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Abstract

Changes in the extent of the post-translational modification glycosylation have been previously
reported in several brain regions in schizophrenia. Quality control within the endoplasmic
reticulum and Golgi, branching of glycans, intracellular trafficking and targeting, protein-protein
interactions, and endocytosis are processes regulated by both N-linked and O-linked glycosylation.
Previous studies in schizophrenia have found altered glycan biosynthesis and abnormal glycan
levels in cerebrospinal fluid (CSF) and plasma, as well as altered expression in frontal cortex of
glycosyltransferase transcripts encoding proteins associated with both N- and O-linked
glycosylation. The N-acetylglucosaminyltransferases (GICNACTS) are glycosylating enzymes that
play a key role in adding N-acetylglucosamine (GICNAC) to substrates to facilitate their proper
trafficking, intracellular targeting, and cellular function. Given previous results indicating
abnormal glycosylation in schizophrenia, we hypothesized that these GICNAcTs may be
abnormally expressed in this illness. We measured protein expression of nine distinct GICNACTs
by Western blot analysis in postmortem samples of dorsolateral prefrontal cortex (DLPFC) from
twelve pairs of elderly patients with schizophrenia and comparison subjects. We found decreased
protein expression of UDP-GIcNAc:BetaGal Beta-1,3 GIcNACT 8 (B3GNT8) and mannosyl
(alpha-1,3-)-glycoprotein beta-1,4 GIcNACT (MGAT4A) expression in schizophrenia. These data
provide further evidence that glycosylation is dysregulated in schizophrenia, and suggest a
potential mechanism associated with alterations in protein function, trafficking, and intracellular
targeting in this illness.
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1.0 Introduction

Past studies in postmortem brain of schizophrenia patients have focused on dysregulated
transcript and protein levels, but more recently abnormalities in post-translational
modifications (PTMSs) of proteins have been identified. Glycosylation, ubiquitination,
myristoylation, and phosphorylation are some of the PTMs that have recently been studied
in schizophrenia brain (Bauer et al., 2010; Mueller et al., 2014; Pinner et al., 2014; Rubio et
al., 2013; Tucholski et al., 2013a; Tucholski et al., 2013b).

One of the most common PTMs is glycosylation (Khoury et al., 2011). N-linked
glycosylation is the process of systematically adding a glycan to asparagine residues of
proteins via specific enzymes in a step-wise manner (Colley, 1997; Rini et al., 2009). It is a
highly regulated process that is initiated in the endoplasmic reticulum (ER), with subsequent
modification in the Golgi apparatus, and is necessary for glycoproteins to be properly
trafficked within the cell. N-glycosylation plays a role in many intracellular processes
including facilitating protein folding and subunit assembly, serving as a quality control
signal in the ER and Golgi, regulating intracellular targeting and trafficking, modulating
protein-protein interactions, and negatively regulating receptor and transporter endocytosis
(Dennis et al., 2009; Helenius & Aebi, 2004; Ohtsubo & Marth, 2006; Parodi, 2000). In
contrast, O-linked glycosylation is a process where sugars are added to proteins via
attachment to the hydroxyl group of a peptidyl serine or threonine, forming an O-
glycoprotein. O-glycosylation may be initiated within the cell or in the extracellular space,
and forms the initial glycan structure to which subsequent monosaccharides may be
sequentially added to produce branching glycans (Schachter, 2000).

Recent studies in postmortem cortex in schizophrenia have found alterations of N-linked
glycosylation of the ionotropic glutamate receptor subunits GIuA2 and GluK2, glutamate
transporters EAAT1 and EAAT2, and y-aminobutyric acid (GABA) A receptor subunits al,
1, and B2 (Bauer et al., 2010; Mueller et al., 2014; Tucholski et al., 2013a; Tucholski et al.,
2013b). In addition, abnormal expression of glycan structures in cerebrospinal fluid (CSF)
and serum (Stanta et al., 2010), abnormal expression of sphingolipid metabolism genes
(Kittler et al., 2002), and dysregulated cytoplasmic chondroitin sulfate proteoglycan
expression (Macdonald et al., 2009) have all been reported in schizophrenia. These studies
suggest that glycosylation pathways are dysregulated in schizophrenia.

While there is evidence for glycosylation abnormalities in schizophrenia, few studies have
investigated protein expression of specific enzymes that catalyze N- and O-linked
glycosylation which could give rise to previously reported glycosylation changes. In this
study, we have characterized in schizophrenia and matched comparison subjects the
expression of a set of key glycosyltranferases, the N-acetylglucosaminyltransferases
(GIcNACTS), focusing on the beta-1,3-GIcNACcTs (B3GNTSs) and the monoaceylglycerol
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aceyltransferases (MGATS). The B3GNTSs are responsible for both initiating O-
glycosylation of proteins as well as extending existing glycan branches within N- and O-
glycosylation pathways (Ishida et al, 2004), while the MGATS are responsible for initiating
the production of bi-, tri-, and tetra-antennary N-linked sugar chains (Dennis et al., 2009).
These enzymes transfer N-acetylglucosamine (GIcCNAc) residues onto glycosides, and are
involved in the synthesis of polysaccharides previously reported to be changed in CSF in
schizophrenia (Stanta et al., 2010). This study aims to determine if expression of GICNACTS
associated with both N- and O-linked glycosylation pathways are abnormal in prefrontal
cortex in schizophrenia.

2.0 Experimental/Materials and methods

2.1 Human subjects

Samples of full thickness of grey matter removed at autopsy from the dorsolateral prefrontal
cortex (DLPFC, Brodmann Areas 9 & 46) were obtained from the Mount Sinai Medical
Center brain collection, as previously described (Hammond et al., 2010; Mueller et al.,
2014). Tissue samples from all subjects were pulverized with small amounts of liquid
nitrogen and stored at -80°C. Next of kin consent was obtained for each subject before being
included in this collection. The medical and psychiatric history of each subject was reviewed
extensively. All subjects included in the schizophrenia group met DSM-I11-R criteria for the
illness, were diagnosed by at least two clinicians, had documented psychosis before the age
of forty, and at least ten years of hospitalization for schizophrenia (Powchik et al, 1998;
Purohit et al, 1998). Neuropathological examination was conducted for all subjects and none
were used in this study if there was evidence of any neurodegenerative disease. Any subject
with coma greater than six hours, death by suicide, or documented history of drug or alcohol
abuse was excluded from study. All comparison subjects were free of neurological or
psychiatric disorders. Twelve pairs of schizophrenia and comparison subjects were matched
for age, tissue pH, sex, and postmortem interval (Tables 1 & 2).

2.2 Antipsychotic treated rats

Animal studies and procedures were approved by the Institutional Animal Care and Use
Committee of the University of Alabama at Birmingham. Male Sprague-Dawley rats
(~2509) were housed in pairs for the duration of the study (9 months). Treatment was with
either haloperidol decanoate (28.5 mg/kg, N = 8) or sesame oil (vehicle, N = 8) administered
via intramuscular injection every three weeks. A total of twelve injections were given. This
dose and duration of treatment has been previously described (Harte et al., 2005; Kashihara
et al., 1986). The animals were sacrificed by decapitation, and brains were immediately
harvested. Frontal cortex was dissected on wet ice, snap frozen on dry ice, and stored at
-80°C.

2.3 Sample preparation

Tissue from both human and rat samples were reconstituted in cold 5 mM Tris-HCL pH 7.5,
0.32 M sucrose with a protease inhibitor tablet and a phosphatase inhibitor tablet (Complete
Mini, EDTA-free and PhosSTOP both from Roche Diagnostics). A Power Gen 125 (Thermo
Fisher Scientific) homogenizer was used at speed setting 5 for sixty seconds (Pinner et al.,
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2014). Protein concentration was determined using a BCA protein assay kit (Thermo
Scientific). After homogenization, the samples were stored at -80°C until used for western
blot analysis.

2.4 Western blot analysis

Homogenized samples were thawed on wet ice, denatured using 6x loading buffer (reduced
with 2-mercaptoethanol) at 70°C for ten minutes, and stored at -20°C until use. All samples
were loaded (15ug of total protein in 10ul per lane) onto NUPAGE 4-12% Bis-Tris 1 mm, 17
well gels (Invitrogen), electrophoresed, and transferred to 0.45 uM nitrocellulose
membranes using a BioRad Semi-Dry Transblotter. A molecular mass standard was run on
each gel (Novex Sharp Pre-stained Protein Standard, Life Technologies). Membranes were
blocked for one hour at room temperature in blocking buffer before being incubated with the
appropriate primary antibody diluted in blocking buffer containing 0.1% Tween-20 (Sigma)
under conditions listed in Table 3. Valosin-containing protein (VCP) was chosen as an
intralane loading control because its molecular weight is substantially different from the
proteins of interest and has been shown to not be altered in schizophrenia (Bauer et al.,
2009; Stan et al., 2006; Mueller et al., 2014). VVCP antibodies from two different host
species (mouse and rabbit) were used as needed to avoid cross-reactivity with the host
species of primary antibodies for proteins of interest.

Membranes were washed three times in phosphate-buffered saline containing 0.1%
Tween-20 (PBST) for five minutes each before being incubated with the appropriate IR-dye
labeled secondary antibody diluted in blocking buffer (Table 3). The membranes were
washed again three times each in PBST for five minutes. Membranes were then placed in
MilliQ water before being scanned with an Odyssey Infrared Imaging System (Li-Cor
Biosciences) at a resolution of 169um and intensity level of 3.

2.5 Data Analysis

Image Studio 4.0 analytical software (Li-Cor Biosciences) was used to determine the
expression of each protein of interest. Relative protein expression values were normalized to
intralane labeling of VVCP. Integrated intensity values for VCP were not different between
schizophrenia and comparison groups, consistent with previous reports in prefrontal cortex
(Bauer et al., 2009; Stan et al., 2006). All data were confirmed to be normally distributed
using the D'Agostino & Pearson omnibus normality test. Correlational analyses were
performed using Statistica 7 (StatSoft) to assess for potential associations between
dependent measures and age, pH, or postmortem interval (PMI). None of these potential
covariates were correlated with any dependent measures. Human data were analyzed using
Prism 6.04 (GraphPad) with paired Student's t-tests, and rat data were analyzed using
unpaired t-tests. For all statistical tests, a = 0.05.

3.0 Results

Protein levels for nine GICNACTS were assayed in schizophrenia and comparison subjects.
Both UDP-GIcNAc:BetaGal Beta-1,3 GICNACT 8 (B3GNTS8) (t(11) = 2.6, p = 0.025) and
mannosyl (alpha-1,3-)-glycoprotein beta-1,4 GIcNACT (MGAT4A) (t(11) = 2.7, p = 0.022)
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expression were decreased in schizophrenia relative to matched comparison subjects (Table
4 and Fig. 2); expression of the other enzymes was not changed (Table 4).

To determine if the changes in these two enzymes might be due to chronic antipsychotic
treatment, a post-hoc analysis was performed to compare schizophrenia subjects receiving
and not receiving antipsychotic medications within six weeks of death. Given that these
patients had a longstanding history of schizophrenia, all had been exposed over their lifetime
to a variety of antipsychotics including both first and second generation medications,
although five of the twelve patients had not received antipsychotics at the time of death.
There was no difference in expression of either enzyme in the antipsychotic free vs. treated
subgroups. In addition, experiments in rats chronically treated with haloperidol decanoate
were performed. Treatment of rats with haloperidol for nine months did not affect the
expression in frontal cortex of either B3GNT8 or MGAT4A (Fig. 3).

4.0 Discussion

In this study, we measured the protein expression of a set of N-
acetylglucosaminyltransferases (Fig. 1) and found decreased expression of B3GNT8 and
MGATA4A in DLPFC in schizophrenia. These data are consistent with previous studies that
found down-regulation of B-1,4-mannosyl-glycoprotein 4-f GIcNAcCT 3 and p-galactosidase
a-2,3/6-sialyltransferase in plasma from patients with schizophrenia (Maguire et al., 1997),
and extend our earlier reports of abnormalities of N-linked glycosylation of neurotransmitter
receptor subunits and transporters in frontal cortex in schizophrenia (Bauer et al., 2010;
Drummond et al., 2013; Mueller et al., 2014; Tucholski et al., 2013a; Tucholski et al.,
2013b).

Posttranslational protein modifications, such as glycosylation, may represent common
mechanisms underlying dysregulation of multiple neurotransmitter systems and pathways in
schizophrenia. Protein folding, trafficking, localization, and recycling are all affected by
glycosylation (Dennis et al., 2009; Helenius & Aebi, 2004; Ohtsubo & Marth, 2006; Parodi,
2000), and alterations of these processes in schizophrenia may be linked to abnormalities of
glycosylation pathways. Multiple studies have found abnormal subcellular distribution of
neurotransmitter receptors and transporters as well as other synaptic proteins in the brain in
schizophrenia (Thompson et al., 1998; Talbot et al., 2011; Deo et al., 2012; Hammond et al.,
2010; Kristiansen et al., 2010; Shan et al., 2014; Banerjee et al., 2014; Mueller et al., 2015).
Interestingly, several studies have shown that neurotransmitter receptors containing
abnormally N-glycosylated subunits exhibit abnormal subcellular distribution in
schizophrenia brain. AMPA receptor subunits as well as the glutamate transporters have
both altered subcellular expression (Hammond et al., 2010; Shan et al., 2014) and abnormal
patterns of N-glycosylation (Bauer et al., 2010; Tucholski et al., 2013a). The 2 subunit of
the GABA receptor has altered N-glycosylation and abnormal expression in the
endoplasmic reticulum and at the synapse in schizophrenia (Mueller et al., 2014; Mueller et
al., 2015). Interestingly, fucosyltransferase (Fut8) knockout mice exhibit schizophrenia-like
behaviors, increased AMPA receptor expression in the post-synaptic density, but no change
in total AMPA receptor expression levels (Gu et al., 2015), suggesting that
glycosyltransferases similar to the GICNACcTS can affect the subcellular localization of
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neurotransmitter receptors. Accordingly, abnormal glycosylation may underlie the
disruption of subcellular processing, targeting, and localization of multiple neurotransmitter
systems in schizophrenia.

Previous research showing dysregulation in schizophrenia of glycan levels and glycan
biosynthesis in CSF and serum, and down-regulation of glycosyltransferases in
transcriptomic studies, provided initial evidence suggesting decreased protein expression of
GIcNACTSs (Narayan et al., 2009; Stanta et al., 2010). Glycosyltransferases are type 2
transmembrane proteins that contain a luminal catalytic domain that can be cleaved by
secretory proteases resulting in secretion into CSF and other body fluids (McCaffrey and
Jamieson, 1993). Disruption of these GICNACTS, and subsequently changes in the glycan
branching structures they synthesize on proteins (as well as lipids), may be associated with
aberrant protein handling and provide a mechanism behind alterations in multiple
neurotransmitter systems and pathways previously implicated in schizophrenia.

Multiple glycosylation pathways play roles in regulating trafficking and cellular localization
of proteins by enzymatically pruning and subsequently attaching glycans in a specific, step-
wise manner. Glycoprotein production relies on sugar branches formed by previous enzyme
reactions to produce the correct substrate for sequential addition of the next glycan
(Schachter, 2000). For correct GIcNACT mediated glycan branching on proteins and lipids
to occur, the molecules to be glycosylated, GIcNACTS, and nucleotide sugar transporters
must all co-localize to the same Golgi compartment (Moremen et al., 2012). A single
GIcNACT can modify multiple seemingly unrelated glycosides because they glycosylate a
growing glycan branching structure rather than the protein or lipid to which the glycan
“tree” is attached.

The process of enzymatically extending glycan structures on proteins has been shown to
initiate proper intracellular signaling, nuclear signaling, and cytoskeleton formation, cellular
functions which have previously been shown to be dysregulated in schizophrenia (Tang et
al., 2012; de Bartolomeis et al., 2014: Lipska et al., 2006). Accordingly, down-regulation of
a single GIcNACT such as B3GNT8 or MGATA4A could affect the modification of multiple
proteins associated with that specific GIcNACT (Ohtsubo & Marth, 2006) including
neurotransmitter receptor subunits, transporters, and their respective chaperone proteins. For
example, the MGAT family initiates glycan branching in a sequential manner beginning
with the addition of GICNAc by MGAT1, and continuing until MGAT3 synthesizes
bisecting glycan branches in competition with MGAT4 and MGATS5, which form tri- and
tetra-antennary glycan structures (Schachter et al, 1986). This competition between
GIcNACTSs can influence glycan branching and may affect binding affinity of glycoproteins
to endogenous lectins (Dennis et al., 2009; Moremen et al., 2012; Ohtsubo & Marth, 2006).
Lectins are proteins that selectively bind to glycosides and recognize specific glycan
branching structures; lectin binding can affect glycoprotein folding and trafficking
(Goldstein et al., 2002). Glycosylation can directly modulate transmembrane protein cell
surface half-life, organization in the plasma membrane, intracellular signaling process, and
endocytic cycling by increasing the binding affinity of glycoproteins to associated lectins
(Ohtsubo & Marth, 2006).
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Many transmembrane receptor subunits and transporters are glycosylated in the Golgi,
which serves as a quality control step before lectin binding occurs in the early secretory
pathway (Dennis et al., 2009). Proper glycan branch structure can increase lectin affinity and
oppose the internalization of cell surface receptors and transporters by indirectly inhibiting
endocytosis to the early endosome (Lau et al., 2008). The down-regulation of MGAT4A in
schizophrenia we report here could decrease the tri-antennary and subsequently the tetra-
antennary glycan branching structure of glycoproteins which may result in dysregulated
lectin binding of receptor subunits and transporters at the plasma membrane. A previous
study has shown that decreased MGAT5, which requires the prior activity of MGAT1-4C,
leads to increased receptor content in the early endosome by affecting lectin binding affinity
(Partridge et al., 2004). Decreased expression of MGAT4A could similarly lead to shorter
plasma membrane residency of receptor subunits and transporters by initiating their
endocytosis into the early endosome. Interestingly, GIUAL is glycosylated in human cortex
(Tucholski et al., 2014) and binds multiple lectins including Lycopersicon esculentum
(LEL), which specifically recognizes GIcNAc moieties that B3GNTs and MGATS transfer.
We have previously reported that the GIluA1 AMPA receptor subunit has increased
expression in the early endosome (Hammond et al., 2010) but decreased expression in the
synapse (unpublished data) in schizophrenia. Our finding of decreased expression of
B3GNT8 and MGAT4A may represent an underlying mechanism contributing to increased
expression of GIuAL in the early endosome and in turn alterations in AMPA mediated
signaling in schizophrenia.

Glycosylation by GIcNACcTs may also protect some proteins from proteolytic degradation
(Sola and Griebenow, 2009). The down-regulation of B3GNT8 and MGAT4A may lead to
increased glycoprotein degradation given the role of glycosylation in protein quality control
mechanisms. B3GNT8 is known to interact with ubiquitin ¢ (Wagner et al., 2011), which
plays a role in endoplasmic reticulum-associated degradation (ERAD), DNA repair, and
lysosomal degradation (Eletr and Wilkinson, 2014). If ubiquitin c is not glycosylated
properly, it may become misfolded and alternatively trafficked rather than being targeted to
the ER, where it marks proteins for degradation. Such a disruption in protein glycosylation
could result in extensive downstream effects (Narayan et al., 2009).

As with most human postmortem studies in psychiatric illnesses, there are several
limitations to this work. The subjects used in this study were elderly, so our results may not
generalize to a younger cohort. We were able to pair subjects for sex, age, pH, and where
possible PMI; however, there was a difference of PMI between the comparison and
schizophrenia groups. To address this difference, we performed post hoc analyses with PMI
as a covariate for the two significant dependent measures, which did not change our results.
In addition, PMI was not correlated with protein expression of either enzyme. Potential
effects of chronic antipsychotic treatment are a concern in these types of studies in
schizophrenia. We assessed the expression of BAGNT8 and MGATA4A in frontal cortex of
rats chronically treated with haloperidol and found no difference in these protein levels.
Accordingly, it is unlikely that the changes in protein expression that we report in
schizophrenia are due to chronic antipsychotic treatment.
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In summary, we found that two N-acetylglucosaminyltransferases, BSGNT8 and MGAT4A,
are down-regulated in postmortem DLPFC from patients with schizophrenia. These findings
are consistent with dysregulated glycosylation, which could lead to aberrant glycan
branching, disrupted protein folding and localization, and altered transmembrane protein
internalization dynamics at the plasma membrane. These data add to the growing body of
evidence that multiple glycosylation pathways are dysregulated in schizophrenia, and may
represent a potential underlying mechanism linking abnormalities observed in multiple
neurotransmitter systems in this illness.
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Figure 1.
Representative western blot images of assayed proteins in a comparison (Comp) and

schizophrenia (Scz) subject.
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Figure 2.

Expression of B3GNT8 and MGATA4A in dorsolateral prefrontal cortex from paired
schizophrenia (Scz) and comparison subjects (Comp). Data are expressed as the ratio of
signal intensity of each protein of interest divided by the signal of valosin-containing protein
(VCP) from the same lane of the same blot. Both B3GNT8 and MGATA4A are reduced in

schizophrenia. *p < 0.05
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Figure 3.
Expression of B3GNT8 and MGATA4A in frontal cortex from male rats treated for nine

months with haloperidol decanoate or vehicle. Data are presented as the ratio of signal
intensity of each target protein to intensity of valosin-containing protein (VCP) labeling
from the same lane of the same blot. Bars represent means + standard deviation. Chronic
haloperidol treatment did not change expression of either B3GNT8 or MGAT4A.
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Table 1
Summary of subject demographics
Schizophrenia  Comparison
N 12 12
Sex 6M/6F 6M/6F
Tissue pH 6.4+0.2 6.7+0.3
Postmortem interval (hours) 14.9 6.6 10075
Age (years) 75.8+10.8 75.7+9.4
On/Off Rx 7/5 0/12

Values reported as means =+ standard deviation.

On/Off Rx: received antipsychotic medications within 6 weeks of death.
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N-acetylglucosaminyltransferase expression in schizophrenia and comparison subjects

Kippe et al.

Enzyme Schizophrenia  Comparison t p
MGAT1 0.021+ 0.017 0.014 £ 0.010 1.69
MGAT4A  5.669 * 4.907 7.941 + 6.040 266 0.022
MGAT4B  0.004 + 0.006 0.004 + 0.003 0.31
MGAT4C 0.027 +0.029 0.024 +0.014 0.3

MGATS 0.003 + 0.002 0.002 + 0.001 0.55
MGAT5B  1.127 +1.041 1.691 + 2.365 0.96
B3GNT2 4.172 + 4.350 4.641 +4.134 0.66
B3GNT3 0.009 + 0.005 0.009 + 0.004 0.01
B3GNT8  44.53 + 68.46 15352 +192.76 258 0.025

Data are expressed as ratios of signal intensity of target protein divided by signal for VCP, and reported as means + standard deviation.
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