Original Paper

Molecular
Neuropsychiatry

Mol Neuropsychiatry 2019;5:52-59
DOI: 10.1159/000492331

Received: April 16,2018
Accepted: July 20,2018
Published online: October 10, 2018

X-Aptamer Technology Identifies C4A
and ApoB in Blood as Potential Markers

for Schizophrenia

Consuelo Walss-Bass?® Ganesh L.R. Lokesh® Elena Dyukova?

David G. Gorenstein® David L. Roberts¢

Dawn Velligan®

David E. VolkP

2Department of Psychiatry and Behavioral Sciences, McGovern Medical School, University of Texas Health
Science Center at Houston, Houston, TX, USA; PInstitute of Molecular Medicine for the Prevention of Human
Diseases, McGovern Medical School, University of Texas Health Science Center at Houston, Houston, TX, USA;
“Department of Psychiatry, University of Texas Health Science Center at San Antonio, San Antonio, TX, USA

Keywords
Schizophrenia - Proteomics - X-aptamer - C4 - ApoB

Abstract

The field of proteomics is rapidly gaining territory as a prom-
ising alternative to genomic approaches in the efforts to un-
ravel the complex molecular mechanisms underlying schizo-
phrenia and other psychiatric disorders. X-aptamer tech-
nology has emerged as a novel proteomic approach for
high-sensitivity analyses, and we hypothesized that this
technology would identify unique molecular signatures in
plasma samples from schizophrenia patients (n = 60) com-
pared to controls (n = 20). Using a combinatorial library of
X-aptamer beads, we developed a two-color flow cytome-
ter-based approach to identify specific X-aptamers that
bound with high specificity to each target group. Based on
this, we synthesized two unique X-aptamer sequences, and
specific proteins pulled down from the patient and control
groups by these X-aptamers were identified by mass spec-
trometry. We identified two protein biomarkers, comple-
ment component C4A and ApoB, upregulated in plasma
samples from schizophrenia patients. ELISA validation sug-

gested that the observed differences in C4 levels in patients
are likely due to the presence of the illness itself, while ApoB
may be a marker of antipsychotic-induced alterations. These
studies highlight the utility of the X-aptamer technology in
the identification of biomarkers for schizophrenia that will
advance our understanding of the pathophysiological
mechanisms of this disorder. © 2018 S. Karger AG, Basel

Introduction

Schizophrenia is a severe mental illness characterized
by symptoms of psychosis, cognitive abnormalities, and
blunted volition. The mode of schizophrenia transmis-
sion is complex and the phenotypic expression of the
wide range of symptoms varies extensively between indi-
viduals [1]. While numerous genes of weak individual ef-
fect, interacting with environmental factors, are thought
to be involved in the development and expression of
schizophrenia, the precise molecular mechanisms that
underlie schizophrenia pathophysiology are not well un-
derstood. To date, genomic techniques such as genome-
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wide association studies (GWAS) and analysis of gene ex-
pression have been most commonly used in attempts to
identify biological markers underlying schizophrenia
susceptibility, with recent GWAS identifying credible
susceptibility loci [2]. However, the final output of gene
expression, the protein, is regulated by a number of dif-
ferent cellular processes and posttranslational modifica-
tions - crucial for proper protein function - that are not
detected by genomic techniques. High-throughput pro-
teomic approaches have been recently gaining territory as
a promising alternative to identifying molecular signa-
tures of disease in schizophrenia and other psychiatric
disorders [3, 4], and they are widely used to study illness-
es such as Alzheimer’s disease and cancer [5, 6].
X-aptamer technology [7, 8] combined with mass
spectrometric techniques [9] has emerged as a novel pro-
teomic approach for high-sensitivity analyses in clinical
diagnosis and research. X-aptamers are chemically mod-
ified DNA affinity agents that employ a wide range of
chemical modifications such as amino acid-like side
chains, phosphorodithioates, and small molecules, which
allow X-aptamers to bind to target proteins with high
specificity and affinity. As novel elements for molecular
recognition, X-aptamers possess specific recognition
properties toward low-molecular-weight substrates or
macromolecules [10]. Due to their affinity and specificity
for target molecules, high stability, and facility of synthe-
sis and modification, aptamers are feasible and practical
alternatives to antibodies for many applications includ-
ing research, diagnostics, and therapeutics [7, 11, 12]. Im-
portantly, aptamers bind to target molecules in their na-
tive state, creating a true molecular profile of disease. The
aptamer technology has been most successfully applied in
the field of cancer biology, where aptamers have been able
to identify phenotypic variations between cell types, rep-
resenting differences in molecular signatures [13, 14]. We
have shown that aptamers can safely target and reduce
cancer metastasis [15-17], can be easily selected against
tissues using a laser microdissection method [9], and en-
hance binding of liposomes and nanoparticles [17-20].
Based on these studies, we hypothesized that the X-
aptamer technology would identify unique molecular sig-
natures in plasma samples from schizophrenia patients
compared to controls. A convenient bead-based combi-
natorial library format enabled us to develop a two-color
flow cytometer-based approach to identify specific bio-
markers from patient/control sample sets. Using this
combinatorial library of X-aptamer beads, we identified
two protein biomarkers, complement C4 and ApoB, up-
regulated in plasma samples from schizophrenia patients.

X-Aptamer Technology in Schizophrenia

Subjects and Methods

Subjects

Sixty patients with schizophrenia (n = 60), recruited from local
community mental health centers, met the DSM-IV-TR criteria
for schizophrenia by the Structured Clinical Interview for DSM-IV
(SCID). The patients had been on the same antipsychotic treat-
ment for at least 3 months prior to enrollment, and the prescribed
doses of all the antipsychotics were within the clinically recom-
mended range, e.g., olanzapine 10-20 mg/day, risperidone 1-5
mg/day, and ziprasidone 20-80 mg/day.

Twenty healthy controls (n = 20), matched with the patients for
gender, ethnicity, age, and years of education, were screened for
DSM-1V axis I disorders using the SCID nonpatient version. Sub-
jects with current or past DSM-IV axis I psychiatric disorders, or
with first-degree relatives with any axis I psychiatric disorder, were
excluded.

Weight and BMI were obtained from all subjects. Subjects with
a history of diabetes or dyslipidemia were excluded.

Processing of Blood Samples

Fasting blood was drawn by venipuncture and collected into
heparin-containing tubes. The blood was immediately processed
by centrifugation at 3,400 rpm for 10 min, and plasma was col-
lected, aliquoted, and stored at —80 °C until the experiments were
performed. Twenty-five microliters of plasma from each subject
per group were pooled for the initial X-aptamer screening.

Fluorescent Labeling

Approximately 150 uL of total pooled sample from each group
was subjected to albumin depletion (Thermo Fisher Scientific,
Waltham, MA, USA) according to instructions, and then buffer
exchanged to 50 mM sodium borate buffer (pH 8.5) using Zeba™
spin columns (Thermo Fisher). Protein concentrations were esti-
mated using a NanoDrop 2000™ (NanoDrop Technologies,
Wilmington, DE, USA). Fifty microliters of sample from each
group were used for fluorescent labeling, and another 50 pL were
used for biotinylation. Schizophrenia plasma proteins were labeled
with Alexa Fluor® 488 (green) (NHS chemistry; Thermo Fisher)
and labeled proteome was purified through a spin column (Ther-
mo Fisher). Control samples were labeled with Alexa Fluor® 647
(red) and purified. The volume of sample solution before and after
labeling did not change appreciably (~50 pL), and therefore the
originally estimated protein concentrations were considered for
the X-aptamer screening process. Biotinylation of proteome from
the remaining 50 uL of sample per group was carried out using
sulfosuccinimidyl-6-(biotinamido)hexanoate (EZ-link™ Sulfo-
NHS-LC-Biotin; Thermo Fisher). Biotinylated proteins were puri-
fied through Zeba™ spin columns (Thermo Fisher).

Two-Color Flow Sorting of X-Aptamer Beads

The X-aptamer bead library was purchased from AM Biotech-
nologies, LLC (Houston, TX, USA) and split into three parts (~3
million beads each) [8]. The split bead library was individually in-
cubated with 2 ug of fluorescently labeled proteome from the
pooled patient group and the pooled control group. After 1 h of
incubation, a two-color flow sort was performed through a BD
FACS ARIA II flow cytometer (BD Biosciences, San Jose, CA,
USA). After sorting, green beads (patient proteome) and red beads
(control proteome) were separately collected.
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Solution Phase Screen to Recapture Proteome-Specific

X-Aptamers

Each sorted bead contains many copies of a single unique X-
aptamer sequence attached to the bead surface by a single RNA
base that can be cleaved by alkaline hydrolysis, releasing X-ap-
tamers to the solution phase. Alkaline hydrolysis was performed
using 0.2 M sodium hydroxide at 65 °C for 30 min. The superna-
tant solution was separated from the beads by centrifugation, and
sodium hydroxide was removed by dilution and filtering through
3-kDa cutoft spin filters. Biotinylated proteome (50 pL) from
each sample group was individually loaded onto 1 mg of strepta-
vidin-coated Dynabeads™ M-280 (Invitrogen, Carlsbad, CA,
USA) and incubated with the corresponding sorted X-aptamer
solution phase to recapture proteome-specific X-aptamers. Fol-
lowing incubation, the Dynabeads™ were used for PCR amplifi-
cation of captured X-aptamers and next-generation sequencing
(NGS). Barcoded primers were used during PCR reactions to dis-
tinguish between the X-aptamer sequences from the patient and
control groups. PCR products were purified and pooled at equal
concentrations for NGS (PrimBio Research Institute, Exton, PA,
USA).

Analysis of NGS Data and Identification of X-Aptamers

Specific to Patients

The NGS data were analyzed using Aptaligner software [21],
specifically designed for the analysis of NGS data from bead-based
X-aptamer selection projects. The data file contained sequence in-
formation and frequencies for the patient and control pools, for
both the bead-based selection (flow sorting) and the solution phase
selection (biotinylation). Potentially selective aptamers were cho-
sen based on relatively high NGS frequencies (~binding) in both
phases of the selection process in patients or controls, while having
lower frequencies in the opposite experiment group. Thus, in Ta-
ble 2, SC-XAL1 is the sequence that occurred the most in the ex-
periments using patient blood samples, and Ctrl-XA1 (which is
not a control in the usual sense) is the sequence that occurred the
most in the experiments using control patient blood samples. Both
sequences arose from the same XA library and thus have identical
primer sequences (except for bar codes) as well as ~50% identity
in the random region.

Generation of Unique X-Aptamers

Potentially selective X-aptamers were synthesized on an Expe-
dite 8909 Oligo Synthesizer (Applied Biosystems, Foster City, CA,
USA) at the 1-pmole scale, using specialized X-phosphoramidites
(AM Biotechnologies), standard phosphoramidites, and DNA
Synthesis Reagents (Glen Research, Sterling, VA, USA). The X-
aptamers were deprotected under basic conditions following rec-
ommended methods (AM Biotechnologies) and purified on an
AKTA 10 (GE Healthcare Life Sciences, Pittsburgh, PA, USA) pu-
rifier over a semipreparative Hamilton PRP-1 reverse-phase col-
umn using a 100-mM triethylamine acetate (pH 8.4) loading buffer
and an increasing gradient (1/3%/min) of acetonitrile from 0 to
40% with a 2 mL/min flow rate.

Mass Spectrometry

Biotinylated X-aptamers individually synthesized (1 pmole)
were loaded on 1 mg of Dynabeads™ and incubated with 5 pg of
albumin-depleted patient or control pooled plasma samples - in
duplicate, separate, individual reactions - at room temperature for
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1 h. After incubation, the Dynabeads™ were washed with PBS and
suspended in 1x Laemmli buffer, and clear supernatant (20 uL)
was electrophoresed on 10% denaturing polyacrylamide gel for 10
min. Within gel, trypsin digestion was performed, followed by
mass spectrometric analysis (Orbitrap Fusion ETD; Thermo Fish-
er), as previously described [19].

The raw data files were processed to generate a Mascot Gener-
ic Format file with Mascot Distiller and searched against the IPT_
human_3.87 fastq database using the Mascot search engine v2.3.02
(www.matrixscience.com/search_form_select.html). Mascot pro-
vides tentative identifications of proteins by identifying peptides
expected to arise from each protein in the queried database. It cal-
culates a score for each tentatively identified protein based on the
number of observed peptides compared to the expected number of
peptides. For proteins at high concentration, all or most of the
theoretical peptides will be observed, resulting in a high score (high
confidence of protein assignment). Low-abundance proteins do
not provide as many detected peptides, and thus the confidence
(score) in the protein assignment is lower. If a protein concentra-
tion is high in two samples, but 5 times higher in one of them, both
samples can yield the same score because the same number of pep-
tides (not concentration) was detected in each mass spectrometry
run. The proteins are then listed (ranked) in order of decreasing
score, with the most confident assignment being ranked 1. Top-
ranked proteins (ranks 1-3) typically have scores well over 1,000
(online suppl. Table 1; for all online suppl. material, see www.
karger.com/doi/10.1159/000492331) and proteins with scores less
than 70 are considered noise. Potential protein biomarkers should
exhibit a significant rise or drop in rank in patients compared to
controls.

Enzyme-Linked Immunosorbent Assays

Complement C4 (C4) and apolipoprotein B (ApoB) levels were
measured by ELISA (ab108824 and ab190806; Abcam, Cambridge,
UK) in plasma from each individual patient according to manu-
facturer’s instructions. Samples were diluted 1:100 for measure-
ment of C4 and 1:4,000 for ApoB.

Statistical Analyses

Statistical analyses for the ELISA experiments were completed
using GraphPad Prism version 5 (GraphPad Software, La Jolla,
CA, USA). After log) transformation, the data were found to fol-
low a normal distribution (Kolmogorov-Smirnov test). Student’s
test was used to compare controls against each patient group, sep-
arately. Data are presented as the mean * standard error of the
mean (SEM). p values <0.05 were considered statistically signifi-
cant.

Results

Demographics

No differences in gender, ethnicity, years of education,
BMI, weight, or age were found between the groups (Ta-
ble 1).
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Table 1. Characteristics of the subjects

Variable SC patients Controls
(n=60) (n=20)
Age, years 42.5+1.4 41.1£2.6
Sex (male/female), n 46/14 14/6
Ethnicity (C/AA/H), n 9/12/39 4/3/13
BMI 32.13+1.8 28.55%1.5
Weight, Ib 204.8+10.38 188.4+9.4
Years of education 11.56+0.37 12.6%0.2
Aripiprazole, ziprasidone 1,10 NA
Quetiapine, risperidone 5,22 NA
Clozapine, olanzapine 2,20 NA

BMI, weight, age, and years of education are indicated as the
mean + SEM. SC, schizophrenia; C, Caucasian; AA, African Amer-
ican; H, Hispanic; NA, not applicable.

Table 2. Top 5 X-aptamer frequencies found for each selection ex-
periment

X-aptamer sequence Risk group

control SC
SC-XA1 0 190
SC-XA2 0 97
SC-XA3 0 88
SC-XA4 0 60
SC-XA5 0 30
Ctrl-XAl 1,870 0
Ctrl-XA2 205 0
Ctrl-XA3 105 0
Ctrl-XA4 45 0
Ctrl-XA5 43 0

XA, X-aptamer; Ctrl, control; SC, schizophrenia.

Identifying Putative X-Aptamers for Biomarker

Detection

The overall approach for X-aptamer selection and bio-
marker identification is shown in Figure 1. First, the X-
aptamer bead libraries were incubated with 150 pL of
pooled plasma samples from the patient and control
groups, separately, to identify which X-aptamers would
bind with a differential preference to plasma from schizo-
phrenia patients relative to control plasma (Table 2). For
each of the groups, a number of X-aptamers bound with
high specificity. The top 5 sequences (by frequency) are
listed along with the frequency counts. For the patient
population, X-aptamer SC-XA1 was observed 190 times,

X-Aptamer Technology in Schizophrenia

Mixture of differentially labeled proteomes
+ 15 uym X-aptamer bead library
(equal amount of protein)

Flow sort and selection of beads with high A647/488 ratio

|

PCR amplification, cloning and sequencing by NGS

|

Generation of unique X-aptamers targeting schizophrenia proteins

Pull-down, gel electrophoreses, mass spectrometry

|

Identification of novel schizophrenia biomarkers

Fig. 1. X-aptamer analysis of schizophrenia plasma samples to
identify novel biomarkers. NGS, next-generation sequencing.

but it was found 0 times in the control experiment. One
would then expect this aptamer to bind to a protein up-
regulated in the schizophrenia group. For the control
group, X-aptamer Ctrl-XA1 was detected 1,870 times,
and it was not observed in the schizophrenia group.

C4A and ApoB Identified by Two Unique X-Aptamers

in the Schizophrenia Patient Group

Based on the results in Table 2, two X-aptamer se-
quences, SC-XA1 and Ctrl-XA1, were synthesized in their
biotinylated form and bound to streptavidin on beads.
Each bead-bound X-aptamer was then utilized for protein
pull-down experiments against the group of pooled sam-
ples from patients and the pooled samples from controls.
The proteins were removed, run on a gel, and subjected to
mass spectrometric analysis (online suppl. Table 1), from
which proteins were ranked based on the individual scores
and unique spectra (Table 3). From the pull-down exper-
iments, two proteins, ApoB and C4A, had very different
rankings in plasma from patients compared to controls,
thus suggesting that they might be useful biomarkers for
schizophrenia. ApoB, which ranked as the 3rd highest
protein for both the SC-XA1 and Ctrl-XA1 pull-down ex-
periments in the schizophrenia group, was only ranked as
the 13th highest protein in the control plasma for binding
to SC-XAL1 (~5 times fewer ions as shown by the emPAI
score) and was not detected at all in the Ctrl-XA1 binding
experiment with control plasma. Showing similar behav-
ior, protein IP100643 (C4A), while ranked as the 6th high-
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Fig. 2. log-transformed relative data for levels of C4 (a) and ApoB (b) in controls (C; n = 20) and patients with
schizophrenia (SZ; n = 60) undergoing treatment with antipsychotics conferring a low (L; n = 11), medium (M;
n = 27), or high (H; n = 22) risk for developing metabolic syndrome. The data were assessed by Student’s ¢ test
comparing the controls with each group separately. * p < 0.05, ** p < 0.01.

Table 3. Mascot rank of proteins detected by mass spectrometry from X-aptamer bead pull-down experiments

Protein ID Description SC-XA1 ranking Ctrl-XAl ranking
SC control SC control
IP100783987 Complement C3 (fragment) 1 2 1
1P100220327 KRT1 keratin 2 1 2 1
1P100022229 APOB apolipoprotein B-100 3 13 3 ND
IPI00009865 KRT10 keratin 4 3 4 2
IP100550731 Putative uncharacterized protein 5 4 5 3
IP100643 C4A uncharacterized protein 6 11 6 ND
IP100478003 Alpha-2-macroglobulin 7 5 7 10
IP1I00745872 ALB isoform 1 of serum albumin 8 6 8 4
IP100896380 IGHM isoform 2 of Ig mu chain C 9 12 11 16
1P100021841 APOAL1 apolipoprotein A-I 10 7 10 7

Proteins in bold are considered potential biomarkers for schizophrenia. SC, schizophrenia; Ctrl, control;

ND, not detected.

est protein in the schizophrenia group in binding experi-
ments against both SC-XA1 and Ctrl-XA1, only ranked as
the 11th highest protein (~50% smaller emPAI score) in
the control plasma pool for binding with SC-XA1 and was
not detected in the binding experiment using Ctrl-XAl.
These differences in ApoB and C4A suggest they may be
biomarkers for schizophrenia. The other highly ranked
proteins exhibited substantially similar rankings across
the groups and were thus not considered as possible bio-
markers. It should be noted that due to the sensitivity of
the spectrometer, environmental proteins such as keratin
and keratin fragments are always detected.
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Of interest, C4A has been identified as a potential
schizophrenia susceptibility gene in a recent study fol-
lowing a GWAS signal [22].

Validation in Individual Plasma Samples

ELISAs specific for C4 (which recognize all C4 iso-
forms) and ApoB, considered the top 2 most significant
proteins identified by the ranking analyses, were per-
formed on the individual schizophrenia (n = 60) and con-
trol samples (n = 20) to validate the X-aptamer results
obtained from the pooled samples. We observed in-
creased levels of C4 and ApoB in the schizophrenia group

Walss-Bass et al.



compared to the controls (p = 0.0097 and p = 0.047, re-
spectively) (Fig. 2).

To at least partially assess whether the elevated levels
of C4 and ApoB in the patients could be related to medi-
cation, the patients were subdivided into groups accord-
ing to the type of second-generation antipsychotic (SGA)
used, based on the known risk for metabolic syndrome
conferred by these medications (low, medium, or high
[23]), and each group was compared to the controls. Lev-
els of C4 were significantly increased in patients using
low- and high-risk SGAs as compared to controls (p =
0.0293 and p = 0.0072, respectively), with a trend also ob-
served for the medium-risk group, suggesting that differ-
ences in levels between all patients and controls may be
due to the presence of the schizophrenia illness itself, and
not due to the type of SGA used (Fig. 2a). On the other
hand, we observed significantly increased levels of ApoB
only in patients under treatment with high-risk antipsy-
chotics compared to controls (p < 0.0282), and not in pa-
tients under treatment with low- or medium-risk medica-
tions, suggesting that the initial finding of ApoB in the
pooled samples may be due to the type of SGA used by
the patients (Fig. 2b).

Discussion

The development of high-throughput protein isola-
tion techniques, such as X-aptamers, has recently revolu-
tionized modern approaches to proteomic analyses in
clinical research [7]. To our knowledge this is the first
study to use an X-aptamer library to identify potential
biomarkers for schizophrenia. Using a different ap-
proach, SOMAmers and the SOMAscan platform also
utilize modified DNA for biomarker detection, although
this has not been used for schizophrenia [24]. For the ini-
tial screening, our strategy was to use pooled samples
from healthy controls and schizophrenia patients. After
incubation of fluorescently labeled pooled samples from
patients and controls with the X-aptamer library, we
identified two unique X-aptamer sequences by NGS, one
overrepresented in patients and the other overrepresent-
ed in controls. After mass spectrometric analyses of
pooled-down peptides, we identified C4A and ApoB as
the two proteins exhibiting differential expression in pa-
tients compared to controls.

The gene coding for C4A is located within the major
histocompatibility complex (MHC) locus on chromo-
some 6, a region found to be associated with schizophre-
nia in the largest GWAS of schizophrenia to date (36,989

X-Aptamer Technology in Schizophrenia

cases and 113,075 controls), in which among the 108 loci
that met the criteria for genome-wide significance, the
locus on chromosome 6 harboring MHC genes was the
most significant [2]. A follow-up study pinpointed the
MHC association to alleles of the C4 gene [22] coding for
C4A and C4B, and also found elevated levels of C4A in
postmortem brains of schizophrenia patients compared
to controls. C4 activates C3, marking the synapse for
phagocytosis [25], and drives synaptic pruning by mi-
croglia [26]. The finding of C4 alleles associated with
schizophrenia indicates an important genetic influence
on the extent of synaptic pruning, which has been hy-
pothesized to play an important role in schizophrenia de-
velopment [27]. Recently, an RNA sequencing-based
transcriptomic profiling study on lymphoblastoid cell
lines from a sample of European ancestry (529 schizo-
phrenia cases and 660 controls) found differential expres-
sion in components of the complement system (CRI,
CR2, CD55, and C3), though not for C4A [28]. Our study
demonstrates the potential of C4 as a biomarker of diag-
nostic value, as it can be identified and differentiated in
easily accessible peripheral tissue. Our findings further
suggest that the observed differences in C4 levels in
schizophrenia patients are likely due to the presence of
the illness itself and not alterations caused by SGAs, since
significant increases were observed across different types
of SGAs known to differ in their risk to induce metabolic
alterations. However, the possibility exists that C4 levels
are altered due to other medications or factors not evalu-
ated in this study, and thus further studies are needed to
completely rule out effects of medications on C4 expres-
sion.

ApoB is a member of the apolipoprotein family that
interacts with the low-density lipoprotein receptor and is
involved in the distribution of fat molecules to tissues
[29]. High levels of ApoB are thought to be a primary
cause of vascular complications such as atherosclerosis,
heart disease, and stroke, and mutations in the APOB
gene are associated with hypercholesterolemia [30]. Stud-
ies have suggested cholesterol and apolipoproteins as
candidate psychiatric biomarkers [31]. We observed ele-
vated levels of ApoB only in subjects under treatment
with SGAs that cause a high risk for metabolic syndrome,
suggesting this protein as a marker for antipsychotic-in-
duced metabolic alterations. Using the same cohort of pa-
tients, we have previously demonstrated that high-risk
SGAs are associated with the disruption of proteins in-
volved in energy metabolism [22]. Similarly, Wang et al.
[32] found that schizophrenia patients who are consid-
ered metabolically obese but of normal weight under
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treatment with olanzapine or risperidone have elevated
levels of cholesterol, very-low-density lipoprotein, and
ApoB compared with those considered metabolically
non-obese, suggesting ApoB as a marker for hyperlipid-
emia and cardiovascular complications in subjects with
schizophrenia. In addition, Ryoo and Park [33] demon-
strated a significant association between elevated serum
ApoB levels and future development of the metabolic
syndrome among a large number of Korean men during
a 5-year follow-up period. Future prospective studies
should consider the role of ApoB in the development of
metabolic complications in schizophrenic patients under
treatment with clozapine or olanzapine.

Due to budget limitations, our pool-down and mass
spectrometry experiments were performed using only
two of the unique X-aptamer sequences identified to have
differential binding in patients compared to controls (Ta-
ble 2). Further studies are warranted to follow up on ad-
ditional X-aptamers that exhibited preferential binding
to the patient group, as these could lead to the identifica-
tion of additional potential biomarkers for schizophrenia.
Further studies to trim down the X-aptamers for optimal
performance are also planned. As these X-aptamers have
not yet been optimized, comparisons with the more es-
tablished SOMAmer reagents, and comparisons of bind-
ing affinities and off-rates, are not yet warranted.

Our present results should be taken with caution given
the lack of information related to potential confounding
factors such as smoking and alcohol/drug abuse history.
Further, the relatively small sample size and cross-sec-
tional nature of the study necessitate further validation in
larger longitudinal studies. In addition, in order to clear-
ly determine the effect of SGAs and other medications on
C4 and ApoB, future studies should be performed with
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patients before and after treatment or on medication-
naive patients.

In summary, we have used a novel X-aptamer pro-
teomic approach to identify potential novel biomarkers
for schizophrenia. We identified C4 as a potential diag-
nostic marker for schizophrenia and ApoB as a marker of
antipsychotic-induced metabolic alterations. This study
highlights the utility of the X-aptamer technology in the
identification of biomarkers for schizophrenia that will
advance our understanding of the pathophysiological
mechanisms of this disorder.
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