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Abstract
Congenital muscular dystrophies (CMD) such as muscle-eye-brain disease caused by defective
glycosylation of α-dystroglycan (α-DG) exhibit defective photoreceptor synaptic function. Mouse
knockouts of dystroglycan and its extracellular matrix binding partner pikachurin recapitulate this
phenotype. In this study, pikachurin-α-dystroglycan interactions in several mouse models of CMD
were examined by pikachurin overlay experiments. The results show that hypoglycosylation of α-
dystroglycan resulted in markedly reduced pikachurin-α-dystroglycan interactions. Expression of
pikachurin is abolished at the outer plexiform layer of two mouse models, protein O-mannose N-
acetylglucosaminyl transferase 1 (POMGnT1) knockout and Largemyd mice. Overexpressing
LARGE restored this interaction in POMGnT1 knockout cells. These results indicate that
pikachurin interactions with α-dystroglycan and its localization at the photoreceptor ribbon
synapse require normal glycosylation of α-dystroglycan.

Introduction
The extracellular matrix receptor α-dystroglycan (α-DG) binds to the transmembrane β-DG,
which in turn interacts with dystrophin and utrophin via its intracellular domain.
Dystroglycan and dystrophin are highly expressed by photoreceptors at presynaptic terminal
in the outer plexiform layer [1;2]. Electroretinography recording of dark adapted Duchenne
muscular dystrophy patients with defective dystrophin and the mouse model mdxCv3, a
splicing mutation that disrupts expression of the 427 kDa and 70 kDa isoforms of dystrophin
[3], show reduced b-wave amplitude [4–6] affecting the photoreceptor/bipolar cell
transmission [7]. Dystroglycan knockout mice showed similar b-wave abnormalities [8].
These results indicate an essential role of dystroglycan in photoreceptor synaptic function.

α-DG is heavily substituted by O-linked mannosyl glycans, such as
Siaα2,3Galβ1,4GlcNAcβ1,2Man-Ser/Thr [9]. Many CMD patients with brain and eye
defects have mutations in genes encoding glycosyltransferases (or putative
glycosyltransferases) [10] including POMT1 (encoding protein O-mannosyltransferase 1),
POMT2, POMGnT1 (encoding protein O-mannose N-acetylglucosaminyl transferase 1),
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LARGE (encoding like-glycosyltransferase), FKTN (encoding fukutin), and FKRP (encoding
fukutin-related protein). POMT1 and POMT2 transfer mannose to serine or threonine
residues [11]. POMGnT1 then transfers N-acetylglucosamine to O-linked mannose [12;13].
LARGE is involved in extending an unidentified phosphoryl glycosylation branch off O-
linked mannose [14] and complex N- and mucin-type O-glycosylations of α-DG [15;16]. α-
DG interacts with high affinity to several extracellular matrix components, including
laminin [17], agrin [18], perlecan [19], neurexin [20], and pikachurin [21]. A common
molecular phenotype in CMD is the hypoglycosylation of α-DG, which leads to significant
loss of its binding activity to laminin and perlecan [22]. Functionally, POMGnT1 knockout
mice [23], the natural LARGE mutant Largemyd mice [24;25], and chimeric fukutin
knockout mice [26], exhibit reduced b-waves in their electroretinograms, indicating
defective synaptic functions at the photoreceptor synapse when α-DG is hypoglycosylated.

It is not known which extracellular matrix molecule(s) mediates the effect of α-DG
hypoglycosylation at the photoreceptor synapse. Pikachurin is a secreted extracellular matrix
protein that is expressed at the photoreceptor synapse [21]. Pikachurin knockout in the
mouse results in defective ribbon synapses in the outer plexiform layer and a delayed b-
wave with reduced amplitude. In this study, we examined pikachurin-dystroglycan
interactions in several CMD models. Our results show that pikachurin-dystroglycan binding
is dependent on proper glycosylation of α-DG, suggesting that defective synaptic functions
in CMD may be caused by defective pikachurin-dystroglycan interactions.

Materials and Methods
Animals

Protocols for animal usage were approved by the Institutional Animal Care and Use
Committee of Upstate Medical University and adhered to National Institutes of Health
guidelines.

POMGnT1 knockout mice were generated by Lexicon Genetics Incorporated (The
Woodlands, TX) [23]. POMT2-floxed mice were generated at the Gene Targeting and
Transgenic Facility at the University of Connecticut Health Science Center (unpublished).
Dag1-floxed [27], Largemyd, Nestin-Cre transgenic [28], and Emx1-Cre knock-in mice [29]
were from the Jackson Laboratories (Bar Harbor, MI). Dag1-floxed mice were crossed with
Nestin-Cre transgenic mice to yield dystroglycan knockout mice, Dag1f/f;Nestin-Cre(+).
POMT2-floxed mice were crossed with Emx1-Cre knock-in mice to obtain POMT2
knockout. Emx1-Cre knock-in mice express Cre recombinase in Emx1-expressing cells of
the forebrain and mediate recombination in radial glial cells [29]. POMT2-deficient neural
stem cells were isolated from POMT2f/f;Emx1-Cre(+) animals.

Antibodies
Antibodies were obtained as follows: Monoclonal anti-Bassoon from Assay Designs (Ann
Arbor, MI); Monoclonal anti-c-Myc from Sigma-Aldrich (St. Louis, MO); Monoclonal
IIH6C4 from Millipore Corporation (Billerica, MA); Monoclonal anti-β-dystroglycan (clone
7D11) from Developmental Studies Hybridoma Bank (University of Iowa, Iowa City, IA);
Polyclonal anti-pikachurin from Waco Chemicals USA, Inc. (Richmond, VA).

Neural stem cell culture
Neural stem cells were isolated from POMGnT1 knockout, POMT2f/f;Emx1-Cre(+) (POMT2
knockout), and wildtype mice. Briefly, neocortical wall was dissected from embryonic day
13.5 fetuses, trypsinized, and triturated. The dissociated cells were cultured as neural
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spheres in neural basal medium (Invitrogen, Carlsbad, CA) supplemented with B27 (minus
vitamin A), FGF-2 (20 ng/ml), EGF (20 ng/ml), and heparin (2 ng/ml).

To overexpress LARGE in neural stem cells, an adenoviral vector for c-Myc tagged human
LARGE (Ad-LARGE) was constructed at Vector Biolabs (Philadelphia, PA). Twenty μl (5
×1012 viral particles/ml) of Ad-LARGE was added to each 150 mm culture dish. The cells
were harvested 2 days after infection and homogenized in a Dounce homogenizer in cold
lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% TritonX-100,) supplemented with
protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN), and centrifuged at 16,100
g for 20 minutes at 4 °C. The supernatant was used for Western blot analysis.

Western blot
Wheat germ agglutinin (WGA)-agarose gel (EY Laboratories, San Mateo, CA) was used to
isolate glycoproteins. For 4 mg of total protein lysates, 50 μl of WGA-gel were added. After
binding overnight, WGA-gel was washed 3 times with lysis buffer. Bound glycoproteins
were eluted with gel-loading dye, separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE, 8%), and electrotransferred onto polyvinylidene fluoride
(PVDF) membranes. The membranes were blocked with 3% BSA in Tris-buffered saline
(TBS, 50 mM Tris-HCl, pH 7.4, 150 mM NaCl) and incubated with primary antibody
overnight. After washing with TBST (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, and 0.05%
Tween 20), the membranes were incubated with appropriate secondary antibodies
conjugated with horseradish peroxidase and washed. Immunoreactive signal was visualized
with SuperSignal west pico chemiluminescent substrate (Thermo Scientific, Rockford, IL).

Pikachurin overlay
A pCMV6 Entry expression plasmid containing c-Myc-tagged cDNA encoding the human
EGF-like, fibronectin type III and laminin G domains (EGFLAM), transcript variant 1, also
known as pikachurin, was obtained from Origene (Rockville, MD). Human embryonic
kidney (HEK) 293 cells were transfected with the pikachurin expression plasmid using
FuGENE®HD reagent (Roche Diagnostics, Indianapolis, IN). Twenty-four hours after
transfection, the cells were washed and conditioned medium was collected with serum-free
DMEM after an additional 48 hours. Western blot analysis with anti-c-Myc antibody
revealed a 225 kDa pikachurin band only in the conditioned medium from transfected cells
but not in that from non-transfected cells (Figure 1A).

To carry out pikachurin overlay, the PVDF membranes were blocked with 3% BSA in TBS
for an hour. The membranes were then incubated with pikachurin-conditioned medium
overnight at 4 °C. After washing with TBST containing 1 mM CaCl2 and 1 mM MgCl2,
bound pikachurin was detected with rabbit anti-pikachurin or anti-c-Myc by standard
immunoblot procedures with all buffers containing 1 mM CaCl2 and 1 mM MgCl2.

Immunofluorescence staining
Animals were deaply anesthetized by intraperitoneal injection of pentobarbital (400 mg/kg
body weight) and perfused with 4% paraformaldehyde. The eyes were excised and the
lenses removed. The retinas were cut into 10 μm sections with a Cryostat and mounted onto
slides. After blocking with 3% bovine serum albumin (BSA) in phosphate buffer (pH7.4),
the sections were incubated with anti-β-dystroglycan, anti-Bassoon, and anti-pikachurin and
washed with phosphate buffer. Then, the sections were incubated with biotinylated goat
anti-mouse IgG or goat anti-rabbit IgG. After washing, the sections were incubated with
Avidin-FITC. All sections were counterstained with 4', 6-diamidino-2-phenylindole (DAPI)
(Sigma-Aldrich, St. Louis, MO) to show nuclei. Images were taken on a Nikon Elclipse
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TE200 fluorescence microscope with DeltaVision Core Restoration Microscopy software
(Applied Precision, LLC, Issaquah, WA).

Results
Pikachurin binding to α-DG is dependent on proper glycosylation

To determine whether α-DG interactions with pikachurin require proper glycosylation, we
isolated glycoproteins from whole brain lysates by WGA-affinity from several mouse
models, Dag1f/f:Nestin-Cre(+), POMGnT1 knockout, and Largemyd mice. Pikachurin overlay
and Western blot analysis with IIH6C4 and β-DG antibodies were carried out. In the
wildtype, strong pikachurin-binding to α-DG was detected at 125 kDa (Figure 1B), while in
dystroglycan knockout, pikachurin bound at the 125 kDa location was diminished as
expected. A residual signal was detected due to the presence of meninges and blood vessels
not expected to express the Cre recombinase in Nestin-Cre transgenic mice. Indeed, remnant
amounts of β-DG were detected in the brain lysate of brain-specific knockout mice of
dystroglycan. Interestingly, in both POMGnT1 knockout and Largemyd mice models,
pikachurin signals at 125 kDa were abolished. In POMGnT1 knockout mouse, weak
pikachurin binding at 75 kDa was consistently detected, likely due to the presence of
hypoglycosylated α-DG. As expected, immunoblot with IIH6C4, an antibody that
recognizes functionally glycosylated form of α-DG, confirmed hypoglycosylation of α-DG
in POMGnT1 knockout and Largemyd mice as evidenced by loss of immunoreactivity.

POMGnT1 and LARGE are involved in further extension of O-linked mannose into
branched oligosaccharides. Mouse knockout of POMT2 is expected to result in complete
absence of all O-mannosyl glycosylation [11], we therefore analyzed POMT2 knockout
neural stem cells (Figure 1C). We found no pikachurin binding to glycoproteins isolated
from POMT2 knockout cells. Wildtype neural stem cells used as a control showed strong
pikachurin binding. IIH6C4 immunoblot confirmed hypoglycosylation of α-DG in POMT2
knockout cells as expected. Taken together, these results indicate that pikachurin-α-DG
interactions require O-mannosyl glycosylation of α-DG.

LARGE overexpression promotes pikachurin binding in POMGnT1 knockout cells
LARGE overexpression hyperglycosylates α-DG and increases laminin binding in not only
wildtype cells but also cells isolated from CMD patients with mutations in (presumed)
glycosyltransferases. We examined whether overexpressing LARGE had a similar effect on
pikachurin interactions with α-DG (Figure 2). In wildtype neural stem cells, overexpression
of LARGE increased glycosylation of α-DG as revealed by increased IIH6C4
immunoreactivity with increased molecular weight. Interestingly, pikachurin binding was
also increased by LARGE overexpression. In POMGnT1 knockout neural stem cells, we
observed only residual pikachurin binding at about 75 kDa. Overexpression of LARGE in
POMGnT1 knockout neural stem cells increased not only IIH6C4 immunoreactivity but also
pikachurin binding. These results indicate that LARGE overexpression restores pikachurin
binding in POMGnT1 knockout cells as well.

Pikachurin expression is reduced at the outer plexiform layer of CMD models
In a previous study, we showed that β-DG was expressed in the outer plexiform layer of
wildtype and POMGnT1 knockout mice [30]. To evaluate the expression of pikachurin
protein in the outer plexiform layer of mouse models of CMD, immunofluorescence staining
with antibodies against Bassoon (a ribbon synapse marker) and pikachurin was carried out.
POMT2f/f;Emx1-Cre(+) retinas were not included in this analysis because there was no Cre
activity in the retina. In the wildtype retinas, Bassoon-positive ribbon synapses (Figure 3A)
and pikachurin-positive punctas (Figure 3B) were detected in the outer plexiform layer. In
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the retinas of POMGnT1 knockout (Figure 3D) and Largemyd (Figure 3F) mice, pikachurin
immunoreactivity was abolished in the outer plexiform layer while Bassoon
immunoreactivity was similar to that of the wildtype (Figure 3C and E). Pikachurin
immunofluorescence in other retinal layers was at the background level. These results
indicate that pikachurin localization to the photoreceptor synapse in the outer plexiform
layer is lost in the retinas of POMGnT1 knockout and Largemyd mice.

In the retinas of Dag1f/f;Nestin-Cre(+) mice, Bassoon immunofluorescence staining was also
similar to that of the wildtype (Figure 3G). However, pikachurin-positive punctas showed
reduced density although the fluorescence intensity of each puncta was similar to that of the
wildtype (Figure 3H). We counted pikachurin-positive punctas from the micrographs
(representing a span of 52 μm of outer plexiform layer). In the wildtype retinas, there were
67.82 pikachurin-positive punctas per image. By contrast, there were 32.50 pikachurin-
positive punctas per image for the retinas of Dag1f/f;Nestin-Cre(+) mice (p<0.001, Chi-square
analysis), indicating a reduction in pikachurin-positive ribbon synapses. We next carried out
double immunofluorescence staining with antibodies against Bassoon (red fluorescence) and
pikachurin (green fluorescence). While virtually all Bassoon-positive punctas were adjacent
to pikachurin-positive punctas in the outer plexiform layer of wildtype retinas (Figure 4A),
many Bassoon-positive punctas in the retinas of Dag1f/f;Nestin-Cre(+) mice were devoid of
adjacent pikachurin-positive punctas (arrowheads in Figure 4B), indicating the presence of
pikachurin-negative ribbon synapses.

Reduced number but normal immunofluorescence intensity in pikachurin-positive puncta
suggested that dystroglycan deletion in the retina may be mosaic. Indeed, when Nestin-cre
transgenic mice were crossed with a global double-fluorescent Cre reporter mouse line [31],
both red and green fluorescent cells were widely distributed in double transgenic retinas,
indicating the mosaic nature of Nestin-Cre-mediated deletion in the retina (data not shown).
Presence of dystroglycan in the outer plexiform layer of Dag1f/f;Nestin-Cre(+) mouse retinas
supports this conclusion [8]. Taken together, these results suggest dystroglycan and its
functional glycosylation are required for localization of pikachurin to the photoreceptor
synapse.

Discussion
In this study, we show that proper glycosylation of α-DG is required for its interaction with
pikachurin. Markedly reduced or abolished α-DG binding to pikachurin is observed in
POMGnT1 knockout, POMT2 knockout, and Largemyd mouse brains or cells. Furthermore,
pikachurin localization at the ribbon synapses was not detected in POMGnT1 and Largemyd

mouse retinas. In Dag1f/f;Nestin-Cre(+) retinas, ribbon synapses without pikachurin were
frequently observed. While manuscript was in preparation, in a very recent study,
Kanagawa, et al [32] show that pikachurin interaction with α-DG and its localization at the
outer plexiform layer were affected in POMGnT1 knockout and Largemyd mouse retinas.
Together, these findings suggest that the synaptic functional defect found in CMD models
may be attributable to the diminished pikachurin-α-DG interactions.

Hyperglycosylation by LARGE bypasses deficiency in O-mannosyl glycosylation to rescue
laminin binding of α-DG [33]. This unique property has been proposed as a possible therapy
for CMD caused by defective glycosylation of α-DG. Our results show that LARGE
overexpression also rescues pikachurin-α-DG interactions in POMGnT1-deficient cells,
posing the possibility that LARGE may also be used to restore defective retinal functions
caused by diminished pikachurin-α-DG binding in CMD. In this regard, it will be necessary
to determine which cell type is required to express functionally glycosylated α-DG for
maintaining pikachurin expression at the ribbon synapse. The Emx1-Cre knock-in mice used
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in this study does not drive expression of Cre in the retina precluding cell type specific study
with this Cre-driver line. Crossing of POMT2- and Dag1-floxed mice with retinal cell type
specific Cre transgenic mice will enable the determination of cell type specific requirement
of functionally glycosylated α-DG in pikachurin localization to the ribbon synapses.

POMGnT1 knockout [30], Largemyd [25], and a FKRP hypomorphic [34] mice exhibit
disruptions in the inner limiting membrane. Because pikachurin is not expressed at this
location, it probably does not play a role in causing the inner limiting membrane disruptions.
Other ligands of α-DG such as laminin-111 may be involved.

Of the extracellular matrix molecules that bind to α-DG, only pikachurin is known to be
expressed at the photoreceptor ribbon synapses. No evidence exists that laminin-111,
laminin-211, perlecan, and neurexins are expressed at the photoreceptor synapse. However,
it is likely some other isoforms of laminins are present in the outer plexiform layer because
α3, α4, α5, β2, and γ3 laminin chains are detected by immunofluorescence in the outer
plexiform layer [35]. Furthermore, β2 laminin deficient mice exhibit a reduced b-wave
amplitude [36]. Thus, it will be interesting to determine the isoform(s) of laminin expressed
in the outer plexiform layer, whether it binds to dystroglycan in a glycosylation dependent
manner, and how it cooperates with pikachurin to regulate synaptic function.

Research highlights

O-mannosyl glycosylation of α-dystroglycan is required for its binding to pikachurin.
LARGE overexpression restores pikachurin-dystroglycan interactions.

Pikachurin expression at the ribbon synapses requires dystroglycan and its glycosylation.
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Figure 1.
Hypoglycosylation of α-DG led to dramatically reduced laminin binding.
Glycoproteins were isolated from the whole brains and cultured neural stem cells by WGA-
agarose, separated on SDS-PAGE, and transferred onto PVDF membranes. Pikachurin
overlay and Western blot then were carried out. (A) Recombinant pikachurin (detected with
anti-c-Myc) was detected in conditioned medium from HEK293 cells transfected with
pikachurin expression plasmid. (B) Whole brain lysates. (C) Neural stem cells. Pikachurin
binding was readily detected in the wildtype but dramatically reduced or abolished in
Dag1f/f;Nestin-Cre(+), POMGnT1 knockout, and Largemyd mice and in POMT2-deficient
neural stem cells. Abbreviations: β-DG, β-dystroglycan; KO, knockout.
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Figure 2.
LARGE overexpression enhances pikachurin binding in POMGnT1 knockout cells.
Wildtype and POMGnT1-deficient neural stem cells were infected with Ad-LARGE.
Pikachurin overlay and IIH6C4 immunoblot analysis were then carried out on glycoproteins
isolated from cell lysates. Pikachurin binding was dramatically increased by LARGE
overexpression in both wildtype and POMGnT1-deficient neural stem cells.
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Figure 3.
Diminished pikachurin expression in the outer plexiform layer of the mutant mouse retinas.
Retinal sections were immunofluorescence stained with antibodies against Bassoon (A, C,
E, and G) and pikachurin (B, D, F, and H). (A and B) Wildtype retina. Bassoon and
pikachurin immunofluorescence were observed at the ribbon synapses in the outer plexiform
layer. (C and D) POMGnT1 knockout retina. While ribbon synapses were immunoreactive
to anti-Bassoon, immunoreactivity to anti-pikachurin was lost. (E and F) Largemyd retina.
Pikachurin immunoreactivity at the ribbon synapse was lost. (G and H) Dag1f/f;Nestin-Cre(+)

retina. While no noticeable changes were observed for the density of Bassoon
immunoreactive ribbon synapses, the density of pikachurin-positive puncta was reduced.
Each pikachurin-positive puncta showed similar fluorescence intensity to the wildtype. Scale
bar in H: 10 μm.
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Figure 4.
Ribbon synapses devoid of pikachurin were present in Dag1f/f;Nestin-Cre(+) retinas.
Retinal sections were immunostained with antibodies against Bassoon (red fluorescence)
and pikachurin (green fluorescence). (A) Wildtype retina. Virtually all Basson-positive
ribbon synapses were accompanied by immunoreactivity to anti-pikachurin. (B)
Dag1f/f;Nestin-Cre(+) retina. Basson-positive ribbon synapses devoid of pikachurin
immunoreactivity were frequently observed (arrowheads). Scale bar: 10 μm.

Hu et al. Page 12

Neurosci Lett. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


