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Abnormal ER quality control of neural GPI-
anchored proteins via dysfunction in ER
export processing in the frontal cortex of
elderly subjects with schizophrenia
Pitna Kim 1, Madeline R. Scott 1 and James H. Meador-Woodruff1

Abstract
Abnormalities of posttranslational protein modifications (PTMs) have recently been implicated in the pathophysiology
of schizophrenia. Glycosylphosphatidylinositols (GPIs) are a class of complex glycolipids, which anchor surface proteins
and glycoproteins to the cell membrane. GPI attachment to proteins represents one of the most common PTMs and
GPI-associated proteins (GPI-APs) facilitate many cell surface processes, including synapse development and
maintenance. Mutations in the GPI processing pathway are associated with intellectual disability, emphasizing the
potential role of GPI-APs in cognition and schizophrenia-associated cognitive dysfunction. As initial endoplasmic
reticulum (ER)-associated protein processing is essential for GPI-AP function, we measured protein expression of
molecules involved in attachment (GPAA1), modification (PGAP1), and ER export (Tmp21) of GPI-APs, in homogenates
and in an ER enriched fraction derived from dorsolateral prefrontal cortex (DLPFC) of 15 matched pairs of
schizophrenia and comparison subjects. In total homogenate we found a significant decrease in transmembrane
protein 21 (Tmp21) and in the ER-enriched fraction we found reduced expression of post-GPI attachment protein
(PGAP1). PGAP1 modifies GPI-anchors through inositol deacylation, allowing it to be recognized by Tmp21. Tmp21 is a
component of the p24 complex that recognizes GPI-anchored proteins, senses the status of the GPI-anchor, and
regulates incorporation into COPII vesicles for export to the Golgi apparatus. Together, these proteins are the
molecular mechanisms underlying GPI-AP quality control and ER export. To investigate the potential consequences of
a deficit in export and/or quality control, we measured cell membrane-associated expression of known GPI-APs that
have been previously implicated in schizophrenia, including GPC1, NCAM, MDGA2, and EPHA1, using Triton X-114
phase separation. Additionally, we tested the sensitivity of those candidate proteins to phosphatidylinositol-specific
phospholipase C (PI-PLC), an enzyme that cleaves GPI from GPI-APs. While we did not observe a difference in the
amount of these GPI-APs in Triton X-114 phase separated membrane fractions, we found decreased NCAM and GPC1
within the PI-PLC sensitive fraction. These findings suggest dysregulation of ER-associated GPI-AP protein processing,
with impacts on post-translational modifications of proteins previously implicated in schizophrenia such as NCAM and
GPC1. These findings provide evidence for a deficit in ER protein processing pathways in this illness.

Introduction
Multiple hypotheses of the pathophysiology of schizo-

phrenia have focused on abnormalities of

neurotransmission, including deficits in transmitter-
specific signaling as well as in the development and
maintenance of dendritic spines and synapses1–6. The
molecular mechanisms underlying these deficits are still
being defined. Recent evidence has demonstrated deficits
in subcellular localization and posttranslational
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modifications that regulate trafficking of neurotransmitter
receptors and transporters1,7–11. Additionally, we have
previously demonstrated abnormalities in endoplasmic
reticulum (ER) retention signals and proteins regulating
ER quality control and degradation pathways12,13, impli-
cating a deficit in ER-associated protein processing in
schizophrenia. As such, we propose that ER-protein
processing pathways that impact synapse development
and maintenance are previously substrates underlying the
cellular pathophysiology of schizophrenia.
Anchoring of proteins to the cell membrane through

the addition of a glycosylphosphatidylinositol (GPI)-
anchor is responsible for the activity and localization of a
specialized class of lipid-associated neuronal membrane
proteins that have roles in synaptic formation, neuro-
transmission, and synaptic plasticity14. GPI-anchored
proteins (GPI-APs) are a particular category of luminal
secretory proteins attached to the membrane by a glyco-
lipid anchor that is post-translationally added in the ER.
The GPI anchor consists of a lipid moiety with a glycan
backbone and is generated by a series of sequential
reactions at the ER membrane. Once synthesized, the
anchor is attached to protein substrates by the GPI
transamidase complex, after which it undergoes further
modification within the ER. A primary modification is
inositol deacylation by post-GPI attachment protein 1
(PGAP1)15, which is required for efficient ER export. As a
quality control mechanism, the p24 complex binds to
GPI-APs, senses the status of GPI-anchor modification,
and regulates whether these substrates are exported to the
Golgi or retained for further processing. After exiting the
ER, GPI-APs are transported along the secretory pathway,
through the Golgi complex, to their final destination at
the plasma membrane. GPI-APs are involved in cell
recognition and interaction, signal transduction, cell
activation, and cell surface enzymatic reactions16. Recent
studies have reported that a subset of GPI-APs act as
modulators of synapse development in cooperation with
specific synaptic adhesion pathways via direct interactions
with key synapse-organizing proteins14,17–20.
Dysfunction in the synthesis, intracellular trafficking,

and plasma membrane organization of GPI-APs have
been associated with brain disorders21. Notably, muta-
tions in genes that synthesize GPI anchors have been
linked to several forms of intellectual disability22–27. This
suggests a fundamental role for GPI-anchors in cognition,
leading us to hypothesize that this system may be dysre-
gulated in schizophrenia. To test this, we measured pro-
tein expression of GPI anchor attachment 1 (GPAA1), a
component of the GPI transamidase complex that atta-
ches the GPI anchor to protein substrates, post-GPI
attachment protein 1 (PGAP1), which deacylates the GPI
anchor, and transmembrane protein 21 (Tmp21), a sub-
unit of the p24 complex that regulates ER export of GPI-

APs, in postmortem samples of dorsolateral prefrontal
cortex (DLPFC) from subjects with schizophrenia and
matched comparison subjects. Abnormal expression of
key regulatory protein in this system suggests dysregula-
tion of GPI-AP proteins themselves. To test whether there
are abnormalities in GPI-dependent membrane associa-
tion, we identified several brain-expressed GPI-APs pre-
viously associated with schizophrenia, glypican 1
(GPC1)28,29, neural cell adhesion molecule 1
(NCAM)30,31, MAM domain-containing GPI protein 2
(MDGA2)32, and ephrin type A receptor (EPHA1)33. For
these target proteins, we compared the proportion of each
associated with the cell membrane and sensitive to
treatment with phosphatidylinositol-specific protein
lipase C (PI-PLC), an enzyme that specifically cleaves the
GPI-anchor, in schizophrenia and comparison subjects.
These studies characterize abnormalities of GPI-AP
quality control proteins in the DLPFC in schizophrenia,
and begin determine to the impact of their dysregulation
on post-translational modification of proteins previously
associated with this illness.

Materials and methods
Human subjects
Samples of dorsolateral prefrontal cortex (Brodmann

Areas 9/46) were obtained from the Mount Sinai/Bronx
Veterans Administration Medical Center Department of
Psychiatry Brain Collection. Assessment, consent and
postmortem 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 Center34,35. Subjects
diagnosed with schizophrenia based on DSM-III-R cri-
teria were pairwise matched with comparison subjects by
sex, age, tissue pH, and postmortem interval (PMI) (Table
1 and Supplementary Table S1). The majority of subjects
are the same between all experiments, with a few subjects
re-paired due to tissue constraints (Supplementary Table
S1). Brains from subjects were removed at autopsy and
sliced into 0.8–1 cm slabs in the coronal plane. Full

Table 1 Summary of subject demographics

Comparison Schizophrenia

n 15 15

Age 77.07 ± 10.02 77.80 ± 10.34

Sex 8 M/7 F 8 M/7 F

PMI (h) 8.01 ± 6.37 15.36 ± 6.02

Tissue pH 6.55 ± 0.32 6.51 ± 0.21

On/Off Rx 0/15 3/12

PMI postmortem interval, Rx: On treated with antipsychotic medications at time
of death, Off off antipsychotic medication for ≥6 weeks prior to death
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thickness of gray matter from the cortex was blocked into
1 cm3 cubes and stored at −80 °C until use34,35.

Antipsychotic-treated tats
Male Sprague-Dawley rats were housed in pairs and

treated with chronic administration of either 28.5 mg/kg
haloperidol decanoate (HAL; N= 10) or vehicle (VEH; N
= 10) delivered once every 3 weeks for 9 months via
intramuscular injection, for a total of 12 injections. This
method of drug delivery, length of treatment, and dose
has been previously described36–38. Animals were eutha-
nized by rapid decapitation following CO2 administration,
frontal cortexes were dissected on ice, then snap frozen
and stored at −80 °C until use. The Institutional Animal
Care and Use Committee of the University of Alabama at
Birmingham approved all procedures using these animals.

Effect of postmortem interval in mice
To determine the effects of PMI on protein expression

in mouse brain, we modeled PMI conditions typically seen
at the time of death in humans. Fifteen female C57BL/6
mice were used for this study. Brains were removed and
kept at 4 °C. Following decapitation, Hour 0 samples (N=
3) were immediately frozen in dry ice, and then stored at
−80 °C. Remaining brains were held at 4 °C for progres-
sively longer times (1 h, 4 h, 10 h, N= 4 at each time
point), and then transferred to −80 °C for storage. The
frontal cortex was dissected from each brain for western
blot analyses. This study was approved by the Institutional
Animal Care and Use Committee of the University of
Alabama at Birmingham.

Tissue preparation
Tissue samples from human subjects (50 mg wet

weight) were pulverized using a mortar and pestle with
the addition of small amounts of liquid nitrogen. Isotonic
extraction buffer (10 mM HEPES, pH 7.8; 250mM
sucrose; 25 mM potassium chloride; 1 mM EGTA) was
added to each sample and tissues homogenized with
10–12 strokes in a glass-teflon homogenizer before being
transferred to a nitrogen cavitation chamber (Parr
Instrument Company, Moline, IL, USA). Homogenates
were pressurized to 450 psi for 8 min and collected
through the outlet port of the chamber by nitrogen
decompression.
DLPFC samples for phosphoinositide-specific phos-

pholipase C (PI-PLC) enzyme treatment and Triton X-
114 phase partitioning, as well as samples obtained from
antipsychotic treated rats, were suspended in sucrose
homogenization buffer (320 mM sucrose in 5 mM Tris-
HCL, pH 7.5) containing with protease and phosphatase
inhibitor tablets (Complete Mini, EDTA-free and Phos-
STOP, Roche Diagnostics, Indianapolis, IN) and

homogenized with 10–12 strokes in a glass-teflon
homogenizer. Protein concentrations of all samples were
assessed by BCA assays (Thermo Fisher Scientific, Rock-
ford, IL, USA) and samples were stored at −80 °C until
use.

Subcellular fractionation
Subcellular fractionation was performed in parallel for

each pair of subjects as previously described39,40. 60 µL
aliquots of nitrogen cavitated tissue were reserved as the
total homogenate sample for western blot analyses. The
remainder of each sample was then centrifuged at 700×g
for 10 min at 4 °C, followed by a 15,000 × g centrifugation
of the resulting supernatant. The supernatant from the
second centrifugation step was then layered onto a
sucrose gradient consisting of 1 mL of each 2.0M, 1.5M,
and 1.3M sucrose in a 14 × 89 mm Beckman polyallomer
ultracentrifuge tube. Sucrose gradients were ultra-
centrifuged at 126,000 × g (35,000 rpm in a SW60 Ti
rotor) at 4 °C for 70min. A dense white band at the
interface of the 1.3–1.5M sucrose layers (~100–300 μL)
was extracted and combined with cold 1× MTE buffer
(270 mM D-mannitol; 10 mM Tris-base; and 0.1 mM
EDTA, pH 7.4) and phenylmethylsulfonyl fluoride (PMSF,
1 mM), and ultracentrifuged at 126,000 × g for 45 min at
4 °C to obtain a pellet enriched for ER membranes. This
pellet was resuspended in 50 µL of 1× phosphate buffered
saline (PBS), pH 7.4, and protein concentration was
determined by BCA protein assay (Thermo Fischer
Scientific).

Western blot for protein expression
Samples for western blot analyses were prepared with

Milli-Q water and sample buffer (6× solution: 4.5%
sodium dodecyl sulfate (SDS), 15% β-mercaptoethanol,
0.018% bromophenol blue, and 36% glycerol in 170mM
Tris-HCl, pH 6.8) and heated at 70 °C for 10min. Samples
were loaded on 4–12% Bis-Tris gels (Invitrogen) then
subjected to SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to nitrocellulose membranes
using standard semi-dry transfer methods. To reduce
non-specific binding, blots were incubated in either 50%
Odyssey Blocking buffer (Li-Cor) in Tris-buffered saline
(TBS) or 5% bovine serum albumin in TBS for 1 h at room
temperature (RT) prior to primary antibody incubation.
Conditions for probing were optimized to be within the
linear range of detection for each primary antibody
(Supplementary Table S2). Tris-buffered saline (TBS)+
0.1% Tween-20 was used for wash steps before and after a
1 h incubation at RT with the appropriate secondary
antibody, and membranes rinsed with Milli-Q water prior
to scanning. Membranes were scanned using a LiCor
Odyssey scanner at a resolution of 169 µm and intensity
level of 5.
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PI-PLC enzyme treatment and phase partitioning with
Triton X-114
PI-PLC specifically cleaves the phosphatidylinositol

component of GPI anchors, effectively separating the
substrate protein from its membrane-integrated lipid
tether. To disrupt the interaction between GPI-APs and
cell membranes, samples were treated with PI-PLC and
then Triton X-114 phase partitioned. Triton X-114 par-
titioning produces two distinct phases: an aqueous phase
(AQ), which contains cytosolic and extracellular compo-
nents that are not bound to or positioned within lipid
membranes, and a detergent phase (DT), which contains
lipid-rich membranes, transmembrane proteins, and
other proteins that are bound to membranes or integrated
into membrane-bound complexes. In their normal phy-
siological state, GPI-APs primarily partition to the
detergent phase. After treatment with PI-PLC, however,
GPI-APs are released from the membrane and partition
into the aqueous phase.
For PI-PLC treatment, 5 μL of PI-PLC (Millipore Sigma,

St. Louis, MO, USA) was added to 500 μL of tissue
homogenate (0.2 μg/μL) and incubated for 1 h at 37 °C.
Non-enzyme-treated control samples were processed in
parallel with Milli-Q water substituted for the enzyme.
For each PI-PLC-treated and control sample, 100 μl was
reserved to load as “input” on western blots. For phase
partitioning, 100 μL of Triton X-114 was added to each
sample, briefly vortexed, then incubated at 37 °C for 1 h
until a clear interface was visible. The top aqueous layer
was transferred to a new tube and ice-cold PBS was added
to each phase to bring the sample volume to 800 μL. Next,
700 μL of acetone (−20 °C) was added to each sample and
stored overnight at −20 °C. Samples were then cen-
trifuged at 15,000 × g at 4 °C for 30 min. Supernatant were
discarded and pellets resuspended with 50 μL of PBS
containing protease inhibitor tablets (Roche). Protein
concentrations were determined by BCA assays (Thermo
Fischer). Samples were stored at −20 °C until processed
for western blot analyses.

Data and statistical analysis
Odyssey 3.0 analytical software (LiCor, Lincoln, NE,

USA) was used to determine integrated intensity values
from western blots. For whole cortical homogenates,
integrated intensity values were normalized to intralane
values of Valosin Containing Protein (VCP), which has
been reported to not be differentially expressed in schi-
zophrenia brain41. In ER-enriched fractions, integrated
intensity values were normalized to intralane JM4, an ER
resident protein that has uniform expression in this ER-
enriched fraction8,42. Before target protein normalization,
we verified that VCP and JM4 were not differently
expressed between diagnostic groups in the total homo-
genate or subcellular fractions, respectively. All samples

were run in duplicate and after intra-lane normalization
the average for each subject was determined. To calculate
enzymatic action of PI-PLC treatment on GPI-APs, we
used the formula: [(average protein of interest (POI)
expression before PI-PLC treatment) − (average POI
expression after PI-PLC treatment)]/total POI expression
in DT phase]. Total POI expression was calculated as the
sum of the averaged POI expression in DT and AQ
phases. To determine if data were normally distributed,
D’Agostino & Pearson omnibus normality tests were
performed. Normally distributed data were analyzed using
paired Student’s t-tests, and non-normally distributed
data were analyzed using Wilcoxon matched pairs signed
rank tests. To reduce the risk of type I statistical errors
associated with multiple comparisons, we used the
Benjamini–Hochberg method43. Briefly, p-values are
ranked and used to calculate the Benjamini-Hochberg
critical value q= ([(individual p-value rank)/(total num-
ber of tests)]/false discovery rate (FDR)). In this study, we
used an FDR of 0.2 which was calculated by [(cutoff p-
value) × (number of probe sets tested)/(total number of
positives)]44,45. Tests where the original p-value was less
than associated q-values were considered significant.
Correlations between protein expression and subject age,
tissue pH, and PMI were performed for all dependent
measures using Pearson correlation coefficients (r) cal-
culated for normally distributed data and Spearman rank
correlation coefficients (ρ) calculated for data not nor-
mally distributed. If any correlations were found, an
ANCOVA was then used to determine the effect of
diagnosis when accounting for the relevant covariates.
The effect of PMI on protein expression in mice was
assessed using a one-way ANOVA. Statistica (StatSoft,
Tulsa, Oklahoma) and Prism 7.0 (GraphPad Software, La
Jolla, CA) were used for all statistical analyses, with α=
0.05.

Results
Reduced Tmp21 protein expression in homogenate and
PGAP1 protein expression in an ER-enriched fraction in
schizophrenia
We examined protein expression in DLPFC homo-

genate of GPAA1, PGAP1, and Tmp21. We found
decreased protein expression in schizophrenia of Tmp21
[t(14)= 2.56, p= 0.023], but no difference in GPAA1 or
PGAP1 expression (Fig. 1a, b, Table 2). Additionally, we
measured these same proteins in an ER-enriched fraction
derived from DLPFC. PGAP1 has been reported as having
4 isoforms ranging from 49 to 105 kD due to alternative
splicing. In DLPFC, we found that PGAP1 appears pri-
marily as 2 bands on western blot analysis, with molecular
masses of 53 and 85 kD. In an ER enriched fraction, we
observed decreased expression of PGAP1 (53 kD) [t (14)
= 2.17, p= 0.047] in schizophrenia (Fig. 1a, b). Neither
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homogenate, nor ER-enriched fraction associated
expression of these proteins was significantly correlated
with age, pH, or PMI, nor was there a sex effect.

PI-PLC sensitivity of schizophrenia-associated GPI-APs in
the DLPFC
To determine potential downstream effects of abnormal

Tmp21 and PGAP1 expression on GPI-APs, we investi-
gated expression of membrane-bound GPI-APs and the
sensitivity of these proteins to PI-PLC treatment. Using
Triton X-114 phase separation, we isolated membrane-
bound proteins in the detergent phase, while soluble
forms were found in the aqueous phase. We then mea-
sured expression of four known GPI-APs (GPC1, NCAM,
MDGA2, and EPHA1) in both the DT and AQ phases. DT
phase expression of these GPI-APs revealed no significant
difference in expression in schizophrenia (Table 3). PI-
PLC-sensitivity of GPI-APs between schizophrenia and
comparison subjects was also determined, with GPC1 [t
(14)= 2.19, p= 0.046] and NCAM [t (14)= 2.57, p=
0.022] having decreased sensitivity to PI-PLC treatment in
schizophrenia (Fig. 2a, b, Table 3).

Rodent models of potential confounding variables
Chronic haloperidol treatment was used to determine if

antipsychotic exposure in rats was sufficient to induce the

abnormalities we observed in schizophrenia. Additionally,
to address possibility that protein reduction in subjects
with schizophrenia may be caused by increased PMI, we
modelled delays from time of death to freezer storage (0,
1, 4, and 10 h) in mice. Neither haloperidol treatment nor
PMI in these rodent experiments affected protein levels of
Tmp21 or PGAP1 (53 kD), suggesting that the decreased
expression of Tmp21 and PGAP1 (53 kD) observed in
schizophrenia is not due to these factors (Fig. 1c). Addi-
tionally, chronic antipsychotic treatment did not affect PI-
PLC sensitivity of GPC1 or NCAM1 (Fig. 2c).

Discussion
Many cell surface proteins are post-translationally

modified in the ER with glycosylphosphatidylinositol
(GPI). The GPI anchor is a commonly expressed protein
modification that mediates localization of enzymes,
receptors, differentiation antigens, and other biologically
active proteins bound to the plasma membrane46,47. In
this study, we identified abnormalities of proteins asso-
ciated with the ER exit mechanism of GPI-APs in schi-
zophrenia. In total cortical homogenates, we observed
decreased Tmp21 expression in schizophrenia, while in an
ER-enriched fraction we observed decreased expression of
the 53 kD isoform of PGAP1. These findings suggested
decreased ER export of GPI-APs, therefore we measured

Fig. 1 Abnormal protein expression of ER exit pathway components in schizophrenia
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expression of known GPI-APs, including GPC1, NCAM,
MDGA2 and EPHA 1, with and without the GPI-anchor
post translational modification using Triton X-114 phase
partitioning combined with PI-PLC treatment, and found
that the anchored forms of GPC1 and NCAM had
reduced sensitivity to PI-PLC treatment in schizophrenia.
These results suggest altered sensitivities of some
schizophrenia-associated GPI-APs to PI-PLC.
There are multiple steps in GPI-AP processing within

the ER, including attachment of the GPI anchor to pro-
teins, modifying the GPI anchor, and export of GPI-APs
from the ER. We measured critical proteins at each of
these stages to assess this system in schizophrenia.
GPAA1, a component of the complex that attaches GPI
anchors to proteins, was normally expressed in both total
homogenate and an ER-enriched fraction, suggesting that
GPI attachment is intact in schizophrenia. However, both
PGAP1 and TMP21 are abnormally expressed in schizo-
phrenia, consistent with abnormal GPI-AP processing and
export.
PGAP1 is a GPI-inositol deacylase localized to the ER. It

removes an acyl chain on the inositol of GPI anchors after
they are attached to proteins48. This modification is
important for transport of GPI-APs from the ER to Golgi
as demonstrated by PGAP1-deficient or –mutant cells,

which have delayed ER-to-Golgi transport of GPI-APs48–
50. Almost all GPI-APs are deacylated before their exit
from the ER, and this modification generally occurs
quickly after anchor attachment15. This process has been
implicated in brain disorders given the association of
PGAP1 mutations with intellectual disability and ence-
phalopathy in humans51–53 as well as severe develop-
mental defects in forebrain formation in mice54–56.
While no change in PGAP1 protein expression was

observed in total homogenate, we found decreased
expression of PGAP1 in an ER-enriched fraction in schi-
zophrenia. Altered ER PGAP1 expression could result in
abnormal deacylation of GPI-APs, leading to alterations in
ER export, quality control, and degradation of a large class
of important enzymes, receptors, and other biologically
active membrane-bound proteins.
Once processing in the ER is complete, GPI-APs are

recognized by p24 proteins and exported to the Golgi.
The p24 family consists of type-I membrane proteins that
are cycled between the ER and the Golgi by COP vesi-
cles57. These families of proteins bind substrates and are
packaged into COPII vesicles, facilitating substrate
transport from the ER to the Golgi. Tmp21 is a p24
protein that specifically recognizes GPI-APs and is
essential for GPI-AP quality control. We observed a
decrease in Tmp21 protein expression in schizophrenia,
suggesting abnormal regulation of export of GPI-APs
from the ER.
Together, changes in PGAP1 and TMP21 expression

implicate dysfunction in ER processing and export of GPI-
APs. To examine potential functional consequences of
these protein expression abnormalities, we separated
membrane-bound and aqueous proteins and tested their
sensitivity to PI-PLC, an enzyme that cleaves phosphati-
dylinositol. We used Triton X-114 phase partitioning,
where amphiphilic proteins are recovered in the DT phase
and soluble proteins partition to the AQ phase.
Membrane-bound GPI-APs should partition to the DT
phase, while unmodified forms of those substrates should
be found in the AQ phase. Additionally, we treated the
samples with and without PI-PLC to specifically remove
the GPI anchor and thus result in GPI-APs partitioning to
the AQ phase, allowing us to distinguish between the GPI
modification and other methods of membrane-
association. We examined expression of known GPI-APs
previously associated with schizophrenia, GPC1, NCAM1,
MDGA2, and EPHA1. We observed decreased sensitivity
of DT phase-associated GPC1 and NCAM1, suggesting
decreased expression of membrane-bound GPI-anchored
GPC1 and NCAM1 in schizophrenia. This is consistent
with dysfunction of GPI-AP ER export, which we propose
based on decreased PGAP1 and Tmp21 expression. No
change in PI-PLC sensitivity was observed in the expres-
sion of MDGA2 and EPHA1, suggesting that GPI-APs are

Table 2 Expression of ER exit pathway proteins in
schizophrenia and matched comparison subjects

Total

Target

protein

Comparison Schizophrenia Statistic p q

GPAA1 1.2 ± 0.69 1.0 ± 0.49 t(14)= 0.69

Tmp21 3.0 ± 1.2 2.4 ± 0.80 t(14)= 2.6 0.023 0.025

PGAP1

85kD

0.0067 ± 0.0041 0.0092 ± 0.014 t(14)= 0.80

PGAP1

53kD

0.030 ± 0.019 0.041 ± 0.018 W=−40

ER

Target

protein

Comparison Schizophrenia Statistic p q

GPAA1 0.16 ± 0.18 0.24 ± 0.27 W= 44

Tmp21 27 ± 15 22 ± 15 t(14)= 0.70

PGAP1

85kD

0.019 ± 0.027 0.0056 ± 0.0047 W=−58

PGAP1

53kD

0.017 ± 0.015 0.0099 ± 0.0077 t(14)= 2.2 0.047 0.050

Values are reported as means ± SEM. For normally distributed dependent
measures, data were analyzed using paired t-test (t); for dependent measures
that were not normally distributed, data were analyzed using Wilcoxon matched
pairs signed rank test (W). The Benjamini–Hochberg method was used to adjust
for multiple testing, q-values > original p-values were considered significant
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differentially sensitive to the PGAP1 and Tmp21 expres-
sion abnormalities we found.
PI-PLC sensitivity or resistance is believed to represent

the presence or absence, respectively, of a GPI-
anchor58,59. However, resistance of some GPI-APs to
release by PI-PLC arises from a change in the anchor
structure via covalent modification of the inositol
ring60,61. Therefore, an alternative interpretation of our
findings is that rather than decreased expression of GPI-
modified GPC1 and NCAM1, there could be an increase

in abnormally modified forms of these GPI-APs. This
may, in part, explain why despite the decrease in PI-PLC
sensitive GPC1 and NCAM1 there is no change in
membrane-associated expression of GPC1 and NCAM1;
these proteins may have GPI anchors which allow them to
associate with the membrane, but are not affected by PI-
PLC treatment. In this case, the reduction in PGAP1 and
TMP21 expression may represent faulty quality-control
gating, rather than reflect limited export capacity. Quality
control machinery prevents premature ER exit of folding

Fig. 2 PI-PLC sensitivity of membrane-associated GPI-APs in schizophrenia

Table 3 GPI-APs expression following PI-PLC treatment of Triton x-114 phase separation

Target protein Detergent phase (DT)

Protein expression PI-PLC sensitivity (ratio difference)

Comparison Schizophrenia Statistic Comparison Schizophrenia Statistic p q

NCAM1 120 (GPI-linked form) 0.84 ± 0.17 0.85 ± 0.12 W=−20 0.24 ± 0.16 0.044 ± 0.13 2.6 0.022 0.034

NCAM1 140 0.70 ± 0.24 0.70 ± 0.16 0.006 0.047 ± 0.21 0.019 ± 0.17 0.38

NCAM1 160 0.43 ± 0.24 0.38 ± 0.22 0.33 0.049 ± 0.26 0.034 ± 0.25 0.82

MDGA2 0.43 ± 0.31 0.33 ± 0.31 0.74 0.17 ± 0.46 0.082 ± 0.37 1.6

GPC1 0.48 ± 0.21 0.62 ± 0.21 2.1 0.11 ± 0.24 0.084 ± 0.31 2.2 0.046 0.067

EPHA1 0.75 ± 0.17 0.75 ± 0.24 0.1 0.11 ± 0.19 0.023 ± 0.31 0.99

Data are reported as means ± SEM. For normally distributed dependent measures, data were analyzed using paired t-test (t) Student’s t-tests; for dependent measures
that were not normally distributed, data were analyzed using the Wilcoxon matched pairs signed rank test (W). The Benjamini–Hochberg method was used to adjust
for multiple testing, q-values > original p-values were considered significant
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intermediates and incompletely assembled proteins,
which prevents partially or non-functional proteins from
reaching terminal compartments where their presence
could be toxic62,63. An example of the consequences of
quality control dysregulation are neurodegenerative dis-
eases, including Alzheimer’s Diseases, Parkinson’s Dis-
ease, Huntington’s Disease, Amyotrophic Lateral
Sclerosis, and Creutzfeldt-Jakob disease, in which there is
an accumulation of misfolded or unfolded proteins that
results in neuropathological changes and eventual cell
death64.
There are several limitations to consider when inter-

preting the current study. The subjects studied were
elderly and the pathophysiology of subjects at late stages
may not reflect abnormalities associated with earlier
stages of the disorder. The majority of the schizophrenia
subjects were receiving antipsychotic medication at time
of death. To determine whether chronic antipsychotic
treatment was sufficient to cause the observed abnorm-
alities in protein expression and PI-PLC sensitivity, we
repeated these studies in rats chronically treated with the
antipsychotic haloperidol. No changes were observed,
suggesting that our findings in schizophrenia are not
likely due to chronic antipsychotic treatment. As proteins
may differ in their stability over a range of PMI, we tested
the effect of PMI on protein levels in mice. There were no
significant effects of PMI on protein expression of Tmp21
or PGPA1 (53kD) in this study.
Our lab has previously reported abnormal immature N-

linked glycosylation, an ER-specific protein modification,
of glutamate and GABA system components in the frontal
cortex in schizophrenia9,10,17. Recently, we demonstrated
that while components of early N-glycosylation proces-
sing are intact, quality control mechanisms and ER asso-
ciated degradation machinery are upregulated in the
DLPFC of schizophrenia subjects, which may contributed
to the abnormal expression of glycosylated proteins13.
This pattern is consistent with what we found in the
current study, where proteins regulating GPI-AP proces-
sing, quality control, and ER export are abnormally
expressed. Together with our previous work, these find-
ings support a growing body of evidence for a funda-
mental deficit in ER protein processing pathways. Our
data illustrate the importance of ER associated protein
processing and quality control machinery, and future
work will be necessary to elucidate the mechanisms by
which these abnormalities may contribute to the patho-
physiology of schizophrenia.

Acknowledgements
This work was funded by the National Institutes of Health Grant MH53327
(JHMW).

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/s41398-018-0359-4).

Received: 10 July 2018 Revised: 9 October 2018 Accepted: 9 December
2018

References
1. Bauer, D., Haroutunian, V., Meador-Woodruff, J. H. & McCullumsmith, R. E.

Abnormal glycosylation of EAAT1 and EAAT2 in prefrontal cortex of elderly
patients with schizophrenia. Schizophr. Res. 117, 92–98 (2010).

2. Lewis, D. A. & Gonzalez-Burgos, G. Pathophysiologically based treatment
interventions in schizophrenia. Nat. Med. 12, 1016–1022 (2006).

3. Nakazawa, K. et al. GABAergic interneuron origin of schizophrenia patho-
physiology. Neuropharmacology (2012). https://doi.org/10.1016/j.
neuropharm.2011.01.022.

4. Howes, O. D. & Kapur, S. The dopamine hypothesis of schizophrenia: Version III
- the final common pathway. Schizophr. Bull.. https://doi.org/10.1093/schbul/
sbp006 (2009).

5. McGlashan, T. H. & Hoffman, R. E. Schizophrenia as a disorder of devel-
opmentally reduced synaptic connectivity. Arch. Gen. Psychiatry 57, 637–648
(2000).

6. Stephan, K. E., Friston, K. J. & Frith, C. D. Dysconnection in Schizophrenia: From
abnormal synaptic plasticity to failures of self-monitoring. Schizophr. Bull.
https://doi.org/10.1093/schbul/sbn176 (2009).

7. Mueller, T. M., Haroutunian, V. & Meador-Woodruff, J. H. N-glycosylation of
GABAA receptor subunits is altered in schizophrenia. Neuropsychopharma-
cology 39, 528–537 (2014).

8. Mueller, T. M., Remedies, C. E., Haroutunian, V. & Meador-Woodruff, J. H.
Abnormal subcellular localization of GABAA receptor subunits in schizo-
phrenia brain. Transl. Psychiatry (2015). https://doi.org/10.1038/tp.2015.102.

9. Tucholski, J. et al. Abnormal N-linked glycosylation of cortical AMPA receptor
subunits in schizophrenia. Schizophr. Res. 146, 177–183 (2013).

10. Tucholski, J. et al. N-linked glycosylation of cortical N-methyl-D-aspartate and
kainate receptor subunits in schizophrenia. Neuroreport 24, 688–691 (2013).

11. Pinner, A. L., Tucholski, J., Haroutunian, V., McCullumsmith, R. E. & Meador-
Woodruff, J. H. Decreased protein S-palmitoylation in dorsolateral prefrontal
cortex in schizophrenia. Schizophr. Res. (2016). https://doi.org/10.1016/j.
schres.2016.01.054.

12. Kristiansen, L. V., Patel, S. A., Haroutunian, V. & Meador-Woodruff, J. H.
Expression of the NR2B-NMDA receptor subunit and its Tbr-1/CINAP reg-
ulatory proteins in postmortem brain suggest altered receptor processing in
schizophrenia. Synapse (2010). https://doi.org/10.1002/syn.20754.

13. Kim, P., Scott, M. R. & Meador-Woodruff, J. H. Abnormal expression of ER
quality control and ER associated degradation proteins in the dorsolateral
prefrontal cortex in schizophrenia. Schizophr. Res. (2018). https://doi.org/
10.1016/j.schres.2018.02.010.

14. Um, J. W. & Ko, J. Neural glycosylphosphatidylinositol-anchored proteins in
synaptic specification. Trends Cell Biol. 27, 931–945 (2017).

15. Chen, R. et al. Mammalian glycophosphatidylinositol anchor transfer to pro-
teins and posttransfer deacylation. Proc. Natl Acad. Sci. USA 95, 9512–9517
(1998).

16. Orlean, P. & Menon, A. K. Thematic review series: lipid posttranslational
modifications. GPI anchoring of protein in yeast and mammalian cells, or: how
we learned to stop worrying and love glycophospholipids. J. Lipid Res. 48,
993–1011 (2007).

17. Ko, J. S. et al. PTPσ functions as a presynaptic receptor for the glypican-4/
LRRTM4 complex and is essential for excitatory synaptic transmission. Proc.
Natl Acad. Sci. USA 112, 1874–1879 (2015).

18. Song, Y. S., Lee, H.-J., Prosselkov, P., Itohara, S. & Kim, E. Trans-induced cis
interaction in the tripartite NGL-1, netrin-G1 and LAR adhesion complex
promotes development of excitatory synapses. J. Cell. Sci. 126, 4926–4938
(2013).

19. Zhang, Q. et al. Netrin-G1 regulates fear-like and anxiety-like behaviors in
dissociable neural circuits. Sci. Rep. 6 (2016). https://doi.org/10.1038/srep28750.

Kim et al. Translational Psychiatry             (2019) 9:6 Page 8 of 9

https://doi.org/10.1038/s41398-018-0359-4
https://doi.org/10.1038/s41398-018-0359-4
https://doi.org/10.1016/j.neuropharm.2011.01.022
https://doi.org/10.1016/j.neuropharm.2011.01.022
https://doi.org/10.1093/schbul/sbp006
https://doi.org/10.1093/schbul/sbp006
https://doi.org/10.1093/schbul/sbn176
https://doi.org/10.1038/tp.2015.102
https://doi.org/10.1016/j.schres.2016.01.054
https://doi.org/10.1016/j.schres.2016.01.054
https://doi.org/10.1002/syn.20754
https://doi.org/10.1016/j.schres.2018.02.010
https://doi.org/10.1016/j.schres.2018.02.010
https://doi.org/10.1038/srep28750


20. Matsukawa, H. et al. Netrin-G/NGL complexes encode functional synaptic
diversification. J. Neurosci. 34, 15779–15792 (2014).

21. Ng, B. G. & Freeze, H. H. Human genetic disorders involving glycosylpho-
sphatidylinositol (GPI) anchors and glycosphingolipids (GSL). J. Inherit. Metab.
Dis. 38, 171–178 (2014).

22. Richichi, B., Luzzatto, L., Notaro, R., La, MarcaG. & Nativi, C. Synthesis of the
essential core of the human glycosylphosphatidylinositol (GPI) anchor. Bioorg.
Chem. 39, 88–93 (2011).

23. Krawitz, P. M. et al. PGAP2 mutations, affecting the GPI-anchor-synthesis
pathway, cause hyperphosphatasia with mental retardation syndrome. Am. J.
Hum. Genet. 92, 584–589 (2013).

24. Krawitz, P. M. et al. Mutations in PIGO, a member of the GPI-anchor-synthesis
pathway, cause hyperphosphatasia with mental retardation. Am. J. Hum.
Genet. 91, 146–151 (2012).

25. Edvardson, S. et al. Mutations in the phosphatidylinositol glycan C (PIGC) gene
are associated with epilepsy and intellectual disability. J. Med. Genet. 54,
196–201 (2017).

26. Makrythanasis, P. et al. Pathogenic variants in PIGG cause intellectual
disability with seizures and hypotonia. Am. J. Hum. Genet. 98, 615–626
(2016).

27. Pagnamenta, A. T. et al. Analysis of exome data for 4293 trios suggests GPI-
anchor biogenesis defects are a rare cause of developmental disorders. Eur. J.
Hum. Genet. 25, 669–679 (2017).

28. Potkin, S. G. et al. Identifying gene regulatory networks in schizophrenia.
Neuroimage (2010). https://doi.org/10.1016/j.neuroimage.2010.06.036.

29. Farhy-Tselnicker, I. et al. Allen Astrocyte-Secreted Glypican 4 Regulates Release
of Neuronal Pentraxin 1 from Axons to Induce Functional Synapse Formation.
Neuron. 96, 428–445. e13 (2017). https://doi.org/10.1016/j.neuron.2017.09.053.

30. Vicente, A. M. et al. NCAM and schizophrenia: genetic studies. Mol. Psychiatry
(1997). https://doi.org/10.1038/sj.mp.4000235.

31. Senkov, O., Tikhobrazova, O. & Dityatev, A. PSA-NCAM: Synaptic functions
mediated by its interactions with proteoglycans and glutamate receptors. Int.
J. Biochem. Cell Biol. (2012). https://doi.org/10.1016/j.biocel.2012.01.008.

32. Pettem, K. L., Yokomaku, D., Takahashi, H., Ge, Y. & Craig, A. M. Interaction
between autism-linked MDGAs and neuroligins suppresses inhibitory synapse
development. J. Cell Biol. (2013). https://doi.org/10.1083/jcb.201206028.

33. Brennaman, L. H., Moss, M. L. & Maness, P. F. EphrinA/EphA-induced ecto-
domain shedding of neural cell adhesion molecule regulates growth cone
repulsion through ADAM10 metalloprotease. J. Neurochem 128, 267–79
(2014).

34. Powchik, P. et al. Postmortem studies in schizophrenia. Schizophr. Bull. 24,
325–341 (1998).

35. Purohit, D. P. et al. Alzheimer disease and related neurodegenerative diseases
in elderly patients with schizophrenia: a postmortem neuropathologic study
of 100 cases. Arch. Gen. Psychiatry 55, 205–211 (1998).

36. Harte, M. K., Bachus, S. B. & Reynolds, G. P. Increased N-acetylaspartate in rat
striatum following long-term administration of haloperidol. Schizophr. Res. 75,
303–308 (2005).

37. Kashihara, K. et al. Effects of intermittent and continuous haloperidol admin-
istration on the dopaminergic system in the rat brain. Biol. Psychiatry 21,
650–656 (1986).

38. Kippe, J. M., Mueller, T. M., Haroutunian, V. & Meador-Woodruff, J. H. Abnormal
N-acetylglucosaminyltransferase expression in prefrontal cortex in schizo-
phrenia. Schizophr. Res. 166, 219–224 (2015).

39. Shan, D. et al. Abnormal partitioning of hexokinase 1 suggests disruption of a
glutamate transport protein complex in schizophrenia. Schizophr. Res. 154,
1–13 (2014).

40. Hammond, J. C., Meador-Woodruff, J. H., Haroutunian, V. & McCullumsmith, R.
E. Ampa receptor subunit expression in the endoplasmic reticulum in frontal
cortex of elderly patients with schizophrenia. PLoS ONE 7 (2012). https://doi.
org/10.1371/journal.pone.0039190.

41. Stan, A. D. et al. Human postmortem tissue: what quality markers matter? Brain
Res. 1123, 1–11 (2006).

42. Schweneker, M., Bachmann, A. S. & Moelling, K. JM4 is a four-transmembrane
protein binding to the CCR5 receptor. FEBS Lett. (2005). https://doi.org/
10.1016/j.febslet.2005.02.037.

43. Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: a practical
and powerful approach to multiple testing. J. R. Stat. Soc. Ser. B (1995). https://
doi.org/10.2307/2346101.

44. Miller, J. A., Oldham, M. C. & Geschwind, D. H. A systems level analysis of
transcriptional changes in Alzheimer’s disease and normal aging. J. Neurosci.
(2008). https://doi.org/10.1523/JNEUROSCI.4098-07.2008/r28/6/1410 [pii].

45. Genovese, C. R., Lazar, N. A. & Nichols, T. Thresholding of statistical maps in
functional neuroimaging using the false discovery rate. Neuroimage (2002).
https://doi.org/10.1006/nimg.2001.1037.

46. Paulick, M. G. & Bertozzi, C. R. The glycosylphosphatidylinositol anchor: a
complex membrane-anchoring structure for proteins. Biochemistry 47,
6991–7000 (2008).

47. Aureli, M., Grassi, S., Prioni, S., Sonnino, S. & Prinetti, A. Lipid membrane
domains in the brain. Biochim. Biophys. Acta 1851, 1006–1016 (2015).

48. Tanaka, S., Maeda, Y., Tashima, Y. & Kinoshita, T. Inositol deacylation of
glycosylphosphatidylinositol-anchored proteins is mediated by mammalian
PGAP1 and yeast Bst1p. J. Biol. Chem. 279, 14256–14263 (2004).

49. Liu, Y. S. et al. N-glycan-dependent protein folding and endoplasmic reticulum
retention regulate GPI-anchor processing. J. Cell. Biol. 217, 585–599 (2018).

50. Vashist, S. et al. Distinct retrieval and retention mechanisms are required for
the quality control of endoplasmic reticulum protein folding. J. Cell. Biol. 155,
355–367 (2001).

51. Murakami, Y., et al. Null mutation in PGAP1 impairing Gpi-anchor maturation
in patients with intellectual disability and encephalopathy. PLoS Genet. 10
(2014). https://doi.org/10.1371/journal.pgen.1004320.

52. Granzow, M. et al. Loss of function of PGAP1 as a cause of severe encepha-
lopathy identified by whole exome sequencing: lessons of the bioinformatics
pipeline. Mol. Cell. Probes 29, 323–329 (2015).

53. Kettwig, M. et al. Compound heterozygous variants in PGAP1 causing severe
psychomotor retardation, brain atrophy, recurrent apneas and delayed mye-
lination: a case report and literature review. BMC Neurol. 16 (2016). https://doi.
org/10.1186/s12883-016-0602-7.

54. Zoltewicz, J. S. et al. Wnt signaling is regulated by endoplasmic reticulum
retention. PLoS ONE 4 (2009). https://doi.org/10.1371/journal.pone.0006191.

55. Ueda, Y. et al. PGAP1 knock-out mice show otocephaly and male infertility. J.
Biol. Chem. 282, 30373–30380 (2007).

56. McKean, D. M. & Niswander, L. Defects in GPI biosynthesis perturb Cripto
signaling during forebrain development in two new mouse models of
holoprosencephaly. Biol. Open 1, 874–883 (2012).

57. JRPM, Strating & Martens, G. J. M. The p24 family and selective transport
processes at the ER-Golgi interface. Biol. Cell 101, 495–509 (2009).

58. Lehmann, S. & Harris, D. A. Blockade of glycosylation promotes acquistion of
scrapie-like properties by the prion protein in cultured cells. J. Biol. Chem.
(1997). https://doi.org/10.1074/jbc.272.34.21479.

59. Doering, T. L., Englund, P. T. & Hart, G. W. Detection of glycophospholipid
anchors on proteins. Curr. Protoc. Protein Sci. (2001). https://doi.org/10.1002/
0471140864.ps1205s02.

60. Michel, V., Ma, D. W. L. & Bakovic, M. GPI membrane anchors – the much
needed link. (2012). https://doi.org/10.2174/97816080512361100101.

61. Kinoshita, T. & Fujita, M. Biosynthesis of GPI-anchored proteins: special
emphasis on GPI lipid remodeling. J. Lipid Res. (2016). https://doi.org/10.1194/
jlr.R063313.

62. Ellgaard, L. & Helenius, A. Quality control in the endoplasmic reticulum. Nat.
Rev. Mol. Cell Biol. 4, 181–191 (2003).

63. Ellgaard, L. & Frickel, E. M. Calnexin, calreticulin, and ERp57: teammates in
glycoprotein folding. Cell Biochem. Biophys. 39, 223–247 (2003).

64. Perri, E. R., Thomas, C. J., Parakh, S., Spencer, D. M. & Atkin, J. D. The unfolded
protein response and the role of protein disulfide isomerase in neurode-
generation. Front. Cell Dev. Biol. 3 (2016). https://doi.org/10.3389/
fcell.2015.00080.

Kim et al. Translational Psychiatry             (2019) 9:6 Page 9 of 9

https://doi.org/10.1016/j.neuroimage.2010.06.036
https://doi.org/10.1016/j.neuron.2017.09.053
https://doi.org/10.1038/sj.mp.4000235
https://doi.org/10.1016/j.biocel.2012.01.008
https://doi.org/10.1083/jcb.201206028
https://doi.org/10.1371/journal.pone.0039190
https://doi.org/10.1371/journal.pone.0039190
https://doi.org/10.1016/j.febslet.2005.02.037
https://doi.org/10.1016/j.febslet.2005.02.037
https://doi.org/10.2307/2346101
https://doi.org/10.2307/2346101
https://doi.org/10.1523/JNEUROSCI.4098-07.2008/r28/6/1410
https://doi.org/10.1006/nimg.2001.1037
https://doi.org/10.1371/journal.pgen.1004320
https://doi.org/10.1186/s12883-016-0602-7
https://doi.org/10.1186/s12883-016-0602-7
https://doi.org/10.1371/journal.pone.0006191
https://doi.org/10.1074/jbc.272.34.21479
https://doi.org/10.1002/0471140864.ps1205s02
https://doi.org/10.1002/0471140864.ps1205s02
https://doi.org/10.2174/97816080512361100101
https://doi.org/10.1194/jlr.R063313
https://doi.org/10.1194/jlr.R063313
https://doi.org/10.3389/fcell.2015.00080
https://doi.org/10.3389/fcell.2015.00080

	Abnormal ER quality control of neural GPI-anchored proteins via dysfunction in ER export processing in the frontal cortex of elderly subjects with schizophrenia
	Introduction
	Materials and methods
	Human subjects
	Antipsychotic-treated tats
	Effect of postmortem interval in mice
	Tissue preparation
	Subcellular fractionation
	Western blot for protein expression
	PI-PLC enzyme treatment and phase partitioning with Triton X-114
	Data and statistical analysis

	Results
	Reduced Tmp21 protein expression in homogenate and PGAP1 protein expression in an ER-enriched fraction in schizophrenia
	PI-PLC sensitivity of schizophrenia-associated GPI-APs in the DLPFC
	Rodent models of potential confounding variables

	Discussion
	ACKNOWLEDGMENTS




