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Abstract

Transcription factors play important roles in the control of neuronal function in physiological and
pathological conditions. We previously reported reduced levels of transcription factor SP4 protein,
but not transcript, in the cerebellum in bipolar disorder and associated with more severe negative
symptoms in schizophrenia. We have recently reported phosphorylation of Sp4 at S770, which is
regulated by membrane depolarization and NMDA receptor activity. The aim of this study was to
investigate SP4 S770 phosphorylation in bipolar disorder and its association with negative
symptoms in schizophrenia, and to explore the potential relationship between phosphorylation and

Corresponding authors: Grace Gill, Ph.D., Department of Developmental, Molecular, and Chemical Biology, Tufts University School
of Medicine, 136 Harrison Avenue, Boston, MA 02111. Tel.: (617)-636-3757; Grace.Gill@tufts.edu and Belén Ramos, Ph.D., Unitat
de recerca, Parc Sanitari Sant Joan de Déu, Fundaci6 Sant Joan de Déu, Universitat de Barcelona, Centro de Investigacion Biomédica
en Red de Salud Mental, CIBERSAM. Dr. Antoni Pujadas, 42, 08830- Sant Boi de Llobregat (Barcelona), Spain. Phone +34 (93)
600-9452; FAX: +34 (93) 600-9771; bramos@fsjd.org.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Contributors

Author R.P. performed the processing, expression measurements and statistical analysis of human postmortem tissue; and co-wrote
the first draft of the manuscript. Author G.S. performed the experiments, expression measurements and the statistical analysis of the
cerebellar granule neuron experiments; and co-wrote the first draft of the manuscript. Author J.J.M. contributed to clinical protocol
and statistical analysis. Author G.G. co-designed the study, assisted with the CGN experiment analysis, and co-wrote the first draft of
the manuscript. Author B.R. co-designed the study, assisted with the human protein expression analysis, and co-wrote the first draft of
the manuscript. All authors contributed to and approved the final manuscript.

Conflict of interest
All authors declare that they have no financial conflicts of interest.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pinacho et al. Page 2

protein abundance. Here we report a significant increase in SP4 phosphorylation in the
cerebellum, but not the prefrontal cortex, of bipolar disorder subjects (n=10) (80% suicide)
compared to matched controls (n=10). We found that SP4 phosphorylation inversely correlated
with SP4 levels independently of disease status in both areas of the human brain. Moreover, SP4
phosphorylation in the cerebellum positively correlated with negative symptoms in schizophrenia
subjects (n=15). Further, we observed that a phospho-mimetic mutation in truncated Sp4 was
sufficient to significantly decrease Sp4 steady-state levels, while a non-phosphorylatable mutant
showed increased stability in cultured rat cerebellar granule neurons. Our results indicate that SP4
S770 phosphorylation is increased in the cerebellum in bipolar disorder subjects that committed
suicide and in severe schizophrenia subjects, and may be part of a degradation signal that controls
Sp4 abundance in cerebellar granule neurons. This opens the possibility that modulation of SP4
phosphorylation may contribute to the molecular pathophysiology of psychotic disorders.

Keywords

Bipolar disorder; schizophrenia; cerebellum; Sp4 transcription factor; phosphorylation; protein
stability

1. Introduction

Bipolar disorder (BD) is a debilitating psychiatric disease characterized by mood instability
leading to acute episodes of mania and depression (Belmaker, 2004). Despite the prevalence
and burden of bipolar disorder, the biological and molecular mechanisms underlying this
disorder remain poorly understood. The regulation of gene expression by transcription
factors is a key event for the normal development and function of the nervous system;
however, the transcriptional programs altered in bipolar disorder are not completely
characterized.

Increasing evidence suggests that the transcription factor Specificity protein 4 (SP4) may
play a role in bipolar disorder. Polymorphisms at the SP4 transcription factor gene locus
have been linked to bipolar disorder and schizophrenia (Zhou et al., 2009). Sp4 is a zinc
finger transcription factor that binds to GC/T rich sequences, regulating the expression of a
large number of genes implicated in diverse biological functions (Suske, 1999). Sp4 is
highly expressed in neurons (Mao et al., 2007), suggesting a role for Sp4 in neuronal
function. In fact, Sp4 regulates developmental dendrite patterning, hippocampal long-term
potentiation, and animal behaviors including contextual and spatial memory and prepulse
inhibition (Ramos et al., 2007; Zhou et al., 2005; Zhou et al., 2007). Some of these processes
have been linked to alterations observed in subjects with bipolar disorder and schizophrenia;
namely altered connectivity (Hajek et al., 2005; Harrison and Weinberger, 2005; Mahon et
al., 2009; Wadehra et al., 2013) and dysfunctional prepulse inhibition as an endophenotype
in schizophrenia (Braff, 2011; Braff et al., 2007) and when displaying active manic and
acute psychotic symptoms in bipolar disorder (Kohl et al., 2013). Hence, this evidence
indicates that regulation of SP4 transcription factor protein levels may be relevant to the
pathophysiology of severe psychiatric disorders.
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Several lines of evidence indicate that physiological and pathological conditions regulate
Sp4 via changes in protein stability. For instance, inhibition of COX-2 has been reported to
induce Sp4 degradation by enhancing protein ubiquitination in cancer cells (Abdelrahim and
Safe, 2005). In neurons, Sp4 is degraded by calcium-activated proteases in response to
glutamate-induced excitotoxicity (Mao et al., 2007), and through the proteasome upon
ubiquitination in non-depolarizing conditions as we previously described (Pinacho et al.,
2011). Thus activity and calcium-dependent regulation seem to be key modulators of Sp4
protein stability in neurons, however, the post-translational modifications responsible for
triggering Sp4 ubiquitin-dependent degradation cascade are yet to be elucidated. We have
recently identified a site of phosphorylation on Sp4 at S770 which is important for Sp4-
dependent dendritic pruning of developing cerebellar granule neurons (Saia et al., 2014).
Sp4 S770 phosphorylation is increased upon inhibition of N-Methyl-D-Aspartate (NMDA)
receptor signaling and in non-depolarizing conditions, where Sp4 protein stability is reduced
(Pinacho et al., 2011; Saia et al., 2014). These previous observations suggest that Sp4 S770
phosphorylation may participate in the mechanisms leading to Sp4 degradation.

In pathological conditions, such as in bipolar disorder, we have observed a significant
reduction in SP4 protein levels in the postmortem cerebellum and prefrontal cortex (PFC) of
BD subjects (Pinacho et al., 2011). SP4 reduction in the cerebellum in bipolar disorder was
only observed at the protein level and not at the transcript level, as was found in the PFC
(Pinacho et al., 2011). We have also previously described reduced SP4 protein levels, but
not mRNA, in the cerebellum of schizophrenia subjects with severe negative symptoms
(Pinacho et al., 2013). Thus, although other mechanisms may occur in the prefrontal cortex
in BD, these data suggest that SP4 protein stability is altered in the cerebellum of both
bipolar disorder subjects and in schizophrenia subjects with more severe negative
symptoms.

Taken together, we hypothesized that SP4 S770 phosphorylation may contribute, at least in
part, to SP4 stability regulation in the cerebellum of both bipolar disorder subjects and
schizophrenia subjects with more severe negative symptoms. Thus, the main aim of this
study was to investigate whether phosphorylation at SP4 S770 in the cerebellum is increased
in bipolar disorder subjects, is associated with negative symptoms in schizophrenia, and
correlates with reduced SP4 protein abundance. We included an analysis of the prefrontal
cortex of the same BD subjects to test if this SP4 modification is specific of a protein
reduction independent of gene expression regulation. We also examined the effect of Sp4
phosphorylation on Sp4 protein levels using point mutants of full-length and truncated Sp4
in rat cultured cerebellar granule neurons.

2. Experimental procedures

2.1. Postmortem human brain tissue samples

Postmortem human brain samples from the cerebellum and prefrontal cortex of subjects with
bipolar disorder (n=10) and control subjects with no history of psychiatric episodes (n=10)
were obtained from the Universidad del Pais Vasco / Euskal Herriko Unibertsitatea (UPV/
EHU) brain collection, according to the policies set forth by the research and ethical review
boards of the Basque Institute of Legal Medicine, Bilbao, Spain. Demographic data of this
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cohort is detailed in Table 1 (Pinacho et al., 2011). Samples were obtained at autopsy by
forensic pathologists under research policies with postmortem samples. All deaths were
subjected to retrospective analysis for previous medical diagnosis. Subjects with antemortem
criteria for bipolar disorder according to the Diagnostic and Statistical Manual of Mental
Disorders (DSM-1V) were matched to control subjects based on gender, age and postmortem
delay (PMD). Toxicological screening for antipsychotics, antidepressants, and other drugs
was performed at the National Institute of Toxicology, Madrid, Spain.

Postmortem human brain samples from the cerebellum of subjects with chronic
schizophrenia (SZ, n=15) were obtained from the antemortem clinically well-characterized
and controlled collection of Sant Joan de Déu Brain Bank (Roca et al., 2008). The
demographic and clinical characteristics for these SZ subjects were previously reported
(Pinacho et al., 2013) and are summarised in Table 2. All SZ subjects were institutionalized
donors with a long duration of the illness (Table 2) and had no history of neurological
episodes. Experienced clinical examiners interviewed each donor antemortemto confirm
schizophrenia diagnosis according to DSM-IV and International Classification of Diseases
(ICD-10) criteria. Our study includes the following schizophrenia diagnoses: chronic
residual schizophrenia (73.33%, n=11), chronic paranoid schizophrenia (13.33%, n=2),
chronic disorganized schizophrenia (6.67%, n=1), chronic catatonic schizophrenia (6.67%,
n=1). Moreover, donor subjects were evaluated antemortem with the Positive and Negative
Syndrome Scale (PANSS) and the Clinical Global Impression-Schizophrenia scale (CGI-
SCH) (Haro et al., 2003; Kay et al., 1987) with a death to clinical assessment interval shorter
than 48 months (Table 2). Our institutionalized donors shared the same environment from
the clinical evaluation to their death, reducing external variability on clinical scores. The last
mean daily chlorpromazine equivalent dose for the antipsychotic treatment of patients was
based on the electronic records of last drug prescriptions administered up to death (Table 2)
and was calculated as previously described (Gardner et al., 2010). Four patients were being
medicated with first generation antipsychotics (26.67%), nine were medicated with second
generation antipsychotics (60%), and two were antipsychotic-free (12.5%).

Specimens, extending from the pial surface to white matter and only including gray matter,
were dissected and stored at —80°C. The study was approved by the Institutional Ethics
Committee of Parc Sanitari Sant Joan de Déu.

2.2. Cell culture

Cerebellar granule neurons were obtained from P6 rats and cultured in 25mM KCI as
previously described (Bilimoria and Bonni, 2008). All protocols regarding the use of
animals were approved by the Committee for the Humane Use of Animals at Tufts
University School of Medicine. Neurons were transfected with GFP and artificial N-terminal
FLAG tagged truncated Sp4 derivatives by nucleofection at DIVO (Kang et al., 2009; Ramos
etal., 2007). S770 point mutants were generated in FLAG-Sp4 full-length and (610-784)
deletion as described (Saia et al., 2014). At DIV 4, cells were treated with culture medium
containing serum, 5mM KCI and 100pg/mL cycloheximide for the indicated times and
protein was analyzed by Western blot.
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2.3. Western blotting

Cells were lysed in RIPA buffer supplemented with protease inhibitors (Roche) and
phosphatase inhibitors (Santa Cruz), and 10-20 ug of protein lysates were analyzed. Human
brain samples were homogenized on ice in a Dounce homogenizer with NP40 lysis buffer as
described (Pinacho et al., 2011) and 50 pg of human protein lysates were analyzed in a
blinded manner. Equal amounts of protein were analyzed by SDS/PAGE and immunoblotted
with the indicated primary antibodies: FLAG-M2 (Sigma); green fluorescent protein (GFP)
(Life technologies); Sp4 (Santa Cruz); glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (Millipore); pSp4 (Saia et al., 2014); or pSp4 with 0.8 mg/ml of the
phosphopeptide [CKKAAISQDpSNPATPN]. Linear range exposures were quantified by
densitometry using Quantity One software (BioRad) in duplicate samples for human
samples or Fiji software for Sp4 S770 point mutant experiments. The values from human
samples were normalized to GAPDH and referred to an internal control standard sample to
standardize the data between different sets of samples loaded in two independent gels and
between repetitions. Cell culture lysates were normalized to GFP as both loading and
transfection efficiency control. For each human sample, phospho-SP4/total SP4 ratio was
calculated by referring phospho-SP4 normalized values to total SP4 normalized values.

2.4. Statistical analysis

For the analysis of postmortem brain tissue from control and patients, D'Agostino & Pearson
omnibus normality test was carried out to test whether the variables followed a normal
distribution. Outliers were detected by Peirce method. Non-parametric Mann-Whitney test
or unpaired t test were used to compare pSP4/SP4 ratio or SP4 protein levels between
control and bipolar disorder groups, respectively, according to the distribution of each
variable. Spearman correlations were used for association with negative symptoms, since the
scales did not follow a normal distribution, and for association between pSP4 and total SP4
levels. The effect size was calculated using Cohen's method (d) for parametric variables or
the rank-biserial correlation (r) for Mann-Whitney (Wentd's method) for non-parametric
variables. Bivariate analyses were carried out to detect association of our variables with
potential confounding factors (age, gender, postmortem delay, toxicology and pH) (Table 3
and Table 4), using Mann-Whitney test for two groups, Kruskal-Wallis for more than two
groups and Spearman correlation for quantitative variables. For studies of Sp4 S770 point
mutants in rat cerebellar granule neurons, all results represent the mean £ SEM from at least
3 independent experiments. ANOVA followed by Bonferonni's post hoc test for multiple
comparisons were performed where indicated. Statistical analysis was performed with
GraphPad Prism version 5.00. The significance level was set to 0.05.

3. Results

3.1. Increased phospho-SP4 S770 in postmortem BD cerebellum

We investigated if phosphorylation at SP4 serine 770 is altered in BD subjects. We first
determined whether this modification was present in human brain using a phospho-S770
SP4 specific antisera (Saia et al., 2014). The specificity of the phosphoSP4 (pSP4) signal
detected in human postmortem brain by the pSP4 antibody was confirmed by blocking the
signal with the specific phospho-peptide antigen (Figure 1).
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We determined SP4 phosphorylation levels and SP4 protein levels in protein lysates from
the postmortem cerebellum of bipolar disorder and control subjects. We first confirmed that
SP4 protein levels were reduced in the postmortem cerebellum in BD (t=3.160; df=18; 95%
Cl (0.1824, 0.9059); p=0.0027; meanS.E.M: control=1.00+0.14, BD=0.46+0.10) (Figure
2A, 2B and S1), as we reported previously (Pinacho et al., 2011). The effect size was —1.25
(Cohen's d). We referred SP4 phosphorylation levels to total SP4 protein levels (ratio pSP4/
SP4) in these samples. The ratio of pSP4/SP4 was significantly increased in BD (U=18.00;
p=0.0147; median£S.E.M: control=0.81+0.27, BD=1.9+0.60) (Figure 2A, 2C and S1) and
the effect size was 0.64 (Wentd's). Moreover, the relative abundance of phosphorylated SP4
compared to total SP4 levels also inversely and significantly associated with the total
amount of SP4 protein, irrespective of disease status (Spearman's r=—0.714; 95%CI (-0.882,
-0.385), p=0.0004) (Figure 2D), and remained significant after two outlier samples were
excluded from the analysis (Spearman’s r= —0.610; 95%CI (—0.8426, —0.1855), p=0.0072,
n=18).

We further determined SP4 phosphorylation levels compared to SP4 protein levels in the
postmortem prefrontal cortex of the same BD and control subjects. We confirmed that SP4
protein levels were reduced in the postmortem prefrontal cortex in BD (t=1.772; df=18; 95%
Cl (-0.0471, 0.5555); p=0.0466; mean+S.E.M: control=1.00+0.12, BD=0.75+0.08) (Figure
3A, 3B and S2) as reported in our previous study (Pinacho et al., 2011). The effect size was
—0.68 (Cohen's d). We found that the ratio of phosphorylated SP4 to total SP4 levels in the
prefrontal cortex was not statistically significant between groups (U=42.00; p=0.5781,;
medianzS.E.M: control=0.93+0.16, BD=1.27+0.24) (Figure 3A, 3C and S2). However, the
relative abundance of phosphorylated SP4 compared to total SP4 levels in this brain region
also inversely and significantly associated with the total amount of SP4 protein, irrespective
of disease status (Spearman's r=—0.777; 95%CI (-0.910, —0.500), p<0.0001) (Figure 3D).

We have also analyzed the influence of other demographic and tissue-derived variables such
as age, postmortem delay or pH on the ratio of pSP4/SP4 in the BD cohort. This analysis did
not show any significant associations for cerebellum, indicating that pSP4/SP4 ratio was not
influenced by any of the potential confounding factors (Table 3). However, this analysis in
the prefrontal cortex showed that older subjects have a higher pSP4/SP4 ratio in the
prefrontal cortex (Table 3), in line with the significant inverse association of SP4 levels with
age we described in our previous SP4 study in bipolar disorder (Pinacho et al., 2011). These
results indicate that phospho-SP4 S770 levels are significantly increased in the cerebellum
of patients with BD as compared to control subjects and that the levels of S770
phosphorylated SP4 are inversely correlated with total SP4 levels both in the human
cerebellum and prefrontal cortex independently of disease status.

3.2. The relative abundance of phospho-SP4 S770 to total SP4 protein levels associates
with negative symptom severity in postmortem cerebellum of schizophrenia subjects

We determined SP4 S770 phosphorylation levels in protein lysates from the postmortem
cerebellum of 15 subjects with chronic schizophrenia (Figure 4A and S3). We calculated
pSP4/SP4 ratio in these samples by referring SP4 phosphorylation levels to total SP4 protein
levels reported in our previous study (Pinacho et al., 2013). The ratio of pSP4/SP4 was
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significantly associated with negative symptoms in schizophrenia measured by the PANSS
negative scale (Spearman's r= 0.578; 95%CI (0.076, 0.846), p= 0.0241) (Figure 4B), and
showed a trend to associate with SZ negative symptom severity measured by the GCI-SCH
scale (Spearman's r= 0.483; 95%CI (-0.055, 0.804), p= 0.0679) (Figure 4C).

We have also analyzed the influence of other demographic and tissue-derived variables such
as age, postmortem delay, pH, last mean daily chlorpromazine equivalent dose and duration
of illness on the ratio of pSP4/SP4 in the SZ cohort. This analysis did not show any
significant associations, indicating that the association of pSP4/SP4 ratio in cerebellum with
SZ negative symptom severity was not influenced by any of the potential confounding
factors (Table 4).

3.3. Sp4 S770 point mutants contribute to changes in protein stability

Since we observed a correlation between reduced SP4 levels and increased SP4
phosphorylation in human postmortem brain (Figure 2D and 3D), in line with our previous
observations in cultured rat cerebellar granule neurons (Saia et al., 2014), we considered the
possibility that phosphorylation may promote Sp4 degradation. We used non-
phosphorylatable (S770A) and phospho-mimetic (S770D) FLAG-Sp4 point mutants to
examine the role of phosphorylation in protein degradation. Consistent with previous
findings, mutation of S770 did not alter steady state levels of full-length Sp4 in cerebellar
granule neurons (Figure 5A) (Saia et al., 2014). In addition, full-length Sp4 S770D mutant
did not show a statistically significant change in stability up to 8 hours in the presence of the
protein synthesis inhibitor cycloheximide (Figure S4). These findings suggest that
phosphorylation at S770 is not sufficient to determine the accumulation or stability of Sp4.
We did, however, observe a trend towards decreased stability of the full-length S770D
mutant Sp4, and we reasoned that in an artificial truncated protein, not found endogenously,
S770 mutants may have a more pronounced effect on stability. We therefore analyzed
S770A and S770D point mutants in the context of an Sp4 deletion mutant (610-784) that we
previously showed to be phosphorylated at S770 in response to reduced membrane potential
in rat cerebellar granule neurons (Saia et al., 2014).

In the Sp4 deletion mutant, the phospho-mimetic S770D was very poorly expressed,
consistent with the hypothesis that this protein is constitutively degraded (Figure 5B)
(F=22.04; df=2,6; p=0.002). We also examined the stability of truncated Sp4 (610-784) in
non-depolarizing conditions in the presence of cycloheximide. Although the wild-type
FLAG-Sp4 deletion derivative was rapidly degraded (F=11.27; df=2,9; p=0.0035), as
previously observed for endogenous Sp4 (Pinacho et al., 2011), the non-phosphorylatable
S770A mutant exhibited increased stability (F=1.48; df=2,8; p=0.3001) (Figure 5C). Taken
together, these data suggest that phosphorylation at S770 may be part of a pathway
regulating degradation of the Sp4 protein, although there are likely to be additional
mechanisms acting on full-length Sp4.

4. Discussion

Our rationale for undertaking this study was based on observations that reduced levels of
SP4 protein were observed in the BD cerebellum and in association with negative symptom
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severity in the SZ cerebellum, and that conditions in rat cerebellar granule neuron culture
that lead to reduced Sp4 also lead to increased phosphorylation (Pinacho et al., 2011;
Pinacho et al., 2013; Saia et al., 2014). Here we report a significant increase in SP4
phosphorylation at S770 in the postmortem cerebellum of BD subjects that mainly
committed suicide. Moreover, we have found that increased SP4 phosphorylation at S770
associates with reduced SP4 protein levels both in human cerebellum and prefrontal cortex
independently of disease status. We have also confirmed that increased cerebellar pSP4/SP4
ratio associates with more severe negative symptoms in schizophrenia. Also, we show that
in the context of a truncated Sp4, a phospho-mimetic mutant was poorly expressed, while
the non-phosphorylatable mutant exhibited increased stability. Our findings suggest a
pathway by which changes in Sp4 phosphorylation may contribute to the physiopathology of
bipolar disorder and/or suicide and of negative symptoms in schizophrenia via impacts on
Sp4 activity and abundance.

Our data strongly supports altered post-translational regulation of transcription factor SP4 in
the cerebellum in BD and SZ, indicated by increased phosphorylation of SP4 at S770.
Phosphorylation of many proteins alters their ubiquitination status and, in fact, some
ubiquitin E3 ligases preferentially target phosphorylated substrates, priming them for
subsequent degradation by the proteasome (Ravid and Hochstrasser, 2008). Using point
mutations we show here that a phospho-mimetic in a truncated Sp4 was poorly expressed,
while the non-phosphorylatable mutant exhibited increased Sp4 stability. Mutation of S770
was not sufficient, however, to significantly alter the abundance or stability of full-length
Sp4 protein (Figure 5, S4 and (Saia et al., 2014)). Consistent with the involvement of
additional mechanisms, we observed that the contribution of pSP4/SP4 ratio to the variance
of total SP4 varied from 50 to 60% (cerebellum, R2=0.510; PFC, R2=0.604). Taken
together, we hypothesize that there are likely to be additional sites of regulation governing
the stability of Sp4, and that phosphorylation at S770 represents part of a signaling pathway
controlling Sp4 levels in cerebellar granule neurons.

We previously reported that SP4 mRNA and protein levels are decreased in the prefrontal
cortex in bipolar disorder, indicating that SP4 decrease in this particular area may be due to
transcriptional regulation (Pinacho et al., 2011). In line with this, we have observed here that
although pSP4/SP4 ratio correlates with total SP4, there are no significant differences in
pSP4/SP4 ratio between control and patient groups in this region. This suggests that while
phosphorylation-dependent mechanisms may affect SP4 protein levels in the prefrontal
cortex, these mechanisms seem to be independent of the disease status. The decrease in SP4
protein levels in the prefrontal cortex in BD is more likely to be due to transcriptional
regulation mechanisms than to a change in SP4 protein stability. This is in contrast to the
disease-specific post-transcriptional regulation we observe for SP4 in the cerebellum in our
bipolar disorder cohort.

While classically the cerebellum has been considered a motor function coordinator, an
increasing body of evidence indicates that the cerebellum also contributes to affective,
psychological and cognitive deficits is psychiatric disorders (Hoppenbrouwers et al., 2008;
Konarski et al., 2005; Schmahmann et al., 2007). Recent molecular and imaging studies
(Adler et al., 2007; Kim et al., 2013) have shown that the cerebellum contributes to the
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neurological basis of psychiatric disorders, i.e. altered expression of gamma-aminobutyric
acid (GABA\) receptors has been reported in cerebellum of BD subjects (Fatemi et al., 2013).
Moreover, cerebellar impairments in schizophrenia have been shown to correlate with
cerebellar neurologic defects and negative symptoms (Ho et al., 2004; Thomann et al.,
2009), suggesting that the cerebellum may contribute to negative symptoms. These
evidences, combined with our results here and in our previous reports of reduced SP4 in the
cerebellum of BD subjects and in SZ subjects with severe negative symptoms (Pinacho et
al., 2011; Pinacho et al., 2013), provide further evidence for a role of the cerebellum in the
pathophysiology of BD and SZ.

Our findings provide insights into the pathophysiological mechanisms that may be
contributing to BD. An increase in the relative levels of SP4 phosphorylation in BD
implicates alterations in the upstream signaling pathways regulating SP4 in the disorder
and/or in suicide. We have previously reported that the NMDA receptor dependent
activation of a PP1/PP2A protein phosphatase reduces the levels of Sp4 phosphorylation in
primary neurons (Saia et al., 2014). Although this signaling pathway, by itself, was not
sufficient to influence the total levels of Sp4, it may act to prime Sp4 for degradation.
Dysfunction of the glutamatergic system has been implicated in the pathogenesis of several
neuropsychiatric disorders, including BD, major depression and schizophrenia
(Fountoulakis, 2012; Javitt, 2007; Marsden, 2011). Some reports also have provided
evidence of deregulation of NMDA signaling pathways in suicide (Choudary et al., 2005;
Kekesi et al., 2012; Nagy et al., 2014; Nowak et al., 1995; Sequeira et al., 2009).
Postmortem brain studies have shown changes in transcripts and expression of glutamate
receptors and associated signaling components in bipolar disorder and/or suicide (Beneyto et
al., 2007; Beneyto and Meador-Woodruff, 2008; Clinton and Meador-Woodruff, 2004;
Choudary et al., 2005; Eastwood and Harrison, 2010; Kekesi et al., 2012; McCullumsmith et
al., 2007; Nowak et al., 1995; Sequeira et al., 2009). Thus, our finding of increased pSP4
could implicate NMDA receptor hypofunction and/or the reduced activity of the PP1/PP2A
phosphatase in the pathophysiology of BD and/or suicide.

Glutamate hypofunction is also proposed as one of the main contributors to symptom
emergence in schizophrenia (Jentsch and Roth, 1999; Kantrowitz and Javitt, 2010; Krystal et
al., 1994). Moreover, an increasing body of evidence has suggested that Sp4 transcription
factor has a role in complex psychotic disorders through its regulation of a large network of
genes, including components of NMDAR signaling pathways (Fuste et al., 2013; Ji et al.,
2013; Pinacho et al., 2011; Pinacho et al., 2013; Sun et al., 2015; Zhou et al., 2005).
Notably, we also observed reduced SP4 protein abundance without changes in its mMRNA
expression in the cerebellum of schizophrenia subjects and in peripheral blood mononuclear
cells from first-episode psychosis patients (Fuste et al., 2013; Pinacho et al., 2013). These
findings support the view that post-translational regulation of SP4 is likely to play a role in
the modulation of SP4 steady-state protein levels in many psychiatric disorders. Thus, our
findings of increased SP4 S770 phosphorylation and reduced SP4 levels in BD and severe
SZ subjects not only provide further evidence on SP4 post-translational regulation in BD
that committed suicide and SZ subjects with severe negative symptoms but also open the
possibility that altered phosphorylation could also appear in peripheral blood mononuclear
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cells from first-episode psychosis. Further studies are needed to confirm this hypothesis and
remain an important ongoing effort.

4 has been shown to be important for a variety of physiological processes in neurons,
including dendrite outgrowth, the regulation of NMDA receptors, and long-term potentiation
(Jietal., 2013; Liu et al., 2003; Priya et al., 2013; Ramos et al., 2007; Ramos et al., 2009;
Zhou et al., 2005; Zhou et al., 2010). It is unclear if changes in SP4 phosphorylation and
levels represent an adaptive response to an upstream deficit, or if these changes contribute
directly to the pathology of BD and SZ. Connectivity defects and aberrant neuronal dendritic
arbours have been reported in subjects with psychotic and mood disorders (Friston and Frith,
1995; McGuire and Frith, 1996; Miguel-Hidalgo and Rajkowska, 2002; Rosoklija et al.,
2000; Savitz and Drevets, 2009). Sp4 is essential for the regulation of dendritic
morphogenesis in developing cerebellar granule neurons, by limiting dendrite branching and
promoting the elimination of excess primary dendrites (Ramos et al., 2007; Ramos et al.,
2009). We have recently shown that Sp4 S770 phosphorylation impairs Sp4-dependent
maturation of cerebellar granule neuron primary dendrites (Saia et al., 2014). Here, we
report an increase of S770 phosphorylation in the cerebellum of bipolar disorder patients
that committed suicide, and in schizophrenia patients with more severe negative symptoms.
This opens the possibility that an increase in Sp4 S770 phosphorylation may also be
impairing Sp4-dependent dendrite maturation, leading to altered connectivity in these
disorders. Regardless, our results reveal new insights and directions of study into molecular
pathways associated with BD and/or suicide and negative symptomatology in SZ.

The use of human postmortem brain entails certain limitations, but it is a key tool for the
study of molecular mechanisms disrupted in psychiatric disorders. For example, potential
confounding factors, including age, gender, postmortem delay, antipsychotic treatments and
pH, have to be carefully considered. We have controlled for the influence of these variables
in the analysis of pSP4 in postmortem samples, ruling out their influence in the findings of
increased SP4 S770 phosphorylation in the cerebellum in BD and in the association of
pSP4/SP4 ratio with negative symptoms in SZ. Unfortunately, the possible effect of long
term treatments in our sample cannot be ruled out, since this data was not available.
However, the analysis of drugs present in blood at the time of death in BD subjects and the
daily antipsychotic dose in SZ subjects suggests the last treatment did not influence our
findings. Also, the prevalence of suicide in the bipolar cohort (eight out of ten BD subjects)
examined here may suggest a possible confounder effect of this mechanism of death on our
molecular findings. Further studies will be needed in order to explore this possibility in non
bipolar disorder subjects that committed suicide or in a cohort of BD with a different
mechanism of death. Moreover, these findings should be extended to larger and independent
cohort of patients to confirm whether the increased SP4 S770 phosphorylation in cerebellum
is a consistent molecular alteration among BD and SZ subjects. Despite these limitations,
this study may contribute towards a better understanding of the regulatory mechanisms
modulating SP4 protein post-translational modification and abundance, and their
contribution to the pathophysiology of psychotic disorders.
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Figure 1. Expression of phosphorylated SP4 in human postmortem brain tissue
Specificity of phospho-SP4 S770 antibody was determined by competition assay with

peptide antigen in protein extracts from human postmortem cerebellum. Full images of
immunoblots for phospho-SP4 S770 (left), phospho-SP4 S770 antibody co-incubated with
peptide antigen (right) and GAPDH in postmortem cerebellum samples are shown from a
representative bipolar disorder sample in duplicate. Total SP4 levels for this sample are
shown in Figure 2A, since it corresponds to the fourth BD sample. Molecular marker

weights are labeled and shown in kDa.
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Figure 2. Increased phospho-SP4 S770 in the postmortem cerebellum of bipolar disorder
patients

Levels of phospho-SP4 S770 (pSP4), total SP4, and GAPDH were determined in protein
extracts from cerebellar postmortem tissue of control (C) and bipolar disorder (BD)
individuals. A. Images show representative pSP4, SP4, and GAPDH immunoblots from four
control individuals (C) and four BD subjects (BD). B. The graph shows the mean and
standard error of the mean of SP4 normalized to GAPDH for control and BD individuals
from two independent analyses. Statistical analysis was performed using unpaired t test. C.
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The graph shows the mean and standard error of the mean of the ratio of pSP4 and total SP4
for control and BD individuals from two independent analyses. Statistical analysis was
performed using the Mann-Whitney test. D. The graph shows the correlation between the
ratio of pSP4 and total SP4 of control (open symbols) and bipolar disorder subjects (closed
symbols). Both variables were normalized to the mean of the control group which is labeled
with a dotted line for both axes. The solid line is adjusted to a linear regression of the values.
Each value represents the mean of two independent analyses. The uncorrected Spearman
coefficient r is shown in the graph. Corrected Spearman coefficient after exclusion of two
outliers detected by Peirce's criterion was: Spearman's r=—0.610; 95%CI (-0.8426,
-0.1855), p=0.0072, n=18. (*p<0.05, **p<0.01, *** p<0.001).
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Figure 3. Total SP4 protein levels are inversely correlated with pSP4/SP4 ratio in the
postmortem prefrontal cortex of control and bipolar disorder subjects

Levels of phospho-SP4 S770 (pSP4), total SP4, and GAPDH were determined in protein
extracts from postmortem prefrontal cortex tissue of control (C) and bipolar disorder (BD)
individuals. A. Images show representative pSP4, SP4, and GAPDH immunoblots from four
control individuals (C) and four BD subjects (BD). B. The graph shows the mean and
standard error of the mean of SP4 normalized to GAPDH for control and BD individuals
from two independent analyses. Statistical analysis was performed using unpaired t test. C.
The graph shows the mean and standard error of the mean of the ratio of pSP4 and total SP4
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for control and BD individuals from two independent analyses. Statistical analysis was
performed using the Mann-Whitney test. D. The graph shows the correlation between the
ratio of pSP4 and total SP4 of control (open symbols) and bipolar disorder subjects (closed
symbols). Both variables were normalized to the mean of the control group which is labeled
with a dotted line for both axes. The solid line is adjusted to a linear regression of the values.
Each value represents the mean of two independent analyses. The Spearman coefficient r is
shown. (ns, not significant; *p<0.05; *** p<0.001).
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Figure 4. pSP4/SP4 ratio in the cerebellum associates with negative symptom severity in
schizophrenia
Protein extracts from cerebellum of subjects with schizophrenia (n=15) were analyzed by

immunoblotting for pSP4 and GAPDH and pSP4/SP4 ratio was computed by referring pSP4
to previously reported SP4 protein levels from the same samples (Pinacho et al., 2013). (A)
Images show representative pSP4, SP4 and GAPDH immunaoblots of four representative
schizophrenia subjects and their score for negative symptoms measured by the Positive and
Negative Syndrome Scale (PANSS) and the Clinical Global Impression-Schizophrenia scale
(CGI-SCH). Full-length blots are shown in Figure S3. The graphs represent pSP4/SP4 ratio
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and negative symptom severity measured with the PANSS (B) and the CGI-SCH (C) scales.
Data were adjusted to a linear regression. Statistical analysis was performed using Spearman
correlation; Spearman's r is indicated for each analysis (*p<0.05; #p=0.0679).
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Figure 5. Mutation of S770 alters levels and stability of truncated Sp4
A. Cerebellar granule neurons were transfected at DIVO with full-length (1-784) FLAG-Sp4

wild-type (WT), S770A, or S770D point mutants together with GFP and protein expression
was analyzed by Western blot at DIV4. Top: diagram of FLAG-Sp4 construct; S/T, serine-
threonine rich region; Q, glutamine-rich region; DBD, DNA binding domain. Bottom:
representative immunoblots from an experiment performed at least 3 times. B. Cerebellar
granule neurons were transfected at DIVO with truncated FLAG-Sp4(610-784) wild-type
(WT), S770A, or S770D point mutants together with GFP and protein extraction was
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performed at DIV4. Protein expression was analyzed by Western blot. Top: diagram of
FLAG-Sp4 construct analyzed; DBD, DNA binding domain. Middle: a representative
immunoblot from an experiment performed at least 3 times. Bottom: FLAG-Sp4 was
quantified relative to co-transfected GFP in three independent experiments. **p <0.01
compared to WT. C. Cerebellar granule neurons transfected at DIVO with truncated FLAG-
Sp4(610-784) wild-type or S770A were treated at DIV4 with 5mM KCI and 100ug/mL
cycloheximide for the indicated times and analyzed by Western blot. FLAG-Sp4 was
quantified relative to co-transfected GFP in at least 3 independent experiments. **p<0.01
compared to time point zero.
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Table 2

Demographic, clinical and tissue-related features of chronic schizophrenia cases (n=15)

Schizophrenia (n=15)

Gender Male- 100% (n=15)
Age at death 75 £ 10 years
PMD 4.5 + 2.4 hours
pH 6.56 + 0.36
Age of onset of illness 22 + 7 years
Duration of illness 53 + 10 years
D-A intervall 17 + 12 months
Daily AP dose2 521.30 + 498.27 mg/day
Clinical Scales
PANSS Positive 25.53+8.13
PANSS Negative 32,53 +10.26
PANSS General 53.60 + 15.35

CGI-SCH Positive 440+ 1.64
CGI-SCH Negative 5.53 +1.06
CGI-SCH Depressive  2.20 + 1.26
CGI-SCH Coghnitive 4.60 £ 1.59

Mean + standard deviation or relative frequency are shown for each variable; PMD, postmortem delay; RIN, RNA integrity number; D-A, Death to
clinical assessment interval; AP, antipsychotic; PANSS, Positive and Negative Syndrome Scale; CGI-SCH, Clinical Global Impression-
Schizophrenia Scale; N/A, not applicable. All deaths were due to natural causes.
1 . . .. .

D-A Interval is defined as the number of months between clinical assessments and the time of death.

2 . . . - .
Last chlorpromazine equivalent dose was calculated based on the electronic records of drug prescriptions of the patients.
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Table 3

Association analysis of other variables in the study.

BD-C cohort (n=20) pSP4/SP4 ratio

Cerebellum Prefrontal cortex

Age

Spearman's r -0.063 0.456

95% ClI (-0.5026, 0.4022)  (0.0027, 0.7538)

p value 0.7912 0.0433
Gender

U 30.00 17.00

p value 0.8873 0.1707
PMD

Spearman's r 0.296 0.165

95% ClI (-0.1820, 0.6612)  (=0.3124, 0.5756)

p value 0.2046 0.4875
Toxicology

K-wW 1.692 4.381

p value 0.6386 0.2232
pH

Spearman's r -0.423 -0.180

95% ClI (-0.7358, 0.03785)  (-0.5861, 0.2981)

p value 0.0629 0.4473

r, Spearman's r correlation; CI, confidence interval; U, Mann-Whitney U; PMD, postmortem delay; K-W, Kruskal-Wallis statistic; BD, Bipolar

Disorder; C, Control; ns, not significant. Significant p values are indicated in bold.
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Table 4

Association analysis of other variables in the pSP4/SP4 correlation analysis with negative symptoms in the
cerebellum of schizophrenia subjects

SZ cohort (n=15) pSP4/SP4 ratio

Age
Spearman's r -0.131
95% CI (-0.6132, 0.4230)
p value 0.6427
PMD
Spearman's r 0.134
95% ClI (-0.4201, 0.6154)
p value 0.6339
pH
Spearman's r 0.320
95% Cl (~0.2459, 0.7232)
p value 0.2450
CPzd
Spearman's r -0.034
95% CI (-0.5488, 0.4995)
p value 0.9043
DI
Spearman's r 0.075
95% ClI (-0.4679, 0.5770)
p value 0.7901

r, Spearman's r correlation; ClI, confidence interval; PMD, postmortem delay; CPZd, chlorpromazine dose: last mean daily chlorpromazine
equivalent dose; DI, duration of illness.
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