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Abstract

BACKGROUND—ua-Dystroglycan (DG) carries glycan chains that bind to laminin and thus
function in homeostasis of not only skeletal muscle but also of various epithelial cells. Loss of
glycosylation has been suggested to play important roles in tumor development, particularly in
detachment and migration of carcinoma cells. We previously reported that glycosylation of a-DG,
but not levels of a-DG core protein itself, is reduced in prostate carcinoma. In this study, we
investigate the association between reduction of laminin-binding glycans on a-DG and the degree
of tumor cell differentiation and/or infiltrative properties, as assessed by the Gleason grading
system.

METHODS—Immunohistochemical analysis of 146 biopsy specimens of prostate
adenocarcinoma with various Gleason scores was carried out employing 11H6 and 6C1 antibodies,
which recognize laminin-binding glycans on a-DG and a-DG core proteins, respectively. Double
immunofluorescence staining was performed to evaluate colocalization of a-DG and laminin, and
to determine which types of epithelial cells express laminin-binding glycans on a-DG.

RESULTS—Reduction of a-DG glycosylation, rather than loss of a-DG core protein, was
correlated with higher Gleason patterns. Reduction was most conspicuous at the interface between
carcinoma cells and the basement membrane. In addition, in non-neoplastic prostate glands,
laminin-binding glycans were expressed predominantly on the basolateral surface of basal cells.

CONCLUSIONS—Reduced expression of laminin-binding glycans on a-DG may contribute to
formation of highly infiltrative behavior of prostate carcinoma cells. Substantial reduction of
laminin-binding glycans in carcinoma tissue could be partly ascribed to disappearance of pre-
existing basal cells.
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INTRODUCTION

Prostate cancer is the fifth most common clinically manifest cancer in the world and the
second most common in men [1], and is currently recognized as one of the major medical
problems facing the male population. Although prostate cancer as a whole has a better
prognosis compared to cancers of other organs [1], systemic disease reflects a poor
prognosis in individual patients [2]. In today’s clinical practice: (i) Gleason score, (ii)
clinical stage, and (iii) prostate-specific antigen (PSA) serum levels at diagnosis are widely
accepted risk factors that predict the likelihood of tumor progression [3].

The Gleason grading system [4], which is based on microscopic tumor architecture, consists
of 5 histological patterns ranging from well differentiated/less infiltrative (pattern 1) to
poorly differentiated/highly infiltrative (pattern 5) features. A number from 1to 5 is
assigned to the most prevalent pattern (primary pattern) and also to the second most
prevalent pattern (secondary pattern). The Gleason score, which is the sum of these two
numbers, thus has a value between 2 and 10. In current practice, the vast majority of prostate
cancers have a Gleason score >6 [5]. Hence, tumors composed of patterns 3, 4, and/or 5 are
considered clinically significant [6].

Dystroglycan (DG) is an adhesion molecule expressed in skeletal muscle as well as in a
wide variety of tissues, including prostate epithelial cells [7]. DG is composed of a- and B-
DG subunits; extracellular a-DG protein is not attached directly to the cell membrane but is
anchored to it via the transmembrane protein -DG [8]. -DG binds to the cytoplasmic
proteins dystrophin and utrophin, which, in turn, bind to the actin cytoskeleton and several
adaptor molecules functioning in cellular signaling [9]. a-DG protein is highly and
heterogenously glycosylated with O-mannosy! glycans, mucin-type O-glycans, and N-
glycans; such glycosylation plays a major role in DG function and is essential to form
contacts with its binding partners, particularly laminin on the basement membrane (BM) [8,
10-13]. Loss of a-DG glycosylation has been suggested to function in the process of tumor
invasion and metastasis through detachment of carcinoma cells from the BM and subsequent
migration [13-17].

We recently reported a tumor suppressor function for laminin-binding glycans on o-DG
[18]. In aggressive prostate carcinoma cell lines, such as LNCaP and PC3 cells, laminin-
binding glycans on a-DG were dramatically decreased, while levels of a- and f-DG core
proteins were maintained. A decrease of laminin-binding glycans on a-DG and consequent
increase in cell migration were associated with decreased expression of $3-N-
acetylglucosaminyltransferase 1 (B3GNT1). B3GNT1 was found to be required for laminin-
binding glycan synthesis through formation of a complex with
acetylglucosaminyltransferase-like protein (LARGE). In this study, we performed
immunohistochemical analysis of human prostate tissues and demonstrated that
glycosylation of a-DG, but not expression of a-DG core protein itself, is reduced in prostate
carcinoma cells, while non-neoplastic prostate epithelial cells express a-DG decorated with
laminin-binding glycans.

Sgambato et al. [15] have demonstrated that low-a-DG staining by VIA4-1 antibody, which
recognizes the laminin-binding glyco-epitope, is associated with high-grade prostate
carcinoma defined as Gleason score >7. However, it has not been determined whether the
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reduction in laminin-binding glycans on a-DG correlates with the degree of tumor cell
differentiation and/ or infiltrative properties, as assessed by dominant histological patterns
(Gleason primary pattern) rather than Gleason score.

Here, we show that reduced glycosylation of a-DG core proteins tends to occur in prostate
carcinoma showing highly infiltrative histological patterns, preferentially at the interface
between carcinoma cells and the BM. We propose that reduced expression of laminin-
binding glycans on a-DG may contribute to infiltrative behavior of prostate carcinoma cells.

MATERIALS AND METHODS

Human Tissue Samples

Antibodies

Formalin-fixed paraffin-embedded (FFPE) tissue blocks of biopsy specimens of prostate
carcinoma with various Gleason scores ranging from 6 to 10 (n = 146) were retrieved from
the pathological archive at Nagano Municipal Hospital. The present study focused on the
common or acinar variant of adenocarcinoma, and special variants such as ductal
adenocarcinoma and small cell carcinoma were not included. The specimens analyzed
consisted of 34 (23.3%) of Gleason score 6, 45 (30.1%) of Gleason score 7, 35 (24.0%) of
Gleason score 8, 29 (20.0%) of Gleason score 9, and 3 (2.1%) of Gleason score 10. The
Gleason score of each specimen was re-evaluated and confirmed by two different
pathologists (H.S. and M.K.) based on the current Gleason grading system [19]. As noted,
the Gleason score is the sum of two numbers assigned for primary and secondary patterns,
hence identical Gleason scores do not necessarily indicate the same histological tumor
architectures. As for the primary pattern, the samples consisted of 56 (38.4%) of Gleason
pattern 3, 78 (53.4%) of Gleason pattern 4, and 12 (8.2%) of Gleason pattern 5.

For double immunofluorescence staining, fresh prostate tissues were obtained at Shinshu
University Hospital from radical prostatectomy specimens, with written informed consent in
accordance with the Helsinki Declaration. The analysis of human prostate tissues was
approved by the Ethics Committee of Shinshu University School of Medicine.

The following antibodies served as primary antibodies: 6C1 (mouse IgM) directed to the
extracellular domain near the C-terminus of the a-DG core protein (Millipore, Billerica,
MA), 1IH6 (mouse IgM) directed to the carbohydrate moiety of a-DG laminin-binding
glycans (Millipore), 34pE12 (mouse 1gG) directed to high-molecular weight cytokeratin
(Dako, Glostrup, Denmark), and rabbit polyclonal anti-laminin antibody (Dako).

Immunohistochemistry

Immunostaining for 11H6 and 6C1 on FFPE tissue sections was performed using the
EnVision®* system (Dako) as described previously [20]. Briefly, after deparaffinization and
rehydration, tissue sections were boiled in 10 mM Tris—HCI buffer (pH 8.0) containing 1
mM EDTA for 25 min in a microwave oven for antigen retrieval. After endogenous
peroxidase activity was quenched in methanol containing 0.3% hydrogen peroxide for 30
min, sections were blocked with 1% bovine serum albumin (BSA; Sigma—Aldrich, St.
Louis, MO) in Tris-buffered saline (TBS) for 15 min. After incubation with either 11H6 or
6C1 (each diluted 1:100) at 4°C overnight, sections were incubated with goat anti-mouse
immunoglobulin- and horseradish peroxidase (HRP)-conjugated polymers for 30 min. The
color reaction was developed in TBS containing 0.2% 3,3'-diaminobenzidine (Dojindo,
Kumamoto, Japan) and 0.02% hydrogen peroxide. Sections were briefly counterstained with
hematoxylin. Negative controls, which showed no specific staining, were obtained by
replacing primary antibodies with species-and class-matched immunoglobulins.
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Evaluation of Inmunostained Sections

Immunostained sections were observed under a BX-51 microscope (Olympus, Tokyo,
Japan). Two pathologists (H.S. and M.K.) examined 6C1- or IIH6-stained sections within
the Gleason primary pattern and evaluated two properties using 4 grades each:(i) signal
intensity ranging from 0 to 3 (0, negative; 1, weak; 2, moderate; and 3, strong), and (ii)
percentage of positive cells (0, 0%; 1, <25%; 2, 25-50%; and 3, >50%).

Double Immunofluorescence Staining

Fresh prostate tissues were embedded in Tissue-Tek OCT compound (Sakura Finetek,
Tokyo, Japan) and frozen at —80°C. Frozen tissues were sectioned at 6 um and fixed with
acetone for 5 min, followed by air-drying. After blocking in 1% BSA in TBS, sections were
incubated with a cocktail of primary antibodies, consisting of either 6C1 (diluted 1:10) and
anti-laminin (diluted 1:100), I1H6 (diluted 1:10) and anti-laminin (diluted 1:100), or 1IH6
(diluted 1:10) and 34BE12 (diluted 1:100), for 30 min. After washing, sections were
incubated for 30 min with a cocktail of secondary antibodies differentially labeled with
Alexa Fluor 488 and Alexa Fluor 555 (Invitrogen, Carlsbad, CA). Sections were mounted
using Vectashield mounting medium with DAPI (Vector Laboratories, Burlingame, CA) and
viewed under an AX-80 fluorescence microscope (Olympus).

Statistical Analysis

Differences between groups were statistically analyzed by the Kruskal-Wallis test with
Dunn’s post hoc test, and correlations between Gleason pattern and either (i) signal intensity
or (ii) percentage of positive cells in 6C1- and 11H6-stained tissues were analyzed by
Spearman’s rank correlation coefficient, using InStat 3 software (GraphPad Software, San
Diego, CA). P-values <0.05 were considered significant.

RESULTS

Reduced a-DG Glycosylation in Prostate Carcinoma Cells

We previously showed that a-DG glycosylation rather than expression of a-DG core protein
is substantially reduced in prostate carcinoma cells [18]. To confirm this finding in a much
larger population, we carried out immunohistochemical analysis of 143 biopsy specimens of
prostate adenocarcinoma with various Gleason scores. As shown in Figure 1, positive
staining for 6C1, which recognizes a-DG core proteins, was seen in hon-neoplastic prostate
epithelial cells seen in normal and hyperplastic glands, as well as in most carcinoma cells
(Fig. 1, middle column). Only a small number of carcinoma samples (n = 6) showed little or
no staining. On the other hand, I1H6, which recognizes a carbohydrate moiety of laminin-
binding glycans on a-DG, stained predominantly the basolateral aspect of non-neoplastic
epithelial cells, whereas most carcinoma cell samples showed less intense staining. In some
regions of carcinoma samples, I1H6 staining was completely absent (Fig. 1, right column).
Overall, expression of 11H6-positive laminin-binding glycans on a-DG was decreased in
carcinoma cells in 124 of 146 (84.9%) specimens, and reductions in 1IH6 staining were
more evident than were reductions in 6C1 staining. These results confirm our previous
finding that reduction of functional a-DG in prostate carcinoma is largely due to decreased
a-DG glycosylation rather than loss of a-DG core proteins.

Decreases in a-DG Glycosylation Are Correlated With Higher Gleason Patterns

To examine whether the extent of a-DG glycosylation reduction is associated with tumor
cell differentiation and/or infiltrative properties, we evaluated (i) signal intensity and (ii) the
percentage of positive cells within the Gleason primary pattern in 6C1- and I11H6-stained
specimens. In terms of signal intensity, 6C1-positivity of a-DG core proteins did not differ
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significantly among Gleason patterns, while expression of 1IH6-positive laminin-binding
glycans on a-DG was reduced in Gleason pattern 5, with high statistical significance (P <
0.001 vs. Gleason pattern 3, P < 0.01 vs. Gleason pattern 4; Fig. 2A, see also Fig. 1). On the
other hand, percentages of cells positive for 6C1 or 1IH6 were significantly reduced in
Gleason pattern 5 (6C1: P < 0.05 vs. Gleason pattern 3, P < 0.01 vs. Gleason pattern 4;
I1H6: P < 0.001 vs. Gleason pattern 3, P < 0.01 vs. Gleason pattern 4; Fig. 2B, see also Fig.
1). Spearman’s rank correlation coefficient revealed that in 11H6-stained cells, both
parameters were inversely correlated with Gleason pattern (intensity: Spearman’s p = —
0.2321, P = 0.0048; percentage of positive cells: Spearman’s p = — 0.2133, P = 0.0097);
however, in 6C1-stained cells, neither parameter was significantly correlated with Gleason
patterns. These results collectively indicate that a-DG glycosylation, rather than expression
of a-DG core protein, is reduced in tissues with higher Gleason patterns, suggesting that
reduction in the level of laminin-binding glycans on a-DG may contribute to formation of
highly infiltrative histological patterns, particularly in Gleason pattern 5.

Reduced a-DG Glycosylation Occurs at the Carcinoma Cell/BM Interface

The above findings prompted us to ask whether the reduced a-DG glycosylation occurs at
the interface between carcinoma cells and the BM where laminin is found. To do so, we
performed double immunofluorescence staining of prostate specimens containing both
carcinoma and non-neoplastic glands for either 11H6 or 6C1 together with an anti-laminin
antibody. As shown in Fig. 3, 1IH6 signals were observed in a line along the basolateral
surface of non-neoplastic glandular epithelial cells, and those signals colocalized with
laminin staining along the BM (Fig. 3, upper panels, arrows). However, 11H6 staining
patterns were substantially reduced in carcinoma tissues and did not colocalize with laminin
staining (Fig. 3 upper panels, arrowheads). 6C1 staining showed a similar pattern; however,
6C1 signals were also detected at the apical surface and in the cytoplasm of non-neoplastic
epithelial cells. These findings indicate that laminin-binding glycans on a-DG observed in
non-neoplastic glands are reduced in prostate carcinoma predominantly at the interface with
the BM, and that reduction in levels or alterations in localization of a-DG core proteins may
contribute in part to reduced I1H6 signals.

Laminin-Binding Glycanson a-DG Are Expressed Predominantly on Basal Cells in Non-
Neoplastic Prostate Glands

Normal prostate glands are composed primarily of two types of epithelial cells: luminal and
basal cells [21]. To determine which cell type predominantly expresses laminin-binding
glycans on a-DG, we undertook double immunofluorescence staining for I11H6 and for
34BE12, which preferentially stains basal cells. As shown in Figure 4, linear 1I1H6 staining
signals were detected at the interface between prostate epithelial cells and the BM. Those
signals colocalized with the basal side of basal cells, as identified by 34BE12 staining.
34BE12-negative luminal cells, as recognized by nuclear DAPI staining, occasionally
showed weak 11H6 signals in the cytoplasm. These results indicate that most I1H6-positive
laminin-binding glycans on a-DG localize at the basal surface of basal cells in contact with
the BM.

DISCUSSION

The present study demonstrates that reduction of a-DG glycosylation, rather than in levels of
a-DG core protein itself, in prostate carcinoma cells is associated with highly infiltrative
histological patterns, as assessed by the Gleason grading system. A previous report by
Sgambato et al. [15] demonstrated that high-grade prostate carcinoma tends to show reduced
a-DG expression. These authors evaluated a-DG expression in samples between high-grade
(Gleason score >7) and low-grade (Gleason score <7) prostate carcinomas using the VIA4-1
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antibody, which recognizes laminin-binding glycans on a-DG. Since the Gleason score is
the sum of two numbers assigned for primary and secondary patterns, identical scores do not
reflect identical histological tumor architectures, for example, a Gleason score 8 can be
either 3+ 5,4 + 4, or 5 + 3. We therefore evaluated expression of a-DG core proteins and
laminin-binding glycans on a-DG separately among Gleason patterns rather than Gleason
scores.

We show here that reduction in IIH6-positive laminin-binding glycans on a-DG, which is
most pronounced at the interface between basal side of the carcinoma cell membrane and the
laminin-expressing BM, is positively correlated with the infiltrative character of prostate
adenocarcinoma, as assessed by the Gleason pattern. This finding is consistent with our
previous findings demonstrating that PC3 cells expressing substantial levels of 1IH6-positive
glycans (PC3-H) are much less invasive than those expressing minimal amounts of 11H6-
positive glycans (PC3-L), as assessed by a Boyden chamber assay and by the observation
that PC3-H cells migrate more slowly than do PC3-L cells in a wound-healing assay [18].
These findings, taken together, suggest that prostate carcinoma cells with reduced laminin-
binding glycans on a-DG detach from the BM, enabling invasion and migration of
carcinoma cells characteristic of Gleason pattern 5.

In routine histopathological diagnosis, one of the most important hallmarks of prostate
adenocarcinoma is the disappearance of basal cell layers. Immunohistochemical detection of
basal cells, employing the 34BE12 antibody against high-molecular weight cytokeratin [22],
is therefore a valuable diagnostic tool to distinguish prostate carcinoma from various benign
mimickers [23]. Here, we also showed that in non-neoplastic glands 11H6-positive laminin-
binding glycans on a-DG are expressed predominantly on the basal surface of basal cells,
which eventually disappear in carcinoma. Thus, it is possible that the substantial reduction in
I1H6-positive laminin-binding glycans in adenocarcinoma tissue can be partly ascribed to
loss of this cell population.

CONCLUSIONS

In conclusion, the present study demonstrates that in prostate carcinoma cells reduced a-DG
glycosylation, rather than reduced levels of a-DG core protein, is associated with highly
infiltrative histological patterns, as assessed by Gleason primary patterns. We also found
that 11H6-positive laminin-binding glycans on a-DG, expressed predominantly on the basal
side of basal cells, colocalize with laminin in the BM in non-neoplastic prostate tissue, and
that this association is absent in prostate adenocarcinoma. Reduced expression of laminin-
binding glycans on a-DG may contribute to formation of highly infiltrative behavior of
prostate carcinoma cells. Whether reduced expression of laminin-binding glycans on a-DG
predicts poor prognosis awaits further studies.
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Fig. 1.

Expression of a-dystroglycan (a-DG) core proteins (6C1) and laminin-binding glycanson o-
DG(11H6) in non-neoplastic prostate glands and prostate adenocarcinomas exhibiting
Gleason pattern 3 (discrete glandular units), Gleason pattern 4 (cribriform glands with an
irregular border), and Gleason pattern 5 (no glandular differentiation, composed of cords, or
single cells) [19]. Note that carcinomas are progressively more poorly differentiated and/or
highly infiltrative compared with samples shown in upper panels. HE, hematoxylin and
eosin, Bar = 100 pum.
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Fig. 2.

Expression of a-dystroglycan (a-DG) protein stained with 6C1(black boxes) and laminin-
binding glycans on a-DG stained with I1H6 (stippled boxes) in prostate adenocarcinoma
with different Gleason primary patterns, as assessed by signal intensity (A) and the
percentage of positive cells (B). Data are presented as means + SEM. “P < 0.05; *"P <
0.01; ™™P < 0.001; NS, not significant.
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Fig. 3.

Double immunofluorescence staining of prostate tissues containing both non-neoplastic
(arrows) and carcinoma (arrowheads) tissues. Green and red signals indicate positive
staining for laminin-binding glycans on a-dystroglycan (a-DG; upper panels, I11H6) or a-DG
core protein (lower panels, 6C1) and laminin (both upper and lower panels), respectively.
Yellow signals (Merged) show colocalization of both antigens. Bar = 50 pum.
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Fig. 4.

Double immunofluorescence staining of non-neoplastic prostate glands. Green and red
signals represent I1H6-positive laminin-binding glycans on a-dystroglycan (a-DG) and
34BE12-positive high-molecular weight cytokeratin, which is preferentially expressed in
prostate basal cells, respectively. Yellow (Merged) images illustrate colocalization of two
antigens. Note the presence of luminal cells between basal cells and the luminal surface, as
indicated by the dotted lines. Bar = 50 um.
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