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Summarizing discussion

This thesis describes the exploration of STOX1A in neuronal transcriptional networks, 
a transcription factor previously shown to be associated with late onset Alzheimer’s 
disease (LOAD). Previous studies have shown that over-expression of STOX1A 
is already detected in early Braak stages i.e. prior to the full blown development of 
LOAD. This raises the possibility that STOX1A itself or its target genes can be 
used as potential targets for therapeutic intervention in LOAD. However, although 
preclinical studies in cell systems and animal models have already supported the 
concept of directly targeting transcription factors in diseases like cancer [1], these 
approaches currently remain not yet suitable for therapeutic use. Furthermore, 
such drugs would block widely-present signalling mechanisms where STOX1A is 
potentially involved in. Therefore, targeting STOX1A directly without knowing 
its normal neuronal function could have severe side effects. Alternatively, neuronal 
STOX1A up- or downstream signalling cascades could be modulated by drugs, and in 
the future can serve as potential targets for therapeutic drug design to treat diseases like 
LOAD. It is therefore essential to identify and clarify up- and downstream regulatory 
mechanisms for STOX1A in neuronal transcriptional signalling.  These mechanisms 
for STOX1A are still largely unknown. Therefore, in this thesis our primary goal was 
to identify such mechanisms and to find out how STOX1A is operating in neuronal 
transcriptional networks. This knowledge would be of great importance to give insight 
in how STOX1A operates in the normal brain but could also explain why STOX1A 
expression or function is deregulated or disrupted, respectively, in neurodegenerative 
diseases like LOAD. Furthermore, STOX1A itself or its target genes could also serve 
as potential biomarkers in LOAD provided they are detectable in spinal fluid and/or 
reflected in blood.
In this chapter our main findings are summarized and discussed. Furthermore, 
directions for future research are given.

In addition to the previously discovered STOX1A target genes leucine rich repeat 
transmembrane neuronal 3 (LRRTM3) and Alpha-T-Catenin (CTNNA3), our 
first study (Chapter 2) describes the discovery of several potential STOX1A target 
genes with the use of ChIP-cloning. In this study, potential STOX1A bound 
DNA fragments were immunoprecipitated, cloned, and subsequently sequenced. 
Corresponding genes linked to these sequenced fragments, e.g. Contactin-associated 
protein-like 2 (CNTNAP2), a cell-cell adhesion molecule that may play a role in the 
local differentiation of the axon into distinct functional subdomains [2, 3],  were 
determined. We found that expression of CNTNAP2 is directly and negatively 
regulated by STOX1A in neuronal SK-N-SH cells. Interestingly, we found that 
CNTNAP2 expression levels are decreased in the hippocampus of LOAD patients 
where STOX1A expression levels are increased. This suggests that expression of 
STOX1A and CNTNAP2 are inversely associated in the hippocampus of LOAD 
patients. 
CNTNAP2 has previously been shown to be linked to autism spectrum disorders 
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(ASD) but to our knowledge never with LOAD pathology. We therefore show for the 
first time that CNTNAP2 is also associated with another brain disorder, Alzheimer’s 
disease.  
In Chapter 3 we extended our search for STOX1A target genes by performing ChIP-
seq, a technique to discover fragments of DNA that bind to the experimental protein 
of interest on a genome wide scale. By applying this technique we discovered several 
potential STOX1A target genes. One target gene we validated, and found to be directly 
regulated by STOX1A, is serine/arginine-rich splicing factor 7 (SFRS7). While this 
study was performed in a neuronal cell model, we found that the transcriptional 
effect of STOX1A on SFRS7 was only occurring in glial cells. Therefore, the effect of 
STOX1A on SFRS7 was found to be cell type specific. 
SFRS7 itself also appears to operate in a cell type-dependent manner. While SFRS7 
has previously been shown to inhibit the splicing of tau at exon 10 in neuronal cells 
[4] we expected to find a similar effect in glial cells. However, STOX1A dependent 
transactivation of SFRS7 in glial cells resulted in an increase in tau exon 10 splicing. 
In concordance, we found that knockdown of SFRS7 in glial cells inhibits tau exon 
10 splicing. Therefore, our results suggest that SFRS7 acts as a tau exon 10 splicing 
enhancer in glial cells instead of a tau exon 10 splicing silencer in neuronal cells. 
Future perspectives of this finding are discussed below.
Besides the systematic search for STOX1A target genes with ChIP-cloning and 
Chip-seq, we also investigated a previously suggested role for STOX1A:  regulation 
of the cell-cycle. Chapter 4 describes the results of the direct interaction between 
STOX1A and the promoter region of the CCNB1 gene. CCNB1 is known as an 
important regulator of the G2/M phase transition of the cell cycle where CCNB1 
binds to CDK1 to form an active kinase necessary for proper G2/M phase progression 
[5]. The potential relationship between STOX1A, CCNB1, and G2/M phase cell 
cycle progression was therefore investigated. As the results show, the direct interaction 
between STOX1A and the CCNB1 promoter transactivated CCNB1 expression and, 
as hypothesised, resulted in enhanced progression of cells into mitosis. 
Although we primarily focussed on a functional relationship between CCNB1 and 
STOX1A, we also found additional cyclins to be differentially expressed. This indicates 
that STOX1A is important during other phases of the cell cycle as well. 
According to the “two hit hypothesis” a combination of both oxidative stress and cell 
cycle aberration may be necessary for a normal neuron to become a LOAD neuron. The 
aberrant neuronal cell cycle regulation is possibly one of the underlying mechanism 
that reflects hyper-phosphorylated tau proteins in neurofibrillary tangles (NFT) by 
over-activated cell cycle related kinases like CDK1 [6]. Because STOX1A is involved 
in regulation of the cell cycle (Chapter 4), we speculated there might be a correlation 
between STOX1A, the cell cycle, and tau phosphorylation. This was investigated in 
chapter 5. In this chapter we show that stable overexpression of STOX1A in neuronal 
SH-SY5Y cells is associated with hyper-phosphorylation of tau proteins at epitopes 
also found in NFT in LOAD. Furthermore, results show that hyper-phosphorylation 
of tau epitopes could in part be explained by the increase in CDK1 activity levels 
specifically induced by STOX1A in these cells. This is also consistent with the findings 
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of chapter 4, where we show that CCNB1, the activating binding partner of CDK1, 
is a direct target gene transactivated by STOX1A. 
In our final chapter (Chapter 6) we extended our search to unravel the functional 
role of STOX1A in neuronal transcriptional signalling using another genome-wide 
approach. Here, we sequenced (RNA-seq) and determined the entire transcriptome 
of neuronal SH-SY5Y cells that were stimulated with STOX1A recombinant protein. 
Although preliminary, these results show some new insights for a potential role for 
STOX1A in neuronal development e.g. an abundant amount in the top 10  of most 
significantly STOX1A differentially expressed genes and transcripts are involved in 
the neurodevelopmental processes neurite outgrowth and axon guidance signalling. 
Furthermore, canonical pathway analysis with STOX1A differentially expressed 
genes and transcripts resulted in significant enrichment in axon guidance signalling. 
These mechanisms have been found to be deregulated in the pathogenesis of autism 
spectrum disorder (ASD). Speculatively, these results, together with other related 
findings shown in this thesis (discusses below), imply a potential functional role for 
STOX1A in the etiology of ASD. 
We have also identified additional potential STOX1A target genes which may 
represent novel candidates for involvement in LOAD, and speculatively, in the future 
could serve as novel biomarkers. 

Directions for future research

CNTNAP2 and STOX1A 
The expression of STOX1A is already increased at early Braak stages during the 
development into LOAD. Secondly, we found that the direct STOX1A target gene 
CNTNAP2 is downregulated in LOAD, indicating that (besides STOX1A itself ) 
this gene might be used as a potential biomarker for the early diagnosis of LOAD. 
However, CNTNAP2 expression is significantly downregulated in the final stages 
(Braak 5/6) of the disease. Therefore, we first have to confirm that CNTNAP2 
expression is also changed at early Braak stages as was seen for STOX1A.
It would also be necessary to see if CNTNAP2 proteins can be detected in cerebrospinal 
fluid (CSF) or blood to serve as a biomarker. If this would be the case, a detection of 
decreased levels of CNTNAP2 in CSF or blood could be used to predict development 
into LOAD. 
As shown above, discovery of STOX1A target genes can be very helpful to understand 
underlying transcriptional changes in LOAD which can also potentially serve as novel 
biomarkers. Interestingly, STOX1A target genes themselves can also serve to predict 
potential roles for STOX1A in other pathologies. As discussed above, CNTNAP2 
has been found to be associated with ASD. This association is also found with other 
previously characterised STOX1A target genes i.e. polymorphisms in LRRTM3 
have recently been found to be associated with ASD susceptibility in populations of 
European ancestry [7]. Additionally, CTNNA3, has been suggested to be associated 
with ASD susceptibility [8]. Because CTNNA3, LRRTM3, and CNTNAP2 (Chapter 
2) are validated STOX1A target genes, this strongly suggests that STOX1A operates 
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upstream in pathways associated with ASD. This is furthermore supported by our 
genome-wide transcriptome analysis of STOX1A-induced differential expression. In 
this study (Chapter 6) we found several additional potential STOX1A target genes 
associated with ASD. A majority of these genes also operate in pathways associated 
with neuronal developmental processes, neurite outgrowth and/or axon guidance 
signalling. This suggests that STOX1A has a potential role in neuronal development.
In conclusion, besides the potential implication for the new STOX1A target gene 
CNTNAP2 as a novel biomarker for LOAD, it would be very interesting to further 
investigate the role of STOX1A in neuronal development and its implications in the 
etiology of ASD. 

STOX1A dependent transcription operates in a cell type specific manner 
Our findings show that STOX1A is unable to transactivate SFRS7 in neuronal cells. 
In contrast, we found that in glial cells STOX1A is capable of transactivating SFRS7 

Figure 1. A model for STOX1A which summarizes our findings described in this thesis. Together, as many STOX1A 
(un)validated target genes have functions in neuronal developmental processes we speculate a potential role for STOX1A 
in central nervous system (CNS) development. Hypothetically, in LOAD, active CCNB1/CDK1 phosphorylates inactive 
STOX1A at sites which prevent 14-3-3 molecules from binding to PI3K/AKT phosphorylation sites. STOX1A is then 
consequently transported into the nucleus where it can perform its transcriptional activity. The resulting transcription 
of CCNB1 by STOX1A results in an increase in active CCNB1/CDK1 which initiates a positive feedback loop. The 
resulting accumulating active CCNB1/CDK1 induces phosporylation of MAPT proteins resulting in NFT formation. 
Upstream mechanisms influence the expression of STOX1A. Chronic oxidative stress and for instance epigenetic changes 
in LOAD could possibly cause overexpression of STOX1A. PS1 mutations in familial alzheimer’s disease (FAD) results in 
inhibition of the PI3K/AKT pathway, speculatively this results in translocation of STOX1A to the nucleus. Stars indicate 
phosphorylation events.
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thereby changing 3R/4R tau ratios. Several tauopathies show deregulation of 3R-tau 
and 4R-tau isoform expression altering the 3R/4R tau ratio (increased splicing of 
tau exon 10 results in more 4R-tau). Corticobasal degeneration and progressive 
supranuclear palsy (PSP) show mainly 4R-tau pathology [9] which occurs not only in 
neurons but also in astrocytes, a type of glial cells [10]. The clinical significance of tau 
accumulation in astrocytes is not clear but a recent study indicated that in a transgenic 
mouse model of specific astrocytic tau pathology there was mild blood-brain barrier 
disruption, induction of low-molecular-weight heat shock proteins, and focal neuron 
degeneration [11]. It would therefore be very interesting to investigate if STOX1A 
and SFRS7 are associated with astrocytic 4R-tau pathology. 
We found cell type-specific effects of STOX1A on SFRS7 expression, suggesting that 
other factors can influence the transcriptional activation of STOX1A on SFRS7 in 
a cell type-specific manner. These factors could for instance be co-activators which, 
in complex with STOX1A, are capable of activating transcription at the SFRS7 
promoter in glial cells but are absent in neuronal cells. Another possibility would be 
that in neuronal cells co-repressors bind to STOX1A thereby inhibiting transcription 
at the SFRS7 promoter. Gaining knowledge regarding the potential co-factors which 
are bound to STOX1A in neurons and glial cells will help explain the cell type-specific 
transactivation of SFRS7. These co-factors could also suppress or activate STOX1A 
dependent transcription of other genes and are therefore crucial in understanding 
STOX1A gene regulation. In the future they might also be of great therapeutic 
relevance as they can modulate the transcriptional activity of STOX1A. For instance, 
inhibitors targeting STOX1A co-factors could block gene expression of genes like 
LRRTM3, thereby altering the production of Aβ. Further exploration of these co-
factor associated mechanisms would therefore be of great significance.

A potential role for STOX1A in neuronal development 
In vitro results described in this thesis show that STOX1A is involved in the regulation 
of the cell cycle and regulates genes shown to be important in neuronal differentiation 
and development, like MAPT and CNTNAP2. Similar functions have been found 
for several FOX transcription factors which are key players in CNS development; for 
example, FOXG1 regulates proliferation and differentiation of neuronal progenitor 
cells of the telencephalon [12]. 
Although care has to be taken interpreting our in vitro results into an actual in vivo 
situation, our results might suggest that STOX1A also has an important function 
in CNS development. To reveal such association, primary neuronal cell-lines could 
serve as models to further explore the functional relevance of STOX1A during CNS 
development. These can be primary cultures of mouse hippocampus and cerebral 
cortex, which are widely used model systems for molecular and cell biological studies 
of neuronal development and function. Ideally, STOX1A transgenic or knockout mice 
would be perfect models to study neuronal developmental roles for STOX1A. 

STOX1A and upstream mechanisms in LOAD 
Our results have given new insight in the functional roles of STOX1A in neuronal 
signalling. However, important questions that remain are; why and how is STOX1A 
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expression deregulated in LOAD? In view of the “two hit hypothesis” it is speculated 
that the two main causal factors for LOAD are a combination of oxidative stress and 
cell cycle aberration [6]. Both could also be potential inducers of STOX1A expression 
and/or activity. For example, oxidative stress has been shown to be capable of inducing 
the expression of transcription factor SP1 [13] and thereby results in the expression of 
several AD-related proteins [14]. STOX1A expression could be induced in a similar 
way. Therefore, investigating STOX1A expression or activity in response to oxidative 
stress could reveal such upstream mechanisms. 
The cell cycle itself, specifically active CDK1, might also induce STOX1A activity. 
STOX1A can potentially be phosphorylated by CDK1 in a cell cycle dependent 
manner, a mechanism that has been shown to operate upstream of several forkhead 
transcription factors including FOXM1  [15], FOXO1 [16],  and FOXK2 [17]. For 
these it has been shown that phosphorylation of residues by active CDK1,  takes place 
near residues phosphorylated by the PI3K/AKT pathway. The residues phosphorylated 
by active CDK1 may cause conformational changes, which inhibit 14-3-3 proteins 
from interacting with resdiues phosphorylated by PI3K/AKT pathway. When 14-3-3 
proteins are bound to residues phosphorylated by PI3K/AKT pathway they prevent 
forkhead transcription factors from entering the nucleus thereby inhibiting their 
transcriptional activity. In contrast, CDK1 phosphorylation therefore leads to more 
nuclear localization of the transcription factors thereby increasing their transcriptional 
activity.  
Software tools, which can predict post-translational modifications, might reveal 
CDK1 target sites on STOX1A, and together with mutagenesis applied on these 
potential specific CDK1 residues in the STOX1A sequence could mimic CDK1 
phosphorylation. The functional effect can be investigated which would reveal the 
potential upstream regulatory effect of CDK1 on STOX1A activity.
Together, oxidative stress and cell cycle aberrations (like abundantly active CDK1), 
which appear very early in the disease progression of LOAD and precede formation 
of Aβ and NFT’s [18], could be responsible for abnormally induced expression and 
activity of transcription factors like STOX1A. In this scenario, overexpression and 
overactivated STOX1A subsequently leads to induced expression of cell cycle genes 
like CCNB1. CCNB1 can then associate with CDK1 forming an active kinase capable 
of further phosphorylating STOX1A, thus activating STOX1A in a positive feedback 
loop. 
Accumulation of cell cycle kinases can furthermore hyperphosphorylate tau proteins 
to form NFT until the cell eventually succeeds in apoptosis by mechanisms explained 
by the “two hit hypothesis”.
Secondly, the resulting overexpression and/or overactivity of STOX1A could suppress 
or induce expression of CNTNAP2 and LRRTM3, respectively. Suppression of 
CNTNAP2 by STOX1A, as shown in chapter 2, could potentially disrupt local 
differentiation of axons into distinct functional subdomains and therefore aggravate 
neurodegeneration. Transactivation of LRRTM3 by STOX1A contributes to 
abnormal production of Aβ.
Other upstream regulatory mechanisms most likely exist as well. One of the 
mechanisms which certainly operates upstream of STOX1A is the PI3K/AKT 
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pathway [19]. Phosphorylation of STOX1A by the PI3K/AKT pathway inhibits its 
activity by translocation to the cytoplasm. In LOAD it has been found that AKT 
activity is decreased [20], which could explain higher activity (nuclear expression) of  
STOX1A in LOAD. 
With the latter notion, STOX1A could also be important in early-onset familial 
Alzheimer’s disease (FAD). It has been shown that wild-type PS1 acts upstream in 
the regulation of the PI3K/AKT pathway. Mutations in PS1 as found in FAD cause 
an impairment in its ability to phosphorylate AKT and thereby inhibiting the PI3K/
AKT pathway [21]. Speculatively, this suggests that reduced activity of the PI3K/AKT 
by PS1 mutations in FAD can consequently cause an over-activity of transcription 
factors which are regulated by the PI3K/AKT pathway, as shown for STOX1A. 
Therefore it would be very interesting to test if STOX1A is also deregulated in FAD 
and whether PS1 mutations in a cellular or mouse model can cause an effect on the 
activity levels of STOX1A through reduced activity of PI3K/AKT. 

A consensus binding site for STOX1A
When STOX1A is located in the nucleus it can perform its transcriptional activity 
through specific binding to DNA elements which in turn regulates transcription of 
nearby genes. Unfortunately, no such DNA binding consensus sequence has been 
discovered for STOX1A. One of the goals of our ChIP-seq study was to identify 
a DNA binding consensus sequence for STOX1A. With the use of our predicted 
STOX1A binding sequences from our ChIP-seq study we uploaded these sequences 
into the bioinformatics tool MEMECHIP [22] which predicted several potential 
binding motifs. However, changes in the number of input sequences seemed to 
strongly affect the outcome of these results. Possibly, the input sequences included 
false positive sequences which influenced the outcomes. Therefore, another approach 
is needed. One possibility would be to validate potential STOX1A binding sites 
by quantitative PCR and then use these validated binding site sequences for motif 
analysis. This would exclude false positive sequences which greatly increases reliability 
in the motif analysis. Furthermore, additional ChIP-seq experiments would reveal 
binding sites that overlap between individual ChIP-seq experiments and therefore 
have a greater reliability to identify true STOX1A binding sites.

Concluding remarks
This thesis describes the functional exploration of the transcription factor STOX1A 
in neuronal signalling. As we have shown, discovery of STOX1A target genes can be 
useful to reveal underlying mechanisms operating in LOAD which are not previously 
described in literature, such as CNTNAP2 (Chapter 2). Other STOX1A target 
genes identified by our genome-wide approaches might result in similar findings. 
STOX1A is therefore an interesting protein, which target genes might be used for 
future therapeutic drug design. Furthermore, its target genes can potentially serve as 
novel  biomarkers in LOAD.
Secondly, we have shown that the discovery of STOX1A target genes and their 
associated transcriptional networks suggest the possible implication of STOX1A in 
other diseases, e.g.  glial tau pathologies (Chapter 3) and  ASD (Chapter 2 and 6). 
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In conclusion, the results presented in this thesis elucidate the emerging biological 
roles of STOX1A in neuronal signalling and its importance in the development of 
neurological diseases. 
Finally, the findings and hypothesized mechanisms which are presented in this thesis 
are summarized in figure 1.
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