverted Zeiss microscope
(Thornwood, NY). Intensity was scored as 3, strong staining; 2, moderate or intermittent
staining; and 1, no staining above background. Scoring was not automated because some blocks
contained normal tissue at the border of the tumor, which would have generated inflated scores
for certain samples. Intermittent staining was defined as at least 50% of cells with a score of
1, with the remainder having a score of 2 or 3. On each microarray slide, particular tumors
were represented in as many as 8 independent regions. Staining scores for tumors with multiple
sections per slide gave very reproducible results for each antibody used. An antibody that
recognizes a protein domain in α dystroglycan was also used to stain several tissue array slides.
This antibody, which stains but does not blot [39], showed similar staining levels between
tumor and nontumor samples, but gave weaker staining than β dystroglycan antibodies (data
not shown). β dystroglycan staining, which was much stronger and more reproducible, was
therefore used instead for comparison. In all instances, secondary antibody alone gave a score
of 1 (or no staining). Specificity of β dystroglycan antibody was also verified by blocking
several array slides with the immunogenic peptide, and similar results were obtained when a
second independent antibody to the β dystroglycan protein was used (43DAG, NovoCastra).

2.4. Statistics
Comparisons of immunostaining were done using a 2-tailed Student t test. Significance was
reported at P < .05 (*), P < .01 (**), or P < .001 (***). Errors shown are SEMs.

3. Results
We analyzed the expression of α and β dystroglycan in 73 snap-frozen pediatric tumor samples
and their appropriate pediatric control tissues to determine if expression of native α
dystroglycan was reduced (Figs. 1 and 2)(Table 1). Both of the α dystroglycan antibodies used,
IIH6 and VIA4-1, require native glycosylation of α dystroglycan to bind. Native glycosylation
of α dystroglycan, in turn, is required for extracellular matrix binding to the dystroglycan
protein [20,38]. Because α and β dystroglycan are cotranslated from the same mRNA [1],
immunoblotting using antibodies to the β dystroglycan polypeptide was used as a means of
determining if dystroglycan protein was expressed.

Two groups of tumors stood out as being most affected with regard to a reduction in native α
dystroglycan expression. Of 5 RMS samples displayed, 5 had reduced or absent expression of
native α dystroglycan (Fig. 1)(Table 1). Extracts from normal skeletal muscles, by contrast,
could be immunblotted and recognized an α dystroglycan protein centered on 160 kd, the
expected molecular weight in this tissue [1,6]. β dystroglycan was present in all RMS samples,
and its molecular weight in the tumor samples was similar to normal muscle controls (Fig. 1,
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Table 1). Blots were stripped and reprobed for actin as a control for normal protein loading
and transfer.

Native cleaved β dystroglycan migrates at 43 kd in skeletal muscle and in other tissues [1,
38]. This species was, on average, equivalent between RMS samples and normal skeletal
muscle (Fig. 1). In all RMS and normal muscle samples, a 72-kd protein was also present in
β dystroglycan immunoblots, as was a 55-kd fragment in control muscle. These fragments
likely represent uncleaved αβ dystroglycan polypeptides that are made intracellularly in the
endoplasmic reticulum before its cleavage and subsequent glycosylation [41]. Such fragments
would not be expected to be identified by the glycosylation-dependent α dystroglycan
antibodies used here. We found no evidence of an enrichment in the 31-kd cleaved β
dystroglycan fragment reported in a variety of adult tumors and tumor cell lines [29–33].

Neuroblastoma samples also showed a dramatic change in α dystroglycan expression (Fig. 1,
Table 1). Of 5 NBL samples, 4 had reduced or absent immunoblotting for α dystroglycan, as
compared with control ganglioneuroma or normal brain. Native α dystroglycan migrates as a
120-kd species in both brain and peripheral nerve (as opposed to 160 kd in skeletal muscle).
This difference in molecular weight between brain and skeletal muscle has been reported by
many investigators (for review, see Ref. [8]); however, the basis for the difference in
glycosylation between tissues is not known. Immunoblots from ganglioneuroma and from
normal brain all also showed α dystroglycan expression of the expected 120-kd molecular
weight. Expression of β dystroglycan was present in all NBL samples at roughly equivalent
levels, again suggesting a α dystroglycan–specific change in glycosylation and/or expression.

We also analyzed a small group of brain tumors compared with normal brain samples taken
from the cortex or cerebellum (Fig. 1, Table 1). One ganglioglioma sample and one atypical
teratoid/rhabdoid sample showed expression of α dystroglycan at levels within the range of
normal brain controls (Table 1), whereas the one retinoblastoma and one medulloblastoma
sample showed very reduced expression of both α and β dystroglycan (Fig. 1).

Because native glycosylation of α dystroglycan is required for laminin binding, we also
analyzed all samples for laminin binding using a blot overlay assay with recombinant laminin
α2 protein (Fig. 1) (Table 1). Laminin α2 is the predominant α chain of laminin in adolescent
and adult skeletal muscle [42–44]. Laminin binding was reduced in all RMS samples as
compared with controls, as was its binding to 4 of 5 NBL samples. Unlike the NBL samples,
however, 3 of 5 RMS samples showed some degree of laminin binding. It is unclear if this
binding is reflective of small amounts of α dystroglycan that cannot be visualized with
antibodies or if it represents another laminin binding protein. Regardless, laminin binding was
significantly reduced (by 50% or more) in all RMS samples as compared with normal skeletal
muscle. Such a reduction, both in signal intensity and in molecular weight, is consistent with
reduced α dystroglycan glycosylation.

We next surveyed other pediatric tumors, including bone tumors, yolk sac tumors, Wilms
tumors, liver tumors, and lymph nodes from Hodgkin's lymphoma patients. In each case, we
compared α and β dystroglycan expression to appropriate normal pediatric bone, testes, ovary,
kidney, liver, or lymph node controls (Fig. 2 and Table 1). One of 2 Ewing's and 1 of 5
osteosarcomas had reduced α dystroglycan expression compared with normal bone (Table 1).
There was high variability in α dystroglycan expression among the normal bone samples.
Assessments of reduced native α dystroglycan expression in tumor samples, therefore, were
considered relative to the lowest expressing normal control. Almost all bone samples had a
160-kd β dystroglycan-positive species. This species is similar to the uncleaved αβ
dystroglycan protein we previously described in skeletal muscles of cleavage-resistant
dystroglycan transgenic mice [45] and suggests that some uncleaved αβ dystroglycan protein
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is normally present in pediatric bone. Several yolk sac tumors had increased α dystroglycan
expression, as compared with the respective controls (Fig. 2), whereas 2 of 5 Wilms tumors
had reduced 160 and 200 kd α dystroglycan species with enriched lower molecular weight
species (120-kd and 110-kd fragments). No change in native α dystroglycan expression was
observed in liver tumors compared with normal liver or in lymph nodes samples from
Hodgkin's lymphoma patients compared with normal lymph nodes (Table 1). Thus, although
some changes were observed, the other pediatric tumor types examined did not reproducibly
show the pattern of altered α dystroglycan expression found in NBL and RMS.

We next immunostained larger numbers of tumors using tissue microarray slides containing
embryonal or alveolar RMS samples (both with normal muscle controls), staged NBLs (with
ganglioneuroma and tonsil controls), or medulloblastoma (with normal cerebellum controls)
(Fig. 3). Both the embryonal and alveolar RMS samples had a significant reduction in α
dystroglycan staining (about 50%, on average) relative to normal skeletal muscle (with both
VIA4-1 and IIH6) (Fig. 3) (Table 2). In addition, α dystroglycan staining was significantly
reduced relative to β dystroglycan staining within these tumor groups (P < .001 for both
antibodies). α dystroglycan staining occurred primarily in the tumor vasculature in both
embryonal and alveolar rhabodomyosarcoma sections, although tumor cell staining was
sometimes present (Fig. 4). β dystroglycan staining, by contrast, was abundant in tumor cells
in both tumor types (Fig. 4). Staining for α dystroglycan was often absent from all structures,
including tumor vasculature, in large regions of the section, whereas normal skeletal muscle
showed high levels of expression in the sarcolemmal membrane as well as in blood vessels
(Fig. 4). Laminin expression was also significantly reduced relative to β dystroglycan
expression in both types of RMS (P <.001, Table 2). The percentages of tumor samples with
a score of 1, or no staining, for α dystroglycan were 67% (for VIA4-1) and 55% (for IIH6) for
embryonal RMSs and 43% (for VIA4-1) and 33% (for IIH6) for alveolar RMSs, whereas no
samples for either tumor type received this score for β dystroglycan staining. Some minor
differences between IIH6 and VIA4-1 staining were observed in a small fraction of tumor
samples, which is to be expected, as these antibodies likely bind to different epitopes on α
dystroglycan [38].

Similar results were observed for NBLs (Figs. 3 and 4) (Table 2): 5% (VIA4-1) and 18% (IIH6)
of stage 1, 19% (VIA4-1) and 19% (IIH6) of stage 2, 33% (VIA4-1) and 43% (IIH6) of stage
3, 33% (VIA4-1) and 24% (IIH6) of stage 4s, and 39% (VIA4-1) and 44% (IIH6) of stage 4
NBL had no staining for α dystroglycan. Stage 3 and 4 tumors each had 3% of samples with
no β dystroglycan staining, whereas stages 1, 2, and 4s had 0% with this score. A significant
difference in α dystroglycan expression was found between the pooled data sets containing
stages 1 and 2 NBL and stage 4 NBL (P < .001, Table 2). Insufficient numbers of samples
were available to assess differences between other individual tumor stages. α dystroglycan
staining was present primarily on Schwannian stromal cells in ganglioneuromas and some
lower-stage NBLs, whereas β dystroglycan staining was very high in neuroblastic cells in
ganglioneuromas and in NBLs of all stages (Fig. 4). Thus, the reduction in α dystroglycan
expression with increasing tumor stage could be due in part to the relative preponderance of
staining in nonneuroblastic cells. Regardless, α dystroglycan clearly was reduced to absent in
neuroblastic cells in high stage NBL, whereas β dystroglycan was abundant (Fig. 4).

Lastly, we analyzed tissue arrays that contained medulloblastoma samples along with normal
cerebellum (Figs. 3 and 4)(Table 2). Again, we observed a highly significant decrease in
VIA4-1 and IIH6 staining (P <.001 for both antibodies) in medulloblastomas compared with
normal cerebellum. Fifty percent of medulloblastoma samples showed no VIA4-1 or IIH6
staining (score, 1), compared with 0% of normal cerebellum controls. Only 1% of
medulloblastomas showed no staining for β dystroglycan. In addition, α dystroglycan
expression was clearly high in blood vessels of normal cerebellum (10/11), whereas this score
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of 3 (strong staining) in blood vessels only occurred in 1 of 45 medulloblastomas. α
dystroglycan could also be observed in some glial and neuronal cells in normal cerebellum,
akin to the heterogeneous expression in these cell types previously reported [46–48], whereas
expression was predominantly in the vasculature in medulloblastomas (Fig. 4). As with the
other tumors studied, α dystroglycan staining was reduced to absent from tumor cells in most
medulloblastomas, whereas β dystroglycan staining was abundant.

4. Discussion
We have shown a significant reduction in native α dystroglycan expression in embryonal RMS,
alveolar RMS, NBL, and medulloblastoma. In almost all tumor samples examined, expression
of natively glycosylated α dystroglycan expression was reduced, whereas β dystroglycan
remained present. In addition, the degree of reduced α dystroglycan expression correlated with
tumor stage for NBL, with stage 4 samples being significantly reduced relative to stage 1 and
2–pooled samples. Like many molecules that are altered in tumors, however, there was
significant heterogeneity both between tumors and within individual tumors with regard to
dystroglycan expression. Thus, dystroglycan, although a candidate to participate in tumor
progression, is by no means a singular marker for tumor advancement, and further work will
be required to understand both its role in these tumors and the mechanisms for its heterogeneous
expression. Nevertheless, these data build on previous studies with regard to dystroglycan
expression in colon and breast cancer [28,29] and demonstrate that several pediatric solid
tumors also have altered α dystroglycan glycosylation and/or expression that may contribute
to tumor cell behavior and to subsequent clinical outcome.

The altered expression of dystroglycan seen in these pediatric tumors likely arises from
deficient glycosylation of α dystroglycan. The simplest mechanism by which this can occur is
via reduced expression of glycosyltransferases that modify the α dystroglycan protein. The 6
CMD genes known to affect α dystroglycan glycosylation are therefore good candidate
mediators of the tumor-specific changes we have found. Loss of any of these 6 genes,
POMT1, POMT2, POMGnT1, FUKUTIN, FKRP, and LARGE, reduces the binding of the
glycosylation-dependent α dystroglycan antibodies used here and also reduces or abrogates
laminin binding [18,24]. These changes are consistent with the changes we have shown here
for RMS, NBL, and medulloblastoma. Current studies are focused at identifying changes in
the expression of CMD genes that could explain the altered glycosylation of α dystroglycan
found in these tumor samples.

Although the relationship of reduced α dystroglycan glycosylation to tumor biology remains
to be determined, one of several scenarios seems likely. First, it is well known from the work
on α dystroglycan glycosylation in the congenital muscular dystrophies that native
glycosylation of α dystroglycan is required in order for extracellular matrix proteins, including
laminins, to bind [20]. Because dystroglycan is a major cell surface receptor for the extracellular
matrix, loss of matrix binding to α dystroglycan in tumor cells could permit their metastasis
and migration from the original tumor site. α dystroglycan not only binds laminin but can
stimulate the incorporation of laminin into an extracellular matrix [49]. Thus, tumor cells with
aberrantly glycosylated α dystroglycan may also have reduced ability to incorporate laminin
into their micro-environment. By virtue of unmasking “novel” binding sites, decreased
glycosylation may also lead to a gain of function for dystroglycan. For example, Fletcher et al
[50] have shown that hAG-2 and hAG-3, 2 secreted proteins expressed in some breast cancers,
can bind unglycosylated polypeptides in the mucin domain of α dystroglycan, a region that
would normally be masked by dense glycosylation in the native protein. Binding of these or
other factors may stimulate several cell signaling pathways that can be activated by
dystroglycan, including those mediated by the βγ subunits of trimeric G proteins [11], Ras
[12], ERK-MAP kinase [13], PI3/Akt kinase [14], Rac [15], and growth factor receptor 2
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[16,17]. Further studies will be required to fully understand both the nature of the reduced
glycosylation in these pediatric tumors and the consequences of this loss for tumor cell
behavior.
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Fig. 1.
Expression of α and β dystroglycan in RMS, NBL, and brain tumors. A and B, Comparison of
natively glycosylated α dystroglycan expression (αDG) and β dystroglycan (βDG) expression
in pediatric RMS, normal skeletal muscle (SM), NBL, ganglioneuroma (GN), normal brain
(B), retinoblastoma (RB), and medulloblastoma (MB). C and D, Laminin overlay showing
reduced laminin binding in RMS, NBL, retinoblastoma, and medulloblastoma.
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Fig. 2.
Expression of α and β dystroglycan in bone, yolk sac, and kidney tumors. Comparison of α
and β dystroglycan (DG) expression in pediatric bone (A), yolk sac (B), and kidney tumors
(C). In A, T1–3 and T6 are osteosarcomas, T4 and T5 are Ewing's sarcomas. In C, all tumors
are Wilms tumors. (D–F) Laminin overlays showing laminin binding in pediatric bone (D) and
yolk sac (E) and kidney tumors (F) and normal control tissue.
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Fig. 3.
Tissue microarray staining for dystroglycan and laminin pediatric RMS, NBL, and
medulloblastoma. Examples of array blocks stained with antibodies that recognize natively
glycosylated α dystroglycan (IIH6 and VIA4-1), β dystroglycan polypeptide (βDG), laminin
1 (LN-1), or with hematoxylin and eosin (H & E) are shown. Each vertical column represents
a single block cut and stained on independent slides with the indicated antibodies or stains.
Each lateral column reflects cases from the same slide stained with the same antibody. α
dystroglycan expression was reduced in embryonal RMS (A) and alveolar RMS (B) relative
to β dystroglycan and relative to normal pediatric skeletal muscle (Normal). C, Expression of
α dystroglycan was reduced in NBL with increasing tumor stage. (D) Expression of α
dystroglycan, and sometimes β dystroglycan, was reduced in medulloblastoma (Medullo),
compared with normal pediatric cerebellum (Normal). Blocks were photographed at 10×
magnification in A, B, and D and at 20× in C.
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Fig. 4.
High-power images of α and β dystroglycan immunostaining in pediatric tumors and controls.
A, IIH6, an antibody that binds to natively glycosylated α dystroglycan, was used to probe
expression in ganglioneuroma, NBL, pediatric skeletal muscle, RMS, pediatric brain
(cerebellum), and medulloblastoma (Medullo). B, An antibody to β dystroglycan polypeptide
was used to demonstrate β dystroglycan expression in tumor cells taken from the same tissues.
Sections were imaged at 100× magnification.
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