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Abstract

Schizophrenia is a neurodevelopmental disorder with the typical age of onset of overt symptoms 

and deficits occurring during late adolescence or early adulthood, coinciding with the final 

maturation of the cortical network involving the prefrontal cortex. These observations have led to 

the hypothesis that disturbances of the developmental events that take place in the prefrontal 

cortex during this period, specifically the remodeling of synaptic connectivities between pyramidal 

neurons, may contribute to the onset of illness. In this context, we investigated the gene expression 

changes of pyramidal neurons in the human prefrontal cortex during normal periadolescent 

development in order to gain insight into the possible molecular mechanisms involved in synaptic 

remodeling of pyramidal neuronal circuitry. Our data suggest that genes associated with the 

ubiquitination system, which has been implicated in the biology of synaptic plasticity, may play a 

major role. Among these genes, UBE3B, which encodes the ubiquitin ligase E3, was found to 

undergo periadolescent increase and was validated at the protein level to be upregulated during 

periadolescent development. Furthermore, we found that the density of UBE3B-immunoreactive 

pyramidal neurons was decreased in schizophrenia subjects, consistent with the result of a 

previous study of decreased UBE3B mRNA expression in pyramidal neurons in this illness. 

Altogether these findings point to the novel hypothesis that this specific ligase may play a role in 
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the developmental pathogenesis of schizophrenia onset by possibly altering the synaptic 

remodeling process.
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Introduction

The human prefrontal cortex mediates the highest order of cognitive functions. It undergoes 

a protracted course of development through childhood and adolescence before achieving 

final maturation during early adulthood. This maturational process is in large part defined by 

the extensive pruning of synaptic connectivities between pyramidal neurons (Goldman-

Rakic et al., 1997; Huttenlocher, 2002). Pyramidal neurons in the cerebral cortex exhibit 

layer-specific connectional patterns, providing neural circuit structures that support distinct 

aspects of higher cortical functions. For instance, dendritic spines on pyramidal neurons in 

layer 3 are targeted by both local and long-range glutamatergic projections in a highly 

reciprocal fashion (Levitt et al., 1993; Pucak et al., 1996). Synchronized activities of 

pyramidal neuronal networks through these connections, especially in the gamma frequency 

band (i.e. 30-100 Hz), are critical for the integrity of higher cortical functions (Buzsaki and 

Draguhn, 2004; Uhlhaas et al., 2008). During adolescence, prefrontal cortical circuitry 

becomes increasingly adept in engaging in gamma band oscillation, which coincides with 

the maturation of prefrontal cortex-orchestrated functions such as working memory and 

executive function (Fuster, 2008; Uhlhaas et al., 2009; Uhlhaas and Singer, 2011).

Pyramidal neurons in the prefrontal cortex, especially those in layer 3, have long been 

implicated in the pathophysiology of schizophrenia (Glantz and Lewis, 2000; Glausier and 

Lewis, 2013; Sweet et al., 2009; Sweet et al., 2003). Because the onset of schizophrenia 

typically occurs during late adolescence and early adulthood, understanding the molecular 

mechanisms that regulate the maturation of these pyramidal neurons during this period 

would provide insight into the pathophysiological mechanisms of disease onset. Hence, in 

this study, we examined the changes in the gene expression profile of layer 3 pyramidal 

neurons of the human prefrontal cortex during normal adolescent development. We 

identified gene networks and pathways that were developmentally differentially regulated, 

many of which are associated with cytoskeleton integrity, regulation of translation initiation, 

elongation and termination, ubiquitination and proteolysis. One of the most highly 

differentially regulated genes during adolescent development that has also previously been 

found to be differentially expressed in the cerebral cortex in subjects with schizophrenia in 

one of our earlier studies is the ubiquitin ligase-encoding gene UBE3B (Pietersen et al., 

2014a). Furthermore, we found that, at the protein level, the number of cells that expressed 

UBE3B gradually increased during periadolescent development. In addition, the density of 

cells, including pyramidal cells, that expressed UBE3B was found to be decreased in 

schizophrenia subjects. Altogether, these findings converge upon the novel hypothesis that 

aberrant ubiquitination as a result of decreased UBE3B expression may contribute to the 

developmental pathophysiology of schizophrenia onset.
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Materials and Methods

Postmortem human brain tissue

Fresh-frozen tissue blocks containing Brodmann's area 9 of the prefrontal cortex were 

obtained from the National Institute of Child and Human Development (NICHD) Brain and 

Tissue Bank (Table 1). In addition, tissue blocks containing the same prefrontal region from 

15 schizophrenia and 15 healthy control subjects, matched for age, sex and postmortem 

interval (PMI), were obtained from the Harvard Brain Tissue Resource Center 

(Supplementary Table S1). Postmortem human brain collection procedures have been 

approved by the Partners Human Research Committee. Written informed consent for use of 

each of the brains for research has been obtained by the respective legal next-of-kin. The 

diagnosis of schizophrenia was made by two Board-certified psychiatrists by reviewing 

medical records and an extensive family questionnaire that included medical, psychiatric, 

family and social histories. These brains were also examined by a Board-certified 

neuropathologist to rule out any neurological conditions. None of the subjects had any 

history of active substance use disorders at the time of death, as corroborated by toxicology 

results.

Laser capture microdissection

A detailed methodology for tissue preparation, laser capture microdissection and RNA 

processing has been described in detail elsewhere (Pietersen et al., 2011; Pietersen et al., 

2009a; Pietersen et al., 2009b). Briefly, sections of 8 μm were cut on a cryostat, mounted on 

slides and stored at -80 °C until use. Pyramidal neurons were stained with the Histogene™ 

quick staining kit (Applied Biosystems, Carlsbad, CA) and identified based on pyramidal 

morphology and clearly identifiable proximal apical and basal dendrites (Pietersen et al., 

2014a). In addition, pyramidal neurons that were in close proximity to any nonpyramidal 

cells were excluded in order to avoid contamination. Pyramidal neurons in layer 3 were 

removed using the Arcturus XT™ system (Applied Biosystems, Carlsbad, CA). 

Approximately 500 neurons per subject were captured onto a CapSure HS™ LCM cap 

(Applied Biosystems, Carlsbad, CA) for microarray profiling.

Affymetrix platform-based microarray gene expression profiling

RNA processing—RNA isolation was performed using the Picopure™ RNA Isolation kit 

(Life Technologies, Grand Island, NY) with a DNase step (Qiagen, Valencia, CA). This 

typically resulted in approximately 1-25 ng of total RNA (Pietersen et al., 2011; Pietersen et 

al., 2009a). The extracted RNA underwent two rounds of linear amplification using the 

RiboAmp® kit (Life Technologies, Grand Island, NY). A dilution of the resulting products 

(approximately 250 ng/μl) was used to determine the distribution of transcript lengths with 

the Experion StdSens Labchip (Bio-Rad Laboratories, Hercules, CA). The concentration and 

purity of these samples were determined by absorbance measurements at the optical density 

of A260 and A280, using a NanoDrop spectrophotometer (Thermo Scientific, Waltham, 

MA) (Table 1).

Microarray—The TURBO Biotin labeling™ kit (end-labeling; Life Technologies, NY) was 

used to label the aRNA obtained from amplified samples (∼15 μg). Gene expression 
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profiling was performed using the Affymetrix Human X3P GeneChip®, which possesses an 

extreme 3′ bias in its probe design and hence is particularly suitable for samples that are 

prone to RNA degradation, such as postmortem human brain tissue. This chip has also been 

shown to be superior to the more commonly used Affymetrix human U133 plus 2.0 chip in 

terms of data reproducibility (Caretti et al., 2008). The hybridization and scanning 

procedures were performed at the Partners HealthCare Center for Personalized Genetic 

Medicine, Cambridge, MA.

Each array was scanned twice and the Affymetrix Microarray Suite 5.1 software averaged 

the two images to compute an intensity value for each probe cell within each probe set. For 

the quality control step, we employed the Partek® software's built-in function (Partek, St. 

Louis, MO). We then normalized the data with Partek's standard normalization method. 

Principal component analysis revealed the segregation of the data into two groups (Figure 

1A), corresponding to the two age groups shown in Table 1. An Analysis of Covariance 

(ANCOVA) was performed with batch effect (scan date) as a covariate (Simunovic et al., 

2009). Differentially expressed genes were then visualized by performing unsupervised 

hierarchical clustering (Figure 1B). By adjusting the stringency of the filtering criteria, i.e. 

fold-change (FC) and false discovery rate (FDR)-adjusted p-value, a representative gene list 

was determined which was then used for pathway analyses. Pathway analyses were 

performed with two web-based algorithms, Ingenuity Pathway Analysis (IPA, Ingenuity 

Systems, Redwood City, CA) and MetaCore (GeneGo, New York, NY), to map the 

differentially expressed genes onto biological functions and canonical pathways20, 21(20, 

21). With Ingenuity, the significance for each of the identified pathways was determined via 

a Fisher's exact test, whereas GeneGo Metacore makes use of their algorithm for 

hypergeometric distribution, identifying pathways overrepresented with significant genes. 

Furthermore, literature mining was performed to elucidate which of these pathways or gene 

families might be particularly pertinent for pyramidal neuronal functions and dendritic/

synaptic architecture and plasticity.

qRT-PCR validation—For validation of microarray data, cDNA was reverse transcribed 

from aRNA (200 ng input) using the High Capacity RNA-to-cDNA kit (Applied Biosystems, 

Carlsbad, CA). TaqMan®-based qRT-PCR (Applied Biosystems, Carlsbad, CA) was 

subsequently performed on selected genes within signaling pathways identified by pathway 

analysis as differentially expressed during development and randomly chosen genes, as 

previously described (Mauney et al., 2015; Pietersen et al., 2014a; Pietersen et al., 2014b). 

Primers were designed to span exon-intron boundaries to avoid amplification of any 

contaminating genomic DNA. Samples were normalized with respect to the housekeeping 

gene, hypoxanthine guanine phosphoribosyltransferase (HPRT), which has been shown to 

produce reliable results in human brain tissue, as its expression does not appear to differ in 

disease states (Radonic et al., 2004). Negative controls (negative reverse transcription and no 

template controls) were included to detect any contamination of the samples, such as 

genomic (g)DNA. Samples were run in duplicate. The average of the duplicates was taken as 

input for quantification using the 2̂-ΔCt method (Livak and Schmittgen, 2001) or the relative 

expression software tool (REST) for group-wise comparisons of expression ratios (Pfaffl et 

al., 2002). A Spearman Rho's correlation analysis was then performed on the fold-changes 
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determined by microarray and qRT-PCR. A correlation of >0.8 with a significance of p<0.05 

between qRT-PCR and microarray expression changes was considered validation of the 

microarray result (Morey et al., 2006).

UBE3B immunohistochemistry

Tissue processing—Frozen tissue blocks were sectioned at 20 μm, mounted on gelatin-

subbed slides, and post-fixed in 4% paraformaldehyde for 20 minutes at room temperature. 

Sections were then incubated in endogenous enzyme block (1% H2O2, 10% MeOH) for 15 

minutes and, additionally, blocked using 2% bovine serum albumin (BSA) in 10 % goat 

serum (Life Technologies, 16210-072, Grand Island, NY) at room temperature for 1 hour, 

followed by incubation in an anti-UBE3B (1:100, Novus Biologicals, NBP1-92559, 

Littleton, CO) antibody produced in rabbit (Sigma-Aldrich, St. Louis, MO) at 4°C overnight. 

The specificity of this antibody has been validated by protein array, Western blot and antigen 

preabsorption. Sections were then incubated at room temperature in biotinylated anti-rabbit 

IgG antibody produced in goat (1:500, Vector Labs, Burlingame, CA), followed by a 2-hour 

incubation in horseradish peroxidase-conjugated streptavidin (1:5,000, Zymed, San 

Francisco, CA) made in 0.1 Mol/L of phosphate buffer (PB) at room temperature, and finally 

in diaminobenzidine/peroxidase reaction (0.02% diaminobenzidine, 0.08% nickel-sulphate, 

0.006% hydrogen peroxide in 1 Mol/L PB) before they were dehydrated and coverslipped.

Quantification—The number of all UBE3B-immunoreactive cells and pyramidal cells that 

were UBE3B-immunoreactive within three 500 μm × 500 mm squares that were 500 μm 

apart from one another placed within layer 3 of the prefrontal cortex were quantified by the 

same investigator (EAK) in a blind fashion using a StereoInvestigator system (MBG 

Bioscience, Williston, VT). Cell densities were compared between subjects with 

schizophrenia and normal control subjects using unpaired t-test. We also used correlation 

analysis to evaluate any potential effect of each of the numerical covariates (i.e. age, PMI, 

antipsychotic exposure in terms of chlorpromazine equivalent) on the cell density measures. 

The possible effect of sex on each of the density measures was evaluated by comparing cell 

densities between the two sexes within each of the two subject groups.

Results

Affymetrix-based microarray gene expression profiling

The efficiency of microarray hybridization appeared to be adequate in terms of probe 

intensity and percentage of present calls, and these parameters were highly comparable 

between the two age groups, with average (± SD) probe intensity being 81.8 ± 10.5 and 70.7 

± 6.2, and percent present calls 27.9 ± 5.3 and 32.3 ± 1.9. Overall, these percentages of 

present calls are lower than what have been reported in previously published microarray 

studies performed on RNA extracted from homogenized cortical gray matter, which contains 

a much greater number of RNA species in significantly larger quantities. Our data, however, 

are comparable in magnitude to what have been reported in recent microarray studies of 

laser-dissected hippocampal subfields and laser-captured homogeneous neuronal populations 

in humans (Benes et al., 2008; Pietersen et al., 2014a; Pietersen et al., 2014b; Simunovic et 

al., 2009) and to what has been described in previous microarray studies based on laser-
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captured cells from clinical samples or other specimens of single cells (Luzzi et al., 2001; 

Mahadevappa and Warrington, 1999).

Based on the stringency criteria of FC of 1.5 and FDR-adjusted p-values of 0.05, we 

identified 460 genes as differentially expressed during adolescent development 

(Supplementary Table S2). Hierarchical clustering revealed that these 460 genes appeared to 

be well segregated according to age group (Figure 1B). Some of the most highly 

differentially expressed genes are listed in Table 2; Of note, all of these genes were found to 

be upregulated during adolescent development. The canonical pathways and gene networks 

that were found to be the most significantly differentially regulated included pathways 

related to cytoskeletal remodeling, neurite outgrowth, regulation of translation initiation, 

elongation and termination, ubiquitination and proteolysis (Tables 3 and 4). The specific 

differentially expressed genes associated with these pathways are shown in Supplementary 

Tables S3-13.

Finally, we found that the FC of two highly differentially expressed genes and three 

randomly selected differentially expressed genes, as determined by microarray, were highly 

significantly correlated with FC determined by qRT-PCR (R=0.86, p=0.001; Figure 2).

UBE3B expression is upregulated during adolescent development and downregulated in 
schizophrenia

We compared the current dataset with previously published pyramidal cell gene expression 

profiling data from schizophrenia subjects (Pietersen et al., 2014a) and identified genes that 

were differentially expressed both during adolescent development and in schizophrenia 

(Table 5). Presumably these may include genes that play a role in the developmental 

pathogenesis of the illness. We found that UBE3B was among the most highly differentially 

expressed genes in pyramidal neurons during normal adolescent development and it was also 

downregulated in schizophrenia subjects. Specifically, UBE3B was found to be upregulated 

by 12.20-fold (p=0.031) during adolescent development and downregulated by 1.24-fold 

(p=0.037) in subjects with schizophrenia (Pietersen et al., 2014a). Although very little is 

currently known about the functions of this specific gene, these findings raised our interests 

because of the known roles the ubiquitination system plays in regulating experience-

dependent synaptic plasticity (Mabb and Ehlers, 2010; Tsai, 2014; Yashiro et al., 2009; Yi 

and Ehlers, 2005). We then used qRT-PCR to corroborate these microarray findings by 

showing that UBE3B was upregulated by 5.63-fold during development and downregulated 

by 3.36-fold in schizophrenia compared to normal control subjects. Furthermore, we 

validated the developmental microarray finding at the protein level. We found that the 

density of UBE3B-immunoreactive cells underwent postnatal developmental increase 

(Figure 3). We also found that the density of all UBE3B-immunoreactive cells was 

significantly decreased by 22.3% (p=0.026) in schizophrenia (1,483±437/mm2) compared to 

normal control (1,909±546/mm2) subjects (Figure 4A). More specifically and consistent 

with the observation of decreased UBE3B mRNA expression in pyramidal cells, we found 

that the density of pyramidal cells that were immunoreactive for UBE3B was significantly 

decreased by 48.0% (p=0.022) in schizophrenia (594±328/mm2) compared to normal control 

(1,136±364/mm2) subjects (Figure 4B). These findings were not affected by any of the 
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potential confounding variables including age, PMI, and antipsychotic medications 

(Supplementary Table S14).

Discussion

In this study, we investigated the gene expression changes in pyramidal neurons from layer 3 

of the prefrontal cortex during adolescent development in humans. Our findings suggest that, 

perhaps not surprisingly, many gene networks and pathways that are known to be associated 

with cytoskeletal and synaptic plasticity are differentially regulated during adolescent 

development (Tables 3 and 4).

The human prefrontal cortex has long been known to undergo synaptic refinement during 

adolescence (Huttenlocher, 2002). Studies in nonhuman primates suggest that it is the 

asymmetric synapses, which are localized to dendritic spines on pyramidal neurons, that are 

predominantly affected, whereas the density of symmetric presumably inhibitory synapses 

appears to be largely unchanged (Anderson et al., 1995; Bourgeois et al., 1994; Goldman-

Rakic et al., 1997). Consistent with these findings, our data indicate that genes and pathways 

that regulate cytoskeleton and actin filaments, which provide the structural architecture for 

dendritic spines, appear to be developmentally regulated. In addition, we found that genes 

associated with translational control are also significantly differentially regulated during 

adolescent development. Because protein synthesis is necessary for long-term memory 

formation and synaptic stability (Costa-Mattioli et al., 2009), these findings shed light onto 

the mechanisms that mediate the functional maturation of human prefrontal cortical 

circuitry.

Under the assumption that genes that are differentially regulated both during adolescent 

development and in schizophrenia subjects may play a role in the developmental 

pathogenesis of schizophrenia onset, we compared the developmental dataset obtained in 

this study with genes that were previously found to be differentially expressed in pyramidal 

neurons in subjects with schizophrenia (Pietersen et al., 2014a). Among the genes that were 

identified, UBE3B is of particular interest as ubiquitination has been strongly implicated in 

the regulation of synaptic plasticity (Mabb and Ehlers, 2010; Tsai, 2014; Yashiro et al., 

2009; Yi and Ehlers, 2005). Hence, developmental upregulation of UBE3B may play a role 

in regulating the adolescent synaptic refinement process (Bourgeois et al., 1994; 

Huttenlocher, 2002; Woo et al., 1997). In fact, we were able to immunohistochemically 

validate that, at the protein level, the number of cells that contained UBE3B protein also 

underwent developmental increase. This finding was obtained using a two-dimensional 

counting approach; the appropriateness and limitations of this especially in the context of 

postmortem human brain studies, as opposed to the unbiased stereological method, have 

been extensively discussed (Benes and Lange, 2001). In addition, we found that the density 

of UBE3B-expressing pyramidal neurons was also significantly decreased in schizophrenia 

subjects. Altogether, these findings converge upon the hypothesis that decreased expression 

of UBE3B could contribute to the developmental pathophysiology of schizophrenia by 

altering adolescent synaptic refinement of prefrontal cortical circuitry. The fact that the level 

of UBE3B expression appears to remain elevated after the adolescent period would suggest 

that it may have more to do with the process of synaptic stabilization rather than the process 
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of synaptic pruning. A caveat regarding the observation that UBE3B expression remains 

elevated after adolescent development is that increased ubiquitination may be associated less 

with development than with the cumulative burden of protease-resistant material, but these 

two interpretations need not be mutually exclusive.

It should be noted that the schizophrenia pyramidal neuronal gene expression data used to be 

compared with the developmental data obtained in the present study were derived from the 

superior temporal cortex (Pietersen et al., 2014a). Nevertheless, evidence from neuroimaging 

studies suggests that the superior temporal cortex in schizophrenia appears to undergo 

similar, if not more severe, periadolescent attrition of gray matter (Kasai et al., 2003; 

Takahashi et al., 2009; Witthaus et al., 2009), which is generally interpreted as a 

manifestation of the underlying excessive pruning of synapses. Hence, if aberrant synaptic 

pruning contributes to the developmental pathogenesis of schizophrenia onset, it is likely 

that similar mechanisms may operate in both the prefrontal and superior temporal cortices. 

This notion is also supported by the fact that we were able to validate UBE3B expression 

change at the protein level in the prefrontal cortex (Figure 4) even though the comparison of 

gene expression profiles was made across cortical regions.

Ubiquitination is a post-translation protein modification process that plays a critical role in 

protein degradation. During this process, an E1 ubiquitin-activating enzyme first binds to an 

ubiquitin protein, followed by the transfer of ubiquitin from the E1 to the E2 site through an 

E2 ubiquitin-conjugating enzyme. Finally, an E3 ligase catalyzes the rate-limiting step of the 

transfer of ubiquitin from E2 to the target protein, “tagging” this protein for degradation via 

the proteasome system. This ubiquitination-proteosome protein degradation system has been 

implicated in the functional and structural plasticity of synapses (Mabb and Ehlers, 2010; 

Ryan et al., 2006; Tsai, 2014; Yi and Ehlers, 2005, 2007). Because E3 ligases regulate the 

rate-limiting step of the entire process, these enzymes are thought to be of particular 

importance. For instance, UBE3A, a paralog of UBE3B, has been found to play an 

important role in regulating postnatal experience-dependent synaptic plasticity (Wallace et 

al., 2012; Yashiro et al., 2009). Specifically, in mice lacking the maternal Ube3a allele, 

which in humans is the cause of Angelman syndrome, the density of dendritic spines on 

cortical pyramidal neurons is decreased by ∼25% and this reduction is accompanied by a 

significant attenuation of both long-term potentiation and long-term depression (Wallace et 

al., 2012; Yashiro et al., 2009). In contrast, very little is currently known about the possible 

functional roles of UBE3B, although this gene has been linked to autism (Chahrour et al., 

2012) and the loss of function of UBE3B results in a rare autosomal recessive disorder, 

Kaufman oculocerebrofacial syndrome, of which microcephaly, developmental delay and 

intellectual retardation are some of the distinct features (Basel-Vanagaite et al., 2012; Basel-

Vanagaite et al., 2014; Flex et al., 2013). Our findings that UBE3B is developmentally 

regulated at a time when schizophrenia typically emerges and that UBE3B-expressing 

pyramidal cells are decreased in subjects with schizophrenia suggest that further elucidation 

of the roles of UBE3B in postnatal cortical development will provide insight into the 

developmental pathogenetic mechanism of schizophrenia onset.
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Figure 1. 
A. Principal component analysis reveals the segregation of the data into two age groups. 

Note that the purple and orange circles correspond to cases PFC2-8 and PFC9-14 shown in 

Table 1, respectively. B. Differentially expressed genes visualized by unsupervised 

hierarchical clustering based on the stringency criteria of FC=1.5 and p=0.05.
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Figure 2. 
Expression levels of two highly differentially expressed genes and three randomly selected 

genes as determined by microarray and qRT-PCR were significantly correlated (R=0.86, 

p=0.001).
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Figure 3. 
The density of UBE3B-immunoreactive cells in the prefrontal cortex progressively increases 

during postnatal development. Scale bar=100 μm.
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Figure 4. 
Photomicrograph showing a pyramidal neuron (labeled with SMI32) that expresses UBE3B. 

UBE3B is also localized to other cell types, including nonpyramidal neurons and possibly 

glia. Scale bar=25 μm. Densities of UBE3B-immunoreactive cells (B) and UBE3B-

immunoreactive pyramidal cells (B) are significantly decreased by 22.3 % (p=0.026) and 

48.0% (p=0.022), respectively, in schizophrenia (1,483±437/mm2 and 594±328/mm2, 

respectively) compared to normal control (1,909±546/mm2 and 1,136±364/mm2, 

respectively) subjects. These findings were not affected by any of the potential confounding 

variables including age, PMI, and antipsychotic medications (Supplementary Table S14).
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Table 2
The twenty most highly differentially regulated genes during periadolescent development

Gene name Fold-Change

ZNF7 (zinc finger protein 7) 18.69

UBE3B (ubiquitin protein ligase E3B) 12.20

STMN1 (stathmin 1) 6.50

CC2D1A (coiled-coil and C2 domain containing 1A) 6.49

C1orf227 (chromosome 1 open reading frame 227) 6.44

KLK3 (kallikrein-related peptidase 3) 6.21

MLL2 (myeloid/lymphoid or mixed-lineage leukemia 2) 6.00

ZNF37A///ZNF37BP (zinc finger protein 37A/// zinc finger protein 37B, pseudogene) 5.93

ATF7IP (activating transcription factor 7 interacting protein) 5.92

ALB (albumin) 5.79

ATOH (Atonal Homolog 8 (drosophila)) 5.53

KIAA1257///LOC100132731 5.46

CARD11 (caspase recruitment domain family, member 11) 5.30

SP3 (Sp3 transcription factor) 5.01

RUNX3 (runt-related transcription factor 3) 4.91

CIAO1 (cytosolic iron-sulfur protein assembly 1) 4.80

C8orf56 (chromosome 8 open reading frame 56) 4.79

FUS (fused in sarcoma) 4.79

S100A1 (s100 calcium binding protein A1) 4.62

DHX9 (DEAH (Asp-Glu-Ala-His) boxpolypeptide 9 4.58
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Table 3
Gene networks differentially regulated during periadolescent development

Gene Networks p-value Number of Genes

Translation_Translation initiation 3.302E-12 25

Translation_Elongation-Termination 1.640E-05 19

Transcription_Nuclear receptors transcriptional regulation 7.201E-03 12

Cytoskeleton_Actin filaments 8.250E-03 11

Development_Neurogenesis_Synaptogenesis 2.441E-02 10

Development_Neurogenesis_Axonal guidance 4.817E-02 11

Cell cycle_G1-S 7.542E-02 8

Cell cycle_S phase 1.103E-01 7

DNA damage_Checkpoint 1.206E-01 6

Cytoskeleton_Regulation of cytoskeleton rearrangement 1.244E-01 8

Cardiac development_Role of NADPH oxidase and ROS 1.566E-01 6

Cell adhesion_Amyloid proteins 1.603E-01 8

Proteolysis_Ubiquitin-proteasomal proteolysis 1.648E-01 7
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Table 4
Pathways differentially regulated during periadolescent development

Pathways p-value Number of Genes

Cytoskeleton remodeling_RalB regulation pathway 8.785E-04 3

Cytoskeleton remodeling_Cytoskeleton remodeling 8.944E-04 7

Proteolysis_Putative SUMO-1 pathway 9.031E-04 4

Cytoskeleton remodeling_TGF, WNT and cytoskeletal remodeling 1.469E-03 7

Development_MAG-dependent inhibition of neurite outgrowth 2.286E-03 4

Transcription_Androgen Receptor nuclear signaling 4.697E-03 4

Proteolysis_Role of Parkin in the Ubiquitin-Proteasomal Pathway 5.502E-03 3

Development_S1P2 and S1P3 receptors in cell proliferation and differentiation 6.914E-03 3

Translation_Regulation of translation initiation 7.693E-03 3

Neurophysiological process_Synaptic vesicle fusion and recycling in nerve terminals 7.865E-03 4

Translation_Regulation of EIF4F activity 8.409E-03 4

Cytoskeleton remodeling_RalA regulation pathway 1.033E-02 3

Cell cycle_Role of APC in cell cycle regulation 1.235E-02 3

Oxidative stress_Role of Sirtuin1 and PGC1-alpha in activation of antioxidant defense system 1.291E-02 4

Neurophysiological process_Activity-dependent synaptic AMPA receptor removal 1.443E-02 4

Translation _Regulation of EIF2 activity 2.107E-02 3

Immune response_Th1 and Th2 cell differentiation 2.253E-02 3

Cytoskeleton remodeling_Role of PKA in cytoskeleton reorganisation 2.253E-02 3
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Table 5
Genes differentially expressed during adolescent development and in schizophrenia

Gene name Gene symbol

active BCR-related gene ABR

acyl-CoA dehydrogenase family, member 10 ACAD10

ARP2 actin-related protein 2 homolog (yeast) ACTR2

A kinase (PRKA) anchor protein 13 AKAP13

bromodomain adjacent to zinc finger domain, 2A BAZ2A

chromosome 2 open reading frame 68 C2orf68

clusterin CLU

Crystallin, beta B2 pseudogene 1 CRYBB2P1

diacylglycerol kinase, epsilon 64kDa DGKE

dyskeratosis congenita 1, dyskerin DKC1

fasciculation and elongation protein zeta 1 (zygin I) FEZ1

fused in sarcoma FUS

Immunoglobulin heavy constant alpha 1 IGHA1

large subunit GTPase 1 homolog (S. cerevisiae) LSG1

MAP kinase interacting serine/threonine kinase 1 MKNK1

myeloid/lymphoid or mixed-lineage leukemia 2 MLL2

natural cytotoxicity triggering receptor 1 NCR1

pecanex-like 2 (Drosophila) PCNXL2

phosphatidylinositol binding clathrin assembly protein PICALM

proteasome (prosome, macropain) assembly chaperone 4 PSMG4

pyrroline-5-carboxylate reductase family, member 2 PYCR2

recombination signal binding protein for immunoglobulin kappa J region RBPJ

ribosomal protein L22 RPL22

SEC14-like 1 (S. cerevisiae) SEC14L1

ubiquitin protein ligase E3B UBE3B

zinc finger, CCHC domain containing 2 ZCCHC2

zinc finger protein 37A /// zinc finger protein 37B, pseudogene ZNF37A /// ZNF37BP
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