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Abstract

Background

Whole-genome expression studies in the peripheral tissues of patients affected by schizo-
phrenia (SCZ) can provide new insight into the molecular basis of the disorder and innova-
tive biomarkers that may be of great utility in clinical practice. Recent evidence suggests
that skin fibroblasts could represent a non-neural peripheral model useful for investigating
molecular alterations in psychiatric disorders.

Methods

A microarray expression study was conducted comparing skin fibroblast transcriptomic pro-
files from 20 SCZ patients and 20 controls. All genes strongly differentially expressed were
validated by real-time quantitative PCR (RT-qPCR) in fibroblasts and analyzed in a sample
of peripheral blood cell (PBC) RNA from patients (n = 25) and controls (n = 22). To evaluate
the specificity for SCZ, alterations in gene expression were tested in additional samples of
fibroblasts and PBCs RNA from Major Depressive Disorder (MDD) (n = 16; n = 21, respec-
tively) and Bipolar Disorder (BD) patients (n = 15; n = 20, respectively).

Results

Six genes (JUN, HIST2H2BE, FOSB, FOS, EGR1, TCF4) were significantly upregulated in
SCZ compared to control fibroblasts. In blood, an increase in expression levels was con-
firmed only for EGR1, whereas JUN was downregulated; no significant differences were ob-
served for the other genes. EGR1 upregulation was specific for SCZ compared to MDD and
BD.
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Conclusions

Our study reports the upregulation of JUN, HIST2H2BE, FOSB, FOS, EGR1 and TCF4 in
the fibroblasts of SCZ patients. A significant alteration in EGR1 expression is also present
in SCZ PBCs compared to controls and to MDD and BD patients, suggesting that this gene
could be a specific biomarker helpful in the differential diagnosis of major psychoses.

Introduction

Schizophrenia (SCZ) is a severe multifactorial disorder resulting from both genetic and
environmental causes, with a lifetime risk of approximately 1% in the general population [1].
Despite the high heritability (70-90%) demonstrated by family, twin and adoption studies, its
etiology remains poorly understood [2,3]. Nonetheless, converging results, ranging from differ-
ent experimental approaches including animal model studies, human genetic and post-mortem
brains expression data, have evidenced SCZ-related alterations of the mechanisms regulating
brain neurodevelopment and neuroplasticity, dopamine and glutamate neurotransmission,
neuronal myelination, the immune response system, cell adhesion and G-protein coupled or
cAMP-mediated signalling [4,5,6,7,8]. According to a study of convergent functional genomics
[4], among the most promising candidate genes known to play a role in the disorder are dis-
rupted-in schizophrenia (DISC1), transcription factor 4 (TCF4), myelin basic protein (MBP)
and heat-shock 70-kDa protein 1B (HSPA1B) [9,10,11,12,13].

Several lines of evidence demonstrate the usefulness of whole-genome expression studies in
the identification of molecular alterations in psychiatric disorders. In this regard, an overlap
has been observed between gene expression profiles in blood cells and in post-mortem brains
[14,15,16], supporting the hypothesis that studies in peripheral tissues may provide new infor-
mation on SCZ pathogenesis and innovative biomarkers for the diagnostic assessment and
personalization of treatment. However, overall, expression studies on post-mortem brains and
blood in psychiatric disorders have shown contrasting findings [15,17] and a high rate of
heterogeneity that can be attributed to many sources, such as differences in sample prepara-
tion, the choice of brain region examined and other confounding factors including age, diet,
smoking habit and medications [18]. These problems might be partially overcome using other
peripheral tissues such as skin fibroblasts, as recently demonstrated for neurodegenerative and
psychiatric disorders [19,20,21,22,23]. Indeed, fibroblasts show expression profiles that are
similar to brain tissues [24], are relatively easy to obtain from patients through skin biopsy,
may be maintained in culture in a controlled, reproducible environment and may also be treat-
ed with hormones and psychotropic drugs [19,20,24,25].

On this basis, the aim of our study was to identify SCZ-associated transcriptomic signatures
in fibroblasts to acquire new information on the pathogenesis of the disorder and to identify
new potential biomarkers for the diagnostic assessment. The experimental plan entailed the
following step-by-step procedure: first, we performed a microarray gene expression study in a
sample of fibroblasts from SCZ patients and controls followed by validation using real-time
quantitative PCR (RT-qPCR) of the identified differentially expressed genes; second, we
analyzed the mRNA expression alterations observed in fibroblasts in a sample of peripheral
blood cells (PBCs) from SCZ patients; third, we also assessed the specificity of the results by an-
alyzing SCZ gene expression alterations in fibroblasts and PBCs from patients affected by
major depression (MDD) and bipolar disorder (BD).
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Methods and Materials
Patient and control samples

The study involved patients affected by SCZ (n = 37), MDD (n = 30), and BD (n = 28) who
were referred to the Psychiatric Rehabilitation Unit of IRCCS Centro S. Giovanni di Dio
Fatebenefratelli, Brescia, Italy and to the “Villa S. Chiara” Psychiatric Hospital, Verona, Italy.
All patients were Caucasian and had Italian descent for at least two generations. There were no
relatives among the study participants, and the patients fulfilled our predefined group-specific
inclusion and exclusion criteria. All SCZ patients satisfied the DSM-IV criteria for SCZ. The
MDD group included DSM-IV MDD patients with at least moderately severe depression and
with an absence of a lifetime history of schizophrenic, schizoaffective, or bipolar disorder and
personality disorders, substance abuse, alcohol abuse or dependency, obsessive compulsive dis-
order, or post-traumatic stress disorder as a primary diagnosis. For inclusion in the BD group,
subjects had to fulfill the DSM-IV criteria for BD and must have experienced at least two previ-
ous hypomanic and two major depressive episodes, as defined in DSM-IV.

Diagnoses were confirmed using the Structured Clinical Interview for DSM-IV Axis I Disor-
ders (SCID-I) diagnostic scale.

The control samples (n = 41) consisted of unrelated healthy volunteers who were screened
for DSM-IV Axis I disorders by expert psychologists using the Mini-International Neuropsy-
chiatric Interview (M.LN.L) [26]. Only healthy volunteers without a history of drug or alcohol
abuse or dependence and without a personal or first-degree family history of psychiatric disor-
ders were enrolled in the study.

Our research project was approved by the local ethics committee (CEIOC—Fatebenefratelli
hospital “San Giovanni di Dio” - Brescia, Italy, 44/2001 and 39/2005), and written informed
consent was obtained from the patients and controls. As indicated by our local ethics commit-
tee guidelines, clinicians evaluated the degree to which the patients could understand several
aspects of the informed consent and advisory notice. In the case of patients with a compro-
mised ability to provide authorization, informed consent was signed by the legally authorized
representative.

Exclusion criteria for the patients and controls were as follows: a) mental retardation or
cognitive disorder; b) serious illnesses, including hepatic, renal, gastroenterological, respiratory,
cardiovascular (including ischemic heart disease), endocrinological, neurological, immunologi-
cal, or hematological disease; c) uncorrected hypothyroidism or hyperthyroidism; d) age youn-
ger than 18 and greater than 70 years

In addition, we used the following as further exclusion criteria: 1) absence of metabolic
disorders (e.g., diabetes); and 2) absence of specific dermal diseases (e.g., dermal cancer or
psoriasis).

The demographical and clinical features of the samples are shown in Table 1.

Sample Preparation

Skin biopsies (3 mm?) were collected under local anesthesia from the scapular region using
aseptic conditions and immediately immersed in a saline solution (PBS). All primary cultures
were grown in Eagle’s minimum essential medium (MEM, Invitrogen-Life Technologies, CA,
USA) supplemented with 10% of foetal bovine serum (FBS), penicillin (100 U/ml), streptomy-
cin (100 pg/ml), non-essential amino acids (1% v/v) and glutamine (1% v/v) under optimal
conditions (37°C, 5% CO,). The medium was replaced every 3 days. When the fibroblasts
reached confluence, the cells were split into larger tissue culture dishes or were frozen using
20% FBS and 10% DMSO. As suggested by Akin and collaborators, all fibroblasts were cultured
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Table 1. Demographic and clinical features of the samples.

Characteristics Controls (N = 41) SCZ (N = 37) MDD (N = 30) BD (N = 28)
Age (years), mean (SD) 40.54 (12.40) 38.86 (13.43) 51.40 (11.42) 49.57 (12.91)
Gender %M 48.8 62.2 26.7 39.3
Education (years), mean (SD) 15.22 (5.10) 9.83 (2.92) 9.00 (3.97) 7.50 (2.67)
% Smokers 14.6 74.5 52.9 66.7

Age of onset (years), mean (SD) 27.00 (9.46) 35.68 (14.87) 36.92 (15.73)
% comorbidity with Axis | and/or Il disorders 5.4 414 31.3

% administration of antipsychotics* 94.3 19.2 68.8

% administration of SSRI* 17.6 69.2 53.3

% administration of SNRI* 0.0 26.9 7.7

% administration of TCA* 0.0 11.5 28.6

% administration of NaSSA* 2.9 23.1 0.0

% administration of mood stabilizers* 14.7 11.5 69.2

*the total number could exceed the number of subjects due to the presence of multiple drugs administration

doi:10.1371/journal.pone.0116686.t001

until the 5 passage to minimize any effects from exposure in vivo to factors such as hormones,
neurotransmitters, cytokines or drugs [25].

RNA from fibroblasts was extracted using the NucleoSpin kit (Carlo Erba Reagenti, Milano,
Italy) according to the manufacturer’s instructions.

Blood samples from patients and controls were obtained by venipuncture using PaxGene
Tubes (Qiagen, Crawley, UK). RNA isolation was performed using the PaxGene Blood RNA
Kit (Qiagen, Crawley, UK) according to the manufacturer’s protocols.

Microarray Procedures

The concentration of total RNA was quantified using the Nanodrop 2000 (Nanodrop Technol-
ogies, Wilmington, DE, USA) by measuring the absorbance at 260 nm. Additionally, the
0D260/230 and OD260/280 ratios were determined to assess RNA purity. RNA integrity was
assessed with the 2100 Bioanalyzer (Agilent Technology, TX, USA) using an RNA 6000
NanoChip and expressed as RNA Integrity Number (RIN), which was considered acceptable
within the range of 7-10.

To synthesize first-strand cDNA, an aliquot of 250 ng of RNA isolated from fibroblasts was
reverse-transcribed with the Ambion WT Expression Kit (Invitrogen-Life Technologies, CA,
USA) using random primers tagged with a T7 promoter sequence. Second-strand cDNA was
amplified by T7 RNA polymerase in an in-vitro transcription (IVT) reaction, producing many
copies of antisense RNA (aRNA). Subsequently, the aRNA was purified to remove unincorpo-
rated dNTPs, salts, enzymes and inorganic phosphates. In the second cycle of cDNA synthesis
with random hexamers, the aRNA was reverse-transcribed into single-stranded DNA (ssDNA)
with the sense orientation. Lastly, 5.5 ug of ssDNA was fragmented and labeled with biotin.
The labeled samples were hybridized onto Human Gene 1.1 ST Array Strips (Affymetrix, Inc.,
Santa Clara, CA, USA), comprising more than 750,000 probes and representing more than
28,000 genes mapped through UniGene or via RefSeq.

The hybridization reactions, fluidics control and imaging were performed using the
Affymetrix Gene Atlas instrument according to the manufacturer’s protocol.
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Table 2. Five transcripts differentially expressed in fibroblasts from SCZ patients compared to control subjects.

Gene Gene Assignment p-value Fold Change  Median probe
intensity

JUN NM_002228 // JUN // jun proto-oncogene // 1p32-p31 3.14x10-7 2.08 8.45

HIST2H2BE = NM_003528 // HIST2H2BE // histone cluster 2, H2be // 1921.2 6.48x10-7 227 6.52

FOSB NM_006732 // FOSB // FBJ murine osteosarcoma viral oncogene homolog B // 19q13.32  1.18x10-4  4.87 8.08

FOS NM_005252 // FOS // FBJ murine osteosarcoma viral oncogene homolog // 14924.3 1.60x10-4  3.89 10.20

EGR1 NM_001964 // EGR1 // early growth response 1 // 5931.1 4.70x10-3  2.03 10.40

The list was created using a cut off of p<0.01 and FC % 2. The genes are ordered on the basis of the best p-values.

doi:10.1371/journal.pone.0116686.t002

Microarray Data Analysis

The oligo package was used to read the CEL files and compute the log intensities of gene ex-
pression by exploiting the Robust Multi-array Average (RMA) algorithm. Linear model fitting
(LmFit) and the Empirical Bayes method (eBayes) from the BioConductor [27] limma package
[28] were used to test the differences in mRNA levels.

The robust empirical Bayes procedure was used to treat outliers [29]. Only genes with a me-
dian of the log,-transformed expression level (ME) higher or equal than 6 were considered for
filtering variations in the probe signal due to noise [30].

The gene lists obtained were filtered using a cut off of p-value < 0.01 and a fold change (FC)
of at least +2 (Table 2). Although several statistical tests permit genes with arbitrarily small
fold-changes to be considered statistically significant, it has become increasingly common to
require that differentially expressed genes satisfy both p-value and FC criteria simultaneously
[31]. The microarray data has been submitted to Gene Expression Omnibus (accession num-
ber: GSE62333).

Reverse Transcription and RT-gPCR Confirmation

One microgram of total RNA was used for cDNA synthesis with random hexamer

primers (Invitrogen-Life Technologies, CA, USA) and Superscript II Reverse Transcriptase
(Invitrogen-Life Technologies, CA, USA). The expression levels of specific transcripts in
fibroblasts and PBCs were determined by RT-qPCR using the StepOnePlus instrument
(Applied Biosystems, Foster City, CA, USA) with the TagMan assay (Applied Biosystems,
Foster City, CA, USA). The following genes were analyzed and normalized to the level of the
housekeeping gene GAPDH (glyceraldehyde-3-phosphate dehydrogenase), Hs02758991_g1:
EGR1 (early growth response 1), Hs00152928_m1; FOS (FBJ murine osteosarcoma viral
oncogene homolog), Hs04194186_s1; FOSB (FB] murine osteosarcoma viral oncogene
homolog B), Hs00171851_m1; HIST2H2BE (Histone Cluster 2, H2be), Hs00269023_s1; JUN
(Jun proto-oncogene), Hs01103582_s1 and TCF4, Hs00162613_m1. Each sample was assayed
in duplicate. The data analyses were performed using the comparative Ct method (also known
as the 2722 method) [32].

Statistical Analysis

The demographic and clinical characteristics of our patients and controls are described in
quantitative terms using the meantstandard deviation (SD). ANOV A was used to analyze
the differences between groups, and the chi-squared ()2) test was used to evaluate categorical
variables. Multiple comparisons were adjusted using the Bonferroni correction. Pearson’s
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coefficient was used to evaluate bivariate correlations. Logistic regression was used for adjust-
ing the analysis for possible confounding factors.

For the prediction analysis, a receiver operating characteristic (ROC) curve analysis was
used to identify the cut-off score. The area under the curve (AUC) is a measure of the overall
discriminative power; a value of 0.5 represents the absence of discriminative power, whereas a
value of 1.0 indicates perfect discrimination. The curve shows the different probabilities of a
subject to have a risk or not of developing SCZ. Moreover, we computed the positive predictive
value (PPV) and negative predictive value (NPV).

All analyses were conducted using SPSS version 17.0 statistical software (SPSS Inc. Chicago,
IL, USA).

Results

A microarray gene expression analysis was performed on fibroblasts from 20 SCZ patients
(mean age+SD, 44.60£12.67; 50% males) and 20 healthy subjects (mean age+SD, 48.40+12.20;
45% males) (discovery sample). The groups were homogeneous for age (F = 0.93; p = 0.34) and
gender (32 = 0.10; p = 0.75).

Applying the criteria described above (see microarray data analysis in Methods and Materi-
als), the microarray output showed that five genes were significantly over-expressed in the SCZ
patients compared to the controls (Table 2): JUN, HIST2H2BE, FOSB, FOS and EGR1. All these
genes were selected as candidates for validation using the RT-qPCR technique.

Moreover, we added the TCF4 gene to the list for RT-qPCR validation, because it is one of
the best candidates for SCZ pathogenesis and it was differentially expressed in our microarray
analysis, albeit with a modest FC (p = 0.03; FC = 1.26; ME = 9.10).

RT-qPCR validation was performed on the validation sample. The discovery sample and
the validation sample were almost completely overlapping (with 2 samples from SCZ patients
higher and 1 sample from a control lower in the validation sample). All the genes selected for
RT-qPCR validation are expressed in the brain, though at different levels (see Table 3).

For the entire sample, a significant correlation was found between age and the fibroblasts
mRNA levels of EGR1 (r = 0.39; p = 0.01), JUN (r = 0.36; p = 0.02), FOS (r = 0.32; p<0.05), and
HIST2H2BE (r = 0.32; p = 0.04), whereas a correlation with gender was observed only for JUN
(r=-0.42; p<0.01). No other significant correlations were found with sociodemographic and
clinical variables. Thus, for these genes, the results were adjusted for these variables by logistic re-
gression, with the results showing that the mRNA expression levels of all the genes were signifi-
cantly different between the SCZ patients and controls (Fig. 1): EGRI (F = 37.30; p = 2.5x10™°),

Table 3. Brain mRNA expression levels of the 6 genes analyzed by qPCR.

Development Adult Brain areas
TCF4 ++ ++ all
EGR1 + ++ all
JUN ++ + all
FOS - + all
FOSB - - all
HIST2H2BE ++ + all

The data were retrieved from a public database containing transcriptome data and associated metadata for
the developing and adult human brain (http://hbatlas.org/). A total of 16 brain regions were investigated: the
cerebellar cortex, mediodorsal nucleus of the thalamus, striatum, amygdala, hippocampus, and 11 areas of
the neocortex. ++ = high expression, + = average expression; — = low expression.

doi:10.1371/journal.pone.0116686.t003
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Figure 1. RT-qPCR mRNA expression levels from fibroblasts and PBCs expressed as Average Log2 Ratio (ALR) between the SCZ(n=22and n =
25, respectively) and control (n = 19 and n = 22,) samples. The bars denote the magnitude of change. All p-values were corrected for multiple
comparisons by Bonferroni correction. **p<0.001; *p<0.05.

doi:10.1371/journal.pone.0116686.9001

FOS (F=18.49;p= 7.8x10™*), FOSB (F = 33.28; p= 6.6x107°), HIST2H2BE (F = 76.92;
p =6.6x10""%), JUN (F = 25.40; p = 7.2x10"°) and TCF4 (F = 14.90; p = 2.4x10~*). All p-values
were corrected by Bonferroni correction for all comparisons (n = 6).

We subsequently performed an RT-qPCR analysis of the six genes using PBC RNA from
25 SCZ patients (35.84+11.75; 60% males) and 22 controls (32.91+6.61; 50% males). The pa-
tients and controls were homogeneous for age (F = 1.07; p = 0.31) and gender (y2 =0.47,p =
0.49). For the entire sample, a significant correlation was found between age and blood mRNA
levels of EGRI (r = —0.30; p = 0.04) and FOS (r = 0.40; p<0.01). No other significant correla-
tions were found with sociodemographic and clinical variables. Consequently, for these genes,
a logistic regression was performed adjusting for age as a covariate and the results showed that
only EGR1 (F = 40.61; p = 6.0x10~7) and JUN (F = 14.33; p = 2.7x10°) mRNAs were differen-
tially expressed (Fig. 1). In particular, the PBC level of EGR1 mRNA was upregulated in the
SCZ patients, as in fibroblasts, whereas the mRNA level of JUN was downregulated. The p-
values were adjusted for multiple comparisons by Bonferroni correction. In general, all the
genes analyzed were less expressed in PBCs than in fibroblasts (with a mean Ct increase of 3.58
cycles)

Because EGR1 was the only gene showing the same over-expression in both SCZ fibroblasts
and PBCs, its mRNA levels were also evaluated in the fibroblasts and PBCs from MDD and BD
patients to determine whether EGR1 could be a specific biomarker for SCZ or is generally in-
volved in mental disorders.

A TagMan RT-qPCR analysis was performed on fibroblast RNA from 15 BD (45.13+13.00;
26.7% males) and 16 MDD patients (49.56+11.33; 25% males). The groups were homogeneous
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Figure 2. RT-qPCR of EGR1 mRNA expression levels in fibroblasts (A) and PBCs (B) from patients
affected by SCZ (n =22 and n = 25, respectively), MDD (n =16 and n=21) and BD (n = 15 and n = 20).
The results are expressed as Average Log2 Ratio (ALR) between the SCZ, MDD and BD groups versus the
control samples. The bars denote the magnitude of change. All p-values were corrected for multiple
comparisons by Bonferroni correction. **p<0.001.

doi:10.1371/journal.pone.0116686.9002

for age (F = 1.03; p = 0.39) and gender (2 = 4.97, p = 0.17). In the entire sample, significant
correlations were found between the fibroblast mRNA level and age (r = 0.30; p = 0.01). The re-
sults showed that the mRNA expression level of EGR1 was significantly different between the
groups (F = 18.43; p = 3.0x107'%). Pairwise comparisons showed significant differences be-
tween the SCZ group and the MDD, BD and control groups (p = 1.8x10™7, p = 1.0x10 ™

and p = 2.7x10°%, respectively), indicating that EGR1 mRNA level was upregulated in SCZ
fibroblasts relative to all the other groups (Fig. 2A). All the p-values were adjusted using
Bonferroni correction.

Subsequently, an RT-qPCR analysis was performed on PBC RNA from 20 BD patients in a
depressed state (54.35+10.52; 45% males) and 21 MDD subjects (53.52+11.60; 23.8% males).
The four groups (CTRL, SCZ, MDD and BD) were homogeneous for gender (y2 = 6.29,p =
0.10) but not for age (F = 26.04; p = 5.26x107'%) and a significant correlation was found with
mRNA levels (r = 0.21; p<0.05). All the results were adjusted for age by logistic regression. The
data obtained showed that the mRNA expression level of EGR1 was significantly different
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between the groups (F = 20.39; p = 5.42x10™'°). Pairwise comparisons showed significant dif-
ferences only between the SCZ group versus the MDD, BD and controls groups (p =
5.52x1077, p = 5.35x10 "% and p = 1.71x10"%, respectively), indicating that EGR1 mRNA level
was upregulated only in SCZ PBCs (Fig. 2B). All p-values were adjusted using Bonferroni
correction.

We lastly performed a correlation analysis between the fibroblasts and PBCs mRNA levels
in a subgroup of 24 patients (10 SCZ, 7 MDD and 7 BD) for whom both tissues were available.
The results revealed a significant correlation for EGR1 (r = 0.69; p = 1.82x10~% Fig. 3).

With regard to the fibroblast EGR1 level, an ROC curve for predicting response showed an
AUC = 0.85. In our model, the best fitting decision rule (referred to as “prediction”) revealed a
sensitivity of 100%, a specificity of 78.95%, a PPV of 84.6% and an NPV of 100%. For the
EGR1 PBC mRNA level, the ROC curve showed an AUC = 0.87, a sensitivity of 84.0%, a speci-
ficity of 90.9%, a PPV of 91.3% and an NPV of 83.3%.

Discussion

Our results indicate the over-expression of JUN, HIST2H2BE, FOS, FOSB, EGR1 and TCF4
mRNA levels in the fibroblasts of SCZ patients. All these genes are expressed in the brain (see
hbaltas.org; Table 3), albeit at different levels, and have been previously associated with SCZ
[4,33,34,35,36]. The RT-qPCR results for blood RNA were in agreement with the data for fibro-
blasts only for EGR1, whereas the direction of expression was opposite for JUN; no significant
differences were found for the other genes. Furthermore, the data showed that EGR1 over-
expression in PBCs was specific for SCZ because it was not observed in BD and MDD patients.

JUN, FOS, FOSB and EGRI are classified as immediate early genes (IEGs) because they are
rapidly expressed in direct response to different stimuli. IEGs are known to encode not only
transcription factors, but also a much wider variety of proteins including signaling molecules,
growth factors and cytoskeletal proteins. Alterations in the expression of IEGs have been linked
to stress, neurodegeneration and neuronal cell death as well as to the effects of drugs or drug of
abuse administration [37,38]. Finally, recent evidence implicates IEGs in the initiation or am-
plification of aberrant signaling in connection with neurodegenerative processes and psychiat-
ric disorders [39,40].

Opverall, the gene expression data from human post-mortem brains and peripheral blood re-
porting an upregulation of JUN, FOS, FOSB in SCZ are in agreement with our results for fibro-
blasts [33,34,35,41].

EGR1 is a zinc finger transcription factor that was originally identified as an early response
gene involved in cell proliferation, differentiation synaptic plasticity [42,43]. Recent studies
have reported that an increase in EGR1 expression in the brain is associated with the formation
of emotional memory [44].

Previous studies on EGR1 expression in blood are in agreement with our data [35,41,45]. In
particular, increased mRNA levels were observed in the blood of SCZ patients in high delusion
states [35] and in SCZ leukocytes [41]. However, the results for the brains are more conflicting:
higher EGR1 levels were found in the hippocampus of an SCZ mouse model brain [35,45]
whereas Yamada and colleagues [46] found reduced EGRI transcriptional levels in the dorso-
lateral prefrontal cortex of the post-mortem brains from SCZ patients. Perez-Santiago and col-
laborators [47] did not find any differences in the expression levels of EGR1 in post-mortem
human prefrontal cortex samples from SCZ patients. Moreover, it was shown that antipsychot-
ic treatments increased EGR1 expression in the striatum of rat brains [48].

TCF4 is a transcription factor that is widely expressed in the brain, where it plays a pivotal
role in neurodevelopment. Cognitive impairments and deficits in pre-pulse inhibition, such as
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mRNA levels are expressed as AACt.
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those observed in SCZ, were found in mice over-expressing TCF4 in the forebrain [49]. These
studies indicated that TCF4 may be involved in mental disorder pathogenesis and several lines
of evidence with different experimental approaches (e.g., post-mortem brains, animal models)
have reported alterations in TCF4 expression in SCZ [4,10,50]. Indeed, TCF4 was one of the
first genes to reach genome-wide significance in large-scale genetic association studies of SCZ
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[51] and different single-nucleotide polymorphisms (SNPs) have been associated with the
disorder in independent studies [52,53,54]. This gene is also the target of several microRNAs,
including the mir-137, which was implicated in SCZ etiology in GWAS studies [55]. In particu-
lar, the SCZ-associated rs1625579 SNP in miR-137 was correlated with the decreased expres-
sion of this microRNA in the dorsolateral prefrontal cortex and a consequent increase in TCF4
levels [56]. Furthermore, increased levels of TCF4 mRNA were observed in IPSC-derived neu-
rons obtained from SCZ patient fibroblasts [1]. Data on blood cell RNA levels are more con-
trasting and might be influenced by the psychotic state and symptomatology [35,50,52].

HIST2H2BE encodes a member of the histone H2B family, which is mainly involved in im-
mune response, cell growth, DNA damage, signal transduction and inflammatory reactions. Sev-
eral studies report alterations in histones methylation at specific genes in the post-mortem brain
of SCZ subjects, often in conjunction with changes in the levels of the corresponding RNAs
[57,58]. The typical working hypothesis suggests that a change in promoter DNA methylation or
histone modification can induce lasting and stable changes in gene expression, and these alter-
ations have therefore been implicated in promoting the adaptive behavioral and neuronal
changes in SCZ [58]. In a recent article, Mattheisen and colleagues tested all common variants in
the synaptic vesicle glycoprotein 2A gene (SV2A) region for an association with SCZ. They
found that the rs15931 SNP, which covers the genomic region proximal to SV2A4, is located in
the 3'UTR of HIST2H2BE, showing a possible involvement of HIST2H2BE in SCZ [36].

The results obtained in SCZ fibroblasts support previous findings involving IEGs and TCF4
in SCZ and suggest an alteration in HIST2H2BE gene expression. Moreover, our data demon-
strate the usefulness of skin fibroblasts as a peripheral model for studying psychiatric
disorders.

Indeed, fibroblasts are a promising model for studying central nervous system (CNS) disor-
ders [59] because these cells share certain features with cells of neuro-ectodermal origin [60]
and can be transformed into neurons [1,61,62].

Recent evidence has indicated that fibroblasts are a convenient and useful tool for investi-
gating several processes in SCZ, such as the immune response or cytokine stimulation
[63,64,65] apoptotic susceptibility [23], tyrosine transport across plasma membranes in re-
sponse to antipsychotic drug treatment [66] or regulation of gene expression in patients defi-
cient in glutathione synthesis [67].

Skin fibroblast cultures are easy to prepare and maintain without transformation, and many
possible confounding factors often associated with patient peripheral tissues, such as diet, life-
styles, smoking habit and drug treatment may be virtually eliminated after several cycles of cell
division [59].

In this study, we analyzed genes differentially expressed in SCZ fibroblasts and SCZ PBCs,
reporting a parallel over-expression of EGRI. In contrast, JUN mRNA levels were decreased in
PBCs from SCZ patients, whereas the expression of the other evaluated genes was not altered
in these cells. The lack of data replication for PBCs (except for EGR1) might be attributed to
the lower expression level (with respect to fibroblasts) of the candidate gene in blood. In fact,
comparing the RT-qPCR data for PBCs and fibroblasts from the control sample, we observed a
3.58 mean increase in the number of cycles (mean Ct) that corresponded to a decrease in the
mRNA concentrations.

The cellular component of peripheral blood is largely composed of immune cells, such as
leukocytes, wich express a wide repertoire of cytokines and their receptors, neuroendocrine
hormones and neuropeptides, neurotrophic factors such as brain-derived neurotrophic factor
or dopamine and serotonin receptors. For these reasons, this tissue might be more helpful for
testing hypotheses regarding the relationship between immune response alterations and psy-
chiatric disorders [59].
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However, the identification of blood signatures associated with diagnoses in psychiatric
disorders might be more useful in the development of innovative biomarkers that are
easily -applicable in clinical practice. Furthermore, mRNA measurements using blood are less
invasive, less expensive and more rapid than those using fibroblasts.

Thus, our data on EGRI1 levels in blood are particularly interesting because they reveal
a -putative specific marker able to differentiate SCZ from other major psychosis patients.

Nevertheless, fibroblasts can be more advantageous for discovering mental disorder etiolog-
ical mechanisms because they appear to be more similar to neurons and less affected by envi-
ronmental confounders (such as diet, medication and smoking). Finally, cultured fibroblasts
may be treated with psychotropic drugs to observe molecular and signaling modifications in-
duced by the treatment [24]. In this regard, it might be interesting to observe whether antipsy-
chotic treatments are able to “normalize” the expression alterations observed in this study.

In conclusion, this study shows the upregulation of JUN, HIST2H2BE, FOS, FOSB, EGR1
and TCF4 in SCZ fibroblasts, confirming the role of these genes in this disorder. Furthermore,
our results identify EGR1 as a specific biomarker of SCZ, which might be helpful for the differ-
ential diagnosis of major psychoses.
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