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Altered protein post-translational modifications such as glycosylation have become a target of investi-
gation in the pathophysiology of schizophrenia. Disrupted glycosylation associated processes including
atypical sphingolipid metabolism, reduced polysialylation of cell adhesion molecules, abnormal proteo-
glycan expression, and irregular glycan synthesis and branching have also been reported in this disor-
der. These pathways are regulated by the expression of glycosidases and glycosyltransferases, classes
of enzymes which comprise approximately 2% of the genome. Many glycosylation enzymes can partici-
pate in multiple glycosylation pathways and dysregulation of enzyme expression could represent a com-
mon mechanism leading to a variety of glycan processing deficits in schizophrenia. In matched pairs of
elderly schizophrenia and comparison subject (N = 12 pairs) dorsolateral prefrontal cortex, we measured
MRNA levels of 84 key glycosylation enzymes by qPCR array. We found dysregulated transcript expres-
sion of 36 glycosylation enzymes from 12 functional categories. All of the abnormally expressed en-
zymes demonstrated increased transcript expression in schizophrenia, and many altered enzymes are
known to modify substrates that have been previously implicated in the pathophysiology this illness.
These findings suggest that abnormal glycosylation enzyme expression in schizophrenia may contrib-
ute to dysregulation of multiple glycosylation pathways, and disruptions of these central cell signaling
processes may underlie a variety of deficits in schizophrenia.

Keywords: neuroglycobiology, post-translational modification, glycosyltransferase, glycosidase, glycosylation,
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The pathophysiology of schizophrenia is complex and remains incompletely understood; dysregulation
across multiple brain regions, cell types, and neurotransmitter systems has been implicated in this disorder
(Coyle, 1996; Davis et al., 1991; Harrison, 2000; McCullumsmith et al., 2003; Nakazawa et al., 2012). Neuro-
transmission abnormalities are well-documented in this illness, but the mechanisms underlying these irregulari-
ties have not been conclusively identified. Examination of gene and protein expression of neurotransmitter re-
ceptors and associated proteins have been often contradictory (Harrison and Weinberger, 2005; Kristiansen et
al., 2007; Meador-Woodruff and Healy, 2000), while studies of posttranslational protein modifications (PTMs)
have only recently become a target of investigation (Harrison, 2011, 2000; McCullumsmith and Meador-
Woodruff, 2011). Alterations of central cell signaling processes mediated by PTMs may provide a common mech-
anism to explain disruptions involving multiple cell-types and neurotransmitter systems. Our lab has previously
hypothesized that deficits of neurotransmission are not only due to abnormal expression of neurotransmitter-
associated molecules, but may also result from abnormal receptor targeting and subcellular localization
(Hammond et al., 2011; Mueller et al., 2015). Glycosylation is a PTM that plays a pivotal role in protein trafficking
and subcellular targeting and has been shown in multiple studies to be abnormal in schizophrenia (Berretta,
2012; Ikemoto, 2014; Mueller et al., 2014; Narayan et al., 2009; Pantazopoulos et al., 2013; Sato and Kitajima,
2013; Stanta et al., 2010; Tucholski et al., 2013b, 2013a).

Glycosylation is an enzyme-mediated process whereby a carbohydrate is attached to a protein, lipid, or
glycan substrate. There are multiple glycosylation pathways in the cell, including N-linked and O-linked protein
glycosylation, sphingolipid metabolism, and mannose-6-phosphate catabolism. We have previously reported ab-
normal N-linked glycosylation in schizophrenia of glutamate transporters as well as subunits from a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), kainate, and GABAx receptor families (Bauer et al., 2010;
Mueller et al., 2014; Tucholski et al., 2013b, 2013a). We have demonstrated that receptors containing abnormally
N-glycosylated subunits also exhibit abnormal subcellular distribution in schizophrenia (Hammond et al., 2010;
Mueller et al., 2015), suggesting cellular consequences of abnormal protein glycosylation. In addition to the N-
linked glycosylation alterations we have reported, abnormalities of glycan structures expressed in serum and
cerebrospinal fluid (CSF) (Stanta et al., 2010), abnormal expression of genes associated with sphingolipid me-
tabolism (Narayan et al., 2009), decreased polysialylation of cell adhesion molecules (Barbeau et al., 1995;
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Keith et al., 2005; Moremen et al., 2012; Ohtsubo and  More prior to death.
Marth, 2006; Rottger et al., 1998; Spiro, 2002).

Given reports of several types of glycosylation abnormalities and enzyme sharing between glycosylation
pathways, it is likely that disruptions of glycan processing in schizophrenia are not exclusive to a particular gly-
cosylation pathway but may reflect more widespread dysregulation. Based on our prior reports of abnormal N-
glycosylation of neurotransmitter receptor subunits, we predicted that enzymes specifically associated with gly-
cosylation in the endoplasmic reticulum (ER) would be abnormally expressed in schizophrenia. To investigate
the hypothesis that multiple glycosylation pathways are disrupted due to abnormal expression of ER-localized
enzymes in schizophrenia, we measured the transcript expression of 84 key glycosylation enzymes in the dorso-
lateral prefrontal cortex (DLPFC) of paired schizophrenia and comparison subjects.

Materials and Methods
Subjects and Tissue Preparation

Subjects were recruited by the Mount Sinai Medical Center Brain Bank. Assessment, consent, and post-
mortem procedures were conducted as required by the Institutional Review Boards of Pilgrim Psychiatric Center,
Mount Sinai School of Medicine, and the Bronx Veterans Administration Medical Center. Subject medical history
was assessed for history of psychiatric illnesses and history of drug or alcohol abuse. Patients had a docu-
mented history of psychiatric symptoms before age 40 and 10 or more years of hospitalization with a diagnosis
of schizophrenia using DSM-III-R criteria as determined by two clinicians; comparison subjects had no docu-
mented history of psychiatric illnesses. Criteria for subject exclusion included a history of substance abuse, death
by suicide, or coma for greater than 6 hours prior to death. Neither schizophrenia nor comparison subjects had
evidence of neuropathological lesions or neurodegenerative disorders including Alzheimer’s disease (Powchik
et al., 1993; Purohit et al., 1998). Whole brains were dissected into 1cm thick slabs. The full thickness of gray
matter from the DLPFC (Brodmann 9/46)
was cut into 1cm® blocks from 12 pairs of  Taple 2. Paired subjects
schizophrenia and matched comparison Comparison Schizophrenia
subjects (Tables 1 and 2) and stored at - PMI PMI

80°C until SeCtioning. Tissue was thawed Pair Sex Age pH (hours) Age pH (hours) Rx

to -20°C to be sectioned by a microtome 1 F 73  6.98 3.0 70 6.51 13.2 Off
(AO Scientific Instruments) at 15 pym. Tis- 2 F 78 6.97 16.0 75  6.49 215 Off
sue sections were placed onto Fisher- 3 F 81 637 194 81 6.67 151 Off
brand Superfrost/Plus positively charged 4 F 79 6.38 10.1 77 6.01 9.7 On
microscope slides (Fisher Scientific), air 5 E 89 6.72 23 89 6.20 9.6 On
dried, and stored at -80°C. 6 F 66 685 226 62 674 237 On
7 M 76 6.32 2.9 78 6.64 26.1 Off

RNA Extraction and cDNA Pre-amplifi- 8 M 75  6.43 50 80 6.37 15.4 Off
cation 9 M 70 610 67 73 650 7.9 On
The full thickness of grey matter 10 M 93 6.28 4.2 97 6.50 9.3 On

from DLPFC was scraped from 2 glass 11 M 69 6.67 7.4 70 6.35 7.2 On
slides per subject using sterile razor 12 M 59 6.67 20.4 57 6.40 20.7 On

bl_ades and homogenized with a pestle in The comparison subject in pair 9 failed to amplify for > 20% of genes measured

Picopure Extraction Buffer. RNA from  and was excluded from primary statistical analyses. Abbreviations: Male (M),

each sample was isolated using a Pico- Female (F), Postmortem interval (PMI), Antipsychotic medication (Rx). Off Rx

pure RNA Isolation kit (cat# KIT0214, Life indicates patients that had not received antipsychotic medications for 6 weeks
or more prior to death.
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agen) using the protocol
provided and including Figure 1. Housekeeping gene cycle threshold (Ct) values and the geometric mean of house-
the optional side reac- keeping gene Ctvalues are not different between diagnostic groups. Box-and-whisker diagrams
tion reducer. of housekeeping gene cycle threshold (Ct) values and the geometric mean (geomean) of housekeep-
ing genes. There is no difference between diagnostic groups of housekeeping gene Ct value for any
. of the individual housekeeping genes (B2M, HPRT1, RPL13A, GAPDH, and ACTB) nor the geomean
Comparative gRT-PCR  of all housekeeping gene Ct values. The geomean of Ct values was used to calculate the gene ex-
Pre-amplified pression of target glycosylation enzyme genes using the formula 2-2¢t, To obtain ACt, the geomean
cDNA for each subject of housekeeping gene Ct values was subtracted from the target gene Ct value.
was plated in a RT? Hu-
man Glycosylation PCR Array 96-well plate (cat# PAHS-046A, Qiagen) and run on a Stratagene MX3000P
QPCR System (Agilent Technologies, La Jolla, CA) at 50°C for 2 minutes, 95°C for 10 minutes, followed by 50
cycles of 95°C for 15 seconds and 60°C for 1 minute. Cycle threshold (Ct) values were obtained using Mx3000P
v4.10 software (Stratagene, Agilent Technologies) with FAM threshold fluorescence = 1.000. Any wells that failed
to amplify to the predefined threshold in 50 cycles (indicated as “No Ct” in instrument output) were excluded from
primary statistical analysis. One comparison subject failed to amplify within 50 RT-PCR cycles in over 20% of
the target genes and was excluded from statistical analysis.

Statistical Analysis

Primary statistical analysis was performed on gene expression values. Sample size was determined a
priori using a statistical power calculation (B = 0.2, Tm = 0.8) based on previous studies of gene expression from
the lab. The investigators who executed the experiment were blind to subject diagnosis and subject pairing; the
investigator who performed statistical analyses did not participate in the generation of data. B2M, HPRT1,
RPL13A, GAPDH, and ACTB were used as housekeeping genes after verifying their expression was unchanged
between diagnostic groups (Figure 1). The ACt value for each subject was calculated by subtracting the geo-
metric mean of housekeeping gene Ct values from the Ct value of each target gene to obtain ACt; this value was
transformed using the formula 22! to obtain a gene expression value for each subject (Livak and Schmittgen,
2001). Statistics were performed using Prism 6.0 (GraphPad Software, San Diego, CA) or Statistica (StatSoft
Inc., Tulsa, OK). Outliers were determined by the robust regression and outlier analysis (ROUT) method with Q
= 1% and were excluded from analyses (Motulsky and Brown, 2006). Two-tailed paired Student’s t-tests were
performed for all genes unless 4 or more pairs were excluded after outlier removal; for the genes GNPTAB and
ST8SIAG6 primary statistical analysis was performed using unpaired Student’s t-tests. For the genes B3GNT3,
GCNT3, and NEU2, which failed to amplify within 50 cycles (“No Ct” in instrument output) in 4 or more subjects,
gene expression values were recorded as zero and the Wilcoxon matched pairs signed rank test was performed.
We performed multiple testing correction using the Benjamini-Hochberg method (Benjamini and Hochberg, 1995)
to control the false discovery rate with g* = 0.05. The experimental design employed a paired subject paradigm
with no difference between groups for subject age, pH, or postmortem interval, however some of the genes
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Glycosylation enzymes can be categorized BAGALT!
based on whether they attach or remove glycans and the B3GNTS BAGALT2
type of monosaccharide on which they act. In this study, e B4GALT3
enzymes from 16 functional categories were measured: STEGAL1  ST8SIA6
fucosidases, fucosyltransferases, galactosidases, ga- GALNT10 B3GNT4

: . GALNT2

lactosyltransferases, —glucosidases, glucosyltransfer GALNT4  POFUT1 AL
ases, hexosaminidases, mgn_no&dases, mannosyltrans_— GALNT?  gaGALTL ST3GAL2
ferases, N-acetylglucosaminidases, N-acetylglucosami- GALNTL1  cq1GALT1
nyltransferases, N-acetylgalactosaminidases, N-acetyl- GALNTLS  cqGALTLIC
galactosaminyltransferases, sialidases, sialyltransfer- GCNT3 oY
ases, and mannose-6-phosphate catabolic enzymes. Of
the 84 glycosylation enzymes measured in this study, 46
genes were increased in schizophrenia relative to com- Brotein Protein Sphingolipid
parison subjects, and 36 remained significant after mul- N-glycosylation O-glycosylation Metabolism

tiple testing correction using the Benjamini-Hochberg
method (Table 3). Enzymes from all categories except
galactosidases, hexosaminidases, mannosyltransfer-
ases, and mannose-6-phosphate catabolic enzymes
had altered mMRNA expression in schizophrenia. En-
zymes that exert their primary activity in protein N-glyco-
sylation, protein O-glycosylation, and sphingolipid pro-
cessing pathways were found altered (Figure 2). None
of the enzymes under investigation in this study had decreased transcript levels in schizophrenia.

Figure 2. Summary of glycosylation enzyme transcript
changes by pathway. Venn diagram of genes with signifi-
cantly increased transcript expression in schizophrenia rela-
tive to paired comparison subjects (p < 0.05). Genes are
grouped by the primary glycosylation pathway(s) in which they
participate. Genes listed in bold survive multiple comparison
correction (p < g, g* = 0.05).

Enzymes Involved in Immature N-glycosylation in the ER are Altered in Schizophrenia

We identified increased mRNA levels of MOGS, MAN1A1, and MAN1B1, which play essential roles in N-
glycan maturation and, with EDEM2 and UGGT2, which were also increased, contribute to ER quality control
mechanisms (Figure 3) (Helenius and Aebi, 2004; Olivari and Molinari, 2007; Roth et al., 2010). Although we
found no change in mMRNA expression of MAN1C1, EDEM1, EDEMS3, or UGGT1, and increased transcript levels
of GANAB, PRKCSH, and MAN1A2 did not survive multiple testing correction, these data reflect dysregulated
gene expression in schizophrenia of enzymes that participate in many stages of immature N-glycan processing
(Figure 3).

Dysregulated Fucose-Modifying Enzyme Expression in Schizophrenia

Fucosyltransferases FUT11 and FUTS, protein O-fucosyltransferase POFUT1, and the fucosidase FUCA2 were
increased in schizophrenia. POFUT2 and FUCAL were not different between diagnostic groups. FUT8 has been
shown to exhibit age-related increases in gene expression (Vanhooren et al., 2011) and, although we found no
correlation between FUT8 expression and subject age in comparison subjects (r(11) = -0.24, p = 0.46), in schiz-
ophrenia there was a significant negative correlation between FUT8 expression and subject age (r(11) = -0.67,
p = 0.02; Figure 4). To control for this effect, we performed an analysis of covariance (ANCOVA) of FUT8 gene
expression by diagnostic group and subject age, and the difference between schizophrenia and comparison
subjects remained significant (F(1,20) = 8.68, p = 0.008).

Altered N-acetylglucosaminyltransferase Expression in Schizophrenia

We assessed mRNA expression of multiple N-acetylglucosaminyltransferase (GIcNAcTase) subtypes: manno-
side GIcNAcTases (MGATSs), B-1,3-GIcNAcTases (B3GNTs), 3-1,6-GIcNAcTases (B6GNTSs), and the sole O-
linked polypeptide GIcNAcTase. Transcripts encoding six MGATs (MGAT1, MGAT3, MGAT4, MGAT4B,
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Table 3. Transcript expression of glycosylation enzymes in schizophrenia.

Glycan

Gene +/- Type Comparison Schizophrenia Test Statistic p-value q-value
Fucose

FUCA2 - N 0.056 £ 0.029 0.096 £ 0.032 t(10) = 2.97 0.014 0.017
FUT11 + N 0.580 £ 0.377 1.180 +£ 0.550 t(10) = 4.93 0.001 0.004
FUT8 + N 0.037 £0.023 0.090 £ 0.061 t(10) = 2.86 0.017 0.020
POFUT1 + O 0.030 £0.017 0.052 £0.031 t(10) = 2.90 0.016 0.019
Galactose

B3GALTL + O 0.177 £0.108 0.304 £ 0.129 t(10) = 6.54 <0.001 0.002
B4GALT1 + NS 0.039 £ 0.030 0.067 £ 0.033 t(9) = 2.42 0.039 0.026
B4GALT?2 + NS 1.761 £ 0.705 4562 +1.876 t(9) = 6.41 <0.001 0.002
B4GALT3 + NS 0.055 + 0.052 0.136 + 0.065 t(10) = 2.91 0.016 0.018
C1GALT1 + O 0.007 £ 0.005 0.014 + 0.008 t(10) = 3.09 0.012 0.015
C1GALT1C1 + O 0.426 +0.177 0.672 +£0.182 t(8) = 3.87 0.005 0.010
N-Acetylgalactosamine

GALNT10 + @] 0.164 £0.103 0.380 £ 0.205 t(10) =5.03 0.001 0.003
GALNT2 + (@] 0.228 £+ 0.115 0.459 + 0.207 t(10) = 4.68 0.001 0.004
GALNT4 + O 0.001 £ 0.001 0.005 + 0.003 t(10) = 2.98 0.014 0.016
GALNT7 + O 0.542 £+ 0.203 1.089 £ 0.478 t(9) = 3.51 0.007 0.012
GALNTL1 + O 1.438 £ 0.679 1.949 £ 0.759 t(10) = 2.32 0.043 0.027
GALNTL5 + O 0.003 £ 0.003 0.006 + 0.003 t(9) = 3.85 0.004 0.008
Glucose

GANAB - N 0.066 £ 0.041 0.119 £ 0.029 t(9) = 2.59 0.029 0.024
MOGS - N 0.038 £0.033 0.090 £ 0.033 t(8) = 3.43 0.009 0.014
PRKCSH - N 6.567 + 4.486 11.908 + 6.225 t(9) = 2.28 0.048 0.027
UGGT?2 + N 0.769 + 0.468 1.763 + 0.759 t(8) =4.04 0.004 0.008
N-Acetylglucosamine

B3GNT2 + N 0.003 £ 0.003 0.005 + 0.003 t(10) = 2.49 0.032 0.025
B3GNT3 + NS 0.0003 + 0.0004 0.0047 £ 0.0063 W(11) =48 0.032 0.026
B3GNT4 + S 0.076 £ 0.047 0.164 £ 0.120 t(10) = 3.31 0.008 0.013
B3GNTS8 + NO 0.134 £ 0.139 0.371 £ 0.254 t(9) =2.94 0.017 0.020
GCNT3 + (@] 0.00002 + 0.00005 0.00026 = 0.00026 W(64) = 64 0.002 0.007
MGAT1 + N 0.240 £0.101 0.453 £0.210 t(9) = 2.89 0.018 0.021
MGAT3 + N 0.975 +£0.571 1.857 + 0.843 t(10) = 3.34 0.008 0.013
MGAT4A + N 0.178 £ 0.069 0.396 +£0.196 t(10) = 3.58 0.005 0.010
MGAT4C + N 0.164 £ 0.094 0.289 £0.112 t(9) = 2.66 0.026 0.023
MGAT5 + N 0.836 £ 0.441 1.563 £ 0.619 t(10) = 4.29 0.002 0.006
MGAT5B + N 3.267 + 2.146 7.096 + 4.365 t(9) = 3.00 0.015 0.018
OGT + O 0.641 + 0.310 1.620 + 0.680 t(10) =7.204 <0.001 0.001
Mannose

EDEM2 - N 0.169 + 0.091 0.404 + 0.133 t(8) = 7.459 <0.001 0.001
MAN1A1l - N 0.117 £ 0.037 0.237 £ 0.150 t(10) = 2.96 0.014 0.017
MAN1A2 - N 0.887 + 0.268 1.389 £ 0.481 t(8) =2.72 0.026 0.023
MAN1B1 - N 0.936 + 0.522 1.214 £ 0.422 t(10) = 2.83 0.018 0.021
MANBA - N 0.414 + 0.230 0.685 + 0.323 t(10) = 2.67 0.024 0.022
Sialic acid

NEU1 - N 0.138 + 0.082 0.256 £+ 0.119 t(10) = 3.44 0.006 0.011
NEU?2 - N 0.004 + 0.009 0.026 + 0.039 W(11) = 66 0.001 0.005
NEU3 - N 0.243 £ 0.109 0.468 + 0.251 t(10) = 3.64 0.005 0.009
ST3GAL1 + (O 0.048 + 0.023 0.094 + 0.046 t(10) = 3.84 0.003 0.007
ST3GAL2 + (O 0.060 + 0.033 0.146 + 0.049 t(8) = 3.48 0.008 0.014
ST6GAL1 + NO 0.019 £0.013 0.050 £ 0.023 t(10) = 4.52 0.001 0.005
ST8SIA2 + N 0.009 + 0.006 0.032 £0.029 t(8) = 2.66 0.029 0.024
ST8SIA3 + NO 0.118 £ 0.087 0.223 £ 0.092 t(10) = 3.13 0.011 0.015
ST8SIA6 + NOS 0.031 +£0.014 0.078 +£ 0.046 t(18) = 3.11 0.006 0.011

Abbreviations: Glycosyltransferase (+); glycosidase (-); N-glycosylation (N), O-glycosylation (O); sphingolipid (S). Values are reported
as means = standard deviation. Data were analyzed using paired two-tailed Student’s t-tests except ST8SIA6 which was analyzed us-
ing unpaired two-tailed Student’s t-test, and B3GNT3, GCNT3, and NEU2 which were analyzed using Wilcoxon matched-pairs signed
rank tests. P-values and g-values which met the threshold for significance (a = 0.05, g* = 0.05) are listed in bold.
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Figure 3. Transcript expression of immature N-glycosylation enzymes is increased in schizophrenia. Enzymes necessary
for immature N-glycan processing have increased mRNA levels in schizophrenia. Top: Schematic of immature N-glycoprotein
processing. After the N-glycan oligosaccharide precursor is attached to a protein substrate, a-glucosidase | (MOGS, red) cleaves
the most terminal glucose. Cleavage of the next glucose by a-glucosidase Il (GANAB, orange) is regulated by glucosidase Il
subunit B (PRCKSH, orange), and this N-glycan intermediate conformation allows the N-glycoprotein to interact with chaperone
proteins in the calnexin-calreticulin (CNX/CRT) protein folding cycle. While interacting with molecules in the CNX/CRT cycle, ER-
localized a-mannosidase | (MAN1A-C, green) slowly cleaves mannose residues. After N-glycoprotein release from the CNX/CRT
protein folding cycle, GANAB/PRCKSH cleaves the final terminal glucose to allow interaction with UDP-glucose:glycoprotein glu-
cosyltransferases (UGGT1 and 2, blue). UGGT proteins have two main functions: first, to act as conformation sensors to identify
incompletely folded or misfolded proteins and, if the protein is not correctly folded, to next catalyze the re-addition of a terminal
glucose to permit return to the CNX/CRT protein folding cycle. Correctly folded N-glycoproteins are released from the UGGT
conformation sensor and can be further modified by MAN1A-C prior to forward trafficking to the Golgi compartment and further
maturation into a complex N-glycan structure. If a protein has failed to attain the correct tertiary structure and is terminally mis-
folded, ER degradation-enhancing mannosidases (EDEM1-3, purple) interact with the glycoprotein after release from the UGGT
conformation sensor and remove mannose residues to produce a Man®8GlcNAc2-polypeptide structure which is exported from the
ER and degraded via the ER-associated degradation pathway and ubiquitin proteasome system. Bottom: Graphs of gene expres-
sion of enzymes involved in immature N-glycan processing. Graph titles are color-coded to match the arrow color of enzymes in
the diagram. Gene expression is calculated as 2-2Ct (arbitrary units). Data are from paired schizophrenia (SCZ) and comparison
(COMP) subjects. *p < 0.05, *p < 0.01, ***p <.001, #p < g (survives Benjamini-Hochberg multiple testing correction). For statistical
tests a =0.05, g* = 0.05.
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Figure 4. Increased FUT8 mRNA expression in schizophrenia inversely correlates with subject age. Graphs of gene ex-
pression of FUT8, calculated as 22t (arbitrary units). FUT8 mean gene expression is 44% higher in schizophrenia (SCZ) relative
to comparison (COMP) subjects. There is no association between FUT8 gene expression and subject age in elderly COMP sub-
jects; however, FUT8 expression declines with age in elderly SCZ subjects. Left: Data from paired SCZ and COMP subjects.
Right: Gene expression correlated with subject age in SCZ and COMP subjects.*p< 0.05, #p < q (survives Benjamini-Hochberg
multiple testing correction).For statistical tests a = 0.05, g* = 0.05.

MGATS5, and MGAT5B; Figure 5), two B3GNTs (BSGNT4 and B3GNT8), one B6GNT (GCNT3) and O-Glc-
NAcTase (OGT) were increased in schizophrenia. There was no difference in expression of MGAT2, MGAT4B,
MGATA4C, B3GNT2, BBGNT3 GCNT1, and GCNT4 between diagnostic groups.

Lower gene expression of MGATS3 in the DLPFC of schizophrenia subjects within 5 years of diagnosis
and a reduction in biantennary bisected glycans (suggesting decreased MGAT3 activity) in CSF from antipsy-
chotic naive schizophrenia patients have previously been reported; however, these measures were obtained
during the early stages of illness progression in younger adults (Narayan et al., 2009; Stanta et al., 2010). Given
our finding of increased MGAT3 mRNA expression, we performed post hoc analyses to address whether in-
creased MGAT3 expression may be an effect of advanced age or the medication status of the subjects used in
this study. We performed regression analysis of MGAT3 gene expression by subject age and found no significant
correlation. Analysis of MGAT3 gene expression between comparison subjects, schizophrenia subjects on med-
ication (SCZon), and schizophrenia subjects off medication (SCZ; defined as subjects that did not receive anti-
psychotics for 6 weeks or more at time of death) revealed no difference in expression between SCZq, and SCZ
subjects; however, the difference between comparison and schizophrenia subjects is primarily driven by in-
creased expression in SCZ subjects (Figure 5).

It is possible that BSGNT3 and GCNTS3 are not normally expressed at detectible levels in human DLPFC
of elderly subjects (Figure 6). These enzymes failed to meet the threshold for detection within 50 gPCR cycles
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in at least 3 comparison subjects. Mean gene expres-
sion of BAGNT3 and GCNT3 were an order of magni-
tude higher in schizophrenia relative to comparison

MGAT GIcNAc Transferases

subjects.
Sialyltransferase and Sialidase Expression Ab- _5 o
normalities in Schizophrenia rs

We found increased mRNA expression of five 2o
sialyltransferases in  schizophrenia: ST3GAL1, &2
ST3GAL2, ST6GAL1, ST8SIA3, and ST8SIA6. Alt- % E
hough deficits associated with mutations of ST8SIA2 =371
have been implicated in the decreased expression of 8 =
PSA-NCAM in schizophrenia cortex (Barbeau et al.,
1995; Isomura et al., 2011), ST8SIA2 gene expres-
sion was nhot decreased in this study. Transcript ex- N
pression of the sialidases NEU1, NEU2, and NEU3, C,?‘S 0(" C,,?"(b é"? v‘,\& v’.\& 0?43 v’,\&
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was approximately 2 orders of magnitude less than MGAT3 e
NEU1 and NEU3 expression; however, while NEU1 49 . o
and NEU3 expression was increased approximately - ok _ i
86% and 92%, respectively, in schizophrenia, NEU2 : 5 2 3 ns. L=
expression was increased over 600% from compari- 5 2 Ez
son levels. NEU2 also failed to meet the threshold for E - ‘E
detection within 50 gPCR cycles in four comparison § 11— &M
subjects, but demonstrated amplification within 40 cy- 0 - .
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cles in all of the schizophrenia subjects (Figure 6).
Figure 5. Transcript levels of MGAT1, MGAT3, MGAT4A,

Altered Galactose and N-Acetylgalactosamine As-
sociated Enzymes in Schizophrenia

Transcripts encoding four enzymes from the
galactosyltransferase family were found increased in
schizophrenia: C1GALT1, BAGALT2, BAGALTS3, and
B3GALTL. C1GALT1C1 (also called COSMC), which
is a chaperone for CLGALT1, was also increased. N-
acetylgalactosaminyltransferases (GalNAcTases)
GALNTZ2, GALNT4, and GALNT10, which initiate pro-
tein O-GalNAcylation, and GALNT7 were increased in
schizophrenia (Bennett et al., 1999, 1998; Fritz et al.,
2006; Moremen and Nairn, 2014). Other galactosyl-
transferases and GalNAcTases measured in this
study were not altered in schizophrenia.

MGATS, and MGATS5B are increased in schizophrenia. Gene
expression of MGAT enzymes calculated as 2-2% (arbitrary units).
Gene expression of MGAT1, MGAT3, MGAT4A, MGATS5, and
MGATS5C is increased in schizophrenia (SCZ) relative to compar-
ison (COMP) subjects. The difference in gene expression of
MGAT3 between diagnostic groups is driven by increased ex-
pression in SCZ subjects who had not received antipsychotic
medication within 6 weeks of death (SCZot), and the mRNA levels
of MGAT3 in SCZ subjects on antipsychotic medication (SCZon)
is intermediate between SCZo+ and COMP subjects. Top: Gene
expression in SCZ divided by gene expression in matched COMP
subject, data are expressed as means * S.E.M. Bottom left:
MGAT3 gene expression in matched SCZ and COMP subjects.
Bottom right: Post hoc analysis of MGAT3 gene expression be-
tween COMP, SCZon, and SCZos. Data are represented as means
+ S.E.M. *p< 0.05, **p < 0.01, ***p < .001, #p < q (survives Ben-
jamini-Hochberg multiple testing correction), n.s. = not significant.

For statistical tests a = 0.05, g* = 0.05.

Discussion

These data demonstrate that genes involved in multiple glycosylation pathways are abnormally ex-
pressed in postmortem schizophrenia DLPFC. Previous findings from our lab have demonstrated in schizophre-
nia abnormalities of N-linked glycosylation of neurotransmitter receptor and transporter subunits in multiple brain
regions including the DLPFC, anterior cingulate cortex, and superior temporal gyrus (Bauer et al., 2010; Mueller
et al., 2014; Tucholski et al., 2013a, 2013b). It has also been shown that the glycan profile in serum and CSF of
first onset, antipsychotic naive schizophrenia patients is distinct from that of comparison subjects (Stanta et al.,
2010) and that treatment with olanzapine results in abnormal glycan branching of serum glycoproteins (Telford
et al., 2012). Together, these data represent a growing body of evidence implicating disruptions in glycan pro-
cessing in schizophrenia pathophysiology. To reconcile these diverse findings, we examined the transcript ex-
pression of 84 enzymes involved in N-glycosylation, O-glycosylation, sphingolipid metabolism, and/or mannose-
6-phosphate catabolism in DLPFC. In schizophrenia, 46 genes demonstrated increased expression relative to
comparison subjects and 36 of these genes survived multiple testing correction (Table 3).
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Figure 6. NEU2, B3GNT3, and GCNT3 mRNA expression in postmortem cortex of el-
derly subjects. Subject mMRNA was reverse transcribed to cDNA and samples of cDNA
were preamplified prior to gPCR to permit the assessment of low abundance transcripts in
postmortem human brain. In spite of this preamplification step, some enzymes--NEU2,
B3GNT3, and GCNT3—failed to amplify within 50 gPCR cycles in some subjects. These
enzymes were detected at levels at least an order of magnitude higher in SCZ (SCZ) than
(COMP) subjects and may not normally be expressed at detectable levels in neurotypical
cortex. Gene expression is calculated as 2-2% (arbitrary units); for subjects that failed to
amplify, gene expression value was recorded as zero. Left: Histograms of raw cycle thresh-
old (Ct) values; bin size is 2 cycles. Right: Graphs of individual subjects with means + S.E.M.
indicated, *p< 0.05, **p < 0.01, ***p < .001, #p < g (survives Benjamini-Hochberg multiple
testing correction). For statistical tests a = 0.05, g* = 0.05.

The majority of altered
transcripts were for enzymes
that mediate glycan attachment
(glycosyltransferases), whereas
only 7 of the altered enzymes
are responsible for glycan cleav-
age (glycosidases). We pre-
dicted changes in ER-localized
glycosylation enzymes in schizo-
phrenia, and found 8 altered en-
zymes that are specifically ex-
pressed in the ER (Figure 7).
Given our prediction of dysfunc-
tion in multiple glycosylation
pathways, it is noteworthy that
the majority of abnormally ex-
pressed enzyme transcripts are
primarily expressed in the Golgi
and/or the extracellular space
(Binder et al., 2014), locations
where glycosylation pathways
converge and glycan modifica-
tions are of particular functional
importance (Varki et al., 2009).
Of the 36 genes with increased
transcript expression in schizo-
phrenia, 16 are exclusively asso-
ciated with N-glycosylation, 11
are exclusively associated with
O-glycosylation, 1 is exclusively
associated with sphingolipid me-
tabolism, and 8 are involved in
multiple protein glycosylation
pathways (Table 3, Figure 2).

Immature N-glycosylation in
the ER and Glycan Branching

The co- or post-transla-
tional attachment of an oligosac-
charide precursor to an aspara-
gine residue initiates N-linked
glycosylation of proteins in the
ER and subsequent glycan pro-
cessing in a specific, step-wise
manner acts as an intracellular
signal to identify abnormally
folded proteins (Figure 2, top)
(Helenius and Aebi, 2004; Roth
et al., 2010; Varki et al., 2009).

Increased transcription of MOGS, MAN1A1, MAN1B1, EDEM2, and UGGT2, were identified in schizophrenia.
Given our prior reports of abnormal immature N-glycosylation of the a1 and 31 GABAAx receptor subunits (Mueller
etal., 2014), the GRIA2 AMPA receptor subunit (Tucholski et al., 2013a), and the GRIK2 kainate receptor subunit
(Tucholski et al., 2013b), it is not surprising to find abnormal expression of these enzymes. These data support
our hypothesis that abnormal immature N-glycosylation in schizophrenia arises from abnormal expression of
glycosylation enzymes and increased transcription of MOGS, MAN1A1, MAN1B1, UGGT2, and EDEM2 may
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therefore represent an underlying mechanism of disrupted immature N-glycoprotein processing and quality con-
trol functions in the ER in schizophrenia. Preliminary data from our lab indicates that concurrent with increased
MRNA levels, protein expression of EDEM2 and UGGT2 are increased in schizophrenia DLPFC (Kim et al.,
2018). Together with evidence of dysregulated degradation pathways in schizophrenia (Kim et al., 2018; Rubio
et al., 2013; Scott et al., 2015), these findings suggest that upregulation of ER-resident glycan modifying en-
zymes may alter the basal activity of the ER-associated degradation (ERAD) and unfolded protein response
(UPR) pathways in schizophrenia.

When an N-glycoprotein has attained the correct conformation in the ER, the high-mannose N-glycopro-
tein is exported to the Golgi apparatus and can be modified by further cleavage of mannose residues and/or
attachment of additional monosaccharides (Varki et al., 2009). The MGAT family of GIcNAcTases converts im-
mature, high-mannose N-glycans to hybrid or complex-type N-glycans by the addition of GIcNAc to the N-glycan
trimannosyl core (Kumar et al., 1990; Schachter, 1986; Yip et al., 1997). Sequential activity of MGAT1 and 2 in
the Golgi precedes the competition of MGAT3, 4, and 5 to produce bi-, tri-, and tetra-antennary glycan structures,
respectively, and altered expression of any of these enzymes can affect final N-glycan conformations significantly
for a wide variety of substrates (Kippe et al., 2015; Moremen and Nairn, 2014; Ohtsubo and Marth, 2006;
Schachter, 1986). Expression levels of mMRNA for MGAT1, MGAT3, MGAT4, MGAT5, and MGAT5B were in-
creased in schizophrenia. A concurrent study in our lab found the protein expression of MGAT4A to be signifi-
cantly decreased in schizophrenia, and we have proposed that the opposite valence of mMRNA and protein find-
ings for this enzyme likely represents a compensatory mechanism in the disorder (Kippe et al., 2015). To recon-
cile our findings with prior reports of decreased MGAT3 mRNA in younger antipsychotic-naive schizophrenia
subjects, post hoc analyses of effects of age and antipsychotic treatment on MGAT3 gene expression were
performed. We identified no significant correlation with age in elderly subjects. There was also no difference of
gene expression found between SCZ,» and comparison or SCZ subjects, but transcript expression of MGAT3
in SCZ.« was increased relative to comparison subjects (Figure 3). These findings suggest that increased gene
expression of MGAT3 may occur at a later stage of the disorder rather than as an effect of aging or antipsychotic
treatment. Additionally, given that the MGAT3 mRNA expression level in SCZ,, subjects was intermediate be-
tween SCZ.« and comparison subjects, one might speculate that antipsychotic treatment may ameliorate some
glycosylation-associated abnormalities in schizophrenia.

Protein O-GIcNAcylation

A specific type of O-glycosylation, protein O-GIlcNAcylation, is of particular interest due to the cyclical
nature of O-GIcNAcylation and phosphorylation on shared serine/threonine residues (Moremen and Nairn,
2014). Unlike other forms of protein N- or O-glycosylation which occur in the ER or Golgi, protein O-GIcNAcyla-
tion is initiated in the nucleus or cytosol (Ryslava et al., 2013). The phosphorylation/O-GIcNAcylation cycle acts
as a substrate-specific intracellular signal which can regulate gene transcription, cytoskeletal remodeling, and
nutrient homeostasis, and is initiated by OGT (Butkinaree et al., 2010; Howerton et al., 2013), which we found
increased in schizophrenia . Given the potential competition of O-GIcNAcylation and phosphorylation on an es-
timated 30% of mammalian glycoproteins (RySlava et al., 2013) and abnormal kinase, phosphatase, and phos-
phoprotein expression in schizophrenia (Kim and Stahl, 2010; McGuire et al., 2017, 2014), alterations of O-
GIcNAcylation could potentially contribute to altered cellular function in schizophrenia. The OGT gene is located
on the X-chromosome, and expression of this enzyme is lower in males than females in neurodevelopment
(Howerton et al., 2013). Recently, abnormal OGT expression has been correlated with sex-biased neurodevel-
opmental alterations following maternal stress exposure (Howerton et al., 2013). Schizophrenia demonstrates
sex-specific variations in illness onset, progression, and pathophysiology (Hafner et al., 1994), and epidemiolog-
ical findings have correlated maternal stress with increased schizophrenia risk (Bayer et al., 1999; Khandaker et
al., 2013). Together these data suggest a possible functional effect of abnormal OGT expression in sex-specific
features of schizophrenia.

Sialylation and Polysialylation of Membrane Proteins

The attachment of N-acetylneuramic acid (known commonly as sialic acid and abbreviated NeuAc) onto
membrane proteins and glycolipids is a modification which influences the strength and stability of synaptic con-
nections and cell-cell interactions (Dennis et al., 2009; Maccioni et al., 2011; Varki et al., 2009). Many glycans,
particularly on cell surface glycoproteins and gangliosides, are capped by the addition of NeuAc or poly-NeuAc
which prevents further monosaccharide additions (Maccioni et al., 2011; Schnaar et al., 2014). Reports of ab-
normal protein sialylation and reduced levels of the polysialylated form of NCAM (Barbeau et al., 1995; Isomura
et al., 2011, Stanta et al., 2010; Telford et al., 2012) are implicated in abnormal cell-cell interactions, atypical
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neurodevelopment, and synaptic abnormalities in schizophrenia (Barbeau et al., 1995; Schnaar et al., 2014). We

found mRNA of a-2,8-sialyltransferases ST8SIA3 and ST8SIA6, a-2,3-sialyltransferases ST3GAL1 and

ST3GAL2, and a-2,6-sialyltransferase ST6GAL1 increased in schizophrenia. It has previously been reported

that ST3GALZ2 is not expressed in human brain based on northern blot analysis (Giordanengo et al., 1997),

however, the prior study did not specify which brain region was assessed for ST3GAL2 gene expression and

our current study measured expression using a different methodology.

Synthesis of Lactose, N-Acetyllactosamine, and Poly-N-Acetyllactosamine

B4AGALT?2 catalyzes the synthesis of lactose or N-acetyllactosamine (LacNAc) from UDP-galactose and
glucose or GIcNAc, respectively, and adds glucose to glycolipids or to N-linked oligosaccharides to produce
complex N-glycoproteins (Guo et al., 2001). B4GALT3 modifies glycolipids and N-glycoproteins as well as play-
ing a role in the synthesis of LacNAc, but not lactose (The UniProt Consortium, 2014). Similar to the MGAT
family of GIcNAcTases, which are involved in N-glycan maturation, the B3GNTs also extend existing glycans
and synthesize specific branched glycan structures (Moremen and Nairn, 2014; Varki et al., 2009). B3GNT4
modifies glycolipids and is involved in the generation of poly-LacNAc, primarily in microglia, ependymal cells,
and brain vasculature (Acarin et al., 1994; Shiraishi et al., 2001; The UniProt Consortium, 2014). B3GNT8 can
also synthesize poly-LacNAc but cannot modify sphingolipids (Ishida et al., 2005; Seko and Yamashita, 2005).
Similar to the GIcNAcTase MGAT4A, discussed in section 4.1, protein expression of BBGNT8 was also found to
be decreased in schizophrenia DLPFC, and increased mRNA levels reported here may reflect cellular compen-
sation for inadequate protein levels of the enzyme (Kippe et al., 2015). Increased gene expression of these
enzymes in our elderly cohort is con-
sistent with previous reports of al-

) : Golgi .
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Figure 7. Subcellular distribution of glycosylation enzymes found altered in
schizophrenia. Venn diagram of genes with significantly increased transcript expres-
sion in schizophrenia relative to paired comparison subjects (p < 0.05). Genes are

Extracellular Matrix and Synaptic
Remodeling

C1GALT1 and C1GALT1C1
(also called COSMC) must be co-ex-
pressed to generate the T antigen
necessary for core 1 O-glycosylation,
and C1GALT1C1 expressionis a lim-
iting factor in the synthesis of core 1
O-glycans, so it is unsurprising to
find C1GALT1 and C1GALT1CL1 in-
creased concurrently in schizophre-
nia. Many secreted glycoproteins are

grouped by the primary subcellular location(s) of the gene product between the endo-
plasmic reticulum, Golgi apparatus, cytoplasm, late endosome or lysosome, and cell
membrane or extracellular matrix based on assignments curated by and reported in
the UniProtKB (http://www.uniprot.org) and COMPARTMENTS (http://compart-
ments.jensenlab.org) databases. The “cell membrane or extracellular matrix” category
includes enzymes that associate with the cytoplasmic side of the plasma membrane,
transmembrane proteins expressed on the cell surface, secreted proteins that interact
directly with the proteinaceous extracellular matrix, or proteins secreted via extracel-
lular exosomes. The enzyme OGT is functionally active in cell nuclei and within mito-
chondria, as well as throughout the cytoplasm and at the cell membrane as shown.
Some glycosylation enzymes may also localize to other specific subcellular compart-
ments not indicated here. Genes listed in bold survive multiple comparison correction

(p<gq,g*=0.05).
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extensively O-glycosylated (Varki et al., 2009). B3GALTL in the ER is responsible for elongating O-fucosylpro-
teins following POFUT2-mediated fucosylation of thrombospondin-like repeat (TSR) domains (Sato et al., 2006)
and for some ADAMTS (a disintegrin and metalloproteinase with thrombospondin motifs) proteins, the O-linked
disaccharide (produced from sequential glycan addition by POFUT2 and B3GALTL) has been shown to be nec-
essary for secretion into the extracellular space (Ricketts et al., 2007; Wang et al., 2007). We have recently
reported that the protein expression levels of POFUT2 in the superior temporal gyrus (STG; Brodmann area 22)
is decreased in schizophrenia (Mueller et al., 2017). While we did not identify mRNA expression changes of
POFUTZ2 in the current study, this may reflect a brain-region specific alteration in POFUT2 protein levels or the
increased transcript levels of B3GALTL identified in DLPFC may arise from inadequate or abnormal TSR-domain
O-fucosylation. Secreted ADAMTS proteins cleave lecticans to permit synaptic remodeling (Gottschall and
Howell, 2015; Ricketts et al., 2007; Sato et al., 2006; Wang et al., 2007) and abnormal expression of either or
both BSGALTL and POFUT2 could contribute to alterations of synaptic plasticity in schizophrenia by impacting
ECM remodeling in the disorder.

POFUTL1 is responsible for protein O-fucosylation and specifically modifies epidermal growth factor ho-
mology (EGF) domains when proper disulfide pairing of cysteines has occurred (Harris and Spellman, 1993;
Wang et al., 2001). An important family of POFUT1 substrates are the NOTCH proteins, which are known for
their role in cell fate determination and neurogenesis during development and which influence neuritogenesis
and dendritic spine formation in post-mitotic adult neurons (Berezovska et al., 1999; Lai, 2004; Redmond et al.,
2000). Appropriate NOTCH protein O-glycosylation is necessary for both the correct tertiary structure of the
glycoprotein and for the conformation shift that occurs following ligand binding (Irvine, 2008). Alterations of the
NOTCH signaling pathway have been implicated in schizophrenia (Pietersen et al., 2014; Shayevitz et al., 2012;
Yang et al., 2013), and these data suggest abnormal NOTCH fucosylation may contribute to disruption of this
signaling pathway.

FUT8 and FUT11 are N-linked fucosyltransferases increased in schizophrenia. FUT11 is one of the most
evolutionarily conserved a-1,3-fucosyltransferases and there is strong sequence similarity between FUT11 and
other a-1,3-fucosyltransferases (Baboval and Smith, 2002; Mollicone et al., 2009). Conversely, FUT8 is unique
in its ability to catalyze the addition of a-1,6-linked fucose onto the chitobiose core of N-linked glycans (Kotzler
et al., 2012). FUT8 knock-out mice demonstrate a schizophrenia-like behavioral phenotype, and many neurode-
velopmental pathways that regulate neuritogenesis and synaptic strengthening that have been implicated in
schizophrenia are dysregulated when N-glycoproteins are not appropriately core fucosylated (Fukuda et al.,
2011; Gu et al., 2015, 2013; Kurimoto et al., 2014; Wang et al., 2006, 2005). Previous studies have reported
FUT8 expression increases in normal aging in mice (Vanhooren et al., 2011), and while we did not find a corre-
lation between FUT8 expression and subject age in human comparison subjects, we did find a negative corre-
lation in schizophrenia. This may suggest abnormalities of brain aging in schizophrenia that are consistent with
atypical neurodevelopment in earlier stages of the disorder. As with the fucosyltransferase POFUT2, protein
levels of FUT8 were found decreased in schizophrenia STG (Mueller et al., 2017), supporting the notion that
glycan processing enzyme expression protein and/or mRNA levels demonstrate brain region-specific abnormal-
ities in schizophrenia.

Degradation Pathways

We found increased mRNA expression of the sialidases NEU1, NEU2, and NEU3, which are expressed
in the lysosome, cytosol, and plasma membrane, respectively (Albohy et al., 2010; Binder et al., 2014; Miyagi et
al., 2008). NEU1-4 are the only known sialidases expressed in humans and although they all cleave NeuAc,
substrate specificity and enzymatic properties are unique for each enzyme (Magesh et al., 2006; The UniProt
Consortium, 2014). NEU1 acts primarily within the lysosomal compartment and has been shown to negatively
regulate lysosomal exocytosis, an autophagic process (Bonten et al.,, 1996; d’Azzo and Bonten, 2010;
Yogalingam et al., 2008). Conversely, NEU3 inhibits matrix metalloproteinase 9 (MMP9) expression (Moon et
al., 2007) and can increase intracellular lactosyl ceramide to induce beclin-2 expression, thereby inhibiting apop-
tosis and enhancing cell survival and autophagy pathways (Kato et al., 2006; Magesh et al., 2006; Scaringi et
al., 2013; Tringali et al., 2009). MMP9 inhibition also leads to decreased NEU1 activity, proposed to be a result
of increased NEUS3 expression, and can lead to hyperglycemia and insulin resistance (Alghamdi et al., 2014), a
side-effect of many antipsychotic drugs (Heal et al., 2012).

Deficits of GALNTL5 expression have been shown to result in abnormal localization and functional defi-
cits of the ubiquitin-proteasome system (UPS) in sperm cells (Takasaki et al., 2014; The UniProt Consortium,
2014). In schizophrenia brain, we found this enzyme upregulated. While specific consequences of this increase
are unclear, abnormal expression of proteins involved in the UPS in schizophrenia brain have recently been
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reported (Rubio et al., 2013; Scott et al., 2015), and cross-talk between glycosylation and ubiquitination pathways
in schizophrenia may suggest a possible mechanism underlying altered UPS function in the disorder.

The pH-dependent lysosomal and extracellular fucosidase FUCA2 can be upregulated in response to
immune activation (Sobkowicz et al., 2014), and we found increased mRNA expression of FUCA2 in schizophre-
nia. The substrates and role of FUCA2 in brain have not been well-characterized, though as we have identified
increased transcript levels of fucosyltransferases in schizophrenia, it is reasonable to expect that this increase
may be a mechanism by which neurons attempt to compensate for increased fucosylation of some substrates.
Taken together, the abnormal expression of lysosomal fucosidase (FUCA2), lysosomal sialidase (NEU1), ERAD-
associated mannosidase (EDEM2; discussed in section 4.1), and UPS-associated (GALNTLS5) glycosylation en-
zymes suggest atypical function of multiple protein degradation pathways in schizophrenia and may represent
novel targets for future investigation.

Limitations and Conclusions

A common limitation of studies in postmortem schizophrenia brain is the potential confound of patient
medication status at time of death. We have defined 6 weeks of antipsychotic abstinence prior to death as “off”
medication; however, given the advanced age of schizophrenia subjects included in this study, treatment with
antipsychotic medication occurred at some point during the patients’ life and 6 weeks may not be sufficient time
to reverse alterations arising from previous chronic antipsychotic use. Given the dynamic regulation of glycosyl-
ation enzyme expression, additional studies in antipsychotic-naive subjects and subjects in earlier stages of the
disorder are warranted.

We have speculated on potential consequences of abnormal gene expression of glycosylation enzymes
in schizophrenia; however, inconsistencies between mRNA abundance and protein levels of the corresponding
gene product from samples of postmortem human brain are not uncommon (Harrison and Weinberger, 2005;
Kristiansen et al., 2007; Meador-Woodruff and Healy, 2000). We have recently reported decreased protein ex-
pression of the GIcNAcTases B3GNT8 and MGAT4A in the DLPFC of these same subjects (Kippe et al., 2015),
and decreased protein expression of the fucosyltransferases FUT8 and POFUT2 in the STG in a different subject
cohort (Mueller et al., 2017), while both mRNA and protein levels of EDEM2 and UGGT?2 are increased in schiz-
ophrenia DLPFC. The data presented herein do not contradict our prior reports, but instead suggest that in-
creased mRNA expression may be cellular compensation for insufficient protein expression of these enzymes
in schizophrenia. We consider this finding support for our hypothesis that abnormal glycosylation in schizophre-
nia may be related to subcellular compartment-specific abnormalities in glycan processing. BAGNT8, MGAT4A,
and FUT8 are primarily localized to the Golgi apparatus, thus the opposite valence of protein and mRNA expres-
sion changes may be an indication that glycosylation alterations in schizophrenia stem from abnormalities of
glycan or glycoprotein processing in the ER which the cell attempts to compensate for further along the pro-
cessing pathway in the Golgi apparatus. While the expression of some other GIcNAcTases found to be abnor-
mally transcribed in this study were found unchanged at the protein level (Kim et al., 2018; Kippe et al., 2015;
Mueller et al., 2017), this does not preclude the possibility that PTMs or functional properties of normally-ex-
pressed enzymes may be impaired. The majority of enzymes examined in this report are themselves glycosyl-
ated; hence, the altered expression of these enzymes may not only affect the function of a variety of substrate
proteins and lipids, but also the efficacy and kinetics of the enzyme-mediated glycosylation pathways in which
they participate. Additional studies that examine enzyme protein expression in specific subcellular compart-
ments, in neuronal versus glial cellular subpopulations, and/or in multiple brain regions in schizophrenia repre-
sent a possible avenue of future investigation. Studies of enzyme activity, kinetics, and upstream regulatory
pathways may also provide insight into the relationship between dysregulated glycosylation enzyme transcription
and abnormal neuroglycobiology in schizophrenia.

The current study illustrates that transcript expression of enzymes from multiple glycosylation pathways
is considerably altered in schizophrenia, and that these alterations are not exclusive to ER-localized enzymes.
Enzymes associated with both the addition and removal of glycans demonstrate increased mRNA expression in
this illness and add to the growing body of evidence that protein PTMs are dysfunctional in schizophrenia brain.
Wide-spread glycosylation abnormalities as a result of abnormal glycosylation enzyme expression could explain
sex-specific neurodevelopmental alterations, deficits in neuritogenesis and abnormal dendritic spine morphol-
ogy, impaired synaptic plasticity, altered protein localization, and many other substrate-specific deficits in schiz-
ophrenia. As such, dysglycosylation of substrates could represent a common impaired mechanism in multiple
neurotransmitter systems and cell types. Future examinations of the neuroglycobiology of schizophrenia will be
necessary to elucidate specific glycosides and glycan structures that contribute to the pathophysiology of this
disorder.
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