
RPTPζ/phosphacan is abnormally glycosylated in a model of
muscle-eye-brain disease lacking functional POMGnT1

Chrissa A. Dwyera, Eric Bakera, Huaiyu Hua, and Russell T. Matthewsa

Chrissa A. Dwyer: wrighchr@upstate.edu; Eric Baker: embake@gmail.com; Huaiyu Hu: huh@upstate.edu; Russell T.
Matthews: matthewr@upstate.edu
aThe Department of Neuroscience and Physiology, SUNY Upstate Medical University, Syracuse,
NY 13210. USA

Abstract
Congenital muscular dystrophies (CMDs) with associated brain abnormalities are a group of
disorders characterized by muscular dystrophy and brain and eye abnormalities that are frequently
caused by mutations in known or putative glycotransferases involved in protein O-mannosyl
glycosylation. Previous work identified α-dystroglycan as the major substrate for O-
mannosylation and its altered glycosylation the major cause of these disorders. However, work
from several labs indicated that other proteins in the brain are also O-mannosylated and therefore
could contribute to CMD pathology in patients with mutations in the protein O-mannosylation
pathway, however few of these proteins have been identified and fully characterized in CMDs. In
this study we identify receptor protein tyrosine phosphatase ζ (RPTPζ) and its secreted variant,
phosphacan, as another potentially important substrate for protein O-mannosylation in the brain.
Using a mouse model of muscle-eye-brain disease lacking functional protein O-mannose β-1,2-N-
acetylglucosaminyltransferase (POMGnT1), we show that RPTPζ/phosphacan is shifted to a
lower molecular weight and distinct carbohydrate epitopes normally detected on the protein are
either absent or substantially reduced, including HNK-1 reactivity. The spatial and temporal
expression pattern of these O-mannosylated forms of RPTPζ/phosphacan and its
hypoglycosylation and loss of HNK-1 glycan epitopes in POMGnT1 knockouts are suggestive of a
role in the neural phenotypes observed in patients and animal models of CMDs.
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1.1
Congenital muscular dystrophies (CMDs) with associated brain abnormalities are a group of
devastating autosomal recessive disorders characterized by congenital muscular dystrophy,
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type II lissencephaly and eye anomalies (Dobyns et al., 1985, Haltia et al., 1997, Jimenez-
Mallebrera et al., 2005, Reed, 2009). Abnormalities in protein O-mannosyl glycosylation,
often arising from mutations in genes encoding functional or putative glycotransferase
involved in O-mannosyl glycosylation, are causal to this group of disorders (Brockington et
al., 2001a, Brockington et al., 2001b, Beltran-Valero de Bernabe et al., 2002, Schessl et al.,
2006). Exemplary to this is muscle-eye-brain disease (MEB) which arises from mutations in
the gene encoding the known glycotransferase protein O-mannose β-1,2-N-
acetylglucosaminyltransferase 1 (POMGnT1) (Yoshida et al., 2001, Liu et al., 2006).
POMGnT1 catalyzes the transfer of an N-acetylglucosamine saccharide on to O-mannose
present on serine and threonine residues of glycoproteins (Yoshida et al., 2001).

The most well characterized protein substrate of O-mannosyl glycosylation is α-
dystroglycan (α-DG), which forms a heterodimer with β-dystroglycan to function as a
transmembrane cell-surface receptor for constituents of the extracellular matrix (ECM)
present in the basal lamina of the developing and mature brain (Ervasti and Campbell, 1991,
Ibraghimov-Beskrovnaya et al., 1992, Ervasti and Campbell, 1993, Montanaro et al., 1999).
Proper protein O-mannosyl glycosylation of α-DG is essential to maintain its ligand binding
properties and the subsequent integrity of the basement membrane (Kano et al., 2002,
Michele et al., 2002, Kim et al., 2004). Disruption of pial basement membrane integrity
consequently leads to overmigration of cortical neurons and type II lissencephaly along with
other CNS pathologies (Michele et al., 2002). A number of studies have demonstrated that
altered glycosylation of α-DG accounts for most of the obvious neural abnormalities (Moore
et al., 2002, Satz et al., 2010), however a number of pieces of evidence indicate that
additional protein substrates for protein O-mannosyl glycosylation exist and may also
contribute to the phenotypes observed in these disorders. Glycomic analysis revealed brains
of animals lacking α-DG have similar amounts of proteins with O-mannose initiated
structures as wild-type animals (Stalnaker et al., 2011). Work also showed that up to 30% of
all O-linked sugars in the brain are O-linked via mannose (Finne et al., 1979, Krusius et al.,
1986, Chai et al., 1999, Kogelberg et al., 2001), a number that could not be accounted for by
α-DG alone. Furthermore, O-mannosyl linked carbohydrates have also been described on
particular cell-adhesion molecules (Bleckmann et al., 2009). Therefore identifying and
characterizing novel protein substrates with altered glycosylation in these CMDs may
provide important insights into the molecular basis of their complex phenotypes. Perhaps
most importantly, future avenues of therapeutic intervention may be revealed in the yet-
unidentified molecular underpinnings of these disorders.

Our previous work demonstrated that the monoclonal antibody, Cat-315, likely detects an
HNK-1 epitope present on receptor protein tyrosine phosphatase ζ (RPTPζ), also referred to
as RPTPβ, in the developing brain with biochemical properties that correlated with O-linked
mannose structures (Matthews et al., 2002, Dino et al., 2006) and in a neuroblastoma cell
line (Abbott et al., 2008). RPTPζ along with its secreted variant, phosphacan (Maurel et al.,
1994), are primarily expressed in the CNS (Shitara et al., 1994, Maeda et al., 1995) and have
been implicated in several key developmental neural processes including proliferation (Ida
et al., 2006, Soh et al., 2007), differentiation (Canoll et al., 1996, Ranjan and Hudson, 1996,
Meng et al., 2000, Soh et al., 2007) cell-adhesion and migration (Abbott et al., 2008), axonal
guidance and neurite outgrowth (Grumet et al., 1996, Sakurai et al., 1997, Hayashi et al.,
2005), myelination (Harroch et al., 2000, Harroch et al., 2002) and higher order cognitive
function (Niisato et al., 2005). The extracellular domains of RPTPζ/phosphacan bind a wide
array of ligands important for normal CNS development (for review see (Peles et al., 1998))
including pleiotrophin (Maeda et al., 1996, Meng et al., 2000), midkine (Maeda et al., 1999),
tenascin (Grumet et al., 1994, Milev et al., 1995), NCAM, Ng-CAM (Maurel et al., 1994,
Milev et al., 1994) and contactin (Sakurai et al., 1997). Previous work has demonstrated that
carbohydrate modifications on RPTPζ modulate receptor-ligand binding which can in-turn
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influence downstream signaling and cellular behaviors (Milev et al., 1995, Peles et al., 1998,
Maeda et al., 2003, Abbott et al., 2008). Therefore, altered O-mannosylation of RPTPζ/
phosphacan could potentially have deleterious effects on neural development.

The work presented herein demonstrates that RPTPζ/phosphacan is hypoglycosylated in
POMGnT1 knockout mice, an animal model of MEB. These data suggest that RPTPζ/
phosphacan is a novel and major protein substrate for protein O-mannosyl glycosylation by
POMGnT1 in vivo. Furthermore we demonstrate that in the developing brain RPTPζ/
phosphacan bears the majority of HNK-1 reactivity in the soluble fraction, and most of these
glycans on RPTPζ/phosphacan are O-linked via mannose. Given the CNS-enriched
expression and interactions of RPTPζ/phosphacan and the known importance of the HNK-1
carbohydrate in development, our data argue for an important role of altered O-mannosyl
glycosylation on RPTPζ/phosphacan and a potential contribution to the complex
neurological phenotypes associated with CMDs.

1.2 EXPERIMENTAL PROCEDURES
1.2.1, Animals

Protocols for animal usage were approved by the Institutional Animal Care and Use
Committee of Upstate Medical University. POMGnT1 knockout mice were generated by
Lexicon Genetics Incorporated (The Woodlands, TX) (Liu et al., 2006). Large
myodystrophy (Largemyd) mutant mice were acquired from Jackson Laboratories (Bar
Harbor, ME). For timed pregnant breeding, the morning of plug discovery was designated
E0. POMGnT1 and Largemyd genotyping was carried out as previously published (Browning
et al., 2005, Liu et al., 2006). No differences were observed between wildtype and
heterozygous animas, therefore both were used as littermate controls for knockout animals.

1.2.2, Antibodies
Cat-315 has been previously characterized (Lander et al., 1998, Dino et al., 2006). Mouse
monoclonal anti-rat phosphacan (clone: 6B4) was purchased from Associates of Cape Cod,
Inc. (East Falmouth, MA, USA). Rat monoclonal anti-DSD-1 (clone: 473HD) was
purchased from both Santa Cruz Biotechnology (Santa Cruz, CA, USA) and Chemicon
(Billerica, MA, USA). Mouse monoclonal anti-phosphacan 5210 (Clone #122.2) and rabbit
polyclonal anti-aggrecan were purchased from Chemicon. Rabbit polyclonal anti-PTPζ
(H300) was purchased from Santa Cruz Biotechnology. Anti-brevican and anti-HNK-1 were
purchased from BD-Biosciences, Pharmingen (San Diego, CA, USA). The 3F8 antibody
developed by Dr. Margolis was obtained from the Developmental Studies Hybridoma Bank
(developed under the auspices of the NICHD and maintained by the University of Iowa,
Department of Biology, Iowa City, IA, USA). Table 1 summarizes the antibodies used in
this study, their previously predicted epitopes and revisions to these epitopes identified
through the experiments presented in this study.

1.2.3, Preparation of homogenates, soluble fraction
Tissue homogenates with respective soluble and particulate fractions were prepared as
previously described by Viapiano and colleagues (Viapiano et al., 2003). Briefly, the
corticies from postnatal day (P) 4 and whole brains from adult POMGnT1 knockout and
wildtype mice and whole brains from P1 Largemyd were homogenized in 10 volumes of
25mM Tris-HCl (pH=7.4) containing 0.32M sucrose and a protease inhibitor cocktail
(EDTA-free Complete, Roche, Indianapolis, IN, USA). The homogenates were centrifuged
at 950 × g for 10 min at 4°C, the resulting postnuclear supernatant was centrifuged again at
either 20,000 or 100,000 × g for 60 min to obtain total soluble and particulate fractions.
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1.2.4, SDS-PAGE and Western blotting
Equal amounts of protein were electrophoresed on 5% or 7% SDS-polyacrylamide gels and
transferred to nitrocellulose for blotting. Western blots were completed as described
previously (Viapiano et al., 2003). In all cases brevican served as the loading control and
HRP-conjugated secondary antibodies were employed and detected with supersignal west
pico or femto chemilumensent substrate (Thermo Scientific, Rockford, IL, USA) and Kodak
biomax MR film (Sigma-Aldrich, Saint Louis, MO, USA). Western blot quantification was
carried out to determine relative intensity of resulting bands normalized to internal loading
controls using ImageJ software.

1.2.5, Protein Deglycosylation
All samples analyzed by Western blotting were pretreated with chondroitinase ABC
(chABC) to remove chondroitin sulfate glycosaminoglycan (CS-GAG). Protein samples
were diluted to 1–2mg/mL in chABC buffer (40mM Tris-HCl, 40mM sodium acetate,
protease inhibitor tablet, mini, EDTA free, pH=8.0) and treated with 0.2U/mL of chABC,
protease free from Proteus vulgaris (Associates of Cape Cod, Inc.) and incubated for 8 hours
at 37°C. For experiments in which CS-GAG, mucin-type O-linked and N-linked glycans
were removed by enzymatic deglycosylation, 1.8mg/mL protein was incubated for 8 hours
at 37°C in deglycosylation buffer (20mM Tris-HCl, 20mM sodium acetate, 25mM NaCl,
pH= 7.0) with 0.2U/mL chABC, 0.2U/mL sialidase (Roche), 2,400,000U/mL O-Glycosidase
(New England Biolabs, Ipswich, MA, USA), 20,000 U/mL PNGase F (New England
Biolabs). For immunoprecipitation, samples were diluted to 1.5mg/mL in 40mM sodium
phosphate buffer, pH 7.5, 25 mM NaCl, protease inhibitor tablet, mini, EDTA-free (Roche).
Deglycosylation was performed by incubating samples for 2 hours at 37°C with 150U/mL
bovine testicular hyaluronidase (which also removes CS-GAG chains) (Sigma Aldrich),
0.1U/mL sialidase (Roche), 2,400,000U/mL O-Glycosidase (New England Biolabs), 17,500
U/mL PNGase F (New England Biolabs) for 2 hours at 37°C.

1.2.6, Immunoprecipitation
Soluble samples from adult POMGnT1 wildtype, heterozygous and knockout animals were
prepared as specified above. Ten volumes of Cat-315 hybridoma media was incubated with
rat anti- mouse IgM sepharose beads (Invitrogen, Carlsbad, CA, USA) at 4°C overnight. For
immunoprecipitation, samples were diluted to 1mg/mL in 25mM Tris, pH 8.0 with protease
inhibitor tablet, mini, EDTA free (Roche). 500ug total protein was used for each IP reaction,
protein samples and antibody/bead mixture were incubated for 5 hours, rotating at 4°C.
Beads were washed several times in 25mM Tris, pH 8.0 and boiled under reducing
conditions in 2X sample buffer. Starting material and immunoprecipitated material were
electrophoresed on 5% SDS-polyacrylamide gels and processed for immunoblotting as
described above.

1.2.7, Immunohistochemistry
Embryonic day (E) 15 and E18 embryonic brains were drop fixed in ice-cold 4% phosphate-
buffered paraformaldehyde. P4 pups and adults were transcardially perfused with PBS prior
to perfusion with 4% phosphate-buffered paraformaldehyde. In all cases, tissue was post-
fixed overnight and cryoprotected by sinking in 30% phosphate-buffered sucrose with 0.2%
sodium azide and cut on a cryostat. For E15, E18 and P4 brains, 14μM cryosections were
mounted directly onto superfrost plus glass slides (Thermo Fisher Scientific, Waltham,
MA). For adult animals, 40μM cryosections were collected as free floating sections in
phosphate buffer with 0.2% sodium azide.
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For immunostaining, sections were blocked with screening medium (DMEM, 5% FBS,
0.2% sodium azide with 1% Triton X-100) for 45 minutes at room temperature and then
incubated in primary antibody overnight at 4°C. The following day, sections were washed
and incubated with Alexa fluorescent-conjugated secondary antibodies (Molecular Probes,
Invitrogen, Carlsbad, CA). In all cases, primary and secondary antibodies were diluted in
screening media. Nuclei were stained with Hoechst 33342 (Sigma-Aldrich) diluted in 0.1M
phosphate buffer with 1% Triton X-100.

1.2.8, Microscopy
Confocal images were collected on a Zeiss LSM 510 Laser Scanning Confocal Microscope
(SUNY Upstate, Syracuse, NY 13210) and converted using Zeiss LSM 5 Image Browser
Software. Final images were formatted and compiled into figures using Adobe Photoshop
CS5.5.

1.3, RESULTS
1.3.1, The immunoreactivity of monoclonal antibodies Cat-315 and 6B4 are dramatically
reduced in the cortex of embryonic and early postnatal POMGnT1 knockout animals

Previous work definitively demonstrated the monoclonal antibody Cat-315 prominently
detects an epitope on aggrecan in the adult brain (Matthews et al., 2002), but an epitope on
RPTPζ/phosphacan in the immature brain (Dino et al., 2006). Further characterization
showed that the Cat-315 antibody detects an O-linked carbohydrate epitope (Matthews et al.,
2002, Dino et al., 2006), which we hypothesized was likely O-linked via mannose. To test
this hypothesis, Cat-315 reactivity was evaluated in POMGnT1 knockout mice.

In the cortex of POMGnT1 heterozygous E15 mice, Cat-315 immunoreactivity was found in
two intense bands in the marginal zone (MZ) and subplate (SP) but also diffusely in the
cortical plate (CP) (Figure 1A), consistent with previous work on the expression of RPTPζ/
phosphacan in the developing brain. Interestingly, Cat-315 reactivity was essentially
eliminated in the cortex of POMGnT1 knockout mice (Figure 1B). These data support our
hypothesis that the Cat-315 reactive epitope detects an O-linked glycan on RPTPζ/
phosphacan that is likely an O-mannosyl-linked glycan.

We next asked whether the loss of O-mannosyl glycans on RPTPζ/phosphacan altered its
distribution in the brain. To investigate this, tissue was stained with the 6B4 antibody, which
specifically detects RPTPζ/phosphacan in the developing brain (Maeda et al., 1994). Similar
to Cat-315, 6B4 has also been suggested to detect a carbohydrate epitope (Maeda et al.,
1995). Additionally, we stained with the rat monoclonal antibody 473HD, which detects CS-
GAG epitopes specific to RPTPζ/phosphacan in the embryonic brain (Faissner et al., 1994,
Ito et al., 2005). We predicted that neither of these epitopes would be altered in the
POMGnT1 knockout animals. Similar to Cat-315, staining with 6B4 in heterozygous
POMGnT1 animals revealed two prominent bands of immunoreactivity in the MZ and SP
(Figure 1C). Surprisingly, however, 6B4 reactivity was essentially eliminated in POMGnT1
knockout brains, suggesting it too detects an O-mannosyl glycan on RPTPζ/phosphacan
(Figure 1D). 473HD staining in the heterozygous animals intensely stained the MZ and SP
and diffusely stained the intermediate zone (IZ) (Figure 1E). Importantly, unlike Cat-315
and 6B4 staining, staining with 473HD appeared essentially unaltered in the cortex of
knockout animals, indicating that the distribution of RPTPζ/phosphacan is not dramatically
changed despite its altered glycosylation (Figure 1F).

We next determined whether the expression and glycosylation of RPTPζ/phosphacan was
affected in late embryonic (E18) and early postnatal (P4) development, which is roughly
coincident with the peak of RPTPζ/phosphacan expression (Maeda et al., 1995). At E18,
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Cat-315 and 6B4 reactivity in the cortex of heterozygous POMGnT1 mice was distributed
throughout the MZ, CP and IZ (Figure 2A, C). However, their reactivities were dramatically
reduced in the cortex of knockout animals, with the exception of subtle residual staining
which remained in the MZ/diffuse cell zone (DCZ) and was most prominent for 6B4 (Figure
2B, D). At P4, the immunoreactivity of Cat-315 and 6B4 were found throughout cortical
layers and most highly in the MZ but were essentially absent in the knockout cortex (Figure
2E, F, G, H).

1.3.2, RPTPζ/phosphacan is hypoglycosylated in the cortex of POMGnT1 knockout mice
Our immunohistochemical analysis clearly demonstrated the loss of carbohydrate epitopes
on RPTPζ/phosphacan. We hypothesized this represented the direct loss of O-mannosyl
glycans that were reactive for Cat-315 and 6B4 antibodies. To investigate this possibility in
more detail, we turned to Western blot analyses. Consistent with published data,
immunoblot analysis of samples from the soluble fraction of cortical homogenate from
wildtype P4 brains revealed high molecular weight bands (greater than 250 kD) that were
reactive for Cat-315 and 6B4. These bands were absent in POMGnT1 knockout samples
(Figure 3), providing further evidence that the carbohydrate epitopes recognized by Cat-315
and 6B4 are likely O-mannose linked.

While there are a limited number of antibodies directed against RPTPζ/phosphacan that
work well for immunohistochemical analysis, there is a greatly expanded array of antibodies
that detect RPTPζ/phosphacan on immunoblots. Therefore to further explore the altered
glycosylation of RPTPζ/phosphacan, we employed three additional well-established
antibodies, 3F8, H300 and 5210. 3F8 is a monoclonal antibody, which has been previously
shown to recognize a carbohydrate epitope present on RPTPζ/phosphacan (Maurel et al.,
1994). The specificity of the 3F8 antibody for RPTPζ/phosphacan has been clearly
demonstrated, as it was utilized to purify phosphacan to homogeneity which led to its
original identification and cloning of the gene (Maurel et al., 1994). 3F8 detected a high
molecular weight band in wildtype samples. Surprisingly, 3F8 reactivity was also absent
from knockout samples (Figure 3). Our interpretation of these data is that 3F8 also detects
an O-mannosyl glycan on RPTPζ/phosphacan, however these findings raised the question
whether RPTPζ/phosphacan was absent in POMGnT1 knockout mice.

Therefore we next evaluated H300 antibody reactivity, a peptide antibody that detects the
protein core of RPTPζ/phosphacan. Again we detected a large molecular weight band in
wildtype samples, but unlike other antibodies we also detected a band in samples from
knockouts of similar intensity that was shifted downward in molecular weight (Figure 3).
These data suggest that RPTPζ/phosphacan in POMGnT1 knockouts is expressed at normal
levels but is shifted in molecular weight due to hypoglycosylation. To further confirm these
findings we investigated the antibody reactivity of 5210, which is believed to detect all
forms of RPTPζ/phosphacan (Dr. Joel Levine, personal communication). 5210 detected
bands in both control and knockout samples, and similar to H300, the bands were shifted
downward in knockout samples. However, surprisingly there was also a dramatic decrease
in the intensity of 5210 reactive bands (Figure 3), suggesting that the epitope detected by
5210 is at least partially glycosylation dependent. Overall we identified 4 antibodies against
carbohydrate epitopes on RPTPζ/phosphacan that are absent or dramatically reduced in
POMGnT1 knockout mice, likely indicating that they are detecting O-mannosyl glycans.

As noted above, from our previous work we hypothesized that the Cat-315 epitope belongs
within the family of HNK-1 (Human Natural Killer-1) glycans, also known as CD34.
Therefore we next investigated if HNK-1 reactivity was altered in the POMGnT1 knockouts.
As expected, we detected an HNK-1-reactive band at the same molecular weight as RPTPζ/
phosphacan in wildtype samples, which was shifted downward and less intense in the
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POMGnT1 knockout samples (Figure 3), similar to the results with the 5210 antibody. Our
findings with both 5210 and HNK-1 immunoblotting led us to the hypothesis that 5210 and
HNK-1 terminal carbohydrates on RPTPζ/phosphacan are present on O-mannosyl linked
glycans.

1.3.3, HNK-1 carbohydrates on RPTPζ/phosphacan are O-mannose and N-linked in the
early postnatal cortex

Previous studies have described HNK-1 terminal carbohydrate structures on both N-linked
and O-linked glycans, of which most O-linked HNK-1 bound glycans were found to be O-
mannose linked (Yuen et al., 1997). Since residual HNK-1 reactivity on RPTPζ/phosphacan
was observed in POMGnT1 knockout samples lacking O-mannosyl linked glycans, we
sought to determine how these residual HNK-1 glycans were linked by utilizing enzymatic
deglycosylation. Similarly we reasoned that if 5210 was detecting a carbohydrate epitope we
should be able to eliminate the residual reactivity through enzymatic deglycosylation.

Samples were deglycosylated with chABC alone or in combination with O-glycanse and
sialidase (to remove CS-GAG and mucin-type O-linked glycans) or with O-glycanse and
sialidase and N-glycanse (to remove CS-GAG, mucin-type O-linked and N-linked sugars).
All samples were then subsequently analyzed by Western blot analysis. Immunoblot
analysis with H300 showed expected results, wherein enzymatic deglycosylation shifted the
apparent molecular weight of RPTPζ/phosphacan downward in both wildtype and knockout
samples (Figure 4). Similarly, 3F8 reactivity showed a comparable shift in apparent
molecular weight with deglycosylation in wildtype samples, but was absent in knockout
samples as expected. Therefore these results show that RPTPζ/phosphacan was effectively
deglycosylated by our treatments.

Next we analyzed how deglycosylation altered the reactivity of HNK-1 and 5210 antibodies.
In wildtype samples both HNK-1 and 5210 detected a similar pattern of bands perhaps
suggesting they detect a similar epitope. Both detected the high molecular weight band
representing RPTPζ/phosphacan and two other bands, one just above 250 kD and another
between 250 and 150 kD that likely represent reactivity with other proteins. Reactivity for
these lower molecular weight bands seemed to be consistent in wildtype and knockout
samples and increased in intensity with both antibodies when deglycosylated with O-
glycanase and sialidase. However, their reactivities were dramatically reduced with N-
glycanase essentially leaving RPTPζ/phosphacan reactive bands. Similar results were noted
in knockout samples where N-glycanase nearly eliminated all remaining reactivity (Figure
4), however at significantly longer exposures subtle bands were still detected (data not
shown), which could be attributed to our experimental methodology and the absence of
detergent from enzymatic reactions. Consistent with previous work (Maeda et al., 1994), our
data show that RPTPζ/phosphacan is a major soluble HNK-1 reactive protein in the P4 brain
and the majority of HNK-1 reactive glycans that decorate it are seemingly O-linked via
mannose. Additionally, the majority of residual reactivity on RPTPζ/phosphacan in
knockout samples for both HNK-1 and 5210 represent N-linked glycans. Finally our data
suggest that 5210 does not detect RPTPζ/phosphacan core protein but a carbohydrate
epitope on RPTPζ/phosphacan that bears notable resemblance to the HNK-1 epitope.

1.3.4, Glycosylation of RPTPζ/phosphacan is not significantly altered in Largemyd mutant
mice

In order to further characterize the nature of the glycan modifications on RPTPζ/
phosphacan, we turned to Largemyd mutant mice. Large is a putative glycotransferase
involved in the extension of O-mannosyl linked glycans, which has also been implicated in
CMDs with associated brain abnormalities (Longman et al., 2003). In the brains of Largemyd
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mutant mice, which lack Large function, α-DG is hypoglycosylated and has substantially
reduced immunoreactivity for IIH6C4 and VIA4, antibodies that are believed to recognize
undefined O-mannosidically linked carbohydrate epitopes, and laminin binding capabilities
(Grewal et al., 2001, Michele et al., 2002). Recent work suggested that Large is involved in
catalyzing a phosphoryl glycan branch of alternating xylose and glucuronoic acid residues
on O-mannosyl linked glycans (Yoshida-Moriguchi et al., 2010, Inamori, 2012). Therefore
we sought to determine if glycans on RPTPζ/phosphacan are modified by Large and if the
absence of Large function has similar effects on the reactivity for our array of carbohydrate
antibodies against RPTPζ/phosphacan.

Immunoblot analysis on the soluble fraction from P1 Largemyd mutant and wildtype whole
brain homogenate was performed. The immunoreactivity of antibodies against carbohydrate
epitopes on RPTPζ/phosphacan, that were essentially eliminated in early postnantal
POMGnT1 brains, were not detectably altered in Largemyd mutant samples. Specifically,
Cat-315, 3F8, 5210, and HNK-1 reactivities and molecular weights were similar in Largemyd

mutant samples and respective controls (Figure 5). Moreover, the molecular weight of
RPTPζ/phosphacan core protein as detected by H300 was seemingly unchanged (Figure 5).
Taken together these findings suggest that Cat-315, 3F8, 5210, and HNK-1 epitopes on
RPTPζ/phosphacan are unaffected in the brains of Largemyd mutant mice. The absence of a
detectable shift in the molecular weight of RPTPζ/phosphacan core protein as detected by
H300 suggests that RPTPζ/phosphacan is not substantially glycosylated by the enzymatic
activity of Large.

1.3.5, Cat-315 and 6B4 reactive perineuronal nets are present in the barrel cortex of adult
POMGnT1 knockout animals

The Cat-315 antibody was originally discovered due to its ability to specifically detect a
substructure of the neural matrix in the adult brain called the perineuronal net (PN), which
envelop a subset of neuronal cells and exhibit a characteristic reticular structure with holes
at points of synaptic contact (for review see (Celio et al., 1998)). While both Cat-315 and
6B4 have been shown to primarily detect carbohydrate epitopes on RPTPζ/phosphacan in
the early developing brain these antibodies largely detect carbohydrate epitopes on aggrecan
and PNs in the adult brain (Matthews et al., 2002; McRae et al., 2007; Saitoh et al., 2008).
Given that the immunoreactivity of both Cat-315 and 6B4 on RPTPζ/phosphacan were
dramatically reduced in the cortex of embryonic and early postnatal POMGnT1 knockout
animals, the reactivity of these antibodies were evaluated in the cortex of adult POMGnT1
knockout animals to determine if their carbohydrate epitopes present on aggrecan were also
lost in the absence of O-mannosyl linked glycans.

Immunohistochemical analysis with Cat-315 and 6B4 in adult wildtype brains showed the
typical reticular PN staining in the cortex surrounding a subset of interneurons (Figure 6A,
C). However, surprisingly, reactivity in the POMGnT1 knockouts appeared unaltered
(Figure 6B, D). Western blot analysis on the soluble fraction isolated from adult wildtype
and POMGnT1 heterozygous and knockout animals, confirmed that Cat-315, HNK-1 and
5210 immunoreactivities in adult POMGnT1 knockout animals were indeed unaltered, as
was the molecular weight of aggrecan (Figure 6E). Immuno-reactive bands for all antibodies
were present at molecular weights well above 250kD. Importantly, carbohydrate and protein
core antibodies against RPTPζ/phosphacan showed similar trends as the studies in younger
brains. In adult POMGnT1 knockout mice, 3F8 immunoreactivity was essentially absent,
which was also accompanied by a molecular weight shift in H300 reactive bands relative to
wildtype and heterozygous samples (Figure 6E). These results suggest that the molecular
weight of aggrecan along with the Cat-315, HNK-1 and 5210 epitopes are largely
unaffected, while the hypoglycosylation of RPTPζ/phosphacan is maintained in the brains
of adult POMGnT1 knockout mice.
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Both phosphacan and aggrecan have been detected in PN structures (Haunso et al., 1999,
Deepa et al., 2006), however previous work has suggested that the Cat-315 antibody
primarily detects aggrecan in PNs (Matthews et al., 2002). Therefore, to show that
maintained Cat-315 reactivity in the adult POMGnT1 knockout cortex was primarily from
the presence of reactive epitopes on aggrecan and not RPTPζ/phosphacan, we performed
immunoprecipitation with the Cat-315 antibody and immunoblotted with antibodies against
either aggrecan or RPTPζ/phosphacan (H300). Reactive bands with similar intensities were
observed with the anti-aggrecan antibody at high molecular weights (above 250 kDa) in both
control and POMGnT1 knockout samples. In contrast, a high molecular weight band
reactive for H300 was detected in control samples but absent from knockout samples (Figure
6F). These results show that the Cat-315 epitope on aggrecan is unaltered in POMGnT1
knockout brains, while the same epitope on RPTPζ/phosphacan is absent in animals lacking
O-mannosyl glycans. Our interpretation of these findings is that Cat-315 and likely 6B4
detect O-mannosyl glycans on RPTPζ/phosphacan in the developing brain and to a lesser
extent in the adult brain, but detect carbohydrate epitopes that are not O-mannosyl linked on
aggrecan in the adult brain. These findings exemplify the highly heterogeneous and complex
nature of protein glycosylation in the CNS.

1.4, DISCUSSION
1.4.1, Abnormal glycosylation of RPTPζ/phosphacan in models of CMDs with associated
brain abnormalities

The congenital nature of CMD disorders, which stem from abnormalities in prenatal
development provide a significant challenge to both diagnosing and treating affected
individuals at the point when defects occur (Brasseur-Daudruy, 2011). Therefore, fully
understanding the molecular pathomechanisms leading to the complex disease phenotypes
of these disorders is imperative to future efforts in diagnostic testing and therapeutic
intervention.

While this study primarily focused on a model system of MEB caused by mutations in
POMGnT1, mutations in related known or putative glycostransferases also involved in O-
mannosyl glycosylation give rise to associated disorders with highly overlapping
phenotypes. While the abnormal glycosylation of α-DG is a commonality to all of these
disorders and clearly a primary cause of most of the identified phenotypes (Grewal et al.,
2001, Michele et al., 2002), a complete knowledge of affected glycoproteins and their
functional contribution to the pathomechanisms underlying these disorders are crucial for
the full identification of potential avenues of therapeutic intervention.

In accordance with this, the findings presented herein represent the first in vivo evidence
that the glycosylation of RPTPζ/phosphacan is altered in the brains of animal models of
MEB lacking functional POMGnT1 activity. Together with previous findings, these data
suggest RPTPζ/phosphacan is a substrate for protein O-mannosyl glycosylation by
POMGnT1 in vivo and raise the possibility that RPTPζ/phosphacan contributes to the
pathogenesis of these CMDs.

1.4.2, The abnormal glycosylation of RPTPζ/phosphacan in the developing brain may
contribute to cortical malformations

Type II lissencephaly resulting from breaches in the pial basement membrane and
subsequent neuronal overmigration is a common cortical malformation that has been
observed in CMD patients and animal models (Haltia et al., 1997, Michele et al., 2002, Liu
et al., 2006, Hu et al., 2007); for review see (Reed, 2009). While previous work has shown
that animal models lacking α-DG recapitulate this phenotype (Moore et al., 2002, Satz et al.,
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2010), the expression pattern of O-mannosylated forms of RPTPζ/phosphacan suggests that
its abnormal glycosylation may also contribute to these cortical malformations.

RPTPζ knockout mice display abnormalities in myelination (Harroch et al., 2000, Harroch
et al., 2002) and impaired learning and memory (Niisato et al., 2005), raising the possibility
that abnormal glycosylation of RPTPζ/phosphacan may contribute in-part to these
phenotypes which have also been described in O-mannosyl CMD patients (for review see
(Muntoni and Voit, 2004)). The relatively mild phenotypes of RPTPζ knockout mice are in
stark contrast to the wide array of interactions RPTPζ/phosphacan has with key extracellular
and intracellular components of nervous system development. However, the possibility that
abnormal glycosylation of RPTPζ/phosphacan could lead to a gain of function and exhibit
far more deleterious effects than eliminating the protein alone cannot be discounted.

In support of this, Abbott and colleagues demonstrated highly Cat-315-reactive RPTPζ led
to receptor dimerization and subsequent inactivation of intracellular phosphatase domains, a
mechanism that was mediated by binding of glycosylated RPTPζ to galectin-1 (Abbott et
al., 2008). Consequently the authors observed increased tyrosine phosphorylation of β-
catenin resulting in its destabilization along with increased cell migration and decreased
cell-cell adhesion (Abbott et al., 2008). Therefore, the absence of key glycan epitopes on
RPTPζ/phosphacan may impinge on β-catenin signaling and influence key cellular events
during neural development including cell migration and adhesion. The potential implications
of findings by Abbott and colleagues in relation to those presented here are unclear in so
much that O-mannosylated forms of RPTPζ/phosphacan were present in large quantities in
the soluble fraction from subcellular fractionation, suggesting that we were detecting
primarily phosphacan in our analyses. Future work to assess isoform-specific glycosylation
will reveal if the glycosylation of RPTPζ is altered by the absence of O-mannosyl
glycosylation and begin to unravel the individual function of abnormally glycosylated
isoforms of RPTPζ/phosphacan.

1.4.3, Multiple antibodies against RPTPζ/phosphacan detect likely O-mannosyl glycan
carbohydrate epitopes

In our previous studies we hypothesized that the Cat-315 epitope was an O-linked, terminal
HNK-1 saccharide that correlated with biochemical characteristics consistent with O-
mannose linked epitopes (Matthews et al., 2002, Dino et al., 2006, Abbott et al., 2008). Our
findings presented herein strongly support that Cat-315 likely detects an O-mannose linked
epitope on RPTPζ/phosphacan early in development by demonstrating the essential
elimination of Cat-315 reactive RPTPζ/phosphacan in vivo from the cortex of embryonic
and early postnantal POMGnT1 knockout animals relative to controls. Taken together, our
data supports the hypothesis that the Cat-315 epitope on RPTPζ/phosphacan is the direct
result of deficient O-mannosyl glycosylation.

Surprisingly, we also observed the essential elimination of reactivity of two other known
anti- RPTPζ/phosphacan antibodies, 6B4 and 3F8, and a substantial reduction in the
reactivity of 5210 in the cortex of POMGnT1 knockout animals. While 6B4 and 3F8 were
known carbohydrate antibodies, the reactivity of 5210 with carbohydrate epitopes had not
been previously described. However, our studies clearly demonstrated using the peptide
antibody, H300, that in POMGnT1 knockouts RPTPζ/phosphacan was present at normal
levels but shifted in molecular weight, leading us to the conclusion that these antibodies
detect a carbohydrate-dependent epitope.

Previous work has suggested that the 6B4 epitope is similar biochemically to Cat-315
(Maeda et al., 1995). The 3F8 antibody was used in the initial isolation and identification of
RPTPζ/phosphacan, it has been reported by other groups that 3F8 detects an N-linked
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epitope on RPTPζ/phosphacan (Garwood et al., 1999, Garwood et al., 2003). In contrast in
our work, the absence of 3F8 reactivity from POMGnT1 knockouts and our inability to alter
its reactivity with N-glycanase suggests that 3F8 detects a carbohydrate epitope on RPTPζ/
phosphacan that is O-mannose linked. We cannot, however rule out that reaction conditions
used for our deglycosylation experiments, which were non-denaturing, could also result in
the incomplete digestion of buried N-linked glycans. Understanding this discrepancy will be
a focus of future work. The antibody 5210 is predicted to detect the protein core and
therefore its reduction in POMGnT1 knockouts was a surprise. Further characterization of
the 5210 epitope through enzymatic protein deglycosylation revealed that this epitope is
indeed carbohydrate dependent and can likely be found on O- and N-linked structures.
While there are alternative explanations for the absence of 6B4, 3F8 and altered 5210
reactivity in POMGnT1 knockouts including the indirect disruption of carbohydrate epitopes
present on other carbohydrate linkages in the absence of O-mannosyl linked glycans, the
most straight-forward explanation for these finding are simply that these antibodies detect
epitopes present on RPTPζ/phosphacan that are O-mannose linked.

While Cat-315 and 6B4 reactivity were essentially eliminated in the cortex of embryonic
and early postnatal POMGnT1 knockouts, the reactivity of these antibodies for PNs in the
adult brain was unaffected. Previous work has shown that both Cat-315 and 6B4 primarily
detect carbohydrates on RPTPζ/phosphacan early in development (Dino et al., 2006; Maeda
et al., 1994) and on aggrecan in the adult brain (Matthews et al., 2002, McRae et al., 2007,
Saitoh et al., 2008). Therefore, while the reactivity of these antibodies for RPTPζ/
phosphacan was eliminated, surprisingly it was essentially unaffected on aggrecan localized
to PN structures. Further work will be required to determine the exact epitope these
antibodies are detecting and how these carbohydrates are linked to aggrecan. Overall this
work highlights the micro-heterogeneity of glycosylation in the nervous system in both the
complex elaboration of O-glycans on RPTPζ/phosphacan and the conservation of specific
terminal epitopes on different glycans.

1.4.4, Decreased HNK-1 immunoreactive RPTPζ/phosphacan in the early postnatal cortex
of POMGnT1 knockout mice

Our findings demonstrate that HNK-1 reactivity on RPTPζ/phosphacan was significantly
diminished in the cortex of early postnatal POMGnT1 knockout brains relative to wildtype
controls, and suggest that RPTPζ/phosphacan is a highly abundant soluble substrate for
HNK-1 modifications in the P4 brain. We hypothesize that these modifications are primarily
O-mannose linked, which is in agreement with our previously published findings (Matthews
et al., 2002; Dino et al., 2006).

HNK-1 carbohydrate structures are predominately expressed in the brain and have
previously been described on RPTPζ/phosphacan (Maeda et al., 1994) along with a wide
array of other cell adhesion and ECM molecules (McGarry et al., 1983, Morita et al.,
2009a); for review see (Morita et al., 2008). The HNK-1 carbohydrate epitope is comprised
of a 3-sulfated terminal glucuronic acid residue linked to the β-1,3 position of a galactose
(Bakker et al., 1997, Terayama et al., 1997, Ong et al., 1998). HNK-1 structures have been
shown to influence cell adhesion (Schmidt and Schachner, 1998), proliferation (Yagi et al.,
2010), motility (Abbott et al., 2008), synapse formation (Morita et al., 2009b) and higher
order cognitive functioning (Yamamoto et al., 2002a, Yoshihara et al., 2009). Previous work
has demonstrated that animals with reduced HNK-1 reactivity have impaired synaptic
plasticity and spatial learning (Yamamoto et al., 2002b, Yoshihara et al., 2009). Thus,
suggesting that the terminal HNK-1 glycan structure is involved in higher order nervous
system function in vivo.
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Previous work has also shown that protein substrates in addition to RPTPζ/phosphacan are
also likely decorated with O-mannosyl linked HNK-1 saccharides, such as CD-24
(Bleckmann et al., 2009). While our analyses did not identify abnormalities in HNK-1
reactive bands corresponding to proteins other than RPTPζ/phosphacan in POMGnT1
knockout brains, it is likely that additional abnormally glycosylated protein substrates are
also present in the brains of these animals. Future work to specifically evaluate the
glycosylation of other known protein substrates of O-mannosyl glycosylation, like CD-24,
will likely yield important information regarding the molecular underpinnings of O-
mannosyl CMDs

1.4.5, The absence of O-mannosyl glycans on RPTPζ/phosphacan does not affect its
expression

Despite the clear loss of carbohydrate epitopes on RPTPζ/phosphacan in POMGnT1
knockout animals relative to controls, our preliminary studies suggest that its expression was
not substantially altered. Both by immunohistochemistry with the 473HD antibody at E15
and by Western blot analysis with the core peptide antibody, H300, we show that both the
spatial localization and overall expression levels of RPTPζ/phosphacan in POMGnT1
knockouts are comparable to that in controls. The absence of a core peptide antibody against
RPTPζ/phosphacan that can be utilized for immunohistochemistry studies limit our abilities
to evaluate both the spatial and cellular localizations of the hypoglycosylated protein in
POMGnT1 knockout animals in detail and this will be a focus of future work.

1.4.6, The glycosylation of RPTPζ/phosphacan is unaffected in Largemyd mutant brains
Despite the profound effect the absence of POMGnT1 had on the glycosylation of RPTPζ/
phosphacan, we found no effect in Largemyd mutant mice. These findings indicate that
RPTPζ/phosphacan likely does not exhibit abnormal glycosylation in all models of CMDs
with associated brain abnormalities. Subtractive analysis of phenotypes from Largemyd

mutants and POMGnT1 knockout mice may provide useful in determining the function of
hypoglycosylated RPTPζ/phosphacan. Furthermore, differential glycosylation of α-
dystroglycan and RPTPζ/phosphacan by Large suggests a level of exclusivity in the
enzymatic activity of Large for α-dystroglycan and emphasizes structural differences in O-
mannosyl linked glycans on α-dystroglycan and RPTPζ/phosphacan. Large, fukutin and
fukutin related protein (FKRP) have been suggested to participate in the assembly of a
common carbohydrate moiety on α-dystroglycan, which is required for proper laminin
binding (Yoshida-Moriguchi et al., 2010, Kuga et al., 2012). In combination with our data
that suggests RPTPζ/phosphacan is not modified by Large, the circumstantial evidence
supports the hypothesis that RPTPζ/phosphacan also would not be a likely substrate for
fukutin or FKRP. However, it is highly likely that RPTPζ/phosphacan is also abnormally
glycosylated in protein O-mannosyltransferase 1 and 2 (POMT1/POMT2) knockout
animals, in so much that these enzymes catalyze the attachment of the initial O-mannose
saccharide which is prerequisite for further O-mannosyl glycan elaboration by downstream
enzymes like POMGnT1 (Manya et al., 2004).

1.4.7, Theoretical Model of HNK-1 linked glycan structure on RPTPζ/phosphacan
Taken together, previous published findings and those presented here provide the bases for a
theoretical model of O-mannosyl linked HNK-1 glycan structures on RPTPζ/phosphacan
(Figure 7). Wherein, O-mannosyl glycosylation by POMGnT1 at the β-1,2 position of the
primary mannose and subsequent glycosylation by HNK-1 synthesizing glycotransferases
results in the elaboration of a terminal HNK-1 structure. Our previous work suggested that
additional elaboration of the mannose at the β-1,6 position by GnT-Vb could result in the
creation of a bi-antennary HNK-1 branched glycan structure which is dependent on
preceding POMGnT1 modifications (Abbott et al., 2008, Stalnaker et al., 2011), however
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glycan analysis is necessary to definitively conclude this. Our findings which suggest
RPTPζ/phosphacan glycosylation is seemingly normal in the brains of Largemyd mutant
mice suggest that RPTPζ/phosphacan is not endogenously modified by Large (Figure 7).
Therefore in POMGnT1 knockout mice, both β-1,2 and presumptive β-1,6- mannose
modifications would be absent thus eliminating HNK-1 reactivity from O-mannosyl glycans
on RPTPζ/phosphacan.

1.4.8, CONCLUSIONS
In summary, herein we reported that RPTPζ/phosphacan is hypoglycosylated in animal
models of MEB lacking functional POMGnT1. Theses results suggest that RPTPζ/
phosphacan is a significant substrate for protein O-mannosyl glycosylation in vivo,
displaying the loss of several carbohydrate epitopes including HNK-1. Additionally, this
work identifies the epitopes of several previously uncharacterized carbohydrate antibodies
against RPTPζ/phosphacan as likely detecting O-mannosyl-linked glycans. While our
results clearly demonstrate RPTPζ/phosphacan is hypoglycosylated in POMGnT1 knockout
mice, additional evidences also suggest that abnormal glycosylation of the protein does not
affect its overall expression or spatial localization. We also evaluated the glycosylation of
RPTPζ/phosphacan is Largemyd mutant mice and found that carbohydrate epitopes that were
absent or altered in the brains of POMGnT1 mice were seemingly unaffected in these
animals. These results suggest that abnormal glycosylation of RPTPζ/phosphacan is not
present in all CMD models, which provide insight into the O-mannosyl glycan structures on
RPTPζ/phosphacan and highlights the specificity of glycotransferase activity by Large.
Finally, we show that select carbohydrate epitopes absent from the cortex of embryonic and
early postnatal POMGnT1 animals are unchanged in the adult cortex localized to aggrecan
in PN structures, while the hypoglycosylation of RPTPζ/phosphacan is maintained. These
results represent the first in vivo data showing the hypoglycosylation of RPTPζ/phosphacan
in the absence of POMGnT1 and the possibility that abnormally glycosylated RPTPζ/
phosphacan may contribute to the neural pathology of O-mannosyl CMDs.
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Glossary

Receptor protein tyrosine
phosphatase ζ (RPTPζ)/
phosphacan

A chondroitin sulfate proteoglycan with CNS
enriched expression that is encoded by the PTPRZ1
gene. The full-length form of the protein functions
as a receptor protein tyrosine phosphatase, while
alternative splicing gives rise to a secreted form
called phosphacan. While the full length-form of
the receptor (RPTPζ) and secreted variant
(phosphacan) are considered to be long-isoforms,
short-isoforms of each variant have also been
described. The extracellular portion of the protein
is highly decorated with chondroitin sulfate
glycosaminoglycan chains and is a major
constituent of the neural extracellular matrix

O-mannosyl glycosylation The process wherein serine or threonine residues of
glycoproteins are elaborated with O-linked
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mannose saccharides that receive additional
carbohydrate modifications

Protein O-mannose β-1,2-N-
acetylglucosaminyltransferase 1
(POMGnT1)

A glycotransferase that catalyzes the transfer of an
N-acetylglucosamine saccharide on to O-mannose
present on serine and threonine residues of
glycoproteins

Abbreviations

RPTPζ receptor protein tyrosine phosphatase ζ

POMGnT1 protein O-mannose β-1,2-N-acetylglucosaminyltransferase 1

CMDs congenital muscular dystrophies

MEB muscle-eye-brain disease

α-DG α-dystroglycan

ECM extracellular matrix

chABC chondroitinase ABC

CS-GAG chondroitin sulfate glycosaminoglycan

HNK-1 human natural killer-1

PNs perineuronal nets

POMT1/POMT2 protein O-mannosyltransferase 1 and 2

+/+ wildtype

+/− heterozygous

−/− knockout
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Highlights

• A novel hypoglycosylated protein in POMGnT1 knockout brains, a model of
CMDs.

• RPTPζ/phosphacan is a likely substrate for O-mannosylation by POMGnT1 in
vivo.

• HNK-1 glycans on RPTPζ/phosphacan are diminished in POMGnT1 knockouts.

• Glycosylation of RPTPζ/phosphacan is unaffected in LARGE knockouts.
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FIGURE 1. Cat-315 and 6B4 staining are nearly eliminated in the cortex of E15 POMGnT1
knockout brains
Coronal sections from E15 brains were immunostained, counter-stained with Hoechst
nuclear stain (blue) and imaged by confocal microscopy. A, POMGnT1 heterozygous (+/−)
control section stained for Cat-315 (red) showing prominent staining of the ECM between
and surrounding cells in the MZ and SP and more diffuse radially oriented fibrillar staining
in the CP. B, in a POMGnT1 knockout (−/−) section Cat-315 reactivity from the developing
cortex of these animals is essentially eliminated. C, POMGnT1 +/− section showing 6B4
immunoreactivity throughout the MZ and SP. D, POMGnT1 −/− section showing the near
complete elimination of 6B4 reactivity, with the exception of subtle residual staining which
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spans the medial to lateral aspect of the MZ. E, POMGnT1 +/− section stained for 473HD
(green) showing antibody reactivity in the MZ, SP, and IZ of the E15 cortex. F, POMGnT1
−/− section stained for 473HD showing relatively similar spatial localization and intensity of
antibody reactivity as its +/− counterpart. Bar, 100μM.
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FIGURE 2. Cat-315 and 6B4 staining are dramatically reduced in the cortex of E18 and P4
POMGnT1 knockout brains
Coronal sections from E18 and P4 brains were immunostained and counter-stained with
Hoechst nuclear stain (blue) and imaged with confocal microscopy. A, POMGnT1 +/−
section at E18 stained for Cat-315 (red) showing prominent ECM staining in the MZ, CP
and IZ. B, POMGnT1 −/− sections shows the near complete elimination of Cat-315
reactivity from the cortex of these animals. C, POMGnT1 +/− at E18 section stained for 6B4
(red) shows prominent staining in the MZ, CP and IZ, which is very similar to the
localization of Cat-315 reactivity at this age. D, POMGnT1 −/− sections stained for 6B4
shows the near complete elimination of reactivity from the cortex with the exception of
subtle residual staining which remains in the MZ/DCZ (denoted by *). E, wildtype (+/+)
section at P4 stained for Cat-315 (red) shows prominent ECM staining most intensely in the
MZ and throughout cortical layers. F, POMGnT1 −/− section shows the absence of Cat-315
reactivity from the cortex at P4. G, +/+ section stained for 6B4 (red) shows high levels of
reactivity in the MZ and throughout the cortical layers. H, POMGnT1 −/− sections shows
the essential elimination of 6B4 reactivity form the cortex of these animals. Arrows in
POMGnT1 −/− images point to characteristic abnormalities in cortical lamination formed at
the MZ, which results from neuronal overmigration leading to the formation of the DCZ.
Bar, 100μM.
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FIGURE 3. RPTPζ/phosphacan is abnormally glycosylated and has reduced reactivity for
HNK-1 glycans in the cortex of P4 POMGnT1 knockout animals
The corticies of P4 POMGnT1 +/+ or −/− animals were homogenized and processed for
subcellular fraction, the resulting soluble fraction was subject to chABC treatment and
prepared for Western blot analysis. Immunoblot analysis with 5% SDS- polyacrylamide gels
showed bands reactive for antibodies Cat-315, 6B4, 3F8, H300, 5210 and HNK-1 in +/+
samples that were greater than 250kD. In POMGnT1 −/− samples, reactivity for Cat-315,
6B4, and 3F8 were essentially eliminated. Additionally, H300 reactive bands were shifted to
a lower molecular weight but maintained consistent levels of reactivity relative to +/+
controls. The reactivity of 5210 and HNK-1 antibodies were shifted to a lower molecular
weight and were dramatically decreased in intensity in −/− brains relative to +/+ controls.
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An antibody against the full-length form of brevican was used as the loading control, which
ran around 150kD and showed consistent levels of reactivity across +/+ and −/− samples.
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FIGURE 4. Residual HNK-1 glycan reactivity on RPTPζ/phosphacan in the cortex of P4
POMGnT1 knockout animals is N-linked
Soluble fractions from P4 POMGnT1 +/+ and −/− cortical homogenates were subject to
enzymatic protein deglycosylation with chABC and combinations of O-glycosidase (O-gly),
sialidase (Sial’ase), and N-glycanase (N-gly) and then subject to Western blot analysis.
Electrophoresis on 7% SDS- polyacrylamide gels and immunoblotting of +/+ samples with
H300 revealed a reactive band that when treated with chABC alone ran well above 250kD
and was the same molecular weight as the 3F8 reactive band in the corresponding sample.
Enzymatic deglycosylation with chABC, O-gly, sial’ase resulted in a shift toward a lower
molecular weight and an increase in the intensity of H300 reactivity in both +/+ and −/−
samples. The same was also observed for 3F8 in +/+ samples, while no 3F8 reactivity was
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detected in POMGnT1 −/− samples. High molecular weight bands reactive for HNK-1 and
5210 which resolved at the same molecular weight as H300 and 3F8 reactive bands in +/+
samples treated with chABC (denoted with an *), corresponding to phosphacan/RPTPζ,
were decreased in intensity in POMGnT1 −/− samples. Enzymatic deglycosylation with a
combination of chABC, O-gly, sial’ase, and N-gly resulted in a near complete elimination of
these bands (*) in POMGnT1 −/− samples in comparison to chABC, O-gly, sial’ase alone.
Additionally, numerous bands of lower molecular weight also reactive for HNK-1 and 5210
were detected in chABC treated wildtype samples and found to be unaltered in POMGnT1
−/− samples. The reactivity of these lower molecular weight bands, which likely detect
proteins other than RPTPζ/phosphacan, were essentially eliminated with the treatment of
chABC, O-gly, sial’ase, and N-gly relative to chABC, O-gly, sial’ase alone. Subsequently, a
single band corresponding to RPTPζ/phosphacan in the +/+ samples remained and
essentially all reactive bands in POMGnT1 −/− samples were nearly eliminated, as faint
residual bands were detected at longer exposures in these samples (not shown). The B50
antibody against the cleavage fragment of brevican served as the internal control for both
total protein concentration and enzymatic deglycosyaltion.
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FIGURE 5. The glycosylation of RPTPζ/phosphacan is seemingly normal in Large
myodysotrophy mutant mice
Whole brains from P1 +/+ and Largemyd mutant mice (−/−) that were either +/+ or +/− for
POMGnT1 were homogenized and processed for subcellular fractionation. The resulting
soluble fraction was analyzed by Western blot analysis for Cat-315, 3F8, H300, 5210,
HNK-1, and brevican. In all cases, large molecular weight bands positive for Cat-315, 3F8,
H300, 5210 and HNK-1 resolved well above 250kD. An antibody detecting the full-length
form of brevican was used as a loading control and reactive bands were detected around
150kD. Quantification of reactive bands revealed no alteration in their intensities when
normalized to brevican for all antibodies with respect to genotype. Additionally, the
molecular weight of H300 in Large myodystrophy mutant mice was not unaltered from
controls samples.
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FIGURE 6. Cat-315 and 6B4 reactive perineuronal nets are present in the cortex of adult
POMGnT1 knockout animals
Coronal sections from the barrel cortex of adult POMGnT1 +/+ and −/− samples were
immunostained and counter-stained for Hoechst nuclear stain (blue). A, POMGnT1 +/+
section stained for Cat-315 (red) shows reactivity that is localized to PNs in layer IV and VI.
B, POMGnT1 −/− sections stained for Cat-315 shows abnormal cortical lamination but the
presence of Cat-315 reactive PNs. C, POMGnT1 +/+ section stained for 6B4 (red) shows
reactivity that is localized to PNs. D, POMGnT1 −/− section shows abnormal cortical
lamination but the presence of 6B4 (red) reactive PNs. Bar, 100μM. E, chABC treated
soluble adult brain homogenates from POMGnT1 +/+, +/− and −/− mice were analyzed by
Western blot analysis for Cat-315, HNK-1, 5210, aggrecan, 3F8, H300 and brevican
reactivity. Reactivity and molecular weight for Cat-315, HNK-1, 5210 and aggrecan reactive
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bands appeared unaffected in the POMGnT1 −/− tissue relative to controls (+/+ and +/−). In
contrast, 3F8 reactivity was absent in POMGnT1 −/− samples and the apparent molecular
weight of the H300 bands were shifted downwards. Reactive bands are isolated from the
same region of the gel, as reactivity for Cat-315, HNK-1, 5210, aggrecan, 3F8 and H300
were all present above 250kD. As in previous figures, brevican reactive bands were located
at 150kD. F, adult brain soluble fractions from +/− and −/− animals were subject to
immunoprecipitation (IP) with the Cat-315 antibody. Immunoprecipitated material was then
detected with antibodies against either aggrecan or H300. Aggrecan reactive bands were
pulled down with the Cat-315 antibody and this reactivity was essentially unaltered in −/−
samples compared to +/− controls. In contrast, a band reactive for H300 was only detected
in +/− samples and absent from −/− samples. (+) denotes the inclusion of the Cat-315
antibody in IP reaction, (M) indicates mock control IP reactions lacking Cat-315 antibody.
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FIGURE 7. Theoretical schematic diagram of O-mannosyl linked HNK-1 glycan structures on
RPTPζ/phosphacan in the early postnatal cortex
O-mannosyl glycosylation by POMGnT1 at the β1,2 position of the primary mannose and
further modifications by HNK-1 synthesizing enzymes results in the elaboration of a
terminally sulfated HNK-1 structure. POMGnT1 activity, which is prerequisite for GnT-Vb
modifications at the β1,6 position of the primary mannose, could then facilitate GnT-Vb
mediated glycan modifications of terminal HNK-1 structures at the β1,6 position resulting in
a bi-antennary HNK-1 glycan structure. Additionally, RPTPζ/phosphacan is likely not a
primary substrate of glycosylation by Large. Consequential to an absence of POMGnT1
activity, terminal HNK-1 structures are not elaborated on O-mannosyl linked glycans
present on RPTPζ/phosphacan in the cortex of POMGnT1 knockout mice.
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Table 1
Description of antibodies

Previously known antibody epitope specificity and modifications to these epitope specificities as suggested by
the results presented herein.

Antibody Type Previously known
epitope specificity

Reference(s) Epitope specificity
based on results
presented herein.

Cat-315 Mouse Monoclonal IgM Detects epitopes
dependent on O-linked
glycans attached to
RPTPζ/phosphacan
early in development
and aggrecan in the adult
brain, predicted to be O-
mannosyl linked and
HNK-1 reactive.

Matthews et al., 2002; Dino et
al., 2006; Abbott et al., 2008

Epitopes detected on
RPTPζ/phosphacan
require glycans that are
likely O-mannosyl-
linked. Epitopes detected
on aggrecan are in PNs
and are dependent on
glycans likely not O-
mannosyl linked. Likely
HNK-1 reactive.

6B4 Mouse Monoclonal IgM Detects carbohydrate-
dependent epitopes on
RPTPζ/phosphacan
early in development
and on aggrecan in the
adult brain.

Maeda et al., 1994, 1995, Saitoh
et al., 2008

Epitopes detected on
RPTPζ/phosphacan are
likely dependent on O-
mannosyl linked
carbohydrates. While
those detected on
aggrecan are likely not
O-mannosyl linked.

3F8 Mouse Monoclonal IgG Detects carbohydrate
epitopes on RPTPζ/
phosphacan predicted to
be on N-linked glycans.

Maurel et al., 1994; Garwood et
al., 2003

Epitopes detected on
RPTPζ/phosphacan are
likely dependent on O-
mannosyl linked
carbohydrates.

473HD Rat Monoclonal IgM Sulfated CS/DS GAG
motif on the long form
of RPTPζ and
phosphacan

Faissner et al., 1994; Ito et al.,
2005

As described.

5210 (Clone #122.2) Mouse Monoclonal IgM Predicted to detect the
protein core of RPTPζ/
phosphacan and detect
all isoforms of the
protein.

Personal communication, Dr.
Joel Levine

Epitopes detected on
RPTPζ/phosphacan are
dependent on glycans
likely O- mannosyl and/
or N-linked.

H300 Rabbit Polyclonal IgG Peptide antibody that
detects the protein core
of RPTPζ/phosphacan.

Manufacture’s specifications As described.
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